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Pirfenidone attenuates homocysteine‑induced apoptosis
by regulating the connexin 43 pathway in H9C2 cells
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Abstract. Pirfenidone (PFD) is an anti‑fibrotic agent that
is clinically used in the treatment of idiopathic pulmonary
fibrosis. PFD has been shown to exert protective effects
against damage to orbital fibroblasts, endothelial cells, liver
cells and renal proximal tubular cells; however, its effect on
myocardial cell apoptosis remains unclear. The present study
aimed to characterize the effects of PFD on homocysteine
(Hcy)‑induced cardiomyocyte apoptosis and investigated
the underlying mechanisms. H9C2 rat cardiomyocytes were
pre‑treated with PFD for 30 min followed by Hcy exposure
for 24 h. The effects of PFD on cell cytotoxicity were evaluated by CCK‑8 assay. The apoptosis rate of each group was
determined by flow cytometry. The protein and mRNA levels
of connexin 43 (Cx43), Bax, B‑cell lymphoma‑2 (Bcl‑2)
and caspase‑3 were measured by western blot analysis and
reverse transcription‑quantitative PCR, respectively. The
present results demonstrated that the apoptotic rate increased
following Hcy exposure, whereas the apoptotic rate significantly decreased following PFD pre‑treatment. Furthermore,
the ratio of Bax/Bcl2 was upregulated following Hcy exposure, and Hcy upregulated the expression levels of cleaved
caspase‑3 and Cx43. Notably, these effects were prevented by
PFD. Additionally, the effects of PFD were inhibited by the
Cx43 agonist, AAP10. In summary, the findings of the present
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study demonstrate that PFD protects H9C2 rat cardiomyocytes against Hcy‑induced apoptosis by modulating the Cx43
signaling pathway.
Introduction
Cardiovascular diseases remain a leading cause of mortality
worldwide due to their high morbidity and mortality rates.
It has been reported that numerous risk factors may lead to
cardiomyocyte dysfunction via the induction of apoptosis,
which eventually contributes to the development of human
cardiovascular diseases (1). Therefore, understanding the
mechanisms responsible for this apoptosis may aid in the
enhanced understanding of the pathology of these disorders.
Hypertension, diabetes, sex differences, obesity, smoking
and high cholesterol are the most important risk factors for
cardiovascular diseases (2,3). Recent studies have demonstrated
that the abnormal accumulation of plasma homocysteine (Hcy)
is a risk factor for cardiovascular diseases, which may lead
to myocardial cell dysfunction by inducing apoptosis (4‑7).
Therefore, the early identification and timely management of
risk factors is critical for reducing morbidity and mortality in
patients with cardiovascular diseases.
Several studies have reported that connexin 43 (Cx43) can
regulate cell survival and death. Cx43 can initiate apoptotic
programs that are involved in arrhythmia, ischemia‑reperfusion and heart failure (6,8). Existing data on connexin
expression confirm that Cx43 is the principal cardiac connexin,
and it forms communication channels for electric and metabolic coupling between cardiomyocytes (9). A previous study
demonstrated that Hcy can increase the expression of Cx43 in
myocardial cells (10).
Pirfenidone [5‑methyl‑1‑phenyl‑2(1H)‑pyridone; PFD]
is a pyridine compound that exerts anti‑fibrotic effects
in numerous fibrotic diseases (11,12). However, the exact
underlying mechanisms of action of PFD are not yet fully
understood. A previous study identified that PFD inhibited the
apoptosis of renal tubular cells by maintaining mitochondrial
membrane stability, thereby inhibiting the mitochondrial
apoptotic signaling pathway (13). Notably, another study
demonstrated that PFD significantly reduced the electrical
stimulation‑induced protein expression levels of Cx43
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and α‑actin 2 in bone marrow‑derived mesenchymal stem
cells (14). In a hepatic ischemia/reperfusion injury model, a
study identified that PFD reduced SRY‑related high mobility
group‑Box gene 9 overexpression‑induced inflammation
and apoptosis (15). However, the question of whether PFD
is involved in the regulation of the cardiomyocyte apoptosis
signaling pathway requires further investigation.
The aim of the present study was to investigate the cardioprotective effects of PFD on the Hcy‑induced apoptosis of
H9C2 cells. It was hypothesized that PFD protects H9C2 rat
cardiomyocytes against Hcy‑induced apoptosis by modulating
the Cx43 signaling pathway.
Materials and methods
Cell culture and drug administration. H9C2 rat cardiomyocytes were purchased from the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. The
H9C2 cells were cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc.) and supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) at 37˚C in a humidified 5% CO2
incubator (4). Upon reaching 80% confluency, the cells were
subjected to the experimental procedures. H9C2 cells cultured
in DMEM/FBS without any treatment served as the control
group. H9C2 cells were exposed to Hcy (0.5, 1, 2 or 3 mmol/l;
Sigma‑Aldrich; Merck KGaA) for 24 h to determine the Hcy
treatment concentrations (4). The cells were pre‑treated with
PFD (Sigma‑Aldrich; Merck KGaA) for 30 min followed
by exposure to Hcy (3 mmol/l) for 24 h. In addition, the
H9C2 cells were treated with the Cx43 agonist, AAP10
(Chinese Peptide Co., 50 nmol/l, 1 h), or the Cx43 inhibitor,
Gap26 (cat. no. A1044, APExBIO Technology LLC, 0.5 µmol/l,
30 min), prior to treatment with Hcy. The concentration with
maximal protective effects was determined.
Cell viability assay. The viability of the H9C2 rat cardiomyocytes was evaluated using a CCK‑8 assay kit (MultiSciences
Lianke), according to the manufacturer's protocol. H9C2 cells
(1x104/well) seeded in 96‑well plates were exposed to Hcy
(0.5, 1, 2 or 3 mmol/l) for 24 h. For protective treatment, the
cells were pre‑treated with PFD (0.1, 0.5, 1 or 1.5 mg/ml) for
30 min and incubated with Hcy for 24 h at 37˚C. Subsequently,
10 µl CCK‑8 solution were added to each well, the cells were
incubated at 37˚C for an additional 2 h, and cell viability
was detected using a microplate spectrophotometer (BioTek
Instruments, Inc.).
Flow cytometric analysis. The Annexin V‑FITC Apoptosis
Detection kit (MultiSciences Lianke) was used to detect apoptotic cells, according to the manufacturer's protocol. Briefly, the
cells were washed with PBS and harvested by trypsinization.
The cells (1‑2x106) were then incubated with 500 µl 1X binding
buffer, 5 µl Annexin V‑FITC and 10 µl PI solution. The cells
were then gently shaken and incubated at 4˚C for 30 min in
the dark. The quantitative analysis of apoptosis was conducted
using a flow cytometer (Bio‑Rad Laboratories, Inc.).
Western blot analysis. The treated H9C2 cardiomyocytes
were removed from the CO2 incubator and the medium was
discarded. The cells were uniformly plated in a 6‑well plate,

treated, lysed and the protein concentration was estimated by
BCA protein assay. The proteins (50 µg/lane) were separated by
10 or 12% SDS‑PAGE, then the proteins were transferred to a
0.45‑µm PVDF membrane (EMD Millipore) and immersed in
blocking solution for 2 h at room temperature. Subsequently, the
membranes were incubated overnight at 4˚C with the following
primary antibodies: Rabbit anti‑Cx43 (cat. no. ab11370;
1:1,000; Abcam), rabbit anti‑Bax (cat. no. ab199677; 1:1,000;
Abcam), mouse anti‑GAPDH (cat. no. ab8245; 1:1,000;
Abcam), rabbit anti‑Bcl‑2 (cat. no. ab196495; 1:1,000; Abcam)
and rabbit anti‑caspase‑3 (cat. no. ab13847; 1:1,000; Abcam).
The blots were then washed with TBST and incubated with
the secondary antibody (cat. no. ZB‑2306; cat. no. ZB‑2305;
1:10,000; Beijing Zhongshan Jinqiao Biotechnology Co.) at
room temperature for 2 h. Following 3 washes with TBST for
5 min each, the blots were developed using enhanced chemiluminescence (ECL) reagent (GE Healthcare Life Sciences) in a
dark room. After images were acquired, analysis was performed
using Quantity One software (Bio‑Rad Laboratories, Inc.).
Reverse transcription‑quantitative PCR (RT‑qPCR). Each
group of cells was collected and washed twice with PBS, and
total RNA was extracted using the TRIzol kit (Thermo Fisher
Scientific, Inc.). The concentration of RNA was detected
using an ultraviolet spectrophotometer (NanoDrop 2000,
Thermo Fisher Scientific, Inc.), and complementary DNA was
reverse transcribed using a capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Inc.) for qPCR. The gene
primers used were as follows: Bax forward, 5'‑CCAGGACGC
ATCCACCAAGAAG‑3' and reverse, 5'‑GCTGCCACACGG
AAGAAGACC‑3'; Bcl‑2 forward, 5'‑GGTGTGCAGATGCCG
GTTCAG‑3' and reverse, 5'‑ACGGTGGTGGAGGAACTC
TTCAG‑3'; caspase‑3 forward, 5'‑GTACAGAGCTGGACT
GCGGTAT TG‑3' and reverse, 5'‑AGTCGGCCTCCACTG
GTATCT TC‑3'; Cx43 forward, 5'‑GGA AGCACCATCTCC
AACTC‑3' and reverse, 5'‑GTACAGAGCTGGACTGCGGTA
TTG‑3'; and β‑actin forward, 5'‑CATGTACGTTGCTATCCA
GGC‑3' and reverse, 5'‑CTCCTTA ATGTCACGCACGAT‑3'.
The thermocycling conditions for qPCR were as follows: UDG
enzyme activation at 50˚C for 2 min, pre‑denaturation at 95˚C
for 2 min, denaturation at 95˚C for 15 sec, annealing/extension
at 60˚C for 1 min, for a total of 40 cycles. The results were
analyzed using the 2‑ΔΔCq method (16).
Immunofluorescence assay. H9C2 rat cardiomyocytes were
uniformly plated at a density of 3x105/ml in a 6‑well plate with
sterile coverslips to prepare cell slides. After 24 h, the medium
was discarded following treatment, and the cells were washed
gently with PBS and fixed with paraformaldehyde (40 g/l)
for 15 min. The H9C2 rat cardiomyocytes were rewashed
with PBS and permeabilized using Triton X‑100 (2 g/l) for
3 min. Subsequently, the cells were rewashed with PBS and
incubated with BSA (Sigma‑Aldrich; Merck KGaA; 50 g/l)
at room temperature for 30 min. The primary antibodies
[rabbit anti‑Cx43 (cat. no. ab11370; 1:100; Abcam), rabbit
anti‑Bax (cat. no. ab199677; 1:100; Abcam), rabbit anti‑Bcl‑2
(cat. no. ab196495; 1:100; Abcam) and rabbit anti‑caspase‑3
(cat. no. ab13847; 1:100; Abcam)] was added, and the negative control group was incubated with PBS. The sample was
placed in a wet box overnight at 4˚C. The sample was then
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Figure 1. PFD prevents Hcy‑induced cardiomyocyte cytotoxicity. (A) Dose‑dependent cytotoxicity of Hcy towards H9c2 cells. H9c2 cells were exposed to
0‑3 mmol/l Hcy for 24 h. (B) Cytotoxicity of PFD towards H9c2 cells. Cells were treated with PFD (0‑1.5 mg/ml) for 24 h. (C) PFD alleviated Hcy‑induced
cytotoxicity in H9c2 cells. Cells were pre‑treated with or without (0‑1.5 mg/ml) PFD for 30 min and co‑treated with 3 mM Hcy for 24 h. (D) The cellular
morphology of H9C2 cardiomyocytes was examined under an inverted phase contrast microscope (magnification, x40). Cell viability following treatment
was detected by CCK‑8 assay. *P<0.05, **P<0.01 vs. control; #P<0.05, ##P<0.01, ###P<0.001 vs. Hcy exposure. Data are shown as the means ± SE (n=3). Hcy,
homocysteine; PFD, pirfenidone.

incubated for 30 min at 37˚C, and the primary antibody was
discarded. The sample was washed with PBS on a bleaching
shaker, and then incubated with a goat anti‑rabbit secondary
antibody (cat. no. 12‑448; 1:50; Sigma‑Aldrich) for 1 h
at 37˚C. Subsequently, the secondary antibody was discarded,
and the sample was washed with PBS 3 times for 5 min each
time. The cells were then washed with PBS, and the nuclei
were stained with DAPI (Solarbio, Inc.) for 15 min at 37˚C.
Confocal microscopy (Zeiss LSM 510 META, Carl Zeiss AG)
was performed to analyze the results (AimImage Examiner;
Zeiss LSM Image Examiner version 4.2.0.121).
Statistical analysis. SPSS 20.0 (IBM Corp.) was used for all
data analyses. All values are expressed as the means ± standard
error. Analysis among multiple groups was performed by
one‑way analysis of variance followed by Tukey's post hoc
tests, as appropriate. P<0.05 was considered to indicate a
statistically significant difference.
Results
PFD prevents Hcy‑induced cardiomyocyte cytotoxicity.
To investigate the effect of PFD on Hcy‑induced H9C2 cell
cytotoxicity, the H9C2 cells were cultured with various
concentrations (0, 0.1, 0.5, 1, 2 and 3 mmol/l) of Hcy and
various concentrations of PFD (0, 0.1, 0.5, 1 and 1.5 mg/ml)
for 24 h. The results demonstrated that exposure to 1‑3 mmol/l
Hcy significantly decreased cell viability compared with the
control group (Fig. 1A); treatment with PFD at 0.1‑1 mg/ml
demonstrated no obvious cytotoxicity towards the H9C2 cells;
however, PFD decreased cell viability at the concentration of
1.5 mg/ml (Fig. 1B). The present study then pre‑treated the
cells with various concentrations of PFD for 30 min, followed
by incubation with Hcy for 24 h. Compared with the Hcy

group, the cell viability of the co‑treatment group increased in
a concentration‑dependent manner (Fig. 1C). Hcy at 3 mmol/l
and PFD at 1 mg/ml were selected for further study. Finally,
the cell morphology in each treatment group was observed
by microscopy. Cardiomyocytes exposed to 3.0 mmol/l Hcy
for 24 h exhibited a disorder of cell alignment and extensive
nuclear pyknosis; however, the cell state of the co‑treatment
group was significantly improved (Fig. 1D). These results
demonstrated that PFD alleviated Hcy‑induced cytotoxicity in
H9C2 cells.
Effects of PFD on the Hcy‑induced apoptosis, and increased
Bax/Bcl2 and cleaved caspase‑3 expression levels in
H9C2 cells. To investigate the protective effects of PFD on
Hcy‑induced cardiomyocyte apoptosis, H9C2 rat cardiomyocytes were pre‑treated with PFD for 30 min followed
by Hcy incubation for 24 h. Annexin V/PI analysis was then
performed. As presented in Fig. 2A and B, exposure to Hcy
significantly increased the apoptotic rate of the cardiomyocytes, while the effect was significantly inhibited following
PFD pre‑treatment. Furthermore, the expression levels of
related proteins were significantly altered. Hcy upregulated
the Bax/Bcl‑2 ratio and increased the protein levels of cleaved
caspase‑3 compared with the control group (Fig. 2C‑F);
these effects were suppressed by PFD. PFD pre‑treatment
reduced the level of cleaved caspase‑3, suggesting that PFD
can inhibit the apoptotic signaling pathway induced by Hcy.
The expression and distribution of Bax, Bcl‑2 and caspase‑3
in the H9C2 cardiomyocytes was detected by immunofluorescence staining. The results demonstrated that Bax and
caspase‑3 were predominantly distributed in the cytoplasm
(Fig. 3A and D), and Bcl‑2 was mainly distributed in the
nuclear membrane (Fig. 3B). The changes in the expression
of Bax, Bcl‑2 and caspase‑3 in each group were consistent
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Figure 2. Effects of PFD on the Hcy‑induced apoptosis, increased Bax/Bcl2 and cleaved caspase‑3 expression levels in H9C2 cells. (A) PFD inhibited
H9C2 cell apoptosis following Hcy‑induced injury. PFD was used at 1 mg/ml. H9C2 cell apoptosis was determined using Annexin V/PI staining and flow
cytometry analysis. (B) Statistical analysis of the apoptotic rate in each group. (C and E) The Hcy‑induced increase in Bax/Bcl‑2 and cleaved caspase‑3 protein
level was prevented by PFD. (D and F) Quantification of Bax/Bcl‑2 and cleaved caspase‑3. *P<0.05, **P<0.01, ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. Hcy
treatment. Data are shown as the means ± SE (n=3). Hcy, homocysteine; PFD, pirfenidone.

with the results of western blot analysis (Fig. 3C and E). At
the same time, RT‑qPCR revealed an increase in the ratio of
Bax/Bcl‑2 and caspase‑3 mRNA following exposure to Hcy
in the H9C2 cells, whereas these effects were prevented by
pre‑treatment with PFD (Fig. 3F and G).
Cx43 is involved in the Hcy‑induced apoptosis of H9C2
cardiomyocytes. It has been found that Cx43 is involved in
the process of cardiomyocyte apoptosis (8). In investigating
the protective mechanisms of PFD in Hcy‑induced H9C2 cell
injury, it was observed that PFD pre‑treatment downregulated
the Cx43 protein levels (Fig. 4A and B). The results of immunofluorescence staining of the H9C2 cells demonstrated that
Cx43 was predominantly distributed in the cytoplasm and
cell membrane (Fig. 4C). The Cx43 fluorescence intensity and
mRNA levels of each group were consistent with the results of
western blot analysis (Fig. 4D and E). Subsequently, the H9C2
cardiomyocytes were pre‑treated with the Cx43 inhibitor,

Gap26 (0.5 µmol/l, 30 min), and then exposed to Hcy for 24 h
for the following experiments. As shown in Fig. 5A and B, the
apoptotic rate was significantly increased following exposure
to Hcy, while it was significantly decreased following Gap26
pre‑treatment. Moreover, Hcy increased the Bax/Bcl2 ratio
and increased the expression levels of cleaved caspase‑3 and
Cx43. These effects were prevented by Gap26 (Fig. 5C‑G).
The changes in the mRNA expression levels of Bax, Bcl‑2,
caspase‑3 and Cx43 in each group were consistent with those
of western blot analysis (Fig. 5H‑J). These results demonstrated that Cx43 is involved in Hcy‑induced H9C2 apoptosis.
PFD protects the Hcy‑induced apoptosis of H9C2 cardio‑
myocytes via the Cx43 pathway. To investigate whether Cx43
is involved in PFD‑regulated protection against Hcy‑induced
H9C2 cell injury, H9C2 cardiomyocytes were pre‑treated
with the Cx43 agonist, AAP10 (50 nmol/l, 1 h) and Hcy for
the following experiments. Compared with the Hcy group,
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Figure 3. (A, B and D) Fluorescence localization of the apoptotic proteins, Bax, Bcl‑2 and caspase‑3. Magnification, x200. (C and E) Half of the relative fluorescence intensity of Bax/Bcl‑2 and caspase‑3 quantitative analysis. (F and G) Hcy‑induced Bax/Bcl‑2 and cleaved caspase‑3 mRNA upregulation was prevented
by PFD. *P<0.05 vs. control; #P<0.05, ##P<0.01 vs. Hcy treatment; &P<0.05 vs. Hcy treatment. Data are shown as the means ± SE (n=3). Hcy, homocysteine;
PFD, pirfenidone.

the rate of apoptosis decreased following pre‑treatment with
PFD, and this effect was prevented by AAP10 (Fig. 6A and B).
Furthermore, Hcy increased the ratio of Bax/Bcl2 and upregulated the expression levels of cleaved caspase‑3 and Cx43.
These effects were prevented by PFD. Furthermore, the effects
of PFD were prevented by AAP10 (Figs. 6C‑F, and 7A and B).
Compared with PFD pre‑treatment, the Cx43 agonist, AAP10,
also increased the mRNA ratio of Bax/Bcl‑2, and increased
the mRNA expression levels of cleaved caspase‑3 and Cx43
(Fig. 7C‑E). The results demonstrated that PFD protects H9C2
cardiomyocytes against Hcy‑induced apoptosis via the Cx43
pathway.
Discussion
The present study observed that PFD attenuates Hcy‑induced
cardiomyocyte apoptosis by modulating the Cx43 signaling

pathway. A recent study reported that PFD can reduce tubular
cell apoptosis by inhibiting mitochondrial apoptotic signaling
pathways (13). However, the mechanism of the protective effect
of PFD on myocardial apoptosis has not yet been determined.
In recent years, apoptosis has been found to be widely
involved in the pathological processes of various cardiovascular
diseases, such as atherosclerosis, heart failure and arrhythmias.
Elevated levels of Hcy in plasma are a risk factor for cardiovascular disease and can cause a range of pathological processes.
Several studies have demonstrated that Hcy can activate the
apoptotic signaling pathway in cardiomyocytes (4‑6). In the
present study, first, cytotoxicity was measured to obtain understanding into the Hcy‑induced toxic effects on cardiomyocytes.
The results demonstrated that exposure to 3 mmol/l Hcy can
significantly reduce cell viability. Cardiomyocyte apoptosis
can be regulated by Bcl‑2 family proteins (17,18). Numerous
studies have reported that Hcy can enhance apoptosis in a
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Figure 4. Cx43 is involved in the Hcy‑induced apoptosis of H9C2 cardiomyocytes. (A) Effects of Hcy and PFD on the expression of Cx43. (B) Statistical
analysis of the expression of Cx43. (C) Fluorescence localization of the apoptosis protein Cx43. Magnification, x200. (D) Half of the relative fluorescence
intensity of Cx43 quantitative analysis. (E) The effect of PFD on Cx43 mRNA expression in H9C2 cells was determined by reverse transcription‑quantitative
PCR. *P<0.05, **P<0.01 vs. control; #P<0.05 vs. Hcy treatment; &P<0.05 vs. Hcy treatment. Data are shown as the means ± SE (n=3). Hcy, homocysteine;
PFD, pirfenidone; Cx43, connexin 43.

variety of cell types, including endothelial cells, mesangial
cells and human umbilical vein endothelial cells (19‑21). The
present study found that Hcy increased the ratio of Bax/Bcl‑2,
promoted caspase‑3 activation and induced cardiomyocyte
apoptosis.
PFD has been shown to reduce the fibrosis of different
organs, including the lungs, kidney and heart (22,23). A recent
study demonstrated that PFD exerts cardiovascular protective
effects in a variety of noxious stimulation models (24). In a
cardiac hypertrophic mouse model induced by Ang II infusion, echocardiography exhibited a significant increase in
left ventricular hypertrophy in the vehicle group compared
with the control group. Notably, PFD significantly inhibited
this effect (24). These results demonstrated that PFD exerts a
certain protective effect on cardiovascular disease; however,
the specific mechanisms have not yet been determined. In this
study, it was found that treatment with PFD at 0.1‑1 mg/ml had
no significant effect on H9c2 cell viability. At the same time,
compared with Hcy treatment alone, the cell viability of the
PFD pre‑treatment group increased in a concentration‑dependent manner. Chen et al found that PFD significantly inhibited
HK2 cell apoptosis in a dose‑dependent manner (13). The
results of the present study are consistent with those of this
previous study. Of note, it was found that the PFD (1.5 mg/ml)
and Hcy co‑treatment group exhibited an enhanced viability

even they exhibited cytotoxicity. This study found similar
findings to those of previous studies. Tsuchiya et al found that
PFD increased the survival rate of LPS‑treated rats at 24 h
dose dependently; however, PFD did not lead to a further
increase in the survival rate at 650 mg/kg (25). Gefitinib and
cisplatin are commonly used anticancer drugs that inhibit the
growth of tumor cells. Tsai et al found that the simultaneous
administration of gefitinib and cisplatin in a panel of previously
untreated non‑small cell lung cancer cell lines caused overall
antagonism, which was directly associated with gefitinib sensitivity (26). Thus, it was hypothesized that co‑treatment with
PFD and Hcy may counteract the toxic effects; however, the
specific mechanisms warrant further investigation. Therefore,
PFD can alleviate Hcy‑induced cytotoxicity in H9C2 cells.
In a nephrotoxicity animal model, researchers observed
that PFD was capable of partly reversing the pro‑apoptotic
properties of chronic cyclosporine A (CsA) by decreasing the
expression of p53 and Fas‑L and increasing that of the survival
gene Bcl‑xL (27). Another study found that PFD treatment
inhibited caspase‑9 and caspase‑3 cleavage in renal proximal
tubular cells (13). The results of the present study revealed
that PFD pre‑treatment reduced the ratio of Bax/Bcl‑2
in the Hcy‑induced cardiomyocyte apoptosis model. At the
same time, the activation of caspase‑3 was suppressed by
PFD. These results demonstrate that PFD can protect against
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Figure 5. (A) Pre‑treatment with Gap26 inhibited H9C2 cell apoptosis following Hcy‑induced injury. Gap26 was used at 0.5 µmol/l. (B) Statistical analysis
of the rate of apoptosis in each group. (C and E) Hcy‑induced upregulation of Bax/Bcl‑2, cleaved caspase‑3 and Cx43 protein levels was prevented by Gap26.
(D, F and G) Quantification of Bax/Bcl‑2, cleaved caspase‑3 and Cx43. (H‑J) Hcy‑induced upregulation of Bax/Bcl‑2, cleaved caspase‑3 and Cx43 mRNA
levels was prevented by Gap26. **P<0.01, ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. Hcy treatment. Data are shown as the means ± SE (n=3). Hcy, homocysteine; PFD, pirfenidone; Cx43, connexin 43.

Hcy‑induced H9C2 myocardial cell apoptosis by reducing
the expression of pro‑apoptotic factors; however, the specific
regulatory mechanisms have not yet been elucidated.
Cell communication refers to the transmission of information from one cell to another through a medium, which produces
a corresponding response. The maintenance of homeostasis is
controlled by utilizing the interaction between extracellular,
intracellular and intercellular signaling pathways (28). Gap
junctions are a special membrane structure that connects
adjacent cells. These junctions have a wide distribution range
and exist in the majority of animal cells. Connexin is the
basic building block of the gap junction channel (17). Cx43
is widely involved in the development of diseases, such as the
regulation of cell growth, proliferation, apoptosis and homeostasis (17,29). Connexin mimetic peptides, such as Gap26, are
known to be inhibitors of gap junction channels (30). It has been

indicated that the Cx43 agonist resists‑arrhythmias peptide,
AAP10, improves gap‑junctional intercellular coupling in
human cardiomyocytes and prevents separation caused by
acidification (31). A recent study demonstrated that Cx43 is a
key regulator of cardiomyocyte apoptosis under pathological
and physiological conditions (8). To investigate the protective
mechanisms of PFD in Hcy‑induced H9C2 cell injury, the
present study found a significant decrease in the Cx43 protein
level following PFD pre‑treatment. Subsequently, the H9C2
cardiomyocytes were pre‑treated with the Cx43 inhibitor,
Gap26, and incubated with Hcy. Hcy increased the ratio of
Bax/Bcl2 and upregulated the protein expression levels of
cleaved caspase‑3 and Cx43. These effects were prevented
by Gap26. In a model of intestinal damage, a previous study
found that intestinal damage can be significantly relieved
following administration of Cx43 inhibitors (32). Another
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Figure 6. PFD protects H9C2 cardiomyocytes against Hcy‑induced apoptosis via the Cx43 pathway. (A) Hcy‑induced apoptosis was attenuated by PFD, and the
effects of PFD were reversed by AAP10. AAP10 was used at 50 nmol/l. (B) Statistical analysis of the rate of apoptosis in each group. (C and E) Hcy‑induced
upregulation of Bax/Bcl‑2 and cleaved caspase‑3 protein level was prevented by PFD. The effects of PFD were prevented by AAP10. (D and F) Western blot
analysis of Bax/Bcl‑2 and cleaved caspase‑3. *P<0.05, **P<0.01, ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. Hcy treatment; &P<0.05, &&P<0.01 vs. Hcy + PFD
treatment. Data are shown as the means ± SE (n=3). Hcy, homocysteine; PFD, pirfenidone; Cx43, connexin 43.

Figure 7. (A) The Hcy‑induced upregulation of Cx43 protein level was prevented by PFD. The effects of PFD were prevented by AAP10. (B) Western blot
analysis of Cx43. (C‑E) Hcy‑induced upregulation of Bax/Bcl‑2, cleaved caspase‑3 and Cx43 mRNA levels was prevented by PFD. The effects of PFD were
prevented by AAP10. *P<0.05, **P<0.01 vs. control; #P<0.05, ##P<0.01 vs. Hcy treatment; &P<0.05, &&P<0.01 vs. Hcy + PFD treatment. Data are shown as the
means ± SE (n=3). Hcy, homocysteine; PFD, pirfenidone; Cx43, connexin 43.
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study demonstrated that stretch‑induced apoptosis in human
trabecular meshwork cells is accompanied by upregulation of
Cx43 (33). The present findings indicated that Cx43 is involved
in the apoptosis of Hcy‑induced H9C2 cardiomyocytes. The
beneficial effect of PFD was then abolished using the connexin
agonist AAP10. The present study found that Hcy induces
apoptosis of H9C2 cardiomyocytes through Cx43, and this
phenomenon can be prevented by PFD, which can aggravate
cardiomyocyte apoptosis following administration of the
connexin agonist AAP10.
Cx43 phosphorylation/dephosphorylation plays an
important role in regulating cell survival and death
processes. Evidence has also demonstrated that high levels
of phosphorylated Cx43 mainly regulates cell survival. Cx43
dephosphorylation is involved in numerous pathological
processes. Yang et al found that Cx43 phosphorylation at S282
mediates cardiomyocyte survival and S282 dephosphorylation
induces cardiomyocyte apoptosis under normal conditions (8).
The present study had some limitations. It is important to
perform an assay for Cx43 phosphorylation in future studies.
In conclusion, the present study elucidated the protective
role of PFD in cardiomyocyte apoptosis. The findings demonstrated that PFD modulates the expression of apoptosis‑related
proteins through the Cx43 signaling pathway to attenuate
Hcy‑induced apoptosis in H9C2 cells. These results provide
new insight into the clinical application of PFD in the treatment
of cardiovascular diseases.
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