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Abstract. Doxorubicin (DOX) is an effective anthracycline 
anti‑tumor antibiotic. Because of its cardiotoxicity, the clinical 
application of DOX is limited. Paeoniflorin (PEF), a mono-
terpene glucoside extracted from the dry root of Paeonia, is 
reported to exert multiple beneficial effects on the cardiovas-
cular system. The present study was designed to explore the 
protective effect of PEF against DOX‑induced cardiomyocyte 
apoptosis and the underlying mechanism. In cultured H9c2 
cells, PEF (100 µmol/l) was added for 2 h prior to exposure to 
DOX (5 µmol/l) for 24 h. Cell viability, creatine kinase activity, 
cardiomyocyte apoptosis, intracellular reactive oxygen species 
(ROS) levels, and the expression of microRNA‑1 (miR‑1) and 
B‑cell lymphoma 2 (Bcl‑2) were measured following treatment 
with PEF and/or DOX. The results showed that treatment with 
DOX notably induced cardiomyocyte apoptosis, concomitantly 
with enhanced ROS generation, upregulated miR‑1 expression 
and downregulated Bcl‑2 expression. These effects of DOX 
were significantly inhibited by pretreatment of the cells with 
PEF. These results suggest that the inhibitory effect of PEF 

on DOX‑induced cardiomyocyte apoptosis may be associated 
with downregulation of miR‑1 expression via a reduction in 
ROS generation.

Introduction

Doxorubicin (DOX) is an effective anthracycline antitumor 
antibiotic and is extensively used for treatment of numerous 
types of malignant tumors, including osteosarcoma, breast 
carcinoma and lung cancer (1‑3). However, because of cumula-
tive and dose‑dependent cardiotoxicity, the clinical application 
of DOX is limited. Although the exact physiopathological 
mechanism of DOX‑induced cardiotoxicity is not yet under-
stood, cardiomyocyte apoptosis is acknowledged to play an 
important role in DOX‑associated cardiotoxicity (4,5).

MicroRNAs (miRs) are a class of endogenous non‑coding 
RNAs of ~22 nucleotides, which participate in the regulation of 
protein‑coding gene expression by binding to the 3'‑untranslated 
regions of target mRNA at the post‑transcriptional level (6). It 
has been predicted that there are >1,000 miRs in the human 
genome, and miRs are estimated to regulate as many as 60% 
of all human mRNAs (7,8). It is well recognized that miRs play 
important roles in a large variety of physiological and patholog-
ical processes, such as embryonic development, tumor formation 
and modulation of the inflammatory response (9‑11). Among 
the known miRs, miR‑1 is a muscle‑enriched miR and highly 
expressed in the myocardium (12). Therefore, aberrant expres-
sion of miR‑1 is closely associated with myocardial diseases. It 
has been reported that miR‑1 expression is markedly increased 
in ischemia/reperfusion (IR) or hypoxia/reoxygenation‑induced 
cardiac myocyte apoptosis (13). In addition, in miR‑1 transgenic 
mice, cardiac myocyte apoptosis was found to be exacer-
bated compared with that in wild‑type mice when subjected 
to myocardial IR injury; by contrast, knockdown of miR‑1 
using a locked nucleic acid‑modified oligonucleotide against 
miR‑1 significantly attenuated IR‑induced cardiac myocyte 
apoptosis (14). However, the role of miR‑1 in DOX‑induced 
cardiomyocyte apoptosis is not understood.
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Paeoniflorin (PEF), a monoterpene glucoside, is the 
major active ingredient of Paeonia lactiflora Pall. (family 
Paeoniaceae), which is a traditional Chinese herbal medicine 
that has been used in China for >1,000 years. It has been 
reported that PEF exerts multiple pharmacological activi-
ties, such as inhibition of tumor invasion and metastasis (15), 
reduction of inflammatory factor production (16), prevention 
of insulin resistance  (17) and neuroprotective effects  (18). 
Our previous study demonstrated that PEF was able to inhibit 
DOX‑induced cardiomyocyte apoptosis by reducing the 
production of reactive oxygen species (ROS) (19); however, the 
downstream mechanism remains unclear.

In the present study, the role of miR‑1 in DOX‑induced 
cell apoptosis was explored using a cultured H9c2 rat cardio-
myocyte cell line, and whether the anti‑apoptotic effect of PEF 
was related to a regulatory effect on miR‑1 expression was 
investigated.

Materials and methods

Materials. The H9c2 cell line was acquired from Academia 
Sinica (Shanghai, China). PEF was obtained from Yangling 
Dongke Maidisen Pharmaceutical Co., Ltd. (Xi'an, China). 
DOX was purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Dulbecco's modified Eagle's medium (DMEM) and 
fetal bovine serum (FBS) were from Gibco (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). mirVana miR isolation 
kits and TaqMan™ miR Reverse Transcription kits were 
purchased from Applied Biosystems (Thermo Fisher Scientific, 
Inc.). B‑cell lymphoma 2 (Bcl‑2; ab59348) and β‑actin (ab1801) 
antibodies were from Abcam (Cambridge, UK). The following 
were purchased from Beyotime Institute of Biotechnology 
(Jiangsu, China): 3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyl 
tetrazolium bromide (MTT), Hoechst 33342 fluorescent dye 
and reactive oxygen species (ROS) detection kit. The creatine 
kinase (CK) assay kit was acquired from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China).

Cell culture and treatment. H9c2 cells were cultured in DMEM 
containing 15% (v/v) FBS. The medium was supplemented 
with 100 U/ml penicillin (Guangzhou Baiyunshan Tianxin 
Pharmaceutical Co., Ltd., Guangdong, China) and 100 µg/ml 
streptomycin (Harbin Pharmaceutical Group Holding Co., 
Ltd., Heilongjiang, China). All cells were grown under a 
humidified atmosphere of 5% CO2 at 37˚C. The medium was 
changed every 2‑3 days. When cells reached 80% confluence, 
they were made quiescent by serum starvation (0.5% FBS) for 
24 h, and then the cells were randomly allocated to 4 groups: 
i) The control group (cultured in normal condition); ii) the 
DOX group (incubated with 5 µmol/l DOX for 24 h); iii) the 
PEF + DOX group (cells were treated with 100 µmol/l PEF for 
2 h prior to exposure to 5 µmol/l DOX for 24 h); and iv) the 
PEF group (incubated with 100 µmol/l PEF for 26 h).

Evaluation of cell injury. Cell viability was assessed by MTT 
assay. Briefly, following DOX treatment, the medium was 
aspirated, and the cells were washed twice with PBS, then 
0.5 mg/ml MTT solution was added to each well and the plate 
was incubated for 4 h at 37˚C in an atmosphere of 5% CO2. 
After that, 100 µl dimethysulfoxide (DMSO) was added to 

dissolve formazan. The absorbance was read at 490 nm using a 
microplate reader (Molecular Devices, Sunnyvale, CA, USA). 
Cell viability was expressed as a percentage of the control. 
The activity of CK, an indicator of cardiomyocyte injury, was 
detected using a commercially available colorimetric assay kit 
according to the manufacturer's protocol.

Measurement of cardiomyocyte apoptosis. Apoptotic cells 
were detected by Hoechst 33342 fluorescent dye using an 
inverted fluorescence microscope (Nikon Eclipse TE‑2000; 
Nikon Corporation, Tokyo, Japan). Briefly, after DOX treat-
ment, the medium was aspirated, and the cells were washed 
twice with PBS. After that, cells were incubated with 
Hoechst 33342 (0.1 mg/ml) in the dark at 37˚C for 20 min. 
Hoechst‑stained nuclei were detected by inverted fluorescence 
microscopy at an emission wavelength of 521 nm. The data 
are expressed as a percentage of apoptotic cells to total cells.

Determination of intracellular ROS. The levels of intracellular 
ROS were measured using 2',7'‑dichlorofluorescein diacetate, 
a well characterized probe. Briefly, following DOX treatment, 
the medium was aspirated and cells were washed three times 
with serum‑free DMEM. After that, cells were incubated with 
2',7'‑dichlorofluorescein diacetate at a final concentration of 
10 µM in the dark at 37˚C for 20 min. The fluorescence inten-
sity was measured using a fluorospectrophotometer (Shimadzu 
Corporation, Kyoto, Japan) at an excitation wavelength at 
488 nm and an emission wavelength at 525 nm. The data are 
expressed as a percentage of the control.

Quantitative polymerase chain reaction (qPCR)
miR‑1 expression. Following treatment, total RNA was 
isolated from H9c2 cells using the mirVana miR isolation kit 
according to the manufacturer's protocol. cDNA was synthe-
sized from 1 µg total RNA using the TaqMan™ miR reverse 
transcription kit (Promega Corporation, Madison, WI, USA). 
cDNA was diluted 15‑fold and then used in PCR reactions. 
Reactions contained specific primers for miR‑1 or U6; the 
latter was used as an internal control. The primer sequences 
were as follows: miR‑1 forward, 5’‑ACA​CTC​CAG​CTG​GGG​
TGT​GGA​ATGTA‑3’ and reverse, 5’‑TGG​TGT​CGT​GGA​
GTCG‑3; U6 forward, 5’‑ACA​CTC​CAG​CTG​GGG​TGC​TCG​
CTT​CGG​CAG​CACA‑3’ and reverse, 5’‑AGG​GTC​CGA​GGT​
ATTC‑3’. PCR was performed using TaqMan universal PCR 
master mix (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) with the following conditions: 10 min at 95˚C followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 1 min. All amplifica-
tion reaction for each sample was carried out four times. The 
relative expression values were normalized to the expression 
of U6 using the 2‑ΔΔCq method (20).

Bcl‑2 mRNA expression. Following treatment, total RNA 
was isolated using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and quantified by measuring the optical density 
at 260 nm. 1 µg RNA from each sample was reverse‑tran-
scribed to cDNA using an M‑MLV reverse transcriptase kit, 
and then cDNA was used for qPCR. Bcl‑2 mRNA expression 
was quantitatively analyzed using an Applied Biosystems 7300 
Real‑Time PCR system with a Power SYBR Green PCR 
Master Mix kit (both Thermo Fisher Scientific, Inc.). PCR 
primers were as follows: Bcl‑2 primers: forward, 5'‑CCG​GGA​
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GAA​CAG​GGT​ATG​ATAA‑3' and reverse, 5'‑CCC​ACT​CGT​
AGC​CCC​TCTG‑3'; glyceraldehyde 3‑phosphate dehydroge-
nase (GAPDH) primers: forward, 5'‑TGG​CCT​CCA​AGG​AG 
TAA​GAA​AC‑3' and reverse, 5'‑GGC​CTC​TCT​CTT​GCT​CTC​
AGT​ATC‑3'. The PCR amplification program involved initial 
denaturation at 95˚C for 10 min, followed by 40 cycles of dena-
turation at 95˚C for 15 sec and annealing at 60˚C for 60 sec. All 
amplification reactions for each sample were carried out four 
times, and the relative expression values were normalized to 
the expression value of GAPDH using the 2‑ΔΔCq method (20).

Western blot analysis. The protein expression of Bcl‑2 was 
detected by western blot analysis. Briefly, following the various 
treatments, cells were lysed with ice‑cold lysis buffer, and the 
protein concentration was measured using a Bradford protein 
assay (Beyotime Institute of Biotechnology, Inc.). Equal 
amounts of protein were separated by 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred 
to a nitrocellulose membrane. After transferring the protein 
samples, the membranes were blocked using 5% milk powder 
in Tris‑buffered saline and Tween 20 at room temperature 
for 1 h and then incubated with primary rabbit polyclonal 
antibodies for Bcl‑2 and β‑actin (both 1:1,000 dilution) 
overnight at 4˚C, followed by incubation with the corre-
sponding goat anti‑rabbit horseradish peroxidase‑conjugated 
secondary antibody (1:5,000 dilution; ab175773; Abcam) for 
1 h at room temperature. The protein bands were scanned and 

densitometrically analyzed using an automatic image analysis 
system (Alpha Innotech Corporation, San Loandra, CA, USA), 
and the results were normalized to β‑actin expression.

Statistical analysis. Data are presented as means ± standard 
error of the mean. All values were analyzed using analysis of 
variance and the Newman‑Keuls Student's t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effect of PEF on DOX‑induced cell injury. The MTT assay 
showed that cell viability was clearly decreased following 
DOX treatment, and this reduction in viability was signifi-
cantly attenuated by pretreatment with PEF for 2 h (P<0.01; 
Fig. 1A). In line with the MTT assay results, the levels of CK 
were markedly increased following incubation with DOX, and 
this effect of DOX was also significantly inhibited by pretreat-
ment with PEF (P<0.01; Fig. 1B). However, PEF alone had no 
effect on cell viability or the levels of CK.

Effect of PEF on DOX‑induced apoptosis. Cardiomyocyte 
apoptosis was measured by Hoechst 33342 staining. The 
results showed that DOX treatment notably increased the ratio 
of apoptotic cells compared with that in the control group. 
However, pretreatment with PEF for 2 h significantly inhibited 
DOX‑induced cell apoptosis (P<0.01; Fig. 2). PEF alone had no 
effect on cardiomyocyte apoptosis.

Effect of PEF on DOX‑induced intracellular ROS production. 
The levels of intracellular ROS, indicated by the 2',7'‑dichlo-
roflurorescein fluorescence intensity, were notably increased 
in DOX‑treated cells compared with control cells. However, 
pretreatment with PEF for 2 h significantly suppressed the 
intracellular ROS production induced by DOX (P<0.01; 
Fig. 3). PEF alone had no such effect.

Effect of PEF on DOX‑induced miR‑1 expression. miR‑1 
expression was markedly upregulated after DOX treatment 
compared with that in the control group. This effect of DOX 
was significantly inhibited by pretreatment with PEF for 2 h 
(P<0.01; Fig. 4). PEF alone had no effect on miR‑1 expres-
sion.

Effect of PEF on Bcl‑2 expression. PCR analysis showed that 
the mRNA expression of Bcl‑2, an anti‑apoptotic gene, was 
significantly downregulated in DOX‑treated cells (P<0.01). 
Consistent with these results, Bcl‑2 protein expression was 
also markedly decreased after incubation with DOX (P<0.01). 
However, these effects induced by DOX were inhibited by 
pretreatment with PEF for 2 h (P<0.01 and P<0.05, respec-
tively; Fig. 5). PEF alone had no effect on Bcl‑2 expression.

Discussion

In the current study, it was found that DOX‑induced cardio-
myocyte apoptosis was accompanied by increased intracellular 
ROS production, upregulated miR‑1 expression and down-
regulated Bcl‑2 mRNA and protein expression. These effects 
of DOX were markedly inhibited by pretreatment with PEF. 

Figure 1. Effect of PEF on (A) cell viability and (B) levels of CK induced by 
DOX in H9c2 cells. Data are expressed as the mean ± standard error of the 
mean and represent four independent experiments. **P<0.01 vs. the control 
group, ##P<0.01 vs. the DOX group. PEF, paeoniflorin; DOX, doxorubicin; 
CK, creatine kinase.

  A

  B
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These results indicate that the anti‑apoptotic effect of PEF was 
associated with a reduction in ROS production and downregu-
lation of miR‑1 expression.

It is acknowledged that cardiomyocyte apoptosis plays an 
important role in DOX‑induced cardiotoxicity (4,5). However, 

the exact mechanism of DOX‑induced cardiomyocyte apop-
tosis is not fully understood. miR‑1 is a muscle‑specific miR 
and highly expressed in the myocardium (12). The abnormal 
expression of miR‑1 is involved in a number of heart diseases. 
It has been reported that changes in miR‑1 expression are asso-
ciated with, for example, arrhythmia, myocardial infarction, 

Figure 3. Effect of PEF on ROS production induced by DOX in H9c2 cells. 
Data are expressed as the mean ± standard error of the mean and represent 
four independent experiments. **P<0.01 vs. the control group, ##P<0.01 vs. 
the DOX group. PEF, paeoniflorin; DOX, doxorubicin; ROS, reactive oxygen 
species.

Figure 4. Effect of PEF on miRNA‑1 expression induced by DOX in H9c2 
cells. Data are expressed as the mean ± standard error of the mean and rep-
resent four independent experiments. **P<0.01 vs. the control group, ##P<0.01 
vs. the DOX group. PEF, paeoniflorin; DOX, doxorubicin.

Figure 5. Effect of PEF on Bcl‑2 expression induced by DOX in H9c2 cells. 
(A) Bcl‑2 mRNA expression determined by quantitative polymerase chain 
reaction; (B) representative image of Bcl‑2 protein expression analyzed by 
western blot; (C) optical density of protein bands. Data are expressed as the 
mean ± standard error of the mean and represent four independent experi-
ments. **P<0.01 vs. control group, #P<0.05, ##P<0.01 vs. DOX group. PEF, 
paeoniflorin; DOX, doxorubicin; Bcl‑2, B‑cell lymphoma 2.

  A

  B

  C

Figure 2. Effect of PEF on apoptosis induced by DOX in H9c2 cells. 
(A)  representative fluorescence microscopy images of Hoechst 33342 
staining (magnification, x200). (B) rate of apoptotic cells. Data are expressed 
as the mean ± standard error of the mean and represent four independent 
experiments. **P<0.01 vs. the control group, ##P<0.01 vs. the DOX group. 
PEF, paeoniflorin; DOX, doxorubicin. 

  A

  B
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cardiac remodeling and heart failure (21). There is evidence 
that upregulated miR‑1 expression is closely associated with 
cardiomyocyte apoptosis; in models of IR‑, high glucose‑ or 
H2O2‑induced cardiomyocyte apoptosis, miR‑1 expression has 
been shown to be significantly increased (13,22,23). Further 
studies have found that the level of miR‑1 is inversely corre-
lated with the expression of Bcl‑2, which is an anti‑apoptotic 
protein that has been demonstrated to be a potential target of 
miR‑1 (13,23). Overexpression of miR‑1 has been shown to 
exacerbate cardiomyocyte apoptosis induced by IR in mouse 
models, while knockdown of miR‑1 expression significantly 
attenuated cardiac injury (14). The aforementioned studies 
suggest that upregulated expression of miR‑1 plays a critical 
role in cardiomyocyte apoptosis via the post‑transcriptional 
repression of Bcl‑2 expression, and reducing miR‑1 expression 
may be a promising strategy for the prevention of cardiomyo-
cyte apoptosis.

The mechanism by which miR expression is regulated 
is not fully clear. A number of factors, including ultraviolet 
radiation and tertiary‑butyl hydroperoxide can lead to changes 
in the expression of multiple miRs, which is closely associated 
with increased ROS production (24,25). Schmelzer et al (26) 
have demonstrated that bacterial lipopolysaccharide induces 
miR‑146a expression via a ROS‑dependent pathway as this 
effect was inhibited by pretreatment with the antioxidant 
ubiquinol‑10. Furthermore, the expression of multiple miRs, 
including miR‑1, was found to change after treatment with 
H2O2 (27,28). These studies suggest that miR expression may 
be modulated by ROS. A number of studies have demonstrated 
that DOX‑induced cardiomyocyte apoptosis is closely associ-
ated with excessive ROS production (29,30). Therefore, we 
hypothesized that DOX‑induced cardiomyocyte apoptosis 
may be associated with upregulation of miR‑1 expression by 
an increase in ROS production. In the present study, it was 
indeed found that DOX significantly increased ROS genera-
tion concomitantly with upregulation of miR‑1 expression. 
Thus, reduction of ROS production may be an effective 
method for inhibiting DOX‑induced cardiomyocyte apoptosis 
via the downregulation of miR‑1 expression.

PEF, a monoterpene glucoside extracted from the dry 
root of Paeonia lactiflora, has been reported to exert multiple 
pharmacological activities (15‑18). Studies have suggested that 
PEF has anti‑oxidative activity (19,31). Furthermore, our previous 
study demonstrated that PEF was able to inhibit DOX‑induced 
cardiomyocyte apoptosis by reducing ROS production (19), 
but the downstream mechanism was not clear. Since miR‑1 
expression is regulated by ROS, and PEF has an anti‑oxidative 
property, we speculated that the anti‑apoptotic effect of PEF 
may be associated with downregulation of miR‑1 expression 
via inhibition of ROS production. In the present study, it was 
confirmed that PEF markedly inhibited ROS generation, which 
was accompanied by downregulation of miR‑1 expression.

In summary, the results of the current study suggest 
that the upregulation of miR‑1 expression plays an impor-
tant role in DOX‑induced cardiomyocyte apoptosis by 
the post‑transcriptional repression of Bcl‑2 expression. 
Furthermore, the inhibitory effect PEF against DOX‑induced 
cardiomyocyte apoptosis may be associated with the down-
regulation of miR‑1 expression via a reduction in ROS 
production.
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