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Abstract

Ischemia and reperfusion (I/R) injury causes the progression of cardiac dysfunction. The prevention of cardiomyocyte-loss due to
I/R injury is important for the treatment of heart failure. Therefore, we employed antiapoptotic Bcl-xL protein to prevent I/R injury
in the heart and evaluated the cardioprotective effect of Bcl-xL transduction by adenoviral vector (Adv) after I/R injury. Adv with
Bcl-xLL gene was injected in the rat heart 4 days prior to I/R. The prevention of cardiac performance-loss and the reduction of
cardiac apoptosis, after 30 min ischemia and 30 min reperfusion of global I/R, were demonstrated in the heart with adenoviral Bcl-
xL transduction. Also, significant reductions of the infarct size and serum creatine kinase levels were observed in the heart trans-
duced with Bcl-xL gene compared with control after 30 min ischemia and 24 h reperfusion of the left anterior coronary artery. Thus,
Bcl-xL may serve as a potential therapeutic tool for cardioprotection.
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Apoptosis is an important mode of both physiological
and pathological death of cardiomyocytes. Ischemia and
reperfusion (I/R) injury elicits an apoptosis of cardiac
myocytes via the production of reactive oxygen species
and mitochondrial damage. This massive cardiac myo-
cyte death facilitates the progression of cardiac dysfunc-
tion, resulting in heart failure. Therefore, the prevention
of cardiomyocyte-loss due to I/R injury has particularly
important implications in the interventional treatment of
coronary ischemia and also in cardiac surgery for
cardiopulmonary bypass and heart transplantation.

The mitochondrion is a key organelle for cardiac I/R
injury and mitochondrial damage generated by I/R in-
jury results in the release of cytochrome ¢ from mito-
chondria as a trigger of apoptosis. The antiapoptotic
Bcl-2 family proteins prevent apoptosis by inhibiting
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the cytochrome c¢ release through interaction with pro-
apoptotic Bax [1,2]. Therefore, several therapeutic ap-
proaches to ameliorate I/R injury have been attempted
through the modulation of pro- and anti-apoptotic Bcl
family protein expression. One of the therapeutic ap-
proaches for the prevention of I/R injury is ischemic
preconditioning, and it has been reported that cardio-
myocytes can acquire resistance to I/R injury after brief
ischemia through Bcl-2 induction [3]. Protection against
I/R injury has also been accomplished by the adminis-
tration of transforming growth factor-f [4], superoxide
dismutase [5], hemeoxygenase-1 [6], and caspase-3 in-
hibitor [7], and the upregulation of Bcl-2 was proposed
as a protective molecule in these studies. Some of the
direct evidence for the cardioprotective effect of Bcl-2
against I/R injury has been demonstrated by studies
utilizing transgenic animals [8,9]. However, we previ-
ously reported that adenoviral overexpression of Bcl-2
paradoxically exerted a proapoptotic effect in glioma
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cells. Moreover, Oshiro et al. [10] reported a similar
phenomenon in the reperfused liver transduced with
adenoviral Bcl-2. These findings suggest that adenoviral
overexpression of Bcl-2 in the heart might accelerate I/R
injury.

On the other hand, another Bcl-2 family member,
Bcl-xL, has strong antiapoptotic effects, and it has been
reported that Bcl-xL expression is modulated by a dis-
tinct mechanism with Bcl-2 in the context of I/R. Ad-
ministration of insulin-like growth factor [11],
hepatocyte growth factor [12], endothelin-1 [13], or an-
giotensin-converting enzyme inhibitor [14] can clearly
attenuate cardiac I/R injury, and Bcl-xL induction by
these signals has been suggested as a mechanism of
cardioprotection. However, direct evidence of cardio-
protection by Bcl-xL in cardiac I/R injury has not been
reported.

In the present study, we investigated whether ade-
novirus-mediated Bcl-xL transfer could provide a direct
cardioprotective effect in the context of cardiac I/R in-
jury, and evaluated the effects of Bc/-xL transduction on
cardiac apoptosis and function after global I/R. We also
evaluated the effect of Bcl-xL gene transfer on myocar-
dial infarction after regional I/R injury in the heart.

Materials and methods

Adenoviral vectors. The adenoviral vector (Adv) encoding human
Bcl-xL (AxCABcIxL) [15] or Escherichia coli -galactosidase (LacZ)
(AxCAZ3)[16,17] was used in these experiments. Adv propagation and
purification were described previously [16]. Before use, the viral titer
(pu/ml, particle units/ml) and the contamination of replicate competent
Adv in the viral stock were evaluated according to previous reports
[16,18].

Mpyocardial adenoviral injection. Lewis rats (male, 8 weeks old, 250—
300 g weight) were purchased from Japan SLC (Hamamatsu, Japan).
Adenovirus-mediated gene transduction to the heart was carried out
by direct myocardial injection of adenoviral vector 4 days prior to I/R
injury. Briefly, a left thoracotomy was performed and adenovirus
particles (10'° pu) in 0.1 ml of 0.9% saline solution were injected into
the anterior wall of the left ventricle using a 1-ml syringe with a 27-
gauge needle. Three experimental groups were evaluated. Saline con-
trol group rats were injected with 0.9% saline solution alone. In the
LacZ group, rats were injected with adenoviral vector encoding LacZ
(AxCAZ3) as a vector control. In the Bcl-xL group, rats were injected
with Bcl-xL (AxCAhBclxL). The study was performed in accordance
with the Institutional Guidelines for Animal Experiments.

Determination of f-galactosidase expression in heart. The detection
of LacZ expression by X-gal staining in the heart was described pre-
viously [17,19]. Briefly, the heart transduced with AxCAZ3 was fixed
by systemic perfusion with 2% paraformaldehyde. The isolated heart
was then rinsed with cold phosphate buffered saline (PBS) and im-
mersed in X-gal (Sigma—Aldrich, St. Louis, MO) solution (1 mg/ml X-
gal in PBS, pH 7.2, 2mM MgCl,, and 4 mM potassium ferricyanide)
for 16h at 30°C.

Determination of Bcl-xL, Bcl-2, Bax, and cleaved caspase-3 ex-
pression in heart. Hearts were homogenized in lysis buffer (100 mM
Tris—HCI, pH 7.4, 15% glycerol, 2mM EDTA, 2% SDS, and 0.1 mM
phenylmethylsulfonyl fluoride). Homogenates were then heated at
95°C for 10min and centrifuged at 12,000g for 10 min. After deter-

mination of protein concentration in supernatants by BCA Protein
Assay (Pierce, Rockford, IL), aliquots (40 pg of cellular protein) were
electrophoresed in 15% SDS-polyacrylamide gel and transferred onto
a nitrocellulose membrane. Immunoblotting analysis was carried out
by incubating the membranes with either rabbit anti-human Bcl-xL
polyclonal antibody (Ab) (Transduction Laboratories, Lexington,
KY), mouse anti-Bcl-2 monoclonal Ab (C-2, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), mouse anti-Bax monoclonal Ab (YTH-6A7,
Trevigen, Gaithersburg, MD), or rabbit anti-cleaved caspase-3 poly-
clonal Ab (#9662, Cell Signaling Technology, Beverly, MA). These
antibodies cross-reacted with the respective rat antigens as well as
human antigens. As an internal control, mouse anti-a-tubulin mono-
clonal Ab (B-5-1-2, Sigma-Aldrich) was used. To detect rabbit Ab,
horseradish peroxidase (HRP)-conjugated F(ab), fragment of donkey
anti-rabbit immunoglobin Ab (Amersham Biosciences UK, Bucking-
hamshire, England) was used as a second Ab and visualized by the
ECL-plus kit (Amersham Biosciences UK, Little Chalfont, UK). To
detect mouse monoclonal Ab, HRP-conjugated rabbit anti-mouse Ig-
G+A+M (H+L) Ab (Zymed, South San Francisco, CA) was used.

The heart isolation and global ischemia. Rats were sacrificed 4 days
after gene-transduction. The excised heart was perfused with a modi-
fied Krebs—Henseleit solution gassed with 95% O, and 5% CO,
through the aorta with 85mmHg fixed perfusion pressure by the
Langendorff technique with a fixed pacing rate of 300 bpm [8,20]. After
equilibration for 20 min of perfusion at 37 °C, I/R (30 min of ischemia
followed by 30min reperfusion at 37°C) was applied to the heart.
Coronary effluent was collected for the measurement of coronary flow.

Measurement of cardiac function. The ventricular function of the
rat heart was measured by insertion of a latex balloon connected to a
pressure transducer into the left ventricle via the left atrium [8].
Maximum and minimum rates of pressure development (+dP/dz) and
coronary effluent flow rate at 10 mmHg of left ventricular end-diastolic
pressure were measured before and after I/R injury. Percentages of
functional recovery were calculated by dividing each of the functional
recovery values at the end of reperfusion by their corresponding pre-
ischemic values. Coronary flow rate was determined by the amount of
perfusate measured in a specific time period.

Determination of TUNEL positive cardiomyocytes. After global I/R,
the heart was snap-frozen in liquid nitrogen and a 10-pm thickness
cryo-section was prepared. The section was fixed with 4% parafor-
maldehyde at room temperature for 20 min, incubated with blocking
solution (3% H,0, in methanol) for 10 min at room temperature, and
then incubated with permeabilization solution (0.1% Triton X-100 in
0.1% sodium citrate) for 2min on ice. After washing with PBS, the
section was incubated with the TdT-mediated dUTP-biotin nick end
labeling (TUNEL) reaction mixture (Rosche Diagnostics, Mannheim,
Germany) for 60 min at 37°C. After washing, the section was further
incubated with converter-POD (Rosche) for 30 min at 37 °C and then
incubated with DAB-substrate (Rosche) solution at room temperature
for 10 min in order to visualize TUNEL positive nuclei.

In vivo ischemia and reperfusion (regional I/R) model. Four days
after the injection of either AXCAZ3 or AxCAhBcIxL (10'° pu) into
the heart, the left anterior descending coronary artery (LAD) was li-
gated 3mm below the left atrial appendage with a 6-0 suture. After
30 min of ligation, the suture was released and reperfusion was carried
out. Rats were sacrificed 24 h after reperfusion and infarct size was
evaluated.

TTC staining and infarct size. To evaluate the effect of 30 min
ischemia followed by 24 h reperfusion of the LAD, the area at risk
(AAR) and infarct region were determined by Evan’s blue dye perfu-
sion and triphenyltetrazolium chloride (TTC) staining [5]. At the end
of reperfusion, the LAD was religated at the same position and per-
fused with 2% Evan’s blue (Sigma—Aldrich) via the left ventricle. After
washing with PBS (pH 7.4) at room temperature, the heart was
sectioned at the middle point between the ligation site and the apex at
2-3mm thickness, and then immersed in PBS containing 1% TTC
(Sigma—Aldrich) for 20min at 37°C to stain the viable myocardium
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with a brick-red color. To block over-staining, the section was rinsed
with 10% neutralized formalin for 12h. The sectioned heart was then
photographed and captured as a digital image. Total area, AAR, and
infarct area were analyzed by NIH image software. Percentage AAR
was defined as AAR (brick-red area + white area)/total area x 100 and
percentage infarct size was calculated as the infarct area (white area)/
AAR (brick-red area + white area) x 100.

Creatine kinase measurement. Twenty-four hours after temporary
ligation of the LAD, blood samples were collected to determine serum
creatine kinase (CK) release. CK activity was measured by an enzy-
matic assay.

Statistical analysis. Data were expressed as means + standard de-
viations (SD). Statistical comparisons were performed using ANOVA
followed by Bonferroni/Dunn testing. A p value less than 0.05 was
considered to be statistically significant.

Results
Adenoviral gene expression in rat heart

Initially, we confirmed adenoviral gene transfer into
normal hearts by the adenoviral vector, AXCAZ3. LacZ-
positive cardiac muscle cells were widely distributed
around the viral injection sites on the pericardium 4 days
after gene-transduction (Figs. 1A and B). Bcl-xL

Caspase-3

Bcl-xL

Bcl-2

expression 4 days after adenoviral transduction to nor-
mal heart was also evaluated by Western blot analysis.
As shown in Fig. 1C, rat endogenous Bcl-xL was con-
stant among normal heart, saline control, and adenoviral
control. However, robust Bcl-xL expression was detected
in the heart transduced with Bcl-xL. gene and this Bcl-xL
overexpression level reached at a peak 4 days after
adenoviral injection (data not shown). In order to obtain
sufficient cardiac protection while allowing the heart to
recover from the myocardial damage due to the adeno-
viral injection, we delivered the gene 4 days before I/R
injury.

Expression of Bcl-2 and Bax in the rat heart transduced
with Bel-xL

We also evaluated Bcl-2 and Bax expression in the
hearts transduced with the Bcl-xL gene, because Bcl-xL
transduction might alter the Bcl-2/Bax ratio and modify
the results of I/R injury. In this determination, we could
not observe any difference in either the Bax or Bcl-2
expression levels between the hearts with or without
adenoviral transduction (Fig. 1C).
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Fig. 1. Transgene expression in the rat heart was determined by X-gal staining and immunoblotting. Four days after myocardial LacZ transduction,
the heart was fixed with in vivo perfusion with 2% paraformaldehyde and then immersed in X-gal solution. LacZ-positive myocardium was stained as
a dark blue area and shown as whole heart views (A) and horizontal sections (B). Bcl family protein (Bcl-xL, Bcl-2, and Bax) expression, 4 days after
Bcl-xL-gene transduction in the rat heart was detected by Western blotting (C). Lane 1, normal heart; lane 2, saline injected heart; lane 3, LacZ-gene-
transduced heart; and lane 4, Bcl-xL-gene-transduced heart; o-tub, o-tubulin. (D) Cleavage products of caspase-3 after global I/R injury were de-
tected by Western blotting. Cleaved caspase-3 was detected before and after I/R in the heart transduced with Bel-xL. Lane 1, saline injected heart
before I/R; lane 2, saline injected heart after I/R; lane 3, LacZ-gene-transduced heart after I/R; and lane 4, Bcl-xL-gene-transduced heart after I/R.
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Adenoviral Bcl-xL transduction protects the heart from
global IR injury

Since Bcl-xL overexpression was confirmed 4 days
after gene transduction in rat heart, we evaluated the
effect of this Bcl-xL overexpression on global I/R injury.
Adenoviral gene transduction of AxCAZ3 did not affect
indicators of cardiac performance, such as % +dP/dt
recovery and % coronary flow recovery (%oCFR) after
global I/R. However, marked improvement of % +d P/d¢
recovery and %CFR was observed in the heart injected
with AXCAhBcIxL in comparison with either the saline
or adenoviral control groups (p < 0.01, Figs. 2A-C).

Inhibition of apoptosis by Bcl-xL overexpression after
global IR in the heart

Adenoviral transduction of the Bcl-xL gene clearly
preserved the function of the hearts after global I/R
injury. We therefore evaluated the effect of Bcl-xLL gene
transduction in terms of apoptosis after global I/R
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injury. By Western blot analysis, an increase of 17-kDa
cleaved caspase-3 was observed in the lysate of saline or
AxCAZ3 injected heart after I/R injury. However, a
decrease of caspase-3 cleaved product after I/R injury
was clearly demonstrated in the heart injected with
AxCAhBcIxL (Fig. 1D), suggesting an inhibition of
apoptosis. This inhibition after global I/R injury in the
heart with Bcl-xL transduction was also confirmed by
TUNEL staining. As shown in Figs. 2D and E, nu-
merous TUNEL-positive nuclei in the myocardium were
observed in the control heart (1974 16.5/field) after
global I/R injury. LacZ-gene transduction did not re-
duce the number of TUNEL-positive nuclei (204 £ 29.2/
field). However, only a few apoptotic cardiomyocytes
were displayed in the specimens from the Bcl-xL-over-
expressed heart (77.8 £ 11.1/field, p < 0.01 vs. saline or
LacZ). This dramatic reduction of apoptosis was ob-
served only at the adenoviral AXCAhBcIxL injection site
and no inhibition of apoptosis was observed at the
surrounding area outside the AxXCAhBclxL-transduced
myocardium (181 + 15.3/field).
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Fig. 2. Cardiac function after global I/R injury. Percentage recovery of maximum dP/d¢ (%+dP/df) (A), percentage recovery of minimum dP/d¢
(%—dP/dr) (B), and percentage recovery of coronary flow (%CFR) (C) are shown. *p < 0.01 vs. either saline or LacZ control. (D) Apoptotic nuclei in
the myocardium after global I/R were detected by TUNEL staining. Normal heart, the heart injected with saline before I/R; saline, the heart injected
with saline after I/R; LacZ, the heart transduced with LacZ after I/R; and Bcl-xL, the heart transduced with Bcl-xL after I/R. (E) The number of
apoptotic nuclei in the myocardium after I/R. The number of apoptotic nuclei was counted in the specimen of heart after global I/R and expressed as
the means + SD. Open column, the myocardium injected with saline as a control; dotted column, the myocardium injected with AxCAZ3 (LacZ);
hatched column, the surrounding myocardium outside the Bcl-xL transduced area; and closed column, the Bcl-xL transduced myocardium.
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Reduction of serum CK level following I/R by Bcl-xL
transduction

As shown above, the strong cardioprotective effect
against global I/R injury by the adenoviral Bcl-xL
transduction was confirmed. As a next step, utilizing a
regional I/R model, we evaluated the feasibility of Bcl-
xL transduction as a therapeutic tool for coronary is-
chemia. Bcl-xL gene transduction was achieved 4 days
prior to temporary LAD ligation, for 30 min. Twenty-
four hours after reperfusion, serum CK level was mea-
sured as an index of myocardial damage. In the animals
treated either with saline (n = 6) or AXCAZ3 (n=7),
high levels of CK release in serum were observed
(406 130 and 504 +£981U/1, respectively, Fig. 3C).
These results indicated that massive cardiomyocyte
death occurred within 24 h after reperfusion and that the
control adenovirus injection did not affect the CK level.
A significant reduction of serum CK levels was observed
in the animals treated with the myocardial Bcl-xL gene
transduction (n = 12, 285+ 27 TU/).
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Bcl-xL reduced infarct size in the LAD-ligated heart

The strong cardioprotective effect of Bcl-xL trans-
duction was also confirmed by evaluation of the infarct
size. As shown in Fig. 3A, the %AAR, determined by the
amount of negative staining region with Evan’s blue after
religation of the LAD, showed no difference among all
groups (Saline, 44.7 £ 1.5; LacZ, 47.4 £7.5; and Bcl-xL,
46.3 +3.6). However, in agreement with the results of
serum CK levels, a significant reduction of the % infarct
size was observed in the AXCAhBcIxL group (23.3 £ 10%)
compared with either saline control (47.5+7.4%,
p < 0.01) or adenoviral control (49.0 £ 4.0%, p < 0.01) by
TTC staining in the regional I/R model (Fig. 3B).

Discussion
In the present study, we demonstrated that adenovi-

ral Bcl-xL gene transfer to the rat heart reduced the
infarct size after regional I/R injury and preserved car-
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Fig. 3. Area at risk (AAR) and infarct size were determined after regional I/R (A). Negatively stained area with Evan’s blue dye demonstrates AAR.
The brick-red area indicates viable myocardium and the white area indicates infarction. Percentage infarct size was calculated as: %infarct
size =infarct area/AAR x 100 (B). *p < 0.01, vs. either saline or LacZ. Serum creatine kinase (CK) level was measured 24 h after reperfusion (C).

§p < 0.05 vs. either saline or LacZ.



J. Huang et al. | Biochemical and Biophysical Research Communications 311 (2003) 64-70 69

diac function after global I/R injury. Our results suggest
that Bcl-xL may serve as a potential therapeutic tool for
ischemic heart diseases, heart failure, and in certain
settings of cardiac surgery in clinical practice.

Gene therapy is a rapidly expanding field with po-
tential applications to a number of human organs. In
clear contrast to the case with soluble proteins, such as
growth or angiogenic factors, since antiapoptotic Bcl
family proteins are intracellular proteins, a highly effi-
cient transduction of cardiomyocytes is required to ob-
tain sufficient organ protection against I/R injury. In the
case of liver, it has been reported that high transduction
efficiency was ecasily achieved by simple intravenous
adenovirus administration, and that strong hepatic
protection against I/R injury was offered by the simple
intravenous approach of adenoviral Bcl-2 transduction
[21]. Although the adenoviral vector system is one of the
most efficient and powerful methods for in vivo gene
transfer into the myocardium, actual transduction effi-
ciency achieved by direct myocardial adenoviral injec-
tion was usually limited to 10-20%. However, as shown
in Fig. 1, direct adenoviral injection into the left ven-
tricle clearly brought about a robust reporter gene ex-
pression that was widely distributed and capable of
covering the area at risk perfused by the LAD. Indeed,
Bcl-xLL gene transduction utilizing the intramyocardial
injection approach clearly provided significant cardio-
protection from regional I/R injury (Fig. 3). Interest-
ingly, even though adenoviral gene-transduced
cardiomyocytes were limited to the anterior wall of the
left ventricle, Bcl-xL gene transduction resulted in an
obvious retention of cardiac function after global I/R
damage in our study (Fig. 2).

In clinical practice, I/R injuries are often seen after
thrombolysis, percutaneous coronary intervention, and
coronary artery bypass grafting in acute myocardial in-
farction. Since the myocardial damage occurring in the
early phase of reperfusion determines the later extent of
infarct size and loss of cardiac function [22], it is neces-
sary to inhibit the early I/R injury to improve the prog-
nosis of acute myocardial infarction. As shown in the
present study, our adenoviral Bel-xL transduction dra-
matically reduced early cardiomyocyte death after re-
gional I/R. In addition to the initial period of cardiac I/R
injury, progressive cardiac apoptosis at the border zone
between ischemic and nonischemic myocardium contin-
ues, due to the abnormal passive stretching signal during
the compensation of impaired cardiac function and re-
modeling [23]. Recently, Chatterjee et al. [23] demon-
strated that adenoviral antiapoptotic Bcl-2 transduction
prevented progressive myocyte loss in the chronic phase
of myocardial infarction and resulted in the preservation
of heart function. Although Bcl-xL and Bcl-2 possess
similar antiapoptotic effects, these molecules regulate the
apoptotic pathway through independent molecular
mechanisms [24]. Further studies are required to confirm

whether adenoviral Bcl-xL transduction, like Bcl-2
transduction, can confer similar cardioprotective effects
in the chronic phase of myocardial infarction [23]. An-
other typical clinical presentation of I/R injury is post-
cardiac surgery reperfusion injury after cardioplegic
arrest. It is well known that global I/R injury after deep
hypothermic circulatory arrest can increase morbidity
and mortality. Therefore, in order to limit myocardial
damage, control of global I/R injury after cardioplegic
arrest is a critical requirement for the improvement of
prognosis in cardiac surgery with cardiopulmonary by-
pass. Cardioprotective agents such as insulin and aden-
osine for altering metabolism [25], antioxidants [26], and
inhibitors of sodium-hydrogen antiports [27] have been
employed to attenuate global I/R injury, but the success
of these pharmacological interventions against I/R injury
has unfortunately been limited. Our adenoviral Bcl-xL
transduction strategy preserved cardiac function in the
heart after global I/R injury. This approach might
therefore offer a new therapeutic option in cardiac sur-
gery with cardiopulmonary bypass.

We used Bcl-xL gene transduction to prevent I/R
injury. This dramatic amelioration of I/R injury was
achieved by the preventive administration of adenoviral
vector prior to the I/R event. The fact that this approach
required at least a few hours to obtain a sufficient ex-
pression level of the adenoviral transgene to exert an
immediate cardioprotective effect after I/R injury sug-
gests a limitation of therapeutic adenoviral gene delivery
in the clinical I/R setting, such as post-thrombolysis and
post-cardioplegic reperfusion. Therefore, an alternative
strategy in Bcl-xL molecular therapy must be developed
to overcome these obstacles to effective adenoviral gene
transduction. For this purpose, direct delivery of Bcl
protein into the heart may be one of the answers. Re-
cently, membrane translocation proteins, such as human
immunodeficiency viral TAT protein [28] and herpes
simplex viral type 1 tegument protein VP22 [29], have
been proposed as tools for protein delivery into cells.
The combination of these membrane translocation
proteins with Bcl protein might be promising for the
clinical application of Bcl molecular therapy, since Bcl
protein is a cytoplasmic protein which cannot pass
through cellular membranes by itself. A similar attempt,
utilizing a caspase recruit domain fused with TAT, was
reported by Gustafsson et al. [30]. Further studies are
required to elucidate whether the fusion of Bcl-xL pro-
teins with membrane translocation proteins can effec-
tively prevent the I/R injury of the heart.

Acknowledgments

We thank H. Isogai at the Institute for Animal Experimentation of
Sapporo Medical University for his help in animal experiments. This
work was supported in part by a grant to YI from the Ministry of
Education, Science.



70 J. Huang et al. | Biochemical and Biophysical Research Communications 311 (2003) 64-70

References

[11 E. Yang, J. Zha, J. Jockel, L.H. Boise, C.B. Thompson, S.J.
Korsmeyer, Bad, a heterodimeric partner for Bel-XL and Bcel-2,
displaces Bax and promotes cell death, Cell 80 (1995) 285-291.

[2] J. Misao, Y. Hayakawa, M. Ohno, S. Kato, T. Fujiwara, H.
Fujiwara, Expression of bcl-2 protein, an inhibitor of apoptosis,
and Bax, an accelerator of apoptosis, in ventricular myocytes of
human hearts with myocardial infarction, Circulation 94 (1996)
1506-1512.

[3] N. Maulik, R.M. Engelman, J.A. Rousou, J.E. Flack III, D.
Deaton, D.K. Das, Ischemic preconditioning reduces apoptosis by
upregulating anti-death gene Bcl-2, Circulation 100 (1999) I-1369.

[4] J. Grunenfelder, D.N. Miniati, S. Murata, V. Falk, E.G. Hoyt,
R.C. Robbins, Up-regulation of Bcl-2 through hyperbaric
pressure transfection of TGF-betal ameliorates ischemia-reper-
fusion injury in rat cardiac allografts, J. Heart Lung Transplant.
21 (2002) 244-250.

[5] J. Yang, J.J. Marden, C. Fan, S. Sanlioglu, R.M. Weiss, T.C.
Ritchie, R.L. Davisson, J.F. Engelhardt, Genetic redox precon-
ditioning differentially modulates AP-1 and NFkappaB responses
following cardiac ischemia/reperfusion injury and protects against
necrosis and apoptosis, Mol. Ther. 7 (2003) 341-353.

[6] M. Katori, R. Buelow, B. Ke, J. Ma, A.J. Coito, S. Iyer, D.
Southard, R.W. Busuttil, J.W. Kupiec-Weglinski, Heme oxygen-
ase-1 overexpression protects rat hearts from cold ischemia/
reperfusion injury via an antiapoptotic pathway, Transplantation
73 (2002) 287-292.

[7] J. Grunenfelder, D.N. Miniati, S. Murata, V. Falk, E.G. Hoyt, M.

Kown, M.L. Koransky, R.C. Robbins, Upregulation of Bcl-2

through caspase-3 inhibition ameliorates ischemia/reperfusion

injury in rat cardiac allografts, Circulation 104 (2001) 1202-206.

Z. Chen, C.C. Chua, Y.S. Ho, R.C. Hamdy, B.H. Chua,

Overexpression of Bcl-2 attenuates apoptosis and protects against

myocardial I/R injury in transgenic mice, Am. J. Physiol. Heart

Circ. Physiol. 280 (2001) H2313-H2320.

V. Brocheriou, A.A. Hagege, A. Oubenaissa, M. Lambert, V.O.

Mallet, M. Duriez, M. Wassef, A. Kahn, P. Menasche, H.

Gilgenkrantz, Cardiac functional improvement by a human Bcl-2

transgene in a mouse model of ischemia/reperfusion injury, J.

Gene Med. 2 (2000) 326-333.

[10] T. Oshiro, M. Shiraishi, Y. Muto, Adenovirus mediated gene
transfer of antiapoptotic protein in hepatic ischemia-reperfusion
injury: the paradoxical effect of Bcl-2 expression in the reperfused
liver, J. Surg. Res. 103 (2002) 30-36.

[11] T. Yamamura, H. Otani, Y. Nakao, R. Hattori, M. Osako, H.
Imamura, IGF-1 differentially regulates Bcl-xL and Bax and
confers myocardial protection in the rat heart, Am. J. Physiol.
Heart Circ. Physiol. 280 (2001) H1191-H1200.

[12] T. Nakamura, S. Mizuno, K. Matsumoto, Y. Sawa, H. Matsuda,
Myocardial protection from ischemia/reperfusion injury by en-
dogenous and exogenous HGF, J. Clin. Invest. 106 (2000) 1511—
1519.

[13] Y. Ogata, M. Takahashi, S. Ueno, K. Takeuchi, T. Okada, H.
Mano, S. Ookawara, K. Ozawa, B.C. Berk, U. Ikeda, K.
Shimada, E. Kobayashi, Antiapoptotic effect of endothelin-1 in
rat cardiomyocytes in vitro, Hypertension 41 (2003) 1156-1163.

[14] M. Kobara, T. Tatsumi, D. Kambayashi, A. Mano, S. Yamanaka,
J. Shiraishi, N. Keira, S. Matoba, J. Asayama, S. Fushiki, M.
Nakagawa, Effects of ACE inhibition on myocardial apoptosis in
an ischemia-reperfusion rat heart model, J. Cardiovasc. Pharma-
col. 41 (2003) 880-889.

[15] N. Shinoura, Y. Yoshida, A. Asai, T. Kirino, H. Hamada,
Relative level of expression of Bax and Bcl-XL determines the

[8

&

cellular fate of apoptosis/necrosis induced by the overexpression
of Bax, Oncogene 18 (1999) 5703-5713.

[16] H. Dehari, Y. Ito, T. Nakamura, M. Kobune, K. Sasaki, N.
Yonekura, G. Kohama, H. Hamada, Enhanced antitumor effect
of RGD fiber-modified adenovirus for gene therapy of oral
cancer, Cancer Gene Ther. 10 (2003) 75-85.

[17] K. Takahashi, Y. Ito, M. Morikawa, M. Kobune, J. Huang, M.
Tsukamoto, K. Sasaki, K. Nakamura, H. Dehari, K. Ikeda, H.
Uchida, S. Hirai, T. Abe, H. Hamada, Adenoviral delivered
angiopoietin-1 reduces the infarction and attenuates the progres-
sion of cardiac dysfunction in the rat model of acute myocardial
infarction, Mol. Ther. 8 (2003) 584-592.

[18] J.V. Maizel Jr., D.O. White, M.D. Scharff, The polypeptides of
adenovirus. 1. Evidence for multiple protein components in the
virion and a comparison of types 2, 7A, and 12, Virology 36 (1968)
115-125.

[19] J. Huang, Y. Ito, M. Kobune, K. Sasaki, K. Nakamura, H.
Dehari, K. Takahashi, K. Ikeda, H. Uchida, K. Kato, H.
Hamada, Myocardial injection of CA promoter-based plasmid
mediates efficient transgene expression in rat heart, J. Gene Med.
5 (2003) 900-908.

[20] Y. Sawa, R. Morishita, K. Suzuki, K. Kagisaki, Y. Kaneda, K.
Maeda, K. Kadoba, H. Matsuda, A novel strategy for myocardial
protection using in vivo transfection of cis element ‘decoy’ against
NFkappaB binding site: evidence for a role of NFkappaB in
ischemia-reperfusion injury, Circulation 96 (1997) 11-280-11-284,
discussion I1-285.

[21] G. Bilbao, J.L. Contreras, D.E. Eckhoff, G. Mikheeva, V.
Krasnykh, J.T. Douglas, F.T. Thomas, J.M. Thomas, D.T.
Curiel, Reduction of ischemia-reperfusion injury of the liver by
in vivo adenovirus-mediated gene transfer of the antiapoptotic
Bcl-2 gene, Ann. Surg. 230 (1999) 185-193.

[22] Y. Guo, W.K. Jones, Y.T. Xuan, X.L. Tang, W. Bao, W.J. Wu,
H. Han, V.E. Laubach, P. Ping, Z. Yang, Y. Qiu, R. Bolli, The
late phase of ischemic preconditioning is abrogated by targeted
disruption of the inducible NO synthase gene, Proc. Natl. Acad.
Sci. USA 96 (1999) 11507-11512.

[23] S. Chatterjee, A.S. Stewart, L.T. Bish, V. Jayasankar, E.M. Kim,
T. Pirolli, J. Burdick, Y.J. Woo, T.J. Gardner, H.L. Sweeney,
Viral gene transfer of the antiapoptotic factor Bcl-2 protects
against chronic postischemic heart failure, Circulation 106 (2002)
1212-217.

[24] A. de la Coste, M. Fabre, N. McDonell, A. Porteu, H.
Gilgenkrantz, C. Perret, A. Kahn, A. Mignon, Differential
protective effects of Bel-xL and Bcl-2 on apoptotic liver injury in
transgenic mice, Am. J. Physiol. 277 (1999) G702-G708.

[25] V. Rao, M.A. Borger, R.D. Weisel, J. Ivanov, G.T. Christakis, G.
Cohen, T.M. Yau, Insulin cardioplegia for elective coronary bypass
surgery, J. Thorac. Cardiovasc. Surg. 119 (2000) 1176-1184.

[26] K. Przyklenk, Pharmacologic treatment of the stunned myocar-
dium: the concepts and the challenges, Coron. Artery Dis. 12
(2001) 363-369.

[27] M. Karmazyn, Mechanisms of protection of the ischemic and
reperfused myocardium by sodium-hydrogen exchange inhibition,
J. Thromb. Thrombolysis 8 (1999) 33-38.

[28] A.D. Frankel, C.O. Pabo, Cellular uptake of the tat protein from
human immunodeficiency virus, Cell 55 (1988) 1189-1193.

[29] D. Derossi, A.H. Joliot, G. Chassaing, A. Prochiantz, The third
helix of the Antennapedia homeodomain translocates through
biological membranes, J. Biol. Chem. 269 (1994) 10444-10450.

[30] A.B. Gustafsson, M.R. Sayen, S.D. Williams, M.T. Crow, R.A.
Gottlieb, TAT protein transduction into isolated perfused hearts:
TAT-apoptosis repressor with caspase recruitment domain is
cardioprotective, Circulation 106 (2002) 735-739.



	Bcl-xL gene transfer protects the heart against ischemia/reperfusion injury
	Materials and methods
	Results
	Adenoviral gene expression in rat heart
	Expression of Bcl-2 and Bax in the rat heart transduced with Bcl-xL
	Adenoviral Bcl-xL transduction protects the heart from global I/R injury
	Inhibition of apoptosis by Bcl-xL overexpression after global I/R in the heart
	Reduction of serum CK level following I/R by Bcl-xL transduction
	Bcl-xL reduced infarct size in the LAD-ligated heart

	Discussion
	Acknowledgements
	References


