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Mitochondria-derived methylmalonic R

acid aggravates ischemia-reperfusion
injury by activating reactive oxygen
species-dependent ferroptosis
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Abstract

Ferroptosis is a regulatory cell death process pivotal in myocardial ischemia—-reperfusion (I/R) injury. However, the pre-
cise mechanism underlying myocardial ferroptosis remains less known. In this study, we investigated the patho-
physiological mechanisms of methylmalonic acid (MMA) associated with ferroptosis activation in cardiomyocytes
after I/R. We found an increase level of MMA in patients with acute myocardial injury after reperfusion and AC16 cells
under hypoxia/reoxygenation (H/R) condition. MMA treatment was found to be associated with excessive oxida-
tive stress in cardiomyocytes, leading to ferroptosis-related myocardial injury. In mice with I/R injury, MMA treatment
aggravated myocardial oxidative stress and ferroptosis, which amplified the myocardial infarct size and cardiac dys-
function. Mechanistically, MMA promoted NOX2/4 expression to increase reactive oxygen species (ROS) production
in cardiomyocytes, aggravating myocardial injury. Notably, the increased ROS further activated ferroptosis by inhibit-
ing solute carrier family 7 member 11 (SLC7A11) and glutathione peroxidase 4 (GPX4) expression. In addition, MMA
decreased the ectopic nuclear distribution of nuclear factor E2-related factor 2 (NRF2) by increasing the interaction
between NRF2 and kelch-like ECH-associated protein 1 (KEAPT). This impeded the activation of GPX4/SLC7ATT,
downstream of NRF2, activating ferroptosis and aggravating myocardial cell injury. Collectively, our study indicates
that MMA activates oxidative stress and ROS generation, which induces ferroptosis to exacerbate cardiomyocyte
injury in an I/R model. These findings may provide a new perspective for the clinical treatment of I/R injury and war-
rant further investigation.
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Introduction

Acute myocardial infarction (AMI) poses a major risk to
human health worldwide [1, 2]. Although percutaneous
coronary intervention is necessary to recanalize occluded
vessels [3, 4], it can provoke ischemia—reperfusion
(I/R) injury in the heart [5]. I/R injury triggers various
pathophysiological pathways, causing irreversible car-
diomyocyte injury and expanding the size of myocardial
infarction [6]. Therefore, exploring the molecular mecha-
nisms underlying I/R injury is clinically important.

Reactive oxygen species (ROS), generated during cel-
lular metabolism, are among the primary contributors
to post-ischemic injury [7]. Previous research has con-
firmed a considerable reduction in myocardial cell injury
in isolated rat hearts upon exposure to superoxide dis-
mutase and catalase during myocardial I/R [8]. ROS acti-
vation also triggers lipid chain peroxidation, altering the
structural and functional integrity of cells and resulting
in cell necrosis and apoptosis [9-11].

Ferroptosis is a novel type of programmed cell death
characterized by the accumulation of iron-dependent
lipid peroxides [12]. The hallmarks of ferroptosis pri-
marily comprise mitochondrial shrinkage and increased
membrane density, with normal nuclear morphology
[12, 13]. This process contributes to the occurrence and
development of myriad human diseases, with an impor-
tant regulatory role in tumors, myocardial I/R, liver
injury, and other diseases [13—17]. Moreover, the aber-
rant expression of essential proteins, such as solute car-
rier family 7 member 11 (SLC7A11) and glutathione
peroxidase 4 (GPX4), impairs the antioxidant capac-
ity of cells, leading to ferroptosis [18, 19]. Additionally,
nuclear factor E2-related factor 2 (NRF2), an upstream
regulator of GPX4, is a vital transcription factor that
regulates the antioxidant stress response [20]. Under
normal conditions, NRF2 and kelch-like ECH-associated
protein 1 (KEAP1) form a complex in the cytoplasm to
generate polymers that dissociate under oxidative stress
[21]. Dissociated NRF2 enters the nucleus and activates
downstream antioxidant target genes [22]. Indeed, the
overexpression of NRF2 and its downstream genes sub-
stantially reduces ROS levels in the myocardial cell cyto-
plasm and mitochondria [23]. Moreover, promoting
GPX4 and NRF2 expression inhibits I/R-induced cardiac
myocyte ferroptosis [23, 24].

Methylmalonic acid (MMA) is an intermediate
metabolite derived from the mitochondria and gener-
ated via methylmalonic acid CoA degradation. Methyl-
malonyl-CoA is allosterically converted to succinyl-CoA
via the catalytic activity of the mitochondrial methyl-
malonyl-CoA mutant enzyme and participates in the
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tricarboxylic acid cycle [25-28]. MMA interferes with
mitochondrial energy production, leading to a redox
imbalance by directly inhibiting electron transport
complexes and a-ketoglutarate dehydrogenase [29, 30].
In addition, owing to its similar chemical structure,
the effect of MMA resembles the mitochondrial toxic
effect of malonate, a respiratory chain complex inhibi-
tor [31]. Animal and clinical studies have reported that
the methylmalonic acid hematic disease deleteriously
affects mitochondrial morphology and function [31].
Furthermore, recent studies have confirmed MMA-
induced mitochondrial morphological abnormalities
and redox disorders in renal tubular cells [30]. MMA-
triggered mitochondrial dysfunction primarily involves
the liver, kidneys, and nervous system. However,
although the heart contains abundant mitochondria, the
significance of MMA in the cardiovascular system has
not been fully elucidated, and its role in cardiac disor-
ders remains unclear.

Our recent study showed the favorable predictive value
of circulating MMA regarding the 10-year mortality risk
of patients with cardiovascular disease beyond the estab-
lished biomarkers—C-reactive protein and homocyst-
eine [32]. However, the specific underlying mechanism
has not been reported. Accordingly, in this study, we
investigate the pathophysiological mechanisms of MMA
regarding the activation of ferroptosis in cardiomyocytes
after I/R.

Methods

Study participants

Fifty participants with AMI were recruited from Harbin
Medical University Second Affiliated Hospital, Harbin
Medical College, Harbin, China, between March 2017
and December 2018. Blood samples were collected before
and after revascularization surgery. Fifteen healthy con-
trol subjects with no significant systemic diseases (such
as cancer, pulmonary disease, or infectious diseases) were
also recruited from Harbin Medical University Second
Affiliated Hospital. The research protocol was approved
by the Ethics Committee of HMUSAH (KY2017-249) and
performed in accordance with the Declaration of Hel-
sinki. Informed consent was obtained from all the partic-
ipants. Following the collection of blood samples, plasma
was immediately separated via centrifugation and stored
at— 80 °C until analysis.

Animals and experimental protocol

C57BL/6 ] mice were obtained from the Experimental
Animal Center of the Harbin Medical University. Adult
male mice (8—12 weeks of age, 20-25 g) were housed in
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a facility with a 12 h light/12 h dark cycle at 23+ 3 °C and
30-70% humidity. All experiments were performed in
accordance with the Guiding Principles for the Care and
Use of Animal Laboratories at Harbin Medical Univer-
sity and were approved by the Ethics Committee for Ani-
mal Experimentation of the School of Pharmacy, Harbin
Medical University.

C57BL/6 ] mice were randomized into different
groups and treated as follows: Control (saline, ip.),
MMA (400 mg/kg/d for 7 days, ip.), MMA+NAC
[(300 mg/kg of NAC on day 2, 4, and 6 of the
7 days, ip.)+ MMA (400 mg/kg/d for 7 days, ip.)],
MMA +FER-1 [(10 mg/kg of FER-1 on day 2, 4, and
6 of the 7 days, ip.) + MMA (400 mg/kg/d for 7 days,
ip.)] and MMA +RSL3 [(10 mg/kg of RSL3 on day 2,
4, and 6 of the 7 days, ip.)+ MMA (400 mg/kg/d for
7 days, ip.)]. MMA (Methylmalonic acid; 516-05-
2, MedChemExpress, USA), NAC (N-acetylcysteine;
MedChemExpress, 616-91-1, USA), FER-1 (Ferro-
statin-1; MedChemExpress, 347,174—05-4, USA) and
RSL3 ((1S,3R)-RSL3; MedChemExpress, 1,219,810-16-
8, USA) were dissolved in a mixture of saline, Tween
80 (HY-Y1891, MedChemExpress, USA) and PEG300
(HY-Y0873, MedChemExpress, USA), and the PH was
adjusted to 7.4 by HCL or NAOH before intraperi-
toneal injection. All the mice then underwent sham
or I/R surgery. The investigator was blinded to the
group allocation and assessing the outcome during the
experiments.

I/R model and infarct size measurements

Mice were anesthetized with 2% avertin (0.1 mL/10 g of
body weight). Cardiac I/R injury was induced by ligating
the left anterior descending (LAD) coronary artery using
a 7-0 silk suture for 45 min, followed by reperfusion for
24 h. Sham-group mice were subjected to the same surgi-
cal procedure without LAD ligation. Next, the LAD was
retied, and then the heart was perfused with 1 mL of 1%
Evans blue (Biofroxx, EZ5679B136, Germany) to visual-
ize the area at risk (AAR). The heart was rapidly excised
and serially sectioned to a thickness of 1-2 mm. The
slices were incubated with 2.0% 2,3,5-triphenyl tetrazo-
lium chloride (Solarbio, Cat#G3005, China) at 37 °C for
15 min to measure the infarct area. Staining was stopped
using ice-cold sterile saline, and the slices were fixed in
4% neutral-buffered formaldehyde for 5 min. Each side
of each slice was photographed digitally using a somatic
microscope (ZEISS Discovery.V8). The infarct area (pale
area) and AAR (pale area plus pink area) were meas-
ured using computerized planimetry (ImageJ v1.51). The
infarct size was calculated as the infarct area divided by
the AAR.
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Pathological staining
Heart tissue were fixed with 4% paraformaldehyde at
room temperature for 72 h, paraffin-embedded, and
sliced into sections with 4 pm thickness. Sections was
stained with HE (Right tech, China) staining as previ-
ously described [33].

MMA measurement

Peripheral vein blood samples were collected and the
monocytes, platelets, and plasma were separated.
Plasma samples were collected after centrifugation at
1500 g and 100 pL of the sample was used for quality
control analysis. Another 100 puL of plasma was taken
and added to 400 uL acetonitrile and then fully oscil-
lated for 3 min and placed in an ice bath for 15 min.
After high-speed centrifugation at 4 °C at 12,000 rpm
for 15 min, 100 pL of supernatant was added to 100 pL
of acetonitrile aqueous solution (75/25, v/v) for reso-
lution in an equal volume. After oscillating for 1 min,
85 uL of the supernatant was transferred to the sample
bottle after centrifugation at 12,000 rpm for 15 min at
4 °C. An UHPLC-Q-Orbitrap (Thermo Fisher Scientific,
USA) was used to determine the MMA levels in the
samples.

For mice heart tissue, an amount of 0.05 g of heart tis-
sue was mixed with 500 pL of 70% methanol/water. For
mice serum, 50 pL of the sample was mixed with 250 pL
of 20% acetonitrile/methanol. For AC16 cells, the sample
was mixed with 500 pL of 80% methanol/water (precooled
at -20 °C). All the samples were vortexed for 3 min and
centrifuged at 12,000 r/min for 10 min at 4 °C. Take 280
uL of supernatant into a new centrifuge tube and place
the supernatant in -20 °C refrigerator for 30 min. Then
the supernatant was centrifuged again at 12,000 r/min for
10 min at 4 °C. After centrifugation, 180 pL of supernatan
were analyzed using an LC-ESI-MS/MS system (UPLC,
ExionLC AD, https://sciex.com.cn/; MS, QTRAP®
6500+ System, https://sciex.com/). The analytical condi-
tions were as follows, HPLC: column, ACQUITY HSS T3
(i.d.2.1x100 mm, 1.8 um); solvent system, water 0.05%
formic acid (A), acetonitrile with 0.05% formic acid (B);
The gradient was started at 5% B (0 min), increased to 95%
B (8-9.5 min), finally ramped back to 5% B (9.6—12 min);
flow rate, 0.35 mL/min; temperature, 40 °C; injection vol-
ume: 2 pL.

Echocardiography

Two-dimensional echocardiography was performed on
anesthetized mice (3.0% isoflurane with O, flow at 1.0
L/min) using a Vevo 3100LT echo with an MS400 trans-
ducer. Echocardiographic images were recorded along
the parasternal short axis and stored for offline analysis
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(Vevo 3100 software) by two blinded observers. The
echocardiography software was used to calculate the left
ventricular ejection fraction (EF), fractional shortening
(ES), left ventricular end-systolic diameter (LVIDs), left
ventricular end-diastolic diameter (LVIDd), left ventric-
ular anterior wall; systolic (LVAWSs) and left ventricular
anterior wall; diastolic (LVAWd).

Transmission electron microscopy (TEM)

Heart tissue were fixed with 2.5% glutaraldehyde, 2.5%
polyvidone 25, and 0.1 M sodium cacodylate (pH 7.4).
After washing with 0.1 M sodium cacodylate buffer (pH
7.4), the samples were post-fixed in the same buffer con-
taining 2% osmium tetroxide and 1.5% potassium ferro-
cyanide for 1 h. The samples were rinsed once in water,
stained en bloc with uranyl acetate, dehydrated using an
ascending ethanol series, and embedded in Durcupan
ACM-based resin. Ultrathin sections were cut using a
Reichert Ultracut S ultramicrotome (Science Service,
Munich, Germany), and lead citrate was used for con-
trast. Images were captured using an EM 10 CR electron
microscope (H-7650; Hitachi, Tokyo, Japan) and analyzed
by an independent blinded investigator.

Cell culture

Human AC16 cardiomyocyte cells were purchased from
the China Center for Type Culture Collection. The cell
lines used in this study were authenticated via short
tandem repeat analysis and were regularly tested for
mycoplasma. AC16 cells were cultured in Dulbecco’s
modified Eagle’s medium (SH30022.01B, HYCLONE,
USA) supplemented with 10% fetal bovine serum (0500,
ScienCell, USA). PCR analysis was performed to obtain
mycoplasma-free cells, which were cultured at 37 °C in a
humid atmosphere containing 5% CO,.

Cell viability assay

Cell viability was determined using the MTT Cell Pro-
liferation and Cytotoxicity Assay Kit (C0009S, Beyotime
Biotechnology, China). AC16 cells were seeded at a den-
sity of 5x 10 cells/well in 96-well plates and incubated
overnight. AC16 cells were then treated as follows: MMA
(12.5, 15, 17.5 and 20 mM for 3 h), DM-MMA (Dimethyl
methylmalonate) (Aladdin, 609-02-9, China) (0.02, 0.05
and 0.1 and 0.2 pM for 3 h), DE-MMA (Diethyl Methyl-
malonate) (Aladdin, 609-08-5, China) (0.005, 0.01, 0.02
and 0.03 uM for 3 h), H,0, (772,284-1, Aladdin, China)
(200, 400, 600, 800 and 1000 pM for 6 h), MMA +NAC
(5 pM NAC for 2 h followed by 3 h 17.5 mM MMA),
MMA+FER-1 (2 pM FER-1 for 2 h followed by 3 h
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17.5 mM MMA) or MMA +RSL3 (3 uM RSL3 for 2 h fol-
lowed by 3 h 17.5 mM MMA). MMA, NAC, FER-1 and
RSL3 were dissolved and diluted with PBS. Subsequently,
15pL of MTT reagents (5 mg/mL) was added. Live cells
were counted according to the optical density (OD) of
each well and quantified using assay a microplate reader
at 490 nm. The resulting OD was indicated as the per-
centage of cell viability in the control group, which was
set at 100%.

Hypoxia/reoxygenation (H/R) model

H/R was induced to simulate in vivo I/R injury in myo-
cardial cells. AC16 cells were exposed to hypoxia for 6 h
in a hypoxic incubator (5% CO, and 1% O, at 37 °C), in
which O, was replaced with N2. After hypoxia exposure,
the cells were subjected to reoxygenation for 24 h at 37 °C
in a normoxic incubator with 95% air and 5% CO,.

ROS detection

The ROS generation in cells after MMA treatment was
evaluated based on the fluorescence intensity of dihy-
droethidium  (DHE), 5-(and-6)-chloromethyl-2",7"-
dichlorodihydrofluorescein diacetate (DCFH-DA), and
a MitoSOX probe. The cells were harvested after MMA
treatment, washed with PBS, and incubated with 5 uM
DHE (S0063, Beyotime, China), 5 mg/mL DCFH-DA
(S0033S, Beyotime, China), or 1 pM of the MitoSOX
(MANO0028459, ThermoFisher, USA) probe for 30 min
at 37 °C in the dark. For mice, the frozen sections were
pretreated with PBS for 10 min and then incubated with
DHE staining solution (10 umol/L) at 37 °C in the dark
cassette for 30 min. Then, heart sections were washed
with PBS three times and remained wet until observa-
tion. The fluorescent signals were measured using a con-
focal laser scanning microscope (ZEISS LSM 700) and a
FACSVerse flow cytometer (BD, USA).

Lipid peroxidation staining

Lipid peroxidation in the cells after MMA treatment
was evaluated based on the fluorescence intensity of the
Liperfluo probe. In brief, the cells were harvested after
MMA treatment, washed with PBS, and incubated with
5 uM of the Liperfluo (L248, Dojindo, China) probe for
30 min at 37 °C in the dark. After rinsing, fluorescent
signals were measured using a confocal laser scanning
microscope (ZEISS LSM 700).

JC-1 staining

Mitochondrial membrane potential was measured using
JC-1 (C2003S, Beyotime, China) fluorescence imag-
ing. The AC16 cells were incubated with JC-1 solution
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for 20 min at 37 °C and then rinsed twice with the JC-1
buffer. Images were obtained using a confocal laser scan-
ning microscope (ZEISS LSM 700). The ratio of JC-1
aggregates to JC-1 monomer fluorescence represented
the mitochondrial membrane potential.

Mitochondrial imaging

The mitochondria were stained with MitoTracker Red
(C1035, Beyotime, China). The AC16 cells were incu-
bated with Mito-Tracker Red (200 nM) solution for
30 min at 37 °C and washed three times with PBS; images
were obtained using a confocal laser scanning micro-
scope (ZEISS LSM 700).

Immunofluorescence and TdT-mediated dUTP nick end
labeling (TUNEL)
Immunofluorescence frozen slides were air dried at room
temperature (RT) for 10 min and fixed with cold acetone
(—20°C) for 10 min. After rinsing three times in distilled
water, slides were first incubated with 0.3% Triton-X 100
for 30 min at 37 °C and then with primary antibody at
4 °C overnight. On day 2, the slides were rewarmed at RT
for 10 min, followed by incubation with a secondary anti-
body at RT for 1 h. Finally, the nuclei were stained with
0.5 g/L DAPI for 10 min, and images were captured using
a confocal laser scanning microscope (ZEISS LSM 700).
For the TUNEL assay (cat. No. E-CK-A320 and No.
E-CK-A325, Elabscience, China), tissue slides were cata-
lyzed with terminal deoxynucleotidyl transferase (TdT)
enzyme and fluorescently labeled 2’-deoxyuridine
5’-triphosphate (dUTP) at 37 °C for 1 h. Nuclei were
stained with DAPI. The number of TUNEL-positive cells
was determined via fluorescence microscopy to deter-
mine the level of apoptosis.

Transfection

Confluent cells were seeded 24 h before transfection.
Cells were transfected with KEAP1 or methylmalonic
CoA mutase (MMUT) small interfering RNAs (siRNA-
KEAP1 or siRNA-MMUT) using Lip3000 (L3000008,
Invitrogen, USA) according to the manufacturer’s
instructions. The transfected cells were incubated at
37 °C for 48 h, and the cellular proteins were extracted.
The siRNAs used are listed in Supplementary Table 2.
Western blot analysis was performed to confirm the effi-
ciency of transfection (outlined in a subsequent section).

Enzyme-linked immunosorbent assay (ELISA) and activity
assay

Blood samples (0.8 mL) were extracted at the end-
points of experiments and maintained at RT for 30 min,
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followed by centrifugation at 3000 rpm for 15 min at 4 °C
to facilitate supernatant collection. After treatment, the
AC16 cells were collected via centrifugation. The quan-
tification of MDA (malonaldehyde; E-EL-0060c, Elabsci-
ence, China), CK-MB (creatine kinase isoenzyme MB;
E-E-MO0355¢, Elabscience, China), GSH (glutathione;
E-BC-K030-M, Elabscience, China), ATP (E-BC-K157-M,
Elabscience, China), and LDH (lactate dehydrogenase;
E-BC-K046-M, Elabscience, China) in mouse serum or
AC16 cells of different groups was performed using an
ELISA kit or activity assay kit following the manufactur-
ers’ protocols. MitoTEMPO (Aladdin, 1,334,850-99-5,
China) was used to verify whether the mitochondrial tar-
geted ROS inhibitor causes damage to cardiomyocytes.

Co-immunoprecipitation

Protein lysates from cardiomyocytes (1000 pg of total
protein) were incubated with 10 ug of anti-NRF2 mono-
clonal antibody overnight at 4 °C. Immune complexes
were bound to protein A/G magnetic beads and col-
lected using a magnetic stand. Proteins co-immuno-
precipitated with NRF2 were eluted by heating at 95°C
for 5 min and then subjected to gel electrophoresis and
immunoblotting.

Western blot analysis

After treatment, cells were lysed in RIPA buffer contain-
ing protease and phosphatase inhibitors on ice. Nuclear
and cytosolic fractions were separated using a nuclear/
cytosol fractionation kit (R0050, Solarbio, China). The
protein concentration was determined using a bicin-
choninic acid (Beyotime, P0012, China) protein assay.
Protein samples (30 pg) were separated via 10% or 12.5%
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis and transferred to 0.22 um PVDF membranes
(FFP70, Beyotime, China), and blocked for 2 h at RT
with 5% dried skimmed milk in Tris-buffered saline and
0.05% Tween 20. The membranes were then incubated
with primary antibodies at 4 °C overnight. Subsequently,
the membranes were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (1:8000) or
Mouse Anti-Rabbit IgG (conformation-specific) mAb
HRP-conjugated secondary antibodies (1:2000, L27A9,
CST, USA) for 1 h at RT. An ECL kit (MA0186-1-Jul-
14H, Meilunbio, China) was used to visualize immuno-
reactivity using the ChemiDocTM MP Imaging System
(Tanon, China). Protein bands were quantified using a
Bio-Rad Chemi EQ densitometer and Bio-Rad Quantity
One software (Tanon, China) and normalized to GAPDH
or PCNA expression. The antibody dilution buffer
was TBST (Tris-buffered saline with 0.1% Tween 20)
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containing 5% skim milk powder. The primary antibodies
used in this study are listed in Supplementary Table 3.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Thermo
Fisher Scientificc USA) and reverse-transcribed
with the RT Easy II First Strand ¢cDNA Synthesis Kit
(04379012001, Roche, Switzerland). cDNA (18 ng) was
amplified via Real-Time PCR Easy (SYBR Green I) (HY-
K0501, MCE, China) on an ED Sequence Detection
system (ED, USA). The primers used are listed in Sup-
plementary Table 4, and the gene expression values were
normalized against those of S-actin.

Statistical analysis

Statistical analyses were performed using statistical soft-
ware R V.3.6.3 (R Foundation for Statistical Computing,
Vienna, Austria) or GraphPad Prism 8.0. Continuous
variables were expressed as the mean+SD for normal
distributions and as the median (25th, 75th percentile)
for non-normally distributed data. Categorical variables
were presented as numbers (percentages). Comparisons
between groups were performed using Student’s ¢-tests,
Mann—-Whitney U tests, or Welch’s t-test for quantita-
tive variables and the chi-squared test for categorical
variables. A two-sided p-value<0.05 was considered
significant.

Results

MMA accumulation under ischemia-reperfusion

Targeted mass spectrometry was performed to deter-
mine plasma MMA levels in patients with/without AMI
(Fig. 1a). The baseline characteristics of the study par-
ticipants are shown in Supplementary Table 1. The find-
ing revealed considerably enhanced MMA levels in the
group of AMI before PCI and AMI after PCI compared
with healthy controls. This finding suggested that in the

(See figure on next page.)
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presence of myocardial ischemia—reperfusion (I/R),
MMA levels are elevated.

MMA induces myocardial injury in vitro and in vivo

We used hypoxic reoxygenation (H/R) to simulate myo-
cardial I/R and found that the MMA level of AC16 cells
increased significantly after 6 h of hypoxia and 24 h
of reoxygenation (Supplementary Fig. la). To assess
the effect of elevated MMA levels on cardiomyocytes,
we treated AC16 cells with various MMA concentra-
tions. A reduction in cell viability was observed after
AC16 cells were administered with MMA at concen-
trations>17.5 mM for 3 h (Supplementary Fig. 1b). A
similar trend was observed when cardiomyocytes were
treated with relatively low concentration of fat-soluble
MMA [0.1 uM DM-MMA (Dimethyl methylmalonate)
and 0.02 uM DE-MMA (Diethyl Methylmalonate)] (Sup-
plementary Fig. 1c, d). In subsequent experiments, MMA
was used at a concentration of 17.5 mM. The morphol-
ogy of cardiomyocytes, as observed via light microscopy,
was not significantly altered by H/R or MMA activation
alone. However, simultaneous treatment with H/R and
MMA caused the slight deformation of cardiomyocytes
(Fig. 1b). However, MTT assays revealed that MMA
affected cell activity under normoxic and H/R conditions
(Fig. 1c). TEM confirmed the presence of mitochondrial
swelling and disorganized cristae in MMA-treated AC16
cells, indicating that MMA might have adverse effects on
cardiomyocytes (Fig. 1d).

To investigate further whether elevated levels of MMA
cause damage to myocardial cells, we utilized siRNA to
knockdown MMUT to induce MMA accumulation [34].
Western blotting revealed that MMUT-siRNA-2 effec-
tively knocked down MMUT expression (Supplementary
Fig. 1e, f). Therefore, MMUT-siRNA-2 and the control
siRNA were used in subsequent experiments. Moreover,
the elevated levels of CK-MB and LDH indicated that
increased MMA damaged AC16 cells under normoxic

Fig. 1 MMA accumulation aggravates myocardial injury. In vitro, AC16 cells were treated with MMA (17.5 mM) for 3 h and employed

for further analyses. In vivo, mice were assigned to the sham operation or myocardial ischemia-reperfusion (I/R) injury group. MMA (400 mg/
kg/d) was administered seven days before sham and I/R surgery. a MMA level of patients was detected by ultra-performance liquid chroma
tography-quadrupole-electrostatic field orbitrap (UHPLC-Q-Orbitrap) (n=15 in control group; n=50 in AMI before PCI/AMI after PCI group).

b Morphology was evaluated by light microscopy after AC16 cells were treated with MMA (Scale bar: 50 um). ¢ AC16 cells were treated
with/without MMA in Normoxia or hypoxia-reoxygenation (H/R) condition. Cell viability was detected by 3-(4,5-dimthyl-2-thiazolyl)-2,5-dip
henyl-2-H-tetrazoliumbromide (MTT) assay (n=3-6/group). d Representative TEM images of AC16 cells treated with/without MMA. Yellow arrows
indicate mitochondria (Scale bar: 20 um). e Representative images of heart sections with TTC/Evans staining (Scale bar: 2 mm). The area of AAR
was marked with yellow dotted line. f, g Ratios of area at risk (AAR) to left ventricular (LV) area and infarct area to AAR are shown (n=3/group). h,
i Representative photomicrographs and averaged data of TdT-mediated dUTP nick end labeling (TUNEL) positive cells (n=4/group) (Scale bar:
100 um). j Cardiac damage was indicated as CK-MB assay (n=4/group). k Representative images of M-mode echocardiograms. I, m Quantitative
analysis of ejection fraction (EF) and fractional shortening (FS) echocardiography (n=3/group). Data are expressed as the mean + standard
deviation. *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001 and n.s, not significant
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and H/R conditions (Supplementary Fig. 1g, h). As
expected, DM-MMA and DE-MMA have similar effects
on cardiomyocytes (Supplementary Fig. 1i).

We further developed a mouse model of cardiac I/R
injury to investigate the involvement of MMA in vivo.
Consistently, MMA levels in the serum and myocardial
tissue increased in mice in the I/R model compared to
the Sham group (Supplementary Fig. 1j, k). Moreover,
MMA treatment significantly amplified the I/R-induced
infarct size in hearts subjected to 45 min of ischemia
followed by 24 h of reperfusion (Fig. 1le—g). HE staining
also showed that muscle fiber swelling and breakage was
more obvious in I/R model mice with MMA interven-
tion compared to the I/R group (Supplementary Fig. 11).
Meanwhile, DHE showed that MMA intervention fur-
ther activated I/R-induced oxidative stress in mice heart
(Supplementary Fig. 1m, n). Furthermore, an increased
number of TUNEL-positive cells was observed in the
myocardial tissue of mice in the IR-MMA group, as com-
pared to the I/R-Control group. (Fig. 1h, i). Consistently,
the worsening of cardiac dysfunction caused by MMA
was evidenced by a decrease in the EF and FS (Fig. 1j-1)
and elevated CK-MB in both the sham and I/R context
(Fig. 1m). These results indicate that MMA might aggra-
vate myocardial injury.

MMA induces oxidative stress in cardiomyocytes

To further investigate the effect of MMA on mitochon-
drial, JC-1 staining revealed that MMA significantly
reduced the mitochondrial membrane potential (Sup-
plementary Fig. 2a—b). The ATP assay also showed that
MMA reduced energy production (Supplementary
Fig. 2¢). In addition, RT-qPCR analysis revealed that
MMA activated mitochondrial fission in AC16 cells by
upregulating DRPI, FISI, and MFF expression without
significantly affecting mitochondrial fusion (Supplemen-
tary Fig. 2d). These results were supported by Western
blotting, showing that MMA upregulated the protein lev-
els of DRP1 while having minor effects on MFN1 in vitro
(Supplementary Fig. 2e, f). Furthermore, MitoTracker
Red staining showed that the mitochondrial network was
disrupted in AC16 cells treated with MMA, as evidenced
by a decreased mitochondrial length (Supplementary

(See figure on next page.)
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Fig. 2g). Consistently, MMA significantly impacted the
mitochondrial structure in the I/R context and activated
the mitochondrial division protein DRP1 in vivo (Supple-
mentary Fig. 2h-j).

To investigate whether MMA affects mitochondrial
and cardiac function by activating oxidative stress, we
used H,O, treatment of AC16 cells as a positive con-
trol. In subsequent experiments, H,0, was utilized at a
concentration of 600 uM, as administered with H,O,
at concentrations>600 pM for 6 h resulted in reduced
cell viability (Supplementary Fig. 3a). Meanwhile, co-
treatment with lower concentrations of H,0, and MMA
reduced cell viability, suggesting a potential synergistic
effect between MMA and H,0, in activating oxidative
stress (Supplementary Fig. 3b). The intracellular ROS
level in the H,O, and MMA group was much higher than
that in the control group, reflected by the increased DHE
and DCFH-DA levels (Fig. 2a, b). Furthermore, immuno-
fluorescence and flow cytometry results revealed higher
levels of MitoSox in the MMA treatment group than con-
trol group, indicating that MMA triggered mitochondrial
ROS production (Supplementary Fig. 3c—e). To deter-
mine whether MMA alone induced oxidative stress at the
cellular level, flow cytometry was performed to detect the
fluorescence intensity of DCFH-DA. MMA significantly
enhanced this fluorescence signal in AC16 cells com-
pared with the control group (Fig. 2c). Similarly, the per-
centage of DHE-positive cells was significantly increased
3 h after MMA treatment in AC16 cells (Fig. 2d).

GSH is an antioxidant tripeptide, containing a y-amide
bond and a sulfhydryl group. Both H,0, and MMA
reduced GSH levels, with MMA exhibiting a more
prominent effect (Fig. 2e). MDA, comprising a series of
complex compounds generated via oxidation-reduc-
tion reactions, can indirectly reflect lipid peroxidation.
Either H,0, or MMA significantly increased MDA levels
in AC16 cells (Fig. 2f). The non-phagocytic cell oxidase
(NOX) family constitutes NOX2 and NOX4, with NOX2
mainly producing ROS outside the mitochondria. In con-
trast, NOX4 generates ROS inside mitochondria. Immu-
nofluorescence was used to detect NOX2 and NOX4
expression in vitro. The fluorescence intensities of NOX2
and NOX4 were significantly upregulated following

Fig. 2 MMA-mediated ROS contributes to cardiomyocytes injury. In vitro, AC16 cells were treated with MMA (17.5 mM) for 3 h or H,0, (600 pM)
for 6 h and then used for further analyses. a, b ROS production was observed by DHE and DCFH-DA staining (n=3/group) (Scale bar: 50 um).
Flow cytometry was used to detect DCFH-DA fluorescence intensity under MMA treatment. d MMA increased the percentage of DHE-positive cells
detected by flow cytometry (n=4/group). e, f GSH and MDA were measured by ELISA kit in AC16 cells under MMA or H,0, treatment (n=3-4/
group). g-i NOX2 and NOX4 expression in AC16 cells were analyzed by immunofluorescence staining (n=3-5/group) (Scale bar: 100 um). j, k
Proteins were isolated from AC16 cells, and the levels of NOX2 and NOX4 were analyzed through western blot (n=3-5/group). Data are expressed
as the mean + standard deviation. *P<0.05, **P < 0.01, **P<0.001, ****P <0.0001 and n.s, not significant
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MMA treatment, resembling the effect of H,O,, further
indicating the activating effect of MMA on oxidative
stress (Fig. 2g—i). In addition, western blotting results
revealed that MMA significantly enhanced NOX2 and
NOX4 expression in AC16 cells (Fig. 2j, k). These results
suggest that MMA aggravates cardiomyocyte injury by
activating pro-oxidative signals.

The antioxidant NAC alleviates MMA-induced injury

in cardiomyocytes

We further investigated whether MMA causes cardiomy-
ocyte damage through oxidative stress. NAC, a cysteine
precursor, is a common ROS inhibitor. The MTT assay
demonstrated that NAC (5 mM) did not reduce cell via-
bility (Supplementary Fig. 4a), nor did NAC (300 mg/kg)
affect LDH activity or cardiac function (Supplementary
Fig. 4b-i). To evaluate whether that NAC mediates the
ROS-activated effects of MMA, mice were intraperito-
neally injected with this MMA and NAC. As shown in
Fig. 3a—c, NOX2 and NOX4 expression decreased after
NAC treatment compared to the MMA group, where the
mean fluorescence intensity was decreased. In line with
the vitro data, MMA further upregulated the expression
of NOX2 and NOX4 in the I/R model. In contrast, NAC
reversed the MMA-induced overexpression of NOX2
and NOX4 (Fig. 3d—f). This phenomenon was further
supported by changes in NOX2 and NOX4 protein lev-
els in vivo and in vitro, as measured via western blotting,
showing that NAC inhibited the expression of NOX2 and
NOX4 in MMA-treated cells and mice upon I/R injury
(Fig. 3g—j). Data from DHE staining further suggested
that NAC decreased oxidative stress levels in AC16 cells
(Fig. 3k).

NAC administration markedly decreased MMA-
induced cardiomyocyte apoptosis (Fig. 31, m). To fur-
ther verify the relationship between oxidative stress
and MMA-induced myocardial injury, we evaluated the
degree of myocardial injury in mice by using a CK-MB
ELISA kit. MMA further activated oxidative stress and
aggravated cardiomyocyte injury based on the I/R model,
as evidenced by the increased CK-MB levels; however,

(See figure on next page.)
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NAC intervention reversed these effects (Fig. 3n). Collec-
tively, these data suggest that the antioxidant NAC might
inhibit MM A-induced myocardial injury.

MMA triggers ferroptosis through oxidative stress
Next, we investigated the potential mechanism by
which MMA-induced oxidative stress aggravates car-
diomyocyte injury. MMA treatment of AC16 cells
enhanced the expression of ACSLI, ACSL4, LPCATS3,
PTGS2, NOCA4, IL33, BAKI, BID, and BAX while
decreasing that of RIPKI expression. Despite hav-
ing no notable effect on GSDMD and MCLI expres-
sion, these findings suggest that MMA treatment could
potentially trigger programmed cell death through fer-
roptosis, apoptosis, and necroptosis (Supplementary
Fig. 5) [35-39]. Proteomic analysis revealed that fer-
roptosis was the most highly enriched pathway among
the top 10 pathways associated with myocardial injury
following MMA treatment (Fig. 4a). Furthermore,
MMA induced lipid peroxidation, as evidenced by the
increased intensity of Liperfluo, a fluorescent dye used
for the specific detection of lipid peroxides (Supple-
mentary Fig. 6a, b). The mitochondrial morphology
of MMA treatment AC16 cells was also observed via
TEM to assess whether the resulting oxidative stress
promotes ferroptosis. Consistent with the results of
previous study, TEM analysis revealed that smaller
mitochondria might be a characteristic of ferroptosis,
with increased membrane density [40]. AC16 cells in
the MMA group exhibited more mitochondrial mor-
phological abnormalities, indicating more pronounced
ferroptosis (yellow arrows), which was inhibited by
NAC treatment (Fig. 4b). Furthermore, as a targeted
mitochondrial antioxidant, MitoTEMPO inhibited
MMA-induced lipid peroxidation and improved MMA -
induced myocardial cell damage, as evidenced by the
decreased intensity of Liperfluo and the decreased lev-
els of CK-MB and LDH under normoxic and H/R con-
ditions (Supplementary Fig. 6¢—f).

GPX4, the fourth member of the selenium-containing
GPX family, is a promising indicator of ferroptosis, as is

Fig. 3 Inhibition of oxidative stress ameliorates MMA-mediated cardiomyocytes injury. In vitro, AC16 cells were treated with MMA (17.5 mM)
alone for 3 h or with Acetylcysteine (NAC) (5 mM) for 2 h followed by MMA (17.5 mM) for 3 h. In vivo, mice were assigned to the sham

operation or myocardial I/R injury group. MMA (400 mg/kg/d) was administered seven days before the I/R injury. Meanwhile, NAC (300 mg/kg)
was administered three times before the I/R model (on day 2, 4, and 6 of the administration process). a-c NAC (5 mM) inhibited the expression
of NOX2 and NOX4 in AC16 cells observed by confocal microscopy (n=3-4/group) (Scale bar: 50 um). d-f Immunofluorescence staining analysis
to assess the NOX2 and NOX4 expression (n=3/group) (Scale bar: 100 pm). g, h Western blotting analysis to determine NOX4 and NOX2 protein
expression in the heart (n=3/group). i, j Western blot assessed the NOX4 and NOX2 protein level in AC16 cells (n=3/group). k NAC inhibited
fluorescence intensity of DHE shown by Flow cytometry (n=3/group). I, m Representative photomicrographs and averaged data of TUNEL
positive cells (n=4/group) (Scale bar: 50 um). n NAC relieved myocardial damage assessed by CK-MB assay (n=4/group). Data are expressed

as the mean + standard deviation. *P<0.05, **P <0.01, **P<0.001, ****P <0.0001 and n.s, not significant
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SLC7A11. Immunofluorescence staining revealed that
I/R significantly inhibited the expression of SLC7A11 and
GPX4 compared to the sham group. In addition, MMA
treatment caused ferroptosis, as evidenced by the down-
regulation of SLC7A11 and GPX4 expression in the I/R
model, whereas a considerable increase in SLC7A11
and GPX4 fluorescence intensity was detected in the
I/R-MMA+NAC group (Fig. 4c, d). Similarly, NAC
increased the expression of GPX4 and SLC7A11 in AC16
cells following MMA treatment (Fig. 4e, f). Western blot
analysis revealed that the intraperitoneal injection of
MMA inhibited the expression of GPX4 and SLC7A11 in
myocardial tissue in the I/R model; however, this effect
was reversed by NAC (Fig. 4g, h). Furthermore, MMA
reduced GSH levels in the I/R model, which was reversed
by NAC (Fig. 4i). These data indicate that MMA activates
ferroptosis by upregulating oxidative stress.

MMA inhibits NRF2 recruitment to the nucleus to trigger
ferroptosis

Previous studies reported NRF2 as an important endog-
enous antioxidant [41, 42]. Moreover, its expression
decreased gradually with the duration of reperfusion
in mouse myocardial tissue of the I/R model, with the
most significant difference observed at 24 h (Supplemen-
tary Fig. 7a, b). These results suggest that NRF2 plays an
important role in I/R injury. Similarly, MMA impeded
NREF2 expression in AC16 cells (Fig. 5a, b). MMA treat-
ment for 3 h significantly reduced the nuclear ectopic
expression of NRF2 in AC16 cells, whereas NAC treat-
ment partially reversed this effect (Fig. 5a, c). However,
cytoplasmic NRF2 did not change significantly after
MMA treatment (Fig. 5a, d). Similarly, immunofluores-
cence staining showed less NRF2 in the nucleus after
MMA treatment (Fig. 5e, f).

Based on the protein—protein prediction websites
BioGRID (http://thebiogrid.org) and HDOCK SERVER
(http://hdock.phys.hust.edu.cn/) (Fig. 5g, h), NRF2 might
interact with KEAP1 in human and mouse. We further
hypothesized that MMA might inhibit the entry of NRF2
into the nucleus by enhancing the binding of KEAP1 to
NREF2. To test this hypothesis, co-immunoprecipitation

(See figure on next page.)
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analysis was performed with MMA-treated AC16 cells
to reveal the endogenous interaction between KEAP1
and NRF2. Furthermore, MMA considerably increased
the amount of NRF2-bound KEAP1 compared to that in
the control group, suggesting that MMA might restrict
the nuclear entry of NRF2 by promoting NRF2-KEAP1
binding, thereby inducing ferroptosis (Fig. 5i, j).

Next, KEAP1 siRNA was used to assess the contri-
bution of KEAP1 to MMA-induced ferroptosis. Here,
KEAP1 siRNA-2 effectively knocked down KEAP1
expression (Supplementary Fig. 7c, d); hence, KEAP1
siRNA-2 and control-siRNA were used in subsequent
experiments. As expected, administration of MMA with
control siRNA reduced GPX4 and SLC7A11 expres-
sion, whereas the inhibitory effect of MMA on GPX4
and SLC7A11 expression was partly reversed by KEAP1
silencing (Fig. 5k, 1). Furthermore, KEAP1 silencing par-
tially restored the ectopic nuclear expression of NRF2
upon MMA treatment (Fig. 5k, m). In summary, MMA
inhibits the nuclear expression of NRF2 by enhancing
KEAP1-NREF?2 binding to activate ferroptosis.

MMA-induced myocardial injury is alleviated by ferroptosis
inhibitors

We then used RSL3 and Fer-1, a ferroptosis agonist and
inhibitor, respectively, to investigate whether MMA
treatment leads to enhanced ferroptosis. The MTT assay
demonstrated that both RSL3 (3 uM) and Fer-1 (2 pM)
did not affect cell viability (Supplementary Fig. 4a).
Although Fer-1 tended to reduce LDH activity, this
was not statistically significant compared to the control
group. Similarly, in the RSL3 group, there was no signifi-
cant difference in LDH activity compared to that in the
control group (Supplementary Fig. 4b). Furthermore,
neither RSL3 nor Fer-1 affected cardiac functions (Sup-
plementary Fig. 4c—i). However, Fer-1 diminished the
inhibitory effect of MMA on cellular activity, which was
further aggravated by RSL3 (Fig. 6a).

Western blotting was then used to examine the effects
of FER-1 and RSL3 in MMA-stimulated I/R-model mice
by measuring SLC7A11 and GPX4 expression. SLC7A11
and GPX4 levels in the I/R-MMA +FER-1 group were

Fig. 4 MMA triggers ferroptosis through oxidative stress. In vitro, AC16 cells were treated with MMA (17.5 mM) alone for 3 h or with NAC (5 mM)
for 2 h followed by MMA (17.5 mM) for 3 h. In vivo, mice were assigned to the sham operation or myocardial I/R injury group. MMA (400 mg/
kg/d) was administered seven days before the I/R injury. Meanwhile, NAC (300 mg/kg) was administered three times before the I/R model (on day
2,4,and 6 of the administration process). a Pathway Enrichment showed a ferroptosis pathway associated with MMA treatment. b TEM analysis

of mitochondria in AC16 cells. Yellow arrows indicate mitochondria (Scale bar: 20 um). ¢, d Representative photomicrographs and averaged

data of GPX4 and SLC7A11 expression in mice heart tissue (n=4/group) (Scale bar: 100 um). e, f Western blot analyzed the protein level of GPX4
and SLC7A11 in AC16 cells (n=3-4/group). g, h Western blot analyzed the protein level of GPX4 and SLC7A11 in mice heart tissue (n=3/group). i
GSH was relieved by NAC in mice heart tissue. Data are expressed as the mean +standard deviation. *P<0.05, **P< 0.01, ***P < 0.001, ***P<0.0001

and n.s, not significant
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significantly higher than those in the I/R-MMA group,
whereas RSL3 pretreatment prevented SLC7A11 and
GPX4 production (Fig. 6b—d). The inhibition of fer-
roptosis, mediated by FER-1, profoundly reduced the
infarct size but had no notable effect on the AAR. In
contrast, RSL3 increased the infarct area, indicating
that the inhibition and activation of ferroptosis might be
related to myocardial injury (Fig. 6e—g). Furthermore,
through TEM, smaller mitochondria in the heart tissue
of the [/R-MMA + RSL3 group were more evident than
the IR-MMA group. In contrast, these alterations were
largely absent in the heart samples treated with FER-1
(Fig. 6h). Consistently, I/R-induced cardiac dysfunction
was further enhanced in RSL3-treated mice compared
to I/R-MMA mice, as indicated by a further decrease
in EF and FS values. However, cardiac dysfunction was
partially relieved in the FER-1-treated mice (Figs. 6i—k).

Discussion

AMI is a severe and potentially life-threatening disease
among the most common causes of mortality worldwide.
Here, we observed that plasma MMA concentrations are
increased in patients with AMI and in mouse myocardial
tissue following I/R (45 min of ischemia and 24 h of rep-
erfusion). Elevated MMA levels induced oxidative stress
in cardiomyocytes by increasing the expression of NOX2
and NOX4. Activated oxidative stress then triggered fer-
roptosis, which was further demonstrated based on the
downregulation of SLC7A11 and GPX4 expression in
response to MMA treatment. Meanwhile, the inhibition
of oxidative stress and ferroptosis blocked the myocar-
dial damage caused by MMA, indicating that myocardial
injury in the I/R model was closely related to MMA-
driven ferroptosis. Mechanistically, MMA-induced fer-
roptosis was attributed to the reduced ectopic nuclear
expression of NRF2 through increased NRF2-KEAP1
binding.

We previously found that individuals with high MMA
levels have an increased risk of all-cause and cardiovas-
cular mortality, suggesting that it might represent a prog-
nostic biomarker in adults [32]. In this study, we found
that MMA concentrations are increased in patients with
AMI and in AC16 cells stimulated by H,0O,. In addition,

(See figure on next page.)

Page 14 of 20

MMA levels were elevated in the myocardial tissue of
I/R-model mice. MMA treatment led to increased myo-
cardial injury in mice, which manifested as decreased
myocardial function and increased infarct size. These
results indicate that the concentration of MMA increases
during myocardial ischemia and hypoxia. Subsequently,
elevated MMA levels exacerbate myocardial injury dur-
ing perfusion.

Previous clinical studies have reported that MMA, a
metabolite derived from the mitochondria, can induce
oxidative stress in patients of different ages [43]. During
I/R, mitochondrial-induced oxidative stress bursts lead
to myocardial cell damage [44]. Moreover, recent studies
have shown that mitochondrial dynamics are critical role
in I/R injury [45]. In this study, we found that the accu-
mulation of MMA inhibited energy production in AC16
cells and activated mitochondrial fission via the upregu-
lation of DRP1, MFF, and FIS1 expression but had minor
effect on mitochondrial fusion. MMA also decreased
the mitochondrial membrane potential and increased
mitochondria-derived ROS, as evidenced by the JC-1
staining and the MitoSOX probe. These findings suggest
that MMA impairs mitochondrial dynamics and induces
mitochondria-derived oxidative stress.

NADPH oxidase is an important pro-oxidase that
produces ROS and comprises seven distinct subfami-
lies, including NOX1-5 and the dual oxidases (DUOX1
and DUOX2) [46]. ROS can maintain cellular functions
by regulating intracellular signaling and the redox bal-
ance. However, excessive ROS levels can cause oxidative
damage to biomacromolecules and organelles [47]. Our
results revealed elevated NOX2 and NOX4 expression
in vitro and in vivo following MMA treatment, indicating
that MMA leads to excessive ROS production. We also
examined the effects of pretreatment with NAC, a com-
monly used oxidative stress inhibitor, on cardiomyocytes
[48]. Our data demonstrated that NAC relieved MMA -
treated cardiomyocyte injury by suppressing NOX2 and
NOX4 overexpression in vivo and in vitro, as compared
to levels in the MMA group. These findings suggest that
oxidative stress is a critical contributor to MMA-induced
myocardial damage.

Fig. 5 MMA inhibits NRF2 nuclear translocation. In vitro, AC16 cells were treated with MMA (17.5 mM) alone for 3 h or with (acetylcysteine) NAC
(5 mM) for 2 h followed by MMA (17.5 mM) for 3 h. a-d NRF2 expression in the cytoplasm, nucleus and total protein of AC16 cells analysed by WB
(n=3/group). e, f Immunofluorescence analysis of the effect of MMA and NAC on NRF2 nucleus translocation in AC16 cells (n=3/group) (Scale
bar: 50 um). g, h Binding model between KEAP1 and NRF2 were acquired by protein—protein predicted website BioGRID (http://thebiogrid.org)
and HDOCK SEVER (http://hdock.phys.hust.edu.cn/). i, j Co-immunoprecipitation detected NRF2 and KEAP1 complex formation (n=3/group).

k-l The expression of ferroptosis-related proteins GPX4 and SLC7A11 were detected by western blot (n=3/group). m Western blotting analysis

of the protein level of NRF2 in AC16 cells in the nucleus (n=3/group). Data are expressed as the mean + standard deviation. *P < 0.05, **P < 0.01,

**¥P<0.001,****P<0.0001 and n.s, not significant
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Ferroptosis is a ROS-dependent cell death mechanism
with two main characteristics, specifically iron upload-
ing and lipid peroxidation [17]. Lipid hydroperoxides
(LOOHs) are produced through ferroptosis-related lipid
peroxidation, triggered by interactions between polyun-
saturated fatty acids and the free radicals found in bio-
films [12, 49]. LOOHSs are then oxidized to MDA and
4HNE, two common end products of lipid peroxidation.
MMA treatment significantly increased MDA levels and
Liperfluo fluorescence intensity in AC16 cells, indicating
marked lipid peroxidation. The cystine/glutamate anti-
porter (system xc-) is an amino acid transporter located
on the mammalian cell membrane and is composed of
a light chain (SLC7A11) and heavy chains (solute car-
rier family 3 members 2, SLC3A2), the activity of which
is primarily controlled by SLC7A11 [50]. Under nor-
mal metabolic conditions, extracellular cystine is trans-
ported into the cell via system xc-. Intracellularly, cystine
is reduced to cysteine, which is an essential raw mate-
rial for the synthesis of GSH, an important cellular anti-
oxidant that exists in dynamic equilibrium with oxidized
GPX4 [50, 51]. The primary mechanism facilitating fer-
roptosis is system xc-/GSH/GPX4 antioxidant system
breakdown, and the decreased expression of its key pro-
teins SLC7A11 and GPX4 reduces the antioxidant capac-
ity of cells [19, 52]. Previous studies have shown that I/R
decreases the expression of GPX4 and SLC7A11 [18,
19], which is consistent with our results. Interestingly,
GPX4 and SLC7A11 levels were further reduced in the
I/R-MMA group compared to the I/R-Control group,
suggesting that the increase in MMA in the I/R model
might comprise an important mechanism associated
with ferroptosis in cardiomyocytes. Moreover, ferrop-
tosis is often manifested by mitochondrial abnormali-
ties, such as condensation or swelling, a decrease in or
the disappearance of cristae, and damaged membranes
[12, 40, 52]. TEM analysis showed that MMA caused
mitochondrial shrinkage and loss of the mitochondrial
cristae, suggesting mitochondrial dysfunction and fer-
roptosis activation.

(See figure on next page.)
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Evidence suggests that FER-1 decreases ferroptosis by
increasing GPX4 expression [53]. Our study also showed
upregulated GPX4 and SLC7A11 improved cardiac func-
tion and reduced myocardial infarction size in the I/R-
MMA +FER-1 group, as compared to the I/R-MMA
group. In contrast, RSL3, an activator of ferroptosis,
reduced GPX4 and SLC7AI11 expression, suggestive of
ferroptosis activation, which led to a decrease in cardiac
function and an increase in the myocardial infarct size.
A recent study reported that RSL3 inhibits GPX4 expres-
sion and activates ferroptosis, which is consistent with
our findings [54]. NAC reversed the inhibitory effect on
GPX4 and SLC7A11 expression in MMA-treated cells
while also reversing the effects on GSH levels mediated
by MMA treatment. These results suggest that the inhi-
bition of oxidative stress alleviates MMA-induced cell
ferroptosis.

NREF2 is one of the main transcription factors involved
in the cellular antioxidant response. The proteasome usu-
ally destroys NRF2 after interacting with its regulator
KEAP1, which is subsequently ubiquitinated. However,
promoting the expression of NRF2 during myocardial I/R
injury enhances the transcription of SLC7A11 and GPX4,
thereby inhibiting cardiomyocyte ferroptosis [55]. Our
study found that GPX4 and SLC7A1l expression was
markedly suppressed, similar to NRF2 levels, in AC16
cells after MMA treatment. Meanwhile, the phospho-
rylated form of NRF2 can be released from KEAP1 and
translocates to the nucleus, thereby promoting the tran-
scription of downstream target genes [56]. Indeed, our
results showed that MMA treatment markedly reduced
ectopic NRF2 nuclear expression and significantly
boosted NRF2-KEAP1 binding. Hence, MMA might
activate ferroptosis in cardiomyocytes by inhibiting
ectopic NRF2 nuclear expression and enhancing NRF2—
KEAP1 binding.

This study has certain limitations. First, the specific
molecular binding domains between KEAP1 and NRF2
were not identified. Second, though substantial results
were derived from in vitro and in vivo models, further

Fig. 6 MMA-induced myocardial injury could be alleviated by ferroptosis inhibitor. In vitro, AC16 cells were treated with MMA (17.5 mM) alone
for 3 h or with NAC (5 mM) for 2 h followed by MMA (17.5 mM) for 3 h. Otherwise, cells were treated by MMA (17.5 mM) with Ferrostatin-1 (Fer-1)
(2 uM) or (1S,3R)-RSL3 (RSL3) (3 uM) for 3 h. In vivo, mice were assigned to the sham operation or myocardial I/R injury group. MMA (400 mg/
kg/d) was administered seven days before the I/R injury. Meanwhile, NAC (300 mg/kg), Fer-1 (10 mg/kg), and RSL3 (10 mg/kg) were administered
once in two days for three times before the I/R model (on day 2, 4, and 6 of the administration process). a Cell viability was detected by MTT assay
after beinig administered with dimethy! sulfoxide (DMSO) as a control, MMA (15 mM), NAC (5 mM), Fer-1 (2 uM) or RSL3 (3 uM) (n=3/group).

b-d Western blot analysed of GPX4 and SLC7A11 in mice heart tissue (n=3/group). e-g Representative images of heart sections with TTC/Evans
staining and the ratios of the AAR to LV area and infarct area to AAR (n=3/group). The area of AAR was marked with yellow dotted line. h TEM
analysis of mitochondria in mice heart tissue. Yellow arrows indicate mitochondria (Scale bar: 1/2 um). i-k Representative images of M-mode
echocardiograms and quantitative analysis of EF and FS by echocardiography (n=6/group). Data are expressed as the mean + standard deviation.

*P<0.05,**P<0.01, **P<0.001, ****P<0.0001 and n.s, not significant
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Fig. 7 Mechanism of myocardial injury caused by MMA

investigations are required for the clinical translation of
our results.

Conclusion

In conclusion, our study revealed, for the first time, that
mitochondrial-derived metabolite MMA plays a pivotal
role in the pathogenesis of cardiomyocyte death under
I/R stress. MM A-related myocardial injury is triggered by
the induction of oxidative stress and ferroptosis in cardio-
myocytes. Additionally, MMA strengthens the interaction
between NRF2 and KEAP1 to inhibit the ectopic nuclear
distribution of NRF2 (Fig. 7), which is of great significance
for studying the progression of I/R injury. Our study pro-
vides novel insights into the mechanisms underlying
MMA-induced myocardial injury in an I/R model.
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