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Abstract. Myocardial ischemia‑reperfusion injury (MIRI) is 
an event that follows a myocardial infarction. As such, close 
observation and appropriate patient management is paramount 
in the treatment process of interventional surgery. The patho‑
genesis of MIRI has not been fully elucidated. Therefore, the 
aim of the present study was to explore of novel targets for 
MIRI treatment whilst also determining their possible under‑
lying mechanism of action. The plasma samples used in the 
present study were collected from 30 patients with ischemic 
cardiomyopathy and 30 healthy volunteers. H9c2 rat cardio‑
myoblasts were subjected to hypoxia and reoxygenation (H/R) 
modeling to establish an in vitro MIRI model. Initially, the 
expression levels of Cbl proto‑oncogene (CBL) in ICM heart 
tissue, normal heart tissue, H/R‑induced H9c2 cells and 
normal H9c2 cells were detected using quantitative PCR and 
western blotting. With the application of Cell Counting Kit‑8, 
western blotting and Tunnel assay, the proliferation, oxida‑
tive stress and apoptosis of H/R‑induced cells were assessed. 
Moreover, co‑IP assay was employed to testify the interaction 
between CBL and GRB2. The present study revealed that 
CBL expression was upregulated in patients with ischemic 
cardiomyopathy and H/R‑induced H9c2 cells in comparison 
with that in normal heart tissue and normal H9c2 cells, 
respectively. The genetic silence of CBL using small inter‑
fering RNA promoted the proliferation and oxidative stress of 
H/R‑induced cells but repressed the apoptosis. The full‑length 
wild‑type of growth factor receptor‑bound protein 2 (GRB2) 
was ligated into pcDNA3.1 to achieve GRB2 overexpression, 
which revealed that GRB2 overexpression reversed the effects 

of CBL knockdown on cells, suggesting that it may mediate 
these processes downstream. In conclusion, under hypoxic 
conditions, CBL knockdown promoted the proliferation and 
antioxidant capacity of cardiomyocytes whilst inhibiting 
apoptosis, by downregulating GRB2 expression. These find‑
ings revealed the underlying mechanism of action of this 
pathway, which can be exploited for the prevention or treat‑
ment of MIRI.

Introduction

Cardiovascular and cerebrovascular diseases are the predomi‑
nant causes of human death (1). According to the current 
epidemiological data, it has been revealed that the number of 
CVD mortalities steadily increased from 12.1 million in 1990 
to 18.6 million in 2019 globally (2). Ischemic cardiomyopathy 
(ICM) is one such type of cardiovascular disease (3). The main 
cause of myocardial ischemia is coronary artery stenosis, 
resulting in insufficient blood supply to the myocardium, 
which hinders aerobic metabolism in myocardial cells and 
reduces contractile capacity (4,5). Therefore, energy supply 
during heart activity is rendered insufficient, which can cause 
arrhythmia and angina pectoris (6). In severe cases, it can 
result in myocardial infarction (7). For myocardial ischemia, 
the most effective treatment strategy is currently to quickly 
restore blood supply to the ischemic section of the heart. 
However, resuming blood flow after myocardial ischemia for 
a period of time may lead to myocardial contractile dysfunc‑
tion and structural damage at the ischemic site, which will 
aggravate myocardial injury (8). This phenomenon is known 
as myocardial ischemia‑reperfusion injury (MIRI) (8). MIRI 
is a condition that requires close medical attention and imple‑
mentation of management following treatment, which mainly 
consists of coronary artery bypass or cardiopulmonary bypass 
surgery (9,10). In addition, alleviating MIRI has been hypoth‑
esized to be the main cause for successful treatment and 
prolonged survival in patients (11). Coupled with the continued 
advancements in surgical techniques, antiplatelet and anti‑
thrombotic agents, reperfusion therapy in a timely manner can 
effectively preserve the patency of coronary arteries (10,12,13). 
However, the treatment for MIRI has not been effectively 
improved, evidenced by ~8.8 million mortalities in 2015 
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worldwide, accounting for 15.5% of all deaths that year (14). 
Therefore, studying the growth state and metabolic activity of 
cardiomyocytes is expected to yield significant results for the 
prevention and treatment strategies for complications caused 
by MIRI.

Previous studies have shown that the pathogenesis during 
myocardial ischemia is associated with oxidative stress, 
chronic inflammation and cardiomyocyte apoptosis (15‑17). 
Reperfusion in the ischemic myocardium results in the 
production of oxygen free radicals (OFR), which can mediate 
myocardial damage (18). In addition, production of vast quanti‑
ties of reactive oxygen species (ROS) during the early stages of 
reperfusion can lead to dysfunction of the antioxidant system 
in myocardial cells, causing widespread cell damage and 
eventually necrosis and apoptosis (19). Therefore, improving 
the antioxidant capacity of cells may reduce myocardial cell 
damage caused by MIRI. Cbl proto‑oncogene (CBL) is widely 
expressed in various tissues and contains an N‑terminal 
tyrosine‑kinase‑binding domain, which can interact with a 
variety of proteins (20). Elsewhere, Cbl proteins are impli‑
cated in the regulation of multiple signal transduction (21). 
For instance, Cdc42 sequesters Cbl from the epidermal 
growth‑factor receptor (EGFR) through βPIX, thus inhibiting 
EGFR downregulation (22). In addition, c‑Cbl, an adaptor 
protein, has been reported to participate in the activation of 
MAP kinases (23). Previous studies have revealed that CBL 
inhibition can alleviate cardiomyopathy injury. Using c‑Cbl 
as an example, the silencing of c‑Cbl helps to improve cardiac 
function in response to myocardial ischemia (24). Furthermore, 
CBL‑knockout mice exhibit improved abilities to recover heart 
function following ischemia and reperfusion (24), suggesting 
that CBL may exert negative regulatory effects on the survival 
of myocardial cells in addition to angiogenesis following 
MIRI.

At present, the pathogenesis of MIRI has not been fully 
elucidated (25). Therefore, it remains in demand to actively 
explore novel targets and their underlying mechanism of 
action in MIRI. In the present study, an in vitro MIRI model 
was constructed through hypoxia‑reoxygenation (H/R), where 
the target of CBL was predicted using bioinformatics analysis. 
The aim of the present study was to explore the effect of CBL 
on H/R‑induced cardiomyocyte injury and to determine the 
underlying mechanism.

Materials and methods

Clinical samples. All procedures were performed in accordance 
with the Declaration of the Institutional Research Committee's 
Ethical standards and the 1964 Declaration of Helsinki with its 
later amendments. The Ethics Committee of the Second People's 
Hospital of Chengdu approved the involvement of human 
participants and the study ran from August 2017 to August 2019 
(approval no. 2017081302). All patients or their parents/guard‑
ians provided written informed consent for participation after 
they were fully informed of the study details.

The plasma samples of 30 patients with ICM (age, 
70.2±9.24 years old; 21:9 males and females) and 30 healthy 
subjects who went to the hospital for health checkups (age, 
69±8.12 years old; 21:9 males to females) admitted to The 
Second People's Hospital of Chengdu (Chengdu, China) 

between August 2017 and August 2019 were obtained. A total 
of 5 ml fasting venous blood of the study subjects was drawn 
into tubes containing vitamin K antagonists and centrifuged 
at 1,200 x g for 10 min at 4˚C, before the supernatant was 
collected and stored at ‑20˚C. According to World Health 
Organization, ICM presents as a dilated cardiomyopathy with 
impaired contractile performance (26). The diagnosis of ICM 
group and all patients in the present study were based on this. 
MIRI inclusion criteria: Left ventricular ejection fraction still 
<40% after percutaneous coronary intervention surgery was 
judged as occurrence of myocardial ischemia‑reperfusion 
injury. MIRI exclusion criteria: Patients have chest pain caused 
by menopausal syndrome, neurosis, gastroesophageal reflux 
disease, combined autoimmune diseases, malignant tumors 
and previous history of cardiovascular and cerebrovascular 
diseases (27).

Cell culture and treatment. The H9c2 rat cardiomyoblasts were 
purchased from The Cell Bank of Type Culture Collection of 
the Chinese Academy of Sciences and cultured in DMEM 
supplemented with 15% FBS (both Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin at 37˚C in a 
humidified incubator with 5% CO2.

To established a cellular MIRI model, serum/glucose‑free 
DMEM was employed. H9c2 cells (1.5x105 cells/well) were 
placed in an incubator containing 94% N2, 5% CO2 and 1% O2 
at 37˚C to simulate hypoxia for 24 h. Subsequently, the cells 
were placed in an incubator with 5% CO2 at 37˚C and cultured 
for another 24 and 48 h for reoxygenation at 37˚C. H9c2 cells 
cultured with 5% CO2 for the full 48 h period were used as 
the control group. In addition, the group that underwent H/R 
treatment after 24 h transfection was designated the as H/R + 
small interfering RNA (si)/or Overexpression (Ov)‑group.

Cell transfection. H9c2 cells were seeded into six‑well plates 
at a density of 2x105 cells/well and transfected with 1 µg 
pcDNA3.1‑growth factor receptor‑bound protein 2 (GRB2; 
accession no. NM_030846.2) overexpression vector or 
pcDNA3.1 empty vector (Hunan Fenghui Biotechnology Co., 
Ltd.) and/or 50 nM siRNAs against CBL (si‑CBL) or nega‑
tive control (si‑NC; Shanghai Genepharma Co., Ltd.) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Following 
transfection for 24 h, the cells were used for subsequent 
experiments. si‑CBL‑1 target, 5'‑GGA AGC CAT CGC CAA 
ATA TGA ‑3'; si‑CBL‑2 target, 5'‑GTG CTG GAA GCT CAT 
GGA CAA ‑3'; si‑NC target, 5'‑GGC AGA CAA TGC GAA ACA 
CTT ‑3'.

Cell Counting Kit 8 (CCK‑ 8) assay. H9c2 cel ls 
(1.5x104 cells/well) were cultured in 96‑well plates before 10 µl 
CCK‑8 reagent (Beyotime Institute of Biotechnology) was 
added into each well 24 or 48 h after plating the cells. Cells 
were then incubated at 37˚C for a further 2 h. The absorbance 
in each well was measured at a wavelength of 450 nm using a 
microplate reader (Molecular Devices, LLC).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and then reverse 
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transcribed into cDNA using Universal RT‑PCR kit (cat. 
no. QN0943; Beijing Baiao Laibo Technology Co., Ltd.) 
according to the manufacturer's protocols. The mRNA expres‑
sion levels were measured using SYBR Green Master Mix (cat. 
no. MT0017; Beijing Baiao Laibo Technology Co., Ltd.) on a 
StepOnePlus™ Real‑time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The thermocycling condi‑
tions were as follows: Initial denaturation at 95˚C for 3 min; 
followed by 40 cycles of denaturation at 95˚C for 30 sec, 
annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec. 
The primer sequences used are listed in Table I. GAPDH was 
used as internal reference and the relative mRNA expression 
levels were calculated using the 2‑ΔΔCq method (28).

Western blot analysis. Total proteins were extracted from each 
group of H9c2 cells using RIPA lysis buffer (Beyotime Institute 
of Biotechnology) and then quantified with bicinchoninic 
acid protein assay kit (cat. no. P0012S; Beyotime Institute of 
Biotechnology). Equal amount of proteins (20 µg per lane) were 
separated by 10% SDS‑PAGE and then transferred onto PVDF 
membranes. Following blocking with 5% non‑fat milk for 2 h 
at room temperature, the membranes were incubated with 
primary antibodies against CBL (cat. no. ab228785; 1:1,000; 
Abcam), GRB2 (cat. no. ab32111; 1:1,000; Abcam), Ki67 
(cat. no. ab16667; 1:1,000; Abcam), proliferating cell nuclear 
antigen (PCNA; cat. no. ab18197; 1:1,000; Abcam), Bcl‑2 (cat. 
no. ab32124; 1:1,000; Abcam), Bax (cat. no. ab32503; 1:1,000; 
Abcam), caspase‑3 (cat. no. ab32351; 1:5,000; Abcam) cleaved 
caspase‑3 (cat. no. ab2302; 1:500; Abcam) or GAPDH (cat. 
no. ab8245; 1:1,000; Abcam) at 4˚C overnight. The membranes 
were then incubated with HRP‑conjugated goat anti‑rabbit 
secondary antibodies (cat. no. ab97080; 1:5,000; Abcam) 
for 2 h at room temperature. Enhanced chemiluminescence 
reagent (Thermo Fisher Scientific, Inc.) was used to visualize 
the protein bands and the gray values were assessed using 
ImageJ (version 1.8; National Institutes of Health).

Detection of oxidation stress. H9c2 cells were collected 
and lysed using a cell lysis buffer (cat. no. P0013; Beyotime 
Institute of Biotechnology), followed by centrifugation at 
10,000 x g for 10 min at 4˚C. In total, 200 µl supernatant was 
collected. Lactate dehydrogenase (LDH; cat. no. A020‑2‑2), 
superoxide dismutase (SOD; cat. no. A001‑3‑2) and malondi‑
aldehyde (MDA; cat. no. A003‑4‑1) detection kits were used 
according to the manufacturers' protocols (Nanjing Jiancheng 
Bioengineering Institute). The activity values were calculated 
based on absorbance using a microplate reader (Thermo Fisher 
Scientific, Inc.).

TUNEL assay. H9c2 cells (2x104 cells/well) were seeded into 
a 24‑well plate and assay was stained using a TUNEL kit (cat. 
no. C1086; Beyotime Institute of Biotechnology) according to 
the manufacturer's protocols. Briefly, cells were first stained by 
4% paraformaldehyde for 30 min at room temperature followed 
by incubation with PBS containing 0.3% Triton X‑100 for 
5 min at room temperature. TUNEL working fluid was added 
and cells were incubated for another 1 h at 37˚C away from the 
light. Subsequently, Antifade Mounting Medium with DAPI 
(cat. no. P0131; Beyotime Institute of Biotechnology) was 
employed to treat the cells. A total of 10 randomly selected 
visual fields were observed using a fluorescence microscope 
(magnification, x200; Olympus Corporation). Apoptosis rate 
was calculated as follows: Apoptosis rate %=number of posi‑
tive apoptotic cells/total number of cells x100%.

Co‑immunoprecipitation (co‑IP) assay. H9c2 cells were 
collected and lysed in pre‑cooled cell lysis buffer (cat. 
no. P0013; Beyotime Institute of Biotechnology) containing 
protease inhibitors at 0˚C. The supernatant was collected after 
centrifugation at 13,000 x g for 10 min at 4˚C. Subsequently, 
0.2 mg protein A agarose beads (cat. no. 20366; Thermo Fisher 
Scientific, Inc.) that were washed with 100 µl PBS buffer were 
added to 500 µg lysis buffer and incubated with 2 µg IgG 

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene Sequence (5'‑3') Product sizes (bp)

CBL (Rat) F: GCTTCTCTTTGGCTTGTGCG 71
 R: CTGGTGAAGCGAGGAATGGA 
Growth factor receptor bound protein 2 (Rat) F: TGCCTAGAGCCACTAAGGGT 373
 R: GGAGAGAAACGGTGGACAGG 
Proliferating cell nuclear antigen (Rat) F: AGTTTTCTGCGAGTGGGGAG 354
 R: AAGACCTCAGAACACGCTGG 
Ki67 (Rat) F: TTCCAGACACCAGACCATGC 96
 R: GGTTCTAACTGGTCTTCCTGGTT 
GAPDH (Rat) F: TCTCTGCTCCTCCCTGTTCT 104
 R: TACGGCCAAATCCGTTCACA 
CBL (Homo sapiens) F: CAACGTGAAGAAGAGCTCTGGG 472
 R: GTGGCTGAAGATGAGGGACA 
GAPDH (Homo sapiens) F: GACTCATGACCACAGTCCATGC 113
 R: AGAGGCAGGGATGATGTTCTG 

CBL, Cbl proto‑oncogene; F, forward; R, reverse.
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antibody (1:1,000; cat. no. ab172730; Abcam) or CBL antibody 
(cat. no. 2747; 1:50; Cell Signaling Technology, Inc.) overnight 
at 4˚C with slow shaking. Following the IP reaction and 
centrifugation at 1,000 x g at 4˚C for 2 min, the agarose beads 
were washed with lysis buffer and boiled for 5 min at 100˚C 
by adding 15 µl 2X SDS sample buffer. This sample were then 
subjected to western blotting.

Bioinformatics analysis. Search Tool for the Retrieval 
of Interacting Genes/Proteins (STRING, version 11.0; 
https://string‑db.org/) (29) is an online database used for 
searching known protein interactions. CBL and GRB2 were 
first entered together at the multiple‑proteins interface and 
the species Homo sapiens was selected before the result was 
automatically displayed.

Statistical analysis. Data are presented as the mean ± stan‑
dard deviation and statistical analysis was performed using 
GraphPad Prism version 8.0 (GraphPad Software, Inc.). 
Comparisons among multiple groups were performed using 
a one‑way ANOVA followed by a Tukey's post hoc test and 
unpaired Student's t test between two groups. All cellular 
experiments were performed ≥ three times from three different 
cultures. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Analysis of CBL expression. The expression levels of CBL 
in patients with ICM and healthy individuals were measured 
using RT‑qPCR. There were 30 individuals in each group 
and the expression levels were statistically analyzed. The 
expression levels of CBL in the plasma of patients with ICM 
were significantly higher compared with those in the healthy 
individuals (Fig. 1A). Subsequently, expression levels of CBL 
in H/R‑induced H9c2 cells and normally cultured H9c2 cells 
were measured using RT‑qPCR and western blot analysis. The 
expression levels in H/R‑induced cells were significantly higher 
compared with those in cells cultured normally (Fig. 1B).

CBL knockdown promotes the proliferation and oxidative 
stress resistance of H/R‑induced H9c2 rat cardiomyoblasts. 
To explore the specific role of CBL in H/R‑induced cells, 
CBL expression was knocked down by transfection with 
specific siRNAs before the efficacy of knockdown was 
assessed using RT‑qPCR and western blot analysis. The 
expression levels of CBL were significantly lower in cells 
transfected with si‑CBL‑1 compared with those in cells 
transfected with si‑NC (Fig. 2A). si‑CBL‑1 was chosen for 
subsequent experiments due to the higher potency compared 
with si‑CBL‑2 (Fig. 2A). The H9c2 cells were subsequently 
divided into the following four groups: Control group, H/R 
group, H/R + si‑NC group and the H/R + si‑CBL group. 
Viability in each group of cells was first detected using 
CCK‑8 assay. After 24 and 48 h of treatment the results 
showed that cell viability in the H/R group was significantly 
lower at both time points compared with that in the control 
group. In addition, viability in the H/R + si‑CBL group was 
significantly higher compared with that in the H/R + si‑NC 
group, indicating that CBL knockdown alleviated the damage 
caused by H/R (Fig. 2B). Similarly, PCNA and Ki67 protein 
expression levels in the cells of each group were detected 
using western blot analysis and RT‑qPCR. Compared with 
the control group, the expression levels of PCNA and Ki67 
were significantly downregulated in H9c2 cells after H/R 
induction. In addition, their expression levels in the H/R + 
si‑CBL group were significantly higher compared with that 
in the H/R + si‑NC group, suggesting that CBL knockdown 
also promoted H/R‑induced cell proliferation (Fig. 2C). 
Subsequently, the antioxidant capacity of each group of 
cells was assessed by specifically measuring LDH, SOD and 
MDA. From the calculated results, SOD levels were found 
to be significantly decreased in the H/R group compared 
with those in the control, but were significantly upregulated 
in the H/R + si‑CBL group compared with those in the 
H/R + si‑NC group (Fig. 2D). By contrast, LDH and MDA 
levels exhibited an opposite trend (Fig. 2D). This suggests 
that CBL knockdown improved the antioxidant capacity of 
H/R‑induced cells.

Figure 1. Analysis of CBL expression. (A) Expression levels of CBL in blood samples of patients with ischemic cardiomyopathy and the healthy subjects were 
measured using RT‑qPCR. ***P<0.001 vs. Healthy. (B) Expression levels of CBL in H/R‑induced H9c2 cells and normally cultured H9c2 cells were measured 
using RT‑qPCR and western blot analysis. **P<0.01 and ***P<0.001 vs. Control. CBL, Cbl proto‑oncogene; RT‑qPCR, reverse transcription‑quantitative PCR; 
H/R, hypoxia‑reoxygenation. 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  23:  188,  2022 5

CBL knockdown inhibits H/R‑induced myocardial apoptosis. 
The aforementioned treatment groups were also designated 
to explore the effects of CBL knockdown on cell apoptosis. 
The results of the TUNEL assays revealed that the number of 
apoptotic cells in the H/R group was significantly increased 

compared with that in the control group (Fig. 3A). In the H/R + 
si‑CBL group, the number of apoptotic cells was significantly 
lower compared with that in the H/R + si‑NC group (Fig. 3A). 
According to the results of western blot analysis, the expres‑
sion levels of Bax and cleaved caspase‑3 were found to be 

Figure 2. CBL knockdown promotes the proliferation and oxidative stress resistance of H/R‑induced myocardiocytes. (A) Efficacy of transfection was detected 
using RT‑qPCR and western blot analysis. ***P<0.001 vs. si‑NC. (B) Cell viability of cells in each group was detected using Cell Counting Kit‑8 assay. 
(C) PCNA and Ki67 protein expression in cells in each group were detected using RT‑qPCR and western blot analysis. (D) Antioxidant capacity of each 
group of cells was assessed by measuring their LDH, SOD and MDA levels. ***P<0.001 vs. Control; ##P<0.01 and ###P<0.001 vs. H/R + si‑NC. Si‑, small inter‑
fering; CBL, Cbl proto‑oncogene; RT‑qPCR, reverse transcription‑quantitative PCR; H/R, hypoxia‑reoxygenation; si‑NC, small interfering negative control; 
PCNA, proliferating cell nuclear antigen; LDH, lactate dehydrogenase; SOD, superoxide dismutase; MDA, malondialdehyde. 
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significantly upregulated in the H/R group compared with 
those in the control group, whilst knocking down CBL expres‑
sion significantly reversed this increase in Bax and cleaved 
caspase‑3 expression (Fig. 3B). Additionally, the trend in Bcl‑2 
expression was found to be opposite to that shown by Bax and 
cleaved caspase‑3 (Fig. 3B). These results suggest that CBL 
knockdown can inhibit H/R‑induced cell apoptosis.

CBL knockdown reduces the expression of GRB2 in H9c2 rat 
cardiomyoblasts. Notably, GRB2 was revealed to promote 
the advancement of cardiac fibrosis. Moreover, according to 
the data on STRING database, GRB2 was predicated to be 
associated with CBL (Fig. 4A). The expression levels of GRB2 
were therefore measured using RT‑qPCR and western blot 
analysis. The expression levels of GRB2 in cells transfected 
with si‑CBL were markedly lower compared with those in the 
si‑NC group (Fig. 4B). The results of co‑IP and western blot 
analysis revealed that both CBL and GRB2 were expressed in 
the input group and GRB2 protein was revealed to exist in the 
anti‑CBL group. However, IgG could not pull down CBL and 
was used to rule out false positive results. This suggests that 
there was an association between these two proteins (Fig. 4C).

CBL knockdown promotes the proliferation and oxidative 
stress resistance of H/R‑induced H9c2 rat cardiomyoblasts by 
downregulating GRB2 expression. To verify the mechanism 
by which GRB2 regulate CBL, cells were transfected with 

pcDNA3.1‑GRB2 before transfection efficiency was verified 
using RT‑qPCR and western blotting (Fig. 5A). The expression 
of GRB2 was markedly enhanced after the cells transfection 
with GRB2 overexpression plasmids compared with that in 
the Ov‑NC group. The H9c2 cells were then divided into the 
following five groups: Control group, H/R + si‑NC group, 
H/R + si‑CBL group, H/R + si‑CBL + Ov‑NC group and 
the H/R + si‑CBL + Ov‑GRB2 group. The viability of cells 
in each group was first examined using a CCK‑8 assay. As 
depicted in Fig. 5B, the cell viability in H/R‑induced H9c2 cells 
were significantly increased by CBL‑silencing in comparison 
with that in H/R + si‑NC group. Notably, GRB2 overexpression 
slightly decreased the cell viability in comparison with that in 
H/R + si‑CBL + Ov‑NC, revealing that GRB2 overexpression 
didn't have significant influence on viability of H/R‑induced 
H9c2 cells transfection with siRNA specific CBL. In addition, 
the expression levels of PCNA and Ki67 were both signifi‑
cantly downregulated in the H/R + si‑CBL + Ov‑GRB2 group 
compared with those in the H/R + si‑CBL + Ov‑NC group 
(Fig. 5C). LDH, SOD and MDA levels were also assessed. 
SOD levels were found to be significantly downregulated, 
whilst LDH and MDA levels were significantly upregulated 
following GRB2 overexpression, compared with those in the 
H/R + si‑CBL + Ov‑NC group (Fig. 5D).

CBL knockdown inhibits H/R‑induced myocardial apoptosis 
by downregulating GRB2 expression. The same five groups 

Figure 3. CBL knockdown inhibits H/R‑induced myocardial apoptosis. (A) Apoptosis of cells was determined using TUNEL assay. Scale bars, 50 µm. 
(B) Expression levels of apoptosis‑related proteins of cells in each group were measured using western blotting. ***P<0.001 vs. Control; ##P<0.01 and 
###P<0.001 vs. H/R + NC. Si‑, small interfering; CBL, Cbl proto‑oncogene; NC, negative control; H/R, hypoxia‑reoxygenation. 
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of H9c2 cells aforementioned were used to explore the effects 
of GRB2 and CBL on apoptosis. The levels of apoptosis and 
the expression levels of apoptosis‑related proteins in each 
group were determined using a TUNEL assay and western 
blot analysis, respectively. The number of apoptotic cells 
in the H/R + si‑CBL + Ov‑GRB2 group was significantly 
greater compared with that in the H/R + si‑CBL + Ov‑NC 
group (Fig. 6A). In addition, compared with H/R + si‑NC, 
CBL‑silencing significantly upregulated Bcl‑2 expression but 
significantly downregulated the expression levels of Bax and 
cleaved caspase‑3; while GRB2 overexpression reversed the 
inhibitory effects of CBL‑silencing on apoptosis, evidenced by 
the downregulated Bcl‑2 expression but upregulated expres‑
sion levels of Bax and cleaved caspase‑3 in contrast to that in 
the H/R + si‑CBL + Ov‑NC group (Fig. 6B).

Discussion

In previous experimental and clinical studies, a number of 
treatment strategies for preventing MIRI have been proposed, 
including ischemic pre‑conditioning (IPC), ischemic 
post‑conditioning (IPost), remote ischemic conditioning (RIC) 
and drug intervention (30). IPC entails multiple transient 

ischemia‑reperfusion treatments in coronary arteries to activate 
the endogenous protective mechanisms and enhance ischemic 
tolerance (31). IPost consists of allowing the coronary blood to 
flow back for a period of time before obstructing it again (32). 
This reperfusion/obstruction process is repeated several times 
to complete the reperfusion treatment (32). RIC entails the 
prevention of MIRI by simultaneously applying ≥ one brief 
intermittent reperfusion cycles to another organ or tissue (33). In 
addition, various novel drug targets have been discovered, where 
examples such as Exenatide and Cyclosporin have demonstrated 
potential (30). However, to date no effective therapeutic agent 
exist for the prevention and treatment of reperfusion injury (34). 
A previous study found that pre‑administration of fish oil and 
flaxseed oil to rats alleviated MIRI through regulation of the 
mitochondrial membrane permeability transport pore (35). In 
addition, a number of genes have been considered to be prom‑
ising targets, such as sirtuin 3 (36), melatonin receptor 2 (37) 
and protein inhibitor of activated STAT1 (16). Due to the lack 
of known therapeutic targets approved for clinical use, the 
present study assessed the effects of CBL on the proliferation, 
antioxidant capacity and apoptosis of H9c2 rat cardiomyoblasts 
induced by H/R. The results suggested that CBL may serve to 
be an effective therapeutic target in the future.

Figure 4. CBL knockdown inhibits the expression of GRB2 in H9c2 rat cardiomyoblasts. (A) Association between CBL and GRB2 was predicted using Search Tool 
for the Retrieval of Interacting Genes/Proteins. (B) Expression levels of GRB2 in the H9c2 rat cardiomyoblasts were measured using reverse transcription‑quan‑
titative PCR and western blot analysis. (C) Association between CBL and GRB2 was verified using co‑IP followed by western blot analysis. ***P<0.001 vs. NC. 
CBL, Cbl proto‑oncogene; NC, negative control; Si‑, small interfering; GRB2, Growth factor receptor‑bound protein 2; co‑IP, co‑immunoprecipitation. 
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Figure 5. CBL knockdown promotes the proliferation and oxidation resistance of H/R‑induced H9c2 rat cardiomyoblasts by downregulating of GRB2 expres‑
sion. (A) Transfection efficiency of Ov‑GRB2 was verified using RT‑qPCR and western blot analysis. ***P<0.001 vs. Ov‑NC. (B) Cell viability in each group 
was examined using Cell Counting Kit‑8 assay. (C) Expression levels of PCNA and Ki67 were measured using western blot analysis. (D) Antioxidant capacity 
of each group of cells was assessed by measuring their LDH, SOD and MDA levels. ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and ###P<0.001 vs. H/R + 
si‑NC; ∆P<0.05 and ∆∆∆P<0.001 vs. H/R + si‑CBL + Ov‑NC. Si‑, small interfering; CBL, Cbl proto‑oncogene; NC, negative control; Ov, overexpression; H/R, 
hypoxia‑reoxygenation; GRB2, Growth factor receptor‑bound protein 2; RT‑qPCR, reverse transcription‑quantitative PCR; PCNA, proliferating cell nuclear 
antigen; LDH, lactate dehydrogenase; SOD, superoxide dismutase; MDA, malondialdehyde.
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Under normal physiological conditions, OFR increases 
lipid peroxidation, resulting in the production of MDA and 
LDH (38,39). OFR can be scavenged by SOD and glutathione, 
which maintains the balance between the generation and elim‑
ination of OFR (40). The oxidative capacity of cardiomyocytes 
is significantly enhanced during MIRI, where unsaturated fatty 
acids on the membrane can be attacked to trigger alterations in 
the cell membrane functional unit structure and function (19). 
The increased production of OFRs may cause cardiomyocyte 
necrosis and dysfunction (41). Therefore, the present study 
explored the effects of CBL on the antioxidant capacity of 
cardiomyocytes following H/R, which found that CBL knock‑
down improved the antioxidant capacity of this H9c2 cell 
model. In addition, associated proteins were predicted using 
the STRING database, where it was found that GRB2 and 
CBL may be associated. Additionally, GRB2‑silencing was 
reported to suppress TGF‑β1‑induced collagen production and 
cell viability in cardiac fibrosis, revealing that GRB2 partici‑
pated in the promotion of cardiac fibrosis (42). Therefore, it 
is proposed that GRB2 may be involved in the role of CBL 
in cardiomyocytes. Results in the present study revealed that 
GRB2 was involved in the mechanism of action of CBL.

Apoptosis is the most common type of programmed cell 
death and has been shown to be the major pathological mecha‑
nism underlying MIRI (15). Aberrant levels of apoptosis will 
aggravate the destruction of the myocardium, resulting in a 
decrease in the number of viable myocardial cells and thus 
cardiac function, thereby aggravating myocardial damage (43). 
Mitochondria are vital for the production of ATP and the induc‑
tion of cell apoptosis (44). Cytochrome c, a marker of activation 
of the mitochondrial apoptosis pathway, can activate pro‑caspase 
9, thereby promoting the activation of caspase‑3 (45). In addition, 
Bax is a pro‑apoptotic protein (46). Following activation of Bax, 
it enters the mitochondria from the cytoplasm, increases the 
permeability of the mitochondrial membrane and promotes the 
release of cytochrome c, thereby mediating cell apoptosis (47). 
Bcl‑2 is an anti‑apoptotic protein, which can inhibit the release 
of cytochrome c from the mitochondria and inhibit cell apop‑
tosis (48). In the present study, CBL knockdown downregulated 
the expression of Bax and caspase‑3 whilst upregulating the 
expression of Bcl‑2, suggesting that it can alleviate the apoptosis 
of cardiomyocytes induced by H/R.

In conclusion, the results of the present study revealed that 
CBL expression was upregulated in the plasma of patients 

Figure 6. CBL knockdown inhibits H/R‑induced myocardial apoptosis by downregulating GRB2 expression. (A) Apoptosis of cells was determined using a 
TUNEL assay. Scale bars, 50 µm. (B) Expression levels of apoptosis‑related proteins in each group were measured using western blot analysis. ***P<0.001 
vs. Control; ###P<0.001 vs. H/R + si‑NC; ∆∆∆P<0.001 vs. H/R + si‑CBL + Ov‑NC. Si‑, small interfering; CBL, Cbl proto‑oncogene; NC, negative control; 
Ov, overexpression; H/R, hypoxia‑reoxygenation; GRB2, Growth factor receptor‑bound protein 2. 
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with ICM. CBL knockdown promoted the proliferation and 
increased the antioxidant capacity of damaged cardiomyocytes 
induced by H/R whilst inhibiting cell apoptosis, by regulating 
the expression of GRB2. CBL may thus serve as a target for the 
management of MIRI. Whilst the underlying mechanism was 
elucidated to a certain depth, the present article is limited in 
that only in vitro experiments were performed. Future studies 
should verify these findings using in vivo models.
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