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1 The effect of several nitric oxide releasing-non-steroidal anti-inflammatory drugs (NO-NSAID)
and nitroprednisolone on blood vessel relaxation in vitro and in vivo was studied. Nitroflurbiprofen
(NOF; ECsp, 688.84+93.8 uM), nitroaspirin (NOA; ECsy, 57.946.5 uM), nitroparacetamol
(NOPARA; ECsy, 71.54+14.6 uMm) and nitroprednisolone (ECsy, 15.14+1.4 uM) caused concentra-
tion-related relaxation of noradrenaline (NA)-contracted rat aortic rings. All NO releasing
compounds tested were approximately three orders of magnitude less potent than sodium
nitroprusside (SNP, ECsg, 35.7+3.5 n™m).

2 The vasorelaxant effect of NOF and NOPARA in the rat aorta was potentiated by zaprinast
(5 um) and reduced by ODQ (5 uMm). Flurbiprofen and paracetamol (100 uM) caused minimal
(<10%) relaxation of the rat aorta and did not affect the response to SNP. The effect of NOF was
unchanged in the presence of L-NAME (100 uM; ECsg, 181.8+35.1 uMm cf. ECszp, 125.1+£17.0 um,
P>0.05) but increased by removal of the endothelium (EC;y, 164.3+26.3 um cf. ECsy,
688.84+93.8 uMm, P<0.05).

3 NOF (0.1-50 um) produced a small but not concentration-related vasodilation of the NA-
preconstricted (i.e. ‘high tone’) perfused rat mesentery preparation (cf. SNP, ECsg, 4.4+0.7 uMm). In
contrast, NOF (1-100 uM) produced concentration-related vasodilation of the ‘high tone’ perfused
rat kidney with an ECsy of 33.1+4.4 um.

4 Neither NOF (74 mg kg=', i.p.) nor NOA (91.9 mg kg~!, i.p.) nor equimolar doses of
flurbiprofen (50 mg kg~', i.p.) or aspirin (50 mg kg~', i.p.) affected mean arterial blood pressure
(MAP) or heart rate (HR) of pentobarbitone-anaesthetized rats over a 1 h period.

5 NO-NSAID relax blood vessels in vitro by an NO-dependent mechanism. The absolute
vasorelaxant effect of NO releasing drug varies greatly with the choice of compound and between
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blood vessel preparations.
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Introduction
Aspirin and like nonsteroidal anti-inflammatory drugs al., 1998; Takeuchi er al., 1998; Ukawa et al., 1997; Wallace

(NSAID) have been employed, for many years, as a
treatment for inflammation and hyperalgesia associated with
such conditions as rheumatoid arthritis. However, the side
effects of NSAID in the gastrointestinal tract (e.g. haemor-
rhage, ulceration), resulting from reduced formation of
vasodilator and cytoprotective prostanoids in the gastric
mucosa, limit the usefulness of these compounds in the clinic
(Wallace, 1997).

In recent years, nitric oxide (NO)-releasing derivatives of
NSAID (so-called ‘nitro-nonsteroidal anti-inflammatory
drugs or NO-NSAID’) have attracted considerable attention
as possible therapeutic alternatives to the parent NSAID
(reviewed by del Soldato et al., 1999). Thus, NO-NSAID
cause significantly less gastrointestinal damage in experi-
mental animals than do the parent NSAID (e.g. Muscara et

*Author for correspondence; E-mail: phillip.moore@kcl.ac.uk

et al., 1994).

It has been suggested that nitro-NSAID most probably
‘spare’ the gastrointestinal tract by the local release of NO
resulting in increased stomach mucosal blood flow (Mariotto
et al., 1995). Furthermore, NO released from NO-NSAID may
also contribute to the anti-inflammatory effect of this group of
drugs. For example, nitroaspirin (but not aspirin) inhibits
caspase 1 activity and thereby reduces formation of pro-
inflammatory, interleukin-1f (Fiorucci et al., 1999). Such an
action may contribute to the augmented anti-inflammatory
(Al-Swayeh et al., 2000) and anti-thrombotic (Wallace et al.,
1995) effect of nitroaspirin (cf. aspirin). Thus, NO-NSAID
may be considered as a novel class of ‘NO donor’ drugs.

With this in mind it is perhaps surprising that there is a
paucity of published information concerning the cardiovas-
cular effects of NO-NSAID. For example, in vivo, nitro-
flurbiprofen (NOF), nitroaspirin (NOA) and nitronaproxen
are reportedly without effect on blood pressure of the
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anaesthetized rat (Fujihara et al., 1998; Wallace et al., 1994;
1995, Yamamoto et al., 2000). Similarly, a newly reported
NO releasing derivative of salicylic acid (B-NOD) has also
recently been reported to be without effect on rat blood
pressure or heart rate following oral administration whilst
potently inhibiting platelet aggregation in vitro (Bing et al.,
2000). Furthermore, high concentrations of NOF have been
shown to relax isolated rat aortic rings in vitro (Adami et al.,
1996). However, to the best of our knowledge, there has been
no systematic attempt to study the effect of NOF (and other
NO-NSAID) on vascular responsiveness in a range of blood
vessel preparations in vitro.

To this end, we now report the vasorelaxant effect of NOF
and flurbiprofen in comparison with sodium nitroprusside
(SNP) using a range of in vitro blood vessel preparations (i.e.
rat aorta, perfused rat kidney and mesentery) and have
additionally probed the mechanism of action of NOF-
induced vasorelaxation and determined its potency (cf. other
NO-NSAID) in the rat aorta preparation.

Methods
Effect of NO releasing compounds on rat aortic ring

Rat aortic rings were prepared essentially as described
previously (Moore et al., 1990). Briefly, rats (male, Wistar,
220-300 g) were either killed by a blow to the head and
exsanguination or by exposure to a gradually increasing
concentration of CO,. The thoracic aorta was removed and
cleared of extraneous connective tissue. Rings (approx. 2—
4 mm diameter) were mounted using stainless steel clips
under a tension of 1 g in 20 ml organ baths containing
warmed (37°C), oxygenated (95% O3 5% CO,;) Krebs
solution (composition, mM); NaCl 118, KCl 5.4, NaHCO;
25, MgS0, 1.2, CaCl, 2.5, glucose 11.1, pH 7.4. Changes in
tension were recorded using Grass-FT03 force transducers
connected to a MacLab 2E (AD Instruments Inc.) attached
to a Macintosh Performa 475 computer. After equilibration
(1 h), rings were contracted with 1 uM noradrenaline (NA), a
concentration that produces approximately 70% of the
maximum contraction and thereafter relaxed by cumulative
addition (dose cycle time, 6 min) of increasing concentrations
(10—-1000 ™M) of nitroflurbiprofen (NOF), nitroaspirin
(NOA), nitroprednisolone (NOP), nitroparacetamol (NO-
PARA) or sodium nitroprusside (SNP: 0.01-20 um). The
vasorelaxant effect of flurbiprofen, aspirin, prednisolone and
paracetamol (all 10—1000 uM) was also evaluated as was the
effect of SNP in the presence of paracetamol or flurbiprofen
(both 100 uM). In some experiments the vasorelaxant effect of
NOF and NOPARA in the rat aorta was additionally
determined after preincubation (15 min) with either [1,2,4]
oxadiazolo [4,3a] quinoxalin-1-one (ODQ; 5 uM), zaprinast
(5 um) or L-NAME (100 pm) or in rings gently rubbed on the
intimal surface to remove the endothelial cell layer (checked
by failure to relax in response to 1 uM carbachol). All results
are expressed as per cent relaxation of NA-induced tone.

Effect of NOF on perfused rat mesentery and kidney

Rat mesentery and kidney preparations were perfused as
described previously (Moore et al., 1990). Briefly, rats (male,

Wistar, 200—250 g, Charles River Ltd) were killed by a blow
to the head and exsanguination. The superior mesenteric
artery and/or renal artery were cannulated and the mesenteric
vascular bed and/or kidney were immediately removed and
perfused (5 ml min~—"') with warmed (37°C), oxygenated (95%
0,: 5% CO,) Krebs solution. Perfusion pressure was
monitored continuously by means of a Druck pressure
transducer connected to a Devices pen recorder. In order to
assess the vasorelaxant effect of NOF (0.1-100 um),
flurbiprofen (1-100 um) and SNP (0.1-100 uM) on perfu-
sion pressure, NA at a concentration (31.3 uM) previously
shown to cause approximately 70% maximal vasoconstrictor
tone (Bhardwaj & Moore, 1988) was added to the perfusing
Krebs solution. Under these circumstances no significant loss
of vasoconstrictor tone in either mesentery or kidney was
detected over a 3 h period which was the maximum length of
each experiment. Experiments were carried out in a non-
cumulative manner i.e. drugs were added to the perfusing
Krebs solution for a period of 15 min to allow development
of a full vasodilator response after which time preparations
were returned to NA-containing Krebs before exposure to a
higher concentration of test drug. Results indicate change in
perfusion pressure (mm Hg).

Measurement of rat mean arterial blood pressure (M AP)

Rats (male, Wistar, 200—-250 g, Tucks Ltd) were anaesthe-
tized with sodium pentobarbitone (60 mg kg~', i.p.). The
right carotid artery was cannulated for measurement of blood
pressure and heart rate via a Druck pressure transducer
connected to a Powerlab (AD Instruments Ltd) attached to a
Dell Inspiron 4000 computer running Chart for Windows.
NOF (74 mgkg™'), NOA (919 mgkg "), flurbiprofen
(50 mg kg—"), aspirin (50 mg kg~"), sodium nitroprusside
(50 ug kg=") or vehicle (0.5% w v~! carboxymethylcellulose,
2 ml kg=') were administered i.p. and blood pressure and
heart rate monitored continuously for 60 min thereafter.

Drugs and chemicals

Nitroflurbiprofen (2-fluoromethyl [1,1-biphenyl]-4-acetic acid
4-(nitrooxy) butyl ester), nitroparacetamol (4-(nitroxy)buta-
noic acid 4-acetylaminophenyl ester), nitroaspirin (2-(acet-
yloxy) benzoic acid 3-(nitrooxymethy) phenyl ester) and
nitroprednisolone (prednisolone 21-[(4-nitrooxymethyl)benzo-
ate]) were the generous gift of Dr P. del Soldato (NicOX Ltd,
Sophia-Antipolis, France). Flurbiprofen, paracetamol, aspir-
in, noradrenaline bitartrate, prednisolone, ODQ, zaprinast,
sodium nitroprusside and carboxymethylcellulose were pur-
chased from Sigma Ltd. Noradrenaline and sodium nitro-
prusside were dissolved in distilled water and kept on ice
throughout the experiment to minimize spontaneous break-
down. All other drugs were dissolved in DMSO.

Statistical analysis

Results indicate mean+s.e.mean with the number of
observations shown in parenthesis. Statistical significance of
differences between groups was determined one-way analysis
of variance (ANOVA) to compare means in the same group
followed by unpaired student’s r-tests to compare means
between groups where necessary. In all cases a probability (P)
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value of less than 0.05 was taken to indicate statistical
significance.

Results

The effect of NOF and other NO releasing compounds on
rat aorta

In this study, NA (1 uM) caused approximately 70%
maximal contraction of the isolated rat aorta
(0.9540.03 g, n=130). Increasing concentrations of NO-
NSAID and nitroprednisolone (1 uM—1 mM) caused graded
relaxation of NA-precontracted aortic rings (Figure 1). The
rank order of potency was NOP (ECsy, 15.1+1.4 uM: E .,
96.5+4.2%, n=5-12)>NOA (ECsy, 55.4+6.2 uM: E.y,
83.8+8.7%, n=12)>NOPARA (ECsy, 71.5+14.6 um:
Emax, 103.54+2.9%, n=6)>NOF (ECsy, 688.8+93.7 uMm,
n=15). Due to the limitations of solubility of the highest
concentration of NOF tested (1 mM) the greatest relaxation
of tone observed with this compound was 54.0+4.1%
(n=15). In all cases, relaxation of rat aortic rings to these
NO releasing compounds was a gradual process, which at
higher concentrations, required 3—-4 min to complete.
Control experiments were undertaken with SNP which also
relaxed NA-precontracted aortic rings (ECso, 74.5+7.4 nM,

Enax, 99.6+1.9%, n=4). For comparison, SNP was
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Figure 1 Vasorelaxant effect of a range of NO-NSAID on the rat

aorta. Preparations were precontracted with NA (1 um) and
subsequently relaxed by cumulative addition of NO-NSAID. Results
show per cent relaxation of NA-induced tone and are mean+
s.e.mean, n=>5-15.

therefore approximately three orders of magnitude more
potent than the other NO releasing compounds tested.

Mechanism of action of the vasorelaxant effect of
NO-NSAID on rat aorta

A number of separate experiments were undertaken to
investigate the mechanism of the vasorelaxant effect of NO-
NSAID. Thus, relaxation of aortic rings in the presence of
NO-NSAID is unlikely to be related to a vehicle effect since
DMSO at a concentration (0.3% v v~') which represents
the highest concentration of vehicle achieved in the organ
bath in these experiments did not relax NA-precontracted
aortic rings. Similarly, a direct effect of prednisolone or
NSAID (released by the cleavage of NO-NSAID in the
organ bath) can be excluded since flurbiprofen, paracetamol,
prednisolone and aspirin (concentrations up to 100 uMm)
caused minimal relaxation of NA-precontracted rat aortic
rings (data not shown). It is also unlikely that, following
NO-NSAID breakdown, the presence of the NSAID moiety
significantly affected the vasorelaxant effect of released NO
since exposure of tissues to flurbiprofen or paracetamol
(both 100 um) failed to affect the response to SNP (ECs,
30.3+2.4 nM cf. 40.4+4.6 and 51.54+7.4 nM in the presence
of flurbiprofen and paracetamol respectively, n=4, P>0.05).
Finally, pretreatment with L-NAME (100 uM) did not affect

the vasorelaxant response to either NOF (ECs;,
181.84+35.1 um cf. 12514, 17.0 um, n=4, P>0.05) or
NOPARA  (125.5+30.7 um cf.  71.5+14.6 uM, n=4,

P>0.05) suggesting that these NO-NSAID do not trigger
the release of endogenous NO from aortic rings. In
contrast, removal of endothelium significantly increased
NOF-induced relaxation (ECsy, 16434263 uM, n=7,
P<0.05). Moreover, preincubation of aortic rings with
zaprinast (selective inhibitor of cyclic GMP phosphodiester-
ase) significantly potentiated the vasorelaxant effect of NOF
and NOPARA whilst ODQ (selective inhibitor of soluble
guanylate cyclase) significantly reduced responses to both
NO-NSAID (Figure 2).

Effect of NOF on isolated, perfused rat mesentery

Perfusion of rat mesentery preparations with NA (31.3 um)
resulted in so-called ‘high tone’ preparations in which
perfusion pressure was increased by approximately 100—
180 mm Hg over basal values. Perhaps surprisingly, NOF
(100 nM—50 uM) exhibited negligible vasodilator activity in
this vascular bed. Indeed, the response to NOF was not dose
related with a small but consistent vasodilatation being
observed at all concentrations used (e.g. 50 uM: 15.7+5.7%
of NA-induced tone, n=35). In control experiments, both
DMSO (0.2% v v~'; highest concentration achieved) and
flurbiprofen (100 uM) were without effect on vascular tone in
these preparations (data not shown). SNP was considerably
more active than NOF producing a maximal relaxation of
NA-induced tone of 42.5+5.7 % (n=35) with an ECszy of
4.4+0.7 um (n=15) (Figure 3). The failure of NOF to dilate
the rat mesenteric vasculature in these experiments was not
due to a non-specific inhibitory effect of the vehicle on the
response to NO since DMSO (0.2% v v~') did not affect
vasodilation due to SNP in this preparation (data not
shown).

British Journal of Pharmacology vol 133 (7)
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Figure 2 Vasorelaxant effect of NOF (A) and NOPARA (B) on the
NA (1 um) precontracted rat aorta following pretreatment (15 min)
with either ODQ (5 um) or zaprinast (5 uM). Results show per cent
relaxation of NA-induced tone and are mean4s.e.mean, n=4-7.

Effect of NOF on isolated, perfused rat kidney

Perfusion of rat kidney preparations with NA (31.3 um)
resulted in so-called ‘high tone’ preparations in which perfusion
pressure was increased by approximately 80— 150 mm Hg over
basal values. Both NOF (1-100 um) and SNP (1-100 um),
but not flurbiprofen (10—100 uMm), caused concentration-
dependent relaxation of the NA-preconstricted renal vascu-
lature (Figure 4). In contrast to data obtained using both rat
aorta and rat mesentery, the maximum relaxation response
following exposure to NOF (100 uM; 58.4+5.5%, n=>5) was
considerably greater than that observed with SNP (100 um;
19.24+6.3%,n=15, P<0.05). In these experiments, the ECs, for
NOF was 33.1+4.4 uM (n=>5). Unfortunately, due to the lack
of effect of SNP, no direct comparison of the potency of NOF
and SNP is possible.

and 40248 beats min~' respectively (n=25). Injection (i.p.)
of NOF (74 mg kg='), NOA (91.9 mg kg~"), flurbiprofen
(50 mg kg~ "), aspirin (50 mg kg~') or vehicle did not
significantly affect MAP or heart rate over the following
60 min period (Table 1). In contrast, i.p. injection of a much
lower dose of SNP (50 ug kg—") significantly reduced MAP at
5 min post-injection.

Discussion

NO-NSAID have been proposed as alternatives to the parent
NSAID for the treatment of a number of clinical conditions
associated with inflammation, pain and/or thrombosis (del
Soldato et al., 1999). In this context, it is of interest that
nitroprednisolone has also been reported to exhibit more
potent anti-inflammatory activity than the parent compound,
prednisolone (Paul-Clark er al., 2000). The major perceived
therapeutic advantage of NO-NSAID (cf. NSAID) is that
these compounds cause much reduced gastrointestinal
haemorrhage and ulceration (Elliot et al., 1995; Muscara et
al., 1998; Ukawa et al., 1997, Wallace et al., 1994). The
mechanism of such gastroprotection has been proposed to

British Journal of Pharmacology vol 133 (7)
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Figure 4 Vasodilator effect of NOF, SNP and flurbiprofen in the
isolated, perfused rat kidney. Preparations were preconstricted with
NA (31.3 uM) and subsequently relaxed by non-cumulative addition
of drug. Results show per cent reduction in NA-induced perfusion
pressure and are mean+s.e.mean, n=>35.

involve NO-mediated dilatation of the gastric vasculature (del
Soldato et al., 1999; Wallace et al., 1995). However, this
possibility is not consistent with previous reports that NO-
NSAID have no effect on MAP of the anaesthetized rat
(Fujihara et al., 1998; Wallace et al., 1994; 1995, Yamamoto
et al., 2000) and raise the intriguing possibility of a
differential effect of NO-NSAID on vascular beds throughout
the body.

In the present series of experiments we have extended our
preliminary observation that NOF exhibits no vasodepressor
activity in the urethane-anaesthetized rat (McLoughlin et al.,
1999). We now report that NOA (in addition to NOF) is
devoid of vasodepressor activity in this species and have also
employed pentobarbitone as the anaesthetic in order to avoid
any potential inhibition of cardiovascular reflexes associated
with urethane. In contrast, a 1000 fold lower dose of the NO
donor, SNP, did as expected cause a marked but relatively
transient fall in MAP in these animals. It should be pointed
out that, at doses shown to be without effect on MAP in the
present study, both NOF and NOA exhibit pronounced anti-
inflammatory activity in the carrageenan-induced rat hind-
paw oedema test (Al-Swayeh et al., 1999, 2000) and NOF
attenuates endotoxin-induced gastric and intestinal lesions in
the rat (Wallace et al., 1995). Thus, it may be concluded that
pharmacologically active doses of NOF and NOA are devoid
of hypotensive activity in vivo at least in the anaesthetized rat.
Similarly, chronic oral dosing of conscious rats with

nitroflurbiprofen also failed to reduce MAP (Fujihara et al.,
1998). Interestingly, chronic treatment with nitronaproxen
has been reported to reduce MAP in the hypertensive rat
(Muscara et al., 2000). Thus, the consensus of published
information (see Introduction for additional references)
strongly suggests a lack of vasodepressor activity of the
NO-NSAID class of compounds in normotensive rats.
Although beyond the scope of the present investigation, it
would clearly be of interest to probe further the mechanism(s)
underlying the fall in MAP elicited by nitronaproxen in the
hypertensive rat.

All of the NO-releasing compounds tested (i.e. NOF,
NOA, NOP and NOPARA) relaxed the NA-precontracted
rat aorta. Relaxation of aortic rings due to both NOF and
NOPARA was increased by zaprinast and reduced by ODQ
thereby suggesting that NO release from NOF and NOPARA
was a pre-requisite for blood vessel relaxation to take place.
This conclusion was supported by the weak vasorelaxant
effect of flurbiprofen, paracetamol and prednisolone coupled
with the inability of flurbiprofen and paracetamol to
influence the vasorelaxant effect of SNP-derived NO in this
preparation. The finding that the vasorelaxant effect of NOF
and NOPARA was not reduced by L-NAME, taken together
with the above findings, strongly suggest that NO-NSAID act
as endothelium-independent, NO donors in this preparation.
In this context, the augmented vasorelaxant effect of NOF in
endothelium-denuded aortic rings is probably explained by
improved access to the underlying smooth muscle cells in the
absence of an endothelial barrier.

An interesting feature of the present study is that
pronounced differences in the vasorelaxant potency of the
various NO-releasing compounds used in this study are
apparent. Thus, the rank order of potency to relax the NA-
precontracted rat aorta was NOP > NOA > NOPARA >
NOF. Based upon a comparison of ECsy, measurements it is
clear that NOP is approximately 50 times more potent than
NOF in this preparation. In this context, it is also of interest
that the vasorelaxant effect of one of the NO-NSAID tested,
NOF, varied considerably between blood vessel preparations.
Thus, NOF was markedly less potent than SNP in the rat
aorta and also in the perfused rat mesentery but was
considerably more potent than SNP in the perfused rat
kidney.

The disparity in potency both between different NO-
NSAID (and nitroprednisolone) in the same tissue and for
the same NO-NSAID in different tissues is somewhat
unexpected. To the best of our knowledge, release of NO
from NO-NSAID and like drugs is stochiometric and as such
NO-mediated blood vessel relaxation would be expected to be
similar between different NO-NSAID and within different
tissues.

One possible explanation for these observations is that the
absolute amount and/or the time course of NO release varies
from one NO-releasing compound to the next and also
between vascular beds. The mechanism(s) by which NO
release from these compounds take place are not fully
understood. It is clear that the molecule comprises NO
linked via a ‘spacer’ molecule and an ester bridge to the
parent NSAID (or prednisolone) and it is also clear that this
ester linkage is broken by cell/tissue esterase enzymes in order
to liberate free NO (see del Soldato et al., 1999). However,
the identity, and tissue distribution of these endogenous
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esterases remains unknown. One interpretation of the present
data is therefore that the rate of esterase-mediated cleavage
of NO differs between compounds. Thus, we hypothesize that
NOP is cleaved more efficiently by esterase enzyme(s) present
in rat aortic rings than is NOF and the other NO-NSAID
studied and consequently causes relaxation at lower con-
centrations. Similar differences in esterase activity (i.e. high in
kidney, low in mesentery and aorta) may account for the
variability in vasorelaxant activity of NOF between different
blood vessel preparations.

In conclusion, NO-NSAID (and nitroprednisolone) relax
isolated blood vessel preparations in vitro with a potency
which varies with the individual compound and with choice
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