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Abstract

Nitric oxide has been reported to have paradoxical effects in experimental endotoxic shock, contributing to the hemodynamic
consequences of endotoxin administration, but apparently protecting the gastrointestinal mucosa. A novel class of nitric
oxide-releasing nonsteroidal anti-inflammatory drug (NSAID) derivatives has recently been described which exert anti-inflamma-
tory activities but produce significantly less gastrointestinal injury than the parent nonsteroidal anti-inflammatory drugs from
which they are derived. Thus, the present study was performed to determine the effects of one of these derivatives, flurbiprofen
4-nitroxybutylester, compared to the native nonsteroidal anti-inflammatory drug, flurbiprofen, in an experimental model of
endotoxic shock. Intravenous administration of endotoxin from Salmonella typhosa to rats pretreated with flurbiprofen produced
a profound decrease in systemic arterial blood pressure, an increase in hematocrit and extensive gastric and small intestinal
damage. In rats pretreated with flurbiprofen 4-nitroxybutylester, endotoxin produced comparable changes in blood pressure and
hematocrit to those seen in rats treated with flurbiprofen; however, the severity of gastrointestinal damage was significantly
reduced. Gastric blood flow was profoundly decreased following endotoxin administration, but was significantly higher in rats
pretreated with flurbiprofen 4-nitroxybutylester than in rats pretreated with flurbiprofen. These results demonstrate that despite
not affecting the acute systemic effects of endotoxin administration, flurbiprofen 4-nitroxybutylester is capable of protecting the
gastrointestinal mucosa from injury, possibly through preservation of mucosal blood flow.
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glandin; Cardiovascular

1. Introduction to play a role in protecting the gastrointestinal tract
during acute endotoxemia. Such damage is believed to
be attributable, at least in part, to the reduced mucosal

blood flow as a consequence of systemic hypotension,

Nitric oxide has been suggested to be a critical
mediator of the cardiovascular consequences of endo-

toxemia (Wright et al., 1992; Thiemermann and Vane,
1990; Rees et al., 1990). There have been conflicting
reports on the effects of administration of inhibitors of
nitric oxide synthase on the hypotension caused by
endotoxin administration (Thiemermann and Vane,
1990; Wright et al., 1992), possibly a consequence of
differences in the species or the nitric oxide synthase
inhibitors used in these studies. While there is evi-
dence that nitric oxide participates in the pathogenesis
of endotoxic shock, nitric oxide has also been suggested
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and to the local generation of ulcerogenic mediators
such as platelet-activating factor and thromboxane
(Wallace et al, 1987, 1990; Whittle et al., 1987;
Boughton-Smith et al., 1989). Boughton-Smith et al.
(1990) demonstrated that administration of a nitric
oxide synthase inhibitor to rats prior to administration
of endotoxin resulted in a marked exacerbation of
intestinal injury, suggesting an important protective
role for nitric oxide in the gut. Their demonstration
that infusion of a nitric oxide donor, S-nitroso-N-peni-
cillamine, resulted in a significant attenuation of endo-
toxin-induced intestinal injury further supported this
hypothesis. This nitric oxide donor also reversed the
detrimental effects of administration of a nitric oxide
synthase inhibitor (Boughton-Smith et al., 1990).
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Nonsteroidal anti-inflammatory drugs (NSAIDs)
have been shown to improve survival and attenuate
some of the cardiovascular alterations which charac-
terize endotoxic shock (Wise et al., 1980; Jacobs et al.,
1982; Beck and Abel, 1987). These effects have been
attributed to the ability of these drugs to suppress the
synthesis of prostaglandins and thromboxane, which
appear to contribute to many of the sequelae of endo-
toxin administration. We recently described a novel
class of nonsteroidal anti-inflammatory drug deriva-
tives which spare the gastrointestinal tract, despite
significantly suppressing prostaglandin synthesis (Wal-
lace et al., 1994a,b; Reuter et al., 1994). We hypoth-
esized that the lack of gastrointestinal injury with these
compounds was a consequence of their ability to re-
lease nitric oxide, which would maintain gastrointes-
tinal blood flow and prevent neutrophil adherence to
the vascular endothelium in the gastrointestinal micro-
circulation. This hypothesis is supported by a number
of observations, including the significant increase in
plasma nitrate /nitrite levels observed within an hour
of their administration (Wallace et al., 1994a,b).

The purpose of the present study was to determine
the effects of a nitric oxide-releasing nonsteroidal
anti-inflammatory drug, flurbiprofen 4-nitroxybutyles-
ter, compared to its parent drug, flurbiprofen, on the
systemic and gastrointestinal effects of endotoxin in the
rat. Since nitric oxide donors have been shown to
protect the gastrointestinal tract in endotoxic shock
(Boughton-Smith et al., 1990) and in other models of
injury (MacNaughton et al.,, 1989; Kitagawa et al.,
1990; Lopez-Belmonte et al., 1993), we tested the hy-
pothesis that the nitric oxide-releasing NSAID would
exert protective effects in the gastrointestinal tract in
experimental endotoxic shock.

2. Materials and methods

2.1. Animals

Male, Sprague-Dawley rats weighing 200-225 g were
obtained from Charles River Breeding Farms
(Montreal, Canada) and were housed in rack-mounted,
wire mesh cages and fed standard laboratory chow and
water ad libitum. The rats were deprived of food, but
not water, for 18-22 h prior to an experiment. All
experimental procedures described in this paper were
approved by the Animal Care Committee of the Uni-
versity of Calgary.

2.2. Endotoxic shock

Rats were anesthetized with sodium pentobarbital
(65 mg/kg i.p.) and a carotid artery and femoral vein

were cannulated for recording of systemic arterial blood
pressure and administering drugs, respectively. A blood
sample was taken from the carotid cannula and the
initial hematocrit was determined. Blood pressure was
recorded for 15 min, then either flurbiprofen (10
mg/kg; n=29), flurbiprofen 4-nitroxybutylester (15
mg /kg; equimolar dose to that of flurbiprofen; » = 11)
or vehicle (50% dimethyl sulfoxide; 50% isotonic saline;
v/v; n = 8) were administered intravenously. Dose-re-
sponse studies of these compounds on gastrointestinal
damage and prostaglandin synthesis have been per-
formed previously (Wallace et al., 1994a; Reuter et al.,
1994). It was based on the results of the previous
studies that the doses used in the present study were
selected. At these doses, flurbiprofen 4-nitroxybutyles-
ter and flurbiprofen were found to markedly suppress
gastric prostaglandin synthesis, and to exert anti-in-
flammatory properties. We did, however, carry out a
series of experiments with a lower dose of each drug
(flurbiprofen at 5 mg /kg and flurbiprofen 4-nitroxybu-
tylester at 7.5 mg/kg; n = 4 per group). Invariably the
administration of the test drugs or vehicle caused a
transient fall in blood pressure (~ 40 mm Hg), which
had returned to basal levels within 1 min. Fifteen
minutes later, endotoxin (lipopolysaccharide from
Salmonella typhosa) was administered intravenously at
a dose of 25 mg/kg. Ninety minutes later a blood
sample was taken from the carotid cannula and the
final hematocrit was determined. The rat was then
killed and the stomach and small intestine removed,
opened by an incision along the greater curva-
ture /anti-mesenteric border and pinned out on a wax
platform. The tissue was then covered with neutral-
buffered formalin. An observer who was unaware of
the treatment groups then scored the macroscopically
visible gastric and intestinal injury on a 0-3 scale using
the following criteria: 0, normal; 1, diffuse, superficial
hyperemia; 2, extensive hyperemia with patches of overt
hemorrhage; 3, extensive hyperemia and overt hemor-
rhage. After the macroscopic scoring was completed,
samples of the corpus region were excised and pro-
cessed by routine techniques for histological evaluation
by light microscopy. Again, this evaluation was per-
formed by an observer unaware of the treatment
groups. The severity of damage was scored on a 0-3
scale using criteria previously described by Hutcheson
et al. (1990), as follows: 0, normal; 1, focal regions of
vasocongestion; 2, extensive vasocongestion of the
subepithelial vessels and focal congestion of deeper
vessels; 3, extensive vasocongestion of the entire depth
of the mucosa and submucosal hemorrhage.

2.3. Gastric blood flow

As an index of the effects of endotoxin, flurbiprofen
and flurbiprofen 4-nitroxybutylester on splanchnic
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blood flow, gastric blood flow was measured by laser-
Doppler flowmetry as described previously (Wallace et
al,, 1990). Following induction of anesthesia with
sodium pentobarbital (65 mg/kg i.p.), an ex vivo gastric
chamber was prepared (Wallace et al., 1990). The
exposed mucosa was bathed with isotonic saline
throughout the experiment. Basal gastric blood flow
was measured for 15 min, after which flurbiprofen,
flurbiprofen 4-nitroxybutylester or vehicle were admin-
istered intravenously, as in the experiments described
above. Fifteen minutes later endotoxin was adminis-
tered, as above, and gastric blood flow was monitored
for the ensuing 90 min. As laser-Doppler flowmetry is
not suitable for measuring absolute rates of gastric
blood flow, all data are expressed as the percent blood
flow relative to basal flow in each experiment. Each
group consisted of 5-6 rats.

2.4. Statistical analysis

All data are presented as the mean + S.E.M. Com-
parisons of the gastrointestinal damage scores among
groups were made using a Mann-Whitney U-test, while
comparisons of all other data among treatment groups
were made using a two-way analysis of variance fol-
lowed by a Newman-Keuls test. In all cases, an associ-
ated probability (P value) of less than 5% was consid-
ered significant.

2.5. Materials

Flurbiprofen 4-nitroxybutylester was kindly provided
by Nicox (London, UK). Flurbiprofen, dimethyl sulfox-
ide and endotoxin (S. fyphosa) were obtained from
Sigma Chemical Company (St. Louis, MO, USA). En-
dotoxin was dissolved in isotonic saline at a concentra-
tion of 12.5 mg/ml.
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Fig. 1. Effects of intravenous flurbiprofen (10 mg/kg; n=9), an
equimolar dose of flurbiprofen 4-nitroxybutylester (Flurbi-NO; 15
mg/kg; n = 11) or vehicle (n = 4) on systemic arterial blood pressure
responses to intravenously administered endotoxin.
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Fig. 2. Effects of intravenous flurbiprofen (10 mg/kg; n=19), an
equimolar dose of flurbiprofen 4-nitroxybutylester (Flurbi-NO; 15
mg/kg; n=11) or vehicle (n=4) on hematocrit before and after
intravenous administration of endotoxin.

3. Results

3.1. Systemic effects of endotoxin

Administration of endotoxin resulted in a marked
decrease in blood pressure which did not recover dur-
ing the 90 min of the experiment (Fig. 1). The blood
pressure responses in the flurbiprofen- and flurbipro-
fen 4-nitroxybutylester-treated groups were indistin-
guishable. In the group pretreated with vehicle, 4 of
the 8 rats died within 10 min of endotoxin administra-
tion, while such mortality was not observed in the rats
pretreated with flurbiprofen or flurbiprofen 4-nitro-
xybutylester. The blood pressure responses in the 3
vehicle-treated rats that survived were comparable to
those shown in Fig. 1 for the other two groups.

In the 4 vehicle-treated rats that survived until the
end of the experiment, the hematocrit increased from
50.7 + 1.6 to 65.4 + 2.2 (P < 0.05). Similar increases in
the hematocrit were observed in the rats pretreated
with flurbiprofen or flurbiprofen 4-nitroxybutylester
(Fig. 2).

In rats pretreated with a lower dose of flurbiprofen
(5 mg/kg) or flurbiprofen 4-nitroxybutylester (7.5
mg /kg), the systemic effects of endotoxin were also not
significantly affected relative to vehicle-treated con-
trols (e.g. hematocrit increased from approximately 53
to 65 in both groups).

3.2. Gastrointestinal damage

In the 4 vehicle-treated rats that survived until the
end of the experiment, extensive hemorrhagic damage
was observed in both the stomach and small intestine
(mean damage scores of 2.72 + 0.32 and 2.33 + 0.31,
respectively). Extensive gastrointestinal damage was
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also observed in the group pretreated with flurbiprofen
(Fig. 3). However, in the group pretreated with flur-
biprofen 4-nitroxybutylester, the severity of both gastric
and small intestinal damage was significantly reduced
(P < 0.01). These results were confirmed histologically.

In rats pretreated with a lower dose of flurbiprofen
(5 mg/kg) or flurbiprofen 4-nitroxybutylester (7.5
mg/kg), gastric damage scores were not significantly
different from those in vehicle-treated rats (mean
scores for flurbiprofen were 3.0 + 0 for both the stom-
ach and small intestine; mean scores for flurbiprofen
4-nitroxybutylester were 2.5 + 0.3 for both the stomach
and small intestine).

3.3. Gastric blood flow

Of the 6 vehicle-treated rats, 2 died shortly after
endotoxin administration. In the 4 surviving rats, gas-
tric blood flow was unaffected by vehicle administra-
tion, but declined profoundly following endotoxin ad-
ministration. Within 15 min of endotoxin administra-
tion the gastric blood flow was only 14 + 2% of basal
levels, and by the end of the experiment the blood flow
was only 12 4 3% of basal levels. The mucosa ap-
peared pale throughout the post-endotoxin portion of
the experiment. All rats pretreated with flurbiprofen
survived the entire experiment. Very similar effects of
endotoxin on gastric blood flow were observed in these
rats (Fig. 4). Indeed, gastric blood flow in the
fluribiprofen-treated rats did not differ significantly
from that in the vehicle-treated group. On the con-
trary, pretreatment with flurbiprofen 4-nitroxybutyles-
ter resulted in a significant preservation of gastric
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Fig. 3. Macroscopic damage scores for the stomach and small intes-
tine of rats pretreated with either flurbiprofen (10 mg/kg; n=9),
flurbiprofen 4-nitroxybutylester (Flurbi-NO; 15 mg/kg; n=11), or
vehicle (n=4) then given endotoxin intravenously. Damage was
scored on a 0-3 scale by an observer unaware of the treatment.
** P<001; """ P <0.001 compared to the other two groups.
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Fig. 4. Effects of intravenous flurbiprofen (10 mg/kg; n=>5), an
equimolar dose of flurbiprofen 4-nitroxybutylester (Flurbi-NO; 15
mg/kg; n=35) or vehicle (n =4) on gastric blood flow responses to
intravenously administered endotoxin. Results are expressed as a
percentage of basal flow rates in each experiment. * P < 0.05 com-
pared to the other two groups.

blood flow following endotoxin administration (Fig. 4),
and all 5 rats survived until the end of the experiment.
The gastric mucosa appeared to be much better per-
fused (pink colour) than those in the other two groups.
Basal rates of gastric blood flow did not significantly
differ among the three groups, and was not affected by
administration of either of the test drugs or the vehicle.

4. Discussion

As well characterized in numerous earlier studies
(Wallace et al.,, 1987; Boughton-Smith et al., 1989;
Hutcheson et al., 1990), administration of a high dose
of endotoxin resulted in profound hypotension, hemo-
concentration and, within 90 min, severe gastrointes-
tinal damage. In half of the vehicle-treated rats, death
occurred within 10 min of endotoxin administration.
Pretreatment with flurbiprofen or the nitroxybutylester
derivative, flurbiprofen 4-nitroxybutylester, did not sig-
nificantly affect endotoxin-induced hypotension or
hemoconcentration, but did improve survival. The lat-
ter effect has been reported previously for other nons-
teroidal anti-inflammatory drugs (Wise et al., 1980;
Jacobs et al., 1982; Beck and Abel, 1987). While the
gastrointestinal damage observed in rats pretreated
with flurbiprofen was comparable in terms of severity
to that seen in vehicle-treated rats, pretreatment with
flurbiprofen 4-nitroxybutylester significantly reduced
the severity of gastrointestinal damage. Flurbiprofen
and flurbiprofen 4-nitroxybutylester exert comparable
effects on cyclo-oxygenase activity, both in vivo and in
vitro (Wallace et al., 1994a; Mitchell et al., 1994), so it
seems likely that the nitroxybutyl moiety on flurbipro-



J.L. Wallace et al. / European Journal of Pharmacology 280 (1995) 63-68 67

fen 4-nitroxybutlyester accounted for the beneficial
effects of this compound in the gastrointestinal tract.

The gastrointestinal damage following administra-
tion of endotoxin is likely attributable in part to re-
duced vascular perfusion as a consequence of systemic
hypotension and in part to local generation of media-
tors, such as platelet-activating factor and thrombox-
ane, which alter endothelial permeability, promote
leukocyte adherence and activation and further reduce
mucosal perfusion (Wallace et al., 1987; Whittle et al.,
1987; Boughton-Smith et al., 1989; Hutcheson et al.,
1990). Thus, blockade of the production and /or action
of these vasoactive mediators have been shown to
reduce the severity of endotoxin-induced damage (Wal-
lace et al., 1987; Boughton-Smith et al., 1989). These
interventions also resulted in attenuation of some of
the systemic effects of endotoxin administation (e.g.
hypotension, hemoconcentration). On the other hand,
gastrointestinal damage induced by high doses of endo-
toxin can be markedly reduced by administration of an
NO donor, or exacerbated by blockade of NO synthesis
(Boughton-Smith et al., 1990; Hutcheson et al., 1990).
These observations led to the hypothesis that NO plays
an important role in maintaining intestinal vascular
integrity following acute endotoxin challenge (Hutche-
son et al., 1990). As flurbiprofen 4-nitroxybutylester
has been suggested to release NO in vivo (Wallace et
al., 1994a), it is possible that this accounts for its ability
to reduce endotoxin-induced gastrointestinal damage.
Several observations support the hypothesis that this
class of compounds releases NO. For example, these
compounds: (1) significantly increase plasma ni-
trate /nitrite concentrations (Wallace et al., 1994a,b);
(2) exhibit enhanced inhibitory activity on platelet ag-
gregation in vivo (Wallace et al., 1994a,b); (3) prevent
leukocyte adherence (Wallace et al.,, 1994a) and the
decrease in gastric mucosal blood flow (Wallace et al.,
1994b) observed with comparable doses of the parent
NSAID; (4) significantly elevate intracellular cGMP
levels in cultured endothelial cells (Baydoun et al.,
1995).

In order to assess if flurbiprofen 4-nitroxybutylester
pretreatment resulted in maintenance of splanchnic
blood flow during endotoxic shock, gastric blood flow
was measured in rats treated with this drug, flurbipro-
fen or vehicle. These studies demonstrated that gastric
blood flow was profoundly reduced following endo-
toxin administration in both the vehicle- and flurbipro-
fen-pretreated groups. However, flurbiprofen pretreat-
ment 4-nitroxybutylester resulted in a significant pres-
ervation of blood flow to the tissue. We have previously
observed that a similar preservation of gastric blood
flow in a hemorrhagic shock model, achieved by pre-
treatment with a platelet-activating factor antagonist,
was sufficient to markedly reduce the extent of gastric
damage (Wallace et al., 1990). As in the present study,

the antagonist used in that study preserved gastric
mucosal blood flow without altering the systemic blood
pressure response. While the elevation of gastric blood
flow in rats treated with flurbiprofen 4-nitroxybutyles-
ter may appear to be small, we previously demon-
strated that elevating gastric blood flow in a rat model
of hemorrhagic shock by a similar extent was sufficient
to prevent gastric mucosal damage (Wallace et al.,
1990). It is possible that nitric oxide released from
flurbiprofen 4-nitroxybutylester exerted protective ef-
fects on the vasculature, as has been suggested previ-
ously by Whittle, Boughton-Smith and co-workers
(Whittle et al., 1990; Boughton-Smith et al., 1990;
Hutcheson et al., 1990). It is also possible that flur-
biprofen 4-nitroxybutylester reduced the release of
other mediators which might contribute to endotoxin-
induced gastrointestinal hypoperfusion and injury. Ni-
tric oxide has been shown to inhibit release of various
mediators, including platelet-activating factor and his-
tamine, from mast cells (Salvemini et al., 1991;
Hogaboam et al., 1993; Kanwar et al., 1994), so it is
conceivable that flurbiprofen 4-nitroxybutylester pro-
duced similar effects, although this remains to be di-
rectly examined. Another possible mechanism through
which flurbiprofen 4-nitroxybutylester may have ex-
erted protective effects in the gut is through inhibition
of leukocyte adherence to the vascular endothelium.
Leukocytes, in particular neutrophils, have been sug-
gested to play a role in the gastrointestinal damage
associated with various forms of shock and ischemia-
reperfusion injury (Hernandez et al., 1987). As men-
tioned above, flurbiprofen 4-nitroxybutylester has pre-
viously been found to exert inhibitory effects on leuko-
cyte adherence (Wallace et al., 1994a).

The role of nitric oxide in endotoxin-induced gastro-
intestinal damage is complex. NO synthase has been
shown to be induced in the jejunum and colon follow-
ing administration of a low dose of endotoxin to rats
(Boughton-Smith et al., 1993). In the present study, in
which the experiments were carried out over a period
of only 90 min, it is unlikely that there would have
been significant expression of the inducible isoform of
NO synthease. The acute injury to the gastrointestinal
tract following administration of higher doses of endo-
toxin has been shown to be attenuated by NO donors
and exacerbated by inhibitors of NO synthase (Bough-
ton-Smith et al., 1990; Hutcheson et al., 1990). In the
present study, the nitric oxide-releasing derivative of
flurbiprofen was found to reduce the severity of gastro-
intestinal damage induced by endotoxin, without alter-
ing the associated systemic cardiovascular alterations.
These observations are therefore consistent with the
previous observation of reduced gastrointestinal injury
by pretreatment with an NO donor. The mechanism
responsible for the reduced level of gastrointestinal
injury in rats pretreated with flurbiprofen 4-nitroxybu-
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tylester is not completely clear, although the results of
this study suggest that preservation of splanchnic blood
flow during the shock period is likely to have been an
important factor.
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