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Background: Myocardial ischemia-reperfusion injury (IRI) is a critical pathological process impacting clinical outcomes after
cardiac events. While the voltage-dependent anion channel 1 (VDAC1) has been implicated in IRI progression, the role of its
isoform, VDAC2, remains less defined. Herein, we investigated the specific role and potential mechanism of VDAC?2 in myocardial
IRI.

Methods: H9c2 cardiomyocytes of rats were transfected and underwent hypoxia/reoxygenation (H/R) modeling, after which
treatment with Rapamycin was performed. Key molecules, including VDAC2, autophagy-related proteins, and mechanistic
target of rapamycin complex 1 (nTORC1) signaling components, were quantified using quantitative real-time PCR and Western
Blotting. Cell viability and apoptosis were assessed via Cell Counting Kit-8 assay and flow cytometry. Creatine kinase (CK) and
lactate dehydrogenase (LDH) activities, along with Fe>" content, were measured to evaluate myocardial injury and ferroptosis.
Results: VDAC2 expression was promoted in H/R-induced H9¢c2 cells. VDAC?2 silencing promoted viability and suppressed
apoptosis of H/R-induced H9¢c2 cells. VDAC?2 silencing reversed H/R-induced down-regulation of mTORCI1 signaling (p-
mTOR/mTOR and p-p70s6k/p70s6k ratios), and up-regulation of CK and LDH activities, Fe>" content, and autophagy markers
(Beclin-1 and LC3B-1I/LC3B-I ratio) in H9¢2 cells. However, Rapamycin reversed the protective effect of VDAC?2 silencing on
H/R-induced H9c2 cells, as evidenced by enhanced autophagy and apoptosis, elevated Fe?" levels, and decreased viability.
Conclusion: VDAC?2 silencing alleviates myocardial IRI potentially through modulation of autophagy and ferroptosis-related
processes of cardiomyocytes. These findings identify a novel role of VDAC?2 in IRI pathogenesis and position it as a promising
candidate for therapeutic intervention in cardiac reperfusion injury.
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Introduction

Ischemic heart disease (IHD) is a life-threatening con-
dition globally [1], the most severe manifestation of which
is acute myocardial infarction, imposing substantial bur-
dens on both society and individuals [2,3]. The coronary
artery perfusion thrombolysis remains the primary, effec-
tive treatment regimen for acute myocardial infarction [4].
However, this therapeutic intervention paradoxically initi-
ates myocardial ischemia-reperfusion injury (IRI), a com-
plication with an increasing morbidity rate [5]. Increased
autophagy has been reported to be a hallmark of IRI [6,7].
Given the high incidence of IRI and the limited efficacy of
current treatment methods, exploring novel anti-IRI inter-
ventions is of great significance.

MiR-183-5p has been confirmed to attenuate myocar-
dial IRI via down-regulating Voltage Dependent Anion-
selective Channel 1 (VDACI1) in mice [8]. As one of the

channels in mitochondria and another isoform of the VDAC
family, VDAC?2 has emerged as a critical regulator of car-
diac physiology and pathology. Accumulating evidence
highlights the pivotal role of VDAC?2 in maintaining cardiac
homeostasis; VDAC?2 is implicated in cardiac local Ca?*
signaling via facilitating mitochondrial Ca?* uptake and re-
stricting Ca%* spark expansion [9,10]. In addition, pharma-
cological activation of VDAC2 with the small molecule ef-
sevin enhances mitochondrial Ca?* uptake, restores cardiac
rhythmicity in arrhythmia models, and improves contrac-
tile function in failing hearts [11,12]. These observations
have positioned VDAC2 as a promising therapeutic target
for heart failure and cardiac arrhythmias. Beyond its estab-
lished role in Ca®* homeostasis, recent evidence has linked
VDAC?2 to myocardial IRI. Using integrated bioinformatics
and experimental validation, a study identified VDAC2 as
one of seven key ferroptosis-related genes significantly as-
sociated with myocardial IRI, with in vivo experiments con-
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firming its differential expression in IRI [13]. This finding
suggests that VDAC2 may contribute to IRI pathogenesis
through mechanisms beyond Ca?* regulation, potentially
involving ferroptosis, a novel form of regulated cell death
characterized by iron-dependent lipid peroxidation.

Moreover, VDAC2 has been identified as a direct tar-
get that suppresses mechanistic target of rapamycin com-
plex 1 (mTORCY1) signaling [14]. Interestingly, mTORC1
signaling regulates many metabolic and physiological pro-
cesses in different tissues and promotes cell growth via
activating key anabolic processes, while the dysregula-
tion of mTORCI causes several diseases, including can-
cer and diabetes [15,16]. The mTORCI1 signaling has
also been found to participate in and modulate inflam-
matory activation, and activated protein C suppresses
this signaling via cryoprotective mechanisms in the treat-
ment of IRI [17,18]. Autophagy-related proteins, includ-
ing mTOR (a key protein in mTORCI1 signaling) and
Beclin-1, are involved in the treatment of IRI [19]. Be-
sides, Circ_ ZNF512-mediated miR-181d-5p inhibition lim-
its cardiomyocyte autophagy and promotes myocardial IRI
through an EGR1/mTORC1/TFEB-based mechanism [20].
The downregulation of lysosomal-associated transmem-
brane protein 4B (LAPTM4B) contributes to myocardial
I/R-induced impairment of autophagic flux via modulation
ofthe mMTORCI1/TFEB pathway [21]. Considering that both
ferroptosis and autophagy are implicated in myocardial IRI
[22], we speculated that VDAC2 may impact IRI by regu-
lating ferroptosis and apoptosis via the mTORC signaling
pathway.

Herein, we explored the role of VDAC2 in regulat-
ing H/R-induced ferroptosis of cardiomyocytes through the
modulation of mMTORCI1 signaling, with the aim of provid-
ing new insights into the pathogenesis of myocardial IRI.

Materials and Methods

Cell Culture

Rat myocardial cells H9c2 (CRL-1446, American
type culture collection, Manassas, VA, USA) were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)
(11965092, Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 10% fetal bovine serum (FBS;
10099141, Thermo Fisher Scientific, Waltham, MA, USA)
and 1% Penicillin-Streptomycin Solution (C0222, Bey-
otime, Shanghai, China). Cells were first thawed ina 37 °C-
water bath and then placed in an incubator (ICA175, IRM
Technology GmbH, Beijing, China) (37 °C, 5% COy). All
cell lines were authenticated via short tandem repeat (STR)
profiling and simultaneously tested for mycoplasma con-
tamination, with negative results.

Transfection

Small interfering RNA (siRNA) targeting VDAC2
(siVDAC?2, siG10831100912-1-5) and its negative control
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(siNC, siN0000001-1-5) were purchased from RIBOBIO
(China) and transfected into H9¢2 cells. Lipofectamine™
2000 Transfection Reagent (11668030, Thermo Fisher Sci-
entific, Waltham, MA, USA) was used for cell transfection.
Cells were incubated in a 6-well plate (140675, Thermo
Fisher Scientific, Waltham, MA, USA) until reaching 80%
confluence. 25 pL diluted siRNA was mixed with 25 pL
diluted Lipofectamine® 2000 Reagent in medium at a 1:1
ratio (5 min, room temperature (RT)). The resulting 10 pL
siRNA-lipid complex was then added to cells. After 48 h
of incubation, cells were harvested for further experiments.

Cell Treatment

First, H9¢2 cells were divided into Control and H/R
groups. Cells in the H/R group were cultured in glucose-
free and FBS-free DMEM (4 h, hypoxia conditions, 5%
COa2, 1% O3, 94% No, 37 °C), and reoxygenated (37 °C,
5% COg, 24 h) in DMEM containing 10% FBS [23]. Cells
in the control group were cultured under normal conditions
at 37 °C with 5% COs.

Next, four groups were established, including Control
(normal culture), H/R, H/R + siNC, and H/R + siVDAC?2.
Cells in the last two groups were transfected with siNC and
siVDAC?2, respectively. Then H9¢2 cells in all groups ex-
cept the Control group experienced hypoxia (4 h) followed
by reoxygenation (24 h).

Lastly, H/R, H/R + siNC, H/R + siVDAC2 and H/R
+ siVDAC2 + Rapamycin (Rap; HY-10219, MedChemEx-
press, Princeton, NJ, USA) groups were established. Cells
in the H/R + siNC and H/R + siVDAC?2 groups were trans-
fected with siNC or siVDAC2 and underwent hypoxia and
reoxygenation. Cells in the H/R + siVDAC2 + Rap group
were transfected with siVDAC2, exposed to hypoxia and
reoxygenated, and cultured in DMEM containing 1 uM Ra-
pamycin (the inhibitor of mTORCI signaling pathway).

Cell Viability

HO9c¢2 cells were seeded in a 96-well plate (163320,
Thermo Fisher Scientific, Waltham, MA, USA), after the
indicated treatment, cell viability was detected with Cell
Counting Kit-8 (CCK-8, HY-K0301, MedChemExpress,
Princeton, NJ, USA). 10 uL CCK-8 solution was incubated
with cells in a 96-well plate for 1 h. Absorbance at 450
nm was measured using a microplate analyzer (Bk-EL10c,
BIOBASE, China).

Western Blotting (WB)

1 x 106 cells were washed with phosphate-buffered
saline (PBS; C0221A, Beyotime, Shanghai, China) and
lysed in 1 mL of RIPA Lysis Buffer (P0013C, Beyotime,
Shanghai, China) containing protease inhibitor cocktail
(P1011, Beyotime, Shanghai, China) in EP tubes (3810X,
RUNYAO BIOLOGY, Nanjing, China) to extract total pro-
tein. Protein concentration was determined using the BCA
protein quantitative kit (DQ111-01, TransGen, Beijing,
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China). Electrophoretic separation was performed by load-
ing 20 pL protein samples onto SDS-PAGE (NW0412C,
Thermo Fisher Scientific, Waltham, MA, USA). Proteins
were then transferred onto PVDF membranes (88585,
Thermo Fisher Scientific, Waltham, MA, USA), which
were blocked with nonfat milk (BI-WB023, Sbjbio, Nan-
jing, China) and incubated with primary antibodies (16 h,
4 °C). After washing with Tris-Buffered Saline with 0.1%
Tween 20 (TBST; ST673, Beyotime, Shanghai, China)
on the shaker (thrice, 5 min/time, RT), the membrane
was incubated with the secondary antibodies (1 h, RT),
and washed with TBST (10 min). The primary and sec-
ondary antibodies included VDAC2 (ab126120, 1:500,
Abcam, Cambridge, UK), p70s6k (ab186753, 1:1000,
Abcam, Cambridge, UK), phosphorylated p70s6k (p-
p70s6k) (ab60948, 1:1000, Abcam, Cambridge, UK), Be-
clin 1 (ab62557, 1:100, Abcam, Cambridge, UK), LC3B
(ab192890, 1:2000, Abcam, Cambridge, UK), p-mTOR
(#2971, 1:1000, Cell Signaling Technology, Danvers, MA,
USA), mTOR (ab32028, 1:1000, Abcam, Cambridge, UK),
p-4EBP1 (ab278686, 1:1000, Abcam, Cambridge, UK),
4EBP1 (ab32024, 1:2000, Abcam, Cambridge, UK), (-
actin (internal control; ab8226, 1:5000, Abcam, Cam-
bridge, UK), Goat Anti-Rabbit IgG H&L (HRP) (ab6721,
1:10,000, Abcam, Cambridge, UK), Goat Anti-Mouse IgG
H&L (HRP) (ab6789, 1:10,000, Abcam, Cambridge, UK).
Finally, protein signals were visualized by enhanced chemi-
luminescence (ECL). In brief, membranes were incubated
with mixed ECL substrate (Reagents A:B = 1:1; 17097,
Thermo Fisher Scientific, Waltham, MA, USA) and imaged
(12012165, Bio-Rad, Hercules, CA, USA).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from H9c2 cells with
TRIzol™ Reagent (15596-026, Thermo Fisher Scientific,
Waltham, MA, USA). Briefly, cells were lysed in 1 mL
of TRIzol (2 min), and the homogenate was transferred
into 1 mL EP tubes (3810X, RUNYAO BIOLOGY, Nan-
jing, China), followed by mixing with 200 pL chloro-
form (151823-50G, Merck, Darmstadt, Germany), shak-
ing for 20 s and centrifugation at 4000 xg and 4 °C for
15 min (Sorvall Legend MicroCL 17/21, Thermo Fisher
Scientific, Waltham, MA, USA). The collected aqueous
phase was mixed with 500 pL isopropyl alcohol for 10
min (W292907, Merck, Darmstadt, Germany). After cen-
trifugation (12,000 xg, 10 min, 4 °C), the precipitated
RNA was washed with 1 mL of 75% ethanol prepared
from 100% ethanol (PHR1373, Merck, Darmstadt, Ger-
many) and DEPC-ddH;O (SJ01-A, dmdbiomed, Suzhou,
China). The RNA precipitate obtained by centrifugation
(12,000 xg, 5 min, 4 °C) was dissolved in 30 pLL RNase-
free HO (10977023, Thermo Fisher Scientific, Waltham,
MA, USA), followed by RNA concentration measurement
with a spectrophotometer (DR6000, HACH, Loveland, CO,
USA).

Following reverse transcription of RNA into cDNA
(PrimeScript RT Master Mix; RR036A-1, TAKARA, Otsu,
Shiga, Japan), the reaction system containing 2 pL 5 x
PrimeScript RT Master Mix (Perfect Real Time), total RNA
and 10 pL RNase-free ddH2O were prepared on ice, and
incubated together (37 °C, 15 min; 85 °C, 5 s; 4 °C). Then,
Real SYBR Mixture (HS0613, HOOSEEN BIOLOGY,
Beijing, China) was used. The cDNA template, primers, 2
x SYBR Mixture, and DEPC-ddH>O were dissolved and
placed on ice for subsequent use. A 20 uL reaction mixture
was prepared containing 10 pL 2 x SYBR Mixture, 0.5 pL
forward primers, 0.5 pL reverse primers, 1 pL. cDNA and 8
pL DEPC-ddH;O. The thermal cycling program was set as
follows: initial denaturation at 95 °C for 5 min; 35 cycles of
denaturation at 95 °C for 30 s and combined annealing and
extension at 60 °C for 1 min. Using the 222t method,
relative mRNA expression levels were calculated [24]. (-
actin served as an internal control. Primers used included:
VDAC2 sense, 5'-GTGCCATGGTGTGCATGTTT-3’
and antisense, 5'-TGTTTGGGGTTACCAAAGTGA-3’,
B-actin sense, 5'-CCTGGCACCCAGCACAAT-3’ and
antisense, 5'-GGGCCGGACTCGTCATAC-3'.

Enzyme-Linked Immunosorbent Assay (ELISA)

Rat Creatine Kinase (CK)-MB ELISA Kit (ml059533,
mlbio, Shanghai, China) and Rat Lactate dehydrogenase
(LDH) ELISA Kit (ml059178, mlbio, Shanghai, China)
were used to measure CK and LDH activities in the cul-
ture medium supernatant. The standard was diluted 1:1
with sample diluent and added to the reaction wells. Then,
50 pL of standard solution, 50 pL of sample and 50 pL
of biotin-labeled antibody were added to each well and co-
incubated at 37 °C for 1 h. Wells were then washed with
wash solution (30 s, thrice). Subsequently, 80 pL of affinity
streptomycin-HRP was added to each sample well and incu-
bated (37 °C, 30 min), followed by three additional washes.
Samples were further incubated with 50 pL of substrate A
and 50 pL of substrate B at 37 °C for 10 min in the dark,
followed by color development (37 °C, 10 min), which was
terminated by adding 50 uL of stop buffer. The OD value
(450 nm) detection was performed using a spectrophotome-
ter (DR6000, HACH, Loveland, CO, USA).

Iron Content Detection

Ferrous iron (Fe?1) content in H9¢2 cells was mea-
sured using an Iron Assay Kit (MAKO025, Merck, Darm-
stadt, Germany). First, a 1 mM standard solution was pre-
pared by diluting 10 pL of 100 mM Iron Standard in 990
pL of water. Next, 0, 2, 4, 6, 8 or 10 pL of the | mM
standard solution was added to 96-well plates to generate
0-10 nmol/well standards, and the volume was adjusted to
100 pL with Iron Assay Buffer, followed by the addition
of 5 uL of Iron Reducer to each standard well. 2 x 108
HO9c¢2 cells were then homogenized in 8 volumes of Iron
Assay Buffer and then centrifuged (16,000 xg, 4 °C, 10
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Fig. 1. The expression of VDAC2 was elevated in H/R-induced H9c¢2 cells. (A,B) VDAC2 expression in H9¢c2 cells experiencing
4-h hypoxia and 24-h reoxygenation in the H/R group, as shown by qRT-PCR (A) and WB assay (B). An independent samples ¢-test

was employed for comparison between two groups. (C) Transfection efficiency in H9¢c2 cells transfected with siVDAC2 or siNC (qRT-

PCR, B-actin as an internal control). One-way ANOVA was used for multi-group comparison, followed by Tukey’s post-hoc test. Data
are derived from independent experiments (n = 3). **p < 0.01, ***p < 0.001 vs. Control; "*p < 0.001 vs. siNC. VDAC2, voltage-

dependent anion channel 2; H/R, hypoxia/reoxygenation; qRT-PCR, Quantitative real-time PCR; WB, Western blotting; siNC, small

interfering negative control; ANOVA, analysis of variance.

min). For the sample wells, 20 puL of the supernatant was
added, and the volume was adjusted to 100 pL with Iron As-
say Buffer, without adding Iron Reducer. After mixing (A
mini shaker, EO001, Beyotime, Shanghai, China) and incu-
bation (30 min, 25 °C), 100 uL of Iron Probe was added to
each well containing standards and samples. The plate was
mixed again and incubated for 60 min at 25 °C (protected
from light). Absorbance (593 nm) detection was completed
using a spectrophotometer.

Cell Apoptosis Assay

Annexin V-FITC Apoptosis Detection Kit (C1062S,
Beyotime, Shanghai, China) was used to measure H9c2
cell apoptosis. Treated H9c2 cells were centrifuged (1000
xg, 10 min) and resuspended in PBS. Then, 5 x 10* cells
were centrifuged (1000 xg, 5 min) and suspended in 195
pL of Annexin V-FITC binding buffer. After that, 5 uL
of Annexin V-FITC and propidium iodide staining solu-
tion were added sequentially. The mixture was incubated
(15 min, 25 °C, darkness) and then transferred to an ice
bath, followed by apoptosis analysis using a flow cytometer
(A24863, Thermo Fisher Scientific, Waltham, MA, USA).

Statistical Analysis

All statistical analyses were conducted using Graph-
Pad Prism 8.0 (GraphPad, San Diego, CA, USA). Mea-
surement data are expressed as mean + standard deviation.
An independent samples #-test was employed for compar-
ison between two groups. One-way analysis of variance
(ANOVA) was used for multi-group comparison, followed
by Tukey’s post-hoc test. A p-value < 0.05 was considered
statistically significant.

Results

The Expression of VDAC2 Was Improved in
H/R-Induced H9c2 Cells

VDAC2 expression in H9c2 cells was quantified
using WB and qRT-PCR. Results indicated significantly
up-regulated VDAC2 in H9c2 cells in the H/R group
(Fig. 1A,B, p < 0.01). The data then showed that VDAC2
expression was significantly lower in the siVDAC2 group
compared with the siNC group, implying successful trans-
fection (Fig. 1C, p < 0.001).
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Fig. 2. VDAC?2 silencing attenuated the effect of H/R on viability, apoptosis, CK and LDH activities, and Fe>" content in H9¢2
cells. (A) The cell viability (Cell counting kit-8) was detected in each group. (B,C) CK and LDH activities in medium supernatant

(ELISA) were detected in each group. (D,E) Cell apoptosis (flow cytometer) was detected in each group. (F) Fe>* content (spec-

trophotometer) was detected in each group. One-way ANOVA was used for multi-group comparison, followed by Tukey’s post-hoc
test. Data are derived from independent experiments (n = 3). ***p < 0.001 vs. Control; " p < 0.001 vs. H/R + siNC. H/R, hy-

poxia/reoxygenation; qRT-PCR, Quantitative real-time PCR; WB, Western blotting; CK, Creatine kinase; LDH, Lactate dehydrogenase;

ELISA, Enzyme-linked immunosorbent assay; siNC, small interfering negative control.

VDAC? Silencing Attenuated the Effects of H/R on
Viability, Apoptosis, CK and LDH Activities, and
Fe** Content in H9¢2 Cells

CCK-8 data revealed that cell viability was notably re-
duced in the H/R group (Fig. 2A, p < 0.001), but higher in
the H/R + siVDAC2 group than in the H/R + siNC group
(Fig. 2A, p < 0.001), denoting that VDAC?2 silencing re-
versed the inhibitory effect of H/R conditions on cell via-
bility. ELISA analysis showed that CK and LDH activities
were significantly increased in the H/R group (Fig. 2B,C,
p < 0.001), and decreased in the H/R + siVDAC2 group

(Fig. 2B,C, p < 0.001), suggesting that VDAC2 knockdown
attenuated the H/R-induced increases in CK and LDH ac-
tivities in H9¢2 cells. Furthermore, H/R stimulation signifi-
cantly increased H9¢2 cell apoptosis (Fig. 2D,E, p < 0.001).
In contrast to the H/R + siNC group, the H/R + siVDAC2
group displayed reduced H9c2 cell apoptosis (Fig. 2D,E,
p < 0.001), indicating that VDAC2 knockdown abrogated
H/R-induced promotion of cell apoptosis. Fe?>* content in
HO9c¢2 cells was measured using an Iron Assay Kit and was
increased after H/R induction but reduced by siVDAC?2 in
H/R-induced cells (Fig. 2F, p < 0.001).
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Fig. 3. VDAC2 silencing reversed the effects of H/R on the protein levels related to autophagy and mTORCT1 signaling. (A,B) The
expression of autophagy/mTORI1 signaling pathway-related proteins (Beclin-1, LC3B-II/LC3B-I, p-mTOR/mTOR, p-p70s6k/p70s6k)
(Western Blotting, 5-actin as an internal control). One-way ANOVA was used for multi-group comparison, followed by Tukey’s post-
hoc test. Data are derived from independent experiments (n = 3). ***p < 0.001 vs. Control; "p < 0.01, ""p < 0.001 vs. H/R + siNC.

H/R, hypoxia/reoxygenation; mTORCI, mechanistic target of rapamycin complex 1.

VDAC?2 Silencing Counteracted H/R-Induced
Up-Regulation of Beclin-1 and LC3B-1I/LC3B-I and
Down-Regulation of p-mTOR/mTOR and
p-p70s6k/p70s6k

Expression levels of mTORC1 pathway/autophagy-
related proteins were assessed using WB. Beclin-1 and
LC3B-II/LC3B-I levels were increased by the H/R condi-
tion, but the trend was reversed by siVDAC2 (Fig. 3A, p
< 0.01), manifesting as decreased autophagy. The results
further showed down-regulation of p-mTOR/mTOR and p-
p70s6k/p70s6k in H/R-induced H9c2 cells (Fig. 3B, p <
0.001), which was attenuated by siVDAC2, as evidenced
by up-regulation of p-mTOR/mTOR and p-p70s6k/p70s6k
(Fig. 3B, p < 0.001).

Rap Neutralized the Effects of VDAC2 Silencing on

Viability, Apoptosis, Fe*T Content, Autophagy and
mTORC1 Signaling in H/R-Induced H9c?2 Cells

mTORCI1 signaling pathway-related proteins (p-
mTOR, mTOR, p-4EBP and 4EBP) were measured using
WB. Compared with the H/R + siNC group, the H/R +
siVDAC?2 group exhibited elevated p-mTOR/mTOR and p-
4EBPI1/4EBPI ratios (Fig. 4A, p < 0.001). Results also
revealed that these two ratios were lower in the H/R +
siVDAC2 + Rap group than the H/R + siVDAC2 group

(Fig. 4A, p < 0.001). Furthermore, VDAC2 silencing ac-
tivated mTORCI1 signaling, an effect that was reversed by
Rap. CCK-8 results further revealed that H9¢2 cell viabil-
ity was promoted by siVDAC2 but subsequently suppressed
by Rap (Fig. 4B, p < 0.001). WB analysis of autophagy-
related proteins indicated that Beclin-1 and LC3B-II/LC3B-
I levels were reduced in H9¢2 cells upon VDAC?2 silenc-
ing (Fig. 4C, p < 0.001); however, Rap intervention re-
stored these autophagic markers (Fig. 4C, p < 0.05). H9c2
cell apoptosis was attenuated in the H/R + siVDAC2 group
(Fig.4D.E, p < 0.001). In contrast, apoptosis was increased
in the H/R + siVDAC?2 + Rap group (Fig. 4D,E, p < 0.01).
Additionally, compared with the H/R + siNC group, the
H/R + siVDAC2 group presented decreased levels of Fe?*
in H9¢2 cells (Fig. 4F, p < 0.001), which was subsequently
reversed by Rap intervention (Fig. 4F, p < 0.01).

Discussion

Myocardial IRI, a consequence of severe impairment
of coronary blood supply, contributes to several clinical
syndromes [23]. Numerous therapeutic strategies have
been explored for the treatment of myocardial IRI. For ex-
ample, targeting cardiac innervation through peripheral and
central nerve stimulation has been proposed as a cardiopro-
tective strategy [25]. Modulating key molecular pathways,
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Fig. 4. Rap reversed the effects of VDAC2 silencing on autophagy, mTORC1 signaling, cell apoptosis and Fe?*content. (A)
The p-mTOR/mTOR and p-4EBP1/4EBP1 levels (Western Blotting) in different groups. (B) Cell viability (Cell counting kit-8). (C)
Autophagy-related proteins (Beclin-1, LC3B-II/-I) (WB). (D,E) Cell apoptosis (Annexin V-FITC Apoptosis Detection Kit). (F) Fe*"
content (Iron Assay Kit). [-actin acted as an internal control. One-way ANOVA was used for multi-group comparison, followed by

Tukey’s post-hoc test. Data are derived from independent experiments (n = 3). ***p < 0.001 vs. H/R + siNC; *p < 0.05, #p < 0.01,
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such as STAT and MAPK, has also been proven to effec-
tively mitigate myocardial IRI [26,27].

VDAC?2, a mitochondrial porin and VDACI isoform,
can be used as a hallmark of tumor cell apoptosis and a
direct mediator of ceramide-mediated cell death in anti-
cancer treatment [28,29]. Besides, VDAC2 activation by
efsevin suppresses arrhythmogenesis, indicating a poten-
tial role in antiarrhythmic therapy [30]. Based on exist-
ing findings, our study further investigated the underlying
mechanism of VDAC2 in myocardial IRI. In our study,
VDAC?2 expression was elevated in H/R-induced cells,
while VDAC?2 silencing attenuated cell apoptosis and au-
tophagy, suggesting the involvement of VDAC?2 in the pro-
gression of myocardial IRI. Accordingly, we further inves-
tigated the mechanism of VDAC2 in H/R-induced H9c2
cells.

Moderate IRI preserves cell function and activates re-
covery systems for survival, while severe IRI induces cell
death via apoptotic and necrotic pathways [31]. More-
over, myocardial IRI activates cellular survival programs
to regulate reactive oxygen species generation and reduce

< 0.001 vs. H/R +siVDAC2. H/R, hypoxia/reoxygenation; Rap, Rapamycin.

cell damage. Research has found that apoptosis and au-
tophagy in H9¢2 cells can be activated by (Pro)renin recep-
tor through the -catenin signaling pathway [32]. Besides,
myocardial IRI is associated with residual iron following
myocardial hemorrhage [33]. VDAC?2 can suppress erastin-
induced ferroptosis in melanoma, while autophagy activa-
tion is necessary for the induction of ferroptosis in normal
cells [34]. LC3B-II, LC3B-I and Beclin-1 are autophagy
factors, participating in cell proliferation, survival, migra-
tion and invasion. Herein, we discovered that VDAC2 si-
lencing inhibited LC3B-II/LC3B-I and Beclin-1 levels in
HO9c2 cells, indicating that VDAC2 knockdown inhibited
autophagy, which in turn suppressed ferroptosis.

The interplay between autophagy and ferroptosis in
myocardial IRI has recently emerged as a critical mecha-
nistic axis. It has been reported that STING directly tar-
gets glutathione peroxidase 4 (GPX4) to facilitate its au-
tophagic degradation during myocardial I/R injury, thereby
promoting ferroptosis [35]. Furthermore, a comprehen-
sive review highlighted that autophagy-dependent ferrop-
tosis plays a central role in myocardial IRI pathogenesis,
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with mTOR as a key co-regulatory molecule integrating
both pathways [36]. In addition, curcumin attenuates my-
ocardial IRI by inhibiting autophagy-dependent ferroptosis
via the Sirt]/AKT/FoxO3a signaling pathway, further sup-
porting the therapeutic potential of targeting this crosstalk
[37]. Collectively, these studies establish the autophagy-
ferroptosis axis as a central pathogenic mechanism in my-
ocardial IRI [35-38].

According to previous research, VDACI functions as
a novel upstream regulator of mTOR signaling in endothe-
lial cells, and its overexpression aggravates myocardial IRI
under conditions of mMTORC?2 deficiency [39]. Moreover,
VDAC2 and VDACI can attenuate the production of Cy-
clin D1 and inhibit mTORC1 signaling in colon cancer cells
[40]. Also, the mTORCI signaling protects H9c2 cells
against myocardial IRI by REDDI depletion [41]. Herein,
VDAC?2 silencing activated the mTORCI signaling path-
way and suppressed cell autophagy to mitigate myocardial
IRI. To further verify the mechanism of VDAC2 in the
mTORCI signaling pathway, we treated cells with Rap, an
inhibitor of mMTORCI [42], and found that Rap reversed the
effect of siVDAC2 on myocardial IRI. Rapamycin is a well-
established selective inhibitor of mMTORC 1, and its effective
inhibition in cardiomyocyte H/R models has been widely
validated [43,44]. Although the inhibitory efficiency of Ra-
pamycin was not independently quantified in this study, its
ability to functionally reverse the siVDAC2-induced phe-
notypes (mTORCI1 signaling, autophagy, cell apoptosis and
Fe?* content) provides evidence of effective mTORCI in-
hibition and supports the conclusion that VDAC2 exerts its
protective effects, at least in part, through modulation of
mTORCI signaling.

Conclusion

In conclusion, we demonstrated that VDAC2 defi-
ciency can regulate autophagy and ferroptosis in myocar-
dial IRI cell models. However, our experiment only ana-
lyzed the regulatory effect of VDAC2 in vitro, and its role
in vivo has yet to be confirmed. Future studies using animal
models will be essential to validate these findings. Collec-
tively, our findings lay the groundwork for future in vivo
experiments and theoretical exploration of VDAC2.
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