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This review examines the biological significance, therapeutic potential and mechanism(s) of action of
a range of nitric oxide-releasing non-steroidal anti-inflammatory drugs (NO-NSAID) and related
nitric oxide-releasing donating drugs (NODD). The slow release of nitric oxide (NO) from these
compounds leads to subtle changes in the profile of pharmacological activity of the parent, non-
steroidal anti-inflammatory drugs (NSAID). For example, compared with NSAID, NO-NSAID
cause markedly diminished gastrointestinal toxicity and improved anti-inflammatory and anti-
nociceptive efficacy. In addition, nitroparacetamol exhibits hepatoprotection as opposed to the
hepatotoxic activity of paracetamol. The possibility that NO-NSAID or NODD may be of
therapeutic benefit in a wide variety of disease states including pain and inflammation, thrombosis
and restenosis, neurodegenerative diseases of the central nervous system, colitis, cancer, urinary
incontinence, liver disease, impotence, bronchial asthma and osteoporosis is discussed.
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Introduction

Nitric oxide releasing non-steroidal anti-inflammatory drugs
(NO-NSAID) are a novel group of drugs with potential
therapeutic applications in a variety of clinical conditions.
They are synthesized by the ester linkage of an NO-releasing
moiety to conventional non-steroidal anti-inflammatory drugs
(NSAID) such as aspirin (NO-aspirin), flurbiprofen (NO-
flurbiprofen), naproxen (NO-naproxen), diclofenac (nitrofe-
nac) and ibuprofen (NO-ibuprofen), amongst others. The
structures of some of the more widely studied NO-NSAID
are shown in Figure 1.

At present, conventional NSAID are the mainstay for
the treatment of inflammatory disease. However, these
drugs have serious side effects in the gastrointestinal tract
which limit their therapeutic usefulness. The NO-NSAID
may therefore be considered as the lastest addition to a
long list (e.g. enteric-coating of tablets, pro-drugs and
selective cyclo-oxygenase-2 (COX-2) inhibitors) of thera-
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peutic attempts to overcome the gastric injury caused by
NSAID. The capacity of NO-NSAID to release NO
appears to reduce the gastrointestinal toxicity of the

parent NSAID in animals (Wallace er al., 1994a, b).
Several mechanisms are considered to underlie the
protective effect of NO in the stomach including

vasodilation of local mucosal blood vessels, inhibition of
leukocyte adhesion and inhibition of caspase enzyme
activity. Evidence for the relative lack of gastrotoxicity
of NO-NSAID and for the mechanism(s) involved will be
discussed.

Recently, a series of new compounds have been synthesized
in which a NO-releasing group has been linked to parent
molecules which are both chemically and pharmacologically
unrelated to NSAID. The strategy has been to identify novel
molecules with an improved profile of pharmacological
activity either in terms of enhanced therapeutic efficacy or
reduced side effects. Several of these compounds (hereinafter
referred to as nitric oxide donating drugs or NODD) have
been described. Examples include nitroparacetamol (NO-
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(a) NO-aspirin

(b) NO-flurbiprofen

(¢) NO-paracetamol

(d) NO-prednisolone

Figure 1 Chemical structures of various NO-donating drugs.

paracetamol), nitroprednisolone
nitromesalamine (NO-mesalamine).

The aim of this review is to outline the biological
significance and mechanism(s) of action of NO-NSAID and
NODD and to evaluate the potential therapeutic significance
of these novel agents.

(NO-prednisolone) and

Catabolism and pharmacokinetics of
NO-NSAID and NODD: the NO ‘release’
mechanism

The breakdown of NO-NSAID and NODD to yield NO and
the corresponding ‘parent’ compound is a pivotally important
first step in determining the time course and spectrum of
pharmacological activity of this class of compounds. NO-
NSAID and NODD are chemically stable agents and NO
release is therefore achieved enzymatically following exposure
to biological tissues. In this way, it may be suggested that
NO-NSAID perhaps best resemble organic nitrates which
also require metabolic activation prior to NO release. The
process is summarized in Figure 2.

The precise identity of the enzymes involved is not yet
clear, but the bulk of the evidence obtained to date suggests
that release of the NO moiety from NO-NSAID and NODD
occurs as a result of the activity of esterase enzymes (Burgaud
et al., 2002; Cirino et al., 1995; Keeble et al., 2001a). Indirect
evidence for the involvement of cytochrome P450 in NO-

Esterase

® Activate sGC
@ Inhibit caspase(s)
® Reduce COX-2iNOS

induction

Figure 2 The enzymatic catabolism of NO-NSAID. Some of the
potential molecular targets for NO and NSAID and their major
pharmacological effects are indicated.
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NSAID breakdown has also been presented (Grosser &
Schroder, 2000).

Esterases are a large and diverse group of enzymes.
Furthermore, individual esterases exhibit varied substrate
specificity and are capable of hydrolyzing both endogenous
and exogenous esters with a very wide range of structures.
The involvement of esterases in NO-NSAID catabolism is
suggested not only on theoretical grounds (the nitroxybutyl
moiety is linked to the parent compound by an ester bond)
but also by direct experimental evidence. For example,
flurbiprofen is a more potent inhibitor of the aggregation
of human washed platelets in vitro than is NO-flurbiprofen.
However, this potency advantage was abolished when
purified esterase enzyme was added to the platelet suspension
thereby releasing anti-aggregatory NO from its linkage with
NO-flurbiprofen (Cirino et al., 1995).

Estimates of the catabolism of NO-NSAID and NODD
suggest that the rate of NO release from these compounds
both in vitro and in vivo is slow in comparison with other
categories of NO donors such as sodium nitroprusside (SNP)
and S-nitroso-N-acetyl-D,L-penicillamine (SNAP).

In vitro, incubation of NO-mesalamine in buffer, in the
presence of colonic tissue, led to a gradual increase in the
concentration of NOx (i.e. nitrate plus nitrite) over a 30 min
period reaching a plateau at 60 min. In stark contrast,
incubation of an equimolar concentration of SNP under
identical in vitro conditions released more NO (five times
greater than that produced from NO-mesalamine) consider-
ably more quickly (i.e. within 5 min) (Wallace et al., 1999a).
The absolute percentage of NO-mesalamine/SNP catabolized
in these experiments was not determined.

The slow rate of catabolism of NO-NSAID in vitro has
been confirmed by incubation of NO-flurbiprofen in human
whole blood followed by assay for flurbiprofen and NO-
flurbiprofen by high performance liquid chromatography
(HPLC). Prior to commencing incubation, only intact NO-
flurbiprofen was detectable, after incubation for 1 h,
flurbiprofen concentration increased to 35% that of NO-
flurbiprofen and only by 24 h had almost complete
conversion to flurbiprofen taken place (Santini et al., 1996).

In vivo, increases in NOx have been detected in rat plasma
for up to 10 h after oral administration of NO-aspirin
(Cuzzolin et al., 1996). In separate experiments, administra-
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tion of equimolar doses of either aspirin or NO-aspirin to
rats resulted in the appearance of salicylate in plasma within
1 and 2 h, respectively. The amount of salicylate generated by
NO-aspirin was about 45% of that produced by aspirin over
a 6 h period suggesting that catabolism of NO-aspirin was
still incomplete even at this late time stage (Fiorucci et al.,
1999b). Broadly similar data has been obtained by Carini et
al. (2001) who noted detectable levels of nitrosylhaemoglobin
in plasma 1 h after oral administration of NO-aspirin to rats
with peak levels occurring at 4—6 h. Intact nitrofenac has
also been identified in plasma for several hours following
administration to rats (Benoni et al., 1995).

The relatively slow onset of some of the pharmacological
effects of NO-NSAID also imply slow catabolism to NO and
the corresponding parent NSAID. For example, pre-incuba-
tion of NO-flurbiprofen in human blood for 0, 1 or 3 h prior
to stimulation with thrombin resulted in a time-dependent
increase in inhibition of platelet aggregation (Cirino et al.,
1995). Furthermore, NO-aspirin was a less effective inhibitor
of platelet COX activity than aspirin after 1 h preincubation
but showed similar inhibitory potency at longer time periods
(3-24 h) which was probably due to lack of NO-aspirin
catabolism at the 1 h time point (Cuzzolin et al., 1996)

In summary, it seems reasonable to suggest that the
relatively tardy rate of NO cleavage from NO-NSAID and
NODD distinguishes these compounds from ‘classical’ NO
donor drugs.

It is important to realise that a number of key questions
about this crucial step in the biology of NO-NSAID have yet
to be resolved. For example, do all esterases catabolize these
compounds or is just a specific sub-set of these enzymes
responsible? Precisely where are these enzymes located? Are
they extracellular or intracellular? Do NO-NSAID pass
across cell membranes — an obvious requirement if the
esterases are intracellular? Do tissues/cells/species differ in
their esterase activity and what effect does this have on their
biological properties?

Blood plasma contains high esterase activity and it is
therefore reasonable to assume that this may be a major site
for NO release. However, if this is the case then why do NO-
NSAID not affect blood pressure? It might perhaps be argued
that NO is released from these compounds as a ‘slow trickle’
into the bloodstream and is consequently rapidly sequestered
by binding to haemoglobin (or other macromolecules) or by
reacting with other free radicals such as superoxide anion.
However, if such binding (and subsequent biological
inactivation) occurs, then how does the NO contribute to
the biological effects (e.g. anti-inflammatory, hepatoprotec-
tive — see below) of these compounds?

If the NO released is converted to a more stable form (e.g.
nitrosylhaemoglobin, Carini et al.,, 2001), as discussed above,
then may this explain the longevity of some of the biological
effects of NO-NSAID? Indeed, nitrosohaemoglobin has been
proposed as one of the elements (along with the erythrocyte
membrane transporter, anion-exchanger-1) which might enable
NO to ‘circulate’ (Pawloski et al., 2001). Is it possible that NO
released from NO-NSAID is also carried around the blood-
stream in this way? Interestingly, paracetamol (and some other
NSAID) bind avidly to erythrocytes (Pang et al., 1995). If NO-
paracetamol (and other NO-NSAID) retain this ability then the
high concentrations achieved locally in the vicinity of erythro-
cytes may facilitate NO uptake and carriage by these cells.

At this stage, the answers to these various important
questions remain elusive. It is to be hoped that clarification
of these issues will lead to a better understanding of the
pharmacology of these compounds.

Pharmacological effects of NO-NSAID

The majority of the early pharmacological studies with NO-
NSAID focused on their effect on gastrointestinal function
most particularly on stomach ulcer formation and haemor-
rhage. It was soon realized that NO-NSAID usage was
associated with fewer gastrointestinal side effects than
NSAID and attention was therefore switched to an
evaluation of their effect in clinical conditions in which
NSAID have proven efficacy. The clinically beneficial actions
as well as the adverse side effects of NO-NSAID and NSAID
are compared in the following sections.

NO-NSAID and the gastrointestinal tract

Gastrointestinal damage is an important side effect of
NSAID which has been attributed to inhibition of gastric
COX-1 activity leading to loss of cytoprotective prostaglan-
din (mainly PGI, and PGE,) formation. NSAID are the most
commonly self-administered class of drug and gastrointestinal
side effects cause an estimated 16,000 deaths and 107,000
cases of hospitalization each year in the U.S.A. (Fries et al.,
1998).

One of the earliest experimental findings with NO-
NSAID was their ability to ‘spare’ the gastrointestinal
tract after either acute or chronic use in animals. For
example, a single dose of naproxen (80 mg/kg) produced
lesions in the rat stomach within 24 h of administration.
In contrast, an equimolar dose of NO-naproxen was
completely devoid of ulcerogenic activity (Davies et al.,
1997). Similar results have now been reported following
administration to rats of single doses of NO-aspirin
(Takeuchi et al., 1998a, b; Fiorucci et al., 1999a),
nitrofenac (Conforti et al., 1993; Wallace et al., 1994a),
NO-indomethacin (Takeuchi er al, 2001) and NO-
ketoprofen (Wallace et al., 1994a). Furthermore, the
damage to the rat jejunum/ileum following a single
injection of indomethacin was not apparent in animals
given a molar equivalent dose of NO-indomethacin
(Mizoguchi et al., 2001). Injection of NO-flurbiprofen also
failed to damage the rat small intestine whilst extensive
haemorrhagic lesions are observed in animals treated with
similar doses of flurbiprofen (Bertrand er al, 1998;
Somasundaram et al., 1997). From this, it would appear
that acute administration of NO-NSAID is associated with
markedly less toxicity than the parent NSAID, both in the
small intestine and in the stomach.

Similar results have been obtained in animals exposed
chronically to NO-NSAID. Thus, long-term administration
of flurbiprofen (twice daily, 1 week) caused weight loss in rats
associated with reduction in haematocrit and significant
gastrointestinal bleeding. In contrast, NO-flurbiprofen at an
equimolar dose had no such deleterious effect (Wallace et al.,
1994a). Furthermore, chronic treatment of rats with
naproxen caused gastric damage which was not evident in
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NO-naproxen injected animals (Cuzzolin et al., 1995). Very
similar results have been obtained using nitrofenac and
diclofenac (Cuzzolin et al., 1994). Recently, some interesting
findings in animals with experimentally-induced cirrhosis (due
to N-nitrosodiethylamine injection, Kato et al., 2001),
Freund’s adjuvant-induced arthritis (Kato et al., 2001) or
diabetes (Tashima et al., 2000) have been described. In all of
these pathological states, the stomach is exquisitely sensitive
to the toxic activity of aspirin with even very low doses
causing pronounced gastric haemorrhagic lesions. In contrast,
molar equivalent dose of NO-aspirin in these diseased
animals exhibited only very marginal or no gastrotoxic
activity.

In addition to reduced gastrointestinal toxicity relative
to NSAID, NO-NSAID also exert a positive effect on the
gastric damage caused by other noxious stimuli as well as
ameliorating pre-existing gastric lesions. For example, NO-
flurbiprofen significantly restored gastric blood flow which
was reduced by bacterial lipopolysaccharide (LPS) admin-
istration. This vascular event was associated with a
concomitant reduction in the LPS-induced gastric damage
in these animals (Wallace et al., 1995a). Similarly, in a rat
model of haemorrhagic shock, NO-aspirin reduced the fall
in gastric blood flow throughout the shock period
(Wallace et al.,, 1997). Furthermore, NO-aspirin also
dose-dependently decreased the severity of HCl/ethanol-
induced stomach lesions in rats (Takeuchi et al., 1998a).
In all of these cases, the parent NSAID were without
significant beneficial effect. Finally, in a model of
hypothermia-induced haemorrhagic gastric damage, pre-
treatment with indomethacin or aspirin significantly
worsened the severity of the lesions observed whilst NO-
aspirin had no pro-ulcerogenic activity (Ukawa et al.,
1998).

From the foregoing it seems very clear that NO-NSAID
exhibit little gastric toxicity per se and indeed reduce
ulceration produced by other causes in a variety of animal
models. Perhaps of even greater interest is the finding that
NO-NSAID may also be of value for the healing of pre-
existing lesions. Thus, daily administration of nitrofenac (day
7 to 14) after stomach ulcer induction by HClI/ethanol
treatment significantly accelerated ulcer healing. As expected,
the non-NO releasing parent compound, diclofenac, did not
alter ulcer area in the stomach in these experiments (Elliott et
al., 1995). Furthermore, both indomethacin and aspirin pre-
treatment delayed the healing of thermal cauterization-
induced stomach ulcers whilst an equimolar dose of NO-
aspirin actually accelerated the healing process (Ukawa et al.,
1998).

It is therefore tempting to speculate that NO-NSAID may
be of value in the treatment of existing ulcers or, at the very
least, are likely to be of greater therapeutic benefit than
classical NSAID for the treatment of inflammatory disease
in patients with pre-existing gastric damage. To this end,
NO-naproxen (AZD3582) has recently been reported to
cause markedly less gastroduodenal injury (measured as
erosions/ulcers by endoscopy) than did treatment with an
equimolar dose of naproxen in human volunteers. Although
further clinical studies are required it would appear therefore
that the gastric sparing effect of NO-naproxen previously
observed in animals also occurs in man (Hawkey et al.,
2002).

Mechanisms underlying gastrointestinal
tolerance to NO-NSAID

Whilst an abundance of experimental evidence has accumu-
lated testifying to the reduced gastrointestinal toxicity of NO-
NSAID (and indeed highlighting the possibility that these
agents may even protect against ulcer formation) the precise
mechanism(s) involved remain a mystery. Over the years,
numerous explanations have been proposed. Some of these
are described below.

Vasodilatation of the gastric vasculature

As noted above, administration of NSAID is associated with
inhibition of prostaglandin (notably PGI, and PGE,)
formation in the stomach mucosa. These prostaglandins
normally protect the mucosal lining against injurious stimuli
by a number of mechanisms one of which is dilatation of
mucosal blood vessels. In the presence of NSAID, vasodilator
PGIl, and PGE, production is diminished leading to
constriction of mucosal blood vessels with the potential for
ischaemia, leukocyte entrapment and subsequently for
diminished mucosal functionality leading to stomach ulcera-
tion and haemorrhage.

With this in mind it is perhaps not surprising that the
earliest proposed mechanism for the lack of gastric toxicity of
NO-NSAID was NO-mediated mucosal vasodilatation to
counteract the vasoconstrictor effect of the parent NSAID.
Several lines of evidence support this proposal. For example,
in anaesthetized rats, flurbiprofen constricted mesenteric
post-capillary venues by 16.6% whilst NO-flurbiprofen
dilated these vessels by 6.7% (Wallace et al., 1994a).
Similarly, diclofenac administered i.p. in the rat produced a
gradual reduction in gastric blood flow to about 50% of the
basal value after 60 min whilst nitrofenac did not affect blood
flow (Wallace et al., 1994b) suggesting that NO released from
nitrofenac counteracted the vasoconstriction brought about
by diclofenac.

A vasodilator effect of NO released following NO-NSAID
administration most probably plays a significant part in
minimizing the ulcerogenic potential of these compounds.
Intriguingly, as discussed later, NO-NSAID have relatively
weak vasorelaxant activity in vitro and do not affect blood
pressure in vivo. It is therefore conceivable that gastric
mucosal blood vessels dilate after oral ingestion of NO-
NSAID because they are exposed to much higher concentra-
tions of NO than other vascular beds. However, the
possibility that the mucosal vasculature is more sensitive to
released NO or cleaves NO-NSAID to NO more rapidly
(perhaps due to higher endogenous esterase activity) warrants
further study.

Inhibition of leukocyte adhesion

Since NSAID-induced gastric damage is a neutrophil-
dependent process (Lee et al., 1992; Wallace et al., 1990;
Elliot & Wallace, 1998), the effect of NO-NSAID on
neutrophil margination in the gastric mucosal vasculature
has also been investigated as a possible explanation for the
lack of gastric toxicity of this class of compounds.
Administration of flurbiprofen, but not NO-flurbiprofen,
significantly increased leukocyte adherence to mesenteric
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post-capillary venules in anaesthetized rats (Wallace et al.,
1994a). Reduced leukocyte infiltration has also been shown
by measurement of myeloperoxidase (MPO) activity, which is
significantly reduced by NO-aspirin, NO-flurbiprofen and
NO-naproxen, more than their respective parent NSAID
(Fiorucci et al., 1999a).

These effects on leukocyte function most probably reflect
NSAID-mediated inhibition of endothelial COX-1 enzyme
activity to decrease the production of anti-adhesive PGI,
(Gimbrone & Buchanan, 1982). Since NO (released from
NO-NSAID), like PGI,, also inhibits neutrophil adhesion to
the blood vessel wall (Lefer & Lefer, 1996) it is conceivable
that NO ‘replaces’ the lost PGI, not only as a mucosal
vasodilator but also as an endogenous inhibitor of neutrophil
activation.

Whether NO-NSAID also affect other features of the
complex interactions between endothelial cells and circulating
leukocytes perhaps by influencing the generation or function
of leukocyte adhesion molecules is not known. However, NO-
NSAID have been shown to reduce transduction via the NF-
kB pathway which is an important route to expression of
leukocyte adhesion molecules (Roebuck & Finnegan, 1999)
and thus an effect on leukocyte sticking to the endothelium
cannot be discounted. Further experiments are clearly
required to examine the molecular targets underlying this
effect of NO-NSAID.

Caspase inactivation

Caspases are a family of cysteine proteases that resemble
interleukin-15 (IL-18) converting enzyme (ICE). These
enzymes fall into two broad groups, i.e. caspase-1-like
(including caspase-1, -4 and -5) and caspase-3-like enzymes
(for reviews, see Thornberry, 1997; Villa et al, 1997).
Caspase-1 is primarily involved in cytokine release, cleaving
pro-IL-1f to produce IL-1 (Thornberry et al., 1992) and, to
a lesser extent, IL-8/interferon-y (IFN-y)-inducing factor to
IFN-y (Ghayur et al., 1997). Activation of caspase-3-like
enzymes is the major pathway involved in cytokine-induced
apoptosis (for review, see Budihardjo et al., 1999). Studies
using conventional NO donors have revealed that low levels
of NO inhibit cell apoptosis by post-translational inactivation
of caspases 1 and 3 (Dimmeler et al., 1997). These results
suggested that NO-NSAID might inhibit caspase activity in
the gastrointestinal tract.

As predicted, pretreatment of rats with aspirin, but not
NO-aspirin, increased gastric mucosal activity of both
caspases 1 and 3 (Fiorucci et al, 1999a). The precise
mechanism is not clear but NO-NSAID such as NO-aspirin
may cause post-translational inactivation of caspases in a
direct manner by S-nitrosylating cysteine residues in the
enzyme core (Fiorucci et al., 1999a, b; Fiorucci, 2001). In
separate experiments, exposure of gastric mucous cells to
flurbiprofen resulted in concentration—dependent apoptosis
whilst low concentrations of NO-flurbiprofen inhibited
apoptosis and caspase-3 activity in these cells (Johal &
Hanson, 2000). Moreover, NO-aspirin has been shown to
protect gastric chief cells from TNF-o-induced toxicity by
activating cGMP-dependent pathways that lead to inactiva-
tion of caspase-3 (Fiorucci et al., 1999b). The precise
nature of the cGMP-dependent mechanisms are, as yet,
unclear, but the soluble guanylyl cyclase inhibitor, 1H-

[1,2,4] oxadiazolo (4,3-a] quinoxalin-1-one (ODQ), partially
reversed the effect of NO-aspirin on caspase-3 activity
(Fiorucci et al., 1999b). Clearly, the involvement of
guanylyl cyclase/cGMP in the effect of NO-NSAID on
caspase activity may be construed as evidence that the
inhibition observed is NO-dependent.

Overall, the inactivation of caspase(s) appears to be an
important factor in the gastrointestinal tolerability of NO-
NSAID. The finding that NO-NSAID inactivate caspases
raises the exciting possibility that these compounds may be of
therapeutic use in other pathophysiological conditions in
which apoptosis underlies the progression of the disease, e.g.
neurodegenerative disease and liver disease. This possibility is
discussed in more detail later.

Plasma NSAID concentration

As noted previously, the cleavage of NO-NSAID to NO and
free NSAID is a relatively slow process and therefore the
delivery of NSAID into plasma after NO-NSAID adminis-
tration in vivo might be expected to be delayed. If this is
indeed the case then it might be argued that the lack of
significant gastric side effects associated with NO-NSAID use
may be secondary to an altered pharmacokinetic profile of
the parent NSAID.

Certainly, administration of single doses of NO-NSAID in
the rat results in plasma levels of NSAID that are greatly
reduced, i.e. 40—50%, compared with those observed after
injecting equimolar doses of the parent compounds (Fiorucci
et al., 1999b). This evidence supports the possibility that
lower plasma NSAID concentrations following NO-NSAID
administration have a bearing on their enhanced gastro-
intestinal tolerability. However, experiments using higher
doses of NO-NSAID have shown that this is not the case.
For example, NO-naproxen (116 mg/kg) caused no gastric
injury in rats even though this dose actually delivers a higher
plasma level of naproxen than that produced by naproxen
(30 mg/kg) which is toxic to the stomach (Davies et al.,
1997). Similarly, administration of NO-aspirin (450 mg/kg)
resulted in significantly higher plasma salicylate levels than
similar injection of aspirin (150 mg/kg) within 3 h of
administration, but still did not caused mucosal injury when
compared with aspirin alone (Fiorucci et al., 1999b).

Overall, a considerable body of evidence supports the view
that NO-NSAID are less damaging to the gastrointestinal
tract than are the parent NSAID. Indeed, NO-NSAID may
prove to be gastroprotective in their own right. It is probably
unhelpful even to try and ‘single out’ one mechanism of
action. It is more likely that this beneficial response to NO-
NSAID results from a combination of biological effect of the
released NO on blood vessels, circulating blood elements and
mucosal cells in situ.

NO-NSAID and inflammation

Since NSAID are widely used anti-inflammatory agents it is
perhaps not surprising that the anti-inflammatory activity of
NO-NSAID has been a major focus for research with these
compounds over recent years. Indeed, a number of different
inflammatory disease states have been targeted in this period.
Much of the basic work with NO-NSAID has involved the
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use of animal models of either acute (e.g. carrageenan-
induced hindpaw oedema) or chronic (e.g. Freund’s adjuvant-
induced arthritis) inflammation with more recent studies on
the potential application of these new drugs to specific
diseases such as colitis and Alzheimer’s disease. What is
known of the effect of NO-NSAID in each of these
conditions is described below. The possible mechanism(s)
underlying the anti-inflammatory activity of NO-NSAID are
also discussed.

Anti-oedema and anti-arthritis effects

NO-NSAID (like NSAID) exhibit anti-inflammatory activity.
However, the relative potency of NO-NSAID (and the parent
NSAID), varies with the drug chosen and with the model
employed.

Thus, nitrofenac suppressed carrageenan-induced rat
hindpaw oedema with a potency similar to that of diclofenac
(Conforti et al., 1993; Wallace et al., 1994b). NO-naproxen
and naproxen (Davies et al., 1997) and NO-indomethacin and
indomethacin (Takeuchi et al., 2001) also caused similar anti-
oedema effects in this inflammatory model. NO-aspirin and
NO-flurbiprofen produced equal and, at some time points,
greater inhibition of carrageenan-induced rat hindpaw
oedema when compared with the molar equivalent doses of
their parent compounds (Al-Swayeh er al., 1999; 2000a).
Chronic treatment with NO-naproxen or naproxen (Cicala et
al., 2000; Cuzzolin et al., 1995) and nitrofenac or diclofenac
(Cuzzolin et al., 1994) elicited similar anti-inflammatory
activity in a Freund’s adjuvant model of arthritis in the rat.
Finally, NO-paracetamol was significantly more potent (on a
molar basis) than paracetamol as an inhibitor of carrageenan-
induced rat hindpaw oedema (Al-Swayeh et al., 2000b).

In addition to an anti-inflammatory effect in such models,
NO-NSAID may influence other features of the inflammatory
response. For example, chronic treatment of rats with NO-
naproxen (but not naproxen) enhanced collagen deposition at
the site of an inflammatory ‘wound’ (caused by prior
subcutaneous implantation of polyvinyl sponges) implying
that at least this aspect of the healing process may be
accelerated by the NO-NSAID (Muscara et al., 2000b). In
addition, NO-paracetamol and paracetamol exhibit similar
anti-pyretic activity in rats challenged with LPS (Fiorucci et
al., 2002).

The effect of NO-steroids on inflammatory disease has also
been investigated. One of the major therapeutic targets for
NSAID and/or steroids is rheumatoid arthritis. Pretreatment
with NO-prednisolone has been shown to reduce all
measured parameters of inflammation (e.g. leukocyte infiltra-
tion, chemokine generation) in a rat model of collagen-
induced arthritis (Paul-Clark et al., 2002). NO-prednisolone
also exhibited potent anti-inflammatory activity in a variety
of other models of inflammation including zymosan-induced
peritonitis and in a chronic model of granulomatous
inflammation (Paul-Clark ez al., 2000). In each of these
various tests, NO-prednisolone proved to be significantly
more potent than prednisolone on a molar basis.

Irritable bowel disease and colitis

Mesalamine (5-aminosalicylic acid) is one of the most
commonly used drugs for the treatment of inflammatory

bowel disorder (IBD) (Small & Schraa, 1994). It is
believed to be the active moiety of sulphazalazine (Azad
Khan et al.,, 1997). Although adverse effects are quite
common with this drug they are mainly reversible and
usually not serious (Watkinson, 1986). However, mesala-
mine is not effective in a large number of patients with
IBD (Bresci et al., 1990; Watkinson, 1986) raising the
possibility that a NO-releasing derivative of mesalamine
may be of therapeutic benefit.

In a rat model of colitis, mesalamine caused a marked
reduction in colonic damage score. Interestingly, NO-
mesalamine was significantly more effective than mesalamine
(Wallace et al., 1999a). The precise mechanism of the
augmented effect of NO-mesalamine in this condition is not
known. Both NO-mesalamine and mesalamine inhibited
FMLP-induced leukocyte adherence to mesenteric vascular
endothelium, yet only NO-mesalamine significantly reduced
colonic tissue levels of MPO (a marker of neutrophil
infiltration). Furthermore, the diameter of mesenteric venules
was not affected by mesalamine but was significantly
increased by NO-mesalamine, suggesting that vasodilatation
by NO may have contributed to the reduction of colonic
damage (Wallace et al., 1999a).

In separate experiments, neither NO-aspirin nor nitrofenac
affected the severity of colonic damage in rats, but both drugs
reduced colonic tissue MPO activity (Reuter et al., 1994;
Wallace et al., 1999a). Unlike NO-mesalamine, NO-aspirin
did not affect mesenteric vessel diameter in colitic rats,
further indicating that the capacity of NO-mesalamine to
cause vasodilatation may explain, at least in part, its
protective effect.

More recently, it has also been demonstrated that NO-
mesalamine, but not mesalamine, produces a concentration—
dependent inhibition of caspase activity in colonic epithelial
cells (Fiorucci et al., 2001a) and may therefore prevent
apoptosis of these cells.

Inflammatory diseases of the CNS

Numerous reports in the literature suggest that chronic
ingestion of NSAID is associated with a reduced risk of
developing Alzheimer’s disease (AD; Jenkinson et al., 1989;
McGeer et al., 1990). NSAID can also slow the impairment
of cognitive function in patients already diagnosed with AD
(reviewed by Hull et al., 2000). It is now clear that chronic
inflammatory processes take place in the brains of AD
patients (reviewed by Rogers, 1995) leading to a decline in
the number of cholinergic neurones within the basal
forebrain. Significant inflammatory events that have been
noted include the release of cytokines such as IL-1§ and
TNF-a (Griffin et al., 1998), and activation of caspase
enzymes (Shimohama et al., 1999). Albeit protective in AD,
the gastrointestinal side effects of NSAID limit their long-
term usefulness in such patients.

Since  NO-NSAID not only inhibit caspase activity
thereby protecting cells against cytokine-induced apoptosis
(Fiorucci et al., 1999a, b), but are also less toxic to the
gastrointestinal tract than NSAID it is possible that these
compounds may prove suitable for the treatment of AD.
In a rat model of AD (intraventricular infusion of LPS)
daily treatment with NO-flurbiprofen resulted in fewer
reactive brain microglia than was apparent in animals
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treated with aspirin (Hauss-Wegrzyniak er al., 1999a).
Interestingly, the same authors have also noted that the
effect of NO-flurbiprofen on chronic neuroinflammation in
this model is age-dependent and suggested that therapy
with NO-NSAID should, preferably, begin from an early
age in order to maximize the palliative effect of these
compounds (Hauss-Wegrzyniak et al., 1999b). In a recent
study, NO-flurbiprofen has been shown to reduce brain
beta-amyloid in amyloid precursor protein plus presenilin-
transgenic mice (a model of Alzheimer’s disease). This
was associated with activation of microglia which are
presumed to be responsible for clearing beta-amyloid
deposits. Interestingly, NO-aspirin proved more efficacious
than either ibuprofen or the selective COX-2 inhibitor,
celecoxib, in these experiments (Jantzen et al., 2002).

The neuroprotective effect of NO-NSAID has addition-
ally been evaluated in a rat model of stroke/ischaemic
brain damage. NO-aspirin (100 mg kg~'i.p.) administered
10 min after permanent middle cerebral artery (MCA)
occlusion afforded greater neuroprotection than either the
powerful anti-excitatory drug, FK506 (1 mgkg™'), or
aspirin (100 mg kg=' i.p.) in rats with 24 h post-ischaemic
survival (Fredduzzi et al., 2001). In these experiments,
aspirin was not neuroprotective, strongly suggesting that
NO release accounts for the protective action of NO-
aspirin in this model. The mechanism(s) underlying this
effect are not clear but it is possible that NO positively
influenced the viability of cells at the margins of the
ischaemic zone, i.e. the penumbra, by improving blood
flow to this region and thereby reducing the size of the
cerebral infarct, i.e. the area of dead tissue. Whether the
ability of NO-NSAID to inhibit caspases and, thus,
apoptosis (Fiorucci et al., 1999a, b) also contributes to
the reduction in infarct size observed after treatment with
NO-aspirin remains to be determined.

The mechanism of the anti-inflammatory
activity of NO-NSAID

Whilst NO-NSAID exhibit anti-inflammatory activity in a
variety of different tests the explanation for the enhanced
activity of these compounds, observed with some compounds
in some animal models, is unknown. A number of putative
mechanisms have been put forward.

Firstly, there are a number of reports in the literature
that NO-NSAID (but not the corresponding NSAID)
inhibit cytokine formation. The ability of a range of NO-
NSAID to inhibit caspase-1 (ICE) activity, thereby
reducing the formation of pro-inflammatory IL-1f, has
been discussed in a previous section of this review and
provides a possible explanation for the reduced gastric
damaging effect of these compounds (see Fiorucci et al.,
1999a, b; Fiorucci, 2001). A similar action may contribute
to the enhanced anti-inflammatory effect of NO-NSAID.
Interestingly, the nitric oxide-releasing steroid, NO-pre-
dnisolone, also reduces IL-1f formation by LPS-treated
human peripheral blood mononuclear cells. Prednisolone
was considerably less potent in this assay suggesting that
the causative agent was NO (Paul-Clark et al., 2000). IL-
18 is not the only cytokine to be affected. NO-aspirin
(but not aspirin) dose dependently inhibited interleukin-6

(IL-6) and tumour necrosis factor-o (TNF-o) formation by
LPS-challenged human monocytes (Minuz et al., 2001b).
It is therefore tempting to suggest that a NO-mediated
inhibition of pro-inflammatory cytokine biosynthesis
results from administration of both NO-NSAID and
NO-releasing steroids. Whether this action is causally
related to the anti-inflammatory effect of these drugs or is
merely a secondary response to reduced inflammation
brought about by other, unrelated mechanisms remains to
be determined.

Bearing in mind the chemical nature of NO-NSAID, the
possibility that the chemical modification of NSAID to yield
the corresponding NO-NSAID interferes with the ability of
the parent compound to inhibit COX activity should be
considered. However, this is unlikely to be the case since
pretreating animals with NO-NSAID (e.g. NO-flurbiprofen,
nitrofenac, NO-aspirin) or equimolar doses of the corre-
sponding parent NSAID caused similar inhibition of COX
activity in tissues ex vivo (Bertrand et al., 1998; Wallace et al.,
1994b; Reuter et al., 1994). In related experiments, nitrofenac
and diclofenac were also equipotent as inhibitors of COX-1
and COX-2 (Reuter et al., 1994). It therefore seems unlikely
that the incorporation of a NO-releasing ester moiety into
NSAID creates a ‘super-NSAID’ with enhanced COX
enzyme inhibitory activity.

Although the enhanced anti-inflammatory activity of NO-
NSAID is not explained by greater inhibition of COX
enzyme activity an effect on the induction of COX-2 cannot
be ruled out. For example, NO-aspirin and NO-paracetamol
inhibit induction of COX-2 and inducible nitric oxide
synthase (iNOS) in lipopolysaccharide (LPS)-pretreated
cultured J774 macrophages (Churchman et al., 2001). NO-
flurbiprofen has a similar effect to reduce iNOS expression
both in J774 macrophages (Cirino et al., 1996) and in rat
neutrophils (Mariotto et al., 1995). In all of these cases, the
parent compounds (i.e. aspirin, paracetamol or flurbiprofen)
are devoid of any such activity. At odds with the finding that
NO-NSAID reduces iNOS expression in inflammatory cells is
the observation that, in LPS-challenged brain microglial
cultures, NO-flurbiprofen (but not flurbiprofen) actually
increases expression of this enzyme (Ajmone-Cat et al.,
2001). Whether this reflects differences in the response to NO
of brain and peripheral macrophages remains to be
determined.

Interestingly, there are several reports in the literature that
NO may modulate NF-xB activity either by interfering with
the phosphorylation of IxkB (Peng et al., 1995) and/or by
inhibition of NF-xkB-DNA binding affinity by nitrosation of
the p50 subunit (Matthews et al., 1996). Evidence for an
effect of NO-NSAID on the NF-«kB pathway has recently
been presented (Cui et al., 2001).

Since NF-xB is also responsible in large measure for the
cytokine-driven generation of leukocyte adhesion molecules
(Roebuck & Finnegan, 1999) it is not inconceivable that NO
release from NSAID may affect this process in such a way as
to reduce neutrophil recruitment into the inflamed area. Such
a possibility has already been raised in this review as one of
the factors underlying the inhibition of neutrophil adhesion
in gastric mucosal blood vessels as an explanation for the
lack of gastric toxicity of these compounds. Clearly, further
experiments to investigate this intriguing hypothesis are
needed.
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NO-NSAID: pain and hyperalgesia

One of the main therapeutic applications of NSAID is
analgesia. PGE, and PGI,, synthesized at the site of
inflammation, have long been recognized to sensitize the
firing of peripheral nociceptors (Ferreira, 1972). More
recently, a permissive role for prostaglandins (synthesized
by COX-2) in spinal pain perception has also been noted
(e.g. Yamamoto & Nozaki-Taguchi, 1996; Yaksh et al.,
2001). In either case, NSAID-induced inhibition of
prostaglandin  production accounts for the analgesic
activity of these compounds in inflammatory pain and
hyperalgesia.

Compared with the now established role for prosta-
glandins in pain perception, the part played by NO in
this process is less clear (for review, see Luo &
Cizkova, 2000). In the dorsal horn of the spinal cord,
NO release promotes glutamate and neurokinin A
release from afferent sensory nerve endings and in this
way triggers central sensitization (‘wind up’) of dorsal
nociresponsive neurones. As such, NO donor drugs,
acting in the spinal cord, might perhaps be expected to
promote pain perception. In stark contrast, NO donors
acting at peripheral sites have been demonstrated to
reduce pain perception. Clearly, the precise role of NO
in pain and hyperalgesia is likely to depend on a
variety of factors.

With this in mind, it is of interest that acute NO-
naproxen injection inhibited acetic acid-induced abdominal
constrictions in the mouse at lower doses than naproxen.
Similarly, chronic treatment with NO-naproxen resulted in
greater anti-nociception in a Freund’s adjuvant-induced rat
model of arthritis than did identical treatment with
naproxen (Cicala et al., 2000). Moreover, NO-aspirin (Al-
Swayeh et al., 1999) and NO-paracetamol (Al-Swayeh et
al., 2000) were markedly more effective in the mouse acetic
acid-induced abdominal constriction test than the parent
molecules and also produced greater anti-nociception in
rats in which hyperalgesia was induced by intraplantar
carrageenan injection (Al-Swayeh et al, 1999; 2000). In
separate experiments, NO-paracetamol (but not paraceta-
mol) pretreatment of rats reduced action potential
generation and ‘wind-up’ in dorsal horn neurones suggest-
ing a spinal site of action of the released NO (Romero-
Sandoval et al., 2002).

The rationale for the enhanced anti-nociceptive activity
of NO-NSAID is not clear. The inability of naloxone to
reduce the anti-nociceptive effect of NO-paracetamol
(Romero-Sandoval et al., 2002) suggests that release of
endogenous opioids are not involved. Alternative mechan-
isms must therefore be sought. NO, or one of its redox
species, has been suggested to interact with, and reduce
transmission via, NMDA receptors in the spinal cord (e.g.
Lipton et al., 1994). Since glutamate promotes spinal pain
perception by stimulating NMDA receptors, a reduction
of transmission via these receptors would be expected to
inhibit hyperalgesia. Clearly, the interaction between
prostaglandins and NO in terms of pain perception both
at peripheral sites of inflammation and in the spinal cord
is complex and further studies will be required to
determine how and under what experimental conditions
these are affected by NO-NSAID.

Platelets, thrombosis, atherosclerosis and
restenosis

The use of aspirin for the prevention and treatment of
cardiovascular disease, in particular thrombosis, is well
established (Harter et al., 1979; Hirsh, 1979). Aspirin exerts
its anti-thrombotic effects by irreversible inhibition of COX-1
thereby reducing formation of pro-aggregatory TXA, by
platelets and anti-aggregatory PGI, by vascular endothelial
cells (Schror, 1997). Whilst endothelial cells are able to
synthesize new COX-1 enzyme, platelets cannot, and aspirin
consequently ‘tips the balance’ towards inhibition of platelet
aggregation.

Aspirin is not universally effective in all animal models of
thrombosis perhaps because it inhibits only one pathway of
platelet aggregation thereby leaving alternative pathways (e.g.
mediated by ADP and PAF) unaffected. However, NO is a
potent inhibitor of platelet activation and adhesion to the
vessel wall (see Ignarro, 1999). Thus, NO-aspirin may, at
least in theory, be expected to exhibit a greater degree of
inhibition of platelet function. In addition, the vasodilator
activity of NO may assist in counteracting the vasoconstric-
tion caused by platelet-derived mediators such as TXA,.

Increased anti-thrombotic potency of NO-aspirin, relative
to aspirin, has been observed both in vitro and in vivo. Thus,
NO-aspirin inhibited platelet aggregation in rat and human
platelets in vitro with greater potency than aspirin (Lechi et
al., 1996; Wallace et al., 1995b). Furthermore, in murine
models of pulmonary thromboembolism, aspirin pretreatment
proved to be effective only against collagen or adrenaline-
induced thrombus formation and then only at the highest
dose used (300 mg kg='i.p.). In contrast, a single (lower)
dose of NO-aspirin (60— 120 mg kg~ ' i.p.) protected mice not
only against death induced by i.v. injection of collagen or
adrenaline but also following treatment with U46619 (a stable
TXA, analogue), thrombin and injection of rat swollen,
hardened red blood cells (i.e. mechanically-induced throm-
bosis) (Momi et al., 2000). In the same study, NO-aspirin was
also more effective than aspirin in reducing the collagen or
adrenaline-induced fall in circulating platelets. That NO-
aspirin was effective against mechanically-induced thrombus
formation supports the possibility that vasodilatation by NO-
aspirin may contribute to its protective effect in this model
(Momi et al., 2000). Finally, it should be noted that anti-
thrombotic activity in vivo is not restricted to NO-aspirin.
Collagen-induced thromboembolism in the mouse can also be
reduced by pre-treatment with NO-flurbiprofen. In these
experiments, flurbiprofen was also effective but significantly
less potent that NO-flurbiprofen (Cirino et al., 1995). Finally,
NO-aspirin (but not aspirin) also reduces tissue factor
expression and activity in LPS-challenged human monocytes
(Minuz et al., 2001a, b). Whether this influences thrombosis
in vivo remains to be determined.

As far as we are aware, the relative anti-platelet potency of
NO-aspirin and aspirin in man has yet to be investigated.
Such studies are of major importance since they are likely to
provide valuable insights into the possibility of using NO-
aspirin (or related drugs) for the treatment of thrombotic
disease.

In the past, anti-thrombotic drugs such as aspirin have
been used as standard treatment for patients undergoing
percutaneous coronary angioplasty (PTCA) in an attempt to
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prevent restenosis. However, aspirin exhibits only modest
therapeutic effects on restenosis (Terres et al., 1992) and
gastrointestinal side effects limit its usefulness. Damage to
coronary vessels during PTCA can result in concomitant
impairment of endothelial function and with this in mind, it
may be argued that evaluation of NO at the site of such an
injury may prevent the consequences of impaired NO-
dependent mechanisms. Thus, NO-aspirin might conceivably
replace the ‘missing’ NO and thereby provide a superior
choice of therapy for this condition when compared to
aspirin alone.

Indeed, in a model of restenosis in hypercholesterolaemic
mice, NO-aspirin has been found to reduce restenosis to a
greater degree than aspirin with this effect also occuring at
lower doses (Napoli et al., 2001). In a follow-up study, NO-
aspirin (but not aspirin) also reduced restenosis (due to
carotid balloon injury) in aged rats (Napoli et al., 2002). In
addition to NO-aspirin, a beneficial effect of NO-flurbiprofen
in a rat model of vascular injury and restenosis has also been
observed. In these experiments, NO-flurbiprofen (but not
flurbiprofen) significantly reduced neointimal proliferation
following PTCA. The biological effect of NO-flurbiprofen
was correlated with an increase in plasma NOx concentration
and it was therefore concluded that the benefit conferred was
due to NO release from the compound (Maffia et al., 2002).
In this context, it is of interest that effects of NO-NSAID on
vascular smooth muscle proliferation have also been
reported. Low concentrations of NO-aspirin (and other NO
donors) inhibit growth of cultured rat aortic smooth muscle
cells by a mechanism most probably related to S-nitrosylation
of ornithine decarboxylase (Ignarro et al., 2001).

Interestingly, NO-aspirin reduced ischaemia-induced da-
mage to the isolated perfused rabbit heart whilst aspirin
and celecoxib exacerbated the resulting myocardial dysfunc-
tion (Rossoni et al., 2002). A similar protective effect on
myocardial damage (determined as incidence of arrhyth-
mias, infarct size and mortality) was apparent after
pretreating anaesthetized rats (Rossoni et al., 2001) or
rabbits (Rossoni et al., 2000) with NO-aspirin (and to a
much lesser extent, aspirin). Furthermore, NO-aspirin also
reduced myocardial injury following ischaemia and reperfu-
sion in the pig (Wainwright er al., 2002). Whether this
protective effect reflects coronary vasodilatation, neutrophil
and/or platelet trapping in the coronary microcirculation,
direct effects on cardiac cells or a combination of all three
is not yet clear.

Overall, it would appear that NO-aspirin (and possibly
other NO-NSAID) may merit consideration as alternatives to
classical NSAID especially in situations when gastrointestinal
intolerance to these compounds is a problem.

Cancer chemotherapy

The long-term use of NSAID significantly reduces the
incidence of some forms of cancer notably colon cancer
(for review, see Lupulescu, 1996; Bakhle, 2001). Various
animal and human tumour tissues contain high concentra-
tions of prostaglandins (Lavagna et al., 2001), which have
well characterized tumour-promoting activities (see Lupules-
cu, 1996; Smythies, 1979). Such prostaglandins are derived
from COX-2 enzyme activity (Lim et al., 2001; for review, see

Watanabe et al., 2000) and act to inhibit apoptosis (DuBois
et al., 1996). Inhibition of apoptosis improves the life span of
cells, increasing the probability of mutations occuring and,
thus, the likelihood of uncontrolled cell division. Inhibition of
COX by NSAID therefore decreases tumour growth (for
review, see Moore & Simmons, 2000). However, as has been
noted for other clinical conditions, the gastrointestinal side
effects of these drugs can limit their use in cancer
chemoprevention and as such NO-NSAID might provide a
safer alternative to the traditional NSAID.

Perhaps not surprisingly, NO-NSAID have been shown to
affect cancer growth both in vivo and in vitro. For example, in
an in vivo rat model of colonic adenocarcinoma, treatment
with aspirin reduced the number of aberrant crypt foci
induced by trinitrobenzene/sulphonic acid by 64%, whilst
NO-aspirin was more effective (85% reduction) (Bak et al.,
1998).

Similarly, in a cultured colonic adenocarcinoma cell line,
nitrosulindac exerted a more potent inhibitory effect than
sulindac on the growth of these cells (Lavagna et al., 2001).
The superior effect of NO-sulindac again suggests that the
NO moiety was, at least partly, responsible for the
enhanced anti-neoplastic activity of this drug (Lavagna et
al., 2001).

Overall, the NO moiety of NO-NSAID appears to exert an
anti-proliferative activity which is independent of the effects
of NSAID. Consequently, NO-NSAID appear to be more
potent than the corresponding NSAID in the prevention of
tumour growth. However, the exact mechanism(s) underlying
this effect of NO has not, as yet, been determined.

Bone, calcium and osteoporosis

Prostaglandins have a regulatory effect on bone resorption.
The principle effect of PGE,, is to stimulate both bone
resorption and formation (for review, see Kawaguchi et al.,
1995). Prostaglandins may play an important role in post-
menopausal bone density reduction since oestrogen defi-
ciency, which decreases bone turnover, has also been found
to increase prostaglandin biosynthesis in bone (for review,
see Kawaguchi et al., 1995). With this in mind, NSAID have
been shown, in some models at least, to exert a positive
effect on bone mass. For example, flurbiprofen depresses
bone resorption in young rats without lowering bone
formation (Jee et al., 1988) and decreases the resorption of
bone in chronic destructive periodontal disease in beagles
(Williams et al., 1985).

NO also has a positive effect on bone density (Van’t Hof
& Ralston, 2001) and the possibility has therefore been
raised that NO-NSAID, by combining two potentially
useful therapeutic entities, may be a good choice for the
drug therapy of this condition. Ovariectomized B57B16
mice treated daily with flurbiprofen or vehicle over a 3
week period exhibited reduced bone mass density (BMD).
In contrast, NO-flurbiprofen-treated mice showed little
change in BMD (Armour et al., 2001). Furthermore, in
vitro, NO-flurbiprofen strongly inhibited both basal and IL-
I-stimulated osteoclast formation and resorption while
flurbiprofen had little effect on osteoclast numbers and
only partially reversed the effects of IL-1 (Armour et al.,
2001).
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Although still at a preliminary stage, the evidence available
to date suggests that NO-NSAID may have a beneficial effect
for the therapy of osteoporosis.

Vascular reactivity and blood pressure:
NO-NSAID as atypical NO donors?

From the foregoing it will be clear that several of the
pharmacological effects of NO-NSAID described to date may
be accounted for by an effect on blood vessel tone or vascular
perfusion. It is therefore especially important to evaluate here
the interaction of these compounds with the cardiovascular
system.

It is well established that NO is a potent vasodilator both
in vitro and in vivo by activating soluble guanylyl cyclase
(sGC) in vascular smooth muscle cells (Ignarro, 1999;
Moncada, 1997) leading to accumulation of intracellular
cGMP. It might therefore be expected that low doses of NO-
NSAID would be able to relax blood vessels. However, this
does not seem to be the case.

To date, there have been relatively few attempts to examine
the vasorelaxant effect of NO-NSAID in vitro. Adami et al.
(1996) reported that NO-flurbiprofen caused dose-dependent
relaxation of precontracted rat aortic rings. In addition, we
have recently shown that NO-aspirin, NO-prednisolone, NO-
flurbiprofen and NO-paracetamol relax the noradrenaline-
precontracted rat aorta and that NO-flurbiprofen is,
additionally, vasodilator in the perfused rat renal vascular
bed (Keeble et al., 2001b). Such a vasorelaxant effect is
secondary to NO release since responses were potentiated by
the cGMP phosphodiesterase inhibitor, zaprinast and re-
duced by ODQ. However, NO-NSAID are considerably less
potent vasorelaxants than ‘classical’ nitrovasodilators. In the
noradrenaline-precontracted rat aorta, for example, SNP
(ECsg, 35.7 nM) was at least three orders of magnitude more
effective than NO-NSAID (ECsps in the range, 71 —688 um)
(Keeble et al., 2001b).

The relative lack of vasorelaxant effect of NO-NSAID in
vitro is reflected in the inability of these compounds to reduce
systemic blood pressure in normotensive animals in vivo.
Thus, i.p. or p.o. administration of NO-NSAID to rats
produced no significant change in blood pressure or heart
rate over the following several hours whilst, in identical
experiments, an equimolar dose of sodium nitroprusside
resulted in severe hypotension causing death within 5 min
(Wallace et al., 1994a). Furthermore, NO-aspirin did not
affect blood pressure in the anaesthetized pig (Wainwright et
al., 2002).

However, NO-NSAID are not totally devoid of effects on
the vascular system. For example, as noted previously, single
doses of several NO-NSAID (NO-flurbiprofen, NO-ketopro-
fen) dilate the gastric vasculature (Wallace er al., 1994a).
Furthermore, a significant hypotensive response to NO-
aspirin has been noted in hypertensive rats (Muscara et al.,
2001). Chronic treatment with NO-NSAID has also
uncovered a vasodilator effect of NO released from these
compounds. Thus, long-term administration of either naprox-
en or NO-naproxen increased blood pressure in conscious
rats (Muscara et al., 1998). However, the vasopressor effect
of NO-naproxen was significantly less than that of naproxen
implying that release of NO, at least partly, counteracted the

hypertensive effect of naproxen. Similarly, the vasopressor
effect of chronic L-NAME treatment in rats is potentiated by
naproxen, but reduced by NO-naproxen (Muscara et al.,
1998) and NO-aspirin (Muscara et al., 2001). Also, in a
model of hypertension induced by occluding one renal artery,
naproxen (administered daily for 2 weeks from 2 weeks after
occlusion) significantly exacerbated the increase in blood
pressure whilst, in contrast, NO-naproxen significantly
reduced blood pressure (Muscara et al., 2000b). Intriguingly,
whilst NO-flurbiprofen has no effect on blood pressure of
anaesthetized rats per se it has been reported to prevent the
long-term (5 h) fall in blood pressure after injection of
bacterial LPS (McLoughlin et al., 1999) and to reduce the
hyporeactivity of aortic rings removed from LPS-challenged
cirrhotic rats (Lefilliatre et al., 2001). The mechanism which
underlies this protective effect of NO-flurbiprofen on the
vasculature is not known but may involve inhibition of LPS-
mediated vascular iNOS expression. Certainly, such observa-
tions are potentially of clinical significance for the treatment
of conditions such as septic shock.

The mechanism(s) underlying the lack of vasodepressor
activity of NO-NSAID in normotensive animals are not
clear. However, the slow release of NO from these
compounds may mean that the amount of ‘active’ NO
present at vascular smooth muscle sites at any one point in
time is insufficient to cause widespread vasodilatation in the
animal. Of course, this does not necessarily mean that
changes in blood flow through individual vascular beds (e.g.
the gastric mucosa) do not occur after NO-NSAID
treatment. The ability of NO-NSAID to lower blood pressure
in hypertensive animals cannot be explained at the present
moment. It might be argued that an increase in blood
pressure may, by some unknown mechanism, render vascular
tissue more sensitive to NO released from these compounds.
Further experiments to examine this possibility would be of
value.

In summary, whilst the underlying mechanisms remain
unclear, it seems reasonable to suggest that the lack of
cardiovascular activity of NO-NSAID in normotensive
animals renders these compounds useful experimental tools
with which to probe further the vascular pharmacology of
NO. Furthermore, if the absence of significant vasodepressor
effect of these compounds is confirmed in human subjects
then NO-NSAID may provide a safer alternative than the
parent NSAID for use in patients suffering from hypertension
or other vascular states (e.g. angina pectoris, Raynaud’s
disease) in which localized vasoconstriction of vascular beds
is to be avoided.

NO-donating drugs (NODD): a ‘second
generation’ of compounds with an ester-linked
NO moiety and reduced side effects?

As mentioned previously, since the introduction of NO-
NSAID a range of other compounds (unrelated to NSAID)
have also been synthesized with an ester-linked NO moiety.
Examples include nitric oxide releasing-paracetamol (NO-
paracetamol), prednisolone (NO-prednisolone) and mesala-
mine (NO-mesalamine).

As with NO-NSAID, the NO moiety in NODD is released
by esterase action and then acts to lessen the adverse side
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effects of such compounds. For example, it is well established
that high concentrations of paracetamol cause severe and
often fatal acute liver failure in man (Plevis et al., 1998). In
studies in the rat, administration of paracetamol produced
significant rises in plasma enzyme markers of liver injury (e.g.
aspartate aminotransferase, alanine aminotransferase) after
6 h whilst administration of the molar equivalent dose of
NO-paracetamol was devoid of hepatotoxic activity (Futter et
al., 2001). Furthermore, recent work has revealed that NO-
paracetamol is safe in mice with pre-existing liver disease and
even protects against the hepatoxic effects of co-administered
paracetamol (Fiorucci et al., 2002).

Similarly, the side effects of prednisolone (e.g. hyperten-
sion, osteoporosis) are very much less apparent with its NO-
releasing derivative. For example, chronic treatment (3
weeks) of rats with NO-prednisolone resulted in a signifi-
cantly lower blood pressure than in animals given the same
molar dose of prednisolone (Di Filippo et al., 2000).
Furthermore, incubation of NO-prednisolone with primary
osteoclasts in vitro has been shown to cause a significant
reduction in bone resorption when compared to identical
treatment with prednisolone (Di Filippo et al., 2000)
suggesting a bone-sparing effect of NO-prednisolone.

Incorporation of a NO-releasing moiety has therefore
proved very successful in limiting the side effects of both
paracetamol and prednisolone at least in laboratory animals.
Further research is now necessary to investigate the effects of
concomitant NO release on the side effects of other
compounds and to determine whether similar reduction in
side effects is seen in man.

Potential therapeutic applications of NODD
Treatment of impotence

Sildenafil is a potent and selective phosphodiesterase-5
(PDES) inhibitor (see Corbin & Francis, 1999). The target
organ for sildenafil is the penis where the drug elevates
c¢GMP levels in the corpus cavernosum thereby enhancing the
capacity of the penis to both erect and thereafter to remain
erect (Goldstein et al., 1998). Although sildenafil is reason-
ably effective in diabetics with impotence it is less effective
than in non-diabetic, impotent men (Palumbo et al., 2001;
Rendell et al., 1999). Since impairment of NO release from
nitrergic nerves can underlie impotence and endothelial
dysfunction (with diminished NO release) is a common
symptom of diabetes (Sullivan et al, 1998) it seems
reasonable to propose that a NO releasing compound of
sildenafil may present a better choice of anti-impotence drug
for men with diabetes.

Although the direct testing of such a hypothesis in male
volunteers has yet to be carried out some data to support
this possibility has been obtained from experiments in
animals. For example, sildenafil nitrate was some 5-10
times more potent than sildenafil in relaxing phenylephrine-
precontracted strips of corpus cavernosum from hypercho-
lesterolaemic rabbits (Riffaud er al., 2001). Moreover, in
human corpus cavernosum tissue, sildenafil did not affect
c¢GMP concentration in the absence of a NO donor whereas
sildenafil nitrate increased cGMP concentrations in this
preparation in a concentration-dependent manner in the

absence of any other drug (Riffaud ez al., 2001). It might be
argued that the absence of ‘NO drive’ (provided by the NO
donor) in this animal model may be akin to the situation in
diabetics.

Bronchial asthma

Salbutamol, a f2-adrenoceptor agonist, is widely used for the
treatment of asthma (see Price & Clissold, 1989). It inhibits
bronchoconstriction of airway smooth muscle in response to
spasmogens such as histamine (Cockcroft et al., 1977). Since
NO is also bronchodilator (Dupuy et al., 1992), a NO-
releasing salbutamol compound may therefore provide a
more powerful bronchodilator than salbutamol alone.

Recent work has revealed that salbutamol nitrate causes
dose-related inhibition of histamine-induced bronchoconstric-
tion in guinea-pigs (Toward et al., 2001. Indeed, at the
highest dose of the compound used, histamine-induced
responses were almost completely abolished. Salbutamol
nitrate was more potent than salbutamol in this study.

In addition to f-adrenoceptor agonists, steroids are also
a first line of therapy for the treatment of asthma (Suissa
& Ernst, 2001. Accordingly, NO-steroids have also been
studied for their effect in this disease. The anti-inflamma-
tory activity of NO-prednisolone has been described earlier
in this review. A NO-releasing moiety has now been
attached to budesonide, dexamethasone and hydrocortisone
to produce their respective NODD. All of these NO-
releasing steroid derivatives possess more potent anti-
inflammatory activity than their parent compounds in vitro
which effect was coupled with a concentration-dependent
bronchodilator activity in vivo (Tallet et al., 2002).
Although the experiments carried out to date have
concentrated largely on the response of airways smooth
muscle, the data obtained is sufficiently encouraging to
propose that NO-steroids may be able to alleviate the
symptoms of asthma in vivo. However, even if this is not
the case, the capacity of the NO moiety to limit the side
effects of NO-steroids (Di Filippo et al., 2000; Paul-Clark
et al., 2002) could render these compounds useful
treatments for asthma.

Liver disease

The ability of NO-paracetamol to prevent the liver toxicity
caused by paracetamol has been noted previously in this
review (Futter et al., 2001; Fiorucci et al., 2002).

Other NODD have also been found to reduce hepatic
injury. For example, concanavalin A-induced hepatitis is an
immune disease caused by caspase activation and the
subsequent release of cytokines, in particular IFN-y (Kiisters
et al., 1996). NO-aspirin, but not aspirin, has been shown to
produce S-nitrosylation/inhibition of caspases involved in
cytokine production in concanavalin A-induced hepatitis
(Fiorucci et al., 2000) and to protect against the resulting
liver damage.

Ursodeoxycholic acid (UDCA) is a bile salt which is used
in the treatment of liver disease (see Cirello & Zwas, 1994).
However, long-term treatment of patients with this drug in
the clinic does not prevent continuing bile duct destruction or
the histological, virological and biochemical impairment of
liver function in patients with primary biliary cirrhosis or
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virus-induced hepatitis C (Goulis et al., 1999). In murine
models of concanavalin A-induced hepatitis, NO-UDCA, but
not UDCA, protected against liver damage by inhibiting
caspase enzyme activity and subsequent cytokine production
(Fiorucci et al., 2001b). Thus, caspase inactivation appears to
be an important factor in the prevention of this type of liver
disease.

The release of NO from both paracetamol and ursodeoxy-
cholic acid appears to reduce liver damage at least in these
animal models. Whether a similar strategy might be
employed to treat liver disease in main remains an open
question.

Conclusions

Based on the evidence available in the literature and
summarized in this review it may be concluded that NO-
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