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Previous studies have demonstrated the cardioprotective role of resveratrol (Res). However, the underlying
molecular mechanisms involved in the protective role of Res are still largely unknown. H9c2 cells were
distributed into ﬁve groups: normal condition (Control), DMSO, 20 mMRes (dissolved with DMSO), hypoxia
(Hyp), and Res?Hyp. Cell apoptosis was evaluated using ﬂow cytometry and protein analysis of cleaved
caspase 3 (cle-caspase 3). qRT-PCR assay was performed to measure the expression of microRNA-30d-5p
(miR-30d-5p). MTT assay was performed to evaluate the cell proliferation. The relationship between miR-30d5p and silent information regulator 1 (SIRT1) was conﬁrmed by luciferase reporter, RNA immunoprecipitation
(RIP), and western blot assays. Western blot was performed to analyze NF-jB/p65 and I-jBa expressions. Our
data showed that hypoxia enhanced apoptosis and NF-jB signaling pathway, which was alleviated by Res
treatment. Hypoxia increased the expression of miR-30d-5p while decreased the SIRT1expression, which was
also attenuated by Res treatment. Furthermore, miR-30d-5p depletion inhibited the proliferation, reduced
apoptosis and decreased the expression of cle-caspase 3 in H9c2 cells with hypoxia treatment. Luciferase
reporter, RIP, and western blot assays further conﬁrmed that miR-30d-5p negatively regulated the expression of
SIRT1. Interestingly, the rescue-of-function experiments further indicated that knockdown of SIRT1 attenuated
the effect of miR-30d-5p depletion on proliferation, apoptosis NF-jB signaling pathway inH9c2 cells with
hypoxia treatment. In addition, the suppression of NF-jB signaling pathway increased cell viability while
decreased cell apoptosis in hypoxia-mediatedH9c2 cells. Our data suggested Res mayprotectH9c2 cells against
hypoxia-induced apoptosis through miR-30d-5p/SIRT1/NF-jB axis.
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1. Introduction
Acute myocardial infarction (AMI) is the most common
type of acute cardiac injury (Boateng and Sanborn 2013).
Additionally, it has been suggested that apoptosis may be
responsible for a signiﬁcant amount of cardiomyocytes
death during AMI (Teringova and Tousek 2017).
Emerging evidence suggested that loss of cardiomyocytes
http://www.ias.ac.in/jbiosci

through apoptosis may be a cause of ventricular remodeling and heart failure (Abbate and Narula 2012; Moe and
Marin-Garcia 2016). Hypoxia-induced apoptosis of cardiomyocytes plays an important role in variety of cardiac
pathologies. This study was designed to shed light on the
novel regulatory mediators and its underlying mechanism,
providing new therapies for preserving myocardial function after injury.
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Resveratrol (Res), one of the polyphenols found
richly in red wine, has shown promising effects in
inhibiting proliferation and cancer progression as
well as protecting effect in cardiovascular diseases
(Bonnefont-Rousselot 2016; Ko et al. 2017). For
instance, Res activated AMP-activated protein kinase
(AMPK) and exhibited a protective effect by AMPK
phosphorylation in H2O2-treated cell death in H9c2
cells (Hwang et al. 2008). In addition, Res prevented
a reduction in cell proliferation, decreased the
amount of Lactate dehydrogenase (LDH) release,
attenuated apoptosis and decreased caspase-3 activity induced by anoxia/reoxygenation (A/R) in cardiomyocytes (Zhang et al. 2012). However, the exact
mechanism underlying pathogenesis of Res has not
been fully elucidated.
In recent years, studies have revealed that
microRNAs (miRNAs) are involved in the regulation of myocardial infarction (Boon and Dimmeler
2015). MiR-133 promoted the therapeutic efﬁcacy
of mesenchymal stem cells (MSCs) on AMI (Chen
et al. 2017). Moreover, Res effects depend at least
in part upon the modiﬁcation of the expression of a
variety of miRNAs, such as anti-inﬂammatory effect
mediated by miR-663 and pro-inﬂammatory effect
mediated by miR-155 (Fan et al. 2016; Michaille
et al. 2018; Tili and Michaille 2016). In cardiomyocytes, Res has a suppressive effect on
upregulation of miR-34a in A/R injury and the miR34a/Silent information regulator 1 (SIRT1) axis is
an important signaling pathway modulating the
protective effect of Res on cardiomyocytes in A/R
injury (Yang et al. 2016). miR-30d-5p was upregulated in acute coronary syndrome (ACS) patients
and presented a diagnostic value for early diagnosis
of AMI (Jia et al. 2016). Previous study also
demonstrated that circulating miR-30d could act as
1-year all-cause mortality in acute heart failure
(AHF) patients (Xiao et al. 2017). miR-30d regulated apoptosis of diabetic cardiomyocytes by
directly targeting Forkhead box O3 (Foxo3a) in
diabetic cardiomyopathy (Li et al. 2014; Wang
et al. 2016). Furthermore, miR-30d played critical
roles in the cross-talk between autophagy and
apoptosis of astrocytes subjected to oxygen and
glucose deprivation (OGD) by targeting Beclin1,
which may act as a novel target to attenuate cell
injury under hypoxia-ischemia condition (Zhao
et al. 2017). Nevertheless, the role of miR-30d in
cardiomyocytes exposed to hypoxia is not clear and
whether cardioprotective role of Res associated with
miR-30d-5p is rarely reported.

Thus, the aim of our study was to evaluate the
functional of miR-30d-5p and Res and their underlying
signal pathways in hypoxia myocardial injury.
2. Materials and methods
2.1 Cell lines and treatment
H9c2 cells were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). H9c2 cells
were cultured in Dulbecco’s Modiﬁed Eagle’s Medium
(DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% of fetal bovine serum (FBS, Invitrogen), 100 U/mL penicillin (Sigma, St. Louis, MO,
USA), and 100 g/mL streptomycin (Sigma), in a
humidiﬁed incubator with 95% air and 5% CO2 at
37°C. miR-30d-5p inhibitor (anti-miR-30d-5p), negative control inhibitor (anti-NC), miR-30d-5p mimic
(miR-30d-5p), negative control mimic (NC), siRNA
against SIRT1 (siSIRT1) and its scramble control
(scramble) were transfected into H9c2 cells at 80%
conﬂuence in 6-well plates. H9c2 cells transfected with
above-mentioned plasmids or oligos were then divided
into the following groups: (1) Control, in which H9c2
cells were incubated in normal conditions for additional 24 h; (2) Hypoxia (Hyp), in which H9c2 cells
were treated with previous report (Chen et al. 2009);
(3) Resveratrol (Res), in which 20 lM Res dissolved
using dimethyl sulphoxide (DMSO, Sigma) was added
to the cells’ normal growth media in normal conditions
for additional 24 h; (4) DMSO: in which DMSO (same
as the third dose) added to the cells’ normal growth
media in normal conditions for additional 24 h; (5)
Res?Hyp, in which 20 lM Res was added to the cells’
ischemic buffer, followed immediately by exposure to
hypoxia for 24 h. (6) JSH23 group, NF-jB signaling
pathway inhibitor JSH23 (Sigma; dissolved in 10 lL
with DMSO), followed immediately by exposure to
hypoxia for 24 h.
2.2 qRT-PCR assay
Total RNA was isolated from cells using Trizol
Reagent (Sigma) according to the manufacturer’s
instructions. miR-30d-5p was reversely transcribed into
complementary DNA (cDNA) using the TaqMan
Advanced microRNA reverse-transcription kit
(Biosystems, Foster, CA, USA). The expression levels
of miR-30d-5p were detected using TaqMan Universal
PCR Master Mix 2X (Biosystems). Small nuclear U6
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RNA was used as the internal control of miRNA. The
primer sequences for ampliﬁcation were as below:
miR-30d-5p
forward,
50 -GCCTGTAAACATCC
CCGAC-30 , miR-30d-5p reverse, 50 -GTGCGTGT
CGTGGAGTCG-30 ; U6 forward, 50 -CTCGCTTCGG
CAGCACA-30 , U6 reverse, 50 -AACGCTTCACGA
ATTTGCGT-30 .
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Massachusetts, MA, USA), anti-cleaved
(cell signaling technology), anti-GAPDH
naling technology), anti-NF-jB/p65 (cell
technology) and anti-I-jBa (cell
technology).
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2.6 Luciferase reporter assay
2.3 MTT assay
Cell proliferation assay was evaluated using MTT
(3- (4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide). In brief, cells in logarithmic growth phase
were seeded into 96-well plates (Invitrogen), then 0.1
mg/ml MTT (Sigma) was added to cells at 37°C for
another 4 h and then the product was resolved in
DMSO. Finally, the relative absorbance was measured
at OD490 nm by a microplate reader (Bio-Tek,
Winooski, VT, USA).

To construct luciferase reporter vectors, SIRT wild type
(SIRT-wt) or mutant type (SIRT-mut) were subcloned
downstream of the luciferase gene in the PYr-Mir Target
luciferase vector (Ambion, Austin, TX, USA). Luciferase
reporter vectors and miR-30d-5p mimic or negative control
mimic were co-transfected into H9c2 cells using lipofectamine 2000 reagent (Invitrogen). Cell were harvested at 48
h after transfection. The luciferase activity was measured
using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) according the protocols.
2.7 RNA immunoprecipitation (RIP) assay

2.4 Cell apoptosis assay
5

For apoptosis assay, cells (2 9 10 cells) were digested
by trypsin and then washed with 1 9 PBS, next, the
cells were subject to be washed with Annexin
V-binding buffer followed by incubation with 5 ll
annexin V-FITC and 5 ll propidium iodide (PI) for 15
min at room temperature without light. Cell apoptotic
rate was analyzed using a ﬂow cytometry (BD Biosciences San Jose, CA).

2.5 Western blot assay
Cells were collected and washed with 1 9 PBS, and
then were lysed using RIPA lysis buffer (YESEN,
Shanghai, China) with phenylmethanesulfonyl ﬂuoride (PMSF, Solarbio, Beijing, China). Proteins were
separated by SDS-PAGE gel and transfected into
polyvinylidene ﬂuoride membranes (PVDF, Millipore,
Billerica, MA, USA). Membranes were blocked with
5% non-fat milk for 1 h at room temperature and then
incubated with corresponding primary antibodies at
4°C overnight, then, which was incubated with secondary antibodies at room temperature for 1 h.
Membranes were treated with ECL solution and the
band intensity was measured and quantitated using
ChemiDoc Touch Imaging System (BioRad, Richmond, CA, USA). The following antibodies were used
in current study: anti-SIRT (cell signaling technology,

RIP assay was performed using the EZ-Magna RIP Kit
(Millipore) according to the manufacturer’s instruction. In
brief, H9c2 cellsat 90% conﬂuence were lysed using RIP
lysis buffer, followed by incubated with RIP buffer containing magnetic beads conjugated with anti-Ago2 antibody (Millipore) or negative control normal IgG
(Millipore). Protein was digested using proteinase K and
then immunoprecipitated RNA was isolated and subjected
to qRT-PCR analysis.
2.8 Statistical analysis
All experiments data were presented as mean ± standard deviation (SD). The statistical analyses were
evaluated by SPSS 22.0 statistical software (SPSS,
Chicago, IL, USA). The differences between groups
were calculated using Student’s t-test or one-way
analysis of variance (ANOVA). A p value less than
0.05 was considered as statistically signiﬁcant.
3. Results
3.1 Resveratrol alleviated hypoxia-induced
apoptosisand activity of NF-jBsignaling pathway
To investigate the effect of Res on hypoxia-induced
apoptosis, H9c2 cells were treated with Control, DMSO,
20 mM Res, hyp, and Res?hyp, respectively. Flow
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Figure 1. Resveratrol alleviated hypoxia-induced apoptosisand activity of NF-jBsignaling pathway. H9c2 cells were
treated with normal condition (Control), DMSO, 20 mM resveratrol (Res, dissolved with DMSO), hypoxia (Hyp), and
resveratrol?hypoxia (Res?Hyp), respectively. (A) Cell apoptosis was analyzed by ﬂow cytometry. (B) Cleaved caspase 3
(cle-caspase3) protein levels were evaluated by western blot. (C)Western blot was used to detect the protein expression of
NF-jB/p65 and I-jBa expression. *P \ 0.05.

cytometry showed that cell apoptotic rate was increased
in hypoxia group, which was attenuated by Res treatment
(ﬁgure 1A). To further explore the molecular mechanism
of apoptosis, western blot was performed to analyze
apoptosis-related protein cleaved caspase 3 (cle-caspase
3). In line with ﬂow cytometry results, cle-caspase 3 was
increased in hypoxia group, which was attenuated by Res
treatment (ﬁgure 1B). As displayed in ﬁgure 1C, the high
protein level of NF-jB/p65 and low expression of
I-jBawere observed in hypoxia group compared with
that of control group. Moreover, the introduction of Res
abated the effect of hypoxia on NF-jB signaling pathway.
3.2 The effect of resveratrol and hypoxia
on expressions of miR-30d-5p and SIRT1
Then, we analyzed the expression of miR-30d-5p and
SIRT1. Interestingly, we found that miR-30d-5p
expression was increased in hypoxia group, which was
attenuated by resveratrol treatment (ﬁgure 2A). Furthermore, SIRT1 expression was decreased in hypoxia
group, which was rescued by Res treatment (ﬁgure 2B). Those data suggested that miR-30d-5p and
SIRT1 may be involved in the regulation of Res in
apoptosis and NF-jB signaling pathway.

3.3 Downregulation of miR-30d-5p reduced
hypoxia-induced apoptosis
Based on the above results,we further explored the effect
of miR-30d-5p on hypoxia-induced apoptosis.We transfected miR-30d-5p inhibitor or its negative control into
H9c2 cells before hypoxia treatment. Hypoxia could
increase the expression of miR-30d-5p (ﬁgure 3A), which
was weakened by miR-30d-5p inhibitor transfection
(ﬁgure 3B). Downregulation of miR-30d-5p promoted
the cell proliferation and decreased apoptosis compared
with that of in Hyp?anti-NC group (ﬁgure 3C and 3D).
In line with the ﬂow cytometry results, the cle-caspase 3
expression was also reduced in Hyp?anti-miR-30d-5p
group (ﬁgure 3E).
3.4 SIRT1 was a target gene of miR-30d-5p
To further explore the molecular mechanism of miR30d-5p, we analyzed the target gene of miR-30d-5p
by Targetscan online database and the results showed
that miR-30d-5p has binding sites with 30 UTR of
SIRT1 (ﬁgure 4A). Luciferase reporter and RIP
assays conﬁrmed the relationship between them
(ﬁgure 4B and 4C). To explore the effect of miR-
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Figure 2. The effect of resveratrol and hypoxia on the expression of miR-30d-5p and SIRT1. H9c2 cells were treated as
ﬁgure 1. (A) qRT-PCR assay was performed to measure the expression of miR-30d-5p. (B) Western blot was performed to
measure the expression of SIRT1. *P \ 0.05.

Figure 3. Downregulation of miR-30d-5p reduced hypoxia-induced apoptosis. (A) miR-30d-5p expression in H9c2 cells
after hypoxia treatment. H9c2 cells transfected with miR-30d-5p inhibitor or its negative control before hypoxia treatment.
(B) qRT-PCR assay was performed to measure the expression of miR-30d-5p. (C) MTT assay was performed to evaluate the
cell proliferation. (D) Cell apoptosis was analyzed by ﬂow cytometry. (E) Western blot was performed to measure the
expression of cle-caspase 3. *P \ 0.05.

30d-5p on SIRT1 expression, we transfected miR30d-5pmimic, inhibitor, or their negative controls
into H9c2 cells. Our results demonstrated that SIRT1
expression was decreased in miR-30d-5p mimic
group, which was increased in miR-30d-5p inhibitor
group (ﬁgure 4D).

3.5 Knockdown of SIRT1 alleviatedthemiR-30d-5p
depletion-mediated inhibition of apoptosis and NFjB signaling pathway in hypoxic H9c2 cells
To further investigate whether miR-30d-5p affects the
hypoxia-induced apoptosis through regulating the
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Figure 4. SIRT1 was a target gene of miR-30d-5p. (A)The binding sites betweenmiR-30d-5p and SIRT1 was predicted by
Targets can online database and the luciferase reporter plasmids containing the wild-type (wt) or mutated (mut) SIRT1binding sites
of miR-30d-5p were established. (B) The luciferase activity was measured in H9c2 cells co-transfected with SIRT1-wt or SIRT1mut luciferase reporter and miR-30d-5pmimic, or its negative control. (C) Endogenous interaction between miR-30d-5p and
SIRT1 in H9c2 cells was conﬁrmed byRIP assay with Ago2 antibody, followed by qRT-PCR analysis of SIRT1 mRNA. (D) The
SIRT1 protein in H9c2 cells transfected with miR-30d-5pmimic, inhibitor, or their negative controls. *P \ 0.05.

expression of SIRT1, H9c2 cells were transfected with
negative control inhibitor, miR-30d-5p inhibitor, miR30d-5p inhibitor?siRNA negative control, or miR30d-5p inhibitor?siSIRT1 before hypoxia treatment.
We found that miR-30d-5p inhibitor promoted the
expression of SIRT1 (ﬁgure 5A) and cell proliferation
(ﬁgure 5B), and decreased apoptosis (ﬁgure 5C) and
expression of cle-caspase 3 (ﬁgure 5D), whereas all
those effects were attenuated by siSIRT1 transfection.
Additionally, our data also demonstrated that depletion
of miR-30d-5p blocked NF-jB signaling pathway,
which was rescued by loss of SIRT1 (ﬁgure 5E). Those
results indicated that miR-30d-5p/SIRT1 axis may be

responsible for the hypoxic-mediated apoptosis and
NF-jB signaling pathway.
3.6 The inhibition of NF-jB signaling pathway
protected H9c2 cell against hypoxia-induced
apoptosis
At last, whether NF-jB signaling pathway is correlated
with hypoxic-induced apoptosis was also determined. The
NF-jB signaling pathway inhibitor JSH23 was introduced
into H9c2 cells before hypoxic treatment. As shown in
ﬁgure 6A, we disclosed that the inhibition of NF-jB
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Figure 5. Knockdown of SIRT1 alleviated the miR-30d-5p depletion-mediated inhibition of apoptosis and NF-jB signaling
pathway in hypoxic H9c2 cells. H9c2 cells were transfected with negative control inhibitor, miR-30d-5p inhibitor, miR-30d5p inhibitor?siRNA negative control, and miR-30d-5p inhibitor?siSIRT1 before hypoxia treatment. (A) SIRT1 expression
was detected by western blot. (B) MTT assay was performed to evaluate the cell proliferation. (C) Cell apoptosis was
analyzed by ﬂow cytometry. (D) Western blot was performed to measure the expression of cle-caspase 3. (E) Western blot
was performed to evaluate the NF-jB signaling pathway. *P \ 0.05.

signaling pathway enhanced cell viability compared with
that of DMSO group. Moreover, while cell apoptosis was
also suppressed in JSH23 group compared to hyp?DMSO
group (ﬁgure 6B and 6C). Therefore, NF-jB signaling
pathway may be required for the protection of H9c2 cell
against hypoxia-induced apoptosis.
4. Discussion
Res could prevent or reverse the development of
abnormalities in heart structure and function in animal
models of heart disease and heart failure. The present
study disclosed that Res reduced hypoxia-induced
apoptosis in H9c2 cells, which was consistent with
previous study (Yang et al. 2016). MiRNAs, a class of
small noncoding RNAs, emerge as post-transcriptional
regulators, which have a key role in various cardiac
pathologies. However, whether Res affects hypoxiainduced apoptosis by interacting with miRNAs signaling pathway need to be further explored. In current
study, we found that miR-30d-5p was upregulated in
H9c2 cells after hypoxia treatment, which was

weakened by Res treatment. Moreover, we also disclosed that the cell proliferation ability was improved
and cell apoptosis was blocked in H9c2 cells transfected with miR-30d-5p inhibitor in hypoxia condition,
suggesting that miR-30d-5p may exert pro-apoptosis
role in H9c2 cells. Moreover, the NF-jB signaling
pathway also was activated by hypoxia and then
blocked by Res. Those results implicated that Res and
miR-30d-5p inhibitor may play synergistic action in
reducing hypoxia-induced apoptosis and NF-jB signaling pathwayin H9c2 cells.
Silent information regulator 1 (SIRT1) has been
reported to be involved in tumorigenesis, metastasis,
prognosis, and chemical resistant in variety of cancers
(Qiu et al. 2015; Wu et al. 2015). Importantly, SIRT1
plays important role in oxidative stress, apoptosis, and
inﬂammation under the condition of ischemia/hypoxia
(Meng et al. 2017), which could reverse cholesterol
transport and reduce risk for development of
atherosclerosis and cardiovascular disease (Ma and Li
2015). Moreover, SIRT1 plays protect role against
brain and heart ischemia (Hernandez-Jimenez et al.
2013; Hsu et al. 2010). Several studies have
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Figure 6. The inhibition of NF-jB signaling pathway protected H9c2 cell against hypoxia-induced apoptosis. H9c2 cells
were treated with an NF-jB inhibitor, JSH23 or DMSO for 24 h before hypoxia exposure. (A) MTT assay was performed to
evaluate the cell proliferation of each group. (B and C) Cell apoptosis was evaluated by ﬂow cytometry and western blot.
*P \ 0.05.

demonstrated that knockdown of SIRT1 exacerbated
the myocardial injury (Han et al. 2017; Yang et al.
2013; Yu et al. 2015). A recent study, Fu et al. disclosed that SIRT1 was negatively regulated by miR-34
and downregulation of miR-34protected myocardium
against ischemia-reperfusion (I/R)injury through regulating SIRT1 (Fu et al. 2017). Present study reported
that Res could protect cardiomyocytes from oxidative
stress through SIRT1 (Li et al. 2013). In current study,
SIRT1 was downregulated in H9c2 cells after hypoxia
treatment, which was attenuated by Res treatment. To
further explore whether miR-30d-5p affects hypoxiainduced apoptosis by regulating SIRT1, luciferase
reporter and RIP assays were performed to clarify the
relationship between them. Our results indicated that
miR-30d-5p could target SIRT1 and negatively regulate its expression. In addition, SIRT1 knockdown
rescued the effect of miR-30d-5p inhibitor on hypoxiainduced apoptosis, suggesting that miR-30d-5p could
regulate hypoxia-induced apoptosis in H9c2 cells by
targeting SIRT1. Those results demonstrated that Res
exerted protect role in H9c2 cells through miR-30d-5p/
SIRT1 axis.

Despite rapid growth of our knowledge in apoptosis
signaling pathways, the apoptotic pathways in cardiomyocytes are also have not be fully understand. As
a preformed trimeric complex (mainly consisting of the
proteins p50 and p65), nuclear factor-jB (NF-jB),
plays pro-apoptosis role and interacts with the inhibitory proteins I-jBa in the cytoplasm (QiNan et al.
2016). The elevated miR-26a expression inhibits NFjB activity in cardiac ﬁbrosis (Wei et al. 2013) and
upregulation of miR-30b enhanced cardiomyocytes
apoptosis by targeting Bcl-2 and NF-jB activity (Wei
et al. 2014). Previous study indicated that Res could
protect cardiomyocytes against A/R injury via the
TLR4/NF-jB signaling pathway (Zhang et al. 2012).
The present study disclosed that hypoxia increased the
expression of NF-jB/p65 and decreased the expression
of I-jBa, which were undermined by Res treatment. In
addition, miR-30d-5p inhibitor decreased the expression of NF-jB/p65 and increased the expression of
I-jBa, which was consistent with anti-apoptosis-mediated by miR-30d-5p inhibitor. Furthermore, knockdown of SIRT1 partly rescued the effect of miR-30d-5p
inhibitor on expression of NF-jB/p65 and I-jBa. More
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importantly, we also provided evidence that the inhibition of NF-jB signaling pathway using JSH23 was
able to decrease cell apoptosis while enhance proliferation in Hyp-treated cells. Those results showed that
resveratrol pretreatment may protect cardiomyocytes
through reducing apoptosis via miR-30d-5p/SIRT1/
NF-jB axis.
In conclusion, our study disclosed that Res reduced
the hypoxia-induced apoptosis, providing a new insight
to understand the role of Res in protecting cardiomyocytes against hypoxia injury. Moreover, a novel signaling pathway miR-30d-5p/SIRT1/NF-jB in Resmediated apoptosis was ﬁrst observed, which may
constitute a new strategy for myocardial I/R injury in
AMI. However, our study only explored the role and
molecular mechanism of Res in vitro, which need to be
further explored in vivo.
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