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Myocardial Ischemia/Reperfusion Injury:
Mechanism and Targeted Treatment for
Ferroptosis

ABSTRACT

Myocardial ischemia/reperfusion injury (MIRI) is a pathophysiological process connected
to the onset of numerous heart disorders. The pathogenesis of MIRI is complex, and it
mainly involves calcium overload, classic oxidative stress, mitochondrial disorder, inflam-
mation, microvascular disorder, and cell death. The clinical treatment options for MIRI
are presently constrained, making it imperative to develop new treatment modalities.
Recent studies have demonstrated that ferroptosis is the main cause of MIRI. Ferroptosis
is a new type of regulated iron-dependent cell death whose mechanism and targeted
therapy are anticipated to be novel therapeutic techniques for MIRI. Herein, the primary
mechanism underlying ferroptosis (the 3 major metabolic routes involving iron, amino
acids, and lipids, and in MIRI, the specific mechanism and therapeutic target of ferropto-
sis) are discussed to determine the potential therapeutic approach for MIRI.

Keywords: Myocardial ischemia/reperfusion injury, ferroptosis, pathological mechanism,
targeted therapy

INTRODUCTION

Acute myocardial infarction (AMI) is a disease with high morbidity, disability, and
mortality worldwide. It imposes a heavy burden on the health care and economy
of the society." Myocardial infarction (MI) is caused by plaque accumulation in
the coronary arteries inner lining. This reduces the heart’s blood flow, leading to
the death of cardiac cells as a result of an inadequate oxygen supply. Therefore,
quick restoration of blood flow to the heart is the primary strategy for treat-
ing AMI. Reperfusion therapy following the onset of Ml (thrombolysis, coronary
artery bypass grafting, percutaneous coronary intervention, and bypass surgery)
can effectively improve the heart's adequate blood supply. However, clinical and
experimental studies have proven that restoring sufficient blood flow to the isch-
emic heart muscle further impairs energy metabolism, electrophysiology, tissue
structure, and cardiac function of the damaged myocardium, causing myocardial
death and increasing infarct size. This phenomenon is referred to as myocardial
ischemia/reperfusion injury (MIRI).2 Traditionally, it has been reported that MIRI
causes calcium overload, oxidative stress, and inflammatory responses.®* However,
given that classic anti-oxidation and anti-inflammatory treatments have not
achieved good curative effects, it is speculated that other mechanisms may be
involved. Evidence from most studies has demonstrated that MIRI pathogenesis
involves ferroptosis, and several ferroptosis indicators significantly influence the
prognosis of MIRI.# Recently, numerousin vitro andin vivo studies have shown that
ferroptosis has a therapeutic effect on various cardiovascular disorders, includ-
ing MIRI.®> Therefore, investigating the primary mechanism, function, and target
of ferroptosis in MIRI may reveal new avenues for treating MIRI.

MYOCARDIAL ISCHEMIA/REPERFUSION INJURY

Overview of Myocardial Ischemia/Reperfusion Injury
Reperfusion-induced myocardial injury may account for nearly half of the final
myocardial injuries in AMI.®> Cardiomyocytes are highly differentiated terminal
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cells that cannot generally divide and proliferate. These
cells are permanently lost and do not regenerate once they
die, which reduces the number of cardiomyocytes in an
adult heart. As a consequence, a reduction in cardiomyo-
cytes causes structural and functional changes in the heart.
Therefore, inhibiting myocardial cell death is the key to pro-
tecting cardiac function and preventing heart disease.® For
thisreason, researchinto the mechanisms of MIRIis a hotspot
topicin this field.

Myocardial Ischemia/Reperfusion Injury Mechanism

The pathological pathway of MIRlis complex and completely
unclear but mainly includes calcium overload, oxidative
stress, inflammatory response, mitochondrial permeability
transition pore opening, energy metabolism disorders, and
activation of different cell death modes.* Studies have indi-
cated that MIRI is associated with various modes of cell
death, including apoptosis, necrosis, autophagy, and fer-
roptosis. Ferroptosis is a critical factor in these processes
(Figure 1).

MYOCARDIAL ISCHEMIA/REPERFUSION INJURY AND
FERROPTOSIS

Overview of Ferroptosis

Ferroptosis is a novel iron-dependent cell death process.
Iron homeostasis is essential for cell survival and numerous
biological activities. Low, high, or abnormal iron distribu-
tions throughout the body affect physiological functions.
Ferroptosisis recognized as aregulated cell death (RCD) pro-
cess promoted by iron overload, which was first presented
by Dixon in 2012.7 Ferroptosis is a recently discovered type
of RCD mainly mediated by reactive oxygen species (ROS)
groups and iron ion-mediated lipid peroxidation. The above
processes are distinct from those of apoptosis, pyroptosis,
necrosis, and autophagy in terms of morphology, biochemis-
try, genetics, and metabolism.® 1) Morphological features are
mainly manifested as mitochondrial abnormalities (a reduc-
tion in mitochondrial volume, high mitochondrial membrane
density, and fewer or absence of mitochondrial cristae),
although the cell membrane is usually complete, with nor-
mal nucleus size and unconcentrated chromatin. 2) The bio-
chemical characteristics are iron accumulation, causing lipid
peroxidation. 3) The genetic characteristics are regulated by
various genes, including ceruloplasmin, transferrin receptor

HIGHLIGHTS

e Ferroptosis (characterized by iron accumulation and

lipid peroxidation) is a novel mechanism of regulated

cell death that plays a role in myocardial ischemia/
reperfusioninjury (MIRI).

This article provides a summary from the perspectives

of iron metabolism, amino acid metabolism, lipid

metabolism, and antioxidation mechanisms.

e This review demonstrates that inhibiting ferroptosis
may be an effective strategy for treating MIRI, and this
creates new ideas for improving the clinical treatment
of patients.
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Figure 1. Pathogenesis of MIRI. The pathological pathway of
MIRI is complex, and it mainly includes calcium overload,
oxidative stress, inflammatory response, mitochondrial
permeability transition pore opening, energy metabolism
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disorders, and activation of different cell death modes
(including apoptosis, necrosis, autophagy, and ferroptosis).
Ferroptosis is a critical factor in these processes. MIRI,
myocardial ischemia/reperfusion injury.

(TFR1), divalent metal-ion transporter-1(DMT1), glutathione
peroxidase 4 (GPX4), lysophosphatidylcholine acyltrans-
ferase 3 (LPCAT3), and lipoxygenase (LOX). 4) Metabolic
characteristics: several metabolic pathways contribute to
ferroptosis pathogenesis, including amino acid metabolism,
iron metabolism, lipid metabolism, and others (Figure 2).

Metabolic Pathways of Ferroptosis

The ferroptosis mechanism is very complex and comprises
a sequence of signaling and metabolic pathways. Iron,
amino acids, and lipid metabolism are vital for ferroptosis
pathogenesis. The principal metabolic pathways in these 3
types of ferroptosis are discussed in the following sections
(Figure 3).

Iron Metabolism—Iron-Mediated Ferroptosis

Ferroptosis is intricately linked to the presence of iron.
Iron, a vital trace element in the human body, is crucial
for maintaining normal physiological functions. Thus, any
disruption to iron homeostasis, whether due to iron overload
or deficiency, can lead to various disorders, eventually
causing ferroptosis.®

Iron Import

Generally, iron can infiltrate cells in 2 different forms: trans-
ferrin-boundiron and non-transferrin-boundiron. Ferriciron
(Fe®**)is absorbed by transferrin-bound iron. First, the ferrox-
idase activity of copper-containing glycoprotein ceruloplas-
min converts ferrous iron (Fe?) to Fe3**." Second, TFR1 allows
extracellular Fe** to enter the cell after binding to transferrin,
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Figure 2. Characteristics of ferroptosis (morphological,

biochemical, genetic, and metabolic characteristics).

which is the primary iron uptake pathway.® In addition, non-
transferrin-bound iron is primarily absorbed into cells in
Fe?* form, increasing the level of cardiac labile iron.? L-type
voltage-dependent calcium channel,® T-type voltage-
dependent calcium channel, metal transporter SLC39A14,™
DMT1, and zinc transporter are imported into cardiomyo-
cytes. Heat shock protein Blinhibits TFR1, decreasesironion
concentrations, and inhibits ferroptosis.” Overexpression of
ubiquitin-specific protease 7, which mediates ferroptosis,
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activated the p53/TFR1 pathway in rats with MIRI (Figure 3)
(Table 1).™

Iron Transfer and Storage

Endosomes store Fe3* within cells, and iron reductase 6
transmembrane epithelial antigens of prostate 3 trans-
forms Fe®* to Fe?*.. DMT1 then facilitates Fe?* passage from
endosomes to the cytoplasmic labile iron pool (LIP), with
the remaining iron stored in ferritin (FT).™ Labile iron pool
is a pool of iron complexes that are chelatable and redox-
active. When LIP concentration attains a steady-state
limit, it initiates peroxidative reactions, including Fenton
and Haber—Weiss reactions. Peroxidative reactions cause
severe damage, generate ROS, and activate lipoxin syn-
thases, causing lipid peroxidation of polyunsaturated fatty
acids ((PUFAs); making up biological membranes), which
are the current underlying mechanisms for ferroptosis ini-
tiation. Ferritin, the most common iron-storing protein,
is a globular hetero-poly protein with 24 FT heavy chain
(FTH) and FT light chain (FTL) components. Ferritin heavy
chain converts Fe?* to Fe** and stores it in the spherical hol-
low structure of FT, lowering levels of free iron, while FTL is
responsible for the storage of directiron. Iron response ele-
ment binding protein 2 promotes FTL and FTH-1expression,
decreases intracellular iron levels, and suppresses erastin-
induced ferroptosis.” The nuclear receptor coactivator 4
transports FT into autophagosomes, where it undergoes
lysosomal degradation to release free iron, which increases
cellular susceptibility to ferroptosis (ferritinophagy).™®
Generally, iron autophagy maintains iron homeostasis
under normal physiological conditions. Overactivation of
iron autophagy causes excessive iron deposition in cells,
inducing ferroptosis. Lactoferrin mediates iron transport,
promoting ferroptosis through iron accumulation (Figure 3)
(Table 1).%
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Table1. The Ferroptosis Regulatory Genes

Regulatory Genes

Function

Iron metabolism Positive regulator CP

TF
TFR1
SLC39A14
DMT1

Steap3
NCOA4

USP7

Negative HSPB1

regulator
FTH1
IREB2
Prominin2
mTOR

Nrf2
CISD71and CISD2

Amino acid GLS2

metabolism

Positive regulator
P53

YTHDF2

Negative SLC7AT11

regulator

SLC3A2
GPX4
usp22
FSP1
GCH1
ACSL4
LPCAT3

Lipid metabolisim Positive regulator

LOXs

Negative YAP

regulator

Creates Fe** from Fe?* and facilitates iron binding with
transferrin

Siderophore
Intake of extracellular Fe**into the cell
Transportsiron thatis not bound by transferrin

Takes extracellular Fe?* into the cell; mediates the liberation of
Fe? from the endosome into LIP

Reduces Fe3*in the endosome to Fe?*

Trafficking of ferritin into autophagosomes for lysosomal
breakdown and freeiron release

Activates the p53/TFR1 pathway
Inhibits TFR-1, thereby reducing cellular iron uptake

Stores intracellulariron
Enhances expression of FTL and FTH-1
Mediates ferritin export

Downregulates transferrin receptor 1and increases FPN
expression

Regulatesiron metabolism, antioxidant response
Regulates mitochondrial iron
Converts glutamine to glutamate

Down-regulates SLC7A11 and inhibits cystine uptake by System
Xc~
Inhibits SLC7AT1

Facilitates the absorption of cystine and the release of
glutamate

Maintains the stability of SLC7A11

Inhibits lipid peroxidation

via the SIRT1/p53/SLC7A11 axis

Increases content of antioxidants BH4 and CoQ10
Reduction of coenzyme Q10 to ubiquinone
Converts PUFA to PUFA-CoA

PUFA-CoA subsequently combines with PE via LPCAT3 to form
PUFA-PE

Promotes lipid peroxidation

Transcriptionally activates NEDD4L to cause the
ubiquitination and destruction of ACSL4

Iron Export
Two proteins, ferroportin-1 (FPN1) and prominin 2 (PROM2),
are primary mediators of iron export.

The membrane protein FPN1 exports iron from the cell,
generating Fe** from Fe?*. Hepcidin, a 25-amino acid protein
predominantly secreted from hepatocytes, modulates FPN.
Hepcidin stimulates FPN internalization and breakdown,
decreasing iron efflux from cardiomyocytes and promoting
ferroptosis (Figure 3) (Table 1)."”

Prominin 2 mediates FT export. Brown et al® found that
PROM2 (a 5-transmembrane glycoprotein) mediates the
FT-containing multivesicular bodies as well as exosomes
(EXOs) formation. The multivesicular structures and EXOs
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expel iron from the cells, effectively reducing ferroptosis
(Figure 3) (Table 1).

AMINO ACID METABOLISM: INHIBITION OF LIPID
PEROXIDATION

System Xc--glutathione-GPX4 Axis—Classic Ferroptosis
Suppression Route

System Xc’/glutathione (GSH)/GPX4 axis is the primary fer-
roptosis suppression mechanism. This axis contains 2 ferrop-
tosis key regulators, including GSH and GPX4. System Xc" is
a glutamate/cystine antiporter and a heterodimer contain-
ing 2 subunits (solute carrier family 7 member 11 (SLC7A11)
and solute carrier family 3 member 2 (SLC3A2)), mainly
through SLC7A11 (the main active site of erastin). System
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Xc releases glutamate from the cell to the outside at aratio
of 1: 1 across the cell membrane and also absorbs cystine
throughout the cell from outside and is decreased to cys-
teine in the cell. Glutam, cysteine, and glycine are used to
produce GSH. GPX4, aselenoprotein and a vital antioxidant
enzyme, inhibits lipoxygenase and cyclooxygenase activity
during ferroptosis. GPX4, which relies on GSH, transforms
reduced GSH to oxidized glutathione (GSSG) and lowers
toxic lipid peroxide (LPO) to non-toxic lipid alcohol. GPX4
removes excess peroxide and hydroxyl radicals secreted
during cellular respiration and metabolism. Consequently,
GPX4 can precisely and effectively eliminate phospholipid
hydroperoxide, suppressing ferroptosis. Suppression of the
system Xc- mechanism reduces intracellular GSH levels,
decreasing GPX4 activity and ferroptosis. A high extracel-
lular glutamate concentration suppresses the antiporter
system Xc- and promotes ferroptosis, which indicates the
toxicity of high glutamate accumulation in the nervous sys-
tem (Figure 3) (Table 1).8

Glutaminase (GLS1 and GLS2) transforms glutamine to glu-
tamate during ferroptosis, regulating extracellular gluta-
mate concentration. GLS2 is included in the initiation of
ferroptosis. Suppression of glutaminase activity can effec-
tively inhibit ferroptosis and alleviate MIRI (Table 1)." Studies
have demonstrated that GPX4 of mitochondrial-specific
overexpression attenuates cardiac malfunction following
the onset of ischemia/reperfusion. Suppression of ferropto-
sis results in suppression of glutaminolysis (a GSH synthesis
pathway component), which potentially alleviates cardiac
damage caused by I/R.

The tumor suppressor P53 downregulates SLC7A11 and limits
cystine absorption by system Xc-, impacting GPX4 action and
diminishing the antioxidant ability of cells. These accumulate
lipid ROS, causing ferroptosis (Figure 3) (Table 1).2°

YT521-B homology domain family member 2 has the ability
to inhibit SLC7A11, which interferes with glutamate and
cystine transport and lowers GPX4 production. However,
iron excess may result from this. These 2 factors synergize to
induce ferroptosis and exacerbate MIRI.?

Ubiquitin-specific protease 22 prevents ferroptosis-
stimulated cardiac cells death in MIRI by sirtuin-1/p53/
SLC7A11 axis (Table 1).22

Moreover, nicotinamide adenine dinucleotide phosphate
(NADPH) further regulates ferroptosis by maintaining GSH
in areduced state (Figure 3).2

Several compounds and drugs can induce ferroptosis.
Currently, ferroptosis promoters are divided into 2 groups
according to whether they directly inactivate GPX4. Class
1 ferroptosis promoters suppress the system Xc-, whereas
class 2 ferroptosis promoters directly suppress GPX4.

Erastin, a class 1 ferroptosis promoter, is one of the prin-
cipal ferroptosis inducers. Erastin blocks system Xc- and
the absorption of cystine into cells. This decreases GSH
production and indirectly turns off GPX4, causing LPOs
to accumulate to promote ferroptosis. Moreover, Erastin
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engages and suppresses the voltage-dependent anion
channels VDAC2 and VDACS3, causing mitochondrial mal-
function and contributing to massive oxide discharge,
ultimately triggering iron-mediated cell death.?* More
inhibitors of system Xc- include glutamate, sorafenib,
sulfasalazine, imidazolone, Istin, interferon-y, and
diarylisoxazole.®

Class 2 ferroptosis promoters, including RSL3, directly block
GPX4, promote lipid peroxidation, and induce ferroptosis.
RSL3 does not affect GPX4 upstream, such as GSH depletion
and cysteine uptake. Subsequently, more direct GPX4 inhibi-
tors were identified, such as FINO2, ferroptosis inducing 56,
ML162 (DPI17), and ML210 (DPI10). Ferroptosis inducing 56
causes ferroptosis by depleting coenzyme Q10 (CoQ10) and
promoting GPX4 degradation.®

Ferroptosis Suppressor Protein 1-CoQ10 Axis—An Emerging
Pathway to Suppress Ferroptosis

The FSP1-CoQ10 pathway is a GPX4-independent pathway
that inhibits ferroptosis and aligns with GPX4 and GSH in
inhibiting LPO proliferation and ferroptosis (Figure 3).%

Suppression of ferroptosis via FSP1 is promoted by CoQ10.
Myristoylation attracts FSP1 to the plasma membrane,
where it acts as an oxidoreductase that decreases CoQ10
with NAD(P)H and forms a lipophilic free radical trapping
antioxidant, inhibiting production of LPO (Table 1).

Guanosine triphosphate cyclohydrolase 1- Tetrahydrobiopt
erin/Dihydrobiopterin (BH4/BH2)-Phospholipid Axis—An
Emerging Pathway to Suppress Ferroptosis

GCH1-BH4/BH2 is another GPX4-independent pathway
that suppresses ferroptosis. Using a CRISPR-mediated
genome-wide activation screen, Kraft et al? revealed that
GCH1 and its metabolic products BH4/BH2 are essential for
gradual resistance of ferroptosis (Figure 3).

GCH1 is the rate-limiting enzyme in BH4 production.
Upregulation or silencing of GCH1 causes corresponding
resistance or sensitivity of cells to ferroptosis through
modulating the antioxidant BH4 endogenous production,
which is mechanistically capable of selectively preventing
tailed phospholipid autooxidation and CoQ10 production.
In turn, CoQ10 confers BH4 with an emerging lipophilic free
radical trapping antioxidant that requires dihydrofolate
reductase (Table 1).

Lipid Metabolism: Lipid Peroxide Lead to Ferroptosis

The key factors causing ferroptosis include LPO accumu-
lation, specifically the transformation of PUFAs into LPO
through oxidation. Arachidonoyl (AA) containing PUFA and
adrenoyl phospholipids are major components of biofilms,
and the primary substrates for ferroptosis lipid peroxidation
are PUFA-containing phospholipids (Figure 3).%

So far, 3 enzymes involved in phospholipid metabolism have
been identified to participate in ferroptosis. These enzymes
contain acyl-CoA synthetase long-chain family member 4
(ACSL4), LPCAT3, and LOX, which are involved in the biosyn-
thesis, remodeling, and oxidation of phosphatidylethanola
mine (PE), respectively (Figure 3).%
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PUFA is acylated as aresult of the catalysis of ACSL4 to gen-
erate PUFA acyl-coenzyme A (PUFA-CoA).” PUFA-CoA sub-
sequently combines with PE via LPCAT3 to form PUFA-PE.
Polyunsaturated fatty acid-phosphatidylethanolamine is
oxidized by LOX to lipid hydroperoxides, which initiates fer-
roptosis. The production of intracellular LPO substrates
decreases with the downregulation of ACSL4, LPCTA3, and
LOX, preventing ferroptosis. ACSL4 in the above process
is considered more effective than LPCTA3. Lipid peroxida-
tion and ferroptosis are fundamentally influenced by the
lipoxygenase family (LOXs), iron-containing enzymes which
catalyze the PUFA dioxygenation), particularly 12/15-LOX.4%
Lipoxygenase stimulates ferroptosis by modulating the oxi-
dation of AA and adrenal-esterified phosphatidylethanola
mine throughout the endoplasmic reticulum. The small scaf-
fold protein phosphatidylethanolamine-binding protein 1, a
suppressor of the protein kinase cascade, binds to 15-LOX to
promote ferroptosis (Figure 3) (Table 1).28

A member of the E3 ubiquitin ligase family, neural precur-
sor cell expressed developmentally downregulated 4-like
(NEDDA4L), plays a critical role in the emergence of numer-
ous disorders by aiding in the ubiquitination of its target pro-
teins. Studies have demonstrated that NEDDA4L regulates
the pathogenesis of various cardiovascular disorders. The
Hippo pathway's essential component is the yes-associated
protein (YAP). To reduce ferroptosis during MIRI, YAP tran-
scriptionally activated NEDD4L to cause the ubiquitination
and destruction of ACSL4.%

Regulators Related to the Ferroptosis Metabolic Pathway
The processesincludedin ferroptosisinvolve the metabolism
of iron, amino acids, and lipids. Related positive and
negative regulators participate in ferroptosis through
various pathways. Genes that play essential roles are listed
in Table 1.

Nuclear Factor Erythroid 2-Related Factor 2

Nuclear Factor Erythroid 2-Related Factor 2 triggers the
activation of numerous essential target genes included
in modulating ferroptosis through regulating amino acid
metabolism, iron metabolism, lipid metabolism, and
mitochondrial function (Table 1).¢

Nuclear Factor Erythroid 2-Related Factor 2 is a protein that
has a significant function in iron homeostasis, regulating
several genes included in iron metabolism [FTH, FTL,
transferrin, FPN, and heme oxygenase-1(HO-1)].73°

Moreover, Nrf2 regulates amino acid metabolism in
ferroptosis. Nuclear Factor Erythroid 2-Related Factor
2, a transcription factor, serves as a pivotal regulator
of cellular antioxidant responses. Under stimulation of
oxidative stress, Nrf2 translocates to the nucleus and forms
a heterodimer with Maf protein, after which it starts the
target gene transcription that has antioxidant response
elements. Subsequently, superoxide dismutase, glutathione
peroxidase, and catalase production are initiated, lowering
oxidative stress, the inflammatory response, and ferroptosis.
Studies have indicated that Nrf2 suppresses ferroptosis by
modulating SLC7A11 and HO-1expression.*
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Heme Oxygenase-1

The HO-1 effect on ferroptosis remains to be validated.
Heme Oxygenase-1is a crucial enzyme in heme catabolism
that catalyzes heme degradationinto Fe?*, carbon monoxide
(CO), and biliverdin. The overactivity of HO-1 increases LIP,
subsequently triggering ferroptosis.*> However, moderate
overexpression of HO-1 protects the cells because of
its antioxidant activity. HO-1 and metabolites of heme
metabolism (biliverdin and CO) have antioxidant capabilities.
Heme Oxygenase-1 activation can reduce oxidative
stress and exert anti-apoptotic and anti-inflammatory
characteristics, enhancing myocardialresistance toI/Rinjury.
Preconditioning of donor rats using inhaled CO prevents I/R
injury after heart transplantation.”

CDGSH Iron-Sulfur Domains 1and CDGSH Iron-Sulfur
Domains 2 (CISD2)

Ferroptosis is negatively regulated by the mitochondrial iron
regulators CISD1and CISD2. The inhibition of CISD1or CISD2
contributes to ferroptosis (Table 1).3*34

FERROPTOSIS IN MYOCARDIAL ISCHEMIA/REPERFUSION
INJURY

The cardiotoxic effects of iron, coupled with its correlation
to reperfused Ml inindividuals with iron overload in the peri-
infarct region, underscore the importance of investigating
ferroptosis in MIRI. Numerous studies have revealed that
excess iron is related to the pathophysiology of MIRI. For
instance, myocardial I/R activates hypoxia-inducible factor
1 signaling and upregulates TFR1 expression to promote
iron absorption and increase iron content.™ In a 30-minute
occlusion experiment for I/R damage in a mice model, the
left anterior descending coronary artery (LAD) was not
perfused by blood. This resulted in FT accumulation in the
myocardial scar region and increased cardiac cytosolic
iron levels in I/R due to the mobilization of high iron levels
into the coronary blood stream after extended ischemia.*®
Similarly, mice with MIRI had elevated mitochondrial iron.™
In an experiment of the ischemic area of the heart, scarce
alterationsiniron, GPX4, ACSL4, or malondialdehyde (MDA)
were detected. However, in a reperfusion mouse model,
iron, ACSL4, and MDA contents were increased, and GPX4
expression was downregulated.* The above findings suggest
that ferroptosis occurs during myocardial reperfusion, not
during ischemia. This implies it could be a novel approach for
therapeuticinterventionin MIRI.

Ferroptosis Treatmentin Myocardial Ischemia/Reperfusion
Injury

Ferroptosis have a vital function in the pathogenesis of
MIRI, consequently, ferroptosis inhibition is a possible MIRI
therapeutic target.*

Ferroptosis inhibitors mainly consist of iron chelators
[deferoxamine (DFO), deferiprone (DFP), and dexrazoxane
(DXZ) etc.] and lipid peroxidation inhibitors [e.g.,
ferrostatin-1, liproxstatin-1, vitamin E, N-acetylcysteine
(NAC), CoQ10, and XJB-5-131]. The effects and mechanisms
underlyingsome ferroptosisinhibitorsin MIRlare summarized
below.
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Iron chelators decrease iron levels, preventing ferroptosis
in vivo and in vitro. In most cases, DFO (which binds to free
iron, treats iron overload, and stops ferroptosis caused by
lipid peroxidation) is a harmless iron chelator. Studies have
revealed that DFO prevents I/R injury in isolated hearts.
Another study demonstrated that DFO administration
prior to reperfusion via primary percutaneous coronary
intervention significantly decreased oxidative stress but did
notdiminish infarct size.*” Paraskevaidis et al®*® demonstrated
that intravenous infusion of DFO during coronary artery
bypass grafting prevented reperfusion damage of the
myocardium and decreased lipid peroxidation.

Deferoxamine (DFP)targetshemorrhagicironinl/Rinjury and
provides cardioprotective benefits in AMI via attenuating
intramyocardial bleeding and cardiac hypertrophy.*® In
addition, DFP monotherapy is more cardioprotective than
treatment with DFO only and subcutaneous DFO therapy.®

Dexrazoxane prevented doxorubicin-induced ferroptosis
in mice, reducing fatal cardiac injury (infarct size) and
myocardial dysfunction after I/R.%*

Although iron chelating agents have achieved certain
results in treating myocardial I/R injury, there are also some
unsatisfactory aspects. The positive therapeutic effect of
iron chelators on MIRI is not evident in some experimental
animals, which may be attributed to the species specificity
of iron chelators.™

P22077 (a suppressor of ubiquitin-specific protease
7) has been demonstrated to prevent MIRI via
suppressing ferroptosis by p53 overexpression and TFR1
downregulation.#®

The dark red pigment echinochrome A (found in sea urchin
shells and spines) is lipophilic and membrane permeable.
A water-soluble version of echinochrome A, known as
histochrome, exhibits potent iron-chelating and antioxidant
properties. Histochrome therapy chelated intracellular iron,
significantly caused overexpression of GPX4 and free GSH,
and downregulated cyclooxygenase 2 expression to confer
cardioprotection against MIRIL.*

Polydopamine nanoparticles (PDA NPs) inhibited Fe?
accumulation and restored mitochondrial function in H9c2
cells. Polydopamine nanoparticles efficiently decreased Fe?*
deposition and lipid peroxidation in a mouse model of MIRI.
Furthermore, PDA NPs treatment reduced MIRI throughout
the mouse model, manifested diminished infarct size, and
promoted cardiac function. The current investigation
demonstrated the therapeutic effect of PDA NPs on MIRI by
stopping ferroptosis.*?

Inapreviousstudy, ponatinib and DFO suppressed ferroptosis
and necroptosis in myocardial I/R, and their incorporation
significantly lowered myocardial infarct size.** In another
recent study, DXZ and ponatinib were shown to decrease
ferroptosis during MIRI. Combining the above 2 drugs
significantly reduced Ml scar size. These results suggest that
a combined therapy targeting distinct forms of cell death
modalities is an efficient treatment approach for MIRI.
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Lip-1 prevents I/R injury in mouse cardiac muscles. Lip-1
administration after ischemia can lower Ml size. Lip-1
suppresses ferroptosis via upregulating GPX4, reducing
ROS, lowering VDAC1 expression, and supporting
mitochondrial structure and function following myocardial
I/R.44

In a mouse model of MIRI, the glutaminolysis inhibitor
compound 968 inhibited ferroptosis, reduced Ml size, and
improved cardiac function.™

Cysteine has been acetylated to become NAC.
N-acetylcysteine is a GSH donor and exhibits antioxidant
effects. GSH is a substrate used by enzymes to reduce other
compounds as part of the endogenous antioxidant system.
In addition, GSH functions directly as an antioxidant. As a
result, the above medication may be utilized to augment
antioxidant therapy when GSH levels are decreased in a
hyperoxidative condition.*

Pretreatment with either Fer-1 or DXZ lessens Ml severity
by preventing myocardial enzyme elevations resulting from
I/R.3

MIRI significantly affects heart transplantation. I/R injury
in heart transplantation can result in considerable sterile
inflammation, causing primary graft malfunction in
patients and significantly increasing the mortality rate.
Investigation of the correlation between ferroptosis and
cardiac transplantation-associated I/R injury demonstrated
that ferroptosis attracts neutrophils to the damaged
myocardium when damage-associated molecular patterns
are released. Fer-1 decreases cardiomyocyte mortality
through a mechanism involving damage-associated
molecular patterns and prevents neutrophil attraction to
damaged cardiomyocytes after heart transplantation.*¢
Therefore, focusing on ferroptosis suppression offers a
therapeutic avenue for treating individuals at high risk of
developing MIRI after coronary blood flow fixation after
a heart transplant. Suppressing ferroptosis in the donor
heart before surgery may also reduce MIRI and improve the
prognosis.

Etomidate inhibits ferroptosis in MIRI model by upregulating
Nrf2 and HO-1expression.#

Dexmedetomidine (Dex) significantly attenuates MI,
improves cardiac function, and reduces hypoxia/reoxyge
nation-induced Fe?* accumulation and lipid peroxidation
in cardiomyocytes. Dexmedetomidine substantially
suppressed ferroptosis via upregulation of Nrf2, SLC7A11,
and GPX4 expression.*®

Ferroptosis is inhibited by XJB-5-131 (a synthetic antioxidant
derived from nitrogen oxides), which directs mitochondria
and creates ROS and electron scavenging capabilities.*

Activation of endoplasmicreticulumstress (ERS) exacerbates
cardiomyocyte ferroptosis. A study in MIRI model (generated
by ligating the LAD in diabetic rats) demonstrated that
infusion of Fer-1into the tail vein ameliorated ERS-induced
cardiomyocyte ferroptosis. Furthermore, salubrinal (an
inhibitor of ERS) alleviated cardiomyocyte ferroptosis.>®
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CONCLUSION AND OUTLOOK

Myocardial ischemia/reperfusion injury is one of the cru-
cial reasons for morbidity, disability and mortality globally.
Understanding the pathological process of cardiomyocyte
injury is critical for establishing cardioprotective strategies.
Ferroptosis is associated with MIRI and modulates MIRI by
amino acid metabolism, iron metabolism, lipid metabolism,
ERS, and autophagy-dependent ferroptosis mechanisms.

Many challenges underlying the mechanism and treatment
of MIRI are yet to be investigated. The majority of current
research on suppressing ferroptosis to alleviate MIRI shed
light on the animal model and cell culture, with limited esti-
mation for its clinical effectiveness. Therefore, a transition
towards clinical research is necessary. In addition to ferrop-
tosis, MIRI involves numerous different mechanisms in the
cell death pathway. Detailed investigations of ferroptosis
and different modes of RCDs have revealed a comprehen-
sive link between ferroptosis and other RCDs. However, the
predominant kind of cell death in MIRI remains to be vali-
dated. Consequently, more investigations are necessary to
determine the function of distinct cell death pathways in
developing MIRI. As MIRI worsens because of numerous dif-
ferent types of cell death, combining therapies that target
distinct cell death types may be the best way to prevent MIRI
progression. Studies have demonstrated that the incidence
of iron death varies at various stages of MIRI, but the exact
stage at whichiron death occurs has not been clarified. Cell-
secreted EXOs have become a hotspot area due to their
immunogenic defects. Therefore, the interaction between
EXOs and ferroptosis is a future research hotspot.

In conclusion, ferroptosis showed the potential to an effi-
cient therapeutic target for MIRI. However, further investi-
gation is required to fully uncover its molecular mechanism
and potential role in this condition.
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