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Abstract

The aim of our study was to evaluate the selectivity of flurbiprofen and flurbinitroxybutylester for inhibition of the cyclooxygenase
activity of prostaglandin endoperoxide synthase-2 vs. prostaglandin endoperoxide synthase-1 in human blood monocytes and platelets,
respectively. In whole blood, flurbiprofen was approximately 10-fold more potent than flurbinitroxybutylester to inhibit the cyclooxy-
genase activity of platelet prostaglandin endoperoxide synthase-1 (IC5, wM: 0.90 + 0.27 vs. 10.70 £ 5, mean + S.D., P <0.05). In
contrast, the 2 compounds were equipotent to inhibit prostaglandin endoperoxide synthase-2 cyclooxygenase activity in whole blood (IC
uM: 0.90 + 0.25 vs. 0.80 & 0.35) or isolated monocytes (IC; uM: 0.03 £ 0.02 vs. 0.03 £ 0.02). Neither flurbiprofen nor flurbinitroxy-
butylester (0.28—-112 uM) affected prostaglandin endoperoxide synthase isozyme expression by lypopolysaccharide-stimulated mono-
cytes. In whole blood, flurbinitroxybutylester was slowly converted to flurbiprofen and this in turn could influence the extent of inhibition
of the cyclooxygenase activity of prostaglandin endoperoxide synthase-1. In conclusion, the addition of a nitroxybutyl moiety to
flurbiprofen seems to reduce its capacity to inhibit the cyclooxygenase activity of prostaglandin endoperoxide synthase-1. Whether this

effect will result in a reduced risk of gastrointestinal toxicity remains to be studied in man.
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1. Introduction

The use of non-steroidal anti-inflammatory drugs
(NSAIDs) is limited by their untoward side-effects, mainly
on the gastrointestinal tract (Soll et al., 1991). Different
factors need to be considered when evaluating the toxicity
of individual NSAIDs in humans (Bateman, 1996): (1) the
potential local irritant effect of a particular pharmaceutical
preparation; (2) the extent and variability of first-pass
metabolism of the parent compound in the gut wall or
liver; (3) the effect of disease state or age on clearance;
and (4) the potential biological activity of metabolites.

* Corresponding author. Tel.: (39-871) 355-775; Fax: (39-871) 355-718;
e-mail: ppatrignani @unich.it

"A preliminary report of this study was presented at the First Euro-
pean Congress of Pharmacology (Milan, Italy, 16—19 June 1995) and
published in abstract form (Santini et al., 1995, Pharmacol. Res. 31, 133).

However, in experimental animals, it has been shown that
gastric toxicity associated with NSAIDs is likely to in-
volve inhibition of the cyclooxygenase activity of the
constitutive enzyme, prostaglandin endoperoxide synthase-
1 (Masferrer et al., 1994; Seibert et al., 1994; Chan et al.,
1995).

Prostaglandin endoperoxide synthase is a bifunctional
enzyme which exhibits both cyclooxygenase and peroxi-
dase activities. It catalyzes the conversion of arachidonic
acid to prostaglandin G, and of prostaglandin G, to prosta-
glandin H,. Newly formed prostaglandin H, is subse-
quently converted to various biologically active prostanoids
by specific isomerases (for a review, see Smith and De-
Witt, 1995).

Two isoforms of prostaglandin endoperoxide synthase
have been identified, prostaglandin endoperoxide synthase-
1 and prostaglandin endoperoxide synthase-2. Each
isozyme is encoded by a different gene (Kraemer et al.,
1992; Kujubu and Herschman, 1992). Prostaglandin en-
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doperoxide synthase-1 is a constitutive enzyme present in
almost all cell types whereas prostaglandin endoperoxide
synthase-2 has a restricted tissue distribution and is ex-
pressed at a very low basal level but is highly inducible in
response to mitogenic factors and cytokines (O’Banion et
al., 1991; Hla and Neilson, 1992: Jones et al., 1993).
Prostaglandin endoperoxide synthase-1 and prostaglandin
endoperoxide synthase-2 are 60% identical at the amino-
acid level. Those amino acids required for catalysis by
prostaglandin endoperoxide synthase-1 are conserved in
prostaglandin endoperoxide synthase-2 (Smith and DeWitt,
1995). However, subtle differences between the active site
of the 2 isozymes are present as suggested by their differ-
ent affinities toward various NSAIDs (Mitchell et al.,
1993; Barnett et al., 1994; Laneuville et al., 1994; Patrig-
nani et al., 1994; Grossman et al., 1995; Panara et al.,
1995).

Highly selective inhibitors of the cyclooxygenase activ-
ity of human monocyte prostaglandin endoperoxide syn-
thase-2 have recently been developed (Panara et al., 1995),
yielding anti-inflammatory compounds effective in experi-
mental animals without causing gastric lesions (Masferrer
et al., 1994; Seibert et al., 1994; Chan et al., 1995). This is
consistent with their ability to inhibit the activity of prosta-
glandin endoperoxide synthase-2 induced at sites of in-
flammation while sparing the activity of constitutive
prostaglandin endoperoxide synthase-1 in the gastrointes-
tinal tract (Masferrer et al., 1994; Seibert et al., 1994;
Chan et al., 1995).

The addition of a nitroxybutylester group to flurbipro-
fen markedly reduces its gastrointestinal toxicity without
altering its anti-inflammatory effectiveness when adminis-
tered to experimental animals (Wallace et al., 1994a). One
possible mechanism might involve the capacity of flurbini-
troxybutylester to release nitric oxide (NO) in vivo (Wal-
lace et al., 1994a). NO, similarly to prostaglandins, ap-
pears to play an important role in gastric mucosal defense
(MacNaughton et al., 1989; Kitagawa et al., 1990; Lopez-
Belmonte et al., 1993). However, the addition of a nitroxy-
butylester moiety to flurbiprofen might also affect its
affinity for prostaglandin endoperoxide synthase isozymes.
Thus, the aims of the present study were to investigate: (1)
the selectivity of flurbinitroxybutylester and flurbiprofen to
inhibit the cyclooxygenase activity of prostaglandin en-
doperoxide synthase-2 vs. prostaglandin endoperoxide syn-
thase-1 in human blood monocytes and platelets, respec-
tively; and (2) the stability of flurbinitroxybutylester and
flurbiprofen in human whole blood.

2. Materials and methods
2.1. Subjects

Six healthy volunteers (3 female, 3 male; 23-50 years)
were studied on several occasions. Informed consent was

obtained from each subject. Peripheral venous blood sam-
ples were drawn between 10:00 and 12:00 h, before and 48
h after the oral administration of aspirin 300 mg. The
volunteers had not taken any other NSAIDs or steroids
during the 2 weeks preceding the study.

2.2. Materials

Ficoll-Paque was obtained from Pharmacia Biotech
(Milan, Italy). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal calf serum were from Gibco Laborato-
ries (Grand Island, NY, USA). Heparin, L-glutamine, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
lipopolysaccharide derived from Escherichia coli 026:B6,
the calcium ionophore A23187, biotinylated anti-rabbit
IgG, streptavidin-peroxidase were purchased from Sigma
(St. Louis, MO, USA). Flurbiprofen and flurbinitroxy-
butylester were provided by Nicox (London, UK). Rabbit
polyclonal antibodies prepared against prostaglandin en-
doperoxide synthase-2 peptide (C)-NASSSRSGLD-
DINPTVLLK, which is only present in the carboxyl-termi-
nal (amino-acid sequence 580-598) of human prosta-
glandin endoperoxide synthase-2 (Hla and Neilson, 1992;
Jones et al., 1993) were obtained as described recently
(Habib et al., 1993). Specific rabbit polyclonal antibodies
directed against prostaglandin endoperoxide synthase-1
were a gift from Dr. W.L. Smith (Department of Biochem-
istry, Michigan State University). Electrophoresis reagents
were from Bio-Rad Laboratories (Richmond, CA, USA).

2.3. Activity of prostaglandin endoperoxide synthase
isozymes in whole blood

1-ml aliquots of peripheral blood samples containing 10
IU of sodium heparin were incubated both in the absence
and in the presence of lypopolysaccharide (10 wg/ml) for
24 h at 37°C as recently described (Patrignani et al., 1994).
The contribution of platelet prostaglandin endoperoxide
synthase-1 was suppressed by pre-treating the subjects
with aspirin 300 mg 48 h before sampling. Plasma was
separated by centrifugation (10 min at 1600 X g) and kept
at —30°C until assayed for the content of prostaglandin E,
that was recently demonstrated to be an index of the
cyclooxygenase activity of blood monocyte prostaglandin
endoperoxide synthase-2 (Patrignani et al., 1994). Periph-
eral blood samples were drawn from the same donors who
had not taken any NSAIDs during the 2 weeks preceding
the study. 1-ml aliquots of whole blood were immediately
transferred into glass tubes and allowed to clot at 37°C for
1 h. Serum was separated by centrifugation (10 min at
1600 X g) and kept at —30°C until assayed for thrombox-
ane B,. Whole-blood thromboxane B, production was
measured as a reflection of maximally stimulated cyclo-
oxygenase activity of platelet prostaglandin endoperoxide
synthase-1 by endogenously formed thrombin (Patrono et
al., 1980). Plasma prostaglandin E, and serum tromboxane
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B, were measured by specific and validated radioim-
munoassay (RIA) techniques that have been described
previously (Ciabattoni et al., 1979; Patrono et al., 1980).

2.4. Effects of flurbiprofen and flurbinitroxybutylester on
prostaglandin endoperoxide synthase-1 and prostaglandin
endoperoxide synthase-2 activity in whole blood

Flurbiprofen and flurbinitroxybutylester were dissolved
in dimethyl sulfoxide and 2 wl of these solutions was
pipetted directly into test tubes to give a final concentra-
tion in whole blood of 0.028—164 uM. The effects of
these inhibitors and dimethy! sulfoxide vehicle on prosta-
glandin endoperoxide synthase-1 activity were evaluated
by incubating each drug at 5-6 different concentrations
with multiple whole-blood samples that were allowed to
clot at 37°C for 1 h. The effects on prostaglandin endoper-
oxide synthase-2 activity were studied by incubating each
compound or dimethyl sulfoxide vehicle at 5-6 different
concentrations with multiple heparinized whole-blood sam-
ples in the presence of lypopolysaccharide (10 pg/ml) for
24 h. The details of these procedures have been described
previously (Patrignani et al., 1994).

2.5. Effects of flurbiprofen and flurbinitroxybutylester on
the cyclooxygenase activity and expression of prosta-
glandin endoperoxide synthase-2 in isolated monocytes

Mononuclear cells were separated from heparinized hu-
man whole-blood or leukocyte concentrates (buffy coat,
obtained from local blood collection centres) by Ficoll-
Paque as described by Boyum (1968). Mononuclear cells
were carefully removed, washed and resuspended in Dul-
becco’s modified Eagle medium (DMEM) buffered with
0.01 M Hepes, pH 7.4, supplemented with 0.5% heat-in-
activated fetal calf serum and 4 mM L-glutamine. This will
be referred to as complete medium (CDMEM). Aliquots of
10 ml were seeded into plastic Petri dishes and incubated
at 37°C in 5% CO,-humidified atmosphere for 1 h. The
adherent cells recovered by gently scraping with a rubber
policeman were resuspended in CDMEM (2 X 10°
cells/ml) and their viability (> 96%) was examined by
Trypan blue exclusion. The purity of the preparation of
isolated monocytes was assayed by forward and right-an-
gle scatter measurement by flow cytometry (Coulter,
Hialeah, FL, USA). The cell suspension was approxi-
mately 90% monocytes. The effects of flurbiprofen and
flurbinitroxybutylester on the cyclooxygenase activity of
monocyte prostaglandin endoperoxide synthase-2 were
evaluated by incubating the isolated cells with increasing
concentrations of the compounds (0.0028-2.8 uM) at
37°C for 24 h in the presence of lypopolysaccharide (10
wg/ml) and measuring immunoreactive prostaglandin E, in
the supernatant. In some experiments, the effects of flur-
biprofen and flurbinitroxybutylester (0.28—-112 uM) on
the expression of prostaglandin endoperoxide synthase-2

and prostaglandin endoperoxide synthase-1 were evaluated
by a previously described Western blot technique
(Patrignani et al., 1994). Briefly, 10 g of protein lysate of
monocytes were resolved by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis transferred to a
nitrocellulose membrane and immunoblotted with either
rabbit polyclonal antiserum (1:750 dilution) directed against
the carboxyl-terminal portion of human prostaglandin en-
doperoxide synthase-2 or polyclonal anti-prostaglandin en-
doperoxide synthase-1 serum (1:1000 dilution). Immune
complexes were visualized by incubating the membranes
with biotin-conjugated anti-rabbit IgG (1:2000) and
streptavidin-peroxidase.

In a different set of experiments, lymphomonocytes
were seeded into 24-well plates (10 X 10° /well) and incu-
bated at 37°C in 5% CO,-humidified atmosphere for 1 h.
The non-adherent cells were removed; the remaining
monolayer, made up of monocytes, was incubated in the
presence of lypopolysaccharide (10 wg/ml) for 24 h at
37°C and the expression of prostaglandin endoperoxide
synthase-2 was evaluated by Western blot. At the end of
the incubation, the medium was replaced with fresh CD-
MEM (lypopolysaccharide-free) and monocytes were incu-
bated with the calcium ionophore, A23187 (1 ug/ml),
both in the absence and in the presence of flurbiprofen or
flurbinitroxybutylester (0.0028—2.8 uM), for 1 h at 37°C.
Prostaglandin E, levels were measured in the medium by
RIA as an index of the cyclooxygenase activity of prosta-
glandin endoperoxide synthase-2.

2.6. Stability of flurbiprofen and flurbinitroxybutylester in
whole blood

The inhibitory effects of flurbiprofen and flurbinitroxy-
butylester (0.28—-28 uM) on the cyclooxygenase activity
of platelet prostaglandin endoperoxide synthase-1 were
evaluated after pre-incubation of the compounds at room
temperature for 1 and 3 h. The production of TXB, in
whole blood allowed to clot for 1 h at 37°C was assessed
by RIA. The stability of flurbinitroxybutylester (28 M)
in whole blood was assessed by evaluating the concentra-
tions of flurbiprofen and flurbinitroxybutylester by re-
versed-phase high performance liquid chromatography
(RP-HPLC). Aliquots of 10 ml of serum or plasma sam-
ples were added to 190 ml of methanol /water (50:50,
v/v) and injected directly into a Nova-Pak C,; column
(Waters, Milford, MA, USA) of a Beckman System Gold
HPLC. Flurbiprofen and flurbinitroxybutylester were sepa-
rated by RP-HPLC using a mobile phase consisting of a
gradient prepared from water:acetic acid (100:0.1, v/v)
(solvent A) and acetonitrile:acetic acid (100:0.1, v/v)
(solvent B) as follows: 0—15 min 40% B; 60 min 70% B.
The flow rate was 1 ml/min. Absorbance was assessed at
250 nm. Synthetic flurbiprofen and flurbinitroxybutylester
eluted with retention times of 11.4 and 44 min, respec-
tively.
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2.7. Statistical analysis

The data were expressed as mean + S.D. Statistical
comparisons were made by Student’s unpaired r-test. The
sigmoidal dose-response curves were analysed with Allfit,
a basic computer program for simultaneous curve-fitting
based on a 4-parameter logistic equation (De Lean et al.,
1978).

3. Results

The measurement of prostaglandin E, production in
heparinized whole blood incubated with lypopolysaccha-
ride (10 wg/ml) for 24 h represents a reflection of the
cyclooxygenase activity of prostaglandin endoperoxide
synthase-2 induced in circulating monocytes (Patrignani et
al., 1994). Plasma prostaglandin E, averaged 9.1 £2.9
ng/ml (mean + S.D., n= 6) under control conditions. The
contribution of platelet cyclooxygenase activity was sup-
pressed selectively by pre-treatment of the subjects with
aspirin (300 mg 48 h before sampling). The measurement
of thromboxane B, production in whole blood obtained
from healthy subjects not exposed to aspirin and allowed
to clot for 1 h at 37°C is an index of the cyclooxygenase
activity of platelet prostaglandin endoperoxide synthase-1
in response to endogenously formed thrombin (Patrono et
al., 1980). Serum thromboxane B, averaged 473 £ 211
ng/ml (mean + S$.D., n = 6) under control conditions. As
shown in Table 1, flurbiprofen inhibited the cyclooxy-
genase activity of monocyte prostaglandin endoperoxide
synthase-2 and platelet prostaglandin endoperoxide syn-
thase-1 with comparable potency. In contrast, flurbinitrox-
ybutylester was approximately 13-fold more potent to-
wards the cyclooxygenase activity of prostaglandin en-
doperoxide synthase-2 than of prostaglandin endoperoxide
synthase-1 (Table 1, Fig. 1). The addition of a nitroxybutyl
moiety to flurbiprofen was associated with a 10-fold reduc-
tion in its capacity to inhibit the cyclooxygenase activity of
prostaglandin endoperoxide synthase-1 (Table 1).

To ascertain whether the greater inhibitory effect of
flurbinitroxybutylester on the cyclooxygenase activity of
prostaglandin endoperoxide synthase-2 than that of prosta-
glandin endoperoxide synthase-1 might have been a result

Table |

Inhibition of human whole-blood prostaglandin endoperoxide synthase-1
(PGHS-1) and prostaglandin endoperoxide synthase-2 (PGHS-2) activi-
ties by flurbiprofen and flurbinitroxybutylester

Inhibitor IC4, (uM)

PGHS-1 PGHS-2
Flurbiprofen 0.90+0.27 0.90+0.25
Flurbinitroxybutylester 10.70£5°? 0.80+0.35

100

80

% 60
inhibition

40

20

0 Wz
001 0.1 1 10 100 1000
Flurbi-NO (uM)

Fig. 1. Dose-response curves for inhibition of human whole-blood prosta-
glandin endoperoxide synthase-1 and prostaglandin endoperoxide syn-
thase-2 by flurbinitroxybutylester. Increasing concentrations of flurbini-
troxybutylester (Flurbi-NO, 0.028-164 pM) were incubated with 1-ml
aliquots of heparinized whole blood (drawn from healthy volunteers
pre-treated with 300 mg of aspirin 48 h before sampling) in the presence
of lypopolysaccharide (10 pg/ml) for 24 h, and plasma prostaglandin E,
was assayed as a reflection of monocyte prostaglandin endoperoxide
synthase-2 activity (M). Flurbinitroxybutylester was also incubated with
1-ml whole-blood samples (drawn from the same donors when they had
not taken any NSAIDs during the 2 weeks preceding the study) allowed
to clot for 1 h, and serum thromboxane B, was measured as a reflection
of platelet prostaglandin endoperoxide synthase-1 activity (O). Results
are depicted as percentage inhibition and represent the means £ S.D. from
3 separate experiments.

of the longer time of incubation of the compound in the
lypopolysaccharide-stimulated whole-blood assay (24 h)
than in the whole-blood clotting assay (1 h), we investi-
gated the effects of different times of pre-incubation in
whole blood (1 and 3 h at room temperature) of flurbini-
troxybutylester and flurbiprofen in whole blood on their
capacity to inhibit the cyclooxygenase activity of throm-
bin-stimulated platelet prostaglandin endoperoxide syn-
thase-1. Pre-incubation of flurbiprofen did not significantly
affect the dose-response curve for inhibition of thrombox-
ane B, production during whole-blood clotting (Table 2).
In contrast, flurbinitroxybutylester pre-incubated for 3 h
with whole blood was 4-fold more potent (P < 0.05) to
inhibit the cyclooxygenase activity of platelet prosta-
glandin endoperoxide synthase-1 as compared to control
conditions (no pre-incubation) (Table 2).

Since flurbinitroxybutylester is likely to be degraded to
flurbiprofen by blood esterases, we analysed the stability
of flurbinitroxybutylester in whole blood under different
experimental conditions. Flurbinitroxybutylester (28 uM)

Table 2

Effects of pre-incubation of flurbiprofen and flurbinitroxybutylester on
inhibition of the cyclooxygenase activity of prostaglandin endoperoxide
synthase-1

Incubation conditions ICsp (uM)

Flurbiprofen  Flurbinitroxybutylester
1 hat37°C 0.70£0.35 7.7+33
1 hatroom °+1 hat37°C  0.90+0.35 35+140°
3hatroom °+1hat37°C  0.50+0.17 1.90+0.70 ¢

All values are mean+ S.D. (n=3-5).
IC,, for PGHS-1 vs. ICs, for PGHS-2. * P < 0.05.

All values are mean+S.D. (n = 3).
IC5, vs. control (1 h at 37°C). * P < 0.05.
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Fig. 2. Time-dependent formation of flurbiprofen from flurbinitroxybutylester in human whole blood. Flurbinitroxybutylester (Flurbi-NO, 28 M) was
incubated in whole-blood samples for 1 h at 37°C (panel A) and for 3 h at room temperature + 1 h at 37°C (panel B). Aliquots of heparinized whole blood
were incubated with flurbinitroxybutylester (28 M) for 24 h at 37°C (panel C). Blood samples were centrifuged at 1600 X g for 10 min and 10 1 of
serum or plasma were directly injected into a RP-HPLC system. Flurbiprofen and flurbinitroxybutylester were separated using a mobile phase consisting of
a gradient prepared from water:acetic acid (100:0.1) (solvent A) and acetonitrile:acetic acid (100:0.1) (solvent B) as follows: 0-15 min 40% solvent B, 60
min 70% solvent B. The flow rate was 1 ml/min. Absorbance was assessed at 250 nm. The retention time of the standards is indicated by the arrows.

was added to whole blood and the concentration of flur-
biprofen and flurbinitroxybutylester in serum and in plasma
was assessed by RP-HPLC. At 7= 0, only flurbinitroxy-
butylester was present in whole blood (not shown); after 1
h of incubation at 37°C, 20% of flurbinitroxybutylester
was converted to flurbiprofen, while after 3 h of incubation
at room temperature followed by 1 h at 37°C, the peak
representing flurbiprofen increased to 35% of flurbinitrox-
ybutylester (Fig. 2). When flurbinitroxybutylester was in-
cubated in heparinized whole blood for 24 h at 37°C, the
compound was almost completely converted to flurbipro-
fen (Fig. 2).

To evaluate whether the inhibition of thromboxane B,
production by flurbinitroxybutylester in whole blood al-
lowed to clot for 1 h at 37°C might be influenced by its
transformation to flurbiprofen, we measured the time course
of thromboxane B, production in the absence and in the
presence of flurbinitroxybutylester (28 uM). As shown in
Fig. 3, the inhibition of serum thromboxane B, production
by flurbinitroxybutylester was significantly (P < 0.05)
lower at 5 min (71 + 4.4%, mean + S.D., n = 3) than at 1
h (87 + 4.4%) of incubation. When the same samples were
analysed by RP-HPLC for their content of flurbinitroxy-
butylester and flurbiprofen, we found that the time-depen-
dent inhibition of thromboxane B, production was associ-
ated with conversion of flurbinitroxybutylester to flur-
biprofen (Fig. 3). However, the concentration of flurbipro-

fen (approximately 1 uM) detected in whole blood incu-
bated for 5 min with 28 uM of flurbinitroxybutylester
could only partially account for the extent of inhibition of
the cyclooxygenase activity of platelet prostaglandin en-
doperoxide synthase-1 measured at this time point, i.e.
71%. In fact, this concentration of flurbiprofen can only
cause an approximately 50% inhibition of platelet prosta-
glandin endoperoxide synthase-1 activity (Table 1).

100 10

80 -

| ]
Serum TXB,
% of
control

60 - 4

Flurbiprofen

kM
40 +

20 T

20 30 40
TIME (minutes)

10 50 60

Fig. 3. Time-course of inhibition of whole-blood thromboxane B, pro-
duction by flurbinitroxybutylester and its conversion to flurbiprofen.
Flurbinitroxybutylester (28 pM) was incubated with 1-ml aliquots of
whole blood at 37°C for 0—60 min and the concentrations of thromboxane
B,, flurbiprofen and flurbinitroxybutylester were measured at various
time points.
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Fig. 4. Effects of flurbinitroxybutylester and flurbiprofen on prosta-
glandin E, production and prostaglandin endoperoxide synthase (PGHS)
isozyme expression by lypopolysaccharide-stimulated human monocytes.
Increasing concentrations of flurbinitroxybutylester (Flurbi-NO, panels A
and B) or flurbiprofen (panels C and D) were incubated for 24 h at 37°C
with human monocyte suspensions in the presence of lypopolysaccharide
(10 pg/ml). Supernatants were assayed for immunoreactive prosta-
glandin E, while monocytes were lysed and proteins were analyzed by
SDS-polyacrylamide gel electrophoresis and immunoblotting techniques.
Equal amounts of proteins (10 pg) were loaded onto all lanes. Immune
complexes were visualized by incubating the membranes with biotin-con-
jugated anti-rabbit IgG and streptavidin-peroxidase. This figure is repre-
sentative of 4 experiments.

Due to the instability of flurbinitroxybutylester in whole
blood on prolonged incubation at 37°C, we compared the
inhibitory effects of the 2 compounds on the cyclooxy-
genase activity of prostaglandin endoperoxide synthase-2
in isolated monocytes. Isolated monocytes respond to ly-
popolysaccharide (10 wg/ml) with a time-dependent in-
crease in prostaglandin E, production that correlates with
the expression of prostaglandin endoperoxide synthase-2
(Patrignani et al., 1994). After 24 h of incubation, prosta-
glandin E, production averaged 4.3 +2.5 ng/10° cells
(mean + S.D., n=4). Flurbinitroxybutylester and flur-
biprofen incubated with human monocytes in the presence
of lypopolysaccharide for 24 h, inhibited prostaglandin E,
production with similar ICy, (0.03 + 0.02 and 0.03 £ 0.02
uM, respectively, mean + S.D., n = 4). Fig. 4 depicts the
dose-response curves for inhibition of lypopolysaccharide-
induced monocyte prostaglandin endoperoxide synthase-2
cyclooxygenase activity by flurbiprofen and flurbinitroxy-
butylester. Flurbiprofen and flurbinitroxybutylester, at con-
centrations that completely suppressed the production of
prostaglandin E,, did not affect lypopolysaccharide-in-
duced expression of monocyte prostaglandin endoperoxide
synthase-2 as analysed by Western blot using specific
antibodies directed against a unique amino-acid sequence
present in human prostaglandin endoperoxide synthase-2
(Habib et al., 1993). Similarly, the constitutive expression
of prostaglandin endoperoxide synthase-1 was not affected
by either drug to any detectable extent (Fig. 4).

We evaluated the effects of flurbiprofen and flurbini-

troxybutylester on the cyclooxygenase activity of prosta-
glandin endoperoxide synthase-2 induced in cultured hu-
man monocytes by the treatment with lypopolysaccharide
(10 pg/ml) for 24 h and stimulated with the calcium
ionophore, A23187 (1 ng/ml), for an additional 1 h.
A23187 caused a 7-fold increase in the production of
prostaglandin E, by monocytes incubated for 24 h with
saline expressing only prostaglandin endoperoxide syn-
thase-1: 0.7 £ 0.06 vs. 0.1 +0.04 ng/ml (mean + S.D.,
n =13). In contrast, A23187 stimulated more than 100-fold
the production of prostaglandin E, by monocytes incu-
bated for 24 h with lypopolysaccharide expressing both
prostaglandin endoperoxide synthase-2 and prostaglandin
endoperoxide synthase-1: 11.6 + 2 vs. 0.1 £0.04 ng/ml
(mean + S.D., n=3). Under these experimental condi-
tions, flurbiprofen and flurbinitroxybutylester inhibited
prostaglandin E, production in response to A23187 with
similar ICs, : 0.06 £ 0.05 vs. 0.14 + 0.12 uM, respec-
tively (mean £+ S.D., n =3).

4. Discussion

In the present study, we have investigated whether the
addition of a nitroxybutyl moiety to flurbiprofen could
affect its inhibitory effects on the cyclooxygenase activity
of prostaglandin endoperoxide synthase-1 and prosta-
glandin endoperoxide synthase-2 in vitro. Since flurbipro-
fen is a time-dependent, irreversible inhibitor of the 2
prostaglandin endoperoxide synthase isozymes (Laneuville
et al., 1994), we studied the effects of flurbiprofen and
flurbinitroxybutylester on the cyclooxygenase activity of
lypopolysaccharide-induced monocyte prostaglandin en-
doperoxide synthase-2 and thrombin-stimulated platelet
prostaglandin endoperoxide synthase-1 in a recently de-
scribed whole-blood model (Patrignani et al., 1994). Under
these experimental conditions, the effects of inhibitors are
evaluated on biologically relevant target cells, selectively
expressing the isozymes that use arachidonate released
from endogenous lipid pools and in the presence of plasma
proteins. The main finding of the present study was that
flurbiprofen inhibited prostaglandin endoperoxide syn-
thase-1 and prostaglandin endoperoxide synthase-2 with
similar IC, values while flurbinitroxybutylester showed a
13-fold preference for prostaglandin endoperoxide syn-
thase-2 due to an apparent 10-fold reduction in its capacity
to inhibit the cyclooxygenase activity of prostagiandin
endoperoxide synthase-1.

In whole blood, flurbinitroxybutylester was slowly con-
verted to flurbiprofen and this, in turn, may have con-
tributed to the extent of inhibition of the cyclooxygenase
activity of prostaglandin endoperoxide synthase-1. In con-
trast, flurbiprofen and flurbinitroxybutylester inhibited the
cyclooxygenase activity of monocyte prostaglandin en-
doperoxide synthase-2 with comparable potency. This oc-
curred under experimental conditions where flurbinitroxy-



G. Santini et al. / European Journal of Pharmacology 316 (1996) 65-72 71

butylester was stable (i.e. in isolated monocytes incubated
for 1 h in the absence of plasma proteins).

Based on the crystal structure of sheep prostaglandin
endoperoxide synthase-1, it has been proposed that the
carboxylic acid group of flurbiprofen is located in a
favourable position for interacting with the guanidinium
group of Arg'?" present in the hydrophobic cyclooxy-
genase channel (Picot et al., 1994). Thus, the presence of
the nitroxybutyl moiety on the carboxyl group of flurbipro-
fen might decrease its affinity for prostaglandin endoper-
oxide synthase-1. In contrast, the prostaglandin endoperox-
ide synthase-2-selective inhibitors that have been devel-
oped thus far lack a carboxylic acid group (Vane and
Botting, 1995), thus suggesting that this group is not
important for their interaction with the cyclooxygenase
binding site of prostaglandin endoperoxide synthase-2. This
might explain the similar potency shown by flurbiprofen
and flurbinitroxybutylester towards the cyclooxygenase ac-
tivity of prostaglandin endoperoxide synthase-2. At vari-
ance with our results, Mitchell et al. (1994) demonstrated
that flurbinitroxybutylester and flurbiprofen were equipo-
tent to inhibit the cyclooxygenase activity of purified
prostaglandin endoperoxide synthase-1 and of the isozyme
constitutively expressed in bovine aortic endothelial cells
in the presence of exogenous substrate. It is likely that
different sensitivities of the bovine and human prosta-
glandin endoperoxide synthase-1 to flurbinitroxybutylester
might account for the apparent discrepancy.

The administration of flurbinitroxybutylester but not
flurbiprofen to rats has been demonstrated to increase
plasma nitrate /nitrite levels consistently with the release
of NO in vivo (Wallace et al., 1994a). However, this was
not associated with any change in systemic blood pressure.
The addition of a nitroxybutyl group to flurbiprofen, keto-
profen and diclofenac has been shown to reduce their
unwanted ulcerogenic activity without altering their anti-
inflammatory activity (Wallace and Cirino, 1994; Wallace
et al., 1994a,b). It has been suggested that released NO can
protect the gastrointestinal mucosa from injury. In fact,
NO and NO donors have been shown to protect the gastric
mucosa in experimental ulcer models (MacNaughton et al.,
1989; Kitagawa et al., 1990).

It has been recently demonstrated that NO can stimulate
the cyclooxygenase activity of prostaglandin endoperoxide
synthase isozymes (Salvemini et al., 1993). Thus, the
reduced capacity of flurbinitroxybutylester to suppress the
cyclooxygenase activity of platelet prostaglandin endoper-
oxide synthase-1 demonstrated in the present study might
be due to activation of the enzyme by released NO.
However, this mechanism seems unlikely to explain our
findings because: (1) NO should also activate the inducible
prostaglandin endoperoxide synthase-2 enzyme; and (2)
NO has also been reported to inhibit prostaglandin en-
doperoxide synthase activity (Vane et al., 1994; Stadler et
al., 1993). Mitchell et al. (1994) demonstrated that NO is
not liberated from flurbinitroxybutylester in cultured bovine

aortic endothelial cells and J774.2 macrophages. No infor-
mation is available on the release of NO from flurbinitrox-
ybutylester in whole blood in vitro.

Wallace et al. (1994a) compared the severity of gastric
mucosal injury and inhibition of prostaglandin E, produc-
tion following the administration of flurbinitroxybutylester
and flurbiprofen to rats. 5 h following oral administration,
flurbinitroxybutylester caused significantly less gastric mu-
cosal injury than flurbiprofen despite producing compara-
ble suppression of prostaglandin E, biosynthesis. It is
likely that conversion of flurbinitroxybutylester to flur-
biprofen by esterases contributed to inhibition of the cyclo-
oxygenase activity of gastric prostaglandin endoperoxide
synthase-1 by flurbinitroxybutylester.

In conclusion, the addition of a nitroxybutyl moiety to
flurbiprofen seems to reduce its capacity to inhibit the
cyclooxygenase activity of human platelet prostaglandin
endoperoxide synthase-1. Whether this effect will result in
a reduced risk of gastrointestinal toxicity and bleeding
remains to be studied in humans.
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