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Abstract

Background: Myocardial ischemia-reperfusion (I/R) injury represents themajor obstacle to achieving successful therapeutic outcomes in
acute myocardial infarction patients. Fat mass and obesity-associated protein (Fto), an N6-methyladenosine (m6A) RNA demethylase,
has been shown to protect cardiomyocytes against oxygen-glucose deprivation/reperfusion-mediated injury by regulating annexin A1
(Anxa1) expression in vitro. The present study aims to confirm the cardioprotective role of the Fto/Anxa1 axis using in vivo myocardial
I/R injury models. Methods: Wild-type (WT) and Anxa1 knockout (KO) mice underwent 30-min left coronary artery ligation and 2-h
reperfusion after intramyocardial delivery of recombinant adeno-associated virus serotype 9 encoding Fto (adFto) or a control vector
(adnull). The effects of Fto overexpression on cardiac function, fibrosis, apoptosis, and inflammatory response were examined using
echocardiography, Masson’s trichrome staining, western blot analysis, enzyme-linked immunosorbent assay, and immunohistochemical
staining. m6A-RNA immunoprecipitation-quantitative polymerase chain reaction quantified Anxa1 mRNA methylation. Results: Fto
overexpression by adFto significantly improved cardiac function, reduced serum creatine kinase-myocardial band and troponin T levels,
and alleviated cardiac fibrosis in I/R-injuredWTmice. Mechanistically, Fto weakened I/R-induced global m6A levels and decreasedm6A
enrichment on Anxa1 mRNA, thereby enhancing Anxa1 expression. In Anxa1 KO mice, adFto did not confer functional or molecular
benefit. Conclusions: Fto enhances Anxa1 and mitigates myocardial I/R injury with suppression of nucleotide-binding oligomerization
domain-, leucine-rich repeat-, and pyrin domain- containing receptor 3 (Nlrp3)-inflammasome signaling in vivo, identifying the Fto-
Anxa1 axis as a mechanistic contributor and potential therapeutic target.
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1. Introduction
Acute myocardial infarction (MI), resulting from

acute coronary artery occlusion, represents a leading cause
of mortality among cardiovascular disease patients [1]. Al-
though timely reperfusion remains the most effective clini-
cal strategy for myocardial salvage, revascularization para-
doxically triggers myocardial ischemia-reperfusion (I/R)
injury, contributing to approximately 50% of the final in-
farct size [2]. Current therapeutic strategies for myocardial
I/R injury primarily encompass non-pharmacological in-
terventions, pharmacological therapies, and administration
of human-induced pluripotent stem cells, yet clinical tri-
als have demonstrated suboptimal outcomes [3,4]. Conse-
quently, elucidating the molecular pathways governing my-
ocardial I/R injury progression and identifying novel thera-
peutic targets for effective clinical interventions are imper-
ative.

Dynamic RNA epigenetic modifications, especially
the reversible N6-methyladenosine (m6A) methylation, are
increasingly recognized as pivotal regulators in cardio-
vascular pathophysiology [5]. m6A is installed by the

Methyltransferase-like (Mettl)3-Mettl14 complex and re-
moved by the demethylase Fat mass and obesity-associated
protein (Fto), enabling rapid remodeling of mRNA fate in
response to stress [6,7]. During acute stress, m6A land-
scapes are reprogrammed to control the translation and sta-
bility of selective transcripts, thereby modulating adaptive
responses [8]. In the heart, abrupt I/R and chronic comor-
bidities such as diabetes and hypertension represent pro-
totypical stress contexts in which such post-transcriptional
control becomes crucial. As a critical m6A demethylase,
Fto is implicated in the pathogenesis of various cardiovas-
cular disorders [9]. Yang et al. [10] revealed that Fto al-
leviates doxorubicin-induced cardiotoxicity by activating
the cyclin-dependent kinase inhibitor 1A (P21)/nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) pathway via m6A
demethylation of tumor protein p53 or P21/Nrf2. More-
over, Fto mitigates myocardial I/R injury by inhibiting
nucleotide-binding oligomerization domain-, leucine-rich
repeat-, and pyrin domain- containing receptor 3 (Nlrp3)-
mediated pyroptosis via regulating casitas B lineage lym-
phoma mRNA stability and its dependent β-catenin ubiq-
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uitination/degradation [11]. The importance of mitochon-
drial homeostasis in myocardial I/R is well supported by
experimental evidence, highlighting it as a targetable node
in cardio-protection [12]. Consistently, Fto protects the my-
ocardium via m6A-dependent stabilization of peroxisome
proliferator-activated receptor gamma coactivator 1 alpha
mRNA, leading to enhanced mitochondrial biogenesis and
reduced oxidative stress [13]. Although Fto has been estab-
lished to engage inmyocardial I/R injury, themechanism by
which it mediates has not been fully elucidated.

As an endogenous anti-inflammatory molecule, An-
nexin A1 (Anxa1) plays a pivotal role in modulating in-
flammatory responses and cell survival [14]. Available ev-
idence suggested that Anxa1 is closely associated with my-
ocardial I/R injury. Recombinant Anxa1 reduces infarct
size by 50% [15], and administration of Anxa1-derived pep-
tide Ac2-26 shrinks infarct size and reduces myeloperoxi-
dase and interleukin (IL)-1β levels in infarcted hearts [16].
Qin et al. [17] disclosed that endogenous administration
of Ac2-26 boosts cardiomyocyte viability and recuperates
left ventricular function at the onset of reperfusion. How-
ever, a clinical trial uncovered that elevated Anxa1 levels
are associated with severe congestion, worsened renal func-
tion, severe disease, and worse prognosis in patients with
acute heart failure and impaired renal function [18]. Our
findings demonstrated that Fto-mediated demethylation of
Anxa1 attenuatesNlrp3-mediated pyroptosis and inflamma-
tion, thereby protecting cardiomyocytes from I/R injury at
the cell level in vitro [19], yet the cardioprotective effects of
the Fto/Anxa1/Nlrp3 axis in a complex living environment
still need to be validated by animal experiments.

The study focused on verifying the epigenetic regu-
latory mechanism of the Fto/Anxa1/Nlrp3 axis in myocar-
dial I/R injury in animal models, thereby providing poten-
tial therapeutic targets for novel interventions.

2. Materials and Methods
2.1 Animals

All experimental procedures involving animals were
undertaken in accordance with the National Institutes of
Health guidelines and received approval from the Animal
Care and Use Committee of Jiaxing University Medical
College (Approval No. JUMC2021-095). Wild type (WT)
C57BL/6 mice (6–8 weeks old; Cyagen, Suzhou, Jiangsu,
China) and Anxa1 knockout (KO) mice with a C57BL/6
background (6–8 weeks old; Cyagen, Suzhou, Jiangsu,
China) were maintained in a specific pathogen-free facil-
ity under controlled conditions: relative humidity 40–70%,
ambient temperature of 20–25 °C, 12-h light/dark cycle,
and free access to food/water. Euthanasia was induced by
placing animals in a chamber pre-filled with 100%medical-
grade CO2 at a flow rate displacing 30–70% of the cham-
ber volume per minute. After ≥5 min post-respiratory ar-
rest, cervical dislocation was performed at the C1–C2 ver-
tebrae to confirm death. To eliminate potential confounding

effects of female sex hormones, only male mice were uti-
lized. To minimize bias, a randomized allocation protocol
was implemented. Mice were randomly assigned to either
experimental or control cohorts. Cardiac I/R injury model-
ing and echocardiographic assessments were conducted by
an operator blinded to group assignments. Group alloca-
tion information was concealed from the operator through-
out both the experimental execution and subsequent data
analysis phases, ensuring blinding integrity.

2.2 Mouse MI Model
Following standard procedures, mice underwent a

transient left anterior descending (LAD) coronary artery oc-
clusion to induce cardiac I/R injury. Under general anes-
thesia (2% isoflurane), mice underwent endotracheal intu-
bation with mechanical ventilation support. A 5-mm left
thoracotomy between the 4th and 5th intercostal spaces was
performed to expose the cardiac apex. A silk suture (8-0)
was positioned 2–3 mm distal to the LAD origin, adjacent
to the junction of the left atrial appendage and pulmonary
artery. Coronary occlusion was achieved by tightening the
suture loop, with successful ischemia induction confirmed
by ST-segment elevation on continuous electrocardiogram
monitoring and pallor of the distal myocardium. Following
30min of ischemia, reperfusion (2 h) was initiated by suture
release, evidenced bymyocardial blush restoration. Postop-
eratively, mice were allowed to recover from anesthesia on
a warm pad with ad libitum access to water and moistened
chow. Sham-operated mice underwent identical procedures
except for coronary occlusion (no LAD ligation).

2.3 Animal Grouping
WT mice were randomized into 3 groups in part I

(sham, MI + adnull, andMI + adFto; n = 6). WT and Anxa1
KOmicewere respectively randomized into 3 groups in part
II (sham, MI + adnull, and MI + adFto; n = 6). Fto overex-
pression was achieved in MI mice via intramyocardial in-
jection of a recombinant adeno-associated virus serotype
9 vector (AVV9) encoding Fto (adFto). Both adFto and
a control vector (adnull) were purchased from Genechem
(Shanghai, China). To ensure sufficient protein overexpres-
sion during cardiac I/R injury, intramyocardial delivery of
ad vectors (adFto/adnull, 1× 109 vg/mouse) was performed
via left ventricular multi-point injection. Using a 30-gauge
ultrafine needle coupled to an insulin syringe, a total of 20
µL AAV9 was delivered as four 5 µL intramyocardial in-
jections into the left-ventricular anterior wall bordering the
ischemic area, from apex to base, using a 30-gauge Hamil-
ton syringe, with approximately 60 s per site [20].

2.4 Transthoracic Echocardiography (Echo)
Cardiac functional evaluation was performed us-

ing a transthoracic echocardiography (RMV-707B; Visu-
alSonics, Toronto, ON, Canada) with a Vevo 2100 high-
resolution imaging system (FujiFilm VisualSonics, Inc.,
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Toronto, ON, Canada) equipped with a 40-MHz single-
element transducer. Following anesthesia induction via
2% isoflurane, mice were maintained under 0.8–1.5% va-
porized isoflurane through a gas anesthesia system. M-
mode acquisitions were obtained from parasternal long-axis
views at papillary muscle level, with 3 consecutive cardiac
cycles recorded for offline analysis. Left ventricular func-
tional indices, including ejection fraction (EF) and frac-
tional shortening (FS).

2.5 Serum Biochemical Analysis

Serum samples were obtained through retro-orbital
venous plexus puncture under isoflurane anesthesia
(2%–3% for induction and 1%–2% for maintenance).
Whole blood was processed by centrifugation (3000
×g, 15 min, 4 °C) to isolate serum supernatant. Car-
diac injury biomarkers, including Troponin T (TnT)
and creatine kinase-myocardial band isoenzyme (CK-
MB) were quantified using species-specific ELISA kits
(#MBS761403/#MBS2701855; MyBiosource, San Diego,
CA, USA) following standardized protocols.

2.6 Reverse Transcriptase-Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA isolation from heart tissues was con-
ducted with TRIeasyTM total RNA extraction reagent
(#10606ES60; Yeasen, Shanghai, China) following
standard protocols. First-strand complementary DNA
(cDNA) synthesis was subsequently performed using
Hifair® II 1st strand cDNA synthesis kit (#11119ES60;
Yeasen, Shanghai, China). Quantitative PCR amplifi-
cation was achieved with Hieff® qPCR SYBR green
master mix (high Rox plus; #11203ES08; Yeasen). Gene
expression was quantified using the 2−∆∆CT method,
normalized to glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) expression [21]. Amplification by quantitative
PCR employed the subsequent primer sets: Gapdh,
Forward-5′-CATCACTGCCACCCAGAAGACTG-3′,
Reverse-5′-ATGCCAGTGAGCTTCCCGTTCAG-3′;
Anxa1, Forward-5′-TGTATCCTCGGATGTTGCTGCC-
3′, Reverse-5′- CCATTCTCCTGTAAGTACGCGG-3′.

2.7 Western Blot

Cardiac tissue homogenization was performed in ra-
dioimmune precipitation assay buffer (#G2002; Servicebio,
Wuhan, Hubei, China) supplemented with phenylmethane-
sulfonyl fluoride (1 mM; #G2008; Servicebio, Wuhan,
Hubei, China). Prior to electrophoresis, the protein con-
centration in each sample was measured with a commercial
bicinchoninic acid assay kit (#G2026; Servicebio, Wuhan,
Hubei, China). Equal amounts of lysates were resolved
through 10–12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and electrophoretically transferred onto
polyvinylidene fluoride membranes, followed by blocking
with 5% skim milk/Tris-buffered saline with 0.1% Tween-

20. The membranes were immuno-detected with primary
antibodies against Fto, Anxa1, B cell lymphoma-2 (Bcl-
2), Bcl-2-associated X protein (Bax), apoptosis-associated
speck-like protein (ASC), cleaved-Caspase 1 (cle-Caspase
1), pro-Caspase 1, Nlrp3, gasdermin D-N-terminal do-
main (N-Gsdmd), gasdermin D (Gsdmd), and Gapdh. In-
formation on all antibodies is displayed in Supplemen-
tary Table 1. After TBST washing, the membranes were
probed with a secondary antibody at ambient temperature
for 60 min. Protein signals were developed using an en-
hanced ECL chemiluminescent substrate kit (#36222ES76;
Yeasen). Immunoreactive bands were quantified densito-
metrically using ImageJ software (1.54p; NIH, Bethesda,
MD, USA), with Gapdh serving as the loading control.

2.8 Enzyme-Linked Immunosorbent Assay (ELISA)
The cardiac tissues were cut into small pieces, ho-

mogenized, and centrifuged to get the supernatants (5
min, 5000 ×g). The harvested supernatants were em-
ployed for the detection of pro-inflammatory cytokines
tumor necrosis factor alpha (TNF-α), IL-6, and IL-
1β. All detection steps were performed in strict ac-
cordance with the instructions provided with the ELISA
kit (#MBS2124239/#MBS450807/#MBS2021142; My-
Biosource, San Diego, CA, USA).

2.9 Masson’s Trichrome Staining
Cardiac tissues were harvested and fixed in 4%

paraformaldehyde (#E672002; Sangon, Shanghai, China),
followed by embedding into paraffin and sectioning at 4 µm
intervals. Subsequently, the sections underwent deparaf-
finization, dehydration via xylene, and ethanol gradient im-
mersion, followed by Masson’s trichrome staining accord-
ing to standard procedures. Collagen fiber content was an-
alyzed according to the following equation: Collagen fiber
(%) = (blue area pixels/total area pixels) × 100%.

2.10 Total m6A Detection
Total RNA samples prepared with TRIzol extraction

reagent were subjected to m6A quantification via the m6A
RNA methylation quantification kit (#P-9005; Epigentek,
Flushing, NY, USA). RNA aliquots (200 ng/sample) were
sequentially incubated with capture antibody, detection an-
tibody, enhancer solution, and chromogenic substrate in 96-
well plates. Absorbance values at 450 nm were measured
with a microplate reader (Bio-Rad, Hercules, CA, USA),
where experimental values were derived from established
standard curve calculations.

2.11 m6A-RNA Immunoprecipitation (RIP)-Quantitative
Polymerase Chain Reaction (qPCR)

Total RNA from left ventricles was extracted with
TRIzol and treated with DNase I. m6A RNA immunopre-
cipitation (IP) was performed using an anti-m6A antibody
with species-matched IgG as a negative control according to
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the manufacturer’s protocol. Information on all antibodies
is displayed in Supplementary Table 1. After IP, RNAwas
purified, reverse-transcribed, and qPCR was carried out for
Anxa1. Enrichment was quantified as % input and as fold
over IgG.

2.12 Immunohistochemistry (IHC) Staining
Paraffin-embedded cardiac tissues were sectioned into

4 µm sections for IHC analysis with a 3,3-diaminobenzidine
(DAB) detection system. Endogenous peroxidase was in-
activated by sequential deparaffinization, rehydration, and
15-min incubation in 3% H2O2-methanol solution, fol-
lowed by 20-min antigen retrieval at 95 °C. Tissue sec-
tions were treated overnight at 4 °Cwith anti-Nlrp3 primary
antibody (#D261589; at 1:25 dilution; Sangon, Shanghai,
China), followed by 30-min incubation with a secondary
antibody (#D110073; at 1:1000 dilution; Sangon, Shang-
hai, China). Reaction products were visualized after coun-
terstaining with the ultra-sensitive horseradish the catalase
DAB color kit (#C510023; Sangon, Shanghai, China). Im-
ages were captured at 100× magnification using a micro-
scope (Olympus, Tokyo, Japan).

2.13 Statistical Analysis
Experimental results are presented asmean± standard

error of mean (SEM) (minimum 3 repeats). Analyses were
conducted in GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA), with multi-group comparisons meeting
normality and homogeneity of variance assumptions ana-
lyzed by one-/two-way analysis of variance (ANOVA) and
Tukey’s multiple comparisons test. Statistical significance
was defined at p < 0.05.

3. Results
3.1 Fto Overexpression Attenuates Cardiac I/R Injury and
Elevates Anxa1 Expression in Mouse Models

To verify that Fto-mediated m6A demethylation of
Anxa1 mitigates cardiac I/R injury in vivo, we injected
adFto or adnull intramyocardially in mice, followed by per-
forming the MI surgery and reperfusion (Fig. 1A). Changes
in Fto protein levels were detected in heart samples. As ex-
pected, MI mouse-derived heart samples possessed lower
Fto protein levels than those from sham mice, and admin-
istration of adFto increased Fto protein levels in heart sam-
ples from MI mice (Fig. 1B). Cardiac function was as-
sessed by Echo, as displayed in Fig. 1C. We observed sig-
nificant reductions in both EF (56.17% vs. 34.00%, p <

0.001) and FS (35.67% vs. 12.67%, p < 0.001) values in
the hearts of mice subjected to MI, but Fto overexpression
improved these reductions (EF: 34.00% vs. 46.67%, p <

0.001; FS: 12.67% vs. 20.67%, p < 0.001) (Fig. 1D,E).
The myocardial injury parameters CK-MB and TnT in the
serum of MI mice were significantly higher than those of
sham mice (CK-MB: 149.7 mg/mL vs. 902.5 mg/mL, p
< 0.001; TnT: 2.34 pg/mL vs. 15.02 pg/mL, p < 0.001),

yet ectopic expression of Fto ameliorated serum CK-MB
(902.5 mg/mL vs. 606.6 mg/mL, p < 0.001) and TnT
(15.02 pg/mL vs. 12.63 pg/mL, p < 0.001) levels for MI
mice (Fig. 1F,G). Masson’s staining showed a higher con-
tent of collagen fibers in MI mouse-derived heart tissues
(19.43% vs. 38.80%, p < 0.001), but exogenous overex-
pression of Fto decreased collagen fiber content in heart tis-
sues (38.80% vs. 25.84%, p< 0.001) (Fig. 1H,I). Consider-
ing that the main role of Fto is demethylation modification,
we tested m6A levels in heart tissues. Total m6A levels
were significantly up-regulated in heart tissues of MI mice
(0.02818% vs. 0.04672%, p < 0.001), while exogenous
expression of Fto reversed the increase in m6A levels in
heart tissues (0.04672%vs. 0.03084%, p< 0.001) (Fig. 1J).
Moreover, m6A-RIP-qPCR showed that m6A enrichment
on Anxa1 decreased with Fto overexpression (p < 0.001)
(Fig. 1K). IgG controls remained low across groups. These
data support Fto-dependent transcript-level demethylation
of Anxa1 in vivo. Additionally, a significant reduction in
mRNA and protein levels of Anxa1 was observed in heart
tissues of mice undergoing MI (p < 0.001 and p < 0.001),
whereas exogenous expression of Fto potently raised Anxa1
mRNA and protein levels (p < 0.001) (Fig. 1L,M). Collec-
tively, these results indicate that Fto improved cardiac func-
tion and reduced injury and fibrosis in MI hearts, accompa-
nied by reduced m6A enrichment on Anxa1 and increased
Anxa1 expression.

3.2 Anxa1 Mediates the Protective Effect of Fto on
Cardiac I/R Injury in Mouse Models

To identify that Fto exerts cardioprotective effects by
up-regulatingAnxa1, we constructedMImodels after adFto
or adnull administration using WT or Anxa1 KO mice, fol-
lowed by reperfusion. Briefly, a 2 × 2 factorial analysis
within MI cohorts (genotype: WT vs Anxa1KO; treatment:
adnull vs. adFto) using two-way ANOVA with a genotype
× treatment interaction. Sham values are provided to il-
lustrate baseline ranges and confirm I/R effects. At the ex-
perimental endpoint, Anxa1 protein could not be detected in
Anxa1KOmouse-derived cardiac tissues, and there were no
significant differential alterations in Fto protein levels be-
tween heart tissues fromWT and Anxa1KOmice (Fig. 2A).
We discovered that Anxa1 knockout didn’t affect EF val-
ues significantly in normal mice, but decreased FS values
slightly. Like WT mice, Anxa1 KO mice subjected to MI
showed a significant reduction in EF (61.50% vs. 25.17%,
p < 0.001) and FS (29.67% vs. 15.17, p < 0.001) val-
ues. Interestingly, Fto overexpression ameliorated the re-
duced EF and FS values in WT mice undergoing MI but
did not work in Anxa1 KO mice (EF: 25.17% vs. 24.83,
p > 0.9999; 15.17% vs. 15.00%, p > 0.9999) (Fig. 2B–
D). The genotype × treatment interaction was significant
for EF (F [2, 30] = 25.41, p < 0.001) and FS (F [2, 30] =
38.14, p = 0.0130), indicating that the functional benefit of
adFto depends on Anxa1. Furthermore, adFto reduced CK-
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Fig. 1. Fto overexpression alleviates cardiac I/R injury and enhances Anxa1 expression in mouse models. (A) Experimental
strategy in mouse models with MI. Mice underwent LAD occlusion for 30 min after intramyocardial injection of adFto or adnull (1 ×
109 vg/mouse) for 3 weeks, followed by reperfusion for 2 h. After four weeks, the mice underwent Echo, followed by collecting blood
and heart samples to analyze cardiac I/R injury. (B) Western blot was carried out to detect Fto protein levels in heart samples (n = 3).
(C–E) Representative Echo images for mice in each group and cardiac function indices EF (%) and FS (%) (n = 6). (F,G) Serum CK-MB
and TnT levels were analyzed by ELISA (n = 6). (H,I) Representative images and a quantitative histogram of Masson’s staining on heart
sections (n = 6). Scale bar: 500 µm. (J) Total m6A levels in heart tissues were assessed with an anti-m6A antibody and colorimetric
quantification (n = 3). (K) m6A-RIP-qPCR was conducted to analyze the enrichment m6A on Anxa1 in heart tissues (n = 3). (L,M)
Relative mRNA and protein levels of Anxa1 in heart tissues were detected by RT-qPCR and western blot (n = 3). Data are shown as
mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test in (B,D,E, and F–M); ***p
< 0.001. Fto, fat mass and obesity-associated protein; I/R, ischemia-reperfusion; Anxa1, Annexin A1; MI, myocardial infarction; LAD,
left anterior descending; adFto, adenovirus encoding Fto; adnull, a control vector for adFto; Echo, echocardiography; CK-MB, creatine
kinase-myocardial; TnT, troponin T; ELISA, enzyme-linked immunosorbent assay; m6A, N6-methyladenosine; EF, ejection fraction;
FS, fractional shortening; RIP, RNA immunoprecipitation; qPCR, quantitative polymerase chain reaction; SEM, standard error of the
mean; ANOVA, analysis of variance; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

MB and cTnT in WT but not in Anxa1-KO (p > 0.9999),
with a significant genotype × treatment interaction (CK-
MB: F [2, 30] = 424.1, p < 0.001; cTnT: F [2, 30] = 14.79,

p< 0.001) (Fig. 2E,F). In addition, heart sections of Anxa1
KOmice presented a substantial elevation in collagen fibers
post-MI, but Fto overexpression did not affect changes in
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Fig. 2. Fto mediates Anxa1 expression against cardiac I/R injury. After intramyocardial injection of adFto or adnull (1 × 109

vg/mouse) for 3 weeks, both WT and Anxa1 KO mice underwent sham or LAD occlusion for 30 min, followed by reperfusion for 2 h.
(A) Protein levels of Fto and Anxa1 in heart samples from different groups were detected by western blot (n = 3). (B–D) Representative
Echo images for mice in each group and histograms of cardiac function parameters EF (%) and FS (%) (n = 6). (E,F) Measurement of
serum CK-MB and TnT levels was performed with ELISA (n = 6). (G,H) Representative images of Masson’s staining with heart sections
and a quantitative histogram for collagen fiber content (n = 6). Scale bar: 500 µm. Data are shown as mean ± SEM. Statistical analysis
was performed using two-way ANOVA followed by Tukey’s post hoc test in (A, C–F, and H); *p< 0.05, **p< 0.01, and ***p< 0.001.
Fto, fat mass and obesity-associated protein; I/R, ischemia-reperfusion; Anxa1, Annexin A1; WT, wild type; KO, Anxa1 knockout; LAD,
left anterior descending; adFto, adenovirus encoding Fto; adnull, a control vector for adFto; Echo, echocardiography; CK-MB, creatine
kinase-myocardial; TnT, troponin T; ELISA, enzyme-linked immunosorbent assay; EF, ejection fraction; FS, fractional shortening; SEM,
standard error of the mean; ANOVA, analysis of variance.
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Fig. 3. Fto reduces cardiac apoptosis and inflammation via elevating Anxa1 expression post-MI. (A) Protein levels of Bax and
Bcl-2 in heart samples were detected by western blot (n = 3). (B–D) The levels of inflammatory cytokines (TNF-α, IL-6, and IL-1β)
in heart samples were detected by ELISA (n = 6). Data are shown as mean ± SEM. Statistical analysis was performed using two-way
ANOVA followed by Tukey’s post hoc test in (A–D); ***p < 0.001. Fto, fat mass and obesity-associated protein; Anxa1, Annexin A1;
Bcl-2, B cell lymphoma-2; Bax, Bcl-2-associated X protein; TNF-α, tumor necrosis factor alpha; IL, interleukin; ELISA, enzyme-linked
immunosorbent assay; EF, ejection fraction; FS, fractional shortening; SEM, standard error of the mean; ANOVA, analysis of variance.

cardiac collagen fibers following Anxa1 knockout (36.76%
vs. 35.15%, p = 0.2301) (interaction: F [2, 30] = 211.0, p
< 0.001) (Fig. 2G,H). Together, these results suggested that
Fto protects against cardiac I/R injury by increasing Anxa1
expression.

3.3 Fto Attenuates Apoptosis and Inflammation in Cardiac
Tissue Post-MI by Upregulating Anxa1

Given the pathological significance of apoptosis and
inflammation in cardiac I/R injury after MI, we proceeded
to analyze whether Fto exerts its effects on cardiac tissue
apoptosis and inflammation via Anxa1. The results showed
that cardiac samples from WT and Anxa1 KO mice exhib-
ited higher Bax protein levels and lower Bcl-2 protein lev-
els afterMI (p< 0.001). Fto overexpression partly reversed
Bax protein levels in WT and Anxa1 KO mice (p < 0.001),
suggesting that Fto regulates Bax protein levels by mediat-
ing Anxa1 and other genes. However, in Anxa1 KO mice,
the effect of adFto on the Bcl-2 restoration was absent (p
= 0.2561) (interactions: F [2, 30] = 49.65, p < 0.001),
suggesting that Fto regulates Bax protein levels primarily
through mediating Anxa1 expression (Fig. 3A). As for the

inflammatory response, cardiac samples of WT and Anxa1
KO mice experiencing MI presented higher levels of TNF-
α, IL-6, and IL-1β (p< 0.001), whereas Fto overexpression
attenuated the levels of these inflammatory cytokines inWT
mice (p < 0.001) but not in Anxa1 KO mice (p = 0.8749
and p > 0.9999), yielding significant interactions (TNF-α:
F [2, 30] = 1127, p < 0.001; IL-6: F [2, 30] = 11798, p
< 0.001; IL-1β: F [2, 30] = 9273, p < 0.001), which sug-
gested that Fto modulates inflammatory cytokines mainly
through mediating Anxa1 expression (Fig. 3B–D). Collec-
tively, apoptotic and inflammatory readouts were attenu-
ated by adFto in WT but not in Anxa1 KO, in association
with higher Anxa1 expression, indicating that these benefits
are linked to Anxa1.

3.4 Fto Inhibits Nlrp3 Inflammasome Activation and
Pyroptosis After MI, in An Anxa1-dependent Manner

To verify the effect of the Fto/Anxa1 axis on cardiac
Nlrp3 activation and pyroptosis, we detected NLRP3 pro-
tein levels by IHC staining. As shown in Fig. 4A, Nlrp3
protein levels were higher in WT and Anxa1 KO mouse-
derived heart samples post-MI, yet Fto overexpression re-
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Fig. 4. Fto represses Nlrp3-mediated pyroptosis in the heart following MI through Anxa1. (A) IHC staining was conducted to
detect Nlrp3 protein levels in heart samples from different groups. Scale bar: 100 µm. (B) Protein levels of ASC, cleaved caspase-
1/pro caspase-1 ratio, Nlrp3, and N-Gsdmd/Gsdmd in heart samples were evaluated by western blot. Data are shown as mean ± SEM.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test in (B); *p< 0.05, **p< 0.01 and ***p<
0.001. Fto, fat mass and obesity-associated protein; Nlrp3, nucleotide-binding oligomerization domain-, leucine-rich repeat-, and pyrin
domain- containing receptor 3; MI, myocardial infarction; Anxa1, Annexin A1; IHC, immunohistochemistry; ASC, apoptosis-associated
speck-like protein, cle-Caspase 1, cleaved-Caspase 1; N-Gsdmd, gasdermin D-N-terminal domain; Gsdmd, gasdermin D; SEM, standard
error of the mean; ANOVA, analysis of variance.

duced Nlrp3 protein levels inWTmice but not inAnxa1KO
mice. Additionally, higher protein levels of ASC, cleaved
caspase-1/pro caspase-1 ratio, Nlrp3, andN-Gsdmd/Gsdmd
were observed in heart samples of WT and Anxa1 KOmice
with MI (p < 0.001), whereas Fto up-regulation partially
overturned the alteration of these proteins in the hearts
of WT mice (p = 0.0064 and p < 0.001) but not Anxa1
KO mice for cleaved caspase-1/pro caspase-1 ratio and N-
Gsdmd/Gsdmd protein levels (p = 0.1346 and p = 0.8306)
(ASC: F [2, 30] = 7.578, p = 0.0074; cleaved caspase-1/pro
caspase-1 ratio: F [2, 30] = 56.30, p < 0.001; Nlrp3: F
[2, 30] = 11.54, p = 0.0016; N-Gsdmd/Gsdmd: F [2, 30]
= 292.9, p < 0.001;) (Fig. 4B). Altogether, these outcomes
indicated that suppression of the Nlrp3 axis and pyropto-
sis happens in conjunction with Anxa1 upregulation down-
stream of Fto.

4. Discussion
The present study first demonstrated in vivo that

Anxa1 demethylation mediated by Fto-dependent demethy-
lation of Anxa1 is associated with attenuation of Nlrp3 in-
flammasome activity and protection against myocardial I/R
injury. These findings corroborate our previous in vitro
observations and extend them to an intact physiological
context, highlighting RNA methylation as a viable target
for cardio-protection. From a translational standpoint, our
findings align with broader cardioprotective and remodel-
ing strategies; for instance, sodium glucose cotransporter
2 inhibitors have been linked to progenitor-cell modulation
and favorable remodeling, offering convergent avenues to
augment myocardial repair [22].
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Currently, LAD ligation is an established method for
establishing animal models of acute MI both at home and
abroad. Among the various animal species used for mod-
eling myocardial I/R injury, mice have become the most
frequently employed due to their low cost and the avail-
ability of transgenic and knockout strains [23]. It has been
demonstrated that irreversible myocardial damage occurs
when ligation exceeds 30 min, while reperfusion for 1 to 24
h met the modelling criteria [24]. This study applied WT
and Anxa1 KO mice with a C57BL/6 background to con-
struct cardiac I/R injury models, with ligation for 30 min
and reperfusion for 2 h.

Fto, a key demethylase in the m6A system, plays a
protective role in protecting against cardiac I/R injury. A
prior study reported that Fto mRNA and protein levels were
decreased significantly in ischemic aged hearts, indicat-
ing age-related differences in m6A regulation during car-
diac I/R injury [25]. It was reported that down-regulation
of Fto results in decreased Myc expression, enabling en-
hanced cardiomyocyte apoptosis and oxidative stress in hy-
poxia/reoxygenation (H/R)-induced cell models [26]. Ke
et al. [27] demonstrated that Fto overexpression atten-
uates H/R-induced cardiomyocyte injury by suppressing
cardiomyocyte apoptosis and inflammatory responses via
removing the methylation modification of Yap1 mRNA.
Consistent with previous studies [13,27], our findings also
demonstrated that Fto ameliorated cardiac I/R injury, as ev-
idenced by elevated left ventricular FS and EF values, re-
duced serum TnT and CK-MB levels, and improved cardiac
fibrosis following Fto overexpression. These findings em-
phasize the crucial role of Fto in protecting against cardiac
injury.

Anxa1 exhibits cardioprotective effects in cardiac in-
jury. Singh et al. [28] suggested that Anxa1 KO mice ex-
hibit higher blood pressure than normal mice regardless of
age, accompanied by cardiac dysfunction and cardiac hy-
pertrophy, emphasizing the key role of Anxa1 in regulat-
ing blood pressure, cardiovascular function and cardiac ag-
ing. Qi et al. [29] discovered that the activation of the
Anxa1/G-protein coupled receptor formyl peptide receptor
2 axis can restrain neutrophil extracellular traps, thereby al-
leviating MI in rat models. F-box-only protein 32 exacer-
bates cardiac injury viamediating Anxa1 ubiquitination and
repressing the phosphoinositide 3-kinase signaling [30].
Anxa1 small peptide prevents cardiomyocyte injury evoked
by lipopolysaccharide via inhibition of ferroptosis-induced
cell death, relying on sirtuin 3-dependent p53 deacetylation
[31]. Here, we observed that exogenous expression of Fto
weakened the increase in m6A levels in MI mouse-derived
heart tissues, along with a significant elevation in Anxa1
mRNA and protein levels, implying that Fto may improve
cardiac I/R injury by mediating Anxa1 expression in mouse
models. As in WT mice, Anxa1 KO mice subjected to MI
possessed a marked decrease in EF and FS values, a sharp
rise in serum CK-MB and cTnT levels, and an obvious el-

evation in collagen fibers, whereas Fto overexpression im-
proved these parameters in WT mice but was ineffective
in Anxa1-knockout mice, manifesting that Fto may protect
against cardiac I/R injury post-MI by increasing Anxa1 ex-
pression.

Mechanistically, myocardial I/R injury is character-
ized by a complex interplay of cardiomyocyte apoptosis,
inflammatory cascade responses, and Nlrp3 inflammasome
activation [32]. Cardiomyocyte apoptosis arises due to hy-
poxia, metabolic disturbances, and oxidative stress during
myocardial I/R injury [33]. The release of cellular con-
tents activates the immune system, triggering an inflamma-
tory cascade that releases pro-inflammatory cytokines (such
as IL-1β and TNF-α), thus exacerbating myocardial dam-
age [34]. The Nlrp3 inflammasome plays a pivotal role
in this process and is activated by factors such as potas-
sium efflux and mitochondrial dysfunction [35]. Once acti-
vated, it promotes caspase-1 maturation and activity, driv-
ing the release of IL-1β and IL-18, which intensify pyrop-
tosis and inflammation [36]. It is noteworthy that Anxa1
modulates Nlrp3 inflammasome initiation and activation
via an Fpr2 receptor-independent pathway [37]. In this
study, we discovered that both WT and Anxa1 KO mice
exhibited elevated Bax protein and reduced Bcl-2 protein
levels in cardiac tissues following MI, alongside increased
levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-
1β) and pyroptosis-related proteins (ASC, cleaved caspase-
1/pro caspase-1 ratio, Nlrp3, N-Gsdmd/Gsdmd). Fto over-
expression partially reversed these alterations in WT mice
but had minimal effects in Anxa1 KO mice, with the ex-
ception of a modest reduction in Bax. Collectively, these
findings indicated that Fto improves post-I/R outcomes and
that Anxa1 is an important mediator of this protection.
At the transcript level, m6A-RIP-qPCR indicated reduced
m6A enrichment on Anxa1 with Fto overexpression, con-
sistent with the dynamic nature of m6A regulation under
stress. The protective phenotype is accompanied by lower
Nlrp3-inflammasome activity together with attenuation of
apoptosis and cytokine-driven inflammation. At the same
time, Anxa1 also participates in regulatory programs be-
yond Nlrp3, including control of apoptotic signaling, mod-
ulation of cytokine expression, and regulation of immune-
cell recruitment and polarization in injured myocardium.
We therefore regard the Anxa1-Nlrp3 axis as a major con-
tributor rather than an exclusive mechanism. Future work
using extended reperfusion windows, rescue designs, and
pathway-specific perturbations will delineate the relative
contributions of Nlrp3 and other Anxa1-linked pathways.

Several limitations should be acknowledged. First, the
experiments were performed in young and healthy mice,
which do not fully capture themolecular complexity and co-
morbid heterogeneity present in clinical MI, where condi-
tions such as diabetes and hypertension are prevalent. Sec-
ond, the study used a fixed ischemia duration, a prespecified
acute 2-h reperfusion window, and a single adFto dose; ac-
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cordingly, it does not establish temporal dynamics or dose–
response relationships. Third, the specific m6A site of Fto-
mediated Anxa1 demethylation has not been clarified. Fu-
ture studies will extend the reperfusion window (e.g., 24–72
h and 7–28 d) and perform dose-ranging to delineate the
time course and exposure–response characteristics of the
Fto–Anxa1 axis and its relation toNlrp3 signaling, and iden-
tify the key m6A modification sites on Anxa1 mRNA and
evaluate the robustness of the Fto/Anxa1 regulatory axis in
db/db mice or aging models to enhance translational rele-
vance.

5. Conclusions
Fto-mediated demethylation of Anxa1 alleviates my-

ocardial I/R injury with Nlrp3 inflammasome suppression.
Taken together, these in vivo data position the Fto-Anxa1
axis as amajor mechanistic contributor to protection against
I/R and a promising target for future intervention.
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