A high level of cyclooxygenase-2 inhibitor selectivity
is associated with a reduced interference of platelet
cyclooxygenase-1 inactivation by aspirin

Marc Ouellet, Denis Riendeau, and M. David Percival*

Department of Biochemistry and Molecular Biology, Merck Frosst Centre for Therapeutic Research, Kirkland, QC, Canada H9R 4P8

Communicated by Edward M. Scolnick, Merck & Co., Inc., West Point, PA, October 12, 2001 (received for review July 12, 2001)

Both nonsteroidal anti-inflammatory drugs, such as ibuprofen, and
the prototypical selective cyclooxygenase (Cox)-2 inhibitors DuP-
697 and NS-398 block the inhibition of Cox-1 by aspirin in vitro.
However, clinical studies have shown that the Cox-2 selective
drugs (or coxibs) rofecoxib and etoricoxib, at therapeutic doses, do
not interfere with the antiplatelet effect of aspirin, in contrast to
ibuprofen. Here, we have evaluated the relative potential of
ibuprofen and various coxibs to interfere with the inactivation of
Cox-1 by aspirin by using purified enzyme and calcium ionophore-
activated human platelets. The irreversible inactivation of Cox-1 by
aspirin can be antagonized by ibuprofen and coxibs, albeit with
widely different potencies. The rank order of potencies for this
process (ibuprofen > celecoxib > valdecoxib > rofecoxib > etori-
coxib) parallels that obtained for the inhibition of Cox-1-mediated
thromboxane B, production by calcium ionophore-stimulated
platelets. The antagonism of aspirin therefore likely involves a
competition at the enzyme active site. The ECso value for the
antagonism against 10 uM aspirin for each drug is ~10- to 40-fold
lower than the corresponding ICsq value for inhibition of platelet
Cox-1 activity, consistent with the much weaker initial binding of
aspirin to Cox-1 as compared with arachidonic acid. These results
show that a low affinity for Cox-1 and a high degree of Cox-2
selectivity confers a low potential to block aspirin inhibition of
platelet Cox-1, consistent with the results of clinical studies.

he two cyclooxygenase (Cox) isozymes (or prostaglandin H

synthases), which share ~60% sequence identity, perform
the first committed steps in the prostaglandin pathway by
catalyzing the oxygenation of arachidonic acid to PGG, (Cox
activity) and the reduction of PGG; to PGH, (peroxidase
activity) (1-3). Cox-1 is constitutively expressed in most cell
types, including platelets, whereas Cox-2 is absent from most
healthy tissues but is induced by proinflammatory or prolifera-
tive stimuli. Cox-1 plays a role in the production of prostaglan-
dins involved in protection of the gastric mucosal layer and
thromboxanes (TX) in platelets. Cox-2 generally mediates ele-
vations of prostaglandins associated with inflammation, pain,
and pyresis (2). Nonsteroidal antiinflammatory drugs (NSAIDs)
such as aspirin and ibuprofen are generally nonselective inhib-
itors of Coxs. This lack of selectivity has been linked to their
propensity to cause gastrointestinal side effects. The new Cox-2
selective inhibitors, or coxibs, show the same antiinflammatory,
analgesic, and antipyretic effects as nonselective NSAIDs but
have reduced side-effect profiles (4).

The use of low-dose aspirin (50-325 mg/day) is currently
indicated for cardiovascular prophylaxis (5). The mechanism of
this cardioprotective effect is because of the irreversible inacti-
vation of platelet Cox-1, resulting in a reduced production of the
proaggregatory TXA,. As platelets are anuclear, the function of
the platelets is inhibited for the remainder of their 8- to 10-day
lifespan. The two currently approved coxibs (celecoxib and
rofecoxib) show no effect on platelet aggregation even at
supratherapeutic doses (6, 7). Thus, coxibs are not substitutes for
aspirin for cardiovascular prophylaxis. As the cardioprotective
effects of conventional nonselective NSAIDs have not been
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definitively established, coadministration of low-dose aspirin is
recommended for high-risk patients taking NSAIDs for the
treatment of inflammatory disorders (8). However, in vitro
enzyme and human studies performed in the early 1980s showed
that the NSAIDs ibuprofen and indomethacin can block aspirin
inactivation of Cox-1 (9-12). Very recently, a clinical study
confirmed that ibuprofen does block platelet Cox-1 inhibition by
low-dose aspirin, suggesting that that the coadministration of the
two drugs may compromise the cardioprotective effect of aspirin
(42). The Cox-2 selective inhibitors NS-398 and DuP-697 also
have been reported to block the aspirin-mediated inhibition of
isolated and cellular Cox-1 (13, 14). However, human studies
with rofecoxib showed no interference with the anti-platelet
effect of aspirin (15, 42). Similar results also were obtained with
etoricoxib.” Together, these studies suggest that weakly selective
Cox-2 inhibitors, which show significant potency against Cox-1,
might have a greater ability to block the aspirin inhibition of
Cox-1 than highly Cox-2 selective inhibitors.

X-ray crystallography and other studies have shown that
aspirin causes the irreversible acetylation of a serine (Ser-530 in
Cox-1) in the substrate channel leading to the COX active site
(16). Ibuprofen and indomethacin are able to block this acety-
lation as they also occupy this channel. Because selective Cox-2
inhibitors have been shown to also bind Cox-1, albeit compar-
atively weakly (17, 18), the possibility exists that these inhibitors
can also block the acetylation of Ser-530 by aspirin by occupying
the active site channel. The aims of this study were to investigate
the mechanism of the antagonism of aspirin inhibition of Cox-1
by ibuprofen and coxibs and to examine the relationship between
aspirin antagonism and potency against Cox-1.

Materials and Methods

Celecoxib, valdecoxib, etoricoxib, and rofecoxib were synthe-
sized by the Medicinal Chemistry Department of Merck Frosst
Canada. Unless stated, all centrifugations were performed at
room temperature. Data fitting was performed with GRAFIT
software (Erithacus Software, Horley, U.K.), except for linear
regression, which was performed with KALEIDAGRAPH software.
1Csp values represent the inflection point of the curves generated
when the data were fitted to a four-parameter equation with
weighting according to the estimated error in each point.

Purified Ovine Cox-1 (oCox-1) Assays. Cox activity over the first 30 s
of the reaction was determined by using a spectrophotometric
assay (ODeg10 nm) using 50 nM oCox-1 (Cayman Chemicals, Ann

Abbreviations: Cox, cyclooxygenase; HHBSS, Hanks’ balanced salt solution supplemented
with 25 mM Hepes; NSAID, nonsteroidal antiinflammatory drug; oCox-1, ovine cyclooxy-
genase-1; TX, thromboxane; EIA, enzyme immunoassay.

*To whom reprint requests should be addressed. E-mail: dave_percival@merck.com.

tWagner, J. A., Kraft, W., Burke, J., Gleave, M., Wildonger, L., Ebel, D., Vanburen, S.,
Gottesdiener, K., Waldman, S. & Greenberg, H. (2001) Arthritis Rheum. 44, 498 (abstr.).

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | December 4,2001 | vol.98 | no.25 | 14583-14588

n
w
o
=
w
=}
w
-
<
=4
=]
[T}
H




Arbor, MI) in 100 mM sodium phosphate, pH 6.5/0.5 uM
hematin/10 uM N,N,N’,N'-tetramethyl-p-phenylenediamine/1
mg/ml gelatin (final volume 200 ul). Inhibitors were added from
50-fold concentrated solutions in DMSOQO, and the reaction was
initiated with 100 uM arachidonic acid/100 uM tetramethyl-p-
phenylenediamine (in 50% ethanol). For experiments with as-
pirin alone, the percentage remaining enzyme activities were fit
to a first-order equation, y = a + b exp(—kopst) to give values of
kobs, the observed pseudofirst-order inactivation rate constant.
The kobs values were fit to an equation describing a two-step
inactivation process, kobs = kinact[[]/(Ki + [I]) (19).

Preparation of Washed Platelets. Fresh peripheral blood from
healthy volunteers who had not taken NSAIDs for 7 days was
collected in vacutainer tubes without heparin and was mixed with
10% (vol/vol) anticoagulant solution (65 mM citric acid/85 mM
sodium citrate/2% glucose, pH 7.4). The blood was centrifuged
(210 X g, 10 min), and the platelet-rich plasma was mixed with
50% Hanks’ balanced salt solution supplemented with 25 mM
Hepes (HHBSS)/30% anticoagulant solution and further cen-
trifuged (760 X g, 10 min). The platelet pellet was resuspended
in fresh HHBSS/10% anticoagulant and centrifuged again
(760 X g, 10 min), and the pellet was resuspended in HHBSS/
10% anticoagulant.

Assays of TXB; Production. Aliquots of platelets from individual
donors (200 wl at 103 cells/ml) were incubated with inhibitors
(diluted from 400-fold concentrated solutions in DMSO, or for
aspirin 95% HBSS/5% DMSO) for 25 min at 37°C, before the
addition of 2 uM calcium ionophore (A23187). After 10 min at
37°C, the reactions were terminated with 100 ul of methanol.
After centrifugation, TXB, in the supernatant was determined
by enzyme immunoassay (EIA, Assay Designs, Ann Arbor, MI).
To determine inhibitor reversibility, after incubation with inhib-
itors for 25 min, the platelets were centrifuged (760 X g, 10 min)
and washed twice with HHBSS/10% anticoagulant. The plate-
lets were then resuspended in 200 ul of HHBSS/10% antico-
agulant, challenged with 2 uM A23187 and TXB, production
determined as above. To determine the effect of coxibs and
ibuprofen on aspirin inhibition of platelet Cox-1, inhibitors were
preincubated with the platelets for 5 min before addition of 10
uM or 100 uM aspirin and incubated for an additional 20 min.
The cells were washed as above and challenged. Platelets treated
with 10 uM aspirin alone were inhibited ~85%, whereas those
treated with 100 uM aspirin were completely inhibited. The
values shown in Fig. 3 4 and B were calculated as % inhibition =
[(Cont — (ASA + inhib)]/(Cont — ASAalone) * 100, where
Cont represents TXB, produced with no inhibitors, (ASA +
inhib) represents TXB, produced in the presence of aspirin plus
reversible inhibitor, and ASAalone represents TXB; produced in
the presence of aspirin. TXB, production from platelets from
different donors untreated and treated with ionophore (no
inhibitors) averaged 0.38 ng/2 X 107 cells (range: undetectable
to 1.7 ng) and 21 ng/2 X 107 cells (range: 8 to 40 ng), respectively.
The background (no ionophore) TXB, production was sub-
tracted from each value obtained in the presence of ionophore.
Titrations with platelets from each donor were performed in
duplicate.

Labeling of Platelet Proteins with [1*C]Acetyl Aspirin. Blood from
individual donors was pooled and platelets were prepared as
described above, except that the pH of the anticoagulant solution
was not adjusted. Platelets (1.26 ml, 1.5 X 10'° cells) were treated
with either 10 uM ibuprofen or vehicle for 5 min at 37°C before
addition of 100 uM ['*C]acetyl aspirin (55 mCi/mmol, American
Radiolabeled Chemicals, St. Louis). After 30 min, the cells were
centrifuged (760 X g) and washed twice before being sonicated;
the lysates were then centrifuged (100,000 X g, 1.5 h, 4°C). The
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pellet was resuspended in 0.4 ml of HHBSS/10% anticoagulant,
recentrifuged, and solubilized with 1% vol/vol octylglucoside for
1 h at 4°C. After centrifugation, the S100 (approximately 1 mg
of protein) was electrophoresed on 10-well 4-20%, 1.5-mm
thickness, denaturing SDS/PAGE gels (Novex). After fixation
with acetic acid/methanol, the gels were cut in 3-mm horizontal
fractions and mixed with 10 ml of scintillation fluid. The gel
fractions were incubated for 1 h at 37°C and then transferred to
a fresh 10-ml aliquot of scintillation fluid and counted. The
background counts from scintillation fluid alone (30 cpm) were
subtracted from each sample.

Results

Effects of Selective Cox-2 Inhibitors on Inactivation of Ovine Cox-1 by
Aspirin. Initial experiments were conducted with purified oCox-1
to determine the effects of ibuprofen and selective Cox-2
inhibitors on the inactivation of oCox-1 by aspirin. The time
dependency and potency of inhibition of 0Cox-1 by aspirin was
examined in assays in which the enzyme was treated with 0-10
mM aspirin for 0-30 min before the addition of 100 uM
arachidonic acid and measurement of the Cox activity. This
spectrophotometric assay follows the oxidation of the reducing
agent cosubstrate tetramethyl-p-phenylenediamine by the Cox
peroxidase activity and has been shown to accurately reflect the
conversion of arachidonic acid to PGG, (20). The time-
dependent loss of 0Cox-1 activity at each aspirin concentration
followed a pseudofirst-order process, with inhibition reaching
completion in the presence of 200 uM aspirin after a preincu-
bation period of 30 min (data not shown). The observed rate
constants for the inactivation process increased with higher
aspirin concentration in a hyperbolic fashion. Fitting the data to
an equation describing an initial reversible enzyme-inhibitor
association with dissociation constant Kj, followed by an irre-
versible inactivation with a rate constant Kinae, gave estimated
values of 27 = 6 mM and 12 = 2 min~!, respectively. The high
dissociation constant shows that aspirin has a very weak initial
intrinsic affinity for purified 0Cox-1. The values of kinact/K; and
K; obtained here (0.44 mM~min~! and 27 mM) are similar (0.3
mM~min~! and 14 mM, respectively) to those determined by
using microsomal Cox-1 (19).

The conditions of 200 uM aspirin and a 30-min preincubation
were chosen to evaluate whether ibuprofen, celecoxib, valde-
coxib, rofecoxib, and etoricoxib can interfere with the irrevers-
ible inactivation of oCox-1 by aspirin. Thus, oCox-1 was coin-
cubated with 200 uM aspirin and different concentrations of
each inhibitor for 30 min, before the addition of 100 uM
arachidonic acid substrate and determination of the Cox activity
by using the spectrophotometric assay. The results (Fig. 1 and
Table 1) confirm previous studies and show that under these
conditions, ibuprofen can block the aspirin inactivation of pu-
rified 0oCox-1 with an ECsg value of ~0.29 uM. The results also
show that celecoxib has an ECs value (1.0 uM) close to that of
ibuprofen. In contrast, valdecoxib, rofecoxib, and etoricoxib
show much weaker abilities to block the irreversible inactivation
of 0Cox-1 by aspirin (ECsg values of 13, ~100, and >100 uM,
respectively). Using the same spectrophotometric assay with 100
uM arachidonic acid, each of these compounds was a weak
inhibitor of Cox-1 activity, with ICsy values of ~70 uM for
ibuprofen and celecoxib and greater than 100 uM for the other
coxibs. This finding is consistent with the competitive, reversible
nature of the inhibition of Cox-1 by ibuprofen and coxibs and the
high substrate concentration used in this assay. The large
differences in the ECs values for aspirin antagonism and the
ICsp values for inhibition of Cox activity for each inhibitor
ensured that the interpretation of the aspirin antagonism ex-
periments was not complicated by inhibition from the reversible
inhibitor itself. Nonetheless, inhibition of Cox activity at high
concentrations of ibuprofen (>5 uM) and celecoxib (>30 uM)
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Fig. 1. Antagonism of the aspirin inhibition of oCox-1 by ibuprofen and
coxibs. Purified oCox-1 was treated with 200 uM aspirin and 0-100 uM
ibuprofen (v), celecoxib (OJ), valdecoxib (x), rofecoxib (<), and etoricoxib (O)
for 30 min before the addition of substrate and the determination of the
remaining Cox activity. Each point represents the average of duplicate deter-
minations. The complete data were fit to the four-parameter ICso equation for
each inhibitor with the exceptions of ibuprofen and celecoxib, where data
from the ranges 0.015 to 3.7 uM and 0.015 to 33.3 uM, respectively, were fit.
Higher concentrations of these inhibitors resulted in Cox-1 inhibition from
these agents themselves.

can be observed in Fig. 1. For ibuprofen, inhibition from the
compound itself may have affected the slope of the ECs, curve,
indicating that the true ECsg is somewhat less than 0.29 uM.

Reversible Inhibition of Platelet Cox-1 by Ibuprofen and Coxibs. The
effects of the above inhibitors on the activity of platelet Cox-1
were then evaluated. In these assays, washed human platelets
were treated with aspirin, ibuprofen, and the four coxibs indi-
vidually for 25 min before the stimulation of TXB, production
with 2 uM calcium ionophore. After 10 min, the cells were lysed,
and the TXB; produced was quantitated by EIA. The titrations
show that aspirin, ibuprofen, celecoxib, valdecoxib, rofecoxib,
and etoricoxib inhibited the ionophore-stimulated production of
TXB, in platelets with ICso values of 1.3 = 0.5 uM, 1.4 = 0.4 uM,
22 %03 uM, 28 =9 uM, >100 uM, and >100 uM, respectively
(Fig. 2).

The abilities of ibuprofen and the coxibs to block aspirin
inactivation of purified 0Cox-1 were readily demonstrated, as the
inhibition resulting from these competitive, reversible com-
pounds themselves was competed out by the subsequent addition
of the high concentration of substrate. In contrast, for experi-
ments with isolated platelets, any antagonism of aspirin inacti-
vation of platelet Cox-1 by a second inhibitor could potentially
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Fig.2. Titration andreversibility of inhibition of platelet Cox-1 by ibuprofen,
celecoxib, valdecoxib, rofecoxib, etoricoxib, and aspirin. Washed platelets
were treated with inhibitor for 25 min before the stimulation of Cox activity
with calcium ionophore. After a 10-min reaction, the amount of TXB; pro-
duced was determined by EIA (O). To determine inhibitor reversibility, plate-
lets were treated with each inhibitor for 25 min, and the platelets were then
washed twice with fresh buffer before ionophore stimulation and TXB;
production as above (0J). The data represent the average of titrations from at
least three blood donors, except for aspirin (n = 2). The error bars represent
the SEM of each value.

be masked by its own inhibition. However, as these drugs are
rapidly reversible inhibitors of purified Cox-1, whereas aspirin is
an irreversible inhibitor, their effects on aspirin inactivation of
platelet Cox-1 could be determined if the reversible inhibitor
were washed from the cells. To determine inhibitor reversibility,
platelets were treated with each inhibitor for 25 min and then
centrifuged and resuspended in fresh buffer. This washing step
was repeated before challenging the cells with ionophore as for
the above titrations. The results show that the inhibitory effects
of ibuprofen, valdecoxib, and rofecoxib were completely re-
moved by washing of the platelets (Fig. 2). Etoricoxib showed no
inhibition under both conditions. In contrast, the effects of
aspirin were not reversible (ICsp of 1.1 = 0.2 uM), as expected
for an irreversible inhibitor. The inhibitory effect of celecoxib
appeared only partially reversible under the washing conditions
used, an apparent ICsy of 27 = 3 uM being obtained after the

Table 1. Potencies of ibuprofen and coxibs on Cox-1 activity and ability to block aspirin

inactivation of Cox-1

Purified oCox-1

Platelet Cox-1

ECso antagonism of

1Csp inhibition of

ECso antagonism of ECso antagonism

200 uM aspirin TXB; synthesis 10 uM aspirin of 100 uM aspirin
M nM uM unM
Ibuprofen =0.29 14+04 0.048 = 0.005 0.42 = 0.05
Celecoxib 1.0 = 0.07 22*0.3 0.21 = 0.01 0.76 = 0.11
Valdecoxib 13 =4 28+9 0.70 = 0.20 8604
Rofecoxib ~100 >100 53038 42 =+ 8
Etoricoxib >100 >100 19+4 >100
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Fig. 3. Antagonism of the aspirin inhibition of platelet Cox-1 by ibuprofen
and coxibs. Platelets were treated with 0-100 uM ibuprofen (V), celecoxib (0),
valdecoxib (X), rofecoxib (¢), and etoricoxib (O) for 5 min before the addition
of 10 uM (A) or 100 uM (B) aspirin. After a 20-min incubation, the platelets
were washed twice and challenged with calcium ionophore. After 10 min, the
reactions were quenched, and the amount of TXB; produced was determined
by EIA. The data represent the average of (n) titrations from at least three
different donors: (A) ibuprofen (10), celecoxib (9), valdecoxib (8), rofecoxib
(8), and etoricoxib (6); (B) ibuprofen (11), celecoxib (12), valdecoxib (8),
rofecoxib (8), and etoricoxib (6). For celecoxib, only data between 0.005 and
3.7 uM are plotted, as higher concentrations showed inhibition from celecoxib
alone.

washing steps compared with an ICsy value of 2.2 = 0.3 uM
obtained with no washing. As celecoxib has been described as a
reversible inhibitor of purified human Cox-1 (21), the above
effects may be caused by a relatively slow release of the
compound from the platelets.

Differential Effects of Ibuprofen and Coxibs on the Inactivation of
Platelet Cox-1 by Aspirin. Experiments were then conducted to
determine the relative abilities of ibuprofen and the four coxibs
to block aspirin inactivation of platelet Cox-1. Platelets were
pretreated with each of the above drugs for 5 min before the
addition of 10 uM or 100 uM aspirin and further incubated for
20 min. The cells were then centrifuged and washed twice, as
described above, to remove the reversible inhibitors and then
challenged for TXB, production with ionophore. The results
(Fig. 34) show that ibuprofen, celecoxib, valdecoxib, rofecoxib,
and etoricoxib block the inactivation of platelet Cox-1 by 10 uM
aspirin with ECsg values of 0.048 = 0.005, 0.21 = 0.01, 0.7 = 0.2,
5.3+ 0.8, and 19 = 4 uM, respectively. On the order of 10-fold,
higher concentrations of each drug were required (Table 1) to
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Fig. 4. Effect of ibuprofen on the incorporation of ['“Clacetyl aspirin radio-
activity into microsomal platelet proteins. Washed platelets were treated with
vehicle (O) or 10 uM ibuprofen (0J) for 5 min before the addition of 100 uM
["4Clacetyl aspirin. After 30 min, the cells were washed and lysed, and the
microsomal fraction was solubilized with octylglucoside before electrophore-
sis on denaturing gels. Horizontal fractions were excised and counted in
scintillation fluid. Fraction 4 represents the beginning of the separating gel.
The mobility of molecular mass markers (in kDa) are shown by arrows. The
data shown are representative of multiple results obtained with ibuprofen
(n = 2) and vehicle-treated platelets (n = 4).

block the inactivation caused by 100 uM aspirin (Fig. 3B). The
results show that the same rank order of potencies was obtained
for the antagonism of aspirin with both purified and platelet
Cox-1.

Effect of lbuprofen on the Acetylation of Platelet Cox-1. Previous
work has shown that incubation of acetyl-radiolabeled aspirin
with intact platelets leads to labeling of a single microsomal
protein that was identified as Cox-1 (22). Ibuprofen was chosen
here as a model compound to determine whether the mechanism
of its protection against aspirin inactivation of platelet Cox-1
involves the blocking of acetylation. The potency of ibuprofen to
inhibit ionophore-stimulated TXB, production was not shifted
by the 150-fold higher density of platelets required for these
experiments. In contrast, the ICsj of celecoxib was increased at
least 10-fold, precluding its use in these experiments. Platelets
were treated with 10 uM ibuprofen or vehicle for 5 min and then
100 puM ['“Clacetyl aspirin for an additional 30 min. The cells
were then washed and sonicated, and the microsomal proteins
were electrophoresed on SDS/PAGE gels. The gels were sliced
into fractions, and the radioactivity in each was measured by
scintillation counting. In platelets treated with [*C]acetyl aspi-
rin, a single peak of radioactivity was obtained (Fig. 4) at an
approximate molecular mass corresponding to that of Cox-1 (72
kDa). When the platelets were treated with 10 uM ibuprofen and
100 uM ['*Clacetyl aspirin, the radioactivity peak area was
almost completely abolished. These results are therefore con-
sistent with the antagonism of ibuprofen against aspirin in
platelets involving an inhibition of the irreversible acetylation of
Cox-1.

Discussion

Previous human studies have shown that clinical doses of the
highly Cox-2-selective inhibitors rofecoxib and etoricoxib, in
contrast to the nonselective NSAID ibuprofen, do not block the
antiplatelet effects of low-dose aspirin. In a study with healthy
subjects, individuals received placebo or rofecoxib (50 mg) for 10
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days and aspirin (81 mg) from days 4 to 10. Rofecoxib alone had
no effect on serum TXB, levels or platelet aggregation (day 4),
whereas both platelet parameters were equally inhibited when
aspirin was coadministered with placebo or rofecoxib (15).
Similar results were obtained with etoricoxib (120 mg) and
aspirin (81 mg) (J. Wagner, personal communication). In a 6-day
study, healthy subjects received low-dose aspirin (81 mg) 2 h
before or after ibuprofen (400 mg) or rofecoxib (25 mg). Serum
TXB; levels and platelet aggregation were fully inhibited 24 h
after the sixth dose in the subjects taking aspirin before the other
drugs, as well as in those taking aspirin after rofecoxib. In those
subjects taking ibuprofen before aspirin, platelet function and
serum TXB, levels were inhibited 2 h postdosing, but after 24 h,
both parameters had fully recovered (42). This observed tran-
sient inhibition of platelet Cox-1 is likely caused by ibuprofen
itself, which has a short ¢, (2 h), rather than aspirin (23). Similar
results were obtained in a single-dose study in which the coad-
ministration of ibuprofen (5 mg/kg) and aspirin (650 mg)
resulted in lower inhibition of platelet Cox-1 as compared with
aspirin alone (11).

These clinical studies show that rofecoxib and etoricoxib, at
their normal therapeutic doses, can selectively inhibit Cox-2
without interfering with the inactivation of Cox-1 by aspirin.
However, in vitro data obtained with the prototypical Cox-2-
selective inhibitors NS-398 and DuP-697 show that these com-
pounds can block aspirin inhibition of Cox-1 (13, 14). The
present in vitro study was aimed to determine whether all
clinically used coxibs show a similar, low potential to antagonize
aspirin or whether their potency in this process is related to their
affinity for Cox-1 and their Cox-2 selectivity.

The present results obtained with purified oCox-1 and human
platelets show that the nonselective NSAID ibuprofen, and also
the selective Cox-2 inhibitors celecoxib, valdecoxib, rofecoxib,
and etoricoxib, can block the inactivation of Cox-1 by aspirin in
vitro. However, the relative potency of each coxib varies con-
siderably and is related to their differences in inhibitory poten-
cies for Cox-1. The least potent Cox-1 inhibitor etoricoxib was
only able to block the aspirin inactivation of platelet Cox-1 under
the most sensitive conditions (10 wM aspirin). In contrast,
ibuprofen, the most potent Cox-1 inhibitor tested here, was also
the most potent at blocking the aspirin inactivation of Cox-1
(Table 1). This antagonism of aspirin by ibuprofen in platelets,
and reasonably also the coxibs, can be attributed to the blocking
of the acetylation of Cox-1 as shown by the present radiolabeling
results (Fig. 4).

The mechanism of selectivity of all of the Cox-2 selective
inhibitors studied so far seems due to a common kinetic feature.
Cox-2-selective inhibitors initially bind both Cox-1 and Cox-2 in
a reversible manner, with similar affinities. For Cox-2 only, this
complex then undergoes one or more kinetically distinct isomer-
izations to form a tightly bound complex that only slowly
dissociates (17, 18, 21, 24). The formation of the final, slowly
reversible complex with Cox-2 therefore provides the increased
potency, resulting in the selectivity of inhibition. In contrast,
ibuprofen binds in a rapidly reversible manner to both isozymes
(25). The crystal structure of bromoacetylated Cox-1 shows
salicylate bound in the active site channel near the site of serine
acetylation (16), although the present results show that the initial
binding of aspirin to purified Cox-1 is extremely weak (K; ~ 27
mM). Fluorescence quenching experiments with SC-299, a Cox-
2-selective inhibitor structurally related to the four coxibs stud-
ied here, suggest that the reversible binding of this compound to
Cox-1 involves an interaction at both the mouth of the channel
leading to the active site as well as a second site further up the
channel (24). The occupancy of either site would likely be
competitive with aspirin binding, therefore providing a rationale
for the antagonism of aspirin inactivation of Cox-1 by Cox-2
selective inhibitors.

Ouellet et al.

The same rank order of potency is observed here for the ECs
values for aspirin antagonism in platelets (Table 1) and the K;
values of celecoxib (0.3 uM), valdecoxib (1.6 uM), rofecoxib (18
uM), and etoricoxib (167 uM) against purified human Cox-1
(26). Furthermore, the ICsy value of each drug for inhibition of
platelet TXB, production correlates extremely well with the
ECs values for protection of platelet Cox-1 activity against both
10 uM and 100 uM aspirin (r = 0.99). Therefore, the overall data
are consistent with the antagonism of aspirin by coxibs and
ibuprofen involving competition at the active site.

The ECsq values of the four coxibs and ibuprofen for the
antagonism of aspirin inhibition of platelet Cox-1 (at 10 uM
aspirin) are ~10- to 40-fold lower than the respective ICs values
for inhibition of Cox-1 activity (see Table 1). This is now
explainable, as the lower ECs, values reflect the competition of
each drug with the weakly binding aspirin, whereas the higher
ICsq values reflect the competition with arachidonic acid, which
is released at high concentrations after ionophore challenge (27)
and which binds Cox-1 strongly (28). This effect is exemplified
by the results with purified Cox-1, where ibuprofen, celecoxib,
and valdecoxib were able to significantly protect oCox-1 against
aspirin inactivation at concentrations that showed no effect on
Cox activity (Fig. 1).

The kinetic equations that describe the competition between
areversible inhibitor (i.e., ibuprofen or coxib) and an irreversible
inhibitor (i.e., aspirin) show that as the exposure time or
concentration of the irreversible inhibitor is increased, the
degree of protection afforded by a reversible inhibitor will
decrease (29). This effect was observed here, as ~10-fold higher
concentrations of ibuprofen or coxibs were required to block 100
M aspirin in platelets as compared with 10 uM (Table 1). At
low aspirin concentration, or exposure time, conditions that will
result in less than complete inactivation of Cox-1, the ECs( value
for the protection against inactivation will approach the inhibitor
dissociation constant. In the present experiments, platelets
treated with 10 uM aspirin alone for 20 min were inhibited
~85%, indicating that the ECs values obtained for the revers-
ible inhibitors under these conditions represent the concentra-
tions that give close to 50% occupancy of the Cox-1 active site.

Whole-blood assays of Cox-1 and Cox-2 inhibition have been
used to relate clinically achieved drug serum concentrations to
inhibitor side effects and efficacy, respectively (30-33). As the
present experiments with platelets were performed in the ab-
sence of blood proteins, which can shift inhibitor potencies, it is
not possible to directly predict the in vivo interactions of aspirin
and coxibs or ibuprofen from drug serum levels and the ECs
values for the antagonism of aspirin inhibition of platelet Cox-1.
However, the observation that the ECs values of each drug for
antagonism of 10 uM aspirin are on the order of 10- to 40-fold
lower than their respective ICsy values for inhibition of iono-
phore-dependent platelet Cox-1 activity indicates that a low
concentration of aspirin may be more readily antagonized in vivo
by a weak Cox-1 inhibitor than would be apparent from the
inhibition of serum TXB; levels. Oral low-dose aspirin provides
poor systemic bioavailability, and inactivation of platelet Cox-1
occurs in the presystemic circulation (34). There, the concen-
tration and length of exposure are sufficiently low to only
partially inactivate platelet Cox-1, and ~4-5 days of treatment
are needed to obtain >90% platelet inactivation (35-37). These
conditions therefore would favor antagonism by a Cox-1 inhib-
itor. Furthermore, near complete platelet Cox-1 inactivation is
required for the cardioprotective effect of aspirin, as platelets
having 5-10% remaining activity still retain the ability to ag-
gregate (38). The serum concentration of rofecoxib [~1 uM at
adose of 25 mg qd (7)] is well below literature whole blood Cox-1
ICsg values [18.8 uM (26), 63 uM (39)]. In humans, rofecoxib
showed no significant dose-related effects on serum TXB, levels
at doses of up to 375 mg (7.5 times the highest recommended
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dose) for 14 days (7) and at a single dose of 1,000 mg (33).
Clearly, the serum concentrations of rofecoxib achieved at
normal doses are well below that required to inhibit platelet
Cox-1 activity and, as confirmed by the human studies, are also
below that required to block Cox-1 inactivation by low-dose
aspirin (15). Etoricoxib is an even weaker Cox-1 inhibitor (whole
blood ICsy of 116 uM) and has a high degree of Cox-2 selectivity
(26), consistent with its lack of interference with the antiplatelet
effect of aspirin in humans (J. Wagner, personal communica-
tion). At the other extreme, ibuprofen gives serum levels of ~50
uM at a dose of 200 mg (23), which is many-fold higher than
Cox-1 whole blood ICsg values [4.8 uM (26), 7.6 uM (39)]. These
data are consistent with the large, but transitory, antiplatelet
effect of ibuprofen at therapeutic doses and its antagonism of the
antiplatelet effect of aspirin (11, 42). The serum levels of
celecoxib at a therapeutic dose of 200 mg twice a day are 1-2 uM
(6) and are close to the range of literature whole blood ICs
values [1.2 uM (39), 6.7 uM (26), 6.67 uM (40)]. Consistent with
this, in human studies, celecoxib showed ~30% inhibition of
serum TXB; levels at doses of 600 mg twice a day (which gives
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