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Abstract

Endothelial production of nitric oxide (nitrogen monoxide, NO) has become a major research area in vascular biology. Some of the
most important effects that NO exerts in the vascular wall are potentially vasoprotective, because these effects maintain important
physiological functions such as vasodilation, anticoagulation, leucocyte adhesion, smooth muscle proliferation, and the antioxidative
capacity. During the last 2 decades it has become apparent that a variety of diseases are associated with an impairment of
endothelium-dependent NO activity. One of the major causes is believed to be an increased production of reactive oxygen species, in
particular superoxide, which have been shown to interfere with many steps of the NO–cyclic guanosine monophosphate (cGMP) pathway.
This phenomenon has been found in diverse conditions such as atherosclerosis, hypertension, diabetes, hypercholesterolemia, heart failure,
and cigarette smoking. The aim of this review is to examine the cellular and molecular mechanisms whereby NO exerts potentially
vasoprotective effects and to discuss pharmacologic approaches targeting the NO pathway in view of their potential to improve
endothelial function and to reduce the progression of atherosclerotic vascular disease. We conclude that there is compelling evidence for
vasoprotective actions of NO which are mediated by cGMP-dependent and cGMP-independent mechanisms. These effects may contribute
to the beneficial effects of established drugs such as ACE inhibitors or statins. Unfortunately, clinical data on the effect of long-term
treatment with nitrates on the progression of coronary artery disease are lacking. Finally,L-arginine or new activators of the NO pathway
may become therapeutic options in the future.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction Presumably, there is a loss of endothelial production and/
or bioavailability of NO (nitric oxide, nitrogen monoxide)

Only 6 years after the discovery of endothelial-derived in these disorders. The term ‘endothelial dysfunction’
relaxing factor (EDRF) it became apparent that many evolved in the scientific literature in order to conveniently
cardiovascular diseases are associated with an impairment label the above mentioned alteration of vascular endotheli-
of endothelium-dependent vasorelaxation. This has been al function. Although this term is somewhat imprecise, it
shown in hypercholesterolemic rabbits and monkeys and in has become widely used. Endothelial dysfunction may
patients having coronary artery disease or typical risk refer to impairment of important endothelial functions
factors predisposing to this condition. Endothelium-depen- including anticoagulant and antiinflammatory properties
dent vasorelaxation is also abnormal in other disease states [2].
such as heart failure, diabetes and hypertension [1]. The mechanisms underlying altered endothelium-depen-

dent vascular relaxation in various disease states are
multifactorial and have been reviewed previously [3].
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Fig. 1. Changes of the balance between oxidative stress and antioxidative capacity in the vascular wall as induced by typical risk factors or interventions
known to reduce the incidence of cardiovascular events.

Many typical cardiovascular risk factors are associated activation is most likely not mainly mediated by a rise in
with an increase of vascular oxidative stress and/or intracellular calcium but is directly dependent on phos-
accompanied by a decrease of the antioxidative capacity of phorylation by serine/ threonine protein kinase Akt /PKB
the vascular wall (Fig. 1). It has been shown recently that [10]. A recent report suggests that receptor-mediated
the degree of endothelial dysfunction is most likely activation of eNOS by agonists such as acetylcholine
associated with the risk of a cardiovascular events during a (which increases intracellular calcium) is also dependent
mean follow-up period of 6.7 years [4]. These interesting on phosphorylation by Akt [11].
results suggest that attenuation of endothelial dysfunction NO activates the enzyme soluble guanylate cyclase
should reduce the rate of cardiovascular events and im- (sGC) to produce the second messenger cyclic guanosine
prove the prognosis of patients. monophosphate (cGMP, Fig. 2). Activation of this enzyme

is dependent on binding of NO to the heme moiety of sGC
to form the nitrosyl–heme adduct of sGC. As a conse-

2 . NO–cGMP pathway quence, the heme iron is shifted out of the plane of the
porphyrine ring configuration which initiates the binding of

The pharmacology of guanylyl cyclases and cellular GTP and the formation of cGMP [12]. Cyclic GMP
actions of cGMP has been reviewed recently [5]. Briefly, activates two specific cGMP-dependent protein kinases
NO is the only known endogenous formed radical acting as (PKG I and PKG II) of which PKGI is the major kinase
a signaling messenger. It is formed by NO synthases mediating vasodilation and inhibition of platelet aggrega-
(NOSs), which convertL-arginine to citrulline and NO. tion [13,14].
NOSs are widely distributed throughout the body and have The activity of cGMP is terminated by rapid conversion
various important physiologic functions. These include the to GMP which is catalyzed by various phosphodiesterases
regulation of blood pressure, local vasomotion and sexual (PDE). Of these, PDE V is particularly specific for cGMP
functions (penile erection and ejaculation), processing of [15]. Cyclic GMP can also regulate the activity of some
long-term potentiation in the central nervous system and a PDE isoforms such as the cGMP-inhibited PDE (PDE III)
contribution to the immune defense [1,6–8]. Within the and the cGMP-activated PDE (PDE II). While the inhibi-
cardiovascular system the most important NOS isoform is tion of PDE III elevates intracellular cAMP concentrations
endothelial NOS (NOSIII, ecNOS, eNOS). In endothelial and stimulates protein kinase A (PKA) activity, cGMP-
cells this enzyme is bound to cell membrane associated dependent activation of PDE II has the opposite effect.
caveolae. The major physiologic stimulus of vascular NO Therefore, NO might exert vasoprotective actions via both
production is the blood flow-induced shear force (shear cyclic nucleotide protein kinases, but stimulation of mainly
stress) on endothelial cells [9]. Shear stress induced eNOS PGK I is probably more important [14].
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3 . Potentially vasoprotective mechanisms of NO

3 .1. Vasodilator effects of NO

Vasodilation is the best documented activity of NO in
the cardiovascular system. This action led to the discovery
of endothelium-derived relaxing factor 20 years ago [16].
Subsequent research has shown that endogenous NO
production is involved in the regulation of local vasomo-
tion and blood pressure. Numerous conditions character-
ized by an impaired availability of NO have been found to
be associated with enhanced synthesis of ET-1 as a potent
endogenous vasoconstrictor [17]. Pharmacological inhibi-
tion of endogenous NO synthesis has been shown to
induce a rise in blood pressure in man and disruption of
the eNOS gene by the ‘knock-out’ technique causes mild
hypertension in mice [18,19]. Elevated blood pressure is a
well known risk factor for the development of cardiovascu-
lar diseases such as stroke and myocardial infarction, while
a reduction of blood pressure is effective in reducing

Fig. 2. Mechanisms of vasorelaxation induced by NO. After the activa-
morbidity and mortality of cardiovascular diseases [20]. tion of soluble guanylyl cyclase, cGMP is formed which in turn
Thus, maintenance of normal blood pressure by endothelialstimulates cGMP-dependent protein kinases (PKGs). Subsequently, three

important proteins are phosphorylated resulting in a decrease of theNO may be considered as part of its vasoprotective action.
21 1intracellular Ca concentration. The direct effect of NO on K -channelsThe mechanism underlying the NO-induced vasodilation

and the cGMP-dependent inhibition of voltage-gated calcium channels ishas been intensively investigated. Current knowledge 1 21not shown; K -channels, Ca -dependent potassium channels; IP , 1,4,5-3suggests a central role for cGMP-dependent activation of inositol trisphosphate; IRAG, IP receptor associated cGMP kinase3

PKG I which can phosphorylate different membrane substrate; SERCA, sarcoendoplasmic reticulum ATPase.
proteins in the sarcoplasmic reticulum (Fig. 2). It has been
reported that PKG I can phosphorylate phospholamban
[21]. In its dephosphorylated state, phospholamban mono-

1mers inhibit the sarcoplasmic reticulum ATPase (SERCA) of each of these PKG I- and K -channel-dependent
by binding to its cytoplasmic and membrane domains vasodilating mechanisms of NO remains to be determined.

21 21causing Ca pump aggregation. Phosphorylation of phos- The subsequent reduction of the intracellular Ca con-
21pholamban (e.g. by PKG I) favors the association of centration reduces the formation of the Ca -calmodulin–

phospholamban monomers into pentamers and reverses the myosin light chain kinase complex. This decreases phos-
inhibition of SERCA [22]. This initiates a rapid sequestra- phorylation of Ser19 in the myosin regulatory light chains
tion of intracellular calcium, which in turn also reduces the and inhibits vasoconstriction [28].

21influx of extracellular Ca into the sarcoplasmatic re-
ticulum [23].

Another more recent report demonstrates that activation 3 .2. Antiplatelet effects of NO
of the PKG I phosphorylates a newly-discovered protein,
the 1,4,5-inositoltrisphosphate (IP ) receptor associated Platelets play a vital role in vacular haemostasis. Their3

cGMP kinase substrate (IRAG) [24]. Phosphorylation of ability to aggregate and form a haemostatic plug must be
21IRAG results in a strong inhibition of IP -evoked Ca carefully balanced against the necessity to maintain the3

release from the sarcoplasmatic reticulum. Currently, it is fluid state of the blood and to avoid thrombosis [29].
not known how IRAG phosphorylated by PKG I interacts Atherosclerotic changes are often followed by platelet
with the IP receptor. hypereactivity associated with thrombosis, myocardial3

21 1NO can also activate Ca -dependent K channels and infarction and stroke. NO and NO donors stimulate cGMP
increase the outward potassium current [25]. The resulting production in human platelets leading to activation of PKG
hyperpolarization of the cell membrane decreases the and inhibition of platelet aggregation induced by agonists

21effect of the depolarizing signals and induces vasodilation. (e.g. thrombin which increase the intracellular Ca con-
It has been shown that this action of NO can be both centration) [30,31]. It is known that NO-induced inhibition
independent and dependent on activation of PKG I [25,26]. of platelet aggregation involves a decrease of the intra-

21Finally, cGMP-dependent inhibition of voltage-gated cal- platelet Ca concentration [32].
cium channels might also be involved in the mechanism of Similar to the mechanism of NO-induced vasorelaxation
vasodilation induced by NO [27]. The relative contribution (Fig. 2), NO-induced inhibition of platelet aggregation
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involves phospholamban- and SERCA-dependent refiling 3 .4. Antiproliferative effects of NO
21of intracellular Ca stores [33,34]. In addition, cGMP has

been shown to indirectly activate PKA, since cGMP Proliferation of smooth muscle cells plays a key role in
inhibits the breakdown of cAMP by PDE III [35]. Both the narrowing the lumen of blood vessels in coronary
nucelotides are known to phosphorylate phospholamban, artery disease and restenosis [41,45]. In this process
which then activates SERCA to enhance the sequestration vascular smooth muscle cells show substantial changes of

21of Ca [36,37]. NO and cGMP analogues act synergisti- their function such as the disappearance of the contractile
cally with cAMP-elevating agents such as prostacyclin to activity. These changes include a loss of myofibrils and the
inhibit platelet aggregation [35]. In summary, both cAMP generation of matrix proteins. Furthermore, the suscep-
and cGMP-elevating agents inhibit platelet aggregation by tibility to proliferating stimuli such as platelet-derived

21a reduction of the intracellular Ca concentration. growth factor (PDGF) enhances. These proliferating
smooth muscle cells can migrate into the intima and
contribute to intimal hyperplasia. Both proliferation and

3 .3. Antiadhesive effects of NO migration are controlled by various signaling molecules
such as angiotensin II, tumor necrosis factora (TNFa) and

Increased leucocyte adhesion is a major step in the several growth factors (TGF-b, FGF, PGDF). The mecha-
pathogenesis of atherosclerosis [38]. Leucocyte adhesion is nisms of vascular smooth muscle growth have been
critically dependent on the expression and appearance of reviewed recently [46].
various adhesion molecules on the cell surface of vascular NO has been shown to inhibit smooth muscle prolifer-
endothelial cells. Most likely, increased expression of ation. This holds true for both NO generated by the
adhesion molecules such as vascular cell adhesion mole- vascular endothelium [47] and NO generated by NO
cule (VCAM-1), intercellular cell adhesion molecule donors [48]. Likewise, balloon angioplasty induced a much
(ICAM), monocyte chemoattractant protein 1 (MCP-1) more pronounced intimal hyperplasia in mice lacking the
and E-selectin as well as various chemoattractant proteins endothelial NOS as compared to normal mice [49]. The
(cytokines) is a consequence of increased vascular oxidant mechanism underlying the antiproliferative activity of NO
stress [39]. Activation of redox sensitive transcription is not yet fully understood (Fig. 3). It has been suggested
factors such as nuclear factorkB (NFkB) and activating that cGMP-dependent activation of the PKA, partially
protein 1 (AP-1) is believed to play a key role in this mediated by the inhibition of the cGMP-inhibited-cAMP-
process [40]. Monocytes which adhere to vascular cells phosphodiesterase (PDE III) may contribute [50,51]. A
migrate into the vascular wall and further increase oxidant similar pathway of activation of PKA was reported to
stress by releasing large amounts of reactive oxygen potentiate the NO-induced inhibition of platelet aggrega-
species (ROS) [41]. Thus, a reduction of adhesion mole- tion and to mediate the positive inotropic effects of NO
cule expression or inhibition of adhesion molecule function [35,52]. It was suggested recently that NO-dependent
are considered as vasoprotective strategies reducing the activation of PKA can regulate the expression of cell cycle
progression of vascular damage. proteins [53]. Activation of PKA is thought to reduce

NO is an important endogenous mediator which inhibits smooth muscle proliferation by inhibition of Raf-1 [54].
leucocyte adhesion [42]. NO released by NO donors has Another potentially important mechanism underlying the
been shown to potently inhibit the expression of VCAM-1 antiproliferative effects of NO, which occurs independent-
[43], while the inhibition of endogenous NO synthesis had ly of cGMP generation, is the inhibition of arginase and
the opposite effect [44]. Khan et al. provided evidence that ornithine decarboxylase [55]. Experiments with rat aortic
this action of NO is mediated through inhibition of NFkB smooth muscle cells demonstrated that antiproliferative
expression and involves antioxidative properties of NO. concentrations of NO donors strongly decreased the cel-
Oxidation of polyunsaturated fatty acids such as linoleic lular content of polyamines such as putrescine, spermidine
acid to peroxidized metabolites has been shown to be an and spermine and inhibited the activity of purified or-
important intermediate step in cytokine-induced activation nithine decarboxylase. Although the NO donors effectively
of the redox-sensitive transcription factor NFkB and this increased the cellular cGMP content, its modulation by
oxidation can be markedly reduced by exogenous NO [43]. inhibition of sGC or PDEs had no effect on cell prolifer-
Likewise, increased leucocyte adhesion induced by the ation. In contrast, inhibition of cell proliferation by NO
inhibition of NO synthases was at least partially reversed donors was effectively reversed by putrescine but not by
by various intracellular oxygen radical scavengers [44]. ornithine.
Thus, the mechanism of the antiadhesive action of NO
most likely involves antioxidative effects (see below). In 3 .5. Antioxidative effects of NO
contrast, activation of PKG by cGMP does not seem to be
involved, since cell permeable cGMP-analogs—unlike Vascular oxidative stress contributes to the pathophysiol-
oxygen radical scavengers—cannot reduce leucocyte adhe- ogy of cardiovascular diseases. Among the various reactive
sion stimulated by NOS inhibition [44]. oxygen species formed under these conditions superoxide
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is presumably the most important one [3]. The complex
interactions of oxygen species with vascular signaling
systems have been recently reviewed [56]. The best known
antioxidative effect of NO is the impairment of lipid
oxidation. NO can potently inhibit the oxidation of free
fatty acids, phosphatidylcholine and low density lipopro-
tein particles. In view of the proatherogenic effects of
oxidized lipids, this antioxidative activity of NO is likely
to be relevant [57].

NO reacts very rapidly with superoxide to form perox-
ynitrite which is a much stronger oxidant than superoxide
itself. In vivo, peroxynitrite rapidly forms a carbonate

2adduct (ONOOCO ) or oxidizes free undissociated thiols2

[58]. The carbonate adduct can rapidly form carbonate and
nitrogen dioxide radicals [59]. Recently, these radicals
have been shown to oxidize thiols to thiyl, sulfinyl and
disulfide radicals [60]. The oxidizing potential of perox-
ynitrite and the subsequently formed radicals facilitate
lipid peroxidation, induce protein damage by tyrosine
nitration, dityrosine formation and thiol oxidation and
reduce the antioxidative capacity of vascular cells by the
rapid oxidation of free undissociated thiols [60–62].

In view of these reactions, it seems rather questionable
that the increased generation of NO in the setting of

Fig. 3. Inhibition of PDGF-induced mitogenesis by cAMP–PKA. Activa- oxidative stress might be associated with antioxidative
tion of PKA can be mediated by the cGMP-induced inhibition of PDE III

properties or might increase the antioxidative capacity ofand has been shown to be important for the antiproliferative effects of
the vascular wall. However, the formation of peroxynitriteNO. Another important but cGMP-independent mechanism of inhibition
from superoxide competes with the formation of hydrogenof cell proliferation by NO is mediated by inhibition of arginase (I and II)

and ornithine decarboxylase (activation of PKA by direct cGMP-depen- peroxide catalyzed by superoxide dismutases (Fig. 4).
dent PKA stimulation is not shown; PKA, cAMP-dependent protein Although superoxide reacts approximately 3–6 times faster
kinase; AC, adenylyl cyclase; PDE III, cGMP-inhibited cAMP phospho-

with NO than with superoxide dismutase, the formation ofdiesterase; sGC, soluble guanylyl cyclase).
2ONOO is outcompeted if the concentration of superoxide

Fig. 4. Reactions of superoxide with SOD and NO. The reaction constants and the mean concentrations of intracellular and membrane associated SOD and
of NO in the vascular wall suggest that the formation of hydrogen peroxide is favored. In addition, an increase of SOD expression as induced by exercise
and NO would further shift the balance to hydrogen peroxide formation. The role of hydrogen peroxide as a vascular oxidant is unclear. Both,
vasoprotective actions and proatherosclerotic actions have been reported.
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dismutase is much higher than that of NO, a situation that muscle cells and located at the outer cell membrane. In the
is usually found in the intracellular space of vascular vascular wall one third to one half of the total superoxide
endothelial and smooth muscle cells [58]. Thus, physio- dismutase is the extracellular type of the enzyme [72]. The
logic concentrations of vascular NO, as generated by upregulation of extracellular superoxide dismutase expres-
eNOS or by therapeutic interventions, might exert antiox- sion in vascular smooth muscle cells may represent an
idative effects in the presence of physiologic concen- important mechanism that prevents superoxide mediated
trations of superoxide dismutases [63]. In contrast, very degradation of endothelial NO as it traverses between the
high concentrations of NO, as generated by iNOS, pre- two cell types. Likewise, the formation of peroxynitrite
sumably promote peroxynitrite formation. will be reduced, because higher amounts of superoxide

NO has been identified as an inducer of endothelial dismutase favors the dismutation of superoxide to hydro-
ferritin synthesis [64,65]. Ferritin binds free iron ions and gen peroxide [58]. Recently, it was reported that just a
may reduce oxidative cellular damage by preventing brief exposure of endothelial cells to the strong oxidant
superoxide generation [66]. Translation of ferritin mRNA hydrogen peroxide can increase the expression and activity
is dependent on free iron ions as generated by the activity of eNOS [73], a mechanism that might contribute to the
of heme oxygenase which converts heme into biliverdin. It antioxidative effects of NO.
has been shown that NO induces heme oxygenase-I Increased expression of ecSOD is also a vascular
expression suggesting that this effect is involved in the adaption to exercise. Normal mice undergoing 3 weeks of
induction of ferritin by NO [67]. Another consequence of exercise showed an increase of vascular ecSOD expres-
increased heme oygenase-I expression is the increased sion, while the expression of Cu/Zn-SOD was unchanged
formation of bilirubin and carbon monoxide [68]. Bilirubin [71]. In contrast, mice homozygous for a lack of the eNOS
can act as a scavenger of superoxide and carbon monoxide gene showed no increase of ecSOD expression suggesting
and is known to activate sGC [69]. Interestingly, a recent that this effect of exercise was almost exclusively mediated
study in atherosclerotic mice showed that an increased by an increase of endogenous NO production. Thus,
expression of heme oxygenase-I can reduce the formation exercise training most likely increases the antioxidative
of atherosclerotic lesions [70]. These data suggest that the capacity of the vascular wall by increasing the expression
antioxidative effects of physiologic concentrations of NO of the two functionally related proteins eNOS and ecSOD
might be mediated by induction of heme oxygenase-I and (Fig. 5). Of note, experiments with mice heterozygotic for
ferritin expression. a loss of the eNOS gene suggest this mechanism requires

Another antioxidative effect of NO is via the induction both alleles of the eNOS gene [74].
of extracellular superoxide dismutase (ecSOD) which has Taken together, data of several studies suggest that the
been shown to occur in vitro and in vivo [71]. This potent antioxidative effects of NO are at least in part mediated by
antioxidative enzyme is expressed in vascular smooth the induction of the expression of heme oxygenase-I,

Fig. 5. Putative effects of exercise in the vascular wall. Exercise induces both, shear stress and oxidative stress. As indicated, the relative contribution of
each effect to the increase of eNOS expression is not known. There is evidence that exercise increases the formation of NO in the vascular wall. This effect
is most likely an important vascular adaptation to exercise and presumably contributes to the beneficial effect of physical activity in cardiovascular patients
[111]. Some cardiovascular drugs are also known to increase vascular NO production (ACE, angiotensin converting enzyme; CSE, cholesterol synthesizing
enzyme).
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ferritin and extracellular superoxide dismutase. These
activities of NO decrease both the superoxide levels and
the formation of peroxynitrite in the vascular wall.

4 . Drugs targeting the NO signaling pathway

4 .1. Organic nitrates

Organic nitrates deliver NO directly to the vascular wall.
These drugs are enzymatically denitrated to give NO and
the denitrated metabolites [75]. The enzymatic conversion
involves a transfer of three electrons to the nitrate nitrogen
and is most likely mediated by cytochrome P 450 type
enzymes such as CYP3A4 [76]. Generation of NO from
organic nitrates occurs in both vascular endothelial and
smooth muscle cells. Therapeutic concentrations of organic
nitrates dilate preferentially venous vessels and conduit

Fig. 6. Effect of the organic nitrate pentaerythritol tetranitrate (PETN) onarteries such as the left anterior descending artery, while
the progression of endothelial dysfunction in established atherosclerosishigher doses also decrease peripheral resistance [75].
in cholesterol-fed rabbits. PETN was added to the cholesterol chow at

Oral administration of the long acting organic nitrate week 16 and given for 16 weeks. The two other groups received the
pentaerythritol tetranitrate (PETN) to rabbits fed a high cholesterol chow only for 16 and for 32 weeks. There was a considerable

progression of inhibition of acetylcholine-induced aortic relaxation, whencholesterol diet for 4 months reduced the formation of
the cholesterol chow was given for 32 weeks (CHOL32) as compared toaortic lesions and prevented the inhibition of endothelium-
the 16-week feeding period (CHOL16). This progression was abolisheddependent vasodilation [77]. This protective effect of
by treatment with PETN (6 mg/kg bw/day) suggesting a vasoprotective

PETN could be confirmed in a subsequent study where theactivity of the NO donor PETN in experimental atherosclerosis (reprinted
oral administration of PETN was initiated after the induc- from Ref. [78] with permission).
tion of atherosclerosis by feeding rabbits a cholesterol
chow for 4 months (Fig. 6) [78]. In addition, PETN
significantly reduced the oxidation of low density lipopro- glyceryl trinitrate patch with enalapril showed a signifi-
tein particles. Isosorbide mononitrate also reduced endo- cantly greater reduction in mortality than enalapril alone
thelial dysfunction and decreased the intimal lesion area [82].
and intimal thickness in the hypercholesterolemic rabbit Although there are some limitations in both of these
thoracic aorta [79]. In contrast, a study with molsidomine, trials such as nitrate use in the control groups, it seems
a prodrug being metabolized to the NO and superoxide likely that the effects of nitrates on mortality after myocar-
releasing compound SIN-1, showed an augmentation of dial infarction are lower than previously reported. One
aortic intimal lesion in cholesterol fed rabbits [80]. How- explanation for the discrepancy between earlier inves-
ever, this might have been caused by a proatherosclerotic tigations and the mentioned mega-trials could be that the
effect of peroxynitrite rather than NO. latter studies were carried out after establishment of the

Importantly, there is no clinical evidence for the an- benefits of thrombolysis with streptokinase [84]. Another
tiatherosclerotic effects of NO donors or organic nitrates in important point is that nitrate therapy was given only for
stable coronary artery disease. A meta-analysis summa- 4–6 weeks, a period which might have been too short to
rizing earlier trials with nitrates revealed a total reduction evaluate the inhibitory effects on the progression of
of mortality from acute myocardial infarction of as much atherosclerosis. For example, statins such as simvastatin
as 35% [81]. Most of the beneficial effects of nitrates have show beneficial effects on mortality after a treatment
been attributed to the initial 24–48 h of therapy. This period of at least 6 months [85]. Thus, it remains an open
favorable result could not be confirmed in two recent question whether organic nitrates can delay the develop-
mega-trials including 77 000 postinfarction patients ment of atherosclerosis and increase the life expectancy of
[82,83]. In these studies, therapy with a glyceryl trinitrate patients with active atherosclerosis.
patch (GISSI-3) or with an oral sustained formulation
isosorbide mononitrate (ISIS-4) was initiated in the early 4 .2. Direct activators of soluble guanylate cyclase
postinfarction phase and continued for 5–6 weeks. Overall,
only a trend but not a significant improvement in survival The compound YC-1, a benzylindazol derivative, was
was observed. In contrast, subgroup analysis showed a reported to be an activator of sGC leading to an increase of
significant benefit of nitrates on survival of women and intracellular cGMP [86]. YC-1 can stimulate sGC in-
patients older than 70 years and the combination of the dependent of NO but can also potentiate the NO-induced
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stimulation, presumably by stabilization of the enzyme’s 4 .4. Phosphodiesterase inhibitors
active configuration [87,88]. YC-1 is ineffective in patients
because it is not a very potent (NO-independent) By catalyzing cyclic nucleotide hydrolysis, the PDEs are
stimulator of sGC. However, the existence of this com- important determinants regulating the intracellular con-
pound strongly stimulated research activities in the phar- centrations and the biological actions of cAMP and cGMP
maceutical industry in order to find new drugs based on the [97]. Intense biochemical and molecular genetic research
chemical structure of YC-1. These research activities has revealed the complexity and diversity of the PDE
resulted in the discovery of a series of new compounds superfamily which contains at least 11 highly regulated
which can stimulate sGC independent of NO, are much and structurally-related gene families [15]. These PDE
more potent than YC-1 and display useful pharmacological isoforms are often tissue-specific and differ in their sen-
actions such as inhibition of platelet aggregation and sitivity to specific inhibitors, subcellular distribution,
vasodilation [89]. Further investigations on the mechanism mechanism of regulation and substrate selectivity (Table 1)
of action showed that there is a new regulatory site on the [97]. The pharmacotherapeutic principle of isoform-selec-
sGC: the region of the cysteines 238 and 243 in the tive PDE inhibition is the subject of intensive research in
a -subunit of the enzyme [90]. The value of these drugs in many different fields including asthma, allergies, diabetes,1

pharmacotherapy remains to be elucidated. restenosis and arthritis [98]. The importance of cyclic
nucleotide signaling and the molecular diversity of PDEs
make these proteins interesting targets for selective inter-

4 .3. L-Arginine vention including modulation of the NO–cGMP pathway.
Sildenafil is an inhibitor of the cGMP-specific PDE V

The amino acidL-arginine is the substrate of eNOS and and has been shown to be effective in the treatment of
is converted to citrulline and NO. Administration ofL- erectile dysfunction by elevating cGMP levels in the
arginine has been shown to reduce atherosclerosis and smooth muscle cells of the corpus cavernosum [99]. PDE
endothelial dysfunction in cholesterol-fed rabbits [91]. V is the most important enzyme for cGMP metabolism in
Subsequent clinical studies demonstrated thatL-arginine this type of smooth muscle while smooth muscle cells of
improves endothelium-dependent vasodilation in hyper- the systemic circulation contain PDE IAI as another
cholesterolemic humans [92]. It is believed that the important cGMP-specific PDE [100]. There is evidence
beneficial effects ofL-arginine administration are partially indicating that the increase in erectile function induced by
caused by a competition between this genuine amino acid sildenalfil involves the cGMP-dependent inhibition of PDE
and the derivative asymetric dimethylL-arginine (ADMA) III and subsequent elevation of cAMP levels in the corpus
which is an endogenous inhibitor of eNOS activity [93,94]. cavernosum [101]. Inhibition of PDE V by sildenafil can
However, it should be noted that high doses ofL-arginine, induce severe hypotension when combined with NO-donat-
which increase the plasma concentrations by 20-fold, can ing drugs such as nitrates but under resting conditions
exert a variety of unspecific effects such as increases in sildenafil has minor effects on the vasculature as indicated
plasma insulin, prolactin and glucagon in healthy subjects by a lack of hemodynamic actions [102]. Theoretically,
and in patients with diabetes or essential hypertension [95]. selective PDE V inhibitors may have a potential to exert
The overall clinical pharmacology ofL-arginine has been protective actions such as prevention of overt erectile
reviewed recently [96]. Accordingly, it seems possible that dysfunction but so far evidence for this is lacking.
the administration of L-arginine can improve clinical
symptoms of cardiovascular diseases such as peripheral4 .5. Other drugs
arterial disease, coronary artery disease and congestive
heart failure. A variety of drugs can indirectly affect endogenous NO

Table 1
Pharmacological inhibition of cGMP-metabolizing phosphodiesterase isoforms

Isoform Nucleotides Regulation Inhibitors
21PDE IAI cGMP4cAMP Ca /Calmodulin- 8-Methoxymethyl-IBMX,

sensitive Vinpocetine
PDE II cAMP.cGMP cGMP-stimulated EHNA
PDE III cAMP.cGMP cGMP-inhibited Trequinsin, Quazinone, Amrinone,

Milrinone, Cilostazol, Cilostamide
PDE V cGMP-specific Sildenafil, zaprinast, vardenafil
PDE VI cGMP-specific Sildenafil, zaprinast, vardenafil
PDE IX cGMP-specific Unknown
PDE X cGMP.cAMP cAMP-inhibited Unknown
PDE XI cAMP, cGMP Unknown

IBMX, isobutylmethylxanthine; EHNA,erythro-9-(2-hydroxy-3-nonyl)-adenine.
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