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Abstract
We hypothesized that acute pharmacological blockade of cyclooxygenase-2 (COX-2) using nimesulide (Nime) would prevent

maladaptive changes in left ventricular (LV) structure and function secondary to abdominal aortic coarctation-induced

pressure overload (PO). In vivo LV chamber dimension and function were assessed by pressure/volume admittance

catheter at 14 days’ postsurgery in three groups (n � 6/group): sham-operated (Sham); untreated PO; and selective COX-2

inhibitor nimesulide-treated PO (PO þ Nime; 25 mg/kg/d). Treatment was initiated 24 h prior to surgical induction

of PO. Relative to Sham, there was a marked increase in LV mass index in the PO groups (2.2+0.01 mg/g versus 2.9+
0.10 mg/g Sham versus PO, POþNime: 2.5+0.03 mg/g). End diastolic volume, an indicator of chamber size, was

significantly decreased in the PO animals compared with Sham (202+17mL versus 143+16 mL Sham versus PO, PO þ
Nime: 226+9 mL). Collagen levels in PO rats assessed by hydroxyproline analysis were significantly elevated relative to

Sham values. Nimesulide treatment attenuated: (1) the increase in LV mass index; (2) the reduction in end diastolic volume;

and (3) the PO-induced increase in myocardial collagen. In summary, acute COX-2 inhibition with nimesulide attenuated

the maladaptive changes in the LV after PO. Acknowledging the clinical failure of chronic COX-2 inhibitor use, we propose

that acute treatment with COX-2 inhibition during the initial stages of cardiac remodeling can be beneficial in maintaining

the normal cardiac structure and function during PO.
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Introduction

Inflammation has been identified as a key component of
cardiac remodeling. Consistent with this theme,
cyclooxygenase-2 (COX-2) inhibitors are known to prevent
adverse left ventricular (LV) remodeling in models of myo-
cardial injury,1 – 3 but the precise mechanisms are unknown.
COX-2 regulates a large number of downstream prostaglan-
dins (PGs), all with significant bioactivity in multiple
systems. Reviews by Moodely, as well as Mukherjee,
among others, have documented that the chronic use of
certain selective COX-2 inhibitors in patients is limited by
significant side-effects, attributed to altered homeostatic
balance between certain PGs and thromboxanes.4 – 6

Similar to long-term use of selective COX-2 inhibitors,
recent clinical studies by several independent groups
examining the use of the PPAR-g agonist Avandiaw

(GlaxoSmithKline, London, UK) have brought to light cardi-
ovascular complications (ACCORD trial).7 – 9 There may

indeed be a connection between these two separate pharma-
cological clinical issues, as COX-2 activity can lead to pro-
duction of PPAR-g agonists. COX-2 is responsible for
generating a common precursor molecule, which is modi-
fied by several tissue-specific isomerases (synthases) that
give rise to the various PGs (i.e. PGI, PGF and PGD).10 – 12

PGD synthase has two isoforms (hematopoietic: H-PGD
and lipocalin: L-PGD) that produce PGD2 which is the pre-
cursor for 15-deoxy 12,14 prostaglandin J2 (15-d-PGJ2). It is
the PGJ2 arachidonic acid-derived molecule that has been
shown to act in the kidney, lung and vasculature as an
endogenous ligand activating PPAR-g, leading to fibroblast
proliferation, collagen deposition and cytokine pro-
duction.10,13 We designed this study to investigate chamber
dimension and functional changes in the left ventricle second-
ary to pressure overload (PO) during the initial remodeling
phase (first two weeks). We hypothesize that PO will induce
changes in myocardial H-PGD and/or L-PGD synthase
expression. Further, short-term COX-2 inhibition will alter
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the balance between H-PGD and L-PGD synthases promoting
beneficial remodeling. Identifying a short-term treatment strat-
egy during initial remodeling could potentially offset the
chronic treatment-induced side-effects and represent a signifi-
cant change in treatment paradigm.

Materials and methods

Animal welfare

All experiments were performed using nine-week-old (200–
250 g) male Sprague-Dawley rats housed under standard
environmental conditions and maintained on commercial rat
chow and tap water ad libitum. All studies conformed to the
principles of the National Institutes of Health ‘Guide for the
Care and Use of Laboratory Animals,’ and were approved by
University of Mississippi’s Animal Care and Use Committee.
All survival surgeries for induction of PO by abdominal
aortic coarctation were performed using 3% isoflorane. The
non-survival terminal surgical procedure for placement of the
admittance catheter and assessment of LV performance was
performed under sodium pentobarbital-induced anesthesia
(50 mg/kg, intraperitoneally).

Experimental design

Animal groups

Sham-operated (Sham, n ¼ 7 per time point), untreated PO
(PO, n ¼ 7 per time point) and nimesulide-treated PO
(PO þ Nime, n ¼ 7 per time point) groups at 14 days’ postsur-
gery were analyzed for LV systolic and diastolic parameters to
assess the effects of COX-2 inhibition on PO-induced myocar-
dial structural and functional alterations. Specifically, 14 days
after the creation of abdominal aortic coarctation (i.e. PO),
cardiac function was assessed by ScisenseTM (Scisense Inc,
Ontario, Canada) admittance catheterization of the left
ventricle. The selective inhibitor of COX-2, nimesulide
(25 mg/kg/d; Tocris, Ellisville, MO, USA), was dissolved in
10% ethanol and delivered via a once daily subcutaneous
injection as previously described.14,15 Treatment was initiated
24 h prior to surgery and continued for the duration of the
study period. Drug-treated sham-operated and vehicle-
treated (10% ethanol) control studies were also performed;
however, no differences were observed relative to
sham-operated values (data not shown). At this time point,
the mortality associated with the surgical model was 1%.
Treatment with nimesulide did not alter this mortality rate.

Abdominal aortic coarctation model of PO

Adult male rats approximately �250 g (9 weeks of age) were
anesthetized by 3% isoflorane. Under sterile conditions, a
midline skin incision was made with scissors and the linea
alba identified. Following incision of the linea alba, the
animal’s left abdominal wall was retracted and the intestines
were evulsed in a moist sterile gauze. Following blunt dissec-
tion with sterile Q-tips (Unilever, London, UK), the left and
right renal arteries originating from the abdominal aorta
were identified (the right renal artery arises from the aorta

2–3 mm superior to the left renal artery). The abdominal
aorta was partially constricted between these branches with
a size-0 silk suture tied around a 21 gauge needle.16 – 18 The
abdominal muscles were closed with an absorbable (size 3-0
Chromic) suture followed by closure of the skin with
wound clips. Sham animals underwent the same surgical pro-
cedures, but without ligation of the abdominal aorta.

Hydroxyproline assessment of total ventricular
collagen concentration

A portion of LV tissue (50 mg) was dried in an 808C oven to
constant weight. Dried samples were then hydrolyzed in
6 N HCl at 1108C for 18 h. After hydrolysis, samples were
filtered, and the filtrate dried by vacuum rotary evaporator.
Hydroxyproline concentration was then determined using
the method described by Woessner.19

Assessment of LV chamber volume and contractile
function

In vivo LV chamber volume and function were assessed
in sodium pentobarbital anesthetized rats using a Scisense
ADVantageTM Pressure Volume admittance catheter (FTS-
1912B; Scisense Inc) inserted into the LV via the right carotid
artery.20 Data were analyzed using iWorx# (Dover, NH,
USA) Labscribe Instrument software. Mean arterial
pressure was calculated as Diastolic pressure þ 1/3(Systolic
pressure2Diastolic Pressure). Preload recruited stroke work
(PRSW), the slope of stroke work–end diastolic volume
relationship, and Max dP/dt, the peak rate of maximal
pressure rise, were reported as indicators of contractility. The
slope of the end diastolic pressure volume relationship
(EDPVR) was reported as an indicator of passive tissue prop-
erty (i.e. ventricular compliance, thus, the steeper the curve,
the greater the ventricular stiffness). Min dP/dt, peak rate of
pressure decline over time, and Tau, the isovolumic relaxation
constant, provided indices of ventricular relaxation.

Western blot analysis

Sodium dodecyl sulfate-denatured LV protein extract
samples were subjected to electrophoresis in 10% (w/v)
polyacrylamide gels. Protein was then transferred
via semi-dry method to nitrocellulose membranes.
Appropriate dilutions of monoclonal or polyclonal antibody
(COX-2 and glyceraldehyde 3-phosphate dehydrogenase
[GAPDH], Abcamw Cambridge, MA, USA; PAR-2, Santa
Cruz Biotechnology, Santa Cruz, CA, USA; H-PGD and
L-PGD synthases, Cayman Chemical, Ann Arbor, MI,
USA) were applied and incubated overnight at room temp-
erature. Excess antibody was removed by sequentially
washing in Tris-buffered saline and then incubated with
goat anti-rat IgG at room temperature for two hours. After
the second antibody step, membranes were sequentially
washed and developed with enhanced chemiluminescence
(Pierce, Rockford, IL, USA) and emittance captured in a
VersaDoc Imaging Station (Bio-Rad, Hercules, CA, USA).
The membrane was then stripped and reprobed for
GAPDH. Once normalized to individual GAPDH values,
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the differences in protein expression from hearts belonging
to each group (i.e. Sham and PO) were averaged.

Enzyme-linked immunosorbent assay

L-PGD synthase myocardial tissue levels were analyzed
using a commercially available kit (Cayman Chemical).
Briefly, precoated wells were treated with assay buffer
and 50 mL of extracted protein sample for one hour,
and washed five times with wash buffer. Wells were
then incubated with appropriate monoclonal antibody
directed against L-PGD synthase followed by horseradish
peroxidase-conjugated antibody after washing for colori-
metric analysis. Plates were then read by spectrophotometry
at 450 nm, according to the manufacturer’s specifications.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
5.0 (GraphPad Software, Inc, San Diego, CA, USA). All
grouped data are expressed as means+SEM unless other-
wise stipulated. Grouped data comparisons were made by
one-way analysis of variance with intergroup comparisons
analyzed using Bonferroni post hoc testing. Statistical signifi-
cance was taken to be P � 0.05.

Results

Myocardial expression of COX-2, and H-PGD and
L-PGD synthases

Figure 1a depicts a representative Western blot of myocar-
dial COX-2 expression in sham-operated, untreated PO,

and POþNime groups at 14 days after the induction of
PO. COX-2 levels were unchanged in the untreated PO
group compared with sham-operated hearts at this time
point (Figure 1b). Treatment with nimesulide significantly
attenuated COX-2 protein levels relative to untreated PO
and sham-operated values. H-PGD synthase (�45 kDa)
was significantly increased in the PO group compared
with sham-operated hearts (Figures 2a and b). Treatment
with nimesulide prevented the PO-induced increase in
H-PGD synthase, maintaining levels near sham-operated
values. Myocardial protein levels of L-PGD synthase
(�45 kDa) trended downward in the PO group, but this
trend did not reach significance and results were considered
inconclusive as to whether the expression was unchanged or
decreased. Accordingly, we analyzed the same samples via
enzyme-linked immunosorbent assay and found a signifi-
cant decrease in L-PGD synthase in untreated PO hearts
which was unchanged by nimesulide (Figure 3).

Figure 1 (a) Representative Western blot of myocardial cyclooxygenase-2

(COX-2) expression in sham-operated, untreated pressure overload (PO) and

PO þ Nimesulide (Nime) groups. (b) Densitometric analysis of myocardial

COX-2 expression in sham-operated, PO and PO þ Nime groups. Values nor-

malized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression

and expressed as mean+SEM. ��Denotes P � 0.01 versus sham-operated.
†Denotes P � 0.05 versus untreated PO

Figure 3 Myocardial L-PGD synthase expression in sham-operated,

untreated pressure overload (PO) and PO þ Nimesulide (PO þ Nime) groups

assessed by enzyme-linked immunosorbant assay. Values expressed as

mean+SEM. �Denotes P � 0.05 versus sham-operated

Figure 2 (a) Representative Western blot of myocardial hematopoietic prosta-

glandin D (H-PGD) synthase expression in sham-operated, untreated pressure

overload (PO) and PO þ Nimesulide (PO þ Nime) groups. (b) Graphical represen-

tation of densitometric analysis of myocardial H-PGD synthase expression in

sham-operated, PO and PO þ Nime groups. Values were normalized to glyceral-

dehyde 3-phosphate dehydrogenase (GAPDH) expression and expressed as

mean+SEM. �Denotes P � 0.05 versus sham-operated. †Denotes P � 0.05

versus untreated PO
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Myocardial collagen content

Myocardial collagen was assessed by hydroxyproline con-
centration and was increased by 44% in the untreated PO
hearts compared with sham-operated values (Figure 4).
Collagen content in the nimesulide-treated hearts was only
increased by half that amount (24% respective to Sham) and
not significantly different from either Sham or PO values.

LV chamber volumes and functional studies

Relative to age-matched sham-operated animals, LV
weights were significantly higher in the untreated PO
group (Table 1). Nimesulide treatment markedly attenuated
the increase in LV mass. These significant trends were also
evident when comparing LV/body weight ratio. Right ven-
tricular weights were not affected by PO. As expected with
this model, left kidney weight was significantly reduced in
PO groups.16,18

The overall functional effects of two weeks of selective
COX-2 inhibition with nimesulide were investigated using
in vivo pressure/volume catheter assessment. Heart rate
was significantly elevated in the nimesulide-treated PO
group compared with sham-operated animals (Table 2).
Mean arterial pressure was increased in the PO groups,

regardless of treatment, which was consistent with the elev-
ated LV end systolic pressures in these groups. LV end dias-
tolic pressure was not different between any of the groups.
Multiple indices of systolic performance (i.e. max dP/dt,
stroke work and PRSW) were significantly increased in the
untreated PO group relative to sham-operated control
values. Stroke work was increased by 53% in the untreated
PO group compared with Sham values. Treatment with
nimesulide significantly attenuated stroke work compared
with the untreated PO group.

LV end systolic and end diastolic volumes were signifi-
cantly reduced in the untreated PO group relative to Sham.
Treatment with nimesulide prevented the PO-induced
changes in these parameters and mirrored values observed
in the sham-operated group. Tau, an indicator of LV relax-
ation rate, was markedly increased in the untreated PO
hearts. Preventive treatment with nimesulide significantly
attenuated the PO-induced change in Tau. Ventricular stiff-
ness measured by the slope of the EDPVR trended higher
in the untreated PO group; this value was unchanged in
the PO þ Nime animals relative to Sham.

Discussion

Initially, studies using COX-2 inhibition detailed beneficial
structural and functional effects in animal models of ische-
mia/reperfusion.1,3,21 Recent clinical trials of patients with
congestive heart failure demonstrated serious complications
associated with the chronic use of certain COX-2 selective
inhibitors (i.e. Vioxx [Merck, Whitehouse Station, NY,
USA] and Celecoxib [Pfizer, New York, NY, USA]) due to
their impact on renal vascular tone and thrombolytic
events.5,22 Thus, investigators have struggled with defining
the acute role of COX-2 or its arachidonic-derived metab-
olites in cardiac remodeling.

Multiple (tissue specific) isomerases exist which are
capable of converting the COX-2-derived precursor mol-
ecule PGH2 to various PGs (i.e. PGI, PGF, PGE and PGD)
with each individual PG having their own G-protein-
coupled class of receptors. A limited number of studies
investigated the effects of PGs and their signaling mechan-
ism in the heart (for review see refs.23,24) A similar small
quantity studied the contribution of these rapidly developed
first-line inflammatory mediators (e.g. PGI, PGE, PGF) to
ventricular remodeling secondary to heart failure.25 – 27

Even less is known about the role of PGD2. Additionally,
15-d-PGJ2, a non-enzymatic conversion product of PGD2,
is documented as an endogenous ligand for PPAR-g,
capable of stimulating fibroproliferation and collagen syn-
thesis.10,11,13 These effects shown in non-cardiac tissues
may shed light on the recent controversial findings regard-
ing the thiazolidinedione class of drug, rosiglitazone, and
cardiovascular complications. The myocardial expression
of the two PGD synthase isoforms (H-PGD and L-PGD)
has been previously reported. Han et al.28 found increased
expression of L-PGD synthase in chronic hypoxic myocar-
dium. However, the authors concluded that this was not
directly related to the hypoxia, but rather due to a cardiac
remodeling response. A clinical study of angina found

Figure 4 Myocardial collagen levels were assessed by hydroxyproline analy-

sis. Values are presented as mean+SEM. �Denotes P � 0.05 versus sham

Table 1 Comparison of body weights, LV, RV and kidney wet weights
in 14-day postsurgery sham-operated, PO and PO þ Nime groups

Parameters

in vivo
conductance

catheter

Sham-

operated

14-day
untreated

PO

14-day
nimesulide-treated

PO

Body weight (g) 335+5 284+8� 296+9�

LV (mg) 752+5 839+27� 739+19†

LV/body weight

ratio

2.2+0.01 2.9+0.1� 2.5+0.03�†

RV (mg) 181+6 170+6 155+5�

Rt kidney (mg) 1107+28 1222+117 1131+73

Lt kidney (mg) 1099+22 658+43� 755+67�#

LV, left ventricle; RV, right ventricle; PO, pressure overload

Weight values are reported as average+SD
�Denotes P � 0.05 compared with sham
†Denotes P � 0.05 compared with untreated PO
#Denotes P � 0.07 compared with untreated PO
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increased levels of PGD synthase in coronary effluent due to
spillover from the myocardium.29,30 The authors suggested
that PGD synthase may be a useful biomarker of cardiac
pathology. Accordingly, we investigated the effect of short-
term COX-2 inhibition on myocardial H-PGD and L-PGD
synthase expression during the initial phase (first two
weeks) of cardiac remodeling in response to PO.

In the setting of non-ischemic-induced ventricular remo-
deling, our data indicate that expression of COX-2 was not
different in Sham or untreated PO hearts 14 days after the
onset of PO. The administration of nimesulide significantly
attenuated COX-2 protein levels. These findings are consist-
ent with other investigations that demonstrated a positive
feedback signaling loop via PGs in favor of the expression
of COX-2, but not COX-1.31 Specifically, only PGE2 and
15-d-PGJ2 are shown to induce COX-2 mRNA. Although
15-d-PGJ2 has been categorized as a member of the PG
family, it does not have a specific isomerase and must be
derived from PGD2. Moreover, it should be noted that a
recent study by Papanicolaou et al.32 using cardiac specific
transgenic mice (COX-2 CKO) demonstrated that the predo-
minant source of COX-2 expression was from the resident
non-myocyte cell population.

Herein, we report that changes in the myocardial
expression of both L-PGD synthase and H-PGD synthase
were evident, as acute PO was associated with a significant
decrease in L-PGD synthase protein levels and a marked
increase in H-PGD synthase. Previous studies found that
changes in PG levels are associated with estrogenic cardio-
protection.33,34 Specifically, L-PGD synthase expression is
regulated by the ERb subclass of estrogen receptors,
which are found in both myocytes and cardiac fibroblasts.35

Strong evidence exists that ovariectomy causes not only the
loss of cardioprotection against adverse remodeling (which
was ERb dependent), but abolishes myocardial L-PGD
synthase expression as well.33,35 – 38 A similar phenomenon
was documented by Tokudome et al.39 investigating the

beneficial effects of dexamethasone during cardiac ische-
mia/reperfusion injury. Glucocorticoid receptor activation
reduces infarct size; however, this effect was greatly dimin-
ished in L-PGD synthase-deficient mice. Combining these
studies with our own findings suggests that a reduction in
L-PGD synthase may promote adverse cardiac remodeling.

It is documented that the potential for crossover effects
between individual PG receptor systems and various PGs
exists.23,24 Moreover, these mediators often work in con-
certed pairs to bring about agonist and antagonist effector
activities even within the cardiovascular system. Further,
the response of individual gene expression to decreased
feedback from the ultimate product formation may in one
instance promote further expression of the target gene or
bring about a reduction in gene expression depending
upon the promoter system associated with the target gene.
This differential pattern of expression may exist within the
H-PGD and L-PGD synthases, as these are commonly
expressed in separate organ systems within the body yet
co-expressed in the heart. While nimesulide has been exten-
sively characterized as a selective COX-2 inhibitor,14,40 there
is no evidence, to date, of any interaction with PGD
synthase, as this potential connection has not been investi-
gated directly. Thus, the possibility of a nimesulide-
mediated effect on specific PGD synthase as well as
altered expression patterns is acknowledged as a potential
limitation of the current study.

PO is associated with resultant changes in hemodynamic
and mechanical load leading to increased myocardial stress.
After two weeks, systolic function was enhanced in the PO
group as indicated by maximum dP/dt, preload recruitable
stroke work and end systolic pressure. The use of the selec-
tive COX-2 inhibitor nimesulide did not affect arterial blood
pressure or cardiac contractility. However, nimesulide did
attenuate changes in LV mass and chamber morphology.
Herein, we report PO-induced changes in Tau, EDPVR
and collagen content indicative of adverse changes in

Table 2 Systolic and diastolic parameters in 14 days postsurgery sham-operated, PO and PO þ Nime groups via in vivo conductance catheter.

Parameters

in vivo
conductance catheter Sham-operated 14-day untreated PO 14-day nimesulide-treated PO

Heart rate (bpm) 324+8 342+15 363+9�

End systolic pressure (mmHg) 121+3 177+9� 170+8�

End diastolic pressure (mmHg) 4+0.3 3+0.5 4+0.6

Mean arterial pressure (mmHg) 115+7 155+4� 141+5�†

End systolic volume (mL) 193+17 127+15� 226+9†

End diastolic volume (mL) 331+14 281+16� 324+15†

Stroke work (mmHg�mL) 14,303+1480 21,900+2203� 13,906+1232†

PRSW (mmHg) 58+9 83+9� 93+10�

Max dp/dt (mmHg/s) 7367+182 10,801+457� 10,064+496�

Min dP/dt (mmHg/s) 27096+440 29044+745� 210,195+247�

EDPVR 0.027+0.01 0.039+0.01 0.028+0.01

Tau (Glantz) 14+0.3 18+1.4� 13+0.4†

PO, pressure overload; Nime, nimesulide

Functional values are reported as average+SEM. Mean arterial pressure (Diastolic pressure þ1/3(Systolic pressure 2 Diastolic pressure)); preload recruitable

stroke work (PRSW), the slope of stroke work–end diastolic volume relationship, and Max dP/dt, the peak rate of maximal pressure rise, were reported as

indicators of contractility. The slope of the end diastolic pressure volume relationship (EDPVR) was reported as an indicator of passive tissue property (i.e.

ventricular compliance, thus, the steeper the curve, the greater the ventricular stiffness). Min dP/dt, peak rate of pressure decline over time, and Tau, the isovolumic

relaxation constant, provided indices of ventricular relaxation
�Denotes P � 0.05 compared with sham
†Denotes P � 0.05 compared with untreated PO
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passive tissue properties, which were attenuated by COX-2
inhibition. Previous reviews have documented the role of
increased wall stress as a driving factor for ventricular remo-
deling.41,42 Our previous work has shown that early treat-
ment to prevent adverse LV remodeling in the initial
phase has beneficial effects to extend the compensated
state even when the treatment is discontinued.43

In conclusion, PO caused an acute increase in myocardial
expression of H-PGD synthase, as well as a decrease in
L-PGD synthase. Ventricular remodeling due to PO
induced by abdominal aortic coarctation was associated
with hypertrophy, fibrosis and altered chamber morphology
after 14 days. These changes in LV tissue properties were atte-
nuated by selective COX-2 inhibition. Clinically, long-term
selective inhibition of COX-2 uncoupled the normal relation-
ship between COX-1 and COX-2-derived PGs, promoting
vasoconstriction and thrombosis. Selective targeting of PGD
isomerase(s) may lead to more specific and effective thera-
peutic treatment without harmful side-effects.
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