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ABSTRACT
L-citrulline is the natural precursor of L-arginine, substrate for nitric oxide synthase
(NOS) in the production of NO. Supplemental administration L-arginine has been shown
to be effective in improving NO production and cardiovascular function in cardiovascular
diseases associated with endothelial dysfunction, such as hypertension, heart failure, atherosclerosis, diabetic vascular disease and ischemia-reperfusion injury, but the beneficial
actions do not endure with chronic therapy. Substantial intestinal and hepatic metabolism
of L-arginine to ornithine and urea by arginase makes oral delivery very ineffective. Additionally, all of these disease states as well as supplemental L-arginine enhance arginase expression and activity, thus reducing the effectiveness of L-arginine therapy. In contrast,
L-citrulline is not metabolized in the intestine or liver and does not induce tissue arginase,
but rather inhibits its activity. L-citrulline entering the kidney, vascular endothelium and
other tissues can be readily converted to L-arginine, thus raising plasma and tissue levels
of L-arginine and enhancing NO production. Supplemental L-citrulline has promise as a
therapeutic adjunct in disease states associated with L-arginine deficiencies.

INTRODUCTION
L-citrulline is a colorless, water soluble á-amino acid with an asymmetric carbon. Like
other á-amino acids, L-citrulline has the capacity of forming peptide bonds, but it is not
used in protein synthesis. L-citrulline was once considered mainly as a metabolic intermeAddress correspondence and reprint requests to: R. William Caldwell, Ph.D., Dept. of Pharmacology and Toxicology, Medical College of Georgia, 1120 15th Street, CB-3624, Augusta, GA 30912, USA;
Tel.: +1 (706) 721-3384; Fax: +1 (706) 721-2347; E-mail: wcaldwel@mail.mcg.edu
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diate in the urea cycle. However, recent studies have revealed that it plays an important
role in the metabolism and regulation of NO.
Production of NO by vascular endothelial cell NOS is essential for normal cardiovascular regulation and depends critically on availability of the substrate L-arginine. Deficiencies in L-arginine supply have been strongly implicated in cardiovascular diseases, including hypertension, atherosclerosis, diabetic vascular disease, hyperhomocysteinemia,
heart failure and ischemia-reperfusion injury (9,12,13,39,48,68,94). The normal range of
plasma levels of L-arginine in humans is 40 to 110 ìM (57). When the supply of L-arginine does not meet the needs of active NOS, NO formation is reduced and superoxide (O -2 ×),
a deleterious oxidant, is formed by NOS. This state of imbalance between L-arginine
availability and NOS activity can occur when cellular transport of L-arginine is inhibited,
as with oxidative stress associated with cardiovascular disease, with prolonged and
elevated NOS activity (1,40), reduced recycling of L-citrulline back to L-arginine (51)
and/or with elevated catabolism of L-arginine by arginase (4,10,96).
While the above reports strongly implicate L-arginine deficiency in endothelial cell
(EC) dysfunction, measurement of L-arginine levels in ECs has shown that intracellular
L-arginine concentration (0.1–1 mM) greatly exceeds eNOS’s Km for L-arginine [~3 ìM]
(66). Accordingly, eNOS should be saturated with substrate under all but the most extreme
conditions of L-arginine deficiency. This contradiction between eNOS’s low Km for L-arginine and the strong positive effects of supplemental L-arginine in acutely reversing vascular dysfunction and augmenting the actions of eNOS agonists even in normal conditions
has been termed the “L-arginine paradox.” This seeming conflict may be explained by experimental evidence indicating that the metabolism of L-arginine varies greatly within the
EC due to intracellular compartmentalization and sequestration (16). Studies showing that
a complex exists between eNOS and the major L-arginine system y+ transporter protein
(CAT1) and that both molecules are located within plasma membrane caveolae provide
further evidence of L-arginine compartmentalization (50). Collectively, these data suggest
that eNOS is sequestered from the intracellular L-arginine supply by being located within
caveolae and that its activity depends on the directed transfer of L-arginine into this
subcellular compartment by the system y+ transporter. If transporter function is decreased
as can occur with oxidative injury, L-arginine supply could immediately become limiting
and be the basis of EC dysfunction. Additionally, asymmetric dimethyl arginine (ADMA),
a risk factor elevated in cardiovascular diseases associated with endothelial dysfunction,
inhibits L-arginine transport (system y+) and NOS activity and is likely a participant in the
“L-arginine paradox” (73). Both circumstances lead to a deficiency in L-arginine available
to NOS.
Supplemental L-arginine administration has been reported to prevent EC dysfunction
or restore endothelium vasodilation in various cardiovascular disease states. However,
studies with rabbits suggest that with chronic therapy the benefits of supplemental L-arginine are not maintained or may convert to a negative outcome (38). Reduced plasma
levels of L-arginine were observed. Most significantly, a recent clinical trial in humans
showed that treatment of patients with supplemental L-arginine (9 g/day for 6 months)
subsequent to myocardial infarction was associated with higher mortality (72). A
drawback to administering L-arginine orally to elevate plasma levels of arginine is that a
large portion of the L-arginine passing through the gastrointestinal tract and the portal
system to the liver is catabolized by arginase to ornithine and urea (57). Furthermore, high
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levels of dietary or circulating L-arginine can increase arginase activity in the liver, kidney, vasculature and probably other tissues, which increases rate of L-arginine catabolism
(37,57,80,90).
Because L-citrulline is the natural precursor for L-arginine, it could be an important
substitute for L-arginine under pathologic conditions that limit L-arginine availability. Lcitrulline is converted to L-arginine in many tissues. Therefore, it plays an important role
in supplying L-arginine to NOS as it bypasses metabolism in the liver and it is not a substrate or inducer of arginase (74).

PHYSICAL AND CHEMICAL PROPERTIES OF L-CITRULLINE
An extensive review of the physical and chemical properties of L-citrulline has been
recently provided by Curis and colleagues (14). There is no codon for the addition of L-citrulline to growing peptide chains. However, L-citrulline, like other a-amino acids, can
form peptide bonds. Proteins containing L-citrulline residues can occur, and are formed
due to post-translational modifications involving activity of the enzyme protein-arginyl
deiminase (PAD) in causing the hydrolytic cleavage and conversion of L-arginine to L-citrulline and an ammonium ion (36). The function of this modification is not completely
understood. However, it may be involved in normal or pathophysiological functions resulting from alterations in the charge of the modified protein residues (2,19,41,87).
With respect to L-citrulline function as substrate for synthesis of L-arginine, the terminal ureido group on L-citrulline is subject to nucleophilic attack by aspartic acid in the
presence of argininosuccinate (AS) synthase to yield the immediate L-arginine precursor
argininosuccinate (14,33). Fumarate is removed from this intermediate compound by AS
lyase to form L-arginine.

L-CITRULLINE METABOLISM
Synthesis
L-citrulline is an amino acid product of glutamine metabolism (6) that serves as substrate in the de novo synthesis of L-arginine in mammals. Although L-citrulline is produced by cells in both the intestine (enterocytes) and liver (hepatocytes), only the small intestine contributes significantly to circulating L-citrulline levels. In contrast, L-citrulline
produced in the liver is compartmentalized as an intermediate of the urea cycle (14). The
pathway of intestinal L-citrulline synthesis begins with conversion of glutamine to glutamate and then to ornithine as catalyzed sequentially by pyrroline-5-carboxylate synthase
(P-5-C-S) and ornithine aminotransferase (OAT). Ornithine is then converted to L-citrulline via ornithine carbamoyltransferase (OCT, Fig. 1). Another precursor, carbamoyl
phosphate (CP), is involved in this process. This pathway involves coordinated regulation
of two enzymes: N-acetylglutamate synthase to produce N-acetylglutamate, which regulates synthesis of CP by carbamoyl-phosphate synthase I (CPS-I, Fig. 2). Ornithine can
also be produced from proline coming from the diet, by proline oxidase (18).
With development, intestinal synthesis of L-arginine from glutamine decreases and the
small intestine gradually becomes the major site of net L-citrulline production. This
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FIG. 1. Scheme of synthesis of L-citrulline and L-arginine from L-glutamine. Catabolism of L-arginine to L-ornithine/urea or L-citrulline/NO, production of polyamines, and anabolism and catabolism of proline are also
shown. Abbreviations: ASL, aminosuccinate lyase; ASS, aminosuccinate synthase; Asp, aspartate; NOS, nitric
oxide synthase; OAT, ornithine aminotransferase; ODC, ornithine decarboxylase; OCT, orthinine carbamoyltransferase; P5CS, pyrroline-5-carboxylate synthase.
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FIG. 2. Scheme of synthesis of carbamoyl-PO4 and the incorporation of NH3 into the urea cycle. Abbreviations:
CPS-I, carbamoyl PO4 synthase I; N-AG, N-acetylglutamate.

Cardiovascular Drug Reviews, Vol. 24, No. 3–4, 2006

L-CITRULLINE

279

process is due to progressively reduced expression of the two cytosolic enzymes responsible for the conversion of citrulline into arginine, argininosuccinate synthetase (ASS) and
argininosuccinate lyase (ASL) (61). This transition is compensated for by a gradually increasing capacity of the kidney to convert L-citrulline to arginine via ASS and ASL.
Therefore, following release from enterocytes into the portal circulation, citrulline passes
through the liver without major metabolism. L-citrulline is largely taken up and metabolized by the kidney, which in turn releases arginine equivalent to ~75% of the L-citrulline
taken up. Thus, much of the L-citrulline produced by enterocytes reaches the systemic circulation as L-arginine. This L-arginine/L-citrulline homeostasis allows a proper supply of
L-arginine for the whole body.
About 60% of dietary L-arginine makes it into the hepatic portal circulation, while the
rest is metabolized in the intestine. (58). One study using rapid injection of protein into the
hepatic portal vein showed that there was an immediate uptake and metabolism of about
37% of the available L-arginine by the liver (62). Others suggest that most of the L-arginine derived from dietary protein is removed from the adult hepatic portal circulation by
periportal hepatocytes for use in the liver urea cycle (14).
In the liver, much of the L-arginine entering via the portal circulation is catabolized by
arginase which converts arginine to urea and ornithine. Products of ornithine metabolism
in the ornithine/polyamine/proline pathway play essential roles in cellular proliferation
and tissue repair and are necessary for cellular growth (46,79,83). Depending on cellular
needs and the presence of carbamoyl phosphate, ornithine can be converted to L-citrulline
by OCT. In the liver L-citrulline can be recycled to L-arginine through ASS and ASL.
This L-arginine/L-citrulline cycle provides a continuous supply of substrate for the formation of urea and the maintenance of nitrogen homeostasis (107).
The intestinal-renal axis of L-citrulline/L-arginine synthesis becomes established postnatally. In the perinatal period L-arginine synthesis predominates within the cells of the
small intestine, but as development continues, levels of the L-arginine synthesizing enzymes ASS and ASL decrease and L-citrulline/L-arginine metabolism gradually shifts towards L-citrulline production and L-arginine degradation (102). In addition to the decreases in ASS and ASL, other factors are involved in the developmental changes of
L-citrulline synthesis within the small intestine. The rate of L-citrulline synthesis may be
limited by P-5-C synthase activity (7). Earlier reports indicate that a low rate of L-citrulline synthesis in glutamine-treated enterocytes from pre-weaning pigs is due to limited
availability of ornithine rather than to any deficiency in carbamoyl phosphate. This might
result from a low rate of P-5-C synthesis from glutamate and/or from the competitive conversion of P-5-C into proline (102). Increased L-citrulline synthesis from glutamine in
enterocytes from weanling pigs coincides with a 15–20 fold increase in activity of P-5-C
synthase. Little is known about the molecular regulation of this pathway. However, transcription is likely to be the major control mechanism for regulating expression and activity
of intestinal L-citrulline-synthetic enzymes. Weaning is associated with increased plasma
concentrations of hydrocortisone, which is the major circulating glucocorticoid in pigs
(100) and humans (22) and is known to enhance P-5-C synthase activity (104).
Although intestinal CPS-I and OCT are involved in L-citrulline synthesis, these enzymes are not upregulated in pig enterocytes during weaning. Similar findings have been
described in rats, indicating that intestinal expression of these enzymes is not induced by
glucocorticoids (70,101). These data support the notion that P5C synthase is the key regulatory enzyme in the synthesis of L-citrulline from glutamine.
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This evidence certainly supports the concept that developmental changes in intestinal
tissue occur in order to ensure the adequate supply of L-citrulline for L-arginine in the
kidney. However, species differences in intestinal synthesis of L-citrulline and L-arginine
and the lack of information about L-citrulline synthesizing enzymes in human tissues,
present strong reasons for future studies. CPS-I is highly expressed in most of the small
intestine during the entire lifespan in human and rat. Age-related increases in CPS-I
mRNA levels have been demonstrated in humans between the embryonic period and 12
years (89).
The physiological role of CPS-I in the intestine differs from that in the liver. In the
adult, cells of the small intestine use CPS-I to produce and release L-citrulline, whereas in
liver CPS-I activity leads to the conversion of ammonia into urea and L-citrulline is not released in any significant amount (103). Amounts of L-arginine or protein in the diet directly influence L-citrulline synthesis in the small intestine. Prolonged administration of
high-protein (L-arginine-rich) diet leads to an adaptation of the intestinal enzymes which
results in decreased production of L-citrulline. Basically, this adaptation represents a
downregulation of intestinal OCT and N-acetylglutamate synthetase, which produces
N-acetylglutamate, the allosteric activator of CPS-I (15). On the other hand, prolonged administration of low-protein diets (low in L-arginine content) leads to upregulation of intestinal OCT and N-acetylglutamate synthetase, which results in formation of more L-citrulline (90).
An opposite effect is observed in liver tissue in which an increase in L-arginine uptake
activates N-acetylglutamate synthetase (53). However, as was described earlier, L-citrulline produced in liver is compartmentalized to the urea cycle within hepatocytes, without
net contribution to systemic L-citrulline flux.
L-citrulline synthesis in many tissues also occurs as a byproduct of NOS activity. Three
isoforms of NOS, encoded by different genes, are found in multiple cell types throughout
the body. Neuronal NOS (nNOS, NOS1), which is found mainly in neural cells, and endothelial NOS (eNOS, NOS3), which is found mainly in endothelial cells, are constitutively
expressed. In contrast, the inducible isoform (iNOS, NOS2) is not normally expressed in
resting cells, but is induced in macrophages, smooth muscle cells and other cell types
during inflammation or upon stimulation with bacterial endotoxins or inflammatory
cytokines. Although NOS is widely distributed throughout the body, its activity does not
contribute substantially to whole body L-citrulline flux under normal conditions (27).

Conversion of L-Citrulline to L-Arginine
As noted above, enterocytes in the small intestine convert dietary glutamine to L-citrulline. L-citrulline released by the enterocytes, enters the portal circulation, bypasses metabolism by periportal hepatocytes and is transported to the kidneys where it is catabolized to
L-arginine by cells of the proximal tubules (90). The catabolitic conversion of L-citrulline
to L-arginine occurs not only in the cells of the kidney proximal tubules, but in the cells of
many tissues (34,97). Cells involved in the production of NO as well as cells that produce
ornithine and urea by the catabolism of L-arginine also produce L-citrulline, which can
then be recycled to arginine (34). The process of L-citrulline catabolism to L-arginine is a
two-step enzymatic process involving the rate limiting enzyme arginosuccinate synthase
(ASS) and arginosuccinate lyase (ASL). In the presence of aspartate and ATP, L-citrulline
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is converted to arginosuccinate by ASS. Arginosuccinate is cleaved by ASL to form fumarate and L-arginine (24,34,97).
In cells that express NOS, L-arginine is converted to NO and L-citrulline upon NOS
activation. ASS and ASL effectively convert L-citrulline back to L-arginine and largely
determine the fate of L-citrulline produced intracellularly by NOS activity. Regulation of
the L-citrulline-NO cycle enzymes has been associated with the same factors that regulate
NOS (42). For example, increased expression of ASS, the rate limiting enzyme of L-citrulline synthesis has been reported in endothelial cells exposed to shear stress (49,63).
Enhanced conversion of L-citrulline to L-arginine has been reported in macrophages stimulated with inflammatory factors that induce expression/activity of iNOS (32). However,
L-citrulline supplemented in the culture medium does not increase L-arginine availability
to NOS under high NO output conditions, such as iNOS activation. This could result from
the reversible direct inactivation of ASS by covalent binding of NO to cysteine residues
(S-nitrosylation) of ASS (28). Hypoxia reduces ASS expression and can block the effects
of iNOS (82). In the liver ASS activity and expression is modulated by hormones. For
example, glucocorticoids and glucagon have a generally stimulatory effect, whereas insulin suppresses glucocorticoid-mediated stimulation of ASS activity (23,67). Dietary proteins and amino acids also have a regulatory effect on these enzymes. Protein supplementation in rats is reported to increase ASS and ASL expression/activity in liver. However in
the kidney, protein deficiency causes induction of these enzymes (11,56).
Many NO producing cells, including vascular endothelial cells and activated macrophages, use L-citrulline as substrate to form L-arginine. However, this may not be true of
all NO producing cells. In vascular smooth muscle cells, ASL is constitutively expressed
but ASS is not and L-citrulline has been considered a nonfunctional byproduct of NOS
function. It is assumed that uptake of extracellular L-arginine is necessary for iNOS
function. Recent studies, however, have shown that when iNOS is induced in these cells
by bacterial endotoxin, ASS is expressed and L-citrulline is recycled to L-arginine (30). In
the brain, there appears to be a complex and incompletely understood compartmentalization of L-arginine synthesis and function of the L-citrulline/NO cycle. Neurons exhibit
expression of all enzymes of the L-citrulline/NO cycle. However, these enzymes are localized in different cells. Studies suggest that astrocytes may serve as storage sites for Larginine which can be released for use by adjacent neurons (97). In neurons outside the
brain, such as the inhibitory non-adrenergic non-cholinergic (NANC) neurons which mediate relaxation of airway and intestinal smooth muscle, NO production from supplemental L-citrulline through the ASS/ASL pathway has been demonstrated (47,69).
Whether intercellular compartmentalization and transport of components of the L-citrulline/NO cycle occurs in these cells, is unclear.
As previously stated, arginase has a primary role in the catabolism of L-arginine to urea
and ornithine and the ornithine/polyamine/proline pathway is important in cellular proliferation, growth and tissue repair. Recent studies have shown that a number of normal and
transformed cell lines are incapable of using L-citrulline as a source of L-arginine synthesis. While fibroblasts and many other cell types can use L-citrulline as a source of L-arginine, human umbilical vein endothelial cells and some microvascular endothelial cells
and tumor cells appear to be completely dependent on arginine for cell growth (95). As the
possible therapeutic uses of L-citrulline supplementation expand, more studies are needed
to determine the capacity of each cell type to use L-citrulline for L-arginine synthesis.
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L-CITRULLINE TRANSPORT
Intestine
The optimal site of L-citrulline absorption is the middle to lower ileum of the small intestine. At the brush border L-citrulline shares the Na+-dependent active transport system
for neutral aminoacids that has been previously described for the mucosal brush border
membranes of the rabbit jejunum (88). L-citrulline can also be transported by a system
analogous to system ASC described for nonepithelial cells and for basolateral membranes
of certain epithelia (88).
Kinetic study of L-citrulline transport has revealed an apparent Km of 4.10 ± 0.86 mM
and a Vmax of 18.7 ± 1.66 mmol/g wet weight tissue/30 min (88). Transport of amino
acids and di-tripeptides is regulated mainly by the amount of substrate at the mucosal
membrane with higher substrate amounts yielding higher absorption (35). However, there
is no evidence for an increased or decreased uptake of L-citrulline by enterocytes under
low or high protein or L-citrulline intake, as has been reported for L-alanine during starvation (59).

Kidney
L-citrulline absorption occurs mainly in the proximal convoluted tubules of the kidney.
L-citrulline delivery to the kidney has been suggested to occur via reabsorption from the
glomerular filtrate (8). Neutral amino acids are co-transported with Na+ ions via system
B°. Because system B° is the main neutral-amino-acid transporter of renal brush-border
membranes, it is feasible that L-citrulline uptake in the kidney occurs via this broad specificity system. This transporter is also capable of catalyzing the Na+-dependent transport of
branched-chain, aromatic and small neutral amino acids (65).
This localization of L-citrulline transport in the proximal convoluted tubules, enriched
by ASS and ASL, is very convenient, since it ensures proper substrate supply for L-arginine synthesizing enzymes. L-arginine synthesis is mainly dependent on the delivery of
L-citrulline to the kidney. The kidney has a high capacity for the conversion of L-citrulline
to L-arginine, but this process is limited in vivo by the rate of delivery of L-citrulline. This
means that the coordinated interorgan amino acid exchange between the intestine and the
kidney is relevant to L-arginine flux, in which the synthesis of L-citrulline by the intestine
is the crucial regulatory event (17).

Endothelial Cells and Other Cells
Endothelial cells synthesize NO, which is a potent vasodilator and a critical regulator
of blood flow and blood pressure. NO also maintains vascular wall integrity due to its
antiinflammatory, antiproliferative and antiplatelet aggregatory properties. In this context,
L-citrulline can supply L-arginine substrate for eNOS as it is recycled by ASS and AL
(31). L-arginine synthesis, as indicated previously in this review, may occur from endogenous NO-derived L-citrulline or from L-citrulline transported into the cell from the
extracellular space. L-citrulline transport into endothelial cells has been suggested to
be mediated by the neutral amino acid system N transporter 1 (SN1) (77) since it can be
inhibited by glutamine, histidine, and asparagine, which are substrates of the system N
transporter.
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L-citrulline transport under conditions of L-arginine deficiency in endothelial cells has
not been examined. However, our laboratory has demonstrated that L-citrulline supplied
to cultured endothelial cells provides sufficient substrate to sustain NOS activity and NO
production under L-arginine-deficient conditions (80).
Other cell types have also been reported to transport and recycle L-citrulline to L-arginine (3,98). Transport of L-citrulline into smooth muscle cells (SMC) is slow. Unlike L-arginine, kinetic analysis revealed that transport is mediated via a low-affinity carrier (Km »
1.6 mM), which may limit uptake from plasma in the presence of circulating competitor
amino acids. Transport of L-citrulline in SMC appears to be mediated predominantly via a
carrier with characteristics of the Na+-independent system L. This may not be the only
system involved. A partially Na+-dependent mechanism of L-citrulline entry is mediated
via system N (98).

PHARMACOLOGY OF L-CITRULLINE
L-citrulline as a Means of Preventing/Reversing Vascular Dysfunction
Endothelial cell (EC) dysfunction is a primary cause of disability and death associated
with cardiovascular disease. EC dysfunction is defined as impaired endothelium-dependent relaxation due to a decrease in bioavailability of NO. Reactive oxygen species are
involved with this dysfunction. Production of NO by eNOS is critically involved in maintaining integrity and stability of the vascular endothelium as well as in regulating blood
flow and organ circulation. L-arginine is the substrate required by eNOS along with O2 to
produce NO. Thus, maintaining an adequate cellular supply of L-arginine is critical for
normal vascular function. Deficiencies in L-arginine supply have been strongly implicated
in cardiovascular diseases, including diabetes, hypertension, atherosclerosis, hyperhomocysteinemia, heart failure and reperfusion injury (9,12,13,39,48,68,94). The intracellular
supply of L-arginine for NOS depends on L-arginine transport, level of NOS activity, recycling of L-citrulline back to L-arginine, proteolysis and metabolism of L-arginine by
arginase. Supplemental L-arginine given orally has been reported to prevent EC dysfunction and restore endothelium-dependent vasodilation in diabetes, hypertension
(16,71), reperfusion injury (94) and heart failure (85). However, relatively large doses
(50 mg/kg/day or more) appear to be required for this effect (72,84). Moreover, a number
of studies in experimental models and a recent clinical trial have reported no benefit with
chronic administration of supplemental L-arginine (38,72,84,85,106).
A drawback to administering L-arginine orally to elevate plasma levels of L-arginine is
that a large portion of the L-arginine passes through the gastrointestinal tract and the
hepatic portal system where it is catabolized by arginase I to ornithine and urea (57). Furthermore, high levels of dietary or circulating L-arginine can induce cytoplasmic arginase
(I) and mitochondrial arginase (II) in the liver, kidney, vasculature and probably other
tissues which increases the rate of this L-arginine catabolism (37,57,90). In addition,
disease conditions such as diabetes, trauma, pulmonary hypertension, sickle cell, heart
failure and even aging increase arginase levels and activity (4–6,52,81,86,105) which can
be associated with decreases in plasma levels of L-arginine (26,55,64). Thus, doses of Larginine necessary to produce desired L-arginine blood levels have to be determined
keeping in mind a considerable catabolic loss via arginase and may not be clinically at-
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tainable. Moreover, chronic L-arginine treatment may have adverse effects on cardiovascular function (72).
L-citrulline supplementation could be an important substitute for L-arginine supply
under pathologic conditions that increase arginase activity and/or limit L-arginine availability. L-citrulline, through its conversion to L-arginine, plays an important role supplying L-arginine to NOS. Unlike L-arginine, it bypasses hepatic metabolism and it is not a
substrate of arginase. Futhermore, there is no evidence of transporter dysfunction for L-citrulline under pathological conditions, such as oxidative stress, that can occur for L-arginine transport. It also has been demonstrated that L-citrulline cannot sustain NO production by iNOS, but that it can support NO production with eNOS activation (75). L-citrulline supplementation to patients with sickle cell disease, in which elevated arginase
activity is manifest (54), raised plasma L-arginine levels and reduced their symptoms (93).
Our own studies in EC exposed to L-citrulline (1 mM) for 5 days revealed a reduction in
basal arginase activity vs. control. Further, supplemental oral treatment of normal rabbits
with L-citrulline for 3 days improved acetylcholine-induced NO production (80). L-citrulline also has been reported to be a noncompetitive inhibitor of arginase (25,74).
Even though most L-arginine administered enterally is metabolized to ornithine and
urea during passage through the gut and liver (~80%), levels that reach the systemic circulation are sufficient to augment vascular arginase activity. L-citrulline, on the other hand,
is not taken up by the liver, but is transformed to L-arginine in other tissues (10,44). The
ability of L-citrulline to increase or restore blood L-arginine levels was first reported by
Hartman and colleagues (29). Waugh et al. have also reported that ingested L-citrulline is
more effective than L-arginine in raising plasma arginine levels (92,93). Thus, systemic
administration of L citrulline appears to be a more efficient way to elevate extracellular
levels of L-arginine than L-arginine itself. We have found that supplemental L-citrulline
does not activate arginase activity in liver or blood vessels, and is able to enhance acetylcholine-induced NO production and hypotension in rabbits. Our findings suggest that long
term supplemental therapy to support NOS function in cardiovascular diseases should involve administration of L-citrulline (80), possibly also given in combination with L-arginine in amounts and schedules that do not enhance vascular and hepatic arginase activity.

L-citrulline as Therapy for Cardiovascular and Other Disease States
L-citrulline supplementation should be considered for use in all circumstances or
disease states in which L-arginine has been reported to have beneficial effects. As stated
above, these conditions include systemic hypertension, heart failure, diabetes, and ischemia-reperfusion injury. Other states of cardiovascular dysfunction have already been reported to be reversed by supplemental L-citrulline as well as L-arginine. Treatment of
sickle cell disease with L-arginine as well as L-citrulline has been shown to reduce levels
of plasma peroxidase and activated leukocytes, RBC sludging, vaso-occlusion and pulmonary hypertension and to improve sensory motor deficits (20,55,60,91,93). Primary
pulmonary hypertension as well that resulting from emboli or cardiopulmonary bypass
can also be reversed by supplemental oral treatment with L-arginine or L-citrulline (78).
The fatality of cerebral malaria has also been associated with low plasma L-arginine levels
and decreased NO production. Supplemental L-arginine (or L-citrulline) therapy is being
considered (45).
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L-citrulline has also been used to reverse the L-arginine deficiency which occurs with
disease or resection of the small bowel (61). Gastrointestinal absorption of L-citrulline
occurs predominately in the small bowel. Treatment of burns and general wounds with Lcitrulline or L-arginine is also effective in improving wound healing (21,99). Resultant increases in polyamines and proline levels and in NO synthesis are involved with this restorative process.

PHARMACOKINETICS
A study in humans has shown that oral administration of L-citrulline at 3.8 g/m2 body
surface, resulted in a 227% peak increase in plasma L-arginine levels at 4 h, compared
with a 90% peak increase with the same dose of L-arginine (43). Furthermore, the area
under the curve plot of L-arginine plasma concentration vs. time was 3 fold larger for Lcitrulline, and the elevation in L-arginine levels was more persistent following L-citrulline
administration. Thus, acute oral administration of L-citrulline appears to be considerably
more efficient raising plasma levels of L-arginine than L-arginine itself. Additionally, a
recent study in children and young adults showed that five oral doses of L-citrulline every
12 hours (1.9 g/m2/dose) for a total dose of 9.5 g/m2 resulted in 57 and 85% increases in
mean plasma levels of L-arginine and L-citrulline, respectively (78).
In young healthy humans, dietary levels of L-arginine in fasting or fed states have not
been reported to affect plasma flux of L-citrulline, an index of rate of formation and degradation of L-citrulline, or the conversion rate of L-citrulline to L-arginine. In contrast,
plasma flux of L-arginine is substantially reduced with fasting or L-arginine free diets.
Thus, effectiveness of supplemental L-citrulline therapy is expected to be maintained in
different dietary states.

TOXICOLOGY
L-citrulline is a naturally occurring amino acid for which widely different plasma and
tissue levels may exist. Few studies have examined or reported on the toxicology of supplemental L-citrulline administration. L-citrulline is generally recognized as safe for oral
consumption (78,93). In fact, L-citrulline can prevent some of the untoward effects of Larginine supplementation. For example, L-arginine is likely to cause excessive urea genesis, whereas L-citrulline administration would not (14,76).
Hypercitrullinemia may occur with dysfunction of the ASS gene or aspartate transport
for that enzyme. However, the pathology of these disease states appears to be related to
build-up of compounds involved in L-citrulline synthesis and disruption of the urea cycle
and elevated ammonia levels.

CONCLUSIONS
Supplemental administration of L-citrulline, which is converted to L-arginine in the
kidney, vascular endothelium and other cells, is an effective means of elevating plasma
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and tissue levels of L-arginine. When given orally, supplemental L-citrulline is more effective than L-arginine in raising circulating L-arginine levels because it bypasses metabolism in the gastrointestinal tract and liver. Also, it is not a substrate for arginase and does
not induce arginase expression or activity. Therefore, use of L-citrulline supplements is a
promising treatment of cardiovascular disease involving L-arginine deficiencies, reduced
NO availability and vascular dysfunction. L-citrulline is a natural and apparently safe
means of providing L-arginine for constitutive NOS production of NO.
Support. NIH-R01-HL070215, NIH-R01-EY11766.
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