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Abstract. Ischemia-reperfusion injury (IRI) refers to tissue
or organ damage that occurs following a period of inadequate
blood supply (ischemia) followed by restoration of blood flow
(reperfusion) within a short time frame. This phenomenon is
prevalent in clinical conditions such as cardiovascular and
cerebrovascular disease, organ transplantation and stroke.
Despite its frequency, effective therapeutic strategies to miti-
gate IRI remain elusive in clinical practice, underscoring the
need for a deeper understanding of its molecular mechanisms.
Aldehyde dehydrogenase 2 (ALDH?2), a key enzyme in alcohol
metabolism, serves a role in alleviating oxidative stress and cell
damage during IRI by modulating oxidative stress, decreasing
apoptosis and inhibiting inflammatory responses. ALDH?2
exerts protective effects by detoxifying reactive aldehydes,
thereby preventing lipid peroxidation and maintaining cellular
homeostasis. Furthermore, ferroptosis, a regulated form of cell
death driven by iron accumulation and subsequent lipid perox-
idation, is a key process in IRI. However, the precise role of
ALDH2 in modulating ferroptosis during IRI remains incom-
pletely understood. Although there is an interaction between
ALDH2 activity and ferroptosis, the underlying mechanisms
have yet to be clarified. The present review examines the role
of ALDH?2 and ferroptosis in IRI and the potential regulatory
influence of ALDH?2 on ferroptosis mechanisms, as well as
potential targeting of ALDH?2 and ferroptosis for IRI treatment
and prevention. By elucidating the complex interplay between
ALDH?2 and ferroptosis, the present review aims to provide
new insights for the development of innovative therapeutic
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strategies to mitigate ischemic tissue damage and improve
clinical outcomes.
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1. Introduction

Ischemia-reperfusion injury (IRI) is a clinical phenomenon
encountered in conditions such as myocardial infarction,
stroke, organ transplantation and surgical intervention. In these
contexts, tissues or organs undergo ischemia due to compro-
mised blood supply, followed by irreversible damage following
reperfusion (1). The pathophysiology of IRI typically unfolds
in several key stages: i) During ischemia, tissue is deprived of
oxygen, leading to hypoxia and the accumulation of metabo-
lites; this results in a notable decline in intracellular ATP
levels, impairing cellular function and culminating in cell
death; ii) in the reperfusion phase, restoration of blood flow
re-establishes oxygenation but the sudden influx of oxygen
may initiate a cascade of detrimental reactions, including
oxidative stress and release of inflammatory mediators. These
responses exacerbate cell injury, intensifying tissue necrosis
and functional deterioration (2). Studies on the role of alde-
hyde dehydrogenase (ALDH)2 in IRI are summarized in
Table I (3-25).

The role of ALDH2 in mitigating IRI has garnered
increasing attention (1,26). ALDH?2 is one of the 19 members
of the ALDH family in humans, predominantly expressed
in the liver, where it primarily resides in mitochondria as a
tetramer (26). A key function of ALDH?2 is metabolism of both
exogenous and endogenous aldehydes. The gene encoding
ALDH2 has allelic variants that affect its enzymatic activity.
ALDH?2 1*2 refers to a genotype where one allele carries the
normal *1 variant (which encodes for the functional enzyme)
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and the other carries the *2 variant (which causes decreased
enzyme activity). ALDH?2 2*2 refers to a genotype where both
alleles of the ALDH?2 gene carry the variant, which is associ-
ated with a reduced or absent enzyme activity. Upon alcohol
consumption, hepatic metabolism generates acetaldehyde
via pathways including alcohol dehydrogenase, microsomal
ethanol oxidizing system and cytochrome P450 2E1 (27).
Acetaldehyde, a toxic byproduct, is released into circula-
tion, triggering harmful reactions. ALDH?2 mitigates this by
catalyzing removal of two hydrogen atoms from acetaldehyde,
converting it into non-toxic acetic acid, which is subsequently
metabolized into carbon dioxide and water (26,28). In addi-
tion to detoxifying exogenous aldehydes, ALDH2 serves a key
role in eliminating endogenous aldehydes generated during
oxidative stress, including 4-hydroxy-2-nonenal (4-HNE),
malondialdehyde (MDA) and acrolein (29,30). ALDH2
also protects cellular integrity by preserving mitochondrial
membrane function, inhibiting toxic intracellular pathways and
decreasing tissue damage. The role of ALDH?2 has surpassed
its association with cardiovascular diseases, diabetes and
neurodegenerative disorders, highlighting its importance as
a key defender against IRI in multiple organs, including the
heart, brain, intestine and kidneys (31).

Ferroptosis is a more recently identified form of regulated
cell death (RCD), characterized by intracellular iron accumu-
lation and subsequent oxidative stress, which induces both
apoptosis and necrosis (32). IRI triggers release and accumula-
tion of intracellular iron, amplifying cellular damage through
oxidative stress and promoting inflammatory responses (32).
While the mechanisms of ferroptosis in IRI are complex, its
key role in the injury cascade has been well-established (32,33).
As such, targeting ferroptosis regulation has emerged as a
promising strategy for mitigating IRI (33).

IRI is a multifaceted process that involves a range of
cellular and molecular alterations. Despite application of
certain therapeutic interventions in clinical practice, such as
antioxidants (vitamin E, vitamin C and N-acetylcysteine),
anti-inflammatory (corticosteroids, non-steroidal anti-inflam-
matory drugs), Calcium Channel Blockers (verapamil,
dantrolene) effective treatment for IRI remains challenging.
Thus, the identification of novel therapeutic targets and strate-
gies is essential. Recent research underscores the importance
of RCD pathways, particularly ferroptosis, in the pathogenesis
of IRI (2,34). However, the mechanisms that regulate ferrop-
tosis during IRI remain poorly understood. The present review
aimed to summarize the roles of ALDH2 and ferroptosis
in the context of IRI. ALDH2 has been proposed as a key
regulator of ferroptosis. By detoxifying reactive aldehydes
and preventing lipid peroxidation (LPO), ALDH2 may influ-
ence ferroptosis, thereby modulating severity of IRI (35,36).
Additionally, ALDH?2 regulates other forms of programmed
cell death (20,37). The present aimed to review summarize
these pathways to identify potential commonalities in ALDH?2
regulation of ferroptosis and the mechanisms underlying
cellular damage and inflammation to provide insight into their
potential therapeutic applications. Through a comprehensive
examination of ALDH2 and ferroptosis, the present review
aims to provide a theoretical framework for development
of innovative treatments and pharmacotherapies to improve
clinical outcomes.

2. Mechanism of ALDH2 and ferroptosis in IRI

ALDH? and reactive oxygen species (ROS) in IRI. ROS are
highly reactive molecules, such as superoxide anion, hydrogen
peroxide (H,0,) and hydroxyl radicals (OHe), produced as
byproducts of normal cell metabolism (38) (Fig. 1). However,
excessive ROS accumulation can lead to oxidative stress and
damage to proteins, lipids and DNA, which results in cellular
injury and potentially cell death. ALDH?2 functions as a potent
scavenger of ROS (26). By degrading toxic aldehydes, ALDH2
decreases intracellular aldehyde levels, mitigating their
harmful effects on cellular integrity (39). Aldehydes, with
strong oxidative potential, bind and oxidize cellular macro-
molecules, including proteins and DNA, thereby inducing cell
damage. Additionally, during the conversion of acetaldehyde
to acetic acid, ALDH?2 catalyzes the reduction of NAD" to
NADH (40). NADH serves as a substrate for mitochondrial
respiratory chain complex I, promoting oxidative phosphory-
lation and enhancing the efficiency of redox reactions, which
limits ROS production. Furthermore, elevated ROS levels can
influence ALDH?2 activity and stability (41,42), establishing a
feedback loop that modulates ALDH?2 function.

In IRI, evidence highlights the role of ALDH?2 in mitigating
ROS production and protecting tissues and organs (18,20).
In rat diabetic myocardial IRI and H9C2 cardiomyocyte
hypoxia-reoxygenation models, Tan ef al (18) observed that
ALDH?2 upregulation decreases mitochondrial ROS levels.
This facilitates maintenance of mitochondrial dynamics,
preserving the balance between fusion and fission and stabi-
lizing mitochondrial morphology. Xu et al (20) revealed that
ALDH?2 activation promotes autophagy by increasing the
phosphorylation of Beclin-1 at Ser90. This autophagy activa-
tion maintains cellular and tissue homeostasis by reducing
ROS levels and clearing damaged organelles. These findings
underscore the multifaceted protective mechanisms mediated
by ALDH?2 in IRI, from ROS reduction to preservation of
mitochondrial dynamics and promotion of autophagy. These
insights contribute to understanding of the complex interac-
tions between ALDH?2 and IRI, offering a foundation for
development of targeted therapeutic interventions aimed at
reducing tissue damage and improving clinical outcomes.

ALDH? and toxic aldehydes in IRI.LPO is a key feature of IRI.
Elevated ROS levels within cells directly target lipids, with
unchecked oxidative stress disrupting the balance between
ROS production and clearance, leading to accumulation
of endogenous ROS (43). Of ROS species involved in LPO,
hydroxyl and hydroperoxyl radicals are primary contribu-
tors. These radicals attack the carbon-carbon double bonds
of polyunsaturated phospholipids in membranes, triggering
a cascade of oxidation that compromises membrane integrity
and impairs membrane functionality (44-46).

Membrane lipids, primarily composed of polar glyc-
erophospholipids, are susceptible to oxidative damage. Cell
membranes contain notable amounts of polyunsaturated lipids,
which are vulnerable during IR, a phase in which mitochon-
dria become the principal site of ROS generation (47). ROS
interact with polyunsaturated phospholipids in mitochondrial
membranes, forming lipid hydroperoxides. Secondary reac-
tions produce >200 types of highly reactive lipid-derived
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Figure 1. Production and clearance of intracellular reactive oxygen species in cells. In mitochondria, oxygen acts as the final electron acceptor in the elec-
tron transport chain, where it is reduced to superoxide anion (O,”). The NADPH oxidase enzyme complex on the cell membrane generates O,”. Xanthine
oxidase catalyzes the oxidation of hypoxanthine to xanthine and then the conversion of xanthine to uric acid, which generating O, as a byproduct. SOD
catalyzes the conversion of O, to H,0,. Catalase breaks down H,0, into water and oxygen. Glutathione Peroxidase uses red GSH) to reduce H,0, into water.
TRX) Reductase helps regenerate red from ox) TRX using NADPH as an electron donor. GSH, glutathione; GSSG, glutathione disulfide; TRX, thioredoxin;
ox, oxidized; red, reduced; NAD, nicotinamide adenine dinucleotide; FAD, flavin adenine dinucleotide; Cyt ¢, cytochrome C. Figure created using Adobe

Tllustrator 2021 and PowerPoint 2021.

aldehydes (LDAs), such as 4-HNE, MDA, 4-oxononenal,
acrolein, crotonaldehyde and methylglyoxal (47). These
LDAs not only serve as ROS byproducts but also further
stimulate ROS production in mitochondria, intensifying tissue
damage through a positive feedback loop. Consequently,
excess aldehydes and ROS diffuse from mitochondria to
other cell compartments, precipitating protein dysfunction,
DNA damage and gene mutations, contributing to a range of
diseases, including cardiovascular conditions, cancer, diabetes,
osteoporosis and neurodegenerative disorder (48).

As markers of oxidative stress, 4-HNE and MDA are
among the most potent reactive aldehydes (49). ALDH?2
serves a key role in their detoxification by metabolizing MDA
to malonic acid or acetaldehyde and converting 4-HNE to
4-hydroxy-2-nonenic acid. By reducing the accumulation
of these toxic aldehydes, ALDH?2 contributes to mitigating
oxidative stress (49).

4-HNE. As aforementioned, 4-HNE results from LPO, with
-6 polyunsaturated fatty acids (PUFAs) such as linoleic,
v-linolenic and arachidonic acid (AA) serving as precursors
under oxidative stress mediated by ROS (50) (Fig. 2). 4-HNE
primarily targets reduction-associated signaling molecules
and upstream regulatory proteins, including thioredoxin (an
intracellular ROS scavenger) and glutathione (GSH) (51).

Additionally, 4-HNE affects protein post-translational modi-
fications and gene expression: It upregulates the expression of
transcription factors such as NF-«B and activating protein-1,
which regulate genes involved in cell proliferation and
differentiation (52). Moreover, 4-HNE activates transcription
factor nuclear factor erythroid 2-related factor 2 (Nrf2), which
transactivates antioxidant response elements and enhances the
expression of genes that are key for cell antioxidant defense
and modulation of oxidative stress. Notable genes regulated
by Nrf2 include hemeoxygenase-1 (HO-1), ALDH, glutathione
S-transferase, multidrug resistance protein, aldo-keto reduc-
tase, nicotinamide adenine dinucleotide phosphate: quinone
oxidoreductase (NQOI1) and glutamate-cysteine ligase (53).
4-HNE is implicated in a range of oxidative stress-associ-
ated diseases, including neurodegenerative disorders, macular
degeneration, cardiovascular disease, atherosclerosis, meta-
bolic syndrome and cancer. In these pathological conditions,
4-HNE transcends its role as an oxidative stress marker to
become a key pathogenic factor (54). Accumulation of 4-HNE
has been detected in various types of tissue during IRI such as
heart, brain and intestine. ALDH2 has a key role in neutral-
izing 4-HNE; loss of ALDH2 function exacerbates myocardial
cell ferroptosis induced by iron overload, whereas ALDH2
activation mitigates ferroptosis (35). Furthermore, compounds
such as isorhapontigenin have shown efficacy in decreasing
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Figure 2. Generation of 4-HNE in mitochondria and its physiological and cytotoxic effects. ROS generated from electron transport chain, represented by O,",
initiate the oxidation by attacking the double bonds in PUFA), ultimately leading to the formation of 4-HNE. Hydrogen peroxide interacts with the double
bonds of L4CL, initiating lipid peroxidation, which can further decompose to produce 4-HNE. Elevated H,0O, and lipid peroxides allow cytochrome c to leak
from the mitochondria into the cytosol. The release of cytochrome c itself increases oxidative stress and contributes to 4-HNE production. PUFA, polyun-
saturated fatty acids; ETC, electron transport chain; L4CL, tetralinoleoyl cardiolipinMCP-1, monocyte chemoattractant protein-1; AP-1, activator protein-1;
4-HNE, 4-hydroxy-2-nonenal. Figure created using Adobe Illustrator 2021 and PowerPoint 2021.

oxidative damage in brain IRI through the PKCe/Nrf2/HO-1
pathway, markedly lowering ROS generation and 4-HNE
and 8-hydroxydeoxyguanosine levels (55). Similar protective
effects have been observed in intestinal IRI, where adminis-
tration of corilagin, an IRI protectant, reduces 4-HNE levels
and ferroptosis (56). 4-HNE can react with various cellular
components, forming adducts that contribute to tissue damage.
Numerous studies have revealed the protective role of ALDH?2
in IRI by effectively removing 4-HNE (18,57). Transgenic
mice with impaired ALDH?2 2*2 activity show elevated
4-HNE and GSH levels, along with decreased resistance to
acute oxidative stress induced by IR (57). Additionally, recent
evidence has highlighted the ability of ALDH?2 to improve
cardiac hemodynamic parameters and reduce myocardial
injury by lowering 4-HNE levels and inhibiting mitochon-
drial permeability transition pore opening (18). In liver IRI,
supplementation of ALDH?2 activator Alda-1 reduces 4-HNE

accumulation, reverses mitochondrial damage and decreases
hepatocyte apoptosis (11). These findings underscore the key
role of ALDH?2 in mitigating harmful effects of 4-HNE accu-
mulation in IRI in various tissues and organs.

MDA. PUFAs, including AA and docosahexaenoic acid,
serve as precursors for MDA generation. PUFAs with =2
methylene-interrupted double bonds are susceptible to oxida-
tive degradation, resulting in MDA production (58) (Fig. 3).
Thiobarbituric acid (TBA) assay, initially developed by food
chemists to assess the rancidity of -3 and -6 fatty acids, is
commonly used for the colorimetric or fluorometric deter-
mination of MDA and MDA-like substances (59). However,
TBA reacting substances test lacks specificity. Treatment
of biological samples with TBA may generate complexes
with similar colors to the TBA-MDA complex, potentially
confounding quantification of MDA. Furthermore, MDA or
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Figure 3. Formation and metabolism of MDA. MDA can be generated via enzymatic and non-enzymatic formation pathways: The oxidation of PUFA form
a highly reactive intermediate bicyclic endoperoxide, and subsequent decomposition produces MDA. Furthermore, COX catalyze the conversion of AA to
PGGj,) and catalyzes prostaglandin H2(PGH,), MDA is formed by human platelet thromboxane synthetase from PGH,. MDA is degraded to H,O and CO, by
tricarboxylic acid cycle in mitochondria under the action of aldehyde dehydrogenase and decarboxylase. MDA can also be degraded to D-lactate in the cyto-
plasm. AA, arachidonic acid; PGG2, prostaglandin G2; PGH,, prostaglandin H,; PUFA, polyunsaturated fatty acid; COX, cyclooxygenase; CoA, coenzyme A;
MDA, malondialdehyde. Figure created using Adobe Illustrator 2021 and PowerPoint 2021.

MDA-like substances are derived from various precursors
produced during LPO, including oxidized lipids, 2-alkenals
and 2,4-alkadienals (58).

While MDA is the primary aldehyde generated during
LPO, production of 4-HNE constitutes only 10% of MDA (60).
Despite this, the role of MDA as a signaling molecule and gene
expression regulator remains is understudied compared with
4-HNE. MDA, however, has gained attention as a biomarker
in various types of disease, including cancer, cardiovascular
diseases and neurodegenerative disorders, with its levels in
blood, urine and exhaled breath condensate used for disease
detection (61,62). MDA-modified low-density lipoprotein
(LDL) particles serve a key role in atherosclerosis patho-
genesis (63). These modified LDL particles are efficiently
recognized and internalized by vascular wall macrophages
by scavenger receptors, leading to accumulation in lipid
vesicles. The subsequent engulfment of MDA-modified LDLs
by macrophages results in foam cell formation, initiating
lipid deposition in the vascular wall, which represents early
atherosclerotic lesions (63). Moreover, MDA conjugates with
autologous biomolecules to generate neo-self epitopes, which
interact with the innate immune system. Effects of various
MDA epitopes are mediated via protein kinase C pathways,
including PI3K, Src kinase, phospholipase C/inositol trispho-
sphate (IP3), Erk 1/2, spleen tyrosine kinase and NF-kB (64).
These findings underscore the multifaceted role of MDA in
disease pathogenesis and immune modulation, positioning
it as a potential therapeutic target in various pathological
conditions.

MDA undergoes enzymatic metabolism, with the ALDH
family in mitochondria serving a central role in its degrada-
tion. Initially, MDA is oxidized to acetaldehyde by ALDH,
which is further oxidized to acetate. Acetate is then converted
to carbon dioxide and water. Alternatively, MDA metabolism
occurs via GSH-mediated pathways, where phosphoglucose
isomerase uses GSH as a cofactor to convert MDA to methylg-
Iyoxal (MGQ) in the cytoplasm. MG is metabolized to D-lactate
by the glyoxalase system enzymes (65) (Fig. 3). In the context
of IRI, elevated oxidative stress in cells triggers considerable
MDA production, contributing to tissue and organ dysfunc-
tion. Modulating up- and downstream molecular pathways
to attenuate MDA production can markedly alleviate IRI
severity (66,67). In cerebral IRI, reducing MDA production
and inflammatory mediators alleviates brain tissue damage

by inhibiting phosphorylation and nuclear translocation of
NF-kB (66). Similarly, in the liver, the Nrf2/solute carrier
family 7 member 11 (SLC7A11)-HO-1 axis regulates MDA
production and inhibits ferroptosis (67). The role of MDA
in cardiac IRI has been extensively studied, revealing that
inhibiting ROS production and MDA levels and enhancing
superoxide dismutase activity mitigates oxidative stress
in vitro (5,68). These interventions also inhibit ferroptosis
and reduce apoptotic protein levels (68). The cell MDA levels
are associated with ALDH?2 activity, with animal models of
acute lung injury (69), cardiac reperfusion (5) and liver IR (11)
demonstrating a negative regulatory association between
ALDH2 activity and MDA levels.

4-HNE and MDA are among the most potent and exten-
sively studied aldehydes in IRI (18,57,60,66,67). ALDH2
exhibits varying sensitivity to LPO-derived aldehydes,
with the highest efficacy in oxidizing 4-HNE, acrolein and
MDA (70). To the best of our knowledge, however, research
on ALDH?2 and toxic aldehydes predominantly focuses on the
heart (5,18,35,68), with limited studies on other organs such as
the brain, intestine, kidney and liver. Although the pathophysi-
ological mechanisms of IRI are largely similar across different
types of tissue, structural and functional differences in various
organs result in distinct responses to oxidative stress. While
several studies document decreased ALDH?2 activity during
oxidative stress (1,26,31), ALDH?2 activity remains stable (71).
Thus, investigating ALDH?2 alterations in different tissues
to enable the development of targeted therapeutic strategies
is key. By exploring the differential responses of ALDH2 to
oxidative stress in different types of tissues, valuable insights
can be gained into tissue-specific vulnerability, leading to
tailored interventions aimed at mitigating IRI. This under-
scores the need for continued research to unravel the complex
interactions between ALDH?2 and oxidative stress in diverse
physiological contexts.

Mechanism of ferroptosis in IRI. Ferroptosis is a more
recently identified iron-dependent form of RCD, characterized
by excessive ROS accumulation and LPO (32). During IRI,
ferroptosis predominantly occurs during the reperfusion phase
rather than the ischemic phase (72), marked by GSH depletion
and inactivation of GSH peroxidase 4 (GPX4) (32). Ferroptosis
is the primary form of cell death during IR in various organs,
including the brain, kidney and heart (73). The mechanisms
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Figure 4. Mechanism of ferroptosis in ischemia-reperfusion injury. TFR1) on the cell membrane transports iron ions (Fe**) into the cell. Subsequently, Fe** was
reduced to Fe?** by STEAP3). Finally, Fe?* is released from the endosome into the labile iron pool (LIP) in the cytoplasm under the mediation of DMT1. In the
Fenton reaction, Fe?* reacts with H,0, to generate ROS, triggering lipid peroxidation and leading to cell death. Additionally, mitochondrial dysfunction caused
by reperfusion produces AA-PE-OOH, further exacerbating lipid peroxidation. AA-PE-OOH can be reduced to AA-PE-OH by glutathione TFR1, transferrin
receptor 1; STEAP3, six-transmembrane epithelial antigen of the prostate 3; DMT1, divalent metal-ion transporter 1; LIP, labile iron pool; HMOX1, heme
oxygenase 1; NCOA4, nuclear receptor coactivator 4; AA, arachidonic acid; ACSL4, acyl-CoA synthetase long-chain family member 4; LPCAT?3, lysophos-
phatidylcholine acyltransferase 3; LOX, lipoxygenase; TXNRDI, thioredoxin reductase 1; SLC7A11, solute carrier family 7 member 11; GSH, glutathione;
GSSG, oxidized GSH. AA-PE-OOH, arachidonic acid-phosphatidylethanolamine-hydroperoxide; System Xc~, cystine/glutamate antiporter. Figure created

using Adobe Illustrator 2021 and PowerPoint 2021.

underlying ferroptosis involve numerous interconnected path-
ways, including lipid, iron and amino acid metabolism (74)
(Fig. 4).

Lipid metabolism serves a key role in ferroptosis during
IRI. LPO is initiated by the oxidation of PUFAs, particularly
AA-containing phosphatidylethanolamine (AA-PE) (75).
ROS generated by the Fenton reaction contribute to LPO (76).
PUFAs exhibit a high affinity for ROS, such as OHe and
H,0,, which remove hydrogen atoms from PUFAs, generating
lipid ROS. These lipid radicals are further oxidized to lipid
peroxide radicals (LOO") or AA-OOH-PE (77). When the
reduction system fails to neutralize excess of LOOs, ferroptosis
is triggered (78,79). In mice, ischemia induces arachidonic
acid 15-lipoxygenase to oxidize AA-PE into oxidized
phosphatidylethanolamines, which, following reperfusion,
initiate LPO and promote ferroptosis (72). Lipoxygenases
(LOXs) catalyze generation of ROS (34) and oxidation of
AA-PE to AA-OOH-PE (80); while LOXs are considered to
be iron-dependent enzymes (81), another study has reported
iron-oxidizing phospholipids independent of LOXs (82). In
IRI, expression of LOX increases with extended reperfusion,
reaching a peak at 5 h post-reperfusion (83). The accumulation
of toxic aldehydes, such as 4-HNE and MDA, also serve a key
role in ferroptosis (35). Biomarkers such as MDA levels, the
glutathione disulfide (GSSG) ratio and Fe?* and ROS levels

are used to assess ferroptosis in cells (84,85). Additionally,
4-HNE impedes the accumulation of ALDHI family member
BI1 by activating eukaryotic initiation factor 4E and induces
ferroptosis by activating NADPH oxidase 1 (86).

Iron serves a dual role in ferroptosis: It promotes ROS
accumulation via the Fenton reaction and serves as a key
element in enzymes such as LOXs. The Fenton reaction accel-
erates production of OHe; excessive OHe exacerbates LPO,
yielding 4-HNE and activating cyclooxygenase 2 (COX2).
COX2, a pro-inflammatory enzyme, triggers cellular inflam-
mation and may be released into the extracellular space by
vesicles (87,88). Furthermore, 4-HNE induces mitochondrial
dysfunction by binding to mitochondrial proteins, leading to
electron leakage and increased ROS production. This activates
NRF2-mediated antioxidant responses (88).

Iron overload serves a key role in ferroptosis through
several mechanisms. i) HO-1 catalyzes release of Fe** from
hemoglobin, contributing to iron overload (89); ii) nuclear
receptor coactivator 4 (NCOA4) mediates ferritin degrada-
tion by autophagy (ferritinophagy), releasing free iron (90)
iii) transferrin receptor protein 1 (TFR1) induces ferroptosis
during IRI, with p53 promoting TFR1 upregulation through
deubiquitination of ubiquitin-specific protease 7 (91). Both
ferritinophagy and TFRI1 are considered key regulators of
iron accumulation (92). This iron is released into the labile
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iron pool in the cytoplasm. During IR, ferritinophagy induces
intracellular iron overload, leading to ferroptosis. Targeting
ferritinophagy with inhibitors notably decreases organ
damage (93,94). Furthermore, ubiquitination and proteasomal
degradation of TFR1 counteract abnormal iron accumulation
and ferroptosis, mitigating acute liver injury (95). During
ferroptosis, endocytosis of extracellular ferritin increases Fe?*
levels in lysosomes. The release of free Fe?* from lysosomes
accelerates ROS formation and accumulation of lysosomal
LPO. This generates 4-HNE and HNE adducts, leading to
lysosomal membrane permeabilization. Detection of HNE
adducts in the cytoplasm suggests that LPO diffuses from the
lysosome into the cytosol (96).

Cystine/Glutamate Antiporter (system Xc™)/GSH/GPX4
axis is a key pathway that inhibits ferroptosis (32). System Xc~,
composed of SLC7A11 and solute carrier family 3 member 2,
transports cystine into cells. Cystine is reduced to cysteine,
which combines with glycine and glutamate to form GSH. GPX4
catalyzes reduction of H,0O, and LPO, while GSH is oxidized
to GSSG. During IR, downregulation of SLC7A11 expression
impairs system Xc~ activity, decreasing GPX4 activity and
depleting GSH. This results in the accumulation of toxic lipid
ROS and triggers ferroptosis (97,98). Overexpression of GPX4
protects mouse cardiomyocytes during IR, whereas GPX4
deficiency exacerbates damage (89). Selenium, a key cofactor
for GPX4, increases GPX4 expression, inhibits ferroptosis and
protects neurons from IRI (99). In addition, the ferroptosis
promoter ferric ammonium citrate notably increases ROS and
MDA levels in chondrocytes. These oxidative species induce
P53 and acyl-coA synthetase long chain family member 4
(ACSL4) expression while inhibiting expression of GPX4 and
SLC7A11 (100). 4-HNE directly induces ferroptosis in cardio-
myocytes by interacting with the cysteine residue of GPX4
and deubiquitinating enzyme ovarian tumor deubiquitinase
5(OTUDS), resulting in increased ubiquitination and degrada-
tion of GPX4 (35).

3. ALDH2 and programmed cell death

Numerous studies have highlighted the involvement of cell
death modalities in IRI, including apoptosis, necrosis, necrop-
tosis, autophagy, pyroptosis and ferroptosis (14-16,85,86). A
central focus of research is potential interactions between cell
death pathways and the identification of common upstream
regulatory mechanisms (101). Cells proceed through different
death pathways at distinct stages of IR. For example, in cere-
bral ischemic stroke, brain tissue exhibits varying patterns
of cell death based on ischemic duration, oxygenation levels
and residual blood flow (96,97). Moderate injury may acti-
vate autophagy as a protective mechanism to preserve cell
viability and facilitate recovery. By contrast, severe injury
typically leads to irreversible necrosis, apoptosis and ferrop-
tosis (102,103). ALDH?2 is a key regulator of cellular autophagy,
apoptosis, necroptosis and ferroptosis during IRI (7,20,37). A
growing body of evidence underscores the dynamic nature of
cell death processes in IRI and highlights the multifaceted
role of ALDH2 in regulating cell fate in various pathological
contexts (15,101-103). Further investigation into the interplay
between cell death pathways and ALDH2-mediated regulation
may unveil novel therapeutic strategies for mitigating IRI.

ALDH?2 and apoptosis in IRI. Apoptosis, a form of
programmed cell death, is characterized by morphological
changes and is energy-dependent. In the early stages, apoptosis
is marked by cell shrinkage, chromatin pyknosis (condensa-
tion), a reduction in cell volume and an increase in cytoplasmic
density, along with more compact organelles (101,104).
Pyknosis of chromatin, or the condensation of nuclear material,
is a hallmark of apoptosis. Biochemically, apoptosis typically
progresses through a caspase-dependent cascade (101,104).
Historically, apoptosis has been considered to occur through
two main pathways, the extrinsic (death receptor-mediated) and
the intrinsic (mitochondria-mediated) pathway. Both pathways
activate caspases, which initiate the apoptotic process (101,105).
The extrinsic pathway involves interaction of cell surface
death receptors [for example, Fas/CD95; TNF-related apop-
tosis-inducing ligand-receptor (TRAIL-R); TNF-receptorl
(TNFR1)] with their respective ligands, triggering recruitment
of proteins that activate caspases (101,105). By contrast, the
intrinsic pathway is driven by mitochondrial outer membrane
permeabilization and loss of mitochondrial integrity, a process
regulated by the Bcl-2 family of proteins. This pathway is char-
acterized by balance between pro-apoptotic proteins such as
Bax and anti-apoptotic proteins such as Bcl-2. Following mito-
chondrial permeabilization, pro-apoptotic factors, including
cytochrome c, are released into cytosol, leading to the forma-
tion of a caspase-activating complex (101,105). These apoptotic
pathways have been implicated in IRI, as studies have shown
their involvement in organ damage during ischemia and reper-
fusion (106,107). ALDH?2 is a key regulator of apoptosis in IRI
in different organs. In a myocardial IRI model, ALDH2 activa-
tion was shown to reduce the production of toxic aldehydes
such as 4-HNE and MDA, protecting the myocardium via the
ERK/p38 signaling pathway (3). In a renal IRI model, ALDH?2
activation attenuates inflammation and decreases kidney injury
by modulating the IkBa/NF-xB/IL-17C pathway (4). Similarly,
in the liver, ALDH?2 activation by Alda-1 induces autophagy via
the AKT/mTOR and AMPK pathways, thereby protecting the
liver from IRI-induced hepatocyte apoptosis (11). Furthermore,
the role of ALDH2 in apoptosis regulation extends to the
nervous system (15). In the intrinsic apoptotic pathway, the AKT
signaling pathway regulates balance between pro-apoptotic
Bax and anti-apoptotic Bcl-2 proteins (108). In a pig heart IR
model, upregulation of ALDH?2 increases Bcl-2/Bax ratio and
decreases activation of caspase-3 (109). In humans, ALDH2
activation enhances mitochondrial membrane potential via
the PI3K/AKT/mTOR pathway, thereby decreasing ROS
production and inhibiting IR-induced apoptosis of cardiomyo-
cytes (18).

ALDH? and necroptosis in IRI. Cell death is typically clas-
sified into two categories: RCD and accidental cell death
(ACD). Apoptosis represents RCD, while necrosis, driven
by non-physiological stimuli such as physical, mechanical
or chemical stressors, typifies ACD (110). Necrosis is char-
acterized by cell swelling, membrane rupture and release of
cytoplasmic contents. Necroptosis, a form of programmed
necrosis, is primarily regulated by post-translational modifi-
cation of receptor-interacting protein kinase (RIPK) 1, RIPK3
and mixed lineage kinase domain-like protein (MLKL) (111).
The TNF signaling pathway is key for necroptosis. Following
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Figure 5. Association between ALDH?2 and ferroptosis in ischemia-reperfusion injury. ROS, 4-HNE, and MDA promote ferroptosis by affecting iron metabo-
lism, lipid metabolism, and amino acid metabolism. In this process, ALDH?2 participates in ROS reduction and the degradation of 4-HNE and MDA, thereby
inhibiting ferroptosis. LPO, lipid peroxidation; LMP, lysosomal membrane permeabilization; ROS, reactive oxygen species; COX2, cyclooxygenase-2; PUFA,
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erythroid 2-related factor 2; HO-1, heme oxygenase-1; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4. Figure created using

Adobe Illustrator 2021 and PowerPoint 2021.

TNF binding to TNFRI1, a cascade leads to the formation of
complex I, which includes TNF-receptor-associated death
domain protein, TNF-receptor-associated factor 2, cellular
inhibitor of apoptosis protein 1 or 2 and the linear ubiquitin
chain assembly complex. This complex facilitates linear ubiq-
uitination of receptor-interacting serine/threonine-protein
kinase 1 at the K63 site, enabling recruitment of downstream
proteins (112). If complex I formation is disrupted, TNF
signaling activates complex Ila or IIb, which comprise
Fas-associated protein with death domain and caspase-8,
proteins that have key roles in apoptosis execution (113).
Other stimuli, including death receptors such as Fas [CD95
or apoptosis-related protein (Apo)-1], death receptor 3 (DR3)
(Apo-3), DR4 (Apo-2 or TRAIL-R1), DR5 (TRAIL-R2) and
DR6, initiate necroptosis via RIPK3. Additionally, pattern
recognition receptors, including toll-like receptor (TLR)
3 and TLR4, mediate necroptosis through the formation
of necroptotic bodies via toll/interleukin-receptor (TRIF),
IFN-B, RIPK3 and MLKL, especially in the presence of
caspase inhibitors (113).

The inhibition of ROS clearance and calcium overload
triggers necroptosis through inflammatory factors such as
TNF-a. RIP3, a key factor in necroptosis, can also drive
inflammation and ROS production (114,115). Necroptosis
generally occurs during the late reperfusion phase and can
persist for an extended period (34). In the early reperfusion
phase (within 10 min), inhibiting RIP3 does not mitigate
cardiac injury, suggesting that during the initial phase of
IRI, RIP3 primarily mediates damage through the regulation
of oxidative stress and mitochondrial function, rather than
necroptosis (116). Studies have revealed that the necroptosis
inhibitor necrostatin-1 provides notable protection in the late
stages of infarction, improving IR organ function over time,

however, its efficacy is limited when administered early during
infarction (117,118).

ALDH?2 inhibits necroptosis primarily by eliminating
superoxide and reactive aldehydes, thereby maintaining
intracellular Ca?* homeostasis and stabilizing mitochondrial
function (119). The protective effects of ALDH2 are mediated
by several mechanisms: ALDH2 downregulation activates
caspase-associated pathways, which subsequently promote
necroptosis induction (120). Oxidative stress upregulates the
RIP1/RIP3/MLKL signaling cascade, leading to enhanced
necroptosis. In a glutamate-induced retinal excitotoxic model
of glaucoma, reduced ALDH?2 expression is associated with
increased expression of RIP1/RIP3/MLKL signaling proteins,
indicating elevated necroptosis (121). In alcohol-induced cardiac
injury, decreased ALDH?2 activity activates the caspase pathway
and necroptosis through RIP1/RIP3/MLKL signaling (122).
Inhibition of ALDH2 activity leads to the accumulation of
4-HNE, which promotes myocardial cell necroptosis by
inhibiting RIP1 ubiquitination and proteasomal degradation.
In mice, perfusion with 4-HNE exacerbates necroptosis in a
time- and concentration-dependent manner (123). Similarly,
in high-glucose-induced rats and cell necroptosis models,
decreased ALDH?2 expression is associated with increased
ROS production and upregulation of RIP1, RIP3 and MLKL,
resulting in enhanced necroptosis (7,124). These findings
highlight the key role of ALDH2 in mitigating necroptosis via
antioxidative and aldehyde detoxification activities.

ALDH?2 and ferroptosis in IRI. ALDH2 exhibits potent
anti-inflammatory, anti-free radical and anti-LPO activity,
which intersect with ferroptosis during IRI (39,98) (Fig. 5).
ALDH?2 serves a key role in mitigating ferroptosis by
metabolizing LPO products such as 4-HNE and MDA,
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thereby decreasing oxidative stress-induced cellular damage.
Additionally, ALDH2 enhances antioxidant defenses by acti-
vating SLC7A11, which promotes intracellular GSH synthesis
and decreases free iron (Fe?*) levels, alleviating ferrop-
tosis-mediated cell injury (125). For example, in a calcium
oxalate kidney stone model, ALDH?2 activation considerably
reduces renal crystal deposition and ferroptosis (125). In acute
lung injury, ALDH2 provides protection by suppressing both
pyroptosis and ferroptosis (69). During post-cardiopulmonary
resuscitation organ damage, ALDH?2 protects renal, intestinal
and pulmonary function by mitigating LPO and ferroptosis.
Furthermore, ALDH2 regulates the Nrf2/GPX4 signaling
pathway to increase cellular antioxidant capacity and diminish
ferroptosis-associated inflammatory damage. In periodontitis,
ALDH?2 activation alleviates inflammation and promotes
osteogenic differentiation of periodontal ligament stem cells
by inhibiting ferroptosis via Nrf2 activation (126). Similarly,
in gastric ulcers, ALDH2 activation decreases inflammation
and oxidative stress while suppressing ferroptosis-associated
damage via inhibition of the nucleotide-binding domain,
leucine-rich repeat and pyrin domain-containing protein 3
inflammasome (127). Notably, ALDH2 deficiency or decreased
activity increases cellular sensitivity to ferroptosis inducers
or chemotherapeutic agents (128). In lung adenocarcinoma,
decreased ALDH?2 expression increases sensitivity to plat-
inum-based chemotherapies by promoting ferroptosis (128).
Ferroptosis is driven by iron overload, free radical genera-
tion, LPO and activation of cell death effectors, culminating
in membrane rupture. ALDH?2 intervenes in multiple facets of
ROS clearance, inhibition of LPO and maintenance of mito-
chondrial homeostasis during IR, all of which are associated
with ferroptosis. In IRI following cardiopulmonary resuscita-
tion, ALDH?2 effectively protects organ function by alleviating
LPO and ferroptosis in the kidney, intestine and lung (19,22).
ACSLA4, a key enzyme in LPO associated with ferroptosis,
is regulated by ALDH2. In a murine model of Alzheimer's
disease, ALDH?2 suppresses special protein 1/ACSL4-mediated
LPO and ferroptosis by modulating downregulation of
GPX4 and SLC7AL11, while upregulating NCOA4, thereby
rescuing cardiac abnormality induced by amyloid precursor
protein/presenilin-1 mutations (129). During IR, LPO products
such as 4-HNE and MDA serve as markers for ferroptosis.
Specifically, 4-HNE carbonylates cysteine residues at C93 of
GPX4 and C247 of OTUDS, hindering their interaction and
aggravating K48-linked polyubiquitin-related degradation of
GPX4. ALDH2 activation mitigates this effect, preserving
GPX4 function and inhibiting ferroptosis (35). ALDH2 also
stabilizes mitochondrial morphology and function, protecting
against cardiac dysfunction by activating the Nrfl-FUN14
domain-containing protein 1 (FUNDCI) cascade (130).
Further mechanistic research reveals that FUNDCI interacts
with GPX4 to facilitate its recruitment into mitochondria
via the translocase of the outer membrane/translocase of the
inner membrane (TIM) complex, enhancing mitochondrial
protection by ALDH2 (36). Regarding iron metabolism,
intracellular and extracellular ALDH?2 decreases 4-HNE,
activates the Nrf2/HO-1 pathway to decrease intracellular iron
accumulation and mitigates hepatic cell ferroptosis through
Parkin-mediated mitochondrial autophagy (131). Additionally,
ALDH?2 is associated with serum ferritin levels; ALDH?2

mutant genotypes are associated with lower serum ferritin
levels in human males (132). These findings underscore the
multifaceted role of ALDH2 in modulating ferroptosis and
highlight its potential as a therapeutic target for IRI.

4. Preventive measures

Targeting ALDH?2. Therapies targeting ALDH?2 date from the
late 1940s with the introduction of disulfiram for the treatment
of alcohol addiction (30). Disulfiram functions as a non-selec-
tive ALDH?2 inhibitor, causing acetaldehyde accumulation
following alcohol consumption, which induces symptoms
such as nausea, vomiting and facial flushing (31). Despite
early adoption of ALDH?2 inhibitors such as disulfiram, to
the best of our knowledge, no clinically approved ALDH?2
agonists exist for the treatment of IRI. In IRI, ALDH2 expres-
sion is often decreased and its enzymatic activity is impaired,
leading to exacerbated tissue damage. However, development
of ALDH?2 agonists offers promising potential for the preven-
tion and treatment of IRI. These agonists may restore ALDH?2
activity, mitigate oxidative stress and alleviate IR-induced
tissue injury (133-135). Research into ALDH?2 agonists as
therapeutic agents for IRI is essential for identifying viable
treatment options in clinical practice. Determining the mecha-
nisms underlying ALDH?2 activation and its protective effects
against IRI may facilitate development of novel compounds
that target ALDH?2 activation, paving the way for clinically
applicable therapy.

Alda-1. Alda-1, a prominent ALDH?2 agonist, was discovered
in 2008 by Chen ef al (133). Alda-1 was identified through
high-throughput screening as a small molecule capable of
enhancing ALDH2 activity. The aforementioned study showed
that Alda-1 effectively increases activity of both the ALDH2
1*2 and ALDH2 2*2 variants, bringing them closer to the
activity levels of wild-type ALDH2. Alda-1 results in a 60%
reduction in area of rat myocardial infarction (133). Compared
with the wild-type enzyme, Alda-1 demonstrates superior
ability to activate dehydrogenase activity of the ALDH2 2*2
variant, an inactive mutated form of ALDH?2 found in ~40% of
the East Asian population (133). Alda-1 enhances acetaldehyde
oxidation by ~1.5-fold in the ALDH 2*1 variant and 6-fold
in ALDH?2 2*2, highlighting its efficacy (129). Additionally,
Alda-1 stimulates esterase activities in both enzyme variants,
with a particularly pronounced effect on ALDH2 2%2, where
esterase activity increases by 100-fold, compared with a
10-fold increase in wild-type ALDH2 (134). Alda-1 doubles the
activity of wild-type ALDH?2 and increases activity of ALDH2
2%2 by 11-fold (1). These findings underscore the potential of
Alda-1 as a therapeutic agent for modulating ALDH?2 activity
and mitigating IRI effects, especially in individuals with the
ALDH2 2%#2 variant.

The decreased activity of the ALDH2 2*2 variant stems
from a single amino acid substitution, where lysine replaces
glutamate, resulting in a 200-fold increase in the Ky, (which
represents the affinity of an enzyme for its substrate) for NAD*
binding. Research has shown that Alda-1 does not bind near
the site of the ALDH?2 2*2 mutation but rather closer to the
exit of the substrate-binding tunnel (135). Its binding site over-
laps with that of daidzin and extends toward the active site,



Bzl SPANDIDOS
7] .§, PUBLICATIONS

leaving key residues such as Cys302 and Glu268 unmodified,
enabling them to perform catalytic functions (135). The E487K
substitution in ALDH2 2*2, where glutamate is replaced by
lysine at position 487, leads to decreased electron density near
key residues, particularly those involved in forming helix oG
(residues 245-262) and the active-site loop (residues 466-478).
While Alda-1 does not interact directly with these residues,
it facilitates restoration of the a helix and loop structures,
bringing them closer to their native conformation (135). By
restricting substrate diffusion within the substrate-to-coen-
zyme tunnel, Alda-1 increases the effective concentration of
reactive groups at the active site, thereby enhancing dehydro-
genase activity (135). This mechanism illustrates how Alda-1
can restore enzymatic function in the ALDH?2 2*2 variant,
presenting therapeutic potential for conditions associated with
ALDH2 dysfunction, such as IRI.

4-HNE serves as both a substrate for ALDH2 and an
inhibitor of its activity. ALDH?2 contains a reactive Cys nucleo-
phile in its active site, which is modified by 4-HNE. This lipid
aldehyde forms covalent adducts by modifying protein thiols
and amines. At low micromolar concentrations, inhibition of
ALDH?2 by 4-HNE is reversible, but at higher concentrations,
when the active site thiols are covalently modified, inhibition
becomes irreversible (136). Alda-1 has been shown to preserve
ALDH2 catalytic activity in the presence of high concentra-
tions of 4-HNE, protecting the enzyme from 4-HNE-induced
inactivation (26). This protective effect is likely due to the
ability of Alda-1 to decrease interaction of 4-HNE with
key residues such as Cys302, Cys301 and Cys303, thereby
preventing formation of aldehyde adducts (26). This mecha-
nism reveals how Alda-1 maintains activity in structurally
intact ALDH2, distinguishing it from its effect on the ALDH?2
2%2 variant.

The activation of Alda-1 of ALDH2 has demonstrated
efficacy in improving IRI in vivo (133-135), suggesting that
ALDH?2 activators may have therapeutic potential for condi-
tions such as acute myocardial infarction, coronary artery
bypass surgery and heart transplantation, where free radical
generation, 4-HNE production and mitochondrial dysfunc-
tion contribute to irreversible damage. Alda-1 may also
benefit patients with peripheral artery disease or angina who
develop tolerance to glyceryl trinitrate (GTN) by preventing
GTN-induced ALDH2 inactivation (137). Furthermore, the
ability of Alda-1 to restore the activity of the mutant ALDH2
2*2 variant (133) suggests that patients carrying this mutation
may become more responsive to GTN treatment following
Alda-1 therapy. This highlights the potential of Alda-1 as a
therapeutic intervention to address consequences of ALDH?2
dysfunction in clinical contexts. However, clinical studies
of alda-1 are scarce (137), pharmacokinetics and potential
adverse reactions of Alda-1 require further investigation
before clinical application.

GTN. GTN is used in clinical practice to treat conditions
such as angina pectoris, myocardial infarction and heart
failure (138). Its therapeutic effects are primarily mediated
by bioactivation of GTN in vascular smooth muscle cells and
platelets, leading to vasodilation of large veins and arteries,
inhibition of platelet aggregation and increased levels of
nitric oxide (NO) or S-nitrosothiol, as well as elevated
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cyclic guanosine monophosphate levels (139). However,
prolonged use of organic nitrates such as GTN can result in
development of nitrate tolerance, characterized by increased
oxidative stress, endothelial dysfunction and sympathetic
nerve activation (139,140). ALDH?2 is the primary enzyme
responsible for bioactivating organic nitrates, catalyzing the
conversion of GTN to NO (141). In human individuals with
ALDH?2-inactivating genotypes (ALDH2 1¥2 and ALDH2
2*2) exhibit decreased bioactivation of GTN, which leads to
reduced vasodilatory effects (142). A clinical trial indicated
that ALDH?2 gene polymorphisms affect the pharmacokinetics
and hemodynamics of GTN in human participants (143). In
cardiovascular IRI, the accumulation of free radicals exacer-
bates NO reactions with superoxide, leading to the formation
of peroxynitrite, which causes nitration of ALDH2. This
nitration impairs ALDH?2 catalytic activity and contributes
to nitrate tolerance (144). Nitrates, including GTN, can
inhibit ALDH?2 activity (139,140). In vitro, GTN rapidly and
effectively inactivates ALDH?2 (145). Additionally, in vivo a
study in nitrate-tolerant rats revealed an association between
nitrate tolerance, ROS accumulation and loss of ALDH?2
activity (146). Therefore, when targeting ALDH?2 therapeuti-
cally, it is important to consider potential antagonistic or
competitive interactions with clinically used drugs, such
as nitrates. Strategies aimed at modulating ALDH?2 activity
should be evaluated to avoid unintended consequences, as
interventions that appear beneficial in one context may have
adverse effects in another.

Isoflurane (1SO). ISO is a commonly used volatile anesthetic
with a well-established safety profile that exerts protective
effects in IRI across various types of organs. ISO therapy
can mitigate infarction volume and intracranial hemorrhage
in tissue-type plasminogen activator-exaggerated brain injury
at low concentrations (147). ISO may be associated with a
lower rate of postoperative myocardial infarction and hemo-
dynamic complications in patients undergoing coronary artery
bypass grafting (148). Protective effects of ISO have also been
observed in the heart (149), kidney (150) and liver (151). The
mechanism underlying protective effects of ISO in IRI may
involve the activation of ALDH2. ISO pretreatment decreases
mitochondrial translocation of PKC® and enhances ALDH2
phosphorylation (152). This leads to decreased release of
myocardial injury markers such as lactate dehydrogenase
and creatine kinase-myocardial band. Conversely, activation
of PKCe facilitates the protective effects of ISO (152). These
findings suggest that ISO exerts its protective effects in IRI
through ALDH?2 activation and modulation of PKC signaling
pathways, offering insight into potential therapeutic strategies
for mitigating tissue damage in IRI.

Ischemic preconditioning (IPC).IPC refers to the phenomenon
where brief episodes of ischemia before prolonged ischemic
events confer cell protection against subsequent IRI (39). To
the best of our knowledge, there are no effective clinical inter-
ventions for established IRI; however, IPC has been studied as
a potential therapeutic strategy to mitigate tissue damage asso-
ciated with IRI (140-145). In 1997, a clinical trial showed that
IPC exerts functional protection against simulated IRI (153);
numerous trials have confirmed its effectiveness in alleviating
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IRI in the heart, kidney, intestine and liver (154-156). Genetic
or pharmacological inhibition of ALDH?2 impairs the cardio-
protective effects of IPC, highlighting the role of ALDH2
activation in mediating protection against IRI (157). The
protective mechanism of ALDH?2 in IPC involves sequential
activation of PKCe and ALDH2 (158). PKCe translocates into
the mitochondria, where it interacts with ALDH2, increasing
its enzyme activity (159). This interaction is essential for the
protective effects of IPC against IRI. Overall, these find-
ings underscore the central role of ALDH2 activation in
[PC-mediated protection against IRI and offer insights into the
mechanisms involved. Further research into ALDH2 activa-
tion may facilitate development of novel therapeutic strategies
to prevent and treat IRI.

Ethanol/acetaldehyde exposure. Ethanol and acetaldehyde
exposure are pharmacological interventions that mimic
the cardioprotective effects of IPC, although the effects
are limited at lower doses. For example, brief exposure
to ethanol (10-50 mM) before ischemia has been shown
to reduce myocardial damage caused by prolonged isch-
emia (160). Cardioprotective effects of ethanol are mediated
by activation of ALDH2 (161). Similarly, pretreatment with
50 uM acetaldehyde enhances ALDH?2 activity and decreases
myocardial damage in wild-type mouse hearts, without
considerably altering cardiac acetaldehyde levels (157).
However, in ALDH2 2*2 mice, acetaldehyde pretreatment
leads to a three-fold increase in cardiac acetaldehyde levels,
exacerbating IRI (157). The underlying mechanism of ALDH?2
activation by ethanol and acetaldehyde involves activation of
PKCe in cardiomyocytes (157,160).

In addition to ethanol and acetaldehyde, other compounds
activate ALDH2, although the exact mechanisms remain
incompletely understood. Estrogen (162), heat shock factor
1 (163) and melatonin (164) have been proposed to increase
ALDH2 activity by promoting mitochondrial import of
PKCe. Antioxidants such as lipoic acid (130), resveratrol (165)
and vitamins D (166), C (167) and E (168) activate ALDH2
through various signaling pathways. Notably, flurbiprofen,
a non-steroidal anti-inflammatory drug, activates ALDH?2
in the context of its anti-obesity effects (169). In summary,
pharmacological activation of ALDH?2 offers potential thera-
peutic avenues for IRI; further investigation into specific drugs
targeting ALDH2 activation is essential for minimizing side
effects and improving clinical outcomes.

ALDH bright (ALDHbr) cells. ALDH activity is notably
elevated in certain stem or progenitor cells, designated
ALDHBbr cells. These cells have been identified and isolated
from numerous types of normal tissue, including human cord
blood, bone marrow, mobilized peripheral blood, skeletal
muscle and breast tissue, as well as rodent brain, pancreas and
prostate tissue, using flow cytometry techniques (141,170). In
a preclinical ischemic disease model ALDHbr cell adminis-
tration has considerable efficacy in promoting tissue repair
and local neovascularization and may have clinical applica-
tion (170). In patients with ischemic heart failure, ALDHbr
cell therapy is considered safe, potentially enhancing perfu-
sion and functional recovery (171). Additionally, clinical
trials investigating intermittent claudication have reported

therapeutic effects consistent with ALDH?2 isozyme functions,
such as improved ischemic tolerance, angiogenesis and mito-
chondrial metabolism (172,173). However, the specific ALDH
isozyme targeted by these therapies is unclear. PCR array has
demonstrated a marked increase in ALDH2 expression in
ALDHbr cells following ischemic injury (174). By contrast, a
clinical trial involving patients with claudication and infrain-
guinal peripheral artery disease, who received ten injections
of ALDHbr in the thigh and calf, showed no improvement in
peripheral artery disease outcomes, potentially due to sample
size limitations (173). While ALDHbr cell therapy offers
promising therapeutic potential, its widespread application is
constrained by its high cost and complexity (173), with modest
effects on clinical outcome.

Targeting ferroptosis. Targeting ferroptosis is a promising
strategy for mitigating IRI. Several small-molecule compounds
designed to intervene at various stages of the ferroptotic
cascade have been developed. Deferoxamine, a widely studied
iron chelator, has demonstrated considerable efficacy in inhib-
iting ferroptosis (175-177). Deferoxamine decreases lactate
dehydrogenase release, highlighting its therapeutic potential
in alleviating tissue damage caused by IR in isolated wild-type
mouse hearts (175). In a randomized controlled trial, defer-
oxamine effectively limited generation of ROS by chelating
redo*active iron, thereby alleviating oxidative stress without
reducing infarct size (176). Dexrazoxane, the only US Food and
Drug Administration-approved drug for doxorubicin-induced
cardiotoxicity, also serves as an iron chelator. In a murine
model of doxorubicin-induced cardiomyopathy and IR,
dexrazoxane decreases non-heme iron levels in the heart and
mitigates doxorubicin-induced liver iron accumulation (177).
Ferrostatin-1 (Fer-1) has been identified as a potent inhibitor
of LPO (178). Li et al (178) reported that Fer-1 decreases levels
of pro-ferroptotic AA-PE, thereby preventing cardiomyocyte
death. Additionally, by inhibiting the TLR4/TRIF/type I IFN
signaling pathway associated with ferroptosis, Fer-1 impedes
neutrophil adhesion to coronary endothelial cells, thereby
mitigating inflammation (178). Liproxstatin-1 is another selec-
tive ferroptosis inhibitor. Administering Liproxstatin-1 1 h
before ischemia in a mouse model of intestinal IRI induces
expression of GPX4 and decreases COX2 expression, as well
as levels of 12- and 15-hydroxyeicosatetraenoic acid, LPO
products and serum markers such as lactate dehydrogenase,
TNF-a and IL-6 (179). Several drugs target multiple stages of
ferroptosis simultaneously. For example, puerarin, used clini-
cally for heart failure, exerts a multifaceted protective effect
against IRI. Liu et al (180) showed that puerarin decreases
erastin-induced ferroptosis in cardiomyocytes by down-
regulating NADPH oxidase 4 expression, upregulating GPX4
and inhibiting both iron overload and LPO. In Alzheimer's
disease, the beneficial effects of puerarin are associated with
changes in expression of iron metabolism-associated proteins
in neuronal cells, including divalent metal ion transporter 1
and TFRI1. By mitigating iron metabolism-related damage,
puerarin improves cognitive function and memory in neuro-
degenerative disease (181). Despite these advances, no specific
drug targeting ferroptosis has been developed for treatment of
IRI. Further research into the specific regulatory mechanisms
and targets of ferroptosis in IRI is essential for identifying
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A, Small molecules

First author, year Compound Disease Mechanism Model (Refs.)
Eleftheriadis et al, Vitamin E Renal IRI Inhibition of lipid Primary C57BL/6 murine  (182)
2021 peroxidation RPTECs
Chen et al, 2020; Ferrostatin-1 Cerebral, Inhibition of lipid MCAO mice and rats, rat (183-187)
Lu et al, 2020; myocardial, peroxidation ventricular
Stamenkovic et al, lung and liver, cardiomyocytes, mouse
2021; Tuo et al, 2017, intestinal IRI hepatic and lung IRI
Wu et al, 2021 model
Liet al,2019; liproxstatin-1 Cerebral, Inhibition of lipid MCAO mice and rats, (179,186,
Tuo et al, 2017, myocardial, peroxidation intestinal IRI C57BL/6 188,189)
Friedmann lung, liver and mice, GPX4(-/-) acute
Angeli et al, 2014; renal IRI renal failure ARF mice;
Xu et al, 2020 lung IRI mice and cell
Yamada et al, 2020, Deferoxamine =~ Myocardial, Iron chelation Mouse hepatic and renal  (190-192)
Zhou et al, 2022; liver and renal IRI, rat IRI; H9¢2 cells
Tu et al, 2021 IRI
Shi et al, 2022 Selenium Cerebral IRI Increased levels of MCAO mouse (193)
compounds GPX4
Fang et al, 2019 Dexrazoxane Myocardial IRT Iron chelation Canonical apoptosis and/ (177)
or necroptosis-defective
RIPK3-/-, MLKL-/- or
FADD-/-MLKL-/- mice
Lv et al,2021 Etomidate Myocardial IRI Upregulation of Nrf2 and ~ MIRI rat (194)
HO-1 protein expression
Yang et al, 2022 Entacapone Renal IRI Increased expression of AKI mice; HK-2 cells (195)
SLC7A11
Chen et al, 2023 SRS11-92 Cerebral IRI Upregulation of Nrf2 MCAO mice (196)
signal pathway
B, Natural products
First author, year Compound Disease Mechanism Model (Refs.)
Li et al, 2024; Puerarin Myocardial IRI Nrf2-Keapl dynamics PC12 and H9C2 cells, (197,198)
Ding et al, 2023 and increased GPX4 mouse IRI
protein expression
Guan et al, 2019 Carvacrol Cerebral IRI Increased expression of Gerbil cerebral IRI (199)
GPX4
Fu et al, 2022 Rehmannioside Cerebral IRI Activation of MCAO rat, SH-SY5Y (200)
A PI3K/AKT/Nrf2 and cells
SLC7A11/GPX4
signaling pathways
Yang et al, 2023 Galangin Myocardial IRI Targeting the Nrf2/Gpx4 MIRI mice (201)
signaling pathway
Guo et al, 2021 Carthamin Cerebral IRI Deactivation of the NF- MCAO rat (202)
yellow kB/NLRP3 inflammasome
signaling pathway
Yuan et al, 2021 Kaempferol Cerebral IRI Activation of E16 mouse embryos; (203)

Nrf2/SLC7A11/GPX4
signaling

primary mouse cortical
neurons
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Table II. Continued.

B, Natural products

First author, year Compound Disease Mechanism Model (Refs.)
Lin et al, 2021 Gossypol acetic ~ Myocardial IRI Decreased ACSL4 and MIRI rat, H9¢2 cells (204)
acid NRF?2 and increased
GPX4 protein levels
Du et al, 2023 Cyanidin-3- Renal IRI Activation of the AMPK AKI mice model (205)
glucoside pathway
Xu et al, 2021 Naringenin Myocardial IRI Regulation of the MIRI rat (206)
Nrf2/System xc-/GPX4
pathway
Liet al,2022; Resveratrol Cerebral, Regulation of MIRI and MCAO rat, (207-209)
Zhu et al, 2022; myocardial and USP19/Beclinl-induced intestinal IR mice
Wang et al, 2023 intestinal IRI autophagy and activation
of the SIRT3/FoxO3a
pathway
Zhang et al, 2021 Irisin Renal IRI Upregulation of GPX4 AKI mice (210)

AREF, acute renal failure; AKI, acute renal injury; MCAOQO, middle cerebral artery occlusion; MIRI, myocardial ischemia-reperfusion injury;
RPTEC, renal proximal tubular epithelial cell; GPX4, GSH peroxidase 4; RIPK, receptor-interacting protein kinase; MLKL, mixed lineage
kinase domain-like protein; Fadd, Fas-associated death domain; HO-1, hemeoxygenase-1; SLC7A11, solute carrier family 7 member 11; USP,

ubiquitin-specific protease.

potential therapeutic strategies. Additionally, upstream
signaling pathways that regulate ferroptosis remain unclear
and the interaction between ALDH?2 and ferroptosis, along
with the precise mechanisms involved, have yet to be fully
elucidated. Given the dynamic nature of pathological changes
in IRI, temporal progression of ferroptosis during IRI should
be further investigated. Potential therapies targeting ferrop-
tosis are summarized in Table II.

5. Conclusion

IRI is a complex complication in clinical practice, where
damage initiated during ischemia can persist and worsen upon
reperfusion. The mechanisms underlying IRI involve a number
of cellular injury processes, including autophagy, necrosis,
apoptosis, necroptosis and ferroptosis (101). Among the key
factors in this cascade, ALDH2 is a cellular oxidoreductase
responsible for acetaldehyde metabolism, which is associated
with antioxidant defense (28). The present review highlights
the key role of ALDH?2 in IRI, particularly in scavenging
ROS and limiting LPO accumulation. Additionally, ALDH2
regulates cell death pathways under oxidative stress condi-
tions (7,20). The interaction between ALDH?2 and ferroptosis
suggests these as potential therapeutic targets for mitigating
IRI. The present review summarizes the role of ALDH?2 in
regulation of ferroptosis and other cell death pathways, aiming
to uncover intersections with ferroptosis and enhance under-
standing of its role in IRI. However, the mechanisms by which
activators of ALDH?2 and ferroptosis inhibitors mitigate IRI
remain incompletely understood. To the best of our knowl-
edge, clinical studies on the role of ALDH?2 and ferroptosis

in IRI are scarce. Moreover, the aforementioned studies
research on these compounds has primarily been conducted
in rodent models of IR, highlighting the need for clinical trials
to evaluate their safety and efficacy. Future research should
investigate the detailed mechanisms through which ALDH2
and ferroptosis inhibitors protect against IRI to develop more
effective treatment strategies and improve management and
prevention of IRI in clinical practice.
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