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Myocardial ischemia-reperfusion injury (MIRI) is driven by dynamic metabolic disturbances that extend beyond adenosine
triphosphate depletion and encompass mitochondrial dysfunction, redox imbalance, calcium overload, iron dysregulation, lipid
peroxidation, and inflammatory activation. These alterations regulate multiple forms of programmed cell death, including apop-
tosis, necroptosis, ferroptosis, pyroptosis, and mitochondrial permeability transition pore-dependent necrosis. However, these
pathways are frequently investigated in isolation, despite sharing common upstream metabolic triggers and interacting through
overlapping signaling networks and execution mechanisms. This conceptual narrative review summarizes current evidence re-
garding how metabolic states influence the activation thresholds, temporal dynamics, and relative contributions of regulated
cell-death pathways during myocardial ischemia and reperfusion. We propose a metabolism-gated framework in which cellular
energy status, mitochondrial integrity, redox homeostasis, calcium burden, iron availability, lipid composition, and inflamma-
tory priming collectively determine context-dependent susceptibility and dominance of specific death pathways. Autophagy and
mitophagy are considered regulators of metabolic adaptation and mitochondrial quality control rather than independent cell-
death modalities. Current evidence indicates extensive pathway co-activation and crosstalk, with the predominant mechanisms
varying according to reperfusion stage, myocardial region, cell type, metabolic background, and experimental model. In con-
trast, definitive switching between terminal death pathways within the same cell population remains insufficiently established.
Functional pathway switching should therefore be distinguished from concurrent expression of pathway-associated markers or
shared upstream signaling events and should be demonstrated through time-resolved multi-pathway analyses, selective genetic
or pharmacological inhibition of an initially activated pathway, compensatory activation of an alternative execution pathway,
and greater protection achieved through combined inhibition compared with single-pathway targeting. This framework further
emphasizes the limitations of attributing myocardial injury to a single death mechanism based solely on pathway-associated
biomarkers. Integrating metabolic profiling with cell-type-specific and spatially resolved assessments of death-pathway execu-
tion may enable more precise mechanistic classification and support the development of rational combination therapies. Thus,
metabolism-gated pathway selection and interpathway crosstalk represent a testable framework for elucidating the heterogeneity
of MIRI and for designing context-dependent cardioprotective strategies.
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protection

Introduction imental studies [3,4]. MVO occurs in approximately 40—
60% of patients with ST-segment elevation myocardial in-
farction (STEMI) undergoing primary PCI, while intramy-
ocardial hemorrhage (IMH) is observed in a substantial
proportion of these patients [5]. The reported incidence
varies depending on the imaging techniques and diagnos-
tic criteria applied. Importantly, the extent of MVO has
been independently associated with adverse clinical out-
comes, including mortality (adjusted hazard ratio [HR],
1.14 per 1% absolute increase in MVO; 95% confidence
interval [CI], 1.09—1.19) and hospitalization for heart fail-
ure (adjusted HR, 1.08 per 1% increase; 95% CI, 1.05-
1.12) at 1 year [5]. Despite advances in contemporary

Timely reperfusion through percutaneous coronary in-
tervention (PCI) remains the most effective strategy for
salvaging ischemic myocardium after acute myocardial in-
farction (AMI); however, the restoration of oxygenated
blood flow can paradoxically trigger myocardial ischemia—
reperfusion injury (MIRI) [1,2]. MIRI is clinically signifi-
cant because it contributes to infarct expansion, microvas-
cular obstruction (MVO), arrhythmogenesis, adverse ven-
tricular remodeling, heart failure development, and unfa-
vorable long-term outcomes. Reperfusion-induced damage
may account for up to 50% of the final infarct size in exper-
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reperfusion strategies, the pooled 1-year mortality rate fol-
lowing PCI for STEMI remains approximately 7—12% [6].
The underlying pathophysiology begins during ischemia,
when oxygen deprivation suppresses oxidative phosphory-
lation and shifts cardiomyocytes toward inefficient anaer-
obic glycolysis, resulting in adenosine triphosphate (ATP)
depletion, lactate accumulation, intracellular acidosis, and
ion-pump dysfunction. Reperfusion subsequently restores
oxygen and substrate availability abruptly to metabolically
compromised cells, leading to excessive reactive oxygen
species (ROS) generation, calcium overload, pH normal-
ization, mitochondrial dysfunction, endothelial barrier dis-
ruption, sterile inflammation, and cell death [2,7].

Cell death during MIRI was previously regarded pri-
marily as a passive necrotic process; however, it is now rec-
ognized as a regulated and highly interconnected network
phenomenon. Ferroptosis, pyroptosis, necroptosis, apopto-
sis, autophagy-associated injury, and mitochondrial perme-
ability transition pore (mPTP)-dependent necrosis all occur
in the reperfused myocardium and share common upstream
stressors, including ROS accumulation, calcium dyshome-
ostasis, mitochondrial injury, endoplasmic reticulum stress,
lipid remodeling, iron dysregulation, ATP depletion, and
inflammatory danger signals [8,9]. This extensive over-
lap helps explain why inhibition of a single terminal path-
way may produce substantial protective effects in young,
healthy animal models but fail to achieve consistent clin-
ical benefits [10,11]. Furthermore, metabolic reprogram-
ming provides a unifying framework for understanding this
interconnected cell-death network. The ATP/adenosine
diphosphate (ADP) ratio, xidized nicotinamide adenine
dinucleotide (NAD)/reduced nicotinamide adenine din-
ucleotide (NADH) balance, glutathione availability, iron
bioavailability, lipid peroxidation substrate abundance, mi-
tochondrial membrane potential, AMP-activated protein ki-
nase (AMPK)-mechanistic target of rapamycin (mTOR)
signaling activity, and inflammatory priming collectively
influence whether oxidative and ionic stress remains re-
versible or surpasses the threshold for activation of ferrop-
tosis, pyroptosis, necroptosis, apoptosis, or mitochondrial
necrosis [12,13]. Therefore, the predominant cell-death
modality is not predetermined but is instead governed by
the metabolic state of individual cell types at specific stages
following reperfusion.

This framework is particularly relevant for transla-
tional research. Experimental MIRI studies are often con-
ducted in young, healthy animals without comorbid condi-
tions, whereas patients with AMI are typically older and fre-
quently present with diabetes, obesity, hypertension, dys-
lipidemia, endothelial dysfunction, chronic inflammation,
and exposure to multiple medications [11,14]. These clin-
ical factors profoundly reshape cardiac metabolism and
modify the thresholds governing regulated cell death (RCD)
execution. Diabetes may reduce the threshold for fer-
roptosis activation by increasing mitochondrial ROS pro-
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duction and disrupting antioxidant capacity as well as
iron—lipid homeostasis; aging may enhance susceptibility
to mPTP opening, mitochondrial DNA release, inflam-
masome activation, and impaired mitophagy; and dys-
lipidemia may increase the availability of peroxidizable
lipid substrates [14,15]. Furthermore, cellular heterogene-
ity within the myocardium adds additional complexity to
therapeutic targeting, as cardiomyocytes, endothelial cells,
immune cells, platelets, and fibroblasts respond differ-
ently to metabolic and inflammatory signals [16]. Post-
transcriptional and epigenetic mechanisms introduce an ad-
ditional regulatory layer in determining cell-death path-
way activation and potential switching. MicroRNAs, cir-
cular RNAs, long non-coding RNAs, m6A modifications,
selective translation, ubiquitination, and deubiquitination
regulate key processes, including glutathione peroxidase 4
(GPX4) stability, NOD-like receptor family pyrin domain-
containing 3 (NLRP3) activation, receptor-interacting pro-
tein kinase (RIPK) signaling, autophagic flux, and mito-
chondrial quality control [17,18]. In parallel, metabolites
such as acetyl-coenzyme A (acetyl-CoA), a-ketoglutarate,
S-adenosylmethionine (SAM), NAD™, and lactate func-
tion as substrates or cofactors for chromatin- and RNA-
modifying enzymes, thereby linking metabolic stress to sus-
tained RCD-related gene expression and epigenetic mem-
ory [19,20].

Here, we reinterpret major RCD pathways in MIRI
through the concept of metabolism-gated cell-death switch-
ing (Fig. 1). Unlike previous reviews that primar-
ily catalogue individual cell-death pathways, this review
presents an integrative framework to explain how shared
metabolic checkpoints regulate the activation thresholds,
relative dominance, and potential transitions among distinct
death programs during ischemia and reperfusion. Specifi-
cally, we identify ATP reserves, mitochondrial redox sta-
tus, calcium burden, iron availability, lipid peroxidation
capacity, antioxidant defenses, and inflammatory prim-
ing as key upstream determinants that govern the acti-
vation of ferroptosis, pyroptosis, necroptosis, apoptosis,
autophagy-associated injury, and mPTP-dependent necro-
sis. We further emphasize that cell-death switching is
spatially, temporally, and cell-type dependent, involving
cardiomyocytes, endothelial cells, immune cells, fibrob-
lasts, and the microvascular compartment, and is sub-
stantially influenced by comorbid conditions such as dia-
betes, obesity, dyslipidemia, aging, and endothelial dys-
function. Finally, we extend this framework toward pre-
cision cardioprotection by integrating biomarker-defined
death states, comorbidity-associated susceptibility, ther-
apeutic timing, cell-type-specific targeting, and rational
combination strategies with dominant injury phenotypes.
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Metabolism-gated cell death switching in myocardial ischemia—reperfusion injury
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Fig. 1. Overall framework of metabolism-gated cell death switching in MIRI. During ischemia, interruption of coronary blood
flow results in oxygen deprivation, suppression of mitochondrial oxidative phosphorylation, ATP depletion, intracellular acidosis, Ca*"
accumulation, and progressive mitochondrial dysfunction. Subsequent reperfusion restores oxygen delivery but simultaneously triggers
arapid burst of reactive oxygen species (ROS), Ca*" overload, lipid peroxidation, inflammatory activation, and mitochondrial permeabil-
ity transition pore (mPTP) opening. These ischemic and reperfusion-induced stresses converge on key metabolic checkpoints, including
ATP reserves, mitochondrial redox status, Ca>* burden, iron availability, lipid peroxidation susceptibility, antioxidant capacity, and in-
flammatory priming. The integrated state of these metabolic checkpoints determines the activation threshold, relative dominance, and
potential transition among distinct regulated cell-death programs, including ferroptosis, pyroptosis, necroptosis, apoptosis, and mPTP-
dependent necrosis. Mitophagy acts as a context-dependent regulatory mechanism that may either eliminate damaged mitochondria
and limit injury or, when impaired or excessively activated, reshape the balance among competing cell-death pathways. Comorbidities
such as diabetes, obesity, dyslipidemia, aging, and endothelial dysfunction further modify the metabolic landscape and reset cell-death
thresholds, thereby contributing to infarct expansion, MVO, inflammatory injury, and adverse ventricular remodeling. Biomarker-guided
patient stratification, optimized therapeutic timing, cell-type-specific targeting, and rational combination therapies may facilitate preci-
sion cardioprotection tailored to the predominant metabolic and cell-death phenotype. The figure was created using Adobe Illustrator
2025 (version 29.0) (Adobe Inc., San Jose, CA, USA). ATP, adenosine triphosphate; Ca?", calcium ion; MIRI, myocardial ischemia—
reperfusion injury; mPTP, mitochondrial permeability transition pore; ROS, reactive oxygen species; MVO, microvascular obstruction.

Metabolic Stress Axes That Gate Regulated
Cell Death in MIRI

accumulation. These alterations do not immediately de-
termine a specific cell-death pathway; rather, they prime
the reperfused myocardium by reducing ATP reserves, in-
creasing calcium burden, weakening antioxidant capacity,
and sensitizing mitochondria to mPTP opening after pH

Ischemic Metabolic Collapse as a Priming Phase

During ischemia, interruption of coronary blood flow

deprives the myocardium of oxygen and metabolic sub-
strates, resulting in rapid inhibition of mitochondrial oxida-
tive phosphorylation. Anaerobic glycolysis provides lim-
ited ATP generation but leads to lactate accumulation, intra-
cellular acidosis, depletion of high-energy phosphates, and
progressive impairment of Na*/K*-ATPase and sarcoplas-
mic reticulum Ca®"-ATPase function [10,21]. Activation
of the Na*/H" exchanger and reverse-mode Na'/Ca®" ex-
change further promotes intracellular sodium and calcium

normalization [22,23]. The extent of ischemic priming in-
fluences subsequent cell-death pathway activation. Severe
ATP depletion and phosphate accumulation favor mPTP-
dependent necrosis, whereas preserved ATP availability
with moderate mitochondrial injury may permit caspase-
dependent apoptosis. In contrast, glutathione depletion
and disrupted lipid—iron metabolism promote ferroptosis,
while mitochondrial damage-associated molecular patterns
(DAMPs) contribute to inflammatory cell-death priming.
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Thus, ischemia establishes a metabolic vulnerability land-
scape that is subsequently revealed during reperfusion.

Lactate accumulation during ischemia may directly
contribute to cell-death pathway regulation through epige-
netic reprogramming, in addition to its established role in
bioenergetic failure. Histone and non-histone protein lacty-
lation, a recently identified post-translational modification
that links metabolic status to transcriptional and functional
reprogramming, utilizes lactate as its substrate [24,25].
Emerging studies mapping the lactylation landscape in the
ischemic heart suggest that lactate-driven lactylation may
alter cell-death thresholds even before reperfusion begins.
In hypoxic cardiomyocytes, lactylation of phosphofructok-
inase platelet type at lysine 688 (PFKP-K688la) enhances
PFKP enzymatic activity and glycolytic flux while sup-
pressing mitochondrial respiration. This adaptive lactate—
PFKP—glycolysis feedback loop improves cardiomyocyte
survival and contractile function under hypoxic condi-
tions, indicating that specific lactylation events may tran-
siently maintain energy production during ischemia. Con-
versely, other lactylation events may exacerbate ionic im-
balance, mitochondrial dysfunction, ferroptotic stress, and
inflammatory injury. In cardiomyocytes subjected to hy-
poxia/reoxygenation, enhanced glycolysis promotes his-
tone lactylation at the transient receptor potential melas-
tatin 7 (TRPM?7) promoter, increasing TRPM?7 transcription
and contributing to Ca>" overload and cell death [26,27].
Furthermore, lactate induces mitochondrial calcium uptake
family member 3 (MICU3) expression and promotes mi-
tochondrial Ca®>* uptake, mitochondrial dysfunction, and
neutrophil extracellular trap formation, thereby aggravating
microvascular injury through histone H3 lysine 18 (H3K18)
lactylation at the MICU3 promoter in neutrophils [28]. Sev-
eral key cell-death regulators are directly modulated by pro-
tein lactylation. acyl-CoA synthetase long-chain family
member 4 (ACSL4) lactylation at lysine 83 increases its
protein stability and promotes ferroptosis; GPX4 lactyla-
tion at K218 and K228 suppresses its antioxidant activity,
thereby lowering the threshold for ferroptotic activation;
and NLRP3 lactylation at K245 enhances its stability, facil-
itating inflammasome assembly and pyroptosis [29,30,31].
In contrast, Serpina3k lactylation at lysine 351 increases
protein stability, and Serpina3k secreted by cardiac fibrob-
lasts protects cardiomyocytes against reperfusion-induced
cell death through paracrine signaling [32].

Together, these findings demonstrate that ischemia-
induced lactate accumulation extends beyond ATP deple-
tion and actively reshapes the transcriptional and post-
translational landscape through lactylation, establishing a
metabolic—epigenetic memory that may alter the thresholds
for mitochondrial injury, ferroptosis, pyroptosis, and apop-
tosis during reperfusion. By targeting specific lactylation
events rather than lactate itself, the lactate—lactylation net-
work represents an additional layer of metabolic regulation
that operates upstream of classical cell-death pathways and
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may provide new therapeutic opportunities. Representative
lactylation events that may influence metabolic gating and
RCD thresholds in MIRI are summarized in Supplemen-
tary Table 1.

Reperfusion ROS and Redox Disequilibrium

Reoxygenation is essential for tissue salvage but si-
multaneously induces an early ROS burst originating from
the dysfunctional electron transport chain, reverse electron
transport at complex I, xanthine oxidase, NADPH oxidases,
uncoupled nitric oxide synthase, and activated inflamma-
tory cells [33]. ROS can damage lipids, proteins, nucleic
acids, and mitochondrial membranes; however, its role ex-
tends beyond direct cytotoxicity. Instead, ROS functions as
a signaling hub that connects metabolic stress with ferrop-
tosis, pyroptosis, necroptosis, apoptosis, and mitochondrial
necrosis [34,35,36,37]. The consequences of ROS accu-
mulation are highly context dependent. In iron-enriched,
polyunsaturated fatty acid (PUFA)-rich, GPX4-deficient
cells, ROS promotes lipid peroxidation and ferroptotic cell
death. In inflammasome-primed cells, ROS cooperates
with potassium efflux, lysosomal disruption, mitochon-
drial DNA release, and cardiolipin exposure to activate
NLRP3 signaling and pyroptosis [35,38]. In cells charac-
terized by calcium overload and RIPK3 activation, ROS
promotes calcium/calmodulin-dependent protein kinase 11
(CaMKII) oxidation and mPTP opening, thereby linking
necroptotic signaling to mitochondrial collapse [36]. Thus,
the same reperfusion-induced ROS burst can generate dis-
tinct cell-death phenotypes depending on antioxidant ca-
pacity, iron—lipid status, mitochondrial integrity, and in-
flammatory priming.

Calcium Overload, Mitochondrial Dysfunction, and
mPTP Opening

Calcium overload represents a central metabolic—ionic
checkpoint in MIRI. During ischemia, ATP depletion and
intracellular acidosis impair calcium homeostasis; upon
reperfusion, pH normalization and sodium—calcium ex-
change promote rapid calcium influx. Mitochondria sub-
sequently sequester excess calcium through the mitochon-
drial calcium uniporter, and when buffering capacity is ex-
ceeded, calcium interacts with ROS, phosphate accumu-
lation, and adenine nucleotide depletion to induce mPTP
opening [22]. Sustained mPTP opening dissipates mi-
tochondrial membrane potential, disrupts oxidative phos-
phorylation, suppresses ATP production, promotes osmotic
swelling, and facilitates the release of pro-death and pro-
inflammatory signals [22,39]. The threshold for mPTP
opening is dynamic and influenced by NAD*/NADH bal-
ance, ATP/ADP ratio, phosphate concentration, calcium
burden, redox status, and mitochondrial membrane lipid in-
tegrity. Therefore, mPTP is not simply a terminal mito-
chondrial lesion; rather, it functions as a metabolic deci-
sion node that determines whether cells recover, undergo
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apoptosis, or progress toward necrotic rupture. Detailed
methodological considerations for evaluating mPTP open-
ing, unresolved questions regarding its molecular identity,
and translational challenges associated with mPTP-targeted
cardioprotection are provided in Supplementary Note 1
and Supplementary Table 2.

Lipid, Iron, Antioxidant, and Inflammatory Gates

Ferroptosis is strongly regulated by lipid metabolism,
iron homeostasis, and antioxidant capacity. Reperfusion
supplies oxygen required for lipid peroxidation, while
ischemia—reperfusion stress disrupts lipid remodeling and
increases the vulnerability of PUFA-containing phospho-
lipids to oxidative damage. ACSL4 and lysophosphatidyl-
choline acyltransferase 3 (LPCAT3) promote the enrich-
ment of membranes with oxidizable PUFA phospholipids,
whereas labile iron accelerates radical generation through
Fenton chemistry [40,41,42]. When system Xc~ activ-
ity, glutathione synthesis, GPX4 function, or compen-
satory antioxidant mechanisms become insufficient, lipid
peroxide accumulation drives ferroptotic membrane dam-
age. Sterile inflammation and microvascular injury further
extend these death networks beyond cardiomyocytes. In-
jured cardiomyocytes and mitochondria release DAMPs,
including mitochondrial DNA, high-mobility group box
1 (HMGBI1), ATP, cardiolipin, and extracellular ma-
trix fragments, thereby activating pattern-recognition re-
ceptors and engaging complement pathways, endothelial
cells, platelets, neutrophils, macrophages, and fibroblasts
[43,44]. Endothelial pyroptosis or ferroptosis compromises
barrier integrity and contributes to no-reflow, whereas
neutrophil-derived ROS and proteases further amplify ox-
idative injury [42]. Once microvascular perfusion is im-
paired, regional hypoxia persists despite restoration of epi-
cardial blood flow, creating a vicious cycle that reinforces
metabolic stress and RCD activation.

Together, ischemic metabolic collapse, reperfusion-
induced ROS generation, calcium overload, mitochondrial
dysfunction, lipid—iron imbalance, antioxidant failure,
sterile inflammation, and microvascular injury constitute
an integrated stress-axis network.  The predominant
cell-death pathway is determined by the relative intensity
and interaction of these metabolic stress axes. Severe ATP
depletion and sustained mPTP opening favor mitochon-
drial necrosis; GPX4 dysfunction, iron overload, PUFA
enrichment, and lipid peroxidation promote ferroptosis;
DAMP release, NLRP3 activation, and gasdermin cleavage
facilitate pyroptosis; loss of caspase-8-mediated restraint
accompanied by RIPKI/RIPK3 activation promotes
necroptosis; and moderate mitochondrial injury with
preserved ATP availability supports apoptosis [13,45].
The major metabolic stress axes that regulate RCD
activation in MIRI are summarized in Table 1 (Ref.
[10,12,22,33,37,42,43,45,46,47,48,49,50,51,52,53,54,55,
56,57,58]), and Fig. 2.

Regulated Cell Death Modules and Switching
Boundaries

Ferroptosis

Ferroptosis is an iron-dependent form of regulated
cell death driven by lipid peroxidation. In the reperfused
heart, ferroptotic execution becomes metabolically enabled
when three conditions coexist: expansion of the labile
iron pool, accumulation of oxidizable PUFA-containing
phospholipids, and insufficient detoxification of lipid per-
oxides by the GSH-GPX4 axis or compensatory antiox-
idant systems [46,47,59]. The same ROS burden may
remain reversible in a redox-buffered cell but become
lethal within an iron-enriched, GPX4-deficient microenvi-
ronment. Ferroptosis therefore represents a prototypical
example of metabolism-gated cell-death regulation. How-
ever, the presence of enhanced lipid peroxidation or a single
molecular signal alone is insufficient to establish ferroptosis
as the dominant death mechanism in MIRI [48,60]. Accord-
ingly, ferroptosis should be designated as the mode of cell
death only when pathway-specific molecular, morphologi-
cal, temporal, cell-type-specific, and functional lines of ev-
idence converge—ideally supported by genetic or pharma-
cological rescue [49]. Changes in GPX4, ACSL4, iron lev-
els, or lipid peroxidation products, when observed in isola-
tion, should be interpreted as supportive rather than defini-
tive evidence of causal ferroptotic death. Detailed evidence
requirements are summarized in Supplementary Table 3.

Pyroptosis

Pyroptosis is a lytic inflammatory cell-death pro-
gram characterized by inflammasome activation, gasder-
min cleavage, membrane pore formation, and the release of
IL-1B and IL-18. In MIRI, mitochondrial ROS, mitochon-
drial DNA, extracellular ATP, potassium efflux, lysosomal
damage, cardiolipin exposure, and nuclear factor kappa B
(NF-xB) priming collectively determine whether NLRP3
activation reaches the required threshold [35,61]. Pyropto-
sis serves as a link between organelle stress and multicellu-
lar sterile inflammation across cardiomyocytes, endothelial
cells, macrophages, neutrophils, and fibroblasts. Robust
identification of pyroptotic execution requires convergent
evidence of gasdermin-mediated membrane injury, inflam-
masome activation, appropriate temporal and cellular local-
ization, and pathway-specific rescue. Changes in NLRP3,
caspase-1, IL-1pB, IL-18, or other individual inflammatory
markers alone should not be interpreted as definitive evi-
dence of causal pyroptotic cell death [62,63]. Detailed evi-
dence requirements are summarized in Supplementary Ta-
ble 3.

Necroptosis

Necroptosis is primarily regulated by RIPK1, RIPK3,
and mixed lineage kinase domain-like protein (MLKL).
When caspase-8 remains active, death-receptor or in-
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Table 1. Metabolic stress axes gating regulated cell death in MIRI.
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Axis Events Gating Phenotypes Readouts References
Ischemic col- ATP depletion; lactate Lowers energy reserve; mPTP necrosis; apopto- ATP/ADP; phosphocrea- [10,12,22,51]
lapse accumulation; acidosis; sensitizes mitochondria sis; ferroptosis; inflam- tine; lactate; pH; Na*;
Na*/Ca?" overload. to mPTP opening. matory death. Ca?".
Reperfusion  Reoxygenation;  RET; Outcome depends on re- Ferroptosis; pyropto- mtROS; lipid ROS; 4- [33,37,52,53]
ROS oxidase activation; mito- dox, iron, mitochondria, sis; necroptosis; mPTP HNE; MDA; protein car-
chondrial ROS burst. and inflammation. necrosis. bonyls.
Calcium/pH  Na' accumulation; Ca?* Lowers mPTP threshold; mPTP necrosis; necrop- Cytosolic Ca?";  mi- [22,50,52,54]
influx; MCU uptake; accelerates  mitochon- tosis; apoptosis. tochondrial Ca?";
rapid pH recovery. drial collapse. p-CaMKII; CypD; AWm.
Lipid-iron Labile iron; fer- Oxidizable membranes Ferroptosis; endothelial Labile iron; ACSL4; LP- [47,49,55,58]
imbalance ritinophagy; exceed  lipid-peroxide injury; inflammatory am- CAT3; PUFA-PLs; 4-
ACSL4/LPCAT3; detoxification capacity.  plification. HNE; MDA.
PUFA peroxidation.
Antioxidant ~ GSH depletion; GPX4 Converts reversible ox- Ferroptosis; mitochon- GSH/GSSG; GPX4; [46,48,49,56]
exhaustion failure; impaired com- idation into irreversible drial injury; inflamma- SLC7All; FSP1;
pensatory defenses. membrane damage. tory death. CoQ10; DHODH; Nrf2.
Inflammation/ DAMP release; comple- Amplifies inflam- Pyroptosis; necropto- IL-1f8; IL-18; NLRP3; [42,43,45,57]
microvascular ment activation; leuko- masomes, no-reflow, sis; endothelial death; GSDMD; p-MLKL,;
stress cyte and endothelial acti- hypoxia, and secondary PANoptosis-like conver- mtDNA; MVO.

vation.

oxidative stress.

gence.

ATP, adenosine triphosphate; ADP, adenosine diphosphate; ROS, reactive oxygen species; RET, reverse electron transport; mtROS, mi-

tochondrial reactive oxygen species; Na*, sodium ion; Ca?", calcium ion; MCU, mitochondrial calcium uniporter; mPTP, mitochondrial

permeability transition pore; A¥m, mitochondrial membrane potential; ACSL4, acyl-CoA synthetase long-chain family member 4; LP-

CAT3, lysophosphatidylcholine acyltransferase 3; PUFA, polyunsaturated fatty acid; GSH, reduced glutathione; GSSG, oxidized glutathione;

GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; FSP1, ferroptosis suppressor protein 1; CoQ10, coenzyme

Q10; DHODH, dihydroorotate dehydrogenase; Nrf2, nuclear factor erythroid 2-related factor 2; DAMP, damage-associated molecular pat-
tern; 4-HNE, 4-hydroxynonenal; MDA, malondialdehyde; CaMKII, calcium/calmodulin-dependent protein kinase II; IL-1f, interleukin-1

beta; NLRP3, NOD-like receptor family pyrin domain-containing 3; GSDMD, gasdermin D; p-MLKL, phosphorylated mixed lineage kinase

domain-like protein; mtDNA, mitochondrial DNA.

nate immune signaling generally favors apoptosis or cell
survival; however, when caspase-8-mediated restraint
is disrupted, RIPK1/RIPK3 signaling promotes MLKL-
dependent membrane rupture [64,65,66]. In cardiomy-
ocytes, necroptosis is further linked to mitochondrial in-
jury through RIPK3—CaMKII-mPTP signaling, positioning
this pathway at the interface between inflammatory receptor
signaling and metabolic collapse [36,67]. Evidence beyond
the detection of phosphorylated RIPK3 or MLKL alone is
required to establish necroptosis as a functional mechanism
in MIRI. Functional attribution of necroptosis requires con-
vergent evidence of RIPK1/RIPK3/MLKL execution, ap-
propriate temporal and cellular localization, and protection
following pathway-selective genetic or pharmacological in-
tervention [9,68,69,70]. Changes in RIPK1, RIPK3, or
MLKL abundance alone are insufficient to establish causal
necroptotic death. Detailed evidence requirements are sum-
marized in Supplementary Table 3.

Apoptosis

Apoptosis is a caspase-dependent form of regulated
cell death characterized by mitochondrial outer membrane
permeabilization, cytochrome c release, apoptosome for-
mation, and activation of caspase-9 and caspase-3 [71,72].
Its execution requires adequate ATP availability and rela-
tively preserved mitochondrial integrity. In contrast, se-
vere ATP depletion, calcium overload, and sustained mPTP
opening shift cellular fate toward mitochondrial-dependent
necrosis [73]. Causal attribution of apoptosis requires con-
vergent morphological and molecular evidence of apop-
totic execution together with temporal, cell-type-specific,
and functional validation [74,75]. TUNEL positivity, an
altered BAX/BCL-2 ratio, or changes in a single caspase-
associated marker alone are insufficient to establish apop-
tosis as the dominant mechanism of myocardial injury. De-
tailed evidence requirements are summarized in Supple-
mentary Table 3.


https://www.discovmed.com/

2780

Na?*/Ca2+
imblance

Suppressed
oxidative phosphorylation

Depleted
antioxidants

Iron-lipid
imbalance

Defense failure

PUFA-containing l
phospholipids

Endothelial . Impaired
disruption microvascular
\/ perfusion

Ferroptosis Pyroptosis Necroptosis Apoptosis mPTP necrosis

Fig. 2. Metabolic stress axes that gate regulated cell death in MIRI. During ischemia, reduced oxygen delivery suppresses mi-
tochondrial electron transport and oxidative phosphorylation, leading to ATP depletion, lactate accumulation, and progressive energy
failure. Upon reperfusion, rapid reoxygenation promotes electron leakage from the mitochondrial electron transport chain and triggers
a burst of reactive oxygen species (ROS), thereby disrupting cellular redox homeostasis. Concurrent Na*/Ca®" imbalance induces cy-
tosolic and mitochondrial Ca*>" overload, which further exacerbates mitochondrial dysfunction and facilitates mPTP opening. In parallel,
glutathione depletion and reduced glutathione peroxidase 4 (GPX4) activity impair antioxidant defenses, whereas increased labile Fe*"
availability and enrichment of polyunsaturated fatty acid (PUFA)-containing phospholipids promote lipid hydroperoxide accumulation
and ferroptotic injury. These interconnected metabolic disturbances converge to drive mitochondrial damage, cardiomyocyte injury, en-
dothelial dysfunction, inflammatory-cell recruitment, and impaired microvascular perfusion. The relative intensity, temporal dynamics,
and interaction of these metabolic disturbances determine the activation thresholds and relative dominance of ferroptosis, pyroptosis,
necroptosis, apoptosis, and mPTP-dependent necrosis during myocardial ischemia—reperfusion injury. In the figure, 1 and ! indicate
increased/upregulated and decreased/downregulated levels or activity, respectively, whereas other arrows indicate the direction of the
depicted processes or pathways. The figure was created using Adobe Illustrator 2025 (version 29.0) (Adobe Inc., San Jose, CA, USA).
ATP, adenosine triphosphate; Ca”", calcium ion; ETC, electron transport chain; Fe?, ferrous iron; GPX4, glutathione peroxidase 4; GSH,
reduced glutathione; H>O», hydrogen peroxide; Lipid-OOH, lipid hydroperoxide; MIRI, myocardial ischemia—reperfusion injury; mPTP,
mitochondrial permeability transition pore; O,, molecular oxygen; PUFA, polyunsaturated fatty acid; ROS, reactive oxygen species.

Autophagy and Mitophagy as Modulators and RCD switching. These processes modulate the bal-
ance between cellular adaptation and injury during MIRI.
Autophagy and mitophagy are not considered inde- Efficient and selective mitophagy limits ROS accumula-

pendent cell-death modalities in this review; rather, they  tion, DAMP release, and mPTP opening, whereas im-
are discussed as context-dependent regulators of survival  paired autophagic flux, excessive mitochondrial elimi-
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nation, or ferritinophagy-mediated iron release can am-
plify downstream cell-death pathways [76]. Determin-
ing the modulatory role of autophagy or mitophagy in
MIRI requires evidence extending beyond alterations in
microtubule-associated protein 1 light chain 3-II (LC3-II)
or p62 abundance. Their functional contribution should be
assessed by combining autophagic-flux measurements with
cell-type-specific, genetic, pharmacological, and functional
evidence [76,77]. Changes in LC3-II, p62, or other individ-
ual autophagy-associated markers alone cannot determine
whether autophagy or mitophagy is protective, detrimental,
or causally involved in MIRI. Detailed assessment criteria
are summarized in Supplementary Table 3.

mPTP-Dependent Necrosis

Sustained mPTP opening induces a form of regulated
necrosis in which mitochondrial inner membrane permeabi-
lization dissipates A¥Ym, disrupts ATP synthesis, promotes
osmotic swelling, and ultimately leads to plasma membrane
rupture [22]. This pathway becomes predominant when is-
chemic priming is severe, ATP depletion is profound, and
calcium overload exceeds the threshold required for pore
opening. Unlike apoptosis, mPTP-dependent necrosis does
not require caspase activation; instead, bioenergetic fail-
ure and disruption of ion homeostasis drive rapid cellular
disintegration. Cyclosporin A and related cyclophilin D
(CypD)-binding ligands can delay or attenuate this form of
cell death in experimental models, supporting its pharmaco-
logical modifiability [22]. Establishing mPTP-dependent
necrosis in MIRI requires evidence beyond A¥m loss or
protection by cyclosporin A alone. Robust attribution
of mPTP-dependent necrosis requires convergent evidence
of sustained permeability transition, bioenergetic collapse,
necrotic membrane failure, appropriate temporal and cellu-
lar localization, and protection following validated genetic
or pharmacological manipulation of pore-regulatory mech-
anisms. Mitochondrial depolarization or a single molecular
readout alone is insufficient to establish mPTP-dependent
necrosis as a causal death mechanism [78]. Detailed evi-
dence requirements are summarized in Supplementary Ta-
ble 3.

Crosstalk and PANoptosis-Like Convergence

Because ROS, DAMPs, iron dyshomeostasis, lipid
peroxidation, calcium overload, and ATP depletion can
activate multiple cell-death pathways simultaneously, tis-
sues frequently exhibit overlapping RCD signatures. GPX4
dysfunction may initiate ferroptotic signaling while oxi-
dized lipids promote inflammasome activation; NLRP3 ac-
tivation and gasdermin pore formation can further exac-
erbate ionic imbalance and mitochondrial injury; RIPK3—
CaMKII signaling can link necroptosis with mPTP open-
ing; and impaired caspase-8 activity can redirect apop-
totic signaling toward necroptosis [64,66]. The concept
of PANoptosis describes coordinated pyroptotic, apoptotic,
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and necroptotic signaling assembled through multiprotein
PANoptosome complexes [64,79]. However, direct ev-
idence demonstrating canonical PANoptosis in MIRI re-
mains limited; therefore, the term “PANoptosis-like con-
vergence” provides a more cautious interpretation. This
concept acknowledges the co-activation and functional in-
terplay among inflammatory cell-death programs with-
out presuming the formation of a single unified molecu-
lar complex (Fig. 3). The major RCD modules, their
metabolic switching boundaries, and potential therapeu-
tic intervention nodes are summarized in Table 2 (Ref.
[13,36,49,55,62,64,71,75,77,78,80,81,82,83,84,85]). De-
tailed pathway-specific evidence requirements are summa-
rized in Supplementary Table 3. Representative evidence
supporting or constraining the proposed metabolism-gated
switching framework is summarized in Supplementary
Table 4. Spatial and temporal contexts, together with cell-
type-specific and comorbidity-associated susceptibility pat-
terns, are further summarized in Supplementary Tables
5,6.

Ferroptosis as a Metabolically Licensed Death
Program

In MIRI, ferroptosis is determined by a permissive
metabolic state in which redox-active iron availability,
oxidizable phospholipids, and insufficient lipid-peroxide
detoxification converge, rather than by a single initiat-
ing trigger [59]. Because multiple RCD pathways share
reperfusion-induced ROS accumulation, elevated lipid
ROS levels, malondialdehyde, 4-hydroxynonenal, iron ac-
cumulation, and altered GPX4 expression, these individual
changes may indicate ferroptosis-associated stress but do
not establish ferroptosis as a primary driver of myocardial
injury. Therefore, ferroptosis in MIRI should be evaluated
by integrating evidence of pathway-specific execution with
the underlying metabolic context and its demonstrable con-
tribution to cardiac injury.

Integrated Iron—Lipid—Antioxidant Gating

Iron handling, membrane lipid composition, and
antioxidant capacity collectively regulate the ferroptotic
threshold. The labile iron pool can be expanded through
nuclear receptor coactivator 4 (NCOA4)-mediated fer-
ritinophagy, while local oxidative stress is further ex-
acerbated by mitochondrial iron dysregulation and im-
paired iron—sulfur cluster metabolism [46]. Concur-
rently, peroxidation-prone PUFA-containing phospholipids
are enriched in cellular membranes through the actions
of ACSL4 and LPCAT3 [30]. When the system Xc—
GSH-GPX4 axis fails to eliminate phospholipid hydroper-
oxides, these pro-ferroptotic signals collectively become
lethal [41,86]. Additional protective buffering is provided
by GPX4-independent defense systems, including FSP1-
CoQ10, DHODH, GCH1-BH4, and Nrf2-regulated antiox-
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Fig. 3. Crosstalk among ferroptosis, pyroptosis, necroptosis, apoptosis, mitophagy, and mitochondrial permeability transition
pore-dependent necrosis in myocardial ischemia—reperfusion injury. Reperfusion-induced reactive oxygen species (ROS), Ca**
overload, mitochondrial injury, and damage-associated molecular pattern (DAMP) release serve as shared upstream signals that connect
multiple regulated cell-death pathways. During ferroptosis, increased redox-active Fe?™ availability, glutathione peroxidase 4 (GPX4)
dysfunction, and lipid hydroperoxide accumulation promote oxidative membrane damage, whereas oxidized lipids may further enhance
NLRP3 inflammasome activation and facilitate pyroptotic signaling. Assembly of the NLRP3—-ASC—pro-caspase-1 inflammasome pro-
motes gasdermin D-mediated membrane pore formation, thereby aggravating ionic imbalance, Ca** overload, and mitochondrial injury.
Necroptotic signaling mediated by RIPK 1, RIPK3, and MLKL interacts with mitochondrial injury pathways, and RIPK3—CaMKII signal-
ing may reduce the threshold for mitochondrial permeability transition pore opening. Caspase-8 serves as a critical regulatory boundary
between apoptosis and necroptosis, whereas mitochondrial cytochrome c release and downstream caspase-3 activation contribute to apop-
totic execution. mPTP opening induces mitochondrial depolarization and swelling, followed by the release of mitochondrial DAMPs
and amplification of inflammatory signaling. Efficient PINK1/Parkin-mediated mitophagy eliminates damaged mitochondria and limits
ROS accumulation; conversely, NCOA4-mediated ferritinophagy promotes intracellular iron release and may increase susceptibility to
ferroptosis. The overlapping signaling region involving pyroptotic, apoptotic, and necroptotic pathways is termed “PANoptosis-like” to
indicate functional convergence and pathway interaction rather than definitive evidence of a single canonical PANoptosome in myocar-
dial ischemia—reperfusion injury. The figure was created using Adobe Illustrator 2025 (version 29.0) (Adobe Inc., San Jose, CA, USA).
ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; Ca®", calcium ion; CaMKII, calcium/calmodulin-
dependent protein kinase II; DAMPs, damage-associated molecular patterns; Fe?*, ferrous iron; GPX4, glutathione peroxidase 4; GS-
DMD, gasdermin D; Lipid-OOH, lipid hydroperoxide; MLKL, mixed lineage kinase domain-like pseudokinase; mPTP, mitochondrial
permeability transition pore; NCOA4, nuclear receptor coactivator 4; NLRP3, NOD-like receptor family pyrin domain-containing 3;
PINK1, PTEN-induced kinase 1; RIPK1, receptor-interacting protein kinase 1; RIPK3, receptor-interacting protein kinase 3; ROS, reac-

tive oxygen species.

idant and iron-handling pathways [46]. Therefore, rather ~ Mitochondrial, Inflammatory, and Clinical Context
than being determined by alterations in a single molecule,

: o Although ferroptotic membrane damage may further
ferroptosis reflects the net balance between the availabil-

impair respiratory-chain function and reduce the thresh-

ity of oxidizable substrates and multilayered detoxification
capacity.

old for mPTP opening, mitochondrial ROS production,
calcium overload, and bioenergetic failure can also pro-
mote lipid peroxidation in cardiomyocytes [87,88]. Sim-
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Table 2. Regulated cell death modules and intervention nodes in MIRI.
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Module Mechanism Biomarkers Targets Crosstalk Evidence References
Ferroptosis Iron-dependent phos- GPX4; ACSL4; LP- Iron control; GPX4 Mitochondrial ROS and il [49,83]
pholipid peroxidation CAT3; labile iron; lipid restoration; lipid- ferritinophagy amplify
with failed GPX4 de- peroxides. peroxidation blockade.  inflammasome activa-
fense. tion.
Pyroptosis  Inflammasome NLRP3; ASC; caspase- NLRP3/NEK7; caspase- GSDMD pores intensify I [62,84]
activation drives 1; GSDMD; IL-1pB; IL- 1; GSDMD; IL-1 signal- ionic, mitochondrial, and
caspase-1-GSDMD  18; mtDNA. ing; DAMP control. inflammatory stress.
pore formation.
Necroptosis RIPK1-RIPK3- p-RIPK1; p-RIPK3; RIPKI1/RIPK3/MLKL; RIPK3-CaMKII  low- I [36,80,81]
MLKL activation p-MLKL; caspase-8; CaMKII; mPTP stabi- ers mPTP threshold;
after failed caspase-8 p-CaMKII. lization. caspase-8 restrains
restraint. necroptosis.
Apoptosis  Mitochondrial — per- BAX/BAK; BCL- Mitochondrial — protec- ATP loss favors lytic I [71,75]
meabilization ~ with 2/BCL-XL; cytochrome tion; BCL-2 balance; death; caspase-8 re-
ATP-dependent cas- c; caspase-9/3. ATP recovery; efferocy- strains necroptosis.
pase activation. tosis.
Autophagy/ Selective quality con- LC3 flux; p62; PINKI; Restore flux; promote Mitophagy limits ROS; I [55,77]
mitophagy trol becomes harmful Parkin; BNIP3; NCOA4. mitophagy; limit fer- ferritinophagy increases
when flux fails. ritinophagy. labile iron.
mPTP Sustained mPTP A¥m loss; CypD sen- Raise mPTP threshold; Lipid peroxidation and I [78,82,85]
necrosis opening causes ir- sitivity; ATP/NAD™; stabilize Ca?*; preserve RIPK3-CaMKII amplify
reversible energetic mtDNA; swelling. NAD"/redox. mitochondrial collapse.
collapse.
PANoptosis- Concurrent  pyrop- NLRP3/GSDMD; Combined  inflamma- Canonical PANopto- v [13,64]
like totic, apoptotic, and caspase-3/8; tory, mitochondrial, and some assembly remains

necroptotic signaling.

RIPK3/MLKL; mtDNA;

redox stress.

redox-lipid targeting.

unproven in MIRI.

Evidence levels: Level I, translational evidence combining supportive human findings with reproducible in vivo validation; Level III,

causal preclinical evidence based on pathway-selective genetic or pharmacological manipulation with functional outcomes; and Level 1V,

exploratory or conceptual evidence derived mainly from in vitro studies, isolated biomarkers, cross-disease extrapolation, or mechanistic

integration without direct in vivo validation in MIRI. These levels indicate the directness, causal strength, and translational maturity of the
evidence and do not represent a formal GRADE assessment. PINK 1, PTEN-induced kinase 1; BAX, BCL-2-associated X protein; BCL-2,

B-cell lymphoma 2.

ilarly, membrane rupture caused by pyroptosis or necrop-
tosis may generate pro-oxidant signals that enhance sec-
ondary ferroptotic injury, whereas oxidized phospholipids
and lipid aldehydes can compromise endothelial integrity
and further amplify inflammasome activation [89]. There-
fore, ferroptosis may function as a secondary amplifier un-
der certain conditions and as a dominant execution path-
way in others. This distinction is particularly important
in the context of myocardial injury with multiple concur-
rent stressors. The ferroptotic threshold can be reduced by
alterations in iron availability, lipid composition, antioxi-
dant capacity, and mitochondrial quality control associated
with diabetes, obesity, dyslipidemia, aging, hypertension,
and chronic inflammation [90,91]. Accordingly, patients
whose injury is primarily driven by calcium—mPTP col-
lapse or inflammasome activation may derive limited ben-
efit from ferroptosis-targeted therapies compared with pa-

tients exhibiting convergent evidence of iron dyshomeosta-
sis, phospholipid peroxidation, and impaired GPX4/GSH
or compensatory antioxidant defenses. Thus, therapeu-
tic development should consider target engagement, reper-
fusion timing, myocardial delivery, and the potential for
compensatory pathway activation or switching following
ferroptosis inhibition. The operational criteria for distin-
guishing pathway association, functional execution, domi-
nance, and true death-pathway switching are discussed in
the “Evidence Standards for Distinguishing Pathway Ac-
tivation From Functional Cell-Death Execution” and fur-
ther detailed in Supplementary Note 2. A detailed com-
parison of cancer-associated metabolic vulnerabilities and
cardiomyocyte ferroptosis is provided in Supplementary
Note 3, whereas the multicellular and microenvironmental
dimensions of ferroptosis in the reperfused myocardium are
discussed in Supplementary Note 4.
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Inflammatory Death Switching: Pyroptosis,
Necroptosis, and PANoptosis-Like
Convergence

Pyroptosis and necroptosis are lytic inflammatory
RCD subtypes that translate intracellular stress signals into
extracellular cytokine release, DAMP signaling, leukocyte
recruitment, endothelial dysfunction, and tissue-level in-
jury. Unlike apoptosis, which generally maintains plasma
membrane integrity until efferocytosis, these pathways di-
rectly disrupt membrane integrity and amplify sterile in-
flammation [43,45]. Although post-ischemic inflammation
is often considered detrimental, it also plays essential roles
in recruiting phagocytes, clearing necrotic cardiomyocytes
and extracellular debris, initiating tissue repair, and promot-
ing the formation of a stable infarct scar. Therefore, the
pathological and therapeutic consequences of inflammatory
cell death depend on its magnitude, timing, cellular origin,
and relationship with the transition from acute injury toward
inflammation resolution and tissue repair.

NLRP3 Inflammasome and Gasdermin Execution

NLRP3 is a major sterile-danger sensor in MIRI. Its
activation requires an initial priming step, commonly me-
diated by NF-kB-dependent induction of NLRP3 and pro-
IL-1B, followed by activation signals including mitochon-
drial ROS production, potassium efflux, calcium overload,
lysosomal rupture, mitochondrial DNA release, cardiolipin
exposure, and extracellular ATP accumulation [35,38,61].
Reperfusion simultaneously provides many of these acti-
vating stimuli. Therefore, NLRP3 activation represents not
only an inflammatory response but also an indicator of mi-
tochondrial dysfunction and metabolic failure. Caspase-1
activation cleaves gasdermin D (GSDMD), generating an
N-terminal fragment that forms plasma membrane pores
and enables the release of IL-1f, IL-18, and DAMPs [35].
Sustained pore formation promotes osmotic swelling, cal-
cium influx, mitochondrial stress, and lytic cell death. The
consequences of NLRP3—GSDMD activation are multicel-
lular: cardiomyocyte pyroptosis reduces contractile cell
mass, endothelial pyroptosis exacerbates vascular perme-
ability and no-reflow, macrophage and neutrophil activa-
tion amplifies cytokine production, and fibroblast inflam-
matory signaling influences subsequent extracellular matrix
remodeling [43,92]. At the tissue level, activation of the
NLRP3-GSDMD axis may contribute to infarct expansion
by promoting cardiomyocyte loss, disrupting endothelial
barrier integrity, recruiting inflammatory leukocytes, and
inducing microvascular dysfunction. Endothelial GSDMD
pore formation may increase vascular permeability and tis-
sue edema, facilitating neutrophil and platelet accumulation
and thereby worsening MVO and no-reflow despite restora-
tion of epicardial coronary blood flow. Persistent IL-13 and
IL-18 signaling may further influence fibroblast activation,
extracellular matrix turnover, and subsequent ventricular

remodeling. These effects provide a key clinical rationale
for targeting inflammasome-mediated injury in MIRI.

However, current human evidence remains largely as-
sociative. Circulating inflammatory biomarkers, includ-
ing IL-1B, IL-18, IL-6, extracellular mitochondrial DNA,
and related mediators, may reflect the severity of myocar-
dial injury and systemic inflammation but do not conclu-
sively demonstrate pyroptotic death in cardiomyocytes or
endothelial cells. Their circulating levels can also be influ-
enced by immune-cell activation, renal dysfunction, infec-
tion, metabolic comorbidities, and the extent of necrotic tis-
sue injury. Therefore, elevated circulating cytokine levels
should not be interpreted as direct evidence that pyropto-
sis represents the primary mechanism underlying myocar-
dial cell death. Future clinical studies should integrate se-
rial biomarker measurements with cardiac magnetic reso-
nance imaging to assess infarct size, MVO, IMH, myocar-
dial edema, ventricular remodeling, arrhythmia, heart fail-
ure hospitalization, and long-term cardiac function. When
myocardial tissue samples are available, detailed analy-
ses of inflammasome assembly, gasdermin cleavage, and
cell membrane injury should be performed alongside eval-
uation of therapeutic responses targeting these pathways.
The potential of selectively inhibiting NLRP3, caspase-1,
or GSDMD to reduce reperfusion injury in humans with-
out impairing subsequent tissue repair requires investiga-
tion in well-designed controlled studies. From the per-
spective of death-pathway switching, GSDMD represents
an inflammatory execution node whose consequences de-
pend on cellular metabolic capacity. Transient pore forma-
tion may remain partially reversible when membrane repair
mechanisms and ATP availability are preserved; however,
sustained pore formation under conditions of severe ROS
accumulation, calcium overload, and mitochondrial injury
can exceed the reversibility threshold and culminate in irre-
versible pyroptosis.

RIPK1/RIPK3/MLKL Necroptosis and Cardiac
Mitochondrial Coupling

Necroptosis is primarily regulated by RIPK1, RIPK3,
and MLKL. In canonical signaling, formation of the
RIPKI/RIPK3 necrosome induces MLKL phosphoryla-
tion, oligomerization, membrane translocation, and even-
tual membrane rupture [65]. In MIRI, TNF signaling,
TLR activation, DAMP release, ROS accumulation, and
metabolic stress can activate this pathway. Its inflam-
matory consequences arise from the release of nucleic
acids, ATP, mitochondrial components, and intracellular
proteins, which stimulate immune-cell activation and en-
dothelial responses [36]. The heart exhibits a distinc-
tive necroptosis—mitochondria interface mediated through
RIPK3-CaMKII-mPTP signaling [36,67]. Reperfusion-
induced calcium overload activates CaMKII, while RIPK3
can further enhance CaMKII activity, aggravating calcium
dysregulation and reducing the threshold for mPTP open-
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ing. RIPK3 signaling through MLKL may promote a
necroptotic phenotype, whereas enhanced RIPK3 coupling
with CaMKII and sustained mPTP opening may shift injury
toward mitochondrial bioenergetic collapse [80]. How-
ever, these downstream branches have not yet been demon-
strated to represent mutually exclusive or quantitatively
dominant death states in vivo. Their relative contribution is
likely determined by calcium burden, ROS intensity, ATP
availability, and mitochondrial stability. Caspase-8 rep-
resents another critical regulatory node. Active caspase-
8 suppresses RIPK1/RIPK3 necrosome formation while
permitting apoptotic signaling under conditions of suffi-
cient bioenergetic support. Loss or inhibition of caspase-
8 can promote RIPK3—-MLKL activation in experimen-
tal systems [81]. However, in the reperfused heart, di-
rect evidence demonstrating that caspase-8 manipulation
can precisely convert apoptosis into necroptosis within the
same cardiomyocyte population remains limited. There-
fore, caspase-8 should be considered a branching regulator
rather than a validated binary switch in MIRI. The clinical
significance of necroptosis remains less clearly established
than its experimental relevance. Because early reperfusion
myocardial tissue is rarely accessible in humans, circulat-
ing RIPK3 or MLKL measurements alone cannot determine
the cellular origin, temporal dynamics, or functional sig-
nificance of necroptotic signaling [93]. Therefore, trans-
lational studies should not rely solely on elevated RIPK3
or MLKL levels as evidence of necroptosis but should in-
corporate phosphorylation status, membrane translocation,
temporal analyses, pathway-specific interventions, imaging
findings, and clinically relevant cardiac outcomes.

PANoptosis-Like Convergence and Therapeutic
Implications

Severe reperfusion stress may simultaneously acti-
vate pyroptotic, apoptotic, and necroptotic signaling path-
ways. However, mechanistic interpretation of such over-
lap requires caution. The concurrent detection of NLRP3,
caspases, RIPK3, MLKL, and gasdermins indicates the
presence of overlapping RCD signals but does not, by it-
self, establish canonical PANoptosis. Demonstration of
PANoptosome assembly and functional interdependence
among these death pathways is required before PANop-
tosis can be definitively assigned [64,79]. In MIRI, the
term PANoptosis-like convergence is more appropriate be-
cause it describes interconnected inflammatory death net-
works driven by mitochondrial ROS, DAMP release, cas-
pase dysregulation, and RIPK signaling without presum-
ing the existence of a unified molecular complex. Inflam-
matory death pathways are tightly regulated by metabolic
conditions. ROS promotes NLRP3 activation and RIPK
signaling; ATP depletion impairs apoptotic execution and
membrane repair while extracellular ATP enhances inflam-
masome activation; calcium overload aggravates GSDMD-
mediated membrane injury and the RIPK3-CaMKII axis;
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and lipid peroxidation provides a mechanistic link between
ferroptosis and inflammatory cell death [79,94]. There-
fore, therapeutic intervention in post-ischemic inflamma-
tion should aim to limit excessive inflammatory amplifi-
cation rather than completely suppress inflammatory re-
sponses [95]. Uncontrolled activation of the NLRP3—
GSDMD axis, necroptotic membrane disruption, cytokine
release, and endothelial injury during early reperfusion may
aggravate infarct expansion and MVO [62]. Short-term in-
hibition of specific pathways, including NLRP3, caspase-1,
GSDMD, RIPK 1, RIPK3, or MLKL, may reduce acute lytic
injury when these pathways represent major contributors to
tissue damage. However, inflammation also plays essential
roles in the clearance and repair of infarcted myocardium.
Neutrophils and inflammatory macrophages contribute to
the removal of necrotic cells, damaged extracellular ma-
trix, and cellular debris, whereas the transition toward pro-
resolving and reparative macrophage states supports effe-
rocytosis, angiogenesis, fibroblast activation, collagen de-
position, and scar maturation. Conversely, excessive or
poorly timed suppression of inflammatory signaling may
delay debris clearance, impair resolution of inflammation,
and disrupt reparative matrix organization, resulting in the
formation of a structurally immature infarct scar. Although
early anti-inflammatory intervention may reduce acute in-
flammatory injury, prolonged or inappropriate suppression
may interfere with debris removal, macrophage-state transi-
tions, and scar maturation, thereby affecting infarct expan-
sion, ventricular wall stability, cardiac rupture, and long-
term remodeling. Accordingly, anti-inflammatory strate-
gies for MIRI require careful optimization of therapeutic
timing, duration, and tissue specificity. Short intervention
windows during early reperfusion may provide greater ben-
efit than continuous systemic inhibition, particularly for
agents targeting inflammasomes or necroptotic pathways.
To minimize injury to cardiomyocytes and endothelial cells
while preserving the essential functions of phagocytic and
reparative immune populations, targeted delivery of anti-
inflammatory agents to the myocardium or specific cell
types may represent a more effective approach. Therapeu-
tic selection should also consider whether inflammatory cell
death represents a primary driver of injury, a secondary
consequence of irreversible necrosis, or a component of a
broader PANoptosis-like network.

Future preclinical studies should directly compare dif-
ferent therapeutic inhibition schedules, including pretreat-
ment, early-phase, delayed, intermittent, and continuous
intervention strategies. Outcome assessments should ex-
tend beyond infarct size and acute cardiac function to in-
clude necrotic-debris clearance, efferocytosis, macrophage
phenotypic transition, fibroblast and myofibroblast activa-
tion, angiogenesis, collagen content and organization, scar
thickness, infarct expansion, cardiac rupture, and long-term
ventricular remodeling. Combination therapies should be
tailored to distinct phases of injury, with early interven-
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tions aimed at limiting excessive lytic signaling followed
by strategies that promote inflammation resolution and tis-
sue repair. Therefore, therapeutic approaches should focus
on modulating inflammatory cell death rather than com-
pletely suppressing it. Effective cardioprotection requires
a balance between restraining early pyroptotic and necrop-
totic amplification and preserving the immune and stromal
responses essential for necrotic-debris clearance, tissue re-
pair, and the formation of a stable infarct scar.

Mitochondrial Injury Thresholds and
Death-Mode Selection in MIRI

Mitochondria play a central role in the transition
from reversible cellular stress to irreversible cardiomyocyte
death by integrating multiple determinants, including cal-
cium burden, redox status, substrate availability, membrane
integrity, and ATP production [1]. The mechanisms un-
derlying mitochondrial ROS generation, calcium overload,
mPTP activation, lipid peroxidation, and inflammatory sig-
naling have been extensively discussed in previous sec-
tions. Therefore, this section focuses on how the sever-
ity, duration, and cellular context of mitochondrial injury
determine the relative contributions of apoptosis, mPTP-
dependent necrosis, ferroptosis-associated membrane dam-
age, and inflammatory lytic death to MIRI. The central con-
cept is that mitochondrial injury does not inevitably ac-
tivate a single predetermined cell-death pathway. Mild
and potentially reversible mitochondrial dysfunction may
preserve sufficient bioenergetic capacity to support ATP-
dependent apoptosis or mitochondrial quality-control pro-
cesses [96]. In contrast, severe calcium overload, sustained
permeability transition, rapid ATP depletion, and loss of
membrane integrity favor necrotic or inflammatory cell-
death outcomes. Intermediate states characterized by iron-
dependent lipid peroxidation and inflammatory signaling
may lower the threshold for membrane disruption and re-
shape the ultimate cell fate. Thus, mitochondria should be
regarded as regulators of cell-death susceptibility and path-
way selection rather than as evidence for the universal dom-
inance of any single mitochondrial death mechanism.

Relative Contribution of Apoptosis During Acute
Reperfusion Injury

Although these processes represent important compo-
nents of MIRI, their presence does not definitively establish
apoptosis as the primary mechanism responsible for car-
diomyocyte loss following acute reperfusion. Apoptotic ex-
ecution requires adequate ATP availability to support apop-
tosome assembly, caspase activation, chromatin conden-
sation, cytoskeletal reorganization, and controlled cellular
dismantling [97]. This energy requirement restricts effec-
tive apoptosis largely to cells with moderate mitochondrial
injury and partially preserved bioenergetic capacity. In con-
trast, cardiomyocytes exposed to prolonged ischemia or se-

vere early-reperfusion stress frequently undergo profound
ATP depletion, calcium overload, sustained mPTP open-
ing, ionic dysregulation, and rapid membrane disruption
[98]. Under these conditions, mPTP-dependent necrosis
and other lytic death pathways are more compatible with the
prevailing metabolic environment than complete caspase-
dependent apoptotic execution.

The spatial and temporal distribution of injury is also
a critical determinant. Apoptosis is more likely to occur
in the infarct border zone, in partially injured cardiomy-
ocytes that retain mitochondrial integrity and glycolytic
ATP production, or during delayed reperfusion and post-
infarction remodeling [99]. In the severely ischemic core,
abrupt bioenergetic failure and membrane disruption may
occur before the complete apoptotic program can be ex-
ecuted [100]. Ferroptotic lipid damage, pyroptotic pore
formation, and necroptotic signaling may further restrict
the time and energy available for apoptotic progression.
Therefore, apoptosis should be considered one component
of a heterogeneous and spatially variable death response
rather than a universal explanation for cardiomyocyte loss
during acute MIRI. The interpretation of apoptosis also
depends on the detection methods employed. TUNEL
staining identifies DNA fragmentation but may also la-
bel cells undergoing other forms of cell death, including
late-stage necrosis or inflammatory lytic processes. Sim-
ilarly, increased BAX/BCL-2 ratios, cytochrome c release,
or cleaved caspase-3 indicate apoptotic activation but do
not directly quantify the extent of tissue loss attributable to
apoptosis [101]. Conversely, broad caspase inhibition may
suppress apoptotic features while redirecting death-receptor
or mitochondrial stress signals toward alternative lytic path-
ways, including necroptosis, mPTP-dependent necrosis, or
other forms of regulated cell death. Therefore, reductions
in apoptotic markers should not automatically be inter-
preted as evidence of reduced overall cardiomyocyte death
or smaller infarct size.

Direct comparative studies are required to evaluate
apoptosis inhibition alongside interventions targeting fer-
roptosis, pyroptosis, necroptosis, and mPTP opening within
the same experimental models and under comparable is-
chemic durations and reperfusion conditions. Furthermore,
combination inhibition studies are necessary to determine
whether apoptosis functions as an independent death path-
way, a secondary response, or a pathway that becomes
prominent only after suppression of more rapidly execut-
ing lytic mechanisms.

Sustained mPTP Opening as an Early Bioenergetic
Endpoint

When ATP levels decline below the threshold required
for controlled apoptotic execution, cells tend to shift toward
regulated necrosis, characterized by osmotic failure, plasma
membrane rupture, and DAMP release. This bioener-
getic transition explains the central role of mPTP-dependent
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necrosis in severe reperfusion injury during the initial min-
utes to hours after reperfusion [82,102]. It also defines a
mechanistic boundary between apoptosis and necrosis: un-
der conditions of mitochondrial stress, apoptosis may pro-
ceed when ATP production is partially preserved, whereas
necrosis emerges when sustained permeability transition
results in irreversible bioenergetic collapse [103]. The
critical determinant is not merely the presence of mPTP-
associated signaling but rather the magnitude and duration
of pore opening that drive irreversible mitochondrial fail-
ure. These interactions further highlight that ferroptotic or
inflammatory signaling may amplify mitochondrial energy
failure without implying that mPTP opening is exclusively
attributable to ferroptosis or necroptosis.

Mitophagy Modifies Mitochondrial Death
Thresholds Rather Than Constituting a Separate
Death Program

Although mitophagy is not an independent RCD
modality, it plays a critical role in MIRI by determining
whether mitochondrial injury remains reversible or pro-
gresses toward apoptosis, mPTP-dependent necrosis, fer-
roptosis, or pyroptosis. Impaired mitophagy results in the
accumulation of dysfunctional mitochondria, leading to in-
creased oxidative stress, reduced calcium-retention capac-
ity, persistent inflammasome activation, and enhanced sus-
ceptibility to apoptotic and lytic cell death. In contrast,
appropriately timed mitophagy provides protection by re-
moving severely damaged organelles while preserving a
functional mitochondrial network. However, excessive or
prolonged mitochondrial clearance may become detrimen-
tal when mitochondrial biogenesis and substrate availabil-
ity are insufficient to compensate for organelle loss. Under
these conditions, reduced mitochondrial mass can further
aggravate ATP depletion and impair contractile recovery.
Thus, the effects of mitophagy are nonlinear and depend on
timing, magnitude, cell type, and the balance between mi-
tochondrial elimination and regeneration.

Accordingly, studies investigating mitophagy in MIRI
should assess mitophagic flux using lysosomal inhibition
approaches or validated reporter systems, evaluate mito-
chondrial turnover and biogenesis, and determine whether
interventions preserve ATP production and contractile func-
tion. Cell-type specificity is particularly important be-
cause cardiomyocytes, endothelial cells, fibroblasts, and
immune cells exhibit distinct metabolic requirements and
may require different levels of mitochondrial clearance.
Mitophagy also influences RCD pathway selection. Effi-
cient removal of damaged mitochondria may reduce cy-
tochrome c release, mPTP sensitivity, dissemination of oxi-
dized lipids, and mitochondrial DAMP signaling simultane-
ously. Conversely, defective mitochondrial clearance may
permit amplification and interaction among multiple death
pathways. This broader role in modulating cellular thresh-
olds explains why alterations in mitophagy can affect multi-
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ple death-associated markers without necessarily indicating
the predominance of any single downstream pathway [104].

An Integrative Framework for Assigning
Mitochondrial Death-Mode Contribution

The relative contribution of each death pathway
should be evaluated in the context of injury severity, ATP
availability, myocardial region, and reperfusion duration
[8]. Severe injury within the ischemic core during early
reperfusion is most consistent with sustained mPTP open-
ing, profound ATP depletion, and necrotic membrane fail-
ure. In contrast, cells experiencing moderate injury with
preserved bioenergetic capacity may undergo apoptosis,
particularly within the infarct border zone or during later
stages of reperfusion. The likelihood of ferroptotic involve-
ment increases when iron availability, oxidizable phospho-
lipid abundance, and antioxidant failure converge, whereas
pyroptosis and necroptosis may become more prominent
following activation of inflammatory sensors, gasdermin
pore formation, RIPK signaling, and membrane disrup-
tion [105]. These patterns are not mutually exclusive
and may differ substantially among cardiac cell types.
Therefore, assigning pathway dominance based solely on
a single biomarker panel is inappropriate. Comprehen-
sive investigations should first define the temporal dy-
namics and cellular localization of candidate death path-
ways, then demonstrate pathway-specific rescue using ge-
netic approaches and complementary pharmacological in-
terventions. Subsequently, the protective effects of inhibit-
ing apoptosis, mPTP-dependent necrosis, ferroptosis, py-
roptosis, and necroptosis should be directly compared un-
der equivalent experimental conditions. Furthermore, stud-
ies should determine whether combined pathway inhibition
provides additional protection or induces compensatory ac-
tivation of alternative death mechanisms. Assessment of
overall membrane integrity, infarct size, MVO, cardiac
function, and long-term remodeling should be integrated
with pathway-specific molecular analyses.

The therapeutic implications of these findings sug-
gest that mitochondrial preservation should extend beyond
conventional anti-apoptotic strategies. During severe early
reperfusion injury, prioritizing ATP restoration, limiting
calcium-dependent permeability transition, and maintain-
ing membrane integrity may provide greater benefit than
solely inhibiting caspase activation. In settings of mod-
erate injury, preventing irreversible mitochondrial outer-
membrane permeabilization may help preserve viable car-
diomyocytes. Furthermore, targeting ferroptotic and in-
flammatory cascades may require pathway-specific inter-
ventions when these mechanisms substantially contribute
to functional impairment [106]. Treatment timing is crit-
ical, as prolonged suppression of apoptosis or mitochon-
drial stress responses may temporarily preserve damaged
cells without restoring long-term cellular function. Over-
all, mitochondria act as dynamic regulators that shape cel-
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lular susceptibility to different death outcomes. The contri-
bution of apoptosis to acute MIRI is likely context depen-
dent, being less dominant in cells undergoing rapid bioener-
getic collapse but more relevant in metabolically preserved
border-zone cardiomyocytes or populations exposed to de-
layed injury. Distinguishing apoptosis from necrotic, fer-
roptotic, and inflammatory forms of cell death requires di-
rect comparative interventions and evaluation of overall tis-
sue preservation rather than reliance on conventional apop-
totic markers alone.

Context-Dependent Heterogeneity and
Clinically Relevant Modifiers of Regulated Cell
Death in MIRI

The contribution of RCD pathways to MIRI is highly
variable and depends on reperfusion duration, myocardial
region, cell type, and patient-specific characteristics. This
variability is not merely descriptive; it is essential for de-
termining the predominant injury mechanisms, interpret-
ing biomarkers, and identifying potential therapeutic tar-
gets within specific experimental or clinical contexts. A
pathway detected across the entire myocardium at a single
time point may represent a transient response within a lim-
ited cell population rather than the primary driver of tissue
injury. Therefore, experimental models and clinical study
designs should incorporate temporal, spatial, cellular, and
patient-related heterogeneity to achieve a more comprehen-
sive assessment. In this review, a “pathway-enriched state”
refers to a defined temporal, anatomical, and cellular con-
text in which pathway-specific terminal execution markers
are accompanied by selective genetic or pharmacological
rescue. This concept does not imply that a given pathway
functions independently or remains universally dominant
throughout the reperfused myocardium. A pathway should
be considered dominant only when its contribution has been
directly compared with plausible alternative death mech-
anisms under appropriately matched experimental condi-
tions.

Temporal Specificity: Death Pathways Evolve Across
Reperfusion

The initial minutes to hours after reperfusion are char-
acterized by abrupt restoration of oxygen availability and
pH normalization, mitochondrial calcium overload, ROS
generation, mPTP opening, ATP depletion, and membrane
disruption [50]. In severely injured cardiomyocytes, these
events favor mPTP-dependent necrosis and other rapidly
destructive forms of cell death. Concurrently, ferroptotic
lipid peroxidation and inflammatory signaling may be initi-
ated; however, their contribution depends on whether they
exceed the threshold required to induce irreversible mem-
brane damage [107]. Apoptosis is more likely to occur
in cells with preserved energy availability and may there-
fore be more prominent in the infarct border zone or dur-

ing later stages of reperfusion rather than during the ini-
tial phase of bioenergetic collapse. Over the subsequent
hours to days, the injury landscape evolves. Persistent ox-
idative stress, altered iron homeostasis, mitochondrial dys-
function, endothelial injury, leukocyte recruitment, inflam-
masome activation, and cytokine signaling can further am-
plify ferroptotic, pyroptotic, necroptotic, and apoptotic pro-
cesses [108]. Current evidence supports the existence of
temporally and cell-type-enriched death-pathway activities
but does not establish ferroptosis-prone and inflammasome-
dominant states as mutually exclusive or stable pheno-
types. In vivo studies indicate that ferroptosis-associated
lipid peroxidation is preferentially enhanced during reper-
fusion rather than ischemia alone and that iron chelation
or ferroptosis inhibition can attenuate myocardial injury
[108]. Similarly, genetic and pharmacological studies tar-
geting the NLRP3—caspase-1-GSDMD pathway support a
causal role for inflammasome-associated pyroptotic injury.
However, these mechanisms have generally been investi-
gated in separate experimental systems and have not yet
been directly compared through parallel assessment of ter-
minal execution events within the same cardiac cell pop-
ulation. Human evidence remains limited. In human is-
chemic cardiomyopathy samples, reduced activity of the
GUCY1AI-LDHA-GPX4 axis has been associated with
increased lipid peroxidation and cardiac fibrosis; how-
ever, inflammasome activation and gasdermin-mediated
execution were not assessed simultaneously [109]. There-
fore, current evidence supports the existence of ferroptosis-
enriched or inflammasome-enriched injury contexts rather
than definitively distinct and mutually exclusive dominant
states.

In advanced stages of MIRI, fibroblast activation,
immune-cell phenotypic transitions, extracellular matrix re-
modeling, and clearance of damaged cells become increas-
ingly important determinants of tissue repair and functional
recovery. Consequently, a therapy that provides benefit
when administered at reperfusion may become ineffective
or even detrimental during the repair phase. Similarly, pro-
longed suppression of inflammatory signaling may reduce
early injury but impair debris clearance, angiogenesis, scar
formation, or structural stabilization. Future studies should
prospectively define sampling and intervention windows
rather than relying on a single arbitrary endpoint. Assess-
ment of pathway activity should encompass early reperfu-
sion, the inflammatory expansion phase, and the remodel-
ing phase. Sequential analyses should distinguish pathway
initiation from terminal execution and determine whether
therapeutic inhibition results in durable tissue preservation
or merely delays cell death. Explicit evaluation of time-by-
treatment interactions is essential, and nonsignificant out-
comes should be interpreted within the context of the in-
tervention window rather than regarded as evidence that a
pathway lacks biological relevance.
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Spatial Specificity: The Ischemic Core, Border Zone,
and Microvasculature are Biologically Distinct

MIRI exhibits substantial spatial heterogeneity
[110,111]. The ischemic core typically experiences pro-
found ATP depletion, calcium overload, mitochondrial
dysfunction, and plasma membrane disruption, thereby fa-
voring necrotic forms of cell death. In contrast, the infarct
border zone contains partially perfused and metabolically
stressed cells that may retain viability and exhibit greater
susceptibility to apoptosis, reversible mitochondrial dys-
function, adaptive autophagy, or delayed ferroptotic injury
[15]. The microvascular compartment is characterized by
endothelial swelling, oxidative stress, leukocyte adhesion,
platelet activation, barrier disruption, and the no-reflow
phenomenon, creating an environment in which endothe-
lial and inflammatory cell death can indirectly amplify
cardiomyocyte injury despite restoration of epicardial
coronary flow. Analysis of whole-heart homogenates
may mask these regional differences and contribute to
inconsistent mechanistic interpretations. For example,
increased expression of a death-associated biomarker
originating primarily from infiltrating leukocytes or in-
jured endothelial cells may be incorrectly attributed to
cardiomyocyte death [58]. Conversely, a strong signal
restricted to the infarct core may have limited relevance
to the viable and therapeutically accessible border zone.
Future studies should incorporate predefined anatomical
sampling strategies, histological spatial alignment, and
region-specific molecular profiling. Emerging approaches,
including spatial transcriptomics, multiplex imaging, laser-
capture microdissection, and region-targeted proteomic
and lipidomic analyses, should be integrated with infarct
mapping and microvascular assessment whenever feasible.
Functional recovery should also be evaluated separately
within the ischemic core, border zone, and microvascular
compartment rather than inferred solely from averaged
whole-heart measurements.

Cell-Type Specificity: Pathway Activation and
Therapeutic Consequences Differ Among Cardiac
Cell Populations

Cardiomyocytes represent the major contractile cell
population lost during infarction; however, they are not
the only biologically relevant targets of RCD. Endothelial-
cell injury contributes to barrier dysfunction, edema forma-
tion, impaired vasodilation, MVO, and leukocyte recruit-
ment. Both resident and infiltrating immune cells can un-
dergo pyroptotic or other lytic forms of cell death, releasing
cytokines and DAMPs that influence injury amplification,
inflammation resolution, and subsequent tissue repair [16].
Although fibroblasts exhibit relative resistance to certain
acute stressors, they are essential regulators of extracellu-
lar matrix deposition and scar formation; excessive loss or
prolonged suppression of fibroblast activity may impair ef-
fective healing. Pericytes, vascular smooth muscle cells,
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and conduction-system cells also contribute to tissue perfu-
sion, arrhythmia susceptibility, and structural recovery after
injury [2]. The biological consequences of a specific molec-
ular pathway depend strongly on the affected cell type. For
example, inhibiting inflammasome activation in infiltrat-
ing myeloid cells may reduce inflammatory amplification,
whereas excessive suppression of inflammatory signaling
in reparative macrophages may delay debris clearance and
tissue healing. Similarly, enhancing mitophagy may protect
cardiomyocytes with sufficient mitochondrial reserve but
could worsen energetic insufficiency when mitochondrial
mass is already critically reduced. These cell-type-specific
effects cannot be adequately resolved using bulk tissue
analyses alone. Future studies should integrate cell-type-
specific genetic manipulation, lineage tracing, conditional
knockout models, single-cell or single-nucleus sequenc-
ing, flow cytometry, and spatial validation approaches.
Pathway-associated markers should be assigned to specific
cellular populations and correlated with cell-type-specific
survival, tissue perfusion, contractile function, and remod-
eling outcomes. A pathway should not be considered pre-
dominant in MIRI unless its inhibition rescues the relevant
cell population, improves tissue-level outcomes, and does
not induce compensatory injury in other cellular compart-
ments.

Patient-Level Modifiers: Comorbidities, Sex, Renal
Dysfunction, and Prior Medication Use

Patient-specific factors influence mitochondrial re-
serve, redox homeostasis, iron metabolism, endothelial
function, inflammatory responses, immune-cell activity,
and therapeutic responsiveness. Comorbid conditions such
as diabetes, obesity, dyslipidemia, and aging can increase
oxidative stress, impair mitochondrial adaptability, alter
lipid composition, promote chronic inflammation, and re-
duce endogenous cardioprotective mechanisms. These
changes may increase susceptibility to multiple cell-death
pathways and modify responses to targeted pathway inhi-
bition. Therefore, conclusions derived solely from young,
metabolically healthy animal models may not adequately
represent the biological heterogeneity of the clinical popu-
lation.

Sex should be considered a biological variable rather
than merely a demographic descriptor because it influ-
ences multiple physiological processes, including sex hor-
mone signaling, mitochondrial metabolism, calcium han-
dling, antioxidant capacity, immune activation, endothelial
function, platelet reactivity, and body composition [112].
These factors may affect MIRI severity and modify the ac-
tivation thresholds of apoptotic, ferroptotic, and inflam-
matory lytic pathways. Research studies should include
both male and female subjects whenever appropriate, re-
port sex-disaggregated data, and evaluate sex-by-treatment
interactions rather than relying on pooled analyses alone
[113]. Furthermore, age and reproductive status should be
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considered, as these factors may modify the biological ef-
fects associated with sex across different life stages and
reproductive states. Renal dysfunction represents another
important clinical determinant. It is associated with ure-
mic toxin accumulation, systemic oxidative stress, chronic
inflammation, endothelial dysfunction, anemia, disturbed
calcium—phosphate homeostasis, altered iron metabolism,
electrolyte imbalance, and reduced drug clearance [114].
These alterations may increase susceptibility to mitochon-
drial dysfunction, lipid peroxidation, inflammasome acti-
vation, arrhythmogenesis, and microvascular injury. Renal
impairment may also influence drug pharmacokinetics, tox-
icity profiles, and therapeutic efficacy, particularly in pa-
tients with cardiorenal disease compared with those with
preserved renal function. Therefore, translational stud-
ies should incorporate renal function assessment, utilize
chronic kidney disease models when appropriate, and eval-
uate drug pharmacokinetics and safety under conditions of
impaired renal clearance.

Prior medication exposure introduces substantial het-
erogeneity into clinical settings. Patients with AMI fre-
quently receive multiple therapies, including statins, an-
tiplatelet agents, renin—angiotensin system inhibitors, beta-
blockers, glucose-lowering medications, diuretics, antico-
agulants, and other cardiovascular drugs before reperfusion.
These treatments may influence mitochondrial metabolism,
oxidative stress, endothelial function, platelet activity, in-
flammatory responses, iron homeostasis, and ischemic pre-
conditioning, thereby modifying baseline pathway activ-
ity and altering the observed effects of subsequent inter-
ventions. Failure to account for background therapy may
partly explain why treatments that demonstrate efficacy in
treatment-naive animal models often show reduced benefits
in contemporary clinical populations. Medication history
should therefore be systematically documented and ana-
lyzed as a potential effect modifier rather than treated solely
as a confounding variable. Preclinical studies designed to
improve clinical translation should evaluate candidate inter-
ventions in the presence of clinically relevant background
therapies and investigate potential pharmacological inter-
actions. In clinical trials, predefined subgroup analyses or
interaction assessments for major medication classes should
be incorporated whenever sample size permits. Similar
considerations should be applied to ischemic precondition-
ing, previous myocardial infarction, chronic inflammatory
conditions, and other exposures that may alter the baseline
state and responsiveness of RCD pathways.

From Descriptive Heterogeneity to a Testable
Stratification Framework

Future studies should establish a multidimensional
stratification matrix before data collection to move beyond
descriptive analyses. Key variables incorporated into this
framework should include ischemic duration, reperfusion
time, myocardial region, cell type, sex, age, metabolic sta-

tus, renal function, and prior medication exposure. Candi-
date death pathways should then be evaluated using orthog-
onal molecular markers, pathway-selective genetic or phar-
macological interventions, and tissue-level functional out-
comes. The efficacy of rescue strategies should be directly
compared under standardized experimental conditions, and
combined inhibition approaches should be employed to
identify compensatory pathway activation or cooperative
interactions. Direct manipulation of metabolic gates can
provide evidence for pathway routing and functional coop-
eration; however, it has not yet demonstrated a definitive
reciprocal switch between terminal death modalities in the
intact heart. Experimental modulation of calcium loading,
mitochondrial permeability transition, oxidative stress, and
lipid peroxidation indicates that these factors influence the
relative contribution and interaction of mitochondrial and
lipid-peroxidative injury mechanisms. Greater protection
achieved through combined inhibition of mPTP opening
and lipid peroxidation compared with either intervention
alone is more consistent with parallel or cooperative mech-
anisms than with complete replacement of one pathway by
another [88]. Similarly, endothelial GUCY1A1 deletion or
overexpression alters susceptibility within the GUCY1A1-
LDHA-GPX4 axis and selectively modulates endothelial
ferroptosis; however, reciprocal activation of pyroptosis,
necroptosis, apoptosis, or mPTP-dependent necrosis has
not been demonstrated [109]. Therefore, no cardiac study
has yet established that manipulation of a single metabolic
gate can suppress one fully executed death pathway while
inducing a reciprocal increase in another pathway within
the same cell population. Within the framework proposed
here, “switching” should be considered a testable hypoth-
esis, whereas context-dependent pathway selection, altered
pathway weighting, and metabolic routing are more directly
supported by current evidence.

A practical experimental workflow should involve
several key steps. First, the timing and spatial distribu-
tion of pathway-specific execution should be defined, to-
gether with identification of the affected cell population.
Second, causality should be established through selective
intervention and demonstration of improvements in overall
cell survival, infarct size, microvascular perfusion, or car-
diac function. Third, therapeutic strategies should be vali-
dated in models incorporating clinically relevant modifiers,
including advanced age, diabetes, obesity, renal dysfunc-
tion, sex differences, and background cardiovascular thera-
pies. Fourth, interaction analyses should be performed to
determine whether treatment efficacy varies across these
clinical contexts. Finally, delayed remodeling and repair
processes should be assessed to exclude the possibility that
acute protection is offset by impaired inflammation resolu-
tion, defective scar formation, or compromised tissue sta-
bility. Within this framework, research should aim to define
the causal and therapeutically actionable role of each cell-
death pathway within specific cell populations, myocar-
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dial regions, reperfusion windows, and patient subgroups.
This stratified approach can reconcile apparently conflict-
ing findings, identify context-dependent therapeutic targets,
and improve the translational relevance of preclinical evi-
dence.

Biomarker-Guided Identification of
Death-Switching Phenotypes

Clinical Context and Serial Biospecimen Collection

Defining the clinical context in which biomarker sig-
nals are generated requires consideration of multiple vari-
ables, including ischemic duration, reperfusion strategy, in-
farct location, MVO, sex, age, renal function, metabolic co-
morbidities, and prior medication exposure. These factors
can influence biomarker release, distribution, metabolism,
clearance, and the activation patterns of different cell-
death pathways [115]. Serial sampling is essential be-
cause pathway activity evolves dynamically during reper-
fusion. Therefore, specimens should ideally be collected
before or at the time of reperfusion, during early reperfu-
sion, throughout the subsequent inflammatory phase, and
during early recovery. A single measurement cannot dis-
tinguish pre-existing pathway activation from reperfusion-
induced execution or determine transitions between differ-
ent death programs. Circulating biomarkers should be inter-
preted alongside conventional indicators of myocardial in-
jury and tissue-level outcomes, including cardiac troponin
release, infarct size, MVO, ventricular function, and remod-
eling. Such integrated assessment can help quantify in-
jury severity and clinical consequences but cannot indepen-
dently identify a specific cell-death pathway. These con-
ventional measures primarily provide a framework for link-
ing pathway-associated biomarker changes with clinically
meaningful myocardial injury.

Multidimensional Biomarker Panels and
Cell-of-Origin Assignment

A comprehensive panel for clinical application should
incorporate markers that represent multiple stages of each
respective pathway. Apoptosis-related assessments may in-
clude caspase activation, nucleosomal fragmentation prod-
ucts, and mitochondrial apoptotic signaling. Ferroptosis-
related evaluations may involve oxidized phospholipids,
lipid-peroxidation products, iron-status indicators, and al-
terations in GPX4-associated antioxidant capacity [116].
Pyroptosis-related analyses may comprise cleaved gasder-
mins, IL-1B, IL-18, and inflammasome-associated pro-
teins, whereas necroptosis-related investigations may in-
clude markers of RIPK3 and MLKL activation. Circu-
lating mitochondrial DNA, mitochondrial proteins, severe
bioenergetic impairment, and markers of membrane rup-
ture may reflect mitochondrial necrotic injury. These as-
sessments should be interpreted as components of an in-
tegrated biological phenotype rather than as independent
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diagnostic biomarkers. Before assigning a major role to
a specific pathway, at least two mechanistically distinct
indicators associated with that pathway should demon-
strate consistent temporal alterations. Interpretation should
also account for factors including renal clearance, hep-
atic metabolism, systemic inflammation, hemolysis, skele-
tal muscle injury, and potential extracardiac sources. Iden-
tification of the cellular origin is critical because circulating
markers may originate from cardiomyocytes, endothelial
cells, leukocytes, platelets, or noncardiac tissues. Improved
source attribution may be achieved through approaches
such as cardiomyocyte-enriched extracellular vesicles, cell-
specific surface markers, tissue-specific methylation signa-
tures, and spatially resolved imaging. Without such ev-
idence, an increase in an inflammatory death-associated
marker should not be automatically interpreted as evidence
of pyroptotic cardiomyocyte loss.

Classification of Death-Switching Phenotypes

Phenotypes suggestive of death switching should
be derived from serial, multidimensional datasets rather
than from fixed thresholds based on individual biomark-
ers. A pathway-dominant phenotype requires consistent
alterations in multiple pathway-associated measurements,
appropriate temporal dynamics, a plausible cellular origin,
and an association with tissue injury or functional deterio-
ration. Evidence supporting a switching phenotype would
arise when longitudinal analyses demonstrate a coordinated
decline in one pathway-related signature accompanied
by an increase in another, together with corresponding
changes in cellular injury, myocardial damage, or thera-
peutic response [117]. Rather than assigning each patient
to a single-pathway category, mixed phenotypes should
be retained because multiple death programs may operate
simultaneously across different myocardial regions or cell
populations. Approaches such as composite scoring sys-
tems, latent-class analysis, trajectory clustering, and other
prespecified multivariable methods may facilitate the iden-
tification of apoptosis-associated, ferroptosis-associated,
inflammatory-lytic, mitochondrial-collapse, and mixed
phenotypes. Model development should include internal
validation, adjustment for clinically relevant covariates,
evaluation of calibration and discrimination performance,
and validation in independent external cohorts. The pro-
posed biomarker-defined phenotypes and corresponding
therapeutic strategies are summarized in Table 3 (Ref.
[5,13,36,42,45,48,49,57,58,62,64,77,78,79,80,82,83,84,95,
107,116,117,118,119,120,121]).

Functional Validation and Prospective Clinical
Evaluation

Biomarker-defined phenotypes require functional val-
idation before they can be used to guide therapeutic de-
cisions. Prior to clinical application, candidate signatures
should be evaluated in experimental systems in which the
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Table 3. Proposed biomarker-defined phenotypes and matched strategies.

Phenotype Signature Strategy Caution Evidence References
Ferroptosis-prone  Lipid peroxides; labile Control iron and lipid per- Single markers lack speci- v [48,49,83,107,116]

iron; low GPX4/GSH; oxidation before reperfu- ficity and causal domi-

high ACSL4. sion. nance.
Inflammasome- IL-1p/IL-18; NLRP3; Target inflammasome Over-suppression may im- I [45,62,84,118]
dominant caspase-1; GSDMD; mito- signaling during acute-to- pair clearance, angiogene-

chondrial DAMPs. subacute inflammation. sis, and repair.
Necroptosis/mito- RIPK-MLKL/CaMKII ac- Combine necroptosis Late single-pathway inhi- 111 [36,78,80,82]
chondrial collapse tivation, mPTP sensitivity; blockade  with ~ mito- bition may fail after mito-

ATP/NAD" depletion. chondrial stabilization at chondrial collapse.

reperfusion.

Microvascular/no- MVO; hypoperfusion; en- Protect endothelium, barri- Systemic targeting risks il [5,42,57,58,119]
reflow dothelial injury; thrombo- ers, and microvascular per- bleeding and off-target

inflammation; hypoxia. fusion early. effects.
PANoptosis-like  Concurrent GSDMD, Stage mitochondrial pro- Require = PANoptosome v [13,64,79,117]
mixed caspase, RIPK3/MLKL, tection before selective in- assembly before claiming

DAMP, and redox signals. flammatory modulation. canonical PANoptosis.
Remodeling/failed Persistent cytokines, Support resolution, Over-suppression may 111 [77,95,118,120,121]
resolution DAMPs, endothelial ac- endothelial repair, mi- weaken scar stability and

tivation, fibrosis, matrix
turnover.

tophagy, and antifibrotic
control.

repair.

corresponding pathways are selectively inhibited through
genetic approaches and orthogonal pharmacological inter-
ventions. A valid signature should demonstrate reduced
activity following blockade of functional execution and
should be associated with improvements in overall cell sur-
vival, infarct size, microvascular perfusion, or cardiac func-
tion [116]. Assessment of patient-derived plasma, extracel-
lular vesicles, or immune cells in human cardiomyocyte,
endothelial-cell, or multicellular cardiac models may help
determine whether the identified biological state recapitu-
lates pathway-specific injury and whether such injury can
be selectively reversed. These studies provide mechanistic
evidence linking circulating signatures to myocardial tissue
damage but cannot replace prospective clinical validation.
Translation into clinical practice should proceed through
sequential stages of biomarker discovery, internal valida-
tion, external validation, and evaluation of treatment inter-
actions. A biomarker panel achieves clinical relevance only
when it reliably identifies patient subgroups with distinct
prognostic profiles or differential responses to pathway-
targeted interventions. Therefore, biomarker classification
should ultimately support therapeutic stratification and out-
come prediction rather than merely improve the detection of
molecular abnormalities.

Challenges in Real-Time Assessment of Metabolic
States

A key limitation of the metabolism-gated switching
framework is the difficulty in directly quantifying the com-
plex concept of the “metabolic state”. This state encom-

passes multiple interacting factors, including ATP avail-
ability, phosphocreatine reserves, substrate utilization, mi-
tochondrial redox balance, intracellular pH, calcium bur-
den, antioxidant capacity, labile iron levels, membrane lipid
composition, and inflammatory activation. These vari-
ables change at different rates and may exert nonlinear or
threshold-dependent effects on regulated cell death path-
ways. Consequently, no single metabolite, imaging param-
eter, or circulating biomarker can comprehensively repre-
sent the metabolic state of the ischemic or reperfused my-
ocardium. Temporal resolution represents another major
challenge. During coronary occlusion and early reperfu-
sion, intracellular pH, ATP levels, mitochondrial membrane
potential, calcium concentration, ROS generation, and sub-
strate flux can fluctuate within seconds to minutes. Mea-
surements obtained before reperfusion, immediately after
reperfusion, or several hours later may therefore capture
substantially different biological states. Many clinical sam-
pling and imaging approaches integrate signals over rel-
atively broad time windows, potentially missing transient
metabolic thresholds that determine irreversible commit-
ment to cell death. Moreover, the metabolic profile detected
after injury may represent a consequence of cell death rather
than the initiating event, further complicating the distinc-
tion between causal drivers and downstream biomarkers.

Spatial and cellular heterogeneity further compli-
cate the assessment of metabolic state. The ischemic
core, peri-infarct border zone, MVO region, and re-
mote myocardium differ substantially in residual perfusion,
oxygen availability, substrate delivery, mitochondrial in-
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tegrity, and inflammatory-cell infiltration. Even within
the same anatomical region, cardiomyocytes, endothelial
cells, fibroblasts, resident macrophages, recruited leuko-
cytes, platelets, and vascular smooth muscle cells may ex-
ist in distinct metabolic states. Consequently, bulk my-
ocardial measurements represent an average of signals de-
rived from viable, reversibly injured, irreversibly injured,
and infiltrating cells, potentially masking highly vulnera-
ble metabolically distinct subpopulations. Conversely, pe-
ripheral blood measurements cannot reliably determine the
myocardial location or cellular source of a metabolite or
death-associated signal. Current experimental and clinical
technologies address only selected aspects of this challenge.
Phosphorus-31 magnetic resonance spectroscopy enables
non-invasive assessment of myocardial high-energy phos-
phate metabolism and intracellular pH [122]. However, its
clinical utility is constrained by low sensitivity, limited spa-
tial resolution, motion artifacts, and prolonged acquisition
times, which restrict its ability to capture rapid and region-
specific metabolic changes during acute reperfusion. Hy-
perpolarized carbon-13 magnetic resonance imaging pro-
vides dynamic information regarding pyruvate metabolism
and substrate flux; however, transient signal duration, de-
pendence on tracer delivery, technical requirements, mo-
tion sensitivity, and limited availability currently restrict its
widespread clinical application [123]. Positron-emission
tomography provides valuable information regarding sub-
strate uptake and inflammatory-cell activity but lacks suf-
ficient temporal resolution to accurately characterize rapid
reperfusion-associated metabolic transitions and may be in-
fluenced by systemic metabolic conditions. Research ap-
proaches including myocardial microdialysis, optical re-
dox imaging, fluorescent metabolic probes, and genetically
encoded metabolic sensors offer higher temporal resolu-
tion in experimental models. Nevertheless, their invasive-
ness, restricted spatial coverage, or difficulties in transla-
tion to human cardiac studies limit their application in in-
tact human myocardium. Similarly, tissue metabolomics,
lipidomics, spatial metabolomics, and single-cell analyses
generate comprehensive molecular profiles but are com-
monly obtained at discrete time points, thereby providing
only indirect information regarding dynamic metabolic tra-
jectories. These limitations require careful interpretation
when considering precision cardioprotection. At present,
metabolic-state-guided therapy should not be interpreted as
the immediate classification of each patient into a distinct,
directly measurable death state. A more realistic near-term
strategy involves probabilistic and multimodal inference
of metabolic vulnerability. Such inference may integrate
ischemic duration, reperfusion timing, angiographic flow,
MVO, cardiac magnetic resonance features, metabolic sta-
tus, comorbid conditions, medication history, and serial cir-
culating biomarkers reflecting energy depletion, oxidative
stress, lipid injury, mitochondrial dysfunction, and inflam-
mation. Rather than applying a universal threshold, longi-
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tudinal changes and combinations of partially independent
biomarkers may be used to estimate the likelihood that a
specific metabolic—death pathway contributes substantially
to therapeutic response. This approach acknowledges the
dynamic and heterogeneous nature of myocardial injury
while providing a more practical framework for develop-
ing metabolism-informed cardioprotective strategies.

The precision aspect of this framework should ini-
tially focus on patient enrichment and stratification rather
than relying exclusively on deterministic bedside selection
of a single pathway inhibitor. Prospective clinical stud-
ies are required to determine whether composite signa-
tures can accurately predict target engagement and thera-
peutic response. It is also essential to establish whether
these signatures retain predictive performance across differ-
ent infarct territories, ischemic durations, comorbidity pro-
files, and reperfusion conditions. Whenever feasible, sig-
natures derived from circulating biomarkers and imaging
modalities should be correlated with myocardial tissue find-
ings, spatially resolved experimental datasets, or pathway-
specific pharmacodynamic responses. Although real-time,
cell-type-specific mapping of metabolic states represents
an important long-term objective, current precision cardio-
protection approaches must explicitly account for measure-
ment uncertainty, spatial sampling limitations, and tempo-
ral variability.

Evidence Standards for Distinguishing Pathway
Activation From Functional Cell-Death
Execution

Evidence Continuum From Pathway Association to
Functional Dominance

Association with a specific pathway is supported by
alterations in gene expression, total protein abundance, up-
stream signaling activity, or circulating metabolites. Al-
though such findings indicate biological involvement, they
are insufficient to establish the occurrence of cell death.
Definitive pathway activation requires engagement of the
relevant execution machinery together with correspond-
ing morphological, biochemical, or membrane-associated
changes. Demonstrating a causal role further requires se-
lective inhibition of the proposed pathway and evidence of
improved overall cell survival or organ-level function. To
determine the relative contribution of a specific death path-
way, direct comparison with alternative cell-death mecha-
nisms under equivalent experimental conditions is essen-
tial, together with assessment of potential compensatory
pathway activation or transition.

Pathway-Specific Minimum Evidence Requirements

To establish apoptotic dominance, reliance solely on
increased BAX expression, reduced BCL-2 expression, cy-
tochrome c release, TUNEL positivity, or cleaved caspase-
3 is insufficient. Stronger evidence should include as-
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sessment of caspase activity, confirmation of apoptosis-
compatible morphology, and verification of appropriate mi-
tochondrial signaling events [8,71]. Importantly, interven-
tions should demonstrate a reduction in overall cell loss
rather than merely altering apoptotic-associated markers
or morphology. For ferroptosis, increased ACSL4 ex-
pression, reduced GPX4 levels, iron accumulation, or el-
evated malondialdehyde and 4-hydroxynonenal alone can-
not establish ferroptotic execution. Functional valida-
tion requires demonstration of iron-dependent phospholipid
peroxidation within an appropriate metabolic context, to-
gether with rescue experiments using mechanistically dis-
tinct ferroptosis-targeted interventions or genetic manipu-
lation of key regulatory factors. Evidence of tissue pro-
tection should also be incorporated, along with evaluation
of competing apoptotic and inflammatory lytic pathways.
Similarly, increased NLRP3, caspase-1, IL-1B, or IL-18
levels indicate inflammasome-associated signaling but do
not confirm pyroptotic execution. Robust evidence requires
demonstration of gasdermin cleavage, membrane pore for-
mation, membrane rupture, cytokine maturation and re-
lease, as well as pathway-specific rescue [124]. Identi-
fication of the affected cell type is particularly important
because inflammasome activation in infiltrating immune
cells has distinct biological consequences compared with
gasdermin-mediated cardiomyocyte death. For necropto-
sis, changes in RIPK1 or RIPK3 abundance alone are insuf-
ficient to establish pathway activation [ 125]. Functional ex-
ecution requires evidence of MLKL activation, membrane
translocation, or oligomerization, together with compatible
lytic morphology and rescue following selective genetic or
pharmacological targeting of RIPK3 or MLKL. In addition,
assessment of caspase activity and death-receptor signal-
ing is necessary to distinguish necroptosis from overlapping
apoptotic or inflammatory death programs.

Mitochondrial depolarization or calcium overload
alone is insufficient to establish pore-dependent execu-
tion in mPTP-mediated necrosis. Evidence supporting this
mechanism should include sustained permeability transi-
tion, loss of mitochondrial membrane potential, ATP de-
pletion, necrotic membrane failure, and protection achieved
through validated manipulation of pore-regulatory mecha-
nisms. Importantly, transient mitochondrial depolarization
must be distinguished from irreversible permeability tran-
sition leading to cell death. In clinical investigations, it
may not always be feasible to fulfill all mechanistic crite-
ria directly. Therefore, human biomarker findings should
be described as consistent with, associated with, or sup-
portive of a specific death phenotype unless supported by
functional intervention studies or validated tissue-level ev-
idence. Terms such as “pathway dominance” and “func-
tional execution” should be reserved for studies demonstrat-
ing selective rescue of the implicated pathway together with
meaningful preservation of tissue structure or organ func-
tion.

Evaluation of Multi-Target Compounds and Natural
Products

Multi-target compounds are particularly relevant to
MIRI because multiple RCD pathways coexist and may un-
dergo compensatory interactions. Although natural prod-
ucts and bioactive compounds derived from traditional
medicinal systems represent potential therapeutic candi-
dates, their translational value should be evaluated accord-
ing to the same mechanistic and clinical criteria applied to
synthetic agents. Compounds should be classified based on
validated molecular targets and demonstrated functional ef-
fects rather than their therapeutic origin or botanical source
[126]. Changes in oxidative stress markers, inflamma-
tory cytokines, BAX/BCL-2 ratios, or pathway-associated
protein expression alone are insufficient to confirm regu-
lation of a specific cell-death program. Robust evidence
requires demonstration of target engagement, pathway-
specific rescue, pharmacokinetic characterization, chemi-
cal consistency, dose-response relationships, and improve-
ments in tissue-level outcomes. Multi-component prepa-
rations present additional challenges, including batch-to-
batch variability, uncertainty regarding active constituents,
limited exposure data, and difficulties in distinguishing
direct regulation of death pathways from nonspecific an-
tioxidant or anti-inflammatory effects. Unless the active
components, myocardial exposure profiles, molecular tar-
gets, and functional contributions of these interventions are
clearly established, they should be regarded as hypothesis-
generating or multi-target candidates. Applying a unified
evaluation framework avoids the use of different eviden-
tiary standards based on therapeutic origin and allows natu-
ral products to be incorporated into the broader framework
of RCD switching and translational validation.

Conclusions

Metabolism-gated cell death switching provides a
hypothesis-driven framework for understanding the com-
plex activation patterns of multiple cell-death pathways
during MIRI. Factors including ATP reserve, mitochondrial
redox state, calcium burden, iron and phospholipid avail-
ability, antioxidant capacity, mitochondrial integrity, and
inflammatory priming may regulate the activation thresh-
olds and relative contributions of distinct cell-death path-
ways in a spatially, temporally, and cell-type-specific man-
ner. Current experimental evidence supports context-
dependent susceptibility, pathway-specific functions, and
convergence at shared metabolic and mitochondrial regu-
latory nodes. However, definitive evidence for exclusive
dominant death states or complete transitions between ter-
minal death modalities within the intact reperfused heart re-
mains insufficient.

The translational significance of this framework does
not lie in assigning each patient to a single predetermined
death phenotype, but rather in generating testable hypothe-
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ses for identifying therapeutically relevant injury patterns
and metabolic vulnerabilities. Because the metabolic state
of the reperfused human heart cannot currently be mea-
sured comprehensively, continuously, or with cell-type
resolution, near-term precision cardioprotection will de-
pend on probabilistic inference from multimodal and se-
rial surrogate measurements rather than deterministic real-
time classification. Future studies should incorporate time-
resolved, multi-pathway assessments, cell-type-specific ge-
netic and pharmacological interventions, targeted manip-
ulation of defined metabolic gates, factorial inhibition
strategies, and validation in aged, comorbid, large-animal,
and human models. Prospective investigations should
further determine whether composite signatures integrat-
ing ischemic duration, reperfusion timing, imaging char-
acteristics, comorbidities, systemic metabolic status, and
pathway-associated biomarkers can reliably predict target
engagement and therapeutic response. Such evidence will
be essential for establishing whether metabolism-informed
stratification can guide the timing, targeting, and combina-
tion of cardioprotective interventions in patients with my-
ocardial infarction.
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