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Abstract. Doxorubicin (DOX) is a potent and available anti-
tumor therapeutic agent; however, its clinical application is 
limited due to its cardiotoxicity. Preliminary evidence suggests 
that hydrogen sulfide (H2S) may exert protective effects on 
DOX‑induced cardiotoxicity. Therefore, the aim of the present 
study was to investigate whether the extracellular signal‑regu-
lated kinase (ERK) 1/2 signaling pathway is involved in the 
cardioprotection of H2S against DOX‑induced cardiotoxicity. 
The present study demonstrated that pretreatment with sodium 
hydrosulfide (NaHS; a donor of H2S) prior to DOX exposure 
attenuated the decreased cell viability, the increased apoptosis 
rate and the intracellular accumulation of reactive oxygen 
species (ROS) in H9c2 cardiac myocytes. Exposure of H9c2 
cardiac myocytes to DOX upregulated the expression levels of 
phosphorylated ERK1/2, which had been reduced by pretreat-
ment with NaHS or N‑acetyl‑L‑cysteine, a ROS scavenger. In 
addition, H2S upregulated the anti‑apoptotic protein, Bcl‑2 
and downregulated the pro‑apoptotic protein, Bax. Notably, 
U0126, a selective inhibitor of ERK1/2, was observed to mimic 
the above‑mentioned cytoprotective activity of H2S. In conclu-
sion, these findings indicate that H2S attenuates DOX‑induced 

cardiotoxicity by inhibiting ROS‑mediated activation of 
ERK1/2 in H9c2 cardiac myocytes.

Introduction

To date, doxorubicin (DOX) remains one of the most widely 
administered anticancer therapeutic agents, due to its potent 
therapeutic effects on cancer, including types of leukemia and 
lymphoma, and breast cancer (1). However, its clinical applica-
tion is limited due to its marked toxic side‑effects on the heart, 
which may lead to dilated cardiomyopathy and congestive 
heart failure (2). Numerous studies have implicated reactive 
oxygen species (ROS) generation in the cardiotoxicity asso-
ciated with DOX, which ultimately results in cardiomyocyte 
apoptosis  (3,4). However, the signal transduction pathway 
that links DOX‑induced oxidative stress and cardiac injuries 
remains to be fully elucidated.

Hydrogen sulfide (H2S), a well‑known toxic gas, is regarded 
as the third gasotransmitter, along with nitric oxide and 
carbon monoxide (5). Increasing evidence indicates that H2S is 
significant in physiologic and pathophysiological regulation of 
cardiovascular function (6). Our previous study revealed that 
increased endogenous H2S generation in the early reperfusion 
phase is important in ischemia preconditioning (IPC)‑elicited 
protection in isolated hearts (6). Furthermore, previous studies 
demonstrated that extracellular signal‑regulated protein kinase 
(ERK) 1/2 is activated by oxidative stress and is hypothesized 
to participate in cardiomyocyte apoptosis, as well as cardiac 
pathologies (7,8).

Previous studies indicate that ERK1/2 may be involved 
in DOX‑induced cardiomyocyte injury. Lou et al (9) reported 
that DOX caused an early increase of ERK1/2 phosphoryla-
tion in the rat heart, which was followed by the progressive 
decline of phosphorylated (p)‑ERK1/2 to the control three 
weeks after the final injection of DOX. Liu et al (10) observed 
that the ERKs/p53 signal transduction pathway is involved in 
DOX‑induced apoptosis in H9c2 cardiac myocytes. In addition, 
H2S has been demonstrated to exert bidirectional effects on 
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ERK1/2 (11,12). H2S enhances activation of ERK1/2 in mouse 
pancreatic acinar cells (13); however, it inhibits ERK1/2 activa-
tion in INS‑1E insulin‑secreting β‑cell line cells (14). However, 
whether ROS‑activated ERK1/2 is involved in H2S protection 
against DOX‑induced cardiomyocyte injury remains unknown. 
These previous studies provide a foundation upon which to 
investigate the role of ROS‑activated ERK1/2 in the protective 
effects of H2S against DOX‑induced cardiomyocyte injuries.

Thus, in the current study, H9c2 cardiac myocytes were 
treated with 5 µM DOX to establish a chemotherapy‑induced 
cardiotoxicity model (15). Whether DOX induces activation of 
ERK1/2 in H9c2 cardiac myocytes was investigated and the 
role of ROS‑activated ERK1/2 in the protective effect of H2S 
was elucidated.

Materials and methods

Materials. MTT, Hoechst  33258, 2',7'‑dichlorofluorescein 
diacetate (DCFH‑DA), DOX, U0126, sodium hydrosulfide 
(NaHS), and N‑acetyl‑L‑cysteine (NAC) and H2O2 were 
purchased from Sigma‑Aldrich (St. Louis, MO, USA). All cell 
culture medium components were purchased from Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA) unless otherwise 
noted. The H9c2 cardiac myocytes were obtained from the 
Shanghai Cell Library of China (Shanghai, China; http://www.
cellbank.org.cn/; originally purchased from the American 
Type Culture Collection, Manassas, VA, USA).

Cell culture. H9c2 cardiac myocytes (2x107) were cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), 100  µg/ml strepto-
mycin (Gibco Life Technologies, Carlsbad, CA, USA) and 
100 U/ml penicillin‑streptomycin (Gibco Life Technologies) 
in a humidified 5% CO2 atmosphere at 37˚C. H9c2 cardiac 
myocytes were passaged every two  days and seeded at a 
density of 2x106 cells/dish in 100‑mm dishes with 10% calf 
serum. The cells were incubated for 24 h and the medium 
changed to 0.5% FBS DMEM for a 24‑h starvation. To estab-
lish whether the protective effects of H2S were associated with 
the inhibition of ERK1/2 activity, H9c2 cardiac myocytes were 
pretreated with 20 µM U0126 (a selective inhibitor of ERK1/2)
for 60 min prior to DOX treatment.

MTT assay. The MTT assay was used to assess cell 
viability. Prior to each experiment, H9c2 cardiac myocytes 
(5,000 cells/well) were seeded in 96‑well microtiter plates. 
Following incubation with U0126 (20 µM) for 60 min and/or 
NaHS for 30 min, the cells were treated with 5 µM DOX for 
a further 24 h. Subsequently, 10 µl MTT solution was added 
to each well and the microtiter plates were incubated for 4 h 
at 37˚C. The absorbance was measured at 470 nm using a 
SpectraMax 190 spectrophotometer (Molecular Devices LLC, 
Sunnyvale, CA, USA) and applied to calculate the relative 
ratio of cell viability. Three independent experiments were 
performed for each experimental condition.

Assessment of H9c2 cardiac myocyte apoptosis. Apoptosis was 
analyzed by fluorescence microscopy using Hoechst 33258, 
a chromatin dye. H9c2 cardiac myocytes were incubated in 
DMEM containing 0.5% FBS for 24 h (control group), 50 mM 

DOX for 24 h (DOX group), 100 µM NaHS for 30 min prior to 
exposure to 5 µM DOX for 24 h (NaHS + DOX group), 20 µM 
U0126 for 60 min followed by exposure to 5 µM DOX for 24 h 
(U0126 + DOX group), treated with 100 µM NaHS for 30 min 
followed by a 24-h culture (NaHS group), and treated with 
20 µM U0126 for 60 min followed by a 24-h culture (U0126 
group). Following various treatments, the cells were fixed in 
ice‑cold 4% paraformaldehyde (Sigma-Aldrich) dissolved 
in phosphate‑buffered saline (PBS) at room temperature for 
20 min. Nonspecific binding was blocked using 5% normal 
goat serum (Sigma-Aldrich) in 0.01 M PBS containing 0.3% 
Triton X‑100. Cells were washed twice with PBS and incubated 
for 15 min with 10 µg/ml Hoechst 33258 at room temperature 
in the dark. The cells were visualized under a fluorescence 
microscope (BX50‑FLA; Olympus Corporation, Tokyo, 
Japan). Condensed, fractured or distorted nuclei indicated 
apoptotic cells, whereas normal nuclear size and uniform 
fluorescence were indicative of viable cells.

Measurement of intracellular ROS levels. The determination 
of intracellular ROS levels was performed by measuring a 
fluorescent product, which was formed by the oxidation of 
DCFH‑DA. Briefly, the culture medium was removed and 
the cells were washed three times with PBS. Following the 
addition of fresh culture medium, the cells were incubated at 
37˚C for 30 min with DCFH‑DA at a final concentration of 
10 µmol/l. The cells were washed three further times with PBS 
and the relative quantity of fluorescent product was assessed 
using the fluorescence microscope connected to an imaging 
system. The mean fluorescence intensity (MFI) from five 
random fields was measured using ImageJ 1.41o software 
(National Institutes of Health, Bethesda, MD, USA) and the 
MFI served as an index of the ROS quantity. The experiment 
was performed in triplicate.

Western blot analysis. The cells were homogenized directly into 
10X cell lysis buffer (Cell Signaling Technology, Inc., Danvers, 
MA, USA) and Phosphatase Inhibitor Cocktail (Sigma‑Aldrich), 
lysates were centrifuged at 12,000 xg for 10 min at 4˚C. The 
protein concentration was determined using a BCA protein 
assay kit (Beyotime Institute of Biotechnology, Haimen, China) 
according to the manufacturer's instruction. The extracted 
proteins were combined with 5% SDS‑PAGE sample buffer 
(Beyotime Institute of Biotechnology), boiled at 100˚C for 7 min 
and separated by 10% SDS‑PAGE. Following electrophoresis, 
the proteins were transferred to polyvinylidene difluoride 
membranes. The membranes were blocked in Tris-buffered saline 
and Tween‑20 (TBS‑T; 0.1% Tween‑20) containing 5% non‑fat 
dry milk for 2 h at room temperature with rotation. Subsequent 
to blocking, the membranes were incubated with the following 
antibodies (all obtained from Cell Signaling Technology, Inc.) 
at 4˚C overnight: Rabbit anti‑ERK1/2 polyclonal antibody (cat 
no. 4695P; dilution, 1:2,000), rabbit anti‑p‑ERK1/2 monoclonal 
antibody (cat no.  4370P; dilution, 1:2,000) (Cell Signaling 
Technology, Inc.), rabbit anti-cystathionine γ-lyase (CSE) 
polyclonal antibody (cat no. 12217-1-AP 1:1,000; Proteintech, 
Chicago, IL, USA), GAPDH (cat no. AG019; Beyotime Institute 
of Biotechnology, Shanghai, China) rabbit anti‑Bax polyclonal 
antibody (cat no. 2772T; dilution, 1:1,000), and rabbit anti‑Bcl‑2 
polyclonal antibody (cat no. 2870T; dilution, 1:1,000) (Cell 
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Signaling Technology, Inc.). The membranes were incubated 
in 5% milk or bovine serum albumin (Beyotime Institute of 
Biotechnology) overnight at 4˚C. The membranes were washed 
three times in TBS‑T to remove the primary antibody, and 
incubated for 2 h with horseradish peroxidase-labeled goat 
anti-rabbit immunoglobulin G (1:1,000, Beyotime Institute 
of Biotechnology; cat no. A0208). Following three washes in 
TBS‑T, the antigen‑antibody bands were detected using an 
enhanced chemiluminescence reagent kit (Beyotime Institute of 
Biotechnology) and quantified using Quantity One densitometry 
software, version 4.6.2 (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). The western blot data of p‑ERK1/2 were presented 
as a ratio of the phosphorylated forms to their total forms.

Statistical analysis. Results are presented as means ± standard 
error of the mean. Statistical analysis was performed using 
Student's t‑test or 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 upregulates the expression of p‑ERK1/2 in H9c2 cardiac 
myocytes. H9c2 cardiac myocytes were treated with DOX for 
0, 3, 6, 12 and 24 h to investigate whether DOX treatment 
exerted an effect on p‑ERK1/2 expression. Western blot anal-
ysis revealed that treatment of H9c2 cardiac myocytes with 
DOX significantly upregulated the expression of p‑ERK1/2 in 
a time‑dependent manner (Fig. 1).

DOX inhibits CSE expression in H9c2 cardiac myocytes. CSE 
is a major enzyme responsible for endogenous H2S generation 
in H9c2 cardiac myocytes  (16). Western blot analysis was 

performed to evaluate whether DOX decreases endogenous 
H2S production by inhibiting the expression of CSE. As shown 
in Fig. 2, treatment with DOX for 0, 3, 6, 12 and 24 h resulted 
in a significant downregulation of CSE expression in H9c2 
cardiac myocytes. These data indicate that DOX inhibited 
CSE expression levels in H9c2 cardiac myocytes, and there-
fore contributed to a DOX‑elicited decrease in endogenous 
H2S production.

Oxidative stress contributes to DOX‑induced inhibition of 
CSE expression in H9c2 cardiac myocytes. Oxidative stress is 
a primary mechanism by which DOX induces cardiomyocyte 
injury. To establish whether oxidative stress participates in the 
inhibition of CSE expression caused by DOX treatment, H9c2 
cardiac myocytes were preconditioned with the ROS scav-
enger, NAC (1,000 µM) for 60 min prior to DOX treatment. 
The results demonstrate that pretreatment of H9c2 cardiac 
myocytes with NAC significantly attenuated DOX‑induced 
downregulation of CSE expression (Fig. 3A and B). In addi-
tion, comparable with the role of DOX, hydrogen peroxide 
(an exogenous ROS) was observed to suppress CSE expres-
sion (Fig. 3C and D). These data suggest that oxidative stress 
contributes to DOX‑induced downregulation of CSE expres-
sion in H9c2 cardiac myocytes.

Exogenous H2S inhibits DOX‑induced expression of p‑ERK1/2 
in H9c2 cardiac myocytes. In order to determine the effect 
of H2S on DOX‑induced activation of ERK1/2, H9c2 cardiac 
myocytes were pretreated with NaHS (a donor of H2S) prior 
to exposure to DOX. As demonstrated in Fig. 4, pretreatment 
with NaHS significantly attenuated DOX‑induced overexpres-
sion of p‑ERK1/2. In addition, to further elucidate the role 
of ERK1/2 in the cardioprotective action of H2S, the effect 
of U0126, a specific ERK1/2 inhibitor, on DOX‑induced 
expression of p‑ERK1/2 was investigated. As shown in Fig. 4, 
consistent with the effects of NaHS, pretreatment with 20 µM 

Figure 1. DOX increases the expression of p‑ERK1/2 in H9c2 cardiac myo-
cytes. (A) Expression levels of p‑ERK1/2 as analyzed by western blotting. 
(B) Relative expression levels of p‑ERK1/2 vs. t‑ERK1/2 in each sample, 
as determined by densitometric analysis of western blotting. Data are pre-
sented as the mean ± standard error of the mean (n=3). *P<0.05 and **P<0.01 
vs. Control. DOX, doxorubicin; p, phosphorylated; t, total; ERK1/2, extracel-
lular signal‑regulated kinase 1/2.

Figure 2. Inhibitory effects of DOX on the expression levels of CSE in H9c2 
cardiac myocytes. (A) Western blot analysis was performed to detect changes 
in the expression levels of CSE. (B) Densitometric analysis of western blotting. 
Data are presented as the mean ± standard error of the mean (n=3). *P<0.05 
and **P<0.01 vs. Control. DOX, doxorubicin; CSE, cystathionine‑γ‑lyase.
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U0126 for 60 min significantly attenuated the DOX‑induced 
overexpression of p‑ERK1/2. NaHS or U0126 alone did not 

exert an effect on the expression of total (t)‑ERK1/2. These 
data indicate that the cardioprotective action of H2S is asso-
ciated with its inhibitory effect on DOX‑induced ERK1/2 
activation.

NAC suppresses the DOX‑induced expression of p‑ERK1/2 
in H9c2 cardiac myocytes. To identify whether the inhibitory 
effect of NaHS on the DOX‑induced expression of p‑ERK1/2 is 
associated with its antioxidation, H9c2 cardiac myocytes were 
pretreated with NAC (a ROS scavenger) prior to DOX expo-
sure. As shown in Fig. 5, the pretreatment of cells with NAC 
significantly attenuated the expression of p‑ERK1/2, which 
is consistent with the inhibitory effect of NaHS and U0126 
pretreatment; however, NAC alone did not significantly alter 
the expression levels of t‑ERK1/2. These results reveal that an 
antioxidant effect may have contributed to the inhibitory effect 
of H2S on the DOX‑induced expression of p‑ERK1/2.

Figure 3. Role of oxidative stress in DOX‑inhibited expression of CSE in 
H9c2 cardiac myocytes. Western blot analysis was applied to detect CSE 
expression levels. (A) H9c2 cardiac myocytes were treated with 5 µM DOX 
for 24 h in the absence or presence of pretreatment with 1,000 µM NAC 
for 60 min. (B) Densitometric analysis of data from (A). (C) H9c2 cardiac 
myocytes were treated with H2O2 at concentrations of 50-400  µM for 
24 h. (D) Densitometric analysis of the data from (C). Data are presented 
as the mean  ±  standard error of the mean (n=3). *P<0.05 and **P<0.01 
vs.  Control; ##P<0.05 vs.  DOX‑treated group. DOX, doxorubicin; CSE, 
cystathionine‑γ‑lyase; NAC, N‑acetyl‑L‑cysteine.

Figure 4. Exogenous hydrogen sulfide and ERK1/2 inhibitor, U0126 attenu-
ated DOX‑induced expression of p‑ERK1/2 in H9c2 cardiac myocytes. H9c2 
cardiac myocytes were treated with 5 µmol/l DOX for 24 h in with or without 
pretreatment with 100 µM NaHS for 30 min or 20 µM U0126 for 60 min prior 
to DOX exposure. (A) Expression levels of p‑ERK1/2 were assessed by western 
blot assay. (B) The data from western blotting were quantified by densitometric 
analysis. Data are presented as the mean ± standard error of the mean (n=3). 
**P<0.01 vs. Control; ##P<0.01 vs. DOX‑treated group. ERK1/2, extracellular 
signal‑regulated kinase 1/2; p, phosphorylated; t, total; DOX, doxorubicin.

Figure 5. Effect of NAC on DOX‑induced expression of p‑ERK1/2 in H9c2 
cardiac myocytes. (A) The expression levels of p‑ERK1/2 as analyzed by 
western blotting. (B) Relative expression levels of p‑ERK1/2 vs. t‑ERK1/2 
in each sample as determined by densitometric analysis of western blot-
ting. Data are presented as the mean ± standard error of the mean (n=3). 
**P<0.01 vs. Control; ##P<0.01 vs. DOX‑treated group. p, phosphorylated; 
ERK1/2, extracellular signal‑regulated kinase 1/2; t, total; DOX, doxoru-
bicin; NAC, N‑acetyl‑L‑cysteine.

  B

  C

  D

  A

  B

  A

  B

  A

Figure 6. Exogenous hydrogen sulfide and extracellular signal‑regulated 
kinase  1/2 inhibitor, U0126 protect H9c2 cardiac myocytes against 
DOX‑induced cytotoxicity. H9c2 cardiac myocytes were treated with 5 µmol/l 
DOX for 24 h in the absence of, or following pretreatment with 100 µM NaHS 
for 30 min, or 20 µM U0126 for 60 min. Cell viability was measured by methyl-
thiazolyldiphenyl-tetrazolium assay. Data are presented as the mean ± standard 
error of the mean (n=3). **P<0.01 vs. Control; ##P<0.01 vs. DOX‑treated group; 
DOX, doxorubicin.
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Inhibition of ERK1/2 activation contributed to protection of 
H2S against DOX‑induced cytotoxicity. As presented in Fig. 6, 
exposure of H9c2 cardiac myocytes to DOX resulted in marked 
cytotoxicity, leading to a decrease in cell viability. However, 
pretreatment of cells with NaHS significantly ameliorated 
the DOX‑induced cytotoxicity, which was evidenced by an 
increase in cell viability. To assess whether the activation of 
ERK1/2 is involved in DOX‑induced cytotoxicity, H9c2 cardiac 
myocytes were pretreated with U0126, a selective inhibitor 
of ERK1/2. The results demonstrate that pretreatment with 
U0126 exerts a similar cytoprotective effect to H2S against 
DOX‑induced cytotoxicity. NaHS or U0126 treatment alone 
was not observed to alter cell viability in the H9c2 cardiac 
myocytes. The findings indicate that H2S blocks DOX‑induced 
cytotoxicity in H9c2 cardiac myocytes, partially by inhibiting 
the activation of ERK1/2.

Inhibition of ERK1/2 activation contributes to the protective 
effect of H2S against DOX‑induced apoptosis. The effects 
of NaHS and ERK1/2 inhibition on DOX‑induced apoptosis 
were investigated further. As shown in Fig. 7A, H9c2 cardiac 
myocytes treated with DOX exhibited typical characteristics 
of apoptosis, including condensation of chromatin, shrinkage 
of nuclei and apoptotic bodies. However, pretreatment of cells 
with NaHS markedly decreased the DOX‑induced increased 
number of cells exhibiting nuclear condensation and frag-
mentation. To ascertain whether the activation of ERK1/2 
is implicated in DOX‑induced cardiotoxicity, H9c2 cardiac 
myocytes were pretreated with U0126. The results revealed 
that pretreatment with U0126 attenuated the DOX‑induced 
increased number of apoptotic H9c2 cardiac myocytes (Fig. 7B). 
Treatment with NaHS or U0126 alone did not markedly alter 
H9c2 cell morphology or the percentage of apoptotic H9c2 

Figure 7. Exogenous hydrogen sulfide and extracellular signal‑regulated kinase 1/2 inhibitor, U0126 attenuate DOX‑induced apoptosis in H9c2 cardiac myo-
cytes. (A) Hoechst 33258 nuclear staining was conducted, followed by fluorescence imaging to observe cell apoptosis: (a) Control group. H9c2 cardiac 
myocytes were (b) exposed to 5 µM DOX for 24 h; (c) pretreated with 100 µM NaHS for 30 min prior to exposure to 5 µM DOX for 24 h; (d) treated with 
20 µM U0126 for 60 min followed by exposure to 5 µM DOX for 24 h; (e) treated with 100 µM NaHS for 30 min followed by a 24‑h culture; (f) treated with 
20 µM U0126 for 60 min followed by a 24‑h culture (magnification, x40). (B) The apoptotic rate was analyzed using a cell counter and ImageJ 1.41o software. 
Values are expressed as the mean ± standard error of the mean (n=3). **P<0.01 vs. Control; ##P<0.01 vs. DOX‑treated group. DOX, doxorubicin; NaHS, sodium 
hydrosulfide.

  B
A   a   b   c

  d   e   f

Figure 8. Exogenous hydrogen sulfide and extracellular signal‑regulated kinase 1/2 inhibitor, U0126 decrease DOX‑induced ROS accumulation in H9c2 cardiac 
myocytes. (A) Intracellular ROS generation, measured by 2',7'‑dichlorofluorescein diacetate staining followed by photofluorography: (a) Control group. H9c2 
cardiac myocytes were (b) exposed to 5 µM DOX for 24 h; (c) pretreated with 100 µM NaHS for 30 min prior to exposure to 5 µM DOX for 24 h; (d) treated 
with 20 µM U0126 for 60 min followed by exposure to 5 µM DOX for 24 h; (e) treated with 100 µM NaHS for 30 min followed by a 24‑h culture; (f) treated 
with 20 µM U0126 for 60 min followed by a 24‑h culture (magnification, x40). (B) Quantitative analysis of the mean fluorescence intensity of dichlorofluo-
rescein observed in (A) was conducted using Image J 1.41o software. Data are presented as means ± standard error of the mean (n=5). *P<0.05 vs. Control; 
#P<0.05 vs. DOX‑treated group. DOX, doxorubicin; ROS, reactive oxygen species; NaHS, sodium hydrosulfide.
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cardiac myocytes. These findings demonstrate that the ERK1/2 
signaling pathway participates in DOX‑induced cardiotoxicity.

Exogenous H2S and the ERK1/2 inhibitor, U0126, reduce 
DOX‑induced oxidative stress in H9c2 cardiac myocytes. 
Previous studies have shown that oxidative stress is critical 
in DOX‑induced cardiotoxicity. Thus, the effects of H2S 
and U0126 on DOX‑induced ROS generation in H9c2 
cardiac myocytes were investigated in the present study. 
As shown in Fig.  8, exposure of cells to 5  µM DOX for 
24 h significantly enhanced ROS generation. However, the 
increased ROS generation was attenuated by pretreatment 
with NaHS, indicating that exogenous H2S protects H9c2 
cardiac myocytes against DOX‑induced oxidative stress. To 
investigate whether the activation of ERK1/2 contributes 
to the DOX‑induced overproduction of ROS, H9c2 cardiac 
myocytes were preconditioned with U0126. The results 
revealed that preconditioning with U0126 significantly 
decreased the DOX‑induced increase in ROS generation. 
Treatment with NaHS or U0126 alone, however, did not alter 
basal ROS generation. The results suggest that antioxidation 
of H2S is partly associated with inhibition of ERK1/2 activa-
tion in H9c2 cardiac myocytes.

Exogenous H2S and ERK1/2 inhibitor, U0126, inhibit 
DOX‑induced cytotoxicity via upregulation of Bcl‑2 protein 
expression and downregulation of Bax protein expression. 
Bcl‑2 is an anti‑apoptotic protein and Bax is a pro‑apoptotic 
protein. To elucidate whether H2S modulates the expression 
of Bcl‑2 and Bax in DOX‑stimulated H9c2 cardiac myocytes, 
the expression levels of Bcl‑2 and Bax protein were inves-
tigated. As presented in Fig. 9, DOX markedly decreased 
the level of Bcl‑2 expression and increased the level of Bax 

expression. However, pretreatment with NaHS or U0126 prior 
to administration of DOX, demonstrated that the protein 
expression levels of Bax were decreased, whereas the Bcl‑2 
protein expression levels increased. These results indicate 
that H2S prevents apoptosis in H9c2 cardiac myocytes by 
upregulating Bcl‑2 protein expression and inhibiting Bax 
protein expression.

Discussion

Numerous studies have shown that the major molecular 
mechanism involved in DOX‑induced cardiotoxicity is 
free radical‑induced oxidative stress and cardiac myocyte 
death by apoptosis and necrosis. Concordant with previous 
studies (17,18), in the present study, it was observed that expo-
sure of H9c2 cardiac myocytes to DOX markedly induced 
cellular injuries, including a decrease in cell viability, increased 
cell apoptosis, ROS generation and activation of ERK1/2.

Previously, the cardioprotective effects of H2S have 
been demonstrated in animal models of disease  (19,20). 
H2S infusion significantly reduced myocardial infarct 
size and improved regional left ventricular function, as 
well as endothelium‑dependent and ‑independent micro-
vascular reactivity in a porcine model of myocardial 
ischemia‑reperfusion (I/R) (21). In addition, H2S has been 
shown to attenuate myocardial necrosis and apoptosis (22). 
Endogenous H2S has been associated with cardioprotection 
in rat ventricular myocytes as a result of metabolic inhibition 
preconditioning (23). Furthermore, inhibition of endogenous 
H2S generation by inhibition of its synthesis inhibitor has been 
shown to block the protective effect of IPC in isolated hearts, 
as well as isolated cardiac myocytes (24). In the present study, 
H9c2 cardiac myocytes were used to investigate the effect 

Figure 9. Effects of exogenous hydrogen sulfide and extracellular signal‑regulated kinase 1/2 inhibitor on changes to Bcl‑2 and Bax expression levels 
induced by DOX in H9c2 cardiac myocytes. (A) Western blot analysis was used to detect the changes in expression levels of the Bcl‑2 and Bax proteins. 
(B) The western blot data were quantified by densitometric analysis. Data are presented as the mean ± standard error of the mean (n=3). *P<0.05 vs. Control; 
#P<0.05 vs. DOX‑treated group. DOX, doxorubicin; NaHS, sodium hydrosulfide.
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of DOX on endogenous H2S generation and its role in the 
cardiotoxicity of DOX. Exposure of H9c2 cardiac myocytes 
to DOX was observed to result in a significant decrease in 
H2S generation.

ERK1/2 is important in cell proliferation, growth and 
cell death (25). Previous research indicates that the ERK1/2 
signaling pathway is activated by DOX‑induced apop-
tosis in H9c2 cardiac myocytes  (26). Furthermore, ERK 
activation has been demonstrated to be important in certain 
models that induce apoptosis in the myocardium, including 
isoproterenol‑induced apoptosis  (27) and I/R in neonatal 
cardiomyocytes that induce apoptosis  (28). In the current 
study, the results showed that the expression level of p‑ERK1/2 
was increased following DOX‑induced injury in H9c2 cardiac 
myocytes, and H2S treatment decreased the expression level of 
p‑ERK1/2, and subsequently inhibited DOX‑induced injuries 
in H9c2 cardiac myocytes. Additionally, the present study 
further demonstrated that the ERK1/2 inhibitor, U0126 mark-
edly reduced DOX‑induced injuries (which was evidenced by 
an increase in cell viability), decreased the expression level 
of p‑ERK1/2, and attenuated DOX‑induced apoptosis in H9c2 
cardiac myocytes. These results indicate that inhibition of the 
ERK1/2 signaling pathway may be involved in the protection 
of exogenous H2S.

Notably, the present study further demonstrated that ROS 
were involved in DOX‑induced cell injuries and whether 
DOX activation of ERK1/2 is due to its induction of ROS was 
investigated. It was shown that pretreatment of H9c2 cardiac 
myocytes with NAC (a ROS scavenger) significantly attenu-
ated DOX‑induced expression of p‑ERK1/2. Collectively, 
the results of the present study support the hypothesis that 
DOX induction of ROS activates ERK1/2, which mediates 
DOX‑induced injuries in H9c2 cardiac myocytes.

The effect of H2S on regulating the intracellular Bcl‑2/Bax 
signaling pathway was investigated in the present study to 
provide further biochemical evidence elucidating the protec-
tive effect of H2S on cardiac myocytes against DOX‑induced 
injuries. Bcl‑2 is an oncogene‑derived protein, which 
confers negative control in the signaling pathway of cellular 
suicide machinery (29). Bax is a Bcl‑2 homologous protein, 
which promotes cell death by competing with Bcl‑2  (30). 
Compared with the controls, DOX exposure was observed 
to downregulate the protein expression of Bcl‑2, while it 
increased Bax protein expression in H9c2 cardiac myocytes. 
Furthermore, H2S supplementation in H9c2 cardiac myocytes 
significantly reduced DOX‑induced Bax expression and 
augmented DOX‑suppressed Bcl‑2 expression, and these 
effects were associated with a decrease in apoptotic levels. 
The results suggested a potent protective effect by H2S against 
DOX‑induced injuries, partly through upregulation of Bcl‑2 
and downregulation of Bax.

In conclusion, the principal finding of the current study 
was that H2S inhibits DOX‑induced cardiotoxicity in H9c2 
cardiac myocytes, and its effects may involve inhibition 
of ROS‑mediated activation of ERK1/2, upregulation of 
Bcl‑2 and downregulation of Bax. The present study eluci-
dated the underlying mechanisms of H2S protection against 
DOX‑induced cardiotoxicity, and provided valuable evidence 
for identifying H2S as a novel therapeutic strategy for the treat-
ment and prevention of DOX‑induced cardiomyopathy.
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