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Abstract

Myocardial ischemia-reperfusion injury (MIRI) represents a major contributor to morbid-
ity and mortality in patients undergoing reperfusion therapy after acute myocardial in-
farction. Although timely restoration of coronary blood flow is essential for myocardial
salvage, reperfusion paradoxically initiates a complex cascade of molecular and cellular
events that may aggravate myocardial injury. Oxidative stress is considered one of the
central mechanisms underlying MIRI, primarily through excessive production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), leading to mitochondrial dys-
function, calcium overload, endothelial injury, inflammatory activation, and cardiomyo-
cyte death. This review summarizes the current understanding of the pathophysiological
mechanisms involved in oxidative stress-mediated reperfusion injury, with emphasis on
mitochondrial permeability transition pore opening, inflammasome activation, cytokine
release, neutrophil extracellular trap formation, macrophage polarization, and intercon-
nected cell death pathways including PANoptosis. Emerging evidence regarding im-
munometabolic regulation and epigenetic modulation in MIRI is also discussed. In addi-
tion, current pharmacological and non-pharmacological cardioprotective strategies tar-
geting oxidative stress, mitochondrial dysfunction, and inflammatory signaling are re-
viewed, highlighting both promising experimental findings and the persistent challenges
in clinical translation. A deeper understanding of the molecular interplay between oxida-
tive stress and inflammatory pathways may facilitate the development of integrated ther-
apeutic approaches aimed at improving myocardial recovery and long-term cardiovascu-
lar outcomes following reperfusion therapy.

Keywords: Myocardial ischemia-reperfusion injury, Oxidative stress, Reactive oxygen
species
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Reperfusion therapy remains the cornerstone strategy for preserving ischemic myo-
cardium following coronary occlusion. Nevertheless, the restoration of blood flow may
paradoxically contribute to additional myocardial damage, a phenomenon known as
reperfusion injury. During reperfusion, the sudden reintroduction of oxygen promotes
excessive oxidative stress, intracellular calcium accumulation, and metabolic disturbances
related to tissue acidosis, all of which contribute to cardiomyocyte dysfunction and death.

Cardiomyocytes are particularly susceptible to oxidative injury because of their high
mitochondrial content and intense respiratory activity, which represent major sources of
reactive oxygen species (ROS). Excessive ROS generation can disrupt cellular membrane
stability, leading to myocardial enzyme release and structural cellular damage. In addi-
tion, oxidative stress activates mitochondrial-dependent apoptotic pathways, thereby am-
plifying cardiomyocyte loss and promoting infarct expansion.

Several mechanisms have been implicated in ROS-mediated apoptosis, including al-
terations in mitochondrial permeability transition pore function and the activation of pro-
apoptotic signaling pathways. Given that mitochondria occupy a substantial proportion
of cardiomyocyte volume, mitochondrial dysfunction plays a central role in the patho-
physiology of ischemia—reperfusion injury and subsequent impairment of cardiac func-
tion [1].

Early restoration of coronary blood flow through reperfusion strategies such as
thrombolytic therapy or primary percutaneous coronary intervention (PPCI) remains the
cornerstone of treatment for patients with ST-segment elevation myocardial infarction
(STEMI). Rapid coronary recanalization is essential for limiting ischemic myocardial ne-
crosis by restoring oxygen delivery and allowing recruitment of inflammatory and repar-
ative cells necessary for tissue healing.

Despite its undeniable clinical benefits, reperfusion may paradoxically induce addi-
tional myocardial injury, a phenomenon known as myocardial ischemia—reperfusion in-
jury (MIRI). This process has been recognized for several decades and involves multiple
pathological mechanisms occurring within the first minutes after reperfusion. These in-
clude cardiomyocyte death through apoptosis, necrosis, necroptosis, and pyroptosis, dis-
turbances in cellular energy metabolism associated with mitochondrial dysfunction, oxi-
dative stress, intracellular calcium overload, amplified inflammatory responses, and en-
dothelial injury leading to coronary microvascular dysfunction. Collectively, these events
contribute to enlargement of the final infarct size and additional damage to residual viable
myocardium.

A more comprehensive understanding of the temporal progression and molecular
mechanisms underlying MIRI may facilitate the development of novel therapeutic strate-
gies aimed at reducing myocardial damage and preventing adverse ventricular remodel-
ling and heart failure. Reflecting this evolving perspective, a recent expert consensus doc-
ument published by the Canadian Cardiovascular Society proposed a novel classification
of atherothrombotic myocardial infarction treated with reperfusion therapy. This classifi-
cation is based on the progressive structural and molecular alterations occurring within
the myocardium during ischemia and reperfusion, with the objective of promoting the
development of tissue injury-specific therapeutic approaches for myocardial infarction.

Interest in the immuno-inflammatory mechanisms associated with MIRI intensified
following landmark clinical trials demonstrating that modulation of inflammatory signal-
ing pathways can reduce recurrent cardiovascular events. Since then, research efforts have
increasingly focused on oxidative stress, mitochondrial dysfunction, endothelial injury,
and immune-mediated pathways as potential therapeutic targets. Current investigations
aim to identify pharmacological and non-pharmacological interventions capable of com-
plementing reperfusion therapy and providing synergistic cardioprotective effects [2,3].
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2. Material and Methods

This narrative review was conducted to evaluate the role of oxidative stress in reper-
fused myocardium and its contribution to ischemia-reperfusion injury. A comprehensive
literature search was performed using the electronic databases PubMed, Scopus, Web of
Science, and Google Scholar. Relevant articles published in English up to March 2026 were
considered for inclusion. This review builds upon the authors” ongoing research interests
in cardiovascular pathophysiology, oxidative stress, inflammation, and coronary artery
disease. Through previous studies investigating the pathophysiology of atherosclerotic
disease, and cardiovascular risk factors, the authors have developed a particular interest
in the mechanisms linking ischemic injury, inflammation, and adverse cardiac remodel-
ling, which provided the rationale for the present review.

The search strategy included combinations of the following keywords and Medical
Subject Headings (MeSH) terms: “oxidative stress”, “ischemia-reperfusion injury”,

VZa7i VZ7i ”oou

“reperfused myocardium”, “myocardial reperfusion”, “reactive oxygen species”, “cardi-
omyocyte apoptosis”, “mitochondrial dysfunction”, “mitochondrial permeability transi-
tion pore”, “myocardial infarction”, and “reperfusion therapy”. Boolean operators
(“AND”, “OR”) were used to optimize the search process.

Original research articles, experimental studies, clinical studies, systematic reviews,
and meta-analyses investigating oxidative stress mechanisms during myocardial reperfu-
sion were included. Particular attention was given to studies evaluating reactive oxygen
species generation, mitochondrial alterations, inflammatory responses, calcium overload,
apoptotic pathways, and antioxidant therapeutic strategies. Reference lists of selected ar-
ticles were additionally screened to identify further relevant publications.

Articles not directly related to myocardial ischemia-reperfusion injury, studies lack-
ing adequate scientific relevance, conference abstracts without full text availability, and
non-English publications were excluded.

The retrieved studies were analyzed qualitatively, with emphasis placed on the mo-
lecular mechanisms underlying oxidative stress-induced myocardial injury, the role of
mitochondrial dysfunction, and emerging therapeutic approaches aimed at reducing
reperfusion-associated cardiac damage.

3. Clinical Determinants and Phenotypes of MIRI in Contemporary
STEMI Care

Myocardial ischemia—reperfusion injury (MIRI) contributes significantly to morbid-
ity and mortality following successful reperfusion therapy in STEMI. Clinically, reperfu-
sion injury manifests through several interrelated phenotypes, including myocardial stun-
ning, microvascular obstruction (no-reflow), reperfusion arrhythmias, intramyocardial
hemorrhage, and acute hemodynamic deterioration.

Myocardial stunning is characterized by transient but reversible post-ischemic ven-
tricular dysfunction despite restoration of coronary blood flow. It results primarily from
calcium overload, oxidative stress, and impaired excitation—contraction coupling, leading
to temporary reductions in systolic and diastolic performance.

The no-reflow phenomenon reflects inadequate myocardial perfusion despite suc-
cessful reopening of the infarct-related artery. Its pathogenesis involves endothelial injury,
distal embolization, inflammatory cell infiltration, tissue edema, and microvascular ob-
struction. No-reflow is associated with larger infarct size, adverse ventricular remodeling,
and worse clinical outcomes.

Reperfusion arrhythmias commonly occur during the first hours after revasculariza-
tion and include accelerated idioventricular rhythm, ventricular tachyarrhythmias, atrial
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fibrillation, and sinus node disturbances. These rhythm abnormalities are largely driven
by abrupt ionic shifts, calcium overload, oxidative stress, and autonomic activation.

Lethal reperfusion injury represents irreversible cardiomyocyte death triggered by
reperfusion itself, mainly through mitochondrial dysfunction and opening of the mito-
chondrial permeability transition pore. Experimental studies suggest that this mechanism
may account for a substantial proportion of the final infarct size.

Intramyocardial hemorrhage (IMH), detected primarily by cardiac magnetic reso-
nance imaging, represents a severe form of reperfusion-related microvascular damage.
Frequently coexisting with microvascular obstruction, IMH is associated with larger in-
farcts, reduced left ventricular function, adverse remodeling, and an increased risk of ma-
jor adverse cardiovascular events.

Finally, reperfusion injury may present with hemodynamic instability, including hy-
potension, bradyarrhythmias, cardiogenic shock, and persistent slow-flow or no-reflow.
Early recognition of these manifestations is crucial, as they identify patients at increased
risk of heart failure, ventricular remodeling, and unfavorable long-term outcomes [4,5].

4. Ischemic Time Dependency

The severity of myocardial ischemia-reperfusion injury (MIRI) is strongly dependent
on the duration of ischemia before reperfusion. Although timely restoration of coronary
blood flow remains the cornerstone of STEMI management, prolonged ischemic times in-
crease the susceptibility of cardiomyocytes and the coronary microcirculation to reperfu-
sion-mediated damage. Experimental and clinical studies have demonstrated that de-
layed reperfusion is associated with greater oxidative stress, mitochondrial dysfunction,
calcium overload, and inflammatory activation, ultimately resulting in larger infarct size
and reduced myocardial salvage. Consequently, symptom-to-balloon time remains one of
the most important determinants of both infarct size and the extent of reperfusion injury
[6,7].

5. Anterior STEMI: A High-Risk MIRI Phenotype

Anterior STEMI, typically resulting from proximal left anterior descending artery oc-
clusion, represents the phenotype most vulnerable to severe reperfusion injury. The large
myocardial territory at risk, combined with higher oxygen demand and extensive micro-
vascular involvement, predisposes these patients to larger infarcts, greater microvascular
obstruction, and increased incidence of intramyocardial hemorrhage. Cardiac magnetic
resonance (CMR) studies consistently demonstrate that anterior infarctions exhibit a
greater burden of MIRI-related complications and are more frequently associated with
adverse ventricular remodelling and subsequent heart failure [4,8].

6. Distal Embolization and Microvascular Obstruction

Microvascular obstruction (MVO) is a frequent complication of STEMI despite suc-
cessful epicardial reperfusion, with reported incidences ranging from approximately 25%
to 56%, depending on the diagnostic modality used, including cardiac magnetic resonance
imaging (MRI), angiography, and echocardiography. Similarly, angiographic no-reflow
has been observed in approximately one-quarter of patients undergoing primary PCI.

Microembolization of thrombotic and atherosclerotic debris during PCl is considered
a major contributor to MVO. Early studies demonstrated an association between elevated
intracoronary microparticle levels and the presence of MVO, suggesting a potential role
for circulating microparticles in microvascular injury. However, these findings have not
been consistently replicated and their clinical significance remains uncertain.
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Increasing evidence supports the involvement of platelet activation in the develop-
ment of MVO. Higher platelet reactivity, increased ADP-induced platelet aggregation,
and enhanced platelet-leukocyte interactions have all been associated with a greater inci-
dence of MVO. Activated platelets may contribute to microvascular dysfunction through
distal microthrombus formation and the release of vasoconstrictive mediators, particu-
larly thromboxane A:. Consistent with this mechanism, antithrombotic therapies such as
aspirin and heparin have been associated with lower rates of no-reflow and reduced mi-
crovascular injury in STEMI patients undergoing PCI [9].

Collectively, these findings suggest that microembolization, platelet activation, and
microthrombus formation play important roles in the pathogenesis of MVO.

Distal embolization of thrombotic and atherosclerotic debris during primary percu-
taneous coronary intervention contributes significantly to microvascular dysfunction.
Embolized particles obstruct downstream arterioles and capillaries, triggering endothelial
injury, inflammatory cell recruitment, vasoconstriction, and tissue edema. These mecha-
nisms culminate in microvascular obstruction (MVO), one of the hallmark manifestations
of reperfusion injury. Importantly, MVO may occur despite successful restoration of epi-
cardial coronary flow and is recognized as an independent predictor of larger infarct size,
impaired left ventricular recovery, and adverse cardiovascular outcomes [10].

7. Coronary Physiology: IMR and CFR

The invasive assessment of coronary microvascular function has become increasingly
important in characterizing reperfusion injury. The index of microcirculatory resistance
(IMR) provides a quantitative and reproducible measure of microvascular resistance in-
dependent of epicardial coronary stenosis. Elevated IMR values after primary PCI corre-
late strongly with CMR-defined microvascular obstruction, larger infarct size, and re-
duced left ventricular function. Coronary flow reserve (CFR), which reflects the capacity
of the coronary circulation to augment blood flow during hyperemia, offers complemen-
tary information regarding both epicardial and microvascular integrity. Together, IMR
and CFR allow early identification of patients with severe microvascular dysfunction who
may be at increased risk for adverse remodeling and heart failure [11].

8. Cardiac Magnetic Resonance Markers of MIRI

Cardiac magnetic resonance imaging is currently considered the reference standard
for the non-invasive assessment of reperfusion injury. Beyond quantifying infarct size and
myocardial salvage, CMR can identify several characteristic markers of MIRI, including
microvascular obstruction, intramyocardial hemorrhage, myocardial edema, and area at
risk. Among these, MVO and intramyocardial hemorrhage are the strongest predictors of
adverse prognosis. Patients demonstrating these findings exhibit lower left ventricular
ejection fractions, greater ventricular dilatation, and increased rates of major adverse car-
diovascular events during follow-up [12].

9. MIRI and Heart Failure Development

Increasing evidence suggests that MIRI plays a central role in the transition from
acute myocardial infarction to chronic heart failure. Through a combination of cardiomy-
ocyte death, persistent microvascular dysfunction, inflammation, and adverse extracellu-
lar matrix remodeling, reperfusion injury contributes to progressive ventricular dilatation
and systolic dysfunction. Patients with extensive MVO, elevated IMR values, or CMR ev-
idence of intramyocardial hemorrhage are particularly prone to adverse left ventricular
remodeling. Consequently, MIRI is increasingly recognized not only as an acute

https://doi.org/10.3390/cells15131185


https://doi.org/10.3390/cells15131185

Cells 2026, 15, 1185

6 of 33

complication of STEMI but also as a major determinant of long-term heart failure risk and
cardiovascular mortality [13].

10. Myocardial Ischemia Reperfusion Injury and Oxidative Stress:
Mitochondrial Dysfunction and Calcium Overload

The restoration of oxygen supply during reperfusion following myocardial ischemia
leads to a sudden and marked increase in the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS). Excessive accumulation of these oxidant molecules
overwhelms endogenous antioxidant defenses and ROS scavenging systems, resulting in
oxidative stress, cellular injury, and activation of inflammatory pathways.

Reduction of oxygen generates the superoxide anion (O%), which can subsequently
give rise to highly reactive hydroxyl radicals (OH) through reactions involving hydrogen
peroxide (H20:) or via the Fenton reaction. Reactive nitrogen species generated during
MIRI include nitric oxide (NO), nitrogen dioxide (NOz2), and peroxynitrite (ONOO"). Sev-
eral enzymatic and cellular systems contribute to ROS production during reperfusion in-
jury, including NADPH oxidase, xanthine oxidase, nitric oxide synthase (NOS), and mi-
tochondria.

Among these sources, mitochondria represent one of the most important contribu-
tors to oxidative stress during MIRIL. A key mechanism involves mitochondrial succinate
accumulation during ischemia, followed by rapid oxidation upon reperfusion, which ac-
tivates reverse electron transport (RET) at Complex I of the mitochondrial respiratory
chain. This process results in substantial production of superoxide anions. Complex I re-
leases O? into the mitochondrial matrix, whereas Complex III contributes to ROS release
into the intermembrane space.

NADPH oxidase also plays a major role in myocardial oxidative stress. This enzyme
complex consists of membrane-bound NOX catalytic subunits associated with cytosolic
regulatory proteins. NOX2 serves as the principal catalytic component in phagocytic
NADPH oxidase. Following activation, cytosolic subunits translocate toward the mem-
brane-bound gp91phox protein, assembling an active oxidase complex capable of gener-
ating superoxide radicals. Importantly, NADPH oxidase expression has also been demon-
strated in cardiomyocytes, where it contributes significantly to redox imbalance during
reperfusion injury [14,15].

Excessive ROS production activates multiple intracellular signaling pathways asso-
ciated with inflammation and cell death, including apoptosis and pyroptosis. Experi-
mental studies demonstrated that ROS generation may directly activate the nucleotide-
binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome pathway,
thereby amplifying inflammatory responses and promoting pyroptotic cell death.

Oxidative stress is also one of the major triggers of mitochondrial dysfunction during
MIRI. In particular, ROS promote opening of the mitochondrial permeability transition
pore (mPTP), a critical event in reperfusion injury. Opening of the mPTP disrupts mito-
chondrial membrane integrity and facilitates the release of Cytochrome C (CytC) into the
cytosol, thereby initiating apoptotic signaling cascades. Schriewer et al. demonstrated that
ROS are essential for mPTP opening and further showed that mPTP activation itself may
amplify ROS production, creating a vicious cycle of oxidative damage. Their study addi-
tionally identified poly (ADP-ribose) polymerase-1 (PARP) as an important mediator of
mitochondria-dependent necrosis during ischemia/reperfusion injury. PARP appears to
contribute to oxidative stress amplification and may facilitate mPTP opening through poly
ADP-ribosylation of mitochondrial targets. Conversely, mPTP opening may further en-
hance PARP activation, although the precise sequence of these events remains incom-
pletely understood. Based on these findings, Schriewer et al. proposed PARP inhibition
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as a potential therapeutic strategy capable of attenuating reperfusion injury even after
mPTP opening has occurred.

Another major consequence of mPTP opening is intracellular calcium overload. Ex-
cessive accumulation of Ca? ions is a hallmark of reperfusion injury and contributes sub-
stantially to cardiomyocyte dysfunction and death. Elevated cytosolic calcium concentra-
tions activate multiple apoptotic pathways and further aggravate mitochondrial damage.

During the ischemic phase, impaired aerobic metabolism and suppression of the
Krebs cycle force myocardial cells to switch toward anaerobic glycolysis, leading to lactate
accumulation and intracellular acidosis due to increased H* concentrations. Under these
acidic conditions, activation of the Na*/H* exchanger (NHE) promotes extrusion of H*ions
in exchange for Na* influx, resulting in intracellular sodium accumulation. Simultane-
ously, ischemia-induced ATP depletion inhibits the activity of Na*/K*-ATPase and Sarco-
Endoplasmic Reticulum Calcium ATPase (SERCA Ca?-ATPase), further contributing to
sodium overload and impaired calcium homeostasis. These ionic disturbances ultimately
favor intracellular Ca? accumulation, thereby exacerbating oxidative stress, mitochon-
drial dysfunction, and cardiomyocyte injury during reperfusion—Figure 1 [2,16,17].

MIRI and Oxidative Stress: Mitochondrial Dysfunction and Calcium Overload
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Figure 1. MIRI and Oxidative Stress: Mitochondrial Dysfunction and Calcium Overload. Reperfu-
sion triggers excessive generation of reactive oxygen and nitrogen species (ROS/RNS) from mito-
chondria, NADPH oxidase, and other cellular sources, overwhelming endogenous antioxidant de-
fenses. Oxidative stress promotes mitochondrial permeability transition pore (mPTP) opening, cal-
cium overload, inflammasome activation, and apoptotic signaling, creating a self-amplifying cycle

of mitochondrial dysfunction, inflammation, and cardiomyocyte death.

During reperfusion, restoration of oxygen availability reactivates mitochondrial oxi-
dative metabolism and contributes to normalization of extracellular pH. Under these con-
ditions, the Na*/H* exchanger (NHE) remains active, continuously extruding H* ions from
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the cardiomyocytes while promoting persistent intracellular Na* accumulation. Elevated
intracellular sodium concentrations subsequently activate the reverse mode of the
Na*/Ca? exchanger (NCX), resulting in excessive intracellular Ca? influx and calcium
overload.

Additional disturbances in calcium homeostasis involve the sarcoplasmic reticulum
(SR). Recovery of ATP production during reperfusion restores SR activity and facilitates
cyclic uptake and release of Ca?* ions. This process generates intracellular calcium oscilla-
tions, and the released Ca? may propagate between adjacent SR structures, leading to
calcium wave formation. Excessive calcium wave propagation contributes to hypercon-
tracture of cardiomyocytes, a phenomenon strongly associated with irreversible cellular
injury and cell death.

The abrupt increase in ROS generation caused by renewed oxygen delivery during
reperfusion therefore represents one of the major mechanisms disrupting cellular home-
ostasis. These highly reactive molecules interfere with multiple intracellular pathways
and organelles, inducing widespread cellular dysfunction. Mitochondria are particularly
vulnerable to oxidative injury, and mitochondrial damage further amplifies ROS produc-
tion, establishing a self-perpetuating cycle of oxidative stress and cardiomyocyte injury
during MIRI [18,19].

11. Molecular Mechanisms of Oxidative Stress and Epigenetic
Regulation in Myocardial Ischemia Reperfusion Injury

Myocardial ischemia remains one of the leading causes of cardiovascular morbidity
and mortality worldwide. Although reperfusion therapies have substantially improved
survival by restoring coronary blood flow, the process of reperfusion itself may paradox-
ically aggravate myocardial damage, a phenomenon known as myocardial ischemia—
reperfusion injury (MIRI). During ischemia, reduced coronary perfusion deprives cardio-
myocytes of oxygen and metabolic substrates, leading to impaired ATP production, ionic
imbalance, and cellular dysfunction. Once blood flow is re-established, the abrupt resto-
ration of oxygen triggers a cascade of detrimental biological responses that further com-
promise myocardial integrity.

MIRI contributes significantly to adverse ventricular remodelling, impaired cardiac
contractility, and the progression toward heart failure, thereby exerting a major impact on
long-term prognosis. Despite considerable advances in cardiovascular medicine, effective
therapies specifically targeting reperfusion injury remain limited. The pathophysiology of
MIRI is multifactorial and involves interconnected mechanisms such as oxidative stress,
intracellular calcium overload, mitochondrial dysfunction, inflammatory activation, and
metabolic disturbances. However, the complex molecular interactions underlying these
processes are not yet fully elucidated, emphasizing the need for further mechanistic in-
vestigations and novel therapeutic targets [20].

Among emerging regulatory pathways, RNA epigenetic modifications have attracted
growing attention. N6-methyladenosine (m6A) represents the most abundant internal
RNA modification in eukaryotic cells and plays a central role in post-transcriptional gene
regulation. This modification is dynamically controlled by methyltransferases (“writers”),
demethylases (“erasers”), and RNA-binding proteins (“readers”), which together modu-
late RNA stability, translation efficiency, degradation, and alternative splicing. Increasing
evidence indicates that m6A methylation participates in the regulation of oxidative stress
responses, inflammatory signaling, mitochondrial homeostasis, and cardiomyocyte sur-
vival during MIRI [21,22].

A key regulator within this pathway is the fat mass and obesity-associated protein
(FTO), an RNA demethylase capable of removing m6A modifications from target tran-
scripts. Through this activity, FTO influences multiple cellular processes by altering RNA
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fate and protein expression. Recent studies have demonstrated that FTO expression is
markedly reduced under ischemia-reperfusion conditions both in vivo and in vitro. Ex-
perimental findings suggest that FTO exerts cardioprotective effects by stabilizing sur-
vival-related transcripts through m6A demethylation. One proposed mechanism involves
the demethylation of yes-associated protein 1 (YAP1) mRNA, which enhances transcript
stability and promotes cardiomyocyte resistance to ischemic injury.

Furthermore, increased FTO expression has been associated with attenuation of is-
chemia-induced m6A accumulation and preservation of cardiac contractile function. FTO-
mediated demethylation appears to protect critical contractile protein transcripts from
degradation during ischemic stress, thereby maintaining myocardial function. Additional
evidence suggests that FTO may also suppress pyroptosis during ischemia—reperfusion
injury by modulating the stability of Cbl Proto-Oncogene (CBL) mRNA and preventing
-catenin degradation through inhibition of ubiquitin-mediated pathways. Despite these
observations, the precise mechanisms through which FTO regulates oxidative stress and
mitochondrial integrity in reperfused myocardium remain incompletely understood.

Mitochondrial dysfunction represents a pivotal component of reperfusion injury, and
peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a) has
emerged as a major regulator of mitochondrial homeostasis. PGC-1a functions as a tran-
scriptional coactivator involved in mitochondrial biogenesis, energy metabolism, antiox-
idant defense, and regulation of reactive oxygen species production. Reduced expression
of PGC-1a has been associated with enhanced oxidative damage and worsening metabolic
dysfunction [22,23].

PGC-1a also interacts with nuclear respiratory factor 2 (Nrf2) to stimulate mitochon-
drial transcription factor A (TFAM), thereby supporting mitochondrial DNA replication
and transcription. Experimental studies have shown that activation of PGC-1a can allevi-
ate oxidative stress, apoptosis, and inflammation during MIRI while preserving mito-
chondrial dynamics and function. Pharmacological activation of PGC-1a has demon-
strated beneficial effects by restoring redox balance, reducing tissue remodeling, and lim-
iting cardiomyocyte death.

Given these findings, increasing attention has been directed toward the potential in-
teraction between FTO-mediated m6A regulation and PGC-1a signaling pathways. Fur-
ther research is needed to determine whether FTO directly modulates mitochondrial func-
tion and oxidative stress in reperfused cardiomyocytes through epigenetic regulation of
PGC-1a and related mitochondrial protective mechanisms [24] —Figure 2.

Key Takeaway: FTO and PGC-1a represent promising regulators of cellular adapta-
tion to ischemia-reperfusion stress through epigenetic and mitochondrial protective
mechanisms. However, evidence is currently limited to preclinical studies, and their clin-
ical relevance in STEMI patients remains to be established.
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Figure 2. Molecular Mechanisms of Oxidative Stress and Epigenetic Regulation in Myocardial Is-
chemia—Reperfusion Injury. Ischemia-reperfusion induces alterations in m6A RNA methylation
and downregulation of the RNA demethylase FTO, contributing to oxidative stress, inflammatory
activation, pyroptosis, and cardiomyocyte injury. FTO-mediated stabilization of protective tran-
scripts, including YAP1, may enhance cellular survival and preserve myocardial function. In paral-
lel, PGC-1a acts as a central regulator of mitochondrial biogenesis, antioxidant defenses, and energy
metabolism through interactions with Nrf2 and TFAM. The proposed crosstalk between FTO-de-
pendent epigenetic regulation and PGC-la-mediated mitochondrial protection may represent a

novel cardioprotective mechanism and a potential therapeutic target in MIRI.

12. Neutrophil Heterogeneity and NET-Mediated Inflammation in
MIRI

Neutrophils are among the earliest immune cells recruited to the myocardium fol-
lowing myocardial ischemia—reperfusion injury (MIRI), playing a central role in the initi-
ation and amplification of the acute inflammatory response. After reperfusion, these cells
rapidly migrate into the injured cardiac tissue, where they release large amounts of pro-
inflammatory cytokines, reactive oxygen species (ROS), and proteolytic enzymes that con-
tribute to cardiomyocyte injury and tissue remodeling.

A major advancement in neutrophil biology has been the discovery of neutrophil ex-
tracellular traps (NETs), specialized extracellular web-like structures composed of decon-
densed chromatin, histones, and granule-derived proteins. NETs are generated in re-
sponse to inflammatory and ischemic stimuli and have emerged as important mediators
of myocardial damage during MIRI. Through their cytotoxic components, NETs directly
injure cardiac tissues while simultaneously promoting platelet aggregation, thrombus for-
mation, and microvascular obstruction. In addition, the inflammatory mediators embed-
ded within NETs intensify local inflammation and enhance coagulation pathways,
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thereby aggravating myocardial injury. Experimental evidence has further demonstrated
that deficiencies in cardioprotective pathways, including ALDH?2 and histidine decarbox-
ylase signaling, may exacerbate MIRI by enhancing NET-associated inflammatory mech-
anisms [25].

Neutrophils exhibit remarkable phenotypic and functional diversity as a conse-
quence of their differentiation status, maturation stage, and environmental activation sig-
nals. This heterogeneity explains their dual and sometimes contradictory roles in myocar-
dial injury and tissue repair. While activated neutrophils can amplify inflammation and
oxidative damage, they may also contribute to tissue healing by promoting angiogenesis
and reparative responses. Consequently, broad therapeutic strategies aimed at suppress-
ing neutrophil activity have shown limited efficacy because they may simultaneously in-
hibit beneficial reparative functions.

The dynamic plasticity of neutrophils and the redundancy of inflammatory signaling
pathways highlight the importance of identifying specific pathogenic neutrophil subsets
involved in detrimental post-ischemic responses, particularly those associated with NET
formation. Recent advances in single-cell RNA sequencing (scRNA-seq) have revealed the
existence of distinct neutrophil subpopulations with specialized inflammatory and im-
munomodulatory functions. Studies in murine myocardial infarction models identified
novel neutrophil clusters, including SiglecF-positive and YM1High neutrophils, which
appear to participate in regulating inflammatory and anti-inflammatory responses within
the injured myocardium. However, the characterization of pro-inflammatory neutrophil
populations in human MIRI remains insufficiently explored [26].

To address these gaps, recent investigations analyzed neutrophils isolated from pa-
tients with myocardial infarction following percutaneous coronary intervention and com-
pared them with cells obtained from healthy individuals using single-cell transcriptomic
approaches. These studies identified a distinct MMP9High neutrophil subset strongly as-
sociated with NET formation, enhanced inflammatory activity, and increased cardiac in-
jury. Furthermore, SPI1 was identified as a critical transcription factor regulating CST7
expression and promoting the differentiation of these pathogenic neutrophils. These find-
ings emphasize the complexity of neutrophil heterogeneity in MIRI and suggest that tar-
geting specific NET-forming neutrophil subsets may represent a promising therapeutic
strategy for reducing inflammation-mediated myocardial damage [27].

Despite these promising findings, the therapeutic relevance of NET modulation in
MIRI should be interpreted cautiously. Current evidence supporting NET involvement is
mainly derived from experimental models and mechanistic animal studies, where NET
inhibition, DNase administration, PAD4 blockade, or modulation of upstream inflamma-
tory pathways has been associated with reduced myocardial inflammation, smaller infarct
size, and improved microvascular perfusion. In humans, however, the evidence remains
largely indirect and biomarker-based, relying on circulating markers such as cell-free
DNA, citrullinated histone H3, myeloperoxidase-DNA complexes, and neutrophil elas-
tase activity, which have been associated with infarct severity, thrombotic burden, micro-
vascular obstruction, and adverse outcomes after myocardial infarction.

Importantly, validated interventional data in patients with STEMI are still lacking.
No NET-targeted therapy has yet demonstrated consistent clinical benefit in randomized
human trials focused on MIRI prevention or post-infarction remodeling. Moreover, NET
formation represents only one component of a complex inflammatory network involving
platelets, complement activation, endothelial dysfunction, monocyte recruitment, oxida-
tive stress, and coagulation. Therefore, although NET-forming neutrophil subsets repre-
sent an attractive therapeutic target, their clinical translation is limited by the absence of
standardized NET biomarkers, uncertainty regarding optimal timing of intervention,
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potential impairment of host defense, and incomplete characterization of pathogenic neu-
trophil phenotypes in human MIRIL

Thus, NET-targeted strategies should currently be regarded as an experimental and
hypothesis-generating approach rather than an established therapeutic option. Future
translational studies should clearly distinguish mechanistic evidence from animal models,
observational human biomarker associations, and true interventional efficacy before NET
inhibition can be incorporated into clinical cardioprotective strategies.

13. Emerging Evidence on MMP9High Neutrophils in MIRI

Recent studies investigating neutrophil heterogeneity in MIRI have identified dis-
tinct pro-inflammatory neutrophil subsets that appear to play a major role in myocardial
injury progression. Among these populations, MMP9High neutrophils have attracted in-
creasing attention due to their strong association with inflammatory activation and tissue
damage. Transcriptomic analyses demonstrated that these cells possess a molecular pro-
file markedly different from neutrophils with low MMP9 expression, suggesting the ex-
istence of specialized neutrophil phenotypes during ischemia-reperfusion injury.

Current evidence indicates that IFIT1High neutrophils may represent an intermedi-
ate or less inflammatory phenotype capable of differentiating into MMP9High neutro-
phils under ischemic and inflammatory conditions. Validation studies performed in pa-
tients with MIRI confirmed a significant increase in circulating MMP9High neutrophils,
accompanied by a reduction in IFIT1High neutrophils. Furthermore, neutrophils from pa-
tients with MIRI exhibited enhanced MMP9 expression and reduced IFIT1 expression,
supporting the concept of a phenotypic shift toward a more pro-inflammatory state dur-
ing reperfusion injury.

Importantly, the expansion of MMP9High neutrophils has been closely associated
with the severity of myocardial damage. Several investigations reported positive correla-
tions between the proportion of these neutrophils and established biomarkers of cardiac
injury, including cardiac troponin T and lactate dehydrogenase. In addition, elevated lev-
els of MMP9High neutrophils were linked to increased systemic inflammatory markers
such as white blood cell count, neutrophilia, and neutrophil-to-lymphocyte ratio, further
emphasizing their involvement in the inflammatory cascade characteristic of MIRL

Experimental and clinical studies also demonstrated increased MMP9 expression at
both RNA and protein levels in neutrophils isolated from patients with MIRI. Circulating
serum MMP9 concentrations were similarly elevated and positively associated with the
abundance of MMP9High neutrophils, suggesting that these cells may serve as a contin-
uous source of pro-inflammatory mediators capable of amplifying myocardial inflamma-
tion and tissue injury.

Beyond their molecular profile, MMP9High neutrophils display enhanced inflamma-
tory functionality. These cells exhibit increased production of reactive oxygen species and
augmented phagocytic activity, features that may contribute to oxidative stress, endothe-
lial dysfunction, and microvascular injury within the reperfused myocardium. Collec-
tively, these findings highlight the critical role of neutrophil heterogeneity in MIRI and
suggest that selective targeting of pathogenic neutrophil subsets, particularly MMP9High
neutrophils, may represent a promising therapeutic strategy for limiting inflammation-
driven cardiac injury [25,28] —Figure 3.
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MMP9Hish Neutrophils are Critical Mediators of NET Formation and Myocardial Ischemia/Reperfusion Injury (MIRI)
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MMP9High neutrophils are expanded in MIRI, produce excessive MMP9, form NETs, and drive inflammation, thrombosis,
and myocardial injury. Targeting this pathogenic neutrophil subset represents a promising therapeutic strategy for MIRI.

Figure 3. MMP9High Neutrophils and NET-Mediated Inflammation in Myocardial Ischemia—
Reperfusion Injury (MIRI): Mechanisms, Clinical Correlations, and Therapeutic Implications. Ische-
mia-reperfusion promotes the phenotypic transition of neutrophils toward a pro-inflammatory
MMP9High subset characterized by enhanced matrix metalloproteinase-9 expression, increased re-
active oxygen species production, and augmented inflammatory activity. Expansion of MMP9High
neutrophils is associated with elevated cardiac injury biomarkers, systemic inflammation, endothe-
lial dysfunction, and microvascular damage. These findings highlight neutrophil heterogeneity as a
key determinant of post-ischemic inflammation and identify MMP9High neutrophils as a potential

therapeutic target in MIRL

14. Macrophage Polarization, Metabolic Reprogramming, and
HSP90-Related Signaling in MIRI

Macrophages represent key regulators of the inflammatory response and tissue re-
pair processes during myocardial ischemia-reperfusion injury (MIRI). In the acute phase
of injury, classically activated M1 macrophages predominate and contribute to the ampli-
fication of inflammation through the release of pro-inflammatory cytokines and cytotoxic
mediators, thereby aggravating myocardial damage. As the reparative phase progresses,
alternatively activated M2 macrophages become increasingly dominant, promoting in-
flammation resolution, tissue remodeling, angiogenesis, and infarct healing through the
expression of anti-inflammatory and reparative genes [29].

Recent evidence has highlighted the close relationship between macrophage metab-
olism, polarization state, and functional activity in the injured myocardium. Metabolic
reprogramming of macrophages has emerged as a critical determinant of their inflamma-
tory phenotype and their interactions with cardiomyocytes and fibroblasts during post-
ischemic remodeling. Consequently, strategies aimed at shifting macrophage polarization
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from the pro-inflammatory M1 phenotype toward the reparative M2 phenotype are in-
creasingly viewed as promising therapeutic approaches in MIRI.

Several metabolic intermediates have recently been implicated in macrophage-medi-
ated cardioprotection. Malic acid (MA), an intermediate of the tricarboxylic acid—glyoxylic
acid cycle involved in cellular energy metabolism, has been associated with modulation
of inflammatory responses and cardioprotective effects during ischemia-reperfusion in-
jury. Experimental studies demonstrated that MA-containing conditioned media, as well
as MA itself, may attenuate oxygen-glucose deprivation/reoxygenation-induced injury in
cardiomyocytes, suggesting a protective role against ischemic stress. However, the precise
molecular targets and mechanisms responsible for these effects remain incompletely elu-
cidated [30].

Another important metabolite involved in macrophage metabolic reprogramming is
itaconic acid (ITA), which is generated from cis-aconitate in the Krebs cycle through in-
creased expression of aconitate decarboxylase 1 (ACOD1). ITA has gained considerable
attention because of its potent anti-inflammatory properties observed in several inflam-
matory disease models. Multiple molecular targets have been proposed for ITA, including
NLRP3 inflammasome signaling, the Keap1-Nrf2 antioxidant pathway, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and Janus kinase 1 (JAK1). In the context of MIRI,
elevated ITA production has been associated with attenuation of myocardial injury and
suppression of inflammatory signaling [31].

Recent investigations have identified pyruvate kinase M2 (PKM2) as an important
downstream target involved in the cardioprotective effects of ITA. PKM2 is a key glyco-
lytic enzyme responsible for ATP generation and is strongly linked to inflammatory met-
abolic pathways. Enhanced PKM2-dependent glycolysis has been associated with in-
creased production of inflammatory mediators and activation of inflammasome pathways
in macrophages. Beyond its metabolic role, PKM2 also exerts non-glycolytic functions re-
lated to cell survival and transcriptional regulation. Experimental data suggest that mito-
chondrial translocation of PKM2 may promote interaction with the anti-apoptotic protein
Bcl2, thereby reducing cardiomyocyte apoptosis under ischemia-reoxygenation condi-
tions.

Glycogen synthase kinase 3 beta (GSK3p), a constitutively active serine/threonine ki-
nase involved in apoptosis, differentiation, and inflammatory regulation, has also
emerged as an important mediator of macrophage polarization in MIRI. Inhibition of
GSKB3p activity appears to suppress M1-associated inflammatory markers while enhanc-
ing M2 macrophage polarization. Recent studies demonstrated that pharmacological
agents such as PBC may inhibit GSK3{ through increased phosphorylation at the Ser9
residue, thereby favoring anti-inflammatory macrophage reprogramming and enhancing
expression of ACOD1 and MDH2, enzymes associated with ITA and MA production [32].

Heat shock protein 90 (HSP90), a molecular chaperone belonging to the stress-in-
duced heat shock protein family, has also been implicated in cardioprotection during is-
chemia-reperfusion injury. HSP90 regulates multiple signaling pathways involved in
apoptosis, inflammation, and oxidative stress. Experimental evidence indicates that
HSP90 may suppress activation of caspase-dependent apoptotic pathways, modulate
complement-related inflammatory signaling, and influence macrophage polarization
through interactions with p38 and GSK3p signaling cascades. Interestingly, recent find-
ings suggest that PBC may exert cardioprotective effects not by directly targeting GSK33,
but rather by enhancing the interaction between HSP90 and GSK33, ultimately leading to
inhibition of GSK3p activity and promotion of M2 macrophage polarization. Silencing
HSP90 attenuated these beneficial effects, further supporting the central role of HSP90-
mediated signaling in macrophage metabolic regulation and cardioprotection during
MIRI.
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Collectively, these findings emphasize the growing importance of macrophage met-
abolic reprogramming, mitochondrial signaling, and HSP90-associated pathways in the
pathogenesis of MIRI. Targeting macrophage phenotype transitions and associated meta-
bolic networks may therefore represent a promising strategy for reducing inflammation,
limiting cardiomyocyte apoptosis, and improving myocardial recovery following reper-
fusion injury [33] —Figure 4.
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Figure 4. Macrophage Polarization, Metabolic Reprogramming, and HSP90-GSK33-PKM2 Signal-
ing Pathways in Myocardial Ischemia—Reperfusion Injury.

Key Takeaway: Macrophages play a dual role in MIRI, with pro-inflammatory M1
macrophages predominating during the acute injury phase and reparative M2 macro-
phages contributing to tissue healing and remodeling. Emerging evidence indicates that
macrophage metabolism is a major determinant of this phenotypic switch. Experimental
studies have identified several metabolic regulators —including itaconic acid (ITA), malic
acid (MA), PKM2, GSK38, and H5P90—as modulators of macrophage polarization and
inflammatory activity. These pathways may reduce myocardial injury by promoting anti-
inflammatory macrophage reprogramming, suppressing inflammasome activation, and
limiting cardiomyocyte apoptosis. However, current evidence is derived almost exclu-
sively from preclinical studies, and the clinical relevance of targeting macrophage meta-
bolic rewiring in STEMI patients remains to be established. Future translational studies
are needed to determine whether modulation of macrophage phenotype can improve my-
ocardial recovery and long-term outcomes following reperfusion therapy.
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15. Mitochondrial-Targeted Cardioprotective Therapies

Given the central role of mitochondrial dysfunction in the pathogenesis of myocar-
dial ischemia-reperfusion injury, several therapeutic strategies have been developed to
directly target mitochondrial integrity, oxidative stress, and bioenergetic preservation.
Among these, the mitochondria-targeting peptide elamipretide (55-31) has received con-
siderable attention. Elamipretide selectively interacts with cardiolipin within the inner
mitochondrial membrane, stabilizing mitochondrial structure, improving electron
transport chain efficiency, reducing reactive oxygen species production, and preserving
ATP generation. Experimental studies demonstrated reductions in infarct size and im-
proved cardiac function following ischemia—reperfusion; however, clinical studies have
yielded mixed results, and definitive evidence supporting routine clinical use remains
lacking [34].

Another promising approach involves MitoQ, a mitochondria-targeted antioxidant
consisting of ubiquinone linked to a lipophilic triphenylphosphonium cation that facili-
tates mitochondrial accumulation. By selectively scavenging mitochondrial reactive oxy-
gen species, MitoQ has shown cardioprotective effects in experimental models, including
attenuation of oxidative stress, preservation of mitochondrial function, and reduction in
cardiomyocyte death. Nevertheless, clinical evidence in STEMI patients remains limited.

Additional mitochondrial-targeted peptides, including SS-31-derived compounds,
continue to be investigated for their ability to preserve mitochondrial bioenergetics, pre-
vent mitochondrial permeability transition pore opening, and reduce oxidative injury
during reperfusion. These agents represent an emerging class of therapies designed to
directly address one of the fundamental mechanisms underlying MIRI [35].

More recently, mitochondrial transplantation has emerged as an innovative experi-
mental strategy. This approach involves the delivery of viable exogenous mitochondria
into ischemic myocardium with the aim of restoring cellular bioenergetics and limiting
reperfusion-associated injury. Preclinical studies have reported improvements in ATP
production, myocardial viability, and ventricular function following mitochondrial trans-
plantation. Early clinical experiences in selected cardiac surgery populations have also
suggested feasibility and safety. However, important challenges remain regarding mito-
chondrial sourcing, delivery methods, cellular uptake, long-term efficacy, and scalability
before this strategy can be considered for routine clinical application.

Key Takeaway: Mitochondrial-targeted therapies represent one of the most biologi-
cally rational approaches to cardioprotection because they directly address mitochondrial
dysfunction, a central mechanism of MIRI. While agents such as elamipretide (SS-31) and
MitoQ have demonstrated encouraging preclinical results, clinical translation remains in-
complete, and mitochondrial transplantation should currently be regarded as a highly ex-
perimental but potentially transformative therapeutic concept [36].

16. MIRI, NLRP3 Inflammasome, and Cytokine-Mediated Inflammatory
Dysregulation

Inflammasomes are intracellular multiprotein complexes that play a fundamental
role in regulating innate immune and inflammatory responses. These structures are acti-
vated after recognition of danger-associated molecular patterns (DAMPs) or pathogen-
associated molecular patterns (PAMPs), which are generated during tissue injury or in-
fection. Among the numerous inflammasome subtypes identified to date, the nucleotide-
binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3) inflammasome
is the most extensively investigated in myocardial ischemia-reperfusion injury (MIRI)
and is considered one of the major mediators of post-ischemic inflammation.
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The NLRP3 inflammasome consists of three principal components: the NLRP3 sensor
protein, apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC), and pro-caspase-1. Structurally, the NLRP3 protein contains a central nucleotide-
binding NATCH domain involved in oligomerization, a C-terminal leucine-rich repeat
(LRR) region, and a pyrin domain (PYD). ASC similarly contains a PYD domain together
with a caspase recruitment domain (CARD), facilitating interaction between NLRP3 and
pro-caspase-1.

Activation of the NLRP3 inflammasome is closely linked to Nuclear Factor-k (NEF-
kp) signaling. Following recognition of DAMPs or PAMPs by Toll-like receptor 4 (TLR4),
NF-k( becomes activated and induces transcription of NLRP3 as well as the precursor
cytokines pro-IL-1p and pro-IL-18. Subsequently, activated caspase-1, generated through
NLRP3-mediated cleavage of pro-caspase-1, converts these inactive precursors into ma-
ture IL-1§3 and IL-18. These cytokines strongly amplify inflammatory signaling by stimu-
lating additional cytokine release, enhancing immune cell recruitment, and promoting ex-
tracellular matrix remodeling within the injured myocardium.

Experimental investigations have demonstrated marked activation of the NLRP3 in-
flammasome pathway during MIRIL Studies using hypoxia/reoxygenation models
showed increased expression of NLRP3, ASC, caspase-1, IL-1f3, IL-18, and TNF-a in car-
diac fibroblasts following ischemic stress, further supporting the central contribution of
inflammasome activation to myocardial inflammation.

Recent advances have revealed that regulation of the NLRP3 inflammasome is con-
siderably more complex than previously recognized, involving multiple homeostatic and
compensatory pathways. Consequently, preclinical studies investigating inflammasome
modulation in MIRI have produced conflicting results. Kawaguchi et al. demonstrated in
murine models that knockout mice lacking ASC or caspase-1 developed smaller infarct
areas and exhibited reduced cytokine and interleukin expression compared with wild-
type animals. Their work additionally confirmed the presence of ASC and caspase-1
within infarcted myocardial tissue, strongly implicating inflammasome activation in
reperfusion-associated injury [37].

Additional studies subsequently confirmed that NLRP3 expression is markedly up-
regulated after myocardial infarction and that its deficiency may improve myocardial
function and preserve coronary flow. Experimental observations also demonstrated ex-
pression of Toll-like receptors (TLRs) 14 and 9 by myocardial fibroblasts during ische-
mia-reperfusion injury. In ex vivo models, NLRP3 knockout animals showed preserved
contractile function and smaller infarct sizes compared with wild-type controls.

Interestingly, later investigations from the same research group produced unex-
pected findings, demonstrating that knockout of NLRP3 or ASC could also result in larger
infarct sizes following ischemia/reperfusion injury. These observations led to the hypoth-
esis that the NLRP3 inflammasome may exert not only pro-inflammatory effects but also
cardioprotective functions under certain conditions. One proposed mechanism involves
interaction with the reperfusion injury salvage kinase (RISK) pathway, a major pro-sur-
vival signaling cascade composed primarily of phosphatidylinositol-3-OH kinase (PI3K)-
Akt and extracellular regulated kinase (ERK)-1/2 signaling pathways [38].

Beyond inflammasome activation, Toll-like receptor signaling itself contributes sub-
stantially to the inflammatory response during MIRI. Activation of TLRs by DAMPs or
PAMPs initiates multiple intracellular pathways capable of promoting inflammation,
apoptosis, and myocardial dysfunction. TLR4 signaling has received particular attention
because of its interaction with Myeloid differentiation protein 88 (MyD88), a central adap-
tor protein involved in downstream inflammatory signaling. Activation of the TLR4-
MyD88 pathway promotes NF-k{ activation and stimulates release of inflammatory me-
diators including TNF-a, IL-6, and IL-1(3 [39].
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Several experimental studies demonstrated that inhibition of MyD88 may attenuate
reperfusion injury. Miao et al. reported that pharmacological suppression of MyD88 re-
duced inflammatory responses and infarct size in murine models of MIRI. Similarly, inhi-
bition of MyD88 signaling has been associated with reduced severity of reperfusion injury
following heart transplantation in experimental animal studies. MyD88 may also interact
with additional Toll-like receptors, particularly TLR9, whose expression increases signif-
icantly during myocardial ischemia. Furthermore, release of mitochondrial DNA (mtDNA)
secondary to severe oxidative stress may activate TLR-dependent inflammatory pathways
and further stimulate NF-k[3 signaling.

Taken together, these findings illustrate the remarkable complexity of the inflamma-
tory response during MIRIL. Multiple interconnected signaling pathways, cytokines, in-
flammasomes, and immune mediators interact simultaneously, often exerting both dele-
terious and protective effects depending on the cellular context and timing of activation.
Although the NLRP3 inflammasome appears to represent one of the major drivers of in-
flammatory injury during reperfusion, evidence also suggests potential homeostatic and
cardioprotective functions, complicating the development of targeted therapies. Further
investigations are therefore required to better distinguish adaptive from maladaptive in-
flammatory responses and to identify novel molecular targets capable of limiting myocar-
dial injury without interfering with essential reparative mechanisms- Table 1 [40].

Table 1. Key Molecular Pathways Involved in NLRP3 Inflammasome Activation and Inflammatory
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Despite the substantial body of evidence implicating NLRP3 inflammasome activa-
tion in MIRI, the translational significance of these findings remains uncertain. Current
knowledge is derived from several distinct levels of evidence that should be interpreted
separately. Experimental studies conducted in isolated cardiomyocytes, cardiac fibro-
blasts, and hypoxia/reoxygenation models consistently demonstrate activation of the
NLRP3-caspase-1-IL-1B/IL-18 signaling axis following ischemic stress. Animal studies
further support a pathogenic role for inflammasome activation, as pharmacological inhi-
bition or genetic deletion of NLRP3 pathway components has frequently been associated
with reduced infarct size, attenuated inflammatory responses, and improved cardiac func-
tion. However, as discussed above, some experimental investigations have produced con-
flicting results, suggesting context-dependent cardioprotective functions of NLRP3 sig-
naling and highlighting the complexity of inflammasome biology [41].

In humans, evidence remains predominantly observational. Elevated circulating con-
centrations of IL-1f3, IL-18, caspase-1, and other inflammasome-related biomarkers have
been associated with larger infarct size, impaired ventricular function, adverse remodel-
ing, and worse clinical outcomes following myocardial infarction. Nevertheless, these as-
sociations do not establish causality and may reflect broader inflammatory activation ra-
ther than specific inflammasome-mediated injury.

Interventional evidence remains limited. Although anti-inflammatory strategies tar-
geting the IL-1 signaling pathway have demonstrated cardiovascular benefits in selected
patient populations, no therapy specifically targeting NLRP3 inflammasome activation
has yet been validated for routine clinical use in STEMI patients undergoing reperfusion.
Furthermore, most available clinical studies have focused on systemic inflammatory
markers rather than direct assessment of myocardial inflammasome activity.

Translational Limitations

Several factors currently limit the clinical translation of NLRP3-targeted therapies.
First, the temporal dynamics of inflammasome activation during ischemia and reperfu-
sion remain incompletely understood, and inhibition at different stages may produce di-
vergent effects. Second, experimental models often fail to reproduce the complexity of
human STEM]I, including advanced age, diabetes, atherosclerosis, and concomitant phar-
macological therapies. Third, emerging evidence suggests that NLRP3 signaling may
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participate not only in inflammatory injury but also in adaptive repair and tissue homeo-
stasis, raising concerns that indiscriminate inhibition could impair beneficial healing re-
sponses. Finally, the absence of standardized biomarkers capable of accurately quantify-
ing myocardial inflammasome activity in vivo complicates patient selection and therapeu-
tic monitoring. Consequently, while the NLRP3 inflammasome remains a promising ther-
apeutic target, current evidence supports its role primarily as a mechanistic and investi-
gational pathway rather than an established clinical intervention for MIRL

17. PANoptosis and Interconnected Cell Death Pathways in MIRI

Multiple forms of regulated cell death contribute to the pathogenesis of myocardial
ischemia-reperfusion injury (MIRI), including pyroptosis, apoptosis, ferroptosis, and
necroptosis. These pathways do not occur independently but rather interact through
highly interconnected molecular networks that collectively amplify myocardial injury and
inflammatory responses.

Recent advances in cell death biology introduced the concept of PANoptosis, a
unique inflammatory cell death pathway characterized by the simultaneous activation
and integration of pyroptotic, apoptotic, and necroptotic mechanisms. PANoptosis is me-
diated through a multiprotein complex capable of activating pyroptosis-associated caspa-
ses such as caspase-1, apoptosis-related caspases including caspase-8, as well as receptor-
interacting serine/threonine kinase 3 (RIPK3) and mixed lineage kinase domain-like pro-
tein (MLKL), which are central mediators of necroptosis.

Unlike isolated forms of programmed cell death, PANoptosis is triggered by complex
pathological stimuli such as ischemia, oxidative stress, and cytokine storms. Activation of
this pathway results in extensive inflammatory amplification through the release of dam-
age-associated molecular patterns (DAMPs) and pro-inflammatory cytokines, particularly
IL-1B and IL-18. Consequently, PANoptosis represents a critical link between cell death
and uncontrolled inflammatory activation during MIRL

Experimental evidence suggests that simultaneous inhibition of multiple cell death
pathways provides substantially greater cardioprotection compared with targeting indi-
vidual pathways alone. Combined suppression of pyroptosis, apoptosis, and necroptosis
has been associated with improved cell survival and reduced tissue injury, highlighting
the therapeutic relevance of integrated cell death modulation.

Although research on PANoptosis in ischemia-reperfusion injury has thus far been
more extensively explored in neurological disorders, growing evidence indicates that this
pathway may also play an important role in cardiovascular diseases. Studies demonstrat-
ing beneficial effects of PANoptosis inhibition in doxorubicin-induced cardiotoxicity fur-
ther support the possibility that targeting PANoptosis could represent a promising ther-
apeutic strategy for limiting inflammation, reducing cardiomyocyte death, and attenuat-
ing myocardial damage during MIRI [42] —Figure 5.
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Figure 5. PANoptosis and Interconnected Cell Death Pathways.

Although PANoptosis has emerged as an attractive conceptual framework for un-
derstanding the interplay between multiple regulated cell death pathways, current evi-
dence supporting its role in MIRI remains largely preliminary. Experimental studies have
demonstrated extensive molecular crosstalk among pyroptotic, apoptotic, and necroptotic
signaling pathways in cardiomyocytes exposed to ischemia/reperfusion conditions,
providing a mechanistic basis for the existence of integrated cell death programs. Animal
studies further suggest that simultaneous modulation of multiple cell death pathways
may confer greater cardioprotection than inhibition of individual pathways alone, result-
ing in reduced infarct size, attenuated inflammation, and improved cardiac function [43].

However, direct evidence demonstrating the existence of PANoptosis as a distinct
biological process in human myocardial ischemia-reperfusion injury is currently limited.
Most available data originate from experimental models of cardiovascular injury, while
human studies remain largely restricted to indirect observations of biomarkers associated
with apoptosis, pyroptosis, necroptosis, and inflammatory activation. To date, no vali-
dated biomarkers specifically identify PANoptosis in patients with STEMI, and the rela-
tive contribution of integrated versus individual cell death pathways remains incom-
pletely understood.

Interventional evidence is also lacking. While several experimental compounds tar-
geting components of pyroptosis, apoptosis, or necroptosis have shown beneficial effects
in preclinical models, no therapeutic strategy specifically designed to inhibit PANoptosis
has demonstrated efficacy in clinical trials involving patients with acute myocardial in-
farction. Consequently, the potential therapeutic benefits of PANoptosis modulation re-
main hypothetical and require further validation [44].
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Translational Limitations

Several challenges currently hinder the translation of PANoptosis research into clin-
ical practice. First, there is no universally accepted molecular definition or standardized
method for identifying PANoptosis in vivo, making it difficult to distinguish this process
from the concurrent activation of multiple independent cell death pathways. Second, most
evidence originates from animal models or non-ischemic cardiovascular conditions, such
as doxorubicin-induced cardiotoxicity, limiting direct extrapolation to human MIRI. Third
cell death pathways exhibit substantial temporal and spatial heterogeneity during myo-
cardial infarction, and broad inhibition of these mechanisms may interfere with physio-
logical processes involved in inflammation resolution and tissue repair. Therefore, while
PANoptosis represents a promising conceptual model linking inflammation and cardio-
myocyte death, its role in human MIRI should currently be regarded as investigational,
and further mechanistic, translational, and clinical studies are required before PANopto-
sis-targeted therapies can be considered viable therapeutic strategies.

18. Ferroptosis

Ferroptosis is a distinct form of regulated cell death characterized by iron-dependent
lipid peroxidation and excessive accumulation of reactive oxygen species (ROS), leading
to irreversible cellular damage. Unlike apoptosis, ferroptosis is driven by disruption of
redox homeostasis and can be inhibited by iron chelators and antioxidant compounds.
Morphologically, ferroptotic cells exhibit characteristic mitochondrial abnormalities, in-
cluding reduced mitochondrial volume, loss of cristae, increased membrane density, and
membrane rupture.

A central regulator of ferroptosis is glutathione peroxidase-4 (GPX4), an antioxidant
enzyme that detoxifies lipid peroxides and preserves membrane integrity. Depletion of
glutathione (GSH), inhibition of the cystine/glutamate antiporter system (System Xc-),
and impaired GPX4 activity promote lipid peroxide accumulation and ferroptotic cell
death. Several interconnected pathways contribute to ferroptosis, including iron homeo-
stasis, lipid metabolism, and mitochondrial oxidative stress.

Iron metabolism plays a crucial role in ferroptosis. Cellular iron uptake occurs
through transferrin receptor-1 (TFR1) and divalent metal transporter-1 (DMT1), while fer-
ritin serves as the primary intracellular iron storage complex. Disruption of iron homeo-
stasis increases the labile iron pool, facilitating ROS generation through the Fenton reac-
tion and promoting lipid peroxidation. Additional regulators, including heme oxygenase-
1 (HO-1), iron-responsive element-binding proteins (IREBs), and heat shock protein Bl
(HSPB1), further modulate intracellular iron availability and susceptibility to ferroptosis.

Recent evidence suggests that ferroptosis contributes significantly to myocardial is-
chemia-reperfusion injury by amplifying oxidative stress, mitochondrial dysfunction, in-
flammation, and cardiomyocyte death. Consequently, therapeutic strategies targeting
iron overload, lipid peroxidation, and GPX4-dependent antioxidant defenses have
emerged as promising approaches for limiting myocardial injury during reperfusion [45].

19. Clinical Modulation of MIRI: Current Therapeutic Strategies and
Translational Challenges

A broad spectrum of therapeutic approaches, including both pharmacological and
non-pharmacological interventions, is currently under investigation for the attenuation of
myocardial ischemia-reperfusion injury (MIRI). Despite encouraging results obtained in
experimental models, none of these strategies has yet become part of routine clinical prac-
tice. Most translational studies have focused on patients presenting with ST-segment ele-
vation myocardial infarction (STEMI) undergoing primary percutaneous coronary
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intervention (PPCI), with investigational therapies administered immediately before or
shortly after reperfusion.

The majority of clinical trials evaluated infarct size reduction as the principal end-
point, most commonly assessed by late gadolinium enhancement on cardiac magnetic res-
onance imaging. Additional outcomes frequently included serum biomarkers of inflam-
mation, such as IL-1, IL-6, and TNF-a, markers of myocardial necrosis including troponin
and CK-MB, as well as the incidence of major adverse cardiovascular events (MACEs).
Nevertheless, many studies failed to demonstrate consistent clinical benefits. These dis-
appointing translational results are likely multifactorial and may reflect difficulties in
identifying the optimal therapeutic window, heterogeneity in clinical trial design, and
overlap with standard cardioprotective therapies routinely administered before PPCI,
particularly P2Y inhibitor antiplatelet therapy, which may obscure the isolated effects of
the investigational intervention [46,47].

Although mechanistically diverse, most cardioprotective strategies against MIRI ul-
timately converge on several common pathophysiological targets. These include reduc-
tion in oxidative stress through limitation of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) generation, attenuation of inflammatory signaling, and preserva-
tion of mitochondrial integrity. Particular attention has been directed toward preventing
mitochondrial permeability transition pore (mPTP) opening, stabilizing mitochondrial
respiratory chain activity, and enhancing mitophagy, all of which are closely intercon-
nected processes involved in reperfusion injury.

Among non-pharmacological interventions, myocardial conditioning strategies —in-
cluding ischemic preconditioning, postconditioning, and remote ischemic conditioning —
initially demonstrated substantial cardioprotective effects in experimental studies. Pro-
posed mechanisms include modulation of nitric oxide synthase (NOS), reduction in ROS
generation, and stabilization of intracellular pH. However, large randomized clinical tri-
als evaluating ischemic postconditioning and remote ischemic conditioning failed to con-
sistently reproduce these favorable outcomes in clinical settings. Nonetheless, some pro-
spective studies and subsequent post hoc analyses suggested potential benefits of remote
ischemic conditioning in selected patient populations, indicating that further refinement
of these strategies may still be warranted.

Another emerging non-pharmacological approach involves intracoronary admin-
istration of hyperbaric supersaturated oxygen (SSO2) following PPCI. This strategy ap-
pears to improve endothelial function, increase oxygen delivery, stimulate endogenous
antioxidant systems, and reduce cardiomyocyte apoptosis. Clinical studies demonstrated
reductions in infarct size following SSO2 administration, supporting its potential cardio-
protective role during reperfusion [31,32].

Therapeutic hypothermia has also attracted considerable interest because of its abil-
ity to reduce myofibrillar hypercontractility and preserve mitochondrial bioenergetics
during reperfusion. Additional investigational approaches currently undergoing evalua-
tion include extracorporeal cardiac shock wave therapy and other mechanical or device-
based interventions designed to limit reperfusion-associated myocardial injury [48].

Pharmacological cardioprotection has similarly yielded heterogeneous results. Cy-
closporine A, an mPTP-modulating agent, was investigated as a potential inhibitor of
reperfusion injury but failed to demonstrate significant clinical efficacy in large trials.
Likewise, sodium thiosulfate, which acts both as an antioxidant and hydrogen sulfide do-
nor, did not significantly reduce infarct size or improve clinical outcomes in patients with
STEMI [49].

Conversely, intravenous beta-blocker administration before reperfusion demon-
strated more promising results. Studies evaluating early intravenous metoprolol admin-
istration before PPCI reported reductions in myocardial injury and improved cardiac
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outcomes. Proposed mechanisms include attenuation of matrix metalloproteinase activa-
tion and reduced degradation of sarcomeric proteins, thereby limiting contractile dys-
function associated with reperfusion injury. Similar observations obtained with Landiolol
suggest that these cardioprotective effects may represent a broader class effect of beta-
blockers [50].

More recently, Nicorandil, a hybrid ATP-sensitive potassium channel opener,
demonstrated beneficial cardioprotective effects when administered intravenously before
PCI in patients with STEMI. These findings further support the importance of mitochon-
drial and ion channel modulation in limiting reperfusion injury.

Other emerging therapeutic directions involve epigenetic and inflammatory modu-
lation. Inhibition of Class-I histone deacetylases (HDACsS), particularly with compounds
such as Mocetinostat, has shown potential through stimulation of autophagy and en-
hancement of cellular survival pathways. Increasing attention has also been directed to-
ward oxidized mitochondrial DNA (mtDNA), pyroptosis, and inflammasome-mediated
injury. Reduction in oxidative stress may limit mtDNA damage and subsequent inflam-
matory activation, reinforcing the close interaction between oxidative injury and immune
dysregulation during MIRI [51].

Consistent with these mechanisms, several studies targeted inflammatory mediators
including NLRP3 inflammasome components, Toll-like receptor 9 (TLRY), and caspase-1
in an attempt to suppress IL-13 and IL-18 production and reduce pyroptosis. Among these
agents, Tongxinluo, a traditional Chinese medicinal formulation, demonstrated promis-
ing experimental and clinical effects by attenuating endothelial pyroptosis, inhibiting
caspase-1 activation, and reducing inflammatory cytokine release [52].

Several compounds already widely used in other clinical settings have also been eval-
uated for cardioprotective effects against MIRL. Metformin, despite negative results in
some randomized trials involving non-diabetic STEMI patients, remains an attractive can-
didate because of its multiple beneficial mechanisms, including activation of AMP-acti-
vated protein kinase (AMPK), modulation of the reperfusion injury salvage kinase (RISK)
pathway, attenuation of oxidative stress, reduction in apoptosis, and preservation of mi-
tochondrial function.

Similarly, antioxidant therapies such as vitamin C and glutathione have shown en-
couraging effects in reducing oxidative stress and myocardial injury. High-dose intrave-
nous vitamin C was associated with reduced cardiac enzyme release, improved endothe-
lial function, and decreased ROS production in patients undergoing PCI or cardiac sur-
gery. Glutathione administration before PCI also demonstrated potential benefits through
scavenging of hydrogen peroxide and attenuation of oxidative myocardial damage [53,54].

Importantly, variability in therapeutic efficacy among clinical studies may also be
influenced by metabolic comorbidities such as hypercholesterolemia and hyperglycemia,
both of which appear capable of attenuating endogenous cardioprotective responses.
Whether targeted metabolic modulation can specifically improve MIRI outcomes remains
uncertain, particularly given the complex interactions between these metabolic disorders,
atherothrombosis, inflammation, and reperfusion injury —Table 2.

Table 2. Clinical and Experimental Therapeutic Strategies Targeting MIRI, Classified According to

Translational Stage and Current Evidence Status.

Therapeutic Strat-

egy Mechanism Evidence Level Current Status
Cyclosporine A mPTP inhibition Phase II1 Negative
Ische'ml(': condi- Endogenous. cardioprotec- Phase III Incon51s’fent/Neg—
tioning tion ative
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Anti-inflammatory, anti- Clinically promis-

Metoprolol neutrophil Phase II/IIT ing
5502 Enhanced oxygen delivery Clinical Promising
Nicorandil KATP channel activation Clinical Promising
Metformin AMPK/RISK activation Early clinical Mixed
Tongxinluo Anti-pyroptotic Early clinical Preliminary
Vitamin C/Gluta- . - . o
. Antioxidant Small clinical studies Preliminary
thione
HDAC inhibitors  Epigenetic modulation Preclinical Experimental
NLRP3 inhibitors Anti-inflammatory Prechmcal'/ Early trans- Experimental
lational
mtDNA targeting Mitochondrial signaling Preclinical Experimental
Mltophagy stimu- Mitochondrial quality con- Preclinical Experimental
lation trol

20. Evidence Hierarchy and Translational Perspective of
Cardioprotective Therapies

An important limitation of the current cardioprotection literature is the substantial
heterogeneity in the level of evidence supporting individual therapeutic strategies. While
many interventions have demonstrated efficacy in experimental models, only a small
number have progressed to clinical evaluation, and even fewer have shown consistent
benefits in large randomized trials. Consequently, therapies targeting MIRI should be in-
terpreted according to their stage of translational development.

At the highest level of evidence are interventions that have undergone large clinical
investigations. Among these, ischemic conditioning strategies and cyclosporine A initially
generated considerable enthusiasm because of robust preclinical data and promising early
clinical studies. However, subsequent large randomized trials failed to demonstrate con-
sistent reductions in infarct size, heart failure, or mortality, highlighting the challenges of
translating experimental cardioprotection into clinical practice.

A second category includes therapies supported by early clinical or phase Il evidence
but requiring further validation. Intravenous metoprolol administered before reperfusion,
Nicorandil, hyperbaric supersaturated oxygen (S502), and selected antioxidant strategies
have demonstrated encouraging effects on infarct size, myocardial salvage, or surrogate
markers of reperfusion injury. Nevertheless, larger studies are needed to determine
whether these benefits translate into improved long-term clinical outcomes.

Other approaches remain predominantly investigational. Metformin, despite its fa-
vorable mechanistic profile involving AMPK activation, mitochondrial protection, and
modulation of RISK signaling, has produced mixed clinical results. Similarly, Tongxinluo
has shown promising anti-inflammatory and anti-pyroptotic effects in experimental stud-
ies and selected clinical investigations, but broader international validation remains lim-
ited.

Finally, several strategies —including HDAC inhibition, NLRP3 inflammasome inhi-
bition, TLR9 and caspase-1 targeting, mtDNA modulation, mitophagy enhancement, and
other epigenetic or molecular interventions—remain largely confined to preclinical re-
search. Although these approaches provide valuable mechanistic insights, their therapeu-
tic potential in humans remains uncertain, and clinical translation has not yet been estab-
lished [55,56].

Key Takeaway: The strength of evidence supporting therapies for MIRI varies con-
siderably. While some interventions have advanced to large randomized trials and
demonstrated neutral or negative results (e.g., cyclosporine A and ischemic conditioning),
others remain clinically promising but incompletely validated (e.g., metoprolol,
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Nicorandil, and SS50O2). Most molecular and epigenetic strategies currently rely on preclin-
ical evidence alone. Therefore, mechanistic plausibility should not be equated with clinical
efficacy, and future studies should prioritize rigorous translational validation before in-
corporation into routine STEMI care.

21. Why Have Cardioprotective Strategies for MIRI Failed to Translate
into Clinical Practice?

Despite more than three decades of intensive research, myocardial ischemia-reper-
fusion injury remains one of the most challenging therapeutic targets in cardiovascular
medicine. Numerous interventions have demonstrated substantial infarct size reduction
and improved cardiac function in experimental models; however, the vast majority have
failed to reproduce these benefits in large clinical trials. This translational gap represents
one of the defining challenges in contemporary cardioprotection research.

One of the most notable examples is cyclosporine A, an inhibitor of mitochondrial
permeability transition pore (mPTP) opening. Early experimental studies and small proof-
of-concept clinical trials suggested that cyclosporine could reduce reperfusion injury and
limit infarct size. However, larger randomized trials, including the CIRCUS and CYCLE
studies, failed to demonstrate significant improvements in clinical outcomes, left ventric-
ular remodeling, or mortality. Similar disappointments have been observed with multiple
other cardioprotective interventions targeting oxidative stress, inflammation, mitochon-
drial dysfunction, and calcium overload.

Likewise, ischemic conditioning strategies, including ischemic preconditioning, post-
conditioning, and remote ischemic conditioning, produced highly promising results in
preclinical studies. Although initial clinical investigations suggested potential benefits,
subsequent large multicenter trials failed to consistently demonstrate reductions in infarct
size or improvements in long-term cardiovascular outcomes. These findings have raised
important questions regarding the applicability of experimental cardioprotection para-
digms to real-world STEMI populations.

Several factors likely contribute to these translational failures. Experimental studies
are commonly performed in young, healthy animals without the complex comorbidity
burden encountered in clinical practice. In contrast, patients presenting with STEMI are
frequently older and often have diabetes mellitus, hypertension, obesity, chronic kidney
disease, dyslipidemia, or prior cardiovascular disease. These conditions may fundamen-
tally alter myocardial metabolism, inflammatory responses, microvascular function, and
susceptibility to cardioprotective interventions [57].

Diabetes deserves particular attention because hyperglycemia, insulin resistance, en-
dothelial dysfunction, and mitochondrial abnormalities may impair many of the signaling
pathways responsible for endogenous cardioprotection, including the RISK and SAFE
pathways. Similarly, aging is associated with reduced mitochondrial reserve, impaired
autophagy, increased oxidative stress, and chronic low-grade inflammation, all of which
may attenuate responses observed in experimental models.

Another major challenge is the increasing complexity of modern STEMI treatment.
Contemporary patients routinely receive potent antiplatelet agents, statins, beta-blockers,
renin—angiotensin system inhibitors, anticoagulants, and rapid reperfusion therapy.
Many of these treatments possess intrinsic cardioprotective properties that may reduce
the ability to detect additional benefits from novel interventions. Furthermore, interac-
tions between investigational therapies and standard-of-care medications remain incom-
pletely understood.

Timing also represents a critical limitation. Many experimental therapies must be ad-
ministered before ischemia or immediately at reperfusion to achieve maximal efficacy. In
clinical practice, however, treatment initiation is often delayed, and the precise onset of
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myocardial ischemia is frequently uncertain. As a result, the therapeutic window identi-
fied in animal models may not be reproducible in patients.

The selection of study endpoints further complicates translation. Experimental stud-
ies often focus on infarct size reduction under highly controlled conditions, whereas clin-
ical trials typically evaluate composite outcomes such as mortality, recurrent myocardial
infarction, heart failure hospitalization, or major adverse cardiovascular events. Because
these outcomes are influenced by numerous factors beyond reperfusion injury, demon-
strating clinically meaningful benefit becomes substantially more difficult [57,58].

Finally, the field has increasingly recognized a broader reproducibility crisis in car-
dioprotection research. Differences in animal species, experimental protocols, ischemia
duration, reperfusion methods, infarct quantification techniques, and statistical ap-
proaches have contributed to inconsistent findings across laboratories. In response, inter-
national initiatives such as the CAESAR consortium have emphasized the importance of
rigorous experimental design, multicenter validation, and standardized methodologies
before translation into human studies.

Collectively, these observations suggest that the failure of many cardioprotective
therapies does not necessarily invalidate the biological importance of MIRIL Rather, it
highlights the complexity of translating mechanistic discoveries into effective clinical in-
terventions. Future progress will likely require improved preclinical models that better
reflect real-world STEMI populations, more precise patient phenotyping, integration of
coronary physiology and cardiac imaging biomarkers, and personalized approaches tar-
geting specific reperfusion injury phenotypes [59,60].

Key Takeaway: The history of MIRI research is characterized by a striking disconnect
between robust preclinical success and limited clinical translation. Differences in patient
characteristics, comorbidities, aging, concomitant therapies, treatment timing, endpoint
selection, and experimental reproducibility have all contributed to the failure of many
promising cardioprotective strategies. Understanding these limitations is essential for de-
signing the next generation of translational cardioprotection trials.

22. Sex Differences in Myocardial Ischemia-Reperfusion Injury

Increasing evidence suggests that myocardial ischemia-reperfusion injury exhibits
important sex-specific differences involving inflammatory activation, mitochondrial func-
tion, oxidative stress, and immune responses. Experimental studies have consistently
demonstrated smaller infarct sizes and improved myocardial recovery in female animals
compared with males, an effect largely attributed to the cardioprotective actions of estro-
gen and sex-dependent modulation of inflammatory signaling pathways.

Estrogen exerts multiple protective effects during ischemia—reperfusion by enhanc-
ing endothelial nitric oxide production, reducing oxidative stress, preserving mitochon-
drial function, and attenuating apoptosis. In addition, estrogen has been shown to modu-
late inflammatory responses through suppression of NF-«kB signaling, reduced produc-
tion of pro-inflammatory cytokines such as TNF-a and IL-1f3, and regulation of macro-
phage polarization toward reparative phenotypes. These mechanisms may contribute to
reduced inflammatory injury and improved myocardial resilience in premenopausal fe-
males.

Sex differences have also been observed in innate and adaptive immune responses.
Female subjects generally exhibit stronger immune activation but may demonstrate more
efficient resolution of inflammation and tissue repair following myocardial injury. Differ-
ences in neutrophil recruitment, macrophage polarization, inflammasome activation, and
cytokine expression have all been reported in experimental models of MIRI. Furthermore,
sex hormones influence mitochondrial bioenergetics and reactive oxygen species genera-
tion, potentially altering susceptibility to reperfusion-associated oxidative damage.
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Clinical studies have yielded more complex findings. Women presenting with STEMI
are generally older and have a higher burden of comorbidities, including hypertension,
diabetes, and microvascular dysfunction. Consequently, although biological mechanisms
may confer some intrinsic cardioprotection, female patients frequently experience delays
in diagnosis and reperfusion therapy, which may offset these advantages. Emerging im-
aging studies suggest that sex-related differences may also exist in microvascular obstruc-
tion, myocardial edema, and adverse ventricular remodeling, although available data re-
main inconsistent [61].

Key Takeaway: Sex represents an important biological variable influencing the path-
ophysiology of MIRI through modulation of inflammatory responses, mitochondrial func-
tion, oxidative stress, and tissue repair mechanisms. While experimental evidence sup-
ports significant cardioprotective effects in females, clinical outcomes are influenced by
multiple confounding factors including age, comorbidities, and treatment delays. Future
cardioprotection trials should incorporate sex-specific analyses to better define therapeu-
tic responses and support precision medicine approaches in STEMI care.

23. Discussion

Myocardial ischemia-reperfusion injury (MIRI) remains a major challenge in cardio-
vascular medicine despite significant advances in reperfusion therapies. Although rapid
restoration of coronary blood flow is essential for limiting ischemic myocardial necrosis,
reperfusion itself paradoxically initiates a complex cascade of oxidative, inflammatory,
and metabolic disturbances that further aggravate cardiac injury. Excessive generation of
reactive oxygen species (ROS) during reperfusion represents one of the central mecha-
nisms underlying cardiomyocyte dysfunction and death. Mitochondria play a dual role
in this process, acting both as a major source and target of oxidative stress. ROS accumu-
lation contributes to mitochondrial permeability transition pore (mPTP) opening, calcium
overload, ATP depletion, and activation of apoptotic and pyroptotic signaling pathways.
At the same time, inflammatory activation through the NLRP3 inflammasome, Toll-like
receptor signaling, neutrophil extracellular trap (NET) formation, and cytokine release
amplifies tissue injury and promotes endothelial dysfunction and microvascular impair-
ment. Emerging evidence also highlights the importance of macrophage polarization, im-
munometabolic regulation, and interconnected cell death pathways such as PANoptosis
in the progression of MIRI.

Despite extensive experimental progress, translation of cardioprotective strategies
into routine clinical practice remains limited. Multiple pharmacological and non-pharma-
cological interventions targeting oxidative stress, mitochondrial dysfunction, inflamma-
tion, and regulated cell death have demonstrated encouraging results in preclinical stud-
ies but inconsistent efficacy in clinical trials. This translational gap likely reflects the mul-
tifactorial nature of MIRI, the complexity of overlapping signaling pathways, variability
in therapeutic timing, and the influence of metabolic comorbidities such as diabetes and
hypercholesterolemia. Nevertheless, therapies focused on mitochondrial preservation, in-
flammasome inhibition, antioxidant modulation, macrophage reprogramming, and inte-
grated suppression of multiple cell death pathways continue to represent promising di-
rections for future research. A more comprehensive understanding of the molecular inter-
play between oxidative stress, inflammation, and immune dysregulation may facilitate
the development of targeted multidimensional therapies capable of improving myocar-
dial recovery and long-term cardiovascular outcomes following reperfusion.
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24. Conclusions

Oxidative stress is a central mechanism in myocardial ischemia-reperfusion injury
(MIRI), linking mitochondrial dysfunction, calcium overload, inflammation, and regu-
lated cell death pathways. Excessive ROS production during reperfusion amplifies myo-
cardial damage through activation of inflammatory signaling, endothelial dysfunction,
and cardiomyocyte death, ultimately contributing to adverse cardiac remodeling and
heart failure progression.

Although reperfusion therapy remains essential for myocardial salvage, effective
treatments specifically targeting MIRI are still lacking. Future therapeutic strategies
should focus on integrated approaches capable of simultaneously modulating oxidative
stress, mitochondrial injury, inflammation, and cell death pathways in order to improve
myocardial recovery and long-term cardiovascular outcomes.
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