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Introduction
Vascular endothelium is a mesodermal tissue that forms 

a monolayer of endothelial cells across the innermost surface 
of blood vessels.1 This monolayer serves as a semipermeable 
physical barrier between circulating blood and the remainder of 
the vessel lumen as well as other surrounding tissues in order 
to control vascular function including blood flow, contractility 
of blood vessels, and the transit of blood elements into and out 
of the bloodstream. A number of endogenous molecules are 
actively secreted by vascular endothelium. Among these bioactive 
molecules, endothelium-derived nitric oxide (eNO) is arguably 
the most potent and physiologically significant. Chemically, nitric 
oxide (NO) is a highly reactive molecule with an unpaired electron 
in its nitrogen atom. This chemical property is responsible for 
its short half-life (less than 30 seconds) and rapid oxidation into 
more stable products—nitrates (NO3) and nitrites (NO2). However, 
NO itself is efficient in activating vasoactive downstream targets 
including soluble guanylate cyclase (sGC) and cyclic guanosine 
monophosphate (cGMP) in order to transmit signals that regulate 
vascular tone, myocardial contractility, cell proliferation, platelet 
aggregation, superoxide production, expression of adhesion 
molecules, and endothelial-leukocyte interaction. Since eNO 
is essential in these physiological processes, suboptimal levels 
of eNO in circulation or in local tissues can contribute to the 
development and/or progression of cardiovascular diseases 
including atherosclerosis, the most common one. The current 
review provides an overview of eNO as an antiatherogenic 
molecule and includes factors that influence its bioavailability and 
therapeutic approaches to restore or enhance its levels. 

Antiatherogenic Effects of Nitric Oxide
Atherosclerosis is a multifactorial disease involving interplay 

between genetics, environmental factors, and lifestyle choices. 
It is characterized by accumulation of oxidized low-density 
lipoproteins (oxLDL) in the vessel wall, which promotes 
infiltration of inflammatory cells, overproliferation of vascular 
smooth muscle cells (VSMCs), and accumulation of connective 
tissue components; collectively, these result in endothelial 

dysfunction characterized by marked impairment of eNO levels, 
increased adhesion of inflammatory cells to vessel wall, and 
development of fibrous atheromatous plaque.2 

In the past two decades, a number of studies have investigated 
the role of NO in the development and progression of vascular 
inflammation and atherogenesis. Many of these studies 
demonstrate that eNO possesses an atheroprotective effect. 
For example, preclinical studies show that genetic deletion of 
endothelial NO synthase (eNOS) accelerates the progression 
of atherosclerosis in apolipoprotein E (ApoE)-deficient mice.3 
Similarly, pharmacological inhibition of NOS promotes 
formation of fatty streaks in rabbits that are fed with cholesterol-
supplemented diets.4 By contrast, increasing eNO levels using 
L-arginine (NO precursor) or synthetic NO donors has been shown 
to improve endothelial-dependent vasorelaxation and inhibit 
fatty streak formation in the same animal model.5,6 Meanwhile, 
modulation of the NOS pathway has been shown to influence the 
development of other atherosclerosis-related vascular diseases, 
including neointimal hyperplasia (thickening of blood vessels as 
a result of macrophage, connective tissue, and smooth muscle cell 
accumulation in the innermost layer of arterial wall) following 
balloon angioplasty or arterial vein grafting.7,8 In these studies, 
interventions aimed at increasing NO bioavailability (by arginine 
supplementation or eNOS-encoding gene therapy) suppressed 
neointimal thickening by restoring eNO production and improving 
vascular function.

Neointimal thickening is an underlying problem in a number 
of vascular diseases, including vasculopathy, restenosis, and 
atherosclerosis. The ability of eNO to attenuate or reverse 
these vascular diseases is a landmark discovery that should be 
effectively harnessed in translational studies aimed at treating 
different types of vascular disorders. In atherosclerosis, the 
attenuation of intimal thickening and fatty streak formation 
by NO is due to its ability to suppress lipid-induced adhesion 
of monocytes and aggregation of platelets to the endothelial 
wall. Studies have shown that dietary arginine reduces 
adhesiveness of monocytes to aortic endothelium isolated from 
hypercholesterolemic animals in an NO-dependent manner, 
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whereas L-NAME, an inhibitor of NOS, disturbed NO production 
and promoted monocyte binding.9 Other in vitro studies have 
demonstrated that exogenous administration of NO dose-
dependently inhibited the ability of monocytes to interact with 
endothelial cells due, at least in part, to suppression of the 
gene expression of chemotactic factors that promote monocyte 
binding.10 In addition, eNO is known to suppress oxidant-sensitive 
proinflammatory transcription factors, such as nuclear factor κB 
(NFκB),11 and mitigate vascular oxidative stress by interacting 
with superoxide anion12 and directly inhibiting major pro-oxidant 
enzymes such as xanthine oxidase and nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase.13,14 Inactivation of 
superoxide and hydrogen peroxide by NO is due, in part, to 
peroxynitrite (OONO-) formation15 and subsequent interaction 
with thiol groups to form thionitrites, molecules capable of 
releasing NO.16 All of the above functionalities of eNO result in 
inhibition of reactive oxygen species (ROS) and attenuation of lipid 
peroxidation leading to an antiatherogenic effect. 

Inhibition of VSMC proliferation and migration is another 
mechanism by which NO affects atherogenesis. Increased 
vascular inflammation due to progressive accumulation of 
oxidized lipoproteins promotes endothelial dysfunction in part 
by interrupting the permeability of the endothelium and allowing 
the infiltration of VSMCs and other cell types into the endothelial 
monolayer. This inward migration of VSMCs and inflammatory 
cells exacerbates an already dysfunctional endothelium, leading to 
hardening of the vessel wall and formation of lesions. The VSMCs 
continue to proliferate, migrate, and deposit collagen matrix in the 
inflamed vessels, processes that typically precede the development 
and rupture of atherosclerotic plaque. By contrast, eNO inhibits 
the proliferation and migration of VSMCs, thus resulting in normal 
vessel wall structure and function. 

Endogenous Regulation of Nitric Oxide Levels
In endothelial cells, NO is constitutively produced by the 

enzyme endothelial NOS (eNOS). Another constitutive isoform, 
neuronal NOS (nNOS), is mainly expressed in neuronal cells to 
promote neurotransmission. Some studies have reported that 
nNOS is also expressed by endothelial cells, although its precise 
contribution to endothelium-derived NO is still unclear. The third 
isoform, inducible NOS (iNOS), is actively expressed by immune 
cells and not physiologically present in other cell types, including 
endothelial cells. However, in the setting of inflammation, 
endothelial cells express higher levels of iNOS. All the NOS 
isoforms utilize L-arginine as a substrate and require a number of 
cosubstrates (molecular oxygen, reduced NADPH) and cofactors 
(FAD, FMN, heme, and tetrahydrobiopterin; BH4) to produce 
bioactive NO. In addition, the NOS proteins need to be dimerized 
to make functional enzymes capable of catalyzing the oxidation of 
L-arginine.

An eNOS monomer consists of a reductase domain and 
an oxygenase domain. The former one transfers electrons 
from reduced NADPH through FAD and FMN to heme of the 
oxygenase domain of the second monomer. The transfer of 
electrons is activated by the binding of calcium (Ca2+)-dependent 
protein, calmodulin, to the conjugation site of the two domains. 
Once transferred, the electrons are used to activate molecular 
oxygen and oxidize L-arginine to equimolar quantities of 
L-citrulline and NO. Two monomers dimerize only in the presence 
of the cofactor heme and sufficient amounts of L-arginine and 
BH4 (BH4 serves as a donor of the second electron, while the first 
electron is transferred from the reductase domain). 

One critical step in the endogenous regulation of eNOS activity 
is its interaction with calmodulin. This protein binds to eNOS 
in a reversible fashion that depends on the concentration of 
intracellular Ca2+. In resting cells, eNOS is localized in an inactive 
form within caveolae (an invagination of cytoplasmic membrane) 
bound to caveolin-1 protein. The enzymatic activity of eNOS is 
restored when Ca2+-loaded calmodulin displaces caveolin-1.17 This 
Ca2+-calmodulin-mediated regulation of eNOS activity is leveraged 
by several bioactive molecules that induce cytosolic Ca2+-influx 
to include bradykinin, acetylcholine, histamine, adenosine, and 
thrombin. Intriguingly, NO itself can also reversibly regulate 
eNOS enzymatic activity by forming a covalent adduct with 
target-specific sulfhydryl groups of the eNOS protein (known as 
“S-nitrosylation”).18

Phosphorylation of eNOS is another regulatory mechanism 
of its activity. The enzyme is subjected to phosphorylation at 
different sites that can either increase or suppress NO production.19 
Stimuli that activate eNOS by phosphorylation include shear 
stress, insulin, bradykinin, vascular endothelial growth factor, 
estrogen, and platelet-derived lipid mediators. By contrast, 
under nonstimulated conditions, phosphorylation of threonine 
495 residue of the eNOS protein appears to interfere with 
calmodulin binding and eNOS activation.20 Other stimuli that 
affect eNOS gene expression and/or stability of its mRNA include 
erythropoietin, hypoxia, oxLDL, and inflammatory stimuli.20

Inhibition of eNOS by its endogenous inhibitors asymmetrical 
dimethylarginine (ADMA) and monomethylarginine (MMA) 
is another important mechanism of regulating NO synthesis.21 
These arginine derivatives (methylarginines) are produced in any 
nucleated cell due to post-translational modification of histone 
proteins, and they compete with arginine for the substrate-binding 
site in the NOS protein, thereby inhibiting NO production.22 This 
inhibition of eNOS activity by endogenous methylarginines is 
the basis for the “arginine paradox,” in which NO production is 
increased following exogenous supplementation of L-arginine 
despite sufficiently high intracellular concentration of L-arginine to 
saturate the NOS enzymes.23 Hence, some authors consider plasma 
L-arginine-to-ADMA ratio as a marker of endothelium-derived 
NO bioavailability.24

Under conditions in which arginine or BH4 is depleted or 
methylarginine levels are high (relative arginine deficiency), 
eNOS can produce superoxide instead of NO as a result of 
NADPH oxidase uncoupling from NO generation and inducing 
oxidative stress.25 This phenomenon, known as eNOS uncoupling, 
is involved in a number of pathological processes including 
atherosclerosis (Figure 1).

Mechanisms Leading to Reduced Nitric Oxide 
Bioavailability in Atherosclerosis

Several factors can influence NO availability in atherosclerosis. 
Some of these include reduced substrate (L-arginine) availability, 
suboptimal levels of cosubstrates and/or cofactors, eNOS 
uncoupling, loss-of-function polymorphism in the eNOS gene, 
elevated levels of methylarginines, plaque-mediated impairment 
in physiological shear stress, and flow disturbance or physical 
barriers such as accumulation of oxidized lipid particles (Figure 2). 
In brief, reduced L-arginine bioavailability may be due to reduced 
synthesis by the kidneys (e.g., in comorbid conditions where 
kidney disease exists alongside atherosclerosis), reduced transport 
into the plasma by the cationic amino acid transporters, or 
alternative metabolism of L-arginine by other enzymes including 
arginases. In addition, dysregulation of cofactors by oxidative 
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stress may contribute to reduced NO bioavailability. Oxidative 
stress in the vessel wall might be exacerbated by cardiovascular 
risk factors such as hypercholesterolemia, diabetes, hypertension, 
or hyperhomocysteinemia, resulting in increased ROS production 
in the vessel wall.26 Reactive oxygen species are able to oxidize 
the eNOS cofactor BH4 and suppress expression of dihydrofolate 
reductase (an enzyme that recycles back oxidized BH2 to BH4), 
thereby depleting this cofactor and promoting eNOS uncoupling.27 
Besides oxidizing BH4, superoxide ions directly scavenge 
NO, reducing its bioavailability and forming peroxynitrite. 
Peroxynitrite is able to oxidize BH4 and the substrate binding site 
of the eNOS protein, leading to reduced cofactor availability and 
further uncoupling of eNOS.28 

Furthermore, accumulation of methylarginines—ADMA and 
MMA—due to increased synthesis and/or reduced metabolism is 
associated with reduced NO bioavailability, increased oxidative 
stress, development of vascular dysfunction, and atherosclerosis.29 
Reduced metabolism of the methylarginines is mainly due 
to impairment in the enzyme that is chiefly responsible for 
their breakdown. Dimethylarginine dimethylaminohydrolase 
(DDAH), which exists in one of two isoforms in vascular cells, 
is physiologically responsible for the metabolism of MMA and 
ADMA into methylamine and citrulline (Figure 1). Unfortunately, 
DDAH is sensitive to oxidative stress, and its enzymatic 
activity is often impaired in cardiovascular disease including 
atherosclerosis.30 Consequently, elevated levels of circulating 

Figure 1. Pathophysiological role of endothelium-derived 
nitric oxide (eNO) in atherosclerosis. Endothelium-derived 
NO is an antiatherogenic molecule synthesized from 
the precursor L-arginine in the presence of cofactors, 
cosubstrates, and NO synthase (eNOS). NOS is 
competitively inhibited by asymmetrical dimethylarginine 
(ADMA), an endogenous substrate for dimethylarginine 
dimethylaminohydrolase (DDAH). Uncoupling of eNOS 
favors the generation of proinflammatory reactive oxygen 
and nitrogen species that contribute to endothelial 
dysfunction and development of cardiovascular disease 
(CVD), including atherosclerosis.

Figure 2. Endogenous factors that contribute to reduced 
nitric oxide (NO) bioavailability. Reduced NO directly 
contributes to vascular dysfunction and development of 
cardiovascular disease. iNOS: inducible NO synthase 
(NOS); eNOS: endothelial NOS; CAT: cationic amino acid 
transporter; ADMA: asymmetric dimethylarginine; OxLDL: 
oxidized low density lipoprotein.
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ADMA inhibits NO production and promotes superoxide 
production in the vessel wall, leading to eNOS uncoupling.31 

Cholesterol and LDL were also reported to influence NO 
production. Interestingly, a low cholesterol concentration acutely 
increases NO synthesis, whereas high levels of cholesterol or LDL 
have the opposite effect.32,33 In addition, both native and oxLDL 
are capable of destabilizing eNOS mRNA and causing eNOS to 
uncouple.34,35 Moreover, oxLDL may also reduce arginine uptake 
by endothelial cells36 and increase the expression and activity 
of arginase, leading to reduced L-arginine bioavailability and 
impaired NOS signaling.37 

Finally, the expression of iNOS, an enzyme with a rate constant 
1,000-fold greater than eNOS, is upregulated in atherosclerotic 
plaques (predominantly in macrophages and VSMCs) and may 
contribute to eNOS uncoupling.38 Unlike eNOS, iNOS binds to 
calmodulin even at negligible Ca2+ concentrations and produces 
an extensive amount of superoxide anion (O2

-) and NO that 
spontaneously react to form peroxynitrite anion (OONO-), a highly 
reactive and cytotoxic adduct. Since the supply of L-arginine is 
often depleted by iNOS, the level of eNO in the plaque area is 
anticipated to be low. 

Strategies to Enhance Nitric Oxide Bioavailability
Given the multitude of factors that influence NO bioavailability 

in atherosclerosis, it is logical to target one or more of these 
processes to enhance NO levels in vivo. Some of the mechanisms 
by which existing drugs or future therapeutics may increase NO 
bioavailability include supplementation of L-arginine or NO-
releasing molecules, restoration of cofactors and cosubstrates 
for eNOS, stabilization of eNOS mRNA or protein, increasing 
eNOS expression or activity, reducing synthesis or increasing 
metabolism of methylarginines, reducing oxidative stress, and/
or enhancing the clearance of harmful lipoproteins (Figure 3). For 
example, along with reducing lipids, statins also reduce oxidative 
stress, stabilize eNOS expression, and increase its activity. 
Collectively, these effects might be incrementally responsible 
for slowing the progression of atherosclerosis and improving 

overall vascular health.39 In addition, angiotensin-converting 
enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), 
the selective aldosterone antagonist eplerenone, and the direct 
renin inhibitor aliskiren all demonstrate favorable effects on NO 
bioavailability through a combination of the aforementioned 
mechanisms. Antioxidant supplementation can also be effective in 
scavenging ROS and preventing eNOS uncoupling.40 Furthermore, 
the use of folic acid, estrogen, and erythropoietin has been 
shown to increase BH4 bioavailability and improve endothelial 
function. Supplementation with L-arginine can also improve NO 
bioavailability but seems to be beneficial only when arginine is 
limited or ADMA levels are high.41 Meanwhile, the efficacy of NO 
donors in atherosclerosis has been evaluated and confirmed to 
restore NO levels and reduce LDL oxidation and lesion formation. 
However, their long-term therapeutic utility is complicated by the 
development of tolerance.42 

Finally, reducing the synthesis or increasing the metabolism 
of methylarginines is a plausible approach to enhance NO. The 
synthesis of ADMA (a more abundant molecule than MMA) may 
be controlled by regulating the expression of methyltransferase 
enzymes that are involved in the post-translational methylation of 
arginine residues in cellular proteins.43 On the other hand, ADMA 
metabolism can be increased by upregulating the expression 
or activity of DDAH. Intriguingly, cross-breeding of ApoE-
deficient mice with DDAH transgenic animals has been shown 
to reduce plasma ADMA and attenuate atherosclerotic plaque 
formation,44 suggesting the potential efficacy of DDAH activating 
compounds in ameliorating the development and/or progression 
of atherosclerosis. 

Conclusion
Endothelium-derived NO exerts a number of atheroprotective 

effects, and its bioavailability is tightly regulated by multiple 
fine-tuned mechanisms. The development and/or progression of 
atherosclerosis is associated with dysregulation of one or more of 
these mechanisms, resulting in the production of suboptimal levels 
of NO by the endothelium. As discussed above, there are several 

Figure 3. Factors that contribute to enhanced nitric oxide 
(NO) bioavailability. Increased NO directly contributes 
to vascular homeostasis and promotes cardiovascular 
health. eNOS: endothelial NO synthase (NOS); DDAH: 
dimethylarginine dimethylaminohydrolase.”
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mechanisms by which endothelium-derived NO can be stimulated 
or exogenous NO can be supplemented. In recent years, some of 
these strategies have led to the development of promising NO-
modulating agents that slow the progression of atherosclerosis. 
However, future studies should calibrate the effort and expand the 
strategies to not only treat atherosclerosis and its complications but 
also prevent its development. Preventing vascular inflammation 
and oxidative stress should be at the forefront of translational 
research aimed at reducing cardiovascular morbidity and 
mortality. In the meantime, we need to keep harnessing the 
cardiovascular benefits of physical exercise, which is known 
to stimulate coronary vasodilation due to enhancement of 
intracoronary blood flow and shear stress, to promote vascular 
health, and the consumption of green leafy vegetables, which are 
rich in the NO precursor molecules NO3 and NO2.

45,46 
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