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ABSTRACT

Reperfusion of ischemic myocardium results in apoptotic cell death, which can be blocked by adapting the heart
to ischemic stress induced by cyclic episodes of brief periods of ischemia and reperfusion. In concert, the anti-
apoptotic gene bcl-2 is decreased by ischemia/reperfusion, but increased in the ischemically adapted myocardium.
To examine if bcl-2 plays a crucial role in cardioprotection, adaptive cardioprotection was further examined in the
hearts treated with antisense bcl-2 oligodeoxynucleotides (ODN). Isolated Langendorff-perfused rat hearts were
divided into three groups: control (perfused with Krebs–Henseleit bicarbonate buffer for 210 min); 30-min isch-
emia followed by 2-h reperfusion; ischemic adaptation followed by 30-min ischemia and 2-h reperfusion. The last
(adapted heart) group was subdivided into another two groups: one was transfected 48 h earlier with antisense
bcl-2 ODN, whereas the other group was transfected with sense bcl-2 ODN. Cardioprotection was examined by
determining cardiomyocyte death due to necrosis and apoptosis. Antisense gene therapy almost completely abol-
ished bcl-2 protein expression in the hearts. Bcl-2 mRNA was down-regulated in the ischemic/reperfused heart,
but up-regulated in the adapted myocardium. Adapted myocardium showed decreased infarct size and reduced
number of apoptotic cardiomyocytes. Ischemia/reperfusion resulted in increased oxidative stress as evidenced by
increased malonaldehyde formation. Adapted myocardium had a reduced amount of malonaldehyde. Antisense
bcl-2 ODN completely abolished the cardioprotective effects of adaptation by eliminating the antideath signal of
bcl-2. In concert, reduced oxidative stress in the adapted myocardium no longer persisted. The results suggest an
antioxidant role of bcl-2 that appeared to be essential for the cardioprotection achieved by ischemic adaptation.
Antioxid. Redox Signal. 3, 403–413.
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INTRODUCTION

RECENT STUDIES have demonstrated that
myocardial ischemia and reperfusion re-

sult in apoptotic cell death in addition to tissue
necrosis (5, 15, 18, 19). Translocation of phos-
phatidylserine and phosphatidylethanolamine,
a hallmark for apoptosis, has been found to oc-

cur during ischemia, but apoptosis does not be-
come apparent until hearts are reperfused fol-
lowing an ischemic insult (20). Myocardial
adaptation to ischemia induced by repeated
cyclic episodes of reversible short durations of
ischemia each followed by another short dura-
tion of reperfusion was found to be effective in
reducing apoptotic cell death (21). 
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Bcl-2 is an oncogene that inversely regulates
apoptosis (29). Bcl-2 is located downstream to
p53 in the apoptotic pathway, and it contains
negative or positive p53 response elements
(35). Bcl-2 can also protect cells by acting as an
antioxidant (16). Several reports exist in the lit-
erature to show a diminished bcl-2 activity in
the hearts subjected to ischemia and reperfu-
sion (22, 25). A recent study from our labora-
tory showed up-regulation of bcl-2 by ischemic
adaptation (26). Induction of bcl-2 was found
to be associated with reduction of apoptotic cell
death and DNA fragmentation.

To gain further insight into the possible car-
dioprotective role of bcl-2, rat hearts were
transfected with antisense bcl-2 oligodeoxynu-
cleotides (ODN) to block bcl-2 gene expression.
The ischemically adapted hearts transfected
with antisense bcl-2 ODN remained vulnerable
to cardiomyocyte death to the same degree as
nonadapted hearts, whereas the adapted hearts
that were transfected with the sense bcl-2 re-
mained resistant to the cell death. These results
suggest the crucial role of bcl-2 in cardiopro-
tection achieved through adaptation.

MATERIALS AND METHODS

Transfection of antisense and sense bcl-2 ODN into
rat myocardium

To verify the role of bcl-2 in ischemia/reper-
fusion-induced apoptotic cell death, rat hearts
were transfected with both antisense [59-
CAGCGTGCGCCATCCTTCCC-39 (20 mer)]
and sense [59-GGGAAGGATGGCGCACGCTG-
39 (20 mer)] bcl-2 ODN (modified) into rat my-
ocardium. Successful transfer of antisense and
sense bcl-2 was confirmed by western blotting
of the bcl-2 protein in the hearts.

Preparation of HVJ liposomes

HVJ (hemagglutinating virus of Japan) lipo-
somes were prepared as described previously
(34). Liposomes containing oligonucleotides
and high-mobility group 1 were constituted. In
brief, dried lipid (phosphatidylserine, phos-
phatidylcholine, and cholesterol combined at 
a weight ratio of 1:4.8:2) was mixed with
oligonucleotides (30 ng/ml; previously incu-

bated at 20°C for 1 h with high-mobility group
1), shaken vigorously, and sonicated to form
the liposome. Purified HVJ (Z strain) was in-
activated by ultraviolet irradiation (110
erg/mm2/s) for 3 min just before use. The li-
posome suspension mixed with HVJ was incu-
bated at 4°C for 10 min and at 37°C for 30 min.
The HVJ-liposome complex was collected for
use after removal of free HVJ. 

Animal preparation

Sprague–Dawley male rats weighing
275–300 g were used in this study. The exper-
iments were conducted in accordance with the
Guidelines for the Care and Use of Laboratory An-
imals (NIH publication no. 86-23, revised in
1985). Endotracheal intubation was performed
under general anesthesia with sodium pento-
barbital (80 mg/kg of body weight, intraperi-
toneal injection; Abbott Laboratories, North
Chicago, IL, U.S.A.). Artificial respiration was
maintained with the respiration volume at 10
ml/kg, the respiration rate at 70 times/min,
and positive end-expiratory pressure at 1 cm
H2O. 

The rats were placed in the supine position,
and the right common carotid artery was ex-
posed. PE 50 cannula was introduced into the
right common carotid artery and passed as far
as the aortic valve through the ascending aorta.
Then the rats were held in the left lateral posi-
tion, and right lateral third intercostal thoraco-
tomy was performed. The right lung was com-
pressed, and the ascending aorta was exposed.
3-0 silk thread was placed around the ascend-
ing aorta, positioned above the top of the can-
nula. The thread was tightened for 20 s, and 
0.7 ml of HVJ liposome-DNA complex (in-
cluding 5 mg of bcl-2 DNA) was infused into
the coronary artery (coronary direct perfusion)
at this time. The chest incision was closed with
a three-layer suture using 3-0 nylon thread, and
the endotracheal tube was removed after wak-
ening. 

Isolated rat heart preparation

Forty-eight hours after the first operation, the
rats were anesthetized again with sodium 
pentobarbital (80 mg/kg i.p.) and heparin 
(500 IU/kg) infused via the femoral vein. Then
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the chests were opened and the hearts were
rapidly excised and mounted on a Langendorff
perfusion apparatus (9). Retrograde perfusion
was established at a pressure of 100 cm H2O
with an oxygenated normothermic Krebs–
Henseleit bicarbonate (KHB) buffer (in mM:
118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25
NaHCO3, 10 glucose, and 1.7 CaCl2), gassed
with 95% O2/5% CO2, pH 7.4 at 37°C. After 10
min of KHB perfusion for stabilization, the
hearts (both antisense and sense bcl-2 ODNs)
were subjected to ischemic adaptation, fol-
lowed by 30 min of global ischemia and 120
min of reperfusion (Fig. 1). 

In a separate set of experiments, isolated rat
hearts were subjected to (i) 210 min of perfu-
sion with the KHB buffer (control), (ii) 30 min
of ischemia followed by 2 h of reperfusion
(ischemia/reperfusion), or (iii) adaptation by
subjecting them to four cyclic episodes of 5 min
of ischemia each followed by 10 min of reper-
fusion, which were then followed by 30 min of
ischemia and 2 h of reperfusion. The experi-
mental protocol is depicted in Fig. 1.

Measurement of myocardial infarct size

Hearts to be used for infarct size calculations
were taken upon termination of the experiment
and immersed in 1% triphenyltetrazolium so-
lution in phosphate buffer (88 mM Na2HPO4,
1.8 mM NaH2PO4) for 10 min at 37°C and then
stored at 270°C for later processing (33).
Frozen hearts (including only ventricular tis-
sue) were sliced transversely in a plane per-
pendicular to the apico-basal axis into , 0.5-

mm-thick sections, blotted dry, placed in be-
tween microscope slides, and scanned on a
Hewlett–Packard Scanjet 5p single-pass flat-
bed scanner (Hewlett–Packard, Palo Alto, CA,
U.S.A.). Using the NIH 1.61 image processing
software, each digitized image was subjected
to equivalent degrees of background subtrac-
tion, brightness, and contrast enhancement for
improved clarity and distinctness. Risk (equiv-
alent to total left ventricle muscle mass) as well
as infarct zones of each slice were traced and
the respective areas were calculated in terms of
pixels. The weight of each slice was then
recorded to facilitate the expression of total and
infarct masses of each slice in grams. The risk
and infarct volumes (in cubic centimeters) of
each slice were then calculated on the basis of
slice weight to remove the introduction of any
errors due to nonuniformity of heart-slice
thickness. The risk volumes and infarct vol-
umes of each slice were summed to obtain the
risk and infarct volumes for the whole heart.
Infarct size was taken to be the percent infarct
volume/risk volume for any one heart.

Evaluation of apoptosis

Immunohistochemical detection of apoptotic
cells was carried out using TUNEL in which
residues of digoxigenin-labeled dUTP are cat-
alytically incorporated into the DNA by termi-
nal deoxynucleotidyltransferase II, an enzyme
that catalyzes a template-independent addition
of nucleotide triphosphate to the 39-OH ends
of double- or single-stranded DNA (32). The in-
corporated nucleotide was incubated with a
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FIG. 1. Experimental protocol. 30I, 30 min of ischemia; 120R, 120 min of reperfusion.
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sheep polyclonal anti-digoxigenin antibody
followed by a fluorescein isothiocyanate-con-
jugated rabbit anti-sheep IgG as a secondary
antibody as described by the manufacturer
(Apop Tag Plus, Oncor Inc., Gaithersburg,
MD, U.S.A.). The sections were washed in
phosphate-buffered saline three times,
blocked with normal rabbit serum, and incu-
bated with mouse monoclonal antibody rec-
ognizing cardiac myosin heavy chain (Bio-
genesis Ltd., Poole, U.K.) followed by staining
with tetramethylrhodamine isothiocyanate-
conjugated rabbit anti-mouse IgG (200:1 dilu-
tion; Dako Japan, Tokyo, Japan). The fluores-
cence staining was viewed with a confocal
laser microscope (Olympus Co., Tokyo,
Japan). The number of apoptotic cells was
counted and expressed as a percentage of to-
tal myocyte population.

Determination of bcl-2 mRNA by northern 
blot analysis 

Total RNA was extracted from the heart tis-
sues by the acid–guanidinium thiocyanate–
phenol–chloroform method as described pre-
viously (20). Total RNA was electrophoresed in
1% agarose formaldehyde-formamide gel and
transferred to Gene Screen Plus hybridization
transfer membrane (Biotech Systems, NEN 
Research Products, Boston, MA, U.S.A.). The
membrane was then baked under vacuum at
80°C for 1 h. Each hybridization was repeated
at least three times using different membranes.
After each hybridization, the residual cDNA
was removed and rehybridized with glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)
cDNA probe, the results of which served as a
loading control. The autoradiograms were
quantitatively evaluated by computerized b-
scanner. The results of densitometric scanning
were normalized relative to the signal obtained
by using GAPDH cDNA.

Determination of bcl-2 protein by western 
blot analysis

For western blot analysis, heart tissues ex-
posed to various experimental conditions were
homogenized and suspended (5 mg/ml) in
sample buffer (10 mM HEPES, pH 7.3, 11.5%
sucrose, 1 mM EDTA, 1 mM EGTA, diisopropyl

fluorophosphate, 0.7 mg/ml pepstatin A, 10
mg/ml leupeptin, 2 mg/ml aprotinin] (26). The
homogenates were centrifuged at 3,500 rpm,
and cytosolic fractions were used for protein
analysis. The total protein concentration was
determined by using BCA (bicinchoninic acid)
protein assay kit (Pierce, Rockville, IL, U.S.A.).
The cytosolic proteins (10 mg) were then 
subjected to sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE). SDS-
PAGE was performed under reducing condi-
tions on 14% Tris glycine gels (Novex, San
Diego, CA, U.S.A.). Proteins were transferred
onto a polyvinylidene difluoride membrane
(Millipore, Bedford, MA, U.S.A.). Bcl-2 antigen
was detected by incubation of the blots in 5 ml
of solution containing 1–5 mg/ml of the rele-
vant primary antibody and using 1 mg/ml con-
centration of rabbit anti-mouse secondary
horseradish peroxidase-conjugated antibody.
Enhanced chemiluminescence reagents (Amer-
sham) served as substrate solution according to
the recommendation of the manufacturer.

Estimation of malondialdehyde (MDA) in heart

For MDA determination, heart was homog-
enized followed by derivatization using 2,4-
dinitrophenylhydrazine as described previ-
ously (9). The aqueous phase was extracted
with pentane, blown down with nitrogen, and
reconstituted in 200 ml of acetonitrile. Aliquots
of 25 ml were injected onto a Beckman Ultra-
sphere C18 (3 mm) column in a Waters HPLC.
The products were eluted isocratically with a
mobile phase containing acetonitrile H2O
CH3COOH (34:66:0.1, by volume). The amount
of MDA was determined by performing peak
area analysis using the Maxima software pro-
gram (Waters).

Statistical analysis

For statistical analysis, a two-way analysis of
variance followed by Scheffé’s test was first
carried out using Primer Computer Program
(McGraw–Hill, 1988) to test for any differences
between groups. If differences were estab-
lished, the values were compared using Stu-
dent’s t test. The values were expressed as
means 6 SEM. The results were considered
significant if p was ,0.05.
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RESULTS

Bcl-2 mRNAs and protein activities

Bcl-2 mRNAs were present in all hearts.
Thirty minutes of ischemia did not change the
level of bcl-2 mRNAs (Fig. 2). The amount of
bcl-2 gene was decreased significantly after 2 h
of reperfusion following 30 min of ischemia. A
significant 2.5-fold increase in the induction of
bcl-2 expression was found in the precondi-
tioned hearts. The results thus demonstrated a
reduction of bcl-2 gene expression in the isch-
emic/reperfused myocardium and an increase
in the induction of the gene expression in the
preconditioned hearts.

To verify bcl-2 transfection, bcl-2 protein ac-
tivity was determined in the hearts 48 h after
the transfection with antisense or sense bcl-2
ODN. As shown in Fig. 3, antisense bcl-2 pre-

vented the induction of bcl-2 protein levels ob-
served in sense-transfected preconditioned
hearts or control nontransfected precondi-
tioned hearts.

Myocardial infarction

Cardiomyocytes die of both necrosis and
apoptosis during the reperfusion following an
ischemic insult. No infarct was visible in the
hearts perfused for 210 min (Fig. 4). Thirty min-
utes of ischemia also did not produce any in-
farction. A significant amount of infarction was
noticed in the hearts subjected to 30 min of isch-
emia followed by 2 h of reperfusion. About 50%
reduction in the infarct size was found in the
adapted hearts.

The amount of infarct remained high in the
adapted hearts that had been transfected with
antisense bcl-2 gene (Fig. 4). In contrast, a re-
duced amount of infarction was found in the
adapted myocardium transfected with sense
bcl-2, indicating that inhibition of bcl-2 abol-
ished the infarct size, lowering abilities due to
adaptation.
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FIG. 2. Northern blot analysis of bcl-2 mRNA. North-
ern blot analysis reveals induction of bcl-2 in precondi-
tioned rat myocardium. Total RNA was isolated, and
northern hybridization was performed as described in
Materials and Methods. (Bottom) Representative north-
ern blots show decrease in bcl-2 mRNA in the isch-
emic/reperfused myocardium and increase in mRNA in
the preconditioned heart. GAPDH served as housekeep-
ing gene. (Top) Results of densitometric scanning
(means 6 SEM) for six different experiments at each time
point are shown for each blot. *p , 0.05 compared with
nonischemic or ischemic control. ( ), baseline; ( ), 30-
min ischemia; ( ), 30-min ischemia follwed by 2 h of
reperfusion; ( ), adapted.

FIG. 3. Western blot analysis of bcl-2 in rat my-
ocardium transfected (2 days after transfection) with
both antisense and sense bcl-2 ODN. (Bottom) Repre-
sentative western blots show a decrease in bcl-2 protein
in the adapted heart transfected with bcl-2 antisense
ODN. (Top) Results of densitometric scanning (means 6
SEM) for six different experiments at each time point are
shown for each blot. Results are expressed as means 6
SEM of six different rats per group. *p , 0.05 compared
with the transfected antisense ODN myocardium. ( ),
adapted (nontransfected control); (j ), transfected with
antisense ODN; (u ), transfected with sense ODN.



Cardiomyocyte apoptosis

Apoptotic cardiomyocytes were detected us-
ing TUNEL staining in conjunction with staining
with antibody against a-myosin heavy chain. No
apoptotic cells were visible in the hearts perfused
for 210 min or in the hearts subjected to 30 min
of ischemia (Fig. 5). A large number of car-
diomyocytes were found to undergo apoptosis
after 2 h of reperfusion following 30 min of isch-
emic insult, indicating that reperfusion, but not
ischemia, induces apoptosis. Myocardial adap-
tation to ischemia significantly lowered the car-
diomyocyte death due to apoptosis.

The apoptotic cardiomyocytes reappeared in
the adapted myocardium when they were
transfected with bcl-2 antisense (Fig. 5). Only a
small amount of cells underwent apoptosis in
the adapted hearts transfected with sense bcl-
2, indicating that inhibition of bcl-2 abolished
adaptive cardioprotection. 

MDA formation

MDA formation is the presumptive marker
for the development of oxidative stress and
production of reactive oxygen species. As ex-
pected, the amount of MDA in the heart in-
creased progressively during the reperfusion
(Fig. 6). A significantly reduced amount of
MDA was found in the adapted myocardium,
indicating decreased oxidative stress. Bcl-2 an-
tisense ODN increased the amount of MDA in
the adapted heart, suggesting that bcl-2 func-
tioned as an antioxidant during myocardial
adaptation to ischemia.

DISCUSSION

In this report, we demonstrate that isch-
emia/reperfusion down-regulates, whereas

myocardial adaptation to ischemia up-regu-
lates, the bcl-2 gene. Prolonged reperfusion fol-
lowing an ischemic insult results in cardiac cell
death due to both necrosis and apoptosis. Isch-
emic adaptation by cyclic episodes of short du-
rations of reversible ischemia and reperfusion
reduced myocardial infarct size and almost
abolished apoptotic cell death. Inhibition of the
bcl-2 gene by infecting the hearts with anti-
sense bcl-2 blocked the cardioprotective abili-
ties of adaptation as the infected cardiomy-
ocytes underwent both necrotic and apoptotic
cell death. In concert, bcl-2 antisense ODN in-
creased the amount of oxidative stress as indi-
cated by the increased amount of MDA forma-
tion in the adapted hearts. The results indicated
that bcl-2 plays a crucial role in cardioprotec-
tion by functioning as an intracellular antioxi-
dant during myocardial adaptation to isch-
emia.

Evidence is rapidly accumulating to support
the notion that both necrosis and apoptosis
contribute to the pathophysiology of ischemic
and reperfusion injury. A recent study showed
that apoptotic and necrotic myocyte cell deaths
independently contribute to infarct size in rats,
but apoptosis did not become evident for up to
2 h of ischemia (11). A growing body of evi-
dence indicates that cardiomyocytes undergo
apoptotic cell death in a variety of coronary
diseases, including heart failure, myocardial in-
farction, and ischemia/reperfusion (5, 15, 18,
19, 26, 30). Characteristic signs of apoptosis ap-
pear in the ischemic myocardium only after
several hours of ischemia. In the case of the rat
heart, apoptosis first occurs after 2 h of isch-
emia, and a significant number of cells undergo
apoptotic cell death after prolonged ischemia.
In contrast, reperfusion even after a brief pe-
riod of ischemia results in apoptosis. Recent
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FIG. 5. Effect of ischemia, ischemia/reperfusion (I/R), ischemic adaptation, and antisense and sense bcl-2 ODN
transfection on myocardial apoptosis by double antibody staining (TUNEL assay). Hearts were perfused for 150
min and served as control, or hearts were subjected to 30 min of ischemia or 30 min of ischemia followed by 120 min
of reperfusion. The ischemic preconditioned group was subjected to four episodes of, 5 min of ischemia followed by
10 min of reperfusion. (Bottom) Panel shows significant number of apoptotic cardiomyocytes in the ischemic/reper-
fused rat myocardium, whereas only a few apoptotic cardiomyocytes were detectable in the adapted heart compared
with I/R hearts. In baseline control and 30-min ischemic hearts, no apoptotic cells were detected. A reduced number
of apoptotic cells in the adapted hearts (nontransfected or sense ODN-transfected) was increased in the antisense-
transfected hearts. (Top) The percent apoptotic cardiomyocyte cell death of control ( ), ischemia ( ), ischemia and
reperfusion ( ), adapted ( ), and antisense bcl-2 ( j ) and sense bcl-2 (u ) transfected rat myocardium. Results are
expressed as means 6 SEM of six different rats per group. *p , 0.05 compared with the control group of sample.
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FIG. 4. Effect of ischemia, ischemia/reperfusion (I/R), ischemic adaptation, and antisense and sense bcl-2 ODN
transfection on myocardial infarction. Hearts were perfused for 150 min and served as control, or hearts were sub-
jected to 30 min of ischemia or 30 min of ischemia followed by 120 min of reperfusion. The ischemic preconditioned
group was subjected to four episodes of, 5 min of ischemia followed by 10 min of reperfusion. (Bottom) Representa-
tive hearts revealing various degrees of myocardial infarction (white to yellowish zones after TTC staining). (Top)
The percent infarct size of control ( ), ischemia ( ), ischemia and reperfusion ( ), adapted ( ), antisense bcl-2
( j ), and sense bcl-2 (u ) transfected rat myocardium. Results are expressed as means 6 SEM of six different rats per
group. *p , 0.05 compared with the control group of sample.

FIG. 5.
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studies from our laboratory also demonstrated
that in the rat heart apoptosis does not occur
with up to 2 h of ischemia, but a significant
number of myocytes are subjected to apoptotic
cell death and DNA fragmentation after even
90 min of reperfusion following 15 min of isch-
emia (20). These results suggest that although
apoptosis occurs during prolonged ischemia or
in purely infarcted myocardium, reperfusion
triggers a distinct signal for apoptosis.

Myocardial cells possess a remarkable abil-
ity to adapt themselves to any stressful events
by increasing resistance to the adverse condi-
tions. When stress is induced by ischemia/
reperfusion or by subjecting the heart to heat
or other kinds of oxidative challenge, the my-
ocardium is able to meet the future stress chal-
lenge by up-regulating its cellular defense
through direct accumulation of intracellular
mediators that constitute the material basis of
increased adaptation to stress (8). Several re-
cent studies demonstrated that myocardial
adaptation to ischemia, also known as ischemic
preconditioning, by repeated brief episodes of
ischemia and reperfusion renders the heart re-
sistant to subsequent lethal ischemic reperfu-
sion injury (2, 10). Such adaptation has been
found to be associated with the reduction in tis-
sue necrosis, as well as apoptosis (21). Very few
apoptotic cells exist in the ischemic/reperfused

hearts that had been adapted previously to
ischemic stress.

In various systems, bcl-2 functions as an an-
tideath gene by inhibiting both necrotic and
apoptotic cell death (6). Recent analysis of the
bcl-2 gene family reveals a complex network of
this gene regulating apoptosis. Within this bcl-
2 gene family, some of the candidates can sup-
press apoptosis, whereas the others can induce
apoptosis (1). Apoptosis initiated by various
different stimuli can be blocked by overex-
pressing bcl-2. Apoptosis induced by c-Myc
overexpression has been found to be p53-de-
pendent, and these cells can be rescued by bcl-
2 gene expression (3). Bax, a bcl-2-associated x
protein, on the other hand, possesses powerful
death-promoting abilities and enhances apop-
totic cell death (13). Bax has been reported to
be positively regulated by p53 on a transcrip-
tional level (27). The ability of bcl-2 to block
apoptosis is critically dependent on the ratio of
bcl-2 to bax. In the presence of excess bcl-2, the
formation of bax/bcl-2 heterodimers protects
the cells from undergoing apoptosis. 

Previous studies documented a down-regu-
lation of bcl-2 gene expression in the isch-
emic/reperfused myocardium. In contrast,
myocardial adaptation to ischemia resulted in
a severalfold induction of the expression of the
bcl-2 gene. In the present study, the bcl-2 gene
remained unaffected after 30 min of ischemia,
but significantly down-regulated after 2 h of
reperfusion. The activation of bcl-2 in the
adapted hearts was associated with the inhibi-
tion of apoptosis and necrosis. Hearts infected
with bcl-2 antisense could not be adapted be-
cause these hearts were no longer resistant to
the cell death due to apoptosis and necrosis.
The results thus indicate an essential role of bcl-
2 in ischemic adaptation.

A large number of studies exist in the litera-
ture indicating a role of reactive oxygen species
in myocardial ischemic reperfusion injury (17,
31). The presence of oxygen free radicals has
been confirmed directly using electron spin res-
onance and HPLC techniques and indirectly by
MDA formation (36). The amount of MDA in-
creases progressively as a function of reperfu-
sion time, suggesting a steady increase in the
development of the oxidative stress during the
reperfusion. Consistent with these previous re-
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FIG. 6. Effect of antisense and sense bcl-2 ODN trans-
fection on the MDA content of the heart during isch-
emia and reperfusion. ( ), control; ( ), ischemia; ( ),
ischemia and reperfusion; and ( ), adapted heart. (j ),
antisense-bcl-2, and (u ) sense bcl-2 transfected rat my-
ocardium. Results are expressed as means 6 SEM of six
different rats per group. *p , 0.05 compared with the con-
trol group of sample.
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ports, our results determined an increased
amount of MDA formation during the reper-
fusion of ischemic myocardium. The amount of
MDA decreased significantly in the adapted
hearts indicating a reduction of the oxidative
stress. The extent of ischemic reperfusion in-
jury can be reduced by pretreating the hearts
with free radical scavengers or antioxidants (7).

Interestingly, free radicals and/or oxidative
stress are also common mediators of apoptosis,
perhaps via the formation of lipid peroxidation
and lipid hydroperoxides. A direct role of oxy-
gen free radicals has also been implicated in the
pathogenesis of apoptosis. For example, su-
peroxide dismutase (SOD) or an expression
vector containing SOD cDNA was found to de-
lay apoptotic cell death, and free radical-medi-
ated apoptosis was found to be modulated by
protooncogene expression (12). The results of a
recent study demonstrated that a selenoperox-
ide mimic, ebselen, could reduce apoptotic cell
death and DNA fragmentation in concert with
reduction of myocardial ischemic reperfusion
injury (21).

A large number of studies exist in the litera-
ture to indicate that bcl-2 lies in an antioxidant
pathway where it protects mitochondrial in-
tegrity by reducing the cellular reactive oxygen
species (37). Overexpression of bcl-2 resulted in
a lower amount of hydroxyl radical production
(39) and blocks the formation of reactive oxy-
gen species during mitochondrial dysfunction
(4). Bcl-2 has also been suggested to be in-
volved in modulating redox signaling by ma-
nipulating cellular thiol status (28). In another
related study, bcl-2 was found to prevent lipid
peroxidation and reduced damage to lipids and
proteins (14, 38). The results of our study con-
firmed these previous results and further dem-
onstrated that the decreased cardiomyocyte
apoptosis in the adapted heart was associated
with an increase in bcl-2 activity and a reduced
amount of oxidative stress. Inhibition of bcl-2
by antisense bcl-2 ODN eliminated the anti-
death signal of adaptation by reducing bcl-2
and increasing oxidative stress in the heart.

In summary, our results revealed a crucial
role of bcl-2 in myocardial adaptation to isch-
emic stress. Recurrent episodes of myocardial
ischemia are commonly observed in patients
with coronary artery disease who suffer from

frequent angina pectoris or angioplasty of the
left anterior descending coronary artery. Re-
versibly injured myocardium (by a short
episode of ischemia followed by another short
period of reperfusion) renders the heart more
resistant to a longer ischemic reperfusion pe-
riod. Such adaptation is mediated through the
up-regulation of the heart’s own cellular de-
fense via the accumulation of intracellular me-
diators and reprogramming of gene expres-
sion. It appears from the present study that
bcl-2 is an essential member of the antioxidant
defense of the heart and plays a vital role in
dictating cardiomyocytes whether to live or
die.
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