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Abstract: Large epidemiological studies suggest that there are important differences in the incidence and sever-
ity of a wide variety of cardiac diseases, between premenopausal and menopausal women. Recently, it has been 
demonstrated that resveratrol may has similar function as estrogen. However, whether resveratrol replacement 
could mimic estrogen to protect heart in ovariectomized mice remains completely unknown. Firstly, the present 
study has used OVX/CAL model to investigate the effect of RSV on ischemic heart. Echocardiography analysis re-
vealed that RSV administration significantly improved cardiac contractile function in estrogen-deficient mice. RSV 
also significantly reduced CK and LDH release, and heart infarct size in OVX/CAL group. Secondly, mitochondrial 
functions, including MRC activities, MDA level, and mitochondrial swelling, were evaluated in OVX mice. It was found 
that supplementation with RSV could restore mitochondrial function dampened by OVX. Thirdly, these protective 
functions mediated by RSV were mainly attributed to the enhancement of SIRT1/AMPK activity. In summary, the 
results support a potential role of resveratrol in the protection of cardiac functions under estrogen depletion status.
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Introduction

Cardiovascular disease (CVD) remains the lead-
ing cause of death in the world, with its preva-
lence growing dramatically [1]. There are impor-
tant sex differences in the incidence and 
severity of CVD, which are thought to be mainly 
mediated through intrinsic hormonal regula-
tion. Moreover, growing epidemiological stud-
ies revealed that the rates of CVD risks and 
mortality are significantly higher in menopausal 
women, compared with their premenopausal 
counterparts [2]. 

However, estrogen replacement therapy has 
been highlighted to be controversial between 
clinical and experimental studies [3]. In animal 
ovariectomized (OVX) models, exogenous estro-
gen administration could protect cardiac func-
tion by reducing inflammation, cardiomyocyte 
apoptosis and myocardial infarct area, or pre-
venting arrhythmias, enhancing contractile 

function and post-ischemia function recovery. 
When refer to clinical trials, the outcomes of 
therapy seem to be dependent on timing and 
dosage of estrogen. In 2002, Women’s Health 
Initiative reported that hormone replacement 
therapy increased risk of coronary heart dis-
ease [4]. The adverse effects to estrogen treat-
ment are numerous, which may involve impaired 
inflammatory response, glucose tolerance, 
increased obese insulin resistance, or lipid per-
oxidation. Thus, the discovery of safe estrogen 
substitutes, which could preserve heart func-
tion in post-menopausal females, may solve 
current problem. 

Resveratrol (RSV; 3,5,4’-trihydroxystilbene) is a 
famous plant-derived polyphenolic phytoalexin 
widely existing in red grape skins, red wine, and 
peanuts [5]. It has been considered to play 
physiological roles such as antioxidative, neuro-
protective, cardioprotective and anticancer 
effects both in adults and embryos. Although 
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not fully delineated, the beneficial cardiovascu-
lar effects of RSV are mediated through activa-
tion of silent information regulator 1 (SIRT1), 
AMP-activated protein kinase (AMPK), and 
endogenous anti-oxidant enzymes. Besides, 
RSV has anti-inflammatory, anti-platelet, insu-
lin-sensitizing, and lipid-lowering properties [6]. 
RSV-mediated modulation of glucose homeo-
stasis has been recently suggested in LPS-
stimulated mice [7]. 

Based on literatures, RSV owns chemical simi-
larities with estrogen and binds to estrogen 
receptors and activates gene transcription. 
Subramanian et al [8] demonstrated that RSV 
could ameliorate hypertension caused by 
chronic exposure to estrogen. Another group 
performed a serial of experiments, showing 
that RSV inhibited carotid stenosis [9], VSMC 
proliferation in vitro [10], and promoted endo-
thelial cell wound healing [11] through an estro-
gen receptor (ER)-α-dependent pathways. The 
direct effect of RSV on ischemic heart under 
estrogen-deficient condition has never been 
elucidated. Therefore, we postulated that res-
veratrol could be a potential alternative to 
estrogen for prevention of cardiac dysfunction 
against ischemia/reperfusion injury in OVX 
mice.

In the present study, using echocardiography 
etc, the protective effect of RSV on ischemic 
heart has been observed in estrogen-deficient 
mice. Furthermore, the cardioprotection medi-
ated by RSV was showed to be correlated with 
modulation of mitochondrial function, as well 
as activation of SIRT1/AMPK signaling.

Materials and methods

Animals

All animals received humane care in compli-
ance with the Guide for the Care and Use of 
Laboratory Animals prepared by the National 
Academy of Sciences and published by the 
National Institutes of Health (NIH Publication 
no. 86-23, revised in 1996). The use of animals 
in our experiments was approved by the 
Institutional Animal Care and Use Committee of 
Southern Medical University.

16-weeks-old female C57 mice were subjected 
to ovariectomized (OVX) according to a pub-
lished protocol [12]. Briefly, after the mice were 

anesthetized, the bilateral ovaries were located 
and the oviducts, including the ovarian blood 
vessels, were ligated and then the ovaries were 
removed. Age-matched sham-operated mice 
underwent a similar procedure except the ova-
ries were not removed and oviducts were not 
ligated. The circulating level of 17β-estradiol 
was quantified by a commercial ELISA kit fol-
lowing the manufacturer’s instruction (Neogen 
Corporation, MI, USA). 

Four weeks post OVX, ischemic heart disease 
was further induced by permanent coronary 
artery ligation (CAL) surgery, according to a 
classical protocol [13]. Briefly, after the mice 
were deeply anesthetized, the left anterior 
descending coronary artery (LAD) was exposed 
and ligated with 8-0 silk suture permanently. 
The sham-operated mice underwent the same 
procedure except for the ligation of suture 
around the coronary artery. 

RSV replacement

RSV (trans-3,4,5-trihydroxystilbene) was obta- 
ined from Enzo Life Sciences (Lausen, 
Switzerland). After OVX surgery, the mice were 
orally given RSV (500 mg/kg, daily) for 8 weeks, 
while the control group was fed with standard 
diet only. The workflow diagram of animal treat-
ment was summarized in Figure 1.

Echocardiography

At the end of RSV replacement, all the mice 
were performed echocardiography under light 
anesthesia using 1.5% isofluorane mixed with 
100% oxygen. Subsequently, warmed acoustic 
coupling gel was applied to shaved chest and 
mice were fixed supine in a left lateral position 
on a heated pad. Images were obtained using 
Vevo2100 cardiovascular ultrasound system 
with a MS550D transducer (Visual Sonics, 
Toronto, Canada). Images were obtained from 
the B-mode long axis view and M-mode of the 
parasternal short-axis view to measure Left 
ventricular end-diastolic diameter (LVEDd), 
end-systolic diameter (LVEDs), end-diastolic 
area (LVEAd) and end-systolic area (LVEAs). LV 
end-diastolic volume (LVEDV) and end-systolic 
volume (LVESV) were calculated using the fol-
lowing formulae: LVEDV = 1.047 X LVEDd3 and 
LVESV = 1.047 X LVEDs3. Percent ejection frac-
tion (%EF) and fractional shortening (%FS) of 
the LV were calculated as follows: %EF = 
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Mitochondrial swelling, as a 
result of mitochondrial permea-
bility pore (mPTP) opening, was 
assessed as follows [17]: 0.25 
mg/ml of isolated mitochondria 
were re-suspended in swelling 
buffer [KCl 120 mM, Tris-HCl 10 
mM (pH7.4), MOPS 20 mM, and 
KH2PO4 5 Mm]. After a 5-min 
equilibration period, 200 mmol/L 
CaCl2 was added into the sus-
pension to induce mPTP open-
ing. The decrease of OD at A520, 
which indicated the opening 
extent of mPTP, was measured 
spectrophotometrically for 15 
min.

The oxidative level, as indicated 
by lipid peroxidation product 
malondialdehyde (MDA) was 
determined with the commercial 
TBARS assay kit (Cayman 

Figure 1. Workflow diagram. A: 4 weeks after OVX, the mice were subject-
ed to CAL to induce myocardial ischemia. The total RSV treatment lasted 
8 weeks. After echocardiographic study, the infarct size was quantified. 
B: Another set of OVX mice were administrated with RSV for 8 weeks and 
then the mitochondrial function and protein expression levels (SIRT1 etc.) 
were evaluated. OVX: ovariectomized; CAL: permanent coronary artery li-
gation surgery; RSV: resveratrol; Echo: echocardiography.

[(LVEDV - LVESV)/LVEDV] X 100; %FS = [(LVEAd 
- LVEAs)/LVEAd] X 100.

Infarct size measurement

0.7 mm slices were prepared from snap-frozen 
hearts and incubated with 1% (w/v) 2,3,5-tri-
phenyl-tetrazolium chloride (TTC, Sigma, St 
Louis, MO, USA) to visualize  the infarcted area 
(white). Then the heart sections were scanned 
and the infarct size was quantified using Image 
J software (National Institutes of Health). Infarct 
area was calculated as white area/total ven-
tricular area [14]. 

Lactate dehydrogenase and creatine kinase 
assessment 

To assess the acute extent of myocardial tissue 
injury, 50 ul of blood was collected from tail 
vein and the concentrations of lactate dehydro-
genas (LDH) and creatine kinase (CK) were 
assayed as described elsewhere [15].

Mitochondrial respiratory chain activities 
evaluation

Total mitochondria were isolated from fresh 
heart according to the protocol of a commercial 
kit MITOISO1 (Sigma, MO, USA). Mitochondrial 
respiratory chain (MRC) activities were mea-
sured as previously reported [16]. 

Chemical Company, MI, USA) followed by the 
protocol provided by manufacturer. The results 
were calculated against the total protein con-
tents in each sample.

SIRT1 activity measurements

SIRT1 activity in heart tissue lysates was deter-
mined following the instructions of a Flu- 
orometric Drug Discovery kit (Enzo Life Sciences 
International Inc., Lausen, Switzerland). The 
fluorescence signal was detected by a micro-
plate reader (Thermo Fisher Scientific Inc. MA, 
USA), with the excitation wavelength was set at 
360 nm and emission detection at 460 nm. 
The results are expressed as fold change to ctrl 
values. 

Western Blotting

Antibodies against total AMPK and phospho-
AMPKα (Thr172) were purchased from Cell 
Signaling (Beverly, MA). Proteins derived from 
heart tissues were separated by SDS-PAGE and 
transferred to PVDF membranes. After over-
night blocking, membranes were probed with 
various primary antibodies followed by second-
ary antibodies. Immunoreactive antibody-anti-
gen complexes were visualized with the 
enhanced chemiluminescence reagents from 
GE Healthcare (Uppsala, Sweden). 
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Figure 2. Echocardiography analysis showed RSV restored systolic contractile function. A: Ejection fraction (EF); B: 
Fractional shortening (FS); C: End diastolic left ventricular volume (LVEDV); D: End systolic left ventricular volume 
(LVESV). *, P < 0.05, **, P < 0.01 vs OVX group; #, P < 0.05, ##, P < 0.01 vs OVX+CAL group (n=8).

Data analysis

The statistical calculations were performed by 
one-way analysis of variances (one-way ANOVA) 
followed by Tukey multiple comparisons using 
Prism version 5 (GraphPad Software; San 
Diego, CA, USA). All values are presented as 
means ± SEM. In all statistical comparisons, a 
P value less than 0.05 was considered to indi-
cate significant differences.

Results

RSV administration improved cardiac contrac-
tile function in OVX/CAL mice

Four weeks post-induction of ischemia, echo-
cardiography analysis was performed to evalu-
ate heart performances. There were no signifi-
cant differences between OVX group and their 
sham-operated controls (data not shown). As 
shown in Figure 2, both percent ejection frac-
tion (%EF) and fractional shortening (%FS) were 
reduced by more than 30% in OVX+CAL group. 
Treatment with RSV for 8 weeks restored EF 
and FS levels similar to those in OVX group. End 
systolic left ventricular volume (LVESV) was 
also increased by ~40% in OVX+CAL mice, 

which was attenuated by RSV, while end dia-
stolic left ventricular volume (LVEDV) showed 
no changes among the three groups. These 
results revealed that IR injury significantly 
decreased the systolic function estrogen-defi-
cient mice, which could be reversed by RSV.

RSV significantly attenuated heart injury 
caused by OVX/CAL

In order to determine the extent of myocyte 
injury, serum levels of CK and LDH were mea-
sured. The results showed that acute ischemia 
(6 h post CAL) dramatically stimulated CK and 
LDH release into serum, which could be attenu-
ated by RSV treatment. To further confirm the 
effects of RSV on the attenuation myocardial 
injury induced by IR, the infarct area size of iso-
lated hearts were stained with TTC and quanti-
fied. It was demonstrated that infarct size of 
left ventricle was significantly reduced in RSV 
treated animals (Figure 3). 

RSV modulated mitochondrial function

Mitochondria play a central role in maintaining 
heart function. In order to dissect the underly-
ing mechanism of RSV-mediated cardioprotec-
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tion, the mitochondrial function was evaluated 
in Sham, OVX, OVX+RSV mice. Firstly, MRC 
activities were measured in mitochondria iso-
lated from OVX mice treated with or without 
RSV. As shown in Figure 4A, the activities of 
complex I, IV and V were significantly decreased 
in OVX mice, when compared to sham group. 
RSV supplementation restored MRC activities 
to the level similar to those in sham-operated 
mice.

Next, Malondialdehyde (MDA), a lipid peroxida-
tion product generated as a result of fatty acid 
overload and oxidative stress, was found to be 
elevated by 30% in mitochondrial fractions of 
OVX mice. Feeding with RSV for 8 weeks signifi-
cantly reduced MDA generation to normal level 
(Figure 4A).

Opening of mPTP caused mitochondrial swell-
ing, which could decrease absorbance at 520 
nm (A520). In the present study, mitochondrial 
suspensions were prepared from heart and 
200 mmol/L CaCl2 were used to induce pore 
opening. It was found that high concentration 
of calcium facilitated mPTP opening and signifi-
cantly decreased A520 by 10% at the end in 
sham group. This effect was enlarged by 2 fold 
in OVX mice, which could be reversed by RSV 
treatment (Figure 4C and 4D). 

RSV enhanced the expression and activity of 
SIRT1 in OVX mice

SIRT1 was reported to be an important target 
of RSV. Thus, we compared the protein expres-
sion level of SIRT1 in the heart tissues of OVX 
mice, treated with or without RSV. As shown in 
Figure 5A, it was found that SIRT1 level was 
dramatically decreased by 70% in OVX group, 
when compared with sham group. Supple- 
mentation with RSV for eight weeks almost 
reversed SIRT1 expression to normal level. 
Furthermore, the activity of SIRT1 was also 
checked in the heart tissues of these three 
groups. Similarly, it was showed that RSV treat-
ment significantly enhanced SIRT1 activity 
(Figure 5B). 

RSV protected ischemic heart via activation of 
AMPK signaling in OVX mice

SIRT1 targets multiple cellular proteins, includ-
ing AMP-activated protein kinase (AMPK). 
Activation/phosphorylation of AMPK has been 
suggested to be involved in cardioprotection. 
Therefore, we investigated the phosphorylation 
level of AMPK and ACC in the heart samples 
collected from OVX mice. It was demonstrated 
that the level of p-AMPKa was increased by 
XX% in OVX+RSV group (Figure 6A), while p-ACC 
decreased by % (Figure 6B). 

Figure 3. CAL induced myocytes death was 
ameliorated by RSV. A: LDH and B: CK re-
lease were assayed in blood collected from 
tail vein 6 h post CAL. C: The mice were sacri-
ficed 4 wk post CAL and the infarct size were 
measured. The results are presented as per-
centage of infarct area vs total left ventricle 
area. **, P < 0.01 vs sham group; #, P < 
0.05, ##, P < 0.01 vs OVX group (n=8).
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Figure 4. RSV improved cardiac mitochondrial function in OVX mice. (A) MRC (complex I, II+III, IV, V) activities and (B) 
MDA level were measured in isolated cardiac mitochondria. Data were calculated by normalization against the pro-
tein amount and presented as fold change compared to the values of sham group. (C) Pooled curves of absorbance 
change at 520 nm. (D) End point results of absorbance 13 min after addition of 200 μmol/L CaCl2. The percentage 
decreases of A520 are presented. **, P < 0.01 vs sham group; ##, P < 0.01 vs OVX group (n=8).

Discussion

It has been aware for years that the prevalence 
and severity of CVD are much higher in post-
menopausal females than pre-menopausal 
ones. Unfortunately, although hormone replace-
ment therapy showed effectiveness in experi-
mental studies, the result of clinical use of 
estrogen is very complicated. The present study 
tried to find an innocuous estrogen substitute, 
which could mimic its cardio-protective effect. 
To our knowledge, this is the first investigation 
to demonstrate that RSV, a natural compound, 
significantly reduced infarct injury and improved 
cardiac contractile function via modulation of 
mitochondrial function. Further mechanistic 
studies revealed that SIRT1/AMPK signaling 
may participate in RSV-mediated protection 
against IR in OVX mice.

Mitochondria are critical for maintaining nor-
mal cardiac functions, involving cellular energy 
metabolism, myocyte contraction, Ca2+ homeo-
stasis, reactive oxygen species generation, and 
apoptosis [18, 19]. Mitochondrial dysfunction 

dramatically increases susceptibility to heart 
diseases. Sexual dimorphism in mitochondrial 
function, such as ATP generation, biogenesis, 
or thermogenic capacity, or antioxidant de- 
fense, has been indicated in skeletal muscle 
[20], adipose tissue [21], and heart [22]. A 
recent quantitative proteomic analysis revealed 
that dozens of mitochondrial proteins changed 
in OVX rat, among which monoamine oxidase-A 
(a source of oxidative stress) was the largest 
affected one [23]. In our study, in order to find 
out the precise mechanism underlying RSV-
mediated cardioprotection, we evaluated mito-
chondrial function in OVX mice. It was found 
that orally treatment with RSV for 8 weeks sig-
nificantly restored MRC activities, abrogated 
oxidative stress, and mitochondrial swelling, 
under estrogen-deficient condition. 

SIRT1 (sirtuin1), a member of class III histone 
deacetylase family, is a redox-sensitive enzyme, 
and needs cellular NAD+ as a cofactor for its 
deacetylation reactivity. The cardioprotective 
effect of SIRT1, such as upregulation of antioxi-
dants and downregulation of proapoptotic mol-
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Figure 5. The expression and activity of SIRT1 was enhanced after RSV supplementation. A: Protein expression of 
SIRT1 in heart tissues were detected by Western blotting. The results are presented as fold change against the 
value in sham group. B: Heart tissue lysates from each group, containing 20 μg of proteins, was used for SIRT1 activ-
ity measurement by Fluorometric Drug Discovery Kit. Fluorescent readings are presented as arbitrary fluorescence 
unit (AFU) in equal amount of proteins for comparison. **, P < 0.01 vs sham group; ##, P < 0.01 vs OVX group (n=8).

ecules, has been well documented [24]. It was 
also reported that RSV treatment could reduce 
myocardial injury via SIRT1 activation. 
Decreased SIRT1 protein levels have been 
observed in advanced heart failure patients 

[25], but whether SIRT1 expression level was 
diminished in menopausal females remains 
unknown. In the present research, both protein 
expression and activity of SIRT1 in heart tis-
sues were obviously reduced in OVX group, 

Figure 6. RSV-induced cardioprotection was correlated with AMPK/ACC signaling. The total protein and phosphory-
lation levels of AMPK (A) and ACC (B) were detected by Western blotting using specific antibodies. The results are 
presented as fold change against the value in sham group. **, P < 0.01 vs sham group; ##, P < 0.01 vs OVX group 
(n=8).
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which were reversed to normal levels after RSV 
supplementation.

SIRT1 targets multiple cellular proteins, such 
as peroxisome proliferator-activated receptor-γ 
and its coactivator-1α, forkhead transcriptional 
factors, AMP-activated protein kinase, NF-κB 
and protein tyrosine phosphatase. RSV has 
been demonstrated to activate AMPK signaling 
dependent on SIRT1 or not [26]. AMPK-deficient 
mice were showed to be resistant to the effect 
of RSV on enhancement of insulin sensitivity, 
glucose tolerance, and mitochondria biogene-
sis [27]. On the other hand, AMPK could 
enhance SIRT1 activity by increasing cellular 
NAD+ levels [28]. In line with previous studies, 
our group also confirmed that both AMPK phos-
phorylation level and SIRT1 activity were elevat-
ed following RSV administration. Furthermore, 
we also demonstrated that p-ACC expression 
level, a downstream molecular of AMPK, was 
significantly increased in OVX+RSV group. But 
whether RSV activated SIRT1 before AMPK war-
ranted further study. 

In conclusion, our data provide the first evi-
dence that RSV is a potential replacement for 
estrogen, which contributes to protection 
against cardiac ischemia in OVX mice by modu-
lation of mitochondrial function, as well as reg-
ulation of SIRT1/AMPK signaling. 
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