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the development of a potential therapeutic tar‑
get, or at least a pathological marker that could 
aid in the diagnosis of heart diseases.

By searching 4 databases associated with hu‑
man ICM samples in the Gene Expression Om‑
nibus database, a total of 26 differentially ex‑
pressed genes (ASPN, PHLDA1, PENK, TSPAN9, 
ILF3, SEC14L1, SVIL, PLCE1, CCNG2, ARHGAP1, 
FCN3, MYH6, HOPX, SERPINA3, PLA2G2A, 
LYVE1, S100A9, ENO1, PTP4A2, TM4SF1, CDK2, 
ATG101, SLC1A1, P2RY2, AGFG1, and FLII) were 
identified.3‑5 Compared with normal myocardi‑
al tissue, ARHGAP1 had a significantly upregu‑
lated expression in ICM.

The specific function of ARHGAP1 is poorly 
understood, but there is considerable evidence to 
show that it plays a critical role in gene expression 

INTRODUCTION Ischemic cardiomyopathy 
(ICM) is the most common type of heart disease, 
with a high rate of sudden cardiac death. The di‑
rect cause of ICM is usually insufficient blood 
and oxygen supply to the heart muscle,1 which 
leads to sustained cardiac cell death, cardiac 
dysfunction, and ultimately heart function de‑
terioration. Coronary artery stenosis, myocyte 
death, reactive cellular hypertrophy, and ventric‑
ular scarring are all associated with heart fail‑
ure. Among the numerous complex molecular 
mechanisms underlying ICM, the role of apop‑
tosis and antiapoptotic therapies has attracted 
a considerable attention.2 Uncovering the un‑
derlying mechanism and the effectors of apop‑
tosis would help identify a clear signaling path‑
way of heart failure. This, in turn, would enable 
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ABSTRACT
BACKGROUND Ischemic cardiomyopathy (ICM) leads to heart failure by causing apoptosis of cardiac 
myocytes. It is generally believed that a therapy targeting apoptosis of cardiac myocytes would improve 
the prognosis of patients with ischemic heart disease.
AIMS We aimed to investigate the role of Rho GTPase ‑activating protein 1 (ARHGAP1) in ICM.
METHODS The cellular model of myocardial ischemia (H9c2 cell model) and a rat model of ICM were 
established to explore the expression of ARHGAP1. The overexpression of ARHGAP1 was induced in H9c2 
myocardial cells to assess protein function.
RESULTS The expression of ARHGAP1 as a result of hypoxic conditions in the cellular and rat models was 
observed. Its overexpression induced apoptosis of cultured H9c2 cells under normal atmospheric conditions. 
ARHGAP1 was also shown to initiate the apoptosis pathway by regulating the cell death modulators B ‑cell 
lymphoma 2 (Bcl‑2) and Bcl‑2‑associated X protein.
CONCLUSIONS Our results show that the ARHGAP1 expression is closely associated with apoptosis 
of myocardial cells, which in turn leads to ICM. Thus, ARHGAP1 may become a novel molecular marker 
of the hypoxia ‑induced apoptosis pathway and serve as a potential therapeutic target in patients with ICM.
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Quantitative polymerase chain reaction as-
say Total RNA was extracted from the cultured 
cells or model rat tissues using TRIzol Reagent 
(Invitrogen) according to the protocol. Extract‑
ed RNAs were transcribed into complementary 
DNA (cDNA) using First Strand cDNA Synthesis 
Kit (Marligen Bioscience, Ijamsville, Maryland, 
United States) and used for template. The qPCR 
amplification was performed with SYBR Premix 
Ex Taq II (Takara Biotechnology, Dalian, Liaon‑
ing, China), and primers were designed and pro‑
vided by GeneCopoeia (Hongxun, Suzhou, Jiang‑
su, China). The relative quantitative values were 
calculated using the comparative threshold cycle 
(2‑ΔΔCT) method. The qPCR for each cDNA sam‑
ple was carried out in triplicate.

Western blot analysis Cells were homog‑
enized and lysed in pre ‑cold radio ‑immuno‑
precipitation assay lysis buffer plus protease 
inhibitors (Roche Diagnostics, Indianapo‑
lis, Indiana, United States). An equal amount 
of protein samples was loaded and separated 
in 10% SDS ‑PAGE, then transferred to a poly‑
vinylidene fluoride membrane (BD Pharmin‑
gen Inc., San Diego, California, United States). 
The membranes were blocked by incubation with 
5% fat ‑free milk in tris ‑buffered saline (NaCl, 
150 mM; Tris ‑HCl, 50 mM; Tween‑20, 0.5%l; 
pH, 7.6) for 1 hour, incubated with primary an‑
tibodies for 1 hour, and then incubated with 
horseradish peroxidase ‑conjugated secondary 
antibody for 1 hour. Finally, the blots were de‑
veloped with an enhanced chemiluminescence 
reagent (Thermo Fisher Scientific, Rockford, Il‑
linois, United States). All reactions were devel‑
oped at room temperature. The following anti‑
bodies were used for immunoblotting: mouse 
monoclonal anti–β ‑tubulin antibodies, rabbit 
polyclonal anti ‑Bcl‑2 antibodies, as well as rabbit 
polyclonal anti ‑ARHGAP1, anti ‑Bax, anti–cas‑
pase‑3, anti–caspase‑3 (cleaved Asp175), anti–
matrix metallopeptidase‑2 (MMP2),  anti– cyclin 
B1 (CCNB1), and anti–proliferating cell nuclear 
antigen (PCNA) antibodies (GeneTex, Inc., Ir‑
vine, California, United States). The expression 
of β ‑tubulin was set as control.

Immunohistochemistry Rat cardiac muscle 
tissue samples were fixed with paraformalde‑
hyde and cut into 4‑μm sections. Anti ‑ARHGAP1 
antibodies were applied to the sections and in‑
cubated overnight at a temperature of 4°C. Af‑
ter incubation with secondary antibodies con‑
jugated with streptavidin–horseradish peroxi‑
dase for 1 hour, the expression and distribution 
of ARHGAP1 were visualized using 3,3’‑diami‑
nobenzidine. All sections with positive staining 
were assessed microscopically.

Cell proliferation assay The H9c2 cells trans‑
fected with siRNA or plasmid were cultured 

regulation as well as cell cycle, migration, and 
apoptosis.6‑9 ARHGAP1 was reported to interact 
with p53, resulting in cell ‑cycle arrest and apop‑
tosis,10 and it was also shown to regulate c ‑Jun 
N ‑terminal kinase–mediated apoptosis in vivo.11,12

There have been few studies reporting on 
the role of ARHGAP1 in heart diseases, partic‑
ularly in ICM. Therefore, we decided to investi‑
gate a potential correlation between ARHGAP1 
and apoptosis. Using a cellular model of myo‑
cardial ischemia and a rat model of ICM, we as‑
sessed ARHGAP1 overexpression with real ‑time 
quantitative polymerase chain reaction (qPCR), 
Western blotting, and immunohistochemical 
staining. To further analyze its role, we induced 
gene overexpression in cardiomyocytes. This di‑
rectly limited cell growth and initiated apopto‑
sis by downregulating growth effectors and ac‑
tivating cell death modulators.

METHODS Cell culture and transfection Rat 
cardiac cells, H9c2 (American Type Culture Col‑
lection, Rockville, Maryland, United States), 
were cultured in DMEM medium (Gibco, Grand 
Island, New York, United States), supplemented 
with 10% fetal bovine serum (FBS) in a humidi‑
fied atmosphere of 5% CO2 at 37°C.

To stimulate hypoxia, high ‑glucose DMEM 
medium with 10% FBS was substituted with 
non –glucose DMEM to imitate ischemia. Then, 
H9c2 cells were incubated at 37°C in an atmo‑
sphere of 94% N2, 5% CO2, and 1% O2, instead 
of 95% air and 5% CO2, for 24 hours.

Transfection was performed with Lipo‑
fectamine 2000 (Invitrogen, Grand Island, New 
York, United States) according to the manufac‑
turer’s instruction. Cells were harvested for 
qPCR or Western blot 48 hours posttransfec‑
tion. The sequence of small interfering RNA 
(siRNA) is 5’‑ACUAAACACAAUGAUCUUCCG‑3’, 
and the negative control sequence of siRNA is 
5’‑GCTGGTTGATCGAGTAGATTCTA‑3’.

Cloning construction The ARHGAP1 gene 
was synthesized from Genewiz (South Plain‑
field, New Jersey, United States), digested 
with EcoRI and HindIII enzymes, and then li‑
gated into the vector of pcDNA3.1. After se‑
quencing verification, the ARHGAP1 overex‑
pression vector was obtained. Cloning prim‑
ers were ARHGAP1‑xho ‑F: agaCTCGAGa‑
tggatccgctctcagagc and ARHGAP1‑Hind ‑R: 
tttAAGCTTtcagagcccgctggggtcc.

WHAT’S NEW?
In this research, the involvement of Rho GTPase ‑activating protein 1 (ARHGAP1) 
in hypoxia ‑induced apoptosis was elucidated for the first time. The role of this 
association in the hypoxia ‑induced apoptosis pathway was explored. As 
a potentially reversible cause of cardiac function deterioration, ARHGAP1 may 
become a novel molecular marker and therapy target in ischemic cardiomyopathy.
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Eight rats were treated following the surgery 
for each group.

Ethics statement All animals were treated in 
accordance with the Guide for the Care and Use 
of Laboratory Animals. All experiments were ap‑
proved by the Ethics Committee of the Affiliat‑
ed Hospital of Qingdao University, Shandong, 
China (approval number: 2017030601), and per‑
formed according to its guidelines.

Statistical analysis Data were presented 
as mean (SD). Statistical analysis was performed 
using the t test or 1‑way analysis of variance, us‑
ing the GraphPad Prism 6.0 software (Graph‑
Pad Software Inc., San Diego, California, United 
States). All experiments were performed at least 
in triplicate. A P value of less than 0.05 was con‑
sidered significant.

RESULTS Association of cell migration and 
proliferation with ARHGAP1 in a cellular 
model of  myocardial ischemia To simulate 
ischemia, H9c2 myocardial cells were cultured 
under hypoxic conditions for 24 hours. Then, 
the growth parameters of the cultured cells were 
compared with those of the control group (cells 
grown under normal conditions). Through cell 
staining, we found that the migration and in‑
vasion abilities of H9c2 cells grown under hy‑
poxic conditions were reduced (FIGURE 1A and Sup‑
plementary material, Figure S1A). The number 
of migration cells decreased to approximately 
30% of the control group (Supplementary mate‑
rial, Figure S1B and S1C). The results of the Cell 
Counting Kit‑8 assay revealed that the cell vi‑
ability reduced along with an increase in hy‑
poxia duration (FIGURE 1B). The viability of H9c2 
cells cultured under hypoxic conditions for 72 
hours dropped to 70% of that observed for con‑
trol cells. Simulation of the ischemic conditions 
induced lactate accumulation in the H9c2 cells, 
which is an indicator of tissue damage under hy‑
poxic conditions. The levels of LDH in the test 
cells were up to 3.5‑fold higher than the levels 
in the control group (Supplementary materi‑
al, Figure S1D). Our results further confirmed 
hypoxic damage based on the release of LDH.

It has been reported that hypoxia itself can‑
not induce apoptosis, which requires the in‑
volvement of the frequently activated caspase 
protein, caspase‑3.2 Bcl‑2 is an important pro‑
tein family that mediates the apoptotic re‑
sponse in cells.13,14 This protein family contains 
2 groups of structurally ‑related proteins: anti‑
apoptotic and proapoptotic. The functional bal‑
ance between these 2 groups influences the fate 
of  the  cells. The  Bcl‑2 protein has an  anti‑
apoptotic effect, whereas the Bax protein has 
an apoptotic effect.15 Both proteins regulate 
the release of cytochrome c and the activation 

in a 96‑well plate for 24, 48, and 72 hours 
at 37°C. Subsequently, the growth rates were 
determined using the Cell Counting Kit‑8 as‑
say by analyzing the absorbance at a wavelength 
of 450 nm using the VersaMax Microplate Read‑
er (Molecular Devices, Sunnyvale, California, 
United States). All experiments were performed 
in triplicate.

Migration and invasion assay Cell migra‑
tion was performed in a pre ‑made dual cham‑
ber containing a polycarbonate membrane with 
an 8‑μm pore diameter. Cells in serum ‑free me‑
dium were seeded on the upper compartment, 
and complete medium was added to the lower 
compartment. After incubation at a tempera‑
ture of 37°C for 1 hour and fixing with 4% para‑
formaldehyde, nontraversed cells were washed 
from the upper surface of the filter, while tra‑
versed cells were stained with crystal violet and 
counted on the lower side of the filter. The meth‑
od used for cell invasion was the same as for cell 
migration except that the membranes had to be 
precoated with matrigel (BD Biosciences, San 
Jose, California, United States).

Apoptosis assay Flow cytometry was used 
to investigate apoptosis by Annexin V ‑FITC/PI 
Staining / Detection Kit (Abcam, Shanghai, Chi‑
na). After transfecting with siRNA or plasmid, 
the H9c2 cells were harvested 48 hours later and 
washed with precooling phosphate ‑buffered sa‑
line, then resuspended to 2×105 cells/ml. Then, 
5 μl of fluorochrome ‑conjugated annexin V was 
added to 100 μl of cells and incubated at room 
temperature for 10 minutes. After washing, 5 μl 
of fresh propidium iodide solution was added 
and incubated at 37°C for 30 minutes in the dark. 
Finally, cell apoptosis was assessed using the C6 
flow cytometer (BD Biosciences).

Lactate dehydrogenase release assay Lac‑
tate dehydrogenase (LDH) activity was deter‑
mined by LDH Cytotoxicity Assay Kit (#88953, 
Thermo Fisher Scientific), according to the man‑
ufacturer’s instruction.

Rat model of ischemic cardiomyopathy  
Myocardial infarction was performed by surgi‑
cal ligation of the left anterior descending coro‑
nary artery. Healthy male Sprague–Dawley rats, 
weighing between 220 g and 250 g, were used. 
Rats were anesthetized by an intraperitoneal 
injection of sodium pentobarbital (30 mg/kg). 
The chest was opened at the left fourth inter‑
costal space to expose the heart, and the left 
anterior descending coronary artery was li‑
gated by a 6–0 silk suture 1 mm below the tip 
of the left atrial appendage. Successful liga‑
tion was verified by a color change. For the con‑
trol groups, the left chest was opened without 
any invasive procedure of the coronary artery. 
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of caspase‑3.14,16 In our study, chronic hypox‑
ia induced the expression of Bax and inhibited 
the expression of Bcl‑2, while simultaneously 
activating caspase‑3. These results were quan‑
tified and verified by Western blot (FIGURE 2A; Sup‑
plementary material, Figure S2A).

Under the same hypoxic conditions, ARH‑
GAP1 overexpression was detected by qPCR and 
Western blot. The ARHGAP1 mRNA expression 
doubled compared with that in the control cells 
at 24 hours posthypoxia (Supplementary ma‑
terial, Figure S2B). The levels of the ARHGAP1 
protein were shown to increase by 4‑fold, as as‑
sessed by Western blot (FIGURE 2B; Supplementa‑
ry material, Figure S2C). All these results sug‑
gested a significant correlation between ARH‑
GAP1 and ICM.

ARHGAP1 expression in a rat model of isch-
emic cardiomyopathy The ICM rat model 
was established using the coronary artery li‑
gation method to induce myocardial infarction. 
The expression and distribution of ARHGAP1 
were analyzed 28 days after surgery by immu‑
nohistochemical staining and Western blot. 
Staining revealed that ARHGAP1 levels were 
significantly increased in test samples, as com‑
pared with those in control samples (FIGURE 3A). 
Statistical analysis based on Western blot re‑
vealed that the mean level of ARHGAP1 in test 
samples was 2‑fold higher than that in control 
samples (Supplementary material, Figure S3). 
Four samples from the ICM rat model and con‑
trol group were displayed randomly (FIGURE 3B). 
Briefly, the ARHGAP1 expression was elevat‑
ed in the ICM rat model, which was consistent 
with the results observed for H9c2 cells.

Effect of ARHGAP1 overexpression on cell 
proliferation and apoptosis ARHGAP1 has 
been reported to be involved in cell apoptosis in 
embryonic fibroblasts and other organs.12 How‑
ever, there is no evidence that would clarify its 
function in the heart. In our study, protein lev‑
els in the H9c2 cell model, as well as the ICM rat 
model, implied that ARHGAP1 is overexpressed 
under hypoxic conditions. To explore its role in 
ICM, we developed an expression vector to in‑
duce ARHGAP1 overexpression in H9c2 cells. As 
a comparison, the endogenous ARHGAP1 gene 
was knocked down mediated by siRNA as a con‑
trol. Blank vectors and unrelated siRNA were 
transfected into H9c2 cells to set as ARHGAP1 
overexpression and knockdown control sepa‑
rately. The resulting cell line was analyzed, and 
the apoptosis rates were quantified by the An‑
nexin V ‑FITC/PI Staining / Detection Kit, based 
on flow cytometry methods. Compared with 
the blank control group (untreated cells), cells 
transfected with the overexpression vector (AR‑
HGAP1+) showed a 13.3% higher expression of 
ARHGAP1. The ratios of the cells transfected 

 FIGURE 1 Cell proliferation in the cellular model of myocardial ischemia: A – migration of H9c2 
cells was weakened under hypoxic conditions compared with normal atmosphere (control group; 
magnification × 200); B – viability of H9c2 cells under hypoxic conditions was time dependent, 
and it decreased from 12 hours to 72 hours. All data are presented as mean (SD) activity from 
at least 3 independent experiments (n >3) for each condition;   a P <0.01 vs control

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Ce
ll v

iab
ilit

y

Hypoxia

Duration of hypoxia, h

Control

a

0 20  40 60 80

A

B

Control Hypoxia

A

FIGURE 2 Expression of apoptosis modulators and ARHGAP1 in H9c2 cells detected by Western 
blot: A – Bcl‑2, Bax, pro ‑caspase, and cleaved caspase‑3 expression in H9c2 cells cultured under 
hypoxic conditions; B – ARHGAP1 expression in control and hypoxic cells

B

Co
nt

ro
l

Co
nt

ro
l

Hy
po

xia

Bcl‑2

Bax

Pro‑caspase‑3

Cleaved caspase‑3

Tubulin

ARHGAP1

Tubulin

Hy
po

xia



O R I G I N A L  A R T I C L E  ARHGAP1 promotes apoptosis of myocardial cells in ICM model 1167

with a blank vector (ARHGAP1+NC) or siRNA 
(ARHGAP1– or ARHGAP1–NC) were between 
that of normal cells and cells overexpressing AR‑
HGAP1, all showing an apoptotic ratio of near‑
ly 8% (FIGURE 4A; Supplementary material, Figure 
S4A). Cells overexpressing ARHGAP1 and cul‑
tured under hypoxic conditions showed dramat‑
ically reduced cell viability compared with con‑
trol. In contrast, the cells deficient in ARHGAP1 
had the highest growth rates (FIGURE 4B).

Following overexpression of ARHGAP1 (AR‑
HGAP1+) in primary cultured cells and cell lines, 
both LDH activities increased. Compared with 
untreated cells (control), LDH release was 4‑fold 
higher in primary myocytes and 7‑fold higher in 
the H9c2 cell line. The maximum LDH activity 
for cells overexpressing ARHGAP1 was 14 unit/l. 
Cells transfected with siRNA (ARHGAP1– or AR‑
HGAP1–NC) or blank vectors (ARHGAP1+NC) 
showed the same results as unprocessed cells: 
the activity of about 2 unit/l in primary cultured 
myocytes and of about 2.5 unit/l  in cell lines 
(Supplementary material, Figure S4B and S4C).

Effect of ARHGAP1 overexpression on prom-
itotic or remodeling regulators Consider‑
ing the role of ARHGAP1 and the phenomena 
observed under hypoxic conditions, the mRNA 
expression and protein levels of some tumor‑

‑related genes were analyzed by qPCR and 
Western blot, respectively. The proteins MMP2, 
CCNB1, and PCNA are all highly involved in 
cancer cell proliferation and metastasis. When 
ARHGAP1 was overexpressed, the mRNA ex‑
pression of MMP2, CCNB1, and PCNA was sup‑
pressed (Supplementary material, Figure S5A). 
In contrast, when ARHGAP1 was sustainedly 
knocked down, the mRNA expression of MMP2, 
CCNB1, and PCNA was elevated. At the same 
time, control cells and those with blank vec‑
tors showed identical mean mRNA levels for 
these proteins. Simultaneously, the levels of 
MMP2, CCNB1, and PCNA were estimated by 
Western blot (FIGURE 5). The results were simi‑
lar to those obtained with qPCR after the pro‑
tein levels were quantified and normalized to 
tubulin (Supplementary material, Figure S5B).

Effect of ARHGAP1 overexpression on death 
modulator genes in H9c2 cells Ischemic car‑
diomyopathy is invariably associated with pro‑
grammed cell death. In this study, we analyzed 
the apoptosis modulators Bcl‑2 and Bax, as well 
as the crucial cell death effector caspase‑3. When 
H9c2 cells overexpressed ARHGAP1, the levels 
of the antiapoptotic protein Bcl‑2 and the pro‑
apoptotic protein Bax were suppressed and el‑
evated, respectively (Supplementary material, 
Figure S6A). Moreover, Western blot revealed 
that the levels of the apoptosis effector pro‑
‑caspase‑3 and those of cleaved caspase‑3 de‑
creased and increased, respectively, when 

FIGURE 3 Increased ARHGAP1 expression in the rat model of ischemic cardiomyopathy (ICM); 
the ventricular tissues from the control rats (left) and ICM rats (right) after 28 days of coronary 
artery ligation were subjected to immunohistochemical staining (A) and Western blot (B). 
Western blot results indicated ARHGAP1 overexpression. Each group included 8 rats, 
and 4 samples of each were randomly displayed.
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 FIGURE 4 Effect of ARHGAP1 overexpression on cell apoptosis and survival. There were 6 groups: 
1) control, untreated H9c2 cells; 2) ARHGAP1–, cells transfected with siRNA targeting ARHGAP1; 3) 
ARHGAP1–NC, cells transfected with irrelevant siRNA sequence; 4) ARHGAP1+, cells containing 
vectors overexpressing ARHGAP1; 5) ARHGAP1+NC, cells with only blank vectors; and 6) positive 
control, cells cultured under hypoxic conditions. A – the cell apoptosis ratio based on flow cytometry; 
B – cell growth in the 6 groups was determined by the Cell Counting Kit‑8 assay; cells overexpressing 
ARHGAP1 had the lowest growth rate. All data are presented as mean (SD) from at least 
3 independent experiments (n >3);   a P <0.01 vs control
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ARHGAP1 was overexpressed (FIGURE 6; Supple‑
mentary material, Figure S6B). With ARHGAP1 
deficiency, the opposite was observed: the levels 
of Bax were suppressed, whereas those of Bcl‑2 
were elevated. Simultaneously, most of the cas‑
pase‑3 adopted the form of pro ‑caspase‑3. Un‑
treated cells and cells transfected with blank 
vectors showed intermediate levels of Bcl‑2, Bax, 
pro ‑caspase‑3, and cleaved caspase‑3.

DISCUSSION Ischemic cardiomyopathy 
is the primary cause of more than 60% of 
heart failure cases worldwide and is induced 
by restricted blood supply to the cardiac mus‑
cles and the subsequent low levels of oxygen. 
In ICM, cardiac myocytes undergo a series of 
remodeling of programmed cell death.2 There‑
fore, therapies specifically targeting apopto‑
sis are expected to improve the prognosis of 
patients with ischemic heart disease or heart 
failure and have attracted considerable atten‑
tion from the scientific community. Current‑
ly, most data are ambiguous because different 
studies have used different models, and no 
single model can fully mimic the properties 
of the adult heart. In our study, we attempt‑
ed to find a novel effector of ICM by setting 
up cellular and animal models, and to disclose 
the underlying mechanism of ICM.

ARHGAP1, a member of the Rho GAP fami‑
ly, is widely studied for its involvement in dif‑
ferent types of cancer as well as in the differ‑
ent stages of cancer progression.8,1 7 The anal‑
ysis of the 4 published databases of patients 
with ICM revealed that the overexpression of 
ARHGAP1 was a common link between these 
patients, thus implying the important role of 
ARHGAP1 in programmed cell death associ‑
ated with ICM.

To replicate the presence of ARHGAP1 in ICM, 
we successfully established a myocardial hy‑
poxia model as well as an ICM rat model. In‑
creased ARHGAP1 was detected in both these 
models. To clarify the mechanism of ARHGAP1 
in myocardial cells, the gene was either over‑
expressed or knocked down in H9c2 cells. All 
the results supported the hypothesis that AR‑
HGAP1 induced cell apoptosis and suppressed 
cell proliferation. The underlying pathway of 
apoptosis was further elucidated by analyzing 
the regulation of Bcl‑2/Bax and pro ‑caspase‑3/
cleaved caspase‑3. We showed that ARHGAP1 
overexpression results in reduced levels of Bcl‑2 
and increased levels of Bax. This, in turn, initi‑
ates the activity of apoptosis effector caspase‑3, 
and subsequently, cell death. The growth sup‑
pression was caused by the downregulation 
of the tumor ‑related proteins MMP2, CCNB1, 
and PCNA, which are all involved in tumor pro‑
gression and metastasis.18 ‑20 Overall, it appears 
that ARHGAP1 exerts bilateral effects in ICM 
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development: it suppresses proliferation and 
stimulates apoptosis. To the best of our knowl‑
edge, this is the first study to describe the func‑
tion of ARHGAP1 in myocardial cells and to elu‑
cidate its potential relationship with ICM.

Previous studies reported ARHGAP1 to have 
an antitumor effect in different types of can‑
cer21‑23 as well as to be associated with cell apopto‑
sis during embryogenesis.12 On the other hand, in 
this research, ARHGAP1 was found to be involved 
in hypoxia ‑induced apoptosis, and it played a vital 
role in the transition to programmed cell death. 
Therefore, as a potentially reversible cause of car‑
diac function deterioration, ARHGAP1 is expect‑
ed to become a novel molecular marker and ther‑
apy target in patients with ICM.

Ischemic cardiomyopathy is an extremely com‑
plex syndrome, characterized by necrosis and 
apoptosis of myocardial cells. Free radical release, 
mitochondrial damage, protease activation, and 
oxidative stress, among other factors, are involved 
in the development of ICM as well as glucose de‑
privation cell model.24 By using animal and cellular 
models, ARHGAP1 was shown to be highly corre‑
lated with ischemia. However, further research is 
needed to elucidate its involvement in the complex 
pathway that leads to the activation of cell apop‑
tosis and inhibition of cell proliferation.

In conclusion, our study was the first to inves‑
tigate ARHGAP1 overexpression under hypox‑
ic conditions in the cellular model of myocrdial 
ischemia and the rat model of ICM. Furthermore, 
the function of ARHGAP1 in inducing apoptosis 
and suppressing proliferation was validated and 
the underlying pathway involving regulation of 
Bcl‑2/Bax and pro‑caspase‑3/cleaved caspase‑3 
was explored. Through suppressing tumor‑re‑
lated gene of MMP2/CCNB1/PCNA and regu‑
lating apoptosis modulators Bcl‑2/Bax, ARH‑
GAP1 promoted the hypoxia‑induced apopto‑
sis of myocardial cells. 
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