
Anesthesiology 2004; 100:547–54 © 2004 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Cyclooxygenase-2 Mediates Ischemic, Anesthetic, and
Pharmacologic Preconditioning In Vivo
Dunbar Alcindor, B.S.,* John G. Krolikowski, B.A.,† Paul S. Pagel, M.D., Ph.D.,‡ David C. Warltier, M.D., Ph.D.,§
Judy R. Kersten, M.D.�

Background: Cyclooxygenase-2 (COX-2) mediates the late
phase of ischemic preconditioning (IPC), but whether this en-
zyme modulates early IPC, anesthetic-induced preconditioning
(APC), or other forms of pharmacologic preconditioning (PPC)
is unknown. The authors tested the hypothesis that COX-2 is an
essential mediator of IPC, APC, and PPC in vivo.

Methods: Barbiturate-anesthetized dogs (n � 91) were instru-
mented for measurement of hemodynamics and randomly as-
signed to receive IPC (four 5-min coronary occlusions inter-
spersed with 5-min reperfusions), APC (1.0 minimum alveolar
concentration of isoflurane for 30 min), or PPC (selective mi-
tochondrial KATP channel opener diazoxide, 2.5 mg/kg intrave-
nous) in the presence or absence of pretreatment with oral
aspirin (650 mg), the selective COX-2 inhibitor celecoxib
(200 mg), or acetaminophen (500 mg) administered 24, 12, and
2 h before experimentation in 12 separate experimental
groups. All dogs were subjected to a 60-min coronary artery
occlusion followed by 3 h of reperfusion. Myocardial infarct
size and coronary collateral blood flow were quantified with
triphenyltetrazolium staining and radioactive microspheres, re-
spectively. Myocardial 6-keto-prostaglandin F1�, a stable metab-
olite of prostacyclin, was measured (enzyme immunoassay) in
separate experiments (n � 8) before and after isoflurane ad-
ministration, in the presence or absence of celecoxib.

Results: No significant differences in baseline hemodynamics
or the left ventricular area at risk for infarction were observed
between groups. IPC, isoflurane, and diazoxide all decreased
myocardial infarct size (9 � 1, 12 � 2, and 11 � 1%, respec-
tively) as compared with control (30 � 1%). Celecoxib alone
had no effect on infarct size (26 � 3%) but abolished IPC (30 �
3%), APC (30 � 3%), and PPC (26 � 1%). Aspirin (24 � 3%) and
acetaminophen alone (29 � 2%) did not alter infarct size or
abolish APC-induced protection (18 � 1 and 19 � 1%, respec-
tively). Isoflurane increased myocardial 6-keto-prostaglandin
F1� to 463 � 267% of baseline in the absence but not in the
presence (94 � 13%) of celecoxib.

Conclusions: The results indicate that COX-2 is a critical me-

diator of IPC, APC, and PPC in dogs. The role of cyclooxygenase
enzymes as obligatory mediators of myocardial protection pro-
duced by diverse preconditioning stimuli may have implica-
tions for the clinical use of COX-2 inhibitors.

CYCLOOXYGENASE-2 (COX-2) inhibitors are widely
prescribed because these drugs produce antiinflamma-
tory and analgesic effects. These drugs are also being
used with increasing frequency as premedicants in sur-
gical patients. Despite the widespread clinical use of
these drugs, COX-2 inhibitors may cause adverse cardio-
vascular effects that potentially limit their therapeutic
utility. A meta-analysis that included the results of two
major randomized trials of the selective COX-2 inhibitors
celecoxib and rofecoxib compared the relative risk of a
cardiovascular event in patients treated with selective
COX-2 as compared with nonselective cyclooxygenase
inhibitors or placebo.1 The risk of sustaining a throm-
botic cardiovascular episode was twice as great in pa-
tients treated with rofecoxib as compared with
naproxen.1 The rate of myocardial infarction was also
greater in celecoxib- or rofecoxib-treated patients as
compared with those receiving placebo.1 The mecha-
nisms responsible for this apparent increase in cardio-
vascular risk in patients treated with COX-2 inhibitors
have yet to be defined. Recent evidence suggests that
COX-2 serves an essential protective role because this
enzyme has been shown to mediate delayed precondi-
tioning against myocardial infarction and stunning.2 Vol-
atile anesthetics also precondition myocardium against
ischemic injury in experimental animals3 and humans,4

but the role of COX-2 in this anesthetic-induced precon-
ditioning (APC) phenomenon has not been examined.
Whether COX-2 is also involved in acute ischemic pre-
conditioning (IPC) or other forms of pharmacologic pre-
conditioning (PPC), such as those produced by direct
openers of the mitochondrial adenosine triphosphate–
regulated potassium (KATP) channel, is also unclear
based on previously published data. We tested the hy-
pothesis that the protective effects of isoflurane, IPC,
and the selective mitochondrial KATP channel agonist
diazoxide are abolished by celecoxib but not the cyclo-
oxygenase-1 (COX-1) inhibitor aspirin or the cyclooxy-
genase-3 (COX-3) inhibitor acetaminophen in dogs.

Materials and Methods

All experimental procedures and protocols used in this
investigation were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the Medical
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College of Wisconsin (Milwaukee, Wisconsin). Further-
more, all conformed to the Guiding Principles in the
Care and Use of Animals5 of the American Physiologic
Society and were in accordance with the Guide for the
Care and Use of Laboratory Animals.6

General Preparation
Instrumentation of dogs has been previously described

in detail.7 Briefly, mongrel dogs (weight, 20–24 kg) of
either sex were anesthetized with sodium barbital
(200 mg/kg) and sodium pentobarbital (15 mg/kg) and
ventilated using positive pressure with an air-and-oxygen
mixture after tracheal intubation. A dual micromanome-
ter-tipped catheter was inserted into the aorta and left
ventricle for measurement of aortic and left ventricular
(LV) pressures and the maximum rate of increase of LV
pressure (�dP/dtmax). Heparin-filled catheters were in-
serted into the left atrial appendage, the right femoral
artery, and the right femoral vein for administration of
radioactive microspheres, withdrawal of reference blood
flow samples, and fluid or drug administration, respec-
tively. The left anterior descending coronary artery
(LAD) was isolated, and a silk ligature was placed around
this vessel immediately distal to the first diagonal branch
for production of coronary artery occlusion and reper-
fusion. Hemodynamic data were continuously moni-
tored on a polygraph and digitized using a computer
interfaced with an analog-to-digital converter.

Experimental Protocol
Baseline systemic hemodynamic data were recorded

90 min after instrumentation was completed (fig. 1). All
dogs were subjected to a 60-min LAD occlusion followed
by 3 h of reperfusion. Dogs were randomly assigned to
receive oral celecoxib (200 mg), aspirin (650 mg), or
acetaminophen (500 mg) three times (24, 12, and 2 h)
before surgical instrumentation in the presence or ab-
sence of IPC, APC, or PPC in 12 separate experimental
groups. IPC was produced with four 5-min periods of
LAD occlusion interspersed with 5-min periods of reper-
fusion. APC was produced by administration of isoflu-
rane (1.0 minimum alveolar concentration) for 30 min
and discontinued 30 min before LAD occlusion. End-tidal
concentrations of isoflurane were measured at the tip of
the endotracheal tube by an infrared anesthetic analyzer
that was calibrated with known standards before and
during experimentation. Last, PPC was produced by ad-
ministration of intravenous diazoxide (2.5 mg/kg over 15
min) immediately before coronary occlusion. Transmu-
ral myocardial blood flow was measured under baseline
conditions, during LAD occlusion, and after 1 h of reper-
fusion. Dogs that developed intractable ventricular fibril-
lation or those with subendocardial blood flow greater
than 0.15 ml · min�1 · g�1 were excluded from subse-
quent analysis.

Determination of Myocardial Infarct Size
Myocardial infarct size was measured at the end of

each experiment as previously described.8 Briefly, the
LV area at risk (AAR) for infarction was separated from
the normal zone, and the two regions were incubated at
37°C for 20–30 min in 1% 2,3,5-triphenyltetrazolium
chloride in 0.1 M phosphate buffer adjusted to a pH of
7.4. After overnight storage in 10% formaldehyde, in-
farcted and noninfarcted myocardial areas within the
AAR were carefully separated and weighed. Infarct size
was expressed as a percentage of the AAR.

Determination of Regional Myocardial Blood Flow
Carbonized plastic microspheres (15 � 2 �m [SD] in

diameter) labeled with 141Ce, 103Ru, or 95Nb were used
to measure regional myocardial perfusion as previously
described.9 Transmural tissue samples were selected
from the ischemic region (distal to the LAD occlusion)
and subdivided into subepicardial, midmyocardial, and
subendocardial layers of approximately equal thickness.
Samples were weighed and placed in scintillation vials
for isotope activity determination. Similarly, the activity
of each isotope in the reference blood flow sample was
assessed. Tissue blood flow was calculated as Qr · Cm ·
Cr

�1, where Qr is the rate of withdrawal of the reference
blood flow sample (ml/min), Cm is the activity (counts ·
min �1 · g�1) of the myocardial tissue sample, and Cr is
the activity (counts/min) of the reference blood flow
sample. Transmural blood flow was considered to be the
average of subepicardial, midmyocardial, and subendo-
cardial blood flows.

Determination of Myocardial 6-Keto-PGF1�

In separate experiments (n � 8), dogs were anesthe-
tized and instrumented as described above. LV myocar-
dium was biopsied at baseline and after 30 min of isoflu-
rane in the absence or presence of pretreatment with
celecoxib (200 mg orally at 24, 12, and 2 h before
instrumentation). Myocardial 6-keto-prostaglandin F1�

(6-keto-PGF1�) was measured with enzyme immunoassay
(Cayman Chemical, Ann Arbor, MI).

Statistical Analysis
Statistical analysis of data within and between groups

was performed with analysis of variance for repeated
measures followed by the Student-Newman-Keuls test.
The Mann–Whitney rank sum test was used to compare
myocardial prostaglandin concentrations. Changes
within and between groups were considered significant
when the probability (P) value was less than 0.05. Data
are expressed as mean � SEM.

Results

Ninety-one dogs were instrumented to obtain 86 suc-
cessful experiments. Two dogs were excluded because

548 ALCINDOR ET AL.

Anesthesiology, V 100, No 3, Mar 2004

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/100/3/547/354444/0000542-200403000-00013.pdf by guest on 20 M
arch 2024



of intractable ventricular fibrillation (1 control; 1 diazox-
ide alone). Three dogs were excluded because subendo-
cardial blood flow exceeded 0.15 ml · min�1 · g�1 (1
isoflurane alone, 1 aspirin plus isoflurane, and 1 cele-
coxib alone).

Hemodynamics and Coronary Collateral Blood
Flow
There were no significant differences in systemic he-

modynamics between experimental groups under base-
line conditions, during LAD occlusion, or during reper-

Fig. 1. Schematic illustration of the experimental protocols. ACET � acetaminophen; APC � anesthetic preconditioning with 1
minimum alveolar concentration (MAC) of isoflurane; ASA � aspirin; CELE � celecoxib; CON � control; IPC � ischemic precondi-
tioning; ISO � isoflurane; OCC � coronary artery occlusion; PPC � pharmacologic preconditioning with diazoxide.
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fusion (table 1). Celecoxib, aspirin, and acetaminophen
did not alter hemodynamics. Isoflurane caused signifi-
cant (P � 0.05) decreases in heart rate, mean arterial
pressure, LV systolic pressure, and LV �dP/dtmax in the
presence or absence of celecoxib, aspirin, or acetamin-
ophen pretreatment. There were no differences in cor-
onary collateral blood flow among groups (table 2).

Myocardial Infarct Size
The LV AARs were similar among groups (control,

37 � 2%; celecoxib, 33 � 4%; APC, 37 � 2%; IPC, 39 �
2%; celecoxib plus APC, 36 � 2%; celecoxib plus IPC,
31 � 3%; aspirin, 33 � 2%; aspirin plus APC, 41 � 3%;
acetaminophen, 37 � 3%; acetaminophen plus APC,
41 � 4%; PPC, 44 � 2%; celecoxib plus PPC, 36 � 4% of
left ventricle). IPC, APC, and PPC decreased myocardial
infarct size (9 � 1, 12 � 2, and 11 � 1% of the LV AAR,
respectively) as compared with control (30 � 1%; fig. 2).
Celecoxib alone had no effect on infarct size (26 � 3%)
but abolished IPC (30 � 3%), APC (30 � 3%), and PPC
(26 � 1%). Aspirin and acetaminophen alone did not
alter the extent of myocardial infarction (24 � 3 and
29 � 2%, respectively), nor did these drugs abolish the
protection produced by APC (18 � 1 and 19 � 1%,
respectively).

Myocardial 6-Keto-PGF1�

Isoflurane increased myocardial 6-keto-PGF1� to 463 �
267% of baseline (n � 4) in untreated dogs. In contrast,
6-keto-PGF1� was unchanged by isoflurane in dogs (n �
4) pretreated with celecoxib (94 � 13% of baseline).

Discussion

A variety of preconditioning stimuli are capable of
eliciting protection in ischemic myocardium by activat-
ing common signal transduction pathways. Reactive ox-
ygen species, membrane-bound receptors (e.g., adeno-
sine subtype 1, � opioid), intracellular kinases (e.g.,
protein kinase C, protein tyrosine kinase), and ion chan-
nels (e.g., KATP channels) have been identified that play
critical roles in triggering or mediating IPC10 and APC.11

Two proteins, including inducible nitric oxide synthase
and COX-2, have been the focus of recent studies char-
acterizing the more prolonged transition of myocardium
from a vulnerable to a protected state.12 This transition
has been termed the delayed or late phase of IPC.
Protection caused by acute or early IPC typically lasts for
approximately 2 h after a brief ischemic episode; how-
ever, myocardium again becomes resistant to infarction
24 h later. This late phase of preconditioning is depen-
dent on inducible nitric oxide synthase–derived nitric
oxide and increased COX-2 expression and activity.13

Many drugs, including volatile anesthetics,14 may mimic
the salutary action of both acute3 and delayed IPC by

activating similar signaling pathways.11 The mitochon-
drial KATP channel has been strongly implicated during
IPC15 and APC3 and has also been shown to mediate
delayed preconditioning phenomena.16 Direct activation
of mitochondrial KATP channels with diazoxide produces
both early and delayed protection, and these beneficial
actions are blocked by a nitric oxide synthase inhibi-
tor.16 Prostaglandins also influence the activity of KATP

channels. Intravenous administration of prostaglandins
E1 or E0 decreased myocardial infarct size, and this ben-
eficial effect was blocked by the selective mitochondrial
KATP channel antagonist 5-hydroxydecanoate.17 These
provocative findings strongly suggested that interven-
tions that alter prostanoid concentrations may favorably
influence KATP channel activity and reduce the degree of
myocardial injury in response to a subsequent ischemic
event. Therefore, it has become increasingly apparent
that endogenous molecules including nitric oxide18 and
COX-generated metabolites of arachidonic acid may po-
tentiate KATP channel activity17 and modulate the re-
sponse of myocardium to ischemia.

The current results indicate that COX-2 is a critical
mediator of IPC, APC, and PPC in vivo. The findings
further suggest that COX-derived prostanoids may mod-
ulate KATP channel activity elicited by IPC or pharmaco-
logic agonists, including isoflurane and diazoxide. The
role of COX-2 and its prostanoid products in myocardial
protection has been extensively studied and validated in
models of delayed preconditioning against infarction and
stunning.19,20 In contrast, whether prostanoids are capa-
ble of favorably affecting acute ischemic injury remains
controversial, as does the specific role of COX-2 in IPC
and other forms of acute preconditioning. However,
genetic and pharmacologic evidence suggests that cyclo-
oxygenase or cyclooxygenase-derived metabolites may
contribute to protection against ischemic injury. Recov-
ery of LV pressure after global ischemia and reperfusion
was significantly attenuated in mice with targeted dele-
tions of the COX-1 or -2 gene.21 Findings that myocardial
ischemic injury is increased in COX-2 null mice implies
that endogenous production of COX-2–derived prosta-
noids produces cardioprotective effects even though
constitutive expression of protein is low or undetect-
able. Furthermore, prostaglandin E2 (PGE2) and 6-keto-
PGF1�, a stable metabolite of prostacyclin (PGI2), are
present in myocardium of COX-1 null mice, indicating
that constitutive COX-2 expression is sufficient to pro-
duce measurable quantities of cardioprotective eico-
sanoids.2 Pharmacologic inhibition of COX-2 with cele-
coxib caused dose-dependent decreases in functional
recovery of myocardium after global ischemia and reper-
fusion in isolated rabbit hearts.22 The nonselective cy-
clooxygenase inhibitor indomethacin abolished reduc-
tions of infarct size after IPC in enflurane-anesthetized
pigs.23 Another nonselective cyclooxygenase inhibitor
(meclofenamate) also abrogated the beneficial effects of
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Table 1. Systemic Hemodynamics

Baseline Intervention 30 min CAO

Reperfusion

1 h 2 h 3 h

HR, min�1

Control 130 � 6 130 � 6 124 � 7 123 � 6 130 � 4 130 � 5
Celecoxib 137 � 4 133 � 4 128 � 5 115 � 4* 115 � 5* 114 � 5*
APC 130 � 7 105 � 4*† 117 � 6* 111 � 7* 113 � 6* 117 � 6*
IPC 132 � 3 127 � 3 127 � 4 121 � 4* 119 � 3* 119 � 5*
Celecoxib � APC 137 � 4 117 � 5* 123 � 5* 118 � 6* 115 � 7* 118 � 10*
Celecoxib � IPC 131 � 6 130 � 6 125 � 7 115 � 3* 116 � 3* 119 � 3*
Aspirin 142 � 5 141 � 5 131 � 5 122 � 6* 119 � 8* 121 � 9*
Aspirin � APC 145 � 3 120 � 2* 136 � 4 119 � 4* 125 � 6* 125 � 5*
Acetaminophen 130 � 6 130 � 6 131 � 5 127 � 6 120 � 8 122 � 9
Acetaminophen � APC 139 � 7 113 � 6* 128 � 8* 118 � 6* 117 � 6* 121 � 7*
PPC 135 � 7 132 � 6 132 � 6 124 � 6 125 � 7 125 � 8
Celecoxib � PPC 135 � 3 131 � 4 127 � 3 123 � 5* 115 � 3* 114 � 5*

MAP, mmHg
Control 96 � 4 98 � 4 92 � 4 91 � 5 97 � 5 97 � 4
Celecoxib 103 � 2 103 � 4 93 � 4 96 � 6 106 � 5 100 � 6
APC 94 � 5 61 � 3*† 91 � 3 95 � 2 96 � 2 96 � 3
IPC 91 � 2 85 � 4 82 � 3 95 � 5 102 � 5 96 � 3
Celecoxib � APC 103 � 3 69 � 3*† 86 � 2* 90 � 3 90 � 7 102 � 2
Celecoxib � IPC 102 � 3 99 � 2 91 � 4 97 � 8 102 � 7 108 � 6
Aspirin 96 � 6 104 � 5 88 � 5 93 � 3 94 � 5 95 � 5
Aspirin � APC 100 � 3 69 � 3*† 90 � 6 88 � 5 97 � 4 97 � 5
Acetaminophen 91 � 5 91 � 5 75 � 5* 84 � 4 90 � 6 88 � 7
Acetaminophen � APC 96 � 4 66 � 2* 87 � 4 102 � 7 105 � 5 104 � 5
PPC 97 � 4 85 � 7 84 � 6* 90 � 5* 95 � 5 96 � 4
Celecoxib � PPC 101 � 5 101 � 5 87 � 4 101 � 5 106 � 7 98 � 4

LVSP, mmHg
Control 104 � 4 107 � 5 95 � 5 92 � 5 99 � 5 101 � 5
Celecoxib 114 � 2 114 � 4 96 � 5* 99 � 6 110 � 6 102 � 6
APC 105 � 4 72 � 2*† 95 � 3 97 � 2 101 � 2 101 � 2
IPC 98 � 3 91 � 4† 86 � 3 100 � 6 105 � 5 98 � 3
Celecoxib � APC 113 � 4 77 � 3*† 91 � 3* 91 � 5* 94 � 7* 107 � 3
Celecoxib � IPC 114 � 4 109 � 3 95 � 5 102 � 9 106 � 9 115 � 9
Aspirin 105 � 6 113 � 6 92 � 4 97 � 4 98 � 6 100 � 6
Aspirin � APC 110 � 3 78 � 3*† 96 � 6 89 � 6* 100 � 5 101 � 5
Acetaminophen 100 � 5 100 � 5 81 � 6* 89 � 4 95 � 6 94 � 7
Acetaminophen � APC 105 � 4 73 � 3*† 92 � 4 106 � 8 110 � 5 110 � 6
PPC 104 � 4 94 � 6 84 � 4* 94 � 4 101 � 4 102 � 3
Celecoxib � PPC 108 � 6 109 � 6 92 � 5* 108 � 6 109 � 8 104 � 5

LVEDP, mmHg
Control 4 � 1 4 � 1 17 � 3* 21 � 4* 17 � 4* 14 � 3*
Celecoxib 5 � 1 4 � 1 13 � 2* 18 � 2* 15 � 3* 13 � 1*
APC 7 � 2 10 � 2† 13 � 2* 13 � 2* 11 � 2* 11 � 1
IPC 7 � 1 8 � 1 10 � 2† 10 � 2 11 � 2 11 � 2
Celecoxib � APC 6 � 1 9 � 2 15 � 1* 17 � 2* 16 � 3* 16 � 3*
Celecoxib � IPC 8 � 2 8 � 1 14 � 2* 18 � 2* 15 � 2* 16 � 2*
Aspirin 7 � 1 8 � 1 13 � 1 14 � 3* 11 � 3 11 � 3
Aspirin � APC 6 � 1 7 � 1 12 � 2* 14 � 1* 14 � 2* 13 � 2*
Acetaminophen 5 � 1 5 � 1 14 � 2* 15 � 1* 13 � 1* 14 � 2*
Acetaminophen � APC 5 � 1 7 � 1 11 � 1* 15 � 2* 14 � 2* 12 � 1*
PPC 5 � 1 5 � 1 11 � 1* 11 � 2* 10 � 2* 10 � 2*
Celecoxib � PPC 6 � 1 7 � 1 12 � 1* 13 � 2* 13 � 1* 15 � 1*

LV � dP/dtmax, mmHg/s
Control 1,750 � 50 1,820 � 60 1,560 � 160 1,300 � 80* 1,370 � 80* 1,340 � 80*
Celecoxib 1,860 � 90 1,900 � 90 1,600 � 140* 1,350 � 70* 1,360 � 80* 1,280 � 100*
APC 1,760 � 170 960 � 50*† 1,480 � 110* 1,440 � 80* 1,430 � 90* 1,390 � 100*
IPC 1,710 � 130 1,580 � 120 1,570 � 140 1,480 � 130 1,350 � 80* 1,210 � 90*
Celecoxib � APC 1,760 � 70 1,070 � 60*† 1,460 � 80* 1,470 � 110* 1,320 � 110* 1,440 � 100*
Celecoxib � IPC 1,910 � 100 1,800 � 60 1,760 � 100 1,510 � 130* 1,500 � 60* 1,540 � 60*
Aspirin 1,740 � 100 1,800 � 100 1,450 � 50* 1,570 � 80 1,480 � 90* 1,430 � 90*
Aspirin � APC 1,840 � 60 1,130 � 30*† 1,480 � 170* 1,250 � 20* 1,240 � 50* 1,330 � 80*
Acetaminophen 1,790 � 100 1,790 � 100 1,410 � 150* 1,540 � 90* 1,390 � 80* 1,300 � 100*
Acetaminophen � APC 1,760 � 50 1,030 � 50*† 1,550 � 60 1,530 � 130 1,350 � 50* 1,300 � 60*
PPC 1,930 � 190 2,050 � 200 1,600 � 150* 1,510 � 90* 1,490 � 100* 1,460 � 100*
Celecoxib � PPC 1,850 � 90 1,820 � 90 1,450 � 70* 1,610 � 80* 1,480 � 80* 1,310 � 70*

Data are presented as mean � SEM. Intervention � preconditioning stimuli with ischemia, isoflurane, or diazoxide (see text). n � 7 in each group except
pharmacologic preconditioning with diazoxide (PPC); n � 9.
* Significantly (P � 0.05) different from baseline. † Significantly (P � 0.05) different from the respective value in control experiments.
APC � anesthetic preconditioning with isoflurane; CAO � coronary artery occlusion; HR � heart rate; IPC � ischemic preconditioning; LVEDP � left ventricular
end-diastolic pressure; LVSP � left ventricular systolic pressure; MAP � mean arterial blood pressure.
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IPC on ischemia and reperfusion-induced arrhythmias in
dogs.24 Conversely, administration of indomethacin25 or
aspirin26 failed to block IPC in rat myocardium in vitro
or in vivo, respectively. IPC-induced protection against
contractile dysfunction after ischemia and reperfusion
also remained intact in COX-1 and -2 knockout mice.21

These findings suggested that important species differ-
ences (rodents vs. larger mammals) may exist that com-

plicate interpretation of studies designed to evaluate the
role of cyclooxygenase in protection against ischemic
injury. In addition, the previous data also suggested that
differences in experimental design (isolated hearts vs. in
vivo preparations), variability in drug selectivity for cy-
clooxygenase isoforms, or shunting of arachidonic acid
through alternate metabolic pathways (e.g., leukotri-
enes, hydroxyeicosatetraenoic acids) may also be impor-
tant in determining the outcome of studies in which
cyclooxygenase activity is manipulated.

A wide variety of physical, chemical, inflammatory,
and mitogenic stimuli liberate arachidonic acid from
membrane phospholipids by activating phospholipase
A2, thereby providing the substrate for cytosolic cyclo-
oxygenase.27 Two major forms of cyclooxygenase have
been identified. COX-1 is often described as the consti-
tutively expressed isoform, whereas COX-2 is classically
identified as an inducible form of the enzyme whose
production may be stimulated by cytokines, growth fac-
tors, phorbol esters, and bacterial lipopolysaccaride.28

Despite the relative simplicity of these definitions,
COX-2 may also be constitutively expressed in renal
parenchyma,29 neural tissue,30 and myocardium.20 Pros-
taglandins synthesized by COX-1 have been strongly im-
plicated in the maintenance of gastrointestinal mucosal
function and vascular and cellular homeostasis.27,28

COX-1 is also the only enzyme isoform expressed in
platelets, and activation of this isoform is directly respon-
sible for thromboxane A2 (TXA2)–dependent platelet
aggregation.27,28 Nonsteroidal antiinflammatory drugs
(e.g., ibuprofen) inhibit the activity of both cyclooxygen-
ase isoforms at the cyclooxygenase active site31 that
initiates the committed step in the biosynthesis of pros-
taglandins. Aspirin inhibits cyclooxygenase activity by
irreversibly acetylating the enzyme and is 100 times
more selective for COX-1 than -2.32 In contrast, cele-
coxib is 375 times more selective for COX-2 than -1.28

Table 2. Transmural Myocardial Perfusion in the Ischemic (LAD) Region

Baseline 30 min CAO
1 h

Reperfusion

Control 1.38 � 0.13 0.07 � 0.02* 1.68 � 0.09
Celecoxib 0.98 � 0.26 0.05 � 0.01* 1.61 � 0.19*
APC 0.79 � 0.10 0.07 � 0.01* 1.76 � 0.33*
IPC 0.88 � 0.06 0.08 � 0.02* 1.51 � 0.32*
Celecoxib � APC 1.06 � 0.16 0.04 � 0.01* 1.51 � 0.15
Celecoxib � IPC 0.88 � 0.13 0.07 � 0.01* 1.68 � 0.17*
Aspirin 0.89 � 0.09 0.06 � 0.02* 1.64 � 0.23*
Aspirin � APC 0.93 � 0.06 0.06 � 0.01* 1.67 � 0.18*
Acetaminophen 0.92 � 0.12 0.10 � 0.02* 1.54 � 0.30*
Acetaminophen � APC 0.94 � 0.11 0.06 � 0.01* 2.06 � 0.17*
PPC 0.86 � 0.07 0.05 � 0.01* 1.99 � 0.31*
Celecoxib � PPC 0.94 � 0.10 0.07 � 0.01* 1.88 � 0.28*

Data are presented as mean � SEM. (ml � min�1 � g�1). n � 7 in each group, except pharmacologic preconditioning with diazoxide (PPC), n � 9.

* Significantly (P � 0.05) different from baseline.

APC � anesthetic preconditioning with isoflurane; CAO � coronary artery occlusion; IPC � ischemic preconditioning; LAD � left anterior descending coronary
artery.

Fig. 2. Myocardial infarct size expressed as a percentage of left
ventricular area at risk in dogs receiving no preconditioning
stimuli (CON), celecoxib (CELE), aspirin (ASA), or acetamino-
phen (ACET) in the presence or absence of anesthetic precon-
ditioning (APC), ischemic preconditioning (IPC), or pharmaco-
logic preconditioning (PPC). * Significantly (P < 0.05) different
from CON. † Significantly (P < 0.05) different from APC alone.
§ Significantly (P < 0.05) different from IPC alone. ¶ Signifi-
cantly (P < 0.05) different from PPC alone.
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Both COX-1 and -2 are relatively unaffected by acetamin-
ophen,32 but acetaminophen has recently been shown
to inhibit a newly identified isoform variant of COX-1,
identified as COX-3.32 COX-2 has been shown to be a
major source of PGE2 and PGI2 biosynthesis in hu-
mans.28 Production of these eicosanoids is significantly
decreased by celecoxib. Aspirin and other COX-1 antag-
onists significantly decrease TXA2 concentrations and
TXA2-dependent platelet aggregation.28 These drugs also
reduce PGE2 and PGI2 concentrations, but decreases in
these vasodilatory prostaglandins are less pronounced
than concomitant declines in thromboxanes.28,33 There-
fore, aspirin seems to favorably modify the ratio of PGI2

to TXA2, whereas COX-2 selective antagonists may the-
oretically produce adverse cardiovascular consequences
by selectively reducing PGI2 concentrations and allow-
ing the relatively unopposed action of TXA2.1

In the current investigation, celecoxib alone did not
affect infarct size but abolished the protective effects of
preconditioning by repetitive brief ischemia, exposure
to isoflurane, and administration of diazoxide in a canine
model of myocardial infarction independent of alter-
ations in systemic hemodynamics or coronary collateral
blood flow. In contrast, aspirin or acetaminophen did
not block reductions of myocardial infarct size in re-
sponse to preconditioning with isoflurane. In addition,
the current results are the first to show that isoflurane
increases myocardial concentrations of 6-keto-PGF1�.
Pretreatment with celecoxib abolished the formation of
this cardioprotective prostanoid in response to isoflu-
rane. In view of previous results obtained in large mam-
mals, the current findings strongly suggest that COX-2–
derived prostanoids, such as PGI2, may enhance
mitochondrial KATP channel activation in response to
ischemic and pharmacologic stimuli, including isoflu-
rane. The current results further suggest that COX-1
selective antagonists seem to be less likely to impair
signal transduction during APC by maintaining a favor-
able balance between PGI2 and TXA2, but further inves-
tigation will clearly be needed to verify this hypothesis.
The actions of cyclooxygenase antagonists have been
shown to be dose dependent.27 For example, small quan-
tities of aspirin did not block late preconditioning
against myocardial stunning, but higher doses abolished
IPC-enhanced recovery of contractile function and pre-
vented increases in myocardial 6-keto-PGF1� and PGE2

after late preconditioning.33 Taken together, the current
and previous findings suggest that prostanoids derived
from COX-2 are important endogenous mediators of pre-
conditioning that seem to be recruited in response to
ischemic or pharmacologic stimuli. Inhibition of COX-2
with selective antagonists or higher doses of nonselec-
tive blockers may interfere with this important adaptive
response during ischemia–reperfusion injury.

The current investigation should be interpreted within
the constraints of several potential limitations. The dose

of cyclooxygenase inhibitors was based on a comparable
dose in humans and on previous reports in the literature.
Dose–response relations to cyclooxygenase inhibitors
were not specifically examined in the current investiga-
tion. However, the dose of aspirin used in the current
investigation that did not block APC was similar to the
dose previously used in rabbits to block delayed precon-
ditioning. Therefore, the relative dose-dependent selec-
tivity of cyclooxygenase inhibitors may be species re-
lated, and similar results may not be observed in humans.
The area of the left ventricle at risk for infarction and
coronary collateral blood flow are important determi-
nants of the extent of myocardial infarction. No differ-
ences in these variables were observed between exper-
imental groups that would account for the current
findings. Isoflurane caused similar alterations in the he-
modynamic determinants of myocardial oxygen con-
sumption in the presence or absence of cyclooxygenase
inhibitors. Therefore, it seems highly unlikely that the
current findings are related to differences in myocardial
oxygen consumption among groups. However, coronary
venous oxygen tension was not measured and myocar-
dial oxygen consumption was not directly quantified in
the current investigation.

In summary, the current results indicate that reduc-
tions in myocardial infarct size produced by repetitive
brief ischemia, exposure to isoflurane, and administra-
tion of diazoxide were abolished by selective inhibition
of COX-2 independent of alterations in systemic hemo-
dynamics or coronary collateral blood flow in dogs. In
contrast, aspirin and acetaminophen failed to block
isoflurane-induced protection against ischemic injury.
The current results are consistent with the hypothesis
that inhibition of COX-2 decreases PGI2 and PGE2 con-
centrations and alters signaling responsible for myocar-
dial protection, including activation of KATP channels,
during IPC, APC, and PPC. The findings confirm and
extend recent evidence suggesting that COX-2 is an
essential cardioprotective protein.
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