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SUMMARY

1. L-Arginine is the substrate for vascular nitric oxide (NO)
formation. Under normal physiological conditions, intracellular
L-arginine levels far exceed the Km of NO synthase for L-
arginine. However, endogenous NO formation is dependent on
extracellular L-arginine concentrations, giving rise to the concept
of the ‘L-arginine paradox’.

2. Nitric oxide production in epithelial and endothelial cells
is closely coupled to cellular L-arginine uptake, indicating that
L-arginine transport mechanisms play a major role in the
regulation of NO-dependent function.

3. Consistent with the data in endothelial and epithelial cells
are functional data indicating that exogenous L-arginine can
increase renal vascular and tubular NO bioavailability and
thereby influence kidney perfusion, function and arterial pressure.
The integrated effect of increased cellular L-arginine transport
is to lower arterial pressure. Therefore, the use of L-arginine in
the treatment of hypertension warrants investigation.

4. Low NO bioavailability is central to the development and
maintenance of hypertension and to related endothelial dysfunction
and target organ damage. We propose that L-arginine can
interrupt the vicious cycle that initiates and maintains low NO
in hypertension by increasing the formation of NO.

Key words: L-arginine, L-arginine uptake mechanisms,
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INTRODUCTION

l-Arginine was discovered as a naturally occurring amino acid more
than a century ago.1 The more recent discovery that nitric oxide
(NO),2 derived from l-arginine, is a major endothelium-derived
relaxing factor shifted the focus of interest in l-arginine towards its
potential role in cardiovascular control. Nevertheless, the role of
l-arginine in the long-term regulation of arterial pressure remains

to be determined. There are three major pathways for l-arginine
metabolism: l-arginine is metabolised to l-ornithine by arginase, to
agmatine by arginine decarboxylase and to NO and citrulline by NO
synthase (NOS).3 Importantly, l-arginine is the substrate for vascular
NO formation.4–6 In humans, approximately 1% of the daily l-arginine
intake is metabolised via this pathway,1 but the degree to which vascular
NO production is limited by l-arginine remains controversial.

Low NO contributes to the development and maintenance of
hypertension, as well as related endothelial dysfunction and target
organ damage.7 Hence, increasing NO is a potential therapeutic target
in hypertension. The amount of NO available is determined by a
balance between its formation and scavenging/inactivation. Superoxide
is a major culprit responsible for the latter process. The role of superoxide
in hypertension has been investigated extensively and the findings
of these studies have been discussed in recent reviews.8,9 Although
NO formation is an important determinant of NO bioavailability,
recent studies have largely overlooked the factors that regulate NO
synthesis. In this review we present the argument that l-arginine is
an important determinant of endogenous NO production in health
and particularly under conditions of hypertension.

L-ARGININE SYNTHESIS AND METABOLISM

Most endogenous l-arginine synthesis occurs in the kidney.3

Approximately 85% of intestinal citrulline released from glutamine
metabolism is taken up by the kidney for l-arginine production.3

Although the proximal portions of the renal tubules in the renal cortex
of the kidney can synthesise l-arginine, this amino acid has been
demonstrated to be a limiting factor in NO production in the renal
medulla.10 l-Arginine reabsorption in the tubules is mediated by a
carrier-mediated transport system.11 The administration of high doses
of l-arginine has been shown to result in increased urinary l-arginine
excretion in humans.12

THE L-ARGININE PARADOX

The intracellular concentration of l-arginine (100–3800 mol/L)13

exceeds the Michaelis–Menten constant (Km) of NOS for l-arginine
(< 5 mol/L).14 However, there is strong evidence that endogenous
NO production is dependent on extracellular l-arginine concentra-
tion. Increasing extracellular l-arginine concentration enhances NO-
dependent vasorelaxation or other indices of endothelial function in
the vasculature of experimental animals and humans with hypertension,
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diabetes mellitus or hypercholesterolaemia.6,15–23 In addition, the
shear stress-induced release of NO in cultured endothelial cells is
dependent upon cellular l-arginine uptake.24,25 The reliance of
NO generation and NO-dependent function on the extracellular
concentration of l-arginine, despite high intracellular l-arginine
concentrations, has given rise to the concept of the ‘arginine paradox’.
Several mechanisms have been proposed to explain the arginine
paradox. One possibility is the compartmentalization of l-arginine
in the cytoplasm. Endothelial NOS (eNOS) and the cationic amino acid
transporter (CAT) 1 (the predominant arginine transporter) are both
located in the plasma membrane of endothelial cells and may not
be able to readily access intracellular l-arginine pools.26 Conversely,
extracellular l-arginine is readily accessible to CAT1. The close
proximity of eNOS to CAT1 may indicate that eNOS preferentially
uses l-arginine transported from the extracellular fluid by CAT1.
The presence of endogenous NOS inhibitors, such as asymmetric
dimethylarginine (ADMA), has also been shown to reduce the
sensitivity of NOS to l-arginine.27 The addition of extracellular
l-arginine may overcome the inhibition of these endogenous com-
pounds.27 Each of these proposed mechanisms potentially plays a
role in the l-arginine paradox and underlies the beneficial effects
of l-arginine supplementation in hypertension.

CELLULAR L-ARGININE TRANSPORTERS

Specialized transport channels in the plasma membrane are required
for extracellular l-arginine to enter the cell. Differentially expressed
transport systems (y+, y+L) are responsible for transporting not only
l-arginine, but also other cationic and neutral amino acids across
the plasma membrane of the cell.28 Because other amino acids can
compete with l-arginine for cellular uptake, the extracellular con-
centration of l-arginine and other cationic and neutral amino acids
can affect l-arginine transport. In endothelial cells, l-arginine uptake
is mediated by both y+ and y+L transport mechanisms,28 whereas y+

transport mechanisms appear to be most important in epithelial cells.10

System y+ transporters selectively mediate the cellular transport of
cationic amino acids, including l-arginine; in contrast, system y+L
transports both cationic and neutral amino acids.28 System y+ is a
family of cationic transporters encoded as CAT1, CAT2A, CAT2B
and CAT3.29–32 The y+L mechanism observed in endothelial cells is
associated with CD/984F2 heavy chain.33 The y+ and y+L systems
can transport cationic amino acids independently of sodium, but y+L
transporters depend on sodium for the uptake of neutral amino
acids.28 Both the y+ and y+L systems demonstrate competitive
inhibition as well as trans-stimulation (exchange). In trans-stimulation,
the addition of cationic or neutral amino acids to the extracellular
space enhances l-arginine efflux from the cells.28 Taken together,
these data indicate that the extracellular concentration of l-arginine,
as well as that of other cationic and neutral amino acids, can affect
cellular l-arginine transport.

L-ARGININE UPTAKE MECHANISMS IN 
EPITHELIAL CELLS

Considerable experimental data support an important role for cellular
l-arginine uptake mechanisms in the production of NO in renal
epithelial cells.10 In the isolated perfused thick ascending limb,
increased extracellular l-arginine concentration resulted in the NO-
dependent inhibition of chloride absorption.34 Other studies have

demonstrated that l-arginine uptake is important for NO-mediated
effects on the renal tubuloglomerular feedback response.35 Although
cells in the proximal portions of the nephron are capable of generating
l-arginine from l-citrulline by the sequential action of argininosuccinate
synthase and lyase,36,37 cell types in the distal portions of the
nephron, particularly the inner medullary collecting duct (IMCD),
have an extremely low l-arginine synthetic capacity. We performed
a series of studies to examine the importance of l-arginine transport
in the IMCD.

Initial experiments in freshly isolated IMCD cells indicated that
l-arginine uptake is saturable, sodium independent and exhibits
biphasic kinetics.10,38 l-Arginine uptake was inhibited by the addition
of the cationic amino acids to the cell media, but was not altered by
neutral amino acids or specific substrates for other amino acid
transport systems.10 These findings are consistent with the hypothesis
that l-arginine uptake is mediated by a y+ mechanism in the IMCD.
Subsequent studies identified the transporter in the IMCD as CAT1.10

Further experiments then demonstrated that NO production in
isolated IMCD is directly coupled to cellular l-arginine uptake.10

Extracellular administration of cationic amino acids that compete with
l-arginine for cellular uptake (l-lysine, l-ornithine or l-homoarginine)
resulted in a reduction in NO production in freshly isolated IMCD;
administration of excess l-arginine increased NO content.4,10 These
observations provide direct evidence that extracellular l-arginine is
an important determinant of endogenous NO formation in epithelial
cells of the renal medulla and have led us to propose a model that
links cellular l-arginine transport by a CAT1-mediated mechanism
to NO production in the IMCD (Fig. 1).

L-ARGININE UPTAKE MECHANISMS IN 
ENDOTHELIAL CELLS

The studies described above indicate that l-arginine uptake is important
in NO production in epithelial cells. Subsequent studies were performed
to determine whether these same manipulations could alter NO
formation in cultured endothelial cells and in the renal vasculature.

Fig. 1 Model of l-arginine (l-Arg) uptake mechanisms in rat inner medullary
collecting duct cells. Cellular uptake of l-arginine and other cationic amino
acids (AA+) is mediated by system y+ transporters encoded as cationic amino
acid transporter (CAT) 1. l-Arginine transport can be altered by competitive
inhibition for uptake with other cationic amino acids or by trans-stimulation.
Cellular efflux of l-arginine can be stimulated by trans-stimulation mecha-
nisms in which l-arginine is expelled in exchange for the entry of another
cationic amino acid. NO, nitric oxide.
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The addition of excess l-arginine stimulated NO production, whereas
the addition of other cationic or neutral amino acids reduced NO in
cultured endothelial cells.28 Anionic amino acids did not affect NO
in these cells and the addition of excess l-arginine reversed the
effects of the neutral and cationic amino acids. Further experiments
with short interference (si) RNA inhibition of the y+ transporter
(CAT1) or the y+L transporter (CD98/4F2hc) produced similar
results.28 These data are consistent with the hypothesis that the
modulation of cellular l-arginine transport, either by competitive
inhibition of uptake or stimulation of efflux (trans-stimulation) can alter
l-arginine availability and thus NO production in endothelial cells.

Experiments in the isolated perfused kidney were recently per-
formed to translate the observations made in cultured endothelial
cells to the intact kidney.28 The addition of competing cationic and
neutral amino acids to the renal arterial perfusate decreased NO
release and increased vascular resistance in the isolated perfused
kidney, whereas anionic amino acids had no effect on this relationship.28

Further experiments then demonstrated that these responses are
endothelium dependent, NOS dependent and reversed with excess
l-arginine.28 These data obtained from the renal vasculature are
consistent with the findings reported above in cultured endothelial
cells demonstrating that l-arginine uptake and efflux by y+ and y+L
transporters can be modulated by cationic and/or neutral amino acids
and alter NO bioavailability and NOS-dependent function.

Based on the studies outlined above, we propose the model in
Fig. 2 to explain the effects of modulation of l-arginine transport
on NO production in endothelial cells. l-Arginine enters cells by
either a y+ (CAT1) or y+L (CD98/4F2hc) transport mechanism. l-
Arginine transport can be modulated by other cationic amino acids
through the y+ or y+L mechanism or by neutral amino acids through
the y+L transport mechanism. Uptake can be altered by competitive
inhibition and efflux altered by trans-stimulation. Together, effects
on l-arginine uptake and efflux alter the availability of l-arginine
to serve as a substrate for NOS in the production of NO. As such, we
propose that modulation of these transporters can have a profound
effect on NO-dependent function.

FUNCTIONAL SIGNIFICANCE OF 
L-ARGININE UPTAKE MECHANISMS

Functional studies were then performed to evaluate the importance
of CAT1 in the production of NO and in the regulation of NO-
dependent function in the renal medulla of anaesthetized and
conscious rats.4,5 Acute infusion of l-arginine into the renal medullary
interstitial space of anaesthetized rats increased renal medullary
interstitial NO concentration. In contrast, infusion of cationic amino
acids that compete with l-arginine for cellular uptake (l-lysine or
l-ornithine) or administration of the NOS inhibitor NG-nitro-l-
arginine methyl ester (l-NAME) decreased NO concentration in the
medulla.4 Furthermore, the effects of l-lysine or l-ornithine were
reversed by excess l-arginine. Subsequent studies demonstrated that
blood flow in the renal medulla was decreased during medullary
interstitial infusion of l-lysine or l-ornithine, increased during
infusion of l-arginine and decreased by l-NAME.4 Studies were then
performed to evaluate the long-term effect of inhibition of CAT1 in
the renal medulla. The chronic infusion of l-lysine or l-ornithine
directly into the renal medullary interstitial space of conscious rats
for several days led to a sustained reduction in NO in the renal
medulla and an increase in arterial blood pressure; both effects were
blunted by coadministration of l-arginine.5 To document these effects
with a mechanistically different inhibitor of l-arginine uptake, we
demonstrated that antisense inhibition of CAT1 in the renal medulla
led to a sustained reduction in CAT1 immunoreactive protein, a
significant decrease in NO in the medullary interstitial space and the
development of systemic hypertension.5 The hypertension in this
model is proposed to be mediated by a decrease in medullary blood
flow and/or alterations in sodium transport in epithelial cells (i.e.
IMCD). Although the precise mechanisms of hypertension in this model
remain to be fully elucidated, the data demonstrate that the in vitro
observations described above have functional in vivo correlates.

ROLE OF L-ARGININE UPTAKE 
MECHANISMS IN THE REGULATION OF 

FLUID AND ELECTROLYTE HOMEOSTASIS 
AND ARTERIAL BLOOD PRESSURE

Based on our in vitro and in vivo studies of renal l-arginine uptake
mechanisms, NO production and NO-dependent function, we
propose the following mechanisms to explain the effects of increased
l-arginine uptake on renal vascular and tubular function in the cortex
and medulla (Fig. 3). Increased extracellular l-arginine leads to
increased NO production in both endothelial and IMCD cells. As
demonstrated in thick ascending limb cells,34 the increase in NO in
epithelial cells, including the IMCD, results in decreased sodium
reabsorption, which leads to an increase in sodium (and water)
excretion, a reduction in extracellular and plasma volume and a
reduction in mean arterial blood pressure. Similarly, an elevation in
l-arginine uptake in endothelial cells can lead to a reduction in arte-
rial blood pressure by directly altering vascular resistance or by
increasing sodium and water excretion. A fall in renal vascular
resistance will be associated with increased sodium and water
excretion due to an elevation in the filtered load or indirect effects
on sodium transport due to changes in the renal medullary osmotic
gradient (medullary washout) or increased medullary interstitial fluid
pressure secondary to changes in blood flow of the vasa recta
capillaries in the renal medulla.39 The integrated effect of an elevation

  

Fig. 2 Model of l-arginine uptake mechanisms in endothelial cells. Cellular
uptake of l-arginine and other cationic amino acids (AA+) is mediated by
system y+ and system y+L transporters (a heterodimer). l-Arginine transport
can be inhibited by competitive inhibition with other cationic amino acids
(system y+ and y+L) or by neutral amino acids (system y+L). Cellular efflux
of l-arginine can be stimulated by trans-stimulation mechanisms in which
l-arginine is removed from the cell in exchange for the entry of another
amino acid. AA0, neutral amino acids; NO, nitric oxide.



252 NW Rajapakse and DL Mattson

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Asia Pty Ltd

in cellular l-arginine uptake is to lower arterial blood pressure.
Therefore, the use of l-arginine in the treatment of hypertension
warrants investigation.

HYPERTENSION

In industrialized countries, the risk of developing hypertension during
one’s lifetime exceeds 90%.40 The number of hypertensive patients
is expected to increase in the future because of the progressive
ageing of the population.41 Hypertension is a major risk factor for
stroke, myocardial infarction, heart failure, peripheral vascular disease
and kidney failure42 and mortality resulting from these diseases
decreases with effective antihypertensive therapy.41 Despite the
availability of a wide range of antihypertensive drugs, most hyper-
tensive patients still do not achieve optimal blood pressure regulation.41

Thus, it is imperative to improve current treatment regimens for
hypertension.

Role of the kidney in hypertension

The complex role of the kidney in long-term arterial pressure
regulation is beyond the scope of the present review, but has been
covered extensively elsewhere.43–45 Alterations in the relationship
between renal perfusion pressure and renal fluid and sodium excretion,
the pressure diuresis/natriuresis mechanism, are suggested to play an
important role in the development and maintenance of hypertension.44,46

Renal endothelial dysfunction and reduced NO bioavailability are
key contributors to the altered pressure–natriuresis relationship in
the development of hypertension.46,47 Reactive oxygen species have
been shown to be major culprits in scavenging NO,8 thereby reducing
its bioavailability under conditions of hypertension. As outlined in

the Introduction, there is only limited information on the factors that
regulate NO formation in hypertension. l-Arginine has been shown
to increase the bioavailability of NO by both increasing its
formation4,28 and reducing its inactivation by superoxide.48,49 Thus,
l-arginine supplementation has been suggested as a potential
therapeutic approach in hypertension.

L-Arginine and NO bioavailability in hypertension

There is evidence that, in addition to lowering arterial pressure,
antihypertensive treatments that increase NO bioavailability provide
additional beneficial effects in ameliorating target organ damage in
hypertension.7 Because exogenous l-arginine can increase NO
bioavailability by multiple mechanisms, l-arginine should ameliorate
hypertension and particularly the related target organ damage.

Exogenous l-arginine has been shown to improve NO-dependent
vasorelaxation or other indices of endothelial function in the
vasculature of animals and humans with salt-sensitive hypertension. For
example, chronic oral or intravenous administration of l-arginine
increased urinary cGMP and nitrate excretion50 and prevented sodium-
dependent hypertension in Dahl salt-sensitive (Dahl S) rats.50–52

These findings support the notion that l-arginine ameliorates
sodium-sensitive forms of hypertension, most likely by increasing
NO production. Renal medullary interstitial infusion of l-arginine
into Dahl S rats abrogated the reductions in medullary blood flow
and the development of hypertension induced by a high-salt diet.53 This
indicates that the antihypertensive effects of l-arginine are mediated
by the kidney and that l-arginine in the renal medulla is an important
determinant in the long-term regulation of arterial pressure.

Acute l-arginine infusion blunted angiotensin II-induced cortical
vasoconstriction and prevented angiotensin II-induced medullary
vasoconstriction in Dahl S rats placed on a 4% NaCl diet.54 This
indicates that when Dahl S rats are challenged with a high-salt diet,
l-arginine can protect the renal medullary circulation from the
ischaemic effects of angiotensin II.

Exclusive of its effects to increase NO through NOS enzymatic
action, evidence indicates that l-arginine can blunt increases in
urinary H2O2, 8-isoprostane and thromboxane B2 excretion and
decreases in plasma nitrate and nitrite levels in Dahl S rats placed on
a high-salt diet.55 Furthermore, l-arginine can blunt the upregulation
of gp91phox and p47phox subunits of NADPH oxidase in the renal
cortex of these rats.55 l-Arginine can act as a scavenger of reactive
oxygen species and blunt the release of oxygen free radicals from
endothelial cells.48 Most importantly, l-arginine can produce NO via
a non-enzymatic pathway by reacting with hydrogen peroxide.56

Thus, under conditions of hypertension, where there is high
bioavailability of superoxide, l-arginine may increase NO formation
and reduce superoxide levels by producing NO via this non-enzymatic
pathway. Nitric oxide synthase is uncoupled in hypertension and,
once uncoupled, NOS produces more superoxide rather than NO;
this produces a vicious cycle that greatly reduces NO. Under these
conditions, NO formation from l-arginine by this non-enzymatic
pathway could play a central role in increasing NO formation. l-
Arginine may also ‘recouple’ the electron transport in uncoupled
NOS.57 This would interrupt the vicious cycle that reduces NO
bioavailability in hypertension. Taken together, these data indicate
that l-arginine can increase NO formation in hypertension not only
by the conventional pathway, but also by a number of other potential
mechanisms (Fig. 4).

Fig. 3 Effects of increased cellular l-arginine (l-Arg) uptake in endothelial
and epithelial cells on vascular resistance, renal excretory function,
extracellular fluid volume and the long-term level of blood pressure.
Increased nitric oxide (NO) in endothelial cells leads to decreased vascular
resistance, whereas increased NO in epithelial cells reduces tubular sodium
reabsorption. The integrated effect of these actions is a reduction in arterial
pressure. ECF, extracellular fluid; NOS, nitric oxide synthase; AA+, cationic
amino acids; AA0, neutral amino acids; CAT1, cationic amino acid trans-
porter 1; IMCD, inner medullary collecting duct.
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L-Arginine and angiotensin II-induced hypertension

We recently demonstrated that l-arginine can significantly increase
NO content, blunt angiotensin II-induced hypertension (by
approximately 45%)58 and prevent angiotensin II-induced renal
damage in Sprague-Dawley rats.58 This latter observation is most
exciting because it provides strong support for the concept that, in
addition to lowering arterial pressure, antihypertensive treatments
that increase NO bioavailability can prevent target organ damage in
hypertension.

Angiotensin II increases l-arginine and l-lysine transport and
CAT1 mRNA in rat aortic smooth muscle cells.59 Thus, in angiotensin
II-induced hypertension, the ability of extracellular l-arginine to
increase endogenous NO production should be augmented. We
propose that CAT1 is upregulated in angiotensin II-induced
hypertension, which, in turn, facilitates the antihypertensive effects
of l-arginine.

Previous studies have shown that the administration of l-arginine
reduces endothelin-1 levels in humans.22,60,61 The precise mechanisms
by which l-arginine reduces endothelin-1 levels remain to be determined.
However, this action of l-arginine is likely to be dependent, at least
in part, on its ability to increase NO formation. Nitric oxide has been
demonstrated to directly decrease endothelin-1 secretion and endothelin-
1 gene expression.62 Because endothelin-1 stimulates superoxide
production during chronic angiotensin II infusion,63 a reduction in
endothelin-1 levels would reduce superoxide bioavailability and
increase NO levels. We propose that one of the mechanisms by
which l-arginine prevents renal damage and ameliorates hypertension

during chronic angiotensin II infusion is via inhibition of endothelin-1
production (Fig. 4).

l-Arginine has been shown to act as an angiotensin-converting
enzyme (ACE) inhibitor in humans.64 For example, acute administration
of l-arginine to healthy male subjects reduced serum ACE activity
and plasma angiotensin II levels.64 The precise mechanisms by
which l-arginine inhibits ACE remain to be determined.

L-Arginine transport in hypertension

Plasma l-arginine concentration has been shown to be increased,65

whereas l-arginine transport is decreased, in hypertension.65–67 However,
this reduction in l-arginine transport is only linked to the y+L (and not
system y+) mechanism.65 It is likely that l-arginine uptake by CAT1,
which resembles system y+ transport, remains intact under conditions
of hypertension. Thus, CAT1 may be responsible for the beneficial
effects of l-arginine supplementation observed in hypertension.

L-Arginine in clinical trials

To date, there is only scant information available on the effects of
l-arginine in human essential hypertension and the results of clinical
studies have been ambiguous.41 Most clinical studies have used only a
small number of patients (n = 10–20) and treatment was administered
either acutely or only for several weeks. It has been shown that
l-arginine can reduce arterial pressure and improve endothelial
function in patients with mild to moderate hypertension.68,69 Another
study indicated that oral l-arginine acutely improved endothelium-
dependent brachial artery flow-mediated dilatation in patients with
essential hypertension.18 In contrast, exogenous l-arginine augmented
acetylcholine-induced forearm perfusion in normotensive subjects,
but had no effect on hypertensive patients.70 This latter study suggests
that reduced bioavailability of NO observed in human hypertension
is not due to reduced availability of l-arginine.70 Overall, the
findings of these studies suggest that l-arginine has the potential to
improve endothelial dysfunction in patients with mild to moderate,
but not severe, hypertension. Large randomized controlled trials are
required to determine the effects of long-term l-arginine therapy in
hypertensive patients.

CONCLUSIONS

Recent data indicate that exogenous l-arginine can increase NO in
endothelial and epithelial cells. l-Arginine is also an important
determinant of renal NO production, NO-dependent function and
long-term arterial pressure regulation. Low bioavailability of NO is
a key factor contributing to the pathogenesis of hypertension,
particularly to the related target organ damage. Therefore, anti-
hypertensive treatments that restore NO are suggested to be more
beneficial than those that merely ameliorate hypertension in treating
hypertensive patients. l-Arginine increases NO production, in addition
to reducing its quenching by superoxide. Therefore, l-arginine has
the potential to reduce arterial pressure and related kidney damage
and improve NO bioavailability in hypertension. However, more studies
are needed to determine the biological mechanisms underlying the
antihypertensive effects of l-arginine. Large randomized controlled
clinical trials are also required to assess the beneficial effects of l-
arginine in human hypertension. This information should aid in the
evaluation of l-arginine as an antihypertensive therapy.

Fig. 4 Global hypothesis indicating the proposed mechanisms by which
l-arginine interrupts the vicious cycle that reduces nitric oxide (NO) bio-
availability in hypertension. l-Arginine reduces angiotensin II, endothelin-1
and superoxide levels and recouples ‘uncoupled’ nitric oxide synthase (NOS)
enzyme. All these actions of l-arginine lead to an increase in NO bioavail-
ability in hypertension. An increase in NO bioavailability, in turn, leads to
a reduction in superoxide bioavailability. +, enhances; –, reduces; broken
lines indicate that these pathways remain to be established.



254 NW Rajapakse and DL Mattson

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Asia Pty Ltd

ACKNOWLEDGEMENTS

NWR is a recipient of a National Health and Medical Research
Council of Australia CJ Martin fellowship (ID 384299). The authors’
work reported herein was supported, in part, by National Institutes
of Health (US) grants HL-29587 and DK-62803 to DLM.

REFERENCES

1. Peters H, Border WA, Noble NA. From rats to man: A perspective on
dietary l-arginine supplementation in human renal disease. Nephrol.
Dial. Transpl. 1999; 14: 1640–50.

2. Furchgott RF, Zawadski JV. The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetylcholine. Nature
1980; 288: 373–6.

3. Brosnan ME, Brosnan JT. Renal arginine metabolism. J. Nutr. 2004;
134 (Suppl.): S2791–7.

4. Kakoki M, Kim H-S, Arendshorst WJ, Mattson DL. l-Arginine uptake
affects nitric oxide production and blood flow in the renal medulla. Am.
J. Physiol. Regul. Intergr. Comp. Physiol. 2004; 287: R1478–85.

5. Kakoki M, Wang W, Mattson DL. Cationic amino acid transport in the
renal medulla and blood pressure regulation. Hypertension 2002; 39:
287–92.

6. Deng X, Welch WJ, Wilcox CS. Renal vasodilation with l-arginine.
Effects of dietary salt. Hypertension 1995; 26: 256–62.

7. Portaluppi F, Boari B, Manfredini R. Oxidative stress in essential
hypertension. Curr. Pharm. Des. 2004; 10: 1695–8.

8. Majid DSA, Kopkan L. Nitric oxide and superoxide interactions in the
kidney and their implication in the development of salt-sensitive
hypertension. Clin. Exp. Pharmacol. Physiol. 2007; 34: 946–52.

9. Tepel M. Oxidative stress: Does it play a role in the genesis of essential
hypertension and hypertension of uraemia? Nephrol. Dial. Transplant.
2003; 18: 1439–42.

10. Wu F, Cholewa B, Mattson DL. Characterization of l-arginine trans-
porters in rat renal inner medullary collecting duct. Am. J. Physiol.
Regul. Intergr. Comp. Physiol. 2000; 278: R1506–12.

11. Dantzler WH, Silbernagl S. Basic amino acid transport in renal papilla:
Microinfusion of Henle’s loops and vasa recta. Am. J. Physiol. Renal
Physiol. 1993; 265: F830–8.

12. Tangphao O, Grossmann M, Chalon S, Hoffman BB, Blaschke TF.
Pharmacokinetics of intravenous and oral l-arginine in normal
volunteers. Br. J. Clin. Pharmacol. 1999; 47: 261–6.

13. Baydoun AR, Emery PW, Pearson JD, Mann GE. Substrate-dependent
regulation of intracellular amino acid concentrations in cultured bovine
aortic endothelial cells. Biochem. Biophys. Res. Commun. 1990; 173:
940–8.

14. Closs EI, Scheld JS, Sharafi M, Förstermann U. Substrate supply for
nitric-oxide synthase in macrophages and endothelial cells: Role of
cationic amino acid transporters. Mol. Pharmacol. 2000; 57: 68–74.

15. Aisaka K, Gross SS, Griffith OW, Levi R. l-Arg availability determines
the duration of acetylcholine-induced systemic vasodilation in vivo.
Biochem. Biophys. Res. Commun. 1989; 163: 710–17.

16. Creaager MA, Gallagher SJ, Girerd XJ, Coleman SM, Dzau VJ, Cooke
JP. l-Arginine improves endothelium dependent vasodilation in hyper-
cholesterolemic humans. J. Clin. Invest. 1992; 90: 1248–53.

17. Hayakawa H, Hirata Y, Suzuki E et al. Long-term administration of
l-arginine improves nitric oxide release from kidney in deoxycorticos-
terone acetate-salt hypertensive rats. Hypertension 1994; 23: 752–6.

18. Lekakis JP, Papathanassiou S, Papaioannou TG et al. Oral l-arginine
improves endothelial dysfunction in patients with essential hypertension.
Int. J. Cardiol. 2002; 86: 317–23.

19. Pieper GM, Peltier BA. Amelioration by l-arginine of a dysfunctional
arginine/nitric oxide pathway in diabetic endothelium. J. Cardiovasc.
Pharmacol. 1995; 25: 397–403.

20. Quyyumi AA, Dakak N, Diodati JG, Gilligan DM, Panza JA, Cannon
3rd RO. Effect of l-arginine on human coronary endothelium-dependent
and physiologic vasodilation. J. Am. Coll. Cardiol. 1997; 30: 1220–7.

21. Rossitch Jr E, Alexander E 3rd, Black PM, Cooke JP. l-Arginine normalizes
endothelial function in cerebral vessels from hypercholesterolemic
rabbits. J. Clin. Invest. 1991; 87: 1295–9.

22. Lerman A, Burnett Jr JC, Higano ST, McKinley LJ, Holmes Jr DR.
Long-term l-arginine supplementation improves small-vessel coronary
endothelial function in humans. Circulation 1998; 97: 2123–8.

23. Cooke JP, Andon NA, Girerd XJ, Hirsch AT, Creager MA. Arginine
restores cholinergic relaxation of hypercholesterolemic rabbit thoracic
aorta. Circulation 1991; 83: 1057–62.

24. Posch K, Schmidt K, Graier WF. Selective stimulation of l-arginine
uptake contributes to shear stress-induced formation of nitric oxide.
Life Sci. 1999; 64: 663–70.

25. Posch K, Simecek S, Wascher TC et al. Glycated low-density lipoprotein
attenuates shear stress-induced nitric oxide synthesis by inhibition of
shear stress-activated l-arginine uptake in endothelial cells. Diabetes
1999; 48: 1331–7.

26. McDonald KK, Zharikov S, Block ER, Kilberg MS. A caveolar com-
plex between the cationic amino acid transporter 1 and endothelial
nitric-oxide synthase may explain the ‘arginine paradox’. J. Biol. Chem.
1997; 272: 31 213–16.

27. Vallance P, Leone A, Calver A, Collier J, Moncada S. Accumulation
of an endogenous inhibitor of nitric oxide synthesis in chronic renal
failure. Lancet 1992; 339: 572–5.

28. Kakoki M, Kim H-S, Edgell C-JS, Maeda N, Smithies O, Mattson DL.
Amino acids as modulators of endothelium-derived nitric oxide. Am.
J. Physiol. Renal Physiol. 2006; 291: F297–304.

29. Aulak KS, Liu J, Wu J et al. Molecular sites of regulation of expression
of the rat cationic amino acid transporter gene. J. Biol. Chem. 1996;
271: 29 799–806.

30. Closs EI, Albritton LM, Kim JW, Cunningham JM. Identification of
a low affinity high capacity transporter of cationic amino acids in
mouse liver. J. Biol. Chem. 1993; 268: 7538–44.

31. Hosokawa H, Sawamura T, Kobayashi S, Ninomiya H, Miwa S,
Masaki T. Cloning and characterization of a brain-specific cationic
amino acid transporter. J. Biol. Chem. 1997; 272: 8717–22.

32. Closs EI, Gräf P, Habermeier A, Cunningham JM, Förstermann U.
Human cationic amino acid transporters hCAT-1, h-CAT 2A, and
hCAT-2B: Three related carriers with distinct transport properties.
Biochemistry 1997; 36: 6462–8.

33. Sala R, Rotoli BM, Colla E et al. Two-way arginine transport in human
endothelial cells: TNF-alpha stimulation is restricted to system y+.
Am. J. Physiol. Cell Physiol. 2002; 282: C134–43.

34. Plato CF, Stoos BA, Wang D, Garvin JL. Endogenous nitric oxide
inhibits chloride transport in the thick ascending limb. Am. J. Physiol.
Renal Physiol. 1999; 276: F159–63.

35. Welch WJ, Wilcox CS. Macula densa arginine delivery and uptake in
the rat regulates glomerular capillary pressure. Effects of salt intake.
J. Clin. Invest. 1997; 100: 2235–42.

36. Dhanakoti SN, Brosnan ME, Herzberg GR, Brosnan JT. Cellular and
subcellular localization of enzymes of arginine metabolism in rat
kidney. Biochem. J. 1992; 282: 369–75.

37. Levillain O, Hus-Citharel A, Morel F, Bankir L. Arginine synthesis in
mouse and rabbit nephron: Localization and functional significance.
Am. J. Physiol. Renal Physiol. 1993; 264: F1038–45.

38. Zewde T, Wu F, Mattson DL. Influence of dietary NaCl on l-arginine
transport in the renal medulla. Am. J. Physiol. Regul. Intergr. Comp.
Physiol. 2004; 286: R89–93.

39. Mattson DL. Importance of the renal medullary circulation in the
control of sodium excretion and blood pressure. Am. J. Physiol. Regul.
Intergr. Comp. Physiol. 2003; 284: R13–27.

40. Messerli FH, Williams B, Ritz E. Essential hypertension. Lancet 2007;
370: 591–603.

41. Gokce N. l-Arginine and hypertension. J. Nutr. 2004; 134 (Suppl.):
S2807–11.

42. Australian Institute of Health and Welfare (AIHW) and National Heart
Foundation of Australia. Cardiovascular Disease Series No. 22.
Heart, Stroke and Vascular Diseases: Australian Facts 2004. AIHW,
Canberra. 2004.



L-Arginine and hypertension 255

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Asia Pty Ltd

43. Cowley Jr AW, Roman RJ. The role of the kidney in hypertension.
JAMA 1996; 275: 1581–9.

44. Crowley SD, Coffman TM. In hypertension, the kidney rules. Curr.
Hypertens. Rep. 2007; 9: 148–53.

45. Cowley Jr AW. Role of the renal medulla in volume and arterial pressure
regulation. Am. J. Physiol. Regul. Intergr. Comp. Physiol. 1997; 273:
R1–15.

46. Pallone TL, Mattson DL. Role of nitric oxide in regulation of the renal
medulla in normal and hypertensive kidneys. Curr. Opin. Nephrol.
Hypertens. 2002; 11: 93–8.

47. Cowley Jr AW, Mori T, Mattson DL, Zou A-P. Role of renal NO
production in the regulation of medullary blood flow. Am. J. Physiol.
Regul. Intergr. Comp. Physiol. 2003; 284: R1355–69.

48. Wascher TC, Posch K, Wallner S, Hermetter A, Kostner GM, Graier
WF. Vascular effects of l-arginine: Anything beyond a substrate for
the NO-synthase? Biochem. Biophys. Res. Commun. 1997; 234: 35–8.

49. Chowienczyk P, Ritter J. Arginine: NO more than a simple amino acid?
Lancet 1997; 350: 901–2.

50. Chen PY, Sanders PW. l-Arginine abrogates salt-sensitive hypertension
in Dahl/Rapp rats. J. Clin. Invest. 1991; 88: 1559–67.

51. Patel AR, Granger JP, Krichner KA. l-Arginine improves transmission
of perfusion pressure to the renal interstitium in Dahl salt-sensitive rats.
Am. J. Physiol. Regul. Intergr. Comp. Physiol. 1994; 266: R1730–5.

52. Hu L, Manning Jr RD. Role of nitric oxide in regulation of long-term
pressure-natriuresis relationship in Dahl rats. Am. J. Physiol. Heart
Circ. Physiol. 1995; 268: H2375–83.

53. Miyata N, Zou AP, Mattson DL, Cowley Jr AW. Renal medullary inter-
stitial infusion of l-arginine prevents hypertension in Dahl salt-sensitive
rats. Am. J. Physiol. Regul. Intergr. Comp. Physiol. 1998; 275: R1667–
73.

54. Rajapakse NW, Mattson DL. l-Arginine uptake mechanisms and
responses of intrarenal perfusion to angiotensin II. FASEB J. 2006; 20:
A764 (Abstract).

55. Fujii S, Zhang L, Igarashi J, Kosaka H. l-Arginine reverses p47phox
and gp91phox expression induced by high salt in Dahl rats. Hypertension
2003; 42: 1014–20.

56. Nagase S, Takemura K, Ueda A et al. A novel nonenzymatic pathway
for the generation of nitric oxide by the reaction of hydrogen peroxide
and d- or l-arginine. Biochem. Biophys. Res. Commun. 1997; 233: 150–
3.

57. Pritchard Jr KA, Groszek L, Smalley DM et al. Native low-density
lipoprotein increases endothelial cell nitric oxide synthase generation
of superoxide anion. Circ. Res. 1995; 77: 510–18.

58. Rajapakse NW, De Miguel C, Das S, Mattson DL. Exogenous l-arginine
ameliorates angiotensin II-induced hypertension and renal damage in
rats. Hypertension 2008; 52: 1084–90.

59. Low BC, Grigor MR. Angiotensin II stimulates system y+ and cationic
amino acid transporter gene expression in cultured vascular smooth
muscle cells. J. Biol. Chem. 1995; 270: 27 577–83.

60. Piatti P, Fragasso G, Monti LD et al. Acute intravenous l-arginine infusion
decreases endothelin-1 levels and improves endothelial function in patients
with angina pectoris and normal coronary arteriograms: Correlation with
asymmetric dimethylarginine levels. Circulation 2003; 107: 429–36.

61. Lucotti P, Setola E, Monti LD et al. Beneficial effects of a long-term
oral l-arginine treatment added to a hypocaloric diet and exercise
training program in obese, insulin-resistant type 2 diabetic patients. Am.
J. Physiol. Endocrinol. Metab. 2006; 291: E906–12.

62. Kelly LK, Wedgwood S, Steinhorn RH, Black SM. Nitric oxide
decreases endothelin-1 secretion through the activation of soluble
guanylate cyclase. Am. J. Physiol. Lung Cell Mol. Physiol. 2004; 286:
L984–91.

63. Laplante M-A, Wu R, Moreau P, de Champlain J. Endothelin mediates
superoxide production in angiotensin II-induced hypertension in rats.
Free Radic. Biol. Med. 2005; 38: 589–96.

64. Higashi Y, Ashima T, Ono N et al. Intravenous administration of l-
arginine inhibits angiotensin converting enzyme in humans. J. Clin.
Endocrinol. Metab. 1995; 80: 2198–202.

65. Ribeiro ACM, Brunini TMC. l-Arginine transport in disease. Curr.
Med. Chem. 2004; 2: 123–31.

66. Schlaich MP, Parnell MM, Ahlers BA et al. Impaired l-arginine
transport and endothelial function in hypertensive and genetically
predisposed normotensive subjects. Circulation 2004; 110: 3680–6.

67. Zheng HZ, Wang XH, Liu XY, Tang CS, Liu NK. The changes in the
heart and erythrocyte l-arginine transport of spontaneously hypertensive
rats. Sheng Li Xue Bao 2000; 52: 323–8 (in Chinese with an English
abstract).

68. Pagnotta P, Germano G, Grutter G, Leonardo F, Rosano G, Chierchia S.
Oral l-arginine supplementation improves essential arterial hypertension.
Circulation 1997; 96 (Suppl.): I-538 (Abstract).

69. Higashi Y, Oshima T, Ozono R, Wantanabe M, Matsuura H, Kajiyama
G. Effects of l-arginine infusion on renal hemodynamics in patients
with mild essential hypertension. Hypertension 1995; 25: 898–902.

70. Panza JA, Casino PR, Badar DM, Quyyumi AA. Effect of increased
availability of endothelium-derived nitric oxide precursor on endothelium-
dependent vascular relaxation in normal subjects and in patients with
essential hypertension. Circulation 1993; 87: 1475–81.


