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Estrogen induces cardioprotection in male C57BL/6J mice
after acute myocardial infarction via decreased activity
of matrix metalloproteinase-9 and increased
Akt-Bcl-2 anti-apoptotic signaling
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Abstract. In general, young men have a greater risk than age-
matched women for many types of cardiovascular diseases,
including ischemic heart diseases, such as acute or chronic
myocardial infarction (MI)-induced heart failure. The effects
of estrogen-replacement therapy in men have not been exten-
sively studied. We evaluated the cardioprotective effects
of supplemental estrogen against left anterior descending
coronary ligation-induced MI in male C57BL/6J mice. A
significantly lower prevalence of cardiac rupture was observed
in estrogen-treated mice regardless of castration status. A
reduced prevalence of cardiac rupture was associated with
decreased activities of matrix metalloproteinase 9 (MMP-9)
and increased expression of the anti-apoptotic gene Bcl-2.
In vitro studies using H9C2 cells under simulated ischemia
re-oxygenation treatment further support the role of estrogen
receptor [} in estrogen-mediated cardioprotection through the
Akt-Bcl-2 signaling pathway.

Introduction
Cardiovascular diseases are the number one cause of death

in the USA, and the mortality rate is expected to remain
high in the foreseeable future (American Heart Association).

Correspondence to: Professor Weifeng Shen, Department of
Cardiology, Ruijin Hospital, Shanghai Jiaotong University School of
Medicine, 197 Rui Jin Road II, Shanghai 200025, P.R. China
E-mail: rjshenweifeng@yahoo.com.cn

Abbreviations: MI, myocardial infarction; CVD, cardiovascular
disease; MMP, matrix metalloproteinase; SIR, simulated ischemia
re-oxygenation; ER, estrogen receptor; FACS, fluorescent activated cell
sorting; Cas,castrated; TUNEL, terminal deoxynucleotidyltransferase
dUTP nick-end labeling; ECM, extracellular matrix; TNF, tumor
necrosis factor; NOS, nitric oxide synthase

Key words: estrogen, cardioprotection, myocardial infarction,
MMP-9, apoptosis

Ischemic heart disease and its major complications, such as
cardiac rupture caused by acute myocardial infarction (MI)
and post-MI heart failure, pose the greatest danger to human
life (1,2). It has been known that cardiovascular diseases show
dimorphism between the two genders (3), with pre-menopausal
women having a lower incidence and lower mortality than men
(4,5). However, such an advantage for women becomes far less
(or even disappears) after menopause (6). Interestingly, it was
shown that the incidence of cardiovascular diseases decreased
and prognosis improved if post-menopausal women received
estrogen after MI (7,8). This suggested a protective role for the
female sex hormone, estrogen. Although this notion has been
supported by several animal studies, it has not been proven in
clinical trials (9,10). This highlights a more complex picture
behind the phenomenon, and merits more thorough research
to elucidate the underlying mechanisms.

In the present study, we carried out systematic in vivo
and in vitro experiments to study the cardioprotective effects
of supplemental estrogen (17p-estradiol). Male C57BL/6
mice were chosen as the model to evaluate the effects of
estrogen on acute MI-induced cardiac rupture because of
a more pronounced remodeling process during the early
phase of acute MI in male rather than in female mice (11,12).
Likewise, experiments on the effects of estrogen in male mice
may provide new insights into the control of cardiovascular
diseases in the male human population. We explored the
potential underlying mechanisms by assessing MI-associated
changes in the levels of matrix metalloproteinases (MMPs)
and in the apoptosis status. In vitro cell culture studies provide
further evidence supporting the notion that hypoxia-induced
cardiomyocyte apoptosis could be inhibited by supplemental
estrogen through the estrogen receptor 3 (ERf)-mediated
Akt-Bcl-2 signaling pathway.

Materials and methods

The experimental study was conducted in accordance to
the Guide for the Care and Usage of Laboratory Animals
published by the US National Institutes of Health (NIH publi-
cation number 85-23, revised in 1996). The study protocol
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was approved by the Animal Protection Committee of the
Shanghai Jiao Tong University (Shanghai, China).

Animal management and induction of MI. Wild-type male
C57BL/6J mice (4 weeks-old, 12-14 g) were housed under
identical conditions and fed a standard diet. Mice were
randomly subjected to castration (Cas) or sham castration
(sham-Cas), for which they were placed supine and the
testes removed or left intact via a low-middle abdominal
incision. They were then divided into four groups: group 1,
sham-Cas+placebo; group 2, sham-Cas+173-estradiol (Sigma-
Aldrich, St. Louis, MO, USA); group 3, Cas+placebo and
group 4, Cas+17p-estradiol. Placebo and 17p-estradiol were
administered by subcutaneous pellets inserted on the day of
surgery. The dose of 173-estradiol was 0.028 mg/day.

Five weeks later, MI was induced by ligation of the left
anterior descending coronary artery (LAD) under anesthesia
as previously described (16). Briefly, mice were anesthetized
with 2.5% avertin, intubated and ventilated with room air
using a positive-pressure respirator (South Natick, MA, USA).
A left thoracotomy was performed via the fourth intercostal
space. The lungs were retracted to expose the heart, and the
pericardium was opened. The LAD was ligated with an 8-0
silk suture near its origin between the pulmonary outflow
tract and the edge of the left atrium. Acute MI was considered
to have been induced if the anterior wall of the left ventricle
turned pale with marked ST-segment elevation. Sham-MI
mice were subjected to the same procedure except that the
suture around the LAD was not tied. In addition, mice that
had not been castrated and who had undergone sham MI
served as normal controls. Mice were sacrificed 1, 2,4, 7 or
14 days after surgery, and the heart was dissected. The left
ventricles from half of the mice in each time-point group were
sectioned transversely into four slides. One slide was rapidly
frozen in liquid nitrogen for protein extraction; the other three
slides were embedded in OCT compound (Sakura Finetek,
Torrance, CA, USA) for histological examination.

Gelatin zymographic assay. The enzymatic activities of
MMP-2 and MMP-9 were determined by gelatin zymography
following a previously described method (13). Briefly, the free
wall of the left ventricle from the remaining mice in each time-
point group was homogenized in 400 ul of an ice-extraction
buffer containing cacodylic acid (10 mM), NaCl (0.15 M),
ZnCl (20 mM), NaN; (1.5 mM), 0.01% Triton X-100 (pH 5.0)
and a proteinase inhibitor. The homogenates were centrifuged
at 13,600 rpm for 30 min at 4°C. The protein concentration in
the supernatant was determined using a Bio-Rad protein assay
(Bio-Rad, Hercules, CA, USA). Protein (50 pg) was diluted
in 5X sample buffer, loaded onto a 10% zymographic gel
(Invitrogen, Carlsbad, CA, USA) and run at 100 V for 90 min
at room temperature. Gels were incubated in renaturing buffer
(2.5% Triton X-100) for 30 min and washed in dH,O for
10 min, in developing buffer (50 mM Tris-HCl, pH 8.0, 5 mM
CaCl,, 0.2 M NaCl, 0.02% Brij-35) for 30 min, followed by a
fresh developing buffer wash for 16 h at 37°C. The developing
buffer was discarded and the gels were stained with 0.5%
Coomassie Blue solution (5% acetic acid, 10% methanol) for
30 min. The gels were de-stained with 5% acetic acid and 10%
methanol until sharp bands were visualized. Human MMP-2
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or MMP-9 (1 ng) were used as positive controls. The gels were
scanned by an imaging densitometer (Bio-Rad, Model GS-670)
and digitized using the Molecular Analyst (Bio-Rad) software.

Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL). The TUNEL assay was undertaken following
the manufacturer's protocol (TdT Apoptosis Detection kit;
Roche, Basel, Switzerland). Frozen left ventricular (LV) tissues
were fixed and placed in optimal cutting temperature media
(Tissue-Tek, Sakura Finetek), then cut on a cryostat into 4 ym
sections. Negative controls were serial sections that were not
stained with TdT. The TUNEL reaction was incubated for 1 h
at 37°C to induce DNA strand breaks. The tissue was blocked
with 5% skimmed milk in phosphate-buffered saline (PBS)
with 0.5% Tween-20 detergent for 30 min. The fluorescent
label, fluorescein isothiocyanate (FITC)-conjugated Alexa
Fluor 555 streptavidin antibody (Molecular Probes, Eugene,
OR, USA), was applied to each section for 30 min, and diluted
1:200 in PBS milk solution to detect ligated biotinylated
dNTPs in apoptotic nuclei. Nuclei were then labeled with
a blue fluorescent medium 4',6-diamidino-2-phenylindole
(DAPI; Vectashield H-1200, Vector Laboratories, Burlingame,
CA, USA) and diluted 1:333 in PBS solution. Sections were
incubated with DAPI solution for 5 min and then sequentially
rinsed in PBS. Samples were viewed at x20 magnification
with a fluorescent microscope (Olympus IX81F-2; Olympus
American, Melville, NY, USA). Images were captured with a
camera (Roper Scientific; Cascade Photometrics, Tucson, AZ,
USA) and assembled in the Slidebook 4 software (Intelligent
Imaging Innovations, Santa Monica, CA, USA). Three trans-
verse sections through the heart were analyzed, of which
four sample images were collected per animal. The number
of TUNEL-positive cardiomyocyte nuclei in the LV wall
was manually counted. Two independent investigators who
were blinded to the study protocol carried out the cell counts.
Stained cellular debris was eliminated from the counting.
Results were calculated using the percentage of positively
stained cells in each individual sample.

Cell culture. HI9C2 cells were purchased from the American
Type Culture Collection (CRL-1446; Manassas, VA, USA).
They were routinely maintained in Dulbecco's modified
Eagle's medium (DMEM) supplied with 10% fetal calf serum
(FCS) in a humidified atmosphere of 95% air and 5% CO,
at 37°C. Cells were grown at 80% of confluence prior to
exposure to the treatments in the various experiments.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted using an RNeasy Mini kit (Qiagen,
Valencia, CA, USA). RNA (1 ug) was used to prepare cDNA
using an iScript second strand cDNA synthesis kit (Bio-Rad).
Synthesized cDNA (100 ng) was used for RT-PCR. The
primers were as follows: forward, 5'-GCT CTT GAC AA
CCC A-3' and reverse 5-GCG GCG TT AAC TCG TAG-3'
for ERa; and forward 5'-GGCTGA GGA AG CAC CTG TC-3'
and reverse 5-GCG GCG TTG AAC TCG TAG-3' for ERf.
Transcripts were separated by agarose gel electrophoresis.

Fluorescence-activated cell sorting (FACS) analyses. In
this experiment, HOC2 cells were serum-starved for 24 h for
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cell-cycle synchronization and then divided into three groups
treated in triplicate. The first group was incubated in normoxic
conditions (NSIR); the second group was treated with placebo
(P) simultaneously while being subjected to 16 h of hypoxia
followed by 2 h of re-oxygenation treatment (SIR+P); and the
third group was treated with 17p3-estradiol (200 nM) simultane-
ously while being subjected to 16 h of hypoxia and 2 h of
re-oxygenation (SIR+E). The cell cycle phases were determined
by flow cytometry in propidium iodide (PI)-stained cells.
In brief, cells were digested with trypsin-ethylene-diamine-
tetra-acetic acid (EDTA). Cells (2x10°) were collected by
low-speed centrifugation and washed with cold PBS. Cells were
collected again by centrifugation, fixed with 70% ethanol at
room temperature for =30 min, then stored at -20°C overnight.
After washing twice, cells were stained with 50 pg/ml of PI,
and 10 mg/ml of RNase A (Bachem, Torrance, CA, USA) was
added 30 min before flow cytometry analyses. Red fluorescence
was measured with a FACScan (Becton-Dickinson, San Jose,
CA, USA). DNA content and cell-cycle profiles were analyzed
to determine the fractions of the population in each phase of the
cell cycle (apoptosis, GO/G1, S, G2/M).

Western blot analysis. To evaluate the Bcl-2 protein level
in the infarct zones, the LV wall was homogenized in RIPA
buffer containing 50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25%
Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenyl-
methanesulphonylfluoride (PMSF), 1 ug/ml each of aprotinin,
leupeptin, and pepstatin, | mM Na,;VO,, and 1 mM NaF,
supplemented with complete EDTA-free proteinase inhibitor
tablets (Roche). Lysates were mixed well and centrifuged at
15,000 x g for 30 min at 4°C. The supernatant was collected
for further analyses. The Bradford assay (Bio-Rad) was used
to determine protein concentrations.

In the cell treatment experiment, HOC2 cells were divided
into three groups. Group 1 was subjected to SIR, but without
17p-estradiol treatment; group 2 was treated with 17p3-estradiol
(200 nM) simultaneously while being subjected to SIR; and
group 3 was treated with 17pB-estradiol (200 nM) along with
the ER inhibitor, ICI 182,780 (1 #M), simultaneously while
being subjected to SIR. At each time-point, cells were washed
twice with ice-cold PBS and lysed in RIPA buffer [SO mM
of Tris-HCI, pH 7.5, 150 mM of NaCl, 1% NP-40, 0.5%
sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS)]
supplemented with a protease inhibitor and phosphatase
inhibitor cocktail (Sigma-Aldrich). The protein concentration
was determined using the Bio-Rad protein assay.

Total protein (10 pg) were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) with Tris-HCl gel (Ready Gel,
Bio-Rad), followed by transfer to polyvinylidene difluoride
membranes (Immobilon-P, Millipore, Bedford, MA, USA).
Membranes were incubated in blocking buffer (5% non-fat milk
in T-PBS) for 1 h and immunoblotted with primary antibodies
diluted in 5% bovine serum albumin (BSA; Sigma-Aldrich).
Membranes were probed with horseradish peroxidase (HRP)-
conjugated secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Western blots were
visualized by the enhanced chemiluminescence technique
(Amersham ECL Western Blotting Detection Reagents, GE
Healthcare, Piscataway, NJ, USA). The primary antibodies
used were anti-ACTB, anti-GAPDH, anti-Akt, anti-phospho
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Figure 1. Supplemental estrogen reduced the prevalence of cardiac rupture
during the first week of myocardial infarction (MI) in mice. The prevalence
of rupture was counted only in mice assigned to the 7-day groups. Mice
receiving supplemental 178-estradiol (E) treatment had a significantly lower
prevalence of cardiac rupture than those treated with placebo (P). Cas,
castrated.

Akt and anti-Bcl-2 (all from Cell Signaling Technology,
Danvers, MA, USA).

Statistical analyses. The prevalence of cardiac rupture was
compared using %* tests. Protein activities were compared
using the Student's t-test. P<0.05 were regarded as a statisti-
cally significant difference.

Results

Prevalence of cardiac rupture. All cardiac ruptures occurred
within 1 week after MI induction (Fig. 1). The prevalence of
cardiac rupture was counted only in mice assigned to the 7-day
groups. No mouse within the sham-MI group (10 mice) died
from cardiac rupture. Five mice (33%) in the sham-Cas+placebo
group died from cardiac rupture after MI. There was no cardiac
rupture-related death in the mice receiving treatment with
sham-Cas+17-estradiol. Castration alone modestly reduced
the prevalence of cardiac rupture in male mice: 4 mice (22%)
died from cardiac rupture in the Cas+placebo group. Mice
receiving supplemental 17B-estradiol treatment had a signifi-
cantly lower prevalence of cardiac rupture than those treated
with placebo, regardless of the castration status.

Effect of estrogen on MMP activities. After M1, MMP-9
activity was increased as early as day 1 and reached a maximum
by day 2, followed by a gradual loss of activity between day 4
and 14 (Fig. 2A). MMP-2 activity remained latent on day 1
and day 2, but started to show increased activity on day 4,
with maximum activity recorded on day 7 (Fig. 2B). For mice
receiving castration and placebo, the activity of MMP-9 was
slightly lower when compared to mice receiving placebo but
sham castration (Fig. 2A and C). Regardless of the castration
status, however, mice receiving supplemental estrogen always
had significantly lower MMP-9 activities than those receiving
placebo at each time-point (Fig. 2A and C). No significant
difference in the MMP-2 activity was seen in mice after MI
induction (Fig. 2B).
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Figure 2. Time-course of MMP-9 and MMP-2 activation in the left ventricle of mice after myocardial infarction (MI). (A) After MI, MMP-9 activity increased
as early as day 1 and reached a maximum by 2 days, then gradually decreased (n=10, 10, 9, 9 and 10, for the 1, 2, 4, 7 and 14-day time-points, respectively,
in both groups). (B) MMP-2 activity remained latent on day 1 and day 2, but started to show increased activity on day 4, with maximum activity recorded on
day 7 after MI (n=7 in each group). MMP-2 activity increased in the MI-induced group compared with the sham-MI group. No significant difference in the
MMP-2 activity was observed in mice after MI induction. (C) Mice receiving supplemental estrogen (E) had significantly lower MMP-9 activities than those
receiving placebo (P) at each time-point (n=7 in each group). cas, castrated.
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Figure 3. Effect of estrogen (E) on myocardial levels of Bcl-2 and on apoptosis as determined by the TUNEL assay. (A) Tissue lysates from the left ventricular
infarct zones on day 7 were immunoblotted with antibodies specific for Bcl-2. (B) Densitometric analyses of Bcl-2 and GAPDH levels (three independent
experiments were performed). (C) OCT-embedded sections of left ventricular slides on day 7 were examined by the TUNEL assay to detect apoptosis.
Immunolabeled nuclei of myocytes were determined by random counting of 10 fields per section. Each bar represents the mean + SD of three hearts. (D)
Representative staining pattern. Arrows indicate TUNEL-positive nuclei (stained red). Cas, castrated; MI, myocardial infarction; P, placebo. Magnification
x200.

Cardiomyocyte apoptosis. Cardiomyocyte apoptosis in infarct
or peri-infarct zones was studied by measuring the expression
of the anti-apoptotic protein, Bcl-2 (Fig. 3A and B), and by
using the TUNEL assay (Fig. 3C and D). Sham-MI control
mice had significantly higher expression of Bcl-2 compared
with MI-induced mice. Among the MI-induced mice, the

expression level of Bcl-2 went from the highest to the lowest
in the following order: Cas+173-estradiol > sham-Cas+17f3-
estradiol >Cas+placebo > sham-Cas+placebo. The data suggest
an inhibitory effect of estrogen on acute MI-induced cardio-
myocyte apoptosis. The TUNEL assay revealed that mice
receiving estrogen treatment (MI+Cas+E) had significantly
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Figure 4. The Akt-Bcl-2 anti-apoptotic signaling pathway is enhanced in 173-estradiol (E)-treated HOC2 cells. (A) FACS assay of three groups of HOC2 cells:
normoxic (NSIR), simulated ischemia and re-oxygenation (SIR) +placebo and SIR+E. (B) HOC2 cells with SIR treated by supplemental E showed very little
apoptosis (1%), similar to the cells incubated under normoxic conditions. (C) Western blot analyses of Bcl-2, total Akt, P-Akt and GAPDH from three groups
of HIC2 cells. (D-F) Densitometric analyses of total Akt, P-Akt and Bcl-2 levels (three independent experiments were performed).

fewer TUNEL-positive cells than those receiving placebo
(MI+Cas+P, P<0.01).

We therefore, observed a tight correlation between the
expression levels of MMP-9 and Bcl-2 and the prevalence
of cardiac rupture of each group of mice. This indicates that
estrogen may protect MI-induced male mice from cardiac
rupture by modulating degradation of the extracellular matrix
(ECM) and the apoptosis signaling pathways.

The Akt-Bcl-2 anti-apoptotic signaling pathway is enhanced
in estrogen-treated cells. To further investigate the role of
apoptosis in estrogen-mediated cardioprotection, we exam-
ined the responses of H9C2 myocardial cells to simulated
ischemia and re-oxygenation (SIR) treatment. Such hypoxia-
re-oxygenation treatment mimics the physiological stress
induced by myocardial infarction.

We performed FACS analysis in three groups of cells:
normoxic (NSIR), SIR+P and SIR+E (Fig. 4A). Cells treated
by supplemental 17p3-estradiol (200 nM) and then with 16 h
of hypoxia and 2 h of re-oxygenation showed 1% apoptosis
(Fig. 4B), similarly to the cells incubated under normoxic
conditions (NSIR, Fig. 4B). In striking contrast, a significantly
large proportion of cells underwent apoptosis when treated
by SIR. Such differences were correlated with the protein
levels of phospho-Akt and Bcl-2 as shown by Western blotting
(Fig. 40).

It has been reported that supplemental estrogen treatment
protects HIC2 cells from apoptosis induced by H,0O,-induced

oxidative stress through regulation of the Akt protein via the
glutathione/glutaredoxin-dependent redox (14). In estrogen-,
but not ICI 182,780-treated cells up-regulation of Akt-Bcl-2
signaling was observed (Fig. 5D). Minimal expression of
ERa, but abundant expression of ERf} (Fig. SA) was observed
in HIOC2 cells. The data suggest that ERp is (at least in part)
involved in the estrogen-mediated cardioprotective effects
through the Akt-Bcl-2 signaling pathway.

Discussion

Sex hormones (i.e., estrogen, progesterone and androgens)
and their receptors (ERs, PRs and ARs, respectively) have
been favored as the candidates to mediate sex-specific effects
in the cardiovascular system. Among the three types of sex
hormones, estrogen has received the most attention.

The cardioprotective effects of estrogen have been observed
in post-menopausal women receiving estrogen replacement
therapy (7,8). There is an abundance of studies supporting the
cardioprotective effects of estrogen after ischemic injuries,
such as MI (14-22). Most of these studies in mice have
been conducted in female animals whose ovaries have been
surgically removed (ovariectomized mice). Whether estrogen
exerts similar cardioprotective effects in males is not known.

The present study aimed to address whether estrogen
exerts a cardioprotective effect in males. Our in vivo data
demonstrated that supplemental estrogen treatment in male
mice reduces the prevalence of cardiac rupture during the
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Figure 5. Effects of estrogen (E) and ICI 182,780 on H9C2 cells with respect to total Akt, P-Akt and Bcl-2. (A) Determination of estrogen-receptor expression
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acute phase of MI. This result contradicts findings by Cavasin
et al (15). In their studies, short-term (acute) and long-term
(chronic) cardiac function in MI-induced male mice treated
with estrogen and female mice treated with testosterone
was evaluated. Opposing effects were observed for chronic
cardiac remodeling and function, with favorable (protective)
effects exerted by estrogen and detrimental effects exerted
by testosterone (15). During the acute phase of MI, however,
estrogen appeared to offer no or little protection against
acute MI-induced cardiac rupture (15,23). Our data indicate
that castration alone could reduce the prevalence of cardiac
rupture in male mice: 22% of castrated mice died from
cardiac rupture compared with 33% of mice receiving sham
castration. This result is consistent with the studies of Cavasin
et al, but the difference in our study was far less conspicuous.
Cavasin et al reported 9 cardiac rupture deaths in the sham-Cas
group but none in the Cas group (15). The most pronounced
difference, however, between the two studies is in the mice
receiving estrogen treatment. We observed a significantly lower
prevalence of cardiac rupture in estrogen-treated mice than in
placebo-treated mice (P<0.01 for sham-Cas mice and P<0.05
for Cas mice). In contrast, there was no significant difference
observed in the studies of Cavasin et al (15,23). The underlying
reason for such a disparity may be attributable to multiple
factors. For example, different doses of 173-estradiol were
used in the two studies (28 pg/day in our study vs. 23 ug/day
in their study). In addition, the duration of estrogen treatment
between the time of castration and MI induction was different
between the two studies (5 weeks in our study vs. 6 weeks in
their study).

Degradation of the ECM by MMPs is known to be involved
in post-MI healing and remodeling. Knockout mice targeting
the MMP-9 gene (the primary MMP protein functioning
in post-MI cardiac remodeling) were reported to have a
reduced prevalence of cardiac rupture and attenuated LV
remodeling compared to control mice (24,25). In addition, a
temporal change in the expression of MMP-9 and MMP-2
after M1 has been found (13). In the current study, we observed
similar changes in the temporal expression of MMP-9 and
MMP-2 proteins after MI induction in mice receiving sham-
Cas+placebo treatment. With estrogen treatment, however, we
observed a significant reduction in MMP-9 expression (P<0.05

or 0.01), regardless of castration status. Such a reduction was
not observed in the MMP-2 protein.

Apoptosis of cardiomyocytes in infarct or peri-infarct
zones was noted in the current study. We saw a significant
difference in the expression of the anti-apoptotic protein Bcl-2
between treated and control mice. The highest amount of Bcl-2
was observed in mice receiving MI+Cas+estrogen treatment,
followed by the groups treated with MI+sham-Cas+estrogen,
MI+Cas+placebo and MI+sham-Cas+placebo, respectively.
The TUNEL assay confirmed increased apoptosis in placebo-
treated mice.

The underlying mechanism for estrogen-induced inhibition
of apoptosis after MI is incompletely understood. Several
authors have recently suggested such inhibition may be
governed by an ER-mediated, Akt-dependent signaling pathway
(14,16,21). Overall, these studies have helped to establish a
pivotal role for the Akt gene in estrogen-induced inhibition of
apoptosis. However, we do not know which ER isoform (ERa. or
ERP) plays the major role. In the current study, we studied the
protective effects of estrogen on hypoxia-induced apoptosis
using H9C2 cells, which minimally express ERa. Using the
same cell line, Urata et al revealed that 173-estradiol protects
against apoptosis induced by H,0,-induced oxidative stress
through the glutathione/glutaredoxin-dependent redox regula-
tion of the Akt protein (14). Our study has shown that, after
16 h of estrogen treatment, the activity of the pro-apoptotic
Akt (P-Akt) began to decrease, while the expression of the
anti-apoptotic Bcl-2 began to increase. Cell-cycle analyses
indicated that hypoxia-induced apoptosis was efficiently
inhibited by supplemental 173-estradiol. Our data, along
with results reported by other research teams (14,17,21,22),
substantiate the concept that ER is (at least in part) involved
in the estrogen-mediated cardioprotection.

In addition to the mechanisms discussed above, other
potential mechanisms may contribute to the cardioprotective
effects of estrogen. For example, it has been reported that
estrogen exerts cardioprotective effects by modulating the
cardiac expression of tumor necrosis factor-a (TNFa) and
its receptor (19). In addition, nitric oxide synthase (NOS) has
also been shown to mediate estrogen-induced cardioprotection
(18,22). Therefore, the entire mechanism may be far beyond
our current state of knowledge. It has also been shown that the
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androgen, testosterone, exerts opposite effects from estrogen,
causing rupture and degradation of cardiac function (23).
Hence, the exact functional relationship between estrogen
and androgen in the cardiovascular system must be further
investigated.
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