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Nonsteroidal anti-inflammatory drugs selective for inhibition of
COX-2 increase heart failure and elevate blood pressure. The COX-2
gene was floxed and crossed into merCremer mice under the
�-myosin heavy-chain promoter. Tamoxifen induced selective de-
letion of COX-2 in cardiomyocytes depressed cardiac output, and
resulted in weight loss, diminished exercise tolerance, and en-
hanced susceptibility to induced arrhythmogenesis. The cardiac
dysfunction subsequent to pressure overload recovered progres-
sively in the knockouts coincident with increasing cardiomyocyte
hypertrophy and interstitial and perivascular fibrosis. Inhibition of
COX-2 in cardiomyocytes may contribute to heart failure in pa-
tients receiving nonsteroidal anti-inflammatory drugs specific for
inhibition of COX-2.

arrhythmia � heart failure � knockout � NSAIDs � fibrosis

Randomized, placebo-controlled trials indicate that nonste-
roidal antinflammatory drugs (NSAIDs) specific for inhibi-

tion of cyclooxygense (COX)-2 confer an increased risk of
myocardial infarction and stroke (1–5), effects explicable by
suppression of COX-2-derived products, such as prostacyclin
(PGI2) and prostaglandia E2 (PGE2) (6). While, the clinical
spectrum of hazard is dominated by a predisposition to throm-
bosis, an additional feature has been congestive heart failure
(1–4). NSAIDs may variably increase blood pressure (7): studies
in rodents (8, 9) and a meta-analysis of clinical studies (10)
suggest that this reflects inhibition of COX-2 and the specificity
with which this is attained (11). Elevation of blood pressure by
manipulation of the prostaglandin pathway is conditioned by
genetic background in rodents (12). However, given this caveat,
deletion or inhibition of COX-2 (8, 13) and deletion of the E
prostanoid (EP)-2 receptor (14, 15) or the I-prostanoid receptor
(IP) (16) for the COX-2 products, PGE2 and PGI2 respectively,
may each result in hypertension. Indeed, deletion of the IP in
these mice also results in cardiac hypertrophy and fibrosis, effects
ameliorated by coincident deletion of the receptor for throm-
boxane A2, the TP, a maneuver that does not, alone, affect blood
pressure (16). By contrast, inhibition or deletion of COX-1
attenuates the hypertensive response to infusion of angiotensin
II (8) or treatment with a COX-2 inhibitor (13). Although
placebo-controlled trials provide unequivocal evidence that
COX-2-specific NSAIDs confer a cardiovascular hazard, the
number of events within each trial are insufficient to permit
analysis of covariates. Thus, it is unknown whether congestive
heart failure on NSAIDs results solely from or is exacerbated by
hypertension.

Although suppression of COX-2-derived prostanoids is suffi-
cient to explain the cardiovascular hazard conferred by purpose-
designed and older NSAIDs specific for inhibition of COX-2
(17), there has been interest in the possibility that some or all of
these effects might reflect ‘‘off target’’ effects. One such example
was an overview-trial analysis interpreted to suggest that ar-
rhythmia, cardiac arrest, and sudden cardiac death might result
from off target effects of rofecoxib (18). However, the dominant

products of cardiomyocyte (CM) COX-2 are PGI2 and PGE2,
and deletion of the IP exacerbates ischemia reperfusion injury in
mice (19) and inhibition of COX-2 exacerbates doxorubicin-
induced cardiotoxicity in vitro (20) and in vivo (21), an effect
attenuated by PGI2 analogues. COX-2-derived PGI2 and PGE2

have both been implicated as mediators of cardioprotection in
late-phase ischemic preconditioning (22, 23).

In this study, we have generated conditional COX-2-deficient
mice. Selective deletion of COX-2 in CMs in mice depressed
cardiac output, decreased exercise tolerance, and enhanced
susceptibility to induced arrhythmogenesis. The cardiac dysfunc-
tion subsequent to pressure overload recovered progressively in
the knockouts coincident with increasing CM hypertrophy,
interstitial and perivascular fibrosis. These results raise the
possibility that COX-2 inhibition in CMs might interact with
hypertension in predisposing to heart failure and perhaps also to
cardiac arrhythmias in patients taking NSAIDs.

Results
Global deletion of COX-2 by disruption of exon 8 (24, 25) has a
variable impact on fecundity (26), reflective of the multiple roles
for the enzyme during development and in parturition (27).
Surviving mice often exhibit renal and cardiac defects, including
myocardial fibrosis (24). Given these constraints, we used a
cre/lox system (28, 29) to study the impact of COX-2 deletion
after birth and in a cell-specific manner. Exons 6, 7, and
8—critical for enzyme function (30)—were flanked by 2 directly
repeated loxp sites inserted into the corresponding introns (Fig.
1A). COX-2-dependent PGE2 production in peritoneal macro-
phages ex vivo in response to bacterial lipopolysaccharide is
retained in mice in which COX-2 is f loxed (Fig. 1B). These mice
were crossed into merCremer mice under the �-myosin heavy
chain promoter to permit tamoxifen-dependent deletion of
COX-2 in CMs (31). Primers were designed to flank exons 6, 7,
and 8 of COX-2 so that a 0.4-kb product would be yielded
differentially from the knock out (KO) allele (Fig. 1C). Follow-
ing tamoxifen administration, the KO mice revealed this band
specifically in cardiac tissue, consistent with tissue-specific gene
deletion (Fig. 1D). Total cardiac expression of COX-2 was
reduced significantly (4.23 � 1.47 to 1.34 � 0.47% of GAPDH;
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n � 18–24, P � 0.05) in the cardiomyocyte knock out (CM-
COX-2 KOs) mice.

Cardiac function was assessed by MRI (32). Two weeks after
administration of tamoxifen (100 mg/kg i.p. for 5 days), left
ventricular ejection fraction was depressed in CM-COX-2 KOs
compared to controls (0.65 � 0.02 to 0.60 � 0.02 cm3/g), and left
ventricular end systolic volume was increased significantly from
0.017 � 0.002 cm3/g to 0.021 � 0.004 cm3/g (P � 0.05) while heart
rate was depressed (443 � 21 vs. 411 � 30 beats per min, P �
0.05) in the KOs (Fig. 2A). CM-COX-2 KOs lost more weight in
response to exercise (Fig. 2B) and had a reduced exercise
capacity (Fig. 2C) compared to littermate COX-2 flox/f lox
controls. However, systemic blood pressure did not differ be-
tween CM-COX-2 KOs and controls (115 � 5 vs. 116 � 5 mm
Hg; n � 9–11, P � n.s.), excluding hypertension as a cause of the
cardiac failure in these experiments. Age -(51.0 � 3.2 vs. 50.5 �
3.0 days) and weight- (22.0 � 2.4 vs. 22.5 � 1.9 g) matched male
mice were subjected to intracardiac-programmed electrical stim-
ulation to address the possibility that deletion of CM COX-2
might predispose to arrhythmogenesis. The number of episodes
of ventricular tachycardia induced (17 vs. 3) was increased and
their duration (1.2 � 0.9 vs. 0.4 � 0.3 s) was prolonged (n �
11–12, P � 0.01) in the CM-COX-2 KOs compared to COX-2
flox/f lox controls (Fig. 2D). This evaluation also failed to reveal
a significant difference between CM-COX-2 KO and control
mice in ventricular effective refractory periods following a drive
train at 120 ms (46.7 � 5.7 vs. 44.2 � 5.1 ms; P � n.s.), or one
at 100 ms (50.1 � 5.0 vs. 47.6 � 4.8 ms; P � n.s.).

The impact of CM-specific deletion of COX-2 in response to
increased afterload was assessed by MRI after aortic banding.
The depression in ejection fraction in CM-COX-2 KOs com-
pared to controls at baseline was also evident at 1 week, but
had recovered 6 weeks after banding (Fig. 3A). This coincided
with a disproportionate CM hypertrophy (4,440 � 361 vs.
3,459 � 205 arbitrary units/pixels; P � 0.05) in the KO mice
(Fig. 3 B and C). Interstitial and perivascular fibrosis was
evident in the hearts of CM-COX-2 KO mice and was more
pronounced (2.028 � 0.209 vs. 0.963 � 0.116 arbitrary unit/
pixel; P � 0.0001) than in COX-2 f lox/f lox controls. In

addition, connexin 43-expressing gap junctions were hetero-
geneously reduced in the myocardium of CM-CKO-2 KO mice
compared to f lox/f lox control littermates as shown by a
comparison of variances (F � 1.364, DFn � 3,589, Dfd �
1,451, P � 0.0001) [supporting information (SI) Fig. S1]. The
difference in fibrosis at baseline between the two groups
became further pronounced 6 weeks after aortic banding
(Fig. 4).

Discussion
Placebo-controlled trials have afforded evidence that NSAIDs
selective for inhibition of COX-2 predispose to myocardial
infarction and stroke, most likely because of suppression of
cardioprotective prostaglandins, such as PGI2 and PGE2 (6).

Fig. 1. Cardiomyocyte-specific COX-2 gene deletion in vivo. (A) Exons 6, 7,
and 8 of the COX-2 gene are flanked by 2 loxp sites to generate COX-2 floxed
mice; cre enzyme activation may then permit time- and site-specific deletion
of COX-2. (B) Peritoneal macrophages were harvested from WT COX-2 and
floxed COX-2 mice and were treated with lipopolysaccharide (5 �g/ml) or
vehicle control. COX-2-dependent PGE2 production in peritoneal macro-
phages (n � 3) was similar in the floxed mice and in age- and gender-matched
controls. (C) Primers were designed to flank exons 6, 7, and 8 of the COX-2
gene. PCR of genomic DNA results in a �2-kb product from the WT allele and
a �0.4-kb DNA product from the COX-2 KO allele. (D) The COX-2-mutant band
is detected in heart, but not kidney of CM COX-2 knockout mice. The COX-2
mutant band was absent in cardiac tissue from control mice.

Fig. 2. CM-specific deletion of COX-2 impairs cardiac function. (A) Left
ventricular (LV) ejection fraction (EF) was reduced by an average 8% (from
0.65 � 0.02 cm3 to 0.60 � 0.02 cm3; *, P � 0.05) in CM-COX-2 KOs and left
ventricular end systolic volume (ESV) was increased 24% (from 0.017 � 0.002
cm3 to 0.021 � 0.004 cm3; *, P � 0.05). Heart rate fell from 443 � 21 in controls
to 411 � 30 beats per min in CM-COX-2 KOs (n � 9–11; *, P � 0.05). The
estimates of ventricular volume are expressed in cm3, those for ventricular
mass in grams. (B) Mice were subjected to 3 weeks of treadmill exercise. The
decline in body weight at the end of week 3 was greater in CM-COX-2 KOs than
in controls (1.22 � 0.21 grams vs. 0.44 � 0.23 grams; n � 9; **, P � 0.01). (C)
After 3 weeks, exercise tolerance on a 10° incline was reduced on average by
19% from 3,087 � 96 to 2,500 � 327 (body weight � running time) in the
CM-COX-2 KOs but not in controls (n � 9; * P � 0.05). (D) Ventricular
arrhythmia in a cardiomyocyte COX-2 null animal. Shown from top to bottom
are surface ECG leads I, II, III, aVR, aVL, aVF, and intracardiac recordings from
the right atrium (RA) and right ventricle (RV). Shown is an episode of poly-
morphic ventricular tachycardia induced by burst stimulation (S) at a cycle
length of 50-ms followed by 3 extrastimuli coupled at 30 ms in a CM COX-2
CKO mouse. The rapid ventricular beats (v) with dissociation from the atrial
beats (a) are pathognomonic of ventricular tachycardia. A sinus beat is shown
upon termination of the episode with normal atrial (p) and ventricular (QRS)
depolarization.
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While predisposition to thrombosis plays a dominant role in the
cardiovascular hazard (17), these drugs also may elevate blood
pressure and cause cardiac failure. Studies in mice have shown
that inhibition or deletion of COX-2 augments the pressor
response to angiotensin II (8), and that deletion of receptors for
products of COX-2, PGI2, and PGE2 can result in hypertension
(14–16). Although both hypertension and congestive cardiac
failure have been observed in placebo-controlled trials of
NSAIDs (6), it is unknown whether hypertension is causative of
or a contributor to the incidence or severity of cardiac failure in
this setting.

Here we reveal that deletion of COX-2 in cardiomyocytes
impairs systolic ventricular function with a reduction in exercise
capacity. Both COX-2 and its PGI2 and PGE2 products have
been implicated in cardioprotection: prevention against oxida-
tive injury via activation of the IP or the EP3 (21, 33) and

ischemic preconditioning via COX-2 (22). Here, as previously
observed in other species (21, 22), the dominant prostaglandin
(PG) formed by the heart is PGI2, and the second most abundant
PG is PGF2� (Fig. S2). Global deletion of the IP augments
ischemia/reperfusion injury (19) and both global deletion of the
microsomal PGE synthase enzyme (34) and CM-specific dele-
tion of the EP4 receptor exacerbates the decline in cardiac
function after experimental myocardial infarction (35). Here,
deletion of CM-COX-2 resulted in interstitial and perivascular
fibrosis and both features were augmented as cardiac function
recovered over time following aortic banding. The morpholog-
ical response to banding was reminiscent of that observed in an
earlier study of older (� 24 weeks) IP-deleted mice in whom
cardiac function was not reported (36). As in the present study,
formation of PGI2 was not altered 1 week after banding.
However, we have found that at baseline, cardiac function,
rhythm, and histology were unaltered in IP KOs matched for
gender and age (12–15 weeks) with our CM-COX-2 KOs (Fig.
S3). This suggests that suppression of all products of COX-2, not
just PGI2, contributed to the phenotype in the CM-COX-2 KOs.

Additional to the effect on cardiac function, CM-COX-2 plays
an unexpected role in the regulation of cardiac rhythm. Despite
a decline in ejection fraction and an increase in end systolic
volume in the CM-COX2 KOs, heart rate was suppressed rather
than increased via baroreflex activation when compared to
controls. Infusion or application of prostaglandins to the carotid
sinus have variously been reported to magnify (37) or attenuate
(38, 39) the baroreflex response, although the relevance of these
observations in humans has been questioned (40).

Infusion of PGI2 or PGE2 analogs restrains pharmacological
and ischemia-induced arrhythmogenesis in animal models (41–
43), and infusion of PGE2 depresses premature ventricular beats
dose-dependently in humans (44). However, despite the baroreflex
effects of PGI2 and PGE2, vagotomy and adrenergic blockade fail
to modify their inhibitory effects on ouabain-induced arrhythmias
in cats (45), suggesting a direct cardiac action. Here, we provide

Fig. 3. Deletion of CM COX-2 modulates the response to aortic banding. (A)
The impairment in left ventricular ejection fraction in CM-COX-2 KOs was still
evident 1 week after aortic banding, being reduced on average by 12% in the
CM-COX-2 KOs (0.58 � 0.02) compared to controls (0.66 � 0.02 in.; n � 6–8,

**, P � 0.01). However, 6 weeks after aortic banding, function had recovered
significantly (n � 13) versus 1 week after banding in the CM-COX-KOs, and
now did not differ from the values in controls. (B) Wheat germ staining was
performed to analyze the size of cardiac myocytes. An example illustrates that
CM hypertrophy in response to banding is exaggerated in CM-COX-2 KOs. (C)
CM size was not significantly altered by CM-COX-2 deletion alone. However,
6 weeks after banding, CM size was increased on average by 28% (4,440 � 361
versus 3,459 � 205) in the CM-COX-2 KOs compared to controls (n � 7–9, *,
P � 0.05).

Control CM-COX-2 KO 

Control CM-COX-2 KO 

A B

C

Fig. 4. Deletion of cardiomyocyte COX-2 augments interstitial and perivas-
cular fibrosis in the heart. Collagen deposition in the heart from 6-week
aortic-binding mice by Picro-Sirius red staining (A) and Trichrome staining (B).
Both interstitial and perivascular fibrosis was apparent. (C) Fibrosis was in-
creased significantly (2.028 � 0.209 vs. 0.963 � 0.116 arbitrary unit/pixel; n �
3, ****P � 0.0001) in CM-COX-2 KOs. This difference was exaggerated further
when analyzed 6 weeks after the mice had been subject to aortic banding
(5.220 � 0.989 vs. 1.339 � 0.156 arbitrary unit/pixel; n � 3, *** P � 0.0002).

7550 � www.pnas.org�cgi�doi�10.1073�pnas.0805806106 Wang et al.
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evidence that deletion of CM-COX-2 predisposes mice to induced
arrhythmogenesis, which may have clinical relevance.

The selective NSAID, celecoxib, has been shown to predis-
pose to arrhythmia in Drosphila hearts and in rat neonatal CMs
in vitro by modulating delayed rectifier K� channel function.
Again, this has been attributed to an off target effect because of
failure to detect cyclooxygenases in Drosophila (46). However,
prostaglandins modulate Drosophila oocyte function (47) and
NSAIDs evoke expression of NSAID-activated genes, as in
mammalian cells (48). Thus, an alternative explanation is that
celecoxib suppresses COX-2 products, such as PGI2 and PGE2,
which themselves influence K� channel function (49–52). How-
ever, we found no evidence for alterations in ventricular refrac-
tory periods, K� channel function, or action potential duration
in CM-COX-2 KO mice (Fig. S4, Table S1). An alternative
possibility is that electrical uncoupling of CMs results from
interstitial fibrosis and heterogeneous loss of connexin43 gap
junctions (53–55). In this regard, IL-1�-evoked COX-2 expres-
sion, depressed in CMs, was increased in fibroblasts harvested
from CM-COX-2 KO hearts (Fig. S5). While expression of
COX-1 and MMP2 were not differentially expressed in the
fibroblasts, evoked expression of ANP, BNP, and MMP-9 was
significantly increased in fibroblasts obtained from CM-COX-2
KOs before banding (Fig. S6 and Fig. S7). PGF2�, the dominant
product of COX-2 in fibroblasts, can itself further up-regulate
fibroblast COX-2-dependent PGF2� formation in a feed-forward
manner (56) and thereby promote fibrosis (57) and, potentially,
connexin43 heterogenity (58). Interestingly, while infusion of E
and I prostanoids protect against experimentally induced ar-
rhythmias, PGF2� promotes arrhythmogenesis in vitro (52) and
deletion of F-prostanoid receptor protects against inflammatory
tachycardia in vivo (59).

An overview analysis reported an increase in arrhythmias,
cardiac arrest, and sudden cardiac death in 11 of 10,126 patients
on rofecoxib compared to 2 of 10,174 controls. A similar
disparity was not apparent in overviews of fewer patients in trials
of celecoxib, valdecoxib, or its prodrug, parecoxib or etoricoxib,
suggesting an off target effect of rofecoxib (18). However, given
the low frequency of events on rofecoxib, it remains possible that
a signal was missed in the less-extensive analysis of the other
inhibitors. Here we note a predisposition to arrhythmogenesis in
CM-COX-2 KOs. However, if an increase in fibroblast COX-2-
dependent PGF2� is the sole mechanism by which this occurs, the
observation would be clinically relevant only if pharmacological
inhibition of COX-2 partitions asymmetrically between CMs and
cardiac fibroblasts during a typical dosing interval.

In summary, tissue-selective deletion of COX-2 has revealed
an unexpected role for the CM enzyme in the modulation of
cardiac rhythm and function. Inhibition of COX-2 in CMs may
have contributed to the spectrum of cardiovascular hazard that
complicates therapy with NSAIDs.

Materials and Methods
Generation of Conditional COX-2-Deficient Mice. Floxed COX-2 mice were
generated on a C57/BL6 and 129SV mixed genetic background by inserting

loxP sites in introns 5 and 8 of the COX-2 gene via DNA homologous recom-
bination. The �- myosin heavy chain promoter was used to restrict merCremer
expression to CMs (31). Tamoxifen (T5648–5g, SIGMA) was used to activate
cre-dependent cardiac myocyte-specific postnatal COX-2 gene deletion (i.p.
100 mg/kg per day for 5 consecutive days). Genomic DNA was extracted from
mouse tails and used for PCR with the Puregene DNA purification system
(Gentra) and the following primers:
MercreMer. 5�-GTC TGA CTA GGT GTC CTT CT-3� and 5�-CGT CCT CCT GCT GGT
ATA G-3�.
Floxed COX-2. 5�- TGA GGC AGA AAG AGG TCC AGC CTT -3� and 5�-
ACCAATACTAGCTCAATAAGTGAC -3�.
COX-2 deletion. 5�-TGAGGCAGA AAGAGGTCCAGCCTT– 3� and 5�-TTTGCCACT-
GCTTGT ACAGCA ATT-3�.

All animals were housed according to guidelines of the Institutional Animal
Care and Usage Committee (IACUC) of the University of Pennsylvania and all
experiments were approved by the IACUC.

Histology. Mice were killed (Ketamine 50 mg/kg, acepromazine 10 mg/kg, i.p.),
and perfused with �10ml 0.9% saline via the right ventricle. The whole heart
was then rapidly placed in ice-cold PBS (PBS). Hearts were fixed overnight in
4% paraformaldehyde at 4 °C, washed with PBS, and dehydrated with ethanol
before embedding in paraffin. The tissues were stained with H&E. There was
no evidence of infiltration of mononuclear cells in the KOs or controls.

Picro-Sirius Red Staining. Slides were deparaffinized and incubated in 1-mg/ml
Sirius Red (SIGMA) in saturated aqueous solution of picric acid at room
temperature for 1 h. Then, the slides were washed 3 times with acidified water
and mounted in a resinous medium. Three sections from each of these hearts
were selected for analysis. After staining, collagen content was determined
with digital-image microscopy with circular polarized light.

Analysis of Fibrosis. The analysis was performed by a blinded observer and 3
hearts were used for each genotype. Three sections from each of these hearts
were selected for analysis and stained with Masson’s Trichrome. Nonoverlap-
ping 400� photomicrographs were obtained from the left ventricular apex up
to, but not including, the aortic valve leaflet-attachment point for each
section. Sections were then analyzed using ImageJ software. Briefly, a mask
was made to compute the total tissue area for each 40� photomicrograph for
each section. The color-based threshold tool was then used to identify and
segment the fibrotic (blue) portion of tissue of each of these photomicrographs;
hues were set at 130 and 190 for each fibrotic photomicrograph to ensure
standardization. Fractional areas of fibrosis were computed, and means with
standarddeviationsweredeterminedforeachgenotype.TheMann-Whitneytest
was used to compare the 2 nonbanded genotypes. A similar analysis was per-
formed on the 2 banded genotypes. Both the analysis and graphing was per-
formed in GraphPad Prism (Version 4.00 for Windows, GraphPad).

Cellular Size Assay. Slides were deparaffinized, washed once in PBS, incubated
in 0.1 mg/ml Lectin (SIGMA, L-4895) in PBS at room temperature in darkness for
2 h. Then the slides were washed 3 times with PBS, mounted with fluorescent
mounting media (Vector Laboratories), and covered with a coverslip. The cell
size was measured with image J software as indicated previously (60).

Statistical Analysis. Data were analyzed initially by analysis of variance using
a nonparametric approach with subsequent pairwise analysis, if appropriate.

ACKNOWLEDGMENTS. We thank Drs. Jeffery D. Molkentin and Klaus Kaestner
for the provision of reagents, Tia Bernard, Yubing Yao, and Tobias Raabe of the
Penn Gene Targeting Service for technical help, and Drs. Jon A. Epstein, Walter
Koch, and Michael Parmacek for advice. These studies were supported by Na-
tional Institutes of Health Grant HL 622050, RR 023567, and KO8 HL074108.

1. Bresalier RS, et al. (2005) Cardiovascular events associated with rofecoxib in a colorectal
adenoma chemoprevention trial. N Engl J Med 352:1092–1102.

2. Solomon SD, et al. (2005) Cardiovascular risk associated with celecoxib in a clinical trial
for colorectal adenoma prevention. N Engl J Med 352:1071–1080.

3. Ott E, et al. (2003) Efficacy and safety of the cyclooxygenase 2 inhibitors parecoxib and
valdecoxib in patients undergoing coronary artery bypass surgery. J Thorac Cardiovasc
Surg 125:1481–1492.

4. Nussmeier NA, et al. (2005) Complications of the COX-2 inhibitors parecoxib and
valdecoxib after cardiac surgery. N Engl J Med 352:1081–1091.

5. Lee YH, Ji JD, Song GG (2007) Adjusted indirect comparison of celecoxib versus
rofecoxib on cardiovascular risk. Rheumatol Int 27:477–482.

6. Grosser T, Fries S, FitzGerald GA (2006) Biological basis for the cardiovascular conse-
quences of COX-2 inhibition: Therapeutic challenges and opportunities. J Clin Invest
116:4–15.

7. Burke A, Smyth E, FitzGerald GA (2005) Analgesic-anti-pyretic and anti-inflammatory
agents and drugs employed in the treatment of gout. In Goodman & Gilman’s The
Pharmacological Basis of Therapeutics, eds Hardman JG, Limbird LE, Gilman AG
(McGraw–Hill, New York).

8. Qi Z, et al. (2002) Opposite effects of cyclooxygenase-1 and -2 activity on the pressor
response to angiotensin II. J Clin Invest 110:61–69.

9. Francois H, Coffman TM (2004) Prostanoids and blood pressure: Which way is up? J Clin
Invest 114:757–759.

10. Aw TJ, Haas SJ, Liew D, Krum H (2005) Meta-analysis of cyclooxygenase-2 inhibitors and
their effects on blood pressure. Arch Intern Med 165:490–496.

11. FitzGerald GA (2002) The choreography of cyclooxygenases in the kidney. J Clin Invest
110:33–34.

12. Yang T, et al. (2005) Influence of genetic background and gender on hypertension and
renal failure in COX-2-deficient mice. Am J Physiol Renal Physiol 288:F1125–F1132.

Wang et al. PNAS � May 5, 2009 � vol. 106 � no. 18 � 7551

M
ED

IC
A

L
SC

IE
N

CE
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

http://www.pnas.org/cgi/data/0805806106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0805806106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0805806106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0805806106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0805806106/DCSupplemental/Supplemental_PDF#nameddest=SF6


www.manaraa.com

13. Cheng Y, et al. (2006) Cyclooxygenases, microsomal prostaglandin E synthase-1, and
cardiovascular function. J Clin Invest 116:1391–1399.

14. Kennedy CR, et al. (1999) Salt-sensitive hypertension and reduced fertility in mice
lacking the prostaglandin EP2 receptor. Nat Med 5:217–220.

15. Hao CM, Breyer MD (2008) Physiological regulation of prostaglandins in the kidney.
Annu Rev Physiol 70:357–377.

16. Francois H, et al. (2005) Prostacyclin protects against elevated blood pressure and
cardiac fibrosis. Cell Metab 2:201–207.

17. FitzGerald GA (2007) COX-2 in play at the AHA and the FDA. Trends Pharmacol Sci
28:303–307.

18. Zhang J, Ding EL, Song Y (2006) Adverse effects of cyclooxygenase 2 inhibitors on renal
and arrhythmia events: Meta-analysis of randomized trials. JAMA 296:1619–1632.

19. Xiao CY, et al. (2001) Roles of prostaglandin I(2) and thromboxane A(2) in cardiac
ischemia-reperfusion injury: A study using mice lacking their respective receptors.
Circulation 104:2210–2215.

20. Adderley SR, Fitzgerald DJ (1999) Oxidative damage of cardiomyocytes is limited by
extracellular regulated kinases 1/2-mediated induction of cyclooxygenase-2. J Biol
Chem 274:5038–5046.

21. Dowd NP, Scully M, Adderley SR, Cunningham AJ, Fitzgerald DJ (2001) Inhibition of
cyclooxygenase-2 aggravates doxorubicin-mediated cardiac injury in vivo. J Clin Invest
108:585–590.

22. Shinmura K, et al. (2000) Cyclooxygenase-2 mediates the cardioprotective effects of
the late phase of ischemic preconditioning in conscious rabbits. Proc Natl Acad Sci USA
97:10197–10202.

23. Shinmura K, et al. (2003) Effect of aspirin on late preconditioning against myocardial
stunning in conscious rabbits. J Am Coll Cardiol 41:1183–1194.

24. Morham SG, et al. (1995) Prostaglandin synthase 2 gene disruption causes severe renal
pathology in the mouse. Cell 83:473–482.

25. Langenbach R, Loftin C, Lee C, Tiano H (1999) Cyclooxygenase knockout mice: Models
for elucidating isoform-specific functions. Biochem Pharmacol 58:1237–1246.

26. Reese J, et al. (2001) Comparative analysis of pharmacologic and/or genetic disruption
of cyclooxygenase-1 and cyclooxygenase-2 function in female reproduction in mice.
Endocrinology 142:3198–3206.

27. Lim H, et al. (1997) Multiple female reproductive failures in cyclooxygenase 2-deficient
mice. Cell 91:197–208.

28. Lewandoski M (2001) Conditional control of gene expression in the mouse. Nat Rev
Genet 2:743–755.

29. Lobe CG, Nagy A (1998) Conditional genome alteration in mice. Bioessays 20:200–208.
30. Shimokawa T, Kulmacz RJ, DeWitt DL, Smith WL (1990) Tyrosine 385 of prostaglandin

endoperoxide synthase is required for cyclooxygenase catalysis. J Biol Chem
265:20073–20076.

31. Sohal DS, et al. (2001) Temporally regulated and tissue-specific gene manipulations in
the adult and embryonic heart using a tamoxifen-inducible Cre protein. Circ Res
89:20–25.

32. Zhou R, Pickup S, Glickson JD, Scott CH, Ferrari VA (2003) Assessment of global and
regional myocardial function in the mouse using cine and tagged MRI. Magn Reson
Med 49:760–764.

33. Shinmura K, Tamaki K, Sato T, Ishida H, Bolli R (2005) Prostacyclin attenuates oxidative
damage of myocytes by opening mitochondrial ATP-sensitive K� channels via the EP3
receptor. Am J Physiol Heart Circ Physiol 288:H2093–H2101.

34. Degousee N, et al. (2008) Microsomal prostaglandin E2 synthase-1 deletion leads to
adverse left ventricular remodeling after myocardial infarction. Circulation 117:1701–
1710.

35. Qian JY, et al. (2008) Reduced cardiac remodeling and function in cardiac-specific EP4
receptor knockout mice with myocardial infarction. Hypertension 51:560–566.

36. Hara A, et al. (2005) Augmented cardiac hypertrophy in response to pressure overload
in mice lacking the prostaglandin I2 receptor. Circulation 112:84–92.

37. Chen HI, Chapleau MW, McDowell TS, Abboud FM (1990) Prostaglandins contribute to
activation of baroreceptors in rabbits. Possible paracrine influence of endothelium.
Circ Res 67:1394–1404.

38. Panzenbeck MJ, Tan W, Hajdu MA, Zucker IH (1988) Intracoronary infusion of prosta-
glandin I2 attenuates arterial baroreflex control of heart rate in conscious dogs. Circ
Res 63:860–868.

39. Zucker IH, Panzenbeck MJ, Barker S, Tan W, Hajdu MA (1988) PGI2 attenuates barore-
flex control of renal nerve activity by a vagal mechanism. Am J Physiol 254:R424–R430.

40. Monahan KD, Ray CA (2005) Cyclooxygenase inhibition and baroreflex sensitivity in
humans. Am J Physiol Heart Circ Physiol 288:H737–H743.

41. Dix RK, Kelliher GJ, Jurkiewicz N, Lawrence T (1979) The influence of prostacyclin on
coronary occlusion induced arrhythmia in cats. Prostaglandins Med 3:173–184.

42. Hammon JW, Oates JA (1986) Interaction of platelets with the vessel wall in the
pathophysiology of sudden cardiac death. Circulation 73:224–226.

43. Szilvassy Z, Szekeres L, Udvary E, Vegh A (1988) On the 7-oxo-PgI2 induced lasting
protection against ouabain arrhythmias in anesthetized guinea pigs. Biomed Biochim
Acta 47:S35–S38.

44. Mest HJ, Rausch J (1983) The antiarrhythmic effect of PGE2 on premature ventricular
beats (PVBs) in man. Prostaglandins Leukot Med 10:279–287.

45. Rao TS, Seth SD, Manchanda SC, Nayar U (1990) Antiarrhythmic effects of prostaglan-
dins E2 and I2 on ouabain-induced cardiac arrhythmias in cats: Effect of vagotomy and
adrenergic neuron blockade. Pharmacol Res 22:151–160.

46. Frolov RV, Berim IG, Singh S (2008) Inhibition of delayed rectifier potassium channels
and induction of arrhythmia: A novel effect of celecoxib and the mechanism under-
lying it. J Biol Chem 283:1518–1524.

47. Tootle TL, Spradling AC (2008) Drosophila Pxt: A cyclooxygenase-like facilitator of
follicle maturation. Development 135:839–847.

48. Kim JH, et al. (2008) Cyclooxygenase inhibitors induce apoptosis in sinonasal cancer
cells by increased expression of nonsteroidal anti-inflammatory drug-activated gene.
Int J Cancer 122:1765–1773.

49. Tanaka Y, Yamaki F, Koike K, Toro L (2004) New insights into the intracellular mech-
anisms by which PGI2 analogues elicit vascular relaxation: Cyclic AMP-independent,
Gs-protein mediated-activation of MaxiK channel. Curr Med Chem Cardiovasc Hema-
tol Agents 2:257–265.

50. Orie NN, Fry CH, Clapp LH (2006) Evidence that inward rectifier K� channels mediate
relaxation by the PGI2 receptor agonist cicaprost via a cyclic AMP-independent mech-
anism. Cardiovasc Res 69:107–115.

51. Burnette JO, White RE (2006) PGI2 opens potassium channels in retinal pericytes by
cyclic AMP-stimulated, cross-activation of PKG. Exp Eye Res 83:1359–1365.

52. Li Y, Kang JX, Leaf A (1997) Differential effects of various eicosanoids on the produc-
tion or prevention of arrhythmias in cultured neonatal rat cardiac myocytes. Prosta-
glandins 54:511–530.

53. Tomaselli GF, Zipes DP (2004) What causes sudden death in heart failure? Circ Res
95:754–763.

54. Danik SB, et al. (2004) Modulation of cardiac gap junction expression and arrhythmic
susceptibility. Circ Res 95:1035–1041.

55. Adabag AS, et al. (2008) Occurrence and frequency of arrhythmias in hypertrophic
cardiomyopathy in relation to delayed enhancement on cardiovascular magnetic
resonance. J Am Coll Cardiol 51:1369–1374.

56. Yoshida M, et al. (2002) Prostaglandin F(2alpha), cytokines and cyclic mechanical
stretch augment matrix metalloproteinase-1 secretion from cultured human uterine
cervical fibroblast cells. Mol Hum Reprod 8:681–687.

57. Almirza WH, Dernison MM, Peters PH, van Zoelen EJ, Theuvenet AP (2008) Role of the
prostanoid FP receptor in action potential generation and phenotypic transformation
of NRK fibroblasts. Cell Signal 20:2022–2029.

58. Louault C, Benamer N, Faivre JF, Potreau D, Bescond J (2008) Implication of connexins
40 and 43 in functional coupling between mouse cardiac fibroblasts in primary culture.
Biochim Biophys Acta 1778:2097–2104.

59. Takyama K, et al. (2005) Thromboxane A2 and prostaglandin F2alpha mediate inflam-
matory tachycardia. Nat Med 11:562–566.

60. Ismat FA, Xu J, Lu MM, Epstein JA (2006) The neurofibromin GAP-related domain
rescues endothelial but not neural crest development in Nf1 mice. J Clin Invest
116:2378–2384.

7552 � www.pnas.org�cgi�doi�10.1073�pnas.0805806106 Wang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 


