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Facile air oxidation of the conjugate base of rofecoxib (VioxxTM),
a possible contributor to chronic human toxicity

Leleti Rajender Reddy and E. J. Corey*

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, MA 02138, USA

Received 17 November 2004; revised 13 December 2004; accepted 13 December 2004

Available online 25 December 2004
Abstract—The COX-2 inhibitor rofecoxib (VioxxTM, 1) ionizes under physiological conditions to an anion that reacts readily with
dioxygen to form inter alia the reactive maleic anhydride derivative 6, a potentially toxic compound.
� 2004 Elsevier Ltd. All rights reserved.
The development of selective inhibitors of the inducible
cyclooxygenase-2 (COX-2) has been one of the salient
advances of recent years for the treatment of pain and
inflammatory disease such as osteoarthritis.1–4 Unlike
older antiinflammatory agents (e.g., aspirin, indometha-
cin, ibuprofen, and naproxen), which inhibit both COX-
2 and the constitutively expressed cyclooxygenase-1
(COX-1), the selective COX-2 inhibitors relieve pain
with minimal gastric erosion that can result from the
inhibition of cytoprotective COX-1-dependent synthesis
of PGE2 in the gastric mucosa.

2–4 However, the recent
finding of significant elevation of adverse cardiovascular
events in people already at risk has triggered the with-
drawal from use of one of the most widely used COX-
2 inhibitors, rofecoxib (VioxxTM).5 The recall of Vioxx
follows the publication of an extensive series of articles
that argued in favor of an associated cardiovascular
risk.6–9 The issue was subsequently decided by the anal-
ysis of the data from the APPROVe trial that was in-
tended to test for rofecoxib (25 mg daily) protection of
recurrence of colorectal polyps. That study of 2000 pa-
tients demonstrated that the excess incidence of cardio-
vascular events was statistically significant for rofecoxib
versus placebo (7.5 events per 1000 patients on placebo
and 15 events per 1000 patients on rofecoxib). The in-
creased risk only began to appear after 18 months of
treatment and became clear after 24 months, causing
early termination of the planned 36-month trial.
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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The withdrawal of Vioxx has quickly been followed by
suggestions that all selective COX-2 inhibitors should
be suspect because the cardiovascular side effects of
Vioxx are common to the COX-2 class and mechanism
related rather than compound specific.5b,10,11 The argu-
ment for a COX-2 class-based adverse cardiovascular
effect may be summarized as follows. Whereas the
expression of COX-1 varies only modestly in a normal
adult over a several day period (roughly up to 2-fold),
the expression of COX-2 is much more highly variable
(up to approximately 20- to 30-fold). COX-2 plays a sig-
nificant role in regulating the tone of the vasculature
since it produces the biochemical precursor (the endo-
peroxide PGH2) for the vasodilating eicosanoid prosta-
cyclin (PGI2). Thus PGI2 helps to maintain adequate
blood flow and to compensate for arterial narrowing,
platelet aggregation or other events, which tend to re-
duce circulation. The expression of COX-1 in platelets
leads to increased formation of the platelet-aggregating
eicosanoid thromboxane A2 (TxA2). Whereas COX-1
inhibitors act to decrease TxA2 synthesis in platelets,
COX-2 inhibitors do not, because platelets express
COX-1 but not COX-2. The argument has recently been
extended by some to the conclusion that all selective
COX-2 inhibitors carry additional cardiovascular risk
in patients with coronary artery disease because they
are more subject to the catastrophic cascade of events
that can result from impaired blood flow and hypoxia,
especially of cardiac muscle.

A problem with this explanation is that the older non-
steroidal antiinflammatory agents such as ibuprofen
and naproxen, which are still in use on a massive scale
and which are non-specific inhibitors of both COX-1
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and COX-2, do not appear to cause a significant in-
crease in cardiovascular risk. It is not easy to understand
the relative cardiovascular safety of these drugs (exclud-
ing their well-known gastro-intestinal adverse effects) if
there were really a COX-2 class effect, because at the
doses often used with these agents there is a high level
of COX-2 inhibition.

The purpose of this note is to describe a chemical prop-
erty of rofecoxib that sets it apart from the other cur-
rently used COX-2 inhibitors. The chemical structures
of rofecoxib (Vioxx, 1), celecoxib (CelebrexTM, 2), valdec-
oxib (BextraTM, 3) and lumiracoxib (PrexigeTM, 4) are
shown in Figure 1.12 Rofecoxib is a weak acid (pKa
ca. 12) and as a consequence it undergoes facile H/D
exchange of the protons gamma to the butenolide
carbonyl in D2O or deuterated serum at 37 �C (t1/2
approximately 7 min) via the corresponding conjugate
base, 5.13 This anion is very reactive toward atmospheric
O2. When the anion is generated in THF (e.g., with
1 equiv of n-BuLi), it reacts rapidly with O2 from air
even at 0 �C giving a deeply colored solution within a
few minutes that gradually becomes yellow-brown with
the formation of a mixture of oxidation products. The
principal product, which is readily isolated in pure form
by silica gel chromatography, is the maleic anhydride 6,
mp 140–142 �C.14 Also isolated in lesser amount is the c-
hydroxy butenolide 7. When rofecoxib 1 is stirred in air
in H2O–THF solution at ambient temperature with
1 equiv of lithium hydroxide, it is also converted to 6
and 7, with the former undergoing concomitant hydro-
lysis to the corresponding maleic acid. It has previously
been reported that rofecoxib is also readily oxidized by
O2 at room temperature in ethyl acetate solution to give
the c-hydroxy butenolide 7 in the presence of powdered
charcoal (92% yield).15 Although 7 has been reported as
an in vivo16 and in vitro17 metabolite of rofecoxib, to the
best of our knowledge the maleic acid and maleic anhy-
dride (6) products have not been.18

On the basis of the facile oxidation of the rofecoxib an-
ion 5 and its presence in small amounts in equilibrium
with 1 under physiological conditions, we think it likely
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that there is some degree of spontaneous oxidation of
Vioxx as it circulates through the vasculature and oxy-
genated tissues in vivo. Therefore, it is also reasonable
to expect that some of the maleic anhydride 6 would
be formed in vivo. Although a portion of this oxidation
product may simply react with water to form the corre-
sponding maleic acid, some fraction may survive long
enough to react with nucleophilic groups of biomole-
cules and tissue, especially amino groups. The conse-
quences of this may be a low level chronic toxicity
that is cumulative and possibly dangerous over periods
of many months. It is perhaps not irrelevant that the
cardiotoxicity of Vioxx was not apparent from short-
term (one year or less) studies.

Studies of the fate of [14C] rofecoxib in healthy human
subjects (administered orally, 125 mg) have revealed
that 71.5% of the radioactivity ingested could be recov-
ered from the urine and 14.2% was found in the feces.16

The balance of the radioactivity (ca. 15%) was not ac-
counted for. This result leaves open the possibility that
some of the labeled agent might linger in the body for
an extended period of time, which would be consistent
with the possibility of conversion via 6 and covalent
coupling to biomolecules and tissues as summarized
above. A more detailed study of the fate of radio-labeled
rofecoxib in vivo with experimental animals would pro-
vide a simple and critical test of this scenario.

It is important to note that the equilibration of rofec-
oxib with its anion and the high susceptibility of that an-
ion (5) to air oxidation under physiological conditions is
not a property shared by the two COX-2 inhibitors,
which are currently in widest use, celecoxib and valdec-
oxib, which are not subject to air oxidation. This clear
difference between 1 and 2 or 3 has been entirely over-
looked in the medical and general literature, which tend
to regard the three substances as equivalent. We believe
that the basis of low level chronic toxicity of 1 that is
disclosed herein is at least as plausible as the class effect
argument that seems to be widely held.5b,10,11 In view of
the fact that many individuals who suffer from arthritis
pain benefit from COX-2 inhibitors with lower risk of
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gastric erosion, and the fact that COX-2 inhibitors may
have other medical uses,19 it seems inadvisable to as-
sume that all members of this class are equivalent and
too risky for human patients.20
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