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Introduction

Studies in cardiovascular diseases have indicated that males and

Abstract

Previous investigations have indicated that premenopausal women show
lower cardiovascular risk than men and postmenopausal women. It is suggested
that estrogen has protective effects on myocardial function. However, the
cardioprotective mechanisms of estrogen in humans and mammals are still
elusive. We studied the effect of ovarian hormone deficiency and estrogen
anaplerosison cardiac injury and cardiomyocyte apoptosis in Isoproterenol (ISO)
challenged rats. Female Sprague—Dawley rats with bilateral Ovariectomy (OVX)
or sham operation (Sham) were divided into 5 groups: sham surgery (Sham),
OVX+vehicle (vehi), OVX+Isoproterenol (ISO), OVX+E2a (estrogen, 4 pg/kg/d),
OVX+ISO+E2b (estrogen, 40 pg/kg/d). ISO (100 mg/kg/d, sc) was administrated
for 5 days to induce myocardial injury, followed by estrogen anaplerosis (0-40 pg/
kg/d) for 4 weeks. Our results indicated that ISO significantly reduced myocardial
pump function, increased hypertrophy and apoptosis of cardiomyocytes, and
reduced single cardiomyocyte contractility. Anaplerosis of high-dose estrogen
(40 pg/kg/d) dramatically restored ISO induced cardio injury and dysfunction,
and inhibited 1SO induced decrease of cardiomyocyte contractility, myocardial
hypertrophy and cardiomyocyte apoptosis through increasing the expression of
Bcl-2, inhibition of caspas-3 activation and expression of Bax. Interestingly, low-
dose treatment with estrogen (4 pg/kg/d) has also shown marginally protective
effects on ISO induced heart injury and cardiomyocyte dysfunction. These data
suggest that estrogen anaplerosis has cardioprotective effects on ISO treated
rats through the protection of cardiomyocyte apoptosis and hypertrophy and
decrease of contractility.
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The goals of this work were to determine the role of estrogen
replacement in reducing cardiac injury in response to ISO treatment
and to demonstrate the mechanism of estrogen in inhibiting

females show different prevalence and severity, and premenopausal
women display lower heart disease risk than men of the same age
[1,2]. This advantage of women over men disappears after menopause,
suggesting that estrogen (E,) plays an important role in maintaining
healthy cardiovascular conditions [3,4]. However, the mechanism of
this myocardial protection effect is unclear.

The sympathetic adrenal medullary system is one of the most
important extrinsic mechanisms regulating cardiac function. An
enhancement in activity of this system leads to excessive increase in
catecholamine secretion, which will cause acute or chronic cardiac
injury in post-menopausal women [5]. Apoptosis also plays a key role
in myocardial injury [6]. The relative ratio of pro-apoptotic proteins
to anti-apoptotic proteins plays an important role in determining cell
survival or cell death. It has been found that high expression of Bax and
low expression of Bcl-2 are associated with vulnerability to apoptotic
activation [7,8]. In principle, protection of cardiomyocytes from ISO-
induced apoptosis increases the percentage of viable myocardium.
Therefore, apoptosis of cardiomyocytes may be an excellent target for
therapeutic modulation in the context of myocardial injury subject
to ISO [9,10].

myocardial apoptosis induced by ISO.
Materials and Methods

Animals and reagents

Adult female Sprague-Dawley (SD) rats (200+20 g) were obtained
from the Experimental Animal Centre of Xuzhou Medical College
and all studies were approved by the Animal Ethics Committee of
the Medical College of Xuzhou (permit number: xz11-12540). The
main reagents used in the experiments are as follows: isoproterenol
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), 17B-estradiol
(ABCR, Germany), primary antibodiesCaspase3, Bcl-2, Bax, GAPDH
and HRP-conjugated secondary antibodies (Santa Cruz, CA, USA).
The animals were anesthetized with sodium pentobarbitone (60 mg/
kg, IP.). Incision was chosen at the side of the spine, the muscle
layer was separated and the peritoneum was opened, followed by
removing ovary in OVX group.ISO (100 mg/kg, sc) treatment was
performed for 5 days to get the myocardial injury model [5]. Vehicle
and 17p-estradiol (0-40 ug/kg/d) were administrated for 4 weeks
[11]. In general, the rats were divided into 5 groups: Sham, OVX,
OVX+ISO+Vehi, OVX+ISO+ E a, OVX+ISO+ E b.
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Determination of cardiac function

The French high-fidelity pressure transducer (Millar Instruments,
Houston, TX) was introduced into the left common carotid artery in
the different treatment groups. Mean arterial blood pressure (MABP),
LV end-diastolic pressure (LVEDP), the maximalrates of pressure
rise (+dP/dt) and of pressure fall (-dP/dt) were measured [12].

Isolation and culture of myocardial cells

Left ventricular myocytes were isolated as described previously
[13]. In brief, isolated hearts were perfused for 5minwithCa2*-free
buffer. Then the hearts were switched to the same perfusion buffer
containing 0.04% collagenase, 0.1% bovine serum albumin and 50
UM of CaCl,. The perfusate was recirculated at a flow rate of 6% ml
min™'. After about 25 min recirculation period, hearts were removed
from the cannula and the left ventricles were cut into small pieces
in Krebs-Bicarbonate (KB) solution (pH7.2) and gassed with 100%
0O, at 37°C. Myocytes were harvested and filtered through 200 nylon
meshes. Then they were resuspended in preoxygenated KB solution
and was ahed three times to discard the dead myocytes.

Measurement of contraction in isolated cardiomyocytes

Contractile function was monitored by a video edge detector
system as described previously [14]. Ventricular myocytes were
added to an open chamber on the stage of an inverted microscope
(Olympus, Tokyo, Japan). After 5 minutes, attached myocytes were
filled with Krebs-Henseleit Buffer (KHB) and 100n Misoprenaline
to mimic the in vivo situation when there is sympathetic activity.
KHB (2ml/min, containing 2.0mM Ca*") was adjusted to pH 7.4
by equilibration with 95% O,- 5% CO,. The ventricular myocytes
were paced with electrical field stimulation (0.5Hz). The myocytes
used were rod-shaped with clear sarcomeres. At least 10myocytes
per experimental group per heart were studied. The outputs of the
video edge detector were sent to a computer. Contractile function was
assessed using the following indices: shortening amplitude, Time-To-
Peak (TTP) contraction and time-to-90% relaxation (R90).

Evaluation of cell apoptosis

Annexin-PI staining was performed for apoptosis detection
[15]. The ratcardiomyocytes were plated in 60-mm dishes with a cell
density of 5 x 10° cells/dish. The cells were washed with ice-cold PBS,
resuspended in 100 plannexin V incubation reagent (10 ul10x binding
buffer, 10 pl PI, 1 plannexin V and 79 pl dH,0) at a concentration
of 3-5 x 10° cells/100 pl, and incubated for 15 minutes at room
temperature in the dark. Samples were washed with binding buffer
and analyzed by Flow Cytometry (Bio-Rad S3). Apoptotic cells were
identified as an annexin V-FITC-positive/PI-negative population.

Western blot

We performed Western-Blotting assays to determine the possible
mechanisms responsible for estrogen-induced cardioprotection,
expressions of Caspase3, Bcl-2 and Bax (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) in cardiomyocytes. The expression of GAPDH
was measured as an internal standard. It was performed as described
previously [16]. After reperfusion, the cells were harvested and
homogenized in lysisbuffer containing proteinase inhibitor. The
protein concentration quantitation was done with modified Bradford
assay (Bio-Rad, CA,USA). Equivalent amounts (20ug) of protein
samples were loaded and separated on SDS-polyacrylamide gel

electrophoresis and then transferred to Polywinylidene Fluoride
(PVDF) membranes. The membranes were incubated overnight at
4°C with primary antibodies at a dilution of 1:1000. The membranes
were then incubated with secondary antibody for 2 hours. Finally, the
films were scanned into the computer, and relative intensity of bands
was analyzed by Image J 3.0 system.

Statistical analysis

For each experimental series, data were presented as mean+SEM.
Statistical analysis was performed with GraphPad Prism4.0. Statistical
significance (p<0.05) for each variable was estimated by 1-way or
2-way analysis of variance followed by Bonferronipost hoc tests.

Result

General features of experimental animals

To check the role of estrogen in cardioprotection, bilateral
Ovariectomy (OVX) was used to attenuate the serum estrogen
level, and ISO administration was used to induce heart injury and
cardiomyocyte apoptosis. As shown in Figure 1, the serum estrogen
levels (Figure 1C) and uterine weight (Figure 1D) dramatically
decreased after OVX, but body length was not changed (data not
shown). Compared with the Sham or OVX group, ISO increased
heart weight and heart weight/body length ratio (Figure 1A, B) in
OVX rats. OVX+ISO+Eb (40 ug/kg/d) dramatically increased the
serum estradiol level (Figure 1C), protected the loss of uterine weight
due to the OVX (Figure 1D) and eliminated the increasing of the
heart weight (Figure 1A), heart weight/body length ratio (Figure 1B)
due to ISO challenge. Lower dose of estrogen (4 pg/kg/d) marginally
increased serum estradiol level (Figure 1C), but showed limited
effect on the protection of the loss of uterine weight after OVX.
Interestingly, lower dose of estrogen (4 pg/kg/d) slightly attenuated
ISO induced increase of heart weight (Figure 1A) and heart weight/
body length ratio (Figure 1B).
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Figure 1: General features of experimental animals. The general features
were measured before rat heart isolation. A, heart weights of rats; B, ratios of
heart weight to body length of rats; C, serum estrogen levels in rats; D, uterine
weight of rats. Each value represents mean + S.E.M. n = 10 hearts in each
group, *P < 0.05 versus Sham, #P < 0.05 versus OVX+ISO+Vehi.
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Figure 2: Detection of myocardial contractile function indicators. Myocardial
contractile function was detected with left common carotid artery catheter.
A, mean arterial blood pressure, MABP; B, left ventricular end-diastolic
pressure, LVEDP; C, the maximal rates of left ventricular pressure rise, +dp/
dt; D, the maximal rates of left ventricular pressure fall, —dp/dt. Each value
represents mean + S.E.M. n = 10 hearts in each group, *P < 0.05 versus
Sham, #P < 0.05 versus OVX+ISO+Vehi.

Anaplerosis of estrogen improves myocardial contractile
dysfunction following iso challenge

Left carotid artery of rat was cannulated. We then recorded the
data of cardiac function of each group and found that there were
no significant differences between the Sham group and the OVX
group before ISO treatment. But after ISO treatment, the +dP/dt was
decreased, and the MABP and LVEDP were increased significantly.
Administration of E, (40 ug/kg/d) led to an increase in +dP/dt,
and decreases in MABP and LVEDP in the OVX+ISO+E,b group.
However, E, (4 ug/kg/d) treatment did not cause similar changes
(Figure 2).

Effect of estrogen anaplerosis on single ventricular
myocyte contractile following iso challenge

We observed contractility of myocytes isolated from the Sham,
OVX, OVX+ISO, OVX+ISO+E ja, and OVX+ISO+E2b groups, which
were incubated with vehicle medium. Photos were taken from videos
of single cardiac myocyte contraction in each group. We found
that estrogen (40 pg/kg/d) effectively suppressed the ISO-induced
hypertrophy of cardiomyocytes. The average length and diameter of
cardiomyocytes in the OVX+ISO+ E,b group, but not those in the
OVX+ISO+E,a group, were significantly decreased (Figure 3).

We also found that single cardiac myocyte contraction decreased
in the OVX+ISO group compared with that in the OVX group,
which reflected a decrease of contraction amplitude, and extension
of systolic (TTP) and diastolic (R90). The myocyte contraction of
cardiomyocyte in the OVX+ISO+ E,b group was improved, but not
in the OVX+ISO+E a group (Figure 4).

Estrogen replacement restores cardiomyocyte apoptosis
following iso challenge

Based on the results that the cardiomyocytes in the OVX+ISO+E,b

group were significantly decreased in injury and enhanced in myocyte
shortening amplitude compared with those in the OVX+ISO groups,
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Figure 3: Morphology of single left ventricular cardiomyocyte. The ventricular
myocytes were paced with electrical field stimulation (0.5Hz), and pictures
of single left ventricular cardiomyocyte were captured from videos of
cardiomyocyte contraction recorded for each group.
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Figure 4: Single left ventricular cardiomyocyte contraction. Cardiomyocyte
contractility was monitored after isolation and culture; A, cardiomyocyte rod
rate; B, myocardial contraction amplitude; C, time of myocardial contraction to
the maximum, time-to-peak (TTP); D, time of myocardial relax to 90%, time-
t0-90% relaxation (R90). Each value represents mean + S.E.M. n = 10 hearts
in each group, *P < 0.05 versus Sham, #P < 0.05 versus OVX+ISO+Vehi.

we next examined the apoptosis of cardiomyocytes using annexin-PI
staining. The results of flow cytometry indicated that the percentage
of apoptotic cells was increased in the OVX+ISO group compared
with those in the sham group and the OVX group. The percentage
of apoptotic cardiomyocytes was significantly reduced in the
OVX+ISO+E,b group, but not in the OVX+ISO+E,a group (Figure
5).

Estrogen replacement reduced the expression of
caspase3, bcl-2, and bax following iso challenge

ISO challenge increased the expressions of cleaved caspase 3
and Bax proteins in the OVX group (Figure 6A and 6B). However,
upon ISO challenge, the expression of Bcl-2 protein was significantly
decreased in the OVX group (Figure 6C). Estrogen (40 pg/kg/d)
treatment up-regulated the expression of Bcl-2 protein and down-
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Figure 5: Detection of myocardial apoptosis by flow cytometry. Apoptosis
was examined by staining with annexin-Pl and detected by flow cytometry. A,
apoptosis of cardiomyocyte in each group; B, apoptosis rate of cardiomyocyte.
Each value represents mean + S.E.M. n = 10 hearts in each group, *P < 0.05
versus Sham, #P < 0.05 versus OVX+ISO+Vehi.

regulated the expressions of Bax and cleaved caspase3 proteins
(Figure 6).

Discussion

Women have a lower incidence of cardiovascular diseases before
menopause, but they lose this advantage at the onset of menopause. It
is indicated that the female sex hormones, particularly estrogen, play
a pivotal role in reducing the risk for cardiovascular diseases [17,18].
Also, the risk of cardiovascular disease increases with age in post-
menopausal women partly due to decreased plasma estrogen levels.
Administration of estrogen in female or male patients improves
vasodilator responses and ameliorates myocardial ischemia [19,20]. It
is suggested that estrogen may have direct protective effect on heart.

Not much information is available regarding changes in
cardiomyocyte contraction and the role of apoptosis in isolated
hearts in rats with heart injury. Our present study indicated that
the estrogenic environment is important for cardioprotection.
The replacement of estrogen increased single ventricular myocyte
contraction and decreased the expressions of apoptosis proteins.

Results of our experiments indicated that estrogen replacement
improved the dysfunction of cardiac contractility subjected to ISO.
Simultaneously, we verified the experimental model of estrogen
deficiency by reducing serum estrogen level and uterine weight. But
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Figure 6: Expression of apoptosis proteins in left ventricular myocytes.
Western blot analyses were performed to examine the expressions of
caspase 3 (A), Bax (B) and Bcl-2 (C). GAPDH was used as the internal
control. Each experiment was repeated three times. Each value represents
mean + S.E.M. n = 10 hearts in each group, *P < 0.05 versus Sham, #P <
0.05 versus OVX+ISO+Vehi.

estrogen replacement restored both serum estrogen level and uterine
weight.

We also found that estrogen (40 pg/kg/d) effectively decreased
the ISO-induced hypertrophy of cardiomyocytes. We demonstrated
that estrogen ameliorated ISO-induced cardiomyocyte contractile
function, as indicated by the significant increase in single myocyte
shortening amplitude with a maximal effect at 40 pg/kg/d. These
results suggested that estrogen at this concentration might improve
contraction in injured myocytes subject to ISO.

Furthermore, we demonstrated with annexin V/PI staining that
stimulation of ISO led to a significant increase in myocyte apoptosis,
while estrogen replacement 4 weeks after ISO stimulation significantly
decreased ISO-induced myocyte apoptosis. Cardiomyocyte apoptosis
is one of the major contributors to the development of myocardial
injury [21,22], which is related to the pathogenesis of myocardial
apoptosis. Most studies have indicated that the Bcl-2 family proteins
play a key role in regulating physiological and pathological apoptosis.
These proteins consist of both cell death activators (eg. Bax and Bad)
and cell death inhibitors (eg. Bcl-2, Bcl-X) [23,24]. The activators
and inhibitors interact with each other to form a complex regulatory
network. Cell survival or death is based on the relative ratio of
pro-apoptotic proteins to anti-apoptotic proteins [25]. It has been
identified that high ratio of Bax/Bcl-2 is associated with vulnerability
to apoptotic activation [26]. In the present study, we confirmed that
estrogen replacement up-regulated Bcl-2 expression and down-
regulated Bax expression. These results also implied that estrogen
replacement could protect cardiomyocytes from apoptosis induced
by ISO injury. Therefore, we think estrogen replacement may exert its
cardiomyocyte protective effect through up-regulating Bcl-2 protein
expression while down-regulating Bax protein expression. What is
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the mechanism modulating Bcl-2 or Bax during ISO stimulation? At
the present time, the exact mechanism by which estrogen modulates
genes associated with apoptosis is not clear. However, the antioxidant
against lipid peroxidation of estrogen may be responsible for this
modulation [27], because many antioxidants affect genes related to
apoptosis in cells under ISO stimulation.

Conclusion

Our experimental findings suggest that estrogen replacement
plays a significant role in the regulation of cardiomyocyte contractile
function and the promotion of anti-apoptotic effects following ISO
injury. Estrogen replacement may have potential protective effects
against ovarian hormone deficiency-induced alteration of cardiac
contractile function in single ventricular myocyte. Our data also
show that increased expression of Bcl-2 and decreased expressions of
Bax and cleaved caspase3 play essential roles in the cardioprotective
effect of estrogen. We demonstrate that estrogen replacement confers
cardioprotection during ISO challenge, which is associated with
improvement of cardiomyocyte contractile function and inhibition
of apoptosis.
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