
Arginine Metabolism: Enzymology, Nutrition,
and Clinical Significance

L-Arginine and Hypertension1,2

Noyan Gokce3

Evans Department of Medicine, Cardiology Section, and Whitaker Cardiovascular Institute, Boston University
School of Medicine, Boston, MA 02118

ABSTRACT Hypertension is a major healthcare problem afflicting nearly 50 million individuals in the United
States. Despite its strong causal association with cardiovascular disease complications including myocardial
infarction, heart failure, and stroke, the majority of patients with hypertension do not achieve optimal blood
pressure control. The prevalence of hypertension is expected to increase with the aging population, growing
obesity epidemic, and rising incidence of metabolic syndrome. Endothelial dysfunction and reduced nitric oxide
(NO) bioactivity represent prominent pathophysiological abnormalities associated with hypertensive cardiovascular
disease. Individuals with hypertension exhibit blunted epicardial and resistance vascular dilation to endothelium-
derived nitric oxide (EDNO) agonists in the peripheral and coronary circulation that likely contributes to mecha-
nisms of altered vascular tone in hypertension. The amino acid L-arginine serves as the principal substrate for
vascular NO production. Numerous studies, though not uniformly, demonstrate a beneficial effect of acute and
chronic L-arginine supplementation on EDNO production and endothelial function, and L-arginine has been shown
to reduce systemic blood pressure in some forms of experimental hypertension. This brief review discusses the
potential role of L-arginine in hypertension, and reviews possible mechanisms of L-arginine action including
modulation of EDNO production, alteration of asymmetrical dimethylarginine (ADMA):L-arginine balance, and
possible improvement of insulin sensitivity. In view of the rising prevalence of hypertension, randomized human
clinical studies investigating the potential therapeutic role of L-arginine may be warranted. J. Nutr. 134:
2807S–2811S, 2004.
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Approximately 50 million individuals in the United States
are hypertensive as defined by an elevated systolic blood pres-
sure � 140 mm Hg (18.7 kPa) or diastolic blood pressure � 90
mm Hg (12.0 kPa) (1). Hypertension is directly linked to
cardiovascular complications including coronary artery dis-
ease, left ventricular hypertrophy, and heart failure. It repre-
sents the most common risk factor for stroke, and is a major
contributor to the development of renal insufficiency and
end-stage kidney disease. Data compiled from the National,
Heart, Lung, and Blood Institute (NHLBI)4 Framingham
Heart Study and the Seventh Report of the Joint National
Committee (JNC-7) indicate that most individuals will de-

velop hypertension during their lifetime (2). It is estimated
that for every 20/10-mm Hg (2.7/1.3-kPa) rise in blood pres-
sure, there is a doubling in the risk of cardiovascular death.
The number of hypertensive patients is expected to grow
because of the progressive aging of the population. In younger
individuals, the obesity epidemic that currently afflicts 65% of
the U.S. population and its link to elevated blood pressure and
metabolic syndrome is likely to produce a staggering rise in the
prevalence of hypertension (3). Mortality rates from myocar-
dial infarction, stroke, and other vascular diseases decline
steadily with effective antihypertensive therapy, and treat-
ment of hypertension represents the second most common
reason for physician office visits and prescription medication
therapy. However, national survey data show that only 70% of
Americans are aware of their elevated blood pressure, and only
one-third of individuals with hypertension are adequately
treated or achieve optimal blood pressure control. Adjunct
therapeutic interventions to existing treatment paradigms
have the potential for marked therapeutic effects.

Endothelial dysfunction in hypertension

With relevance to the nitric oxide/L-arginine pathway, it is
recognized that the endothelium modulates vascular tone
through the synthesis and elaboration of vasodilator mediators
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including NO (4). Endothelium-derived nitric oxide (EDNO)
regulates arterial tone through a dilator action on vascular
smooth muscle cells that depends on soluble guanylyl cyclase
activation and consequent increase in intracellular cyclic 3�5�-
guanosine monophospate (cGMP). Studies demonstrating in-
creased blood pressure in animals lacking endothelial nitric
oxide synthase (NOS) provide evidence for a role of NO in
the regulation of arterial pressure (5). Pharmacological evi-
dence supporting this contention is provided by the observa-
tion that infusion of NOS inhibitors such as NG-monomethyl-
L-arginine (L-NMMA) produces acute blood pressure elevation
in animals, and long-term NOS inhibition leads to chronic
arterial hypertension (6). Human studies of clinical hyperten-
sion that examined vasomotor responses also provide evidence
for loss of NO bioaction in this disease state. Coronary vas-
cular dilation to EDNO-agonists is impaired in patients with
essential hypertension, and similar findings are reported in
most (7,8), but not all (9), clinical studies of forearm circula-
tion. L-NMMA reduces resting blood flow less in patients with
hypertension, suggesting a derangement in basal as well as
stimulated release of EDNO in hypertension (10). Reduced
NO synthesis or increased inactivation may play an important
role in alterations of vascular tone contributing to increased
arterial resistance. In some studies, the vascular relaxation to
nitroglycerin is also blunted (11), indicating associated alter-
ations in vascular smooth muscle response to NO derived from
either the endothelium or an exogenous source in advanced
hypertension.

Nitric oxide inactivation owing to excess generation of
reactive oxygen species, increased production of endogenous
vasoconstrictors such as angiotensin-II and endothelin, de-
creased bioavailability of L-arginine, and defects in intracellu-
lar transduction pathways are several proposed mechanisms
implicated in the pathophysiology of hypertension (12). In
addition to functional abnormalities in the systemic vascula-
ture, animal studies of hypertension also provide information
about the mechanisms of impaired EDNO action in the renal
regulation of plasma volume and hemodynamics, although
findings are highly dependent on the experimental model. For
example, in Dahl salt-sensitive rats, sodium chloride loading
induces endothelial dysfunction and hypertension, whereas
blood pressure and vasodilator responses remain normal when
these animals consume a low-salt diet. In this model, L-argi-
nine prevents the development of hypertension, and this effect
can be overcome by an inhibitor of NOS (13). It is now
understood that renovascular NO production modulates salt
and water excretion, and that salt-sensitive hypertension may
reflect an impairment of NO action (14). In contrast, in
spontaneously hypertensive rats, L-arginine does not prevent
development of elevated blood pressure, arguing against an
absolute or relative deficiency of NOS substrate in some mech-
anisms of hypertension.

Whether endothelial dysfunction develops as a conse-
quence of chronically elevated blood pressure or is involved in
the pathogenesis of hypertension itself remains unclear. In
rats, blockade of NO synthesis by chronic administration of
L-NMMA produces severe hypertension (15), and mice defi-
cient in the endothelial NOS gene are hypertensive (5,16).
Normotensive offspring of patients with essential hypertension
demonstrate blunted acetylcholine-mediated relaxation that
may be improved by administration of L-arginine, implying a
primary abnormality or genetic basis for a defect in NO activ-
ity in some forms of hypertension (17). In contrast, evidence
that vasomotor dysfunction may be a secondary phenomenon
is suggested by studies demonstrating that acute hypertension

impairs microvascular responses, and antihypertensive treat-
ment has the potential to restore EDNO action (18).

Recent longitudinal studies demonstrate that loss of endo-
thelial homeostasis in hypertension plays a key role in myo-
cardial, cerebral, and renal complications associated with the
disease process. In support of this, Perticone et al. (19) exam-
ined vascular responses to acetylcholine in patients with un-
treated hypertension, and after a 31-mo follow-up period,
reported a marked increase in adverse cardiovascular events in
patients with endothelial dysfunction. Also important, a re-
cent study by Modena et al. (20) that examined brachial artery
flow–mediated dilation in 400 consecutive postmenopausal
women with mild to moderate hypertension provides evidence
that restoring endothelial homeostasis may be a critical deter-
minant of overall cardiovascular outcome in hypertensive pa-
tients. In that prospective study, failure to improve endothelial
function within a 6-mo period of pharmacological therapy
predicted poor cardiovascular outcome independent of treat-
ment method or magnitude of blood pressure lowering. Taken
together, these complementary clinical studies suggest that
reversing endothelial dysfunction may be an important ther-
apeutic target in hypertensive vascular disease.

L-Arginine, vasomotor function, and hypertension

Because loss of NO bioactivity is a central feature of endo-
thelial dysfunction in hypertension, providing supplemental
substrate to bolster NO production has been suggested as a
rational treatment approach. Administration of L-arginine im-
proved endothelium-dependent vasodilation in a number of
human clinical studies of hypercholesterolemia and athero-
sclerosis (21,22). However, only a few studies have examined
the effect of L-arginine on vasomotor function specifically in
hypertension, and results have been mixed. For example, in 14
subjects with elevated blood pressure, L-arginine infusion did
not augment acetylcholine -mediated forearm blood flow, ar-
guing against an absolute or relative deficiency of NOS sub-
strate (23). In contrast, 6 g of oral L-arginine acutely improved
brachial artery flow–mediated dilation in patients with essen-
tial hypertension, but improved dilator responses were not
associated with decreased arterial pressure (24). There is also a
paucity of information with regard to the role of L-arginine in
modulating hemodynamics specifically in hypertensive pa-
tients, although several lines of evidence demonstrate a mod-
est blood pressure–lowering effect with treatment. In a report
on patients with newly diagnosed mild to moderate hyperten-
sion, oral L-arginine (2 g t.i.d.) reduced arterial pressure and
improved endothelial function following 1 wk of treatment
(25). In patients with mild hypertension, L-arginine infusion
(500 mg/kg for 30 min) lowered mean blood pressure by 8%
and reduced renovascular resistance (26). L-Arginine reduces
serum endothelin-1 and angiotensin II, which may play a role
in its hypotensive effect (27,28). In contrast, L-arginine did
not induce hypotension in adults with accelerated malignant
hypertension, suggesting that disease duration, severity, and
underlying degree of endothelial dysfunction may be impor-
tant factors in the response to treatment (29). Hemodynamic
effects of L-arginine are also evident in normal subjects, who
exhibit a dose-dependent reduction in arterial pressure with
increasing doses of up to 30 g L-arginine (30). In normotensive
adults, a 30-min infusion of L-arginine (500 mg/kg) reduced
mean arterial pressure by �9%, and this hypotensive effect
was associated with increased expired NO and plasma L-cit-
rulline, providing evidence for enhanced endogenous NO pro-
duction (31). These findings extend to normotensive children,
who demonstrate a brisk fall in mean systemic pressure in
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response to L-arginine (500 mg/kg i.v. over 30 min) that
correlates closely with changes in plasma L-citrulline (32).

In animal experiments on systemic hypertension, oral L-
arginine treatment appears to regulate hemodynamics and
restore renovascular homeostasis, although this effect appears
to be specific to salt-sensitive models, as previously mentioned.
In Dahl salt-sensitive animals, L-arginine prevents the devel-
opment of hypertension and corrects blood pressure elevation
in rats exposed to a high-salt diet (13). These physiological
effects are paralleled by an increase in urinary excretion of
cGMP and nitrate, lending support to the hypothesis that
L-arginine plays a role in modulating renovascular NO pro-
duction. In contrast, L-arginine does not affect arterial pressure
in spontaneously hypertensive rats, but attenuates pressure-
induced cardiac hypertrophy in these rats (33). In humans, the
fall in pressure with L-arginine treatment is more pronounced
in salt-sensitive subjects (34). From a clinical perspective,
these findings raise the question of whether L-arginine would
have a greater therapeutic effect in patients susceptible to
salt-sensitive mechanisms of hypertension.

Asymmetric dimethylarginine

Although a convincing number of studies demonstrate a
beneficial effect of L-arginine on vascular function and EDNO
bioavailability, the precise mechanisms by which L-arginine
modulates vasomotor tone remain incompletely understood.
(Several proposed mechanisms are listed in Table 1.) Under
normal physiological conditions, the availability of L-arginine
as a substrate for endothelial NO synthase (eNOS) and NO
production does not appear to be rate limiting, because ambi-
ent intracellular arginine concentrations are in the millimolar
range, whereas Km of eNOS for substrate is in the micromolar
range (35). In an observational study of middle-aged Finnish
men, quintiles of dietary L-arginine intake up to 6 g/d did not
correlate with blood pressure or cardiovascular risk (36). Also,
a patient with a genetic metabolic deficiency associated with
markedly reduced plasma L-arginine concentration did not
present hypertension (37). It is difficult to explain a relative
deficiency of bioavailable substrate as a dominant mechanism,
and alternative actions of L-arginine action deserve consider-
ation. It is possible that under disease conditions, in vitro
kinetic constants do not apply to compartmentalized in vivo
conditions. Other factors such as impaired intracellular L-
arginine uptake and altered or uncoupled endothelial NO
synthase activity may be important. In addition, a growing
body of evidence indicates that in vivo accumulation of en-
dogenous competitive NOS inhibitors may reach sufficiently
high concentrations under pathological disease conditions to
shift the enzymatic milieu that renders L-arginine a physiologic
factor. One such inhibitor, asymmetric dimethylarginine
(ADMA), has received considerable attention. The physio-
logical significance of ADMA was initially described by Val-
lance et al. (38), who reported elevated plasma levels of

ADMA in patients with end-stage renal disease. In hypercho-
lesterolemic patients, increased ADMA is associated with en-
dothelial dysfunction that is reversed by L-arginine treatment.
Increased ADMA levels correlate with disease severity in
patients with peripheral arterial disease, and are linked to
increased cardiovascular risk (39,40).

The role of ADMA in the pathogenesis of clinical hyper-
tension has not been fully examined, though there are sugges-
tions that elevated physiological concentrations may be linked
to systemic pressor actions. In animal models, acute ADMA
administration increases peripheral resistance and raises sys-
temic blood pressure that is reversed by L-arginine. In salt-
sensitive animal and human studies of hypertension, ADMA
status correlates closely with elevation in arterial pressure
(41). ADMA may also circulate in sufficient concentrations to
directly induce vasoconstriction and contribute to vascular
resistance, and the dynamic balance of the L-arginine:ADMA
ratio may be an endogenous determinant of arterial tone in
some forms of hypertension. More direct evidence that
ADMA has a role in modulating cardiovascular hemodynam-
ics was recently provided by Kielstein et al. (42), who con-
ducted a series of controlled experiments with graded intrave-
nous infusions of ADMA in healthy individuals. Acute
increases in plasma ADMA within a pathophysiologically
relevant range (2–10 �mol/L) produced marked increases in
vascular resistance and mean arterial pressure, and sustained
decreases in cardiac output and plasma cGMP concentration.
These findings raise the questions of whether chronic eleva-
tion of plasma ADMA modulates vascular physiology under
certain disease conditions and whether L-arginine therapy has
a potential role in abrogating these effects.

L-Arginine and insulin action

Experimental data demonstrate that insulin mediates vas-
cular dilation and modulates vascular tone through NO-de-
pendent mechanisms (43,44). Insulin resistance is a common
feature of hypertension, and insulin-mediated vasodilation is
impaired in such patients (45). Abnormalities in glucose,
insulin, and lipoprotein metabolism are common in hyperten-
sion, and insulin resistance may represent a unifying patho-
physiological mechanism (46). This relation has become most
evident with the rising obesity epidemic that currently afflicts
65% of the U.S. population (47). Obesity is closely linked to
a cluster of physiological abnormalities termed metabolic syn-
drome (see Table 2), defined by glucose intolerance, hyperten-
sion, atherogenic dyslipidemia, and central adiposity. The
prevalence of metabolic syndrome in adults � 60 y of age is
�40%, and �80% in diabetic patients. The rising obesity rates

TABLE 1

Potential mechanisms of L-arginine action in hypertension

Improved endothelial vasomotor function
Enhanced vascular NO synthesis
Reduced endothelin-1 and angiotensin II activity
Favorable alteration of ADMA:L-arginine ratio
Modulation of renal hemodynamics
Reduced oxidative stress
Improved insulin sensitivity

TABLE 2

Clinical definition of metabolic syndrome1

Risk factor Defining level

Abdominal obesity (waist circumference)
Men �102 cm
Women �88 cm

Triglycerides �150 mg/dl
HDL cholesterol

Men �40 mg/dl
Women �50 mg/dl

Blood pressure �130/�85 mm Hg
Fasting glucose �110 mg/dl

1 Definition requires at least 3 of 5 risk factors.
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and the failure of standard treatment regimens to address this
healthcare problem may potentially lead to staggering levels of
hypertension in the general population.

With regard to L-arginine treatment, experimental studies
suggest that the hemodynamic actions of L-arginine may be
mediated through an effect on insulin. Small controlled clin-
ical studies in human subjects provide evidence for a role for
L-arginine therapy in modulating insulin release or sensitivity.
In a study of 10 healthy subjects, intravenous L-arginine (1
g/min for 30 min) increased leg blood flow, raised plasma
insulin, and reduced systolic blood pressure by 11 mm Hg (1.5
kPa). These hemodynamic effects were mostly blunted by
insulin suppression with octreotide, and were restored by re-
peat insulin challenge (48). The same group also reports that
L-arginine infusion (1 g/min for 30 min) reverses blood pres-
sure elevation produced by acute hyperglycemia (49). In 6
healthy individuals, oral L-arginine (10 g/d for 1 wk), supplied
through a natural food diet or pharmacological preparation,
reduced blood pressure and fasting plasma glucose without
affecting insulin, supporting evidence for a sensitizing effect of
treatment (50). Similarly, in subjects with type 2 diabetes, 1
mo of oral L-arginine treatment (3 g t.i.d.) reduced systolic
blood pressure, improved insulin sensitivity without affecting
glucose, and increased plasma cGMP (51). In diabetic patients
with poor glycemic control, acute L-arginine (0.52
mg � kg�1 � min�1 infusion) lowered steady-state plasma glu-
cose without changing insulin, and simultaneously enhanced
forearm blood flow, assessed by venous plethysmography (52).
Taken together, these complementary clinical studies suggest
that L-arginine may have endocrine actions that govern insu-
lin sensitivity and vasodilator function.

There is also evidence to suggest that L-arginine supple-
mentation may offer synergy to existing treatment modalities
in patients with insulin resistance. In a study of 10 newly
diagnosed non-insulin-dependent diabetic patients with mild
hyperglycemia, L-arginine infusion (1g/min for 30 min) raised
plasma insulin and caused a 6% decrease in systemic blood
pressure (53). Metformin treatment for 8 wk amplified the
hypotensive effect of L-arginine but did not affect fasting or
stimulated insulin concentrations, supporting the proposal
that metformin increases sensitivity to L-arginine–induced he-
modynamic changes. Metformin treatment is also associated
with decreases in ADMA concentration and favorable in-
creases in the L-arginine:ADMA ratio (54). Other therapeutic
interventions such as weight loss and lifestyle modifications
also appear to augment the vascular effects of L-arginine. In a
study of premenopausal women, L-arginine (3 g i.v.) decreased
blood pressure in obese subjects by one-third of the dilator
response exhibited by matched lean control subjects. After a
12-mo multidisciplinary program to reduce body weight by
10%, the vasodilator response to L-arginine improved mark-
edly and did not differ from that of the control group (55).

Future directions

Both experimental and human clinical data suggest that
L-arginine treatment produces a modest decrease in blood
pressure in normotensive individuals and individuals with
some forms of hypertension, but the mechanisms are not
clearly defined. Many of the data are accrued from small
clinical studies involving 10 to 20 patients, designed to be
predominantly exploratory and mechanistic in nature, with
variable dosing regimens. In addition, treatment durations
were short, ranging from acute infusions to several weeks of
therapy. There are no large, randomized controlled trials of
L-arginine therapy for hypertension, and the effects of long-

term treatment remain unknown. Given the efficacy of cur-
rently available pharmacological agents for the treatment of
hypertension, any additive effect of L-arginine therapy remains
an open question. Further, the relations among duration of
clinical hypertension, extent of endothelial vasomotor dys-
function, and response to treatment should be explored, be-
cause L-arginine may be less effective in advanced hyperten-
sive disease. Given the critical importance of NO metabolism
in vascular homeostasis, future studies addressing these issues
should be considered to examine any potential role of therapy
as an adjunct to existing treatment paradigms. Further explo-
ration of the possible endocrine effects of L-arginine in mod-
ulating insulin bioaction may have widespread implications
with regard to the current obesity epidemic and associated
metabolic abnormalities.
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