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More Pronounced Inhibition of Cyclooxygenase 2, Increase in
Blood Pressure, and Reduction of Heart Rate by Treatment
With Diclofenac Compared With Celecoxib and Rofecoxib

Burkhard Hinz, Harald Dormann, and Kay Brune

Objective. Recent findings suggest that perma-
nent blockade of cyclooxygenase 2 (COX-2) is one factor
contributing to the cardiovascular side effects of selec-
tive COX-2 inhibitors (coxibs) and nonsteroidal antiin-
flammatory drugs (NSAIDs). The present study com-
pared the extent and time course of COX-2 inhibition
and the effects on cardiovascular parameters (changes
in blood pressure and heart rate) between various
antirheumatic doses of diclofenac, celecoxib, and rofe-
coxib in healthy elderly volunteers.

Methods. A randomized, parallel-group study was
conducted in volunteers receiving 75 mg diclofenac twice
daily, 200 mg celecoxib twice daily, or 25 mg rofecoxib
once daily for 8 days. Blood samples were obtained
predose and at specified time points postdose, on days 1
and 8, for assay of drug plasma concentrations and
COX-2 inhibition. Lipopolysaccharide-induced prosta-
glandin E2 synthesis was measured ex vivo as an index
of COX-2 activity in human whole blood.

Results. COX-2 inhibition was significantly less
pronounced after treatment with celecoxib and rofe-
coxib than with diclofenac. Maximal inhibitions after a

single dose and at steady state, respectively, were as
follows: 99% and 99% with diclofenac, 70% and 81% with
celecoxib, and 56% and 72% with rofecoxib. At steady
state, only diclofenac caused virtually complete COX-2
inhibition over the whole dose interval, and this corre-
sponded to the highest increase in systolic blood pres-
sure and greatest reduction in heart rate.

Conclusion. Diclofenac elicited the most pro-
nounced COX-2 inhibition, blood pressure elevation,
and suppression of heart rate. It is assumed that the
extent and time course of intravascular COX-2 inhibi-
tion may determine the differential profile of cardiovas-
cular side effects associated with NSAIDs and coxibs,
but this has to be proven in future studies.

Selective inhibitors of the cyclooxygenase 2
(COX-2) enzyme, also referred to as coxibs, have been
developed as substances with therapeutic actions similar
to those of nonsteroidal antiinflammatory drugs
(NSAIDs), but without the concomitant gastrointestinal
side effects (1–4). Recent long-term studies that sought
to investigate the effectiveness of coxibs in preventing
formation of adenomatous colon polyps (the Adenoma-
tous Polyposis Prevention on Vioxx [APPROVe] and
Adenoma Prevention with Celecoxib [APC] studies) or
Alzheimer’s disease (the Alzheimer’s Disease Anti-
inflammatory Prevention Trial [ADAPT]) have shown
that selective and nonselective COX inhibitors may
increase the incidence of cardiac infarctions and other
cardiovascular reactions (5–7). In these studies, the
effect became fully evident only after treatment for more
than 1.5 years in otherwise-healthy patients.

These observations had variable pharmacopoliti-
cal consequences, including the withdrawal of rofecoxib
(Vioxx) and valdecoxib (Bextra) from the market. More-
over, the outcome of these clinical trials prompted
regulatory bodies to request changes in the labeling of
both selective and nonselective COX inhibitors, includ-
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ing those available for over-the-counter use (8). Conse-
quently, until proof is provided to the contrary, all of
these drugs are believed to convey an increased risk of
cardiovascular events, at least with long-term use. To
minimize this risk, the respective substances should be
taken only at the lowest dosage and for the shortest
period considered necessary or acceptable (9).

Scientifically, these observations pose new ques-
tions. It has previously been assumed that disturbing the
balance between COX-1–dependent proaggregatory
thromboxanes and antiaggregatory COX-2–derived pro-
stanoids, in particular prostacyclin, may confer the risk
of thromboembolic events associated with coxibs (10).
Indeed, results from studies performed in high-risk
patients who underwent coronary artery bypass graft
surgery (the CABG-I and CABG-II studies) (11,12) as
well as in intermediate-risk patients with rheumatoid
arthritis (the Vioxx Gastrointestinal Outcomes Research
[VIGOR] study) (13) appeared to support this concept.
However, patients in the CABG-I and CABG-II studies
(11,12) received low-dose aspirin, which effectively
blocks platelet COX-1, suggesting that the balance the-
ory is not sufficient to explain the cardiovascular risk
associated with coxib use. Likewise, a subgroup analysis
from the APC trial demonstrated that aspirin may not
abrogate the potential cardiovascular harm of coxibs (7).

Given that in all long-term studies with coxibs
and NSAIDs performed so far, an increased cardiovas-
cular risk became evident after only prolonged adminis-
tration of the drug, it appears feasible that a permanent
vascular COX-2 blockade could play a crucial role in the
development of cardiovascular events. Consistent with
this concept, COX-2–derived prostaglandins have re-
cently been shown to up-regulate the expression of
functionally active thrombomodulin in human smooth
muscle cells, thus providing a molecular basis for a
hitherto-unknown platelet-independent mechanism un-
derlying the prothrombotic effects of COX-2 inhibitors
(14). In the latter investigation, stimulus-induced expres-
sion of thrombomodulin was inhibited by a COX-2–
selective compound, etoricoxib, to the same extent as

that by a nonselective COX inhibitor, diclofenac (14).
Moreover, recent observational studies have indicated a
potential risk of myocardial infarctions occurring follow-
ing treatment both with the selective COX-2 inhibitors
and with traditional NSAIDs (15,16).

In view of these observations, a possible link
between the duration and degree of COX-2 inhibition
and the differential cardiovascular risk conveyed by both
traditional NSAIDs and COX-2–selective inhibitors
should be considered in future studies. Because direct
measurement of COX-2–dependent prostanoids in pa-
tients’ vascular endothelium cannot be realized, assay of
COX-2 inhibition in whole blood could serve as a
surrogate measure, since blood cells are expected to be
exposed to virtually the same mechanism of COX-2
inhibition as that of endothelial cells.

In studies published so far, the time course and
extent of COX-2 inhibition in the blood after adminis-
tration of coxibs or NSAIDs have not been major targets
of research. In the present study, we set out to measure
ex vivo COX-2 inhibition in healthy elderly volunteers
following treatment with clinically recommended anti-
rheumatic doses of the traditional NSAID diclofenac,
administered as the retarded resinate formulation, and
the coxibs celecoxib and rofecoxib. We found that the
traditional NSAID was a more effective inhibitor of
blood-derived COX-2 products as compared with the 2
coxibs. Moreover, treatment with diclofenac resulted in
the highest degree of increase in systolic blood pressure
and largest reduction in heart rate. Although a causal
relationship between the potency of COX-2 inhibition
and alterations in cardiovascular parameters remains to
be established, an in depth evaluation of the extent and
time course of ex vivo COX-2 inhibition could be a
valuable approach for investigating the potential mech-
anisms underlying the cardiovascular side effects associ-
ated with these drugs.

SUBJECTS AND METHODS
Subjects and study design. Twenty-four elderly volun-

teers, ages 50–60 years, participated in the study (Table 1). The

Table 1. Demographic characteristics of the study population*

Diclofenac
75 mg BID

Celecoxib
200 mg BID

Rofecoxib
25 mg OD

No. of patients 8 8 8
Sex, % female 75 63 75
Age, mean � SEM (range) years 54.0 � 1.1

(50–59)
53.9 � 1.1

(51–59)
54.2 � 1.1

(51–60)
Weight, mean � SEM kg 75.4 � 5.3 79.1 � 1.2 71.9 � 6.3

* BID � twice daily; OD � once daily.

COX-2 INHIBITION BY DICLOFENAC VERSUS CELECOXIB AND ROFECOXIB 283



study was performed before rofecoxib was withdrawn from the
market. The study protocol was approved by the ethics com-
mittee of the University of Erlangen-Nürnberg, and all volun-
teers gave their written informed consent prior to study
participation. The subjects were considered to be healthy on
the basis of a medical history review, physical examination, and
routine laboratory screening, and they were not permitted to
take any other medication (including aspirin or other NSAIDs)
within 2 weeks before the study and throughout. Volunteers
with a history of coagulation disorders, a bleeding tendency,
drug allergy, or gastrointestinal disorders were excluded from
participation in the study.

In a parallel-group design, volunteers were randomly
assigned to receive, in a blinded manner, either 140 mg
diclofenac colestyramine twice daily (sustained-release formu-
lation, equivalent to 75 mg diclofenac sodium; hereafter re-
ferred to as 75 mg diclofenac twice daily) (Voltaren Resinat;
Novartis, Nuremberg, Germany), 200 mg celecoxib twice daily
(Celebrex; Pfizer, Karlsruhe, Germany), or 25 mg rofecoxib
once daily (MSD Sharp & Dohme, Haar, Germany). Dosages
were chosen on the basis of observations from clinical trials
and the recommendations of the manufacturers (17–19). The
probands received the drug for 8 days, with the last adminis-
tration being performed on the morning of day 8. On day 1, the
first dose was administered between 8:00 AM and 9:00 AM, after
an overnight fast. Peripheral venous blood samples were
obtained from each volunteer immediately before and 2, 4, and
6 hours after the morning dose, on days 1 and 8. Blood was
withdrawn via an indwelling forearm vein catheter. For deter-
mination of drug concentrations, EDTA-treated blood sam-
ples were centrifuged and plasma aliquots were frozen. Plasma
samples were stored at �80°C for a maximum of 1 month, until
analyzed further.

Ex vivo COX-2 whole blood assay. Immediately after
blood sampling, heparinized whole blood samples were incu-
bated with 10 �g/ml lipopolysaccharide (LPS) from Escherichia
coli (serotype O26:B6; Sigma, Deisenhofen, Germany) for 24
hours at 37°C (20–23). The contribution of platelet COX-1
activity was suppressed by the addition of aspirin (10 �g/ml) at
the start of the incubation. Plasma was separated by centrifu-
gation, and as an index of COX-2 activity, prostaglandin E2
(PGE2) levels in the plasma were determined using an enzyme
immunoassay kit (Cayman Chemical, Ann Arbor, MI).

Analysis of drugs. Plasma samples were analyzed for
concentrations of diclofenac, celecoxib, or rofecoxib using
high-performance liquid chromatography (for diclofenac) or
liquid chromatography–mass spectrometry methods (for rofe-
coxib and celecoxib) that were developed and validated re-
cently (24–26). The lower limits of quantification for diclofe-
nac, celecoxib, and rofecoxib were 10 ng/ml (0.0338 �moles/
liter), 5 ng/ml (0.0131 �moles/liter), and 1 ng/ml (0.0032
�moles/liter), respectively.

Pharmacodynamic analysis. The degree of COX-2
inhibition was calculated as the percentage change in plasma
PGE2 levels measured at different time points postadministra-
tion relative to the predose plasma PGE2 levels on day 1. For
each value, basal PGE2 levels measured in the absence of LPS
were subtracted from PGE2 levels determined in LPS-treated
blood aliquots. The maximal observed COX-2 inhibition and
the time to reach maximal inhibition were obtained directly
from the effect-versus-time curves. The areas within the effect–

time curves (AWECs) from time zero up to 6 hours following
drug administration were calculated using the linear trapezoi-
dal rule. Larger AWECs correspond to greater levels of
COX-2 inhibition. Statistically significant differences between
maximal inhibitions, mean inhibitions, and AWEC values were
assessed by one-way analysis of variance and by post hoc
Bonferroni test for multiple comparisons (GraphPad Software,
San Diego, CA).

Pharmacokinetic analysis. Plasma concentration–time
curves were evaluated by noncompartmental analysis using
WinNonlin, version 3.3 (Pharsight, Mountain View, CA).
Maximal plasma concentrations (Cmax) and the time to reach
Cmax were obtained directly from the individual plasma
concentration–time curves. The area under the plasma
concentration–time curve up to 6 hours following treatment
administration (AUC0–6 hours) was determined according to
the linear trapezoidal method.

Correlation between pharmacodynamics and pharma-
cokinetics. For assessing the correlation between plasma drug
concentrations and changes in LPS-induced PGE2 levels,
plasma concentration–response curves were fitted using a
sigmoidal regression with variable slope. The ex vivo 50%
inhibitory concentration (IC50) values for COX-2 inhibition
were derived by using PRISM, version 3.0 (GraphPad Soft-
ware).

Determination of blood pressure and heart rate. Blood
pressure and heart rate were measured using an automated
device, which was always handled by the same study nurse.
Before administration of the morning dose on days 1 and 8 and
after a 10-minute period of resting, the blood pressure and
heart rate were measured with the subject in a sitting position.

RESULTS

Tolerability of the medications and deviations
from the study protocol. A few minor adverse events
were noted. One volunteer receiving celecoxib experi-
enced functional gastrointestinal discomfort and tired-
ness. Four subjects receiving rofecoxib reported having
decreased diuresis (n � 2), increased body weight (n �
2), functional gastrointestinal discomfort (n � 1), tired-
ness (n � 1), or headaches (n � 1). Three volunteers
from the rofecoxib group experienced increases in
dream activity and changes in sleeping habits. Four
volunteers receiving diclofenac reported having edema
in the ankles and arms (n � 1), increased body weight
(n � 1), nausea (n � 1), gastric discomfort (n � 1),
diarrhea (n � 1), decreased diuresis (n � 1), fatigue
(n � 1), and increase in dream activity (n � 1).
Volunteers who recognized having decreased diuresis
and increased body weight had an average increase of 2
kg of body weight within the study period. All of the
adverse events were considered drug-related but not
serious. Recovery was fast and complete.

Due to a medication error in 1 subject from the
celecoxib group on day 8, neither the COX-2 inhibition
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nor pharmacokinetic values at steady state in this volun-
teer were determined. Nevertheless, the blood pressure
and heart rate of this volunteer, both of which were
determined immediately before drug administration on
day 8 (constituting the medication error), were included
in our analyses.

Ex vivo inhibition of COX-2 activity. The time
courses of inhibition of COX-2, expressed as a percent-
age of the baseline ex vivo LPS-induced PGE2 levels in
the blood, are shown in Figure 1A for the diclofenac-,
celecoxib-, and rofecoxib-treated volunteers. Pharmaco-
dynamic parameters are presented in Table 2.

A single-dose administration of diclofenac re-
sulted in a profound COX-2 inhibition, by up to 99%
(Table 2). Following treatment with the NSAID for 1
week, a nearly complete suppression of COX-2 activity
was registered at all blood sampling times (Figure 1A).
Of note, COX-2–derived PGE2 levels remained sup-
pressed for up to 12 hours after the last dose (i.e., in
blood obtained immediately before administration of
the morning dose on day 7), suggesting that a sustained
duration of effect was present over the entire dose
interval. Administration of celecoxib resulted in a max-
imal COX-2 inhibition of only 70% (with a single dose)
and 81% (at steady state) (Table 2). Similarly, after
treatment with rofecoxib, maximal inhibition of COX-2
activity did not exceed 56% (with a single dose) and 72%
(at steady state) (Table 2).

Statistical analysis revealed significantly lower
maximal inhibitions in the coxib-treated groups as com-
pared with those in the diclofenac-treated group, both
after a single dose and after multiple administration
(Table 2). Moreover, the AWEC value in the diclofenac
group at steady state was significantly higher in compar-
ison with the AWEC value in the rofecoxib study group
(Table 2). Finally, the mean inhibition values were
significantly lower in the rofecoxib group compared with
the diclofenac group after a single-dose administration
as well as at steady state (Table 2).

Pharmacokinetics. Treatment of patients with
diclofenac resulted in a biphasic pattern of plasma
diclofenac levels, with maximum drug plasma concentra-
tions occuring 2 hours and 6 hours after administration
(Figure 1B). The mean maximum plasma concentrations
of celecoxib and rofecoxib obtained at steady state (day
8) were 1.4-fold and 1.4-fold higher, respectively, than
the maximum plasma concentrations following single-
dose administration of the drugs on day 1 (Table 3).

Figure 1B shows the in vitro IC50 values for
COX-2 inhibition in the human whole blood assay (data
obtained from refs. 21 and 22). Interestingly, consistent

with our ex vivo data, plasma diclofenac levels remained
above the IC50 for COX-2 inhibition throughout the
investigated time period, with the maximal plasma con-
centration being �40-fold above the IC50 value for
COX-2 inhibition. In contrast, the maximum plasma

Figure 1. Ex vivo inhibition of cyclooxygenase 2 (COX-2) activity (A)
and corresponding plasma concentrations (B) of diclofenac, celecoxib,
and rofecoxib, following oral administration of the drugs. Diclofenac
(75 mg twice daily [BID]), celecoxib (200 mg BID), and rofecoxib (25
mg once daily [OD]) were given for 8 days. Bars show the mean �
SEM in 8 volunteers (all 3 treatments at a single dose, and diclofenac
and rofecoxib at steady state) or 7 volunteers (celecoxib at steady
state). The horizontal dotted line in A is the baseline level of
lipopolysaccharide-induced prostaglandin E2 as an index of COX-2
activity, set at 100%. The horizontal dotted lines in B indicate the in
vitro 50% inhibitory concentration values for COX-2 inhibition in the
human whole blood assay (data obtained from refs. 21 and 22).
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concentrations of celecoxib and rofecoxib at steady state
were only 3.7-fold and 6-fold above their IC50 values for
COX-2 inhibition (Table 3 and Figure 1B). Following
1-week treatment, the AUC0–6 hours values for diclofe-
nac, celecoxib, and rofecoxib increased �1.3-fold, �1.9-
fold, and �1.7-fold, respectively (Table 3). However, in
all 3 treatment groups after 1 week, increases in the
AUC

0–6 hours
and Cmax values were not significant (by

Student’s paired t-test).
Correlation between plasma drug concentrations

and ex vivo COX-2 inhibition. The relationship of
plasma drug concentrations to ex vivo inhibition of
COX-2 activity was examined graphically and explored
by estimating the plasma drug concentration required to
produce 50% inhibition, or the IC50, of LPS-induced

PGE2 production (Figure 2). The calculated ex vivo IC50
values for COX-2 inhibition were 0.055 �moles/liter
with diclofenac, 0.34 �moles/liter with celecoxib, and
0.42 �moles/liter with rofecoxib.

Blood pressure and heart rate. Blood pressure
values and heart rates at baseline (predose on day 1) and
at steady state (day 8) are shown in Table 4. Among the
drugs tested, diclofenac was associated with the highest
degree of elevation in systolic blood pressure (P �
0.081) and decrease in heart rate (P � 0.008), although
the latter parameter was also decreased by rofecoxib and
celecoxib, but to a lesser extent. An increase in body
weight was particularly evident in the rofecoxib-treated
volunteers (P � 0.035) (data not shown). Moreover, in
all 3 treatment groups, a decrease in hematocrit concen-

Table 2. Pharmacodynamic analysis of the diclofenac, celecoxib, and rofecoxib regimens following single-dose administration (day 1) and at steady
state (day 8)*

Single dose (day 1) Steady state (day 8)

Time to
maximal

inhibition,
hours

Maximal
inhibition,

%

Mean
inhibition0–6 hours,

%
AWEC0–6 hours,

% � hour

Time to
maximal

inhibition,
hours

Maximal
inhibition,

%

Mean
inhibition0–6 hours,

%
AWEC0–6 hours,

% � hour

Diclofenac 75 mg
BID

4.25 � 0.7 98.8 � 0.5 60.8 � 7.4 393.9 � 63.4 2.75 � 0.84 99.4 � 0.3 94.2 � 1.8 587.5 � 29.0

Celecoxib 200 mg
BID

2.75 � 0.53 69.9 � 7.5† 41.0 � 4.9 296.2 � 47.0 3.33 � 0.44 80.7 � 5.3‡ 73.9 � 4.0 477.7 � 45.3

Rofecoxib 25 mg
OD

3.50 � 0.73 56.0 � 6.5§ 36.8 � 6.5‡ 249.6 � 54.0 2.75 � 0.53 72.4 � 5.5§ 60.4 � 8.2§ 379.0 � 44.9†

* Values are the mean � SEM from 8 volunteers (all 3 treatments at a single dose, and diclofenac and rofecoxib at steady state) or 7 volunteers
(celecoxib at steady state). AWEC0–6 hours � area within the effect–time curve from time zero to 6 hours postadministration (see Table 1 for other
definitions).
† P � 0.01 versus diclofenac group, by one-way analysis of variance plus post hoc Bonferroni multiple comparison test.
‡ P � 0.05 versus diclofenac group, by one-way analysis of variance plus post hoc Bonferroni multiple comparison test.
§ P � 0.001 versus diclofenac group, by one-way analysis of variance plus post hoc Bonferroni multiple comparison test.

Table 3. Pharmacokinetic analysis of the diclofenac, celecoxib, and rofecoxib regimens following single-dose administration (day 1) and at steady
state (day 8)*

Single dose (day 1) Steady state (day 8)

tmax, hours

Cmax,
�moles/

liter

Fold increase
of Cmax over

IC50 COX-2

AUC0–6 hours,
�moles � hours/liter tmax, hours

Cmax,
�moles/

liter

Fold increase
of Cmax over

IC50 COX-2

AUC0–6 hours,
�moles � hours/liter

Diclofenac 75 mg
BID

4.25 � 0.7 0.77 � 0.1 43 1.55 � 0.29 3.75 � 0.7 0.73 � 0.19 40 2.04 � 0.44

Celecoxib 200 mg
BID

2.25 � 0.25 1.38 � 0.22 2.6 4.51 � 0.58 2 � 0 1.98 � 0.52 3.7 8.77 � 2.79

Rofecoxib 25 mg
OD

4.75 � 0.37 0.78 � 0.26 4.3 2.87 � 0.78 4.25 � 0.45 1.09 � 0.17 6.0 4.77 � 0.80

* Values are the mean � SEM from 8 volunteers (all 3 treatment groups at a single dsoe, and diclofenac and rofecoxib at steady state) or 7 volunteers
(celecoxib at steady state). For calculation of fold increases of peak plasma concentration (Cmax) over the 50% inhibitory concentration for
cyclcooxygenase 2 (IC50 COX-2), the following IC50 values obtained in the in vitro whole blood assay were used: diclofenac 0.018 �moles/liter (21),
celecoxib 0.54 �moles/liter (22), and rofecoxib 0.18 �moles/liter (22). tmax � time to reach Cmax; AUC0–6 hours � area under the plasma
concentration–time curve from time zero to 6 hours postadministration (see Table 1 for other definitions).
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trations was observed; this was most pronounced after
treatment with diclofenac (P � 0.005), but there was also
a significant decrease in hematocrit with rofecoxib (P �
0.01) and celecoxib (P � 0.02) (data not shown).

DISCUSSION

The present study was designed to assess the
degree and time course of intravascular COX-2 inhibi-
tion as well as alterations in cardiovascular parameters
by the traditional NSAID diclofenac as compared with
the coxibs celecoxib and rofecoxib. To address this issue,
dosages were chosen on the basis of the dosing regimens
recommended for patients with rheumatoid arthritis
(i.e., diclofenac 75 mg twice daily, celecoxib 200 mg twice
daily, and rofecoxib 25 mg once daily) (17–19). These
represent the maximum dosages approved for treatment
of chronic arthritis (17–19). The once-daily dose regi-
men with rofecoxib corresponds to the half-life of the
drug, which, compared with that of celecoxib and di-
clofenac, is longer (17–19). The study population, com-
prising healthy individuals between the ages of 50 and 60
years, was chosen because elderly persons are a large
proportion of the population who consumes these drugs
regularly.

The major outcome of this study was the finding
that treatment of elderly volunteers with antirheumatic
doses of diclofenac resulted in a complete and sustained
inhibition of COX-2 activity in blood throughout the
12-hour dosage interval. In contrast, celecoxib and rofe-
coxib at doses of claimed comparable clinical efficacy
caused only partial inhibition of the COX-2 enzyme. As
compared with diclofenac, maximal inhibition elicited by
the 2 coxibs was significantly lower after single-dose
administration as well as at steady state. In the case of
rofecoxib, the AWEC and mean inhibition values ob-
tained from the COX-2 inhibition curves were signifi-
cantly lower as compared with the respective values in
the diclofenac group.

In contrast to celecoxib and rofecoxib, maximum
plasma concentrations of diclofenac were more than one
order of magnitude above the in vitro IC50 for COX-2
blockade. Inhibition of COX-2 correlated with the
plasma concentration of the drugs, with ex vivo–
generated IC50 values being similar to those previously
noted in the in vitro whole blood assay (21,22). In
celecoxib- and rofecoxib-treated volunteers, we ob-
served a substantial between-patient variability in the
plasma concentrations of the coxib and the correspond-
ing degree of COX-2 inhibition. The reasons for this are
unclear, but several factors, including genetic variability

Figure 2. Relationship between ex vivo inhibition of cyclooxygenase 2
(COX-2), expressed as the percentage inhibition of lipopolysaccharide-
induced prostaglandin E2 production, and plasma concentrations of
diclofenac (A), celecoxib (B), and rofecoxib (C). For analysis of the
ex vivo 50% inhibitory concentration (IC50) values, plasma drug
concentrations and corresponding inhibition of COX-2 determined
after a single dose (day 1) and multiple administration (day 8) of
diclofenac (75 mg twice daily [BID]), celecoxib (200 mg BID), or
rofecoxib (25 mg once daily) were included. Values were derived from
8 volunteers (all 3 treatment groups at a single dose, and diclofenac
and rofecoxib at steady state) or 7 volunteers (celecoxib at steady
state). 95% CI � 95% confidence interval.
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in the target protein, variability in the metabolizing
enzymes, or intersubject variability in pharmacokinetics
and, consequently, steady-state plasma levels, appear
feasible (27).

With regard to the pharmacokinetics of the in-
vestigated drugs, 2 issues deserve special discussion.
First, a twin-peak pattern was observed in the plasma
concentration–time curve of diclofenac, which is consis-
tent with recently published data on formulations con-
taining diclofenac potassium (28,29). Although we have
not further addressed this phenomenon, possible mech-
anisms for secondary peaks include biphasic dissolution,
or fractionated gastric emptying, and site-specific ab-
sorption, or enterohepatic recycling (30).

Second, the AUC values of rofecoxib and cele-
coxib were observed to increase following a 1-week
treatment period. Interestingly, this elevation was more
pronounced with celecoxib, despite its shorter half-life,
suggesting that prolonged treatment with the substance
may cause some accumulation. In concordance with this
finding, elderly subjects (older than age 65 years) have
been reported to exhibit higher Cmax and AUC values in
the steady state dosing phase, as compared with younger
subjects (18,31). Likewise, in elderly women treated with
celecoxib, Cmax and AUC values were higher than those
in elderly men (18,31). However, despite this apparent
age and sex dependency, a negative correlation between
body mass index and estimated AUC values observed in
young volunteers (26) suggests sequestration of the
highly lipophilic compound into deep compartments
such as fat.

An even more important issue appears to be the
cardiovascular effects observed. Inhibition of COX-2 has
been associated with peripheral edema, hypertension,
and exacerbation of preexisting hypertension by inhibit-
ing renal water and salt excretion (32–34). These obser-
vations are of clinical importance given that relatively
small changes in blood pressure could have a significant
impact on cardiovascular events. In fact, in patients with

osteoarthritis, increases in systolic blood pressure of 1–5
mm Hg have been associated with between 7,100 and
35,700 additional ischemic heart disease and stroke
events over 1 year in the US (35). Similarly, the Hyper-
tension Optimal Treatment study showed that diastolic
blood pressure differences of �4 mm Hg can lead to a
28% increase in myocardial infarctions (36).

In the present study, complete inhibition of
COX-2 by diclofenac was accompanied by a higher
degree of elevation in systolic blood pressure as com-
pared with the effects of the coxibs. Blood pressure
elevation by diclofenac has been reported previously. In
the Celecoxib Long-term Arthritis Safety Study
(CLASS), for instance, comparable incidences of hyper-
tension were found with diclofenac and celecoxib (37).
Diclofenac has also been reported to significantly in-
crease blood pressure in angiotensin-converting enzyme
inhibitor–treated patients (38). In the latter study, the
mean 24-hour systolic blood pressure was significantly
more elevated in patients treated for 4 weeks with 75 mg
diclofenac twice daily than with 200 mg celecoxib once
daily, suggesting that the blood pressure response to
COX-2 inhibitors is related to their dosing regimens.
These results are consistent with our observation that
the most pronounced blood pressure elevation paral-
leled the highest degree of COX-2 inhibition.

There are several possible reasons that rofecoxib
did not elicit an elevation in blood pressure. First, the
one daily dose of 25 mg caused a relatively low degree of
COX-2 inhibition. Second, blood pressure was measured
before the morning dose, i.e., 24 hours after the last
administration of the drug. However, the occurrence of
both a significant increase in body weight and a decrease
in hematocrit indicate that rofecoxib treatment is also
associated with some cardiovascular effects. Third, rofe-
coxib was administered for only 1 week to otherwise-
healthy volunteers.

Recently, rofecoxib at the same dosage as used in
the present study was shown to elevate systolic blood

Table 4. Changes in blood pressure and heart rate in volunteers receiving diclofenac, celecoxib, or rofecoxib for 8 days*

Systolic blood pressure, mm Hg Diastolic blood pressure, mm Hg Heart rate/minute

Day 1 Day 8 P Day 1 Day 8 P Day 1 Day 8 P

Diclofenac 75 mg BID 123.1 � 4.9 133.1 � 6.3 0.081 81.2 � 3.0 83.8 � 3.8 0.351 76.0 � 2.6 68.1 � 3.0† 0.008
Celecoxib 200 mg BID 124.4 � 7.6 132.5 � 5.3 0.226 81.9 � 3.3 84.4 � 2.2 0.470 74.0 � 2.6 68.6 � 2.8 0.170
Rofecoxib 25 mg OD 125.6 � 7.8 125.0 � 8.2 0.938 79.4 � 2.4 78.8 � 4.4 0.905 74.5 � 2.9 65.1 � 1.6‡ 0.039

* Values are the mean � SEM from 8 volunteers. Blood pressure and heart rate were measured before administration of the morning dose on day
1 and day 8. See Table 1 for definitions.
† P � 0.01 versus predose values on day 1, by Student’s paired t-test.
‡ P � 0.05 versus predose values on day 1, by Student’s paired t-test.
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pressure in patients with type 2 diabetes, hypertension,
and osteoarthritis who were treated with the drug for 12
weeks (39). In another study, destabilization of blood
pressure by rofecoxib, but not by celecoxib, was observed
in elderly patients (65 years and older) treated for
hypertension (33). However, interpretation of the results
of that study is obfuscated by the use of dosing regimens
that have not been demonstrated to be comparable in
terms of efficacy (i.e., rofecoxib 25 mg once daily versus
celecoxib 200 mg once daily [not twice daily]) and by the
undefined timing of end-point measurements relative to
dosing. Thus, the apparent difference in cardiorenal side
effects observed between rofecoxib and celecoxib in that
study may represent a manifestation of the shorter
half-life of celecoxib (7–11 hours versus 11–17 hours for
rofecoxib) for end points measured at trough (i.e.,
predose). Consistent with this assumption, a placebo-
controlled study in elderly subjects receiving a sodium-
replete diet clearly showed that the blood pressure–
elevating effect following a 2-week treatment with
rofecoxib (25 mg once daily) was comparable with that
of celecoxib (200 mg twice daily), although the effect of
rofecoxib did not reach statistical significance in that
investigation (34). Thus, the previous view that blood
pressure elevation is not seen with all COX-2 inhibitors
can no longer be advocated.

Recent findings indicate a reduction of heart rate
by rofecoxib in healthy young volunteers (40). There-
fore, this side effect was analyzed in our present study.
As before, diclofenac elicited the most pronounced
effect. The mechanism underlying the reduction in heart
rate by COX inhibitors is presently unclear. However,
there are several lines of evidence supporting a contri-
bution of COX-2 inhibition to this response. Accord-
ingly, there have been several reports suggesting a role
of prostanoids in the regulation of heart rate under
systemic inflammatory conditions. In one study, ibupro-
fen suppressed tachycardia after endotoxin administra-
tion in men (41). In addition, a direct contribution of
thromboxane A2 and prostaglandin F2� to inflammatory
tachycardia has been proven in mice lacking the respec-
tive prostanoid receptors (42). Because the impact of
this hitherto-unknown action of COX-2 inhibitors and
its cardiovascular side effects is yet poorly understood,
further investigations should be undertaken to clarify
this issue.

Several mechanisms have been proposed to ac-
count for the cardiovascular side effects of coxibs. A
specific cardiovascular side effect elicited by coxibs with
a sulfone moiety has been suggested on the basis of
findings showing substance-dependent differences in

prooxidant activity in vitro (43) and flow-mediated va-
sodilation (44). Meanwhile, however, randomized con-
trolled studies have convincingly shown that all coxibs
pose a cardiovascular risk. At present, no mechanism
linking selective COX-2 inhibitors or NSAIDs to cardio-
vascular events has been proven.

The prostacyclin/thromboxane imbalance hy-
pothesis, for instance, has recently been questioned to
solely confer the cardiovascular risk of selective COX-2
inhibitors in humans (45). Accordingly, a subgroup analysis
from the APC trial has demonstrated that aspirin may not
abrogate the potential cardiovascular harm of coxibs (7).
Similarly, patients in the CABG-I- and CABG-II studies
experienced severe cardiovascular events elicited by
valdecoxib/parecoxib, albeit supposedly being protected
by low-dose aspirin (11,12). In concordance with this
notion, both selective (etoricoxib) and nonselective (di-
clofenac) COX-2 inhibitors have recently been shown to
inhibit the expression of thrombomodulin, an antagonist of
prothrombotic thrombin, in human smooth muscle cells,
implying a contribution of platelet-independent mecha-
nisms to the prothrombotic actions of both coxibs and
traditional NSAIDs (14).

For all of these reasons, the different COX-2–
inhibitory potencies of coxibs and NSAIDs in associa-
tion with their diverse pharmacokinetics and dosing
regimens could be another plausible mechanism under-
lying the differential degree of cardiovascular events
seen with these agents (45). In this context, the present
study has conclusively shown that the retarded resinate
formuation of diclofenac elicits a more prolonged and
effective inhibition of the synthesis of intravascular
COX-2–dependent prostaglandins than that elicited by
the highest recommended doses of celecoxib and rofe-
coxib. This observation suggests that, compared with
coxibs, potent traditional NSAIDs given at high doses,
possibly in galenic versions which guarantee long-lasting
intravascular presence, might therefore elicit more vas-
cular effects, including development of atherosclerosis,
formation of plaques, and the resultant thromboembolic
reactions. Indeed, our results show that acute effects on
cardiovascular parameters, namely systolic blood pres-
sure and heart rate, are more effectively mediated by
diclofenac than by the coxibs.

Until now, no randomized study had primarily
addressed the cardiovascular risk of diclofenac and
other classic NSAIDs. However, in several trials, the rate
of cardiovascular events in the NSAID comparator
treatment arms was similar to that in the coxib group
(e.g., in the CLASS trial of celecoxib versus ibuprofen or
diclofenac, and in the Therapeutic Arthritis Research
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and Gastrointestinal Event Trial of lumiracoxib versus
ibuprofen [27,46]), raising the question as to whether
traditional NSAIDs likewise confer a cardiovascular
risk. Moreover, recently published population-based
nested case–control analyses have suggested an in-
creased risk of myocardial infarction associated with the
use of both selective and nonselective COX-2 inhibitors
(15,16). In one of these studies, current use of diclofenac
was associated with a particularly high risk of myocardial
infarction compared with no use within the previous 3
years, yielding an adjusted odds ratio of 1.55 (15). Even
though the methods used in the latter study have been a
matter of debate, a potentially increased risk of myocar-
dial infarctions conferred by traditional NSAIDs, espe-
cially at high doses, warrants attention and further
investigation.

As pointed out, our assumption that there is a
relationship between the potency and duration of
COX-2 inhibition and cardiovascular risks needs further
investigation. In this context, the ex vivo COX-2 whole
blood assay could prove to be a valuable tool to clarify
this issue. Indeed, this method, in combination with the
COX-1 assay involving determination of thromboxane
B2 in clotting blood, was originally designed to detect
differences in COX-2 selectivity between established
NSAIDs and newly developed, putatively more COX-2–
selective drugs (20). However, in most ex vivo whole
blood assays thus far described in the literature, only
single-point measurements have been performed to con-
firm or disprove selectivity of a particular substance. In
contrast, differential profiles of drug action, in terms of
efficacy and side effects, have not been linked to the
degree and duration of COX-2 inhibition in this assay.
This is surprising, given the well-known protective role
of COX-2–derived prostanoids in several cardiovascular
functions. Of note, COX-2–containing endothelial cells
are exposed to virtually the same drug concentration and
extent of inhibition as intravascular blood monocytes.
Accordingly, administration of a 400-mg dose of cele-
coxib in volunteers is associated with an �85% inhibi-
tion of LPS-induced PGE2 synthesis, measured ex vivo
in whole blood (47). This corresponds to an 80% inhi-
bition of the urinary excretion of 2.3-dinor 6-keto
PGF1�, a stable metabolite of the major endothelium-
derived COX-2 product prostacyclin (47).

On the basis of the data presented herein and the
arguments discussed, we propose that there is a causal
link between potency of COX-2 inhibition and cardio-
vascular side effects. Considering such a possible corre-
lation, dosing regimens with coxibs and NSAIDs that
would allow a temporary complete recovery of eico-

sanoid production in the vascular wall would be logically
consistent. Of course, this hypothesis needs further
investigation with a larger number of subjects, a closer
analysis of cardiovascular parameters, and different
drugs administered at various dosages in representative
patient populations. In particular, investigation of the
situation in patients with rheumatoid arthritis and in
those with osteoarthritis appears necessary to further
confirm our contentions.
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