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BACKGROUND: As an iron-dependent form of regulated cell death caused by lipid peroxidation, ferroptosis has been implicated in 
ischemic injury, but the underlying mechanisms in acute myocardial infarction (AMI) remain poorly defined. ALDH2 (acetaldehyde 
dehydrogenase 2) catalyzes detoxification of lipid aldehydes derived from lipid peroxidation and acetaldehydes from alcohol 
consumption. The Glu504Lys polymorphism of ALDH2 (rs671, ALDH2*2), affecting ≈40% of East Asians, is associated with 
increased risk of myocardial infarction (MI). This study aims to investigate the role of ALDH2*2 and ferroptosis in AMI.

METHODS: A Chinese cohort of 177 patients with acute heart failure with ALDH2 wild type and ALDH2*2 was enrolled. The MI 
mouse model of left anterior descending coronary artery ligation was conducted on wild-type and ALDH2*2 mice and mice 
with cardiomyocyte-specific knockdown of eIF3E (eukaryotic translation initiation factor 3 subunit E) by adeno-associated 
virus. The lipid peroxidation products were measured by mass spectrometry–based lipidomics and metabolomics in human 
plasma, mouse serum samples, mouse heart tissues, and primary cardiac myocytes.

RESULTS: Human ALDH2*2 carriers exhibit more severe heart failure after AMI with features of ferroptosis in plasma, as 
seen through lipidomic analysis, characterized by increased bioactive lipids and decreased antioxidants, such as coenzyme 
Q10 and BH4 (tetrahydrobiopterin). Similar features were observed in MI mouse models of ALDH2*2, whereas ferroptosis 
inhibition by Fer-1 significantly improved heart function and reversed ferroptosis markers. Importantly, ALDH2*2 significantly 
decreased ALDH2 protein levels, whereas ferroptosis-related markers, including TFRC (transferrin receptor) and ACSL4 (acyl-
coenzyme A synthetase long-chain family member 4) were notably upregulated in the infarct heart tissues. Mechanistically, 
ALDH2 physically interacts with the eIF3 complex via the eIF3E factor, which prevents eIF3E-eIF4G1 (eukaryotic initiation 
factor 4G)-mRNA assembly. The ALDH2*2 variant causes ALDH2 deficiency, disrupting its interaction with the eIF3 complex 
by releasing the bound eIF3E to assemble an eIF3E-eIF4G1-mRNA ternary complex, thereby driving selective translation 
of mRNAs (eg, TFRC, ACSL4, and UAP1) containing the GAGGACR (R represents A/G) motif to promote ferroptosis. 
Consistently, cardiomyocyte-specific eIF3E knockdown restored ALDH2*2 cardiac function by attenuating ferroptosis in MI.

CONCLUSIONS: ALDH2*2 aggravates acute heart failure after MI by promoting the selective translation of mRNAs containing 
the GAGGACR motif, thereby driving cardiomyocyte ferroptosis. Targeting ferroptosis represents a potential therapeutic 
option for mitigating MI injury, especially for ALDH2*2 carriers.
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Editorial, see p 185

Acute myocardial infarction (AMI) is a leading 
cause of death worldwide, and ischemic heart 
injury remains the major contributor to heart fail-

ure after AMI.1–3 Mounting evidence has implicated vari-
ous forms of cardiomyocyte cell death in ischemic injury, 
such as apoptosis, necroptosis, pyroptosis, and ferropto-

sis.4,5 Each form of cell death plays an important role in 
ischemic injury, and specifically targeting different forms 
of cell death may have an enormous impact on develop-
ing therapeutic strategies for MI.6

Ferroptosis is a newly discovered form of regulated cell 
death primarily caused by lipid peroxidation and dysregula-
tion of iron metabolism.7 The TFRC (transferrin receptor) 
plays a critical role in iron uptake and has been regarded 
as a specific marker for ferroptosis.8 Multiple reactive oxy-
gen species (ROS) are generated from Fenton chemistry 
(ferric ion and hydrogen peroxide), lipoxygenases (LOX), 
cytochrome P450 oxidoreductase, and nicotinamide ade-
nine dinucleotide phosphate oxidase, which attack polyun-
saturated fatty acids (PUFAs) in cellular membranes. The 
resulting oxidized lipids are considered hallmarks of lipid 
peroxidation and ferroptosis.9 On the other hand, cellular 
antioxidant systems, including GPX4 (glutathione peroxi-
dase 4), Nrf2/KEAP1, ubiquinol recycling (ferroptosis sup-
pressor protein 1, FSP1, coenzyme Q10, CoQ10), and GTP 
cyclohydrolase 1–mediated BH4 (tetrahydrobiopterin) 
production, are critical for counteracting lipid peroxidation, 
which precedes ferroptosis.10 ACSL4 (acyl-CoA synthe-
tase long-chain family member 4) plays an important role 
in incorporating PUFAs into cellular membranes under fer-
roptosis conditions.11 ACSL4 also preferentially activates 
arachidonic acid (AA) and adrenic acid (AdA) by esterify-
ing them into AA-CoA and AdA-CoA as key ferroptotic 
signals while also modulating prostaglandin E2 secretion.12 
Mounting evidence from the past decade has implicated 
ferroptosis in various human diseases, especially ischemia/
reperfusion (I/R) injury. However, the underlying mecha-
nisms of ferroptosis in AMI remain poorly defined.13

ALDH2 (aldehyde dehydrogenase 2) is a critical 
enzyme that catalyzes the oxidation of acetaldehydes 
from alcohol or endogenous lipid aldehydes result-
ing from lipid peroxidation.14 A loss-of-function single- 
nucleotide polymorphism in the ALDH2 gene, ALDH2*2 
(or ALDH2 rs671), affects ≈30% to 50% of the East 
Asian population, has been linked to an increased risk 
of MI and other cardiovascular diseases (CVD).15,16 
Most previous studies have attributed the increased 
risk of CVD in ALDH2*2 carriers to the accumulation 
of aldehydes as a result of the significantly decreased 
enzymatic function of ALDH2.17,18 We and others have 
discovered multiple nonenzymatic functions of ALDH2 
in the pathogenesis of CVD.15,19,20 However, it remains 
unknown whether ALDH2 regulates lipid peroxidation 
and the ferroptosis pathway in MI.21,22

In this study, we discovered a novel mechanism by 
which ALDH2 physically interacts with the eIF3 com-
plex via the eIF3E factor, thereby preventing eIF3E from 
binding to eIF4G1 (eukaryotic initiation factor 4G). The 
ALDH2*2 variant leads to ALDH2 deficiency, disrupt-
ing its interaction with the eIF3 complex and releasing 
the bound eIF3E to assemble an eIF3E-eIF4G1-mRNA 
ternary complex. This process promotes the selective 

Clinical Perspective

What Is New?
•	 The ALDH2*2 mutation aggravates acute heart fail-

ure with features of ferroptosis, including several 
species of elevated bioactive lipids and reduced 
levels of coenzyme Q10 and tetrahydrobiopterin in 
patient plasma.

•	 ALDH2 deficiency drives the preferential transla-
tion of mRNAs harboring the GAGGACR (R: A/G) 
motif through eIF3E-mediated ribosome remodel-
ing, upregulating ferroptosis.

•	 ALDH2 directly binds to the eIF3 complex through 
the eIF3E factor, competitively inhibiting eIF3E-
eIF4G1 assembly to control selective mRNA 
translation.

What Are the Clinical Implications?
•	 Bioactive lipids associated with ferroptosis in 

plasma may serve as potential markers for acute 
myocardial infarction patients, especially for 
ALDH2*2 carriers.

•	 Inhibiting ferroptosis emerges as a viable cardio-
protective therapeutic strategy for myocardial injury, 
particularly for ALDH2*2 carriers.

Nonstandard Abbreviations and Acronyms

AA	 arachidonic acid
AHF	 acute heart failure
AMI	 acute myocardial infarction
CoQ10	 coenzyme Q10
CRP	 C-reactive protein
CVD	 cardiovascular disease
DHET	 dihydroxyeicosatrienoic acid
Fer-1	 ferrostatin-1
KD	 knockdown
LDH	 lactate dehydrogenase
MI	 myocardial infarction
NC	 normal control
PC	 glycerophosphatidylcholine
PE	 glycerophosphatidylethanolamine
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translation of mRNAs (eg, TFRC, ACSL4, and UAP1) 
containing the GAGGACR (R: A/G) motif, ultimately 
promoting ferroptosis. Conversely, eIF3E knockdown 
(KD) or ferroptosis inhibition using ferrostatin 1 (Fer-1) 
attenuates heart failure in ALDH2*2 mice. These find-
ings suggest that inhibiting ferroptosis could serve as a 
novel therapeutic strategy for ischemic heart injury.

METHODS
All supporting data are available within the article and its 
Supplemental Material. All data, protocols, and study materi-
als are available to other researchers to reproduce the results. 
Ribosome profiling (Ribo-seq) raw data were uploaded to the 
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under 
accession number GSE305516. Liquid chromatography- 
tandem mass spectrometry raw data were deposited as Mendeley 
Data V1 (doi:10.17632/h273n9twh6.1). The detailed methods 
used in this study are provided in the Supplemental Material.

Experimental Animals and Myocardial Infarction 
Model
Male C57BL/6J and ALDH2*2 knockin (rs671 variant) mice 
were maintained under specific pathogen–free conditions 
with ad libitum access to irradiated normal chow and water 
(animal approval Nos. SINH-2021-YYH-1 and SINH-2022-
YYH-1). All procedures conformed to institutional ethics 
guidelines and were approved by the animal care and use 
committee of the Shanghai Institute of Nutrition and Health, 
Chinese Academy of Sciences. To minimize hormonal fluc-
tuations, we only used male mice in the animal experiments. 
Male C57BL/6J, and male ALDH2*2 knockin mice that 
were generously provided by Dr Yong Cang’s laboratory at 
ShanghaiTech University23 were used for all echocardiogra-
phy and survival analyses. Anesthesia was induced with iso-
flurane inhalation, followed by mechanical ventilation with a 
volume-regulated SAR-830/AP small animal ventilator (CWE 
Inc, Ardmore, PA). A preemptive dose of carprofen (2 mg/kg 
IP; MedChemExpress, HY-B1227) was administered before 
surgery. No postoperative analgesics were given to avoid 
confounding effects on serum metabolite profiling. Body tem-
perature was maintained at 37 C throughout the procedure. 
Mice were randomly selected for either sham or MI induc-
tion groups. MI was produced by permanently ligating the left 
anterior descending coronary artery with 7-0 Prolene suture. 
In sham-operated mice, the suture was placed but not tight-
ened to occlude the artery. The chest was then closed over 
the exteriorized suture ends with 5-0 Prolene suture, and mice 
were returned to the rearing cage for recovery and feeding. 
Either vehicle (1% dimethyl sulfoxide DMSO in 0.9% saline 
IP) or Fer-1 (10 mg/kg in 0.9% saline IP) was administered 
twice, 24 hours and 2 hours before ischemia induction.

Human Peripheral Blood Samples and Left 
Ventricular Tissues
All clinical parameters (Table) were recorded upon admission of 
ST-segment–elevation MI (STEMI) patients before any surgical 
intervention. Sample collection followed standardized protocols 

for all participants, minimizing temporal variability. Peripheral 
blood samples from 177 patients with STEMI were collected 
under Changhai Hospital ethics committee–approved proto-
cols. Genotyping identified 52 (29%) ALDH2*2 heterozygotes 
and 14 (8%) homozygotes. Cardiac injury biomarkers (BNP 
[brain natriuretic peptide], CRP [C-reactive protein], and LDH 
[lactate dehydrogenase]) were compared between wild-type 
(WT) and ALDH2*2 carriers. ALDH2*2 heterozygotes showed 
significantly elevated BNP, CRP, and LDH levels compared 
with ALDH2*1 homozygotes (Table S5). ALDH2*2 homozy-
gotes showed no significant change, potentially because of 
limited sample size. Given this, heterozygous and homozygous 
carriers were combined for subsequent analyses (Table). Given 
the acute biomarker elevations, we prioritized investigating 
immediate MI injury and did not collect long-term follow-up 
data. Additionally, left ventricular tissues were obtained from 
3 patients with end-stage dilated cardiomyopathy undergoing 
heart transplantation at Changhai Hospital. The characteristics 
of these 3 patients are outlined in Table S1. All procedures 
involving human participants, including the collection of plasma 
and tissue samples, were carried out in strict accordance 
with the ethical standards established by the institutional 
research committee (ethics committee of Changhai Hospital 
of Shanghai, Shanghai, China; approval No. CHEC2024-320). 
Written informed consent was obtained from all participants or 
their legally authorized representatives before the initiation of 
sample collection.

Statistical Analysis
All mice were randomly assigned to groups before the experi-
ments. Experiments, including cell, animal, and human experi-
ments, were analyzed using a 2-tailed Student t test for normally 
distributed data and a Mann-Whitney test for non-normally dis-
tributed data by using GraphPad Prism 9.0 software. A 1-way 
or 2-way ANOVA was performed for comparisons between 
multiple groups, followed by Tukey’s multiple comparisons 
after the test. All data are reported as the mean±SEM or the 
mean±SD from at least 3 independent experiments. Statistical 
significance was determined at P<0.05, with significance lev-
els indicated as *P<0.05, **P<0.01, and ***P<0.001.

RESULTS
ALDH2*2 Is Positively Associated With Severity 
of Acute Heart Failure After MI
To explore the roles of ALDH2 in acute heart failure 
(AHF) induced by MI, we enrolled a cohort of 177 pa-
tients with STEMI with elevated BNP levels (>100 pg/
mL), a diagnostic marker for AHF.24 The clinical charac-
teristics of all of these patients are summarized in the 
Table. Blood cells were used for ALDH2 genotyping, and 
plasma samples were used for targeted metabolomics 
(Figure 1A). The patients were genotyped for ALDH2*1 
(WT, n=111, 62.7%) and ALDH2*2 (hetero/homozy-
gous, n=66, 37.3%; Figure 1A; Table). The major tradi-
tional risk factors for HF between these 2 groups showed 
no intergroup differences, including age, sex, BMI, lip-
id profiles (total cholesterol, triglycerides, low-density  
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lipoprotein cholesterol, and high-density lipoprotein cho-
lesterol), smoking, hypertension, diabetes, and family 
history of CVD. Interestingly, the prevalence of drinking 
was lower in ALDH2*2 than in the WT (Table), consis-
tent with previous reports. However, ALDH2*2 carriers 
demonstrated elevated injury markers (higher LDH, BNP, 
and CRP), though cardiac troponin I levels were com-
parable. On the other hand, heart function deteriorated 
more in the ALDH2*2 variant than in the WT, evidenced 
by significant reductions in ejection fraction and fraction 
shortening, along with an increased left ventricular end-
diastolic volume. No significant changes were observed 
in interventricular septal thickness or left ventricular end- 
systolic dimension (Table). These findings suggest that 
the ALDH2*2 variant is associated with more severe 
AHF after MI, independent of alcohol consumption or 
traditional risk factors.

Taken together, ALDH2*2 carriers manifest aggra-
vated AHF after MI, independent of alcohol consumption, 
likely because of impaired ALDH2-mediated cytoprotec-
tive pathways rather than traditional risk factors.

Targeted Metabolomic Analysis Identified 
Features of Ferroptosis in the Plasma of 
Patients With ALDH2*2 AHF After MI
ALDH2 is a key enzyme in detoxifying ethanol-derived 
acetaldehyde and endogenous lipid aldehydes generated 
from lipid peroxidation,25 processes closely linked to ferrop-
tosis.26 However, it remains unknown whether ferroptosis- 
driven lipid peroxidation exacerbates AHF in ALDH2*2 
carriers after MI. To address this, we performed mass 
spectrometry–based targeted oxidative lipidomics and 
metabolomics on patient plasma samples. We observed a 
general trend of elevated levels of multiple oxidized phos-
pholipids in plasma samples of patients with ALDH2*2, 
although they did not reach statistical significance after 
false discovery rate correction (Figure 1A and 1B). How-
ever, specific bioactive lipids derived from oxidized lipids, 
free AA (20:4 n‑6), and 15-deoxy-Δ12,14-prostaglandin 
D2 (15d-PGD2), were markedly elevated in patients with 
ALDH2*2 (Figure 1C). AA provides the substrate for 
ACSL4-mediated esterification into peroxidation-prone  

Table.  Clinical Characteristics of Human Samples From AHF Patients After Myocardial Infarction

Variables ALDH2*1 (WT) (n=111) ALDH2*2 (variant) (n=66) P value

Age, y 65.3±12.0 66.4±12.2 0.468

Sex (male), n (%) 91 (81.1) 59 (89.4) 0.210

BMI, kg/m2 24.9±3.4 25.5±4.2 0.511

TC, mmol/L 4.8 (4.0, 5.4) 4.7 (4.1, 5.4) 0.907

TG, mmol/L 1.5 (1.1, 2.2) 1.2 (1.0, 1.7) 0.051

LDL-C, mmol/L 3.1 (2.3, 3.7) 3.1 (2.4, 3.7) 0.675

HDL-C, mmol/L 1.1 (1.0, 1.3) 1.2 (1.0, 1.3) 0.514

Cigarette smoking, n (%) 52 (46.4) 32 (48.5) 0.956

Hypertension, n (%) 59 (53.2) 34 (51.5) 0.956

Diabetes, n (%) 37 (33.3) 22 (33.3) 1.000

Family history of CVD, n (%) 13 (11.7) 6 (9.1) 0.769

Alcohol habit, n (%) 30 (27.0) 7 (10.6) 0.016*

LDH, U/L 426.5 (283.5, 779.5) 615.5 (381.0, 972.5) 0.013*

cTnI, ng/mL 15.3 (4.6, 25.6) 25.1 (5.9, 26.5) 0.192

BNP, pg/mL 310.3 (189.7, 476.0) 392.7 (247.0, 600.1) 0.035*

CRP, mg/L 1.3 (0.5, 7.0) 2.2 (0.5, 15.7) 0.039*

EF (%) 59.0 (56.0, 63.0) 53.0 (49.8, 58.0) <0.0001*

FS (%) 32.0 (29.0, 34.0) 28.0 (25.0, 32.0) 0.0005*

IVS, cm 1.1 (1.0, 1.2) 1.1 (1.0, 1.2) 0.553

LVESD, cm 3.2 (2.9, 4.2) 3.5 (3.1, 4.0) 0.147

LVEDD, cm 4.4 (4.0, 4.8) 4.8 (4.3, 5.2) <0.0001*

Continuous variables are presented as mean±SD when normally distributed (per Shapiro-Wilk test) or as median and interquar-
tile range when skewed or contain outliers. Categorical variables are reported as count (n) and percentage (%). P values are 2 tailed 
and derived from Mann-Whitney U tests for continuous variables and χ2 tests for categorical variables, comparing ALDH2*2 with 
WT. ALDH2 indicates aldehyde dehydrogenase 2; ALDH2*1, wild-type; ALDH2*2, variant ALDH2 genotype; BMI, body mass index; 
BNP, brain natriuretic peptide; CRP, C-reactive protein; cTnI, cardiac troponin I; CVD, cardiovascular disease; EF, ejection fraction; 
FS, fraction shortening; HDL-C, high-density lipoprotein cholesterol; IVS, interventricular septal; LDH, lactate dehydrogenase; LDL-
C, low-density lipoprotein cholesterol; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic dimension; 
TC, total cholesterol; and TG, triglyceride.

*P values (P<0.05) denote statistical significance.
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Figure 1. Targeted metabolomic analysis of oxidative lipids and related metabolites in the human plasma samples from ALDH2 
WT and ALDH2*2 carriers.
A, Experimental design. A BNP (brain natriuretic peptide) level >100 pg/mL was classified as heart failure. ALDH2 (acetaldehyde dehydrogenase 
2) genotypes were confirmed by direct sequencing of PCR-amplified genomic DNA, categorizing patients into two groups: wild type (WT; G/G, 
n=111) and ALDH2*2 carriers (G/A and A/A, n=66). B and C, Relative oxidized phospholipids levels (B) and relative bioactive lipids levels (C) 
in the plasma of WT patients and patients with ALDH2*2. Each metabolite was adjusted to internal standards. Upregulation, red; downregulation, 
blue. The color scale represents the Z score. AA, adjusted P<0.0001; 15d-PGD2, adjusted P=0.0401. D, 14,15-dihydroxyeicosatrienoic acid 
(DHET)/14,15-epoxyeicosatrienoic acid (EET) ratio. E and F, Relative coenzyme Q10 (CoQ10) content (E) and relative BH4 content (F) in the 
plasma of WT patients and patients with ALDH2*2 from A. Data are presented as mean±SEM. Statistical analysis was performed using a Mann-
Whitney U test with multiple testing. AA indicates arachidonic acid; BH4, tetrahydrobiopterin; PC, phosphatidylcholine; PCR, polymerase chain 
reaction; PE, phosphatidylethanolamine; and WT, wild-type.
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phospholipids (AA-phosphatidylethanolamine [PE]/AdA-
PE), which are subsequently oxidized by LOXs during 
ferroptosis.12 15d-PGD2, a downstream cyclooxygenase- 
derived product of PGD2 from AA, contributes to in-
flammation and oxidative stress.27 Additionally, the 14, 
15-dihydroxyeicosatrienoic acid (DHET)/14,15-epoxy 
eicosatetraenoic acid (products from the P450 pathway 
in AA metabolism) ratio, a validated predictor of 1-year 
heart failure mortality and also downstream metabolites 
of AA,28 was significantly elevated in ALDH2*2 plasma 
(Figure 1C and 1D). Collectively, these findings suggest 
that ferroptosis-related lipid peroxidation is activated in 
patients with ALDH2*2 with AHF after MI. Moreover, the 
levels of 2 important antioxidants, CoQ10 and BH4, were 
significantly decreased in the plasma of patients with 
ALDH2*2 (Figure 1E and 1F). Noteworthy, both CoQ10 
and BH4 are closely correlated with heart failure and the 
ferroptosis pathway,26,29 further supporting ferroptosis in-
duction in patients with ALDH2*2.

Together, elevated bioactive lipid levels alongside 
decreased BH4 and CoQ10 in the plasma of patients with 
ALDH2*2 strongly suggest that ALDH2*2-mediated lipid 
peroxidation is closely linked to ferroptosis in AHF after MI.

ALDH2 *2 Mice Showed Worse Heart Function 
in the MI Model
To further confirm that ALDH2*2 exacerbates AHF after MI 
through ferroptosis pathways, we employed an MI mouse 
model by ligating the left anterior descending coronary 
artery. Echocardiography was performed at the indicated 
time points (Figure S1A and S1B). The first 4 days after 
MI represent the acute inflammatory phase, characterized 
by intense infiltration of inflammatory cells.30 Heart func-
tion deteriorated more in ALDH2*2 mice, as indicated by 
consistently lower left ventricular ejection fraction (LVEF) 
and left ventricular fractional shortening (LVFS) through-
out the experiment period (Figure S1A and S1B). These 
findings suggest that the ALDH2*2 mutant exacerbates 
cardiac dysfunction since the acute inflammatory phase 
after MI. When we set 3 days after MI as the AMI stage, 
ALDH2*2 mice exhibited significant upregulation of heart 
injury makers, including Myh7 and Nppa mRNA in infarct 
tissues (Figure S1C). Additionally, the levels of mitochon-
drial damage–associated molecular patterns, including 
mt-16S rRNA and mt-ND4,31 were considerably higher in 
the serum of ALDH2*2 mice (Figure S1D). These results 
align with clinical observations that the ALDH2*2 variant is 
associated with exacerbated AHF after MI.

Leukocytes (CD45+; Figure S2A through S2C) and 
neutrophils (CD11b+Ly6G+Ly6C−; Figure S2A, S2B, 
and S2D) were significantly elevated in the blood of 
ALDH2*2 mice on day 3 after MI, indicating an ampli-
fied acute inflammatory response. In contrast, mono-
cytes (CD11b+Ly6G−Ly6C+) remained unchanged  
(Figure S2A, S2B, and S2E), suggesting heightened 

neutrophil-driven inflammation in ALDH2*2 mice on day 
3 after MI.

Taken together, the ALDH2*2 mutant exacerbates 
AHF after MI, driven by heightened cardiac injury, mito-
chondrial damage, and neutrophil-mediated inflamma-
tion during the acute inflammatory phase. These findings 
are consistent with observations in patients that link the 
ALDH2*2 variant to worse AHF after MI.

Ferroptosis Was Involved in AHF in ALDH2*2 
Mice and Inhibition of Ferroptosis Improved 
Heart Function
We next performed untargeted metabolomics on serum 
samples from mice on day 3 after MI. ALDH2*2 mice ex-
hibited elevated levels of several bioactive lipids, includ-
ing linoleic acid derivatives (9-hydroxyoctadecadienoic  
acid [9-HODE], 13-hydroxyoctdecadienoic acid [13-
HODE], 10-hydroxydocosahexaenoic acid [10-HDoHE], 
and PE [18:0_9-HODE]), PUFAs (PG36:3, docosapen-
taenoic acid [DPA], and docosahexaenoic acid [DHA]), 
monohydroxy fatty acids (12-hydroxyeicosapentaenoic 
acid [12-HEPE]), and saturated lipids (Lyso PE17:0), 
compared with WT mice (Figure 2A). Corticosterone, a 
known marker of MI injury,32 was increased. At the same 
time, cardioprotective metabolites, including propionyl-L-
carnitine and N-acetyl-L-methionine,33 were significantly 
reduced in ALDH2*2 mice (Figure 2A). However, gluta-
thione was upregulated in ALDH2*2 mice (Figure 2A), 
likely as a compensatory response to oxidative stress, 
but appeared to be insufficient to prevent cardiac injury. 
Pathway enrichment analysis highlighted AA metabo-
lism, biosynthesis of unsaturated fatty acids, linoleic acid 
metabolism, and ROS–related pathways as well as the 
ferroptosis pathway, which were significantly enriched in 
ALDH2*2 mice compared with WT controls (Figure 2B). 
These findings suggest that ferroptosis plays a critical 
role in ALDH2*2-mediated exacerbation of AHF after MI.

Then, we pretreated mice with the ferroptosis inhibi-
tor Fer-1 or vehicle before MI surgery (Figure S3A), as 
described in a previous study.34 Baseline LVEF, LVFS, and 
body weight were equivalent across groups (Figure S3B 
through S3D). No significant differences were observed 
in 28-day body weight (Figure S3E) and survival rates 
(Figure S3F) between WT and ALDH2*2 mice after MI, 
regardless of Fer-1 pretreatment. Interestingly, com-
pared with WT controls, vehicle-pretreated ALDH2*2 
mice exhibited greater impaired cardiac function with 
reduced LVEF (on day 2 and day 28 after MI) and LVFS 
(on day 28 after MI). Fer-1 rescued both LVEF and LVFS 
in ALDH2*2 mice on day 2 and day 28 after MI (Table 
S4-1; Figure 2C and 2D). Though ineffective for WT car-
diac function, Fer-1 attenuated scar size in both geno-
types on day 28 after MI, with ALDH2*2 mice showing 
greater baseline scarring and Fer-1–mediated reduction 
(Figure 2C through 2F; Table S4-1 and S4-2), indicating 
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Figure 2. ALDH2*2 exacerbates acute heart failure mainly by promoting ferroptosis in mice after MI.
A and B, Untargeted metabolomics analysis of serum from wild-type (WT) and ALDH2*2 mice on day 3 after myocardial infarction (MI; n=6 per 
group). A, Heatmap showing significantly altered metabolites. Each row represents a specific metabolite. Upregulation, red; downregulation, blue. 
The color scale represents the Z score. B, Kyoto Encyclopedia of Genes and Genomes pathway enrichment of differential abundant metabolites 
(fold change ≥2 and false discovery rate [FDR] <0.05) in ALDH2*2 vs WT mice. Rich. Ratio is the proportion of differential metabolites mapped 
to a given Kyoto Encyclopedia of Genes and Genomes pathway, calculated as (No. of differential metabolites in pathway)/(total metabolites in 
pathway). C and D, LVEF and LVFS assessment 2, 7, and 28 days after MI in WT and ALDH2*2 mice pretreated with vehicle or ferrostatin-1 
(Fer-1; n=6, 6, 6, and 7 per group). Statistical testing used 2-way ANOVA with modification for multiple comparisons. C, On day 2 after MI, WT- 
vehicle vs ALDH2*2- vehicle P=0.0445, ALDH2*2- Fer-1 vs ALDH2*2- vehicle P=0.0194; on day 28 after MI, WT- vehicle vs ALDH2*2- vehicle 
P=0.0191, ALDH2*2- Fer-1 vs ALDH2*2- vehicle P=0.0002; D, on day 2 after MI, ALDH2*2- Fer-1 vs ALDH2*2- vehicle P=0.0252; on day 28 
after MI, WT- vehicle vs ALDH2*2- vehicle P=0.0264, ALDH2*2- Fer-1 vs ALDH2*2- vehicle P=0.0003. E, Representative Masson trichrome 
staining of heart sections on day 28 after MI. Scale bar=1 mm. F, Quantitation of infarct size in cohorts corresponding to C through E. G, Serum 
lactate dehydrogenase (LDH) activity levels on day 3 after MI (n=6 per group). H, Fe2+ content in the infarct tissues of WT (Continued)
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its efficacy in mitigating ferroptosis-mediated cardiac 
injury in ALDH2*2 mice.

Furthermore, Fer-1 pretreatment on day 3 after MI 
eliminated the increased serum LDH activity levels (Fig-
ure 2G) and infarct tissue Fe2+ (a ferroptosis marker) 
levels in ALDH2*2 mice compared with WT mice (Fig-
ure 2H). Additionally, bioactive lipid AA was also signifi-
cantly elevated in the serum of ALDH2*2 mice after MI, 
which was attenuated by Fer-1 pretreatment (Figure 2I). 
In contrast, 15d-PGD2, the 14,15-DHET/14,15-epoxy 
eicosatetraenoic acid ratio, and ALOX15 enzymatic 
products (13-HODE and 15-HETE) trended higher in 
vehicle-treated ALDH2*2 compared with WT mice after 
MI but did not reach statistical significance after false 
discovery rate correction, and levels also remained com-
parable in Fer-1–treated groups (Figure 2I). All of these 
data revealed that inhibiting ferroptosis at the AMI stage 
confers cardioprotection in ALDH2*2 mice. Given that 
Alda-1 (an ALDH2 agonist) and Necrostatin-1 (Nec-1; 
a necroptosis inhibitor) reduce heart injury after I/R,34,35 
we also pretreated mice with vehicle, Nec-1, or Alda-1 
(Figure S3G). In the acute ischemic model, Nec-1 sig-
nificantly reduced LDH activity levels only in ALDH2*2 
mice, whereas Alda-1 showed no significant effect (Fig-
ure S3H). Because Nec-1 can inhibit both necroptosis 
and ferroptosis,36 these findings suggest that targeting 
ferroptosis effectively mitigates ischemic cardiac injury in 
ALDH2*2 mice after MI.

Taken together, the ALDH2*2 mutant exacerbates 
AHF by promoting ferroptosis after MI, an effect signifi-
cantly mitigated by Fer-1 pretreatment.

ALDH2*2 Mutation Exacerbates Ferroptosis 
in Ischemic Heart Injury With Upregulated 
Ferroptosis Marker Proteins
HIF-1α (hypoxia-inducible factor 1-alpha) protein levels 
were upregulated after ischemic injury, as reported pre-
viously,37 but significantly attenuated in ALDH2*2 mice 
after MI (Figure 3A and 3B). Concurrently, ALDH2 pro-
tein levels were significantly reduced in WT mice after 
MI (Figure 3A and 3C), consistent with known ALDH2 
downregulation in MI.38 ALDH2 levels were further di-
minished in ALDH2*2 mice (Figure 3A and 3C), which 
aligns with the dominant-negative effect of the ALDH2*2 
mutation on protein stability.23 These findings suggest 
that the ALDH2*2 mutation may promote ferroptosis and 
worsen heart injury by reducing cardioprotective ALDH2 
protein levels.

We then performed targeted lipidomic analysis on 
cardiac infarct tissues to identify ferroptosis-related lipid 
peroxide species altered in ALDH2*2 mice on day 3 after 
MI. WT infarct tissues only showed markedly increased 
oxygenated phospholipids compared with WT sham con-
trols (Figure 3D). ALDH2*2 infarct tissues demonstrated 
increased levels of phosphatidylcholine and PE species, 
including both nonoxygenated and oxygenated fatty 
acids (Figure 3D). We noticed basic nonoxygenated fatty 
acids, including peroxidation-prone phospholipids (AA 
[AA-PE/phosphatidylcholine, C20:4] and AdA [AdA-
PE/phosphatidylcholine, C22:4]), increased specifically 
in ALDH2*2 infarct tissues. These findings suggest 
enhanced PUFA-CoA synthesis (providing substrates for 
the COX, LOX, and cytochrome P450 monooxygenase 
pathways),39 consistent with ferroptosis activation. Given 
that ferroptosis relies on iron-dependent lipid peroxida-
tion, and the heart is an organ with high iron metabolism, 
we assessed key proteins in these processes. We mea-
sured ACSL4, a critical driver of PUFA-phospholipid (PL) 
metabolism and ferroptosis sensitivity, and TFRC, a key 
iron metabolism protein,9 in infarct tissues on day 3 after 
MI and sham left ventricular tissues. Protein and mRNA 
levels of both TFRC and ACSL4 were upregulated in 
WT infarct tissues after MI compared with sham con-
trols (Figure 3E through 3G). ALDH2*2 infarct tissues 
showed further increases in TFRC and ACSL4 protein 
levels (Figure 3E and 3F) without changes in mRNA lev-
els compared with WT infarct tissues (Figure 3G), indicat-
ing post-transcriptional regulation. Moreover, significantly 
elevated TFRC expression in infarct regions was further 
confirmed by immunohistochemical analysis in ALDH2*2 
compared with WT mice on day 3 after MI (Figure S4A 
and S4B). Consistent with increased iron transport, ICP-
mass spectrometry revealed elevated total iron content 
in ALDH2*2 infarct tissues (Figure S4C), accompanied 
by increased serum transferrin levels in ALDH2*2 mice 
compared with WT mice on day 3 after MI (Figure S4D). 
These findings support upregulated iron metabolism in 
ALDH2*2 mice after MI. We also examined autophagy-
related iron release mechanisms in infarct tissues.40 The 
expressions of FTH (ferritin heavy chain), predominantly 
expressed in cardiomyocytes than ferritin light chain41 
and NCOA4 (nuclear receptor coactivator 4; a key cargo 
receptor in ferritinophagy) did not show any significant 
change between WT and ALDH2*2 mice after MI (Figure 
S4E and S4F). However, HMOX1 (heme oxygenase 1) 
was markedly elevated in ALDH2*2 mice (Figure S4E 
and S4F). These findings implicate TFRC-mediated iron 

Figure 2 Continued.  and ALDH2*2 with vehicle or Fer-1 pretreatment on day 3 after MI (n=5 per group). I, Arachidonic acid (AA) and related 
metabolites in serum on day 3 after MI (n=6 per group). For the heatmap, data were averaged and normalized to the WT- vehicle group, with each 
metabolite adjusted to internal standards. Upregulation, red; downregulation, blue. The color scale represents the Z score. Results are reported 
as mean±SEM. Statistical analysis was performed using mixed-effects ANOVA with Geisser-Greenhouse correction (C and D) and 2-way 
ANOVA (F through H). LC-MS indicates liquid chromatography-mass spectrometry; LVEF, left ventricle ejection fraction; and LVFS, left ventricular 
fractional shortening.
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Figure 3. Oxidized phospholipids and the ferroptosis-related proteins TFRC and ACSL4 increased specifically in the infarct 
tissues of ALDH2*2 mice.
A, Representative immunoblot images of HIF-1α (hypoxia-inducible factor 1-alpha), ALDH2 (acetaldehyde dehydrogenase 2), and β-actin 
in the infarct tissues from wild-type (WT) and ALDH2*2 mice on day 3 after MI or sham surgery (n=3 per group). B and C, Quantification 
of the immunoblot results from A (n=5, 5, 5, and 4 per group). D, Targeted metabolomics analysis of oxidized phospholipids, including both 
nonoxygenated and oxygenated fatty acids, in the infarct tissues (WT-sham, ALDH2*2-sham, WT-myocardial infarction [MI], and ALDH2*2-MI; 
n=5, 5, 5, and 6 for each group, respectively). Upregulation, red; downregulation, blue. The color scale represents the Z score. E, Representative 
immunoblot images of the ferroptosis marker proteins TFRC (transferrin receptor) and ACSL4 (acyl-coenzyme A synthetase long-chain family 
member 4) alongside ALDH2 and β-actin in infarct tissues on day 3 after MI or sham surgery (n=3 per group). (Continued)
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uptake and HMOX1-driven ferrous ion release as the 
dominant iron sources over ferritinophagy, contributing 
to ferroptosis in ALDH2*2 hearts after MI.42

We also detected key antioxidative proteins linked to 
ferroptosis. Both DHODH (dihydroorotate dehydroge-
nase), FSP1, and GPX4 (glutathione peroxidase 4) protein 
levels were significantly downregulated in both WT and 
ALDH2*2 infarct myocardium compared with their respec-
tive sham controls. In contrast, these protein levels showed 
no significant differences between WT and ALDH2*2 gen-
otypes (Figure S4G and S4H). Meanwhile, dihydrofolate 
reductase was significantly increased after MI compared 
with sham controls, whereas GCH1 (GTP cyclohydroxylase 
1) levels remained comparable between WT and ALDH2*2 
genotypes (Figure S4G and S4H). These findings sug-
gest a broad attenuation of ferroptosis defense mecha-
nisms after MI, particularly mitochondrial DHODH and 
CoQ10-dependent systems (GPX4 and FSP1), regard-
less of ALDH2 genotype. As the atrium and brain regions 
were prone to ischemia and influenced by the ALDH2*2 
mutation,43 we also examined TFRC, ACSL4, GPX4, and 
ALDH2 in these tissues. In atrium tissues, ALDH2 levels 
were markedly downregulated in ALDH2*2 mice compared 
with WT mice on day 3 after MI, with no changes in TFRC, 
ACSL4, or GPX4 protein levels (Figure S5A and S5B). In 
the brain tissues, ACSL4 levels were markedly elevated in 
ALDH2*2 sham groups compared with WT controls and 
further increased after MI, whereas TFRC and GPX4 lev-
els remained unchanged between ALDH2*2 and the WT 
(Figure S5C and S5D). These findings indicate that TFRC 
and ACSL4 protein levels were specifically upregulated in 
ALDH2*2 heart infarct tissues compared with WT infarct 
tissues, highlighting their potential role in exacerbating fer-
roptosis and injury after MI.

Primary cardiomyocytes isolated from WT and 
ALDH2*2 mice were exposed to CoCl2 to induce hypoxia, 
simulating ischemic injury in vitro. ALDH2*2 myocytes 
showed greater susceptibility to hypoxia-induced cell 
death (Figure 3H), accompanied by elevated oxidized 
phospholipids (Figure S6A). Hypoxia-induced cell death 
could be mitigated by cotreatment with the ferroptosis 
inhibitor Fer-1, the iron chelator DFO (deferoxamine), 
the necroptosis inhibitor Nec-1, or the apoptosis inhibitor  
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone 
(Z-VAD-FMK; Figure S6B). In contrast, autophagy inhi-
bition via 3-methyladenine (3‑MA) provided only partial 
protection (Figure S6C). Nec‑1 has been reported to 
suppress both necroptosis and ferroptosis during heart 

I/R injury.34 Numerous pathways involved in apoptosis,44 
necroptosis,45 and autophagy46 contribute to ALDH2 defi-
ciency–induced cardiac I/R injury.15 Collectively, these 
findings suggest that targeting ferroptosis, potentially 
alongside other regulated cell death pathways, can be a 
novel therapeutic approach for protecting ALDH2*2 pri-
mary cardiomyocytes under hypoxia conditions.

Taken together, the ALDH2*2 mutation exacerbates 
ischemic heart injury by promoting cardiomyocyte fer-
roptosis, which is associated with upregulated TFRC 
and ACSL4 protein levels in infarct tissues despite 
unchanged mRNA levels.

ALDH2 Deficiency Renders Cardiomyocytes 
Susceptible to Ferroptosis by Promoting Tfrc 
and Acsl4 mRNA Translation
In primary cardiac myocytes of the WT, hypoxia induced 
increased protein levels of HIF-1α, TFRC, and ASCL4 
and decreased ALDH2 (Figure S6D through S6G). In 
ALDH2*2 cells, TFRC and ASCL4 levels were further 
elevated under hypoxia, with ALDH2 further decreased 
and no significant change in HIF-1α compared with  
hypoxia-treated WT cells (Figure S6D through S6G). 
These results suggest that the ALDH2*2 variant exac-
erbates hypoxia-driven ferroptosis in cardiomyocytes, 
whereas the HIF‑1α response remains unaffected.

To dissect the roles of protein synthesis or degradation 
in affecting these protein levels, we treated cardiomyo-
cytes with the protein synthesis inhibitor cycloheximide. 
Under hypoxia conditions, ALDH2*2 cells showed ele-
vated TFRC and ACSL4 levels compared with the WT, but 
these differences were abolished after 6 hours of cyclo-
heximide treatment, whereas ALDH2 remained downreg-
ulated (Figure S6H through S6K). These results suggest 
that protein synthesis pathways play a more important 
role than degradation in the upregulation of TFRC and 
ACSL4 in ALDH2*2 cells under hypoxia conditions.

We also treated the human cardiomyocyte cell line 
AC16 with RSL3 to induce ferroptosis and found that 
ALDH2-deficient cells (shA, Aldh2 KD) were more sen-
sitive to ferroptosis compared with the control (shNC) 
(IC50: shNC, 1.69 μM; sh Aldh2, 0.11 μM) (Figure 4A). 
To verify translational regulation, polysome profil-
ing was performed on AC16 cells under both vehicle 
(Figure S7A) and RSL3 treatment conditions (Figure 
S7B). Under vehicle conditions, ALDH2-deficient cells 
showed decreased mRNA in free to light polysome (LP) 

Figure 3 Continued.  F, Quantitation of protein levels from E (WT-sham, ALDH2*2-sham, WT-MI, ALDH2*2-MI; n=6, 6, 7, and 6 per group, 
respectively). G, RT-PCR analysis of Tfrc, Acsl4, and Aldh2 mRNA in myocardial infarct tissues collected on day 3 after MI. Expression was 
normalized to β-actin and presented as fold change relative to WT-sham controls (WT-sham, ALDH2*2-sham, WT-MI, ALDH2*2-MI; n=5, 5, 5, and 
6 per group, respectively). Data points represent biological replicates with 3 technical replicates per sample. H, Cell viability of WT and ALDH2*2 
primary cardiomyocytes after 48 hours of treatment with hypoxia or vehicle (WT-vehicle, ALDH2*2-vehicle, WT-hypoxia, ALDH2*2-hypoxia, n=9, 
10, 9, and 10 for each group). Data are presented as mean±SEM in B, C, F, and G and as mean±SD in H. Statistical analysis was performed 
using 2-way ANOVA (B and C and F through H). RT-PCR indicates real-time quantitative polymerase chain reaction.
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Figure 4. ALDH2 deficiency promotes cardiomyocyte ferroptosis and upregulates translation of selectively mRNA.
A, Cell viability of AC16 shNC (negative control, PLKO.1-Puro empty vector) and shA (Aldh2 knockdown) cells after 12 hours of treatment with 
various concentrations of RSL3 to induce ferroptosis (n=5 per concentration). B, Translation efficiency (TE) profiling with ferroptosis treatment (1 
µM RSL3, 12 hours). Volcano plot identifies 731 transcripts with significantly elevated translation efficiency in shA vs shNC cells (fold change>2, 
adjusted P<0.05). For the complete data set, see Table S5 (731 transcripts; n=2 per group). Red dots specifically highlight 29 genes that were 
annotated as ferroptosis related in the FerrDb database. C, Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis. “Count” 
denotes the number of differentially expressed transcripts (from B) mapped to each pathway. x axis: enrich ratio = (differentially expressed 
transcripts in pathway)/(total annotated transcripts in pathway). D, Pie chart depicting the classification of the 731 transcripts from B; 449 contain 
defined open reading frames (ORFs), with 117 of those having upstream ORFs strictly localized to the 5′ untranslated region. (Continued)
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fractions without significant change in heavy polysome 
(HP) fractions, indicating upregulated translation (Figure 
S7A). Under ferroptosis conditions, control cells showed 
downregulated translation, whereas ALDH2-deficient 
cells further exacerbated this suppression of transla-
tion in that HP fractions were slightly decreased (Figure 
S7B). Quantitative polymerase chain reaction (qPCR) 
analysis of polysome mRNA distribution revealed that 
Gapdh (positive control) was more efficiently translated 
in ALDH2-deficient cells under vehicle conditions, as 
evidenced by its redistribution from the free and LP frac-
tions to HP fractions (Figure S7C). Still, no changes were 
observed under ferroptosis conditions (Figure S7D), 
likely because of RSL3-induced ROS inhibiting transla-
tion.47 The noncoding RNA hY1 (negative control) also 
showed no differences between ALDH2-deficient and 
control cells, whether under vehicle (Figure S7E) or fer-
roptosis conditions (Figure S7F).

Notably, in ALDH2-deficient cells under vehicle treat-
ment, the translation of Tfrc was slightly suppressed. This 
was characterized by an increased mRNA abundance in 
the free to LP fractions and a concomitant decrease in 
HP fractions (Figure S7G). Conversely, under ferroptosis 
conditions, Tfrc translation was significantly promoted in 
ALDH2-deficient cells, as evidenced by a decrease in its 
mRNA abundance in the free to LP fractions and a con-
current increase in HP fractions (Figure S7H). Similarly, 
Acsl4 translation showed no significant change under 
vehicle treatment (Figure S7I) but was significantly pro-
moted under ferroptosis conditions in ALDH2-deficient 
cells, with a clear shift of mRNA abundance toward HP 
fractions (Figure S7J). These findings confirmed that 
ALDH2 deficiency promotes the active translation of Tfrc 
and Acsl4 under ferroptosis conditions.

In summary, ALDH2 deficiency increases cardiomyo-
cyte susceptibility to ferroptosis with upregulated transla-
tion of the ferroptosis marker proteins TFRC and ACSL4.

Genome-Wide Translation Regulation in ALDH2-
Deficient Cells Under Ferroptosis Conditions
To identify genes affected by ALDH2 deficiency under 
ferroptosis, we performed Ribo-seq to capture ribosome-
bound mRNA fragments. Translation efficiency (TE) for 
each transcript was calculated as the log2-transformed 
ratio of Ribo-seq Fragments Per Kilobase of transcript per 

Million mapped fragments (FPKM) to RNA-sequencing 
FPKM, revealing distinct patterns of translational regula-
tion. Under ferroptosis conditions, shAldh2 AC16 cells ex-
hibited elevated TE versus shNC cells, with 731 transcripts 
showing significant TE upregulation (fold change>2, ad-
justed P<0.05) and 473 transcripts displaying downregu-
lation (Figure 4B; Table S5). Among the 731 transcripts, 29 
genes were annotated as ferroptosis related in the FerrDb 
database (Figure 4B; Table S5). Kyoto Encyclopedia of 
Genes and Genomes pathway analysis of genes with up-
regulated TE revealed enrichment in metabolic pathways, 
fatty acid metabolism, and ferroptosis (Figure 4C; Table S5). 
Among the 731 genes, 449 harbored precisely annotated 
open reading frames (ORFs), with 117 upstream ORFs ex-
clusively localized to 5′ untranslated regions (UTRs) (Fig-
ure 4D). A conserved motif, GAGGACR (R: A/G; E value: 
5.42e−003) (Figure 4E), was significantly enriched in 
46% (54/117) of upstream ORF–containing transcripts, 
including ferroptosis-related genes (ACSL4 and TFRC), 
metabolic genes (GPAM, UGP2, and UAP1), and genes 
from other less prominent pathways (Figure 4F; Table S5). 
Luciferase reporters with WT GAGGACR motifs in their 5′ 
UTRs showed enhanced translation in ALDH2-deficient 
cells under ferroptosis, whereas mutated motifs (G to C) 
abolished this effect (Figure 4G). Mutating the GAGGACR 
motif (G to C) in the 5′ UTRs of TFRC (mut x 1: one motif 
mutated; mut x 2, both motifs mutated) and ACSL4 (Figure 
S8A) as well as GPAM, UGP2, and UAP1 (mut x 1; mut 
x 2) (Figure S8B) suppressed their ferroptosis-associated 
translational induction. These findings implicate the GAG-
GACR motif as a critical regulatory element driving the 
translation of ferroptosis and metabolism-related genes in 
ALDH2-deficient cells.

We extended our analysis to assess translation in pri-
mary cardiomyocytes. Under vehicle conditions, ALDH2-
deficient cells showed a decrease in mRNA abundance 
in the free to LP fractions, a profile consistent with 
upregulated translational activity (Figure 4H). Hypoxia 
further suppressed translation in WT myocytes, as evi-
denced by decreased polysome absorbance across all 
fractions (Figure 4I) compared with WT normal cells 
(Figure 4H), consistent with hypoxia-induced, ROS-
mediated translation inhibition.47 ALDH2*2 myocytes 
showed further translation suppression, with increased 
polysome absorbance in free to LP fractions and no 
change in HP fractions compared with WT cells under 

Figure 4 Continued.  The remaining 332 genes have ORFs located downstream or span both upstream ORFs and coding regions (eg, coding 
sequence, truncORF, or dORF). E, MEME Suite analysis identified the conserved GAGGACR motif among the 117 upstream ORFs from D. F, 
Schematic of the GAGGACR motif in 5′ untranslated regions that included key genes (ACSL4, TFRC GPAM, UGP2, and UAP1) from top-
enriched pathways from C. G, Luciferase reporter assays comparing wild-type (WT) GAGGACR with mutant motifs (Motif mut, CACCACC) in 
the 5′ untranslated region, performed in shNC and shA AC16 cells under ferroptosis conditions (1 µM RSL3, 12 hours, n=3 per group). H and 
I, Polysome profiles of WT and ALDH2*2 primary cardiomyocytes that were treated with vehicle control (H) and hypoxia (I). Isolated ribosomal 
fractions include free ribosomes, 40S and 60S subunits, monosomes, light polysomes (LPs), and heavy polysomes (HPs). Data are presented 
as mean±SD, with statistical analysis performed using 2-way ANOVA (A and G). eIF indicates eukaryotic initiation factor; GPAM, glycerol-3-
phosphate acyltransferase, mitochondrial; Ribo-seq, ribosome profiling; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1; and UGP2, UDP-
glucose pyrophosphorylase 2.
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hypoxia (Figure 4I). ALDH2*2 myocytes under hypoxia 
showed severe translation suppression (Figure 4I) com-
pared with AC16 cells undergoing RSL3-induced fer-
roptosis (Figure S7B), suggesting heightened ROS 
stress in hypoxia-treated cardiomyocytes. Notably, qPCR 
analysis revealed that β-actin (positive control) mRNA 
distribution was unchanged in ALDH2*2 and WT cells 
under both vehicle and hypoxia treatment (Figure S9A 
and S9B). Tfrc translation showed no changes under 
vehicle conditions (Figure S9C), but mRNA abundance 
significantly increased in ALDH2*2 myocytes under 
hypoxia treatment compared with WT cells (Figure S9D). 
Similar changes were observed in Acsl4 under vehicle 
(Figure S9E) and hypoxia conditions (Figure S9F), con-
firming hypoxia-induced translational upregulation. Uap1 
translation also showed no change under vehicle condi-
tions (Figure S9G) but was significantly upregulated in 
ALDH2*2 myocytes under hypoxia conditions (Figure 
S9H). In contrast, Gpat4, a ferroptosis-related gene lack-
ing the GAGGACR motif in its 5′ UTR, showed no trans-
lational change under vehicle (Figure S9I) or hypoxia 
(Figure S9J) conditions. These findings suggested that 
genes with the GAGGACR motif were primarily activated 
at the translational level in response to hypoxic stress.

Together, these data indicate that hypoxic ALDH2*2 
cardiomyocytes experience global translational repres-
sion while selectively enhancing translation of GAGGACR 
motif–containing transcripts, especially the ferroptosis-
related genes Tfrc and Acsl4. This targeted translation 
amplifies redox imbalance and lipid peroxidation, which, 
in turn, further suppresses bulk protein synthesis.

eIF3E Regulates GAGGACR Motif–Dependent 
Translation in ALDH2-Deficient Cardiomyocytes
We propose that ALDH2 modulates the TE of genes with 
the GAGGACR motif by influencing specific components 
of the translation machinery. Central to this process is 
eIF4G, a scaffolding protein that bridges the eIF3 com-
plex, the eIF4E/cap-mRNA complex, and ribosomes 
during cap-dependent translation.48 Notably, eIF3E, a 
noncore subunit of eIF3,49 interacts directly with eIF4G1 
(a member of the eIF4G protein family) to regulate the 
translation of specific mRNAs, including those critical for 
mitochondrial function and skeletal muscle health, with 
Tfrc and Acsl4 among the regulated genes.50,51 Addition-
ally, eIF4G1 contains binding sites for both eIF3E and 
mRNA,52,53 positioning it as a potential mediator of the 
effects of ALDH2.

We further hypothesize that ALDH2 enhances eIF3E-
eIF4G1 interaction, thereby selectively modulating the 
TE of genes harboring the GAGGACR motif. In ALDH2*2 
primary cardiomyocytes under hypoxic conditions, levels 
of the noncore subunit eIF3E, the core subunit eIF3G, 
the core scaffolding component eIF4G1, phosphorylated 
eIF4E, and total eIF4E remained unchanged compared 

with WT myocytes despite reduced ALDH2 protein lev-
els (Figure 5A and 5B). Strikingly, coimmunoprecipita-
tion assays confirmed enhanced eIF3E-eIF4G1 binding 
without affecting the binding levels of eIF3G (the core 
factor of the eIF3 complex) in ALDH2*2 primary cardio-
myocytes compared with WT myocytes under hypoxia 
(Figure 5A and 5C). These results suggest that ALDH2 
deficiency enhances eIF3E (within the eIF3 complex)-
eIF4G1 interaction, providing a mechanistic basis for 
preferential translation of GAGGACR motif–bearing 
genes (eg, Tfrc and Acsl4), despite global translation 
suppression.

To determine whether eIF3E-eIF4G1 interaction 
regulates the translation of GAGGACR motif–contain-
ing genes in ALDH2-deficient cells during ferroptosis, 
we employed luciferase reporter assays on cells trans-
fected with constructs including the GAGGACR motifs 
(WT or mutated) in 5′ UTRs, along with ATP5H (an 
eIF3E-regulated positive control) and PSMB6 (nega-
tive control).54 ALDH2 KD increased luciferase activity 
for the GAGGACR WT motif and ATP5H under fer-
roptosis conditions (Figure 5D). Conversely, eIF3E KD 
abolished this induction (Figure 5D and 5E), whereas 
motif-mutant and PSMB6 remained unaffected (Fig-
ure 5D and 5E), confirming eIF3E’s specificity for 
GAGGACR-dependent translation. RNA immunopre-
cipitation (RNA-IP) assays further revealed that Tfrc 
and Acsl4 mRNAs showed enhanced binding to eIF3E 
in ALDH2-deficient cells compared with controls dur-
ing ferroptosis, whereas Dst (positive control),54 and 
Gapdh (negative control) remained unchanged (Fig-
ure 5F). To exclude potential indirect effects from other 
factors of eIF3, we performed eIF3K KD as a negative 
control. Because eIF3K depletion minimally disrupts 
the eIF3 complex but retains the eIF3A to eIF3J sub-
units and eIF3E binding, it is ideal for isolating eIF3E-
specific effects.49 In sg Aldh2 cells under ferroptosis, 
eIF3K KD did not affect GAGGACR motif–dependent 
translation (Figures S10A and S10B). These results 
confirm that eIF3E specifically regulates the transla-
tion of GAGGACR motif–containing mRNAs through 
its binding to eIF4G1.

These findings demonstrate that eIF3E selectively 
regulates the translation of GAGGACR motif–contain-
ing genes (including Tfrc and Acsl4) in ALDH2-deficient 
cells under ferroptosis, driving ferroptosis progression.

ALDH2 Competitively Binds eIF3E to Modulate 
Translation
eIF3E protein levels decreased significantly in infarct 
tissues on day 3 after MI compared with sham left ven-
tricular tissues (Figure S10C and S10D), likely be-
cause of hypoxia-induced ROS-mediated translation 
inhibition.47 No differences were observed between 
WT and ALDH2*2 mice, whether in sham or MI groups  
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Figure 5. eIF3E regulates the translation of GAGGACR motif-containing genes, including Tfrc and Acsl4, promoting ferroptosis 
in ALDH2-deficient cells.
A, Representative immunoblotting images from a coimmunoprecipitation assay using anti-IgG and anti-eIF3E antibodies. B, Quantification of 
input protein levels from A (n=3 per group). C, Quantification of coimmunoprecipitation protein levels from A (n=3 for each group). D, Luciferase 
activity in AC16 cells subjected to ferroptosis (1 µM RSL3, 12 hours, n=3 per group) with the following treatments: si negative control (NC) + 
si NC, si Aldh2 + si NC, and si Aldh2 + si eIF3e. E, Luciferase activity in untreated (normal) AC16 cells (n=3 per group), transfected with Motif 
(identified in Figure 4E: GAGGACR), Motif mut (G to C: CACCACC), ATP5H (positive eIF3E-regulated control), and PSMB6 (negative control). 
Same reporters as in D. F, RNA immunoprecipitation assay in AC16 cells with ferroptosis treatment (1 µM RSL3, 12 hours, n=3 per group) using 
anti-IgG and anti-eIF3E antibodies. G, Glutathione S-transferase pull-down assay using recombinant His-tagged eIF3E WT (Continued)
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(Figure S10C and S10D). Gromacs modeling predicted a 
potential protein interaction between ALDH2 and elF3E 
(Figure S10E). The predicted ALDH2 interaction sites on 
elF3E (A9, H12, Q241, T248, and T287) reside within its 
N-terminal two-thirds (Figure S10E), a region critical for eI-
F4G1 binding.52 The interaction sites do not overlap with the 
ALDH2*2 mutant sites (E504K). We successfully purified 4 
point mutant proteins of eIF3E: H12A, Q241A, T248A, and 
T287A (Figure 5G). We found that all 4 mutants abolished 
the interaction between eIF3E and ALDH2 (Figure 5G), 
suggesting that ALDH2 competes with eIF4G1 for bind-
ing at these sites. Interestingly, the ALDH2 rs671 mutant 
retained elF3E binding comparable with WT ALDH2 (Fig-
ure 5G), consistent with computational predictions.

To experimentally validate the interaction, we per-
formed coimmunoprecipitation experiments using the 
left ventricular tissues from 3 heart transplant patients 
with heart failure (Table S1). We found that ALDH2 and 
eIF3E were pulled down with each other (Figure 5H and 
5I). Consistent findings were observed in the left ventric-
ular tissues of WT mice, and less eIF3E was pulled down 
in ALDH2*2 mice, correlating with reduced ALDH2 lev-
els (Figure S10F and S10G). Additionally, subcellular 
fractionation of WT cardiomyocytes revealed that eIF3E 
predominantly localizes to the cytosol, as indicated by 
the localization of VDAC (a mitochondrial marker) and 
GAPDH (a cytosolic marker) (Figure S11A and S11B), 
supporting cytoplasmic ALDH2-eIF3E interaction.

Together, these results suggested that ALDH2 com-
petitively binds to the N-terminal two-thirds of eIF3E, a 
region critical for eIF4G1 interaction, thereby modulating 
translation. This mechanism is conserved across species 
and validated in both human and murine models.

ALDH2 Regulates Ferroptosis via eIF3E 
Interaction
To provide further evidence that ALDH2/eIF3E interac-
tion is essential for regulating ferroptosis, we conducted 
ALDH2 KD, ALDH2 rs671/ALDH2 WT overexpression, 
and eIF3E KD experiments in AC16 cells under RSL3-
induced ferroptosis. ALDH2 rs671 or ALDH2 WT over-
expression restored cell survival in ALDH2-deficient 
cells (Figure S12A) and reduced TFRC and ACSL4 
protein levels without altering eIF3E levels (Figure S12B 
and S12C). Tfrc and Acsl4 mRNA levels remained un-
changed (Figure S12D), indicating translation rather 
than transcription regulation.

Similarly, eIF3E KD in ALDH2-deficient AC16 cells 
rescued cell survival (Figure S12E), reduced TFRC and 
ACSL4 protein levels (Figure S12F and S12G), and left 
Tfrc and Acsl4 mRNA levels unaffected (Figure S12H), 
confirming ALDH2’s regulation of ferroptosis through 
eIF3E. Furthermore, multiple oxidized phospholipids 
identified in hypoxic ALDH2*2 cardiomyocytes, were 
significantly increased during RSL3-induced ferropto-
sis compared with vehicle or H2O2-induced cell necrosis 
(Figure S13A). These increases were further exacer-
bated in ALDH2-deficient cells but mitigated by ALDH2 
rs671/ALDH2 WT overexpression (Figure S13B). Over-
expression of ALDH2 WT or rs671 or silencing eIF3E 
reduced lipid peroxidation (Figure S13C and S13D).

In conclusion, these findings suggest that ALDH2 
modulates ferroptosis by physically interacting with eIF3E 
(within the eIF3 complex). Under ferroptosis or hypoxic 
stress, ALDH2 deficiency promotes eIF3E-eIF4G1 
binding, enhancing the translation of ferroptosis-related 
mRNAs, such as Tfrc and Acsl4, to drive ferroptosis.

Cardiomyocyte-Specific KD of EIF3E Improves 
ALDH2*2 Heart Function by Decreasing 
Ferroptosis in MI
To further verify that ALDH2*2 aggravates cardiomyo-
cyte ferroptosis through eIF3E during MI, we employed 
a MI mouse model with cardiomyocyte-specific eIF3E 
KD (Figure 6A). In ALDH2*2 mice, eIF3E KD signifi-
cantly enhanced cardiac function versus AAV (adeno-
associated virus)-control, evidenced by elevated LVEF  
(Figure 6B) and LVFS (Figure 6C) and reduced left ven-
tricular internal diameter versus WT eIF3E KD (Figure 
S14A) without altering interventricular septum thick-
ness at end-diastole (IVSd) (Figure S14B). Additionally,  
cardiomyocyte-specific eIF3E KD significantly de-
creased the scar area in ALDH2*2 mice but not in WT 
mice 28 days after MI (Figure 6D and 6E; Table S4-3). 
Importantly, cardiomyocyte-specific eIF3E KD did not 
lead to cardiomegaly nor myocardial hypertrophy after 
MI, as indicated by the unaltered wheat germ agglutinin 
and Ki67 (cell proliferation) staining in all groups 28 days 
after MI (Figure S14C through S14F; Table S4-4 and 
S4-5). These results suggest that ALDH2*2 exacerbates 
cardiac ischemic injury via eIF3E-mediated ferroptosis.

On day 3 after MI, eIF3E KD in ALDH2*2 mice sig-
nificantly reduced serum LDH activity levels (Figure 6F), 
oxidized phospholipids in infarct tissues (Figure 6G), and 

Figure 5 Continued.  and mutants His-tagged eIF3E (H12A, Q241A, T248A, T287A) incubated with glutathione S-transferase–tagged 
ALDH2 (acetaldehyde dehydrogenase 2) or glutathione S-transferase–tagged ALDH2 rs671 mutant proteins. H, Coimmunoprecipitation assay 
in left ventricular tissues from 3 heart failure patients (all carriers are ALDH2*2 variant; n=3). Lanes 1, 2, and 3 correspond to the individual 
patients listed in Table S1. I, Quantitation of IP protein levels from H. Results are presented as mean±SD. Statistical analysis was performed 
using a 2-tailed Student t test (B and E), 1-way ANOVA (D), and 2-way ANOVA (C, F, and I). ATP5H indicates ATP synthase, H⁺ transporting, 
mitochondrial F₀ complex, subunit d; co-IP, coimmunoprecipitation; Dst, dystonin; eIF3E, eukaryotic initiation factor 3 E; eIF3G, eukaryotic 
translation initiation factor 3 subunit G; eIF4E, eukaryotic translation initiation factor 4 subunit E; eIF4G1, eukaryotic translation initiation factor 4 
gamma 1; P-eIF4E, phospho-eIF4E; GST, glutathione S-transferase; IgG, immunoglobulin G; and PSMB6, proteasome 20S subunit beta 6.
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Figure 6. Cardiomyocyte-specific knockdown of eIF3E improves ALDH2*2 heart function by mitigating ferroptosis.
A, Schematic depicting the experimental strategy. Six-week-old mice were administered either AAV2/9-cTNT-control (Ctrl) or AAV2/9-cTNT-
eIF3E-shRNA (eIF3E KD) virus via tail vein injection. B and C, LVEF and LVFS were assessed in mice (WT- AAV-Ctrl, ALDH2*2- AAV-Ctrl, 
WT- AAV-eIF3E KD, and ALDH2*2- AAV-eIF3E KD; n=6, 5, 7, and 6, respectively). Statistical testing used 2-way ANOVA with modification for 
multiple comparisons. B, On day 2 after MI, ALDH2*2- AAV-Ctrl vs WT- AAV-Ctrl P=0.0493, ALDH2*2- AAV-eIF3E KD vs ALDH2*2- AAV-Ctrl 
P=0.0243; on day 28 after MI, ALDH2*2- AAV-Ctrl vs WT- AAV-Ctrl P=0.0467, ALDH2*2- AAV-eIF3E KD vs ALDH2*2- AAV-Ctrl P=0.0015. 
C, On day 2 after MI, ALDH2*2- AAV-Ctrl vs WT- AAV-Ctrl P=0.0104, ALDH2*2- AAV-eIF3E KD vs ALDH2*2- AAV-Ctrl P=0.0193; on day 28 
after MI, ALDH2*2- AAV-Ctrl vs WT- AAV-Ctrl P=0.0020, ALDH2*2- AAV-eIF3E KD vs ALDH2*2- AAV-Ctrl P<0.0001. (Continued)
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Fe2+ levels (Figure S14G) compared with ALDH2*2-
AAV-control mice. Additionally, TFRC and ACSL4 protein 
levels were markedly reduced in ALDH2*2-eIF3E-KD 
hearts (Figure 6H and 6I), whereas mRNA levels were not 
altered (Figure S14H). Notably, these effects were geno-
type specific, as eIF3E-KD showed no impact in WT mice.

Taken together, these data suggest that ALDH2*2 
exacerbates cardiac ischemic injury through eIF3E-
mediated ferroptosis. Cardiomyocyte-specific eIF3E KD 
mitigates ferroptosis-driven damage, improving func-
tional recovery in ALDH2*2 mice after MI.

DISCUSSION
This study shows that ferroptosis is involved in patients 
and mice carrying the ALDH2*2 variant. Mechanisti-
cally, we found that ALDH2 affects ferroptosis by com-
petitively binding to the N-terminal two-thirds of eIF3E 
(within the eIF3 complex), competing with eIF4G1, and 
modulating the translation of critical proteins involved in 
ferroptosis. In ALDH2*2 cardiomyocytes under hypoxia, 
enhanced translation of specific genes containing the 
GAGGACR motif was observed, predominantly promoting  
cardiomyocyte ferroptosis. EIF3E KD or pharmacologi-
cal inhibition of ferroptosis with Fer-1 effectively restored 
cardiac function in ALDH2*2 mice after ischemic AHF 
(Figure 7). This study underscores the critical role of the 
ALDH2*2 mutant in exacerbating AHF after MI through 
ferroptosis-linked mechanisms.

ALDH2*2 and Heart Failure After MI
Ischemia and reperfusion inflict distinct types of injury,1 
and clinical data show that ALDH2*2 carriers exhibit ex-
acerbated ischemic damage induced by MI. However, the 
underlying mechanisms remain poorly defined. This as-
sociation coincides with our findings that patients with 
ALDH2*2 AHF exhibit exacerbated oxidative stress, 
characterized by increased bioactive lipids derived from 
PUFAs, alongside decreased levels of CoQ10 and BH4, 
hallmarks of ferroptosis. Using the gold-standard method 
for in vivo lipid peroxidation assessment,55 we observed 
significantly elevated levels of AA, 15d-PGD2, and the 
mortality-predictive 14,15-DHET/14,15-epoxy eico-
satetraenoic acid ratio in patients with ALDH2*2 AMI. 
These findings suggest that lipid peroxidation and dys-
regulated PUFA metabolism are central contributors to 
ferroptosis in ALDH2*2 carriers after MI. In ALDH2*2 

mice after MI, Fer-1 pretreatment efficiently reduced AA 
levels (Figure 2I). However, we did not detect changes in 
CoQ9 or BH4 levels in cardiomyocytes, which warrants 
further investigation. It has been reported that ALDH2*2 
carriers exhibit limited nitroglycerin bioactivation and 
that BH4 is a crucial cofactor for endothelial nitric oxide 
synthase activity.56 Additionally, our previous study found 
that ALDH2 mutation or deficiency stabilizes 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR).57 Because 
CoQ10 is downstream of HMGCR in cholesterol biosyn-
thesis, and statins inhibit HMGCR activity, the relation-
ship between ALDH2 deficiency, CoQ10, and HMGCR 
levels requires further exploration in other organs and 
cell types in patients and MI mouse models.

The majority of previous reports attributed the 
increased risks of CVD to the accumulation of alcohol-
derived acetaldehydes or lipid aldehydes generated from 
lipid peroxidation (eg, 4-hydroxynonenal, 4-HNE). Stud-
ies also show that elevated circulating miR-34a after 
MI promotes cardiomyocyte apoptosis by suppressing 
ALDH2,38 accounting for the decreased ALDH2 protein 
levels after MI. Consistent with this, activation of ALDH2 
enzymatic activity, such as Alda-1, has been explored for 
the treatment of MI, especially for ALDH2*2 carriers.35 
Conceivably, decreased ALDH2 enzymatic function in 
ALDH2*2 can be either attributable to ALDH2 mutation 
or decreased ALDH2 levels, and several experimental 
studies have linked decreased ALDH2 enzyme function 
to heart failure with excessive alcohol intake. However, 
we and others have shown that the prevalence of alco-
hol drinking was obviously lower in ALDH2*2 carriers 
with heart failure (Table), suggesting unknown mecha-
nisms underlying increased CVD risks in an alcohol- 
independent manner.

Cell Death Pathways in ALDH2*2
ALDH2*2 cardiomyocytes showed increased hypoxia-
induced cell death, which can be rescued by inhibitors 
of ferroptosis (Fer-1), necroptosis (Nec-1), apoptosis (Z-
VAD-FMK), iron overload (DFO), and autophagy (3-MA), 
indicating involvement of multiple death pathways (Fig-
ure S6B and S6C). Although autophagy drives ferropto-
sis in I/R by enhancing iron release,58 FTH and NCOA4 
levels showed no significant differences between the 
genotypes after MI (Figure S4E and S4F). In contrast, 
HMOX1 was significantly upregulated in ALDH2*2 in-
farct tissues, implying its greater role in iron release than 

Figure 6 Continued.  D, Representative Masson trichrome staining images from day 28 after MI. Scale bar=1 mm. E, Quantification of cardiac 
scar areas from D on day 28 after MI (WT- AAV-Ctrl, ALDH2*2- AAV-Ctrl, WT- AAV-eIF3E KD, and ALDH2*2- AAV-eIF3E KD, n=6, 5, 7, and 
6, per group). F, Fold changes in serum lactate dehydrogenase (LDH) activity levels. G, Oxidized phospholipids in the infarct tissues on day 3 
after MI (n=5, 7, 6, and 6 per group). Upregulation, red; downregulation, blue. The color scale represents the Z score. H and I, TFRC (transferrin 
receptor), ACSL4 (acyl-coenzyme A synthetase long-chain family member 4), ALDH2 (acetaldehyde dehydrogenase 2), and eIF3E protein 
expression levels in infarct tissues on day 3 after MI (n=6, 6, 8, and 5 per group). Data are presented as mean±SEM. Data analyzed by mixed-
effects ANOVA with Geisser-Greenhouse correction (B and C) and 2-way ANOVA (E, F, and I). AAV indicates adeno-associated virus; Echo, 
echocardiography; KD, knockdown; PC, phosphatidylcholine; and PE, phosphatidylethanolamine.
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ferritinophagy. As HMOX1 has dual functions (antioxi-
dant/ferroptosis mediator)59 and is constitutively elevat-
ed in ALDH2 deficiency,60 this represents a promising 
novel pathway in ALDH2-related cardiac pathology that 
merits further exploration.

An established mechanism links ALOX15-driven fer-
roptosis (via 15-hydroperoxyeicosatetraenoic acid (15-
HpETE)) to cardiac I/R injury.61 We detected elevated 
ALOX15 products (13-HODE and 15-HETE) and their 
precursor AA in serum from ischemic ALDH2*2 mice 
(Figure 2I). Fer-1 treatment only fully reversed increased 
AA levels. This suggests that, although ALOX15- 
mediated ferroptosis contributes to ischemic injury, its 
role is modest in ALDH2 deficiency.

Lipidomic analyses revealed elevated levels of phos-
pholipid species containing both nonoxygenated and 
oxygenated fatty acids in infarct tissues of ALDH2*2 
mice. These mice exhibited worsened cardiac dysfunc-
tion after MI, alongside evidence of enhanced ferroptosis 
(increased iron, TFRC, and ACSL4), linking ferroptosis 
activity to cardiac injury.

Mechanisms of Ferroptosis in ALDH2*2 
Ischemic Injury
Under hypoxia, ALDH2*2 myocytes exhibited markedly 
exacerbated global translation suppression (Figure 4I). 
Paradoxically, hypoxic ALDH2*2 cardiomyocytes selec-
tively enhanced translation of GAGGACR motif–bearing 
transcripts (eg, ferroptosis‑related genes Tfrc and Acsl4), 
leading to amplified redox imbalance and lipid peroxida-
tion, which then reinforced suppression of bulk protein 

synthesis. In this study, we identified a novel mechanism by 
which ALDH2 interacts with the translation factor elF3E 
to regulate the translation of critical proteins in ferropto-
sis. As extensively reported, the ALDH2*2 variant exhibits 
reduced levels of ALDH2 protein, which undergoes ac-
celerated degradation with a shorter half-life,62 impacting 
enzyme activity and protein expression. To explore this, 
we pretreated mice with the ALDH2 agonist Alda-1, the 
necroptosis inhibitor Nec-1, and the ferroptosis inhibitor 
Fer-1. The results showed that Alda-1 had no significant 
effect on LDH activity, whereas Nec-1 and Fer-1 exhibit-
ed protective effects on day 3 after MI (Figure 2G; Figure 
S3H). These data suggest that ALDH2 enzyme activity 
plays a limited role at this stage, and targeting ferroptosis 
may be a more effective strategy to reduce heart injury 
in ALDH2*2 mice after MI. Consistent with previous re-
search that has linked 4-HNE in ALDH2 deficiency to 
iron accumulation in myocardial reperfusion-induced fer-
roptosis, our findings suggest that ALDH2 directly binds 
eIF3E, influencing the translation of TFRC (modulating 
iron) and ACSL4 (modulating PUFA-CoA), providing fur-
ther insight into the underlying mechanisms for the role of 
ALDH2*2 in reperfusion injury and ferroptosis regulation.

Intriguingly, HIF-1α levels remained unchanged in 
hypoxia-induced ALDH2*2 cardiomyocytes (Figure S6D 
and S6E), contrasting with decreased levels in ALDH2*2 
infarct tissue (Figure 3A through 3C). This discrepancy 
suggests that reduced HIF-1α levels in ALDH2*2 infarct 
tissues may occur in cardiac fibroblasts, potentially driv-
ing increased fibroblast proliferation, excessive scarring, 
and contractile dysfunction,63 warranting further investi-
gation.

Figure 7. ALDH2 deficiency in ALDH2*2 
predisposes cardiac cells to ferroptosis 
in heart failure. 
ALDH2*2 facilitates ferroptosis-related 
protein translation through interaction 
with eIF3E to promote heart failure after 
myocardial infarction. Left, An ALDH2 
(acetaldehyde dehydrogenase 2) wild-type 
heart after myocardial infarction. Right, An 
ALDH2*2 heart after myocardial infarction. 
The ALDH2*2 variant leads to ALDH2 
deficiency, disrupting its interaction with 
the eIF3 complex by releasing the bound 
eIF3E. Moreover, released eIF3E recruits 
eIF4G1 and assembles an eIF3E-eIF4G1-
mRNA ternary complex, driving the selective 
translation of mRNAs (eg, TFRC [transferrin 
receptor], ACSL4 (acyl-coenzyme A 
synthetase long-chain family member 4], and 
UAP1) containing the GAGGACR motif to 
promote ferroptosis. 40S indicates eukaryotic 
small ribosomal subunit; ALDH2*2, aldehyde 
dehydrogenase 2 rs671 mutant; AUG, the 
start codon; E, eukaryotic initiation factor 3 E; 
eIF3, eukaryotic initiation factor 3; eIF4G1, 
eukaryotic translation initiation factor 4 
gamma 1; and MI, myocardial infarction.
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Therapeutic Implications
We propose targeting cardiomyocyte ferroptosis as a 
therapeutic strategy for ALDH2*2 carriers to improve 
cardiac function after MI. Supporting this, cardiomyocyte- 
specific eIF3E KD reduced cardiac damage in mice, dem-
onstrating that targeting the ALDH2/eIF3E axis offers 
a viable treatment approach for ALDH2*2-associated  
pathology. Interestingly, DFO, a US Food and Drug  
Administration–approved iron chelator, had a similar 
effect as Fer-1 in rescuing ALDH2*2 primary cardiac 
myocyte viability during hypoxia (Figure S6B). This sug-
gests that iron metabolism plays a crucial role in hypoxia- 
induced cell death and lipid peroxidation in ALDH2*2. 
DFO is clinically used to treat iron overload conditions, 
such as those caused by chronic blood transfusions,  
hemochromatosis, or other disorders associated with ex-
cessive iron accumulation. Our study warrants further inves-
tigation to explore its clinical potential in treating ALDH2*2 
patients in future research. Last, although our animal 
experiments were performed only in male mice, similar 
mechanisms likely operate in female mice and humans.

Overall, our study has identified ferroptosis as a key 
driver of MI in ALDH2*2 carriers, involving mediators like 
ACSL4 and TFRC. Targeting cardiomyocyte ferroptosis 
via cardiomyocyte-specific eIF3E KD or inhibition (Fer-1 
and DFO) represents a novel approach for patients with 
ALDH2*2.

Conclusions
Our study demonstrates that ferroptosis contributes sig-
nificantly to cardiomyocyte death and AHF in patients with 
ALDH2*2 after MI. Mechanistically, ALDH2 regulates fer-
roptosis by competitively binding to the N-terminal two-
thirds of eIF3E (within the eIF3 complex), competing 
with eIF4G1, and modulating the translation of proteins, 
particularly those involved in ferroptosis. In ALDH2*2 car-
diomyocytes under hypoxia, ALDH2 deficiency enhanced 
the translation of specific genes containing the GAG-
GACR motif, promoting cardiomyocyte ferroptosis. EIF3E 
KD or pharmacological inhibition of ferroptosis with Fer-1 
effectively restored cardiac function in ALDH2*2 mice af-
ter ischemic AHF. These findings suggest that targeting 
the ALDH2*2/eIF3E axis and ferroptosis may be an ef-
fective strategy for restoring cardiac function and treating 
heart failure induced by MI in ALDH2*2 carriers.
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