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Abstract

With advancing age, peripheral conduit and resistance arteries lose the ability to effectively dilate
owing to endothelial dysfunction. This vascular senescence contributes to increased risk of
cardiovascular disease (CVD) with aging. L-arginine plays a role in numerous physiological
processes including nitrogen detoxification, immunocompetence, growth hormone (GH) secretion,
and insulin secretion. Recently, a considerable amount of attention has been placed on the ability
of this amino acid to affect vascular endothelial function. The purpose of this review will be to
examine the use of L-arginine as a novel nutritional strategy to potentially stave progression of
vascular dysfunction with aging and CVD. Emphasis will be placed on the ability of L-arginine to
modulate the vascular inflammatory and systemic hormonal milieu, which in turn may have a
positive effect on vascular endothelial function.
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Aging and Vascular Function

Cardiovascular disease (CVD) remains the most salient killer in the United States, and aging
is a primary risk factor.1,2 Despite unprecedented improvements in detection and treatment
of CVD, mortality from CVD is expected to worsen due to the immutable effect of aging.
There are currently over 35 million Americans 65 years of age or older, and the majority of
these individuals have some form of CVD.1,2 Even in the absence of other risk factors,
aging per se is considered an independent proatherogenic stimulus, increasing morbidity and
mortality from myocardial infarction and stroke.3

With advancing age, there is pervasive vascular dysfunction that manifests as diminished
peripheral vasodilatory capacity stemming from endothelial dysfunction.* The vascular
endothelium is a single cell layer responsible for numerous autocrine, paracrine, and
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endocrine functions including regulation of vascular tone, vascular inflammation, cell
growth, thrombosis, and platelet function.® Nitric oxide (NO), a potent vasoactive hormone
released by endothelial cells in response to shear stress, plays a key role in maintaining the
vascular wall in a quiescent state via inhibition of inflammation, cellular proliferation, and
thrombosis.® Endothelial dysfunction with aging may result from reduced NO production/
bioavailability.> Loss of NO contributes to a shifting of the vascular wall from a quiescent
phenotype toward one that involves an activated host defense response.® Vascular
expression of chemokines, cytokines, and adhesion molecules is increased, leading to
leukocyte recruitment, platelet aggregation, and the initiation of the atherosclerotic process.®
Thus, endothelial dysfunction occurs early in the atherogenic process and is a prepotent
factor in the development of any morphological atherosclerotic changes.®

Available data indicate that endothelial dysfunction is highly prevalent if not ubiquitous in
elderly individuals’ and occurs with aging even in the absence of disease.8 As such,
endothelial dysfunction may be regarded as primary phenotypic expression of normal human
aging, and it has been suggested that this vascular senescence is the likely culprit
underlying, in large part, the increased CVD risk associated with aging.? Endothelial
dysfunction has also been implicated in age-associated declines in cognitive function (ie,
memory loss19), physical function (ie, reduced performance of activities of daily living),11
and in the pathogenesis of numerous diseases of aging such as hypertension, stroke, erectile
dysfunction, and renal dysfunction.®,12 Endothelial dysfunction has been shown prognostic
of future cardiovascular events,12-14 and persistent impairment of endothelial function
despite optimized pharmacological therapy to reduce atherosclerotic risk factors has an
adverse impact on outcome.1® Conversely, interventions that improve endothelial function
improve clinical outcome.16,17 Thus, interventions that improve this surrogate end point
with aging may prove invaluable.

The synthesis of NO requires a precise admixture of substrate and cofactors. Shear stress,
due to the viscous nature of blood flow dragging along the vascular wall, activates
endothelial nitric oxide synthase (eNOS) via phosphorylation. L-arginine is hydroxylated to
N-hydroxy-L-arginine and then further oxidized to NO and L-citrulline. Nitric oxide
diffuses into vascular smooth muscle cells, activates guanylate cyclase, and induces cyclic
guanosine 3" ,5”-monophosphate (GMP)-mediated smooth muscle relaxation via the
activation of cGMP-dependent protein kinase G (PKG) and subsequent protein
phosphorylation of potassium channels, decreased cytosolic calcium levels, and myosin light
chain dephosphorylation.18,19 Ultimately this regulates regional blood flow (ie, flow-
mediated dilation). Other substrate and cofactors required for this reaction include oxygen,
nicotinamide adenine dinucleotide phosphate (NADPH), flavin, heme, and
tetrahydrobiopterin (BH,4). Tetrahydrobiopterin binds to the heme group of the A-terminal
oxidase domain of NOS, stabilizing the dimer molecule (Figure 1). Binding shifts NOS into
a high spin state, increasing enzyme activity and increasing the affinity of NOS for arginine.
20 Under normal conditions, eNOS, in the presence of sufficient BH,4, accepts and stores
electrons from NADPH to transform cosubstrates O, and L-arginine into NO and L-
citrulline?! (Figure 1). Tetrahydrobiopterin accepts electrons from a flavin in the C-terminus
reductase domain of NOS during the synthesis of NO and L-citrulline, acting as an
important redox agent. Dysfunction in any of these steps with aging may set the reaction
awry, reduce NO bioavailability, attenuate vasodilatation, and alter regional circulation and
tissue perfusion?® (Figure 2).

Reduced substrate may be rate limiting and reduce NO formation and subsequently
endothelial-dependent vasodilation. L-arginine (2-amino-5-guanidinovaleric acid) is a
nonessential amino acid. The typical Western diet will supply a person with ~3 to 6 g of L-
arginine per day.22 Common dietary sources of L-arginine include soy proteins, meats, nuts,
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dairy, and seafood with a bioavailability of approximately 60%.22 Under catabolic
conditions such as surgery or trauma in which growth and/or repair is accelerated, L-
arginine may become conditionally essential.23 Aging is associated with deterioration of
numerous organ systems, such as lean tissue loss (ie, sarcopenia). Moreover, aging and CVD
has become synonymous with inflammation. Typically, inflammation leads to recovery and
restoration of tissue integrity, but if repair is imperfectly matched to systemic demand, the
inflammatory process could result in persistent tissue damage.24 As such, inflammation and
oxidative stress have been identified as key factors in the pathogenesis of vascular damage
with aging, even in the absence of risk factors or clinical disease.® Therefore, aging per se
may be considered a catabolic/inflammatory state. The use of L-arginine as a nutritional
strategy to protect the vasculature from the ravages of aging and disease will now be
explored.

L-Arginine and Vascular Function

L-arginine supplementation may have clinical utility with respect to improving
symptomology associated with angina, atherosclerosis, coronary artery disease (CAD),
erectile dysfunction, heart failure, and intermittent claudication/peripheral vascular disease.
22 25 26 This may be related to its effects on vascular endothelial function.

Adams et al2” examined the effect of oral L-arginine on endothelium-dependent dilation in
men with CAD. They found that a dose of 7 g taken 3 times per day (21 g/d) for 3 days
increased plasma levels of L-arginine as well as improved endothelium-dependent dilation.
A similar study done by Clarkson et al?8 examined the effects of L-arginine using the same
dose (three 7-gram doses per day) over a 4-week time period in hypercholesterolemic young
adults. They found that plasma L-arginine levels doubled (115 £103 to 231 £125 pmol/L),
while endothelial-dependent dilation increased nearly 3-and-a-half fold (1.7% +1.3% to
5.6% +3.0%).

In a prospective, double-blind, randomized crossover trial, the effect of L-arginine (16 g
daily for 14 days) or placebo on vascular endothelial function was examined in 12 healthy
old participants (age 73.8 +2.7 years).29 L-Arginine significantly improved endothelial-
dependent vasodilation (5.7% +1.2%), whereas placebo had no effect. After L-arginine,
plasma levels of L-arginine increased significantly (114.9 £11.6 vs 57.4 5.0 wmol/L), but
placebo had no effect. In older patients with stable CAD, L-arginine supplementation has
also been shown to improve flow-mediated dilation.30-32

Older patients with CAD and concomitant renal dysfunction may not benefit from L-
arginine supplementation.33 Similarly, Gates et al3* has shown that acute intravenous
infusion of L-arginine has no effect on endothelial-dependent vasodilation in healthy older
individuals. Blum et al3® examined the effects of L-arginine on endothelium-dependent
vasodilation in healthy postmenopausal women. Participants took 9 g of L-arginine per day
for 1 month. They found that plasma L-arginine increased but with no concomitant change
in flow-mediated dilation. Chin-Dusting et al3¢ and Adams et al3” have shown that L-
arginine has no effect on plasma levels of L-arginine, forearm blood flow, or endothelial-
dependent vasodilation in healthy men.

At first glance, results from the literature appear to suggest equivocal findings with respect
to the effects of L-arginine on vascular function. However, this is far from true. As recently
concluded by a meta-analysis, the effects of L-arginine are dependent on initial endothelial
health.38 L-arginine supplementation does not appear capable of impacting endothelial-
dependent flow-mediated dilation in healthy individuals with more preserved vascular
endothelial function. Participants with a high FMD may already have sufficient NO activity,
which explains the failure of L-arginine supplementation to increase FMD in such
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participants. However, in persons with more pronounced overt endothelial dysfunction, L-
arginine may be useful.

L-arginine may not be warranted for all aging populations. Although studies have shown
that short-term L-arginine therapy improves endothelial function in older patients with
peripheral artery disease,3? Wilson et al*? have demonstrated that long-term administration
of L-arginine actually has a detrimental effect on endothelial function in this cohort. Six
months of L-arginine therapy (3 g/d) reduced NO availability (assessed as flow-mediated
vasodilation, plasma and urinary nitrogen oxides, and plasma citrulline formation). It has
been suggested that additional L-arginine may lessen the sensitivity of smooth muscle cells
to NO release due to shear stress (arginine tolerance).40-42 There may be a
counterregulatory nitrate tolerance related to more prolonged exposure as is seen with
sustained administration of exogenous NO donors such as nitrogly-cerin.40 As suggested by
Wilson et al, %0 a transient increase in NO levels could inhibit NO synthase activity by
nitrosylation of NO synthase itself or the arginine transporter to counter any arginine-
induced increase in NO production. However, this is not a universal finding. Lerman et al*3
have shown that long-term L-arginine administration has a favorable effect on coronary
endothelial function in patients with coronary endothelial dysfunction and nonobstructive
CAD. L-arginine supplementation is also associated with higher postinfarction mortality.*4
Therefore, much more research is needed to examine the safety and efficacy of long-term L-
arginine administration before this nutritional intervention be recommended as a general
panacea for the aging and diseased vasculature.

L-arginine has shown promise as a vascular prophylaxis against endothelial dysfunction
induced by acute stressors. For example, acute cigarette smoking and consumption of a
high-fat meal are known to significantly reduce endothelial function. Oral L-arginine taken
prior to smoking or with a high-fat meal prevents the deleterious effect of these
perturbations on endothelial function.4>-48

Inflammation and Vascular Function With Aging: L-Arginine as an Anti-
Inflammatory Agent

The beneficial effect of L-arginine on the vasculature may also be related to other ancillary
properties independent of NO genesis (Figure 2). The mechanisms that govern age-
associated deterioration of vascular function are multifaceted, and inflammation/oxidative
stress has been identified as a key factor.3 In the absence of adequate L-arginine/BH,4 and in
the presence of reactive oxygen species (ROS) generated with aging, NOS becomes
uncoupled from arginine oxidation, and superoxide is produced from the oxidase domain,
leading to the formation of peroxynitrite instead of NO.21,49 Superoxide may further
perpetuate BH, oxidation and eNOS uncoupling.2! Numerous in vitro experiments have
demonstrated a causative role of inflammation/oxidative stress in modulating vascular
function. In vivo studies have followed en suite highlighting that (1) chronic inflammatory
diseases are associated with vascular dysfunction (ie, reduced vasodilatory capacity); (2)
acute inflammation/oxidative stress directly impairs vascular function®-53; (3) anti-
inflammatory/antioxidant interventions restore and/or prevent inflammation-mediated
vascular dysfunction.>* Interventions that reduce inflammation and oxidative stress may
have significant clinical utility as a means of restoring/attenuating age-associated declines in
endothelial function.

L-arginine has been shown to enhance immune function.®® With increasing plasma
concentrations of L-arginine, the ability of lymphocytes to increase the activity of natural
killer cells and lymphokine-activated killer cells increases in vivo.®® L-arginine has also
been shown to enhance T-cell function and has an immunopreserving effect under
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conditions of protein malnutrition.>® The ability of L-arginine to affect inflammation and
oxidative stress remains sparsely examined. Studies using animal models have demonstrated
that L-arginine prevents sodium-induced upregulation of NADPH oxidase.>” Nicotinamide
adenine dinucleotide phosphate oxidase is considered one of the principal generators of ROS
within the aging vascula-ture.24 In patients with chronic kidney and CVD, L-arginine has
been shown to reduce several important markers of inflammation and oxidative stress such
as asymmetric dimethylarginine (the endogenous inhibitor of NO), myeloperoxidase (a
heme enzyme present in inflammatory cells and catalytic sink for NO), and homocysteine (a
stimulator of ROS that causes vascular damage and atherosclerosis).?8,59 L-arginine also
reduces endothelin-1, a potent vasoconstrictor*3 and important modulator of endothelial
dysfunction (possibly more important than NO) with advancing age. These preliminary
findings in select patient populations would suggest that L-arginine may have anti-
inflammatory and antioxidant properties. Whether this contributes in part to the favorable
effect of L-arginine on vascular endothelial function requires further study.

Pleotropic Properties of L-Arginine: Effects on Vascular Function

L-arginine can stimulate the secretion of various hormones including growth hormone (GH),
insulin, glucagon, epinephrine, norepinephrine, and prolactin.5% Many amino acids stimulate
insulin secretion, but L-arginine has been shown to be the most potent.t0,61 While insulin
resistance is associated with endothelial dysfunction, insulin itself can improve endothelial-
dependent vasodilation independent of glucose via a release of NO as a result of the
activation of phosphatidylinositol 3 (P1-3) kinase and Akt kinase.62,63

With aging, there is a well-noted decline in GH secretion, and this is responsible for age-
associated declines in muscle mass and bone mineral density as well as increases in
adiposity. Diminution of GH has also been linked to deterioration of various cardiovascular
and immunological functions.54 L-arginine is a potent stimulator of GH and has been used
in a clinical setting to determine the responsiveness of the GH axis when a deficiency is
suspected.85,66 Numerous studies have demonstrated that patients with GH deficiency have
reduced endothelial dysfunction, and augmenting GH in these patients restores endothelial
function.87-71 Acute infusion of GH increases endothelial-dependent vasodilation.”? Growth
hormone contributes to the late phase of L-arginine-induced, NO-mediated vasodilation.’3
Animal models have demonstrated that GH deficiency induces a pro-oxidative phenotype by
reducing endothelial cell expression of antioxidant mechanisms, such as Mn-SOD, Cu, Zn-
SOD, glutathione peroxidase 1 (GPx)-1, and eNOS.”* Endothelial cell production of ROS
(O, and H»0,) by mitochondria is also enhanced.”# Treatment with GH significantly
reduces cellular O,~ and H,O, production and ROS generation by mitochondria and
upregulates expression of Mn-SOD, Cu, Zn-SOD, GPx-1, and eNOS.”* Growth hormone
can also signal directly through insulin receptor substrate (IRS)-1 to activate PI-3 kinase.”
Endothelial cells express abundant GH receptors, and thus GH may act directly through
receptor-mediated eNOS phosphorylation, causing smooth muscle relaxation.”® Growth
hormone increases the expression of eNOS mRNA, reduces ADMA, and increases
endothelial progenitor cells.”® Thus, L-arginine-mediated increases in GH may improve
endothelial function by (1) directly activating eNOS; (2) upregulating eNOS protein
expression; and (3) preserving NO bioavail-ability via its antioxidant properties’’ (Figure 3).

Summary and Conclusions

In healthy young and older individuals with preserved vascular endothelial function as well
as select patient populations (ie, peripheral artery disease and chronic kidney disease), L-
argi-nine has no effect on endothelial-dependent vasodilation and may have detrimental
effects on clinical outcome (ie, post-myocardial infarction [MI]). In select aging patient
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populations with overt endothelial dysfunction and reduced L-arginine stores, L-arginine
may improve vascular function via its ability to augment NO. L-arginine may also improve
endothelial function via its ancillary effects on systemic hormonal modulation (ie, GH
augmentation) and anti-inflammatory/antioxidant phenotypic changes in endothelial cells.
Long-term safety and efficacy of L-arginine therapy remains ill examined. Therefore,
recommendation of L-arginine as a general vascular panacea for all aging persons is not
warranted at this time, and the quest for the fountain of vascular youth should continue.
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Figure 1.

Schematic representation of nitric oxide synthase (NOS) dimer formation. BH, indicates
tetrahydrobiopterin; CAM = calmodulin; FAD = flavin adenine dinucleotide; Fe = iron;
FMN = flavin mononucleotide; NO = nitric oxide.

Stochiometry of the NOS reaction: L-Arginine + O, + NADPH — A-OH-L-Arginine +
NADP* + H,0

N-OH-L-Arginine + O, + 0.5 NADPH — L-Citrulline + NO+ + 0.5 NADP* + H,0
Electron transfer in NOS:NADPH — FAD — FMN — Heme (Fe)
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L-arginine and modulators of vascular function.
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Figure 3.
Pleotropic properties of L-arginine.
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