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Abstract. Myocardial hypertrophy (MH) represents an early 
pathological manifestation that progresses to severe cardio‑
vascular disease (CVD), and its reversal is important for 
preventing and treating heart failure. Dysregulated expression 
of ATP‑binding cassette subfamily C member 9 (ABCC9) has 
been associated with complex CVD pathogenesis, although 
its precise mechanistic role remains ambiguous. The present 
study was designed to investigate the protective effects of 
ABCC9 knockdown against isoproterenol (ISO)‑induced MH 
and elucidate its underlying molecular mechanisms. AC16 
cardiomyocytes were treated with ISO to establish an MH 
model, in which ABCC9 protein expression was significantly 
elevated. Fluorescence staining of cardiomyocyte surface area 
and quantification of MH‑related biomarkers, including atrial 
natriuretic peptide, brain natriuretic peptide and β‑myosin 
heavy chain, demonstrated that ABCC9 knockdown effectively 
attenuated MH and improved cardiac function. Furthermore, 
western blot analysis and flow cytometry revealed that ABCC9 
knockdown not only decreased cardiomyocyte apoptosis but 
also reduced oxidative stress, as indicated by lower reactive 
oxygen species levels. Mechanistically, western blotting and 
mitochondrial membrane potential assays showed that ABCC9 
knockdown inhibited the phosphatidylinositol 3‑kinase/protein 
kinase B (PI3K/AKT) signaling pathway and improved mito‑
chondrial function. Notably, these protective effects were 
diminished by treatment with the PI3K/AKT activator 740Y‑P. 
These findings collectively suggest that ABCC9 knockdown 
protects against MH by inhibiting the PI3K/AKT signaling 
pathway, thereby alleviating mitochondrial dysfunction and 

reducing apoptosis and oxidative stress, positioning ABCC9 
as a potential therapeutic target for MH treatment.

Introduction

Cardiovascular disease (CVD) is recognized as one of the 
leading causes of global morbidity and mortality (1,2), with its 
associated disease burden posing a substantial public health 
challenge. As reported by the American Heart Association, 
CVD is responsible for 32.9% of global non‑communicable 
disease mortality, accounting for ~18 million deaths per 
year (3). CVD comprises a spectrum of pathological conditions, 
including coronary artery disease, myocardial hypertrophy 
(MH), hypertension, heart failure (HF) and peripheral artery 
disease  (4,5). The prevalence of CVD has been steadily 
increasing, driven by population aging, the rising incidence of 
metabolic disorders and lifestyle modifications, leading to a 
marked escalation in socioeconomic burden (6).

MH serves an important role in the pathological progres‑
sion of CVD and serves as a key etiological factor in numerous 
severe cardiovascular complications (7). As a compensatory 
pathological adaptation, MH is primarily characterized by 
cardiomyocyte responses to mechanical stress or neurohu‑
moral stimuli, which sustain cardiac output and function (8). 
This pathological remodeling is typically triggered by 
chronic pressure overload, such as hypertension, or volume 
overload, such as valvular regurgitation (9). Notably, patho‑
logical cardiac hypertrophy has been identified as a notable 
contributor to HF (10), resulting in elevated global mortality 
rates. Consequently, an in‑depth investigation of the molecular 
mechanisms underlying pathological cardiac hypertrophy is 
important for the prevention or reversal of HF. 

Accumulating evidence indicates that the phosphati‑
dylinositol 3‑kinase (PI3K)/protein kinase B (AKT) signaling 
cascade is closely associated with MH (11‑13). The PI3K/AKT 
pathway not only regulates fundamental biological processes, 
including cell migration, protein translation and cell survival, 
but also modulates energy metabolism, vascular homeostasis 
and thrombosis (14). In cardiomyocytes, dysregulated activa‑
tion of this pathway can markedly influence the progression of 
MH (15), rendering it a key therapeutic target in CVD research. 
Matairesinol has been shown to attenuate stress‑induced MH 
by upregulating peroxiredoxin‑1 expression and suppressing 
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the PI3K/AKT/forkhead box protein O1 (FoxO1) axis (16). 
Similarly, astragaloside IV, a bioactive compound derived 
from Traditional Chinese Medicine, has been reported to 
inhibit cardiac hypertrophy by blocking TANK‑binding kinase 
1/PI3K/AKT signaling (17). Furthermore, a study reported by 
Qian et al (18) demonstrated that hanhuangqin significantly 
alleviated isoproterenol (ISO)‑induced MH both in vivo and 
in vitro by inhibiting the PI3K/AKT hypertrophic pathway. 
Thus, downregulation of PI3K/AKT signaling may represent 
a promising therapeutic strategy.

ATP‑binding cassette (ABC) subfamily C member 9 
(ABCC9), an ABC transporter protein  (19), is expressed 
in cardiac tissues, suggesting its potential involvement in 
cardiac drug responses or physiological processes. In cardio‑
myocytes, ABCC9 encodes sulfonylurea receptor (SUR) 2A, 
an ‘atypical’ ABC transporter protein (20). Despite sharing 
structural features with typical ABC proteins, SUR2A does 
not function as a transporter; instead, it serves as a regulatory 
subunit that binds to the inwardly rectifying potassium channel 
Kir6.2 (KCNJ11) (21). Together, SUR2A and KCNJ11 form 
ATP‑sensitive potassium channels (KATP) in the ventricular 
myocyte membrane  (22). The physiological functions of 
KATP channels are complex. It was found that although SUR2 
deficiency causes vasospasm and increases the risk of sudden 
death, it also enhances the resistance of cardiomyocytes to 
ischemic injury  (23). Additionally, Fahrenbach  et  al  (24) 
demonstrated that ABCC9/SUR2A is important for the transi‑
tion of the neonatal heart from fetal glycolytic metabolism to 
mature oxidative metabolism. Furthermore, SUR2A has been 
implicated in regulating myocardial resistance to metabolic 
and oxidative stress, as well as cardiac senescence (25).

Cantu syndrome (CS), a complex disorder caused by 
gain‑of‑function mutations in ABCC9 and ATP‑sensitive 
inward rectifier potassium channel 8 (26,27), is characterized 
by cardiovascular abnormalities, including vasodilation (28), 
cardiac hypertrophy and other structural or functional 
defects (29). Currently, no targeted therapy exists for CS, and 
the reversibility of its cardiovascular manifestations remains 
ambiguous. Although ABCC9 has been implicated as a 
potential regulator of MH (30), its precise mechanistic role 
remains undetermined. Specifically, whether ABCC9 modu‑
lates ISO‑induced MH and the underlying molecular pathways 
requires further investigation.

The present study aimed to examine the expression level of 
ABCC9 in ISO‑induced hypertrophic AC16 cardiomyocytes 
and evaluate the biological effects of ABCC9 knockdown. 
Furthermore, the present study sought to determine whether 
ABCC9 silencing attenuated MH and improved cardiac func‑
tion by suppressing the PI3K/AKT signaling axis, thereby 
proposing a novel therapeutic approach for ISO‑induced MH.

Materials and methods

C h e m i c a l s  a n d  re age n t s .  I SO  hyd r o ch lo r id e 
(cat. no. HY‑B0468) was purchased from MedChemExpress. 
The Color Reverse Transcription Kit (with gDNA Remover) 
(cat. no. A0010CGQ) and the 2x Color SYBR Green qPCR 
Master Mix (ROX2; cat. no. A0012‑R2) used for qRT‑PCR 
were purchased from EZBioscience. An anti‑ABCC9 
antibody (cat.  no.  40229) was purchased from Signalway 

Antibody LLC. Antibodies against B‑cell lymphoma 2 protein 
(Bcl‑2; cat. no. 15071T), Bcl‑2‑associated X protein (Bax; 
cat. no. 2772T), caspase‑3 (cat. no. 9662S), cleaved caspase‑3 
(cat. no. 9661S), phosphorylated (p)‑PI3K (cat. no. 17366T), 
PI3K (cat.  no.  4292S), p‑AKT (cat.  no.  9271T), AKT 
(cat. no. 4691T) and β‑actin (cat. no. 3700S) were purchased 
from Cell Signaling Technology, Inc. Atrial natriuretic peptide 
(ANP; cat. no. ab189921) and brain natriuretic peptide (BNP; 
cat.  no.  ab236101) were purchased from Abcam. GAPDH 
(cat. no. sc‑32233) and secondary antibodies were purchased 
from Santa Cruz Biotechnology, Inc., including mouse 
anti‑rabbit IgG‑HRP (cat. no. sc‑2357) and mouse IgGκ light 
chain binding protein conjugated to HRP (cat. no. sc‑516102). 
Necessary experimental materials, including PVDF 
membrane, RIPA buffer, Actin‑Tracker Red‑594 (a microfila‑
ment red fluorescent probe), 2'‑7'‑dichlorodihydrofluorescein 
diacetate (DCFH‑DA), DAPI staining solution, mitochon‑
drial membrane potential (MMP) assay kit with JC‑1 and 
BCA protein detection kit were purchased from Beyotime 
Biotechnology. Annexin V‑FITC/PI apoptosis detection kit 
was purchased from Shanghai Yeasen Biotechnology Co., Ltd. 
iF488‑Wheat Germ Agglutinin (WGA; a green fluorescent 
dye) was purchased from Wuhan Servicebio Technology Co., 
Ltd. 740Y‑P (PI3K/AKT activator; cat. no. HY‑P0175) was 
purchased from MedChemExpress.

Cell culture. The immortalized human cardiomyocyte 
AC16 cell line was purchased from Ningbo Mingzhou 
Biotechnology Co., Ltd. (cat. no. MZ‑4038), and the cells were 
cultured in DMEM (Shanghai Basal Media Technologies Co., 
Ltd.) high‑dextran culture medium supplemented with 10% 
fetal bovine serum (Vazyme Biotech Co., Ltd.) and 1% peni‑
cillin/streptomycin solution (Shanghai Epizyme Biomedical 
Technology Co., Ltd.) at 37˚C, with a carbon dioxide concen‑
tration of 5%, in an incubator. Upon reaching logarithmic 
growth phase, cells were seeded into 6‑well plates at uniform 
density and allowed to adhere for 24 h prior to experimental 
treatments.

Small interfering RNA (siRNA)‑mediated gene silencing. The 
ABCC9‑targeting siRNA (si‑ABCC9) and the negative control 
(si‑NC) were designed and synthesized by Suzhou Synbio 
Technologies Co., Ltd. Silencing of the ABCC9 gene in AC16 
cells was accomplished by the use of Lipofectamine® 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.), a process that 
resulted in a notable downregulation of gene expression. When 
cells were grown to ~50% confluence, 5 µl Lipofectamine® 
3000 and 50 nM siRNA were diluted separately using 125 µl 
Opti‑MEM (Gibco; Thermo Fisher Scientific, Inc.). After 
15 min of incubation at room temperature, the mixtures were 
combined. Concurrently, culture medium was replaced with 
fresh medium to maintain optimal cell health during transfec‑
tion. The prepared siRNA‑Lipofectamine® 3000 complexes 
were then added to cells in 6‑well plates. Following a 24 h 
incubation at  37˚C with 5% CO2, transfection efficiency 
was assessed using western blotting, and all subsequent 
experiments were performed 24  h after transfection. The 
oligo sequences used for RNA interference (shown in the 5'‑3' 
direction) were as follows: ABCC9 siRNA‑1, sense GGU​CAG​
AUU​UGC​AGU​CAA​ATT, antisense UUU​GAC​UGC​AAA​
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UCU​GAC​CTT; ABCC9 siRNA‑2, sense CAA​CGA​UGG​UGU​
ACU​ACA​ATT, antisense UUG​UAG​UAC​ACC​AUC​GUU​GTT; 
ABCC9 siRNA‑3, sense GCG​UGA​UUC​UGC​UCU​AUA​ATT, 
antisense UUA​UAG​AGC​AGA​AUC​ACG​CTT; and si‑NC, 
sense GCGA​CGA​UCU​GCC​UAA​GAU​TT, antisense AUC​
UUA​GGC​AGA​UCG​UCG​CTT.

Cell viability assay. AC16 cell viability was determined using 
the Cell Counting Kit‑8 (CCK‑8; Beyotime Biotechnology) 
assay according to the manufacturer's instructions. Briefly, 
cells (5,000 cells/well) were cultured in 96‑well culture plates 
overnight at 37˚C and treated with different concentrations of 
ISO (0, 5, 10, 20 and 40 µmol/l) for 24 h. Subsequently, cells 
were rinsed once with phosphate‑buffered saline (PBS), 10 µl 
CCK‑8 solution was added to each well and cells were incu‑
bated at 37˚C for 2 h. Finally, the absorbance of each well was 
measured at 450 nm using a microplate reader (PT‑3502PC; 
Bio‑Equip.com). A line graph of optical density (OD) vs. 
ISO concentration was plotted, the experiment was repeated 
three times and cell viability was calculated as follows: Cell 
viability=(treated OD value‑blank OD value)/(control OD 
value‑blank OD value) x100.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and RNA concentration was 
quantified using a NanoDrop® spectrophotometer (Thermo 
Fisher Scientific, Inc.). cDNA synthesis was carried out 
using the Color Reverse Transcription Kit (with gDNA 
Remover) (cat.  no.  A0010CGQ; EZBioscience) with the 
following thermal profile: 42˚C for 15 min followed by 85˚C 
for 5 sec. Subsequently, qPCR was performed on a Roche 
LightCycler®96 Real‑time Quantitative Fluorescence PCR 
instrument using the 2x Color SYBR Green qPCR Master 
Mix (ROX2; cat. no. A0012‑R2; EZBioscience) under the 
following conditions: Initial denaturation at 95˚C for 5 min, 
followed by denaturation at 95˚C for 30 sec, annealing at 58˚C 
for 30 sec and extension at 72˚C for 30 sec; a total of 40 cycles 
were performed. The primer sequences were as follows: ANP, 
forward 5'‑CAA​CGC​AGA​CCT​GAT​GGA​TTT‑3', reverse 
5'‑AGC​CCC​CGC​TTC​TTC​ATT​C‑3; BNP, forward 5'‑TGGA​
AAC​GTC​CGG​GTT​ACA​G‑3', reverse 5'‑CTG​ATC​CGG​TCC​
ATC​TTC​CT‑3'; β‑myosin heavy chain (β‑MHC), forward 
5'‑TCA​CCA​ACA​ACC​CCT​ACG​ATT‑3', reverse 5'‑CTC​CTC​
AGC​GTC​ATC​AAT​GGA‑3'; and β‑actin, forward 5'‑CAC​
CAT​TGG​CAA​TGA​GCG​GTT​C‑3', reverse 5'‑AGG​TCT​TTG​
CGG​ATG​TCC​ACG​T‑3'. The 2‑ΔΔCq method (31) was used to 
assess mRNA expression levels.

Western blot analysis. After treatment as described previously 
(ISO 10 µM; 24 h; si‑ABCC9 50 nmol/l; 24 h; 740Y‑P 10 µM; 
24 h; 37˚C), cells from each experimental group (Control; 
ISO; ISO + si‑NC; ISO + si‑ABCC9; ISO + si‑ABCC9 + 
740Y‑P; ISO + 740Y‑P) were washed three times with cold 
PBS and lysed for 30 min in RIPA buffer (cat. no. P0013C; 
Beyotime Biotechnology) supplemented with a protease and 
phosphatase inhibitor cocktail (50X; cat. no. P1045; Beyotime 
Biotechnology). The mixture was centrifuged at 12,000 x g 
for 30 min at 4˚C, and the supernatant protein concentration 
was measured using the BCA Protein Quantification Kit 

(cat. no. P0009; Beyotime Biotechnology). Equal amounts of 
proteins (30 µg per lane) were separated by 10% SDS‑PAGE 
and transferred onto PVDF membranes. The membranes were 
blocked with 5% non‑fat dry milk for 1 h at room temperature 
and subsequently incubated overnight at 4˚C with the following 
antibodies: ABCC9 (1:1,000), ANP (1:1,000), BNP (1:1,000), 
Bax (1:1,000), Bcl‑2 (1:1,000), Caspase‑3 (1:1,000), p‑PI3K 
(1:1,000), PI3K (1:1,000), p‑AKT (1:1,000), AKT (1:1,000), 
GAPDH (1:5,000) and β‑actin (1:5,000). Subsequently, after 
washing with TBST (0.1% Tween‑20), membranes were incu‑
bated with anti‑rabbit (1:50,000) and anti‑mouse (1:50,000) 
secondary antibodies for 1  h at room temperature. After 
washing again, protein bands were visualized using BeyoECL 
Moon chemiluminescent substrate (cat. no. P0018FS; Beyotime 
Biotechnology) and imaged with a Tanon‑4600 chemilumi‑
nescence system (Tanon Science and Technology Co., Ltd.). 
Band intensities were semi‑quantified using ImageJ software 
(version 1.53, National Institutes of Health). All western blot 
analyses were performed using the same batch of protein 
lysates. Within each figure panel, all target proteins and their 
corresponding loading controls were obtained from the same 
experimental run under identical conditions.

Rhodamine‑phalloidin staining. Cellular surface area was 
assessed using rhodamine‑phalloidin staining. Briefly, AC16 
cardiomyocytes were washed twice with PBS and fixed with 4% 
paraformaldehyde for 20 min at room temperature. After three 
PBS washes, cells were permeabilized with 0.1% Triton X‑100 
in PBS for 15 min at room temperature. Following additional 
PBS washes, cells were incubated with rhodamine‑phalloidin 
working solution (diluted 1:100 in PBS containing 1% BSA 
and 0.1% Triton X‑100; cat. no. GC305010; Wuhan Servicebio 
Technology Co., Ltd.) for 60 min at room temperature. Nuclei 
were counterstained with DAPI for 5 min at 37˚C. Fluorescent 
images were captured using an Olympus fluorescence micro‑
scope (Olympus Corporation). Finally, cell surface areas were 
quantified using ImageJ software (version  1.53; National 
Institutes of Health).

WGA staining. Cells were cultured on slides under standard 
conditions (ISO 10 µM; 24 h; si‑ABCC9 50 nmol/l; 24 h; 
740Y‑P 10 µM; 24 h; 37˚C) using the same culture medium 
as described for the other experiments. Once the cells reached 
the appropriate density, the medium was discarded, the 
culture medium was discarded and cells were washed twice 
with 1X PBS preheated to 37˚C. Subsequently, an appro‑
priate amount of 4% paraformaldehyde was added to fix the 
slides at room temperature for 15 min. The cells were then 
washed three times with PBS to remove residual fixative. 
After the coverslips were dried, the central area was circled 
with a brush and a WGA staining solution diluted with PBS 
(G1730‑100UL; Wuhan Servicebio Technology Co., Ltd.) was 
added. The solution was incubated at 37˚C in the dark for 
30 min to label the cell membranes. After incubation, the cells 
were thoroughly washed three times with PBS to remove any 
unbound WGA. Subsequently, an anti‑fluorescence quenching 
mounting medium containing DAPI (cat. no. P0131; Beyotime 
Biotechnology) was added, the sample was covered with a 
coverslip and images were observed under a laser confocal 
microscope (LSM 800; Zeiss AG). Finally, the ImageJ 
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software (version 1.53; National Institutes of Health) was used 
to perform quantitative analysis of the cell surface area.

MMP assessment. MMPs were assessed using an enhanced 
matrix metalloproteinase detection kit containing JC‑1 
(cat. no. C2006; Beyotime Biotechnology). After removing the 
culture medium, cells (30,000 cells per well) seeded in a 6‑well 
plate were supplemented with 1 ml DMEM (Shanghai Basal 
Media Technologies Co., Ltd.) and 1 ml JC‑1 staining solu‑
tion. The cells were then incubated at 37˚C for 20 min. After 
removing the staining solution, the cells were washed twice 
with JC‑1 staining buffer and observed under a fluorescence 
microscope (Olympus Corporation). Fluorescence intensity 
analysis was performed using ImageJ software (version 1.53, 
National Institutes of Health). 

Flow cytometry of apoptosis. Cell apoptosis was assessed 
using an Annexin V‑FITC/PI Apoptosis Detection Kit 
(cat. no. 40302; Shanghai Yeasen Biotechnology Co., Ltd.). 
AC16 cells in logarithmic growth phase were seeded into 
6‑well plates at a density of 3.5x105 cells per well and cultured 
overnight at 37˚C. Following experimental treatments, cells 
were treated differently according to the experimental groups 
(ISO, 10 µM; 24 h; si‑ABCC9 50 nmol/l; 24 h; 740Y‑P 10 µM; 
24  h; 37˚C). AC16 cells were digested using EDTA‑free 
trypsin at 37˚C for 1 min, collected, and centrifuged at 300 x g 
for 5 min at 4˚C to remove the supernatant. The cells were 
then resuspended twice with PBS. In addition, the cells 
were incubated with 100 µl binding buffer (cat. no. 40302; 
Shanghai Yeasen Biotechnology Co., Ltd.) and 5 µl Annexin 
V/FITC for 10 min at room temperature in the dark. Then, 
400 µl binding buffer and 5 µl PI were added and mixed 
for 5 min in the dark. This was followed and immediately 
analyzed using a BD LSRFortessa™ Fusion flow cytometer 
(BD Biosciences). Apoptosis rate was analyzed using FlowJo 
software (version 10.8.1; BD Biosciences). Cells were divided 
into four sections: Q1 (necrotic cells), Q2 (late apoptosis cells), 
Q3 (early apoptosis cells) and Q4 (live cells). The apoptosis 
rate=early apoptosis rate + late apoptosis rate.

Reactive oxygen species (ROS) level assessment. Intracellular 
ROS levels were measured using DCFH‑DA. AC16 cells were 
plated in 12‑well plates at 1.5x105 cells per well and treated 
as described (ISO 10 µM, 24 h; si‑ABCC9 50 nmol/l, 24 h; 
740Y‑P 10  µM, 24  h; 37˚C). After removing the culture 
medium, cells were incubated with 500 µl DCFH‑DA (1:1,000 
dilution in PBS) for 20 min at 37˚C in the dark. After washing 
three times with PBS, the cells were observed under an 
inverted fluorescence microscope (Olympus Corporation). 
Fluorescence intensity was analyzed using ImageJ software 
(version 1.53, National Institutes of Health).

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism (version 9.1.1; Dotmatics). Data are 
expressed as the mean ± standard deviation of three indepen‑
dent replications of the experiment. Comparisons between 
groups were made using two‑tailed unpaired Student's t‑tests 
and one‑way ANOVA, followed by Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference. 

Results

ABCC9 expression is elevated in the MH model. To investi‑
gate the expression of ABCC9 in MH, an in vitro model of 
ISO‑induced cardiomyocyte hypertrophy was established. 
AC16 cardiomyocytes were treated with different concentra‑
tions of ISO (0, 5, 10, 20 and 40 µmol/l), and the inhibitory 
effect of ISO treatment on AC16 cells was observed in a 
concentration‑dependent manner. After 24 h treatment with 
10  µM ISO, no significant cytotoxicity was observed in 
AC16 cells, and cell viability showed no significant reduction 
compared with the control group (Fig. 1A). Based on previous 
studies  (32,33) and the present preliminary experiment, a 
concentration of 10 µM ISO was considered non‑toxic to 
cardiomyocytes, and therefore this concentration of ISO was 
selected to establish the MH model in subsequent experiments. 
To further investigate the effects of ISO‑induced dynamic 
temporal changes on ABCC9 protein expression in AC16 cells, 
cardiomyocytes were treated with 10 µM ISO for different time 
periods (0, 12, 24 and 48 h). Western blot analysis revealed 
that ABCC9 expression began to significantly increase at 12 h, 
peaked at 24 h and remained at a significantly high level at 48 h 
(Fig. 1B and C). The 24‑h treatment with 10 µM ISO appeared 
to be associated with significantly elevated ABCC9 expression, 
suggesting a potential role in the progression of ISO‑induced 
cardiomyocyte hypertrophy. RT‑qPCR was used to quantify 
the mRNA expression levels of cardiomyopathy markers ANP, 
BNP and β‑MHC. The results showed that the mRNA expres‑
sion levels of ANP, BNP and β‑MHC in the ISO group were 
significantly higher compared with those in the control group 
(Fig. 1D). Changes in the surface area of AC16 cardiomyo‑
cytes were observed using confocal microscopy. AC16 cells 
were stained with rhodamine‑phalloidin and WGA. Compared 
with the control group, the surface area of AC16 cells in the 
ISO group was significantly larger (Fig. 1E‑H). Overall, the 
aforementioned findings indicated that the ISO‑induced MH 
model had been successfully established and ABCC9 was 
significantly highly expressed in MH, suggesting that ABCC9 
was closely related to the development of MH disease.

Effects of ABCC9 silencing on myocardial function and 
structure. Since ABCC9 was upregulated in AC16 hypertro‑
phic cardiomyocytes, ABCC9 may regulate the progression of 
cardiomyocyte hypertrophy. To investigate the potential effects 
of ABCC9 on cardiac hypertrophy, ABCC9 loss‑of‑function was 
established using siRNA interference‑mediated gene silencing. 
First, the knockdown rate of ABCC9‑siRNA3 in cells treated 
with ISO was significant, compared with the non‑significant 
reductions of ABCC9 expression mediated by ABCC9‑siRNA1 
and ABCC9‑siRNA2, as observed by western blotting 
(Fig. 2A and B). Therefore, ABCC9‑siRNA3 was selected for 
subsequent studies. Subsequently, western blotting results further 
validated the gene silencing efficiency of ABCC9‑siRNA3 at up 
to 85% under control conditions (Fig. 2C and D), and ABCC9 
knockdown significantly inhibited the overexpression of 
ABCC9 protein in AC16 cells induced by ISO (Fig. 2E and F). 
Notably, ABCC9 knockdown inhibited ISO‑induced cardio‑
myocyte hypertrophic growth. The protein expression levels of 
ANP and BNP were significantly higher in the ISO and ISO + 
si‑NC groups compared with the NC group, whereas ABCC9 
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Figure 1. Elevated expression of ABCC9 in the ISO‑induced myocardial hypertrophy model. (A) Cell Counting Kit‑8 was used to determine the viability of 
ISO‑induced AC16 cells. After treating AC16 cardiomyocytes with 10 µM ISO for different time periods, western blot analysis was performed to assess changes 
in ABCC9 protein expression. (B) Representative western blot image of ABCC9 and (C) semi‑quantitative detection of ABCC9 protein expression levels using 
ImageJ software. (D) Evaluation of mRNA expression levels of ANP, BNP and β‑MHC in ISO‑treated AC16 cells using reverse transcription‑quantitative 
PCR. After ISO stimulation, cardiomyocytes were stained with (E) rhodamine phalloidin and (F) cell surface area was analyzed. After ISO stimulation, 
cardiomyocytes were stained with (G) WGA and (H) cell surface area was analyzed. Fluorescent images of ISO‑treated AC16 cells were obtained using a laser 
confocal microscope, and cell surface area was quantified using ImageJ software. Scale bar, 20 µm. AC16 cells were treated with ISO (10 µmol/l) for 24 h. n=3; 
*P<0.05 and **P<0.01 vs. control. ABCC9, ATP‑binding cassette subfamily C member 9; NC, negative control; ns, not significant; ISO, isoproterenol; ANP, 
atrial natriuretic peptide; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain; WGA, wheat germ agglutinin.
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Figure 2. Silencing of ABCC9 attenuates ISO‑induced myocardial hypertrophy in AC16 cells. (A) Western blot analysis assessed the transfection efficiency of 
ABCC9 knockdown. (B) ImageJ was used for semi‑quantitative analysis of ABCC9 protein expression levels. (C) Western blotting and (D) semi‑quantitative 
analysis confirmed the knockdown efficiency of ABCC9 si‑3 transfection in normal cardiomyocytes. (E) Western blot analysis was used to assess the protein 
expression levels of ABCC9 in ISO‑treated AC16 cells after ABCC9 knockdown. (F) ImageJ was used for semi‑quantitative analysis of ABCC9 protein 
expression levels. (G) Representative western blot images of ANP and BNP. (H) ANP and (I) BNP protein expression levels were semi‑quantified using 
ImageJ. Myocardial cells transfected with ABCC9‑siRNA for 24 h were treated with (J) rhodamine‑phalloidin and (K) analyzed quantitatively. Myocardial 
cells transfected with ABCC9‑siRNA for 24 h were treated with (L) WGA staining and (M) analyzed quantitatively. The ISO‑induced surface area of AC16 
myocardial cells was detected using a laser confocal microscope. The cell surface area was quantified using ImageJ software. Scale bar, 20 µm. AC16 cells 
were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative control; ns, not significant; ISO, isoproterenol; ABCC9, ATP‑binding 
cassette subfamily C member 9; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; si, small interfering RNA; WGA, wheat germ agglutinin; lip, 
Lipofectamine® 3000 transfection reagent.
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knockdown significantly reduced the protein expression levels of 
ANP and BNP in AC16 cells (Fig. 2G‑I). Rhodamine‑phalloidin 
and WGA staining showed that the surface area of ISO‑induced 
AC16 cells was significantly increased compared with the NC 
group, whereas the surface area of AC16 cardiomyocytes was 
significantly reduced after ABCC9 knockdown (Fig. 2J‑M). 
Collectively, these findings suggest that silencing ABCC9 
attenuated cardiomyocyte hypertrophy.

ABCC9 knockdown attenuates cardiomyocyte apoptosis, 
oxidative stress and mitochondrial dysfunction. The present 
study further investigated the role of silencing ABCC9 in 
ISO‑induced AC16 cells using western blotting and quantified 
apoptosis‑related proteins in different groups of AC16 cells. 
The results showed that, compared with the control group, 
the expression levels of Bax, caspase‑3 and cleaved caspase‑3 
protein were significantly increased in ISO‑induced AC16 
cells, while the expression level of Bcl‑2 was significantly 
decreased. Compared with the ISO group, the expression 
levels of Bax, caspase‑3 and cleaved caspase‑3 proteins were 
significantly reduced in the si‑ABCC9 group, and Bcl‑2 was 
significantly increased (Fig. 3A‑E). To evaluate caspase‑3 acti‑
vation, the ratio of cleaved caspase‑3/caspase‑3 was analyzed. 
Notably, while both forms were elevated by ISO treatment, 
the cleaved caspase‑3/caspase‑3 ratio showed no significant 
difference (Fig. 3F), suggesting concurrent upregulation of 
caspase‑3 protein alongside its activation. ABCC9 knockdown 
significantly reduced the levels of cleaved caspase‑3, indicating 
suppression of the apoptotic signal. Flow cytometry analysis 
further supported the association between ABCC9 and apop‑
tosis. The apoptosis rate, defined as the sum of early apoptotic 
(Annexin V+/PI-) and late apoptotic (Annexin V+/PI+) cells, 
was significantly higher in ISO‑treated AC16 cells compared 
with in the control group. Specifically, early and late apoptotic 
cells accounted for 7.32 and 13.70%, respectively, compared 
with 1.54 and 3.28% in control cells. Knockout of ABCC9 
significantly attenuated ISO‑induced cardiomyocyte apop‑
tosis, reducing the proportions of early and late apoptotic cells 
to 2.49 and 7.51%, respectively (Fig. 3G and H). 

Furthermore, considering the role of oxidative stress in MH, 
the levels of ROS were measured in different groups of AC16 
cells using DCFH‑DA staining (Fig. 4A and B). The results 
of the present study showed that ISO stimulation significantly 
increased ROS production in AC16 cells. However, silencing of 
ABCC9 in AC16 cells reduced the stimulatory effect of ISO and 
significantly decreased ROS levels. To further investigate the 
effect of ABCC9 knockdown on mitochondrial function, JC‑1 
staining was used to assess MMP. Normal control cells exhib‑
ited red fluorescence, while cells with damaged mitochondrial 
membranes exhibited green fluorescence. Green fluorescence 
was clearly observed in cells from the ISO group, indicating a 
decrease in MMP, and the ISO‑induced decrease in MMP was 
significantly alleviated by ABCC9 knockdown (Fig. 4C‑E). 
These findings suggested that ABCC9 deficiency directly alle‑
viated ISO‑induced apoptosis and oxidative stress and improved 
mitochondrial function in cardiomyocytes in vitro.

ABCC9 knockdown attenuates MH by inhibiting the 
PI3K/AKT pathway. The PI3K/AKT pathway has been 
reported to serve a key role in the regulation of MH (34). To 

determine the potential mechanisms underlying the effects 
of ABCC9 on ISO‑induced MH, the expression levels of 
PI3K/AKT signaling pathway proteins were examined. 
Protein phosphorylation of PI3K and AKT was significantly 
elevated in the ISO group compared with the control group. 
By contrast, ABCC9 knockdown significantly downregulated 
protein phosphorylation of PI3K and AKT, and neither ISO 
nor ABCC9 knockdown treatment affected the total level of 
PI3K or AKT, suggesting that PI3K/AKT signaling activity 
was affected by ABCC9 (Fig. 5A‑C). In addition, to further 
elucidate whether the protective effect of silencing ABCC9 on 
cardiomyocytes was related to the inhibition of the PI3K/AKT 
signaling pathway, ISO‑induced cardiomyocytes were treated 
with the PI3K/AKT pathway activator 740Y‑P. Silencing of 
ABCC9‑mediated reduction in PI3K/AKT expression was 
significantly reversed by 740Y‑P (Fig. 5D‑F). The present 
study found that p‑PI3K/p‑AKT protein expression was signif‑
icantly elevated in the activator 740Y‑P‑treated group alone 
compared with the ISO + si‑NC group. Thus, the protective 
effect of knocking down ABCC9 against ISO‑induced MH 
was mediated by inhibiting the PI3K/AKT signaling pathway. 

Notably, 740Y‑P also blocked the effects of ABCC9 knock‑
down on hypertrophic gene expression and cardiomyocyte 
surface area size. The protein and mRNA expression levels 
of ANP, BNP and β‑MHC were assessed using western blot 
analysis and RT‑qPCR. The results showed that ABCC9 
knockdown significantly reduced ISO‑induced hypertrophic 
gene mRNA and protein expression compared with the si‑NC 
group. Notably, co‑treatment of the PI3K activator 740Y‑P 
with si‑ABCC9 significantly reversed the aforementioned 
inhibitory effects (Fig. 6A‑F), and treatment with 740Y‑P and 
ISO alone further aggravated the expression of hypertrophic 
markers. Rhodamine‑phalloidin and WGA staining assays 
showed that the surface area of AC16 cardiomyocytes was 
significantly increased in the ISO + si‑NC group compared with 
the NC group, but ABCC9 knockdown significantly reduced 
the ISO‑induced increase in AC16 surface area. Similarly, 
co‑treatment with 740Y‑P significantly rescued the reduction 
in cell surface area caused by ABCC9 knockdown (Fig. 6G‑J), 
whereas treatment with the activator 740Y‑P and ISO alone 
significantly increased the cell surface area compared with the 
control group and thus exacerbated the MH. The present results 
suggested that ABCC9 knockdown attenuated ISO‑induced 
MH by inhibiting PI3K/AKT signaling, whereas the PI3K acti‑
vator 740Y‑P partially reversed the protective effect. Overall, 
the aforementioned findings suggested that the protective 
effect of ABCC9 knockdown on MH was predominantly 
triggered by PI3K/AKT inhibition.

ABCC9 knockdown attenuates cardiomyocyte apoptosis 
and oxidative stress by inhibiting the PI3K/AKT signaling 
pathway and restoring MMP. To further investigate the 
protective effect of ABCC9 knockdown on ISO‑stimulated 
AC16 cells, the present study tested whether activation of 
PI3K activity counteracted the amelioration of apoptosis 
and oxidative stress by ABCC9 knockdown. Western blot‑
ting results showed that ABCC9 knockdown significantly 
alleviated the apoptotic effects of ISO stimulation on AC16 
cells, as evidenced by reduced expression levels of Bax, 
cleaved caspase‑3 and caspase‑3 protein, along with increased 
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expression levels of Bcl‑2 protein compared with the ISO + 
si‑NC group. Pretreatment with the activator 740Y‑P signifi‑
cantly reversed this inhibitory effect. Notably, treatment with 

740Y‑P and ISO significantly increased the expression of these 
pro‑apoptotic proteins and significantly reduced Bcl‑2 expres‑
sion, indicating that PI3K activation intensified ISO‑induced 

Figure 3. ABCC9 knockdown inhibits apoptosis in cardiomyocytes. (A) Western blot analysis was used to assess changes in the expression of apoptosis‑related 
proteins Bax, Bcl‑2, caspase‑3 and cleaved caspase‑3 in AC16 cells. ImageJ was used for semi‑quantitative analysis of the expression levels of (B) Bax, 
(C) Bcl‑2, (D) caspase‑3, (E) cleaved caspase‑3 proteins and (F) cleaved caspase‑3/caspase‑3 ratio. (G) Representative flow cytometry images and (H) quantita‑
tive analysis of Annexin V‑FITC/PI staining in AC16 cells. AC16 cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative 
control; ns, not significant; ISO, isoproterenol; ABCC9, ATP‑binding cassette subfamily C member 9; Bax, Bcl‑2 associated X protein; Bcl‑2, B‑cell lymphoma 
2 protein; si, small interfering RNA.
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injury (Fig. 7A‑E). Consistent with the observations in Fig. 3, 
the ratio of cleaved caspase‑3/caspase‑3 also showed no signif‑
icant difference among groups treated with ISO, si‑ABCC9 
and 740Y‑P (Fig. 7F). In addition, changes in apoptotic cell 

quantity were assessed using flow cytometry. The results 
showed that the rate of ISO‑induced apoptosis in AC16 cardio‑
myocytes was significantly increased, and silencing ABCC9 
effectively inhibited ISO‑induced apoptosis in AC16 cells. 

Figure 4. ABCC9 knockdown alleviates oxidative stress and mitochondrial damage in cardiomyocytes. (A) Representative fluorescent images of DCFH‑DA 
staining and (B) semi‑quantification of intracellular reactive oxidative species levels in AC16 cells. Fluorescence intensity analysis of (C) JC‑1 aggregate and 
(D) JC‑1 monomer on mitochondrial membrane potential. (E) Mitochondrial membrane potential representative fluorescence images. Scale bar, 100 µm. AC16 
cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative control; ns, not significant; ABCC9, ATP‑binding cassette subfamily 
C member 9; ISO, isoproterenol; DCFH‑DA, 2',7'‑dichlorodihydrofluorescein diacetate; si, small interfering RNA.
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Compared with the si‑ABCC9 group, cardiomyocyte apoptosis 
was significantly aggravated by pretreatment with the PI3K 
activator 740Y‑P. Similarly, treatment with activator 740Y‑P 
alone in ISO‑treated cells further increased the number of 
apoptotic cells (Fig. 7G and H). These results indicate that the 
activation of PI3K activity by 740Y‑P significantly reversed 
the therapeutic effect of knocking down ABCC9. 

Meanwhile, ROS assay results showed that ABCC9 knock‑
down significantly reduced ROS levels in ISO‑treated AC16 
cells, but its effect was attenuated in the presence of 740Y‑P 
(Fig. 8A and B). To further investigate the protective mechanism 
of ABCC9 knockdown against apoptosis, MMP was analyzed in 
cardiomyocytes treated with 740Y‑P. Notably, compared with the 
ISO + si‑ABCC9 group, pre‑treatment with the PI3K activator 
740Y‑P significantly reversed the protective effect of ABCC9 
knockdown on mitochondrial function (Fig. 8C‑E). Furthermore, 
compared with the si‑NC group, the use of activator 740Y‑P 
and ISO also significantly exacerbated ROS production and 
mitochondrial dysfunction. The present results suggested that 
ABCC9 knockdown protected the myocardium by inhibiting 

the PI3K/AKT signaling pathway and alleviating mitochondrial 
dysfunction, while the PI3K activator 740Y‑P partially reversed 
this effect. Overall, ABCC9 knockdown inhibited the PI3K/AKT 
signaling pathway, restored the MMP and thereby alleviated 
cardiomyocyte apoptosis and oxidative stress.

Discussion

The present study demonstrated that ABCC9 knockdown 
attenuated MH by reducing cardiomyocyte apoptosis and ROS 
production. This protective effect was mediated through inhibi‑
tion of PI3K/AKT pathway phosphorylation and the subsequent 
improvement of mitochondrial function, thereby protecting 
cardiomyocytes from ISO‑induced pathological changes. The 
framework of ABCC9‑mediated regulation of the PI3K/AKT 
signaling pathway in ISO‑induced MH is shown in Fig. 9.

MH, a well‑established risk factor for CVD, is associ‑
ated with markedly increased morbidity and mortality 
rates. However, the precise pathophysiological mechanisms 
of MH are yet to be fully elucidated. Although numerous 

Figure 5. Effect of 740Y‑P and ABCC9 knockdown on PI3K/AKT signaling pathway proteins. (A) Western blot bands of PI3K, p‑PI3K, AKT and p‑AKT in 
AC16 cells. Semi‑quantitative analysis of (B) p‑PI3K and (C) p‑AKT protein expression using ImageJ. (D) Western blotting with 740Y‑P showed a reversal 
of the protective effect of ABCC9 knockdown on ISO‑induced AC16 cells. (E) Semi‑quantitative analysis of p‑PI3K and (F) p‑AKT protein expression 
with 740Y‑P treatment. AC16 cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative control; ns, not significant; ABCC9, 
ATP‑binding cassette subfamily C member 9; ISO, isoproterenol; si, small interfering RNA; PI3K, phosphatidylinositol‑3‑kinase; AKT, protein kinase B; p‑, 
phosphorylated.
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Figure 6. ABCC9 knockdown attenuates myocardial hypertrophy by inhibiting PI3K/AKT signaling pathway. (A) Western blot bands showing the effect of 
740Y‑P on ANP and BNP protein expression. (B) Semi‑quantitative analysis of ANP and (C) BNP protein expression. Reverse transcription‑quantitative 
PCR was used to assess the mRNA levels of the hypertrophic genes (D) ANP, (E) BNP and (F) β‑MHC in 740Y‑P treated AC16 cells. After transfection and 
740Y‑P pretreatment, AC16 cells were stained with (G) rhodamine phalloidin and (H) WGA, and fluorescence images of si‑ABCC9 and 740Y‑P‑treated AC16 
cells were obtained using a laser confocal microscope. Quantitative analysis of cell surface area in (I) rhodamine phalloidin and (J) WGA stained samples 
using ImageJ software. Scale bar, 20 µm. AC16 cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative control; ABCC9, 
ATP‑binding cassette subfamily C member 9; ISO, isoproterenol; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy 
chain. si, small interfering RNA; WGA, wheat germ agglutinin.
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pharmacological interventions for MH exist, including angio‑
tensin‑converting enzyme inhibitors, β‑adrenergic receptor 
(β‑AR) blockers, calcium channel blockers and histone 

deacetylase inhibitors (35‑37), these therapies present several 
clinical limitations and an effective treatment strategy for MH 
remains elusive. 

Figure 7. ABCC9 knockdown attenuates apoptosis in cardiomyocytes by inhibiting the PI3K/AKT pathway and alleviating mitochondrial dysfunction. 
(A) Western blot bands showing the effect of 740Y‑P on the expression of the apoptosis‑related proteins Bax, Bcl‑2, caspase‑3 and cleaved caspase‑3 in AC16 
cells. Semi‑quantitative analysis of (B) Bax, (C) Bcl‑2, (D) caspase‑3, (E) cleaved caspase‑3 proteins expression levels and (F) cleaved caspase‑3/caspase‑3 ratio 
was performed using ImageJ. (G) Representative flow cytometry images of Annexin V/PI staining and (H) quantification of apoptosis rate in AC16 cells. AC16 
cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative control; ns, not significant; ISO, isoproterenol; ABCC9, ATP‑binding 
cassette subfamily C member 9; Bax, Bcl‑2 associated X protein; Bcl‑2, B‑cell lymphoma 2 protein; DCFH‑DA, 2',7'‑dichlorodihydrofluorescein diacetate; si, 
small interfering RNA.



Molecular Medicine REPORTS  33:  60,  2026 13

β‑ARs, members of the G protein‑coupled receptor family, 
serve as the primary cardiac receptors (38). The β‑AR signaling 
pathway serves an important role in cardiac remodeling 

progression, with excessive activation leading to pathological 
cardiac hypertrophy and fibrosis (39), ultimately resulting in 
HF. While β‑AR agonists are non‑selective activators of these 

Figure 8. ABCC9 knockdown attenuates oxidative stress in cardiomyocytes by inhibiting the PI3K/AKT pathway and alleviating mitochondrial dysfunction. 
(A) Representative images of staining for reactive oxygen species and (B) fluorescence intensity analysis. After treatment with 740Y‑P, the fluorescence 
intensity of (C) JC‑1 aggregate and (D) JC‑1 monomer of mitochondrial membrane potential in cardiomyocytes was analyzed. (E) Mitochondrial membrane 
potential representative fluorescence images. Scale bar, 100 µm. AC16 cells were treated with ISO (10 µmol/l) for 24 h. n=3; *P<0.05 and **P<0.01. NC, negative 
control; ISO, isoproterenol; ABCC9, ATP‑binding cassette subfamily C member 9; DCFH‑DA, 2',7'‑dichlorodihydrofluorescein diacetate; si, small interfering 
RNA.
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receptors (40) that primarily function through sympathetic 
nervous system (SNS) activation, chronic SNS stimulation 
contributes to progressive cardiac dysfunction and structural 
deterioration, further exacerbating MH  (41). It has been 
demonstrated that ISO is widely used to induce MH (42‑44). In 
the present study, 10 µM ISO was selected for AC16 cell treat‑
ment to establish the MH model based on the results of the 
CCK‑8 assay. ISO‑induced MH is characterized by markedly 
elevated ROS levels in cardiomyocytes (45), increased apop‑
totic activity (46) and upregulated pro‑inflammatory cytokine 
expression (47). Without intervention, severe prolonged MH 
progresses to cardiac dysfunction, myocardial infarction 
and HF (48), underscoring the notable need for developing 
effective therapeutic strategies for MH patients.

As a member of the ABC family of transporter proteins, 
ABCC9 mediates specific cardiovascular phenotypes char‑
acterized by left ventricular dilatation, increased ventricular 
mass and enhanced cardiac contractility (49).The ABCC9 gene 
has been implicated in various cardiac pathologies (27,28), 
and the present investigation revealed a strong association 

between ABCC9 expression levels and drug‑induced MH, 
with expression positively associated with both MH severity 
and duration. Under pathological conditions such as myocar‑
dial infarction and HF, cardiomyocytes exhibit hypertrophic 
responses with a marked increase in the mRNA and protein 
expression of atrial ANP, β‑MHC and ventricular BNP (50), 
biomarkers that maintain stable expression levels in normal 
cardiomyocytes (51). The results of the present study demon‑
strated that ISO treatment induced hypertrophic responses 
characterized by elevated ANP and BNP expression. Previous 
studies have established that MH progression is initially 
marked by increased cardiomyocyte surface area  (52), a 
morphological change that directly reflects hypertrophic 
development. Notably, the present study provided, to the 
best of our knowledge, the first demonstration that ABCC9 
siRNA transfection in cardiomyocytes significantly attenu‑
ated the expression of the hypertrophic markers ANP, BNP 
and β‑MHC. Furthermore, ABCC9 knockdown effectively 
suppressed hypertrophic cardiomyocyte enlargement, demon‑
strating protective effects against ISO‑induced MH.

Figure 9. Schematic diagram describing the PI3K/AKT signaling pathway mechanism by which ABCC9 acts on MH. ISO binds to the cellular β‑adrenergic 
surface receptor of cardiomyocytes, while ABCC9 is highly expressed in ISO‑mediated cardiomyocytes, which triggers apoptosis and oxidative stress through 
activation of the PI3K/AKT pathway and results in mitochondrial dysfunction, ultimately leading to MH. ISO, isoproterenol; ABCC9, ATP‑binding cassette 
subfamily C member 9; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain; Bax, Bcl‑2 associated X protein; Bcl‑2, 
B‑cell lymphoma 2 protein; ROS, reactive oxygen species; P, phosphate group; MH, myocardial hypertrophy.
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The pathological mechanisms underlying MH primarily 
involve cardiomyocyte apoptosis, ROS generation and mito‑
chondrial dysfunction  (53). Due to its exceptionally high 
metabolic demands, cardiac tissue generates substantial 
ROS levels and remains particularly vulnerable to oxidative 
damage (54). Under pathological conditions, excessive ROS 
accumulation overwhelms cellular antioxidant defenses, 
resulting in oxidative stress and mitochondrial impair‑
ment (55), thereby accelerating hypertrophic progression. In 
the present study, oxidative stress was observed in ISO‑treated 
AC16 cells, whereas ABCC9 knockdown effectively attenuated 
the ISO‑induced increase in ROS levels and the proportion of 
ROS‑positive cells. 

Persistent oxidative stress compromises mitochondrial 
integrity, inhibits ATP synthesis and triggers apoptotic 
pathways, collectively worsening cardiac dysfunction (56). 
Cardiomyocyte apoptosis represents a well‑established 
contributor to HF pathogenesis, with apoptotic acceleration 
in hypertrophic cardiomyopathy ultimately precipitating 
systolic impairment (57). This programmed cell death process 
is regulated through multiple mechanisms, including mito‑
chondrial dysfunction, caspase activation and modulation 
of the apoptosis‑related factors Bcl‑2, Bax, caspase‑3 and 
cleaved caspase‑3  (58). The findings of the present study 
demonstrated that ABCC9 knockdown significantly reduced 
ISO‑induced apoptosis, as shown by decreased Bax, caspase‑3 
and cleaved caspase‑3 expression and increased Bcl‑2 levels, 
and supported through Annexin V/PI staining with flow 
cytometric analysis. Furthermore, MMP measurements 
indicated that ABCC9 knockdown alleviated ISO‑induced 
mitochondrial damage in cardiomyocytes. Notably, the ISO + 
si‑NC group exhibited no cytotoxic effects at standard doses 
compared with ISO‑treated cells. The simultaneous elevation 
of caspase‑3 and cleaved caspase‑3 expression levels may have 
reflected a dynamic equilibrium in ISO‑induced MH. Under 
stress conditions, cardiomyocytes may have upregulated 
caspase‑3 transcription via pathways such as the NF‑κB or 
p53 pathways, while a portion of caspase‑3 was cleaved during 
apoptosis. This mechanism would have resulted in sustained 
caspase‑3 synthesis alongside partial activation, reflecting 
the coexistence of hypertrophy and apoptosis during the 
pathological process. These results positioned ABCC9 as a 
promising therapeutic target with a favorable safety profile for 
mitigating ISO‑induced cardiomyocyte injury and suppressing 
hypertrophic progression.

The signaling mechanisms underlying MH are highly 
complex. Substantial evidence implicates the PI3K/AKT 
pathway as a central regulator of cardiac remodeling through 
its influence on MH progression, fibrotic changes, oxidative 
stress and inflammatory responses (59). PI3K, in particular, has 
been shown to contribute notably to oxidative stress while also 
driving the development of cardiac hypertrophy and HF (60). 
As an important downstream effector of PI3K, AKT further 
participates in hypertrophic processes by modulating diverse 
cellular metabolism, proliferation, survival, growth and angio‑
genesis (61). Furthermore, activation of the PI3K/AKT axis by 
various extracellular ligands such as lipopolysaccharide or CpG 
oligodeoxynucleotides enhances dendritic cell activity, which 
in turn amplifies immune and inflammatory reactions (62). 
Based on these findings, the present study hypothesized that 

ABCC9 knockdown might exert cardioprotective effects 
through modulation of p‑PI3K/p‑AKT levels. By examining 
the levels of p‑PI3K and p‑AKT proteins in AC16 cardiomyo‑
cytes, the present study found that the PI3K/AKT signaling 
pathway was activated in ISO‑induced MH and that ABCC9 
knockdown attenuated this effect. These experimental results 
supported the hypothesis that ABCC9 regulated MH through 
PI3K/AKT signaling pathway modulation.

It is notable that ABCC9 knockdown alleviated MH by 
inhibiting the PI3K/AKT signaling pathway, an effect likely 
mediated through the regulation of key AKT downstream 
effector molecules. Glycogen synthase kinase‑3β (GSK‑3β), 
a negative regulator of cardiac hypertrophy, is a downstream 
target of AKT; its activity is suppressed by AKT‑mediated 
phosphorylation (63). Active GSK‑3β has been demonstrated 
to directly inhibit pathological MH by preventing the nuclear 
translocation of pro‑hypertrophic transcription factors, such 
as nuclear factor of activated T‑cells (64). Furthermore, AKT 
phosphorylates the FoxO1 transcription factor (65), an impor‑
tant regulator of autophagy, metabolism and cell survival. 
Consequently, FoxO1 serves an important role in modulating 
MH and fibrosis in mice via the PI3K/AKT pathway (66). 
These processes collectively constitute an important defense 
mechanism against MH.

The mammalian target of rapamycin complex 1 (mTORC1), 
a notable downstream target of AKT, serves as a central regu‑
lator of protein synthesis and cell growth (67). Pharmacological 
inhibition of the mTORC1 signaling pathway has been shown 
to ameliorate pathological MH (68). The observed inhibition of 
AKT in the present study suggested a concomitant reduction 
in mTORC1 signaling activity, which would directly suppress 
the hypertrophic translational machinery. Additionally, AKT 
can activate NF‑κB through the IKK pathway  (69). As a 
classic pro‑inflammatory and pro‑survival transcription factor, 
NF‑κB contributes to myocardial dysfunction in advanced 
HF (70). Thus, the AKT inhibition resulting from ABCC9 
knockdown may have attenuated NF‑κB signaling, thereby 
mitigating inflammatory responses and functional impairment 
in the hearts of hypertrophic mice. In summary, the inhibition 
of the PI3K/AKT pathway following ABCC9 knockdown is 
proposed to mitigate MH by coordinately regulating key nodal 
points downstream of AKT, including GSK‑3β, FoxO1, mTOR 
and NF‑κB. Consequently, future studies directly assessing the 
phosphorylation status and activity of these effector proteins 
are warranted to precisely elucidate the molecular mechanisms 
downstream of ABCC9.

It has been demonstrated that cell survival depends 
predominantly on the Bcl‑2 family of apoptosis regula‑
tors (71) and that Bcl‑2 is involved in cardiac hypertrophy 
as a key downstream effector of the PI3K/AKT signaling 
pathway  (72). Subsequently, the present study further 
investigated whether ABCC9 knockdown could mitigate 
cardiomyocyte apoptosis and oxidative damage by improving 
mitochondrial injury through modulation of the PI3K/AKT 
pathway. Consistently, the present study showed that ABCC9 
knockdown downregulated PI3K/AKT pathway protein 
expression while attenuating ISO‑induced mitochondrial 
dysfunction, oxidative stress and apoptosis, supporting its 
potential to alleviate ISO‑induced MH by enhancing the 
anti‑apoptotic and antioxidant systems. 
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Although AKT has been shown to exert cardioprotective 
effects by promoting physiological hypertrophy and survival 
signaling, the outcomes of AKT signaling depend on the 
duration, frequency and intensity of AKT pathway activation. 
For example, short‑term AKT activation promotes adaptive 
hypertrophy, whereas long‑term AKT activation or high‑levels 
of expression have been associated with pathological hyper‑
trophy and HF (73‑75). In the present study, this hypothesis 
was driven by the observation that reactivation of PI3K/AKT 
signaling with 740Y‑P partially reversed the protective 
effects of ABCC9 knockdown‑restoring ISO‑induced ROS 
accumulation, mitochondrial dysfunction, and apoptosis. 
These results suggest that while short‑term AKT activation 
may promote cell survival, prolonged excessive activation 
may lead to myocardial cell apoptosis, potentially mediated 
through mitochondrial dysfunction and increased oxidative 
stress. Supporting this view, studies have shown that high 
levels of ROS can promote the reversal of MMP by activating 
MAPK, resulting in cytochrome c release and the activa‑
tion of caspase‑3, which in turn trigger apoptosis  (76,77). 
Under sustained pathological stress, chronic and excessive 
AKT signaling may become maladaptive, leading to meta‑
bolic dysfunction, increased oxidative stress and ultimately 
mitochondrial dysfunction (78,79), thereby triggering cardio‑
myocyte apoptosis.

To further verify whether activation of the PI3K/AKT 
signaling pathway eliminated the protective effect of ABCC9 
knockdown, the PI3K/AKT pathway was activated using the 
specific agonist 740Y‑P. 740Y‑P is a PI3K/AKT pathway acti‑
vator that has been reported to activate the enzyme in vitro 
by binding to the Src homology 2 structural domain of the 
p85 regulatory subunit of PI3K (80), thereby initiating the 
PI3K/AKT signaling pathway. In the present study, oxida‑
tive stress and MMP were partially restored and apoptosis 
was reduced in cells treated by transfection with ABCC9 
siRNA. Notably, 740Y‑P not only counteracted ABCC9 
knockdown‑mediated suppression of p‑PI3K and its down‑
stream target p‑AKT but also reversed the protective effects 
of ABCC9 knockdown on apoptosis, oxidative stress and 
MMP. These results provided notable evidence that ABCC9 
knockdown alleviated ISO‑induced MH partly by modu‑
lating the PI3K/AKT pathway, which subsequently improved 
mitochondrial function, thereby reducing apoptosis and 
oxidative stress.

Although the data of the present study showed that 
knockdown of the ABCC9 gene attenuated MH by inhib‑
iting the PI3K/AKT signaling pathway, thereby regulating 
apoptosis, MMP and oxidative stress, the role of the classic 
function of ABCC9, as a regulatory subunit of KATP chan‑
nels, has not yet been directly assessed in this process. 
The SUR2 protein encoded by ABCC9 forms the KATP 
channel in conjunction with the Kir6.2 subunit, which 
serves a central role in linking cellular metabolic state to 
membrane potential, thereby regulating processes such as 
calcium influx, vascular tone  (81), insulin secretion and 
cellular protection  (82). The phenotype observed in the 
present study could theoretically have also arisen from 
cellular electrophysiological changes caused by altered 
KATP channel activity  (83), so the contribution of ion 
channel activity cannot be entirely ruled out. For example, 

membrane hyperpolarization caused by KATP channel 
opening may have affected the activity of voltage‑gated 
calcium channels, thereby indirectly influencing MMP, 
apoptosis and the PI3K/AKT signaling pathway. To 
unequivocally distinguish between the channel‑dependent 
and independent functions of ABCC9, future studies should 
employ patch‑clamp techniques  (84) to directly measure 
KATP currents in cardiomyocytes following ABCC9 knock‑
down. Furthermore, gain‑of‑function and loss‑of‑function 
experiments using specific KATP channel openers, such 
as pinacidil, or inhibitors, such as glibenclamide, (85) are 
warranted. Such investigations would provide more robust 
support for the conclusions of the present study and offer a 
more comprehensive elucidation of the mechanistic role of 
ABCC9 in MH.

However, the present study had some limitations. First, 
although ABCC9 knockdown had a significant effect on 
the treatment of MH, it would be more convincing if the 
overexpression of ABCC9 was used to also obtain the corre‑
sponding results. Nevertheless, since protein expression is 
often subject to endogenous saturation, simple overexpres‑
sion may not necessarily induce a hypertrophic phenotype, 
and loss‑of‑function approaches could potentially reveal the 
physiological role of ABCC9 more clearly. Furthermore, only 
the core proteins in the PI3K signaling pathway were evaluated 
in the present study, and the detailed molecular mechanisms 
of downstream regulation of PI3K/AKT signaling during 
MH have not been fully elucidated. Finally, the present 
study demonstrated that ABCC9 knockdown protected 
against pathological cardiac hypertrophy predominantly in 
ISO‑induced AC16 cells; therefore, further evaluation of 
efficacy in animal models is needed. In future studies, the 
role of ABCC9 overexpression in MH pathogenesis should 
be investigated, the downstream molecular targets of the 
PI3K/AKT signaling pathway should be explored in greater 
detail and the therapeutic efficacy of ABCC9 knockdown 
or inhibition should be validated in animal models to fully 
establish its clinical relevance.

In summary, the present study demonstrated that ABCC9 
knockdown alleviated ISO‑induced MH partly by regulating 
the PI3K/AKT pathway, which subsequently improved mito‑
chondrial function and thereby reduced myocardial apoptosis, 
attenuated oxidative stress and preserved cardiac function. The 
present study provides new evidence for the role of ABCC9 in 
MH pathogenesis, and ABCC9 can be regarded as a potential 
promising candidate target for clinical intervention.
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