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Hypertension is a leading cause of morbidity and mortality worldwide.

Individuals with hypertension are at increased risk of stroke, heart dis-

ease and kidney failure. Although the etiology of essential hyperten-

sion has a genetic component, lifestyle factors such as diet play an

important role. Reducing dietary salt is effective in lowering blood

pressure in salt-sensitive individuals. Insulin resistance and altered

glucose metabolism are common features of hypertension in humans

and animal models, with or without salt sensitivity. Altered glucose

metabolism leads to increased formation of advanced glycation end

products. Insulin resistance is also linked to oxidative stress, and alter-

ations in the nitric oxide pathway and renin angiotensin system. A

diet rich in protein containing the semiessential amino acid, argi-

nine, and arginine treatment, lowers blood pressure in humans and in

animal models. This may be due to the ability of arginine to improve

insulin resistance, decrease advanced glycation end products forma-

tion, increase nitric oxide, and decrease levels of angiotensin II and

oxidative stress, with improved endothelial cell function and

decreased peripheral vascular resistance. The Dietary Approaches to

Stop Hypertension (DASH) study demonstrated that the DASH diet,

rich in vegetables, fruits and low-fat dairy products; low in fat; and

including whole grains, poultry, fish and nuts, lowered blood pressures

even more than a typical North American diet with similar reduced

sodium content. The DASH diet is rich in protein; the blood pressure-

lowering effect of the DASH diet may be due to its higher arginine-

containing protein, higher antioxidants and low salt content. 

Key Words: Advanced glycation end products; Arginine;

Hypertension; Insulin resistance; Nitric oxide; Oxidative stress; Renin

angiotensin system

Hypertension is a leading cause of morbidity and mortality
affecting over 600 million people worldwide (1). Greater

than 95% of individuals with hypertension are classified as
having ‘essential’ hypertension, meaning that the exact cause
is unknown. However, essential hypertension is associated
with insulin resistance and altered glucose metabolism, oxida-
tive stress, and changes to vascular reactivity and kidney mor-
phology (2-8). Both genetic and lifestyle factors may be
involved in these alterations (Figure 1). Diet is one lifestyle
factor that has come under much investigation. In particular,
dietary salt has been acknowledged as a major culprit in
increasing blood pressure in those individuals who are salt-sen-
sitive. Because approximately one-half of hypertensive
patients and one-quarter of normotensive individuals are salt
sensitive (9), the impact of this one dietary additive may be
quite significant. 

The effect of salt on blood pressure was demonstrated in
the Dietary Approaches to Stop Hypertension (DASH) study
(10,11). The DASH diet is rich in vegetables, fruits and low-
fat dairy products; low in total fat, saturated fat and choles-
terol; and includes whole grains, poultry, fish and nuts with
only small amounts of red meat. Amounts of sweets and sugar-
containing beverages were also reduced. The study showed
that lowering sodium intake (100 mmol/day or less) in the
control group consuming a typical North American diet low-
ered blood pressure significantly. However, it also revealed
another interesting finding. Subjects consuming the DASH
diet with a similar sodium intake had even lower blood pres-
sures than the low sodium diet alone. This raised the question
– in what way did the DASH diet differ from the control diet
that could account for this added antihypertensive effect?

The DASH diet contained more protein than did the con-
trol diet (17.9% versus 13.8%) (10,12). Several other studies,

including the OmniHeart (13), Multiple Risk Factor
Intervention Trial (MRFIT) (14) and the INTERnational sudy
of SALT and blood pressure (INTERSALT) (15) studies, have
shown that increased protein intake is associated with a
decrease in blood pressure. One component of protein that
may explain its antihypertensive properties is arginine. Soy
protein, a protein rich in arginine, is effective in lowering
blood pressure (16). Arginine is a semiessential amino acid
that is a necessary substrate in the nitric oxide (NO) pathway,
is involved in the renin angiotensin system (RAS), and par-
tially regulates insulin secretion. These systems play a role in
blood pressure homeostasis and vascular health. Although
arginine can be formed endogenously, dietary intake con-
tributes to the body’s supply and may address deficiencies or
alterations in arginine metabolism. Several animal studies and
some studies in humans show that arginine supplementation,
either by infusion or oral supplementation, lowers blood pres-
sure and improves vascular function (17-27). 

The present paper reviews studies on arginine and blood
pressure, and examines possible antihypertensive mechanisms
of arginine in salt-sensitive and essential hypertension. This
information may not only characterize arginine’s potential as
an antihypertensive treatment, but define its role in hyperten-
sion and add to our understanding of the mechanism of hyper-
tension itself. We will begin by discussing some of the proposed
factors which contribute to the etiology and/or development of
hypertension.

MECHANISM OF HYPERTENSION 
Under normal physiological conditions, the NO pathway,
RAS and insulin are major factors involved in a complex bio-
chemical network that maintains vascular homeostasis
(Figure 2). Alteration to any one of these factors potentially
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affects all others, leading to impaired blood pressure regulation
and hypertension. Insulin resistance and its downstream effects
including altered glucose metabolism and advanced glycation
end product (AGEs) formation, as well as loss of bioavailable
NO, angiotensin II (AII)-mediated alterations and oxidative
stress have all been implicated in the etiology and/or develop-
ment of hypertension (2-7,28-41) (Figure 1). 

Insulin resistance
Insulin release from the beta cells of the pancreas is triggered
by a rise in blood glucose, or an increase in plasma amino acids
such as arginine (Figure 2). Gastrointestinal hormones also
stimulate an anticipatory increase in insulin with food intake.
Insulin functions as a hormone to regulate carbohydrate and
lipid metabolism, and stimulates protein synthesis. The effects
of insulin are initially mediated by binding of the hormone to
the insulin receptors on the cell surface. The tyrosine kinase
activity of the receptor then stimulates a number of intracellu-
lar signalling cascades, known as insulin signalling. This sig-
nalling not only promotes glucose uptake but also modulates
other functions involved in blood pressure regulation such as
NO-mediated vasodilation (42,43), AII signalling (40,44,45)
(Figure 2) and antinatriuretic activity (46). Insulin also pro-
motes the uptake of arginine (Figure 2) into cells via chloram-
phenicol acetyl transferase (CAT) protein of the Y+ receptors
(47,48), a step that likely supports insulin’s vasodilatory action
via the NO pathway (to be discussed later). Thus, alterations
to insulin, insulin receptor or insulin signalling can have an
impact on the control of vascular function.

Insulin resistance is characterized by an inadequate glucose
uptake with altered glucose metabolism in peripheral tissues at
a given concentration of plasma insulin (2). There is increas-
ing evidence that insulin resistance plays a key role in essential
hypertension in humans (2,3,49). Abnormalities in glucose
utilization are estimated to exist in 25% of the general popula-
tion and in up to 80% of subjects with essential hypertension
(2,3,50). In humans with essential hypertension, insulin resist-
ance involves impairment of the nonoxidative (glycolytic)
pathways of intracellular glucose metabolism (2). Insulin
resistance appears to be a primary defect as it exists in nor-
motensive individuals at risk for essential hypertension (51).

In healthy normotensive offspring of patients with essential
hypertension, blood pressure and plasma insulin was higher
when compared with normotensive subjects with no family
history of hypertension, and the number of insulin receptors in
erythrocytes was reduced (52). This reduction in insulin recep-
tors was also demonstrated in erythrocyte ghosts of patients
with essential hypertension (53). Salt-sensitive essential
hypertensive patients are more insulin resistant than salt-
resistant individuals (54), and high salt intake exacerbates
insulin resistance in salt-sensitive hypertensive subjects (55).
Salt-sensitive normotensive subjects were more insulin resist-
ant than their salt-resistant counterparts (56). 

In spontaneously hypertensive rats (SHR), an animal model
of human essential hypertension, insulin resistance is found at a
young age (57,58), and before development of hypertension
(59). In this model, there is no difference in insulin receptor
number or affinity in skeletal muscle compared with normoten-
sive Wistar-Kyoto (WKY) rats, and binding of insulin to the
receptor does not seem to be impeded (58,60). However,
insulin receptor messenger (m)RNA is lower in liver of SHR on
low salt diet compared with WKY control rats (61).
Additionally, it has been shown that insulin-stimulated phos-
phorylation is reduced in the insulin receptor substrate/phos-
phatidylinositol 3-kinase/protein kinase B (IRS/PI 3
kinase/Akt) insulin signalling pathway in skeletal muscle and
the insulin receptor substrate/phosphatidylinositol 3-
kinase/protein kinase B/endothelial NO synthase (IRS/PI 3
kinase/Akt/eNOS) pathway in aorta of SHR (62). Increasing
salt intake from low to high exacerbated existing insulin resist-
ance in SHRs (61). This increase in salt had no effect on den-
sity and messenger (m)RNA levels of insulin receptor in kidney
of SHR compared with normal WKY rats where these parame-
ters were downregulated in response to high salt (61). This
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Figure 1) Mechanism of salt-sensitive and essential hypertension.
AGEs Advanced glycation end products; NO Nitric oxide; RAS
Renin angiotensin system

Figure 2) The interaction of various factors, including arginine, that
comprise the complex biochemical network involved in blood pressure
regulation. Alterations in any of these factors (eg, insulin resistance,
oxidative stress, arginine deficiency) affects the system as a whole and
can result in endothelial dysfunction, increased peripheral vascular
resistance and hypertension. + Increase; – Decrease; AII Angiotensin
II; ACE Angiotensin converting enzyme; ADMA Asymmetrical
dimethyl arginine; DDAH Dimethylarginine dimethylamino-hydrolase;
NO Nitric oxide; NOS NO synthase; OONO– Peroxynitrite; PRMT
Protein methyltransferase; ROS Reactive oxygen species
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apparent loss of ability to downregulate insulin receptor in kid-
ney was associated with an increased anti-natriuretic response
to insulin, which may explain the salt-induced increase in
blood pressure.

In normotensive humans, high salt intake had no effect on
blood pressure but impaired insulin sensitivity (63). Insulin
resistance in Dahl salt-sensitive (DSS) rats, a model of salt sen-
sitive hypertension, appears to be secondary to salt intake,
because those given high salt diet develop insulin resistance,
whereas those on normal salt diet do not (64). Insulin resist-
ance in this model is not associated with any change in insulin
receptor number or affinity in skeletal muscle or kidney, or
with a decrease in receptor binding (65). Sprague Dawley (SD)
rats develop mild hypertension and insulin resistance when
treated with high salt (66), but this is associated with a
decrease in insulin receptor number and level of insulin recep-
tor mRNA in kidney (67). In contrast to SHR, insulin resist-
ance in these salt-induced models is associated with enhanced
insulin-stimulated phospholylation in the IRS/PI 3 kinase/Akt
pathway (64,66). This indicates that the insulin-signalling step
impaired by high salt intake is likely to be downstream of PI 3-
kinase or Akt activation, and it may be that the enhanced
activity is a compensatory response to this impairment.

NO 
One of the major regulators of blood pressure is NO. The
enzyme NO synthase (NOS) catalyzes the conversion of argi-
nine to NO in the presence of cofactors tetrahydrobiopterin,
flavin adenine dinucleotide (oxidized), flavin mononu-
cleotide, heme and NADPH (Figure 2). There are three iso-
forms of NOS – neuronal, inducible (iNOS) and endothelial
(eNOS), with eNOS being responsible for endothelial-derived
NO production. Endothelium-derived NO activates guanylate
cyclase to generate cyclic (c)GMP), resulting in vascular
smooth muscle cell (VSMC) relaxation and vasodilation, thus
contributing to the regulation of peripheral blood flow, vascu-
lar resistance and blood pressure. NO also regulates renal blood
flow and acts on all tubular segments to reduce sodium reab-
sorption in the kidney (68). Additionally, NO maintains other
aspects of vascular health by inhibiting platelet aggregation,
VSMC migration and proliferation, and adhesion molecule
expression and monocyte adhesion (69). Production of NO is
regulated in part by insulin via insulin receptors on the cell
surface (42,70,71). 

A decrease in NO bioavailability may occur in several ways.
A lack of arginine or a decrease in its cellular uptake (72,73),
a deficiency of NOS cofactors (74,75), an alteration in sig-
nalling pathways (62), or inhibition or uncoupling of NOS
(76) will result in reduced NO production, while presence of
reactive oxygen species (ROS) will breakdown the NO that is
formed (77). In hypertension, any combination of these may
be occurring. Where there is a deficiency of cofactors or expo-
sure to ROS, NOS has been shown to ‘uncouple’, disabling the
enzyme and producing superoxide radical (O2

–) (76,78). Also,
oxidation of NO gives rise to the potent nitrogen radical per-
oxynitrite (ONOO–) (79). Thus, these malfunctions of the
NO pathway can serve to increase oxidative stress and perpet-
uate the loss of bioavailable NO. 

Salt-sensitive and essential hypertension are characterized
by impaired endothelial function, suggesting that a process
that reduces bioavailable NO may contribute to elevated blood
pressure (69,80). Tetrahydrobiopterin infusion improved

endothelium-dependent vasodilation in humans with essential
hypertension, suggesting oxidative uncoupling of NOS in
endothelial dysfunction (81). Further, the antioxidant, vita-
min C, improves endothelial dysfunction and this improve-
ment is reversed using a NOS inhibitor, implicating oxidative
breakdown of NO in endothelial dysfunction in essential
hypertensives (7). In SHRs, treatment with a NOS inhibitor
diminished ROS production, implicating NOS uncoupling as
the source of oxidative stress (82). NOS activity in aorta and
plasma nitrate+nitrite (NOx) was decreased, and lipid perox-
ides were increased in SHRs compared with normotensive
WKY controls (83). Treatment with vitamin E significantly
improved these alterations, suggesting that oxidative stress was
involved in the decreased bioavailability of NO in this animal
model (83). Zalba et al (77) have shown that in SHRs dimin-
ished availability of NO is secondary to an increase in
NADH/NAPDH-oxidase-mediated superoxide production,
suggesting the possible involvement of AII. Treatment with an
AII type I receptor (AT1R) blocker decreased the
NADH/NADPH-oxidase activity and normalized altered
endothelium-dependent vasodilation, substantiating the
involvement of AII (77). Binding of insulin to insulin recep-
tors on the cell surface initiates a phosphorylation cascade
along the IRS/PI 3 kinase/Akt/eNOS pathway, stimulating for-
mation of eNOS and subsequent production of NO (71). As
already discussed, phosphorylation is reduced in this insulin-
signalling pathway in aorta of SHR (62), which would result in
a decrease in NO production. 

Salt-sensitive human hypertensive individuals had lower
levels of NO metabolites in urine and plasma compared with
controls when exposed to high salt diet, indicating that they
failed to maintain NO production during salt loading (84,85).
Similarly, Bayorh et al (86) demonstrated a decrease in plasma
NO levels when DSS rats were given a high salt diet. This was
associated with a reduced antioxidant capacity suggesting a
role for oxidative stress in the loss of NO. In DSS rats, produc-
tion of NO by neuronal NOS in response to salt was blunted
(87), and high salt decreased the level of iNOS in kidney (88).
Ni et al (89) also showed a decrease in eNOS in the renal cor-
tex and medulla of kidney, and a downregulation of iNOS in
aorta and kidney of DSS rats. 

The RAS
The RAS plays an important role in regulating blood volume
and arterial pressure (90). Angiotensinogen is abundant in
many tissues and in circulating blood. The enzyme renin, pro-
duced by the kidneys, acts on angiotensinogen to produce
angiotensin I, which is subsequently converted to AII by
angiotensin converting enzyme (ACE). AII acts on AT1R in
vascular tissue, causing vasoconstriction. AII also triggers the
release of aldosterone to increase renal sodium and water
retention. 

AII infusion in animal models has been shown to increase
blood pressure and cause an oxidative stress-related insulin
resistance (40). In a murine model, Crowley et al (41) demon-
strated that AII causes hypertension and cardiac hypertrophy
primarily through its effects on AT1R in kidney. AII increases
the production of O2

– by the enzyme NADPH oxidase (Figure 2)
in VSMCs in culture (91), causes release of inflammatory fac-
tors from vascular endothelial cells (92) and results in hyper-
trophy in proximal tubular cells (93). Binding of AII to
angiotensin receptors also inhibits insulin signalling, decreasing
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the insulin-induced phosphorylation of the insulin receptor
substrate-1 and p85 binding to insulin receptor substrate-1
(37) (Figure 2). ACE inhibitors and AII receptor blockers,
commonly used antihypertensive therapies, are effective in
lowering blood pressure and providing cardiovascular and
renal protection (94). In humans with mild essential hyperten-
sion, a combination of these therapies decreased levels of
plasma asymmetrical dimethyl arginine (ADMA), a competi-
tive inhibitor of arginine uptake. This may implicate AII in
limiting substrate availability for NO production (95). High
salt diet given to DSS rats increased kidney angiotensinogen
levels (96). On the other hand, both DSS and DSR show a
downregulation of AT1R in aorta and kidney when exposed to
high salt, indicating that this is not a factor in salt-sensitive
hypertension in this model (97). Although a conflicting report
showed that DSS on low salt had increased AT1R in kidney
compared with their salt-resistant controls, that was further
increased by high salt intake (98). In individuals with essential
hypertension, high plasma AII levels in relation to sodium
excretion was positively associated with cardiac hypertrophy
(39). Collectively, these data seem to indicate that AII has a
role in hypertension. However, there does not appear to be
strong evidence implicating defects in the RAS as a primary
etiological mechanism of hypertension.

It may be that the role of AII in hypertension is secondary
to other agents that are involved in the etiology or develop-
ment of hypertension. Studies show that blockade of NO pro-
duction (99), oxidative stress (100), moderate to high insulin
concentrations (101) and AGEs (102) increase AII produc-
tion or AII-mediated alterations. This idea is strengthened by
evidence that there is cross talk between insulin, NO and the
RAS (45,70,71,103,104). It may also be that when the balance
between AII and other vasoactive systems is disturbed, allow-
ing AII to act with limited opposition, its effects are enhanced,
and likely exacerbate and perpetuate hypertension (38). This
may explain the antihypertensive effect of ACE inhibitors and
AII receptor blockers in hypertensive patients and animal
models where the RAS is not overactive. 

AGE formation
Many studies show that AGEs formed from glucose and alde-
hydes are likely to be involved in diabetic complications (105-
108). Additionally, some research suggests that increased
aldehydes and AGEs also play a role in the development of
hypertension (28-36,109). Increased formation of AGEs is a
downstream effect of insulin resistance and oxidative stress.
Insulin resistance leads to altered glucose metabolism, result-
ing in an increase in aldehydes including methylglyoxal
(32,110,111). Oxidative stress, as seen in hypertension,
increases the formation of glyoxal via lipid peroxidation and
autooxidation of glucose (112). Methylglyoxal, glyoxal and
other reactive aldehydes react with free sulfhydryl and amino
groups of proteins to form AGEs (113-115). This structural
change in proteins also alters protein function (116-120).
AGEs may also influence protein function indirectly by react-
ing with receptors of AGEs (RAGEs) and scavenger receptors
to stimulate intracellular changes (121,122). 

Methylglyoxal given in diet to WKY rats increases tissue
AGEs, cytosolic free calcium and blood pressure (28). As
well, methylglyoxal and AGEs have been shown to be ele-
vated in hypertensive rat models (29-31,34,36). AGEs affect
the functioning of various tissue proteins and enzymes in

ways that may result in hypertension. For example, sulfhydryl
groups of vascular calcium channels are susceptible to inacti-
vation by aldehydes (123,124), which may lead to increased
cytosolic free calcium and abnormal contractile activity,
increased resistance in peripheral vessels and hypertension. In
essential human hypertensives and hypertensive animals,
cytosolic free calcium levels in VSMCs are elevated (125,126).
Several enzymes contain free sulfhydryl or amino groups at
their active sites and AGEs alter their function. For example,
alteration to antioxidant enzymes, glutathione peroxidase and
glutathione reductase (116,117,127) or stimulation of superoxide-
producing enzymes such as NADPH-oxidase (128), can result
in increased oxidative stress (129-131). NOS and guanylate
cyclase are both thiol-dependent enzymes. Alteration to these
enzymes may decrease NO production, reducing vasodilatory
ability and causing endothelial dysfunction (120,132).
Aldehydes, including methylglyoxal, strongly bind to arginine
(133), potentially contributing to a deficiency and limiting
substrate availability for NO production. AGEs also influence
the RAS. They act via RAGEs to increase intracellular ROS
stimulating an increase AII (134). In SD rats, AGEs cause an
AT1-mediated increased renal expression of angiotensinogen,
ACE, renin and AT1R, increased renal ACE activity, and is
associated with morphological changes in kidney (102). A rat
model of AII hypertension showed increased renal AGEs and
RAGEs (135). 

Oxidative stress 
Numerous reactive oxygen or nitrogen derived radicals are
formed in the body including O2

–, hydrogen peroxide (H2O2),
hydroxyl radical, ONOO– and peroxynitrous acid (ONOOH).
Under normal circumstances, ROS are generated from various
sources and play a role in normal physiological functions
(Figure 2). The enzyme NADPH-oxidase is associated with
membranes of cells including endothelial and VSMCs and cat-
alyzes the production of O2

–. H2O2, is produced from dismuta-
tion of O2

–. NOS can become uncoupled resulting in the
production of O2

– (76,78) and NO itself can react with O2
– to

form the reactive radicals, ONOO– and ONOOH (79,131).
ONOOH is very unstable at physiological pH and rapidly
decomposes to hydroxyl radical (79). ROS are controlled in
part by enzymes such as superoxide dismutase (SOD), glu-
tathione peroxidase and glutathione reductase. Alternatively,
antioxidant vitamins and other reducing compounds such as
lipoic acid, glutathione and cysteine reduce radicals nonenzy-
matically. Where there is an increased generation of ROS or a
decreased antioxidant capacity (or both), the resulting imbal-
ance is referred to as oxidative stress (131).

Although oxidative stress is strongly associated with hyper-
tension (Figure 1) (4,5,131), it is still not clear whether it is a
causative agent or results from some other coexisting pathol-
ogy in hypertension. Oxidative stress alters the function of
antioxidant enzymes (136), thus reducing antioxidant defence
and perpetuating oxidative stress. Oxidative stress decreases
the activity of glycolytic enzymes (137), likely exacerbating
altered glucose metabolism and AGE formation. It also stimu-
lates ACE activity (100), thereby increasing AII production.
ROS alters cell signalling (138,139), increases intracellular
calcium levels (124,140) and reduces the level of bioavailable
NO (76-78). In in vitro studies, both H2O2 and O2

– have been
shown to produce contraction of isolated rabbit aorta, suggest-
ing modulation of vascular tone by oxidative stress (141,142).
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Humans with essential hypertension show an elevation in
O2

– and H2O2 production by polymorphonuclear cells (4,143),
an increase in lipid peroxidation parameters in serum or plasma
(143-145), and a decline in antioxidant capacity (5,144,145). In
SHRs, evidence of oxidative stress appears very early, and occurs
prior to blood pressure increases or inflammatory renal damage
(146). In older SHRs, aortic NADPH-oxidase activity is greater
when compared with control rats (77). Shear stress, AII and
AGEs stimulate O2

– production by this enzyme (91,128,147).
Support for the role of oxidative stress in the mechanism of
hypertension in SHRs comes from a study by Schnackenberg et
al (148) that showed Tempol (4-hydroxy-2,2,6,6-tetamethyl-1-
piperidine 1-oxy), a SOD mimetic, significantly reduced blood
pressure and normalized renal vascular resistance. Use of a NOS
inhibitor counteracted this effect of Tempol suggesting that its
effect is due to protection of NO destruction by O2

– (148). In
SHRs, treatment with a NOS inhibitor diminished aortic ROS
production implicating NOS uncoupling as the source of oxida-
tive stress (82). Studies of antioxidants, including vitamins C
and E, lipoic acid and N-acetyl cysteine, show that they lower
blood pressure in humans and animal models of essential
hypertension. This also supports a role for oxidative stress in
hypertension (29,149-151).

High salt increased aortic O2
– production and plasma 8-iso-

prostane levels, a measure of lipid peroxidation, in both DSS
rats and their resistant controls (86). However, plasma and
kidney reduced glutathione (GSH), and the ratio of
reduced/oxidized glutathione (GSH/GSSG) in blood were
lower in the salt sensitive animals. In a temporal study in DSS
rats, high salt diet increased blood pressure within 1 week, fol-
lowed a week later by an increase in renal and plasma oxida-
tive stress and a decrease in NO production (152). Fujii et al
(23) showed that in DSS rats, high salt treatment increased
membrane NADPH-oxidase activity and expression of its sub-
units, p47phox and gp91phox in renal cortex. Additionally, it
has also been shown that the p22phox subunit of NADPH-
oxidase is increased, and Cu/Zn-SOD abundance is decreased,
in kidney of DSS rats on a high salt diet (98). SD rats on high
salt showed an increase in urinary lipid peroxidation products
coincident with an increase NADPH-oxidase activity in kid-
ney (153). Treatment with antioxidants, such as vitamin E and
lipoic acid, attenuates but does not normalize blood pressure in
DSS rats (151,154,155). Taken together, these findings in salt-
sensitive hypertension suggest that oxidative stress is second-
ary to increased salt intake, likely via NADPH-oxidase, and
contributes to elevated blood pressure.

In summary, insulin, NO and angiotensin II interact with
each other to control vascular tone and blood pressure.
Abnormalities in one or all of these factors, along with an
increase in oxidative stress and AGEs, can increase peripheral
vascular resistance and cause hypertension (Figure 1).
Arginine is involved in the modulating the action of each of
these (Figure 2). The next section will look at this amino acid,
its normal physiological role, and its potential as a supplement
to improve insulin resistance and decrease AGEs, ameliorate
alterations in the nitric oxide pathway and RAS, and decrease
oxidative stress to prevent hypertension. 

ARGININE 
Normal physiological functions
The semi-essential amino acid, arginine, can be obtained
exogenously from dietary sources including meat, fish, soy,

beans, lentils, whole grains and nuts (156). It is produced
endogenously in kidney, and in the liver via the urea cycle, and
is also recovered through normal turnover of body proteins
(157,158) (Figure 3). 

Arginine is a key player in a set of physiological functions
that interact to maintain vascular health and homeostasis
(Figure 3). Arginine is used in the formation of creatine which
is subsequently converted to creatine phosphate, a major
source of ATP, the energy source for muscle contraction and
other energy demanding processes such as cellular membrane
pumps. The urea cycle is essential for conversion of toxic
ammonia to urea which can be safely excreted by the kidney.
In the final step of this cycle, the enzyme arginase converts
arginine to urea and L-ornithine. Circulating levels of urea
may affect cellular uptake of arginine (159,160). L-ornithine is
used in polyamine production, which is involved in cell
growth and proliferation processes, and in proline synthesis,
which plays a role in production of collagen and wound heal-
ing. 

Because the substrate for NOS in the formation of the
potent vasodilator NO, arginine is essential in the NO path-
way. Although arginine can be synthesized intracellularly, it is
predominantly transported from outside the cell via receptor
systems such as the Y+ and Y+L transport systems (158). This
uptake of arginine may be regulated by the arginine analogue,
asymmetrical dimethyl arginine (ADMA) (73,161). Other
amino acids, such as lysine, also compete for these receptors
(73). Another means by which arginine influences vasodila-
tion is via insulin. Arginine promotes insulin release from the
beta cells of the pancreas (162,163), and in turn, insulin
decreases plasma ADMA concentrations (164) and stimulates
cellular uptake of arginine (47,48). Binding of insulin to
insulin receptors stimulates the production of NO via activa-
tion of an insulin-signaling pathway (71) resulting in an
insulin-mediated vasodilation (42). 

Arginine also modulates the RAS. It inhibits ACE activity
(165), thus decreasing AII and its downstream effects.
Arginine’s effect on the RAS may be insulin-mediated. Low to
moderate concentrations of insulin have been shown to decrease
the expression of angiotensinogen and AT1Rs in endothelial
cells, while high concentrations upregulate ACE (44). 

Antihypertensive effect of arginine

Int J Angiol Vol 17 No 1 Spring 2008 11

Figure 3) Sources and physiological functions of arginine. ATP
Adenosine triphosphate

10948_Vasdev.qxd  28/04/2008  2:26 PM  Page 11



Arginine has been shown to have antioxidant activities
(166,167), which may help regulate redox-sensitive proteins
and may lower blood pressure.

Effect of arginine supplementation on blood pressure 
Arginine is involved in several important physiological
processes, many of which impact vascular function. Arginine
deficiency or lack of availability, and changes in arginine
metabolism, have the potential to contribute to increased
blood pressure and endothelial cell dysfunction. Thus the
question arises – is arginine supplementation effective in pre-
venting or treating hypertension, and if so, what is the mecha-
nism? This section is a review of the studies concerning the
effect of arginine on blood pressure in humans and animals.
We have limited our discussion to studies that looked at essen-
tial hypertension (without consideration of salt sensitivity)
and those that specifically looked at salt sensitive hyperten-
sion. The term ‘arginine’ refers to L-arginine.

Salt sensitivity in humans has been defined differently by
various researchers (9,55,80,85,168) but in all cases, the term
essentially refers to individuals who have a significantly greater
blood pressure response to changes in salt intake than others.
The terms essential and salt sensitive are not mutually exclu-
sive because 51% of those subjects classified as essential hyper-
tensives are also salt sensitive (9). This implies that high salt is
not a primary etiological agent in these subjects, but rather,
further increases their blood pressure. There may be a genetic
component involved in salt sensitivity. African Americans
with hypertension show greater frequency of salt sensitivity
versus their Caucasian counterparts (9). In a Japanese popula-
tion, a positive family history of hypertension was associated
with an increase in salt sensitivity (169). 

Studies that investigated the effect of arginine in salt-sensi-
tive humans are scanty. A study in humans investigated the
acute effects of intravenous (iv) arginine (500 mg/kg for 30
mins) in mild to moderate hypertensive Japanese patients on a
high salt diet. Results showed that although mean arterial pres-
sure (MAP) was higher in salt-sensitive patients, arginine infu-
sion decreased MAP by the same amount in salt-sensitive and
salt-resistant patients (168). In contrast to this, a study in
African Americans (27) (normotensive controls, salt-sensitive
hypertensives and salt-resistant hypertensives) on high salt
diet, showed that iv arginine (500 mg/kg over 30 mins) low-
ered MAP in all subjects, but the decrease was greater in sub-
jects who were salt sensitive.

The majority of studies in animal models of salt sensitivity
show that arginine supplementation is effective in decreasing
blood pressure. Daily intraperitoneal (ip) administration of
arginine (100 mg/kg or 250 mg/kg body weight for two weeks)
(18) or 300 mg/kg body weight for three weeks (17) in DSS
rats on a high salt diet prevented the increase in MAP. Chen
et al (19) showed that oral arginine (1.25 g/L in drinking water
for four weeks) prevented hypertension and nephrosclerosis in
these animals. In DSS rats pretreated with high salt for two
weeks, arginine was able to reverse hypertension, but was not
effective in animals pretreated with high salt for three weeks
(19). This suggests a ‘point of no return’ where supplemental
arginine is not able to overcome the effects of some other patho-
logical change, possibly renal or vascular damage arising from
increased blood pressure or oxidative stress. In another study,
oral arginine (15 g/L in drinking water for four weeks) attenu-
ated, but did not prevent, the increase in arterial pressure in

DSS rats on a high salt diet (20). Daily intramedullary infusion
of arginine (300 μg/kg/min for 1 week) prevented an increase
in MAP in DSS rats treated with high salt, while an iv dose
given to achieve the same rise in plasma arginine levels, did
not prevent the increase in blood pressure (21). Oral arginine
(20 g/L in drinking water for four weeks) prevented an increase
in systolic and MAP in high salt-treated DSS rats (22). Fujii et
al (23) also demonstrated that oral arginine (20 g/L in drinking
water for four weeks) attenuated the increase in systolic pres-
sure in DSS rats fed a high salt diet. 

Contrary to these reports, a few studies in salt-sensitive
models have shown no antihypertensive effect of arginine. A
study in DSS rats given oral arginine (1.25 g/L in drinking
water for four weeks) showed no effect on systolic blood pres-
sure (170). Arginine (250 mg/kg body weight/day ip for two
weeks) did not prevent hypertension in SHRs given high salt
diet (18). 

There are a few studies of arginine supplementation in
humans and animal models of essential hypertension, and the
results are equivocal. Schlaich et al (171) compared blood
pressure response to an intra-arterial infusion of arginine in
normotensive humans with and without a family history of
hypertension, and in essential hypertensives, and found that
there was no effect on blood pressure in either group. In hyper-
tensives who had failed to achieve full blood pressure control
while taking an ACE inhibitor plus diuretic for three months,
addition of oral arginine (6 g/day) lowered systolic and dias-
tolic blood pressures (26). Oral arginine (2 g/L in drinking
water for three weeks) had no effect on MAP but reduced
nephrosclerotic changes in mature SHRs (172). A higher dose
of oral arginine (7.5 g/L in drinking water for 12 weeks) also
failed to lower MAP in SHRs (173). In a rat model of type 1
diabetes, oral arginine (1.25 g/L in drinking water) effectively
lowered elevated systolic blood pressure to normal levels after
four weeks of treatment (24). In a fructose-induced model of
hypertension, oral arginine (1 g/L in drinking water for eight
weeks) prevented the development of hypertension (25).

It appears that supplemental arginine is effective in lower-
ing blood pressure in salt sensitive hypertension, but is less
effective in essential hypertension. Do these findings imply
anything about arginine’s potential as therapeutic agent? How
does arginine produce its antihypertensive action, and what
does this tell us about the pathology behind salt sensitive and
essential hypertension? The following section will shed some
light on these aspects.

MECHANISM OF ARGININE ACTION 

(FIGURE 4)
The term ‘arginine paradox’ was coined to explain the follow-
ing phenomenon. Despite the fact that at physiological con-
centrations of arginine there is sufficient substrate to saturate
NOS, addition of arginine increases NO production and low-
ers blood pressure in certain cases (174). Additionally, because
arginine can be produced endogenously and most diets appear
to contain sufficient arginine to meet requirements, it seems
unlikely that a true arginine deficiency exists. Therefore, why
does arginine supplementation work? The probable explana-
tions for this paradox are discussed below. 

Arginine overcomes absolute, local or relative deficiency 
Absolute deficiency: Under normal circumstances, the net
amount of amino acids available from catabolism of body
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proteins is relatively constant. The balance to requirement is
obtained from either dietary intake or, as in the case of argi-
nine, from endogenous production. An abnormality that limits
arginine production or re-routes arginine to a non-hemody-
namic pathway over a long period of time could result in an
absolute deficiency of arginine. This could also be com-
pounded by an inadequate arginine intake. 

In DSS rats, plasma arginine levels remain unchanged in
response to high salt treatment compared to salt-resistant ani-
mals whose arginine levels increase (175), suggesting an
inability of DSS rats to produce adequate arginine in response
to high salt. The enzyme arginase competes with NOS for argi-
nine and can thereby limit NO production. Coronary arteri-
oles from hypertensive pigs showed impaired
endothelium-dependent vasodilation with an increase in
arginase I expression and arginase activity, and a decrease in
eNOS protein expression (176). A study in SHRs showed ini-
tially elevated and increasing levels of vascular arginase I and
II expression from five weeks of age onwards, followed by low
levels of plasma arginine at 19 and 26 weeks of age (177). This
may suggest an early metabolic defect shunting arginine to a
catabolic pathway leading to a systemic arginine deficiency at
a later age. A study in 10 week-old DSS rats also implicated
over-activity of arginase in impaired availability of arginine.
High salt intake increased the arteriolar expression of arginase I
and II in DSS rats, and in vitro pretreatment of vessels with an
arginase inhibitor or supplemental arginine restored impaired
endothelium-dependent vasodilation (178). 

The total body requirement for arginine will vary depend-
ing on metabolic demand. The kidney, the primary source for
endogenously produced arginine, makes approximately 2 g/day.
The degree of synthesis appears to be independent of arginine
or protein content of the diet (157), but is regulated by cit-
rulline delivery from the intestine. However, arginine in diet is
required to maintain normal metabolism as demonstrated by
models of dietary arginine deficiency (179). Considering these,
it is difficult to establish a recommended daily intake for argi-
nine. Although, as Visek (180) suggests, strictly consuming
only the amount needed to meet body demands might deprive
individuals of the beneficial effects that may be obtained from
increased arginine intake. 

The amount and type of protein included in diet, deter-
mines the intake of arginine. Foods rich in arginine include
meat, fish, soy, beans, lentils, whole grains, and nuts. Recent
data on dietary intake of arginine in general population is
scanty. A report published in 1986 and often referenced since
then (180), estimated that the arginine intake in the average
US diet was 5.4 g/day, based on protein consumption
(100 g/day) and composition data provide by other authors
(180). Another study, the Third National Health Nutrition
and Examination Survey (NHANES III), collected physical,
biochemical and nutritional data from approximately 40,000
randomly selected residents in 89 communities across the
United States from 1989 to 1994. Wells et al (181) used diet
recall data from those participants 25 years of age and older
and showed that the median arginine intake was 3.8 g/day and
only about 30% had intakes higher than 5.0 g/day . Although
the current North American diet generally contains a high
proportion of processed and fast foods that are carbohydrate-
and fat-dense, there does not appear to be any evidence that
this diet is protein deficient. However, it may be possible that
proteins rich in arginine are lacking. Data on arginine intake

in other countries is also limited, making it is difficult to com-
ment on the contribution of diet to potential arginine defi-
ciency. One study using a cohort of 878 elderly men from the
Zutphen study (Zutphen, The Netherlands), showed a mean
arginine intake of 4.35 g/day, with meat comprising the main
source of arginine (182). 

A few studies have measured plasma arginine in an attempt
to establish whether an absolute deficiency exists in hyperten-
sion, but information is scanty and inconclusive. One study
showed that there was no difference in plasma arginine levels
among normotensive individuals, normotensive individuals
with a family history of hypertension, and individuals with
essential hypertension (171). In contrast, two other studies
reported that plasma arginine was actually higher in essential
hypertensive humans (72,183). 

If an absolute arginine deficiency exists, arginine supple-
mentation would likely increase plasma levels. No data on the
effect of supplementation on plasma arginine levels in salt sen-
sitive or essential hypertensive humans are available; however,
there are some data in subjects with other conditions. Oral
arginine supplementation (3 g/day for three weeks) in pre-
eclamptic women decreased blood pressure but had no effect
on plasma arginine levels (184). In healthy subjects, oral sup-
plementation with either 9 g or 21 g of arginine/day for one
week increased serum arginine levels to the same extent (185).
Also, three week’s of oral arginine, 12 g/day, increased plasma
arginine in hypercholesterolemic men (186). Another study in
hypercholesterolemic individuals showed that an oral dose of
arginine (7 g/day for two weeks) increased plasma arginine by
60% (187). In DSS rats, acute (2 h) and chronic (three days)
renal medullary interstitial infusion and iv infusion of arginine
increased plasma arginine levels (21). 
Relative deficiency: The enzyme protein methyltransferase
(PRMT) catalyzes the dimethylation of arginine contained in
proteins (Figure 2). When these proteins are broken down, one
of the products released is asymmetrical dimethyl arginine
(ADMA), an arginine analogue. ADMA is excreted by the
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Figure 4) Mechanism of antihypertensive action of arginine. Arginine
improves insulin resistance and decreases advanced glycation end prod-
uct (AGE) formation, increases nitric oxide production, decreases
angiotensin II levels and reduces oxidative stress, resulting in improved
endothelial function, and decreased peripheral vascular resistance and
blood pressure. ADMA Asymmetrical dimethyl arginine
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kidney, or broken down in liver and kidney by the redox sensi-
tive enzyme dimethylarginine dimethylamino-hydrolase
(DDAH) (Figure 2) into L-citrulline and dimethylamine. The
biological activity of arginine and ADMA appear to be linked.
Arginine regulates ADMA levels by inhibiting DDAH activity
(188), and via insulin, may mediate a decrease in ADMA
(164,189) (Figure 2). ADMA is preferentially taken up by
endothelial cells (190), and this competitive action may regu-
late cellular uptake of arginine and NO production (Figure 2). 

ADMA given intravenously to normal volunteers increased
plasma ADMA levels and mean blood pressure (191).
Arginine uptake has been shown to be inhibited by ADMA in
platelets of normal controls and this effect is more pronounced
in individuals with hypertension (161). In untreated essential
hypertensive patients, plasma ADMA was elevated and the
plasma arginine-to-ADMA ratio was reduced (192). In
another study of untreated essential hypertensive subjects,
despite baseline elevated plasma arginine and ADMA levels,
intra-arterial arginine infusion enhanced endothelium-
dependent vasodilation (183). In individuals with essential
hypertension, elevated plasma ADMA was positively corre-
lated to insulin resistance (189). ROS inhibit DDAH activity
and increase PRMT expression (193). This would slow catabo-
lism and promote formation of ADMA. Normotensive salt-
sensitive individuals and patients with essential hypertension
show an increase in plasma ADMA when exposed to high salt
(85,194). In DSS rats, urinary excretion of ADMA increased
in response to a high salt diet, and was positively correlated to
MAP (195). These data would suggest that it is the amount of
arginine relative to ADMA that determines the uptake of argi-
nine and its availability as a substrate for NO production. 

A deficiency in arginine synthesis, or a dietary intake
favouring lysine-rich proteins at the expense of those contain-
ing arginine, may result in a deficiency of arginine relative to
lysine. Lysine competes with arginine for cellular uptake via
amino acid transport systems and may thereby interfere with
arginine uptake and bioavailability (48,73). In perfused lung of
lipopolysaccharide-treated neonatal pigs, arginine increased
NO production, while lysine inhibited arginine uptake,
reduced NO production and increased peripheral vascular
resistance (196). 

It may be that the amount of arginine relative to ADMA or
lysine, but not its absolute amount, determines its bioactivity,
and that arginine supplementation exerts its antihypertensive
effects by overcoming a relative deficiency.
Local deficiency: The concentration of arginine in specific
cellular locations may be the key to its appropriate bioactivity,
and localized deficiencies may be implicated in the pathology
of hypertension. Arginine is present in both plasma and intra-
cellularly. It may also be compartmentalized within the cell
and may exist in higher concentrations in certain organs such
as the kidney where it is involved with natriuretic functions.
So, although plasma arginine concentrations may indicate suf-
ficient or abundant levels of arginine, and arginine supplemen-
tation may increase plasma concentrations, it is not known
whether this translates to appropriate concentrations of argi-
nine where it is required. 

Despite the fact that arginine can be synthesized intracellu-
larly, arginine is predominantly transported from outside the
cell via the Y+ and Y+L transport systems (72,73,158). In
endothelial cells, the CAT 1 protein of the Y+ transport system
accounts for 60% to 80% of total carrier mediated uptake

(73,197). One study showed that arginine uptake into periph-
eral blood mononuclear cells was reduced in untreated essen-
tial hypertensive subjects and normotensive individuals with a
family history of hypertension compared to normotensive con-
trols subjects, and this was related to impaired endothelium-
dependent vasodilation (171). However, there was no
difference between groups in the endothelial mRNA or expres-
sion of CAT protein and the impaired arginine uptake was not
due to an increase in plasma ADMA. Similarly, red blood cells
and platelets from a group of essential hypertensive subjects
showed reduced arginine influx via the Y+L system when com-
pared with normotensive controls (72). However, there was no
difference in transport via the Y+ system. Further, these
authors demonstrated that Y+L transport of arginine was also
diminished in red blood cells of SHRs compared with that of
normotensive WKY rats. 

Caveolae are invaginations of the plasma membrane where
molecules involved in intracellular signalling are located (48).
Colocalization of molecules such as CAT proteins and eNOS
in caveolae may indicate that these sites are important to NO
production (197). If arginine is not readily available at these
sites, it may result in an impaired NO production. 

Kidney is a critical organ in arginine metabolism and is also
an essential regulator of blood volume and pressure. It is possi-
ble that renal deficiency of arginine results in defective NO
synthesis in kidney leading to elevated blood pressure. In DSS
rats, blood flow in the kidneys was decreased compared with
resistant rats, while there was no difference in blood flow of
brain, heart lung, spleen, intestine, skeletal muscle or skin.
Oral arginine supplementation (15 g/L in drinking water for
four weeks) normalized renal blood flow (198). Daily renal
intramedullary infusion of arginine (300 μg/kg/min for one
week) prevented an increase in MAP in DSS rats treated with
high salt, while an iv dose of arginine, given to achieve a sim-
ilar plasma arginine level, did not prevent the blood pressure
increase. This suggests a renal deficiency of arginine in hyper-
tension in this model (21). In salt-sensitive hypertensive
patients, the systemic vascular response to iv arginine infusion
(500 mg/kg body weight for 30 mins) was greater compared to
salt resistant and normotensive controls, whereas the renal
response was blunted (27). This implies that systemically
administered arginine may not be reaching hemodynamically
functional sites in kidney at effective concentrations or that it
is not being utilized effectively at these sites in salt sensitive
hypertension. 

Arginine improves insulin resistance 
There is little information available on the effects of arginine
supplementation on insulin resistance in hypertension. In one
study of SD rats with fructose-induced hypertension, oral argi-
nine (1 g/L in drinking water for eight weeks) prevented an
increase in glucose and insulin concentrations in response to
an oral glucose challenge, and prevented a decrease in insulin
sensitivity (25). In normal subjects, arginine infusion (30 g in
30 min) did not induce any changes in insulin receptor affinity
or density in monocytes (199). In other insulin-resistant con-
ditions, arginine appears to increase insulin sensitivity. For
example, in a study of healthy controls, patients with obesity
and individuals with type 2 diabetes, iv arginine infusion (0.52
mg/kg/min body weight) improved insulin sensitivity in all
subjects, and restored impaired insulin-mediated vasodilation
in the obese and diabetic subjects (200). Another double-blind
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study in type 2 diabetic patients showed that oral arginine
(9 g/day for one month) improved peripheral and hepatic
insulin sensitivity (201). A concurrent normalization of
plasma cGMP and an increase in forearm blood flow suggests
that the improvement in insulin resistance is associated with
an increase in NO production and improved endothelial func-
tion (201). 

A study of normotensive and hypertensive subjects demon-
strated that plasma ADMA levels were positively correlated to
an impairment in insulin-mediated glucose disposal in nor-
motensive individuals, and treatment with an insulin sensitiz-
ing agent reduced ADMA levels (189). This lends support to
the concept of a relative arginine deficiency, and suggests that
supplementation of arginine might improve insulin resistance
by restoring the arginine/ADMA ratio. 

Arginine decreases AGEs 
Arginine may act indirectly to limit AGEs formation by
improving insulin resistance and reducing oxidative stress,
thereby decreasing production of methylglyoxal and other
aldehydes. Arginine may also act directly by binding to alde-
hydes (133), forming free glycation adducts that are excreted
in urine (114,202). There is no evidence that free glycation
adducts themselves cause any untoward effects. Rather, the act
of scavenging aldehydes may competitively inhibit the forma-
tion of AGEs. For example, in an in vitro study (203), arginine
inhibited AGE formation in human serum albumin incubated
with glucose for two weeks. One in vivo study in diabetic mice
(204) showed that oral arginine (50 mg/kg body weight/day)
reduced the formation of the AGEs in glomerular basement
membrane collagen. The enzyme DDAH has a reactive cys-
teine residue at its active site (205) making it susceptible to
AGE modification. Increasing arginine intake may thereby
protect DDAH modification and its inhibition, and thus pre-
vent an increase in ADMA. Also, as DDAH activity is inhib-
ited and PRMT expression increased by ROS (193), and AGEs
are known to increase oxidative stress, the lowering of AGEs
might also prevent these oxidative changes that lead to ele-
vated ADMA. 

Arginine improves NO bioavailability
Some research shows that arginine improves NO production
and this may account for its antihypertensive properties.
ADMA inhibited eNOS in vitro, and inhibited eNOS-derived
NO generation in endothelial cells in culture. Addition of
arginine diminished this effect (190). In individuals newly
diagnosed with essential hypertension, plasma arginine and
ADMA levels were elevated. However, despite having no
effect on blood pressure, intra-arterial infusion of arginine in
these patients enhanced the impaired endothelium-dependent
vasodilation (183). Similarly, in a randomized, double-blind
trial of a single oral dose of arginine (6 g) in subjects with
essential hypertension, arginine had no effect on blood pres-
sure but improved impaired endothelium-dependent flow-
mediated dilation (206). A study of oral arginine (7.5 g/L in
drinking water for 12 weeks) in SHRs showed an increase in
cardiac cGMP and NOx content, indirect measures of NO
production, associated with an attenuation of cardiac hyper-
trophy with no effect on blood pressure (173). In contrast to
these findings, a study by Panza et al (6) in essential hyperten-
sives, showed no effect of intra-arterial infusion of arginine on
endothelium-dependent vasodilation suggesting that a

decreased availability of arginine was not involved in the
impaired endothelial response. 

The results of these studies of essential hypertension pre-
dominantly suggest that arginine increases bioavailable NO
thereby improving endothelial function but not blood pres-
sure. This implies the following: that defects in peripheral NO
and endothelial dysfunction do not play a major role in
increasing blood pressure in essential hypertension; that the
routes of arginine administration or doses used in these studies
are inappropriate to supply arginine in sufficient quantities
and/or to critical sites of action (ie, kidney) to influence blood
pressure; or that any positive effect of increased NO produc-
tion on blood pressure is being masked or counteracted by
other forces such as oxidative stress or alterations in the RAS. 

In contrast, oral arginine, given to salt-sensitive rat models,
appears to be effective in controlling blood pressure and
improving endothelial dysfunction by increasing NO. DSS rats
on high salt diet, oral arginine (20 g/L in drinking water for
four weeks) lowered blood pressure, increased urinary cGMP
and NOx, and improved impaired endothelium-dependent
vasodilation (22). Similarly, oral arginine (1.25 g/L in drinking
water for two weeks) increased urinary excretion of cGMP and
prevented hypertension in DSS rats (18). Tomohiro et al (198)
studied regional blood flow in DSS rats on high salt diet and
showed that blood flow to kidney, but not other tissues, was
impaired. Furthermore, oral arginine (15 g/L in drinking water
for four weeks) improved renal blood flow and prevented
hypertension, implicating abnormalities in renal NO produc-
tion in increased blood pressure in this model of salt sensitive
hypertension. 

Renal medullary NO production plays an important role in
regulation of natriuresis and blood pressure control (68),
which may make it particularly critical in salt-sensitive hyper-
tension. Renal medullary interstitial infusion of arginine in
DSS rats on high salt increased medullary blood flow, a func-
tional indicator of NO production, and prevented hyperten-
sion. To assess whether the arginine administered in the
kidney was escaping and acting systemically to lower blood
pressure, a dose designed to give an equivalent increase in
plasma arginine was given intravenously. This did not result in
prevention of hypertension, indicating that arginine, at this
dose, was acting locally in kidney, not systemically, to lower
blood pressure in this model (21). An arginine-induced
(500 mg/kg body weight iv over 30 min) increase in renal
blood flow and plasma cGMP was reduced by salt loading in
salt-sensitive hypertensive patients (168), suggesting that high
salt either reduces the ability of arginine to produce NO in the
endothelium of renal vasculature, or that some condition
exists in salt sensitive patients (eg. oxidative stress) that dis-
ables the NO that is produced before it can act. Campese et al
(27) demonstrated that iv infusion of arginine improved renal
plasma flow in all subjects on high salt, but was less effective in
salt-sensitive hypertensive patients compared with controls
and salt-resistant individuals, suggesting an impairment of
renal NO that is to some degree compensated for by supple-
mentation of substrate. 

Arginine modulates the RAS
Arginine supplementation has been shown to inhibit ACE
activity (165), and this would decrease production of AII and
limit its downstream effects. The effect of arginine may also be
mediated by insulin. This hormone has been shown to
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decrease the expression of angiotensinogen and AT1 receptors
in endothelial cells (44,207). In hypertension, the effects of
AII may be pronounced as a result of a functional imbalance
arising from a decrease in opposing forces (insulin and NO). If
arginine improves insulin resistance and NO production, this
imbalance will be corrected, restoring vascular homeostasis. 

Arginine lowers oxidative stress
Arginine has been shown to have antioxidant properties. This
may be an indirect action achieved by ensuring normal func-
tion of the nitric oxide pathway and the RAS, thus minimizing
radicals (O2

–, ONOO–) generated by these systems. In a more
direct antioxidant action, arginine has been shown to react
nonenzymatically with H2O2 to form NO in vitro (208). This
would not only increase levels of the vasodilator, but decrease
a potentially harmful reactive oxygen species. In an in vitro
study of vascular endothelial cells in culture, arginine dimin-
ished superoxide generation in a concentration dependent
manner, and protected extracellularly applied NO from degra-
dation (167). In diabetic patients, oral arginine (2 g/day for
three months) decreased urine malondialdehyde levels, a
measure of lipid peroxidation (166), and in diabetic hyperten-
sive rats, oral arginine (1.25 g/L for four weeks) normalized
plasma malondialdehyde levels (24). 

The antioxidant ability of arginine may help regulate
redox-sensitive proteins. For example, the enzyme DDAH
which controls the degradation of ADMA is a redox-sensitive
enzyme that is inhibited by ROS (193). By preventing this oxi-
dation, arginine may increase breakdown of ADMA thereby
reducing competitive inhibition of arginine uptake. In DSS
rats, high salt increased NADPH oxidase activity and expres-
sion of p47phox and gp91phox, subunits of NADPH-oxidase
in the membrane fraction of the renal cortex. Treatment with
oral arginine counteracted these changes (23). It has been sug-
gested that the balance of NO and O2

– regulates normal kid-
ney function (209). If alterations in NO bioavailability in
kidney stem from an imbalance favoring O2

–, then the antihy-
pertensive effects of arginine may be due at least in part to its
antioxidant effects.

Arginine as a therapeutic agent
Is there sufficient evidence to suggest that arginine could be
used as a therapeutic agent? Supplemental arginine has the
ability to increase absolute and relative levels of plasma argi-
nine, improve insulin resistance and decrease AGE formation,
increase NO production, decrease AII production, and reduce
oxidative stress. Any of these actions may result in a decrease
in blood pressure and attenuation of hypertensive complica-
tions, possibly justifying arginine as a therapeutic agent. 

A review of arginine studies indicates that it is effective in
preventing an increase in blood pressure in salt-sensitive
hypertension. As there is a dearth of studies in salt sensitive
humans, this conclusion is based mostly on results from studies
in animal models of salt sensitivity. There is a limitation of
using animal models to study human diseases. However, spe-
cific models do generally represent disease conditions and are
most convenient for studying in vivo mechanism of disease
and response to treatments. If the results of the studies on argi-
nine supplementation in salt sensitive models apply to human
populations, arginine could have significant potential as an
antihypertensive treatment as approximately half of individu-
als with hypertension are salt sensitive. As demographics or

family history (9,169) appears to predispose certain groups to
salt sensitivity, arginine may represent a potential preventative
measure in these individuals. In humans and animals with
essential hypertension, arginine appears to be less effective in
lowering blood pressure although it does improve endothelial
dysfunction. The inconsistency of effect in salt sensitive and
essential hypertensives may reflect the varying degree to which
arginine deficiency or altered metabolism, insulin resistance,
alterations in the NO pathway and RAS, or oxidative stress,
are involved in these forms of hypertension. Whatever the
case, arginine supplementation appears to improve endothe-
lium-dependent vasodilation in hypertension. 

Of the studies reviewed, many showed the effectiveness of
ip, iv or intrarenal administration of arginine on blood pres-
sure, but these routes of administration are impractical in the
day-to-day treatment of humans. Several other studies also
reported the ability of oral doses of arginine to lower blood
pressure. In rat studies, oral arginine was given in drinking
water without providing water consumption data making it dif-
ficult to establish the effective daily dose. In a study designed
to investigate the pharmacokinetics and safety of arginine,
using both oral and iv applications, Wu et al (210) studied its
effects in pigs, rats and sheep. These authors concluded that a
70 kg human subject should be able to tolerate long-term par-
enteral and enteral supplementation doses of 6 g/day and
15 g/day, respectively, in addition to arginine obtained in nor-
mal diet of 4 g/day to 6 g/day. Additionally, several studies in
hypercholesterolemic humans have shown that daily oral doses
of arginine of 7 g/day to 21 g/day for up to 12 weeks
(186,187,211-213) are effective in lowering blood pressure
(186), increasing plasma arginine levels (187), normalizing
plasma arginine/ADMA ratio (213), attenuating mononuclear
cell adhesiveness ((187,213) and platelet aggregation (212),
and improving endothelium-dependent vasodilation (211).
These doses have been well tolerated, with few gastrointestinal
side effects usually only seen at the highest dosage.

A few studies have suggested that arginine supplementation
may be detrimental to vascular health. In apoE/iNOS double
knockout mice fed a typical western-type diet, oral arginine
supplementation (25 g/L in drinking water for 24 weeks)
negated the protective effect of iNOS deficiency causing
increased atherosclerotic lesion size and oxidative stress (214).
Loscalzo (215) suggested in a commentary editorial, that by
providing substrate that increases NO production in an oxida-
tive environment, the nitrogen radical, peroxynitrite, may be
overproduced resulting in local vascular oxidative stress. This
author also suggested that increasing arginine might result in
elevations in homocysteine, ADMA and ROS (215). A later
study by Handy et al (216) did show that arginine supplemen-
tation in this same model increased plasma homocysteine by
37%. The dose used in these studies was higher than that used
in many arginine studies. This may have resulted in an amino
acid imbalance which could have had some impact on the
findings. However, in a study of hypercholesterolemic rabbits,
a similar dose was shown to block progression of atheroscle-
rotic lesions (217). 

Arginine supplementation has been suggested for use as a
prophylactic treatment in diabetics to prevent AGE formation
and diabetic complications. Tsai et al (218) performed an in
vitro study designed to test for potential adverse effects of argi-
nine for this purpose. They added methylglyoxal (1.56 μM) to
arginine (2.0 mM to 8.0 mM) and showed that this reaction
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produced superoxide radical in a dose-dependent manner.
Additionally, serum from diabetic patients treated with argi-
nine (8.0 mM) also showed significantly more superoxide pro-
duction than serum of control subjects. They suggested
arginine should be used with caution due to this ability to pro-
duce harmful radicals. Taking arginine in combination with an
antioxidant may overcome this potential to increase oxidative
stress and allow arginine to work effectively without untoward
effect. A study of pregnant SHR and WKY rats and their off-
spring showed that intake of arginine and antioxidants com-
bined for two weeks before, and four and eight weeks after
birth, reduced spontaneous increases in blood pressure in SHR
and age-related increases in WKY rats. This treatment also
provided a persistent reduction in blood pressure and renal
protection in SHR even after supplementation was withdrawn
(219).

CONCLUSION
Essential hypertension develops due to an interaction of
genetic traits and lifestyle factors such as diet. Increased dietary
salt is one lifestyle factor that causes an increase in blood pres-
sure, and approximately one-half of individuals with hyperten-
sion are salt sensitive. Both salt-sensitive and essential
hypertension are associated with insulin resistance and its
downstream effects, including altered glucose metabolism and
AGEs formation. Hypertension is also associated with alter-
ations in the NO pathway and RAS, and with oxidative stress.
As arginine modulates insulin, NO and AII, it is reasonable to
assume that it may address these abnormalities that lead to

hypertension. Studies show that arginine attenuates insulin
resistance and decreases AGE formation, increases NO pro-
duction, decreases AII levels, reduces oxidative stress and
improves endothelial function. Additionally, animal studies
provide substantial evidence that arginine is an effective anti-
hypertensive agent in salt-sensitive models due, primarily, to
its ability to improve NO bioavailability, particularly in the
kidney. In models of essential hypertension, where loss of
bioavailable NO appears a result of increased oxidative break-
down, arginine combined with an antioxidant may be more
effective in lowering blood pressure. The paucity of human
studies in salt-sensitive and essential hypertension, combined
with the slight possibility of adverse effects, indicates that
more studies in humans need to be done before supplementary
arginine can be recommended broadly for treatment of hyper-
tension. It may be beneficial for individuals with, or at risk for
hypertension, particularly salt-sensitive hypertension, to limit
foods high in salt and to increase their intake of foods contain-
ing arginine. Ideally, a lifestyle change to include a balanced
diet such as the DASH diet, that is low in salt, and rich in
antioxidants and arginine-containing proteins such as meat,
fish, soy, nuts, whole grains, lentils and beans, may be advisable
to obtain the most benefit from nutrients with antihyperten-
sive properties. 
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