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BACKGROUND AND PURPOSE
Most patients at elevated cardiovascular risk receive long-term aspirin (ASA) anti-platelet treatment. The present study
specifically addresses the pharmacological interactions between selective COX-2 inhibitors and ASA and the possible
consequences for the thrombotic risk during long-term treatment.

EXPERIMENTAL APPROACH
New Zealand white rabbits were fed a standard laboratory diet supplemented with 1% cholesterol (CON) for 12 weeks.
Age-matched control rabbits were fed the same standard diet without addition of cholesterol (SD). Rabbits were randomly
assigned to one of the following groups: rofecoxib (ROFE, 25 mg·kg-1, bid), acetylsalicylic acid (ASA, 5 mg·kg-1, bid) or a
combination of both (ASA + ROFE). At the end of the feeding period, the severity of atherosclerotic plaque formation was
assessed in the aorta. Thrombus formation was assessed in the left carotid artery using a modified Folts procedure.

KEY RESULTS
Treatment of cholesterol-fed rabbits with ASA significantly reduced plaque formation. This reduction in lesion size was not
observed in animals treated with the combination of rofecoxib and ASA. In the modified Folts model, treatment with either
rofecoxib or ASA increased the total blood flow above that of untreated animals. This increase was statistically significant in
the case of ASA, while cotreatment with rofecoxib abolished this ASA effect completely and reduced the total flow rate to the
levels seen in untreated hypercholesterolaemic controls.

CONCLUSIONS
COX-2 inhibition by rofecoxib attenuates the antithrombotic and anti-atherosclerotic effects of ASA during long-term
treatment in cholesterol-fed rabbits.

Abbreviations
APPROVe, adenomatous polyp prevention on VIOXX; ASA, acetylsalicylic acid; CABG, coronary artery bypass graft;
CFVs, cyclic flow variations; CON, control diet; NSAID, nonsteroidal anti-inflammatory drugs; PAI-1, plasminogen
activator inhibitor-1; ROFE, rofecoxib; SD, standard diet; TF, tissue factor; TM, thrombomodulin; TXA2, thromboxane A2

Introduction
Coxibs, selective inhibitors of COX-2, were originally
designed to separate the anti-inflammatory/analgesic actions

of COX-2 inhibition from the physiological effects of COX-
1-derived prostaglandins on haemostasis and the gastrointes-
tinal (GI) tract. Indeed, coxibs caused less GI intolerance,
specifically reduced GI bleeding and ulcer formation. With
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increasing knowledge about the complex regulation and
function of COX-2-derived prostaglandins, it became appar-
ent that this concept was incomplete, and COX-2-derived
prostaglandins might well have important physiological
functions. This was convincingly demonstrated in COX-2
knockout animals, which exhibited severely disturbed tissue
homeostasis and blood perfusion (Morham et al., 1995).
Moreover, in human vascular endothelium (McAdam et al.,
1999) and smooth muscle cells (Rimarachin et al., 1994),
vasodilator and anti-platelet prostaglandins such as PGI2 and
PGE2 are mainly derived from COX-2. These findings suggest
that COX-2-dependent prostaglandin production in addition
to its pathological role in inflammation may also have
physiological functions by controlling vessel tone and
haemostasis.

Several prospective randomized trials have now demon-
strated that coxibs increase the risk for thromboembolic car-
diovascular events, mainly myocardial infarction. They
might also be associated with an increase in the severity of
pre-existing atherosclerotic vessel injury. For example, there
was a doubling of cardiovascular risk after 18 months of
treatment with rofecoxib in the APPROVe (adenomatous
polyp prevention on Vioxx) trial in patients without overt
cardiovascular disorders (Fitzgerald, 2004; Juni et al., 2004),
while in high-risk cardiovascular patients undergoing coro-
nary artery bypass grafting (CABG), a doubling of the cardio-
vascular events was seen even after 1 week of treatment with
coxibs (Nussmeier et al., 2005). This suggests that prevention
of ‘reactive’ COX-2-derived prostaglandin formation is asso-
ciated with an increased risk of thromboembolic cardiovas-
cular events, and that the extent of this effect is dependent on
the severity of pre-existing atherosclerosis.

Interestingly, the patients in the CABG trial (Nussmeier
et al., 2005) did receive ASA as a prophylaxis; however, this
was unable to protect the patients from the enhanced
thromboembolic risk. Cheng et al. (2002) have shown that
mice lacking the prostacyclin receptor exhibited increased
thromboxane generation. This suggests that endogenous
PGI2 might control the (prothrombotic) action of throm-
boxane via the prostacyclin receptor. Such an effect might
become particularly relevant for coxibs that, by definition,
do block COX-2-dependent PGI2 generation in the vascular
endothelium but not COX-1-dependent thromboxane for-
mation in platelets. It has been shown that conventional
nonsteroidal anti-inflammatory drugs (NSAIDs) such as
indomethacin (Livio et al., 1982) or ibuprofen (Rao et al.,
1983) can completely block the anti-platelet/antithrombotic
effects of ASA in vitro. Similar data were reported recently
for dipyrone and other pyrazolinones (Hohlfeld et al.,
2008).

To date, there are no data available on the possible inter-
actions between selective COX-2 inhibitors and ASA with
regard to their anti-platelet/antithrombotic activity. Hence,
in the present study we investigated this issue in a standard
animal model of atherosclerosis, the cholesterol-fed rabbit. In
this model, treatment with ASA has been shown to reduce the
severity of atherosclerotic vascular lesions (Prasad and Lee,
2003). However, there are no data available on the conse-
quences of this effect for thrombotic risk and, specifically, on
the possible pharmacological interactions between ASA and
coxibs during long-term treatment.

Methods

Animals
New Zealand White rabbits of either sex (mean body weight
2–3 kg, male and female in equal parts) were fed a standard
laboratory diet (Altromin®, Lage, Germany) supplemented
with 1% cholesterol (CON) for 12 weeks. Age-matched
control rabbits were fed the same diet without cholesterol
(SD). In all rabbits, a blood lipid analysis was performed
before and at the end of the feeding period. Rabbits were
randomly assigned to one of the following groups: rofecoxib
(ROFE, Vioxx®, MSD Sharp & Dohme GmbH, Haar, Germany,
25 mg·kg-1, n = 8), aspirin (ASA, Aspisol®, Bayer Vital GmbH,
Leverkusen, Germany, 5 mg·kg-1, n = 8) or the combination of
both (ASA + ROFE, n = 8). Cholesterol-fed animals without
treatment (CON, n = 13) and animals fed a standard diet
without cholesterol (SD, n = 11) were used as controls. The
drugs were dissolved in water and given directly into the
oropharyngeal cavity at a volume of 1 mL·kg-1, 7 days a week
in the morning and evening, the last dose was administered
12 h prior to the acute experiment. The drugs were adminis-
tered over the whole 12 weeks feeding period. The effective
dose of rofecoxib was determined in preliminary dose-finding
studies in untreated rabbits by measuring the PGE2 synthesis
in monocytes after stimulation with LPS. All animal care and
experimental procedures followed Guidelines of the German
Animal Protection Act and were approved by the Animal Care
Committee of the state of Thüringen (Germany).

Quantification of atherosclerotic lesions
The extent of atherosclerosis development was assessed using
the ‘en face’ surface lesion analysis. At the end of the experi-
ment, the rabbits were killed, and the aorta was perfusion-
fixed in PBS supplemented with 4% paraformaldehyde and
5% sucrose. Afterwards, the aorta was carefully dissected from
the iliac bifurcation up to the heart, opened longitudinally
and pinned to expose the entire intimal surface. The aorta
was placed in paraformaldehyde–sucrose solution for
120 min at 4°C, then it was rinsed three times with PBS and
stained with Sudan IV (Paigen et al., 1987). Images of stained
aortas were taken with a digital camera. Morphometric analy-
sis was carried out using Leica Q500/W (Leica Microsystems,
Wetzlar, Germany) image analysis software. The extent of
atherosclerosis is expressed as percentage of the aortic surface
area covered by lesions.

Measurement of thrombus formation
In the acute thrombosis experiments, rabbits were anaesthe-
tized by i.v. administration of sodium pentobarbital (bolus
injection of 35 mg·kg-1 followed by infusion of 6 mg·kg-1 h-1).
Based on the model described by Folts et al. in stenosed canine
coronary arteries (Folts et al., 1976; Folts, 1991), we established
a model in the rabbit carotid artery where damage of the
intimal vessel wall was combined with a defined reduction in
blood flow. Vessel wall damage and stenosis stimulated platelet
activation and coagulation that resulted in either recurrent
vessel occlusions seen as cyclic flow variations (CFVs) or a
complete thrombotic occlusion of the artery with permanent
interruption of blood flow. In preliminary studies, we defined
the optimal conditions to get a reproducible thrombotic effect
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in the rabbit carotid artery. Briefly, the right carotid artery of
the rabbit was isolated, and a Doppler flow probe was placed
on the vessel to continuously measure blood flow. Distal to the
flow probe, the artery was gently squeezed with a rubber-
covered surgical forceps to produce intimal and medial
damage. Following injury, a cylindrical plastic constrictor was
placed around the damaged area leading to a stenosis of the
vessel equivalent to a 30–40% reduction of the carotid artery
blood flow. To evaluate the effect of the drugs studied, we
determined both the number of cyclic flow reductions and the
amount of blood flowing through the carotid artery within
60 min after vessel injury. The last was calculated by measur-
ing the area under the blood flow versus time curve using the
Leica Q500/W image analysis software (Leica Microsystems).
In addition, the number of total vessel occlusions was deter-
mined. In this setting, the number of cyclic flow variations
indicates the frequency of thrombotic events, while total
blood flow indicates the total extent of blood flow restriction.

Measurement of TXB2, PGE2 and 6-oxo-PGF1a
Before and at the end of the feeding period, blood (1 mL)
was drawn from the ear artery, transferred to non-siliconized
glass tubes and allowed to clot for 60 min at 37°C. Serum
was separated by centrifugation (1000¥ g for 10 min),
indomethacin (10 mg·mL-1) was added and aliquots were
stored frozen at -20°C until radioimmunoassay for the stable
degradation products thromboxane B2 and 6-oxo-PGF1a as
previously described (Schrör and Seidel, 1988).

PGE2 generation was determined as a parameter for
COX-2 activity. Heparin-treated blood (10 IU·mL-1) drawn
2 h after oral administration of the drugs was incubated with
LPS (10 mg·mL-1) for 24 h at 37°C (Patrignani et al., 1994).
Plasma was separated by centrifugation (1000¥ g for 10 min)
and stored in aliquots at -80°C. PGE2 was measured by ELISA

(Cayman Chemicals Company, Ann Arbor, MI, USA).

RT-qPCR
Total RNA was extracted from the aorta after removal of the
adventitial layer using TriReagent (Sigma-Aldrich, Deisen-
hofen, Germany) and reverse transcribed by the High Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems,
Carlsbad, CA) according to the manufacturer’s instructions.
COX-2 expression was analysed by TaqMan Gene Expression
Assay (Applied Biosystems, Oc03398291_m1) normalized to
GAPDH (Oc03823402_g1).

Immunoblotting
Western blot analysis of COX-2 expression in the abdominal
aorta was performed using primary anti-COX-2 polyclonal
antibody (goat, Santa Cruz, Heidelberg, Germany; 1:1 000).
Quantification was performed using fluorescent secondary
antibodies and the Odyssey Infrared Imaging System
(1:10.000, LI-COR Biosciences, Lincoln, NE).

Immunohistochemistry
For cryosectioning, tissue samples were completely embedded
in TissueTek® (Sakura Finetek Germany GmbH, Staufen,
Germany) and frozen at -40°C in isopentane. Fourteen-
micrometre-thick unfixed cryosections were adsorbed to glass
slides. After pretreatment with water containing 3% H2O2 in

order to block endogenous peroxidases and 1% bovine
albumin serum in PBS in order to block free binding sites,
primary antibodies were diluted as indicated and tissue
samples were incubated overnight at 4°C. After being rinsed,
sections were incubated with horseradish peroxidase-linked
secondary antibodies from mouse (tissue factor, TF; plasmino-
gen activator inhibitor-1, PAI-1; 1:50) or goat (COX-2, 1:500;
thrombomodulin, TM, 1:200) for 60 min (RT) and rinsed twice
with PBS, before the final staining was developed with diami-
nobenzidine (Sigma-Aldrich). Bright-field images were taken
using a ColorViewII and AnalySIS 3.2 software (Soft Imaging
System; Münster, Germany). The expression of the following
proteins was determined: COX-2, PAI-1 (both Santa Cruz
Biotechnology, Heidelberg, Germany), TF and thrombomodu-
lin (both American Diagnostica, Pfungstadt, Germany). Due to
the limitations of immunohistochemistry, a semiquantitative
scaling was used for quantification: no staining (-), mild (+),
moderate (++), strong (+++) and intensive (++++). The degree of
staining was evaluated by five independent observers in a
blinded fashion for each tissue specimen.

Statistics
The data are presented as mean � SEM of n different animals.
Statistical analysis was performed using one-way ANOVA fol-
lowed by Bonferroni’s multiple comparisons test. P-values for
a of <0.05 were considered significant.

Results

Atherosclerotic lesion formation
Cholesterol feeding resulted in a marked increase in plasma
cholesterol, from 1.7 � 0.2 mmol·L-1 measured in all
cholesterol-fed animals (n = 37) before to 25.6 � 1.4 mmol·L-1

(n = 37) at 6 weeks and 46.2 � 2.8 mmol·L-1 (n = 32) at 12
weeks. There were no significant differences between the
various groups of untreated and drug-treated animals; that is,
neither ASA nor rofecoxib affected the plasma cholesterol
concentrations. Plasma concentrations at 12 weeks were as
follows: control 45.4 � 4.6 mmol·L-1 (n = 13); ASA 51.1 �

5.6 mmol·L-1 (n = 8); rofecoxib 42.7 � 5.1 mmol·L-1 (n = 6);
ASA + ROFE 44.6 � 8.0 mmol·L-1 (n = 5). It should be noted
that from the 37 animals included in cholesterol feeding, four
animals did not survive the treatment period of 12 weeks
(one rabbit in the rofecoxib, three rabbits in the combination
group). Additionally, one rabbit from the rofecoxib group
completed the feeding period but died immediately before
starting the experiment so that only organ but no blood
parameters could be determined in this animal. Cholesterol
feeding was associated with an extensive development of
atherosclerotic lesions, covering 71 � 5% (n = 13) of total
aortic luminal surface in untreated animals. No plaque for-
mation was seen in rabbits fed a standard diet without cho-
lesterol supplementation (data not shown). Treatment of
cholesterol-fed rabbits with ASA significantly reduced plaque
formation by about two-thirds, to 29 � 8% (n = 8, P < 0.001).
Rofecoxib also reduced plaque formation to 52 � 11% (n = 7),
but, in contrast to ASA, this effect was not statistically signifi-
cant. Interestingly, the combined administration of ASA and
rofecoxib (n = 5) did not result in any further reduction of
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plaque formation. In contrast, the reduced plaque coverage
by ASA was significantly attenuated by rofecoxib; in rabbits
with combined treatment, 65 � 10% (n = 5) of the total aortic
surface were covered by atherosclerotic plaques. This lesion
size was similar to that in untreated hypercholesterolaemic
controls but significantly (P < 0.05) greater than that in
rabbits treated with ASA alone (Figure 1).

Thrombus formation
Mechanical injury of the carotid artery with subsequent
partial stenosis reduced carotid blood flow in all cholesterol-

fed animals from 37.3 � 3.2 to 24.3 � 2.1 mL·min-1 (n = 32),
equivalent to an average reduction of 35% (P < 0.05). There
were no significant differences between cholesterol- and
standard-fed (from 34.4 � 3.8 to 21.9 � 3.1 mL·min-1; n = 11)
animals. All animals on standard diet and cholesterol-
enriched diet showed cyclic flow variations and/or occluding
thrombi that, in some cases, redissolved spontaneously
during the observation period of 60 min. Treatment with
rofecoxib did not change the incidence of thrombotic events,
whereas ASA reduced them by 62%; that is, in only three out
of eight animals cyclic flow variations or complete throm-
botic occlusions were found. Combined treatment with
ASA and rofecoxib resulted in a marked attenuation of this
effect – all but one rabbit exhibited CFVs or thrombotic
occlusion (Table 1).

This abolition of the antithrombotic effect of ASA by
rofecoxib became even more apparent when the effect of
treatment was evaluated in terms of the total blood flow rates
in the stenosed carotid artery over a defined time after vessel
injury (Figure 2, Table 2). Treatment with either rofecoxib or
ASA increased the total blood flow above that in untreated
animals on either a standard or cholesterol-enriched diet.
Although this increase was statistically significant for both
drugs (P < 0.05 for ASA and P < 0.05 for rofecoxib), cotreat-
ment with ASA and rofecoxib abolished the antithrombotic
effect completely and reduced the global flow rate to levels in
untreated controls (Figure 2).

PGI2, PGE2 and thromboxane generation
Rofecoxib alone had no effect on COX-1 activity, as demon-
strated by the unchanged thromboxane levels in serum,
while ASA significantly reduced this parameter by about 50%.
Interestingly, the combination of both rofecoxib and ASA did
not show any inhibition but rather an increase in thrombox-
ane formation that was statistically significant (Figure 3A).
Somewhat different results were obtained for 6-oxo-PGF1a.
The levels of 6-oxo-PGF1a were unchanged by ASA in hyper-
cholesterolaemic rabbits but markedly reduced by rofecoxib
treatment, confirming the involvement of COX-2 in PGI2

biosynthesis. Consequently, cotreatment with rofecoxib and
ASA did not affect the reduced 6-oxo-PGF1a generation
(Figure 3B).

Figure 1
Severity of aortic plaque formation in cholesterol-fed animals as
compared with animals on standard diet. (A) Original en face view of
Sudan IV stained aortas of rabbits receiving standard laboratory diet
(SD), cholesterol-enriched diet (CON) or cholesterol-enriched diet
and the respective treatment for 12 weeks. (B) Reduction of aortic
plaque formation, after 12 weeks treatment of cholesterol-fed
rabbits, by ASA (5 mg·kg-1 per os, bid) and its prevention by rofe-
coxib cotreatment (25 mg·kg-1 per os, bid). The extent of athero-
sclerosis was calculated by morphometric analysis expressed as
percentage of the aortic surface area covered by lesions. The data are
mean � SEM of the number of experiments indicated in the
columns; *P < 0.05 (ASA vs. CON and vs. ASA + ROFE).

Table 1
Concentrations of PGE2 in peripheral blood of rabbits before treat-
ment and after 12 weeks of cholesterol and drug treatment

PGE2

(ng·mL-1;
mean � SEM) n P-value

Before treatment 6.4 � 0.4 37 –

After treatment

Control 7.0 � 0.4 13 n.s.

ASA 5.0 � 1.2 8 n.s.

Rofecoxib 3.7 � 0.5 6 <0.05

ASA + rofecoxib 3.2 � 1.3 5 <0.05

n.s., not significant.
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The LPS-induced PGE2 formation was used as a measure of
COX-2-dependent prostaglandin formation. As shown in
Table 1, treatment with rofecoxib significantly reduced PGE2

formation by about 50% as compared with control rabbits fed
the atherogenic diet for 12 weeks. A slight and non-
significant inhibition was observed in ASA-treated animals,
while the combined treatment with ASA and rofecoxib gave
the same result as with rofecoxib alone.

Vascular expression of COX-2
Cholesterol feeding resulted in a strong up-regulation of
COX-2 mRNA (sevenfold) and protein (threefold) expression
in the abdominal aorta as compared with animals on stan-
dard diet. Rofecoxib did not change COX-2 mRNA in animals
receiving standard diet (data not shown) but reduced the
elevated COX-2 expression in cholesterol-fed animals almost

Table 2
Effect of ASA (25 mg·kg-1 per os, bid) with and without rofecoxib cotreatment (25 mg·kg-1 per os, bid) on the incidence of thrombotic events
(cyclic flow variations, CFVs; occluding thrombi, OT) after mechanical injury plus stenosis of the carotid artery in rabbits on standard (standard)
or cholesterol-enriched (Chol) diet

Diet Treatment n
Thrombotic events [n]

[%]CFVs OT None

Standard None 11 3 8 0 100

Chol None 13 5 8 0 100

Chol Rofecoxib 6 4 3 0 100

Chol ASA 8 2 1 5 38*

Chol ASA + rofecoxib 5 1 3 1 80

*P < 0.05 (treatment vs. no treatment).

Figure 2
Improvement of carotid artery blood flow after mechanical injury of
the vessel wall endothelium, after 12 weeks of treatment of
cholesterol-fed rabbits, by ASA (5 mg·kg-1 per os, bid) and its pre-
vention by cotreatment with rofecoxib (25 mg·kg-1 per os, bid). The
amount of blood flowing through the carotid artery within 60 min
after vessel injury was calculated by measuring the area under the
blood flow versus time curve. Carotid blood flow was not different
between cholesterol-fed rabbits and those fed a standard diet (not
shown). The data are mean � SEM of the number of experiments
indicated in the columns; *P < 0.05 (ASA and ROFE vs. CON).

Figure 3
(A) Levels of TXB2 in serum of rabbits fed an atherogenic diet for 12
weeks and its modification by ASA (5 mg·kg-1 per os, bid), rofecoxib
(25 mg·kg-1 per os, bid) or a combination of both. Aspirin signifi-
cantly attenuated TXB2 formation, while rofecoxib had no effect.
After cotreatment with ASA, rofecoxib significantly increased serum
TXB2. The data are mean � SEM of the number of experiments
indicated in the columns; *P < 0.05 (ASA vs. CON and ASA + ROFE).
(B) Levels of PGI2 (6-oxo PGF1a) in serum of cholesterol-fed rabbits
and its modification by ASA (5 mg·kg-1 per os, bid), rofecoxib
(25 mg·kg-1 per os, bid) or a combination of both. Rofecoxib signifi-
cantly attenuated 6-oxo PGF1a accumulation, while ASA had no
effect. Cotreatment of rofecoxib with ASA did not modify the action
of rofecoxib. The data are mean � SEM of the number of experi-
ments indicated in the columns; *P < 0.05 (treatment vs. CON).
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to control levels. The same effect was seen after its cotreat-
ment with ASA, whereas ASA alone had no inhibitory effect
on cholesterol-induced COX-2 expression (Figure 4A and B).

Immunohistochemistry
Cholesterol feeding resulted in a strong up-regulation of
COX-2, thrombomodulin and PAI-1 protein expression in
sections of the aortic root (Figure 5). In agreement with the
mRNA levels, rofecoxib had no effect on the protein expres-
sion in rabbits on standard diet (not shown). Treatment of
cholesterol-fed animals with rofecoxib, ASA or the combina-
tion of both strongly reduced the elevated COX-2 expression.
The expression levels of TM and PAI-1 were only marginally
reduced by the different treatments. Due to the limitations of

immunohistochemistry and the method used for quantifica-
tion, further experiments are needed to establish the changes
in protein expression.

Discussion

The biological significance of the different COX isoforms and
their products for interactions between blood and the vessel
wall is still a matter of discussion. This is particularly true for
atherosclerosis. Some studies on the role of cyclooxygenases
in atherogenesis revealed that COX-1 is important, particu-
larly in early stages of lesion development, and that selective
inhibition of COX-1 reduces the progression of atheroscle-
rotic vessel injury (Pratico et al., 2001; Belton et al., 2003;
Prasad and Lee, 2003; Egan et al., 2005). However, it is also
clear that (reversible) COX-1 inhibition ultimately will not
prevent the atherosclerotic process, as seen for example in a
subgroup analysis of the physicians’ health study. The role of
COX-2 in atherosclerosis is more complex (FitzGerald, 2003).
COX-2 inhibitors have been found to retard (Burleigh et al.,
2002; 2005), to accelerate (Rott et al., 2003) or not to modify
(Olesen et al., 2002; Bea et al., 2003; Belton et al., 2003)
atherogenesis in hypercholesterolaemic mice. Thus, while the
process of atherogenesis clearly involves enhanced COX-2-
dependent prostaglandin production (Belton et al., 2003), its
biological function is difficult to predict. Coxibs do not
directly inhibit platelet function and therefore might cause a
thrombus-prone state, specifically on the background of
reduced generation of anti-platelet/vasodilator prostaglan-
dins by the vessel wall.

Our study confirms that hypercholesterolaemia not only
causes marked aortic plaque formation but also a prothrom-
botic state. This becomes particularly evident after vascular
injury. All animals with vessel wall injury exhibited thrombus
formation, as seen from cyclic flow variations or formation of
occluding thrombi. Treatment with rofecoxib did not change
this but rather resulted in a slightly improved perfusion. ASA
significantly reduced both aortic plaque size and thrombus
formation after vessel injury, whereas rofecoxib only slightly
attenuated the formation of atherosclerotic plaques. The anti-
atherosclerotic effect of ASA is generally attributed to its anti-
platelet action but might also involve an improvement of
(Husain et al., 1998) or a protective effect on (Kharbanda
et al., 2002) inflammation-induced endothelial dysfunction
in atherosclerotic vessels as well as a decrease in the oxidative
stress in hypercholesterolaemia (Prasad and Lee, 2003). A
similar tendency, that is reduced aortic plaque formation and
reduced thrombogenicity, was also seen with rofecoxib. This
fits well into the overall concept of an anti-inflammatory/
anti-atherosclerotic action of coxibs.

The most striking and unexpected effect, however, was
the significant attenuation of the ASA protection from
thrombotic events by rofecoxib cotreatment. This was seen in
terms of both plaque formation and thrombogenicity. To our
knowledge, this is the first demonstration of this type of drug
interaction, which is most likely due to the changes in pros-
taglandin and thromboxane formation. In this context, it has
to be realized that a long-term treatment was used, which, as
seen from the transcriptional effects on COX-2 mRNA and

Figure 4
(A) Expression of COX-2 mRNA in the aorta of rabbits fed an athero-
genic diet and its modification by ASA (5 mg·kg-1 per os, bid),
rofecoxib (25 mg·kg-1 per os, bid) or a combination of both. For
each aorta, the ratio of COX-2 versus GAPDH gene expression was
determined, and the relative increase in comparison with control
animals on standard diet was calculated and set to one. (B) Western
blot analysis of COX-2 protein expression in the aorta of rabbits fed
an atherogenic diet and its modification by ASA (5 mg·kg-1 per os,
bid), rofecoxib (25 mg·kg-1 per os, bid) or a combination of both;
the results were obtained by using fluorescent secondary antibodies
and the Odyssey Infrared Imaging System. The data are mean � SEM
of the number of experiments indicated in the columns; *P < 0.05
(treatment vs. CON).
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protein expression, was associated with up-regulated enzyme
levels.

In contrast to conventional non-selective NSAIDs, selec-
tive COX-2 inhibitors do not interact with the anti-platelet
effects of ASA (Catella-Lawson et al., 2001) and also do not
inhibit COX-1-derived platelet-dependent thromboxane for-
mation (Belton et al., 2000; Van Hecken et al., 2000). This was
confirmed in the present investigation and we also showed
that ASA markedly reduced serum thromboxane formation.
Interestingly, this inhibition was incomplete, suggesting the
contribution of COX-2-derived prostaglandin endoperoxides
from non-platelet sources, such as monocytes/macrophages
or the atherosclerotic vessel wall.

Additionally, platelet turnover is extremely rapid in
cholesterol-fed rabbits. Platelet half-life is reduced from
approximately 40 h at standard chow to less than 30 h in
animals receiving a cholesterol- and lipid-enriched diet
(Barrett and Butler, 1983; Butler et al., 1987). In the present
study we investigated the consequences of an interaction
between ASA and coxibs during long-term treatment, rabbits
received the last dose of the test substances 12 h before the
beginning of the experiments. Thus, the incomplete inhibi-
tion of serum thromboxane formation can possibly be
explained by the rapid platelet turnover with a partial regen-
eration of platelet thromboxane synthesis capacity by newly
formed platelets.

The inhibition of the protective ASA effects on plaque
formation and cyclic flow reductions by simultaneously
applied rofecoxib was paralleled by a significant increase in
thromboxane generation in these rabbits, whereas in ASA-
treated animals, platelet-dependent thromboxane formation
was significantly reduced.

The increase in serum thromboxane by co-administration
of rofecoxib is most likely caused by the increase in athero-
sclerotic lesion size. The amount of TXA2 synthesized by slices
of the aorta from cholesterol-fed rabbits was correlated with
the degree of coverage with aortic lesions and was increased
more than 10-fold as compared with controls (Wang et al.,
1991). In normal mice, approximately 20–25% of total
thromboxane A2 is synthesized by the vessel wall and
monocytes/macrophages and is not produced by platelets
(Babaev et al., 2006). This is especially important, because, in
contrast to platelets, thromboxane synthesis in the vessel
wall is not inhibited by low-dose ASA.

In healthy blood vessels, COX-1 is expressed constitu-
tively without detectable COX-2, and the COX-1 in the vessel
wall is more sensitive to inhibition by ASA and other NSAIDs
than platelet COX-1 (Mitchell et al., 2006). However, because
of the rapid pre-systemic acetylation and inhibition of plate-
let COX-1 by ASA and the low systemic bioavailability, the
inhibitory effect of ASA on COX-1 in the vessel wall is low
(Pedersen and FitzGerald, 1984; Mitchell et al., 2006).

Figure 5
Immunohistochemical staining for COX-2, TM and PAI-1 in sections of the aortic arch of rabbits fed standard diet (SD, n = 11) or atherogenic
(CON, n = 13) diet for 12 weeks are shown. COX-2 expression is reduced by ROFE (n = 7), ASA (n = 8) and the combination of both (ASA + ROFE,
n = 5) compared with animals fed an atherogenic diet alone. A semiquantitative scale: no staining (-), mild (+), moderate (++), strong (+++) and
intensive (++++) staining was used in order to evaluate staining intensity of the sections by five independent observers in a blinded fashion (see
table).
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It has been hypothesized that PGI2 modulates the
platelet–vessel wall interactions in vivo and specifically con-
trols the response to TXA2 in tissue haemostasis (Cheng et al.,
2002). This control may become even more important if
endogenous PGI2 production is increased, for example in
patients at advanced stages of atherosclerosis, where platelet-
dependent generation of TXA2 is also significantly enhanced
(FitzGerald et al., 1984; Belton et al., 2000). Treatment of
these patients with a COX-2 selective inhibitor will reduce
PGI2 generation but leaves the enhanced thromboxane gen-
eration unimpaired. This depression of PGI2 generation
without coincidental inhibition of TXA2 formation may
result in an impaired haemostasis with an elevated throm-
botic risk via (i) a decreased generation of antithrombotic
(PGI2) and antihypertensive (PGE2) factors; and (ii) an
unchanged or even elevated formation of prothrombotic and
vasoconstrictive factors. These mechanisms may contribute
to the cardiovascular side effects of coxibs observed in clinical
trials (Cheng et al., 2002) and also the antagonistic action of
rofecoxib on the anti-atherosclerotic and antithrombotic
effect of ASA demonstrated in our study with hypercholes-
terolaemic rabbits. Using the coronary thrombosis model of
the dog, Hennan et al. (2001) previously showed that the
antithrombotic efficacy of ASA mediated by COX-1 inhibi-
tion is attenuated in the presence of celecoxib, suggesting
that the actions of ASA might depend on the maintenance of
an endothelial COX-2-derived biosynthesis of prostacyclin.
We have shown that this is also valid for long-term treatment
and the antithrombotic effect of ASA in atherosclerotic
animals at increased vascular risk.
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