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MicroRNA‑21 mediates the protective effects of salidroside
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Abstract. Myocardial ischemia‑reperfusion (I/R) injury is the
oxidative stress and inflammatory response that occurs when a
tissue is reperfused following a prolonged period of ischemic
injury. Growing evidence has demonstrated that microRNAs
(miRs) are essential in the development of myocardial I/R
injury. Salidroside, a phenylpropanoid glycoside isolated
from a traditional Chinese medicinal plant, Rhodiola rosea,
possesses multiple pharmacological functions and protects
against myocardial I/R injury in vitro and in vivo. However,
the role of miRs in the cardioprotective effects of salidroside against myocardial I/R injury has not been studied, to
the best of our knowledge. In the present study, the role of
miR21 in the underlying mechanism of salidroside‑induced
protection against oxidative stress and inflammatory injuries
in hypoxia/reoxygenation (H/R)‑treated H9c2 cardiomyocytes
was determined. The cell viability was assessed with an
MTT assay. Lactate dehydrogenase (LDH) release, caspase‑3
activity, malondialdehyde (MDA) level, superoxide dismutase
(SOD) and glutathione peroxidase (GSH‑Px) activities were
determined by commercial kits. Cell apoptosis was measured
by flow cytometry. Intracellular reactive oxygen species
(ROS) generation was monitored by DCFH‑DA. The miR‑21
level was quantified by reverse transcription‑quantitative
(RT‑q)PCR. The interleukin (IL)‑6, IL‑1β and tumor necrosis
factor (TNF)‑ α levels were measured by RT‑qPCR and
ELISA. The results showed that salidroside pretreatment
significantly increased cell viability and decreased the release
of LDH, accompanied by an increase in miR‑21 expression
in H/R‑treated H9c2 cells and a miR‑21 inhibitor reversed
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these effects. In addition, the miR‑21 inhibitor also abrogated
the inhibition of salidroside on H/R‑induced increases in
apoptosis and caspase‑3 activity in H9c2 cells. Salidroside
mitigated H/R‑induced oxidative stress as illustrated by
the downregulation of ROS generation and MDA level and
increased the activities of the antioxidant enzymes, SOD and
GSH‑Px, all of which were abrogated in cells transfected
with the miR‑21 inhibitor. Salidroside induced a decrease in
the expression and levels of the pro‑inflammatory cytokines,
IL‑6, IL‑1β and TNF‑α, which were prevented by the miR‑21
inhibitor. Together, these results provide evidence of the beneficial effects of salidroside against myocardial I/R injury by
reducing myocardial oxidative stress and inflammation which
are enhanced by increasing miR‑21 expression.
Introduction
Myocardial ischemia/reperfusion (I/R) injury exacerbates
tissue injuries during reperfusion following prolonged
myocardial ischemia and is a significant clinical problem
associated with procedures such as angioplasty, thrombolysis
and coronary bypass surgery (1‑3). The underlying mechanism
of myocardial I/R injury is complicated and unclear, and
this may be associated with a number of factors, including
overproduction of reactive oxygen species (ROS), apoptosis,
mitochondrial dysfunction, intracellular calcium overload and
inflammation (4‑6). Although an emerging number of innovative approaches to protect cardiac tissue against myocardial
I/R injury are under preclinical and clinical investigation; at
present, there are no effective therapeutic strategies to reduce
or protect against I/R injury (7,8). Therefore, compounds with
antioxidant or anti‑inflammatory properties may prove valuable for treating myocardial I/R injury.
Salidroside is isolated from Rhodiola rosea, which is used
as a herbal medicine used to mitigate high altitude sickness and
protect erythrocytes against oxidative stress injury (9). Salidroside
has been reported to possess a wide range of pharmacological
properties, including anti‑inflammatory, antioxidative, anti‑asthmatic and cardioprotective effects (10,11). It has previously been
reported that salidroside may possess therapeutic value against
myocardial I/R injury (12,13). Chang et al (14) demonstrated
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that salidroside protects against myocardial injury under I/R
conditions by regulating energy metabolism homeostasis and
inflammation. A previous study also demonstrated that salidroside exhibited its cardioprotective effects against myocardial
I/R injury in rats by inhibiting apoptosis and inflammation (15).
However, the underlying protective molecular mechanisms of
salidroside during H/R injury remains unknown.
MicroRNAs (miRs) are a class of endogenous, small
non‑coding single‑stranded RNAs ~22 nucleotides in length,
which participate in the regulation of multiple physiological
and pathophysiological processes (16). miR‑21 expression is
endogenously high in cardiomyocytes, vascular endothelial
cells, cardiac fibroblasts and vascular smooth muscle cells (17).
Although, the physiological functions of miR‑21 in cardiovascular diseases have not been fully determined, the contribution
of miR‑21 in various cardiovascular diseases, including heart
failure, myocardial infarction, myocardial fibrosis and atherosclerosis are being uncovered (18‑20). Studies have shown that
miR‑21 is involved in numerous pathophysiological processes
associated with myocardial I/R injury (21‑23). MiR‑21 effectively reduced the level of myocardial apoptosis and the release
of inflammatory factors induced by myocardial I/R injury in
rats (21). In addition, miR‑21 expression was decreased in
myocardial I/R injury and restoring miR‑21 expression levels
attenuated myocardial I/R injury (21,24,25). Therefore, miR‑21
may serve as a novel biomarker of myocardial I/R injury and
may be a promising therapeutic target.
In the present study, the protective effects of salidroside on
oxidative stress and inflammatory injuries in an in vitro model
of myocardial I/R injury was examined. The key targets and
signaling pathways associated with salidroside during I/R
were explored to elucidate the mechanism by which miR‑21
mediated the cardioprotective effects of salidroside. The
results of the present study may improve understanding of
the pharmacological mechanisms of salidroside and may also
provide additional evidence of the clinical value of combining
traditional Chinese medicines treatment with agents which
upregulate the effects of miR‑21 or its downstream targets for
preventing and treating myocardial I/R injury.
Materials and methods
Cell culture and hypoxia/reoxygenation (H/R) model.
H9c2 rat derived cardiomyocytes (American Type Culture
Collection; ATCC) were cultured in high glucose Dulbecco's
modified Eagle's medium (DMEM; HyClone; GE Healthcare
Life Sciences) supplemented with 10% heat‑inactivated fetal
bovine syndrome (Gibco; Thermo Fisher Scientific, Inc.) with
a penicillin‑streptomycin solution (100x; Beyotime Institute of
Biotechnology). Cells were seeded in a humidified atmosphere
containing 5% CO2 at 37˚C (Thermo Fisher Scientific, Inc.).
To mimic myocardial I/R injury in vitro, the H9c2 cells were
exposed to an H/R environment as described previously (26).
H9c2 cells at 80‑90% confluence were incubated with
serum‑free DMEM and placed in an anaerobic chamber that
was supplied with a gas mixture containing 94% N2, 5% CO2,
and 1% O2 for 6 h to induce hypoxia. Subsequently, the cells
were provided with the normal medium and placed in an incubator with 95% O2 and 5% CO2 for 12 h to allow reoxygenation.
The control plates were incubated with 95% O2/5% CO2 at 37˚C

for 18  h. In the drug treatment experiments, H9c2 cells were
pretreated with salidroside (10 µM) for 1  h and were maintained
under hypoxia for 6 h, followed by reoxygenation for 12 h. In
the transfected cells, H9c2 cells were transfected with miR‑21
inhibitor or negative control inhibitors for 6 h before salidroside
(10 µM) pre‑treatment for 1  h. Subsequently, the H9c2 cells
were exposed to the H/R environment as described above.
Transfection of a miR‑21 inhibitor. A miR‑21 inhibitor and
the negative control (NC) inhibitor were purchased from
Shanghai GenePharma Co., Ltd with the following sequences:
miR‑21 inhibitor, 5'‑UCAACAUCAGUCUGAUAAGCUA‑3';
Negative control, 5'‑CAGUACUUU UGUGUAGUACA A‑3'.
Cells were transfected with the miR‑21 inhibitor (100 nM)
or NC inhibitor (100 nM) using Lipofectamine® RNAi Max
(Thermo Fisher Scientific, Inc.) with Opti‑MEM Reduced
Serum Medium (Gibco; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocols. A total of 6  h after
transfection, the medium was replaced with fresh DMEM.
The transfection efficiency was determined using reverse
transcription‑quantitative (RT‑q)PCR 48 h after transfection.
RT‑qPCR. Total RNA from cells was extracted using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc) according
to the manufacturer's protocol. The cDNA was reverse transcribed using Prime Script™ RT master mix according to the
manufacturer's protocol (Takara Biotechnology Co., Ltd.). The
temperature protocol was: 37˚C for 15 min; followed by 85˚C
for 5 sec and 4˚C for 20 sec. RT‑qPCR was performed on an
ABI 7300 thermocycler (Applied Biosystems; Thermo Fisher
Scientific, Inc.) and the expression of miR‑21 was quantified
using SYBR Green I fluorescent dye (Takara Biotechnology
Co., Ltd.). The miR‑21 expression levels were normalized to
the expression of U6. The thermocycling conditions were:
95˚C for 2 min; followed by 40 cycles of 95˚C for 15 sec and
58˚C for 20 sec. The expression levels of interleukin (IL)‑6,
IL‑1β and tumor necrosis factor (TNF)‑ α were normalized
to the expression of GAPDH. The thermocycling conditions
were: 95˚C for 2 min; followed by 40 cycles of 95˚C for
5 sec, 56˚C for 20 sec; and 72˚C for 25 sec, 65˚C for 5 sec,
and 95˚C for 50 sec. The relative levels of miR‑21 or IL‑6,
IL‑1β and TNF‑α was calculated using the comparative 2‑ΔΔCq
method (27) normalized to U6 or GAPDH, respectively. The
sequences of the primers used were presented in Table I.
MTT assay. Cell viability was measured using an MTT Cell
Proliferation and Cytotoxicity assay kit (Beyotime Institute of
Biotechnology) according to manufacturer's protocols. Briefly,
H9c2 cells were cultured in 96‑well plates at a density of
1x104 cells/well. Following the treatment as described above,
MTT reagent at a final concentration of 0.5 mg/ml (10 µl)
was added to each well and incubated at 37˚C for 4  h. The
formazan crystals were subsequently dissolved using DMSO
(100  µl/well). The absorbance was measured at 570  nm using
a microplate spectrophotometer (BioTek China).
Measurement of lactate dehydrogenase (LDH) release,
malondialdehyde (MDA) levels and superoxide dismutase
(SOD) and glutathione peroxidase (GSH‑Px) activity.
Following treatment as described above, the cells were

EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 1655-1664, 2020

Table I. Primer sequences.
Genes
miR‑21, forward
miR‑21, reverse
U6, forward
U6, reverse
IL‑6, forward
IL‑6, reverse
TNF‑α, forward
TNF‑α, reverse
GAPDH, forward
GAPDH, reverse

Sequence 5'‑3'
GCCGCTAGCTTATCAGACTGATGT
GTGCAGGGTCCGAGGT
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
GCCAGAGTCATTCAGAGCAAT
CTTGGTCCTTAGCCACTCCT
CACCACGCTCTTCTGTCTACTG
GCTACGGGCTTGTCACTCG
CGCTAACATCAAATGGGGTG
TTGCTGACAATCTTGAGGGAG

miR, microRNA; TNF‑α, tumor necrosis factor; IL, interleukin.
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kit (Beyotime Institute of Biotechnology) which uses the
fluorescent probe DCFH‑DA to detect ROS. DCFH‑DA is
converted to DCFH by intracellular esterases, which are
subsequently converted to the fluorescent DCF by ROS. After
treatment, H9c2 cells were incubated with DCFH‑DA (10 µM)
at 37˚C for 20 min in the dark. Subsequently, the cells were
washed twice with PBS and analyzed using a flow cytometer
(Beckman Coulter, Inc.) with excitation at 488 nm and emission at 525 nm. The data were viewed in FlowJo 10 (Tree Star,
Inc.).
ELISA. The IL‑6 (cat. no. M6000B), IL‑1β (cat. no. RLB00) and
TNF‑α (cat. no. RTA00) levels in the culture supernatant were
analyzed using commercially available high sensitivity ELISA
kits (R&D Systems Europe, Ltd.) according to manufacturer's
protocol. A microplate reader measured the optical density at
450 nm and the data were used to calculate the concentrations
of various cytokines based on the standard curves. The values
were determined in three independent experiments.

collected and centrifuged at 3,000 x g for 10 min at 4˚C,
and the supernatant was stored at ‑80˚C. The LDH release
levels, MDA levels and SOD and GSH‑Px activity were
detected using a LDH cytotoxicity kit (Beyotime Institute
of Biotechnology), and MDA assay kit (Nanjing Jiancheng
Institute of Bioengineering Institute), an SOD assay kit
(Beijing Solarbio Science & Technology Co., Ltd.) and a
GSH‑Px assay kit (Beijing Solarbio Science & Technology
Co., Ltd.), respectively. All assays were performed strictly
according to the manufacturer's protocol.

Statistical analysis. All data are expressed as the mean ±
standard deviation of at least three independent experiments
and statistical analyses were performed using Graphpad 6.0
(GraphPad Software, Inc.). The statistical significance of
differences between multiple groups was estimated using a
one‑way analysis of variance followed by a Dunnett's post‑hoc
test. P<0.05 was considered to indicate a statistically significant difference.

Detection of apoptosis. Cell apoptosis was measured using
an Annexin V‑fluorescein isothiocyanate (FITC)/propidium
iodide (PI) staining kit (BD Bioscience; Becton, Dickinson and
Company) according to manufacturer's protocol. Following
treatment, H9c2 cells (1x106) were collected, washed with cold
PBS and resuspended in 500 µl 1x binding buffer followed by
Annexin V‑FITC (5 µl) and PI (10 µl). The mixture was placed
in the dark for 15 min at room temperature and analyzed using
a flow cytometer (Beckman Coulter) and Kaluza software 2.1.1
(Beckman Coulter, Inc.). Each experiment was performed at
least three times.

Salidroside inhibits H/R injury in H9c2 cell. The potential
effects of salidroside on H/R‑induced H9c2 cell injury were
first determined. The result of the MTT assay demonstrated
that H/R treatment significantly reduced H9c2 cell viability,
which was reduced by salidroside pretreatment (P<0.01;
Fig. 1A). Salidroside reduced H/R‑induced H9c2 cell death,
which was further confirmed by the LDH assay. H/R resulted
in a significant increase in LDH release in H9c2 cells (P<0.01),
whereas salidroside pretreatment significantly attenuated the
increase in LDH release (P<0.05; Fig. 1B). Furthermore, the
effects of salidroside on miR‑21 expression levels in the presence or absence of H/R were determined. RT‑qPCR results
showed that, compared with the control group, the expression of miR‑21 was significantly decreased in the H/R group
(P<0.01), whereas, in comparison with the H/R group, the
expression of miR‑21 in the salidroside + H/R co‑treatment
group was significantly increased (P<0.05; Fig. 1C). Together,
these results suggest that salidroside reduces or prevents
H/R‑induced injury in H9c2 cells and miR‑21 expression was
increased.

Measurement of caspase‑3 activit y. The activity of
caspase‑3 was determined using a caspase‑3 colorimetric
assay kit (RayBiotech, Inc.) according to the manufacturer's
protocol. H9c2 cells were seeded in 6‑well plates at a
density of 5x105 cells/well and treated as mentioned above.
Subsequently, the cells were collected and lysed using a cell
lysis buffer included in the kit followed by centrifuging at
10,000 x g for 5 min at 4˚C. The protein concentration was
measured using a bicinchoninic acid assay kit (Beyotime
Institute of Biotechnology). The caspase‑3 substrate
Ac‑DEVD‑pNA (0.2 mM) was added to the lysis buffer
and incubated at 37˚C for 2 h. The relative fluorescence of
each well was measured using a fluorescence plate reader at
450 nm within 30 min.
Measurement of intracellular ROS. Intracellular ROS generation was monitored using the Reactive Oxygen Species assay

Results

miR‑21 inhibitor suppresses the salidroside‑induced protec‑
tive effects in H9c2 cells. To determine whether miR‑21
conferred cardioprotective effects when salidroside was used
to protect against H/R injury, H9c2 cells were transfected with
miR‑21 inhibitor or inhibitor‑NC and the transfection efficiency was confirmed by RT‑qPCR. The results demonstrated
that compared with the inhibitor‑NC transfection group, the
expression levels of miR‑21 were significantly decreased in
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Figure 1. Effect of Sal on H/R‑induced H9c2 cell injury and miR‑21 expression. H9c2 cells were pretreated with Sal and maintained under hypoxia for
6 h, followed by 12 h of reoxygenation. (A) Cell viability was detected using an MTT assay. (B) An LDH release assay was performed using a commercial
kit. (C) miR‑21 expression was analyzed using reverse transcription‑quantitative PCR. U6 was used as an internal control. Data are presented as the mean
± standard deviation of three experiments. **P<0.01 vs. the control group; #P<0.05 and ##P<0.01 vs. the H/R group. H/R, hypoxia/reoxygenation; miR‑21,
microRNA‑21; Sal, salidroside; LDH, lactate dehydrogenase.

Figure 2. Effects of miR‑21 inhibitor on cell viability and LDH release in H9c2 cells subjected to H/R injury in the presence or absence of Sal. H9c2 cells
were transfected with either an miR‑21 inhibitor or inhibitor‑NC. Following transfection, cells were pretreated with Sal, and were subsequently maintained
under hypoxia for 6 h, followed by 12 h of reoxygenation. (A) Cell viability was detected using an MTT assay. (B) An LDH release assay was conducted using
a commercial kit. (C) miR‑21 expression was analyzed using reverse transcription‑quantitative PCR. U6 was used as an internal control. Data are presented as
the mean ± standard deviation of three experiments. **P<0.01 vs. the control group; #P<0.05, ##P<0.01 vs. the H/R group; &P<0.05 and &&P<0.01 vs. the Sal +
H/R control group. H/R, hypoxia/reoxygenation; miR‑21, microRNA‑21; Sal, salidroside; NC, negative control; LDH, lactate dehydrogenase.

the cells transfected with miR‑21 inhibitor following H/R or
salidroside + H/R (P<0.05). There were no significant differences in the cells transfected with miR‑21 inhibitor + control,

miR‑21 inhibitor + H/R and miR‑21 inhibitor + salidroside +
H/R group (Fig. 2A). Therefore, transfection with the miR‑21
inhibitor further aggravated H/R‑induced cell viability and
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Figure 3. Effects of the miR‑21 inhibitor on apoptosis in H9c2 cells subjected to H/R in the presence or absence of salidroside. H9c2 cells were transfected
with either a miR‑21 inhibitor or inhibitor‑NC. Following transfection, cells were pretreated with salidroside, and were subsequently maintained under hypoxia
for 6 h, followed by 12 h of reoxygenation. (A) Apoptotic cell rate was assessed by staining cells with Annexin V‑ FITC/PI followed by flow cytometry.
(B) Quantitative analysis of flow cytometry results. (C) Caspase‑3 activity was determined using a caspase‑3 colorimetric assay kit. Data are presented as
the mean ± standard deviation of three experiments. **P<0.01 vs. the control group; #P<0.05 and ##P<0.01 vs. the H/R group; &P<0.05 and &&P<0.01 vs. the
Sal + H/R control group. H/R, hypoxia/reoxygenation; miR‑21, microRNA‑21; PI, propidium iodide; Sal, salidroside; NC, negative control; FITC, fluorescein
isothiocyanate.

reversed the protective effects of salidroside on cell viability in
H9c2 cells (Fig. 2B). In addition, measurement of LDH release
showed that transfection with a miR‑21 inhibitor significantly
increased the release of LDH compared with transfection
with inhibitor‑NC in H9c2 cells pretreated with H/R alone or
salidroside + H/R group (Fig. 2C). These results suggest that
miR‑21 mediates the protective effects of salidroside against
H/R injury in H9c2 cells.
miR‑21 inhibitor reduces the salidroside‑induced inhibi‑
tion of apoptosis. The effects of salidroside on apoptosis in
H/R‑treated H9c2 cells and the role of miR‑21 in this process
were determined. Flow cytometry results showed that salidroside pretreatment reversed the H/R‑induced increase
in apoptosis in the cells transfected with the inhibitor‑NC,
whereas this effect was blocked by transfection with the
miR‑21 inhibitor (Fig. 3A and B). Notably, the miR‑21 inhibitor also further exacerbated H/R‑induced apoptosis and no
significant difference in apoptosis rate was observed between

the H/R and the salidroside + H/R groups when transfected
with miR‑21. In the H9c2 cells transfected with the inhibitor‑NC, compared with the H/R group, the caspase‑3 activity
was significantly reduced compared with the salidroside +
H/R treated cells (P<0.05; Fig. 3C). However, the protective
effect of salidroside was reversed by transfection with the
miR‑21 inhibitor. These data suggest that salidroside inhibited H/R‑induced apoptosis by increasing miR‑21 expression
in H9c2 cells.
Salidroside decreases oxidative stress via miR‑21 in H9c2
cells. The effect of salidroside on oxidative stress in H/R‑treated
H9c2 cells and the role of miR‑21 in this process were determined. As shown in Fig. 4, ROS generation (Fig. 4A and B)
and MDA levels (Fig. 4C) were significantly increased in the
H/R‑treated cells compared with the control cells (P<0.01),
and salidroside pretreatment significantly decreased the levels
of these molecules (P<0.05). However, miR‑21 downregulation, by transfecting cells with the miR‑21 inhibitor, abrogated

1660

LIU et al: THE ROLE OF miR-21 IN THE CARDIOPROTECTIVE EFFECTS OF SALIDROSIDE DURING H/R

Figure 4. Effect of the miR‑21 inhibitor on oxidative stress in H9c2 cells subjected to H/R injury in the presence or absence of Sal. H9c2 cells were transfected
with either a miR‑21 inhibitor or inhibitor‑NC. Following transfection, cells were pretreated with Sal, and were subsequently maintained under hypoxia for
6 h, followed by 12 h of reoxygenation. (A) Production of ROS was observed using a DCFH‑DA fluorescent probe under a fluorescence microscope. Scale
bar, 100 µm. (B) ROS levels were determined by flow cytometry. (C) MDA levels were analyzed using an MDA assay kit. (D) SOD activity was measured using
an SOD assay kit. (E) GHS‑Px activity was determined using a GSH‑Px assay kit. Data are presented as the mean ± standard deviation of three experiments.
**
P<0.01 vs. the control group; #P<0.05 and ##P<0.01 vs. the H/R group; &P<0.05 and &&P<0.01 vs. the Sal + H/R control group. H/R, hypoxia/reoxygenation;
miR‑21, microRNA‑21; MDA, malondialdehyde; SOD, superoxide dismutase; GSH‑Px, glutathione peroxidase; NC, negative control; Sal, salidroside.

the protective effects of salidroside on oxidative stress in
H/R‑treated H9c2 cells. Notably, in the miR‑21 inhibitor
group, salidroside had no effect on the generation of ROS
(Fig. 4A and B) and MDA levels (Fig. 4C) under H/R compared
with H/R alone group. The enzymatic activities of SOD
(Fig. 4D) and GSH‑Px (Fig. 4E) were significantly reduced in
the cells treated with H/R compared with the control group
(P<0.01). The observed decreases were reversed when cells
were treated with salidroside, and the protective effects were
abrogated by transfection with the miR‑21 inhibitor in the
salidroside + H/R treated cells. Similarly, salidroside did not
significantly alter the activity of SOD and GSH‑Px when the
cells were transfected with the miR‑21 inhibitor compared
with H/R alone group. Thus, miR‑21 contributed to the protection of salidroside against H/R‑induced oxidative stress injury
in H9c2 cells.

miR‑21 inhibitor abrogates the protective effects of salidro‑
side to the inflammatory response. The effect of salidroside
on the inflammatory response and the role of miR‑21 in these
processes were determined. The levels of the inflammatory
markers including IL‑6, IL‑1β, and TNF‑α in H9c2 cells or
culture supernatant were measured by RT‑qPCR and ELISA.
As shown in Fig. 5, ELISA analysis showed that H/R treatment significantly upregulated the mRNA expression levels of
IL‑6 (P<0.01; Fig. 5A), IL‑1β (P<0.01; Fig. 5B) and TNF‑α
(P<0.01; Fig. 5C), and these effects were reversed by salidroside in cells transfected with the inhibitor‑NC. Transfection
with miR‑21 inhibitor prevented the salidroside‑induced
downregulation of IL‑6, IL‑1β and TNF‑ α levels. In addition, the mRNA expression levels of IL‑6 (Fig. 5D), IL‑1β
(Fig. 5E) and TNF‑ α (Fig. 5F) were also increased in the
H/R group compared with the control group, whereas the
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Figure 5. Effect of the miR‑21 inhibitor on inflammatory factors in H9c2 cells subjected to H/R injury in the presence or absence of Sal. H9c2 cells were
transfected with either a miR‑21 inhibitor or inhibitor‑NC. Following transfection, cells were pretreated with Sal, and were subsequently maintained under
hypoxia for 6 h, followed by 12 h of reoxygenation. mRNA expression levels of (A) IL‑6, (B) IL‑1β and (C) TNF‑α were determined using RT‑qPCR and
normalized to GAPDH. The levels of (D) IL‑6, (E) IL‑1β and (F) TNF‑α in the culture supernatant were detected by western blot analysis. Data are presented
as the mean ± standard deviation of three experiments. *P<0.05 and **P<0.01 vs. the control group; #P<0.05 and ##P<0.01 vs. the H/R group; &P<0.05 and
&&
P<0.01 vs. the Sal + H/R control group. H/R, hypoxia/reoxygenation; miR‑21, microRNA‑21; IL, interleukin; TNF‑α, tumor necrosis factor‑α; NC, negative
control; Sal, salidroside.

expression of the inflammatory markers were decreased in
the salidroside + H/R group compared with the H/R group.
Transfection with the miR‑21 inhibitor significantly attenuated the effects of the salidroside‑induced decrease in IL‑6,
IL‑1β and TNF‑α mRNA expression (P<0.05). Additionally,
transfection with the miR‑21 inhibitor further exacerbated the
H/R‑induced increase in the levels of IL‑6, IL‑1β and TNF‑α,
and the mRNA expression levels of IL‑1β and TNF‑α mRNA
(P<0.05). Taken together, the data above demonstrated that
miR‑21 acts as an anti‑inflammatory molecule which regulates
the effects of salidroside in the H/R‑induced inflammatory
response.
Discussion
In the present study, the effects of salidroside on H/R injury
in H9c2 cells and the role of miR‑21 in this process was
assessed. The results demonstrated that salidroside attenuated

H/R‑induced cytotoxicity and apoptosis, and decreased oxidative stress and the inflammatory response. Additionally, the
results suggested that miR‑21 mediated the protective effects
of salidroside in H/R‑induced injury in H9c2 cells. These
findings suggest that salidroside may be an effective means of
reducing myocardial I/R injury and enhancing miR‑21 levels
may additionally reduce myocardial I/R injury, highlighting a
potentially novel therapeutic approach.
Salidroside is a major active ingredient obtained from the
medicinal plant Rhodiola rosea and has various pharmacological
properties, including antioxidant (28), anti‑inflammatory (29)
and cardioprotective effects (26). To date, numerous studies
have demonstrated the protective effects of salidroside on
myocardial injury (30), myocardial hypoxia (31) and myocardial
I/R injury (13). However, the underlying molecular mechanisms of salidroside action remained unclear. Consistent with
these studies, the data of the present study also confirmed that
salidroside pretreatment attenuated the H/R‑induced cytotox-
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icity and apoptosis, inhibiting myocardial I/R injury. Notably,
emerging evidence has shown that myocardial I/R injury leads
to decreased levels of miR‑21 and overexpression of miR‑21
is able to effectively inhibit myocardial apoptosis and the
inflammatory response, protecting the myocardium from I/R
injury (21,22,32). However, the role of miR‑21 in the cardioprotective effects of salidroside has not been reported previously, to
the best of our knowledge. In present study, it was demonstrated,
for the first time, that salidroside reversed the H/R‑induced
downregulation of miR‑21, and inhibition of miR‑21 abrogated
the effects of salidroside treatment in the H/R model of injury
in H9c2 cells. These results suggest that miR‑21 mediates the
protective effects of salidroside in myocardial I/R injury.
Myocardial oxidative stress is a major initiator of the
pathological process of cardiac remodeling following I/R (4).
Accumulating evidence has shown that ROS are the major
initiators of myocardial damage in myocardial I/R injury
and the attenuation of oxidative stress in myocardial cell has
been demonstrated to improve myocardial function following
ischemia (4,33). It has been demonstrated that salidroside may
suppress oxidative stress‑induced endothelial dysfunction,
cardiomyocyte injury and necrosis, and cerebral ischemia/reperfusion injury, through decreasing excessive ROS generation
and improving mitochondrial function (34‑37). However, the
effect of salidroside in myocardial I/R injury‑induced oxidative
stress has not been studied. In the present study, salidroside
pretreatment reduced the H/R‑induced increase in production
of ROS and the levels of MDA, suggesting that salidroside
reduced oxidative stress during H/R in H9c2 cells. Oxidative
stress occurs when there is an imbalance between ROS production and the antioxidant defense systems in cells, such that
the latter becomes overwhelmed (38). SOD and GSH are the
primary cellular defense mechanisms against oxidative stress
injury and are the major intracellular redox buffers in several
cell types (39,40). In the present study, salidroside improved
the antioxidant defense system in H/R‑treated H9c2 cells as
shown by the increase in the activities of SOD and GSH‑Px.
Numerous studies have demonstrated the ability of miR‑21s to
preserve an efficient antioxidant response induced by multiple
injuries (41,42). In the present study, it was demonstrated that
inhibition of miR‑21 abolished the protective effects of salidroside on oxidative stress in H/R‑treated H9c2 cells. These results
suggest that miR‑21 may contribute to the protective effect of
salidroside against H/R‑induced oxidative stress in H9c2 cells.
The inflammatory response is another crucial component in the initiation and exacerbation of myocardial I/R
injury (43,44). I/R increases the local or systemic release of
proinflammatory cytokines, including TNF‑α, IL‑1β and IL‑6,
and further increases cardiac injury, and inhibition of the
I/R‑induced inflammatory response alleviates myocardial I/R
injury (45,46). It has been previously hypothesized that salidroside may exhibit a protective effect on myocardial injury
by inhibiting the inflammatory response (11,14,47). In vitro
and in vivo experiments have demonstrated that miR‑21 regulated the production of various important pro‑inflammatory
cytokines secreted during I/R injury (48,49). However, the role
of miR‑21 in the protective effects mediated by salidroside
during the inflammatory response induced by myocardial I/R
injury have not been extensively studied. In the present study,
salidroside reversed the H/R‑induced increases in expression

and activity of IL‑6, IL‑1β and TNF‑ α in H9c2 cells, thus
inhibiting the inflammatory response during H/R, and these
effects were abolished by the miR‑21 inhibitor. These results
suggest that miR‑21 mediates the salidroside‑induced inhibition of the inflammatory response in H/R‑treated H9c2 cells.
In conclusion, the present study demonstrated that salidroside pretreatment mitigated damage of cardiomyocytes after
H/R‑stimulation of H9c2 cells. The cardioprotective effects
of salidroside may be attributed to its ability of suppressing
myocardial oxidative stress and inflammation in vitro, through
enhancing miR‑21 expression. Therefore, the results of the
present study suggest that salidroside may be a potential
therapeutic agent for the treatment of myocardial I/R injury
and modulation of miR‑21 levels may provide a new strategic
option for limiting damage following a cardiovascular event.
However, the molecular mechanism by which miR‑21 protects
cultured H9c2 cells against oxidative stress and inflammation
induced by H/R requires further elucidation.
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