
ORIGINAL ARTICLE

Resveratrol pretreatment alleviates myocardial ischemia/reperfusion
injury by inhibiting STIM1-mediated intracellular
calcium accumulation
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Abstract
Previous studies have shown that stromal interaction molecule1 (STIM1)-mediated store-operated Ca2+ entry (SOCE) contrib-
utes to intracellular Ca2+ accumulation in H9C2 cells subjected to hypoxia/reoxygenation(H/R) injury. The aim of
the present study was to investigate the effect of resveratrol on STIM1-mediated intracellular Ca2+ accumulation and
subsequent cell death in the context of myocardial ischemia/reperfusion (I/R) injury. C57 BL/6 mice were fed with
either saline or resveratrol (50 mg/kg daily for 2 weeks) and then subjected to myocardial I/R injury. TTC/Evans
Blue staining and TUNEL assay were performed to quantify the infarct size and apoptosis index. The cardiac
function was evaluated by echocardiography. Neonatal rat ventricular cardiomyocytes (NRVCs) underwent hypoxia/
reoxygenation (H/R) to establish the in vitro model. To achieve over-expression, NRVCs were transfected with
STIM1-adenovirus vector. Apoptosis was analyzed by TUNEL assay. Cell viability was measured using MTS assay
and cell necrosis was determined by LDH release assay. Intracellular Ca2+ concentration was detected by laser
scanning confocal microscopy using a Fluo-3AM probe. Resveratrol significantly reduced apoptosis, decreased
infarct size, and improved cardiac function in mice subjected to myocardial I/R injury. In NRVCs, resveratrol also
downregulated STIM1 expression accompanied by decreased intracellular Ca2+ accumulation elicited by H/R injury.
In addition, resveratrol reduced cell apoptosis, upregulated the Bcl-2, decreased Bax, and cleaved caspase-3 expres-
sion. Furthermore, the effects of resveratrol on STIM1-mediated intracellular Ca2+ accumulation, apoptotic proteins,
and H/R-induced cell injury were exacerbated by STIM1 over-expression and were partly abolished by SOCE
inhibitor SKF96365 in NRVCs in vitro. Our findings demonstrate that resveratrol exerts anti-apoptotic activity and
improves cardiac functional recovery following myocardial I/R by inhibiting STIM1-induced intracellular Ca2+

accumulation.
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Abbreviations
AAR Area at risk
PCI Percutaneous coronary intervention
NCX Na+-Ca2+ exchanger
ACS Acute coronary syndrome
AMI Acute myocardial infarction
STEMI ST segment elevation myocardial infarction
SOCE Store-operated calcium channels
STIM stromal interaction molecule
RSV Trans-3,4′,5-trihydroxystilbene
I/R Ischemia/reperfusion
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum

Introduction

Acute myocardial infraction (AMI) is a common disease as-
sociated with death and disability worldwide. After the onset
of acute myocardial infraction, the most effective therapy for
reducing myocardial ischemic injury and limiting infraction
size is timely myocardial reperfusion including percutaneous
coronary intervention therapy. Nevertheless, reperfusion ther-
apy itself can cause unexpected myocardial damage and dys-
function including ventricular arrhythmia, myocardial stun-
ning, and microvascular obstruction, which is also known as
myocardial ischemia reperfusion (I/R) injury. Even though the
substantial processes of myocardial I/R injury have been con-
sistently investigated, there are still no effective therapies for
preventing myocardial reperfusion injury in clinical practice
[1]. Therefore, it is absolutely essential to explore underlying
mechanisms and effective strategies for preventing and reduc-
ing myocardial I/R injury.

As an important second messenger, calcium (Ca2+) is in-
volved in the signaling networks that modulate pathological
conditions, in addition to myocardial contraction.
Experimental studies have shown that Ca2+ overload is a cru-
cial modulator of mitochondrial dysfunction and cardiomyo-
cyte apoptosis in the process of myocardial I/R injury [2–5].
Over the past decades, both the Na+/H+ exchanger (NHE) and
the Na+-Ca2+ exchanger (NCX) have been considered respon-
sible for the sustained rise of intracellular Ca2+ in the ischemia
stage [4, 5]. In the subsequent reperfusion stage, reactive ox-
ygen species (ROS) is produced to mediate dysfunction of the
endoplasmic reticulum (ER) and cytomembrane by inducing
the opening of mitochondrial permeability transition pore
(mPTP). mPTP is an unselective channel, whose opening
can activate apoptosis of protein caspases, Bcl-2, and Bax,
finally leading to cell death [2].

Recent studies have suggested that store-operated calcium
channels (SOCE) also account for the influx of extracellular
calcium in several excitable cells , including the
cardiomyocytes [6]. Both stromal interaction molecule

(STIM) and Orai1 protein have been identified as the core
components of SOCE. Decreased Ca2+ concentration in ER
activates SOCE that promotes Ca2+ influx, followed by a
sustained raise in cytosolic Ca2+ concentration and subsequent
activation of numerous signal transduction pathways [6].
STIM1 is the predominant isoform of the STIM family. In
our previous study, we have found that STIM1 significantly
increases in the transcript and translation level after myocar-
dial I/R injury in vivo and H/R in vitro. We have further
demonstrated that suppression of STIM1 reduced intracellular
calcium concentration and attenuated hypoxia-reoxygenation-
induced apoptosis in H9C2 cells, providing a new perspective
on the STIM1-mediated calcium overload in the myocardial I/
R injury [7].

Resveratrol (trans-3,4′,5-trihydroxystilbene (RSV)) is an
anti-inflammatory antioxidant and anti-apoptotic polyphenol
found in grapes, berries, and other plants [8]. Several studies
have reported that resveratrol confers beneficial effects on
cardiovascular disease, containing the myocardial I/R injury
[9–11]. Previous studies have suggested that resveratrol can
significantly attenuate the intercellular Ca2+ level and reduce
the myocardial apoptosis and myocardial infarct size [12].
Moreover, several studies have reported opposite effects of
resveratrol on STIM1 expression in different types of cells
[13–15]. Thus, the effect of resveratrol on STIM1 expression
in cardiomyocytes and subsequent Ca2+ concentration as well
as their role in myocardial I/R injury remains unknown. The
present study was designed to investigate the effects of res-
veratrol on STIM1-induced Ca2+ influx in the context of myo-
cardial I/R injury.

Materials and methods

Animals

Adult male C57 BL/6 mice (10–12 weeks old; 26–30 g) were
obtained from the animal center of Southern Medical
University. All experiments were performed in accordance
with the Guidelines for the Care and Use of Laboratory
Animals (National Institutes of Health publication, No. 86-
23, revised 1996) and were approved by the Bioethics
Committee of the Anhui Medical University. The animals
were purchased and housed in a temperature-controlled envi-
ronment with 12-h light/dark cycles. They were given free
access to food and water.

Myocardial I/R injury model

Murine myocardial I/R injury model was established as pre-
viously described [7, 16, 17]. Briefly, after an adequate anes-
thesia attained by intraperitoneal injection of 5% chloral hy-
drate (0.01 mL/g), mice were fixed in the supine position with
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a thermostatic tape. The upper thorax region was shaved and
the tongue was retracted. Then, a 24-gauge i.v. catheter was
inserted into the trachea. The catheter was subsequently
connected to a small animal ventilator (HX-101E,
Techman Soft Co., Ltd., Chengdu, China) via the Y-
shaped connector. Mice were ventilated with a tidal vol-
ume of 2.0 to 2.5 mL and their respiratory rate was 120
breaths per minute. To properly expose the heart, a left
thoracotomy was performed by separating the fourth and
fifth intercostal spaces. To establish the I/R model, the
left descending artery (LAD) was occluded using an 8–
0 silk suture tied transiently over PE-10 tubing for
30 min. Successful ischemia was visually confirmed
by rapid myocardial blanching as well as ST segment
elevation on continuous electrocardiography (ECG).
After 120-min reperfusion, the knot on the PE-10 tubing
was cut. Reperfusion was determined by recovery of the
elevated ST segment on surface ECG. Sham-operated
mice underwent the same surgical procedures with the
exception of LAD occlusion.

Measurement of myocardial infarct size

2,3,5-Triphenyltetrazolium chloride (Sigma-Aldrich, St.
Louis, MO, USA) and Evans blue (Sigma-Aldrich, St.
Louis, MO, USA) dye were applied for the measure-
ment of myocardial infract size (IS) as previously de-
scribed [7, 16]. Briefly, at the end of reperfusion, the
knot was re-tied and 2 mL 2% Evans blue was injected
through right jugular vein. Next, the whole heart was
immediately removed and gently washed with PBS in
order to get rid of residual blood. Subsequently, the
heart was cut into cross-sectional pieces and immersed
into 1% TTC solution until the pieces became red
which were then fixed in 10% formaldehyde for
12 min. Generally, the area stained with Evans blue
represented the non-I/R myocardium, whereas the un-
stained area was the I/R myocardium, or area at risk
(AAR). Within the AAR, I/R but viable myocardium
was stained brick red by TTC, whereas dead myocardi-
um (infarct) was white. The IS was calculated as IS/
AAR (%). Images were captured using a camera and
the area of the infarcted myocardium was analyzed with
ImageJ software.

Echocardiography

Cardiac function was evaluated by non-invasive transthoracic
echocardiography using a Visual Sonics Vevo 770 system
with a RMV707B probe (Visual Sonics, France) 7 days after
surgery [16].Mice were anesthetized using 2% isoflurane, and
the left chest was denuded. M-mode echocardiographic views
of the mid-ventricular short axis were obtained at the level of

the papillary muscle tips below the mitral valve. The left ven-
tricular end-diastolic (Did) and systolic (Dis) diameter and
end-diastolic (Vid) and systolic (Vis) dimension were mea-
sured. Left ventricular fractional shortening (LVFS) and ejec-
tion fraction (EF) were calculated as follows: LVFS% = (Did
−Dis) × 100/Did EF%= (Vid −Vis) × 100/Vid

Isolation of neonatal rat ventricular cardiomyocytes

Neonatal rat ventricular cardiomyocytes (NRVCs) were iso-
lated from the whole heart of Sprague–Dawley rats
using a modified protocol as described in our previous
study [18]. In brief, the heart was rinsed with D-Hank’s
(Hyclone, China) solution to remove blood and was
immersed into 0.25% trypsin solution for 10 min at
37 °C for preliminary digestion. Next, digestion was
terminated by adding Dulbecco’s modified Eagle’s me-
dium (Hyclone, China) containing 10% fetal bovine se-
rum (Hyclone, China) at 37 °C for 5 min. Then, the
heart underwent subsequent digestion with 0.1% type
II collagenase at 37 °C for 5 min several times until
there were no visible tissues left. Finally, cells were re-
suspended in DMEM supplemented with 10% FBS and
antibiotics. To remove myocardial fibroblasts, the differ-
ential adhesion method and bromodeoxyuridine (BrdU,
1 mM, Sigma, USA) were applied for the first 24 h.

Cardiomyocyte H/R injury model

NRVCs were randomly divided into three groups: (1) Control
group NRVCs were incubated with 5%CO2 and 95% air
in regular culture medium for experimental period. (2)
H/R group NRVCs were exposed to hypoxia by trans-
ferring the culture plates to a humidified incubation
chamber (37 °C, 5%CO2, and 95%N2). After hypoxia
for 3 h, NRVCs were switched to standard condition
with 5%CO2 and 95% air for reoxygenation for 3 h.
(3) H/R + resveratrol group NRVCs were pretreated
with resveratrol (Sigma-Aldrich, St. Louis, MO, USA)
at a final concentration of 10, 30, and 50 μmol to the
culture medium 24 h before hypoxia and then
underwent H/R procedure same as the H/R group.

Cell transfection

STIM1 over-expression recombinant adenovirus (Ad-STIM1)
and empty carrier recombinant adenovirus (Ad-control) were
produced from Shanghai ALLABio. NRVCs were transfected
with GFP-STIM1 by adenovirus as described by the manufac-
turer. After 48 h of transfection, NRVCs were washed by PBS
for three times and images were collected using a MRC1024-
krypton/argon laser scanning confocal equipped with a Zeiss
LSM 510 Meta photomicroscope.
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TUNEL staining

Apoptosis was analyzed using TUNEL (Invitrogen) assay ac-
cording to the manufacturer’s instructions [7, 16]. Apoptotic
nucleuses were visualized with light microscopy or fluores-
cent microscopy. The TUNEL-stained cell (%) was calculated
according to the distribution of myocardial cells under micros-
copy (× 100). Five random fields were chosen in each section,
and 200 cells were counted in each field, after which the
average percentage of the apoptotic cell was calculated as
the apoptotic index.

Cell viability measurement

Cell viability was measured by the MTS assay kit
(Promega, Beijing, China) according to the manufac-
ture’s instruction. NRVCs were seeded in 96-well plates
at a density of 1 × 104 cells per well and were
pretreated with different concentrations of resveratrol
(0, 10, 30, 50 μM). After 24-h treatment, 10 μL MTS
solution was added to each well of a 96-well plate and
incubated for 2 h at 37 °C. The optical density value
was measured at an absorption wavelength of 490 nm.

LDH detection

Cells (1 × 104/well) were seeded in 96-well plates and treated
with resveratrol for 24 h. Lactate dehydrogenase (LDH) is a
cytoplasmic enzyme released by dying cells. LDH was deter-
mined by a cytotoxicity assay kit (Beyotime, Shanghai,
China) according to the manufacturer’s protocol [18]. The
optical density was spectrophotometrically measured at
490 nm on a microplate reader (ELx800; Bio-Tek,
Winooski, VT). The percentage of specific lysis was calculat-
ed as [(experimental release-spontaneous release)/(maximum
release − spontaneous release)] × 100.

Measurement of intracellular Ca2+ concentration

Fluo-3AM (Beyotime, Shanghai, China) is a fluorescent dye that
can penetrate the cell membrane. After entering the cell, it can be
cut by esterase into Fluo-3 to combine with Ca2+. For measuring
the cytosolic [Ca2+], the cell-culture medium was removed and
the cells were washed once with modified Krebs solution
(135 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 11.6 mM
HEPES, 11.5 mM glucose, and 1.5 mM CaCl2). Cells were
loaded with Fluo-3AM (5 μM) for 30 min at room temperature
in modified Krebs solution. The cells were then washed with the
same solution and incubated for 30 min in the absence of Fluo-
3AM.

Western blot

Samples were obtained from NRVCs or mouse hearts. Protein
concentrations were measured via the BCA method
(Thermo Fisher), and equal amounts of protein were
resolved via SDS/PAGE and transferred to PVDF mem-
branes (Millipore). After blocking in 5% non-fat milk at
room temperature for 2 h, membranes were incubated
with the following primary antibodies overnight at
4 °C: STIM1, β-actin, Bcl-2, Bax, and cleaved
caspase-3 (all from Cell Signaling Technology). All di-
lutions were 1:1000. After incubation for 2 h at room
temperature with secondary antibodies (Boster), the
bands were visualized using enhanced chemilumines-
cence (Millipore). The blots were quantified by densi-
tometry using ImageJ software (Media Cybernetic) and
the relative protein expression was compared with β-
actin.

Statistical analyses

All measurements are expressed as the mean ± SEM. The
differences between groups were analyzed with one-way
ANOVA followed by Student-Newman-Keuls post hoc anal-
ysis for pair-wise comparisons. P < 0.05 was considered sta-
tistically significant.

Results

Resveratrol improves cardiac function
and downregulates STIM1 expression

Administration of resveratrol at a dosage of 50 mg/kg showed
the most obvious apoptosis-inhibiting effect. Thus, to
explore the effect of resveratrol on the cardiac function,
mice were pretreated with resveratrol at this dose and
then subjected to Doppler echocardiography 7 days after
surgical procedure (n = 10 in each group). The represen-
tative echocardiographic figures are shown in Fig. 1a .
We found that both LVFS and EF were significantly
lower in the I/R group compared with the sham group
and would dramatically improve following the resvera-
trol pretreatment (Fig. 1b and c).

To determine the effect of resveratrol on the extent of myo-
cardial I/R injury, myocardial infarct size was analyzed using
TTC/Evans blue dye 24 h after surgical procedure. The represen-
tative mid-ventricular cross-sections are shown in Fig. 1d (n = 10
in each group). IS in the I/R + RVS group was significantly
reduced compared with the I/R group (Fig. 1e). There were no
significant differences in AAR/LV among the groups (Fig.
1f).The results showed that I/R injury led to a dramatic increase
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in IS compared with the Sham group, suggesting the successful
attainment of the in vivo myocardial I/R injury model.

To evaluate the effect of resveratrol on the apoptosis elicit-
ed by myocardial I/R injury, myocardial apoptosis was ana-
lyzed using TUNEL assay 24 h after the I/R procedure. The
representative figure of TUNEL-positive cells in the myocar-
dial slices from mice is displayed in Fig. 1g. The obtained
results showed that the apoptotic index in the myocardial I/R
injury group was obviously higher than that in the Sham op-
eration group, suggesting the successful attainment of the
in vivo myocardial I/R injury model. In addition, resveratrol
pretreatment at a dose level of 50 mg/kg significantly alleviate
myocardial apoptosis assessed by TUNEL (Fig. 1g, n = 10 in
each group), suggesting that resveratrol pretreatment could

significantly reduce myocardial infarct size and apoptosis in
mice underwent I/R injury.

Effects of resveratrol on STIM1 and apoptosis-related
protein expression

Since Bcl-2, Bax, and caspase-3 protein may have an active
role in the process of apoptosis, expression of these proteins
was measured by western blot. As shown in Fig. 2a , myocar-
dial I/R injury led to a significant decrease in Bcl-2 and in-
crease in Bax expression. Resveratrol pretreatment at a dose of
50 mg/kg significantly upregulated the Bcl-2 level and down-
regulated the Bax expression. Besides, cleaved caspase-3 was
obviously increased after myocardial I /R injury.

Fig. 1 Resveratrol reduced myocardial infarct size and improved cardiac
function in I/R mice. Resveratrol improved cardiac function and down-
regulated STIM1 expression. aRepresentative echocardiograms obtained
from each group. EF (b) and LVFS (c) were measured by M-mode echo-
cardiography (n = 10 in each group). *P < 0.01 compared with the sham
group, #P < 0.05 compared with the I/R group. d Representative TTC–

Evans Blue stained sections of hearts from each group. Brick red–stained
area represents viable myocardium, whereas the unstained (white) area
represents infarcted myocardium. e The ratio of AAR/LVand f IS/AAR. g
Effects of Rsv (50 mg/kg) on cardiomyocyte apoptosis in mice subjected
to I/R were also evaluated.*P < 0.05 compared with the control group,
#P < 0.05 compared with the I/R group
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Administration of resveratrol dramatically inhibited cleaved
caspase-3 expression elicited by the I/R injury. The above data
revealed that resveratrol significantly improves cardiac func-
tion and downregulates STIM1 and pro-apoptotic protein
expression.

Resveratrol alleviates H/R-induced cell injury
in NRVCs

To establish the in vitro hypoxia/reoxygenation (H/R) injury
model, NRVCs underwent hypoxia for 180 min followed by
reoxygenation for another 180 min. The validity of the H/R
model was evaluated by cell viability and LDH release. Results
showed that the cell viability measured by the MTS assay in the
H/R injury group was significantly lower compared with that in
the control group (Fig. 3a). Furthermore, resveratrol pretreatment
rescued cell viability in a dose-dependent manner. Resveratrol
pretreatment at a dose level of 50 μmol/L had the most signifi-
cant effect (Fig. 3a). In contrast, cell necrosis measured by LDH
release in the H/R injury group was significantly higher than that
in the control group (Fig. 3b). Similarly, resveratrol pretreatment
reduced LDH release in a dose-dependent manner. Resveratrol
pretreatment at a dose level of 50 μmol/L had the most signifi-
cant effect in reducing LDH release elicited by H/R injury (Fig.
3b).

Resveratrol downregulates STIM1 and apoptotic
protein expression and reduces intracellular Ca2+

accumulation in NRVCs suffering from H/R injury

STIM1 levels were significantly higher in the H/R group than
in the control group. Administration of resveratrol led to
downregulation of STIM1 expression in a dose-dependent

manner. Resveratrol pretreatment at the dosage of
50 μmol/L had the most significant effect on downregulating
STIM1 expression induced by the H/R injury (Fig. 3c).

Similarly as the in vivo study, H/R injury also led to an obvi-
ous decrease in Bcl-2 and increase in Bax expression.
Resveratrol upregulated Bcl-2 and downregulated Bax expres-
sion. However, only pretreatment at the dose of 50 μmol/L had
the significant effect on Bcl-2 and Bax expressions (Fig. 3c).

In addition, cleaved caspase-3 was obviously elevated after
cell H/R injury. Administration of resveratrol at 30 μmol/L
and 50 μmol/L dramatically inhibited cleaved caspase-3 level
elicited by the H/R injury. The above data revealed that res-
veratrol significantly alleviates cell injury and downregulates
STIM1 and pro-apoptotic protein expression in NRVCs.
Administration of resveratrol at the dose of 50 μmol/L had
the most significant protective effect.

Since STIM1 could mediate Ca2+ influx, we also measured
intracellular Ca2+ level to confirm whether resveratrol pre-
treatment could reduce Ca2+ accumulation in the setting of
cell H/R injury. As shown in Fig. 3d , intracellular Ca2+ level
significantly increased as measured by Fluo-3AM probe. As
expected, resveratrol pretreatment (50 μmol/L) obviously re-
duced intracellular Ca2+ accumulation. However, it remained
uncertain whether resveratrol could directly inhibit STIM1-
mediated Ca2+ influx.

STIM1 over-expression exacerbated apoptosis
and induces intracellular Ca2+ accumulation
and apoptotic protein expression in NRVCs suffering
from H/R injury

To demonstrate that resveratrol directly regulates STIM1-
mediated Ca2+ influx, NRVCs were transfected with Ad-

Fig. 2 Effects of resveratrol on STIM1 and apoptosis-related protein expression. a Western blot of STIM1, Bcl2, Bax, and cleaved caspase-3 in each
group. *P < 0.05 compared with the control, #P < 0.05 compared with the I/R group
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STIM1 to establish STIM1 over-expression which then
underwent H/R injury. Transfection efficacy was determined
by both fluoroscopy and Western blot (Fig. 4a). As illustrated
in Fig. 4b , resveratrol pretreatment at a dosage of 50 μmol/L
markedly alleviated apoptosis and necrosis in NRVCs that
suffered from H/R injury. The protective effect of resveratrol

pretreatment was partly eliminated by STIM1 over-expression
as evidenced by augmented TUNEL-positive cell, impaired
cell viability, and increased LDH release (Fig. 4b–d). In addi-
tion, the intracellular Ca2+ level assessed by Fluo-3AM in the
H/R injury group was also significantly higher than that in the
control group. Resveratrol pretreatment obviously reduced

Fig. 3 Resveratrol alleviated H/R-induced cell injury in NRVCs. a
Effects of different doses of resveratrol (10, 30, and 50 μM) on cell
viability determined by MTS assay in cultured NRVCs.*P < 0.05 com-
pared with the control group, #P < 0.05 compared with the H/R group. b
Effects of different doses of resveratrol (10, 30, and 50 μM) cell necrosis
determined by LDH release assay in cultured NRVCs. *P < 0.05 com-
pared with the control group, #P < 0.05 compared with the H/R group. c

Western blot of STIM1, Bcl2, Bax, and cleaved caspase-3 in the different
dose group. *P < 0.05 compared with the control, #P < 0.05 compared
with the H/R group. d Intensity of Ca2+ fluorescence marked by Fluo-
3AM probe under fluorescence microscope significantly decreased after
resveratrol treatment. *P < 0.05 compared with the control, #P < 0.05
compared with the H/R group
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intracellular Ca2+ accumulation. STIM1 over-expression
before the H/R procedure significantly decreased intra-
cellular Ca2+ concentration compared with the cells that
were pretreated with resveratrol alone (Fig. 4e).

Furthermore, over-expression of STIM1 by adenovirus
transfection resulted in a noticeable decrease in Bcl-2
and increase in Bax compared with that of the resvera-
trol group. Cleaved caspase-3 significantly decreased in

Fig. 4 STIM1 over-expression
exacerbated apoptosis and in-
duced intracellular Ca2+ accumu-
lation and apoptotic protein ex-
pression in NRVCs suffering
from H/R injury. a Infective effi-
ciency in NRVCs after 48-h in-
fection, over-expression of
STIM1 was proven. b
Representative TUNEL staining
of NRVCs transfected with ade-
novirus. *P < 0.05 compared with
the control, #P < 0.05 compared
with the I/R group, and %P < 0.05
compared with the resveratrol +
H/R group. The protective effect
of resveratrol pretreatment could
be partly abolished by STIM1
over-expression as evidenced by
impaired cell viability and in-
creased LDH release (c and d). e
Intensity of Ca2+ fluorescence
marked by Fluo-3AM probe un-
der fluorescence microscope was
significantly enhanced after
STIM1 transfection. f Western
blot of STIM1, Bcl-2, Bax, and
cleaved caspase-3 in STIM1 over-
expressed NRVCs pretreated with
resveratrol.*P < 0.05 compared
with the control, #P < 0.05 com-
pared with the H/R group, and
%P < 0.05 compared with the res-
veratrol + H/R group
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NRVCs pretreated with resveratrol, and this effect was
partly blocked by STIM1 over-expression.

Effects of STIM1 over-expression on apoptosis,
intracellular Ca2+ accumulation, and apoptotic
protein expression are partly abolished by the SOCE
inhibitor

SKF96365 has been reported to selectively inhibit the SOCE-
mediated Ca2+ entry. To further confirm that resveratrol direct-
ly regulates STIM1-mediated Ca2+ influx, NRVCs were treat-
ed with SKF96365 (5 μmol/L) to block STIM1-mediated
SOCE before adenovirus transfection and the H/R procedure.
As shown in Fig. 5 a, the intracellular Ca2+ level of NRVCs
after H/R injury significantly decreased when treated with
SKF96365. In addition, cell apoptosis induced by the H/R
injury was distinctly reduced when treated with SKF96365.
Furthermore, SOCE inhibition by SKF96365 pretreatment re-
sulted in a visible increase in Bcl-2 and decrease in Bax com-
pared with STIM1 over-expression plus the resveratrol pre-
treatment group. Cleaved caspase-3 was significantly in-
creased in pretreated NRVCs transfected with Ad-STIM1
and treatment with resveratrol. This harmful effect of STIM1
over-expression was partly relieved by SKF96365
pretreatment.

Discussion

The present study found that resveratrol alleviated myocardial
I/R injury in a murine model as evidenced by the obviously
limited infarct size, decreased apoptotic index, and preserved
cardiac function. Meanwhile, we found that resveratrol signif-
icantly downregulated STIM1 expression. To further explore
whether resveratrol alleviated I/R injury through inhibiting
STIM1-mediated Ca2+ influx, we performed an in vitro study
in a simulated H/R injury model using NRVCs. The results
showed that resveratrol attenuated H/R-induced cell injury of
NRVCs by inhibiting STIM1 expression and subsequent Ca2+

entry, thereby altering the expression levels of apoptosis-
related proteins including Bcl-2, Bax, and caspase-3. These
results revealed the novel therapeutic mechanism of resvera-
trol for protection against the myocardial I/R injury.

Numerous studies have provided convincing evidence that
resveratrol exerts beneficial effects on several cardiovascular
diseases including hypertension, atherosclerosis, arrhythmia,
diabetic cardiomyopathy, heart failure, and myocardial I/R
injury [11]. For instance, Liao et al. have demonstrated that
long-term oral resveratrol intake significantly improves left
ventricular function and reduces the infarction size by down-
regulating voltage-dependent anion channel 1 (VDAC1) ex-
pression and preventing mitochondrial permeability transition
pore opening, which can eventually lead to myocardial

apoptosis [19]. In addition, Yang et al. reported that resveratrol
attenuated myocardial I/R injury via activating antioxidant
signaling pathway [10]. Similarly, the present study revealed
that resveratrol significantly improved left ventricular function
and decreased infarct size. It has been reported by Selvaraj that
resveratrol treatment decreases STIM1 expression in a time-
dependent manner and reduces ER calcium storage and store-
operated calcium entry (SOCE) in prostate cancer cells [15].
As far as we know, the interaction between resveratrol and
STIM1-mediated SOCE in the context of myocardial I/R in-
jury has not yet been elucidated. Thus, we performed a sub-
sequent study to investigate whether resveratrol exerted
cardioprotective effect by regulating STIM1-mediated SOCE.

Calcium overload has been widely considered as one of
major mechanisms responsible for the pathogenesis of the
myocardial I/R injury [20]. In general, strategies that inhibit
Ca2+ influx or alleviate Ca2+ overload have been shown to
partially relieve the myocardial I/R injury [2, 4, 21]. Recent
studies have revealed that SOCE also accounts for Ca2+ entry
in the cardiomyocytes [22–24]. In response to initial Ca2+

release from endoplasmic reticulum (ER), SOCE promotes
the Ca2+ influx and leads to a sustained raise of intracellular
Ca2+ concentrations [25, 26]. It has been demonstrated that
STIM1 is one of the key mediators of SOCE [9, 13, 27, 28].
Our recent work has revealed that suppression of STIM1 re-
duces intracellular Ca2+ level and attenuates H/R-induced ap-
optosis in H9C2 cells [7]. Thus, manipulating STIM1-
mediated SOCE in the setting of myocardial I/R injury might
also confer cardioprotective effect. In the present study, we
found that STIM1 expression was significantly upregulated
and intracellular Ca2+ concentration was obviously elevated
in NRVCs that underwent H/R injury. Furthermore, resvera-
trol treatment at different levels before H/R procedure dramat-
ically alleviated cell injury in a dose-dependent manner.
Additionally, we found that resveratrol pretreatment at
50 μmol/L markedly downregulated STIM1 expression and
deceased intracellular Ca2+ accumulation. Besides, STIM1
over-expression achieved by adenovirus vector transfection
significantly elevated intracellular Ca2+ level simultaneously
with increased STIM1 expression in NVRCs in the context of
H/R injury. This effect was in part canceled by the blockade of
SOCE with the specific inhibitor SKF96365. Generally, the
above data suggested that resveratrol downregulated STIM1
expression and SOCE-mediated Ca2+ accumulation in
NRVCs under the condition of H/R injury.

Programmed cell death, including apoptosis, has been con-
firmed to remarkably contribute to the loss of cardiomyocytes
in the pathogenesis of myocardial I/R injury [22]. Several
apoptotic proteins, including Bcl-2, Bax, and caspase-3, are
thought to have a major role in the determination of cell sur-
vival or death after apoptotic stimuli. Their expression levels
in NRVCs were measured to determine the mechanism
through which resveratrol decreases cell injury. Thus, we
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Fig. 5 Effects of STIM1 over-expression on apoptosis, intracellular Ca2+

accumulation, and apoptotic protein expression were partly abolished by
the SOCE inhibitor. a Representative pictures of the intensity of Ca2+

fluorescence marked by Fluo-3AM probe under fluorescence micro-
scope. b NRVCs were treated with SKF96365 before adenovirus trans-
fection and the H/R procedure. SKF96265 could relieve the harmful

effect of STIM1 over-expression. c The Western blot of Bcl-2, Bax, and
cleaved caspase-3. *P < 0.05 compared with the control, #P < 0.05 com-
paredwith the H/R group, %P < 0.05 comparedwith the resveratrol + H/R
group, and **P < 0.05 compared with the resveratrol + H/R + Ad-STIM1
group
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measured apoptosis and apoptotic proteins in NRVCs that
underwent H/R injury to further elucidate the protective effect
of resveratrol. The results showed that resveratrol obviously
reduced apoptosis in NRVCs caused byH/R injury as assessed
by TUNEL. Meanwhile, we found that resveratrol significant-
ly upregulated Bcl-2 and downregulated Bax and cleaved
caspase-3 expression in NRVCs. Additionally, NRVCs
transfected with STIM1-specific adenovirus vector exhibited
increased apoptosis despite resveratrol pretreatment.
Furthermore, STIM1 over-expression led to decreased Bcl-2
and increased Bax and cleaved caspase-3 in NRVCs after
resveratrol treatment and H/R injury. As expected, the aug-
mented apoptosis of NRVCs resulting from STIM1 over-
expression was markedly reversed by co-administration with
SOCE inhibitor SKF96365. Finally, Bcl-2 level was lower,
Bax and cleaved caspase-3 were higher in NRVCs compared
with those treated without SOCE inhibitor. Therefore, the
above data suggested that inhibiting STIM1-mediated Ca2+

accumulation and subsequent apoptosis of NRVCs might be
the possible mechanism through which resveratrol exerted
cardioprotective effects during H/R injury.

There are some limitations in the present study. First, the
interaction between resveratrol and STIM1 was investigated
in cultured NRVCs using an in vitro cellular model, which
may not exactly behave as cardiomyocytes of the adult heart
in vivo. For another, cell injury was measured only after re-
oxygenation. Thus, hypoxia-induced cell injury might partly
account for cell viability and LDH release assay. Therefore,
further studies on the effect of resveratrol on STIM1-mediated
SOCE and Ca2+ influx in the case of myocardial I/R injury in
an in vivo animal model are warranted.
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