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Abstract

Selective inhibitors of cyclooxygenase-2 (COX-2, ‘cox-
ibs’) are highly effective anti-inflammatory and analgesic
drugs that exert their action by preventing the formation
of prostanoids. Recently some coxibs, which were de-
signed to exploit the advantageous effects of non-steroi-
dal anti-inflammatory drugs while evading their side ef-
fects, have been reported to increase the risk of myo-
cardial infarction and atherothrombotic events. This
has led to the withdrawal of rofecoxib from global mar-
kets, and warnings have been issued by drug authorities
about similar events during the use of celecoxib or valde-
coxib/parecoxib, bringing about questions of aninherent
atherothrombotic risk of all coxibs and consequences
that should be drawn by health care professionals. These
questions need to be addressed in light of the known ef-
fects of selective inhibition of COX-2 on the cardiovascu-
lar system. Although COX-2, in contrast to the cyclooxy-
genase-1 (COX-1) isoform, is regarded as an inducible
enzyme that only has a role in pathophysiological pro-
cesses like pain and inflammation, experimental and
clinical studies have shown that COX-2 is constitutively

expressed in tissues like the kidney or vascular endothe-
lium, where it executes important physiological func-
tions. COX-2-dependent formation of prostanoids not
only results in the mediation of pain or inflammatory
signals but also in the maintenance of vascular integrity.
Especially prostacyclin (PGl,), which exerts vasodilatory
and antiplatelet properties, is formed to a significant ex-
tent by COX-2, and its levels are reduced to less than half
of normal when COX-2 is inhibited. This review outlines
the rationale for the development of selective COX-2 in-
hibitors and the pathophysiological consequences of se-
lective inhibition of COX-2 with special regard to vasoac-
tive prostaglandins. It describes coxibs that are current-
ly available, evaluates the current knowledge on the risk
of atherothrombotic events associated with their intake
and critically discusses the consequences that should be
drawn from these insights.

Copyright © 2005 S. Karger AG, Basel

Introduction

The spectacular, worldwide withdrawal of Vioxx (ro-
fecoxib) from the market, followed by a similar warning
about Celebrex (celecoxib), has initiated legal and com-
mercial sequelae and has also induced great uncertainty
among patients and physicians. Patients experienced a
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loss of confidence in medical professionals and in the
pharmaceutical industry, because there was speculation
that the atherothrombotic risk of these drugs could have
been known before [1, 2]. Among health care profession-
als, there remains uncertainty especially regarding the
question of whether the remaining selective COX-2 in-
hibitors which are still available on the market hold sim-
ilar risks, as far less clinical data about these drugs are at
hand than for rofecoxib.

Moreover, some new, highly selective COX-2 inhibi-
tors are being launched. To avoid wrongful testing of
these drugs, which are highly effective and well appreci-
ated in patients, it will be of critical importance for the
pharmaceutical industry in charge as well as for prescrib-
ing physicians that these launches will be accompanied
by responsible marketing strategies that also inform about
potential side effects even if there are no conclusive data
from large clinical studies yet.

However, the question of whether the side effects ob-
served for rofecoxib, and more recently also for celecoxib
and valdecoxib/parecoxib, represent a class effect of these
drugs, or whether this was an effect that was specific for
rofecoxib [3], which would not be caused by other coxibs,
needs to be examined on the basis of the biological role
of cyclooxygenase isoforms, of their products, and of the
mode of action of inhibitors of these enzymes.

In the following, we will highlight the physiological
role of cyclooxygenases and prostaglandins in vascular
biology and shed light on some widespread pathophysi-
ological assumptions that have formed the rationale for
the development of selective inhibitors of COX-2. We
will then focus on the effectiveness of selective COX-2
inhibitors and draw comparisons between non-specific
inhibition of cyclooxygenases and specific inhibition of
COX-2. We will outline the pathophysiological conse-
quences of selective inhibition of COX-2 for vascular
prostanoid formation and discuss the potential implica-
tions of these effects for atherothrombosis according to
clinical and experimental knowledge. Finally, we will dis-
cuss the relevance of these insights for indications, poten-
tial advantages and potential risks of selective COX-2
inhibitors other than rofecoxib that are clinically ap-
proved or currently being developed.

Cyclooxygenase Isoforms and Products
The enzyme referred to as cyclooxygenase uses arachi-

donic acid, which is liberated from membrane-bound
phospholipids through phospholipase A,, as a substrate
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to generate the endoperoxide prostaglandin G, (PGG,).
By the same enzymatic complex, PGG, is further bio-
transformed to another endoperoxide, prostaglandin H,
(PGH,) [4-6]. Thus, a more correct terminology refers to
this enzymatic complex as prostaglandin H synthase
(PGHY), thereby describing an enzyme that possesses two
catalytic moieties, that of a cyclooxygenase (generating
the endoperoxide structure of PGG,) and that of a per-
oxidase (generating PGH, from PGG,), although the
widely used description cyclooxygenase usually refers to
the whole complex of PGHS [5]. This simplification re-
flects the fact that many well-known non-steroidal anti-
inflammatory drugs (NSAID) inhibit the activity of the
enzyme by preventing access of arachidonic acid to the
catalytic site of the cyclooxygenase located inside a hy-
drophobic channel, which is formed by PGHS, without
affecting the peroxidase activity, which is located outside
this hydrophobic channel [6, 7]. For matters of simplic-
ity, we will retain the biochemically simplified terminol-
ogy of referring to PGHS as ‘cyclooxygenase’.

COX-2 is only one of at least two different isoforms of
cyclooxygenase. A recent report even describes a third
1soform, ‘COX-3’, which appears to be a variant of COX-
1 expressed in dog brain, and has been discussed to be the
target of acetaminophen [8, 9]. As there is no evidence
for a role of this isoform, or other yet unidentified COX
isoforms in the cardiovascular system, we will confine to
the two well-characterized isoforms, COX-1 and COX-2,
in this overview.

Following the production of PGH,, a second enzymat-
ic process is needed to ultimately form the different bio-
logically active prostanoids. This step is not catalyzed by
PGHS/cyclooxygenase any more, but by tissue-specific
enzymes, which all use PGH, as substrates [10]. These
enzymes show some specificity with respect to the tissue
they are expressed in and also generate specific prostanoid
products, which also determine the name of the enzyme.
Thus there are prostaglandin I, (PGI, or prostacyclin)
synthase, a thromboxane A, (TxA,) synthase, and pros-
taglandin D,, E,, or F, synthases [10]. Like cyclooxygen-
ases, they are widely expressed throughout the human
body and have numerous functions in the vascular system
(fig. 1 summarizes the biochemical pathways from ara-
chidonic acid liberation to the production of pros-
tanoids).

Inhibition of cyclooxygenases results in decreased sub-
strate availability for such tissue-specific prostanoid syn-
thases and subsequently decreases the production of the
specific prostanoid. Little is known as to whether any of
the cyclooxygenase isoforms shows preference of associa-
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Fig. 1. Biochemical pathway leading from
arachidonic acid to the formation of vaso-
active prostanoids. Following liberation of
arachidonic acid from membrane phospho-
lipids, which is dependent on phospho-
lipase A activity, PGHS competes with cy-
tochrome Py4so enzymes and lipoxygenase
for further metabolism of AA. PGHS con-
tains a cyclooxygenase and peroxidase moi-
ety and produces PGH,, which needs to be
further metabolized by tissue-specific en-
zymes (prostanoid synthases) to form the
specific prostanoids PGI,, TxA;, PGDs,
PGE, and PGF,,. They all act on specific
receptors. The most important prostano-
ids for vascular function are PGI, and
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tion with any of the downstream prostanoid synthases in
general [4, 6, 10]. The association of a cyclooxygenase
with a prostanoid synthase, which is decisive for the for-
mation of a specific prostanoid from arachidonic acid,
seems to be determined by the tissue of interest and by
the specific pathophysiological situation [10]. In platelets
for example, which only contain the COX-1 isoform, the
major PGH,-metabolizing isomerase coupled to COX-1
is TxA, synthase, which leads to the result that the major
arachidonic acid product of cyclooxygenase activity in
platelets is TxA, [10, 11]. As platelets as well as vascular
smooth muscle cells express TxA, receptors (TP recep-
tors), the release of TxA, from platelets results in platelet
aggregation (fig. 2) and to a lesser extent in vasoconstric-
tion [12]. When platelet COX-1 is inhibited by NSAID
or by acetylsalicylic acid (aspirin), the resulting inhibition
of TxA, mediates the desired antiplatelet effect (fig. 2, 3).
Thus, aspirin was the first and remains the most impor-
tant substance counteracting platelet aggregation. How-
ever, as NSAID or aspirin do not act directly on TxA,
synthase, they also inhibit any other cyclooxygenase they
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reach, independent of the isomerase to which these cyclo-
oxygenases may be coupled. Thus, numerous other phys-
iological effects result because COX-1 or COX-2 enzymes
may be inhibited in any tissue. However, some special
considerations need to be mentioned with respect to as-
pirin. First, in contrast to many other NSAID, aspirin
binds irreversibly to cyclooxygenase [13]. Second, the
dosing of aspirin has an important role, because ‘low-dose
aspirin’ only effectively inhibits platelet cyclooxygenase
activity; although a single dose of only 100 mg/day al-
ready shows an inhibitory effect on COX-1, it is further
increased by repetition of this dose, and low-dose aspirin
ultimately blocks TxA, synthesis through accumulation
in platelets [13]. In nucleate cells, this accumulation
would be overcome by rapid novel synthesis of cyclooxy-
genases, but platelets — being anucleate structures — can-
not sufficiently resynthesize cyclooxygenase, so the in-
hibitory effect of aspirin can only be reversed by novel
platelet synthesis from megakaryocytes. In contrast,
whereas clinically used doses of other NSAID also have
impact on the activity of the enzyme, these drugs do not
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Fig. 2. Effect of platelet-active prostanoids
on platelet function. A Under physiological
conditions, prostanoids influence platelets
(PLT) through G-protein-coupled pros-
tanoid receptors. PGI, released from the
vascular endothelium (EC) activates IP re-
ceptors and thus inhibits platelet activation
by increasing cAMP levels, which prevents
intracellular calcium release and decreases
granule secretion and fibrinogen receptor
activation (GPIIb/IIIa). The release of PGI,
from the endothelium depends on both,
COX-1 and COX-2. TxA, is released main-
ly by activated platelets and further aug-
ments platelet calcium levels, granule secre-
tion and GPIIb/IIIa activation through TP
receptors. B In atherosclerosis, the situation
may change dramatically, because the re-
lease of other endothelial autacoids, which
decisively contribute to the antiplatelet
properties of physiological endothelium,
may be decreased. In addition, subendothe-
lial accumulation of macrophages (MQ)
may participate in PGI, formation, and
cyclooxygenases (especially COX-1) may
now contribute to vascular levels of TxA,.
EDHF = Endothelium-derived hyperpo-
larizing factor; IP = prostacyclin receptor;
TP = prostaglandin T, receptor.
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bind irreversibly and usually dissociate from their bind-
ing sites at cyclooxygenase [14]. Thus low-dose aspirin
only effectively inhibits platelet COX-1 activity (and re-
sulting TxA, synthesis), whereas NSAID inhibit all cyclo-
oxygenases (and the resulting formation of other pros-
tanoids), but only do so reversibly.

But why do higher doses of aspirin (or NSAID) not
result in more effective inhibition of platelet aggregation?
To understand this phenomenon, another vascular cyclo-
oxygenase metabolite with importance for platelet activ-
ity comes into focus. This metabolite, prostacyclin (PGI,),
1s a potent platelet inhibitor and 1s formed in intact vas-
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cular endothelium through cyclooxygenase coupled to
PGI, synthase. Whereas repeated delivery of low doses
of aspirin has little effect on immediate or long-term cy-
clooxygenase activity in the endothelium due to the afore-
mentioned transcriptional novel synthesis of cyclooxy-
genases and because endothelial COX-2 has limited sen-
sitivity to drug [13, 14], high doses of aspirin or NSAID
have similar effects on endothelial PGI, and platelet
TxA, synthesis, thus theoretically exerting antithrombot-
ic as well as prothrombotic effects (fig. 3). This circum-
stance, the limited time span and the reversibility of
NSAID binding to cyclooxygenases form the pharmaco-
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logical basis for several observations reporting that
NSAID are not as effective as low-dose aspirin in inhibit-
ing platelet aggregation [15, 16].

These exemplary considerations are complicated by
the fact that cyclooxygenase isoforms are differentially
expressed and regulated throughout the vascular system.
We have mentioned earlier that platelets only contain the
COX-1 isoform. Moreover, COX-1 is expressed almost
ubiquitously, and is therefore regarded as a housekeeping
enzyme [17, 18], whereas the expression of COX-2 seems
to be more regulated. Traditionally, COX-2 is appreci-
ated by most practicing physicians to be a strictly induc-
ible enzyme, which is upregulated upon stimulation with
proinflammatory mediators such as cytokines, growth
factors, lipopolysaccharides (LPS) or even by prostanoids
themselves in cells that participate in inflammatory pro-
cesses, e.g. macrophages, monocytes or other cells [19,
20]. However, the situation is more complicated, because
there is evidence for COX-2 being constitutively ex-
pressed in a variety of tissues, and in some of these tissues
important physiological functions have been attributed
to COX-2-derived prostanoids. Constitutive expression
or physiological roles for COX-2 have been described in
gastric tissue of rats, rabbits and humans [21, 22], in dif-
ferent functional tissues of human kidney [23], in uterine
epithelium [24], human myometrium and fetal mem-
branes [25, 26], in the eye [27] and in the brain [28]. The
constitutive expression of COX-2 is of special importance
with regard to cells of the vascular system. First, there
have been reports about COX-1 being inducible [29, 30],
bringing about doubts about the hypothesis of a house-
keeping or inducible enzyme. Second, it is now well rec-
ognized that COX-2 is constitutively expressed in some
cells of the vascular system, e.g. endothelial cells, or cells
of the renal medulla, renal vasculature or the macula den-
sa, and participates in the regulation of vessel function
through paracrine or autocrine release of certain pros-
tanoids [6, 20]. Moreover, it has been shown that COX-2
constitutively binds to PGI, synthase in endothelial cells
[31], and, as will be outlined below, numerous data sug-
gest that it is a physiological source of PGI, in vivo. Al-
though most prostanoids may be produced by vascular
cyclooxygenases under certain conditions and then po-
tentially participate in the regulation of vascular function
[5, 32, 33], PGI, and the aforementioned TxA, (produced
mainly from platelets) are the most important prostanoids
in the regulation of physiological vascular homeostasis
having opposing effects on platelet function.

In addition to different expression patterns of cyclo-
oxygenase isoforms, their specific associations with the
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Fig. 3. Influence of low-dose aspirin, non-selective cyclooxygenase
inhibition (NSAID, high-dose aspirin) or selective inhibitors of
COX-2 on the vascular balance of prostanoids regarding platelet
activity and thus thrombosis. The effects of the respective drugs on
vascular prostanoid formation and on platelets are depicted sche-
matically. As the in vivo situation is far more complicated, this
schematic panel only partly reflects a schematic of a physiological
vascular situation. Whereas low-dose aspirin selectively inhibits
TxA, formation in platelets and thus lowers systemic TxA, levels,
NSAID (or high-dose aspirin) inhibit cyclooxygenases non-specifi-
cally and thus also decrease PGI, levels independent of the source.
As it is now clear that COX-2 is constitutively expressed in the en-
dothelium and kidney and significantly contributes to systemic
PGI, formation even in healthy individuals, selective inhibitors of
COX-2 decrease systemic levels of PGI,, without altering TxA,,
resulting in enhanced platelet activation.

PGH,-metabolizing prostanoid synthases are likely to be
of high importance for vascular prostanoid formation,
although such specific interaction is only well understood
for COX-1 coupling to TxA, synthase in platelets.

In summary, in vivo, there is a fine-tuned balance be-
tween certain prostanoids produced by specific coupling
of cyclooxygenases with tissue-dependent prostanoid
synthases which is influenced by the differential expres-
sion of cyclooxygenase isoforms. For vascular biology and
thrombosis, the resulting effects on platelet-activating
TxA, and platelet-inhibitory PGI, are of crucial impor-
tance. Their balance is altered by any drug targeted at
cyclooxygenases.
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Development, Efficacy and Pharmacology of
Selective COX-2 Inhibitors

Because of the assumption that COX-1 is responsible
for the production of physiological prostanoids that also
mediate cytoprotection in gastric epithelium, whereas
COX-2 was supposed to be the strictly inducible isoform
mediating inflammation, selective inhibitors of COX-2
were developed. This has led to the assumption that the
anti-inflammatory effects of NSAID are solely due to in-
hibition of prostanoid production by the inducible, ‘in-
flammatory’ COX-2, whereas the side effects of these
non-specific cyclooxygenase inhibitors are mediated
through the inhibition of physiological prostanoid pro-
duction mediated by COX-1. It appeared logical that se-
lective inhibitors of COX-2 should bring about the ad-
vantages of NSAID without their side effects.

Initial experience with rofecoxib and celecoxib — the
two selective inhibitors of COX-2 that were developed
first — was highly encouraging, as they proved at least one
part of the hypothesis by being as effective in fighting in-
flammation and pain as other NSAID [34-37]. Soon stud-
ies were published that aimed at demonstrating that se-
lective inhibitors of COX-2 were also superior to NSAID
in terms of gastrointestinal side effects. At first, such evi-
dence was derived from smaller endoscopic studies,
which often proved the hypothesis [38, 39]. The first ran-
domized clinical trial showing superiority of a selective
COX-2 inhibitor was the VIGOR trial, which compared
rofecoxib vs. naproxen for occurrence of gastrointestinal
toxicity among 8,076 patients suffering from rheumatoid
arthritis [40]. The second large clinical trial designed at
proving this superiority of selective COX-2 inhibitors,
the CLASS trial, compared celecoxib with diclofenac or
ibuprofen in the treatment of arthritis [41]. Although
showing similar efficiency, celecoxib failed to prove su-
perior to NSAID in terms of prevention of the primary
endpoint, which was overall occurrence of ulcers and ero-
sions, but showed a statistically significant advantage in
terms of the secondary endpoint, complicated and symp-
tomatic ulcers [41]. Following the initial success of cele-
coxib and rofecoxib, which in 2003 accounted for about
75% of sales of the market for NSAID in the US [42], a
race for the development of new, even more specific se-
lective inhibitors of COX-2 with improved pharmacoki-
netics began and led to the production of drugs like valde-
coxib (or its prodrug parecoxib for parenteral use), etori-
coxib (only approved in some European countries), or
lumiracoxib, which was approved in the United King-
dom in September 2004 (the manufacturer has currently
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halted the application for approval of the European Med-
icines Agency for European Union countries for lumira-
coxib).

These drugs differ not only chemically but also in
terms of selectivity for COX-2. Whereas rofecoxib and
etoricoxib, both being sulfonyls, show high oral bioavail-
ability and a half-life of 2-3 h (rofecoxib) and 1 h (etori-
coxib), celecoxib and valdecoxib (or its prodrug parecox-
ib) are sulfonamides [6, 43, 44]. Except for valdecoxib,
their oral bioavailability is lower than that of the sulfonyls
(parecoxib is only available as an intravenous drug), but
their half-lives are similar, being 2-4 h [6, 43, 44]. Lumi-
racoxib, the most recently developed COX-2 inhibitor,
has a phenyl acetic acid structure, but also has sufficient
oral bioavailability and a half-life of 2-3 h. However, it
differs from the previous drugs in terms of selectivity for
COX-2 because lumiracoxib is the most selective COX-2
inhibitor known so far [6, 44, 45]. This selectivity of a
certain COX-2 inhibitor could be of importance in terms
of cardiovascular side effects, as it theoretically should
exert direct effects on the balance between TxA, and
PGI,. Before clinical application, the selectivity of a drug
targeting cyclooxygenases is usually tested by a human
whole blood assay. Based on such investigations, rofe-
coxib and valdecoxib have been found to have compa-
rable selectivities at a COX-1/COX-2 ratio of about 270,
which is slightly exceeded by that of etoricoxib, which
exhibits a value of about 340. Celecoxib greatly differs
from them because its selectivity for COX-2 is rather low
when compared to the other coxibs, its COX-1/COX-2
ratio is only about 30 (selectivity data differ markedly ac-
cording to source, however, the proportions of differ-
ences between several coxibs are similar throughout most
studies; numbers presented here are taken from a review
by FitzGerald [6]). As these data do not necessarily rep-
resent the in vivo behavior of a drug, studies corroborat-
ing in vivo selectivity of COX-2 inhibitors by showing
their omission of an influence on TxA, formation have
been undertaken and have proved the selectivity of rofe-
coxib [46], valdecoxib [47, 48], parecoxib, etoricoxib and
lumiracoxib [49]. Of note, according to in vitro data, ce-
lecoxib is only a little more selective than diclofenac,
which also has a ratio in favor of COX-2 of about 20 [6,
14]. This rather low selectivity in comparison to other
coxibs may explain the missing advantage of celecoxib in
terms of gastrointestinal toxicity, when compared to di-
clofenac or ibuprofen (which only has a COX-1/COX-2
ratio of about 0.5), and may also be of importance for the
cardiovascular side effects that can be expected from a
coxib. Except for rofecoxib, which is reduced cytosoli-
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cally, all known coxibs are metabolized through oxidation
by cytochrome P45, enzymes, of which either the 3A4
isoform (celecoxib, valdecoxib/parecoxib or etoricoxib)
or the 2C9 1soform (celecoxib, valdecoxib/parecoxib or
lumiracoxib) do the job [6, 43, 45, 50]. Metabolism by
cytochromes may be of importance for specific side ef-
fects of the drugs for two reasons. First, drug-drug inter-
actions with other substances are often due to metabolism
by the same cytochrome P,sq isoform [50]. Such interac-
tions can either lead to an increased plasma level of a
drug, when there is competition for metabolism by the
same CYP isoform with another drug, or to an increased
metabolism through induction of the CYP enzyme, which
can cause decreased levels of a drug or even increase the
efficiency of a drug if the drug has to be metabolized to
be active. A prominent example for the latter 1s clopido-
grel, which is a prodrug metabolized by CYP3A4 to its
active form. Second, CYP2C9, especially in the microcir-
culation, is the source for an important autacoid, the en-
dothelium-derived hyperpolarizing factor [51, 52].

Studies investigating the efficiency of the newer coxibs
valdecoxib/parecoxib, etoricoxib and lumiracoxib have
all been published and have repeatedly shown the supe-
riority of these drugs in comparison to NSAID in terms
of gastrointestinal toxicity [53-55].

Influence of Selective COX-2 Inhibitors on
Vascular Formation of Prostanoids

The actual effect of a coxib on prostanoid availability
is of high importance for the expected efficiency and the
probable side effects of these drugs. In terms of vascular
function and thrombosis, the most relevant prostanoids
of interest are PGI, and TxA, [5]. Measurement of cyclo-
oxygenase-derived prostanoids, which are short-lived
and cannot be assessed directly, is usually performed
through assessment of its metabolites in urine or serum.
Thus, serum levels of 6-keto-PGF,, or urine levels of 2,3-
dinor 6-keto-PGF |, are usually measured as an index of
PGI, production, whereas TxA, levels are represented by
urinary 11-dehydro TxB, or serum levels of TxB,. For
matters of simplicity, PGI, metabolites will be referred
to as PGI-M, whereas TxA, metabolites will be referred
to as Tx-M in the following.

In an early study comparing rofecoxib with the NSAID
indomethacin in elderly adults, it was first observed that
COX-2 has a major role in systemic PGI, production,
because rofecoxib (50 mg/day) was as effective in reduc-
ing PGI-M as was indomethacin (50 mg/bid, both grossly
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halved PGI-M levels after 13 days of treatment), but in
contrast to indomethacin, Tx-M left levels unchanged
[46]. In a similar study in healthy volunteers, celecoxib,
after 4-6 h of dosing only, reduced PGI-M by about 80%
(800 mg) or 70% (400 mg), whereas ibuprofen (800 mg)
only reached a 66% reduction at that time point [56]. In-
terestingly, and in accordance with its rather low selectiv-
ity for COX-2, one dose of celecoxib (800 mg, assessed at
4 h) also caused a statistically significant reduction of
about 28% for one of two Tx-M that were measured (ibu-
profen caused a maximum reduction of more than 95%
of Tx-M) [56]. Reduction of PGI-M by other selective
inhibitors of COX-2 has repeatedly been observed in an-
imal or human models [57-60].

Whereas these data were all obtained in healthy sub-
jects, they do not allow drawing conclusions about the
influence of cyclooxygenase inhibitors on prostanoid for-
mation during inflammation or agonist stimulation,
where the main prostanoid produced by one cyclooxygen-
ase isoform may not be the same as under basal condi-
tions [32, 61]. The selective inhibitor of COX-2 SC58236
(Pharmacia) blunted the production of PGE, and PGI-M
in the renal medulla of angiotensin-II-stimulated mice
[61]. In a human study comparing the effect of endotoxin
(lipopolysaccharide, LPS) on prostanoid metabolism un-
der control conditions, inhibition of COX-1 (low-dose
aspirin for 10 days before LPS), non-specific COX inhibi-
tion (ibuprofen, 800 mg once prior to LPS), or selective
inhibition of COX-2 (celecoxib, 800 mg prior to LPS),
both ibuprofen and celecoxib, but not low-dose aspirin,
were able to reduce the increase in body temperature
caused by LPS. Low-dose aspirin completely reduced
platelet-dependent TxA, formation, and thus prevented
the major part of systemic Tx-M (which also meant that
a minor part of systemic TxA, was produced in other tis-
sues than platelets), whereas ibuprofen completely blunt-
ed Tx-M from any source. Moreover, both ibuprofen and
celecoxib drastically reduced levels of PGI-M, whereas
low-dose aspirin only had little effect [62]. This showed
that COX-2 also significantly contributed to PGI, pro-
duction during endotoxinemia. In atherosclerotic pa-
tients, the selective COX-2 inhibitor nimesulide (a rather
selective sulfonanilide distributed in some European
countries) reduced PGI-M by about 46% [60]. Similar
reductions in PGI-M were observed for different selective
inhibitors of COX-2 in hypertension [63], upon stimula-
tion with norepinephrine [64], under hypoxic conditions
[65] or in LDL-receptor knockout mice [66], whereas Tx-
M levels remained unchanged [63, 66] or were even ele-
vated [65]. There is evidence that the vascular expression
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of COX-2 may even be upregulated with age or in ad-
vanced atherosclerosis. The effect of COX-2 inhibition
on both TxA, and PGI, release was more pronounced in
aortic rings from aged rats compared to younger animals
[67]. Similar observations, such as a beneficial effect of
COX-2 inhibition on flow-mediated dilation in male pa-
tients with atherosclerosis, have stimulated a discussion
about potential beneficial effects of COX-2 inhibition in
the treatment of cardiovascular disease [68, 69]. How-
ever, other studies in human [70] or animal models [71]
of endothelial function, atherosclerosis or inflammation
failed to observe such beneficial effects.

In addition to factors like age, the stage of atheroscle-
rotic diseases or the extent of preexisting endothelial
function, gender and the interaction of prostanoids with
the production of other autacoids contribute to the role
of COX-2-dependent prostanoid formation in vivo. In
ovariectomized mice deficient in endothelial NO syn-
thase, estrogen treatment increased prostanoid-depen-
dent vasodilatation, but failed to do so in the presence of
functional NO production [72]. Estrogen has recently
been shown to upregulate COX-2-dependent PGI, pro-
duction in female mice [73] concomitant with decreased
oxidant stress and platelet activation. Another study ob-
served increased renal PGE, and TxA, production asso-
ciated with greater medullary COX-2 expression in fe-
male spontaneously hypertensive rats [74]. In this study,
however, orchidectomy led to an increase in PGE, release
in males, indicating that male sex hormones might also
contribute to gender-dependent differences in prostanoid
production [74].

Altogether, the data at hand so far suggest that in con-
trast to NSAID or low-dose aspirin, selective inhibitors
of COX-2 usually have no effect on systemic TxA, levels,
but rather reduce PGI, release in healthy individuals. Al-
though inflammatory diseases or disorders of the cardio-
vascular system, e.g. hypertension, may have altered cy-
clooxygenase isoform expression patterns or altered pro-
duction of cyclooxygenase-dependent prostanoids, the
effect of coxibs on PGI, levels seems to prevail.

Risk of Arterial Thrombosis

Given that PGI, and TxA, are the two most important
prostanoids with respect to platelet activation, it is easy
to perceive that any drug that selectively reduces plasma
levels of a physiological antiplatelet substance like PGI,,
without altering levels of the corresponding platelet acti-
vator, TxA,, theoretically has an intrinsic likeliness of
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increasing the activity of circulating platelets. However,
although selective COX-2 inhibitors have been suspected
to increase the risk for intravital platelet activation and
subsequent thrombosis due to clinical findings or theo-
retical considerations ever since the VIGOR trial, initial
experimental approaches aimed at proving this hypoth-
esis did not succeed in finding indications for an enhanced
risk of thrombosis, which may have been due to the low
sensitivity of the assays used (platelet deposition in his-
tological samples) [59]. First evidence for an enhanced
thrombotic risk under elective inhibition of COX-2 was
gathered by Hennan et al. [75] in dogs: in this study, high-
dose aspirin had no effect on coronary artery thrombotic
occlusion unless it was withdrawn and a recovery time
for the endothelium to resynthesize cyclooxygenase was
allowed for. After the endothelium had recovered cyclo-
oxygenase (but not platelets because of the irreversible
binding of aspirin), there was an increased time to throm-
botic occlusion, but this antithrombotic effect was pre-
vented by the administration of celecoxib during recov-
ery. Very recently, two experimental studies, using either
highly sensitive methods for assessing enhanced throm-
bogenicity or more adequate disease models, clearly
proved that there is a thrombotic risk under selective in-
hibition of COX-2 in vivo. The first of these studies,
which was published just few days before the withdrawal
of Vioxx from global markets, used a highly sensitive in
vivo microcirculatory model. It revealed that selective
inhibition of COX-2 enhanced platelet activation, lead-
ing to increased platelet rolling at the intact arteriolar
wall. Moreover, firm platelet adhesion was increased and
ultimately a markedly reduced time to thrombotic occlu-
sion upon vessel wall damage resulted [57]. The second
study — appearing shortly thereafter — showed that during
hypoxia in the pulmonary circulation of rats, there was
enhanced platelet activation under selective inhibition of
COX-2 [65]. Notably, in all these studies, selective in-
hibitors of COX-2 have not been reported to cause spon-
taneous thrombosis [57, 59, 65]. Nevertheless, these stud-
ies could prove what already was theoretically plausible:
that selective COX-2 inhibitors enhance platelet activa-
tion and thus are able to trigger the onset of thrombotic
events.

Although the VIGOR study had not been designed to
investigate side effects of rofecoxib, it brought about the
alarming result of a nearly 5-fold increased risk of myo-
cardial infarction in those patients that received rofecox-
ib; they would have needed to take low-dose aspirin for
secondary cardiovascular prophylaxis, but could not do
so because of the study design [40]. This finding has
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Table 1. List of studies showing an increased risk of atherothrombotic events during intake of selective inhibitors

of COX-2
Coxib Study or authors Patients Publication Reference No.
date
Rofecoxib VIGOR 8,076 2000 40
APPROVe 2,586 2004 78
Kaiser-Permanente ~1.4 x 10° 2004 www.fda.gov/cder/drug/infopage/
vioxx/vioxxgraham.pdf
Juni et al. 20,742 2004 79
Solomon et al. 54,475 2004 80
Celecoxib APC 2,035 2004 82
Parecoxib/ McSPI (CABG) 462 2003 85
valdecoxib Nussmeier et al. 1,671 2005 86

Of note, in some of the studies shown here, an increased risk for rofecoxib but not for celecoxib was observed.
One analysis even found an increased risk during intake of NSAID (Kaiser-Permanente). CABG = Coronary ar-
tery bypass grafting; APC = Adenoma Prevention with Celecoxib Trial; APPROVe = Adenomatous Poly Preven-

tion on Vioxx Trial.

prompted vigorous discussion among scientists as to
whether this was a mechanistically induced ‘class’ effect
of all selective COX-2 inhibitors, or whether it was an
intrinsic problem of rofecoxib. Alternatively, it was dis-
cussed whether the increase in myocardial infarctions in
the rofecoxib group was due to an intrinsic antiplate-
let — and thus cardioprotective — property of naproxen,
which was used as the NSAID that rofecoxib was com-
pared with. The authors of the VIGOR study related this
difference to such a potential antiplatelet property of
naproxen. However, future studies failed to convincingly
prove its cardioprotective properties [16, 76, 77]. Naprox-
en — being an NSAID - turned indeed out to be able to
inhibit platelet COX-1-dependent TxA, production al-
most as effectively as low-dose aspirin, which is why it
can prevent platelet aggregation in ex vivo assays (where
there is no endothelium to supply PGI,), but also inhib-
ited systemic PGI, production in vivo, which is a critical
difference when comparing it to low-dose aspirin [16]. In
our opinion, naproxen is unlikely to have exerted an as-
pirin-like coronary-protective effect in the VIGOR study.
In addition, it has recently become clearer that rofecoxib
may indeed have intrinsic atherothrombotic features. A
correlation between myocardial infarction and rofecoxib
was also found in the recent APPROVe study, which was
stopped because there was an increased risk of athero-
thrombotic complications after 18 months of rofecoxib
intake [78]. Large meta-analyses of randomized trials
yielded similar results (table 1) [79, 80]. Although these
circumstances had prompted the withdrawal of rofecoxib
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from global markets, many questions remained. Besides
ethical questions relating to market introduction of a new
drug, to date the most important question for clinicians
1s whether all the other coxibs also exert a prothrombotic
effect and if so, whether only long-term use or short-term
intake of a coxib bears the risk of myocardial infarc-
tion?

There are more data at hand now to shed light on the
question of a potential class effect: the manufacturer of
celecoxibhas issued a warning of potential cardiovascular
atherothrombotic side effects in December 2004 due to
preliminary results from the Adenoma Prevention with
Celecoxib Trial [81], which gives evidence for dose- and
time-of-intake-related increases in cardiovascular events
due to celecoxib [82]. Before this, there had been one in-
cidental report about thrombotic events in 4 patients with
connective tissue disease who had taken celecoxib [15],
but neither the large randomized CLASS study nor any
clinical trial had shown an enhanced risk of myocardial
infarction following celecoxib treatment, and some sur-
veys that observed an enhanced risk for rofecoxib failed
to do so in patients taking celecoxib (table 1) [80, 83]. This
lack of prior evidence may have been due to the fact that
the CLASS study was conducted in a cohort of patients
who - in contrast to the study population in VIGOR
(rheumatoid arthritis) — did not have an increased risk
for cardiovascular disease (mainly osteoarthritis patients)
[84]. However, the lower COX-2 selectivity of celecoxib,
which also partly reduces Tx-M levels in vivo [56], gives
reason to question whether celecoxib will really cause an
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enhanced atherothrombotic risk. In support of a theory
assigning higher risks of adverse cardiovascular events to
those coxibs that are more specific are recent data from a
study of parecoxib/valdecoxib in patients undergoing cor-
onary artery bypass grafting [85]. The most recently pub-
lished study by Nussmeier et al. [86] confirmed these ini-
tial observations in a larger population. However, a ret-
rospective meta-analysis screening nearly 8,000 patients
who had received valdecoxib at different dosing regimes
during clinical studies for osteoarthritis or rheumatoid
arthritis found no increased incidence of myocardial in-
farction when comparing valdecoxib with nonselective
NSAID [87]. The recent TARGET trial comparing lumi-
racoxib, which is the most selective COX-2 inhibitor so
far, with naproxen and ibuprofen also found no correla-
tion between the incidence of myocardial infarction and
treatment with lumiracoxib [88]. To the best of our knowl-
edge, no data in support of such as risk for lumiracoxib
or etoricoxib are at hand up to date, but several smaller
studies did not find an increased risk of myocardial in-
farction during their use [55, 89]. Table 1 summarizes the
clinical evidence for atherothrombotic events associated
with different coxibs.

Although theoretically the risk of atherothrombotic
events should increase with the selectivity of the drug for
COX-2, this property of a coxib alone does not suffice for
the event to occur with a statistically significant likeliness.
Other factors, such as the dose of the drug that is taken
and the time of intake, will naturally contribute to the
likeliness of an event to occur. In addition, there is good
evidence that the prothrombotic risk is most pronounced
in patients who are already at an increased risk of athero-
thrombotic events due to their underlying disease.

Other Cardiovascular Effects

Because of their likeliness to selectively inhibit endo-
thelial PGI, synthesis and thus unbalance the equilibri-
um between vascular TxA, and PGI, in favor of the va-
soconstrictor TxA,, several other cardiovascular or re-
lated effects, e.g. disturbance of vision (due to potentially
altered blood supply) [90], may theoretically occur. Like
NSAID, coxibs are likely to moderately elevate systemic
blood pressure [91], which is probably due not only to
detrimental effects on the endothelial function but also
to nephrotoxicity [92]. However, the effect of selective
inhibition of COX-2 on endothelial function may also be
beneficial, as repeatedly shown in patients with ischemic
heart disease [68, 69]. These findings are in accordance
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with a proinflammatory role of COX-2-derived PGI, in
atherosclerosis development [66] and have formed a basis
for discussing a potential use of selective COX-2 inhibi-
tors in patients with coronary heart disease [93]. Similar
to myocardial infarction, further atherothrombotic ef-
fects such as stroke or pulmonary embolism are likely to
occur at increased rate, and this has already been ob-
served in some of the clinical studies [78, 86]. The
APPROVe trial also reported differences in groups in
events like congestive heart failure, pulmonary edema or
cardiac failure [78]. However, the likeliness for an ad-
verse event to occur may differ markedly according to the
underlying disease, as prostacyclin synthesis is also known
to interact with nitric oxide synthesis in the vasculature,
with diverging net outcomes for thrombosis, endothelial
function or atherogenesis.

Outlook

According to the data available on selective COX-2
inhibitors and their known effects on vascular pathophys-
10logy and the balance between PGI, and TxA,, it is high-
ly likely that the risk for thrombotic events is a class effect
inherent in coxibs. This effect is likely to occur preferen-
tially in patients who already have an increased risk to
experience atherothrombosis, because selective inhibi-
tors of COX-2 do not cause thrombosis themselves, but
rather support its onset. For some time, partly because of
a lack of sufficient data, the risk had only been suspected
for rofecoxib, but newer data suggest that it may also com-
plicate the use of other coxibs. In addition to the physi-
ological mechanisms leading to the described vascular
imbalance between PGI, and TxA,, other vascular phe-
nomena, such as the recently described upregulation of
thrombomodulin by COX-2-formed prostanoids [94] or
the diverse interactions of endothelial autacoids, e.g. NO,
with prostanoid production [95], may also contribute to
the enhanced risk of thrombotic complications. Due to
pharmacokinetic and chemical differences in the various
substances available, some of these compounds may not
bear this risk at all. Thus, a critical evaluation as to the
extent of this risk should be performed for each of the
COX-2 inhibitors separately. Such evaluation should
compare the extent of in vivo inhibition of PGI, synthe-
sis with TxA,, as the balance between these prostanoids
is the key to an effect of any cyclooxygenase inhibition on
thrombosis and can easily be assessed in humans. More-
over, the pathophysiology of the underlying diseases of
individual patients destined to be treated with coxibs
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must be considered when using these drugs. Whereas
some patient groups may benefit from their advantages,
others are more likely to be harmed by detrimental ef-
fects, as nicely demonstrated in a statistical post hoc anal-
ysis of the VIGOR population [96]. It should be borne in
mind that selective COX-2 inhibitors are well tolerated
by most patients, that they offer reliable relief from pain
and inflammation, and that they are highly appreciated
by those who use them. All health professionals should be
aware of the fact that there is a risk. However, they should
also be aware of its likely limitations and thus be able to
individually decide on patients who are apt to receive se-
lective COX-2 inhibitors. If the cardiovascular risk of a
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