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Abstract. Nonsteroidal antiinflammatory drugs (NSAIDs) are frequently associated with adverse reactions,
related to inhibition of cyclooxygenase (COX) in tissues where prostaglandins exert physiological effects, such
as gastric mucosal defense and renal homeostasis. The discovery of two COX isoforms, namely COX-1 con-
stitutively expressed in most tissues and COX-2 induced at sites of inflammation, led to the development of
selective COX-2 inhibitors (“coxibs”), with the hope of significantly reducing the gastrointestinal toxicity as-
sociated with acute and chronic NSAID use. However, the increased knowledge of physiological roles of
COX-2 enzyme in a variety of tissues, including stomach and kidney, together with the withdrawal from the
market of rofecoxib and valdecoxib because of cardiovascular toxicity, have challenged the benefits of selective
COX-2 inhibition. As a consequence, the interest for novel approaches has re-emerged; new therapeutic op-
tions, still under clinical evaluation, are represented by dual COX and 5-lipooxygenase (5-LOX) inhibitors,
synthetic lipoxins, nitric oxide (NO)-releasing NSAIDs and, more recently, by NSAIDs releasing hydrogen
sulphide (HS,S). This review focuses upon the gastrointestinal (GI) safety of selective COX-2 inhibitors and

of novel therapeutic strategies, in comparison with traditional NSAIDs. (www.actabiomedica.it)
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Introduction

Nonsteroidal antiinflammatory drugs (NSAIDs)
are among the most widely used drugs worldwide and
represent a mainstay in the therapy of acute and chro-
nic pain. However, their use is frequently associated
with a broad spectrum of adverse effects, which are re-
lated to the inhibition of prostaglandin (PG) synthe-
sis in tissues where PGs are responsible for physiolo-
gical homeostasis (1-3). In the early 1990s two struc-
turally related isoforms of cyclooxygenase (COX) ha-
ve been identified, namely COX-1, constitutively ex-
pressed in most mammalian tissues, and COX-2, whi-
ch is usually undetectable under resting conditions
and is rapidly induced at sites of inflammation in re-

sponse to noxious stimuli (4). This has led to the
theory that COX-1 isoenzyme produced PGs which
exert house-keeping functions, including gastric mu-
cosal defense and renal homeostasis, whereas COX-2
synthesizes detrimental PGs which are responsible for
inflammation and pain (5). As a consequence, consi-
derable resources have been invested by pharmaceuti-
cal companies to develop highly selective COX-2
inhibitors, with the hope of an improved tolerability
profile. Due to the great expectation, these drugs, also
referred to as “coxibs”, were rapidly introduced in the
market and gained an impressive success (6-10). In re-
cent years, however, animal data have challenged the
initial paradigm, unravelling the constitutive expres-
sion of COX-2 in normal tissues, together with new
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physiologic roles of this isoenzyme, including gastric
mucosal defense, renal homeostasis and endothelial
PGL production (for review see 11-15). Furthermore,
serious cardiovascular effects of some selective COX-
2 inhibitors emerged from clinical studies and phar-
macosurveillance, forcing the drug companies to with-
draw from the market rofecoxib and, soon afterwards,
valdecoxib (16-18). Although clinical trials gave con-
flicting results, partly due to the influence of pharma-
ceutical manufacturers (19), pharmacological evidence
seems to support the concept that cardiovascular toxi-
city of selective COX-2 inhibitors may be a class ef-
fect (20). This has raised serious concerns about the ri-
sk of thrombotic events during treatment with coxibs,
marking off the therapeutic benefits that could be ex-
pected from COX-2 selective inhibition and questio-
ning the need of more selective compounds (21-22).

Following the withdrawal of rofecoxib, which has
been considered the most serious disaster after talido-
mide, the search for safe INSAIDs has found a re-
newed interest and novel strategies have emerged to
improve the therapeutic efficacy and tolerability of
these drugs. The rationale underlying the develop-
ment of dual inhibitors of COX and 5-lypooxygenase
(5-LOX) was based on both the proinflammatory ac-
tivity of leukotrienes (LTs) (Fig. 1) and their delete-
rious effects in the gastric mucosa; furthermore, these
compounds appear to be the major arachidonate pro-
ducts of the gastric mucosa under COX inhibition
(23,24). As such, dual COX/5-LOX inhibitors should
theoretically display enhanced antiinflammatory ef-
fects and improved gastric tolerability (25-27). Recen-
tly, great interest has emerged for lipoxins, which can
be considered as counter-regulatory arachidonic acid
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Figure 1. General scheme representing the main metabolic pathways leading to arachidonic acid products involved in the inflam-
matory process. Targets of antiinflammatory drugs are also shown. COX = cyclooxygenase; 5-LOX = 5-lipooxygenase; LTs = leuko-
trienes; PGs = prostaglandins; PLA2 = phospholipase A2; TxA2 = thromboxane A2.
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products, responsible for the resolution of inflamma-
tion (28) (Fig. 1) and for gastroprotection (29).

An alternative strategy to limit the risk of GI da-
mage induced by NSAID:s is to enhance the protecti-
ve mechanisms of the gastric mucosa. This can be pur-
sued by association of conventional NSAIDs with an-
tisecretory and/or protective drugs (30) or by genera-
ting hybrid NSAID molecules, chemically-modified
with groups capable of releasing protective mediators.
The increased knowledge of the key role of nitric oxi-
de (NO) in gastric mucosal defense (31-33) has gene-
rated NO-donor NSAIDs (34-36), also known as
COX-inhibiting NO donors (CINOD:s) (37). Howe-
ver, despite excellent pharmacological premises based
on experimental animals, the development of these
new NSAIDs has suffered a delay in clinical research
and, only recently, progress in this area has restarted.

A further development in the field of gastrospa-
ring NSAIDs has come from the discovery of the ga-
stroprotective actions of hydrogen sulphide (H.S), a
new endogenous gaseous mediator which is constitu-
tively produced by the gastric mucosa (38). This has
led to the synthesis of chemically-modified H,S-
NSAIDs which are able to release H,S in the stoma-
ch, thus preventing gastric injury associated with
COX inhibition (39).

In this review we focus upon the GI safety of a)
selective COX-2 inhibitors, b) drugs interfering with
the biosynthesis of PGs and LTs, ¢) lipoxins and d)
hybrid NSAIDs endowed with protective activity, in-
cluding NO- and H,S-donor NSAIDs, in comparison
with conventional NSAIDs.

Selective COX-2 inhibitors (“coxibs”)

As previously said, the rationale for developing
selective COX-2 inhibitors was the concept that se-
lective inhibition of COX-2 isoenzyme may induce
antiinflammatory and analgesic effects comparable to
nonselective COX inhibitors, with considerably less
damage to the gastric mucosa. However, over the re-
cent years, the knowledge on the location and function
of COX isoform in resting and pathological condi-
tions has greatly expanded (12, 13, 40, 41); this enzy-

me was found constitutively expressed in a variety of

Table 1. Proposed beneficial roles of COX-2 enzyme

CNS Brain development and neuronal
homeostasis
Heart Myocardial protection

Vessels PGI, production, endothelial protection

Airways Protection against allergens

Kidney Development, salt and water
homeostasis, renin synthesis, regulation
of blood flow

Stomach Ulcer healing

Intestine Mucosal homeostasis

Bone Bone formation and fracture healing

Reproductive system
Female Ovulation, implantation,
parturition

Male Erection (?)

tissues, including brain, kidney, vascular endothelium,
reproductive system; moreover, novel physiologic and
protective functions of COX-2 enzyme have been un-
ravelled, challenging the concept that selective COX-
2 inhibition would not impair tissue homeostasis (40).
A list of COX-2-mediated roles in the regulation of
tissue function is reported in Table 1. Particular con-
cerns have emerged from the serious cardiovascular ef-
fects of rofecoxib; the cardiovascular toxicity of coxibs
is outside the scope of this review and the reader is re-
ferred to excellent editorials on this topic (19, 42-44)
and to pharmacosurveillance database (www.farmaco-
vigilanza.org).

Physicochemical properties of coxibs

Several compounds endowed with high selecti-
vity for COX-2 enzyme were synthesized and up to 6
drugs entered the market worldwide (Table 2). These
compounds differ for their chemical structure: cele-
coxib, valdecoxib and parecoxib (a water-soluble pro-
drug of valdecoxib) are sulphonamides; rofecoxib and
etoricoxib are methylsulphones, whereas lumiracoxib
is a phenylacetic acid derivative (Fig. 2).

Differences in chemical structures and physico-
chemical properties of the available COX-2 inhibi-
tors may be of interest in the choice of drugs in diffe-
rent clinical settings (for review see 45). Sulphonami-
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Table 2. Selective COX-2 inhibitors

Drug Brand name and Producer
Celecoxib Artilog Pharmacia Italia

Artrid Sefarma

Celebrex Pharmacia Italia

Solexa Pfizer
Rofecoxib Vioxx* Merck Sharpe & Dohme withdrawn from the market (September 30, 2004)
Valdecoxib Bextra* Pfizer withdrawn from the market (April 7, 2005)
Parecoxib Dynastat Pfizer prodrug of valdecoxib; injectable formulation
Etoricoxib Algix Ist. Gentili

Arcoxia Merck Sharpe & Dohme

Tauxib Addenda Pharma (Sigma-Tau)
Lumiracoxib Prexige Novartis not marketed in Italy

* For details see the website www.farmacovigilanza.org

des, such as celecoxib, valdecoxib and parecoxib, may
have the potential risk of allergic reactions (12); mo-
reover, differences in the molecule acidity may contri-
bute to the drug tolerability profile, by altering the di-
rect irritant effect on the gastric mucosa; only lumira-
coxib is a phenylacetic derivative, whereas all the
other compounds have the carboxylic group protected

and should be theoretically less damaging than lumi-
racoxib and other acidic NSAIDs (46). A recent in
vitro study (47) has suggested that coxibs with
sulphone moiety, namely rofecoxib and etoricoxib,
have pro-oxidant properties, unrelated to their COX
activity; this may be relevant to the cardiovascular sa-

fety profile.
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Figure 2. Chemical structures of selective COX-2 inhibitors.
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Table 3. Pharmacological differences among selective COX-2 inhibitors

Compound COX-1:COX-2 ty (h) Metabolic pathway
ICy* ratio
First generation
Celecoxib 6¥ 6-12 2C9, 3A4
Rofecoxib 38% 15-18 Reductase
Second generation
Valdecoxib 28" 6-10 2C9, 3A4
Etoricoxib 105% 20-26 3A4(2C9,2D6, 1A2)
3A4 (2C9, 2D,
Lumiracoxib 515% 2-6 2C9 (2Cs, 2C19)

* the concentration required to inhibit COX activity by 50%, assessed using the human whole blood assay

Whereas all coxibs are lipophilic and reach high
concentrations in the brain, the acidic nature of lumi-
racoxib accounts for its high distribution in blood,
kidney, liver and inflamed tissue, but low in the CNS.
Coxibs are slowly eliminated by liver metabolism, in-
volving different isoforms of cytochrome P450 sy-
stem, such as CYP3A, CYP2C9, CYP2Dé6 and
CYP1A2 (Table 3); rofecoxib undergoes first step me-
tabolism by cytoplasmic reductases, thus being poten-
tially less susceptible to drug-drug interactions.
However, all compounds appear to interfere with the
metabolism of other drugs; in particular, celecoxib has
recently been shown to inhibit the metabolism of the
CYP2D6 substrates metoprolol, sedatives, SSRIs, an-
tidepressants and some antiarrhythmic drugs (45, 48).

COX-2 selectivity

All coxibs selectively block COX-2 isoenzyme,
although with different COX-1/COX-2 selectivity ra-
tios, being lumiracoxib the most selective for COX-2
enzyme (49-54) (Table 3). The re-evaluation of COX-
selectivity of conventional NSAIDs have shown that
some compounds, including diclofenac, nimesulide
and nabumetone, display the same selectivity as that of
celecoxib (1, 20). It must be considered, however, that
the selectivity ratio for different COX inhibitors is hi-
ghly variable, depending on the assay and experimen-
tal conditions used; furthermore, differences in selec-
tivity observed in isolated assays may not correlate
with therapeutic efficacy after dosing; in line with
this, a recent study has shown that plasma concentra-
tions following therapeutic doses of rofecoxib (25-50

mg) and etoricoxib (60 mg) are proper to inhibit mo-
re than 80% COX-2 activity; celecoxib (100-200 mg)
and valdecoxib (10 mg) plasma concentrations are
two- to four-fold lower, whereas those of lumiracoxib
(400 mg) are 30-fold higher than those necessary to
inhibit by 80% COX-2 (20). This may explain the cli-
nical efficacy of 400 mg lumiracoxib when administe-

red once daily, despite its short half life (Table 3).
Gastric effects of coxibs

Several clinical studies have confirmed that selec-
tive COX-2 inhibitors are associated with less gastro-
duodenal damage and risk of GI bleeding, in compa-
rison with conventional NSAIDs, by sparing COX-1
enzyme in the gastric mucosa and in platelets (for re-
view see 55). However, in recent years the classical
concept that only COX-1 is physiologically important
to maintain gastric mucosal integrity has been chal-
lenged and considered an oversimplification of a mo-
re complex picture. Although COX-1 is the predomi-
nant isoenzyme in normal gastric mucosa, there is in-
creasing evidence that COX-2 mRNA and protein are
either constitutive or inducible in specific areas of the
stomach of animals and humans (9, 56-60). One of
the first observations suggesting that COX-2 has a ro-
le in gastric mucosal defense came from experiments
in COX-1-deficient mice (61). In these animals, whi-
le no evidence was found of spontaneous gastric
injury, despite the absence of COX-1-derived PGs,
the administration of NSAIDs induced gastric dama-
ge, invariably related to COX-2 inhibition. In accor-
dance, Wallace et al. (62) demonstrated that in the rat
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stomach the inhibition of both COX-1 and COX-2 is
required for the development of gastric lesions; this
was based on the observation that neither a COX-1
inhibitor nor a COX-2 inhibitor caused gastric dama-
ge when given alone at doses that selectively inhibit
the target enzyme iz vivo; however, the combination
of both inhibitors invariably resulted in gastric erosion
development. COX-2 levels were found to be elevated
in ulcerated mucosa (63, 64) and following a variety of
stimuli, such as mild irritants (65), ischemia-reperfu-
sion (66), acid instillation (67), lansoprazole-induced
hypergastrinemia (68), Helicobacter pylori infection
(63, 69), aspirin (65, 70) and cold-induced stress (71).
In the gastric mucosa COX-2 immunoreactivity is in-
creased in the region of maximal repair activity at the
ulcer margin (55, 57, 71), suggesting that COX-2 in-
ducible enzyme may act as a second line of defense for
ulcer healing and repair. In line with this, a variety of
studies in rodents have shown that selective COX-2
inhibitors, similarly to traditional NSAIDs, delayed
gastric ulcer healing (56, 67, 72-79). On the light of
these data, it is reasonable to hypothesize that COX-
2 enzyme does not play a major role in mucosal de-
fense under resting conditions, but seems to gain im-
portance in face of pending injury, by assisting COX-
1 in safeguarding gastric mucosal integrity (15, 23,
66). As a consequence, the gastric damaging effect of

coxibs is absent in healthy gastric mucosa, becoming
evident when gastric mucosal defence is impaired
(Fig. 3). In accordance to this concept and in line with
animal studies, human studies have confirmed a better
GI profile of coxibs (7, 55); however, selective COX-2
inhibitors loose their benefits in patients assuming
low-dose aspirin and run the same risk of GI bleeding,
as conventional NSAIDs (80-83); thus, in these pa-
tients or in patients at risk, a protection with proton
pump inhibitors is mandatory, as in the case of stan-

dard NSAID:s.
Intestinal effects of coxibs

Until recently the tolerability profile of NSAIDs
has focused on the deleterious effects on the upper GI
tract; however, it has been clearly documented that
chronic ingestion of NSAIDs is a risk factor for a
number of adverse effects to the bowel, including
bleeding, perforation, ulceration, strictures and ob-
struction (for review see 84-86). Moreover, it is widely
recognized that NSAIDs aggravate both ulcerative
colitis and Crohn’s Disease (85, 86).

Conversely from the stomach, the role of cy-
clooxygenase inhibition in NSAID-induced entero-
pathy is debated (87). Among pathogenetic factors,

local epithelial injury, barrier dysfunction and mucosal

Healthy Mucosa

Damaged Mucosa

COX-1
COX-2

{low expression)

COX-1
COX-2

{upregulation)

Nonselective Delay in ulcer

COX inhibitors E> Damage healing
Selective Delay in ulcer

COX-2 inhibitors E> No damage hgaling

Figure 3. Gastric effects of nonselective and COX-2 selective NSAIDs in normal or damaged gastric mucosa. The different effects
of nonselective or COX-2 selective inhibition are explained by different tissue expression and roles of COX isoenzymes.
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invasion of enteric bacteria have been considered of
primary importance; moreover, a key role has been at-
tributed to the entero-hepatic recirculation of NSAID
molecule (84, 88). As expected, the discovery of two
COX isoforms have led to reassessment of the role of
PG synthesis inhibition in NSAID-induced intestinal
damage. In contrast to early data showing undetecta-
ble levels of COX-2 expression in the intestine (58),
more recent findings have found constitutive COX-2
in enteric neurones and in smooth muscle of mouse
and human colon (89); COX-2 amounts are signifi-
cantly elevated in pathological conditions, including
animal models of colitis (88), postoperative ileus (90,
91) and in human inflammatory bowel disease (IBD)
(92). Mice lacking either COX-1 or COX-2 enzyme
do not develop spontaneous intestinal inflammation
(61); furthermore, only the combined administration
of COX-1 and COX-2 inhibitors induced jejunal le-
sions, suggesting that both isoforms contribute to
maintenance of small bowel integrity (87, 93, 94).
This led to the concept that, similarly to the stomach
(62), COX-2 enzyme has no role in intestinal homeo-
stasis, but it may assist COX-1 in protecting the mu-
cosa against damaging stimuli. A recent study from
our laboratory carried out in rats showed that selecti-
ve COX-1 or COX-2 inhibitors or the combination of
both inhibitors were unable to damage the small inte-
stine, suggesting that COX-independent mechanisms
are relevant to the development of NSAID entero-
pathy; interestingly, also the nonselective NSAID
ibuprofen was ineffective, whereas intestinal damage
was observed following administration of indometha-
cin (95).

Controversial data concerning the intestinal ef-
fects of selective COX-2 inhibitors do not allow to
conclude whether increased COX-2 expression in da-
maged mucosa has to be considered pathogenetic or
protective (for review see 14, 85, 86). In animal expe-
riments either induction (96) or lack (87, 93, 97, 98)
of damage were observed following selective COX-2
inhibition. Likewise, coxibs either aggravated (99-
101) or protected (102, 103) from experimental colitis
induced by trinitrobenzensuphonic acid (TNBS), a
widely used animal model of human IBD. There have
been a number of studies in humans indicating that
selective COX-2 inhibitors exacerbate symptoms of

IBD in the same way as nonselective NSAIDs or reac-
tivate it when taken by patients in remission (104,
105); on the other hand, in a recent meta-analysis
(sponsored by Pfizer) coxibs were associated with
lower intestinal injury compared with nonselective
NSAIDs (106). Until further information is available,
the use of coxibs in IBD patients should require care-
ful consideration, as with standard NSAIDs.

A recent study in the isolated human colon
showed that both COX-1 and COX-2 are involved in
the negative modulation of cholinergic excitatory con-
trol of colonic motor activity, at pre- and postjunctio-
nal level, respectively (89). However, in healthy hu-
mans neither celecoxib nor rofecoxib did modify ga-
stric emptying or intestinal transit (107).

In conclusion, the promise of a better safety pro-
file of selective COX-2 inhibitors has been only par-
tially fulfilled: a better GI tolerability, which occurs
under some, but not all, circumstances must be balan-
ced with a comparable renal toxicity as nonselective
NSAIDs and, what’s more, with a serious cardiova-
scular toxicity.

Dual COX/5-LOX inhibitors

In recent years it has been clarified that several
mediators of the arachidonic acid metabolism are in-
volved in the inflammatory process. Leukotrienes
(LTs), which are the second main family of arachido-
nate products, are synthesized from the activity of 5-
lipooxygenase (5-LOX) and have a major role in the
inflammatory response (Fig. 1). LTs are extremely po-
tent vasoactive and leucotactic compounds, that are in
some respects more inflammogenic than PGs. LTB,,
in particular, induces recruitment of leukocytes to in-
flamed sites, lysosomal release in neutrophils, adhe-
sion molecule expression and subsequent plasma
leakage (23, 27, 108). This finding has suggested that
dual inhibition of both LTs and PGs may lead to
enhanced and wider antiinflammatory activity. Mo-
reover, it can also be expected that combined COX
and LOX inhibition may originate an improved GI
safety profile, due to a number of adverse effects of
LTs in the GI mucosa, which impair mucosal integrity
and exacerbate the damaging effect of noxious stimu-
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1i (23, 109). In particular, reduction of mucosal blood
flow, leukocyte-endothelial cell interaction and leu-
cocyte infiltration are considered a prerequisite for
NSAID-induced gastropathy (1). In line with this, se-
veral studies have demonstrated that 5-LOX inhibi-
tors or LT receptor antagonists exert protective effects
on acute and chronic gastric mucosal damage in va-
rious ulcer models, including NSAID-induced gastric
lesions (23, 109, 110). These observations, along with
the possibility that COX inhibition by NSAIDs can
divert arachidonate to lipooxygenase pathway, led to
the theory that excess L'T' production, combined with
PG deficit, could contribute to NSAID-induced mu-
cosal damage (111). In line with this, elevated produc-
tion of LTB, by the human stomach has been docu-
mented in patients taking NSAIDs (112).

One compound in the 5-LOX/COX series of
NSAIDs is licofelone (previously named ML3000),
which in animal experiments and in clinical trials
showed antiinflammatory effects comparable to con-
ventional NSAIDs, but with an improved GI safety
profile (113).

In conclusion, results with dual COX/5-LOX
inhibitors seem to be promising; however, although
the dual inhibition concept appears a rather logical ap-
proach, the lesson from COX-2 inhibitors demand to
be cautious before drawing definite conclusions about
the pharmacological profile of a new class of drugs.
Large clinical trials will establish in the future whether
theoretical expectations on safety and efficacy of the-
se drugs are achieved.

Lipoxins, aspirin-triggered lipoxin and synthetic

analogs

Lipoxin A, (LXA.) and lipoxin B, (LXB,) were
first identified in 1984 by Serhan and colleagues (114)
as 5- and 15-lipoxygenase interaction products of ac-
tivated leukocytes (Fig. 4). It subsequently emerged
that lipoxins are products of cellular co-operation
(transcellular biosynthesis) that provide counter-regu-
latory signals during the inflammatory process, ulti-
mately leading to resolution of inflammation (28,
115). Lipoxins have been found in tissues of patients
with various immuno-inflammatory states, including
asthma, rheumatoid arthritis, pneumonia and sarcoi-

Arachidonic Acid
—.iﬁ; HHH‘;._‘
§-,12-15- LOX GDX 2
| 4 weversm.'e
acetylation
15R-HETE
i&-mx
Lipoxins Epi-Lipoxin
(LXA,, LXB,) (ATL)
ANTINFLAMMATORY
L EFFECTS

Figure 4. Synthesis of antiinflammatory lipoxins (LXs) from
arachidonic acid. Irreversible acetylation of COX-2 enzyme by
aspirin leads to the formation of a lipoxin epimer (Epi-li-
poxin), also known as aspirin-triggered lipoxin (ATL) en-
dowed with antiinflammatory properties. 15R-HETE = 15R-
hydroxyeicosatetraenoic acid; LOX = lypooxygenase.

dosis. Lipoxin-induced effects are listed in Table 4.
They exert potent antiinflammatory actions, acting as
braking signals to limit neutrophil chemotaxis, release
of proinflammatory cytokines and adhesion molecule
expression (for review see 28, 115). Interestingly, the ir-
reversible acetylation of COX-2 (Ser 516) by aspirin
still allows the enzyme to retain a certain enzymatic ac-
tivity; as a consequence, 15-hydroxy-5,8,11,13-eicosa-
tetraenoic acid is formed which leads to the transcellu-
lar biosynthesis of epi-lipoxin A, an isomer of LXA,,
also known as aspirin-triggered lipoxin (ATL) (Fig. 4)
(114). ATL virtually exerts identical actions to its epi-

Table 4. Biological effects of lipoxins

Vasodilation

Nitric oxide generation

Endothelial prostacyclin generation

Reversal of ET-1 contraction

Inhibition of eosinophil chemotaxis

Inhibition of PMIN chemotaxis and degranulation
Downregulation of adhesion molecules

ET-1 = endothelin-1; PMN = polymorphonuclear cells
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meric counterpart, LXA, (114). In the gastric mucosa
LXA, and ATL reduced aspirin-induced injury and
the associated increase in neutrophil adherence within
the gastric microcirculation (115), possibly by the in-
tervention of NO (29). ATL generation is not obser-
ved following administration of non-aspirin NSAIDs,
such as indomethacin; moreover, it is completely inhi-
bited by co-administration of a selective COX-2 inhi-
bitor. A recent study in healthy volunteers showed that
the co-administration of celecoxib, which by itself
does not cause gastric damage, significantly increased
the endoscopic damage induced by low-dose aspirin
for 14 days and suppressed ATL levels in the urine
(116). Whether or not lipoxins contribute to mucosal
defense outside the context of aspirin administration
has yet to be determined. All these observations,
however, have provided the impetus to develop
synthetic LXA,, LXB, and ATL analogs, characteri-
zed by resistance to metabolism, as new approaches
for antiinflammatory drugs, devoid of gastrotoxicity

(28).
Chemically-modified NSAIDs

A second strategy to limit the GI damage of con-
ventional NSAIDs is the incorporation in the NSAID
molecule of chemical moieties releasing gastroprotec-
tive substances. This approach has led to the develop-
ment of nitric oxide (NO)-releasing NSAIDs and,
more recently, of NSAIDs releasing hydrogen sulphi-
de (H,S).

1. NO-releasing NSAIDs (NO- NSAIDs)

It is now recognized that NO, an ubiquitous si-
gnalling molecule, has a key role in the maintenance of
gastric mucosal integrity (31-33). This has led to the
concept (34) that the introduction of a NO-releasing
moiety into the molecule of conventional NSAIDs,
could overcome the deleterious effects due to PG
inhibition (Fig. 5). Over the past ten years, a range of
traditional NSAIDs, including aspirin, diclofenac, na-
proxen, ibuprofen and indomethacin have been cou-
pled to a NO-donating moiety and their actions have
been widely explored in several inflammation and GI
ulceration models (for review see 35, 117-119).

I

ND-NSAIDS]

NO-releasing COX-inhibiting
moiety moiety

Il
Gasltric
protection

Figura 5. Gastric effects of nitric oxide (NO)-releasing
NSAIDs. The gastroprotective effects of NO released from
NSAID molecule may counteract the gastric damaging effect
related to the COX inhibition.

L

| Gastric Therapeutic
damage effects

Gastric and intestinal effects of NO-NSAIDs

The development of NO-releasing NSAIDs was
based on the protective effects of NO in the gastric
mucosa (31-33). Similarly to PGs, NO was found to
increase mucosal defence, by increasing protective fac-
tors, such as mucus and bicarbonate secretion, muco-
sal blood flow, epithelial proliferation and angiogene-
sis and decreasing aggressive factors, such as acid,
leukocyte adherence to the endothelium and cytokine
production. In line with this, classical NO donors, su-
ch as glyceryl trinitrite, reduced NSAID-induced ga-
stric damage in rats (120, 121) and decreased GI blee-
ding in patients assuming low-dose aspirin (122). The
amount of NO released in the gastric mucosa is a cru-
cial point, since overproduction of NO may cause va-
socongestion and cytotoxicity either directly or indi-
rectly, through the generation of the highly toxic me-
tabolite, peroxynitrite (32). Animal data have clearly
shown that NO-NSAIDs are able to spare the gastric
mucosa, despite reducing PG synthesis as do the pa-
rent compounds (123, 124). More interestingly, NO-
NSAIDs accelerate ulcer healing, exhibiting a defini-
te better tolerability profile in comparison with selec-
tive COX-2 inhibitors (124, 125). Furthermore, stu-
dies in arthritic rats have demonstrated that, whereas
co-administration of celecoxib or naproxen with doses
of ASA resulted in aggravation of gastric damage and
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Table 5. Gastric effects of selective COX-2 inhibitors and NO-
releasing NSAIDs in different experimental conditions

Coxibs NO-NSAIDs
Healthy mucosa no damage no damage
Ulcerated mucosa aggravation protection
Ulcer healing delay acceleration
Aspirin intake loss of benefit protection
Mucosal blood flow decrease increase

enhanced neutrophil accumulation, the NO-donor
naproxen (compound HCT-3012) prevented gastric
lesions and neutrophil recruitment into the gastric mi-
crocirculation (126).

Clinical studies have supported animal data de-
monstrating an excellent GI safety profile of NO-
NSAIDs, in comparison with parent drugs (127); this
holds true for NO-donor derivatives of aspirin (128),
or of naproxen (129-131). In conclusion, NO-NSAIDs
seem to provide a definitely better gastric profile in
different experimental and clinical settings, when
compared to selective COX-2 inhibitors (Table 5).
Moreover, unlike conventional NO donors, small
amounts of NO are released by NO-NSAIDs after
drug metabolism and the release is very slow, with no
effect on systemic blood pressure (127).

The effects of NO in the intestine are very com-
plex and depend on the amount of NO produced (33).
Likewise, conflicting data have been reported concer-
ning the effects of conventional NO donors on expe-
rimentally induced colitis models (for review see 14).
The effects of NO-releasing NSAIDs on intestinal
functions have been less documented; despite some
studies have shown that these drugs cause less muco-
sal damage in rats when acutely or chronically admi-
nistered (118, 123, 132), further studies are needed to
elucidate the effects of NO-NSAIDs in the intestinal
mucosa.

Selective COX-2 inhibitors chemically modified
with the incorporation of a NO-donating group have
been recently synthesized, that retain the therapeutic
activity of COX inhibition and the gastrosparing ef-
fects of NO (133). In experimental animals these
compounds caused minimal gastric toxicity and did
not enhance the damaging effect of aspirin; moreover,
of particular interest, these drugs should theoretically
compensate the cardiovascular risk associated with

COX-2 inhibition, through the NO-dependent inhi-
bition of platelet aggregation and vasodilation (133).
The promising results obtained in animals have to be
confirmed in clinical trials.

2. H,8-donating NSAIDs

In the recent years it has become clear that small
gaseous molecules serve as endogenous mediators in
the body; this is the case for NO, carbon oxide (CO)
and H.S (for review see 38). HSS is produced in seve-
ral tissues and exerts many physiological functions; in
the digestive system, this molecule is constitutively
produced in the gastric mucosa from sulphur-contai-
ning aminoacids (cysteine) via the action of two enzy-
mes, cystathionine B-synthase (CBS) and cystathioni-
ne y-lyase (CSE) (134). Recent studies have shown
that H,S is involved in the maintenance of mucosal
integrity and in the regulation of blood flow, acting in
concert with NO to protect the gastric mucosa from
injury (38). It was therefore hypothesized that defi-
ciency of H,S synthesis might contribute to the
pathogenesis of several GI disorders and, in particular,
to NSAID-induced gastropathy. In line with this, the
administration of NSAIDs, including aspirin, indo-
methacin, diclofenac and ketoprofen, resulted in a si-
gnificant decrease in H,S synthesis (38). Recently, a
H,S-releasing diclofenac derivative has been shown in
rats to possess greatly reduced GI damaging effects as
compared to the parent drug, despite a comparable
antiinflammatory activity and suppression of PG
synthesis (39). This could be an early indication that
coupling H,S-releasing moiety to conventional or
COX-2 selective NSAIDs may represent an attractive

approach for the development of gastrosparing
NSAIDs.

Conclusions

Two different approaches were pursued in the
search of GI sparing NSAIDs: a) define novel targets
in the complex picture of the inflammatory process or
b) modify classical NSAIDs by adding chemical
moieties that release gastroprotective mediators. Se-
lective COX-2 inhibitors, although demonstrating
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established efficacy in the treatment of inflammation
and pain and some advantages in terms of gastric to-
lerability when compared to traditional NSAIDs, may
have similar gastrotoxicity in patients with active ulcer
or taking aspirin; moreover, they have similar renal ad-
verse effects and, most importantly, some coxibs are
endowed with serious cardiovascular toxicity. Further-
more, the increased knowledge of physiologic roles of
COX-2 enzyme in several tissues, makes doubtful the
clinical advantage of developing compounds with in-
creased COX-2 selectivity. Thus, these drugs do not
represent a significant step forward in the therapeutic
tolerability of COX inhibitors. Alternative promising
approaches are represented by NO-releasing NSAIDs
and dual COX/5-LOX inhibitors; however, these at-
tractive compounds still need a validation in large cli-
nical trials. The advent of new mediators (lipoxins,
H.S) may offer new key targets for safer antiinflam-
matory drugs.
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