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Abstract. Doxorubicin (DOX) is an efficient drug used in 
cancer therapy; however, it has severe cardiotoxic side effects. 
The aim of the present study was to investigate the effects of 
resveratrol on the adenosine monophosphate-activated protein 
kinase (AMPK)/P53 pathway in mediating DOX-induced 
cytotoxicity. H9c2 cells were exposed to 5 µM DOX for 
24 h to establish a model of DOX-induced cardiotoxicity. 
DOX administration amplified P53 and B-cell lymphoma 2 
(Bcl-2)-associated X protein (Bax) expression and decreased 
Bcl-2 expression in H9c2 cells. Resveratrol increased the cell 
viability and decreased the apoptotic rate. In addition, resve-
ratrol markedly increased the phosphorylation of AMPK. Of 
note, resveratrol protected against DOX-induced increases of 
P53 and Bax and also prevented the downregulation of Bcl-2 
in H9c2 cells. Furthermore, AMPK inhibitor Compound C 
abolished the protective effects of resveratrol. The results of 
the present study therefore indicated that resveratrol protected 
H9c2 cells from DOX-induced apoptosis via the AMPK/P53 
pathway.

Introduction

Doxorubicin (DOX) remains one of the most widely used 
anti‑cancer drugs (1); however, its clinical use is limited due 

to its severe cardiotoxicity (2). Spallarossa et al (3) showed 
that cardiomyocyte apoptosis has an important role in 
DOX-induced cardiotoxicity. Therefore, exploration of the 
mechanism of DOX-induced cardiomyocyte apoptosis is 
required to develop strategies to reduce the side effects of 
DOX by preventing DOX-induced cardiotoxicity. 

Resveratrol is a polyphenol with potent cardioprotective, 
anti‑inflammatory and anti‑cancer activities (4,5). Resveratrol 
is able to decrease the infarct size and reduce apoptosis in 
ischemia‑reperfusion injury (6). Tatlidede et al (7) revealed 
the protective effect of resveratrol against DOX-induced 
cardiomyocyte apoptosis. In addition, resveratrol not only 
improved the anti‑cancer activity of DOX, but also exerted 
cardioprotective effects (8,9). Therefore, combined treatment 
of resveratrol with DOX may be a feasible strategy to reduce 
DOX-induced cardiotoxicity (10). However, the underlying 
mechanisms of how resveratrol exerts its cardioprotective 
effects against DOX-induced cardiotoxicity have remained to 
be fully elucidated.

Adenosine monophosphate-activated protein kinase 
(AMPK) is an key regulatory protein in cellular energy 
metabolism, and AMPK activation can regulate cell apop-
tosis (11-13). AMPK activation results in the accumulation 
of pro-apoptotic protein p53 to induce myocardial‑cell 
apoptosis (14). Chen et al (13) reported that activation of 
the AMPK/P53 signaling pathway has a crucial role in 
DOX-induced H9c2 cell death and apoptosis. Furthermore, 
Liu et al (15) confirmed that inhibition of the AMPK/P53 
signal transduction pathway can suppress DOX-stimulated 
cardiomyocyte apoptosis. In the present study, H9c2 cells 
were treated with DOX to establish a cell model of chemo-
therapy-induced cardiotoxicity (16) and explored whether 
resveratrol inhibits DOX-induced cardiomyocyte apoptosis 
via the AMPK/P53 pathway.

Materials and methods

M ater ia l s.  Hoechst  33258,  3 - (4, 5 - d i met hylt h i -
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), DOX, 
resveratrol and AMPK inhibitor compound C were purchased 
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from Sigma-Aldrich (St. Louis, MO, USA). The enhanced 
chemiluminescence (ECL) solution was purchased from 
Beyotime Institute of Biotechnology (Haimen, China). All cell 
culture medium components were purchased from Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA) unless stated 
otherwise.

Cell culture. H9c2 cardiac cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 
10% fetal bovine serum (FBS) in a humidified atmosphere 
containing 5% CO2 at 37˚C. The H9c2 cardiac myocytes were 
seeded onto six-well plates at a density of 2x106 cells/well 
and treated as follows to form the different groups: Control 
group, H9c2 cardiac cells were incubated in 0.5% FBS 
DMEM for 24 h; DOX group, treated with DOX (5 µM) 
for 24 h; RES + DOX group, treated with resveratrol (25 
µM) for 30 min prior to exposure to DOX (5 µM) for 24 h; 
RES + DOX + compound C group, treated with compound C 
(10 µM) for 60 min prior to stimulation with resveratrol, 
followed by a 24‑h culture with DOX.

MTT assay. An MTT assay was used to assess cell viability. 
H9c2 cardiac myocytes (5,000 cells/well) were seeded in 
96-well microtiter plates. After incubation with AMPK 
inhibitor compound C (10 µM) for 60 min and/or resveratrol 
(25 µM) for 30 min, cells were cultured with 5 µM DOX for 
24 h. Subsequently, 10 µl MTT solution (5 mg/ml) was added 
to each well, followed by incubation for a further 4 h at 37˚C. 
Formazan crystals were dissolved using 150 µl dimethyl 
sulfoxide and the absorbance was measured at 470 nm 
(SpectraMax 190 Absorbance Microplate Reader; Molecular 
Devices LLC, Sunnyvale, CA, USA) and used to calculate 
the cell viability relative to that of the control group. The 
assay was performed with each experimental condition run 
in triplicate.

Assessment of apoptosis by Hoechst 33258 nuclear staining. 
Hoechst 33258 was used to assess cell apoptosis. Following 
the above‑mentioned treatments to form the various groups, 
H9c2 cells were seeded at a density of 2x106 cells/well, 
incubated for 24 h and fixed in ice-cold 4% paraformalde-
hyde (Beyotime Institute of Biotechnology) dissolved in 
phosphate-buffered saline at 37˚C for 20 min. Goat serum 
(5%; Beyotime Institute of Biotechnology) was used to block 
non‑specific binding. Samples were then incubated with 
10 µg/ml Hoechst 33258 at 37˚C for 15 min. The slides were 
visualized under a fluorescence microscope (BX50-FLA; 
Olympus, Tokyo, Japan). Apoptotic cells were identified as 
those with a nucleus exhibiting brightly stained condensed 
chromatin or unclear fragments, while viable cells displayed a 
normal nuclear size and uniform fluorescence.

Western blot analysis. H9c2 cells were directly homog-
enized with cell lysis buffer (Cell Signaling Technology, 
Inc., Danvers, MA, USA) with phosphatase inhibitor cocktail 
(Sigma-Aldrich). Protein extracts were collected following 
sample centrifugation at 12,000 x g for 10 min at 4˚C. Equal 
quantities of extracted proteins were then separated in 10% 
sodium dodecyl sulfate-polyacrylamide electrophoresis gels 
(Beyotime Institute of Biotechnology) and transferred to a 

polyvinylidene difluoride membrane (Beyotime Institute of 
Biotechnology). The membranes were incubated in 5% non‑fat 
dry milk at 37˚C for 2 h and the blots were incubated over-
night at 4˚C with the following primary antibodies: Rabbit 
phosphorylated (p)-AMPK polyclonal antibody (cat. no. 2535; 
1:2,000 dilution; Cell Signaling Technology, Inc.), rabbit 
AMPK monoclonal antibody (cat. no. 5831; 1:1,000 dilution; 
Cell Signaling Technology, Inc.), rabbit P53 monoclonal anti-
body (cat. no. ab179477; 1:2,000 dilution; Abcam, Cambridge, 
MA, USA), rabbit anti-B-cell lymphoma (Bcl-2)-associated 
X protein (Bax) polyclonal antibody (cat. no. Ab026; 1:400 
dilution; Beyotime Institute of Biotechnology) and rabbit 
anti-Bcl-2 polyclonal antibody (cat. no. AB112; 1:4,000 dilu-
tion; Beyotime Institute of Biotechnology). Following a 30 min 
wash, the membranes were subsequently incubated with the 
appropriate horseradish peroxidase-conjugated secondary 
antibodies (cat. no. A0208; 1:1,000 dilution; Beyotime Institute 
of Biotechnology) for 2 h. Protein expression was determined 
using an enhanced chemiluminescence reagent kit (Beyotime 
Institute of Biotechnology) and the Tanon‑5500 western blot-
ting detection system (Tanon Science and Technology Co., 
Ltd., Shanghai, China), and quantified using the Quantity One 
Software Package (version 4.6.2; Bio-Rad Laboratories, Ltd., 
Hercules, CA, USA).

Statistical analysis. Values are expressed as the mean ± stan-
dard error of the mean. Statistical analysis of data was assessed 
using one-way analysis of variance with SPSS 13.0 (SPSS, 
Inc., Chicago, IL, USA). P﹤0.05 was considered to indicate a 
statistically significant difference.

Results

DOX decreases the phosphorylation of AMPK and increases 
the expression of P53 in H9c2 cells. As shown in Fig. 1A, DOX 
decreased the phosphorylation of AMPK in H9c2 cells in a 
concentration-dependent manner at the tested concentrations 
of 1-10 µM. Fig. 1B shows that DOX significantly induced 
the expression of P53 at 5 µM, which was further increased 
at 10 µM.

Resveratrol increases the phosphorylation of AMPK and 
decreases the expression of P53 in DOX‑induced H9c2 cells. 
To investigate the effects of resveratrol against DOX-induced 
toxicity, the phosphorylation of AMPK and the expression of 
P53 in H9c2 cells were assessed following DOX and resve-
ratrol treatment. Fig. 2 shows that resveratrol increased the 
phosphorylation of AMPK and decreased the expression of 
P53 in a concentration-dependent manner in DOX-induced 
H9c2 cells. The phosphorylation of AMPK was significantly 
increased by resveratrol at the concentration of 10 µM and 
above.

Compound C inhibits the cardioprotective effects of resvera‑
trol against DOX‑mediated decreases in the phosphorylation 
of AMPK and increases in the expression of P53 in H9c2 cells. 
To explore the implication of the AMPK/P53 pathway in the 
protective effects of resveratrol, H9c2 cells were pre-treated 
with AMPK inhibitor compound C followed by treatment with 
DOX and resveratrol. The results showed that compound C 
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significantly attenuated the inhibitory effects of resveratrol 
on the DOX-mediated reduction of AMPK phosphorylation 
and increase of P53 expression (Fig. 3). These results further 
indicated that the AMPK/P53 pathway was involved in the 
protective effects of resveratrol.

Resveratrol attenuates DOX‑induced reduction of Bcl‑2 
and enhancement of Bax expression in cardiomyocytes. To 
further investigate the protective effects of resveratrol against 
DOX‑mediated toxicity in H9c2 cells, the expression of Bcl-2 
and Bax was examined. As illustrated in Fig. 4, DOX markedly 
decreased the expression of Bcl-2 and increased the expression 

of Bax. Of note, following pre‑treatment with resveratrol, the 
levels of Bax were decreased, whereas Bcl-2 levels increased, 
indicating that resveratrol exerted anti-apoptotic effects on 
DOX-treated H9c2 cells. However, compound C abolished the 
protective effects of resveratrol.

Resveratrol inhibits DOX‑induced cytotoxicity. Fig. 5 shows 
that DOX treatment significantly decreased the viability 
of H9c2 cells and induced marked cytotoxicity. However, 
pre-treatment with resveratrol significantly increased the 
cell viability and ameliorated the DOX-induced cytotoxicity. 
In addition, compound C abolished the protective effects of 

Figure 2. H9c2 cells were treated with 0, 5, 10, 25 and 50 µM RES for 30 min prior to exposure to 5 µM DOX for 24 h. RES dose‑dependently increases the 
levels of p‑AMPK and P53 in H9c2 cells. (A) AMPK phosphorylation and (B) P53 expression were analyzed by immunoblotting. Relative levels of p‑AMPK vs. 
total AMPK and P53 in each sample as determined by densitometry. Values are expressed as the mean ± standard error (n=3). *P﹤0.05, **P﹤0.01 vs. the control 
group. DOX, doxorubicin; p‑AMPK, phosphorylated adenosine monophosphate‑activated protein kinase; RES, resveratrol.

  B  A

Figure 1. H9c2 cells were treated with 0, 1, 5, 10 µM DOX for 24 h. DOX dose‑dependently decreases the levels of p‑AMPK and P53 in H9c2 cells. (A) AMPK 
phosphorylation and (B) P53 levels were analyzed by immunoblotting. Relative levels of p‑AMPK vs. total AMPK and P53 in each sample as determined 
by densitometry. Values are expressed as the mean ± standard error of the mean (n=3). *P﹤0.05, **P﹤0.01 vs. the control group. DOX, doxorubicin; p‑AMPK, 
phosphorylated adenosine monophosphate‑activated protein kinase.

  A   B
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resveratrol as indicated by decreased cell viability and the 
induction of marked cytotoxicity.

Resveratrol reduces DOX‑induced apoptosis in H9c2 cells. 
Fig. 6 shows that DOX induced apoptosis in a large percentage 
of H9c2 cells. However, resveratrol inhibited DOX-induced 
H9c2-cell apoptosis. Pre-treatment of the H9c2 cells with 
compound C abolished the protective effects of resveratrol.

Discussion

Although studies on DOX-derived cardiotoxicity have been 
performed for decades (17), the underlying mechanisms have 
remained to be fully elucidated. It is known that oxidative 
stress-induced cardiomyocyte apoptosis and death is an major 
molecular mechanism involved in DOX-induced cardiotox-
icity (18,19). The present study observed that cell viability 

Figure 4. Effects of RES on the changes of Bcl‑2 and Bax expression induced by DOX in H9c2 cells. Control group, H9c2 cardiac cells incubated in 0.5% FBS 
DMEM for 24 h; DOX group, treated with DOX (5 µM) for 24 h; RES + DOX group, treated with RES (25 µM) for 30 min prior to exposure to DOX (5 µM) 
for 24 h; RES + DOX + compound C group, treated with compound C (10 µM) for 60 min prior to stimulation with RES, followed by a 24‑h culture with 
DOX. (A) Western blots demonstrate the expression changes of Bcl‑2 and Bax protein. (B) Quantification of data from A by densitometric analysis. Values are 
expressed as the mean ± standard error (n=3). *P﹤0.05, compared with the control group; #P﹤0.05, compared with the DOX‑treated group; ﹠P﹤0.05, compared 
with the RES + DOX group. DOX, doxorubicin; RES, resveratrol; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.

  A   B

Figure 3. Compound C inhibits the effect of RES on p‑AMPK and P53 in H9c2 cells. Control group, H9c2 cardiac cells incubated in 0.5% FBS DMEM for 
24 h; DOX group, treated with DOX (5 µM) for 24 h; RES + DOX group, treated with RES (25 µM) for 30 min prior to exposure to DOX (5 µM) for 24 h; 
RES + DOX + compound C group, treated with compound C (10 µM) for 60 min prior to stimulation with RES, followed by a 24‑h culture with DOX. (A) AMPK 
phosphorylation and (B) P53 expression were analyzed by immunoblotting. Relative levels of p‑AMPK vs. total AMPK and P53 in each sample as determined by 
densitometry. Values are expressed as the mean ± standard error (n=3). *P﹤0.05, compared with the control group; #P﹤0.05, compared with the DOX‑treated group. 
DOX, doxorubicin; RES, resveratrol; p‑AMPK, phosphorylated adenosine monophosphate‑activated protein kinase.

  A   B
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was markedly decreased and cell apoptosis was significantly 
increased following DOX-induced cellular injury.

Resveratrol potently protects cardiomyocytes from apop-
tosis and reduces the risk of cardiovascular disease (20). 
Oktem et al (21) reported that resveratrol protects cardio-
myocytes from DOX-induced apoptosis. In addition, 
resveratrol was shown to enhance the anti-cancer effects of 

DOX and to simultaneously protect against DOX-induced 
cardiotoxicity (9). However, the underlying mechanism of the 
cardioprotective effects of resveratrol has remained to be fully 
elucidated.

Shirwany et al (22) have reported that AMPK inhibits 
the proliferation of non-malignant cells. P53 is a member of 
the P53 tumor suppressor family and acts as a critical regu-
lator of numerous cellular processes, including cell-cycle 
arrest and apoptosis (23). Studies have reported that the 
AMPK/P53 pathway has an important role in DOX-induced 
cardiomyocyte death (24,25). The present study found that 
the phosphorylation of AMPK protein was significantly 
decreased, while the expression of P53 protein was signifi-
cantly increased in DOX-treated H9c2 cells. In addition, 
the expression of Bax protein was significantly increased, 
while the expression of Bcl-2 protein was markedly reduced 
in DOX-treated H9c2 cells. These results supported that the 
AMPK/P53 pathway was involved in DOX-induced cardio-
myocyte apoptosis. 

To further elucidate the molecular mechanism of the 
cardioprotective effects of resveratrol, its effect on the 
AMPK/P53 pathway was assessed in DOX-treated H9c2 
cells. The results demonstrated that resveratrol significantly 
attenuated DOX-induced decreases in AMPK activation and 
increases of P53 expression. In addition, resveratrol signifi-
cantly reduced the DOX-induced enhancement of Bax and the 
decrease of Bcl-2 protein levels in H9c2 cells. Furthermore, 
the present study indicated an association of ROS and the 
deactivation of AMPK in DOX-treated H9c2 cells. Oxidative 
stress is defined as an imbalanced redox state in which 
pro‑oxidants overwhelm antioxidant capacity, resulting in 
increased ROS production. ROS has been implicated in the 
pathogenesis of DOX‑induced H9c2 cardiomyocyte apop-
tosis. AMPK, which is a cellular energy sensor and regulator, 
as well as a pressure sensor, regulates ROS/redox balance, 
cell apoptosis and cell proliferation to maintain cellular 
homeostasis. Thus, it was hypothesized in the present study 
that resveratrol protects against DOX‑induced H9c2 cardio-
myocyte apoptosis via reduce generation of ROS, which 
activates AMPK and the expression of p53 protein. In addi-
tion, compound C, an inhibitor of AMPK phosphorylation, 
reversed the protective effects of resveratrol by significantly 
increasing apoptosis of H9c2 cells, inhibiting the phosphory-
lation of AMPK and increasing the expression of P53. These 
results indicated that resveratrol inhibited the generation of 
ROS and thereby activated AMPK to prevent DOX-induced 
cardiotoxicity.

In conclusion, the present study showed that resveratrol 
suppressed DOX-induced cardiomyocyte apoptosis via 
increasing AMPK phosphorylation and inhibiting P53 expres-
sion, as well as inducing Bcl-2 and downregulating Bax 
expression. These results suggested that resveratrol represents 
a promising, novel drug candidate for the treatment and 
prevention of DOX-induced cardiotoxicity.
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Figure 5. Resveratrol protects H9c2 cells against DOX‑induced cytotoxicity. 
Cell viability was measured using an MTT assay. Values are expressed as the 
mean ± standard error of the mean (n=3). *P﹤0.05, compared with the control 
group; #P﹤0.05, compared with the DOX‑treated group; ﹠P﹤0.05, compared 
with the RES + DOX group. DOX, doxorubicin; RES, resveratrol.

Figure 6. RES reduces DOX‑induced apoptosis in H9c2 cells. 
(A) Hoechst 33258 nuclear staining followed by fluorescence imaging 
were performed to observe cell apoptosis. (a) Control group; (b) DOX 
group; (c) RES + DOX group; (d) RES + DOX + Compound C group; 
(e) DOX + Compound C group. Magnification, x40. (B) The apoptotic rate was 
analyzed using a cell counter. Values are expressed as the mean ± standard 
error (n=5). *P﹤0.05, compared with the control group; #P﹤0.05, compared 
with the DOX‑treated group; ﹠P﹤0.05, compared with the RES + DOX group. 
DOX, doxorubicin; RES, resveratrol.
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