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Abstract. Myocardial apoptosis is a key contributor to the 
pathogenesis of cardiovascular diseases, driving cardiac 
dysfunction and disease progression. Visinin‑like protein 1 
(VSNL1), a protein involved in cardiac pacing and tumor cell 
apoptosis, may serve a role in myocardial apoptosis. However, 
its specific function and underlying mechanisms remain 
unclear. The present study aimed to elucidate the role and 
molecular pathways of VSNL1 in myocardial apoptosis. Using 
a hypoxia‑induced AC16 cardiomyocyte model, combined 
with cell transfection, western blotting and biochemical kit 
detection, a time‑dependent decrease in VSNL1 expression 
was observed under hypoxic conditions. Overexpression of 
VSNL1 markedly attenuated hypoxia‑induced apoptosis, 
accompanied by a reduction in myocardial injury markers 
such as malonaldehyde, creatine kinase‑MB and lactate dehy‑
drogenase. Furthermore, VSNL1 inhibited excessive reactive 
oxygen species production and preserved the mitochondrial 
membrane potential during the early phase of myocardial 
apoptosis. Conversely, knockdown of VSNL1 exacerbated 
hypoxia‑induced apoptosis, elevated oxidative stress and 
aggravated mitochondrial dysfunction in cardiomyocytes. 
Mechanically, VSNL1 was demonstrated to alleviate myocar‑
dial apoptosis by upregulating the 2',3'‑cyclic nucleotide 
3' phosphodiesterase (CNP)/natriuretic peptide receptor 

B (NPRB) signaling pathway. Notably, the anti‑apoptosis 
effects of VSNL1 were partially reversed by silencing 
of NPRB, underscoring the critical role of this pathway. 
Co‑immunoprecipitation analysis revealed no direct protein 
interaction between VSNL1 and CNP, suggesting that VSNL1 
regulates the CNP/NPRB pathway through indirect signal 
transduction rather than physical binding. Furthermore, CNP 
and NPRB were significantly downregulated at 24 h after 
permanent ligation of the proximal left anterior descending 
coronary artery in male C57BL/6  mice and immediately 
after 24 h of 1% O2 hypoxia in AC16 cardiomyocytes, indi‑
cating early suppression of this protective signaling pathway. 
Collectively, the findings of the present study suggested 
that VSNL1 could serve as a potential therapeutic target 
for hypoxia‑induced myocardial apoptosis, providing novel 
insights into clinical interventions for cardiovascular diseases, 
particularly in preventing ischemia‑related myocardial injury.

Introduction

Cardiomyocyte apoptosis serves a pivotal role in the patho‑
genesis of heart failure (HF) (1), a condition characterized by 
notable systolic and diastolic dysfunction that compromises the 
ability of the heart to pump and fill with blood effectively (2). 
A key contributor to this dysfunction is the reduced oxygen 
utilization capacity of the failing heart, leading to an inability 
to meet systemic metabolic demands (3). This metabolic imbal‑
ance initiates remodeling processes that exacerbate cardiac 
dysfunction and accelerate HF progression. Hypoxia‑induced 
cardiomyocyte apoptosis serves a pivotal role in driving HF 
progression (4).

Excessive reactive oxygen species (ROS) production is 
a central mechanism underlying hypoxia‑induced myocar‑
dial injury. Elevated ROS levels cause oxidative damage to 
cellular components, including lipids, proteins and DNA, 
thereby impairing membrane integrity and cellular func‑
tion (5). Under normal physiological conditions, mitochondria 
are equipped with antioxidant systems to maintain ROS at 
controlled levels (6). However, hypoxia disrupts mitochondrial 
function, resulting in a decreased mitochondrial membrane 
potential (MMP) and the release of cytochrome c, further 
exacerbating mitochondrial damage (7). This mitochondrial 
dysfunction impairs the respiratory chain, markedly reducing 
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ATP synthesis, depleting cellular energy and promoting apop‑
tosis (8). These cascading events highlight the critical role 
of preserving mitochondrial integrity and regulating ROS to 
maintain cardiomyocyte survival under hypoxic stress.

Visinin‑like protein 1 (VSNL1), a member of the neuronal 
calcium‑sensing protein family, is highly expressed in the 
sinoatrial node, which regulates the pacemaker activity of 
the heart  (9,10). Emerging evidence suggests that VSNL1 
serves a crucial role in several biological processes, including 
cardiac pacing, cell proliferation, tumor progression and 
neural signaling pathways (10‑13). Notably, VSNL1 has been 
identified as a key anti‑apoptotic factor in several cell types, 
such as colorectal cancer cells, where its downregulation has 
been reported to induce apoptosis and inhibit cell prolifera‑
tion (12). Similarly, silencing of VSNL1 in H295R cells has 
been reported to increase susceptibility to calcium‑induced 
apoptosis (14). However, to the best of our knowledge, the role 
of VSNL1 in the regulation of myocardial apoptosis remains 
unexplored and its potential effects in cardiac cells have yet to 
be determined.

Therefore, the present study established a hypoxia‑induced 
myocardial cell model to assess cardiomyocyte apoptosis, and 
the changes in ROS levels, the MMP and markers of cellular 
damage. The expression levels of VSNL1 were modulated to 
evaluate its role in hypoxia‑induced myocardial apoptosis, 
and the underlying molecular mechanisms were explored. 
The findings provide novel insights into potential therapeutic 
targets for myocardial protection and suggest promising 
clinical strategies for the treatment of cardiovascular diseases.

Materials and methods

Cell treatment. The human AC16 cardiomyocyte cell line 
(cat. no. MZ‑4038; Ningbo Mingzhou Biotechnology Co., 
Ltd.) was employed in the present study. The cells were 
cultured in DMEM (Shanghai Basal Media Technologies 
Co., Ltd.) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin‑streptomycin 
(Biosharp Life Sciences) at 37˚C in a humidified atmosphere 
containing 5% CO2. To induce apoptosis, AC16 cardio‑
myocytes were subjected to hypoxic conditions in a modular 
incubator (Thermo Fisher Scientific, Inc.) with a gas mixture 
of 94% N2, 5% CO2 and 1% O2 for 24 h at 37˚C. The control 
group was maintained under normoxic conditions with 95% 
air and 5% CO2. When time‑series data were required, parallel 
cultures were exposed for 0 h, 10 min, 1, 6 or 24 h.

Lactate dehydrogenase (LDH) release assay. Cells were 
exposed to hypoxic conditions (94% N2, 5% CO2, 1% O2) at 
37˚C for 24 h. Following treatment of cells from each group, 
the cell culture supernatants were collected. The supernatants 
were then combined with an LDH assay working solution 
(cat. no. C0016; Beyotime Institute of Biotechnology) and 
the resulting mixture was incubated at room temperature in 
the dark for 30 min. After incubation, the absorbance was 
measured at 490 nm to determine the LDH activity.

Measurement of creatine kinase‑MB (CK‑MB) levels. The 
concentration of CK‑MB in the cell supernatants was deter‑
mined using an ELISA kit (cat. no. H197‑1‑2; Nanjing Jiancheng 

Bioengineering Institute) according to the manufacturer's 
instructions.

ROS level assessment. Cells were seeded in 6‑well plates at a 
density of 5x105 cells/well and cultured at 37˚C in a humidified 
atmosphere containing 5% CO2. After overnight incubation, 
the cells were exposed to hypoxic conditions (94% N2, 5% 
CO2, 1% O2) at 37˚C for 24 h. After removing the culture 
medium, 2'‑7'‑dichlorodihydrofluorescein diacetate (Beyotime 
Institute of Biotechnology) diluted in serum‑free DMEM 
was added to the cells and cells were incubated for 20 min 
at 37˚C. Following three washes with serum‑free DMEM, 
ROS levels were observed under a fluorescence microscope 
(Olympus Corporation) and analyzed using ImageJ software 
(version 1.53e; National Institutes of Health, USA). Single‑cell 
suspensions were then collected and analyzed using a 
NovoCyte Penteon flow cytometer (Agilent Technologies, 
Inc.) with NovoExpress software (version 1.5.0; Agilent 
Technologies, Inc.) (15).

Measurement of malonaldehyde (MDA) levels. MDA levels 
were determined using a commercial assay kit (cat. no. S0131; 
Beyotime Institute of Biotechnology). Briefly, cells were lysed 
on ice with RIPA buffer (cat. no. P0013C; Beyotime Institute 
of Biotechnology), and after centrifugation at 11,100 x g for 
15 min at 4˚C, the supernatant was collected for subsequent 
analysis. MDA concentrations in the supernatant were quanti‑
fied at 532 nm using a microplate reader (PT3502PC; Beijing 
Potenov Xinqiao Technology Co., Ltd.), according to the 
manufacturer's protocol. MDA levels were normalized to the 
protein concentration. Protein concentration was determined 
using the BCA protein assay kit (cat. no. P0010; Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions.

VSNL1 lentivirus infection. For lentivirus‑induced  
overexpression of VSNL1, AC16 cells were seeded at a 
density of 1x104  cells/well in 96‑well plates (100  µl/well) 
and were incubated overnight at 37˚C in a 5% CO2 
incubator. The recombinant lentiviral vector pHBLV-
CMV‑MCS‑3FLAG‑EF1‑ZsGreen‑T2A‑PURO (Hanbio 
Biotechnology Co., Ltd.) was used to generate the virus 
using a 3rd generation lentiviral packaging system. 
Lentiviral particles were produced by co‑transfecting 
293T cells (cat.  no.  CRL‑3216; American Type Culture 
Collection) with 4  µg VSNL1 plasmid, 3  µg packaging 
plasmid (pCMV‑dR8.91) and 1  µg envelope plasmid 
(pCMV‑VSV‑G) (Hanbio Biotechnology Co., Ltd.) at a ratio 
of 4:3:1 using Lipofectamine® 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). Transfection was performed at 37˚C 
for 48 h. Viral supernatants were collected at 48 and 72 h 
post‑transfection, filtered through a 0.45‑µm membrane, 
and stored at ‑80˚C.

For infection, the virus was thawed on ice, diluted in fresh 
medium and added to AC16 cells at 30‑50% confluence at a 
multiplicity of infection of 10. On day 1 post‑infection (~24 h), 
the virus‑containing medium was removed and replaced with 
fresh complete medium. The cells were incubated at 37˚C for 
an additional 48 h, and then harvested at 72 h post‑infection 
for further experiments. Stable cell lines were selected with 
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medium containing 2  µg/ml puromycin (Sigma‑Aldrich; 
Merck KGaA) for 7 days, followed by maintenance in medium 
with 1 µg/ml puromycin.

Cell transfection. Cell transfection using Lipofectamine 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.) resulted in 
the downregulation of natriuretic peptide receptor B 
(NPRB) and VSNL1 in AC16 cardiomyocytes. The small 
interfering RNAs (siRNAs) used in the present study 
included a sequence targeting human VSNL1 (si‑VSNL1; 
5'‑CGACCCTTCCATTGTATTA‑3'), a sequence targeting 
human NPRB (si‑NPRB; 5'‑GACGACCCATCCTGTGATA‑3') 
and a non‑targeting negative control (cat. no. siN0000001‑1‑5); 
all purchased from Guangzhou RiboBio Co., Ltd. The specific 
sequence of non‑targeting negative control was not provided by 
the supplier. Prior to transfection, the original culture medium 
was replaced with fresh high‑glucose DMEM supplemented 
with 10% FBS and 1% penicillin‑streptomycin. The transfec‑
tion mixture was prepared by mixing 50 nM siRNA with 5 µl 
Lipofectamine 3000 in Opti‑MEM reduced serum medium 
(Gibco; Thermo Fisher Scientific, Inc.). To form a lipoplex, the 
transfection mixture was incubated at room temperature for 
15 min. After 15 min, the transfection mixture was added to the 
cells, and the cells were continuously cultured in a 37˚C incu‑
bator with 5% CO2 without replacing the medium containing 
the transfection mixture for 6 h. After 6 h of incubation with 
the transfection mixture, the medium was aspirated and 
replaced with fresh complete high‑glucose DMEM (10% FBS, 
1% penicillin‑streptomycin), and the cells were further cultured 
under the same conditions until 48 h post‑transfection (i.e., 42 h 
after medium replacement). The subsequent experiments were 
performed at this 48 h time point.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from AC16 cells using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. The RNA concentration was determined using 
a NanoDrop® spectrophotometer (Thermo Fisher Scientific, 
Inc.). For complementary DNA synthesis, RNA was incu‑
bated at 42˚C for 15 min, followed by a 5‑sec heat treatment 
at 85˚C, as described in the manufacturer's instructions of 
the TransScript® Green Two‑Step qRT‑PCR SuperMix kit 
(Thermo Fisher Scientific, Inc.). The primer sequences used 
for human AC16 cells were as follows: VSNL1 forward, 
5'‑TAT​GAC​CTG​GAT​GGT​GAT​GGC​AAG‑3' and reverse, 
5'‑AAT​CTT​GTC​TAC​TCG​CTG​CTC​AGG‑3'; 2',3'‑cyclic 
nucleotide 3' phosphodiesterase (CNP) forward, 5'‑ATG​GTGT​
CGG​CTG​ACG​CTT​AC‑3' and reverse, 5'‑CGT​TCG​TGG​TTG​
GTG​TCA​TCA​AG‑3'; NPRB forward, 5'‑CTG​CGC​ATG​GAA​
CAG​TAT​GC‑3' and reverse, 5'‑GGG​TGC​TCT​CTG​CTG​ACA​
AT‑3'; BAX forward, 5'‑CCC​CCG​AGA​GGT​CTT​TTT​CC‑3' 
and reverse, 5'‑TGT​CCA​GCC​CAT​GAT​GGT​TC‑3'; BCL‑2 
forward, 5'‑GGG​ATT​CCT​GCG​GAT​TGA​CA‑3' and reverse, 
5'‑TGC​ATA​AGG​CAA​CGA​TCC​CA‑3'; and β‑actin forward, 
5'‑GGG​AAA​TCG​TGC​GTG​ACA​TTA​AG‑3' and reverse, 
5'‑TGT​GTT​GGC​GTAC​AGG​TCT​TTG‑3'. Each primer mix 
was loaded into a 96‑well fluorescent RT‑PCR plate, and 
RT‑PCR was performed using the CFX Connect system 
(Bio‑Rad Laboratories, Inc.). The thermocycling parameters 
were as follows: Initial denaturation step at 94˚C for 30 sec, 

followed by 40 cycles of 5 sec at 94˚C and 30 sec at 60˚C. 
mRNA expression levels were determined using the 2‑ΔΔCq 

method (16). All experiments were independently replicated 
three times.

Western blot analysis. Total proteins were extracted from 
both AC16 cardiomyocytes and mouse cardiac tissues using 
RIPA lysis buffer containing protease and phosphatase inhibi‑
tors (cat. no. P0039; Beyotime Institute of Biotechnology). 
For myocardial tissue samples, freshly collected heart tissue 
was weighed and immediately homogenized in ice‑cold 
RIPA buffer using a mechanical homogenizer. Following 
homogenization, the samples were incubated on ice for 
30 min and then centrifuged at 11,100 x g for 15 min at 4˚C. 
For cell samples, cultured cells were washed twice with PBS, 
lysed directly in RIPA buffer and centrifuged under the same 
conditions. The supernatants containing total proteins were 
collected, and protein concentrations were determined using a 
BCA protein assay kit (Thermo Fisher Scientific, Inc.). Equal 
amounts of protein (30 µg) were separated by SDS‑PAGE 
on 10% gels and transferred onto PVDF membranes. The 
membranes were blocked in 5% milk at room tempera‑
ture for 1 h, and incubated overnight at 4˚C with primary 
antibodies. The antibodies used were as follows: VSNL1 
(1:400; cat. no. A2797; ABclonal Biotech Co., Ltd.), NPRB 
(1:1,000; cat. no. 55113‑1‑AP; Proteintech Group, Inc.), CNP 
(1:1,000; cat. no. 13427‑1‑AP; Proteintech Group, Inc.), BCL‑2 
(1:1,000; cat. no. 26593‑1‑AP; Proteintech Group, Inc.), BAX 
(1:1,000; cat. no. 50599‑2‑IG; Proteintech Group, Inc.) and 
β‑actin (1:10,000; cat. no. 66009‑1‑IG; Proteintech Group, 
Inc.). Subsequently, the membranes were incubated with 
HRP‑conjugated secondary antibodies, including anti‑rabbit 
(1:5,000; cat. no. SA00001‑2; Proteintech Group, Inc.) and 
anti‑mouse secondary antibodies (1:5,000; cat. no. SA00001‑1; 
Proteintech Group, Inc.) for 1 h at room temperature. After 
antibody binding, chemiluminescent detection was performed 
using BeyoECL Moon (cat. no. P0018FS; Beyotime Institute 
of Biotechnology) and band visualization was performed 
on the Tanon  4600 Chemiluminescence Imaging System 
(Tanon Science and Technology Co., Ltd.).

Analysis of the VSNL1 expression profile. To assess the expres‑
sion profile of VSNL1 across various normal human tissues, 
data were retrieved from the Human Protein Atlas (HPA) 
database (https://www.proteinatlas.org). This freely acces‑
sible online resource offers extensive information on human 
protein expression in numerous normal tissues and cell lines. 
Relevant data on VSNL1 expression were obtained to analyze 
its tissue‑specific distribution and expression pattern.

MMP assessment. The MMP was evaluated using the 
Enhanced MMP Assay Kit with JC‑1 (Beyotime Institute of 
Biotechnology). After removing the culture medium, cells 
in 6‑well plates were incubated with a mixture of 1 ml cell 
culture medium and 1 ml JC‑1 staining solution for 20 min 
at 37˚C. Following incubation, cells were washed twice with 
JC‑1 staining buffer and then visualized under a fluorescence 
microscope (Olympus Corporation). Image analysis was 
performed using ImageJ software (version 1.8.0_172; National 
Institutes of Health).
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Intracellular calcium measurement. Intracellular Ca2+ levels 
were measured using the Calcium Assay Kit (cat. no. S1063S; 
Beyotime Institute of Biotechnology) according to the manu‑
facturer's instructions. Briefly, AC16 cells were lysed and 
centrifuged at 12,000 x g for 30 min at 4˚C to collect super‑
natants. Standards and samples were added to a 96‑well plate, 
followed by the assay working solution. After incubation at 
room temperature for 5‑10 min in the dark, absorbance was 
measured at 575 nm. Calcium concentrations were calculated 
from a standard curve.

Co‑immunoprecipitation (Co‑IP) experiment. To assess 
whether there is a protein‑protein interaction between 
VSNL1 and CNP, Co‑IP technology was applied in AC16 
cells in the present study. Initially, AC16 cells grown to 
80‑90% confluence in 10‑cm dishes were treated with 500 µl 
lysis buffer per dish. The lysis buffer contained 1% NP‑40, 
150 mM NaCl, 50 mM Tris‑HCl (pH 7.5) and protease inhibi‑
tors (1 mM PMSF and 1 µg/ml aprotinin; cat. no. P1049; 
Beyotime Institute of Biotechnology). The cells were then 
incubated on ice for 30 min. The lysate was then centrifuged 
at 12,000 x g for 15 min at 4˚C, and the supernatant was 
collected for further analysis. For each IP reaction, 500 µg 
total protein (equivalent to 200 µl supernatant) was incubated 
overnight at 4˚C with either specific primary antibodies 
against VSNL1 (2 µg; cat. no. A2797; ABclonal Biotech 
Co., Ltd.) or CNP (2 µg; cat. no. 13427‑1‑AP; Proteintech 
Group, Inc.), or with isotype control IgG antibodies (2 µg; 
cat. no. AC005; ABclonal Biotech Co., Ltd.) as a negative 
control. To capture antibody‑protein immunocomplexes, 
50 µl 50% (v/v) Protein A/G agarose bead slurry (equivalent 
to 25 µl packed agarose beads; cat. no. 20421; Thermo Fisher 
Scientific, Inc.) was added to each IP reaction mixture, 
which was then gently rotated at 4˚C for 4‑6  h to allow 
sufficient bead‑antibody‑antigen complex formation. The 
immunoprecipitates were washed five times with ice‑cold 
wash buffer (same formulation as the lysis buffer without 
the protease inhibitors) to remove nonspecific binding 
proteins. Immunocomplexes were isolated by centrifugation 
at 3000 x g for 5 min at 4˚C to pellet the beads, followed by 
aspiration of the supernatant. The pellets were resuspended 
in 30 µl 2X SDS sample buffer and boiled at 95˚C for 10 min 
to elute the proteins from the beads. The eluted products 
were separated by SDS‑PAGE on 10% gels, transferred 
onto a PVDF membrane and analyzed by western blotting, 
as aforementioned, to assess the co‑precipitation of CNP 
and VSNL1. Co‑precipitation of CNP with VSNL1 would 
suggest a potential protein‑protein interaction between the 
two.

Establishment of acute myocardial infarction (AMI) model. 
A total of 30 male C57BL/6 mice (age, 8‑10 weeks; weight, 
22‑25 g) were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd.; Charles River Laboratories, 
and were used in the present study. Mice were housed in a 
specific pathogen‑free facility under the following controlled 
conditions: Temperature 22±2˚C, relative humidity 50±10% 
and a 12‑h light/dark cycle (lights on at 7:00 a.m. and off at 
7:00 p.m.). Animals had free access to standard laboratory 
chow and sterile water throughout the experimental period.

Mice were randomly assigned to two experimental groups: 
An AMI group or a sham‑operated control group. The AMI 
group underwent left anterior descending (LAD) coronary 
artery ligation at the proximal one‑third segment to induce 
ischemia, while the sham group received the same surgical 
procedure without ligation. All procedures were performed 
under general anesthesia using isoflurane (3% for induction and 
1.5‑2% for maintenance). AMI was induced by permanent liga‑
tion of the LAD coronary artery with a 6‑0 silk suture. In the 
sham‑operated group, the LAD coronary artery was passed with 
the suture needle but not ligated, serving as a surgical control.

All animal protocols were approved by the Ethics 
Committee of Shanghai University of Medicine and Health 
Sciences (Shanghai, China; approval no. 2021‑SZR‑05-
410482198512239314) and the present study conformed to 
institutional and national guidelines for the care and use of 
laboratory animals.

For sacrifice, mice were confirmed to be under deep anes‑
thesia with isoflurane, followed by the intraperitoneal injection 
of 150 mg/kg pentobarbital sodium. Mortality was verified by 
the absence of heartbeat, respiration and reflex responses.

Echocardiographic assessment. Transthoracic echocardiog‑
raphy was performed 24 h after the establishment of the AMI 
model using the Vevo 2100 high‑resolution imaging system 
(FUJIFILM VisualSonics, Inc.) equipped with a 30‑MHz 
transducer. Mice were anesthetized with 3% isoflurane for 
induction and 1.5% isoflurane for maintenance and then posi‑
tioned supine on a temperature‑controlled platform. After hair 
removal in the precordial region, a pre‑warmed ultrasound 
gel was applied to ensure optimal acoustic coupling. M‑mode 
images were captured from the parasternal long‑axis view at 
the level of the papillary muscles to evaluate cardiac function.

Assessment of myocardial infarct size using 2,3,5- 
triphenyltetrazolium chloride (TTC) staining. To evaluate 
infarct size, hearts were harvested immediately after eutha‑
nasia. The isolated hearts were first rinsed in cold saline and 
then incubated in 1% TTC solution prepared in Tris buffer at 
37˚C for 15 min.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 8.0 software (Dotmatics). Data are presented 
as the mean ± standard deviation from at least three inde‑
pendent experiments. Two‑tailed unpaired Student's t‑test 
was used for two‑group comparisons; one‑way ANOVA 
followed by Tukey's post hoc test was used for multiple‑group 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Hypoxia induces apoptosis in cardiomyocytes. To assess 
the effects of hypoxia on apoptosis and cellular damage, 
a hypoxia‑induced cardiomyocyte model was established. 
AC16 cardiomyocytes, exposed to hypoxia for 24 h, exhib‑
ited significant downregulation of BCL‑2 mRNA expression 
and upregulation of BAX mRNA expression. The results 
indicated that prolonged hypoxia activated apoptotic pathways 
(Fig. 1A and B).
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As excessive production of ROS can trigger oxidative 
stress, damage proteins, lipids and DNA in cells, and further 
activate apoptosis signaling pathways (17), the present study 
analyzed intracellular ROS levels and the release of myocar‑
dial injury markers LDH and CK‑MB (Fig. 1C‑E). Hypoxia 
exposure resulted in a substantial increase in ROS levels, 
accompanied by pronounced elevations in LDH and CK‑MB 
release, signifying severe oxidative stress and cellular injury.

Collectively, these findings indicated that hypoxia may 
induce oxidative stress and subsequent apoptosis. This estab‑
lished a robust experimental model for further mechanistic 
studies on the role of VSNL1 in cardiomyocyte apoptosis 
under hypoxic conditions.

Hypoxia induces downregulation of VSNL1 expression in 
cardiomyocytes. To evaluate the expression profile of VSNL1 
in several normal human tissues, data from the HPA database 
(https://www.proteinatlas.org) were analyzed (Fig. 2A). The 
results revealed that VSNL1 expression was markedly higher in 
cardiomyocytes compared with in other tissues. Subsequently, 
AC16 cells were exposed to hypoxic conditions for 0 min, 
10 min, 1 h, 6 h and 24 h, and the mRNA and protein expression 
levels of VSNL1 were assessed using qPCR and western blot‑
ting, respectively. The results revealed a significant reduction in 
VSNL1 expression after 24 h of hypoxia (Fig. 2B and C).

These findings suggested that hypoxia markedly down‑
regulated VSNL1 expression in cardiomyocytes, potentially 

indicating its involvement in the pathophysiology of 
hypoxia‑induced cardiac injury.

Establishment and validation of the AMI mouse model. To 
further assess whether the aforementioned regulation also 
occurs in vivo, an AMI model was established in mice via 
permanent ligation of the LAD coronary artery. Mice were 
randomly assigned to an AMI group or a sham‑operated 
control group. Successful induction of infarction was 
confirmed by TTC staining, which showed pale infarcted 
regions in AMI mice and red‑stained viable myocardium 
in sham controls (Fig. 3A). Echocardiographic assessment 
revealed significant reductions in the left ventricular ejection 
fraction and fractional shortening in AMI mice compared 
with the sham group (Fig. 3B‑D), indicating impaired cardiac 
function. Consistent with the in vitro findings, western blot 
analysis demonstrated that VSNL1 expression was markedly 
decreased in the myocardial tissue of AMI mice (Fig. 3E), 
supporting its potential role in the pathogenesis of ischemic 
heart injury.

VSNL1 inhibits cardiomyocyte apoptosis under hypoxic 
conditions. Subsequently, the role of VSNL1 in regulating 
hypoxia‑induced cardiomyocyte apoptosis was assessed using 
VSNL1 overexpression and silencing. qPCR and western 
blot analyses demonstrated that lentivirus‑mediated VSNL1 
overexpression markedly increased VSNL1 RNA and protein 

Figure 1. Hypoxia‑induced apoptosis in cardiomyocytes. Relative mRNA expression levels of apoptotic genes (A) BCL‑2 and (B) BAX in AC16 cardiomyo‑
cytes cultured under control or hypoxic conditions for 24 h. (C) ROS levels were measured using biochemical kits. Scale bar, 50 µm. (D) LDH release assay to 
quantify LDH levels following hypoxic treatment. (E) ELISA detection of CK‑MB levels in AC16 cardiomyocytes subjected to hypoxia. **P<0.01, ***P<0.001. 
ROS, reactive oxygen species; LDH, lactate dehydrogenase; CK‑MB, creatine kinase‑MB.

https://www.spandidos-publications.com/10.3892/mmr.2026.13863


YANG et al:  VSNL1 REGULATES MYOCARDIAL APOPTOSIS6

Figure 2. Hypoxia‑induced downregulation of VSNL1 expression in cardiomyocytes. (A) Analysis of VSNL1 expression in human tissues was conducted using 
the public Human Protein Atlas database. (B) Changes in VSNL1 mRNA levels in AC16 cells at different times of hypoxia injury. (C) Changes in VSNL1 
protein levels in AC16 cells at different times of hypoxia injury, and semi‑quantification of the VSNL1 protein level. *P<0.05, **P<0.01. VSNL1, visinin‑like 
protein 1.

Figure 3. Validation of the AMI mouse model and downregulation of VSNL1 expression. (A) Representative 2,3,5‑triphenyltetrazolium chloride staining of 
heart sections from Sham and AMI groups, showing viable myocardium in red and infarcted areas in pale color. (B) M‑mode echocardiography images at 24 h 
post‑surgery. Quantitative comparison of (C) LVFS and (D) LVEF between Sham and AMI groups, demonstrating significant impairment of cardiac function 
in the AMI group. (E) Western blot analysis showing reduced protein expression levels of VSNL1 in myocardial tissue from AMI mice. **P<0.01, ***P<0.001. 
AMI, acute myocardial infarction; VSNL1, visinin‑like protein 1; LVFS, left ventricular fractional shortening; LVEF, left ventricular ejection fraction.
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levels in AC16 cells (Fig. 4A and B), whilst siRNA‑mediated 
silencing of VSNL1 markedly reduced VSNL1 protein 
expression (Fig. 4G). Following hypoxia treatment, VSNL1 

overexpression markedly upregulated the anti‑apoptotic 
protein BCL‑2 and downregulated the pro‑apoptotic protein 
BAX (Fig.  4C). By contrast, VSNL1 silencing decreased 

Figure 4. Regulatory role of VSNL1 in hypoxia‑induced cardiomyocyte apoptosis. (A and B) AC16 cardiomyocytes were infected with a lentivirus overexpressing 
VSNL1. VSNL1 expression was assessed by (A) quantitative PCR and (B) western blotting. (C) Western blot analysis of BCL‑2 and BAX protein expression 
in AC16 cells following VSNL1 overexpression, along with semi‑quantification of BCL‑2 and BAX protein levels. The levels of (D) MDA, (E) CK‑MB and 
(F) LDH were measured using specific assay kits after VSNL1 overexpression. (G) VSNL1 expression in AC16 cells post‑transfection with siRNA was assessed 
by western blotting. (H) Western blot analysis of BCL‑2 and BAX protein expression following VSNL1 silencing, with semi‑quantification of BCL‑2 and 
BAX protein levels. The levels of (I) MDA, (J) CK‑MB and (K) LDH were measured using specific assay kits following VSNL1 silencing. *P<0.05, **P<0.01, 
***P<0.001. VSNL1, visinin‑like protein 1; OE‑NC, overexpression negative control; OE‑VSNL1, VSNL1 overexpression; siRNA, small interfering RNA; 
si‑NC, siRNA negative control; si‑VSNL1, VSNL1 knockdown via siRNA; MDA, malonaldehyde; CK‑MB, creatine kinase‑MB; LDH, lactate dehydrogenase.

https://www.spandidos-publications.com/10.3892/mmr.2026.13863


YANG et al:  VSNL1 REGULATES MYOCARDIAL APOPTOSIS8

BCL‑2 levels and increased BAX protein levels, suggesting 
that VSNL1 inhibits apoptosis activation and exerts protective 
effects on cardiomyocytes (Fig. 4H).

To further evaluate whether VSNL1 modulates cardiomyo‑
cyte injury related to apoptosis, intracellular levels of MDA, 
CK‑MB and LDH were measured. The results revealed that 
VSNL1 overexpression markedly reduced the release of these 
markers (Fig. 4D‑F), whereas VSNL1 silencing exacerbated 
hypoxia‑induced cardiomyocyte damage, demonstrated by 
markedly elevated levels of MDA, CK‑MB and LDH (Fig. 4I‑K).

VSNL1 alleviates hypoxia‑induced oxidative stress during 
the early phase of myocardial apoptosis. Hypoxia‑induced 
cellular damage is closely associated with elevated ROS levels, 
a hallmark of oxidative stress (18). ROS serve as key mediators 
of mitochondria‑mediated apoptosis (19,20), characterized by 
excessive ROS production and loss of MMP (21). To evaluate 
the role of VSNL1 in alleviating intracellular oxidative stress, 

ROS accumulation was quantified and visualized using fluo‑
rescence microscopy and flow cytometry. The results revealed 
that the hypoxia‑treated cells exhibited a significant increase 
in green fluorescence intensity (Fig. 5A and B), indicative 
of excessive ROS accumulation. Notably, overexpression of 
VSNL1 markedly reduced ROS levels compared with those 
in the hypoxia group. Conversely, silencing of VSNL1 using 
siRNA exacerbated oxidative stress, as demonstrated by 
the increase in ROS levels (Fig. 5C and D). These findings 
highlighted the role of VSNL1 in alleviating hypoxia‑induced 
oxidative stress during the early phase of myocardial apoptosis.

VSNL1 preserves the MMP in hypoxia‑induced myocardial 
apoptosis. The loss of MMP is a pivotal event that increases 
mitochondrial outer membrane permeability, representing an 
early step in the intrinsic apoptotic pathway (22). To evaluate 
whether VSNL1 influences mitochondrial depolarization, the 
MMP was measured using JC‑1 dye, which detects changes 

Figure 5. VSNL1 alleviates hypoxia‑induced oxidative stress. Representative fluorescence images of ROS in hypoxia‑treated AC16 cells following VSNL1 
(A) overexpression or (C) knockdown. Scale bar, 50 µm. Quantification of ROS levels in hypoxia‑treated AC16 cells assessed by flow cytometry after VSNL1 
(B) overexpression or (D) knockdown. *P<0.05, **P<0.01, ***P<0.001. VSNL1, visinin‑like protein 1; ROS, reactive oxygen species; OE‑NC, overexpression 
negative control; OE‑VSNL1, VSNL1 overexpression; siRNA, small interfering RNA; si‑NC, siRNA negative control; si‑VSNL1, VSNL1 knockdown via 
siRNA.
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in the MMP via fluorescence shifts. Under hypoxic condi‑
tions, a marked increase in JC‑1 monomers emitting green 
fluorescence was observed, along with a near absence of JC‑1 
aggregates emitting red fluorescence, indicating a substantial 
loss of MMP. Overexpression of VSNL1 markedly mitigated 
this effect, reducing green fluorescence and partially restoring 
red fluorescence, suggesting that VSNL1 overexpression alle‑
viated the loss of MMP (Fig. 6A). By contrast, cells treated 
with si‑VSNL1 under hypoxic conditions exhibited decreased 
red fluorescence and increased green fluorescence compared 
with the hypoxia‑only group, confirming a pronounced 
reduction in MMP (Fig.  6B). These findings underscored 
the essential role of VSNL1 in maintaining the MMP and 
mitochondrial function, as well as its regulatory effect in 
attenuating hypoxia‑induced myocardial apoptosis.

Mechanistic study of VSNL1‑mediated regulation of the 
CNP/NPRB signaling pathway. To assess the expression 
changes of the CNP/NPRB signaling pathway during the acute 

phase of AMI, the present study employed a mouse model 
of AMI and performed western blot analysis of myocardial 
tissues from the Sham and AMI groups (24 h post‑AMI). The 
results revealed significant downregulation of CNP protein 
expression in the AMI group compared with the Sham group. 
In addition, the expression levels of NPRB were significantly 
reduced in the AMI group (Fig.  7A). This suggests that 
suppression of the CNP/NPRB pathway may serve a critical 
role in the early pathological process of AMI.

To further evaluate the dynamic changes of this signaling 
pathway under ischemic conditions, an in vitro AMI model 
was established using AC16 cardiomyocytes. Cells were 
harvested at multiple time points and qPCR analysis was 
performed. The results demonstrated a continuous decline in 
mRNA expression levels of both CNP and NPRB over time. 
Notably, their expression levels at 24 h post‑simulation were 
markedly reduced compared with those at 0 h, supporting 
the sustained inhibition of the CNP/NPRB pathway during 
myocardial ischemia (Fig. 7B).

Figure 6. VSNL1 mitigates hypoxia‑induced loss of the MMP. Representative fluorescence images of MMP staining in hypoxia‑treated AC16 cells following 
VSNL1 (A) overexpression or (B) knockdown, along with quantification of JC‑1 aggregates (red fluorescence) and JC‑1 monomers (green fluorescence). Scale 
bar, 50 µm. *P<0.05; **P<0.01; ***P<0.001. VSNL1, visinin‑like protein 1; MMP, mitochondrial membrane potential; OE‑NC, overexpression negative control; 
OE‑VSNL1, VSNL1 overexpression; siRNA, small interfering RNA; si‑NC, siRNA negative control; si‑VSNL1, VSNL1 knockdown via siRNA.

https://www.spandidos-publications.com/10.3892/mmr.2026.13863
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To determine whether VSNL1 regulates this pathway 
via direct protein‑protein interaction, a Co‑IP assay was 
performed in AC16 cells. Experimental groups included the 
VSNL1‑IP group, IgG control group and total protein (Input) 
group. Immunoblotting was performed using anti‑VSNL1 
and anti‑CNP antibodies, and the results revealed that both 
VSNL1 and CNP proteins were markedly expressed in the 
Input group, indicating sufficient protein extraction. In the 
VSNL1‑IP group, VSNL1 was successfully precipitated 
using the anti‑VSNL1 antibodies, confirming the validity of 
the Co‑IP system. By contrast, no CNP band was detected 
in the VSNL1 immunoprecipitated complex, indicating 
that VSNL1 does not form a stable, direct protein‑protein 
complex with CNP under the experimental conditions 
used. Additionally, no specific bands were observed in the 
IgG control group, excluding the possibility of nonspecific 
binding (Fig. 7C).

In summary, although VSNL1 may participate in cardio‑
protective processes by modulating the CNP/NPRB signaling 
pathway, its regulatory mechanism is more likely to be medi‑
ated through signaling modulation rather than direct physical 
interaction.

VSNL1 mediates hypoxia‑induced cardiomyocyte apoptosis 
via the CNP/NPRB pathway. The CNP/NPRB signaling 
pathway is known for its protective anti‑inflammatory and 
anti‑apoptotic effects, particularly in cardiac ischemia‑reper‑
fusion injury  (23,24). To assess whether VSNL1 regulates 
apoptosis through this pathway, the present study evaluated 
its effect on CNP and NPRB expression. The results demon‑
strated that hypoxia markedly downregulated CNP and NPRB 
mRNA and protein levels, whereas VSNL1 overexpression 
restored their expression (Fig. 8A and B). Conversely, VSNL1 
knockdown exacerbated their downregulation (Fig.  8C). 

Figure 7. Mechanistic analysis of VSNL1 involvement in the regulation of the CNP/NPRB signaling pathway. (A) Protein expression levels of CNP and 
NPRB in myocardial tissue following AMI. (B) Time‑dependent changes in CNP and NPRB mRNA expression in AC16 cardiomyocytes under ischemic 
conditions. (C) Co‑immunoprecipitation analysis of the interaction between VSNL1 and CNP in AC16 cells. *P<0.05, **P<0.01. VSNL1, visinin‑like protein 1; 
CNP, 2',3'‑cyclic nucleotide 3' phosphodiesterase; NPRB, natriuretic peptide receptor B; AMI, acute myocardial infarction; IP, immunoprecipitation; 
IB, immunoblotting.
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Hypoxia‑induced Ca2+ overload is closely associated with 
cardiomyocyte damage and dysfunction (25). Given the role 
of VSNL1 in calcium signaling, it was hypothesized that it 

maintains calcium homeostasis via the CNP/NPRB pathway, 
which regulates cGMP levels and calcium dynamics critical 
for myocardial function (26). Supporting this, the findings of 

Figure 8. VSNL1 regulates hypoxia‑induced apoptosis via the CNP/NPRB pathway in cardiomyocytes. (A) CNP and NPRB expression in hypoxia‑exposed 
AC16 cardiomyocytes following 24 h of VSNL1 overexpression, assessed by qPCR. (B) Protein expression levels of CNP and NPRB in hypoxia‑exposed cells 
and control cells with VSNL1 overexpression, analyzed by western blotting. (C) Protein expression levels of CNP and NPRB following VSNL1 knockdown in 
hypoxic cells, measured by western blotting. (D) Intracellular Ca²+ levels in hypoxia‑injured and control cells, with or without VSNL1 overexpression measured 
after 24 h. (E) BCL‑2 and (F) BAX mRNA expression following si‑NPRB knockdown and OE‑VSNL1 treatment in hypoxia‑induced AC16 cardiomyocytes, 
assessed by qPCR. (G) LDH release was measured in treated AC16 cardiomyocytes, where the treatment consisted of VSNL1 overexpression, NPRB silencing 
and hypoxic exposure. (H) ROS levels were measured. Scale bar, 50 µm. *P<0.05; **P<0.01; ***P<0.001. VSNL1, visinin‑like protein 1; CNP, 2',3'‑cyclic 
nucleotide 3' phosphodiesterase; NPRB, natriuretic peptide receptor B; qPCR, quantitative PCR; OE‑NC, overexpression negative control; OE‑VSNL1, VSNL1 
overexpression; siRNA, small interfering RNA; si‑NC, siRNA negative control; si‑VSNL1, VSNL1 knockdown via siRNA; si‑NPRB, NPRB knockdown via 
siRNA; LDH, lactate dehydrogenase; ROS, reactive oxygen species.
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the present study demonstrated that VSNL1 overexpression 
markedly reduced intracellular Ca2+ levels in hypoxia‑exposed 
AC16 cells (Fig. 8D).

To further evaluate the role of the CNP/NPRB pathway in 
the VSNL1‑mediated anti‑apoptotic mechanism, NPRB was 
silenced in VSNL1‑overexpressing AC16 cells under hypoxic 
conditions. The results revealed that NPRB knockdown 
markedly interrupted the anti‑apoptotic effect of VSNL1 
by decreasing BCL‑2 expression while increasing BAX 
expression (Fig. 8E and F). Furthermore, NPRB silencing 
exacerbated cell injury compared with VSNL1 overexpression 
alone, as indicated by increased LDH release and elevated ROS 
levels (Fig. 8G and H). To confirm the efficiency of si‑NPRB 
transfection, western blot analysis was performed in cells 
transfected with si‑NPRB alone (without other treatments), 
and successful knockdown of NPRB was confirmed (Fig. S1). 
Taken together, these findings highlighted the critical role of 
CNP/NPRB as a downstream effector of VSNL1 in mitigating 
hypoxia‑induced cardiomyocyte apoptosis.

Discussion

The present study revealed downregulation of VSNL1 in both 
hypoxia‑treated AC16 cardiomyocytes and myocardial tissue 
from an AMI mouse model, suggesting its potential role in 
ischemia‑induced cardiac injury. Overexpression of VSNL1 
effectively mitigated hypoxia‑induced cardiomyocyte apop‑
tosis and alleviated associated cellular injury. Mechanically, 
VSNL1 decreased excessive ROS production and preserved 
the MMP in the early stages of apoptosis, through the regula‑
tion of CNP/NPRB signaling. The protective effect of VSNL1 
on cardiomyocyte apoptosis was further demonstrated by 
silencing of VSNL1, which exacerbated apoptosis. The results 
further demonstrated that VSNL1 attenuated hypoxia‑induced 
cardiomyocyte apoptosis and elucidated the relevant signaling 
pathways. These findings provided compelling evidence 
that VSNL1 protects cardiomyocytes from hypoxia‑induced 
apoptosis by modulating the CNP/NPRB signaling pathway 
(Fig. 9).

Consistent with previous findings that hypoxia induces 
apoptosis in cardiomyocytes (27,28), the data from the present 
study demonstrated that hypoxia triggered apoptosis in AC16 
cells. Emerging evidence highlights the role of VSNL1 in 
cardiac development (29), an area of growing interest in cardi‑
ology research. During early embryonic development, VSNL1 
is predominantly expressed in the crescent‑shaped heart region 
and, as development progresses, its expression shifts to become 
more concentrated in the atrial precursors, the venous system 
and the vascular plexus surrounding pulmonary structures (10). 
This dynamic expression pattern suggests that VSNL1 serves 
an important regulatory role in heart formation and structural 
establishment. In pathological contexts, downregulation of 
VSNL1 has been observed in myocardial infarction, potentially 
linked to oxidative stress or ischemic remodeling. However, 
its specific molecular and cellular roles in the heart remain 
incompletely understood (30). Aligning with these findings, 
the present study demonstrated a time‑dependent decrease in 
VSNL1 expression in hypoxia‑treated AC16 cardiomyocytes. 
Furthermore, VSNL1 knockdown markedly exacerbated apop‑
tosis under hypoxic conditions, whereas its overexpression 

alleviated these effects. These results underscore the pivotal 
role of VSNL1 in protecting cardiomyocytes from hypoxic 
injury by regulating apoptosis.

CNP, a key member of the natriuretic peptide family, 
regulates cardiovascular functions primarily by stimulating 
cGMP production through its receptor NPRB (31). Despite its 
low expression levels in the heart, CNP exerts notable para‑
crine effects on vascular tone, blood pressure, inflammation, 
angiogenesis and cardiomyocyte function  (32‑34). Through 
the NPRB signaling pathway, CNP provides cardioprotection 
by enhancing contractility, reducing fibrosis and stabilizing 
cardiac electrophysiology (35‑37). Notably, CNP expression is 
markedly reduced in failing ventricles, with its levels associated 
with disease severity and prognosis in conditions such as isch‑
emic and dilated cardiomyopathies (38). However, the precise 
mechanisms through which the CNP/NPRB pathway regulates 
cardiomyocyte apoptosis and maintains calcium homeostasis 
in HF remain poorly understood. In the present study, it was 
demonstrated that hypoxic conditions markedly reduced the 
expression levels of both CNP and NPRB in AC16 cardiomyo‑
cytes. Notably, VSNL1 overexpression activated the CNP/NPRB 
signaling pathway, whereas VSNL1 knockdown inhibited this 
pathway. Additionally, siRNA‑mediated knockdown of NPRB 
demonstrated that the reduction of NPRB expression partially 
compromised the anti‑apoptotic effects of VSNL1 overexpres‑
sion, providing novel insights into the role of the CNP/NPRB 
signaling pathway in regulating apoptosis in cardiomyocytes.

In HF, dysregulation of Ca2+ leads to abnormal myocardial 
contraction and diastole, disrupting cardiac function (39). CNP 
negatively regulates protein kinase A and calcium/calmod‑
ulin‑dependent protein kinase II activity through activation of 
the cGMP signaling pathway, while affecting Ca2+ transient 
amplitude, demonstrating a complex Ca2+ processing regula‑
tion (38). Furthermore, knockdown of the calcium‑sensing 
protein VSNL1 has been previously reported to downregulate 
key calcium‑handling proteins [such as sarcoplasmic/endo‑
plasmic reticulum calcium ATPase 2 (SERCA2) and ryanodine 
receptor 2 (RyR2)] and voltage‑dependent Ca2+ channels, 
indicating that VSNL1 may modulate myocardial Ca2+ homeo‑
stasis, possibly in synergy with the CNP/NPRB pathway (40). 
The present study demonstrated that hypoxic injury resulted 
in increased calcium ion levels, whereas overexpression 
of VSNL1 alleviated hypoxia‑induced calcium overload. 
Therefore, it was hypothesized that calcium ions serve as 
downstream effectors of the CNP/NPRB pathway, potentially 
mediated by cGMP‑dependent regulation of calcium‑handling 
proteins, which warrants further investigation.

Although the present study did not directly assess the 
downstream effectors of the CNP/NPRB signaling axis, accu‑
mulating evidence strongly supports the existence of a canonical 
CNP/NPRB/cGMP/protein kinase G (PKG) cascade mediating 
cardioprotective effects through regulation of oxidative stress, 
calcium homeostasis and mitochondrial integrity  (41‑44). 
Upon activation by CNP, NPRB stimulates membrane‑bound 
guanylyl cyclase activity, elevating intracellular cGMP levels, 
which in turn activate PKG, which is a key serine/threonine 
kinase involved in cardiomyocyte survival (41). PKG exerts 
anti‑apoptotic effects by inhibiting mitochondrial permeability 
transition pore opening through phosphorylation of targets 
such as cyclophilin D and voltage dependent anion channel 
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1, thereby preserving mitochondrial function and suppressing 
cytochrome c‑mediated apoptosis (42).

PKG serves a critical role in calcium handling by 
enhancing SERCA2a activity, inhibiting phospholamban and 
RyR2 function, and modulating Na+/Ca2+ exchanger activity. 
These actions collectively promote efficient sarcoplasmic 
reticulum Ca2+ reuptake, prevent cytosolic calcium overload 
and maintain contractility under pathological conditions such 
as ischemia‑reperfusion injury (43,44).

While the current study primarily focused on the upstream 
regulation and anti‑apoptotic effects of VSNL1 via the 

CNP/NPRB axis, elucidating the downstream signaling events 
is essential to comprehensively understand the mechanism. 
As a future research direction, it is intended to investigate the 
activation status of PKG and the expression or modulation of 
calcium‑handling proteins in response to VSNL1 regulation, 
using both molecular and functional assays. These future 
studies will aim to clarify whether the CNP/NPRB‑mediated 
cardioprotection involves cGMP signaling and calcium 
homeostasis pathways.

In the present study, overexpression of VSNL1 resulted 
in reduced ROS accumulation, stabilization of the MMP and 

Figure 9. Role of VSNL1 in hypoxic apoptosis and downstream mechanisms. VSNL1, visinin‑like protein 1; CNP, 2',3'‑cyclic nucleotide 3' phosphodiesterase; 
NPRB, natriuretic peptide receptor B; MMP, mitochondrial membrane potential; ROS, reactive oxygen species; LDH, lactate dehydrogenase; MDA, malonal‑
dehyde; CK‑MB, creatine kinase‑MB.
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attenuation of calcium dysregulation, which are phenotypes 
that closely mirror the known downstream effects of PKG acti‑
vation. As VSNL1 is a neuronal calcium sensor protein with 
EF‑hand motifs and high calcium affinity (45), it is plausible 
that VSNL1 synergizes with the CNP/NPRB/cGMP/PKG 
signaling axis to fine‑tune calcium flux and mitochondrial 
function, particularly within specialized microdomains such 
as the sarcoplasmic reticulum‑mitochondria interface.

It can be hypothesized that VSNL1 enhances the cardio‑
protective effects of CNP/NPRB signaling through the 
following pathways: i) Facilitating intracellular calcium 
buffering to mitigate calcium overload; ii) interacting with 
calcium‑handling proteins to stabilize their expression or 
phosphorylation; and iii) serving as a scaffolding protein that 
spatially couples PKG with its downstream effectors. While 
direct biochemical validation remains necessary, the current 
literature provides a robust theoretical framework supporting 
the involvement of the cGMP/PKG axis in mediating the 
cardioprotective effects observed with VSNL1 overexpres‑
sion (13,46). These insights establish a plausible mechanistic 
link between VSNL1 and natriuretic peptide signaling and 
highlight VSNL1 as a potential therapeutic node for ischemic 
heart disease.

In conclusion, the present study highlighted the role of 
VSNL1 in alleviating hypoxia‑induced cardiomyocyte apoptosis 
and the potential for developing novel therapeutic strategies, such 
as VSNL1 agonists, offering promising clinical implications. 
Nonetheless, an important limitation should be noted: While 
the AC16 cell line is of human origin, its phenotype differs from 
that of mature cardiomyocytes. To strengthen the reliability and 
clinical relevance of the findings of the present study, future 
research should validate these results using experimental animal 
models that more closely replicate the physiological conditions 
of the human heart, as well as primary cardiomyocytes. Such 
approaches will provide stronger evidence for translating these 
insights into therapeutic strategies.
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