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Abstract. This study aimed to explore the expression and mechanism of transforming growth fac-
tor β1 (TGF-β1) in oxygen glucose deprivation reperfusion (OGD/R)-induced ischemia/reperfusion 
(I/R) injury. An OGD/R model was established in cardiomyocytes H9c2, resulting in upregulation of 
Beclin-1 and LC3II/LC3I expression. Upon overexpression of TGF-β1, the viability of OGD/R-induced 
H9c2 cells was enhanced, while apoptosis was suppressed by downregulating Bax and upregulating 
Bcl-2. Additionally, TGF-β1 overexpression promoted autophagy in OGD/R-induced H9c2 cells by 
further upregulating the levels of Beclin-1 and LC3II/LC3I. Importantly, treatments with 3-methy-
ladenine (3-MA), an autophagy inhibitor, and U0126, an extracellular signal-related kinases 1 and 
2 (ERK1/2) inhibitor, significantly inhibited cell viability, increased intracellular reactive oxygen 
species levels, promoted cell apoptosis (by upregulating Bax and downregulating Bcl-2), and inhib-
ited cell autophagy (by downregulating Beclin-1 and LC3II/LC3I) in OGD/R-induced H9c2 cells 
with TGF-β1 overexpression. Additionally, OGD/R induction significantly increased the levels of 
p-ERK, p-P38, and p-JNK, which were further enhanced by TGF-β1 overexpression. U0126 treat-
ments significantly downregulated the p-ERK compared to OGD/R-induced H9c2 cells with TGF-β1 
overexpression. Our study suggests that TGF-β1 could inhibit the growth of cardiomyocytes H9c2 
by regulating autophagy and ERK pathways, providing a new theoretical basis for the treatment and 
prevention of OGD/R in clinical practice. 
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Introduction

Cardiovascular disease (CVD) is the global leading cause of 
morbidity and mortality, with 17.9 million deaths annually, 
constituting 31% of all registered deaths worldwide, accord-

ing to the latest World Health Organization data from 2017 
(Rodrigo et al. 2022). Ischemia/reperfusion (I/R) injury 
emerges as a significant factor leading to heart failure, CVD, 
and sudden death, particularly prevalent in the Western 
world. The process of reperfusion, while essential, contrib-
utes to increased infarct size, triggering oxidative stress and 
damage. Therefore, there is an urgent need for advancements 
in effective cardiac treatment and novel strategies to address 
this critical health challenge. 

Currently, there is a growing body of research focused on 
autophagy and apoptosis in I/R injury. Autophagy regula-
tion has been identified to play a key role in cardiovascular 
function; however, excessive autophagy has been implicated 
in the pathogenesis of disease (Ren and Zhang 2018; Wu 
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et al. 2019). Notably, instances of autophagy and apoptosis 
coexisting within the same cell have been observed (Fan et 
al. 2020). Previous studies have indicated that autophagy 
can suppress apoptosis by maintaining cellular homeosta-
sis (Zheng et al. 2022), with autophagy acting in an anti-
apoptotic manner and preceding apoptosis. Conversely, 
apoptosis can hinder autophagy through caspases (Pfister 
2019). Impaired autophagy has been associated with the 
overaccumulation of reactive oxygen species (ROS) in the 
mitochondria, leading to tissue damage (Ruart et al. 2019). 
The autophagy program maintains normal cardiovascular 
function by degrading damaged organelles and molecules, 
thereby eliciting apoptotic signals (Cai et al. 2022). Moreo-
ver, the precise role of autophagy in CVD warrants further 
investigation in future studies.

Previous studies have indicated that transforming growth 
factor β1 (TGF-β1) is associated in various diseases, includ-
ing tissue fibrosis, cancer progression, and CVD (Zhu et 
al. 2017). The active signaling of TGF-β1 is transmitted 
through specific receptors, subsequently activating down-
stream signaling pathways by recruiting and phosphoryl-
ating receptor-regulated Smad proteins (Sha et al. 2018). 
Elevated concentrations of TGF-β1 in mouse plasma have 
been associated with severe renal fibrosis, highlighting its 
significant role in disease pathogenesis (Zhu et al. 2017; 
Németh et al. 2019). Moreover, previous studies have associ-
ated TGF-β1 to gene transcription, skin recovery, fibrosis in 
various cancers, tissue fibrosis, and CVD (Yao et al. 2020; 
Ma et al. 2021; Weng et al. 2023). Studies have presented 
conflicting findings regarding the role of TGF-β1-mediated 
autophagy, with some suggesting a protective effect against 
cell apoptosis, while others indicating a  potential for cell 
injury (Shrestha et al. 2016; Gifford et al. 2021). The precise 
impact of autophagy on cardiomyocytes and its underlying 
mechanisms warranted further investigation. In this study, 
we aimed to explore the relationship between TGF-β1 and 
autophagy in an I/R injury cell model induced by oxygen 
glucose deprivation reperfusion (OGD/R). 

Materials and Methods

Reagents and antibodies

Cardiomyocyte H9c2 cells were procured from the Cell 
Bank of Shanghai Academy of Chinese Sciences (Shanghai, 
China). Fetal bovine serum (FBS) was sourced from Gibco 
(Grand Island, NY, USA), while Dulbecco’s modified eagle 
medium (DMEM) culture medium was obtained from 
Hyclone (Waltham, MA, USA). Real-time quantitative poly-
merase chain reaction (qRT-PCR) kits and cDNA synthesis 
kits were acquired from Takara (Takara tech., Japan), and 
RIPA lysate was purchased from Invitrogen (California, 

USA). The Cell Counting Kit-8 (CCK-8) was obtained from 
Beyotime (Shanghai, China), along with the following anti-
bodies from Abcam (Cambridge, UK): anti-ERK antibody 
(cat no. ab184699), anti-p-ERK antibody (cat no. ab214036), 
anti-p-p38 antibody (cat no. ab178867), anti-p38 antibody 
(cat no. ab170099), anti-JNK antibody (cat no. ab288739), 
anti-p-JNK antibody (cat no. 307802), anti-Bcl-2 antibody 
(cat no. ab182858), anti-Bax antibody (cat no. ab32503), 
anti-Beclin-1 antibody (cat no. ab207612), and anti-LC3 
antibody (cat no. ab63817). Additionally, the correspond-
ing horseradish peroxidase (HRP)-coupled goat anti-rabbit 
IgG secondary antibody (cat no. SA00001-2) and goat anti-
mouse IgG secondary antibody (cat no. SA00001-1) were 
procured from Proteintech (Wuhan, China).

Cell culture and transfection

The H9c2 cells were cultured in DMEM containing 10% FBS 
and 100 U/ml penicillin and streptomycin, and maintained 
in an incubator with 5% CO2 at 37°C. 

For cell transfection, H9c2 cells were transfected with 
pcDNA3.1-NC (empty vector, 4 μg) or pcDNA3.1-TGF-β1 
(overexpression vector, 4  μg) using Lipofectamine 2000 
(Invitrogen, Carlsbad, USA) based on the manufacturer’s 
instructions, as previously reported (Kim et al. 2020). Briefly, 
H9c2 cells were seeded into a 96-well plate at a density of 
1×104 cells/well, and cultured overnight. On the next day, 
the cell medium was changed to serum-free medium, and 
then were transfected with 4 μg pcDNA3.1-TGF-β1 or 4 μg 
pcDNA3.1-NC using Lipofectamine 2000. After cultured for 
6 hours, the medium was replaced with complete medium. 
After cultured for another 48 hours, total RNA was isolated 
from the cells with different treatment, and the expression 
of TGF-β1 were determined using quantification real-time 
pCR (qRT-PCR) to assess the transfection efficiency. 

To investigate the effects of TGF-β1 on an I/R injury cell 
model induced by OGD/R, rat cardiomyocytes H9c2 were 
divided into three groups: control, OGD/R+pcDNA3.1, 
and OGD/R+pcDNA3.1-TGF-β1 groups. For cells in the 
OGD/R+pcDNA3.1 and OGD/R+pcDNA3.1-TGF-β1 
groups, cardiomyocytes H9c2 were firstly transfected with 
pcDNA3.1 or pcDNA3.1-TGF-β1 for 6 hours, and then 
were transferred into sugar-free, serum-free, and hypoxic 
DMEM medium (nitrogen pre-anoxia for 10 min), as well 
as cultured in an incubator filled with 95% nitrogen and 
5% CO2 at 37°C for 3 hours. Following this, the medium 
was replaced with normal medium, and the cells were 
reoxygenated for 3 hours in a  37°C incubator with 95% 
air + 5% CO2.

To investigate the roles of ERK pathways in TGF-β1 regu-
lation of OGD/R-induced I/R injury cells in H9c2 cells, the 
cells were divided into three groups: OGD/R+pcDNA3.1-
TGF-β1, OGD/R+pcDNA3.1-TGF-β1+3-MA (an autophagy 
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inhibitor), and OGD/R+pcDNA3.1-TGF-β1+U0126 (an 
ERK1/2 inhibitor, 10 μm) groups.

Flow cytometry analysis

The cell apoptosis detection kit (for flow cytometry) was used 
to measure the ratio of apoptotic cells, following the instruc-
tions provided with the kit. Briefly, PI/FITC was diluted using 
a phosphate-buffered solution (PBS). Upon collection, cell 
pellets were treated with propidium iodide (PI) solution. 
The cell samples were filtered through a 200-mesh filter and 
analyzed using a flow cytometer (BD Accuri C6 plus).

Cell viability assay

Cell Counting Kit-8 (CCK-8) was employed for cell pro-
liferation detection following the manufacturer’s protocol. 
The cells were seeded into 6-well plates and treated with the 
respective treatments. Subsequently, they were incubated 
with CCK-8 solution. The cell viability was assessed on 
a microplate reader at 450 nm.

Electron microscopic observation

Samples were fixed with 4% paraformaldehyde overnight and 
rinsed with PBS three times. Subsequently, the cells under-
went osmication, dehydration, and embedding in pale gold 
thin sections. Images were captured using the AMT XR611 
camera attached to the microscope. 

Western blot analysis

After the cells were stimulated with OGD/R, the proteins 
were extracted and quantified using the bicinchoninic acid 
assay (BCA) method. The extracted proteins underwent 
sodium dodecyl-sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and were subsequently transferred to a poly-
vinylidene difluoride (PVDF) membrane. After washing, 
the membranes were incubated with the corresponding 
primary antibodies at 4°C overnight. Following three washes, 
the HRP-secondary antibody was diluted at 1:5000 and 
incubated for 1 hour at room temperature. In this experi-
ment, β-actin was used as an internal reference, and ImageJ 
software was employed for image analysis.

qRT-PCR

The total RNAs of the cultured cells were extracted according 
to the manufacturer’s instructions using Trizol reagent. The 
primeScript 1st Strand cDNA Synthesis Kit (Takara tech., Ja-
pan) was used for first-strand cDNA synthesis, facilitated by 
the proFlexTM 3×32-well PCR System (Applied Biosystems). 
Subsequently, the StepOne Real-Time PCR System (Applied 

Biosystems) and SYBR Green PCR kit were utilized to meas-
ure the expression levels of the target genes. The forward 
and reverse primers of β-actin were 5’-CGTTGACATC-
CGTAAAGACCTC-3’ and 5’-TAGGAGCCAGGGCAG-
TAATCT-3’, respectively. The forward and reverse primers 
of TGF-β1 were 5’-GTGGCTGAACCAAGGAGACG-3’ and 
5’-AGGTGTTGAGCCCTTTCCAG-3’, respectively.

Statistical analysis

The experimental data were summarized as mean ± standard 
deviation (SD) of three replicates. Statistical analysis was 
conducted using GraphPad prism  8 software (GraphPad 
Software, MA, USA). For comparisons among multiple 
groups, one-way analysis of variance (ANOVA) followed 
by the Bonferroni method was performed. For comparisons 
between two groups, the unpaired Student’s t test was used. 
A p-value < 0.05 was considered statistically significant.

Results

TGF-β1 overexpression increased the viability and inhibited 
the apoptosis of cardiomyocytes H9c2 induced by OGD/R.

TGF-β1 plays a key role in intestinal cell and immune regu-
lation, and has been shown to improve mucosal IgA dysfunc-
tion and ecological dysbiosis following intestinal I/R injury 
in mice. However, its roles in myocardial I/R injury remain 
unclear. To investigate the effects of TGF-β1 on the growth 
and autophagy of H9c2 cells induced by OGD/R, H9c2 cells 
with TGF-β1 overexpression were firstly constructed with 
pcDNA3.1-TGF-β1 using Lipofectamine 2000 through the 
cell transfection method, and then treated with OGD/R. It was 
observed that there was no significant difference in TGF-β1 
expression between the control and pcDNA3.1 groups (p > 
0.05). However, upon transfection with pcDNA3.1-TGF-β1, 
TGF-β1 expression was significantly increased compared to 
the control cells (p < 0.05, Fig. 1A). These findings indicate 
that the H9c2 cells with TGF-β1 overexpression were success-
fully constructed and can be used for further experiments. 

Subsequently, the viability and apoptosis of H9c2 cells 
induced by OGD/R were assessed by CCK-8 and PI staining 
followed by flow cytometry, respectively. The results revealed 
that OGD/R treatment significantly decreased cell viability 
and induced apoptosis compared to control H9c2 cells (p < 
0.05). Conversely, compared to H9c2 cells treated with OGD/R 
alone, TGF-β1 overexpression evidently increased cell viability 
and inhibited apoptosis of H9c2 cells induced by OGD/R (p < 
0.05, Fig. 1B,C). Additionally, Bax is a pro-apoptotic protein, 
while Bcl-2 is an anti-apoptotic protein. Western blot analysis 
demonstrated that OGD/R treatment markedly upregulated 
Bax expression and downregulated Bcl-2 expression compared 
to control H9c2 cells (p < 0.05). However, TGF-β1 overexpres-



528 Liu et al.

Figure 1. TGF-β1 increased the viability while inhibiting the apoptosis of cardiomyocytes H9c2 induced by oxygen glucose deprivation 
reperfusion (OGD/R). H9c2 cells transfected with pcDNA3.1-TGF-β1, and then treated with OGD/R. A. The mRNA levels of TGF-β1 
in the control, pcDNA3.1, and pcDNA3.1-TGF-β1 groups (n = 3). Cell counting kit-8 (CCK-8) assay detecting the cell viability (B), 
flow cytometry detecting the apoptosis rate (C) and Western blot analysis detecting the protein expression levels of Bax and Bcl-2 (D) 
in the control, OGD/R+pcDNA3.1, and OGD/R+pcDNA3.1-TGF-β1 groups (n = 3). * p < 0.05, *** p < 0.001 vs. control group; ## p < 
0.01, ### p < 0.001 vs.OGD/R+pcDNA3.1 group. β-actin was used as an invariant internal control for calculating protein-fold changes.
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sion significantly reversed the effects of OGD/R treatment on 
Bax and Bcl-2 expression (p < 0.05, Fig. 1D). 

TGF-β1 overexpression promoted autophagy of OGD/R-in-
duced cardiomyocytes H9c2 

Autophagy regulation has been demonstrated to play a key 
role in CVD function and can inhibit apoptosis by maintain-
ing cell homeostasis. The autophagy of cells subjected to dif-
ferent treatments was observed under transmission electron 
microscopy. It was observed that there was no significant 
difference in the number of autophagosomes between the 
control and OGD/R+pcDNA3.1 groups (p > 0.05). However, 
the number of autophagosomes in the TGF-β1 overexpres-
sion group was significantly higher than that in the control 
group (p < 0.05, Fig. 2A). Beclin-1 and LC3I/II are proteins 
related to autophagy. Western blot analysis revealed that 
OGD/R treatment significantly increased the protein ex-
pression levels of Beclin-1 and LC3II/LC3I compared to the 
control group (p < 0.05). Furthermore, TGF-β1 overexpres-
sion further significantly enhanced their protein expression 
levels induced by OGD/R (p < 0.05, Fig. 2B). 

TGF-β1 overexpression regulate the growth of OGD/R-in-
duced H9c2 cells via ERK pathway

Mitogen-activated protein kinase (MAPK), which includes 
ERK, p38, and JNK, plays a crucial role in regulating various 

cellular activities such as growth, differentiation, and cell 
death. To further explore the mechanisms of TGF-β1 on the 
growth of OGD/R-induced H9c2 cells, the protein expres-
sion of p-ERK, p-P38, and p-JNK was detected by Western 
blot. As depicted in Figure 3A, we observed that compared 
to control H9c2 cells, the protein expression levels of p-ERK, 
p-P38, and p-JNK were significantly increased by OGD/R 
treatment (p < 0.05). Furthermore, these levels were further 
enhanced after TGF-β1 overexpression in OGD/R-induced 
H9c2 cells (p < 0.05, Fig. 3A).

Effects of autophagy and ERK pathway on TGF-β1 overexpre-
ssion regulating the growth of H9c2 cells induced by OGD/R 

To further elucidate the mechanisms of autophagy and the 
ERK pathway in regulating the growth of H9c2 cells induced 
by OGD/R with TGF-β1 overexpression, we treated the 
OGD/R-induced H9c2 cells with TGF-β1 overexpression 
(transfected with pcDNA3.1-TGF-β1) using 3-MA (an au-
tophagy inhibitor) or U0126 (an ERK1/2 inhibitor). There 
was no significant difference observed in p-ERK expres-
sion between the OGD/R+pcDNA3.1-TGF-β1 and OGD/
R+pcDNA3.1-TGF-β1+3-MA groups (p > 0.05). However, 
administration of U0126 significantly downregulated p-ERK 
expression compared to the OGD/R+pcDNA3.1-TGF-β1 
group (p < 0.05, Fig. 3B).

Subsequently, the viability, intracellular ROS levels, 
apoptosis, and autophagy of OGD/R-induced H9c2 cells 

Figure 2. TGF-β1 enhanced 
autophagy of cardiomyocytes 
H9c2 induced by OGD/R. 
H9c2 cells transfected with 
pcDNA3.1-TGF-β1, and 
then treated with OGD/R. 
A. Transmission electron 
microscopy image depict-
ing the autophagosomes of 
cells in the control, OGD/
R+pcDNA3.1, and OGD/
R+pcDNA3.1-TGF-β1 groups 
(n = 3). The red arrows repre-
sent the autolysosomes, and 
the yellow arrows represent the 
autophagosomes. B. Western 
blot analysis detecting the 

A

B

protein expression levels of Beclin-1 and LC3II/I 
in the control, OGD/R+pcDNA3.1, and OGD/
R+pcDNA3.1-TGF-β1 groups (n = 3). * p < 0.05, ** p < 
0.01, *** p < 0.001 vs. control group; # p < 0.05, ## p < 
0.01 vs. OGD/R+pcDNA3.1 group. β-actin was used 
as an invariant internal control for calculating protein-
fold changes. (For color figures see online version of 
the manuscript.)
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were determined. It was evident that compared with the 
OGD/R+pcDNA3.1-TGF-β1 group, the cell viability after 
3-MA or U0126 treatments was significantly decreased 
(p  < 0.05, Fig. 4A), while the intracellular ROS levels 
were notably increased after treated with 3-MA or U0126 
(p < 0.05, Fig. 4B). Additionally, both 3-MA and U0126 
upregulated the expression of Bax and downregulated the 
expression of Bcl-2 compared to OGD/R-induced cells 
with TGF-β1 overexpression (p < 0.05, Fig. 4C). Moreover, 
transmission electron microscopy revealed that 3-MA or 
U0126 treatment reduced the number of autophagosomes 
in the OGD/R-induced cells with TGF-β1 overexpres-
sion (Fig. 4D). Furthermore, both 3-MA and U0126 sig-
nificantly downregulated the expression of Beclin-1 and 
LC3II/LC3I compared to the OGD/R-induced cells with 
TGF-β1 overexpression (p < 0.05, Fig. 4E). 

Discussion

Myocardial tissue I/R injury in patients is associated with 
poor clinical outcomes (Du et al. 2020). OGD/R in cardio-
myocytes served as a model to stimulate I/R injury in vitro. 

In our study, we constructed an I/R injury model using 
OGD/R and observed that OGD/R decreased the expression 
of TGF-β1, inhibited the viability of H9c2 cells, and induced 
their apoptosis and autophagy. However, overexpression of 
TGF-β1 reversed the effects of OGD/R on cell viability and 
apoptosis, while further promoting autophagy. Furthermore, 
treatment with 3-MA or U0126 upregulated the expression of 
p-ERK, p-P38, and p-JNK, inhibited cell viability, increased 
intracellular ROS levels, and suppressed autophagy in the 
OGD/R-induced H9c2 cells with TGF-β1 overexpression.

Macro-autophagy is responsible for the degradation of 
cytoplasmic proteins and intracellular organelles, while 
micro-autophagy is considered a  protective mechanism 
during I/R injury (Fleming et al. 2022). LC3II/LC3I and 
Beclin-1 are well-known autophagy-related markers, and 
an increased LC3-II/LC3-I ratio and Beclin-1 expression 
are considered hallmarks of autophagy (Tanida et al. 2008; 
Wang 2015). Following OGD/R injury, mitochondrial au-
tophagy may be enhanced (Zhang et al. 2019; Zhang and 
Hao 2020). Our research found that OGD/R injury induced 
autophagy, as evidenced by increased expression of Beclin-1 
and LC3, and this trend was further enhanced by TGF-β1 
overexpression. Autophagy and apoptosis often occur in 

Figure 3. TGF-β1 promoted the growth of 
cardiomyocytes H9c2 induced by OGD/R 
through regulating the ERK pathway. H9c2 
cells transfected with pcDNA3.1-TGF-β1, 
and then treated with OGD/R. A. Western 
blot analysis detecting the protein expres-
sion levels of p-ERK, p-P38, p-JNK in the 
control, OGD/R+pcDNA3.1, and OGD/
R+pcDNA3.1-TGF-β1 groups (n = 3). ** p < 
0.01, ***  p  < 0.001 vs. control group; # p  < 
0.05, ##  p  < 0.01 vs. OGD/R+pcDNA3.1 
group. H9c2 cells transfected with pcDNA3.1-
TGF-β1, and treated with OGD/R, followed 
by 3-MA (an autophagy inhibitor) or U0126 
(an ERK1/2 inhibitor). B. Western blot analy-
sis detecting the protein expression levels of 
p-ERK in the OGD/R+pcDNA3.1-TGF-β1, 
OGD/R+pcDNA3.1-TGF-β1+3-MA, and 
OGD/R+pcDNA3.1-TGF-β1+ U0126 groups 
(n = 3). *** p < 0.001 vs. OGD/R+pcDNA3.1-
TGF-β1 group. β-actin was used as an invari-
ant internal control for calculating protein-
fold changes.
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Figure 4. TGF-β1 promoted the growth of cardiomyocytes H9c2 induced by OGD/R by regulating autophagy. H9c2 cells transfected with 
pcDNA3.1-TGF-β1, and then treated with OGD/R, followed by 3-MA (an autophagy inhibitor) or U0126 (an ERK1/2 inhibitor). CCK-8 
assay detecting the cell viability (A), the reactive oxygen species (ROS) levels (B) and Western blot analysis detecting the protein expression 
levels of Bax and Bcl-2 (C) in the OGD/R+pcDNA3.1-TGF-β1, OGD/R+pcDNA3.1-TGF-β1+3-MA, and OGD/R+pcDNA3.1-TGF-β1+ 
U0126 groups (n = 3). D. Transmission electron microscopy depicting the autophagosomes of cells in the OGD/R+pcDNA3.1-TGF-β1, 
OGD/R+pcDNA3.1-TGF-β1+3-MA, and OGD/R+pcDNA3.1-TGF-β1+ U0126 groups (n = 3). The red arrows represent the autolys-
osomes, and the yellow arrows represent the autophagosomes. E. Western blot analysis detecting the protein expression levels of Beclin-1 
and LC3II/I in the OGD/R+pcDNA3.1-TGF-β1, OGD/R+pcDNA3.1-TGF-β1+3-MA, and OGD/R+pcDNA3.1-TGF-β1+ U0126 groups 
(n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. OGD/R+pcDNA3.1-TGF-β1 group. β-actin was used as an invariant internal control for 
calculating protein-fold changes. (For color figures see online version of the manuscript.)
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the same cells, with autophagy frequently inhibiting ap-
optosis (Sorice 2022). In our study, the ratio of Bax/Bcl-2 
was upregulated by OGD/R injury but partly rescued by 
TGF-β1 overexpression. This study ultimately concluded 
that upregulation of TGF-F1 could inhibit apoptosis and 
promote the autophagy of H9c2 cells. Additionally, treat-
ment with 3-MA suppressed autophagy-related gene expres-
sion, the number of autophagosomes, and autolysosomes, 
while U0126 exhibited a  similar effect on these changes. 
The content of LC3II/I protein is positively correlated with 
the number of autophagosomes, reflecting the extent of 
autophagy to some degree (Tanida et al. 2008). Binding of 
Bcl-2 to Beclin-1 inhibits Beclin-1-mediated autophagy by 
sequestering Beclin-1 away from class III pI3K (Xu and Qin 
2019). Moreover, Beclin-1 is necessary for the formation of 
autophagosomes and induction of autophagy flux (Xu et al. 
2017). In summary, OGD/R could increase H9c2 cell injury, 
while TGF-β1 overexpression could attenuate the growth 
of OGD-R-induced cell injury and promote autophagy 
by regulating the expression of apoptosis-related proteins 
(Bax, and Bcl-2) and autophagy-related markers (Beclin-1, 
and LC3II/I). 

ERK1/2 is a  serine/threonine kinase with a  variety 
of intracellular targets that directly mediate stress and 
growth responses (Mutlak and Kehat 2015). Up to 30% of 
ERK1/2 proteins in cells are attached to components of the 
cytoskeleton, and localized to focal adhesion complexes 
(Yao and Seger 2009). ERK1/2 signaling is the basis of 
cardiomyocyte growth dynamics, which may be related 
to changes in cytoskeletal proteins (Le Dour et al. 2022). 
A previous study has shown that ERK1/2 signaling could 

affect the cardiomyocyte non-sarcomeric actin cytoskeletal 
network, thereby regulating the ability of cardiomyocytes 
to grow in length and/or width (Grimes et al. 2024). An-
other study demonstrated that crosstalk between ERK1/2 
and MAPK signaling pathways is involved in cell migra-
tion, differentiation, apoptosis, proliferation, motility, and 
neuronal development, thereby regulating various physi-
ological functions, such as inflammation, cardiovascular 
dysfunction, cancer, and cardiac fibrosis (Koga et al. 2019). 
Therefore, ERK1/2 MAPK signaling is a widely recognized 
as a modulator in the cardiovascular system (Koga et al. 
2019), suggesting its potential as a therapeutic target for 
cardiovascular diseases. Our findings confirmed this no-
tion, as TGF-β1 overexpression was shown to promote cell 
viability and reduce ROS levels. Conversely, inhibition of 
ERK1/2 by U0126 significantly impaired cell viability and 
increased intracellular ROS levels. Additionally, U0126 
treatment enhanced the upregulation of Bax expression 
and the downregulation of Bcl-2 expression induced by 
TGF-β1 overexpression, indicating that ERK1/2 may act 
upstream of Bax and Bcl-2. These results suggest that 
TGF-β1 inhibits apoptosis of cardiomyocytes H9c2 by 
regulating ERK pathways, which was consistent with the 
findings of previous studies (Chong et al. 2018; Zhang 
et al. 2022). ROS bursts in mitochondrial complex I are 
considered a major contributor to I/R injury, with a pre-
vious study demonstrating that various factors, such as 
lipopolysaccharide, can increase the sensitivity of H9c2 
cells to glucose and hypoxia/reoxygenation, promoting 
cell damage through increased ROS production and 
inducing NLRP3 inflammasome-mediated pyroptosis 

Figure 5. Diagram illustrating the hypothesized mechanism of this research. OGD/R inhibited the viability of H9c2 cells and induced 
apoptosis through upregulating Bax and downregulating Bcl-2. However, TGF-β1 overexpression could enhance the viability and inhibit 
the apoptosis (downregulating Bax and upregulating Bcl-2) of OGD/R-induced H9c2 cells, and promote their autophagy by further 
upregulated the levels of Beclin-1, and LC3II/LC3I, thereby alleviating the OGD/R-induced injury through the ERK pathway.
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(Qiu et al. 2019). In a study by Liu et al. demonstrating 
the roles of DUSP8 in controlling basal and acute stress 
(including aging and pathological stress stimulation, 
oxidative stress, and neurohormonal activation)-induced 
ERK1/2 signaling in adult cardiomyocytes, influencing 
cardiomyocyte growth dynamics, contractility, ventricular 
remodeling, and disease susceptibility (Liu et al. 2016). 
Another research reported that calpain activation could 
mediate microgravity-induced myocardial abnormalities 
in mice through the p38 and ERK1/2 MAPK pathways 
(Liang et al. 2020). In light of our results, it can be inferred 
that TGF-β1 overexpression may promote the growth of 
H9c2 cells induced by OGD/R through the regulation of 
autophagy and ERK pathways. 

However, a  few limitations need to be acknowledged, 
despite the study’s promising findings on the protective 
benefits of TGF-β1 overexpression in OGD/R-induced dam-
age. First, our results may not be as applicable to primary 
cardiomyocytes or human cell lines due to the dependence 
on H9c2 cells as the major model system, as well as need to 
be validate in primary cardiomyocytes and other human 
cardiomyocyte cell lines, such as AC16 cells. Additionally, 
to validate the functions and underlying mechanisms of 
TGF-β1 in I/R injury, more validation using in vitro and in 
vivo models is required. 

In conclusion, in the I/R injury model induced by OGD/R, 
TGF-β1 overexpression demonstrated a  protective effect 
against OGD/R-induced injury. Furthermore, TGF-β1 may 
induce autophagy to promote the apoptosis of H9c2 cells via 
ERK pathways (Fig. 5). This study provides a theoretical basis 
for the development of individualized treatment strategies 
for patients with I/R injury. 

Funding. This study was supported by the Natural Science Founda-
tion of Hubei province, China (No. 2022CFC044) and the Natural 
Foundation of Hubei Provincial Department of Education (No. 
B2021029), and Three Gorges University Teaching Reform Research 
project (No. J2023075).

Conflict of interest. The authors declare that they have no conflict 
of interest.

References

Cai C, Guo Z, Chang X, Li Z, Wu F, He J, Cao T, Wang K, Shi N, Zhou 
H, et al. (2022): Empagliflozin attenuates cardiac microvascular 
ischemia/reperfusion through activating the AMPKα1/ULK1/
FUNDC1/mitophagy pathway. Redox Biol. 52, 102288

 https://doi.org/10.1016/j.redox.2022.102288
Chong CM, Ke M, Tan Y, Huang Z, Zhang K, Ai N, Ge W, Qin D, Lu 

JH, Su H (2018): Presenilin 1 deficiency suppresses autophagy 
in human neural stem cells through reducing γ-secretase-
independent ERK/CREB signaling. Cell Death Dis. 9, 879

 https://doi.org/10.1038/s41419-018-0945-7

Du J, Li Y, Zhao W (2020): Autophagy and myocardial ischemia. 
Adv. Exp. Med. Biol. 1207, 217-222

 https://doi.org/10.1007/978-981-15-4272-5_15
Fan J, Ren D, Wang J, Liu X, Zhang H, Wu M, Yang G (2020): Bru-

ceine D induces lung cancer cell apoptosis and autophagy via 
the ROS/MAPK signaling pathway in vitro and in vivo. Cell 
Death Dis. 11, 126

 https://doi.org/10.1038/s41419-020-2317-3
Fleming A, Bourdenx M, Fujimaki M, Karabiyik C, Krause GJ, 

Lopez A, Martín-Segura A, Puri C, Scrivo A, Skidmore J, et 
al. (2022): The different autophagy degradation pathways and 
neurodegeneration. Neuron 110, 935-966

 https://doi.org/10.1016/j.neuron.2022.01.017
Gifford CC, Tang J, Costello A, Khakoo NS, Nguyen TQ, Gold-

schmeding R, Higgins PJ, Samarakoon R (2021): Negative 
regulators of TGF-β1 signaling in renal fibrosis; pathological 
mechanisms and novel therapeutic opportunities. Clin. Sci. 
(Lond) 135, 275-303

 https://doi.org/10.1042/CS20201213
Grimes KM, Maillet M, Swoboda CO, Bowers SLK, Millay DP, 

Molkentin JD (2024): MEK1-ERK1/2 signaling regulates the 
cardiomyocyte non-sarcomeric actin cytoskeletal network. Am. 
J. Physiol. Heart. Circ. Physiol. 326, H180-H189

 https://doi.org/10.1152/ajpheart.00612.2023
Kim DH, Kim WD, Kim SK, Moon DH, Lee SJ (2020): TGF-β1-

mediated repression of SLC7A11 drives vulnerability to GPX4 
inhibition in hepatocellular carcinoma cells. Cell Death Dis. 
11, 406

 https://doi.org/10.1038/s41419-020-2618-6
Koga Y, Tsurumaki H, Aoki-Saito H, Sato M, Yatomi M, Takehara 

K, Hisada T (2019): Roles of cyclic AMP response element 
binding activation in the ERK1/2 and p38 MAPK signalling 
pathway in central nervous system, cardiovascular system, 
osteoclast differentiation and mucin and cytokine production. 
Int. J. Mol. Sci. 20, 1346

 https://doi.org/10.3390/ijms20061346
Le Dour C, Chatzifrangkeskou M, Macquart C, Magiera MM, 

Peccate C, Jouve C, Virtanen L, Heliö T, Aalto-Setälä K, 
Crasto S, et al. (2022): Actin-microtubule cytoskeletal 
interplay mediated by MRTF-A/SRF signaling promotes 
dilated cardiomyopathy caused by LMNA mutations. Nat. 
Commun. 13, 7886

 https://doi.org/10.1038/s41467-022-35639-x
Liang L, Li H, Cao T, Qu L, Zhang L, Fan GC, Greer PA, Li J, Jones 

DL, Peng T (2020): Calpain activation mediates microgravity-
induced myocardial abnormalities in mice via p38 and ERK1/2 
MAPK pathways. J. Biol. Chem. 295, 16840-16851

 https://doi.org/10.1074/jbc.RA119.011890
Liu R, van Berlo JH, York AJ, Vagnozzi RJ, Maillet M, Molkentin 

JD (2016): DUSP8 regulates cardiac ventricular remodeling by 
altering ERK1/2 signaling. Circ. Res. 119, 249-260

 https://doi.org/10.1161/CIRCRESAHA.115.308238
Ma Y, Kuang Y, Bo W, Liang Q, Zhu W, Cai M, Tian Z (2021): 

Exercise training alleviates cardiac fibrosis through increasing 
fibroblast growth factor 21 and regulating TGF-β1-Smad2/3-
MMP2/9 signaling in mice with myocardial infarction. Int. 
J. Mol. Sci. 22, 12341

 https://doi.org/10.3390/ijms222212341

https://doi.org/10.1016/j.redox.2022.102288
https://doi.org/10.1038/s41419-018-0945-7
https://doi.org/10.1007/978-981-15-4272-5_15
https://doi.org/10.1038/s41419-020-2317-3
https://doi.org/10.1016/j.neuron.2022.01.017
https://doi.org/10.1042/CS20201213
https://doi.org/10.1152/ajpheart.00612.2023
https://doi.org/10.1038/s41419-020-2618-6
https://doi.org/10.3390/ijms20061346
https://doi.org/10.1038/s41467-022-35639-x
https://doi.org/10.1074/jbc.RA119.011890
https://doi.org/10.1161/CIRCRESAHA.115.308238
https://doi.org/10.3390/ijms222212341


534 Liu et al.

Mutlak M, Kehat I (2015): Extracellular signal-regulated kinases 
1/2 as regulators of cardiac hypertrophy. Front. Pharmacol. 
6, 149

 https://doi.org/10.3389/fphar.2015.00149
Németh Á, Mózes MM, Calvier L, Hansmann G, Kökény G (2019): 

The PPARγ agonist pioglitazone prevents TGF-β induced re-
nal fibrosis by repressing EGR-1 and STAT3. BMC Nephrol. 
20, 245

 https://doi.org/10.1186/s12882-019-1431-x
Pfister AS (2019): Emerging role of the nucleolar stress response 

in autophagy. Front. Cell. Neurosci. 13, 156
 https://doi.org/10.3389/fncel.2019.00156
Qiu Z, He Y, Ming H, Lei S, Leng Y, Xia ZY (2019): Lipopolysac-

charide (LPS) aggravates high glucose- and hypoxia/reoxygena-
tion-induced injury through activating ROS-dependent NLRP3 
inflammasome-mediated pyroptosis in H9C2 cardiomyocytes. 
J. Diabetes Res. 2019, 8151836

 https://doi.org/10.1155/2019/8151836
Ren J, Zhang Y (2018): Targeting autophagy in aging and aging-

related cardiovascular diseases trends. Pharmacol. Sci. 39, 
1064-1076

 https://doi.org/10.1016/j.tips.2018.10.005
Rodrigo R, Retamal C, Schupper D, Vergara-Hernández D, Saha 

S, Profumo E, Buttari B, Saso L (2022): Antioxidant cardiopro-
tection against reperfusion injury: potential therapeutic roles 
of resveratrol and quercetin. Molecules (Basel, Switzerland) 
27, 2564

 https://doi.org/10.3390/molecules27082564
Ruart M, Chavarria L, Campreciós G, Suárez-Herrera N, Montironi 

C, Guixé-Muntet S, Bosch J, Friedman SL, Garcia-Pagán JC, 
Hernández-Gea V (2019): Impaired endothelial autophagy pro-
motes liver fibrosis by aggravating the oxidative stress response 
during acute liver injury. J. Hepatol. 70, 458-469

 https://doi.org/10.1016/j.jhep.2018.10.015
Sha H, Tong X, Zhao J (2018): Abnormal expressions of AGEs, 

TGF-β1, BDNF and their receptors in diabetic rat colon-
associations with colonic morphometric and biomechanical 
remodeling. Scientific reports 8, 9437

 https://doi.org/10.1038/s41598-018-27787-2
Shrestha N, Chand L, Han MK, Lee SO, Kim CY, Jeong YJ (2016): 

Glutamine inhibits CCl4 induced liver fibrosis in mice and 
TGF-β1 mediated epithelial-mesenchymal transition in mouse 
hepatocytes. Food Chem. Toxicol. 93, 129-137

 https://doi.org/10.1016/j.fct.2016.04.024
Sorice M (2022): Crosstalk of autophagy and apoptosis. Cells 11, 

1479
 https://doi.org/10.3390/cells11091479
Tanida I, Ueno T, Kominami E (2008): LC3 and autophagy methods. 

Mol. Biol. 445, 77-88
 https://doi.org/10.1007/978-1-59745-157-4_4
Wang K (2015): Autophagy and apoptosis in liver injury. Cell Cycle 

14, 1631-1642
 https://doi.org/10.1080/15384101.2015.1038685

Weng L, Ye J, Yang F, Jia S, Leng M, Jia B, Xu C, Zhao Y, Liu R, 
Xiong Y, et al. (2023): TGF-β1/SMAD3 regulates programmed 
cell death 5 that suppresses cardiac fibrosis post-myocardial 
infarction by inhibiting HDAC3. Circ. Res. 133, 237-251

 https://doi.org/10.1161/CIRCRESAHA.123.322596
Wu NN, Tian H, Chen P, Wang D, Ren J, Zhang Y (2019): Physical 

exercise and selective autophagy: benefit and risk on cardio-
vascular health. Cells 8, 1436

 https://doi.org/10.3390/cells8111436
Xu F, Fang Y, Yan L, Xu L, Zhang S, Cao Y, Xu L, Zhang X, Xie 

J, Jiang G, et al. (2017): Nuclear localization of Beclin 1 pro-
motes radiation-induced DNA damage repair independent of 
autophagy. Scientific reports 7, 45385

 https://doi.org/10.1038/srep45385
Xu HD, Qin ZH (2019): Beclin 1, Bcl-2 and autophagy. Adv. Exp. 

Med. Biol. 1206, 109-126
 https://doi.org/10.1007/978-981-15-0602-4_5
Yao Z, Seger R (2009): The ERK signaling cascade--views from 

different subcellular compartments. BioFactors (Oxford, Eng-
land) 35, 407-416

 https://doi.org/10.1002/biof.52
Yao Y, Hu C, Song Q, Li Y, Da X, Yu Y, Li H, Clark IM, Chen Q, 

Wang QK (2020): ADAMTS16 activates latent TGF-β, accen-
tuating fibrosis and dysfunction of the pressure-overloaded 
heart. Cardiovasc. Res. 116, 956-969

 https://doi.org/10.1093/cvr/cvz187
Zhang Y, Liu D, Hu H, Zhang P, Xie R, Cui W (2019): HIF-1α/

BNIP3 signaling pathway-induced-autophagy plays protective 
role during myocardial ischemia-reperfusion injury. Biomed. 
Pharmacother. 120, 109464

 https://doi.org/10.1016/j.biopha.2019.109464
Zhang X, Hao Y (2020): Beneficial Effects of echinacoside on 

diabetic cardiomyopathy in diabetic Db/Db mice. Drug Des. 
Devel. Ther. 14, 5575-5587

 https://doi.org/10.2147/DDDT.S276972
Zhang Q, Grunberger JW, Khurana N, Zhou X, Xu X, Ghandehari 

H, Chen F (2022): BECLIN-1-mediated autophagy suppresses 
silica nanoparticle-induced testicular toxicity via the inhibition of 
Caspase 8-mediated cell apoptosis in leydig cells. Cells 11, 1863

 https://doi.org/10.3390/cells11121863
Zheng X, Liu B, Liu X, Li P, Zhang P, Ye F, Zhao T, Kuang Y, Chen 

W, Jin X, et al. (2022): PERK regulates the sensitivity of hepa-
tocellular carcinoma cells to high-let carbon ions via either 
apoptosis or ferroptosis. J. Cancer 13, 669-680

 https://doi.org/10.7150/jca.61622
Zhu H, Gui Q, Hui X, Wang X, Jiang J, Ding L, Sun X, Wang Y, 

Chen H (2017): TGF-β1/Smad3 signaling pathway suppresses 
cell apoptosis in cerebral ischemic stroke rats. Med. Sci. Monit. 
23, 366-376

 https://doi.org/10.12659/MSM.899195

Received: January 10, 2024
Final version accepted: July 15, 2024

https://doi.org/10.3389/fphar.2015.00149
https://doi.org/10.1186/s12882-019-1431-x
https://doi.org/10.1155/2019/8151836
https://doi.org/10.1016/j.tips.2018.10.005
https://doi.org/10.3390/molecules27082564
https://doi.org/10.1016/j.jhep.2018.10.015
https://doi.org/10.1038/s41598-018-27787-2
https://doi.org/10.1016/j.fct.2016.04.024
https://doi.org/10.3390/cells11091479
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1080/15384101.2015.1038685
https://doi.org/10.1161/CIRCRESAHA.123.322596
https://doi.org/10.3390/cells8111436
https://doi.org/10.1038/srep45385
https://doi.org/10.1007/978-981-15-0602-4_5
https://doi.org/10.1093/cvr/cvz187
https://doi.org/10.1016/j.biopha.2019.109464
https://doi.org/10.2147/DDDT.S276972
https://doi.org/10.3390/cells11121863
https://doi.org/10.7150/jca.61622
https://doi.org/10.12659/MSM.899195

