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Current Status and Future Possibilities of Nitric Oxide-Donor Drugs: Focus
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Abstract: Drugs which release nitric oxide (NO) have great therapeutic potential. The organic nitrates and
sodium nitroprusside have been used in cardiovascular therapeutics for many years, but several drawbacks
limit their usefulness. In this review, we consider novel and potential future developments in NO-donor drugs,

and the possible clinical usefulness of such compounds.
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INTRODUCTION

There are many potential uses for nitric oxide (NO) as a
therapeutic agent. It can inhibit platelet function, reduce
vascular tone and act as a neurotransmitter, and is also
involved in host defence [1]. NO itself can be administered
directly by inhalation, and has been used in the treatment of
adult  respiratory  distress syndrome and  other
cardiopulmonary conditions associated with chronic
pulmonary hypertension. It is also used to treat persistent
pulmonary hypertension of the newborn. In higher
concentrations than those usually administered, inhalation of
NO leads to methemoglobinemia, but in clinical practice it
is the build-up of toxic levels of nitrite which limits its use
[2].

Current interest in NO-donor drugs has focused on the
design and synthesis of new drugs with improved
pharmacokinetic properties. Organic nitrates, which have
been used for many years to treat patients with ischemic
heart disease, are believed to act by generating NO.
Unfortunately, the development of tolerance to these
compounds limits their use as NO donors. Sodium
nitroprusside, another NO donor in use therapeutically, can
lead to cyanide toxicity. There is considerable interest in the
development of new compounds to act as NO donors. The
NONOates are potentially useful compounds which generate
NO spontaneously. Although they have been studied
extensively in vitro, much less is known about their
properties in vivo. The S-nitrosothiols (RSNOs), which
occur endogenously, are degraded to release NO both
enzymatically and non-enzymatically, and have also been
administered to humans in small clinical trials.

In this review, we will consider the properties of NO-
donor drugs in relation to their potential use as therapeutic
agents. We will focus particularly on the RSNOs since,
amongst the newer NO-donor drugs, these have been the
most studied in terms of therapeutic effects.
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ENDOGENOUS FORMATION OF NITRIC OXIDE

Endogenous formation of NO in animals and humans is
now well recognized. NO is enzymatically synthesized from
L-arginine (Scheme 1); it plays an important role as a
regulator of metabolism in cells and tissues [1,3-6]. NO
functions as the main cytostatic/cytotoxic effector of the
cellular immune system [7-9]. NO exerts both autocrine and
paracrine actions, that is to say, being synthesized in certain
cells it can influence metabolic processes in these and
adjacent cells. In spite of its high chemical reactivity, NO
molecules can be transported to distances exceeding cell size
by several-fold [10]. During this transportation free NO
molecules can be bound by various endogenous scavengers,
for example, by hemoglobin; hemoglobin catalyzes the
oxidation of NO by molecular oxygen. Superoxide ions also
oxidize NO very effectively. These factors can significantly
attenuate or even abolish the paracrine effect of NO. Only the
reversible incorporation of NO into compounds that can
transport it from donor to target cells can prevent or
diminish these processes. This is illustrated by the debate
surrounding the identity of the so-called "endothelium-
derived relaxing factor” (EDRF) produced by blood vessels
[11]. In 1987 it was demonstrated that EDRF contains NO
and it is this particular component which is responsible for
the vasodilator activity of EDRF. Moreover, it was
demonstrated that the efficacy of free NO added to isolated
vessels in amounts equal to that found in EDRF was
identical to the efficacy of EDRF. On the basis of their very
similar pharmacological profiles, it was concluded that
EDRF and NO are identical [12,13]. However, in other
studies, the vasodilator activity of EDRF (expressed per
amount of NO detected in EDRF) was found to be one order
of magnitude greater than that of free NO [14-16]. This
suggested that EDRF may be a nitroso-compound rather
than free NO, such as S-nitrosocysteine (cys-NO), which
protects NO against oxidation and releases it during contact
with target cells. Similar conclusions were drawn by
Vedernikov et al. [17], who compared the capacities of
EDRF and NO to form dinitrosyl iron complexes (DNICs).

The suggestion that cys-NO may be the form in which
NO is packaged in EDRF was due to their almost identical
vasodilator efficacy [14]. Vanin proposed DNICs with thiol-
containing ligands (cysteine or glutathione, GSH) as another
possible candidate for EDRF [18]. It was shown that NO
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Scheme 1. Pathway for NO biosynthesis. NO synthase, of which three isoforms are known to exist, catalyzes the oxidation-reduction
reaction of L- arginine, in the presence of molecular oxygen, to form the free radical NO and L-citrulline. NO has a short half-life and is
oxidized to the inactive end-products nitrite and nitrate. iINOS expression is upregulated by cytokines through the transcription
factor NF-kB. Transcriptional and post-transcriptional mechanisms are both important in iNOS regulation, whereas eNOS and nNOS
regulation occurs through changes in [Ca2*] or in phosphorylation of the enzyme.

incorporation into such compounds effectively protected it
against the oxidizing effect of superoxide, and this resulted
in a significant potentiation of its vasodilator effect [19].

The incorporation of NO produced from L-arginine in
animal cells and tissues into both RSNOs and DNICs with
thiol-containing ligands has been demonstrated in numerous
studies [20-28]. This, together with data on the
physicochemical and functional properties of RSNOs and
DNICs, suggests that these compounds can function in NO
transportation and stabilization not only in blood vessels,
but also in other tissues.

NITRIC OXIDE-DONOR COMPOUNDS

NO can be generated in vivo or in vitro from different
sources, as follows.

Endogenous NO Donors

S-Nitrosothiols (Scheme 2) are formed by S-nitrosation
of thiols or cysteine residues of proteins and have the general
formula RSNO, where R is usually a protein, peptide or
amino acid. Examples of endogenous RSNOs are S-
nitrosoalbumin (SNO-albumin), S-nitrosoglutathione

(GSNO) and S-nitrosocysteine (cys-NO). Protein RSNOs
tend to be more stable than RSNOs with low molecular
masses [29].
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Scheme 2. Endogenous NO-donor compounds. These are all
examples of RSNOs.
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Scheme 3. Simplified pathways for the decomposition of NO-donor drugs in vivo and in vitro.

RSNOs were first described as occurring endogenously in
the early 1990s [20,21]. The precise amounts of these
compounds in vivo remains a matter for debate, as a reliable
and reproducible method for their detection has not been
fully developed; nevertheless, they have been measured in
the sub-micromolar range in plasma [20,30] and
bronchoalveolar lavage fluid [21].

Degradation of RSNOs by heat, ultraviolet light, vitamin
C and trace amounts of copper ions to produce NO and the
corresponding disulphide can be enhanced by the presence of
thiols, high oxygen tension and pH > 2. Enzymatic cleavage
by g-glutamyl transpeptidase [31], glutathione peroxidase
[32] and xanthine oxidase [33] has also been demonstrated.
Finally,  S-nitrosothiols can also  participate in
transnitrosation reactions, whereby the NO* group s
transferred to another thiol. This can then result in the
release of NO if the resultant compound is more susceptible
to decomposition than the parent compound [29].

Table 1. Endogenous and NO-Donor

Compounds

Exogenous

Endogenous NO-donors Exogenous NO-donors

Endogenous S-nitrosothiols: Organic NO-donors:

GSNO, CysNO, SNO-albumin, other S-nitroso compounds
O-nitrite compounds
N-nitroso compounds
C-nitroso compounds

Heterocyclic NO-donor
compounds

Inorganic NO-donors:

Transition metal-NO donor
complexes

The properties of RSNOs are similar to those of NO, in
that they are involved in smooth muscle cell relaxation,
platelet inhibition, immunosuppression, neurotransmission
and host defence. Many RSNOs have now been synthesized

chemically, and at present they show the most promise as
clinically useful agents, as will be discussed later.

Exogenous NO Donors

Exogenous NO donors generate NO in vivo and in vitro
by two main types of pathway, enzymatic and non-
enzymatic (Scheme 3). Currently available NO-donor drugs
derive from six classes of chemical compound (Table 1).

1. S-Nitroso Compounds

Synthetic RSNOs (Scheme 4) have great potential as
therapeutic agents. They may be particularly useful
alternatives to organic nitrates, as they do not lead to the
development of tolerance. However, interactions with
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Scheme 4. Examples of established NO-donor drugs.
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copper, thiols, ascorbic acid and other reducing agents may
influence their stability and ability to act as useful drugs. To
date, RSNOs have only been used parenterally in both
animal studies and small human clinical trials. Further study
of their pharmacology is needed, and in particular the
development of orally available preparations will enhance
their therapeutic usefulness. Most of these compounds are
unstable in their pure form, making their isolation difficult,
and this has impeded the elucidation of their chemistry [34-
38], although newer compounds have recently been
synthesized which are more stable both in solid form and in
solution [37].

2. O-Nitrite Compounds (Organic Nitrates)

Organic nitrates (Scheme 4) have long been used as
vasodilators for the treatment of angina pectoris. The release
of NO from organic nitrates involves both non-enzymatic
and enzymatic pathways [36]; the latter have not as yet been
unambiguously identified.

3. N-Nitroso Compounds

N-Nitroso compounds (Scheme 4) currently in existence
comprise the following four types of compound.

(i) N-NO(NO) Donors

Compounds with the formula RoN[N(O")NO] (so-called
amine NONOate) [39-41] have several interesting properties.
In particular, they release NO spontaneously in a pH-
dependent fashion (i.e. at neutral or acidic pH, but not
alkaline pH), with no requirement for redox or light
activation. Diazeniumdiolates are examples of such
compounds: these are products of NO following its reaction
with nucleophiles such as primary amines, secondary amines
or polyamines. They were first prepared more than thirty
years ago [42-46]. Several reviews on diazeniumdiolates
have recently been published [47-49].

(i) N-Hydroxy-N-Nitrosamines

Cupferron has been widely employed as a metal chelating
agent and as a polymerization inhibitor [50,51]. It has also
been demonstrated to generate NO upon enzymatic oxidation
[52], as well as in electrochemical and chemical reactions
[50,53]. Cupferron has also been found to decompose
spontaneously at room temperature, releasing NO [54].

(iii) N-Nitrosoamides

These compounds are unstable and are known
carcinogens. N-nitrosoureas constitute a large number of
important antitumor drugs and have been well reviewed
previously [55].

(iv) Secondary Amine-NO Complex

Nitrosamines, which are well-known carcinogens, exhibit
functions very similar to those of NO such as vasodilatation
and soluble guanylyl cyclase stimulation. It is believed that
metabolic activation is required in order for them to exert
their carcinogenic activity and to release NO [56-58].
Dephostatin is an inhibitor of protein tyrosine phosphatase
[59-61], and it has been proposed that NO transfer is
involved in its action [62,63].

4. C-Nitroso Compounds

C-Nitroso compounds (Scheme 4) can undergo
homolytic cleavage of the C-NO bond to generate NO upon
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exposure to light [64]. It is possible, therefore, that such
compounds could be used in combination with laser therapy,
to allow targeted delivery of NO. Whether such delivery will
prove practical and possible remains to be seen.

5. Heterocyclic NO Donors

Oxadiazoles (furoxans) and oxatriazoles (Scheme 4) are
two classes of important heterocyclic NO donor. Furoxans
require the presence of thiols in order to release NO [65].
Lack of physiological tolerance makes this type of NO donor
potentially attractive in the treatment of cardiovascular
diseases.

6. Transition Metal-NO Complexes

Transition metal-NO complexes (Scheme 4) act as NO™,
NO" or NO- donors. Compounds such as Roussins’s salts are
nitrosyl complexes of iron-sulfur clusters that can release NO
[66,67]. The mechanism by which NO is released is
presently unclear.

Current interest in NO-donor drugs has focused on the
design and synthesis of new compounds with enhanced
pharmacokinetic and NO-releasing properties in vivo, such as
those listed in Scheme 5. A large number of such
compounds have now been synthesized, which exhibit
widely different chemical properties. Their potential clinical
usefulness remains to be determined.
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Scheme 5. Examples of some novel NO-donor drugs.
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POTENTIAL USES OF NITRIC OXIDE-DONOR
DRUGS

Nitrate Tolerance

The main limitation to the use of organic nitrates is the
development of tolerance, the mechanism of which is not
well understood. The exception is pentaerythrityl tetranitrate
which, unlike other nitrates, gives rise to little or no nitrate
tolerance [68]. Many theories have been proposed for the
development of tolerance to nitrates, including depletion of
reduced thiol groups, increased vascular superoxide
production, reflex activation of the renin—-angiotensin system
and increased activity of guanosine cyclic -3’,5’-
monophosphate (cGMP) phosphodiesterase [69]. Studies
assessing the use of angiotensin converting-enzyme
inhibitors, diuretics, thiol donors and antioxidants to
prevent this phenomenon have produced conflicting results.
At present, the only reliable way to prevent the development
of nitrate tolerance is to provide a nitrate-free interval in the
dosing regime [70].

RSNOs may be useful alternatives to organic nitrates as
NO donors. They cause both arterial and venous dilatation,
unlike nitrates which cause predominantly venous dilatation,
and do not appear to induce tolerance in animals when given
at therapeutic doses. Furthermore, they are effective, in vitro,
in systems rendered tolerant to organic nitrate [71]. At
present, the main limitation to their widespread use in this
regard is their lack of bioavailability following oral
administration, so that they can only be administered
parenterally.

Platelet Inhibition

Platelets play a significant role in both the development
and the clinical presentation of vascular disease. Currently
available agents that reduce platelet activation and adhesion,
including aspirin, clopidogrel and glycoprotein Ilb/Illa
inhibitors, result in improved outcomes in patients with
acute coronary syndromes; however, absolute levels of
morbidity and mortality remain high. RSNOs have been
shown to inhibit platelet function [72]. cGMP is involved in
the anti-platelet effects of RSNOs, but, for GSNO at least,
other mediators also appear to be involved [73]. Unlike
organic nitrates, which can also inhibit platelet activity but
only at high doses, RSNOs can achieve effective platelet
inhibition in humans at doses that have little effect on
vascular tone [74].

Platelet activation, as measured by levels of expression
of the adhesion molecule P-selectin and of the glycoprotein
lIb/111a receptor, is increased in acute coronary syndromes.
This phenomenon is seen even in the presence of aspirin. In
a small clinical trial it was found that GSNO significantly
lowered levels of platelet activity; glyceryl trinitrate also
achieved this effect but, because it also induced hypotension,
it was less well tolerated [75].

Revascularization procedures, using balloon angioplasty
and stenting or coronary artery bypass grafting, result in
platelet activation. This is believed to play a role in the
restenotic process observed following percutaneous
intervention and in graft failure after surgery. SNO-albumin
delivered locally to an area of balloon-injured rabbit femoral
artery reduced platelet deposition and the subsequent
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development of neointimal hyperplasia [76]. Local delivery
of SNO-albumin using stent-based rather than catheter-based
therapy was also found to reduce platelet adhesion following
deployment into pig carotid arteries [77]. In a small clinical
study, intracoronary infusion of GSNO prior to percutaneous
transluminal coronary angioplasty prevented the increases in
platelet expression of P-selectin and glycoprotein Ilb/llla
usually seen within minutes of the procedure, without
altering blood pressure [78]. Coronary artery bypass grafting
is also associated with platelet activation and consumption,
which can lead to post-operative thrombosis and, if
consumption is excessive, bleeding [79]. GSNO decreased
the uptake of platelets by both arteries and veins in vitro and
in patients undergoing coronary bypass grafting [79], even
though levels of platelet P-selectin and glycoprotein Ilb/llla
expression do not appear to be affected in this clinical
setting [80].

One of the main complications from carotid
endarterectomy is cerebral infarction, often caused by platelet
emboli. The procedure itself results in the removal of the
endothelium, leaving a potent thrombogenic surface on
which platelet adhesion and aggregation can occur.
Asymptomatic microemboli can be detected by Doppler
ultrasonography, and their frequency correlates with the risk
of early stroke. In small studies in patients undergoing
carotid endarterectomy, intravenous GSNO given either peri-
operatively [81] or post-operatively [82] reduced the
frequency of microemboli compared with placebo.
Unfortunately, neither study was powered to detect a
difference in clinical outcomes.

Modulation of Apoptosis

Caspases, a family of interleukin-1b converting enzymes,
have been implicated as a common effector for a variety of
pro-apoptotic signals. Recently, caspase 1 and 3 have been
shown to be inhibited by NO, resulting in the inhibition of
TNF-a-induced apoptosis [83]. Caspases contain a critical
cysteine residue in their active site [84,85], and it has been
suggested that NO might inhibit apoptosis by nitrosating
this residue [84,86]. Indeed, in vitro incubation with NO
donors leads to decreased caspase-3-like enzyme activity
[83,87]. Recent animal studies have indicated that in vivo
administration of NO donors prevents apoptosis via S-
nitrosylation of the cys163 residue of caspase-3 [88].
Whether this action will translate into useful therapeutic
effects remains to be seen.

Protection Against Ischemia/Reperfusion Injury

Reperfusion of ischemic tissue leads to local
inflammation and endothelial cell dysfunction, as well as
increased oxidative stress, all of which can give rise to
increased tissue damage. RSNOs have been shown to
improve end-organ recovery in animal models of
ischemia/reperfusion injury in the heart [89,90] and liver
[91]. Clinical trials are required to demonstrate their
usefulness in this situation in man.

Treatment of Respiratory Diseases

Levels of RSNOs detected in bronchoalveolar lavage
fluid are around 0.25mM [21]. RSNOs relax bronchial
smooth muscle, inhibiting the bronchoconstrictor effects of



252  Mini-Reviews in Medicinal Chemistry, 2005, Vol. 5, No. 3

methacholine on human airway. As with their anti-platelet
action, the bronchodilator effect of RSNOs is mediated only
partially through cGMP [92].

In the airway, RSNO levels are altered in disease states.
In patients with pneumonia, the mean concentration in
bronchoalveolar lavage fluid has been found to be around
0.4mM, higher than that found in healthy controls [21]. In
patients with asthma, NO levels in exhaled breath are
increased, but airway RSNO levels are much reduced, as
compared with healthy controls [93]. Since RSNOs act as
bronchodilators, they may have a role to play in the
treatment of asthma or chronic obstructive pulmonary
disease, but as yet clinical studies are lacking.

Antimicrobial Therapy

NO and RSNOs both play an important role in host
defense against infection. In a study of the effect of
macrophage-derived NO on Trypanosoma musculi, its
cytostatic action was not seen in the absence of albumin, or
in the presence of antibodies to cys-NO, suggesting that the
NO reacts with albumin to form SNO-albumin and that a
transnitrosation reaction with cysteine occurs to form cys-
NO, the active moiety [94]. RSNOs are cytotoxic to a
mutant form of Salmonella typhimurium in which
intracellular homocysteine levels are depleted; in this
organism, the development of a metabolic pathway to up-
regulate homocysteine production was found to confer
protection against this effect [95].

Both NO and S-nitroso-N-acetylpenicillamine (SNAP)
inhibit HIV-1 protease, an enzyme involved in replication of
the HIV-1 virus. NO reacts with two cysteine residues in the
enzyme molecule, forming cys-NO, probably via a
transnitrosation reaction [96]. This effect of NO or SNAP on
HIV-1 is cGMP-independent, and additive with that of
zidovudine [97].

GSNO, SNAP and SNO-captopril inactivate a protease
enzyme in the human rhinovirus, which causes the common
cold; this effect again probably involves a transnitrosation
reaction [98].

Thus, RSNOs may have a potential role in the treatment
of conditions ranging from the common cold to AIDS. This
avenue has yet to be explored in clinical studies.

Endoscopic Retrograde Cholangio-Pancreatography

RSNOs inhibit gastrointestinal smooth muscle function.
Their formation in the gut is thought to occur directly as a
result of nitrosation of SH groups of low-molecular-mass
thiols. The topical application of S-nitroso-N-acetylcysteine
to the ampulla and peri-ampullary duodenal mucosa of
humans undergoing endoscopic retrograde cholangio-
pancreatography caused a reduction in the frequency of
sphincter contractions and in duodenal motility, without a
fall in blood pressure, thus facilitating cannulation [99].
This may in the future prove a useful maneuver to inhibit
motor activity in the duodenum and Sphincter of Oddi, thus
facilitating ampullary cannulation.

Antitumor Therapy

The role of NO in tumor biology remains incompletely
understood. NO is known to have both tumor-promoting
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and inhibiting effects, such that the net effect is likely to be
dependent on its local concentration. Indeed, the
participation of NO in the tumoricidal activity of
macrophages was one the earliest roles reported for this
molecule [100]. Inhibition of NO produced by macrophages
lowered the antitumor response, and this seminal finding
was one of the major contributions to the explosion of
research focused on the function and control of NO in
normal and disease states. Though NO may be an important
factor in host defense against cancer, other reports suggest
that NO promotes tumor growth [101,102]. It appears that
the resultant action of NO depends on the stage and type of
cancer, as well as on the quantity of NO produced. Thus,
devising strategies to utilize NO delivery as an antitumor
therapy, such as by the use of NO-donor drugs, will require
further insights into factors such as timing, concentration
and localization of the delivery system. It is difficult, in the
current state of knowledge, to define precisely the possible
role, if any, of NO-donor drugs as antitumor therapies.

Other

GSNO inhibits DNA synthesis and increases cGMP
production by activated T lymphocytes [103], thus
suggesting a possible role of NO donors in the prevention of
T-cell-mediated inflammation. GSNO also has a cytotoxic
effect on leukemia cells; irradiation of GSNO with visible
light (340 or 545nm), which promotes breakdown of
RSNOs to release NO, resulted in enhancement of this
effect, and oxyhemoglobin, a NO scavenger, decreased it
[104]. Thus, GSNO or indeed other RSNOs, alone or with
adjunctive phototherapy, may have a potential future role in
the treatment of leukemias [104].

THE FUTURE OF NO-DONOR DRUGS

Many different NO-donor drugs are now being
developed, as has been discussed here, and many of these
show promise as possible future therapeutic agents
[105,106]. Their chemical properties will in large part affect
their potential clinical usefulness. The ideal agents will
possess the following chemical properties: (a) stability, with
no release of NO during storage but the ability to release NO
in vivo; (b) lipophilicity, in order to increase penetrance into
cells; (c) high degree of purity following chemical synthesis;
(d) lack of toxicity; (e) good oral bioavailability; and (f)
long duration of action, to facilitate dosing. NO-donor drugs
currently available in clinical practice do not, as yet, meet
these goals; they also have other problems associated with
them, including the development of physiological tolerance
(in the case of the organic nitrates), toxicity of breakdown
products (sodium nitroprusside) and lack of tissue
specificity. More recently synthesized NO-donor compounds
overcome many of these difficulties, as has been described in
this review, but their clinical utility is as yet unestablished,
partly because they have only been synthesized relatively
recently, and partly because most of them are poorly
absorbed from the gut, although methods for improved oral
delivery of these drugs are currently being designed. A
challenge for the organic chemist is to develop hybrid NO
donors that can be targeted to areas of early atherosclerosis;
such drugs might prove useful in the prevention of
atherosclerosis progression and, ultimately, thrombosis,
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myocardial infarction and stroke. Only time will tell if such
strategies can be translated into reality.
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ABBREVIATIONS

Cys-NO = S-nitrosocysteine

DNIC = Dinitrosyl iron complex

EDRF = Endothelium-derived relaxing factor
cGMP = Guanosine cyclic -3’,5’-monophosphate
GSH = Glutathione

GSNO = S-nitrosoglutathione

NOS = Nitric oxide synthase

nNOS, = Neuronal, endothelial, and inducible nitric
eNOS, oxide synthase

and iNOS

RSNO = S-nitrosothiol

SNAP = S-nitroso-N-acetylpenicillamine

SNO- = S-nitrosoalbumin

albumin

SNO- = S-nitrosocaptopril

captopril
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