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Abstract. The protective effects and mechanisms of esculetin 
on doxorubicin (DOX)-induced injury of H9c2 cells were 
investigated. H9c2 cells were cultured and the logarithmic 
growth phase of the cells was divided into a control group, a 
DOX group and an esculetin + DOX group. Cell viability was 
detected by MTT assay. Annexin V-PI (AV-PI) double staining 
flow cytometry was carried out to detect cell apoptosis. 
Intracellular reactive oxygen species (ROS) were detected by 
flow cytometry. Transmission electron microscope (TEM) was 
used to evaluate cell ultrastructure. Cleaved caspase-3, cleaved 
PARP, Bcl-2, Bid and Bmi-1 proteins levels were investigated 
by western blot analysis. Bmi-1 siRNA was used to detect 
the role of Bmi-1 in the protective effects of esculetin against 
DOX-induced toxicity in H9c2 cells. The MTT and AV-PI 
double staining results showed that esculetin significantly 
increased H9c2 cell viability. Compared with the control 
group, the levels of cleaved caspase-3, cleaved PARP, Bid and 
ROS levels were significantly decreased, but the expression of 
Bcl-2 and Bmi-1 were significantly increased in the esculetin 
+ DOX group. TEM showed that the cell structure of the 
mitochondria was protected by esculetin. The results of Bmi-1 
siRNA showed that esculetin could protect DOX-induced 
cardiotoxicity by modulating Bmi-1 expression. Esculetin 
can protect DOX-induced cardiotoxicity and the effects may 
be attributable to modulation of Bmi-1 expression, provoking 
intracellular ROS accumulation, protecting the structure of 
mitochondria and reducing cell apoptosis. 

Introduction

Doxorubicin (DOX) is an anthracycline antibiotic with strong 
antineoplastic effects. It is mainly administered in the treat-
ment of breast cancer, lymphoma and melanoma. However, it 
can cause serious adverse effects, such as irreversible cardio-
myopathy and congestive heart failure. Therefore, the clinical 
application of DOX is very limited (1,2). The mechanisms of 
DOX-induced cardiotoxicity are complicated and currently 
include stimulating the formation of free radicals to produce 
oxidative stress, leading to mitochondrial injury and promoting 
cell apoptosis (3-5). Studies have shown that DOX can cause 
endoplasmic reticulum stress and increase reactive oxygen 
species (ROS) production, subsequently leading to myocardial 
cell apoptosis (6).

Escherichia (Esculetin, Esc) is the main active compo-
nent in Chinese traditional medicine Qinpi, also known as 
Qiyeting. It has been shown that esculetin not only has anti-
tussive, expectorant and antiasthmatic effects, but also has 
many physiological functions, such as anti-inflammatory, anti-
bacterial, antioxidative, liver-protective, antitumor, intestinal 
disease treatment and other health-promoting activities (7-12). 
Studies have shown that esculetin plays a role in inhibiting 
xanthine oxidase and eliminating oxidative free radicals (13). 
In addition, esculetin can protect cells from DNA oxidative 
damage caused by lipid peroxidation (14).

In consideration of the findings of previous studies, we 
hypothesized that esculetin has protective effects against 
DOX-induced cardiomyocyte injury. Therefore, the aim of 
this study was to establish an H9c2 cell injury model using 
DOX to study the potential protective effects of esculetin on 
cardiomyocyte injury and its possible molecular mechanisms.

Materials and methods

Materials. Rat embryo cardiomyocyte H9c2 cultures were 
sourced from the Chinese Academy of Sciences Cell Bank 
(Beijing, China). RPMI-1640 medium and fetal bovine serum 
(FBS) both from HyClone Laboratories (Logan, UT, USA). 
Cleaved caspase-3, cleaved PARP, anti-GAPDH antibody and 
HRP secondary antibody all from Proteintech (Wuhan, China). 
Bmi-1 siRNA and NC siRNA both from from Dharmacon, 
Abgene Ltd. (Epsom, UK). Lipofectamine RNAiMAX 
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was sourced from Invitrogen Corp. (Carlsbad, CA, USA). A 
BCA protein concentration assay kit, an Annexin V-FITC 
apoptosis detection kit and a reactive oxygen detection kit all 
from Beyotime Biotechnology (Nantong, China). DOX and 
esculetin both from Aladdin Bio-Chem Technology Co., Ltd. 
(Shanghai, China).

Cell culture. H9c2 cells were cultured in RPMI-1640 medium 
containing 10% FBS in an incubator at 37˚C and 5% CO2. 
When the cells covered 80% of the bottom of the flask, trypsin 
was used for digestion to make a single cell suspension. The 
cells were then inoculated into a culture plate as needed for 
grouping experiments.

MTT assay for the detection of H9c2 cell viability. Esculetin 
and DOX were dissolved into DMSO. H9c2 cells in loga-
rithmic growth phase were collected and inoculated into 
96-well plates. After 24 h of culturing, H9c2 cells were 
pretreated with different concentrations of esculetin at 0, 5, and 
10 µmol/l. After 2 h, DOX was added at concentrations of 0, 
1, 2, 4, 6, 8 and 16 µmol/l. After 48 h, the culture medium was 
discarded and washed three times with PBS. MTT working 
solution (100 ml) with a concentration of 5 mg/ml was then 
added. After 4 h, 100 µl DMSO was added and the solution 
was shaken for 10 min. Absorbance values were detected by 
a microplate reader at 570 nm and were used to calculate the 
cell survival rate.

Analysis of apoptosis. The cells were divided into three 
groups: a control group, a DOX group (DOX 8 µM) and 
an esculetin + DOX group (Esc + DOX). H9c2 cells were 
inoculated into 6-well plates and incubated for 24 h. Then, the 
cells were treated with 10 µM esculetin for 2 h. Forty-eight 
hours after incubation, the cells were washed with PBS and 

trypsinized. The collected cells were re-suspended in 0.3 ml of 
binding buffer. Five mililiters of Annexin V and 5 µl PI were 
added and the cells were incubated at room temperature for 
15 min. Then, 0.2 ml of binding buffer was added for apoptosis 
detection.

Western blot analysis of protein expression. The cells were 
digested by trypsin, washed twice with PBS, lysed with RIPA 
cell lysate and centrifuged at high speed for 5 min. Supernatant 
was collected for assessment of protein concentration using 
the BCA protein concentration assay kit. The same amount 
of sample was taken for protein electrophoresis. After electro-
phoresis, the separate proteins were transferred, blocked and 
incubated with cleaved caspase-3, cleaved PARP and GAPDH 
antibody overnight. Then, the cells were incubated with HRP 
secondary antibody for 2 h, visualized by ECL method in a 
dark room and scanned for detection.

Mitochondrial structure determination by transmission elec-
tron microscopy and expression of mitochondrial associated 
protein as detected by western blot analysis. The cells were 
treated according to the methods described above, digested 
and harvested, fixed with 2.5% glutaraldehyde and placed in 
a refrigerator at 4˚C. After at least 48 h, the osmium tetroxide 
was fixed at 4˚C for 30 min and then dehydrated with different 
concentrations of acetone. They were then embedded with an 
embedding agent, sliced with ultramicrotome and stained. 
Mitochondrial structure changes were detected by transmis-
sion electron microscopy. The expression of Bcl-2 and bid 
in each group was detected according to methods described 
above.

Determination of intracellular ROS levels. Cells were treated 
with trypsin digestion and harvested according to the methods 

Figure 1. Effects of esculetin against DOX-induced apoptosis of H9c2 cells. (A) MTT assay cell survival after treatment with different concentrations of DOX. 
(B) Flow cytometry of apoptosis among different treatment groups. (C) Western blot analysis of the expression of apoptosis proteins, cleaved caspase-3 and 
cleaved PARP, when compared with the DOX group alone (*P<0.05, **P<0.01). DOX, doxorubicin. 
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described above. Cells were stained with 10 µM DCFH-DA 
staining solution (500 µl), incubated at 37˚C for 20 min and 
analyzed by flow cytometry for determination of the total 
amount of ROS in each group.

Expression of Bmi-1 in H9c2 cells and its effect on cell 
injury. Cells were harvested by trypsin digestion and 
harvested according to standard methods. The expression of 
Bmi-1 in each group was detected by western blot analysis. 
Cells were divided into three groups: a DOX group, a blank 
siRNA transfection group (Esc + DOX + NC siRNA) and 
a Bmi-1 siRNA transfection group (Esc + DOX + NC). 
Bmi-1 gene silencing was then carried out as follows. Bmi-1 
siRNA (300 ml) and 300 pmol of blank siRNA were added 
to 2 ml serum-free Opti-MEM I medium. Lipofectamine™ 
RNAiMAX was added (20 ml) to each of the two solu-
tions, which were then mixed well and added to the cells. 
After 48-h incubation, expression of Bmi-1 was detected by 
western blot analysis. The effect of Bmi-1 silencing on cell 
apoptosis and intracellular ROS was then examined by flow 
cytometry.

Statistical analysis. All experimental data are presented as 
mean ± standard deviation and analyzed by one-way ANOVA. 
A P-value <0.05 was considered to be statistically significant. 
Statistical analyses were performed using SPSS version 19.0 
(SPSS, Inc., Chicago, IL, USA).

Results

Effects of esculetin on the DOX-induced H9c2 cell apoptosis. 
The survival rate of H9c2 cells decreased with an increase 
in the concentration of DOX. When the H9c2 cells were 
pretreated with 5 µM and 10 µM esculetin for 2 h, the number 
of dead cells induced by DOX was significantly decreased 
(Fig. 1A).

Based on the results of MTT, 10 µM esculetin was selected 
to test for protective effects and molecular mechanisms against 
8 µM DOX-induced H9c2 cell injury. The number of apoptotic 
cells in different groups was detected by flow cytometry.  The 
results illustrate that the number of apoptotic cells in the DOX 
group was significantly increased, while the number of apop-
totic cells in the esculetin pretreatment group was significantly 
decreased (Fig. 1B).

Western blot analysis was used to detect the expression 
of cleaved caspase-3 and cleaved PARP. The results showed 
that DOX significantly increased the expression of cleaved 
caspase-3 and cleaved PARP, while esculetin could decrease 
the expression of cleaved caspase-3 and cleaved PARP in H9c2 
cells induced by DOX (Fig. 1C).

Effects of esculetin against DOX-induced mitochondrial func-
tion in H9c2 cells. The toxicity of DOX on cardiomyocytes 
was also reflected in the mitochondria. Electron microscopy 
results showed that H9c2 cells swelled and rupture of mito-
chondrial cristae occurred in the DOX group. H9c2 cells 
maintained normal intact mitochondria in the esculetin 
pretreated group (Fig. 2A).

The expression of mitochondrial pathway related proteins, 
Bcl 2 and Bid, were detected by western blot analysis using 

H9c2 cells. DOX downregulated the expression of anti-apop-
totic protein Bcl-2, as well as upregulated the expression of the 
pro-apoptosis protein, Bid. Esculetin was capable of inhibiting 
the effects of DOX, maintaining the expression of these two 
proteins at normal levels (Fig. 2B).

Effects of esculetin on DOX-induced H9c2 intracellular 
ROS levels. In addition to inducing damage leading to mito-
chondrial dysfunction, DOX can also cause cell damage by 
increasing intracellular levels of ROS. Our experimental 
results show that the total content of intracellular ROS was 
significantly increased after DOX treatment. The total content 
of intracellular ROS significantly decreased after esculetin 

Figure 2. Effects of esculetin on DOX-induced H9c2 mitochondrial func-
tion. (A) Mitochondrial morphology of the three groups was observed by 
transmission electron microscopy. (B) Western blot analysis of mitochon-
drial pathway associated proteins, Bcl-2 and Bid, compared with DOX alone 
(*P<0.01). DOX, doxorubicin. 

Figure 3. Flow cytometry detection of total content of intercellular ROS 
species, compared with the DOX group (**P<0.01). DOX, doxorubicin; ROS, 
reactive oxygen species.
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pretreatment, which illustrates that esculetin can effectively 
inhibit the production of DOX-induced ROS (Fig. 3).

Effects of esculetin on Bmi-1 expression and cell injury 
within DOX-induced H9c2. Western blot analysis indicated 
that, compared with the DOX group, Bmi-1 protein expres-
sion within esculetin pretreated cells was significantly 
increased (Fig. 4A). To further explore the role of Bmi-1 
protein in inhibiting injury of cardiomyocytes in the esculetin 
pretreated group, Bmi-1 siRNA were used to silence Bmi-1 
gene expression in H9c2 cells. After Bmi-1 silencing, Bmi-1 
protein expression was significantly decreased in the Bmi-1 
siRNA group compared to the blank siRNA group (Fig. 4B).

After Bmi-1 silencing, esculetin pretreatment did not 
suppress DOX-induced DOX cell apoptosis (Fig. 4C) 
compared to the blank siRNA group. Similarly, esculetin 
pretreatment did not reduce DOX-induced ROS after Bmi-1 
gene knockout (Fig. 4D). Therefore, the mechanism of escu-
letin effects against DOX-induced injury of cardiomyocytes is 
upregulation of the expression of Bmi-l.

Discussion

Mechanisms of DOX-induced cardiotoxicity are very 
complex. They include increased production of intracellular 

ROS and mitochondrial DNA damage, amongst others (15,16). 
Mitochondria are the major cellular sites of aerobic respira-
tion and intracellular ROS and therefore, are a major source 
of myocardial ROS (17). A study found that mitochondrial 
damage is the initial causative factor for DOX-induced apop-
tosis of cardiomyocytes (18). DOX-induced mitochondrial 
dysfunction also includes inhibition of oxidative phosphoryla-
tion, increased ROS and reduced Ca2+ ion load (19-21).

The results of the present study illustrate that DOX can 
change mitochondrial morphology, whereas esculetin can 
protect the normal morphology of mitochondria in H9c2 cells 
and regulate the expression of Bcl-2 and Bid proteins. DOX 
induced an increase in the total ROS in H9c2 cells. Conversely, 
esculetin pretreatment can significantly reduce intracellular ROS 
production. Furthermore, esculetin can inhibit DOX-induced 
apoptosis of H9c2 cells and induce the expression of the related 
cleaved caspase-3 and cleaved PARP proteins.

Bmi-l is a member of the polycomb complex protein family 
and is necessary for efficient self-renewing cell divisions (22). 
Bmi-l can regulate the expression of genes associated with mito-
chondrial function and ROS and studies have shown that Bmi-l 
can directly modulate levels of intracellular ROS (23). This study 
found that esculetin can increase the expression of Bmi-l by 
Bmi-l gene silencing, which indicates that esculetin can inhibit 
DOX-induced injury of cardiomyocytes by upregulating Bmi-l.

Figure 4. Effects of esculetin against DOX-induced Bmi-1 expression in H9c2 cells. (A) Effects of esculetin on Bmi-1 expression in DOX-induced H9c2 
cells, compared with the DOX (**P<0.01). (B) Effects of Bmi-1 siRNA on Bmi-1 expression in each group. (C) Effects of Bmi-1 siRNA on cell apoptosis in 
each group. (D) Effects of Bmi-1 siRNA on ROS levels in each group, compared with the blank siRNA group (**P<0.01).  DOX, doxorubicin; ROS, reactive 
oxygen species.
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In conclusion, esculetin inhibition may increase the expres-
sion of Bmi-l during DOX-induced injury of cardiomyocytes, 
thereby reducing the level of ROS and mitochondrial damage, 
and ultimately reducing DOX-induced H9c2 cell apoptosis.
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