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and cell injury in H9C2 cells through regulating the miR-22/TP53
axis
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Abstract. Long non-coding RNA (IncRNA) maternally expressed gene 3 (MEG3) is crucial in cerebral
ischemia/reperfusion and cardiovascular cell injury. However, the effect of IncRNA MEG3 on ferrop-
tosis due to myocardial ischemia/reperfusion is unknown. Hypoxia/reoxygenation (H/R) HOC2 cell
model was constructed. qRT-PCR detected MEG3, miR-22 and tumor protein 53 (TP53) expression,
and the location of MEG3 was assessed by RNA FISH. Dual luciferase assay was employed to verify
whether IncRNA MEGS3 targets and regulates miR-22. Cell counting kit-8 assay and EdU staining
assessed cell proliferation, and flow cytometry assessed apoptosis rate. The FerroOrange fluorescent
probe and Fe?" assay kit were used to detect Fe?" levels, and different kits to determine oxidative
stress and inflammatory factors levels. Ferroptosis-related proteins levels were assessed via Western
blot. H9C2 cell viability and proliferation were reduced, while apoptosis and pro-inflammatory
factors were elevated after H/R. IncRNA MEG3 was upregulated in H/R-treated HOC2 cells, overex-
pression MEG3 increased Fe>* and oxidative stress levels, up-regulated ferroptosis-related proteins,
and knockdown MEG3 reversed the above metrics. Additionally, MEG3 regulated miR-22/TP53
axis, silencing miR-22 promoted HIC2 cell injury and ferroptosis, whereas overexpression miR-22
increased the protective impact of knockdown MEG3 on H9C2 cells. IncRNA MEG3 promotes fer-
roptosis caused by H/R by modulating miR-22/TP53 in HIC2 cells.
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Highlights:

» IncRNA MEGS3 expression was elevated in H9C2 cells caused by hypoxia/reoxygenation (H/R)
+ IncRNA MEG3 promoted damage and ferroptosis caused by H/R in HIC2 cells

+ IncRNA MEG3 mediated miR-22/TP53 signaling

o IncRNA MEG3 promoted H9C2 cell injury and ferroptosis by mediating the miR-22/TP53 signaling

pathway

Introduction

Cardiovascular disease stands as a major public health
problems threatening human health worldwide, with acute
myocardial infarction (AMI) becoming the most clinically
dangerous subtype with the highest lethality and disability
rate (Goldsborough et al. 2022; Krittanawong et al. 2023).
Early reperfusion therapy can provide blood supply and
nutritional support to the ischemic region, thus avoiding
irreversible myocardial necrosis, making it the best op-
tion for individuals suffering from AMI (Saito et al. 2023).
However, clinical practice has revealed that the reperfusion
process can cause myocardial ischemia/reperfusion injury
(MIRI), the pathology of which encompasses the complex
physiological processes of reperfusion arrhythmia, myocar-
dial tonus, microvascular embolism, and lethal myocardial
damage (Frampton et al. 2023; Xiang et al. 2024). MIRI has
now become a major influence on AMI reperfusion efficacy
and patient prognosis (Liu C et al. 2023). In view of the
fact that the molecular regulatory network of MIRI is still
not fully understood, in-depth analysis of its pathological
mechanisms and exploration of effective prevention and
treatment targets have become important research directions
in the cardiovascular field.

Ferroptosis, a recently uncovered type of non-apoptotic
cell death, is influenced by multiple cellular metabolic
pathways, like redox homeostasis regulation, amino acid
metabolism, lipid peroxidation, and glycolysis (Jiang et al.
2021; Ashrafizadeh 2024). Mechanistic studies have shown
that when ferroptosis occurs in cells, the abnormal accumula-
tion of free Fe** causes a decline in glutathione peroxidase
4 (GPX4) activity, which disrupts the metabolic balance of
lipid peroxides and ultimately causes an increase in reactive
oxygen species (ROS) (Tang et al. 2021; Liang et al. 2022).
SLC7AL11 is a key protective protein that inhibits ferropto-
sis. Its downregulation leads to reduced cystine uptake and
insufficient GSH synthesis, resulting in decreased GPX4
activity and lipid peroxidation, ultimately triggering fer-
roptosis (Liu H et al. 2023; Ye et al. 2023). ACSL4 activates
long-chain fatty acids into acyl-CoA, providing substrates
for lipid synthesis, and its high expression is considered a key
marker of ferroptosis (Li et al. 2022). Research has suggested
that ferroptosis is linked to AMI development, and that
myocardial ischemia-reperfusion can induce ferroptosis,

and ferroptosis can also exacerbate MIRI (Zhao et al. 2021;
Cai et al. 2023). Therefore, interventions targeting ferroptosis
may be an effective way to mitigate MIRIL

Long non-coding RNA (IncRNA), are a type of RNA
that consists of over 200 nucleotides in length (Sangeeth et
al. 2022). It is generally believed that IncRNAs can regulate
downstream target mRNAs to affect target proteins ex-
pression and thus play a role in disease or physiological
processes through various pathways, a process that may be
accomplished through the competitive binding of IncRNAs
to miRNAs (Yan and Bu 2021). Several IncRNAs have been
found to exacerbate or alleviate MIRI symptoms in recent
years (Hsieh et al. 2021; Xiao et al. 2022). Zhao et al. (2023)
showed that inhibition of IncRNA maternally expressed
gene 3 (MEG3) expression protects cardiovascular cells and
ameliorates chronic inflammation. Importantly, Tang et al
(2023) found that knockdown of MEG3 attenuated imatinib-
induced cardiotoxicity and protected cardiomyocytes from
damage. In addition, silencing of IncRNA MEGS3 alleviated
H,0,-caused ferroptosis in lens epithelial cells (Zhang et
al. 2024). However, the impact of IncRNA MEG3 on MIRI-
induced ferroptosis in cardiomyocytes and the mechanism
of action are unknown.

MicroRNAs (miRNAs) are non-coding RNA mol-
ecules ranging from 10 to 22 nucleotides, which usually
downregulate gene expression via interacting with the
3" untranslated region (UTR) of target genes, which can
cause mRNA degradation or prevent translation (Ho et
al. 2022). Recent study has demonstrated that miR-22
offers protection to PC12 cells against damage caused by
ischemia and subsequent reperfusion (Jiao et al. 2020).
Tumor Protein 53 (TP53) gene, encodes the p53 protein,
anuclear protein with transcriptional regulatory functions
and is crucial for the cellular stress responses (Voskarides
and Giannopoulou 2023). Lin et al. (2023) revealed that
miR-22-3p could target and downregulate TP53 and thus
inhibit lung adenocarcinoma progression. Therefore, we
constructed a hypoxia/reoxygenation (H/R) cell model
to explore the impact of IncRNA MEG3 on ferroptosis in
cardiomyocytes caused by H/R, and to investigate whether
it acts by regulating miR-22/TP53 signaling. This research
sought to clarify how IncRNA MEG3 functions in regulat-
ing H/R injury and to identify novel targets of action for
the clinical treatment of MIRI.
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Materials and Methods

Cell culture and H/R processing

Rat cardiomyoblasts (H9C2, SNL-029) were acquired from
Sunncell Biotechnology (Wuhan, Hubei, China). Cells
were placed in sterile culture flasks and cultured in 10%
fetal bovine serum (SNS-001, Sunncell Biotechnology), 1%
penicillin/streptomycin (SNA-001, Sunncell Biotechnol-
ogy), 89% DMEM (SNM-002B, Sunncell Biotechnology).
The temperature during incubation was set at 37°C and the
incubation environment contained 95% air and 5% CO,.

Following the methods outlined by Wang et al. (2022)
and Hu et al. (2024), H9C2 cells were inoculated in 6-well
plates and cultured normally for 24 h. When the cell con-
fluence reached more than 70%, the medium was replaced
with a basal medium with no sugar and no serum, and cells
were transferred to an anoxic incubator with 95% N, and
5% CO,, where they were maintained at 37°C for 3 h. The
cells were subsequently moved to normal medium and
incubated at 37°C with 5% CO, for 3 h to construct the
H/R cell model.

MEGS3 knockdown plasmid (MEG3-KD), MEG3 overex-
pression plasmid (MEG3-OE) and corresponding controls
(MEG3-KD-NC, MEG3-OE-NC), as well as miR-22 mim-
ics and miR-22 inhibitor were synthesized by RiboBio Co.,
Ltd (Guangdong, China) were synthesized. Plasmids were
transfected into HI9C2 cells following the instructions for
Lipofectamine 3000 (L3000001, Invitrogen, Carlsbad, CA,
USA). Following a 48-hour transfection period, cells were
lysed sufficiently with Trizol reagent (15596018CN, Invitro-
gen) to extract RNA, and the efficiency of transfection was
reflected by detecting MEG3 and miR-22 expression in cells.

gRT-PCR

HIC2 cells were lysed utilizing Trizol reagent to extract to-
tal RNA. Subsequently, reverse transcriptase (HY-KE8004,
MedChemExpress, Monmouth Junction, NJ, USA) was
applied for reverse transcription reaction to synthesize com-
plementary DNA (cDNA). The cDNA served as a template
for PCR amplification of the target gene utilizing TB Green
FAST qPCR (CN830S, TAKARA, Tokyo, Japan) and by

PRISM 7300 RT-PCR system (ABI, Carlsbad, CA, USA) with
reference to the instructions. The target genes levels were
evaluated following the 272" method, with U6 serving as
an internal reference for miR-22 and MEG3, and GAPDH
acts as a reference for TP53. Primer sequences were shown
in Table 1.

RNA fluorescence in situ hybridization (FISH)

Referring to the method of Qin et al. (2023), the MEG3 FISH
probe was designed and provided by RiboBio Co., Ltd. HOC2
cells were inoculated on coverslips and cultured until the
density reached 80%, after which they were carefully rinsed
with PBS. Subsequently, cell crawls were covered with 4%
paraformaldehyde (P885233, Macklin, Shanghai, China)
for 25 min and washed by immersion in PBS for 5 min.
Cell crawls were treated with Triton X-100 (0.1%, T6328,
Macklin) for 10 min to improve the permeability of the cell
membrane and allow the probe to enter the cells more easily.
The probe was mixed well with Hybridization Buffer (diluted
at 1:50), covered the slide and incubated at 37°C overnight.
Then, it was incubated with FITC-labeled streptavidin
solution (A0316, Beyotime, Shanghai, China) at 37°C for
1 h and rinsed well with PBS. After the slides were dried,
DAPI-Antifade Solution (P0131, Beyotime) was added
dropwise, and after covering the coverslips, they were kept
in darkness for 20 min, washed once. Subsequently, images
were acquired using a fluorescence microscope (MF52-N,
Guangzhou Micro-shot Technology Co., Ltd., Guangdong,
China) in the FB-B-M channel (Ex = 470/40 nm, E, =
530/40 nm, target RNA) and the FB-U-M channel (E; =
375/28 nm, E, = 460/50 nm, cell nuclei).

Nucleus extraction and isolation

Nuclei and cytoplasm were isolated by a nucleus extraction
kit (ab219177, Abcam, Cambridge, MA, USA). HIC2 cells
underwent treatment with 0.25% trypsin (T6325, Macklin),
followed by the collection of the cell precipitate, and gently
rinsed twice with PBS. Referring to the kit instructions, the
cell precipitate was mixed well with 500 pl of Separation
Buffer, homogenized well and centrifuged. The centrifuged
precipitate contained the nucleus, and the supernatant con-

Table 1. The primer sequences utilized in this experiment

Gene Forward primer Reverse primer

TP53 5-AGCACGGCCTTTGTGGTAAA-3 5’-CCCAGCAACTACCAACCCAT-3
GAPDH 5-TGTAGGCTCATTTGCAGGGG-3’ 5-TCCCATTCCCCAGCTCTCTCAT-3’
MEG3 5-GAGCTGGAATAGAGCTCGCC-3’ 5-ATTTTATGGGGCTTGCGGGA-3’
miR-22 5-TGAGCCGCAGTAGTTCTTCAG-3 5-GGCAACAGTTCTTCAACTGGC-3’

U6 5-ACCGGGGTTGCATATCATGT-3’

5-TACAAGTGGACTGTGGCACC-3’
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tained the cytoplasm, cell membrane and mitochondria.
RNA was isolated from extracted nuclei and cytoplasm uti-
lizing Trizol reagent, and the expression of MEG3 in nuclei
and cytoplasm was analyzed using qRT-PCR.

Cell counting kit-8 (CCK-8) assay

HIC2 cells were seed into 96-well plates (1.5x10%/well),
and after the cells attached to the bottom of the well, they
were replaced with fresh medium. Following 24 h of incuba-
tion, 10% CCK-8 reagent (HY-K0301, MedChemExpress)
was introduced, shaken slightly to mix, and incubated for
2 h. ODys5¢ values were assessed using microplate reader
(1410101, Thermo Fisher Scientific, Waltham, MA, USA)
and then calculated the cell viability.

Ethynyl-2’-deoxyuridine (EAU) staining

HIC2 cells were gently washed with PBS to remove medium
residues. Added 10 uM EdU culture solution (C0075S, Beyo-
time), mixed thoroughly and incubated for 2 h in darkness.
The cell precipitate was collected after centrifugation, gently
rinsed with PBS and treated with 4% paraformaldehyde
for 20 min. The cells underwent permeabilization using
a0.3% Triton X-100 solution for 15 min, and then they were
incubated in the dark with the the Click reaction mixture
for 25 min. The slices were blocked with AntiFade mount-
ing medium (HY-K1047, MedChemExpress). Images were
acquired under fluorescence microscopy in the FB-G-M
channel (E; = 530/40 nm, E;, = 605/55 nm, EdU-positive)
and the FB-U-M channel (Ey = 375/28 nm, E;, = 460/50 nm,
cell nuclei), respectively, and cell counting were performed
using Image]1.54h software (Wavne Resband, National
Institute of Mental Health, USA).

Flow cytometry

HIC2 cells were gently rinsed with PBS, and the cell pre-
cipitate was gathered by centrifugation and mixed well
with Binding Buffer (500 pl). Added Annexin-V-APC (5 pl,
AP107-30, Multisciences Biotech, Co., Ltd., Hangzhou,
Zhejiang, China) and propidium iodide (PL, 5 ul), mixed
thoroughly, and incubated for 15 min in darkness. Fluores-
cence intensity was assessed via flow cytometry (BD FACS-
CaliburTM, BD biosciences, San Jose, CA, USA), while the
evaluation of the apoptosis rate was performed using Flow]Jo
software (v10.8, BD biosciences). The specific method was as
follows: SSC-H and FSC-H were used as the primary gate to
select the main cell population. For the main cell population,
FL2-H (PI) and FL4-H (APC) were used as the secondary
gate to analyze the proportions of cells in quadrants Q1, Q2,
Q3, and Q4. The sum of the proportions of cells in quadrants
Q2 and Q3 was defined as the apoptosis rate.

ELISA

Rat tumor necrosis factor-alpha (TNF-alpha, m1002859), in-
terleukin (IL)-10 (ml037371), IL-6 (ml064292), cardiac tro-
poninI (cTnl, ml059111) and creatine kinase-MB (CK-MB,
ml059533) ELISA kits were sourced from Enzyme-linked
Biotechnology (Shanghai, China). H9C2 cells supernatant
were gathered by centrifugation. After adding the cell super-
natant to the ELISA plate, it was left to incubate for 1.5 h.
Subsequently, the appropriate antibody was introduced
to each well and left to incubate for 1 h, then exposed to
horseradish peroxidase-labeled Streptavidin in darkness for
20 min. Then added Substrate A and Substrate B, incubated
and avoided light for 10 min, and mixed well with stop solu-
tion (50 pl), and the ODys5( value was measured.

Cellular ultrastructure assay

After HOC2 cells were treated differently, 0.25% trypsin
solution was added for digestion at 37°C for 5 min. The
digestion was terminated by adding complete medium,
and the cell precipitates were gathered by centrifugation.
After rinsing twice with pre-cooled PBS, cells were exposed
to 2.5% glutaraldehyde (G6257, Sigma-Aldrich, St. Louis,
MO, USA) at 4°C overnight. After rinsing 3 times with PBS,
added 1% osmium acid (05500, Sigma-Aldrich) and fixed
for 2 h away from light. Dehydration with graded ethanol
(30%, 50%, 70%, 80%, 90%) for 10 min each time was fol-
lowed by 100% ethanol twice. Next, the samples underwent
dehydration using 100% acetone for 10 min. After dehydra-
tion, cells were embedded and placed at 60°C for 48 h of
polymerization. Sections measuring 60 nm in thickness
were created, stained and dried after copper mesh fished.
A transmission electron microscope (HT7800, HITACHI,
Tokyo, Japan) was utilized to examine the sections, and the
pictures were recorded.

Measurement of Fe** levels

HIC2 cells were inoculated in 6-well cell culture plates
(with built-in slides), and when the cells grew to more than
80% density, the cell slides were removed and rinsed twice.
Added 1 puM FerroOrange fluorescent probe (MX4559,
Maokang Biotechnology, Shanghai, China) dropwise to the
surface of cell crawls, thoroughly mixed, and then allowed
to incubate for half one hour in darkness. Following the
reaction time, without any washing, the cells were observed
under a fluorescence microscope in the FB-G-M channel
(Ex =530/40 nm, E,;, = 605/55 nm), and images were cap-
tured, and the fluorescence intensity were quantified using
Image]1.54h software.

Fe?* levels were determined utilizing the Fe?" Assay Kit
(ab83366, Abcam). H9C2 cells were taken, trypsin digested
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and resuspended in PBS. Homogenize on ice with 5 times
the volume of cell suspension in iron assay buffer. The
supernatant was gathered, mixed well with iron reducing
agent and incubated for half an hour. Then, the iron probe
was introduced, mixed well, and allowed to incubate for
1 h. Immediately after the incubation, the ODs5g3 value was
examined by an enzyme marker to calculate the intracellular
Fe?* content.

Malondialdehyde (MDA) and superoxide dismutase (SOD)
levels measurement

H9C2 cell underwent a single wash with pre-cooled PBS,
treated with the SOD sample preparation solution (S0101S,
Beyotime), and fully lysed and centrifuged. The protein
level in the supernatant was examined by a BCA protein
concentration assay kit (P0012, Beyotime), and the protein
level was quantified as 50 pg. Subsequently, mixed well with
SOD detection buffer, treated at 37°C for 30 min, and the
absorbance was assessed at 450 nm. In addition, the cell lysis
supernatant was taken and the MDA level was determined
following the guidelines provided by the MDA Assay kit
(SO131S, Beyotime).

ROS level determination

H9C2 cells underwent two washes with PBS, followed
by the addition and mixing of DCFH-DA fluorescent
probe (10 uM, D6883, Sigma-Aldrich), and were then
incubated in darkness for 20 min. After centrifugation,
the cells were gathered, and the staining was observed
via fluorescence microscope in the FB-B-M channel (Ey
=470/40 nm, E, = 530/40 nm), DCFH-DA fluorescence
intensity was determined via ImageJ1.54h software to
calculate the ROS level.

Bioinformatics analysis

The potential target gene TP53 of miR-22-3p was screened by
TargetScan (https://www.targetscan.org/vert_80/), miRWalk
(http://129.206.7.150/) database.

Dual-luciferase reporter assay

The wild-type (WT) and mutant (MUT) dual-luciferase
reporter plasmids of MEG3 3'UTR were synthesized and
provided by RiboBio Co., Ltd. Lipofectamine 3000 was
used to transfect WT-MEG3 and miR-22 NC, WT-MEG3
and miR-22 mimics, MUT-MEG3 and miR-22 mimics,
MUT-MEG3 and miR-22 NC into H9C2 cells, respectively.
Following a 48-h incubation period, the cells were gathered
and the luciferase activity was assessed through the Dual-
Lucy Assay Kit (RG027, Beyotime).

Western blot

RIPA lysis buffer (P0013B, Beyotime) was added to HOC2
cells to fully lyse the cells for protein extraction. After the
lysis was completed, the protein level of the obtained sam-
ple was calculated through the BCA protein concentration
determination kit. Next, the extracted protein supernatant
was mixed well with SDS-PAGE protein loading buffer, and
the proteins were separated by SDS-PAGE electrophoresis.
Proteins were moved onto polyvinylidene difluoride mem-
branes (88518, Invitrogen) and incubated with 5% bovine
serum albumin for 2 h. After the washing procedure, the
membrane underwent incubation overnight with the prima-
ry antibodies solute carrier family 7 member 11 (SLC7A11,
PA1-16893,1:1000, Invitrogen), Acyl-CoA synthetase long-
chain family member 4 (ACSL4, ab205199, 1:1000, Abcam)
or glutathione peroxidase 4 (GPX4, MA5-32827, 1:10000,
Invitrogen) at 4°C. The following day, the membrane was
rinsed three times and then exposed to secondary antibody
(ab205718, 1:10000, Invitrogen) for 2 h. The developer (HY-
K2005, MedChemExpress) was prepared according to the
proportion in the instruction manual and evenly dropped
on the membrane, and scanned with a gel imaging system
(iBright CL1500, Invitrogen). The internal control used was
GAPDH (PA1-987, 1:1000, Invitrogen). After processing
the image with Image] software, the grayscale value of each
protein band was obtained, and the relative expression level
was calculated.

Statistical analysis

Every experiment was conducted a minimum of three times,
and data were presented as the average + standard devia-
tion. The statistical evaluation was carried out using SPSS
version 26.0 (IBM SPSS Statistics 26). A one-way analysis
of variance (ANOVA) was utilized to conduct multiple
comparisons between groups. For independent samples, if
they were normally distributed, Student’s ¢-test was used;
otherwise, nonparametric tests were used. p < 0.05 represents
a significant difference. Prism software (Graphpad 9.0) was
used for drawing.

Results

IncRNA MEG3 expression is upregulated in H/R-treated
HIC2 cells

First, we assessed MEG3 RNA expression in H9C2 cells after
H/R treatment through qRT-PCR, and MEG3 expression
was notably elevated after H/R (Fig. 1A). RNA FISH experi-
ments are commonly used for localization and quantita-
tive analysis of target RNAs in cells. We found that MEG3
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Figure 1. IncRNA MEGS3 is upregulated in H/R-induced H9C2 cells. A. MEG3 RNA expression in HIC2 cells after H/R treatment was
assessed through qRT-PCR. B. RNA FISH confirmed that RNA expression of MEG3 was elevated after H/R treatment and located in
the cytoplasm (40x, 50 um). C. MEG3 RNA expression in the nucleus and cytoplasm was detected via qRT-PCR, which suggested that
MEGS3 was expressed mainly in the cytoplasm. n = 5, *** p < 0.001 vs. Control.

levels were markedly elevated after H/R and located in the
cytoplasm (Fig. 1B). Next, we isolated the cytoplasm and
nucleus of H9C2 cells and found that MEG3 was mainly
expressed in the cytoplasm, aligning with the findings of
RNA FISH experiments (Fig. 1C). These findings indicated
that IncRNA MEG3 was upregulated after H/R, implying
that MEG3 might play a part in cell injury caused by H/R.

IncRNA MEG3 promotes HIC2 cell injury caused by H/R

To explore the influence of MEG3 on cell injury, we trans-
fected MEG3-OE or MEG3-KD into H9C2 cells. After
transfection with MEG3-OE, MEG3 expression in H9C2
cells was notably elevated, while transfection with MEG3-KD
caused a marked decrease in MEG3 expression, indicating
that transfection with MEG3-OE or MEG3-KD can effec-
tively regulate the expression of MEG3 and can be used for
subsequent functional experiments (Fig. 2A). CCK-8 assay
findings indicated that cell viability was notably diminished
after H/R, and transfection with MEG3-OE further reduced
the cell viability, but transfection with MEG3-KD caused
a notably increase in cell viability (Fig. 2B). Findings from
EdU staining revealed that H/R treatment notably reduced
EdU-positive cells number in H9C2 cells, and transfection
with MEG3-OE further reduced the proliferation ability, but
transfection with MEG3-KD caused a notable rise in the cell
proliferation ability (Fig. 2C,D). Moreover, flow cytometry
demonstrated that apoptosis rate was markedly increased
after H/R, and transfection with MEG3-OE further increased
the apoptosis rate, but transfection with MEG3-KD inhibited
apoptosis (Fig. 2E,F). In addition, we used ELISA Kkits to as-
sess biochemical markers and inflammatory factors levels in
HIC2 cells. The levels of cTnl, CK-MB, IL-6, and TNF-a were
markedly increased, while IL-10 level was notably decreased
after H/R treatment. After transfection with MEG3-OE,

cTnl, CK-MB, IL-6, and TNF-a levels were further elevated,
while IL-10 level was further decreased, but transfection with
MEG3-KD caused the opposite results (Fig. 2G). The above
findings indicated that H/R declined H9C2 cell viability, in-
hibited its proliferation, and promoted apoptosis and injury,
overexpression of MEG3 further promoted H9C2 cell injury,
whereas knockdown of MEG3 could protect H9C2 cells.

IncRNA MEG3 promotes ferroptosis caused by H/R in H9C2
cells

Research has shown that ferroptosis is crucial in cardio-
myocyte injury during H/R (Chen et al. 2023). Mitochon-
drial damage, elevated Fe?" levels and lipid peroxidation
are important hallmarks of ferroptosis (Xiao et al. 2024).
Transmission electron microscopy images showed that the
mitochondrial structure in HOC2 cells underwent obvious
pathological changes after H/R treatment, which were char-
acterized by distorted mitochondria, missing, fragmented
and swollen mitochondrial cristae, and tiny vacuoles in the
mitochondrial matrix. Overexpression of MEG3 further ag-
gravated mitochondrial damage, while knockdown of MEG3
caused a notable decline in mitochondrial damage, with
relatively intact mitochondrial cristae (Fig. 3A). Next, we
used FerroOrange fluorescent probe and Fe** level detection
kit to examine the impact of MEG3 on Fe?* level. H/R treat-
ment caused a marked increase in FerroOrangec fluorescence
intensity and Fe?" level, which was further increased by
overexpression of MEG3, whereas knockdown MEG3 pro-
duced contrary results (Fig. 3B). In addition, ROS and MDA
levels were notably increased, while SOD level was notably
declined after H/R treatment. Transfection with MEG3-OE
further elevated ROS and MDA levels and declined SOD
level, but transfection with MEG3-KD weakened the effects
of H/R treatment (Fig. 3C-E). Western blot results showed
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that after H/R, ferroptosis inhibitory proteins SLC7A11
and GPX4 levels were markedly reduced, while ferroptosis
marker protein ACSL4 level was notably increased in H9C2
cells. Transfection with MEG3-OE further enhanced the ef-
fects of H/R treatment, while transfection with MEG3-KD
attenuated the abnormal expression of these proteins (Fig.
3F). The findings indicated that H/R treatment can induce
ferroptosis of HIC2 cells, overexpression of MEG3 further
promotes ferroptosis of H9C2 cells, and knockdown MEG3
can hinder ferroptosis caused by H/R.

IncRNA MEG3 mediates miR-22/TP53 signaling

The downstream target gene of miR-22-3p, TP53, was
obtained by TargetScan and miRWalk database (Fig. 4A).
Subsequently, we investigated how MEG3 influences miR-
22/TP53 signaling. H/R treatment caused a notable decline
in miR-22 expression level; overexpression of MEG3 further
reduced miR-22 level, while knockdown MEG3 weakened
the impact of H/R treatment (Fig. 4B). H/R treatment also
caused a notable increase in TP53 level. Overexpression of
MEGS3 further increased the level of TP53, while knock-

down of MEG3 weakened the impact of H/R treatment (Fig.
4C). To further detect whether MEG3 targets and regulates
miR-22, we used Dual-Luciferase reporter assay to verify
the targeted binding of miR-22 and MEG3. The luciferase
signal in H9C2 cells was significantly declined after trans-
fection of WT-MEGS3, while transfection of MUT-MEG3
had no significant effect, further confirming that miR-22 is
a downstream target gene of MEG3 (Fig. 4D). Additionally,
H/R treatment caused a notable decline in miR-22 level
in HO9C2 cells, while knockdown MEG3 caused a rise in
miR-22. Transfection of miR-22 mimics further upregu-
lated miR-22, while miR-22 inhibitor caused a decline in
miR-22 expression, indicating that MEG3 targeted negative
regulation of miR-22 expression (Fig. 4E). Moreover, H/R
treatment significantly elevated TP53 expression, while
knockdown MEG3 caused a marked decrease in TP53
levels. Transfection of miR-22 mimics further declined
TP53 expression, while transfection of miR-22 inhibitor
caused upregulation of TP53 expression. These findings
indicated that H/R treatment reduced miR-22 levels and
increased TP53 levels, and MEG3 can regulate miR-22/
TP53 signaling.
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Figure 4. IncRNA MEG3 can mediate miR-22/TP53 signaling. A. Prediction of miR-22-3p target genes by TargetScan and miRWalk
databases. H/R treatment caused a decreased miR-22 level (B) and raised TP53 level (C) in H9C2 cells as measured by qRT-PCR.
Overexpression of MEG3 further enhanced the influence of H/R, while knockdown of MEG3 attenuated the impact of H/R. D. Dual
luciferase assay confirmed miR-22 as a target of IncRNA MEGS3. E. H/R treatment reduced miR-22 levels and increased TP53 expres-
sion as measured by qRT-PCR, whereas knockdown of MEG3 resulted in increased miR-22 levels and decreased TP53 levels, and
transfection with miR-22 mimics up-regulated miR-22 level and decreased TP53, whereas the opposite was true for transfection with

miR-22 inhibitor. n =
vs. H/ R+MEG3-KD-NC.

5,%% p < 0.01, *** p < 0.001 vs. Control; * p < 0.05, * p < 0.01, ** p < 0.001 vs. H/R+MEG3-OE-NC; ¥& p < 0.01
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Figure 5. IncRNA MEG3 mediates miR-22/TP53 signaling to promote H9C2 cell injury induced by H/R A. CCK-8 assay showed that
knockdown of MEG3 increased cell viability, which was further raised by transfection of miR-22 mimics, while the opposite was true
for transfection of miR-22 inhibitor. B. EAU staining measured knockdown of MEG3 raised the rate of EdU-positive cells, which was
further increased by transfection of miR-22 mimics, while miR-22 inhibitor decreased EdU-positive cells (40x, 50 pm). C. Knockdown
of MEGS3 resulted in decreased apoptosis as measured through flow cytometry, which was further decreased by transfection of miR-22
mimics, while miR-22 inhibitor raised the apoptosis rate. D. Knockdown of MEG3 decreased c¢Tnl, CK-MB, IL-6 and TNF-a levels and
raised IL-10 level as assessed by ELISA kits, and transfection of miR-22 mimics further raised the impact of knockdown MEG3, while
miR-22 inhibitor did the opposite. 1 = 5, *** p < 0.001 vs Control; ** p < 0.01, *** p < 0.001 vs H/R+MEG3-KD-NC; & p < 0.05, ¥&p < 0.01

vs H/R+MEG3-KD.

IncRNA MEG3 mediates miR-22/TP53 signaling to promote
HO9C2 cell injury caused by H/R

We hypothesized that MEG3 is involved in H9C2 cell
injury caused by H/R through influencing miR-22/TP53
signaling. In order to assess hypothesis, we investigated the
influence of overexpression or knockdown of miR-22 on
H9C2 cell injury. Knockdown of MEG3 increased HOC2
cell viability, and transfection of miR-22 mimics elevated
the effect of knockdown of MEG3 and further increased

H9C2 cell viability, whereas transfection of miR-22
inhibitor markedly declined cell viability (Fig. 5A). Ad-
ditionally, overexpression of miR-22 markedly increased
EdU-positive cells, and silencing miR-22 decreased the cell
proliferation ability (Fig. 5B). Not only that, overexpres-
sion miR-22 hindered H/R-caused apoptosis, and silencing
miR-22 resulted in a significantly higher apoptosis rate
(Fig. 5C). Notably, cTnl, CK-MB, IL-6, and TNF-a levels
were notably reduced after overexpression of miR-22, and
IL-10 level was markedly increased. Following silencing
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Ferroptosis /

miR-22, the levels of ¢Tnl, CK-MB, TNF-a, and IL-6 were
markedly increased, while IL-10 level was declined (Fig.
5D). These findings indicated that overexpression miR-22
further improved the protective impact of knockdown of
MEG3 on H9C2 cells, whereas silencing of miR-22 reduced
the effect of knockdown of MEG3, suggesting that MEG3
may promote cell injury caused by H/R through regulating
miR-22/TP53 signaling.

IncRNA MEG3 mediates miR-22/TP53 signaling to promote
HOIC2 cell injury induced by H/R

Finally, we explored whether MEG3 promotes ferroptosis
in H9C2 cells by modulating miR-22/TP53 signaling. Over-
expression miR-22 increased the protective role of MEG3
knockdown on mitochondria, alleviated H/R-caused mi-
tochondrial damage, and the mitochondrial cristae were
more intact, while silencing of miR-22 further aggravated
mitochondrial damage (Fig. 6A). Knockdown of MEG3
caused a notable decrease in Fe?* levels, ROS and MDA
levels and elevated SOD level, overexpression of miR-22
further improved the impact of knockdown MEG3, while
silencing miR-22 was opposite (Fig. 6B-D). Notably,
knockdown of MEG3 increased GPX4 and SLC7A11 lev-
els and decreased ACSL4 level in H/R-treated H9C2 cells,
whereas overexpression miR-22 further elevated the GPX4
and SLC7A11 levels and declined ACSL4 level, and silenc-
ing miR-22 attenuated the ferroptosis inhibitory effect of
knockdown MEG3 on H9C2 cells inhibition (Fig. 6E).
The above results indicated that overexpression miR-22
improved the impact of knockdown MEG3, while silencing
of miR-22 inhibited the protective impact of knockdown
MEGS3 on cells, suggesting that MEG3 could promote fer-
roptosis in HOC2 cells through regulating miR-22/TP53
signaling.

tion-induced ferroptosis. IncRNA MEG3 expression
was upregulated in H9C2 cells caused by H/R, and it
promoted H/R-caused cell injury and ferroptosis by
regulating miR-22/TP53 signaling.

Discussion

MIRI is a complex process with a series of pathophysiologic
changes occurring after blood flow is restored to the ischemic
region (Algoet et al. 2023). MIRI has been intensively studied
in several countries around the world and is now generally
recognized to be associated with oxidative stress, ferroptosis
in cardiomyocytes, abnormalities in glycolipid metabolism,
severe inflammatory responses and mitochondrial dam-
age (Zhou et al. 2021; Tian et al. 2023). Since the specific
pathogenesis of MIRI remain unclear, the therapeutic effect
of targeting MIRI is not satisfactory. Therefore, in-depth
investigation of its pathogenesis and exploration of potential
therapeutic targets are particularly necessary and urgent.
Referring to the previous research (Wang et al. 2022; Hu et al.
2024), we constructed an H/R-induced H9C2 cell model. As
astructural protein specific to cardiomyocytes, cTnl binds to
actin and myosin to form a complex that participates in the
regulation of myocardial contraction under normal physi-
ological conditions (Nobre Pacifico Pereira et al. 2022; Xie
etal. 2023). CK-MB, a myocardial tissue-specific isoenzyme,
encodes a gene that is highly selectively expressed in cardio-
myocytes (Xu et al. 2020). Under physiological conditions,
CK-MB participates in myocardial energy metabolism by
catalyzing the reversible phosphorylation reaction between
creatine and ATP, providing a critical energy buffer for
myocardial contraction (Chen et al. 2021). Once cardio-
myocytes are damaged due to ischemia, hypoxia, and other
pathological factors, the integrity of the cell membrane is
disrupted, and cTnI and CK-MB are released into the blood
circulation (Alnemer 2024). Both are therefore commonly
used in clinical practice to assess myocardial injury and are
important indicators for the diagnosis of AMI. After H/R,
the survival and proliferation of HIC2 cells were reduced,
the apoptosis rate was increased, and cTnl and CK-MB levels
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were also increased, so it can be judged that the HIC2 cell
injury model was successfully constructed.

In recent years, IncRNA MEG3 has attracted much atten-
tion in the study of ischemic pathological mechanisms. Yao et
al. (2024) demonstrated that IncRNA MEG3 could regulate
the hnRNPA1/Sirt2 pathway, exacerbate mitochondrial dys-
function induced by cerebral ischemia/reperfusion, promote
oxidative stress. Li et al. (2020) indicated that IncRNA MEG3
was upregulated in mouse and microglia models of cerebral
ischemia/reperfusion injury, and silencing of MEG3 allevi-
ated injury and reduced inflammatory cytokines levels and
inhibited M1 macrophage polarization. Nonetheless, there is
still a research gap regarding the function of IncRNA MEG3
in MIRI-induced cardiomyocyte injury. In our study, MEG3
RNA expression level was raised after H/R, and localized in
the cytoplasm in H9C2 cells, implying that MEG3 might
be involved in H9C2 cell injury induced by H/R. Next, we
transfected MEG3 overexpression or knockdown plasmids
into H9C2 cells and found that overexpression of MEG3
promoted H/R-induced impairment of HOC2 cell viability,
causing declined cell viability and proliferation, elevated
apoptosis, and increased ¢Tnl, CK-MB and inflammatory
factors levels. In contrast, knockdown of MEG3 attenuated
H/R-induced H9C2 cell damage, suggesting that interven-
tions targeting the IncRNA MEG3 may be a potential way
to ameliorate MIRL

Aberrant activation of ferroptosis as a new form of pro-
grammed cell death in MIRI is closely linked with cardio-
myocyte injury (Gao et al. 2023; Liu C et al. 2023). Although
MEG3 has been shown to affect chondrocyte ferroptosis
by modulating downstream signaling pathways (Zhu et al.
2024), whether MEG3 is involved in the pathologic develop-
ment of MIRI by interfering with ferroptosis remains to be
explored in depth. The elucidation of this scientific question
will provide a novel perspective to unravel the molecular
mechanisms of MIRI and lay the theoretical foundation
for the development of myocardial protection strategies
targeting MEG3. Ferroptosis involves multiple mechanisms,
including Fe?" accumulation, lipid peroxidation, depletion
of reduced glutathione, and reduced GPX4 activity (Cepelak
et al. 2020). GPX4, a core enzyme in the regulation of cel-
lular redox homeostasis, is responsible for preventing the
formation of lipid peroxides, with MDA being a major
product of lipid peroxidation (Ursini and Maiorino 2020).
SLC7AL11, a cystine/glutamate countertransporter protein,
is a crucial protein in the modulation of ferroptosis, it is
responsible for transporting extracellular cysteine into cells,
where it is converted into cystine, and thereby promoting
the synthesis of glutathione (GSH), a crucial intracellular
antioxidant (Koppula et al. 2021). ACSL4 regulates the cel-
lular lipid peroxidation response, and its upregulation causes
the accumulation of lipid peroxidation products, and can
exacerbate ferroptosis in cardiomyocytes and is considered

a key marker and molecular target of ferroptosis (Cui et al.
2024). Previous study have demonstrated that in H9C2 cells
undergoing ferroptosis, SLC7A1 expression is upregulated
while ACSL4 expression is downregulated (Yang et al. 2025).
In our study, H/R treatment caused ferroptosis, as evidenced
by significant mitochondrial damage, elevated Fe?*, ROS
and MDA levels, reduced SOD levels, GPX4 and SLC7A11
expression, and elevated ACSL4 protein levels in H9C2 cells,
which is in agreement with previous findings (Bai et al. 2021;
Wang et al. 2022). Overexpression of MEG3 aggravated H/R
treatment-induced ferroptosis, while knockdown of MEG3
reduced MDA and ROS levels, inhibited the accumulation
of Fe?" levels, and attenuated the aberrant expression of
ferroptosis-associated proteins, suggesting that knockdown
MEGS3 alleviated ferroptosis induced by H/R.

Numerous researches have shown that IncRNAs can
regulate various diseases or physiological processes by acting
as endogenous competing RNAs, binding to miRNAs, and
deregulating the post-transcriptional repression of miRNAs
on mRNAs of target genes (Karagkouni et al. 2021; Zhu et al.
2023). Therefore, we hypothesized that IncRNA MEG3 may
act by regulating the expression of downstream miRNAs.
miR-22 is important in the pathological process of AMI and
cardiac remodeling after AMI, and can effectively inhibit au-
tophagy in cardiac cells and suppress ventricular remodeling
after myocardial infarction (Gupta et al. 2016). In addition,
overexpression of miR-22 inhibited tumor cell ferroptosis
caused by ferroptosis inducers (Yuan et al. 2023). Notably,
Suetal. (2018) found by bioinformatics analysis that IncRNA
MEGS3 could target to negatively regulate miR-22. miR-22
in turn can target and regulate TP53 (Lin et al. 2023), we
therefore explored whether IncRNA MEG3 acts by regulating
the miR-22/TP53 axis. We discovered that H/R treatment
declined miR-22 levels and heightened TP53 levels, while
knockdown of MEG3 resulted in increased miR-22 levels
and decreased TP53 levels, suggesting that MEG3 regulates
miR-22/TP53 signaling. Not only that, overexpression miR-
22 improved the protective impact of knockdown MEG3 on
H9C2 cells, but silencing miR-22 promoted H/R-induced
injury and ferroptosis, confirming that MEG3 promotes
H/R injury by regulating miR-22/TP53 signaling (Fig. 7).

Conclusion

H/R reduced H9C2 cell viability and induced its ferroptosis,
and IncRNA MEGS3 further exacerbated cell injury and fer-
roptosis process induced by H/R. Notably, we discovered
a novel mechanism by which IncRNA MEG3 promotes
ferroptosis by modulating miR-22/TP53 signaling, which
in turn exacerbates H/R-caused H9C2 cell injury. Based
on this, intervention strategies targeting IncRNA MEG3
and miR-22/TP53 signaling pathways could be a potential



204

Ma et al.

therapeutic direction to combat MIRI. Despite the findings of
this research, certain constraints remain, and future studies
can deeply verify the mechanism of MEG3 and the specific
effects of pathway regulation by constructing animal models.
In conclusion, IncRNA MEG3 and miR-22/TP53 signaling
provide a new research direction for MIRI treatment, war-
ranting further exploration in future studies.
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