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a b s t r a c t

Nitric oxide (NO) is an intra- and inter-signaling molecule that regulates vessel dilatation, neuronal trans-
mission, cardiac contraction, immunomodulation, and stem cell differentiation and proliferation. NO
plays an important protective role in the cardiovascular system. NO inhibits smooth muscle cells prolif-
eration and migration; enhances proliferation and migration of endothelial cell and inhibits apoptosis;
suppresses platelet aggregation; and prevents platelet, leukocyte and monocyte adhesion to endothe-
lium. NO exerts an inhibitory effect on the development of intimal hyperplasia in mechanically or immu-
nologically injured vessel. New therapeutic approaches aimed at enhancing NO bioavailability or
assisting delivery of NO locally may help patients with cardiovascular disease.
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Introduction

Nitric oxide (NO) is an intra- and intercellular signaling molecule
that plays important roles in many physiological and pathological
processes, including vasodilatation, neuronal transmission, immu-
nomodulation, cardiac contraction, inhibition of platelet aggrega-
tion, stem cell differentiation and proliferation [1–6,151,152]. Its
protective role in the cardiovascular system was traced back to

1867 when Brunton used amyl nitrite to treat angina pectoris
[157]. In 1937, Weiss et al. investigated the cardiovascular effect
of nitrite in human subjects [158]. But for over one hundred years,
it was not known that it was NO that played the role and NO was re-
garded as toxic gas. Until the early 1980’s, the critical role of NO in
the cardiovascular system was identified, and the Nobel Prize in
Physiology or Medicine was awarded to Drs. Robert F. Furchgott,
Louis J. Ignarro and Ferid Murad for their seminal discoveries of
NO as a signaling molecule in blood vessels. Since the identification
of NO as the endothelium derived relaxing factor, numerous other
protective properties of NO in the cardiovascular system have been
characterized. This review will explore the protective roles of NO in
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blood vessels, focusing on a description of the early discoveries in
the field.

NO properties

NO is produced endogenously through the action of NO syn-
thases (NOSs) from the substrate L-arginine. It has a half life mea-
suring on the order of seconds in biological systems and it is highly
diffusible, allowing it to quickly target adjacent cells. There are
three mammalian NOS isoforms: endothelial NOS (eNOS), neuronal
NOS (nNOS), and inducible NOS (iNOS). The expression patterns
and enzyme activity of the three isoforms are summarized in Ta-
ble 1. The varied expression and activity patterns of the NOS en-
zymes uniquely suit the different functions of the NO generated
from each isoform in normal physiologic functions and in disease
states. NO can also be delivered pharmacologically by NO donor
compounds, e.g. S-nitroso-N-acetylpenicillamine (SNAP), that have
different release profiles and tissue targeting abilities. More re-
cently, it has also been determined that nitrite, previously recog-
nized as an inert, stable end-product of NO metabolism, can
actually serve as an important substrate for NO production through
nonenzymatic reduction, or deoxyhemoglobin [146], or enzymatic
reaction of oxidoreductases such as xanthine oxidoreductase [159–
161]. Under physiological condition, nitrite does not function as an
NO storage pool. Nitrite concentration is 150–1000 nM in plasma
and >10 lm in aortic tissue [146]. To achieve a vasodilation effect,
a large dose of exogenous nitrite (36 lmol/ml, total 5 ml) was re-
quired to be delivered into human subjects and nitrite concentra-
tion in local vein reached to about 200 lM [146]. However,
under hypoxic condition, endogenous nitrite reacts with deoxyhe-
moglobin and releases NO for vessel dilation. This reaction is as
following:

NO�2 + HbFe2+ (deoxyhemoglobin) + H+ ? HbFe3+ (methemoglo-
bin) + NO + OH� [146]. A high concentration of methemoglobin in
plasma will reverse the reaction direction and decrease the gener-
ation of NO. In addition, nitrite can also be reduced to NO by the
enzyme xanthine oxidoreductase. Administration of nitrite in rats
resulted in reduced pulmonary and arterial systemic pressure
and enhanced cardiac output. In contrast, these effects were atten-
uated by the xanthine oxidoreductase inhibitor allopurinol
[162,163].

NO largely functions through its interactions with heme moie-
ties in a variety of enzymes. One of its most noted targets is soluble
guanylyl cyclase (sGC). Binding of NO to the heme in sGC activates
the enzyme to produce cGMP which is the second messenger
responsible for the vasodilation associated with NO. NO can also
bind to cysteines and thiols through nitrosation reactions. These
modifications are important post-translational changes that alter
and regulate protein function. In pathophysiologic states, NO re-

acts with reactive oxygen species to form peroxynitrite (ONOO��)
and other reactive nitrogen molecules which can lead to nitration
reactions that then mediate cell injury and death. Nitrotyrosine is
one such product of nitration from peroxynitrite. It is associated
with numerous pathologic conditions and has been found in dis-
eased tissues. Peroxynitrite is in general regarded as a cytotoxic
molecule, while in certain circumstances it can also provide vasod-
ilatory effect, inhibit leukocyte-endothelial cell adhesion, or reduce
myocardial infarct size [164–167].

Vasculoprotective roles of NO

NO has been shown to exert many vasculoprotective roles in
the cardiovascular system. These protective effects can be traced
back to the cellular effects of NO on the individual cell types that
are most important in cardiovascular disease, namely vascular
smooth muscle cells (SMC), endothelial cells (EC), platelets and
inflammatory cells. These protective roles will be described in de-
tail in the following sections.

NO inhibits SMC proliferation and migration

The inhibitory effect of NO on SMC proliferation was first re-
ported in 1989 by Garg et al. [13]. Three NO donors, SNAP, sodium
nitroprusside (SNP), and isosorbide dinitrate (ISDN), inhibited SMC
proliferation in a dose-dependent pattern. The ability of these do-
nors to block proliferation was reversed when hemoglobin, a
strong NO scavenger, was added and demonstrated that the effect
of these donors was mediated through NO release. This anti-prolif-
erative effect could be mimicked with the cGMP analog, 8-bromo-
cGMP, indicating that NO mediated suppression of cell prolifera-
tion was mediated through cGMP. In contrast, SNAP-induced sup-
pression of cell proliferation was accelerated when superoxide
dismutase (SOD) was added. SOD catalyzes the dismutation of
superoxide (oxidation of one superoxide and reduction of another
one to form oxygen and hydrogen peroxide), preventing the inter-
action of NO and superoxide. Without SOD, NO rapidly reacts with
superoxide at a diffusion limited rate to form peroxynitrite.

Cornwell et al. [14] further showed that the cytokine IL-1b or
NO donors, SNAP or SNP, inhibited PDGF-induced SMC prolifera-
tion. NO increased cGMP levels which activated cAMP kinase.
However, NO did not change cAMP levels. The cAMP kinase inhib-
itor (R)p-bromoadenosine 30,50-cyclic monophosphorothioate (Rp-
8-BrcAMP[S]) reversed NO induced inhibition of SMC proliferation.
However, the cyclic GMP kinase inhibitor [(R) p-bromoguanosine
30,50-cyclic monophosphorothioate (Rp-8-BrcGMP[S]) did not exhi-
bit this inhibitory effect. Garg and Cornwell’s results demonstrate
that NO inhibits SMC proliferation through cGMP mediated cAMP

Table 1
Three types of NOS isoforms.

NOS
isoforms

Expression
characteristics

Cell typed expression Enzyme activity

eNOS Constitutive Mainly in endothelial cells, also in smooth muscle cells,
cardiomyocytes, bone cells and neuron

Ca2+-dependent, generates NO in nanomolar level [5,11,12].
Phosphorylation at Ser1177, Ser615, Ser633, Tyr81 (bovine Ser1179,
Ser617, Ser635, Tyr83) enhances activity [187–190]; phosphorylation
at Ser114, Thr495 and Tyr657 inhibits activity [191–194]

nNOS Constitutive Mainly in neurons, also in pancreas and kidney Ca2+-dependent, generates NO in nanomolar level. Phosphorylation at
Ser1417 (rat Ser1412) [195], Ser1451 [196] enhances activity;
phosphorylation at Ser852, Ser746, Thr1301 (rat Ser847, Ser741,
Thr1296) attenuates activity [197–199]

iNOS Not expressed
under basal
conditions

Inducible in many cell types by stimuli, including inflammatory
cytokines, microbes, microbial products (LPS) and mechanical
perturbation [7–10]

Not dependent on Ca2+, iNOS generates NO in micromolar
concentration range for long periods of time [2,3,5]. Phosphorylation at
Ser745 [200] or Tyr1055 [201] enhances iNOS activity or stabilizes
iNOS half life; Phosphorylation at Tyr151 [202] attenuates activity
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