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L-Arginine (L-Arg) is a conditionally essential amino acid in the human diet. The most common dietary sources of L-Arg are meat, poultry and fish. L-Arg is the precursor for the synthesis of nitric oxide (NO); a key signaling molecule via NO synthase (NOS). Endogenous NO synthase inhibitors such as asymmetric-dimethyl-L-Arginine (ADMA) inhibit NO synthesis in vivo by competing with L-Arg at the active site of NOS. In addition, NOS possesses the ability to be "uncoupled" to produce superoxide anion instead of NO. Reduced NO bioavailability may play an essential role in cardiovascular pathologies and metabolic diseases. L-Arg deficiency syndromes in humans involve endothelial, inflammation and immune dysfunctions. Exogenous administration of L-Arg restores NO bioavailability, but it has not been possible to demonstrate, that L-Arg supplementation improved endothelial function in cardiovascular disease such as heart failure or hypertension. L-Arg supplementation may be a novel therapy for obesity and metabolic syndrome. The utility of L-Arg supplementation in the treatment of L-Arg deficiency syndromes remains to be established. Clinical trials need to continue to determine the optimal concentrations and combinations of L-Arg, with other protective compounds such as tetrahydrobiopterin (BH 4 ), and antioxidants to combat oxidative stress that drives down NO production in humans.

Introduction

L-Arginine (L-Arg) deficiency syndromes in humans fall into at least two broad categories involving endothelial dysfunction and immune cell dysfunction. Low intake of dietary L-Arg has recently been associated with high levels of C-reactive protein, a biomarker of inflammation The deleterious effects of low L-Arg availability may lead to a proatherosclerotic environment and subsequent cardiovascular disease [START_REF] Baylis | Nitric oxide synthase derangements and hypertension in kidney disease[END_REF][START_REF] Brunini | Uremia, atherothrombosis and malnutrition: the role of L-arginine-nitric oxide pathway[END_REF][START_REF] Li | Amino acids and immune function[END_REF][START_REF] Morris | Arginases and arginine deficiency syndromes[END_REF]. Thus, dietary intake of L-Arg may be a critical factor in the way the human body responds to inflammation and oxidative stress associated with cardiovascular dysfunction. The hydrolysis of L-Arg by L-Arginase produces urea and ornithine, which in turn can serve as precursors for the synthesis of polyamines, proline or glutamate. Moreover, there are significant secondary consequences of reductions in the availability of L-Arg due to its catabolism by L-Arginase. These include reduced nitric oxide (NO) synthesis. L-Arg is oxidized to NO and Citrulline by the action of endothelial nitric oxide synthase (NOS). There are three main NOS isozymes, the neuronal NOS (nNOS or NOS I), inducible NOS (iNOS or NOS II), and endothelial NOS (eNOS or NOS III). NO is produced by iNOS in the immune system [START_REF] Forstermann | Endothelial nitric oxide synthase in vascular disease: from marvel to menace[END_REF]. In contrast, proteinincorporated L-Arg residues can be methylated with subsequent proteolysis giving rise to methyl L-Arg compounds, such as asymmetric dimethyl-L-Arg (ADMA), which competes with L-Arg for binding to NOS [START_REF] Zeller | Impact of asymmetric dimethylarginine on mortality after acute myocardial infarction[END_REF]. In this context, the L-Arg/ADMA pathway is emerging as critical to endothelial function. Interest in L-Arg intake and supplementation is likely to grow. It has been reported that exogenous administration of L-Arg restores NO bioavailability, but it has not been possible to demonstrate, in all the studies, that L-Arg supplementation improved endothelial function in cardiovascular disease [START_REF] Mcknight | Beneficial effects of L-arginine on reducing obesity: potential mechanisms and important implications for human health[END_REF][START_REF] Preli | Vascular effects of dietary L-arginine supplementation[END_REF]. The utility of L-Arg supplementation in the treatment of L-Arg deficiency syndromes remains to be established. Now, there is increasing evidence that upregulation of L-Arginases (I and II) functionally inhibits NOS activity and contributes to the pathophysiology of related vascular dysfunction .Furthermore, pharmacological inhibition of L-Arginase 1 (L-Arg1) restore endothelial NO production and endothelial function ex vivo [START_REF] Kim | Arginase inhibition restores NOS coupling and reverses endothelial dysfunction and vascular stiffness in old rats[END_REF][START_REF] White | Knockdown of arginase I restores NO signaling in the vasculature of old rats[END_REF]. L-Arginase inhibitors are competitive inhibitors and do not inhibit NOS enzymes at concentrations that inhibit L-Arginases. In this context, L-Arginase inhibitors represent a potential alternative for treatment of L-Arg deficiency with potential therapeutic effects. The major objective of this article is to examine the metabolic basis of L-Arg nutrition and to review the roles of L-Arg as well as the prevention and treatment of cardiovascular diseases.

Arginine synthesis and catabolism

2-1 Arginine needs and usual diets

L-Arg is an essential amino acid (AA) in the human diet and a basic AA in physiological fluids. The most common dietary sources of L-Arg are meat, poultry and fish. Its content is relatively high in rice protein concentrate, and soy protein isolate [START_REF] Wu | Arginine metabolism and nutrition in growth, health and disease[END_REF], but low in the milk of most mammals. A study has been reported concerning the patterns of dietary intake of L-L-Arg in the general US population [START_REF] King | Variation in L-arginine intake follow demographics and lifestyle factors that may impact cardiovascular disease risk[END_REF][START_REF] Visek | Arginine needs, physiological state and usual diets. A reevaluation[END_REF]. It is an analysis of adults aged 18 years and older who participated in the Third National Health and Nutrition Examination Survey, a national public-use nutrition survey of non-institutionalized persons. Mean L-Arg intake for the adult population was 4.40 g/d, with 25% of people consuming less than 2.6 g/d. Obese individuals, and patients with diabetes consumed more L-Arg than people without those characteristics. Smokers had lower intake than non-smokers.

The major advantages of dietary L-Arg supplementation over drugs are that L-Arg is cheap and readily available from natural foods [START_REF] Lassala | Parenteral administration of L-arginine enhances fetal survival and growth in sheep carrying multiple fetuses[END_REF][START_REF] Li | Composition of amino acids in feed ingredients for animal diets[END_REF][START_REF] Salil | Arginine-rich coconut kernel diet influences nitric oxide synthase activity in alloxandiabetic rats[END_REF]. Oral administration of appropriate doses of L-Arg to humans is well tolerated and results in no side-effects [START_REF] Wu | Arginine metabolism and nutrition in growth, health and disease[END_REF]. However, higher oral doses of Arg-HCl (9 g/day) are occasionally associated with nausea, gastrointestinal discomfort, and diarrhea for some subjects, which may result from an excess production of NO by the gastrointestinal tract and from impaired intestinal absorption of other dietary basic AA such as lysine and histidine [START_REF] Grimble | Adverse gastrointestinal effects of arginine and related amino acids[END_REF]. It would not be advisable to administer L-Arg to patients with severe inflammatory or autoimmune disorders, the risk being an excessive production of NO in cells [START_REF] Wu | Pharmacokinetics and safety of arginine supplementation in animals[END_REF]. Substantial amounts of orally administered L-Arg do not enter the systemic circulation in adults because 40% of dietary L-Arg is degraded by the small intestine in first pass metabolism and L-Arg, with a half-life of 1h in the circulation, is turned over rapidly in mammals [START_REF] Wu | Pharmacokinetics and safety of arginine supplementation in animals[END_REF]. L-Arg concentrations in hepatocytes are very low (0.03-0.1 mM), compared with 0.5-10 mM for other AA. In adults, endogenous synthesis of L-Arg involves the intestinal-renal axis via glutamine-glutamate -Citrulline metabolism. Inside cells, there are multiple pathways for L-Arg degradation to produce NO, ornithine, urea, polyamines, proline, glutamate and creatine. These pathways are initiated by L-Arginases, NO Synthases, L-Arg/glycine amidinotransferase, and L-Arg decarboxylase. In mammalian cells, 2% of metabolized L-Arg is utilized for constitutive NO production. Quantitatively speaking, the L-Arginase pathways are the most important for L-Arg catabolism. Two L-Arginase isozymes are expressed in humans and other mammals: L-Arginase I, which is cytosolic and expressed at high levels in the liver as a component of the urea cycle, and L-Arginase II, which is mitochondrial and expressed in moderate levels in the kidney [START_REF] Morris | Arginases and arginine deficiency syndromes[END_REF][START_REF] Li | Activities of arginase I and II are limiting for endothelial cell proliferation[END_REF]. There is strong evidence that constitutive levels of L-Arginase activity in endothelial cells limit NO synthesis and NO-dependent vasodilatory function. L-Arginase inhibitors represent a potential alternative for treatment of L-Arg deficiency. Several potent L-Arginase inhibitors have been developed and have become commercially available within the past few years [START_REF] Morris | Recent advances in arginine metabolism: roles and regulation of the arginases[END_REF].

2-2 Arginine transport systems

The regulation of L-Arg transport is essential in the regulation of NO synthesis. L-Arg in the plasma compartment contributes significantly (∼60%) as a precursor pool for the synthesis of whole body NO. Intracellular concentrations of L-Arg range from 100 to 800 µM in cultured endothelial cells while plasma L-Arg levels in humans reportedly range from 80 to 120 μM, although levels as high as 210 μM under normal physiological conditions have been reported [START_REF] Wu | Arginine metabolism: nitric oxide and beyond[END_REF]. Despite the substantial intracellular concentration of L-Arg, extracellular L-Arg has been demonstrated to be rate limiting for NO production.

Multiple transport systems mediate the influx of cationic and anionic amino acids across plasma membranes into mammalian cells. In addition, in most cells, arginine transport through the plasma membrane is not energized by coupling to the Na+ gradient. Thus, a single Na + -independent transport system termed system Y+ is postulated to be the major entry route for cationic amino acids (CAAs) to most cells. (The letter y is derived from lysine, the first substrate described for this system, and the + signifies the positive charge of the AA substrates.)

In mammalian cells, CAA transport via CAA transporters (CATs) is mediated by various transport systems that can be distinguished by their interaction with neutral amino acids and their dependence on Na + . CATs are integral membrane glycoproteins with 14 putative transmembrane domains and an intracellular domain. Of these, the so-called system y+ accounts for a significant part of CAA transport in most cell types. Carrier systems "y+" or cationic amino acid transporter (CAT) and "y+L" exist. L-Arg is transported into red blood cells (RBC) and is hydrolyzed to ornithine and urea by arginase (isoform I) or converted to NO•and Citrulline by eNOS. L-Arg diffusion through RBC membranes (independently of CATs) requires supra-physiological concentrations of arginine, and is thus not clinically significant. System y+ activity can be mediated by at least three different CAT proteins: CAT-1, -2B, and -3. All CAT proteins mediate influx as well as efflux of CAA [START_REF] Closs | Plasma membrane transporters for arginine[END_REF]. Associations between CAT-1 and cytoskeletal proteins and caveolin are reported. These protein interactions, as well as the subcellular localization of CAT-1, seem to depend on the cell type. In human umbilical vein endothelium, L-Arg transport is mediated by the amino acid transport system y+/CATs and the cationic/neutral amino acid transport system y+L [START_REF] Verrey | CATs and HATs: the SLC7 family of amino acid transporters[END_REF]. In addition, system y+L activity is downregulated by elevated concentrations of extracellular D-glucose [START_REF] Arancibia-Garavilla | Nitric oxide synthesis requires activity of the cationic and neutral amino acid transport system y+L in human umbilical vein endothelium[END_REF]. It has been shown that insulin blocks D-glucose-increased L-Arg transport and cGMP accumulation in human umbilical vein endothelial cells (HUVEC). In these cells, insulin also modulates high D-glucose effects by activating transcriptional factors such as NF-B. Evidence suggests that insulin blocks the stimulatory effect of D-glucose on L-Arg transport by reducing the transcriptional activity of CAT-1 activity via NF-B-and reactive oxygen species (ROS)-dependent mechanisms [START_REF] Sobrevia | A role for insulin on L-arginine transport in fetal endothelial dysfunction in hyperglycaemia[END_REF].

2-3 Arginine and interactions with NO synthases

2-3-1 Substrate and cofactors

As we reported, the enzymatic activity of NOS is tightly controlled, depending on substrate and cofactor availability, as well as the rate of electron transfer. The substrate and cofactors that control NOS activity are also involved in other major metabolic pathways in the cell, thereby connecting NOS activity with other metabolic pathways. In the presence of sufficient cofactors (nicotinamide dinucleotide phosphate (NADPH), flavin mononucleotide (FMN), tetrahydrobiopterin (BH 4 ), flavin adenine dinucleotide (FAD)), NOS activity is dependent on the availability of L-Arg and oxygen [START_REF] Thomas | The chemical biology of nitric oxide: implications in cellular signaling[END_REF]. Protein-protein interactions represent an important new element in the control of NOS activity [START_REF] Rousseau | Ligand-protein interactions in nitric oxide synthase[END_REF].

The conversion of L-Arg into NO and L-Citrulline occurs in two mechanistic steps. First, L-Arg is hydroxylated to form N-hydroxy-L-Arg (NOHA), which is then converted to L-Citrulline with the concomitant release of NO. In each reaction, the NADPH in the reductase domain is utilized as the electron source. The three main NOS isozymes, catalyze the reaction. iNOS functions in an immunoprotective capacity, serving to fight off infection from sources ranging from bacteria to viruses. This isoform can be rapidly expressed in response to diseases such as myocardial ischemia [START_REF] Arnaud | Role of nitric oxide synthases in the infarct size-reducing effect conferred by heat stress in isolated rat hearts[END_REF]. In this context, iNOS can produce large amounts of NO in a short period of time. However, the increased production of NO has been implicated as a factor in myocardial dysfunction and the lack of response to vasoconstrictors during endotoxin shock induced by lipopolysaccharide (LPS). The spintrapping technique allowed us to monitor organ-specific formation of NO after LPS administration and for the first time, we demonstrated direct NO production in the aorta and heart of LPS-treated animals [START_REF] Lecour | Electron spin resonance detection of nitric oxide generation in major organs from LPS-treated rats[END_REF][START_REF] Paya | Temporal relationships between levels of circulating NO derivatives, vascular NO production and hyporeactivity to noradrenaline induced by endotoxin in rats[END_REF].

The reaction mechanism of NOS presents many similarities with that of cytochrome P450. The formation of a tight dimer through the heme domains is required for activity. In the periphery, many smooth muscle tissues are innervated by nitrergic nerves, i.e. nerves that contain nNOS and generate and release NO. NO produced by nNOS in nitrergic nerves can be viewed as an unusual neurotransmitter that stimulates NO-sensitive guanylyl cyclase in its effector cells, thereby decreasing the tone of blood vessels [START_REF] Toda | Modulation of renal blood flow and vascular tone by neuronal nitric oxide synthase-derived nitric oxide[END_REF].

The structures of iNOS, eNOS and nNOS have been determined [START_REF] Daff | NO synthase: structures and mechanisms[END_REF][START_REF] Zhang | Sub-cellular targeting of constitutive NOS in health and disease[END_REF]. The N-terminal catalytic domain binds the heme prosthetic group as well as the redox cofactor, tetrahydrobiopterin (BH 4 ) associated with a regulatory protein, calmodulin (CaM). The C-terminal reductase domain has the binding sites for FMN, FAD, and NADPH. Both nNOS and eNOS are expressed constitutively in mammals and called constitutive NOS (cNOS). cNOS activity is controlled by CaM binding in a Ca 2+ concentration dependent manner. The enzyme is bound to caveolin-1, a protein that inhibits eNOS activity. Caveolin-1 interacts with the CaM binding sites and inhibits the electron transfer from NADPH at the reductase to the heme molecule in the oxygenase domain [START_REF] Daff | NO synthase: structures and mechanisms[END_REF][START_REF] Gielis | Pathogenetic role of eNOS uncoupling in cardiopulmonary disorders[END_REF]. NO synthesis is driven by electron transfer through FAD and FMN cofactors, and is controlled by CaM binding in the constitutive mammalian enzymes [START_REF] Roman | Electron transfer by neuronal nitric-oxide synthase is regulated by concerted interaction of calmodulin and two intrinsic regulatory elements[END_REF]. Electron transfer from FMN to heme has been shown to be the rate-determining step for overall NO synthesis and involves a conformational change in which the FMN domain moves from an electron input state to an electron output state [START_REF] Gielis | Pathogenetic role of eNOS uncoupling in cardiopulmonary disorders[END_REF]. Finally, the availability of substrate and cofactors as a limiting factor of NOS activity has been primarily attributed to pathophysiological situations. The use of selective NOS inhibitors has made it possible to investigate the roles of NOS in physiological and pathological functions. By using genetically modified mice, the cardiovascular roles of NOS have been studied. The findings provide important insights into the functions of NOS in cardiovascular diseases. All types of NOS gene-deficient animals have been developed. Furthermore, numerous types of NOS gene-transgenic (TG) animals, including conditional and non-conditional TG mice with endothelium-specific or cardiomyocyte-specific overexpression of each NOS isoform, have been established [START_REF] Shimokawa | Nitric oxide synthases in the pathogenesis of cardiovascular disease: lessons from genetically modified mice[END_REF]. Abnormal NOS signaling plays a key role in many cardiac disorders, while targeted modulation may potentially reverse this pathogenic source of oxidative stress. Improvements in the clinical translation of potent modulators of NOS function/dysfunction may ultimately provide a powerful new treatment for many heart diseases that are fueled by nitroso-redox imbalance [START_REF] Carnicer | Nitric Oxide Synthases in Heart Failure[END_REF].

Despite the name, nNOS can be found in nerve endings as well as muscles. Outside the brain, nNOS modulates various processes. A multitude of physiological functions, such as neurogenesis, are performed by the neuronal isoform under normal conditions, whereas pathologies such as ischemic brain damage and Parkinson's disease can also arise when the enzyme malfunctions [START_REF] Zhou | Neuronal nitric oxide synthase: structure, subcellular localization, regulation, and clinical implications[END_REF].

2-3-2 Importance of BH 4

The major role of BH 4 (2-amino-6-(1,2-dihydroxypropyl)-5,6,7,8-tetrahydro-1H-pteridin-4-one) in vascular disease is frequently considered to be the regulation of eNOS function in the endothelial cell layer. This focus on endothelial cell biology overlooks important roles for BH 4 in the control of other NOS isoforms, in particular iNOS, which are expressed by other cell types. In contrast to the vasoprotective role of eNOS, iNOS expression is regarded as detrimental, in particular due to its role in septic shock [START_REF] Paya | Temporal relationships between levels of circulating NO derivatives, vascular NO production and hyporeactivity to noradrenaline induced by endotoxin in rats[END_REF][START_REF] Cauwels | Nitric oxide in shock[END_REF]. BH 4 distribution is highly tissue-specific in mammals, suggesting the presence of a tissue-specific regulatory mechanism to maintain cellular BH 4 homeostasis. BH 4 is synthesized through a multistep pathway initiated by guanosine triphosphate (GTP) cyclohydrolase I (GTP-CH). GTP-CH is the rate-limiting enzyme in BH 4 biosythesis. BH 4 is formed de novo from GTP, via a sequence of enzymatic steps carried out by GTP-CH, 6-pyruvoyl tetrahydropterin synthase (PTPS) and sepiapterin reductase (SR) [START_REF] Crabtree | Synthesis and recycling of tetrahydrobiopterin in endothelial function and vascular disease[END_REF]. The iron is present as a heme ion. Heme and BH 4 are found in the oxygenase domain of the enzyme, the additional cofactors FAD and FMN bind to the reductase domain, which donates electrons from NADPH to the oxygenase domain. NOS are active as dimers, and the reductase domain of one dimer interacts with the oxygenase domain of the other dimer [START_REF] Werner | Tetrahydrobiopterin: biochemistry and pathophysiology[END_REF]. BH 4 is one of the most potent naturally occurring reducing agents. It is therefore reasonable to hypothesize that oxidative stress may lead to excessive oxidation and depletion of BH 4 . An important step in the elucidation of the reaction mechanism was the detection of a trihydrobiopterin radical (BH 3 ). BH 4 was found to stabilize the dimeric form of NOS. BH 4 provides the two electrons required for the reduction of the second atom to water and therefore acts as a substrate rather than a tightly bound cofactor. A redox-active contribution to catalysis by reductive activation of the heme-oxygen complex has been demonstrated.

2-3-3 Uncoupling of NOS

Under certain conditions, NOS loses its ability to convert L-Arg to L-Citrulline. Removing an electron from NADPH and donating it to molecular oxygen to yield superoxide instead of NO Superoxide produced from the uncoupled NOS leads to the state of oxidative stress which can dramatically affect cardiovascular functions [START_REF] Roe | Nitric oxide synthase uncoupling: a therapeutic target in cardiovascular diseases[END_REF].

The balance between NO and superoxide production by eNOS appears to be determined by the availability of BH 4 . When BH 4 levels are sufficient, oxidation of L-Arg is coupled with the reduction of molecular oxygen to form NO and L-Citrulline. When BH 4 levels become limiting, due to either reduced biosynthesis or to oxidative loss, NOS enzymes become uncoupled and superoxide is produced as an alternative product of the enzyme. This production of superoxide can cause further oxidative loss of BH 4 thus potentiating a state of oxidative stress in the cells of the vasculature. The half-life of NO and therefore its biological activity are decisively determined by ROS such as superoxide: this free radical rapidly reacts with NO to form the highly reactive intermediate peroxynitrite (ONOO -) in a reaction that is about 10 times faster than the dismutation of superoxide by superoxide dismutase. The reaction with superoxide and ONOO -formation may substantially limit NO bioavailability and its protective effects. ONOO -may impair the activity of endothelial NOS. Peroxynitrite in turn will oxidize BH 4 to the BH 3

. radical, and the resulting decrease in endothelial BH 4 triggers eNOS uncoupling [START_REF] Forstermann | Endothelial nitric oxide synthase in vascular disease: from marvel to menace[END_REF].

In most situations where endothelial dysfunction due to increased oxidative stress is encountered, the expression of eNOS has been shown to be paradoxically increased rather than decreased. It appears that eNOS may become "uncoupled". In this uncoupled state, electrons normally flowing from the reductase domain of one subunit to the oxygenase domain of the other subunit are diverted to molecular oxygen rather than to L-Arg; in these conditions, superoxide rather than NO is produced. Superoxide produced from the uncoupled NOS leads to a state of oxidative stress [START_REF] Roe | Nitric oxide synthase uncoupling: a therapeutic target in cardiovascular diseases[END_REF]. The most prominent cause of NOS uncoupling is the loss of the critical NOS cofactor BH 4 either by oxidation or by decreased expression of the recycling enzyme dihydrofolate reductase (DHFR) [START_REF] Zhang | Discovery of common human genetic variants of GTP cyclohydrolase 1 (GCH1) governing nitric oxide, autonomic activity, and cardiovascular risk[END_REF].

Depletion of the NOS substrate L-Arg as well as BH 4 depletion and oxidative stress can result in NOS uncoupling. L-Arginase is the final enzyme of the urea cycle and competes with NOS for L-Arg thus reciprocally regulating NOS activity. L-Arginase inhibition in old rats restores eNOS coupling and reverses vascular stiffness by increasing the availability of L-Arg [START_REF] Kim | Arginase inhibition restores NOS coupling and reverses endothelial dysfunction and vascular stiffness in old rats[END_REF]. It has been demonstrated in these studies that increased L-Arginase activity in aging was due to iNOS-dependent s-nitrosylation of L-Arginase, thus increasing its activity and resulting in NOS uncoupling.

Direct administration of BH 4 appears to be a very effective therapy to recouple NOS. However, the salvage pathway can be enhanced to increase bioavailable levels of BH 4 by stimulating DHFR with dietary folic acid. Enhanced DHFR expression and activity from folic acid result in increased NO and BH 4 bioavailablity while decreasing superoxide production in endothelial cells. These effects are consistent with NOS recoupling [START_REF] Gao | Mechanistic insights into folic acid-dependent vascular protection: dihydrofolate reductase (DHFR)-mediated reduction in oxidant stress in endothelial cells and angiotensin II-infused mice: a novel HPLC-based fluorescent assay for DHFR activity[END_REF].

2-3-4 Endogenous NO synthases inhibitors

The proteolysis of proteins containing methylarginine residues leads to the release of free methylarginine residues into the cytoplasm. Free asymmetric-dimethyl-L-Arginine (ADMA) is actively degraded by intracellular enzymes: dimethylarginine dimethylaminohydrolases (DDAHs). Pharmacological inhibition of DDAHs by S-2-amino-4(3-methyl guanido) butanoic acid leads to the accumulation of free ADMA in endothelial cells, indicating that the enzyme is an important determinant of local levels of methylarginines within cells and tissues [START_REF] Macallister | Regulation of nitric oxide synthesis by dimethylarginine dimethylaminohydrolase[END_REF].

Asymmetric methyl-L-Arginines inhibit NO synthesis in vivo by competing with L-Arg at the active site of NO synthases. The synthesis of NO is selectively inhibited by guanidino-substituted analogs of L-Arg, such as N G -monomethyl-L-Arg (L-MMA) or N-nitro-L-Arg (L-NNA), which act as competitive inhibitors at the active site of the enzyme [START_REF] Rees | Characterization three inhibitors of endothelial nitric oxide synthase in vitro and in vivo[END_REF]. L-MMA and ADMA act as endogenous inhibitors of NO synthase [START_REF] Vallance | Accumulation of an endogenous inhibitor of nitric oxide synthesis in chronic renal failure[END_REF]. ADMA belongs to a group of naturally occurring methyl L-Args, which are byproducts of protein degradation in cells (proteolysis of post-translationally methylated tissue proteins). ADMA is continuously formed during the intracellular turnover of proteins. Methylated L-Arg residues are released into the cytoplasm from the breakdown of proteins that have been acted on by the enzymes protein-L-Arg methyl transferase (PRMT) 1 and 2, methylation being an important mechanism in biology [START_REF] Bedford | Protein arginine methylation in mammals: who, what, and why[END_REF]. In mammalian cells, these enzymes have been classified into type I (PRMT1, 3, 4, 6, and 8) and type II (PRMT5, 7, and FBXO11) enzymes, depending on their specific catalytic activity. Both types of PRMT, however, catalyze the formation of monomethyl-L-Arg (MMA) from L-Arg. In a second step, type I PRMTs produce ADMA, while type II PRMT catalyzes symmetric dimethyl-L-Arg (SDMA). Proteins containing methyl-L-Arg groups lead to the release of free methyl-L-Arg into the cytoplasm. Free methyl-L-Args are cleared from the plasma by renal excretion and hepatic metabolism. MMA and ADMA can be degraded to Citrulline and dimethylamines (DMA) by DDAHs [START_REF] Pope | Role of the PRMT-DDAH-ADMA axis in the regulation of endothelial nitric oxide production[END_REF]. ADMA can be exported from the cell to the circulation via cationic amino acid transporters (CAT), which also mediate uptake by other cells or organs, thereby facilitating transport of ADMA [START_REF] Davids | Role of the human erythrocyte in generation and storage of asymmetric dimethylarginine[END_REF]. Whole blood contains ADMA incorporated in protein-L-Arg. The role of erythrocytes in the storage and generation of the endogenous NOS inhibitor ADMA has been investigated. There is fast bidirectional traffic of ADMA across the plasma membrane of the erythrocyte, leading to equilibrium between intra-and extracellular ADMA. Upon lysis of erythrocytes, proteolytic activity leads to a substantial release of free ADMA from methylated proteins but with no appreciable contribution from hemoglobin. The erythrocyte serves both as a reservoir and a source of free ADMA [START_REF] Davids | Role of the human erythrocyte in generation and storage of asymmetric dimethylarginine[END_REF].

ADMA is metabolized extensively by the kidneys and liver, which are the principal sites of DDAH-1 expression. Some ADMA is excreted by the kidney. DDAHs have been highly conserved throughout evolution. Two isoforms of DDAH, encoded by genes located on chromosomes 1 (DDAH-1) and 6 (DDAH-2), have been identified. The two isoforms have distinct tissue distributions, but both have been identified within the cardiovascular system [START_REF] Vallance | Cardiovascular biology of the asymmetric dimethylarginine:dimethylarginine dimethylaminohydrolase pathway[END_REF].

The predictive value of plasma ADMA concentrations is of fundamental importance in subjects with pathologies in which the risk of heart disease and coronary events remains high. From a prospective cohort of patients with acute myocardial infarction (MI), the aim of studies in our laboratory was to identify the determinants of ADMA levels and to analyze the predictive value of ADMA on mortality at long-term follow-up [START_REF] Zeller | Impact of asymmetric dimethylarginine on mortality after acute myocardial infarction[END_REF]. Our findings suggest the predictive value of ADMA for long-term mortality after MI, goes beyond that obtained with baseline determinants of prognosis. In Finnish middle-aged men elevated levels of plasma ADMA have been initially shown to be associated with the risk of cardiovascular (CV) events [START_REF] Valkonen | Risk of acute coronary events and serum concentration of asymmetrical dimethylarginine[END_REF]. Studies are being developed to establish the true role of asymmetric dimethylarginine as a marker and mediator of CV diseases, with possible therapeutic applications [START_REF] Schwedhelm | The role of asymmetric and symmetric dimethylarginines in renal disease[END_REF].

Arginine and cardiovascular function 3-1 Endothelium and heart aspects

3-1-1 NO: a ubiquitous endogenous cardiovascular agent?

Endothelial dysfunction is a common trait of essentially all cardiovascular risk factors. Impaired NOmediated endothelial function is characteristic of cardiovascular diseases, correlates with risk factor profiles and is an independent predictor of adverse cardiac events [START_REF] Cai | Endothelial dysfunction in cardiovascular diseases: the role of oxidant stress[END_REF][START_REF] Feletou | Endothelial dysfunction: a multifaceted disorder (The Wiggers Award Lecture)[END_REF]. In organ bath experiments, eNOS-/-mice demonstrated expected impairment of endothelial-derived relaxation to NOS-dependent stimuli, such as acetylcholine. These mice are also hypertensive. Experimental studies in eNOS-/-mice demonstrated that eNOS has necessary roles in vascular disease pathophysiology [START_REF] Liu | Cardiovascular roles of nitric oxide: a review of insights from nitric oxide synthase gene disrupted mice[END_REF]. When eNOS-/-mice are crossed with the hyperlipidemic ApoE-/-mouse line, a lack of eNOS expression increases both diet-induced atherosclerosis and injury-induced neointima formation [START_REF] Kuhlencordt | Accelerated atherosclerosis, aortic aneurysm formation, and ischemic heart disease in apolipoprotein E/endothelial nitric oxide synthase double-knockout mice[END_REF]. Recent studies have addressed the degree of NOS uncoupling seen in in vivo disease models. ApoE-/-mice have both a reduced production of NO, compared with matched wild-type mice, and an overproduction of NOS-derived ROS species, as demonstrated by their inhibition with L-NAME treatment [START_REF] Ponnuswamy | eNOS protects from atherosclerosis despite relevant superoxide production by the enzyme in apoE mice[END_REF].

Cardiovascular diseases associated with oxidative stress have been linked with reduced L-Arg transport. In our laboratory, we investigated the role of NOS modulation on 1) the evolution of functional parameters and the level of post-ischemic recovery and 2) the amount of free radical species released during a sequence of global myocardial ischemia and reperfusion, using L-Arg as a substrate or N G -nitro-L-Arg methyl ester (L-NAME) as an inhibitor, in comparison with their D-specific enantiomers [START_REF] Vergely | Postischemic recovery and oxidative stress are independent of nitric-oxide synthases modulation in isolated rat heart[END_REF]. Under our experimental conditions, it was not possible to determine differences in cardiac function between D-or L-Arg-treated hearts. Many authors have described beneficial effects of L-Arg treatment on the recovery of myocardial function during reperfusion [START_REF] Padilla | L-Arginine administration prevents reperfusion-induced cardiomyocyte hypercontracture and reduces infarct size in the pig[END_REF] whereas others have shown a harmful effect of L-Arg administration [START_REF] Mori | Intra-coronary administration of L-arginine aggravates myocardial stunning through production of peroxynitrite in dogs[END_REF]. These discrepancies can be attributed to different experimental models but also to the critical timing of the administration of this amino acid. Moreover, a species difference has been reported concerning the effectiveness of endogenous NO to protect hearts against reperfusion-induced dysfunction [START_REF] Pabla | Nitric oxide fails to confer endogenous antiarrhythmic cardioprotection in the primate heart in vitro[END_REF].

In normal vascular physiology, NO is one of the most potent endogenous vasodilators and, by its antiinflammatory, anti-proliferative and anti-thrombotic properties, is widely recognized as an endogenous vasoprotective agent in various pathologies. Endothelial dysfunction with reduced NO production and/or bioavailability may contribute to the development and progression of vascular complications in patients. However, large amounts of NO produced by inducible NO synthase (iNOS) and/or peroxynitrite (ONOO -), due to the reaction of NO with superoxide anion, are involved in proinflammatory reactions and tissue damage. This implies that NO is a Janus-faced molecule [START_REF] Colasanti | The dual personality of NO[END_REF]. Cardiomyocytes are specialized cells whose primary function is contraction in order to provide the motor force that drives cardiac output and generates arterial pressure. There is mounting evidence that cardiomyocytes also respond to danger signals with a complex inflammatory and functional response. In this field, sepsis induces a primary depression of cardiac contractility, depending on the timeframe. It has been demonstrated that this inflammation is necessary to limit tissue damage and initiate the healing process in the myocardium [START_REF] Paya | Temporal relationships between levels of circulating NO derivatives, vascular NO production and hyporeactivity to noradrenaline induced by endotoxin in rats[END_REF][START_REF] Baouali | Plasma lipid peroxidation in critically ill patients: importance of mechanical ventilation[END_REF][START_REF] Lecour | Intrarenal detection of nitric oxide using electron spin resonance spectroscopy in hypertensive lipopolysaccharide-treated rats[END_REF][START_REF] Medzhitov | Inflammation 2010: new adventures of an old flame[END_REF]. However, prolonged, less-specific, uncontrolled inflammation is associated with iNOS over-expression and leads to chronic myocarditis and heart failure. This over-expression of iNOS occurs early in sepsis, takes place in nearly all the vital organs and is associated with oxidative stress [START_REF] Andrades | Bench-to-bedside review: sepsis -from the redox point of view[END_REF]. Patients with sepsis show increased NO production and elevated nitrite and nitrate levels, which have been correlated with the severity of illness. The negative role of iNOS in sepsis is also indicated by the fact that the administration of the iNOS substrate arginine results in a poorer outcome in sepsis [START_REF] Vincent | Metabolic support in sepsis and multiple organ failure: more questions than answers[END_REF]. All these data are not consistent with the notion that NO is a ubiquitous endogenous cardioprotective agent.

3-1-2 L-Arginine supplementation

As previously mentioned, one of the main factors in the regulation of L-Arg transporters is substrate availability. It has been reported that the exogenous administration of L-Arg restores NO bioavailability [START_REF] Candipan | Regression or progression. Dependency on vascular nitric oxide[END_REF]. However, it has not been possible to demonstrate in all of the studies that L-Arg supplementation improved endothelial function in cardiovascular disease such as heart failure or hypertension [START_REF] Chin-Dusting | L-arginine transporters in cardiovascular disease: a novel therapeutic target[END_REF]. Clinical studies with L-Arg have also shown inconsistent effects on endothelial function. In some clinical studies, acute and subacute L-Arg administration improved NO-dependent vasodilatation in patients with coronary artery disease or hypercholesterolemia. In contrast, the VINTAGE MI study demonstrated that in patients assigned to receive L-Arg (goal dose of 3 g 3 times a day) or matching placebo for 6 months, did not improve vascular stiffness measurements or ejection fraction and may have been associated with higher post-infarction mortality [START_REF] Schulman | L-arginine therapy in acute myocardial infarction: the Vascular Interaction With Age in Myocardial Infarction (VINTAGE MI) randomized clinical trial[END_REF]. The conclusion of this study was that L-Arg therapy should not be given to patients following myocardial infarction. It neither alters noninvasive measurements of vascular stiffness nor improves left ventricular function. L-Arg therapy in older patients with diffuse atherosclerosis may worsen clinical outcomes. In addition to these negative results, one can postulate that in these pathologies it is not clear that endothelial dysfunction was related to L-Arg deficiency.

Results of recently published studies indicate that dietary L-Arg supplementation, even if started in adult life, markedly increases mitochondrial biogenesis and brown adipose tissue mass in obese animals and humans [START_REF] Tan | Regulatory roles for L-arginine in reducing white adipose tissue[END_REF]. Emerging evidence shows that dietary L-Arg supplementation reduces adiposity in experimental models (rats, sheep and pigs) [START_REF] Wu | Arginine metabolism and nutrition in growth, health and disease[END_REF][START_REF] Alam | Chronic l-arginine treatment improves metabolic, cardiovascular and liver complications in diet-induced obesity in rats[END_REF][START_REF] Satterfield | Arginine nutrition and fetal brown adipose tissue development in diet-induced obese sheep[END_REF][START_REF] Jobgen | Dietary L-arginine supplementation reduces white fat gain and enhances skeletal muscle and brown fat masses in diet-induced obese rats[END_REF]. Results of human studies indicate that L-Arg supplementation may be a novel therapy for obesity and metabolic syndrome, acting via decreased plasma levels of glucose, fatty acids, triglycerides, as well as improved whole-body insulin sensitivity [START_REF] Wu | Arginine metabolism and nutrition in growth, health and disease[END_REF] (see: L-Arginine and adipose tissue).

3-1-3 BH 4 supplementation

Experimental studies have shown positive effects of BH 4 supplementation in reducing plaque size and leukocyte infiltration in the ApoE-/-model of atherosclerosis [START_REF] Gielis | Pathogenetic role of eNOS uncoupling in cardiopulmonary disorders[END_REF][START_REF] Goette | The impact of rapid atrial pacing on ADMA and endothelial NOS[END_REF]. These positive effects are assumed to be mediated through effects on eNOS, as they closely mimic the effects of endothelial specific GCH1 overexpression. Studies using this mouse model have shown that increasing endothelial cell BH 4 is protective in models of diabetic vascular dysfunction and atherogenesis [START_REF] Antoniades | Association of plasma asymmetrical dimethylarginine (ADMA) with elevated vascular superoxide production and endothelial nitric oxide synthase uncoupling: implications for endothelial function in human atherosclerosis[END_REF][START_REF] Antoniades | 5-methyltetrahydrofolate rapidly improves endothelial function and decreases superoxide production in human vessels: effects on vascular tetrahydrobiopterin availability and endothelial nitric oxide synthase coupling[END_REF]. It has been shown that a reduction in BH 4 levels, through the use of the synthesis inhibitor DAHP, alters vascular function ex vivo causing relaxation of arterial rings to occur through hydrogen peroxide production. This effect was reversible by a BH 4 analogue [START_REF] Gomes | Homocysteine increase after acute myocardial infarction--can it explain the differences between case-control and cohort studies? Revista portuguesa de cardiologia : orgao oficial da[END_REF].

BH 4 is the predominant form of biopterin in normal plasma or cells. It is prone to oxidation to 7,8dihydrobiopterin (BH 2 ) by intracellular ROS. Inactive BH 2 is reduced back to BH 4 by regeneration enzymes to replenish cellular BH 4 levels. The BH 4 /BH 2 ratio as well as BH 4 levels determines the fate of NO [START_REF] Kim | Maintenance of cellular tetrahydrobiopterin homeostasis[END_REF]. BH 4 can be oxidized by ROS, leading to a reduction in vascular BH 4 , an increase in vascular BH 2 availability and a decrease eNOS function thus inducing an increase in ROS production associated with a decrease in NO production. Recently, it has been reported that dietary co-supplementation with BH 4 , L-Arg, and Vitamin C acted synergistically to decrease oxidative stress, increase NO and improve blood flow in response to acute hind-limb ischemia. In rats co-supplementation with BH 4 + L-Arg + Vitamin C resulted in increased eNOS activity and NO concentration as well as greater foot blood flow recovery than in rats that received normal chow or either agent separately [START_REF] Yan | Tetrahydrobiopterin, L-arginine and vitamin C actsynergistically to decrease oxidative stress, increase nitricoxide and improve blood flow after induction of hindlimbischemia in the rat[END_REF]. Impaired endothelial function in coronary artery disease (CAD) patients is associated with reduced BH 4 levels in vascular tissue, and with increased systemic levels of BH 4 in plasma, which correlate with markers of systemic inflammation, such as plasma hsCRP [START_REF] Antoniades | Altered plasma versus vascular biopterins in human atherosclerosis reveal relationships between endothelial nitric oxide synthase coupling, endothelial function, and inflammation[END_REF]. Acute inflammatory stimulation impairs endothelial function but increases plasma BH 4 , in parallel with increased IL-6 [START_REF] Antoniades | Induction of vascular GTPcyclohydrolase I and endogenous tetrahydrobiopterin synthesis protect against inflammationinduced endothelial dysfunction in human atherosclerosis[END_REF], demonstrating that inflammation leads to opposing changes in systemic vs. endothelial BH 4 effects. Genetic variants of GTP-CH1, in which GTP-CH1 expression is reduced render subjects unable to upregulate BH 4 levels following systemic inflammation [START_REF] Antoniades | GCH1 haplotype determines vascular and plasma biopterin availability in coronary artery disease effects on vascular superoxide production and endothelial function[END_REF].

Supplementation with BH 4 or its physiological precursor, sepiapterin, improved endothelial function in vessels from animal models of hypercholesterolemia and diabetes [START_REF] Alp | Regulation of endothelial nitric oxide synthase by tetrahydrobiopterin in vascular disease[END_REF]. In light of experimental findings, modulation of the L-Arg-NO pathway by BH 4 and L-Arg has been developed in clinical studies; this modulation being beneficial for ameliorating vascular insulin resistance in obesity and diabetes. A clinical study has shown that concomitant intra-arterial infusion of BH 4 in type 2 diabetic patients improved endothelium-dependent vasodilation, demonstrating the therapeutic potential of upregulating BH 4 bioavailability [START_REF] Heitzer | Tetrahydrobiopterin improves endotheliumdependent vasodilation by increasing nitric oxide activity in patients with Type II diabetes mellitus[END_REF]. But the beneficial results may have limited long-term benefits. Chronic BH 4 supplementation may result in endothelial BH 2 accumulation and thus induce eNOS uncoupling [START_REF] Crabtree | Ratio of 5,6,7,8tetrahydrobiopterin to 7,8-dihydrobiopterin in endothelial cells determines glucose-elicited changes in NO vs. superoxide production by eNOS[END_REF]. More than 400 reports have been published to date on studies that tried to improve vascular and heart dysfunction by treatment with BH 4 . However, there have been few clinical trials [START_REF] Baouali | Plasma lipid peroxidation in critically ill patients: importance of mechanical ventilation[END_REF][START_REF] Katusic | Vascular protection by tetrahydrobiopterin: progress and therapeutic prospects[END_REF].

3-1-4 L-Citrulline supplementation

It has been reported that L-Citrulline, a byproduct of NO formation from L-Arg and oxygen, is effectively recycled to L-Arg via the enzymes argininosuccinate synthase and argininosuccinate lyase of the Citrulline-NO cycle, and plays an important role in the metabolism and regulation of NO [START_REF] Hecker | The metabolism of L-arginine and its significance for the biosynthesis of endothelium-derived relaxing factor: cultured endothelial cells recycle L-citrulline to L-arginine[END_REF]. A clinical trial in healthy volunteers showed that oral intake of L-Citrulline dose-dependently increased the plasma level of L-Arg more effectively than an equivalent dose of L-Arg [START_REF] Schwedhelm | Pharmacokinetic and pharmacodynamic properties of oral L-citrulline and L-arginine: impact on nitric oxide metabolism[END_REF]. Recently, it has been demonstrated that, in an Alzheimer mouse model, Citrulline supplementation in the diet of aged rats led to a substantial improvement in the composition of membrane rafts in the hippocampus [START_REF] Marquet-De Rouge | Citrulline diet supplementation improves specific age-related raft changes in wild-type rodent hippocampus[END_REF]. These effects are potentially of great significance, since rafts are specialized in signal transduction. In synaptic lipid rafts, consistent differences in raft protein levels have been observed between young and aged rat brains [START_REF] Jiang | Age-associated changes in synaptic lipid raft proteins revealed by two-dimensional fluorescence difference gel electrophoresis[END_REF]. Interestingly, biochemical studies showed that 1) both L-Arg and L-Citrulline were effective hypocholesterolemic and hypolipidemic agents 2) L-Citrulline is to some extent more effective than L-Arg [START_REF] Ananthakrishnan | L-Citrulline ameliorates chronic hypoxia-induced pulmonary hypertension in newborn piglets[END_REF][START_REF] El-Kirsh | The effect of L-arginine or L-citrulline supplementation on biochemical parameters and the vascular aortic wall in high-fat and highcholesterol-fed rats[END_REF][START_REF] Hayashi | l-Citrulline and l-arginine supplementation retards the progression of high-cholesterol-diet-induced atherosclerosis in rabbits[END_REF].

3-2. Arginine and red blood cells (RBCs)

RBCs possess a functional NOS enzyme located in the cell membrane and cytoplasm [START_REF] Kleinbongard | Red blood cells express a functional endothelial nitric oxide synthase[END_REF]. L-Arg uptake in erythrocytes is mediated by membrane transport systems. Arginine uptake by intact RBCs occurs through transport channels. RBC contain CATs which transport arginine as well as other amino acids [START_REF] Deves | Transporters for cationic amino acids in animal cells: discovery, structure, and function[END_REF]. CAT activity is known to be accelerated in certain disease states and could be responsible for arginine depletion in RBC [START_REF] Mendes Ribeiro | Transport of L-arginine and the nitric oxide inhibitor NG-monomethyl-L-arginine in human erythrocytes in chronic renal failure[END_REF]. Recently, it has been reported that the membrane y+ amino acid transporter contributed to arginine depletion in stored packed RBC transfusion. The uptake of arginine and synthesis of ornithine in packed RBC from different donors at the same duration of storage vary considerably [START_REF] Procter | y+ cationic amino acid transport of arginine in packed red blood cells[END_REF]. CAT1 seems to be highly expressed in relatively mature erythroid cells and is possibly involved in late (or terminal) erythroid maturation via the modulation of NO formation [100]. Recently, the role of free heme in the dysregulation of arginine metabolism observed in malaria and other hemolytic diseases has been investigated. It appears that free heme compromises L-Arg transport into the RBC mainly through inhibition of the carrier system "y_L" and promotes intracellular L-Arg degradation by the activation of arginase I [START_REF] Omodeo-Sale | Dysregulation of L-arginine metabolism and bioavailability associated to free plasma heme[END_REF]. It has previously been observed that shear stress acting on RBC activates NOS and causes enhanced NO export [START_REF] Ozuyaman | RBC NOS: regulatory mechanisms and therapeutic aspects[END_REF][START_REF] Ulker | Shear stress activation of nitric oxide synthase and increased nitric oxide levels in human red blood cells[END_REF].

An important role has been attributed to RBC hemoglobin in the critical balance between the generation and scavenging of NO which determines its local bioavailability and influences vascular function. RBC-NO interaction is an important determinant of local NO availability in the vasculature [START_REF] Lecour | Electron spin resonance detection of nitric oxide generation in major organs from LPS-treated rats[END_REF][START_REF] Vergely | Identification and quantification of free radicals during myocardial ischemia and reperfusion using electron paramagnetic resonance spectroscopy[END_REF].

The hypothesis that S-nitrosothiols (RSNOs) possess many of the biological activities of NO, possibly acting as a form of NO storage and transport, has stimulated a wealth of research into the biological significance of these compounds. Two main hypotheses describe the role of hemoglobin in the regulation of NO bioavailability. It has been suggested that hemoglobin interacts with circulating NO to form Fe-nitrosyl hemoglobin and then S-nitrosothiols, which deliver NO extracellularly. Alternatively, the existence of diffusional barriers that protect NO from hemoglobin-mediated degradation has been proposed [START_REF] Giustarini | Nitric oxide, S-nitrosothiols and hemoglobin: is methodology the key?[END_REF]. An important point in this field was the demonstration of a specific NOS within RBC (RBC-NOS). NOS activity in RBCs (0.3 pmol/pg/min) is comparable to that in endothelial cells (ECs) (0.7 pmol/pg/min). Taking into account that the total protein content of both cell types is also comparable in human beings (1.1 kg protein in RBCs and 1.5 kg protein in ECs), the relevance of RBC NOS is more than conceivable [START_REF] Kleinbongard | Red blood cells express a functional endothelial nitric oxide synthase[END_REF]. In this context, therapeutic interventions to enhance RBC-NOS activity, such as HMG-CoA reductase inhibitors (statins) or erythropoietin, might gain importance in the therapy of diverse diseases including cardiovascular diseases. A considerable number of studies demonstrated the potential modulatory role of statins on endothelial nitric oxide synthase (eNOS), a key enzyme involved in the regulation of cardiovascular function by generating NO [START_REF] Balakumar | Is targeting eNOS a key mechanistic insight of cardiovascular defensive potentials of statins?[END_REF]. However, the precise mechanisms involved in the cardiovascular defensive potential of statins have not completely been elucidated. Among their pleiotropic effects, statins exert antioxidant and anti-inflammatory properties [START_REF] Sicard | Anti-hypertensive effects of Rosuvastatin are associated with decreased inflammation and oxidative stress markers in hypertensive rats[END_REF] .

NO synthesis by RBC should still be considered an important factor contributing to local hemodynamics, since it has been shown that NO generated by RBC regulates RBC deformability [START_REF] Bor-Kucukatay | Red blood cell rheological alterations in hypertension induced by chronic inhibition of nitric oxide synthesis in rats[END_REF]. In the microcirculation, the relatively fast increase in intracellular NO concentration at physiological levels of shear stress would be expected to improve RBC deformability and blood flow accordingly. The improvement in RBC deformability by NO is a phenomenon that may have significant hemodynamic consequences .This effect is greater under low oxygen tension, implying that NO plays a more important role in hypoxic conditions [START_REF] Uyuklu | Role of hemoglobin oxygenation in the modulation of red blood cell mechanical properties by nitric oxide[END_REF].

3-3: Arginine, white blood cells and inflammation

In myeloid cells, arginine is mainly metabolized either by iNOS or by arginase 1, enzymes that are stimulated by T helper 1 and 2 cytokines, respectively [START_REF] Bogdan | Nitric oxide and the immune response[END_REF]. Thus, the activation of iNOS or arginase (or both) reflects the type of inflammatory response in a specific disease process [START_REF] Popovic | Arginine and immunity[END_REF]. Under resting conditions, little arginine is used by myeloid cells due to a lack of expression of high-affinity cell membrane transporters. In addition, in the absence of immune stimulation, myeloid cells do not express the major arginine metabolizing enzymes, iNOS and arginase 1 [START_REF] Yeramian | Arginine transport via cationic amino acid transporter 2 plays a critical regulatory role in classical or alternative activation of macrophages[END_REF]. Thus, dietary L-Arg supplementation cannot enhance myeloid cell function in the absence of disease. It is only after stimulation that L-Arg transport into the myeloid cell is greatly increased, mainly as a result of increased expression of the high-affinity CATs. As we reported, CATs are highly regulated and are coinduced with arginine-metabolizing enzymes. It has been proposed that the pathological production of arginase 1 in myeloid suppressor cells could cause sufficient arginine depletion, resulting in compromised T-cell function and NO production and ultimately lead to increased susceptibility to infection [START_REF] Bogdan | Nitric oxide and the immune response[END_REF][START_REF] Popovic | Arginine and immunity[END_REF]. Investigators demonstrated that under certain circumstances, such as cancer or after trauma, myeloid cells expressing arginase 1 are upregulated leading to the depleting of the arginine necessary for normal physiological processes such as NO production and/or T-cell function [START_REF] Schutz | ESPEN guidelines on enteral nutrition--summary[END_REF].

The initiation of inflammation appears to be associated with a multifactorial process. Once activated by injury, endothelial and smooth muscle cells become transcriptionally active and synthesize proinflammatory proteins. Chemokines and cell adhesion molecules (CAMs) attract circulating inflammatory cells to the arterial surface and facilitate their attachment to and incorporation into the endothelial cells and vascular smooth muscle cells of vessel walls. Then, cytokines activate inflammatory cells and transform monocytes into macrophages associated with sequential steps during extravasation from blood into tissues [START_REF] Chase | E-selectin ligands as mechanosensitive receptors on neutrophils in health and disease[END_REF]. Several studies have also reported temporal dissociations of leukocyte adhesion and/or emigration from increases in permeability [START_REF] He | Leucocyte/endothelium interactions and microvessel permeability: coupled or uncoupled?[END_REF].

Leukocyte migration is a critical step in white cell mobilization from vessel lumen to sites of tissue infection. Openings at endothelial junctions and/or damage to vascular walls during leukocyte migration were assumed to cause increased transport of fluid and large molecules. Blocking various adhesion molecules on monocytes or endothelial cells prevented the monocytes from reaching junctions. In response to a variety of stimuli, neutrophils release large quantities of ROS through respiratory bursts. This is essential to kill invading microorganisms but, in contrast, can also cause tissue damage. The displacements of leukocytes are controlled by internal and external signals which activate complex signal transduction cascades to mediate chemotactic responses [START_REF] Wong | Molecular regulators of leucocyte chemotaxis during inflammation[END_REF]. These processes during ischemia-reperfusion [START_REF] Gorsuch | The complement system in ischemia-reperfusion injuries[END_REF][START_REF] Park | Mechanisms of myocardial reperfusion injury[END_REF][START_REF] Sicard | Dissociation between vascular oxidative stress and cardiovascular function in Wistar Kyoto and spontaneously hypertensive rats[END_REF] and cardiopulmonary bypass (CPB) or hemorrhagic shock have been well studied. CPB triggers a generalized inflammatory response that is largely mediated by the activation of polymorphonuclear neutrophils, their adhesion to endothelial cells, and the subsequent release of cytotoxic products. It has been known for several years that the inflammatory response to extracorporeal circulation underlies the occasional development of postoperative organ dysfunction [START_REF] Clermont | Systemic free radical activation is a major event involved in myocardial oxidative stress related to cardiopulmonary bypass[END_REF][START_REF] Goudeau | In high-risk patients, combination of antiinflammatory procedures during cardiopulmonary bypass can reduce incidences of inflammation and oxidative stress[END_REF]. In these pathological situations, the effects of L-Arg were studied. L-Arg infusion during resuscitation offers a significant functional, metabolic, and survival benefit after severe hemorrhagic shock. The mechanism seems to be by activation of NO synthesis with benefits to local perfusion and inflammation after global reperfusion [START_REF] Arora | L-arginine infusion during resuscitation for hemorrhagic shock: impact and mechanism[END_REF].

In the context of ischemia-reperfusion, in vivo, it has been shown that supplementation with L-Arg at different time points can either improve or reduce cardiac function during the course of ischemiareperfusion (I/R). In the early stage of reperfusion, treatment with L-Arg reduced the myocardial nitrotyrosine content, partially reversed the impaired cardiac function induced by reperfusion injury and resulted in a decrease in infarct size. In contrast, when L-Arg was supplemented at a later stage, the formation of toxic peroxynitrite was further increased and cardiac dysfunction was further aggravated with an increase in infarction size [START_REF] Wang | Diverse effects of L-arginine on cardiac function of rats subjected to myocardial ischemia and reperfusion in vivo[END_REF]. Previous results demonstrated that L-Arg administered at different time points during ischemia/reperfusion exerted different effects on postischemic myocardial injury, and suggest that the stimulation of eNOS reduces nitrative stress and decreases apoptosis, whereas stimulation of iNOS increases nitrative stress and exacerbates myocardial reperfusion injury [START_REF] Liang | Critical timing of L-arginine treatment in post-ischemic myocardial apoptosis-role of NOS isoforms[END_REF]. We investigated in vitro, using isolated rat hearts, the role of NOS modulation on 1) the evolution of functional parameters and the level of post-ischemic recovery and 2) the amount of free radical species released during a sequence of global myocardial ischemia and reperfusion, using L-arginine as a substrate or N G -nitro-L-arginine methyl ester (L-NAME) as an inhibitor, in comparison with their D-specific enantiomers [START_REF] Vergely | Postischemic recovery and oxidative stress are independent of nitric-oxide synthases modulation in isolated rat heart[END_REF]. In contrast, some studies have described beneficial effects of L-Arg treatment on the recovery of myocardial function during reperfusion [START_REF] Padilla | L-Arginine administration prevents reperfusion-induced cardiomyocyte hypercontracture and reduces infarct size in the pig[END_REF][START_REF] Brunner | Role of endothelin, nitric oxide and Larginine release in ischaemia/reperfusion injury of rat heart[END_REF][START_REF] Mizuno | L-arginine, a nitric oxide precursor, attenuates ischemia-reperfusion injury by inhibiting inositol-1,4,5-triphosphate[END_REF]. We demonstrated that the administration of 3 mM D-or L-Arg during the pre-ischemic perfusion period slightly decreased (11%) coronary flow. During post-ischemic reperfusion, coronary flow was dramatically impaired and recovered to -25% of its initial value. Under our experimental conditions, it was not possible to determine differences in cardiac function between D-or L-Arg -treated hearts. Authors have described the beneficial effects of L-Arg treatment on the recovery of myocardial function during reperfusion [START_REF] Vergely | Postischemic recovery and oxidative stress are independent of nitric oxide synthases modulation in isolated rat heart[END_REF].

A method of indirectly evaluating the L-Arg-nitric oxide pathway is to study leukocyte adhesion to endothelial cells or to measure circulating levels of endothelial adhesion molecules such as ICAM-1, VCAM-1, and E-selectin. A study investigated the effect of oral L-Arg supplementation on increased monocyte adhesion secondary to cigarette smoking. Monocyte-endothelial cell adhesion and endothelial ICAM-1 expression were measured in eight smokers and eight age-and sex-matched controls. At baseline, these parameters were higher in smokers than in controls. Subjects were then given a one-time dose of 7 g of oral L-Arg, and blood samples were obtained 2 h later. After the L-Arg dose, monocyte-endothelial cell adhesion and ICAM-1 expression were both reduced in smokers. No such changes were noted for VCAM-1 or E-selectin. L-Arg had no effect on the control subjects [START_REF] Adams | Cigarette smoking is associated with increased human monocyte adhesion to endothelial cells: reversibility with oral L-arginine but not vitamin C[END_REF].

Other studies in this field, reported that intravenous infusion of L-Arg (30 g Arg-HCl over 45 min) normalized coronary vasomotion in long-term smokers and 3-day oral administration of L-Arg (7 g/day) prevented smoking-induced impairment of endothelial function in young adults [START_REF] Campisi | L-Arginine normalizes coronary vasomotion in long-term smokers[END_REF][START_REF] Siasos | Short-term treatment with Larginine prevents the smoking-induced impairment of endothelial function and vascular elastic properties in young individuals[END_REF].

The mechanisms by which L-Arg administration may prevent cardiovascular dysfunction include restoring endothelial NO synthesis, decreasing superoxide production and inhibiting platelet adherence and leukocyte adherence to the endothelium.

3-4: Arginine and adipose tissue

Adipose tissue is no longer considered an inert tissue functioning solely as an energy store, but is emerging as an important factor in the regulation of many pathological processes. In mammals, adipose tissue occurs in two forms: white adipose tissue and brown adipose tissue. Most adipose tissue in mammals is white adipose tissue and this is thought to be the site of energy storage. Recent evidence indicates that periadventitial adipose cells are a functional component of the vasculature, exerting paracrine influence on blood vessel contractility, local inflammation and immunity [START_REF] Campbell | Lymphocytes and the adventitial immune response in atherosclerosis[END_REF][START_REF] Taube | Inflammation and metabolic dysfunction: links to cardiovascular diseases[END_REF]. In different experimental studies, it has been demonstrated that perivascular adipose tissue showed increased superoxide production and NADPH oxidase activity, as well as adipocyte hypertrophy, associated with inflammatory cell infiltration [START_REF] Gao | Perivascular adipose tissue promotes vasoconstriction: the role of superoxide anion[END_REF][START_REF] Gao | Modulation of vascular function by perivascular adipose tissue: the role of endothelium and hydrogen peroxide[END_REF]. Recent data suggest that in a rodent model, metabolic syndrome is associated with perivascular adipose inflammation and oxidative stress, hypertrophic resistance artery remodeling, and endothelial dysfunction, the latter a result of decreased NO and enhanced superoxide generated by uncoupled endothelial NO synthase [START_REF] Marchesi | Endothelial nitric oxide synthase uncoupling and perivascular adipose oxidative stress and inflammation contribute to vascular dysfunction in a rodent model of metabolic syndrome[END_REF]. Recently, it has been reported that perivascular adipose tissue controls insulin-induced vasoreactivity in the microcirculation through secretion of adiponectin and subsequent AMPKα2 signaling. Perivascular adipose cells from obese mice inhibit insulin-induced vasodilation, which can be restored by inhibition of JNK [START_REF] Meijer | Perivascular Adipose Tissue Control of Insulin-Induced Vasoreactivity in Muscle Is Impaired in db/db Mice[END_REF]. Studies in isolated adipocytes demonstrated that leptin induced eNOS phosphorylation with a resulting increase in NO production [START_REF] Mehebik | Leptin-induced nitric oxide production in white adipocytes is mediated through PKA and MAP kinase activation[END_REF][START_REF] Niang | Leptin induces nitric oxide-mediated inhibition of lipolysis and glyceroneogenesis in rat white adipose tissue[END_REF]. It is now well established that adipose tissue in humans expresses the whole gene set that codes for the enzymatic system responsible for the biosynthesis and degradation of ADMA and that methylarginine is released by adipocytes in culture [START_REF] Spoto | The enzymatic machinery for ADMA synthesis and degradation is fully expressed in human adipocytes[END_REF]. The enzymes, that are responsible for the posttranslational modification of arginine residues in regulatory proteins, exist in several human tissues but the precise function of ADMA in fat cells remains unknown [START_REF] Gary | RNA and protein interactions modulated by protein arginine methylation[END_REF]. Adipose tissue is an active player in systemic inflammatory processes and a relevant component in the control of insulin sensitivity [START_REF] Csanyi | NOX and inflammation in the vascular adventitia[END_REF][START_REF] Wisse | The inflammatory syndrome: the role of adipose tissue cytokines in metabolic disorders linked to obesity[END_REF]. Different mechanisms may be involved. Growing evidence indicates that physiological levels of L-Arg promote the oxidation of glucose and long-chain fatty acids. Additionally L-Arg supplementation increases lipolysis and inhibits lipogenesis by modulating the expression and function of key enzymes involved in anti-oxidative response and fat metabolism in insulin-sensitive tissues [START_REF] Jobgen | Dietary L-arginine supplementation reduces white fat gain and enhances skeletal muscle and brown fat masses in diet-induced obese rats[END_REF][START_REF] Jobgen | High fat feeding and dietary L-arginine supplementation differentially regulate gene expression in rat white adipose tissue[END_REF].

The results of recent studies have shown that dietary L-Arg supplementation reduces white adipose tissue in both genetically obese rats and diet-induced obese rats and markedly increases brown adipose tissue (BAT) mass [START_REF] Jobgen | Dietary L-arginine supplementation reduces white fat gain and enhances skeletal muscle and brown fat masses in diet-induced obese rats[END_REF][START_REF] Fu | Dietary L-arginine supplementation reduces fat mass in Zucker diabetic fatty rats[END_REF][START_REF] Wu | Dietary supplementation with watermelon pomace juice enhances arginine availability and ameliorates the metabolic syndrome in Zucker diabetic fatty rats[END_REF]. The main objectives of a recent review were to highlight a regulatory role for L-Arg in BAT growth and development to reduce white adipose tissue deposition. The authors proposed the underlying molecular and cellular mechanisms [START_REF] Wu | Regulation of brown adipose tissue development and white fat reduction by L-arginine[END_REF]. It was suggested that L-Arg reduces adiposity through regulating gene expression and enzyme activity, and enhancing mitochondrial biogenesis, BAT development, blood flow, lipolysis, and the oxidation of fatty acids and glucose in the whole body. First, L-Arg supplementation reduces mRNA levels for fatty-acid binding protein 1, glycogenin, caspases 1 and 2, and hepatic lipase, whereas it increases expression of PPAR gamma, heme oxygenase 3, glutathione synthetase, insulin-like growth factor II and sphingosine-1-phosphate receptor [START_REF] Jobgen | High fat feeding and dietary L-arginine supplementation differentially regulate gene expression in rat white adipose tissue[END_REF].

Studies have been conducted to explore the nutritional and/or therapeutic role of L-Arg to treat a wide array of human cardiovascular diseases. In fact, numerous studies have examined short-term effects of infusions of these agents in patients with heart disease, hypertension, diabetes, and hypercholesterolemia. Although the results of oral L-Arg supplementation in animals have generally shown beneficial effects, data in humans are more varied [START_REF] Preli | Vascular effects of dietary L-arginine supplementation[END_REF]. As we previously reported, L-Arg offers promise as a therapy for metabolic diseases such as metabolic syndrome. Some studies indicate that L-Arg supplementation may be a novel therapy for obesity and metabolic syndrome [START_REF] Wu | Arginine metabolism and nutrition in growth, health and disease[END_REF]. The question of the minimal effective dose of L-Arg to be administered is rather important because it has been demonstrated that high doses of L-Arg supplementation could paradoxically contribute to the formation of atherosclerotic lesions via mechanisms involving lipid oxidation, peroxynitrite formation, and NO synthase uncoupling [START_REF] Chen | Effects of chronic treatment with Larginine on atherosclerosis in apoE knockout and apoE/inducible NO synthase double-knockout mice[END_REF][START_REF] Loscalzo | L-arginine and atherothrombosis[END_REF]. Concerning dietary L-Citrulline supplementation, recent studies suggest that, in humans, L-Citrulline supplementation may improve cardiovascular function [START_REF] Ochiai | Short-term effects of L-citrulline supplementation on arterial stiffness in middle-aged men[END_REF][START_REF] Orozco-Gutierrez | Effect of Larginine or L-citrulline oral supplementation on blood pressure and right ventricular function in heart failure patients with preserved ejection fraction[END_REF]. However, all of these studies on the effects of L-Arg or L-Citrulline have several limitations: the number of patients studied was small and the intervention periods were short. More studies are required to evaluate the effects observed in a larger number of patients for a longer period. Finally, the utility of arginine supplementation in patients remains highly controversial. In contrast, if a specific disease condition is indeed due to arginine deficiency, it should be improved or reversed by supplementation with arginine or its precursor Citrulline, but the efficacy of enteral arginine supplementation is limited by gastrointestinal discomfort following ingestion. It has been reported that L-Citrulline did not present these disadvantages [START_REF] Moinard | Dose-ranging effects of citrulline administration on plasma amino acids and hormonal patterns in healthy subjects: the Citrudose pharmacokinetic study[END_REF].

Conclusions: therapeutic potential of L-Arginine supplementation

Animal model data are positive; most of the evidence from experimental models shows that oral L-Arg supplementation has a beneficial effect. L-Arg appears to preserve endothelial function. Long-term randomized clinical trials are needed to determine whether oral L-Arg supplementation could really be advantageous for vascular health. Several possible hypotheses exist for the varied results in human subjects. The patient populations in human studies were diverse and included patients with various pathologies as well as smokers, postmenopausal women and healthy subjects. Randomized long-duration clinical trials are required to really elucidate the effects of L-Arg supplementation on health. Long-term studies are needed to determine whether there is a difference in the availability of dietary L-Arg or L-Citrulline when it is given over the short or long term. Clinical trials need to continue to determine the optimal concentrations and combinations of L-Arg with other protective compounds such as BH 4 , and/or antioxidants to combat the oxidative stress that drives down NO production in humans. The N-terminal catalytic domain binds the heme prosthetic group as well as the redox cofactor, tetrahydrobiopterin (BH 4 ) associated with a regulatory protein, calmodulin (CaM). The C-terminal reductase domain has the binding sites for FMN, FAD, and NADPH. NOS produces NO from L-Arginine (L-Arg) in the presence of O 2 and NADPH. Zn is responsible for connecting the monomers to the heme groups. NADPH-oxidase donates an electron, which is ultimately used to convert L-Arginine and oxygen to the reaction products L-Citrulline and nitric oxide (NO). Asymmetric dimethylarginine (ADMA) inhibits NO synthesis by competing with L-Arg at the active site of NOS.

FMN, flavin mononucleotide; FAD, flavine adenine dinucleotide. 
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 12 Figure 1. Pathways of L-Arginine synthesis and metabolism in mammals.The L-Arginine biosynthesis pathway represents a regulated and highly localized source of substrate for nitric oxide (NO) production. L-Citrulline, which is co-produced with NO, can be recycled to L-Arginine. (1) OCT: ornithine carbamoyltransferase; (2) ASL : argininosuccinate lyase, (3) ASS: argininosuccinate synthase
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 3 Figure 3. Metabolism of asymmetric dimethylarginine (ADMA)Methylated arginine residues are released from the breakdown of proteins that have been acted on by protein-arginine methyl transferases (PRMTs). PRMT type I and II catalyze the formation of monomethylarginine (L-MMA) from L-Arginine. In the second step, type I PRMTs produce ADMA, while type II PRMTs catalyze symmetric dimethylarginine (SDMA). ADMA can be degraded to L-Citrulline and dimethylamine (DMA) by dimethylarginine dimethylaminohydrolases (DDAH 1 and 2)

Figure 4 .

 4 Figure 4. This schema presents the sources and consequences of the production of nitric oxide (NO), asymmetric dimethylarginine (ADMA) and reactive oxygen species in intracellular and extracellular compartments. (See details in the text) ADMA, asymmetric dimethylarginine; BH 4 , tetrahydrobiopterin; CATs, cationic amino acid transporters; DDAHs, dimethylarginine dimethylaminohydrolases; DMA, dimethylamines; L-Arg, Larginine; DMGV, α-keto-δ-(N(G),N(G)-dimethylguanidino)valeric acid; LDL, low-density lipoprotein; L-MMA, N G -monomethyl-L-arginine; L-NNA), N-nitro-L-arginine; NADPH, nicotinamide dinucleotide phosphate NO, nitric oxide; NOHA, N-omega-hydroxy-L-arginine; PRMT, protein arginine methyl transferase; SDMA, symmetric dimethylarginine; y+LAT transporters, system y+L AA transporters.
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