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 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 benefi cial to a variety of cells and tissues including immune cells, cardiovascular tissues, 
liver, muscle, kidney, and bone. However, fi nding 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

    1.     Basic Processes at the Cellular Level    
   2.     L-Arginine Metabolism and Functions    
   3.     L-Arginine Status in Cells Related to Organ Damage and Disease    
   4.     L-Arginine Status and Use in Healthy Individuals    
   5.     L-Arginine and Diseases of the Gastrointestinal Tract (GI tract)    
   6.     Therapeutic Uses of L-Arginine: Diabetes, Obesity, and Cardiovascular Diseases    
   7.     Therapeutic Uses of L-Arginine: Cancer, Sickle Cell Disease, Wound Healing, and Infectious 

Disease     

  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 fi eld, 
and trendsetters. Emerging fi elds 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     

  Pref ace   
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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 fi elds, (3) extensive, up-to-date fully annotated reference lists, (4) a detailed index, (5) 
relevant tables and fi gures, (6) identifi cation of paradigm shifts and the consequences, (7) virtually no 
overlap of information between chapters, but targeted, 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 fi ndings of any single study. 

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

 “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 exemplifi es 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 fl ow 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, infl ammation, chronic diseases, and maternal and fetal health. This unique volume 
represents the fi rst 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 
benefi cial as well as potentially harmful effects of both defi ciency 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 

  Series Ed itor Page   



viii

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 fi gures, 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 fi elds 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 fi rst intensivists to become a Fellow of the Faculty of Intensive Care Medicine (FFICM). 
Dr Rajendram recognized that nutritional support was a fundamental aspect of critical care, and as a 
visiting 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 fi rst 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 fi ndings 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 fi gures that help the reader to better under-
stand the strategies undertaken to specifi cally 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 fi rst 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 defi ciency 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 defi ciency 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 specifi c 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 fi ndings 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 suffi cient L-arginine is associated with signifi cantly 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, infl ammation from genetically linked autoimmune 
disease as well as preterm intestinal failure, imbalances in the microbiome, and ischemia–reperfusion 
injury. This section contains over 40 fi gures 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 
infl ammation. 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 benefi cial 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 fi rst fi ve 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 
fi gures are also included. Novel chapters explore the potential for specifi c foods, such as cod and 
related fi sh, and food engineering of apples to enhance L-arginine intakes. Studies with these products 
in patients with diabetes are reviewed. The specifi c effects of L-arginine in adipose tissue and the 
potential for L-arginine supplementation to be of benefi t 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 benefi ts seen with L-arginine and may in part 
account for the lack of consistent fi ndings 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 signifi cant 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 defi cient that is worsened during vascular stress. A 
partial explanation for the L-arginine defi ciency 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 benefi ts.  

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

 The fi nal 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 fi nal 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 benefi cial. 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 
modifi cations 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 defi ciency. 
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 diffi cult 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 suffi ciency to help in the eradi-
cation of this disease. Tuberculosis is linked to malnourishment and L-arginine defi ciency as well as 
reduced immune responses to the bacterial infection. Theoretically, L-arginine’s numerous functions 
in the immune system should point to benefi ts with supplementation; however, clinical intervention 
trials have not shown these benefi ts consistently. Further research is needed as tuberculosis continues 
to be an important infection with no vaccination available. The fi nal 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 
defi nitions of terms with the abbreviations fully defi ned for the reader and consistent use of terms 
between chapters. Key features of the comprehensive volume include over 280 detailed tables and 
informative fi gures, 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 fi nal 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., F.A.C.N., F.A.S.N. 
 Series Editor     
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 Dr Adrianne Bendich, PhD, FASN, FACN, has served as the “Nutrition and Health” Series Editor 
for 20 years and has provided leadership and guidance to more than 200 editors who have developed 
the 70+ well-respected and highly recommended volumes in the Series. 

 In addition to “ L-Arginine in Clinical Nutrition ”,  edited by Rajkumar Rajendram, Vinood Patel, 
and Victor Preedy , major new editions published in 2012–2015 and expected to be published shortly 
include:

    1.     Preventive Nutrition: The Comprehensive Guide For Health Professionals, Fifth Edition , edited 
by Adrianne Bendich, Ph.D. and Richard J. Deckelbaum, M.D., 2015   

   2.     Beverage Impacts on Health and Nutrition, Second Edition , edited by Ted Wilson, Ph.D. and 
Norman J. Temple, Ph.D., 2015   

   3.     Nutrition in Cystic Fibrosis: A Guide for Clinicians , edited by Elizabeth H. Yen, M.D., and 
Amanda R. Leonard, MPH, RD, CDE, 2015   

   4.     Glutamine in Clinical Nutrition , edited by Rajkumar Rajendram, Victor R. Preedy and Vinood 
B. Patel, 2015   

   5.     Nutrition and Bone Health, Second Edition , edited by Michael F. Holick and Jeri W. Nieves, 2015   
   6.     Branched Chain Amino Acids in Clinical Nutrition, Volume 2 , edited by Rajkumar Rajendram, 

Victor R. Preedy and Vinood B. Patel, 2015   
   7.     Branched Chain Amino Acids in Clinical Nutrition, Volume 1 , edited by Rajkumar Rajendram, 

Victor R. Preedy and Vinood B. Patel, 2015   
   8.     Fructose, High Fructose Corn Syrup, Sucrose and Health , edited by James M. Rippe, 2014   
   9.     Handbook of Clinical Nutrition and Aging, Third Edition , edited by Connie Watkins Bales, Julie 

L. Locher and Edward Saltzman, 2014   

  About the Se ries Editor   
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   10.     Nutrition and Pediatric Pulmonary Disease , edited by Dr. Youngran Chung and Dr. Robert 
Dumont, 2014   

   11.    “ Integrative Weight Management ” edited by Dr. Gerald E. Mullin, Dr. Lawrence J. Cheskin and 
Dr. Laura E. Matarese, 2014   

   12.     Nutrition in Kidney Disease, Second Edition  edited by Dr. Laura D. Byham-Gray, Dr. Jerrilynn 
D. Burrowes and Dr. Glenn M. Chertow, 2014   

   13.     Handbook of Food Fortifi cation and Health, volume I  edited by Dr. Victor R. Preedy, 
Dr. Rajaventhan Srirajaskanthan, Dr. Vinood B. Patel, 2013   

   14.     Handbook of Food Fortifi cation and Health, volume II edited by Dr. Victor R. Preedy, 
Dr. Rajaventhan Srirajaskanthan, Dr. Vinood B. Patel, 2013   

   15.     Diet Quality: An Evidence-Based Approach ,  volume I  edited by Dr. Victor R. Preedy, 
Dr. Lan-Ahn Hunter and Dr. Vinood B. Patel, 2013   

   16.     Diet Quality: An Evidence-Based Approach ,  volume II  edited by Dr. Victor R. Preedy, 
Dr. Lan-Ahn Hunter and Dr. Vinood B. Patel, 2013   

   17.     The Handbook of Clinical Nutrition and Stroke , edited by Mandy L. Corrigan, MPH, RD Arlene 
A. Escuro, MS, RD, and Donald F. Kirby, MD, FACP, FACN, FACG, 2013   

   18.     Nutrition in Infancy ,  volume I  edited by Dr. Ronald Ross Watson, Dr. George Grimble, Dr. Victor 
Preedy and Dr. Sherma Zibadi, 2013   

   19.     Nutrition in Infancy ,  volume II  edited by Dr. Ronald Ross Watson, Dr. George Grimble, 
Dr. Victor Preedy and Dr. Sherma Zibadi, 2013   

   20.     Carotenoids and Human Health , edited by Dr. Sherry A. Tanumihardjo, 2013   
   21.     Bioactive Dietary Factors and Plant Extracts in Dermatology , edited by Dr. Ronald Ross Watson 

and Dr. Sherma Zibadi, 2013   
   22.     Omega 6/3 Fatty Acids , edited by Dr. Fabien De Meester, Dr. Ronald Ross Watson and Dr. Sherma 

Zibadi, 2013   
   23.     Nutrition in Pediatric Pulmonary Disease , edited by Dr. Robert Dumont and Dr. Youngran 
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L-Arginine Uptake by Cells
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Abbreviations

CAA Cationic amino acid
CAT Cationic amino acid transport proteins
cts Counts
Dep. Dependent

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.
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eNOS Endothelial nitric oxide synthase enzyme
Eq Equation
HATs Heterometric amino acid proteins (HATs)
HUVEC Human umbilical vein endothelial cells
[I] Concentration of inhibitor
I50 The concentration of inhibitor which inhibits substrate uptake by 50 %
Indep. Independent
kD Diffusion constant
Ki Inhibition constant
Km Michaelis constant or half saturation constant
Km’ Apparent Michaelis constant or half saturation constant
min Minute
μM Micromolar (10−6 M)
mM Millimolar (10−3 M)
Na Sodium
NEM N-ethylmaleimide (NEM
nM Nanomolar (10−9 M)
NO Nitric oxide
NOS Nitric oxide synthase
[S] Substrate concentration
SLC Solute carrier genes
[T] Concentration of radiolabelled trace amino acid
vs. Versus
vT Total rate of uptake
Vmax Maximum rates of uptake of substrate
Vmax′ 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].

G.P. Candy and M.J. Nel 
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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 
b0,+ 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 μM), 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:

 

v
V S

K S

V S

K S
k ST

a

a

b

b

D=
´[ ]
+ [ ]( )

+
´[ ]
+ [ ]( )

+ ´[ ]max max

m m  

(1.1)

where vT = total rate of uptake; Vmaxa and Vmaxb and Kma and Kmb are the maximum rates of uptake of 
substrate S and half saturation constants for transporters a and b, respectively; and kD 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 μM) 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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(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, Vmax′ and Km′ 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, vT, versus [S] is plotted, the theoretical uptake exceeds the 
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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 μM (unfilled bars) or 100 μM (filled bars) L-arginine (4 μCi mL−1 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 μM 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.
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experimental data (Figs. 1.2d and 1.3d). Such methodologies overestimate the Vmax, and the calculated 
Km 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 Km and Vmax 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].

Fig. 1.2 Data for ECV304 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 
3H-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; (c) 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
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Other studies have calculated the I50, the concentration at which the neutral amino acid competi-
tively inhibits L-arginine uptake by 50 % [34–37]. When calculating the I50 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].

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 
3H-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; (c) 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

1 L-Arginine Uptake by Cells
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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 (vT) of trace labelled amino acid ([T]) 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 (kD*[T]), can be described (Malo and Berteloot 
1991) [32] by

 

v
V T

K T S

V T

K T S
k TT

a

a

b
D=

´[ ]
+ [ ]+ [ ]( )

+
´[ ]

+ [ ]+ [ ]( )
+ ´[ ]max max

m mb  

(1.2)

where the symbols are as for Eq. (1.1) and [T] 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 kD. Constants estimated from 
Lineweaver–Burk and Eadie–Hofstee plots can provide useful initial estimates of Vmaxa and Vmaxb and 
Kma and Kmb 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 Ki is the inhibition 
constant):

• Only Km changes (Km′ = Km(1 + [I]/Ki)) with competitive inhibition
• The apparent Vmax′ becomes Vmax′ = Vmax/(1 + [I]/Ki) with non-competitive inhibition, and
• Km′/Vmax′ (the slope of a Lineweaver–Burk plot 1/v versus 1/[S]) would remain constant with 

uncompetitive inhibition, as (Km′ = Km/(1 + [I]/Ki)) and Vmax′ = Vmax/(1 + [I]/Ki)

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 Km and Vmax 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, Eqs. (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 3H-arginine in the 
presence of unlabelled L-arginine, into human umbilical vein endothelial cells (HUVEC) and 
“endothelial- like” ECV304 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 μM L-arginine, 
and was maximal above 300 μM L-arginine. However, above a concentration of 100 μM, 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 vT 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 ECV304 and 
HUVEC cells

ECV304 HUVEC

Model without 
diffusiona Model with diffusion

Model without 
diffusionb Model with diffusion

Vmaxa (×106 cts/4 × 105 
cells/min)

3.133 ± 0.635 
(4.065)

2.715 ± 0.169 (4.061) 1.844 ± 0.443 
(2.114)

1.577 ± 0.644 (2.079)

Kma (mM) 0.018 ± 0.004 
(0.021)

0.017 ± 0.004 (0.021) 0.018 ± 0.004 
(0.020)

0.016 ± 0.005 (0.020)

Vmaxb (×106 cts/4 × 105 
cells/min)

11.245 ± 0.738 
(11.256)

9.195 ± 1.831 (11.175) 16.234 ± 1.340* 
(15.686)

11.236 ± 4.497 (14.610)

Kmb (mM) 0.358 ± 0.106 
(0.550)

0.239 ± 0.125 (0.546) 0.646 ± 0.170 
(0.658)

0.401 ± 0.264 (0.611)

kD (diffusion constant) – 1.142 × 106 ± 1.152 × 106 
(0.036 × 106)

– 1.804 × 106 ± 1.864 × 106 
(0.406 × 106)

Data from 10 experiments were combined for the calculation of kinetic constants for ECV304 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 ECV304 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 ECV304 [F = 0.536 (n = 210), p = 0.46]; note the high SEM for kD
bPreferred model in HUVEC [F = 0.863 (n = 23), p = 0.37]; note the high SEM for kD

1 L-Arginine Uptake by Cells
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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 ECV304 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 ω-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 ω-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:

• Krebs buffer (157 mM sodium),
• Krebs buffer with choline chloride (26 mM sodium) replacing sodium chloride, and
• Krebs 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 (Kma) of L-arginine uptake by y+L 
transport. Inhibition was uncompetitive, as the ratio of Kma/Vma (slope of a Lineweaver–Burk plot) 
remained constant. Reducing sodium decreased the rate of uptake by y+ transport (Vmb) with the affin-
ity (Kmb) 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 ECV304 cells determined at various sodium concentrations

Sodium
157 mM

Sodium
26 mM

Sodium
0 mM

Vmaxa (×106 cts/4 × 105 cells/min) 2.581 ± 0.412 (3.185) 3.263 ± 0.612 (3.977) 1.710 ± 0.126**,^  (2.043)

Kma (mM) 0.016 ± 0.002 (0.019) 0.017 ± 0.003 (0.021) 0.011 ± 0.001*,^^ (0.012)

Vmaxb (×106 cts/4 × 105 cells/min) 11.384 ± 0.348 (11.924) 5.625 ± 0.478*** (6.082) 6.249 ± 0.141*** (7.061)

Kmb (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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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 ECV304 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 (Km = 2.9–10 μmol/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 Km 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 

Table 1.4 Effect of pre-incubation of the inhibitors NEM (0.2 mM) and BCH (30 mM) on L-arginine uptake by ECV304 
cells

NEM BCH

0 mM 0.2 mM 0 mM 30 mM

Vmaxa (×106 cts/4 × 105 
cells/min)

2.66 ± 0.53 × 106 
(3.81 × 106)

6.70 ± 0.20 × 106 
(16.71 × 106)

3.53 ± 0.31 × 106 
(4.15 × 106)

0.13 ± 0.04 × 106*** 
(0.12 × 106)

Kma (mM) 0.023 ± 0.004 (0.031) 0.062 ± 0.004 
(~0.001)

0.027 ± 0.002 (0.030) 0.002 ± 0.001*** 
(0.002)

Vmaxb (×106 cts/4 × 105 
cells/min)

4.94 ± 0.39 × 106 
(5.21 × 106)

~1.239 × 1021***, a (−) 20.55 ± 1.84 × 106 
(1.003)

23.87 ± 1.16 × 106 
(23.58)

Kmb (mM) 0.243 ± 0.078 (0.682) ~3.261 × 1017***, a (−) 0.665 ± 0.096
(1/026)

0.602 ± 0.048
(0.595)

aAfter pre-incubation with NEM, the best fit of Vmaxb and Kmb defaulted to a large value (∞), 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
***p < 0.0001 versus without inhibitor. Abbreviation cts counts
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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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  Abbreviations 

  AIP1    Apoptosis inducing protein 1   
  APC    Antigen-presenting cells   
  17 AAG    Tanespimycin   
  ADR    Adriamycine   
  AEC + H    3-amino-9-ethylcarbazole + haematoxylin   

 Key Points 

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

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

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

   4.    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.   

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

   6.    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.   
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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 insuffi ciency [ 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. 

  Defi ciencies   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 infl ammation, 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 2+ , 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 benefi t in understanding the putative effects of harmful and benefi cial agents. 

 “Heat shock protein” was the term fi rst 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, 
infl ammatory 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, infl ammation, UV 
radiation, ethanol, arsenic, and nitrogen defi ciency [ 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:

   1.    Protection during replication of DNA and its transcription.   
  2.    Participation in the translation of mRNA to the amino acid polypeptide chain.   
  3.    Facilitating the correct folding of new proteins.   
  4.     Protection of newly synthesised proteins during their transport from the  cytoplasm   to their 

cellular destination.   
  5.    Their contribution to the proteolysis of proteins (degradation) and their oligomerisation [ 21 ].   
  6.    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 ].    

  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  endocytosi  s 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 intensifi ed. 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 15–45 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 fl uctuations 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, p53 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 fi rst 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 c 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, p53 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, p53 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 ]. 

2 L-Arginine and the Expression of HSP70 and p53 Proteins



22

 When cell repair is not possible,  p53   initiates apoptosis. In this process, p53 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, p53 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-specifi c 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  ofi   ncreased 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 confi rm 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 confi rmed by quantitative measures of 
an apoptotic index [ 40 ]. 

 Confi rmation 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, fl attened 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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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 confi rmed 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 signifi cance (Fig.  2.3 ) [ 42 ].

   In the liver, there were no changes in light and electron microscopic examinations.  L -arginine given to 
rats did not infl uence the apoptotic index nor immunohistochemical staining for caspase (Fig.  2.4 ) [ 42 ].

  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. Magnifi cation × 200. (copyright A. Pedrycz)       
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    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 ].

  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. 
Magnifi cation × 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. Magnifi cation × 400. (copyright A. Pedrycz)       
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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)       

  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 p53 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. 
Magnifi cation × 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. Magnifi cation × 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-
fi cult 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 p53 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 diffi cult 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 
fl uid, 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)       

  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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    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, 

 Key Points 

•   The therapeutic benefi ts 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 4 ) oxidation and hence accumulation of 7,8-dihydrobiopterin 
(BH 2 ).  

•   The accumulated BH 2  binds with greater avidity than BH 4  to nitric oxide synthase (NOS) forming 
the complex, which initiates NOS uncoupling, oxidant formation, and perpetuating additional BH 4  
oxidation, thereby initiating the vicious cycle favoring endothelial dysfunction.  

•   Diminished BH 4 -to-BH 2  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 benefi cial versus deleterious events and controls the downstream cascade of tolerance- 
sparing events.  
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creatine,    and protein [ 2 ,  3 ] (Fig.  3.1 ). But more signifi cantly, 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  identifi cation   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 benefi t 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 scientifi c evidence supporting its use. Two indications with strong scientifi c 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 scientifi c 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 scientifi c 
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 benefi ted 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 benefi ts 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 benefi t 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 benefi cial effects of ARG 
supplementation among patients in whom short-term therapeutic effects have already been 
demonstrated.  
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  Fig. 3.1     Illustration   on 
the biological utilization 
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    Intracellular ARG Does Not Determine NO Production 

 As a semi-essential amino acid,  our   body produces suffi cient 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 
benefi cial 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  15 N 4 -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  15 N 4 -ARG cellular uptake in cationic amino 
acid transporter knockdown cells versus control was accompanied by reduced NOS activity, as 
 determined by  15 N-nitrite, total nitrite, and  15 N 3 - L -Citrulline formation. These fi ndings 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 infl ux) seems to be the determinant factor for the benefi cial 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 identifi ed 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 4 , 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 μM 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 μM ascorbic acid, 300 U/ml polyethylene glycol- superoxide dismutase (PEG-SOD), 
100 μM L-lysine, or 30 μM 5-chloro-2-(N-2,5-dichlorobenenesulfonamido)-benzoxazole (a 
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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 fi ndings 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 specifi c formation of  superoxide   from ARG is implicated [ 30 ].

  Fig. 3.3     Illustrates   ARG-induced 
oxidative stress may be a primary 
causative factor for the development 
of cellular ARG tolerance       

  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 O2•– superoxide       
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       Role of NOS Cofactor (BH 4 ) 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 BH 4 , leading to eNOS uncoupling [ 31 ,  32 ]. Depletion in redox- sensitive 
  tetrahydrobiopterin (BH 4 ), 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 BH 4  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 BH 4  attenuated vascular 
 reactive oxygen species production, increased NO levels, and blunted hypertension compared with 
non-hypertensive control mice [ 37 ]. Besides supplementing BH 4 , cells exposed to antioxidants such 
as Glutathione, Vitamin C, or Vitamin E (which are capable of providing chemical stabilization to 
BH 4 ) prevent BH 4  oxidation and increase cellular eNOS activity [ 38 ,  39 ]. These studies provide the 
initial evidence to suggest oxidation of BH 4  during ARG-induced superoxide generation to be 
the basis for eNOS uncoupling in vascular dysfunctions. 

 However, the functionally incompetent oxidized species of BH 4  (7,8-dihydrobiopterin, BH 2 ) 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 4  to BH 2  ratio, and the greater binding avidity of 
eNOS with BH2 than BH 4  as the key determinants in initiating the various tolerance-sparing 
events observed during continuous ARG supplementation,  rather   than simply a consequence of 
BH 4  oxidation (Fig.  3.4 ).

  Fig. 3.4    Illustrates the 
 role   of BH 4  and BH 2  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 identifi ed  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 signifi cant 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 

  Fig. 3.5    AMP- activated 
  protein kinase (AMPK) 
as the primary 
modulating factor in 
 L -Arginine tolerance       
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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 benefi ts 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 4 -to-BH 2  ratio serves as the molecular link between 
 oxidative stress and endothelial dysfunction during continuous ARG supplementation.     
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  Abbreviations 

  ADMA     N  ϖ , N  ϖ -dimethyl- L -arginine, asymmetric dimethyl- L -arginine   
  BH 4     Tetrahydrobiopterin   
  DDAH    Dimethylarginine dimethylaminohydrolase   

 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 1  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 1  by acetamidino compounds would have benefi cial effects on these pathologies.  
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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 -Cl-NIO     N  5 -(1-imino-2-chloroethyl)- L -ornithine   
   L -IPO     N  5 -(1-iminoproyl)- L -ornithine   
   L -VNIO     N  5 -(1-imino-3-butenyl)- L -ornithine   
  NADPH    Reduced nicotinamide adenine dinucleotide phosphate   
  NMMA     N  ϖ -methyl- L -arginine,  N  ω -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  ω , N′  ω -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 infl uencing specifi c 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 modifi cations refer to the α- N  or α- C  
derivatization, the synthesis of constrained analogs, or the diversifi cation 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 specifi c 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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 NO is in vivo synthesized from  L -Arg by three distinct isoforms of the enzyme NOS, via a fi ve- 
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 
fl avin adenine dinucleotide (FAD), fl avin mononucleotide (FMN), heme, and tetrahydrobiopterin 
(BH 4 ) (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 fi rst time identifi ed, 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 diffi culty in fi nding selective NOS inhibitors. Structural features respon-
sible for the selective inhibition over eNOS mainly rely on the inhibitors’ ability to give specifi c 
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 fl exibility 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 
(IC 50  < 0.2 μM) [ 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 ( 2 – 4 , 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 IC 50  
0.1 μM for iNOS and 0.2 μM for nNOS) [ 11 – 13 ]. In particular, in the benzyl-acetamidine series, the 

  Fig. 4.1    Biosynthesis of NO       
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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 
a rigid alkenyl or thio-alkyl α-amino acid scaffold (Fig.  4.5 ). For these molecules, best IC 50  values on 

  Fig. 4.2    Amidine-based inhibitors into the  catalytic pocket   of NOS       

  Fig. 4.4    N- substituted-aminomethyl-benzyl acetamidines       

  Fig. 4.3    1400W       
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  Fig. 4.5      Pharmacio-patented selective iNOS inhibitors          

human iNOS are comprised between 0.4 and 0.9 μM, 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 fi t 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 IC 50  ranging between 0.2 μM ( 11 ) and 12 μM ( 10 ) and high selectivity 
toward eNOS and iNOS (>100-folds) [ 16 ]. These inhibitors also showed effi cacy 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 effi cacy in 
visceral and neuropathic pain (best nNOS IC 50  0.26 μM 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 effi cacy 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 1  

 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  ϖ , N  ϖ -dimethyl- L -
arginine (asymmetric dimethyl- L -arginine, ADMA) and  N  ϖ -methyl- L -arginine ( N  ω -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 μM 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 ]. 

  Fig. 4.6     Thiophene carboximidamide derivatives   developed as nNOS inhibitors       

  Fig. 4.7     Aminopyridine scaffold   of nNOS inhibitors       
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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 1  is mainly localized in the 
brain, pancreas, and liver, while DDAH 2  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 1  is connected with nNOS, 
while DDAH 2  predominates in tissues expressing eNOS, indicating an isoform-specifi c  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 2  isoform should be carefully 
avoided, as it results in a NO defi ciency 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  5 -(1-iminoalk(en)yl)- L -ornithines were obtained and tested as inhibitors of 
DDAH 1  [ 26 ]. The  N  5 -(1-imino-3-butenyl)- L -ornithine ( 19 ,  L -VNIO) showed 97 % inhibition at 1 mM 
with an IC 50  of 13 μM, when assayed against human DDAH 1 . Analogs of  L -VNIO, with shorter side 

  Fig. 4.8    Overview on the NO–NOS–DDAH pathway       

  Fig. 4.9    Amidine-based inhibitors of DDAH       
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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 1  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 1  [ 27 ]. Comparison of inhibitor-bound structures of both DDAH 1  and NOS revealed some 
peculiarities, explaining the different enzymatic affi nities: the active site of DDAH 1  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 1  by alkylamidine  N  5 -(1- 
iminoproyl)- L -ornithine ( 21,   L -IPO) was studied in detail: an X-ray crystal structure of  L -IPO:DDAH 1  
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 IC 50  values were measured in living HEK293T cells, show-
ing the same trend observed in vitro. The specifi c 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 1  inhibitors 
as NO-blocking therapeutics. 

 In a recent study, a new alkylamidine, the  N  5 -(1-imino-2-chloroethyl)- L -ornithine ( 24 ,  L -Cl-NIO), 
was shown to be a potent and selective inhibitor of human DDAH 1  (IC 50  6.6 μM) [ 29 ]. A screen of 
diverse melanoma cell lines revealed an upregulation of DDAH 1  relative to normal melanocyte con-
trol lines. Treatment of the melanoma A375 cell line with  L -Cl-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 
modifi cation, 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 fi ve calcium-dependent isozymes (PAD 1,2,3,4,6 ), each encoded 
by a distinct gene clustered on chromosome 1 (1p35-36), possessing high degree of sequence 
homology (~50 %). There is a tissue-specifi c expression of the isozymes: PAD 2  is widely 
expressed in every tissue and cell type, while the other PADs are quite restricted, PAD 1,3,4,6  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 4  that is localized in the 
nucleus; even though, very recent data suggest that PAD 4  could be present in granules and PAD 2  
in mitochondria. PAD 4 , and partly PAD 2 , 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 fi brinogen, fi laggrin, and actin exist, and, more specifi cally, PAD 4  is 
responsible for the citrullination of other proteins such as p300, ING4, RPS2, lamin C, and 
nucleophosmin [ 32 ].

   PAD contains a Ca 2+ -binding motif and its activity depends on the presence of high levels of 
Ca 2+ , achieved by infl ux from intracellular Ca 2+  stores or extracellular space (apoptosis, oxidative 
stress), while the intracellular concentration of Ca 2+  is too low for PAD activation. Although dif-
ferent efforts were made to elucidate the structures of each isozyme, PAD 4  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 β-sheets, and fi ve 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 2+ . 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 4 ), 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 specifi c 
backbone crucial to target the active site (Fig.  4.12 ). The  F -amidine  25  (IC 50  21.6 μM) and  Cl -
amidine  26  (IC 50  5.9 μM) were the fi rst 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 modifi cations on the side chain do not result in potency enhance-
ment, while the introduction of a carboxylate at the  orto  position on the benzoyl ring both 
increases potency for all of the PADs and addresses selectivity mainly toward PAD 1  ( 27 ,  o - F -am-
idine) or PAD 1,4  ( 28 ,  o - Cl -amidine) [ 36 ].

  Fig. 4.10    PAD hydrolyzes the  guanidinium group   of a peptidyl-Arg in a peptidyl-Cyt and ammonium       
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  Fig. 4.11    Proposed mechanisms of PAD inactivation       

  Fig. 4.12    Structures of the  haloacetamidine- based inhibitors         
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    A library of 264 tripeptides containing the fl uoroacetamidine head was synthesized and tested 
with the aim to identify a more isoform-specifi c inhibitor. Compound  29  (TDFA) ensued a highly 
selective (up to 65-fold) PAD 4  inhibitor with excellent in vivo potency.    Moreover, TDFA was 
added to a biotin moiety in the  N -terminus and transformed in a PAD 4 -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 -α and  C -α positions of the ornithine backbone to develop more potent 
inhibitors for PAD 4  and cancer cell killing. Compound  30  (YW3-56) showed PAD 4  and PAD 2  inhibi-
tor activity (IC 50  1–2 μM and 0.5–1 μM, 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 1  

 L-Arginine methylation is an important posttranslational modifi cation, 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  ω , N′  ω -dimethyl- L -
arginine (symmetric dimethyl- L -arginine, SDMA). PRMT includes nine isozymes that are 
expressed ubiquitously and controls signifi cant cellular processes involved in cell growth, prolif-
eration, and differentiation [ 39 ]. PRMT 1 , 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 1  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 1  could explicate benefi cial 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 1  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 

  Fig. 4.13    PRMT 1  inhibitor chemical structure       
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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’ specifi c 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 specifi c 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 1  and/or  4 . The biological 
activities’ spectra exhibited by amidines are quite broad, and, among the others, they are also antimi-
crobial, antinfl ammatory, and anticancer agents. For this reason, medicinal chemists should carefully 
consider possible wanted or unwanted multiple actions in the design of new amidino compounds.     
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  Abbreviations 

  ADC    L-Arginine decarboxylase   
  ADI    L-Arginine deiminase   
  AGAT    L-Arginine-glycine amidinotransferase   
  ARG    Arginase   
  ASL    Argininosuccinate lyase   
  ASS    Argininosuccinate synthase   

 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.  

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


56

  Boc    tert.-Butyloxycarbonyl   
  Bzl    Benzyl   
  DEAD    Diethyl azodicarboxylate   
  DIPEA    N,N-Diisopropylethylamine   
  DMF    Dimethylformamide   
  DNA    Deoxyribonucleic acid   
  Et 3 N    Triethylamine   
  EtOH    Ethanol   
  HBTU    O-Benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafl uoro-phosphate   
  HOBT    Hydroxybenzotriazole   
  Me    Methyl   
  Mes    Methylsulfonyl (mesyl)   
  NOS    Nitric oxide synthase   
  NsArg    Norsulfoarginine   
  RNA    Ribonucleic acid   
  sArg    Sulfoarginine   
  SLE    Systemic lupus erythematosus   
  TFA    Trifl uoroacetic 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 infl uence 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 fi ve 
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 ). 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.

  Fig. 5.1     Biosynthesis and metabolic pathways   of  L -arginine:  ASS , argininosuccinate synthase;  ASL , argininosuccinate 
lyase;  NOS , nitric oxide synthase;  ADI , arginine deiminase;  ADC , arginine decarboxylase;  AGAT , arginine-glycine 
amidinotransferase,  ARG , arginase       
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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, modifi ed 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 specifi c 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  defi nitions   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 modifi cations 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 modifi ed compounds have a 
different structure, and therefore, the enzyme–substrate reaction, which is very specifi c, may not 
occur. It was found that even non-specifi c enzymes are practically unable to affect the modifi ed 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 
specifi c 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 specifi c 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 fi rst 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 

  Fig. 5.2    A diagram  of   hydrogen bond formed by 
guanidinum group with 5 different oxygen atoms       
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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 signifi cant 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 fl oribunda  are sources of canavanine containing 6–13 % dry 
weight of canavanine.

   Canavanine protects plants from insects and herbivores. It can greatly infl uence 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 signifi cantly 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, рКа 
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 δ-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 α-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 δ-oxygen atom causes signifi cant differences in these analogues. First, the state of the 

  Fig. 5.3    The  s  tructure of  L -canavanine       

  Fig. 5.4     Arginase-catalysed biotransformations   of canavanine       
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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 signifi cantly 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 2  and γ-guanidinooxypropylamine [ 20 ]. 

  Fig. 5.5     Canavanine-hydrolase   biotransformation of canavanine       

  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 2 , 
which improves the conversion of O 2  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 2 . 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 Cav  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 modifi ed 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 ).

  Fig. 5.7     Binding interactions   of  L -arginine and  L -canavanine with the NOS active site       
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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 Nα-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 esterifi cation 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 saponifi cation 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 fi rst 

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. 

  Fig. 5.8    The general formula  of   oxy- and sulfoarginine analogues       
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 NCav was synthesised using two approaches. The fi rst 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 fi rst 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. 

  Fig. 5.9     Synthesis of   sulfoarginine analogues       
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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 
signifi cantly 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 confi rmed the relationships observed with the in vitro assays.

  Fig. 5.10    General scheme  for   the synthesis of NCav       
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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—
tRNA analogue . This makes it possible for these analogues to be incorporated into a variety of 

  Fig. 5.11    Original  scheme   for the synthesis of oxy- and sulfoanalogues of L-arginine y [ 37 ]       

 

5 Oxy- and Sulfoanalogues of L-Arginine



66

  Fig. 5.13    Effects of i.p.    administration of (all at a dose of 5 mg/kg) assessed by the paw-pressure test. Data are 
presented as mean ± S.E.M       

  Fig. 5.12     Solid phase synthesis   of an oxyanalogue       
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biologically important peptides and proteins. Since these analogues have modifi ed 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 Arg175, 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 (Arg175) had no infl uence 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.  

  Fig. 5.14    ( a )  Superposition   in the active sites of eNOS and ASS, ( b ) Arg— red , Cit— orange , NCav— green , NsArg—
 blue , and sArg— purple        

 

5 Oxy- and Sulfoanalogues of L-Arginine



68

    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 benefi t 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 benefi t in the treatment of various diseases, including cancer and infections.     
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  Abbreviations 

  3′-UTR    Three prime untranslated region   
  CAT    Cationic amino acid transporter   
  EC 50     Half-maximal effective concentration   
  EDCFs    Endothelium-derived contracting factors   
  EDRFs    Endothelium-derived relaxing factors   
  eNOS    Endothelial nitric oxide synthase   
  H 2 O 2     Hydrogen peroxide   
  HAEC    Human aortic endothelial cells   
  hCAT    Human cationic amino acid transporter   
  HUVEC    Human umbilical vein endothelial cells   
   K  m     Michaelis–Menten constant   
  MAPK    Mitogen-activated protein kinase   

 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 codifi ed hCAT-1 is the solute carrier family 7 member 1 ( SLC7A1 ) .   
•   Transcriptional regulation of  SLC7A1  is determinant for hCAT-1 expression.  
•   Insulin increases the transcription of  SLC7A1  through specifi city protein 1 (Sp1) activity.  
•   There is a positive feedback between  L -arginine and insulin secretion.  
•   High extracellular concentrations of  D -glucose increase the transcription of  SLC7A1 .  
•   Insulin restores the  L -arginine transport and oxidative stress induced by high  D -glucose.  

mailto:mgonzalez79@gmail.com
mailto:mgonzalezo@udec.cl


72

  miRNA    MicroRNA   
  NADPH oxidase    Nicotinamide adenine dinucleotide phosphate-oxidase   
  NFκB    Nuclear factor kappa B   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  O 2  −     Superoxide anion   
  ONOO −     Peroxynitrite   
  PI3K    Phosphatidylinositol 3-phosphate   
  PKC    Protein kinase C   
  sGC    Soluble guanylate cyclase   
  SLC7A    Solute carrier family 7 subfamily A   
  Sp1    Specifi city protein 1   
   V  max     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, 
specifi cally 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  D -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 fi ne-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 traffi cking, 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 fl ow. 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 2+ ) 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 ].

  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 
(O 2 ) 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 codifi ed in 
different genes and is classifi ed 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 2+ /calmodulin (Ca 2+ /CaM) complex, tetra-hydro-biopterin (BH 4 ), nicotinamide adenine 
 dinucleotide phosphate (NADPH), fl avin adenine dinucleotide (FAD), and fl avin mononucleotide 
(FMN) [ 7 ,  8 ]. The physiological response of eNOS induced by different vasoactive agonists includes 
the increase of intracellular Ca 2+  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 0,+ , and B 0,+ . 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  SLC7A1 , 
 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-infl ammatory 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 affi nity for the substrate (Km ~ 50–200 μM), whereas CAT-2A has a relatively low 
affi nity 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 μM, 10-fold 
higher than the  K  m  of hCAT-1 (~100 μM) and more than 300-fold higher that the  K  m  of eNOS (~3 μM). 
These data, along with evidence that the blood concentration of  L -arginine is 100–500 μM, 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     Classifi cation   of cationic amino acid transporters   

 Name  Gene   K  m  (μM)  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 classifi ed into different proteins codifi ed 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  m ) 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 modifi ed  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   SLC7A1    (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 specifi city 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 mRNA 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 specifi c 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 fi nding of this SNP in 3′-UTR of  SLC7A1  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 fi ndings, 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 fl ow, 
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  D - 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  D -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  max ) from 2.4 ± 0.3 (pmol/μg 
protein/min) to 9.2 ± 1 and 9.9 ± 0.9 (pmol/μg 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 fl ow to several vascular beds. This is supported by the fi nding 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 signifi cant 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  m ) between 103 and 204 μM [ 32 ]. Is 
important to note that this  K  m  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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phosphatidylinositol 3 kinase (PI3K) and p42/p44 mitogen-activated protein kinase (p42/p44 mapk ). 
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  SLC7A1  expression or directly between  NO   and hCAT-1 activity. 
The direct effect of NO on hCAT-1 activity could be related to posttranslational modifi cations, 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  SLC7A1  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 fl ow 
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  D -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 

  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       
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 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  D -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 fi rst 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 (EC 50 ) 
of 11 mM  D -glucose [ 15 ]. Long-term (24 h) or short-term (2 min) effects of 25 mM  D -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  D -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  D -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  D -glucose, for 1 
week, induces lower nitrite levels associated with decreased expression and activity of eNOS [ 46 ]. In 

  Fig. 6.3     Transcriptional regulation   of  SLC7A1  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 specifi city 
protein 1 (Sp1). Sp1 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       
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HUVEC, it has been reported that chronic incubation with high  D -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  D -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  D -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  D -glucose on adenosine 
transport, an important vasoactive nucleoside [ 48 ,  49 ]. Thus, it can be concluded that high extracel-
lular concentrations of  D -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  D -glucose. In fact, high extracellular concentrations of  D -glucose induce synthe-
sis of superoxide (O 2  •− ) dependent on the activity of NADPH oxidase, increasing oxidative stress, 
lowering levels of BH 4 , uncoupling of eNOS, and deteriorating NO. This pathophysiological response 
impacts the vascular reactivity of blood vessels, which is refl ected 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 2  •−  reacts quickly with 
NO to generate peroxynitrite (ONOO − ), a very harmful molecule that induces damage to DNA, 
 protein modifi cations, and metabolic changes that induce cellular dysfunction. Concomitantly,  hyper-
glycemia   is associated with high activity of protein kinase C (diacylglycerol-dependent isoforms) and 

  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 Sp1. NFkB have a binding site in promoter of 
 SLC7A1  (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 (NFκB), a transcription factor with a binding site in the 
 proximal promoter of  SLC7A1  [ 31 ]. We cannot discard a role of Sp1 in the transcriptional regulation 
of  SLC7A1  mediated by  D -glucose, but presumably the main target in this stress condition could be 
NFκB and transcription of hCAT-1 (Fig.  6.4 ).

   In  gestational diabetes  , a specifi c 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 fl ow (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  D -glucose is 
reverted through co- incubation with insulin. Furthermore, through this co-incubation, the  V  max  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  D -glucose increase  L -arginine 

  Fig. 6.5     Reversion   of  D -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  D -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  max  without changes in the  K  m . 
These fi ndings 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  SLC7A1 . 
The regulation of hCAT-1 expression by  D -glucose and insulin is related to the activity of the proximal 
promoter of  SLC7A1 . In this region (~1600 base pairs upstream of start codon), there are several bind-
ing sites for Sp1 and one binding site for NFκB, both transcription factors which have been demon-
strated to be regulated by insulin and  D -glucose, respectively. Pathological concentrations of  D -glucose 
in plasma affect the metabolism of endothelial cells, increasing the transcription of  SLC7A1  and 
hCAT-1 expression along with oxidative stress associated with activity of pro-oxidant enzymes like 
NADPH oxidase. Our most relevant fi ndings 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 2  •-  pathways. In further research, it will be important to describe the proteins involved in tran-
scriptional regulation of  SLC7A1  in hyperglycemia or hyperinsulinemia, focusing efforts on the 
transcription factors with binding sites in the  SLC7A1  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  max ) 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 
 V  max  and without changes in  K  m : 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  D -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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    Introduction 

 L-Arginine (C 6 H 14 N 4 O 2 ) is nutritionally classifi ed 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 μmol/L, which may decrease by up 
to 20 % in diabetes. Moreover, L-arginine is an amino acid that, through its metabolism, can impact 
blood fl ow and blood pressure, especially in relation to the production of nitric oxide (NO • ). 

 Key Points 

•    L -arginine is a potent insulinotropic agent on acute exposure to β-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 β-cells.  
•    L -arginine supplementation may improve blood fl ow and endothelial function at rest.  
•    L -arginine supplementation may aid antioxidant status in athletes.  
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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 β- 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 β-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 
β-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 infl uence 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 infl ux of Na +  ions along with the amino acid [ 3 ]. Consequently, this nutrient class 
can impact on both the triggering and amplifi cation pathways of insulin exocytosis in the β-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 β-cell [ 6 ]. Entry and accumulation of L-arginine via 
mCAT2A directly stimulates plasma membrane depolarisation, leading to opening of voltage-gated 
Ca 2+  channels with a subsequent infl ux of cytosolic Ca 2+ , causing exocytosis of insulin-containing 
granules [ 7 ]. This particular mechanism of L-arginine-induced insulin release is entirely dependent on 
the extracellular Ca 2+  concentration and withdrawal of Ca 2+  abrogates the response [ 7 ]. These  acute 
insulinotropic effects   of L-arginine have been demonstrated in a variety of β-cell line models, such as 
BRIN-BD11, 1.1B4, and MIN6 [ 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 signifi cant 
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 briefl y 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, infl ammation, and insulin secretion 
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[ 11 – 13 ]. β-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 β-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 ω-N G ,N G -dimethylarginine (ADMA), reduced NO •  levels and  consequently attenuated 
L-arginine-induced insulin secretion in INS-1 β-cells [ 17 ]. Moreover, homocysteine, which nega-
tively impacts β-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 

  Fig. 7.1     Potential mechanisms   of saturated fatty acid (SFA), cytokine, and PEDF action on  L -arginine metabolism and 
regulation of β-cell insulin secretion. Saturated fatty acids (SFA) and pro-infl ammatory cytokines, including TNFα, 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 2  activity may generate arachidonic acid and so infl uence 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       
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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 signifi cantly affects signalling and/or detrimental outcomes in the β-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-infl ammatory stimuli such as cytokines like tumour 
necrosis factor-α (TNFα), interferon-γ (INFγ), and interleukin-1 (IL-1) [ 18 ]. A plethora of studies have 
demonstrated that these cytokines enhance the expression of iNOS via activation of NFκB in immune and 
β-cells, which may subsequently utilise available L-arginine to produce NO •  (reviewed in [ 18 ]). Given that 
the β-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 infl ammatory stimuli, both observed in diabetes, converge and yield high ROS/RNS levels 
that may possibly contribute to β-cell dysfunction, cytotoxicity, and death. Superoxide (O 2  •− ) derived from 
the ETC can react with NO •  to form  peroxynitrate (ONOO − ), which is a highly reactive free radical, with a 
greater cytotoxicity than O 2  •−  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, 
β-cell antioxidants such as GSH are extremely important for neutralising ROS/RNS generated by 
 metabolism. It has been documented that the β-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 β-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 β-cell  insulin   release remains contested and unclear due to the presence of confl icting fi nd-
ings in the literature. Some studies have shown that elevated cellular glutamate levels correlated with 
GSIS in β-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 α-ketoglutarate and consequently may infl uence ATP levels and insulin release. In addition, L-arginine 
can be metabolised through reactions of the urea cycle (active but incomplete in the β-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 β-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 β-cell 
 function [ 4 ]. Consequently, more research is required to fully understand the precise mechanisms of 
L-arginine metabolism, its infl uence 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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fi broblasts and PEDF levels decline during ageing. About 15 years ago, PEDF was reported to be a 
potent inhibitor of angiogenesis, leading to the identifi cation 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 confi rmed 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-infl ammatory [ 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 specifi c biological responses of PEDF. Studies show that there are at least 
two different PEDF-Rs, specifi c 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-κB) [ 42 ], nuclear factor of  activated T-cells 
(NFAT) [ 43 ], peroxisome proliferator-activated receptor (PPAR-γ) [ 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 infl ammatory 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 2  activity can be stimulated, possibly generating arachidonic acid [ 52 ].  Arachidonic acid   can 
infl uence 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 fl ow, infl ammation and immune  system   activation, insulin 
secretion and sensitivity [ 11 ,  12 ], mitochondrial function, and neurotransmission. First identifi ed 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 2+  requirements, while the expression of the 
inducible form (iNOS) is promoted by infl ammatory 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 fl ow [ 54 ] and this could potentially be 
 benefi cial for individuals performing exercise [ 55 ]. Accordingly, an elevation in blood fl ow (by a rise 
in NO •  production) could improve exercise performance by increasing nutrient and O 2  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 
fl ow 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 fl ow diverted to the active muscles and other organs involved in substrate  supply, such as the 
liver, is suffi cient 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 suffi cient 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 -γ-glutamyl- L -cysteinylglycine) is the most important non- enzymatic 
  soluble intracellular antioxidant, contributing to protective and metabolic function in specifi c cells 
including attenuation of oxidative stress in islet β-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 fl ux 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 infl ammatory conditions as superoxide (O 2  •− ) production 
evoked by pro-infl ammatory stimulation can be detrimental to cell survival but may be attenuated by 
increased L-arginine availability [ 12 ]. 

 In infl ammatory 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 fi nding 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 

P. Newsholme et al.



91

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-infl ammatory state, together with the adverse effects of 
hyperglycaemia and hyperlipidaemia, they may lead to the progressive dysfunction and demise of 
pancreatic β-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 2+  fl ux and opens voltage-
gated Ca 2+  channels, promoting a physiological  release   of insulin in the β-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 infl uence 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 suffi cient 
quantities to match demand. However, supplementation may be required in specifi c conditions such 
as malnutrition, metabolic diseases including diabetes, excess circulating ammonia, burn injury, 
infl ammation, 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 μmol/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 specifi c 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 benefi cial.  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 benefi t from  L -arginine supplementation, 
after careful assessment of the appropriate dose.     
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     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.   

  Abbreviations 

  ASS1    Argininosuccinate synthetase-1   
  CATs    Cationic amino acid transporters   
  DM    Diabetes mellitus   

 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 fi rst-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 β-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 fi rst- 
pass metabolism in the gastrointestinal tract but also on the transport and further metabolism of this 
amino acid that occurs in several tissues.  
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     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 
effl ux 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 μM 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 defi ned 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-infl ammatory 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 
infl ux of L-arginine in response to cytokines produced during Th1 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 signifi cance in the  interorgan transfer of amino acids   
[ 16 ]. However, observations on glutamate fl ux 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, specifi c 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-affi nity 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 specifi c, 
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 affi nity, but with low capacity for transporting the amino acid [ 21 ]. 
Indeed, for some amino acids, erythrocyte transport sometimes exceeds that of serum and signifi cant 
correlation coeffi cients 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  o  f 
amino acids in humans.  

    Tissue L-Arginine  Metabolism   

    Enzymes Involved in L-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 infl uencing 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  o  rnithine.  

    Activity of  NOS   

 In mammals, three nitric oxide synthase (NOS) isoenzymes are encoded by three different genes [ 9 ]. 
The human loci are defi ned 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 infl ammatory 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 2+ /
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 fi ve-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, fl avin mononucleotide (FMN), fl avin 
adenine dinucleotide (FAD), and tetrahydrobiopterin [ 24 ]. The proposed reaction mechanism involves 
electron transfer from the fl avin-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 fl uids 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 μM [ 5 ] and maybe higher inside the cells, far in excess of the 
Km values for L-arginine of purifi ed 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 fl ow. 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 specifi c inhibitory 
effect on NOS activity in the neutrophil’s cytosol. NO produced in the neutrophils may be relevant 

8 Erythrocytes By-Products of L-Arginine Catabolism



100

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 confi rmed in human platelets 
and  neutrop  hils [ 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 fl ow [ 24 ]. 
In healthy blood vessels, eNOS-derived NO from L-arginine contributes to the regulation of blood 
fl ow and blood pressure and is an inhibitor of platelet activation and aggregation, as well as of leuko-
cyte adhesion and migration [ 24 ]. Mice genetically defi cient 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 signifi cance 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 
fl uctuations in serum levels of metabolites are infl uenced 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 affi nity 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 confi rmed 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 specifi c 
physiopathology of this disease, i.e., endothelial damage and dysfunction [ 21 ]. 
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 L-Arginine-derived NO  ha  s 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 signifi cance, 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 
defi ned. 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 [ 3 H] L -arginine to [ 3 H] L -citrulline in a Ca 2+ -dependent fash-
ion, and this conversion is inhibited by two different specifi c 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 specifi c 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 fi ndings: 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 II 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 fl ow [ 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 fl ow, 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 
fl ow 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-infl ammatory 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 suffi cient 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  infl ammatory 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 fi nd 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 (specifi cally 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  top  of the fi gure. Whereas the serum L-arginine level was 
not signifi cantly affected by DM, it did promote an increased level of pyruvate, leading to a diminished lactate/pyruvate 
ratio       

  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       

  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 (1 × 10 −4  M).  Symbols  for each experimental group are indicated at the  top  of the fi gure. In a opposite 
manner, onset of DM induced very low levels of RBC L-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 signifi cant 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) defi ciency is a major factor contributing 
to endothelial dysfunction, as has been evidenced in hypertension, tobacco smoking, and malaria 
[ 47 ,  48 ]. 

 Recent fi ndings 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 confi rmed that 
RBC host the enzymatic machinery to metabolize amino acids, such as L-arginine, besides having 
effi cient 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 signifi cantly 
induce TNF-α mRNA and procoagulant activity in blood. Moreover, LDL cholesterol is a signifi cant 
predictor of both endothelial dysfunction and oxidative stress. LDL cholesterol and oxidized LDL 
cholesterol can affect the traffi cking of eNOS to the caveolae, increasing superoxide production and 
inducing NAD(P)H oxidase [ 27 ]. 

 Gestational diabetes ( GD     , characterized by abnormal  D -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 defi ciency, 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 infl ammation and necrotizing  enteroc     olitis [ 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 fi brosis [ 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), 

8 Erythrocytes By-Products of L-Arginine Catabolism



106

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 fl ow, consolidating memory processes, facilitating long-term potentiation, among 
other actions [ 5 ]. However, under specifi c conditions, NO appears to be produced in excess and in 
such cases may play a causative role in the development of infl ammatory 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 fi ndings 
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 defi ciency 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 

M.L. Contreras-Zentella and R. Hernández-Muñoz



107

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 specifi c physiopathology of this disease.     
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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, effi cient 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 signifi cant 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 signifi cant 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 modifi cation 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 ]. 

  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), P5C reduc-
tase (1.5.1.2), Proline oxidase (1.5.99.8), P5C dehydrogenase (1.5.1.12), P5C synthetase (EC—not assigned)       

 

C. Tomlinson et al.



113

 One of its roles may be as a  dietary   precursor for other amino acids, specifi cally 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 fi rst of these studies, the group demonstrated that citrulline was not synthesized from gluta-
mine in piglets preweaning (14–21 days) but that there was signifi cant synthesis when weaned piglets 
were used (29–58 days) [ 16 ]. However, when younger animals were investigated there was consider-
able synthesis in the fi rst few days after birth which fell over the fi rst 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 refl ected 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 fi rst 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-defi cient 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-defi cient 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-defi cient diet [ 21 ]. This is rapid when 
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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 defi ciency. 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 fi rst-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 signifi cantly 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  signifi cant   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 confi rmed 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-defi cient 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-defi cient 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 confi rmed that the fi ndings 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 fi rst 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-
nifi cant   precursor for L-arginine in neonates. In keeping with the piglet data, there was only signifi cant 
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 signifi cant 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 insuffi cient 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 fl ux 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 fi rst-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 fl ux of proline 
and if there was signifi cant 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— 15 N 2  L-arginine and  15 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 signifi cant 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 signifi cant 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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     Key Points 

•   Macrophages play a key role in infl ammation.  
•   At the infl ammatory loci, macrophages fi rst exert pro-infl ammatory activity (tissue destruction), 

followed by an anti-infl ammatory activity (tissue repair).  
•   L-Arginine is catabolized  by   nitric oxide synthase (NOS2) to form nitric oxide (pro-infl ammatory 

activity) or by arginase 1 to form proline and polyamines (anti-infl ammatory activity).  
•   A specifi c L-arginine transport system (Slc7a2, also called CAT2) is induced during the pro- and 

anti- infl ammatory activation of macrophages.  
•   The expression of Slc7a2 is the limiting factor for the pro- and anti-infl ammatory 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 specifi c 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   •   L-Arginine catabolism 
  •   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   
  PDL1    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 classifi ed into two types. The fi rst 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 low  in mice, while the second type comprises effector cells that are involved in the infl am-
matory process and are recognized by CD14 ++ CD16 −  in humans and Ly6C high  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 infl ammation, 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 specifi c surface 
markers, among these, CD11b, EGF-like (epidermal growth factor-like) module (Emr1 or F4/80), 
CD68, colony-stimulating factor 1 receptor (CSF1r), lymphocyte antigen 6 (Ly6)C, and Ly6G [ 2 ].  

     Infl ammation   and Macrophages 

 Infl ammation is the response of the body to injury. The word infl ammation derives from the Latin 
 infl amatio , meaning to set on fi re, 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 infl ammation 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 infl ammation but also the resolution of this condition [ 3 ]. 
Resolution includes the elimination of all infl ammatory immune cells, such as granulocytes and pro- 
infl ammatory 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 infl ammation according to requirements. When exacerbated and not properly downregulated, 
infl ammation 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 infl ammation- 
associated conditions [ 4 ]. 

 Infl ammation is a complex biological response involving several molecules and cells. This biologi-
cal process is programmed fi rst to remove the injurious stimuli and after to induce the healing process 
that leads to tissue repair. Infl ammation is the most common response of the immune system to injury, 
infection, traumatism, and physical or chemical agents. In early stages of infl ammation, vascularity 
and permeability increase, thus allowing fl uids 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 infl ammatory site 
and are required to kill the microorganisms that have resisted the action of neutrophils, thus complet-
ing the destructive phase of infl ammation. 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 infl ammation, macrophages exert two opposing roles that contribute 
to either tissue destruction or tissue repair. On the one hand, they show pro-infl ammatory activity (M1 
type) that occurs as a result  of   classical activation. On the other hand, to exert tissue  repair   functions, 
they carry out anti-infl ammatory 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 modifi cations produced by the up- or downregulation of a large number of genes. Macrophages 
are multifunctional immune cells, and when activated, in a pro-infl ammatory or anti- infl ammatory fash-
ion, the expression of other macrophage markers is up- or downregulated. For example, the major 
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histocompatibility complex (MHC) II and the mannose receptor are specifi c markers of these cells and 
represent examples of pro-infl ammatory and anti-infl ammatory activation, respectively [ 5 ]. In vitro, 
macrophages can be activated by T helper (Th) 1-type cytokines, such as interferon (IFN)-γ, and bacte-
rial products, such as lipopolysaccharide (LPS), to become pro- infl ammatory. 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- infl ammatory activity [ 6 ]. Once activated by Th2 
cytokines, such as interleukin (IL)-4 or IL-10, macrophages exert anti-infl ammatory activity, which 
results in tissue repair [ 5 ] (Fig.  10.1 ). 

 Interestingly, although the pro- and anti-infl ammatory 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-γ 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-infl ammatory, 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 amplifi cation loop of anti-infl ammatory responses [ 8 ].

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

 The production of NOS2 or arginase is exclusive; macrophages exert either pro-infl ammatory 
activity or an anti-infl ammatory 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 ]. 

  Fig. 10.1    Dual activity of macrophages at the infl ammatory loci. Initially macrophages participate in the destruction of 
infectious agents, elimination of apoptotic bodies, and tissue damage (pro- infl ammatory activity). After this phase, 
these cells undergo a series of modifi cations and become involved in tissue repair (anti- infl ammatory activity)       
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 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 
CDK8 that associates with Med 12, Med13, and cyclin C to form a submodule that is a transcriptional 
negative regulator [ 10 ]. Also, TSA reduces C/EBPβ phosphorylation without affecting its binding to 
the  nos2  promoter [ 10 ]. In contrast, in IL-4-treated macrophages, TSA inhibited C/EBPβ binding to 
the  arginase 1  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 infl uences the expression of genes involved in macrophage activation. 

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

  Fig. 10.2    Catabolism of L-arginine by macrophages activated by pro- infl ammatory (Th1-type) cytokines (pro- infl ammatory) or 
by anti-infl ammatory (Th2-type) cytokines (anti-infl ammatory). 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       
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extracellular milieu. In mammalian cells, the L-arginine fl ux through the  plasma membrane   is performed 
by four distinct mechanisms [ 14 ]: (1) system B o,+ , which is Na +  and Cl −  dependent and used for neutral 
and cationic amino acids; (2) system b o,+ , 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 o,+  is related to the 
ATB o,+  transporter (gene  SLC6A14 ); system b o,+  is associated with the heteromeric amino acid transporter 
b o,+ -AT/rBAT ( SLC7A9  and  SLC3A1 , 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 LAT2 systems 
refer to  L -arginine transporters-1 ( SLC7A7 ) and -2 ( SLC7A8 ) 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-infl ammatory 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-infl ammatory 
stimuli. Incubation with IFN-γ 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 o+ , b o+ , 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 modifi ed by the treatments. In 
quiescent cells  slc7A2  was not detected but was induced under the treatment with both pro- and anti-
infl ammatory cytokines. Finally,  slc7A3  was not detected. Gene induction was not modifi ed regardless of 
the presence or absence of L-arginine in the medium of the macrophage culture. All these data were con-
fi rmed 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-infl ammatory 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 confi rm that under both pro- and anti-infl ammatory activation macrophages induce 
 slc7A2  expression, which is responsible for increased L-arginine  transport   (Fig.  10.4 ).

  Fig. 10.3    Infl ammation is a question of balances. Under physiological conditions, both pro- and anti-infl ammatory 
activities follow one another in the infl ammatory loci. If pro-infl ammatory activity is enhanced, this may contribute to 
the chronicity of infl ammation. In contrast, an excess of ant-infl ammatory activity can cause increased fi brosis       
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   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 specifi c 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-infl ammatory ( arginase 1 ) 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 identifi ed 
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  slc7a1/cat1 , which is constitutively expressed, 

  Fig. 10.4    L-Arginine transport in  macrophages  . During pro- or anti-infl ammatory 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       
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and this control is independent of proliferating or activating agents [ 16 ]. In fact,  M-CSF-dependent 
proliferation   was not modifi ed when we used macrophages of  slc7a2  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-infl ammatory 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 confi rmed by using macrophages from the corresponding KO mice. Similar con-
clusions were obtained in  sl7a2  KO mice infected with   Leishmania amazonensis    [ 19 ].  

  Fig. 10.5    L-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 fi nally into polyamines, required for 
parasite growth. Th1 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 (CAT2) 
allows the uptake of large amounts of L-arginine. In contrast, the reduced expression of this transporter in C57Bl/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 fi brosis, 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 fi brotic 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-infl ammatory 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-γ). 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 specifi c  T cell responses   [ 22 ]. This decrease in L-arginine in the 
extracellular milieu affects  L. major -specifi c 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-defi cient   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-defi cient  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-γ 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 C57Bl/6 (non-healer strain) and BALB- C   (healer strain) mice were due only to the produc-
tion of Th1 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 C57Bl/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-γ 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 fi nding was attributed to a decreased 
induction of the L-arginine transporter  slc7a2  by pro- and anti-infl ammatory 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  C57Bl/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-infl ammatory phenotype, suppressing 
the proliferation of T cells upon antigen-specifi c stimulation [ 30 ]. Helminth infection leads to the 
mobilization of alternatively activated macrophages [ 31 ]. In summary, L-arginine uptake by activated 
anti-infl ammatory 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 
defi ned. The anarchic growth of tumor cells produces changes in the microenvironment, inducing 
hypoxia and infl ammation, the latter attracting monocytes from the circulation through chemokines, 
such as  CC-chemokine ligand 2 (CCL2) and CCL5  . 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 (PGE2) [ 34 ]. In fact, TAMs develop the pheno-
type of activated anti-infl ammatory macrophages upon the suppression of MHC class II molecules 
and IL-12 and also upon the expression of the anti-infl ammatory 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-infl ammatory 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-specifi c T cell responses [ 35 ]. 
MDSCs extracted from tumors are able to block T cells activated by several systems. This fi nding has 
been attributed to the production of ROS and reactive nitrogen species by MDSCs [ 36 ]. One of these 
products, peroxynitrite (ONOO − ) oxidizes several molecules, producing cellular damage. Against this 
theory is the observation that MDSCs have an anti-infl ammatory 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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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 G0–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 ( −/− ) 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-specifi c cytotoxic-
ity is not modifi ed when arginase is absent, but antigen-specifi c proliferation is severely compromised 
[ 41 ].

       Conclusions 

 Macrophages play a critical role during infl ammation. The mechanism by which L-arginine is pro-
cessed during the pro- or anti-infl ammatory 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 specifi c 
system of transport. During both pro- and anti-infl ammatory 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-
infl ammatory 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 

  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       
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depletion of L-arginine in the microenvironment, thus affecting the proliferation and function of T 
cells.     
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 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-infl ammatory activity, present an overexpression of 
inducible NOS (iNOS) when macrophages with an M2 phenotype, which overexpress arginase, 
have anti-infl ammatory 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 α (TNFα).  

•   Aging is associated with a depressed macrophage-mediated immune response.  
•   The “infl ammaging state” associated with the age may be responsible for the macrophage “anergy.”  
•   Arg downregulates TNFα 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/EBPβ    CAAT box enhancer binding protein β   
  CAT    Cationic amino acid transporter   
  Cit    Citrulline   
  DFMO    Difl uoromethylornithine   
  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 kinases—extracellular signal- 

regulated kinases   
  MHC    Major histocompatibility complex   
  MS    Metabolic syndrome   
  MyD88    Myeloid differentiation factor 88   
  NF-κB    Nuclear factor kappa B   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  O 2  •−     Superoxide anion   
  ODC    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   
  TGFβ    Transforming growth factor β   
  Th    T helper   
  TLR    Toll-like receptor   
  TNFα    Tumor necrosis factor α   
  TPL-2    Tumor-promoting locus 2   
  ZDF     Zucker diabetic fatty     

    Introduction 

  L-Arginine (Arg)   has long been known to be a major regulator of immunity  via  its metabolic and 
physio logical functions. In the 1950s, it was classifi ed 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 fi eld 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 (TNFα) 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-κB)      and  mitogen-activated protein kinase (MAPK)      pathways, 
resulting in activation of the two most important pro-infl ammatory pathway transcription factors 
NF-κB and AP-1 (Activator protein 1). This leads to an enhanced expression of pro-infl ammatory 
genes including cytokines (TNFα, interleukins (IL-1, IL-6) …) and inducible nitric oxyde synthase 
(iNOS) [ 4 ]. 

 Activation of  pro-infl ammatory cytokine production  , including TNFα, 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 ]. 

 TNFα is a  glycoprotein   involved in systemic infl ammation. On the site of infl ammation, it acts on 
macrophages, inducing phagocytosis and cytokine, oxidant, and pro-infl ammatory lipid production. 
TNFα is a powerfull proinfl ammatory agent and plays a central role in the initiation, perpertuation and 
also resolution of  infl ammation. [ 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 fi rst 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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    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 fi rst 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-κB 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 fi ght 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 2  •− ) to form peroxynitrite (ONOO − ) 

  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       
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which gives it its cytotoxic properties [ 12 ]. NO is an essential factor to fi ght against viruses, bacteria, 
fungi, and parasites [ 13 ]. It acts in two different ways: directly, by itself or in association with O 2  •−  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-infl ammatory cytokine production, notably TNFα and IL-6, by a NF-κB 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 fi rst 
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 infl ammation. 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 infl ammatory reaction). Their role in macrophages is confi rmed since the 
presence of di-fl uoromethylornithine (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 II is a mitochondrial enzyme whose expression could be induced by infl ammatory 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 modifi cations, 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)-γ 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 infl ammation, 
and,  via  the production of NO and other oxygen and nitrogen species, they kill pathogens or nearby 
host cells and produce pro-infl ammatory cytokines (TNF-α, IL-6, and IL-12). M2 macrophages act in 
the late resolution phase of infl ammation, regulate infl ammatory response and adaptive Th1 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 Th1 and Th2 responses also downregulate M2 and M1 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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expression and the upregulation of arginase expression refl ect 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 infl ammatory 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 infl ammatory response. Such a shift is 
observed in dystrophin- defi cient muscles, at the site of infl ammation, while M1  macrophages   pro-
mote muscle injury, M2 macrophages are involved in the repair of muscles [ 25 ].  

    Infl uence of L-Arginine and Its Metabolites on  TNFα  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-γ results in an increase in the Arg 
infl ux in macrophages and a raised production of NO. In an  in vitro  study, an increase of Arg concen-
tration (80–1000 μM) 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 TNFα 
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-infl ammatory cytokines (TNFα, 
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 TNFα production and prostaglandin E2 [ 29 ]. 

 The effects of Arg on TNFα production could be due to direct effects of this amino acid on pro- 
infl ammatory pathways, but also  via  its metabolite, NO. 

  Fig. 11.2    iNOS/arginase imbalance.  iNOS  inducible nitric oxide synthase. Adapted from [ 22 ]       
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     Direct Effects   

 Arg seems to have a direct effect on immunity  via  the inhibition of activation of infl ammatory 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-κB and MAPK pathways and, 
therefore, pro-infl ammatory 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 TNFα.

       Indirect Effects via Nitric  Oxide   

 Arg seems also to regulate TNFα 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-κB 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 ]. 

  Fig. 11.3    Direct effects of L-arginine on pro- infl ammatory 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-κB  nuclear factor-κB. Adapted from [ 30 ]       
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  Numerous studies   have explored the effects of age on macrophage number and function; however, 
these have yielded confl icting 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-infi ltrated 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-infl ammatory 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-γ, or LPS) [ 37 ,  38 ]. In humans, if circulating levels of  pro-infl ammatory 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 TNFα intracellular levels are reduced [ 39 ,  40 ]. In spite of this, pro-infl ammatory cytokine 
production following stimulation of TLR2/6, TLR4, and TLR5 is preserved at an advanced age [ 40 ]. 
In contrast, basal and LPS-induced TNFα 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 infl ammatory 
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-infl ammatory 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 defi ning the functionality and activation prop-
erties of macrophages in response to stimulation. This  chronic low-grade infl ammation  , named 
“infl ammaging” [ 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  TNFα production   by macrophages in aging   

 Tissue site  Ex vivo activation  Organism  Effect of aging  References 

 Alveolus  LPS  Mouse  ↑  [ 37 ] 
 LPS + IFN-γ  Mouse  ↑ 

 Peritoneum  LPS  Mouse  ↓ 
 LPS + IFN-γ  Mouse  ↓ 

 Spleen  LPS + IFN-γ  Mouse  ↑ 
 Monocytes  TLR1/TLR2 ligand pam3cys + Brefeldin A  Human  ↓  [ 39 ] 

  The symbols ↑ and ↓ indicate a statistically signifi cant 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-γ, 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 benefi cial 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 fl ux [ 50 ]. 

 Cit, which totally escapes the splanchnic sequestration, may be a potential candidate to supply Arg, 
as it could infl uence 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 TNFα 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 modifi cations 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 
modifi cations of macrophage phenotype observed in case of T2D are characterized by  Arg metabo-
lism modifi cations  . These  macrophage modifi cations   in T2D are fi rst observed in macrophages of 
adipose tissue, with a switch from the M2 phenotype–macrophages with anti-infl ammatory properties 
and an overexpression of arginase–to the M1 phenotype with a pro-infl ammatory activity and an over-
expression of iNOS [ 24 ]. Later, Lefèvre et al. [ 53 ] also showed modifi cations 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 specifi c 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 TNFα concentration, after LPS injection, was lower in these rodents compared to their lean 
littermates [ 57 ]. However, Blanc et al. did not fi nd the same result in Zucker rats. Indeed, there was 
no difference in TNFα 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, TNFα plasma concentration after LPS injection was lower than in control rats 
[ 57 ]. This was confi rmed by an  in vitro  study that showed that TNFα 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 TNFα concentration in serum and in peritoneal fl uid than their lean littermates. 
This was accompanied by an increase of TNFα 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 TNFα production [ 55 ]. A raised TNFα production  in vitro  by PM 
of T2D and obese rodents compared to their lean littermates was confi rmed in  fa/fa  rats [ 54 ,  60 ]. In 
the fi rst study, a higher TNFα 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 TNFα production impairment 
in T2D. It could be hypothesized that an increased Arg bioavailability could improve PM function and 
decrease TNFα 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, TNFα production by macrophages decreased with increasing 
Arg levels [ 54 ,  58 ]. In the second study, reduced TNFα 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 TNFα production by PM which were removed and cultured 4 days after LPS injection [ 61 ]. 
Interestingly, this modifi cation of TNFα production was not accompanied by a modifi cation 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-specifi c enteral formula 

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

 Strain of rodents  Activation  TNFα 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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given to T2D endotoxemic rats, had no effect on TNFα production, with no modifi cation of arginase 
I protein expression [ 62 ]. However, it is diffi cult 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 modifi ed. 

 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 TNFα production and 
increased IL-6 production [ 60 ]. This latter, in the context of metabolic syndrome, is known to be 
benefi cial 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 (Gln, Orn, and Cit)) and its catabolism. Arg catabolism  via  iNOS or arginase is at the center of 
the macrophage polarization that occurs during infl ammation 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 TNFα 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 TNFα production by PM which is associated with modifi cations of Arg 
metabolism, and increased Arg bioavailability leads to a decrease of TNFα production in these cells. 

 In the context of Arg defi ciency, Arg provides an effective nutritional or pharmacotherapeutic 
treatment for many human diseases. Since Arg supply could be ineffi cient, 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.     

   Table 11.3    Effects of  Arg supply   on TNFα production by isolated peritoneal macrophages (PM) in metabolic syndrome 
and type 2 diabetes   

 Rodents  L-Arginine supply 
 TNFα production 
by isolated PM  References 

 Metabolic 
syndrome 

 Zucker rats   In vitro —2 mM—3 h  ↓  [ 58 ] 

 Type 2 diabetes  fa/fa rats   In vitro —from 0.25 to 
2 mM—3 h 

 ↓  [ 54 ] 

 fa/fa rats (endotoxemic)   In vivo —from 1 to 5 g/kg/
day 

 –  [ 62 ] 

 fa/fa rats (endotoxemic)   In vivo —5 g/kg/day—4 days  ↓  [ 61 ] 

  The symbol ↓ indicates a statistically signifi cant 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  
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 Key Points 

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

•   Most of these pathologies present common features of L-arginine defi ciency except for inherited 
arginase defi ciency which results in L-arginine increase.  

•   L-Arginine defi ciency 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.  
•   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 fi brosis   
  CFTR    Cystic fi brosis 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 defi ciency  ”    [ 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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       Impairment of L-Arginine Homeostasis in Sepsis 

     Causes   

 In sepsis, nitrogen homeostasis is largely sustained, while AA metabolism undergoes major 
 modifi cations in order to adapt to increasing nitrogen requirements. In healthy conditions, the L-argi-
nine fl ux at the whole-body level is estimated to be 70–90 μmol/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 
phy siological plasma L-arginine concentration in a fasted state is around 100 μmol/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 modifi cation 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 

  Fig. 12.1    General overview of  ARG L-arginine properties         
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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 defi ciency 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 nonspecifi c 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 modifi ed 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 ].

  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 nonspecifi c 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 fi ght 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 infl ammatory 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 fi rst 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 defi ciency 
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 modifi cations 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 modifi cation of mus-
cular and intestinal AA concentrations. So, L-arginine metabolism is well impaired in endotoxemic 
and T2D rats (with modifi cations 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 
fi rst 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- specifi c enteral formula alone. In conclusion, 
modifi cations 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 diffi cult to discriminate the part of T2D, the part of 
sepsis, and their interaction. Many more researches are required to understand the metabolic specifi c-
ity of L-arginine impairment in septic T2D patients.   

    Impairment of L-Arginine Homeostasis in Chronic Obstructive 
Pneumopathy Disease 

     Defi nition   

 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 infl am-
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 infl ammation 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 2  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 infl ammation 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 infl ammation. 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 

     Defi nition   

 Cystic fi brosis ( 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 fi brosis transmembrane conductance regulator) gene protein which regulates the 
formation of mucus [ 36 ]. It leads to airway dysfunction characterized by chronic infl ammation, 
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 infl ammation, fractional exhaled NO is decreased in airway fl uids of patients with CF 

  Fig. 12.3     L-Arginine/NO metabolism   impairment in patients with cystic fi brosis. Cystic fi brosis is characterized by 
abnormalities in L-arginine/NO metabolism. In patients cystic fi brosis has been evidenced mostly in the lungs and 
airways, but it has also been reported at the whole-body level       

 

12 L-Arginine Metabolism Impairment in Sepsis and Diseases: Causes and Consequences



152

in spite of the infl ammatory nature of the disease [ 39 ]. Two phenomena contribute to the local NO 
defi ciency: one is the signifi cant 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 confi rmed 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 insuffi cient 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-specifi c 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 fi brosis  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 CF. 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 

     Defi nition   

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

   Inherited disorders of the urea cycle are inborn metabolic diseases caused by the defi ciency 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 defi ciency has the highest incidence, while arginase and NAGS defi ciencies have the 
lowest [ 50 ]. While the fi rst four defi ciencies are responsible for reduced plasma L-arginine concentra-
tions, the arginase defect leads to hyperargininemia. NAGS defi ciency does not affect L-arginine 
metabolism [ 51 ]. All these diseases lead to hyperammonemia with subsequent neurological damage 
(for complete review, see [ 51 ]). 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 defi cient amino 
acid by L-arginine or citrulline (except in patients suffering from arginase defi ciency) and by provid-
ing essential amino acids [ 52 ].  

  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 fi rst three being intramitochondrial and the others 
being cytosolic       

 

12 L-Arginine Metabolism Impairment in Sepsis and Diseases: Causes and Consequences



154

    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 fi rst been 
considered as an appropriate treatment. However, intracellular accumulation of L-arginine due to 
defective effl ux 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 defi ciency 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 defi ciency 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 identifi ed 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 confi rmed 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 confi rmed 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, fi nally, 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 

  Fig. 12.5    L-Arginine crossroad in endothelial cell.  Intracellular citrulline–L-arginine cycle   and its relationship with NO 
metabolism. ASL (argininosuccinate lyase), ASS (argininosuccinate synthase), eNOS (endothelial Nitric Oxide 
Synthase)       
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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 defi nitive strategy has been presented 
and many researches are still required to optimize these fi elds.     
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 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 misclassifi cation of 

GHD due to the high rate of false positivity and poor reproducibility especially in adults.  
•   GHRH+Arg 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 defi ciency) might 

impair the GH response to GHRH+Arg (i.e., biochemical GHD) even in the absence of a truly, 
clinical GHD.  
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  GHRH    Growth hormone-releasing hormone   
  GHRH+Arg    Growth hormone-releasing hormone plus L-arginine   
  GHRP    Growth hormone-releasing peptide   
  i.v.    Intravenous   
  IGF-I    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 fi rst 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 defi nitively clarifi ed. 

     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 

  Fig. 13.1    Regulation of  growth hormone secretion  : the GH-IGF-I axis.  GH  growth hormone,  FFA  free fatty acids,  Arg  
l-arginine,  min  minutes       
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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 sacrifi ced 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-
cifi c 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  rele  ase [ 5 ].  

    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-I 
 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  
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    In  V  ivo 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 clarifi ed 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  stimulan  t 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 confi rmed 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 defi ciency (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 signifi cantly 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 infl uence 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 fi ndings 
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 
 activi  ty. 

 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 fi nd 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 signifi cant 
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 Defi ciency 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 fl at 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, infi ltrative/granulo-
matous diseases, cranial irradiation, neurosurgery, idiopathic) [ 35 ] and shares all the other common 
causes of hypopituitarism [ 36 ]. 

 The  diagnosis o  f 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 signifi cant 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 briefl y 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 ITT, especially in adults [ 34 ]. In fact, when the sensitivity and specifi city 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 misclassifi cation 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   

 Provocative test  Dosage (i.v.) 
 Timing of infusion (after 
an overnight fast) 

 Timing of 
blood 
sampling 
(min) 

 GH peak cutoffs for the 
GHD diagnosis 

 Children 
(μg/L) 

 Adults 
(μg/L) 

 L-Arginine  0.5 g/kg of body 
weight in saline 
solution 

 Over 30 min (from −30 to 
0 min) 

 0–30–60 a –90–
120 

 <10 b   <10 c  

 GHRH+Arg   L-Arginine , 0.5 g/kg of 
body weight in 
saline solution; 
 GHRH , 1 μg/kg 

  L-Arginine , over 30 min 
(from −30 to 0 min); 
 GHRH , after the end 
of L-arginine infusion 

 0–15–30–45 a –
60 a –90–
120 

 <20 d   <9 

   a Expected timing for GH peak 
  b Several authors consider the cutoff of 7 μg/L as more appropriate; other authors consider GHD for values <5 μg/L and 
values between 5 and 10 μg/L as a gray area in which partial GHD is possible 
  c This cutoff has poor diagnostic value in adults due to the low sensitivity and specifi city of L-arginine test for the diag-
nosis of GHD in adults [ 34 ,  38 ] 
  d Several authors consider the cutoff of 24 μg/L as more appropriate in order to avoid false negative [ 39 ] 
  GHD  growth hormone defi ciency,  Arg  L-arginine  
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    Clinical Use of Combined GHRH and L-Arginine Infusion in the Diagnosis 
of GH Defi ciency in Humans 

     Physiological Signifi cance   

 Considering the diffi cult 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 signifi cantly 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 fl uctuations 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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  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 misclassifi cation       
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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 defi nition of diagnostic cutoffs (Fig.  13.2 ) [ 38 ,  46 ]. In 
addition, this test has also the advantage of reducing the intraindividual variability of somatotropic 
responsiveness  t  o 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 confi rmed 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 specifi city [ 42 ] and could be a valid 
alternative to ITT 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 μg/L is currently considered for the diagnosis of GHD in adults [ 28 ,  35 ,  44 ,  46 ], 
while a cutoff of 20 μg/L is used for children [ 39 ,  42 ,  48 ] (Table  13.2 ). The procedure for perform-
ing GHRH+Arg test is standardized and is briefl y 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 profi le and no contraindications. The most common minor side effect is 
transient facial fl ushing 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, L-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 % specifi city at a GH 
cutoff of 4.1 μg/L, compares well to ITT, which has an optimal GH cutoff of 5.1 μg/L (96 % sensitiv-
ity and 92 % specifi city), 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. Defi ning 
test-specifi c cut points to improve the sensitivity and specifi city 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  lac  k 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 misclassifi cation. 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 misclassifi ca-
tion could be reduced [ 33 – 35 ,  43 ]. The main limitations of the GHRH+Arg test are due to (1) cutoff 
defi nition, (2) testing variables, (3) sexual dimorphism and patient’s hormonal status, and (4) special 
clinical situations. 

     Limitations   Due to Cutoff Defi nition 

 The use of cutoffs or thresholds for normal GH response remains arbitrary since several differences 
have been found in different settings due to variance in hormonal assays used, population heterogene-
ity, lack of reproducibility in the same patient, and several other factors [ 38 ,  42 ]. When a GH response 
to GHRH+Arg is slightly above the diagnostic cutoff, the outcome remains doubtful and might be 
related to a condition of partial GHD [ 51 ]; often it needs to be confi rmed by a subsequent test. Again, 
the results based on the cutoffs proposed for the  GHD   diagnosis should be ever interpreted according 
with all other patient’s clinical data [ 33 – 35 ,  43 ].  

     Testing Variables   

 Several factors could impact on the results of the GHRH+Arg test. The setting of GHRH+Arg 
procedures may differ according to some patient’s components (e.g., inadequate overnight fast-
ing), laboratory variables (e.g., inaccurate GH assay), and testing problems (e.g., inappropriate 
timing for secretagogues infusion or for blood sampling). Furthermore, practical problems could 
compromise the possibility to run a test with GHRH+Arg, for example, GHRH is currently 
unavailable for clinical use in the USA, and, in this case, glucagon test could be considered as 
alternative to ITT [ 52 ].  

     Sexual Dimorphism and Patient’s Hormonal Status      

 Another possible confounding factor in the evaluation of GH response after GHRH+Arg test is that a 
sex difference in the response to L-arginine alone has been reported [ 21 ]. As a consequence of differ-
ences in serum estrogens, in females a greater responsiveness to L-arginine occurs with respect to men 
and during midcycle compared to menstrual period [ 21 ]. Anyway, this gender difference seems lost 
when L-arginine is used in combination with GHRH [ 53 ,  54 ]. Furthermore, the response to GHRH+Arg 
test is slightly different in aging [ 28 ,  46 ]. In addition several other hormonal defi cits or hormonal 
therapies might infl uence the GH response to GHRH+Arg. It is known that mainly sex steroids but 
also thyroid hormones and adrenal steroids alter the amount of the synthesized and stored  G        H [ 35 ].  

    Special Clinical Situations 

 Several clinical conditions are associated to an impaired pituitary GH reserve; some of them are very 
common and should be considered in clinical practice. 
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     Obesity   

 The confounding effect of obesity on the evaluation of somatotropic function needs particular atten-
tion owing to its common occurrence. It is well known that somatotropic function is negatively 
associated with body mass, and, in fact, both spontaneous and stimulated GH secretion is clearly 
reduced in obese patients [ 45 ]. It was also demonstrated that the mean GH response to GHRH+Arg 
is negatively associated with BMI, being markedly reduced in obese patients [ 55 ]. In a considerable 
percentage of obese patients, the GH response to GHRH+Arg is as impaired as that in hypopituitaric 
patients with GHD [ 55 ]. Taking into account the fact that hypopituitaric patients are often over-
weight, it is strongly recommended that adult GHD is suspected in the appropriate clinical context 
and considering more restrictive GH cutoff values in obese and overweight subjects. Thus, in the 
overweight population, the highest specifi city and sensibility of GHRH+Arg test were found using a 
peak GH cutoff point of 8.0 μg/L, while in the obese population, the cutoff point is settled to the 
lower value of 4.2 μg/L [ 56 ] (Table  13.3 ). Applying these specifi c BMI-related cutoffs, the 
GHRH+Arg test can be considered a reliable tool for the diagnosis of adult GH defi ciency in lean, 
overweight, and obese patients.

        Transition Period   

 Children with a diagnosis of childhood-onset GHD need to be retested for the confi rmation of GHD 
even during adulthood [ 34 ,  57 ]. In the transition period, this retesting should be performed after with-
drawal of GH treatment, and GHRH+Arg is a valid test useful to confi rm the persistence or not of 
GHD [ 58 ]. The response to GHRH+Arg in late adolescents and young adults is very close to that of 
children [ 58 ], and the cutoffs of 19 mg/L for the diagnosis of GHD  are   similar [ 57 ,  58 ] (Table  13.3 ).  

     Hypothalamic Defects   
 Because GHRH acts directly on the pituitary, its administration both alone and in combination with 
L-arginine could induce clear GH response only in hypopituitaric patients with GHD owing to hypo-
thalamic GHRH defect [ 59 ], leading to false-negative results. This possibility seems unlikely, how-
ever. In fact, there is a strong positive association between the GH peak after GHRH+Arg and ITT 
[ 45 ], and it has been demonstrated that the integrity of the hypothalamus-pituitary connection (evalu-
ated by magnetic resonance imaging) is essential for GHRH+Arg as well as for ITT to express their 
GH-releasing activity [ 48 ]. It means that the combination of GHRH+Arg is able to test the functional-
ity of both the hypothalamic and the pituitary level of  somatotropic   axis.  

     Table 13.3    Cutoffs  f  or GH peak in some particular clinical conditions   

 Clinical 
condition 

 GH peak 
cutoff 
(μg/L)  Peculiar characteristics 

 Obesity  <4.2  Free fatty acids exhibit an inhibitory effect on GH secretion; visceral adiposity 
should be evaluated and/or taken into account 

 Overweight  <8.0  Visceral adiposity should be evaluated and/or taken into account 
 Transition period  <19  Response to GHRH+Arg is quite similar to that of children; transition involves a 

period until 6–7 years after achievement of fi nal height 
 HIV infection  <7.5  Consider BMI and visceral adiposity; usually GHD is only biochemical and does not 

need treatment; probably a subset of these patients has true GHD (more 
researches needed) 
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     HIV Infection   

 The secretory response of GH is impaired in HIV-infected patients [ 60 ]. Biochemical GHD after 
GHRH+Arg is more frequent in HIV-infected males than in HIV-infected females and is present in 
about 20–30 % of all patients [ 61 ]. The real nature of this defective response to GH provocative 
stimuli is still not defi ned, but several factors including visceral obesity due to HIV-related lipodystro-
phy, the effects of antiretroviral drugs, and the HIV infection, per se, all contribute to biochemical 
GHD [ 60 ,  61 ]. In this particular setting, the cutoffs established for the adult population should not be 
used, and more appropriate cutoffs (7.5 μg/L), accounting also for visceral fat accumulation and the 
HIV condition, have been proposed [ 60 ,  61 ] (Table  13.3 ).  

    Other Rare  Clinical Conditions   

 The GH response to GHRH+Arg is quite abolished in patients with congenital aromatase defi ciency 
and is not restored by estrogen replacement treatment [ 62 ]. Notwithstanding the presence of severe 
GHD at the provocative test, these patients are tall [ 62 ], similarly to what happens in children with 
hypopituitarism due to the interruption of the pituitary stalk [ 63 ] and in some children operated for 
craniopharyngioma [ 63 ,  64 ].    

    Who to Test? 

 By considering all the issues previously reported, GHRH+Arg should not be performed on a large 
scale or as a screening, but it should be offered to patients according with the appropriate clinical 
context [ 28 ,  35 ]. In childhood, the usual circumstance in which GH status needs to be assessed is the 
child with standing height SD score below −2 and a growth velocity below the 10–25th centile in 
whom other causes of poor growth have been excluded [ 33 ,  43 ,  59 ]. In adults, an evaluation for GHD 
should be considered only in patients with evidence of hypothalamic-pituitary disease or with child-
hood onset of GHD and in subjects who have received cranial irradiation or a brain injury [ 28 ,  35 ]. 

 In some particular conditions, such as HIV infection, GHRH+Arg should not be performed outside 
research protocols since GH replacement treatment is still not indicated in these patients, even though 
a subgroup of them could be truly GH defi cient and might probably benefi t from GH therapy [ 60 ,  61 ]. 
Accordingly, the fi nding of isolated biochemical GHD is not suffi cient for the diagnosis of true GHD 
because it needs to be coupled with a documented pituitary or hypothalamic disease [ 28 ,  35 ]. 

 Other clinical conditions such as idiopathic adult GHD [ 65 ] and partial GHD [ 51 ] can be estab-
lished through GHRH+Arg, but, even though the usefulness of GHRH+Arg for detecting these condi-
tions is undoubted, its clinical utility remains uncertain since these conditions have not been classifi ed 
as true clinical entities [ 51 ,  65 ].  

    Conclusions 

 Over the past 40 years, a vast amount of information has been accrued relating to the endocrinological 
action of L-arginine. All these information allowed to defi ne the clinical use of L-arginine and to better 
know the pathophysiology of the GH-IGF-I axis. In particular, the studies on this issue allowed to 
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standardize a useful test for the investigation of GH secretion that is largely used in clinic. Considerable 
further study will be required to solve some unsolved issue that still remains. Among them, the real 
effect of oral L-arginine administration and the individual variation in the hormonal response to L-argi-
nine need to be better defi ned.     
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     Key Points 

•   Concentration of L-arginase in serum increases in various diseases including carcinoma and liver 
damages. Therefore, measurement of L-arginase in healthy subject is important to diagnose and 
monitor diseases.  

•   Traditionally, enzymatic activity assay was used for evaluation of serum L-arginase. Recently, 
enzyme-linked immunosorbent assay specifi c for L-arginase enabled more accurate determination.  

•   The concentration of serum L-arginase in healthy humanity is ng/mL orvder.  
•   Hemolysis and storage condition may infl uence L-arginase measurement.  
•   L-Arginase activity or concentration in serum is increased in various diseases. There are many factors 

that correlate with L-arginase concentration but under discussion due to the lack of investigation.  
•   Increasing L-arginase may affect the function of vascular endothelium because L-arginase com-

petes with nitric oxide synthase as consumer of L-arginine.   

  Abbreviations 

  3-NT     3-nitrotyrosine   
  8-OHdG    8-hydroxy-2′-deoxyguanosine   
  AFP    Alpha-fetoprotein   
  ALT    Alanine aminotransferase   
  AST    Aspartate aminotransferase   
  BMI    Body mass index   
  CDL    Choledocholithiasis   

 Keywords     Enzyme-linked immunosorbent assay   •   Hemolysis   •   Oxidative stress   •   Carcinoma   • 
  Diabetes mellitus 
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  EIA    Enzyme immunoassay   
  ELISA    Enzyme-linked immunosorbent assay   
  FENO    Fractional exhaled nitric oxide   
  FVE1%    Percent predicted forced expiratory volume in 1 second   
  HbA1c    Hemoglobin A1c   
  HCC    Hepatocellular carcinoma   
  HDL-C    High-density lipoprotein cholesterol   
  hs-CRP    High-sensitivity C-reactive protein   
  IgE    Immunoglobulin E   
  LC    Liver cirrhosis   
  LDH    Lactate dehydrogenase   
  LDL-C    Low-density lipoprotein cholesterol   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  RBC    Red blood cell   
  SNP    Single nucleotide polymorphism   
  WBC    White blood cell   

      Introduction 

  Blood fl ow   is essential for human to maintain the life and also a very important biosample for physi-
cians and clinical researchers to observe the condition of the human body. The reasons why investi-
gating human serum is important are as follows: (1) human serum is easy to collect, (2) human serum 
contains various chemicals or biomarkers suitable for diagnosis, and (3) huge quantities of clinical 
test protocols using serum are already established and even automated. 

 In the past 60 years, L-arginase elevation in serum has been in interest in the aspect of biomarker 
for diseases, especially  carcinoma and liver injuries  . Also, L-arginase was quantifi ed in patients who 
had been undergone partial liver transplantation, and it was concluded that monitoring of L-arginase 
concentration is useful for evaluation whether the operation was successful or not [ 1 ]. L-Arginase is 
expected to be a better marker indicating  hepatic injury  , because traditional factors including ALT, 
AST, and LDH are expressed in various extrahepatic tissues [ 2 ]. 

 L-Arginase catalyzes the reaction of L-arginine to urea and ornithine, and is the core enzyme in urea 
cycle [ 3 ]. Two isoforms, namely  L-arginase I and L-arginase II  , are known. L-Arginase I is expressed 
mainly in the liver, the so-called “ liver-type L-arginase.”   L-Arginase II is mainly expressed in extrahe-
patic organs, particularly in the kidney and prostate. Relationship between L-arginase and NOS has 
been noted for two reasons. Firstly, L-arginase may compete against NOS to decrease the production 
of NO, because the substrate is common, namely L-arginine. Secondly, L-arginine is converted to 
citrulline and nitric oxide, and citrulline is the source of proline and polyamine synthesis, and causes 
airway remodeling and vascular dysfunction. 

 Therefore, for these reasons, it is very important to evaluate the state of L-arginase in serum 
from healthy subjects to compare with patients. However, currently, serum L-arginase concentra-
tion in healthy subjects is not widely investigated and also not employed as clinical test item. In 
this article, current status of L-arginase in serum will be summarized, including the methodology 
of measurement, retrieved value of L-arginase concentration, and correlation with other intrinsic 
factors. Also, mutual intervention between L-arginase and NOS via L-arginine, their common sub-
strate, will be described.  

K. Ogino and K. Takemoto



177

    Measurement Methods of Serum L-Arginase 

 Today, measurement of human serum L-arginase is classifi ed into two following principles: (1) deter-
mination of enzymatic  activity   and (2) direct quantifi cation of the  concentration of L-arginase protein  . 
In general, almost determination of serum L-arginase had been evaluated by its enzyme activity. Both 
of the two metabolites, namely, ornithine and urea, were used to determine L-arginase activity with 
photometrical methods [ 4 ,  5 ], and commercial colorimetric assay kit is available. Radioisotope has 
also been used to determine L-arginase activity. In this case, [ 14 C-guanidino]  L -arginine was converted 
to [ 14 C] urea, further metabolized to  14 CO 2  by urease, and fi nally detected as Na 2  14 CO 3  [ 6 ]. 

 However, determination of L-arginase activity has some diffi culties. In most cases, the result is 
shown as arbitrary unit (e.g., micromole released ornithine or urea per minute). Removal of  urea   by 
dialysis or ammonium sulfate precipitation may be required, since serum contains intrinsic urea (nor-
mally 80–200 mg/L). Additionally, the prediction of L-arginase quantity may be diffi cult on the ground 
of enzymatic activity. 

 Today, ELISA kits for both  L-arginases I and II   are commercially available from a few manufacturers. 
By using these kits (according to the manufacturer’s instruction), L-arginase I can be detectable at ng/mL 
order. Also, ELISA  system   can be established by researcher themselves, because antibodies against 
human L-arginase I and II are widely available. About 20 years ago, the earliest ELISA system was devel-
oped using recombinant or purifi ed human L-arginase [ 2 ,  7 ]. Other research groups also established their 
ELISA/EIA systems independently [ 8 – 10 ]. Reliability of individual assays was suffi ciently validated. 

 Our laboratory also developed a sandwich ELISA system [ 11 ]. Briefl y, recombinant L-arginase I 
protein was retrieved from  Escherichia coli , and purifi ed L-arginase I was immunized to rabbits to 
raise polyclonal antibodies. New ELISA system was validated with intra- and inter-assay coeffi cient 
of variation, stability at room temperature at 4 °C, repeated freeze-thaw stability, and dilution linear-
ity. Additionally, the potential of original ELISA  kit   was compared with existing commercial kit 
(Hycult Biotech). Minimum and maximum detection concentration was 0.085 and 500 ng/mL, respec-
tively, superior to the commercial kit (0.4–100 ng/mL). However, the mean results were quite differ-
ent between two ELISA systems (20.3 ± 4.7 by commercial and 4.7 ± 0.2 ng/mL by independent 
ELISA, respectively), provably due to difference of the nominal amount of L-arginase standard. 
Meanwhile, result of Spearman’s correlation was almost overlapped between commercial and our 
original ELISA. 

 ELISA would become a mainstream method for evaluation of L-arginase in serum, because accu-
rate concentration can be calculated and required serum volume is smaller than  traditional L-arginase 
enzymatic activity assay  .  

    Factors That Affect During Measurement for L-Arginase ELISA 

 The measured value of L-arginase concentration is strongly affected by hemolysis, because L-arginase 
is also expressed  in human erythrocytes  . The effect of hemolysis on L-arginase ELISA was investi-
gated in the earliest report [ 2 ]. By “spike-and-recovery” test of hemoglobin, measured “serum L-argi-
nase” value increased linearly, up to 300 mg/L hemoglobin contamination. The literature concluded 
that hemolysis should be avoided, while it is also proposed that measurement of hemoglobin concen-
tration is the aid for correcting the effect of hemolysis. Meanwhile, the same report concluded that 
subvisible hemolysis (~100 ng/mL hemoglobin) would not be exceeded basal activity. In sickle cell 
anemia patients, serum L-arginase level was associated with total bilirubin, indirect bilirubin, and AST 
[ 12 ]. These factors are the biomarker of hemolysis. 
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 However, even if hemolysis is unavoidable, the accurate concentration derived from serum itself 
would be measurable. It was revealed that the ratio between hemoglobin concentration and L-arginase 
concentration which originates in erythrocyte was almost constant, and hemoglobin concentration can 
be quantifi ed easily by measuring peroxidase-like activity [ 10 ]. Moreover, an alternative spliced 
L-arginase I variant is discovered in erythrocyte [ 13 ]. A noticeable feature of the variant form is inser-
tion of 24 nucleotides (8 amino acids) without elimination of enzymatic activity. The  hemolysis prob-
lem   could be resolved with an ELISA system that is capable of distinguishing “liver-type” L-arginase 
I and its erythrocyte variant more strictly. 

 Additionally, the temperature and transporting condition should be taken in consideration. Our 
previous report indicated that measurement of L-arginase concentration was not infl uenced by storage 
of serum at room temperature or 4 °C for 24 h [ 11 ]. Meanwhile, a previous report mentioned about 
instability of L-arginase in serum [ 7 ]. The L-arginase activity attenuated immediately (~3 days) when 
the serum was stored at 20 °C or 37 °C. Even at 4 °C, the report indicated that serum can be stored 
safely for only 1 or 2 days [ 7 ]. Additionally, half-life of liver-type L-arginase in blood was estimated 
to be 1 h [ 1 ] or 5–6 h [ 2 ]. In conclusion, concentration of L-arginase should be determined, or serum 
samples should be frozen, as quickly as possible. Otherwise, “cold-chain” transport  system      may be 
necessary to avoid loss of L-arginase.  

    Concentration of L-Arginase  in Healthy Subjects   

 The measured concentrations of L-arginase by ELISA in healthy mankind are summarized in 
Table  14.1 . The results somewhat vary among the investigations, but range is commonly ng/mL order. 
Although the reason for the inter-measurement difference is unclear, diversity among the experimen-
tal groups may affect measurement values (see next section). According to a previous data that was 
retrieved from 130 healthy Japanese workers, the minimum and maximum value was 0.94 and 
108.1 ng/mL, respectively [ 20 ]. Taking the report into consideration, all of these values retrieved 
previously would be rational.

   Table 14.1    L-Arginase concentration  by   enzyme-linked immunosorbent assay in healthy human serum or plasma   

 Origin 

 L-Arginase concentration (ng/mL) 

 References  Total   n   Male   n   Female   n  

 Plasma  51 ± 0.3  143  [ 7 ] 
 Serum  31.79 ± 14.66  58  [ 9 ] 
 Serum  20 ± 6  9  [ 14 ] 
 Serum  14.7  28  [ 12 ] 
 Serum  9.97 ± 4.91  24  [ 15 ] 
 Serum  32.6 ± 22.3  278  32.5 ± 22.4  142  32.6 ± 22.2  136  [ 16 ] 
 Serum  27.2 ± 12.9  30  [ 17 ] 
 Serum  58 ± 41  33  [ 18 ] 
 Serum  21.9 ± 9.2  19       [ 19 ] 
 Serum a   20.3 ± 0.7  721  23.6 ± 1.1  276  18.2 ± 1  445  [ 11 ] 
 Serum b   4.7 ± 0.2  721  4.8 ± 0.2  276  4.7 ± 0.3  445  [ 11 ] 
 Serum  14.6  130  11.6  57  14  73  [ 20 ] 
 Serum  24.6 ± 27.6  15  [ 21 ] 

  Concentration of L-arginase in healthy humanity was determined by enzyme-linked immunosorbent assay (ELISA). 
Some studies investigated the value in male and female separately. Data are represented as mean (±SD) 
  a Measured by commercially available ELISA kit 
  b Measured by original ELISA kit  
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   However, at present, normal concentration range of serum L-arginase has not been established 
yet. Since ELISA is comparatively novel technique, there is a lack of cases, especially systematic 
and extensive surveys. Additionally, in most studies, the concentration of L-arginase in healthy 
human beings was calculated to recruit sorely as control toward patients. Therefore, the status 
(e.g., age, case number, the ratio of male/female) of control group is very diverse. Further inclu-
sive investigation that is targeted for healthy human may be needed to determine normal range and 
to use as a clinical parameter. Also, information about L-arginase II concentration in human serum 
is not available. 

 Also, the values based on enzymatic activity are shown in Table  14.2 . The same as serum concen-
tration, enzymatic activity is also varied. The concentration range was investigated in women as the 
control of breast cancer patients [ 28 ], from 0.6 to 12.0 U/L (one unit was defi ned as 1 μmol product 
per minute at 37 °C). It should be noted that the values did not refl ect accurate L-arginase concentra-
tion in the blood. Additionally, arbitral “enzyme unit” could cause some diffi culties to compare the 
results among  st  udies.

       Factors Correlated with Serum L-Arginase 

 Some previous reports investigated the correlation between L-arginase concentration in serum and 
various clinical parameters in healthy subjects and patients. In our laboratory, L-arginase concentra-
tion data were retrieved from 30 to 721 healthy individuals by four cross-sectional studies [ 11 ,  16 ,  17 , 
 20 ] and investigated to examine the relationship using Spearman’s correlation. Characteristic data are 
summarized in Table  14.3 .    The results were similar among these studies. Concentration of serum 
L-arginase showed signifi cant negative correlation with age and HDL-C concentration and positive 
correlations with BMI, WBC, RBC, hs-CRP, 8-OHdG, and ALT in plural studies. Meanwhile, there 
was no correlation with NOx or urea  concentration   in serum and lifestyle habits such as alcohol con-
sumption, smoking, and exercise.

   Multiple regression analyses for L-arginase I were also carried out [ 16 ,  20 ]. The results are sum-
marized  in      Table  14.4 . L-Arginase I concentration was associated with HbA1c, 8-OHdG, and 
8- isoprostane. Therefore, it suggested that L-arginase I may be a new biomarker for prediction of 
 oxidative stress   and diabetes  mellitus  . In another study, association of 3-NT and  L -arginine with 
L-arginase was observed.

   Table 14.2    L-Arginase  enzy  matic activity in healthy human serum or plasma   

 Origin  L-Arginase activity  Unit   n   Reference 

 Serum  9.48 ± 2.13  U/L  50  [ 22 ] 
 Serum  5.2 ± 2.3  U/L  65  [ 23 ] 
 Serum  33.64 ± 16.19  U/L  25  [ 24 ] 
 Serum  80.1 ± 29.37  IU/L  30  [ 25 ] 
 Serum  5.6  U/L a   90  [ 26 ] 
 Serum  6.9  U/L a   29  [ 27 ] 
 Serum  5.7 ± 2.4  U/ L    70  [ 28 ] 
 Serum  14 ± 1  mU/mL  19  [ 6 ] 
 Serum  3.4 ± 0.28  U/L  22  [ 29 ] 
 Serum  2.18  U/L  15  [ 30 ] 
 Plasma  18.7 ± 10.62  U/g protein  22  [ 31 ] 

   a Data are shown as median. Other data are shown by mean (±SD) 
 Enzymatic activity of L-arginase was measured by various methods. Note that data does not refl ect the amount of 
enzyme and the unit (U or IU) is arbitrary (typically, amount of enzymatic metabolites/min)  
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   However, the results often complicate among studies. For example, correlation between age and 
L-arginase was investigated in some previous reports. A positive  correlation   was indicated in healthy 
women, while no change was observed as a whole [ 7 ]. Moreover, as described above, negative cor-
relation between age and L-arginase was found in healthy subjects. The exact reason for the discrep-
ancy is unresolved yet, though would be caused by smaller scale and biases for the surveyed subjects 
in individual research, as same as described in former section. Conversely, some specifi c condition 
(e.g., in child or female) may reveal signifi cant unknown correlation. Our previous report supports 
this hypothesis, because some signifi cant correlations with L-arginase I were observed in detailed 
group (e.g., alcohol consumption, age, or sex) [ 16 ]. 

 Also, information about the relationship between genetic condition of L-arginase and actual activ-
ity is lacking. Although some SNPs were identifi ed in L-arginase I, the infl uence on enzymatic activity 
is not evaluated.  Racial differences   are also lacking for information unlike some drug metabolism 
enzymes (e.g., cytochrome P450) [ 32 ]. Correlation among L-arginase and other intrinsic parameters 
is still under discussion.  

    Serum L-Arginase  Concentration and Diseases   

 The concentration or enzymatic activity of L-arginase can be affected by various diseases, as indicated 
in Table  14.5 . In almost case, L-arginase in blood is increased, while some exceptions were observed. 
In childhood asthma, enzymatic activity was decreased than healthy control [ 31 ], while concentration 
of L-arginase was increased in adult asthmatic patient [ 17 ]. Lower L-arginase activity in childhood 
asthma patient could be explained with lower manganese (cofactor of L-arginase) concentration in 
plasma. Moreover, signifi cant L-arginase elevation was observed only in nonatopic asthma group 
[ 17 ]. In  β -thalassemia, serum L-arginase level is not changed signifi cantly in  “hypertransfusion” ther-
apy   (hemoglobin concentration is kept from 9.5 to 10.0 g/dL) compared to healthy subjects, although 
higher concentration was observed in patients without hypertransfusion [ 19 ]. In colorectal cancer, 
serum L-arginase activity was insignifi cant, while higher L-arginase activity was observed in tumor 
tissue samples from the same group [ 29 ].

   Table 14.4     Multiple regression analysis   for L-arginase I by stepwise method   

 References  Explanatory variable   β    p   Adjusted  R  a  

 [ 16 ]  WBC  0.250  <0.001  0.164 
 ( n  = 274) b   RBC  0.147  0.012 

 8-OHdG  0.178  0.002 
 Age  −0.185  0.003 
 HbA1c  0.159  0.007 
 8-Isoprostane  0.126  0.025 

 [ 20 ]  3-NT  0.281  0.001  0.205 
 ( n  = 130) a   FVE1 %  −0.199  0.013 

 FENO  0.171  0.033 
  L - Arginine    −0.163  0.049 

  The result of previous multiple regression analyses was shown in this table. Biomarkers for oxidative stress (8-OHdG, 
3-NT, and 8-isoprostane) were associated with L-arginase I, the same as correlation studies (Table  14.3 ).  β  indicates 
standardized partial regression coeffi cient 
  a Explanatory variables included were sex, age, systolic blood pressure, FVE1 %, ALT, NOx, ferritin, ceruloplasmin, 
 L -arginine,  L -citrulline,  L -ornithine, LDL-C, BMI, FENO, 8-OHdG, WBC, hs-CRP, IgE, smoking, and alcohol 
drinking 
  b Explanatory variables included were sex, ALT, NOx, H 2 O 2 , LDL-C, uric acid, and BMI  
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   For the purpose of monitoring disease condition, L-arginase is also considered as a useful bio-
marker. In liver transplantation, L-arginase is available for judging hepatocellular damage as well as 
AST and ALT or even better, because of faster elevation and shorter elimination from blood [ 1 ]. Six 
days after surgery on colorectal cancer, signifi cant decrease of L-arginase activity was observed [ 27 ]. 
However, in colorectal cancers, higher L-arginase activity was observed in death or liver metastasis 
[ 23 ]. Graft rejection after liver transplantation caused elevation of L-arginase activity in bile, while 
gradual reduction of L-arginase activity was observed in successful operation [ 26 ]. Therefore, reduced 
L-arginase activity may be helpful for the decision of  recovery  . 

 Correlations between L-arginase I and clinical parameters were also investigated in some studies. 
Generally, signifi cant correlations are observed with the factors closely related to the disease (e.g., 
bilirubin and ferritin in  β -thalassemia [ 19 ], hs-CRP in myocardial infarction [ 18 ], nitric oxide and 
manganese in childhood asthma [ 31 ]). 

 Cutoff values were explored in some studies to diagnose diseases. In the previous report, L-argi-
nase enzymatic activity was measured to diagnose choledocholithiasis, hepatocellular carcinoma, and 
liver cirrhosis [ 26 ]. The sensitivity was very high in HCC (96 %) and LC (92 %) but low in CDL 
(33 %). In hepatocellular carcinoma determination, the use of L-arginase as a biomarker was better 
than AFP in the aspect of sensitivity, which had been considered as the most useful biomarker. In 
breast cancer, cutoff value 8 U/L in serum was determined based on  Chinard’s method   [ 4 ]. Its sensi-
tivity and specifi city were 63 % and 60 %, respectively [ 28 ]. In another investigation, three cutoff 
values were compared in breast cancer patients. It was concluded that cutoff value 13.74 U/L (healthy 
9.48 U/L) was the highest accuracy for diagnosis [ 22 ]. In colorectal cancer and its metastasis to liver, 
12 U/L cutoff value was determined with 82 % of specifi city [ 27 ]. 

   Table 14.5    List of  disease  s and therapies with signifi cant changes of L-arginase in blood   

 Disease or therapy  Method  References 

 Signifi cant upregulation 
   Cancer and benign growth 
    Breast cancer  Activity  [ 22 ,  28 ] 
    Colorectal cancer  Activity  [ 23 ,  27 ] 
    Hepatocellular carcinoma  Activity  [ 26 ] 
    Benign prostatic hypertrophy  Activity  [ 24 ] 
    Others   
    Major depressant  Activity  [ 25 ] 
    Choledocholithiasis  Activity  [ 26 ] 
    Liver cirrhosis  Activity  [ 26 ] 
    Pulmonary arterial hypertension  Activity  [ 6 ] 
    Hemodialysis  Activity  [ 30 ] 
    Sickle cell  disease    ELISA  [ 12 ,  14 ] 
     β -Thalassemia, without hypertransfusion  ELISA  [ 19 ] 
    Obstructive sleep apnea  ELISA  [ 21 ] 
    Asthma  ELISA  [ 17 ] 
    Pulmonary embolism with tricuspid regurgitation  ELISA  [ 33 ] 
    Coronary heart disease with hemodialysis  ELISA  [ 15 ] 
    Myocardial infarction  ELISA  [ 18 ] 
    Autoimmune  hepatitis    EIA  [ 8 ] 
    Hepatitis by HCV  EIA  [ 8 ] 
    Liver transplantation  ELISA  [ 1 ,  10 ] 
 Signifi cant downregulation 
   Prostate cancer  Activity  [ 24 ] 
   Asthma in childhood   Activi  ty  [ 31 ] 

   EIA  enzyme immunoassay,  ELISA  enzyme-linked immunosorbent assay 
 Previous investigations suggested that these diseases affect the concentration or enzymatic activity of L-arginase in 
blood. Especially, L-arginase is augmented by some kinds of cancer, liver complaints, and blood disorders  
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 L-Arginase II may be involved in the elevation of total L-arginase activity in some disorders. In 
HCC and LC, both L-arginase I and L-arginase II were increased in protein level [ 26 ]. Protein expres-
sion of L-arginase II was also detected in tissues from breast cancer patients, but was undetectable in 
the serum [ 22 ]. Therefore, the presence of L-arginase II in serum may be useful in the determination 
of these disorders, while serum concentration of L-arginase II and contribution of L-arginase II is 
scarcely investigated. 

 Overall, L-arginase in blood is not specifi c marker for a disease because enzymatic activity or con-
centration of L-arginase is elevated in various disorders. In other words, L-arginase and its change 
could be a universal biomarker for prevention, diagnosis, and monitoring, especially in carcinoma and 
liver  dama  ges.  

    Interactions with  NOS   via L-Arginine Consumption 

 L-Arginine is the substrate for not only L-arginase but also nitric oxide synthase, L-arginine/glycine 
amidinotransferase, and L-arginine decarboxylase [ 34 ]. The relationship between L-arginase and NOS 
has been widely investigated, because competition between these two enzymes can be infl uenced to 
various factors. Elevation of L-arginase activity may cause harmful effects. Ornithine is the material 
for proline and polyamines. NOS can produce superoxide under hypoarginic condition. Therefore, 
overexpression of L-arginase is deleterious according to two aspects: (1) enhanced synthesis of poly-
amine and (2)  oxidative stress   caused by reactive oxygen/nitrogen species from uncoupled NOS. In 
healthy subjects, negative association of  L -arginine concentration and positive association of 3-NT 
with L-arginase I were observed simultaneously [ 20 ]. The result implied that insuffi ciency of  L -argi-
nine was caused by increasing L-arginase I and further leads to the generation of 3-NT by uncoupled 
NOS because of depletion of  L -arginine. 

 NO, the product of NOS-catalyzed reaction, is unstable, because NO is rapidly converted to nitrite 
or nitrate. However, these ions are easy to measure using colorimetric Griess test or iodine-ozone- 
based chemiluminescent assay [ 35 ]. In healthy subjects, no signifi cant association of serum L-arginase 
I concentration with NOx (NO 2  −  + NO 3  − ) was observed in plural analyses [ 11 ,  17 ,  20 ]. However, sig-
nifi cant correlation between serum L-arginase I and FENO was detected. The reason(s) for the asso-
ciation is  unk  nown. 

 Release of NO from endothelial cells contributes homeostasis of vascular function. Some supple-
mentation therapy was attempted for amelioration of L-arginase overexpression. Functional status of 
the heart was improved by short-term oral administration of  L -arginine (6 weeks) to the patients with 
heart failure [ 36 ]. Meanwhile, in myocardial infarction, long-term (6 months) consumption of  L - 
arginine was not concluded to be recommended to improve acute myocardial infarction [ 37 ]. 
Therefore, to suppress overexpression of L-arginase would be more important than symptomatic 
therapy. 

 As mentioned above, increase of blood L-arginase level is observed in diseases. Elevating 
 L-arginase is not only the marker of these disorders but also the cause of injurious effect by indirectly 
inhibition of NO. Therefore, in this aspect, monitoring of blood L-arginase is  imp  ortant.  

    Conclusion 

 To determine L-arginase concentration in serum from well-conditioned human subject is important, 
because elevation of serum L-arginase level (both of enzymatic activity and concentration) is observed 
in many disorders. 
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 To date, L-arginase activity has been measured indirectly, by the amount of urea and ornithine and 
the metabolites of L-arginase as enzymatic activity. Now, exact amount of L-arginase itself can be 
determined by ELISA. This technique seems to be revolutionary, because the unit is identical, while 
the results of traditional L-arginase activity assay were indicated by nonunique “enzyme units.” 
Therefore, ELISA also enabled inter-assay comparison. In healthy subjects, serum or plasma L-argi-
nase concentration is estimated to be ng/mL order. 

 Measurement of L-arginase may be useful as universal biomarker for prevention, diagnosis, and 
monitoring of various diseases. At present, however, L-arginase in blood is not considered to be a clini-
cal test parameter nor is available as automatic and systematic measurement. There are many unknown 
factors related to L-arginase concentration in the blood of healthy or unhealthy mankind. Comprehensive 
and extensive survey may be essential to defi ne concentration range to evaluate at normal level. 
Investigation of relationship between intrinsic parameter and L-arginase would be helpful to determine 
normality of the concentration. Also, change of L-arginase concentration in disorders should be inves-
tigated and collected in the future.     
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     Key Points 

•   RNA-binding proteins are responsible for a plethora of important biological functions, and defects 
in how these proteins function have been shown to play a role in the etiology for a number of 
debilitating human diseases.  

•   Many RNA-binding proteins contain a type of posttranslational modifi cation called protein L-argi-
nine methylation. L-Arginine methylation has been shown to be critical in controlling how these 
RNA-binding proteins function in a cell.  

•   At the molecular level, protein L-arginine methylation of RNA-binding proteins can affect their 
 protein–protein interactions, protein–RNA interactions, protein and RNA stability, and subcellular 
protein localization.   

  Abbreviations 

  AdoMet      S -adenosyl- L -methionine   
  AdOX    Adenosine dialdehyde   
  aDMA    Asymmetric dimethylarginine   
  ALS    Amyotrophic lateral sclerosis   
  ARE    AU-rich element   
  FMRP    Fragile X mental retardation protein   
  FUS    Fused in sarcoma   
  GAR    Glycine-arginine rich   
  hnRNP    Heterogeneous nuclear ribonucleoprotein   

 Keywords     Protein L-arginine methylation   •   RNA-binding proteins   •   PRMT   •   Posttranslational modi-
fi cation   •   Protein–protein interaction 
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  MMA    Monomethylarginine   
  OPMD    Oculopharyngeal muscular dystrophy   
  PGM    Proline-glycine-methionine   
  PRMT    Protein L-arginine methyltransferase   
  RBDs    RNA-binding domains   
  RBP    RNA-binding protein   
  RRM    RNA recognition motif   
  sDMA    Symmetric dimethylarginine   
  SMA    Spinal muscular dystrophy   
  STAR    Signal transduction and activation of RNA   
  UTR    Untranslated regions   

      Introduction 

 RNA-binding proteins (RBPs) are important for regulating the  transcriptional expression of genes  , as well 
as controlling the production of multiple transcriptional isoforms from a single gene by modulating pre-
mRNA splicing [ 1 ]. These proteins infl uence multiple aspects of RNA metabolism, including maturation, 
surveillance, subcellular localization, nucleocytoplasmic transport, and degradation [ 1 ]. RNA-binding pro-
teins contain one or more RNA-binding domains (RBDs) that specify their association with RNAs. Examples 
 of   common RBDs include the RNA recognition motif (RRM), K-homology (KH) domain, RGG box/
domain, Sm domain, zinc fi nger, and Piwi/Argonaute/Zwille domain [ 1 ]. These RBDs act as modules that 
can be combined and arranged to expand the functional ability of an RBP. This modular architecture pro-
vides versatility: RBP binding with high affi nity and specifi city to a specifi c target can be achieved by com-
bining different RBDs that individually recognize shorter RNA sequences with weak affi nity. Many RBPs 
contain additional  posttranslational modifi cations   that can infl uence their biochemical properties. One such 
modifi cation that has been found in many RBPs is protein L-arginine methylation [ 2 ]. Recent fi ndings have 
implicated this modifi cation as a major regulator of RBP function within a cell [ 2 ], thereby pointing to the 
potential of this modifi cation serving an important role in the cause or progression of human diseases. 

 Protein L-arginine methylation is catalyzed by members of an enzyme family known as  protein L-argi-
nine methyltransferases (PRMTs)      using  S -adenosyl- L -methionine (AdoMet) as the methyl donor in the 
methyltransferase reaction [ 2 ]. These enzymes possess a set of four conserved signature amino acid 
sequence motifs called I, post-I, II, and III, as well as a THW loop. The AdoMet-binding pocket is formed 
by motifs I, post-I, and the THW loop. Structural function analyses of PRMT catalysis indicate a pair of 
conserve glutamate residues, opposite the interface between AdoMet and the methyl- acceptor, and prime 
nucleophilic attack through polarizing the guanidine group of L-arginine. There are four types of PRMTs 
based on the forms of methylarginine they  generate   (Fig.  15.1 ). Type I PRMTs transfer one or two methyl 
groups to a terminal ω-nitrogen on a protein-incorporated L-arginine residue, forming either monomethyl-
arginine (MMA) or asymmetric dimethylarginine (aDMA). Type II PRMTs catalyze monomethylation, 
but are also able to add a second methyl group to the opposing ω-nitrogen within the L-arginine residue, 
forming symmetric dimethylarginines (sDMA). Type III PRMTs catalyze only MMA formation of a 
ω-nitrogen, and type IV PRMTs, currently found only in the budding yeast, catalyze the formation of 
MMA within the δ-nitrogen atom [ 3 ]. Currently, there are nine canonical mammalian PRMTs identifi ed 
[ 2 ], but 34 additional genes have been identifi ed that share sequence homology to the known PRMT 
sequences [ 4 ]. For some PRMTs, there are alternatively spliced isoforms, but specifi c function with regard 
to these isoforms is mostly unknown [ 5 ]. Of  the   canonical PRMTs identifi ed, six have shown type I activity 
(PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and PRMT8), two have shown type II activity (PRMT5 
and PRMT9), and one (PRMT7) has shown type III activity. PRMT1 is the most highly conserved type I 
PRMT and is responsible for the bulk of methylation in a cell. For type II PRMTs, PRMT5 is the most 
highly conserved member of the family. PRMTs are expressed in various tissues in mammals, including 
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different parts of the brain, ciliary body, colon, esophagus, heart, immature dendritic cell, kidney, liver, 
lung, mature dendritic cell, ovary, pancreas, placenta, prostate, retina, stomach, testis, thyroid, urinary blad-
der, and gallbladder [ 6 ,  7 ]. PRMT1 and PRMT5 are expressed in the majority of these tissues. Other 
PRMTs, such as PRMT8, have only been identifi ed in a single tissue (brain) [ 8 ]. Unlike other more dynamic 
posttranslational modifi cations such as phosphorylation, L-arginine methylation appears to be quite stable. 
JMJD6, a Jumonji domain-containing protein, was initially described as a putative L-arginine demethylase 
[ 9 ]. However, subsequent investigations from other labs have indicated that JMJD6 is not likely to act as an 
L-arginine demethylase but rather as lysine hydroxylase [ 10 ,  11 ]. PADI4 is a member of the enzyme family 
called peptidylarginine deiminases (PADIs) [ 12 ]. PADI4 converts MMA into citrulline by nonreversible 
dei mination, thus removing the methylation mark and blocking further methylation on the citrulline resi-
due. To date, no  bona fi de  demethylase has been shown that is similar to the lysine demethylase family.

   The preferred methylation target sequence for PRMT1 is an L-arginine residue fl anked by one or 
more glycine residues or the  GAR   (glycine and L-arginine-rich) motifs [ 13 ], although fi ndings from 
in vitro substrate profi ling suggest that this enzyme may have additional target sequences [ 14 ]. RGG 
box/domains, which are a common RBD known to participate in protein–protein and protein–RNA 
interactions [ 1 ], contain this L-arginine–glycine motif and are often targets for L-arginine methylation. 
The  aDMA-generating enzymes   PRMT3, PRMT6, and PRMT8 also preferentially methylate GAR 
motifs. PRMT4 (also known as CARM1) has an affi nity for methylating PGM motifs (proline-, gly-
cine-, and methionine-rich) as opposed to the GAR motifs preferred by PRMT1 [ 15 ,  16 ]. PRMT5 has 
been shown to catalyze the formation of sDMA in both GAR and PGM motifs [ 16 ,  17 ]. These general 
rules regarding methylation target sites are subject to many exceptions, and the identifi cation of addi-
tional PRMT substrates may warrant a revision of these notions in the future. The compendium of 
RBPs that contain  mono- and dimethylated L-arginines  , as established by the analysis using both 
L-arginine dimethyl-specifi c antibodies and proteomic identifi cation technologies, is substantial. 
However, in most of the cases, it remains to be determined how these methylated L-arginines actually 
infl uence the molecular activities of these RBPs. In this review, I will discuss our current understand-
ing for a number of human diseases in which L-arginine methylation of a specifi c RBP has been shown 
to be critical in the etiology or progression of a specifi c disease. It should be noted that while this 
modifi cation has been found in many RBPs, only those with characterized or identifi ed functional link 
for methylation and the cause for a specifi c disease are discussed in this review.  

  Fig. 15.1    The process of protein L-arginine methylation and the types of  methylarginines   generated       
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    Spinal Muscular Atrophy 

 Spinal muscular atrophy ( SMA  ) is a  multisystem neuromuscular disorder   of lower motor neurons due 
to extremely low levels of cellular protein SMN [ 18 ]. Proximal SMA is the leading genetic cause of 
infant mortality and is the most common neuromuscular disease after muscular dystrophy. The cause 
of this disease stems from the homozygous deletion or mutation of the survival of motor neuron 1 
( SMN1 ) gene. The SMN protein contains a single Tudor domain, which has been established as 
methylarginine- binding protein modules. The Tudor domain is a structural motif that consists of 
approximately 60 amino acids forming four antiparallel β-strands [ 19 ]. These β-strands form a barrel- 
like structure with an aromatic binding pocket at the surface to allow binding specifi cally to methyl-
ated target proteins [ 19 ]. Binding of SMN to the Sm proteins is required for the cytoplasmic assembly 
of functional U-snRNPs, which are the essential components of a working spliceosome, the macro-
molecular machinery that carries out pre-mRNA splicing in cells [ 20 ,  21 ]. In mammalian cells, each 
spliceosomal snRNP is fi rst assembled in the cytoplasm from a seven-membered ring of  core Sm 
proteins   (SmB/B’, SmD1, SmD2, SmD3, SmE, SmF, and SmG) and a newly exported snRNA (U1, 
U2, U4, or U5). The mature snRNPs in the cytoplasm are then imported into the nucleus, where they 
function in pre-mRNA splicing. A properly assembled Sm core is required for the nuclear import of 
mature cytoplasmic U-snRNPs, which enables the spliceosome to carry out the catalytic step in pre- 
mRNA splicing. SMN preferentially binds to symmetrically dimethylarginine-modifi ed RG domains 
of SmD1 and SmD3, which are catalyzed by PRMT5 (Fig.  15.2 ).    This interaction is necessary for the 
formation of a mature, functionally competent U-snRNPs. Defi ciency in SMN, as seen in severe 
SMA, results in cell-type-specifi c effects on the amount of snRNAs and mRNAs, resulting in altered 
stoichiometry of  snRNAs and functional U-snRNPs   [ 22 ]. In SMN-defi cient mouse tissues, there is a 
prevalent pre-mRNA splicing defects for many transcripts, implicating a key role for SMN complex 
in the regulation of splicing [ 22 ].

   Recent work has also demonstrated that SMN interacts with another RBP, HuD, through its Tudor 
domain [ 23 ]. Hu proteins recognize and bind to AU-rich elements found within the 3′-untranslated 
regions (UTRs) in about 5 % of human genes [ 24 ]. Binding of specifi c RNAs by  Hu proteins   has been 
shown to be critical for RNA turnover. Like SMN, HuD can also be L-arginine methylated, but the 
enzyme that catalyzes this methylation is PRMT4/CARM1. Methylation of HuD has been demon-
strated to be important in the switch between proliferation and differentiation in the neuronal tumor 
cell line PC12, through regulating specifi c RNA turnover events [ 25 ]. Thus, dysregulation of methyla-
tion on HuD likely impacts neuronal development and function given the critical role neuronal Hu 
proteins exert on the posttranscriptional control over a number of important genes involved in neuro-
nal differentiation and function.  

  Fig. 15.2    Formation of  spliceosomal U-snRNPs   by PRMT5 complexes and SMN       
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     Fragile X Syndrome   

 Fragile X syndrome is an X-linked disease and the most common form of inherited mental retardation 
[ 26 ]. This disease is mainly caused by the abnormal expansion of the trinucleotide sequence CGG located 
in the 5′ UTR, or the fi rst exon, of the  FMR1  gene located on the X chromosome. This expansion leads to 
hypermethylation and subsequent silencing of the  FMR1  gene. The  FMR1  gene encodes fragile X mental 
retardation protein (FMRP), a high-affi nity RNA-binding protein found to bind to approximately 4 % of 
fetal brain mRNAs in vitro and regulate their translation. Its role in RNA metabolism is critical for syn-
aptic plasticity, in the development of dendrites and axons, and in learning and memory. The FMRP is 
encoded by 17 exons of the  FMR1  gene, and alternative splicing at the 3′ end of the gene generates mul-
tiple isoforms of FMRP. FMRP harbors two KH domains in exons 8 and 10 and one RGG box, which 
contains L-arginine methylation. This RGG box is the major mRNA- binding domain of FMRP and it 
binds to the intramolecular G-quartet found in some mRNAs. Together with fragile X-related proteins 1 
(FXR1P) and 2 (FXR2P), FMRP associates with polyribosomes in an RNA-dependent manner. PRMT1 
is the enzyme that mediates this methylation event, and methylation of L-arginines 533 and 538 in FMRP 
is required for normal polyribosome association [ 27 ]. However, in vitro work has shown that PRMT3 and 
PRMT4 can also methylate the C-terminal domain in addition to PRMT1 [ 28 ]. Methylation of the RGG 
box in the FMRP reduces its ability to bind RNAs as well as decreasing the binding of FMRP to other 
proteins [ 29 ,  30 ] (Fig.  15.3 ). Given that FMRP associates with the polyribosomes and methylation of the 
RGG box in the FMRP reduces its RNA-binding capacity, it can be inferred that L-arginine methylation 
of the FMRP serves as a mean to regulate the amount  of   translatable RNAs in a cell [ 31 ,  32 ].

       Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis ( ALS  ) is a  neurodegenerative disease   in which the dysfunction and loss of 
motor neurons from the brain and spinal cord lead to progressive muscle weakness, paralysis, and even-
tual death [ 33 ]. While the fi rst gene to be linked to ALS was  SOD1  (which encodes Cu/Zn-superoxide 
dismutase), another gene called  FUS  (fused in sarcoma) has been implicated in a subset of familial ALS 
cases. Normally, FUS functions as a heterogeneous ribonuclear protein (it was identifi ed as hnRNP P2) 
and plays a role in transcription, RNA processing, and local translation of mRNAs. In neurons, FUS is 
required for formation of dendritic spines and for the transport of mRNA along the dendrites. The local-
ization of  FUS   is predominantly nuclear for most cell types, and this localization is important in the 
pathophysiological cause as cytoplasmic accumulation of FUS is found in ALS. 

  Fig. 15.3    Effects of protein L-arginine methylation on FMRP function       
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 Like many PRMT substrates, FUS contains three  GAR motifs      that are typical motifs for harboring 
aDMAs and has been shown to interact with and be methylated by PRMT1 [ 34 ]. Proteomic analysis 
has identifi ed 20 dimethylated L-arginine residues within the RGG domain of FUS [ 35 ]. Methylation 
of FUS by PRMT1 is critical for its cellular location and likely its pathophysiological role in ALS 
(Fig.  15.4 ),    as aberrant localization of FUS to the cytoplasm has been demonstrated in ALS-linked 
FUS mutants and contributes to their cellular toxicity [ 34 ]. In some cases and other familial forms of 
ALS, FUS is found in the cytoplasm [ 36 ], implicating a role for the dysregulation of FUS methylation 
in the pathophysiology of ALS.

       Oculopharyngeal Muscular Dystrophy 

 Oculopharyngeal muscular dystrophy ( OPMD)      is a late-onset, autosomal dominant disorder caused 
by the abnormal expansion of a (GCN) N  trinucleotide repeat in the coding region of a nuclear poly(A)-
binding protein PABPN1 [ 37 ]. How such change in a ubiquitously expressed protein impacts a spe-
cifi c subset of muscles in this muscle disease remains largely unknown [ 37 ]. The PABPN1 protein 
contains three major domains: an acidic N-terminus, a central ribonucleoprotein-type RRM, and a 
basic L-arginine-rich C-terminus where PRMT-mediated methylation occurs. There are no obvious 
methylation motifs within the C-terminal domain of PABPN1, but, together with the RRM domain, 
the C-terminal domain is required to facilitate both RNA binding and oligomerization of PABPN1. 
Unlike many of the mentioned RBPs, which are substrates of a single  PRMT  , three different PRMTs 
(PRMT1, PRMT3, and PRMT6) have been found to be able to methylate the L-arginines within the 
C-terminal domain. Methylation of PABPN1 does not impact its ability to bind to RNA, but controls 
the nuclear accumulation of PABPN1 via weakening interaction between PABPN1 and transportin, 
the nuclear import receptor for PABPN1 (Fig.  15.5 ). Since mutant PABPN1 that displays abnormal 
aggregation has been shown to result in the pathophysiological phenotype of OPMD, methylation 
may serve as a control to prevent formation of such  aggreg  ates.

       Cancer 

 Many L-arginine-methylated proteins play a role in the etiology of various human cancers, as this modi-
fi cation is found in a number of important cancer-related transcriptional regulators [e.g., p53, estrogen 
receptor alpha (ERα)], histones (e.g., H4R3), as well as in proteins that play a role in the  DNA damage 
response pathway   [ 2 ]. Here, we will focus on known methylation of RBPs in which methylation itself 
plays a role in the function of such RBP during tumorigenesis or cancer progression. 

 Src associated in mitosis, of 68 kDa (Sam68), is a KH domain-containing RBP that belongs to the 
 signal transduction and activation of RNA (STAR) family       of   RBPs [ 38 ]. These proteins have known 

  Fig. 15.4    Methylation of  FUS   alters its cellular localization       
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roles in cell proliferation and differentiation. Sam68 is methylated by PRMT1 and this modifi cation 
impairs its interaction with SH3 domains [ 39 ] (Fig.  15.6a ). Treating cells with the methyltransferase 
inhibitor adenosine dialdehyde (AdOx) results in increased cytoplasmic localization of Sam68. 
Notably, increased nuclear localization of Sam68 has been linked to poor clinical prognosis of 
colorectal cancer [ 40 ]. Methylation of Sam68 and its homologues, SLM-1 and SLM-2 (Sam68-like 
mammalian proteins), also results in a decreased affi nity for binding some RNAs [ 41 ].

    Heterogeneous nuclear ribonucleoprotein K (hnRNP K)      is composed of protein–protein interaction 
domains and of domains that allow it to associate with both DNA and RNA [ 42 ]. Methylation of hnRNP 
K (Arg296 and Arg299) by PRMT1 during  DNA damage response   increases its affi nity for tumor sup-
pressor p53, whereas inhibiting methylation of hnRNP K attenuates the recruitment of tumor suppressor 
protein p53 to its promoter, thereby reducing its transcriptional activity [ 43 ] (Fig.  15.6b ). Recently, it was 
demonstrated that hnRNP K methylation at Arg296 and Arg299 directly abolished PKC delta-mediated 
phosphorylation of Ser302 on hnRNP K, and this results in the negative modulation of cellular apoptosis 
[ 44 ]. Furthermore, methylation of hnRNP K affects its interaction with tyrosine kinase c-Src, which plays 
an important role in cancer progression and development. Thus, there clearly exists a regulatory role of 
methylation that controls the biological function of hnRNP K that are important for cancer etiology.  

    Mechanisms by Which L-Arginine Methylation Modulates RBP Function 

 Posttranslational modifi cation of proteins is a major level of regulation of biological processes within a 
cell. These modifi cations affect protein structure and act as molecular switches, which can be very fast 
and reversible to slow or irreversible. Protein L-arginine methylation, one of the most extensive protein 
methylation reactions in mammals, represents a major regulator of protein functions. In general, the 
mechanisms by which L-arginine methylation modulates RBP function can be categorized below: 

  Fig. 15.5    Nuclear  accumu  lation of PABPN1 is controlled by protein L-arginine methylation       

  Fig. 15.6    ( a ) Methylation of Sam68 affects its cellular localization. ( b ) Methylation of hnRNP K increases its 
affi nity for transcriptional activator p53       
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     Protein–Protein Interactions   

 Addition of each methyl group to the L-arginine removes a hydrogen bond donor, decreases the elec-
trostatic surface potential at the L-arginine residue, and results in a change of size and hydrophobicity 
that impacts how it binds to certain partners [ 2 ]. This change to protein–protein interactions is a major 
molecular mechanism by which protein L-arginine methylation modulates physiological function. In 
the case of Sam68, L-arginine methylation prevents the association between Sam68 and SH3 domains 
[ 39 ]. Methylation of hnRNP K by PRMT1 reduces its ability to interact with tyrosine kinase c-Src, 
consequently leading to inhibition of c-Src activation and the c-Src phosphorylation of hnRNP K [ 45 ]. 

 A major protein domain that controls the ability for a protein to act as methylation “reader” is the 
Tudor domain, which recognizes and binds both methylarginines and methyllysines [ 46 ]. In humans, 
at least 36 proteins have been found to harbor Tudor domains. The Tudor domain contacts sDMA with 
an aromatic cage, the structure of which has  b  een resolved.  

     Protein–RNA Interactions   

 L-Arginines and lysines are often important residues in RNA–protein interactions due to their basic 
side chains. Methylation, by perturbing hydrogen bonding between the L-arginine residue and RNA, 
may sterically hinder the association between RNA and protein. In other cases, methylation can pro-
mote stacking with the RNA bases by increasing the hydrophobicity of the L-arginine residue, thereby 
enhancing an association between RNA and protein. In the case with FMRP, for example, methylation 
serves to regulate its ability to target specifi c RNAs [ 27 ,  31 ].  

     Cellular Protein Localization   

 Localization of protein to specifi c subcellular compartments is another mechanism for protein regula-
tion. Thus, activation or repression of a biological pathway can be controlled by allowing or prevent-
ing traffi cking of a specifi c protein to a target location. The fi rst biological role associated with 
L-arginine methylation is modulating nucleocytoplasmic shuttling of hnRNPs in the budding yeast 
 Saccharomyces cerevisiae  [ 47 ]. Regulation of intracellular localization has been shown as a con-
served mechanism in mammalian proteins as well. This is illustrated by the example of SMA, where 
spliceosomal U-snRNPs are incorrectly retained in the cytoplasm in the absence of Sm protein meth-
ylation. Similarly, PRMT1-mediated L-arginine methylation on FUS determines its intracellular local-
ization, with aberrant cytoplasmic localization of ALS-linked FUS mutants contributing to their 
toxicity [ 34 ].  

     Protein Stability   

 Protein degradation is controlled primarily by another posttranslational modifi cation called ubiquiti-
nation, which specifi cally marks a protein for degradation by the proteasome [ 48 ]. Ubiquitin-mediated 
degradation can be altered by L-arginine methylation to control how much of a protein gets marked for 
degradation by the proteasome. PRMT5-mediated L-arginine methylation has been shown to regulate 
the stability of E2F-1 transcription factor through this type of interplay [ 49 ]. E2F is a family of 
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transcription factors that play a major role in proliferation and apoptosis [ 50 ]. Depleting PRMT5 
results in a reduction of ubiquitination on wild-type E2F-1 and a consequent increase in protein abun-
dance [ 49 ]. Additionally, methylation of hnRNP K affects its own phosphorylation status and thus 
negatively regulates the cellular apoptosis [ 44 ]. This type of protein modifi cation crosstalk is likely to 
emerge as one of the major molecular mechanisms through which L-arginine methylation acts on the 
protein function.  

     RNA Stability   

 RNA abundance is controlled in part by regulating RNA stability. AU-rich elements (AREs) are regu-
latory  cis -element found in the 3′ UTR of many short-lived mRNAs [ 24 ]. AREs direct the destabiliza-
tion of transcripts in response to various intracellular and extracellular signals. Binding of these 
elements by the Hu family proteins, such as HuD, stabilizes these mRNAs. Methylation of HuD 
affects its association with the RNA and, as a result, a change in the overall stability of such RNA and 
its abundance, which is critical for the switch between proliferation and differentiation in the neuronal 
tumor cell line PC12 [ 25 ].  

    Conclusions 

 Recent work has illuminated the importance of L-arginine methylation in the control of RBP function 
and how misregulation of such modifi cation on specifi c RBPs links to the etiology of a number of 
human diseases. High-throughput studies aimed at identifying cellular proteins containing this modi-
fi cation have further identifi ed the immense potential for how this modifi cation may regulate impor-
tant cellular pathways based on the known function of these proteins. Clearly, RBPs represent a major 
class of proteins that are targeted by  PRMT   for further posttranslational modifi cation. However, 
obtaining the direct evidence that connects the misregulation of L-arginine methylation on these pro-
teins to the cause of a specifi c disease state is greatly lacking. Therefore, a major challenge in this fi eld 
would be to provide the molecular basis that connects these two aspects.      

  Acknowledgments   I thank members of the Yu laboratory for the critical reading of this manuscript. This work was 
supported by a National Science Foundation award (MCB-1051350) to M.C.Y.  

   References 

       1.    Lunde BM, Moore C, Varani G. RNA-binding proteins: modular design for effi cient function. Nat Rev Mol Cell 
Biol. 2007;8(6):479–90.  

         2.    Bedford MT, Clarke SG. Protein  L -arginine methylation in mammals: who, what, and why. Mol Cell. 
2009;33(1):1–13.  

    3.    Zobel-Thropp P, Gary JD, Clarke S. delta-N-methylarginine is a novel posttranslational modifi cation of  L -arginine 
residues in yeast proteins. J Biol Chem. 1998;273(45):29283–6.  

    4.    Richon VM, Johnston D, Sneeringer CJ, et al. Chemogenetic analysis of human protein methyltransferases. Chem 
Biol Drug Des. 2011;78(2):199–210.  

    5.    Baldwin RM, Morettin A, Cote J. Role of PRMTs in cancer: could minor isoforms be leaving a mark? World J Biol 
Chem. 2014;5(2):115–29.  

    6.    Hong E, Lim Y, Lee E, Oh M, Kwon D. Tissue-specifi c and age-dependent expression of protein  L -arginine meth-
yltransferases (PRMTs) in male rat tissues. Biogerontology. 2012;13(3):329–36.  

15 Protein L-Arginine Methylation of RNA-Binding Proteins and Their Impact on Human Diseases



198

    7.    Wu TT, Tsai TW, Shen YT, Hsu JD, Yang LC, Li C. Analyses of PRMT1 proteins in human colon tissues from 
Hirschsprung disease patients. Neurogastroenterol Motil. 2010;22(9):984–90. e254.  

    8.    Taneda T, Miyata S, Kousaka A, et al. Specifi c regional distribution of protein  L -arginine methyltransferase 8 
(PRMT8) in the mouse brain. Brain Res. 2007;1155:1–9.  

    9.    Chang B, Chen Y, Zhao Y, Bruick RK. JMJD6 is a histone  L -arginine demethylase. Science. 
2007;318(5849):444–7.  

    10.    Webby CJ, Wolf A, Gromak N, et al. Jmjd6 catalyses lysyl-hydroxylation of U2AF65, a protein associated with 
RNA splicing. Science. 2009;325(5936):90–3.  

    11.    Unoki M, Masuda A, Dohmae N, et al. Lysyl 5-hydroxylation, a novel histone modifi cation, by Jumonji domain 
containing 6 (JMJD6). J Biol Chem. 2013;288(9):6053–62.  

    12.    Wang Y, Wysocka J, Sayegh J, et al. Human PAD4 regulates histone  L -arginine methylation levels via demethylimi-
nation. Science. 2004;306(5694):279–83.  

    13.    Gary JD, Clarke S. RNA and protein interactions modulated by protein  L -arginine methylation. Prog Nucleic Acid 
Res Mol Biol. 1998;61:65–131.  

    14.    Wooderchak WL, Zang T, Zhou ZS, Acuna M, Tahara SM, Hevel JM. Substrate profi ling of PRMT1 reveals amino 
acid sequences that extend beyond the “RGG” paradigm. Biochemistry. 2008;47(36):9456–66.  

    15.    Cheng D, Cote J, Shaaban S, Bedford MT. The  L -arginine methyltransferase CARM1 regulates the coupling of 
transcription and mRNA processing. Mol Cell. 2007;25(1):71–83.  

     16.    Lee J, Bedford MT. PABP1 identifi ed as an  L -arginine methyltransferase substrate using high-density protein arrays. 
EMBO Rep. 2002;3(3):268–73.  

    17.    Branscombe TL, Frankel A, Lee JH, et al. PRMT5 (Janus kinase-binding protein 1) catalyzes the formation of sym-
metric dimethylarginine residues in proteins. J Biol Chem. 2001;276(35):32971–6.  

    18.    Li DK, Tisdale S, Lotti F, Pellizzoni L. SMN control of RNP assembly: from post-transcriptional gene regulation to 
motor neuron disease. Semin Cell Dev Biol. 2014;32C:22–9.  

     19.    Selenko P, Sprangers R, Stier G, Buhler D, Fischer U, Sattler M. SMN tudor domain structure and its interaction 
with the Sm proteins. Nat Struct Biol. 2001;8(1):27–31.  

    20.    Chari A, Paknia E, Fischer U. The role of RNP biogenesis in spinal muscular atrophy. Curr Opin Cell Biol. 
2009;21(3):387–93.  

    21.    Paushkin S, Gubitz AK, Massenet S, Dreyfuss G. The SMN complex, an assemblyosome of ribonucleoproteins. 
Curr Opin Cell Biol. 2002;14(3):305–12.  

     22.    Zhang Z, Lotti F, Dittmar K, et al. SMN defi ciency causes tissue-specifi c perturbations in the repertoire of snRNAs 
and widespread defects in splicing. Cell. 2008;133(4):585–600.  

    23.    Hubers L, Valderrama-Carvajal H, Laframboise J, Timbers J, Sanchez G, Cote J. HuD interacts with survival motor 
neuron protein and can rescue spinal muscular atrophy-like neuronal defects. Hum Mol Genet. 
2011;20(3):553–79.  

     24.    Wu X, Brewer G. The regulation of mRNA stability in mammalian cells: 2.0. Gene. 2012;500(1):10–21.  
     25.    Fujiwara T, Mori Y, Chu DL, et al. CARM1 regulates proliferation of PC12 cells by methylating HuD. Mol Cell 

Biol. 2006;26(6):2273–85.  
    26.    Maurin T, Zongaro S, Bardoni B. Fragile X syndrome: from molecular pathology to therapy. Neurosci Biobehav 

Rev. 2014;46(Pt 2):242–55.  
     27.   Blackwell E, Zhang X, Ceman S. L-Arginine of the RGG box regulate FMRP association with polyribosomes and 

mRNA. Hum Mol Genet. 2010;19(7):1314–23.  
    28.    Dolzhanskaya N, Merz G, Denman RB. Alternative splicing modulates protein  L -arginine methyltransferase- 

dependent methylation of fragile X syndrome mental retardation protein. Biochemistry. 2006;45(34):10385–93.  
    29.    Denman RB. Methylation of the  L -arginine-glycine-rich region in the fragile X mental retardation protein FMRP 

differentially affects RNA binding. Cell Mol Biol Lett. 2002;7(3):877–83.  
    30.    Stetler A, Winograd C, Sayegh J, et al. Identifi cation and characterization of the methyl arginines in the fragile X 

mental retardation protein Fmrp. Hum Mol Genet. 2006;15(1):87–96.  
     31.    Dolzhanskaya N, Merz G, Aletta JM, Denman RB. Methylation regulates the intracellular protein-protein and 

protein-RNA interactions of FMRP. J Cell Sci. 2006;119(Pt 9):1933–46.  
    32.    Denman RB, Dolzhanskaya N, Sung YJ. Regulating a translational regulator: mechanisms cells use to control the 

activity of the fragile X mental retardation protein. Cell Mol Life Sci. 2004;61(14):1714–28.  
    33.    Deng H, Gao K, Jankovic J. The role of FUS gene variants in neurodegenerative diseases. Nat Rev Neurol. 

2014;10(6):337–48.  
      34.    Tradewell ML, Yu Z, Tibshirani M, Boulanger MC, Durham HD, Richard S. L-Arginine methylation by PRMT1 

regulates nuclear-cytoplasmic localization and toxicity of FUS/TLS harbouring ALS-linked mutations. Hum Mol 
Genet. 2012;21(1):136–49.  

    35.    Rappsilber J, Friesen WJ, Paushkin S, Dreyfuss G, Mann M. Detection of  L -arginine dimethylated peptides by 
parallel precursor ion scanning mass spectrometry in positive ion mode. Anal Chem. 2003;75(13):3107–14.  

M.C. Yu and C.A. Jackson



199

    36.    Sasaki S, Takeda T, Shibata N, Kobayashi M. Alterations in subcellular localization of TDP-43 immunoreactivity 
in the anterior horns in sporadic amyotrophic lateral sclerosis. Neurosci Lett. 2010;478(2):72–6.  

     37.    Banerjee A, Apponi LH, Pavlath GK, Corbett AH. PABPN1: molecular function and muscle disease. FEBS 
J. 2013;280(17):4230–50.  

    38.    Lukong KE, Richard S. Sam68, the KH domain-containing superSTAR. Biochim Biophys Acta. 
2003;1653(2):73–86.  

     39.   Bedford MT, Frankel A, Yaffe MB, Clarke S, Leder P, Richard S. L-Arginine methylation inhibits the binding of 
proline-rich ligands to Src homology 3, but not WW, domains. J Biol Chem. 2000;275(21):16030–6.  

    40.    Liao WT, Liu JL, Wang ZG, et al. High expression level and nuclear localization of Sam68 are associated with 
progression and poor prognosis in colorectal cancer. BMC Gastroenterol. 2014;14(1):126.  

    41.    Rho J, Choi S, Jung CR, Im DS. L-Arginine methylation of Sam68 and SLM proteins negatively regulates their 
poly(U) RNA binding activity. Arch Biochem Biophys. 2007;466(1):49–57.  

    42.    Bomsztyk K, Denisenko O, Ostrowski J. hnRNP K: one protein multiple processes. BioEssays. 
2004;26(6):629–38.  

    43.    Chen Y, Zhou X, Liu N, et al.  L -Arginine methylation of hnRNP K enhances p53 transcriptional activity. FEBS Lett. 
2008;582(12):1761–5.  

     44.    Yang JH, Chiou YY, Fu SL, et al.  L -Arginine methylation of hnRNPK negatively modulates apoptosis upon DNA 
damage through local regulation of phosphorylation. Nucleic Acids Res. 2014;42(15):9908–24.  

    45.   Ostareck-Lederer A, Ostareck DH, Rucknagel KP, et al. Asymmetric  L -arginine dimethylation of heterogeneous 
nuclear ribonucleoprotein K by protein-L-arginine methyltransferase 1 inhibits its interaction with c-Src. J Biol 
Chem. 2006;281(16):11115–25.  

    46.    Lu R, Wang GG. Tudor: a versatile family of histone methylation ‘readers’. Trends Biochem Sci. 
2013;38(11):546–55.  

    47.    Shen EC, Henry MF, Weiss VH, Valentini SR, Silver PA, Lee MS. L-Arginine methylation facilitates the nuclear 
export of hnRNP proteins. Genes Dev. 1998;12(5):679–91.  

    48.    Devoy A, Soane T, Welchman R, Mayer RJ. The ubiquitin-proteasome system and cancer. Essays Biochem. 
2005;41:187–203.  

     49.    Cho EC, Zheng S, Munro S, et al.  L -Arginine methylation controls growth regulation by E2F-1. EMBO 
J. 2012;31(7):1785–97.  

    50.    Chen HZ, Tsai SY, Leone G. Emerging roles of E2Fs in cancer: an exit from cell cycle control. Nat Rev Cancer. 
2009;9(11):785–97.    

15 Protein L-Arginine Methylation of RNA-Binding Proteins and Their Impact on Human Diseases



201© Springer International Publishing Switzerland 2017
V.B. Patel et al. (eds.), L-Arginine in Clinical Nutrition, Nutrition and Health,
DOI 10.1007/978-3-319-26009-9_16

     Chapter 16   
 DNA–L-Arginine Adducts and Implications in Disease                     

     Haseeb     Ahsan        

        H.   Ahsan      (*) 
  Department of Biochemistry, Faculty of Dentistry ,  Jamia Millia Islamia (A Central University in the National 
Capital Region) ,   Okhla ,  New Delhi   110025 ,  India   
 e-mail: hahsan@rediffmail.com; drhahsan@gmail.com  

     Key Points 

•   The polybasic compounds and histones proteins are rich in basic amino acids, lysine and 
L-arginine.  

•   The basic amino acid L-arginine can be covalently cross-linked with DNA and polynucleotides 
resulting in the formation of photoadduct.  

•   The DNA–L-arginine photoadducts may have important implications in various pathophysiologi-
cal and immunopathological conditions.  

•   A strong recognition of DNA–L-arginine and polynucleotide–L-arginine photoadducts was 
observed with antibodies from the sera of SLE patients.  

•   The research suggests the possible involvement of such photoadducts as a potential trigger for anti- 
DNA autoantibody production in autoimmunity.  

•   The chapter presents studies to elucidate the underlying mechanism by which pathogenic autoan-
tibodies develop in autoimmune disorders, such as SLE and RA.   

  Abbreviations 

  Arg    L-Arginine   
  SLE    Systemic lupus erythematosus   
  UV    Ultraviolet   
  Tm    Thermal melting temperature   
  NO    Nitric oxide   
  O 2  −     Superoxide anion   

 Keywords     L-Arginine   •   DNA–L-arginine adducts   •   Polynucleotide–L-arginine adducts   •   Photoadducts   
•   Autoantibodies 
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      Introduction 

    L-Arginine 

 Among the different amino acids that make up proteins in the body, L-arginine, histidine, and lysine 
are classifi ed as basic amino acids due to the fact that they contain side groups that are positively 
charged at neutral pH (Fig.  16.1 ).    L-Arginine (R, Arg, 2-Amino-5-guanidinopentanoic acid) contains 
a guanidinium group and has been characterized as a semi-essential amino acid. It is encoded by the 
triplet bases (codons), namely AGA and AGG (Table  16.1 ).    It is nonessential in the healthy organisms 
of most mammals, but has to be supplemented in the growing organisms, after trauma or during dis-
ease [ 1 – 4 ]. Normal level of L-arginine in plasma is in the range of 100–200 μM [ 5 – 8 ]. The de novo 
L-arginine formation, which contributes about 10–15 % of the total body L-arginine production, under 
normal conditions [ 9 ,  10 ] involves the conversion of citrulline to L-arginine which is catalyzed by the 
enzymes argininosuccinate synthase (ASS) and argininosuccinate lyase ( ASL  ) [ 11 – 14 ]. Free L-argi-
nine in vivo is obtained from the diet, endogenous synthesis, and turnover of proteins [ 15 ] (Fig.  16.2 ). 
   Although synthesis of L-arginine from citrulline can occur in many cell types [ 16 – 18 ], a major part of 
endogenous synthesis occurs via a collaboration between the epithelial cells of the small intestine and 
proximal tubule cells of the kidney [ 14 ,  19 – 21 ]. In healthy adults, the level of endogenous synthesis 
is suffi cient such that L-arginine is not a dietary essential amino acid. Accordingly, L-arginine is clas-
sifi ed as a  semi- essential or conditionally essential amino acid [ 3 ,  22 ,  23 ]. However, in cases of cata-
bolic stress (e.g., infl ammation or infection) or conditions involving dysfunction of the kidneys or 
small intestine, levels of endogenous synthesis may not be suffi cient to meet metabolic demands. 
Plasma levels of L-arginine in healthy adults are 80–120 mmol/L. Therefore, L-arginine homeostasis 
is modulated by  L-arginine catabolism rather than of L-arginine synthesis [ 24 ].
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  Fig. 16.1     Chemical structure   of L-arginine, a basic amino acid       
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     In addition to dietary sources and endogenous synthesis, the availability of L-arginine for 
 metabolic functions is also determined by activities of its transporters in membranes [ 25 – 27 ]. 
L-Arginine is transported into the cells by a family of specifi c  cationic amino acid transporter 
(CAT) proteins         consisting of four members (CAT-1, -2A, -2B, and 3) with CAT-2A and 2B being 
splicing variants of the same gene. Failure to induce cationic amino acid transporter-2 (CAT-2) can 
limit L-arginine availability for induced NO synthesis to varying degrees, depending on the cell 
type [ 28 – 30 ]. CAT-2 defi ciency in mice has been shown to result in spontaneous infl ammation in 
lungs, and the studies suggest that CAT-2 regulates anti-infl ammatory processes in lung via its 
impact on NO production by alveolar macrophages, which in turn is required for suppression of 
the activation of dendritic cells [ 31 ].  

   Table 16.1     Characteristic features   of L-arginine, a basic amino acid   

 Feature/property (lexicographical order)  Characteristics 

 1. Appearance  Powder 
 2. Chemical formula  C 6  H 14  N 4  O 2  
 3. Formula/molecular weight  174.2 
 4. Isoelectric point (pH)  11.1 
 5. IUPAC name  2-Amino-5-guanidinopentanoic acid 
 6. Melting point (°C)  222 
 7. One- and three-letter abbreviation  R, Arg 
 8. pKa value  2.1, 9.0, 13.2 
 9. Solubility  Water 
 10. Triplet codons  AGA, AGG 
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     L-Arginine–Nucleic Acid Adducts   

 The studies in our laboratory have investigated the photochemical addition of lysine and L-arginine to 
native DNA in view of its potential importance in the photo-cross-linking of histones to DNA in chroma-
tin [ 32 ,  33 ]. On UV irradiation, the C-2 carbon atom of thymine undergoes a covalent photoaddition 
reaction with the e-amino group of lysine to form a DNA–lysine photoconjugate or photoadduct [ 34 ]. 
Nearly 60 % of thymine and cytosine bases in DNA are modifi ed due to lysine photoaddition. Every heli-
cal turn of DNA contains about one lysine molecule in the bound state [ 35 ]. The UV spectroscopic analy-
sis of the DNA–lysine photoadduct showed hyperchromism, indicating either the formation of 
single-stranded breaks in DNA or opening of the double-stranded polymer at the site of lysine conjuga-
tion [ 34 ]. 

 The UV spectral analysis of the DNA–L-arginine photoadduct shows changes in DNA spectra as a 
result of photomodifi cation. A hyperchromic effect was observed due to increase in absorbance for the 
DNA–L-arginine photoadduct when compared with that of native DNA and the unirradiated DNA–L-
arginine complex as control (Fig.  16.3a ). Hyperchromicity represents the formation of single-stranded 
regions due to adduct formation. The UV absorbance ratios (A260/A280) of DNA–L-arginine adduct 
decreased from those of native DNA [ 33 ]. The results of these studies have also been summarized in 
Table  16.2  [ 33 ]. The melting profi le of the DNA–L-arginine adduct reveals the UV radiation-induced 
incorporation of L-arginine into the native DNA (Fig.  16.4a ). The photoaddition of L-arginine to DNA 
might have favorable A=T and G≡C pairing interaction of double helical native DNA, thus decreas-
ing the duplex melting temperature (Tm) as compared with native DNA [ 33 ].

     We have also investigated the photochemical addition of L-arginine to 200 base pair (bp) fragments 
of calf thymus DNA [ 36 ]. The UV spectroscopic analysis of 200 bp DNA–L-arginine photoadduct 
showed hypochromism, which may not be due to photoinduced denaturation of DNA. Evidence for 
the structural changes in 200 bp DNA as a result of L-arginine photoaddition was revealed by analyz-
ing the data of thermal helix coil denaturation. The 200 bp DNA–L-arginine complex showed an 
increase in Tm value as compared to 200 bp DNA alone. Hence, the positively charged L-arginine on 
electrostatic interaction with negatively charged phosphate backbone of DNA renders it thermody-
namically more stable [ 36 ] (Table  16.3 , Fig.  16.3b ).

   The poly(dC) was covalently photolinked with either lysine or L-arginine by UV irradiation at 
200–400 nm. The UV absorption spectroscopic analysis showed a substantial decrease in absorbance 
for poly(dC)-lysine photoadduct at 266 nm in comparison to native poly(dC) (Fig.  16.3c ). This appre-
ciable degree of hypochromism observed could be attributed to the formation of diadducts/cross-links 
in a major proportion than monoadducts. Poly(dC)-L-arginine photoadduct exhibited a higher magni-
tude of hypochromicity (37 %) compared with poly(dC)-lysine adduct [ 37 ]. 

 By the photoaddition of lysine or L-arginine to DNA, the native B-conformation is considerably 
altered, resulting in the generation of high-affi nity neo-epitopes. The unusual DNA conformations are 
most likely immunogenic because they exist transiently in cells and therefore not subject to tolerance. 
Thus, when administered to animals in a stabilized form, they can stimulate antibody production. 
Animals immunized with covalently/non-covalently modifi ed DNA induce high titer antibodies,    which 
are exclusively directed towards modifi ed structures. Amino acids linked by ionic/covalent interactions 
might generate conformational epitopes producing antibodies of diverse antigenic specifi city [ 36 ]. The 
200 bp DNA–L-arginine photoadduct was used as an antigen for the induction of antibodies in rabbits. 
The photoadduct was found to be immunogenic inducing high titer antibodies. The results suggest that 
most of the immune IgG recognized the modifi ed portion of DNA [ 36 ] (Fig.  16.5 ).

   Several studies have suggested modifi ed forms of DNA and polynucleotides as immunogens react-
ing with high titer antibodies whose antigen recognition resembles that of human anti-DNA antibody 
binding characteristics. The autoantibodies to DNA and its various animal models are heterogeneous 
in respect to antigen binding specifi cities and their reactivities range from single bases to 
dsDNA. Monoclonal representatives of anti-DNA antibodies are found to react more strongly with 
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denatured DNA than nDNA and are also found to react with synthetic polynucleotides, such as 
poly(G) and poly(I) [ 38 ]. Other specifi cities include RNA–DNA hybrids, triple helical RNA, poly(A), 
poly (U), poly(I), and poly(C). On the basis of reactivity with guanine, hypoxanthine, and adenine 
containing polymers, it has been suggested that polymers having 6,7,8 positions of the purine exposed 
in the major groove are likely to be involved [ 39 ]. 
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  Fig. 16.3    ( a ) Ultraviolet absorption  spec  tra of DNA–L-arginine photoadduct ( fi lled square ), native unirradiated DNA 
( fi lled diamond ), irradiated L-arginine ( slash ), unirradiated L-arginine ( multiplication ), and unirradiated DNA–L-
arginine adduct ( fi lled triangle ) (adapted from Ahmad et al. [ 33 ]). ( b ) UV absorption of 200 bp DNA–L-arginine photo-
adduct. 200 bp DNA alone ( dotted lines ), irradiated 200 bp DNA ( dashed lines ), and 200 bp DNA–L-arginine adduct 
( solid lines ). ( c ) UV absorption spectra of polydeoxyribonucleotide–L-arginine photoadduct. Polynucleotide alone (1, 
 solid lines ), polynucleotide–lysine (2,  dashed lines ), and polynucleotide–L-arginine (3,  dotted lines ) (adapted from 
Dixit et al. [ 37 ])       
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 Lysine- and L-arginine-rich histone H1 in nucleosome on modifi cation by physical, chemical, or 
environmental agents might form histone–DNA adducts making it immunogenic and, thus, resulting 
in the production of autoantibodies [ 40 ,  41 ]. During the process of apoptosis, the release of excessive 
quantities of nucleosome debris may be a source of nuclear antigens that drives an immune response, 
inducing antioligonucleotide and antipolypeptide antibody production. Also, antinucleosome-specifi c 
antibodies have been reported in lupus prone mice. Only the pathogenic T-helper cells of these mice 

   Table 16.2    Biochemical  properties   of human DNA–L-arginine adduct   

 Property  L-Arginine–DNA photoadduct 
 NO-modifi ed L-arginine––
DNA photoadduct 

 A 260/280   1.1  1.1 
 Tm (°C)  61  69.5 
 Percent hyperchromicity  66  69 

  Adapted and modifi ed from Ahmad and Ahsan [ 42 ]  
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  Fig. 16.4    ( a ) Thermal  melting   profi le of native DNA ( fi lled diamond ), DNA–L-arginine adduct ( fi lled square ), and 
reactive nitrogen species modifi ed DNA–L-arginine adduct ( fi lled triangle ) (adapted from Ahmad et al. [ 33 ]). ( b ) 
Thermal melting profi le of native polydeoxyribonucleotides (1,  opened circle ), polydeoxyribonucleotide–lysine (3, 
 fi lled circle ), and polynucleotide–L-arginine (2,  half-fi lled circle ) photoadducts (adapted from Dixit et al. [ 37 ])       

   Table 16.3    Biochemical properties of 200 bp DNA–L-arginine adduct   

 Characteristics  Native 200 bp DNA  200 bp DNA–L-arginine photoadduct 

 A 260 nm  1.24  0.94 
 A 280 nm  0.68  0.52 
 A 260/280   1.82  1.80 
 Tm (°C)  80  83 

  Adapted and modifi ed from Ahsan et al. [ 36 ]  
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responded to nucleosomal antigens and their stimulation was specifi c. Therefore, it appears that 
pathogenic anti-DNA autoantibodies are generated through some conformational epitope(s) of nucleic 
acids and  polyp  eptides [ 36 ,  42 – 44 ].  

    Implications of L-Arginine Adducts in  Immunopathology   

 Exposure to ultraviolet (UV) light, particularly the UVB (280–315 nm) component, has several harm-
ful effects on humans. The photoconjugation of proteins and amino acids to DNA is one of the lesions 
produced in biologic systems by UV light. The role of DNA–protein cross-links in aging, carcinogen-
esis, and radiation-induced manifestations has been well documented. There are many compounds in 
the vicinity of DNA that may react upon irradiation, such as polyamines, histones, and nuclear matrix 
elements. The potential motifs in histones that are strongly involved in the binding of DNA to the 
nucleosome core in chromatin are believed to be those that are rich in lysine and L-arginine. The thy-
mine–lysine conjugate is involved in photolinking histones to DNA in calf thymus nucleohistones and 
chicken erythrocyte nuclei. UV light can damage DNA by producing thymine dimers, which are 
cross-links between pyrimidine bases [ 45 ]. On the other hand, oxidants such as free radicals or hydro-
gen peroxide produce multiple forms of damage, including base modifi cations, particularly of guano-
sine and double-strand breaks. In human cells, the nitrogenous bases suffer oxidative damage every 
day and the most hazardous are double-strand breaks, as they are diffi cult to repair and can produce 
point mutations, insertions, and deletions from the DNA sequence as well as translocations. Many 
mutagens fi t into the spaces between two adjacent base pairs by intercalation. Most intercalators are 
aromatic and planar molecules, such as ethidium bromide, afl atoxin, acridines, benzopyrene diol 
epoxide, daunomycin, and doxorubicin. For an intercalator to fi t between base pairs, the bases must 
separate, distorting the DNA strands by unwinding the double helix. This inhibits both DNA replica-
tion and transcription, causing mutations [ 46 ]. Adduct formation results in increased secretion of 
messenger molecules such as cytokines and chemokines that mediate communication among cells 
and promote infl ammation, e.g., tumor necrosis factor (TNF). Antibodies have been developed against 
an array of carcinogen–DNA  adduc  ts as well as UV damaged and oxidized bases [ 47 ]. 
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 One of the most interesting aspects of autoimmune diseases is the spontaneous occurrence of 
 anti- nucleic acid antibodies in some diseases. DNA against which most of the antibodies are detected in 
lupus and other autoimmune diseases is no longer regarded as an antigen initiating the disease, mainly 
because immunization with DNA does not induce SLE [ 48 ]. Although the correlation of SLE with the 
immune system is well documented, neither the origin nor the etiology of the disease is known. Polybasic 
molecules, such as polyamines and histones found in cells, have a great affi nity for acidic constituents 
such as DNA. The SLE antibodies react with dsDNA from a wide range of species. Furthermore, they 
also react with single-strand DNA, RNA, and synthetic polymers, suggesting that they are not exclu-
sively directed against the helical backbone of DNA. It appears that SLE antibodies recognize minor 
determinants in nucleic acid structure. The production of autoantibodies in certain autoimmune disor-
ders, particularly SLE, has been attributed to the selective stimulation of autoreactive B lymphocytes by 
self-antigens or the cross-reaction of antigens with self [ 49 ]. In autoimmune prone individuals, B cells 
are hyperreactive to various polyclonal activators, which bypass the T-cell regulatory mechanism. These 
and several other factors cause immune dysfunction, leading to polyclonal B-cell activation [ 50 ]. An 
increased rate of apoptosis, correlating to disease activity, has been demonstrated in lymphocytes from 
SLE patients [ 51 ]. During the process of apoptosis, the release of excessive quantities of intact nucleo-
somes may be a source of nuclear antigens that drives an immune response, inducing anti-histone and 
anti-DNA antibody production. The UV-induced alteration of nucleic acids might result in altered con-
formations of DNA, which could be an alternative or additional mechanism for the production of anti-
DNA autoantibodies. Polynucleotide antibodies may combine with circulating antigens at any stage of 
the disease process and contribute to deposition of immune complex(es) in renal glomeruli. It has been 
suggested that the site of immune deposition and the resulting pathologic and clinical abnormalities may 
be dependent on properties unique to subset of anti-DNA autoantibodies [ 52 ,  53 ]. 

 In our studies on sera from SLE patients, the 200 bp DNA–L-arginine photoadduct exhibited increased 
binding as compared to 200 bp DNA alone (Fig.  16.6 ). The results were further confi rmed by IgG iso-
lated from sera of these patients, indicating increased recognition of the 200 bp DNA–L-arginine photo-
adduct by the immunoglobulins [ 36 ] (Fig.  16.7 ).  Fu  rthermore, the poly(dC)-lysine and poly(dC)-L-arginine 
photoadducts were also found to be effective inhibitors and their relative affi nity was substantially 
higher than that of native poly(dC) (Fig.  16.8 ). These results point to the likelihood of modifi cations to 
polynucleotides in DNA for its better recognition by SLE autoantibodies as a causative agent for the 
induction of circulating anti-DNA or antipolynucleotide antibodies. Therefore, it appears that lysine and 
L-arginine may have an important role in the generation of these antibodies [ 36 ].

     Our results suggest that on UV irradiation, L-arginine can induce certain conformational alterations 
in DNA, rendering it immunogenic. The recognition of DNA–L-arginine photoadduct by autoantibod-
ies might be helpful in understanding its origin in SLE and the role of positively charged amino acids 
in the pathogenesis of autoimmune disorders. The greater binding of anti-DNA autoantibodies to 
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L-arginine photoadduct indicates the possible involvement of L-arginine in the etiopathogenesis of 
autoimmune diseases such as SLE and others [ 36 ]. 

 It has been suggested that DNA released from the epidermal cells as a consequence of UV-induced 
cellular injury may react with circulating antibodies. Since a higher incidence of antibody deposits 
appears in sunlight-exposed areas, UV-induced alteration of cellular DNA may be involved in stimu-
lating the formation of certain immune complexes in cutaneous lesions. Studies have implicated 
UV-induced damage of cellular DNA as an important factor in SLE. The deposition of antibodies 
occurs at the site of cutaneous lesions and in the skin of SLE patients [ 54 ]. 

 Photoadduct formation and immune modulation are some factors responsible for induction or 
exacerbation of an immune response in SLE [ 55 ]. Studies have shown that SLE and autoantibodies 
bind furocoumarin–DNA and spermine–DNA conjugates [ 56 ,  57 ]. There are concerns about the 
 possible risk of autoimmune diseases in psoralen and UVA light (PUVA)-treated patients. Hence, 
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alteration in DNA resulting from photoreaction could lead to the development of antibodies to DNA 
or could precipitate SLE. Since there are many polybasic compounds in the vicinity of DNA, there 
exists the possibility of their interaction with DNA on exposure to radiation. The retention of immu-
noreactivity of autoantibodies with isolated thymine–lysine and cytosine–lysine photoconjugate after 
immunoaffi nity purifi cation has strengthened the perception of an alternate antigen for the induction 
antibodies cross-reactive with  n  ative DNA [ 44 ].   

    Conclusion 

 L-Arginine, a basic amino acid, is one of the amino acids produced in the human body by the digestion 
or hydrolysis of proteins. L-Arginine methylation of non-histone proteins is used in transcriptional 
regulation. Protein–L-arginine methylation is used for regulation of transcriptional and various 
physio lo gical pathological processes. Protein methylation may affect protein–protein, protein–DNA, 
or protein–RNA interaction. L-Arginine has an effect on the DNA-binding activity of NF-κB, a domi-
nant transcriptional factor in infl ammation. Adduct formation results in increased secretion of mes-
senger molecules such as cytokines and chemokines that mediate communication among cells and 
promote infl ammation. L-Arginine and lysine amino acid-rich histones in nucleosomes on modifi ca-
tion by environmental agents form histone–DNA adducts, making it immunogenic. Alteration of 
DNA resulting from photomodifi cation could lead to the development of antibodies or mutations to 
modifi ed DNA. 

  Native DNA (nDNA)      is a poor immunogen, whereas its modifi ed forms have been demonstrated 
to be immunogenic. Many studies have suggested modifi ed DNA and polynucleotides as immuno-
gens reacting with high-titer antibodies whose antigen recognition resembles human anti-DNA anti-
body binding characteristics. The autoantibodies to DNA in human SLE are heterogeneous in respect 
to antigen binding specifi city and their reactivities range from single bases to dsDNA. SLE is a pro-
totype autoimmune and multifactorial disease characterized by the presence of autoantibodies to a 
diverse array of nuclear antigens including DNA, RNA, and histones. These naturally occurring auto-
antibodies are heterogeneous, exhibiting a wide heterogeneity in the recognition of nucleosides and 
nucleotides. 

 There are many compounds in the vicinity of DNA that may react with it upon irradiation. These 
compounds include polyamines, histones, and nuclear matrix elements. Polybasic molecules found in 
the cells have great affi nity for acidic constituents, such as DNA and polynucleotides, and their inter-
action might play a role in the pathogenesis of SLE. Ultraviolet radiation has an effect on the immune 
system. It has been reported that certain autoimmune diseases can be induced or exacerbated by expo-
sure to UV radiation. Flare of disease activity in some patients following exposure to UV light is a 
well-recognized phenomenon. Exposure of DNA to UV radiation results in the formation of photo-
products that are antigenic and can induce the formation of antibodies that react specifi cally with 
modifi ed DNA. Hence, the DNA–L-Arginine photoadducts could have important implications in the 
etiopathogenesis of various conditions such as toxicity, carcinogenicity, and autoimmunity.     
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 Key Points 

•    L -Arginine/glycine amidinotransferase synthesizes creatine precursors and homoarginine.  
•   Creatine defi ciency protects from metabolic syndrome, i.e., obesity, diabetes, and 
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•   Homoarginine is a marker of cardiovascular outcome and stroke in humans.  
•   Homoarginine reduces cerebral infarct size in experimental stroke model.  
•   Homoarginine infl uences NO metabolism.  
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  DCM    Dilatative cardiomyopathy   
  eGFR    Estimated glomerular fi ltration rate   
  eNOS    Endothelial NO synthase   
  GAMT    Guanidinoacetate- N -methyltransferase   
  GHS    Gutenberg Health Study   
  GWA    Genome-wide association   
  ICM    Ischemic cardiomyopathy   
  iNOS    Inducible NO synthase   
  LURIC    Ludwigshafen Risk and Cardiovascular Health   
  MRS    Magnetic resonance spectroscopy   
  NIHSS    National Institutes of Health Stroke Scale   
  nNOS    Neuronal NO synthase   
  NO    Nitric oxide   
  NOS    NO synthases   
  SEARCH    Study of effectiveness of additional reduction in cholesterol and homocysteine   
  SHIP    Study of Health in Pomerania   
  NT-proBNP    N-terminal pro-B-type natriuretic peptide   
  YFS    Young Finns Study   

      Introduction 

 Stroke is the second most frequent cause of death and leading cause of disability worldwide [ 1 ]. A 
third of stroke patients die within 1 year and more than half of the stroke patients are dead after 5 years 
[ 2 ,  3 ]. The most common causes of  death   are recurrent stroke and cardiovascular disease. In general, 
large and small vessel arteriosclerosis underlies both vascular entities. Consequently,  cardiovascular 
disease   and stroke pathology involve the same vascular risk factors. Therapeutic strategies and 
research have focused especially on  modifi able risk factors  , i.e., hypertension, diabetes, hyperlipid-
emia, and obesity. The combination of these four risk factors is known as  metabolic syndrome     , which 
is the consequence of supernutrition and excess body fat. Interestingly, reduced body weight is also 
associated with vascular mortality eliciting a bell-shaped association of body mass index (BMI) with 
vascular death [ 4 ,  5 ]. Therefore, balanced caloric intake and expenditure are necessary to optimize 
nutrition and health. In addition to established and conventional metabolic risk factors, much effort 
has been spent to identify novel metabolic pathways, which could infl uence vascular pathology and 
outcome. The long known, but until recently neglected, endogenous amino acid homoarginine has 
emerged as a signifi cant marker and even more importantly as potential mediator of vascular disease 
[ 6 ,  7 ]. The enzyme, which catalyzes the synthesis of homoarginine, is  L -arginine/glycine amidino-
transferase (AGAT, EC 2.1.4.1). So far,  AGAT   was only known as the fi rst and rate-limiting enzyme 
of creatine synthesis. To understand the role of AGAT in stroke pathology, it is mandatory to differen-
tiate effects of AGAT metabolites creatine and homoarginine.  

     Creatine  : Old Product of AGAT with New Functions 

 On the cellular level, energy-producing and consuming processes involve phosphorylation and hydro-
lysis of adenosine triphosphate (ATP), respectively. Therefore, ATP has to be generated by glycolysis, 
oxidative phosphorylation, and β-oxidation or replenished by high-energy-phosphate donors. Organs 
of fl uctuating energy demand (i.e., the skeletal muscle, heart, and brain) possess the creatine/phospho-
creatine system, which functions as a rapidly available energy buffer for ATP replenishment [ 8 ]. 

C.-u. Choe et al.



215

Creatine concentrations are about 40 mM in skeletal muscle, about 80 mM in heart, and about 10 mM 
in brain [ 9 – 11 ]. Creatine is subject to continued nonenzymatic degradation to creatinine at a constant 
rate of 1.7 % per day [ 12 ]. Creatinine cannot be recycled and is eliminated by renal excretion [ 8 ]. 
Therefore, creatine stores have to be refi lled consecutively. Given its importance for whole-body 
energy metabolism, two alternative pathways exist. In addition to exogenous dietary creatine intake, 
vertebrates are able to synthetize creatine endogenously. Creatine  biosynthesis   is a two-step enzy-
matic process occurring mainly in the kidney and liver [ 8 ]. First, AGAT transfers the guanidino group 
of  L -arginine to glycine producing guanidinoacetate and ornithine. Secondly, guanidinoacetate is 
methylated by guanidinoacetate- N -methyltransferase (GAMT, EC 2.1.1.2) using  S -adenosylmethionine 
as methyl donor (Fig.  17.1 ). The fi rst step of creatine biosynthesis mainly takes place in the kidney, 
whereas GAMT is highly expressed in liver [ 8 ]. Patients with AGAT and GAMT defi ciency reveal 
reduced cerebral levels of creatine and phosphocreatine measured by magnetic resonance spectros-
copy (MRS). Furthermore, the clinical presentation of patients with creatine synthesis defects includes 
muscular hypotonia and mental retardation development [ 13 ,  14 ]. These fi ndings of human creatine 
defi ciency underline the importance of creatine for organs of high energy demand, like the skeletal 
muscle and brain.

   Creatine defi ciency due to AGAT defi ciency in mice results in a striking metabolic phenotype char-
acterized by reduced body weight and decreased fat deposition in adipose and non-adipose tissue [ 11 , 
 15 ]. Further analysis of creatine-defi cient AGAT −/−  mice revealed attenuated gluconeogenesis, 
improved glucose tolerance, and reduced cholesterol levels. Biochemical studies uncovered chronic 
activation of AMP-activated protein kinase (AMPK) in AGAT −/−  mice as possible underlying cellular 
mechanism [ 15 ]. Oral creatine supplementation in AGAT −/−  mice completely replenished creatine/
phosphocreatine stores, rescued the metabolic phenotype, and normalized AMPK activation, proving 
creatine dependency [ 15 ]. Further analyses revealed that the complex metabolic phenotype of creatine- 
defi cient AGAT −/−  mice depends on the neuroendocrine axis [ 16 ]. Taken together, creatine defi ciency 
attenuates the development of vascular risk factors, like diabetes, hyperlipidemia, and obesity. 

 Although protection from metabolic syndrome by AGAT defi ciency implies benefi cial effects for 
stroke risk reduction, we have also demonstrated that intracellular energy depletion impairs proper 
muscle ultrastructure and function [ 12 ]. AGAT −/−  mice exhibited enhanced muscular atrophy and 
decreased grip strength [ 11 ,  15 ]. Metabolic analysis revealed an impaired oxidative phosphorylation 
in mitochondria associated with reduced ATP and increased inorganic phosphate levels. Hind limb 
ischemia resulted in an immediate decrease of pH  indicating   absence of an adequate buffering system 
and decreased tolerance to ischemia [ 12 ]. AGAT defi ciency reduces intracellular energy stores, thereby 
protecting from metabolic syndrome but also decreasing ischemic tolerance, e.g., in skeletal muscle.  

  Fig. 17.1    Metabolic scheme of  creatine   synthesis by AGAT and GAMT. Creatine synthesis is a two-step enzymatic 
process, consisting of AGAT and GAMT. AGAT transfers the amidino group of L-arginine to glycine producing gua-
nidinoacetate. GAMT methylates guanidino acetate resulting in creatine formation       
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    Homoarginine: The New Product of AGAT 

    Homoarginine  Metabolism and Function   

 As expected from human patients, AGAT defi ciency in mice resulted in complete absence of guanidi-
noacetate, creatine, and phosphocreatine [ 13 – 15 ]. Extensive analysis of guanidino compounds in 
AGAT −/−  mice revealed also undetectable levels of homoarginine—an endogenous non-proteinogenic 
amino acid with structural similarity to  L -arginine [ 6 ]. Additional in vitro experiments using stable 
isotope-labeled  L -arginine and lysine proved that AGAT is not only able to catalyze the transfer of the 
guanidino group from  L -arginine to glycine producing guanidinoacetate but is also capable of facilitat-
ing the addition of the guanidino group of  L -arginine to lysine catalyzing the synthesis of homoargi-
nine (Fig.  17.2 ) [ 6 ]. This recent fi nding is in line with studies performed almost 50 years ago. Ryan 
et al. have shown that homoarginine is synthetized from lysine and that an amidinotransferase in 
kidney tissue is responsible for homoarginine synthesis [ 17 ,  18 ]. Most recently, two independent 
 genome- wide association (GWA) analyses   revealed that the  AGAT  gene locus is strongly and signifi -
cantly associated with homoarginine levels in humans (see below). Consistently, in vitro studies with 
l ymphoblasts from AGAT-defi cient patients confi rmed that AGAT is not only associated with homoar-
ginine levels but responsible for homoarginine synthesis from  L -arginine and lysine [ 19 ]. Circulating 
concentrations of homoarginine are about 2–3 μM in healthy humans with material age- and sex-
related differences. Reference ranges for homoarginine obtained from healthy participants of the 
population-based Study of Health in Pomerania (SHIP) were 1.41–5.00 and 1.20–5.53 μmol/L for 
men and women, respectively (2.5th–97.5th percentile) [ 20 ]. In C57BL/6 mice, circulating homoar-
ginine concentrations are approximately 0.15 μM and are therefore substantially lower than in  humans   
[ 6 ,  21 ] (Figs.  17.3  and  17.4 ).

     In the 1960s  homoarginine   was detected as a major component of about 1 % in different species of 
 Lathyrus sativus  L. (grass pea) [ 22 – 24 ]. Early functional studies in the 1970s have identifi ed homoar-
ginine as inhibitor of human liver and bone alkaline phosphatase [ 25 – 27 ]. More recent studies have 
suggested an involvement in vascular function and disease. Given its structural similarity with  L -argi-
nine, homoarginine is suspected to infl uence  L -arginine metabolism. Probably the most important 
function of  L -arginine is to serve as substrate for nitric oxide (NO) synthesis. Three subtypes of NO 
synthases (NOS) have been described so far, i.e., neuronal NOS (nNOS, NOS1), inducible NOS 
(iNOS, NOS2), and endothelial NOS (eNOS, NOS3). Homoarginine has been shown to act as an 
alternative substrate for NOS also leading to NO formation [ 28 – 30 ]. Whereas maximal activity ( V  max ) 

  Fig. 17.2    Metabolic scheme of  homoarginine synthesis   by AGAT. Creatine synthesis is a two-step enzymatic process, 
consisting of AGAT and GAMT. AGAT transfers the amidino group of  L -arginine to glycine producing guanidinoace-
tate. GAMT methylates guanidino acetate resulting in creatine formation       
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  Fig. 17.3    Schematic forest plot of  homoarginine levels   and all-cause mortality risk (unadjusted risk ratios). Decreased 
homoarginine levels were associated with all-cause mortality in the LURIC study, 4D study, Hoorn study, Leeds Stroke 
Cohort, and Heart Failure Cohort (unadjusted risk ratios). Studies are plotted according to the last name of the fi rst 
author followed by the journal name, publication year, and name of the study in parentheses.  Horizontal lines  represent 
95 % confi dence intervals. Each  square  represents the proportional weight of the study       

  Fig. 17.4    Schematic forest plots of  homoarginine levels   and risk of cerebrovascular outcome (unadjusted risk ratios). 
Decreased homoarginine levels were associated with cerebrovascular outcome, i.e., fatal stroke in LURIC study, stroke 
incidence in 4D study, and NIHSS score in Harburg Stroke Cohort (unadjusted risk ratios). Studies are plotted according 
to the last name of the fi rst author followed by the journal name, publication year, and name of the study in parentheses. 
 Horizontal lines  represent 95 % confi dence intervals. Each  square  represents the proportional weight of the study       

for NOS-dependent NO formation was similar between  L -arginine and homoarginine, binding affi nity 
( K  m ) was 10- to 20-fold decreased for homoarginine compared with  L -arginine [ 28 ]. Therefore, 
homoarginine is generally considered a weak substrate for NOS. In addition to biochemical analysis, 
mouse studies revealed lower maximal NO levels, but more sustained NO formation after homoargi-
nine supplementation compared with  L -arginine [ 30 ]. Nitrate/nitrite concentrations in the blood—an 
indirect parameter for NOS activity—were increased even 8 h after homoarginine treatment, whereas 
nitrate/nitrite levels in  L -arginine supplemented mice returned to normal after 4 h [ 30 ]. High concen-
trations of homoarginine (2 mg/g body weight) were injected for this purpose. Therefore the physio-
logical relevance of these fi ndings needs to be validated. In addition to serving as a substrate for NOS, 
several groups have shown inhibition of the  L -arginine-degrading enzyme arginase by homoarginine 
suggesting increased  L -arginine levels and subsequently increased NO formation [ 28 – 30 ]. In the light 
of homoarginine being a weak substrate for NOS, but potentially increasing  L -arginine availability by 
arginase inhibition, the net effect on NO production remains still unclear. Motivated by the structural 
similarity of homoarginine and  L -arginine, Radomsky et al. already studied in the 1990s the regulation 
of human platelet aggregation by homoarginine. In this context,  homoarginine  , similar to  L -arginine, 
was found to inhibit aggregation of human platelets, both being applied in supraphysiological concen-
trations [ 31 ]. Taken together, these biochemical, pharmacodynamic, and physiological studies have 
indicated an interference of homoarginine with pathways related to cardiovascular disease. However, 
at this point further experimental (animal) studies will be necessary to defi ne precisely the physiologi-
cal signifi cance of homoarginine.  
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    Homoarginine and  Cardiovascular Disease   

 During the last 5 years, numerous observational and epidemiological studies have been published 
associating circulating homoarginine levels with clinical parameters and  outcomes      (Tables  17.1  and 
 17.2 ). Data from the Ludwigshafen Risk and Cardiovascular Health (LURIC) study—including 
patients undergoing coronary angiography—and 4D ( Die Deutsche Diabetes Dialyse ) study—com-
prising patients with type 2 diabetes mellitus receiving maintenance hemodialysis—established sig-
nifi cant associations between low homoarginine serum levels and increased cardiovascular and 
all-cause mortality [ 7 ]. Consistently, longitudinal analyses in the Hoorn study reported the association 
of homoarginine with overall mortality and especially cardiovascular death in an older population [ 32 ]. 

   Table 17.1     Negative correlations   of homoarginine levels with clinical parameters   

 Clinical parameter  References 

 All-cause mortality  März et al. [ 7 ], Pilz et al. [ 32 ,  33 ], Ravani et al. [ 34 ], Tomaschitz et al. [ 35 ] 
 Cardiovascular mortality  März et al. [ 7 ], Pilz et al. [ 32 ] 
 Onset of dialysis  Ravani et al. [ 34 ] 
 Fatal stroke  Pilz et al. [ 36 ] 
 Post-stroke mortality  Choe at al. [ 6 ] 
 NIHSS score  Choe et al. [ 6 ] 
 Death due to heart failure  Drechsler et al. [ 37 ], Pilz et al. [ 33 ] 
 Sudden cardiac death  Drechsler et al. [ 37 ] 
 Myocardial infarction  Pilz et al. [ 33 ] 
 Peripheral vascular disease  Ravani et al. [ 34 ] 
 NYHA stages  Atzler et al. [ 38 ], Pilz et al. [ 33 ] 
 Left ventricular ejection fraction  Pilz et al. [ 33 ] 
 NT-proBNP  Atzler et al. [ 38 ], Drechsler et al. [ 37 ], Pilz et al. [ 33 ] 
 CRP  Choe et al. [ 6 ], Drechsler et al. [ 37 ], Pilz et al. [ 33 ], Ravani et al. [ 34 ], 
 Proteinuria  Drechsler et al. [ 39 ], Ravani et al. [ 34 ] 
 Smoking  Pilz et al. [ 32 ,  33 ], Sobczak et al. [ 40 ], van der Zwan et al. [ 41 ] 
 Coagulation parameter  Choe et al. [ 6 ], Marz et al. [ 7 ], Pilz et al. [ 33 ] 
 Alkaline phosphatase  März et al. [ 7 ], Pilz et al. [ 32 ] 
 Systolic blood pressure  Kayacelebi et al. [ 42 ] 

  Negative correlations of homoarginine levels were described with all-cause and CV mortality, onset of dialysis, fatal 
stroke, post-stroke mortality, NIHSS score, death due to heart failure, sudden cardiac death, myocardial infarction, 
peripheral vascular disease, NYHA stages, left ventricular ejection fraction, NT-proBNP, CRP, proteinuria, smoking, 
coagulation parameter, alkaline phosphatase, and systolic blood pressure  

   Table 17.2     Positive correlations   of homoarginine levels with clinical parameters   

 Clinical parameter  References 

 BMI  Drechsler et al. [ 37 ,  39 ], März et al. [ 7 ], Pilz et al. [ 32 ,  33 ], Ravani et al. [ 34 ], van der 
Zwan et al. [ 41 ] 

 Triglycerides  Pilz et al. [ 33 ] 
 Fasting glucose  Pilz et al. [ 32 ], van der Zwan et al. [ 41 ] 
 HbA1c  Pilz et al. [ 32 ], van der Zwan et al. [ 41 ] 
 Diabetes mellitus type 2  Ravani et al. [ 34 ], van der Zwan et al. [ 41 ] 
 eGFR  Choe et al. [ 6 ], Drechsler et al. [ 39 ], März et al. [ 7 ], Tomaschitz et al. [ 35 ], Ravani et al. [ 34 ] 
 Flow-mediated dilatation  Valtonen et al. [ 43 ] 
 Arterial hypertension  Pilz et al. [ 32 ] 
 Systolic blood pressure  Pilz et al. [ 32 ,  33 ], van der Zwan et al. [ 41 ] 

  Positive correlations of homoarginine levels were described with BMI, triglycerides, fasting glucose, HbA1c, diabetes 
mellitus type 2, eGFR, fl ow-mediated dilatation, arterial hypertension, and systolic blood pressure  
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Further studies tried to target the reasons of death followed by impaired homoarginine. Tellingly, low 
homoarginine serum levels were shown to predict fatal strokes in the LURIC study and were associ-
ated with sudden cardiac death or death due to heart failure in the 4D study [ 36 ,  37 ]. To unravel this 
link to cardiac and vascular function, circulating homoarginine levels were associated with  angiographic 
parameters and laboratory parameters of heart failure and endothelial dysfunction. Angiographic ejec-
tion fraction was positively and N-terminal pro-B-type natriuretic peptide (NT-proBNP) inversely 
correlated with circulating homoarginine suggesting a positive linkage between homoarginine and 
myocardial function. In line with the latter fi ndings, another cohort of 282 heart failure patients con-
fi rmed the correlation with NT-proBNP levels [ 38 ]. This study additionally showed that low homoar-
ginine levels were also associated with clinical impairment as demonstrated by patients suffering from 
moderate or severe heart failure (i.e., New York Heart Association classifi cations 3 and 4) exhibited 
decreased homoarginine levels [ 33 ,  38 ]. Furthermore, homoarginine plasma levels were similar in 
dilatative (DCM) and ischemic cardiomyopathy (ICM) patients, and subgroup analysis did not reveal 
a correlation with heart failure etiology [ 38 ]. Several studies link a worsening of endothelial function 
to myocardial dysfunction. In this context, März et al. reported an inverse association of homoarginine 
with markers of impaired endothelial function (i.e., intercellular adhesion molecule-1 and vascular 
cell adhesion molecule-1) suggesting a potential link to endothelial function. Taken together, angio-
graphic, laboratory, and clinical parameters of heart failure and vascular function are linked to homoar-
ginine levels, but strong causal relationships have yet to be established.

    Some authors suggest that low  homoarginine   levels might indicate reduced intracellular energy 
stores, which is a hallmark of heart failure [ 44 ]. Clinical studies have confi rmed cellular and molecular 
causal associations of homoarginine with metabolites of energy metabolism—namely, creatine [ 6 ,  33 ]. 
As described above, phosphorylated creatine serves as a spatial and temporal energy buffer. And key 
components of the creatine/phosphocreatine system are downregulated in the failing heart [ 45 ]. In line 
with this hypothesis, creatine-defi cient mouse models reveal left ventricular hypertrophy, a reduced 
inotropic reserve, and increased susceptibility to cardiac ischemic injury [ 46 – 48 ]. Murine studies and 
cell culture experiments have shown that levels of creatine and homoarginine are dependent on AGAT 
and therefore positively correlated with each other. Association studies in humans have validated this 
fi nding [ 6 ,  33 ]. Therefore, homoarginine might play the role of an indicator of intracellular energy 
stores in heart failure. But recent results suggest that the association of creatine and heart failure is not 
as trivial as presumed. For example, increased levels of myocardial creatine and phosphocreatine also 
resulted in left ventricular hypertrophy and myocardial dysfunction, therefore suggesting rather a bell-
shaped association of creatine with left ventricular hypertrophy [ 49 ]. And creatine-defi cient mice 
revealed an unaltered response to chronic myocardial infarction suggesting that it might be a dispens-
able metabolite for left ventricular remodeling and development of chronic heart failure following 
myocardial infarction [ 50 ]. Therefore, the exact association of creatine with cardiac energetics in heart 
failure remains unsolved [ 44 ]. This is even more the case for  homoarginine’s role in heart failure.  

    Homoarginine and  Cardiovascular Risk Factors   

 Numerous studies have suggested an increased risk of stroke in patients with chronic kidney disease 
[ 51 ]. A large meta-analysis revealed that the overall risk ratio for patients with reduced estimated 
glomerular fi ltration rate (eGFR) of <60 ml/min/1.73 m 2  was increased by 43 % (HR 1.43; 95 % con-
fi dence interval 1.31–1.57,  p  < 0.001) [ 52 ]. Analysis of the Leeds Stroke cohort, LURIC study, and 4D 
study revealed a positive correlation of circulating homoarginine with parameters of kidney function, 
i.e., creatinine levels and eGFR [ 7 ,  15 ,  33 ]. Given that AGAT is mainly expressed in the kidney, renal 
dysfunction and damage might be associated with reduced AGAT expression and therefore reduced 
homoarginine production. A further explanation for the association of homoarginine with renal 
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function might also be an involvement of homoarginine in renal NO metabolism. All three NOS 
subtypes are expressed in the kidney and regulate renal hemodynamics and damage in response to 
injury [ 53 ]. Therefore, homoarginine might infl uence renal hemodynamics and kidney damage. 

 Major modifi able vascular risk factors are arterial hypertension and smoking, which double the 
risk of stroke and cardiovascular disease. In a recent cross-sectional study of 231 healthy males, 
smoking was associated with decreased homoarginine plasma levels [ 40 ]. A similar association has 
been described in the LURIC and Hoorn studies [ 32 ,  33 ]. It is tempting to speculate that the increased 
risk for vascular events in smokers is partly mediated by decreased homoarginine levels. In the 
population- based Hoorn cohort of older participants and in the LURIC study, circulating homoargi-
nine was positively linked to systolic and diastolic blood pressure [ 32 ,  41 ]. A 0.5 μmol/L increase of 
homoarginine levels was associated with an increase of systolic blood pressure by 3.9 mmHg, which 
would increase the risk of stroke by about 40 % [ 54 ]. Therefore, it seems unlikely that blood pressure 
changes are involved in mediating the benefi cial effects of homoarginine in vascular disease [ 55 ]. In 
addition to smoking and hypertension, associations between homoarginine and metabolic parameters 
have been described. Positive correlations were found with BMI and triglyceride levels, but not with 
LDL or HDL cholesterol levels. In the LURIC study, no substantial correlation was found between 
homoarginine and parameters of glucose metabolism (i.e., hemoglobin A1c and diabetes), whereas 
results from the Hoorn study indicated a positive correlation between homoarginine with hemoglobin 
A1c [ 41 ]. Given the discrepancy between these studies, at present it  remains   unclear if homoarginine 
has a direct effect on blood pressure and metabolic parameters.  

    Homoarginine  and Genes   

 To date, circulating homoarginine concentrations have been related to gene polymorphisms in three 
large population-based studies. GWA from the Gutenberg Health Study (GHS) revealed a strong link 
between plasma homoarginine and single nucleotide polymorphisms (SNPs) located in or in the vicin-
ity of the  AGAT  gene on chromosome 15 [ 6 ]. Among them, one of the top SNPs, i.e., rs12887765, 
coded the exchange of A -> T, resulting in a missense transition of Gln110His within the second exon 
of the  AGAT  gene. Carriers of two TT alleles showed substantially lower plasma concentrations, i.e., 
1.80 (1.40, 2.28) μM, whereas homoarginine was higher in AT carriers (2.08 (1.55, 2.54) μM) and 
highest in AA carriers (2.24 (1.75, 2.95) μM), representing a gene-dose dependent increase by 16 % 
and 24 %, respectively. Allele frequency was 54 % for TT carriers in this population. GWA from 
patients of the LURIC study and from participants of the Young Finns Study (YFS) confi rmed the 
strong association between circulating homoarginine and AGAT [ 56 ]. Of note, three other loci were 
identifi ed within the latter cohorts: (1) on chromosome 2 at the carbamoyl phosphate synthetase I 
locus, (2) on chromosome 5 at the alanine-glyoxylate aminotransferase 2 locus, and (3) on chromo-
some 6 at the Homo sapiens mediator complex subunit 23 gene/arginase I locus. Recently, SNPs of 
 AGAT  locus were associated with statin-induced myopathy in humans underlining the importance of 
AGAT for muscle physiology [ 57 ].  AGAT  SNPs revealed one of the most signifi cant and strongest 
associations of expression quantitative trait loci (eQTL) with simvastatin exposure in human lympho-
blastoid cell lines. But in contrast to AGAT −/−  mouse models presenting with muscular atrophy (see 
above), reduced AGAT expression was linked with protection from statin-induced myopathy in two 
clinical cohorts of patients with statin treatment (Marshfi eld cohort and  Study of Effectiveness of 
Additional reduction in Cholesterol and Homocysteine  (SEARCH) cohort) [ 57 ]. The authors sug-
gested that reduced AGAT expression could modify cellular energy stores and AMPK signaling, 
which would protect from statin-induced myopathy. Arguing against this hypothesis, AGAT-defi cient 
patients suffer from myopathy, which improves upon oral creatine supplementation [ 58 ]. The impact 
of this association is not completely clear since the AGAT expression levels in circulating blood cells 
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are very low and may not refl ect the local expression levels, i.e., in skeletal  muscle  . The kidney is the 
tissue with the highest expression of AGAT and several markers of kidney function and failure have 
been conclusively related to  AGAT  gene polymorphisms [ 59 ].   

    Conclusions 

 On the one hand, AGAT defi ciency improves the metabolic risk profi le, which is associated with a 
better outcome after stroke [ 15 ,  60 ]. On the other hand, AGAT defi ciency results in diminished intra-
cellular energy stores (i.e., ATP and phosphocreatine), which are reduced under conditions of cerebral 
ischemia [ 12 ,  61 ,  62 ]. Therefore, animal experiments and controlled randomized clinical trials are 
necessary to differentiate in which cases homoarginine is just a marker or in which other cases it func-
tions as a causal mediator.     
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 Key Points 

•   Nitric oxide defi ciency plays a crucial role in the pathogenesis of endothelial dysfunction and 
asymmetric dimethylarginine (ADMA) levels have been interested as a priority in nitric oxide 
defi ciency.  

•   Since ADMA inhibits nitric oxide production by competing with  L -Arginine for nitric oxide syn-
thase binding, the  L -Arginine/ADMA ratio (substrate/inhibitor ratio) might be a good predictor of 
the net amount of nitric oxide production than ADMA or  L -Arginine concentration separately.  

•   Although increased plasma ADMA level has been demonstrated several times, only a few studies 
have measured plasma concentration of  L -Arginine and reported the  L -Arginine/ADMA ratio.  

•   However, it is essential to obtain further insights into the consequences of alterations of  L - Arginine/
ADMA ratio in patients with various diagnosed diseases.  

mailto:hilmiumut@hotmail.com
mailto:drcelik00@hotmail.com


226

  CCD    Coronary collateral development   
  CIMT    Carotid wall intima–media thickness   
  CVD    Cardiovascular disease   
  DDAH    Dimethylarginine dimethylaminohydrolase   
  eGFR    Estimated glomerular fi ltration rate   
  ELISA    Enzyme-linked immunosorbent assay   
  HPLC    High-performance liquid chromatography   
   L -NMMA    NG-monomethyl- L -arginine   
  NEC    Necrotizing enterocolitis   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  NYHA    New York Heart Association   
  PRMT    Protein L-arginine methyltransferase   
  RAAS    Renin–angiotensin–aldosterone system   
  SDMA    Symmetric dimethylarginine   
  TIPS    Transjugular intrahepatic portosystemic shunt   

      Introduction 

  Endothelium   is acting a vital role in the control of tonus of vasculature and homeostasis [ 1 ]. Although 
the signifi cance of endothelial dysfunction has been well described by many published studies, espe-
cially in cardiovascular diseases, so far, there are some challenges in the evaluation of endothelial func-
tion due to lack of a standardization. Nitric oxide ( NO)   is mainly released by the endothelium and plays 
a critical role in the maintenance of normal endothelial function by regulating the vascular tone [ 2 ]. 
Inactivation and/or reduced synthesis of NO leads to endothelial dysfunction, whereas an excess of NO 
may cause circulatory shock [ 3 ]. In addition, NO modulates the interactions of circulating blood cells 
with the vascular wall, which are the key processes involved in the pathogenesis of  atherosclerosis   such 
as adhesion of infl ammatory cells to the vascular wall, the aggregation of platelets, and the proliferation 
of smooth muscle cells [ 4 ]. Therefore, NO bioavailability is more important and has recently been used 
as an indicator of endothelial function.  

    Nitric Oxide Bioavailability 

 NO is synthesized from the amino acid precursor  L -Arginine in a multistep reaction controlled by the 
enzyme  NO synthase (NOS)      [ 5 ]. NOS activity is regulated at many levels, including transcription, 
translation, phosphorylation, posttranslational modifi cations, interactions with other proteins and the 
plasma membrane, binding of cofactors (tetrahydrobiopterin), production of reactive oxygen species 
capable of NO inactivating, and the balance between NOS substrate and its endogenous inhibitor [ 6 ]. 
Compared to other regulatory mechanisms, NO production is mainly determined by both substrate 
availability ( L -Arginine) and the presence of endogenous inhibitor [asymmetric dimethylarginine 
(ADMA)], and thereby, the  L -Arginine/ADMA ratio has been accepted as an important determinant 
of NO production [ 7 ]. Since both  L -Arginine and ADMA play a regulatory role in the synthesis of 
NO, it is critical to get perception into the consequences of changes of  L -Arginine, ADMA, and 
 L -Arginine/ADMA ratio.  
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      L -Arginine   

  L -Arginine, an essential amino acid, is a natural component of dietary proteins, with the relative quan-
tity varying between 3 and 15 %. It has gained a main scientifi c attention in recent years due to its 
most versatile roles in metabolism. The most noticeable role is its role as a physiological substrate for 
NOS [ 8 ]. Besides,  L -Arginine contributes in various metabolic pathways independent of NO produc-
tion such as glucose metabolism and the synthesis of creatinine, urea,  L -ornithine,  L -glutamate, pro-
line, agmatine, and polyamines [ 9 ,  10 ]. The homeostasis of  L -Arginine involves dietary intake, 
L-arginine synthesis in the kidney, transport mechanisms across vascular cellular membranes, and its 
utilization and degradation by arginase. 

 Intracellular  L -Arginine level is signifi cantly higher than those in the extracellular fl uid or in 
plasma. However, plasma  L -Arginine can be quickly hold by endothelial cells via the cationic amino 
acid transporter 1 (CAT1) and can directly contribute to NO production [ 11 ].  D -Arginine has a same 
structure to  L -Arginine but does not share the similar transport system with  L -Arginine. Arginase is 
an enzyme that expressed by endothelial cells catalyzes the hydrolysis of  L -Arginine in the fi nal step 
of the urea cycle to ornithine [ 12 ]. Arginase competes with NOS for substrate ( L -Arginine) and 
increased arginase levels have been proposed to limit NO formation through increased  L -Arginine 
consumption [ 3 ].  L -Arginine remains in proteins are posttranslationally methylated by the action of 
protein  L -arginine methyltransferase (PRMT) enzyme during the normal protein turnover in many 
tissues, including vascular endothelial cells [ 13 ].  N -monomethyl- L -arginine ( L -NMMA), ADMA, and 
symmetric dimethylarginine (SDMA) are three methylated analogs of  L -Arginine, which released as 
free amino acids during proteolysis. Although ADMA and NMMA are direct inhibitors of NOS, 
SDMA is an indirect inhibitor of NOS.  

    Asymmetric  Dimethylarginine   

 Among methylated analogs of  L -Arginine, ADMA is the only one that can compete with  L -Arginine 
for the active site of all isoforms of NOS. Normal physiological levels of ADMA only have an unas-
sertive infl uence on NOS activity; however under pathological conditions, intracellular ADMA is 
elevated and may reach adequate levels to inhibit the activity of NOS and impair vascular function 
[ 14 ]. Thence, current understandings into NO metabolism has shown an important role of endoge-
nously produced inhibitors of NOS, in particular ADMA. ADMA not only blocks NOS activity but 
also limits the cellular uptake of  L -Arginine via y +  transport system and competes with the other 
methylated arginines, SDMA and  L -NMMA [ 15 ]. 

 Among different biomarkers of endothelial dysfunction, elevated plasma ADMA level has received 
a considerable notice during the last two decades. The combination of increased generation and/or 
decreased clearance or altered dissemination between the extracellular and intracellular components 
could theoretically elucidate the higher plasma levels of ADMA. Among these, reduced activity of 
clearance of ADMA has been proposed as the most likely pathophysiologic mechanism. ADMA is 
largely metabolized by the  dimethylarginine dimethylaminohydrolase (DDAH)   into mono- or dimeth-
ylamine and citrulline. Thus, the activity of DDAH intensely affects the circulating ADMA levels. 
The accumulation of ADMA increases oxidative stress by uncoupling of electron transport between 
NOS and  L -Arginine resulting in increased production of radical oxygen species,  decreases   the pro-
duction of NO, reduces vascular compliance, increases vascular resistance, limits the blood fl ow, and 
thereby contributes to impairment of endothelial function [ 16 ].  
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      L -Arginine Paradox      

  L -Arginine was revealed either to improve endothelial function or fail to do so. This discrepancy has 
previously been termed as the “ L -Arginine paradox” [ 7 ]. The underlying molecular mechanism 
remains confusing. Namely, at physiological extracellular levels of  L -Arginine and in the presence of 
normal range of plasma ADMA concentrations, NOS is well-saturated with the substrate  L -Arginine, 
leading to physiological production of NO. Under such conditions, the addition of exogenous  L - 
Arginine does not alter the enzyme’s activity. In the presence of pathophysiologically relevant con-
centrations of plasma ADMA and physiological concentration of  L -Arginine (relatively low 
 L -Arginine/ADMA ratio), the rate of NO formation remains below the physiological levels by 
decreasing of the NOS activity. Under these conditions, exogenous  L -Arginine supplementation 
replaces with the competitive inhibitor and restores the physiological  L -Arginine/ADMA ratio to a 
level that fi xes eNOS activity [ 7 ]. The  L -Arginine paradox suggests that NOS activity is linked to 
extracellular levels of  L -Arginine, ADMA, and thus  L -Arginine/ADMA ratio.  

     L -Arginine/ADMA Ratio 

 Elevated ADMA and normal or low  L -Arginine levels may contribute to the inhibition of NOS through 
NOS uncoupling. Namely, when ADMA levels are high, NO synthesis might still be achievable when 
 L -Arginine levels are adequately high to dislocate ADMA. The  L -Arginine/ADMA ratio (substrate/
inhibitor ratio) refl ects the local concentration of NOS substrate in relation to its endogenous inhibitor 
and suggested to be more appropriate to defi ne the degree of NOS activity than  L -Arginine or ADMA 
concentration alone [ 7 ]. The measurement of both  arginase and DDAH   also might be important in 
determining the NOS activity. It is likely that the decreased levels of  L -Arginine and increased levels 
of ADMA are caused by upregulation of arginase and inhibition of DDAH activity, respectively [ 6 ]. 
Both pathways result in lowering of the NOS substrate/inhibitor ratio, leading to a diminished NO 
production and endothelial dysfunction. In the infarcted rat heart, the increased levels and activity of 
both DDAH-1 and DDAH-2 were associated with a decreased  L -Arginine/ADMA ratio [ 17 ]. The 
 L -Arginine/ADMA ratio has been proved to be of more prognostic value in the recent studies. Whereas 
an increase in the  L -Arginine/ADMA ratio leads to an elevation in NO bioavailability, a decreased 
 L -Arginine/ADMA ratio is associated with endothelial dysfunction. In a prospective  Framingham 
Offspring Cohort     ,  L -Arginine/ADMA ratio has been inversely associated with all-cause mortality [ 18 ]. 

 Despite several studies, there is still a discrepancy to defi ne a limit for the  L -Arginine/ADMA ratio 
between healthy subjects and patients. Lüneburg et al. [ 18 ] report that the reference limit (2.5th and 
97.5th percentiles) for the  L -Arginine/ADMA ratio was 74.3–225 mmol/L from a healthy reference 
sample of participants from the Framingham Offspring Cohort (similar results for men and women). In 
their valuable research, Bode-Böger et al. [ 7 ] analyzed 14 studies including 588 healthy subjects and 
23 studies involving a total of 3070 patients with various diseases from 1980 to 2006. They reported 
that the mean  L -Arginine/ADMA ratio varies between 54.3 ± 6.6 and 227 ± 32 (median, 183) in healthy 
subject and 13.7 ± 1.4 and 194.0 ± 55.3 (median, 73) in patients with various diseases. A wide range of 
the  L -Arginine/ADMA ratio in studied populations might result from used  methodological techniques  , 
such as an enzyme-linked immunosorbent assay (ELISA), high-performance liquid chromatography 
(HPLC), or mass spectrometry-based analytical methods [ 19 ]. Because, the ELISA technique might 
overestimate the concentration of ADMA compared to other methods. Also, the intracellular  L -arginine 
concentration values are found between 60% and 70% higher than in corresponding plasma samples 
[ 20 ]. Nonetheless, outcomes from existing studies revealed that there was an evident reduction of the 
 L -Arginine/ADMA ratios with diagnosed diseases and the etiology seems to have no infl uence on the 
 L -Arginine/ADMA ratio because of similar results between different patients groups.  
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    The Role of  L -Arginine/ADMA Ratio in Diseases 

 While substantial information exists about factors affecting plasma  L -Arginine and ADMA levels 
separately in  health and disease  ,  L -Arginine/ADMA ratio has not been so extensively studied. In most 
clinical conditions associated with endothelial dysfunction, circulating  L -Arginine concentrations 
have been observed to be within the normal range. Clinical and experimental evidences suggest that 
elevation of ADMA may cause a relative  L -Arginine defi ciency, even in the presence of “normal” 
 L -Arginine levels [ 21 ]. Nevertheless, low  L -Arginine  plasma levels   in combination with high ADMA 
plasma levels more deteriorate systemic hemodynamics and reduce blood fl ow through the vital 
organs such as the kidney, spleen, and liver [ 22 ]. 

  L -Arginine/ADMA ratio may serve as better marker of endothelial functional status than each 
individual parameter for disease activity and progression, and thereby, involvement of  L -Arginine/
ADMA ratio in clinical studies has been required in recent papers. Since  L -Arginine/ADMA ratio is 
superior to the levels of  L -Arginine and ADMA alone, knowledge about conditions associated with 
lower  L -Arginine/ADMA ratio as an indicator of endothelial dysfunction is therefore important. 

     Infl ammation   

  L -Arginine enhances wound healing, improves immune function (T-cell antitumor immunity), and has 
anti-catabolic effects during the healing process [ 23 ]. However, elevated infl ammatory markers such 
as c-reactive protein, myeloperoxidase, erythrocyte sedimentation rate, TNF-α, and IL-6 have been 
suggested to correlate with reduced  L -Arginine levels, increased circulatory ADMA levels, and unfa-
vorable change in the  L -Arginine/ADMA ratio in several patient populations [ 24 – 26 ]. Van der Zwan 
et al. [ 6 ] found that even low-grade systemic infl ammation was associated with a decreased  L - 
Arginine/ADMA ratio. Moreover, recent studies have proved that experimental acute infl ammation 
reduces the  L -Arginine/ADMA ratio.  Escherichia coli  endotoxin (lipopolysaccharide) administration 
had resulted in a signifi cant reduction of  L -Arginine and ADMA plasma concentrations, thereby a 
reduction in the  L -Arginine/ADMA ratio in rat [ 27 ] and healthy human [ 28 ]. Also, oxidative stress 
seems to enhance the association between infl ammation and increased ADMA levels. These 
infl ammation- associated decreased levels of  L -Arginine and increased levels of ADMA and thereby 
reduced  L -Arginine/ADMA ratios are leading to a diminished NO production and may contribute to 
the vascular pathology.  

     Traditional Cardiovascular Risk Factors   

 The development of atherosclerotic lesions is a multifactorial process that includes many traditional 
cardiovascular risk factors. These cardiovascular risk factors associated with endothelial dysfunction 
mediate their deleterious effects on the vascular wall by dysfunction of the endothelial NO produc-
tion. A decreased  L -Arginine/ADMA ratio (relatively increased plasma ADMA level) has been dem-
onstrated to be associated with many of these risk factors despite circulating  L -Arginine concentration 
being found to be in the normal range [ 29 ]. Main ones are as follows. 

 Female gender has been found in association with lower  L -Arginine/ADMA ratio [ 30 ].  L -Arginine/
ADMA ratio is also associated with women with previous gestational diabetes [ 31 ] and pre-eclampsia 
[ 32 ]. The inverse association between body mass index and endothelial NO has been also explained by 
an imbalance between  L -Arginine and ADMA [ 33 ]. Despite Maas et al. [ 34 ] demonstrated that smokers 
tended to have lower plasma ADMA levels compared to nonsmokers, smokers widely have a tendency 
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to higher plasma ADMA levels, lower  L -Arginine levels, and lower  L -Arginine/ADMA ratio. A reduc-
tion of the  L -Arginine/ADMA ratio has been demonstrated in subjects with hypertension [ 35 ]. It has 
been suggested that the association between reduced NO bioavailability and the development of hyper-
tension develop before the onset of hypertension [ 36 ]. Oxidized low- density   lipoprotein cholesterol and 
lysophosphatidylcholine decrease  L -Arginine transport into endothelial cells and have been shown to 
attenuate DDAH activity, allowing  L -Arginine/ADMA ratio to reduce and block NO synthesis in patients 
with hypercholesterolemia [ 37 ]. Böger et al. [ 38 ] reported increased plasma homocysteine levels had 
resulted in a redox-mediated inhibition of DDAH and thereby a decreased  L -Arginine/ADMA ratio.  

     Coronary Artery Disease   

 Although  L -Arginine has anti-atherogenic effects [ 39 ], increased plasma ADMA level has been shown 
to a critical predisposing factor in development of atherosclerotic heart disease. Presumably because 
of the adverse effect on endothelial function, a decreased  L -Arginine/ADMA ratio has been proposed 
more accurately to explain the possible underlying mechanism of the development of coronary artery 
disease [ 40 ].  L -Arginine/ADMA ratio might predict myocardial infarctions in the general population 
[ 41 ] and cardiovascular events in patients who had undergone percutaneous coronary intervention 
[ 42 ]. Sahinarslan et al. [ 43 ] showed that a decreased  L -Arginine/ADMA ratio is associated with the 
presence and extensive of coronary artery disease, as visualized by coronary angiography.  L -Arginine/
ADMA ratio might also have a diagnostic potential for the identifi cation of patients with coronary 
artery ectasia and slow coronary fl ow. Koc et al. [ 44 ] showed that the  L -Arginine/ADMA ratio was 
lower in the coronary artery ectasia group compared with the control group whereas the plasma 
ADMA levels were similar. Selcuk et al. [ 45 ] demonstrated patients with slow coronary fl ow have 
higher plasma concentrations of plasma ADMA level and lower  L -Arginine/ADMA ratio, which fur-
ther support the consideration that vascular endothelial function is disrupted in patients with slow 
coronary fl ow. In contrast, in a study of patients with stable angina pectoris, Walker et al. [ 46 ] dem-
onstrated that the  L -Arginine/ADMA  ratio   did not associate with endothelial function.  

     Heart Failure   

 NO has a protective role on the deteriorating myocardium of patients with dilated cardiomyopathy. 
The levels of dimethylarginines rose with the degree of heart failure and the prognostic value of the 
 L -Arginine/ADMA ratio is related to myocardial NOS inhibition [ 47 ]. Anderssohn et al. [ 48 ] showed 
that the  L -Arginine/ADMA ratio is an independent predictor of all-cause mortality in patients with 
chronic heart failure due to dilated cardiomyopathy but not in patients with ischemic cardiomyopathy. 
Seljefl ot et al. [ 49 ] showed that endothelial dysfunction evaluated by the  L -Arginine/ADMA ratio was 
signifi cantly associated with measures of the severity of heart failure, such as NT-proBNP, the 6-min 
walking distances, and exercise capacity, and was more pronounced than those with plasma  L - Arginine 
and ADMA levels alone in patients with chronic heart failure.  

     Atrial Fibrillation   

 The most comprehensive assessment of patients with atrial fi brillation includes the subset analysis of 
the  Candesartan in the Prevention of Relapsing Atrial Fibrillation (CAPRAF)   study. In this study, the 
authors found no relationship between risk of atrial fi brillation recurrence and  L -Arginine levels, 
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ADMA levels, or the  L -Arginine/ADMA ratio except a higher risk of recurrence in the highest  L - 
Arginine quartile when compared with the three lowest quartiles grouped together [ 50 ]. Interestingly, 
they observed that restoration and maintenance of sinus rhythm for 6 months were associated with an 
increase in the  L -Arginine/ADMA ratio and argued that this increased  L -Arginine/ADMA ratio might 
resulted from improved endothelial function in the vasculature due to improved hemodynamics in 
patients who remain in sinus rhythm.  

     Diabetes   

 Plasma ADMA level is apparently elevated in advanced stages of diabetes mellitus [ 29 ,  51 ] and the 
 L -Arginine/ADMA ratio was signifi cantly lower in hyperglycemic groups compared to normoglyce-
mic ones [ 52 ]. Several studies focusing on diabetic subjects reported that elevated plasma ADMA 
levels predict cardiovascular morbidity and mortality [ 53 ] and in some of these studies plasma ADMA 
level also affected progression of diabetic nephropathy [ 54 ]. Nonetheless, Ellger et al. [ 52 ] suggested 
that maintaining normoglycemia during critical illness preserves the physiological regulation of sub-
strate availability for NOS. It is noteworthy that possible link between plasma ADMA level and car-
diovascular disease in diabetic patients is insulin resistance. Eid et al. [ 55 ] demonstrated that 
endothelial dysfunction evaluated by  L -Arginine/ADMA ratio has been linked to insulin resistance 
and glucometabolic disturbances.  

     Peripheral Artery Disease   

 Peripheral artery diseases, as well as coronary artery disease, have been found in association with 
diminished NO bioavailability. A decreased  L -Arginine/ADMA ratio may reduce the NO-mediated 
smooth muscle relaxation and the arteries’ capacity of vasodilatation [ 14 ]. Reduction of   L -Arginine/
ADMA ratio after administration of ADMA has resulted in impairment in the aortic pulse wave veloc-
ity (aPWV) and the augmentation index (AIx), which are both associated with endothelial function 
[ 56 ]. Nonetheless, Angel et al. [ 57 ] demonstrated that improvement in the  L -Arginine/ADMA ratio 
might have contributed to improvement in aPWV. Additionally, increased circulating ADMA levels 
have been independently in association with carotid-wall intima–media thickness (CIMT) and its 
progression even in the absence of clinical manifestations of arteriosclerosis [ 26 ].  

     Renal Failure   

 Since the kidney releases more  L -Arginine into plasma than it extracts, renal  L -Arginine synthesis 
outweighs  L -Arginine consumption [ 58 ]. Renal failure may result in a mean decrease in the  L - Arginine 
plasma concentration (0.05 mmol/L per 1 mL/min decline of eGFR) [ 18 ]. Besides its key role in 
maintaining a constant supply of  L -Arginine, the kidneys also provide a signifi cant route for clearance 
of dimethylarginines (ADMA and SDMA), which can be explained by renal DDAH activity [ 36 ]. 
Additionally, Yilmaz et al. [ 59 ] demonstrated that altered insulin signaling might contribute to increase 
plasma ADMA level in patients with renal parenchymal damage. The degree of proteinuria indepen-
dently infl uences circulating levels of ADMA [ 59 ]. Nonetheless, plasma ADMA and SDMA concen-
trations have increased in chronic kidney disease patients with proteinuria [ 60 ] and without proteinuria 
[ 61 ]. Also, ADMA acts as a potent predictor of diabetic nephropathy progression  independent   on 
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subject’s renal function [ 54 ]. Numerous studies demonstrated that increased plasma ADMA level is 
as an independent risk factor for cardiovascular morbidity and mortality in patients with both end 
stage [ 62 ] and in milder stages of chronic kidney disease [ 63 ]. 

 Although increased plasma ADMA level has been demonstrated several times in patients with 
chronic kidney disease, only a few studies have measured plasma concentration of  L -Arginine and 
reported the  L -Arginine/ADMA ratio. However, a reduced  L -Arginine/ADMA ratio might increase 
cardiovascular risk and worsen the prognosis in patients with chronic kidney disease than ADMA 
alone [ 64 ]. In their study, Celik et al. [ 65 ] found that  L -Arginine/ADMA ratio was higher in patients 
with GFR > 60 mL/min/1.73 m 2  and good coronary collateral development (CCD) than in patients 
with GFR < 60 mL/min/1.73 m 2  and poor CCD. It is essential to obtain further insights into the con-
sequences of alterations of  L -Arginine/ADMA ratio in patients with renal failure.  

     Hepatic Failure   

 The liver contains large amounts of arginase and plays an important role in the regulation of plasma 
 L -Arginine concentrations. Liver failure is associated with high plasma levels of  L -Arginine [ 66 ]. In 
their study, Siroen et al. [ 67 ] showed that besides a rise in  L -Arginine levels, the  L -Arginine/ADMA 
ratio is also increased signifi cantly after transjugular intrahepatic portosystemic shunt (TIPS) place-
ment and confi rmed the major role of the liver as an ADMA clearing organ. The authors suggested 
that since blood does not arrive at the hepatocyte, but shunts directly from a portal branch into the 
hepatic vein after TIPS placement, an increase in  L -Arginine plasma levels and an enhancement in 
renal excretion of dimethylarginines due to increased renal blood fl ow are provided. Furthermore, 
ADMA levels have been reported in increased critically ill patients with hepatic dysfunction. A recent 
study of Mookerjee et al. [ 68 ] exposed reduced DDAH expression and increased ADMA levels in 
liver tissue of patients with severe alcoholic  hepatitis  . Also, ADMA has been used as a possible indi-
cator of acute allograft rejection in patients undergoing liver transplantation [ 69 ].  

     Erectile Dysfunction   

 Paroni et al. [ 70 ] observed that ADMA and SDMA concentrations are signifi cantly higher and  L - Arginine/
ADMA and  L -Arginine/SDMA ratios are lower in patients who have arteriogenic erectile dysfunction 
compared with both patients with non-arteriogenic erectile dysfunction and controls. Chen et al. [ 71 ] 
reported that sexual function is improved signifi cantly when  L -Arginine/ADMA ratio is elevated after 
treated with  L -Arginine supplementation in combination with phosphodiesterase type 5 inhibitors.  

     Subarachnoid Hemorrhage   

 NO is also released from autonomic nerves and neurons and crucial for the regulation of cerebral 
blood fl ow [ 72 ]. After subarachnoid hemorrhage, Washington et al. [ 73 ] showed that circulating lev-
els of plasma ADMA are increased and Staalso et al. [ 74 ] reported that low values of the  L -Arginine/
ADMA ratio are associated with mortality in patients with subarachnoid hemorrhage. A positive cor-
relation between reduced values of reactive hyperemia index measured by fi ngertip arterial tonometry 
and diminished  L -Arginine/ADMA ratio was found in stroke patients [ 75 ] and patients with subarach-
noid hemorrhage [ 76 ].  
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     Airway Diseases   

 Endogenous nitric oxide (NO) plays a key benefi cial role in the physiological regulation of airway 
functions including the control of vascular tone, bronchial tone, and neuroendocrine regulation of 
airway mediator release [ 77 ]. Impaired  L -Arginine uptake and the accumulation of plasma ADMA 
level in the lung might contribute to decrease NO production in respiratory airway, thereby increasing 
the airway resistance and reducing lung compliance [ 78 ]. This reduced compliance is linked to 
increased collagen deposition [ 78 ].  

     Necrotizing Enterocolitis   

  L -Arginine/ADMA ratio also plays an important role in regulating the development of gastrointestinal 
circulation and in preserving the integrity of the gastrointestinal mucosal barrier [ 79 ]. The animal 
studies indicate that inhibition of the  L -Arginine-NO pathway could result in decreased gastrointesti-
nal blood fl ow and impairment of the intestinal mucosal barrier [ 80 ]. Richir et al. [ 79 ] showed that 
premature infants with necrotizing enterocolitis (NEC) have both lower  L -Arginine and ADMA levels 
for NO synthesis. Since the decrease of  L -Arginine is larger than the decrease of ADMA, the  L - 
Arginine/ADMA ratio is lower suggesting a reduced capacity for NO synthesis. Therefore, Richir 
et al. [ 79 ] suggested that lower  L -Arginine/ADMA ratio could be a compensatory mechanism in 
patients with NEC.   

    Therapeutic Strategies 

 Theoretically, therapeutic strategies to increase  L -Arginine concentration or decrease ADMA concen-
tration may positively infl uence the endothelium by improving NOS function. Since it is diffi cult to 
demonstrate alters in plasma  L -Arginine and ADMA concentrations, the  L -Arginine/ADMA ratio 
(substrate/inhibitor ratio) may be used in assessing the treatment response and prognosis evaluation. 

    Increase  L -Arginine/ADMA Ratio 

 The pharmacological arrangement of plasma ADMA concentration is an interesting area. Although 
there is no currently any specifi c ADMA-lowering therapy available, the effect of several pharmaco-
logical agents on ADMA metabolism has been investigated. The most studied drug group is  renin–
angiotensin–aldosterone system (RAAS) inhibitors     . RAAS inhibitors have been shown to reduce 
plasma ADMA concentration in both cultured endothelial cells [ 81 ] and in clinical studies [ 82 ]. 
However, in the subset analysis of the CAPRAF study, treatment with candesartan did not affect the 
levels of ADMA,  L -Arginine, or their ratio [ 50 ]. Hov et al. [ 83 ] observed a signifi cant increase on the 
 L -Arginine/ADMA ratio without any signifi cant difference on plasma ADMA level after medication 
with RAAS inhibitors. Delles et al. [ 84 ] showed no effect of RAAS inhibitors on plasma  L -Arginine 
concentration in a small study of young patients with essential hypertension. Therefore, the effect of 
RAAS inhibitors on the  L -Arginine/ADMA ratio should be further examined. 

 There is a  discrepancy   among the results of clinical studies with cholesterol-lowering drugs, espe-
cially statins, on circulatory ADMA levels. Janatuinen et al. [ 85 ] found the benefi cial vascular effect 
of  pravastatin   only in patients with low plasma ADMA level, whereas they did not found it in those 
with increased plasma ADMA level. Janatuinen et al. [ 85 ] tried to explain in part this inconsistent 
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result by blockade NOS with increased plasma ADMA level despite its upregulated gene expression 
after statin treatment. Therefore, Janatuinen et al. [ 85 ] recommend the use of  L -Arginine supplemen-
tation combined with pravastatin in addition to overcome this blockade. Similarly, Böger et al. found 
that simvastatin enhanced endothelium-dependent vasodilation only when it was combined with sup-
plemental nutritional  L -Arginine in patients with an elevated ADMA concentration. Dierkers et al. 
[ 86 ] showed that fenofi brate raises  L -Arginine and  L -Citrulline, but not ADMA. Consequently, the 
 L -Arginine/ADMA ratio increased. However, the addition of folic acid and vitamin B12 and B6 to 
fenofi brate had no signifi cant effect on  L -Arginine, ADMA, and their ratios. Similar results have been 
found in monkeys [ 38 ] and in patients with peripheral occlusive atherosclerotic disease [ 87 ]. 

 Other drug research studies are as follows. Both Stühlinger et al. [ 88 ] and Wang et al. [ 89 ] demon-
strated that administration of the  rosiglitazone   (a PPAR-gamma agonist, which reduce blood glucose 
levels by improving insulin sensitivity in organs) reduces the plasma ADMA level. O’Kane et al. [ 90 ] 
recently demonstrated that aspirin increased the activity of NOS type 3 in platelets and decreased 
 L -Arginine concentration by increasing  L -Arginine–citrulline turnover. This could explain why use of 
 platelet inhibitors   (mainly aspirin) was associated with lower  L -Arginine/ADMA ratio. Setola et al. 
[ 91 ] demonstrated that growth hormone replacement decreases plasma ADMA levels and increases 
 L -Arginine/ADMA ratio in patients with growth hormone defi ciency. The management of  infl amma-
tion and oxidative stress   have also improved  L -Arginine/ADMA ratio [ 6 ]. The favorable effect of 
anti-TNF-α therapy on the  L -Arginine/ADMA ratio has been found in association with an increase in 
 L -Arginine and without infl uencing ADMA levels [ 57 ].  

    Supplementing  L - Arginine   

 Since ADMA is a competitive inhibitor of NOS, theoretically,  L -Arginine supplementation (natural sub-
strate of NOS) could be able to displace ADMA, reverse the competitive inhibition of NOS by ADMA, 
and increase NO levels in the body. Thus, the detrimental vascular effects of elevated plasma ADMA 
level might be counteracted. The effect of  L -Arginine supplementation on the improvement of NO bio-
availability is controversial. Dietary supplementation with  L -Arginine has been reported to improve endo-
thelial function [ 37 ], improve symptoms of claudication in patients with peripheral vascular disease [ 92 ], 
increase walking distance, increase fl ow-mediated dilation of the brachial artery [ 93 ], improve coronary 
microvascular fl ow and therefore myocardial ischemia [ 94 ], improve glucose tolerance and enhance insu-
lin sensitivity [ 95 ], decrease endothelin-1 levels [ 96 ], reduce plasma levels of fatty acids and triglyceride 
[ 95 ] reduce endothelial adhesiveness for monocytes, inhibit platelet aggregation, and retard atherogenesis 
[ 97 ]. Despite these benefi cial effects of  L -Arginine supplementation, recent studies have reported some 
deleterious effects of  L -Arginine on vascular function, especially in critically ill patients [ 98 ]. 

 The benefi cial effects of  L -Arginine supplementation are mainly being attributed to increasing the 
plasma  L -Arginine/ADMA ratio (approximately 60 %) in both experimental animal model and pre-
liminary clinical studies [ 46 ]. Although  L -Arginine administration does not affect renal ADMA clear-
ance [ 37 ], the effect of  L -Arginine supplementation might be infl uenced by the presence of 
ADMA. Böger et al. [ 21 ] proposed that nutritional  L -Arginine supplementation has little or no effect 
on humans with no disturbed  L -Arginine/ADMA balance. Therefore, it has been suggested that 
 L -Arginine/ADMA ratio might help to identify patients that could receive the greatest benefi t from 
 L -Arginine supplementation [ 7 ]. 

 The major part of dietary  L -Arginine is metabolized in the liver and utilized in the hepatic urea 
cycle [ 34 ]. Because of its extensive fi rst-pass metabolism in the liver and intestine, only a small por-
tion of dietary  L -Arginine is converted to NO. Thus, the use of  L -Arginine supplementation as a thera-
peutic modality is limited. The standard dose for  L -Arginine is 3–6 g (three times a day), with a total 
dose of 15–18 g. However, it should be kept in mind that taking more than 10 g of  L -Arginine at once 
can result in gastrointestinal distress and diarrhea. 
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 Another  supplementation   option is by increasing the concentration of the L-arginine precursor, 
 L -Citrulline or glutamine.  L -Citrulline is a nonessential amino acid but essential to detoxify and 
remove ammonia from muscle and liver cells.  L -Citrulline is converted into  L -Arginine by the 
 L -Citrulline/ L -Arginine cycle in the kidneys.  L -Citrulline is not subjective to extensive fi rst-pass 
metabolism by gut bacteria or liver arginases [ 99 ]. Since it has a better absorption rate,  L -Citrulline is 
able to increase levels of plasma  L -Arginine more effective than  L -Arginine itself [ 70 ]. Nevertheless, 
the inhibition of the enzyme of arginase (an indirect strategy for elevating  L -Arginine) could improve 
 L -Arginine bioavailability. Tousoulis et al. [ 39 ] have suggested that the inhibition of the enzyme of 
arginase is more effective than exogenous  L -Arginine administration. Plasma  L -Arginine concentra-
tion can also be altered by pharmacotherapy. Dierkers et al. [ 86 ] showed that fenofi brate raises  L - 
Arginine and Holven et al. [ 100 ] showed that folic acid treatment reduces  L -Arginine levels.   

    Conclusion 

 The  L -Arginine/ADMA ratio is a more important determinant of NOS bioavailability and endothelial 
function than plasma  L -Arginine and ADMA concentrations alone. The alterations in  L -Arginine/
ADMA ratio have important insights in the understanding of the pathophysiology and the biochemical 
mechanisms of various diseases and metabolic conditions, which occur as a result of endothelial dys-
function.  L -Arginine/ADMA ratio may also be a conceivable target for pharmacological approaches. A 
combined management of  L -Arginine supplementation and decrease of ADMA level may best achieve 
the improvement of NOS bioavailability by an increase of the substrate/inhibitor ratio.     
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 Key Points 

•   The L-arginine (Arg) catabolism pathway is overactive in colorectal cancer (CRC).  
•   Endothelial nitric oxide synthase (eNOS) and ornithine decarboxylase (ODC) are the main 

enzymes for Arg catabolism in cancer cells.  
•   Polyamines are known as oncometabolites.  
•   Arg transporter CAT-1 and ATB (0,+)  (SLC6A14) are overexpressed in CRC cells.  
•   A cationic amino acid probe may be used to develop a novel molecular imaging diagnostic tool.  
•   Mass spectrometry analysis of oncometabolites may be useful for cancer screening.  
•   Several molecules in the Arg catabolism pathway may be potential targets for chemoprevention 

and targeted CRC therapy.  
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  Abbreviations 

  APAO    Acetylpolyamine oxidase   
  APC    Adenomatous polyp   
  ADI    L-Arginine deiminase   
  Arg    L-Arginine   
  ASS    Argininosuccinate synthetase   
  ASL    Argininosuccinate lyase   
  ARG    Arginase   
  α-MT    α-methyl-dl-tryptophan   
  CAT    Cationic amino acid transporter   
  Cit    Citrulline   
  CRC    Colorectal cancer   
  eNOS    Endothelial nitric oxide synthase   
  EREG    Epiregulin   
  ER    Estrogen receptor   
  eIF5A    Eukaryotic translation initiation factor-5A   
  HATs    Heteromeric(di) amino acid transporters   
  HPLC    High-performance liquid chromatography   
  HUGO    Human genome organization   
  NO    Nitric oxide   
  NSCLC    Non-small cell lung cancer   
  ODC    Ornithine decarboxylase   
  PCR    Polymerase chain reaction   
  PET    Positron emission tomography   
  PKC    Protein kinase C   
  RCC    Renal cell carcinoma   
  shRNA    Short hairpin RNA   
  SMO    Spermine oxidase   
  SAT1 or SSAT    Spermidine/spermine  N 1-acetyl transferase   
  SLC7A    Solute carrier family 7   

      Introduction 

 Colorectal cancer (CRC) is one of the most common malignant tumors in the world. The current treat-
ment protocol still heavily relies on early diagnosis and surgery. Treatment options remain limited for 
recurrent and metastatic CRC patients, and less than 20 % respond to the current targeted therapies [ 1 , 
 2 ]. Obviously, it is very important to discover  novel biomarkers   of CRC to develop more effective 
targeted treatments. Researchers are focusing their efforts on cancer genomics, proteomics, and cur-
rent metabolomics to identify novel cancer biomarkers to facilitate the development of new serologi-
cal diagnostic tools and targeted CRC therapies [ 3 – 5 ]. 

  Abnormal metabolism   is one of the important characteristics of cancer; it could be an initiating 
factor of carcinogenesis or a consequence of cancer development and progress. With advancing prog-
ress in cancer  metabolomics  , there is new insight into tumor cell metabolism pathways of reprogram-
ming and the effects of abnormal metabolism on tumors’ biological behavior. Thanks to these 
advances, signifi cant progress in tumor prevention has been achieved, especially in CRC. Among 
cancer metabolites, polyamines have gained increasing attention in recent years because of their asso-
ciation to the early-stage tumor development and colorectal carcinoma progression [ 3 ,  6 ]. It is well 
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known that L-arginine ( Arg)   is a substrate of polyamines. Recently, several lines of research con-
fi rmed that abnormal Arg catabolism pathway may be characteristic of tumor cell metabolism. We 
have focused on Arg metabolism in CRC and found elevated level of polyamines, the Arg terminal 
metabolite in cancer patient sera [ 7 ]. Based on this fi nding, we [ 8 ] established an analytical method of 
 high- performance liquid chromatography (HPLC)      for simultaneous determination of Arg and  L -citrul-
line (Cit) and found abnormal Arg metabolism in the urea cycle and decreased Arg levels in the sera 
of CRC patients. Our subsequent study [ 9 ] demonstrated signifi cantly higher Arg and Cit levels in 
CRC tissues compared with adjacent normal colorectal tissues, indicating increased Arg bioavailabil-
ity in CRC tissues. Our results suggested that Arg catabolism pathway is overactive in the CRC cells. 
We [ 10 ] also found that the higher bioavailability of Arg in CRC cells was associated with higher 
expression of certain Arg transporters in CRC cells. In order to better understand Arg metabolism and 
develop novel diagnostic tools and therapies for CRC, this review details the recent fi ndings regarding 
Arg and its transporters in CRC.  

    Arg Catabolism Pathway in Cancer Cells 

 There are two pathways to metabolize Arg in human colon epithelial cells and adenocarcinoma: the 
nitric oxide synthase (NOS) pathway and the ornithine polyamine  pathway  , as reviewed by Blachier 
et al. [ 11 ].  L -Arg is the substrate of endothelial nitric oxide synthase [eNOS or nitric oxide synthase 3 
(NOS3)]. The metabolic products of the  L -Arg–NO pathway are nitric oxide (NO) and Cit. The latter 
can be recycled to synthesize Arg in the cells by  argininosuccinate synthetase (ASS)   and  argininosuc-
cinate lyase (ASL)     . Experimental studies have demonstrated that cancer cells express higher eNOS 
that is necessary for persistent Ras-driven PI3K–AKT signal pathway in tumor growth [ 12 ,  13 ]. 
Tumor cells express initiating oncogenes like  Ras , while loss of oncogene expression in established 
tumors leads to tumor regression. In many cancers, HRas, NRas, or KRas is mutated to remain in the 
active GTP-bound oncogenic state. PI3K usually remains activated by oncogenic Ras through activa-
tion of protein kinase B (PKB; also known as  AKT)   to maintain tumor growth, and Ras activates 
several proteins to initiate human tumor growth. In 2008, Lim et al. [ 13 ] discovered that blocking 
phosphorylation of the AKT substrate (eNOS) inhibits tumor initiation and maintenance. In addition, 
 eNOS   enhances the nitrosylation and activation of endogenous wild-type Ras proteins, which are 
required throughout tumorigenesis. The existing evidence suggests that activation of the PI3K–AKT–
eNOS (wild-type)-Ras pathway by oncogenic  Ras  in cancer cells is required to initiate and maintain 
tumor growth. As Arg is a substrate of eNOS, the activation of the PI3K–AKT–eNOS–Ras pathway 
will accelerate Arg catabolism in cancer. Thus, targeting Arg catabolism may substantially inhibit the 
pathway to suppress tumor growth. 

 In CRC cells, the ornithine polyamine pathway (i.e., the catabolism pathway of Arg for polyamine 
generation via ornithine) has received increasing attention [ 14 ].  L -Arg catabolized by arginase (ARG) 
produces ornithine that can be further catabolized by  ornithine decarboxylase (ODC)      to produce poly-
amines. One of the polyamines, putrescine, plays an important role in CRC development and prolifera-
tion [ 15 ]. It has been found that many tumors, such as CRC [ 16 ] and neuroblastoma [ 17 ], express 
higher levels of ODC. An experimental study [ 14 ] confi rmed that ODC plays an important role in the 
carcinogenesis of CRC. Both the adenomatous polyp (APC) tumor suppressor and KRAS genes are 
involved in the regulation of polyamine generation and the initiation of intestinal tumorigenesis in APC 
mutant mice [Apc(Min/+) mice]. In this strain of mouse, ODC transcription increases, and acceleration 
of the polyamine synthesis process is c-Myc dependent. Notably, ODC inhibitors can signifi cantly 
reduce the incidence of colon polyps. The KRAS gene can increase ODC activity and polyamine levels 
in cells and tissues, which results in carcinogenesis. In addition,  ODC   can replace c-Myc to cooperate 
with RAS for cell transformation. We also demonstrated higher ODC expression in CRC in a tissue 
microarray study (Fig.  19.1 ).
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   Recently Manna et al. [ 3 ] performed mass spectrometry-based metabolomic and gene expression 
analyses of urine and tissue samples from mice and humans to identify markers of  colorectal carcino-
genesis  . In human studies, metabolic profi les were compared between colon tumor and adjacent non- 
tumor tissues from 39 patients. The results identifi ed metabolites related to Arg/polyamine metabolism, 
nucleic acid metabolism, and methylation and distinguished tumor-bearing Apc(Min/+) mice with 
100 % accuracy. The metabolites also accurately identifi ed mice with polyps. These alterations in 
 urinary metabolites   were also observed in mice with azoxymethane-induced tumors and in mice with 
colon-specifi c β-catenin activation.  Metabolite screening   also revealed that human tumor tissues had 
stage-dependent increases in 12 metabolites associated with the same metabolic pathways identifi ed 
in mice (including amino acid metabolism and Arg/polyamine metabolism). Ten metabolites (proline, 
threonine, glutamic acid, Arg,  N 1-acetylspermidine, xanthine, uracil, betaine, symmetric dimethylar-
ginine, and asymmetric-dimethylarginine) were increased in tumor tissues compared with non-tumor 
tissues and urine from both human and tumor-bearing mice. The authors further demonstrated that 
gene expression and metabolomic profi les of urine and tissue samples from mice with colorectal 
tumors and CRC tumor samples from patients exhibited derangements of specifi c metabolic pathways 
that are indicative of early-stage tumor development. They concluded that these urine and tissue 
markers might be used for the early detection of CRC. 

  Polyamines   are organic polycations with low molecular weights that can bind to negatively charged 
RNAs, microRNAs, and proteins to affect protein translation and transcription and support c-Myc- 
controlled gene function [ 6 ,  14 ,  18 ]. Polyamines can modify eukaryotic translation initiation 

  Fig. 19.1    Immunohistochemical labeling demonstrating strong  ODC   expression in human CRC tissue. Histochemistry 
of matched tissue specimens: ( c  and  d ) cancer tissue and ( a  and  b ) adjacent normal colon tissue. The pathological char-
acteristics of colon adenocarcinoma ( c ,  d ) and adjacent normal colon tissue ( a ,  b ) in the tumor specimen are shown in 
the hematoxylin- and eosin-stained sections. The densities of ODC protein expression in colon adenocarcinoma ( c  and 
 d ) and adjacent normal colon tissue ( a  and  b ) were assessed following labeling with the ASS antibody at 10× ( a  and  c ) 
and 20× amplifi cations ( b  and  d )       
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factor- 5A (eIF5A) to become a very rare amino acid hypusine-containing protein that regulates gene 
function by affecting the synthesis and translation of proto-oncogene and tumor suppressor genes, as 
well as protein modifi cation [ 18 ,  19 ]. However, the precise molecular involvement of hypusinated 
protein in the process of carcinogenesis is still unclear. The microRNA let-7 family has been known 
to inhibit the function of  oncogenes  , such as KRAS and the growth-associated transcription factor 
HMGA2. Polyamine depletion can signifi cantly increase let-7 activity and inhibit tumor growth [ 18 ]. 
Thus,  polyamines   play an important role in CRC development and cell proliferation as carcinogenic 
metabolites (oncometabolites) [ 14 ,  18 ]. In order to confi rm polyamine accumulation in CRC cells, we 
performed applied metabolomics (mass spectrometry) to analyze metabolites in human tumor tissues 
and found that Arg, ornithine, spermidine, spermine, and putrescine were signifi cantly increased in 
CRC  tissues   (Fig.  19.2 ). It has been confi rmed that the ODC inhibitor DFMO (efl ornithine), which is 
used to treat  toxoplasmosis  , can be used for chemoprevention of colorectal adenoma, prostate, and 
skin cancers. The anti-infl ammatory drug sulindac, which promotes polyamine excretion, can be com-
bined with DFMO to effectively reduce the incidence of colonic adenomas [ 14 ]. Limiting Arg-rich 
meat consumption and inhibiting ODC activity can largely reduce polyamine synthesis and the inci-
dence of CRC in certain instances [ 14 ,  20 ]. This strategy may also be applied for the prevention of 
other cancers, such as lung, breast, and prostate cancers. However, it is not clear if DFMO can be used 
in chemotherapy.
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  Fig. 19.2    Arg metabolites in  human CRC tissues  . The samples are matched tissue specimens from 11 CRC cases. The 
metabolites were analyzed by mass spectrometry, and 207 metabolites were detected. Among them, 153 metabolites 
showed signifi cant differences between cancer tissue and adjacent healthy colon tissue (as  P  < 0.05). Specifi cally, fi ve 
arginine metabolites were found to be signifi cantly higher in CRC tissues. The number shown in the fi gure is indicated 
as mass intensity/g tissue dry weight ( P  < 0.05)       
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        Polyamine Catabolic Pathways      in CRC 

 Intracellular polyamine levels are controlled to maintain homeostasis via strict regulation of every 
step in the synthesis, absorption, and transport of polyamine metabolism pathway, and these events 
are disrupted in cancer cells. The catabolism of spermine/spermidine is usually via the one-step enzy-
matic reaction of spermine oxidase (SMO), or by two steps of spermidine/spermine N1-acetyl trans-
ferase (SAT1 or SSAT) coupled with  N 1-acetylpolyamine oxidase (APAO). Polyamine catabolism is 
mainly through easily induced SSAT, which can acetylate polyamines and promote the transport of 
acetylated polyamines out of the cells through specifi c transmembrane proteins, thus reducing intra-
cellular polyamine levels. Studies in both human cells and mouse models have confi rmed that sulin-
dac and other nonsteroidal anti-infl ammatory drugs induce SAT1 expression by unique transcriptional 
mechanisms, which promote the acetylation of polyamines and their subsequent transport out of the 
cells. This activity contributes to the therapeutic effect of these agents on neuroblastoma and 
infl ammation- induced CRC [ 16 ,  17 ]. Recently, it was found that overexpressing SAT1 via an adeno-
virus can quickly remove intracellular spermidine and spermine, directly inhibit cell protein synthesis 
within 24 h, and halt cell growth [ 21 ]. Based on these results, the clinical application of SAT1 adeno-
virus for cancer treatment should be assessed in future studies. However, polyamine catabolism 
involves synergy among several catabolic enzymes,  including   SSAT, APAO, and SMO. Thus, it is not 
 clear   whether the use of SSAT/APAO and SMO to alter the total intracellular polyamine pool is a 
viable cancer treatment strategy.  

    Arg Transporters in  CRC   

 Arg is a positively charged (cationic) amino acid that can be shuttled across the membrane by several 
transporters. The most common Arg transporter family is the family of Na + -independent  cationic 
amino acid transporters (CAT)      comprised of four members, CAT-1, CAT-2A, CAT-2B, CAT-3, and 
CAT-4, which all exhibit a nearly identical substrate pattern for Arg. CAT-1 and CAT-3 are encoded 
for by separate genes, while CAT-2A and CAT-2B are splice variants that differ only over a 42-amino 
acid stretch. The  human genome organization (HUGO)      has assigned the solute carrier family 7 (SLC7) 
gene names SLC7A1, SLC7A2, SLC7A3, and SLC7A4 to human CAT-1, CAT-2, CAT-3, and CAT-4, 
respectively. The function and specifi city of CAT-3 and CAT-4 are not clear in many ways [ 22 ]. The 
second branch of the SLC7 family is comprised of the light chains of heteromeric(di) amino acid 
transporters (HATs, SLC7A5-11). In contrast to the CAT proteins, these glycoprotein-associated 
transporters need to couple with a glycoprotein (SLC3A1 or SLC3A2) to be targeted to the plasma 
membrane. The HATs 4F2hc/y + LAT1, 4F2hc/y + LAT2 (SLC3A2/SLC7A7 and SLC7A6), and rBAT/
b 0,+ AT (SLC3A1/SLC7A9) accept both cationic and neutral amino acids (see more in detail in [ 22 ]). 
Another Arg transporter is the sodium- and chloride-dependent neutral and basic amino acid trans-
porter B (0+)  that is encoded by the SLC6A14 gene in humans. In normal tissues, SLC6A14 protein is 
expressed at a low level [ 23 ]. 

 To better understand the molecular  mechanism   of Arg accumulation in CRC tissues, we studied the 
transport mechanism of Arg in CRC cells. We fi rst performed quantitative  polymerase chain reaction 
(PCR)      to detect the expression level of each Arg transport subunit in CRC samples. We found that 
CAT-1 and SLC6A14 were uniquely  overexpressed   in more than 70 % of patients (Fig.  19.3 ). CAT-1 
was overexpressed in 86/122 CRC samples. The positive rate was 70 %, while other Arg transporter 
molecules were only overexpressed in <10 % of CRC tissues [ 10 ]. The results were confi rmed by 
immunohistochemistry in 25 CRC cases using commercial tissue microarray and another 90 CRC 
cases using a tissue microarray developed by our group [ 10 ]. Based on the pathological analysis of 25 
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cases, CAT-1 expression appears to be related to patient survival and pathological grade. CAT-1 was 
expressed at a higher level in poorly differentiated CRC compared to well-differentiated CRC [ 10 ]. 
Our results also indicated that higher CAT-1 expression might be related to poor survival of CRC 
patients, although this result was not signifi cant (Fig.  19.4  shows the tissue microarray data of 25 
cases with survival results). A study of the specifi city and sensitivity of CAT-1 expression in CRC and 
other  tumors   is ongoing in our laboratory.

    We also observed that the downregulation of CAT-1 by small-interfering RNA induced colon can-
cer cell death and apoptosis, suggesting that targeting CAT-1 in the treatment of CRC has potential 
clinical signifi cance [ 10 ]. At the same time, Camps et al. [ 24 ] independently applied small-interfering 
 RNA technology   to CRC cell lines in a systemic gene expression research and found that SLC7A1/
CAT-1 was one of eight maximally expressed genes. Although they did not focus on CAT-1, they 
found that downregulation of CAT-1 with small-interfering RNA reduced the cancer cell survival rate 
and signifi cantly inhibited expression of the growth factor epiregulin ( EREG)   (supplementary 

  Fig. 19.3    The  overexpression rate   of each Arg transporter in human CRC tissue. The mRNA expression for each Arg 
transporter in CRC tissues was measured by qRT-PCR, and overexpression was defi ned as at least threefold higher 
expression than that in normal colon tissue. The fi gure shows the percentage of samples with overexpression (threefold) 
of individual L-arginine transporter genes among 122 CRC tissue samples. The CAT-1 and SLC6A14 genes were 
overexpressed in more than 70 % of CRC tissues       
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  Fig. 19.4    The relationship between  CAT-1 expression and CRC   patient survival ( n  = 25)       
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Fig. 6 in [ 24 ]), directly supported our fi ndings [ 10 ].  EREG   was shown to play a key role in colitis-
associated carcinogenesis in a recent animal study [ 25 ]. Interestingly, the macrophages and other 
immune cells mainly input Arg via the CAT-2 transporter [ 26 ]. These results indicate that the uptake 
channel of Arg is different between immune cells and CRC cells, suggesting that CAT-1 may be spe-
cifi c to colon cancer cells. An early  bioinformatics   study also indicated the tissue-specifi c expression 
of CAT-1 in only a few cells, such as CRC cells, red cell leukemia cells, stem cells, and endothelial 
cells [ 27 ]. All of the above evidence supports the concept that CAT-1 could be a unique target for the 
treatment of CRC. Based on the results, it is hypothesized that the high CAT-1 expression in CRC 
cells is the result of increased Arg intake by cancer cells, which leads to Arg accumulation in cancer 
tissues and consequent decreases in CRC patient serum Arg levels due to higher consumption by 
cancer cells. In addition, because CAT-1 is a membrane protein, it may be an ideal therapeutic target 
for a monoclonal antibody that can theoretically inhibit Arg uptake by cancer cells, directly kill tumor 
cells, or induce cell apoptosis through complement-dependent cytotoxicity. 

 In our study of Arg transporters, we also found that  SLC6A14   was frequently expressed in CRC 
tissues at a higher level than that measured in normal colon tissue. Among the 122 cases, 96 (78.7 %) 
CRC tissues showed positive SLC6A14 expression. Some CRC tissue expressed SLC6A14 at a level 
of 661-times higher than that in normal colorectal tissue (unpublished data). Moreover, we observed 
that there may be a relationship between SLC6A14 expression in colorectal carcinoma and pathologi-
cal grade (unpublished data). Further study is ongoing to confi rm this phenomenon. Gupta et al. [ 28 ] 
previously reported that SLC6A14 was highly expressed in 10 cases of CRC tissue. Recently, the 
same group [ 29 ] further demonstrated that the SLC6A14 is specifi cally upregulated in estrogen recep-
tor (ER)-positive breast cancer tissues and human breast cancer cell lines, which result in the concen-
trative transport of leucine (an mTOR activator), glutamine (an essential amino acid for nucleotide 
biosynthesis), and Arg (an essential amino acid for tumor cells) to meet the increased demand for 
these amino acids. Moreover, they found a selective blocker of SLC6A14; α-methyl-dl-tryptophan 
(α-MT) induces amino acid deprivation in  ER-positive breast cancer cells   in vitro, inhibits mTOR, 
and activates autophagy. These effects of α-MT are specifi c to SLC6A14 in ER-positive breast cancer 
cells; the ability of α-MT to cause amino acid deprivation was signifi cantly attenuated in the 
ER-positive breast cancer line MCF-7 when SLC6A14 was silenced with  short hairpin RNA (shRNA)     . 
In their mouse xenograft studies, they further demonstrated that α-MT is suffi cient to reduce the 
growth of the ER-positive ZR-75-1 breast cancer cells. Combined with our results, the evidence sug-
gests that SLC6A14 may be a novel and effective drug target for the treatment of ER-positive breast 
cancer and CRC. 

 The leucine transported by SLC6A14 is an mTOR activator (see the review cited in 34 for more 
details).  mTOR   plays a very important role in the development of cancer, particularly in the meta-
bolic disorder-related cancers, and it is now receiving increased research attention [ 30 ]. mTOR 
kinase has two unique protein complexes, namely, mTORC1 and mTORC2. mTORC1 is activated 
by certain amino acids, stress, oxygen, energy, and growth factors. Although the mechanism of 
mTORC1’s response to intracellular amino acids remains a mystery, it is known that amino acids, 
particularly leucine and Arg, can activate mTORC1 and appear to be necessary for other upstream 
signals to activate mTORC1. Since SLC6A14 overexpression will result in higher intracellular con-
centrations of leucine and Arg, SLC6A14 is a necessary upstream molecule for mTORC1 pathway 
activation. As Karunakaran et al. reported [ 29 ], mTOR  inhibition  , selective blockade of SLC6A14 
amino acid uptake, or SLC6A14 RNA silencing could inhibit growth of the ER-positive breast can-
cer cell line MCF-7 in vitro and in vivo. Our results further indicate that SLC6A14 may be an effec-
tive drug molecule target for many tumors, and blocking SLC6A14 activity may be effective for both 
tumor prevention and treatment. Due to the simultaneous transport of Arg and leucine, targeting 
SLC6A14 may both block Arg uptake and can inhibit the mTOR pathway, which may have potential 
clinical signifi cance. 
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 As demonstrated above, Arg transporters may play important roles in  cancer development and 
progression  . However, the molecular mechanism of high Arg transporter expression in cancer cells 
and their regulation is still not clear. In endothelial cells, the surface expression of CAT-1 can be 
upregulated by lipopolysaccharide, transforming growth factor-β, and other cytokines [ 31 – 34 ]. These 
 cytokines   are known to be present in cancer microenvironments and are associated with cancer devel-
opment and immune suppression. The upregulation of CAT-1 on cancer cells may be one of the 
mechanisms to promote cancer progress and immune suppression in the cancer microenvironment. 
The molecular mechanism of CAT-1 expression involves endocytosis and degradation and is associ-
ated with the activation of the intracellular signal transduction molecule protein kinase C (PKC) in 
human embryonic kidney 293 (HEK293) cells [ 35 ]. The higher expression of CAT-1 on cancer cells 
may share the same mechanism as  PKC   is an important downstream molecule in the noncanonical 
WNT pathway and EGFR-PI3K-AKT pathway in CRC cells, which are strongly involved in regulat-
ing cancer cell proliferation and the cell cycle. Recently, Samluk et al. [ 36 ] demonstrated that ATB (0, 
+) (i.e., SLC6A14) expression and leucine transport are also regulated by PKC. Activation of PKC 
can enhance the relocation of PKCα to the membrane to facilitate binding to ATB (0, +), thus enhanc-
ing leucine transport by ATB (0, +). It is well known that PKC is a downstream molecule of mTORC2 
and is the main signal molecule regulating tumor cell proliferation [ 30 ]. Therefore, mTORC1, 
mTORC2, PKC, and ATB (0, +) may cooperate to regulate cancer cell proliferation [ 30 ,  36 ]. Here, we 
hypothesize that CAT-1 and SLC6A14 overexpression increases leucine and Arg transport and acti-
vate mTOR to promote or maintain tumor cell proliferation and metastasis. Activated mTOR enhances 
the expression and functions of CAT-1 and SLC6A14 through  upregulated   PKCα (Fig.  19.5 ). This 
vicious cycle may thus promote cancer progression. However, further study is necessary to clarify the 
mechanisms of CAT-1 and SLC6A14 expression in cancer cells and the potential signifi cance of 
therapies that target this pathway. It is also warranted to clarify whether different Arg transporters can 
compensate for each other, and if there is an association between individual Arg expression and the 
pathological classifi cation of different types of cancers. The molecular mechanism of SLC6A14 
upregulation in cancer cells and its role in cancer development and progression also require further 
clarifi cation. Nevertheless, targeting either SLC6A14 or CAT-1 may block cancer cell development 
and progression, thus effectively preventing CRC.
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  Fig. 19.5    Proposed loop of Arg transporter, CAT-1, and SLC6A14 in  cancer development and progression  . CAT-1 and 
SLC6A14 overexpression increases leucine and L-arginine transport. Both amino acids activate mTOR, which promotes 
or maintains tumor cell proliferation and metastasis. Activated mTOR enhances the expression and function of CAT-1 
and SLC6A14 through upregulated PKCα. The vicious cycle of the regulatory loop accelerates cancer cell proliferation 
and metastasis       

 

19 L-Arginine and Its Transporters in Colorectal Cancer



248

   Although we did not fi nd a strong relationship between CRC and other Arg transporters, some 
investigators [ 37 ,  38 ] reported that LAT1 and CD98hc (SLC3A2) may be useful biomarkers in lung 
cancer and renal cell carcinoma (RCC). Kaira et al. [ 38 ] demonstrated positive  LAT1 expression   in 
163 of 321 patients (51 %), including 29 % adenocarcinoma (58 of 200), 91 % squamous cell carci-
noma (91 of 100), and 67 % large cell carcinoma (14 of 21) patients. LAT1 expression was signifi -
cantly associated with lymph node metastasis and disease stage. Importantly, the 5-year survival rate 
was signifi cantly lower in the LAT1-positive patient population compared with LAT1-negative 
patients (51.8 vs. 87.8 %,  P  < 0.001).  Multivariate analysis   confi rmed that positive LAT1 expression 
was an independent factor for predicting poor prognosis. Therefore, LAT1 expression may be a prom-
ising biomarker to predict the prognosis of patients with resectable stage I–III non-small cell lung 
cancer (NSCLC). Prager et al. [ 37 ] demonstrated that CD98hc (SLC3A2) expression correlated with 
RCC pathological type. They found that the more malignant type II pRCC expressed signifi cantly 
higher levels of CD98hc compared with the less malignant and more differentiated type I pRCC (type 
II 83.34 %, type I 4.76 % CD98hc positive,  P  < 0.00001;  n  = 51), indicating that in pRCCs, CD98hc 
may represent a novel and reliable marker for type II pRCC. Based on current fi ndings, different types 
of cancer may utilize different types of Arg transporter to meet their own growth requirements. 
Additional studies are needed to confi rm the specifi city of each Arg transporter and develop novel 
targeted therapies for different cancers.  

    Targeting Arg Metabolism in  Cancer Treatment   

 As mentioned above, overactive Arg catabolism may be a common phenomenon in tumor develop-
ment and progression. Therefore, numerous attempts have been made to inhibit this pathway for 
cancer  treatment  . Figure  19.6  summarizes the current strategies of targeting the Arg metabolism path-
way. Inhibition of ODC and induction of SSAT are all used for cancer prevention. However, it remains 
to be seen if these strategies can be applied as part of a chemotherapy regimen. In therapeutic research, 
Arg deprivation in tumor tissue and blood via treatment with L-arginine deiminase (ADI) to inhibit 
tumor growth is currently in clinical trials [ 39 ]. In vitro experiments have shown that the intracellular 
Arg synthesis enzyme ASS is defective in several types of cancer, such as RCC, hepatocellular carci-
noma, pancreatic cancer, and prostate cancer. The growth of these cancer cells is dependent on exter-
nal Arg supplementation [ 40 – 42 ]. However, Arg can also be synthesized by the intracellular enzymes 
ASS and ASL, so Arg deprivation may only be a viable treatment for cancers with defects in these 
enzymes, such as, liver, pancreatic, and prostate cancers. Even in liver cancer, which expresses low 
levels of ASS, Arg deprivation may need to be combined with ASL downregulation. Huang et al. [ 43 ] 
recently demonstrated that knockdown of ASL expression by shRNA in three liver cancer cell lines, 
ML-1, HuH-7, and HepG2, decreased colony formation in vitro, and lentiviral infection of ASL 
shRNA inhibited tumor growth in a therapeutic animal tumor model. They further revealed that the 
inhibitory effect was chiefl y mediated by decreases of cyclin A2 and NO.

   Moreover, in the human body,  L -Arg is both an important raw material for protein synthesis and 
critical for appropriate physiological function, especially in immune cells [ 26 ,  44 – 46 ]. It is known that 
tumor-infi ltrating immune cells cannot effectively uptake  L -Arg, even though cancer-specifi c dendritic 
cells and T cells are present in the tumor tissues [ 45 ,  46 ]. In fact, our previous results [ 9 ] showed that 
 L -Arg and  L -Cit concentrations were signifi cantly increased in colorectal carcinoma tissues compared 
to adjacent normal colorectal tissue. This suggests that  L -Arg bioavailability is higher in the colorectal 
carcinoma tissue microenvironment and that the suppression of tumor-infi ltrating immune cells may be 
related to their insuffi cient uptake of  L -Arg, despite high local concentrations. Our results [ 10 ] further 
showed that CRC cells expressed higher levels of ASS and ASL. Thus, Arg deprivation could be a 
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double-edged sword in CRC treatment, in that it may decrease the effectiveness of tumor- infi ltrating 
cells and have little or no effect on cancer cells. In contrast, Ma et al. [ 47 ] reported that  L - Arg success-
fully improved cancer patient immunity and demonstrated the benefi t of  L -Arg supplementation in the 
treatment of CRC. As such, we hypothesize that blocking Arg uptake by specifi cally targeting Arg 
transporters may be a better option to prevent and treat cancers than systemic Arg deprivation. However, 
the regulatory mechanism of  L -Arg transportation and the compensation of each Arg transporter in 
CRC cells should be studied further before targeting Arg  transporters   in the treatment of CRC. As 
shown in Fig.  19.6 , it remains unclear which pathway would serve as the best target.  

    Other Potential Clinical Applications of the Arg Metabolism Pathway 
in  Cancer   

 As discussed above, Arg is involved in a number of biosynthetic pathways that signifi cantly infl uence 
carcinogenesis and tumor biology. Arg is transported by several cationic transport systems, including 
ATB 0,+  (SLC6A14), which is upregulated in several human cancers, such as cervical cancer, CRC, and 
ER-positive breast cancer. Cancer cells harbor unique metabolic characteristics relative to their 
healthy counterparts. Thus, Mirnezami et al. [ 48 ] characterized metabolic properties in CRC using 
HR-MAS NMR spectroscopy and identifi ed Arg as one of the important metabolites in CRC tissues. 
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  Fig. 19.6    Potential target of  Arg catabolism pathway   in the development of CRC prevention and therapy. As summa-
rized in the fi gure, L-arginine deprivation by ADI and blocking ODC was clinically developed to reduce polyamine 
generation in tumor cells for chemoprevention and targeted therapy of cancers, such as CRC and liver cancer. Inducing 
or introducing SSAT may potentially decrease intracellular polyamine levels, resulting in cancer cell growth inhibition 
or arrest. Blocking Arg uptake by targeting Arg transporters may be another option for specifi cally inhibiting Arg 
catabolism to clinically treat cancer       
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In their study of 44 consecutive patients with confi rmed CRC, they acquired a total of 171 spectra 
(center of tumor,  n  = 88; 5 cm from the tumor margin,  n  = 83). They found that colon cancer samples 
( n  = 49) contained higher levels of acetate ( P  < 0.005) and Arg ( p  < 0.005) and lower levels of lactate 
( p  < 0.005) relative to rectal cancer samples ( n  = 39). Collectively, HR-MAS NMR profi ling demon-
strated cancer-specifi c metabolic signatures in CRC and revealed metabolic differences between 
colonic and rectal cancers, which may be useful in future staging and therapeutic approaches. Another 
report [ 3 ] showed that metabolomic and gene expression analyses of urine and tissue samples from 
humans may offer robust noninvasive methods for CRC screening and diagnosis. 

 Based on higher expression of ATB(0,+) (SLC6A14) in cancer cells, Müller et al. [ 49 ,  50 ] demon-
strated that ATB(0,+) activity can be imaged in vivo by positron emission tomography (PET) with 
[(18)F]FEMAET. They synthesized an imaging agent  O -(2-[ 18 F]fl uroethyl)- L -tyrosine ([ 18 F]FET), 
namely,  O -2((2-[ 18 F]fl uoroethyl)methylamino) ethyltyrosine ([ 18 F]FEMAET) as an ATB(0,+)-
selective PET probe. They then demonstrated that [(18)F]FEMAET was accumulated in PC-3 and 
NCI-H69 cancer cells in vitro, and probe uptake was inhibited by LAT/ATB(0,+) inhibitors and diba-
sic amino acids. Moreover, [(18)F]FEMAET effl ux was only moderately stimulated by extracellular 
amino acids. Further in vivo experiments confi rmed that PET revealed accumulation of the tracer in 
ATB(0,+)-positive PC-3, and NCI-H69 xenografts and signifi cant reduction of this accumulation 
were observed following ATB(0,+) inhibition. Conversely, uptake was negligible in ATB(0,+)-
negative MDA-MB-231 xenografts. Due to these successful preclinical studies, the specifi city and 
 sensitivity   of individual Arg transporter expression in different cancers needs to be further character-
ized to develop reliable novel diagnostic tools and targeting treatments.  

    Conclusion 

 CRC is one of the most common malignant diseases in the world, but less than 20 % metastatic CRCs 
respond to currently available targeted therapies. With considerable advancements in cancer metabo-
lomic research, Arg catabolism pathway abnormalities have received increasing attention. The fi nd-
ings have consistently confi rmed that Arg catabolism accelerates to initiate or maintain tumor cell 
growth in CRC, and possibly many other, or all cancers. Among the Arg metabolites, polyamines may 
be the most important oncometabolites. Thus,  metabolomic   profi ling may potentially be applied in 
cancer screening and diagnostic tests. Targeting the polyamine pathway has been confi rmed to be an 
effective way to prevent CRC in clinical trials. This strategy may potentially be applicable in other 
types of cancer. Because tumor growth is Arg-dependent, Arg deprivation may be a viable option to 
treat cancer, and clinical trials are ongoing to assess its utility in liver cancer. However, Arg depriva-
tion is only one point to consider; it is necessary to consider host immunity and the presence of endog-
enous Arg synthesis pathways in cancer cells. Recent fi ndings have demonstrated that different cancer 
cells may utilize different Arg transporters for uptaking Arg to meet the requirement of cancer cells. 
CAT-1 and SLC6A14 may be dominantly expressed in CRC cells, while SLC3A2 and LAT1 may be 
dominantly expressed in other cancers. A pioneering study has demonstrated that a specifi c probe for 
Arg transporters may be useful for cancer imaging diagnosis. Since blocking Arg transporters can 
inhibit Arg uptake, thus inhibiting tumor growth, Arg transporter blockade may be another potential 
anticancer strategy. Although research into Arg/polyamine metabolism and the involved transporters 
appears promising for understanding carcinogenesis and developing potential diagnostic tools and 
therapeutics in CRC and other cancers, more studies are necessary to fully elucidate the regulation of 
this metabolism loop in cancer cells.     
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 Key Points 

•   Breast cancer cells express several cationic amino acid transporter (CAT) isoforms.  
•   CAT-1 plays a signifi cant role in the uptake of  L -arginine in human MCF-7 and T47D breast cancer 

cells.  
•   Carboxypeptidase-D (CPD), bound to the plasma membrane, cleaves C-terminal  L -arginine from 

extracellular substrates.  
•   CPD-released  L -arginine is transported into the cell for the intracellular production of nitric oxide 

(NO).  
•   CPD plays a primary role in NO production in MCF-7 cells.  
•   CPD gene transcription is stimulated by prolactin and androgens in MCF-7 cells.  
•   The CPD gene promoter contains active elements that bind prolactin-activated transcription fac-

tors Stat5a/Stat5b and the ligand-bound androgen receptor.  
•   Hormonal upregulation of CPD increases NO production to increase viability and decrease 

 apoptosis of MCF-7 cells.  
•   The CPD–arginine–NO pathway is a potential therapeutic target for modulation of NO levels in 

cancer cells.  
•   Inhibition of the CPD–arginine–NO pathway through prolactin/androgen ablation is an alternate 

strategy in endocrine therapy for breast cancers.  
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  Abbreviations 

  CAT    Cationic amino acid transporter   
  cDNA    Complementary deoxyribonucleic acid   
  ChIP    Chromatin immunoprecipitation   
  CP    Carboxypeptidase   
  CPA    Carboxypeptidase-A   
  CPB    Carboxypeptidase-B   
  CPD    Carboxypeptidase-D   
  CPE    Carboxypeptidase-E   
  CPM    Carboxypeptidase-M   
  DAF-2DA    4,5-Diaminofl uorescein diacetate (cell permeable)   
  DAF-2    4,5-Diaminofl uorescein (non-permeable)   
  DAF-T    Triazolofl uorescein (non-permeable, fl uorescent)   
  DMEM    Dulbecco’s Modifi ed Eagles Medium   
  Fa–Ala–Arg    Furylacryloyl–alanine–arginine   
  Fa–Ala–Lys    Furylacryloyl–alanine–lysine   
  HUVEC    Umbilical vein endothelial cells   
  MGTA    DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid (CPD inhibitor)   
  NO    Nitric oxide   
  nNOS    Neuronal nitric oxide synthase   
  iNOS    Inducible nitric oxide synthase   
  eNOS    Endothelial nitric oxide synthase   
  MTS    3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 

tetrazolium (to assay cell viability)   
  PCR    Polymerase chain reaction   
  qPCR    Quantitative PCR   
  RT-PCR    Reverse transcription followed by polymerase chain reaction   
  siRNA    Small interfering RNA   

      Introduction 

  L -Arginine is an essential amino acid that plays a critical role in the growth of breast cancer cells. 
  L -Arginine   may be derived intracellularly through biosynthesis or extracellularly from diverse sources 
such as the culture medium in vitro, the diet in vivo, and proteolysis of extracellular polypeptide  substrates 
both in vitro and in vivo .   L -Arginine, transported into the cell by  cationic amino acid  transporters (CATs)        , 
is the common substrate of two enzymes, arginase and nitric oxide synthase, for the production of orni-
thine and  nitric oxide (NO)     , respectively (Fig.  20.1 ). Ornithine is the precursor of polyamines that are 
essential for cell proliferation. NO has many physiological and pathophysiological functions, including 
modulation of cancer cell growth .  We have reported that breast cancer cells express several System y +  
CATs [ 1 ]. We have also reported that a plasma membrane-bound metalloproteinase, carboxypeptidase-D 
(CPD), cleaves C-terminal  L -arginine residues from extracellular substrates for NO production in cancer 
cells [ 2 ,  3 ] (Fig.  20.1 ). This chapter presents our studies on the role of System y +  carrier CAT-1 in the 
uptake of  L -arginine in breast cancer cells. Our studies also show that  CPD  , through its extracellular 
cleavage of  L -arginine, plays a signifi cant role in the intracellular production of NO for the survival of 
cancer cells. Furthermore, this CPD–arginine–NO pathway is stimulated by hormones, 17β-estradiol, 
prolactin, and androgens in breast cancer cells, thereby implicating its potential usefulness as a thera-
peutic target, not only for the modulation of NO levels but also for  endocrine therapy   in breast cancer.
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       L-Arginine Metabolism: Role of  Arginase and Nitric Oxide Synthase   

  L -Arginine is a semi-essential amino acid that may be derived intracellularly from  L -arginine biosynthe-
sis, such as its production from argininosuccinate in the urea cycle, or extracellularly from dietary intake, 
whole body protein catabolism, and proteolysis of extracellular substrates (Fig.  20.1 ).  L -Arginine plays a 
variety of roles in cellular metabolism and is the substrate of two enzymes, arginase and nitric oxide syn-
thase. Arginase in the cytosol converts  L -arginine to urea and ornithine, and this reaction occurs in the 
urea cycle (Fig.  20.1a ). Ornithine, through the action of ornithine decarboxylase, is the precursor of poly-
amines which bind DNA and, by altering chromatin structure and gene expression, promotes cell prolif-
eration [ 4 ]. An increase in polyamine levels has been reported in several human cancers including breast 
cancer which contains two- to threefold higher polyamine levels than adjacent normal mammary tissues 
[ 5 ], and this increase likely refl ects increased tumor cell proliferation. Conversely, inhibition of arginase 
activity, such as in the human MDA-MB-468 breast cancer cell line which contains high arginase activity, 
can cause intracellular depletion of polyamines and cell apoptosis [ 6 ]. 

  Fig. 20.1    Sources of  L-arginine  . ( a ) L-Arginine biosynthesis: Arginine is produced in the urea cycle and is the substrate 
of arginase for the production of ornithine, the precursor of polyamines. ( b ) Extracellular L-arginine can be derived from 
the diet in vivo and culture medium in vitro or released from extracellular substrates. Carboxypeptidase-D (CPD) 
cleaves C-terminal arginine both in vivo and in vitro. L-Arginine, transported into the cell by cationic amino acid trans-
porters, is the substrate of nitric oxide synthase for the production of citrulline and nitric oxide (NO). NO reacts with 
superoxides to produce peroxynitrites which trigger or modulate cellular responses       

 

20 L-Arginine Uptake and Its Role in the Survival of Breast Cancer Cells



256

 Nitric oxide synthase converts  L -arginine to  L -citrulline and NO (Fig.  20.1b ). There are three 
 isoforms of nitric oxide synthase, namely, neuronal nNOS (NOSI), inducible iNOS (NOSII), and 
endothelial eNOS (NOSIII), which are expressed in a variety of cells for the production of NO. NO 
is described as a pleiotropic regulator of many physiological processes such as vasodilation, neuro-
transmission, and immunomodulation, but NO also plays a complex role in human diseases such as 
cancers [ 7 ,  8 ]. NO reacts with superoxides to produce peroxynitrites which react with lipids, DNA, 
and proteins to trigger or modulate cellular processes such as cell signaling, cell necrosis or apoptosis, 
cell proliferation and survival, neoplastic transformation, and tumor development [ 8 ]. The patho-
physiological actions of NO are dependent on a variety of determinants such as the expression, 
 activity, and localization of the various nitric oxide synthase isoforms, the intracellular levels of NO, 
the duration of NO production, and the local microenvironment [ 7 ]. Therefore, depending on these 
 determinants  , endogenous NO may exert opposing effects on the metastatic progression of tumor 
cells and to either stimulate or suppress cell growth, including that of breast cancer cells [ 9 – 11 ].  

    Cationic Amino Acid  Transporters   

 The cellular uptake of   L -arginine   and the other cationic amino acids,  L -lysine and  L -ornithine, is  mediated 
by several different transmembrane carrier proteins that belong to the Na  +  -independent systems y  +  , y  +  L, 
and b 0, + ,  and the Na  +  -dependent system B 0, +   [ 12 ,  13 ]. System y +  is selective for cationic amino acids only, 
whereas systems y + L, b 0,+ , and B 0,+  also accept neutral amino acids. System y  +   is the principal cationic 
amino acid transport system expressed in NO-producing cells and is believed to play a key role in regulat-
ing an intracellular supply of  L -arginine as a substrate for the nitric oxide synthases [ 12 ,  13 ]. 

  System y +    consists of fi ve carrier proteins, CAT-1, CAT-2A, CAT-2B, CAT-3, and CAT-4, which are all 
classifi ed as members of the solute carrier family 7 (SLC7) of transporters [ 12 ,  13 ]. CAT-1, CAT-3, and 
CAT-4 are encoded by genes named SLC7A1, SLC7A3, and SLC7A4, respectively. CAT-2A and CAT-2B 
are splice variants of SLC7A2. CAT-1, CAT-2A, CAT-2B, and CAT-3 proteins are glycosylated, suggesting 
localization in the plasma membrane. A cDNA, SLC7A4, encoding CAT-4 and with ~42 % sequence 
identity to the CAT family members, was fi rst identifi ed in a human placental cDNA library. The CAT-4 
transcript was detected in the human placenta, the brain, and testicular tissues using Northern blot analysis 
[ 14 ]. However, expression of CAT-4 in the plasma membrane did not induce  L -arginine transport activity in 
 Xenopus laevis  oocytes nor in several human tumor cell lines, suggesting that CAT-4 may not be a true 
transporter or that it requires additional factors to be functional [ 15 ]. 

 System y +  CAT-1-mediated transport of  L -arginine,  L -lysine, and  L -ornithine is pH independent and is 
stimulated by substrates on the  trans  side of the cell membrane to produce an effect called  trans -stimu-
lation and by membrane  hyperpolarization   [ 12 ,  13 ].  CAT-1   activity is present in all cell types except the 
liver, and the transmembrane transport of  L -arginine, mediated primarily by CAT-1, is a rate-limiting 
step for NO production in cytokine-stimulated cells. Formation of a caveolar complex comprising CAT-1 
and eNOS further implicates an association between CAT-1-mediated uptake of  L -arginine and the nitric 
oxide synthase-catalyzed production of NO in the cell [ 16 ]. CAT-2B is often induced under infl amma-
tory conditions in a variety of cell types. CAT-2A is a low-affi nity carrier for cationic amino acids and is 
relatively insensitive to  trans -stimulation [ 13 ]. CAT-3 is brain specifi c in rat and mouse [ 17 ,  18 ], whereas 
human CAT-3 is expressed preferentially in  peripheral tissues   such as the mammary gland, uterus, testis, 
and thymus where it is most abundant, as well as in the brain [ 19 ]. 

 System y + L transports cationic amino acids in a Na  +  -independent manner as well as neutral amino 
acids with high affi nity in a Na  +  -dependent manner [ 12 ,  13 ]. There is evidence that System y  +  L is also 
involved in NO synthesis [ 20 ]. High activity of System y  +  L can result in  L -arginine depletion, suggest-
ing that it may serve as an  effl ux pathway   for cationic amino acids [ 21 ].  
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     Expression   of Cationic Amino Acid Transporters in Breast Cancer Cells 

 Using reverse transcription and polymerase chain reaction (RT-PCR) analysis, we have detected 
 CAT- 1, CAT-2A, and CAT-2B transcripts in the human MCF-7, T47D, and MDA-MB-231 breast 
cancer cell lines [ 2 ] (Fig.  20.2 ). The CAT-4 transcript is expressed in MDA-MB-231 cells only, 
whereas CAT-3 is undetectable in all three cell lines. However, others have reported CAT-3 mRNA 
expression in normal human mammary tissues, using multiple tissue expression arrays containing 
poly(A+) RNA of human tissues and cell lines [ 19 ].

   The CAT-mediated uptake of  L -arginine in a variety of cells, including breast cancer cells, is 
often coordinated with the expression and/or activities of the three nitric oxide synthase isoforms, 
and the NO produced may either stimulate or suppress cell growth [ 9 – 11 ]. We have reported that 
elevated production of NO promotes viability and inhibits apoptosis of human breast [ 2 ] and 
 prostate cancer cells [ 3 ]. Since CAT-1 is believed to conform best to System y +  and to be the main 
 L -arginine transporter [ 12 ,  13 ], we sought to determine its role in  L -arginine uptake in human 
breast cancer cells. Therefore, MCF-7 and T47D breast cancer cells were transfected with small 
interfering RNAs (siRNAs) to specifi cally knockdown CAT-1 gene expression or with  nontargeting 
siRNA as controls. MCF-7 and T47D cells transfected with siCAT-1 showed approximately 50 % 
 reduction   in CAT-1 protein levels, as compared to the controls, and this was accompanied by a 
signifi cant decrease in the uptake of  L -[2,3,4,5-H 3 ]-arginine by ~35 % and ~40 % in MCF-7 and 
T47D cells, respectively [ 1 ] (Fig.  20.3 ). Treatment of siCAT-1-transfected cells with  L -lysine, 
which inhibits total  L -arginine transport activities, further decreased  L -arginine uptake by 

  Fig. 20.2    CAT isoforms in  breast   cancer cells. Total RNA, isolated from actively growing human breast cancer cell 
lines MCF-7, T47D, and MDA-MB-231, was used for RT-PCR analysis. ( a ) Detection of CAT-1, CAT-2A, CAT-2B, 
and/or CAT-4 transcripts. ( b ) Detection of CAT-3. Daudi B-lymphoma cells were used as a positive control. Actin was 
used as a loading control (From Ref. [ 1 ]: Abdelmagid et al., 2011; with copyright permission from publisher John Wiley 
and Sons)       
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another 45 % compared to controls [ 1 ] (Fig.  20.3 ), which could be attributed to the remaining 
CAT-1  protein and/or the presence of additional  L -arginine transport systems, such as y + L, b 0,+ , 
and/or B 0,+ , in these cells. The decreased  L -arginine uptake in siCAT-1-transfected MCF-7 was 
accompanied by a signifi cant decrease in  cell viability   and a robust increase in apoptosis, 
 measured using 3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay and annexin-V fl uorescent staining, respectively [ 1 ] (Fig.  20.4 ). 
Similarly, siCAT-1 decreased viability and increased apoptosis in T47D cells (Fig.  20.4 ). Therefore, 

  Fig. 20.3    siCAT-1 decreases  L-arginine   uptake. MCF-7 and T47D cells were transfected with siRNA-targeting CAT-1 
(siCAT-1) or nontargeting siNT control. ( a ) Knockdown of CAT-1 gene expression at 48 h was confi rmed using Western 
analysis (upper panel), and the CAT-1/actin ratio was determined by densitometry (lower panel). ( b ,  c ) Uptake of 
 L -[2,3,4,5-H 3 ]-arginine was measured in ( b ) MCF-7 and ( c ) T47D cells, ± L -lysine, the latter to inhibit total L-arginine 
uptake. Cells transfected with siNT/Lys were set at 100 %. Mean ± SEM of three separate experiments, each in dupli-
cate.  **  P  < 0.0001;  *  P  < 0.05 showed signifi cant decrease compared to siNT/Lys cells (Part of original fi gure from Ref. 
[ 1 ]: Abdelmagid et al. 2011; with copyright permission from publisher John Wiley and Sons)       

 

C.K.L. Too and S.A. Abdelmagid



259

CAT-1 plays a signifi cant role in  L -arginine uptake for the survival of MCF-7 and T47D breast 
cancer cells [ 1 ].

         Glucose   Modulates  L -Arginine Uptake 

 Glucose is known to modulate the transport of  L -arginine and the expression of the various CAT iso-
forms; hence, the glucose concentration used in the culture systems for the study of  L -arginine uptake 
is important. In our studies, we routinely maintain the human breast cancer cell lines MCF-7, T47D, 
and MDA-MB-231 in 10 % fetal bovine serum and high  D -glucose (25 mM)-containing Dulbecco’s 
Modifi ed Eagles Medium [ 1 ]. Others have reported that 25 mM  D -glucose induces maximal  L - arginine 
transport in human umbilical vein endothelial cells (HUVEC), which may or may not be accompanied 
by altered expression of CAT-1 and CAT-2B [ 13 ]. Another study showed that high extracellular doses 
of  D -glucose increase  L -arginine transport, CAT-1 mRNA expression, and eNOS activity in HUVEC 
cells [ 22 ]. Conversely, glucose depletion was reported to induce a dramatic  increase   in CAT-1 levels 
and to stimulate  L -arginine uptake in human C6 glioma cells [ 23 ].  

  Fig. 20.4    siCAT-1 decreases  cell   viability and promotes apoptosis. MCF-7 ( a ,  b ) and T47D ( c ,  d ) cells were trans-
fected with siCAT-1 or nontargeting siNT. ( a ,  c ) MTS assays, to measure cell viability, were performed on the indi-
cated days after transfection. The viability of untransfected cells (Con) was set as 100 % (day 2 for MCF-7, day 1 for 
T47D). Compared to siNT-transfected cells, cells with siCAT-1 were less viable. ( a ) Mean ± SEM ( n  = 3);  *  P  < 0.0001 
showed signifi cant decrease compared to Con. ( c ) Mean ± range of two experiments, each in triplicate. ( b ,  d ) 
Annexin-V staining, to measure cell apoptosis, was performed after 4 days. The percent of apoptotic cells was plotted 
and showed that siCAT-1 increased cell apoptosis. ( b ) Mean ± SEM ( n  = 3);  *  P <0.0001 as compared to Con or siNT-
transfected cells. ( d ) Mean ± range of two experiments, each in triplicate (Part of original fi gure from Ref. [ 1 ]: 
Abdelmagid et al. 2011; with copyright permission from publisher John Wiley and Sons)       
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    Intracellular and Extracellular Sources of  L -Arginine 

     L -Arginine from the  Culture Medium   

 For NO synthesis, cells in culture may readily obtain  L -arginine from the culture medium, whereas the intra-
cellular production of  L -arginine, such as through the recycling of citrulline in the urea cycle, may not be 
adequate. For example, infl ammatory cytokine interferon-γ and bacterial endotoxin lipopolysaccharide 
both stimulate  L -arginine uptake and intracellular NO production in the murine EMT-6 breast cancer cell 
line. This stimulatory action of interferon-γ/lipopolysaccharide is critically dependent on extracellular 
 L -arginine, suggesting that intracellular  L -arginine sources are inadequate in this cell line [ 24 ].  

     L -Arginine from the  Diet   

 The diet is a natural source of  L -arginine for cells in vivo, and there has been much debate on the benefi cial 
effects of dietary supplements of  L -arginine in health and disease. In breast cancer patients, oral supple-
ments of  L -arginine can activate the immune system to enhance host defenses [ 25 ] and potentiate responses 
to cell cycle-specifi c cytotoxic agents administered during chemotherapy [ 26 ]. On the other hand,  L -arginine 
supplements have also been shown to stimulate tumor protein synthesis and tumor growth [ 27 ,  28 ].  

     L -Arginine from Extracellular Substrates: Action of Carboxypeptidase- D      

 The proteolytic digestion of extracellular substrates also provides  L -arginine to cells cultured in vitro or to 
cells in vivo. One such example is the proteolytic cleavage of polypeptide substrates by membrane- bound 
CPD (Fig.  20.1b ). CPD is a metalloproteinase that was fi rst isolated from bovine pituitary [ 29 ], and it acts 
by cleaving C-terminal  L -arginine and lysine residues from polypeptide substrates [ 30 ]. Whereas other 
members of the carboxypeptidase (CP) family, such as digestive CPA and CPB (30–40 kDa) and the pep-
tide-processing CPE and CPM (50–60 kDa), have single carboxypeptidase domains, the exceptionally large 
CPD (180 kDa) has three highly conserved carboxypeptidase domains, a single transmembrane domain, and 
a short C-terminal cytoplasmic tail [ 30 ] (see Fig.  20.1b ). Similar to other members of the metalloproteinase 
family, CPD has a tightly bound zinc atom as an essential cofactor. The CPD domains I and II are enzymati-
cally active, whereas domain III plays a role in substrate binding and presentation [ 31 ,  32 ]. 

 CPD is found in the  trans -Golgi network where it processes polypeptides and prohormones that 
transit the secretory pathway [ 29 ] and it also traffi cks to the plasma membrane [ 30 ,  33 ]. We have 
detected CPD in the nuclei of breast cancer cells using confocal immunofl uorescent microscopy [ 34 ]. 
We and others have used a synthetic substrate, furylacryloyl–alanine–arginine (Fa–Ala–Arg), to dem-
onstrate the activity of the plasma membrane CPD. Fa–Ala–Arg itself remains extracellular and is not 
taken into cells, but the CPD-released C-terminal  L -arginine is transported into the cells for the pro-
duction of NO [ 2 ,  3 ,  35 ,  36 ] (Fig.  20.1b ). 

 There are many potential physiological substrates for cell surface CPD in cancer cells. For example, 
human lactoferrin (…Arg–Lys–C), erythropoietin (…Arg–C), and oxytocin (…Arg–C) are produced and 
secreted by both normal and malignant cells of the breast and prostate [ 37 – 41 ]. Epidermal growth factor, 
a paracrine/autocrine growth factor in prostate cancer cells [ 42 ] and also produced by some breast cancer 
cells [ 43 ], has a C-terminal Arg. Activation of circulatory proteolytic cascades (e.g., fi brinolytic, coagula-
tion, or complement systems) also results in cleavage of Arg– X  bonds to generate new protein chains 
with C-terminal Arg [ 44 ];  therefore  , each  step   of activation produces a potential substrate for CPD.   
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     Hormonal Regulation   of CPD 

 CPD is a hormone-responsive gene in several cancer cell types. We initially reported that the pituitary 
hormone prolactin upregulates CPD gene expression in human HepG2 hepatoma and MCF-7 breast 
cancer cells [ 45 ]. In addition to prolactin, 17β-estradiol and synthetic androgen R1881 also elevate 
CPD mRNA and/or protein levels in MCF-7 and T47D breast cancer cells, in a time- and dose- 
dependent manner [ 2 ,  46 ] (Fig.  20.5 ). Hormonal upregulation of CPD also occurs in prostate cancer 
cells. We have reported that CPD levels are elevated by prolactin and testosterone in several prostate 
cancer cell lines, as compared to benign prostate cells [ 3 ,  47 ].

   The CPD gene promoter has been reported to contain several potential binding sites for 
 transcription factors Sp1 and NF-κB [ 48 ]. Using luciferase reporter assays, we have shown that 
the CPD gene promoter is activated by prolactin and synthetic androgen R1881 in MCF-7 cells 
[ 46 ]. Using chromatin immunoprecipitation qPCR (ChIP-qPCR) assays, we have identifi ed in the 
CPD gene promoter a consensus and active γ-interferon-activated sequence that binds to the 
prolactin-activated transcription factors Stat5a and Stat5b, as well as a non-consensus but active 

  Fig. 20.5    Prolactin (PRL)   , 17β-estradiol (E2), and R1881 upregulate CPD gene expression. MCF-7 and T47D cells 
were made quiescent for 48 h in phenol red-free DMEM containing either 1 % lactogen-free horse serum (prior to PRL 
treatment) or 1 % charcoal-stripped FBS (prior to PRL or steroid treatment) before the addition of PRL, E2, or synthetic 
androgen R1881, with doses and times as indicated. ( a ,  b ) Total RNA was isolated for ( a ) semiquantitative RT-PCR or 
( b ) qPCR analysis using the 2 −ΔΔCt  method. ( c ,  d ) Cell lysates were prepared for SDS-polyacrylamide gel electrophore-
sis and Western blotting. ( a – d ) All experiments were performed at least three times. ( a ) Representative RT-PCR. ( b ) 
Mean ± SEM ( n  = 3). ( c ,  d ) Representative Western blot using 20–40 μg protein per lane, with β-actin as a loading con-
trol (Part of original fi gures from Ref. [ 2 ]: Abdelmagid and Too, 2008, and Ref. [ 46 ]: Koirala et al., 2014; with copyright 
permission from the Endocrine Society)       
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androgen response element that binds to the ligand-bound androgen receptor [ 46 ] (Fig.  20.6 ). 
Prolactin is a recognized autocrine/paracrine growth factor in both breast and prostate cancer 
cells [ 49 ], suggesting that locally produced prolactin plays a role in the activation of CPD gene 
transcription in both these cancer cell types.

   Although 17β-estradiol increases CPD gene expression [ 2 ], the CPD gene promoter does not 
 contain a consensus estrogen response  element  . The activation of CPD gene expression by 17β-estradiol 
is under further investigation.  

    The  CPD–Arginine–NO Pathway      in Breast Cancer Cells 

 Growth of the human MCF-7 breast cancer cell line is highly dependent on  L -arginine, and this has 
been attributed to the irreversible conversion of  L -arginine to  L -ornithine and urea by the enzyme 
 arginase. The depletion of  L -arginine from the culture medium could potentially inhibit protein 
 biosynthesis and cell growth [ 50 ]. Another probable explanation is that  L -arginine is required for 
the production of NO, and NO promotes breast cancer cell growth. 

 We have shown that MCF-7 cells, cultured in  L -arginine-free medium and treated with prolactin 
to induce CPD gene expression, produce low or undetectable levels of NO. However, the addition 
of  L -arginine (1 mM) to the culture medium restores NO production and increases MCF-7 cell 
viability, measured using the 4,5-diaminofl uorescein diacetate (DAF-2DA) and MTS assays, 
respectively [ 2 ] (Fig.  20.7 ). In MCF-7 cells cultured in  L -arginine-free and hormone-free medium, 
NO production is also restored upon addition of the synthetic CPD substrate Fa–Ala–Arg and 
further increased by treatment of these cells with prolactin or 17β-estradiol, which stimulates CPD 
gene expression [ 2 ] (Fig.  20.8a ). In contrast, addition of Fa–Ala–Lys or Fa–Ala–Arg plus  L -lysine 

  Fig. 20.6    Diagrammatic  presentation   of the CPD gene promoter. ( a ) The CPD gene promoter contains a consensus 
γ-interferon-activated sequence (GAS) and several non-consensus androgen response elements (ARE.1, ARE.2, and 
ARE.3). ChIP-qPCR analysis showed that GAS and ARE.1 bind to prolactin-activated Stat5 and the ligand-bound 
androgen receptor (AR), respectively [ 46 ]. Transcription start site ATG is shown as +1;  T , testosterone;  p , phosphate. 
The CPD gene promoter also contains binding sites for transcription factors Sp1 and NF-κB [ 48 ]. ( b ) The 5′ and 3′ 
positions of the GAS and AREs. Non-consensus nucleotides are in  bold  (Part of original fi gure from Ref. [ 46 ]: Koirala 
et al., 2014; with copyright permission from the Endocrine Society)       
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(to inhibit  L -arginine uptake) fails to restore NO production [ 2 ], showing that the CPD-released 
C-terminal  L -arginine is essential for NO production. The CPD inhibitor DL-2-mercaptomethyl-3-
guanidinoethylthiopropanoic acid (MGTA) inhibits NO production and decreases MCF-7 cell 
viability [ 2 ] (Fig.  20.8b, c ), further implicating CPD in NO production for the growth of these 
cells. Furthermore, synthetic NO donor diethylamine/nitric oxide decreases apoptosis of MCF-7 
cells, showing that NO itself promotes MCF-7 cell growth [ 2 ]. Together, our studies show that the 
hormonal stimulation of the  CPD–arginine–NO pathway      promotes growth and inhibits apoptosis 
in human breast and prostate cancer cells [ 2 ,  3 ].

        Critical Role of CPD in  NO Production   in Breast Cancer Cells 

 Prolactin and 17β-estradiol also stimulate expression of the eNOS and iNOS isoforms in MCF-7 cells 
[ 1 ], suggesting that NO levels may increase through the hormonal upregulation of CPD and/or the 
nitric oxide synthases. However, NO production in prolactin-stimulated MCF-7 cells is abrogated 
by siRNA-targeting CPD [ 2 ] (Fig.  20.9a, b ), implicating CPD, not eNOS nor iNOS, as having the 
 primary role in NO production in these breast cancer cells (see Fig.  20.9c ).

   Another metalloproteinase, CPM, is also found in the plasma membrane [ 30 ], but is not involved 
in NO production in breast cancer cells. Our studies showed that CPM gene expression is not increased 
by prolactin or 17β-estradiol. Unlike CPD-targeting siRNA, CPM-targeting siRNA has no effect on 
NO production in MCF-7 cells [ 2 ]. 

  Fig. 20.7     L -Arginine promotes NO  production   and MCF-7 cell viability. ( a ) MCF-7 cells in Arg-containing 
DMEM (Arg plus, 0.398 mM  L -Arg-HCL, Invitrogen) or Arg-free DMEM for 16–24 h were treated with prolactin 
(100 ng/ml, PRL) for 2 h. The cells were then washed in phosphate-buffered saline before loading with 5 μM DAF-
2DA for 30 min at 37 °C.  L -Arg (1 mM) was added for a 15-min incubation. In this DAF-2DA assay, nonfl uorescent 
DAF-2DA (Sigma- Aldrich) was taken into the cell and hydrolyzed by intracellular esterases to form membrane- 
impermeable DAF-2. DAF-2 reacted with intracellular NO to produce the fl uorescent triazole derivative DAF-2 T, 
which was detected by fl uorescent microscopy. Arg-treated cells were noticeably more robust. Bar, 20 μm. 
( b ) MCF-7 cells in Arg-free medium for 16–24 h were treated with increasing doses of  L -Arg. After 3 days, MTS 
assay was performed to measure cell viability. Representative of at least three separate experiments, each in triplicate. 
Mean ± SEM, triplicates of one experiment.  *  P  < 0.0001 versus control (0 mM Arg) (From Ref. [ 2 ]: Abdelmagid and 
Too, 2008; with copyright permission from the Endocrine Society)       
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  Fig. 20.8    Prolactin (PRL)    and 17β-estradiol (E2) increase, but MGTA decreases NO and cell viability. ( a ) Quiescent 
MCF-7 cells, in Arg-free and hormone-free medium, were treated with PRL (100 ng/ml) and/or E2 (10 nM) for 4 h to 
upregulate CPD or had no hormone treatment. All the cells were preloaded with DAF-2DA, and all but controls were 
given Fa–Ala–Arg (4 mM) before fl uorescent microscopy to determine NO levels. ( b ) MCF-7 cells, in Arg-free medium, 
were treated with 10 μM MGTA (+) or left untreated (−) for 16 h. This was followed by addition of PRL (2 h), then 
DAF-2DA and Fa–Ala–Arg, and fl uorescent microscopy. Bar, 20 μm. ( c ) PRL-stimulated MCF-7 cells were left without 
further treatment (Control) or given Fa–Ala–Arg (1 mM, positive control) or Fa–Ala–Arg with increasing doses of 
MGTA. MTS assay was performed on day 2. Mean ± SEM ( n  = 3).  **  P  < 0.0001;  *  P  < 0.05 versus positive control (Fa–
Ala–Arg). All experiments were repeated two to three times (From Ref. [ 2 ]: Abdelmagid and Too, 2008; with copyright 
permission from the Endocrine Society)       

 Prolactin and 17β-estradiol also have no effect on the expression of the System y +  carrier CAT-1 
nor on the uptake of  L -[2,3,4,5-H 3 ]-arginine in MCF-7 cells [ 1 ]. Therefore, our studies suggest that 
CPD activity, not CAT-1 or the NOS isoforms, is critical for NO production in hormone-stimulated 
MCF-7 cells (Fig.  20.9c  for model) .   
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    Conclusions 

  L -Arginine is necessary for the synthesis of polyamines and for the production of nitric oxide, each 
of which promotes growth and survival of breast cancer cells. Several CATs are expressed in breast 
cancer cells, and the system y +  carrier CAT-1 plays a key role in the uptake of  L -arginine in the MCF-7 
breast cancer cell line. Breast cancer cells are responsive to  hormones   such as 17β-estradiol and 
 prolactin, but neither has any effect on CAT-1 gene expression nor activity. Extracellular  L -arginine 
can be derived from the culture medium in vitro as well as from the proteolytic activity of plasma 

  Fig. 20.9    siCPD decreases  NO production  . ( a ,  b ) MCF-7 cells were transfected with siRNA-targeting CPD (siCPD, 
10 nM) or nontargeting siNT. Control (Con) cells were untransfected. After 24 h, cells were seeded in medium contain-
ing prolactin for another 24 h. ( a ) Total RNA was isolated for semiquantitative RT-PCR 48 h after transfection ( left 
panel ). The CPD/GAPDH ratio in transfected cells was analyzed by densitometry ( right panel ) which showed ~80 % 
decrease in CPD mRNA levels. ( b ) Intracellular NO production in transfected cells was measured using DAF-2DA, 
±Fa–Ala–Arg. Bar, 20 μm. Each is a representative of two to three separate experiments (From Ref. [ 2 ]: Abdelmagid 
and Too, 2008; with copyright permission from the Endocrine Society). ( c )  Summary : Prolactin and 17β-estradiol 
increase CPD and iNOS/eNOS gene expression and increase NO production in breast cancer cells. Abrogation of NO 
production by siCPD in MCF-7 cells suggests that CPD plays the primary role ( thick arrow ) in NO production in these 
hormone-treated cells. Neither hormone has any effect on CAT-1 gene expression nor CAT-1 transporter activity       
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membrane- bound CPD in vitro and in vivo. CPD cleaves C-terminal  L -arginine from extracellular 
polypeptide substrates, and a number of autocrine/paracrine growth factors found in breast cancer 
cells are potential CPD substrates. Prolactin, androgens, and 17β-estradiol upregulate CPD mRNA 
and protein expression in MCF-7 cells, whereas reporter assays show that only prolactin and andro-
gens activate CPD gene transcription. Although  prolactin   also stimulates expression of the eNOS 
and iNOS isoforms in MCF-7 cells, CPD plays the primary role in NO production in these cells. 
The CPD-mediated production of NO promotes viability and inhibits  apoptosis   of MCF-7 cells, 
implicating a critical role for the CPD–arginine–NO pathway for the survival of breast cancer cells. 

 Therefore, the CPD–arginine–NO pathway is a potential therapeutic target for modulation of NO 
levels in cancer cells. Inhibition of this pathway to decrease NO production may be useful for the treat-
ment of breast cancers. Furthermore, since CPD gene transcription is upregulated by prolactin and 
androgens, prolactin/androgen ablation is an alternate strategy in endocrine therapy for breast cancers.     
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 Key Points 

•   L-Arginine becomes an essential amino acid during pregnancy because of an increased demand to 
sustain faster synthesis of maternal and fetal proteins, NO, numerous biochemicals and growth 
factors, and proline.  

•   To meet this increased demand, there is an upregulation in L-arginine fl ux and NO synthesis start-
ing in early pregnancy in adult American and Jamaican women and in Jamaican adolescent girls.  

•   Pregnant Indian women, with low and normal BMI, have L-arginine fl uxes that are less than 50 % 
the rate of their American and Jamaican counterparts during pregnancy.  

•   Pregnant Indian women also have high rates of low birth weight babies.  
•   An inadequate maternal supply of L-arginine is associated with delivery of a low birth weight baby.  
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  LBW    Low birth weight   
  NO    Nitric oxide   
  NOx    Nitrite plus nitrate   
  wk    Week   

      Introduction 

 Pregnancy is a period of net tissue deposition involving maternal tissues and the growth and develop-
ment of the fetus. In an optimal pregnancy, maternal health is maintained and a healthy normal weight 
baby is born. This requires successful  hormonal changes   which induce metabolic/physiologic adapta-
tions that enable the mother to provide adequate nutrients and growth factors necessary for her own 
anatomical changes and optimal growth of the fetus. Major changes in  macronutrient metabolism   
ensure a continuous supply of nutrients to the fetus despite intermittent maternal food intake. These 
include increased maternal fat synthesis and deposition in early pregnancy and increased breakdown 
of maternal fat stores in midpregnancy to late pregnancy to supply fatty acids for maternal energy 
production and fetal synthesis of lean tissues, the brain, and fat deposition. There is increased  mater-
nal glucose production   to provide the extra glucose needed by the fetus for energy production, de novo 
fatty acid, and glycogen syntheses, and there is increased maternal protein turnover but decreased 
protein oxidation to provide an adequate supply of amino acids to synthesize new proteins for mater-
nal and fetal tissue formation and to support placental and fetal energy production and increased 
maternal glucose synthesis [ 1 ,  2 ]. 

 As pregnancy progresses, the requirement for amino  acids   rises in order to sustain faster rates of 
protein synthesis and gluconeogenesis [ 3 ,  4 ], and the signifi cant lowering of plasma concentrations of 
amino acids after a brief fast suggests that the balance between maternal amino acid supply and utili-
zation is very tight, more so for the gluconeogenic amino acids [ 5 ,  6 ]. That is, the supply of dispens-
able amino acids from breakdown of body proteins plus de novo synthesis is not suffi cient to meet the 
maternofetal requirements after a brief fast, as these amino acids represent the largest source of mater-
nal amino acid nitrogen transferred to the fetus [ 7 ]. Apart from their unique individual biochemical 
functions, dispensable amino acids, such as  L -arginine, are synthesized de novo because there is a 
high demand for them as precursors for the synthesis of proteins and peptides plus numerous bio-
chemicals and metabolites necessary for maintenance of  physiologic/metabolic homeostasis  .  

    Possible Essentiality of L-Arginine in Human Pregnancy 

  L -Arginine is considered to be a dietary semi-essential amino acid because during periods of  rapid 
tissue deposition,   such as in childhood and wound healing, its rate of endogenous production is not 
suffi cient to meet overall requirements. This is due to the fact that besides being one of the 20  amino 
acids   needed to synthesize proteins and peptides in the body, it is a substrate for the synthesis of 
numerous biochemical compounds that are necessary for maintenance of homeostasis [ 8 – 10 ]. The 
most important among these are  creatine  , necessary for ATP production in cardiac and skeletal muscle 
cells; the polyamines, e.g., putrescine, spermidine, and spermine, which are important in the regula-
tion of cell proliferation and differentiation; and nitric oxide (NO), an important mediator of vascular 
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tone and blood fl ow, which also stimulates angiogenesis, leukocyte adhesion, platelet aggregation, 
superoxide generation, and the expression of vascular cell adhesion molecules and monocyte chemo-
tactic peptides [ 9 ]. It is also a precursor for the synthesis of proline, an amino acid present in large 
quantities in cartilage. As pregnancy is a period of increased maternal and fetal tissue deposition and 
increased NO synthesis has been implicated as a major contributor to the maternal vascular expansion 
of pregnancy  and placental blood fl ow   [ 11 ,  12 ], it is a distinct possibility that  L -arginine becomes an 
essential amino acid in the pregnant woman.  

    L-Arginine Supply May Impact Pregnancy Outcome 

 An adequate  L -arginine supply from endogenous sources and the  diet   will be critical for a successful 
pregnancy in terms of increased tissue deposition, maternal vascular expansion, and increased 
maternal- fetal blood fl ow, hence nutrient supply to the fetus. This will be especially true in trimester 
3 when large quantities of proline-rich fetal cartilage are being synthesized. On the other hand, an 
 inadequate maternal supply   of  L -arginine will impair both maternal and fetal protein syntheses, hence 
new tissue formation, leading to intrauterine growth retardation (IUGR) and delivery of a low birth 
weight (LBW) baby. It may also impair NO synthesis resulting in gestational hypertension [ 11 ].  

    Estimating L-Arginine  Requirement   During Pregnancy 

 The amount of L-arginine required during pregnancy can be estimated from the amount of protein 
deposited and the  L -arginine content of maternal and fetal protein. It has been estimated that about 
992 g of protein is deposited in a normal pregnancy with a median maternal weight gain of 12.5 kg 
and infant birth weight of 3.3 kg [ 13 ]. Of this, the fetus accounts for 42 % and maternal tissues 58 %. 
Based on a 7.2 %  L -arginine content of fetal protein [ 14 ], it can be calculated that fetal protein deposi-
tion will require 30 g of  L -arginine or an average of 107 mg/day, and based on a 6.6 %  L -arginine 
content of adult human body protein [ 15 ], maternal protein deposition will require 38 g  L -arginine or 
an average of 136 mg/day during pregnancy, that is, an average increase in maternal requirement for 
 L -arginine of 243 mg/day for net protein deposition during pregnancy. Of course this is likely to be 
lower in the fi rst half of pregnancy and much higher in the second half when the rate of tissue deposi-
tion is greater. For example, from 26 to 40 weeks of gestation, it can be calculated that total maternal/
fetal protein deposition is 10 g/day [ 16 ] which translates to 660 mg/day of  L -arginine. 

 This average  L -arginine requirement, however, represents a minimum estimation of daily require-
ment during pregnancy. For example, in studies in the sheep [ 17 ], it has been shown that only ~40 % 
of fetal  L -arginine uptake is used for protein accretion, indicating that the actual fetal requirement is 
60 % greater. If the same holds true for the human fetus, then fetal requirement for protein deposition 
will be about 267.5 mg/day for a minimum average maternal requirement of 404 mg/day. This excess 
fetal  L -arginine uptake in all likelihood is used to produce fetal energy, growth factors, and other 
amino acids necessary for protein synthesis and deposition, especially proline in trimester 3 when 
large quantities of proline-rich cartilage is synthesized. Indeed, fetal protein accretion of proline is 
markedly greater than uptake indicating signifi cant de novo synthesis from  L -arginine [ 17 ].  
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    First In vivo Evidence of Increased L-Arginine  Flux and NO Synthesis   
in Human Pregnancy 

 To determine how  L -arginine fl ux and its rate of conversion to NO respond during different phases of 
normal human pregnancy compared to the nonpregnant state, a stable isotope tracer method was used 
to measure and compare  L -arginine fl ux and NO synthesis at 18–20 and 36–39 weeks of gestation and 
at 8–10 weeks postpartum [ 18 ]. A constant infusion of guanidino-[ 15 N 2 ]-arginine was used to measure 
 L -arginine fl ux and its rate of conversion to plasma nitrite/nitrate (NOx) as an index of the fractional 
rate of synthesis (FSR) of NO in fi ve healthy pregnant American adult women aged 18–31 years. All 
of the participants had singleton pregnancies, and none had any history of medical diseases or pre-
eclampsia. As shown in Fig.  21.1a ,  L -arginine fl ux was signifi cantly higher ( P  < 0.01) in mid-gestation 
than late gestation and postpartum (107.8 ± 5.7 vs. 72.5 ± 6.6 vs. 82 ± 3.4 μmol/kg/h, respectively). 
This increase in  L -arginine fl ux at 18–20 weeks was associated with a signifi cantly higher ( P  < 0.05) 
plasma  L -arginine concentration (Fig.  21.1b ) and with a signifi cantly faster ( P  < 0.02) FSR of NO 
(Fig.  21.1c ). The FSR of NO at 18–20 weeks was 44 % and 67 % greater than the rates at 36–39 weeks 
and postpartum, respectively (6.2 ± 0.4 vs. 4.3 ± 0.3 vs. 3.7 ± 0.85 % pool/h). There was no statistically 
signifi cant difference between values obtained in late gestation compared with postpartum values. 
These fi ndings show for the fi rst time that  L -arginine fl ux and NO synthesis increase in mid-gestation 
and start to fall as gestation approaches term, suggesting that increased maternal requirement for 
 L -arginine and NO starts early, probably in trimester 1, and peaks around mid-gestation. In addition, 
the fi nding that peak  L -arginine supply and NO synthesis parallel the vascular changes observed at 

  Fig. 21.1     L-Arginine fl ux   ( A ), L-arginine concentration ( B ), NO synthesis ( C ), and plasma NOx concentration ( D ) in 
American women during pregnancy and postpartum. Values are mean ± SE;  n  = 5 in each group. Values with different 
superscript letters are signifi cantly different,  P  < 0.05. Figure drawn from data fi rst published in Goodrum et al. [ 18 ]       
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midpregnancy suggests that increasing  L -arginine supply and its conversion to NO may be important 
in facilitating the vascular expansion of pregnancy [ 18 ].

   Despite the higher rate of conversion of  L -arginine to NO at 18–20 weeks and 36–39 weeks, the 
concentrations of plasma NOx were signifi cantly lower than postpartum values (Fig.  21.1d ). The 
lower plasma NOx concentrations at midpregnancy and late pregnancy compared with the postpartum 
value agree with the fi ndings of Conrad et al. [ 19 ] who reported lower or unchanged plasma and uri-
nary NOx during pregnancy in women on a reduced nitrate diet. Possible explanations for the lower 
plasma NOx include marked expansion of the maternal intravascular volume, thereby decreasing 
NOx concentration and/or increased urinary excretion of NOx.  

    L-Arginine Flux and NO Synthesis in Pregnant Adolescent Girls 
Versus Adult  Women      

 The incidence of LBW babies and gestational hypertension is higher in the pregnant adolescent popu-
lation [ 20 ,  21 ]. The fi nding that both  L -arginine fl ux and NO synthesis rose steeply at midpregnancy 
in normal healthy adult women suggests that an inability to increase  L -arginine fl ux and NO synthesis 
may explain the higher incidence of LBW, gestational hypertension, and preeclampsia observed in 
pregnant adolescent girls [ 21 ,  22 ] for the following reason. In fasting humans, the major source of 
 L -arginine is whole-body protein breakdown as de novo  L -arginine synthesis constitutes only ~15 % 
of fl ux [ 10 ]. Based on the report that whole-body protein breakdown increases to a greater extent in 
pregnant women whose BMI exceeds 25 kg/m 2  [ 23 ] and pregnant adolescent girls are known to have 
less lean body mass than adult women [ 24 ], it is a distinct possibility that pregnant adolescent girls 
will have slower endogenous  L -arginine fl ux which may negatively affect their ability to increase the 
synthesis of maternal and fetal proteins and NO. To determine whether adolescent girls can increase 
 L -arginine fl ux and NO synthesis to the same extent as their adult counterparts as pregnancy pro-
gresses to late gestation,  L -arginine fl ux and NO synthesis were measured by intravenous infusions of 
guanidino- 15 N 2 - argininine and  2 H 2 -citrulline in eight pregnant adolescent Jamaican girls and eight 
pregnant adult Jamaican women [ 25 ]. All of the study participants were studied after fasting overnight 
for 8 h on two occasions, at the end of the fi rst trimester (12.8 ± 0.39 weeks of gestation) and the 
beginning of the third trimester (27.8 ± 0.4 weeks of gestation). 

 As shown in Table  21.1 , both the adult women and adolescent girls had BMIs within the normal 
range, 22.6 ± 0.4 and 20.8 ± 0.3 kg/m 2 , respectively, indicating that they were well nourished at the 
trimester 1 study. Maternal weight and BMI at the trimester 1 study, however, were signifi cantly lower 
( P  < 0.05) in the adolescent girls compared with their adult counterparts, indicating that the adoles-
cents had less lean body mass than the adults. On the other hand, weight gain from week 12 to 36 of 
gestation was signifi cantly greater in the adolescents compared to the adults ( P  < 0.01). Among the 16 
study participants, there was one fetal loss in the adolescent group (Table  21.1 ). Although there was 
no signifi cant difference in gestational age between the groups, the adolescent girls had two premature 
deliveries while the adults had none. The mean birth weights of the groups were not signifi cantly dif-
ferent, and each group had one LBW infant. Similarly, there were no signifi cant differences in placen-
tal weight, newborn head circumference, and crown-heel length, though the latter trended shorter in 
the adolescent group.

   There was no difference between the groups in  L -arginine fl ux expressed both per unit of body 
weight and per whole body in trimester 1 (Fig.  21.2a, b ). However,  L -arginine fl ux decreased signifi -
cantly ( P  < 0.05) from trimester 1 to 3 in the adolescents but not in the adult women (Fig.  21.2a, b ). 
Similarly, plasma  L -arginine concentration increased signifi cantly in the adults ( P  = 0.02) but was 
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unchanged in the adolescents from trimester 1 to 3 (Fig.  21.2c ). These fi ndings suggest that after a 
brief period of food deprivation such as an overnight fast, the pregnant adolescent cannot maintain 
 L -arginine fl ux like her adult counterpart in trimester 3. This inability to maintain  L -arginine fl ux 
seems to be related to her younger age as  there   was a positive association ( r  = 0.55,  P  = 0.02) between 
trimester 3  L -arginine fl ux and age of the study participants, indicating that fl ux was slower in the 
adolescent group (Fig.  21.3a ). The slower  L -arginine fl ux did not, however, have a negative effect on 
the adolescent mother’s ability to increase NO synthesis in trimester 3 or on her baby’s birth weight.

    Though weight-specifi c NO  synthesis   rate increased by 18 % in adults and 7 % in adolescents from 
trimester 1 to 3, these changes were not statistically different (Fig.  21.2d ). However, when expressed 
per whole body, NO synthesis increased signifi cantly in the adolescents ( P  < 0.05) (Fig.  21.2e ). These 
changes in NO synthesis from trimester 1 to 3 were associated with signifi cant increases ( P  < 0.05) in 
plasma nitrite concentrations in both groups (Fig.  21.2f ). Although  L -arginine fl ux correlated posi-
tively with NO synthesis at the start of trimester 3 ( r  = 0.62,  P  = 0.01) (Fig.  21.3b ), there was no dif-
ference in NO synthesis between the groups at this time. That is, despite having a slower  L -arginine 
fl ux at the start of trimester 3, the adolescents were still able to increase NO synthesis to the same 
extent as their adult counterparts. This fi nding implies that the relatively smaller amount of  L -arginine 
being produced by the adolescents at the start of trimester 3 does not negatively affect their ability to 
increase NO synthesis. 

 It is interesting that at the time of the trimester 3 study, weekly maternal weight gain, which was 
greater in the adolescent group, correlated positively with both NO synthesis ( r  = 0.51,  P  = 0.04) 
(Fig.  21.4 ) and plasma NO 2  concentrations in trimester 3 ( r  = 0.58,  P  = 0.01) suggesting that  L -arginine 
supply in the adolescents was still adequate to maintain both NO synthesis and maternal protein syn-
thesis and, hence, lean tissue deposition.

    Table 21.1    Maternal  characteristics   at recruitment, pregnancy outcome, and newborn characteristics of Jamaican adult 
women and adolescent girls a    

 Variables b   Adult women  Adolescent girls c  

  Maternal characteristics  
 Age ( y )  26.1 ± 0.4  16.1 ± 0.4 d  
 Height (cm)  165.0 ± 2.2  162.0 ± 1.9 
 Body mass index (kg/m 2)   22.6 ± 0.4  20.8 ± 0.3 d  
 Trimester 1 study weight e  (kg)  61.9 ± 2.2  54.9 ± 1.3 d  
 Trimester 3 study weight e  (kg)  64.9 ± 1.7  61.1 ± 2.1 
 Weight at 36 weeks (kg)  71.2 ± 2.7  69.1 ± 1.8 
 Weight gain from 12 to 36 weeks (kg)  9.0 ± 1.9  15.8 ± 1.1 d  
 Hemoglobin at trimester 1 study (g/dL)  12.3 ± 0.9  11.4 ± 1.7 
  Pregnancy outcome and newborn characteristics  
 Fetal loss ( n )  0  1 
 Gestational age at birth (weeks)  38.4 ± 0.4  37.6 ± 0.8 
 Premature delivery (<37 weeks) ( n )  0  2 
 Birth weight (kg)  3.14 ± 0.2  2.87 ± 0.1 
 Low birth weight (<2.5 kg) ( n )  1  1 
 Placenta weight (g)  631.3 ± 48.2  645.7 ± 1.7 
 Head circumference (cm)  34.2 ± 0.7  33.8 ± 0.5 
 Crown-heel length (cm)  49.2 ± 1.2  46.2 ± 1.2 

   a Data adapted from Thame et al. [ 25 ] 
  b Values are mean ± SE;  n  = 8 in each group 
  c For the adolescent group, all newborn values are for  n  = 7 
  d Different from adult women,  P  < 0.001; unpaired  t -test 
  e Trimester 1 study: performed at 12.8 ± 0.39 weeks of gestation; trimester 3 study: performed at 27.8 ± 0.4 weeks of 
gestation  
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       L-Arginine Flux and NO Synthesis in Pregnant Women with Normal BMI 
Versus Low  BMI      

 As in the adolescent mother, there are several reports that the incidence of LBW and small for gesta-
tional age babies is higher in adult women with low prepregnancy BMI [ 26 ], suggesting an inability 
to provide suffi cient nutrients to sustain fetal protein synthesis and, hence, fetal tissue deposition. An 
inadequate maternal supply of  L -arginine will impair both maternal and fetal protein syntheses, hence 
new tissue formation, leading to IUGR and delivery of an LBW baby. On the other hand, lower BMI 
correlates with lower systolic blood pressure [ 27 ] and a decreased risk for preeclampsia in pregnant 
women [ 28 ], suggesting that women with low BMI can synthesize NO at a greater rate than their 
normal BMI counterparts during pregnancy. First, to determine whether Indian women with low BMI 
can increase  L -arginine supply to the same extent as their normal BMI counterparts during pregnancy 

  Fig. 21.2    L-Arginine  fl ux   ( A ), whole-body L-arginine fl ux ( B ), plasma L-arginine concentration ( C ), NO synthesis ( D ), 
whole- body NO synthesis ( E ), and plasma nitrite concentration ( F ) in pregnant Jamaican adult women and adolescent 
girls at trimester 1 (12.8 gestational weeks) and trimester 3 (28 gestational weeks). Values are mean ± SE;  n  = 8 in each 
group.  a Different from trimester 1,  P  < 0.05. Figure drawn from data fi rst published in Thame et al. [ 25 ]       
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  Fig. 21.3    Correlation 
 between   L-arginine fl ux at 
trimester 3 (28 gestational 
weeks) and subject’s age in 
pregnant Jamaican adult 
women and adolescent girls 
( A ); correlation between 
NO synthesis and 
L-arginine fl ux at trimester 
3 (28 gestational weeks) in 
pregnant Jamaican adult 
women and adolescent girls 
( B ). ( A ) Pearson  r  = 0.55; 
 P  = 0.026;  n  = 16. ( B ) 
Pearson  r  = 0.62;  P  = 0.01; 
 n  = 16. Figure drawn from 
data fi rst published in 
Thame et al. [ 25 ]       

  Fig. 21.4    Correlation 
 between   NO synthesis at 
trimester 3 (28 gestational 
weeks) and weekly weight 
gain at that time in 
pregnant Jamaican adult 
women and adolescent 
girls. Pearson  r  = 0.51; 
 P  = 0.04;  n  = 16. 
Unpublished data       
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and second, whether they can synthesize NO at a faster rate than their normal BMI counterparts, 
 L -arginine fl ux and NO synthesis were measured in two groups ( n  = 10 each) of pregnant adult Indian 
women with normal BMI (>18.5 < 25) and low BMI (≤18.5) after an 8 h fast. Measurements were 
made with constant infusions of guanidino- 15 N 2 -arginine and  13 C,  2 H 4 -citrulline on two occasions, at 
the end of the fi rst  trimester   (12 ± 1 weeks of gestation) and toward the end of the second trimester 
(24 ± 1 weeks of gestation) [ 29 ]. 

 As shown in Table  21.2 , the low BMI group had signifi cantly lower weight, BMI, fat free mass, and 
fat mass at the time of recruitment into the study. Between the groups, the increase in body weight 
(normal BMI = 3.26 ± 0.62 kg; low BMI = 3.83 ± 1.34 kg) and BMI (normal = 1.53 ± 0.28 kg/m 2 , 
low = 1.82 ± 0.39 kg/m 2 ) from trimester 1 to trimester 2 were not different.  There   were no differences 
in age, height, parity, and hemoglobin concentration between groups. Diastolic blood pressure was 
signifi cantly lower in the low BMI group at both 12 and 24 weeks of gestation (Table  21.3 ).

   Table 21.2    Maternal  characteristics   at recruitment and pregnancy outcomes of pregnant Indian women a   

 Variables b   Normal BMI (>18.5 < 25)  Low BMI (≤18.5) 

  Maternal characteristics  
 Age ( y )  24.5 ± 1.2  21.4 ± 1 
 Weight (kg)  49.1 ± 1.8  42.2 ± 1.4 c  
 Height (cm)  151 ± 3.2  153 ± 1.34 
 BMI (kg/m 2 )  21.46 ± 0.4  17.9 ± 0.4 c  
 Fat-free mass (kg) (% of body weight)  34.7 ± 1.4 (71 %)  32.9 ± 0.9 (77.8 %) c  
 Fat mass (kg) (% of body weight)  14.4 ± 0.86 (29 %)  9.2 ± 0.61 (21.8 %) c  
 Hemoglobin (g/dL)  12.3 ± 1.1  11.9 ± 1.8 
  Pregnancy outcomes  
 Gestational Wt gain (g/day)  54.7 ± 9.3  69 ± 5.3 
 Birth weight (kg)  2.35 ± 0.49  2.65 ± 0.33 
 Gestational age at birth (weeks)  37 ± 3.1  38.1 ± 1.5 
 Premature delivery (<37 weeks) ( n )  1  1 
 Low birth weight (<2.5 kg) ( n )  6  3 d  

   a Data adapted from Kurpad et al. [ 29 ] 
  b Values are mean ± SE;  n  = 10 in each group 
  c Different from normal BMI,  P  < 0.001; unpaired  t -test 
  d Different from normal BMI,  P  < 0.05; Fisher’s exact test  

   Table 21.3    Blood  pressures   of pregnant Indian women with normal and low BMI a, b    

 Normal BMI  Low BMI 

 Gestation week 

 12  24  12  24 

 Systolic (mm)  105.5 ± 2.7  104 ± 3.1  100 ± 2.9  101.9 ± 2.3 
 Diastolic (mm)  68 ± 2.0  65.8 ± 2.4  60 ± 1.6 c   60.4 ± 1.6 c  

   a Data adapted from Kurpad et al. [ 29 ] 
  b Values are mean ± SE;  n  = 10 in each group 
  c Different from the normal BMI group,  P  < 0.05  
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    There were no signifi cant differences in gestational age at birth, and one mother in each group had 
a premature delivery (35th and 36th week in the normal and low BMI group, respectively), followed 
by death of the baby (Table  21.2 ). Similarly, there were no signifi cant differences in birth weight, 
although the low BMI mothers gave birth to babies that were on average ~300 g heavier. The low BMI 
mothers also gave birth to only 3/10 LBW babies compared to 6/10 LBW babies in the normal BMI 
group ( P  < 0.01). 

  L -Arginine fl ux when expressed per unit of body weight was signifi cantly faster ( P  < 0.01) in the 
low BMI group compared with the normal BMI group in trimester 1, and there was a signifi cant 
reduction in fl ux from trimester 1 to 2 in the low BMI group ( P  < 0.01) (Fig.  21.5a ). When expressed 
per whole body, this reduction in  L -arginine fl ux in the low BMI group from trimester 1 to 2 did not 
achieve statistical signifi cance. There was no difference in plasma  L -arginine concentrations between 
the groups at trimesters 1 and 2 and within each group from trimesters 1 to 2 (Fig.  21.5c ).

   NO synthesis expressed per unit of body weight was faster in the low BMI group compared with 
the normal BMI group in both trimesters; however, the difference was only signifi cant in trimester 2 

  Fig. 21.5    Weight- specifi c   L-arginine fl ux ( A ), whole-body L-arginine fl ux ( B ), L-arginine concentration ( C ), weight-
specifi c NO synthesis ( D ), whole-body NO synthesis ( E ), and NOx concentration ( F ) in Indian women with normal and 
low BMI at trimester 1 (12 gestational weeks) and trimester 2 (24 gestational weeks). Values are mean ± SE;  n  = 10 in 
each group.  a Different from normal BMI,  P  < 0.01.  b Different from trimester 1,  P  < 0.01. Figure drawn from data fi rst 
published in Kurpad et al. [ 29 ]       
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( P  < 0.05) (Fig.  21.5d ). This was associated with a signifi cantly higher ( P  = 0.03) plasma NOx concen-
tration in the low BMI group in trimester 2 (Fig.  21.5f ). NO synthesis, when expressed either per unit 
of body weight or per whole body, did not change in any group from trimester 1 to 2 (Fig.  21.5d, e ). 

 These fi ndings show that pregnant Indian women with low BMI produce  L -arginine and NO at 
rates that are faster than their normal BMI  counterparts     . Both groups of women, however, fail to 
increase  L -arginine fl ux and NO synthesis as pregnancy progresses to the end of trimester 2. It is pos-
sible that the consistently faster NO synthesis of the low BMI women may explain their relatively 
better LBW outcome and their lower diastolic blood pressure at both trimesters.  

    Comparing the L-Arginine and NO  Kinetics      of American, Indian, 
and Jamaican Women and Adolescent Girls 

 When the data obtained from the three different nationalities were compared, the adult Jamaican 
women produced  L -arginine at the end of trimester 1 and beginning of trimester 3 at about the same 
rate as the Americans at midpregnancy, and the rates of both groups were signifi cantly greater 
( P  < 0.01) than the rate of the nonpregnant American women at 8–10 weeks postpartum (Fig.  21.6 ). 
The same was true of the Jamaican adolescent girl at trimester 1, though she had a 28 % reduction in 
 L -arginine fl ux as her pregnancy progressed to trimester 3. Both groups of Indian women, however, 
had  L -arginine fl uxes that were markedly slower by ~50 % at both trimesters 1 and 2 compared to the 
rates of the Jamaicans and Americans. These  L -arginine fl uxes of the Indian women were even slower 
( P  < 0.01) than that of the nonpregnant American women at postpartum, indicating that the Indian 
women were unable to increase  L -arginine supply to meet the demands of pregnancy. Further, there 
were signifi cant positive associations between birth weight and  L -arginine fl ux at the end of trimester 
1 ( r  = 0.54,  P  = 0.0031) and beginning of trimester 3 ( r  = 0.53,  P  = 0.0037) (Fig.  21.7 ), suggesting that 
suboptimal  L -arginine availability results in a lower birth weight. Not surprisingly the Indian women 
delivered 9/20 (45 %) LBW babies compared to 2/15 (13.3 %) for all Jamaicans (Table  21.4 ). Though 
there were no differences in NO synthesis among the four groups of Jamaicans and Indians in trimes-
ter 1, in trimester 2 Indian women with normal BMI had slower NO synthesis compared to the other 
groups (Fig.  21.8 ). Interestingly, this group had the worst outcome in terms of gestational age and 

  Fig. 21.6    Comparing  L-arginine   fl uxes of Jamaican, American, and Indian women during pregnancy. Values are 
mean ± SE,  n  = 5 in American women,  n  = 8 in Jamaican adult women and adolescent girls,  n  = 10 in Indian women with 
normal and low BMI.  a Signifi cantly slower comparing to American and Jamaican values,  P  < 0.01.  b Signifi cantly slower 
comparing to Jamaican adults,  P  < 0.01. Figure drawn from data fi rst published in Goodrum et al. [ 18 ], Thame et al. 
[ 25 ], and Kurpad et al. [ 29 ]       
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  Fig. 21.7    Correlation between  birth   weight and L-arginine fl ux at trimester 1 and trimester 3 in pregnant Jamaican and 
Indian women. Trimester 1, Pearson  r  = 0.54,  P  = 0.0031; trimester 3, Pearson  r  = 0.53,  P  = 0.0037;  n  = 36. Figure drawn 
from data fi rst published in Thame et al. [ 25 ] and Kurpad et al. [ 29 ]       

    Table 21.4    Comparing  gestational   age and birth weight in Jamaican women and adolescent girls versus Indian women a    

 Group b   Gestational age (weeks)  Birth weight c  (kg)  LBW baby (%) 

 Jamaican adult  38.4 ± 0.4  3.14 ± 0.1 d   12.5 (1/8) 
 Jamaican adolescent  37.6 ± 0.8  2.87 ± 0.17 d   14.3 (1/7) 
 Indian BMI <18.5  38.1 ± 1.5  2.64 ± 0.11 d   30 (3/10) 
 Indian BMI >18.5 < 25  37 ± 3.1  2.3 ± 0.05 e   60 (6/10) 

   a Data adapted from Thame et al. [ 25 ] and Kurpad et al. [ 29 ] 
  b Values are mean ± SE;  n  = 8 in Jamaican adult and adolescent girl groups;  n  = 10 in Indian normal BMI and low BMI groups 
  c One-way ANOVA,  P  < 0.0001; d,evalues with different superscript letters are signifi cantly different,  P  < 0.05  

  Fig. 21.8    Comparing NO  syntheses   of Jamaican and Indian women during pregnancy. Values are mean ± SE,  n  = 8 in 
Jamaican adult women and adolescent girls,  n  = 10 in Indian women with normal and low BMI.  a Signifi cantly slower 
comparing to other group values at weeks 24–28,  P  < 0.01. Figure drawn from data fi rst published in Thame et al. [ 25 ] 
and Kurpad et al. [ 29 ]       
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baby birth weight (Table  21.4 ), indicating that inability to increase  L -arginine supply and NO synthe-
sis during pregnancy may both be contributing to the high incidence of LBW babies in Indian women. 
This may also explain the observation that even affl uent well-nourished Indian women have a high 
incidence of LBW babies [ 30 ].

      Our data do not provide an explanation for the slower  L -arginine fl ux of Indian women during 
pregnancy. Because the endogenous fl ux of a dispensable amino acid consists of its release from 
whole- body protein breakdown plus its de novo synthesis, the slower  L -arginine fl ux of the Indian 
women could have been due to a decrease in either one or in both mechanisms. Evidence from studies 
in pregnant normal weight healthy adult women suggests that the extra amino acids required for 
increased maternal protein synthesis are provided by increased release from body protein breakdown 
in the fasted state and an overall decrease in amino acid catabolism [ 3 ,  23 ]. Duggleby and Jackson 
[ 23 ] also reported that protein breakdown rose to a greater extent in pregnant women whose BMI 
exceeded 25 kg/m 2  compared to those with lower BMI, suggesting that amino acid supply is directly 
related  to      maternal BMI. Because the BMIs of the two groups of Indian women were lower than those 
of the Americans and Jamaicans, this may be one factor contributing to their slower  L -arginine fl ux. 
Another explanation is that the pregnant Indian women may not be able to downregulate the rate of 
amino acid oxidation to conserve nitrogen for the de novo synthesis of dispensable amino acids such 
as  L -arginine. A defi nitive answer to this question can only be provided by more detailed studies of 
protein and amino acid metabolism in pregnant Indian women.  

    Conclusions 

 As seen in adult American and Jamaican women and in adolescent girls, there is an upregulation in 
 L -arginine fl ux and NO synthesis starting in early pregnancy, in all likelihood a necessary adaptation 
to meet the increased demands of protein synthesis and maternal vascular expansion. Although the 
pregnant adolescent girl was unable to maintain a higher  L -arginine fl ux like her adult counterpart in 
late pregnancy, this inability to maintain  L -arginine fl ux does not seem to affect her ability to synthe-
size NO or to affect her baby’s birth weight. This is not the case in pregnant Indian women who, 
regardless of their body weight and BMI, had  L -arginine fl uxes that were less than 50 % the rate of 
their American and Jamaican counterparts during pregnancy. Further, in the Indian woman, this 
slower  L -arginine fl ux is associated with slower NO synthesis in those women with normal BMI but 
not in those with low BMI. Finally, the slower  L -arginine fl ux and NO synthesis of Indian women 
seem to have a negative effect on fetal growth resulting in a high rate of LBW babies.     
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    Introduction 

 Often considered to be one of the most versatile amino acids,  L -arginine is  classifi e  d as a basic,  cationic 
amino acid with three amine groups comprising a guanidino group in the side chain.  L -arginine was fi rst 
isolated from lupin seedlings by Schulze and Steiger [ 1 ], and shortly thereafter, Hedin [ 2 ] discovered that 
 L -arginine is a component of animal proteins (as reviewed by [ 3 ]). Following the  discovery of  L -arginine, 
many efforts to determine its essentiality or dispensability were undertaken with a defi nitive answer still 
being debated today. The results from Scull and Rose [ 4 ] suggested that  L -arginine was a dispensable or 
nonessential amino  acid  . This fi nding was repeated in humans by Rose and colleagues [ 5 ] who reported 
that removal of  L -arginine from the diet did not result in a negative nitrogen balance in adult males. 
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 Key Points 

•    L -arginine is a component of the uterine histotroph.  
•    L -arginine is transported across uterine and placental tissues.  
•    L -arginine is metabolized in uterine and placental tissues.  
•    L -arginine stimulates cell signaling in uterine and placental cells.  
•    L -arginine stimulates contractility, vasoactivity, and proliferation in uterine cells and reduces 

apoptosis.  
•    L -arginine stimulates cell migration, proliferation, and angiogenesis in placental cells.  
•    L -arginine has in vivo effects during pregnancy including stimulating angiogenesis, increasing 

fecundity, and reducing hypertension.  
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 Like many observations in science, the classifi cation of  L -arginine as a dispensable amino acid 
does not hold true under all circumstances. Shortly after Scull and Rose [ 4 ] reported their fi ndings in 
the rat, Arnold and colleagues [ 6 ] demonstrated that the simple addition of  L -arginine at 1 % of the 
diet enhanced the growth of 1-day-old chicks, and Klose and colleagues [ 7 ] observed that removal of 
 L -arginine from the diet caused weight loss of chicks, while the addition of  L -arginine stimulated 
weight gain. Together, these two sets of experiments [ 6 ,  7 ] established  L -arginine as a dispensable 
amino acid for the growing chick and set forth the concept that essentiality of  L -arginine may differ 
among species and even within species depending upon the physiological circumstances. 

 Possibly one of the most compelling arguments regarding the discrepancy surrounding the 
 essentiality of  L -arginine was offered by Borman and colleagues [ 8 ], who fed an  L -arginine-free diet, 
and the same diet supplemented with  L -arginine to growing rats. Borman and colleagues observed 
that while  L -arginine restriction did not result in weight loss, the addition of  L -arginine to the diet 
increased growth, suggesting a role in  tissue growth  . More importantly, Borman and colleagues [ 8 ] 
conjectured that the essentiality of  L -arginine should not solely be based upon its role in growth but 
also its role in other bodily functions such as reproduction. 

 Much of the renewed interest regarding the role of  L -arginine in bodily functions other than growth 
stems from the fact that in addition to being incorporated into many proteins and having a role in 
 ammonia detoxifi cation   [ 9 ],  L -arginine is also a precursor for many important molecules in  cellular 
physiology  , including proline, glutamate, creatine, and, most notably, polyamines  and nitric oxide   [ 3 ]. 
To this end, the argument set forth by Borman and colleagues, along with the versatility of  L -arginine, 
supports the modern efforts to determine the role of  L -arginine in other bodily functions such as 
 reproduction. This chapter will explore the effects and role of  L -arginine in the tissues of the uterus 
and placenta and during gestation in mammals. Information has been gathered from various species 
including humans, rodents, and domestic animals.  

    Transport and Metabolism of  L -Arginine in the Uterus and Placenta 

    The  Uterus   

 As a reproductive organ, the uterus has been designated as the organ of pregnancy as it provides the 
maternal environment for the developing offspring. The uterus provides  nou  rishment for the concep-
tus throughout gestation. During the preimplantation and peri-implantation periods, the uterus 
 provides essential nutrients and growth factors in a secretion known as uterine histotroph. Additionally, 
the uterus continues this supportive role for the offspring following embryo attachment by acting as 
the point of interface with the placenta and by providing the environment in which the conceptus will 
grow and develop [ 10 ,  11 ]. 

 Before discussing the transport and metabolism of  L -arginine in the uterus, a brief description of 
uterine anatomy is provided. The uterus can be described in terms of three layers: the perimetrium, the 
myometrium, and the endometrium. Serving as the serosal layer of the uterus, the perimetrium forms 
a tunic around the uterus and is comprised of a thin layer of squamous epithelial cells that is continu-
ous with the visceral peritoneum and is suspended by the broad ligament [ 11 ,  12 ]. Underneath the 
perimetrium lies the myometrium or the muscular wall of the uterus [ 13 ]. The endometrium is the 
layer that forms the uterine lumen. Histologically, the endometrium consists of glandular and luminal 
epithelium and stroma (fi broblasts). The endometrium epithelium of viviparous mammals contains 
both simple cuboidal and simple columnar epithelial cells which form the surface to which the devel-
oping embryo attaches as well as the coiled tubular glands which secrete the histotroph that is vital for 
early embryonic survival [ 10 ]. 
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  L -arginine is transported across uterine endometrial tissue and secreted into the uterine lumen 
(Fig.  22.1 ). The y +  amino acid transport system, which transports  L -arginine, is comprised of CAT1, 
CAT2, and CAT3, which are encoded by the genes SLC7A1, SLC7A2, and SLC7A3. During the 
ovine estrous cycle, SLC7A2 mRNA expression in the endometrium does not change; however, 
SLC7A1 mRNA does exhibit temporal changes with an increase being observed on day 16 of the 
cycle [ 14 ].  L - arginine   has been reported to be present in the uterine fl ushes of sheep [ 15 ], cows [ 16 ], 
rats [ 17 ], and humans [ 18 ]. In women, uterine lumen concentrations of  L -arginine fl uctuate during the 
menstrual cycle, with the greatest amounts being observed during the proliferative phase [ 18 ], sug-
gesting that  L -arginine may have a role in the regeneration of the endometrial epithelium that is shed 
during menstruation. Indeed, we have recently reported that  L -arginine enhances human endometrial 
cell proliferation and reduces apoptosis using an endometrial carcinoma cell line model [ 19 ]. During 
the ovine estrous cycle, the uterine lumen concentration of  L -arginine is also dynamic and exhibits an 
increase following estrus with the peak being observed on day 15 of the cycle [ 15 ]. Similarly, in cow, 
the concentration of  L -arginine in the uterine lumen also increases following estrus and is elevated at 
day 14 of the estrous cycle [ 16 ]. Interestingly, in both the cow and ewe,  L -arginine is elevated at a time 
when a potential embryo would be recognized by the maternal environment and attach to the endome-
trial lining. Furthermore, the positive infl uence that  L -arginine has on cell signaling, proliferation, 
hypertrophy, hyperplasia, and migration of ovine trophectoderm cells [ 20 ,  21 ] suggests that  L -arginine 
is a  component of the uterine histotroph that is transported into the uterine lumen to support growth 
and development of the peri-implantation embryo.

   The endometrium also has the ability to metabolize  L -arginine in numerous species, including 
sheep [ 22 – 24 ], pigs [ 25 ], mice [ 26 ], rats [ 27 ], and humans [ 28 ], due to the presence of NOS and/or 
arginase enzymes. Thus, the endometrium produces the necessary enzymes to convert  L -arginine into 
nitric oxide and polyamines. Nitric oxide is produced in the  endometrium   [ 29 ] and is involved in 
embryo implantation and development [ 30 – 32 ]. Additionally, the endometrium is a site of polyamine 
 synthesis [ 33 ,  34 ] which has been shown to be necessary for embryo implantation, as inhibition of 
 polyamine synthesis reduced pregnancy rates in mice [ 33 ]. Nitric oxide synthase is expressed in endo-
metrial tissue throughout the menstrual cycle in women [ 28 ]. In addition, the ovine endometrium has 
been used extensively as a model for studying endometrial metabolism of  L -arginine. Endometrial 
neuronal nitric oxide synthase I (nNOS) mRNA and protein exhibit temporal changes during the 
ovine estrous cycle, while NOS II (iNOS) is weakly expressed and NOS III (eNOS) expression does 
not fl uctuate [ 35 ]. The mRNA expression of ornithine decarboxylase (ODC), a key enzyme needed 
for polyamine synthesis, also exhibits temporal changes in the endometrium during the ovine estrous 
cycle; however, ODC protein expression does not appear to fl uctuate [ 35 ]. During ovine gestation, 
endometrial NOS enzymatic activity peaks at days 40 and 60 and then declines during the remainder 
of gestation, with NO synthesis following the same pattern [ 24 ]. Arginase activity, which is involved 
in polyamine synthesis, peaks at days 40 and 60 of gestation in the ovine endometrium followed by 
declining activity during the remainder of gestation, and ODC activity peaks at day 40 of gestation 

  Fig. 22.1    Transport of 
  L   -arginine into the 
uterine lumen.  L -arginine 
is transported across the 
uterine epithelial cell 
through the y +  amino 
acid transporter system 
which is accomplished 
independent of sodium       
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and then declines [ 23 ]. Moreover, polyamine concentrations in the ovine endometrium peak at days 
40 and 60 of gestation and then decline [ 23 ]. Interestingly, day 60 of ovine gestation represents a time 
point during which uterine milk protein mRNA expression begins to increase [ 36 ], suggesting that the 
peak synthesis of NO and polyamines ( L -arginine metabolites) may be involved in endometrial signal-
ing that promotes uterine gland secretory  function  .  

    The  Placenta   

 Eutherian mammals have a distinct mechanism that imparts them with a reproductive advantage 
over other species: the placenta. Non-eutherian mammals lay eggs in which their offspring 
develop prior to birth. In sharp contrast, eutherian mammals exhibit intrauterine growth and 
development of offspring, and this phenomenon is made possible by a transient organ known as 
the placenta. Intrauterine growth and the placenta ensure that the developing offspring has the 
best opportunity to receive nutritional support and protection during a critical time [ 11 ]. As a 
transient metabolic organ, the placenta serves as the point of exchange between the dam and 
developing fetus [ 11 ,  37 ]. Moreover, the placenta provides a means for respiratory gasses, nutrients, 
and waste products to be exchanged between the dam and fetus. In addition to a point of nutrient 
exchange, the placenta provides structural support for the developing conceptus, serves as a transient 
endocrine gland, and provides an immunological barrier [ 37 ]. In this way, the placenta exerts signifi -
cant control over the normal and successful development of the fetus, and its proper development and 
function are paramount for normal pregnancy. 

 Understanding the transport of  L -arginine in the placenta fi rst requires a brief description of the 
microscopic layers that separate the maternal and fetal circulation. Placentae can be classifi ed based 
upon the number of microscopic layers that separate the maternal and fetal circulation, which differs 
greatly between species. As such, this classifi cation provides a comparative point of view in terms 
of the placental invasiveness. There are a possible total of six tissue layers that may separate the mater-
nal and fetal circulation: (1) uterine endothelium, (2) uterine stroma (connective tissue), (3) uterine 
epithelium, (4) chorionic (fetal) epithelium, (5) fetal connective tissue, and (6) fetal endothelium [ 37 ]. 
According to this classifi cation system, there are three types of placentation: (1) epitheliochorial 
(Fig.  22.2 ), (2) endotheliochorial (Fig.  22.3 ), and (3) hemochorial (Fig.  22.4 ), with the number 

  Fig. 22.2  
  Representation of the 
tissue  layers   that 
separate maternal and 
fetal circulation in 
epitheliochorial 
placentation: (1) 
maternal endothelium, 
(2) maternal connective 
tissue, (3) maternal 
epithelium, (4) fetal 
epithelium, (5) fetal 
connective tissue, and 
(6) fetal endothelium       
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of microscopic tissue layers separating maternal and fetal circulation being six, four, and three, 
respectively.

     Amino acids, including  L -arginine, partially satisfy the carbon and nitrogen demands of the 
 developing placenta and fetus [ 38 ]. In addition to providing carbon and nitrogen substrates, amino 
acids also serve as constituents of proteins and are precursors for nonprotein substances such as 
 signaling molecules and nucleotides [ 39 ]. Concentrations of most essential amino acids are greater in 
the fetal circulation compared to maternal circulation [ 38 ], indicating that active transport of amino 
acids is an important process during gestation. In terms of nutrient transfer across the placenta, an 
interesting phenomenon occurs as the pregnancy progresses. In the human, fetal weight increases by 
approximately 20-fold between weeks 16 and 40 [ 38 ]. However, during a similar time period (weeks 
25 and 36), the villous surface area of the placenta increases by only a factor of 9.5 [ 40 ]. This would 
suggest that nutrient transfer across the placenta increases in effi ciency as gestation progresses [ 38 , 
 40 ]. This increased effi ciency could easily be achieved as there is an approximately tenfold increase 
in villous volume occupied by vasculature [ 41 ], which would enhance the transfer of nutrients. 

 Recalling the anatomy of the placenta, amino acids that are to undergo placental transport would 
be present either in the extracellular space at the maternal-fetal interface (i.e., epitheliochorial and 

  Fig. 22.3    
Representation of  the   
tissue layers that 
separate maternal and 
fetal circulation in 
endotheliochorial 
placentation: (1) 
maternal endothelium, 
(2) fetal epithelium, (3) 
fetal connective tissue, 
and (4) fetal 
endothelium       

  Fig. 22.4    
Representation of the 
 tissue   layers that 
separate maternal and 
fetal circulation in 
hemochorial 
placentation: (1) fetal 
epithelium, (2) fetal 
connective tissue, and 
(3) fetal endothelium       
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endotheliochorial placentas) or in the pools of maternal blood (i.e., hemochorial placentas). As such, 
placental transport of amino acids involves three general steps: (1) uptake across the apical membrane 
of the chorionic villi into the trophoblasts, (2) transport through the cytoplasm of the trophoblasts, and 
(3) effl ux of amino acids across the basal lateral membrane into fetal circulation [ 38 ] (Fig.  22.5 ). The 
transport of  L -arginine across the placenta involves three systems: b 0,+ , y + L, and y + . Studies in the 
human placenta have localized these systems on trophoblasts, with systems y +  and y + L functioning on 
the apical membrane of the chorionic villi and all three systems being present on the basal membrane 
of the chorionic villi [ 42 ,  43 ]. Additionally, the activities of these transport systems appear to be 
 temporally regulated during gestation. In the human placenta, the apical transport of  L -arginine by sys-
tem y +  increases with gestational age; however, y + L transport of  L -arginine has an inverse relationship 
with gestational age [ 44 ].

      In addition to being delivered to the fetal circulation,  L -arginine can also be metabolized by 
trophoblasts. As previously described, polyamines  and NO   are two  L -arginine metabolites that are 
synthesized through the actions of arginase and ODC (polyamines) and NOS (NO). Nitric oxide 
 synthesis   in the ovine placenta peaks at day 60 and is followed by a decline in both the intercoty-
ledonary chorioallantoic membranes and placentome, while NOS activity in the  placentome   
increases with a peak at day 60 and remains elevated for the duration of pregnancy [ 24 ]. Arginase 
is expressed throughout gestation in the human placenta but decreases as pregnancy progresses 
[ 45 ]. This corresponds well to the porcine and ovine placenta in which polyamines and the activity 
of ODC, the rate-limiting enzyme for polyamine synthesis, decrease after day 40 of gestation [ 23 ]. 
Interestingly, the elevated polyamine production in the early ovine placenta suggests a role for 
polyamines in cell proliferation of the  trophoblasts   as it has been demonstrated that polyamine 

  Fig. 22.5    Transport of  L -arginine into the  placental   epithelium and effl ux into fetal circulation. In the human placenta, 
 L -arginine is transported across the apical membrane of the chorionic membrane via either the y +  or y + L amino acid 
transporters. On the basolateral membrane,  L -arginine is transported by either the b 0,+ , y + L, or y +  systems. In the y +  
system,  L -arginine is transported across the membrane independent of sodium.  L -arginine is transported by the y + L 
system in an antiport fashion with sodium and neutral amino acids.  L -arginine transport by the b 0,+  system involves the 
antiport movement of a neutral amino acid.       
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biosynthesis enhances cell proliferation and protein synthesis in early ovine trophectoderm cells 
[ 20 ,  21 ]. 

 Nitric oxide synthase is produced in the human [ 46 ], sheep [ 24 ], pig [ 25 ], rat [ 27 ], and mouse 
[ 47 ] placenta. Immunolocalization techniques have revealed that NOS is present in the human 
umbilical artery and vein endothelium as well as the trophoblasts of the chorionic villi [ 46 ]. In the 
ovine placenta, NOS activity and NO synthesis are greatest in the placentome compared to 
the intercotyledonary spaces of the chorioallantoic membranes. Nitric oxide synthase activity in 
the intercotyledonary chorioallantoic membranes increases with a peak at day 60 of gestation fol-
lowed by a decline through the remainder of gestation, while activity in the placentome increases 
with a peak at day 60 and remains elevated for the duration of pregnancy [ 24 ]. Nitric oxide syn-
thesis in the ovine placenta peaks at day 60 and is followed by a decline in both the intercotyledon-
ary chorioallantoic membranes and placentome [ 24 ]. 

 In the pig placenta, polyamine synthesis is present throughout gestation, increasing with a peak 
being observed around day 40 which is followed by a decline for the remainder of term. Likewise, the 
activity of ODC, the rate-limiting enzyme in polyamine synthesis, increases until day 40 of gestation 
and then declines [ 48 ]. Polyamine concentrations are greater in the ovine placentome compared to 
the intercotyledonary chorioallantoic membranes. In the placentome, polyamine concentrations 
increase and peak at day 40 of gestation and then decline, while the polyamine concentration in the 
intercotyledonary chorioallantoic membranes increases and peaks at day 80 and declines during 
the remainder of  ges  tation [ 23 ].   

    Cellular Effects of  L -Arginine and Its Metabolites in the Uterus 
and Placenta 

    The  Uterus   

 The uterus is largely regarded as an organ of pregnancy. As such, it must expand rapidly to accom-
modate the growing fetus. Also, proliferation of the uterus is necessary throughout the menstrual 
cycle as the uterine epithelium proliferates in preparation for an implanting embryo. There appears to 
be a scarce amount of information available on the cellular effects that  L -arginine has on uterine 
 tissues. Much of the information focuses on the effect that the  L -arginine metabolite nitric oxide has 
on contractility and vascular control in the uterus. In strips of myometrial tissue,  L -arginine and a 
nitric oxide donor both increased the  secondary messenger cyclic guanosine monophosphate  , while a 
nitric oxide synthase inhibitor decreased its production. Furthermore, spontaneous contractility was 
increased by the nitric oxide synthase inhibitor and decreased by the nitric oxide donor [ 49 ], suggest-
ing that  L -arginine, through a nitric oxide-cGMP pathway, regulates contractility of the uterine 
 myometrium. In addition to affecting contractility of the myometrium,  L -arginine also appears to exert 
an effect on vascular control in uterine tissues. In human uterine artery rings,  L -arginine induced 
contraction- dependent relaxation, and this result continued even after the removal of the endothelium. 
Exposure of uterine artery rings to methylene blue, an inhibitor of nitric oxide synthase [ 50 ], inhibited 
the relaxation induced by  L -arginine [ 51 ], indicating that  L -arginine’s effect on uterine artery relax-
ation is a result of it being metabolized into nitric oxide. In addition to its effects on vascular control 
and contractility of the uterine cells,  L -arginine also appears to stimulate cell proliferation and reduce 
apoptosis in uterine-derived cells. Using a human endometrial carcinoma cell line as a model, we have 
recently demonstrated that  L -arginine enhances endometrial epithelial proliferation, and it achieves 
this through a mechanism mediated by nitric oxide and  polyamine synthesis  . Moreover,  L -arginine 
reduced the incidence of mitochondrial mediated apoptosis in endometrial epithelial cells, and this 
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was associated with an increase in phosphorylation of BAD protein. Thus,  L -arginine seems to 
 promote the survival and proliferation of the cells that line the lumen of the uterus [ 19 ].  L -arginine has 
been reported to be present in the uterine fl ushes of humans, with the concentration depending upon 
the phase of the menstrual cycle [ 18 ]. Proliferation of the endometrium has been implicated as a vital 
process which provides an optimal environment for embryo adhesion and implantation [ 52 ], and this 
argument is further supported by the observation that increasing endometrial thickness is associated 
with improved implantation rates in humans [ 53 – 55 ]. Interestingly, the uterine lumen concentration 
of  L -arginine is greatest during the proliferative phase of the menstrual cycle [ 18 ], suggesting that 
 L -arginine may have a role in the proliferation of the endometrial epithelium which must regenerate 
following menstruation. In addition, the uterus must expand to accommodate the growing fetus during 
early pregnancy. To this end,  L -arginine might represent a crucial amino acid in terms of uterine 
 biology during the peri-implantation period and early  ge  station.  

    The  Placenta   

 As a transient endocrine organ, the placenta originates from the trophoblast cells from the early 
 developing embryo. As such, much of the work involving  L -arginine has determined the cellular 
effects that this particular amino acid has on trophoblast cells. As one of the earliest developing tis-
sues of the preimplantation and peri-implantation embryo, proliferation and migration of these tro-
phoblast cells are two critical processes that occur. These processes are largely driven by a collection 
of growth factors, hormones, cytokines, and nutrients, known as histotroph, which is secreted by the 
uterine epithelium. Several studies have reported the presence of  L -arginine in the uterine lumen of 
several species, including humans [ 18 ], sheep [ 15 ], and cattle [ 16 ]. These fi ndings would suggest that 
 L -arginine is a component of uterine histotroph and, thus, would exert an effect of trophoblast cells. 

 In mouse trophoblast cells, the presence of amino acids is necessary for outgrowth of these cells to 
occur [ 56 ]. A similar effect has been observed with only  L -arginine in ovine trophoblast cells. 
Trophectoderm cells, isolated from day 15 ovine conceptuses, displayed enhanced cellular migration 
when cultured with  L -arginine [ 21 ]. Migration of ovine trophectoderm cells is an important aspect of 
the peri-implantation period of sheep as the early conceptus elongates to a length of 25 cm or more by 
day 17 of pregnancy [ 57 ]. Accompanying this migration of trophectoderm cells is an increase in cell 
 proliferation to support the growing trophectoderm. It appears that  L -arginine also supports ovine tro-
phoblast cell proliferation, and this effect is abrogated when nitric oxide and polyamine synthesis are 
inhibited. In addition,  L -arginine enhances protein synthesis, reduces protein degradation, and stimulates 
MTOR signaling in ovine trophoblast cells [ 20 ].  L -arginine also appears to have a similar proliferative 
effect in porcine trophoblast cells and achieves this through activation of MTOR signaling as well [ 58 ]. 

 Distinct from its effects on stimulating cell migration and proliferation,  L -arginine may also have a 
role in the recognition of pregnancy  in ruminant species  . In ruminants, the embryo produces inter-
feron tau which stimulates a series of events that result in reduced expression of endometrial oxytocin 
receptors. In this way, oxytocin, produced by the corpus luteum, cannot stimulate endometrial produc-
tion of PGF2α, which normally would cause lysis of the corpus luteum and lead to the initiation of a 
new estrous cycle [ 59 ]. Thus, interferon tau is considered critical in the early maintenance and recog-
nition of pregnancy in ruminant species. Interestingly,  L -arginine stimulates interferon-tau production 
in ovine trophoblast cells. It appears that  L -arginine’s stimulatory effect on interferon tau is mediated 
through the production of polyamines and their effect on the  TSC2-MTOR signaling pathway      [ 60 ]. 

 In addition to promoting cell migration, cell proliferation and interferon-tau production in tropho-
blast cells,  L -arginine, through the action of its metabolite NO, may also represent a stimulant of 
placental angiogenesis. Angiogenesis is particularly important for properly functioning placental 
 tissues as one of the primary roles of the placenta is to facilitate the effi cient nutrient, gas, and waste 
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exchange between the dam and the fetus [ 61 ]. Nitric oxide directly affects  placental angiogenesis   by 
stimulating the production of placental endothelial cells which is a critical process in angiogenesis. 
In vitro exposure of ovine fetoplacental artery endothelial cells and human placental artery endothe-
lial cells to an exogenous source of NO results in enhanced cell proliferation through the activation of 
the mitogen-activated protein kinase pathway [ 62 ]. Interestingly, this is the same pathway through 
which vascular endothelial growth factor (VEGF) elicits its pro-angiogenic effects, leaving one to 
speculate a potential relationship between these two molecules. Moreover, dietary supplementation of 
 N -carbamylglutamate, which increases endogenous synthesis of  L -arginine [ 63 ], increases VEGF 
gene expression in the umbilical vein during porcine gestation [ 64 ]. Thus, as more information 
emerges on the role of  L -arginine in reproductive processes, it appears that it infl uences the cells of 
the placenta by stimulating migration, proliferation, interferon-tau production, and  angiogenesi  s.   

    Physiological Effects and Roles of  L -Arginine and Its Metabolites 
During Gestation 

 In a comprehensive review, Lefèvre and colleagues [ 65 ] provide an update on the general cellular and 
molecular functions of  polyamines   during embryonic development, implantation, and post- 
implantation formation of the placenta. Critical to the synthesis of polyamines is the availability of 
essential substrates that include  L -arginine, among others, whose main source is dietary. To ensure 
early conceptus development, successful embryo implantation, and establishment of the pregnancy, it 
is essential that these compounds be available in the uterine environment [ 66 ,  67 ]. Endogenously 
 produced polyamines may be synthesized from amino  acids   such as  L -arginine or  L -proline through 
the  L -ornithine pathway [ 3 ].  L -Arginine is regarded as nutritionally essential among amino acids for 
gestation in animals [ 68 ]. It serves not only as a building block for proteins but also as an important 
precursor in the synthesis of many  biologically active molecules   including nitric oxide, which is 
thought to mediate placental vascular development and function [ 69 ]. A number of studies have 
reported that reproductive success in women and in several domestic species is closely associated 
with maternal nutrition that includes dietary supplementation with  L -arginine: pigs [ 70 – 72 ], sheep 
[ 73 ], cattle [ 74 ], rodent [ 75 ,  76 ], and women [ 77 ,  78 ]. 

 Wu and colleagues [ 79 ] have provided convincing evidence that the  L -arginine family of amino 
acids play an important role in the development and vascularization of the placenta, in particular, dur-
ing the early stages of development in swine. In a series of studies, they observed that dietary supple-
mentation with  L -arginine (0.08–1.0 %) not only increased the plasma concentrations of  L -arginine in 
 gestating sows but also the concentrations in allantoic fl uid, leading to enhanced embryonic develop-
ment, increased litter birth weight, and a greater number of live-born piglets at delivery [ 67 ]. Similar 
 observations have been made in gestating ewes where  L -arginine concentrations were found to 
increase in the uterine lumen early in gestation between days 10 and 15 [ 66 ] and rats where dietary 
supplementation enhanced embryonic survival [ 75 ]. There is also evidence that amino acid concentra-
tions, including  L -arginine, in the bovine uterine lumen of cloned versus in vitro fertilized pregnan-
cies, were lower leading to the suggestion that the higher incidence of developmental abnormalities 
seen in cloned embryos may be, in impart, due to disturbed embryo-maternal interactions [ 80 ]. 

 A major focus of recent research efforts is the impact dietary  L -arginine supplementation may 
have on the angiogenesis (development of new blood vessels from preexisting vascular structures) 
of the developing fetal membranes, embryonic tissue, and the endometrial wall where it is thought 
to  possibly play an  angiogenic and/or vasodilatory role   in the endometrial tissue lining the lumen of 
the uterus. What is of interest here is the possible mechanism of action through which dietary  L -argi-
nine may infl uence interactions between the maternal and fetal environment in early gestation that 
lead to positive pregnancy outcomes. Although it is not clear how  L -arginine enhances reproductive 
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performance, it has been suggested that  L -arginine may infl uence angiogenesis in the pregnant female 
via the VEGF and its cell surface receptor 2 (VEGFR2) system, two proteins that are critically impor-
tant for angiogenesis to occur. To tackle this question, Greene and colleagues [ 81 ] employed an inter-
esting mouse model where female mice bred to homozygous FVB/N-Tg vascular endothelial growth 
factor receptor 2-luc (Vegfr2-luc)-Xen male mice produced pregnancies where fetuses expressed the 
Vegfr2 gene whose transcription activity could be detected by bioluminescence imaging. Pregnant 
females (day 1 of gestation) were provided  dietary supplementation   of either  L -arginine (2.0 % wt/wt) 
or alanine (4.1 % wt/wt) as an isonitrogenous control. As determined by bioluminescence imaging 
from days 12 to 18 of gestation, it was observed that  L -arginine supplementation induced an earlier 
rise in Vegfr2 transcription activity as well as a signifi cant increase in Vegfr2 transcription activity 
when corrected for fetal  mass   (Fig.  22.6 ). Moreover,  L -arginine supplementation increased weight gain 
during the latter third of gestation, total litter size, number of pups born alive, number of placental 
attachment sites, litter birth weights, and litter weights of pups born alive (Table  22.1 ).    The conclusion 
of these studies was that dietary  L -arginine enhanced Vegfr2 transcription activity in the fetoplacental 
unit, thereby promoting placental and fetal growth and development. Dietary supplementation stud-
ies  performed in the pregnant sow also demonstrated that  L -arginine not only increased litter size, the 

  Fig. 22.6    Qualitative ( a ) and quantitative bioluminescent  assessment   of ( b ) mean and ( c  and  d ) daily fetoplacental 
VEGFR2 transcription activity from mice fed either the +Ala 1  ( n  = 5) or +Arg 1  ( n  = 6) diet during gestation. The color 
scheme represents a pseudo-color scale applied to the image, with the  red  colors indicating the greatest VEGFR2 tran-
scription and the  purple  colors representing the least amount of VEGFR2 transcription. Means without a common letter 
differ  P  ≤ 0.05. +Ala,  L -alanine supplemented diet; +Arg,  L -arginine supplemented diet. Data are presented as least 
square means ± the individual standard error of the mean. Reprinted from [ 81 ].       
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average birth weight of piglets born alive, but also increased plasma vascular endothelial growth 
factor A ( VEGFA  ) concentrations as well as  VEGFA   and endothelial nitric oxide synthase gene expres-
sion in allantochorionic tissue [ 79 ]. Thus,  L -arginine appears to promote embryonic tissue develop-
ment in the pig via similar mechanisms as observed in the mouse. Additional evidence to support this 
mechanism of action comes from both in vivo and in vitro studies where nitric oxide (NO) induces VEGF 
expression in placental tissue. Nitric oxide is produced from  L -arginine and oxygen molecules by living 
cells, a process which is driven by the catalytic action of nitric oxide synthase (NOS).

     L -Arginine is a component of the  histotroph secretion   which is the primary source of uterine nutri-
ents in most mammalian species and is observed to increase in content as the  preimplantation period 
of   pregnancy advances where fetal and placental vascular tissues and membranes begin to proliferate 
[ 82 ]. Studies in rat placental tissues using nitric oxide synthase inhibitors, such as  N -nitro- L -arginine-
methyl ester, demonstrated a decline in VEGF expression, a potent stimulator of vascular develop-
ment, as a direct result in the reduction of NO synthesis, while hypoxia-inducible factor (HIF)-1α and 
induced NOS expression increased [ 83 ]. These authors concluded that peak nitric oxide production is 
maintained by a reciprocal relationship between nitric oxide and VEGF through hypoxia-inducible 
factor (HIF)-1α. Further evidence in support of a direct role for  L -arginine in the growth and develop-
ment of the embryo and early conceptus was observed when ovine trophoblast cell proliferation was 
enhanced with  L -arginine supplementation in vitro, and that an additive effect was observed with the 
addition of recombinant secreted phosphoprotein at physiological concentrations [ 82 ]. These authors 
hypothesized that  L -arginine is the driving force for cell proliferation and that secreted phosphoprotein 
facilitates this cellular proliferative process in the developing conceptus in a cooperative manner. 

 Of additional interest here is the reported observation that dietary supplementation with  L -arginine 
may be benefi cial in lowering diastolic blood pressure and reducing the incidence of preeclampsia in 
pregnant women. Moreover, nitric oxide is a potent vasodilator and thought to play a role in  regulation 
of blood pressure     . During a normal pregnancy, women should experience a vascular adaptation that 
includes an increase in blood volume and cardiac output and a decrease in vascular resistance. The 
decrease in vascular resistance (hypotension) is attributed to nitric oxide activity in endothelial tissue, 
which is promoted by catalysis of  L -arginine as described above. However, when nitric oxide activity is 
reduced or inhibited, hypertension or preeclampsia can be a negative outcome in the pregnancy. Studies 
in a preeclamptic rat model have shown that dietary  L -arginine can reduce hypertension [ 84 ]. Since 
preeclampsia is a serious complicating factor in many human pregnancies (up to 8 % of pregnancies), 
meta-analysis of studies in the literature confi rmed that dietary  L -arginine supplementation may be 
benefi cial in reducing the hypertensive state associated with preeclampsia [ 85 ]. Both cellular and animal 

   Table 22.1    Reproductive performance of  mice   fed either the +Ala or +Arg diet 
during gestation a    

 Dietary treatment 

 +Ala  +Arg 

  Feed intake  
 Total feed intake (g)  59.3 ± 2.16  59.9 ± 1.97 
 Total  L -arginine intake (mg)  332 ± 49.6  1530 ± 45.3 *  
  Reproductive performance parameters  
 Weight gain (GD 12 to GD 18) (g)  5.95 ± 0.260  7.01 ± 0.230 *  
 Total pups born per litter ( n )  4.20 ± 0.730  8.50 ± 0.670 *  
 Total pups born alive per litter ( n )  4.20 ± 0.750  8.17 ± 0.690 *  
 Number of placental attachment sites ( n )  5.80 ± 1.10  9.67 ± 1.00 **  
 Litter birth weight of all pups born (g)  5.40 ± 0.870  9.88 ± 0.790 *  
 Litter birth weight of all pups born alive (g)  5.40 ± 0.920  9.62 ± 0.840 *  
 Individual birth weight of pups  b  orn alive (g)  1.32 ± 0.0500  1.18 ± 0.0400 **  

   a Data are presented as least square means ± the individual standard error of the 
mean. ANOVA  P -values are  *  P  < 0.01;  **  P  < 0.05. +Ala,  L -alanine supplemented 
diet ( n  = 5); +Arg,  L -arginine supplemented diet ( n  = 6). Reprinted from [ 81 ]  
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studies have shown that dietary supplementation of females during the pregnancy not only enhances 
preimplantation but also facilitates placental and fetal growth and development and affords a level of 
protection against pregnancy-associated hypertension experienced in some women. 

 Thus, it appears that  L -arginine is nutritionally essential in ensuring that the appropriate amino 
acids are available in the uterine environment to facilitate normal placental and fetal angiogenesis 
during the early stages of placental and embryonic development. Lack of availability of this important 
amino acid may lead to inadequate synthesis of nitric oxide an important element in the induction of 
the VEGF system that is responsible for upregulating the angiogenic process in fetal and placental 
tissues during early gestation. In addition,  L -arginine also is thought to enhance the fecundity of 
 litter- bearing species and increase the incidence of live births at term.  

    Conclusion 

 Overall, even though  L -arginine is not considered to be an essential amino acid in adult mammals, the 
preponderance of evidence suggests that this amino acid has a major role in the normal physiology of 
the uterus and placenta as well as a function during gestation. From its simple role as a building block 
in protein synthesis to serving as a component of the maternal histotroph and being an inducer of cell 
signaling cascades in uterine and placental tissues, the role of  L -arginine in reproductive processes is 
now being further understood and is challenging the notion that amino acids should be classifi ed 
solely on the role they have in growth. While the entire role of  L -arginine in reproductive processes is 
not known, new investigations into this topic are increasing, and more data are becoming available.     
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 Key Points 

•    L -arginine administered intravenously may alter hormones (i.e., growth hormone, insulin, IGF-1), 
metabolites (i.e., glucose and fat oxidation), and nitric oxide bioavailability.  

•    L -arginine ingested provides a lower physiological response compared to intravenous administra-
tion, which may be associated with absorption effi ciency through the gut.  

•    L -arginine in theory may be benefi cial for both aerobic and strength-trained athletes.  
•   The effect of  L -arginine on performance is controversial.  
•   The hormonal, metabolic, physiological responses to acute  L -arginine ingestion in athletes at rest 

and during exercise are limited, and future research is required.  
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      Introduction 

 Athletic endeavors push the limits of human performance, and athletes often seek ergogenic aids 
to gain an edge. A  nutritional ergogenic aid   is defi ned as any nutrient capable of enhancing energy 
utilization, including energy production, control, and effi ciency [ 1 ]. A nutritional ergogenic aid sought 
commonly by athletes is protein (or amino acid) supplementation [ 2 – 6 ].  L -arginine is an amino acid 
that has been purported to be ergogenic and, as such, has become very popular in the food supplement 
industry [ 2 ,  3 ,  5 – 8 ]. Recently, Maughan, Greenhaff, and Hespel [ 9 ] noted  L -arginine as an emerging 
and growing trend among athletes. 

  L -arginine is one of the 20 most common amino acids; it has been shown to be in relatively high 
(e.g., as much as 16 % of the protein content) concentrations in  foods   such as watermelon juice, nuts, 
seeds, algae, meats, seafood, rice protein concentrate, and soy protein isolate [ 10 – 12 ]. A typical 
North American diet contains approximately 3–6 g day −1  of  L -arginine [ 11 ].  L -arginine can also be 
synthesized endogenously in the kidney and liver [ 13 ] and therefore has traditionally been termed 
nonessential; however, during periods of rapid growth, in response to a traumatic incident, pathologic 
insult, or some other type of physiological stressor [ 14 – 18 ], the demand for  L -arginine may not be 
fully met by  de novo synthesis and normal dietary intake   alone. Since exercise is a physiological 
stressor, athletes under heavy physical training regimes (catabolic stress) may benefi t from dietary 
 L -arginine supplementation [ 3 ,  5 ]. In older adults with cardiovascular diseases, such as heart failure, 
myocardial infarction, stable angina, and pulmonary hypertension,  L -arginine has been shown to 
enhance exercise performance [ 8 ,  16 ,  19 – 21 ]. Despite the popularity of  L -arginine as a nutritional 
 supplement   in physically active individuals, the underlying physiological mechanisms remain poorly 
understood. This chapter will (1) review briefl y the infl uence of  L -arginine on performance, (2) exam-
ine the potential ergogenic mechanisms for  L -arginine for aerobic and strength-trained athletes, 
and (3) review the research on the hormonal, metabolic, and physiological responses to  L -arginine 
supplementation at rest and during aerobic and resistance exercise in young healthy or athletic adults.  

     L -Arginine Supplementation  and Performance   

  L -arginine supplementation has been effective in improving exercise performance (e.g., aerobic 
 capacity or 6-min walk) in older adults with cardiovascular diseases such as stable angina, congestive 
heart failure, healed myocardial infarction, and pulmonary hypertension [ 16 ,  19 – 22 ]. However; 
 L -arginine supplementation on performance in physically active healthy young subjects is limited [ 2 , 
 23 – 27 ]. For example, Santos and colleagues [ 25 ] supplemented untrained men with 3 g of  L -arginine 
for 15 days and underwent a test–retest protocol evaluating the resistance to muscular fatigue in the 
knee extensors using isokinetic dynamometry. This latter study was able to demonstrate a signifi cant 
increase in the resistance to muscular fatigue, but they did not utilize a double-blinded protocol nor 
was there a placebo or control group. Conversely, Walberg–Rankin et al. [ 26 ] supplemented male 
weight lifters on a hypocaloric diet with 8 g of  L -arginine daily and found no positive infl uences on 
muscle function (bicep/quadriceps isokinetic assessment) or body composition compared to a placebo 
condition. Recently, Alvares et al. [ 2 ] provided 6 g of  L -arginine 60 min prior to an elbow extension 
protocol consisting of 3 sets of 10 repetitions and found no effect on peak torque, total work, and set 
total work. Liu and colleagues [ 27 ] also demonstrated no effect of short-term  L -arginine supplementa-
tion (6 g day −1  for 3 days) on indirect measures of nitric oxide (NO) production [nitrate + nitrite 
(NOx),  L -citrulline], metabolic markers, and repeated sprint performance in well-trained judo  athletes. 
Buchman et al. [ 24 ] examined the effect of 10 g of  L -arginine three times per day for 14 days on 
 marathon performance and found a detrimental effect compared to a predicted time (+23 ± 21 min). 
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Thus, the ergogenic potential of  L -arginine is diffi cult to evaluate because much of the literature is 
confl icting. Lastly, beyond the scope of this chapter is the potential interaction between other nutrients 
often  contained in supplements on  performance   (see Tables  23.1  and  23.2 ).

        Potential Ergogenic Mechanisms 

 The mechanisms by which  L -arginine supplementation may play a role in enhancing performance are 
not fully understood.  Intravenous administration of    L -arginine stimulates  growth hormone   secretion 
from the anterior pituitary in humans [ 42 ,  43 ] primarily due to an inhibition of endogenous growth 
 hormone–inhibiting hormone [ 44 ]. In addition,  L -arginine is a necessary substrate involved in the detoxi-
fi cation of ammonia, produced during the catabolism of amino acids via the formation of urea [ 13 ]. 
 L -arginine is also gluconeogenic because it has the potential to be converted to glucose in the liver. 
 L -arginine may be catabolized to produce energy because it can be converted to alpha- ketoglutarate and 
enter the citric acid cycle [ 13 ]. Furthermore,  L -arginine is utilized by a number of metabolic pathways 
that produce a variety of  biologically active compounds   such as nitric oxide and creatine [ 13 ]. Nitric 
oxide is an endogenously produced, cellular signaling molecule that is involved in a variety of endothe-
lium-mediated effects in the vasculature. Nitric oxide serves as a second  messenger to trigger blood 
vessel dilation and increase blood fl ow.  L -arginine is the only endogenous nitrogen-containing amino 
acid substrate of nitric oxide synthase and thus is an important governor of the production of nitric oxide. 

 Potential ergogenic effects of  L -arginine are unique due to the fact that  L -arginine may be benefi cial 
for both strength- and aerobically trained athletes (Fig.  23.1 ).    Strength-trained athletes ingest  L -arginine 
in an attempt to stimulate growth hormone secretion, believing that this practice will promote greater 
gains in muscle mass and strength compared to resistance training alone [ 4 ]. Growth hormone stimu-
lates the production of  hepatic insulin-like growth factor-1   through the JAK-STAT signaling pathway 

   Table 23.1     Oral   versus intravenous infusion on growth hormone response   

 References 
 Subject 
age ( y )  Sex  Fitness/training status  Dosages  Oral/IV 

 Growth hormone 
response 

 Suminski 
et al. [ 28 ] 

 22.4 ± 0.8  Males and 
females 

 Resistance training, 
2–3 days/week 

 1.5 g Arg + 
1.5 g Lys 

 Oral  ↑ 2.7-fold at 60 min 

 Isodori et al. 
[ 29 ] 

 15–20  Males  “Healthy”  1.2 g Arg + 
1.2 g Lys 

 Oral  ↑ Eightfold at 
90 min 

 Lambert 
et al. [ 30 ] 

 22.6 ± 1.0  Males  Bodybuilders  2.4 g Arg + 
2.4 g Lys 

 Oral  No effect 

 Merimee 
et al. [ 31 ] 

 17–35  Males and 
females 

 “Healthy”  183 mg Arg/kg  IV  Females ↑, males 
no change 

 367 mg Arg/kg  IV  Females ↑, males ↑ 
 Tanaka et al. 
[ 32 ] 

 17.2 ± 1.0  Males and 
females 

 BMI = 34.7  0.5 g Arg/kg  IV  ↑ 13-fold 

 25.3 ± 0.9  Males and 
females 

 BMI = 35.6  0.5 g Arg/kg  IV  ↑ Sevenfold 

 50.4 ± 3.4  Males and 
females 

 BMI = 35.5  0.5 g Arg/kg  IV  ↑ Sixfold 

 Collier et al. 
[ 33 ] 

 24.8 ± 1.2  Male  “Healthy”  5 g Arg  Oral  ↑ 

 9 g Arg  Oral  ↑ 
 13 g Arg  Oral  No change 

 Forbes and 
Bell [ 34 ] 

 25 ± 5   Male    Recreationally active  0.075 Arg/kg 
 0.15 Arg/kg 

 Oral  No change 
 No change 
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which is known to enhance muscle protein synthesis. From an aerobic exercise perspective, enhanced 
 L -arginine-induced growth hormone may infl uence endurance exercise performance by increasing 
lipolysis and fat oxidation [ 45 ]. During submaximal exercise, GH administration increases plasma 
glycerol and free fatty acids (FFA)    in healthy and well-trained endurance athletes. These altered meta-
bolic effects may in turn increase time to exhaustion during exercise by sparing skeletal muscle and/
or liver glycogen. Secondly,  L -arginine may enhance endurance performance through a nitric oxide-
induced vasodilation. There is increasing evidence that interventions that infl uence nitric oxide bio-
availability can alter the O 2  cost of exercise [ 46 – 48 ] and infl uence blood fl ow [ 49 ,  50 ], nutrient 
delivery [ 51 – 53 ], and aid in metabolic waste product removal [ 54 ].

       Hormonal and Metabolic Responses of  L -Arginine Supplementation  at Rest   

 Although it is well known that intravenous infusion of  L -arginine at rest stimulates a growth hor-
mone response in clinical and some healthy  populations   [ 55 ,  56 ], oral supplementation is much 
more controversial. Oral  L -arginine seems to result in a blunted response compared to intravenous 
infusion, which may be due to the low bioavailability of ingested  L -arginine. Infusion with a high 
dose (e.g., 30 g) has been shown to be a potent secretagogue of both growth hormone and insulin 
[ 42 ]. In fact, intravenous infusion has been used clinically to determine the responsiveness of the 
growth hormone axis when growth hormone defi ciency is suspected [ 8 ]. Oral  L -arginine supple-
mentation has also demonstrated increases in resting growth hormone in healthy individuals [ 33 ], 
while others have shown no effect [ 26 ]. One diffi culty in interpreting the effectiveness of  L -arginine 
taken orally has been due to the various dosages utilized, and it would be important to establish an 
effective dose of  L -arginine to elicit a physiological effect [ 8 ]. Collier et al. [ 33 ] attempted to estab-
lish an effective dose for ingestion of oral  L -arginine on the GH response. They used a randomized 
placebo-controlled repeated-measure design in which all the subjects received either a placebo or 
5, 9, or 13 g of  L - arginine in a double-blind fashion. An increase in the peak growth hormone and 

  Fig. 23.1    The theory of 
 L -arginine  on exercise 
performance         
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area under the curve was observed with increasing doses of  L -arginine up to 9 g. Furthermore, they 
demonstrated a peak growth hormone response 30 min post-ingestion. Forbes and Bell [ 34 ] per-
formed a similar dose response study providing a placebo, low (0.075 g/kg of  L -arginine) or a high 
dose (0.15 g/kg of  L -arginine), and found no difference between groups for growth hormone, insu-
lin-like growth factor- 1, insulin, and markers of nitric oxide. Importantly, a side effect associated 
with a high dose of  L -arginine is gastrointestinal distress which may not allow athletes to absorb a 
high enough dose required to achieve a large response. For example, Collier et al. [ 33 ] suggested 
that the highest absolute dose (13 g) used was not absorbed due to an osmotic imbalance that sub-
sequently caused gastrointestinal distress. 

 Research examining nitric oxide production and blood fl ow at rest as a result of  L -arginine 
supplementation is equivocal. Intravenous infusion of  L -arginine enhanced blood fl ow in healthy 
young rats [ 57 ] and improved endothelial function in healthy older humans [ 58 ] and hypercholes-
terolemic patients [ 59 ]. Further, Vallance et al. [ 56 ] demonstrated that infusion of NG mono-
methyl- L -arginine, a specifi c inhibitor of nitric oxide synthesis, to healthy participants signifi cantly 
impaired blood fl ow. In contrast, Kubota et al. [ 60 ] did not show any signifi cant effect on blood 
fl ow in healthy young participants, when  L -arginine (6 g) was ingested. Forbes and Bell [ 34 ], as 
mentioned earlier, found no effect of increasing oral doses on markers of nitric oxide. In summary, 
although  L -arginine may promote a hormonal and metabolic effect at rest in some studies, the 
research is inconclusive; these contradictory fi ndings may be related to individual differences and 
methods of  administratio  n.  

    Hormonal and Metabolic Responses of  L -Arginine Supplementation 
and  Strength Exercise   

 The potential mechanism(s) of  L -arginine when combined with resistance exercise has been con-
fl icting. Fahs and colleagues [ 61 ] examined the effects of acute  L -arginine supplementation and 
resistance exercise  on arterial function   and found no signifi cant difference between  L -arginine 
supplementation and placebo for any hemodynamic or vascular response after a resistance train-
ing session. Collier and colleagues [ 62 ] examined the effects of 7 g of  L -arginine ingestion com-
bined with a whole body resistance exercise session, previously shown to stimulate GH secretion 
[ 63 ].  L -arginine alone resulted in a signifi cant increase (twofold) in GH compared to the placebo, 
while exercise alone stimulated a fi vefold increase; however, an attenuated response (threefold 
increase) was observed when  L -arginine and resistance exercise were combined compared to 
resistance exercise alone. This attenuated effect has been supported in strength-trained athletes 
using a relative dose of 0.075 g/kg of body weight of  L -arginine [ 44 ]. Marcell et al. [ 64 ] examined 
the effects of 5 g of  L -arginine consumed orally that did not signifi cantly change basal GH con-
centrations signifi cantly nor did it enhance the GH response compared to resistance exercise 
alone. Contrary to Collier and colleagues [ 62 ], they found no signifi cant difference between the 
resistance exercise trial alone and when resistance exercise was combined with  L -arginine on 
GH. These studies suggest that  L -arginine supplementation may in fact be detrimental to the  posi-
tive GH response   consequent to acute resistance exercise. Collier et al. [ 62 ] suggest two potential 
possibilities for the attenuation of GH. First, there may be a downregulation of GHRH- induced 
GH release, and secondly there may be an auto-negative feedback induced by elevated IGF-1 
prior to the resistance exercise bout suppressing subsequent stimulation of GH (Fig.  23.2 ). Forbes 
and colleagues [ 44 ] found no statistical difference following resistance exercise for GHRH, 
GHIH, or ghrelin between the  L -arginine and placebo conditions in strength-trained athletes; 
however, GHRH was blunted by ~28 % in the  L -arginine  conditio  n.
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       Hormonal and Metabolic Effects of  L -Arginine Supplementation 
and  A  erobic  Exercise   

 Infusion of  L -arginine infl uences blood pressure, heart rate, and blood fl ow at rest, while several other 
studies have shown that  L -arginine has little effect on hemodynamics during exercise in human. 
Schaefer et al. [ 54 ] found that  L -arginine administered intravenously reduced both lactate and ammonia 
and increased  L -citrulline plasma concentrations during aerobic exercise, perhaps due to an enhanced 
NO production. In addition, Koppo et al. [ 60 ] demonstrated that oral  L -arginine enhanced the speed of 
phase II pulmonary (slow component) VO 2  kinetics by 12 % at the onset of moderate- intensity aerobic 
exercise. Others have shown no effect on NO production during aerobic exercise following  L -arginine 
ingestion [ 27 ,  65 ,  66 ]. Recently, Wideman et al. [ 55 ] found an enhanced postexercise GH secretion 
when  L -arginine (30 g) was infused intravenously 30 min prior to a submaximal cycling protocol. 
Enhancing GH may increase gluconeogenesis and enhance lipolysis thereby sparing muscle glycogen. 
Forbes et al. [ 67 ] found no effect of  L -arginine prior to submaximal exercise on carbohydrate, 
 respiratory exchange ratio, VO 2 , VCO 2,  lactate, glucose, free fatty acids, and NOx. There was a small 
reduction in fat oxidation at the start of exercise, and others have shown an increase in carbohydrate 
oxidation [ 53 ,  66 ]. This may be associated with NO and/or a blunted GH response.        

    Conclusion 

 It is clear that interpreting the effectiveness of  L -arginine as an ergogenic aid is diffi cult due to the 
different dosages utilized, method of delivery, and population investigated. Wideman et al. [ 55 ] have 
demonstrated elevated GH levels when  L -arginine is infused, but since oral ingestion will be the pre-
dominate method of delivery for the potential ergogenic benefi ts in nonclinical populations such as 
athletes, establishing an effective oral dose of  L -arginine is important [ 8 ]. Collier and colleagues [ 33 ] 

  Fig. 23.2     L -arginine 
prior  to   exercise may 
increase  IGF-1 and GH   
which may 
downregulate 
subsequent stimuli (i.e., 
resistance exercise) 
known to increase 
growth hormone       
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examined the dose response effect of  L -arginine on GH and observed increased GH levels in response 
to an absolute dose of  L -arginine up to 9 g, but a reduced GH response was noted with a higher abso-
lute dose (13 g). Furthermore, the ergogenic potential of  L -arginine may only be realized when the 
individual is experiencing a particular stress [ 3 ].  L -arginine combined with resistance exercise seems 
to blunt the GH response, suggesting a potential detrimental effect of  L -arginine supplementation 
[ 44 ]. With respect to aerobic exercise, Wideman et al. [ 55 ] found an enhanced postexercise GH secre-
tion when  L -arginine was infused prior to a submaximal cycling protocol. Schaefer et al. [ 54 ] infused 
 L -arginine intravenously and demonstrated a reduced lactate and ammonia plasma concentration dur-
ing an incremental cycling protocol. Others using an oral dose found no effect on the hormonal or 
metabolic profi le [ 67 ]. Future research is required to examine the long-term adaptations and may have 
to examine the interaction between  L -arginine and other nutrients.     
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  Key Points 

•   Supplementation of  L -citrulline is more effective in increasing plasma levels of  L -arginine and 
nitric oxide availability than  L -arginine supplementation.  

•   There is a lack of studies showing that dietary supplementation of  L -citrulline improves exercise 
performance of trained subjects.  

•    L -Citrulline supplementation has been shown to preserve splanchnic perfusion and to attenuate 
intestinal injury of subjects performing physical exercise under stressing environmental 
conditions.  

•   In addition, there is some evidence indicating that the combination of dietary  L -citrulline and 
malate is effective at increasing nitric oxide metabolites and exercise capacity in healthy humans.  

•   No strong evidence regarding oral supplementation with  L -ornithine is reported in augmenting the 
exercise-induced growth hormone increase or in altering body composition in athletes. However, 
oral supplementation with  L -ornithine regulates blood ammonia level after an incremental exhaus-
tive cycle ergometer exercise in trained subjects.  

•   There is evidence that a combination of  L -arginine and  L -ornithine supplementation increases total 
strength and lean body mass during a progressive strength-training programme.  
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  Abbreviations 

  ADMA    Asymmetric dimethylarginine   
  ATP    Adenosine triphosphate   
  cGMP    Cyclic guanosine monophosphate   
  GH    Growth hormone   
  IMP    Inosine monophosphate   
  IGF-1    Insulin-like growth factor 1   
  IGFBP-3    Insulin-like growth factor-binding protein-3   
  MELAS    Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes   
  NOx    Nitrate and nitrite   
  NO    Nitric oxide   
  NOS    Nitric oxide synthases   

      Introduction 

 Exercise induces rapid  adenosine triphosphate (ATP)   consumption in muscles, resulting in energy 
defi ciency, an important factor in fatigue [ 1 ]. Moreover, during intense exercise, there is an aug-
mented production of ammonia and  inosine monophosphate (IMP)      in exercised muscle. The accumu-
lation of ammonia is very toxic for the organism and has to be eliminated in the form of urea through 
the urea cycle [ 2 ]. Thus, the effect of supplementation by  L -citrulline and  L -ornithine, which are 
intermediates of the urea cycle and metabolic precursors of  L -arginine, on  L -arginine availability, 
ammonia detoxifi cation and  nitric oxide (NO) synthesis      from  L -arginine, a substrate for nitric oxide 
synthases (NOS), has been investigated (Fig.  24.1 )   .  L -Arg is a conditionally essential amino acid dur-
ing periods of rapid growth, in response to a traumatic or pathologic insult [ 3 ,  4 ], or during exercise 
[ 5 ,  6 ], and the demand for  L -arginine may not be fully met by de novo synthesis and normal dietary 
intake alone. The demands for  L -arginine in physically active subjects are increased with respect to 
healthy individuals in order to satisfy the increased protein and creatine turnover and urea as well as 
NO production associated to acute exercise, but the dietary and de novo synthesis of  L -arginine also 
increases  L -arginine availability to meet  L -arginine demands in active people (Fig.  24.2 ).    The balance 
of these processes could be modifi ed in function of the intensity, duration, frequency and type of 
exercise. Plasma levels of  L -arginine are used as a marker of the balance between availability and 
demand of  L -arginine in different pathological and physiological situations [ 7 ]. There is evidence that 
acute exercise decreases the plasma levels of  L -arginine [ 8 ], but there is also evidence that the plasma 
levels of  L -arginine are maintained after acute exercise [ 7 ,  9 ]. Diet supplementation with  L -arginine or 
its metabolic precursors such as  L -ornithine and  L -citrulline has recently received much interest in 
sports science.

  Fig. 24.1    Chemical structure of   L -arginine and precursors  . Chemical structure of the semi-essential amino acid  L - arginine 
( a ) and its metabolic precursors  L -citrulline ( b ) and  L -ornithine ( c )       
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         L -Ornithine Metabolism and Supplementation 

  L -Ornithine is a  free amino acid   that is not incorporated into proteins.  L -Ornithine is synthesised from 
 L -arginine and metabolised by ornithine aminotransferase to generate α-ketoglutarate, by ornithine 
decarboxylase to generate polyamines and by ornithine transcarbamylase to form  L -citrulline in the 
urea cycle [ 10 ]. As  L -ornithine is a central part of the urea cycle, this amino acid is considered to 
inhibit the increase in blood ammonia level caused by exercise. In addition,  L -ornithine promotes 
growth hormone (GH) release by stimulating the pituitary gland and, consequently, promoting the 
metabolism of carbohydrates, proteins and lipids [ 11 ].  L -Ornithine is contained in signifi cant quantity 
in  Corbicula japonica  or dried  Lentinula    edodes   . However, it is diffi cult to obtain suffi cient amounts 
of  L -ornithine from ordinary meals because it is a free amino acid and not a protein amino acid. 

 To date there have only been few studies evaluating the effects of  L -ornithine as  ergogenic aid  . The 
ingestion or intravenous infusion of  L -ornithine results in increased levels in serum of this amino acid 
and in the acceleration of the ammonia metabolism by activation of the urea cycle [ 12 ,  13 ]. In a study 
performed by Bucci et al. [ 14 ],  L -ornithine (40, 100 and 170 mg/kg) was administered to bodybuilders 
reporting a signifi cant increase in amino acid levels in serum (330, 400 and 570 mmol/L, respectively) 
45 min after ingestion. Mean serum GH levels tended to rise with  L -ornithine ingestion but only rose 
signifi cantly at 90 min post-administration at the highest dosage. In another study conducted by the 
same group [ 15 ] with a similar experimental procedure, no changes were evidenced in serum insulin 

  Fig. 24.2     Urea cycle and nitric oxide synthesis  . The urea cycle produces urea from ammonia and consists of fi ve reac-
tions, two mitochondrial and three cytosolic.  L -Arginine is also a substrate for nitric oxide synthases (NOS) to generate 
nitric oxide (NO).  CPS  carbamoyl phosphate synthetase,  OTC  ornithine transcarbamylase,  ASS  argininosuccinate syn-
thase,  ASL  argininosuccinate lyase       
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levels at any dose of  L -ornithine indicating that  L -ornithine is not an insulin secretagogue. In addition, 
in a  placebo-controlled double-blind study   during 3-week heavy-resistance training, signifi cant 
increases were observed in GH and  insulin-like growth factor 1 (IGF-1)      serum levels after  L -ornithine 
supplementation immediately after the cessation of the exercise protocol and after 1 h of recovery, 
whereas a signifi cant decrease in  insulin-like growth factor-binding protein-3 (IGFBP-3)      was reported 
during the recovery period [ 16 ]. No differences were reported in testosterone, cortisol or insulin levels 
[ 16 ]. The authors concluded that the  GH/IGF-1/IGFBP-3 complex   may be the major player in muscle 
tissue response to short-term resistance training after  L -ornithine supplementation [ 16 ]. 

 Demura et al. [ 17 ] reported that the blood ammonia level was lower immediately and 15 min after 
incremental exhaustive ergometer bicycle exercise in 14 healthy young trained male adults ingesting 
 L -ornithine (0.1 g/kg body mass) than in those ingesting a placebo. These results suggest that the 
metabolism of ammonia produced in skeletal muscle during intense exercise is increased by the inges-
tion of  L -ornithine. Demura and colleagues [ 18 ] also evaluated the effect of  L -ornithine ingestion on 
ammonia metabolism and performance after intermittent  maximal anaerobic cycle ergometer exer-
cise  . In this study, ten healthy young adults with regular training experience ingested  L -ornithine 
hydrochloride (0.1 g/kg body mass) and reported that peak pedalling revolution (rpm) was signifi -
cantly greater in the supplemented group with respect to the placebo group and serum  L -ornithine was 
also signifi cantly greater with  L -ornithine ingestion. However, the improvement reported seemed not 
to depend on an increase in ammonia metabolism with  L -ornithine hydrochloride ingestion. Finally, 
Elam et al. [ 19 ] orally administered combined dosages between 1 and 2 g of each,  L -arginine and 
 L -ornithine, to adult men who participated in a 5-week progressive strength-training programme and 
found that the supplements increased total strength and lean body mass.  

     L -Citrulline Metabolism and Supplementation 

  L -Citrulline is a  non-essential amino acid   under normal physiological conditions, but it is considered 
semi-essential in situations where intestinal function is compromised. This amino acid is present at 
low amounts in some food mainly watermelon. However, the main source of  L -citrulline is endoge-
nous production.  L -Citrulline is synthesised endogenously from glutamine, glutamate and proline in 
the mitochondria of enterocytes [ 20 ]. All the enzymes involved in  L -citrulline synthesis are located in 
the mitochondria of enterocytes. Interestingly, the activity of the two main enzymes that catabolise 
 L -citrulline [argininosuccinate synthase ( ASS        );  argininosuccinate lyase (ASL)     ] is very low in the 
intestine, and, consequently,  L -citrulline cannot be catabolised in enterocytes.  L -Citrulline is released 
by enterocytes into the portal circulation, bypasses metabolism by periportal hepatocytes and is trans-
ported to the kidneys where around 80 % is catabolised to  L -arginine by enzymes ASS and ASL. This 
metabolic pathway generates 5–15 % of the endogenous  L -arginine production. In fact,  L -citrulline 
acts as a precursor for the synthesis of  L -arginine which is the substrate for NOS. These enzymes 
catalyse the synthesis of  NO   from  L -arginine and molecular oxygen [ 21 ]. In sports science, NO has 
received much interest because of its function as modulator of blood fl ow and mitochondrial respira-
tion during physical exercise [ 22 ]. Accordingly,  L -citrulline has been indicated to be a secondary NO 
donor in the NOS-dependent pathway. 

 Therefore,  L -citrulline and  L -arginine metabolism are closely linked. However,  L -citrulline has bet-
ter absorption and systemic bioavailability than  L -arginine. Oral  supplementation   of  L -citrulline is 
able to increase plasma levels of  L -arginine even more than supplementation of the same dose of 
 L -arginine. Consequently, dietary  L -citrulline supplementation has been investigated in order to 
increase nitric oxide (NO) availability. It was reported that single oral doses of 10 g of  L -arginine or 
 L -citrulline resulted in maximum plasma concentrations of 300 μmol/L for  L -arginine and 2800 μmol/L 
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for  L -citrulline [ 23 ]. In patients with  mitochondrial encephalomyopathy, lactic acidosis and stroke- 
like episodes (MELAS) syndrome        ,  L -citrulline supplementation has been shown to be more effective 
to increase NO production than  L -arginine [ 24 ]. This fact has increased the interest in  L -citrulline 
which may have a better therapeutic effect than  L -arginine. 

 As regards to the key role played by  L -citrulline in NO availability, it has been suggested that a 
dietary supplementation with this amino acid can help to increase  exercise performance     . However, 
there is a lack of studies showing that  L -citrulline increases NO markers in healthy subjects. 

 As for exercise capacity, an initial study in mice found that  L -citrulline supplementation resulted 
effective for reducing blood ammonia and lactate during exhaustive exercise [ 25 ]. This fact was 
related with a signifi cant increase in exercise capacity. However, such results have not been corrobo-
rated in humans. To the best of our knowledge, only one study has investigated the effect of  L - citrulline 
on exercise performance in healthy humans. This study did not fi nd any change on plasma levels of 
NO metabolites, and, in contrast to the hypothesis, exercise performance capacity was impaired when 
subjects ingested  L -citrulline compared with placebo [ 26 ]. 

 Other studies have investigated the link between strenuous exercise and intestinal function in 
regard of  L -citrulline supplementation [ 27 ]. In regard of this issue, recent experiments in humans have 
found that  L -citrulline supplementation can be effective to preventing an increase in permeability and 
bacterial translocation during exercise under hot environmental conditions [ 27 ].  Prolonged dynamic 
exercise  , particularly when performed in hot environments, shifts the blood fl ow from the splanchnic 
and renal vascular beds to the muscular and skin vascular beds. Depending on the amount of the envi-
ronmental heat stress and the exercise intensity, splanchnic vasoconstriction can result in local isch-
emia, which can enhance oxidative stress. This fact has been suggested that may disrupt the integrity 
of the intestinal barrier, allowing the passage of bacteria from the intestine to systemic circulation. 
Thus, in accordance with this new evidence,  L -citrulline supplementation can be an essential com-
pound to preserve intestinal function during exercise in humans. 

 On the other hand, some experiments investigating the ergogenic effect of  L -citrulline have com-
bined this amino acid with other components such as malate which is an intermediate component of the 
 tricarboxylic acid cycle (  Table  24.1 ).    An initial study using this combination found a signifi cant 
increase in the rate of oxidative  ATP   production during exercise and an increase in the rate of phospho-
creatine recovery [ 28 ]. However, this study had several weaknesses such as the lack of a placebo group 
or a blind condition. On the other hand, two other studies conducted by our research group showed an 
increase in plasma NO metabolites in professional cyclists when they were supplemented with  L -citrul-
line plus malate before a real competition [ 29 ,  30 ]. However, the protocol of our previous studies made 
not possible to assess exercise performance. Many factors, such as strategy, environmental conditions, 
nutrition, drafting and breakdown of material, can affect the results during fi eld sport events, limiting 
the use of these data to make conclusions between dietary interventions and performance. Regarding 
exercise performance, another experiment in humans found that an acute dose of  L -citrulline with 
malate increased muscle work capacity in healthy humans [ 31 ]. However, this experiment had also 
some weaknesses such as the lack of the analysis of NO metabolites. A recent study reported that 
 L -citrulline with malate (8 g) supplementation improved exercise performance during lower-body mul-
tiple-bout resistance exercise in advanced resistance trained men [ 32 ]. However, no differences between 
groups were reported in blood lactate, blood pressure and heart rate. In addition,  L -citrulline partici-
pates in other metabolic pathways independent of NO that may enhance exercise capacity. For exam-
ple,  L -citrulline can enhance the synthesis of intramuscular creatine.  Malate   can also be involved in the 
benefi cial effects on energy production because it is an intermediate of tricarboxylic acid cycle [ 33 ]. 
Finally, it is noticeable in a study evidencing that  L -citrulline (10 g) co- ingestion with a low quantity of 
protein was ineffective in augmenting the anabolic properties of protein compared with non-essential 
amino acids in elderly males (65–80 year)  after acute resistance exercise   [ 34 ].
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       Conclusions 

 Many athletes use specifi c amino acids to stimulate GH secretion and to promote gains in muscle 
mass. Exercise per se is a potent stimulus for GH release, and no strong evidence is reported regarding 
oral supplementation with  L -ornithine in augmenting exercise-induced GH increase or in altering 
body composition in athletes. Moreover, an important point to consider is the fact that consumption 
of high amounts of amino acids can result in stomach cramping and diarrhoea. At this moment, more 
studies about the potential effects of  L -ornithine in stimulating GH release to promote greater gains in 
muscle mass and strength and to alter body composition are needed. 

 Currently, there is no evidence supporting that dietary  L -citrulline supplementation enhances exer-
cise performance in healthy humans. However, recent evidence has shown that oral ingestion of 
 L -citrulline can be important in order to preserve the integrity of the intestinal barrier of athletes per-
forming exercise under hot environmental conditions. On the other hand, the addition of malate to 
 L -citrulline has been shown to increase signifi cantly NO markers in well-trained athletes as well as to 
improve work capacity of skeletal muscle. While this response is totally related with NO synthesis, 
other metabolic pathways are currently unknown. New and more mechanistic studies are needed to 
investigate how the addition of certain compounds to  L -arginine and  L -citrulline can be effective in 
enhancing exercise performance and health of healthy subjects.     
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 Key Points 

•   Diarrheal and enteric diseases may have profound effects on children’s development.  
•    Cryptosporidium parvum  commonly infects undernourished children in endemic areas leading to 

a prolonged vicious cycle of malnutrition–infection.  
•    L -arginine ameliorates intestinal barrier function and bacterial translocation in models of intestinal 

injury in vivo and in vitro.  
•   Compelling evidence suggests that  L -arginine supplementation benefi ts  C. parvum  infection in 

undernourished children with NOS and arginase pathway involvement.  
•   Caution is needed to balance therapy effi cacy of citrulline and L-arginine supplementation to chil-

dren living in endemic areas of  C. parvum  infection and malnutrition.  
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  ASL    Argininosuccinate lyase   
  ASS    Argininosuccinate synthase   
   C. parvum      Cryptosporidium parvum    
  NOS    Nitric oxide synthase   
   L -NAME     N -nitro- L -arginine methyl ester   
  NO    Nitric oxide   
  NTZ    Nitazoxanide   
  ORT    Oral rehydration therapy   
  TLR    Toll-like receptor   

      Introduction 

 In a recent survey published in  The Lancet , diarrheal illnesses were among the fi ve leading causes 
of death, killing 1.3 million people worldwide annually, especially young children [ 1 ]. However, 
overall case numbers have declined considerably compared to earlier surveys. Although the diar-
rheal disease burden worldwide is declining due to widespread, although still needed oral rehydra-
tion therapy (ORT) in endemic  areas  , its morbidity remains a serious health threat, especially in 
developing areas among children below 5 years old, where it may lead to a lasting and often 
neglected disability [ 2 ,  3 ]. These deleterious effects include growth shortfalls, poor educational 
performance, and various levels of cognitive impairment, overall reducing human capital [ 4 ,  5 ]. 
Several  infections   such as cryptosporidiosis in children may cause lasting growth and cognitive 
impairments even without overt diarrhea [ 4 ,  6 ,  7 ] and may even favor metabolic diseases over time 
[ 8 ,  9 ]. 

  Cryptosporidium parvum  is one of the most common  waterborne enteric pathogens   that can lead 
to a devastating disease, especially in the immunocompromised host, such as in the undernourished 
children living in unsanitary and disenfranchised environments. In undernourished children,  crypto-
sporidiosis   may cause a severe diarrheal illness accompanied by life-threatening dehydration and 
weight loss, or it may cause a more smoldering persisting or recurring infection, leading to a vicious 
cycle of infection and malnutrition [ 10 ,  11 ]. 

  C. parvum  is an intracellular protozoan from the  extracytoplasmic group of Coccidia  , which 
develops its life cycle in only one host (9). Although various species of  Cryptosporidium  have been 
identifi ed in humans,  C. parvum  and  C. hominis  represent over 90 % of cases of human cryptospo-
ridiosis [ 12 ]. 

  C. parvum  is a protozoan parasite which replicates inside intestinal epithelial cells, compromising 
the intestinal barrier function, triggering great amount of  enterocyte’s apoptosis   in the villus tip [ 13 ], 
with progressive villus atrophy, nutrient malabsorption, and severe diarrhea. Chronic and recurrent 
infections in children may lead to a state of  environmental enteropathy   with intestinal infl ammation 
 and epithelial disruption  , distressing the intestinal barrier function and halting the adequate nutrient 
supply to the brain in a critical time window of development (Fig.  25.1 ).    Currently, there is no effec-
tive treatment or vaccination for cryptosporidiosis, and likely novel and safe therapeutics are war-
ranted to protect affl icted children and safeguard their full cognitive and physical potential. In this 
chapter, we review the etiology, epidemiology, and disease burden of cryptosporidiosis in undernour-
ished children and the potential therapeutical benefi ts of  L -arginine supplementation against this dev-
astating disease.
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        Cryptosporidium parvum  Etiology and Infection Cycle 

 Cryptosporidium is an  intracellular protozoon  , with zoonotic potential, fi rst described in the early 
twentieth century by Tyzzer [ 15 ]. In 1907, it was described initially in the digestive tract of the labora-
tory mouse and later in 1955 in turkeys and in 1971 in calves and recognized as a causative agent of 
gastroenteritis in humans in 1976 [ 16 ]. Amidst the main species of  Cryptosporidium  with public 
health importance,  C. parvum  is the one that commonly infects humans and cattle [ 17 ].  C. parvum ’s 
taxonomy is as follows: phylum Apicomplexa, subclass Coccidia, order Eucoccidiida, suborder 
Eimeriina, family Cryptosporidiidae, and genus  Cryptosporidium . There are different  C. parvum   gen-
otypes   (genotype 1, genotype 2, genotype guinea pig, genotype monkey, and Koala); however, geno-
type 1 is of great importance, since it is responsible for the majority of human infections, while 
genotype 2 probably is the most widespread in the environment and can also infect animals and 
humans [ 18 ]. 

  C. parvum  oocysts are spherical to ovoid and may be detected by immunofl uorescence techniques, 
a feature that aids laboratory diagnostics (Fig.  25.2 ).       Each sporulated oocyst contains four sporozo-
ites. The oocysts are very resistant to chloride and can remain viable for many months in a wet 

  Fig. 25.1    Critical time window of  brain development   (and only one opportunity) that overlaps with common early 
enteric infections by  C. parvum . Early weaning predisposes children to  C. parvum  infections that may disrupt the intes-
tinal barrier function and jeopardize the nutrient supply to the developing brain.  Left panel : Pre- and postnatal human 
brain development milestones. Adapted from Morgane et al. [ 14 ].  Right panel : Representative histology of normal and 
 C. parvum -infected mouse ileum       
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  Fig. 25.2    ( a )  Immunofl uorescence detection and counting   of  C. parvum  oocysts using Merifl uor ®  in stools. ( b ) 
 Hematoxylin–eosin staining   of  C. parvum  oocysts in the villus tip. ( c ) Highly sensitive q-RT-PCR for detection of the 
18S rRNA of  C. parvum  in the stools [ 19 ]       
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environment; therefore, cryptosporidiosis may be found in swimming waters causing  recreational-borne 
diarrhea [ 10 ].

   The oocysts (4–5 μm in diameter) are ingested from contaminated food and water. In the intestine, 
the infecting sporozoites can penetrate the enterocytes by schizogony (asexual cycle), generating 
merozoites (5–7 μm in diameter). They can undergo schizogonic cycles or switch to gametogony 
(sexual cycle) leading to the production of oocysts, which are then eliminated in the feces, contami-
nating the  environment   (Fig.  25.3 ). After a series of asexual replications, a small proportion of the 
parasite differentiates into sexual stages, resulting in the production of micro- and macrogametes that 
eventually merge to form new zygotes and oocysts.

       Cryptosporidiosis   Burden in Undernourished Children 

  Cryptosporidium  is one of the most common enteric parasites affl icting  humans and domestic ani-
mals  . Outbreaks of cryptosporidiosis occur frequently around the world, both in developing and 
developed world, where most of the incidents have mainly been attributed to infection by consump-
tion of contaminated water or infected water of bathers. Outbreaks of cryptosporidiosis in developed 
countries also occur. One of the largest documented outbreaks occurred in Milwaukee, Wisconsin, in 

  Fig. 25.3     Life cycle of    Cryptosporidium parvum  since acquiring the parasite from contaminated water to intestinal 
colonization and shedding. Adapted from Smith et al. [ 20 ]       
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1993, due to city water contamination; as a result, 403,000 people suffered ill gastrointestinal- related 
symptoms and over 100 people died [ 21 ]. 

 In the developing world, recurrent  Cryptosporidium  infections are facilitated by crowded house-
holds, impoverished living conditions, and unsanitary environments, especially affecting weanling 
undernourished children exposed to contaminated water. Cryptosporidiosis has been identifi ed as a 
major cause of  recurrent    diarrhea   in children below 5 years. Ongoing malnutrition in children may 
aggravate weight loss and dehydration due to  C. parvum  infection, worsening diarrheal illnesses and 
the intestinal barrier dysfunction. Conversely, cryptosporidiosis aggravates the malnutrition state, 
debilitating the host and the ability of its immune system to resolve the infection. 

 In one recent study, when weaned mice were subjected to low-protein diet and then inoculated with 
a high dose of excysted  C. parvum  oocysts, undernourished mice shed more oocysts than their nour-
ished counterparts and developed a poorer  TLR signaling and Th1-mediated immune response  . More 
importantly nitazoxanide (NTZ), ~100–150 mg/kg (one of the few drugs approved for  C. parvum  
treatment in humans) was not effective in reducing parasite burden [ 22 ]. Data in neonatal mice also 
demonstrates that early postnatal malnutrition worsens  C. parvum  intestinal infection in C57BL6J 
mice model of maternal–offspring separation [ 23 ]. If this scenario holds in humans, novel and effec-
tive interventions are needed to look at the problem to break this self-amplifying cycle of malnutri-
tion–infection [ 23 ,  24 ]. 

 Cryptosporidiosis is likely more severe and prolonged in the undernourished children, increasing 
the chances to amplify the parasite spread in the environment and further disseminate the disease.   

     L -Arginine Nutritional and Immunological Effects in Cryptosporidiosis 

  L -Arginine is considered a conditionally essential amino  acid   in catabolic states and is critical for 
growing children due to ever increasing anabolic requirements and protein construction.  L -Arginine is 
a substrate for the synthesis of  L -citrulline, which in turn through  argininosuccinate synthase (ASS)      
and  argininosuccinate lyase (ASL)      may back generate  L -arginine and nitric oxide (NO) by nitric oxide 
synthase (NOS) activity. Moreover,  L -arginine may form  ornithine and polyamines   by entering the 
 arginase  pathway   (Fig.  25.4 ). Therefore, it is a key constituent of complex immunologic, infl amma-
tory, and wound-healing responses.  L -Arginine is also required for the detoxifi cation of ammonia, 
which is potentially toxic to the central nervous system.

   This amino acid is found in approximately 57 % of the amino acid content of a normal adult 
healthy diet. Nonetheless, early in life, the human breast-milk may not support the high  L -arginine 
need for protein accretion during the burst of growth. In addition, the small intestine poorly produces 
arginase before weaning. Likewise, the proximal tubule of the kidney where most of the citrulline is 
converted to  L -arginine in the adult has low activity of ASS and ASL in the neonatal period. It has 
been recognized that most of required  L -arginine at this time is produced from proline, and this pro-
duction relies on a healthy intestinal function [ 25 ]. 

  L -Arginine in the body is produced by dietary protein degradation, endogenous synthesis, and 
protein turnover.  L -Arginine may be metabolized via various  pathways  , including the activity of NOS, 
arginase (ARG),  L -arginine/glycine amidinotransferase (AGAT), and  L - arginine decarboxylase (ADC)     , 
generating NO, polyamines, proline, glutamate, creatine, and agmatine, all of them with potential 
biological activities. It is noteworthy by entering the arginase pathway (there are two arginase iso-
forms: arginase 1, “liver arginase,” and arginase 2) that  L -arginine can form polyamines (e.g. sperm-
ine, spermidine, and putrescine) through the activity of ornithine decarboxylase from the ornithine 
substrate (Fig.  25.4 ). Polyamines are recognized to be anti-infl ammatory, to promote cell proliferation 
and to protect the epithelial intestinal barrier [ 26 ,  27 ]. 
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  L -Arginine also plays a role in  immune function  , since  L -arginine is a substrate for NO synthesis by 
inducible NOS ( iNOS      or NOS2), which is important to increase thymic weight and to improve lym-
phocyte proliferation and T-cell receptor expression and to booster NK cell function. In addition, it is 
also important to B-cell function and development [ 28 ]. Thus,  L -arginine plays an important role in 
both innate and acquired immunity. Data show that inadequate intake of dietary  L -arginine impairs 
NO synthesis by both constitutive and inducible NOS in mammals [ 29 ], all effects that may compro-
mise  C. parvum  infection control, which is highly dependent on a robust Th1-T-cell-derived immune 
response [ 30 ]. 

  C. parvum  infection results in  epithelial induction of NOS2   (23); knocking out or pharmacologi-
cally inhibiting iNOS activity results in signifi cant increases in epithelial  Cryptosporidium  parasitism 
and oocyst excretion [ 31 ], mainly mediated by lymphocyte induction of iNOS activation by the intes-
tinal epithelium [ 32 ], suggesting that nitric oxide has a role against the parasite. 

 The amino acid  L -arginine has been demonstrated in several models of intestinal injury to promote 
epithelial defense and repair [ 33 ].  L -arginine is recognized to improve epithelial tight junction’s pro-
teins [ 34 ] and to reduce luminal intestinal bacterial translocation following intestinal barrier break-
down [ 35 ,  36 ]. More recently, it has been shown that dietary  L -arginine supplementation activates the 
immune system with increased TLR signaling, secretory IgA, mucins, and defensins in the small 
intestine of mice with the involvement of the intestinal microbiome [ 37 ]. These factors could render 
the host with a better intestinal adaptation to cope with  C. parvum  infections in endemic areas, there-
fore reducing (or preventing) the disease burden and its deleterious short- and long-term effects. In 
addition, dietary  L -arginine may be converted by intestinal bacteria to polyamines, which may further 
improve  intestinal barrier function   [ 38 ]. 

 Cryptosporidiosis compounded with malnutrition is associated with ileal crypt hyperplasia, villus 
blunting, and  mucosal   infl ammation, altering the small intestine architecture and overall reducing the 
absorptive surface.  L -arginine was able to improve mucosal histology after the  infection  .  N -Nitro- L - 
arginine methyl ester ( L -NAME), a nonselective NOS inhibitor, abrogated these  L -arginine-induced 

  Fig. 25.4    The L-arginine  metabolic pathway   showing the relationship of  L -arginine with the urea cycle and related 
amino acid biosynthesis and the polyamine biosynthesis pathways (some enzymes and metabolites were omitted)       
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improvements. The infected control mice showed an intense arginase 1  expression  , which was even 
greater with  L -NAME treatment.  L -arginine decreased the parasite burden, an effect that was reversed 
by  L -NAME. These fi ndings show a protective role of  L -arginine during  C. parvum  infection in under-
nourished mice, with involvement of arginase I and NOS enzymatic actions [ 39 ]. Additionally, exper-
imental cryptosporidiosis may induce signifi cant reduction in amino acid absorption even after the 
parasite clearance with compensatory upregulation of peptide transporters [ 40 ].  L -Arginine also has 
been found to protect against mucosal damage in a murine model of colitis [ 41 ]. 

  C. parvum  may induce a higher enterocyte expression of arginase I to limit the availability of 
 L -arginine to the  iNOS pathway   as a survival mechanism. Moreover, arginase plasma levels may 
increase after tissue injury aggravating even more  L -arginine defi ciency [ 29 ] in undernourished indi-
viduals. In clinical settings, in endemic areas of early childhood malnutrition and  C. parvum  infection, 
caution is needed to defi ne the best  L -arginine supplementation strategy, since  L -arginine may elicit a 
myriad of effects due to activation of distinct signaling pathways. There is evidence that  L -arginine-
derived NO may elicit  prostaglandin-dependent secretory   diarrhea without improving cryptosporidi-
osis [ 42 ]. The metabolism of arginase and  L - arginine-related enzymes      in the intestinal milieu (and 
within the intestinal microbiome), liver, and kidney is a key factor regulating the benefi t or not of 
 L -arginine supplementation against cryptosporidiosis, something that deserves further investigation to 
defi ne the best therapeutic strategy. 

  L -Arginine given by oral supplementation may be converted to ornithine and urea by the liver. In 
addition, higher doses of  L -arginine may induce increased circulating levels of arginase and therefore 
further  L -arginine breakdown [ 43 ,  44 ]. One way to overcome this problem is by oral citrulline supple-
mentation, since citrulline per se can generate  L -arginine (see Fig.  25.4 ) and oral citrulline is not 
subjected to liver metabolism nor induces too much arginase activity.  Citrulline supplementation   has 
been benefi cial in improving intestinal barrier function in models of 5-FU-induced intestinal mucosi-
tis and intestinal obstruction [ 45 ,  46 ].  

    Conclusion 

 Our experimental fi ndings using a model of malnutrition–infection in suckling mice support the 
importance of NO-mediated responses against cryptosporidial infections and document the benefi t of 
 L -arginine treatment with the involvement of arginase in mucosal healing. More studies are warranted 
to understand the role of the intestinal microbiome on the biological effects of  L -arginine in under-
nourished children, especially when  L -arginine defi ciency occurs, as orally given  L -arginine may 
induce polyamine synthesis by the colonic microbiome. 

 Finally, comparative studies in weanling mice are needed to balance  L -arginine versus citrulline 
supplementation to ameliorate the intestinal barrier function following the compound effect of cryp-
tosporidiosis and malnutrition. Since the malnutrition and infection cycle may jeopardize NTZ effi -
cacy to treat cryptosporidiosis due to impaired immune responses, effective and safe nutritional 
interventions are needed to boost the innate immune system (without overt infl ammation) against the 
parasite with ameliorated mucosal recovery. 

 These interventions could have a key role in protecting children in most need by reducing the over-
all short- and long-term impact of  C. parvum  infection in the developing world where malnutrition is 
endemic, redirecting their development toward the full genetic potential.     
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  Abbreviations 

  AAI     L -Arginine availability index   
  Akt    Protein kinase B   
  AOPPs    Advanced oxidation protein products   
  CD    Crohn’s disease   
  DSS    Dextran sulfate sodium   
  ERK    Extracellular signal-regulated kinase   
  IBD    Infl ammatory bowel diseases   
  IgA    Immunoglobulin A   
  IL    Interleukin   
  JNK    c-Jun  N -terminal kinase   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinase   

 Key Points 

•   Infl ammatory bowel diseases (IBD) are chronic infl ammatory diseases of the gastrointestinal tract.   
•   The pathogenesis of IBD is associated with the individual’s genetic susceptibility, external envi-

ronment, intestinal microbial fl ora, and immune responses.  
•    L -Arginine could potentially be useful as therapy for IBD.  
•   Mechanistically,  L -arginine regulates the progression of IBD through oxidative system, intestinal 

immunity, intestinal microbiota, tight junction proteins, and metabolic products, like nitric oxide 
and polyamines.  
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  MDA    Malondialdehyde   
  MLCK    Myosin light-chain kinase   
  MLC20    20-kDa myosin regulatory light chain   
  MPO    Myeloperoxidase   
  NF-κB    Nuclear factor kappa-light-chain-enhancer of activated B cells   
  NO    Nitric oxide   
  ODC    Ornithine decarboxylase   
  PI3K    Phosphoinositide-3-kinases   
   SIgA     Secretory immunoglobulin A   
  TJ    Tight junction   
  TLRs    Toll-like receptors   
  TNBS    Trinitrobenzene sulfonic acid   
  TNF-α    Tumor necrosis factor alpha   
  T-SOD    Total superoxide dismutase   
  UC    Ulcerative colitis   
  ZO-1    Zonula occludens  protein 1   

      Introduction 

 Infl ammatory bowel diseases (IBD) are  chronic infl ammatory diseases   of the gastrointestinal tract and 
include Crohn’s disease (CD) and ulcerative colitis (UC). Although both are chronically relapsing ill-
nesses, each is distinct in its presentation and course. CD causes transmural infl ammation and affects all 
parts of the gastrointestinal tract, while UC is characterized by mucosal infl ammation and is limited to 
the colon [ 1 ]. While the  pathogenesis   of IBD remains unclear, increasing evidence indicates that altera-
tions in an individual’s genetic susceptibility, external environment, intestinal microbial fl ora, and 
immune response may all play a role [ 2 – 4 ]. Since IBD is a global healthcare problem that is consistently 
becoming more prevalent [ 5 ], effective therapeutic strategies continue to be investigated. Since an 
imbalance between  pro-infl ammatory mediators  , i.e., reactive oxygen mediators and cytokines, and anti-
infl ammatory responses is considered to be a key factor in the development and perpetuation of IBD [ 6 ], 
current treatments usually include anti-infl ammatory agents such as immunomodulators and biologic 
agents [ 7 ].  Nutrients  , which can control the pro-infl ammatory response, have been shown to be benefi -
cial in models of spontaneous and induced colitis [ 8 ,  9 ]. Notably, compelling evidence has indicated that 
 L -arginine might be a good candidate for the low-risk treatment of IBD [ 9 ,  10 ]. 

 This chapter will review recent evidence on the benefi cial impact of  L -arginine on IBD and will 
propose some possible mechanisms by which  L -arginine regulates the progression of IBD.  

     L -Arginine and IBD 

 An interesting study in 2001 reported that while a normal amount of  L -arginine in the diet is not harmful 
for trinitrobenzene sulfonic acid (TNBS)-induced  colitis         in rats, both the absence of  L - arginine and 
supplementation with high doses of  L -arginine may be deleterious for colitis [ 11 ]. The author thought 
that the absence of  L -arginine could reduce the nitrogen retention in injured rats, whereas high doses of 
 L -arginine could cause nitric oxide (NO)-mediated tissue damage and collagen deposition [ 11 ]. In fur-
ther studies, serum levels of  L -arginine were correlated with the severity of UC, which suggests that a 
defect in the uptake of  L -arginine by cells in the infl amed colon may contribute to the  pathogenesis of 
UC   [ 12 ,  13 ]. Subsequent research has demonstrated that  L -arginine supplementation could be a potential 
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therapy for IBD [ 14 ]. In this well-designed study, the authors found that  L -arginine supplementation 
enhances various clinical parameters, such as survival rate, body weight, and colon weight, and concur-
rently decreases indexes of disease severity, including colonic permeability, the number of myeloperox-
idase-positive neutrophils, and the expression of pro- infl ammatory cytokines and chemokines in  dextran 
sulfate sodium (DSS)-induced colitis         [ 14 ]. Importantly, a genomic analysis by microarray demonstrated 
that DSS-treated mice supplemented with  L -arginine cluster more closely with mice that have not been 
exposed to DSS than to those that received DSS alone, indicating  L -arginine supplementation normalizes 
of expression of multiple genes in DSS colitis [ 14 ]. The difference between this study and the report in 
2001 may be related to the animal model used (DSS in mice vs. TNBS in rats), the duration of supple-
mentation (4 days after 6 days of DSS vs. 2 h after the induction of colitis up to 7 days after TNBS), or 
the route of supplementation (drinking water vs. gavage) [ 11 ,  14 ]. In a recent publication, the authors 
found that  L - arginine could be a potential therapy for intestinal infl ammatory diseases [ 15 ]. In this study, 
authors measured the serum profi le of amino acids at days 3, 7, 10, and 12 (5 days after treatment with 
DSS) in DSS-induced colitis and found that the  L -arginine availability index (AAI)  after DSS treatment   
is signifi cantly lower than that in control group at day  12   (Fig.  26.1 ) [ 15 ]. This decrease is associated 
with indexes of disease activity after DSS treatment, such as neutrophilic infi ltration and colon length [ 15 ]. 

  Fig. 26.1     L -Arginine availability index ( AAI  )  after DSS treatment      (modifi ed from [ 15 ]). ( a ) AAI at 3 days post DSS 
treatment. ( b ) AAI at 5 days post DSS treatment. ( c ) AAI at 7 days post DSS treatment. ( d ) AAI at 12 days post DSS 
treatment. Mice are treated with DSS (DS) or normal drinking (control). Data are presented as mean ± SEM,  n  = 6, with 
 a  −  b  used to indicate a statistically signifi cant difference ( P  < 0.05, Student’s  t -test). AAI:  L -arginine availability 
index = serum [ L -Arg]/([ L -Orn] + [ L -Lys]).  DSS  dextran sulfate sodium       
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  Fig. 26.2     L -Arginine availability index  after  L -arginine supplementation      (modifi ed from [ 15 ]). ( a ) AAI at 7 days post 
DSS treatment. ( b ) AAI at 12 days post DSS treatment. At day 7, serum amino acid profi le in mice treated with DSS 
feeding basal diet (DS) or 1.5 %  L -arginine supplementation (DS + Arg) is detected. At day 12, serum amino acid profi le 
in mice treated with DSS feeding basal diet (DS) or 0.4 %  L -arginine supplementation (DS + Arg) is detected. Data are 
presented as mean ± SEM,  n  = 6, with  a  −  b  used to indicate a statistically signifi cant difference from control ( P  < 0.05, 
Student’s  t -test). AAI:  L -arginine availability index = serum [ L -Arg]/([ L -Orn] + [ L -Lys]).  DSS  dextran sulfate sodium,  Arg  
 L -arginine       

Consequently, dietary  L -arginine supplementation signifi cantly increases the AAI at day 7 and 12 
(Fig.  26.2 ),    which led to a longer colon length and less neutrophilic infi ltration at day 7 and 12 [ 15 ]. 
Likewise,  L -arginine supplementation reverses the decrease in activity of  total superoxide dismutase 
(T-SOD)      and expression of interleukin (IL)-17 and tumor necrosis factor alpha (TNF-α) in the colon at 
day 12 [ 15 ]. Mechanically, the benefi cial function of  L -arginine in DSS-induced colitis is associated with 
the phosphoinositide-3-kinases (PI3K)/PI3K-protein kinase B (Akt) and the  myosin light-chain kinase 
(MLCK)-myosin light chain (MLC20) pathway   in the colon [ 15 ].

 

W. Ren et al.



335

  Fig. 26.3    The possible mechanism by which  L -arginine  regulates   the pathogenesis of IBD.  L -Arginine affects the 
pathogenesis of IBD through oxidative system, intestinal immunity, intestinal microbiota, tight junction protein, and 
even its metabolic products, like NO and polyamines.  IBD  infl ammatory bowel diseases;  NO  nitric oxide       

        Mechanisms by Which  L -Arginine Regulates IBD 

 Since the pathogenesis of IBD includes various factors such as intestinal microbial fl ora and immune 
responses [ 2 – 4 ],  L -arginine could regulate IBD through any of these  factors   (Fig.  26.3 ).

        L -Arginine May Regulate IBD Through the  Oxidative System   

 Oxidative stress has been suggested to be necessary for the initiation and progression of IBD [ 2 – 4 ]. 
For example, IBD is associated with a higher content of advanced oxidation protein products 
(AOPPs), a novel protein marker of oxidative damage [ 16 ], with a higher level of malondialdehyde 
(MDA), an indicator of lipid peroxidation [ 17 ], and with a lower level of SOD [ 15 ]. It has been 
widely documented that  L -arginine can enhances the anti-oxidative capacity in the body [ 18 ,  19 ]. 
For instance, dietary  L -arginine supplementation signifi cantly increases the SOD activity and total 
antioxidant capacity in pregnant porcine circovirus-infected mice [ 18 ]. Thus, the oxidative system 
could be a potential target by which  L -arginine regulates the pathogenesis of IBD. Indeed,  L -argi-
nine supplementation signifi cantly reverses the decrease in T-SOD activity caused by DSS treat-
ment in mice (Fig.  26.4 ), but has little effect on the catalase or glutathione peroxidase in mice 
treated with DSS [ 15 ].

        L -Arginine May Regulate IBD Through Intestinal  Immunity      

 Intestinal immunity, especially innate immunity, is an important factor in the initiation and pro-
gression of IBD [ 2 – 4 ]. Innate immunity is initiated by the recognition of microbial antigens 
through pattern-recognition receptors, including  toll-like receptors (TLRs)      and NOD-like recep-
tors [ 20 ]. Recent studies have found that individuals with IBD clearly show a reduced function of 
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innate immunity, including altered expression and function of both TLRs and NOD proteins, and 
defective expression of the mucosal layer and antimicrobial peptides [ 4 ]. Dietary  L -arginine sup-
plementation has been shown to enhance the intestinal immunity, such as by increasing the num-
bers of  immunoglobulin A (IgA)-secreting cells   and decreasing the apoptosis of lymphocytes in 
Peyer’s patches, in pigs challenged by lipopolysaccharide (LPS) [ 21 ]. Dietary  L -arginine supple-
mentation promotes innate immune activation in mice through nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), mitogen-activated protein kinase (MAPK), and PI3K-pAkt 
signaling pathways [ 22 ]. In this study, mice supplemented with 0.4 %  L -arginine show a higher 
expression of TLR signaling, as well as the expression of secretory immunoglobulin A ( SIgA ), 
mucins, and Paneth antimicrobials in the jejunum and ileum, compared to controls [ 22 ]. Thus, it 
is not yet known whether  L -arginine supplementation regulates the progression of IBD by affect-
ing intestinal innate immunity. Compellingly,  L -arginine has been shown to reduce the expression 
of IL-17 and TNF-α in mice with DSS-induced colitis (Fig.  26.5 ) [ 15 ].

   CD was known to be characterized by a Th1 immune response which is induced by IL-12 to 
produce a high level of IFN-gamma, while UC had been considered to be a Th2-mediated disease 
which is associated with the release of IL-4, IL-5, and IL-13 [ 4 ,  23 ]. However, recent fi ndings led 
us to reconsider the Th1/Th2 paradigm in CD and UC, although it is clear that these are adaptive 
immunity-mediated diseases [ 23 ]. The effect of  L -arginine on adaptive immunity has been well 
documented. For example, dietary  L -arginine supplementation has an immunostimulatory effect in 
mice that were immunized with the inactivated  Pasteurella multocida  vaccine [ 19 ]. In this study, 
mice fed diets supplemented with  L -arginine have higher levels of antibody titers against the patho-
gen, resulting in higher protection against the challenge, compared to mice without  L -arginine 
supplementation [ 19 ]. Thus, as with the oxidative system, adaptive immunity could also be a poten-
tial target by which  L -arginine regulates the pathogenesis of IBD. However, there is as yet no direct 
evidence to support  this    hypoth  esis.  

  Fig. 26.4    T- SOD   activities in each group (modifi ed from [ 15 ]). Mice are treated with normal drinking (control), or 
distilled water containing 5 % (wt/vol) dextran sulfate sodium (DS), or dextran sulfate sodium water with dietary 0.4 % 
 L -arginine supplementation (DS + Arg). Data are presented as mean ± SEM,  n  = 6, with  a  −  b  used to indicate a statisti-
cally signifi cant difference ( P  < 0.05, one way ANOVA method).  T-SOD  total superoxide dismutase       
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  Fig. 26.5    Expression  of   pro-infl ammatory cytokines (modifi ed from [ 15 ]). ( a ) mRNA expression of IL-17 at 12 days 

post treatment with dextran sulfate sodium. ( b ) mRNA expression of TNF-α at 12 days post treatment with dextran 
sulfate sodium. Mice are treated with distilled water containing 5 % (wt/vol) dextran sulfate sodium (DS) or dextran 
sulfate sodium water with dietary 0.4 %  L -arginine supplementation (DS + Arg). Data are presented as mean ± SEM, 
 n  = 6, with  a  −  b  used to indicate a statistically signifi cant difference ( P  < 0.05, Student’s  t -test).  IL  interleukin,  TNF  
tumor necrosis factor       

     L -Arginine May Regulate IBD Through the Intestinal  Microbiota      

 The pathogenesis of IBD has been shown to be related to dysbiosis of the gut microbiota including 
reduced biodiversity, unstable composition, and an altered abundance of components [ 24 – 27 ].  L - 
arginine supplementation affects the intestinal microenvironment, which leads to a change in the intes-
tinal microbiota composition. For example,  L -arginine supplementation regulates the metabolism and 
utilization of amino acids by small-intestinal bacteria, such as  Escherichia coli  [ 28 ], which in turn 
affects the composition and activity of other microorganisms. Meanwhile,  L -arginine supplementation 
affects feed intake, which results in a change in the intestinal microbiota composition because increased 
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feed intake augments the abundance of Firmicutes in the gut, while food deprivation reverses the bacte-
rial balance to favor Bacteroides [ 29 ,  30 ]. Likewise,  L -arginine supplementation changes the abun-
dance of Bacteroidetes and the abundance of Firmicutes in the mouse jejunum and ileum [ 22 ]. Thus, it 
would be interesting to validate whether  L -arginine affects the progression of IBD by manipulating the 
intestinal microbiota. Interestingly, one study found that the coadministration of NO during exposure 
to DSS inhibits colonic myeloperoxidase (MPO) activity, colonic permeability, and histological infl am-
mation, indicating that the production of NO from  L -arginine by microorganisms in the gut lumen is a 
possible mechanism by which  L -arginine can play a benefi cial role in  colitis   [ 13 ].  

     L -Arginine May Regulate IBD Through  Tight Junction (TJ) Proteins         

 A defective epithelial barrier and increased intestinal permeability have long been observed in IBD patients 
[ 31 ]. Consequently numerous studies have been conducted to identify and characterize the factors that 
underlie barrier disruption in IBD, and these have highlighted the alterations in epithelial TJ in IBD, such 
as a reduced number of horizontal TJ strands and an altered TJ protein expression and subcellular distribu-
tion [ 32 ].  L -arginine has been recognized to have a benefi cial effect on TJ. For example, pretreatment of 
methotrexate-treated Caco-2 cells with  L -arginine reverses the decrease in the expression of zonula 
occludens protein 1 (ZO-1) and occludin and changes in their cellular distribution, through c-Jun 
 N -terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and NF-κB pathways [ 33 ]. Thus, 
TJ function could be a target by which  L -arginine regulates the progression of IBD. Indeed,  L -arginine has 
been shown to enhance the abundance of claudin-1 in a DSS- induced   colitis model (Fig.  26.6 ) [ 15 ].

        L -Arginine May Regulate IBD Through  Metabolic Products   

  L -Arginine is metabolized by nitric oxide synthase (NOS) to generate NO and citrulline and by argi-
nase to produce ornithine, which is catabolized by ornithine decarboxylase (ODC) for polyamine 
biosynthesis [ 34 ]. Thus, it is possible that  L -arginine may regulate the progression of IBD through 
these metabolic products.  

  Fig. 26.6    Expression  of   claudin1 in the colon (modifi ed from [ 15 ]). Claudin-1 is analyzed with immunohistochemistry 
analyses in DSS-induced colitis model at day 7. Mice are treated with distilled water containing dextran sulfate sodium 
(DS) or dextran sulfate sodium water with dietary 1.5 %  L -arginine supplementation (DS +  L -Arginine).  DSS  dextran 
sulfate sodium       
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    Nitric Oxide ( NO  )    and IBD 

 The regulatory role of this metabolic pathway in IBD is the fi rst and most widely studied. Thus 
there are several good reviews on this topic [ 35 – 37 ]. In 1993, an important study in Lancet showed 
that citrulline concentrations are signifi cantly higher in rectal biopsy specimens from patients with 
active ulcerative colitis than in those from patients with quiescent disease or with normal histology, 
which suggests that mucosal NO biosynthesis is increased in active colitis and that NO plays a 
pathogenic role in ulcerative colitis [ 38 ]. Subsequently, various investigations have demonstrated 
that both the expression and activity of inducible NO synthase increase in ulcerative colitis patients 
[ 39 – 43 ]. Unsurprisingly, NOx generation is increased in the infl amed colonic mucosa of patients 
with active ulcerative colitis [ 42 ]. Interestingly, there is no correlation between this activity and the 
severity of bowel infl ammation in patients with Crohn’s disease [ 39 ,  41 ]. Consequently, treatment 
with a selective inhibitor of iNOS, like aminoguanidine,  N -[3-(aminomethyl)benzyl]acetamidine, 
is benefi cial for the treatment of experimental colitis in rats [ 44 – 48 ]. Meanwhile, many investiga-
tions have also found that treatment with nonselective [1-nitroso- L -arginine methyl ester ( L -NAME)] 
inhibitors alleviates various disease indicators in colitis induced by TNBS [ 47 ,  49 – 51 ], sulfhydryl 
alkylator [ 52 ]. However, others have found that nonselective NOS inhibition with  L -NAME pro-
vides no benefi t in colitis [ 45 ,  53 ] or even aggravates the course of experimental colitis [ 54 ], sug-
gesting that NO has both protective and deleterious effects in colitis [ 48 ,  55 – 57 ]. Further studies 
have suggested that pretreatment with  L -NAME, which can inhibit constitutive NO synthase, exac-
erbates the colitis, whereas the delayed administration of  L -NAME at the time of inducible NO 
synthase expression has a benefi cial effect in  c     olitis [ 48 ,  56 ,  58 ].  

     Polyamines      and IBD 

 Polyamines, including putrescine, spermidine, and spermine, are prerequisites for cellular metabo-
lism and are essential for the proliferation and differentiation of the rapidly renewing intestinal 
mucosa, indicating its regulatory function in IBD. Indeed, a lack of spermine may aggravate severe 
ulcerative colitis and chronic DSS colitis [ 59 ]. Through the competitive inhibition of iNOS, argi-
nase plays a protective role in a  Citrobacter rodentium  model of colitis by enhancing the generation 
of polyamines, indicating that the modulation of the arginase-ODC metabolic pathway may repre-
sent a new strategy for regulating IBD [ 60 ]. However, both the activity and expression of arginase 
are increased in UC and CD submucosal tissues [ 61 ], and this enhanced arginase could lead to the 
decreased production of NO from NOS, contributing to the pathogenesis of the colonic infl amma-
tion in DSS-induced colitis [ 62 ]. Thus, the regulatory function of arginase and polyamine in  IBD   
merits further  investigation  .     

    Conclusion 

 Based on current evidence,  L -arginine could potentially be useful as therapy for intestinal infl am-
matory diseases. However, the optimal dosage, route, and duration of  L -arginine supplementation 
in IBD merit further investigation. The metabolic pathway for  L -arginine in IBD should also be 
considered. Other mechanisms by which  L -arginine regulates the initiation and progression of IBD 
continue to be explored.     
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 Key Points 

•   Arginine and nitric oxide are critical to the normal physiology of the gastrointestinal tract and 
maintain the mucosal integrity of the intestine in various intestinal disorders.  

•   Endogenous formation of nitric oxide maintains the mucosal integrity of the intestine and protects 
the gut from injuries from blood-borne toxins and tissue-destructive mediators.  

•   Exposure to oral  L -arginine has a protective effect in the intestinal mucosa from damage caused by 
lipopolysaccharide endotoxemia in a rodent model.  

•   Dietary  L -arginine did not protect the intestinal mucosa from damage caused by ischemia- 
reperfusion (IR); however exposure to oral  L -arginine signifi cantly enhanced intestinal recovery 
following an IR event.  

•   Dietary  L -arginine protects the intestinal mucosa from damage caused by methotrexate.  
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      Introduction 

  L -Arginine: (2-amino-5-guanidinovaleric acid)    is a  nonessential amino acid   which is metabolically 
processed by the urea cycle and is one of the most versatile amino acids in animal cells [ 1 ,  2 ]. It was 
fi rst isolated from lupin seedlings in 1886 and subsequently was found to be a major amino acid in the 
basic proteins of many mammals’ cells and tissues. Physiological and nutritional studies during the 
last 70 years started a new area of  L -arginine research. It has been shown that  L -arginine is required 
for the synthesis of nitric oxide, polyamines, proline, glutamate, and creatinine [ 1 ].  L -Arginine was 
classifi ed as a dispensable (nonessential) amino acid for healthy adult humans and as an essential 
amino acid for young, growing  mammals   (Fig.  27.1 ) [ 3 ].

    L -Arginine was shown to infl uence metabolism in mammalian cells directly or through stimulation 
of the secretion of  hormones   such as insulin, growth hormone, glucagon, and prolactin. In the last two 
decades,  L -arginine has attracted major interest since it has been identifi ed as the natural substrate of 
nitric oxide and is now recognized to play a major role in many regulation processes.  L -Arginine is 
converted to nitric oxide and citrulline by the enzyme nitric oxide synthase (NOS) [ 4 ]. Nitric oxide 
(NO) is an important molecule involved in neurotransmission, vascular homeostasis, immune regula-
tion, and host defense [ 5 ]. There is growing interest in the potential roles of the  L -arginine and NO as 
regulators of cell proliferation and apoptosis in general and in the gastrointestinal tract in particular. 
NO has been shown to promote apoptosis in some cells, whereas it inhibits apoptosis in other cells 
depending on the amount, duration, and the site of NO production, and kind of target cells [ 6 ].  

     L -Arginine and  Intestine      

 The intestinal epithelium is a highly dynamic tissue in which cellular turnover can be completed in a 
matter of a few days [ 7 ]. The dynamic process of epithelial cell turnover is a function of the rates of 
crypt cell proliferation, migration along the small bowel crypt-villus axis, differentiation, and cell 

  Fig. 27.1     Metabolic pathways of  L -arginine         
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death via apoptosis. This process may be affected by nutritional status, the route of feeding, and the 
adequacy of specifi c nutrients in the diet. Under normal circumstance, newly formed immature intes-
tinal cells divide in the crypts of Lieberkuhn (fi ngerlike invaginations of the epithelium into the under-
lying connective tissue) and migrate up to the villus tip, differentiate, mature, and become functional, 
with an important role in absorption of nutrients. The renewal process operates continually, with cells 
taking two to seven days to make the journey from the site of their fi nal division cycle in the crypt to 
the point of their exfoliation from the villus tip [ 8 ]. Intestinal stem cells reside near the base of the 
crypt, providing immature progeny, which continue to divide as they migrate up the crypt until they 
differentiate into either intestinal absorptive cells (enterocytes) or secretory lineages (Fig.  27.2 ) (gob-
let, Paneth, and enteroendocrine cells).

   Absorptive enterocytes, the primary cell type of  the      epithelial layer, comprise about 90 % of the 
cells in the entire epithelium and are responsible for the terminal digestion and absorption of luminal 
nutrients. The goblet cells, located throughout the epithelial layer, secrete mucus that helps protect the 
epithelial layer from digestion, as well as trefoil factor-3, which is ultimately involved in post-injury 
repair of the small bowel. The enteroendocrine cells comprise only 1 % of the intestinal epithelium 
and are a part of the enteric endocrine system sense the luminal environment and secrete hormones 
such as cholecystokinin and gastrin into blood. The Paneth cells reside at the base of the crypt and are 
classically believed to have an antimicrobial function in the small intestine (production of lysozyme, 
an enzyme that destroys bacteria. The adjacent location of these cells to the intestinal stem cell zone 
and recent research demonstrating their secretion of cytokines, growth factors, and other products, 
including soluble Wnt proteins known to regulate proliferation, raises the possibility of a potential 
role for Paneth cells initiating and maintaining the adaptive  resp     onse [ 9 ]. 

  L -Arginine and NO are critical to normal physiology of the gastrointestinal tract. The importance of 
 L -arginine signaling in the intestine, as applied to all species and developmental ages, was reviewed in 
detail by Rhoads and Wu [ 10 ]. However, supplemental  L -arginine in neonatal piglets has long been 
known to be benefi cial in intestinal integrity and function because it is an essential substrate for 

  Fig. 27.2     Proliferation      and differentiation of intestinal stem cells       
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synthesis of nitric oxide, a major nonadrenergic, noncholinergic vasodilator. More recently, supplemental 
 L -arginine before a razor wound injury in neonatal piglet intestinal IPEC-J2 cells was shown to increase 
cell migration in a dose-dependent biphasic manner via NO and focal adhesion kinase- dependent 
mechanisms [ 11 ,  12 ]. Additionally, it was shown that  L -arginine-dependent migration required synthe-
sis of polyamines and that  L -arginine is a major amino acid precursor of polyamines essential in gastro-
intestinal repair [ 11 ,  12 ]. The increased NO production and increased enterocyte migration are 
important mechanisms after mucosal injury for rapid restoration of epithelial continuity over the 
denuded villus surface area and may be mechanistically related to previous work demonstrating attenu-
ation of necrotizing enterocolitis in newborn pigs pretreated with  intravenous       L -arginine [ 11 ,  12 ].  

    Effects of  L -Arginine on Gut Mucosal Injury Caused by  Lipopolysaccharide 
Endotoxemia      

  Bacterial translocation  , which is defi ned as a migration of bacteria and endotoxin across the intestinal 
mucosa, has been postulated as an important factor in development of multiple organ failure [ 13 ,  14 ]. 
Mechanisms responsible for bacterial translocation depend on factors related to the microorganisms 
and the host defenses. A considerable number of animal experiments have been performed to eluci-
date the pathogenesis of impaired gut barrier function in order to fi nd a rationale for new therapeutic 
options. A complex of several immunologic and nonimmunologic factors maintains the barrier func-
tion of the gastrointestinal tract, which includes salivary secretions, gastric acid, bile, pancreatic 
secretions, mucus production, intact intestinal mucosa, and a normally functioning local immune 
system [ 14 ]. The integrity of the gastrointestinal mucosa is a key element in maintaining gut barrier 
function. Mucosal injury has been considered key in the translocation process. Therefore, identifi ca-
tion of those factors that maintain mucosal integrity of the gastrointestinal tract will suggest new 
therapeutic strategies for improvement of gut barrier function. 

 The mechanism by which  L -arginine activates the immune system is poorly understood. Its impor-
tance for macrophage and T-lymphocytes has been reported recently by Bansal et al. [ 15 ]. In the last 
two decades,  L -arginine has attracted major interest since it has been identifi ed as the natural substrate 
of nitric oxide and is now recognized to have a major role in many regulation  proces     ses (Fig.  27.3 ).
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  Fig. 27.3    Metabolism  of       L -arginine during sepsis       
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    L -Arginine and NO are critical to the normal physiology of the gastrointestinal tract. Several stud-
ies have suggested that endogenous formation of nitric oxide maintains the mucosal integrity of the 
intestine and protects the gut from injuries from blood-borne toxins and tissue-destructive mediators 
[ 16 ,  18 ]. In weanling piglets, supplemental  L -arginine decreases the mucosal injury caused by LPS 
endotoxemia by decreasing intestinal lesions and increasing cell proliferation [ 18 ].  L -Arginine main-
tains the mucosal integrity of the intestine. However, not all investigators support this concept. It is 
apparent that in chronic injury, NO is detrimental by combining with reactive oxygen species to form 
potent free radicals. In contrast, inhibition of NO synthesis after acute injury may exacerbate damage 
and infl ammation. In a recent study, Gookin et al. reported that iNOS-derived NO is a key mediator 
of early villous reepithelialization following acute injury caused by deoxycholate in porcine ileal 
mucosa [ 19 ]. The mechanisms of this positive effect are still unclear; however, a suppressive effect of 
appropriate amounts of NO on apoptotic cell death in the gastrointestinal tract may be considered as 
one of them. In the recent study, the effect of  lipopolysaccharide endotoxemia and o     ral  L -arginine 
supplementation on small intestine morphology and cell turnover was evaluated [ 20 ]. This study has 
shown that lipopolysaccharide endotoxemia causes a marked intestinal mucosal injury. Decreased 
enterocyte proliferation and increased cell apoptosis were responsible for this negative effect. 
Exposure to oral  L -arginine has protective effect in the intestinal mucosa from damage caused by LPS 
endotoxemia. Increased enterocyte proliferation rather than apoptosis was responsible for this benefi -
cial effect. The results of the present study add to the body of evidence that suggests that maintaining 
mucosal integrity of the gastrointestinal tract with concomitant improvement in gut barrier function 
may be the reason for the positive effect of oral  L -arginine in septic  patients     .  

    Effects of  L -Arginine on  Intestinal Recovery      Following Intestinal Ischemia- 
Reperfusion Injury 

 Intestinal ischemia-reperfusion (IR) is a signifi cant problem in a variety of clinical settings that com-
monly occurs in critically ill patients and may lead to systemic infl ammation and multiple organ 
failure and is associated with a high morbidity and mortality [ 21 ]. Although the mechanisms involved 
in the pathogenesis of gut IR injury have not been fully elucidated, it is generally believed that oxida-
tive stress with subsequent infl ammatory injury plays an important role. The introduction of oxygen 
during reperfusion of ischemic tissues exacerbates this tissue damage via the formation of reactive 
oxygen species and reactive nitrogen species and changes in lipid mediator synthesis [ 22 ]. There is 
also a dramatic increase in lamina propria and intraepithelial lymphocytes in the mucosa and accumu-
lation of infl ammatory cells, which release several cytokines (TNF-α, IL-1, IL-8), platelet-activating 
factor, eicosanoids, leukotrienes, and other mediators that can promote a systemic infl ammatory 
response, multiple organ failure, and death [ 23 ]. Injury to the intestinal barrier during ischemia- 
reperfusion leads to translocation of bacteria and bacterial products such as endotoxin, with the sys-
temic dissemination linked to the development of the systemic infl ammatory response syndrome. 
Although necrosis is responsible for the intestinal cell death during ischemic phase, recent evidence 
suggests that enterocyte apoptosis plays an important role in cell loss following intestinal IR. Reactive 
oxygen species and cytokines releasing during IR event and intracellular regulatory proteins (e.g., 
Bcl-2, Bax, Fas, p53) were identifi ed to be involved in apoptosis induction or reduced expression. 

 Therapy of  IR injury      should include the pharmacological agents that can prevent ischemic injury 
and can prevent production of reactive oxygen species or agents in order to improve intestinal rehabili-
tation following the IR event. Several studies have suggested that endogenous formation of nitric oxide 
maintains the mucosal integrity of the intestine and protects the gut from injuries from blood- borne 
toxins and tissue-destructive mediators [17]. It has been reported previously that at low concentration 
NO may have a protective physiologic function, while high NO production may cause intestinal injury. 
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The positive effect of inhaled NO in preventing pulmonary damage induced by intestinal IR has been 
reported by several investigators [ 24 ]. There are few and controversial studies concerning the effects 
of NO and its precursor  L -arginine on intestinal recovery following IR. In a recent study Khanna and 
coworkers have demonstrated that intraluminal nitroglycerin, which is an exogenous NO donor, pro-
duces several benefi cial local and systemic effects in a rat model of intestinal IR [ 22 ]. Luo et al. have 
shown that pretreatment with  L -NAME, a specifi c inhibitor of NO production, exacerbates intestinal 
mucosal injury and increases intestinal permeability following bowel IR in the rat [ 25 ]. Ward et al. have 
shown that  L -arginine given intravenously prior to ischemia as well as intraluminal  L -arginine given 
during the reperfusion period inhibited mucosal injury caused by IR. Cellular mechanisms of entero-
cyte turnover (enterocyte proliferation and apoptosis) were not studied in this experiment [ 27 ]. 
The mechanisms by which oral  L -arginine preserved intestinal mucosa from IR injury are unclear; 
however, overproduction of NO from  L -arginine may be considered as one of them. NO might attenu-
ate various aspects of  IR injury      through scavenging the oxygen-derived free radical superoxide anion 
[ 28 ], inactivation of xanthine oxidase, and decrease in xanthine oxidase/xanthine dehydrogenase ratio 
[ 5 ] or by a direct inhibitory effect on neutrophil activation [ 29 ]. In a recent study, the effects of oral 
 L -arginine on intestinal recovery following IR injury in rat were investigated, and the mechanisms by 
which  L -arginine affects enterocyte turnover including its effect on cell proliferation and death via 
apoptosis were determined [ 30 ]. Results of the present study show that dietary  L -arginine did not pro-
tect the intestinal mucosa from damage caused by IR. However, exposure to oral  L -arginine signifi -
cantly enhanced intestinal recovery following an IR event. The present data also suggest that  L -arginine 
increased mucosal proliferation and decreased cell apoptosis rate in functioning intestine that represent 
an additional mechanisms that maintain mucosal structure  following      IR (Fig.  27.4 ).

       Effects of  L -Arginine on  Intestinal Recovery      Following Chemotherapy- 
Induced Mucositis 

 Oral and gastrointestinal mucositis is a debilitating, dose-limiting, and costly side effect of cancer 
therapy. Mucositis occurs in 40 % of cancer patients after standard doses of treatment and in almost 
100 % of patients treated with high doses of chemotherapy, in particular with drugs affecting DNA 
synthesis (such as fl uorouracil, methotrexate, and cytarabine) [ 31 ,  32 ]. Mucositis can affect the entire 
gastrointestinal tract causing discomfort, nausea, vomiting, bloating, diarrhea, ulceration, and bleed-
ing and in some cases result in septicemia, contributing not only to the morbidity of treatment but its 
cost as well. Mucositis limits the patient’s ability to tolerate chemotherapy or radiation therapy, pro-
longs hospital stay, increases readmission rates, compromises the patient’s nutritional status, affects 
the patient’s quality of life, and is occasionally fatal. Severe infl ammation of the intestinal mucosa 
plays a signifi cant role in the development of chemotherapy-induced mucositis and is a major charac-
teristic of the condition [ 33 ]. Different infl ammatory mediators and cytokines, such as leukotriene B4 
and prostaglandin E2, act to amplify signaling cascades, induce apoptosis, and cause further tissue 
damage. The pathogenesis of chemotherapy-induced gastrointestinal mucositis has been described by 
Sonis et al. and includes fi ve phases: initiation by chemotherapy, upregulation and generation of mes-
senger signals, signaling by pro-infl ammatory cytokines and amplifi cation of mucosal injury, ulcer-
ation of the mucosa, and, fi nally, healing. The initial stages of infl ammation in mucositis include 
increased pro-infl ammatory cytokine levels, which act as a homing marker for  infl ammat     ory immune 
cells in the submucosa [ 32 ]. 

 The role of  L -arginine in prevention of chemotherapy-induced intestinal damage is unclear. 
Dietary supplementation with  L -arginine stimulates small intestinal mucosal recovery following 
experimental radiation enteritis [ 17 ]. The mechanisms of these positive effects are still unclear; 
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  Fig. 27.4    Low-power photomicrographs of the  f     ull-thickness H&E- stained sections of distal ileum in sham ( a ), isch-

emia-reperfusion ( b ), and ischemia- reperfusion rats treated with oral  L -arginine ( c ). Distal ileum section from sham 
rats shows the normal architecture of the intestinal epithelium. Distal ileum from IR rats demonstrates subepithelial 
space at villus tip, infl ammatory cells infi ltration extending through the wall, shortening and loss of villi, and reduction 
of crypt depth. Distal ileum of IR-ARG rats shows similar to IR rat signs of intestinal injury but increasing villus height 
and crypt depth       

however, a stimulating effect of appropriate amounts of NO on enterocyte proliferation and a sup-
pressive effect on enterocyte death via apoptosis may be considered as one of them. Hämäläinen 
et al. have shown recently that chemotherapy inhibits iNOS expression and subsequent NO produc-
tion, in a dose-dependent manner at therapeutically achievable drug concentrations in a human 
colon epithelial cell line [ 33 ]. In a recent experiment, Gulgun et al. have demonstrated that proan-
thocyanidin,  L -arginine, and glutamine supplementation had a positive effect in the protection of 
the small intestine from methotrexate-induced injury [ 34 ]. The mechanisms of this effect were not 
investigated. In a recent clinical trial, Izaola et al. have shown that  L -arginine- and glutamine-
enhanced formula decreases the rate of radiotherapy-induced oral mucositis in patients with head 
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and  n     eck cancer [ 35 ]. In a recent study, the effect of oral  L -arginine on intestinal recovery following 
methotrexate-induced intestinal damage was investigated in a rat model [ 36 ]. Results of the present 
study show that dietary  L -arginine protects the intestinal mucosa from damage caused by 
MTX. While MTX rats showed severe villous atrophy, epithelial fl attening, extensive crypt loss 
and signs of crypt remodeling, marked cellularity, and an increased number of blood vessels in 
stroma,  L -arginine-treated rats showed more preserved architecture as well as the presence of newly 
formed crypts and regeneration. While the proliferative zone in MTX rats moved progressively 
upward in the crypts toward the crypt-villus junction, the proliferative zone of MTX-ARG rats was 
only mildly affected, showing a slight shift upward within the crypts. 

 In addition, exposure to oral  L -arginine signifi cantly enhanced intestinal recovery following 
methotrexate- induced damage. This was evident from the signifi cant increase in bowel and mucosal 

  Fig. 27.5    ( a )  Staining      with H&E. Intestinal injury caused by MTX. MTX rats demonstrated a signifi cant epithelial 
atrophy ( thick arrows ) and signs of crypt remodeling ( thin arrows ) which were accompanied by marked cellularity and 
an increased number of blood vessels ( arrowheads ) in the stroma. Following ARG administration rats showed less 
signifi cant epithelial atrophy and crypt remodeling compared to MTX rats. ( b ) BrdU staining (cell proliferation). 
Control rats show normal crypt compartment. The proliferative zone in MTX rats moved progressively upward in the 
crypts toward the crypt-villus junction. The proliferative zone of MTX-ARG rat was only mildly affected and showed 
the presence of newly formed crypts and signs of regeneration       
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DNA and protein content. Histologically, marked increases in villus height in both  jejunum      and ileum 
suggested increased absorptive surface area and closely correlated with increased cell mass. The pres-
ent data suggested that  L -arginine did not change signifi cantly mucosal proliferation in functioning 
intestine, but decreased signifi cantly cell apoptosis rate, which may represent the main mechanism 
that maintains mucosal structure following MTX-induced damage. The presented results showed that 
the intrinsic pathway, with its regulation by the bcl-2 family of proteins, was altered by  L -arginine in 
accordance with changes in cell apoptosis: the mRNA and protein levels of the pro-apoptotic bax 
decreased, while those of the antiapoptotic bcl-2 protein levels increased. Correspondingly, bax/bcl-2 
ratio decreased in  L -arginine-treated rats compared to methotrexate animals, suggesting increased 
 enterocyte      survival (Fig.  27.5 ).

       Conclusions 

 In the last two decades,  L -arginine has attracted major interest since it has been identifi ed as the 
natural substrate of nitric oxide and is now recognized to play a major role in many regulation pro-
cesses. Nitric oxide is a multifunctional intercellular messenger molecule that plays an important 
role in a variety of physiological processes.  L -Arginine and nitric oxide are critical to the normal 
physiology of the gastrointestinal tract and maintain the mucosal integrity of the intestine in various 
intestinal disorders. The rationale for supplementation with  L -arginine to promote the health of the 
gastrointestinal tract lies in the anti-infl ammatory effects of this amino acid, although there are 
controversial results that may reside in the different study designs used as well as in the various 
formulations and dosages used.     
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    Key Points 

•   Intestinal I–R is a life-threatening abdominal emergency that requires rapid restoration of mesen-
teric blood fl ow; however, reperfusion may result in mucosal injury and multiple organ damage, 
including damage to the liver, lung, kidneys, heart and brain.  

•   In prolonged ischaemia, the depletion of ATP provokes xanthine oxidase activity to increase the 
production of reactive oxygen species (ROS), which further mediates reperfusion-induced injury.  

•   In intestinal I–R injury, polymorphonuclear neutrophils (PMNs) are believed to be the major 
sources of ROS, and their interaction with endothelial cells allow PMNs to infi ltrate into the tissues 
and organs, leading to multiple organ failure (MOF).  

•   The infl ammatory mediators, such as pro-infl ammatory cytokines, nitric oxide (NO), and tran-
scriptional factor nuclear factor (NF)-κB, play major roles in the histological changes and apopto-
sis in intestinal I–R injury.  

•   The controversial results of  L -arginine administration in intestinal I–R might be associated with the 
therapeutic time, dosing, route and disease severity.  

•   The pretreatment of enteral  L -arginine may have benefi cial effects on ameliorating survival and 
impaired contractile response in the intestine, thereby improving mucosal barrier function, enhanc-
ing cell proliferation and decreasing ROS and lipid peroxidation in the circulation and intestine. 
These advantages are associated with the increased serum NO and inactivated inducible nitric 
oxide synthase (iNOS).  

•   Intravenous  L -arginine administration prior to reperfusion may be used to sustain the constitutive 
nitric oxide synthase (cNOS)-derived production of NO to alleviate capillary leak via a neutrophil-
dependent mechanism in intestinal I–R-induced mucosal injury. However, pretreatment with large 
doses of parenteral  L -arginine may result in uncontrolled immune cell responses, which leads to 
deleterious outcomes.  
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  Abbreviations 

  AP-1 Activator protein-1
ARDS    Acute respiratory distress syndrome   
  ATP    Adenosine triphosphate   
  cNOS    Constitutive nitric oxide synthase   
  DAMPs    Damage-associated molecular proteins   
  eNOS    Endothelial nitric oxide synthase   
  ERK    Extracellular signalling-regulated kinase   
  HO    Haem oxygenase   
  I–R    Ischaemia and reperfusion   
  ICAMs    Intercellular adhesion molecules   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  JNK    c-Jun N-terminal kinase   
   L -NAME     L -NG-nitroarginine methyl ester   
  LT    Leukotrienes   
  MAPK    Mitogen-activated protein kinase   
  MDA    Malondialdehyde   
  MODS    Multiple organ dysfunction syndrome   
  MOF    Multiple organ failure   
  MPO    Myeloperoxidase   
  NF-κB    Nuclear factor-kappa B   
  nNOS    Neuronal nitric oxide synthase   
  NO    Nitric oxide   
  NT    Nitrotyrosine   
  ONOO −     Peroxynitrite   
  PAF    Platelet activation factor   
  PMNs    Polymorphonuclear neutrophils   
  PPAR-γ    Peroxisome proliferator-activated receptor-gamma   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  SECs    Sinusoidal endothelial cells   
  SMA    Superior mesenteric artery   
  SOD    Superoxide dismutase   
  TdT    Terminal deoxynucleotidyl transferase   
  TLRs    Toll-like receptors   
  TNF-α    Tumour necrosis factor-alpha   
  TUNEL    TdT-mediated dUTP nick end labelling   
  VCAM    Vascular cellular adhesion molecule   
  XO    Xanthine oxidase   
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      Introduction 

 Among the internal organs, the intestine, especially the small intestine, is the most sensitive organ to 
ischaemia and reperfusion (I–R) damages.  Intestinal ischaemia  , a common and serious clinical condi-
tion resulting from numerous clinical diseases, including haemorrhagic shock, necrotising enterocoli-
tis, sepsis, burn, vascular surgery, small bowel transplantation, cardiopulmonary bypass and abdominal 
aortic surgery, is a life-threatening abdominal emergency. When intestinal ischaemia occurs, rapid 
restoration of mesenteric blood fl ow is crucial; however, reperfusion may exacerbate vascular and 
tissue damage and result in local mucosal injury, systemic infl ammation and multiple organ failure 
(MOF) [ 1 ]. In the late 1990s, the mortality rate of intestinal I–R was 60–80 % in the USA. In recent 
years, the in-hospital mortality rates of intestinal I–R remain as high as 55.1 %, mainly due to MOF, 
even with advanced clinical techniques [ 2 ]. 

 Intestinal I–R injury involved in nutritive perfusion failure, infl ammatory cell response, mediator 
surge and the pathogenesis of  intestinal barrier dysfunction  , which are associated with the concomi-
tant translocation of enteric bacteria and toxins and the potential development of MOF [ 1 ]. Numerous 
strategies have been proposed to ameliorate intestinal I–R injury.  L -Arginine, the sole source of nitric 
oxide (NO) in our body, has been indicated to have a potential to prevent the development of MOF in 
the management of intestinal I–R [ 3 ].  L -Arginine has a variety of physiological functions, including 
cell division, wound healing, urea synthesis, immune function and hormone secretion. In this chapter, 
we reviewed the pathophysiology and mechanisms of intestinal I–R and the effects of enteral and 
parenteral  L -arginine supplementation on intestinal I–R.  

    Intestinal Ischaemia and Reperfusion 

    Pathophysiology of Intestinal I–R Injury 

     Intestinal Ischaemia      

 The intestines require consistent oxygen and nutrition supplies via three arteries to maintain normal 
functions. Under normal physiological conditions, the intestinal mucosa uses approximately 20 % of 
the total resting oxygen consumption in the body, receives up to 70–80 % of the mesenteric artery 
blood fl ow and provides 60 % of its blood fl ow directly to the epithelial cells at the villi [ 4 ]. 
Alterations of the blood supply exceeding 50 % may result in intestinal ischaemia and progressive 
damages [ 5 ]. The fi rst detectable sign of intestinal mucosal injury in ischaemia is the increased cap-
illary permeability. The ischaemic damages are mainly caused by the blockage of oxygen and nutri-
ent supply that leads to the depletion of adenosine triphosphate (ATP) and homeostatic imbalance in 
the enterocytes [ 6 ]. 

 When ischaemia is continuous in the intestine, mucosal permeability is further increased with 
subsequent epithelial cell injury and irreversible necrosis. The intestines accumulate metabolites and 
toxic mediators with the consequent compromise of oxidative phosphorylation in the mitochondria, 
which causes cellular injury and a series of events in multiple organ dysfunction and death [ 7 ]. If the 
intestinal ischaemia is corrected before irreversible injury by returning oxygen to remove toxic media-
tors and by providing nutrients to restore energetic  metabolis     m, the functions of intestinal cells may 
be partially or fully recovered [ 8 ].  
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          Reperfusion 

 Paradoxically, blood restoration to the ischaemic intestine may initiate a series of events that leads to 
more prominent injury than ischaemia [ 9 ]. It has been demonstrated that the mucosal injury observed 
after 3 h of ischaemia and 1 h of reperfusion was more severe than that produced by 4 h of ischaemia 
without reperfusion in felines [ 7 ]. Coopersmith et al. [ 10 ] indicated that after ischaemia, apoptotic 
cells appeared in the intestinal epithelium within 4 h after reperfusion, with a maximum response 
occurring at 24 h after reperfusion. At the time of reperfusion, oxygen is added suddenly and in 
excess. The burst of generated superoxide triggers a free radical chain reaction most likely via the 
hypoxanthine–xanthine oxidase (XO) system. The increased oxygen-derived free radicals may 
directly cause mucosal damages and the infl ammatory response [ 8 ]. 

 The intestinal mucosa is a major site for the production of acute phase proteins, gut hormones and 
infl ammatory mediators, such as cytokines, NO and transcription factors [ 5 ]. Intestinal I–R decreases 
ATP production from the cellular mitochondria and increases mucosal and vascular permeability, the 
activation and adhesion of polymorphonuclear neutrophils (PMNs), the release of pro-infl ammatory 
substances and the formation of both nitrogen-derived and oxygen-derived free radicals. These altera-
tions are closely related to the pathophysiological changes in the mucosa and submucosa that cause 
endothelial destruction [ 5 ]. 

 In animal studies, intestinal I–R signifi cantly decreased mucosa weight, DNA and protein con-
tents, villus height and crypt depth [ 11 ,  12 ] and signifi cantly altered intestinal morphology, including 
mucosal cell desquamation, mucosal cell and crypt necrosis and muscularis layer thinning in the small 
intestine [ 9 ]. The destruction of the mucosal barrier in intestinal I–R may result in the translocation of 
enteric bacterial products, the release of PMNs and the activation of systemic infl ammatory responses. 
All of these events lead to pathophysiological effects on distant organs, including the lungs, liver, 
kidney, heart and brain, as well as high rates of  morbidity      and mortality.   

    Mechanisms of Intestinal I–R Injury 

    Reactive  Oxygen      Species 

 In prolonged ischaemia, hypoxanthine is derived from the catabolism of cellular ATP. The depletion 
of ATP results in a loss of ATP-dependent ion channel regulation, which produces a condition in 
which sodium ions, calcium ions and water diffuse in the cytoplasm, followed by cell swelling. The 
increased cellular calcium ions and the hypoxic condition provoke xanthine dehydrogenase to convert 
to the oxygen radical-producing XO. When blood fl ow supply of the ischemic tissue is restored, the 
introduced oxygen and excess hypoxanthine are catalysed by XO to form xanthine, toxic superoxide 
and hydroxyl radicals, the so-called ROS (Fig.  28.1 ) [ 13 ]. Subsequently, toxic superoxide is catalysed 
by superoxide dismutase (SOD) or spontaneously reacts with protons to produce H 2 O 2 , a highly reac-
tive and cytotoxic material. These XO-derived ROS play an important role in increasing lipid peroxi-
dation and protein carbonyl formation, recruiting and activating granulocytes and further mediating 
reperfusion- induced      microvascular injury [ 7 ].

       Polymorphonuclear  Neutrophils      

 Endothelial dysfunction is the fi rst phenomena of intestinal I–R, which is regarded as the “trigger” of 
reperfusion injury by inducing a catastrophic cascade of events. I–R injury may cause signifi cant 
infi ltration of PMNs, macrophages and T cells into wounded tissue within 24 h [ 14 ]. PMNs are 
believed to be the major sources of ROS via their activated myeloperoxidase (MPO), which results in 
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mucosal injury during reperfusion [ 15 ]. PMNs-secreted proteolytic enzymes, such as elastase from 
cytoplasmic granules, play a crucial role in mucosal destruction. It is proposed that the intestinal I–R- -
induced endothelium dysfunction is mediated by ROS during the early stages and by the activation of 
PMNs during the late stages [ 6 ]. This late-stage injury involves an interaction between PMNs and 
endothelial cells accompanied with a complex process of adhesion molecules, including PMN rolling, 
leucocyte adherence and trans-endothelial migration [ 13 ]. 

 The migration of PMNs to areas of infl ammation is a signifi cant indication in intestinal I–R injury. 
Initially, the upregulated adhesion molecules, such as P-selectin and E-selectin, on the surface of 
endothelium interact with  L -selectin on the PMNs. This interaction attracts chemokines, which bind 
PMNs and promote β2 integrin binding to adhesion molecules, such as  intercellular adhesion mole-
cules (ICAMs)-1      and  vascular cellular adhesion molecule (VCAM)-1     , expressed on endothelial cells. 
Subsequently, the strengthened adhesion between PMNs and endothelial cells allows PMNs to infi l-
trate into the interstitium from the circulation and to lead to cellular damage in the tissues  and      organs 
(Fig.  28.2 ) [ 16 ].

        Infl ammatory Mediators      

 Reperfusion of an ischaemic bed may lead to infl ammation locally and systemically. The infl amma-
tory mediators, such as pro-infl ammatory cytokines, NO and transcriptional factor nuclear factor 
(NF)-κB, play major roles in the histological changes and apoptosis in intestinal I–R injury. The dam-
aged mucosa barrier allows bacteria, especially the gram-negative bacteria, to translocate to the mes-
enteric lymphatic nodes and travel to the other organs or tissues, such as the lung and liver, via the 
circulatory system [ 9 ]. These invading bacteria may induce uncontrolled infl ammatory responses and 
further lead to local and remote organ damages. 

 NO, a double-edged sword, acts as both a cytotoxic and a cytoprotective molecule in intestinal I–R 
injury. The constitutive forms of neuronal and endothelial NO synthase, i.e. nNOS and eNOS, are 
essential to maintain normal physiology, and the inducible form of NO synthase (iNOS) produces 
large amounts of NO and peroxynitrite to lead to tissue injury. During the early phase of reperfusion, 
the inactivated nNOS and eNOS and accumulated superoxide limit the availability of NO to perform 
its benefi cial effects in preventing the adhesion between PMNs and endothelial cells and in avoiding 
the aggregation of platelets. The absence of NO and the excess of superoxide result in the formation 
of H 2 O 2  which triggers the infl ammatory responses, including the accumulation of platelet activation 
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  Fig. 28.1    Mechanism of  xanthine oxidase- mediated free radical injury         in ischaemia and reperfusion. Reprinted with 
permission from Mallick et al. [ 13 ]       
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factor (PAF) and leukotrienes (LTs)      , the activation of NF-κB transcription and the increased expres-
sion of cytokines and adhesion molecules [ 13 ]. However, during the late phase of reperfusion, ele-
vated expression of iNOS produces extensive NO. The excess NO exerts its cytotoxic effects by 
reacting with superoxide to further produce potent oxidant peroxynitrite (ONOO − ), which causes 
accentuated lipid peroxidation, protein and DNA modifi cations and cellular damage [ 17 ]. 

 The small intestinal mucosa contains large numbers of immune cells, including T and B lympho-
cytes, macrophages, mast cells, eosinophils and neutrophils [ 18 ]. In animals suffering from intestinal 
I–R, the immune cells in the intestine are activated to extensively release pro-infl ammatory cytokines, 
such as tumour necrosis factor (TNF)-α, IL-1 and IL-6, via the activation of transcription factor 
NF-κB [ 19 ]. The activated pro-infl ammatory cytokines may be released into the circulation and 
induce a systemic infl ammatory response. Therefore, intestinal I–R-induced NF-κB overexpression 
may result in injuries in the intestine and remote organs including the liver,  lun     g and kidneys [ 20 ,  21 ].  

     Apoptotic Signalling Pathways      

 Apoptosis, a form of programmed cell death, has been known to be the major mode of cell death in 
the destruction of small intestinal epithelial cells in intestinal I–R injury [ 22 ]. Several factors mediate 
this injury and apoptosis, including ROS, infl ammatory leucocytes, mitochondrial dysfunction and 
the release of cytochrome c from mitochondria into the cytosol. The morphological characteristics of 
apoptosis include cell membrane blebbing, cell shrinkage, chromatin condensation, cytoskeletal reor-
ganisation, nuclear envelop injury and systemic internucleosomal DNA fragmentation. The results of 
in situ terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labelling (TUNEL) 
methods for apoptosis detection confi rm that apoptosis is an important form of cell death in rat small 
intestine after I–R injury that occurs at 30 min, maximises at 12 h and returns to baseline levels by 
24 h of reperfusion [ 22 ]. 

 Oxidative stress is known to induce apoptosis by activating mitogen-activated protein kinase 
(MAPK) family proteins, including extracellular signalling-regulated kinase (ERK), c-Jun N-terminal 

  Fig. 28.2    Neutrophil  migration      is initiated by various chemotactic agents produced at the site of I–R. Neutrophils pro-
duce ROS and inadvertently destroy local endothelial or epithelial cells that were unaffected by the initial I–R insult. 
Junctional adhesion molecule-C (JAM-C) is disrupted by neutrophil proteases and cell disruption, enabling neutrophils 
to transmigrate out of the tissue (reverse migration). Neutrophils become more resilient to apoptosis and gain enhanced 
ROS production, where they can subsequently migrate to other organs and destroy tissues through ROS production, lead-
ing to ARDS, systemic infl ammatory response syndrome or MOF. Reprinted with permission from Schofi eld et al. [ 16 ]       
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kinase (JNK) and p38 MAPKs. Rats pretreated with JNK and/or p38 inhibitors exhibit signifi cantly 
attenuated histological damage in the small  intestin     e after suffering from I–R [ 23 ]. Accumulating 
evidence reveals that JNK is upregulated by various stimuli during intestinal I–R, including ROS, 
pro- infl ammatory cytokines, osmotic and mechanical stress and toll-like receptor activation [ 24 ]. 

 Toll-like receptors (TLRs), a family of signalling receptors, play a critical role in the regulation of 
infl ammatory and innate immune responses. Using TLR4 mutant mice, Ben et al. [ 25 ] demonstrated 
that TLR4 plays an important role in the pathogenesis of intestinal I–R-induced acute lung injury and 
infl ammation. The authors found that when TLR4 was recognised by bacterial lipopolysaccharides that 
activate multiple intracellular signalling systems, including ERK, JNK, and p38 MAPK and NF-κB 
pathways, to trigger the infl ammatory immune responses and apoptosis in the  l     ung (Fig.  28.3 ) [ 25 ,  26 ].

         Enteral  L -Arginine  Supplementation      in Intestinal I–R Injury 

 In the past few decades, the therapeutic effects of nutrition support, especially amino acids and antioxi-
dants, have been tested in attenuating intestinal I–R-induced local and systemic injuries. For example, 
immune-enhancing nutrients, including glutamine,  L -arginine, omega-3-fatty acids and nucleotides, 
may reduce septic morbidity and MOF in trauma patients without segregating the individual effects of 
these nutrients.  L -Arginine is considered to have both nutritional and therapeutic roles in I–R injury 
because I–R injury is associated with defi ciencies in  L -arginine and/or reduced bioavailability of NO. 

 It is conceivable that  L -arginine-derived NO is an important mediator in the restitution of intestinal 
mucosa by minimising cell injury during reperfusion. NO, a free radical and volatile gas with a half- 
life in the body, is important in sustaining mucosal integrity; however, it also results in the 

  Fig. 28.3     TLR- mediated pathway         during I–R injury. Ligation of the TLR leads to activation of upstream MyD88 and 
activation of the downstream NF-κB, p38 and JNK pathways, resulting in cellular injury.  SECs  Sinusoidal endothelial cells, 
 DAMPs  Damage- associated molecular proteins. Reprinted with unrestricted permission from Siriussawakul et al. [ 26 ]       
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pathogenesis of I–R-induced tissue injury. The role of NO in the I–R syndrome remains a matter of 
controversy. In rats undergoing bowel transplantation, exogenous NO administration resulted in less 
necrosis but greater apoptosis. In addition, the NO donor molsidomine prevented intestinal I–R injury 
by depressing tissue malondialdehyde (MDA) levels, a marker of lipid peroxidation, reducing muco-
sal injury scores and restoring the intestinal microcirculatory blood fl ow [ 27 ]. In animals with intesti-
nal I–R injury,  L -arginine treatment may enhance survival rates, improve intestinal integrity and 
function [ 11 ], decrease intestinal lipid peroxidation [ 28 ], suppress the release of pro-infl ammatory 
cytokines [ 29 ] and inhibit lung leakage and neutrophil infi ltration [ 30 ].  These      results imply that 
 L -arginine may be benefi cial in improving intestinal I–R injury. 

 In contrast, the adverse effects of enteral  L -arginine supplementation have been reported in recent 
years. Several studies demonstrated that  L -arginine administration at an early time point after the 
intestinal I–R appears to have no benefi cial effects on survival and may worsen the outcomes via 
excessive priming and activation of circulating myeloid cells and iNOS expression [ 31 ,  32 ]. The 
inconsistent results may be due to dose-dependent effects of  L -arginine because a recent study revealed 
that dietary supplementation with a lower level of  L -arginine (0.7 %) had benefi cial effects on the 
microvascular development of early-weaned pigs, but a higher level of  L -arginine supplementation 
(1.2 %) caused adverse effects [ 33 ]. Therefore, the controversial results of  L -arginine administration 
in intestinal I–R might be associated with the therapeutic time, dosing, route and  disease      severity [ 12 ]. 

 The roles of different NOS have been discussed in affecting the development of intestinal I–R 
injury. In rats with intestinal transplantation, the decreased nNOS and increased iNOS activities con-
tribute to intestinal I–R injury and acute rejection, and nNOS activity was closely related to graft 
structure and function [ 34 ]. In ovariectomised female rats with 45-min superior mesenteric artery 
(SMA) occlusion followed by 2 h of reperfusion, lung vascular permeability was signifi cantly reduced 
by the selective iNOS inhibitor aminoguanidine, and the protective effects of estradiol were abolished 
by the nonselective NOS inhibitor  L -NG-nitroarginine methyl ester ( L -NAME) [ 35 ]. These results sug-
gest that the benefi cial and adverse effects of  L - arginine      administration may be closely associated with 
the profi les of NOS activities. 

    Pretreatment of  Enteral  L -Arginine   

 The effects of  L -arginine administration may vary according to the therapeutic time and route. 
Pretreatment with  L -arginine may ameliorate survival after intestinal I–R and improve mucosal barrier 
function in rats with 90-min SMA occlusion [ 36 ]. Sukhotnik et al. [ 11 ] reported that pretreatment with 
 L -arginine in the drinking water (2 %) for 3 days signifi cantly increased the rate of enterocyte prolif-
eration in the jejunum and ileum and improved mucosal recovery, as evidenced by the alleviated 
decreases in duodenal and jejunal bowel weight; duodenal, jejunal and ileal mucosal weight; ileal 
mucosal DNA; and jejunal and ileal mucosal protein. In addition, pretreatment with  L -arginine signifi -
cantly decreased the apoptotic index in the ileum. 

 It has been proposed that the benefi cial effects of  L -arginine pretreatment may be related to its 
metabolite polyamines. Polyamines, the small basic molecules synthesised from ornithine via argi-
nase, are involved in repair processes in the synthesis of DNA, RNA and protein after intestinal isch-
aemia [ 11 ]. Intragastric administration of male  Wistar   rats with 0.5 g/kg  L -arginine at 17 and 2 h 
before ischaemia (90 min) did not prevent ischaemic damage but accelerated morphological repair 
and enhanced cell proliferation after 4 h of reperfusion. These effects were accompanied by increases 
in polyamines and cyclic GMP in the intestine. However, when animals were administered  L -NAME 
to block the activity of NOS, the effects of  L -arginine pretreatment on mucosal repair were abolished. 
These results imply that  L -arginine-derived NO instead of polyamines is the major mediator in mini-
mising cell injury and repairing the mucosa during reperfusion [ 37 ]. 
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 The benefi cial effects of  L -arginine pretreatment on mucosal injury are proposed to be related to 
the decrease in endothelin, a protein produced primarily in the endothelium to constrict blood vessels 
and raise blood pressure. In rats with burn injury, oral  L -arginine (0.14 g/day) signifi cantly lowered 
endothelin content, elevated NO content and alleviated mucosal injury in the intestine. These results 
suggest that oral  L -arginine may be able to ameliorate intestinal I–R injury and protect the barrier 
function of the intestinal mucosa via the maintenance of a stable ratio of endothelin to NO by an 
increase in mucosal NO [ 38 ]. 

 Moreover,  L -arginine  treatment   may ameliorate intestinal I–R injury by decreasing neutrophil–
endothelial interactions, stimulating free radical scavenging and reducing lipid peroxidation. In rats 
with intestinal I–R,  L -arginine pretreatment signifi cantly decreased serum MDA levels, attenuated 
histopathological damage and promoted the healing of the intestinal mucosa [ 27 ]. In addition, oral 
administration of  L -arginine (500 mg/day) for 5 days prior to I–R injury signifi cantly reduced leuco-
cyte adherence, decreased ROS and lipid peroxidation in the intestine and inhibited the release of 
endotoxins into the blood [ 39 ]. These changes were associated with increased serum NO in  L -argi-
nine-treated rats, as these benefi cial effects were abolished by NOS inhibitor. 

 In rats subjected to 30-min mesenteric  ischaemia   and 3-h reperfusion,  L -arginine pretreatment 
reversed I–R-induced decreases in acetylcholine-stimulated contractile response and attenuated I–R- -
induced increases in lipid peroxidation, decreases in glutathione and mucosal injury severity. These 
results suggest that  L -arginine pretreatment has a protective effect on ameliorating impaired contrac-
tile response and mucosal injury in intestinal I–R injury, which may be mediated in part by alleviating 
lipid peroxidation and improving endogenous antioxidants [ 28 ]. 

 However, more recent reports suggest that enteral diets enriched with  L -arginine may be harmful 
by enhancing infl ammation. In a rat study with jejunal sacs fi lled with 10 mmol/L  L -arginine prior to 
intestinal I–R,  L -arginine resulted in worsened mucosal injury, disrupted actin cytoskeleton, 
decreased tissue ATP and enhanced permeability [ 40 ]. These adverse effects of  L -arginine may be 
associated with enhanced activator protein (AP)-1 expression (c-Jun but not c-Fos), not NF-kappa B 
[ 24 ]. AP-1, a stress-activated DNA- binding protein, is regulated by MAPK,  especially   the infl am-
matory mediator JNK. Ban et al. [ 24 ] confi rmed that early enteral  L -arginine may augment neutro-
phil infi ltration and AP-1 DNA-binding activity as well as increase iNOS expression, which worsens 
the gut injury in rats with mesenteric I–R. In addition, intestinal I–R-induced gut injury was allevi-
ated by the JNK inhibitor SP600125 but not the iNOS inhibitor 1400W [ 24 ]. In intestinal I–R, the 
induction of iNOS is harmful, whereas the induction of haem oxygenase 1 (HO)-1 and peroxisome 
proliferator-activated receptor-gamma (PPAR-gamma) is protective. Lumen  L -arginine signifi cantly 
increased iNOS and was associated with increased MPO activity, mucosal injury and heat shock 
proteins as well as decreased PPAR-gamma in rats with 60-min SMA occlusion and 6 h of reperfu-
sion [ 32 ]. These adverse effects of  L -arginine were attenuated by the iNOS inhibitor 1400W. These 
results reveal that  L -arginine pretreatment may augment the intestinal I–R-induced gut injury via 
AP-1 activation and iNOS expression. 

 The  xanthine oxidase system      is a major source of ROS, and NO plays a crucial but controversial 
role in intestinal I–R. Male Wistar rats subjected to occlusion of the SMA for 60 min and reperfusion 
for 0, 1, 8 or 24 h were orally administered  L -arginine (800 mg/kg body weight), an NOS inhibitor 
 L -NAME (50 mg/kg), or a xanthine oxidase inhibitor allopurinol (100 mg/kg) at 24, 12 and 1 h before 
the surgical operation. After reperfusion, the allopurinol-treated rats exhibited decreased MPO, iNOS 
and nitrotyrosine (NT), the indirect index of reactive nitrogen species (RNS), in the intestine and had 
the mildest histological lesions compared with the  L -arginine- or  L -NAME-treated rats. The  L -arginine- 
treated rats exhibited fewer intestine lesions and increased iNOS and NT levels in the intestine, 
whereas the  L -NAME-treated rats exhibited increased intestinal lesions, serum nitrite and catalase 
activity (Table  28.1 ) [ 41 ]. These fi ndings suggest that preventing the production of ROS and RNS is 
a useful approach to alleviate  intest  inal I–R injury.
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        Post-treatment of E  nteral  L -Arginine 

 In fact, nutrition management before the development of intestinal I–R may be diffi cult in most cases. 
The establishment of new nutritional strategies after the insult, that is, during the intestinal I–R period, 
would have great advantages in clinical settings. Enteral  L -arginine is a specifi c stimulus for neonatal 
intestinal blood fl ow and mucosal growth. In newborn mice suffering from hypoxia and reoxygen-
ation,  L -arginine administration twice a day for 3 days signifi cantly improves structural preservation 
rates and NO content in the ileum [ 42 ]. In pigs with partial enteral nutrition, acute 3-h enteral  L -argi-
nine supplementation increased plasma  L -arginine dose dependently and 4-day enteral  L -arginine 
supplementation induced mucosal growth in the intestine, neither of which were affected by 
 L -NAME. These results suggest that post-treatment of  L -arginine in partial enteral feeding modestly 
increases intestinal mucosal growth, and this effect was NO independent [ 43 ]. 

 Lee and colleagues [ 12 ] tested the effects of long-term enteral  L -arginine administration on intes-
tinal morphology and infl ammatory response in rats with 3 h of ileal ischaemia and continuous infu-
sion of 2 %  L -arginine via duodenal cannulation for 7 days. The authors reported that long-term 
intra-duodenal  L -arginine administration may not have observable benefi ts on intestinal morphology 
or systemic/jejunal infl ammatory responses in rats with intestinal I–R injury. The necessity of long-
term  L -arginine supplementation for patients with intestinal I–R injury remains questionable and 
 re  quires further investigation.   

    Parenteral  L - Arginine   Supplementation in Intestinal I–R Injury 

 Parenteral  L -arginine supplementation may be a potential adjunct for attenuating intestinal I–R injury 
to prevent the development of ARDS and MODS. However, the results of parenteral  L -arginine sup-
plementation on intestinal I–R injury are also controversial. Whether these contradictory results were 
due to the therapeutic time and dose are still not concluded. 

   Table 28.1    Tissue nitrotyrosine and iNOS levels during reperfusion   

 Group 

 Time of reperfusion (h) 

 0  1  8  24 

  Nitrotyrosine  ( score ) 
 Control  0.63 ± 0.18 a   1.88 ± 0.23 b   2.00 ± 0.19 b   1.50 ± 0.33 
  L -Arg  2.00 ± 0.27  2.00 ± 0.27  1.38 ± 0.26  2.13 ± 0.30 
  L -NAME  1.25 ± 0.25  0.88 ± 0.23 a   1.38 ± 0.18  1.17 ± 0.31 
 Allo  0.88 ± 0.23 a   1.00 ± 0.33  1.88 ± 0.23  0.75 ± 0.25 a, c  
  iNOS  ( score ) 
 Control  1.38 ± 0.26  1.13 ± 0.30  1.50 ± 0.19  1.25 ± 0.16 a  
  L -Arg  1.75 ± 0.16  2.00 ± 0.19  2.25 ± 0.31  2.38 ± 0.18 
  L -NAME  1.00 ± 0.27  0.88 ± 0.23 a   1.57 ± 0.27  1.33 ± 0.49 
 Allo  1.00 ± 0.27  0.75 ± 0.31 a   0.75 ± 0.25 a   1.13 ± 0.23 a  

  Tissue nitrotyrosine and iNOS levels in rats with 60-min SMA occlusion and 0, 1, 8 or 24 h of reperfusion. Rats were 
orally administered with  L -arginine (800 mg/kg body weight;  L -Arg group),  L -NAME (50 mg/kg;  L -NAME group) or 
allopurinol (100 mg/kg; Allo group) in 3 equal doses 24, 12 and 1 h before the surgical operation. Reprinted with per-
mission from Margaritis et al. [ 41 ] 
 Values are expressed as mean ± SEM 
  a  P  < 0.05 versus  L -Arg group 
  b  P  < 0.05 versus ischaemia 

  c  P  < 0.05 versus 8 h reperfusion  
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     Pretreatment   of Parenteral  L -Arginine 

 In the past two decades, intravenous  L -arginine has been investigated by numerous studies testing its 
ability to prevent intestinal I–R damage. Ward et al. [ 30 ] proposed that there is a time course relation-
ship between the recovery and injury of intestinal I–R with the activity of cNOS and iNOS (Fig.  28.4 ).

   As shown in Fig.  28.4 , intestinal I–R-induced injury is presumably due to peroxynitrite (ONOO − ) 
formed from NO within 2 h of reperfusion. Diminished cNOS activity occurs at 4–6 h of reperfusion, 
which correlates with the onset of gut and lung capillary leak. With over 6 h of reperfusion, increased 
iNOS-derived NO is correlated with resolution of mucosal injury. 

 By quantitating neutrophil numbers in the intestinal mucosa and sustaining NOS activity, Ward 
and colleagues [ 30 ] demonstrated that intravenous  L -arginine administration (4 mg/kg/min) 60 min 
prior to ischaemia signifi cantly attenuated intestinal I–R-induced mucosal injury, PMN infi ltration, 
lung leak and systemic capillary permeability and signifi cantly increased serum NO in rats undergo-
ing 30 min of SMA occlusion followed by 4 h of reperfusion. To compare the time effects of  L -argi-
nine administration, the authors further post-treated with intravenous  L -arginine during the reperfusion 
period and found that intestinal I–R-induced lung leak and neutrophil infi ltration were reduced, but 
the mucosal injury was not improved. Using a concentration approximately equal to the dose infused 
 intravenou  sly, intraluminal  L -arginine administration signifi cantly reduced mucosa injury but had no 
effect on capillary leak in the intestine and lung. 

 These results suggest that early production of NO in intestinal I–R injury, i.e. initially following 
ischaemia, may lead to mucosal injury. However, continued production of NO is essential to reduce 
the systemic infl ammatory response and the consequence of organ failure [ 30 ]. Because diminished 
NO production during the reperfusion period may lead to endothelial dysfunction, intravenous  L -argi-
nine administration prior to reperfusion may be used to sustain the cNOS-derived production of NO 
to alleviate capillary leak via a neutrophil-dependent mechanism (Fig.  28.5 ).

   Intestinal I–R injury is initiated by the up-regulation and interaction of adhesion molecules on the 
endothelium and PMNs. Reperfusion of ischemic intestine is associated with P-selectin-dependent 
adhesion of leucocytes in the liver microcirculation. In mice with 15 min of SMA occlusion and 
30 min of reperfusion, intravenous  L -arginine (2.5 mg/kg/h) administered at 15 min before ischaemia 
effectively attenuated the gut I–R-induced increases in the number of rolling leucocytes in the termi-
nal hepatic venules and P-selectin expression in the liver, intestine and lung. The gut I–R-induced 
increases in both rolling leucocytes and P-selectin expression in the liver and intestine were exagger-
ated in rats with  a   NOS inhibitor NG-monomethyl- L -arginine and were attenuated in rats with the co-
administration of  L -arginine and NOS inhibitor. These fi ndings indicated that NO modulates gut 
I–R-induced recruitment of rolling leucocytes by acting on P-selectin expression [ 44 ]. 
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  Fig. 28.4    Hypothetical schematic demonstrating the involvement of the cNOS ( dotted line ) and iNOS ( dashed line ) 
enzymes in the ischaemia and reperfusion model. Reprinted with permission from Ward et al. [ 30 ]       
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  Gut hypoperfusion   is considered a mechanism for early MOF after severe surgical insults.  L - 
Arginine may enhance immune cell responses; however, uncontrolled excess immune responses may 
cause deleterious effects. For example, mice with intestinal I–R receiving  L -arginine infusion (1 % 
 L -arginine hydrochloride solution, 1 mL/h) during 60 min of ischaemia exhibit signifi cantly increased 
production of reactive oxygen intermediates and myeloid cells at 4 h and exhibit decreased survival 
rates at 12 h of reperfusion. Although  L -arginine infusion signifi cantly improved intestinal blood per-
fusion during ischaemia, the primed, activated and excessive circulating myeloid cells resulted in the 
reduction in survival rates [ 31 ]. In contrast, in pigs with intestinal I–R, administration of  L -arginine 
(5 mg/kg/min) during ischaemia and continuing throughout reperfusion signifi cantly increased SMA 
blood fl ow during reperfusion, reduced mucosal injury, alleviated intestinal I–R-induced denudation 
of villous tips and destruction of glandular architecture and suppressed the release of TNF-α, IL-1 and 
IL-6 [ 29 ]. These results reveal that parenteral  L -arginine infusion during ischaemia may improve the 
blood fl ow during reperfusion; however, large doses of parenteral  L -arginine may result in uncon-
trolled immune cell responses, which lead to deleterious outcomes. 

 Evidence indicates that  L -arginine may stimulate free  radical   scavenging and reduce lipid peroxi-
dation. In immature rats with 60-min SMA occlusion followed by 90-min reperfusion, intravenous 
administration of  L -arginine (250 mg/kg) 45 min after ischaemia, i.e. 15 min prior to reperfusion, 
signifi cantly increased serum NO and decreased serum MDA and lung endothelin, MDA and PMNs, 
which resulted in the improvement of systemic endothelial function. However, white blood cell counts 
in bronchoalveolar lavage and serum and lung TNF-alpha, MDA and NO content in lung tissues were 
not signifi cantly altered [ 3 ]. In rats with small bowel transplantation, intravenous  L -arginine (50 mg/
kg) injection 90 min before harvesting resulted in lower MDA and MPO levels and better histological 
structures and graft survival rates after the grafts were preserved at 4 °C in Ringer’s solution for 8 h 
[ 45 ]. These results suggest that pretreatment with  L -arginine may act as a useful adjunct to preserve 
the grafted intestine from ischaemia injury, at least partially, by improving antioxidant activities. 

 The effects of  L -arginine on intestinal I–R-reduced gut function have been studied in rats subjected 
to 30-min mesenteric ischaemia followed by 180-min reperfusion. Intravenous  L -arginine infusion at a 
dose of 10 mg/kg at 5 min before reperfusion ameliorated intestinal I–R-induced impairment in spon-
taneous basal activity and acetylcholine-induced contractile response  in   the ileum [ 46 ]. In addition, 
Taha et al. [ 47 ] indicated that pretreatment with intravenous  L -arginine (100 mg/kg body weight) may 
attenuate intestinal dysfunction in jejunal contractions and enteric nerves due to ischaemia. Gomez 
et al. [ 48 ] treated rats with the same amount of  L -arginine intravenously 60 min before SMA occlusion 
and/or during 120 min of reperfusion. The authors reported that jejunal contractions were not affected 
by pretreatment of  L -arginine, i.e. before ischaemia, but were decreased by peri-treatment of  L -arginine, 
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i.e. during reperfusion. Jejunal enteric nerves were damaged in rats with peri-treatment of  L -arginine but 
not in those with pretreatment of  L -arginine. Based on these results, the authors suggested that paren-
teral  L -arginine may attenuate  i  ntestinal dysfunction induced by ischaemia but not by reperfusion [ 48 ].  

     Peri-treatment   of Parenteral  L -Arginine 

 Few studies have investigated the effects of peri-treatment of parenteral  L -arginine, and most studies 
have reported the deleterious effects of the late use of parenteral  L -arginine, i.e. during the reperfusion 
period, in intestinal I–R injury. The study of Ward et al. [ 30 ] revealed that treatment of rats with intra-
venous  L -arginine during the reperfusion period may reduce intestinal I–R-induced lung leak and 
neutrophil infi ltration, but the intestinal leak and mucosal injury were not prevented. The authors 
concluded that peri-treatment of intravenous  L -arginine may be too late to prevent the formation of 
peroxynitrite from superoxide. Therefore, the intestinal I–R-induced local injury may still occur. Taha 
et al. [ 47 ] also reported that initiated intravenous  L -arginine infusion (100 mg/kg body weight) during 
reperfusion did not attenuate intestinal dysfunction in jejunal contractions and enteric nerves in rab-
bits with occlusion of the SMA. These studies noted that the timing of intravenous  L -arginine infusion 
may result in different outcomes, which may be associated with the homeostasis  of   NO.   

    Conclusions 

 Intestinal I–R injury is a complex process that involves oxygen and energy depletion and restoration, 
the hypoxanthine–xanthine oxidase system, ROS and RNS production, the infl ammatory response 
and apoptosis. Under uncontrolled conditions, signifi cant infi ltration of PMNs is accompanied by 
mucosal damage and multiple organ dysfunction and leads to death. Evidence indicates that enteral 
 L -arginine administration has benefi cial effects on survival, intestine structure and function and NO 
homeostasis, and recovery is observed only when  L -arginine is provided before the initiation of isch-
aemia and/or reperfusion. Similar, intravenous  L -arginine administration prior to ischaemia may alle-
viate intestinal I–R-induced adverse effects. However, it has been noted that pretreatment with large 
doses of parenteral  L -arginine may result in deleterious outcomes. Thus far, almost all of these results 
were obtained from animal studies with inconsistent outcomes. These controversial results of  L - 
arginine administration in intestinal I–R may be associated with the therapeutic time, dosing, route 
and disease severity. Therefore, the application of  L -arginine supplementation for patient with intesti-
nal I–R injury remains questionable and needs to be further investigated.     
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 Key Points 

•   The intragastric administration of  L -arginine prevented the occurrence of acid-refl ux esophagitis, 
which was induced in rats by ligation of both the pylorus and forestomach.  

•   This effect was mimicked by  L -arginine, but was not affected by the pretreatment with indometha-
cin or N G -nitro- L -arginine methyl ester.  

•   The oral administration of  L -arginine prevented 0.6 N  HCl-induced gastric lesion  s in rats. This 
effect was also observed with  L -arginine, but not with an equimolar dose of mannitol, and was 
attenuated by the prior administration of indomethacin, but not N G -nitro- L -arginine methyl ester.  

•   The mucosal application of  L -arginine produced a reduction in the potential difference, inhibited 
gastric motility, and increased mucosal blood fl ow, and the blood fl ow and motility responses were 
mitigated by the pretreatment with indomethacin, but not N G -nitro- L -arginine methyl ester.  

•   Protective effects against esophagitis may have occurred via the amelioration of defensive mecha-
nisms mediated by factors other than prostaglandins and nitric oxide, while protective effects 
against gastric lesions may be afforded by it acting as a mild irritant and are mainly mediated by 
endogenous prostaglandins, but not the nitric oxide-dependent pathway.  
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  NO    Nitric oxide   
  PD    Potential difference   
  MBF    Mucosal blood fl ow   

      Introduction 

  L -Arginine, a conditionally nonessential amino  acid  , is synthesized from citrulline by the sequential 
action of the cytosolic enzymes argininosuccinate synthetase and argininosuccinate lyase in the body 
and does not need to be obtained directly through the diet. However, since this biosynthetic pathway 
does not produce suffi cient amounts of  L -arginine, some needs to be consumed through the diet. This 
amino acid plays an important role in cell division, the healing of wounds, removal of ammonia from 
the body, immune function, and the regulation of cardiovascular aspects [ 1 – 3 ]. In addition,  L -arginine 
is the precursor of nitric oxide ( NO  ), which is synthesized from this amino acid by NO synthase, an 
enzyme involved in the modulation of various biological actions mainly through the activation of 
guanylyl cyclase under physiological conditions [ 4 ]. Several studies [ 5 – 10 ] demonstrated that  L -argi-
nine exhibited protective effects against various lesion models in the gastrointestinal tract, including 
the esophagus. Although the mechanisms responsible have yet to be elucidated, the protective effects 
were reportedly related to processes dependent on or independent of NO [ 7 – 10 ]. 

 We herein reviewed the protective effects of  L - arginine   against  acid-refl ux esophagitis   and  HCl- induced 
gastric lesions  , mainly based on the fi ndings of our previously published studies [ 6 ,  9 ,  10 ], and discussed 
the pathogenesis of these lesions as well as the factors involved in the protective effects of  L -arginine.  

    Esophageal Protection 

 Refl ux esophagitis, an endoscopically positive  gastroesophageal refl ux disease  , is mainly caused by 
excessive exposure to gastric contents due to impairments in various protective mechanisms that pre-
vent refl ux into the esophagus and resist the refl uxate [ 11 ,  12 ]. Since gastric acid plays a key role in the 
pathogenesis of refl ux esophagitis, luminal pH control is considered to be important in the manage-
ment of this disease [ 12 ]. Antisecretory drugs, such as histamine H 2  receptor antagonists and proton 
pump inhibitors, were previously shown to be effective against  acid-refl ux esophagitis   in humans and 
animals [ 13 – 15 ]. We also showed the unique infl uences of  L -arginine on — this esophageal injury [ 10 ]. 

    Induction of Acid-Refl ux Esophagitis and Its  Pathogenesis   

 Refl ux esophagitis is a chronic disease caused by repeated contact between the gastric contents and 
the esophageal epithelium. We used a rat esophagitis model to investigate the pathogenesis of this 
disease and examine the effects of antisecretory drugs on esophagitis. In brief, rats were kept in indi-
vidual cages with raised mesh bottoms and deprived of food, but were allowed free access to tap water 
for 18 h prior to the experiments. Under ether anesthesia, the abdomen was incised along the middle 
and both the pylorus and junction between the forestomach and corpus were ligated [ 15 ,  16 ] 
(Fig.  29.1a ). Severe hemorrhagic damage then developed in the proximal 3 cm of the esophagus in a 
time-dependent manner (Fig.  29.1b ). The severity of acid-refl ux esophagitis induced by double liga-
tion of the pylorus and forestomach for 4 h was prevented by the prior intraduodenal administration 
of antisecretory drugs (Fig.  29.1c ). In addition, the intragastric (i.g.) administration of antipeptic 
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  Fig. 29.1    ( a ) Induction of acid-refl ux esophagitis in rats. Under ether anesthesia, the abdomen was incised, and both 
the pylorus and junction between the corpus and forestomach were ligated. Three or four hours later, animals were 
killed by an overdose of ether, and the esophagus was removed, opened, and examined for hemorrhagic lesions. ( b ) 
Time-course changes in the development of acid-refl ux esophagitis in rats. Under ether anesthesia, both the pylorus and 
forestomach were ligated, and the esophageal mucosa was examined 2–5 h later. Data were presented as the mean ± SE 
for four rats. ( c ) Effects of cimetidine, omeprazole, and pepstatin on acid-refl ux esophagitis in rats. Cimetidine (100 mg/
kg) and omeprazole (10 mg/kg) were given i.d. immediately after the dual ligation, while pepstatin (0.3 mg/kg) was 
given i.g. immediately after the ligation. Data were presented as the mean ± SE for 4–6 rats.  * Signifi cantly different from 
the control, at  P  < 0.05 (from Ref. [ 10 ] after modifi cations)       

drugs also mitigated the occurrence of these esophageal lesions, whereas porcine pepsin worsened the 
severity of esophageal damage induced by double ligation for 4 h.

   We found that antisecretory drugs, such as omeprazole and cimetidine, signifi cantly prevented the 
development of esophageal lesions, and the fi ndings suggested a key role of gastric acid in the patho-
genesis of esophageal lesions [ 15 ,  17 ]. Pepstatin also potently prevented the occurrence of acid-
refl ux esophagitis [ 9 ,  17 ]. This drug was previously shown to exhibit potent and specifi c inhibitory 
effects against the proteolytic activity of pepsin [ 18 ,  19 ]. We also observed that exogenously admin-
istered pepsin  signifi cantly   worsened the severity of esophageal lesions in the present model. These 
fi ndings strongly suggested that pepsin may play a major role in the pathogenesis of acid-refl ux 
esophagitis. In addition to gastric acid and pepsin, bile acids and pancreatic enzymes were also 
included in the refl uxate into the esophagus. However, because this model was induced in pylorus-
ligated stomachs in which no regurgitation occurred from the duodenal contents into the stomach, it 
is unlikely that bile acids and pancreatic enzymes participated in the pathogenesis observed in this 
model of rat esophagitis.  

    Effects of  L -Arginine on Esophagitis 

 When  L -arginine was administered i.g. 10 min before the  ligation   of the pylorus and forestomach, this 
amino acid dose-dependently reduced the severity of esophageal lesions, with complete inhibition 

 

29 Mucosal Protection by L-Arginine in the Upper Gastrointestinal Tract



372

being observed at 250 mg/kg (Fig.  29.2a, b ). We also examined the effects of  D -arginine in order to 
determine whether the protective effects of  L -arginine were due to its physicochemical properties or 
were mediated by its biological actions; therefore, the same experiments were repeated using  D - 
arginine. As shown in Fig.  29.2a ,  D -arginine also provided good protection against acid-refl ux esopha-
gitis, inhibition at 250 mg/kg being 89.0 %. To further investigate the involvement of endogenous 
PGs and NO in these protective actions, the effects of  L -arginine were examined in the presence of 
indomethacin and N G -nitro- L -arginine methyl ester ( L -NAME). The prior subcutaneous (s.c.)  admin-
istration   of indomethacin or  L -NAME did not signifi cantly affect the protective effects of  L -arginine, 
with the degree of protection in the presence of these agents being equivalent to that in the vehicle-
treated group (Fig.  29.2a ). On the other hand, the severity of acid-refl ux esophagitis was not signifi -
cantly affected by  L -arginine given i.v. or mannitol given i.g. at a concentration equimolar to that of 
 L - arginine (250 mg/kg).

    Refl ux esophagitis   has been attributed to impairments in epithelial defense against acid-pepsin 
contact [ 20 ,  22 ]. The mechanisms underlying these phenomena remain unclear; however, they may be 
mediated, at least partly, by endogenous PGs and NO [ 23 – 25 ]. Since  L -arginine is a substrate for the 
production of NO, it is possible that the protective effects of this amino acid may be partly mediated 
by NO. However, the role of NO in the pathogenesis of esophagitis remains controversial [ 25 – 27 ]. 
Lanas et al. [ 25 ] reported that rabbit esophageal mucosa showed  mucosal adaptation   to acid and pep-
sin, and this phenomenon was, at least in part, dependent on NO-mediated mechanisms. Konturek 
et al. [ 26 ] also reported that melatonin protected against acid-refl ux esophagitis mediated by NO and 

  Fig. 29.2    Effects of  L - and  D -arginine on  acid-refl ux esophagitis   in rats in the absence or presence of indomethacin or 
 L -NAME. Both the pylorus and forestomach were ligated under ether anesthesia, and the  esophageal mucosa   was exam-
ined 4 h later.  L -Arginine (100 and 250 mg/kg) or  D -arginine (250 mg/kg) was given i.g. 10 min after the ligation, while 
indomethacin (5 mg/kg) or  L -NAME (10 mg/kg) was given s.c. 30 min before the ligation. Data are presented as the 
mean ± SE for 5–7 rats.  * Signifi cantly different from the control, at  P  < 0.05. ( b ) shows the macroscopic appearance of 
esophageal lesions induced by the dual ligation for 3 h. Note that  L -arginine potently inhibited the development of 
hemorrhagic esophageal lesions (from Ref. [ 10 ] after modifi cations)       
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calcitonin gene-related peptide released from sensory nerves and the suppression of infl ammatory 
cytokine production. In contrast, Ishiyama et al. [ 27 ] showed that exogenous NO exacerbated tissue 
damage in a rat model of refl ux esophagitis. We reported that NO increased the secretion of pepsin via 
the stimulation of guanylyl cyclase [ 28 ]. However, since we found that the protective effects of  L -argi-
nine were not signifi cantly antagonized by  L -NAME, a NO synthase inhibitor, it was unlikely that 
 L -arginine afforded protection against acid-refl ux esophagitis by a NO-dependent mechanism. This is 
supported by the fi nding that  L -arginine had a similar protective effect to  L -arginine at the same dose 
because  L -arginine cannot be used as a substrate for NO production. Further studies are necessary to 
elucidate the mechanism underlying the protective effects of  L -arginine.  

    Effect of  L -Arginine on  Acid Secretion and Acid-Buffering Action   

 Since the severity of esophagitis is known to be affected by antisecretory drugs and infl uenced by the 
pH of the gastric contents, we examined the effects of  L -arginine on gastric secretion, including the pH 
of the gastric contents in pylorus-ligated rats. Ligation of the pylorus for 3 h resulted in accumulation 
of approximately 6 ml of gastric juice in the stomach, with the pH of the gastric contents being 
1.30 ± 0.05 (Table  29.1 ).  L -Arginine at 250 mg/kg did not signifi cantly affect the volume of the gastric 
contents, but signifi cantly elevated the pH to 1.82 ± 0.05. Because this model was produced by the cor-
rosive actions of acid and pepsin, it is possible that the mechanism underlying the protection against 
these lesions may be associated with changes in peptic activity. The proteolytic activity of pepsin has 
been shown to be dependent on pH and was maximal at a pH of approximately 2.0 [ 9 ,  10 ]. Pepsin also 
plays an important role in the pathogenesis of acid-refl ux esophagitis. It is possible that the effects of 
 L -arginine on acid-refl ux esophagitis may be attributable to its acid-buffering capability; it may modify 
the optimal pH for the proteolytic action of pepsin. To examine this possibility, we titrated a solution 
of  L -arginine and varied the pH with the addition of HCl in vitro. The  L -arginine solution was a strong 
base, pH 10.6, and when the solution was titrated with the addition of 150 mM HCl, this amino acid 
exhibited a potent buffering action against HCl at pH of approximately 2.0 (Fig.  29.3 ).

    We found that the pH of the gastric contents was increased by  L -arginine (250 mg/kg) from 
1.30 ± 0.05 to 1.82 ± 0.05. Since  L -arginine increased the pH of the gastric contents due to its acid- 
buffering capability to around 2.0, it is assumed that this amino acid may increase pepsin activity. 
Since  L -arginine prevented, but not aggravated, esophagitis, it  is   unlikely that the acid-buffering capa-
bility of this amino acid contributed to its protective effects. In addition, we demonstrated that other 
amino acids such as  L -alanine, glycine, and  L -glutamine also had potent buffering effects and increased 
the pH of the gastric contents to approximately 2.0; however, protection against the esophagitis model 
was only observed with glycine, but not  L -alanine or  L -glutamine [ 10 ]. Thus,  L -arginine may exert a 
protective effect against acid-refl ux esophagitis due to as yet unknown mechanisms, in spite of the 
increase in gastric pH and possibly pepsin activity.   

   Table 29.1    Effects of  L -arginine on the  volume and pH   of the gastric contents in pylorus-ligated rats   

 Drugs  Doses (mg/kg)  No. of rats  Volume (ml)  Gastric pH 

 Control  –  5  6.38 ± 0.87  1.30 ± 0.05 
  L -Arginine  250  4  6.30 ± 0.41  1.82 ± 0.05 *  

   L -Arginine (250 mg/kg) was given orally immediately after the pylorus was ligated. The gastric contents were collected 
3 h later. Following centrifugation for 10 min at 3000 rpm, the volume of each sample was measured, and the pH was 
determined using a pH meter. Values are presented as the mean ± SE for 4–5 rats 
  * Signifi cantly different from the control, at  P  < 0.05  
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     Gastric Protection   

 Several studies [ 5 ,  29 ,  30 ] reported that amino acids, including  L -arginine, exhibited protective effects 
against the gastric lesions induced by aspirin, indomethacin, and necrotizing agents. On the other 
hand, endogenous NO was shown to be involved in certain types of gastroprotection induced by cap-
saicin [ 31 ], lafutidine [ 32 ], and mild irritants [ 33 ]. However, the effects of  L -arginine, a precursor of 
NO, on gastric mucosal integrity have not been studied in detail. We introduced the protective effects 
of  L -arginine on gastric lesions induced by 0.6 N HCl in rats, including the possible mechanisms 
involved in this action [ 6 ]. 

    Effects of  L -Arginine on  HCl-Induced Gastric Damage   

 The oral administration of 0.6 N HCl (1 ml) induced hemorrhagic lesions in the glandular stomach, with 
a lesion score of 118.3 ± 10.2 mm 2 .  L -Arginine, given p.o. 30 min before HCl, prevented the development 
of gastric lesions caused by HCl in a dose-related manner; the lesion score at 300 mg/kg was 40.2 ± 17.3 mm 2  
(Fig.  29.4 ).  D -Arginine also dose-dependently protected against HCl-induced gastric lesions, and the 
degree of protection at 300 mg/kg, p.o. was 62.3 %, which was equivalent to that obtained by  L -arginine 
at 300 mg/kg. On the other hand,  L - and  D -arginine given i.v. had no effect on the severity of these lesions. 
Mannitol given p.o. at an equimolar concentration to  L -arginine (300 mg/kg, p.o.) was also ineffective in 
reducing the severity of these lesions. The prior s.c. administration of  L -NAME 30 min before  L -arginine 
did not affect the protective activity of  L -arginine against  HCl-induced gastric lesion  s (Fig.  29.5a, b ). In 
contrast, the effects of  L -arginine were signifi cantly mitigated by the prior administration of indometha-
cin; the degree of protection afforded by  L -arginine was only 12.3 % in the presence of indomethacin, 
which was signifi cantly lower than that (68.3 %) observed in the absence of this agent. Neither  L -NAME 
nor indomethacin alone had any effect on the severity of HCl-induced gastric lesions.

     L -Arginine potently protected against HCl-induced gastric mucosal lesions when it was administered 
p.o. However, when this amino acid was given i.v., it did not confer any protection against damage at the 
dose (200 mg/kg) that antagonized the elevated blood pressure response induced by the NO biosynthesis 

  Fig. 29.3     Buffering capability   of  L -arginine against HCl in vitro.  L -Arginine (250 mg/kg) was suspended or dissolved 
in a 0.5 % CMC solution, and 1 ml of the solution was titrated by the addition of 150 mM HCl. Changes in the pH of 
the solution were determined by a pH meter, and data are presented as the mean for two rats            
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inhibitor  L -NAME [ 6 ]. In addition, the protective effects of  L -arginine were mimicked by the enantiomer 
 D -arginine and were unaffected by the prior administration of  L -NAME and almost totally disappeared 
in the presence of indomethacin. These fi ndings suggested that the mucosal protective effects afforded 
by  L -arginine (p.o.) may  involve   endogenous PGs but are unrelated to the NO-mediated pathway.  

    Effects of  L -Arginine on Gastric PD, MBF, and Motility 

 The mucosal application of  L -arginine (300 mg/kg) in the stomach caused a decrease in the  potential 
difference (PD)   and increase in  mucosal blood fl ow (MBF)   (Figs.  29.6  and  29.7 ). Similar results were 
obtained with  D -arginine but not with an equimolar concentration of  D -mannitol applied to the mucosa 
(data not shown). In addition,  L -arginine given i.v. did not produce any change in either PD or  MBF  . 
The changes in MBF induced by the mucosal application of  L -arginine were signifi cantly mitigated by 
the prior administration of indomethacin, although the degree of the reduction in PD remained 
unchanged. The pretreatment with  L -NAME did not signifi cantly affect either the PD or MBF response 
induced by  L -arginine. On the other hand, gastric motility was inhibited by  L -arginine given i.g. at 
300 mg/kg, but not i.v. at 200 mg/kg. The motility inhibition caused by  L -arginine was mitigated by 
the prior s.c. administration of indomethacin, but not  L -NAME (Fig.  29.8 ). Gastric motility was also 
inhibited by the i.g. administration of  D -arginine but not  D -mannitol at an equimolar concentration 
(data not shown).

     The  mucosal application   of  L -arginine reduced PD, followed by an increase in MBF. These 
responses were mimicked by  D -arginine, and the increased MBF response was mitigated by pretreat-
ment with indomethacin. These responses have frequently been reported in the stomach after expo-
sure to mild irritants such as hypertonic NaCl [ 34 ]. A histological examination revealed damage in the 
surface epithelium of the mucosa immediately after exposure to  L -arginine at 300 mg/kg or greater, 
which suggested that  L -arginine acted on the stomach in a similar manner to mild irritants. The mecha-
nism by which the mucosal application of  L -arginine caused a reduction in PD remains unknown. 
These effects of  L -arginine were not reproduced by the mucosal application of mannitol at an 

  Fig. 29.4    Effects of  L - or  D -arginine on  gastric lesions   induced by 0.6 N HCl in rats. Animals were given 1 ml of 0.6 N 
HCl p.o. and killed 1 h later.  L -Arginine (100, 300, and 750 mg/kg),  D -arginine (300 and 750 mg/kg), or mannitol 
(315 mg/kg) was given p.o. 30 min or i.v. 10 min, respectively, before the HCl treatment. Data are presented as the 
mean ± SE for 6–8 rats.  * Signifi cantly different from the control, at  P  < 0.05 (from Ref. [ 6 ] after modifi cations)       
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  Fig. 29.5    ( a ) Effects of  L -arginine on the gastric lesions induced by 0.6 N HCl in rats, in the absence or presence of 
indomethacin or  L -NAME. Animals were given 1 ml of 0.6 N HCl p.o. and killed 1 h later.  L -Arginine (300 mg/kg) was 
given p.o. 30 min before the HCl treatment, while indomethacin (5 mg/kg, s.c.) or  L -NAME (5 mg/kg, i.v.) was given 
30 min or 10 min, respectively, before  L -arginine. Data are presented as the mean ± SE for 6–8 rats.  * Signifi cant differ-
ence at P<0.05; * from the control; # from the saline  . ( b ) Macroscopic observations of gastric lesions induced by 0.6 N 
HCl in the absence or presence of  L -arginine (300 mg/kg) with or without indomethacin or  L -NAME. Figures show I, 
control; II,  L -arginine (300 mg/kg); III, indomethacin+  L -arginine; and IV,  L -NAME +  L -arginine. Note that  L -arginine 
prevented the development of hemorrhagic gastric lesions, but this effect was attenuated by the pretreatment with indo-
methacin, but not  L -NAME (from Ref. [ 6 ] after modifi cations)       
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  Fig. 29.6    Effects of  L -arginine on PD ( a ) and MBF ( b ) responses in the chambered stomach of anesthetized rats. 
 L -Arginine was applied topically to the chamber at a dose of 300 mg/kg for 30 min or given i.v. at a dose of 200 mg/kg. 
On the  right , effects of indomethacin and  L -NAME on changes in PD ( C ) and MBF ( D ) caused by  L -arginine applied 
to the stomach for 30 min. Values indicate the maximal changes after the treatment with  L -arginine and represent the 
mean ± SE from 4 to 6 rats.  * Signifi cantly different from the control (saline), at  P  < 0.05 (from Ref. [ 6 ] after 
modifi cations)       

  Fig. 29.7    Representative recordings showing changes in PD and  MBF   after the mucosal application of  L -arginine 
(300 mg/kg for 30 min) in the absence or presence of indomethacin (5 mg/kg, s.c.) or after the i.v. administration of 
 L -arginine (200 mg/kg) to anesthetized rats (from Ref. [ 6 ] after modifi cations)       
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equimolar concentration. Thus, these effects of  L -arginine may be attributed to its chemical properties, 
but not to its hyperosmolarity. 

 The involvement of  endogenous PGs   in the mucosal protection induced in the  stomach   by mild 
irritants has been demonstrated in previous studies [ 34 – 36 ]. The increased MBF response induced 
by  L -arginine was signifi cantly attenuated by indomethacin, but not by  L -NAME. If the irritation of 
the stomach by  L -arginine was associated with the activation of constitutive NO synthase or expres-
sion of inducible NO synthase, the MBF response would also be inhibited by  L -NAME. Since the 
mucosal application of  L -arginine increased the MBF response even in animals pretreated with 
 L -NAME, it is clear that the MBF response to  L -arginine is mainly mediated by endogenous PGs, 
irrespective of whether NO synthase was inhibited by   L -NAME  . On the other hand, the inhibition 
of gastric motility may be functionally associated with gastric protection [ 37 ]. As expected, the i.g. 
administration of  L -arginine inhibited gastric motility at a dose that also protected against HCl-
induced lesions. This effect was attenuated by indomethacin, but not  L -NAME, which is consistent 
with the previous fi nding that mild irritants inhibited gastric motility mediated by endogenous PGs 
[ 38 ]. Thus, the mechanism responsible for the protection afforded by  L -arginine may mainly be 
mediated by endogenous PGs and functionally associated with the inhibition of motility and the 
increase in MBF.   

    Summary and Future Prospects 

 This review introduced the mucosal protective effects of  L - arginine   in the gastrointestinal tract against 
acid-refl ux esophagitis and  HCl-induced gastric damage     .  L -Arginine (i.g.) was found to be highly 
protective against esophagitis and was mimicked by  D -arginine but was unaffected by the pretreatment 

  Fig. 29.8    Representative recordings of gastric motility changes after the i.g. administration of  L -arginine (300 mg/kg) 
in the absence or presence of  L -NAME and indomethacin in rats.  L -NAME (5 mg/kg, i.v.) or indomethacin (5 mg/kg, 
s.c.) was given 10 min or 30 min, respectively, before the i.g. administration of  L -arginine (from Ref. [ 6 ] after 
modifi cations)       
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with indomethacin or  L -NAME. Although the mechanisms responsible have yet to be confi rmed, the 
protective effects of  L -arginine in the esophagus may occur via the amelioration of defensive mecha-
nisms that are mediated by factors other than PGs and NO. The oral administration of  L - arginine also 
prevented 0.6 N HCl-induced gastric lesions, and this effect was observed with  D -arginine but not an 
equimolar dose of mannitol and was attenuated by the prior administration of indomethacin, but not 
 L -NAME. The mucosal application of  L -arginine produced a reduction in PD, inhibited gastric motil-
ity, and increased MBF, and these responses, except for the PD response, were mitigated by the pre-
treatment with indomethacin, but not  L -NAME. The protection afforded by  L -arginine in the stomach 
may occur by it acting as a mild irritant and is mainly mediated by endogenous PGs, but not the 
NO-dependent pathway. Although further studies are needed to elucidate the mechanisms responsible 
for these actions, the fi ndings presented here may contribute to the development of a novel therapeutic 
approach for the treatment of various diseases in the gastrointestinal tract.  

    Conclusion 

  L -Arginine given orally has protective effects against the acid-refl ux esophagitis and the HCl-induced 
gastric damage. Protective effects against esophagitis may have occurred via the amelioration of 
defensive mechanisms mediated by factors other than  PGs  and NO, while those against gastric lesions 
may be afforded by it acting as a mild irritant and are mainly mediated by endogenous PGs, but not 
the NO-dependent pathway.     

  Statement of Confl ict of Interest   The authors declare that there is no confl ict of interests regarding the publication of 
this manuscript.  
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     Chapter 30   
 Enteral  l -Arginine and Necrotizing Enterocolitis                     

     Sophia     Zachaki      ,     Stavroula     Gavrili      ,     Elena     Polycarpou      , and     Vasiliki     I.     Hatzi     

 Key Points 

•   Necrotizing enterocolitis is an acute infl ammatory bowel disease that affects preterm neonates and 
is associated with high mortality, morbidity, and hospitalization cost.  

•   Given that diagnostic and treatment strategies still remain diffi cult, preventive modalities are criti-
cal for reducing the incidence and/or severity of this devastating disease.  

•   Hypoargininemia is frequently observed in prematurely born neonates.  
•    l -Arginine supplementation could be proven to be an effective preventive measure by promoting 

nitric oxide synthesis.  
•   It is very important to fi nd the right dose, route, and duration of  l -arginine administration.  
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  NEC    Necrotizing enterocolitis   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
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  FHN    Focal hemorrhagic necrosis   
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  TPN    Total parenteral nutrition   

mailto:epolycarpou@yahoo.com
mailto:vpgavrili@gmail.com
mailto:vh@ipta.demokritos.gr
mailto:szachaki@gmail.com


382

  VLBW    Very low birth weight   
  RDS    Respiratory distress syndrome   
  ADMA    Asymmetric dimethylarginine   
  EDRF    Endothelium-derived relaxing factor   
  SOD    Superoxide dismutase   
  GSH-Px    Glutathione peroxidase   
  NOx    Nitrate plus nitrite   
  IVH    Intraventricular hemorrhage   

      Introduction 

 Necrotizing enterocolitis (NEC) is the most common acquired  gastrointestinal disease   in premature 
infants. The molecular basis of this multifactorial disease is poorly understood, and NEC diagnosis 
and treatment strategies still remain diffi cult and challenging. In current research preventive 
approaches are of the utmost priority. Providing human milk to premature infants has been shown to 
be an effective intervention that decreases the incidence of NEC. Interestingly, recent reports reveal 
that  l - arginine supplementation may be a promising prevention modality of NEC by  promoting   nitric 
oxide (NO) synthesis. Defi cient or inadequate NO levels due to  l -arginine defi ciency or immaturity 
of NO synthase (NOS) activity in premature infants may lead to vasoconstriction and ischemia– 
reperfusion injury and may predispose the neonates to develop NEC. The role of   l -arginine supple-
mentation   in NEC has been highlighted in numerous studies on experimental animal models and 
human neonates. These researches reveal that the prophylactic administration of  l -arginine in low 
doses is safe with no adverse effects for the premature neonates and also that  l -arginine supplementa-
tion appears to be effective in reducing the overall incidence of NEC in preterm infants and especially 
the incidence of Bell’s stage III NEC. The recent evidence on the  l -arginine role in NEC pathophysi-
ology opens up a new area in the fi eld of NEC prevention and further supports the essential role of 
amino acids in  nutrition and disease prevention  .  

    Necrotizing Enterocolitis: Clinical Concepts and Pathogenetic Mechanisms 

 NEC is an  acute infl ammatory disease   that affects the intestine of neonates resulting in intestinal 
necrosis, systemic sepsis, and multisystem organ failure. According to Blakely et al., NEC has been 
characterized as the leading cause of death and long-term disability from gastrointestinal disease in 
preterm infants [ 1 ]. In NEC the small (most often distal) and/or large bowel becomes injured and 
develops intramural air, and this may progress to frank necrosis with perforation [ 2 ]. The mortality 
of NEC ranges between 20 and 30 %, with the greatest mortality among neonates requiring surgery 
[ 3 ]. Despite the great progress in perinatal care, the mortality and morbidity from NEC have not 
been signifi cantly improved during the last 40 years, underlying the necessity for improved treat-
ment and prevention. 

 In NEC there is an excessive infl ammatory response initiated in the highly  immunoreactive intes-
tine   spreading systemically and affecting distant organs such as the brain and the retina. Neonates 
with NEC have been shown to have an increased risk for neurodevelopmental delays and retinopathy 
of prematurity [ 3 ,  4 ]. Despite the extensive research the pathophysiology of “classic NEC” is incom-
pletely understood. This form of NEC is seen most commonly in preterm infant with incidence and 
mortality increasing in inverse proportion to birth weight and gestational age. The low-birth-weight 
(LBW) and the most premature infants are at greatest risk [ 5 ]. 
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 Based on the pathology of ischemic necrosis in NEC, earlier studies hypothesized that perinatal 
hypoxic–ischemic events including low Apgar scores, episodes of apnea or bradycardia, umbilical 
arterial catheterization, and indomethacin administration increase the risk of NEC in  preterm infants   [ 6 ]. 
Such concerns, however, are not supported by several prospective and properly controlled studies [ 7 ]. 
Prematurity and LBW are the most important risk factors (Fig.  30.1 ). Typically, the “classic” form of 
NEC in a preterm infant presents at about 29–32 weeks of postmenstrual age, with initial subtle signs 
such as abdominal distension, feeding intolerance, episodes of apnea, and bloody stools [ 8 – 10 ]. 
Symptoms may progress rapidly, often within hours, to abdominal discoloration, intestinal perfora-
tion, and peritonitis leading to deteriorating vital signs/shock requiring intensive medical and/or sur-
gical support.

   Unlike the classic form of NEC in  premature infants   in late preterm or term infants, NEC is often 
associated with underlying disorders or predisposing disorders such as perinatal asphyxia, chorioam-
nionitis, exchange transfusion, polycythemia, prolonged rupture of membranes, congenital heart dis-
ease, and neural tube defects [ 11 ]. Therefore, there is a heterogeneity with different initiating events 
and possibly pathophysiology in what is termed NEC in premature compared with mature infants. 

 Another entity which must be differentiated from NEC is spontaneous isolated or focal intestinal 
perforation. Isolated intestinal perforation is a distinct clinical entity different from NEC not generally 
accompanied by an infl ammatory component or by diffuse necrosis. Focal hemorrhagic necrosis 
(FHN) with well-defi ned margins is seen in contrast to ischemic coagulative necrosis in NEC, and the 
bowel proximal and distal to perforation is normal. FHN occurs earlier than NEC and is strongly 
associated with the combined use of glucocorticoids and early postnatal use of indomethacin [ 12 ,  13 ]. 

 The categorization of NEC into three different  stages   (stages I–III NEC), originally developed by 
Bell et al. fi rstly published in 1978 [ 14 ] and subsequently refi ned by Walsh [ 15 ], is a commonly used 
instrument that has been helpful in the diagnosis and management of NEC (Table  30.1 ). However, 
stage I NEC (suspected NEC) is characterized by nonspecifi c clinical signs which are not pathogno-
monic of intestinal pathology.

   Given that the diagnosis and treatment of NEC still remain diffi cult and challenging and that the 
molecular basis of this multifactorial disease is poorly understood, prevention, rather than treatment, 

  Fig. 30.1    Premature  neonate   with NEC presenting with abdominal distension       
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is of the utmost priority. Several preventive modalities have been studied, including the use of probi-
otics [ 17 ], prebiotics [ 18 ], and synbiotics [ 19 ]. Feeding with  human milk   is the most widely studied 
and the only intervention that is known to be effective in the prevention on NEC until now [ 20 ]. 
Interestingly, several recent reports reveal the role of  l -arginine for the prevention of the disease. 
Specifi cally, as it will be analyzed in the following sections,  l -arginine supplementation is a promis-
ing method for the prevention of NEC by  promoting   nitric oxide (NO) synthesis, and its potential use 
in NEC treatment opens up a new era in the fi ght of the disease.  

   Table 30.1    Modifi ed  Bell’s staging criteria   for necrotizing enterocolitis (NEC) [ 14 – 16 ]   

 NEC stage  Systemic signs  Intestinal signs  Radiologic signs  Treatment 

 I. Suspected 
 A  Temperature instability, 

apnea 
 Elevated 

pregavage 
residuals, mild 
abdominal 
distension, 
 occult   blood in 
stool 

 Normal or mild ileus  NPO, antibiotics × 3 
days 

 B  Same as IA  Same as IA, plus 
gross blood in 
stool 

 Same as IA  Same as IA 

 II. Defi nite 
 A: Mildly ill  Same as IA  Same as I, plus 

absent bowel 
sounds, 
abdominal 
tenderness 

 Ileus, pneumatosis 
intestinalis 

 NPO, 
antibiotics × 7–10 
days 

 B: Moderately 
ill 

 Same as I, plus mild 
metabolic acidosis, mild 
thrombocytopenia 

 Same as I,    plus 
absent bowel 
sounds, defi nite 
abdominal 
tenderness, 
abdominal 
cellulites, right 
lower quadrant 
mass 

 Same as IIA, plus portal 
vein gas, with or 
without ascites 

 NPO, antibiotics × 14 
days 

 III. Advanced 
 A: Severely ill, 

bowel 
intact 

 Same as IIB, plus 
hypotension, 
bradycardia, respiratory 
and metabolic acidosis, 
disseminated 
intravascular 
coagulation, 
neutropenia 

 Same as I and II, 
plus signs of 
generalized 
peritonitis, 
marked 
tenderness,  and 
  distension of 
abdomen 

 Same as IIB, plus defi nite 
ascites 

 NPO, antibiotics × 14 
days, fl uid 
resuscitation, 
inotropic support, 
ventilator therapy, 
paracentesis 

 B: Severely ill, 
bowel 
perforated 

 Same as IIIA  Same as IIIA  Same as IIB, plus 
pneumoperitoneum 

 Same as IIA, plus 
surgery 
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    The Dual Role of  l -Arginine and Its Role in Nutrition 
and Pathophysiology of NEC 

  l -Arginine, the essential amino acid which is a  precursor   for proteins [ 21 ], plays a crucial role in the 
formation of nitric oxide ( NO  ) by the nitric oxide synthase (NOS) family of enzymes [ 22 ] (Fig.  30.1 ). 
Interestingly,  l -arginine has been shown to possess a dual profi le and has been characterized as a “con-
ditional” amino acid. This characterization is based on the evidence that endogenous  l -arginine pro-
duction covers metabolic requirements in healthy, unstressed adults but, under conditions of increased 
need, e.g., growth or tissue repair, or in catabolic states such as sepsis and starvation levels of endog-
enous production, may not suffi ce metabolic demands, thus becoming an essential amino acid [ 21 ]. 

 Several studies have been carried out on the  plasma  l -arginine levels   [ 23 ,  24 ]. Nowadays it is well 
known that hypoargininemia is frequently observed in  prematurely born human   [ 25 ] and animal neo-
nates [ 26 ] (Fig.  30.2 ).  l -Arginine defi ciency is an important metabolic problem for the premature 
infant [ 27 – 30 ]. It has been found that human milk and mothers’ milk of pigs and other species are 
defi cient in  l -arginine [ 31 ]. In addition, recently there are indications that  l -arginine concentration 
remains low in current formulas for parenteral nutrition [ 28 ,  32 ]. Specifi cally, plasma  l -arginine lev-
els were found to be 95 ± 25 μmol/l in full-term breast milk-fed ( n  = 16) infants [ 30 ]. In extremely 
low-birth-weight infants (ELBW, birth weight <1000 g) who were on formula feeds ( n  = 2), the mean 
 l -arginine level was found to be 37 μmol/l (range 13–60 μmol/l), while in ELBW breast milk-fed 
( n  = 9) infants, the mean  l -arginine level was 53 μmol/l (range 3–116 μmol/l) [ 33 ].

   Snyderman et al. [ 27 ] fi rst reported that the concentration of plasma  l -arginine (34 μmol/l) is 
extremely low in preterm infants receiving enterally 2 g protein/kg/day (calculated protein require-
ments for infants). Heird et al. [ 34 ] and other researcher groups [ 25 ,  35 ] discovered that life- threatening 
 hyperammonemia   occurred in preterm infants who remained in total parenteral nutrition (TPN) and 
could be effectively treated by intravenous  l -arginine administration. These fi ndings suggest that 
neonatal hyperammonemia is due to hypoargininemia rather than defi ciency of the enzymes involved 
in the  urea cycle  . Furthermore, Batshaw and Bursilow [ 35 ] and Batshaw et al. [ 25 ] also showed that 
life-threatening hypoargininemia (plasma  l -arginine = 32 μmol/l) and hyperammonemia syndrome 
appeared in more than 50 % of preterm neonates. Recent studies have shown that hypoargininemia 
still occurs in premature infants. For example, in very low-birth-weight (VLBW) infants (<29 weeks’ 
gestational age) entirely maintained in FreAmine III parenteral feeding (Kendall McGaw Laboratories, 
Irvine, CA), the mean plasma  l -arginine concentration remained extremely low (19 μmol/l) at the 
third day of life [ 36 ]. Preterm neonates of <30 weeks’ gestational age receiving intravenously glucose 
solution 10 % had also low plasma  l -arginine levels (μmol = 28/l) [ 29 ]. Zamora et al. [ 28 ] recently 
studied premature infants of <32 weeks’ gestational age that remained primarily in  TrophAmine par-
enteral feeding   (Kendall McGaw Laboratories, Irvine, CA), which contains the highest  l -arginine 
amount between all currently used parenteral solutions. The authors reported that the mean plasma 
 l -arginine concentration was only 40 μmol/l on the third day of life. This concentration is less than 
50 % of normal  l -arginine levels of healthy breast milk-fed infants (95.3 μmol/l) [ 30 ] and approaches 
the critical value of 32 μmol/l in which it often occurs as the hyperammonemia syndrome in prema-
ture infants [ 25 ,  34 ,  35 ,  37 ]. Moreover, hypoargininemia in  preterm infants   has been associated with 
increased severity of respiratory distress syndrome (RDS) and decreased systemic oxygenation [ 38 ]. 
Becker et al. [ 32 ] and Zamora et al. [ 22 ] also found that  l -arginine defi ciency is associated with 

  Fig. 30.2     l -Arginine, the  precursor   for nitric oxide (NO) synthesis       
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increased incidence of NEC in preterm infants. The recent fi ndings that in preterm infants, hypoar-
gininemia during the fi rst days of life is associated with cardiovascular, pulmonary, and intestinal 
dysfunction are very important. It is also important that increased receiving of exogenous  l -arginine 
prevents hyperammonemia and NEC in preterm neonates [ 39 ], persistent pulmonary  hypertension   (a 
potentially fatal condition) in infants with mean  l -arginine plasma levels of 12.5 μmol/l [ 40 ], and 
hyperammonemia and death in parenterally fed neonates [ 41 ]. Additionally, decreased synthesis of 
intestinal  l -arginine contributes signifi cantly to hypoargininemia in preterm infants [ 42 ]. Thus,  l -argi-
nine is considered to be an essential amino acid in infants, especially under conditions of increased 
metabolic demands such as infection and prematurity [ 41 ,  42 ]. Plasma  l -arginine concentrations 
based on the above published studies are presented diagrammatically in Figs.  30.3  and  30.4 .

  Fig. 30.4    Plasma arginine concentration found in healthy  breast milk-fed neonates   [ 30 ], preterm enterally fed neonates [ 27 ], 
preterm parenterally fed neonates [ 28 ], and preterm neonates who received intravenously glucose solution 10 % [ 29 ]       

  Fig. 30.3    Plasma arginine concentrations in preterm and term piglets obtained by hysterectomy based on the study of 
Wu et al. [ 26 ]       
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    The role of  l -arginine in NEC is supported by several recent reports. Becker et al. in a case–control 
study found that premature infants who developed NEC had similar  l - arginine and glutamine levels   
on the third day but signifi cantly lower on days 7 and 14 comparing with premature infants of com-
parable gestation, birth weight, and Apgar scores who did not develop NEC [ 32 ]. Zamora et al. found 
a statistically signifi cant decreased in plasma  l -arginine concentration in preterm infants who devel-
oped NEC compared to control infants even after adjusting for the intake of  l -arginine and day of life 
[ 28 ]. Richir et al. suggested that diminished NO production may be involved in the pathophysiology 
of NEC, after they found that in premature infants with NEC not only the NO substrate  l -arginine but 
also the endogenous NOS inhibitors (asymmetric dimethylarginine, ADMA) and the  l -arginine/
ADMA ratio were lower than in infants without NEC [ 43 ]. In addition, in their study low  l -arginine 
and  l -arginine/ADMA ratio were associated with  mortality   in infants with NEC. Conclusively VLBW 
infants who develop NEC present lower  l -arginine plasma levels comparing to gestation comparable 
neonates who do not develop NEC and additionally have higher  l -arginine requirements due to higher 
utilization and therefore higher metabolic needs. 

 Although extensive research has investigated the pathophysiology of NEC and  l -arginine metabo-
lism, the exact role of  l -arginine in the pathophysiology of the disease still remains to be elucidated. 
However, it is widely recognized that the pathology of NEC frequently resembles intestinal ischemia–
reperfusion injury.    Nitric oxide (NO) is also known as the  endothelium-derived relaxing factor   or 
EDRF and is a weak radical biosynthesized endogenously from  l -arginine, oxygen, and NADPH by 
various NOS enzymes. It has a major role on the regulation of vascular perfusion being a powerful 
vasodilator important in the protection of organs from ischemic damage and is also an important cel-
lular signaling molecule in gut microcirculation involved in the maintenance of mucosal integrity, 
intestinal barrier function, and regulation of mucosal fl ow in the face of infl ammation or injury. 
Inhibition of NO synthesis in a variety of animal models, in which bowel injury is induced, increases 
the area of intestinal damage [ 44 ,  45 ]. Lack or inadequacy of NO synthesized from the amino acid 
  l -arginine   can alter intestinal motility, predisposing premature neonates in NEC development. 
Therefore, it is hypothesized that a relative  l -arginine defi ciency or immaturity of NOS activity in 
premature infants may lead to defi cient or inadequate tissue NO levels, vasoconstriction, and isch-
emia–reperfusion injury and may predispose the neonates to develop NEC [ 24 ,  46 ].  

    Studies About the Role of  l -Arginine Supplementation in NEC 

 The role of  l -arginine  supplementation in NEC   has been highlighted in numerous studies on experi-
mental animal models and human neonates. In an animal experiment using young rats as a model, 
repeated stress conditions have been shown to signifi cantly decrease plasma  l -arginine levels [ 47 ]. 
Lorenzo et al., based on the intraluminal model of NEC in the developing neonatal piglet of Clark 
et al. [ 48 ], showed that continuous intravenous infusion with the NO synthase substrate  l -arginine 
markedly attenuates intestinal injury in this neonatal piglet model of NEC [ 49 ]. More recently, experi-
mental work on young mouse NEC model has shown that dietary supplementation with  l -arginine 
and  l -carnitine for 7 days signifi cantly improves the histological evidence of hypoxia–reoxygenation- 
induced intestinal injury and decreases lipid peroxidation in hypoxia–reoxygenation-induced bowel 
injury [ 50 ]. Furthermore, the authors based on these fi ndings suggested that the benefi cial effects of 
 l -arginine and  l -carnitine in the animal model that was used may be mediated via mechanisms pre-
venting free radical damage. Moreover, experiments on newborn rats showed that enteral  l -arginine 
supplementation has favorable effects on oxidative stress in both experimental models  of   hypoxia–
reoxygenation injury and healthy newborn rats [ 51 ]. In a study by Cintra et al., supply of  l -arginine 
increased tissue levels of nitric oxide and reduced morphologic intestinal injury among mice undergo-
ing ischemia–reperfusion (Cintra 2008). In 2012 the research group of Çekmez et al. attempted to 
evaluate the effectiveness of inhaled NO administration compared to  l -arginine usage in a NEC 
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model of newborn rats [ 52 ]. The results of their study showed that superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px), and nitrate plus nitrite (NOx) were signifi cantly higher in the group of 
NEC newborn rats (subjected to NEC) who received  l -arginine supplementation compared to the 
group of NEC newborn rats who did not receive  l -arginine supplementation, indicating a signifi cantly 
lower intestinal injury and apoptosis index scoring in the NEC supplemented with  l -arginine group 
comparing to NEC group without  l -arginine supplementation. Moreover, the experimental results 
have also showed that SOD, GSH-Px, and NOx levels were signifi cantly higher in the group of NEC 
pups that inhaled NO compared to the group of NEC pups that received  l -arginine supplementation. 
The authors suggested that the inhaled NO administration could be served as a novel therapeutic agent 
like  l -arginine in NEC, but more studies are needed to confi rm this fi nding. 

 The effect of  l -arginine supplementation in premature human infants on the reduction of NEC 
incidence in premature neonates has been fi rstly shown by Amin et al. [ 39 ]. Specifi cally Amin et al. 
showed that there was a statistically signifi cant reduction in the risk of developing NEC of any stage 
in the  l -arginine group when compared with that in the placebo group, suggesting that  l -arginine 
supplementation in premature infants can reduce the incidence of NEC (all stages). 

 In the study of Amin et al. [ 39 ], 1.5 mmol/kg/day of  l -arginine or placebo was added to parenteral 
nutrition, and when enteral feeds were >40 % of total daily fl uid intake,  l -arginine or placebo was 
administered orally over the fi rst 28 days of life. The selected  l -arginine supplementation dose of 
1.5 mmol/kg/day (equal to 261 mg/kg/day) was based on a previous study of the same group [ 28 ] to 
achieve plasma  l -arginine concentrations similar to normal term newborns. They observed no increase 
in hypotension, hypoglycemia, or intraventricular hemorrhage (IVH). Polycarpou et al. [ 53 ] also sug-
gested that  l -arginine supplementation in premature infants can reduce the incidence and severity of 
NEC. In the second study of Polycarpou et al., 1.5 mmol/kg/day of  l -arginine from the 3rd to the 28th 
day of life was administered exclusively orally considering that  l -arginine could have benefi cial effect 
locally on the intestinal mucosa itself increasing proliferation and differentiation due to the produc-
tion of other amino acids and polyamines [ 21 ,  54 ]. The incidence of NEC stage III was signifi cantly 
lower in the  l -arginine supplemented group. The authors concluded that enteral  l -arginine supple-
mentation of 1.5 mmol/kg/day bid can be safely administered in VLBW neonates from the 3rd to the 
28th day of life and that enteral  l -arginine supplementation appears to reduce the incidence of stage 
III NEC in VLBW infants. Both studies excluded neonates with severe congenital anomalies or inborn 
errors in metabolism, but Amin et al. additionally excluded neonates with evidence of IVH grade ≥ II 
on cranial ultrasound scan by day 3 of life, conjugated hyperbilirubinemia, and exchange transfusion 
during the study period or with preexisting kidney failure (<0.5 ml/kg/h urine for >8 h). Both groups 
suggest that no adverse effects from enteral  l -arginine supplementation of 1.5 mmol/kg/day were 
noted and consequently  l -arginine supplementation can be safely administered in the dose used in 
 VLBW   neonates. The safety even of higher doses of  l -arginine can be proposed based on the higher 
therapeutic doses of  l -arginine that are used without adverse effects in the management of urea cycle 
disorders (loading 600 mg/kg followed by an infusion of 250 mg/kg/day) [ 25 ,  55 ]. Moreover, neona-
tal pigs as well as adult rats can tolerate large amounts of enteral supplemental  l -arginine without the 
appearance of any adverse effect [ 24 ,  56 ]. In conclusion, prophylactic administration of  l -arginine in 
low doses is safe and appears to be effective in reducing the overall incidence of NEC in preterm 
infants and especially the incidence of Bell’s stage III NEC.  

    Conclusions 

 The recent evidence on the  l -arginine role in NEC pathophysiology opens up a new area in the fi eld 
of NEC prevention and further supports the essential role of amino acids in nutrition and disease pre-
vention. Despite the extensive research, the pathophysiology of this multifactorial disease is 
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incompletely understood, and its treatment is a challenging issue. Therefore, nutritional preventive 
approaches rather than treatment seem to be of high priority. Based on recent evidence,  l -arginine 
supplementation in premature infants is safe and reduces the incidence of all NEC stages. Thus, it 
seems to be a promising prophylaxis for improving health besides human milk. 

 Clear diagnostic criteria including development of highly sensitive and specifi c predictive and 
diagnostic biomarkers that would detect predispositions to NEC need to be developed. In this direc-
tion, epidemiological genetic studies would further contribute in the elucidation of the “high risk” 
genetic background for NEC development. Consistent diagnostic criteria will also be helpful for 
evaluating the effects of different clinical practices among neonatal intensive care units and then 
applying strategies that are found in the most successful units. Future research should focus on the 
identifi cation of the upper safe dose of  l -arginine, the right route, and duration of administration in 
order to achieve the maximum benefi ts for the premature neonates.     
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 Key Points 

•    L -Arginine and its precursor  L -citrulline come up as new potential therapeutic tools for the 
 treatment and prevention of type 1 diabetes (T1DM).  

•    L -Arginine availability in the pancreatic islets is crucial for beta-cell function and survival during 
the autoimmune event installation.  

•    L -Arginine supplementation elicits signifi cant improvements in blood fl ow in type 1 diabetic 
subjects.  

•   The positive effects of  L -arginine supplementation observed in T1DM subjects may affect endothe-
lial cells, increasing nitric oxide availability, lowering oxidative stress, and improving mitochon-
drial function.  

•   The effects of  L -arginine and  L -citrulline are benefi cial for T1DM; however, the effects may be 
different for different stages of the disease.  
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  Abbreviations 

  ACE    Angiotensin-converting enzyme   
  Ach    Acetylcholine   
  AGE    Advanced glycation end products   
  AMPK    5′ adenosine monophosphate-activated protein   
  ASL    Argininosuccinate lyase   
  ASS    Argininosuccinate synthase   
  CAT    Catalase   
  cGMP    Cyclic guanosine monophosphate   
  DN    Diabetic nephropathy   
  FMD    Flow-mediated dilation   
  GPX    Glutathione peroxidase   
  GSH    Glutathione   
  GTP    Guanosine triphosphate   
  HbA1c    Glycated hemoglobin   
  HbNO    Nitrosyl hemoglobin   
  HO-3    Heme oxygenase-3   
  HSP70    Heat shock protein 70 kDa   
  iNOS    Inducible isoform of NO synthase   
  iNOS    Inducible nitric oxide synthase   
  NF-κB    Nuclear factor-κB   
  NO    Nitric oxide   
  O 2•     Superoxide radical   
  ONOO −     Peroxynitrite   
  PGC-1α    PPARγ co-activator-1α   
  PKC    Protein kinase C   
  RDA    Recommended dietary allowance   
  RSNOs     S -nitrosothiols   
  sGC    Soluble guanylate cyclase   
  sGC    Soluble guanylyl cyclase   
  SOD    Superoxide dismutase   
  T1DM    Type 1 diabetes mellitus   
  T2DM    Type 2 diabetes mellitus   
  TCR    T cell receptor   
  tNOx    Nitric oxide metabolites   

      Introduction 

  L -Arginine is an  amino acid   synthesized from glutamine, glutamate, and proline via the intestinal-
renal axis in humans and most other mammal glutamate. The γ-carboxyl group of glutamate is fi rst 
phosphorylated, producing phosphoryl glutamate. This compound is then reduced to yield glutamate 
γ-semialdehyde plus phosphate. This step is followed by  transamination   to form ornithine, which is 
then converted to  L -arginine via the enzymes of the urea cycle. Although  L -arginine can be produced 
by the adult human body (synthesized) [ 1 ], this amino acid is considered as a “conditionally essential” 
amino acid since its availability may be decreased under special conditions such as diabetes, and the 
additional ingestion may be required to normalize the  plasma levels   [ 2 ]. Briefl y, proline, glutamine, 
and glutamate (from  L -glutamine metabolism) are the major precursors for  L -arginine synthesis, being 
the liver the major supplier of glutamate to the circulation [ 3 ]. Additionally, glutamine from the diet is 
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metabolized to citrulline, which is released in the circulation and uptake by the kidney [ 4 ]. The kidney 
is the physiological producer of  L -arginine being the only organ known to take up  L -citrulline released 
from the metabolism of glutamine in the gut and release  L -arginine into the blood, although other tis-
sues strongly express argininosuccinate synthetase and lyase but without any net delivery to the circu-
lation [ 5 ]. In fasted humans, the contribution of glutamine via   L -citrulline   to the de novo synthesis of 
 L -arginine is about 65 % in neonates, where the gut is the major source of systemic  L -arginine, even 
though some residual production in the adult gut could account for by  L -arginine release as well [ 5 ]. 

 The average  L -arginine consumption in the Western diet is around 5.4 g/day, mainly from animal 
protein sources (beef, chicken, and fi sh), seafood, soy, chocolate, dairy products, and seeds (sunfl ower 
and pumpkin) [ 6 ]. Until now, the National Research Council’s Food and Nutrition Board did not have 
an offi cial recommendation on the  L -arginine  recommended dietary allowance (RDA)   [ 2 ]. The amount 
of  L -arginine used on studies with  L -arginine supplementation may reach fi ve times the normal inges-
tion; however, the average range is between 6 and 8 g/day in addition to the dietary intake [ 7 ,  8 ]. 
 L -Arginine is well absorbed in the gut, reaching a peak plasma concentration after 2 h of ingestion [ 9 ]. 
Parenteral administration of  L -arginine is well tolerated when used up to 500 mg/kg/day [ 9 ]. The 
amino acid clearance occurs by kidney where it is almost fully absorbed by the kidney tubules [ 9 ]. 
 L -Arginine  defi ciency   is known to induce asthenia symptoms, reduce insulin secretion, and alter glu-
cose and lipid metabolism in the liver [ 10 ]. Most studies using  L -arginine supplementation did not 
report any collateral effects when the dosage used ranges between 3 and 20 g. However, few subjects 
have reported gastrointestinal discomfort when the dosage is higher than 8 g/day [ 2 ] (Table  31.1 ).

   The importance of  L -arginine is clearly observed in diseases with  abnormalities   in the vascular 
tone control. The normal vascular endothelium plays an important role in maintaining vessel wall 
homeostasis, through synthesizing substances such as prostacyclin and the free radical nitric oxide 
(NO), which modulate vascular tone, prevent thrombosis, and stimulate smooth muscle growth [ 5 ]. 
Additionally, NO plays an important role in many other functions in the body, not only regulating 
 vasodilatation   and blood fl ow but also infl ammation, immune system activation, insulin secretion and 
sensitivity [ 11 ,  12 ], mitochondrial function, and neurotransmission.  L -Arginine is the main precursor 
of NO via nitric oxide synthase (NOS) activity which diffuses to underlying smooth muscle cells to 
activate soluble guanylyl cyclase (sGC) resulting in smooth muscle relaxation, and then, the avail-
ability of this amino acid may modulate NO production [ 13 – 15 ] (Fig.  31.1 ).

    Vascular disease   is the principal cause of death and disability in patients with type 1 diabetes 
(T1DM) [ 16 ], being endothelial dysfunction one of the major causes in its pathogenesis [ 4 ]. Strategies 
aiming to maintain/restore a normal vascular function are important for vascular disease prevention 
in diabetes. Rather than the use of therapeutic drugs for the control of cholesterol, hyperglycemia, and 
other risk factors related to atherogenesis process, blood fl ow restoration seems to be essential. 
 Endothelial dysfunction  , which is defi ned by decreased endothelium-dependent vasodilation, is the 
hallmark of cardiovascular complications in diabetes [ 8 ]. Not surprisingly, NO is found reduced in 
diabetic subjects, compromising their vascular tonus control [ 11 ,  17 ]. Reductions in the NO avail-
ability may occur when the levels of its precursor  L -arginine are decreased [ 18 ,  19 ]. Indeed,  L -argi-
nine has been used as a strategy to improve endothelial function [ 20 ], insulin secretion, and pancreatic 
beta-cell protection [ 12 ], besides adiposity control in obesity and diabetes [ 21 ]. 

 Specifi cally, in  animal models   of T1DM,  L -arginine administration in vivo resulted in protection 
against the effects of many diabetic agents, such as alloxan and streptozotocin [ 22 – 26 ]. Interestingly, 
a single administration of watermelon, rich in  L -citrulline ( L -arginine precursor), was able to reduce 
the serum concentrations of cardiovascular risk factors such as homocysteine, improve glycemic 
control, and ameliorate vascular dysfunction in obese insulin-resistant animals [ 27 ]. In addition, sev-
eral studies have identifi ed  L -arginine supplementation in humans as a tool for the treatment for car-
diovascular complications and diabetes, improving endothelial function, reducing oxidative stress 
 markers  , and increasing NO availability [ 8 ,  28 – 32 ]. Thus, dietary  L -arginine and  L -citrulline supple-
ments may increase levels of NO metabolites, and their supplementation may induce several benefi ts 
to patients with T1DM.  
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    The Importance of  L -Arginine Availability to Pancreatic β-Cell Function 
and Viability in  T1DM   

 According to Krause et al. [ 12 ], destruction of β cells during islet infl ammation can be mediated by 
direct contact with activated macrophages and by exposure to soluble mediators secreted by dendritic 
cells, macrophages, and T lymphocytes, including cytokines, oxygen free radicals, and nitric oxide. 
Indeed, overproduction of NO by β cells themselves is one of the most signifi cant mechanisms leading 
to β-cell dysfunction and death [ 33 ]. The production of NO is promoted by infl ammatory cytokines 
which activate the transcription of β-cell inducible nitric oxide synthase (iNOS, encoded by the 
NOS-2 gene), an enzyme whose expression is nuclear factor-κB (NF-κB) driven and which uses 
 L -arginine as substrate [ 33 ]. Curiously, macrophages can release, into the infl ammatory islet microen-
vironment, the enzyme arginase [ 34 ], which splits  L -arginine into urea and  L - ornithine  , thus avoiding 
its conversion into NO and favoring resolution of infl ammation [ 35 ]. Interestingly, the depletion of 
 L -arginine itself is suffi cient to inhibit T cell proliferation by the downregulation of the ζ chain, the 
main signal transduction component of the T cell receptor (TCR) complex [ 36 ]. It has also been dem-
onstrated that β cells possess a cytokine-inducible arginase activity [ 37 ], which may account for 
reduction in NO synthesis under appropriate conditions. Although the release of  arginase   by infi ltrat-
ing macrophages may promote the resolution of infl ammation, restriction of  L -arginine availability in 

   Table 31.1    Foods highest in  L - arginine     

 Foods highest in  L -arginine 
  L -Arginine (based on levels per 200-calo-
rie serving) (mg) 

 Seeds, sesame fl our, low fat  4465 
 Gelatins, dry powder, unsweetened  3951 
 Soy protein isolate  3947 
 Peanut fl our,    defatted  3818 
 Crustaceans, crab, Alaska king, raw  3805 
 Crustaceans, shrimp, mixed species, cooked  3689 
 Spinach, frozen, chopped or leaf, unprepared  3317 
 Turkey, fryer roasters, breast, meat only, cooked, roasted  3107 
 Spinach, frozen, chopped or leaf, cooked, boiled, drained, without salt  2877 
 Watercress, raw  2727 
 Chicken breast, oven roasted, fat-free, sliced  2724 
 Egg, white, raw, fresh  2700 
 Fish, tilapia, raw  2660 
 Fish, tuna, light, canned in water, drained solids  2632 
 Fish, cod, Pacifi c, raw  2612 
 Tofu, silken, lite, fi rm  2540 
 Pork, fresh, enhanced, loin,    tenderloin, separable lean only, cooked, 

roasted 
 2479 

 Beef, round, top round, separable lean only, trimmed to 0″ fat, select, 
cooked, braised 

 2403 

 Pork, cured, ham – water added, rump, bone-in, separable lean only, 
heated, roasted 

 2265 

 Seeds, pumpkin and squash seed kernels, roasted, with salt added  2076 
 Fish, salmon, pink, raw  2057 
 Fish, trout, rainbow, wild, cooked, dry heat  1829 
 Mustard greens, frozen, unprepared  1810 
 Beans, mung, mature seeds,    sprouted, canned, drained solids  1683 

  Data retrieved from   http://nutritiondata.self.com/foods-000089000000000000000.html      
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the islet microenvironment may be detrimental for β-cell metabolism, antioxidant defenses, and insu-
lin secretion [ 13 ]. Interestingly, decreased plasma and intracellular concentrations of  L -arginine have 
been reported in patients with T1DM and type 2 diabetes [ 19 ].  L -Arginine also increased β-cell neo-
genesis and antioxidant defenses in rats treated with alloxan, a model of T1DM, and aided recovery 
of endothelium-dependent relaxation in patients with type 2 diabetes [ 19 ,  22 ]. Administration of 
 L -arginine has also been reported to reduce adiposity in obese-diabetic humans, diet-induced and 
genetically obese rats, as well as fi nishing pigs [ 38 ]. 

 In order to further investigate the importance of  L -arginine for β-cell function, we recently tested 
if changes in the availability of  L -arginine to clonal β cell and pancreatic islets placed in a pro- 
infl ammatory environment (simulating the islet infl ammation  in diabetes  ) would result in changes in 
β-cell function and insulin secretion [ 12 ]. The main fi nding in this study was that  L -arginine is essen-
tial for β-cell survival during the onset  of   infl ammation due to the fact that this amino acid promotes 
glutathione (GSH) synthesis and heat shock protein 70 kDa (HSP70) expression to an ideal level. The 
activation of the iHSP70 is sine qua non for the promotion of tissue repair, since the expression of this 
chaperone confers cytoprotection and also exerts anti-infl ammatory effects [ 39 ]. The increase in the 
levels of HSP72 induced by  L -arginine in β cells could be one of the key mechanisms mediating the 
observed protection against stress and infl ammation. Thus, the higher level of  HSP72   together with 
the increment in GSH synthesis induced by  L -arginine may provide effective β-cell protection against 
infl ammatory insult caused by the autoimmune event (Fig.  31.2 ).

   Summarizing,  L -arginine exerts a broad spectrum of benefi cial effects on clonal β cells and isolated 
islets in addition to simple membrane depolarization and triggering of insulin secretion. These novel 
fi ndings suggest an important role of  L -arginine in the promotion of GSH synthesis and antioxidant 
defense that may encourage the development of novel strategies for the protection of β cells against 
chemical/immune insult and both type 1 (T1DM) and type 2 diabetes (T2DM).  

  Fig. 31.1    Agonists bind receptors and/or shear stress stimulates endothelial NO synthase (eNOS) through an increase 
in Ca 2+ . Endothelial NO synthase (eNOS) converts  L -arginine to citrulline in the presence of optimal concentration of 
the cofactor tetrahydrobiopterin (BH4), producing NO, which diffuses to smooth muscle cell in order to activate soluble 
guanylate cyclase (sGC). sGC then converts guanosine triphosphate (GTP) to cyclic guanosine monophosphate 
(cGMP), reducing Ca 2+  and, consequently, resulting in relaxation of vascular tone (based on [ 14 ,  15 ])       
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  Fig. 31.2    Failure of  beta-cell antioxidant production   induced by infl ammation and macrophage arginase secretion. 
Failure in glutathione (GSH) synthesis can result in changes in redox state, loss of beta-cell function, and cell death. 
Glutathione synthesis involves three key amino acids: glutamate, glycine and cysteine. Changes on the availability of 
these amino acids may lead to decreased levels of GSH and cell death.  L -glutamine and  L -arginine are also important 
for intracellular glutamate synthesis. Extracellular glutamate plays an essential role on the beta-cell function/survival. 
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     L -Arginine Supplementation in Type 1 Diabetes 

 Several clinical studies and meta-analysis have shown the positive impact of  L -arginine supplementa-
tion. For example, Dong and collaborators [ 41 ] conducted a systematic review on the effects of  L - 
arginine supplementation (from 4 to 24 g/day for at least 4 weeks) over the blood pressure in human 
patients. The  meta-analysis   results show that, compared to the placebo groups,  L -arginine supplemen-
tation signifi cantly reduced the values of systolic blood pressure in 5.39 mmHg (IC 95 % −8.54 and 
−2.25,  P  = 0.001) and diastolic in 2.66 mmHg (IC 95 % −3.77 and −1.54,  P  < 0.001). In another meta- 
analysis, Bai and collaborators have found that in healthy humans and in people with cardiovascular 
diseases,  L -arginine supplementation improved the  blood fl ow   only when this was already compro-
mised by the disease [fl ow- mediated dilation (FMD) < 7 %], showing no effects in patients without 
endothelial dysfunction [ 42 ]. 

 Studies on  L -arginine supplementation and diabetes are mainly focused in  type 2 diabetes mellitus 
(T2DM)   and normally for short-term periods. In humans, long-term  L -arginine ingestion has shown 
positive effects in several parameters such as the glucose metabolism, insulin resistance, and endothe-
lial dysfunction in patients with T2DM and insulin resistant [ 43 ]. When supplemented for 18 months, 
 L -arginine (6.8 g/day) reduced the incidence of diabetes in patients with glucose intolerance [ 44 ]. 

 Although many studies have shown positive effects of  L -arginine supplementation in T2DM, little 
is known about the effects of  L -arginine supplementation in humans with T1DM. To our knowledge, 
most of the studies have investigated the effects of  L -arginine in  animal models   of type 1 diabetes, 
specially looking at its potential to restore NO in conditions when this gas is likely to be reduced [ 12 , 
 21 – 23 ,  25 – 27 ]. Results have consistently shown that  L -arginine ameliorates several metabolic param-
eters such as lipid oxidation [ 21 ], reduction of the polyol pathway [ 25 ], eNOS activation [ 45 ], and 
ameliorated vascular dysfunction [ 27 ]. 

 In humans with T1DM and in animal models of T1DM, such as the  alloxan-induced experimental 
diabetes  , oxidative stress is a known player of the  disease complications  . Importantly,  L -arginine 
administration in vivo resulted in protection against the effects of many diabetic agents, such as alloxan 
and streptozotocin [ 22 – 26 ]. β-cell neogenesis seems to be promoted, as well as increased GPX (gluta-
thione  peroxidase  ) [ 22 ], SOD (superoxide dismutase) and CAT (catalase) activities, plus augmented 
GSH (glutathione) content [ 23 ]; while polyol and  protein kinase C (PKC) pathway   activation are 
reduced though [ 25 ]. Interestingly, a single administration of watermelon, rich in  L -citrulline ( L -argi-
nine precursor), was able to reduce serum concentrations of cardiovascular risk factors such as homo-
cysteine, improve glycemic control, and ameliorate vascular dysfunction in obese insulin- resistant 
animals [ 27 ].  L -Arginine supplementation in Zucker diabetic fatty rats resulted in powerful activation 
of heme oxygenase-3 (HO-3), 5′  adenosine monophosphate-activated protein (AMPK)  , and PPARγ 
co-activator-1α (PGC-1a), which would be expected to increase mitochondrial biogenesis and increase 
oxidative metabolism in the skeletal and cardiac muscle, brain, liver, and adipose tissue [ 21 ]. In addi-
tion, this amino acid seems to act as  antiatherogenic agent   by reducing oxidative stress [ 20 ]. 

 An additional complication in T1DM is the diabetic nephropathy (DN). DN is a major cause of 
end-stage renal disease, and it is associated with endothelial dysfunction.  L -Arginine supplementation 
was suggested to improve the  vascular function   since it is a direct precursor for NO synthesis [ 13 ]; 
however, in many cases, it failed to improve vascular function [ 4 ]. This may be caused by the higher 
levels of the enzyme arginase in the plasma that occurs in many conditions such as in diabetes [ 18 , 

Fig. 31.2 (continued) This amino acid is an inhibitor of cysteine transport. Increased levels of glutamate (from beta and/
or alpha cells) can be induced by pro- infl ammatory cytokines and metabolic overload, leading to a blockage of cysteine 
uptake. When the level of cysteine/cysteine falls, glutathione levels decreases, leading to oxidative stress and cell death. 
Arginase secretion from macrophages leads to the reduction of  L -arginine in the microenvironment causing stress and 
beta-cell dysfunction and death (Newsholme et al. [ 40 ])       

31 L-Arginine Usage in Type I Diabetes: From the Autoimmune Event to Human Dietary Supplementation



402

 19 ]. We believe that arginase, actively released by macrophages, or by damaged cells, is the reason 
why  L -arginine may not be effi cient in these conditions: the amino acid would be metabolized in the 
plasma before reaching the target cells. For this reason,  L -citrulline, which is the precursor of  L - 
arginine, may be effective to restore  endothelial function   by increasing intracellular levels of  L - 
arginine. This is possible because most cells have high activity of argininosuccinate synthase (ASS) 
and argininosuccinate lyase (ASL) being capable of synthesizing  L -arginine from  L -citrulline [ 4 ]. 
Indeed, recent evidences have shown that  L -citrulline supplementation increases  L -arginine availabil-
ity on the vasculature [ 46 ]. The authors also found that  L -citrulline induced anti-infl ammatory cyto-
kine release and restored nitric oxide balance in the kidney proximal tubules cells [ 46 ].  L -citrulline has 
been shown to prevent coronary vascular dysfunction in diabetic rats [ 47 ], with concomitant reduction 
of endothelial arginase I activity, which was also recently shown to contribute to coronary endothelial 
dysfunction in patients with diabetes mellitus [ 48 ] and in diabetic mice [ 47 ,  49 ]. Thus,  L -citrulline is 
now considered a new strategy to improve endothelial function, nitric oxide, and  L -arginine levels and 
to reduce oxidative damage and  pancreatic beta-cell function   in T1DM; however, the effi cacy of this 
supplementation in humans with T1DM remains to be verifi ed. 

 A recent report has tested the effects of  L -arginine supplementation (7 g/day for 1 week) over the 
endothelial function and  oxidative stress markers   in young male adults with uncomplicated type 1 
diabetes. To our knowledge, this was the fi rst work that shown evidences of the benefi ts of  L -arginine 
supplementation for this population [ 8 ]. In this work,  L -arginine supplementation consisted in oral 
ingestion of identical pills containing either amide compound (as placebo) or 7 g of  L -arginine hydro-
chloride. The main fi nding of this study is that  L -arginine supplementation (7 g/day) could elicit sig-
nifi cant improvements in the lower limb vascular function (i.e., blood fl ow) in type 1 diabetic subjects 
(Fig.  31.3 ). Improvements in  blood fl ow and cardiovascular function   are related to a diminution in 
oxidative stress [ 50 ]. In this report the authors found that, in accordance with other studies [ 51 ], dia-
betic subjects’ present higher levels of  ROS damage   as indicated by the results of TBARS and carbon-
yls. In this regard, supplementation with  L -arginine has failed to reverse these parameters, then it is 
unlikely that the improvements in blood fl ow caused by  L -arginine administration is related to any 
concurrent upregulation of antioxidant mechanisms as was previously suggested [ 20 ,  23 ].

  Fig. 31.3     Baseline comparison   of lower limb blood fl ow (mL 100 mL −1  min −1 ), measured by a venous occlusion pleth-
ysmography.  *  P  < 0.05 when compared diabetic with control group;  ∆  P  < 0.05 when compared before and after  L -argi-
nine supplementation (Fayh et al. [ 8 ])       
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   The possible benefi cial effects of  L -arginine could be attributed to changes in the viability of nitric 
oxide; however, the  L -arginine supplementation used did not change the plasma levels of nitric oxide 
metabolites (nitrite and nitrate, tNOx) in any circumstance or group studied. Levels of  tNOx   may 
change during the time course of type 1 diabetes, with higher levels during the fi rst stage of the disease 
and decrements on the production in later stages [ 52 ]. The fi rst stage seems to be related to the autoim-
mune process itself, while the latter one looks to be associated to decreased levels of  L -arginine [ 39 ], 
caused by altered endothelial signal transduction or by increased formation of O 2•  (superoxide radi-
cal), which reacts with NO to produce ONOO −  (peroxynitrite). In addition, hyperglycemia accelerates 
the formation of  advanced glycation end products (AGE)  , including glycated hemoglobin (HbA1c), 
albumin, and other plasma proteins, changing their binding affi nity for NO, thereby altering the meta-
bolic fate of NO in type 1 diabetic patients [ 53 ]. Thus, protein glycosylation can alter nitric oxide 
binding affi nity of hemoglobin and plasma proteins, hence reducing nitric oxide availability and caus-
ing NO metabolism alterations [ 53 ]. This process seems to be enhanced when the level of HbA1c rises 
dramatically above 8 % [ 53 ], condition found in our type 1 diabetes subjects. Hence, the fact that we 
did not found increments in nitric oxide levels even with  L -arginine supplementation could be 
explained by the rapidly binding of nitric oxide to blood proteins, preventing the appearance of its 
metabolite tNOx in the plasma [ 8 ]. 

 The formation of relatively stable  nitric oxide metabolites   seems to provide a protected transport 
mechanism, allowing nitric oxide to be transported through regions of high production, such as arter-
ies, to be delivered in the microcirculation, and thus changing the microvascular tone [ 53 ]. Nitric 
oxide release within the systemic microcirculation is suggested by an  arteriovenous gradient   of nitrite 
and HbNO (nitrosyl hemoglobin) after nitric oxide inhalation in normal subjects [ 53 ], of nitrite and 
high -molecular weight RSNOs ( S -nitrosothiols) following exercise in normal subjects [ 53 ], and of 
nitrate and tNOx during exercise training in hypercholesterolemic patients [ 53 ]. Nitric oxide can also 
be transferred from high-molecular weight to low-molecular weight thiols [ 53 ], possibly allowing 
nitric oxide to be delivered to the vascular bed to elicit vasodilation. In basal conditions, we found that 
patients with diabetes present lower blood fl ow than their controls [ 8 ]. Since  L -arginine supplementa-
tion was able to partially recover this  cardiovascular defi cit  , we suggest that this amino acid adminis-
tration could result into a higher nitric oxide formation, which was immediately converted into one of 
its stable metabolites (other than nitrate/nitrite), causing subsequent changes in vascular tone. 
Furthermore, the lower VO 2max  founded in the diabetic group could be attributed, at least in part, to the 
lower nitric oxide metabolites formation, leading to a decreased vasodilation and fi nally disrupting 
the gas exchange for the active skeletal muscle cells. 

 Although most of the  L -arginine effects are mediated primarily by NO production, some effects of 
 L -arginine are known to be independent of NO production [ 54 ]. Among them, this amino acid can act 
as an antioxidant, scavenging superoxide and reducing copper-induced lipid peroxidation [ 55 ]. Even 
more relevant,  L -arginine is an inhibitor of  angiotensin-converting enzyme (ACE)   [ 56 ], reducing 
plasma angiotensin II levels and thus amplifying its hypotensive effect. Thus, our fi nding that  L - arginine 
increases blood fl ow in basal conditions could also be attributed to this function of  L -arginine. 

 Even though  L -arginine supplementation increases blood fl ow in basal conditions, the amino acid 
did not change this variable after exercise in T1DM patients [ 8 ]. This could indicate that during 
exercise, other mechanisms of  vasodilation   in the microcirculation of active muscles may be 
involved, rather than NO production. For instance, prostaglandin activity could fi ll this vasoactive 
function. As previously mentioned, the normal vascular endothelium plays an important role in 
maintaining vessel wall homeostasis, synthesizing substances such as prostacyclin and the free radi-
cal NO, which modulate vascular tone, prevent thrombosis, and infl uence smooth muscle growth 
[ 57 ]. Once the inhibition of NO synthesis does not completely abolish vasodilation, an alternative 
pathway may be involved [ 57 ]. There is evidence that vasodilatory prostanoids may be important in 
determining responses to  acetylcholine (Ach)   in both diabetic [ 58 ] and nondiabetic subjects [ 59 ], 
being their effects mediated through an increase in cyclic AMP. Recent fi ndings [ 57 ] suggest that 
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vasodilatory prostanoids are important in determining endothelial response to Ach in diabetic and 
nondiabetic subjects. Increased prostaglandin-mediated vasodilation may compensate for attenuated 
responses to NO previously reported in diabetic subjects. These reports partly explain the confl icting 
reports of endothelial dysfunction in patients with type 1 diabetes. Finally, L-arginine was able to 
restore the reduced rest blood fl ow in type 1 diabetic subjects, without any infl uence in relation to 
exercise. Therefore, we suggest that in rest, blood fl ow may be controlled/dependent on nitric oxide 
synthesis (in the form of stable metabolites) and by a possible reduction in vasoconstrictive mole-
cules, such as endothelin and ACE activation.    Furthermore, during an acute bout of exercise, a lack 
of NO production can be compensated by other vasoactive molecules such as prostaglandins; despite 
NO is still an essential molecule.  

    Conclusions and Perspectives 

  L -Arginine and its precursor  L -citrulline come up as new potential therapeutic tools for the treatment 
and perhaps prevention of T1DM. More studies are needed to provide information on the effects of 
 L -arginine and  L -citrulline in the population of people with T1DM. Our hypothesis is that the effects 
of both amino acids are benefi cial for this population, as we recently tested; however, the effects may 
be different for different stages of the disease. For example, there may be a need for  L -arginine (and 
citrulline) before the onset of the disease to avoid the possible reduction of the availability of this 
amino acid induced by the local islet infl ammation (i.e., macrophage activation and arginase secre-
tion). However, the effects of their supplementation after the beta-cell death may direct affect other 
cells such as endothelial cells, increasing nitric oxide availability, lowering oxidative stress, and 
improving mitochondrial function.     
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  Abbreviations 

  cGMP    Cyclic GMP   
  NO    Nitric oxide   
  ADMA    Asymmetric dimethylarginine   
  MMP    Matrix metalloproteinase   
  ARG    L-Arginine   
  SU    Sucrose   
  IVGTT    Intravenous glucose tolerance test   
  BMI    Body mass index   

 Key Points 

•    L -Arginine has benefi cial effects on glucose metabolism and insulin sensitivity.  
•    L -Arginine supplementation to obese subjects promotes fat reduction and spared lean body mass 

during weight loss.  
•    L -Arginine preserves endothelium-dependent vasodilator function.  
•    L -Arginine supplementation signifi cantly reduces aortic intimal thickening, blocking the produc-

tion of carotid and coronary intimal plaques.  
•    L -Arginine-enriched biscuits with low sugar and protein content enhance endothelial function and 

improve glucose metabolism, insulin sensitivity, and insulin secretion in subjects with impaired 
glucose tolerance (IGT) and metabolic syndrome.  

•   The benefi cial effect of  L -arginine in treating many developmental and health problems is unique 
among amino acids, and  L -arginine may become a useful “nutraceutical” approach.  
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  FFA    Free fatty acid   
  TIMP-1    Tissue inhibitors of metalloproteinase   
  IGT    Impaired glucose tolerance   
  MS    Metabolic syndrome   
  NGT    Normal glucose tolerance   
  BP    Blood pressure   
  eNOS    Endothelial nitric oxide synthase   
  PTCA    Percutaneous transluminal coronary angioplasty   
  EDNO    Endothelium-derived nitric oxide   
  PI-BF    Post-ischemic blood fl ow   

      Introduction 

 It is well known that metabolic syndrome is a cluster of metabolic abnormalities, which includes 
impaired glucose regulation, hypertension, dyslipidaemia, obesity, and increased cardiovascular dis-
ease risk [ 1 ]. Metabolic syndrome affects one in fi ve people, and prevalence increases with age; some 
studies estimate the prevalence in the USA to be nearly 25 % of the population [ 2 ]. 

 Previous studies have shown that metabolic syndrome is characterized by endothelial dysfunction 
with an impairment of endothelial vasodilation and by an altered availability of nitric oxide and/or its 
second messenger cGMP [ 3 ]. It is known that  endothelium-derived nitric oxide (EDNO)   is a potent 
endogenous vasodilator that plays a major role in vascular tone [ 4 ].  L -Arginine is the endogenous pre-
cursor of nitric oxide synthesis, and it has been previously demonstrated that  L -arginine potentiates 
insulin-mediated glucose uptake by increasing blood fl ow [ 5 ].  L -Arginine (2-amino-5-guanidino-pen-
tanoic acid) is a conditionally essential, proteinogenic amino acid that is a natural constituent of dietary 
proteins. Besides its role in  protein metabolism  ,  L -arginine is involved in various metabolic pathways, 
such as synthesis of creatine,  L -ornithine,  L -glutamate, and polyamines. Decarboxylation of  L -arginine 
can produce agmatine, a biogenic amine metabolite.  L -Arginine is also involved in protein degradation 
by the ubiquitin-proteasome pathway. A biologically important pathway involves  L -arginine as the 
substrate of a family of enzymes named nitric oxide synthases. The reaction mechanism of NO syn-
thases involves a 2-electron transfer from molecular oxygen via a number of cofactors to  L -arginine, 
resulting in the release of NO and  L -citrulline [ 6 ]. Experimental studies performed in vitro and in vivo 
have evaluated the biological effect of  L -arginine administration both in humans and animal studies.  

    Effects of  L -Arginine on  Glucose Metabolism   

 Previously, Monti et al. demonstrated that the nitric oxide pathway was an important regulator of 
hepatic glucose metabolism in rat hepatocytes by modulating  glucokinase activity   and hepatic glyco-
gen content [ 7 ]. Fu et al. studied Zucker diabetic fatty rats submitted to a dietary supplementation of 
drinking water containing  L -arginine (1.51 %) or alanine (2.55 %, isonitrogenous control) for 10 
weeks.  L -Arginine supplementation signifi cantly reduced weight of retroperitoneal and epididymal 
adipose tissue by 45 % and 25 %, respectively, as well as circulating levels of glucose by 25 %, tri-
glycerides by 23 %, free fatty acids by 27 %, homocysteine by 26 %, ADMA by 18–21 %, and leptin 
by 32 % (Table  32.1 ). Results of the  microarray analysis   indicated that  L -arginine supplementation 
increased adipose tissue expression of key genes responsible for fatty acid and glucose oxidation, NO 
synthase-1, AMP-activated protein kinase, and peroxisome proliferator-activated receptor gamma 
coactivator-1 alpha [ 8 ]. Recently it has been published a study to determine whether sucrose-induced 
insulin resistance could increase the expression of cardiac matrix metalloproteinase (MMPs) and 
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indices of matrix remodelling and whether the addition of 1.25 g day (−1) of  L -arginine (ARG) to a 
sucrose diet could prevent both the sucrose-induced metabolic abnormalities and elevated cardiac 
expression of MMPs in an insulin-resistant stage that precedes frank type 2 diabetes. Thirty-eight 
male Sprague-Dawley rats were involved, 16 rats maintained a standard chow diet (ST), and 12 rats 
were switched to a sucrose-enriched diet (SU) and 10 rats to a sucrose plus  L -arginine [1.25 g day 
(−1)]-enriched diet (SU + ARG) for a period of 8 weeks. After 8 weeks of different diets, an  intrave-
nous glucose tolerance test (IVGTT)   was performed. At the end of the study, retroperitoneal fat, heart 
weight/body weight ratio, fasting plasma glucose, serum insulin, and serum triglyceride levels and 
integrated insulin area after IVGTT were signifi cantly higher in SU than in SU + ARG and ST. All 
these parameters were comparable between SU + ARG and ST animals. FFA levels were signifi cantly 
different among groups, with highest levels in SU and lowest levels in ST. Fasting  plasma c-GMP 
levels   and the integrated c-GMP area after IVGTT, an index of nitric oxide activity, were signifi cantly 
lower in SU than in SU + ARG and ST; the result was similar in SU + ARG; and in ST, MMP-9 protein 
expression increased 10.5-fold, MMP-2 protein expression increased 2.4-fold, and the expression of 
tissue inhibitors of metalloproteinase (TIMP-1) increased 1.7-fold in SU rats as compared to ST ani-
mals. This was accompanied with a signifi cant increase of cardiac triglyceride concentrations. SU rats 
developed insulin resistance and hyperlipidaemia, accompanied with increased fat deposition in the 
heart and enhanced MMP protein expression. Conversely, ARG supplementation prevents these meta-
bolic abnormalities and restored MMP/TIMP-1 balance [ 9 ].

   In humans, the intravenous infusion 0.5 g/min of  L -arginine but not  D -arginine increased whole 
body  glucose disposal   and blood fl ow in normal subjects [ 5 ]. McConnell et al. performed similar 
amount of  L -arginine infusion in endurance trained males during exercise test [ 10 ]. They found that 
 L -arginine determined a signifi cant increase of the whole body glucose disposal and a decrease of free 
fatty acid levels while insulin levels remained unchanged as compared to saline control study. These 
data strongly suggest that  L -arginine infusion improved muscle glucose utilization modulating free 
fatty acid concentration during exercise. Insulin sensitivity and  insulin-mediated vasodilation   were 
also improved by infusing lower doses of  L -arginine (0.52 mg/kg/min) in healthy, obese, and type 2 

  Table 32.1     Serum concentrations   of glucose, triglycerides, cholesterol, NOx, methylarginines, homocysteine, and 
hormones in ZDF rats randomly assigned to receive drinking water containing either 1.51 %  L -arginine-HCl or 2.55 % 
 L -alanine (isonitrogenous control) at week 10 after initiation of L-arginine supplementation  

 Variable 

 Week 10 

 Alanine-treated  Arginine-treated 

 Glucose (mmol/L)  25.7 ± 0.63  19.4 ± 0.58 *  
 Triglycerides (mmol/L)  6.50 ± 0.39  5.01 ± 0.37 *  
 Cholesterol (mmol/L)     5.37 ± 0.46  5.25 ± 0.42 
 FFA (mmol/L)  1.67 ± 0.11  1.22 ± 0.08 *  
 NOx (μmol/L)  30 ± 2.1  51 ± 3.2 *  
 ADMA (μmol/L)  1.78 ± 0.12  1.40 ± 0.10* 
 NMMA (μmol/L)  2.06 ± 0.13  1.67 ± 0.09* 
 SDMA (μmol/L)  1.64 ± 0.10  1.35 ± 0.07* 
 Homocysteine (μmol/L)  7.38 ± 0.47  5.44 ± 0.32* 
 Insulin (pmol/L)  251 ± 34  246 ± 29 
 Growth hormone (pmol/L)  103 ± 6.8  107 ± 9.4 
 Adiponectin (mg/L)  2.67 ± 0.11  2.76 ± 0.25 
 Ghrelin (μg/L)  2.46 ± 1.43  2.61 ± 1.58 
 Leptin (μg/L)  21.6 ± 1.94  14.6 ± 0.67 *  

  Values are means ± SEM,  n  = 6 
  * Different from alanine-treated ZDF rats,  p <  0.05 
 Abbreviations used:  ADMA  asymmetric dimethylarginine,  NMMA  N G -monomethylarginine,  SDMA  symmetric 
dimethylarginine) 
 Fu WJ et al., J Nutr. 2005 Apr [ 8 ]  
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diabetic subjects [ 11 ]. These effects were confi rmed by a double-blind chronic treatment of  L -arginine 
(9 g daily) in non-obese type 2 diabetic patients. After 1 month of  L -arginine therapy, peripheral and 
hepatic insulin sensitivity were signifi cantly improved and cyclic-GMP levels and insulin-mediated 
vasodilation were normalized [ 12 ]. Recently it has published a clinical trial regarding the specifi c 
effect of  L -arginine on adiposity in humans. This was a 21-day randomized, placebo-controlled trial 
in 33 hospitalized middle-aged, obese (mean BMI = 39.1 ± 0.5 kg/m 2 ) subjects with diet-controlled 
type 2 diabetes mellitus. During the study period, each patient received a low-caloric diet (1000 kcal/
day) and a regular exercise training programme (4 min twice a day for 5 days/week). They were ran-
domized to 8.3 g Arg/day (approximately 80 mg/kg body weight per day) or placebo. As expected 
from the hypocaloric diet, both groups of subjects exhibited reductions in body weight, fat mass, waist 
circumference, and circulating levels of glucose, fructosamine, and insulin (Table  32.2 ). Moreover, 
increase in  antioxidant capacity   and circulating levels of adiponectin were observed for these patients. 
Importantly all improvements were signifi cantly greater in  L -arginine group than in the placebo group. 
Additionally fat-free mass was maintained in the  L -arginine group but reduced by 1.6 kg in the pla-
cebo group. Thus,  L -arginine supplementation to obese subjects promoted fat reduction and spared 
lean body mass during weight loss [ 13 ]. The authors evaluated also the effects of long-term oral 
 L -arginine treatment on endothelial dysfunction, infl ammation, adipokine levels, glucose tolerance, 
and insulin sensitivity in no diabetic patients with stable cardiovascular disease (coronary artery dis-
ease). Sixty-four patients with cardiovascular disease previously submitted to an aortocoronary 
bypass and not known for type 2 diabetes mellitus had an oral glucose load to defi ne their glucose 
tolerance. Thirty-two patients with nondiabetic response were eligible to receive, in a double-blind 

   Table 32.2    Changes in anthropometric, metabolic, endothelial, and hormonal variables before and after  L -arginine and 
 placebo therapy     

  L -Arginine  Placebo   p  value 

 Before  After  Before  After  Time effect 
 Interaction 
effect 

 Weight (kg)  105.8 ± 3.1  102.8 ± 3.0  102.1 ± 3.6  98.4 ± 3.0  <0.0001  <0.35 
 Fat mass (kg)  49.3 ± 2.2  46.3 ± 2.3  46.8 ± 2.3  44.7 ± 2.4  <0.0001  <0.05 
 Free-fat mass (kg)  56.5 ± 2.0  56.5 ± 1.8  55.3 ± 2.2  53.6 ± 2.2  <0.02  <0.03 
 Waist (cm)  121.1 ± 3.0  112.8 ± 2.6  116.7 ± 2.2  113.5 ± 2.4  <0.0001  <0.0001 
 Systolic blood press (mmHg)  151 ± 3  128 ± 3  149 ± 2  149 ± 2  <0.0001  <0.0001 
 Diastolic blood press (mmHg)  90 ± 2  78 ± 2  89 ± 2  88 ± 3  <0.0001  <0.0002 
 Fructosamine (μmol/L)  274.6 ± 15.6  220.4 ± 8.6  280.8 ± 9.4  257.8 ± 8.7     <0.0001  <0.02 
 Fasting insulin (mU/L)  21.8 ± 3.1  13.6 ± 1.8  18.6 ± 1.7  15.6 ± 1.4  <0.0002  <0.04 
 Fasting triglycerides (mmol/L)  1.95 ± 0.23  1.34 ± 0.11  2.06 ± 0.16  1.49 ± 0.11  <0.0001  <0.09 
 Fasting FFA (mmol/L)  0.76 ± 0.6  0.69 ± 0.05  0.77 ± 0.06  0.68 ± 0.03  <0.08  <0.73 
 Incremental area NOx (μmol/L 6 min)  9.2 ± 5.0  32.8 ± 5.7  9.5 ± 2.6  8.9 ± 2.7  <0.005  <0.002 
 Fasting cGMP (μmol/mL)  2.30 ± 0.2  3.56 ± 0.3  2.25 ± 0.1  2.70 ± 0.2  <0.005  <0.001 
 Incremental area cGMP (μmol/mL 6 min)  1.50 ± 0.3  5.45 ± 0.6  1.61 ± 0.2  3.67 ± 0.2  <0.0001  <0.001 
 Fasting ET-1 (pg/mL)  10.5 ± 0.5  7.4 ± 0.4  9.5 ± 0.4  13.7 ± 1.0  <0.37  <0.0001 
 Incremental area ET-1 (pg/mL 6 min)  12.4 ± 2.6  0.4 ± 1.1  11.2 ± 2.6  11.1 ± 2.4  <0.01  <0.01 
 Basal ec-SOD (ng/mL)  84.6 ± 7.0     113.9 ± 12.3  86.8 ± 7.4  77.3 ± 4.9  <0.22  <0.03 
 Incremental area ec-SOD (mol/mL 6 min)  72.8 ± 31.8  210.5 ± 20.6  37.1 ± 21.9  95.7 ± 10.4  <0.0002  <0.05 
 Adiponectin (ng/mL)  4.0 ± 0.7  5.6 ± 0.6  4.2 ± 0.6  4.2 ± 0.5  <0.02  <0.03 
 Leptin (ng/mL)  62.4 ± 7.7  48.0 ± 7.8  53.0 ± 9.5  48.6 ± 9.7  <0.01  <0.07 
 Leptin-to-adiponectin ratio  21.8 ± 3.9  9.4 ± 1.3  18.1 ± 5.5  13.7 ± 3.2  <0.001  <0.05 

   * Values are means ± SE.  FFA  free fatty acids,  NOx  nitrate/nitrite,  ET-1  endothelin-1,  ec-SOD  extracellular; superoxide 
dismutase 
 Lucotti P et al., Am J Physiol Endocrinol Metab. 2006 Nov [ 13 ]  
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randomized parallel order,  L -arginine (6.4 g/day) or placebo for 6 months. An evaluation of insulin 
sensitivity index during the oral glucose load, markers of systemic nitric oxide bioavailability and 
infl ammation, and blood fl ow was performed before and at the end of the treatment in both groups. 
Compared with placebo,  L -arginine decreased  asymmetric dimethylarginine (ADMA) levels   ( p  < 0.01) 
and increased cyclic guanosine monophosphate ( p  < 0.01),  L -arginine to ADMA ratio ( p  < 0.0001), and 
reactive hyperaemia ( p  < 0.05). Finally,  L -arginine increased insulin sensitivity index ( p  < 0.05) and 
adiponectin ( p  < 0.01) and decreased interleukin-6 and monocyte chemoattractant protein-1 levels. In 
conclusion  L -arginine seems to have anti-infl ammatory and metabolic advantages in these patients 
[ 14 ]. An anabolic effect of  L -arginine on muscle gain is achieved independent of changes in serum 
concentrations of insulin or growth hormone. Dietary  L -arginine supplementation enhances insulin 
sensitivity and amplifi es its signalling mechanisms on protein synthesis as well as the metabolism of 
glucose and fatty acids. So  L -arginine supplementation regulates the repartitioning of dietary energy 
to favour muscle over fat gain in the body. Recently Monti LD et al. performed a mono-centre, ran-
domized, double- blind, parallel-group, placebo-controlled, phase III trial (named  L -arg trial). In this 
study, 144 individuals, affected by impaired glucose tolerance (IGT) and  metabolic syndrome (MS)  , 
received 6.4 g/day of  L -arginine or placebo for 18 months plus a 12-month extended follow-up period 
after study drug termination, in order to prevent or delay type 2 diabetes and to normalize glucose 
tolerance in individuals at high risk for type 2 diabetes. The results showed that the supplementation 
of  L - arginine for 18 months does not signifi cantly reduce the incidence of diabetes but does signifi -
cantly increase regression to  normal glucose tolerance (NGT)   [ 15 ].

       Effects of  L -Arginine on Vascular Function 

 Experimental studies performed in vitro and in vivo showed that  L -arginine improved endothelial vaso-
dilation and delayed atherosclerotic process. In an in vivo study, Girerd et al. measured the responses 
to acetylcholine of  hind limb blood fl ow   before and after acute infusion of intravenous  L -arginine in 
hypercholesterolemic and control rabbits. Compared with acetylcholine alone, the coinfusion of  L -argi-
nine improved the blunted endothelial vasodilation of hypercholesterolemic rabbits. Otherwise  L -argi-
nine did not affect the vasodilator response to acetylcholine in the control rabbits [ 16 ]. Cooke et al. 
investigated the effects of a prolonged oral  L -arginine administration to rabbits on high cholesterol diet. 
Endothelium-dependent vasodilator response to acetylcholine resulted impaired in cholesterol-fed rab-
bits, but were markedly improved in those with a dietary  L -arginine supplementation; moreover this 
group presented a reduction of lesion surface area and intimal media thickness [ 17 ].  Atherosclerotic 
plaque   extension found in the carotid artery and thoracic aorta of hypercholesterolemic rabbits 
decreased after a treatment with oral  L -arginine compared to controls as demonstrated by Boger et al. 
during 12 weeks of high cholesterol plus  L -arginine diet [ 18 ]. Dhawan et al. showed that chronic 
 L -arginine supplementation signifi cantly reduced aortic intimal thickening, blocked the production of 
carotid and coronary intimal plaques, and preserved endothelium- dependent vasodilator function in 
atherogenic rhesus monkeys [ 19 ]. Hayashi et al. demonstrated that in rabbits fed with a high cholesterol 
diet, a 12-week oral administration of  L -arginine plus  L -citrulline, either alone or in combination with 
antioxidants, caused a marked improvement in endothelium-dependent vasorelaxation and blood fl ow, 
dramatic regression in atheromatous lesions, and decrease in superoxide production and oxidation-
sensitive gene expression [ 20 ]. A systematic review of 25 published controlled studies of  L -arginine 
(3.0–300 mg/kg) and NO donors in experimental stroke has shown that  L -arginine induced a benefi cial 
effect on  cortical cerebral blood fl ow   although it did not signifi cantly alter lesion volume in both per-
manent and transient stroke [ 21 ]. Bode-Boger et al. investigated healthy volunteers and the effect of an 
intravenous infusion of  L -arginine (a dose of 30 g for 30 min) on blood pressure; they showed that 
 L -arginine reduced blood pressure and that this effect was strikingly evident for diastolic pressure [ 22 ]. 
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Dong et al. evaluated the effect of oral  L -arginine supplementation on blood pressure by conducting a 
meta-analysis of 11 randomized, double-blind, placebo-controlled trials. The study involved 387 par-
ticipants with oral  L -arginine intervention ranging from 4 to 24 g/day. Compared with placebo,  L -argi-
nine intervention signifi cantly lowered systolic BP by 5.39 mmHg (95 % CI −8.54 to −2.25,  p  = 0.001) 
and diastolic BP by 2.66 mmHg (95 % CI −3.77 to −1.54,  p  < 0.001). Sensitivity analyses restricted to 
trials with a duration of 4 weeks or longer and to trials in which participants did not use antihyperten-
sive medications yielded similar results [ 23 ]. 

 Creager et al. demonstrated that in hypercholesterolemic patients, an acute administration of 
 L -arginine (10 mg/kg/min IV) was able to induce an improvement of  L -arginine blood vessels’ 
endothelium- dependent vasodilation [ 24 ]. Egashira et al. examined the effect of  L -arginine on 
endothelium- dependent coronary vasodilation in patients with  microvascular angina   throughout an 
intracoronary infusion of  L -arginine (50 mg/mm) on acetylcholine-induced coronary vasomotion. 
 L -Arginine was able to improve endothelium-dependent vasodilation of coronary microcirculation in 
these patients [ 25 ]. An acute infusion of low-dose of  L -arginine (0.125 g/min) does not able to stimu-
late the insulin-induced endothelial-dependent vasodilation, increased forearm blood fl ow, cyclic- 
GMP forearm release, and decreased endothelin-1 levels in healthy subjects. As shown by Piatti et al., 
in patients affected by microvascular angina, similar amount of  L -arginine infusion increased forearm 
blood fl ow, circulating NOx, and forearm cGMP release and decreased endothelin-1 levels and sys-
tolic and diastolic pressure. Moreover, the pre-infusion of low dose of  L -arginine restored the endo-
thelin- 1, NOx, and forearm cGMP release responses after insulin bolus in these patients [ 26 ]. On the 
other hand, contradictory results are shown in healthy subjects after chronic treatment with  L -arginine. 
Adams et al. did not fi nd a signifi cant ability of oral  L -arginine (7 g three times daily for 3 consecutive 
days) to stimulate endothelial vasodilation although platelet aggregation was signifi cantly inhibited in 
healthy subjects [ 27 ]. However, when endothelial function is impaired as in healthy very old age 
subjects, oral  L -arginine supplementation was able to improved endothelial vasodilation [ 28 ]. 
Clarkson et al. found that  L -arginine addition improved endothelium-dependent vasodilation com-
pared to placebo in a double-blind crossover study with 4-week  L -arginine supplementation (7 g three 
times a day) or placebo in hypercholesterolemic young adults [ 29 ]. Hambrecht et al. studied the effect 
of  L -arginine (8 g daily) and physical exercise in patients with chronic heart failure. After 4 weeks 
both  L -arginine and physical exercise were able to improve endothelium-dependent vasodilation, but 
the association of  L -arginine plus exercise produced an additive benefi cial effect on endothelium-
dependent vasodilation [ 30 ]. Finally, Palloshi et al. demonstrated that a chronic administration of 
 L -arginine (4 weeks, 6 g daily) in patients with hypertension and microvascular angina determines an 
improvement of endothelial function and a signifi cant amelioration of symptoms [ 31 ] (Table  32.3 ).

   In 1992, Vallance et al. fi rst described the presence of ADMA as an  endogenous inhibitor   of eNOS 
in  human plasma and urine   [ 32 ]. ADMA inhibits vascular nitric oxide production within the concen-
tration range found in patients with vascular disease. Elevated ADMA concentrations are present in 
patients with hypercholesterolaemia, hyperhomocysteinaemia, diabetes mellitus, insulin resistance, 
atherosclerosis and hypertension, cardiovascular disease, and chronic heart failure [ 33 ]. ADMA seem 
to have also a pivotal role to explain the presence of the “ L -arginine paradox.” Although it was argued 
that additional  L -arginine could not have any effect on NOS activity, because of enzyme saturation 
with substrate at physiological levels (the half-saturing  L -arginine concentration for eNOS is in the 
range of 1–10 μM (mean km 2.9 μM while the physiological  L -arginine concentrations in the extracel-
lular space are already 20-fold higher (50–200 μM)),  L -arginine supplementation was able to posi-
tively infl uence endothelium-dependent vasodilation. The explanation of the “ L -arginine paradox” 
could be that the inhibition of NOS activity induced by ADMA may be overcome by augmented 
supply of substrate and this could explain how  L -arginine may improve endothelial function in patient 
with vascular disease [ 23 ]. It is of notice that in cultured endothelial cells, the  L -arginine uptake has 
been attributed to the cationic amino acid y +  transporter-1 protein system (CAT-1) for 70–95 %, the 
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same transporter utilized by ADMA and  symmetrical dimethylarginine (SDMA)  . Since a competition 
exists between  L -arginine and ADMA and SDMA on this transport system, an excess of  L -arginine 
might overcome this antagonism [ 34 ]. Interestingly, an intra-arterial administration of  L -arginine can 
restore  L -arginine transport suggesting a possible link between a defective  L -arginine transport/NO 
pathway and the onset of essential hypertension [ 35 ]. Plasma ADMA levels are also increased in 
patients with microvascular angina, and they are correlated with increased endothelin-1 levels and 
reduced insulin-induced increments in plasma  NOx and cGMP  , effects that are reversed by intrave-
nous  L -arginine infusion (0.125 g/min). These results were confi rmed studying a chronic administra-
tion of  L -arginine (4 weeks, 6 g daily) in patients with microvascular angina that improved both 
 L -arginine/ADMA ratio and cyclic-GMP levels [ 31 ]. 

 Several studies were performed to evaluate the role of  L -arginine on endothelium dysfunction in 
patient affected by coronary artery disease. Adams et al. submitted men with premature  coronary 
artery disease   to an oral administration of  L -arginine (7 g three times per day) or placebo for 3 days 
each, with a washout period of 10 days. They demonstrated an improvement in endothelium-depen-
dent dilatation and reduction in monocyte/endothelial cell adhesion [ 36 ]. Ceremuzynski et al. showed 
that the same period of  L -arginine treatment (6 g daily for 3 days) in patients with stable angina and 
healed myocardial infarction was also able to increase exercise capacity [ 37 ]. Moreover, Fukumoto 
et al. found that an intracoronary administration of  L -arginine (1 μg/kg) at the sites of PTCA induced 
an increment of the vasodilator response as compared to untreated sites, suggesting that enhancement 
of local NO production may be clinically useful in preventing restenosis after PTCA [ 38 ]. However, 
probably due to the short period of administration, Skiraki et al. were unable to fi nd any benefi cial 
effects of  L -arginine, when administered via a cardiac catheter (500 mg/4 min) before  PTCA   and via 
a peripheral vein (30 g/4 h, for 5 days) after PTCA to inhibit restenosis in humans affected by angina 
pectoris [ 39 ]. Lerman et al. found that a chronic administration of  L -arginine (9 g daily for 6 months) 
on patient affected by angina pectoris and mild nonobstructive coronary atherosclerosis markedly 
improved coronary vasodilator response to acetylcholine and angina symptoms [ 40 ]. Oomen et al. 
investigated by a questionnaire throughout a longitudinal cohort study in a large population (806) of 
Dutch men how dietary intake of  L -arginine could modify coronary heart disease risk in elderly per-
sons [ 41 ]. They found no signifi cant effects of dietary  L -arginine intake on cardiovascular risk but it 
is possible that the very low dietary intake (average 4.35 g daily) found in this population could 
explain these unfavourable results. Blum et al. submitted 30 subjects affected by coronary artery dis-
ease to 1 month of  L -arginine (9 g/daily) treatment as adjunctive therapy and they did not fi nd any 
improvement of NO bioavailability and no difference in  fl ow-mediated vasodilation   in these patients. 

  Table 32.3    Data at baseline and after  L -arginine  treatment    

 Baseline   L -Arginine 

 SBP at rest (mmHg)  166 ± 27  146 ± 12 ∗  
 DBP at rest (mmHg)  84 ± 17  77 ± 10 
 Basal FBF (mL/min/100 mL)  2.5 ± 0.8  2.8 ± 0.5 
 Maximal post-ischemic FBF (mL/min 100 mL)  22 ± 5  31 ± 11 ∗  
 Nitric oxide (μmol/L)  36 ± 22  35 ± 36 
 Homocysteine (μmol/L)  17 ± 8  13 ± 4 
 Cyclic guanosine monophosphate (pmol/mL)  2.30 ± 0.73  2.68 ± 0.86 ∗  
 Asymmetric dimethylarginine (μmol/L)  0.57 ± 0.12  0.64 ± 0.13 
 L-Arginine (μmol/L)  54 ± 17.4  71.7 ± 19.7 ∗  
 L-Arginine/asymmetric dimethylarginine  95 ± 22  113 ± 30 ∗  
 Endothelin-1 (pg/mL)  6.44 ± 0.23  6.32 ± 0.38 

  Data are mean ± SD.  DBP  diastolic blood pressure,  SBP  systolic blood pressure 
  *  p  < 0.05 versus control values 
 Palloshi A et al.  Am J Cardiol.  2004 [ 31 ]  
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It is important to observe that even before the start of the study, this population presented a normal 
fl ow-mediated vasodilation, thanks to an optimized medical treatment before and during the study, as 
cholesterol lowering and vasoactive drugs, infl uencing endothelial function [ 42 ]. Several authors 
have shown a benefi t of  L -arginine in acute study in animal and in human subjects. However, the 
supplementations of  L -arginine in chronic study in humans with normal endothelial function or with 
atherothrombotic disease have yielded contradictory results [ 42 ]. The discrepancy on the effi cacy of 
chronic  L -arginine therapy in human also depends on the different amounts of supplemental  L -argi-
nine administered that could be inadequate to modulate endothelial nitric oxide production, as sug-
gested by two in vitro studies. In the fi rst study, whereas the simultaneous intramural low dose of 
 L -arginine plus glutamate infusion produced an increase in nitric oxide levels, similar experimental 
conditions with high  L -arginine infusion inhibit NO production [ 42 ]. In the second study, incremental 
concentrations of  L -arginine (2.0–8.0 mM) were added to a fi xed concentration of methylglyoxal in a 
buffered lucigenin solution determining a dose-dependent generation of superoxide anion, increasing 
a redox state [ 43 ]. These two studies strongly suggest that only low dose of  L -arginine which main-
tains physiological  L -arginine concentrations could positively modulate endothelial function in 
patients with established atherosclerotic disease while high doses determined a detrimental effect 
downregulating nitric oxide production by its enzymatic decarboxylation to agmatine, inducing an 
increase in peroxynitrite and lipid peroxynitrite levels or decreasing the  nitric oxide/cyclic-GMP   
availability. Peroxynitrites both oxidatively modify proteins in the vessel wall and oxidize tetrahydro-
biopterin, which uncouples eNOS leading to further decrease in  nitric oxide production   as well as de 
novo superoxide production by this enzyme [ 44 ]. In summary the mechanisms by which Arg admin-
istration may prevent cardiovascular dysfunction include: (1) restoring endothelial NO synthesis and 
decreasing superoxide production, (2) reducing vascular oxidative damage, and (3) inhibiting platelet 
adherence and aggregation, leukocyte adherence to the endothelium, and the proliferation of vascular 
smooth muscle cells.  

     L -Arginine Supplementation and  Nutrition   

 Maxwell et al. investigated the clinical effects of a food bar enriched with  L -arginine and a combina-
tion of other nutrients known to enhance the activity of  EDNO   in individuals with claudication from 
atherosclerotic peripheral arterial disease. The study was a 2-week, double-blind, placebo-controlled 
trial of subjects randomized to three groups (two active bars, one active and one placebo bar, and two 
placebo bars per day) followed by an 8-week open-label period. Subjects ( n  = 41) were outpatient 
volunteers with intermittent claudication. Pain-free and total walking distances were measured by 
variable-grade, treadmill exercise testing. Quality of life was assessed using the Medical Outcome 
Survey (SF-36). After 2 weeks of treatment, the pain-free walking distance increased 66 % while the 
total walking distance increased 23 % in the group taking two active bars/day. The general and  emo-
tional/social functioning components   of the SF-36 also improved. These effects were not observed in 
the one active bar/day and placebo groups. The effects were maintained after 10 weeks and, in addi-
tion, an improvement in walking distance was observed in the group taking one active bar. These 
fi ndings reveal that use of a nutrient bar designed to enhance EDNO activity improves pain-free and 
total walking distance as well as quality of life in individuals with intermittent claudication [ 45 ]. 
Abdelhamed et al. studied the effects of dietary  L -arginine supplementation with HeartBars (a medical 
food rich in  L -arginine, Cooke Pharma, Belmont, Calif) on fl ow-mediated dilation and markers of 
endothelial function in subjects with hypercholesterolaemia. Forty-seven subjects with hypercholes-
terolaemia were randomly assigned to receive one HeartBar containing 3.3 g  L -arginine each, or a 
placebo bar, consumed twice daily for 2 weeks. This study showed no favourable effects on endothe-
lial or platelet function [ 46 ]. 
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 Monti et al. evaluated the effects of a new  L -arginine-enriched biscuit on  endothelial function  , insu-
lin sensitivity/secretion, and body composition. The project was composed of two studies. The  fi rst 
  study was an acute pilot postprandial study in seven healthy subjects that evaluated bioavailability and 
vascular effects of  L -arginine-enriched biscuits that contained 6.6 g  L -arginine, 21.9 g carbohydrates, 
3.6 g protein, 7.5 g fat, and 4.3 g dietary fi bre compared with placebo biscuits and 6.6 g powdered 
 L -arginine. Subjects underwent the tests in random order, in at least 14-day intervals. The second study 
was a double-blind crossover study in 15 obese subjects with IGT and MS. These subjects consumed 
6.6 g of  L -arginine-enriched biscuits or placebo biscuits in a 1600 kcal diet. Each study period lasted 2 
weeks with a 2-week washout in between. Endothelial function, glucose tolerance, insulin sensitivity, 
and insulin secretion were evaluated at the end of each intervention period. In the fi rst study, the groups 
that received the  L -arginine-enriched biscuits and the powdered  L - arginine had similarly increased 
 L -arginine, NOx, and cGMP levels and  post-ischemic blood fl ow (PI-BF)  . In both cases, these levels 
were signifi cantly higher than those in the placebo biscuit recipient group. In the second study, the 
 L -arginine-enriched biscuit recipient group displayed increased  L -arginine, NOx, cGMP, PI-BF, and 
Matsuda index levels, whereas their circulating glucose, proinsulin/insulin ratio, and fat mass were 
decreased compared with the placebo biscuit recipient group.  L -Arginine- enriched biscuits with low 
sugar and protein content enhance endothelial function and improve glucose metabolism, insulin sen-
sitivity, and insulin secretion in subjects with IGT and MS [ 47 ].  

    Conclusions 

  L -Arginine not only pays a pivotal role on endothelial function but also may provide novel and effec-
tive therapy for obesity, diabetes, and metabolic syndrome, decreasing cardiovascular risks in humans. 
Appropriate use of  L -arginine is safe for humans in dietary supplementation and clinical therapy. 

 In conclusions, the benefi cial effect of  L -arginine in treating many developmental and health prob-
lems is unique among amino acids, and  L -arginine may become a useful “nutraceutical” approach.     
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 Key Points 

•   Health consciousness worldwide has been one of the most stimulating factors for rapid global 
growth of functional food industry.  

•   Consumption of aliments with high content of  L -arginine or  L -citrulline is associated with improve-
ment of both metabolic status and vascular dysfunction in diabetes.  

•   Apple is consumed worldwide, and its ingestion has been associated with reduction in the risk of 
chronic diseases.  

•   Apple is very porous, being an ideal matrix for inserting bioactive molecules including vitamins, 
minerals, or amino acids such as  L -arginine.  

•   Supplementation with apple enriched with  L -arginine improves survival rate in diabetic rats.  
•   Ingestion of apples enriched by  L -arginine may offer more benefi ts than  L -arginine by itself.  
•   Food engineering using apples might offer an opportunity for designing massive nutritional strate-

gies with a therapeutic view.  
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  Abbreviations 

  Ang II    Angiotensin II   
  ACE    Angiotensin-converting enzyme   
  A + LA    Apple +  L -Arginine   
  AP    Apple procyanidins   
  hCAT1    Cationic amino acid transporter type 1   
  hCAT2B    Cationic amino acid transporter type 2B   
  cGMP    Cyclic guanosine-monophosphate   
  eNOS    Endothelial NOS   
  EDHF    Endothelium-derived hyperpolarizing factor   
  FMD    Flow-mediated dilatation   
  GFBS    Glycated protein   
  HbA1c    Glycosylated hemoglobin   
  HDL    High-density lipoprotein   
  HUVEC    Human umbilical vein endothelial cell   
  HUVEC    Human umbilical vein endothelial cell   
  iNOS    Inducible NOS   
  VLDL    Low-density lipoprotein   
  nNOS    Neuronal NOS   
  NO    Nitric oxide   
  NOS    Nitric oxide synthases   
  NOx    Nitrosylated species + nitrite   
  NFkB    Nuclear factor kappa B   
  ROS    Reactive oxygen species   
  TNF-α    Tumor necrosis factor alpha   
  T1DM    Type 1 diabetes mellitus   
  T2DM    Type 2 diabetes mellitus   
  VLDL    Very low-density lipoprotein   

      Introduction 

 Functional foods are aliments that are thought to have physiological benefi ts and/or reduce the risk of 
 chronic disease  , beyond their basic nutritional functions, which could be produced by adding new 
 ingredients   or more of existing ingredients using food engineering techniques. In this regard, increas-
ing health consciousness worldwide has been one of the most stimulating factors for rapid global 
growth of the functional food industry [ 1 ]. Then, development of functional food products is a 
growing research niche worldwide. 

 From the point of view of food engineering,  apple   is a very noble fruit, since it is one of the most 
widely cultivated tree fruits; apples are consumed worldwide (see Fig.  33.1 ) and its consumption has 
been associated with reduction in the risk of chronic diseases including lung cancer [ 2 ,  3 ], cardiovas-
cular disease [ 4 ], asthma [ 5 ], and type 2 diabetes mellitus (T2DM) [ 6 ] in population-based studies. 
In addition, apples are relatively easy to process due to their high porosity. Apple is an ideal matrix for 
inserting bioactive molecules including vitamins, minerals, or amino acids such as   L - arginine   [ 7 ]. 
In turn,  L -arginine is a cationic and semi-essential amino acid [ 8 ], which is involved in many metabolic 
processes including protein synthesis and insulin secretion, and, importantly it is the substrate for nitric 
oxide (NO) synthesis, a gas with potent vasodilatory, metabolic, and neurotransmission effects [ 9 ].
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   Among many metabolic alteration observed in diabetic patients, they also exhibited a relative 
defi ciency of  L -arginine [ 10 ,  11 ], which supports the need for supplementation with this amino acid 
[ 10 ,  12 ].   L -arginine   supplementation either by itself [ 13 – 19 ] or by using fresh food with high content 
of  L -arginine [ 20 ,  21 ] has been related with improvement in the metabolic control of diabetic animals, 
or in patients with T2DM [ 12 ]. However, despite potential benefi cial effect for  metabolic control   in 
diabetes—and other cardiovascular and metabolic diseases—the supplementation with  L -arginine is 
not always traduced into a continued elevation of plasma levels due to high catabolism. Indeed, it is 
well known that the more  L -arginine is introduced, the more is metabolized [ 22 ]. Nevertheless, an issue 
during  L -arginine supplementation in humans is the unpleasant taste of this amino acid, which hinders 
adherence to supplementation. Then, approaches aimed to enhance availability and ingestion of  L -argi-
nine appear as exceptional options for preventing and/or controlling metabolic alteration in diabetes. 

 We decided to experimentally create a product that adds the benefi cial properties of apple and 
 L -arginine. Then, using food engineering techniques we have generated an apple enriched with   L - 
arginine   [ 7 ] and used it for supplementing diabetic rats in a short-term period (17 days). In those 
animals, we observed that consumption of  apple   enriched with  L -arginine (A + LA) may offer addi-
tional benefi ts than  L -arginine by itself, since favorable effects on  plasma levels   of  L -arginine, insulin, 
and nitrite are longer than those observed with  L -arginine by itself. Interestingly, these metabolic 

  Fig. 33.1    Twelve top countries in the  apple market  . Top 12 of countries with the highest ( a ) Apple production in 2011 
and ( b ) Apple consumption in 2012 according to United States Department of Agriculture       
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changes in the A + LA group were associated with a better survival rate. Using this background in this 
chapter we analyze potential implication of our fi ndings for human health.  

    Diabetes as a  Public Health Problem   

 Diabetes mellitus is a chronic noncommunicable disease that describes a number of metabolic disor-
ders characterized by chronic increased levels of blood sugar (i.e., hyperglycemia) associated with 
alterations in the metabolism of carbohydrates, fats, and proteins that result from an initial defect in 
the production (type 1 diabetes mellitus, T1DM) and/or action (T2DM) of insulin [ 23 ]. According to 
the World Health Organization (WHO), prevalence of diabetes is 10 % in adults aged 25+ years [ 24 ]. 
In numbers, global population with diabetes in 2010 was approximately 285 million, and it may 
increase to 439 million by 2030 [ 23 ], and importantly low- and middle-income countries are the most 
affected by this disease [ 24 ]. Also, another aggravating situation is that obesity, a major risk factor for 
T2DM in adults, is affecting ~25 of the population, whereas in children between 9 and 12 years the 
rate of obesity is as high as 40 % in population studies in middle-income countries [ 25 ]. This becomes 
more complex when we consider that 52 % of obese individuals develop T2DM [ 23 ]. Then, diabetes 
or risk of developing diabetes is a growing worldwide public health problem. 

 Generally speaking, it is known that diabetic complications are associated with damage of blood 
vessels, either small vessels (such as those identifi ed in the retina or in the kidney)    or large vessels (as 
the aorta, carotid, and cerebral arteries). In this regard, it is known that about 2 % of patients with 
diabetes develop blindness and ~10 % develop severe visual impairment, whereas ~50 % of diabetic 
patients die due to cardiovascular disease (primarily heart disease and stroke) and 10–20 % by renal 
causes [ 23 ]. Consequently, a potential strategy to reduce the morbidity and mortality associated with 
diabetes should include the improvement of vascular function.  

    Diabetes, Endothelial Function, and  L - Arginine   

 Although ambiguous, endothelial dysfunction has been defi ned as a pathological state characterized by 
an imbalance between vasodilators and vasoconstrictors produced by endothelial cells [ 26 ]. In particu-
lar, it is translated as the inability of these cells to generate vasodilating agents, such as NO [ 27 ]. 

 Nitric oxide is synthesized by the action of a family of enzymes named nitric oxide synthases 
(NOS). At least three isoforms have been described, endothelial NOS (eNOS), neuronal NOS (nNOS), 
and inducible NOS (iNOS). All NOS produce NO and  L -citrulline in equimolar concentrations by 
using  L -arginine as a substrate. In turn,  L -citrulline is the substrate of  L -arginine forming a loop of 
regulation between  L -arginine:NO: L -citrulline synthesis. In addition, it is well described that NO syn-
thesis requires  L -arginine uptake via membrane transporters such as human cationic amino acid trans-
porter type 1 (hCAT1) or hCAT2B in the case of endothelial cells. Nevertheless, bioavailability of NO 
is controlled by several mechanisms, including substrate availability, reaction with reactive oxygen 
species (ROS), and cellular content of antioxidants. The underlying mechanisms associated with 
NO-dependent vasorelaxation include elevation of intracellular levels of cyclic guanosine- 
monophosphate (cGMP) and activation/inhibition of target proteins via direct reaction with tyrosine 
residues (i.e., nitrotyrosine) [ 27 ]. 

 Despite the vasodilatory role of  L -arginine, via nitric oxide (NO) synthesis, this amino acid has 
several other functions in the body [ 8 ,  9 ], including weight control [ 28 ], regeneration of pancreatic 
beta cells [ 13 – 19 ], and thereby production and release of insulin. Interestingly, diabetes is associated 
with defi ciency of  L -arginine. Thus, it has been reported that the plasma concentration of  L -arginine 
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in normal and diabetic rats was ~190 μM and ~65 μM, respectively [ 10 ,  11 ]. These reduced plasma 
levels have been also described in patients with T2DM [ 29 ]. In order to recover this defi ciency of 
 L -arginine and considering the potential benefi ts for vascular and metabolic  control   in patients with 
diabetes, several clinical trials focused on  L -arginine supplementation have been developed.  

    Supplementation with  L -Arginine or  L - Citrulline   in Diabetes: 
Focus in Nutritional Strategies 

 Supplementation with either  L -arginine [ 13 – 19 ], or foods with high content of  L -arginine [ 20 ,  21 ] or 
 L -citrulline [ 22 ,  30 ] improves many metabolic parameters in diabetic animals compared to respective 
controls. Thus, it has been described that  L -arginine supplementation normalizes plasma glucose level 
and vascular function in streptozotocin-induced diabetic rats [ 15 ], improves metabolic control (i.e., 
reducing glucose and lipids levels) [ 13 ], prevents β cell damage [ 31 ], and produces β cell regeneration 
in alloxan-induced diabetes [ 14 ]. Accordingly,  L -arginine supplementation improves control of glyce-
mia by increasing insulin sensitivity in T2DM patients [ 12 ]. 

 Other studies including diabetic rodents [ 30 ,  32 ,  33 ], or in patients with diabetes [ 12 ,  34 – 39 ], 
showed that supplementation with  L -arginine [ 12 ,  32 ] or  L -citrulline [ 30 ,  34 – 37 ] was associated with 
either increased production of NO or improvement of vascular function, compared with non- 
supplemented controls. With regard to functional foods, it has been described that ingestion of pulp 
of watermelon, a source of  L -arginine and citrulline (representing 71 % of total free amino acids) [ 30 ], 
was associated with improvement in vascular reactivity and NO production in obese mice [ 30 ], as 
well as with improvement of hemodynamic parameters in healthy individuals and individuals with 
hypertension or obesity [ 34 – 37 ]. Together with this evidence, it has been shown that  L -citrulline 
supplementation improved erectile dysfunction in diabetic patients [ 40 ], a phenomenon associated 
with endothelial dysfunction. While these studies are promising, conducting large-scale studies is 
necessary in order to confi rm the capacity of functional food for recovering endothelial function in 
 patients   with diabetes.  

    Consumption of  Apples   to Restore Endothelial Function 

    Human Studies 

 Apples are one of the most popular and frequently consumed fruits in the world (see Fig.  33.1 ). As 
stated above apple consumption was been related to reduction of  chronic diseases   such as cancer, 
cardiovascular disease, asthma, T2DM, or obesity [ 2 – 6 ,  41 ]. For instance, epidemiological studies 
suggest that apple consumption is associated with a 20–33 % reduction in the risk of T2DM [ 6 ]. 

 Several underlying mechanisms have been proposed as responsible for benefi cial effect of apple 
ingestion, which in turn are associated with different chemical components of this fruit. For instances, 
apples have high content of micronutrients (i.e., antioxidants), as well as a mixture of  macronutrients   
such as protein, lipids, carbohydrates, and fi ber (largely pectin). Indeed, apple pectin prolongs intes-
tinal transit time, which may affect the microbiota (prebiotic effects) and therefore could modify 
intestinal structure and microenvironment. 

 Apples are a rich dietary source of  antioxidants   such as fl avanols (mainly epicatechin and 
epicatechin- rich procyanidins), which may reach 0.1–45 mg per 100 g fresh fruit [ 42 ]. In addition, 
other fl avonoids such as quercetins (conjugated, glycosides, or free) and triterpenes are present 
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mostly in apple peels, which in turn contain three- to sixfold more fl avonoids than the fl esh [ 43 ]. Due 
to its wide consumption in humans, apples may represent a better source of antioxidants in human 
diets than cocoa or dark chocolate, and even better, apple peel, which normally is discarded during 
apple processing, may constitute a potential source of extractable fl avanols for inclusion in func-
tional foods [ 42 ]. 

 Apple consumption (120 g of apple fl esh with 80 g of apple skins or apple fl esh only) increased the 
levels of nitrite and total  NOx   (nitrosylated species + nitrite) after 140 min post-ingestion, phenomena 
associated with high fl ow-mediated vasodilation in the brachial artery (i.e., FMD, a marker for 
endothelial- dependent vasodilation) [ 44 ]. Also, these results were accompanied by a reduction in 
3 mmHg in systolic blood pressure [ 44 ]. Authors in this last study suggest that this observation may 
be related to high content of fl avonoids (including quercetin and epicatechin), since those antioxidants 
augment NO status acutely in healthy men [ 45 ]. In addition, consumption of apple puree or apple 
juice (both providing 70 mg epicatechin) was associated with elevation in the  epicatechin plasma 
concentration   at 2 h, being faster (0.9 vs. 1.7 h) and higher (3.5 vs. 2.1 μmol/L) in the drink prepara-
tion than puree [ 46 ]. Authors also investigated whether those changes in plasma epicatechin induced 
by intake of apple-based drink or puree preparations were associated with elevation in the plasma or 
urinary level of nitrate and nitrite (i.e., NO metabolites). Despite slightly increased nitrate plasma 
levels after 30-min post-ingestion using both preparations, changes were not statistically signifi cant in 
any time point analyzed. However, authors report that when a high dose of apple epicatechin was used 
as drink preparation (140 mg), an elevation in the urinary nitrate excretion (1.5 vs. 1.1 μmol nitrate/
mg creatinine) compared with placebo was found, suggesting that under these conditions NO avail-
ability may be increased after apple ingestion. 

 Contrary to these results observed in  healthy volunteers  , Auclair and colleagues [ 47 ] studied 
hypercholesterolemic volunteers who were included in a double-blind, randomized crossover trial, 
where they successively consumed 40 g of lyophilized apples (providing either 1.43 or 0.21 g poly-
phenols per day during two 4-week periods). These authors did not fi nd signifi cant changes in FMD 
or any other cardiovascular disease risk factors, including plasma lipids, homocysteine, and antioxi-
dant capacity in the apple-supplemented group compared with controls. Despite many methodologi-
cal differences in human studies, it seems that at least in healthy volunteers apple ingestion may 
improve vascular function and particularly NO synthesis. 

 Apple  consumption   (300 g of Golden Delicious apple per day for 8 weeks) was associated with 
reduction in triglycerides and VLDL plasma levels, without changes in total cholesterol, LDL, and 
HDL in hyperlipidemic and overweight men [ 48 ]. On the other hand, other studies have shown that 
apple cider vinegar consumption increased glucose plasma levels, without changes in the lipids profi le 
in healthy volunteers [ 49 ]. Then, apple ingestion may have cholesterol-lowering ability at least in men 
with cardiovascular risk factors (see details in Ref. [ 50 ]).  

     Animal Studies   

 Many animal studies suggest the potential benefi cial effects of ingestion of apple extraction on the 
improvement of cardiovascular parameters. For instance, using three different apple varieties contain-
ing distinctive phenolic compounds and fi ber content, Serra and colleagues [ 50 ] showed that ingestion 
of apple (i.e., Bravo de Esmolfe, 5 g/day per 30 days) signifi cantly reduced serum levels of total cho-
lesterol, LDL (both native and oxidized), and total triglycerides in rats fed with high cholesterol diet. 
Interestingly, reductive effect on lipid levels was correlated with total phenolic content, in particular 
catechin, epicatechin, and procyanidin B1, as well as with the antioxidant properties of apples, but not 
with fi ber content of the analyzed apple varieties. These observations confi rm previous studies using 
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rabbits fed with high cholesterol diet, in which ingestion of apple juice (10 mL per 60 days) was asso-
ciated with reduction in both LDL and atherosclerotic thickness, whereas an increase in HDL choles-
terol, without changes in infl ammatory markers or nitrite + nitrate levels in apple juice-supplemented 
animals compared with control non-supplemented [ 51 ]. 

 Shishehbor and colleagues [ 52 ] showed that administration of apple cider vinegar for 4 weeks was 
associated with reduction in HbA1c and triglyceride plasma levels, while HDL levels were elevated, 
but no changes in fasting glucose levels were observed in streptozotocin-induced diabetes. According 
to these results, authors suggest that consumption of this apple preparation may improve metabolic 
control in diabetes. Despite this evidence, it is unclear whether apple consumption might be translated 
into improvement of metabolic control in diabetic patients.  

     Cellular Mechanisms   Underlying Benefi cial Effect of Apple Ingestion 

 Cellular mechanisms behind cardiovascular benefi t related to apple consumption have been mainly 
related to the antioxidant properties of apple extractions. Indeed, it has been estimated that polyphe-
nols extracted from apple exhibited antioxidant activity in a similar extent to superoxide dismutase 
[ 53 ]. In particular, apple procyanidins (AP) induced endothelium-dependent vasorelaxation on aorta 
ring from rats via activation of both NO/cGMP pathway and endothelium-dependent hyperpolariza-
tion [ 53 ]. Compatible with those results, using rat aortic endothelial cell line, it was found that incuba-
tion with AP induced cell hyperpolarization in concentration-dependent manner, an effect that was 
prevented by the nonspecifi c K +  channel inhibitor, TEA, or by iberiotoxin (BK Ca  inhibitor), or 
4- aminopyridine (K v  inhibitor), or BaCl 2  (Kir inhibitor) or glibenclamide (K ATP  inhibitor), suggesting 
participation of those K +  channels in the vasodilatory effect of AP. In addition to those fi ndings, AP 
increased the mRNA levels of eNOS, but not iNOS, as well as increased both NO  synthesis   and intra-
cellular cGMP levels. Interestingly, both K +  channel activation and NO/cGMP pathway were associ-
ated with antiproliferative effect of AP [ 54 ], suggesting that apple-derived procyanidins may improve 
the synthesis of both endothelium-dependent vasodilators, NO and endothelium-derived hyperpolar-
izing factor (EDHF). 

 Protective effect of fl avonoids derived from apples has been also related to the capacity for inhibit-
ing the angiotensin-converting enzyme (ACE), which in turn is responsible for the synthesis of angio-
tensin II (Ang II), a powerful endogenous vasoconstrictor peptide. Thus, apple peel extracts inhibit 
the activity of rabbit-purifi ed ACE in a concentration-dependent manner. In addition, these extracts 
also inhibited ACE activity in human umbilical vein endothelial cell (HUVEC), an effect related to 
the high content of the lipophilic component of apple peel extract, the quercetin-3- O -glucoside [ 55 ]. 

 Also, underlying mechanisms behind anti-atherogenic and hypolipidemic effects of apple inges-
tion have been related to anti-infl ammatory activity, since apple extract decreased the activation of the 
pro-infl ammatory nuclear factor kappa B (NFkB) in HUVEC either at basal condition or after treat-
ment with tumor necrosis factor alpha (TNF-α) [ 56 ]. Then, these results suggest that downregulation 
of the NFkB signaling may account for the benefi cial effect of apple extract on the recovery of endo-
thelial dysfunction. 

 In addition, also in HUVEC, it has been shown that fresh apple extract prevents lipid peroxidation 
induced by glycated protein (GFBS), a well-described pro-oxidant observed in diabetes, in a 
concentration- dependent manner [ 57 ]. Then, it is feasible that apple ingestion may prevent oxidative 
damage of endothelial cells during diabetes. In addition, apple peel extract inhibited oxidation of 
human LDL, an effect related to high content of quercetin and triterpenes [ 43 ]. Altogether these 
results suggest that apple antioxidants may be participating in the recovery of endothelial function, 
which in turn may help to prevent  cardiovascular   disease in diabetic patients.   
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    Apple +  L -Arginine: A Good Combination for Improving Diabetes Control? 

 Apple has been widely used in the food processing industry, due to its healthy and productive properties. 
For example, apples were used for generating apples enriched with  bioactive molecules   such as vitamin 
E, calcium, and selenium [ 58 ] which have offered functional foods for clinical applications. In addition, 
considering all the healthy properties of apple and  L -arginine separately, we decided to develop a func-
tional food that combines both nutrients. According to our hypothesis, this product may (1) deliver 
 L -arginine that could recover selective defi ciency of this amino acid in diabetes, (2) improve adherence 
to supplementation with  L -arginine avoiding its unpleasant taste, (3) improve metabolic control of dia-
betes and recovery of endothelial function as a strategy for reducing vascular complications, and (4) 
offer scientifi c information to open new forms of production and marketing for apple [ 7 ]. Then, we aim 
to determine whether supplementation with apples enriched with   L -arginine   offers additional benefi ts 
compared with  L -arginine by itself in the metabolic control and survival of alloxan- induced diabetes. 

 Firstly, we confi rm previous observation [ 10 ,  11 ,  59 ] describing low  L -arginine plasma level in 
diabetic rats (67 μM) compared with control (109 μM) [ 7 ]. Causes for this reduction have been 
related to hepatic metabolism in both gluconeogenesis and urea synthesis pathways observed after 
insulin defi ciency [ 59 ], but the underlying mechanisms are still unclear. In order to overcome this 
defi ciency and using food engineering techniques, we increased about 150 times the  L -arginine con-
tent of apples, getting a fi nal concentration of 10 mg  L -arginine per gram of  apple   (see Table  33.1 ), 
which means that this functional food would cover at least 2 % of the requirements of  L -arginine in 
humans (0.8–2 g/kg/day).

   Then, we used this apple enriched with  L -arginine (A + LA) in order to feed normoglycemic and 
alloxan-induced  diabetic rats  . Also, controls without supplementation were included. Firstly, since 
 L -arginine supplementation is associated with high catabolism of this amino acid [ 22 ], we investigated 
whether our strategy might avoid this effect. We found that supplementation with either  L -arginine or 
A + LA did not change signifi cantly the plasma levels of  L -arginine in controls, but in diabetic animals 
 L -arginine or A + LA showed a partial recovery in the plasmatic  L -arginine level, an effect that was main-
tained until the end of supplementation (17 days) only in animals that received A + LA (see Table  33.2 ).

   After that we discovered that  L -arginine supplementation or A + LA has no apparent harmful effects 
on rats, since all nondiabetic animals survive during supplementation period (10 days). However, 
A + LA supplementation potentiates weight loss in diabetic animals, without any effect in control 
animals. Reasons for this reduction are unclear, but  L -arginine supplementation can reduce adiposity 
via retarding growth of white adipose  tissue   [ 28 ]. 

 Interestingly, in diabetic animals, high mortality rate observed in animals without supplementation 
was reverted by  L -arginine or A + LA, survival rate being 50 % and 100 %, respectively, while in non- 
supplemented diabetic group no animals were able to fi nish the study (Chi 2  = 8.8; df 2,  P =  0.01). 
Improvement in survival rate in diabetic animals supplemented with  L -arginine and A + LA groups was 
associated with recovery in relative insulin  levels   (see Fig.  33.2 ). Thus, whereas in nondiabetic animals 
supplementation with  L -arginine did not change the relative insulin levels, an increase (1.7- fold) was 
observed in the normoglycemic A + LA group. Furthermore in the diabetic group,  L -arginine group 
exhibited an increase (24-fold) in the relative level of insulin at 3 days of supplementation, but this effect 
was not maintained until the end of follow-up (10 days of supplementation). Likewise, in the A + LA 
group, the elevation of insulin was ~9-fold and ~20-fold at 3 and 10 days of supplementation, respec-
tively. No signifi cant effect of  L -arginine or A + LA was observed on glycemia in control or diabetic rats.

   Trying to understand potential underlying mechanisms linked with improvement in diabetic ani-
mal’ survival during A + LA supplementation, we measured  L -arginine and nitrite concentration in 
 diabetic animals   supplemented during 3 days, which also received a new single oral dose of  L -arginine 
or A + LA. Plasma level of  L -arginine and nitrites was signifi cantly elevated (1–4 h after ingestion) in 
animals that received A + LA compared with those who receiving  L -arginine by itself. These eleva-
tions reached statistical signifi cance at 1- and 2-h post-ingestion. These changes were also associated 
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   Table 33.1     L -arginine incorporation in  apples     

  L -arginine concentration (mg/g) 

 Fresh apple  0.064 ± 0.011 
 Control  0.055 ± 0.016 
 VI  4.668 ± 0.825 *†  
 VI-OH  10.14 ± 1.11 *†‡  

  Table modifi ed from Escudero et al. [ 7 ]. Fresh apples were exposed to vac-
uum impregnation (VI, 50 mbar, 5 min) and VI plus ohmic heating (VI-OH, 
100 V, 30 °C) in apple-isotonic solution. Control corresponds to apples 
exposed to VI without  L -arginine. Values are in Mean ± SEM,  *  P <  0.05 ver-
sus fresh apple,  †  P  < 0.05 versus control,  ‡  P  < 0.05 versus VI  

   Table 33.2    Apple enriched with  L -arginine partially reverts reduced  L -arginine plasma level in  diabetic rats     

 Basal 

 LA  A + LA  LA  A + LA 

 3 Days  10 Days 

 Normal (μM)  108.5 ± 1.9  78.6 ± 6.1  114.3 ± 3.1  92.7 ± 18.9  94.0 ± 8.5 

 Diabetics (μM)  67.0 ± 8.2 *   79.6 ± 17.4  78.6 ± 6.1  62.4 ± 11.8 *   75.7 ± 14.0 

   L -arginine plasma levels were measured after 3 or 10 days of supplementation in Control (Normal) and diabetic 
(Diabetics) animals without supplementation (basal) or supplemented with either  L -arginine (LA) or apple +  L -arginine 
(A + LA). Values are in means ± SEM 
  *  P <  0.05 versus basal condition in controls  
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  Fig. 33.2    Apple +  L -arginine ingestion improves  survival rate and insulinemia   in alloxan-induced diabetes. Figure 
modifi ed from Escudero et al. [ 7 ] In ( a ) Kaplan–Meier analysis in diabetic animals divided into three groups: without 
supplementation ( fi lled square ) or supplemented with either  L -arginine (LA,  opened triangle ) or apple +  L -arginine 
(A + LA,  fi lled triangle ) during 10 days. In ( b ) Plasma proteins (100 μg) from normal ( opened square ) and diabetic 
( fi lled square ) animals with ( plus ) or without ( minus ) supplementation of  L -arginine (LA) or apple +  L -arginine (A + LA) 
during 3 or 10 days were subjected to dot-blot assays to estimate insulin relative levels. In ( a ), Wilcoxon Test Chi 2  8.8 
and  P =  0.01. In ( b );  *  P <  0.05 versus Normal (baseline),  †  P <  0.05 versus diabetics (baseline), and  ‡  P <  0.05 versus cor-
responding value in normoglycemic group       
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with a signifi cant increase in the insulin plasma level in diabetic animals that received  L -arginine or 
A + LA, respectively. Nevertheless, a shift in the elevation of insulin level was observed in the group 
of A + LA compared with the  L -arginine group; since in the former elevation was observed at 3 h, 
while in the latter it was  observed   at 2 h (see Fig.  33.3 ).

   Therefore, our results agree with previous publications in terms of recovery of insulin production 
in animals supplemented with  L -arginine [ 14 ,  31 ]. However, dynamics of this increase differ between 
 L -arginine and A + LA groups, suggesting that impregnation of  L -arginine in apples might offer a 
“protection” for breakdown and perhaps improve the  L -arginine availability in plasma and therefore 
intracellular action of this amino acid. Also, we concluded that the created functional food, apple 
enriched with   L -arginine,   improves the survive of alloxan-induced diabetic rats, a phenomenon associ-
ated with partial recovery of  L -arginine plasma levels toward normal values, as well as increase in NO 
and insulin level, suggesting that this product would offer a safe and cost-effective nutrient for improv-
ing metabolic profi le in diabetes.  

    Concluding Remarks 

 We have presented an overview regarding potential benefi cial effect of  L -arginine and apple consump-
tion for human  health   (see Fig.  33.4 ). This is a topic where different edges such as agriculture, food 
processing, basic sciences, and public health converge. Considering that apple is one of the most 

  Fig. 33.3    Apple +  L -arginine enhances availability of  L -arginine in  diabetic animals  . Figure modifi ed from Escudero 
et al. [ 7 ]. Diabetic animals supplemented with either  L -arginine (LA,  opened triangle ) or apple +  L -arginine (A + LA, 
 fi lled triangle ) during 3 days and that received a new single dose of either  L -arginine or apple +  L -arginine were used for 
determining  L -arginine bioavailability. In ( a )  L -arginine plasma levels immediately after new single dose (time 0) and 
after 1–4 h. ( b ) Nitrite plasma level in normoglycemic ( unfi lled bar ) and diabetic animals ( fi lled bar ) without supple-
mentation. ( c ) and ( d ) Insulin plasma level as indicated in ( a ). In ( a ,  b , and  c )  *  P <  0.05 versus respective value at time 
0.  †  P <  0.05 versus respective value in animals receiving  L -arginine by itself       
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consumed fruit worldwide, it might offer an opportunity for designing massive nutritional strategies with 
a therapeutic view. In this scenario, we developed a pilot preclinical study in which we enhanced the 
healthy properties of  L -arginine and apples. According to our results, this strategy might be better than 
apple or  L -arginine alone at least in the recovery of insulin and NO synthesis, as well as  L - arginine defi -
ciency in diabetic animals. As far as we know, our study is pioneering in adding apple +  L -arginine; 
therefore, there is limited knowledge regarding potential impact of this strategy for human health. We 
acknowledge that our study has many limitations; however, in this chapter, we have presented direct 
evidence in order to support our study. We hope that our manuscript will contribute to the awareness, 
among the scientifi c community, of this important issue and stimulate further investigation into this area.
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 Key Points 

•   Cod protein has been shown to improve insulin sensitivity, glucose metabolism, lipid profi le, and 
infl ammation.  

•   Cod protein may exert its benefi cial effects by a direct action of its constituent amino acids.  
•   Cod protein consumption/digestion results in higher plasma concentrations of  L -arginine and tau-

rine, but a lower plasma concentration of branched-chain amino acids.  
•   Evidence indicates that  L -arginine and taurine play a role in the improvement in insulin sensitivity 

and glucose metabolism, whereas branched-chain amino acids exert a deleterious effect.  
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  Abbreviations 

  BCAA    Branched-chain amino acids   
  BPVEM    Lean beef, pork, veal, eggs, milk, and milk products   
  CRP    C-reactive protein   
  HOMA-IR    Homeostasis model assessment of insulin resistance   
  IL    Interleukin   
  IRS-1    Insulin receptor substrate-1   
  JNK    c-jun NH 2 -terminal kinase   
  mTOR/p70S6K    Mammalian target of rapamycin/p70 ribosomal S6 kinase   
  OGTT    Oral glucose tolerance test   
  PI 3-kinase    Phosphatidylinositol 3-kinase   
  PUFA    Polyunsaturated fatty acids   
  T2D    Type 2 diabetes   
  TNF-α    Tumor necrosis factor-α   

      Introduction 

 With the increasing rates of  obesity  , the prevalence of insulin resistance and its related diseases is 
likely to increase signifi cantly in the coming years. It is therefore essential to fi nd effective strategies 
to slow or prevent the progression of insulin resistance. Many intervention studies have shown that 
early intervention to improve insulin resistance successfully prevents progression to type 2 diabetes 
( T2D)   [ 1 ]. The composition of the diet is undoubtedly very important. While our understanding of the 
effects of fat and carbohydrates on glucose metabolism and insulin sensitivity has greatly increased 
over the past decades, the role of proteins and the mechanisms behind their effects are less well char-
acterized. However, studies aiming to demystify their potential effects have shown promising results. 

 One protein of interest is  cod protein   as it has been shown to exert benefi cial effects on insulin 
sensitivity, glucose metabolism, lipid profi le, and infl ammation [ 2 – 7 ]. Differences in the amino acid 
composition of proteins could account for their variable effects on metabolic health.  L -Arginine, gly-
cine, lysine, and taurine levels are higher in cod protein, whereas casein contains more  branched- 
chain amino acids (BCAA)     . 

 In this chapter, we explore the benefi cial effects and the mechanisms by which cod protein and its 
amino acids, especially  L -arginine, modulate glucose metabolism, insulin sensitivity, lipid profi le, and 
infl ammation.  

    Cod Protein 

    Effects on Insulin Sensitivity and Glucose Metabolism 

 Epidemiological studies among Inuit  populations   of Greenland and Alaska have shown that these 
populations consuming large amounts of fi sh and marine mammals had a lower incidence of diabetes 
[ 8 – 10 ]. Moreover, regular fi sh consumption has been associated with a two times lower risk of devel-
oping glucose intolerance over a 4-year follow-up in elderly men and women [ 11 ]. In the Finnish and 
Dutch cohorts of men from the Seven Countries Study, it was also observed that an increase in fi sh 
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consumption during the 20-year follow-up was inversely related to 2-h post-OGTT (oral glucose tol-
erance test) glucose levels [ 12 ]. 

 The benefi cial effects of  fi sh consumption   were fi rst attributed to fi sh oil, especially to the  n -3 
PUFA eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). However, studies so far have 
shown no consistent effects of  n -3 PUFA supplementation on glycemic control, insulin sensitivity, or 
T2D incidence in human subjects [ 13 ,  14 ]. Others have rather suggested that another component of 
fi sh may protect against the development of diabetes. As regular consumption of small amounts of 
lean fi sh (24 g/day) providing only 140 mg  n -3 PUFA was inversely associated with the incidence of 
glucose intolerance and diabetes, and because protein is the most abundant component of lean fi sh 
(excluding water), it was suggested that the benefi cial effects observed with the consumption of lean 
fi sh might be attributable to fi sh protein [ 11 ]. 

 This hypothesis was fi rst tested in  normoglycemic rats   fed purifi ed diets containing as the sole 
source of protein casein, soy, or cod protein [ 15 ]. The results showed that consumption of cod protein 
reduced fasting plasma glucose and tended to decrease insulin levels compared with casein. Another 
study in rats showed that a sucrose-rich diet containing cod protein induced lower fasting plasma 
glucose and insulin concentrations than casein [ 16 ]. Furthermore, after an intravenous glucose toler-
ance test and a test meal, the cod protein-fed rats showed lower incremental areas under the glucose 
and insulin curves compared with casein-fed animals. Finally,  consumption   of cod protein resulted in 
an improvement of peripheral insulin sensitivity. Together, these results suggest that cod protein 
improves glucose tolerance and insulin sensitivity in rats when compared with casein. A subsequent 
study showed that cod protein completely prevented the development of insulin resistance in skeletal 
muscle of rats fed a high-fat diet [ 17 ]. These benefi cial effects occurred even in the presence of body 
weight gain and increased visceral adipose tissue mass, suggesting that cod protein can uncouple 
obesity from insulin resistance. Investigation of the mechanisms underlying the improvement of skel-
etal muscle insulin sensitivity in cod protein-fed rats revealed that cod protein completely prevented 
the development of insulin resistance in muscle by normalizing insulin activation of PI 3-kinase and 
of its proximal effector Akt (PKB) [ 18 ]. This normalization of  PI 3-kinase/Akt activation   was associ-
ated with improved translocation of GLUT4 glucose transporters to the T-tubules, a unique compo-
nent of the muscle cell surface. 

 Studies in  humans   also support a modulatory role for cod protein on glucose metabolism and insu-
lin sensitivity. In six healthy men, consumption of a meal containing cod fi llets resulted in lower 
postprandial plasma insulin levels than a meal containing beef [ 19 ]. In agreement with these results, 
we recently reported benefi cial effects on glycemic and insulinemic responses during an OGTT after 
4 weeks of cod protein consumption in nine insulin-resistant women with polycystic ovary syndrome 
( PCOS)      [ 20 ]. Indeed, one cod protein meal per day for 3 months induced lower glycemic and insulin-
emic responses during the early phase of the OGTT as compared with the BPVEM (beef, pork, veal, 
eggs, and milk) meal. In another long-term study, Vikoren et al. [ 5 ] examined the effects of consuming 
either cod protein supplements (providing 3 g/day of fi sh protein for the fi rst 4 weeks and 6 g/day for 
the last 4 weeks) or placebo tablets for 8 weeks in 34 overweight adults. The consumption of cod 
protein supplements led to lower fasting glucose, 2 h postprandial glucose, and glucose area under the 
curve compared with placebo. Improved glucose  tolerance   in the fi sh protein group was suggested to 
be a consequence of an increased early postprandial insulin secretion rather than an increased insulin 
sensitivity based on the fact that 30 min postprandial insulin and C-peptide serum concentrations were 
increased, while HOMA-IR was unchanged after 8 weeks. A more accurate method to measure insu-
lin sensitivity is the hyperinsulinemic-euglycemic clamp. Using a 120-min  hyperinsulinemic- 
euglycemic clamp  , we addressed the effects of consuming either a cod protein diet or a BPVEM diet 
for 4 weeks in 19 insulin-resistant men and women [ 3 ]. Subjects consumed either two cod protein 
meals per day or lean beef, pork, veal, eggs, milk, and milk products ( BPVEM)   in a crossover design. 
Our results showed that cod protein improved insulin sensitivity by about 30 % compared with 
BPVEM (Fig.  34.1a ). Moreover, a strong tendency ( P =  0.055) for a greater increase in the disposition 
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  Fig. 34.1    Percent change from baseline in ( a ) insulin sensitivity (M/I) and ( b ) fasting plasma C-reactive protein (CRP) 
concentrations in insulin-resistant men and women after consumption of cod protein compared with other animal pro-
teins ( BPVEM)   for 4 weeks in a crossover design.  n  = 19 for M/I and  n  = 18 for CRP.  * Different from BPVEM,  P  < 0.05       

index with the cod protein diet was observed. As the disposition index refl ects the capacity of β-cells 
to increase insulin secretion in order to adequately compensate for insulin resistance, this suggests 
that the cod protein diet has a greater potential to decrease the risk of progression from normal glucose 
tolerance to T2D. In the above study, we further investigated the mechanisms underlying the improve-
ment of insulin sensitivity following the consumption of the cod protein diet. In this respect, skeletal 
muscle insulin signaling pathways were examined by taking  muscle biopsies   from the  vastus lateralis  
after each experimental diet in the basal state and after insulin stimulation (before and after the 
hyperinsulinemic- euglycemic clamp). As in rats, we assessed the effect of cod protein on insulin- 
stimulated PI 3-kinase activity. In the basal state, PI 3-kinase activity was not different between  both   
diets (Fig.  34.2a ). IRS-1-associated PI 3-kinase was signifi cantly increased following insulin stimula-
tion in muscle of subjects having consumed the cod protein diet (+57 %,  P =  0.001) whereas it tended 
to be less so (+28 %,  P =  0.06) after consumption of the BPVEM diet. Thus, the increase in PI 3-kinase 
activity from basal tended to be greater following the cod protein diet compared with the BPVEM diet 
( P =  0.13). We next investigated the effects of the cod protein diet on phosphorylation of Akt on 
Ser473, since the kinase activity of this downstream effector of PI 3-kinase was improved by cod 
protein in the high fat-fed rat model [ 18 ]. While insulin signifi cantly induced Akt phosphorylation on 
Ser473 with both diets (+233 %,  P =  0.006 for the cod protein diet, and +144 %,  P =  0.002 for the 
BPVEM diet; Fig.  34.2b ), the increase following insulin stimulation was greater after the CP diet 
compared with the BPVEM diet ( P =  0.04). Third, we also measured the  phosphorylation   of IRS-1 on 
Ser636/9 as a marker of mTORC1/S6K1 activation. We previously hypothesized that the ability of 
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  Fig. 34.2    Effects of cod protein compared with other animal proteins (BPVEM) on  skeletal muscle insulin signaling 
pathway  . ( a ) IRS-1–associated PI 3-kinase activity. Quantifi cation of  32 P incorporated into PIP 3  was expressed relative 
to BPVEM basal values. The means ± SEM of 13 subjects are shown. ( b ) Akt phosphorylation on Ser473, the down-
stream effector of PI 3-kinase. Quantifi cation of phosphorylation was expressed relative to BPVEM basal values. The 
means ± SEM of nine subjects are shown. ( c ) IRS-1 phosphorylation on Ser636/9, a marker of mTORC1/S6K1 activa-
tion which is implicated in a negative feedback loop that inhibits insulin signaling pathway. Quantifi cation of phos-
phorylation of IRS-1 on Ser636/9 was expressed relative to BPVEM basal values. The means ± SEM of 11 subjects are 
shown.  Open square , basal;  fi lled square , insulin.  *  P <  0.05 and † P =  0.13, for BPVEM versus cod protein (increase 
between basal and insulin).  IRS-1  insulin receptor substrate-1,  PI 3-kinase phosphatidylinositol 3-kinase ,  PIP   3   phos-
phatidylinositol 3,4,5-trisphosphate,  mTOR/p70S6K  mammalian target of rapamycin/p70 ribosomal S6 kinase,  Ser  
serine       
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   Table 34.1    Human skeletal  muscle   ( vastus lateralis ) typology after consuming cod protein and other animal proteins 
(BPVEM) diets for 4 weeks in a crossover design   

 Myosin heavy chain relative content (%) 

 Cod protein  BPVEM   P  value 

 Type I  50.4 ± 2.0  49.5 ± 3.2  0.66 
 Type IIa  34.1 ± 1.9  30.4 ± 2.6  0.14 
 Type IIx  15.5 ± 1.7  19.7 ± 2.4  0.05 

  Data are means ± SEM;  n  = 14  

cod protein to improve insulin sensitivity could be linked to reduced mTORC1/S6K1 activation [ 18 ], 
a component of insulin signaling and nutrient sensing pathway especially activated when dietary pro-
teins are rich in BCAA [ 17 ]. In this respect, whereas basal IRS-1 S636/9 phosphorylation was not 
signifi cantly different between the cod protein group and the BPVEM group ( P =  0.31), insulin stimu-
lation induced a signifi cant increase in IRS-1 Ser636/9 phosphorylation ( P =  0.01) with the BPVEM 
diet whereas there was no change with the CP diet ( P =  0.97), leading to a signifi cant difference 
between the BPVEM and CP diet ( P =  0.05; Fig.  34.2c ). Finally, since some studies have reported that 
insulin resistance correlates with muscle fi ber type distribution, and more specifi cally with reduced 
type I fi bers and increased type IIx fi bers [ 21 ], we examined  muscle typology  . The proportion of the 
type IIx MHC isoform was lower in the skeletal muscle of subjects consuming the CP diet compared 
with the BPVEM diet (Table  34.1 ), thus potentially contributing to improved insulin sensitivity.

         Effects on  Lipid Profi le   

 In addition to its effect on insulin sensitivity and glucose metabolism, fish protein was also 
shown to affect plasma lipids in humans. A series of studies were conducted in our laboratory 
in premenopausal [ 22 ] and postmenopausal [ 23 ] women as well as in normolipidemic [ 24 ] and 
hypercholesterolemic [ 25 ] men. In these studies, lean white fish (pollack, cod, sole, haddock) 
was incorporated into a low- fat diet (30 %) with less than 0.45 % of total energy intake coming 
from  n -3 PUFA. The lean white fish diet was compared to a BPVEM (beef, pork, veal, eggs, and 
milk) or a lean beef diet. We observed that the consumption of lean fish increased plasma HDL 2  
cholesterol in men [ 24 ,  25 ] and decreased plasma VLDL triglycerides in women [ 22 ]. In another 
study, the effects of consuming salmon, cod, fish oil capsules, or sunflower oil capsules (con-
trol) for 8 weeks on blood lipid concentration in 262 overweight and obese individuals were 
examined [ 6 ]. Consumption of fish (salmon or cod) or fish oil resulted in a reduction in plasma 
TG concentration. The greatest decrease in TG was observed with consumption of salmon, 
which was the group receiving the largest amount of  n -3 PUFA (2 g/day), in agreement with the 
well-documented TG-lowering effects of  n -3 PUFA. However, interestingly, the cod diet low-
ered TG concentrations to a similar degree as fish oil, although  n -3 PUFA content was lower 
(0.26 vs. 1 g/day). This suggests that another component in fish, likely protein, also has a 
TG-lowering effect, as reported in rat studies. Indeed, studies in rats reported lower plasma TG 
concentration [ 15 ,  16 ] as well as lower hepatic TG concentration and a lower rate of TG secre-
tion into the blood [ 26 ] in cod protein-fed rats compared to their casein-fed counterparts. In 
addition to the TG-lowering effect, a reduction in total cholesterol was observed in both groups 
receiving fish (cod or salmon) compared with the control group, while no change was observed 
in the fish oil group. The hypocholesterolemic effect of fish protein is supported by studies 
showing little effect of  n -3 PUFA on total cholesterol, LDL cholesterol, and HDL cholesterol 
levels (reviewed in Ref. [ 27 ]). In the study by Vikoren et al. [ 5 ], fish protein supplements 
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consumed for 8 weeks reduced LDL cholesterol compared to placebo in overweight adults. 
Moreover, an increase in HDL:LDL ratio was also seen after fish protein supplements. In con-
trast, we found that consumption of the BPVEM diet induced a greater decrease in plasma total 
cholesterol and tended to induce a greater decrease in LDL cholesterol as well as in total apoli-
poprotein B compared with cod protein in insulin- resistant   individuals [ 4 ]. We suggested that 
the cholesterol-lowering effect of  n -6 PUFA was counteracted when combined with dietary fish 
protein, as observed in rabbits [ 28 ]. We also suggested that the higher initial hsCRP concentra-
tions before the cod protein diet (median = 2.15 mg/L) compared with the BPVEM diet 
(median = 1.85 mg/L) affected the response to the cholesterol-lowering diet.  

    Effects on  Infl ammation   

 In some epidemiological studies, fi sh consumption has been associated with lower circulating levels 
of CRP, IL-6, and TNF-α [ 29 ,  30 ], and it has been suggested that intake of EPA and DHA is respon-
sible for the benefi cial effects observed. For example, in the Nurses’ Health Study I, it was observed 
that CRP levels were 29 % lower and those of IL-6 were 23 % lower among women in the highest 
quintile of  n -3 PUFA intake (from fi sh) compared with those in the lowest quintile [ 31 ]. While there 
is epidemiological evidence to suggest an anti-infl ammatory effect of EPA and DHA, intervention 
studies in humans have produced confl icting results (reviewed in [ 32 ]). 

 Studies on the effects of fi sh/cod protein on infl ammation in humans are scarce, but they suggest a 
protective effect against infl ammation. We examined in an intervention study the effects of a cod pro-
tein or a BPVEM diet on some infl ammatory markers in insulin-resistant men and women [ 4 ]. Plasma 
CRP decreased by 24 % following the cod protein diet, while the BPVEM diet tended to cause an 
increase of 13 %. However, no difference between the two diets was observed for plasma levels of 
IL-6, TNF-α, and adiponectin (Fig.  34.1b ). In agreement with these results, consumption of 2 weekly 
portions (150 g) of either farmed salmon (fatty fi sh) or icelandic cod (lean fi sh) for 6 months in addi-
tion to dietary advice resulted in a 25–30 % decrease in serum CRP concentration compared with the 
control group that received dietary advice alone [ 2 ]. In yet another study, the effects of consuming 
salmon, cod, fi sh oil capsules, or sunfl ower oil capsules for 8 weeks on CRP, IL-6, glutathione reduc-
tase, and prostaglandin F2 alpha (PGEF2alpha) in overweight and obese individuals were examined 
[ 7 ]. Both salmon and cod consumption led to a decrease in CRP and IL-6, while PGEF2alpha was 
decreased only after salmon consumption. Both fi sh and sunfl ower oil capsules had no effect on any 
infl ammatory markers. In contrast, in the study on cod protein supplements, no signifi cant changes 
were observed in CRP levels [ 5 ]; however, in this study all subjects had low baseline CRP levels. 

 Although studies in humans are  scarce  , animal and in vitro studies do support the notion that fi sh/
cod protein has anti-infl ammatory properties. A study in rats examined the effects of bonito, herring, 
mackerel, or salmon proteins on the expression of TNF-α and IL-6 in visceral adipose tissue [ 33 ]. The 
results showed that after 28 days of feeding, expression of both infl ammatory markers was reduced in 
visceral adipose tissue of all fi sh protein groups fed a diabetogenic/obesogenic diet compared with 
casein-fed groups. In agreement, feeding dietary sardine protein for 2 months led to a reduction in 
TNF-α in rats with fructose-induced metabolic syndrome [ 34 ]. In an in vitro study, human macro-
phages were incubated with casein hydrolysates or fi sh protein hydrolysates with or without  n -3 
PUFA and compared with  n -3 PUFA alone [ 35 ]. They found that the combination of fi sh protein 
hydrolysate and  n -3 PUFA synergistically decreased expression levels of TNF-α compared with  n -3 
PUFA or fi sh protein alone [ 35 ].   
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     L -Arginine and Other Amino Acids 

     Cod Protein   and Amino Acid Composition 

 Cod protein may exert its benefi cial effects on lipid profi le, insulin sensitivity, glucose metabolism, 
and infl ammation through the direct action of its constituent amino acids. This hypothesis is sup-
ported by an in vitro study with cultured L6 myocytes. The myocytes were treated with an amino acid 
mixture corresponding to the concentration of plasma amino acids in rats fed chow, casein, cod pro-
tein, or soy protein [ 17 ]. The myocytes treated with the cod-derived amino acid mixture were more 
insulin sensitive than those treated with the mixtures corresponding to rats fed casein or soy protein 
(Fig.  34.3 ). Interestingly, these effects were observed in the total absence of  n -3 PUFA and were simi-
lar to what was observed when the rats were fed the intact proteins [ 17 ].

   Individual amino acids or groups of amino acids may be responsible for the observed effects. For 
instance, lysine, methionine, and  L -arginine content was higher, whereas glutamine and BCAA con-
tent was lower following the in vitro digestion of fi sh protein compared to beef protein. Moreover, we 
examined the relationships between fasting and postprandial amino acid profi les with glucoregulatory 
hormones which are indices of insulin sensitivity and glucose tolerance. Male Wistar rats were fed 
high-sucrose diets containing either casein or cod protein as the sole protein source, and after 4 weeks, 
rats were submitted to a 5 g test meal of similar content to the chronic diet given over the 4-week 
period. Amino  acid   concentrations and glucoregulatory hormones were measured before (fasting 
state) as well as 30 and 120 min after the test meal. In the fasting state, histidine concentration was 

  Fig. 34.3    Effects of casein-, cod protein-, or soy protein-derived amino acid (AA) mixtures on insulin-stimulated glu-
cose uptake in L6 myocytes. Muscle cells were incubated for 1 h with AA before measurements of glucose uptake. 
Results are expressed as insulin minus basal glucose uptake values. Inset, insulin sensitivity index (EC 50 ) calculated 
from individual dose–response curves. Data are means ± SE of 4–5 separate experiments performed in triplicate. Groups 
bearing different letters are signifi cantly different at  P  < 0.05. Reproduced with permission from [ 17 ]       
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lower whereas  taurine   concentration was higher in cod protein-fed rats compared to those fed casein 
(Table  34.2 ). In the postprandial state, alanine, BCAA, and the lysine: L -arginine ratio were lower 
whereas  L -arginine and taurine were higher at both 30 and 120 min in cod protein-fed rats compared 
to those fed casein (Table  34.2 ). Glutamine concentration was also lower in cod protein-fed rats but 
only after 30 min. Another study also showed higher plasma taurine levels in sardine protein-fed rats 
compared with their casein-fed counterparts [ 34 ], although no other plasma amino acids levels were 
measured.

   In humans, a study in six healthy men reported that consumption of a meal containing cod fi llets 
resulted in plasma concentrations of  L -arginine and lysine which were higher and of histidine which 
was lower than when consuming beef [ 19 ]. For our part, we observed that only taurine plasma con-
centrations differed in cod protein-fed subjects compared with BPVEM-fed subjects after 4 weeks 
[ 4 ]. Taurine plasma concentrations remained unchanged following cod protein consumption whereas 
it decreased with the BPVEM diet (Table  34.3 ). However, plasma amino acid concentration was mea-
sured in the fasting state in this study, potentially masking the effects; indeed, evidence from our study 
in rats demonstrated that only postprandial plasma  L -arginine concentration was higher  after   cod 
protein than casein feeding, whereas fasting concentration was similar (Table  34.2 ).

       Regulation of  Insulin Sensitivity and Glucose Metabolism   by  L -Arginine 
and Other Amino Acids 

 Individual amino acids or certain classes of amino acids exert distinct effects on insulin sensitivity. 
Indeed, long-term oral  L -arginine supplementation has been shown to improve insulin sensitivity in 
individuals with impaired glucose tolerance [ 36 ], T2D [ 37 ,  38 ] or coronary artery disease [ 39 ]. The 
improvement in insulin sensitivity was associated with normalization of insulin-mediated vasodilata-
tion and an increase in blood fl ow [ 37 ]. As a substrate for NO production,  L -arginine can increase NO 
bioavailability which then increases vasodilatation and blood fl ow. This increases skeletal muscle 

     Table 34.2    Plasma amino acid  concentrations   in fasting state, 30 min, and 120 min after a test meal (μmol/L) in male 
Wistar rats   

 Fasting  30-min  120-min 

 Cod protein  Casein  Cod protein  Casein  Cod protein  Casein 

 Alanine   301 ± 12  326 ± 19  563 ± 35 *   663 ± 52  526 ± 36 *   614 ± 51 
  L -Arginine   147 ± 15  183 ± 24  194 ± 17 *   150 ± 13  172 ± 14 *   109 ± 19 
 Glutamine  1060 ± 152  1398 ± 230  926 ± 119 *   1263 ± 205  1019 ± 162  1129 ± 201 
 Glycine   269 ± 18  231 ± 15  255 ± 21  215 ± 17  246 ± 12  197 ± 11 
 Histidine    54 ± 6 *   70 ± 6  67 ± 8  76 ± 8  73 ± 12  84 ± 6 
 Isoleucine   69 ± 6  75 ± 6  90 ± 8  115 ± 9  96 ± 7  109 ± 13 
 Leucine   106 ± 7  119 ± 9  122 ± 9 *   170 ± 18  128 ± 6 *   165 ± 23 
 Lysine   391 ± 28  398 ± 23  440 ± 32  470 ± 32  440 ± 25  468 ± 35 
 Methionine   62 ± 10  65 ± 8  102 ± 14  98 ± 10  95 ± 10  87 ± 8 
 Taurine   128 ± 11 *   95 ± 7  156 ± 10 *   104 ± 11  129 ± 8 *   79 ± 6 
 Valine   131 ± 8  163 ± 14  163 ± 16 *   230 ± 23  163 ± 11 *   219 ± 25 
 BCAA   302 ± 20  356 ± 25  375 ± 33 *   515 ± 49  386 ± 25 *   493 ± 61 
 Lysine: L -arginine ratio    2.8 ± 0.2  2.3 ± 0.2  2.3 ± 0.1 *   3.2 ± 0.2  2.7 ± 0.1 *   5.1 ± 1.0 

  Values are means ± SEM. The test meals consisted of 5 g of food in which either casein or cod protein was the sole 
source of protein.  *  P  < 0.05 versus casein for same time point.  BCAA  branched-chain amino acids (sum of isoleucine, 
leucine, and valine)  
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perfusion, providing better insulin and glucose supply which, in turn, contributes to better glucose 
disposal. 

 In addition to  L -arginine, taurine has also been suggested to have benefi cial effects on insulin sen-
sitivity. Indeed, as reviewed by Ito et al. [ 40 ], studies in genetic and diet-induced animal models of 
insulin resistance and T2D have reported an improvement in insulin sensitivity and a reduction of 
hyperglycemia and hyperinsulinemia with taurine supplementation. In humans, there are only a few 
clinical studies on taurine supplementation in patients with diabetes. Some of these studies have failed 
to show benefi cial effects of taurine on insulin sensitivity and glucose metabolism, which is inconsis-
tent with animal studies [ 40 ]. In contrast, a 2-week pretreatment with 3 g/day of taurine improved the 
deleterious effects on insulin sensitivity of a 48-h intravenous lipid infusion in overweight or obese 
men [ 40 ]. Taurine pretreatment also prevented the rise in lipid peroxidation products, suggesting that 
the improvement in insulin sensitivity might be partly due to reduced oxidative stress. In agreement 
with the latter study, 1 g/day for 30 days taurine supplementation in diabetic patients led to reduced 
plasma glucose [ 40 ]. Several factors (small number of subjects, short-term duration, metabolic status 
of subjects, presence of metabolic complications, use of other medication, etc.) may have led to these 
divergent results across studies. 

 In contrast to the benefi cial effects of  L -arginine and taurine on insulin sensitivity and glucose 
metabolism, BCAA have been implicated in the development of insulin resistance. For instance, 
metabolomic profi ling of obese (median BMI = 37 kg/m 2 ) insulin-resistant versus lean (median 
BMI = 23 kg/m 2 ) insulin-sensitive subjects revealed that BCAA were strongly associated with insulin 
resistance (HOMA) [ 41 ]. Newgard further reported that supplementation of a high-fat diet with 
BCAA in rats promoted insulin resistance by activation of the mTOR pathway and infl ammation as 

   Table 34.3    Changes in fasting plasma amino  acid   concentrations after consuming cod protein and other animal proteins 
(BPVEM) diets for 4 weeks in a crossover design   

 Cod protein (μmol/L)  BPVEM (μmol/L)   P  value 

 Alanine  −7.40 ± 4.61  −20.00 ± 4.22  0.064 
  L -Arginine  −8.77 ± 3.39  −10.05 ± 2.96  0.741 
 Asparagine  −2.37 ± 1.34  −4.51 ± 2.29  0.418 
 Aspartic acid  −7.19 ± 2.59  −8.45 ± 3.24  0.763 
 Glutamic acid  −11.67 ± 6.88  −21.01 ± 5.92  0.323 
 Glutamine  −37.68 ± 19.01  −41.84 ± 27.96  0.902 
 Glycine  −3.38 ± 3.81  −2.25 ± 5.68  0.879 
 Histidine  −12.92 ± 3.23  −8.32 ± 4.61  0.419 
 Isoleucine  −6.62 ± 1.90  −8.39 ± 2.71  0.575 
 Leucine  −14.51 ± 3.32  −13.34 ± 4.76  0.867 
 Lysine  −5.66 ± 4.36  −14.65 ± 7.04  0.274 
 Methionine  −1.55 ± 0.70  −3.60 ± 0.80  0.078 
 Phenylalanine  −4.72 ± 2.30  −7.60 ± 3.38  0.484 
 Serine  −0.27 ± 3.30  −5.22 ± 3.66  0.328 
 Taurine  3.12 ± 3.51  −14.71 ± 5.55  0.010 
 Threonine  −8.36 ± 5.28  −14.65 ± 7.36  0.490 
 Tryptophan  −3.58 ± 1.36  −4.43 ± 1.85  0.684 
 Tyrosine  −12.89 ± 2.56  −9.57 ± 3.08  0.471 
 Valine  −13.54 ± 5.62  −11.89 ± 8.27  0.900 
 EAA  −56.50 ± 17.81  −74.75 ± 28.65  0.557 
 BCAA  −34.67 ± 10.28  −33.62 ± 15.32  0.985 

  Values are means ± SEM;  n  = 19. EAA, essential amino acids (sum of histidine, isoleucine, leucine, methionine, lysine, 
phenylalanine, threonine, tryptophan, valine);  BCAA  branched-chain amino acids (sum of isoleucine, leucine, and 
valine). Adapted with permission from [ 4 ]  
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shown by the upregulation of JNK [ 41 ]. In line with these observations, fi ve metabolites (leucine, 
isoleucine, valine, phenylalanine, and tyrosine) showed the strongest association with incident diabe-
tes in the Framingham longitudinal cohort where 189 subjects who developed T2D over 12 years of 
follow-up were compared to 189 control subjects who did not develop T2D [ 41 ]. As reviewed by Lu 
et al. [ 42 ], evidence from interventional studies also supports a role for BCAA in development of 
insulin resistance. Indeed, in the Weight Loss Maintenance (WLM) trial, metabolomic profi ling of 
500 subjects who had lost ≥4 kg during  phase   I showed that baseline BCAA and related catabolites 
predicted the improvement in insulin resistance (HOMA), independent of the amount of weight loss. 
In another study, comparison of circulating amino acids in subjects who lost 10 kg with either gastric 
bypass surgery or dietary intervention revealed that BCAA signifi cantly decreased after gastric bypass 
surgery but not after dietary intervention. Moreover, BCAA were uniquely correlated with insulin 
resistance (HOMA).  

    Regulation of  Infl ammation   by  L -Arginine and Other Amino Acids 

 In the Third National Health Nutrition and Examination Survey, a high intake of  L -arginine (>7.5 g/day) 
was associated with lower levels of CRP, even after controlling for confounding factors [ 43 ]. Moreover, 
in patients having unstable angina, oral administration of  L -arginine for 3 months led to a decrease in 
IL-1β and IL-6 but not in TNF-α [ 44 ]. In line with the above results, supplementation with 6.4 g of 
 L -arginine daily for 6 months led to a 47 % decrease in IL-6, a 19 % decrease in monocyte chemoattrac-
tant protein-1, and a 37 % increase in adiponectin levels in patients with cardiovascular disease [ 39 ]. In 
contrast, some studies found that markers of infl ammation were not affected by oral supplementation of 
 L -arginine [ 45 – 47 ]. Therefore, it is still unclear whether  L -arginine supplementation has benefi cial 
effects on infl ammation. It is thus possible that other amino acids, such as taurine and/or glycine, are also 
involved in the benefi cial effects of cod protein consumption on infl ammation. 

 Indeed, taurine is another amino acid which has been suggested to have anti-infl ammatory proper-
ties, although studies in animals and humans are still very limited. Reduced plasma taurine levels and 
increased CRP levels have been observed in obese women compared with normal weight women [ 48 ]. 
Moreover, 8 weeks of taurine supplementation (3 g/day) in the obese women led to a signifi cant 
increase in taurine plasma levels (97 %) which was accompanied by a reduction in CRP (29 %) and 
an increase in adiponectin (12 %) levels [ 48 ]. However, changes in IL-6 and TNF-α levels were not 
different between the supplementation and placebo groups. Several in vitro studies have shown that 
taurine chloramine, which is the result of the reaction between taurine and hypochlorous acid (HOCl) 
generated by monocytes and activated neutrophils, can suppress the production of pro-infl ammatory 
 mediators   (TNF-α, IL-1β, IL-6) by macrophage cell lines, by activated macrophages from mice and 
rats, as well as by human monocytes [ 49 ]. It has also been suggested that taurine may reduce the 
mRNA expression of TNF-α and iNOS [ 49 ]. It has further been suggested that taurine interferes with 
the signaling pathways responsible for the production of pro-infl ammatory cytokines, particularly 
with the activation of NFκB [ 49 ]. 

 In a context of muscle regeneration, we have shown that cod protein can also decrease the infl am-
matory response in rat skeletal muscles following injury [ 50 ]. We hypothesized that the benefi cial 
effects of cod protein on the resolution of infl ammation and muscle regeneration after injury were 
attributable to its high content of  L -arginine, glycine, taurine, and lysine. To test this hypothesis, we 
formulated a diet (casein + ) consisting of casein supplemented with  L -arginine, glycine, taurine, and 
lysine, corresponding to their respective levels in cod protein. In agreement with our hypothesis, the 
addition of cod protein levels of  L -arginine, glycine, lysine, and taurine to casein reproduced the anti- 
infl ammatory effect observed with the cod protein, thus highlighting the contribution of these  amino 
acids to th  e anti-infl ammatory properties of cod protein [ 50 ].  
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    Regulation of  Lipid Profi le   by  L -Arginine and Other Amino Acids 

 Some studies have shown that  L -arginine supplementation in animal models of insulin resistance and 
T2D leads to a decrease in total cholesterol, LDL cholesterol, and TG [ 51 – 53 ]. It has further been 
suggested that the lysine: L -arginine ratio was important in regulating cholesterol levels: a low lysine: L -
arginine ratio resulting in lower levels of total cholesterol and LDL cholesterol than a high lysine: L -
arginine ratio [ 54 ,  55 ]. In contrast to animal studies, intervention studies in humans have observed 
that  L -arginine supplementation has no effect on lipid profi le in young hypercholesterolemic adult 
men [ 46 ], healthy postmenopausal women [ 56 ], and individuals with T2D [ 38 ]. However, when 
 L -arginine supplementation was combined with a statin (simvastatin), there was a sharp decrease in 
TG concentrations compared with placebo plus statin [ 57 ]. Once again, it may be that other amino 
acids in cod protein, such as taurine, exert the benefi cial effects on lipids. 

 An epidemiological study in middle-aged Japanese living in Japan or Brazil showed an inverse 
association between fi sh intake and the prevalence of hypercholesterolemia and this association was 
partly infl uenced by taurine [ 58 ]. Only a few controlled studies in humans have evaluated the effect 
of taurine on lipid profi le. For instance, a decrease in TG and atherogenic index [(total choles-
terol − HDL cholesterol)/HDL cholesterol] was observed in 30 overweight or obese young adults 
following supplementation with 3 g/day of taurine for 7 weeks [ 59 ]. In another study, 22 healthy 
young male consumed a high-fat, high-cholesterol diet with either 6 g/day of taurine powder or pla-
cebo capsules for 3 weeks [ 60 ]. Taurine supplementation attenuated the increase in total cholesterol 
and LDL cholesterol induced by the high-fat, high-cholesterol diet but resulted in an increase in 
VLDL cholesterol and TG. Animal studies have demonstrated that the cholesterol-lowering effect of 
taurine is mainly due to an upregulation of LDL receptors in the liver and accelerated bile acids’ 
production via increased activation of 7α- hydroxylase  , a key enzyme in the conversion of cholesterol 
to bile acids [ 61 ].   

    Conclusion 

 A signifi cant number of studies have shown that the consumption of cod protein is benefi cial in 
improving insulin sensitivity, infl ammation, and lipid profi le. The underlying mechanisms are still 
largely unknown. However, it seems likely that individual amino acids or groups of amino acids, such 
as  L -arginine, taurine, and BCAA, are specifi cally implicated. Indeed, studies on amino acids show 
that  L -arginine and taurine, found in greater quantities in fi sh than in beef or pork, have benefi cial 
effects on insulin sensitivity and infl ammation, whereas BCAA, which are lower in fi sh, have deleteri-
ous effects. Therefore, individuals could benefi t from including dietary fi sh protein in their diet in 
order to improve insulin sensitivity and decrease its metabolic complications, helping to prevent T2D.     
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 Key Points 

•    L -arginine infl uences metabolism in obesity.  
•   The action of  L -arginine in adiposity is related to fat reduction, glucose and fatty acid oxidation, 

increases in lipolysis, inhibition of lipogenic processes, and changes in fat tissue endocrine 
secretion.  

•    L -arginine supplementation improves insulin sensitivity in obese patients.  
•   Nitric oxide signaling, mitochondrial biogenesis, the growth of brown adipose tissue, and the regu-

lation of fat metabolic gene expression are the main mechanisms underlying the benefi cial effect 
of  L -arginine in obesity.  

•    L -arginine can play a crucial role in preventing and treating obesity and metabolic syndrome.  
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  Abbreviations 

  ACCα    Acetyl-CoA carboxylase α   
  AMP    Adenosine monophosphate   
  AMPK    AMP-activated protein kinase   
  Arg     L -arginine   
  ATP    Adenosine triphosphate   
  cGMP    Cyclic guanosine monophosphate   
  DIO    Diet-induced obese   
  GLUT4    Glucose transporter type 4   
  GSS    Glutathione synthetase   
  HO-3    Heme oxygenase-3   
  HSL    Hormone-sensitive lipase   
  NO    Nitric oxide   
  NOS    NO synthase   
  NOS-1    NO synthase-1   
  PGC-1α    Peroxisome proliferator-activated receptor γ coactivator-1α   
  PPAR-α    Peroxisome proliferator-activated receptor-α   
  TAS    Total antioxidant status   
  ZDF    Zucker diabetic fatty   

      Introduction 

 Obesity and overweight are constantly growing  health problems   throughout the world. According to 
the World Health Organization, nearly one billion adults are overweight, and 300 million people are 
obese [ 1 ]. Although it is widely accepted that obesity is associated with dyslipidemia, hypertension, 
atherosclerosis, stroke, insulin resistance, and some types of cancers, pharmacological treatment for 
this  chronic disease   is limited. The alarming increase in the occurrence of obesity and overweight has 
compelled researchers to seek new forms of drug therapy. Emerging evidence from both experimental 
and clinical studies shows that  L -arginine (Arg) holds great promise for the prevention and treatment 
of  adiposity   and associated  metabolic disorders   in humans and animals. An anti-obesity effect of Arg 
is yet to be demonstrated, and the mechanisms responsible for the benefi cial effects of Arg are very 
complex and involve nitric oxide (NO) signaling, enhancing of mitochondrial biogenesis, growth of 
 brown adipose tissue   and stimulation of  thermogenesis  , regulation of fat metabolic gene expression, 
and changes in fat tissue endocrine secretion.  

    Crosstalk Between  L -Arginine and Metabolism in Obesity 

 There are  several   mechanisms that may be involved in the biochemical changes responsible for the 
effect of Arg treatment on overweight and obese subjects. In experimental studies, it has been found 
that dietary Arg supplementation decreases  adipose cell size   without leading to a reduction in adipose 
cell numbers. It can be suggested that Arg reduces  abdominal fat   by decreasing triglycerides deposi-
tion in adipose cell and not through any infl uence on the differentiation or proliferation of adipose 
cells [ 2 ]. It has been demonstrated in clinical studies that the use of Arg in central obesity results in a 
signifi cant decrease in waist circumference. 
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 Arg regulates the metabolism of  energy substrates  —such as fatty acids, amino acids, and glucose—
partly through the production of NO. This mechanism may be involved in the decreases in fat deposition 
and the increase in muscle growth and protein gain in the body [ 3 ]. In experimental studies, it has been 
shown that enhancing Arg availability stimulates muscle protein synthesis. In animal studies, increases in 
the proportional weight of skeletal muscle have been observed following Arg supplementation [ 4 ]. The 
growth of  muscle tissue   in conjunction with the decrease in body fat constitutes the main benefi cial effect 
of Arg, especially in obese people whose muscle mass is relatively reduced. It seems possible that Arg 
may regulate lipid distribution between muscle and adipose tissue. We suggest that enhanced concentra-
tion of Arg upregulates the expression of  lipogenic genes   in skeletal muscle, while in white adipose tissue, 
Arg supplementation downregulates the expression of lipogenic genes and increases the expression of 
lipolytic genes. This idea is supported by the increased activity of lipoprotein lipase observed in skeletal 
muscle after Arg supplementation. Muscle lipoprotein lipase phosphorylation is regulated by Arg or 
NO. This enzyme activity provides a substrate for fat biosynthesis in skeletal muscle [ 5 ]. Another possible 
mechanism of Arg’s effect on fat content is the increase in the concentration of oleic acid in skeletal 
muscle. It is known that oleic acid stimulates glucose uptake by skeletal muscles for oxidation and poten-
tially reduces the availability of glucose for  fatty acid   synthesis in other tissues [ 5 ]. 

 It has been found that the anabolic effect of Arg is independent of the insulin level in the blood. In 
experiments on pigs, Arg supplementation increased muscle mass and reduced white fat content with-
out affecting the body mass. This suggests that Arg may regulate intracellular protein turnover, con-
tributing to the accumulation of protein in muscle tissue. Through this, Arg—as a biological precursor 
of NO—may increase insulin sensitivity in muscle cells and amplify the signaling mechanisms to 
enhance protein deposition in skeletal muscle [ 2 ]. 

 Arg may also reduce body mass by increasing the content of brown adipose tissue or by increasing 
blood fl ows. The main mechanisms through which Arg might reduce fat mass in the body are sum-
marized in Table  35.1 .

       Experimental and Clinical Studies Concerning  L -Arginine 
Supplementation in Obesity 

    Animal Studies 

 The fi rst report on the role of dietary Arg supplementation in reducing fat mass in obese animals 
with non-insulin-dependent  diabetes   mellitus emerged in 2005, when Fu et al. observed a loss of 
weight and adipose tissue mass in supplemented  Zucker diabetic fatty (ZDF)      rats. They noted 

    Table 35.1    Possible mechanisms of  L -arginine infl uence on  fat mass loss     

 Mechanism  Effect 

 Increases brown adipose tissue 
 Increases blood fl ow to organs 

 Increases energy expenditure through enhanced oxidation 
of glucose and fatty acids 

 Modulates gene expression to enhance energy substrate 
oxidation 

 Reduces white fat accretion in insulin-sensitive tissues 

 Regulates fat metabolic genes in skeletal muscle and 
white adipose tissue; increases lipogenesis in muscle 
and lipolysis in adipose tissue 
 Increases activity of lipoprotein lipase in skeletal muscle 

 Regulates lipid distribution between muscle tissue 
and adipose tissue 

 Increases content of oleic  acid   in skeletal muscle  Stimulates glucose uptake by skeletal muscle 
for oxidation and reduces glucose availability for fatty 
acid synthesis in other tissues 
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that 10 weeks of oral administration of Arg (1.25 % in drinking water) was highly effective in 
enhancing NO production, lipolysis, and oxidation of glucose in the abdominal and epididymal 
 adipose tissues  . Compared to the placebo group, at the end of the supplementation period, the 
weight of the epididymal and retroperitoneal adipose tissue in the Arg-treated ZDF rats was 25 % 
and 45 % lower, respectively. The results of this study indicate that Arg supplementation reduced 
the serum levels of glucose, free fatty acids, triglycerides, homocysteine, and leptin. The expres-
sion of the key genes responsible for fatty acid and glucose oxidation in adipose tissue—among 
them NO synthase-1 (NOS-1), heme oxygenase-3 (HO-3), adenosine monophosphate (AMP)-
activated protein kinase (AMPK), and peroxisome proliferator-activated receptor γ coactivator-1α 
(PGC-1α)—was upregulated in the study [ 4 ]. In another study, the effect of Arg was observed 
after 4 weeks supplementation of watermelon pomace juice using 0.2 %  L -citrulline, which is 
converted into Arg in the animals. ZDF rats supplemented with watermelon pomace juice exhib-
ited increased  serum   concentration of Arg and increased brown adipose tissue mass, along with 
reduced excess white fat mass and enhanced NO-dependent vessel reactivity [ 6 ]. Studies con-
ducted on diet-induced obese (DIO) rats have shown that 12 weeks supplementation with 
1.51 %  L -arginine–HCl in drinking water reduced the  white fat gain  , increased the skeletal mus-
cle mass, and decreased the serum concentration of glucose and triglycerides. Improvements in 
insulin sensitivity were also observed [ 2 ]. 

 In studies conducted on growing–fi nishing pigs, it was found that supplementation with 1.0 % Arg 
reduced fat accretion and promoted muscle gains. Following 60 days of supplementation, Arg was 
seen to increase the average daily weight gain and carcass skeletal muscle content by 6.5 % and 5.5 %, 
respectively, and to decrease carcass fat content by 11 %, compared with the control group. In the 
Arg-supplemented pigs, serum triglyceride concentration was 20 % lower, while the glucagon level 
was 36 % greater than in the control pigs [ 7 ]. The improvement in metabolic profi le in the growing 
pigs was also detected by metabolomic analysis of  serum   samples [ 8 ]. Interestingly, in a more recent 
study, Go et al. were unable to demonstrate the depressing lipid synthesis effect of Arg in either sub-
cutaneous or retroperitoneal adipose tissue in growing–fi nishing pigs. This effect was supported by 
the dramatic increase in adipocyte volumes. The net effect of supplementation with 1.0 % Arg was an 
increase in backfat thickness, leading to fatter carcasses [ 9 ].  

    Human Studies 

 Although the effect of Arg supplementation in human subjects has been dealt with in multiple studies, 
it seems to be limited mainly to its effect on  endothelial function  . Bai et al. summarized 13 previously 
randomized placebo-controlled trials and concluded that short-term oral Arg supplementation is 
effective at improving the fasting endothelial function [ 10 ]. 

 The data from the literature show that the reduction in body weight in clinical studies is not 
as spectacular as in the experimental studies (Table  35.1 ). It seems that the greatest advantage 
of using Arg in obese people is associated with the fact that this compound promotes fat reduc-
tion and spares lean body mass during weight loss. In few studies, it was noted that supplemen-
tation with Arg in an amino acid mixture led to a reduction in white  adipose tissue   in both 
children and adults [ 11 ,  12 ]. However, only one clinical trial regarding the specific effect of Arg 
alone on adiposity in humans has been conducted. In that trial, a long-term oral Arg treatment 
was added to a hypocaloric diet and exercise training program in obese, insulin-resistant type 2 
diabetes patients. Thirty-three patients with type 2 diabetes were treated with Arg (8.3 g/day) or 
placebo for 21 days. During the study, each patient received a low-calorie diet (1000 kcal/day) 
and took part in a regular exercise training program (45 min twice a day for 5 days per week). 
In both groups, the authors observed a decrease in body weight, waist circumference, and daily 
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glucose profiles, while an improvement was seen in insulin sensitivity; however, in the 
Arg-supplemented group, the improvement was significantly greater ( p  values <0.0001 for most 
variables) [ 13 ]. 

 The results of selected experimental and clinical studies are presented in Table  35.2 .

        The Effect of  L -Arginine Supplementation on Insulin Sensitivity 

 Arg may affect the  endocrine system  . It was observed that elevated plasma levels of Arg correlate with 
alteration in the secretion of numerous  cytokines and hormones  . Those alterations, in turn, may affect 
insulin sensitivity and glucose and lipid metabolism [ 19 ]. 

 The possible effect of Arg on insulin resistance is presently under discussion, and the results of 
previous clinical and experimental studies are not clear. The study performed by Wascher et al. indi-
cated an improvement in insulin sensitivity during Arg supplementation. The study group consisted 
of seven healthy subjects, nine patients with obesity, and nine non-insulin-dependent  diabetes   mellitus 

   Table 35.2    Body mass and fat content due to  L -arginine supplementation in obesity   

 References  Study group  Dose of  L -arginine 
 Duration of the 
supplementation 

 Body mass loss 
(BMI)  Fat mass loss 

  Clinical studies  
 Lucotti et al. [ 13 ]  Obese, insulin- 

resistant type 2 
diabetes adults 

  L -arginine 8.3 g (oral 
treatment with 
low-calorie diet and a 
regular exercise 
training program) 

 21 days  Body mass ↓ 
2.8 % (NS) 

 Fat mass ↓ 
6.1 % 
( p  < 0.05) 

 Monti et al. [ 14 ]  Subjects with 
impaired glucose 
tolerance and 
metabolic 
syndrome 

  L -arginine 6.6 g (oral 
treatment) 

 14 days  Body mass ↓ 
2.4 % ( p  < 0.05) 

 Fat mass ↓ 
6.7 % 
( p  < 0.05) 

 Bogdanski et al. 
[ 15 ] 

 Obese adults   L -arginine 9 g (oral 
treatment) 

 3 months  BMI ↓ 0.8 % 
(NS) 

 Fat content ↓ 
0.7 % (NS) 

 Suliburska et al. 
[ 16 ] 

 Obese adults   L -arginine 9 g (oral 
treatment) 

 6 months  BMI ↓ 2 % 
(NS) 

 Fat content ↓ 
1.4 % (NS) 

 Hurt et al. [ 17 ]  Obese adults   L -arginine 9 g (oral 
treatment) 

 12 weeks  Body mass ↓ 
2.9 % ( p  < 0.05) 

  Experimental studies  
 Fu et al. [ 4 ]  Zucker diabetic 

fatty rats a  
  L -Arginine–HCl 
(1.51 %) in drinking 
water 

 10 weeks  Body weight ↓ 
16.0 % 
( p  < 0.05) 

 Abdominal 
fat ↓ 44.5 % 
( p  < 0.05) 

 Jobgen et al. [ 2 ]  Sprague–Dawley 
rats 

  L -Arginine–HCl 
(1.51 %) in drinking 
water 

 12 weeks  Low-fat diet: 
Body weight ↓ 
68.1 % 
( p  < 0.05) 
 High-fat diet: 
Body weight ↓ 
40.7 % 
( p  < 0.05) 

 Low-fat diet: 
White fat ↓ 
64.8 % 
( p  < 0.05) 
 High-fat diet: 
White fat ↓ 
63.4 % 
( p  < 0.05) 

 Suliburska et al. 
[ 18 ] 

 Wistar male rats   L -arginine 20 g/kg diet 
(with high-fat diet) 

 6 weeks  Body weight ↓ 
2.9 % (NS) 

   NS  not signifi cant 
  a Animal model for human type 2 diabetes mellitus with obesity  
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individuals. In order to assess insulin sensitivity, the authors measured insulin-mediated vasodilata-
tion by  venous occlusion   plethysmography during the insulin suppression test. Experiments were 
performed twice on each subject in the presence or absence of a concomitant infusion of Arg (0.52 mg/
kg/min). The authors concluded that insulin sensitivity was improved signifi cantly in all three groups 
by the infusion of Arg [ 20 ]. During the long-term administration of Arg (9 g/day), improvements in 
peripheral and hepatic insulin sensitivity, acting through a normalization of the NO/cGMP pathway, 
have also been observed in  diabetic   patients [ 21 ]. Amelioration of insulin sensitivity was also empha-
sized by Luccotti et al. [ 13 ]. Other studies have shown that, in patients with cardiovascular disease, 
supplementation with Arg (6.4 g/day) serves to increase the insulin sensitivity index and  adiponectin 
level  . Following 6 months of treatment, a decrease in interleukin-6 and monocyte chemoattractant 
protein-1 levels was observed [ 22 ]. Suliburska et al. also provided evidence of the impact of Arg on 
insulin sensitivity in obese patients. Arg treatment (9 g/day) resulted in a signifi cant increase in insu-
lin sensitivity [ 16 ]. The benefi cial effect of Arg on insulin sensitivity in patients with obesity was 
confi rmed by Bogdanski et al. After 6 months of Arg supplementation (9 g/day), signifi cant increases 
in NO, total antioxidant status (TAS), and insulin sensitivity level were noticed [ 23 ]. Interestingly, 
there are also studies in which improvement in insulin sensitivity during Arg supplementation was not 
observed [ 24 ]. Hormones released from  white adipose tissue   play a pivotal role in energy partitioning 
and infl uence insulin sensitivity [ 25 ]. Some clinical observations support the idea that rational manip-
ulation of  adipocytokines   is a promising avenue for the therapy of obesity and associated metabolic 
abnormalities [ 26 ].  

    Mechanisms of the Favorable Effects of  L -Arginine in Obesity 

 The mechanism responsible for the benefi cial effects of Arg involves NO signaling, mitochondrial 
biogenesis, the growth of  brown adipose tissue  , and the regulation of fat metabolic gene expression 
(Fig.  35.1 ).

      The NO Pathway in Lipid Metabolism 

 There is growing interest in NO, which is synthesized from Arg in almost all mammalian cells by NO 
synthase (NOS), in order to regulate energy and lipid metabolism [ 27 ]. Studies with knockout endo-
thelial NOS mice have shown the importance of synthase in body fat accumulation [ 28 ]. Khedara 
et al., after feeding rats with the NOS inhibitor  L - N (omega)nitroarginine for 8 weeks, observed a 
reduced combustion of body fat, leading to an increase in total body fat. The inhibition of NOS in this 
study was reversed by the addition of 4 % Arg to the  rodent diet   [ 29 ]. These fi ndings providing evi-
dence that NO may affect adiposity were also confi rmed by Fu et al., who indicated that the increase 
in NO availability by Arg can improve lipolysis, as well as  fatty acid and glucose oxidation   [ 4 ]. It is 
believed that physiological levels of NO have a benefi cial infl uence on the homeostasis of energy 
substrates involving fatty acid and glucose oxidation and affect energy metabolism in the whole body 
[ 30 ]. The underlying mechanism behind the stimulation of oxidation of the energy substrates may 
involve multiple cyclic guanosine monophosphate (cGMP)-dependent pathways in insulin-sensitive 
tissues [ 31 ]. Dai et al. highlighted the following functions of NO [ 30 ]. NO stimulates the phosphory-
lation of AMPK, which acts as a sensor of  cellular energy  . AMPK is activated by a rise in the intracel-
lular AMP/adenosine triphosphate (ATP) ratio within the cell [ 32 ] and infl uences glucose transport by 
increasing GLUT4 translocation. It also decreases concentrations of malonyl-CoA (thus increasing 
the transport of long-chain fatty acids into mitochondria) and decreases the expression of genes related 
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to lipogenesis and gluconeogenesis. NO plays an important role in increasing the phosphorylation of 
hormone-sensitive lipase (HSL). HSL, which is considered to be a regulatory enzyme in lipolysis 
[ 33 ], is activated by cGMP-dependent protein kinase (PKG). This activation results in the transloca-
tion of the lipase to neutral lipid droplets and the stimulation of lipolysis in  white adipose tissue   [ 31 ]. 
NO is also a modulator of PGC-1α. The activation of PGC-1α by NO increases mitochondrial mark-
ers, demonstrating the induction of biosynthesis of functional mitochondria able to generate ATP via 
oxidative phosphorylation [ 34 ,  35 ]. The systemic role of NO (including interorgan cooperation) is to 
stimulate  blood fl ow   (enhancing the transport of fatty acids, glucose, and oxygen to insulin-sensitive 
tissues), promoting substrate uptake and product removal via circulation and improving mitochon-
drial oxidation of energy substrates [ 31 ,  36 ]. Arg increases blood fl ow to organs and thus enhances the 
uptake of energy substrates for oxidation and ATP production in various tissues in the body. This 
 hemodynamic   improvement is at least partly via NO-mediated mechanism. NO causes vasodilatation 
in blood vessels, and consequently blood pressure decreases and blood fl ow is improved. Moreover, 
hemodynamics may lead to improved exercise capacity, and it enables increased physical activity, 
which is an important aspect of the nonpharmacological treatment of obesity [ 12 ].  

    Mitochondrial Biogenesis 

 Mitochondria are  sou  rces of energy in their role producing ATP for cell metabolism. They are the 
major organelles for the complete oxidation of energy substrates and play a pivotal role in modifying 
adipocyte lipid metabolism and adipogenesis [ 31 ,  37 ]. It is known that PGC-1α, whose expression is 
infl uenced by NO [ 4 ], can induce mitochondrial biogenesis [ 38 ,  39 ]. During in vitro studies and 
experimental studies conducted on eNOS knockout mice, researchers have emphasized the crucial 
role of the NO-cGMP-dependent pathway for mitochondrial biogenesis and body energy balance [ 28 , 
 35 ]. It is worth noting that Arg may upregulate nuclear transcription factors 1 and 2 expression and 
thereby enhance mitochondrial biogenesis [ 40 ]. An analysis of previous studies provides compelling 
evidence that Arg can stimulate mitochondrial biogenesis and brown adipose tissue development, 
while improving whole-body energy metabolism [ 19 ,  41 ] (Fig.  35.2 ).

       Brown Adipose Tissue and Thermogenesis 

 Brown  adipose   tissue plays a crucial role in the oxidation of glucose, fatty acids, and some amino 
acids. It is also responsible for nonshivering thermogenesis in mammals. In contrast to white adipose 
tissue, brown adipose tissue consists of small brown adipocytes, containing a much greater number of 

  Fig. 35.1    Mechanism of the effects of  L -arginine in obesity       
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mitochondria than in white adipose tissue. Mitochondria are also greater in size in brown adipose tis-
sue [ 42 ,  43 ]. Brown adipose tissue is highly vascularized with blood vessels and can produce more 
heat than adipose tissue and other organs [ 44 ]. Interestingly, current evidence shows that brown adi-
pose tissue exists in adult humans and can also play an important role in overall energy expenditure 
and heat production in adults, not just in neonates [ 45 ]. It has also been observed that brown adipose 
tissue activity is reduced in overweight and obese humans and is positively correlated with resting 
metabolic rate [ 46 ]. 

 It has been observed in experimental and clinical studies that dietary Arg supplementation increases 
brown adipose tissue mass and mitochondrial biogenesis and thus ameliorates obesity. Observation of 
ZDF and DIO rats indicates that Arg supplementation signifi cantly reduces white adipose tissue and 
increases brown adipose tissue mass [ 2 ,  4 ,  6 ]. These results are consistent with those obtained using 
growing–fi nishing pigs. During this study, it was indicated that lipid metabolism varies with the ana-
tomical location of white adipose tissue [ 7 ]. Studies on animal models and studies with type 2 diabe-
tes patients indicated the role of Arg in brown adipose tissue alteration [ 13 ]. Emerging reports propose 
that dietary supplementation with Arg stimulates brown adipose tissue growth and development 
through enhanced syntheses of NO, polyamines, and cyclic AMP [ 41 ].  

    Regulation of Fat Metabolic Gene Expression 

 A growing body of evidence emphasizes the role of Arg in the regulation of expression of various 
genes. Jobgen et al. analyzed global changes in gene expression by microarray in DIO rats supple-
mented with Arg. After 12 weeks of supplementation, they found that high-fat feeding decreased 
mRNA levels for lipogenic enzymes, AMPK, glucose transporters, HO-3,  glutathione synthetase 
(GSS)  , superoxide dismutase 3, peroxiredoxin 5, glutathione peroxidase 3, and stress-induced pro-
tein. Conversely, the transcripts for carboxypeptidase A,  peroxisome proliferator-activated receptor 
(PPAR)     -α, caspase 2, caveolin 3, and diacylglycerol kinase were found to be upregulated in this study. 
Administration of Arg reduced mRNA levels for fatty acid-binding protein 1, glycogenin, protein 

  Fig. 35.2    Mechanism of NO to regulate energy, lipid, and glucose metabolism       
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phosphatase 1B, caspases 1 and 2, and hepatic lipase but increased expression of PPARγ, HO-3, GSS, 
insulin-like growth factor 2, sphingosine-1-phosphate receptor, and stress-induced protein [ 40 ]. 
Changes in lipid metabolic gene expression have also been observed in studies conducted on pigs. 
Dietary Arg supplementation increased mRNA levels for HSL and decreased mRNA levels for lipo-
protein lipase, GLUT4, and ACCα in subcutaneous adipose tissue. There were higher mRNA levels 
for fatty acid synthase in the skeletal muscle of Arg-supplemented pigs, compared to the control. 
These fi ndings reveal an upregulation of lipogenic gene expression in skeletal muscle and a down-
regulation of lipogenic genes and an increase in lipolytic gene expression in  white adipose tissue   [ 5 ]. 
Together, these results indicate that Arg benefi cially modulates gene expression to enhance energy 
substrate oxidation and to reduce white fat accretion in tissues [ 3 ].   

    Conclusions and Future Perspectives 

 Arg supplementation may represent a safe and effi cient nutritional treatment for obesity. It has been 
demonstrated that Arg is stable under sterilization conditions and is not toxic to mammalian cells. A 
level of 85 mg/kg body mass of Arg is physiologically attainable when the human diet is supple-
mented with this amino acid. The Arg supplementation should be taken in divided doses each day to 
prevent  gastrointestinal tract   discomfort through the production of large amounts of NO, to increase 
the availability of circulating Arg over a longer period of time, and to avoid a potential imbalance 
among  dietary amino acids   [ 3 ]. 

 Observations from recent studies indicate that Arg supplementation markedly reduces obesity in 
humans and animals. It benefi cially alters hemodynamics in white adipose tissue and brown adipose 
tissue by increasing the oxidation of energy substrates. Studies have shown that Arg improves insulin 
sensitivity. Although a number of biochemical and molecular mechanisms have been proposed to 
explain the role of Arg in metabolism, the likely mechanisms are stimulation of NO signaling, mito-
chondrial biogenesis, growth of brown adipose tissue, regulation of fat metabolic gene expression, 
and fat tissue endocrine secretion. There are very promising reports, especially considering the good 
tolerance of Arg, its availability, and the low cost of treatment. Arg is inexpensive and readily avail-
able from natural foods. It seems that careful modulation of the Arg metabolic pathway through 
dietary supplementation may be benefi cial in preventing and treating obesity, a problem that is cur-
rently growing worldwide. Although the present fi ndings are very promising, further studies are nec-
essary on the potential therapeutic role of Arg in obesity (Fig.  35.3 ).

  Fig. 35.3    Benefi ts to use  L -arginine       
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 Key Points 

•   Cardiomyopathy is present in 17–40 % of patients with mitochondrial disease and is one of the 
major causes of death in such patients.  

•   MELAS is a syndrome caused by an A-to-G transition at nucleotide position 3243 in tRNA-Leu of 
mtDNA and is the most common type of mitochondrial disease.  

•   In vivo functional imaging makes it possible to evaluate aspects of energy metabolism such as 
membrane potential and TCA cycle kinetics in MELAS patients noninvasively.  

•    L -Arg therapy is a promising approach for controlling the stroke-like episode of MELAS because 
of its vasodilative effect.  

•    L -Arg also has the potential to accelerate TCA cycle activity, irrespective of its vasodilative effect, 
and this can be used for treatment of mitochondrial cardiomyopathy.  
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  Abbreviations 

  MELAS    Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes   
  mtDNA    Mitochondrial DNA   
  ATP    Adenosine triphosphate   
  LVH    Left ventricular hypertrophy   
  Arg     L -Arginine   
  NOx    Nitric oxide   
  SPECT    Single-photon emission computed tomography   
   99m Tc-MIBI    Technetium 99 m methoxyisobutylisonitrile   
   123 I-BMIPP    Iodine-123-labeled 15-4-iodophenyl-3-( R , S )-methyl-pentadecanoic acid   
  PET    Positron emission tomography   
  TCA    Tricarboxylic acid   
  MBF    Myocardial blood fl ow   

      Introduction 

 It is well known that the most common morphology of cardiomyopathy is hypertrophy of the  left 
ventricle  . Practically, it is diagnosed as idiopathic hypertrophic cardiomyopathy, although occasion-
ally it occurs secondary to systemic disease. The  etiology   of hypertrophic cardiomyopathy varies and 
can include ischemia, valve disease, infl ammation, muscle dystrophy, toxemia, collagen disease, and 
metabolic diseases such as amyloidosis, Fabry’s disease, and mitochondrial disease [ 1 ]. Accordingly, 
the treatment and prognosis of each individual disease differ, making a correct diagnosis important. 

 A recent epidemiological study has revealed that the prevalence or risk of developing mitochon-
drial DNA (mtDNA) disease is 12.48 per 100,000 individuals in the general population [ 2 ]. Moreover, 
pathogenic mtDNA mutations that can potentially cause disease are detected in at least one in 200 live 
births, indicating that mtDNA is not as rare a  disease   as once thought previously [ 3 ]. 

 The human mitochondrial genome  disorders   discovered up to the present are cited in MITOMAP 
(URL:   http://www.mitomap.org/    ), and more than 40 mutations of mtDNA or nuclear DNA associated 
with structural mitochondrial cardiomyopathy have been reported (Tables  36.1 ,  36.2 , and  36.3 ). 
Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes ( MELAS) is th  e 
most common type of mitochondrial disease and is also related to familial cardiomyopathy, which is 
caused by an A-to-G transition at position 3243 (A3243G) in tRNA-Leu of the mtDNA [ 4 ,  5 ]. This 
mutation reduces the activity of NADH–ubiquinone oxidoreductase (complex I), leading to impair-
ment of respiratory chain function with consequent reduction of  adenosine triphosphate (ATP)      
 production [ 6 ]. Furthermore, this mutant and wild-type mtDNA coexist in each individual cell ( het-
eroplasmy  ), and the proportion of mutant mtDNA must exceed a certain fi xed level in order to result 
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in clinically apparent respiratory chain failure [ 7 ,  8 ]. Thus, energy production differs from tissue to 
tissue and also among organs, markedly energy-dependent organs tending to be affected most signifi -
cantly. The distinct clinical features of  MELAS   patients are systemic and include myopathy, lactic 
acidosis, stroke-like episodes, hearing loss, diabetes mellitus, gastrointestinal manifestations, renal 
failure, and cardiomyopathies [ 4 ,  7 ,  8 ].

     Mitochondrial cardiomyopathy often results in concentric  left ventricular hypertrophy (LVH)     , and 
the severity of the LVH correlates with the burden of mitochondrial disease (Fig.  36.1 ). The reasons 
for development of LVH have been investigated using knockout mice with a defi ciency in the mito-
chondrial adenine nucleotide translocator [ 9 ]. Like  MELAS   patients, these experimental mice show 

   Table 36.1     mtDNA mutations   in rRNA/tRNA regions causing cardiomyopathy   

 Position  Locus  Disease  Allele  RNA  Homoplasmy  Heteroplasmy 

 1391  MT-RNR1  HCM  T1391C  12S rRNA  +  – 
 1556  MT-RNR1  HCM  C1556T  12S rRNA  +  – 
 1644  MT- TV  HCM +  MELAS    G1644A  tRNA Val  –  + 
 3242  MT- TL1  MM/HCM + renal tubular 

dysfunction 
 G3242A  tRNA- Leu 

(UUR) 
 +  + 

 3243  MT- TL1  DMDF/MIDD/SNHL/FSGS/
cardiac + multiorgan 
dysfunction 

 A3243G  tRNA- Leu 
(UUR) 

 –  + 

 3260  MT- TL1   M  MC/ MELAS    A3260G  tRNA- Leu 
(UUR) 

 –  + 

 3303  MT- TL1  MMC  C3303T  tRNA- Leu 
(UUR) 

 +  + 

 4269  MT- TI  FICP  A4269G  tRNA Ile  –  + 
 4295  MT- TI  MHCM/maternally inherited 

hypertension 
 A4295G  tRNA Ile  +  + 

 4316  MT- TI  HCM with hearing loss/poss. 
hypertension factor 

 A4316G  tRNA Ile  +  + 

 4317  MT- TI  FICP/poss. hypertension factor  A4317G  tRNA Ile  +  – 
 5545  MT- TW  HCM severe multisystem disorder  C5545T  tRNATrp  –  + 
 8296  MT- TK  DMDF/MERRF/HCM/epilepsy  A8296G  tRNA Lys  +  + 
 8348  MT- TK  Cardiomyopathy/SNHL/poss. 

hypertension factor 
 A8348G  tRNA Lys  +  + 

 8363  MT- TK   MIC  M+DEAF/MERRF/autism/
LS/ataxia + lipomas 

 G8363A  tRNA Lys  –  + 

 9997  MT- TG  MHCM  T9997C  tRNAGly  nd  + 
 12297  MT- TL2  Dilated cardiomyopathy/LS/

failure to thrive and LA 
 T12297C  tRNA- Leu 

(CUN) 
 +  + 

 12308  MT- TL2  CPEO/stroke/CM/breast and renal 
and prostate cancer risk/altered 
brain pH 

 A12308G  tRNA- Leu 
(CUN) 

 +  + 

 15923  MT- TT  Infantile CM  A15923G  tRNAThr  –  + 
 16032  MT- TP  Dilated cardiomyopathy   a   tRNA Pro  –  + 

   HCM  hypertrophic cardiomyopathy,  MM  mitochondrial myopathy,  DMDF  diabetes mellitus + deafness,  MIDD  mater-
nally inherited diabetes and deafness,  SNHL  sensorineural hearing loss,  FSGS  focal segmental glomerulosclerosis, 
 MMC  maternal myopathy and cardiomyopathy,  FICP  fatal infantile cardiomyopathy + a MELAS-associated cardiomy-
opathy,  MHCM  maternally inherited hypertrophic cardiomyopathy,  MERRF  myoclonic epilepsy and ragged-red muscle 
fi bers,  MICM  maternally inherited cardiomyopathy,  DEAF  maternally inherited deafness or aminoglycoside-induced 
deafness,  LS  Leigh syndrome,  LA  lactic acidemia,  CPEO  chronic progressive external ophthalmoplegia,  CM  
cardiomyopathy 
  a T16032TTCTCTGTTCTTTCAT (15 bp dup) (cited from MITOMAP and adapted to the text contents)  
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   Table 36.2    mtDNA  muta  tions in the coding/control genes causing cardiomyopathy   

 Position  Locus  Disease  Allele 
 Nucleotide 
change 

 Amino acid 
change  Homoplasmy  Heteroplasmy 

 3337  MT-ND1  Cardiomyopathy  G3337A  G-A  V-M  +  – 
 3395  MT-ND1  HCM with hearing 

loss 
 A3395G  A-G  Y-C  –  + 

 3397  MT-ND1  ADPD/possibly 
LVNC 
 cardio  myopathy 
associated 

 A3397G  A-G  M-V  +  – 

 3407  MT-ND1  HCM/muscle 
involvement 

 G3407A  G-A  R-H  +  – 

 5001  MT-ND2  Developmental 
delay, seizure, 
cardiomyopathy, 
lactic acidosis 

 A5001AA  A-AA  Frameshift  –  + 

 8528  MT-ATP8/6  Infantile 
cardiomyopathy 

 T8528C  T-C  W-R (ATP); 
M(start)-
T(ATP6) 

 +  + 

 8558  MT-ATP8/6  Possibly LVNC 
 cardio  myopathy 
associated 

 C8558T  C-T  P-S(ATP8); 
A-V(ATP6) 

 +  – 

 9058  MT-ATP6  Possibly LVNC 
cardiomyopathy 
associated 

 A9058G  A-G  T-A  +  – 

 15498  MT-CYB  HCM/WPW, DEAF  G15498A  G-A  G-D  –  + 
 15693  MT-CYB  Possibly LVNC 

cardiomyopathy 
associated 

 T15693C  T-C  M-T  +  – 

   ADPD  Alzheimer’s disease and Parkinson’s disease,  LVNC  left ventricular noncompaction,  WPW  Wolff–Parkinson–
White syndrome (cited from MITOMAP and adapted to the text contents)  

   Table 36.3    Nuclear DNA mutations causing mitochondrial cardiomyopathy   

 Gene  Chromosome function  Chromosome  Inheritance  Clinical phenotype 

  Structural gene  
 NDUFV2  FP fraction  18p11  AR  Cardiomyopathy, hypotonia, 

encephalopathy 
  Complex assembly  
 NDUFAF1 

(CIA30) 
 Assembly  15q13.3  AR  Cardioencephalopathy 

 SCO2  Copper transport  22q13  AR  Neonatal cardioencephalomyopathy 
 COX10  Heme A farnesyltransferase  17p12–

p11.2 
 AR  Neonatal tubulopathy and 

encephalopathy, LS, cardiomyopathy 
 COX15  Heme A synthesis  10q24  AR  Early-onset hypertrophic 

cardiomyopathy 
 TMEM70  Assembly  8q21.11  AR  Neonatal encephalopathy, 

cardiomyopathy 
  Mitochondrial import  
 DNAJC19  Protein import  3q26.3  AR  Cardiomyopathy, ataxia 
  Mt protein synthesis  
 MRPS22  Mitochondrial translation  3q23  AR  Cardiomyopathy, tubulopathy 
  Iron homeostasis  
 BOLA3  Iron–sulfur cluster biosynthesis  2p13.1  AR  Encephalomyopathy, cardiomyopathy 
  CoQ10 biosynthesis  
 COQ9  CoQ10 defi ciency  16q13  AR  Neonatal lactic acidosis, seizures, 

cardiomyopathy 
  Chaperon function  
 G4.5 (tafazzin)  Cardiolipin defect  Xq28  X linked  Barth syndrome, X-linked dilated 

cardiomyopathy 

   FP  fl avin protein,  AR  autosomal recessive,  CoQ  coenzyme Q (cited from MITOMAP and adapted to the text contents)  
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ragged-red muscle fi bers, lactic acidosis, and cardiac hypertrophy, suggesting that defi ciency of ATP 
production plays an important role in these conditions. On the other hand, a rare form of dilated-type 
mitochondrial cardiomyopathy has also been reported [ 10 ,  11 ]. A subset of patients with LVH prog-
ress to the dilated phase, which resembles idiopathic hypertrophic cardiomyopathy [ 12 ], but in some 
cases dilated cardiomyopathy is already present in childhood [ 13 ]. This discrepancy has been 
explained using a transgenic mouse model of  mtDNA mutations  , in which increased production of 
mitochondrial reactive oxygen species during the aging process leads to initiation of apoptosis and 
plays a crucial role in the development of dilated cardiomyopathy [ 14 ].

   The frequency of cardiomyopathy in patients with mitochondrial disease is reported to be 17–40 % 
and is one of the major causes of death in affected patients [ 15 – 17 ]. Unfortunately no effective thera-
pies for cardiomyopathy have been found to date. Koga et al. reported that  L -arginine (Arg) infusion 
during the acute phase of the stroke-like episodes in MELAS patients dramatically improved all of the 
stroke-like  symptoms   within 30 min [ 18 ]. Moreover, oral administration of  L -Arg during the interictal 
phase signifi cantly decreased the frequency and severity of stroke-like episodes in  MELAS   patients 
[ 19 ].  L -Arg therapy is therefore now a promising approach for controlling the stroke-like episode of 
MELAS. Here we further investigated the therapeutic effect of  L -Arg infusion in patients with cardio-
myopathy and the possible mechanisms responsible.  

    In Vivo Functional Imaging of Mitochondrial Cardiomyopathy 

 Although the  histopathologic abnormalities   of mitochondrial cardiomyopathy have been clearly 
revealed using autopsied and/or biopsied tissue samples, the pathogenesis of cardiomyopathy has 
been discussed largely on the basis of the experimental studies [ 9 ,  14 ,  20 ]. Here we evaluated energy 
states in the myocardium of patients with  MELAS   using in vivo functional imaging. 

  Fig. 36.1    Representative photograph of hypertrophic cardiomyopathy of a patient with  mitochondrial disease         
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    Evaluation of Mitochondrial Membrane Potential and the Anaerobic Pathway 
Using  Single-Photon Emission Computed Tomography (SPECT)      

 Technetium 99 m methoxyisobutylisonitrile ( 99m Tc-MIBI) is incorporated and retained in the mito-
chondria of myocardial cells, a process that depends on mitochondrial membrane potential [ 21 ]. This 
tracer is not retained in necrotic or irreversibly ischemic myocardium and therefore can be used for 
assessing myocardial perfusion and myocardial cell viability [ 22 ]. 

 Iodine-123-labeled 15-4-iodophenyl-3-( R , S )-methyl-pentadecanoic acid ( 123 I-BMIPP) is converted 
to acyl-CoA, a common pathway of myocardial fatty acid metabolism, but is not metabolized via beta-
oxidation, which refl ects the enhanced triglyceride pool [ 23 ]. An increasing number of studies have 
reported that patients with idiopathic hypertrophic cardiomyopathy show reduced uptake of  123 I-BMIPP 
and that this is related to impairment of the plasma membrane of cardiac myocytes [ 24 ]. 

 Using these two tracers, we recently reported that in  MELAS   patients, the  99m Tc-MIBI washout 
rate (WOR) was increased, resulting in decreased uptake of  99m Tc-MIBI (Fig.  36.2 ) [ 25 ]. In contrast, 
 123 I-BMIPP uptake increased according to the severity of left ventricular function (Fig.  36.2 ) [ 25 ]. 
These fi ndings confi rmed that respiratory chain failure leads to a continuous energy shift from the 
aerobic to the anaerobic (glycolytic) pathway, resulting in the lactic acidemia that is observed in 
MELAS patients. To ameliorate the over-reduction stress resulting from respiratory chain failure, 
reduction of dihydroxyacetone phosphate to glycerol-3-phosphate occurs in order to oxidize superfl u-
ous nicotinamide adenine dinucleotide [NADH] to [NAD + ], the excess glycerol-3-phosphate being 
utilized for synthesis of triglyceride. Accumulation of  123 I-BMIPP in MELAS patients was  p  rovoked 
by this enhanced triglyceride pool (Fig.  36.2 ) [ 25 ].

  Fig. 36.2    Schematic illustration of energy production pathways in which functional imaging can be adapted.  99m Tc- 
MIBI is incorporated and retained in the mitochondria depending on mitochondrial membrane potential created by the 
respiratory chain.  123 I-BMIPP is incorporated into the TG pool, associated with an excess of  glycerol-3-phosphate (G-3- 
P),   and is enhanced by increased glucose utilization.  11 C-acetate PET is responsible for the fl ux of TCA cycle.  CPT  
carnitine palmitoyltransferase,  FFA  free fatty acid (cited from Ref. [ 25 ] with modifi cations)       
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       Evaluation of TCA Cycle Kinetics Using  Positron Emission Tomography (PET)      

 Radiolabeled  11 C-acetate kinetics demonstrated by PET are closely correlated with myocardial  oxygen 
consumption [ 26 ,  27 ]. The acetate is known to be a substrate that can be utilized readily by the heart 
and is incorporated directly into the tricarboxylic acid (TCA) cycle after conversion to acetyl 
CoA. Therefore,  11 C-acetate can be used to measure the fl ux of the TCA cycle without being affected 
by conditions of energy production in the heart such as normoxemia, ischemia, and reperfusion, which 
advantages over other conventional tracers such as  18 F-deoxyglucose and  11 C-palmitate [ 28 ]. 

  11 C-acetate PET also has the potential for detecting  myocardial blood fl ow (MBF)      using the early- 
phase (0–3 min after tracer injection) kinetics of  11 C-acetate [ 29 ]. Since the fl ux of the TCA cycle was 
measured using the delayed-phase (7–20 min after injection) kinetics of  11 C-acetate, these two param-
eters can be measured in exactly the same location in the heart. 

 Our SPECT study in MELAS patients with cardiomyopathy demonstrated a shift in energy 
 production from the aerobic to the anaerobic pathway [ 25 ], although TCA cycle activity, which is of 
central importance in oxidative metabolism, was not fully evaluated. We therefore applied  11 C-acetate 
PET to  MELAS   patients and compared the fi ndings with those in healthy controls [ 30 ]. The results 
revealed that TCA cycle activity tended to be lower in the patients than in the controls, thus confi rm-
ing a shift of energy production to the anaerobic pathway according to impairment of electron trans-
port and oxidative phosphorylation resulting from  respirat  ory chain failure (Fig.  36.2 ) [ 25 ].   

    Effect of  L -Arginine Administration on Mitochondrial Cardiomyopathy 
Evaluated by  11 C-Acetate PET 

 As described at the beginning of this chapter,  L -Arg administration is now a promising therapy for the 
acute and  interictal phase   of the stroke-like episodes in MELAS patients [ 19 ]. One suggested mecha-
nism is that  L -Arg, which is a precursor of nitric oxide (NOx), may increase  blood fl ow   in the cerebral 
microcirculation and reduce ischemic damage to the brain. From the fact that the concentrations of 
 L -Arg, citrulline, and NOx were low in the acute phase of the stroke-like episodes in  MELAS   patients, 
it seems plausible to supplement the amounts of these substances [ 19 ]. An improvement of  endothe-
lial function   in MELAS patients was also observed after oral  L -Arg supplementation, which would 
explain the long-term outcome [ 31 ]. As the impact of  L -Arg administration on mitochondrial cardio-
myopathy has not yet been reported, we recently evaluated the acute effect of  L -Arg administration on 
cardiomyopathy using  11 C-acetate PET [ 30 ]. 

 We performed  11 C-acetate PET before and after  L -Arg infusion (0.5 g/kg, within 30 min) in six 
patients with clinically and genetically diagnosed  MELAS  . After  L -Arg injection,  TCA cycle activity   
(expressed as  K  mono ) of the entire heart did not increase signifi cantly, although four of the six patients 
showed improvement after  L -Arg administration. Due to  heteroplasmy  , mitochondrial dysfunction 
occurs in various tissues to varying degrees, a phenomenon known as “mosaicism of mitochondrial 
disease.” Therefore, we further divided the heart into nine segments. TCA cycle activity was improved 
after  L -Arg injection among six to eight segments in four responders, whereas it was fi ve segments in 
two nonresponders. On the other hand,  MBF   increased in two patients, decreased in two patients, and 
remained the same in two patients after  L -Arg infusion. To analyze the relationship between  TCA 
cycle activity   and MBF, we prepared a bull’s-eye map of these two parameters before and after  L -Arg 
injection. Figure  36.3  shows representative data for a  MELAS   patient who showed an increase of 
TCA cycle activity after  L -Arg infusion. Surprisingly, the regions of improved TCA cycle activity did 
not correspond to the regions of increased MBF.
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    L -Arg is a well-known precursor of NOx affected by endothelial nitric oxide synthase, a  strong 
endogenous vasodilator   [ 32 ,  33 ]. Accordingly, we expected that the regions of improved TCA cycle 
activity would match the regions of increased MBF, but no such relationship was observed. Although 
the reason for this remains obscure, Arg has a wide range of biological roles, such as a precursor for 
synthesis of urea, NOx, citrulline, ornithine, creatine, and agmatine. Furthermore, ornithine generates 
polyamine, proline, and particularly glutamate, which undergoes conversion to 2-oxoglutarate and 
enters the TCA cycle (Fig.  36.4 ). Therefore, an excess of 2-oxoglutarate in the TCA cycle induced by 
 L -Arg injection could be responsible for acceleration of TCA cycle activity with little relevance to the 
 coronary microcirculation  .

  Fig. 36.3    Representative bull’s-eye map of  TCA cycle activity   ( upper deck ) and myocardial blood fl ow ( MBF  ;  lower 
deck ) before and after  L -arginine administration in  MELAS   patients (cited from Ref. [ 30 ])       

  Fig. 36.4    Schematic illustration of  L -Arg catabolism. Nitric oxide (NO) is synthesized from  L -Arg catalyst of nitric 
oxide synthase (NOS).  L -Arg has another potential to enter the TCA cycle by conversion to 2-oxoglutarate       
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   The primary cause of the stroke-like episodes in  MELAS   patients remains uncertain but is thought 
to involve angiopathy, cytopathy, or both. Potential therapeutic effects of  L -Arg for strokes are mainly 
thought to contribute to amelioration of angiopathy through its vasodilative effect and improvement of 
endothelial function. The logic of this approach is result from the loss of NOx in vascular endothelial 
and  smooth muscle cells  . However, the concentration of NOx was quite elevated in the interictal phase 
of stroke-like episodes [ 19 ]. Moreover, an in vitro experimental study has revealed that the synthesis of 
NOx was increased in cybrid cells carrying the A3243G mutation, which supports this condition [ 34 ]. 
Our study suggests that  L -Arg enhances  TCA cycle activity   irrespective of vasodilation, which rescues 
the cytopathy (over-reduction stress) of MELAS patients. A recent study has also revealed that  L -Arg 
improved the activity of complex I activity, a nonvascular system, in cybrid cells harboring A3243G 
mutation, thus strongly supporting our hypothesis regarding the metabolic effect of  L -Arg [ 35 ]. 

 Accordingly, our study has clearly demonstrated that  L -Arg has dual pharmaceutical effects—
vasodilatation (angiopathy) and acceleration of the TCA cycle (cytopathy)—which can be used as a 
treatment for patients with mitochondrial cardiomyopathy.  

    Conclusions 

 Mitochondrial cardiomyopathy is caused by respiratory chain failure due to mtDNA mutation, one of 
the key conditions that determine the prognosis of patients with mitochondrial disease. Functional 
imaging modalities such as SPECT and PET enable evaluation of in vivo energy production and the 
effi cacy of treatment for patients with  MELAS  . It was clearly revealed that  TCA cycle activity   was 
markedly suppressed, resulting in a change in oxidative metabolism from an aerobic to an anaerobic 
state.  L -Arg has the potential to enhance TCA cycle activity without being affected by any vasodila-
tive effect, suggesting dual pharmaceutical effects that could be applied for treatment of mitochon-
drial cardiomyopathy.     
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  CAD    Coronary artery disease   
  DBP    Diastolic blood pressure   
  ECG    Electrocardiogram   
  FMD    Flow mediated vasodilation   
  FMOC    9-Fluorenyl-methyloxycarbonyl   
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 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.  
•    L -Arginine concentrations are increased in patients with hypertension and in the spontaneously 

hypertensive rat once they develop hypertension through a mechanism which is not known.  
•   Increased  L -arginine concentrations in hypertension explain why the global  L -arginine bioavail-

ability ratio is not diminished.  
•   Other measures such as increased urinary orotic acid suggest that  L -arginine is limited in 

hypertension.  
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  GABR    Global  L -arginine bioavailability ratio   
  HPLC    High performance liquid chromatography   
   K  m     Michaelis constant (half the substrate concentration of maximal uptake rate)   
  LBBB    Left branch bundle block   
  Lys    Lysine   
  mm Hg    Millimetres mercury   
  mmol/L    Millimole per litre   
  MS    Mass spectrometry   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  OPA     o -Phthaldialdehyde   
  OR    Odds ratio   
  SBP    Systolic blood pressure   
  SHR    Spontaneously hypertensive rat   
  WKY    Wistar Kyoto rats   
  μmol/L    Micromoles per litre     

    Introduction 

 High blood pressure (BP) or hypertension is the major risk factor for cardiovascular events including 
stroke as well as  kidney and heart failure   [ 1 ]. An estimated 600 million persons worldwide are affected 
by hypertension [ 2 ] with the prevalence increasing rapidly in sub-Saharan Africa [ 1 ]. Between 2011 
and 2025, the projected cost of non-communicable disease to the economy of the United States was 
estimated at $7.28 billion with cardiovascular disease accounting for more than half of this cost [ 3 ]. 
The prevalence of hypertension in South Africa is between 14.6 and 24.4 %, and in 1991 the cost to 
the economy was estimated at $400 million or 7.5 % of healthcare expenditure [ 4 ,  5 ]. Of concern is 
that of patients on treatment, only 30 % have blood pressures adequately controlled, with patients 
inadequately controlled still at excess risk for adverse cardiovascular events [ 1 ]. Furthermore, tradi-
tional risk factors do not fully account for the burden and risk for cardiovascular disease seen in 
patients. 

  Blood pressure   is determined by the balance between vasoconstrictors (e.g. adrenaline in a fi ght- 
or- fl ee response) and vasodilators (e.g. nitric oxide (NO)). NO is the most important vasodilator and 
is produced by endothelial cells from the ‘semi-essential’ amino acid  L -arginine and oxygen in a reac-
tion catalysed by the  enzyme NO synthase (NOS)  . NO dilates arteries and regulates blood pressure, 
improves endothelial function and mediates a host of other effects [ 6 ] that are beyond the scope of this 
chapter. Although  L -arginine concentrations are in excess of the  K  m  of NOS, NO production is depen-
dent on extracellular  L -arginine [ 7 ]. 

 Factors affecting the concentration of the  L -arginine, its synthesis, metabolism and transport, in 
the context of hypertension and cardiovascular disease, have not been fully elucidated. Given the 
underlying  endothelial dysfunction   in hypertension and commonly associated obesity, diabetes and 
hyperlipidaemia, the measurement of  L -arginine, metabolites and associated amino acids may pro-
vide further insight into this dysfunction. This chapter presents these data for  L -arginine, its metab-
olites and related cationic amino acids, as other aspects have been expertly reviewed in accompanying 
chapters. Such studies emphasise an important role for  L -arginine in hypertension and other cardio-
vascular diseases.  
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      L -Arginine Synthesis and Metabolism   

  L -Arginine synthesis and metabolism have been reviewed [ 6 ,  8 ]. De novo synthesis of  L -arginine 
occurs in the intestines, kidneys and the liver. At birth, the enterocytes of the small intestine are the 
major sites of  L -arginine synthesis and as the gut matures there is an increase in arginase activity, a 
catabolic enzyme that converts  L -arginine to ornithine and urea. Ornithine is converted to citrulline 
locally in the enterocytes. This citrulline is then fi ltered by the kidneys and converted to  L -arginine in 
the proximal tubules. The kidneys are responsible for approximately 60 % of  L -arginine synthesis and 
the majority of  L -arginine synthesis, in adults, occurs through this intestinal–renal axis [ 6 ,  9 ,  10 ]. 
Although the highest rates of  L -arginine synthesis occur within the hepatic urea cycle, the net produc-
tion of  L -arginine from the liver is small compared with the intestinal–renal axis. 

 Studies have been conducted to determine whether  L -arginine supplementation can reverse the 
underlying endothelial dysfunction common to cardiovascular diseases. In cardiovascular disease, 
oral  L -arginine supplementation (expertly reviewed in the chapter by Sourij and Tripolt) was benefi -
cial in heart failure [ 11 ], increased coronary small vessel endothelial function [ 12 ], inhibited athero-
genesis [ 12 ,  13 ], improved haemodynamic responses in hypercholesterolaemic men [ 14 ], and 
improved endothelium-dependent vasodilation [ 15 ]. However, other studies have shown no improve-
ment in endothelial function and even possible harm and increased mortality in patients with pre-
existing cardiovascular disease with  L -arginine supplementation [ 16 – 19 ]. The approach of  L -arginine 
supplementation to reverse endothelial dysfunction may therefore not be benign. However, most stud-
ies were not randomised with small sample size and were of short duration. 

 A meta-analysis of randomised oral  L -arginine supplementation versus placebo-controlled trials 
( n  = 12 trials of short duration) in patients with coronary artery disease, hypercholesterolaemia, heart 
failure, peripheral artery disease, children in chronic renal failure and elderly patients asymptomatic 
for cardiovascular diseases, as well as healthy individuals has been undertaken. The analysis found 
only individuals with initially low baseline fl ow mediated vasodilation (FMD) improved FMD 
(OR: 1.98 [0.47–3.48] ( p  = 0.01) [ 20 ]. 

 A recent meta-analysis analysed randomised, double-blinded, placebo-controlled studies ( n  = 
11), supplementing between 2 and 24 g  L -arginine/day (median 9 g/day) in patients diagnosed with 
hypertension. The median duration of the studies was 9 weeks and included 387 participants (range 
12–79 patients per study).  L -Arginine supplementation reduced systolic blood pressure (SBP) by 
5.4 mmHg (95 % CI −8.5 to −2.3;  p  = 0.001) and diastolic blood pressure (DBP) by 2.7 mmHg (95 
% CI −3.77 to −1.54;  p  < 0.001) [ 21 ].  

    Measurement of  L -Arginine, Amino Acids, and Metabolites 

  Sample preparation.   Samples should be immediately cooled, centrifuged and plasma frozen within 
30 min. This may be the reason for the narrower range of reported values of earlier studies (80–
100 μmol/L) [ 22 ], compared to more recent studies [ 23 ]. Furthermore, immediate removal of protein 
by precipitation or by using low molecular weight sample fi lters is recommended.  

   Amino acid analysis.     Amino acid analysis started in the late 1950s using ion-exchange chromatography 
with post-column reaction with ninhydrin. The analysis of 0.5 mL of urine took 750 min to resolve 
175 ninhydrin reactive compounds [ 24 ]. Subsequently, the development of high performance liquid 
chromatography (HPLC) allowed signifi cantly faster separations. Although still used with HPLC ion-
exchange column chromatography, ninhydrin has become less popular with the development of rapid 
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and milder derivatisation with  o -phthaldialdehyde (OPA), dansyl chloride, 6-aminoquinolyl- N -
hydroxy- N -  hydroxysuccinimidyl carbamate (ACQ) and 9-fl uorenyl-methyloxycarbonyl (FMOC). 
However, the stability of these derivatives may be limited and requires rapid separation of the amino 
acid derivatives. Although often used, OPA does not react with secondary amino acids, requiring the 
important metabolite of  L -arginine, proline, to be oxidised prior to quantifi cation. The derivatives of 
the 22 major amino acids can be separated within a reasonable time by reversed phase HPLC. The 
separation of the 40 physiological amino acids is challenging particularly as  the   concentrations span 
three orders of magnitude (<1 to >1000 μmol/L). Therefore, rapid methods to analyse amino acids 
directly related to  L -arginine, the precursors, and metabolites have been developed [ 25 ].  

 Developments using HPLC with detection by mass spectrometry (MS) rely on good calibration 
and accurate calculation of mass of the amino acids allowing several amino acids to be detected 
simultaneously. Derivatisation using alkyl chloroformates forms the basis for a commercially avail-
able kit for amino acid analysis (EZ:faast. Phenomenex, Torrance, CA). The gas chromatographic–
MS version of this kit does not detect  L -arginine. 

  Interpretation of  data.     Differences between techniques used to measure amino acid have yielded 
different values for control and disease states, and direct comparison between reported values 
should be regarded with caution. Furthermore, concentrations expressed as μg/mL or μmol/L are 
subject to the effects of dilution, and correlations with other amino acids and phenotypic parameters 
(blood pressure) may be spurious. Amino acid concentrations should, therefore, also be expressed 
relative to total amino acid nitrogen, or urinary concentrations relative to that of creatinine 
concentrations (Fig.  37.1 ).

    Although providing interesting information, reporting changes or differences in the concentra-
tions of a list of individual amino acids may be limited. Associations between amino acid con-
centrations have been shown for  L -arginine,  L -arginine precursors, metabolites and those using 
common transport systems. Arranging the amino acids according to their respective  membrane   
transport, i.e. characteristics or functional groups (cationic transport), may provide insight into 
mechanism of such changes. 

 An example of reporting data relative to total amino acid nitrogen and the measurement of similar 
cationic amino acids in hypertension is illustrated in Fig.  37.1 . As a semi-essential amino acid, plasma 
concentrations of  L -arginine are determined by a number of pathways as the body is capable of endog-
enous synthesis, the metabolic pathways, and renal handling. In contrast, the concentration of the 
essential amino acid lysine, which uses the same cationic transport, depends only on dietary intake, 
protein turnover and recovery from the renal tubules. In African patients,  L -arginine expressed as 
either μmol/L or as μmol/mg total amino acid nitrogen shows little signifi cant relationship with mean 
daytime ambulatory systolic blood pressure (Fig.  37.1 ). In contrast, direct lysine concentrations 
(as μmol/L) correlated with 24 h, daytime and nocturnal blood pressures. Moreover, these correlations 
were much stronger when corrected for total amino acid nitrogen (Fig.  37.1  only data for mean day-
time systolic blood pressure shown; data unpublished).  

      L -Arginine and Metabolite Concentrations   

  Fasting  L -arginine concentrations.   Plasma  L -arginine concentrations vary among different population 
groups, diseases, gender and age. Cultural dietary profi les and geographical availability of food products 
may further contribute to this varia tion. Values of plasma  L -arginine concentrations range from normal 
59.6 μmol/L [ 26 ] to 210 μmol/L [ 6 ]. In elderly men and women, the averages are approximately 
113.7 ± 19.8 μmol/L and 88.0 ± 7.8 μmol/L, respectively [ 27 ,  28 ]. Young men had lower (not statistically 
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  Fig. 37.1    Relationships between mean daytime ambulatory systolic blood pressure and plasma  L -arginine and lysine 
concentrations in African patients ( n  = 85) expressed as ( a ) μmol/L and ( b ) μmol/mg total amino acid nitrogen. 
Concentrations as μmol/L:  L -arginine  r  = 0.113 ( p  = 0.30); lysine  r  = 0.22 ( p  < 0.04). Concentrations as μmol/mg amino 
acid nitrogen:  L -arginine  r  = 0.06 ( p  = 0.59); lysine  r  = 0.30 ( p  = 0.0054) (GP Candy unpublished data)       

different)  L -arginine concentrations, 81.6 ± 7.3 mmol/L, compared to older men whereas younger and 
older women have similar  L -arginine concentrations, 72.4 ± 6.7 μmol/L [ 27 ,  28 ] (Table  37.1 ).

    Although endogenous synthesis of  L -arginine maintains relatively constant circulating concentra-
tions, low  L -arginine concentrations may occur [ 29 ], particularly in the setting of infectious diseases, 
such as cerebral malaria [ 30 ] and sepsis [ 31 ]. Studies have shown increased concentrations of  L -argi-
nine and related metabolites in humans with essential hypertension [ 26 ,  32 ,  33 ].  L -Arginine 
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  Fig. 37.2    Changes in cationic amino acids,  L -arginine (arg) and lysine (lys), over time in the spontaneously hyperten-
sive rat (SHR) compared to the Wistar Kyoto (WKY) rats. The SHRs develop hypertension around 8 weeks of age. 
Results as mean ± standard deviation; * p  < 0.05 between SHR and WKY values. Adapted from Jones [ 34 ] (with permis-
sion from the American Nutrition Society). Abbreviations:  arg   L -arginine,  lys  lysine       

concentrations also showed a positive correlation with diastolic blood pressure [ 26 ,  34 ]. As  L -argi-
nine supplementation decreases blood  pressure in hypertension [ 21 ], the reports of raised  L -arginine 
concentrations in this cardiovascular disease are unexpected. As supplementation would further 
increase  L -arginine concentrations, these data may suggest that in patients with hypertension, either 
cellular uptake by the cationic transporters [ 9 ,  32 ] was reduced or that subsequent NO synthesis was 
impaired [ 32 ]. Ornithine and lysine have been shown to be elevated in hypertension [ 32 ] (Table  37.1 ) 
and although these amino acids were not statistically increased in African patients with hyperten-
sion, lysine was shown to correlate with 24 h and nocturnal ambulatory blood pressures [ 26 ], again 
implicating reduced activity of cationic transport or NO synthesis. 

 One of the only longitudinal studies in the  spontaneously hypertensive rat (SHR)      demonstrated 
that  L -arginine concentrations were reduced until the rat developed hypertension at around 8 weeks of 
age [ 34 ]. Thereafter,  L -arginine concentrations increased and approached those of the control Wistar 
Kyoto rats (WKY). Changes in lysine concentrations paralleled those of  L -arginine, remaining lower 
than the WKY rats once hypertension manifest, but were not different at the end of the study period 
(Fig.  37.2 ) [ 34 ]. The common changes in  L -arginine and lysine concentrations implicate altered han-
dling of cationic amino acids in this model of hypertension and can be partly explained by the com-
mon transport. Furthermore, these data can be explained if during the development of hypertension, 
the SHRs are capable of upregulating  L -arginine synthesis, whereas lysine, as an essential amino acid, 
in vivo biosynthesis does not occur. Chein et al. [ 35 ] delayed the onset and attenuated hypertension in 
SHRs with citrulline and nitrate in young pre-hypertensive SHRs. However, this study was of short 
duration and comparison to the results of Jones [ 34 ] may not be possible.
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   In metabolic syndrome (Syndrome X)  L -arginine concentrations were no different to controls 
(Table  37.2 ) [ 36 ]. However, in obstructive CAD  L -arginine concentrations were reduced [ 37 ] and once 
heart failure developed, plasma  L -arginine concentrations were signifi cantly reduced (Table  37.2 ) [ 38 ].

       L-Arginine Transport and Availability of L-Arginine 

   L-Arginine transport.     NO production is dependent on extracellular  L -arginine despite  L -arginine 
concentrations in excess of the  K  m  of NOS [ 7 ].  L -Arginine is transported across cell membranes by 
several transporters [ 39 ] and several research groups have reviewed the data demonstrating reduced 
 L -arginine transport in hypertension and cardiovascular diseases [ 40 ,  41 ]. The demonstration of 
impaired  L -arginine transport in cardiovascular disease has led to the suggestion that the membrane 
transporters are potentially important therapeutic targets in cardiovascular disease [ 9 ]. In contrast in 
heart failure  L -arginine concentrations were lower than controls, but  L -arginine transport was 
increased [ 38 ].  

 Transport by low capacity, high affi nity y + L transport appears to be important for NO production 
[ 41 ,  42 ]. In the absence of selective inhibitors/activators for such transport, the importance of this 
transport in NO production requires further investigation. 

  L-Arginine to asymmetrical dimethyl L-arginine    Asymmetrical dimethyl  L -arginine (ADMA)   is an 
endogenous inhibitor of NOS and a risk factor for cardiovascular disease [ 43 ]. As  L -arginine 

      Table 37.2    Reported concentrations of amino acids related to  L -arginine and  L -arginine metabolism in syndrome X, 
heart failure, and supplementation in vitamin B6 defi ciency   

  L -Arginine  Lysine  Citrulline  Ornithine  GABR  Reference 

 Controls  154 ± 34  [ 36 ] 
 Syndrome X  143 ± 27 
 Controls  117 ± 23  207 ± 48  125 ± 42  [ 38 ] 
 Heart failure  59 ± 3*  113 ± 13*  83 ± 9 
 Obstructive atherosclerotic CAD 
 Controls  74 ± 24  18 

 (14–26) 
 36 
 (26–49) 

 1.27 
 (0.96–1.73) 

 [ 37 ] 

 CAD  68 ± 20***  23*** 
 (18–31) 

 41*** 
 (30–57) 

 1.06*** 
 (0.75–1.31) 

 B 6  defi ciency  [ 50 ] 
 Defi ciency  71 ± 20 
 Supplementation 
 B6 7 days  110 ± 23* 
 B6 14 days  103 ± 24 

  * p  < 0.05, ** p  < 0.005; *** p  < 0.0005 compared to control subjects or pre-vitamin B6 supplementation 
  CAD  coronary artery disease 
 Bellany [ 36 ]: Syndrome X: patients with effort-related angina; positive exercise stress test; normal coronary angiogram; 
no other cardiovascular diseases (BP > 150/90 mmHg; raised cholesterol >6.5 mmol/L; homocysteine >15 μmol/L) 
 Hypertension (57 ± 3 μmol/L compared with 49 ± 3 μmol/L in control) 
 Tang [ 37 ]: patients: all women were postmenopausal, one on hormone replacement therapy. All resting ECGs were 
normal except for one patient with LBBB (angina, normal coronary arteriogram, and positive exercise test history of 
stable effort-related angina and positive exercise stress test)  

G.P. Candy and C. Naidoo



479

concentrations were elevated in hypertension, the value of ADMA measurement as a risk factor in 
hypertension may be limited.  

   Global L-arginine bioavailability ratio (GABR)        The ratio of concentration of  L -arginine to that of 
(citrulline + ornithine) has been proposed as a measure of  the   bioavailability of  L -arginine in 
cardiovascular disease (Table  37.2 ) [ 37 ]. Low  L -arginine concentrations reduced the GABR in 
obstructive coronary artery disease (CAD) compared to patients without CAD [ 37 ] and a low GABR 
was associated with mortality in patients undergoing coronary angiography [ 44 ]. Low GABR has also 
been reported in patients with pulmonary hypertension associated with systolic heart failure [ 45 ]. 
However, GABR appears not to have been determined in essential hypertension. Given that  L -arginine 
concentrations were reported as increased in hypertension [ 26 ,  32 ,  33 ], the ratio may not be reduced 
and therefore would not refl ect reduced bioavailability of  L -arginine.  

   Orotic acid     Increased urinary orotic acid is a sensitive indicator of ornithine transcarbamylase activity 
and has been used as a marker of  L -arginine defi ciency and of inborn errors of the ornithine cycle [ 46 ] 
(Fig.  37.3 ). Increased orotic acid concentrations have been reported in patients with hypertension, 
stroke and heart failure suggesting these conditions were  L -arginine defi cient [ 47 ]. Furthermore, a 

  Fig. 37.3    Synthetic route of orotic acid.  Arrows  indicate when  L -arginine concentrations are limiting, ornithine produc-
tion is reduced and is insuffi cient to react with carbamoyl phosphate. Carbamoyl phosphate is diverted to orotic acid, 
which accumulates and is increased in the urine. Although the presence of orotic acid is a sensitive measure of ornithine 
transcarbamylase activity, it is useful in diagnosing genetic abnormalities of the urea cycle and derangements in  L -argi-
nine metabolism.  NAGS  N-acetylglutamate synthase;  CPS1  carbamoylphosphate synthase;  OTC  ornithine transcarba-
mylase;  ASS  argininosuccinate synthase;  ASL   L -arginine-succinate lyase       
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single report of patients with pregnancy-induced hypertension has found lower third trimester urinary 
orotic acid levels compared to normal pregnancy. In normal pregnancy, orotic acid levels were 
elevated in the second and third trimesters compared to the fi rst trimester ( p  < 0.01) [ 48 ].  Although   
orotic acid is stable and provides an indication of  L -arginine defi ciency, it has been infrequently 
measured in hypertension and cardiovascular disease.

      Vitamin B 6      An animal model of hypertension was developed by feeding rats a vitamin B 6 -defi cient 
diet [ 49 ]. Kang-Yoon and Kirksey [ 50 ] supplemented women on a low vitamin B 6  diet with 
pyridoxine. Plasma  L -arginine and urea concentrations were shown to increase signifi cantly within 
1 week, but blood pressures were not measured in this study (Table  37.2 ). These observations and 
the underlying mechanisms appear not to have been investigated further.   

    Conclusion 

 Although traditional risk factors for cardiovascular disease, such as fasting glucose concentrations 
and lipid profi les, are routinely measured to access cardiovascular risk, amino acid profi les are not. 
 L -Arginine is the precursor of the vasodilator nitric oxide (NO) and extracellular concentrations of 
 L -arginine determine the availability of NO. Therefore, the measurement of  L -arginine,  L -arginine 
precursor and metabolite concentrations may provide useful data and insight into the mechanisms 
underlying cardiovascular disease. 

 In patients with hypertension, there is little information available on amino acid profi les or  the 
  bioavailability of  L -arginine. A single study in the spontaneously hypertensive rat (SHR) shows prior 
to the onset of hypertension, cationic amino acids, including  L -arginine and lysine, are reduced in 
concentration. Once hypertension develops in the SHR,  L -arginine concentrations are equal to those 
of control animals. In human patients  L -arginine and lysine concentrations are increased. These data 
suggest the capacity to increase  L -arginine, altered cationic amino acid transport in humans with hyper-
tension or reduced production or availability of NO. 

 Reduced global  L -arginine bioavailability ratio (GABR) has been demonstrated in coronary artery 
disease and heart failure even though in the latter,  L -arginine transport was increased. The GABR may 
not apply in hypertension as  L -arginine concentrations were increased, and therefore alternative mea-
sures such as increased orotic acid have suggested hypertension to be an  L -arginine-defi cient state. 
Very limited data suggest a role for vitamin B 6  in hypertension with rats developing elevated blood 
pressures on a vitamin B 6 -defi cient diet. A human study has shown altered  L -arginine concentrations 
following vitamin B 6  supplementation, but such observations require further investigation. 

 The development of newer techniques and rapid HPLC/MS techniques will allow easier measure-
ment of amino acid profi ling in cardiovascular disease and may provide further insight into the role of 
 L -arginine in cardiovascular disease.     
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  Abbreviations 

  ADMA    Asymmetric dimethylarginine   
  AMI    Acute myocardial infarction   
  CAD    Coronary artery disease   
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  CO    Controlled   
  CVD    Cardiovascular disease   
  DB    Double-blind   
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  L -Arginine and Cardiovascular Disease                     

     Norbert     J.     Tripolt       and     Harald     Sourij       
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  Graz ,  Austria   
 e-mail: norbert.tripolt@medunigraz.at; ha.sourij@medunigraz.at  

 Key Points 

•    L -arginine is a weak predictor for incident cardiovascular events.  
•   The global  L -arginine bioavailability ratio accounts for the metabolic products of  L -arginine and is 

calculated as follows:  L -arginine/( L -citrulline +  L -ornithine).  
•   A low global  L -arginine bioavailabilty ratio is predictive for future major adverse cardiovascular 

events and mortality in subjects undergoing coronary angiography and with sickle cell disease.  
•   Animal and human mechanistic studies suggest cardiovascular benefi ts from  L -arginine 

supplementation.  
•   Large-scale trials with  L -arginine supplementation investigating cardiovascular endpoints are 

needed.  
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  eNOS    Endothelial nitric oxide synthase   
  FMD    Flow-mediated dilatation   
  GABR    Global  L -arginine bioavailability ratio   
  HR    Hazard ratio   
  IDDM    Insulin-dependent diabetes mellitus   
  IGT    Impaired glucose tolerance   
   L -NAME     N -nitro  L -arginine methyl ester   
  MACE    Major adverse cardiovascular events   
  MetS    Metabolic syndrome   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NMD    Nitroglycerin-mediated dilatation   
  NO    Nitric oxide   
  NO3    Urinary nitrate   
  PC    Placebo-controlled   
  Pts    Patients   
  R    Randomized   
  T2DM    Type 2 diabetes mellitus   
  TIA    Transient ischemic attack   

      Introduction 

 Cardiovascular disease (CVD) encompasses a group of disorders of the  heart and blood vessels  , 
including coronary heart, cerebrovascular, peripheral artery disease, or deep vein thrombosis and 
pulmonary embolism [ 1 ]. Although the mortality rates of CVD decreased substantially over the last 
decade, still almost a half of all deaths in Europe are attributable to CVD [ 2 ]. 

 A healthy  endothelium   is capable of thoroughly regulating pivotal functions such as vascular tone, 
platelet aggregation, coagulation, or fi brinolysis. One critical signaling molecule involved in this 
blood vessel homeostasis is  nitric oxide (NO)  . Reduced bioavailability of NO, also known as endothe-
lial dysfunction, has been demonstrated to play a crucial role in the pathogenesis of atherosclerosis 
and was subsequently associated with CVD events [ 3 ]. Since the semi-essential amino acid  L -arginine 
represents the unique source for NO production, it is not surprising that the role of  L -arginine in car-
diovascular disease and outcome is of great interest to many research groups. 

 NO is produced by the endothelial nitric oxide synthase (eNOS) in a complex reaction requiring 
cofactors such as tetrahydrobiopterin and nicotinamide adenine dinucleotide phosphate (NADPH) 
[ 4 ] (reviewed in more detail in the Chapter 1). Endothelial cell-derived NO subsequently leads to 
relaxation of smooth muscle cells and it inhibits their proliferation and migration;    NO increases 
proliferation of endothelial cells and angiogenesis, reduces expression of adhesion molecules on 
endothelial cells, and decreases aggregation and adhesion of platelets [ 4 ]. Therefore, it has been 
postulated that increasing blood  L -arginine levels might directly increase NO production, leading 
to improved cardiovascular outcome. However, due to the complex   L -arginine   metabolism, total 
plasma  L -arginine levels turned out not to be different in subjects with cardiac syndrome X as com-
pared to a control group [ 5 ] and blood  L -arginine levels are only weak predictors for future myocar-
dial infarction or stroke and not predictive for  mortality or major adverse cardiovascular events 
(MACE)   [ 6 ]. Therefore, it has been suggested to take the complexity of  L -arginine metabolism into 
account when looking into cardiovascular effects of this amino acid and its use in cardiovascular 
risk prediction. 
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 It has been shown that the quantitatively more important pathway of  L -arginine catabolism occurs 
via the enzyme arginase, which metabolizes  L -arginine to  urea and ornithine   (for more details, see 
Chap.   14    ). Ornithine, however, competes with  L -arginine for the same transporter [ 7 ], leading to 
reduced intracellular  L -arginine bioavailability. Higher levels of ornithine occur in conditions associ-
ated with arginase upregulation such as infl ammation, coronary artery disease, cystic fi brosis, asthma, 
or diabetes mellitus [ 6 ,  8 ]. 

 In 2005, Morris et al. suggested the concept of the “ L - arginine bioavailability  ” which takes alterna-
tive pathways such as the arginase pathways and the levels of the metabolites on the bioavailability of 
 L -arginine for vascular function into account [ 9 ]. In the proposed “global  L -arginine bioavailability 
ratio” (GABR)      , total  L -arginine levels are adjusted for the major catabolic products:  L -ornithine and 
 L -citrulline ( L -arginine/( L -ornithine +  L -citrulline)). They demonstrated in a cohort of 228 subjects 
with sickle cell anemia an increased mortality (HR (95 % CI): 3.6 (1.5–8.3),  p  < 0.001) in those in the 
lowest  GABR   quartile compared to the highest. Tang et al. performed an analysis of the Cleveland 
Clinic GENEBANK, a prospective cohort study, and they demonstrated that subjects with coronary 
artery disease (CAD) had signifi cantly lower GABR levels than those without CAD (Median (IQR) 
1.06 (0.75, 1.31) versus 1.27 (0.96, 1.73);  p  < 0.001) [ 6 ]. The lowest GABR quartile was associated 
with an increased risk for incident MACE during the 3 years of follow-up (adjusted hazard ratio (HR) 
1.98,  p  = 0.025) as compared to the highest, while  L -arginine levels themselves were not predictive for 
future cardiovascular events in the adjusted logistic regression models. 

 This fi nding was confi rmed in an analysis of 2236 subjects referred to coronary angiography who 
participated in the prospective  Ludwigshafen Risk and Cardiovascular Health (LURIC) study   [ 8 ]. Subjects 
in the lowest GABR quartile had a signifi cantly increased risk for cardiovascular mortality (adjusted HR 
(95 % CI): 1.75 (1.24–2.45)) compared to those in the highest GABR quartile and the frequency of con-
fi rmed coronary artery disease was inversely associated with quartiles of GABR ( p  for trend <0.002). In 
addition, subjects with type 2 diabetes mellitus had a lower GABR than those without diabetes (0.88 ± 0.23 
vs. 0.94 ± 0.24,  p  < 0.001). The available data suggest that GABR seems to be a better predictor for cardio-
vascular events than  L -arginine alone (see Table  38.1 ). Tripolt et al. [ 10 ] added the important fi nding that 
intensifi ed risk factor intervention improves GABR in patients with type 2 diabetes.

   However, besides the question of which of the parameters is more suitable for risk prediction, the 
even more important question is whether  L -arginine supplementation has an impact on cardiovascular 
disease or outcome and can be considered as a therapeutic option.  

    Animal Studies of  L -Arginine Supplementation (Summarized in Table  38.2 ) 

    In 1990, Girerd et al. [ 11 ] investigated the impact of  L -arginine supplementation on endothelium- 
dependent vasodilatation in  cholesterol-fed rabbits  .  Vasodilatator responses   of the hind limb to intra- 
 arterial   infusion of acetylcholine and nitroprusside were measured before and during intravenous 
infusion of  L -arginine (10 mg/kg/min) and in controls, respectively. This trial demonstrated an 
improved endothelial-dependent relaxation by  L -arginine infusion. 

   Table 38.1    Global  L -arginine bioavailability ratio (GABR) for cardiovascular risk prediction   

 Publication  Patient cohort   n   Outcome  Results 

 Morris et al. 
[ 9 ] 

 Sickle cell disease  228  All-cause mortality  1st GABR quartile vs. 4th quartile: 
HR (95 % CI) 3.6 (1.5–8.3) 

 Tang et al. [ 6 ]  Pts. undergoing coronary 
angiography 

 1010  MACE  1st GABR quartile vs. 4th quartile: 
HR (95 % CI) 1.98 (1.09–3.59) 

 Sourij et al. [ 8 ]  Pts. undergoing coronary 
angiography 

 2236  Cardiovascular 
mortality 

 1st GABR quartile vs. 4th quartile: 
HR (95 % CI) 1.75 (1.24–2.45) 
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 Cooke and colleagues [ 12 ] investigated the effect of  L -arginine supplementation on endothelium- 
dependent relaxation in  hypercholesterolemic rabbits  . Fifty-four male rabbits were divided into three 
groups receiving normal rabbit chow, 1 % cholesterol diet, or 1 % cholesterol diet supplemented by 
2.25 %  L -arginine in drinking water. In this trial,  L -arginine supplementation in hypercholesterolemic 
rabbits decreased the surface area and reduced intimal thickness of atheromatous lesion in the thoracic 
aorta. 

 The  hypothesis   that long- term   oral supplementation of  L -arginine would inhibit atherogenesis in 
hypercholesterolemic rabbits was further tested by Wang and colleagues [ 13 ]. They fed male New 
Zealand white rabbits with normal chow, 1 % cholesterol chow, or 1 % cholesterol chow with dietary 
 L -arginine or  methionine supplementation.   This trial demonstrated a prevention of coronary artery 
intima thickening by the supplementation of  L -arginine. 

 Hamon et al. [ 14 ] demonstrated that  L -arginine reduced neointimal thickening after balloon denu-
dation and improved  neoendothelial-dependent acetylcholine-induced relaxation  . Therefore, 26 rab-
bits were fed either with a standard diet or a diet supplemented with  L -arginine (2.25 %) in their 
drinking water 3 days before and 4 weeks after balloon denudation. These fi ndings were confi rmed by 
Tarry and Makhoul [ 15 ] and Singer et al. [ 16 ] in two other trials with rabbits. 

 Boger et al. [ 17 ] investigated  endothelium-dependent relaxation   induced by acetylcholine in iso-
lated aortic rings of male rabbits. Rabbits were divided into four groups of eight receiving a normal 
chow diet, a high-cholesterol diet, a high-cholesterol diet plus  L -arginine, or a high-cholesterol diet 
plus   L -NAME   for 12 weeks. This study showed that the supplementation of  L -arginine in cholesterol- 
fed rabbits restores the diminished systemic NO production, as assessed by endothelium-dependent 
relaxations of aortic rings. In contrast, chronic administration of  L -NAME resulted in a further 
decrease in urinary nitrate excretion and completely removed endothelium-dependent relaxations by 
acetylcholine. In another trial, Boger et al. [ 18 ] reported that both  L -arginine and  vitamin E supple-
mentation   signifi cantly reduced atherosclerosis formation in the thoracic aorta and common carotid 
arteries of hypercholesterolemic rabbits. 

 Davies et al. [ 19 – 21 ] confi rmed that  L -arginine-rich diet ameliorated hypercholesterolemia- 
induced functional abnormalities in  endothelial cells  . 

 In 2007, Aji et al. [ 22 ] showed that  L -arginine had a benefi cial effect on  vascular endothelium  , but the 
effect was reversed by an  L -arginine analogue that blocked NO production. The study group performed 
experiments in an LDL-receptor-defi cient mouse model of familial hypercholesterolemia. Forty mice were 
divided into four groups of ten that received regular chow, a high-cholesterol diet, a high-cholesterol diet plus 
 L -arginine, or a high-cholesterol diet plus  N -nitro- L -arginine and  L -arginine. After 6 months, the mean ath-
erosclerotic lesion area in the  L -arginine group was signifi cantly less than in the high-cholesterol group, and 
the lesion area in the  L -arginine plus  N -nitro- L -arginine group was larger than in the high-cholesterol group. 

 This plethora of studies (see Table  38.2 )    suggests benefi cial effects of  L -arginine supplementation 
on endothelial function and atherosclerosis in animals.  

    Human Studies of Oral  L -Arginine Supplementation (for Summary See 
Tables  38.3  and  38.4 ) 

         Endothelial Function   

 In the mid-1990s, Adams and colleagues [ 23 ] investigated for the fi rst time the effect of oral  L - 
arginine on endothelial function in 12 healthy young men. In this prospective, double-blind, random-
ized crossover trial young men took 7 g  L -arginine or placebo for 3 consecutive days, separated by a 
washout period of 7–14 days. No change in fl ow-mediated brachial artery dilatation could be mea-
sured. However, the same investigators [ 24 ] showed a few years later in a prospective, double-blind, 
randomized crossover study of ten young men with  CAD  , which oral  L -arginine (7 g  L -arginine three 
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times daily for 3 days) was able to increase endothelial-dependent vasodilatation and reduce mono-
cyte adhesion to endothelial cells.  

    Coronary Artery  Disease   

 Lerman et al. [ 25 ] reported the benefi cial effects  of   oral supplementation of  L -arginine in 26 patients 
with small vessel CAD. Coronary blood fl ow reserve in response to acetylcholine was assessed at 
baseline and 6-month intervals. The  L -arginine group demonstrated in this blinded, controlled trial a 
signifi cant increase in coronary blood fl ow and decreased endothelin levels compared with placebo. 

 In the years 1999 and 2000, Blum and colleagues published the results of three clinical trials deal-
ing with the supplementation of oral  L -arginine: The fi rst trial [ 26 ] reported the benefi ts of oral  L - 
arginine therapy (9 g/day for 30 days) in a crossover, double-blind study of ten patients with class IV 
angina. Oral  L -arginine supplementation resulted in clinical improvement in seven patients (from 
angina pectoris class IV to class II). In their second trial, Blum et al. [ 27 ] reported an increase in 
plasma  L -arginine levels after 1 month of oral  L -arginine therapy in 30 patients with coronary artery 

   Table 38.3    Clinical studies using intra-arterial or intravenous infusions of  L -arginine in humans (in order of publication 
year)   

 First author  Year 
 Treatment nature 
( L -arginine)  Study population 

 Number 
of 
patients  Outcome 

 Creager [ 43 ]  1992  Intravenous 
infusion, 
10 mg/kg/min 

 Healthy humans  11   L -arginine did not 
improve endothelium- 
dependent 
vasodilation 

 Creager [ 43 ]  1992  Intravenous 
infusion, 
10 mg/kg/min 

 Patients with 
hypercholesterolemia 

 14   L -arginine improved 
endothelium- 
dependent 
vasodilation 

 Chowienczyk 
[ 44 ] 

 1994  Intra-arterial 
infusion, 
10 mg/min 

 Patients with 
hypercholesterolemia 

 26  Improvement of 
acetylcholine-induced 
vasodilatation of 
brachial artery in 
males but not in 
females 

 Thorne [ 45 ]  1998  Intravenous 
infusion, 0.1 g/
kg 

 Patients with 
hypercholesterolemia 

 9  Improvement of FMD 

 Cross [ 47 ]  2001  Intra-arterial 
infusion, 
50 μmol/min 

 Predialysis patients  8   L -arginine did not 
improve endothelial 
function 

 Cross [ 47 ]  2001  Intravenous 
infusion, 10 g 

 Hemodialysis patients  18   L -arginine did not 
improve endothelial 
function 

 Kawano [ 46 ]  2002  Intra-arterial 
infusion, 30 g 
for 1 h 

 Patients with 
hypercholesterolemia 

 17  Improvement of 
endothelial function 
in the brachial artery 

 Koifman [ 48 ]  2006  Intravenous 
infusion, 20 g 

 Patients with heart failure  9  Positive effects on 
hemodynamic 
variables and 
endothelium- 
dependent 
vasodilatation 
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   Table 38.4    Clinical studies of oral  L -arginine supplementation (in order of publication year)   

 First author  Year 

  L - 
arginine 
dose (g/
day)  Study population 

 Study 
duration 
(day) 

 Number 
of 
patients  Outcome 

 Study 
design 

 Adams [ 23 ]  1995  21  Healthy young men  3  12  Endothelial function 
(FMD) 

  R  ,  PC  , 
 DB   

 Clarkson [ 49 ]  1996  21  Hypercholesterolemic 
subjects 

 28  27  Endothelial function 
(FMD, NMD) 

 R, PC, 
DB 

 Adams [ 24 ]  1997  21  Patients with CAD  3  10  Endothelial function 
(FMD) 

 R, PC, 
DB 

 Blum [ 26 ]  1999  9  Patients with angina pectoris  90  10  Clinical events   CC   
 Blum [ 28 ]  2000  9  Postmenopausal women  30  10  No augmentation in 

NO synthesis and 
release 

 R, DB, 
CO 

 Blum [ 27 ]  2000  9  Stable CAD  30  30  Endothelial function 
(FMD,  NMD  , 
brachial artery 
diameter) 

 R, PC, 
DB 

 Maxwell [ 30 ]  2002  6  Stable CAD  14  36  Endothelial function 
(FMD) 

 R, PC, 
DB 

 Lekakis [ 32 ]  2002  6  Patients with essential 
hypertension 

 1  18  Endothelial function 
(FMD, NMD, 
Intima media 
thickness) 

 R, PC, 
DB 

 Regensteiner 
[ 37 ] 

 2003  9  Women with type 2 diabetes  7  20  Endothelial function 
(FMD, basal 
forearm blood 
fl ow) 

 R,  CO   

 Bode-Böger 
[ 42 ] 

 2003  16  Healthy individuals  14  12  Endothelial function 
(FMD) 

 R, PC, 
DB 

 Abdelhamed 
[ 31 ] 

 2003  3.3  Hypercholesterolemic 
patients 

 14  47  Endothelial function 
(FMD) 

 R, PC, 
DB 

 Yin [ 29 ]  2005  15  Stable CAD  28  31  Endothelial function 
(FMD) 

 R, PC, 
DB 

 Bednarz [ 34 ]  2005  9  Patients with acute 
myocardial infarction 

 30  774  Clinical events 
(all-cause 
mortality, 
myocardial 
reinfarction, 
successful 
resuscitation, 
shock/pulmonary 
edema, recurrent 
myocardial 
ischemia, and 
hospitalization for 
heart failure) 

 R, PC, 
DB 

 Lucotti [ 38 ]  2006  8.3  Obese type 2 diabetic 
patients 

 21  33  Endothelial function 
(Endothelin-1, 
Adiponectin) 

 R, PC, 
DB 

 Schulman [ 33 ]  2006  9  Patients with acute 
myocardial infarction 

 180  153  Endothelial function 
(arterial stiffness, 
arterial elastance, 
pulse wave 
velocity, radial 
artery compliance) 

 R, PC, 
DB 

(continued)
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disease, but no difference in fl ow-mediated dilatation was seen between the two groups. Finally, in a 
randomized, double-blind, crossover study, the same investigators [ 28 ] examined ten postmenopausal 
women receiving  L -arginine (9 g) or placebo for 1 month. No effect of  L -arginine supplementation 
was seen compared to placebo. 

 Yin et al. [ 29 ] also noted an improvement in endothelial function in patients with CAD after oral 
 L -arginine supplementation. In this study, 31 subjects with stable CAD were randomly assigned to 
oral  L -arginine (10 g) or vitamin C (500 mg) daily for 4 weeks, with crossover to the alternate therapy 
after 2 weeks off therapy. The study group demonstrated that consumption of  L -arginine or vitamin C 
signifi cantly increased brachial artery FMD. 

 Maxwell and colleagues [ 30 ] determined vascular and clinical effects of a medical food bar 162 
enriched with  L -arginine and a combination of other nutrients ON endothelium-derived NO 
PRODUCTION in 36 patients 163 with stable angina pectoris. In this randomized, double-blind, 
placebo-controlled, crossover trial, the medical food improved fl ow-mediated vasodilatation and 
quality of life scores. Another investigation with an enriched medical food (HeartBar) was performed 
in the year 2002 by Abdelhamed and colleagues which demonstrated no effect on FMD [ 31 ]. 

 In a prospective, randomized, double-blind trial by Lekakis et al. [ 32 ], 35 subjects with essential 
hypertension were examined before and 1.5 h after administration of  L -arginine or placebo.  L -arginine 
supplementation (6 g)  signifi cantly   improved fl ow-mediated dilatation while placebo did not change 
this parameter. 

 Schulman and colleagues [ 33 ] randomly assigned 153 patients, following a fi rst ST-segment eleva-
tion myocardial infarction to receive  L -arginine (9 g daily) or placebo for 6 months. In this trial, 
 L -arginine supplementation had no effect on vascular stiffness measurements. A Polish workgroup 
[ 34 ] randomized 774 subjects with  AMI   to oral  L -arginine (9 g daily for 30 days) or placebo on top of 
routine therapy. In this trial, the composite endpoint of 30-day cardiovascular death, reinfarction, suc-
cessful resuscitation, shock/pulmonary edema, or recurrent myocardial ischemia occurred in 24 % 
patients with  L -arginine and 27 % with placebo (RR 0.89, 95 % CI 0.70–1.13). Six months clinical 
events, including death, myocardial infarction, and hospitalization for heart failure, occurred in 12 
(17 %) patients in the  L -arginine group compared with 7 (10 %) in the placebo group. The event rate 
varied between these two trials and none of the trials showed a signifi cant difference between the 
 L -arginine and placebo group. Sun and colleagues [ 35 ] combined the results of these trials in a 

Table 38.4 (continued)

 First author  Year 

  L - 
arginine 
dose (g/
day)  Study population 

 Study 
duration 
(day) 

 Number 
of 
patients  Outcome 

 Study 
design 

 Böger [ 41 ]  2007  3  Clinically asymptomatic 
elderly subjects 

 21  98  Endothelial function 
(FMD) 

 R, PC 

 Wilson [ 36 ]  2007  3  Peripheral arterial disease  180  133  Endothelial function  R, PC, 
DB 

 Siasos [ 40 ]  2008  6  Healthy individuals who 
smoked 

 3  10  Endothelial function 
(FMD, pulse wave 
velocity, 
augmentation 
index) 

 R, PC, 
DB 

 Monti [ 39 ]  2012  6.6  Obese subjects  14  15  Endothelial function 
(basal forearm 
blood fl ow, 
post-ischemic 
forearm blood 
fl ow) 

 R, PC, 
DB 
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meta- analysis. There was a 7 % reduction in mortality in the  L -arginine group (105/459, 22.9 %) 
compared with the placebo group (111/455, 24.4 %), which did not reach statistical signifi cance. 
Important limitations of this meta-analysis were that only two studies have been combined and that 
one of which was over fi ve times the size of the other. So the results would be overwhelmed by the 
larger one.  

     Peripheral Artery Disease   

 The Nitric Oxide in Peripheral Arterial Insuffi ciency (NO-PAIN) trial [ 36 ] was a randomized, placebo- 
controlled study of  L -arginine (3 g daily) over 6 months in 133 subjects with intermittent claudication. 
 L -arginine supplementation signifi cantly augmented plasma  L -arginine levels. However, fl ow- 
mediated vasodilatation and vascular compliance were reduced or not improved compared to 
placebo.  

    Diabetes Mellitus and Impaired Glucose  Tolerance   

 Regensteiner et al. [ 37 ] investigated ten premenopausal women with type 2 diabetes (T2DM) and ten 
premenopausal women without  T2DM   and randomized them to either  L -arginine (9 g daily) or 
vitamin E (1800 mg) and vitamin C (1000 mg). At baseline, subjects with T2DM had reduced brachial 
artery dilatator responses to post-ischemic hyperemia when compared to nondiabetic controls. 
   Administration of  L -arginine resulted in a 50 ± 12 % increase in FMD in T2DM ( p  < 0.05). No signifi -
cant changes were seen in controls.  

     Impaired Glucose Tolerance and Diabetes Mellitus   

 Lucotti and colleagues investigated oral  L -arginine treatment in insulin-resistant type 2 diabetic 
patients [ 38 ]. Thirty-three patients with T2DM participated in a hypocaloric diet plus an exercise 
training program for 21 days and were randomized to either  L -arginine (8.3 g daily) or placebo. 
 L -arginine treatment reduced endothelin-1 levels by 30 % and an increase of  cGMP    levels by 35 %, 
whereas in the placebo group these parameters remained unchanged. 

 Recently, Monti et al. [ 39 ] examined the effects of  L -arginine-enriched biscuits containing 6.6 g 
 L -arginine compared to placebo biscuits and 6.6 g powdered  L -arginine in 15 subjects with impaired 
glucose tolerance ( IGT  ) and metabolic syndrome ( MetS  ).  L -arginine-enriched biscuits enhanced 
endothelial function in both subjects with IGT and those with MetS.  

     Smoking   

 Siasos et al. [ 40 ] studied in a randomized, placebo-controlled, double-blind, crossover trial the short- 
term effect of a 3- day   oral supplementation of  L -arginine (7 g daily) in ten healthy smokers.  L -arginine 
led to an increase in FMD ( p  < 0.05 at day 2), compared to placebo; however, statistical signifi cance 
was lost at day 3.  
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     Elderly Subjects   

 Böger and colleagues [ 41 ] performed a study in 98 clinically asymptomatic elderly patients. Those in 
the highest and lowest quartiles of ADMA distribution were eligible to receive, in a random order, 
simvastatin (40 mg daily),  L -arginine (3 g daily), or both, each for 3 weeks.  L -arginine alone improved 
endothelial function either alone or in combination with simvastatin. In subjects with high ADMA, 
simvastatin had no effect on endothelial function, whereas simvastatin plus  L -arginine signifi cantly 
improved FMD. In the group with low ADMA levels, simvastatin improved FMD when given alone 
or in combination with  L -arginine. The main fi nding of this trial is that the addition of  L -arginine to 
simvastatin improves FMD in patients with elevated ADMA levels, whereas simvastatin alone had no 
signifi cant effect. 

 Bode-Böger et al. [ 42 ] investigated in  a   prospective, randomized, double-blind, crossover trial the 
effect of  L -arginine supplementation on endothelial function in patients older than 70 years. Twelve 
putatively healthy subjects took  L -arginine (16 g daily) or placebo for 14 days each, separated by a 
washout period of 14 days.  L -arginine signifi cantly improved FMD and increased plasma levels of 
 L -arginine, whereas placebo had no effect on these parameters.  

     Hypercholesterolemia   

 Creager et al. [ 43 ] examined  whether   infusion of  L -arginine improves endothelium-dependent vasodi-
latation in hypercholesterolemic patients and healthy subjects. Intravenous  infusion   of  L -arginine aug-
mented forearm blood fl ow response to methacholine in patients with hypercholesterolemia but not in 
healthy subjects. 

 Chowienczyk et al. [ 44 ] demonstrated an improvement of acetylcholine-induced vasodilatation of 
brachial artery in males but not in females with hypercholesterolemia. 

 A research group from United Kingdom [ 45 ] examined endothelial response to  L -arginine in three 
groups with isolated risk factors, smoking, insulin-dependent diabetes mellitus ( IDDM        ), and hyper-
cholesterolemia. Although fl ow-mediated dilatation is impaired in hypercholesterolemic subjects, 
smokers, and patients with diabetes, these risk factors respond differently to  L -arginine infusion 
(0.1 g/kg). Indeed, FMD was improved in subjects with hypercholesterolemia and smokers, but 
remained unchanged in diabetic subjects. 

 In a study by Kawano and colleagues [ 46 ], 17 men with hypercholesterolemia were found to have 
increased FMD in 1  h   post-infusion of  L -arginine (30 g infused over 1 h).  

    Other  Patient Groups   

 Cross and colleagues [ 47 ] investigated the effect of  L -arginine by  intravenous   infusion (10 g) in 18 
hemodialysis patients or by intra-arterial infusion (50 μmol/min) in eight predialysis patients on endo-
thelial function. This trial demonstrated that neither acute local nor systemic administration of  L - 
arginine improved endothelial function in conduit or resistance arteries in patients with chronic heart 
failure. 

 Koifman et al. [ 48 ] investigated the effects of losartan and the combination of losartan and  L - arginine 
on endothelial function in patients with heart failure. Nine patients were given losartan 50 mg orally on 
2 consecutive days. On the second day, 1 h after losartan administration,  L -arginine (20 g) was given by 
 intravenous   infusion. Combination therapy signifi cantly improved FMD. A trend toward improved 
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FMD was also observed with losartan alone. However, combination of  L -arginine and losartan seems to 
have superior effects on endothelium-dependent vasodilatation compared with losartan alone.   

    Conclusions 

  L -arginine plays a pivotal role in vascular health and cardiovascular disease since it is the unique 
source for NO production. While total  L -arginine blood levels turn out to be of limited prognostic 
value for future cardiovascular outcome, indices of  L -arginine bioavailability, accounting for the 
metabolites ornithine and citrulline, proved to be more useful for risk prediction. 

 Although there is a plethora of animal and human studies suggesting cardiovascular benefi t from 
 L -arginine supplementation, large-scale outcome trials are needed to potentially prove benefi cial 
effects on patient-relevant outcome measurements. This could be facilitated by currently ongoing tri-
als as an adjunct using a factorial trial design.     
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  Abbreviations 

   ACS    Acute chest syndrome   
  ADMA    Asymmetric dimethylarginine   
  CAT    Cationic amino acid transporter   
  CSCC    Comprehensive sickle cell centers   
  ED    Emergency department   

 Key Points 

•   Sickle cell disease is an  L -arginine defi ciency syndrome.  
•   Hemolysis and the release of erythrocyte-arginase into circulation contribute to an altered  L -argi-

nine metabolome in sickle cell disease.  
•   Low nitric oxide bioavailability contributes to vasculopathy in sickle cell disease.  
•   Low global  L -arginine bioavailability is associated with severe pain, pulmonary hypertension risk, 

and early mortality in sickle cell disease.  
•    L -Arginine therapy shows promise in preliminary studies for the treatment of leg ulcers, pulmonary 

hypertension, and vaso-occlusive pain episodes in patients with sickle cell disease.  
•   Intravenous  L -arginine therapy decreased total opioid use by greater than 50 % and was associated 

with lower pain scores at discharge in children with sickle cell disease hospitalized for pain com-
pared to placebo in a recently published randomized, placebo-controlled trial.  
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  GAB    Global  L -arginine bioavailability   
  HU    Hydroxyurea   
   K  m     Michaelis affi nity constant   
  LDH    Lactate dehydrogenase   
  MACE    Major adverse cardiovascular events   
  NADP    Nicotinamide adenine dinucleotide phosphate   
  NO    Nitric oxide   
  NOHA     N -hydroxy- L -arginine   
  NOS    Nitric oxide synthase   
  NO  x      NO metabolites   
  PICU    Pediatric intensive care unit   
  VOE    Vaso-occlusive painful episodes   

           Introduction 

 Sickle cell disease ( SCD)   affects nearly 100,000 people in the USA and millions worldwide. Genetically, 
SCD is caused by an amino acid substitution of valine for glutamic acid in the sixth position of the β 
subunits of hemoglobin. This structural change results in intracellular polymerization of the deoxygen-
ated hemoglobin molecules under hypoxic conditions. Intracellular polymer increases erythrocyte 
rigidity and ultimately damages and distorts the erythrocyte membrane. This produces a rigid “sickled” 
red cell with altered rheological and adhesive properties that becomes entrapped in the microcircula-
tion and gives rise to the vaso-occlusive events characteristic of the disease. The clinical  phenotype   of 
SCD varies widely and is characterized by anemia, severe pain, and potentially life- threatening com-
plications such as bacterial sepsis, splenic sequestration, acute chest syndrome (ACS), stroke, and 
chronic organ damage. These and other manifestations result from acute and chronic hemolysis and 
intermittent episodes of vascular occlusion that cause tissue injury and organ dysfunction [ 1 ,  2 ]. 

 Although  polymerization   is an important contributor toward disease pathology, SCD is as much a 
disease of endothelial dysfunction [ 3 ] as it is a hemoglobinopathy. Increased expression of  adhesion 
molecules   on erythrocytes and endothelial cells, interactions with leukocytes, increased levels of cir-
culating infl ammatory cytokines, enhanced microvascular thrombosis, and endothelial damage are all 
thought to contribute to obstruction of the arterioles by sickled erythrocytes [ 4 ,  5 ]. 

 SCD is an  L - arginine defi ciency syndrome   [ 6 ,  7 ]. Normal  L -arginine metabolism is impaired 
through various mechanisms (Fig.  39.1 )    that contribute to endothelial dysfunction, vaso-occlusion, 
pulmonary complications, risk of leg ulcers, and early mortality [ 8 ,  9 ]. Since low global  L -arginine 
bioavailability (GAB) is associated with a growing number of SCD-related complications [ 6 ,  10 ], 
 L -arginine therapy represents a promising option for SCD [ 8 ].

     L -Arginine   is a semi-essential cationic amino acid involved in multiple pathways in health and 
disease. It becomes essential, however, under conditions of stress and catabolic states when the capac-
ity of endogenous  L -arginine synthesis is exceeded, including trauma, sepsis, burns, and in particular, 
SCD which is the focus of this chapter.  L -Arginine serves as a substrate for protein synthesis and is the 
precursor to nitric oxide (NO), polyamines, proline, glutamate, creatine, and agmatine. Since it is 
involved in multiple metabolic processes, an  L -arginine defi ciency has the potential to disrupt many 
cellular and organ functions [ 7 ]. 

  L -Arginine is derived from dietary protein intake, body protein breakdown, or endogenous de novo 
 L -arginine production in the kidneys. Approximately 2–7 g of  L -arginine is ingested daily in a normal 
Western diet. Common  dietary sources   are meat, poultry, nuts, fi sh, and watermelon. It is also a safe 
nutritional supplement that has been studied extensively in human and animal trials, including a grow-
ing number of trials in SCD [ 8 ].  
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    Alterations in the  L -Arginine–Nitric Oxide Pathway in Sickle Cell Disease 

     Low Nitric Oxide Bioavailability   

 NO is one of the most potent vasodilators known and is essential to vascular homeostasis. As the obli-
gate substrate for NO production,  L -arginine plays a crucial role in endothelial function. NO is produced 
by a family of enzymes, the nitric oxide synthases (NOS) that metabolize  L -arginine through the inter-
mediate  N -hydroxy- L -arginine (NOHA) to form NO and  L -citrulline. A number of cofactors are neces-
sary for normal NOS function, including oxygen, nicotinamide adenine dinucleotide phosphate (NADP), 
tetrahydrobiopterin, and suffi cient glutathione availability [ 11 ,  12 ]. NO has properties that can impact 
every aspect of SCD, from decreasing platelet activation [ 13 ] and adhesion receptor expression on the 
vascular endothelium to decreasing vascular smooth muscle proliferation [ 14 ], limiting ischemia–reper-
fusion injury [ 15 ], modulating endothelial proliferation [ 3 ], and regulating infl ammation [ 16 ]. 

  Fig. 39.1     Mechanisms   of vasculopathy in SCD. Hemolysis,  L -arginine dysregulation, oxidative stress, uncoupled 
NOS, and damage from redox- active heme are key mechanisms that contribute to the complex vascular pathophysiol-
ogy of SCD. These events limit NO bioavailability through several paths that ultimately provoke increased consump-
tion and decreased production of the potent vasodilator, NO. During hemolysis, cell-free hemoglobin and arginase are 
simultaneously released from the erythrocyte and profoundly contribute to low NO bioavailability. LDH is also released 
from the erythrocyte and represents a convenient biomarker of hemolysis that delineates the subphenotypes of 
SCD. Reproduced with permission [ 9 ]       
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 Although NOS expression and activity is increased [ 17 ], SCD is characterized by a state of NO 
resistance and increased NO inactivation [ 18 ,  19 ]. Impaired NO bioavailability in this disorder is 
demonstrated by blunted response to endothelium-dependent vasodilators in sickle cell mouse models 
[ 20 ,  21 ], as well as by a reduced fl ow-mediated vasodilation in human patients with SCD [ 22 – 24 ]. NO 
metabolites (NO  x  ) are elevated in patients with SCD at steady state compared to normal controls [ 25 ], 
while peripheral vascular resistance and resting blood pressures are low. Adding to this paradox, a 
“relative hypertension” occurs in SCD since blood pressures, while lower than in normal subjects, are 
higher than in other types of anemia [ 26 ]. Under conditions of increased hemolysis, infl ammation, 
and/or oxidative stress, the compensatory upregulation of NO likely becomes overwhelmed and inef-
fective. NO  x   levels drop during times of stress including vaso-occlusive pain episodes (VOE) [ 27 ,  28 ] 
and ACS [ 27 ], varying inversely with degree of pain [ 29 ].  

    Low Global  L -Arginine Bioavailability 

 Adults with SCD are  L -arginine defi cient at steady state [ 27 ,  30 ,  31 ], while children have plasma lev-
els that are similar to normal controls [ 27 ]. An  L - arginine defi ciency   develops over time and is infl u-
enced by acute events [ 27 ]. Although the altered  L -arginine metabolome differs in children compared 
to adults, plasma  L -arginine concentration decreases signifi cantly in both adults and children during 
VOE and ACS and is associated with low NO  x   levels [ 27 ,  32 ,  33 ]. Both  L -arginine and  NO  x   levels   
returned to baseline during convalescence in the hospital. Ongoing intermittent vaso-occlusion may 
lead to a chronic depletion of  L -arginine stores that are worsened by acute events. Of interest, low 
plasma  L -arginine levels predicted clinical need for admission in children with SCD and pain present-
ing for emergency care, while NO  x   levels did not [ 27 ], suggesting a role for  L -arginine bioavailability 
during pain events that goes beyond NO production. 

  Intracellular  L -arginine transport   is another component of  L -arginine dysregulation in SCD. Plasma 
 L -arginine concentration in adults with SCD is approximately 40–50 μM at baseline, low compared to 
normal controls (80–100 μM) and well below the affi nity constant ( K  m ) for the cationic amino acid 
transporter (CAT) protein (100–150 μM) responsible for intracellular  L -arginine uptake. Therefore, 
even modest fl uctuations in extracellular  L -arginine concentration may signifi cantly impact cellular 
 L -arginine uptake and bioavailability. In addition,  ornithine and lysine   use the same CAT protein for 
intracellular transport. High concentrations of these amino acids will competitively inhibit intracel-
lular  L -arginine transport [ 8 ]. 

 More recently, focus has turned to the pathway of  L -arginine catabolism by arginase as important in 
regulating endogenous NO production. The NOS and arginase enzymes can be expressed simultane-
ously under a wide variety of infl ammatory conditions, resulting in competition for their common sub-
strate [ 34 ].  Arginase   is a urea cycle enzyme that catalyzes the hydrolysis of  L -arginine to urea and 
 L -ornithine. Both Arginase I and II isoforms are found in many cell types and constitutively expressed 
in the human airways; Arginase I is cytosolic and highly expressed in the liver, while arginase II is mito-
chondrial and extrahepatic. Arginase-1 is also present in human erythrocytes, which has signifi cant 
implications for hemolytic disorders like SCD, where it is aberrantly released into plasma in active form 
as the red blood cells rupture. While the affi nity ( K  m ) of  L -arginine for arginase is in the low micromolar 
range compared to the low millimolar range for NOS, substrate competition does occur between argi-
nase and NOS because the  V  max  of arginase is 1000-fold higher [ 35 ]. By competing for a common sub-
strate, arginase reduces the bioavailability of  L -arginine for NOS, therefore limiting NO production. 

 Plasma arginase activity is elevated in  SCD   as a consequence of infl ammation, liver dysfunction, 
and, most signifi cantly, by the release of erythrocyte arginase during intravascular hemolysis [ 6 ], 
which has been demonstrated by the strong correlation between plasma arginase levels and cell-free 
hemoglobin levels [ 6 ] together with other markers of increased hemolytic rate including lactate 
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dehydrogenase (LDH) [ 6 ,  36 ]. Whether infl ammatory or hemolytic in origin, arginase will redirect the 
metabolism of  L -arginine to ornithine and the formation of polyamines and proline, which are essen-
tial to form smooth muscle cell growth and collagen synthesis. By creating a shift toward ornithine 
metabolism, arginase can trigger a process that contributes to the vascular smooth muscle prolifera-
tion and airway remodeling. These are features of  asthma and pulmonary hypertension  , common 
comorbidities found in SCD that are also associated with increased mortality risk and low GAB [ 6 , 
 37 ,  38 ]. This is particularly important given the implications of pulmonary disease in SCD, where 
hypoxemia will trigger a cycle of erythrocyte sickling. 

 An  L -arginine defi ciency in SCD is associated with elevated arginase activity and a low  L - arginine–
ornithine ratio   [ 6 ,  39 ] (Fig.  39.2 ) that correlates to markers of hemolysis [ 6 ,  8 ,  36 ]. The  L -arginine–
ornithine ratio also correlates to mortality in SCD and may represent an easily attainable blood 
biomarker of arginase activity and disease severity. Given de novo synthesis of  L -arginine occurs from 

  Fig. 39.2    Association of  L - arginine–ornithine ratio   with plasma arginase activity in patients with SCD. ( a )  L -Arginine–
ornithine ratio in controls vs. patients with SCD. ( b ) Plasma arginase activity in controls vs. patients with SCD. ( c ) 
Correlation of plasma arginase activity to  L -arginine–ornithine ratio. Reproduced with permission from the American 
Medical Association [ 6 ]       
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citrulline in the kidneys, including citrulline in the ratio ( L -arginine/[ornithine+citrulline]) escalates 
the value of this analysis to identify increased risk of death by taking into account the impact of renal 
dysfunction on  L -arginine  bioavailability   [ 6 ,  40 ] (Fig.  39.3 ). Low GAB may be exacerbated further by 
the presence of elevated asymmetric dimethylarginine ( ADMA)  , which is a competitive inhibitor of 
 L -arginine transport and all NOS isozymes. Circulating ADMA levels are elevated in several condi-
tions of endothelial dysfunction, including SCD, and are also linked to increased mortality [ 41 ].

    Low  L -arginine bioavailability itself may contribute to increased consumption and decreased pro-
duction of NO. Under conditions of low  L -arginine or tetrahydrobiopterin availability [ 42 ], NOS is 
uncoupled, producing reactive oxygen species in lieu of NO [ 43 ], potentially further reducing NO 
bioavailability. An  imbalance   between endothelial NOS-derived NO and superoxide generation has 
been established in SCD by Wood et al. [ 44 ]. These authors were also the fi rst to suggest that abnor-
mal tetrahydrobiopterin function or  availability   may be yet another mechanism contributing to dys-
regulation of the  L -arginine-NO pathway in SCD [ 44 ]. Upregulation of  NOS   would therefore enhance 
oxidative stress when  L -arginine, tetrahydrobiopterin, or other NOS cofactors like glutathione are 
defi cient [ 11 ,  12 ,  45 ] and NOS becomes uncoupled. This process is supported by studies in  transgenic 
sickle cell mice   that demonstrate that NOS activity is paradoxically increased [ 46 ] and uncoupled [ 47 ] 
in a disease state involving a marked decrease in NO bioavailability.   

     Hemolysis  : A Path Toward  L -Arginine Dysregulation 

 Hemolysis will drive  L -arginine consumption. Accumulating evidence supports a paradigm of 
hemolysis- associated endothelial dysfunction that is particularly relevant for SCD [ 9 ,  48 – 52 ]. Rapid 
consumption and decreased production of NO is a fundamental aspect of this model. Hemoglobin is 
decompartmentalized from the erythrocyte during the process of hemolysis and released into plasma 

  Fig. 39.3    Association of global  L -arginine bioavailability ratios ( GABR)   with mortality in sickle cell disease: Kaplan–
Meier survival plots. ( a ) Survival for three categories of  L -arginine–ornithine ratio: “high” = upper quartile, >0.8690; 
“medium” = 25th to 75th percentiles, >0.4385 and ≤0.8690; “low” = lower quartile, ≤0.4385. ( b ) Survival for three catego-
ries of  L -arginine-(ornithine + citrulline) ratio: “high” = upper quartile, >0.6254; “medium” = 25th to 75th percentiles, 
>0.3245 and ≤0.6254; “low” = lower quartile, ≤0.3245. Reproduced with permission from the American Medical 
Association [ 6 ]       
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where it rapidly reacts with and destroys NO [ 18 ]. This results in abnormally high NO consumption, 
the formation of reactive oxygen species, and a state of NO resistance [ 19 ]. The simultaneous release 
of erythrocyte-arginase will metabolize  L -arginine during hemolysis [ 6 ] and further diminished NO 
bioavailability (Fig.  39.4 ). Formation of superoxide from enzymatic oxidases such as NADPH oxi-
dase, xanthine oxidase [ 53 ], and uncoupled endothelial NOS [ 47 ] will also react with and scavenge 
NO, further amplifying a state of NO resistance. Consequently, smooth muscle guanylyl cyclase is not 
activated and vasodilation is inhibited. NO destruction by hemoglobin can also cause further impair-
ment in vascular endothelial function via transcriptional activation of adhesion molecules and potent 
vasoconstrictors such as endothelin-1 [ 19 ]. Intravascular  hemolysis   also has the potential to drive a 
pro-coagulant state, as NO has properties that inhibit platelet activation, tissue factor expression, and 
thrombin generation [ 19 ]. This phenomenon has now been implicated as a mechanism of NO deple-
tion in the red cell storage lesion [ 54 ] and other hemolytic conditions such as thalassemia, malaria, 
and paroxysmal nocturnal hemoglobinuria [ 55 – 58 ]. Clinically, decreased NO bioavailability ulti-
mately contributes to the development of the hemolytic subphenotypes of SCD [ 6 ,  36 ], which include 
pulmonary hypertension, priapism, cutaneous leg ulceration, stroke, renal dysfunction, and possibly 
asthma [ 37 ,  49 ,  59 ] (Fig.  39.5 ).

  Fig. 39.4    Altered  L -arginine metabolism in  hemolysis  . Dietary glutamine serves as a precursor for the de novo produc-
tion of  L -arginine through the citrulline– L -arginine pathway.  L -Arginine is synthesized endogenously from citrulline 
primarily via the intestinal–renal axis. Arginase and NOS compete for  L -arginine, their common substrate. In SCD, 
bioavailability of  L -arginine and NO are decreased by several mechanisms linked to hemolysis and oxidative stress. 
Endothelial dysfunction resulting from NO depletion and increased levels of the downstream products of ornithine 
metabolism (polyamines and proline) likely contribute to the pathogenesis of lung injury, fi brosis, and pulmonary 
hypertension. This disease paradigm has implications for all hemolytic processes. Reproduced with permission [ 9 ]       
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        Therapeutic Potential of  L -Arginine Therapy in Sickle Cell Disease 

 Although  mechanisms   of  L -arginine dysregulation are complex and multifactorial [ 9 ], they can be 
overcome through  L -arginine supplementation, a phenomenon known as the “ L - arginine paradox     ” 
[ 60 ]. The exact mechanisms responsible for the benefi ts of  L -arginine therapy in SCD remain unknown 
but likely are not limited to NO production alone. In transgenic mouse models of SCD,  L -arginine 
supplementation inhibits the red cell Gardos channels [ 61 ], reduces red cell density [ 61 ], improves 
perfusion, and reduces infl ammation [ 62 ], lung injury, microvascular vaso-occlusion, and mortality 
[ 47 ,  63 ,  64 ].  L -Arginine also increases erythrocyte glutathione levels in both mouse [ 63 ] and human 

  Fig. 39.5    Consequences of low NO bioavailability. NO bioavailability is particularly vulnerable to the effects of  hemo-
lysis  . The consequences of decreased NO bioavailability include endothelial cell activation, upregulation of the potent 
vasoconstrictor endothelin-1, vasoconstriction, platelet activation, increased tissue factor, and activation of coagulation 
pathways, all of which ultimately translates into the clinical manifestations of SCD. Reproduced with permission [ 9 ]       
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trials [ 65 ]. In addition,  L -arginine is a key substrate in  creatine synthesis  , an important metabolic 
pathway not yet suffi ciently studied in SCD that may be impacted by an  L -arginine-defi cient state. 
Although the role of NO in SCD has become controversial [ 66 ,  67 ], these studies further demonstrate 
that the mechanistic impact of  L -arginine may go beyond NO production. 

 Independent of  SCD  , low GAB is associated with  major adverse cardiovascular events (MACE)   
including mortality in patients screened for cardiovascular disease [ 40 ] (Fig.  39.6 )   , mortality risk in 
malaria [ 56 ], and is associated with pulmonary hypertension risk [ 68 – 70 ]. Rapid healing of  leg ulcers   
was reported with oral  L- arginine-hydrochloride [ 39 ] and intravenous  L-arginine -butyrate in both 
SCD and thalassemia [ 71 ]. A randomized controlled phase-2 trial of intravenous  L-arginine -butyrate 
for patients with SCD and chronic recalcitrant leg ulcers confi rmed the initial anecdotal observations 
[ 72 ]. Short-term  L -arginine therapy improved pulmonary hypertension in  SCD   [ 39 ] (Fig.  39.7 ) and 
acutely increased both plasma and exhaled NO when administered to ethnically matched normal con-
trols and patients hospitalized for pain [ 32 ,  73 ]. When  L -arginine is given to SCD patients at steady 
state, a paradoxical decrease in NO  x   occurs that is not overcome by higher doses [ 32 ], clearly indicat-
ing that  L -arginine is metabolized differently in SCD compared to control subjects. However, when 
 L -arginine is given during VOE, a robust dose-dependent increase in NO  x   is observed. [ 32 ] This indi-
cates that  L -arginine is also metabolized differently in SCD at steady-state compared to times of acute 
illness including pain and ACS [ 27 ,  32 ,  73 ]. These early observations may account for the negative 
outcome of the unpublished  Comprehensive Sickle Cell Centers’ (CSCC)      prophylactic  L -arginine trial, 
particularly since the primary outcome measure of that study was an increase in plasma NO  x   levels, 
when published data in fact demonstrated a decrease in NO  x   with  L -arginine supplementation in SCD 
patients at baseline. Ultimately nutritional therapies like  L -arginine may possess the greatest benefi t 
potential during a defi cient state.

  Fig. 39.6     Kaplan–Meier survival analysis   for patients with 3-year incidence of major adverse cardiac events ( MACE)   
according to global  L -arginine bioavailability ratio (GABR) by  L -arginine quartiles. Low GABR is associated with increased 
risk of nonfatal myocardial infarction, nonfatal stroke, or death within 3 years of follow-up. Reproduced with permission [ 40 ]       
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    The capacity of  L -arginine supplementation to increase  NO  x   production   in SCD during VOE is 
dose- dependent [ 32 ]. Low-dose  L -arginine therapy is therefore likely to be subtherapeutic in SCD and 
may represent an additional fl aw in the CSCC prophylactic  L -arginine trial design, as doses used were 
close to placebo based on the cardiovascular literature [ 74 ,  75 ]. Previous studies have shown that low-
 dose    L -arginine is unlikely to impact NO synthesis [ 75 ], an observation confi rmed in the CSCC study. 
Higher levels of plasma  L -arginine are likely needed to overcome  multifactorial effects   including 
impact of arginase and ADMA on GAB and accelerated  L -arginine consumption during pain events 
compared to baseline. However, the long-term safety of doses greater than 100 mg/kg/dose given 
three times a day is unknown in SCD, although a one-time dose of 30 g IV is safe and commonly used 
for growth  hormone stimulation testing   [ 76 ]. Since the  L -arginine formula is  L -arginine hydrochloride, 
the wisdom of higher doses over time is questionable given the potential to induce acidosis and must 
be taken into consideration. However, this author believes that using a one-time loading dose upon 
initial presentation for pain should be safe based on endocrine experience with growth hormone 

  Fig. 39.7    Changes in estimated mean  pulmonary artery systolic pressures   (mmHg) measured by Doppler echocar-
diography in patients with SCD and pulmonary hypertension risk. Measurements are taken before  L -arginine therapy 
is started ( pretreatment ) and after completion of 15 doses of  L -arginine ( posttreatment ). Male patients are represented 
by  circle s, and females are represented by  triangles . The  dotted line  represents the only patient found to be noncompli-
ant (NC) based on posttreatment plasma  L -arginine levels.  L -Arginine supplementation signifi cantly decreases esti-
mated  pulmonary artery systolic pressures ( n  = 10;  p  < 0.005). Reprinted with permission of the American Thoracic 
Society. Copyright © 2015 American Thoracic Society [ 39 ]       
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stimulation testing using 500 mg/kg/dose for children, would avoid risks of repeated higher doses and 
may theoretically be more effi cacious by quickly overcoming effects of excess arginase and 
ADMA. This is the rationale behind investigating clinical effects of a loading dose of 200 mg/kg upon 
initial presentation for pain in pediatric SCD studies that are underway. 

 Based on preliminary  pharmacokinetic   studies [ 32 ,  73 ], peak plasma  L -arginine concentration after 
oral  L -arginine (100 mg/kg) is signifi cantly higher during SCD steady state compared to patients 
experiencing VOE, although levels are similar by 4 h. Normal controls reach a peak  L -arginine level 
between 1 and 2 h that is maintained at 4 h, and does not trend down as in SCD [ 32 ]. Accelerated 
 L -arginine metabolism or consumption occurs during pain events compared to steady-state despite the 
same oral  L -arginine dose given. Similar observations were made with respect to  L -arginine pharma-
cokinetics in moderate compared to severe malaria [ 77 ,  78 ], suggesting that a greater consumption of 
 L -arginine may occur when the disease state or hemolytic rate is more severe. An  L -arginine infusion 
signifi cantly improved endothelial function and maintained plasma  L -arginine concentration above 
the  K  m  for CAT-1 for the duration of the infusion compared to bolus dosing in patients with malaria 
[ 77 ,  79 ]. Bolus dosing provided concentrations above the  K  m  for 50 % of the patients at 2 h and only 
25 % at 3 h. It remains to be determined if  L -arginine  infusions   are superior to bolus dosing of  L -argi-
nine in SCD; however, this question will be addressed in future clinical trials in SCD. 

    Combination Therapy:  L -Arginine Plus  Hydroxyurea   

 Coadministration of oral  L -arginine with hydroxyurea (HU) ameliorated the paradoxical decrease in 
plasma NO  x   observed in patients with SCD at steady state compared with  L -arginine monotherapy [ 73 ]. 
A recently published study performed in Brazil adds to the growing body of literature in support of 
 L -arginine coadministration with HU. Twenty-one adult patients with SCD were randomized to receive 
HU alone (500–1500 mg/day;  n  = 9) or HU +  L -arginine (250 mg/day;  n  = 12) for 12 weeks. An increase 
in levels of nitrite and fetal hemoglobin were observed in the  L -arginine/HU arm compared with patients 
receiving HU alone [ 80 ], despite the low dose of  L -arginine used.  L -Arginine therapy together with HU 
may be superior to either single intervention. This is important information to consider when designing 
clinical trials, particularly since up to 50 % of patients with Hb-SS may be on HU therapy. Stratifi cation 
by HU use is important; however, patients on HU should not be excluded from  L -arginine trials.   

    L-Arginine Therapy for  Pain   

 Pain is a clinical hallmark of SCD and a signifi cant problem in emergency medicine. VOEs are the lead-
ing cause of hospitalizations, ED visits, and missed school and are associated with an increased mortality 
rate [ 81 ]. Nationally, 78 % of the nearly 200,000 annual emergency department (ED) visits for SCD are 
for a complaint of pain. There is no effective therapy that targets the underlying mechanisms of sickle-
related pain. Symptomatic relief with analgesics and hydration is the only currently available treatment, 
and this has not changed in decades. Episodic periods of severe pain lead to high use of health care 
resources, with high readmission rates even in patients initially hospitalized for pain management. 
Hospital admission rates are particularly high for children with SCD presenting to ED with pain and are 
commonly greater than 60 % [ 81 ]. Although the reason for high pediatric admission rates are unknown, 
many children with SCD live with daily pain to some extent that their families try to control at home 
through various methods. It is when the pain becomes acutely worse, and unbearable, that they present to 
the ED, often in acute distress. Novel approaches to treatment of acute pain for SCD that can be utilized 
in the ED as well on the hospital ward are critically needed. Interventions that target underlying mecha-
nisms of SCD pain in addition to providing symptomatic relief would be ideal and are worth pursuing. 
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 Since an acute  L -arginine defi ciency and low NO bioavailability develops during VOEs, it is intui-
tive to explore the potential of  L -arginine supplementation as a potential new treatment for sickle-
related pain. It is interesting to note that low GAB has recently been reported in patients with complex 
regional pain syndrome, suggesting a role for  L -arginine bioavailability in pain beyond SCD [ 82 ]. We 
have now completed a single-center randomize, double-blinded, placebo-controlled trial of  L -arginine 
therapy in children with SCD and pain requiring hospitalization [ 83 ]. Thirty-eight children with SCD 
admitted for 56 episodes of VOE were randomized to receive oral or parenteral  L -arginine (100 mg/
kg three times per day) or placebo for 5 days or until discharge. A signifi cant reduction in total paren-
teral opioid use by 54 % (1.9 ± 2.0 mg/kg vs. 4.1 ± 4.1 mg/kg,  p  = 0.02) and lower pain scores at  dis-
charge   (1.9 ± 2.4 vs. 3.9 ± 2.9,  p  = 0.01) were observed in the treatment arm receiving  L -arginine 
compared with placebo (Fig.  39.8 ). There was no signifi cant difference in hospital length of stay 
(4.1 ± 01.8 vs. 4.8 ± 2.5 days,  p  = 0.34), although a trend favored the  L -arginine arm, and total opioid 
use correlated strongly to length of admission ( r  = 0.86,  p  < 0.0001; Fig.  39.9 ). In future studies, deliv-
ering  L -arginine therapy as early as possible in the ED or clinic may have a greater impact on time to 

  Fig. 39.8    Impact of  L - arginine   therapy on total opioid use (mg/kg) and pain scores in children sickle cell disease hos-
pitalized for vaso-occlusive pain. ( a )  L -Arginine supplementation ( unfi lled circles ) led to a signifi cant and clinically 
relevant reduction in total opioid use by 54 % over the course of the hospital stay compared to total opioid use in the 
placebo group ( fi lled circles ). The difference remains signifi cant even when the two outliers with the largest total opioid 
use in the placebo arm are excluded from the analysis ( p  = 0.04). ( b ) 10-cm visual analog scale (VAS) pain scores were 
similar at the time of admission in both groups, but were signifi cantly lower at discharge in the  L -arginine group com-
pared to placebo by 2 cm ( p  = 0.01). Reproduced with permission [ 83 ]       
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pain crisis resolution because many patients in the above  L -arginine study received their fi rst dose of 
study medication more than 24 h after presenting to the ED in pain [ 83 ].

    No drug-related adverse events were observed. One patient experienced clinical deterioration asso-
ciated with ACS requiring emergent transfusion and a transfer to the pediatric intensive care unit 
(PICU) in the placebo arm. No clinical deterioration or PICU transfers occurred in the  L -arginine arm 
[ 83 ]. Although a large-scale multicenter trial is needed to confi rm these promising observations, 
 L -arginine may be a benefi cial adjunct to standard pain therapy for VOE that could reduce suffering 
and improve emergency care.  

    Conclusions 

 An altered  L - arginine metabolome   occurs in SCD and is associated with acute pain, pulmonary hyper-
tension, leg ulcers, and early mortality. However, the utility of  L -arginine supplementation to treat this 
 L -arginine defi ciency syndrome remains controversial. The failure of other NO-based therapies in 
SCD, including the use of inhaled NO for treatment of sickle-related pain [ 84 ], and sildenafi l for the 
treatment of pulmonary hypertension [ 85 ] has signifi cantly dampened enthusiasm in the fi eld for this 
therapeutic approach. Nevertheless, promising data from phase-2 randomized controlled trials for 
treatment of chronic refractory leg ulcers and vaso-occlusive pain in patients with SCD support the 
need for further investigation. A greater than 50 % decrease in total opioid use in children hospitalized 
for pain is remarkable. This is the fi rst successful intervention for SCD-related pain that targets the 
underlying mechanism of VOE through a promising NO-based therapy.   L -arginine   is a safe and effi ca-
cious intervention with narcotic-sparing effects in pediatric SCD patients with pain. Experience with 
 L -arginine therapy in SCD has been growing over the last decade [ 32 ,  39 ,  63 ,  69 ,  73 ,  86 ]. No serious 
adverse events have been reported and extensive safety data has been maintained with the United 
States Food and Drug Administration. Interventions that target underlying mechanisms of sickle- 
related pain beyond simply providing symptomatic relief are ideal. A large, multicenter phase-3 study 
is now warranted; plans for such a trial are under way by this author and colleagues.     

  Fig. 39.9    Pearson  correlation   between total opioid use (mg/kg) and total length of hospital stay (days). Total opioid use 
(mg/kg) is directly correlated to length of hospital stay ( r  = 0.86,  p  < 0.0001). Total opioid use may be a surrogate for 
length of hospital stay as an outcome measure for patients with SCD and pain. Reproduced with permission [ 83 ]       
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 Key Points 

•   Signifi cant malnutrition exists in up to 40–50 % of patients with cancer of the head and neck.  
•   There is evidence that perioperative nutritional supplements with immunonutritional additives 

can favorably modulate the immune and infl ammatory responses both in vitro and in patients with 
trauma or burns or those undergoing oncological surgery.  

•    L -Arginine is a semi-essential amino acid and the store can become depleted in times of stress. It 
plays an important role in T- and B-cell immunity as well as in the production of nitric oxide.  

•   In tumor patients with head and neck surgery, wound infection and fi stula formation are two major 
complications that could infl uence the evolution of these postsurgical patients.  

•   Postsurgical patients with head and neck cancer show an improvement in immunological  parameters 
with  L -arginine-enhanced enteral formulas, without reductions in clinical complications.  

•   Perioperative immunonutrition with  L -arginine is associated with reduced length of hospital stay.  
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    Introduction 

 Signifi cant  malnutrition   exists in up to 40–50 % of patients with cancer of the head and neck [ 1 ]. 
Many factors contribute to malnutrition in these patients, including poor dietary practices, alcoholism, 
catabolic factors  secreted   by the tumor, such as the cytokines tumor necrosis factor-α (TNF-α) and 
interleukins (IL), local tumor effects, anorexia, cancer-induced cachexia, and treatment effects [ 2 ]. 
 Nutritional evaluation   is a main key in the treatment of these surgical patients (Table  40.1 ). Patients 
 undergoing    surgery   because of a head and neck malignancy have a 20–50 % incidence of  postoperative 
complications   [ 3 ]. These complications include major wound infections, fi stula, anastomotic leakage, 
and septicemia and may lead to not only a prolonged hospital stay but also a poorer prognosis. Several 
factors may contribute to this morbidity, one of which is malnutrition [ 4 ].

   Malnutrition is associated with defects in  immune function   that may impair the host response 
to malignancy. The alterations in the host defense mechanism make patients highly susceptible to 
 postoperative infections. Multiple components of the diet may affect immune function. There is 
 evidence that perioperative nutritional supplements with immunonutritional additives can favorably 
modulate the immune and infl ammatory responses both in vitro and in patients with trauma or burns 
or those undergoing oncological surgery [ 5 ]. In particular, the important role of amino acids (gluta-
mine and  L -arginine), dietary nucleotides (RNA), and lipids (w3 fatty acids) in modulating immune 
function has been recognized [ 6 ]. 

  Standard commercial nutritional supplements   are described as polymeric, which means they 
 contain whole protein, partially digested starch and triglycerides with electrolytes, minerals, trace 
elements and vitamins. They are usually given in liquid form and designed to provide a patient’s 
“complete” nutritional requirements. These formulas could be enriched with  immunonutrient  s, 
and  L -arginine is the most common immunonutrient given to patients with head and neck cancer. 
 L -Arginine is a semi-essential amino acid and the store can become depleted in times of stress. 
It plays an important role in T- and B-cell immunity as well as in the production of nitric oxide. 
 L -Arginine is able to reduce the production of infl ammatory mediators such as IL-1 beta, IL-6, and 
TNF-α at the site of injury in rat septic models and can accelerate tissue growth after trauma [ 7 ]. 
Dietary supplementation with  L -arginine has positive effects on immune function and reparative 
 collagen synthesis [ 8 ].  

    Table 40.1    Useful  nutritional parameters   in patients with head and neck surgery   

  Anthropometric parameters  
 Weight 
 Loss of weight (percentage) 
 Body mass index 
 Tricipital skinfold 
 Midarm circumference 
  Biochemical parameters  
 Albumin 
 Pre-albumin 
 Transferrin 
  Screening test  
 Malnutrition Screening tool 
  Nutritional assessment test  
 Subjective global assessment test 

  This table shows the most important anthropometric, biochemical parameters, 
screening test, and nutritional assessment test used in  clinical practice  
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    Studies with  L -Arginine-Enhanced Enteral Formulas (Randomized 
Clinical Trials) 

 Sixteen  randomized controlled trials   were identifi ed with a total of 873 patients all undergoing 
 surgery for head and neck cancer (Tables  40.2  and  40.3 ) [ 10 – 24 ]. Three trials compared two types 
of immunonutrition started at hospital discharge [ 12 ,  23 ,  24 ] and 13 trials compared polymeric feeds 
with immunonutrition [ 10 ,  11 ,  13 – 22 ].

    These patients had different age, sex ratio, and basal body mass index (BMI); these variables 
must be taken into account to explain differences among studies. All studies used isocaloric and 
isonitrogenous feed regimens. 

 The fi rst variables analyzed in these studies are  immunological parameters   (Table  40.4 ). These 
parameters are indirect variables of clinical evolution and its variation could imply clinical 
 differences in the main outcomes. The trials examined reported a lot of biochemical and immu-
nological parameters including C-reactive protein, interleukin-6, tumor necrosis factor-α, T-cell 
subsets, and total lymphocyte counts. Riso et al. [ 16 ] demonstrated an increase in total lympho-
cytes, CD4, and CD4/CD8 ratio on postoperative day 4. In this study [ 16 ], malnourished patients 
showed reduced preoperative immune status in some variables (IgA, IgG, CD4, CD4/CD8), with 
some parameters (CD4, CD4/CD8) increasing postoperatively compared with baseline but not 
between the two groups.

   Our group [ 20 ] showed no signifi cant  intergroup differences   in the trend of the two plasma 
 proteins, lymphocytes, and weight. In the three groups that were compared, there was a signifi cant 
decrease of the transferrin at the seventh postoperative day, in relation to preoperative levels, with a 
signifi cant increase only in the enriched diet groups, at the 14th postoperative day. The  control group   
showed the highest levels of TNF-α at the 14th postoperative day. The control group showed the lower 
levels of lymphocytes at the 7th and 14th postoperative day. 

 In tumor patients with head and neck surgery, wound infection and fi stula formation are two 
major complications that could infl uence the evolution of these postsurgical patients. The effects of 
immunonutrition on  wound infections and fi stula formation   are shown in Table  40.5 . First of all, 
occurrence of fi stula formation was reported in nine trials and ranged from 0 % (0/23) to 5 % (4/82) 
in immunonutrition fed groups and from 0 % (0/38) to 18.9 % (7/37) in control groups. Secondly, rate 
of wound infection was reported in fi ve trials. The risk of wound infection ranged from 0 % (0/45) to 
4.8 % (4/82) in immunonutrition fed groups and from 0 % (0/45) to 12.5 % (3/24) in control groups. 
The effects of immunonutrition in malnourished patients could only be ascertained from the study by 
Riso et al. [ 16 ], where 13 patients were considered malnourished. These patients had reduced wound 
infections when given immunonutrition.

   Despite the importance of immunological markers as well as complications related to surgical 
wound (infection and fi stula), undoubtedly the most interesting clinical variables are hospital stay and 
survival. Mean postoperative hospital stays were long (Table  40.6 ) with a huge standard deviations. 
de Luis et al. [ 13 ] reported a signifi cant reduction in postoperative stay, 25.8 days versus 35 days in 
intervention and control groups, respectively. Riso et al. [ 16 ] reported a reduced hospital stay in the 
intervention group. In a recently systematic review, pooled estimates showed a reduction in length of 
hospital stay by 3.5 days (95 % CI 0.7 to 6.3 days,  P  < 0.01) [ 25 ].

   The last to relevant clinical variables in this type of patients are locoregional recurrence and 
 long- term survival. Buijs et al. [ 21 ] showed that the median overall long-term survival was 
34.8 months in the  L -arginine-supplemented group and 20.7 months in the control group ( P  = 0.019). 
Disease-specifi c survival was 94.4 months in the  L -arginine-supplemented group and 20.8 months in 
the control group ( P  = 0.022). Locoregional recurrence occurred in 4 of the 17 patients in the  L -argi-
nine group and in 9 of the 15 patients in the control group. 
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   Table 40.5    Wound infection and  fi stula   endpoints in regimes examining L-arginine in surgical patients with head and 
neck cancer   

 Study 

 Wound infections  Fistula formation 

 Control  Intervention  Control  Intervention 

 Snyderman 1999 [ 17 ]  2  4  1  4 
 Riso 2000 [ 16 ]  3  2  1  1 
 van Bokhorst-de van der 

Schueren 2000/2001 [ 18 ,  19 ] 
 Not stated  Not stated  Not stated  Not stated 

 de Luis 2002 [ 9 ]  3  1  5  0 
 de Luis 2003 [ 13 ]  Not recorded  Not recorded  Not recorded  Not recorded 
 de Luis 2004 [ 12 ]  0  0  5  2 
 de Luis 2005 [ 10 ]  Not recorded  Not recorded  Not recorded  Not recorded 
 Felekis 2005 [ 15 ]  Not stated  Not stated  Not stated  Not stated 
 de Luis 2005 [ 11 ]  0  0  0  0 
 de Luis 2007 [ 14 ]  0  0  7  1 
 de Luis 2010 [ 23 ]  2  2  6  2 
 Casas-Rodera 2008 [ 20 ]  2  2  2  4 
 Buijs 2010 [ 21 ]  Not stated  Not stated  Not stated  Not stated 
 Felekis 2010 [ 22 ]  Not stated  Not stated  2  1 
 de Luis 2013 [ 24 ]  Not stated  Not stated  Not stated  Not stated 

  This table shows wound infection and fi stula endpoints  

 Only two studies reported the effect of perioperative immunonutrition on quality of life [ 18 ,  19 ]. 
The disease-specifi c (EORTC QLQ-C30) and generic questionnaire (COOP-WONCA) with 
follow up as long as 16 months showed no evidence of benefi t with  pre- or postoperative 
immunonutrition.   

 Finally, our group [ 26 ] has studied the effect (in a non randomized clinical trial) of an enteral 
 inmunoenhanced formula with  L -arginine and glutamine, too. At hospital discharge, a population of 
39 ambulatory postsurgical patients with oral and laryngeal cancer was enrolled. Duration of supple-
mentation was 90.8 + 20 days. A signifi cant increase of albumin (3.1 ± 0.6 g/dl vs. 4.12 + 0.7 g/dl; 
 P  < 0.05), prealbumin (21.4 ± 6.3 mg/dl vs. 22.4 + 5.9 mg/dl;  P  < 0.05), and transferrin (198.8 ± 45.2 mg/
dl vs. 253.8 + 60.7 mg/dl;  P  < 0.05) levels was observed. No differences were detected in weight and 
other anthropometric parameters. Ten patients (41.3 %) received  radiotherapy   along the enhanced 
supplementation period and only 5 (20 % of patients with radiotherapy) developed a clinical oral 
mucositis.  
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    Conclusions 

 Based on all previous studies, postsurgical patients with head and neck cancer show an improvement 
in  immunological parameters   with  L -arginine-enhanced enteral formulas, without reductions in clini-
cal complications. Perioperative immunonutrition with  L -arginine is associated with reduced length of 
hospital stay; the mechanism is unclear. Trials analyzed in this chapter were small and adequately 
powered trials are required to substantiate benefi t.     
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     Chapter 41   
  L -Arginine-Incorporated Albumin Mesospheres: A Drug 
Delivery System for Cancer Therapy                     
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 Key Points 

•    L -Arginine deprivation has been widely studied as a potential targeted therapy for cancer due to its 
inhibiting effects on tumor growth via the alternation of metabolic pathways and the dysfunction 
of immune responses.  

•   On molecular level,  L -arginine has been shown to be effective in inhibiting cancer cell proliferation 
when an appropriate dose is applied; otherwise,  L -arginine facilitates cell proliferation.  

•   In addition to the apoptosis induced by metabolism of  L -arginine, in an ideal solution environment, 
 L -arginine molecules assemble into  L -arginine clusters to destroy cancer cells through interrupting 
cell membranes.  

•   To make the  L -arginine an effective anticancer agent, we incorporated  L -arginine with albumin 
microspheres to provide a localized high concentration of  L -arginine and an  L -arginine-rich surface 
on microspheres, which is similar to the  L -arginine cluster, to effectively inhibit tumor growth.  

•   In earlier studies in vitro we showed that  L -arginine/albumin microspheres signifi cantly inhibited 
cell proliferation, cell migration, and tumor growth of non-small cell lung cancer cells and malig-
nant mesothelioma cells, while similar concentration of free  L -arginine promoted the tumor growth 
and migration.  

•   The  L -arginine/albumin microspheres showed more effi cient inhibiting effects on lung cancer cells 
when compared to the free  L -arginine, suggesting that the  L -arginine/albumin microspheres can be 
an ideal delivery vehicle for therapeutic interventions against lung cancers.  
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  Abbreviations 

   AAMS     L -Arginine/albumin microspheres   
  ADI     L -Arginine deiminase   
  AMS    Albumin microspheres   
  ARG    Arginase   
  Arg     L -Arginine   
  ASL    Argininosuccinate lyase   
  ASS    Argininosuccinate synthetase   
  BSA    Bovine serum albumin   
  CAT    Cationic amino acid transporter   
  CPPs    Cell-penetrating peptides   
  EITC    Endobronchial intratumoral chemotherapy   
  iNOS    Inducible nitric oxide synthase   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  NSCLC    Non-small cell lung carcinoma (or cancer)   
  OCT    Ornithine transcarbamyl transferase   
  PBS    Phosphate buffered saline   
  PEG    Polyethylene glycol   
  RNA    Ribonucleic acid   
  SEM    Scanning electron microscopy          

    Role of  L -Arginine in Cancer Biology 

     Biochemistry   of  L -Arginine 

  L -Arginine (2-amino-5-guanidinopentanoic acid), the cationic amino acid that carries most nitrogen 
atoms per molecule in humans, is the most common amino acids among the 20 amino acids that can 
be found naturally in vegetables and mammals.  L -Arginine is considered as a semi-essential or condi-
tionally essential amino acid because although it can be synthesized in humans, endogenous  L -argi-
nine biosynthesis is insuffi cient to compensate for depletion when cells are under stress or in different 
development stages [ 1 ]. It has been identifi ed as a precursor for initiation of various metabolic path-
ways in human body. The  L -arginine through diet has to be uptaken by intestinal epithelial cells and 
transported through the cell membrane via the cationic amino acid transporters (CAT) [ 2 ]. Half of 
 L -arginine ingested in human body can be effi ciently absorbed and converted to ornithine by arginase 
in urea cycle, as shown in Fig.  41.1  [ 3 ,  4 ]. Then the  L -arginine-derived ornithine can be metabolized 
to glutamate and proline, enzymatically degraded into polyamines, or converted to citrulline by orni-
thine transcarbamyl transferase (OCT). Through endogenous biosynthesis, besides the recycling of 
citrulline that is derived from ornithine, most  L -arginine is converted from the citrulline produced in 
glutamine metabolism and released into circulation. Argininosuccinate synthetase (ASS) and arginino-
succinate lyase (ASL) are the cytosolic enzymes catalyzing the two-step sequential conversion of 
citrulline to  L -arginine. The conversion takes place in kidneys.

   To elucidate the possible mechanism of action of  L -arginine on cancers, the by-products and cata-
lytic enzymes involved in the  L -arginine metabolic and catabolic pathways should be fully illustrated. 
(1)  L -Arginine is well known as the biological precursor of nitric oxide (NO), an endogenous signal 
transduction molecule and endothelium-derived relaxing factor involved in various physiological and 
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pathological processes. NO is the by-product generated in the metabolic conversion of  L -arginine to 
citrulline catalyzed by nitric oxide synthase (NOS). (2) Three major enzymes are involved in  L -argi-
nine catabolic degradation: arginase,  L -arginine decarboxylase, and  L -arginine deiminase (ADI). 
Arginase converts  L -arginine to ornithine,  L -arginine decarboxylase converts  L -arginine to agmatine, 
an intermediate in polyamine biosynthesis, and  L -arginine deiminase converts  L -arginine to citrulline 
with ammonia as by- product. (3) The two enzymes involved in the  biosynthesis   of  L -arginine from 
citrulline are ASS and ASL, and OCT is the enzyme that converts ornithine to citrulline.  

  Fig. 41.1     Metabolic pathways   of  L -arginine.  L -Arginine can be metabolized or catabolized into ornithine, citrulline, 
and agmatine by fi ve different catalytic enzymes. The conversion of  L -arginine to ornithine is the last step in urea cycle 
which converts amine to urea via the bioreactions catalyzed by ornithine transcarbamoylase (OTC), argininosuccinate 
synthetase (ASS), argininosuccinate lyase (ASL), and arginase. The citrulline produced by  L -arginine via the catalyses 
of nitric oxide synthase (NOS) and  L -arginine deiminase (ADI) can rejoin into the urea cycle.  L -Arginine:glycine amidi-
notransferase (AGAT), which is the enzyme that catalyzes glycine to guanidinoacetate, the precursor of creatine, con-
verts  L -arginine to ornithine and leads to the biosynthesis of polyamines. Agmatine, an intermediate of polyamine 
biosynthesis, can be produced from  L -arginine by the catalysis of  L -arginine decarboxylase (ADC)       
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     Potential Mechanisms of Action   

  L -Arginine, especially  L -arginine, has been reported to be involved in a number of biosynthetic path-
ways that infl uence carcinogenesis and tumor generation [ 5 ,  6 ]. It is generally believed that tumor 
cells depend on  L -arginine for cell growth due to the increasing demand on polyamines derived from 
 L -arginine, and thus  L -arginine deprivation has been widely studied as a novel therapeutic method to 
inhibit tumor growth. In some other reports,  L -arginine has also been shown to inhibit cell prolifera-
tion in various cancer cells including lung, breast, and gastric cancers [ 7 – 9 ]. However, the mecha-
nisms of cell proliferation inhibition by  L -arginine are still not completely clear and the reactions 
induced by  L -arginine in tumor biology are too complex to elucidate. 

 The nitric oxide (NO) generated through  L -arginine metabolism has been widely thought as one of 
the most important molecules to infl uence the carcinogenesis, cancer cell proliferation, and tumor 
growth [ 10 ].  L -Arginine-derived NO has been implicated to be involved in carcinogenesis in various 
cancers including brain, lung, breast, and esophagus cancers. The carcinogenic effects of NO may 
promote abnormal cell growth through involving mechanisms, including direct DNA and protein 
damage, or the inhibition of programmed apoptosis [ 11 ]. Different types of NOS (inducible iNOS, 
endothelial eNOS, and neuronal nNOS) have been detected in tumor cells and these NOS isomers 
may be involved in different stages of tumor progression [ 12 ]. NO may also stimulate tumor angio-
genesis, including endothelial cell proliferation, vascular permeability, and stimulation of growth 
factor, to promote tumor growth [ 5 ,  13 ]. However, on the effects of cancer cell proliferation and tumor 
growth, NO may have signifi cant antitumor potential due to its enhancement on apoptosis, but its 
clinical application has been limited by the adverse effects such as hypertension and toxicity produced 
while administered systematically. In addition, the overlapping, confl icting, and complicated roles of 
 L -arginine-derived NO in tumor initiation, promotion, and progression limit the antitumor effective-
ness of NO on cancer treatments. Previous studies have shown both stimulation and inhibition effects 
of NO on cancer cell proliferation, depending upon NO  level   and cell types [ 8 ,  9 ,  14 – 16 ].  

    Enzymatic Regulation of  L -Arginine 

 The roles of other catalytic  enzymes   involved in  L -arginine metabolism and catabolism on tumor 
progression have also been investigated in order to elucidate the mechanism of  L -arginine on cancer 
therapy. These enzymes such as arginase and ADI have been attracting attention and tested since 
1950. High concentration of arginase, which converts  L -arginine to ornithine and urea, has been found 
in the microenvironment of various malignant tumor tissues, and this enables the tumor cells to escape 
the immune surveillance [ 17 ]. It has been indicated that the high demand for  L -arginine is neither due 
to the high requirements of polyamine synthesis nor the NO production for growth promotion. The 
main reason for high  L -arginine requirement in breast cancer cells is due to the irreversible endoge-
nous  conversion of  L -arginine to ornithine by arginase, which resulted in  L -arginine deprivation lead-
ing to inhibition on cell proliferation [ 6 ]. However, the development of arginase as an antitumor agent 
has failed due to its low affi nity for  L -arginine, and as well for the reason that ornithine accumulation 
may cause toxicity in normal tissues lacking OCT, the enzyme that catabolizes ornithine to citrulline. 
On the other hand, the catalytic enzyme that converts  L -arginine to citrulline,  L -arginine iminohydro-
lase ( L -arginine deiminase, ADI), has attracted interest for its potential application to targeted therapy 
for cancer tumors lacking ASS expression, including melanoma, hepatocellular carcinoma, mesothe-
liomas, and renal cancers [ 18 – 20 ]. The ADI isolated from  Mycoplasma  has been reported to show 
high affi nity to  L -arginine and have signifi cant in vitro and in vivo antitumor effects in various cancer 
cells including melanoma, hepatocellular carcinoma, etc. To reduce the immunogenicity and enhance 
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the stability of ADI while administered on patients, the ADI conjugated with polyethylene glycol 
(PEG 20,000), ADI-PEG 20, was developed by Polaris Pharmaceuticals for selectively degrading 
 L -arginine and inhibiting tumor cell growth [ 21 ,  22 ]. In these phase I and phase II clinical trials, the 
effectiveness of ADI- PEG 20 treatment on patients with hepatocellular carcinoma and melanoma has 
been shown. Weekly intramuscular administration of ADI-PEG 20 was suffi cient to lower plasma 
 L -arginine level from 130 μmol/L to below the level of detection in 9 (2 complete and 7 partial 
responses) out of 19 hepatocellular cancer patients for more than 7 days [ 21 ]. In the clinical trial of 
ADI-PEG 20 treatment on melanoma, 25 % response rate and prolonged survival were shown in 24 
patients [ 22 ]. More clinical trials investigating the antitumor effects of ADI-PEG 20 on patients with 
different cancers, such as mesothelioma, have been continuously  ongoing   lately.  

    L-Arginine and Immune Responses in Cancer 

  L -Arginine has been  demonstrated   to enhance wound healing and T-cell-mediated immune functions 
[ 23 ]. The effects of  L -arginine on accelerating wound healing may be owing to the increasing levels 
of proline and collagen derived from  L -arginine, and it was also suggested that the rapid depletion of 
 L -arginine in plasma was accompanied by markedly decreased T-cell function in patients with trans-
plantation and trauma. Two specifi c enzymes in  L -arginine metabolism, arginase I and NOS2, have 
been reported to play important roles in the immune responses associated with tumor growth [ 24 ,  25 ]. 
Arginase I is one of the two isoforms of the mammalian arginase which functions in the urea cycle, 
primarily located in cytoplasm of liver, whereas the arginase II regulates  L -arginine/ornithine conver-
sion in mitochondria. NOS2 (iNOS) is the cytokine inducible NOS involved in immune responses and 
produces NO for immune defense due to the cell toxicity of high NO level. The inhibition of arginase 
I leads to an overexpression of NOS2 and consequently increases the production of NO. 

 It has been reported that the Jurkat T cells cultured in  L -arginine-free medium showed a rapid 
decrease in the expression of the T-cell antigen receptor epsilon chain (CD3ζ), a principal element in 
the receptor complex that plays an important role in coupling antigen recognition to intracellular sig-
nal transduction, and a signifi cant decrease in cell proliferation [ 26 ]. Furthermore, this phenomenon 
can only be reversed by the replenishment of  L -arginine but not the other substitutes. Besides the loss 
of CD3ζ, T cells in  L -arginine-free environment developed alterations in the immune responses, such 
as inability to upregulate Janus kinase 3 (Jak-3), decreased translocation of NF-KB p65, and failure 
of interferon-γ (IFN-γ) production [ 24 ]. These results suggest that  L -arginine depletion has a potential 
effect on the induction of T-cell dysfunction and leads to inhibition on tumor  growth  .   

    L-Arginine Applied in Cancer Therapy 

    L-Arginine-Containing Peptides 

 In cancer therapy, targeting the receptor protein on cell membrane and penetrating through cell mem-
brane to effectively deliver therapeutic agents such as nucleotides, peptides, and chemotherapeutic 
into the target cancer cells are important and still challenging to date. Typically, cancer cell membrane 
is negatively charged due to its higher expression of anionic molecules. Thus, incorporation of  L -argi-
nine or  L -arginine-rich peptides, usually <20-mer  peptide  , into antitumor agents or systems has been 
widely studied due to their high binding affi nity to the receptors on cancer cell membrane or high cell 
membrane penetration [ 27 ]. The possible intracellular uptake mechanisms of cell-penetrating 
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peptides (CPPs) can be majorly classifi ed into two types: the energy-independent pathways and the 
endocytic pathways. The energy-independent cell entry pathways, such as inverted micelle, pore for-
mation, membrane thinning and carpet models, are passive, nonspecifi c pathways which are not sensi-
tive to endocytosis inhibitors and entering cell membrane majorly via physical interactions. On the 
other hand, the endocytic pathways are endocytosis including phagocytosis and pinocytosis which are 
dependent on the specifi c properties of the CPPs and their conjugates. 

  L -Arginine-containing cell-penetrating peptides with different sizes, such as RGD (Arg-Gly-Asp), 
TAT  peptide   (derived from HIV-1 virus), penetratin, PEGA, pVEC, and octaarginine (r8), have gained 
enormous interest for their effi cient in vivo targeting ability on tumors without causing signifi cant 
toxicity [ 28 ]. CPPs have been conjugated on small biomolecules, such as therapeutic peptides and 
proteins, small nucleotides (small interference RNA, siRNA), and chemotherapeutic drugs, as well as 
drug delivery carriers, including polymers, nanoparticles, and liposomes, for targeted delivery of 
these therapeutic agents to tumor tissues. It has been shown that  L -arginine-rich peptides accumulated 
in high level in tumor tissues while administered intravenously and the conjugate of  L -arginine-rich 
peptides with chemotherapeutic drugs can effectively carry the drugs into the tumor tissues for 
enhanced anticancer activity [ 29 ]. Furthermore, peptides such as RGD sequence showed not only 
targeting ability on tumors but also inhibiting effects on tumor growth, which is similar to the effects 
of ligand protein targeting on membrane receptors of cancer cells [ 30 ]. The potential antitumor effects 
of CPPs make the targeted delivery systems more effi cient on cancer treatments.  

    Polyarginine 

 Using polyaminoacids as biomaterials for the development of drug delivery carriers or medical devices 
has been attracting interests because the polyaminoacids are expected to show stable physical proper-
ties, high biocompatibility, and controllable biodegradation rate.  Polyarginine  , polypeptide of  L -argi-
nine, is polymerized  L -arginine having higher molecular weight than the short CPPs. Polyarginine 
(MW 5–50K) is expected to be widely applied in drug delivery systems as a highly positively charged 
polymer. It has been demonstrated that polyarginine showed controllable biodegradation rate depend-
ing on the molecular weight, and as a penetration enhancer, a 35KD polyarginine enhanced the pene-
tration of hydrophilic molecules through cornea tissue [ 31 ,  32 ]. Based on these properties, polyarginine 
has been applied as a biomaterial for composing drug nanocarriers, surface-modifying metal nanopar-
ticles, and forming stable complex with DNA or RNA molecules [ 33 – 35 ]. In an in vitro study, the 
polyarginine nanocapsules showed rapid and massive accumulation in non-small cell lung cancer cells 
and enhanced the antitumor effects of loaded drug [ 33 ]. However, the effects of  L -arginine- rich pep-
tides,  polyarginine  , and their degraded forms on  L -arginine metabolic pathways were not yet defi ned.   

    L-Arginine-Incorporated  Drug Delivery   System 

    Albumin-Based Particle Delivery System for Cancer Therapy 

 The therapeutic effect of  L -arginine on cancer treatment is  paradoxical  . However, it has been reported 
recently that the dose concentration and delivery environment are crucial to determine if  L -arginine, 
especially  L -arginine, can be an effi cient anticancer agent [ 36 ]. Depending upon the concentration and 
composition in a solution environment,  L -arginine may assemble into molecular clusters that display a 
hydrophobic surface by the alignment of its methylene groups [ 37 ,  38 ]. The hydrophobic surface of 
 L -arginine clusters may induce necrosis on malignant cells by disrupting their membrane integrity. 
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Unlike the metabolism of  L -arginine, if high concentration of  L -arginine is present at the local milieu, 
this non-metabolic process avoids the development of tumor resistance and can be more effi cient on 
killing different types of  malignant cells  . Therefore, to make the  L -arginine an effective anticancer 
agent, the delivery method is extremely important to provide an ideal local environment of  L -arginine. 

  Endobronchial intratumoral chemotherapy   ( EITC  ), a direct intratumoral injection using a broncho-
scopic needle-catheter, has been explored clinically in recent years to improve the treatment of lung 
cancer [ 39 ,  40 ]. This is achieved without the complications caused by systemic drug toxicity normally 
associated with conventional chemotherapy. To further improve the effectiveness and safety of intratu-
moral chemotherapy, various nano-meso-microsphere compositions loaded with drugs or biomolecules 
have been designed to prolong high intratumoral drug concentrations and to further minimize any risk 
of systemic toxicity [ 41 ,  42 ]. Microspheres made by different synthetic and biopolymers have been 
widely studied for their application of drug delivery in cancer treatment [ 43 ,  44 ]. Among the various 
biodegradable particulate carriers available for consideration, considering the similar nature of amino 
acid and peptide, we regard the most abundant natural plasma protein, serum albumin, as a most appeal-
ing biocompatible carrier for the effective localized delivery of  L -arginine [ 45 ]. Furthermore, the abun-
dant functional groups on surface of human serum albumin (HAS) or bovine serum albumin (BSA) 
facilitate physiological absorption and covalent conjugation to  L -arginine and other biomolecules. 

 Generally, all water-soluble chemotherapeutic drugs and biomolecules including protein, polysac-
charides, and nucleic acids can be effectively loaded into  AMS  . The drugs and biomolecules can be 
loaded with AMS through the in situ loading method, that is, during the formation of microspheres, 
and post-loading method after the formation of microspheres. While dispersed in aqueous solution or 
high polar organic solvent, AMS can quickly swell and absorb the solutes in solution. The in-bulk 
loading effi ciency of drugs or biomolecules in AMS can be infl uenced by the factors including swell-
ing degree of AMS in the solvent, the solubility of the loaded molecules in solvent, and most impor-
tantly, the molecular interaction between loaded molecules and polypeptide domains in AMS. 

 The drugs or bioactive molecules which are incorporated into AMS can be active on the micro-
sphere surface via conjugation and, at the same time, can be released from the MS by diffusion and 
by degradation of microsphere matrix. From the molecular point of view, the release behavior of 
loaded molecules from the AMS can be infl uenced by three kinds of molecular interactions: loaded 
molecules to environmental solution, AMS to environmental solution, and loaded molecules to  AMS  . 
The release of loaded or conjugated bioactive molecules from the AMS is controllable as a function 
of particle size, matrix cross-link density, and degradation rate of microspheres. 

 In previous studies, we have demonstrated the low cytotoxicity of AMS and its effectiveness of 
drug-loaded AMS for the treatment of lung cancers [ 46 ,  47 ]. In view of this, drug- or biomolecule- 
loaded albumin-based microspheres (AMS) are now being considered for  bronchoscopic intratumoral 
treatment   of lung cancer to provide localized, continuous, and prolonged high drug concentration at 
target tumor sites. The goal is to improve the effectiveness of therapy, to minimize the undesired dif-
fusion through systemic circulation, and to reduce the tumor burden. In our  L -arginine/albumin micro-
sphere system, to locally inhibit the tumor growth, the  L -arginine molecules incorporated into 
microspheres may be active by forming  L -arginine-rich domains on the surface and, at the same time, 
free  L -arginine can be released from the microspheres by diffusion and by degradation of AMS matrix.  

    Synthesis and Characterizations of  L -Arginine/BSA Microspheres (AAMS) 

 The albumin-based microspheres developed in our previous study were synthesized through a water- in- 
organic solvent emulsion system, which is similar to the traditional water-in-oil (W/O) emulsion system 
except that oil is replaced by organic solvent with low polarity [ 48 ]. In this  emulsion system   as shown 
in Fig.  41.2 , the water phase (discontinuous phase) containing BSA and  L -arginine is dispersed into the 
organic solvent phase (continuous phase) containing polymer stabilizers or surfactants to produce a 
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stable emulsifi cation. After emulsifi cation, the microspheres are solidifi ed by chemical or ionic cross-
linkers to maintain the stability of AMS in aqueous solution at body temperature. When  glutaraldehyde   
is introduced as a cross-linker into the emulsion through the organic solvent phase, it diffuses through 
the interface between water and organic solvent to react with BSA and  L -arginine molecules and enables 
the particle surface to be more reactive for further modifi cation. After solidifi cation, the AMS can be 
washed out by the addition of wash solvent into the emulsion system. Usually solvents with low polar-
ity are used as wash solvent to prevent the agglomeration among AMS during washing out. Figure  41.2  
shows the imagination of AMS  synthesis   through emulsifi cation in molecular level.

   In the volume percentage size distribution, AAMS showed a mean  particle size   of about 5 μm with 
a standard deviation of 6.6. The mode of the distribution lied around 4 and about 95 % of AAMS were 
synthesized in the size range between 1 and 10 μm (Fig.  41.3A ). The surface morphology of AAMS 
was determined in brief, the acetone-washed and then air-dried AAMS showed a rough surface under 
SEM. The SEM images of AAMS were shown in Fig.  41.3B  From the SEM images, it was observed 
that most of the AAMS appeared as spherical particles without agglomeration during the preparation. 
The particle size of AAMS was confi rmed to be distributed within the range of 1–10 μm under 
SEM. The zeta potentials of AAMS and AMS were measured while dispersed in water. AMS had a 
negatively charged surface and the mean zeta potential around −40 mv. For the AAMS which had 
been incorporated with  L -arginine, the particle surfaces are less negatively charged with a higher 
mean zeta potential value in the range of −20 to −30 mv.

  Fig. 41.2    Model of engineered AAMS.  Synthesis of  L -arginine-incorporated particles  . Imaginary microsphere forma-
tion in molecular level. The cartoon shows the emulsifi cation process in AAMS synthesis in molecular level: ( i ) 
Aqueous phase containing matrix molecules are dispersed in organic solvent containing stabilizers. ( ii ) Stabilizers 
precipitate at the interface to stabilize the emulsifi cation system after mechanical turbulence. ( iii ) Cross-linkers diffuse 
into water phase through solvent phase. ( iv ) Cross-linkers solidify particle surface. ( v ) Homogenous liquid phase is 
formed to wash out the solid particles       
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       In Vitro Effectiveness of  AAMS   on Inhibiting  Lung Cancers   

 According to the Cancer Facts & Figures 2014 published by American Cancer Society, lung cancer is 
the leading cause of cancer-related  mortality   (~159,000 estimated deaths, 27 % of deaths by all can-
cers), and the 5-year survival rate of lung cancer patients is only 17 %. The plasma  L -arginine concen-
tration has been demonstrated to be decreased in lung cancer patients; however, the cause of the 
depletion has not been determined yet [ 49 ]. It has also been reported in vitro that  L -arginine inhibits 
or stimulates the  proliferation   of lung cancer cells [ 36 ,  50 ]. Whether inhibition or stimulation of lung 
cancer cell proliferation is dependent on the delivery media of  L -arginine is not clear [ 36 ]. 

  L -Arginine has been reported to inhibit or facilitate the  proliferation   of cancer cells based on the 
metabolism of  L -arginine [ 7 ,  36 ,  50 ]. The mechanism of the cell death through the metabolic process 
of  L -arginine has been shown to induce apoptosis [ 9 ]. In a previous study,  L -arginine has been shown 
to inhibit the proliferation of gastric cancer cells and also shown to induce apoptosis [ 8 ]. In addition, 
the apoptosis induction was dependent on the level of NO generated through the metabolism of 
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  Fig. 41.3     Characterization   of AAMS. ( A ) Particle size distribution of  L -arginine/albumin microspheres (AAMS) in 
PBS.  Solid line  represents the size distribution in volume percentage and  dash line  represents number percentage. The 
particle diameter ( x -axis) is shown using a logarithmic scale based on 10. ( B ) SEM images of  L -arginine/albumin micro-
spheres (AAMS). ( a ) Surface morphology of air-dried AAMS after acetone wash. ( b ) Dry AAMS at low magnitude [ 48 ]       
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 L -arginine. Generally, the induction of apoptosis requires high concentration of NO and low NO con-
centration can lead to resistance to the  NO-induced apoptosis   [ 15 ]. However, a recent study by Shukla 
et al. pointed out another possible mechanism of  L -arginine-mediated inhibition of tumor cell prolif-
eration [ 36 ]. The mechanism of cell death by  L -arginine was due to the damage of cell membrane that 
leads to necrosis, as shown in Fig.  41.4a, b . In in vitro studies in various malignant cell types, damage 
to the cell membrane, defi ciency of NO in supernatant, and the absence of apoptotic gene expression 
had been observed with  L -arginine-induced cell death. This indicates that necrosis, instead of the 
metabolically driven cell death apoptosis, is the most likely mechanism by which  L -arginine inhibits 
the proliferation of cancer cells.

    Disruption of cell membrane   is the most likely mechanism that  L -arginine effectively kills cancer 
cells by using the  AAMS  .  L -Arginine molecules in a concentrated  L -arginine solution have a high 
tendency to aggregate and assemble into a molecular cluster due to the positively charged amphiphilic 
molecular structure [ 37 ,  38 ]. With the highly positively charged and hydrophobic surface, the  L -argi-
nine clusters disrupt the negatively charged cell membrane and become an effective antitumor reagent. 
However, the local concentration and environment is a crucial factor to infl uence the cytotoxicity of 
 L -arginine to cancer cells. The clinical use of  L -arginine in cancer treatment is still questionable 
because the inhibiting effect of  L -arginine on cancer cell proliferation is paradoxical. High  concentra-
tion of  L -arginine   inhibits cancer cell proliferation, while on the contrary, weak dosage showed stimu-
lation on proliferation. In previous study, it is observed that  L -arginine tends to aggregate and induce 
tumor death at least at a concentration of 10 mM. To achieve this, the delivery method of  L -arginine 
to tumor sites is crucial to create a local environment with high concentration of  L -arginine and make 
 L -arginine an effective antitumor agent. 

 In our previous study, we synthesized the microspheres with 50 %  L -arginine and 50 % BSA (w/w). 
The  L -arginine was incorporated with AAMS in the matrix of microspheres and on the surface as well. 
The surface of AAMS is positively charged and strong interaction between AAMS and cancer cells 
was observed in the in vitro studies. The  synthesized   AAMS were expected to act as an antitumor 
agent by providing an  L -arginine-rich surface on microspheres, similar to the  L -arginine cluster 

  Fig. 41.4    Physical interactions between cationic molecules and cell  membrane  . Schematic presentation. ( a ) Cationic 
molecules diffuse through cancer cell membrane which is generally negatively charged. Small cationic molecules can 
adhere on membrane surface as well as penetrate into or through the membrane to enhance the permeability. ( b ) Clusters 
of cationic molecules or larger cationic molecules interrupt cell membrane integrity and cause irreversible damage on 
cell membrane. Necrosis is the main form of cell death induced by cell membrane leakage       
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surface, and also locally releasing  L -arginine to the tumor sites. In the in vitro study, which is shown 
in Fig.  41.5a, b , the AAMS showed a more effective inhibition on lung cancer cell  proliferation   than 
the freely released  L -arginine. AAMS inhibited the proliferation of non-small lung cancer cells and 
malignant mesothelioma cells with a relatively low concentration; moreover, the effi cacy has been 
prolonged since the  L -arginine molecules incorporated within AAMS are less likely to be involved 
into metabolism. This indicates that the  L -arginine incorporated on microspheres can be more effec-
tive to inhibit the proliferation of cancer cells than the free  L -arginine in the environment.

  Fig. 41.5     AAMS   inhibits  lung cancer cell proliferation  . The AAMS showed effective in vitro inhibiting effect on cell 
proliferation in ( A ) non-small cell lung cancer (NSCLC) and ( B ) malignant pleural mesothelioma cells [ 48 ]       
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   The inhibition of tumor growth by  AAMS   was demonstrated by using the  three-dimensional tumor 
growth   assay in Matrigel. Our results showed that the AAMS effectively reduced the size and number of 
the tumor colonies, while the lung cancer cells treated with free  L -arginine showed a prompt tumor growth 
(Fig.  41.6b ). It is noteworthy that in some tumor cell lines, the AAMS in the environment not only 
reduced the number and size in tumor colonies but also had a signifi cant infl uence on tumor morphology. 
In the untreated tumor cells and tumor cells treated with free  L -arginine, the cells spread out from the 
tumor colonies and connected to other cells. However, the cell spreading was inhibited in the cultures 
treated with AAMS. It has been previously shown that  L -arginine inhibited proliferation of gastric cancer 
cells with increased apoptosis, but there was no effect on tumor cell invasion [ 8 ]. Our study showed that 
the AAMS that we synthesized has a promising inhibiting effect on the  cell migration   of lung cancer cells, 
whereas the free  L -arginine prompted the cell migration at similar concentration (Fig.  41.6a ).

        Future Strategies of Developing Antitumor Agents Targeting L-Arginine 
Metabolism 

  L -Arginine has been indicated to be possibly the most crucial  dietary supplement   that infl uences tumor 
growth and progress in various malignancies. Tumor growth generally demands higher level of  L -argi-
nine, thus  L -arginine depletion is considered to be the potential therapeutic method for cancer patients. 
Achieving  L -arginine depletion by introducing exogenous catalytic enzymes to  regulate    L -arginine 

  Fig. 41.6    AAMS inhibits  wound healing and tumor growth   in lung cancer cells. ( A ) In the wound healing assay, 
the cell invasion rate was inhibited by AAMS, while free  L -arginine promoted the invasion rate at the same concentra-
tion. ( B ) The tumor growth in Matrigel was inhibited by AAMS but accelerated by  L -arginine [ 48 ]       
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level in the metabolic pathways has been considered as a direct therapeutic strategy to inhibit tumor 
growth. However, varying effects of  L -arginine on cell growth in different cancer cell lines have been 
observed and the mechanism of action of  L -arginine on cancers is not fully elucidated. The  effi cient 
control   of  L -arginine level and metabolism in human body can be diffi cult and that can be infl uenced by 
complicated factors, for example, further enhanced tumor growth may be caused by unexpected bounce 
back of  L -arginine concentration after depletion. Besides, as described previously,  high concentration   of 
 L -arginine in the microenvironment may result in molecular clusters of  L -arginine which may be fol-
lowed by local depletion of  L -arginine because the free  L -arginine molecules in the environment could 
assemble onto the clusters and escape from the metabolic pathways. The AAMS drug delivery system 
we previously developed might also show the same mechanism as the clusters to inhibit the cell prolif-
eration, migration, and tumor growth by reducing the  L -arginine-derived metabolic products essential 
for tumor development, as well as increasing cell death via necrosis caused by  cell membrane interrup-
tion  . Therefore, due to its physical properties and molecular role in cancer biology,  L -arginine has a high 
potential to be applied into the drug delivery systems providing combination therapy with other thera-
peutic agents for cancer treatment. In addition, through appropriate design, biomaterials incorporated 
with  L -arginine, such as drug released particles, hydrogels, and specifi c targeting peptide sequences, are 
expected to provide multifunctional properties when applied as an antitumor agent in cancer therapy.  

    Conclusion 

  L -Arginine and its metabolic products play a critical role in  regulating   tumor growth in various types 
of cancers. The environmental  L -arginine level signifi cantly infl uences the immune responses in 
T-cells which regulate the development and progress of cancer tumor. Besides its function in regulat-
ing tumor growth via metabolic and immune pathways, the properties of  L -arginine enable it to be a 
potential agent applied in cancer therapy. The  L -arginine incorporated biomolecules such as  L -argi-
nine-rich peptides and polyarginine have also been widely applied in various kinds of novel strategies 
for cancer treatment. Although the  mechanism of action   of  L -arginine is not fully clear,  L -arginine has 
a high potential to be applied in the combination therapy with other therapeutic agents. The  L -argi-
nine/albumin microsphere showed signifi cant effectiveness on inhibiting proliferation and migration 
of the lung cancer cells including non-small cell lung cancer and malignant mesothelioma cells. 
AAMS acted as a more effective  antitumor agent   on the lung cancer cells than  L -arginine. The AAMS 
showed constant inhibiting effects on the  proliferation   and  migration   of lung cancer cells; whereas the 
freely released  L -arginine showed stimulation on cell proliferation and migration at lower concentra-
tions. This implies that creating a microenvironment with high concentration of  L -arginine is a more 
effective approach to kill cancer cells. In addition, AAMS has a high potential to be applied into 
 intratumoral therapy   for different types of cancers due to its antitumor ability, strong interaction with 
cells, and most importantly, the high safety. The mechanisms of AAMS inhibiting lung cancer cell 
proliferation is not clear and needs to be further investigated. The present data provide a promising 
foundation for future in vivo studies and offer a different point of view to explain how  L -arginine 
inhibits growth and migration in lung cancer cells.     
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 Key Points 

•   Radiotherapy is an important treatment for a great number of cancers.  
•   Normal adjacent tissue radiation toxicity remains the most important dose-limiting factor in radia-

tion therapy.  
•   Despite efforts being employed in drug development for irradiation protection, no ideal compound 

has been developed so far.  
•   It is suggested that  L -arginine (Arg) and glycine (Gly) can provide an effective low-risk option to 

decrease the adverse effects of irradiation.  
•   Arg plays an important role in wound healing and in the maintenance of tissue integrity due to its 

action as a mediator of angiogenesis, epithelialization, and collagen formation by hydroxyproline 
production.  

•   Arg supplementation is still considered controversial in amelioration of radiation-induced acute 
infl ammation, because excessive NO production can generate structural disorders by inhibition of 
smooth muscle cell proliferation and apoptosis promotion.  

•   Gly is a simple non-essential amino acid that is being investigated to provide cytoprotection. Gly 
may immunomodulate the macrophages of Peyer’s patches, decrease the direct local intestinal 
injury and the resultant “cytokine shower”, and prevent reactive oxygen species (ROS) formation, 
and maybe Gly use can be preventive against irradiation damage.  
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  Abbreviations 

  Arg     L -arginine   
  AST    Aspartate aminotransferase   
  CINC    Cytokine-induced neutrophil chemoattractant   
  CO 2     Carbon dioxide   
  DSS    Dextran sulphate sodium   
  GI    Gastrointestinal   
  Gly    Glycine   
  IL-1    Interleukin-1   
  LDH    Lactate dehydrogenase   
  MIP-2    Macrophage infl ammatory protein 2   
  NAD    Nicotinamide adenine dinucleotide   
  NADH    Hydrogen nicotinamide adenine dinucleotide   
  NH 4     Ammonia   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  ROS    Reactive oxygen species   
  TNBS    2,4,6-Trinitrobenzene sulphonic acid   
  TNF-α    Tumour necrosis factor-alpha     

    Introduction 

 Cancer is a multifactorial chronic disease caused by disorganized cell growth and is one of the most 
important causes of death in the world.  Ionizing   radiation, as surgery and chemotherapy, is an impor-
tant treatment for a number of malignancies. Radiotherapy is commonly administered to the abdomen 
and pelvis of patients with gastrointestinal (GI), urological, and gynaecological malignant neoplasms [ 1 ]. 

 Radiotherapy involves the use of  X-rays   by linear accelerators and gamma rays generated by 
high- energy radioactive isotopes to destroy malignant cells by local action. The goal of radiation 
therapy is to administer a tumoricidal dose, saving adjacent normal tissues, in which regeneration of 
the irradiated area begins. The new, more targeted radiotherapy techniques over the last two decades 
diminished the toxic rates, but several early and late side effects are still observed [ 1 ,  2 ]. Nevertheless, 
normal tissue radiation toxicity remains the single most important dose-limiting factor in radiation 
therapy and a major obstacle to uncomplicated cancer cures [ 3 ]. 

 Accentuated cell renewal  tissues  , which require rapid and continuous cell proliferation, such as 
skin, bone marrow, and GI mucosa, are more vulnerable to the acute toxic effects [ 4 ]. The late toxic 
effects, such as fi brosis, necrosis, and ulcerations, are determined by the total irradiation dose and the 
size of fractions employed, and not by the proliferative potential of the affected tissue [ 5 ]. Although 
the risk of severe chronic enterocolitis by irradiation appears to correlate with the intensity of the 
acute syndrome, the absence of severe acute manifestation does not prevent the eventual development 
of chronic severe actinic effects [ 4 ]. 
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 Radiotherapeutic  injury   is complex and healing varies from normal wound healing as a result of 
repetitive injuries [ 6 ]. Ionizing radiation causes several typical changes in tissues in the bowel. Early 
actinic enteropathy occurs during or shortly after therapy [ 3 ] and is characterized by infl ammation or 
cell death including mucosal cell loss, acute infl ammation in the lamina propria, and epithelial barrier 
breakdown that can result in bacterial translocation despite intestinal increased permeability and 
 bacterial overgrowth [ 3 ] (Figs.  42.1  and  42.2 ). These may resolve but can develop into a more chronic 

  Fig. 42.1    Photomicrography of colonic  wall   in healthy rats ( a ) and rats submitted to a 1100 cGy single dose of abdomi-
nal radiation ( b ), showing a decrease in the total volume of the colonic wall following irradiation       

  Fig. 42.2    Photomicrography of mucosal epithelial  surface   in healthy rats ( a ) and rats submitted to a 1100 cGy single dose 
of abdominal radiation ( b ), showing a decrease in the mucosal epithelial surface of the colonic wall in irradiated rats       
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change (delayed radiation enteropathy) with persistent cytokine activation in the mucosa and in the 
submucosa, and fi brosis of connective tissue [ 7 ]. These changes may result in intestinal dysfunction 
(e.g. dysmotility or malabsorption) and structural injury (e.g. stricture formation, fi stulas, or perfora-
tion) [ 3 ,  8 ]. Clinical presentation will depend on the degree and the extent of tissue damage together 
with the site of injury.

    Almost all patients receiving  pelvic or abdominal irradiation   experience some form of GI symp-
toms, such as pain, bloating, nausea, faecal urgency, diarrhoea, and rectal bleeding which can have a 
signifi cant impact on patient’s quality of life [ 9 ]. Patients usually notice these symptoms during the 
second week of treatment (when tissue damage and infl ammation is probably at a maximum), and 
they usually peak by the fourth to fi fth week (when histological changes are stable or improving) [ 10 ]. 

 Despite efforts being employed in drug development for irradiation  protection  , no ideal compound 
has been developed so far. However, there is evidence that special diets or dietary supplementation 
with isolated nutrients, such as  L -arginine (Arg) and glycine (Gly), can provide an effective low-risk 
option to decrease the adverse effects of irradiation [ 11 ].  

     L -Arginine 

  L -arginine (Arg) was  classifi ed   as nutritionally non-essential (dispensable) amino acid for healthy 
adults [ 12 ] and  essential   (indispensable) for  newborns   [ 13 ] (Fig.  42.3 ). However, as in certain meta-
bolic conditions, in which the amount of Arg synthesized by the body does not meet the increased 
organic demand [ 14 ], this amino acid was classifi ed as conditionally essential in trauma and stress and 
has been investigated in some clinical conditions [ 15 – 17 ]. This can occur despite several factors such 
as increased Arg degradation, reduction of ingestion, and decreased intestinal absorption [ 18 ].

   Arg presents multiple roles in animal  physiology  . The many functions of Arg are caused by the 
action of molecules derived from its metabolism and not by the isolated amino acid action. In animal 
cells, it regulates the synthesis of nitric oxide (NO), polyamines and creatine [ 19 ], urea, proline, glu-
tamate, and agmatine [ 20 ], and, by different metabolic pathways, acts in mechanisms of infl amma-
tion, wound healing, fi brosis, and protein synthesis. In addition, Arg acts on intestinal motility and 
detoxifi cation of ammonia [ 21 ]. Additionally, Arg is a potent stimulator of endocrine system, increas-
ing the growth hormone, prolactin, insulin, and glucagon secretion [ 20 ]. 

 Thus, Arg supplementation seems to  prevent   or repair damage caused by cardiovascular, pulmo-
nary, hepatic, renal, and gastrointestinal diseases, but it also plays an important role in wound healing 
and maintenance of tissue integrity due to its action as a mediator of angiogenesis, epithelialization, 
and collagen formation by hydroxyproline production [ 12 ,  22 ]. 

 However, Arg supplementation is still considered controversial in some clinical conditions, such as 
in  amelioration   of radiation-induced acute infl ammation. The fi rst question concerns the supplemen-
tation dose. Gurbuz et al. [ 16 ], for example, used doses of 2 and 4 % of the total ingested energy for 
7 days in Sprague-Dawley rats subjected to a single dose of 1100 rads of abdominal X-radiation [ 16 ]. 
Hwang et al. [ 23 ] studied animals supplemented with diet and water containing 2 % of Arg for 3 days 
prior to radiation, but the radiation dose was similar to that used by Gurbuz et al. [ 16 ]. In general, Arg 

  Fig. 42.3     L -arginine  structure         
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has been shown to be remarkably free of side effects for the vast majority of people who have taken 
it, and the daily dosage recommended for humans ranges from 30 to 60 g in patients with normal liver 
and kidney functions [ 24 ]. 

 Some studies have shown that diets enriched with Arg after  irradiation   protected the intestinal 
mucosa by accelerating the healing and prevention of bacterial translocation and body weight loss in 
rats [ 16 ,  17 ]. However, Hwang et al. [ 23 ] questioned the benefi cial effect of diets enriched with Arg 
and  L -glutamine on the harm caused by abdominal radiation in rats [ 23 ]. The serum levels of  aspartate 
aminotransferase (AST  ) and  lactate dehydrogenase (LDH)   in the  L -arginine group were markedly 
higher when compared with control animals that received  L -glutamine. Furthermore, on histological 
examination, radiation caused more serious damage to various segments of intestine in the  L -arginine- 
fed rats compared to rats on other feeding regimens [ 23 ]. De Aguiar Picanço et al. [ 11 ] studied the 
effect of dietary supplementation with Arg and Gly in the structure of the colon wall of rats subjected 
to abdominal irradiation. They observed that Gly supplementation showed superior effects of Arg 
supplementation into the colonic wall structure, considering that it was able to maintain the wall 
thickness and epithelial mucosal surface, while Arg was able to maintain the partial volume of the 
epithelium and the epithelial surface, but not the total volume of the intestinal wall [ 12 ] (Table  42.1 ).

   The reason for this controversy seems to be related to the excessive production of NO, leading to 
negative consequences. The metabolism of Arg is determined by the expression of two groups of 
enzymes, arginase and  nitric oxide synthase (NOS)  . The two isoforms of arginase (I and II) are 
induced by cytokines produced by helper T-II cells. Arginase is important for the production of orni-
thine, a precursor of proline and polyamines, both necessary for cell proliferation and wound healing 
[ 24 ]. Competing with arginase for the same substrate, there are three isoforms of NOS, with different 

   Table 42.1     Characteristic  s of experimental studies with  L -arginine in radiotherapy (all of them using radiation dose of 
1100 cGy)   

 Authors  Animals  Groups  Results 

 Ersin et al. 
[ 15 ] 

 Sprague- 
Dawley rats 

 Groups I and II—glutamine- 
and  L -arginine-enriched 
diet pre- and 
post-radiation 

 Groups III and IV—glutamine 
and  L -arginine-enriched 
diet only post-radiation 

 Group V—control 

 Both  L -arginine- and glutamine-enriched diets have 
protective effects on gut mucosa 

 Gurbuz et al. 
[ 16 ] 

 Sprague- 
Dawley rats 

 Group I—diet enriched with 
2 %  L -arginine 

 Group II—diet enriched with 
4 %  L -arginine 

 Group III—
isonitrogenous—4 % glycine 

 Enhanced bacterial clearance from mesenteric 
lymph nodes and improvement in intestinal 
mucosal recovery in group II 

 Hwang et al. 
[ 23 ] 

 Sprague- 
Dawley rats 

 Group I—standard diet 
 Group II—diet with 2 % 

 L -arginine 
 Group III—diet with 2 % 
glutamine 

 Diarrhoea, enhance of serum levels of AST and 
LDH, and more serious damage to various 
segments of intestine in the  L -arginine-fed rats 

 de Aguiar 
Picanço et al. 
[ 11 ] 

 Wistar rats  Group I—healthy 
 Group II—irradiated with no 
supplementation 
 Group III—irradiated and 

supplemented with 
 L -arginine 

 Group IV—irradiated and 
supplemented with glycine 

 Glycine supplementation had a superior effect on 
the irradiated colon wall compared to  L -arginine 
supplementation. Glycine and  L -arginine 
maintained the epithelial surface of colonic mucosa 
compared to controls (group II) 
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cellular distribution and regulatory mechanisms: neuronal NOS or NOS 1, inducible NOS or NOS 2, 
and endothelial NOS or NOS 3. All isoforms of NOS use Arg and oxygen as substrates to NO and 
 L -citrulline production [ 25 ]. Under normal conditions, a small amount of NO is synthesized by the 
NOS 1 and 3 isoforms, giving a benefi cial effect on tissue oxygenation and immune function [ 26 ]. 
However, uncontrolled production of NO by NOS 2 may lead to excessive infl ammation, impaired 
cellular respiration, non-specifi c cytotoxicity, coagulation abnormalities, and haemodynamic deterio-
ration, furthermore reducing the availability of arginase substrate [ 24 ,  27 ]. The excessive NO produc-
tion also generates structural disorders by inhibition of smooth muscle cells proliferation [ 28 ] and 
apoptosis promotion [ 29 ]. 

 Thus, additional studies of benefi ts and the potential adverse effects of Arg supplementation in 
abdominal radiation are necessary, both in animal and human trials.  

    Glycine 

 Glycine (Gly), a non-essential amino acid, is known to possess various  physiologic functions   
(Fig.  42.4 ). Gly is the  simplest   and smallest amino acid and consists of a single carbon molecule 
attached to an amino and a carboxyl group. Its small size helps it to function as a fl exible link in 
 proteins and allows for the formation of helices, an extracellular signalling molecule, recognition sites 
on cell membranes and enzymes, a modifi er of molecular activity via conjugation and Gly  extension 
of hormone precursors  , and an osmoprotectant [ 30 ]. Gly is often considered biologically neutral and 
is used as an isonitrogenous control in studies of supplementation with other amino acids. However, 
much evidence has accumulated that Gly is an effective anti-infl ammatory, immunomodulatory, and 
cytoprotective agent [ 31 ].

   Gly is taken up by cells via a variety of Gly  transporters  , typically by a secondary active transport 
coupled to hydrogen, sodium, and/or chloride ion uptake [ 32 ]. Due to its small size, Gly is extremely 
adaptable and the preferred candidate for an interior position in proteins [ 33 ]. Besides being a decisive 
building block in many proteins, Gly is also a component of the tripeptide glutathione and of the bile 
exclude glycocholic acid. In addition, it is an essential substrate for the synthesis of a variety of biomol-
ecules such as creatine, porphyrins, and purine nucleotides. Within cells, Gly is oxidatively (NAD + -
dependently) degraded by the mitochondrial Gly cleavage system to CO 2 , NH 4  + , NADH, and a methylene 
group, which is accepted by tetrahydrofolate, thus forming  N  5 , N  10 -methylenetetrahydrofolate [ 34 ]. 

 Via methylenetetrahydrofolate, Gly is decisively involved in the metabolism of 1-carbon units and 
by that in further synthetic pathways. Using  methylenetetrahydrofolate  , mitochondrial and cytosolic 
serine hydroxymethyltransferase catalyses the formation of serine from Gly [ 34 ]. The reactions cata-
lysed by the Gly cleavage system and by serine hydroxymethyltransferase are reversible and thus can 
also be used for the synthesis of Gly. Gly is also formed from glyoxylate, a reaction catalysed by 
alanine:glyoxylate aminotransferase, an enzyme which is predominantly located in peroxisomes [ 35 ]. 

  Blood plasma   Gly concentration has been reported to vary between 170 and 330 μM both in 
humans and in experimental animals [ 36 ]. Due to active uptake, the intracellular Gly concentrations 
are signifi cantly higher than the extracellular levels [ 37 ]. The Gly concentrations in blood plasma and 
the extracellular space equilibrate within minutes. The half-life of Gly in the blood depends on the 

  Fig. 42.4    Glycine 
 structure         
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dose administered and may vary between half an hour and several hours. The majority of Gly admin-
istered is taken up by cells and metabolized, primarily in the liver; only a minor amount is excreted in 
the urine [ 38 ]. 

 Since its fi rst description as a cytoprotective [ 38 ] agent in 1987, Gly has been shown to protect 
against  ischaemia–reperfusion injury   [including related injuries due to anoxia, hypoxia, reactive 
 oxygen species (ROS), chemically induced energy depletion, and mere resupply of oxygen (reoxy-
genation)] in a great variety of experimental models [ 31 ,  36 ,  39 ]. In addition to protection from isch-
aemia–reperfusion injury, substantial experimental evidence has been presented that Gly may also 
protect against other injurious processes such as liver fi brosis and alcoholic liver disease, gastric ulcer, 
cyclosporine A-induced nephrotoxicity, and arthritis [ 30 ,  31 ]. Even inhibition of tumour growth in 
rats and mice has been reported [ 40 ]. 

 Gly most likely inhibits both production of infl ammatory cytokines/chemokines in  macrophages   
and accumulation/activation of neutrophils, thereby ameliorating colonic injury. It is notable that 
induction of pro-infl ammatory cytokines (IL-1 and TNF-α) and chemokines (CINC and MIP-2) in the 
colonic tissue was decreased dramatically by dietary Gly, indicating that Gly ameliorates colonic 
injury by preventing production of TNF-α from tissue macrophages in the colon [ 41 ]. Indeed, it has 
been reported that Gly blunts increases in serum TNF-α levels after lipopolysaccharide injection in 
the rat [ 42 ], and Gly inhibits TNF-α production from isolated Kupffer cells, hepatic resident macro-
phages, in a direct manner [ 43 ]. 

 It has been shown that Kupffer cells contain a Gly-gated  chloride channel   through which Gly 
causes an infl ux of chloride ions into cytoplasm, leading to hyperpolarization of the plasma mem-
brane, thereby preventing activation of these cells [ 43 ,  44 ]. The similar effect of Gly has been observed 
in alveolar and splenic macrophages [ 45 ], suggesting a possibility that Gly inhibits TNF-α production 
in macrophages in general. It is postulated, therefore, that the mechanisms by which Gly prevents 
TNBS colitis involve inhibition of TNF-α production from tissue macrophages in the colon [ 41 ]. 

 Moreover, Gly is capable of inhibiting activation of  neutrophils   in a direct manner; Gly reduces the 
production of superoxide anions from neutrophils caused by formyl-methionine-leucine- phenylalanine 
in vitro [ 44 ]. From another point of view, there are other putative calcium-dependent processes 
involved in colitis that Gly also may blunt. One possibility is that mast cells are involved in part in the 
mechanisms of protective effects of Gly. Increasing lines of evidence indicate that mast cells play a 
certain role in the pathogenesis of experimental colitis [ 42 ] and human intestinal bowel diseases [ 41 ]. 

  Mast cells   release a variety of chemical mediators and cytokines and regulate permeability of the gut 
[ 46 ]. On the other hand, activation of mast cells (i.e. the release of histamine) is regulated by increases 
in intracellular calcium. Therefore, it is speculated that Gly may blunt calcium-dependent activation of 
mast cells, thereby modulating mucosal barrier function and infl ammatory responses in the gut [ 47 , 
 48 ]. This activation may be initiated by the mesenteric injury that results in further  secondary organ 
damage especially on the intestinal wall [ 36 ]. By blocking this positive feedback loop, it is possible that 
Gly may provide cytoprotection [ 49 ]. A further hypothesis along these lines may be that Gly may 
immunomodulate the  macrophages   of Peyer’s patches and decrease the direct local intestinal injury 
and the resultant “cytokine shower” [ 47 ]. Regarding the mechanisms, Gly inhibits the activation of 
macrophages and neutrophils via a receptor-mediated reaction [ 31 ,  43 ]. These profound phenomena 
lead to the hypothesis that Gly also is preventive against irradiated tissues [ 50 ]. 

 Diestel et al. [ 50 ] observed that glycine supplementation for 7 days before and 7 days after a single 
dose of 1100 cGy of abdominal irradiation in rats was able to signifi cantly increase the total volume 
of the colonic wall when compared to rats that did not receive any supplementation, remaining similar 
to the control group (no irradiation) (Fig.  42.5 ). De Aguiar Picanço et al. [ 11 ] observed also in rats 
that glycine supplementation presented a superior effect on the irradiated colonic wall when com-
pared to  L -arginine supplementation. However, the effect of Gly on infl ammation/cicatrization in the 
gut has not been elucidated yet.
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   Gly may also exert different effects to prevent reactive oxygen species ( ROS  ) formation. It is well 
known for its role in inhibiting free-radical formation that could possibly prevent damage due to 
radiotherapy [ 50 ]. Gly suppresses ROS formation by inhibiting activation of macrophages. This 
 minimizes subsequent transcription factor activation and cytokine production [ 50 ]. For example, 
dietary Gly prevents haemorrhagic shock-induced activation of Kupffer cells, ameliorates oxidative 
stress, and minimizes the impairment of the activity of antioxidant enzymes (manganese and copper–
zinc superoxide dismutase, glutathione peroxidase, and catalase) [ 30 ]. 

 This impressive catalogue of functions makes an interesting contrast with Gly’s perceived  meta-
bolic   role as a non-essential amino acid [ 30 ]. Importantly, Gly is one of many general  nutrients   in a 
variety of foods and has just been viewed as a convenient source of nitrogen to add to solutions of 
nutrients. The safety of high-dose administration in humans has been established. Although there is 
no standardization of Gly dose in human or experimental trials, it has been continuously used at 
 different doses and many times without being the main study subject. Jacob et al. and Kallakuri et al. 
used this amino acid at a dose of 0.5–1.0 g/kg weight in a study about damage caused by ischaemia 
and reperfusion [ 49 ]. Gly was also used in another study on the same subject at a dose of 5 % of the 
diet offered [ 39 ]. 

 The feasibility of a therapeutic approach for irradiated guts using a Gly-rich elementary  diet   is 
promising. Although this may have unexpected benefi ts when such solutions are used in clinical prac-
tice, it does raise the spectre of a possible confounding effect in experiments when Gly is added to 
control solutions to make them isonitrogenous.  

  Fig. 42.5    Photomicrography of the colonic wall of rats submitted to a 1100 cGy single dose of abdominal radiation 
with 14 days of glycine supplementation, showing that the total volume of the colonic wall was similar to the control 
group (no radiation—Fig.  42.1a )       
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    Conclusions 

 Arg supplementation is still considered controversial in amelioration of radiation-induced acute 
infl ammation because excessive NO production can generate structural disorders by inhibition of 
smooth muscle cell proliferation and apoptosis promotion. Thus, additional studies of benefi ts and the 
potential adverse effects of Arg supplementation in  abdominal radiation   are necessary. 

 Gly may immunomodulate the  macrophages   of Peyer’s patches, decrease the direct local intestinal 
injury and the resultant “cytokine shower”, and prevent reactive oxygen species (ROS) formation. 
Additionally, Gly is part of collagen structure and this can increase the collagen production after irra-
diation. The use of Gly-rich elementary diet is promising in radiotherapy, but the elucidation of its 
function in addition to increased protein intake is necessary.     
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 Key Points 

•    L -Arginine is a nonessential amino acid in adult humans.  
•   Certain tumors lack the ability to synthetize  L -arginine from citrulline and may be sensitive to 

 L -arginine depletion therapy.  
•   Arginase and  L -arginine deiminase, two enzymes used to deplete  L -arginine, have shown antitumor 

activity in vitro and in vivo.  
•   Preliminary clinical trials in patients using either  L -arginine deiminase or arginase have shown 

responses in a number of tumor types.  
•   While the drugs have been well tolerated, potential problems and pitfalls include drug resistance 

due to antibody formation and/or induction of argininosuccinate synthetase ( L -arginine deiminase) 
or risk of normal tissue toxicity due to the lack of ornithine transcarbamylase (arginase).  

•   Combination drug therapy adding other anticancer agents to  L -arginine-depleting treatment offers 
promise in potentiating antitumor response.  
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carcinoma      

  Abbreviations 

  ADI     L -Arginine deiminase   
  Arg    Arginase   
  ASS    Argininosuccinate synthetase   
  OTC    Transcarbamylase   
  PEG    Pegylated     

    Introduction 

 One method of treating certain cancers is by  amino acid depletion  . The best example of this is  asparagi-
nase     , which has been used to lower blood levels of asparagine, a nonessential amino acid in humans. 
Asparaginase has been used for years to treat acute lymphoblastic leukemia, the most common form of 
leukemia in children and young adults. Since most human body cells do not require asparagine for their 
growth and survival, whereas the leukemic cells are auxotrophic for this amino acid, this represents a 
targeted approach to treatment. 

  L -Arginine is another nonessential amino acid in adult humans. It is synthesized from citrulline 
via two key enzymes, argininosuccinate synthetase ( ASS)   and argininosuccinate lyase (ASL)         . 
Citrulline is converted to argininosuccinate by ASS, and argininosuccinate in turn is converted into 
 L-arginine   by ASL (Fig.  43.1 ). Tumor cells that do not express ASS may be sensitive to  L -arginine 
depletion such as with the  L -arginine-depleting enzyme,  L -arginine deiminase. Alternatively,  L -argi-
nine depletion can occur with arginase. This chapter will review the potential use of  L -arginine 
depletion as a method to treat various malignancies.

  Fig. 43.1       Enzymes involved in the urea cycle       
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       Preclinical Studies 

 In the 1960s several investigators noted that a number of cell lines could be inhibited by the addition 
of arginase [ 1 – 4 ]. Subsequently, it was found that irreversible cell destruction was related to the level 
of  L -arginine depleted by arginase [ 5 ]. Other investigators found that  L -arginine depletion in cell 
lines with  L -arginine deiminase by   Mycoplasma arginini       also produced antitumor activity [ 6 ,  7 ]. 

 In vivo  L -arginine depletion was studied  with   arginase  and   pegylated  arginase   [ 5 ,  8 ]. No obvious 
antitumor activity was observed in either study. The lack of effi cacy has been attributed to its  physical 
characteristics   including low substrate affi nity, short plasma half-life, and low enzymatic activity at 
normal physiological pH. More recently, recombinant human arginase was shown to inhibit the 
in vitro and in vivo proliferation of human melanomas [ 9 ]. There was  dual-phase cell cycle arrest   in 
the S and G2/M phase in vitro and inhibition of growth of melanoma xenografts in vivo. 

 In another study,  cobalt   was substituted for manganese metal cofactor in human arginase [ 10 ]. This 
appears to confer more than tenfold higher catalytic activity and fi vefold greater stability. Weekly 
treatment of 8 mg/kg Co-hArgl-PEG had activity against human HepG2 (HCC) and Panc-1 pancreatic 
cell tumor xenografts. Both cell lines underwent apoptosis in vitro and there was increased expression 
of activated caspases with evidence of autophagy. 

  L -Arginine  deiminase   was  also   pegylated ( ADI-PEG20  )  and studied in vivo  . ADI-PEG20 has shown 
 antitumor activity   against human melanomas and hepatocellular carcinomas (HCC) implanted in mice. 
ADI-PEG20 inhibited the growth of  SK-mel2 and SK-mel28   which was implanted in athymic mice. The 
drug also inhibited the growth of human HCC implanted into severe combined immune- defi cient mice 
with prolongation of survival. 

 ADI-PEG20 was studied in  dogs with oral melanoma  . Unlike humans, dogs require  L -arginine in 
their diet so the dog subjects were given suffi cient dosage to produce only a partial depletion of  L -argi-
nine. In a study conducted at the University of Pennsylvania, ten dogs with oral melanoma were treated 
with ADI-PEG20. After 2 months the dogs were evaluated for response. Of the ten dogs, three had a 
partial response, one had stable disease, and two had a complete response.  

    Arginase 

    Clinical Trials 

 In one study, patients with unresectable hepatocellular  carcinoma   were treated with transhepatic arte-
rial embolization of the liver tumors with lipiodol and gel foam to attempt to induce leakage of hepatic 
arginase from the liver into the circulation [ 11 ].  High-dose insulin   was administered to produce a state 
of hypoaminoacidemia to augment  L -arginine depletion. Seven patients with advanced or metastatic 
hepatocellular carcinoma were treated. Five patients achieved depletion of  L -arginine (range 0–20 μM, 
normal plasma level 100–120 μM). All fi ve patients showed some evidence of tumor response with 
remission in the primary liver tumor and extrahepatic sites (lymph nodes, lungs, and bones). This 
suggests that there was a systemic effect from  L -arginine depletion and not just a liver response to the 
embolization. The two nonresponders did not have major reduction in their plasma  L -arginine levels. 
Based on their experience, it was suggested that arginase may be a good drug candidate to treat HCC. 

 A phase I trial of pegylated recombinant human arginase ( peg-rhArg1     )    was recently reported [ 12 ]. 
In this trial an initial single intravenous (IV) bolus was followed by weekly doses from 500 to 2500 U/
kg. Fifteen patients with advanced hepatocellular carcinoma and measurable disease were enrolled. 
The most common adverse effects were diarrhea, abdominal discomfort, and nausea. The maximum 
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tolerated dose was 2500 U/kg. Adequate  L -arginine depletion was achieved with doses from 1600 to 
2500 U/kg and the optimal biological dose was considered to be 1600 U/kg. The best response was 
stable disease for >8 weeks in 26.7 % of patients.  

       L-Arginine Deiminase 

 The tumors that are most likely to respond to  L -arginine depletion are those that lack the ASS enzyme. 
Table  43.1  shows  a   partial list of human malignancies that can be inhibited by  L -arginine deiminase. 
The incidence of ASS  defi ciency   varied signifi cantly among the different tumor types with melanoma, 
hepatocellular carcinoma, and prostate carcinoma having the highest incidence of negative ASS 
expression [ 13 ]. Also, renal cell and sarcoma cancer and mesothelioma cancers showed ASS defi -
ciency [ 14 ]. Hence, clinical trial have focused on these cancers are ASS defi cient.

         Hepatocellular Carcinoma 

 A patient with hepatocellular carcinoma was treated with  ADI-PEG20      as a single patient exemp-
tion and showed response in tumor size and serum alpha fetoprotein levels [ 15 ]. This encouraging 
report led to a Phase I–II trial of  ADI-PEG20      in hepatocellular carcinoma [ 16 ]. Patients with 
unresectable hepatocellular carcinoma were treated at the Pascale Cancer Institute in Naples, Italy. 
In this part of the study, the weekly intramuscular dose of 160 IU/m 2  was considered to be the 
optimum biological dose that lowered the plasma  L -arginine level to undetectable levels (<2 μM/l) 
for >7 days. Nineteen patients were accrued onto the study. Fifteen completed all cycles of treat-
ment and two patients stopped due to progressive disease and two due to complication of cirrhosis. 
The  side effects   consisted of pain at injection site, elevation of serum uric acid and fi brinogen, and 
rarely elevation of serum lipase and amylase levels. The response to ADI-PEG20 included two 
patients (10.5 %) with complete response, seven (36.8 %) with partial response and seven with 
stable disease and three (15.9 %) with progressive disease. The mean duration of response mea-
sured from the date of fi rst treatment was >400 days (range 37–680 days). 

    The University of Miami experience with  ADI-PEG20 in      hepatocellular carcinoma is shown in 
Table  43.2 . The drug was well tolerated. Three of nine patients had stable disease, with two patients 
having prolonged time to tumor progression for 17 and 28 (+) months.

   Another phase I/II trial of ADI-PEG20 was done at the MD Anderson Cancer Center using a simi-
lar weekly  intramuscular schedule   [ 17 ]. The phase I part consisted of increasing weekly dose up to 
160 IU/m 2  which was considered the optimal biologic dose. The phase II part of the study consisted 
of doses from 160 to 240 IU/m 2  weekly. Thirty-fi ve patients were enrolled onto the clinical trial. Only 
1 patient had a partial response and 16 patients had stable disease. Four patients did not complete the 

  Table 43.1       Malignancies inhibited by  L -arginine deiminase in tumor cell culture  

 T-lymphoma Jurkat  B-cell lymphoma Raji 
 T-cell leukemia TL-MOR  B-cell lymphoma Manaca 
 T-cell leukemia MT-2  Histiocytic lymphoma U937 
 T-leukemia  Myeloid leukemia 
 T-lymphoblastic leukemia CCRF-CEM  Melanoma 
 T-lymphoblastoid  Hepatocellular carcinoma 
 Lymphoblastic leukemia  Mesothelioma 
 Prostate cancer  Renal cell cancer 
 Retinoblastoma  Sarcoma 
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study due to either allergic reaction to the drug or intercurrent disease. Twenty-eight patients had 
progressive disease. The mean time to tumor progression was 3.4 months (range 1–13 months). 
Toxicity consisted of liver function or electrolyte abnormality. Of note, three patients had grade 4 
toxicity, consisting of liver function abnormalities in two patients and elevation of serum lipase in one 
patient. Thus, this trial showed more toxic side effects, particularly hepatic dysfunction and lower 
response rate than the previous trial. This may be due to patient selection and emphasizes the need to 
select better performance patients. 

       A randomized phase II study of ADI-PEG20 was performed in Asian  advanced   hepatocellular 
carcinoma patients [ 18 ]. Patients were randomized between weekly IM injections of  ADI-PEG20   at 
160 IU/m 2  versus 320 IU/m 2 . Of the 71 accrued patients, 43.6 % had failed prior to systemic therapy. 
Overall there was no major difference in the  disease-control rate and median overall survival   between 
the two arms. Of note, the median overall survival of patients with undetectable circulating  L -arginine 
for more than or equal to and <4 weeks was 10.0 and 5.8 months, respectively ( P  = 0.25), log-rank 
test). The major treatment-related side effects were grades 1–2 local and/or allergic reactions. The 
authors conclude that ADI-PEG 20 was  safe and effi cacious   in stabilizing the progression of heavily 
pretreated advanced HCC in an Asian  population  . 

       Currently, there is an ongoing multicenter, randomized, placebo-controlled phase III trial of ADi- 
PEG20 in unresectable hepatocellular  carcinoma  . This trial allows prior therapy including  sorafenib  . 
The endpoints will be overall survival and time to tumor progression. The results of this trial are 
eagerly awaited. Importantly,  tumor tissue analysis   for ASS is not required for eligibility requirement, 
but if available will be studied for correlation to survival.    Thus, including patients whose tumor are 
ASS positive may impact the results of this trial.  

          Mesothelioma 

 In mesothelioma, a randomized phase II trial of  ADI-PEG20   and best supportive care versus best sup-
portive care alone in patients whose tumor lack ASS has been ongoing. In one report of a single patient 
who received ADI-PEG20, the repeat FDG-PET scan showed a partial metabolic response with a 40 % 
reduction in the maximum standardized uptake value [ 19 ]. By recist criteria, the patient had stable 
disease. His tumor was ASS negative secondary to  ASS 1  promoter methylation   as confi rmed by meth-
ylation-specifi c polymerase chain reaction. The patient later progressed and this appeared to correlate 
with rise in antibody titer to ADI-PEG20 with subsequent rise of serum  L -arginine levels to pretreat-
ment values. It was suggested that imaging by FDG-PET scan may be a sensitive indicator of early 
response to  ADI-PEG   in ASS-negative patients. Also, in this patient tumor resistance appears to cor-
relate with neutralizing antibody to ADI-PEG20 rather than induction of ASS expression. The fi nal 

  Table 43.2    ADI-PEG20 in hepatocellular carcinoma 
( HCC)     —University of Miami experience  

 • Nine patients with unresectable HCC were 
treated with ADI-PEG20 

 • Median age: 72 prior chemotherapy: 6/9 
 • Toxicity: mild fatigue, discomfort at injection 

site. No grade 3 or 4 toxicities noted 
 • 3 patients (33 %) had prolonged time to tumor 

progression of 4(+), 17, and 28(+) months 
 • ADI-PEG20 induced autophagy in cell lines 

which possess low levels of ASS expression 
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results of the phase II trial are eagerly awaited as mesothelioma is usually ASS negative and ASS is not 
often induced and there are few treatment options available for the treatment of unresectable disease. 
Preliminary analysis suggests a survival  advantage   for ADI-PEG20 over best supportive  care      
(Szlosarek, personal communication).  

            Melanoma 

          ADI-PEG20 has been evaluated in a phase I–II clinical trial for melanoma [ 20 ]. The phase I part of 
the trial was performed in the USA and in Italy. In the USA, the phase I part enrolled 15 patients. 
Treatment consisted of weekly IM injection of ADI-PEG20 in doses ranging from 20 to 160 U/m 2 . In 
the Italian phase I trial, weekly injections were given in doses from 40 to 640 U/m 2 . The  optimal bio-
logic dose (OBD)   that reduced plasma levels of ADI-PEG20 to nondetectable levels (<2 μM/l) for ≥7 
days was considered. None of the 15 patients enrolled in phase I part of the protocol in the USA had 
a response to treatment. In the Italian phase I/II trial, there were responders who had received the 
OBD dose or higher. Altogether, six patients had a response, including one complete response and fi ve 
partial responses for an overall response rate of 25 %. Six patients had stable disease for 3 months or 
longer. The drug was generally well tolerated. The most common side effect was discomfort at the 
injection site. Uncommon side effects include hypotension, elevation of serum uric acid, mild 
increases in fi brinogen level, and non-symptomatic, mild increase in serum lipase and amylase levels. 
The maximum tolerated dose was not reached and patients received up to 640 IU/m 2  I.M. weekly. 
Since it was diffi cult to administer doses beyond 640 IU/m due to the amount of fl uid that had to be 
injected, this was consider the “maximum tolerated dose.” 

          A  phase II trial in melanoma   was performed which was the fi rst to correlate negative argininosuc-
cinate synthetase expression in tumor tissue with clinical benefi t in patients receiving  L -arginine- 
depleting therapy [ 21 ]. In this study, 27 of 38 patients treated with ADI-PEG20 had melanoma tumors 
assessable for ASS staining before treatment.  Clinical benefi t rate (CBR)   and longer time to progres-
sion were associated with negative expression of tumor ASS. In this trial, only one of ten patients with 
 ASS-positive tumors   had stable disease (Table  43.3 ), whereas 4 of 17 patients (24 %) had partial 
response and 5 had stable disease, when ASS expression was negative, giving a CBR rate of 52.9 % 
vs. 10 % ( P  = 0.041). Interestingly, two responding patients with negative ASS expression before 
therapy had re-biopsy after tumor progression and the ASS expression became positive. The survival 
of ASS-negative patients receiving at least four doses at 320 IU/m 2  was signifi cantly better than the 
ASS-positive patients at 26.5 vs. 8.5 months, respectively ( P  = 0.024). The serious side effects were 
uncommon, the most common side effect being discomfort at the injection site. Other side effects 
include grade 3 allergic reaction, grade 4 neutropenia and thrombocytopenia (one patient), grade 3 
neutropenia (three patients), grade 3 anemia (one patient), and grade 3 fatigue (two patients). Four of 
the fi ve patients who experienced myelosuppression had prior radiation therapy or combined radiation 
therapy and chemotherapy. It is important to note that only responders have received doses of 320 IU/
m 2 /week. Of ten cutaneous melanoma patients with ASS negative tumors who received 320 IU/m 2 , 
four (40 %) had partial response and three had stable disease with the CBR of 70 %. In contrast, of 
seven patients who were ASS negative and had doses <320 IU/m 2 . No partial responses were observed 
and only two had stable disease/minor response,  P  = 0.08 (Fisher’s exact test). It is noteworthy that 

   Table 43.3    ADI-PEG20  in         melanoma—University of Miami experience   

 ASS status  Number of patients  Response  Stable disease 

 ASS (−)  17  4  5 
 ASS (+)  10  0  1 

   ASS  argininosuccinate synthetase  

L.G. Feun et al.



559

two patients who had an initial response at 320 IU/m 2  per week schedule and later progressed were 
treated at a higher dose and had a second response. Therefore, the data indicate that a higher dose of 
ADI-PEG20 may be needed to keep  L -arginine levels low for response to occur.

            Another phase I/II trial of ADI-PEG20 was performed in 31 previously treated melanoma patients 
[ 22 ]. The dose ranged from 40 to 160 IU/m 2  I.M. weekly. The drug was generally well tolerated. The 
main toxicities were grade 1 and grade 2 side effects, consisting mainly of discomfort at the injection 
site, rash, and fatigue. No major objectives responses were observed in this trial. Nine patients had 
stable disease and two of these were >6 months duration. Of the nine stable patients, four had uveal 
melanoma. ASS expression was negative in 24 patients by immunohistochemical staining. The stable 
disease rate in uveal melanoma was felt to be encouraging. In this trial, it is important to note that the 
dose of ADI-PEG20 never exceeded 160 IU/m 2 , unlike the previous trial in which the dose of 320 IU/
m 2  correlated with response.  

   Other Malignancies 

 As of March 21, 2014, clinicaltrials.gov lists several ongoing trials with ADI-PEG20 in various 
malignancies. These include  non-Hodgkins’s lymphoma         subjects who have failed prior systemic 
therapy, relapsed/refractory acute myeloid leukemia, and relapsed sensitive or refractory small cell 
lung cancer and pediatric subjects who are ASS negative. Another trial is ADI-PEG20 with 
 docetaxel in solid tumors   with emphasis on prostate cancer and non-small cell lung cancer. Trials 
that are not yet recruiting include phase I study in patients with tumors requiring  L -arginine to 
assess ADI-PEG20 with  pemetrexed and cisplatin  , phase II trial of ADI-PEG20 plus concurrent 
transarterial chemoembolization ( TACE  )    vs. TACE alone in patients with hepatocellular carci-
noma, and a phase I trial of ADI- PEG20 plus doxorubicin in patients with HER2-negative meta-
static breast cancer. Finally, a phase I trial of ADI-PEG20 combined with cisplatin is recruiting 
patients with malignant melanoma.  

   Review of Pitfalls, Problems, and Promise 

 There are several important potential pitfalls  or   problems to consider regarding the use of  L -arginine- 
depleting therapy for the treatment of cancer (Table  43.4 ). For arginase therapy there is a potential for 
increased toxicity in normal tissues due to lack of the urea cycle enzyme  ornithine transcarbamylase 
(OTC)         to rescue  L -arginine from ornithine which is the product of arginase. Since the conversion from 
ornithine to  L -arginine requires the presence of OTC and OTC is low in many normal tissue cultures, 
these normal tissue cells will be susceptible to toxicity from arginase [ 23 ]. The human recombinant 
arginase I cobalt coupled to polyethylene glycol 5000 showed potent in vitro cytotoxicity in many 
cancer cell lines and hepatocellular carcinoma and pancreatic carcinoma xenografts, but the therapeutic 
index was narrow.

  Table 43.4    Potential pitfalls or  problems   with  L -arginine- depleting 
therapy  

 Drug  Potential problems 

 Arginase  – Activity at physiologic pH 
 – Possible damage to tissues 

lacking OTC 
  L -Arginine deiminase  – Immunogenicity 

 – Induction of ASS 

   OTC  ornithine transcarbamylase  
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   Toxicity was observed in normal cells in tissue culture and tissue injury occurred in vivo at doses 
twice the effective dose. The addition of   L -citrulline supplementation   was able to rescue most normal 
cells with selective toxicity to  ASS-defi cient tumors   [ 24 ]. Thus, clinical trials with arginase will 
require  L -citrulline supplementation to reduce toxicity and improve the therapeutic index. Table  43.5  
 lists   other potential ways to either reduce toxicity or potentiate activity with  L -arginine-depleting 
therapy.

   For therapy with  L -arginine deiminase, there are at least two major issues:  immunogenicity and 
induction   of  ASS  . Both of these can lead to drug resistance to this type of  L -arginine-depleting ther-
apy. The induction of antibodies to  L -arginine deiminase, which is recognized by the human body as 
a foreign protein, can lead to tumor progression after initial response [ 19 ]. It can also lead to possible 
allergic or anaphylactoid reactions. One method to try to reduce immunogenicity is the use of nanopar-
ticles [ 25 ,  26 ]. Another method is the addition of other agents at the same time. Combination therapy, 
such as the addition of chemotherapy, may potentially impair antibody formation and thus allow time 
for the depletion of  L -arginine to be effective in promoting tumor cell death. Such combination trials 
are currently under way, and it would be interesting to correlate tumor response to the antibody levels 
and blood  L -arginine and citrulline levels. 

 Tumor cells under metabolic stress may undergo  autophagy   as a survival mechanism. In this 
respect, we and others have shown that  L -arginine deprivation led to autophagy as a mechanism to 
evade apoptosis [ 27 ,  28 ]. During this period, the cells can turn on ASS  transcription to synthesize 
 L -arginine  . One method to enhance the  cytotoxicity   of ADI-PEG20 is the addition of tumor necrosis 
factor- related apoptosis-inducing ligand ( TRAIL  ). By combining  TRAIL   with ADI-PEG20, enhanced 
apoptosis and accelerated cell death in melanoma cell lines could be achieved [ 29 ]. In this study 
TRAIL could induce the cleavage of two key autophagic proteins, Beclin-1 and Atg5, in the combina-
tion treatment compared to ADI-PEG20 used alone. The data indicated that cleavage of Beclin-1 and 
Atg5 by TRAIL-initiated caspase activation is one of the mechanisms that led to the enhanced cyto-
toxicity in the combination treatment. 

 Conversely,  L -arginine depletion may potentiate the antitumor effect of  DNA damaging agents   
such as cisplatin, temozolomide, and anti-microtubule agent taxotere in melanoma cells [ 30 ]. The 
addition of ADI-PEG20 is able to sensitize melanoma cells to all three agents, more so with cisplatin 
and temozolomide than  taxotere  . Limited array analysis using the cDNA which relates to DNA dam-
age indicates that the addition of ADI-PEG20 decreased ERCC and RAD family which are needed to 
repair DNA after exposure to cisplatin. The potentiation effect may be related to impairment of DNA 
repair. 

  L -Arginine depletion may especially be effective in melanoma cells that have become resistant to 
BRAF inhibition. The  BRAF inhibitors      such as vemurafenib and dabrafenib alone, or with MEK 
inhibitor, have shown to have a high response rate (approximately 60 %) in patients with BRAF- 
mutated melanomas. Unfortunately, the response duration is only around 8 months, and virtually all 
patients become resistant to BRAF inhibitors. 

   Table 43.5    Possible  methods   to potentiate  L -arginine-depleting therapy   

 Drug  Method 

  L -Arginine deiminase  – Target BRAF melanomas which become resistant to BRAF inhibitors 
 – Nanoparticles to reduce immunogenicity 
 – Combine with TRAIL to enhance apoptosis 
 – Combine with chemotherapy such as cisplatin which may impair antibody formation 

 Arginase  – Supplement with citrulline to reduce toxicity 
 – Replace manganese with cobalt to increase enzyme activity and add polyethylene glycol 

to improve stability 
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 Recent data demonstrate that  BRAF inhibitor      (vemurafenib) resistance confers sensitivity to  L - 
arginine deprivation in melanoma [ 31 ]. These cells became ASS non-inducible most likely due to  c-Myc 
degradation  . Studies have shown that c-Myc is a positive regulator in ASS transcription and that c-Myc 
stability is governed by ubiquitination [ 32 ]. BRAF inhibitor-resistant cells have lower levels of deubiq-
uitinating enzyme USP28 and therefore cannot prevent c-Myc from ubiquitin-dependent proteasomal 
degradation. Hence, BRAF inhibitor resistance will suppress c-Myc-mediated ASS transcription and 
this in turn increases sensitivity to  L - arginine depletion   by ADI-PEG20. Whether suppressing c-Myc 
will have other effect or not is not known and is currently under investigation. 

  Clinical trials   with ADI-PEG20 to target such patients will be needed to confi rm these preclinical 
observations. Laboratory studies are currently under way to investigate the mechanism behind this 
phenomenon. It appears that once melanoma cells develop resistance to BRAF inhibition, they are not 
able to handle the metabolic stress with  L -arginine depletion and thus undergo apoptosis.    

    Conclusions 

 Targeting tumor metabolism using  L -arginine-depleting therapy is a promising approach to the treatment 
of certain malignancies which depend on exogenous  L -arginine for growth and survival. A number of 
clinical trials have shown that  L -arginine deprivation therapy is generally well tolerated. These clinical 
trials have shown activity in several malignancies including malignant melanoma, hepatocellular carci-
noma, and mesothelioma. A randomized phase III trial is currently under way in hepatocellular carci-
noma. Treatment of other tumor types is also being explored and combination therapy adding other 
anticancer agents to  L -arginine-depleting therapy offers promise. Further trials will be needed to better 
defi ne the overall clinical benefi t from this type of targeted therapy.     
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 Key Points 

•   Many human malignancies do not express argininosuccinate synthetase 1 (ASS1), the key enzyme 
for the biosynthesis of  L -arginine. These tumors acquire  L -arginine from the circulation for sur-
vival.  L -Arginine deprivation strategies have been undergoing clinical trials for treating  L -arginine- 
auxotrophic tumors.  

•   Important mechanism of  L -arginine-auxotrophic response includes downregulation of HIF-1α to 
de- repress ASS1 expression and upregulation of c-Myc to induce ASS1 expression.  

•   Upregulation of c-Myc under  L -arginine-auxotrophic conditions is mediated by the activation of 
the Ras/PI3K/Akt/ERK growth signal pathway.  

•   Upregulated c-Myc plays important roles in metabolic reprogramming in  L -arginine-auxotrophic 
response.  

•   Epigenetic control by DNA methylation is also involved in ASS1 silencing.  
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  AS    Argininosuccinate   
  ASL    Argininosuccinate lyase   
  Asn    Asparagine   
  ASNase    Asparaginase   
  ASNS    Asparagine synthetase   
  ASS1    Argininosuccinate synthetase 1     

    Introduction 

  L -arginine (Arg) is a semi-essential amino acid. Because there is no specifi c storage system for the 
cellular  L -Arg pool, Arg needs to be de novo synthesized or directly acquired from an extracellular 
source to meet physiological need. Different organs have different  requirements   of Arg. For example, 
suffi cient Arg is synthesized in the liver and kidney of an adult but not suffi cient to the growing child 
[ 1 ]. Arg is essential for  fetuses and neonates  . 

 Arg is an important metabolite in the  urea cycle   (Fig.  44.1 ). Two major  enzymes   in this cycle are 
involved in the biosynthesis of Arg:  argininosuccinate synthetase (ASS)   and  argininosuccinate lyase 
(ASL)  . ASS catalyzes the biosynthesis of argininosuccinate (AS) from citrulline and aspartate. ASS 
defi ciency causes citrullinemia, a rare autosomal recessive disease [ 2 ] associated with low Arg and 
high citrulline in the plasma. ASL catalyzes the conversion of AS to Arg and fumarate which is an 
important metabolite of the  Krebs cycle  . ASL defi ciency causes argininosuccinic aciduria, another 
inborn error of metabolism [ 3 ].

    Malignant cells   require suffi cient amounts of essential (indispensable) or semi-essential (condi-
tionally indispensable) amino acids for protein biosynthesis to support their highly proliferative 

  Fig. 44.1     L -Arginine is an important metabolite in the  urea cycle  .  L -Arginine can be synthesized endogenously by two 
key enzymes, argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL). Metabolic defects of these 
enzymes give rise to citrullinemia and argininosuccinic aciduria. Cells can also obtain  L -arginine from extracellular 
source. Deprivation of extracellular  L -arginine by ADI-PEG20 or by arginase 1 induces Arg-auxotrophic response in 
ASS- negative cells       
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activities. Tumors that do not synthesize suffi cient amounts of these  amino acids   resulting from 
metabolic defects acquire amino acids from extracellular sources for survival. Depleting extracellular 
amino acid supplies often leads to cell death. This amino acid-auxotrophic property has led to the 
development of targeted cancer therapy. Childhood  acute lymphocytic leukemia (ALL)      acquires 
asparagine (Asn) from extracellular sources because this tumor expresses very low amount of aspara-
gine synthetase (ASNS), the rate-limiting enzyme for the biosynthesis of Asn from aspartate [ 4 ]. This 
tumor is very sensitive to recombinant  L -asparaginase (ASNase) treatment, which hydrolyzes Asn in 
the circulation. Recombinant ASNases (Elspar and Oncaspar) have been used as single agent for 
treating childhood ALL for more than 40 years with 20–68 % response rates [ 5 ]. 

 The majority of  human solid tumors  , including melanoma, hepatocellular carcinoma, and prostate 
cancer [ 6 ], bladder cancer [ 7 ], and small cell lung cancer [ 8 ], require Arg from the circulation for 
survival because these tumors express reduced amount of ASS1. Tumors with negative ASS1 expres-
sion are associated with aggressive phenotypes and exhibited poor disease-free and metastasis-free 
survival prognosis, which suggests that ASS1 may have a tumor-suppressive property [ 7 ,  9 ] . 

 The requirement of extracellular Arg supply for tumor growth in these solid tumors provides an 
opportunity for targeted therapy of these Arg-auxotrophic tumors. Pegylated recombinant  L -argi-
nine deiminase ( ADI-PEG20)   which digests Arg into citrulline and ammonia has been under clini-
cal investigations for treating various lineages of Arg-auxotrophic tumors [ 10 – 13 ]. Another 
Arg-depleting recombinant protein, human arginase 1, which digests  L -arginine into ornithine and 
urea in the  urea cycle   (Fig.  44.1 ), has also been developed for treating Arg-auxotrophic tumors 
[ 14 – 17 ]. 

  Deprivation   of extracellular Arg from ASS1-negative cells induces a wide spectrum of stresses 
leading to cell death. Cells have developed diverse survival mechanisms to deal with these stresses, 
which we collectively call Arg-auxotrophic response. Although the entire spectrum of response mech-
anisms remains to be elucidated in detail, in this chapter, we focus on the early events which occur 
within minutes of Arg-auxotrophic response and result in the re-expression of ASS1 several hours 
later. We also discuss the late events involving adaptive response, including  metabolic reprograming  . 
We believe that a better understanding of the molecular bases of Arg-auxotrophic response has impor-
tant implications for developing effective therapeutic strategies for targeting Arg-auxotrophic 
cancers.  

     DNA Methylation   as an Epigenetic ASS1 Silencing Mechanism 

 It has been well documented that DNA methylation is an important epigenetic regulation mechanism 
of gene silencing in eukaryotes. DNA methylation, particularly at CpG sites located around promoter 
regions, is often associated with inactive genes in eukaryotic genomes. Previous studies have demon-
strated that methylation of CpG sites located at −373 and +7 base pairs in reference to the transcrip-
tion start site (TSS) of  ASS1  was found to associate with  ASS1  silencing in many cancer cell lines and 
in human tumor biopsy specimens [ 18 ,  19 ]. In two lymphoid cell lines (Myla and SeAx cells) treat-
ment with the demethylating agent 5-Aza-2′-deoxycytidine (Aza-dC), which induces partial demeth-
ylation of a 143-bp fragment located −265 bp downstream of the TSS of  ASS1  resulted in re-expression 
of ASS1 [ 18 ]. These studies suggest that DNA methylation is associated with ASS1 silencing. 
 In   the same study, cells treated with ADI-PEG20 (0.5 μg/ml, 4 days) showed moderately increased 
ASS1 mRNA levels as compared with that of cells treated with Aza-dC. However, whether ADI- 
PEG20- induced ASS1 expression is mediated by demethylation of the  ASS1  locus remains to be 
investigated.  
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    Transcriptional Regulation of  ASS1 Expression   in Response 
to  L -Arginine- Auxotrophic Stress 

 Arg auxotrophy-induced transcriptional regulation of  ASS1  expression either by treating with ADI- 
PEG20 or by culturing cells under Arg-free medium was investigated in melanoma cells (A2058, 
SK-MEL-2, and A375 lines) and in breast cancer cells (MDA-MB-231 line). This study was initiated 
by a transient transfection assay using  ASS1  promoter sequence linked to a luciferase reporter. This 
study revealed that sequence between −87 and −37 from the TSS of  ASS1  is involved in ADI-PEG20- 
induced  ASS1  upregulation [ 20 ]. Further analysis revealed that an E-box (5′-CACGTG) and GC-box 
sequences are important for the  ASS1  induction as determined by the site-directed mutagenesis 
approach. The E-box is recognized by two transcriptional regulators, c-Myc and HIF-1α, and GC-box 
is recognized by Sp family. Chromatin immunoprecipitation assays demonstrated that under non- 
stressed conditions the E-box is occupied by HIF-1α. Upon ADI-PEG20 exposure, HIF-1α is rapidly 
downregulated within minutes but c-Myc expression is upregulated. The upregulated c-Myc then 
binds to the E-box of the  ASS1  promoter and turns on the expression of  ASS1 . In the presence of 
CoCl 2 , a hypoxia mimic which stabilizes HIF-1α and protects it from VHL-mediated proteasomal 
degradation machinery, resulting in the suppression of ADI-PEG20-induction. These results demon-
strated that HIF-1α is a transcriptional repressor that silences  ASS1  expression in many Arg- 
auxotrophic cancer cells. 

 Transcriptional induction of  ASS1  expression in response to Arg-auxotrophic stress is mediated by 
a switch of promoter interactions from HIF-1α to c-Myc which functions as a positive transcription 
factor. Sp4 was found to be constitutively bound to the GC box located at the  ASS1  promoter for its 
expression. However, Sp4 expression is not sensitive by Arg-auxotrophic stress (Fig.  44.2 ).

       Signal Transduction Mechanism Associated 
with  L-Arginine-Auxotrophic Stress      

  c-Myc   is an unstable protein. Under non-stressed conditions, the half-life (t½) of c-Myc is 20–30 min 
[ 21 ]. In the presence of ADI-PEG20, c-Myc is stabilized. Stabilization of c-Myc by ADI-PEG20 is 
mediated by the inhibition of ubiquitin-mediated protein degradation machinery [ 22 ]. Although it has 
been reported that at least eight protein factors (Fbw7, USP28, Fbx29, Skp2, β-TRCP, Truss, Hect-19, 
and Trim32) control c-Myc stability through ubiquitination [ 23 ], we found that FbW7α and USP28 
are involved in ADI-PEG20-induced c-Myc protein accumulation. FbW7α is a subunit of the E3 ubiq-
uitin ligase complex SCF Fbw7  that recognizes c-Myc in response to specifi c stimuli which lead to 
ubiquitination and subsequent proteasome degradation [ 24 ]. In contrast, USP28 forms a complex with 
Fbw7α and counteracts the degradation of c-Myc by removing ubiquitin conjugated by Fbw7α[ 25 ]. 
Our results demonstrated that ADI-PEG20 treatment enhanced the formation of the USP28, c-Myc, 
and Fbw7α complex, thereby preventing from Fbw7α-mediated degradation [ 22 ]. 

 The signal transduction targeting c-Myc protein for ubiquitin proteasomal degradation is mediated 
by phosphorylation at two specifi c amino acid residues at the N-terminus, serine 62 (S62) and threo-
nine 58 (T58). S62 is targeted by ERK and T58 is targeted by GSK-3β [ 26 ,  27 ]. ERK-mediated phos-
phorylation of S62 prevents c-Myc degradation, whereas GSK-3β-phosphorylated T58 promotes 
c-Myc degradation [ 26 ,  27 ]. We found that ADI-PEG20 treatment activates ERK and enhances c-Myc 
phosphorylation at S62. Phosphorylation of c-Myc at T58 is mediated by GSK-3β, a serine/threonine 
kinase. Phosphorylated c-Myc(T58) is recognized by Fbw7α in the proteasomal protein degradation 
signaling pathway [ 27 ]. It has been demonstrated that GSK-3β itself is a target of PI3K/AKT-mediated 
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phosphorylation at Ser9 position. GSK-3β phosphorylation inactivates its ability of phosphorylating 
c-Myc(T58), resulting in the stabilization of c-Myc. Although PI3K/AKT also phosphorylates GSK- 
3α(Ser21), we found that ADI-PEG-20 induces phosphorylation of GSK-3β but not GSK-3α, demon-
strating that GSK-3β plays an inhibitory role in ADI-PEG20-mediated c-Myc stabilization (Fig.  44.3 ).

   One upstream signal of GSK-3β is PI3K/AKT and we observed that activation of PI3K/AKT 
occurs within 15 min after ADI-PEG20 treatment. Inhibition of PI3K suppresses ADI-PEG20-induced 
AKT(T308) and GSK-3β phosphorylation and c-Myc expression. Although PTEN is a negative regu-
lator of PI3K, it was demonstrated that activation of PI3K by ADI-PEG20 is independent of PTEN. 

 One important upstream activator of the PI3K/AKT pathway is Ras, which is also an upstream 
signal of ERK, mediated by the RAF intermediate [ 28 ]. Indeed, we found that ADI-PEG20 treatment 
activates Ras within 5 min, and inhibition of Ras activity by a dominant-negative recombinant attenu-
ates ADI-PEG20 induction of PI3K-AKT. These results demonstrated that upregulation of c-Myc is 
through the inhibition of GSK-3β activity which is mediated by the  activation      of Ras/PI3K/AKT/ERK 
in response to ADI-PEG20 (Fig.  44.3 ). A melanoma cell line (A375) that is defective in this pathway 
does not respond to Arg-auxotrophic induction of  ASS1  expression.  

    L-Arginine-Auxotrophic Response Induces  Metabolic Reprogramming   

 The observations that Arg deprivation induces HIF-1α downregulation and c-Myc upregulation have 
important implications in cancer metabolism. c-Myc and HIF-1α are among the most important onco-
proteins that are critically involved in many aspects of cancer cell behaviors, including growth, prolif-
eration, invasion, and responsiveness to therapies. c-Myc plays a central role in a transcriptional 

  Fig. 44.2    Regulation of  ASS1 expression   in Arg-auxotrophic cells. ( a ) Promoter sequence involved in transcriptional 
regulation of ASS1 expression. The locations of two  cis- acting elements, the E-box and GC-box and their respective 
transcriptional factors are indicated. ( b ) Schematic diagram showing switch of promoter binding from HIF-1α in non- 
stressed conditions to c-Myc binding under stressed conditions       
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regulatory network that regulates cell growth, differentiation, apoptosis, and metabolic signaling [ 29 ]. 
Likewise, HIF-1α plays a critical role for tumor angiogenesis, glycolysis, metastasis, redox signaling, 
and response to radiation and chemotherapy [ 30 ]. Previous studies have demonstrated that c-Myc 
regulates genes involved in the glycolytic pathway by directly binding to the E-boxes located at the 
promoters of these genes [ 31 ].We found that ADI-PEG20 induces expression of glucose transporter 1 
and lactate dehydrogenase A but downregulates the expression of pyruvate dehydrogenase. Stable 
ADI-PEG20-resistant cell lines exhibit altered expression of these glycolytic enzymes (Fig.  44.4 ). 
These fi ndings indicate a metabolic rewiring of Arg-auxotrophic cells toward glycolytic pathway (the 
Warburg effect) [ 32 ]. ADI-PEG20 also upregulates glutaminase and glutamyl dehydrogenase, two 
key glutaminolytic enzymes that catalyze the conversion of glutamine to α-ketoglutarate, an impor-
tant metabolite in the TCA cycle (Fig.  44.3 ). Likewise, elevated expression of these enzymes was 
found in ADI-PEG20-resistant variants [ 32 ]. Because glucose and glutamine are the two major energy 
sources that fuel cancer cell growth, these results suggest that Arg-auxotrophic cells demand more 
glucose and glutamine supplies to meet the need of energy loss under Arg starvation condition.

   Upregulation of glycolytic and glutaminolytic enzymes by ADI-PEG20 is mediated by c-Myc, 
because knockdown of c-Myc by shRNA strategy reduced the expression of these enzymes. However, 
once the expression of these enzymes is upregulated, elevated c-Myc is no longer needed to maintain 
the altered metabolic program. These results demonstrate that altered cancer cell metabolism in 
response to arg-auxotrophic challenge is associated with their glucose dependence and glutamine 
addiction. 

  Fig. 44.3    Schematic diagram showing signal  transduction   involved in c-Myc stabilization and upregulation of ASS1 
expression       
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 We have found that both ASS1 and its downstream enzyme ASL are elevated in response to Arg- 
auxotrophic stress. These  results   suggest that robust ASS1/ASL activities in the urea cycle are required 
to overcome ADI-PEG20-induced metabolic stress [ 22 ,  33 ]. These fi ndings may not be surprising, 
because recent studies have demonstrated that several enzymes in the urea cycle, including ASS1, 
ASL, nitric oxide synthetase, and cationic amino acid transporter 1 are co-regulated [ 34 ], by forming 
a supermolecular complex to perform important physiological function [ 35 ].  

    Comparison of Signal Transduction Mechanisms Between Arg-Auxotrophic 
and Other Amino Acid-Limitation  Responses      

 The signal transduction pathways leading to transcriptional upregulation of ASS1 expression in 
response to Arg-auxotrophic stress described here differ from those involved in other amino acid 
deprivation states. Regulation of gene expression in response to amino acid defi ciency can be at the 
transcriptional, posttranscriptional, translational, and posttranslational levels, depending upon the 
context of genes and the types of amino acid defi ciencies [ 1 ]. Here, we only focus on transcriptional 
upregulation of ASNS in response to Asn limitation in leukemia therapy [ 4 ]. ASNS catalyzes the 
synthesis of Asn from aspartate in conjunction with the conversion of glutamine into glutamate. 

  Fig. 44.4    Regulation of cancer  metabolism   in response to Arg deprivation in Arg- auxotrophic cells. The  upward 
arrows  denote increases of enzyme levels in ADI-PEG20- resistant cells       
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Upregulation of ASNS is an Asn-auxotrophic response mechanism to replenish Asn and constitutive 
upregulation of ASNS confers resistance to ASNase treatment. Conversely, inhibition of ASNase re- 
sensitizes these resistant cells to ASNase [ 36 ], demonstrating the importance of ASNS in ASNase 
sensitivities. 

 Deprivation of Asn and other amino acids is sensed by the  g eneral  c ontrol  n on-derepressible 2 
(GCN2), which monitors the availability of uncharged tRNA and phosphorylates its targeted gene 
product, the translational initiation factor elF-2α, resulting in the inhibition of the global translational 
initiation. However, translation of a fraction of pre-existing mRNA, notably  a ctivating  t ranscription 
 f actor 4 (ATF4) mRNA, is not suppressed but rather upregulated under amino acid-depleted condi-
tions. ATF4 mRNA contains two upstream open reading frames (uORF1 and uORF2). The 5′ uORF1 
has only 3 codons and the 3′ ORF2 encompasses the ATF4 coding region. The uORF1 is a positive 
translational regulatory element for ATF4 translation, but uORF2 has an inhibitory property. It has 
been demonstrated that under non-stressed conditions, translation initiated from uORF1 quickly 
acquires reinitiation through the negative-acting uORF2, resulting in the dissociation of the active 
translation complex and reduction of ATF4  production     . Under amino acid starvation conditions, trans-
lation initiated from uORF1 can proceed through the negative effect of uORF2 and reinitiate transla-
tion from the AUG codon by ribosomal scanning mechanism, which enhances ATF4 protein  synthesis   
(Fig.  44.5 ) [ 37 ,  38 ].

  Fig. 44.5    Schematic diagram showing mechanism of ASNS induction under Asn deprivation. Asn deprivation (−Asn) 
produces uncharged tRNA, resulting in the activation of GCN2 by phosphorylation and the subsequent inhibition of 
global translation, but increased translation of  ATF4. ATF4   is a transcriptional factor that upregulates ASNS expression 
by interacting with the nutritional sense response element-1 (NSRE-1) located at the promoter of ASNS gene       
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       Arg-Auxotrophic Response Mechanisms and Therapeutic Implications 
in  Cancer Treatment   

 Elucidation of signal transduction mechanisms of Arg-auxotrophic response leading to ASS1 upregu-
lation, which is a biomarker of drug resistance in Arg-deprivation therapy, should provide mechanistic 
basis for the development of novel strategies for treating Arg-auxotrophic cancers. 

 The observations that Ras→PI3K→AKT and Ras→RAF→MAPK→ERK signals are involved in 
the upregulation of c-Myc leading to ASS1 upregulation suggest that intervention of these pathways 
may have therapeutic advantages for improving the effi cacy of ADI-PEG20. As a proof of principle, 
we tested two PI3K inhibitors, Ly294002 and PI103; both are pan-PI3K inhibitors for class I PI3K 
(PI3Kα/β/γ/δ) [ 39 ], and two Akt inhibitors, VIII which is an AKT1 and AKT2 isozyme-selective 
inhibitor [ 40 ] and perifosine which targets the pleckstrin homology (PH) domain of Akt, preventing 
its translocation to the plasma membrane [ 40 ,  41 ]. All these inhibitors displayed suppressive effect on 
the induction of pT 308 -AKT, c-Myc, and ASS1 expression by ADI- PEG20  . These results demon-
strated that the inhibition of PI3K/AKT pathway enhances the cell killing capacity of ADI-PEG20. 

 Ras genes, consisting of K-ras, H-ras, and N-ras, were the fi rst oncogenes identifi ed in cancer cells. 
These Ras genes, especially K-ras, and their downstream signals are the most frequently mutated 
oncogenes in human cancers [ 28 ]. In addition to the PI3K and RAF pathways, Ras can also activate 
the RelGDS→RelA/RelB pathway. Glycine 12 in K-ras is the most frequent mutated residue, the 
G12C mutation is frequently detected in lung cancer, and the G12D and G12V mutations are fre-
quently detected in pancreatic cancers [ 28 ]. Extensive efforts have been devoted in developing effec-
tive inhibitors targeting these pathways. The progress has been slow because of the complexity of the 
network, such as cross-talk and feedback regulations. However, promising outcomes may eventually 
emerge. For example, although Ras has long been considered as untargetable, however, small chemi-
cals such as Compound 12 [ 42 ] and SML-8-73-1 [ 43 ] that preferentially inhibit G12C over wild-type 
Ras have recently been identifi ed. 

 PI3K and RAF also consist of multiple enzymes, i.e., eight isoenzymes in three classes for mam-
malian PI3K enzymes and three for RAF (BRAF, N-RAF, and H-RAF). Many pan-PI3K inhibitors 
have been undergoing clinical evaluations; however, doses needed for fully blocking all the isoforms 
may exceed tolerable toxicities [ 42 ]. About 50–60 % of malignant melanomas harbor BRAF muta-
tions (BRAF V600E  and BRAF V600K ). The inhibitors vemurafenib and dabrafenib have shown remark-
able response rates (65–85 %) in treating BRAF mutations-bearing melanoma patients. However, the 
responses were short-lived (6–8 months) and patients inevitably became resistant to these drugs, with 
overall progression-free duration of 6–12 months [ 44 ]. Similarly, trametinib is an inhibitor to MEK 
that has been developed for treating BRAF inhibitor-resistant tumor [ 45 ]. Combination of ADI- 
PEG20 with these inhibitors may have additive, if not synergistic, therapeutic advantages. Likewise, 
while c-Myc has also been considered undruggable, recent study suggested that anti-BET  bromodo-
main   compound (JQ1) has potential for future anti-Myc drug development [ 43 ]. 

 Since HIF-1α is a repressor of ASS1 expression and derepression of ASS1 by HIF-1α downregula-
tion is a critical early event in Arg-auxotrophic response. Stabilization of HIF-1α can be achieved by 
the hypoxia mimics CoCl 2  and deferoxamine which block hydroxylation of HIF-1α for proteasomal 
degradation. We demonstrated that stabilization of HIF-1α by CoCl 2  or deferoxamine can suppress 
ADI-PEG20-induced ASS1 expression [ 20 ]. These results suggest that improving ADI-PEG20’s anti-
tumor effect against Arg-auxotrophic tumors may be achieved by using inhibitors to HIF-1α degrada-
tion. In this regard, two FDA approved anti-proteasomal cancer therapeutics bortezomib [ 46 ] and 
carfi lzomib (Kyprolis) have been developed for treating relapsed and refractory multiple myeloma 
[ 47 ]. These clinical proteasomal inhibitors may be also applicable for improving the therapeutic 
effi cacy of ADI-PEG20. 

44 Mechanisms of L-Arginine-Auxotrophic Response and Their Cancer Therapeutic Implications



572

 The fi ndings that Arg-auxotrophic response upregulates many enzymes involved in the glycolytic 
and glutaminolytic pathways suggest that interventions of these pathways may also have therapeutic 
implications. As proof of principle, we demonstrated that ADI-PEG20-resistant melanoma cells are 
preferentially sensitive to glycolysis inhibitors (2-deoxy- D -glucose and 3-bromopyruvate) and kidney- 
type glutaminase inhibitors (6-diazo-5-oxo- L -norleucin (Don), azaserine, and Bis-2-(5- 
phenylacetamindo- 1,2,4-thiadiazol-2-yl)ethyl sulfi de (BPTES)) [ 32 ]. However, the clinical 
applications of these compounds have not been demonstrated. Development of novel effective inhibi-
tors is needed.  

    Conclusions and Future Research 

 Substantial progress in understanding the molecular basis of Arg-auxotrophic tumors has been made 
since the discovery that a wide spectrum of human malignancies require Arg for their growth. 
Moreover, Arg deprivation strategies have been under various stages of clinical investigations for 
targeted therapy of human Arg-auxotrophic cancers. 

 Arg auxotrophy is a metabolic aberration in a subpopulation of human cancers that is manifested 
when extracellular Arg is depleted. Since Arg is a building block of proteins which are essential for a 
variety of survival signaling pathways, response to Arg-auxotrophic stress in essence can be consid-
ered as  cellular survival response mechanism  . While some of these mechanisms may share those 
found in general nutritional stresses resulting from global amino acid deprivation, others may be 
 specifi cally   relevant to Arg (Fig.  44.6 ). Activation of the  Ras/PI3K/AKT/ERK growth signal   as 
described here represents an example of Arg-auxotrophic response. Other cell survival pathway such 
as autophagy which is a catabolic response to nutritional starvation has been documented in response 
to Arg deprivation [ 48 ,  49 ]. Because these pathways also play important roles in cancer cell growth, 
proliferation, and invasion, targeting these pathways in combination with the Arg-auxotrophic drug 
such as ADI-PEG20 is likely to be promising for treating Arg-auxotrophic tumors. Similarly, the fi nd-
ings that increased glycolytic and glutaminolytic pathways which represent adaptive metabolic rewir-
ing to overcome Arg-auxotrophic stresses may also provide additional targets for drug development.

   Induction of the  Ras signal   [ 22 ] occurs very rapidly (within 5 min) upon Arg deprivation in ASS1- 
negative cells. It is presently unknown how Arg deprivation induces Ras activation, although specula-
tions can be offered. Because Ras activation is intimately associated with extracellular mitogen 
stimulations, it is likely that, immediately after Arg is removed from the extracellular environment, a 
host of membrane-bound growth factor receptors is mobilized to activate Ras and elicit its down-
stream growth signaling [ 50 ]. This scenario raises an important but challenging question as how do 
Arg-auxotrophic cells sense Arg deprivation. A relevant question is whether the sensing mechanism 
resides in plasma membrane (for example, Arg transport) or intracellular Arg contents? Future studies 
are needed to address these issues. 

 Downregulation of  HIF-1α   also occurs within minutes of Arg deprivation in ASS1-negative cells. 
Currently, we do not know how HIF-1α downregulation is regulated by Arg bioavailability in ASS1- 
negative cells. Because HIF-1α plays a suppressive function of ASS1 expression that confers Arg 
auxotrophy in many tumor types, and because ASS1 re-expression is an escape mechanism from Arg 
auxotrophy and responsible for the development of resistance to Arg-auxotrophic treatments, eluci-
dating mechanisms of HIF-1α de-repression is of vital importance for the development of effective 
strategies to combat drug resistance in Arg-auxotrophic tumors. 

 In conclusion, this chapter presents many molecular aspects of survival mechanisms regarding how 
cells deal with Arg defi ciency. Many unknowns remain to be investigated. We believe that as more 
detailed mechanisms of Arg-auxotrophic response have been learned, we will be in a better position 
to develop effective strategies to treat Arg-auxotrophic cancers.     
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      Abbreviations 

  bFGF    Basic fi broblast growth factor   
  COX    Cyclooxygenase   
  EGF    Epidermal growth factor   
  eNOS/NOS3    Endothelial or constitutive nitric oxide synthase   
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 Key Points 

•   Wound healing occurs in a sequence of regulated and overlapping phases.  
•   Pathways involving  L -arginine and the urea cycle are critical in healing.  
•   Infi ltrating macrophages secrete either pro-infl ammatory cytokines with inducible nitric oxide syn-

thase (iNOS) activity or anti- infl ammatory with increased arginase 1 activity and appear critical in 
regulating subsequent phases.  

•    iNOS   is important in early phases producing NO to clean the wound.  
•   NO is important throughout the healing process stimulating fi broblasts to produce collagen, 

 promoting matrix deposition, remodelling and angiogenesis.  
•   Under- and over-production of NO adversely affects wound healing.  
•   Arginase 1 provides proline and ornithine from  L -arginine for collagen deposition and polyamine 

production respectively.  
•   The products of the active iNOS and arginase 1 pathways provide feedback regulation of each 

other.  
•    L -Arginine, ornithine and proline supplementation all improve wound healing.  
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  FGF    Fibroblast growth factor   
  H2O2    Hydrogen peroxide   
  IFN    Interferon   
  IGF-1    Insulin-like growth factor-1   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  MMP    Matrix metalloproteinase   
  NO    Nitric oxide   
  PDGF    Platelet-derived growth factor   
  PGE2    Prostaglandin E-2   
  TGF-β    Transforming growth factor-beta (β)   
  Th    T cell helper   
  TIMP    Tissue inhibitor of metalloproteinase   
  TNF-α    Tumour necrosis factor-alpha (α)   
  VEGF    Vascular endothelial growth factor   

      Introduction 

 Wound healing is required to effectively stabilise and repair injury [ 1 ,  2 ]. In an  optimal system  , the 
process of wound healing occurs in an orderly and controlled series of phases: homeostasis, infl am-
mation, proliferation and remodelling [ 3 ,  4 ]. However,  complications   including infection and inap-
propriate activation of the immune system can impair this process and result in delayed healing and 
in the development of chronic wounds. Such complications impact signifi cantly on health-care 
resources, and in 2010, the cost of treating and caring for wounds in the United States alone was esti-
mated at $25 billion [ 2 ]. It is therefore important to determine factors that infl uence the wound healing 
process to optimise and facilitate appropriate healing. 

 As early as 1936, Robinson [ 5 ] described the use of urea for healing chronic purulent wounds not-
ing the effects as “…a cleansing of the wound by removal of necrotic material and pyrogenic bacteria 
present, and a promotion of the growth of granulation  tissue  ”.    To determine the key biochemical 
pathways and factors affecting the wound healing process, the concentrations of reactants and prod-
ucts within the wound have been collected on implanted polyvinyl alcohol sponges. The recovery of 
 L -arginine, ornithine and proline, as well as urea and nitrite, the breakdown product of nitric oxide 
(NO), has identifi ed pathways involving  L -arginine and the urea cycle as being critical in the healing 
process [ 6 ] (Fig.  45.1 ).

   The  semi-essential dibasic amino acid  ,  L -arginine, is essential for growth in rodents [ 7 ], and although 
not required for growth in adult humans, it becomes an essential amino acid in certain conditions, such 
as wound healing [ 8 ,  9 ]. Within the wound environment,  L -arginine concentrations may decrease to 
undetectable levels [ 6 ,  10 ], and in such cases, the availability of  L -arginine become essential in order 
for the wound to heal [ 11 ]. It has also been shown that products of the  L -arginine pathways, urea, pro-
line, polyamines and NO, affect the different phases of the wound healing process [ 12 – 14 ]. 

  L -Arginine has a host of  functions  : as a structural amino acid residue in proteins, as a key interme-
diate of the ornithine cycle and therefore nitrogen balance and as the precursor of creatinine and urea 
in the reaction catalysed by the enzyme arginase. It is a secretagogue for insulin, prolactin, insulin and 
IGF-1 and is the precursor of polyamines and proline. Of particular interest in wound healing,  L -argi-
nine is the precursor of NO, a mediator and messenger in a host of biological, immunological and 
physiological processes (Fig.  45.1 ) [ 8 ,  15 ].  
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    Nitric Oxide 

  NO   is produced from  L -arginine and oxygen in a reaction catalysed by the enzyme nitric oxide syn-
thase (NOS). Three forms of NOS occur: two constitutive Ca 2+ /calmodulin-dependent enzymes, the 
endothelial NOS (eNOS/NOS3) and the neuronal NOS (nNOS/NOS1) [ 8 ], and the inducible Ca 2+ /
calmodulin independent form, iNOS. iNOS is induced in various cells types during infl ammation in 
response to cytokines and other mediators [ 16 ,  17 ], with the NO produced by this form of NOS play-
ing an essential role in the  wound healing process   [ 16 ,  18 ,  19 ]. NO is involved during the infl amma-
tory and proliferation phases of wound healing to promote matrix deposition, remodelling and 
angiogenesis [ 20 ,  21 ]. Further, as a radical, NO has antimicrobial and cytotoxic properties that are 
essential for maintaining sterility in the wound space [ 22 ]. 

 One of the key regulators of NO production is the concentration of the precursor  L -arginine. Low 
 L -arginine concentrations within the wound environment limit NO synthesis and will affect the entire 
wound healing process [ 11 ]. Equally, excessive production of NO, for example in sepsis, can adversely 
affect and delay healing [ 17 ]. The requirement for  L -arginine in wound healing is inferred from con-
centrations of  L -arginine itself and particularly from measured concentrations of the metabolites of the 
arginase (ornithine) and NO pathways (citrulline or NO and the nitrite degradation products) [ 6 ]. 

Diet
Protein turnover

argininosuccinate

ASL

iNOS
ASS

IFN-γ

Polyamine

Cell growth

Synthesis

ODC Arginase1

Urea
Chronic

Microcirculation

Collagen synthesis,
tissue repair,
wound healing

immunological
defence

L-Δ-pyrroline-5-carboxyate

Hydroxy-L-proline

wounds

L-arginine

L-ornithine L-citrullineNO

L-proline TGB-β

OCT

OAT

Fibroblasts

  Fig. 45.1    The  urea cycle    with   the metabolites shown that have an effect on wound healing. Abbreviations:  iNOS  induc-
ible nitric oxide synthase,  OCT  ornithine carbonyl transferase,  ASS  argininosuccinate synthase,  ASL  L-arginine-succi-
nate lyase,  ODC  ornithine decarboxylase,  OAT  ornithine amino transferase,  IFN-γ  interferon-gamma,  TGF-β  
transforming growth factor-beta,  (+)  upregulation or stimulatory,  (−)  downregulation or inhibitory       
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 The production of NO by cellular components depends on the stage of the wound healing process, 
with macrophages producing the greatest amount of NO by iNOS, in the early  infl ammatory phase  . 
In wounds created in a rat model, NOS activity, as measured by  citrulline and nitrite production  , was 
highest during the fi rst 3 days post-wounding [ 6 ]. This activation is dependent on cytokines, infl am-
matory mediators, growth factors and hypoxia, and is limited by cofactors and substrate availability.  
 At later stages, increased ornithine concentrations indicate increased arginase activity [ 6 ], with  NO 
production   by iNOS inhibited  by   constituents of the wound fl uid [ 16 ,  23 ].  

    Arginase Pathway 

 The  conversion   of  L -arginine by the arginase I and II enzymes to ornithine is the major route of 
 L -arginine metabolism. Arginase 1 activity is required to promote wound healing, and if this activity 
 is   inhibited, as demonstrated in a mouse model, infl ammation in the wound increases to impair matrix 
formation and delay wound healing [ 24 ]. 

 Ornithine is the precursor to the polyamines and proline, which are both directly involved in cell 
proliferation and collagen synthesis, respectively [ 23 ]. Collagen is synthesised by fi broblasts and 
determines the strength of the repaired wound. Proline is a major component of collagen, and the 
overall wound strength is decreased if the availability of proline is limited [ 6 ,  10 ,  25 ].  

    Wound Healing 

 The  phases and physiology   of wound healing have been extensively reviewed [ 3 ,  26 ,  27 ]. Important 
cellular, non-cellular, cytokines and growth regulators involved in  wound healing   have been sum-
marised in Table  45.1 .

   The process of wound healing is accompanied by the rapid activation of the  immune system  , with 
neutrophils, macrophages and lymphocytes infi ltrating into the wound space (Fig.  45.2 ). These cells 
release both innate and adaptive immune system cellular mediators, cytokines and messengers,  critical 
in facilitating and controlling the wound healing process [ 30 ,  31 ]. Re-establishing homeostasis and 
the subsequent wound healing process is carefully regulated as immune dysregulation can delay 
wound healing [ 32 ].

     1.      Haemostatic phase   : Re-establishing homeostasis directly after the initial insult from trauma or 
surgical intervention is the shortest phase of wound healing and occurs within minutes. Blood ves-
sels contract and the clotting cascade is initiated with the fi brin plug forming a temporary repair of 
the wound, with aggregating platelets forming a matrix with adhesion motifs for anchoring infi l-
trating cells [ 2 ,  3 ]. The early infi ltration of cells and their production of appropriate cytokines, 
regulates the subsequent phases of wound healing. Furthermore,  NO   production by iNOS is essen-
tial to counteract potential infection [ 3 ,  15 ].   

   2.     Infl ammatory phase : The  infl ammatory   phase lasts 1–5 days and is characterised by infi ltration of 
infl ammatory cells, initially polymorphonuclear leukocytes or neutrophils and subsequently mac-
rophages into the wound space [ 3 ]. These macrophages phagocytose dead cells, and bacteria, and 
remove such cell debris with proteolytic elastases and collagenases. These enzymes are different 
from the matrix metalloproteinases (MMPs) produced later in the healing process [ 15 ]. This 
debriding and cleansing of the wound space appears essential for the subsequent orderly progres-
sion of wound healing. The infi ltrating cells produce a variety of important regulatory cytokines, 
chemokines and interleukin messengers (Table  45.2 ), with the expression of several of these medi-
ators, including IL-1, IL-6, IL-8 and TGF-β, directly affected by NO [ 28 ].
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  Fig. 45.2    Phases of  wound healing,   associated cellular components and nitric oxide production. Reproduced from 
Witte and Barbul [ 50 ] with permission from Elsevier Press       

   Recently it has been recognised that the infi ltrating  macrophages   are of two distinct types 
 characterised by different modes  of   activation (Fig.  45.3 ). Classically activated macrophages 
(CAMs) are activated by interferon-γ and tumour necrosis-α (Th1 response), upregulate iNOS 
activity against microbes and intercellular pathogens, and secrete pro-infl ammatory cytokines [ 24 , 
 33 ]. lL-4 and IL-13 induce the alternatively activated macrophages (AAMs; Th2 response) that 
exhibit upregulated arginase type-1 activity, with anti-infl ammatory functions. The AAMs produce 
collagen and remodel tissues to facilitate tissue repair [ 24 ,  34 ]. These macrophages appear critical 
regulators of the wound healing process.

   The production of high levels of NO during the infl ammatory phase is dependent on macrophage- 
derived iNOS. In subcutaneous wounds NOS activity increases within 24 h of injury, with iNOS 
expression and NO production reaching their highest levels within 24–72 h [ 24 ,  35 ]. In a mouse 
model of cutaneous wound healing, arginase activity remains high up to 7 days post-wounding. 
A reduction in arginase activity is associated with signifi cant delay in wound healing [ 24 ].   

   3.      Proliferative phase   : In response to TGF-β, bFGF and PDGF and other signals, granulation occurs 
as fi broblasts and undifferentiated mesenchymal cells migrate into the recovering wound area to 
proliferate and produce collagen. Re-epithelialisation of the wound occurs, as keratinocytes 
migrate in, proliferate and differentiate and overlay the formed granulation layer [ 29 ]. 

 In the later stages of the “proliferative phase”, the arginase pathway forms metabolites and inter-
mediates, proline and polyamines, which are directly involved in collagen synthesis and cell prolif-
eration, respectively [ 22 ,  23 ]. Proline is incorporated into collagen by fi broblasts, with the availability 
of proline determining the overall wound strength [ 6 ,  8 ,  25 ]. Interestingly collagen production by 
fi broblasts is stimulated by NO, suggesting a close relationship between the pathways [ 36 ].   

   4.      Remodelling phase   : Extracellular matrix synthesis and remodelling occurs over several months 
after wound closure [ 2 ]. Key to this phase is the synthesis and breakdown of collagen fi bres [ 37 ] 
by MMPs. MMPs are directly involved in cell migration, cytokine and growth factor release from 
the cells producing them as well as the degradation of these factors [ 26 ].    

   L -Arginine does appear to be required for appropriate cross-linking of collagen since it attenuates methyl-
glyoxal and high glucose induced formation of N ε -carboxyethyl lysine and attenuates arginase expression 
in a manner similar to aminoguanidine [ 38 ]. However, few studies have been conducted during this phase 
to determine the effects of supplemental  L -arginine or ornithine on the healing of excisional wounds. 
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  Fig. 45.3    Cytokines produced  by   immune cells can give rise to macrophages with distinct physiologies. Classically 
activated macrophages arise in response to interferon-γ (IFNγ), which can be produced during an adaptive immune 
response by T helper 1 (TH1) cells or CD8+ T cells (not shown) or during an innate immune response by natural killer 
(NK) cells, and tumour necrosis factor (TNF), which is produced by antigen-presenting cells (APCs). Wound healing 
(alternatively activated) macrophages arise in response to interleukin-4 (IL-4), which can be produced during an adap-
tive immune response by TH2 cells or during an innate immune response by granulocytes. Regulatory macrophages are 
generated in response to various stimuli, including immune complexes, prostaglandins, G-protein coupled receptor 
(GPCR) ligands, glucocorticoids, apoptotic cells or IL-10. Each of these three populations has a distinct physiology. 
Classically activated macrophages have microbicidal activity, whereas regulatory macrophages produce high levels of 
IL-10 to suppress immune responses. Wound healing macrophages are similar to the previously described alternatively 
activated macrophages and have a role in tissue repair.  TLR  toll-like receptor. Reproduced with permission from Mosser 
DM, Edwards JP. Nature Reviews Immunology. 2008;8:958–969. Fig. 3. Additional websites:   http://jcs.biologists.org/
content/122/18/3209/F1.large.jpg           
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    Controlling Biochemical Pathways in Wound Healing 

 The early infi ltrations  of   macrophages into the wound space appear to be critical regulators of the 
wound healing process. Induced  CAMs   have increased iNOS activity and produce pro-infl ammatory 
cytokines [ 24 ,  33 ]. Interferon-γ (IFN-γ) and bacterial lipopolysaccharide (LPS) increase the activity 
of the iNOS and, together with the products of the iNOS pathway (NO and citrulline), decrease the 
activity of arginase [ 22 ]. In contrast AAMs have upregulated arginase type-1 activity, have anti- 
infl ammatory functions and appear key in facilitating tissue repair [ 24 ,  34 ] (Fig.  45.3 ). 

 Both the iNOS pathway and the  arginase pathway   of  L -arginine metabolism are important in wound 
healing and have increased activities during different phases of the wound healing process [ 6 ,  23 ] 
(Fig.  45.1 ). However, the iNOS and arginase pathways are intimately linked through the respective 
products and through effector molecules. The products of each pathway provide regulatory feedback: 
urea produced from the arginase pathway acts post-transcriptionally to decrease NOS activity in a 
macrophage cell line [ 39 ]. Conversely, arginase activity is reduced by hydroxy- L -arginine, the inter-
mediate metabolite in the conversion of  L -arginine to NO [ 40 ]. 

 It would seem logical that the arginase pathway should be favoured over the iNOS pathway in 
order to promote collagen production in the  proliferative phase   of wound healing. However,

    (i)    Collagen production in wounds was increased with either supplemental  L -arginine or ornithine [ 11 ,  14 ].   
   (ii)    Continuous infusion of  L -arginine into a wound produced sustained NO production, reduced 

VEGF content and decreased the wound vessel number, vascular surface area and granulation 
thickness, all leading to an overall improvement of the state of the wound [ 41 ].   

   (iii)    Decreasing the activity or inhibiting the iNOS pathway and NO production decreased collagen 
synthesis and wound healing [ 16 ].   

   (iv)    In excisional wounds in rats, the application of NO donor  S -nitrosoglutathione, accelerated 
wound contracture and re-epithelialisation when applied during both the infl ammatory and pro-
liferative phases when compared to application to either phase alone [ 21 ].   

   (v)    NO donors incorporated into hydrogel dressing were benefi cial in a chronic mouse wound model 
[ 42 ].   

   (vi)    Chronic wounds producing higher  amounts   of NO healed faster compared to those that had lower 
levels of NO [ 43 ].    

  These data suggest that the iNOS and arginase pathways are not independent of each other and 
both pathways are essential for optimal wound healing. 

 Preferential utilisation of  L -arginine by either the iNOS or the  arginase pathway   would have differ-
ent results, as iNOS is associated with infl ammation and arginase with proliferation and differentia-
tion. The balance between the pathways does not appear to be critical in the acute uncomplicated 
wound setting as, in the absence of complications such as infection, these wounds will heal. However, 
a mismatch between relative iNOS and arginase activities may allow chronic wounds to develop [ 24 ]. 
Furthermore, excessive NO synthesis has been shown to have similar effects to depleted NO by 
decreasing collagen production [ 43 ] to impair wound healing [ 18 ] and may contribute to the forma-
tion of keloid scars [ 36 ]. 

 In addition to iNOS, the formation of prostacyclins by  cyclooxygenase-2 (COX-2)   is another 
important pathway in infl ammatory processes. Interestingly, both iNOS and COX-2 enzymes were 
active within the same time frame during the infl ammatory phase of wound healing. It has been shown 
that iNOS bound, then S-nitrosylated and activated COX-2 to increase PGE2 production and iNOS 
inhibitors decreased the formation of prostaglandins [ 44 ]. These data suggested a close relationship 
between these two pathways that may be manipulated to modify the infl ammatory response and so 
enhance wound healing. In foetal tissues, scarless healing was characterised by a lack of signifi cant 
infl ammation [ 45 ]. Therefore, targeting the infl ammatory phase with drugs such as the COX-2 
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pathway inhibitors may reduce scar formation and improve outcome in wounds [ 4 ]. Although COX-2 
inhibitors are widely used as anti-infl ammatory drugs, iNOS inhibitory drugs are not available 
commercially to reduce infl ammation. The possibility of using combined inhibition of the pathways 
outcome has not been investigated. 

 Finally, although polyamines regulate gene expression, cell signalling and cell receptor activities 
and are essential for cell proliferation, differentiation and function as well as anti-oxidant properties 
[ 46 ], their role in wound healing appears not  to   have been studied.   

    Supplementary Feeding and Wound Healing 

 Several studies  have   demonstrated the benefi cial effects of supplemental  L -arginine and other urea 
cycle intermediates on wound healing. Supplementing  L -arginine in the drinking water improved 
incisional wound breaking strength, collagen deposition and overall wound healing in normal mice 
but, not iNOS knockout mice [ 11 ]. Using similar methodology,  L -arginine increase wound-breaking 
strength, procollagen mRNA levels and collagen deposition and improved wound healing in rats sub-
jected to trauma/haemorrhagic shock prior to creating a dorsal skin incision [ 14 ]. In diabetic rats 
 L -arginine supplementation appeared to normalise the NO pathway by increased wound strength and 
nitrate/nitrite concentrations but was unable to restore the reduced arginase activity and ornithine 
concentrations [ 10 ]. In human studies,  L -arginine improved wound healing in diabetic patients by 
reversing the impaired healing conditions present in these patients and, in contrast to the animal study 
[ 10 ], maintained the arginase pathway [ 16 ]. 

 Similarly, supplemental  L -arginine improved wound healing and immune function in elderly 
people [ 47 ], and oral supplements of  L -arginine in combination with zinc and vitamin C were ben-
efi cial in reducing wound area, exudate, and the incidence of necrotic tissue pressure ulcers in open 
label studies [ 48 ,  49 ]. 

 Supplementation with ornithine bypasses the arginase and iNOS steps but produces similar healing 
results to  feeding supplemental  L -arginine  . Furthermore, ornithine increased collagen production and 
wound-breaking strength without affecting NO production in either iNOS knock-out or wild type 
mice [ 47 ].  L -Proline administered either topically or orally improved a number of biochemical param-
eters and markers of oxidative stress in full thickness excision wounds created in a rat model. Proline 
improved wound contraction, strength and re-epithelialisation as well as increased the number of 
macrophages and fi broblasts, with associated collagen accumulation in the wound space [ 25 ]. 

 There appears to be few studies determining the effects of  L -arginine and other urea cycle interme-
diates on cytokine production in the context of  wound healing.   Such studies would determine which 
cytokines are affected by  L -arginine supplementation.  

    Conclusions 

 Wound healing is a complex and regulated process with sequential phases involving multiple sub-
strates, products and regulatory messenger cytokines.  L -Arginine and  L -arginine metabolic pathways 
have been identifi ed as playing a critical role in wound healing. Early in the wound process, infi ltrat-
ing CAMs with increased iNOS activity, and AAMs with upregulated arginase type-1 activity, are 
important regulators of the subsequent healing phases. Both iNOS and arginase have increased activi-
ties at different phases of the wound healing process. These pathways are interdependent with  L -argi-
nine metabolites, ornithine, proline, urea and NO regulating the wound healing process through 
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feedback mechanisms. Throughout the wound healing process, topical NO donors appear to be of 
benefi t in the healing of chronic wounds. 

 iNOS and NO production is increased during the earlier infl ammatory and proliferative phases, 
whereas arginase and ornithine production appears important in the latter part of the proliferative phase. 
Ornithine forms polyamines that are chemotactic and proliferation mediators of endothelial, fi broblast 
and keratinocyte cells. During the remodelling phase, proline is an important structural amino acid in 
collagen formation with  L -arginine required for appropriate cross-linking of the collagens. 

 Interventional studies using  L -arginine and urea cycle intermediates have focused on wound heal-
ing outcome. Studies determining enzyme activities and cytokine profi les would elucidate mecha-
nisms and provide further insight into these interventions.     
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 Key Points 

•   Intestinal barrier dysfunction may allow the penetration of luminal antigens such as bacteria and 
their toxins, event known as bacterial translocation (BT).  

•    L -Arginine is an important and versatile amino acid with several immunological and trophic prop-
erties under stressful situations.  

•   It is believed that the main effects of  L -arginine on bacterial translocation are due to nitric oxide 
synthase (NO) and arginase pathways.  

•   The  L -arginine can prevent bacterial translocation due its effects by intestinal mucosa preservation 
and enhancement of immune response.  

•    L -Arginine supplementation is interesting for a number of critical clinical situations; however, in 
cases of sepsis, the use of  L -arginine should be carefully evaluated, because an overproduction of 
NO can be deleterious to the patient.  
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      Abbreviations 

   99m Tc-DTPA    99m-technetium diethylene triamine pentaacetic acid   
   99m Tc-EDTA    99m-technetium ethylenediaminetetraacetic acid   
  AIDS    Acquired immune defi ciency syndrome   
  ARG     L -Arginine   
  BT    Bacterial translocation   
  CD4    Cluster of differentiation 4   
  CD8    Cluster of differentiation 8   
  DNA    Deoxyribonucleic acid   
   E. coli      Escherichia coli    
  eNOS    Endothelial NOS   
  IL    Interleukin   
  INF    Interferon   
  iNOS    Inducible nitric oxide synthase   
  IO    Intestinal obstruction   
   L -NAME    NG- nitro- L -arginine methyl ester   
   L -NMMA    NG-monomethyl- L -arginine   
   L -NNA    NG-nitro- L -arginine   
  LPS    Lipopolysaccharide   
  mRNA    Messenger ribonucleic acid   
  NADPH    Nicotinamide adenine dinucleotide phosphate-oxidase   
  nNOS    Neuronal NOS   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  ODC    Ornithine decarboxylase   
  SD    Standard deviation   
  sIgA    Secretory immunoglobulin A   
  SMCs    Suppressor myeloid cells   
  TCV    Total caloric value   
  TGI    Gastrointestinal tract   
  Th1    T-helper cell type 1   
  Th2    T-helper cell type 2   
  TNF-α    Tumor necrosis factor   

      Introduction 

 The  gastrointestinal tract (TGI)      has a multitude of functions in addition to digestion. One important 
function is the ability to serve as a barrier against living organisms and antigens within the lumen, the 
so-called intestinal barrier function. The breakdown of this barrier may result in the crossing of viable 
bacteria and their products to mesenteric lymph nodes and more distant sites, a process known as 
bacterial translocation (BT) [ 1 ]. 

 Localized and systemic  disorders  , such as ischemia, intestinal obstruction, shock, or sepsis, can 
damage the intestinal barrier, increasing mucosa permeability and allowing for BT. These disorders 
worsen the primary pathological event and may induce multiple  organ failure   and death [ 2 ,  3 ]. 

 In order to avoid bacterial translocation, supplementation with  immunomodulatory substrates   
seems essential [ 4 ]. In this context,  L -arginine has been extensively studied. 
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  L -Arginine or  L -amino-5-guanidinovaleric acid (Fig.  46.1 ) is a basic conditionally essential 
 amino acid   with four nitrogen atoms that plays an important role in the transport, storage, and 
excretion of nitrogen and in the disposal of ammonia via the  urea cycle  . In catabolic states,  L -argi-
nine may become essential because of alterations in the overall metabolism [ 5 ].  L -Arginine pro-
vided by diet proteins is metabolized by the  enterocytes   and is responsible for various functions in 
the gut under stressful situations. It is well established that  L -arginine can enhance morphometric 
aspects, such as the stimulation of enterocyte proliferation, the number of villi, and their height 
under such adverse conditions [ 6 – 9 ].

    L -Arginine also plays a central role in the immune system, and it is especially important for mac-
rophage and T-lymphocyte metabolism [ 10 ,  11 ].  Dietary  L -arginine   increases the activity of macro-
phages and enhances the CD4:CD8 ratio, the number of lymphocytes in Peyer’s patches, as well as 
the levels of  secretory immunoglobulin A (sIgA)  . It also increases the expression of the messenger 
ribonucleic acid (RNA) for the production of Th1 cytokines and Th2 cytokines, suggesting that 
 L -arginine acts both in the cellular and humoral immune response [ 7 ,  10 ,  12 ]. 

  L -Arginine is also a precursor for the synthesis of molecules with enormous biological importance 
including urea, ornithine, polyamines, nitric oxide, creatine, agmatine, and many others, besides 
being a major nitrogen carrier and a component of proteins [ 13 ]. It is believed that the main effects of 
 L -arginine on bacterial translocation are due to  nitric oxide (NO)   and polyamines. 

 In this chapter we discuss bacterial translocation and the  L -arginine mechanisms on this condition, 
emphasizing the study of the metabolites NO and polyamines.  

    Bacterial Translocation 

 Bacterial translocation involves the initial contact of bacteria with the  intestinal wall  , leading to cyto-
kine production and subsequent infl ammatory response. Once the bacteria enter the mucosa, they can 
be transported to distant organs through the circulation [ 1 ]. 

 There are several evidences that BT is associated with the increased incidence of septic complica-
tions. Macfi e et al. [ 13 ] showed 14 % of prevalence of BT, in 927 surgical patients, and a relationship 
with increased postoperative sepsis. In addition, Nieves et al. [ 14 ] observed a prevalence of 33 % of 
BT when evaluating  lymph nodes   of patient victims of abdominal trauma. 

 On the other hand, BT also occurs in healthy individuals. Low levels of bacterial translocation can 
be an important physiological event to prepare and alert the immune system of the host. Salzedas- 
Netto et al. [ 15 ] showed signifi cant reduction of BT in animals previously challenged with the same 
bacteria used for BT induction. Therefore, it is possible that BT can occur to present lumen antigens 
to TGI, generating  immunocompetent cells  , a process known as oral tolerance [ 1 ]. 

 There are three mechanisms involved in BT (Fig.  46.2 ): modifi ed gut microbiota, reduced intesti-
nal barrier function, and inadequate response of the host immune system [ 16 ].
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  Fig. 46.1    Chemical 
structure of  L -arginine. 
 L -Arginine chemical 
structure, formed by two 
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       Gut Microbiota   

 TGI is a dynamic organ with direct or indirect infl uences in the translocation of intestinal particles 
[ 16 ]. When the ecological balance is affected due to changes in the intestinal microbiota (e.g., use of 
antibiotics, decreased in gastric acidity and mucus production, obstructive jaundice, and changes in 
bowel motility), bacterial overgrowth is favored, increasing the colonization and leading to BT [ 16 , 
 17 ]. Only a few strains of intestinal bacteria are able to translocate to the mesenteric lymph nodes, 
these include  Escherichia coli ,  Klebsiella pneumoniae ,  Pseudomonas aeruginosa , enterococci, and 
some streptococci [ 16 ]. 

 Parenteral nutrition with disuse of the TGI, malnutrition, diabetes, cirrhosis, and endotoxic shock also 
induce bacterial overgrowth, promoting subsequent translocation [ 17 ]. A recent study showed that 10 of 32 

  Fig. 46.2    Mechanisms of bacterial translocation. The main mechanisms of bacterial translocation. In cases of bacterial 
overgrowth, increase of the colonization leading to BT can occur; increases of paracellular permeability induce the 
opening of the tight junctions with the passage of bacteria, which may lead to the excessive infl ammatory response. 
Lastly, the T cells induce the production of Th1 and Th2 cytokines with activation of  B lymphocytes  , thereby regulating 
the production of antibodies. When the system fails, BT can occur       
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cirrhotic patients had bacterial DNA-positive in blood when intestinal bacterial overgrowth was positive. In 
a multivariate analysis, only the existence of intestinal bacterial overgrowth was the independent risk factor 
for bacterial DNA. The authors concluded that the increases in plasma endotoxin and bacterial DNA were 
directly  associat  ed with intestinal bacterial overgrowth in these patients [ 18 ].  

     Barrier Function   

 The normal intestinal epithelium acts as a selective barrier between the environment of the intestinal 
lumen and the lamina propria. This barrier consists of a single layer of epithelial cells, which are con-
nected by fi rm junctions ( tight  junctions) [ 19 ]. The epithelium balance is also infl uenced by local 
factors such as mucus, stomach acid, pancreatic enzymes, bile, and the intestinal motility [ 17 ]. These 
factors together acting prevents the invasion of bacteria to the epithelium. 

 The tight junctions allow the selective paracellular permeability, which excludes passive move-
ment of uncharged hydrophilic compounds, such as bacteria and macromolecules. The increase in 
paracellular permeability induces the opening of the tight junctions with the passage of bacteria, 
which may induce the excessive infl ammatory response. Furthermore, damaged epithelia also 
allow the access of microorganisms to the bloodstream or lymph nodes through the transcellular 
pathway [ 20 ,  21 ]. 

 These effects can be observed in critically ill patients and are associated with the high incidence of 
bacterial and toxin translocation from the intestinal lumen to the systemic circulation, causing infec-
tious complications [ 22 ]. In a recent study, Founts et al. [ 23 ] showed increased intestinal permeability 
and bacteria translocation in mice with liver injury. These alterations were accompanied by decreased 
intestinal expression of the tight junctions and the protein occludin. 

 The evaluation of changes in intestinal permeability can be performed using specifi c tests designed 
to measure the intestinal barrier function, such as large molecules (i.e., sugars and drugs) to determine 
the paracellular passage from the intestine into the plasma and therefore into the urine [ 24 ]. Currently, 
substances labeled with radioactive isotopes, such as  99m Tc-EDTA e  99m Tc-DTPA, have also been used 
as an alternative, with good results [ 24 ]. In a recent murine study, intestinal permeability of mice 
undergoing intestinal obstruction was assessed by the determination of the percentage of 99mTc- 
DTPA found in the blood of the animals. There was  g  ood sensitivity of the method to evaluate changes 
in cell permeability [ 6 ].  

     Immune System   

 The intestinal tract is an active immune organ, containing several factors involved in the immune 
response [ 17 ]. The gut-associated lymphoid tissue (GALT) is the largest immune organ in the body 
containing 25 % of the total mucosal immune cell. 

 The GALT covers the epithelium, inside of the lamina propria and submucosa, including more 
than a half of lymphoid cells in Peyer’s patches, follicle-associated epithelium (consisting of M 
cells), intra-epithelial lymphocytes, macrophages, neutrophils, and dendritic cells [ 16 ]. The M cells 
are a major component of the GALT and often constitute the fi rst defense line against the passage of 
microorganisms from the intestinal lumen into the epithelium. M cells are an unusual type of epithe-
lial cells, because they don’t have on their surface microvilli or glycocalyx. The M cells have very 
long cytoplasmic extensions into the lamina propria forming a pocket within the antigens which are 
phagocytized by macrophages and then penetrate into Peyer’s patches [ 25 ]. 

46 L-Arginine and Bacterial Translocation: Implications for Health



594

 When the intestinal immune system acts, the antigens are transported by M cells to the antigen- 
presenting cells (macrophages and dendritic cells) into the mesenteric lymph nodes. Then, the processing 
and presentation of antigens to CD4 +  T lymphocytes and inactive B cells occur. These cells are the second 
line of defense against translocation and initiate the production of cytokines [ 26 ]. 

 T cells induce the production of TH1 and TH2 cytokines. Th1 cytokines (IL-2, INF, and TNF-α) 
stimulate cellular immunity, resulting in activation of macrophages, neutrophils, and T lymphocytes, 
especially CD8 +  T lymphocytes. Th2 cytokines (IL-4, IL-5, IL-6, IL-10, and IL-13) are responsible 
for the activation of B lymphocytes, thereby regulating the production of antibodies [ 26 ]. 

 It is widely accepted that cytokine levels after an infl ammatory insult, such as lipopolysaccha-
ride (LPS), are characterized by an initial increase and subsequent decrease in TNF-α levels, fol-
lowed by IL-1, IL-6, and IL-10, respectively. However many septic patients exhibit high levels of 
TNF-α, IL-1, and IL-6 until death [ 27 ]. The presence of sIgA immunoglobulin enhances barrier 
function of the intestine, playing a key role in the formation of the immune response to microbial 
colonization [ 28 ]. Mucosal secretions, rich in sIgA, can bind  to   bacteria preventing adherence and 
mucosal colonization [ 28 ].  

    Nutrient-Related Prevention and Therapy Against Bacterial Translocation 

 A variety of strategies have been investigated for the treatment of bacterial translocation. Most of 
them are linked with the ability of some compounds and nutrients to act in the immune system modu-
lation or preventing the  bacterial overgrowth  , thus maintaining the intestinal barrier. 

 Aydocan et al. [ 29 ] showed that enteral  diets   supplemented with  L -arginine, nucleotides, and 
omega-3 fatty acids reduce bacterial translocation. The investigators concluded that this effect might 
be related to improvement in the immune function resulting from the use of immunonutrients. 

 Enteral diets with glutamine resulted in less intestinal lesions and weight loss, improved nitrogen 
balance, and reduced bacterial translocation in a  colitis model   [ 30 ]. 

 In a recent study, Sánches et al. [ 31 ] showed that treatment with probiotics decreases bacterial 
translocation, the pro-infl ammatory state, and the ileal oxidative damage and increased ileal occludin 
expression in rats with experimental cirrhosis. 

 Data of our research group showed that  immunomodulatory agents   such as glutamine, citrulline, 
and  L -arginine were able to reduce bacterial translocation in an animal model of intestinal obstruction. 
The probable mechanisms involved are related to the maintenance of the intestinal barrier and the 
regulation of the immune response [ 32 – 34 ].   

    Implications of  L -Arginine Metabolic Pathways in Bacterial Translocation 

   L -Arginine   is an important and versatile amino acid with several immunological and trophic proper-
ties under stressful situations. The  L -arginine metabolism generates essential nitrogen compounds as 
creatine, polyamines, agmatine, and NO (Fig.  46.3 ).  L -Arginine can be converted in the liver into 
 creatine   by  L -arginine-glycine amidinotransferase. The creatine is transported into muscle tissue serv-
ing as a phosphate carrier and adenosine triphosphate regenerator [ 13 ].

   The exact benefi cial effects and mechanisms are still not well described. However, there are strong 
evidences indicating that  L -arginine metabolites such as polyamines and NO are related to its role. 
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    L-Arginine and the Nitric Oxide Pathway 

 Nitric oxide (NO) is a short-live free radical and a very small compound that diffuses freely within 
cells from its sites of formation to the sites of action. In solution, the NO has a half-life of 0.1–10 s 
before its transformation into nitrite (NO 2 ) and nitrate (NO 3 ). It is an important intracellular signaling 
molecule and it acts as a biological mediator similar to neurotransmitters in the neuronal system. NO 
can also regulate the blood vessel tone in vascular systems, and it is an important host defense effector 
in the immune system since it can act as a  cytotoxic agent   under pathological processes [ 35 ]. 

 The biosynthesis of NO is carried out by  L -arginine and the molecular oxygen, utilizing nicotinamide 
adenine dinucleotide phosphate-oxidase (NADPH) as an electron donor. The overall reaction utilizes 
NADPH 2  and Ca 2+  as cofactors and consists of two steps. The conversion of L-arginine to NO and 
L-citrulline via Nw-hydroxy- L -arginine, that is an intermediate which may also function as a substrate for 
nitric oxide synthase (NOS)       [ 36 ]. The produced citrulline can be used in the synthesis of  L -arginine in 
the kidney, endothelial cells, macrophages, and cells of the peripheral nervous system [ 37 ]. 

 NO is enzymatically produced by three different NO synthases (NOS). Neuronal NOS (nNOS) 
(NOS1) and endothelial NOS (eNOS) (NOS3) are constitutive enzymes expressed in the plexus 
myentericus and the vascular endothelium of the gut, respectively. They produce small amounts of 
NO in response to increases in  intracellular calcium  . The third enzyme, inducible NOS (iNOS) 
(NOS2), is normally not expressed, but is produced in larger amounts in macrophages and other tis-
sues in response to pro-infl ammatory mediators, such as bacterial membrane lipopolysaccharides, 
endotoxins, and infl ammatory cytokines. It is also calcium-independent and produces NO over 
prolonged periods of time [ 38 ]. 

 NOS enzymes produce NO from  L -arginine, and thus competitive  L -arginine analogues may pre-
vent them from producing NO. These analogues include NG-monomethyl- L -arginine ( L -NMMA), 
NG-nitro- L -arginine ( L -NNA), and NG-nitro- L -arginine methyl ester ( L -NAME). These are nonselec-
tive inhibitors. Aminoguanidine was the fi rst class of specifi c iNOS inhibitors; however, it is not a 
potent inhibitor [ 39 – 42 ]. 

  Fig. 46.3    L-Arginine pathways and metabolite. The main pathways of L-arginine metabolism. The nitric oxide synthase 
(NOS) pathway with nitric oxide (NO) production of  nitric oxide (NO)   and arginase pathway producing proline and 
polyamines, both with different actions in organism       
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 Nitric oxide is involved in a variety of biological functions throughout the body. It is a potent vaso-
active regulator and the main factor of endothelium-derived relaxation. By promoting vasodilation, it 
increases  blood fl ow   to injured tissues [ 3 ]. 

 Furthermore, NO plays an important role in the immune response acting on cells of the innate 
immune response such as monocytes, macrophages, microglia, Kupffer cells, eosinophils, and neutro-
phils. Therefore, during infl ammation, it acts mediating cytotoxicity and supporting the nonspecifi c 
host defense [ 43 ]. 

 Nitric oxide appears to play a dual function in the body, its benefi cial or destructive effects depend 
on the amount produced [ 43 ]. The nitric oxide derived by activated macrophages is an important 
mediator of the  infl ammatory response  ; however, when it acts as an oxidant, the excessive production 
of NO is detrimental to the tissues [ 44 ]. Increased expression of iNOS has been demonstrated in dis-
orders such as destruction of the intestinal mucosa, sepsis, and clinical conditions associated with all 
these  disorders   [ 45 ].  

    Sepsis and Nitric Oxide 

 Sepsis is defi ned as a systemic response to an  infection  . It is a major health problem because of its 
signifi cant morbidity and overall mortality rate of 30 % and it generally requires intensive care treat-
ment [ 36 ]. Sepsis can be a consequence of bacterial translocation with bacteria after bacteria having 
penetrated the mucosa and being transported to distant organs through the  circulation   [ 20 ]. 

 The role of nitric oxide on sepsis is controversial.  Endotoxins   and TH1 cytokines initiate the cas-
cade that causes increased expression of NOS, especially iNOS, in several tissues (lung, liver, intes-
tine) resulting in systemic hypotension. The reversal of hypotension has been the focus of  septicemia 
treatment   since it is associated with increased mortality in septic patients. Thus, it is important to 
evaluate the potential benefi ts of NOS inhibition in this context [ 40 ]. 

 Different explanations may be suggested for the dual personality of NO during sepsis. First of all, 
there is no doubt about the detrimental effect of excessive NO on vasorelaxation, hypotension, and 
shock. The NO-mediated hypotension leads to severe hypoxia in peripheral vital organs, resulting in 
progressive organ failure. Second, increased NO may also provide certain benefi ts to the patient dur-
ing sepsis. Increased NO release protects the kidney by causing local vasodilation and by inhibiting 
platelet aggregation and leukocyte adhesion. In addition, NO may also exert protective effects in other 
organs via its capacity to counteract oxidative stress, shut off apoptosis, prevent platelet aggregation 
and leukocyte adhesion, induce anti-infl ammatory gene expression, and kill  pathogens   [ 46 ]. 

 Sundrani et al. [ 39 ] in a sepsis model demonstrated that nonselective NOS inhibition with  L -NMA 
actually reverses the  hypotension   but increases leukocyte adhesion and rolling. However, Petersson et al. 
[ 41 ] used the same inhibitor on a  colitis model   and showed that nonselective NOS inhibition caused a 
reduction in  blood fl ow   during acute infl ammation. Thus, the NO was considered crucial for tissue perfu-
sion during the infl ammatory process and contributed to the maintenance of microvascular fl ow, adequate 
supply of oxygen and nutrients, as well as protection of the  endothelium   against oxidative stress. 

 Our group has assessed bacterial translocation (BT) in an intestinal obstruction model and seven day 
treatment with  L -arginine and  L -NAME led to absence of  L -arginine benefi cial effects with increased BT 
when NO is inhibited. These results point out that  L -arginine acts on BT by the NO pathway [ 38 ]. Many 
authors claim that NO synthesis is part of the infl ammatory response, to minimize ischemia and exacer-
bated coagulation while concomitantly fi ghting bacteremia. Side effects of inhibiting NO synthesis may 
be more pronounced than those caused by itself and its metabolites, as previously thought [ 11 ,  41 ]. 

 Clinical studies were also performed to evaluate NO action. Avontur et al. [ 47 ] observed maintenance 
of vascular tone and  blood pressure   in septic patients undergoing nonselective inhibition (using 
 L -NAME). However, there was no clinical improvement or reduction of mortality in these patients com-
pared to the control group. In a randomized, double-blind, placebo-controlled study, Lopez et al. [ 48 ] 
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evaluated the effects of the inhibitor 546C88, a nonselective NOS, and observed that septic patients 
treated with this inhibitor showed a higher mortality rate than patients in the placebo group. On the other 
hand, continuous supplementation of  L -arginine (the NO precursor) in septic patients did not affect 
hemodynamic, cardiac, and pulmonary parameters [ 41 ]. Latter, in 2009, Luiking et al. [ 38 ] observed that 
septic patients had a reduction in NO synthesis because  L -arginine was shifted to the urea synthesis. In 
this context, it should be considered that increasing NO synthesis is only one of the many factors that 
contribute to the septicemia process. The isolated inhibition of NO synthesis was not suffi cient to stop 
or reduce the cascade of events that lead to the exacerbated activation of the  immune system  . 

 The  L -arginine/NO controversy will remain until more studies have consistently confi rmed either 
benefi t or detriment of  L -arginine supplementation. Zhou and Martindale [ 49 ], considering a review 
from animals and human available data, concluded that  L -arginine appears to be safe and potentially 
benefi cial for most all hemodynamically stable ICU populations, at doses delivered in immune modu-
lation formulas.  

    Arginase-Polyamine Pathway 

 The enzyme arginase hydrolyzes  L -arginine to  L -ornithine and urea. There are two types of arginase: 
arginase-I and arginase-II. The arginase-I is a cytosolic enzyme present in the liver, related to the 
detoxifi cation of ammonia and urea synthesis. The arginase-II is found in  extrahepatic cells  ’ mito-
chondria, such as macrophages, kidney, intestinal, and endothelial cells, and is involved in the regula-
tion of ornithine, proline, and glutamate cell synthesis [ 50 ,  51 ]. 

 The enzyme  ornithine decarboxylase (ODC)     , responsible for polyamines biosynthesis, is high in 
the small intestinal mucosa and plays an important role in polyamine metabolism. Polyamines are 
cationic molecules with low molecular weight. Putrescine, spermidine, and spermine are essential 
composites for cellular proliferation and differentiation [ 52 ]. 

 The usual Western diet daily provides adequate polyamines supply. Meats are rich sources of 
spermine, while plant foods are high in  putrescine and spermidine  . Polyamines used by the human 
body can be also originated from TGI secretions, enterocyte desquamation, or bacterial synthesis [ 44 , 
 53 ]. Polyamines, both exogenous as endogenous, are completely absorbed and directed to  tissue 
growth   or repair [ 53 ]. 

 Polyamines regulate genic expression, signal transduction, ion channel function, DNA and pro-
teins synthesis, and apoptosis. Thus, they are essential in cell proliferation, differentiation, and func-
tion. Under cell growth stimulation, the induction of polyamine synthesis is a key factor, preceding 
DNA replication and protein synthesis [ 44 ,  53 ]. 

 Polyamines also act on  fi broblasts  , inducing wound healing and extracellular matrix proliferation [ 53 ]. 
 There are few studies assessing the clinical effects of polyamines, especially in humans. Several 

studies have been carried out with animal models, which are presented in Table  46.1 . Most of them 
have shown positive and encouraging results.

   The correct  L -arginine supply is essential to maintain the adequate immune function, considering 
the intense activity of arginase in the suppressor  myeloid cells   (SMCs; immature cells of the myeloid 
lineage that may differentiate into macrophages, dendritic cells, or granulocytes after stimulation). 
This reduces the availability of  L -arginine, and therefore, it inhibits the proliferation of T cells, in 
addition to reducing the synthesis of IFN-γ and interleukin-2 (IL-2), growth factors, to T-lymphocyte 
function. The addition of  L -arginine sharply increased the capacity for proliferation and the produc-
tion of IFN-γ, IL-4, and IL-10 [ 8 ,  59 ,  60 ]. 

 Thus, it is reasonable that the effects of the arginase-polyamine pathway in bacterial translocation 
are connected with the ability to maintain the integrity and regeneration of the intestinal barrier rather 
than the effects on the immune response, assuming that these are the two main mechanisms by which 
 L -arginine helps avoid bacterial translocation [ 61 ].   
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    L-Arginine in Bacterial Translocation 

    L-Arginine and Intestinal Barrier 

 The  L -arginine effects in maintaining the integrity of the intestinal mucosa have been the focus of sev-
eral investigations [ 9 ,  62 ]. In the ischemia/reperfusion model,  L -arginine improved the weight of duo-
denal, jejunal, and ileal mucosa. The rate of jejunal cell proliferation in rats reduced or prevented the 
morphological and functional damage of the intestine and also worked on protecting the lipid peroxida-
tion and maintenance of tissue levels of  glutathione  , a powerful free radical scavenger [ 8 ,  59 ,  60 ]. 

 Chang et al. [ 61 ] observed that this amino acid supplementation increased the number of villi 
and reduced the intensity of the intestinal mucosa lesions in an intestinal obstruction model. 
 L -Arginine also presented a protective effect on the intestinal mucosa during  endotoxemia   caused 
by LPS, inducing increased proliferation and maintenance of villus enterocytes [ 8 ]. In experimen-
tal models of radiation- induced enteritis, the number of animals with positive cultures and the 
number of bacteria present in mesenteric lymph nodes were decreased when the  L -arginine was 
administered after radiation [ 9 ,  62 ]. 

 A study conducted by our group [ 6 ] evaluated bacterial translocation and intestinal permeability in 
mice after treatment with  L -arginine. Mice were divided into three groups, treated for seven days 
before surgical intervention with isocaloric and isoproteic diets. The  L - arginine group (ARG)   received 
a diet containing 2 %  L -arginine, while animals in the intestinal obstruction (IO) received no supple-
mentation and control groups (sham) received standard chow diet. In order to evaluate the intestinal 
permeability, after the seven days, the animals were gavaged with radiolabeled diethylenetriamine-
pentaacetic acid solution and, after 90 min, they were anesthetized and the ileum ligated. At 4, 8, and 
18 h, the blood was collected for radioactivity determination and permeability analysis. In others to 
evaluate bacterial translocation, another group of animals, also treated for 7 days, was gavaged with 
10 8  CFU/mL of 99m-technetium (99mTc)  E. coli . After intestinal obstruction, BT was determined by 
the uptake of 99mTc  E. coli  in the mesenteric lymph nodes, blood, liver, spleen, and lungs, 18 h after 
the operation. The results are shown in Fig.  46.4  and Table  46.2 . The data show that  L -arginine supple-
mentation reduced intestinal permeability and BT to physiological levels [ 63 ].

   Table 46.1    Summary of studies relating the possible associations between arginase and bacterial translocation 
prevention   

 Pathology models  Conclusions  References 

 Colon anastomosis  Arginase type I activity, protein, and mRNA expression were signifi cantly 
upregulated at the anastomosis, suggesting metabolism of L-arginine 

via arginase to polyamines and proline to provide substrate for collagen 
synthesis and cell proliferation 

 Witte et al. 
[ 54 ] 

 Extensive intestinal 
resection 

  L -Ornithine decarboxylation was markedly increased. The fact may be 
related to increased de novo polyamine synthesis in resected animals, 

suggesting an adaptation mechanism 

 Lardy et al. 
[ 55 ] 

 Ischemia/reperfusion  Ornithine alpha-ketoglutarate administration to rats did not prevent 
ischemic damage of the intestinal mucosa, but it accelerated the repair 

of the mucosa during reperfusion 

 Duranton et al. 
[ 56 ] 

 Small bowel 
transplantation 

 The addition of orally supplementation of ornithine alpha- ketoglutarate, 
signifi cantly reduced bacterial translocation and improved the protein/

DNA index as well as the weight gain in rats 

 De Oca et al. 
[ 57 ] 

 Colitis  The results indicate arginase protection in colitis by enhancing the 
generation of polyamines in addition to competitive inhibition of iNOS 

 Gobert et al. 
[ 58 ] 
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        L-Arginine and Immune Response 

  L -Arginine supplementation increases the immune function in humans and animal models acting in the 
host defense, infl ammation, wound healing, and several other pathophysiological adaptations [ 8 ,  11 ]. 

  L -Arginine has a central role in the immune system and its  metabolism   is important for macro-
phages and T-lymphocyte function.  L -Arginine participates in the infl ammatory response through two 
principal mechanisms: NO production (via iNOS) in the macrophages and  L -arginine utilization for 
proliferation and activation of T lymphocytes. When TH2 immune response predominates,  L -arginine 
may also follow the arginase pathway. In the latter, the infl ammatory modulation is due to the produc-
tion of  ornithine   (proline and polyamine precursors) and by the regulation of  L -arginine availability, 
thus modulating NO synthesis and proliferation of T lymphocytes [ 63 ]. 

 The exogenous  L -arginine supply increases lymphocyte proliferation, especially  T-helper cells   
which induce the appropriate cytokine production, and increases phagocytosis by enhancing the 
activity of macrophages and natural killer cells [ 11 ,  65 ]. 

 The  L -arginine effect on the intestinal mucosal immunity is evident. Shang and colleagues [ 7 ], in a 
study performed with septic rats, found that daily administration of enteral  L -arginine, 2 % of the  total 
caloric value (TCV)  , increased the number of lymphocytes in Peyer’s patches, and secretory IgA 
levels tended to be higher in the groups treated with  L -arginine before the induction of sepsis, suggest-
ing the importance of  L -arginine on the humoral immune response. The same research group showed, 
in another study, that  L -arginine supplementation increases the expression of mRNA for the produc-
tion of  Th1 cytokines   (INF-γ and IL-2) and  Th2 cytokines   (IL-4 and IL-10) [ 64 ]. 

 Kang et al. [ 65 ] developed a meta-analysis enrolling data from 11 trials involving 321 patients, 
with the purpose to evaluate  L -arginine effects on immune function in diseases like gastrointestinal 

  Fig. 46.4    Intestinal permeability. Intestinal permeability after 4, 8, and 18 h of  intestinal obstruction (IO)  . The IO 
group showed enhancement in intestinal permeability in the times of 4–18 h. The treatment with L-arginine was able to 
prevent the increase of intestinal permeability. Errors bars show the SD. Data are expressed as mean ± SD ( n  = 5). 
 *  p  < 0.05       

   Table 46.2    Biodistribution of  Escherichia coli  labeled with 99m-technetium after 18 h of intestinal obstruction   

 Organ/blood  Sham (cpm/g)  IO (cpm/g)  ARG (cpm/g) 

 Blood  41.30 a   175.79 b   60.60 a  
 Liver  204.8 a   1154.49 b   556.5v2 a  
 Spleen  109.09 a   1022.22 b   390.00 a  
 Lung  14.29 a   794.12 b   110.52 a  
 MLN  166.67 a   660.00 b   100.00 a  

  The results are expressed in SEM of counts per minute/g tissue (cpm/g). Different letters on the same line indicate 
statistically signifi cant differences ( p  < 0.05). Mesenteric lymph nodes (MLN)  
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malignancies, pressure ulcers, head and neck cancer, HIV/AIDS, head and neck cancer, unstable 
angina undergoing angioplasty, older people undergoing vaccination against  streptococcus   pneumo-
nia, and burns. The data showed that the  L -arginine-supplemented group had a signifi cantly greater 
CD4 +  T-cell proliferation; however, the CD4/CD8 ratio was not statistically signifi cant between the 
 L -arginine-supplemented and control groups. Furthermore, incidence of infectious complications was 
lower in the  L -ARG with statistical signifi cance. The group also showed that patients with  L -arginine 
supplementation had a shorter length of hospital stay; however, this was not statistically signifi cant.   

    Conclusions 

 Intestinal permeability changes are associated with higher bacterial translocation levels, commonly 
associated with sepsis. Local immune response and cytokines are involved in modulating intestinal 
permeability and BT to avoid increased infl ammation. The host immune response plays a major role 
in the overall process. Thus, alternative treatment with  immunomodulator agents   would be benefi cial 
in this clinical situation. 

 The  L -arginine, due the arginase and NO pathways, can prevent bacterial translocation because 
of its potential effects mediated by mechanisms of intestinal mucosa preservation, reducing intes-
tinal permeability and promoting tissue integrity and enhancement of immune response, consider-
ing its particular importance for macrophage and B lymphocyte production and the ability of 
 L -arginine in modulating the immune response to balance the  serum   production of pro- and anti-
infl ammatory cytokines. In addition,  L -arginine increases IgA secretion in the intestinal mucosa, 
contributing also for local immune response. 

 Furthermore, it is important to consider that one size does not fi t all, and  L -arginine supplementa-
tion should individually be assessed considering the several clinical situations. 

 In this way, the use of  L -arginine is interesting for a number of clinical situations such as surgery, 
trauma, and burn patients, for example, potentially avoiding bacterial translocation. However, in 
cases of sepsis, an overproduction NO state, the use of  L -arginine should be carefully evaluated, since 
the excesses of this metabolic intermediate can be deleterious to the patient.     
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 Key Points 

•    L -Arginine has important actions in the human immune response to  Mycobacterium tuberculosis , 
the bacterium which causes tuberculosis.  

•    L -Arginine is defi cient in patients with tuberculosis.  
•   The immunological actions of  L -arginine in tuberculosis are chiefl y indirect, via its metabolite 

nitric oxide, but also direct, via expression of a T cell receptor (TCR) component.  
•    L -Arginine is hypothesised to be a benefi cial supplementary treatment for people with tuberculosis, 

but clinical trials to date have shown no benefi t.  
•   Nitric oxide production from  L -arginine in lung macrophages can be measured in exhaled breath; 

in one study, exhaled nitric oxide concentrations were associated with tuberculosis treatment 
outcomes.  

•   Further trials of  L -arginine supplementary treatment for people with tuberculosis are warranted, 
using new dosing or administration regimens.  
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   M. tuberculosis      Mycobacterium tuberculosis    
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  TB    Tuberculosis   

      Introduction 

 Tuberculosis, a bacterial infection caused by   Mycobacterium tuberculosis   , remains a disease of major 
global importance. The  World Health Organisation (WHO)      has estimated that there were 8.6 million 
infections and 1.3 million deaths from this disease in 2012 [ 1 ].  L -Arginine holds promise as an 
‘adjunctive’ (supplementary) treatment for tuberculosis, because of the key role played in  human 
immune responses   to  M. tuberculosis  by  L -arginine via its metabolite nitric oxide and via direct 
immune effects of  L -arginine itself [ 2 ]. 

 Standard  treatment   of active tuberculosis infection is a complex regimen of four antibiotics admin-
istered for a minimum of 6 months. It is also standard for supplementary vitamin B6 (pyridoxine) to 
be co-administered with this regimen to mitigate the side effects of one of the antibiotics, isoniazid. 
Treatment of drug-resistant TB is more complex still and requires a longer duration. Efforts to improve 
TB treatment are thus a major priority; in particular, there is hope of discovery of agents which might 
accelerate the response to the antibiotic regimen. The fi eld of TB adjunctive therapies is of key interest 
as a novel way to reduce the duration of antibiotic treatment required and to potentially tackle the 
growing problem of  M. tuberculosis  resistance to existing agents. 

 Three studies to date have failed to show any real benefi t from supplementary oral  L -arginine in 
tuberculosis. However, studies in  cystic fi brosis   offer hope that alternative means of administration of 
adjunctive  L -arginine might be of benefi t. This review explores the nutritional state in TB; the theoreti-
cal rationale for an interest in  L -arginine in TB; the specifi c immunological role of nitric oxide, and 
 L -arginine directly, in human host immune responses to TB; summarises the clinical studies 
performed to date; and proposes a way forward.  

    Tuberculosis 

 Tuberculosis has been a cause of human disease and mortality since antiquity and remains a leading 
cause of morbidity worldwide [ 1 ]. It predominantly infects the lungs, transmitted via airborne parti-
cles, although extra-pulmonary sites of disease are also common and increasingly recognised. 
 Children   in tuberculosis-endemic areas in particular suffer severe manifestations of tuberculosis, such 
as tuberculous meningitis, with disabling consequences. A number of factors including the overlap of 
tuberculosis and human immunodefi ciency virus ( HIV)   pandemics in poorer nations led to a global 
escalation in tuberculosis rates in the late twentieth century. This culminated in tuberculosis being 
declared a ‘global emergency’ by the World Health Assembly in 1993 [ 3 ]. Tuberculosis is a leading 
cause of death in people with HIV, and tuberculosis-HIV co-infection is even more diffi cult to treat 
than tuberculosis alone, due to issues such as drug interactions [ 4 ]. Large international efforts to 
improve tuberculosis and HIV control have been met with successes—the TB pandemic does appear 
to have peaked in the mid-2000s, with case numbers and mortality now reportedly decreasing [ 1 ]. 
However, case numbers remain high, treatment remains complex, morbidity and mortality are sub-
stantial, and new approaches to treatment are required. 

 Tuberculosis is characterised by latent and active phases of infection.  M. tuberculosis  bacilli 
s urvive within granulomata, structures which comprise macrophages, T cells and other cells of the 
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immune  system  , in organs of infected hosts. The ability of  M. tuberculosis  to lie dormant, evading 
 human immune responses  , is a key reason for the diffi culty in achieving tuberculosis control. Firstly, 
latency complicates  diagnosis  , since tests revealing exposure to TB (tuberculosis skin tests and inter-
feron gamma release assays) cannot distinguish latent from active infection. Secondly, persistence in 
the host means that infection can become active at a time of immune compromise many years after 
initial infection; thus people with no recent tuberculosis contact can unexpectedly develop tuberculo-
sis, diagnosis can be delayed, and transmission to others may occur in the interval between onset of 
active infection and institution of effective treatment. Thirdly, the dormant form of  M. tuberculosis  is 
metabolically inactive, making it resistant to antibiotics. These factors, added to the absence of an 
effective vaccine and the complexity of treatment (meaning that many people fail to complete therapy 
and therefore to have their tuberculosis cured) are all reasons for the exceptional challenges faced in 
global efforts to control tuberculosis. 

 Regarding human immunological  responses   to  M. tuberculosis , in very simplest terms, this is 
chiefl y via innate and cell-mediated immunity, rather than humoral (antibody-mediated) immunity. A 
highly complex cascade of events ensues after cells of the immune system come into contact with 
 M. tuberculosis  antigens. Amongst these responses is the production of interferon gamma (IFNγ) by 
T cells, leading to activation of macrophages and ultimately to the creation of nitric oxide (NO) from 
 L -arginine, which results in bacterial killing. This particular response is the main reason for an interest 
in  L -arginine in tuberculosis, this being the chief in vivo source of NO. 

    Nutritional State in  Tuberculosis   

 Recognition of the two-way relationship between malnutrition and increased susceptibility to infec-
tion was described in seminal work by Scrimshaw in 1959 [ 5 ]. This relationship is of particular 
importance in tuberculosis, with malnutrition being an important risk factor for tuberculosis, and 
tuberculosis further aggravating weight loss; cachexia is a hallmark of active tuberculosis [ 6 ]. 
Tuberculosis is also associated with decreased appetite. 

 Malnutrition in tuberculosis can impact on  L -arginine concentrations.  L -Arginine is a conditionally 
essential amino acid, meaning that under usual conditions it can be manufactured de novo rather than 
being required from dietary sources. However, during hypercatabolic states such as infection,  L - 
arginine synthesis can no longer match catabolism, and an exogenous source becomes essential to 
maintain the extracellular concentrations required for optimal NO synthesis. Hypoargininemia has 
been demonstrated in people with pulmonary TB [ 7 ] and other pathological states [ 2 ]. Preliminary 
data from 149 outpatients with pulmonary TB also shows  L -arginine defi ciency relative to healthy 
local volunteers. Mean serum  L -arginine concentration in those with TB was 68.1 μmol/L ± 1.7 (stan-
dard error) versus 88.1 μmol/L ± 3.1 in the volunteers,  p  < 0.001 (A. Ralph, unpublished data). 

 The importance of nutritional status is further illustrated by studies on the impact of nutritional 
state on tuberculosis progress. Inadequate weight gain during treatment is associated with higher 
tuberculosis relapse risk [ 8 ], and low body mass index (BMI) is associated with an increased risk of 
early death [ 9 ]. Tuberculosis-HIV co-infected people are even more likely to be underweight or have 
nutritional defi ciencies than HIV-negative tuberculosis patients. In recent work in Indonesia’s Papua 
Province, my colleagues and I found that better preservation of BMI, and greater early weight gain, 
was associated with faster clearance of tuberculosis from sputum [ 10 ]. Papuan study participants 
(Melanesian peoples) were advantaged in this regard, having higher BMI and early weight gain than 
the non-Papuan (Asian) Indonesians in the study. The association with improved early response to 
tuberculosis treatment which we showed is not necessarily causative, but is consistent with the known 
relationship between nutritional status and recovery from tuberculosis. 

 At the other end of  the   nutritional spectrum, type 2 diabetes mellitus, usually related to obesity, is 
also a risk factor for tuberculosis, likely directly due to impaired glycaemic control [ 11 ].  
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    Association Between  Malnutrition and Immunodefi ciency   

 Protein–calorie malnutrition, which commonly accompanies tuberculosis, causes serious impairment 
of cell-mediated immunity, attributable in part to atrophy of the thymus and other lymphoid tissues, 
and a signifi cant fall in CD4 T cell numbers [ 12 ]. For instance, malnourished children have severe 
thymic involution, immaturity of circulating T cells and lack of reactivity to TB antigens [ 13 ]. 
Protein–calorie malnutrition also impairs humoral and innate immune responses [ 14 ,  15 ].  

     Adjunctive Therapies   in Tuberculosis 

 Adjunctive therapies, also termed adjuvant or supplementary therapies, are those given in addition to 
standard treatment. Although major gains in tuberculosis diagnostics and treatments have been made 
in recent years [ 4 ], the fi eld of tuberculosis adjunctive therapies, acknowledged to be a priority 
research area [ 16 ], presents important unanswered questions. Current strategies in tuberculosis 
adjunctive therapy are summarised in Table  47.1 . This review, by focusing on the use of  L -arginine in 
tuberculosis, deals with the strategy of using an agent which mediates T cell-macrophage responses 
as shown in the table.

   Requirements of adjunctive therapies in tuberculosis-endemic settings include effi cacy, safety and 
affordability.  L -Arginine, which fulfi ls the requirements of safety and affordability and for which there 
is a strong theoretical rationale for potential effi cacy, is therefore appealing as an investigational 
adjunctive agent.   

     L -Arginine and Nitric Oxide in Tuberculosis 

  L -arginine, a ‘conditionally’ essential (or semi-essential) amino acid in humans, is derived from exog-
enous sources (diet) and endogenous sources (whole-body protein degradation plus synthesis from 
citrulline) Relevant biochemical pathways and mediators in the consideration of tuberculosis are the 
conversion of  L -arginine to  L -citrulline plus nitric oxide in macrophages via nitric oxide synthase 2 
(NOS2), previously termed inducible NOS (iNOS), or degradation via arginases to  L -ornithine. 
Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of NOS. 

   Table 47.1    Strategies in experimental tuberculosis  adjunctive therapies     

 Strategy  Examples  References 

 Treatment with agents to reverse the non-replicative, 
antibiotic- resistant state of  M. tuberculosis  within 
macrophages 

 • TNFα antagonist CC-3052 in animal 
models 

 • Etanercept and infl iximab in humans a  

 • Corticosteroids a  

 [ 17 – 19 ] 
 [ 20 ,  21 ] 
 [ 22 ] 

 Use of immunosuppressive agents to mitigate infl ammatory 
pathology 

 • Corticosteroids a  

 • Etanercept and infl iximab a  

 • Vitamin D a  

 [ 22 ] 
 [ 20 ,  21 ] 
 [ 2 ,  23 ] 

 Use of agents which mediate T cell-macrophage responses  •  L -arginine/Nitric oxide 

 • Vitamin D a  

 [ 2 ,  23 ] 

   a Experimental agents may have more than one mechanism of action as TB adjunctive therapies 
 This table summarises the different approaches that are established or being investigated in tuberculosis adjunctive 
therapy research  
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    Nitric  Oxide      

 The discovery of NO in the late 1980s allowed the identity of the agent previously known as 
endothelium- derived relaxing factor to be revealed [ 24 ]. The vasodilatory effects of NO have been 
utilised therapeutically for over a century in the form of the nitrate class of cardiac medications. 

 In addition to its potent endovascular actions, NO plays a key role in the innate immune system and, 
specifi cally, in the defence against mycobacteria. It is implicated in both bactericidal and bacteriostatic 
processes. NOS2 is highly induced by bacterial endotoxin (lipopolysaccharide) and infl ammatory 
cytokines including interferon gamma (IFN-γ). NO is capable of killing tuberculosis bacilli in vitro 
with a molar potency comparable to that of antibiotics [ 25 ], causing death of bacilli through disruption 
of bacterial DNA, proteins and lipids and by induction of apoptosis of tuberculosis- harbouring macro-
phages which allows the sequestered  M. tuberculosis  to be exposed to toxic lysozyme.  

    NO in  Mouse Immune Responses      to Tuberculosis 

 Mice and other rodents are susceptible to  M. tuberculosis ; despite some fundamental differences, 
these animal models nevertheless are used extensively in studying immunological responses to  M. 
tuberculosis  infection. The main mechanism in activated mouse (murine) macrophages responsible 
for killing and inhibiting growth of  M. tuberculosis  is  L -arginine-dependent production of NO and 
other reactive nitrogen species [ 26 ]. Evidence for the key role played by the  L -arginine-NO pathway 
in murine anti-TB responses includes studies showing that murine cells respond to TB infection by 
producing NOS2 [ 26 – 28 ], and mice with defective abilities to produce NO are more susceptible to 
TB, including having higher mortality rates after infection [ 25 ,  29 ].  

    NO in  Human Immune Responses      to Tuberculosis 

 There is fi rm evidence that human macrophages/monocytes produce NOS2 in response to  M. tuber-
culosis  infection, and that NO concentrations correlate with  M. tuberculosis  inhibition (see reviews 
[ 2 ,  30 ]). Some in vitro studies of human macrophage tuberculosis responses were unable to show any 
importance of NO; thus some researchers conclude that NO is unimportant in human immune 
responses, in contrast to the situation in mice. However the failure to identify NO activity in those 
studies was likely due to a number of methodological problems, including the need to add tetrahydro-
biopterin to in vitro cultures to allow NO synthase enzymes to homodimerise which is required for 
enzymatic activity, the use of insensitive methods for detecting NO, or the failure to appreciate differ-
ent capacities of tissue and peripheral blood macrophages to produce functional NOS2 [ 27 ]. Evidence 
for increased NOS2 expression, increased NO production and subsequent increased capacity for  M. 
tuberculosis  killing have in fact all been demonstrated in human hosts and human tissue and macro-
phage studies. Some relevant studies are summarised in Table  47.2 .

        L -Arginine Can Affect  T Cell Function   Independently of NO 

 There is evidence that  L -arginine has additional, direct anti-mycobacterial functions independent of its 
conversion to NO. A number of studies indicate that  L -arginine is required for the expression of CD3ζ, 
a component of the T cell receptor (TCR). Specifi cally, studies have shown that T cells from the blood 
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of patients with pulmonary TB treatment [ 7 ], or from tissues infected with TB [ 39 ], have decreased 
CD3ζ expression, but this normalises over time with successful TB treatment [ 7 ]. In in vitro studies, 
depletion of  L -arginine (but not other amino acids) causes reduced CD3ζ expression, and, conse-
quently, impaired T cell function [ 40 – 42 ]. Addition of  L -arginine ex vivo then leads to CD3ζ re-
expression and recovery of T cell proliferation [ 43 ]. These data suggest that reduced  L -arginine, which 
characterises TB, causes impaired CD3ζ expression and thence, immunosuppression via impairment 
of T cell function.  

     Mycobacterial Resistance   to NO and Upregulation of Arginase  Expression   

  M. tuberculosis  has a range of immune evasion strategies, contributing to its success as a pathogen 
and its ability to survive in human hosts latently for decades. Two such immune evasion mechanisms 
are the avoidance of toxic effects of NO and induction of arginase 1 expression in macrophages. An 
understanding of these mechanisms can aid in the interpretation of fi ndings from clinical studies of 
 L -arginine or NO supplementation in tuberculosis infection. 

 Like susceptibility to antibiotics, tuberculosis strains differ in their ability to withstand the toxic 
effects of NO. Susceptibility to NO has been shown to be associated with virulence or with suscepti-
bility to antibiotics in some studies (see review [ 30 ]). Genes conferring increased ability to withstand 
the effects of NO have been identifi ed. 

 Arginase enzymes degrade  L -arginine to ornithine, thus diverting  L -arginine substrate away from 
the citrulline/NO pathway. Production of arginase 1 has been found to be elevated in tuberculosis in 
a variety of human and animal studies [ 7 ,  44 ,  45 ]. Increased arginase 1 expression would be expected 
to have important downstream effects for tuberculosis-infected hosts, including impaired macrophage 
and T cell anti-TB responses, via impaired NO release and CD3ζ expression, respectively. 

   Table 47.2    Evidence from human studies of the importance of nitric oxide as a human antituberculosis immune 
response   

 Study type  Results  Selected references 

 Human 
macrophage 
studies 

 Alveolar macrophages from healthy humans infected ex vivo with  M. 
tuberculosis  produce NO, and NO production correlates with 
intracellular growth inhibition of  M. tuberculosis  

 [ 31 ] 

 Blood mononuclear cells from healthy donors infected ex vivo with  M. 
tuberculosis , and from people with pre-existing TB infection, produce NO 

 [ 32 ] 

 Pulmonary macrophages kill mycobacteria only if they express NOS2; 
killing is prevented with a NOS inhibitor 

 [ 33 ] 

 In vivo human 
studies 

 In lung resection studies, NOS2 and nitrotyrosine (a tissue marker of NO 
metabolism) are expressed in macrophages within granulomata and 
areas of TB pneumonitis 

 [ 34 ] 

 NOS2 expression is increased in peripheral blood monocytes from people 
with TB compared with healthy controls 

 [ 35 ] 

 NOS2 is expressed in macrophages from lungs of patients with 
tuberculosis 

 [ 36 ] 

 NOS2 expression is evident in biopsy samples of pleura, lung and lymph 
nodes from people with active tuberculosis 

 [ 37 ] 

 NO production as measured using serum surrogate markers, nitrite and 
citrulline, is signifi cantly elevated in HIV-positive patients with active 
tuberculosis and signifi cantly decreases by week 4 of antitubercular 
treatment 

 [ 38 ] 

  This table summarises research fi ndings which indicate that nitric oxide is important in human immune responses to 
tuberculosis  
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 There is a spectrum of macrophage responses which include M1 macrophages, previously termed 
‘classically’ activated macrophages, and M2 macrophages, previously termed ‘alternatively’ acti-
vated macrophages. The proposed mechanisms for elevated arginase enzyme concentrations in people 
with TB are that  M. tuberculosis  can induce arginase 1 production in classically activated (M1) mac-
rophages [ 45 ] and can also drive macrophage polarisation towards M2 responses [ 46 ]. The M1–M2 
paradigm can be helpful in understanding innate anti- M. tuberculosis  responses in simple terms. A 
proposed model suggests that in early infection, M1 responses (chiefl y characterised by NOS2 expres-
sion and NO release) predominate, but as infection becomes advanced, M2 responses predominate, 
with consequent release of arginase 1 and M2- associated   cytokines, leading to a failure of control of 
TB by the infected host [ 46 ].  

    Asymmetric  Dimethylarginine      

 ADMA is an endogenous inhibitor of NOS2, and higher plasma ADMA concentrations are therefore 
thought to be associated with lower NO production. In malaria and sepsis, endothelial production of 
NO is important, with defi ciency of NO thought to contribute to endothelial and microvascular dys-
function. In patients with malaria, higher plasma ADMA concentrations are associated with disease 
severity and mortality and with lower NO (measured as NO in exhaled breath) [ 47 ]. Similarly in 
patients with sepsis, a low  L -arginine to ADMA ratio has been identifi ed, this being lower still in more 
severe sepsis [ 48 ]. In this study, higher plasma ADMA concentrations were again associated with 
higher mortality. 

 If ADMA is expressed in high concentration in active tuberculosis, then one could hypothesise that 
NO production from alveolar macrophages could be impaired. Preliminary data indicate a trend 
towards higher ADMA and a lower  L -arginine to ADMA ratio in people with active tuberculosis ver-
sus healthy volunteers, but more data are required (A. Ralph unpublished results). Such studies will 
provide information to help guide clinical studies of  L -arginine supplemental therapy, since successful 
increases in  L -arginine bioavailability (e.g. through supplementary treatment with  L -arginine) may not 
translate into increased NO production if NOS2 function is inhibited by ADMA.   

    Exhaled Nitric  Oxide   in Pulmonary  Tuberculosis   

 Production of NO from  L -arginine can be diffi cult to measure in vivo due to its short half-life. 
Measurement of pulmonary NO production can however be achieved through the detection of NO in 
exhaled breath using validated chemiluminescence analysers. A number of studies have investigated 
fractional exhaled NO (FE NO ) in people with pulmonary tuberculosis. These investigations have pro-
vided confl icting results, including both increased [ 36 ] or decreased [ 30 ,  49 ] FE NO  in TB compared 
with controls. These differences might be attributable to small sample sizes in some studies, different 
methodologies for FE NO  measurement, severity of TB in the patients assessed and/or different types 
of controls used. The more recent studies show lower FE NO  in TB, and all studies indicate that poorer 
capacity to generate NO is associated with more severe disease. 

 In a study of 200 TB patients conducted in eastern Indonesia, FE NO  was lower in patients with 
pulmonary tuberculosis when fi rst diagnosed with TB, prior to commencing treatment, compared 
with healthy controls (Fig.  47.1 ) [ 30 ]. The average FE NO  (geometric mean) in people with TB was 
12.7 ppb (95 % confi dence interval [CI] 11.6–13.8) compared with 16.6 ppb, 95 % CI 14.2–19.5, in 
the healthy controls ( p  = 0.002). Amongst the TB patients, FE NO  has been recovered during treatment 
(Fig.  47.2 ). People with more severe TB, such as worse X-ray fi ndings and poorer lung function, had 
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  Fig. 47.1    FE NO  in people with newly- diagnosed pulmonary tuberculosis compared with healthy controls [ 30 ]. This 
fi gure shows the broad spread of exhaled nitric oxide results in people with TB and people without pulmonary tubercu-
losis (healthy controls). It also shows the difference between these groups       

  Fig. 47.2    Change in FE NO  in tuberculosis patients between diagnosis and treatment completion [ 30 ]. This fi gure 
shows that amongst people with pulmonary tuberculosis, exhaled nitric oxide concentration falls, then rises during 
TB treatment. Means ( squares ) and 95 % confi dence intervals ( whiskers ) are shown.  p  values relate to differences 
in FE NO  compared with baseline       

 

 

A.P. Ralph



611

particularly low FE NO  readings. Perhaps most importantly, recovery during the next 2 months of treat-
ment was associated with an incremental change in FE NO . TB patients whose FE NO  decreased were 
more than twice as likely to still have TB present in their sputum after 2 months of treatment, com-
pared with those whose FE NO  increased or remained unchanged. The key fi ndings from this study are 
summarised in Box  47.1 .    

  Legend : This box summarises fi ndings from one study of exhaled nitric oxide concentration in people 
with pulmonary tuberculosis. 

 These fi ndings need to be  validated      in further research. If these fi ndings are able to be replicated, 
one could conclude that enhancing NO production in people with pulmonary TB, for instance by 
administering  L -arginine as an adjunctive agent in combination with standard antibiotics, could be a 
novel adjunctive therapeutic strategy. However, oral administration of  L -arginine may not be the best 
strategy, as discussed in the following section.  

    Clinical Trials of  L -Arginine and Nitric Oxide in Tuberculosis 
and Other Conditions 

 Many clinical trials of nutritional agents have been undertaken in people with tuberculosis. In some 
tuberculosis treatment programmes, where fi nances permit, provision of supplementary meals is rou-
tine, in recognition of the malnourished state and low socioeconomic status of many tuberculosis 
patients. A meta-analysis of  nutritional trials   in tuberculosis identifi ed 23 trials meeting their criteria 
[ 50 ]. The trials of macronutrients (e.g. supplementary whole food) which the authors reviewed indi-
cated that such an approach can improve weight gain and may be associated with improvements in 
adherence and some markers of physical function and quality of life. Despite defi ciency of various 
micronutrients being recognised in tuberculosis, especially tuberculosis-HIV co-infection, this meta- 
analysis also reported disappointingly that micronutrient supplementation in active tuberculosis does 
not appear generally to be associated with improved outcomes. 

  Box 47.1. Exhaled Nitric Oxide in  Tuberculosis     : Conclusions from a Study in Indonesia [ 30 ] 

•     Nitric oxide (NO) in exhaled breath appears to be an important marker in human pulmonary 
TB infection, showing that pulmonary NO in vivo (measured as exhaled NO, FE NO ):

 –    is low in TB compared with healthy volunteers  
 –   correlates with disease severity  
 –   is associated with response to treatment: people who had greater increases in FE NO  over 

time were more likely to achieve sputum culture conversion  
 –   recovers over time in TB patients (between start and end of 6-month TB treatment)     

•   An oral 6 g dose of  L -arginine was not adequate to increase FE NO  or to improve time to spu-
tum culture conversion or other outcomes from TB. Therefore, alternative means by which 
to improve pulmonary production of NO in pulmonary TB patients need to be investigated.    
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    Clinical Trials of   L -Arginine and  L -Arginine-Rich Food   

 The hypotheses underlying trials of  L -arginine for tuberculosis are summarised in Box  47.2 . Three 
clinical trials have now been conducted in which supplementary  L -arginine, or  L -arginine-rich food, 
has been administered for people with pulmonary tuberculosis also receiving treatment with standard 
antibiotics. These studies have tested 6 g oral  L -arginine hydrochloride daily for 8 weeks, 1 g oral 
 L -arginine hydrochloride daily for 4 weeks [ 51 ] or  L -arginine-rich food (peanuts) [ 52 ]. These studies 
have provided inconsistent results, with the overall conclusion being that oral  L -arginine hydrochlo-
ride does not appear to be effective in this condition. However for reasons elaborated below, further 
investigations in this fi eld may yet prove fruitful.  

  Legend : This box summarises the reasons for an interest in researching  L -arginine as an adjunctive 
therapy in pulmonary tuberculosis. 

 In the fi rst published trial set in Ethiopia, 120 people with pulmonary tuberculosis received 1 g 
 L -arginine hydrochloride daily for 4 weeks, in addition to regular tuberculosis therapy [ 51 ]. Faster clear-
ance of TB from sputum and resolution of cough were reported in the arm receiving supplementation, 
but only amongst HIV-negative participants [ 51 ]. In a second study, also performed by the same research 
group in Ethiopia, an  L -arginine-rich food (peanuts) was used instead of  L -arginine tablets, while the 
placebo arm received low- L -arginine wheat crackers [ 52 ]. In this study of 180 patients, although no 
signifi cant benefi ts were reported overall, higher cure rates were reported in HIV-positive participants 
receiving the peanut food supplement, compared with those receiving wheat crackers [ 52 ]. 

 In a third trial,  L -arginine 6 g daily was tested. This was a randomised, double-blind, placebo- 
controlled trial of oral adjunctive  L -arginine and vitamin D in people with pulmonary TB [ 23 ]. 
Findings were negative, in that TB patients who received  L -arginine did no better than those who did 
not, on a variety of measures. Sputum culture conversion was achieved in 48/76 (63 %) participants 
in the active  L -arginine arm after 4 weeks of treatment, versus 48/79 (61 %) in placebo  L -arginine arms 
(no signifi cant difference). Vitamin D was also ineffective. Pharmacodynamic responses to oral 
 L -arginine supplementation in TB patients were also investigated in this study. Despite the dose of 
supplementary  L -arginine being quite large (6 g/day), no increment was  seen   in FE NO  (Fig.  47.3 ) [ 30 ]. 
It  is   possible that host factors including NOS expression, arginase concentration and ADMA concen-
tration, might have prevented the supplementary  L -arginine from being adequately converted to NO, 
thus potentially explaining the negative fi ndings in the trial.

   While pharmacokinetics (see below) would indicate that greater than once daily dosing would be 
preferable, the practicality of administering such a regimen for people with tuberculosis is diffi cult. 
Tuberculosis treatment is often administered as ‘DOT’ (directly observed therapy), once daily at a clinic. 
This is to ensure adherence, which is challenging, given the long duration of treatment (6 months mini-
mum). The most practical supplement to give for a patient with tuberculosis should also be once daily.  

  Box 47.2. Hypotheses Underlying Trials of  L -Arginine for Tuberculosis 

     1.    Administration of  L -arginine will improve nitric oxide production by alveolar macrophages

 –    This will be measurable as increased nitric oxide in expired air      

   2.    Increased  macrophage   nitric oxide production will be associated with improved mycobacte-
rial killing   

   3.    Administration of  L -arginine will also lead to improvements in anti-mycobacterial T cell 
function via enhanced expression of the TCR CD3ζ     
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    Limitations of Clinical Studies of   L -Arginine/NO   

 Although the clinical studies performed to date have shown limited if any success in improving tuber-
culosis outcomes, reasons for this might include that  L -arginine doses were too low, or that  L -arginine 
dosing should be administered two or three times daily for best effi cacy. At higher doses, orally 
administered  L -arginine might be capable of measurably increasing pulmonary NO bioavailability, 
thereby improving macrophage killing of tuberculosis bacilli. However, higher oral  L -arginine doses 
have gastrointestinal adverse effects, and dosing (more tablets, more times daily) becomes unwieldy. 

  Fig. 47.3    FE NO  before and after  ingestion   of 6.0 g oral  L -arginine or placebo [ 23 ]. These fi gures show that a 6 g oral 
dose of  L -arginine did not affect exhaled nitric oxide concentration in seven individuals one study       

 

47 L-Arginine in Pulmonary Tuberculosis



614

 Also, an adequate concentration of NO (a level high enough to be bactericidal) may be diffi cult to 
achieve. NO concentrations of at least 50 ppm were required in early in vitro experiments to kill TB 
[ 53 ], whereas NO concentrations in exhaled breath are far lower, in the realm of 10–20 ppb. Low- 
concentration NO may in fact be deleterious, since it can promote TB bacilli to become dormant, a 
state which is relatively unresponsive to antibiotics [ 54 ].  

    Clinical Trials of Nitric  Oxide   in Tuberculosis 

 Nitric oxide can be administered directly via inhalation, but it’s extremely short half-life requires 
continuous, or very frequent, administration. This is entirely impractical in the outpatient setting in 
which most tuberculosis patients are treated. However, Long and colleagues were able to conduct a 
small non-blinded trial in 18 tuberculosis patients admitted to hospital [ 55 ]. Eight were administered 
NO via inhalation at 80 ppm for 3 days in addition to their standard tuberculosis therapy, and ten 
controls received standard treatment only without placebo gas. Although inhaled NO was able to be 
delivered safely, it did not accelerate response to standard tuberculosis treatment. The small numbers 
in this study mean that fi rm conclusions cannot be drawn. 

 Recognising the impracticality of administration of inhaled NO, other researchers have investi-
gated the effect of inhalable microparticles containing NO donors (10 % diethylenetriamine nitric 
oxide adduct or sodium nitroprusside), with or without antituberculous antibiotics, on tuberculosis 
infection in mice. They have concluded from these studies that inhalable NO donors can enhance 
mycobacterial control in the infected mice [ 56 ]. Such studies are still far from potential human 
application.  

     L -Arginine in  Cystic Fibrosis   and Other Pathologies 

 Another pulmonary disease characterised by impaired NO production is cystic fi brosis, a disease in 
which repeated pulmonary infections are common. In this disease, NO production is impaired. 
Although altered and retained pulmonary secretions are of major relevance in the aetiology of repeated 
infections in cystic fi brosis, impaired NO production could contribute to this predisposition to infec-
tion [ 57 ]. The reason for low NO production appears to be a multifactorial problem including low 
NOS2 expression in bronchial epithelial cells [ 57 ,  58 ] and increased pulmonary concentrations of 
ADMA [ 59 ]. FE NO  in cystic fi brosis patients appears to be even lower than in tuberculosis patients 
(5–12 ppb [ 60 ,  61 ] compared with 13–16 ppb in tuberculosis [ 30 ,  52 ]). However, different methods 
were used to measure FE NO  in these studies. 

 A single small dose of oral  L -arginine 200 mg was found by Grasemann et al. to result in a small 
but statistically signifi cant increase in FE NO  amongst cystic fi brosis patients [ 62 ]. This is in contrast to 
the TB study described above, indicating that higher doses may be required in TB than cystic fi brosis. 
In a later study, a single dose of  inhaled   L -arginine 1.3 g in cystic fi brosis patients increased FE NO , 
peaking at 3 h after inhalation, with FE NO  sustained above baseline out to 6 h, but normalising by 24 h; 
furthermore this achieved an increase in FEV 1  [ 63 ]. A further trial in cystic fi brosis has recently been 
published by Grasemann et al.’s research group. Nineteen participants were randomised to inhale 
 L -arginine for 14 days followed by placebo for 14 days, or vice  versa  . Twice daily dosing of inhaled 
 L -arginine at 500 mg per dose for 14 days resulted in a signifi cant increase in FE NO  compared with 
placebo [ 61 ]. Additionally, pulmonary function increased in the  L -arginine group, and two people 
cleared their sputum of  Pseudomonas  species; these changes were not statistically signifi cant, but the 
study was small ( n  = 19), designed to test safety and tolerability, not effi cacy.  
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     L -Arginine Dosing and  Safety   

  L -arginine has also been administered for a large number of medical conditions in oral, intravenous 
and inhaled form (reviewed elsewhere [ 24 ,  64 ]). It is widely acknowledged to be safe and well toler-
ated. Inhaled  L -arginine should not be administered to people with asthma, since increased pulmonary 
NO can exacerbate wheeze [ 65 ]; therefore asthmatic patients would be excluded from studies of 
inhaled  L -arginine. The studies by Grasemann et al. provide important preliminary data to inform 
potential future studies in tuberculosis; in their studies of inhaled  L -arginine [ 61 ,  63 ] there were no 
important adverse events (Table  47.3 ) and no increase in airway infl ammation, as measured from the 
white cell count, Interleukin-8 concentration and neutrophil elastase activity in sputum.

   Oral  L -arginine can be dosed once, twice or thrice daily. Use of 21 g daily in divided doses has been 
reported as being well tolerated; minor gastrointestinal discomfort has been reported in up to 3 % of 
patients treated with  L -arginine (see review [ 24 ]). In the tuberculosis trial of 6 g  L -arginine daily 
described above, there was no increase in reports of diarrhoea, bloating, nausea, vomiting, abdominal 
pain or other symptoms in those receiving  L -arginine compared with placebo [ 23 ]. 

 Healthy adult plasma  L -arginine levels range from 20 to 180 μmol/L [ 66 ]. Orally administered 
 L -arginine- hydrochloride   bioavailability ranges from 21 % after a 10 g oral dose in one study [ 67 ] to 
68 % after a 6 g dose in another [ 68 ]. Peak plasma concentrations of 310 ± 152 μmol/L occur at 
approximately 90 min after a 6 g oral dose, and half-life is reported to be 77.5 ± 9.3 min [ 68 ].   

    Conclusions 

 Despite the strong theoretical rationale, supplementary  L -arginine for people with tuberculosis has not 
been associated with benefi ts. Therefore oral  L -arginine is not recommended as a supplementary treat-
ment in tuberculosis. While these negative fi ndings may be due to underdosing, administration of 
higher doses would be limited by potential side effects and the diffi culty of adhering to a regimen of 
tablets several times daily. It is paramount that tuberculosis patients focus on good adherence with 
their antibiotic regimen; adding in a second complex regimen, such as multiple  L -arginine tablets 
several times per day, would be burdensome and might have the detrimental effect of impairing adher-
ence both to the  L -arginine and antituberculosis antibiotics. 

   Table 47.3    Safety of inhaled  L -arginine in cystic  fi brosis     

 Symptom   L -arginine (number of events, %)  Placebo (number of events, %) 

 Number of patients  19  19 
 Increased cough  3 (18 %)  4 (21 %) 
 Headache  2 (11 %)  2 (11 %) 
 Cold-like symptoms  2 (11 %)  0 
 Hoarseness  1 (5 %)  0 
 Wheeze  1 (5 %)  0 
 Itchy eye  1 (5 %)  0 
 Fever  1 (5 %)  1 (5 %) 
 Rash  1 (5 %)  0 
 Stomach ache  0  1 (5 %) 
 Nose bleed  0  1 (5 %) 
 Hives  0  1 (5 %) 
 Increased heart rate  0  1 (5 %) 

  This table shows side effects from inhaled  L -arginine in one study. Adapted from Ref. [ 61 ]  
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 However, there is scope for additional research in this fi eld. Inhaled or nebulised  L -arginine, a 
long- acting formulation, or a different formulation allowing higher dosing, or alternative NO donors 
other than  L -arginine, all merit consideration. In low-income tuberculosis-endemic settings, adjunc-
tive therapy must be not only safe and effective but low cost. Thus  L -arginine is appealing as an 
investigational adjunctive agent.     
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         Introduction 

  L -Arginine is a conditionally essential  amino acid     .  L -Arginine is synthesized from citrulline in  L -arginine 
and proline metabolism by argininosuccinate synthetase and argininosuccinate lyase in the cytosol [ 1 ]. 

 However, this pathway does not produce suffi cient  L -arginine, so some is still required in the diet 
in some circumstances. 

  L -Arginine is the immediate precursor of  nitric oxide (NO)     ,  urea     ,  ornithine     , and  agmatine      and has 
important roles in cell division, wound healing, excretion of ammonia, immune function, and release 
of hormones [ 1 – 3 ]. 
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 Schultze, a Swiss chemist, fi rst isolated  L -arginine in 1886. Since then the knowledge and under-
standing of  L -arginine and its role in metabolism have increased exponentially. It is diffi cult for expe-
rienced scientists to remain up-to-date. For those new to the fi eld it is diffi cult to know which of the 
myriad of available sources are reliable. To assist colleagues who are interested in understanding 
more about  L -arginine, we have therefore produced tables containing reliable, up-to-date resources on 
 L -arginine and its role in health and disease in this chapter. The experts who assisted with the compila-
tion of these tables of resources are acknowledged below. 

 Examples of the applications of the  amino acid    L-arginine   can be found in this book and also via 
the resources recommended in the tables below. 

 Tables  48.1 ,  48.2 ,  48.3 ,  48.4 , and  48.5  list the most up-to-date information on the organizations and 
regulatory bodies interested in  L-arginine      (Table  48.1 ), professional  bodies      (Table  48.2 ),  journals      
(Table  48.3 ),       books (Table  48.4 ),  and      websites (Table  48.5 ) that are relevant to an evidence-based use 
of  L-arginine   in health and disease. Of course some organizations, sites, or offi cial bodies are equally 
placed in several sections.

    Table 48.1    Regulatory  bodies      and other organizations   

 American Association for Cancer Research 
   www.aacr.org     
 American Society for Parenteral and Enteral Nutrition (ASPEN) 
   www.nutritioncare.org     
 American College of Sports Medicine 
   www.acsm.org     
 British Association for Cancer Research 
   www.bacr.org.uk     
 Centers for Disease Control and Prevention 
   www.cdc.gov     
 Department of Health and Human Services 
   www.hhs.gov     
 European Commission, DG Health and Consumers, Food and Feed Safety 
   ec.europa.eu/food/safety/index_en.htm     
 European Society for  Clinical      Nutrition and Metabolism (ESPEN) 
   www.espen.org     
 European Medicines Agency 
   www.ema.europa.eu/ema     
 Food and Drug Administration 
   www.fda.gov     
 Health Canada 
   www.hc-sc.gc.ca     
 Institute of Cancer Research 
   www.icr.ac.uk     
 International Life Sciences Institute (ILSI) 
   www.ILSI.org     
 Japanese Ministry of Health, Labour and Welfare 
   www.mhlw.go.jp/english/index.html     (English) 
   www.mhlw.go.jp/     (Japanese) 
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 Japanese National Institute of Health and Nutrition 
   www0.nih.go.jp/eiken/english/index.html     (English) 
   www0.nih.go.jp/eiken/index.html     (Japanese) 
 Japan  Food      Additives Association 
   www.jafaa.or.jp/13English/outline.html     (English) 
   www.jafaa.or.jp/index.htm     (Japanese) 
 National Cancer Institute 
   www.cancer.gov     
 National Institutes of Health 
   www.nih.gov     
 Nutrition 
   www.nutrition.gov     
 Sociedade Brasileira de Nutrição Parenteral e Enteral (SBNPE) 
   www.sbnpe.com.br     
 US National Library of Medicine and National Institutes of Health 
   www.ncbi.nlm.nih.gov/pubmed     
 World  Health      Organization 
   www.who.int/en     

  This table lists the regulatory bodies and other organizations with interests in L-arginine  

    Table 48.2          Professional societies   

 American Association for the Study of the Liver Diseases (AASLD) 
   www.aasld.org     
 American Diabetes Association 
   www.diabetes.org     
 American Heart Association 
   www.heart.org/heartorg/     
 American Physiological Society 
   www.the-aps.org     
 American  Society      for Biochemistry and Molecular Biology 
   www.asbmb.org     
 American Society for Nutrition 
   www.nutrition.org     
 American Thoracic Society 
   www.thoracic.org     
 Australasian Society for Inborn Errors of Metabolism 
   www.hgsa.org.au/asiem     
 British Nutrition Foundation 
   www.nutrition.org.uk     
 Brazilian Physiology Society 
   www.sbfi s.org.br     
 Brazilian Society for the Study of Obesity and Metabolic Syndrome 
   www.abeso.org.br     
  Brazilian      Society of Food and Nutrition 
   www.sban.com.br     
 Canadian Institutes of Health Research 
   www.cihr-irsc.gc.ca/e/193.html     
 Chilean Society and Physiological Sciences 
   www.cienciasfi siologicas.cl     
 Endocrine Society 
   www.endocrine.org     
 European Association for the Study of Obesity (EASO) 
   easo.org     
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Table 48.2 (continued)

 European Association for the Study of the Liver (EASL) 
   www.easl.eu     
 European Federation of Neurological Societies 
   www.efns.org     
  European      Respiratory Society 
   www.ersnet.org     
 European Society of Endocrinology 
   www.ese-hormones.org     
 Federation of American Societies for Experimental Biology (FASEB) 
   www.fasebj.org     
 Growth Hormone Society 
   www.ghresearchsociety.org     
 Group of Research and Innovation in Vascular Health (GRIVAS-Health) 
 grivashealth.cl 
 International Council on Amino Acid Science (ICAAS) 
   www.icaas-org.com     
 International Society for Hepatic Encephalopathy and Nitrogen Metabolism (ISHEN) 
   www.ishen.org     
 International Society of Endocrinology 
   www.endosociety.com     
 Italian  Nitric      Oxide Society 
   www.i-no-s.it/index.php?lang=en     
 Polskie Towarzystwo Badan nad Otyloscia (PTBO) 
   ptbo.slam.katowice.pl/     
 Japanese Society for Amino Acid Sciences 
   www.asas.or.jp/jsaas/english/index.html     
 Japan Society of Nutrition and Food Science 
   www.jsnfs.or.jp/about/about_message.html     
 Japanese Society of Parenteral and Enteral Nutrition (JSPEN) 
   www.jspen.jp/top.html     
 Japanese Society of Internal Medicine 
   www.naoka.or.jp     
 Japan Gastroenterological Endoscopy Society 
   www.jges.or.jp     
 Japanese Society of Gastroenterology 
   www.jsge.or.jp     
  Japan      Society of Hepatology 
   www.jsh.or.jp     
 Japan Society of Nutrition and Food Science 
   www.jsnfs.or.jp/english     
 Japan Society for the Promotion of Science 
   www.jsps.go.jp/english/index.html     
 Johns Hopkins Bloomberg School of Public Health 
   www.jhsph.edu     
 Korean Association for the Study of the Liver 
   www.kasl.org     
 Korean Cancer Association 
   www.cancer.or.kr     
 Nitric Oxide Society 
   nitricoxidesociety.org     
 Nutrition and Metabolism Society 
   www.nmsociety.org     
 Nutrition Society 
   www.nutritionsociety.org     
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  Pituitary      Society 
   www.pituitarysociety.org     
 Sociedad Española de Nutrición Parenteral y Enteral (SENPE) 
   www.senpe.com     
 Societá Italiana di Endocrinologia 
   www.societaitalianadiendocrinologia.it/     
 Society for Inherited Metabolic Disorders 
   www.simd.org     
 Society for Nutrition Education and Behavior 
   www.sneb.org     
 Society for the Study of Inborn Errors of Metabolism 
   www.ssiem.org     
 Spanish Society for Biochemistry and Molecular Biology (SEBBM) 
   www.sebbm.es/EN     
 Sustainable  Energy      and Economy Network 
   www.seen.org     

  This table lists the professional societies with interests in L-arginine  

    Table 48.3     Journals      that publish articles on L-arginine   

  Acta Cirúrgica Brasileira  
   www.scielo.br/scielo.php?script=sci_serial&pid=0102-8650&lng=en&nrm=iso     
  Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration  
   informahealthcare.com/journal/afd     
  American Journal of Clinical Nutrition  
   ajcn.nutrition.org     
  American Journal of Gastrointestinal and Liver Physiology  
   ajpgi.physiology.org     
  American Journal of Obstetrics and Gynecology  
   www.ajog.org     
  American Journal of Physiology: Gastrointestinal and Liver Physiology  
   ajpgi.physiology.org     
  American Journal of Physiology, Endocrinology and Metabolism  
   ajpendo.physiology.org     
  American Journal of Psychiatry  
   www.ajp.psychiatryonline.org/journal.aspx?journalid=13     
  American Journal of Respiratory and Critical Care Medicine  
   www.atsjournals.org/journal/ajrccm     
   Amino        Acids  
   www.link.springer.com/journal/726     
  Biochemical Journal  
   www.biochemj.org/bj/default.htm     
  BioFactors  
   onlinelibrary.wiley.com/journal/10.1002/(ISSN)1872-8081     
  Biologia  
   link.springer.com/journal/11756     
  Biological Trace Element Research  
   www.springer.com/life+sciences/biochemistry+%26+biophysics/journal/12011     
  BioMed Central Cancer  
   www.biomedcentral.com/bmccancer     
  BioMed Central Gastroenterology  
   www.biomedcentral.com/bmcgastroenterol     
  Bioorganic & Medicinal Chemistry Letters  
   http://www.journals.elsevier.com/bioorganic-and-medicinal-chemistry-letters/     
  Blood  
   www.bloodjournal.org     
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   British        Journal of Clinical Pharmacology  
   onlinelibrary.wiley.com/journal/10.1111/%28ISSN%291365-2125     
  Cancer Cell  
   www.cell.com/cancer-cell     
  Cancer Immunology, Immunotherapy  
   www.springer.com/medicine/oncology/journal/262     
  Cancer Research  
   cancerres.aacrjournals.org     
  Cancer Research and Treatment  
   www.cancerresearchandtreatment.org     
  Cell Metabolism  
   www.cell.com/cell-metabolism     
  ChemMedChem  
   onlinelibrary.wiley.com/journal/10.1002/(ISSN)1860-7187     
  Chinese    Journal        of Physiology  
   www.cps.org.tw/index.php?action=archives     
  Circulation Journal  
   www.j-circ.or.jp/english/circulation_journal/circulation_journal.html     
  Clinical and Molecular Hepatology  
   www.e-cmh.org     
  Clinical Biochemistry  
   www.journals.elsevier.com/clinical-biochemistry     
  Clinical Endocrinology  
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1365-2265     
  Clinical Hemorheology and Microcirculation  
   www.iospress.nl/journal/clinical-hemorheology-and-microcirculation     
  Clinical Nutrition  
   www.journals.elsevier.com/clinical-nutrition     
  Diabetes  
   diabetes.diabetesjournals.org     
  Diabetes Care  
   care.diabetesjournals.org     
  Diabetes,         Obesity and Metabolism  
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1463-1326     
  Digestion  
   www.karger.com/dig     
  Digestive Diseases and Sciences  
   link.springer.com/journal/10620     
  Endocrine Reviews  
   press.endocrine.org/journal/edrv     
  European Heart Journal  
   eurheartj.oxfordjournals.org     
  European Journal of Clinical Nutrition  
   www.nature.com/ejcn/index.html     
  European Journal of Endocrinology  
   www.eje-online.org     
  European Journal of Nutrition  
   link.springer.com/journal/394     
  European Journal of Pharmacology  
   sciencedirect.com/science/journal/00142999     
  European Respiratory Journal  
   erj.ersjournals.com     
  European    Review        for Medical and Pharmacological Sciences  
   www.europeanreview.org/     
  European Wound Management Association (EWMA) Journal  
   ewma.org/english/publications/ewma-journal/latest-issues.html     
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  Free Radical Research  
   informahealthcare.com/loi/fra     
  Frontiers in Nutrition  
   www.frontiersin.org/Nutrition     
  Frontiers in Pharmacology  
   www.frontiersin.org/Pharmacology     
  Fundamental & Clinical Pharmacology  
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1472-8206     
  Growth    Hormone       &  IGF Research  
   www.journals.elsevier.com/growth-hormone-and-igf-research/     
  Gut  
   gut.bmj.com/     
  Hepatology  
   onlinelibrary.wiley.com/journal/10.1002/%28ISSN%291527-3350     
  Hepatology Research  
   www.jsh.or.jp     
  Infl ammatory Bowel Diseases  
   journals.lww.com/ibdjournal/pages/issuelist.aspx     
  International Journal of Diabetes and Metabolism  
   ijod.uaeu.ac.ae     
  International Journal of Surgery  
   www.sciencedirect.com/science/journal/17439191     
  Journal of Biological Chemistry  
   www.jbc.org     
  Journal of Clinical Biochemistry and Nutrition  
   www.jstage.jst.go.jp/browse/jcbn/     
  Journal    of        Clinical Endocrinology and Metabolism  
   press.endocrine.org/journal/jcem     
  Journal of Clinical Investigation  
   www.jci.org     
  Journal of Diabetes  
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1753-0407     
  Journal of Endocrinological Investigation  
   www.jendocrinolinvest.it/jei/it     
  Journal of Gastrointestinal Surgery: Offi cial Journal of the Society for Surgery of the Alimentary Tract  
   link.springer.com/journal/11605     
  Journal of Hepato-Biliary-Pancreatic Sciences  
   www.editorialmanager.com/jhbp     
  Journal of Hepatology  
   www.jhep-elsevier.com     
  Journal    of        Immunology  
   jimmunol.org     
  Journal of Infectious Diseases  
   jid.oxfordjournals.org     
  Journal of Inherited Metabolic Disease  
   www.springer.com/?SGWID=5-102-0-0-0     
  Journal of Medicinal Chemistry  
   pubs.acs.org/journal/jmcmar     
  Journal of Neurochemistry  
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1471-4159     
  Journal of Neurotrauma  
   www.liebertpub.com/overview/journal-of-neurotrauma/39     
  Journal of Nuclear Medicine  
   jnm.snmjournals.org     
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Table 48.3 (continued)

  Journal of Nutrition  
   jn.nutrition.org     
  Journal of Nutrition and Metabolism  
   www.hindawi.com/journals/jnume/2011/617597     
  Journal of Nutritional Biochemistry  
   www.jnutbio.com     
  Journal    of        Nutritional Science  
   journals.cambridge.org/action/displayJournal?jid=JNS     
  Journal of Nutritional Science and Vitaminology  
   editors.capj.or.jp/~jnsv_web/index.html     
  Journal of Parenteral and Enteral Nutrition  
   pen.sagepub.com     
  Journal of Pediatric Gastroenterology and Nutrition  
   journals.lww.com/jpgn/pages/default.aspx     
  Journal of Physiology  
   onlinelibrary.wiley.com/journal/10.1111/%28ISSN%291469-7793     
  Journal of Physiology and Pharmacology  
   www.jpp.krakow.pl     
  Journal of Sports Sciences  
   www.tandfonline.com/loi/rjsp20     
  Journal of Surgical Research  
   www.sciencedirect.com/science/journal/00224804     
  Journal of the American College of Nutrition  
   americancollegeofnutrition.org/content/the-journal     
  Journal    of        Transplantation  
   www.hindawi.com/journals/jtran     
  Journal of Trauma  
   journals.lww.com/jtrauma/pages/default.aspx     
  Langenbeck’s Archives of Surgery  
   link.springer.com/journal/423     
  Life Sciences  
   www.sciencedirect.com/science/journal/00243205     
  Medicine and Science in Sports and Exercise  
   journals.lww.com/acsm-msse/pages/default.aspx     
  Mediterranean Journal of Nutrition and Metabolism  
   www.springer.com/food+science/journal/12349     
  Metabolic Brain Disease  
   link.springer.com/journal/11011     
  Metabolism  
   www.metabolismjournal.com     
  Mini-   Reviews        in Medicinal Chemistry  
   benthamscience.com/journal/index.php?journalID=mrmc     
  Molecular and Cellular Biochemistry  
   link.springer.com/journal/11010     
  Molecular Genetics and Metabolism  
   www.journals.elsevier.com/molecular-genetics-and-metabolism     
  Muscle and Nerve  
   onlinelibrary.wiley.com/journal/10.1002/(ISSN)1097-4598     
  Nature Genetics  
   www.nature.com/ng/index.html     
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Table 48.3 (continued)

  Neonatology  
   www.karger.com/neo     
  NeuroToxicology  
   www.journals.elsevier.com/neurotoxicology/CachedSimilar     
  Nitric Oxide: Biology and Chemistry  
   www.journals.elsevier.com/nitric-oxide-biology-and-chemistry     
  Nuclear Medicine and Biology  
   www.sciencedirect.com/science/journal/09698051     
  Nutrition  
   www.nutritionjrnl.com     
   Nutricion        Hospitalaria  
   www.nutricionhospitalaria.com     
  Orphanet Journal of Rare Diseases  
   www.ojrd.com     
  Pediatric Surgery International  
   link.springer.com/journal/383     
  Physiological Reviews  
   physrev.physiology.org     
  Placenta  
   www.placentajournal.org     
  PLOS ONE  
   www.plosone.org     
  Proceedings of the National Academy of Sciences of the United States of America (PNAS)  
   www.pnas.org     
  Pituitary  
   www.springer.com/medicine/internal/journal/11102     
  Seminars in Perinatology  
   www.sciencedirect.com/science/journal/01460005     
  Shock  journals 
   lww.com/shockjournal/pages/default.aspx     
   Sports        Medicine  
   www.springer.com/medicine/journal/40279     
  Surgery Today  
   link.springer.com/journal/595     
  Tohoku Journal of Experimental Medicine  
   www.jstage.jst.go.jp/browse/tjem     
  Toxicological Sciences  
   www.bioxbio.com/if/html/TOXICOL-SCI.html     
  Transplantation  
   journals.lww.com/transplantjournal/pages/default.aspx     
  Transplantation Proceedings  
   sciencedirect.com/science/journal/00411345     
  World Journal of Gastroenterology  
   www.wjgnet.com/1007-9327/index.htm     
   Zhonghua        Shao Shang Za Zhi  
   zhsszz.periodicals.net.cn/     

  This table lists the journals publishing original research and review articles related to L-arginine  
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http://www.jstage.jst.go.jp/browse/tjem
http://springerlink.bibliotecabuap.elogim.com/journal/595
http://www.springer.com/medicine/journal/40279
http://lww.com/shockjournal/pages/default.aspx
http://www.sciencedirect.com/science/journal/01460005
http://www.springer.com/medicine/internal/journal/11102
http://www.pnas.org/
http://www.plosone.org/
http://www.placentajournal.org/
http://physrev.physiology.org/
http://springerlink.bibliotecabuap.elogim.com/journal/383
http://www.ojrd.com/
http://www.nutricionhospitalaria.com/
http://www.nutritionjrnl.com/
http://www.sciencedirect.com/science/journal/09698051
http://www.journals.elsevier.com/nitric-oxide-biology-and-chemistry
http://www.journals.elsevier.com/neurotoxicology/CachedSimilar
http://www.karger.com/neo
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    Table 48.4     Relevant      books   

 Barrett A, Rawlings N, Woessner J.  Handbook of Proteolytic Enzymes . Academic Press, 1998, UK 
 Behrman RE, Butler AS.  Preterm Birth: Causes, Consequences, and Prevention . National Academies Press, 2007, 

USA 
 Berg JM, Tymoczko JL, Stryer L.  Biochemistry , 5th edition. W H Freeman, 2002, USA 
 Blachier F, Wu G, Yin Y.  Nutritional and Physiological Functions of Amino Acids in Pigs . Springer, 2013, USA 
 Chynober LA.  Metabolic and Therapeutic Aspects of Amino Acids in Clinical Nutrition . CRC Press, 2004, USA 
 Duggan CP, Watkins JB, Walker WA.  Nutrition in Pediatrics , 4th edition. People’s Medical Publishing House, 2009, 

USA 
 Golovinsky EV.  Biochemie    der        Antimetabolite . Verlag der Bulgarischen Akademie der Wissenschaften, 2002, 

Bulgaria 
 Rosenthal GA, Berenbaum MR.  Herbivores: Their Interactions with Secondary Plant Metabolites . Academic Press, 

1991, USA 
 Hall JE.  Guyton and Hall Textbook of Medical Physiology . Saunders, 2011, USA 
 Knobil E, Sawyer WH.  Handbook of Physiology  (part II), The Pituitary Gland and Its Neuroendocrine Control. 

American Physiology Society, 1974, USA 
 Lamprecht M.  Acute Topics in Sport Nutrition . Karger, 2012, Germany 
 Mahan LK, Escott-Stump S, Raymond JL.  Krause’s Food & the Nutrition Care Process . Saunders, 2011, USA 
 Matata BM, Elahi M.  The Molecular Basis for Origin of Fetal Congenital Abnormalities and Maternal Health: An 

overview of Association with Oxidative Stress . Bentham, 2011, USA 
 Mullen KD, Prakash RK.  Hepatic Encephalopathy . Springer, 2010, USA 
 Newsholme E, Leech T.  Functional Biochemistry in Health and Disease . Wiley-Blackwell, 2009, UK 
 Rao JN, Wang JY.  Regulation of Gastrointestinal Mucosal Growth . Morgan & Claypool Life Sciences, 2010, USA 
 Tirapegui J.  Nutrição, Metabolismo e Suplementação na Atividade Física  (Nutrition, Metabolism and 

Supplementation on Physical Activity). Atheneu, 2012, Brazil 
 Tirapegui J.  Nutrição - Fundamentos e Aspectos    Atuais       (Nutrition Fundamentals and Current Aspects). Atheneu, 

2006, Brazil 

  This table lists books on L-arginine  

    Table 48.5    Relevant  internet      resources   

 Ajinomoto Corporation 
   www.ajinomoto.com/jp     
 Associative Research Program (CONICYT, Chile) 
   www.conicyt.cl/pia     
 Canadian Breast Cancer Foundation/Atlantic Chapter 
   www.cbcf.org/Pages/default.aspx     
 Canadian Clinical Practice Guidelines 
   www.criticalcarenutrition.com     
 Cardiogenetics 
   cardiogenomics.med.harvard.edu/home     
 Chemistry  of      Amino Acids 
   home.nas.net/~dbc/cic_hamilton/amino.html     
 Complementary and Alternative Medicine Guide 
   www.umm.edu/altmed     
 Consensus: Growth Hormone Defi ciency in Adults 
   www.ghresearchsociety.org/fi les/2007_Consensus_AGHD.pdf     
 Consensus: Growth Hormone Defi ciency in Children 
   www.ghresearchsociety.org/fi les/ISS%20consensus.pdf     
 Critical Care Nutrition at the Clinical Evaluation Research Unit, Kingston General Hospital, Canada 
   www.Criticalcarenutrition.com     
 Dalhousie University 
   www.dal.ca     

(continued)
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http://www.ghresearchsociety.org/files/2007_Consensus_AGHD.pdf
http://www.umm.edu/altmed
http://home.nas.net/~dbc/cic_hamilton/amino.html
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http://www.criticalcarenutrition.com/
http://www.cbcf.org/Pages/default.aspx
http://www.conicyt.cl/pia
http://www.ajinomoto.com/jp
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  Dise     ases 
   diseases.jensenlab.org     
 Endocrinology and Clinical Nutrition Research Center 
   www.ienva.org     
 European portal for rare diseases and orphan drugs 
   www.orpha.net     
 Fondecyt 
   www.conicyt.cl/fondecyt     
 Foods Highest in L-Arginine 
   nutritiondata.self.com/foods-000089000000000000000.html     
 Genetics Home Reference-MSUD 
   ghr.nlm.nih.gov/condition/maple-syrup-urine-disease     
  Gene     MANIA 
   www.genemania.org     
 HighWire 
   highwire.stanford.edu     
 Human Protein Reference Database 
   www.hprd.org     
 MITOMAP 
   www.mitomap.org/MITOMAP     
 National Institutes of Health grants 
   www.nih.gov     
 Nova Scotia Health Research Foundation 
   www.nshrf.ca     
  Online      Endotext 
   www.endotext.com     
 PubChem 
   pubchem.ncbi.nlm.nih.gov/rest/chemical/homoarginine     
 UpToDate 
   www.uptodate.com/home     
 Vascular  Physiology      Laboratory 
   labfi siovascular.blogspot.com     

  This table lists some internet resources on L-arginine  

            Acknowledgments   We would like to thank the following authors for contributing to the development of this resource 
(in alphabetical order): R. Amoroso, P. Bogdanski, C. Breuillard, C. Choe, D. de Luis, T. Dzimbova, C. Escudero, 
M. González, R. Hernández-Muñoz, F. Jahoor, H. Jacques, H.-C. Lo, M. Lomar Viana, C. R. Morris, K. Ogino, A. Pons, 
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  A 
  AAI   . See  L-arginine availability index (AAI)  
  Acetylcholine (Ach)  ,   403   
  Acid-refl ux esophagitis 

  L -arginine  ,   370  
 pathogenesis  ,   370–371    

  Acute lymphocytic leukemia (ALL)  ,   565   
  ADC   . See   L -Arginine decarboxylase (ADC)  
  Adenosine monophosphate-activated protein (AMPK)  ,   401   
  Adenosine triphosphate (ATP)  ,   312   ,   315   ,   462   
  ADI-PEG20 

 antitumor activity  ,   555  
  L -arginine depletion  ,   561  
 Asian advanced HCC  ,   557  
 cisplatin and temozolomide and taxotere  ,   560  
 clinical trials  ,   561  
 cytotoxicity  ,   560  
 disease-control rate and median overall survival  ,   557  
 docetaxel in solid tumors  ,   559  
 dogs with oral melanoma  ,   555  
 HCC  ,   556   ,   557    
 IM injections  ,   557  
 intramuscular schedule  ,   556  
 melanoma  ,   558–559      
 mesothelioma  ,   557   ,   558  
 non-Hodgkins’s lymphoma  ,   559  
 pemetrexed and cisplatin  ,   559  
 safe and effi cacious  ,   557  
 SK-mel2 and SK-mel28  ,   555  
 and studied in vivo  ,   555  
 TACE  ,   559  
 TRAIL  ,   560  
 in unresectable HCC  ,   557   

  Adolescent girls  vs . adult women  ,   275–277     
  Advanced glycation end products (AGE)  ,   403   
  Aerobic exercise  ,   307    
  Aging 

 animal studies, splanchnic sequestration  ,   139  
 bone marrow-derived macrophages  ,   139  
 chronic low-grade infl ammation  ,   138  
 immune function  ,   137  

 immune response  ,   139  
 iNOS and arginase activity  ,   139  
 M1-infi ltrated macrophages  ,   138  
 monocyte precursors  ,   138  
 monocytes/macrophages  ,   138  
 numerous studies  ,   138  
 plasma cytokine levels  ,   138  
 pro-infl ammatory cytokines  ,   138  
 TLR expression  ,   138  
 TNFα production  ,   138    

  Agmatine  ,   620   
  Albumin-based microspheres(AMS)  ,   533–537         

 AAMS  ,   535–538  
 characterization  ,   535  
 emulsion system  ,   533  
 glutaraldehyde  ,   534  
 interaction, cationic molecules and cell 

membrane  ,   536  
 lung cancer cell proliferation  ,   537  
 lung cancers    (see  Lung cancer )  
 particle size  ,   534  
 synthesis  ,   534  
 synthesis of  L -arginine-incorporated particles  ,   534  

 bronchoscopic intratumoral treatment  ,   533   
  ALS   . See  Amyotrophic lateral sclerosis (ALS)  
  Alternative activation  ,   119–121   ,   126     
  Amidines 

 catalytic pocket  ,   44  
 organic bases  ,   42  
 pathological conditions  ,   42   

  Amino acid  ,   619   ,   620  
 administration 

  L -arginine  ,   387  
 nutrition and disease prevention  ,   382  
 precursor  ,   385  

 after acute resistance exercise  ,   315  
 cod protein  ,   440–442      
 exercise performance  ,   315  
 infl ammation  ,   443    
 insulin sensitivity and glucose metabolism  ,   441–443   
 lipid profi le  ,   444   

                            Index 
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 Amino acid ( cont. ) 
 taurine  ,   441  
 tricarboxylic acid cycle  ,   315   

  Aminopyridine scaffold  ,   46   
  AMP-activated protein kinase (AMPK) 

 ARG tolerance  ,   32   ,   36   ,   37   
 biological utilization  ,   32   
 identifi cation  ,   32  
 NO production  ,   33  
 NOS  ,   33   
 NOS cofactor (BH 4 )  ,   35    
 oxidative stress  ,   33   ,   34  
 synthesis  ,   31   

  Amyotrophic lateral sclerosis (ALS) 
 FUS localization  ,   193  
 FUS methylation  ,   194   
 GAR motifs  ,   194  
 neurodegenerative disease  ,   193   

  Angiotensin-converting enzyme (ACE)  ,   403   
  Apoptosis 

 cell death  ,   21  
 p53  ,   22  
 pathological factors  ,   21  
 thrombocytes  ,   20   

  Apoptotic signalling pathways  ,   358–359      
  Apples  ,   423   ,   424       

 animal studies  ,   424–425  
 bioactive molecules  ,   426  
 cellular mechanisms  ,   425    
 diabetic animals  ,   426   ,   428   
 diabetic rats  ,   426   ,   427  
 human studies 

 chronic diseases  ,   423  
 consumption  ,   424  
 epicatechin plasma concentration  ,   424  
 fl avanols  ,   423  
 healthy volunteers  ,   424  
 micronutrients and macronutrients  ,   423  
 nitrite and NOx  ,   424  

  L -arginine  ,   426–428     
 survival rate and insulinemia  ,   426   ,   427  
 white adipose tissue growth  ,   426   

  Arg catabolism pathway 
 AKT  ,   241  
 ASS and ASL  ,   241  
 colorectal carcinogenesis  ,   242  
 DFMO  ,   243  
 eNOS  ,   241  
 human CRC tissues  ,   243   
 metabolite screening  ,   242  
 NOS and ornithine polyamine pathway  ,   241  
 ODC  ,   241   ,   242   
 oncogenes  ,   243  
 polyamines  ,   242   ,   243  
 urinary metabolites  ,   242   

  Arginase (Arg)  ,   556–561  
 ADI    (see   L -Arginine deiminase (ADI) )  
  L -arginine-related enzymes  ,   328  
 expression  ,   328  
 HCC  ,   555  

 high-dose insulin  ,   555  
 iNOS pathway  ,   328  
 ornithine and polyamines  ,   325  
 peg-rhArg1  ,   555   

  Arginase I  ,   155   
  Arginase pathway  ,   580   
  Arginine  ,   347–351   ,   554             

 acid-refl ux esophagitis  ,   370  
 agmatine  ,   620  
 amino acid  ,   619   ,   620  
 ASL    (see  Argininosuccinate lyase (ASL) )  
 ASS    (see  Argininosuccinate synthase (ASS) )  
 books  ,   620   ,   628    
 CAT proteins  ,   203  
 characteristic features  ,   202   ,   203  
 chemical structure  ,   202   
 evidence  ,   620  
 on gut mucosal injury  ,   346–347      
 hormones secretion  ,   344  
 intestinal recovery 

 chemotherapy-induced mucositis  ,   349–351       
 IR injury  ,   347–349      

 and intestine  ,   345–346      
 in vivo  ,   202  
 journals  ,   620   ,   623–627                
 metabolic pathways of  ,   344   
 nitric oxide (NO)  ,   370   ,   620  
 non-essential amino acid  ,   344   ,   370  
 ornithine  ,   620  
 physical characteristics  ,   555  
 professional societies  ,   620–623          
 regulatory bodies and organizations  , 

  620–621      
 resources  ,   620   ,   628–629       
 urea  ,   620   

   L -Arginine (2-amino-5-guanidinovaleric acid)  ,   344   
   L -Arginine auxotrophy 

 ADI-PEG20  ,   565  
 ALL  ,   565  
 amino acids  ,   565  
 ASS and ASL  ,   564  
 ASS1 expression  ,   566   ,   567  
 ATF4  ,   570   
 cancer treatment  ,   571–572    
 cellular survival response mechanism  ,   572  
 c-Myc  ,   566  
 depicting multiple pathways  ,   572   ,   573  
 deprivation  ,   565  
 DNA methylation  ,   565   
 fetuses and neonates  ,   564  
 HIF-1α  ,   572  
 human solid tumors  ,   565  
 Krebs cycle  ,   565  
 malignant cells  ,   565  
 metabolic reprogramming  ,   565   ,   567–569    
 Ras signal  ,   572  
 Ras/PI3K/AKT/ERK growth signal  ,   572  
 requirements  ,   564  
 signal transduction mechanism  ,   566–571      
 urea cycle  ,   564   ,   565    

Index
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   L -Arginine catabolism 
 bioavailability of dietary  ,   96  
 blood concentrations  ,   96  
 in cancer  ,   105–106  
 diabetes mellitus (DM)  ,   104  
 dietary citrulline  ,   96  
 endothelial dysfunction  ,   104–105   
 in erythrocytes  ,   97–98    
 “free” form  ,   96  
 hemolytic diseases  ,   105  
 liver diseases  ,   105  
 neonatal organisms  ,   96  
 neurodegenerative diseases  ,   106  
 pancreatic β-cells  ,   96     (see  Tissue  L -arginine metabolism )  
 transport of  ,   97    

   L -Arginine decarboxylase (ADC)  ,   326   
   L -Arginine defi ciency  ,   146   
   L -Arginine deiminase (ADI)  ,   555  

 ADI-PEG20    (see  ADI-PEG20 )  
 autophagy  ,   560  
 BRAF inhibitor  ,   560   ,   561  
 DNA damaging agents  ,   560  
 HCC  ,   556–557     
 immunogenicity and induction of ASS  ,   560  
  L -citrulline supplementation  ,   560  
 malignancies, tumor cell culture  ,   556   
 melanoma  ,   558–559      
 mesothelioma  ,   557–558   
 methods  ,   560   
 non-Hodgkins’s lymphoma  ,   559  
 OTC  ,   559  
 potential problems  ,   559   
 TRAIL  ,   560   

   L -Arginine group (ARG)  ,   598   
   L -Arginine in head neck cancer 

 control group  ,   517  
 hospital stance and survival  ,   524  
 immune function  ,   516  
 immunological and biochemical endpoints  ,   

521–522  
 immunological parameters  ,   517   ,   525  
 intergroup differences  ,   517  
 malnutrition  ,   516  
 nutritional evaluation  ,   516  
 nutritional parameters  ,   516  
 nutritional supplements and regimes  ,   520  
 postoperative complications  ,   516  
 pre- or postoperative immunonutrition.  ,   523  
 radiotherapy  ,   523  
 randomized controlled trials  ,   517  
 standard commercial nutritional supplements  ,   516  
 trial design  ,   518–519  
 wound infection and fi stula formation  ,   

517   ,   523   
   L -Arginine paradox  ,   504   
   L -Arginine rich foods  ,   398      
   L -Arginine supplementation 

 HSP  ,   90  
 insulin  ,   91  
 metabolic pathways  ,   89  

 NO· production  ,   91  
 plasma concentration  ,   91  
 protein synthesis  ,   90  
 synthesis  ,   90  
 tripeptide glutathione  ,   90   

   L -Arginine synthesis 
 adults and newborns  ,   112   ,   115  
 amino acids  ,   112  
 ASL argininosuccinate lyase  ,   112   
 enterocyte  ,   112  
 human neonate  ,   114   
 in vitro studies  ,   113   
 piglet model  ,   113–114    
 proline  ,   112    

   L -Arginine transport 
 GM-CSF  ,   124   
 growth factors  ,   123  
 macrophages  ,   122   ,   123  
 M-CSF-dependent proliferation  ,   124  
 and paradox  ,   13  
 parasitic diseases  ,   124   ,   125  
 plasma membrane  ,   122  
 polyamines and proline  ,   121  
 polymerase chain reaction (PCR)  ,   122  
 pro- or anti-infl ammatory stimuli  ,   122  
 proteins  ,   122  
 treatment  ,   123   

   L -Arginine uptake  ,   5   ,   9–13                
 amino acids    (see  Cationic amino acid transport )  
 cardiovascular disease  ,   4  
 ECV 304  cells  ,   8   ,   12  
 HUVEC  ,   9  
 hypertension  ,   4  
 linear transformations  ,   14  
 measurement  ,   5–9     
 Na +  on  L -leucine inhibition  ,   7  
 NEM  ,   13  
 nitric oxide  ,   4  
 non-linear modelling  ,   11  

 amino acid uptake  ,   10  
 calculation, kinetic constants  ,   9  
 determination, kinetic constants  ,   10  
 glucose  ,   10  
 GraphPadPrism ®   ,   10  
 inhibition constants  ,   10  
 rate of uptake  ,   10  
 validation  ,   11–12   
 kinetic constants  ,   11  
 y + L and y +  transport  ,   11  

 pre-incubation of the inhibitors  ,   13  
 salt and inhibitors 

 BCH  ,   13  
 effect of sodium  ,   12  
 incubation of cells  ,   12  
 leucine  ,   12  
 NEM  ,   13  

 substances  ,   14  
 transport  ,   13  
 transporters  ,   4   

   L -Arginine  vs . NO kinetics  ,   281–283    
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   L -Arginine-induced insulin release 
 acute insulinotropic effects  ,   86  
 antioxidant capacity  ,   88  
 β-cell insulin  ,   88  
 insulin secretion  ,   86  
 mechanisms  ,   86  
 metabolism  ,   88  
 pancreatic β-cells  ,   86  
 potential mechanisms  ,   86   ,   87   

   L -Arginine–nucleic acid adducts  ,   204–207         
  Argininosuccinate lyase (ASL)  ,   241   ,   314   ,   325   ,   564   
  Argininosuccinate synthase (ASS)  ,   241   ,   314   , 

  325   ,   564  
 ADI-PEG  ,   557  
 and ASL  ,   554  
 ASS1 promoter methylation  ,   557  
 ASS-defi cient tumors  ,   560  
 ASS-positive tumors  ,   558  
 c-Myc degradation  ,   561  
 defi ciency  ,   556  
 immunogenicity and induction  ,   560  
 phase II trial in melanoma  ,   558  
 transcription to synthesize  L -arginine  ,   560  
 tumor tissue analysis  ,   557   

  Arg metabolism 
 applications  ,   249–250   
 cancer treatment  ,   248–249    

  Arg transporters 
 bioinformatics  ,   246  
 cancer development and progression  ,   247    
 CAT  ,   244  
 CAT-1 expression and CRC  ,   245   
 cytokines  ,   247  
 EREG  ,   245  
 ER-positive breast cancer cells  ,   246  
 HUGO  ,   244  
 LAT1 expression  ,   248  
 mechanism  ,   244  
 mTOR  ,   246   
 multivariate analysis  ,   248  
 overexpression rate  ,   244   ,   245  
 PCR  ,   244  
 PKC  ,   247  
 RNA technology  ,   245  
 shRNA  ,   246  
 SLC6A14  ,   246   

  ASL   . See  Argininosuccinate lyase (ASL)  
  Asparaginase  ,   554   
  ASS   . See  Argininosuccinate synthase (ASS)  
  Asymmetric dimethylarginine (ADMA)  ,   227   ,   609   

 levels  ,   411   
  ATP   . See  Adenosine triphosphate (ATP)    

 B 
  Bacterial translocation (BT)  ,   346   ,   596–600                        

 amino acid  ,   591  
 arginase polyamines 

 extrahepatic cells  ,   597  
 myeloid cells  ,   597  

 putrescine and spermidine  ,   597  
 tissue growth  ,   597  

  L -arginine  ,   594  
  L -arginine and immune response 

 metabolism  ,   599  
 ornithine  ,   599  
 streptococcus  ,   600  
 Th1 cytokines  ,   599  
 Th2 cytokines  ,   599  
 T-helper cells  ,   599  
 total caloric value (TCV)  ,   599  

 bacterial overgrowth  ,   594  
 barrier function  ,   593   
 blood fl ow  ,   596  
 B lymphocytes  ,   592  
 carboxyl group  ,   591  
 colitis model  ,   594  
 creatine  ,   594  
 cytotoxic agent  ,   595  
 dietary  L -arginine  ,   591  
 diets  ,   594  
 disorders  ,   590   ,   596  
 enterocytes  ,   591  
 gut microbiota  ,   592–593   
 immune system  ,   593–594   
 immunocompetent cells  ,   591  
 immunomodulator agents  ,   594   ,   600  
 immunomodulatory substrates  ,   590  
 infl ammatory response  ,   596  
 intestinal barrier 

 endotoxemia  ,   598  
 glutathione  ,   598  

 intestinal obstruction  ,   599  
 intestinal wall  ,   591  
 intracellular calcium  ,   595  
 lymph nodes  ,   591  
 nitric oxide  ,   595  
 organ failure  ,   590  
 sepsis and nitric oxide 

 blood fl ow  ,   596  
 blood pressure  ,   596  
 circulation  ,   596  
 colitis model  ,   596  
 endothelium  ,   596  
 endotoxins  ,   596  
 hypotension  ,   596  
 infection  ,   596  
 pathogens  ,   596  
 septicemia treatment  ,   596  

 serum  ,   600  
 urea cycle  ,   591   

  Baseline comparison  ,   402   
  Bioavailability  ,   478   ,   480   
  Bioluminescent imaging  ,   141   
  BRAF inhibitors  ,   560   ,   561   
  Branched-chain amino acids (BCAA)  ,   434   
  Breast cancer cells 

 apoptosis  ,   266  
 arginase and nitric oxide synthase  ,   255–256   ,    

(see  Cationic amino acid transport )  
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 CATs  ,   254  
 cell viability  ,   258  
 CPD  ,   254  
 CPD– L -arginine–NO pathway  , 

  262–264     
 endocrine therapy  ,   254  
 glucose  ,   259   
 hormones  ,   265  
  L -arginine  ,   254  
 NO production  ,   263–265   
 ornithine and NO  ,   254   ,   255  
 prolactin  ,   266   

   Brugia malayi   ,   126     

 C 
  C57Bl/6 mice  ,   126   
  CAD   . See  Coronary artery disease (CAD)  
  Canavanine 

 activation and aminoacylation  ,   61  
 amino acids  ,   59  
 arginase  ,   60  
 arginase-catalysed biotransformations  ,   59   
  L -arginine deiminase biotransformation  ,   60   
 binding interactions  ,   61   
 canavanine-resistant organisms  ,   60  
 compounds  ,   60  
 electron density  ,   59  
 enzyme  L -arginine decarboxylase  ,   60  
 glycine amidotransferase catalyses  ,   61  
 guanidinium groups  ,   61  
 hydrolase  ,   60   
 leguminous plants  ,   59  
 structure  ,   59   
 synthesis  ,   60   

  Cancer  ,   516  
 CCL2 and CCL5  ,   126  
 mechanisms  ,   127   
 microenvironment  ,   126   ,   127  
 myeloid-derived suppressor cells  ,   126  
 natural killer cells  ,   126  
 TAMs  ,   126    

  Cancer biology,  L -arginine  ,   531–533   ,   535–538            
 biochemistry  ,   528–529   
 cell membrane interruption  ,   539  
 dietary supplement  ,   538  
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 APC cells  ,   20  
 arteriosclerosis  ,   21  
 caspase 3  ,   19  
 cellular dysfunction/death downstream  ,   19  
 chaperones  ,   19  
 destructive factors  ,   21  
 exocytosis and endocytosis  ,   20  
 functions  ,   20   
 molecular signals  ,   21  
 synthesis  ,   20  
 treatment  ,   20  
 type, peptide  ,   20   

  Hemolysis  ,   502–504      
  Hemolytic diseases  ,   105   
  Hepatocellular carcinoma (HCC) 

 ADI-PEG20  ,   556   ,   557       
 in Asian population  ,   557  
 side effects  ,   556   

  Heterogeneous nuclear ribonucleoprotein K 
(hnRNP K)  ,   195   

  High-performance liquid chromatography (HPLC)  ,   241   
  hnRNP K   . See  Heterogeneous nuclear ribonucleoprotein 

K (hnRNP K)  
  Homoarginine 

 cardiovascular disease  ,   218–219   
 cardiovascular risk factors  ,   219–220   
 forest plots  ,   216   ,   217   
 and genes  ,   220–221   
 metabolism and function  ,   216–217     
 negative correlations  ,   218   
 positive correlations  ,   218    

  HSPs   . See  Heat shock proteins (HSPs)  
  Human genome organization (HUGO)  ,   244   
  Hypertension 

 amino acid analysis  ,   473   ,   474  
 asymmetrical dimethyl arginine  ,   478  
 blood pressure  ,   472  
 endothelial dysfunction  ,   472  
 enzyme NO synthase  ,   472  
 iinterpretation of data  ,   474   
 kidney and heart failure  ,   472  
  L -arginine and metabolite concentrations  ,   474–478  
  L -arginine synthesis and metabolism  ,   473  
  L -arginine transport  ,   478  
 orotic acid  ,   479   
 vitamin B 6   ,   479   

  “Hypertransfusion” therapy  ,   181   
  Hypoargininemia 

 prematurely born human  ,   385  
 preterm infants  ,   385  
 urea cycle  ,   385     

 I 
  IBDs   . See  Infl ammatory Bowel diseases (IBDs)  
  ICAMs-1   . See  Intercellular adhesion molecules 

(ICAMs)-1  
  IDDM   . See  Insulin-dependent diabetes mellitus (IDDM)  
  IGF-1   . See  Insulin-like growth factor 1 (IGF-1)  

  IGFBP-3   . See  Insulin-like growth factor-binding 
protein-3 (IGFBP-3)  

  Immune cells  ,   119   
  Immune system  ,   597   
  Immunoglobulin A (IgA)-secreting cells  ,   336   
  Immunopathology,  L -arginine adducts  ,   207–210         
  IMP   . See  Inosine monophosphate (IMP)  
  Inducible nitric oxide synthase (iNOS)  ,   327  

 arginase pathway  ,   585   
 CAMs  ,   585  
 cyclooxygenase-2  ,   585  
 feeding supplemental  L -arginine  ,   586  
 infl ammatory phase  ,   580  
 NO production  ,   580  
 proliferative phase  ,   585   

  Infl ammation 
 arginase  ,   398  
 beta-cell antioxidant production  ,   400–401  
 in diabetes  ,   399  
 and epithelial disruption  ,   322  
 HSP72  ,   399  
 mucosal  ,   327  
 vasodilatation  ,   397   

  Infl ammatory bowel diseases (IBDs) 
 AAI after  L -arginine supplementation  ,   334   
 AAI after DSS treatment  ,   333   
 chronic infl ammatory diseases  ,   332  
 DSS-induced colitis  ,   333  
 intestinal immunity  ,   335–337    
 intestinal microbiota  ,   337–338   
  L -arginine regulation  ,   335   
 metabolic products  ,   338   ,   339  
 nutrients  ,   332  
 oxidative system  ,   335   ,   336  
 pathogenesis  ,   332  
 polyamines  ,   339   
 pro-infl ammatory mediators  ,   332  
 TJ proteins  ,   338    
 TNBS-induced colitis  ,   332   

  Infl ammatory mediators  ,   357–358     
  Infusion  ,   485   ,   493      
  Inherited disease syndromes 

 defi nition  ,   152  
 LPI  ,   154   
 mitochondrial disorders  ,   154  
 urea cycle  ,   152–153   

  iNOS   . See  Inducible nitric oxide synthase (iNOS)  
  Inosine monophosphate (IMP)  ,   312   
  Insulin 

 characteristics  ,   76   ,   77  
 physiological concentration  ,   76  
 secretion  ,   88   ,   89   
 sensitivity 

 adipocytokines  ,   454  
 adiponectin level  ,   454  
 BCAA  ,   434  
 brown adipose tissue  ,   454  
 cod protein  ,   434  
 cytokines and hormones  ,   453  
 diabetics  ,   453   ,   454  

Index



639

 endocrine system  ,   453  
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