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Abstract—Nitric oxide (NO) mediates multiple physiological and pathophysiological processes in the cardiovascular
system. Pharmacological compounds that release NO have been useful tools for evaluating the pivotal role of NO in
cardiovascular physiology and therapeutics. These agents constitute two broad classes of compounds, those that release
NO or one of its redox congeners spontaneously and those that require enzymatic metabolism to generate NO. In
addition, several commonly used cardiovascular drugs exert their beneficial action, in part, by modulating the NO
pathway. Here, we review these classes of agents, summarizing their fundamental chemistry and pharmacology, and
provide an overview of their cardiovascular mechanisms of action. (Circ Res. 2002;90:21-28.)
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Dysfunction of the normally protective endothelium is
found in several cardiovascular diseases, including ath-

erosclerosis, hypertension, heart failure, coronary heart dis-
ease, arterial thrombotic disorders, and stroke.1–6 Endothelial
dysfunction leads to nitric oxide (NO) deficiency,1,6–11 which
has been implicated in the underlying pathobiology of many
of these disorders (NO insufficiency states). (For a detailed
overview of the role of NO in cardiovascular biology and
pathobiology, the reader is referred to Loscalzo and Vita.3)
NO insufficiency may reflect an absolute deficit of NO
(synthesis), impaired availability of bioactive NO, or en-
hanced NO inactivation. Whatever its biochemical basis, NO
insufficiency limits NO-mediated signal transduction of nor-
mal or protective physiological processes. In light of this
pathobiology, replacement or augmentation of endogenous
NO by exogenously administered NO donors has provided
the foundation for a broad field of pharmacotherapeutics in
cardiovascular medicine.

Organic nitrate and nitrite esters represent a time-honored
class of NO-donating agents used in cardiovascular therapeu-
tics since the 19th century. These agents have direct vasoac-
tive effects that have been used to treat ischemic heart
disease, heart failure, and hypertension for many years.
Treatment with conventional nitrate preparations is limited by
their therapeutic half-life, systemic absorption with poten-
tially adverse hemodynamic effects, and drug tolerance.1,6 To
overcome these limitations, novel NO donors that offer
selective effects, a prolonged half-life, and a reduced inci-
dence of drug tolerance have been developed. NO donors are

pharmacologically active substances that spontaneously re-
lease, or are metabolized to, NO or its redox congeners. In the
present article, we review our current understanding of
NO-donating compounds and of cardiovascular drugs that
modulate the bioactivity of endogenously produced NO.

NO Donors
Because of the limited utility of authentic NO gas in many
experimental systems and the short half-life of NO in vivo,
compounds that have the capacity to release NO have been
widely used as therapeutic agents and as pharmacological
tools to investigate the role of NO in cardiovascular physiol-
ogy and pathophysiology. Several NO donors have been used
in clinical settings for decades (eg, nitroglycerin and nitro-
prusside). However, the growth of interest in the physiology
of NO since the mid 1980s has led to the development of a
variety of new NO donors that offer several advantages over
conventional NO donors.

The pathways leading to enzymatic and/or nonenzymatic
formation of NO differ greatly among individual compound
classes, as do their chemical reactivities and kinetics of NO
release. Moreover, because the reaction of NO with oxygen is
a third-order kinetic process, the oxidation of NO to nitrite
and nitrate is exquisitely sensitive to the local oxygen tension,
as is the extent of derivative side reactions, such as nitration
and/or nitrosation of biomolecules. This basic biochemistry is
further complicated by compound-specific formation of in-
termediate and end products that may arise during metabo-
lism and/or degradation, at times in amounts far exceeding
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those of NO.1,7,8 In living systems, however, the redox form
of nitrogen monoxide that is actually released (namely,
nitroxyl anion [NO�], NO radical [NO�], or nitrosonium
[NO�]) primarily defines the reactivity of the NO donor
toward other biomolecules, the profile of byproducts, and the
bioactivity of the donor.9 These simple chemical principles
are likely to account for much of the discrepancy in experi-
mental results obtained by using the same cell or tissue
preparation but different NO donors and, in part, for the
variability in clinical responses to different nitrovasodilators.

Direct Donors
Direct NO donors are pharmacological agents with either a
nitroso or nitrosyl functional group. In contrast to organic
nitrates, which require metabolism for activity,10 these agents
spontaneously release NOx (defined as the range of redox
forms of nitrogen monoxides generated by the donor mole-
cule). Three common members of this class of agents are NO
gas, sodium nitroprusside, and sodium trioxodinitrate (Ange-
li’s salt). As the most direct form of the endogenous mole-
cule, NO gas is freely soluble in physiological solutions.
Because of its short half-life and rapid reactivity toward
molecular oxygen, its use has been limited to inhalation
therapy for pulmonary vascular disorders, for which it has
met with some limited success.11

In sodium nitroprusside, NO is coordinated as a nitrosyl
group liganded to iron in a square bipyramidal complex1 and
is released spontaneously at physiological pH from the parent
compound. Sodium nitroprusside has been used effectively
for decades for the treatment of hypertension and heart
failure. The use of this nitrovasodilator is limited by the need
to administer it parenterally, by tolerance, and by the poten-
tial for the development of thiocyanate toxicity with pro-
longed administration (in rhodanase-deficient individuals).

Angeli’s salt and p-nitrosophosphate compounds (�NO
heterodienophiles) are agents that generate NO� spontane-
ously under physiological conditions.12 This reduced form of
NO has unique effects on vascular smooth muscle distinct
from other redox forms of NO.13 NO� donors have not yet
been tested in human subjects.

Diethylamine/NO and diethylenetriamine/NO are com-
pounds of the diazeniumdiolate or NONOate [N(O)NO]
class, in which NO is covalently linked to diethylamine and
diethylenetriamine, respectively, and spontaneously released
as NO�.14 Diazeniumdiolates have been shown to provide
neuroprotection from hydrogen peroxide–induced cortical
neurotoxicity,15 to reverse cerebral vasospasm,16 and to re-
duce pulmonary vascular pressures and improve oxygenation
in acute lung injury17; this latter benefit was observed using
an aerosolized preparation. Other heterocyclic NO-releasing
compounds include those of the oxatriazolium class (sydnon-
imines) and the furoxan class.18 These two classes of NO
donors require cofactors to facilitate NO release: the sydnon-
imines require oxidants, such as molecular oxygen, and the
furoxans require thiols. 3-Morpholinosydnonimine, derived
from molsidomine, is a zwitterionic compound formed by
combining morpholine and a sydnonimine19 that spontane-
ously decomposes at physiological pH into NO� and superox-
ide anion (see Figure 1).

Newer NO donor drugs, in particular the S-nitrosothiols,
offer advantages over the existing drugs because they do not
share the drawbacks of organic nitrates and nitroprusside,
including a limited capacity for inducing oxidant stress or
tolerance in vascular cells.20 Initial small clinical studies
suggest that they may be of benefit in a variety of cardiovas-
cular disorders.21 S-Nitrosothiols are a class of NO-donating
compounds that are naturally occurring and spontaneously
release NO�; they may also gain access to the intracellular
compartment by the catalytic action of plasma membrane–
bound protein disulfide isomerase and associated transnitro-
sation reactions.22 Members of this class of agents include
S-nitroso-glutathione, S-nitroso-N-acetylpenicillamine, and
S-nitroso-albumin23 (see Figure 2).

NO is also generated in vivo nonenzymatically under a
variety of (patho)biological conditions. L-Arginine (and
D-arginine) yields NO after reaction with peroxides.1,7,8 In
addition, under acidic (ischemic) conditions or in the pres-
ence of sufficient reducing equivalents, nitrite can be reduced
directly to NO.24

Donors Requiring Metabolism
The classic nitrovasodilators, organic nitrate and nitrite es-
ters, including nitroglycerin, amyl nitrite, isosorbide dinitrate,
isosorbide 5-mononitrate, and nicorandil (Figure 3), have
been used for many years in the treatment of cardiovascular
diseases.25–28 Their principal action is vasorelaxation, medi-
ated by guanylyl cyclase activation and by direct inhibition of
nonspecific cation channels in vascular smooth muscle cells
(VSMCs). As such, these agents represent the prototypical
form of NO-replacement therapy. The limitations of this class
of agents are well known and include potentially adverse
hemodynamic effects, drug tolerance, lack of selectivity, and
limited bioavailability. Notwithstanding these shortcomings,
prudent use of these agents yet represents the mainstay of
therapy for patients with ischemic heart disease. The first

Figure 1. Structures of selected direct NO donors. EtO indi-
cates ethoxy.
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reports of the clinical use of organic nitrates and nitrites was
derived from the work of Brunton28a in 1867 and the seminal
work of Murrell29 in 1879, which showed the clear benefits of
nitroglycerin in the treatment of angina pectoris. All of the
organic nitrate esters used since Murrell’s demonstration of
the benefits of nitroglycerin are prodrugs requiring enzymatic

metabolism to generate bioactive NO. The major enzyme
system involved is located within microsomal membranes,
has an estimated apparent molecular mass of 160 kDa, and
manifests enhanced activity in the presence of reducing
equivalents, especially thiols.30 Although the enzyme has not
been more specifically characterized, growing evidence sug-
gests that the cytochrome P-450 system, in conjunction with
NADPH and glutathione-S-transferase activities, is required
for the linked metabolic processes of denitration and reduc-
tion of organic nitrate esters to authentic NO.31,32 Importantly,
thiols potentiate the action of organic nitrate esters.33,34

Tolerance limits the clinical use of organic nitrite and
nitrate esters; it is associated with increased angiotensin
II–dependent vascular production of superoxide anion from
NAD(P)H oxidase and endothelial NO synthase (eNOS).35,36

The superoxide anion generated by these enzymes reacts with
NO derived from the NO donor to form peroxynitrite
(OONO�), as indicated by the finding of increased urinary
3-nitrotyrosine in nitrate-tolerant patients.37 Importantly, ni-
trate tolerance is also associated with cross-tolerance to
endothelium-derived NO,38 both by the oxidative inactivation
of this endogenous NO to peroxynitrite and by the “uncou-
pling” of eNOS activity.39 Low-molecular-weight thiols,
ascorbate, L-arginine, tetrahydrobiopterin, hydralazine, ACE
inhibitors, and folate have been successfully used to reverse
or prevent nitrate tolerance.40

Mutagenic effects of NO donors have also been demon-
strated. In a study by Birnboim and Privora,41 glyceryl
trinitrate and sodium nitroprusside appeared to promote
mutagenesis in a glutathione-dependent manner, as shown
with the use of a very sensitive detection system.
N-Acetylcysteine and oxothiazolidine-4-carboxylate reduced
the mutagenicity of the NO donors.

The mechanisms of metabolism and action of the principal
classes of NO donors are illustrated in Figure 4.

Bifunctional Donors
Recognizing that nitrate esters and S-nitrosothiols represent
the essential functionality of many NO donors, investigators
have chosen to modify existing pharmacological agents with
these functional groups in an effort to exploit some of the
beneficial effects of NO without limiting the pharmacological
effect of the parent compound. Early work with S-nitroso-

Figure 2. Structures of selected S-nitrosothiols.

Figure 3. Structures of conventional organic nitrate and nitrite
esters.

Figure 4. Mechanisms of NO donor metabolism and action in a
vascular cell. L-arg indicates L-arginine; GST, glutathione-S-
transferase; P450, cytochrome P-450; NADPH, reduced nicotine
adenine dinucleotide phosphate; PDE, phosphodiesterase; and
GC, guanylyl cyclase.
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captopril represents one such effort,42,43 and more recent
work with nitrated or S-nitrosated NSAIDs (see Figure 2)
represents another.

The major limitation for the long-term use of NSAIDs is
their ability to cause gastrointestinal toxicity. Indeed, even
low-dose aspirin maintains its ability to damage the gastric
mucosa by inducing erosions and bleeding,44,45 and this effect
appears to be closely related to the inhibition of cyclooxy-
genase (I). Prostaglandins and NO are thought to play a major
role in maintaining mucosal integrity. NO has cytoprotective
properties1,46,47 in the stomach and other organs that are
derived from its ability to increase local blood flow and to
scavenge destructive free radicals.48,49 New classes of
NSAIDs that release NO, called NO-NSAIDs, have been
developed and have been shown to be safe and effective
alternatives to conventional NSAIDs.49–52 These agents are
composed of two classes of compounds, one that contains a
nitrate ester functionality50–52 and one that contains an
S-nitrosothiol functionality.53

Nitroaspirins
Nitroaspirins are nitrate ester compounds and include
2-acetoxybenzoate 2-(2-nitroxy-methyl)-phenyl ester (NCX-
4016) and 2-acetoxybenzoate 2-(2-nitroxy)-butyl ester
(NCX-4215) (Figure 5). NCX-4016 is a stable compound that
requires enzymatic hydrolysis to liberate NO, and the kinetics
of this metabolic processing leads to durable production of
NO released at a constant rate from the site of metabo-
lism.50–52 NCX-4016 has been shown to prevent gastric
damage in a rat model of shock54 and does so without gastric
toxicity.55 The biological activity of NCX-4016 has been
evaluated in a different experimental model to characterize its
anti-inflammatory and antithrombotic effects. NCX-4016 was
more efficient than aspirin at inhibiting platelet activation
(aggregation and adhesion) induced by thrombin, and it also
inhibited the thrombin-induced aggregation of platelets pre-
treated with acetylsalicylic acid in a dose-dependent man-

ner.56,57 This effect was reversed by oxyhemoglobin and
methylene blue, further implicating NO as the active moiety.
The antithrombotic activity of this nitroaspirin was also
studied in vivo in a rodent model of thrombosis.58 The
compound induced dose-dependent relaxation of both intact
and endothelium-denuded epinephrine-precontracted arter-
ies,59 prevented in vivo pulmonary thromboembolism,60 and
had greater protective activity than did aspirin in a model of
focal cerebral ischemia.61 In a very recent study, NCX-4016
reduced the degree of restenosis after arterial injury in
hypercholesterolemic mice, and this effect was associated
with reduced VSMC proliferation and macrophage infiltra-
tion at the site of arterial injury.62 Reduction of VSMC
proliferation by NCX-4016 appears to parallel the very potent
inhibitory properties of authentic NO on rat VSMC prolifer-
ation in vitro.63 Thus, nitroaspirin derivatives may be effec-
tive drugs for reducing restenosis, especially in the concom-
itant presence of hypercholesterolemia or in the setting of an
increased risk of gastrointestinal injury or hemorrhage.

S-Nitroso-NSAIDs
S-Nitroso-diclofenac (Figure 2), as a prototype of the
S-nitroso ester class of NSAIDs that release NO (probably as
NO�), has recently been shown to possess unique proper-
ties.53 This agent is orally bioavailable as a prodrug, produc-
ing significant levels of diclofenac in plasma within 15
minutes after oral administration to mice. In addition,
S-nitroso-diclofenac has equipotent anti-inflammatory and
analgesic properties as diclofenac but is gastric-sparing com-
pared with the parent NSAID. Thus, S-nitrosothiol esters of
diclofenac and other NSAIDs constitute a novel class of
NO�-donating compounds with uncompromised anti-
inflammatory and analgesic properties but a markedly en-
hanced gastric safety profile. The use of NO-NSAIDs for
general analgesic and anti-inflammatory purposes or for
primary or secondary cardiovascular prevention awaits the
results of ongoing clinical trials.

Delivery Systems and Drug Targeting
There has been considerable interest in developing NO
delivery systems that can be used to target drug action and
modulate the kinetics of drug release. Drug-eluting vascular
stents with a variety of coatings (including fibrin, heparin,
and multiple polymers) that contain NO donors have been
tested with variable effects.64,65 NO-containing cross-linked
polyethylenimine microspheres that release 10 nmol NO/mg
with a half-life of 51 hours have been applied to vascular
grafts66 to prevent thrombosis and restenosis. Similarly, the
N(O)NO group has been incorporated into polymeric matri-
ces synthesized to modulate the time course of NO release67;
this approach showed potent antiplatelet activity in a vascular
graft in baboons.67

BSA can be modified covalently to bear multiple S-NO
groups, which possess vasodilatory and antiplatelet proper-
ties.23,68 Poly-S-nitrosated BSA applied locally to a site of
vascular injury reduced restenosis in a rabbit model.69 Local
delivery of poly-S-nitrosated BSA, compared with BSA
alone, induced a 50% to 70% reduction in platelet attachment
and surface activation, together with a 40% reduction in

Figure 5. Structures of nitroaspirin derivatives.
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neointimal area.70 The advantages of the use of this agent
include the avidity of the subendothelial matrix for albumin
(ie, targeting), its long half-life in vivo, and its ability to serve
as a local depot of NO, requiring trans-S-nitrosation reactions
(thiol-S-nitrosothiol exchange) to deliver NO via low-
molecular-weight S-nitrosothiol intermediates.71

Cardiovascular Agents Modulating
Endogenous NO Bioactivity

ACE Inhibitors
Angiotensin II and bradykinin levels within the vascular wall
are controlled by ACE.72 ACE degrades bradykinin73 and
generates angiotensin II; in turn, bradykinin stimulates the
endothelium to release vasodilating substances, in particular,
NO. Thus, by potentiating bradykinin, ACE inhibitors may
promote the release of endothelial NO. Indeed, ACE inhibi-
tors have been shown to exert some of their beneficial
pharmacological effects by increasing vascular NO activi-
ty.72,74,75 In addition, because of the significant constitutive
expression of NO synthase in the juxtaglomerular apparatus, NO
appears to act as a tonic enhancer of renin secretion via
cGMP-dependent inhibition of cAMP degradation (see re-
view76). This effect may also revert to an inhibitory effect
compatible with the inhibition of renin secretion by cGMP-
dependent protein kinase(s). Moreover, angiotensin II can stim-
ulate superoxide production, which reduces the bioavailability of
NO,77 an event that can be blocked by ACE inhibitors.

ACE inhibitors improve endothelial function in the subcu-
taneous, epicardial, and renal circulation but are ineffective at
potentiating the blunted response to acetylcholine in the
forearm of patients with essential hypertension (see review72).
In addition, angiotensin II receptor antagonists can restore
endothelium-dependent vasodilation to acetylcholine in the
subcutaneous tissue but not in the forearm microcirculation.75

Treatment with an angiotensin II receptor antagonist can
improve basal NO release and decrease the vasoconstrictor
effect of endogenous endothelin-1.75 Thus, drugs interfering
with the renin-angiotensin-aldosterone pathway may affect
NO signaling by several mechanisms; however, the precise
relationship between ACE inhibitors and the NO pathway via
bradykinin is still unsettled.78

Calcium Channel Blockers
Dihydropyridine calcium channel antagonists have been used
for many years in the treatment of angina pectoris and
hypertension.79 Their mechanism of action is based on
inhibition of the smooth muscle L-type calcium current,
thereby decreasing intracellular calcium concentration and
inducing smooth muscular relaxation. Dihydropyridines can
also induce the release of NO from the vascular endotheli-
um.79 The dihydropyridine calcium antagonists can reverse
impaired endothelium-dependent vasodilation in different
vascular beds, including the subcutaneous, epicardial, and
peripheral arteries of the forearm circulation. In the forearm
circulation, nifedipine and lacidipine can improve endothelial
dysfunction by restoring NO availability.79 In addition, in
several experimental preparations, including microvascular
and macrovascular studies, the sensitivity of the vasorelaxing

effect of the dihydropyridines to inhibitors of NO synthase,
such as NG-nitro-L-arginine or NG-nitro-L-arginine methyl
ester, has been clearly demonstrated. These studies show that
the NO-releasing effect is not unique to nitrendipine but is a
class phenomenon shared by the dihydropyridines and several
nondihydropyridine calcium channel antagonists.79 The un-
derlying mechanism of NO release evoked by these drugs is
not entirely clear but may involve modulating endothelial
membrane potential via a myoendothelial interaction,80 up-
regulating eNOS expression,81 increasing the activity of
endothelial superoxide dismutase(s),82 and enhancing the
flow-mediated release of endothelial NO via vascular smooth
muscle relaxation and vasodilation. These findings of a dual
mode of action, ie, the direct relaxing effect of inhibiting
smooth muscle L-type calcium channels and the indirect
relaxing effect of releasing NO from vascular endothelium,
may help explain the beneficial antihypertensive effect of the
dihydropyridine calcium channel antagonists.

Statins
The efficacy of the widely prescribed 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors (statins) in
decreasing the incidence of cardiac events and mortality is
likely enhanced by their possible antioxidant properties83 and
their ability to upregulate eNOS expression and activity.
Statins also reverse the downregulation of eNOS expression
induced by hypoxia and oxidized LDL,84 which may underlie
their capacity to improve the vascular bioactivity of NO85 and
plaque stability6,86 independent of their lipid-lowering effects.
By inhibiting L-mevalonate synthesis, statins also reduce the
synthesis of farnesylpyrophosphate and geranylgeranyl pyro-
phosphate (GGPP).87 GGPP is important in the posttransla-
tional modification of a variety of proteins, including eNOS
and Ras-like proteins, such as Rho. Inhibition of Rho results
in a 3-fold increase in eNOS expression and nitrite genera-
tion. The effect of statins on eNOS expression is reversed by
GGPP but not by farnesylpyrophosphate or LDL cholester-
ol.88 Thus, an important non–cholesterol-lowering effect of
statins is the upregulation of eNOS expression via the
inhibition of Rho. Moreover, statins prevent the downregu-
lation of eNOS induced by tumor necrosis factor-�.88 These
effects may play an important role in the setting of chronic
statin therapy for the primary and secondary prevention of
coronary heart disease.

Simvastatin was recently found to attenuate brain injury
and cerebral infarct size in mice89 and to limit cardiac
dysfunction after ischemia/reperfusion injury.90 In these latter
studies, the protective effects of simvastatin were related to
the increased efficiency of the NO pathway. Thus, the statins
can now be considered as agents that both modulate the
synthesis and enhance the bioactivity of endogenous NO.
Simvastatin can also activate the protein kinase Akt to
promote new blood vessel growth,91 which may serve as an
additional beneficial mechanism in individuals with athero-
thrombotic disease.

�-Blockers
�-Blockers may also interfere with the NO pathway. For
example, nebivolol, a �1-blocker and a chemical racemate
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that contains equal proportions of D- and L-enantiomers,92

was found to induce endothelium-dependent arterial relax-
ation in dogs in a dose-dependent fashion.93 The endotheli-
um-dependent relaxation induced by nebivolol is abolished
by NG-nitro-L-arginine methyl ester, an inhibitor of NO
synthase. These experimental studies were further supported
by studies involving infusion of nebivolol into the phenyl-
ephrine-preconstricted superficial human hand veins of
healthy volunteers, yielding dose-dependent venodilation.94

Similarly, nebivolol increased forearm blood flow, measured
by venous occlusion plethysmography, by �90%.95 Whether
this compound or related compounds can enhance NO pro-
duction in essential hypertensives or in other individuals with
cardiovascular diseases remains undetermined at this time.

Phosphodiesterase Inhibitors
Sildenafil is a selective inhibitor of phosphodiesterase type 5
that is orally effective in the treatment of erectile dysfunction.
Its pharmacological actions are a consequence of prolonging
the signaling actions of NO because this drug prevents cGMP
hydrolysis by inhibition of a cGMP phosphodiesterase V
subtype enriched in penile smooth muscle.1,96,97

Coadministration of sildenafil with isosorbide mononitrate
or nitroglycerin produces significantly greater reductions in
blood pressure than nitrates alone provide in patients with
stable angina.98 On the basis of these data, sildenafil should
not be administered to patients taking nitrates because there is
a small, but finite, increased risk of developing ischemia or
infarction with sexual activity. Thus, before prescribing
sildenafil for erectile dysfunction in patients with known
cardiac disease or multiple cardiovascular risk factors, phy-
sicians should discuss the potential cardiac risk of sexual
activity and perform an appropriate medical assessment,
including an exercise stress test if appropriate.99

To date, the actions of sildenafil in vascular disorders
distinct from that of erectile dysfunction have yet to be
studied adequately. An alternative NO-based approach for
erectile dysfunction therapy has recently been indicated from
evidence that pathways inhibiting erection and favoring
smooth muscle contraction are mediated by adrenergic
nerves.100 S-Nitrosated �-adrenergic receptor antagonists
have been developed that contain an S-nitrosothiol function-
ality linked to an �-adrenergic receptor antagonist (yohim-
bine and moxisylyte) by an inert organic-ester tether. The
rationale behind the development of this agent is that the NO
donor prompts early (immediate) vasodilation while the
�-adrenergic blocker maintains the vasodilator effect. Phar-
macological demonstration of these NO donor properties in
relaxing human penile smooth muscle, their �-adrenergic
antagonism, and their ability to induce erection in laboratory
animals101 suggest that NO-releasing adrenergic receptor
antagonists may be useful as bifunctional agents for local
treatment of erectile dysfunction.

A summary of the effects of cardiovascular agents that
modulate endogenous NO bioactivity is provided in Figure 6.

Concluding Remarks
Exogenous NO-donating agents clearly can elicit beneficial
actions relevant to cardiovascular disorders. Although more

than 20 years has passed since the identification of NO as an
endogenous substance produced by the cardiovascular sys-
tem, attempts toward developing accepted therapeutic ap-
proaches for modulating endogenous NO production or ac-
tivity have not progressed much beyond the early work of the
last century until recently. Understanding the complex chem-
istry, biochemistry, and molecular biology of NO and its
signaling responses, developing targeted therapies for deliv-
ery of NO or agents that enhance endogenous NO production,
and choosing the optimal adjunctive therapies that potentiate
the benefits of NO donors or endogenous NO are all issues
that require additional clinical study. Further thoughtful,
rational developments in this fertile area of cardiovascular
investigation hold promise for enhancing the therapeutic
armamentarium for a variety of cardiovascular disorders.

Acknowledgments
This study was supported in part by National Institutes of Health
grants HL-55993, HL-58976, and HL-61795.

References
1. Ignarro LJ, Cirino G, Casini A, Napoli C. Nitric oxide as a signaling

molecule in the vascular system: an overview. J Cardiovasc Pharmacol.
1999;34:879–886.

2. Kojda G, Harrison D. Interactions between NO and reactive oxygen species:
pathophysiological importance in atherosclerosis, hypertension, diabetes
and heart failure. Cardiovasc Res. 1999;43:562–571.

3. Loscalzo J, Vita J. Nitric Oxide and the Cardiovascular System. Totawa,
NJ: Humana Press; 2000.

4. Loscalzo J. Nitric oxide insufficiency, platelet activation, and arterial
thrombosis. Circ Res. 2001;88:756–762.

5. Loscalzo J. What we know and don’t know about L-arginine and NO.
Circulation. 2000;101:2126–2129.

6. Napoli C, Ignarro LJ. Nitric oxide and atherosclerosis. Nitric Oxide. 2001;
5:88–97.

7. Patel RP, McAndrew J, Sellak H, White CR, Jo H, Freeman BA, Darley
Usmar VM. Biological aspects of reactive nitrogen species. Biochim
Biophys Acta. 1999;1411:385–400.

8. Murad F. Nitric oxide signalling: would you believe that a simple free
radical could be a second messenger, autacoid, paracrine substance, neuro-
transmitter, and hormone? Recent Prog Horm Res. 1998;53:43–60.

Figure 6. Mechanisms of cardiovascular agents that indirectly
modulate endogenous NO activity. CCB indicates calcium chan-
nel blocker; ACEI, ACE inhibitor; AI, angiotensin I; AII, angioten-
sin II; BK, bradykinin; BKDP, bradykinin degradation products;
and FMD, flow-mediated dilation.

26 Circulation Research January 11/25, 2002

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 7, 2022



9. Stamler JS, Singel DJ, Loscalzo J. Biochemistry of nitric oxide and its
redox-activated forms. Science. 1992;258:1898–1902.

10. Parrat JR. Nitroglycerine, the first one hundred years: new facts about an old
drug. J Pharm Pharmacol. 1979;31:801–809.

11. Nelin KD, Hoffman GM. The use of inhaled nitric oxide in a wide variety
of clinical problems. Pediatr Clin North Am. 1998;45:531–548.

12. Ware RW Jr, King SB. P-Nitrophosphate compounds: new N-O heterodi-
enophiles and nitroxyl delivery agents. J Org Chem. 2000;65:8725–8729.

13. Ellis A, Li CG, Rang MJ. Differential actions of L-cysteine on responses to
nitric oxide, nitroxyl anions and EDRF in the rat aorta. Br J Pharmacol.
2000;129:315–322.

14. Keefer LK, Nims RW, Davies KM, Wink DA. “NONOates” (1-substituted
diazen-1-ium-1,2-diolates) as nitric oxide donors: convenient nitric oxide
dosage forms. Methods Enzymol. 1996;268:281–293.

15. Fernandez-Tome P, Lizasoain I, Leza JC, Lorenzo P, Moro MA. Neuro-
protective effects of DETA-NONOate, a nitric oxide donor, on hydrogen
peroxide-induced neurotoxicity in cortical neurons. Neuropharmacology.
1999;38:1309–1315.

16. Fitzhugh AL, Keefer LK. Diazeniumdiolates: pro- and antioxidant appli-
cations of the “NONOates.” Free Radic Biol Med. 2000;28:1463–1469.

17. Jacobs BR, Brilli RJ, Ballard ET, Passerini DJ, Smith DJ. Aerosolized
soluble nitric oxide donor improves oxygenation and pulmonary hyper-
tension in acute lung injury. Am J Respir Crit Care Med. 1998;158:
1536–1542.

18. Schonafinger K. Heterocyclic NO prodrugs. Farmaco. 1999;54:316–320.
19. Feelisch M. The use of nitric oxide donors in pharmacological studies.

Naunyn Schmiedebergs Arch Pharmacol. 1998;358:113–122.
20. Jaworski K, Kinard F, Goldstein D, Holvoet P, Trouet A, Schneider Y-J,

Remacle C. S-Nitrosothiols do not include oxidative stress, contrary to other
nitric oxide donors, in cultures of vascular endothelial or smooth muscle
cells. Eur J Pharmacol.;2001;425:11–19.

21. Leopold JA, Loscalzo J. S-Nitrosothiols. In: Loscalzo J, Vita JA, eds. Nitric
Oxide and the Cardiovascular System. Totawa, NJ: Humana Press; 2000:
411–429.

22. Zai A, Rudd MA, Scribner AW, Loscalzo J. Cell-surface protein disulfide
isomerase catalyzes transnitrosation and regulates intracellular transfer of
nitric oxide. J Clin Invest. 1999;103:393–399.

23. Ewing JF, Young DV, Janero DR, Garvey DS, Grinnell TA. Nitrosylated
bovine serum albumin derivatives as pharmacologically active nitric oxide
congeners. J Pharmacol Exp Ther. 1997;283:947–954.

24. Zweier JL, Samouilov A, Kuppusamy P. Nonenzymatic nitric oxide syn-
thesis in biological systems. Biochim Biophys Acta. 1999;1411:250–262.

25. Gruetter CA, Barry BK, McNamara DB, Gruetter DY, Kadowitz PJ, Ignarro
L. Relaxation of bovine coronary artery and activation of coronary arterial
guanylate cyclase by nitric oxide, nitroprusside and a carcinogenic nitro-
soamine. J Cyclic Nucleotide Res. 1979;5:211–224.

26. Gruetter CA, Barry BK, McNamara DB, Kadowitz PJ, Ignarro LJ. Coronary
arterial relaxation and guanylate cyclase activation by cigarette smoke,
N�-nitrosonornicotine and nitric oxide. J Pharmacol Exp Ther. 1980;
214:9–15.

27. Gruetter CA, Gruetter DY, Lyon JE, Kadowitz PJ, Ignarro LJ. Relationship
between cyclic guanosine 3�,5�-monophosphate formation and relaxation of
coronary arterial smooth muscle by glyceryl trinitrate, nitroprusside, nitrite
and nitric oxide: effects of methylene blue and methemoglobin.
J Pharmacol Exp Ther. 1981;219:181–186.

28. ISIS-4 (Fourth International Study of Infarct Survival) Collaborative Group.
ISIS-4: a randomised factorial trial assessing early oral captopril, oral mono-
nitrate, and intravenous magnesium sulphate in 58,050 patients with sus-
pected acute myocardial infarction. Lancet. 1995;345:669–685.

28a.Brunton TL. On the use of nitrite of amyl in angina pectoris. Lancet.
1867;2:97–98.

29. Murrell W. Nitroglycerine as a remedy for angina pectoris. Lancet. 1879;
1:80–81, 11–15, 151–152, 224–227, 642–646.

30. Chung S-J, Fung H-L. Identification of the subcellular site for nitroglycerin
metabolism to nitric oxide in bovine coronary smooth muscle cells.
J Pharmacol Exp Ther. 1990;253:614–619.

31. McGuire JJ, Anderson DJ, McDonald BJ, Narayanasami R, Bennett BM.
Inhibition of NADPH-cytochrome P450 reductase and glyceryl trinitrate
biotransformation by diphenyleneiodonium sulfate. Biochem Pharmacol.
1998;56:881–893.

32. Kurz MA, Boyer TD, Whalen R, Peterson TE, Harrison DG. Nitroglycerin
metabolism in vascular tissue: role of glutathione-S-transferases and rela-
tionship between NO and NO2

� formation. Biochem J. 1993;292:545–550.

33. Needleman P, Jakschik B, Johnson EM Jr. Sulfhydryl requirement for
relaxation of vascular smooth muscle. J Pharmacol Exp Ther. 1973;187:
324–331.

34. Loscalzo J. N-Acetylcysteine potentiates inhibition of platelet aggregation
by nitroglycerin. J Clin Invest. 1985;76:703–708.

35. Munzel T, Sayegh H, Freeman BA, Tarpey MM, Harrison DG. Evidence
for enhanced vascular superoxide anion production in nitrate tolerance: a
novel mechanism underlying tolerance and cross-tolerance. J Clin Invest.
1995;95:187–194.

36. Munzel T, Kurz S, Rajagopalan S, Thoenes M, Berrington WR, Thompson
JA, Freeman BA, Harrison DG. Hydralazine prevents nitroglycerin tol-
erance by inhibiting activation of a membrane-bound NADH oxidase: a new
action for an old drug. J Clin Invest. 1996;98:1465–1470.

37. Skatchkov M, Larina L, Larin A, Fink N, Bassenge E. Urinary nitrotyrosine
content as a marker of peroxynitrite-induced tolerance to organic nitrates.
J Cardiovasc Pharmacol Ther. 1997;2:85–96.

38. Molina CR, Andresen JW, Rapoport RM, Waldman S, Murad F. Effect of
in vivo nitroglycerin therapy on endothelium-dependent and independent
vascular relaxation and cyclic GMP accumulation in rat aorta. J Cardiovasc
Pharmacol. 1987;10:371–378.

39. Munzel T, Li H, Mollnau H, Hink U, Matheis E, Hartmann M, Oelze M,
Skatchkov M, Warnholtz A, Duncker L, Meinertz T, Forstermann U.
Effects of long-term nitroglycerin treatment on endothelial nitric oxide
synthase (NOS III) gene expression, NOS III-mediated superoxide produc-
tion, and vascular NO bioavailability. Circ Res. 2000;86:E7–E12.

40. Loscalzo J. Folate and nitrate-induced endothelial dysfunction. Circulation.
2001;104:1086–1088.

41. Birnboim HC, Privora H. Depletion of intracellular glutathione reduces
mutations by nitric oxide-donating drugs. Nitric Oxide. 2000;4:496–504.

42. Loscalzo J, Smick D, Andon N, Cooke J. S-Nitrosocaptopril, I: molecular
characterization and effects on the vasculature and on platelets. J Pharmacol
Exp Ther. 1989;249:726–729.

43. Shaffer JE, Lee F, Thomson S, Han BJ, Cooke JP, Loscalzo J. The hemo-
dynamic effects of S-nitrosocaptopril in anesthetized dogs. J Pharmacol Exp
Ther. 1991;256:704–709.

44. Guslandi M. Gastric toxicity of antiplatelet therapy with low-dose aspirin.
Drugs. 1997;53:1–5.

45. Awtry EH, Loscalzo J. Aspirin. Circulation. 2000;101:1206–1218.
46. Wink DA, Mitchell JB. Chemical biology of nitric oxide: insights into

regulatory, cytotoxic, and cytoprotective mechanisms of nitric oxide. Free
Radic Biol Med. 1998;25:434–456.

47. Lowenstein CJ, Dinerman JL, Snyder SH. Nitric oxide: a physiological
messenger. Ann Intern Med. 1994;120:227–237.

48. Gupta TK, Toruner M, Groszmann RJ. Intrahepatic modulation of portal
pressure and its role in portal hypertension. Digestion. 1998;59:413–415.

49. Takeuchi K, Yasuhiro T, Asada Y, Sugawa Y. Role of nitric oxide in
pathogenesis of aspirin-induced gastric mucosal damage in rats. Digestion.
1998;59:298–307.

50. Wallace JL, Cirino G. The development of gastrointestinal-sparing nonste-
roidal anti-inflammatory drugs. Trends Pharmacol Sci. 1994;15:405–406.

51. Minuz P, Lechi C, Zuliani V. NO aspirins: antithrombotic activity of
derivatives of acetylsalicylic acid releasing nitric oxide. Cardiovasc Drug
Rev. 1998;16:31–47.

52. Del Soldato P, Sorrentino R, Pinto A. NO-aspirins, a class of new-
inflammatory and anti-thrombotic agents. Trends Pharmacol Sci. 1999;20:
319–323.

53. Bandarage UK, Chen L, Fang X, Garvey DS, Glavin A, Janero DR, Letts
LG, Mercer GJ, Saha JK, Schroeder JD, Shumway MJ, Tam SW. Nitro-
sothiol esters of diclofenac synthesis and pharmacological characterization
as gastrointestinal-sparing prodrugs. J Med Chem. 2000;43:4005–4016.

54. Wallace JL, McKnight W, Wilson TL, Del Soldato P, Cirino G. Reduction
of shock-induced gastric damage by a nitric oxide-releasing aspirin deriv-
ative: role of neutrophils. Am J Physiol. 1997;273:G1246–G1251.

55. Tashima K, Fujita A, Umeda M, Takeuchi K. Lack of gastric toxicity of
nitric oxide-releasing aspirin, NCX-4016, in the stomach of diabetic rats.
Life Sci. 2000;67:1639–1652.

56. Lechi C, Gaino S, Tommasoli R, Zuliani V, Bonapace S, Fontana L, Degan
M, Lechi A, Minuz P. In vitro study of the anti-aggregating activity of two
nitroderivatives of acetylsalicylic acid. Blood Coagul Fibrinolysis. 1996;7:
206–209.

57. Lechi C, Andrioli G, Gaino S, Tommasoli R, Zuliani V, Ortolani R, Degan
M, Benoni G, Bellavite P, Lechi A, Minuz P. The antiplatelet effects of a
new nitroderivative of acetylsalicylic acid: an in vitro study of inhibition on
early phase of platelet activation and on TXA2 production. Thromb
Haemost. 1996;7:791–798.

Ignarro et al NO Pharmacotherapies 27

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 7, 2022



58. Wallace JL, Muscara MN, McNight W, Dicay M, Del Soldato P, Cirino G.
In vivo antithrombotic effects of a nitric oxide-releasing aspirin derivative,
NCX 4016. Thromb Res. 1999;93:43–50.

59. Minuz P, Lechi C, Tommasoli R, Gaino S, Degan M, Zuliani V, Bonapace
S, Benoni G, Adami A, Cuzzolin L. Antiaggregating and vasodilatory
effects of a new nitroderivative of acetylsalicylic acid. Thromb Res. 1995;
80:367–376.

60. Momi S, Emerson M, Paul W, Leone M, Mezzasoma AM, Del Soldato P,
Page CP, Gresele P. Prevention of pulmonary thromboembolism by
NCX4016, a nitric oxide-releasing aspirin. Eur J Pharmacol. 2000;397:
177–185.

61. Fredduzzi S, Mariucci G, Tantucci M, Del Soldato P, Ambrosini MV.
Nitroaspirin (NCX 4016) reduces brain damage induced by focal cerebral
ischemia in rat. Neurosci Lett. 2001;302:121–124.

62. Napoli C, Cirino G, Del Soldato P, Sorrentino R, Sica V, Condorelli M,
Pinto A, Ignarro LJ. Effects of nitric oxide-releasing aspirin versus aspirin
on restenosis in hypercholesterolemic mice. Proc Natl Acad Sci U S A.
2001;98:2860–2864.

63. Ignarro LJ, Buga GM, Wei LH, Bauer PM, Wu G, del Soldato P. Role of
the arginine-nitric oxide pathway in the regulation of vascular smooth
muscle cell proliferation. Proc Natl Acad Sci U S A. 2001;98:4202–4208.

64. Ettenson DS, Edelman ER. Local drug delivery: an emerging approach in
the treatment of restenosis. Vasc Med. 2000;5:97–102.

65. Bertrand OF, Sipehia R, Mongrain R, Rodes J, Tardif JC, Bilodeau L, Cote
G, Bourassa MG. Biocompatibility aspects of new stent technology. J Am
Coll Cardiol. 1998;32:562–571.

66. Pulfer SK, Ott D, Smith DJ. Incorporation of nitric oxide-releasing
crosslinked polyethylenimine microspheres into vascular grafts. J Biomed
Mater Res. 1997;37:182–189.

67. Smith DJ, Chakravarthy D, Pulfer S, Simmons ML, Hrabie JA, Citro ML,
Saavedra JE, Davies KM, Hutsell TC, Mooradian DL, Hanson SR, Keefer
LK. Nitric oxide-releasing polymers containing the [N(O)NO]- group.
J Med Chem. 1996;39:1148–1156.

68. Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O, Michel T, Singel
DJ, Loscalzo J. S-Nitrosylation of proteins with nitric oxide: synthesis and
characterization of biologically active compounds. Proc Natl Acad Sci
U S A. 1992;89:444–448.

69. Marks DS, Vita JA, Folts JD, Keaney JF Jr, Welch GN, Loscalzo J. Inhi-
bition of neointimal proliferation in rabbits after vascular injury by a single
treatment with a protein adduct of nitric oxide. J Clin Invest. 1995;96:
2630–2638.

70. Maalej N, Albrecht R, Loscalzo J, Folts JD. The potent platelet inhibitory
effects of S-nitrosated albumin coating of artificial surfaces. J Am Coll
Cardiol. 1999;33:1408–1414.

71. Scharfstein J, Keaney JF Jr, Slivka A, Welch GN, Vita JA, Stamler JS,
Loscalzo J. In vivo transfer of nitric oxide between a plasma protein-bound
reservoir and low molecular weight thiols. J Clin Invest. 1994;94:
1432–1439.

72. Mombouli JV, Vanhoutte PM. Endothelial dysfunction: from physiology to
therapy. J Mol Cell Cardiol. 1999;31:61–74.

73. Taylor-McCabe KJ, Erasahin C, Simmons WH. Bradykinin metabolism in
the isolated perfused rabbit heart. J Hypertens. 2001;19:1295–1299.

74. Vanhoutte PM. Endothelial dysfunction and inhibition of converting
enzyme. Eur Heart J. 1998;19(suppl):J7–J15.

75. Schiffrin EL. Vascular protection with newer antihypertensive agents.
J Hypertens Suppl. 1998;61:S25–S29.

76. Kurtz A, Wagner C. Role of nitric oxide in the control of renin secretion.
Am J Physiol. 1998;275:F849–F862.

77. Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling KK.
Angiotensin II-mediated hypertension in the rate increases vascular
superoxide production via membrane NADH/NADPH oxidase activation:
contribution to alterations in vasomotor tone. J Clin Invest. 1996;97:
1916–1923.

78. Linz W, Wohlfart P, Scholkens BA, Malinski T, Wiemer G. Interactions
among ACE, kinins and NO. Cardiovasc Res. 1999;43:549–561.

79. Dhein S, Salameh A, Berkels R, Klaus W. Dual mode of action of dihy-
dropyridine calcium antagonists: a role for nitric oxide. Drugs. 1999;58:
397–404.

80. Muraki K, Watanabe M, Imaizumi Y. Nifedipine and nisoldipine modulate
membrane potential of vascular endothelium via a myo-endothelial
pathway. Life Sci. 2000;67:3163–3170.

81. Ding Y, Vaziri ND. Nifedipine and diltiazem but not verapamil up-regulate
endothelial nitric oxide synthase expression. J Pharmacol Exp Ther. 2000;
292:606–609.

82. Yang J, Fukuo K, Morimoto S, Niinobu T, Suhara T, Ogihara T. Pranidipine
enhances the action of nitric oxide released from endothelial cells. Hyper-
tension. 2000;35:82–85.

83. Wilson SH, Simari RD, Best PJ, Peterson TE, Lerman LO, Aviram M, Nath
KA, Holmes DR Jr, Lerman A. Simvastatin improves coronary endothelial
function independent of lipid lowering. Arterioscler Thromb Vasc Biol.
2001;21:122–128.

84. Laufs U, Fata VL, Liao JK. Inhibition of 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase blocks hypoxia-mediated down-regulation of endo-
thelial nitric oxide synthase. J Biol Chem. 1997;272:31725–31729.

85. Laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of endothelial nitric
oxide synthase by HMG CoA reductase inhibitors. Circulation. 1998;97:
1129–1135.

86. Jarvisalo MJ, Toikka JO, Vasankari T, Mikkola J, Viikari JS, Hartiala JJ,
Raitakari OT. HMG CoA reductase inhibitors are related to improved
systemic endothelial function in coronary artery disease. Atherosclerosis.
1999;147:237–242.

87. Laufs U, Liao JK. Direct vascular effects of HMG-CoA reductase inhibitors.
Trends Cardiovasc Med. 2000;10:143–148.

88. Weiss RH, Ramirez A, Joo A. Short-term pravastatin mediates growth
inhibition and apoptosis, independently of Ras, via the signaling proteins
p27Kip1 and P13 kinase. J Am Soc Nephrol. 1999;10:1880–1890.

89. Endres M, Laufs U, Huang Z, Nakamura T, Huang P, Moskowitz MA, Liao
JK. Stroke protection by 3-hydroxy-3-methylglutaryl (HMG)-CoA
reductase inhibitors mediated by endothelial nitric oxide synthase. Proc Natl
Acad Sci U S A. 1998;95:8880–8885.

90. Simons M. Molecular multitasking: statins lead to more arteries, less plaque.
Nat Med. 2000;6:965–966.

91. Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, Sessa WC,
Walsh K. The HMG-CoA reductase inhibitor simvastatin activates the
protein kinase Akt and promotes angiogenesis in normocholesterolemic
animals. Nat Med. 2000;6:1004–1010.

92. Cleophas TJ. Experimental evidence of selective antagonistic action of
nebivolol on �-1-adrenergic receptors. J Clin Med. 1998;2:2–25.

93. Gao YS, Nagao T, Bond RA, Janssens WJ, Vanhoutte PM. Nebivolol
induces endothelium-dependent relaxations of canine arteries. J Cardiovasc
Pharmacol. 1991;17:964–969.

94. Bowman AJ, Chen CP, Ford GA. Nitric oxide mediated venodilator effect
of nebivolol. Br J Clin Pharmacol. 1994;38:199–204.

95. Cockcroft JR, Chowienczyk PJ, Brett SE, Chen CP, Dupont AG, Van
Nueten L, Wooding SJ, Ritter JM. Nebivolol vasodilates human forearm
vasculature: evidence for an L-arginine/NO-dependent mechanism.
J Pharmacol Exp Ther. 1995;274:1067–1071.

96. Rajfer J, Aronson WJ, Bush PA, Dorey FJ, Ignarro LJ. Nitric oxide as a
mediator of relaxation of the corpus cavernosum in response to nonadren-
ergic, noncholinergic neurotransmission. N Engl J Med. 1992;326:90–94.

97. Zusman RM, Morales A, Glasser DB, Osterloh IH. Overall cardiovascular
profile of sildenafil citrate. Am J Cardiol. 1999;83:35C–44C.

98. Webb DJ, Muirhead GJ, Wulff M, Sutton JA, Levi R, Dinsmore WW.
Sildenafil citrate potentiates the hypotensive effects of nitric oxide donor
drugs in male patients with stable angina. J Am Coll Cardiol. 2000;36:25–31.

99. Kloner RA. Sex and the patient with cardiovascular risk factors: focus on
sildenafil. Am J Med. 2000;109(suppl 9A):13S–21S.

100. Traisch AM, Nersuwan N, Daley J, Padman-Nathan H, Goldstein I, Sáenz
de Tejada I. A heterogeneous population of 1 adrenergic receptor mediates
contraction of human corpus cavernosum smooth muscle to norepinephrine.
J Urol. 1995;153:222–227.

101. Sáenz de Tejada I, Garvey DS, Schroeder JD, Shelekhin T, Letts LG,
Fernández A, Cuevas B, Gabancho S, Martínez V, Angulo J, Trocha M,
Marek P, Cuevas P, Tam SW. Design and evaluation of nitrosylated-
adrenergic receptor antagonists as potential agents for the treatment of
impotence. J Pharmacol Exp Ther. 1999;290:121–128.

28 Circulation Research January 11/25, 2002

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 7, 2022


