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EDITORIAL COMMENT

Cyclooxygenase-2
Inhibitors and Atherosclerosis*
Orina Belton, PHD, Desmond Fitzgerald, MD
Dublin, Ireland
The report by Rott et al. (1) in this issue of the Journal adds
to the concerns surrounding the cardiovascular effects of
cyclooxygenase (COX)-2 inhibitors. However, their finding
of an increased burden of atherosclerosis in the apolipoprotein E (apoE) knockout mouse treated with a selective
COX-2 inhibitor must be seen in the context of other data
suggesting that COX-2 contributes to lesion formation or
has no effect whatsoever.
Prostaglandin (PG) generation and activity. Prostaglandins are generated from arachidonic acid by the enzyme
COX, which has two isoforms: COX-1 and COX-2. The
former is ubiquitously expressed and poorly inducible,
whereas the latter is largely absent from normal cells but is
induced by cytokines (2), growth factors (3), oxidized lipids
(4), and free radicals (5), factors known to play a role in
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atherosclerosis. That said, there is evidence that COX-1 is
inducible (6) and that COX-2 is expressed in normal
subjects. For example, COX-2 inhibitors reduce PGI2
formation in normal volunteers by up to 80% (7,8). Cyclooxygenases convert arachidonic acid to PG endoperoxides, which in turn are converted by a series of isomerases to
the corresponding PG. Cells tend to express a predominant
isomerase (prostacyclin synthase, thromboxane synthase,
PGE synthase, PGD synthase) closely coupled with COX,
which largely determines which product is generated. However, COXs can couple to different isomerases in the same
cell (9); cells can express more than one isomerase (10); and
there is evidence that endoperoxides generated in one cell
type may be metabolized by isomerases of adjacent cells,
so-called “transcellular metabolism” (11).
Prostaglandins mediate their effects through transmembrane G-protein– coupled receptors, several of which exist
for each PG (12). For example, there are at least four
different PGE-type receptors and two thromboxane A2
(TXA2) receptors (TP), the latter being alternatively spliced
variants derived from a single gene (13). As these are
cell-surface receptors, PGs presumably act in a paracrine or
autocrine fashion. They also activate peroxisome
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brane proteins that dimerize with other cell proteins to form
transcription factors (14). In this way, PGs may act as
intracellular signaling molecules and regulate gene expression (15). There are at least four types of PPARs (alpha,
delta, gamma-1, and gamma-2) that exhibit differential
sensitivity to PGs (14). In short, in diseased tissue composed of a variety of cells, a bewildering number of products
with diverse functions are generated. Consequently, the
effects of a COX inhibitor, acting high in this pathway, are
likely to be complex.
PGs and atherosclerosis. Cyclooxygenase expression
(16,17) and PG generation (17–19) are induced in patients
with atherosclerosis. Cyclooxygenase-2 is expressed in the
monocytes/macrophages and proliferating vascular smooth
muscle cells that typify atherosclerotic lesions, in addition to
endothelium (16,17). Patients with extensive disease have
enhanced formation of TXA2, a potent platelet activator
and vasoconstrictor, largely derived from COX-1 in platelets (18). Formation of prostacyclin (PGI2), a potent platelet
inhibitor and vasodilator, is also increased largely through
COX-2 (17,19). Thus, in atherosclerosis, COX-2 inhibition preferentially suppresses PGI2 generation and spares
TXA2, as it also does in normal individuals (7,17). Theoretically, PGI2 may limit the extent of platelet adhesion and
activation at sites of vascular disease. For example, local
delivery of prostacyclin synthase using an adenoviral vector
reduces the platelet deposition seen following vascular injury
(20). In addition, disruption of the PGI2 receptor (IP)
enhances the response to carotid injury in the mouse. This
is largely dependent on TXA2, as coincident disruption of
the TP receptor prevents the amplification of vascular injury
(21). Given that PGI2 regulates the response to TXA2 and
COX-2 inhibition selectivity suppresses PGI2, it follows
that COX-2 inhibitors may enhance platelet activity. This
provides a plausible explanation for the increased risk of
myocardial infarction reported with the COX-2 inhibitor
called rofecoxib (22).
COX-2 inhibitors and atherosclerosis. There have been
reports that disruption of the IP receptor aggravates atherosclerosis in low-density lipoprotein receptor (LDLR)
knockout mice (23); furthermore, it has been suggested that
deletion of the IP receptor results in increased sensitivity to
thrombotic stimuli (24). However, as platelets contribute to
the development and progression of atherosclerosis, it follows that PGI2 formed locally may suppress lesion formation by limiting platelet deposition. Of course, COX-2
generates products other than PGI2, so the response to
COX-2 inhibitors may be quite different from those seen
when PGI2 is selectively inhibited. It should also be emphasized that targeted gene deletion of the IP receptor may
greatly exceed the effect achieved by COX-2 inhibitors,
where PGI2 generation is reduced but not ablated.
There are data demonstrating that COX-2 expressed in
monocytes/macrophages contributes to the development of
atherosclerosis in murine models (25) and to the expression
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of proteins, such as metalloproteinases, which contribute to
plaque instability (26). In that case, inhibition of COX-2
would be expected to limit the extent of atherosclerosis.
Indeed, Pratico et al. (23) reported a 30% reduction in
atherosclerosis by the COX-2 inhibitor nimesulide. Administration of the COX-2 inhibitor rofecoxib was also shown
to reduce atherosclerosis in a mouse model deficient in the
LDLR (25). In contrast, selective inhibition of COX-2 had
no effect on the restenosis that occurs following balloon
angioplasty of the rat carotid artery, whereas selective
inhibition of COX-1 reduced lesion formation, possibly
reflecting an antiplatelet effect (27). A role for COX-1–
mediated PGs is further supported by studies showing that
nonselective COX inhibitors, such as aspirin and indomethacin, retard the development of atherosclerosis in apoE⫺/⫺
mice (28) to a greater extent than a selective COX-2
inhibitor (25).
COX-2 and angiogenesis. Several PGs modulate angiogenesis and endothelial cell apoptosis, both of which are
implicated in atherosclerosis (29). For example, PGE2 and
PGI2 induce endothelial cell growth and new blood vessel
formation (30), whereas TXA2 and PGJ2 have the opposite
effect (31). Both COX isoforms have been shown to play a
role in angiogenesis in several model systems. Selective
inhibition of COX-2 inhibits the growth of angiogenic
endothelial cells in vitro (32) and angiogenesis in animal
models of inflammation (33), whereas COX-1 activity in
endothelial cells modulates the angiogenesis that occurs
around transplanted tumors (34). In cardiovascular disease,
angiogenesis could have both beneficial and deleterious
effects. Angiogenesis may contribute to the revascularization
of ischemic tissues. On the other hand, angiogenesis in an
atherosclerotic lesion might result in plaque expansion and
vulnerability.
COX-2 as an anti-inflammatory gene. It is surprising,
therefore, that Rott et al. (1) found that inhibition of
COX-2 aggravated atherosclerosis in the apoE knockout
mouse. The study was more complex, as the authors set out
to examine the effect of COX-2 inhibition on infectivity of
cytomegalovirus and coincidentally showed increased disease burden in animals treated with the COX-2 inhibitor,
including those not infected with the virus. Although it
would be reasonable to conclude that this reflected selective
suppression of PGI2 and an unopposed effect of TXA2, the
authors suggest as an alternative hypothesis the suppression
of anti-inflammatory PGs, such as PGJ2, and its metabolite
15-deoxy-delta12,14-PGJ2 (15d-PGJ2) (35).
Although COX-2 is usually thought of as contributing to
inflammation, some authors have suggested that COX-2
may also play an anti-inflammatory role. The hypothesis
arises from observations with COX-2 inhibitors and in
animals in which the COX-2 gene has been disrupted.
Although inducing an anti-inflammatory effect acutely,
inhibition of COX-2 or disruption of the COX-2 gene can
aggravate inflammation chronically (36,37). For example, in
a rat model of carrageenan-induced pleurisy, Gilroy et al.
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(37) found that COX-2 inhibitors, while suppressing inflammation initially, aggravated the inflammatory response
at 48 h after the injection of the antigen. These findings
have raised the possibility that COX-2 generates an antiinflammatory product, possibly 15d-PGJ2.
15d-PGJ2 is one of a series of products derived nonenzymatically from PGD2. Unlike other PGs, which are
pro-inflammatory, 15d-PGJ2 displays remarkable antiinflammatory effects (35). Several mechanisms have been
suggested, including induction of apoptosis in monocytes
(38), activation of PPAR-gamma, and modification of p50,
a subunit of the pro-inflammatory transcription factor,
nuclear factor kappa-B (39,40). Indeed, 15d-PGJ2 has been
found by immunoblot analysis in atherosclerotic plaque
(41). Given the structural similarities between different
PGs, immunologic identification is fraught with problems,
and more specific assays will be needed to demonstrate the
formation of PGJ2 and its metabolites. Highly specific
assays based on mass spectrometric identification of the
metabolites have shown that human cells are capable of
generating PGJ2 and its metabolites in an enzymatic fashion, which is hardly surprising since these products derive
from PGD2 (42). What is unclear, as yet, is whether
sufficient amounts of the cyclopentenone PGs are generated
and remain in an active conformation to have any biologic
effect. Given their propensity to complex with peptides
(e.g., glutathione) and proteins, this is still in doubt.
Reprint requests and correspondence: Dr. Desmond Fitzgerald,
Institute of Biopharmaceutical Sciences, Royal College of Surgeons in Ireland, St. Stephens Green, Dublin 2, Ireland. E-mail:
dfitzgerald@rcsi.ie.

REFERENCES
1. Rott D, Zhu J, Burnett MS, et al. Effects of MF-tricyclic, a selective
cyclooxygenase-2 inhibitor, on atherosclerosis progression and susceptibility to cytomegalovirus replication in apolipoprotein-E knockout
mice. J Am Coll Cardiol 2003;41:1812–9.
2. Jones DA, Carlton DP, McIntyre TM, Zimmerman GA, Prescott
SM. Molecular cloning of human peroxide synthase type II and
demonstration in response to cytokines. J Biol Chem 1993;268:9049 –
54.
3. Xie W, Herschman HR. Transcriptional regulation of prostaglandin
synthase 2 gene expression by platelet-derived growth factor and
serum. J Biol Chem 1996;271:31742–8.
4. Smith LH, Boutaud O, Breyer M, Morrow JD, Oates JA, Vaughan
DE. Cyclooxygenase-2– dependent prostacyclin formation is regulated
by low-density lipoprotein cholesterol in vitro. Arterioscler Thromb
Vasc Biol 2002;22:983–8.
5. Dowd NP, Scully M, Adderley SR, Cunningham AJ, Fitzgerald DJ.
Inhibition of cyclooxygenase-2 aggravates doxorubicin-mediated cardiac injury in vivo. J Clin Invest 2001;108:585–90.
6. Smith CJ, Zhang Y, Koboldt CM, et al. Pharmacological analysis of
cyclooxygenase-1 in inflammation. Proc Natl Acad Sci USA 1998;95:
13313–8.
7. Cullen L, Kelly L, Connor SO, Fitzgerald DJ. Selective
cyclooxygenase-2 inhibition by nimesulide in man. J Pharmacol Exp
Ther 1998;287:578 –82.
8. McAdam BF, Catella-Lawson F, Mardini IA, Kapoor S, Lawson JA,
FitzGerald GA. Systemic biosynthesis of prostacyclin by cyclooxygenase (COX)-2: the human pharmacology of a selective inhibitor of
COX-2. Proc Natl Acad Sci USA 1999;96:272–7.

1822

Belton and Fitzgerald
Editorial Comment

9. Caughey GE, Cleland LG, Penglis PS, Gamble JR, James MJ. Roles
of cyclooxygenase (COX)-1 and COX-2 in prostanoid production by
human endothelial cells: selective up-regulation of prostacyclin synthesis by COX-2. J Immunol 2001;167:2831–8.
10. Brock TG, McNish RW, Peters-Golden M. Arachidonic acid is
preferentially metabolized by cyclooxygenase-2 to prostacyclin and
prostaglandin E2. J Biol Chem 1999;274:11660 –6.
11. Fitzgerald DJ, Fragetta J, FitzGerald GA. Prostaglandin endoperoxides modulate the response to thromboxane synthase inhibition during
coronary thrombosis. J Clin Invest 1988;82:1708 –13.
12. Breyer RM, Bagdassarian CK, Myers SA, Breyer MD. Prostanoid
receptors: subtypes and signaling. Annu Rev Pharmacol Toxicol
2001;41:661–90.
13. Raychowdhury MK, Yukawa M, Collins LJ, McGrail SH, Kent KC,
Ware JA. Alternative splicing produces a divergent cytoplasmic tail in
the human endothelial thromboxane A2 receptor. J Biol Chem
1995;270:7011.
14. Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids are ligands for peroxisome
proliferator-activated receptors alpha and delta. Proc Natl Acad Sci
USA 1997;94:4312–7.
15. Gupta RA, Brockman JA, Sarraf P, Willson TM, DuBois RN. Target
genes of peroxisome proliferator-activated receptor gamma in colorectal cancer cells. J Biol Chem 2001;276:29681–7.
16. Schonbeck U, Sukhova GK, Graber P, Coulter S, Libby P. Augmented expression of cyclooxygenase-2 in human atherosclerotic
lesions. Am J Pathol 1999;155:1281–91.
17. Belton O, Byrne D, Kearney D, Leahy A, Fitzgerald DJ.
Cyclooxygenase-1 and -2– dependent prostacyclin formation in patients with atherosclerosis. Circulation 2000;102:840 –5.
18. Reilly IA, Doran JB, Smith B, FitzGerald GA. Increased thromboxane biosynthesis in a human preparation of platelet activation: biochemical and functional consequences of selective inhibition of thromboxane synthase. Circulation 1986;73:1300 –9.
19. FitzGerald GA, Smith B, Pedersen AK, Brash AR. Increased prostacyclin biosynthesis in patients with severe atherosclerosis and platelet
activation. N Engl J Med 1984;310:1065–8.
20. Yamada M, Numaguchi Y, Okumura K, et al. Prostacyclin synthase
gene transfer modulates cyclooxygenase-2– derived prostanoid synthesis and inhibits neointimal formation in rat balloon-injured arteries.
Arterioscler Thromb Vasc Biol 2002;22:256 –62.
21. Cheng Y, Austin SC, Rocca B, et al. Role of prostacyclin in the
cardiovascular response to thromboxane A2. Science 2002;296:539 –
41.
22. Bombardier C, Laine L, Reicin A, et al, the VIGOR Study Group.
Comparison of upper gastrointestinal toxicity of rofecoxib and
naproxen in patients with rheumatoid arthritis. N Engl J Med
2000;343:1520 –8.
23. Pratico D, Tillmann C, Zhang ZB, Li H, FitzGerald GA. Acceleration of atherogenesis by COX-1– dependent prostanoid formation in
low-density lipoprotein receptor knockout mice. Proc Natl Acad Sci
USA 2001;98:3358 –63.
24. Murata T, Ushikubi F, Matsuoka T, et al. Altered pain perception and
inflammatory response in mice lacking prostacyclin receptor. Nature
1997;388:678 –82.
25. Burleigh ME, Babaev VR, Oates JA, et al. Cyclooxygenase-2 promotes early atherosclerotic lesion formation in LDL receptor-deficient
mice. Circulation 2002;105:1816 –23.
26. Cipollone F, Prontera C, Pini B, et al. Overexpression of functionally
coupled cyclooxygenase-2 and prostaglandin E synthase in symptom-

JACC Vol. 41, No. 10, 2003
May 21, 2003:1820–2

27.

28.
29.
30.

31.

32.

33.
34.
35.
36.
37.
38.

39.
40.

41.

42.

atic atherosclerotic plaques as a basis of prostaglandin E2-dependent
plaque instability. Circulation 2001;104:921–7.
Connolly E, Bouchier-Hayes DJ, Kaye E, Leahy A, Fitzgerald D,
Belton O. Cyclooxygenase isozyme expression and intimal hyperplasia
in a rat model of balloon angioplasty. J Pharmacol Exp Ther
2002;300:393–8.
Paul A, Calleja L, Camps J, et al. The continuous administration of
aspirin attenuates atherosclerosis in apolipoprotein E– deficient mice.
Life Sci 2000;68:457–65.
Tricot O, Mallat Z, Heymes C, Belmin J, Leseche G, Tedgui A.
Relation between endothelial cell apoptosis and blood flow direction in
human atherosclerotic plaques. Circulation 2000;101:2450 –3.
Pai R, Szabo IL, Soreghan BA, Atay S, Kawanaka H, Tarnawski AS.
PGE2 stimulates VEGF expression in endothelial cells via ERK2/
JNK1 signaling pathways. Biochem Biophys Res Commun 2001;286:
923–8.
Gao Y, Yokota R, Tang S, Ashton AW, Ware JA. Reversal of
angiogenesis in vitro, induction of apoptosis, and inhibition of AKT
phosphorylation in endothelial cells by thromboxane A2. Circ Res
2000;87:739 –45.
Leahy KM, Ornberg RL, Wang Y, Zweifel BS, Koki AT, Masferrer
JL. Cyclooxygenase-2 inhibition by celecoxib reduces proliferation and
induces apoptosis in angiogenic endothelial cells in vivo. Cancer Res
2002;62:625–31.
Ghosh AK, Hirasawa N, Niki H, Ohuchi K. Cyclooxygenase-2–
mediated angiogenesis in carrageenin-induced granulation tissue in
rats. J Pharmacol Exp Ther 2000;295:802–9.
Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN.
Cyclooxygenase regulates angiogenesis induced by colon cancer cells.
Cell 1998;93:705–16.
Kawahito Y, Kondo M, Tsubouchi Y, et al. 15-Deoxy-delta12,14-PGJ2
induces synoviocyte apoptosis and suppresses adjuvant-induced arthritis in rats. J Clin Invest 2000;106:189 –97.
Langenbach R, Loftin CD, Lee C, Tiano H. Cyclooxygenasedeficient mice: a summary of their characteristics and susceptibilities to
inflammation and carcinogenesis. Ann NY Acad Sci 1999;889:52–61.
Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ,
Willoughby DA. Inducible cyclooxygenase may have antiinflammatory properties. Nat Med 1999;5:698 –701.
Hortelano S, Castrillo A, Alvarez AM, Bosca L. Contribution of
cyclopentenone prostaglandins to the resolution of inflammation
through the potentiation of apoptosis in activated macrophages.
J Immunol 2000;165:6525–31.
Rossi A, Kapahi P, Natoli G, et al. Anti-inflammatory cyclopentenone
prostaglandins are direct inhibitors of IkappaB kinase. Nature 2000;
403:103–8.
Cernuda-Morollon E, Pineda-Molina E, Canada FJ, Perez-Sala D.
15-Deoxy-delta 12,14-prostaglandin J2 inhibition of NF-kappaBDNA binding through covalent modification of the p50 subunit. J Biol
Chem 2001;276:35530 –6.
Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida K.
15-Deoxy-delta 12,14-prostaglandin J2: a prostaglandin D2 metabolite
generated during inflammatory processes. J Biol Chem 2002;277:
10459 –66.
Chinery R, Coffey RJ, Graves-Deal R, et al. Prostaglandin J2
and 15-deoxy-delta12,14-prostaglandin J2 induce proliferation of
cyclooxygenase-depleted colorectal cancer cells. Cancer Res 1999;59:
2739 –46.

