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ABSTRACT
Acute myocardial infarction (AMI) is a cardiovascular disease characterized by myocardial necrosis resulting from acute coronary
artery occlusion. Although standardized diagnostic and therapeutic protocols havemarkedly reduced its mortality, AMI remains a
leading cause of death and disability worldwide. Contemporary AMI research has evolved from an initial focus on localmyocardial
injury to a broader perspective encompassing the entire disease course, including tissue damage, remodeling, and multi-organ
interactions. This review systematically delineates the key molecular mechanisms underlying AMI and subsequent ventricular
remodeling, while also exploring the complex interplay between the heart and other organs such as the gut, brain, kidney, and
liver. From a clinical standpoint, we summarize the historical evolution of AMI diagnostic criteria and management strategies,
highlighting current classification systems, novel diagnostic technologies, and the integration of artificial intelligence tools.
Furthermore, we present recent evidence-based advances in established therapeutic approaches, along with emerging strategies
ranging from cellular to genetic interventions. Future directions aim to integrate mechanistic insights with interdisciplinary
clinical strategies to establish a systematic and precision-based framework for AMI prevention and management.

1 Introduction

Acute myocardial infarction (AMI) is a major cardiovascular dis-
ease that seriously endangers humanhealth. It is characterized by
the sudden occlusion of coronary arteries caused due to the rup-
ture or erosion of atherosclerotic plaques, which leads to severe
myocardial ischemia and hypoxia and eventually results in irre-

versible death of myocardial cells [1]. Over the past two decades,
the age-adjusted mortality rate (AAMR) of AMI has declined
at an average annual rate of 4.6%, a trend likely attributable
to advances in early diagnostic technologies, improvements in
reperfusion therapies, and a substantial increase in the use
of guideline-recommended medications [2]. Nevertheless, post-
AMI complications, particularly adverse ventricular remodeling
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and heart failure following ischemia/reperfusion (I/R) injury,
continue to be major contributors to long-term mortality and
disability in patients [3, 4]. Therefore, a deeper understanding
of the molecular basis of AMI pathogenesis is crucial for iden-
tifying potential therapeutic targets. In recent years, research
on the mechanisms of AMI has gradually expanded from the
simple ischemic stage to the entire process including myocar-
dial ischemia/reperfusion injury (MIRI), myocardial repair, and
ventricular remodeling, involving complex and interrelated mul-
tiple mechanisms such as oxidative stress and mitochondrial
dysfunction [5], inflammatory responses [6], cell death [7], and
epigenetic regulation [8] (Figure 1). Furthermore, recent studies
have also discovered complex interactions between AMI and
other organs, leading to the occurrence of systemic complications
and worsening the prognosis of patients.

The understanding of AMI diagnosis and treatment has under-
gone lengthy development. In terms of diagnosis, it has evolved
from solely relying on symptom assessment to integrating elec-
trocardiograms (ECGs) and myocardial enzyme tests along with
coronary intervention for visualized diagnostics. The current
research direction is focused on refining the diagnostic subtypes
[9] and is attempting to incorporate more sensitive biomarkers,
advanced imaging techniques [10], and artificial intelligence (AI)
technologies [11] to enhance the precision and non-invasiveness
of diagnosis. There has also been a significant shift in the
focus of treatment in clinical management strategies. The era
of simple symptomatic treatment and standardized drug therapy
has been replaced by an era dominated by coronary revascular-
ization and is further breaking through into emerging precision
medicine fields such asmyocardial cell regeneration [12] and gene
intervention [13].

This article reviews the latest research progress in the fields
of molecular mechanisms, diagnostic methods and clinical
management of AMI, aiming to comprehensively expound the
mechanism and current status of diagnosis and treatment of AMI,
with the expectation of optimizing clinical decision-making for
AMI and providing reference basis for future research directions.

2 Molecular Pathogenesis

The molecular mechanisms of AMI involve oxidative stress,
mitochondrial dysfunction, inflammatory cascade reactions, and
the coordinated activation of multiple programmed cell death
pathways, all of which are modulated by epigenetic regula-
tory mechanisms. These processes collectively drive myocardial
injury and constitute the core pathological components of AMI
pathogenesis. On this basis, cell death induced by AMI serves
as the initiating factor of ventricular remodeling, which in
turn triggers sustained inflammation, fibrosis, angiogenesis, and
neuroendocrine activation, collectively driving the progression of
ventricular remodeling after AMI.

2.1 Oxidative Stress andMitochondrial
Dysfunction

Under physiological conditions, reactive oxygen species (ROS)
acts as a subcellular signalingmolecule to regulate processes such

as myocardial cell proliferation, migration, and apoptosis. Oxida-
tive systems including NADPH oxidase (NOX) and nitric oxide
synthase (NOS) maintain a dynamic balance with antioxidant
systems such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPX) [14]. During AMI, this balance is
disrupted, leading to excessive ROS accumulation that triggers
oxidative stress responses. Acting in concert with mitochondrial
dysfunction, these events drive the progression of cardiomyocyte
and myocardial tissue injury.

In the acute ischemic phase, interruption of oxygen supply to the
myocardium results in impairedmitochondrial electron transport
chain (ETC) function, leading to the overproduction of super-
oxide anions. Moreover, cardiomyocytes in different myocardial
regions display distinct metabolic profiles: the infarct core and
border zone undergo a metabolic shift from predominant fatty
acid oxidation (FAO) to compensatory glycolysis, whereas the
remote myocardium remains primarily FAO-dependent [15, 16].
This ischemia-induced metabolic reprogramming enhances gly-
colytic flux, leading to lactate accumulation and intracellular
acidosis. Although acidosis transiently inhibits the opening
of the mitochondrial permeability transition pores (mPTPs),
it simultaneously activates the Na+/H+ exchanger (NHE) and
Na+/Ca2+ exchanger (NCX), thereby increasing intracellular Na+
and Ca2+ concentrations [17–19]. The abnormal expression of
multiple regulatory factors further exacerbates oxidative stress.
For example, tripartite motif-containing protein 21 (TRIM21)
increases ROS production by activating the nuclear factor kappa
B (NF-κB)/NOX2 pathway [20], while neuraminidase (NEU1)
aggravates mitochondrial energy metabolic collapse by sup-
pressing the sirtuin-1 (SIRT1)/peroxisome proliferator-activated
receptor γ coactivator α (PGC-1α) axis and reducing mito-
chondrial DNA (mtDNA) stability [21]. Additionally, as AMI
progresses, the significant downregulation of key antioxidative
stress factors also impairs the intrinsic antioxidant capacity.
For instance, decreased expression of mitochondrial histidine
triad nucleotide-binding protein 2 (HINT2) compromises its
ability to maintain nicotinamide adenine dinucleotide (NAD)
homeostasis and to enhance the antioxidant functions of SOD
and glutathione (GSH) [22]. Similarly, reduced fibroblast growth
factor 7 (FGF7) expression inhibits the phosphatidylinositol-3-
kinase α (PI3Kα)/AKT pathway, preventing nuclear translocation
of nuclear factor erythroid 2-related factor 2 (Nrf2) and disrupting
the mitochondrial localization of the glycolytic rate-limiting
enzyme hexokinase II (HXK2). These effects collectively reduce
the expression of antioxidant proteins such as CAT and SOD-2,
as well as the disruption of mitochondrial homeostasis, resulting
in the generation of a large amount of ROS and exacerbating
oxidative stress damage [23].

Reperfusion therapy aims to restore myocardial blood flow;
however, the abrupt transition from ischemia to reperfusion can
paradoxically trigger or exacerbate myocardial injury, a phe-
nomenon known as MIRI. During this process, the restoration of
blood flow is accompanied by a surge of oxygenmolecules into the
previously ischemic tissue, and the sudden reintroduction of oxy-
gen is a critical pathological driver of sharply elevated oxidative
stress. The influx of oxygen interacts with ischemia-accumulated
succinate during reoxygenation, generating a burst of ROS via
reverse electron transport (RET) through mitochondrial complex
I. Excessive ROS then induce mitochondrial dysfunction through
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FIGURE 1 Key pathogenic mechanisms in AMI. Oxidative stress and mitochondrial dysfunction induce ROS accumulation, while DAMPs-PRRs
interaction triggers inflammatory cascades. Programmed cell death pathways and epigenetic regulation collectively constitute the core components
of AMI pathogenesis. AMI, acute myocardial infarction; Breg, regulatory B cells; CAT, catalase; DAMPs, damage-associated molecular patterns; ETC,
electron transport chain; GPX, glutathione peroxidase; lncRNAs, long non-coding RNAs; miRNAs, microRNAs; mtDNA, mitochondrial DNA; ncRNA,
non-coding RNAs; NK, natural killer; NOX, NADPH oxidase; NOS, nitric oxide synthase; PRRs, pattern recognition receptors; ROS, reactive oxygen
species; SOD, superoxide dismutase; Treg, regulatory T cells; XO, Xanthine oxidase.

lipid peroxidation [24, 25]. Concurrently, rapid shifts in intra-
and extracellular pH further aggravate Ca2+ overload, while ROS
act synergistically with Ca2+ to promote sustained opening of
the mPTP. This process exacerbates mitochondrial impairment
and establishes a vicious cycle of ROS overproduction [26, 27].
I/R also induces upregulation of S100A8/A9, which inhibits
the PGC-1α/ nuclear respiratory factor 1 (NRF1) signaling path-
way through activation of the toll-like receptor 4 (TLR4)/Erk
pathway, thereby downregulating NDUF gene expression and
consequently reducing the activity of mitochondrial complex I in

the ETC, which further amplifiesmitochondrial dysfunction [28].
The ROS burst directly activates NF-κB signaling, with its subunit
p65 recruiting histone deacetylase 3 (HDAC3) to form a complex
with the antioxidant transcription factor Nrf2, antagonizing
the Nrf2- antioxidant responsive element (ARE) antioxidant
pathway and further weakening the antioxidant system [29].
Additionally, reperfusion enhances Ca2+ influx mediated by
the mechanically sensitive channel Piezo1, activating Calpain,
further increasing Drp1 phosphorylation and its translocation
to the mitochondria, leading to excessive mitochondrial fission
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and dysfunction [30]. Elevated intracellular Ca2+ also induces
the upregulation of the calcium-binding protein S100A16, which
inhibits the calcium/calmodulin-dependent protein kinase 2
(CAMKK2)/AMP-activated protein kinase (AMPK) pathway by
binding to calmodulin (CaM), resulting in decreased antioxi-
dant capacity, ROS accumulation, and exacerbated inflammatory
responses, thus aggravating MIRI [31].

2.2 Inflammatory Response

The inflammatory response in AMI exhibits a dynamic, multi-
stage evolution, involving the complex regulation of both innate
and adaptive immune cells. The pathological process begins with
the activation of an acute innate immune response triggered
by plaque rupture or erosion. Necrotic myocardial cells release
damage-associated molecular patterns (DAMPs), such as high
mobility group box 1 (HMGB1), heat shock proteins (HSP), and
S100A8/A9, which interact with pattern recognition receptors
(PRRs) like toll-like receptors (TLRs), nod-like receptor pyrin
domain 3 (NLRP3) inflammasome, and receptor for advanced gly-
cation end-products (RAGE). This interaction triggers the release
of pro-inflammatory cytokines and chemokines, including IL-1β,
IL-6, and tumor necrosis factor (TNF)-α, thereby initiating an
inflammatory cascade and recruiting monocytes, macrophages,
and neutrophils to the infarct area [32].

In the early stages of infarction, pro-inflammatory Ly6Chi

monocyte subsets dominate, later differentiating into
macrophages. B lymphocytes further promote the recruitment of
Ly6Chi monocytes to the infarct zone by secreting chemokines
such as CCL7 [33]. This pro-inflammatory microenvironment
drives macrophages toward classical M1 polarization. M1
macrophages, while clearing apoptotic cells and necrotic tissue
debris, also release pro-inflammatory cytokines (e.g., IL-1β,
TNF-α), chemokines, and matrix metalloproteinases (MMPs),
thereby expanding the extent of ischemic injury [34, 35]. Recent
studies have identified a critical role for caspase-recruitment
domain-containing domain family member 9 (CARD9) in
this process. CARD9 expression in macrophages is markedly
upregulated 1 day after MI and peaks at Day 3. Through
activation of the NF-κB signaling pathway, CARD9 induces
the expression of the lipid-binding protein lipocalin-2 (LCN2).
LCN2, upon binding to its receptor SLC22A17, significantly
enhances the secretion of MMP9 by macrophages, exacerbating
post-MI cardiac dysfunction [36]. Meanwhile, complement
activation products C3a/C5a and ELR+ CXC chemokines work
in concert to drive the recruitment of neutrophils to the infarct
area. After reaching a peak at 24 h, the infiltrating neutrophils
exacerbate tissue damage by forming neutrophil extracellular
traps (NETs) [37]. The traditional view posits that the elevation
of chemokines stimulates the release of neutrophils from the
bone marrow, serving as the primary mechanism underlying
the early surge of neutrophils following AMI. However, recent
studies have revealed that endothelial cells release endothelial
cell-derived extracellular vesicles (EC-EVs) carrying vascular
cell adhesion molecule-1 (VCAM-1) and miRNA-126 during
the early ischemic phase. These EC-EVs can rapidly mobilize
neutrophils from the spleen to the peripheral blood, thus
representing an additional critical pathway contributing to

the early increase in neutrophils [38]. In addition, neutrophils
regulate their intravascular retention via a circadian “aging”
program. The core clock gene Bmal1 drives CXCL2 expression,
which induces neutrophil aging through the CXCL2/CXCR2
signaling axis. This leads to the daytime accumulation of
neutrophils in blood vessels and triggers thromboinflammatory
responses that are independent of NETs, thereby exacerbating
I/R injury. These findings provide novel mechanistic insights
into the circadian susceptibility of AMI and suggest that tailoring
treatment regimens according to the circadian time window
may represent a promising strategy to reduce I/R injury after
AMI [39].

As the disease progresses to the late stage of AMI, the infarcted
area gradually enters the repair phase. Activated regulatory
T cells (Tregs) play a crucial role in suppressing excessive
inflammation and promoting macrophage polarization toward
the anti-inflammatory M2 phenotype, resulting in the produc-
tion of anti-inflammatory cytokines such as IL-4, IL-10, and
TGF-β [40]. Exogenous administration of Tregs can markedly
increase the expression of cardiac repair–associated factors such
as nidogen-1 and IL-10, while reducing CD8+ T-cell infiltration
and the presence of pro-inflammatory Ly6Chi CCR2+ mono-
cytes/macrophages. This intervention promotes the polarization
of macrophages toward reparative subtypes, ultimately enhanc-
ing cardiac repair. In addition, neutrophils have also been
found to participate in the late stage of AMI by inducing
macrophage polarization toward an M2-like phenotype [41].
Regulatory B cells (Bregs) contribute to improved ventricular
remodeling by attenuating C–C motif chemokine receptor 2
(CCR2)-mediated mobilization of monocytes from the bone
marrow and their recruitment into the infarcted myocardium,
thereby limiting the influx of inflammatory cells [42].Meanwhile,
natural killer (NK) cells promote cardiac repair by releasing
IL-10 and other mediators that suppress local inflammation,
acting synergistically with other immune regulatory pathways
[43]. It is noteworthy that even after the acute inflammatory
response has subsided, residual inflammatory risk (RIR), which
is a persistent low-grade chronic inflammatory state, remains
closely associated with an increased risk of subsequent cardiovas-
cular events. Investigating the potential regulatory mechanisms
underlying RIR is therefore an important direction for future
research [44].

2.3 Cell Death

Cell death can be categorized into accidental cell death (ACD)
and regulated cell death (RCD).ACD is a passive process triggered
by external factors such as physical or chemical injury, whereas
RCD is a highly controlled and orderly process governed by a
series of intracellular signaling pathways and molecular mech-
anisms. Traditional RCD includes apoptosis, pyroptosis, and
autophagic cell death, while metabolic cell death is a new form
of RCD, including ferroptosis and cuproptosis. Different types of
RCD display distinct morphological, biochemical, and molecular
characteristics (Table 1). In the context of AMI, multiple RCD
pathways are activated in a coordinated manner, collectively
driving myocardial injury (Figure 2).
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FIGURE 2 Cell death mechanisms in AMI. (A) Apoptosis is primarily activated by endogenous factors and can also be initiated through the
binding of death ligands to their receptors. (B) Necroptosis is induced by TNF signaling upon caspase-8 inhibition, leading to MLKL-mediated pore
formation via the RIPK1-RIPK3 phosphorylation cascade, culminating in osmotic lysis. (C) Pyroptosis proceeds through both classical and non-classical
pathways, causing GSDMD cleavage and the release of mature IL-18 and IL-1β. (D) Autophagic cell death is induced under ischemic conditions via
AMPK-mediated inhibition of mTOR, promoting protective autophagy; during I/R injury, it is driven by increased expression of BECN1 and RUBCN
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2.3.1 Apoptosis

Apoptosis is an important form of cell death in AMI and is
coordinated by the intrinsic pathway (mitochondrial pathway)
and the extrinsic pathway (death receptor pathway) [45]. In cases
of myocardial ischemia or I/R, increased mitochondrial ROS,
Ca2+ overload, acidosis, and inflammatory response activation
collectively trigger the intrinsic apoptotic pathway [46–49]. In
this pathway, Bcl-2 family proteins play a central regulatory role.
Pro-apoptotic BH3-only proteins (such as PUMA, BID, and BAD)
neutralize anti-apoptotic proteins (such as Bcl-2 and Bcl-xL) or
directly activate pro-apoptotic effector proteins (such as BAX
and BAK). This leads to the oligomerization of BAX/BAK and
their integration into the outer mitochondrial membrane, form-
ing mitochondrial outer membrane permeabilization (MOMP)
pores, which in turn facilitates the release of cytochrome C into
the cytoplasm [50]. Cytochrome C binds to apoptotic protease-
activating factor 1 (Apaf-1) to form apoptosomes that activate
caspase-9 and subsequently to activate cascade effector caspases-
3/7, ultimately inducing apoptosis [51]. In addition, myocardial
ischemia or I/R can also activate the transcription factor p53,
upregulating the expression of pro-apoptotic genes like BAX and
PUMA to accelerate the apoptotic process [52, 53]. Myocardial
hypoxia, through upregulating large tumor suppressor kinase 2
(Lats2) levels, induces excessive mitochondrial fission, resulting
in abnormal opening of the mPTP and mitochondrial membrane
rupture. Consequently, mtDNA leaks into the cytoplasm, acti-
vating the cGAS/STING/p65 signaling pathway and ultimately
inducing cardiomyocyte apoptosis [54]. At the same time, hypoxia
also promotes the upregulation of tripartite motif-containing 55
(Trim55) expression, further accelerating cardiomyocyte apopto-
sis by inhibiting the Nrf2/HO-1 pathway [55]. Recent research has
shown that nuclear factor erythroid 2-related factor 3 (Nfr3) is
highly expressed in the infarct border zone of AMI, exacerbating
excessive accumulation of mitochondrial ROS and amplifying
apoptotic signals by inhibiting paired-like homeodomain tran-
scription factor 2 (Pitx2) expression [46]. The extrinsic pathway
is triggered by death ligands such as Fas ligand (FASL) and
TNF binding to cell surface death receptors Fas receptor (FASR)
and TNF receptor (TNFR). During AMI, the levels of death
ligands such as FASL and TNF-α are significantly elevated,
forming death-inducing signaling complexes (DISCs) by binding
to Fas receptors or TNFR1, recruiting adaptor protein FADD, and
activating caspase-8 [56–59]. Upon activation, caspase-8 not only
directly activates downstream effector caspases-3/7 to drive the
extrinsic apoptotic pathway but also cleaves BID into tBid, thereby
triggering the intrinsic pathway. This dual function facilitates
cross-talk and synergistic amplification between extrinsic and
intrinsic apoptotic signaling [60, 61].

2.3.2 Necroptosis

The core molecular mechanism of necroptosis relies on
the receptor-interacting serine/threonine-protein kinase1
(RIPK1)/receptor-interacting serine/threonine-protein kinase
3 (RIPK3)/mixed lineage kinase domain-like protein (MLKL)
signaling axis, with its activation being regulated by the TNFR1
signaling complex [62, 63]. Upon binding of TNF-α and other
death receptor ligands to TNFR1, RIPK1 forms complex I with
TNFR1-associated death domain (TRADD), TNFR-associated
factor (TRAF), and cellular inhibitor of apoptosis protein 1/2
(cIAP1/2). Deubiquitination of RIPK1 facilitates the dissociation
of TRADD and RIPK1 from complex I, enabling RIPK1 to
interact with RIPK3 via the RIP homotypic interaction motif
(RHIM) domain to assemble the necrosome. This process
triggers MLKL phosphorylation and oligomerization, ultimately
leading to disruption of cell membrane integrity [64]. However,
during the myocardial ischemia stage, research has found
that RIPK3 directly triggers necroptosis of cardiomyocytes
through a RIPK1-independent pathway [65]. Studies on I/R
have also shown that RIPK3 not only directly phosphorylates
the Thr287 site of calcium/calmodulin-dependent protein
kinase II (CaMKII) but also induces oxidative modification
of Met281/282 via activation of NOX. These dual actions
synergistically promote the opening of the mPTP and calcium
overload, thereby triggering MLKL-independent necroptosis in
cardiomyocytes [66]. Furthermore, RIPK3 has been identified
as a DAMP that is released extracellularly. Upon binding to
the RAGE, it activates CaMKII signaling, thereby amplifying
necroptosis and exacerbating inflammation, which in turn
intensifies I/R injury. These findings highlight the multifaceted
roles of RIPK3 both within and outside the cell [67]. Recent
studies have also discovered that I/R can upregulate TRPC6,
mediating calcium influx and CaMKII phosphorylation, forming
a pro-necroptotic Ca2+/CaMKII signaling cascade, exacerbating
oxidative stress and inducing necroptosis [68]. In addition,
necroptosis-associated molecules in non-myocardial cells can
exhibit different regulatory mechanisms. Specifically, MLKL in
macrophages mediates inflammatory adhesion via integrin αvβ1,
thereby contributing to segmental myocardial necrosis. Notably,
this process can occur independently of RIPK3, offering a novel
cross-cellular perspective on the necroptosis mechanism in AMI
[69].

2.3.3 Pyroptosis

Pyroptosis is a form of inflammatory cell death marked by
plasma membrane pore formation mediated by the gasdermin

proteins, leading to excessive autophagy. (E) Ferroptosis is marked by lipid peroxidation and dysfunction of SystemXc-, (F) whereas cuproptosis involves
enhanced intracellular copper influx, resulting in the aggregation of toxic proteins. ACSL4, acyl-CoA synthetase long-chain family member 4; AMI,
acute myocardial infarction; Apaf-1, apoptotic protease-activating factor 1; BECN1, beclin 1; CaMKII, calcium/calmodulin-dependent protein kinase
II; cIAP1/2, cellular inhibitor of apoptosis protein 1/2; DLAT, dihydrolipoamide S-acetyltransferase; FDX1, ferredoxin 1; GPX, glutathione peroxidase;
GSDM, gasdermin; LPCAT3, lysophosphatidylcholine acyltransferase 3; LPS, lipopolysaccharide; MLKL, mixed lineage kinase domain-like protein;
mPTP, mitochondrial permeability transition pore; PAMPs, pathogen-associated molecular patterns; PL-PUFA, polyunsaturated-fatty-acid-containing
phospholipid; PUFA, polyunsaturated fatty acids; PUFA-CoA, PUFA-acylatedAA; RIPK1, receptor-interacting serine/threonine-protein kinase 1; RIPK3,
receptor-interacting serine/threonine-protein kinase 3; ROS, reactive oxygen species; RUBCN, rubicon; TFEB, transcription factor EB; TfR1, transferrin
receptor 1; TRAF, TNFR-associated factor; TRADD, TNFR1-associated death domain.
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(GSDM) family of proteins upon inflammasome activation.
This process can be categorized into the classical and non-
classical pathways [70, 71]. The classical pathway is mediated
by inflammasomes. Danger signals such as pathogen-associated
molecular patterns (PAMPs) and DAMPs activate PRRs such
as NLRP1, NLRP3, and NLRC4, initiating the assembly of the
inflammasome with adaptor protein ASC and procaspase-1 [72,
73]. Activated caspase-1 not only cleaves GSDMD to release its
N-terminal domain (GSDMD-NT), whichmediates plasmamem-
brane pore formation but also processes pro-IL-1β and pro-IL-18
into mature IL-1β and IL-18, respectively. These mature cytokines
are subsequently released via the GSDMD-induced pores. The
non-classical pyroptosis pathway is independent of PRR and
is directly activated by lipopolysaccharide (LPS) via caspase-
4/5/11, which subsequently cleaves GSDMD to induce plasma
membrane pore formation. In AMI, the synergistic activation
of both classical and non-classical pathways further exacerbates
myocardial injury. During MI, the transcription factor interferon
regulatory factor2 (IRF2) is upregulated, directly binding to
the GSDMD promoter to drive its transcription and promote
the expression of pyroptosis-related proteins such as GSDMD
and c-caspase1 [74]. Further studies have demonstrated that in
hypoxia/reoxygenation and high-glucose conditions, cardiomy-
ocytes activate ROS-dependent NLRP3 inflammasomes via LPS
signaling. This activation significantly elevates the levels of IL-
1β and IL-18, thereby exacerbating pyroptosis and aggravating
myocardial injury [75]. In addition to direct activation of NLRP3,
ubiquitination modifications also play an important role in the
regulation of pyroptosis during I/R. During I/R, the expres-
sion of E3 ubiquitin ligase membrane-associated RING finger
protein 2 (MARCH2) is upregulated.MARCH2 catalyzes the K48-
linked ubiquitination of phosphoglycerate mutase 5 (PGAM5),
promoting its proteasomal degradation. This disrupts the liquid–
liquid phase separation (LLPS)-mediated condensate formation
between PGAM5 and mitochondrial antiviral signaling protein
(MAVS), thereby inhibiting MAVS-dependent recruitment and
activation of the NLRP3 inflammasome [76]. Another E3 ubiqui-
tin ligase, tripartite motif containing 16 (TRIM16), directly ubiq-
uitinates NLRP3 to promote its degradation, thereby alleviating
I/R injury [77]. The non-classical pyroptosis pathway also plays a
critical role in myocardial injury. Under hypoxia/reoxygenation
conditions, cardiomyocytes experience oxidative stress, which
activates caspase-11. Caspase-11 directly cleaves GSDMD to pro-
duce GSDMD-NT, leading to the formation of membrane pores,
cell membrane rupture, and the specific release of IL-18. Notably,
this pathway does not depend on the maturation of IL-1β [78].

2.3.4 Autophagic Cell Death

Autophagic cell death is a form of programmed cell death
triggered by the excessive activation of autophagy [79]. Notably,
autosis represents a distinct subtype of autophagic cell death that
is regulated by Na+-K +-ATPase and characterized by unique
morphological and biochemical features [80]. Autophagic cell
death presents a dual mechanism in the development of AMI
[81]. During myocardial ischemia, energy metabolism disorders
activate AMPK, inhibiting the downstream mTOR signaling
pathway to induce protective autophagy, maintaining myocar-
dial cell energy homeostasis for survival. Inhibiting autophagic
activity during ischemia with 3-MA or AMPK inhibitors can

significantly exacerbatemyocardial cell death, indicating the core
protective role of AMPK-dependent autophagy during myocar-
dial ischemia. In contrast, during I/R, AMPK is no longer
activated but rather stimulates excessive autophagy by increasing
Beclin 1 (BECN1) expression, resulting in cardiomyocyte death.
MI Further research has shown that I/R-induced oxidative stress
can upregulate BECN1 expression and overactivate autophagy by
activating the p53/myogenin axis, while the cardiac autophagy
inhibitor factor (CAIF) can directly bind to the p53 protein to
inhibit cardiac autophagy and alleviate MI [82]. Meanwhile, the
Rubicon (RUBCN) protein was also found to be significantly
upregulated in the late stage of I/R, blocking the fusion of
autophagosomes and lysosomes, leading to the accumulation
of autophagosomes [83]. Furthermore, studies have demon-
strated that during the late phase of I/R, the transcription
factor EB (TFEB) is persistently activated and translocates to
the nucleus. Through transcriptional regulation, it upregulates
the expression of autophagy- and lysosome-related functional
genes such as BECN1, ATG7, and LAMP1. This synergizes with
RUBCN-mediated autophagic flux blockage, leading to excessive
accumulation of autophagosomes and ultimately resulting in
autosis. Targeted knockdown of RUBCN or TFEB can signifi-
cantly reduce the accumulation of autophagosomes and mitigate
cardiomyocyte autosis, thereby significantly reducing I/R injury
[80, 84]. However, long-term inhibition of TFEB may worsen
infarct size by interfering with the early protective autophagy,
suggesting that interventions targeting TFEB should be time-
specific. Therefore, further research is necessary to explore the
role of autophagy at different stages of MI.

2.3.5 Metabolic Cell Death

Metabolic cell death is triggered by imbalances in themetabolism
of certain nutrients or metals. In recent years, ferroptosis and
cuproptosis have been the most extensively studied forms of
metabolic cell death in the context of AMI. Ferroptosis is a type of
iron-dependent cell death caused by the abnormal accumulation
of lipid peroxidation products at the cell membrane, which can
be initiated through both exogenous (transporter-dependent)
and endogenous (enzyme-regulated) pathways [85, 86]. The
exogenous pathway primarily initiates through the suppression
of membrane transport proteins such as the cystine/glutamate
antiporter (System Xc−) or activation of iron transport proteins.
During reperfusion, downregulation of the SLC7A11 subunit in
the antioxidative system of System Xc− suppresses its function,
reducing cysteine uptake and GSH synthesis, while high expres-
sion of p53 further inhibits SLC7A11 [87]. GSH is continuously
released to the extracellular space through multidrug resistance
protein 1 (MRP1), leading to GSH depletion within cell [88].
Meanwhile, 4-hydroxy-2-nonenal (4-HNE) accumulates during
I/R, directly binding to the cysteine residues of GPX4 and OTU5,
promoting GPX4 ubiquitination and degradation [89]. Addition-
ally, during I/R, ubiquitin-specific protease 7 (USP7) stabilizes
and activates p53 through deubiquitination, further upregulating
the expression of transferrin receptor 1 (TfR1), enhancing iron
uptake, and inducing iron overload [90]; DNAmethyltransferase
1 (DNMT-1) promotes the expression of nuclear receptor coac-
tivator 4 (NCOA4) through epigenetic regulation, facilitating
ferritinophagy [91, 92]. Ultimately, it intensifies lipid peroxida-
tion and inhibits the activity of GPX4, exacerbating myocardial
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injury. The endogenous pathway primarily characterized by
the inhibition of the key antioxidant enzyme GPX4 and the
increased synthesis of polyunsaturated fatty acid phospholipids
(PUFA-PLs) mediated by acyl-CoA synthetase long-chain family
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase
3 (LPCAT3), both of which synergistically contribute to the
accumulation of lipid peroxides. In the early stages of myocardial
ischemia, early growth response-1 (EGR-1) is significantly upreg-
ulated, inhibiting the antioxidant function of GPX4. Ischemic sig-
nals simultaneously induce the upregulation of ALOX15 expres-
sion, specifically catalyzing the peroxidation of PUFA-PL, pro-
moting lipid peroxidation and damaging cellmembrane function,
thereby driving ferroptosis [93–95]. In addition, during reperfu-
sion, the activity of ALOX15 continuously increases and generates
the key metabolite 15-HpETE. 15-HpETE degrades Pgc1α through
ubiquitination, leading to mitochondrial lipid peroxidation, dys-
function and morphological abnormalities, further promoting
ferroptosis of cardiomyocytes and exacerbating MIRI [96].

Copper ion homeostasis is essential for maintaining normal
cellular functions. Cuproptosis, a novel form of cell death
dependent on mitochondrial respiration, primarily involves the
uptake and accumulation of copper ions via specific transporters
(e.g., CTR1/SLC31A1) and their subsequent interaction with key
molecules involved in mitochondrial metabolism [97]. During
AMI, overexpression of CTR1 significantly enhances the influx of
Cu+ into cardiomyocytes. The core regulatory protein ferredoxin1
(FDX1) in cuproptosis promotes lipoic acid synthase (LIAS)-
dependent protein lipoylation, driving direct binding of Cu2+
to the dihydrolipoamide S-acetyltransferase (DLAT) subunit of
the pyruvate dehydrogenase complex and inducing its abnor-
mal oligomerization. This aggregation disrupts mitochondrial
iron–sulfur (Fe-S) cluster protein function and impairs the tricar-
boxylic acid (TCA) cycle, ultimately triggering cell death [98–100].
Moreover, bioinformatics analysis further reveals the role of
cuproptosis-related genes (CRGs) in AMI. GLSwas identified as a
biomarker of high diagnostic value, showing an association with
immune and hypoxic pathways. DLST, GZMA, GIMAP5/6/7, and
TRAF3IP are significantly related to both immune cell infiltration
and cuproptosis [101–103]. However, most current findings are
based on bioinformatics predictions. Future studies should focus
on further experimental validation to elucidate the underlying
mechanisms and causal relationships of CRGs in AMI.

2.4 Epigenetic Regulation

Epigenetic mechanisms, including DNA methylation, RNA
methylation, histone modifications, and the regulation by non-
coding RNAs (ncRNAs; such as microRNAs [miRNAs] and long
ncRNAs [lncRNAs]), play critical roles in the pathophysiology of
AMI.

2.4.1 DNAMethylation

DNA methylation is primarily regulated by the DNMT family
and typically occurs at cytosine-phosphate-guanine (CpG) dinu-
cleotides. This modification can directly interfere with the bind-
ing of specific transcription factors or indirectly recruit methyl-
CpG-binding proteins (MeCPs), which act as transcriptional

repressors by altering chromatin structure and silencing gene
expression [104, 105]. In the context of AMI, DNA methylation
exhibits distinct temporal dynamics and functional relevance.
Genome-wide changes in methylation profiles occur as early as 6
h after AMI onset, coinciding with large-scale alterations in gene
expression, suggesting thatmethylation serves as a key regulatory
mechanism during the early phase of AMI [106]. During the I/R
phase, the expression and activity of DNMT1 are significantly
upregulated, leading to enhanced global methylation. This sup-
presses genes involved inmitochondrial function and exacerbates
myocardial ischemic injury [107]. Studies on blood samples from
AMI patients have identified significant changes in methylation
levels atmultipleCpG sites. For example, hypermethylation of the
ABCA1 promoter impairs reverse cholesterol transport, acceler-
ating atherosclerosis progression [108]. Hypermethylation of the
Treg-specific demethylated region (TSDR) in the forkhead Box P3
(FOXP3) gene has been identified as an independent predictor
of poor prognosis in acute coronary syndrome (ACS), potentially
due to reduced anti-inflammatory function of Tregs, thereby pro-
moting atherosclerotic progression [109]. Moreover, differential
methylation at loci such as ZFHX3 (cg07786668) and SMARCA4
(cg17218495) has been identified as independently associatedwith
AMI, implicating epigenetic dysregulation of genes involved in
transcriptional control and chromatin remodeling in the acute
onset of AMI [110].

2.4.2 Regulation by ncRNAs

ncRNAs, particularly miRNAs and ncRNAs, play pivotal reg-
ulatory roles in the pathophysiological processes of AMI [111].
Among them, highly conserved miRNAs are key modulators of
cardiac and vascular morphology and function [112]. MicroRNA-
21 (miR-21) is the most abundantly expressed miRNA in cardiac
macrophages [113] and is significantly upregulated in patients
with ACS [114]. In the setting of AMI, activation of the miR-
21/Hif-1α axis in splenic marginal zone B cells (MZBs) promotes
the secretion of CCL7, which in turn recruits Ly6CHigh mono-
cytes to infiltrate the myocardium, ultimately contributing to
adverse cardiac remodeling after MI [33]. In addition, under
diabetic conditions, I/R injury may be exacerbated through the
Fusobacteriumnucleatum–Lactobacillus oral–gut axis, potentially
by upregulating miR-21, thereby aggravating myocardial damage
[115]. In addition to miR-21, several miRNAs that are highly
and specifically expressed in cardiomyocytes, such as miR-1,
miR-208, andmiR-499, are significantly downregulated following
AMI. This reduction may be associated with activation of the
inflammatory response and structural damage in myocardial
tissue [116].

lncRNAs are key regulators of cardiac development and disease.
They can sponge miRNAs, thereby preventing miRNAs from
binding to their target mRNAs and modulating gene expression
[117]. During myocardial ischemia, downregulation of lncRNA
H19 impairs the activation of autophagy, leading to reduced
cellular clearance capacity and exacerbating ischemic injury [118].
During I/R, downregulation of lncRNA H19 also weakens its
inhibitory effect on the miR-877-3p/Bcl-2 axis, thereby promoting
mitochondrial apoptosis and ultimately aggravating myocardial
I/R injury [119]. In contrast, lncRNAMetastasis-Associated Lung
Adenocarcinoma Transcript 1 (MALAT1) is upregulated after
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MI. By targeting miR-26b-5p and upregulating Mfn1, MALAT1
helps restore mitochondrial dynamics and inhibit mitochondria-
dependent apoptosis, thus contributing to microvascular repair
following MI [120]. Moreover, MALAT1, which is significantly
upregulated after I/R, can also sponge miR-30e, miR-126, and
miR-155, thereby negatively regulating their respective targets
CRP, HPSE, and EDN1, suggesting a broader role for MALAT1 in
inflammatory regulation [121]. lncRNA SNHG15 is significantly
upregulated on Day 7 after MI. It competitively binds to miR-
665, preventing miR-665 from interacting with kinase insert
domain receptor (KDR). This disinhibition activates VEGF sig-
naling in endothelial cells, thereby enhancing their endogenous
repair capacity in response to the pathophysiological remodeling
following MI [122]. LncRNA 2810403D21Rik/AK007586/Mirf is
significantly upregulated during MI. It contributes to ischemic
myocardial injury by suppressing autophagy through the regu-
lation of miR-26a [123]. However, most current studies remain
focused on validating individual regulatory axes, lacking com-
prehensive investigations into the spatiotemporal expression
dynamics and interaction networks. Future research is needed
to further explore their tissue-specific functions and clinical
translational potential.

2.4.3 RNAMethylation

Eukaryotes possess over 100 different types of RNA modifi-
cations that modify mRNA and ncRNA, among which N6-
methyladenosine (m6A) is the most abundant type, where
the nitrogen atom at the sixth position of adenosine under-
goes methylation [124]. The dynamic balance of m6A is
primarily regulated by methyltransferases, demethylases, and
methyl-binding proteins. Methyltransferases include METTL3,
METTL14, WTAP, and RBM15; methyl-binding proteins include
YTHDF1-3, YTHDC1-3, and hnRNPs;while demethylases include
ALKBH5 and FTO.

In the progression of AMI, the levels of m6A methylation
are significantly elevated. Upregulated methyltransferases and
methyl-binding proteins, along with downregulated demethy-
lases, contribute to myocardial injury or MIRI through various
regulatory pathways including inflammation, oxidative stress,
autophagy, apoptosis, and ferroptosis [125]. In hypoxicmyocardial
cells, the methyltransferase METTL3 modifies the m6A of the
autophagy-related gene ATG7 mRNA, promoting its degradation
via recognition by YTHDF2 [126]. Under I/R conditions,METTL3
methylates the 3’-UTR region of TFEB pre-mRNA, promoting
its interaction with heterogeneous nuclear ribonucleoprotein D
(HNRNPD), leading to reduced TFEB expression, and jointly
inhibiting protective autophagy [127]. Following MI, METTL14
methylates pri-miR-5099, promoting its maturation into miR-
5099-3p, which in turn suppresses the expression of E74-like ETS
transcription factor 1 (ELF1), inducing myocardial cell pyroptosis
[128]. METTL14 also regulates myocardial apoptosis through
the Akt/mTOR signaling pathway after I/R [129]. Additionally,
the expression of wilms tumor 1-associated protein (WTAP) is
downregulated during I/R, impairing its m6A modification of
lncRNA Snhg1, which disrupts the miR-361-5p/ optic atrophy
protein 1 (OPA1) axis responsible for mitochondrial fusion,
thereby affecting myocardial mitochondrial homeostasis and
cell survival [130]. In contrast, RNA binding motif protein 15

(RBM15) is significantly upregulated during MI and exerts a
cardioprotective effect by stabilizing NEDD8 activating enzyme
E1 subunit 1 (NAE1)mRNA, alleviating apoptosis [131]. Regarding
methyl-binding proteins, hnRNPA2B1 stabilizes PFN2 mRNA
in an m6A-dependent manner, which reduces ferritin heavy
chain 1 (FTH1) expression and promotes myocardial ferroptosis,
aggravating MIRI [132]. On the demethylation regulatory level,
I/R induces a downregulation of FTO expression. Overexpression
of FTO can mitigate oxidative stress and enhance mitochondrial
biogenesis by demethylating PGC-1α mRNA [133]. Furthermore,
FTO overexpression inhibits the ubiquitination and subsequent
degradation of β-catenin mediated by Cbl proto-oncogene (CBL)
through demethylation of CBL mRNA, thereby suppressing
NLRP3 inflammasome-mediated pyroptosis, ultimately alleviat-
ing MIRI [134]. Conversely, overexpression of the demethylase
ALKBH5 demethylates YTHDF1 mRNA, increasing YTHDF1
expression and promoting Fth1 protein translation, which in turn
suppresses ferroptosis and alleviates MIRI [135]. With regard to
specific therapeutic approaches, recent studies have shown that
exercise training can attenuate myocardial injury by modulating
the m6A methylation pathway, thereby providing new molec-
ular targets and intervention strategies for the development of
RNA methylation-based protective therapies and rehabilitation
methods [136, 137].

2.4.4 Histone Modifications

Histone modifications are actively involved in regulating key
pathological processes in AMI, including cardiomyocyte apopto-
sis, inflammation, and tissue repair. Common types of histone
modifications include acetylation, methylation, phosphorylation,
ubiquitination, and the more recently identified lactylation [138,
139]. In terms of acetylation, HDAC4 and HDAC5 are upregu-
lated in cardiomyocytes during AMI, promoting apoptosis and
exacerbating myocardial injury by suppressing the expression of
anti-apoptotic genes [140]. I/R also increases HDAC activity in
cardiomyocytes, thereby promoting myocardial injury. Inhibition
of HDACs may alleviate I/R-induced damage by modulating the
mitochondria-dependent apoptotic pathway through Akt signal-
ing [141]. In the context of histone methylation, the H3K27me3
demethylase JMJD3 is rapidly upregulated during the early stages
of AMI and contributes to disease pathogenesis by activating
inflammatory genes such as IL-1β [142, 143]. In contrast, the
H3K9me2 demethylase KDM3A exerts cardioprotective effects
during I/R by activating the PI3K/Akt signaling pathway and
attenuating pyroptosis in cardiac microvascular endothelial cells
(CMECs) [144]. Regarding phosphorylation, I/R triggers the phos-
phorylation of the histone variant H2AX, which, while involved
in DNA repair, can also accumulate and activate the p53/JNK
pathway, leading to mitochondrial damage and cardiomyocyte
apoptosis [145]. Ubiquitination is also critically important. The
ubiquitin-proteasome system (UPS) plays a central role in
protein quality control. Within this system, the E3 ubiquitin
ligase TRIM21 exacerbates post-MI cardiac injury by promoting
M1 macrophage polarization and enhancing the inflammatory
response through activation of the PI3K/Akt pathway [146].
TRIM6 aggravates MIRI by promoting cardiomyocyte apoptosis
via activation of the IKKε/STAT1 signaling pathway [147]. In
addition, USP7 has been found to be upregulated during MIRI.
Targeting USP7-mediated degradation of Keap1 may represent a
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FIGURE 3 Keymolecularmechanisms underlying ventricular remodeling after AMI. After AMI, coordinated signaling pathways regulate fibrosis,
cell proliferation, angiogenesis, and cardiomyocyte hypertrophy, collectively driving structural and functional changes in the ventricle. AMI, acute
myocardial infarction; ALD, aldosterone; Ang II, angiotensin II; AR, aldosterone receptor; AT1R, angiotensin II type I receptor; β1-AR, β1-adrenergic
receptor; CA, catecholamine; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; FBLN7,
fibulin 7; HIF-α, hypoxia-inducible factor 1-α; ITGA5, integrin α5; LPA, lysophosphatidic acid; LPA2, lysophosphatidic acid receptor 2; TNAP1, tissue
nonspecific alkaline phosphatase; TREM2, triggering receptor expressed on myeloid cells 2; VEGF, vascular endothelial growth factor.

potential mechanism for reducing myocardial I/R injury [148].
Emerging modifications such as histone lactylation have also
garnered increasing attention. Histone lactylation promotes the
early and remote activation ofmonocyte-derived reparative genes
following MI, offering a novel direction for maintaining immune
homeostasis and facilitating cardiac repair after MI [149].

2.4.5 Ventricular Remodeling

Ventricular remodeling after AMI is a progressive change in the
structure, size, and function of the heart following infarction
and is a critical process leading to heart failure after myocardial
infarction. Pathologically, it is characterized by cardiomyocyte
hypertrophy, extensive myocardial fibrosis, and abnormal cell
proliferation. Following AMI, the process of ventricular remod-
eling begins with cardiomyocyte death, accompanied by inflam-
mation, fibrosis, angiogenesis activation, and sustained multiple
drivers from the neuroendocrine system (Figure 3). During the
acute phase, neutrophils and M1 macrophages infiltrate in large
numbers, secreting TNF-α, IL-1β, MMPs, and other factors,
leading to extracellular matrix (ECM) degradation [150], which

may cause an expansion of the infarction area. Subsequently,
neutrophils are replaced by macrophages, and their phenotype
shifts from M1 to the anti-inflammatory/reparative M2 type. M2
macrophages secrete anti-inflammatory factors such as TGF-β,
which is a key driver initiating reparative remodeling. The TGF-
β/Smads and Wnt/β-catenin signaling pathways promote the
differentiation of fibroblasts into myofibroblasts. Myofibroblasts
lead to substantial ECM deposition and synthesis of type I and
II collagen, which are major pathways promoting myocardial
fibrosis and altering ventricular morphology [151, 152].

In addition to the classic pathways mentioned, various molecular
mechanisms also regulate fibroblast activation following AMI.
The NLRP3 inflammasome contributes to fibroblast transfor-
mation through the 15-HETE/Smad pathway [153], LRRC8A
activates the downstream JAK2-STAT3 signaling pathway [154],
and Fibulin7 (FBLN7) participates in the process through the
EGFR/FAK/AKT signaling pathway [155]. Sentrin-specific pro-
tease 1 (SENP1) has been found to be downregulated after MI,
leading to increased ubiquitination of HSP90ab1, which, along
with STAT3 activation and Fn secretion, accelerates fibrosis [156].
In the later stages, gelsolin drives the differentiation of the
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TREM2+Spp1+ macrophage subpopulation, and their accumula-
tion further increases the crosstalk with fibroblasts, exacerbating
pathological ventricular remodeling [157]. Fibroblast prolifer-
ation is also an important mechanism in the progression of
cardiac fibrosis. Tissue nonspecific alkaline phosphatase (TNAP)
not only activates fibroblasts through the TGF-β/Smads path-
way but also promotes fibroblast proliferation by activating the
ERK1/2 signaling pathway [158]. The transmembrane innate
immune receptor triggering receptor expressed on myeloid cells
2 (TREM2) is highly expressed in macrophages after MI. It
inhibits the transcription of mitochondrial NAD+ transporter
SLC25A53 via the SYK-Smad4 pathway, promotes the generation
of immunometabolic product kynurenine, and thus inhibits
cardiomyocyte apoptosis and enhances fibroblast proliferation,
significantly improving cardiac repair [159].

Ventricular remodeling after MI also involves angiogenesis,
primarily occurring in the infarcted border zone and extending
toward the infarct core. Angiogenesis involves the sprouting of
new vessels from existing endothelial cells. Myocardial hypoxia
induces the upregulation of hypoxia-inducible factor-1 α (HIF-
1α) and its key target gene vascular endothelial growth factor
(VEGF), which is a core driver of angiogenesis [160]. The Wnt/β-
catenin pathway also plays an important role in angiogenesis
[161]. Moreover, MI upregulates macrophage-specific integrin
α5 (ITGA5) expression, which promotes VEGF expression and
facilitates angiogenesis through the PI3K/Akt and FAK pathways
[162]. Nogo-B promotes angiogenesis after MI by activating
endothelial and cardiac Notch signaling pathways, leading to
endothelial cell proliferation [163]. Lysophosphatidic acid recep-
tor 2 (LPA2) in endothelial cells is also an important factor in
angiogenesis. Research shows that LPA2 promotes endothelial
cell proliferation andmaintains vascular homeostasis through the
PI3K-Akt/PLC-Raf1-Erk pathway [164].

Regarding the neuroendocrine system, after MI, renin,
angiotensin, angiotensin II (Ang II) type I receptor (AT1R),
and aldosterone are significantly increased in the infarcted
myocardium. Ang II activates the AT1R in cardiomyocytes
and fibroblasts, causing cell hypertrophy and fibrosis [165].
Aldosterone also promotes the synthesis of collagen and ECM
deposition by fibroblasts, further exacerbating fibrosis [166].
Additionally, the sympathetic nervous system is activated
after MI, with excessive catecholamine (CA) release activating
β1-adrenergic receptors (β1-AR), leading to cardiomyocyte
hypertrophy and myocardial fibrosis. With the progress of spatial
omics, it has been found that ventricular remodeling extends
beyond the infarct zone to the peri-infarct area and distant
myocardium, involving the spatial–temporal activation of the
immune–fibroblast axis and metabolic reprogramming, driving
overall cardiac repair [167]. This provides a multi-dimensional
perspective for future mechanistic exploration of AMI and
potential new therapeutic targets for treatment.

3 Mechanisms of Inter-Organ Crosstalk in AMI

AMI can trigger complex inter-organ crosstalk, significantly
affecting the prognosis of patients. Following AMI, the heart’s
pumping capacity is markedly diminished, resulting in systemic
organ hypoperfusion, which serves as a critical driver of damage

to other organs. In addition, the coexistence of cerebral infarction
and MI, brain–heart interactions, the liver’s role in addressing
myocardial energy crisis via lipid metabolism reprogramming,
systemic regulation of the sympathetic and parasympathetic
nervous systems, and inter-organ interactionmechanisms under-
lying pan-vessel disease underscore that myocardial infarction is
fundamentally a systemic disease characterized by multi-organ
crosstalk (Figure 4) [168, 169]. This section will focus on elucidat-
ing the specific molecular mechanisms underlying multi-organ
interactions to inform AMI treatment strategies. Consequently,
the shared risk factors of the aforementioned diseases are beyond
the primary scope of this discussion.

3.1 Heart–Gut Crosstalk

The intestine, as the largest immune organ and amajor microbial
habitat in the human body, plays a critical role in systemic
immune regulation and the function of distant organs through
the maintenance of barrier integrity andmicrobiota homeostasis.
Following AMI, the abrupt decline in cardiac output combined
with excessive sympathetic activation leads to sustained intestinal
hypoperfusion. This, along with ischemia-induced gut dysbiosis,
synergistically compromises the intestinal barrier, ultimately
resulting in abnormal translocation of gut microbiota and their
metabolites [170]. Gram-negative bacterial LPS translocates from
the intestinal lumen into the circulation, where it activates
the TLR4/MyD88/NF-κB signaling pathway, triggering massive
release of pro-inflammatory cytokines such as TNF-α and IL-1β.
This initiates an inflammatory cascade and promotes cathepsin
G release, accelerating thrombosis and exacerbating tissue injury
[171]. Glucagon-like peptide-2 (GLP-2) analogs have been shown
to confer cardioprotective effects during MIRI by attenuating gut
microbiota translocation and inflammation [170]. Preventive I/R
interventions have also been reported to increase γ-aminobutyric
acid (GABA) levels, thereby suppressing macrophage NLRP3
inflammasome activation and IL-1β release, ultimately providing
cardioprotection after I/R [172].

AMI is associated withmarked alterations in gutmicrobiota com-
position. Eight weeks after AMI, overall gut microbial abundance
decreases. At the phylum level, the relative abundance of Firmi-
cutes is reduced, while Bacteroidota is increased. At the genus
level, potentially harmful taxa such as Lachnospiraceae_UCG-
001 are enriched, whereas beneficial genera including Alis-
tipes, Ruminococcus, Allobaculum, and Oscillospiraceae_UCG-
005 are diminished [173]. Gut microbial metabolic profiles
also shift substantially post-AMI. Levels of several metabo-
lites, such as trimethylamine N-oxide (TMAO), methionine,
deoxycholic acid (DCA), phenylacetylglutamine (PAGln), and
indoxyl sulfate (IS), are elevated and have been strongly asso-
ciated with poor outcomes [174, 175]. Conversely, beneficial
bacteria and metabolites decline, notably Lactobacillus and
short-chain fatty acids (SCFAs), particularly acetate, butyrate,
and propionate. Supplementation with Lactobacillus or SCFAs
after MI can modulate immune cell ratios, promote cardiac
repair, and improve cardiac function. Additionally, Lactobacil-
lus has been reported to activate the Sirt1/Nrf2/HO-1 pathway,
thereby suppressing inflammation, oxidative stress, ferropto-
sis, and apoptosis, protecting against myocardial I/R injury
[176]. Interestingly, some beneficial bacteria increase after AMI.
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FIGURE 4 Multiorgan crosstalk in AMI pathophysiology. AMI can induce organ-specific pathological changes such as liver inflammation,
renal hemodynamic load, activation of the neuroendocrine system in the brain, and intestinal barrier disruption. These changes, in turn, exacerbate
cardiac injury through mechanisms such as enhanced inflammation, oxidative stress, and metabolic dysregulation, thereby establishing a vicious cycle
between the heart and multiple organs. AMI, acute myocardial infarction; ER, endoplasmic reticulum; HPA, hypothalamic–pituitary–adrenal; LPS,
lipopolysaccharide; RAAS, renin-angiotensin-aldosterone system; SCFA, short-chain fatty acids; TMAO, trimethylamine N-oxide.

Butyrate-producing species such as Butyricimonas virosa and
Streptococcus parasanguinis are enriched, leading to elevated
β-hydroxybutyrate levels, which contribute to post-MI cardiac
repair [177].

From a therapeutic perspective, ethanol extract of Pueraria
lobata (EEPL) has been shown to alleviate myocardial injury
after AMI by modulating gut microbiota dysbiosis, particu-
larly Lachnoclostridium, and increasing bile acid levels [178].
Beyond its influence on AMI, the gut microbiota also mediates
bidirectional communication between the intestine and distant
organs such as the brain, liver, and kidney in the post-AMI
setting. Targeting the maintenance of intestinal barrier func-
tion and microbiota homeostasis may represent a promising
strategy to interrupt the vicious cycle of multi-organ cross-talk
after AMI.

3.2 Heart–Brain Crosstalk

Brain injury and acute ischemic stroke (AIS) can induce or
exacerbateAMI,whileAMI can also exert adverse effects on brain
tissue and function, thereby further aggravating cardiac dam-

age. The underlying mechanisms involved include inflamma-
tory responses, activation of the hypothalamic–pituitary–adrenal
(HPA) axis, dysregulation of the sympathetic and parasym-
pathetic nervous systems, as well as alterations in the gut
microbiota. Following MI, the activation of cardiac mechanore-
ceptors triggers central sympathetic excitation via vagal afferent
fibers, resulting in cerebral hypoperfusion and stress-induced
neuronal injury, while enhanced sympathetic output exacerbates
myocardial remodeling. Activation of the HPA axis results in
a marked increase in corticosterone levels, which is especially
prominent under stress and adversely impacts cardiac func-
tion [179, 180]. Prolonged cortisol elevation exhibits potential
neurotoxic effects, further impairing neuronal activity and the
blood–brain barrier (BBB), thereby forming a positive feedback
loop of heart–brain injury [181]. The paraventricular nucleus
directly projects to the rostral ventrolateral medulla (RVLM)
of the medulla oblongata, facilitating the integration of cardiac
afferent signals, baroreceptor activity, and inputs from higher
brain regions with sympathetic nerve output to the heart [182,
183]. The activated sympathetic nervous can aggravate left ven-
tricular remodeling aftermyocardial infarction. Furthermore, the
brain exerts a central regulatory effect on the autonomic nervous
system [184]. Dysfunction of the autonomic nervous system not
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only independently predicts adverse outcomes in AIS patients
[185] but also promotes myocardial injury [186, 187], serving as a
critical commonmechanismunderlyingmulti-organ interactions
[188, 189].

MI may also contribute to the disruption of the BBB [190,
191], facilitating the infiltration of neutrophils and peripheral
macrophages into ischemic brain tissue. Brain-derived antigens
and extracellular vesicles can traverse the compromised BBB
and interact with peripheral immune cells [192], thereby estab-
lishing a heart–brain interaction. During this process, immune-
inflammatory responses are also triggered. FollowingAMI orAIS,
local immune-inflammatory responses can rapidly evolve into
systemic inflammation, releasing cytokines such as IL-1β, IL-6,
and TNF-α, whichmay contribute to secondarymyocardial injury
[193, 194]. These targets are also key areas for the development of
anti-inflammatory drugs aimed at reducing neuroinflammation
and cardiac remodeling to achieve dual benefits. Interventions
targeting glial cells, TLRs pathways, or mitochondrial function
may concurrently mitigate the post-ischemic pathological pro-
cesses in both the brain and heart [195]. Ginsenoside Rb1 reduces
ROS generation by inhibiting mitochondrial complex I, thereby
suppressing excessive activation of astrocytes [196], suggesting
that targeting astrocytes may represent a potential strategy for
cardioprotection and neuroprotection [197, 198].

In addition to local ischemic preconditioning in the heart and
brain, remote ischemic preconditioning (RIPC) represents a
promising therapeutic strategy for mitigating the adverse effects
ofmyocardial infarction and stroke on cardiac function [199–203].
This process involves multiple mechanisms, including neuro-
humoral regulation, oxidative stress modulation, and extracel-
lular vesicle-mediated signaling [202, 204, 205]. Based on a
similar mechanism, RIPC can synergistically inhibit inflamma-
tion and improve metabolism, enhancing the protective effect
on the heart and brain. The gut microbiota serves as a critical
distal regulatory component. MI can induce intestinal barrier
dysfunction, leading to gut microbiota dysbiosis (e.g., overgrowth
of Proteobacteria) and translocation. Subsequently, bacteria and
their metabolites (such as LPS) enter the circulatory system,
triggering systemic inflammation and thereby promoting heart–
brain crosstalk [170, 206]. Gut microbiota-derived metabolites,
such as TMAO, promote atherosclerosis, platelet aggregation, and
myocardial fibrosis by activating the NF-κB signaling pathway
and the NLRP3 inflammasome. Simultaneously, these effects
exacerbate neuroinflammation and blood–brain barrier dysfunc-
tion [207–209].

In addition to pathophysiological mechanisms, the functions of
the central autonomic nervous system, such as arousal and sleep
regulation [210, 211] and emotional modulation [212, 213], not
only predict the risk and prognosis of MI but also represent
critical therapeutic targets. Among these, signaling pathways
such as TNF and FOXO may serve as key mediators of organ
crosstalk [210, 211]. Inhibition of FOXO activity has been shown
to significantly reduce cardiomyocyte apoptosis and enhance sur-
vival [214]. In summary, the heart–brain interaction establishes
a pathological network via multi-dimensional mechanisms. Tar-
geting key pathways or employing RIPC and other strategies
offers promising avenues for blocking damage progression and
achieving multi-organ protection.

3.3 Heart–Kidney Crosstalk

The heart–kidney interaction mechanism encompasses
hemodynamic disturbances, neuroendocrine activation,
immune-inflammatory responses, and intercellular
communication. Beyond the classical etiologies of cardiorenal
syndrome, myocardial necrosis following MI releases DAMPs
and enhances oxidative stress. This process can activate the
renal TLR4/NF-κB pathway, thereby inducing inflammation and
apoptosis in renal tubular epithelial cells, while simultaneously
elevating systemic levels of IL-6 and TNF-α [215, 216]. Xin-Ji-
Er-Kang mitigates renal injury by inhibiting oxidative stress via
the Nrf2/HO-1 pathway [217]. Renal I/R injury can activate the
NLRP3 inflammasome, which inhibits myocardial contractility
and promotes myocardial fibrosis through inflammatory factors
and downstream NF-κB [218, 219]. In terms of treatment,
the recently identified myokine Irisin can mitigate vascular
smooth muscle cell (VSMC) calcification in chronic kidney
disease (CKD) conditions and decrease cardiovascular
risk by inducing autophagy and suppressing the NLRP3
inflammasome [220].

In addition, intestinal dysbiosis promotes bidirectional heart–
kidney damage via metabolic toxins, activation of innate immu-
nity, and neurohumoral mechanisms. Analogous to the heart–
brain axis, microbial metabolites can induce injury to both the
cardiovascular system and kidneys [221]. In CKD, the accu-
mulation of nitric oxide (NO) synthase inhibitors, abnormal
metabolic bone disease markers, and activation of the sympa-
thetic and renin-angiotensin-aldosterone system (RAAS) further
exacerbate endothelial dysfunction and ventricular remodel-
ing [222–224]. Notably, myocardial ischemia can induce renal
injury via inflammatory mechanisms [225, 226], while venous
congestion resulting from heart failure can further exacerbate
kidney lesions in a reciprocal manner [215]. Ultimately, these
processes accelerate the comorbidity of heart and kidney diseases
through inflammatory and fibrotic pathways [227]. Currently,
the multi-target mechanisms of GLP-1RA and SGLT2 inhibitors
have garnered significant attention. Their combination can syn-
ergistically enhance cardiac and renal outcomes [228, 229]. Nev-
ertheless, as these drugs exert cardioprotective effects via indi-
rect mechanisms, further investigation into their application in
patients with myocardial infarction and cardiorenal syndrome is
warranted.

3.4 Heart–Liver Crosstalk

AMI is likely to induce acute heart failure, which in turn can
trigger acute or chronic cardiorenal syndrome. Associated with
hepatic congestion, this conditionmay impair bile acid excretion,
further exacerbating myocardial dysfunction [230]. On the other
hand, in patients with chronic liver disease, the accumulation
of bile acids or lipids may adversely affect myocardial function,
thereby establishing a vicious cycle. Metabolic dysfunction-
associated fatty liver disease (MAFLD) are independent risk
factors for MI and stroke, increasing the risk of fatal/non-fatal
cardiovascular events by 45% [231]. Metabolic disturbances and
severe hepatic fibrosis are associated with a further elevation in
cardiovascular risk among patients withMIAFLD [232]. The liver
serves as the primary organ for bile acid and PCSK9 production.
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FIGURE 5 Evolution of diagnostic criteria and clinical management in AMI. The diagnostic criteria for AMI have progressively advanced from
reliance on symptoms and ECG to the integration of troponin detection technology, with diagnostic classification becoming increasingly precise.
Clinical management has transitioned from basic supportive care to the systematic adoption of comprehensive drug regimens and routine reperfusion
therapy. AMI, acute myocardial infarction; AST, aspartate aminotransferase; CK, creatine kinase; CK-MB, creatine kinase MB; DAPT, dual antiplatelet
therapy; DSA, digital subtraction angiography; DES, drug-eluting stent; hs-cTn, high-sensitivity cardiac troponin; IVUS, intravascular ultrasound;
LDH, lactatedehydrogenase; OCT, optical coherence tomography; PCI, percutaneous coronary intervention; POC, point-of-care; PTCA, percutaneous
transluminal coronary angioplasty; SK, streptokinase.

The farnesoid X receptor (FXR) agonist GW4064 can activate
the FXR/AMPK/PGC1α pathway in adipocytes, thereby remotely
enhancing cardiac remodeling following MI [233]. PCSK9 pro-
motes platelet activation and in vivo thrombosis through binding
to platelet CD36, thereby increasing the risk of MI [230, 234].
Similarly, the liver can produce bone morphogenetic protein
9 (BMP9). BMP9 alleviates myocardial infarction injury by
improving lymphatic drainage and enhancing the mitochondrial
β-oxidation rate-limiting enzyme 2,4-dienoyl-CoA reductase 1
(DECR1) [235].

Myocardial I/R induces the release of small sEVs, which tar-
get and inhibit endoplasmic reticulum degradation enhancing
alpha-mannosidase-like protein 3 (EDEM3). This inhibition sub-
sequently activates the PERK-CHOP/ATF6-EDEM endoplasmic
reticulum (ER) stress pathway, leading to systemic metabolic

dysregulation [236]. The traditional view suggests that the car-
dioprotective effects of spironolactone are primarily mediated
through direct actions on the cardiac mineralocorticoid receptor
(MR). However, the heart–liver axis may also play a critical role.
Following MI, plasma IL-6/STAT3 levels rapidly increase, which
in turn regulates the liver MR/fibroblast growth factor 21 (FGF21)
axis and further influences cardiac injury. Therefore, targeting
hepatic FGF21with agonists could potentially reduce heart failure
post-MI [237].

4 Diagnosis

The evolution of AMI diagnostic criteria has spanned a cen-
tury (Figure 5), progressing from initial reliance on symptom
assessment alone to the integration of electrocardiography and
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cardiac enzyme testing. Today, widespread coronary intervention
has enabled visual diagnosis, while the application ofmultimodal
imaging has achieved comprehensive evaluation. In recent years,
the continuous refinement of AMI classification systems, the
widespread adoption of point-of-care (POC) testing, the discovery
of multi-omics biomarkers, and the rapid advancement of AI
tools are collectively propelling current diagnostic capabilities
toward a new phase characterized by speed, precision, and
non-invasiveness.

4.1 Evolution of Diagnostic Criteria

In the 1930s and 1940s, the diagnosis of AMI primarily relied
on the presence of typical clinical symptoms and their direct
association with ST-segment elevation on ECGs [238]. By the
1950s, serum biomarkers such as creatine kinase (CK), lactate
dehydrogenase (LDH), and aspartate aminotransferase (AST)
were introduced into the diagnostic workflow, although their
sensitivity and specificity were significantly limited [239]. In
the 1970s, the introduction of CK-MB, a biomarker with greater
cardiac specificity, led to theWorldHealth Organization’s (WHO)
first formal diagnostic criteria for MI, based on the triad of
clinical symptoms, electrocardiographic changes, and cardiac
enzyme levels. This initial MI diagnostic standard evolved into
the 3:2 model, requiring at least two of the following three:
history of chest pain, characteristic ECG changes, and dynamic
alterations in cardiac enzymes, with further classification into
non-transmural MI or subendocardial MI and transmural MI
according to Q-wave morphology on ECG [240, 241]. Subse-
quently, the discovery of highly sensitive biomarkers such as
cardiac troponins (cTn) and myoglobin (MyO) established car-
diac enzyme testing as a cornerstone in the diagnosis of AMI
[242].Meanwhile, breakthroughs in imaging technologies further
advanced the diagnostic framework for AMI. In 1958, the first
selective coronary angiography via the brachial artery marked
the beginning of coronary angiographic techniques [243]. This
was followed by the widespread adoption of transfemoral access
(TFA) and transradial access (TRA) approaches for coronary
angiography [244, 245]. The development of digital subtraction
angiography (DSA) in the 1980s further provided a critical tool for
the visualization of coronary arteries, enhancing the diagnostic
precision for AMI [246].

Since the beginning of the 21st century, the integration of
high-sensitivity cardiac biomarkers and advanced imaging tech-
nologies has driven significant improvements in the precision
of AMI diagnosis. In 2000, the first universal definition of MI
was published, defining MI as “myocardial cell death resulting
from ischemia.” According to this definition, diagnosis requires
a significant elevation in cardiac biomarkers such as CK-MB or
troponin, in combination with clinical evidence of myocardial
ischemia, which includes ischemic symptoms, electrocardio-
graphic changes, angiographic confirmation, or pathological
findings [247]. The second universal definition of MI, published
in 2007, formally established cTn as the diagnostic gold standard
and, for the first time, categorized MI into five types based on
distinct pathophysiological mechanisms and clinical contexts,
moving beyond traditional classification schemes [248]. In 2017,
the International Classification of Diseases (ICD) introduced
a new diagnostic code specifically for type 2 MI [249] The

fourth universal definition, released in 2018, further refined
the criteria to distinguish myocardial injury from infarction,
expanded the MI classification to include myocardial infarction
with non-obstructive coronary arteries (MINOCA) and Takot-
subo syndrome, and emphasized the importance of dynamic
monitoring of high-sensitivity troponin (hs-cTn) as well as the
integrated application of imaging techniques, such as cardiac
magnetic resonance (CMR) and coronary computed tomog-
raphy (CT) [250]. Based on continuously refined diagnostic
strategies, the current diagnosis of AMI has achieved compre-
hensive integration of clinical symptoms, electrocardiography,
high-sensitivity biomarkers, and multimodality imaging. The
2025 ACC/AHA/ACEP/NAEMSP/SCAI guidelines specify that
the diagnosis of AMI should be established through an inte-
grated assessment of typical or atypical ischemic symptoms,
characteristic electrocardiographic changes, and elevations with
dynamic changes in high-sensitivity cardiac troponin (hs-cTn),
supplemented by imaging modalities to determine the extent and
nature of the lesion [251].

4.2 Current Progress and Challenges

4.2.1 Limitations of the Existing Diagnostic
Classification

Despite the increasingly refined classification of AMI, the widely
adopted universal five-type classification system has gained
broad recognition in both academia and clinical practice, yet
it still faces considerable challenges in real-world application.
Approximately 5% of patients diagnosed with type 2 MI are
actually misclassified cases of type 1 or type 4b MI. Moreover,
type 2 MI encompasses both coronary and non-coronary mech-
anisms, leading to therapeutic ambiguity. For type 3 MI, the
lack of biochemical and imaging evidence makes it difficult to
identify the underlying mechanism, thereby limiting its value in
guiding clinical decision-making [9, 252]. In response to these
limitations, some scholars have proposed a novel classification
framework centered on clinical features, which categorizes MI
into three groups: spontaneous MI (driven by coronary pathol-
ogy), secondary MI (caused by oxygen supply–demand imbal-
ance due to acute illness), and procedural MI (associated with
complications of revascularization procedures). This framework
emphasizes the role of imaging-based evidence in enhancing
diagnostic specificity and may help address the diagnostic
heterogeneity observed in both clinical practice and research
settings [9]. However, whether this new classification can more
accurately guide diagnosis, optimize individualized treatment
strategies, and improve patient outcomes requires extensive
validation and evaluation in large-scale, real-world clinical
practice.

4.2.2 Advances in Diagnostic Methods

Current advances in AMI diagnostics are shifting toward faster,
more precise, and less invasive approaches. Point-of care (POC)
testing for high-sensitivity cardiac troponin (hs-cTnI) enables
rapid single or serial measurements, significantly shortening the
diagnostic window. This approach allows for the safe rule-out
of low-risk patients and the accurate identification of high-risk
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individuals [11, 253, 254]. Luca Koechlin et al. demonstrated
that a novel single-use immunofluorescence POC device (hs-
cTnI-SPINCHIP), utilizing a 0/1-h algorithm with dynamic
thresholding, can further improve diagnostic sensitivity. Its per-
formance was shown to be comparable to that of validated
central laboratory assays [255]. In the field of imaging, a novel
deep learning approach based on cine-generated enhancement
(CGE) has been developed, which can generate images com-
parable to those obtained by late gadolinium enhancement
(LGE) using only standard cine cardiac magnetic resonance
(cine CMR) images. This technique offers a promising non-
invasive alternative for myocardial tissue characterization [10].
Furthermore, multi-omics technologies integrating genomics,
proteomics, metabolomics, and epigenomics have revealed the
molecular regulatory networks involved in the early stages of
AMI and identified multiple potential novel biomarkers, such as
gut microbiota-derived metabolites (e.g., TMAO) and circulating
miRNAs (e.g., miR-1, miR-499), providing new perspectives for
early AMI detection [106, 116, 256, 257]. These technological
advancements are expected to drive the development of a multi-
modal, integrative diagnostic paradigm for AMI, with significant
potential to optimize healthcare resource allocation, reduce
unnecessary testing and hospitalizations, and improve clinical
outcomes.

4.2.3 Applications of AI

In addition, the introduction of AI-based diagnostic tools has
further enhanced the diagnostic performance for AMI. Clin-
ical decision support systems such as the Collaboration for
the Diagnosis and Evaluation of Acute Coronary Syndrome
(CoDE-ACS) and the myocardial-ischemic-injury-index (MI3),
developed using machine learning algorithms that integrate
hs-cTnI levels with clinical features, have been shown to sig-
nificantly improve diagnostic accuracy, compared to traditional
approaches [258, 259]. Another machine learning based algo-
rithm, Artificial Intelligence in Suspected Myocardial Infarction
Study (ARTEMIS)-POC, which integrates a single POC hs-
cTnI measurement, has also been shown to rapidly and safely
rule out MI [11]. In addition, AI-enhanced electrocardiography
(AI-ECG) has demonstrated superior diagnostic performance
in identifying AMI, significantly outperforming traditional risk
stratification tools such as the GRACE 2.0 score and high-
sensitivity troponin levels [260]. In risk prediction, AI-based
quantitative coronary plaque volume measurement and plaque
burden assessment have achieved high-precision prediction of
AMI risk [261, 262]. The RETFound model, through analysis
of retinal microvascular and neural structural changes, can
effectively predict the risk of AMI within 3 years [263]. These AI-
drivenmethods address key limitations of traditional approaches,
such as restricted applicability during early symptom onset
and insufficient generalizability. Nevertheless, their external
validity still requires confirmation in large prospective cohorts.
Looking ahead, with continued technological advancements, the
development of a multimodal, integrated AMI prevention and
management model holds promise for improving early warning,
precision prevention, and timely intervention, with significant
potential to optimize healthcare resource allocation, reduce
unnecessary testing and hospitalization, and improve clinical
outcomes.

5 Clinical Management

The clinical management model for AMI has undergone a sig-
nificant transformation. On one hand, a large body of high-level
evidence-based research has laid the foundation for standardized
drug treatment regimens. On the other hand, the emergence
and widespread application of coronary revascularization tech-
niques have achieved a milestone therapeutic breakthrough.
Current research is focused on precision medicine, striving to
continuously optimize treatment protocols and refine benefi-
ciary populations. Concurrently, emerging strategies such as
anti-inflammatory therapy, myocardial cell regeneration, and
gene editing are continually expanding new avenues for AMI
treatment. Traditional Chinese medicine (TCM) has also demon-
strated unique value in treatment. These measures collectively
offer new hope for further reducingmyocardial injury, promoting
repair, and improving prognosis.

5.1 Evolution of Clinical Management

Since the 19th century, when nitroglycerin was first used to
relieve angina pectoris, the clinical management of AMI had,
for decades, primarily focused on bed rest and symptomatic
relief (Figure 5). A paradigm shift in therapeutic strategies
emerged in the 1960s, when the introduction of β-blockers,
which were proven to reduce myocardial oxygen demand and
suppress malignant arrhythmias, together with the adoption
of direct current (DC) cardioversion and the establishment of
the first coronary care units (CCUs), markedly reduced AMI
mortality associated with severe arrhythmias [264–266]. Since
the 1970s, significant breakthroughs have been achieved in
the field of antiplatelet therapy. Aspirin was established as a
cornerstone treatment through the landmark ISIS-2 trial [267].
The subsequent introduction of P2Y12 inhibitors, including
clopidogrel, followed by prasugrel and ticagrelor, further opti-
mized dual antiplatelet therapy (DAPT) regimens [268–270]. In
1994, statin therapy ushered in the era of lipid management
with the publication of the 4S trial [271]. Subsequent studies
such as IMPROVE-IT and ODYSSEY further advanced the field
by supporting the development of combination lipid-lowering
strategies [272, 273].

The evolution of coronary revascularization techniques has fun-
damentally reshaped the treatment paradigm for AMI. While the
introduction of streptokinase thrombolysis in 1979 reduced AMI
mortality by 30%, its limitations, including a low recanalization
rate and high bleeding risk, spurred the development of more
effective revascularization strategies [274]. The first percuta-
neous transluminal coronary angioplasty (PTCA) procedure was
performed in 1977 [275], and it was first applied to AMI patients
in 1983 [276]. In 1993, the first RCT demonstrated that direct
PCI outperformed intravenous thrombolysis, solidifying PCI’s
role and marking the beginning of the reperfusion era [277].
Since then, PCI technology has advanced rapidly, withmilestones
including the clinical application of self-expanding stents in 1987,
the introduction and widespread adoption of balloon-expandable
stents and drug-eluting stents (DES), as well as subsequent
iterations of DES, which have significantly reduced the risk of
restenosis [278]. In 2003, the ESC guidelines designated PCI as
the preferred strategy for STEMI [279]. Alongside the evolution
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of reperfusion techniques, the concept of time windows has also
progressed, with established standards such as the myocardial
infarction interventional window and the time from first medical
contact (FMC) to first device use driving the global establishment
of chest pain center systems. Additionally, cardiac rehabilitation,
which originated in the 1960s [280], has evolved from simple
exercise-based programs into comprehensive management mod-
els, proven to effectively reduce long-term mortality. Currently,
cardiac rehabilitation is recognized as an essential component
of post-discharge management for myocardial infarction and
is included in clinical guidelines [251]. With these advances,
mainstream treatment strategies for STEMI and NSTEMI have
now been well established [251]. For NSTEMI, management is
guided by risk stratification. High-risk patients are prioritized
for invasive strategies such as coronary angiography within 24
h, whereas patients at intermediate or low risk may be man-
aged conservatively. Pharmacologic therapy is based on DAPT,
anticoagulation, and intensive lipid-lowering treatment, with
revascularization performedwhen clinically indicated. In STEMI,
the urgency of reperfusion therapy is emphasized. Primary per-
cutaneous coronary intervention (PPCI) is the preferred strategy,
with the recommended door-to-balloon time not exceeding 90
min. When timely PCI is not feasible, fibrinolytic therapy is
administered. The pharmacologic regimen for STEMI is broadly
similar to that of NSTEMI.

5.2 Current Progress and Challenges

5.2.1 Extent of Revascularization Intervention

In the revascularization treatment of AMI, the PCI strategy
continues to evolve toward optimization. The COMPLETE study
demonstrated that, in patients with multivessel disease and
STEMI, complete revascularization reduced the risk of cardio-
vascular death or new myocardial infarction by 26%, compared
to PCI targeting only the culprit lesion after a median follow-
up of 3 years [281]. The optical coherence tomography (OCT)
subgroup analysis revealed that 50% of STEMI patients exhibited
vulnerable plaque morphology in non-culprit vessels, with a
higher prevalence of obstructive lesions, providing pathological
support for the complete revascularization strategy in STEMI
patients with multivessel disease [282]. However, the recent
FULL REVASC trial found that, after a median follow-up of
4.8 years, fractional flow reserve (FFR)-guided complete revas-
cularization did not reduce the risk of composite endpoints,
including death, myocardial infarction, or revascularization
[283]. Thus, the specific criteria for non-culprit vessel interven-
tion in STEMI patients remain controversial. Additionally, as
the population ages, the proportion of elderly AMI patients is
increasing. Elderly patients often present with unique clinical
characteristics and comorbidity burdens, necessitating more
tailored treatment strategies. Recent studies have increasingly
focused on this special population. The FIRE study indicated
that, in elderly MI patients aged over 75 years with multivessel
coronary artery disease, complete revascularization guided by
coronary physiology assessment significantly reduced ischemic
events, compared to treating only the infarct-related artery [284].
This finding was later corroborated by another meta-analysis
[285]. Conversely, in an RCT involving frail elderly patients with
NSTEMI, the conventional invasive strategy showed no benefit

during the days alive and out of the hospital (DAOH) period [286].
Therefore, further evidence is required to clarify the safety and
efficacy of complete revascularization in elderly patients with
myocardial infarction. Moreover, the clinical value of complete
revascularization in NSTEMI patients remains uncertain, and
we must await the results of ongoing large-scale studies for
guidance.

5.2.2 Optimization of Antiplatelet Therapy

With the widespread adoption of next-generation DES and
potent P2Y12 receptor antagonists, the antiplatelet strategy for
AMI patients post-PCI has evolved from standardization toward
individualized and precision-based approaches. The primary goal
is to balance ischemic and bleeding risks while maximizing
clinical net benefit. In recent years, several large-scale RCTs
have provided robust evidence supporting the down-titration of
antiplatelet therapy, shortening DAPT duration, and selecting
optimal single-agent strategies [287, 288]. The TALOS-AMI trial
demonstrated that, for STEMI or NSTEM patients undergoing
their first PCI, clopidogrel plus aspirin as a de-escalation strategy
significantly reduced the risk of net clinical events at 12 months,
compared to ticagrelor plus aspirin [289]. Studies such as HOST-
IDEA and TWILIGHT further revealed that short-term DAPT for
3 to 6 months or even as short as 1 month effectively reduces the
risk of bleeding in NSTEMI patients without increasing ischemic
events [290–292]. Regarding single-agent therapy after DAPT, the
TWILIGHT andHOST-EXAM trials have demonstrated the supe-
riority of clopidogrel and ticagrelormonotherapy, respectively, for
long-term maintenance after PCI in NSTEMI patients [293, 294].
Notably, the STOP-DAPT3 trial found that in Asian populations,
both STEMI and NSTEMI patients experienced an increased
risk of stent thrombosis when prasugrel monotherapy was used
within 1 month post-PCI, compared to DAPT. However, further
studies are needed to explore the effects of shortening DAPT
duration and selecting monotherapy, considering factors such
as racial differences, drug metabolism characteristics, and stent
types. More robust evidence is required to guide clinical decisions
on these strategies [295] (Table 2). Additionally, indobufen,
another antiplatelet agent, has garnered significant attention
recently. The OPTION trial showed that indobufen significantly
reduced the risk of net adverse clinical events at 1 year post-
PCI, compared to aspirin [296]. However, given that this trial
excluded a substantial number of ACS patients, the efficacy of
indobufen in AMI patients requires validation through addi-
tional large-scale randomized controlled trials (RCTs), potentially
expanding the repertoire of effective antiplatelet therapies for
AMI.

5.2.3 Clinical Benefits of β-Blockers

The role of β-blockers for secondary prevention post-AMI, pri-
marily established through landmark trials in the 1980s. In the
context of current standard therapies, the role of beta-blockers
in AMI management is being increasingly scrutinized. Early
meta-analyses revealed that beta-blockers failed to significantly
reduce mortality among MI patients in the reperfusion era [312].
More recently, the large RCT REDUCE-AMI demonstrated that
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TABLE 2 Ongoing RCTs in AMI treatment.

Trial name Study population Key interventions Follow-up Primary outcome

DAN-DAPT trial [297] STEMI/NSTEMI;
PCI ≤ 72 h;

PRECISE-DAPT
score ≥ 25

1.Standard DAPT
2.Genotype-guided

DAPT
3.Abbreviated DAPT

12 months NACE; bleedings

TACSI trial [298] ACS; first isolated
CABG

ASA + ticagrelor vs.
ASA alone

10 years MACE

TADCLOT trial [299] STEMI; successful
primary PCI

Ticagrel vs. Clopidogrel ≥ 1 month MACE

Librexia ACS [300] ACS ≤ 7 days; ≥ 2
risk factors

Milvexian Up to 3.5 years CV death, MI, ischemic
stroke

REBOOT trial [301] STEMI/NSTEMI;
LVEF>40%; no HF

β-blocker Median 2.75
years

Death, non-fatal
reinfarction, HF

DANBLOCK [302] AMI; LVEF>40%;
no HF

β-blocker 2–4 years Death, recurrent MI,
acute HF, UA, stroke

SHAWN study [303] ACS; eligible for
DES

PCSK9 inhibitor 1 year MACCEs

OPTION-STEMI trial
[304]

Hemodynamically
stable STEMI;

multivessel disease

Immediate CR vs.
in-hospital-staged CR

1 year Death, non-fatal MI,
unplanned

revascularization
RESCUE-MI study
[305]

STEMI; 24–48 h
post-symptom

onset

Early invasive strategy
vs. conservative

strategy

1 month MI size

CELEBRATE trial [306] STEMI; planned
primary PCI

Zalunfiban 1 year Ranked 7-point clinical
scale

CLEAN trial [307] STEMI; primary
PCI

Nicorandil 12 months CV death, nonfatal MI,
TVR, unplanned
hospitalization

ASV-AMI trial [308] AMI; successful
primary PCI;

hemodynamically
stable

SV treatment in 2 h vs.
3–7 days after PCI

≥ 1 year Echocardiographic,
CTR, NT pro-BNP

EXCELLENT trial [309] AMI; large infarct;
LVEF < 50%

Autologous CD34+ cell
therapy

6 months MACE

HOT- AAMI [310] Anterior STEMI;
successful LAD PCI

Hyperoxemic oxygen
therapy

12–48 months Death, HF

Acupuncture -STEMI
[311]

STEMI post-PCI Verum acupuncture 6 months cTnI level

Abbreviations: ACS, acute coronary syndrome; AMI, acute myocardial infarction; ASA, acetylsalicylic acid; CABG, coronary artery bypass grafting; CR, complete
revascularization; CTR, cardiothoracic ratio; CV, cardiovascular; DAPT, dual antiplatelet therapy; DES, drug-eluting stent; HF, heart failure; LAD, left anterior
descending artery; LVEF, left ventricular ejection fraction; MACCEs, major adverse cardiac and cerebrovascular events; MACE, major adverse cardiovascular
events; MI, myocardial infarction; NACE, net adverse clinical events; NSTEMI, non-ST-segment elevation myocardial infarction; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; PCI, percutaneous coronary intervention; PCSK9, proprotein convertase subtilisin/kexin type 9; STEMI, ST-segment elevationmyocardial
infarction; TVR, target vessel revascularization; UA, unstable angina.

long-term beta-blocker therapy in AMI patients who underwent
coronary angiography and had an LVEF ≥ 50% did not result in
a reduction of the composite primary endpoint of all-cause mor-
tality or new myocardial infarction [313]. Conversely, the ABYSS
trial indicated that discontinuation of long-term beta-blocker
therapy might increase the risk of cardiovascular hospitalization
in MI patients with LVEF ≥ 40% [314]. Therefore, the necessity
of long-term beta-blocker therapy requires further evaluation,
and stratified studies are warranted to identify the optimal target

population. The results of several ongoing large RCTs are awaited
with interest (Table 2).

5.2.4 Intensity and Timing of Lipid Lowering

The clinical value of intensive lipid-lowering therapy (LLT) after
AMI has been well validated. A greater reduction in LDL-C
is associated with improved CV outcomes and a lower risk of
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all-cause mortality in AMI patients [315, 316]. This effect also
exists in the elderly population. The FAST-MI registry study
showed that AMI patients aged ≥ 80 years who received high-
intensity statin therapy had a 22% significant reduction in the
risk of all-cause mortality at 5 years, clearly supporting that age
should not be a basis for restricting intensive LLT [317]. However,
real-world data show that a considerable proportion of the elderly
population still do not use high-intensity statins, highlighting
the gap in clinical practice [318]. In addition, the proportion of
AMI patients achieving lipid targets with statin monotherapy
remains low in clinical practice. Consequently, combination
lipid-lowering strategies have emerged as a critical approach
to optimizing treatment. The IMPROVE-IT trial demonstrated
that the combination of simvastatin and ezetimibe significantly
improves cardiovascular outcomes in patients with diabetes or
high-risk non-diabetic ACS [319]. The recent SWEDEHEART
registry study further quantified the importance of timely MI
treatment initiation. It demonstrated that early initiation (within
12 weeks post-discharge) of combined LLT with statins and
ezetimibe in AMI patients could result in an additional 0.6% to
1.1% reduction in major adverse cardiovascular events (MACE),
compared to delayed combination therapy [320]. The PACMAN-
AMI series of studies elucidated the biological mechanisms of
combined therapy through multimodal imaging, demonstrating
that adding the PCSK9 inhibitor alirocumab to high-intensity
statin therapy reduces the plaque area volume (PAV) of non-
culprit lesions in AMI patients by 2.13%, decreases the lipid
core burden index (LCBI) by 41.24 units, and enhances fibrous
cap thickness (FCT) [321, 322]. Regarding clinical outcomes, the
ODYSSEYOUTCOMES trial showed that early combination ther-
apy with statins and the PCSK9 inhibitor alirocumab, achieving
a transient LDL-C reduction to < 0.39 mmol/L followed by
monotherapymaintenance inACS patients, significantly reduced
long-termMACE risk by 28%, underscoring the sustained benefits
of the “early intensification” strategy [273]. While RCT evidence
continues to evolve, future research should focus on delineating
the safety thresholds and individualized treatment pathways for
long-term intensive LLT (Table 2).

5.2.5 Other Treatment Strategies

In recent years, diversified interventional strategies targeting
the pathophysiological mechanisms of AMI have continued to
emerge. Mitochondrial dysfunction, recognized as one of the
central mechanisms of myocardial injury, has become a novel
therapeutic focus. Basic experimental studies have demonstrated
cardioprotective effects and mitigation of reperfusion injury
throughmitochondrial transplantation [19, 323], targeted delivery
of antioxidants [324], and modulation of mitochondrial fusion–
fission dynamics [325, 326], thereby promotingmyocardial repair.
At the same time, anti-inflammatory therapy directed against
residual inflammation after AMI has shown significant value
in secondary prevention. Large-scale randomized clinical trials
have confirmed that low-dose colchicine can effectively reduce
the risk of cardiovascular events after AMI [327]. OCT studies
further revealed that part of its mechanism of action involves
stabilization of coronary plaques [328]. However, the optimal
timing of colchicine initiation and its long-term benefits remain
under active investigation. In addition, the monoclonal anti-
body canakinumab, which targets IL-1β, has been shown to

significantly reduce the risk of recurrent events following AMI,
highlighting the therapeutic potential of selective inflammatory
modulation in delaying atherothrombosis [329]. Nonetheless,
further clinical trials are required to validate its translational
value.

In the field of myocardial repair and regeneration, stem cell
therapies and bioengineered cardiac patches that combine bioma-
terials with cells or bioactive factors have continued to advance,
showing promise in improving cardiac function, promoting
angiogenesis, and reducing fibrotic scarring [12, 330–333]. Nan-
otechnology has further refined and optimized AMI treatment
at a subcellular level. Nanoparticles (NPs) can achieve precise
targeting and controlled release of AMI treatment compounds;
newly developed ultrasmall Ptlr bimetallic nanoenzymes can
modulate mitochondrial function and inflammatory responses
to reshape the myocardial infarction microenvironment, thereby
repairing damaged myocardium and improving cardiac function,
offering new strategies for myocardial protection and real-time
monitoring [334]. Gene therapy has also garnered increasing
attention in AMI, with notable progress at the preclinical stage.
The combination of CRISPR-Cas9 gene-editing technology and
targeted delivery systems has successfully modified key genes
such as TLR4, miR-34a, and CaMKIIδ, resulting in improved
cardiac repair following AMI [13, 335–337]. However, the trans-
lation of these therapies into clinical practice still faces major
challenges, including complex regulatory approval processes,
concerns regarding long-term safety and efficacy, and barriers
to large-scale clinical implementation. To date, the world’s first
CRISPR-based human clinical trials have focused primarily on
oncology [338], while further safety and feasibility data are
needed to support clinical application in AMI.

TCMhas demonstrated unique therapeutic value in the treatment
of AMI. The large-scale RCTChina Tongxinluo Study forMyocar-
dial Protection in Patients With Acute Myocardial Infarction
(CTS-AMI) confirmed that Tongxinluo capsules, as an adjunctive
therapy beyond guideline-directed management for ST-segment
elevation myocardial infarction (STEMI), significantly reduce
major adverse cardiac and cerebrovascular events (MACCE) in
STEMI patients at both 30 days and 1 year [339]. Additionally,
“chronotherapy” is emerging as the fourth dimension of precision
treatment for AMI. A recent Nature study revealed that the core
circadian protein BMAL1 and hypoxia-inducible factor hypoxia-
inducible factor 2 alpha (HIF2A) form a heterodimer in ischemic
myocardium, regulating circadian rhythm-dependentmyocardial
injury. Based on these findings, a “time-optimized interventions”
strategy was proposed: administering nobiletin (NOB) at night
(the trough period of the biological clock) reduces infarct size,
while using the HIF2A agonist vadadustat during the day (peak
period) enhances ejection fraction and improves cardiac function,
offering a newdirection for time-optimized precision treatment of
AMI [340].

6 Conclusion and Perspective

Research on AMI has expanded from a narrow focus on myocar-
dial injury alone to encompass the entire spectrum of myocardial
damage across the disease continuum, as well as its systemic
impact on multiple organs. Advances in technology have laid the
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foundation for mechanistic exploration. Single-cell and spatial
multi-omics approaches provide unprecedented high-resolution
insights into the cellular heterogeneity of cardiac tissue after
AMI, elucidate the dynamic evolution of injury sites, and identify
key signaling networks that drive cardiac remodeling. Progress
in molecular imaging further enables visualization and dynamic
monitoring of the molecular mechanisms underlying culprit
lesions, offering newperspectives for risk assessment and longitu-
dinal surveillance. Together, these technologies have revealed the
complex spatiotemporal mechanisms of myocardial injury and
repair, thereby establishing a molecular basis for the discovery of
precision therapeutic targets, prediction of individualized disease
trajectories, and development of novel treatment strategies.

Nevertheless, a considerable gap remains between mechanistic
discoveries and clinical practice. The development of inno-
vative nanomaterials has facilitated the creation of precision
tracers targeting diverse cellular and molecular processes such
as inflammation and apoptosis, holding promise for bridging
this translational divide.Chronotherapeutics, by elucidating the
circadian patterns of AMI pathophysiology, may help optimize
the timing of interventions and thereby enhance therapeutic
efficacy. TCM has also demonstrated significant benefits in AMI
management, with several high-quality studies supporting its
therapeutic efficacy in this context. Furthermore, the impact of
AMI extends beyond direct cardiac injury, as its interactions
with extracardiac organs are complex and far-reaching. These
systemic consequences remain insufficiently understood and
call for deeper investigation. Addressing this challenge requires
multidisciplinary collaboration spanning molecular mechanisms
to clinical strategies, as well as the adoption of a holistic “pan-
cardiovascular” management paradigm, in order to construct
a systematic and precise framework for AMI prevention and
control.

Author Contributions

Y.L. contributed to the topic design, revised the manuscript, and made
the decision to submit it for publication. M.Z., Y.L., and Q.X. drafted the
initial version of the manuscript. M.Z., Y.L., W.W., and Y.L. revised the
manuscript. M.Z. and Y.L. contributed equally to this work. All authors
approved the final version of the manuscript.

Acknowledgments

This work was supported by the Excellent Young Science and Technology
Talent Cultivation Special Project of CACMS (CI2023D006) and Hospital
capability enhancement project of Xiyuan Hospital of CACMS (NO.
XYZX0201-10). All figures were created in https://BioRender.com and
permitted with licenses for the use in journal publication.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

1. N. Salari, F. Morddarvanjoghi, A. Abdolmaleki, et al., “The Global
Prevalence of Myocardial Infarction: A Systematic Review and Meta-
Analysis,” BMC Cardiovascular Disorders 23, no. 1 (2023): 206.

2. M. Zuin, G. Rigatelli, P. Temporelli, et al., “Trends in Acute Myocardial
Infarction Mortality in the European Union, 2012–2020,” European
Journal of Preventive Cardiology 30, no. 16 (2023): 1758–1771.

3. D. M. Christensen, A.-M. Schjerning, L. Smedegaard, et al., “Long-
Term Mortality, Cardiovascular Events, and Bleeding in Stable Patients 1
Year AfterMyocardial Infarction: ADanishNationwide Study,”European
Heart Journal 44, no. 6 (2022): 488–498.

4. S. A. Leancă, D. Crișu, A. O. Petriș, et al., “Left Ventricular Remodeling
After Myocardial Infarction: From Physiopathology to Treatment,” Life
(Basel, Switzerland) 12, no. 8 (2022): 1111.

5. H. Bugger and K. Pfeil, “Mitochondrial ROS in Myocardial Ischemia
Reperfusion and Remodeling,” Biochimica Et Biophysica Acta Molecular
Basis of Disease 1866, no. 7 (2020): 165768.

6. G. P. J. van Hout, F. Arslan, G. Pasterkamp, et al., “Targeting Danger-
Associated Molecular Patterns After Myocardial Infarction,” Expert
Opinion on Therapeutic Targets 20, no. 2 (2016): 223–239.

7. E. H. Shroff, C. Snyder, and N. S. Chandel, “Bcl-2 Family Members
Regulate Anoxia-Induced Cell Death,” Antioxidants & Redox Signaling 9,
no. 9 (2007): 1405–1409.

8. A. Helgadottir, G. Thorleifsson, A. Manolescu, et al., “A Common
Variant on Chromosome 9p21 Affects the Risk of Myocardial Infarction,”
Science (New York, NY) 316, no. 5830 (2007): 1491–1493.

9. B. Lindahl and N. L. Mills, “A New Clinical Classification of Acute
Myocardial Infarction,” Nature Medicine 29, no. 9 (2023): 2200–2205.

10. H. Qi, P. Qian, L. Tang, et al., “Predicting Late Gadolinium Enhance-
ment of Acute Myocardial Infarction in Contrast-Free Cardiac Cine MRI
UsingDeepGenerative Learning,”CirculationCardiovascular Imaging 17,
no. 9 (2024): e016786.

11. B. Toprak, H. Solleder, E. Di Carluccio, et al., “Diagnostic Accuracy
of a Machine Learning Algorithm Using Point-of-Care High-Sensitivity
Cardiac Troponin I for Rapid Rule-out of Myocardial Infarction: A
Retrospective Study,” Lancet Digital Health 6, no. 10 (2024): e729–e738.

12. S.-J. Sun, W.-H. Lai, Y. Jiang, et al., “Immunomodulation by Sys-
temic Administration of Human-Induced Pluripotent Stem Cell-Derived
Mesenchymal Stromal Cells to Enhance the Therapeutic Efficacy of Cell-
Based Therapy for Treatment of Myocardial Infarction,” Theranostics 11,
no. 4 (2021): 1641–1654.

13. H. Park, D. Kim, B. Cho, et al., “Vivo Therapeutic Genome Editing via
CRISPR/Cas9Magnetoplexes forMyocardial Infarction,”Biomaterials 281
(2022): 121327.

14. T. Senoner and W. Dichtl, “Oxidative Stress in Cardiovascular Dis-
eases: Still a Therapeutic Target?,” Nutrients 11, no. 9 (2019): 2090.

15. M. Günthel, K. van Duijvenboden, D. E. M. de Bakker, et al., “Epige-
netic State Changes Underlie Metabolic Switch in Mouse Post-Infarction
Border Zone Cardiomyocytes,” Journal of Cardiovascular Development
and Disease 8, no. 11 (2021): 134.

16. C. N. Nuñez Pedrozo, F. R. Borzone, and A. Varela, “Molecular Basis
and Key Biological Processes for Myocardial Regeneration: Transcrip-
tomic Analysis of Acute Myocardial Infarction in a Translational Ovine
Model,” Gene Expression Patterns: GEP 56 (2025): 119396.

17. L. Wang, D. Li, F. Yao, et al., “Serpina3k Lactylation Protects From
Cardiac Ischemia Reperfusion Injury,”Nature Communications 16 (2025):
1012.

18. M. Antoniel, K. Jones, S. Antonucci, et al., “The Unique Histidine in
OSCP Subunit of F-ATP SynthaseMediates Inhibition of the Permeability
Transition Pore by Acidic pH,” EMBO Reports 19, no. 2 (2018): 257–268.

19. Q. Chu, D. He, W. Xie, et al., “Gelated Microvesicle-Mediated Delivery
ofMesenchymal StemCellMitochondria for the Treatment ofMyocardial

21 of 31

https://BioRender.com


Infarction,” Proceedings of the National Academy of Sciences of the United
States of America 122, no. 27 (2025): e2424529122.
20. X. Liu, W. Zhang, J. Luo, et al., “TRIM21 Deficiency Protects Against
Atrial Inflammation and Remodeling Post Myocardial Infarction by
Attenuating Oxidative Stress,” Redox Biology 62 (2023): 102679.
21. Z. Guo,D. Fan, F.-Y. Liu, et al., “NEU1RegulatesMitochondrial Energy
Metabolism and Oxidative Stress Post-Myocardial Infarction in Mice via
the SIRT1/PGC-1 Alpha Axis,” Frontiers in Cardiovascular Medicine 9
(2022): 821317.
22. F. Li, J. Li, J. Hao, et al., “HINT2 Deficiency Deteriorates Oxidative
Stress in a Mouse Model of Myocardial Infarction,” ESC Heart Failure 10,
no. 2 (2023): 1305–1313.
23. L. Mei, Y. Chen, P. Chen, et al., “Fibroblast Growth Factor 7 Alleviates
Myocardial Infarction by Improving Oxidative Stress via PI3Kα/AKT-
Mediated Regulation of Nrf2 and HXK2,” Redox Biology 56 (2022):
102468.
24. E. T. Chouchani, V. R. Pell, A.M. James, et al., “AUnifyingMechanism
for Mitochondrial Superoxide Production During Ischemia-Reperfusion
Injury,” Cell Metabolism 23, no. 2 (2016): 254–263.
25. A. Sorby-Adams, T. A. Prime, J. L. Miljkovic, et al., “A Model
of Mitochondrial Superoxide Production During Ischaemia-Reperfusion
Injury for Therapeutic Development and Mechanistic Understanding,”
Redox Biology 72 (2024): 103161.
26. Y. Abdallah, S. A. Kasseckert, W. Iraqi, et al., “Interplay Between
Ca2+ Cycling and Mitochondrial Permeability Transition Pores Promotes
Reperfusion-Induced Injury of CardiacMyocytes,” Journal of Cellular and
Molecular Medicine 15, no. 11 (2011): 2478–2485.
27. A. Mendoza, P. Patel, D. Robichaux, et al., “Inhibition of the mPTP
and Lipid Peroxidation Is Additively Protective Against I/R Injury,”
Circulation Research 134, no. 10 (2024): 1292–1305.
28. Y. Li, B. Chen, X. Yang, et al., “S100a8/A9 Signaling Causes
Mitochondrial Dysfunction and Cardiomyocyte Death in Response to
Ischemic/Reperfusion Injury,” Circulation 140, no. 9 (2019): 751–764.
29. X. Guo, S. Hong, H. He, et al., “NFκB Promotes Oxidative Stress-
Induced Necrosis and Ischemia/Reperfusion Injury by Inhibiting Nrf2-
ARE Pathway,” Free Radical Biology & Medicine 159 (2020): 125–135.
30. H. Xu, X. Chen, S. Luo, et al., “Cardiomyocyte-Specific Piezo1
Deficiency Mitigates Ischemia-Reperfusion Injury by Preserving Mito-
chondrial Homeostasis,” Redox Biology 79 (2025): 103471.
31. C. Zi, X. Ma, M. Zheng, et al., “VDAC1-NF-κB/P65-Mediated
S100A16 Contributes to Myocardial Ischemia/Reperfusion Injury by
Regulating Oxidative Stress and Inflammatory Response via Calmod-
ulin/CaMKK2/AMPK Pathway,” European Journal of Pharmacology 987
(2025): 177158.
32. G. Sreejit, A. Abdel-Latif, and B. Athmanathan, “Neutrophil-Derived
S100A8/A9 Amplify Granulopoiesis After Myocardial Infarction,” Circu-
lation 141, no. 13 (2020): 1080–1094.
33. Y. Sun, C. Pinto, S. Camus, et al., “Splenic Marginal Zone B Lympho-
cytes Regulate Cardiac Remodeling After Acute Myocardial Infarction
in Mice,” Journal of the American College of Cardiology 79, no. 7 (2022):
632–647.
34. G. Rizzo, J. Gropper, M. Piollet, et al., “Dynamics of Monocyte-
Derived Macrophage Diversity in Experimental Myocardial Infarction,”
Cardiovascular Research 119, no. 3 (2023): 772–785.

35. K. Jin, S. Gao, P. Yang, et al., “Single-Cell RNA Sequencing Reveals the
Temporal Diversity and Dynamics of Cardiac Immunity After Myocardial
Infarction,” Small Methods 6, no. 3 (2022): e2100752.

36. Y. Liu, Y.-H. Shao, J.-M. Zhang, et al., “Macrophage CARD9 Mediates
Cardiac Injury Following Myocardial Infarction Through Regulation of
Lipocalin 2 Expression,” Signal Transduction and Targeted Therapy 8, no.
1 (2023): 394.

37. B. Chen and N. G. Frangogiannis, “Chemokines in Myocardial
Infarction,” Journal of Cardiovascular Translational Research 14, no. 1
(2021): 35–52.

38. N. Akbar, A. T. Braithwaite, E.M. Corr, et al., “RapidNeutrophilMobi-
lization by VCAM-1+ Endothelial Cell-Derived Extracellular Vesicles,”
Cardiovascular Research 119, no. 1 (2023): 236–251.

39. J.M. Adrover, C. Del Fresno, G. Crainiciuc, et al., “ANeutrophil Timer
Coordinates Immune Defense and Vascular Protection,” Immunity 51, no.
5 (2019): 966–967.

40. M. Delgobo, E. Weiß, D. Ashour, et al., “Myocardial Milieu Favors
Local Differentiation of Regulatory T Cells,” Circulation Research 132, no.
5 (2023): 565–582.

41. Y. K. Alshoubaki, B. Nayer, Y.-Z. Lu, et al., “Tregs Delivered Post-
Myocardial Infarction Adopt an Injury-Specific Phenotype Promoting
Cardiac Repair viaMacrophages inMice,”Nature Communications 15, no.
1 (2024): 6480.

42. J. Jiao, S. He, Y. Wang, et al., “Regulatory B Cells Improve Ventric-
ular Remodeling After Myocardial Infarction by Modulating Monocyte
Migration,” Basic Research in Cardiology 116, no. 1 (2021): 46.

43. A. C. Ortega-Rodríguez, L. S. Marín-Jáuregui, E. Martínez-Shio, et al.,
“AlteredNKCell Receptor Repertoire andFunction ofNatural Killer Cells
in Patients With Acute Myocardial Infarction: A Three-Month Follow-up
Study,” Immunobiology 225, no. 3 (2020): 151909.

44. R. Klingenberg, S. Aghlmandi, B. Gencer, et al., “Residual Inflamma-
tory Risk at 12 Months After Acute Coronary Syndromes Is Frequent and
Associated With Combined Adverse Events,” Atherosclerosis 320 (2021):
31–37.

45. A. Saraste, K. Pulkki, M. Kallajoki, et al., “Apoptosis in Human Acute
Myocardial Infarction,” Circulation 95, no. 2 (1997): 320–323.

46. Q. Chen, A. Zheng, X. Xu, et al., “Nrf3-Mediated Mitochondrial
Superoxide Promotes Cardiomyocyte Apoptosis and Impairs Cardiac
Functions by Suppressing Pitx2,”Circulation 151, no. 14 (2025): 1024–1046.

47. X. Chen, X. Li, W. Zhang, et al., “Activation of AMPK Inhibits
Inflammatory Response During Hypoxia and Reoxygenation Through
Modulating JNK-Mediated NF-κB Pathway,” Metabolism: Clinical and
Experimental 83 (2018): 256–270.

48. J. Ma, Z. Chen, Y. Ma, et al., “MicroRNA-19a Attenuates Hypoxia-
Induced Cardiomyocyte Apoptosis by Downregulating NHE-1 Expression
and Decreasing Calcium Overload,” Journal of Cellular Biochemistry 121,
no. 2 (2020): 1747–1758.

49. E.-W. Wang, Y.-Y. Han, and X.-S. Jia, “PAFR-Deficiency Alleviates
Myocardial Ischemia/Reperfusion Injury inMice via Suppressing Inflam-
mation, Oxidative Stress and Apoptosis,” Biochemical and Biophysical
Research Communications 495, no. 4 (2018): 2475–2481.

50. K. A. Webster, R. M. Graham, J. W. Thompson, et al., “Redox Stress
and the Contributions of BH3-Only Proteins to Infarction,” Antioxidants
& Redox Signaling 8, no. 9-10 (2006): 1667–1676.

51. P. E. Czabotar and A. J. Garcia-Saez, “Mechanisms of BCL-2 Family
Proteins in Mitochondrial Apoptosis,” Nature Reviews Molecular Cell
Biology 24, no. 10 (2023): 732–748.

52. Y. Yang, Y. Zhang, J. Yang, et al., “Interdependent Nuclear Co-
Trafficking of ASPP1 and P53 Aggravates Cardiac Ischemia/Reperfusion
Injury,” Circulation Research 132, no. 2 (2023): 208–222.

53. T. Yagudin, Y. Zhao, H. Gao, et al., “iASPP Protects the Heart
From Ischemia Injury by Inhibiting P53 Expression and Cardiomyocyte
Apoptosis,” Acta Biochimica Et Biophysica Sinica 53, no. 1 (2021): 102–111.

54. L. Liu, S. Huang, Y. Du, et al., “Lats2 Deficiency Protects the Heart
Against Myocardial Infarction by Reducing Inflammation and Inhibiting
Mitochondrial Fission and STING/P65 Signaling,” International Journal
of Biological Sciences 19, no. 11 (2023): 3428–3440.

55. Y. Bu, Y. Liu, M. Liu, et al., “TRIM55 Aggravates Cardiomyocyte
Apoptosis After Myocardial Infarction via Modulation of the Nrf2/HO-1
Pathway,” JACC Basic to Translational Science 9, no. 9 (2024): 1104–1122.

56. P. Lee, M. Sata, D. J. Lefer, et al., “Fas Pathway Is a Critical Mediator of
Cardiac Myocyte Death and MI During Ischemia-Reperfusion In Vivo,”

22 of 31 MedComm, 2025



American Journal of Physiology Heart and Circulatory Physiology 284, no.
2 (2003): H456–463.

57. I. Jeremias, C. Kupatt, and A. Martin-Villalba, “Involvement of
CD95/Apo1/Fas in Cell Death After Myocardial Ischemia,” Circulation
102, no. 8 (2000): 915–920.

58. E. S. Kehmeier, W. Lepper, M. Kropp, et al., “TNF-α, Myocardial Per-
fusion and Function in Patients With ST-Segment Elevation Myocardial
Infarction and Primary Percutaneous Coronary Intervention,” Clinical
Research in Cardiology: Official Journal of the GermanCardiac Society 101,
no. 10 (2012): 815–827.

59. L. Wang, F. Du, and X. Wang, “TNF-Alpha Induces Two Distinct
Caspase-8 Activation Pathways,” Cell 133, no. 4 (2008): 693–703.

60. K. J. Krott, F. Reusswig, M. Dille, et al., “Platelets Induce Cell
Apoptosis of Cardiac Cells via FasL After Acute Myocardial Infarction,”
Biomedicines 12, no. 5 (2024): 1077.

61. M. Shimizu, K. Fukuo, S. Nagata, et al., “Increased Plasma Levels
of the Soluble Form of Fas Ligand in Patients With Acute Myocardial
Infarction andUnstable Angina Pectoris,” Journal of the AmericanCollege
of Cardiology 39, no. 4 (2002): 585–590.

62. L. Yang, Y. Wen, Z. Yuan, et al., “Hypoxia-Mediated SUMOylation of
FADD Exacerbates Endothelial Cell Injury via the RIPK1-RIPK3-MLKL
Signaling Axis,” Cell Death & Disease 16, no. 1 (2025): 121.

63. B. Hanson, “Necroptosis: A New Way of Dying?,” Cancer Biology &
Therapy 17, no. 9 (2016): 899–910.

64. X. Guo, Y. Chen, andQ. Liu, “Necroptosis in Heart Disease:Molecular
Mechanisms and Therapeutic Implications,” Journal of Molecular and
Cellular Cardiology 169 (2022): 74–83.

65. M. Luedde, M. Lutz, N. Carter, et al., “RIP3, a Kinase Promoting
Necroptotic Cell Death, Mediates Adverse Remodelling After Myocardial
Infarction,” Cardiovascular Research 103, no. 2 (2014): 206–216.

66. T. Zhang, Y. Zhang, M. Cui, et al., “CaMKII Is a RIP3 Substrate Medi-
ating Ischemia- and Oxidative Stress-Induced Myocardial Necroptosis,”
Nature Medicine 22, no. 2 (2016): 175–182.

67. W. Zhang, J. Zhang, Z. Wang, et al., “Extracellular RIPK3 Acts
as a Damage-Associated Molecular Pattern to Exaggerate Cardiac
Ischemia/Reperfusion Injury,” Circulation 150, no. 22 (2024): 1791–1811.

68. J. Li, J. Zhang, Y. Zhong, et al., “TRPC6 Regulates Necroptosis in
Myocardial Ischemia/Reperfusion Injury via Ca2+/CaMKII Signaling
Pathway,” Cellular Signalling 122 (2024): 111344.

69. L. Wei, N. Wan, W. Zhu, et al., “Inflammatory Adhesion Mediates
Myocardial Segmental Necroptosis Induced by Mixed Lineage Kinase
Domain-Like Protein in Acute Myocardial Infarction,” Cell Communica-
tion and Signaling: CCS 23, no. 1 (2025): 32.

70. Y. Bai, Y. Pan, and X. Liu, “Mechanistic Insights Into Gasdermin-
Mediated Pyroptosis,” Nature Reviews Molecular Cell Biology 26, no. 7
(2025): 501–521.

71. L. Galluzzi, I. Vitale, and S. A. Aaronson, “Molecular Mechanisms of
Cell Death: Recommendations of the Nomenclature Committee on Cell
Death 2018,” Cell Death and Differentiation 25, no. 3 (2018): 486–541.

72. M. E. Bianchi, “DAMPs, PAMPs and Alarmins: All We Need to Know
About Danger,” Journal of Leukocyte Biology 81, no. 1 (2007): 1–5.

73. S. Toldo, E. Mezzaroma, A. G. Mauro, et al., “The Inflammasome
in Myocardial Injury and Cardiac Remodeling,” Antioxidants & Redox
Signaling 22, no. 13 (2015): 1146–1161.

74. Y. Li, Y. Wang, H. Guo, et al., “IRF2 Contributes to Myocardial
Infarction via Regulation of GSDMD Induced Pyroptosis,” Molecular
Medicine Reports 25, no. 2 (2022): 40.

75. Z. Qiu, Y. He, H. Ming, et al., “Lipopolysaccharide (LPS) Aggravates
High Glucose- and Hypoxia/Reoxygenation-Induced Injury Through
Activating ROS-Dependent NLRP3 Inflammasome-Mediated Pyroptosis
in H9C2 Cardiomyocytes,” Journal of Diabetes Research 2019 (2019):
8151836.

76. S. Liu, Y. Bi, T. Han, et al., “The E3Ubiquitin LigaseMARCH2 Protects
Against Myocardial Ischemia-Reperfusion Injury Through Inhibiting
Pyroptosis via Negative Regulation of PGAM5/MAVS/NLRP3 Axis,” Cell
Discovery 10, no. 1 (2024): 24.

77. M. Shi, F. Su, Z. Dong, et al., “TRIM16 Exerts Protective Function on
Myocardial Ischemia/Reperfusion Injury Through Reducing Pyroptosis
and Inflammation via NLRP3 Signaling,” Biochemical and Biophysical
Research Communications 632 (2022): 122–128.

78. H. Shi, Y. Gao, Z. Dong, et al., “GSDMD-Mediated Cardiomyocyte
Pyroptosis PromotesMyocardial I/R Injury,”Circulation Research 129, no.
3 (2021): 383–396.

79. S. Liu, S. Yao, H. Yang, et al., “Autophagy: Regulator of Cell Death,”
Cell Death & Disease 14, no. 10 (2023): 648.

80. Y. Liu, S. Shoji-Kawata, R. M. Sumpter, et al., “Autosis Is a Na+,K+-
ATPase-Regulated Form of Cell Death Triggered by Autophagy-Inducing
Peptides, Starvation, and Hypoxia-Ischemia,” Proceedings of the National
Academy of Sciences of the United States of America 110, no. 51 (2013):
20364–20371.

81. Y. Matsui, H. Takagi, X. Qu, et al., “Distinct Roles of Autophagy in the
Heart During Ischemia and Reperfusion: Roles of AMP-Activated Protein
Kinase and Beclin 1 in Mediating Autophagy,” Circulation Research 100,
no. 6 (2007): 914–922.

82. C.-Y. Liu, Y.-H. Zhang, R.-B. Li, et al., “LncRNA CAIF Inhibits
Autophagy and Attenuates Myocardial Infarction by Blocking P53-
Mediated Myocardin Transcription,” Nature Communications 9, no. 1
(2018): 29.

83. J. Nah, P. Zhai, C.-Y. Huang, et al., “Upregulation of Rubicon Promotes
Autosis During Myocardial Ischemia/Reperfusion Injury,” Journal of
Clinical Investigation 130, no. 6 (2020): 2978–2991.

84. J. Nah, E.-A. Sung, P. Zhai, et al., “Tfeb-Mediated Transcriptional
Regulation of Autophagy Induces Autosis During Ischemia/Reperfusion
in the Heart,” Cells 11, no. 2 (2022): 258.

85. S. J. Dixon, K. M. Lemberg, M. R. Lamprecht, et al., “Ferroptosis: An
Iron-Dependent Form of Nonapoptotic Cell Death,” Cell 149, no. 5 (2012):
1060–1072.

86. D. Tang and G. Kroemer, “Ferroptosis,” Current Biology: CB 30, no. 21
(2020): R1292–R1297.

87. S. Ma, L. Sun, W. Wu, et al., “USP22 Protects Against Myocar-
dial Ischemia-Reperfusion Injury via the SIRT1-P53/SLC7A11-Dependent
Inhibition of Ferroptosis-Induced Cardiomyocyte Death,” Frontiers in
Physiology 11 (2020): 551318.

88. G. Ichihara, Y. Katsumata, Y. Sugiura, et al., “MRP1-Dependent
Extracellular Release of Glutathione Induces Cardiomyocyte Ferroptosis
After Ischemia-Reperfusion,” Circulation Research 133, no. 10 (2023):
861–876.

89. L. Liu, J. Pang, D. Qin, et al., “Deubiquitinase OTUD5 as a
Novel Protector Against 4-HNE-Triggered Ferroptosis in Myocardial
Ischemia/Reperfusion Injury,” Advanced Science (Weinheim, Baden-
Wurttemberg, Germany) 10, no. 28 (2023): e2301852.

90. L.-J. Tang, Y.-J. Zhou, X.-M. Xiong, et al., “Ubiquitin-Specific Protease
7 Promotes Ferroptosis via Activation of the P53/TfR1 Pathway in the Rat
Hearts After Ischemia/Reperfusion,” Free Radical Biology &Medicine 162
(2021): 339–352.

91. Z. Fan, L. Cai, S. Wang, et al., “Baicalin Prevents Myocardial
Ischemia/Reperfusion Injury Through Inhibiting ACSL4 Mediated Fer-
roptosis,” Frontiers in Pharmacology 12 (2021): 628988.

92. W. Li, W. Li, Y. Wang, et al., “Inhibition of DNMT-1 Alleviates
Ferroptosis Through NCOA4 Mediated Ferritinophagy During Diabetes
Myocardial Ischemia/Reperfusion Injury,” Cell Death Discovery 7, no. 1
(2021): 267.

93. K. Fan, W. Huang, H. Qi, et al., “The Egr-1/miR-15a-5p/GPX4 Axis
Regulates Ferroptosis in Acute Myocardial Infarction,” European Journal
of Pharmacology 909 (2021): 174403.

23 of 31



94. T.-J. Park, J. H. Park, G. S. Lee, et al., “Quantitative ProteomicAnalyses
Reveal That GPX4 Downregulation During Myocardial Infarction Con-
tributes to Ferroptosis in Cardiomyocytes,” Cell Death & Disease 10, no. 11
(2019): 835.

95. X.-H. Ma, J.-H.-Z. Liu, C.-Y. Liu, et al., “ALOX15-Launched PUFA-
Phospholipids Peroxidation Increases the Susceptibility of Ferroptosis
in Ischemia-Induced Myocardial Damage,” Signal Transduction and
Targeted Therapy 7, no. 1 (2022): 288.

96. W. Cai, L. Liu, X. Shi, et al., “Alox15/15-HpETEAggravatesMyocardial
Ischemia-Reperfusion Injury by Promoting Cardiomyocyte Ferroptosis,”
Circulation 147, no. 19 (2023): 1444–1460.

97. P. Tsvetkov, S. Coy, B. Petrova, et al., “Copper Induces Cell Death by
Targeting Lipoylated TCA Cycle Proteins,” Science 375, no. 6586 (2022):
1254–1261.

98. M. Yang, Y. Wang, L. He, et al., “Comprehensive Bioinformatics Anal-
ysis Reveals the Role of Cuproptosis-Related Gene Ube2d3 in Myocardial
Infarction,” Frontiers in Immunology 15 (2024): 1353111.

99. S. Zhou, L. Wang, X. Huang, et al., “Comprehensive Bioinformatics
Analytics and in Vivo Validation Reveal SLC31A1 as an Emerging
Diagnostic Biomarker for Acute Myocardial Infarction,” Aging 16, no. 9
(2024): 8361–8377.

100. X. Fang, Y. Ji, and S. Li, “Paeoniflorin Attenuates Cuproptosis
and Ameliorates Left Ventricular Remodeling After AMI in Hypobaric
Hypoxia Environments,” Journal of Natural Medicines 78, no. 3 (2024):
664–676.

101. Z. Liu, L. Wang, Q. Xing, et al., “Identification of GLS as a
Cuproptosis-Related Diagnosis Gene in Acute Myocardial Infarction,”
Frontiers in Cardiovascular Medicine 9 (2022): 1016081.

102. C. Fang, S. Sun, W. Chen, et al., “Bioinformatics Analysis of the Role
of Cuproptosis Gene inAcuteMyocardial Infarction,”MinervaCardiology
and Angiology 72, no. 6 (2024): 595–606.

103. J. Zhang, Z. Yue,N. Zhu, et al., “Identification of Potential Biomarkers
Associated With Cuproptosis and Immune Microenvironment Analysis
in Acute Myocardial Infarction: A Diagnostic Accuracy Study,”Medicine
104, no. 5 (2025): e40817.

104. M. Krolevets, V. T. Cate, J. H. Prochaska, et al., “DNA Methylation
and Cardiovascular Disease in Humans: A Systematic Review and
Database of Known CpG Methylation Sites,” Clinical Epigenetics 15, no.
1 (2023): 56.

105. W. Han, W. Wang, and Q. Wang, “A Review on Regulation of DNA
Methylation During Post-Myocardial Infarction,” Frontiers in Pharmacol-
ogy 15 (2024): 1267585.

106. X. Luo, Y. Hu, J. Shen, et al., “Integrative Analysis of DNA Methy-
lation and Gene Expression Reveals Key Molecular Signatures in Acute
Myocardial Infarction,” Clinical Epigenetics 14, no. 1 (2022): 46.

107. S. R. Boovarahan andG.A. Kurian, “Investigating the Role of DNMT1
Gene Expression on Myocardial Ischemia Reperfusion Injury in Rat and
Associated Changes in Mitochondria,” Biochimica Et Biophysica Acta
Bioenergetics 1863, no. 6 (2022): 148566.

108. T. Infante, M. Franzese, A. Ruocco, et al., “ABCA1, TCF7, NFATC1,
PRKCZ, and PDGFA DNA Methylation as Potential Epigenetic-Sensitive
Targets in Acute Coronary Syndrome via Network Analysis,” Epigenetics
17, no. 5 (2022): 547–563.

109. L. Zhu, L. Jia, Z. Liu, et al., “Elevated Methylation of FOXP3 (Fork-
head Box P3)-TSDR (Regulatory T-Cell-Specific Demethylated Region) Is
Associated With Increased Risk for Adverse Outcomes in Patients With
Acute Coronary Syndrome,” Hypertension (Dallas, Tex: 1979) 74, no. 3
(2019): 581–589.

110. M. Nakatochi, S. Ichihara, K. Yamamoto, et al., “Epigenome-Wide
Association of Myocardial InfarctionWith DNAMethylation Sites at Loci
Related to Cardiovascular Disease,” Clinical Epigenetics 9 (2017): 54.

111. M. Abbas and A. Gaye, “Emerging Roles of Noncoding RNAs in
Cardiovascular Pathophysiology,” American Journal of Physiology Heart
and Circulatory Physiology 328, no. 3 (2025): H603–H621.

112. J. Bauersachs and T. Thum, “Biogenesis and Regulation of Cardiovas-
cular microRNAs,” Circulation Research 109, no. 3 (2011): 334–347.

113. D. Ramanujam, A. P. Schön, C. Beck, et al., “MicroRNA-21-
Dependent Macrophage-to-Fibroblast Signaling Determines the Cardiac
Response to Pressure Overload,” Circulation 143, no. 15 (2021): 1513–
1525.

114. A. Kaur, S. T. Mackin, K. Schlosser, et al., “Systematic Review of
microRNABiomarkers inAcuteCoronary Syndrome and Stable Coronary
Artery Disease,” Cardiovascular Research 116, no. 6 (2020): 1113–1124.

115. Y. Li, Y. Liu, J. Cui, et al., “Oral-GutMicrobial Transmission Promotes
Diabetic Coronary Heart Disease,” Cardiovascular Diabetology 23, no. 1
(2024): 123.

116. E. Pinchi, P. Frati, M. Aromatario, et al., “miR-1, miR-499 and miR-
208 Are Sensitive Markers to Diagnose Sudden Death Due to Early Acute
Myocardial Infarction,” Journal of Cellular andMolecularMedicine 23, no.
9 (2019): 6005–6016.

117. J. L. Rinn and H. Y. Chang, “Genome Regulation by Long Noncoding
RNAs,” Annual Review of Biochemistry 81 (2012): 145–166.

118. M. Zhou, Y.-G. Zou, Y.-Z. Xue, et al., “Long Non-Coding RNA H19
Protects Acute Myocardial Infarction Through Activating Autophagy in
Mice,” European Review for Medical and Pharmacological Sciences 22, no.
17 (2018): 5647–5651.

119. X. Li, S. Luo, J. Zhang, et al., “lncRNA H19 Alleviated Myocardial
I/RI via Suppressing miR-877-3p/Bcl-2-Mediated Mitochondrial
Apoptosis,” Molecular Therapy Nucleic Acids 17 (2019): 297–
309.

120. Y. Chen, S. Li, Y. Zhang, et al., “The lncRNA Malat1 Regulates
Microvascular Function After Myocardial Infarction in Mice via miR-
26b-5p/Mfn1 Axis-Mediated Mitochondrial Dynamics,” Redox Biology 41
(2021): 101910.

121. X. Yang, R. Dai, Z. Qin, et al., “LncRNA MALAT1 Functions
as a Biomarker of No-Reflow Phenomenon in ST-Segment Elevation
Myocardial Infarction Patients Receiving Primary PercutaneousCoronary
Intervention,” Scientific Reports 12, no. 1 (2022): 3294.

122. X. Liang, S. Liu, G. Liu, et al., “LncRNA SNHG15 Promotes
Angiogenesis and Improves Cardiac Repair After Myocardial Infarction
Through MiR-665-Mediated KDR Expression,” Cellular and Molecular
Life Sciences: CMLS 82, no. 1 (2025): 211.

123. H. Liang, X. Su, Q. Wu, et al., “LncRNA 2810403D21Rik/Mirf
Promotes Ischemic Myocardial Injury by Regulating Autophagy Through
Targeting Mir26a,” Autophagy 16, no. 6 (2020): 1077–1091.

124. P. Boccaletto, F. Stefaniak, A. Ray, et al., “MODOMICS: A Database
of RNA Modification Pathways. 2021 Update,” Nucleic Acids Research 50,
no. D1 (2022): D231–D235.

125. X. Shi, Y. Cao, X. Zhang, et al., “Comprehensive Analysis of
N6-Methyladenosine RNA Methylation Regulators Expression Identify
Distinct Molecular Subtypes of Myocardial Infarction,” Frontiers in Cell
and Developmental Biology 9 (2021): 756483.

126. L. Li, H. Cheng, Y. Zhou, et al., “METTL3 Regulates Autophagy
of Hypoxia-Induced Cardiomyocytes by Targeting ATG7,” Cell Death
Discovery 11 (2025): 37.

127. H. Song, X. Feng, H. Zhang, et al., “METTL3 andALKBH5Oppositely
Regulate m6A Modification of TFEB mRNA, Which Dictates the Fate
of Hypoxia/Reoxygenation-Treated Cardiomyocytes,” Autophagy 15, no.
8 (2019): 1419–1437.

128. H. Yu, Q.-S. Li, J.-N. Guo, et al., “METTL14-Mediated m6A Methyla-
tion of Pri-miR-5099 to Facilitate Cardiomyocyte Pyroptosis inMyocardial
Infarction,” Acta Pharmacologica Sinica 46, no. 6 (2025): 1639–1651.

24 of 31 MedComm, 2025



129. C. Wu, Y. Chen, Y. Wang, et al., “The m6A Methylation Enzyme
METTL14 Regulates Myocardial Ischemia/Reperfusion Injury Through
the Akt/mTOR Signaling Pathway,”Molecular and Cellular Biochemistry
479, no. 6 (2024): 1391–1400.

130. L. Liu, J. Wu, C. Lu, et al., “WTAP-Mediated m6A Modification
of lncRNA Snhg1 Improves Myocardial Ischemia-Reperfusion Injury via
miR-361-5p/OPA1-DependentMitochondrial Fusion,” Journal of Transla-
tional Medicine 22, no. 1 (2024): 499.

131. H. Cheng, J. Wu, L. Li, et al., “RBM15 Protects From Myocardial
Infarction by Stabilizing NAE1,” JACC: Basic to Translational Science 9,
no. 5 (2024): 631–648.

132. S. Shi, Q. Chen, Y. Yang, et al., “HnRNPA2B1 Promotes Cardiac Fer-
roptosis via m6A-Dependent Stabilization of PFN2 mRNA in Myocardial
Ischemia-Reperfusion Injury,”FreeRadical Biology&Medicine 232 (2025):
231–243.

133. Q. Jiang, X. Chen, K. Gong, et al., “M6a Demethylase FTO Regulates
the Oxidative Stress, Mitochondrial Biogenesis of Cardiomyocytes and
PGC-1a Stability in Myocardial Ischemia-Reperfusion Injury,” Redox
Report: Communications in Free Radical Research 30, no. 1 (2025): 2454892.

134. F. Sun, C. An, C. Liu, et al., “FTO Represses NLRP3-Mediated
Pyroptosis and Alleviates Myocardial Ischemia-Reperfusion Injury via
Inhibiting CBL-Mediated Ubiquitination and Degradation of β-Catenin,”
FASEB Journal: Official Publication of the Federation of American Societies
for Experimental Biology 37, no. 6 (2023): e22964.

135. M. Yin and H. Liu, “Alkbh5 Promotes Ythdf1 Expression Through
Demethylation Thereby Facilitating Fth1 Translation to Inhibit Ferrop-
tosis of Myocardial Infarction,” BMC Cardiovascular Disorders 25 (2025):
295.

136. L. Wang, J. Wang, P. Yu, et al., “METTL14 Is Required for Exercise-
Induced CardiacHypertrophy and Protects AgainstMyocardial Ischemia-
Reperfusion Injury,” Nature Communications 13, no. 1 (2022): 6762.

137. G.-E. Xu, P. Yu, Y. Hu, et al., “Exercise Training Decreases Lactylation
and Prevents Myocardial Ischemia-Reperfusion Injury by Inhibiting
YTHDF2,” Basic Research in Cardiology 119, no. 4 (2024): 651–671.

138. R. Liu, J. Wu, H. Guo, et al., “Post-Translational Modifications of
Histones: Mechanisms, Biological Functions, and Therapeutic Targets,”
MedComm 4, no. 3 (2023): e292.

139. J. Tang and S. Zhuang, “HistoneAcetylation andDNAMethylation in
Ischemia/Reperfusion Injury,” Clinical Science (London, England: 1979)
133, no. 4 (2019): 597–609.

140. F. Lv, L. Xie, L. Li, et al., “LMK235 Ameliorates Inflammation
and Fibrosis After Myocardial Infarction by Inhibiting LSD1-Related
Pathway,” Scientific Reports 14, no. 1 (2024): 23450.

141. Y. Wu, Y. Leng, Q. Meng, et al., “Suppression of Excessive His-
tone Deacetylases Activity in Diabetic Hearts Attenuates Myocardial
Ischemia/Reperfusion Injury via Mitochondria Apoptosis Pathway,”
Journal of Diabetes Research 2017 (2017): 8208065.

142. X. Li, R.-Y. Chen, J.-J. Shi, et al., “Emerging Role of Jumonji
Domain-Containing Protein D3 in Inflammatory Diseases,” Journal of
Pharmaceutical Analysis 14, no. 9 (2024): 100978.

143. X. Tang, R. Liu, Y. Zhang, et al., “Downregulation of Interleukin-1
Beta via Jmjd3 Inhibition Improves Post-Myocardial Infarction Depres-
sion,” Cardiovascular Diagnosis and Therapy 12, no. 3 (2022): 340–351.

144. B. Zhang, G. Liu, B. Huang, et al., “KDM3A Attenuates Myocardial
Ischemic and Reperfusion Injury by Ameliorating Cardiac Microvascular
Endothelial Cell Pyroptosis,” Oxidative Medicine and Cellular Longevity
2022 (2022): 4622520.

145. Z. Yu, Y. Teng, H. Yang, et al., “Inhibiting H2AX Can Ameliorate
Myocardial Ischemia/Reperfusion Injury by Regulating P53/JNK Signal-
ing Pathway,” Cardiology Research and Practice 2024 (2024): 1905996.

146. Z. Li, X. Liu, X. Zhang, et al., “TRIM21 Aggravates Cardiac Injury
After Myocardial Infarction by Promoting M1 Macrophage Polarization,”
Frontiers in Immunology 13 (2022): 1053171.

147. G. Zeng, C. Lian, P. Yang, et al., “E3-Ubiquitin Ligase TRIM6 Aggra-
vates Myocardial Ischemia/Reperfusion Injury via Promoting STAT1-
Dependent Cardiomyocyte Apoptosis,” Aging 11, no. 11 (2019): 3536–3550.

148. Q. Xu, M. Liu, J. Gu, et al., “Ubiquitin-Specific Protease 7 Regulates
Myocardial Ischemia/Reperfusion Injury by Stabilizing Keap1,” Cell
Death Discovery 8, no. 1 (2022): 291.

149. N. Wang, W.Wang, and X. Wang, “Histone Lactylation Boosts Repar-
ative Gene Activation Post-Myocardial Infarction,” Circulation Research
131, no. 11 (2022): 893–908.

150. H. Niu, Z. Liu, Y. Guan, et al., “Harnessing Synergistic Effects of
MMP-2 Inhibition and bFGF to Simultaneously Preserve and Vascu-
larize Cardiac Extracellular Matrix After Myocardial Infarction,” Acta
Biomaterialia 191 (2025): 189–204.

151. Y. Hao, X. Zhang, S. Ran, et al., “KLF1 Promotes Cardiomyocyte Pro-
liferation and Heart Regeneration Through Regulation of Wnt/β-Catenin
Signaling Pathway,” Advanced Science (Weinheim, Baden-Wurttemberg,
Germany) 12, no. 21 (2025): e2413964.

152. N. Haider, L. Boscá, H. R. Zandbergen, et al., “Transition of
Macrophages to Fibroblast-Like Cells in Healing Myocardial Infarction,”
Journal of the American College of Cardiology 74, no. 25 (2019): 3124–3135.

153. X. Chen, Z. Du, D. Guo, et al., “Activation of the Macrophage-
Associated Inflammasome Exacerbates Myocardial Fibrosis Through the
15-HETE-Mediated Pathway inAcuteMyocardial Infarction,”Engineering
42 (2024): 143–156.

154. X. Chen, F. Zhang, G. Hu, et al., “LRRC8ACritically RegulatesMyofi-
broblast Phenotypes and Fibrotic Remodeling Following Myocardial
Infarction,” Theranostics 12, no. 13 (2022): 5824–5835.

155. X. Zheng, L. Liu, J. Liu, et al., “Fibulin7 Mediated Pathological
Cardiac Remodeling Through EGFR Binding and EGFR-Dependent
FAK/AKT Signaling Activation,” Advanced Science (Weinheim, Baden-
Wurttemberg, Germany) 10, no. 24 (2023): e2207631.

156. Z. Liu, X. Bian, L. Li, et al., “SENP1-Mediated HSP90ab1 DeSUMOy-
lation in Cardiomyocytes Prevents Myocardial Fibrosis by Paracrine
Signaling,” Advanced Science (Weinheim, Baden-Wurttemberg, Germany)
11, no. 34 (2024): e2400741.

157. W. Wang, Y. Liu, L. Liu, et al., “Spatiotemporal Transcriptomics
Unveil Gelsolin as a Critical Regulator in Ventricular Remodeling After
Myocardial Infarction,” Science China Life Sciences 68, no. 6 (2025):
1835–1838.

158. X. Cheng, L. Wang, X. Wen, et al., “TNAP Is a Novel Regulator of
Cardiac Fibrosis After Myocardial Infarction by Mediating TGF-β/Smads
and ERK1/2 Signaling Pathways,” EBioMedicine 67 (2021): 103370.

159. S. Gong, M. Zhai, J. Shi, et al., “TREM2 Macrophage Promotes
Cardiac Repair in Myocardial Infarction by Reprogramming Metabolism
via SLC25A53,” Cell Death and Differentiation 31, no. 2 (2024): 239–253.

160. S. Gao, H. Gao, L. Dai, et al., “miR-126 Regulates Angiogenesis in
Myocardial Ischemia by Targeting HIF-1α,” Experimental Cell Research
409, no. 2 (2021): 112925.

161. S. Zheng, J. Wei, P. Chen, et al., “Sclerostin Aggravates Cardiac
Remodeling After Myocardial Infarction by Inhibition of Wnt/β-Catenin
Signaling Pathway,” Journal of Thoracic Disease 14, no. 5 (2022): 1563–1577.

162. R. Li, B. Chen, A. Kubota, et al., “Protective Effects of Macrophage-
Specific Integrin Α5 in Myocardial Infarction Are Associated With
AccentuatedAngiogenesis,”NatureCommunications 14, no. 1 (2023): 7555.

163. Y. Zheng, J. Lin, D. Liu, et al., “Nogo-B Promotes Angiogenesis
and Improves Cardiac Repair After Myocardial Infarction via Activating
Notch1 Signaling,” Cell Death & Disease 13, no. 4 (2022): 306.

164. J. Pei, L. Cai, F. Wang, et al., “LPA2 Contributes to Vascular
Endothelium Homeostasis and Cardiac Remodeling After Myocardial
Infarction,” Circulation Research 131, no. 5 (2022): 388–403.

165. J. Hou, P. Yan, T. Guo, et al., “Cardiac Stem Cells Transplantation
Enhances theExpression of Connexin 43 via theANG II/AT1R/TGF-Beta1

25 of 31



Signaling Pathway in aRatModel ofMyocardial Infarction,”Experimental
and Molecular Pathology 99, no. 3 (2015): 693–701.

166. E. Martínez-Martínez, M. Buonafine, I. Boukhalfa, et al., “Aldos-
terone Target NGAL (Neutrophil Gelatinase-Associated Lipocalin) Is
Involved in Cardiac Remodeling After Myocardial Infarction Through
NFκB Pathway,” Hypertension (Dallas, Tex: 1979) 70, no. 6 (2017): 1148–
1156.

167. Y. Zheng, H. Wei, Y. Tian, et al., “Longitude Characterization of
Immune-Fibroblast Axis Following Myocardial Infarction via Molecular
Imaging Integrated With Proteomics in Minipigs,” European Journal of
Nuclear Medicine and Molecular Imaging (2025).

168. Y. Li, Y. Liu, S. Liu, et al., “Diabetic Vascular Diseases: Molecu-
lar Mechanisms and Therapeutic Strategies,” Signal Transduction and
Targeted Therapy 8, no. 1 (2023): 1–29.

169. A. Filosa and S. Sawamiphak, “Heart Development and
Regeneration-a Multi-Organ Effort,” FEBS Journal 290, no. 4 (2023):
913–930.

170. J. Zhao, Q. Zhang, W. Cheng, et al., “Heart-Gut Microbiota Com-
munication Determines the Severity of Cardiac Injury After Myocardial
Ischaemia/Reperfusion,” Cardiovascular Research 119, no. 6 (2023): 1390–
1402.

171. R. Carnevale, S. Sciarretta, V. Valenti, et al., “Low-Grade Endotox-
aemia Enhances Artery Thrombus Growth via Toll-Like Receptor 4:
Implication for Myocardial Infarction,” European Heart Journal 41, no.
33 (2020): 3156–3165.

172. J. Wang, H. Zhang, H. Yuan, et al., “Prophylactic Supplementation
With Lactobacillus Reuteri or Its Metabolite GABA Protects Against
Acute Ischemic Cardiac Injury,” Advanced Science (Weinheim, Baden-
Wurttemberg, Germany) 11, no. 18 (2024): e2307233.

173. Q. Zhou, J. Deng, X. Pan, et al., “Gut Microbiome Mediates the
Protective Effects of Exercise After Myocardial Infarction,” Microbiome
10, no. 1 (2022): 82.

174. C. Dong, Y. Yang, Y. Wang, et al., “Gut Microbiota Combined With
Metabolites Reveals Unique Features of Acute Myocardial Infarction
Patients Different From Stable Coronary Artery Disease,” Journal of
Advanced Research 46 (2023): 101–112.

175. S. Zhao, Y. Tian, S. Wang, et al., “Prognostic Value of Gut Microbiota-
Derived Metabolites in Patients With ST-Segment Elevation Myocardial
Infarction,” American Journal of Clinical Nutrition 117, no. 3 (2023): 499–
508.

176. Y. Liang, L. Zhao, X. Zhang, et al., “Lactobacillus Ameliorates
Myocardial Ischemia Reperfusion Injury by Attenuating Apoptosis,
Inflammation, Oxidative Stress, and Ferroptosis,” BMCMedicine 23, no. 1
(2025): 377.

177. H.-C. Chen, Y.-W. Liu, K.-C. Chang, et al., “Gut Butyrate-Producers
Confer Post-Infarction Cardiac Protection,” Nature Communications 14
(2023): 7249.

178. P. Zhang, Z. Fang, M. Zhao, et al., “Ethanol Extract of Pueraria
Lobata Improve Acute Myocardial Infarction in Rats via Regulating Gut
Microbiota and Bile Acid Metabolism,” Phytotherapy Research: PTR 37,
no. 12 (2023): 5932–5946.

179. M. V. Onufriev, M. Y. Stepanichev, Y. V. Moiseeva, et al., “A Com-
parative Study of Two Models of Intraluminal Filament Middle Cerebral
Artery Occlusion in Rats: Long-Lasting Accumulation of Corticosterone
and Interleukins in the Hippocampus and Frontal Cortex in Koizumi
Model,” Biomedicines 10, no. 12 (2022): 3119.

180. J. P. Headrick, J. N. Peart, B. P. Budiono, et al., “The
Heartbreak of Depression: “Psycho-Cardiac” Coupling in Myocardial
Infarction,” Journal of Molecular and Cellular Cardiology 106 (2017):
14–28.

181. A. J. Barugh, P. Gray, S. D. Shenkin, et al., “Cortisol Levels and the
Severity and Outcomes of Acute Stroke: A Systematic Review,” Journal of
Neurology 261, no. 3 (2014): 533–545.

182. S. K. Mahata, M. Kiranmayi, and N. R. Mahapatra, “Catestatin:
A Master Regulator of Cardiovascular Functions,” Current Medicinal
Chemistry 25, no. 11 (2018): 1352–1374.

183. M. Dworak, M. Stebbing, A. R. Kompa, et al., “Attenuation of
Microglial and Neuronal Activation in the Brain by ICVMinocycline Fol-
lowing Myocardial Infarction,” Autonomic Neuroscience: Basic & Clinical
185 (2014): 43–50.

184. B. Wandschneider, M. Koepp, C. Scott, et al., “Structural Imaging
Biomarkers of Sudden Unexpected Death in Epilepsy,” Brain: A Journal
of Neurology 138, no. Pt 10 (2015): 2907–2919.

185. P. Cui, L. D. McCullough, and J. Hao, “Brain to Periphery in Acute
Ischemic Stroke: Mechanisms and Clinical Significance,” Frontiers in
Neuroendocrinology 63 (2021): 100932.

186. J. Osei, V. Vaccarino, M. Wang, et al., “Stress-Induced Autonomic
Dysfunction Is Associated With Mental Stress-Induced Myocardial
Ischemia in Patients With Coronary Artery Disease,” Circulation Cardio-
vascular Imaging 17, no. 6 (2024): e016596.

187. J. J. Goldberger, R. Arora, U. Buckley, et al., “Autonomic Nervous
System Dysfunction: JACC Focus Seminar,” Journal of the American
College of Cardiology 73, no. 10 (2019): 1189–1206.

188. N. Van Den Berge, N. Ferreira, T. W. Mikkelsen, et al., “Ageing
Promotes Pathological Alpha-Synuclein Propagation and Autonomic
Dysfunction in Wild-Type Rats,” Brain: A Journal of Neurology 144, no.
6 (2021): 1853–1868.

189. J. C. Laursen, I. K. B. Rasmussen, E. H. Zobel, et al., “The Association
Between Cardiovascular Autonomic Function and Changes in Kidney
and Myocardial Function in Type 2 Diabetes and Healthy Controls,”
Frontiers in Endocrinology 12 (2021): 780679.

190. Y. Yu, R. M. Weiss, and S.-G. Wei, “Interleukin 17A Contributes to
Blood-Brain Barrier Disruption of Hypothalamic Paraventricular Nucleus
in Rats With Myocardial Infarction,” Journal of the American Heart
Association 13, no. 3 (2024): e032533.

191. C. Hoyer-Kimura, M. Hay, J. P. Konhilas, et al., “PNA5, A Novel
Mas Receptor Agonist, Improves Neurovascular and Blood-Brain-Barrier
Function in a Mouse Model of Vascular Cognitive Impairment and
Dementia,” Aging and Disease 15, no. 4 (2024): 1927–1951.

192. K. Haruwaka, A. Ikegami, Y. Tachibana, et al., “Dual Microglia
Effects on Blood Brain Barrier Permeability Induced by Systemic Inflam-
mation,” Nature Communications 10, no. 1 (2019): 5816.

193. C. T. Dow and Z. Kidess, “Proposing Bromo-Epi-Androsterone
(BEA) for Perioperative Neurocognitive Disorders With Interleukin-6 as
a Druggable Target,” Journal of Clinical Anesthesia 101 (2025): 111736.

194. T. Tanaka, M. Narazaki, and T. Kishimoto, “IL-6 in Inflammation,
Immunity, and Disease,” Cold Spring Harbor Perspectives in Biology 6, no.
10 (2014): a016295.

195. M.Wang, W. Pan, Y. Xu, et al., “Microglia-Mediated Neuroinflamma-
tion: A Potential Target for the Treatment of Cardiovascular Diseases,”
Journal of Inflammation Research 15 (2022): 3083–3094.

196. X.-C. Ni, H.-F. Wang, Y.-Y. Cai, et al., “Ginsenoside Rb1 Inhibits
Astrocyte Activation and Promotes Transfer of Astrocytic Mitochondria
to Neurons Against Ischemic Stroke,” Redox Biology 54 (2022): 102363.

197. G.-W. Qin, P. Lu, L. Peng, et al., “Ginsenoside Rb1 Inhibits Cardiomy-
ocyte Autophagy via PI3K/Akt/mTOR Signaling Pathway and Reduces
Myocardial Ischemia/Reperfusion Injury,” American Journal of Chinese
Medicine 49, no. 8 (2021): 1913–1927.

198. L. Jiang, X. Yin, Y.-H. Chen, et al., “Proteomic Analysis Reveals
Ginsenoside Rb1 Attenuates Myocardial Ischemia/Reperfusion Injury
Through Inhibiting ROS Production From Mitochondrial Complex I,”
Theranostics 11, no. 4 (2021): 1703–1720.

199. I. Mollet, J. P. Marto, M. Mendonça, et al., “Remote but Not
Distant: A Review on Experimental Models and Clinical Trials in
Remote Ischemic Conditioning as Potential Therapy in Ischemic Stroke,”
Molecular Neurobiology 59, no. 1 (2022): 294–325.

26 of 31 MedComm, 2025



200. S. K. White, G. M. Frohlich, D. M. Sado, et al., “Remote Ischemic
Conditioning Reduces Myocardial Infarct Size and Edema in Patients
With ST-Segment ElevationMyocardial Infarction,” JACCCardiovascular
Interventions 8, no. 1 Pt B (2015): 178–188.

201. R. A. Blauenfeldt, N. Hjort, M. F. Gude, et al., “A Multicentre,
Randomised, Sham-Controlled Trial on REmote iSchemic Conditioning
In Patients With Acute STroke (RESIST)—Rationale and Study Design,”
European Stroke Journal 5, no. 1 (2020): 94–101.

202. S. Ramagiri and R. Taliyan, “Remote Limb Ischemic Post Condition-
ing During Early Reperfusion Alleviates Cerebral Ischemic Reperfusion
Injury via GSK-3β/CREB/BDNF Pathway,” European Journal of Pharma-
cology 803 (2017): 84–93.

203. G. Crimi, S. Pica, C. Raineri, et al., “Remote Ischemic Post-
Conditioning of the Lower Limb During Primary Percutaneous Coronary
Intervention Safely Reduces Enzymatic Infarct Size in Anterior Myocar-
dial Infarction: A Randomized Controlled Trial,” JACC Cardiovascular
Interventions 6, no. 10 (2013): 1055–1063.

204. O. Cuomo, S. Anzilotti, P. Brancaccio, et al., “Systemic Adminis-
tration of Blood-Derived Exosomes Induced by Remote Ischemic Post-
Conditioning, by Delivering a Specific Cluster of miRNAs, Ameliorates
Ischemic Damage and Neurological Function,” Journal of Cerebral Blood
Flow and Metabolism: Official Journal of the International Society of
Cerebral Blood Flow and Metabolism 44, no. 12 (2024): 1459–1471.

205. T. R. Lassen, J. Just, M. V. Hjortbak, et al., “Cardioprotection by
Remote Ischemic Conditioning Is Transferable by Plasma and Mediated
by Extracellular Vesicles,” Basic Research in Cardiology 116, no. 1 (2021):
16.

206. D. Stanley, L. J. Mason, K. E. Mackin, et al., “Translocation and
Dissemination of Commensal Bacteria in Post-Stroke Infection,” Nature
Medicine 22, no. 11 (2016): 1277–1284.

207. S. Naghipour, A. J. Cox, J. N. Peart, et al., “Trimethylamine N-Oxide:
Heart of the Microbiota-CVD Nexus?” Nutrition Research Reviews 34, no.
1 (2021): 125–146.

208. P. Ge, H. Duan, C. Tao, et al., “TMAO Promotes NLRP3 Inflamma-
someActivation ofMicrogliaAggravatingNeurological Injury in Ischemic
Stroke Through FTO/IGF2BP2,” Journal of Inflammation Research 16
(2023): 3699–3714.

209. X. Zhang, Y. Li, P. Yang, et al., “Trimethylamine-N-Oxide Promotes
Vascular CalcificationThroughActivation ofNLRP3 (Nucleotide-Binding
Domain, Leucine-Rich-Containing Family, Pyrin Domain-Containing-
3) Inflammasome and NF-κB (Nuclear Factor κB) Signals,” Arte-
riosclerosis, Thrombosis, and Vascular Biology 40, no. 3 (2020): 751–
765.

210. P. Huynh, J. D. Hoffmann, T. Gerhardt, et al., “Myocardial Infarction
Augments Sleep to Limit Cardiac Inflammation and Damage,” Nature
635, no. 8037 (2024): 168–177.

211. A.M.Mahalakshmi, B. Ray, S. Tuladhar, et al., “Sleep, Brain Vascular
Health and Ageing,” GeroScience 42, no. 5 (2020): 1257–1283.

212. C. Krittanawong, N. S. Maitra, Y. K. Qadeer, et al., “Association of
Depression and Cardiovascular Disease,” American Journal of Medicine
136, no. 9 (2023): 881–895.

213. B. Bruns, R. Daub, T. Schmitz, et al., “ForebrainCorticosteroid Recep-
tors Promote Post-Myocardial InfarctionDepression andMortality,”Basic
Research in Cardiology 117, no. 1 (2022): 44.

214. G. Auguste, P. Gurha, R. Lombardi, et al., “Suppression of Activated
FOXO Transcription Factors in the Heart Prolongs Survival in a Mouse
Model of Laminopathies,” Circulation Research 122, no. 5 (2018): 678–692.

215. C. Zoccali, F. Mallamaci, J.-M. Halimi, et al., “From Cardiorenal
Syndrome to Chronic Cardiovascular and Kidney Disorder: A Conceptual
Transition,”Clinical Journal of theAmericanSociety ofNephrology: CJASN
19, no. 6 (2024): 813–820.

216. R. H. Sultan, B. H. Elesawy, T. M. Ali, et al., “Correlations Between
Kidney and Heart Function Bioindicators and the Expressions of Toll-

Like, ACE2, and NRP-1 Receptors in COVID-19,” Vaccines 10, no. 7 (2022):
1106.

217. F.-Z. Lian, P. Cheng, C.-S. Ruan, et al., “Xin-Ji-Er-Kang Ameliorates
Kidney Injury Following Myocardial Infarction by Inhibiting Oxidative
Stress via Nrf2/HO-1 Pathway in Rats,” Biomedicine & Pharmacotherapy
= Biomedecine & Pharmacotherapie 117 (2019): 109124.

218. S. R. Mulay, “Multifactorial Functions of the Inflammasome Com-
ponent NLRP3 in Pathogenesis of Chronic Kidney Diseases,” Kidney
International 96, no. 1 (2019): 58–66.

219. L. Su, J. Zhang, H. Gomez, et al., “Mitochondria ROS and Mitophagy
in Acute Kidney Injury,” Autophagy 19, no. 2 (2023): 401–414.

220. Q. Pang, P. Wang, Y. Pan, et al., “Irisin Protects Against Vascular
Calcification by Activating Autophagy and Inhibiting NLRP3-Mediated
Vascular SmoothMuscle Cell Pyroptosis in Chronic Kidney Disease,”Cell
Death & Disease 13, no. 3 (2022): 283.

221. T. Yang, E. M. Richards, C. J. Pepine, et al., “The Gut Microbiota
and the Brain-Gut-Kidney Axis in Hypertension and Chronic Kidney
Disease,” Nature Reviews Nephrology 14, no. 7 (2018): 442–456.

222. M. Vila Cuenca, P. L. Hordijk, and M. G. Vervloet, “Most Exposed:
The Endothelium in Chronic Kidney Disease,” Nephrology, Dialysis,
Transplantation: Official Publication of the European Dialysis and Trans-
plantAssociation—EuropeanRenalAssociation 35, no. 9 (2020): 1478–1487.

223. X. Ren, L. Ren, Q. Wei, et al., “Advanced Glycation End-Products
Decreases Expression of Endothelial Nitric Oxide Synthase Through
Oxidative Stress in Human Coronary Artery Endothelial Cells,” Cardio-
vascular Diabetology 16, no. 1 (2017): 52.

224. A. D. Hajare, N. Dagar, and A. B. Gaikwad, “Klotho Antiaging
Protein: Molecular Mechanisms and Therapeutic Potential in Diseases,”
Molecular Biomedicine 6, no. 1 (2025): 19.

225. Z. Dong, P. Wu, Y. Li, et al., “Myocardial Infarction Worsens
Glomerular Injury and Microalbuminuria in Rats With Pre-Existing
Renal Impairment Accompanied by the Activation of ER Stress and
Inflammation,” Molecular Biology Reports 41, no. 12 (2014): 7911–
7921.

226. Q. Long, X. Zhang, F. Ren, et al., “Identification of Novel Biomarkers,
Shared Molecular Signatures and Immune Cell Infiltration in Heart and
Kidney Failure by Transcriptomics,” Frontiers in Immunology 15 (2024):
1456083.

227. T. Speer, S. Dimmeler, S. J. Schunk, et al., “Targeting Innate
Immunity-Driven Inflammation in CKD and Cardiovascular Disease,”
Nature Reviews Nephrology 18, no. 12 (2022): 762–778.

228. E. Brown, H. J. L. Heerspink, D. J. Cuthbertson, et al., “SGLT2
Inhibitors and GLP-1 Receptor Agonists: Established and Emerging
Indications,” Lancet (London, England) 398, no. 10296 (2021): 262–
276.

229. W. Wang, Y. Liu, Q. Xu, et al., “Cellular Crosstalk in Organotypic
Vasculature: Mechanisms of Diabetic Cardiorenal Complications and
SGLT2i Responses,” Cardiovascular Diabetology 24, no. 1 (2025): 90.

230. I. Lechner, M. Reindl, S. von der Emde, et al., “Hepatic Tissue
Alterations in ST-Elevation Myocardial Infarction: Determinants and
Prognostic Implications,” Circulation Cardiovascular Imaging 17, no. 12
(2024): e017041.

231. A. Mantovani, A. Dalbeni, G. Beatrice, et al., “Non-Alcoholic Fatty
Liver Disease and Risk of Macro- and Microvascular Complications in
Patients With Type 2 Diabetes,” Journal of Clinical Medicine 11, no. 4
(2022): 968.

232. S. Chen, H. Xue, R. Huang, et al., “Associations of MAFLD and
MAFLDSubtypesWith theRisk of the IncidentMyocardial Infarction and
Stroke,” Diabetes & Metabolism 49, no. 5 (2023): 101468.

233. Y. Xia, F. Zhang, S. Zhao, et al., “Adiponectin Determines Farnesoid
X Receptor Agonism-Mediated Cardioprotection Against Post-Infarction
Remodelling and Dysfunction,” Cardiovascular Research 114, no. 10
(2018): 1335–1349.

27 of 31



234. Z. Qi, L. Hu, J. Zhang, et al., “PCSK9 (Proprotein Convertase Subtil-
isin/Kexin 9) Enhances Platelet Activation, Thrombosis, and Myocardial
Infarct Expansion by Binding to Platelet CD36,” Circulation 143, no. 1
(2021): 45–61.
235. Z. Duan, Z. Huang,W. Lei, et al., “BoneMorphogenetic Protein 9 Pro-
tects Against Myocardial Infarction by Improving Lymphatic Drainage
Function and TriggeringDECR1-MediatedMitochondrial Bioenergetics,”
Circulation 150, no. 21 (2024): 1684–1701.
236. L. Gan, D. Liu, D. Xie, et al., “Ischemic Heart-Derived Small
Extracellular Vesicles Impair Adipocyte Function,” Circulation Research
130, no. 1 (2022): 48–66.
237. J.-Y. Sun, L.-J. Du, X.-R. Shi, et al., “An IL-6/STAT3/MR/FGF21 Axis
Mediates Heart-Liver Cross-Talk After Myocardial Infarction,” Science
Advances 9, no. 14 (2023): eade4110.
238. W. N. Chambers, “Acute Myocardial Infarction,” New England
Journal of Medicine 235 (1946): 347–352.
239. J. S. Ladue, F. Wroblewski, and A. Karmen, “Serum Glutamic
Oxaloacetic Transaminase Activity in Human Acute Transmural Myocar-
dial Infarction,” Science (New York, NY) 120, no. 3117 (1954): 497–499.
240. P. M. Guzy, “Creatine Phosphokinase-MB (CPK-MB) and the Diag-
nosis of Myocardial Infarction,” Western Journal of Medicine 127, no. 6
(1977): 455–460.

241. Nomenclature and Criteria for Diagnosis of Ischemic Heart Disease,
“Report of the Joint International Society and Federation of Cardiol-
ogy/WorldHealthOrganization Task Force on Standardization of Clinical
Nomenclature.” Circulation 59, no. 3 (1979): 607–609.

242. W. B. Gibler, C. D. Gibler, E. Weinshenker, et al., “Myoglobin as an
Early Indicator of Acute Myocardial Infarction,” Annals of Emergency
Medicine 16, no. 8 (1987): 851–856.

243. F.M. Sones andE.K. Shirey, “CineCoronaryArteriography,”Modern
Concepts of Cardiovascular Disease 31 (1962): 735–738.

244. M. P. Judkins, “Selective Coronary Arteriography. I. A Percutaneous
Transfemoral Technic,” Radiology 89, no. 5 (1967): 815–824.

245. L. Campeau, “Percutaneous Radial Artery Approach for Coronary
Angiography,” Catheterization and Cardiovascular Diagnosis 16, no. 1
(1989): 3–7.

246. D. E. Schwarten, “Percutaneous Transluminal Angioplasty of the
Iliac Arteries: Intravenous Digital Subtraction Angiography for Follow-
Up,” Radiology 150, no. 2 (1984): 363–367.

247. J. S. Alpert, K. Thygesen, E. Antman, et al., “Myocardial Infarction
Redefined–A Consensus Document of The Joint European Society of Car-
diology/American College of Cardiology Committee for the Redefinition
of Myocardial Infarction,” Journal of the American College of Cardiology
36, no. 3 (2000): 959–969.

248. K. Thygesen, J. S. Alpert, H. D. White, et al., “Universal Definition of
Myocardial Infarction,” European Heart Journal 28, no. 20 (2007): 2525–
2538.

249. A. Goyal, T. J. Gluckman, and J. E. Tcheng, “What’s in a Name? The
New ICD-10 (10th Revision of the International Statistical Classification
of Diseases and Related Health Problems) Codes and Type 2 Myocardial
Infarction,” Circulation 136, no. 13 (2017): 1180–1182.

250. K. Thygesen, J. S. Alpert, A. S. Jaffe, et al., “Fourth Universal
Definition of Myocardial Infarction (2018),” Journal of the American
College of Cardiology 72, no. 18 (2018): 2231–2264.

251. S. V. Rao, M. L. O’Donoghue, and M. Ruel, “2025
ACC/AHA/ACEP/NAEMSP/SCAI Guideline for the Management
of Patients With Acute Coronary Syndromes: A Report of the American
College of Cardiology/American Heart Association Joint Committee on
Clinical Practice Guidelines,” Circulation 151, no. 13 (2025): e771–e862.

252. C. P. McCarthy, S. P. Murphy, D. K. Amponsah, et al., “Coronary
Computed Tomographic Angiography With Fractional Flow Reserve in
Patients With Type 2 Myocardial Infarction,” Journal of the American
College of Cardiology 82, no. 17 (2023): 1676–1687.

253. L. Cullen, J. Greenslade, W. Parsonage, et al., “Point-of-Care High-
Sensitivity Cardiac Troponin in Suspected Acute Myocardial Infarction
Assessed at Baseline and 2 h,” European Heart Journal 45, no. 28 (2024):
2508–2515.

254. F. S. Apple, S. W. Smith, J. H. Greenslade, et al., “Single High-
Sensitivity Point-of-Care Whole-Blood Cardiac Troponin I Measurement
to Rule Out Acute Myocardial Infarction at Low Risk,” Circulation 146,
no. 25 (2022): 1918–1929.

255. L. Koechlin, J. Boeddinghaus, P. Lopez-Ayala, et al., “Clinical and
Analytical Performance of a Novel Point-of-CareHigh-Sensitivity Cardiac
Troponin I Assay,” Journal of the American College of Cardiology 84, no. 8
(2024): 726–740.

256. S. Y. Lim, F. L. S. Lim, I. Criado-Navarro, et al., “Multi-Omics
Investigation Into Acute Myocardial Infarction: An Integrative Method
Revealing Interconnections amongst the Metabolome, Lipidome, Gly-
come, and Metallome,”Metabolites 12, no. 11 (2022): 1080.

257. Z. Wang, E. Klipfell, B. J. Bennett, et al., “Gut Flora Metabolism of
Phosphatidylcholine Promotes Cardiovascular Disease,” Nature 472, no.
7341 (2011): 57–63.

258. D. Doudesis, K. K. Lee, J. Boeddinghaus, et al., “Machine Learn-
ing for Diagnosis of Myocardial Infarction Using Cardiac Troponin
Concentrations,” Nature Medicine 29, no. 5 (2023): 1201–1210.

259. P. Lopez-Ayala, J. Boeddinghaus, T. Nestelberger, et al., “External
Validation of the Myocardial-Ischaemic-Injury-Index Machine Learning
Algorithm for the Early Diagnosis of Myocardial Infarction: A Mul-
ticentre Cohort Study,” Lancet Digital Health 6, no. 7 (2024): e480–
e488.

260. M. S. Lee, T. G. Shin, Y. Lee, et al., “Artificial Intelligence Applied
to Electrocardiogram to Rule out Acute Myocardial Infarction: The
ROMIAE Multicentre Study,” European Heart Journal 46, no. 20 (2025):
1917–1929.

261. R. J. H. Miller, N. Manral, A. Lin, et al., “Patient-Specific Myocardial
Infarction Risk Thresholds FromAI-Enabled Coronary Plaque Analysis,”
Circulation Cardiovascular Imaging 17, no. 10 (2024): e016958.

262. J. Dahdal, R. A. Jukema, T. Maaniitty, et al., “CCTA-
Derived Coronary Plaque Burden Offers Enhanced Prognostic
Value Over CAC Scoring in Suspected CAD Patients,” European
Heart Journal Cardiovascular Imaging 26, no. 6 (2025): 945–
954.

263. Y. Zhou, M. A. Chia, S. K. Wagner, et al., “A Foundation Model for
Generalizable Disease Detection From Retinal Images,” Nature 622, no.
7981 (2023): 156–163.

264. B. Lown, ““CARDIOVERSION” OF ARRHYTHMIAS. I,” Modern
Concepts of Cardiovascular Disease 33 (1964): 863–868.

265. M. P. Stapleton, “Sir James Black and Propranolol. The Role of the
Basic Sciences in the History of Cardiovascular Pharmacology,” Texas
Heart Institute Journal 24, no. 4 (1997): 336–342.

266. H. W. Day, “A Cardiac Resuscitation Program,” Journal-Lancet 82
(1962): 153–156.

267. “Randomised Trial of Intravenous Streptokinase, Oral Aspirin,
Both, or Neither Among 17,187 Cases of Suspected Acute Myocardial
Infarction: ISIS-2. ISIS-2 (Second International Study of Infarct Survival)
Collaborative Group,” Lancet (London, England) 2, no. 8607 (1988):
349–360.

268. CAPRIE Steering Committee, “A Randomised, Blinded, Trial of
Clopidogrel Versus Aspirin in Patients at Risk of Ischaemic Events
(CAPRIE). CAPRIE Steering Committee,” Lancet (London, England) 348,
no. 9038 (1996): 1329–1339.

269. S. D. Wiviott, E. Braunwald, C. H. McCabe, et al., “Prasugrel Versus
Clopidogrel in Patients With Acute Coronary Syndromes,” New England
Journal of Medicine 357, no. 20 (2007): 2001–2015.

270. Z. M. Chen, L. X. Jiang, Y. P. Chen, et al., “Addition of Clopidogrel to
Aspirin in 45,852 PatientsWith AcuteMyocardial Infarction: Randomised

28 of 31 MedComm, 2025



Placebo-Controlled Trial,” Lancet (London, England) 366, no. 9497 (2005):
1607–1621.

271. “Randomised Trial of Cholesterol Lowering in 4444 Patients With
Coronary Heart Disease: The Scandinavian Simvastatin Survival Study
(4S),” Lancet (London, England) 344, no. 8934 (1994): 1383–1389.

272. S. A. Murphy, C. P. Cannon, M. A. Blazing, et al., “Reduction in Total
Cardiovascular Events With Ezetimibe/Simvastatin Post-Acute Coronary
Syndrome: The IMPROVE-IT Trial,” Journal of the American College of
Cardiology 67, no. 4 (2016): 353–361.

273. G. G. Schwartz, M. Szarek, D. L. Bhatt, et al., “Transiently Achieved
Very Low LDL-Cholesterol Levels by Statin and Alirocumab After Acute
Coronary SyndromeAreAssociatedWith Cardiovascular Risk Reduction:
The ODYSSEY OUTCOMES Trial,” European Heart Journal 44, no. 16
(2023): 1408–1417.

274. G. Melandri, “Primary Angioplasty or Thrombolysis for Acute
Myocardial Infarction?” Lancet (London, England) 361, no. 9361 (2003):
966. author reply 967–968.

275. A. R. Grüntzig, A. Senning, and W. E. Siegenthaler, “Nonoperative
Dilatation of Coronary-Artery Stenosis: Percutaneous Transluminal Coro-
nary Angioplasty,” New England Journal of Medicine 301, no. 2 (1979):
61–68.

276. G. O. Hartzler, B. D. Rutherford, D. R. McConahay, et al., “Percu-
taneous Transluminal Coronary Angioplasty With and Without Throm-
bolytic Therapy for Treatment of AcuteMyocardial Infarction,”American
Heart Journal 106, no. 5 Pt 1 (1983): 965–973.

277. C. L. Grines, K. F. Browne, J. Marco, et al., “A Comparison of
Immediate Angioplasty With Thrombolytic Therapy for Acute Myocar-
dial Infarction. The Primary Angioplasty in Myocardial Infarction Study
Group,” New England Journal of Medicine 328, no. 10 (1993): 673–679.

278. T. Palmerini, G. Biondi-Zoccai, and D. Della Riva, “Stent Thrombosis
With Drug-Eluting and Bare-Metal Stents: Evidence From a Comprehen-
sive Network Meta-Analysis,” Lancet (London, England) 379, no. 9824
(2012): 1393–1402.

279. F. Van deWerf, D. Ardissino, A. Betriu, et al., “Management of Acute
Myocardial Infarction in Patients PresentingWith ST-Segment Elevation.
The Task Force on theManagement of AcuteMyocardial Infarction of the
European Society of Cardiology,” EuropeanHeart Journal 24, no. 1 (2003):
28–66.

280. S. A. Levine and B. Lown, “The “Chair” Treatment of Acute
Thrombosis,” Transactions of the Association of American Physicians 64
(1951): 316–327.

281. S. R. Mehta, D. A. Wood, R. F. Storey, et al., “Complete Revascular-
ization With Multivessel PCI for Myocardial Infarction,” New England
Journal of Medicine 381, no. 15 (2019): 1411–1421.

282. N. Pinilla-Echeverri, S. R. Mehta, J. Wang, et al., “Nonculprit Lesion
Plaque Morphology in Patients With ST-Segment-Elevation Myocar-
dial Infarction: Results From the COMPLETE Trial Optical Coherence
Tomography Substudys,” Circulation Cardiovascular Interventions 13, no.
7 (2020): e008768.

283. F. Böhm, B.Mogensen, T. Engstrøm, et al., “FFR-GuidedComplete or
Culprit-Only PCI in Patients With Myocardial Infarction,” New England
Journal of Medicine 390, no. 16 (2024): 1481–1492.

284. S. Biscaglia, V.Guiducci, J. Escaned, et al., “Complete orCulprit-Only
PCI in Older Patients With Myocardial Infarction,” New England Journal
of Medicine 389, no. 10 (2023): 889–898.

285. G. Campo, F. Böhm, T. Engstrøm, et al., “Complete Versus Culprit-
Only Revascularization in Older Patients With ST-Segment-Elevation
Myocardial Infarction: An Individual Patient Meta-Analysis,” Circulation
150, no. 19 (2024): 1508–1516.

286. J. Sanchis, H. Bueno, G. Miñana, et al., “Effect of Routine Invasive vs
Conservative Strategy in Older Adults With Frailty and Non-ST-Segment
Elevation Acute Myocardial Infarction: A Randomized Clinical Trial,”
JAMA Internal Medicine 183, no. 5 (2023): 407–415.

287. M. Valgimigli, E. Frigoli, D. Heg, et al., “Dual Antiplatelet Therapy
After PCI in Patients at High Bleeding Risk,” New England Journal of
Medicine 385, no. 18 (2021): 1643–1655.

288. H. Watanabe, T. Morimoto, M. Natsuaki, et al., “Comparison of
Clopidogrel Monotherapy After 1 to 2 Months of Dual Antiplatelet
Therapy With 12 Months of Dual Antiplatelet Therapy in Patients With
Acute Coronary Syndrome: The STOPDAPT-2 ACS Randomized Clinical
Trial,” JAMA Cardiology 7, no. 4 (2022): 407–417.

289. C. J. Kim, M.-W. Park, M. C. Kim, et al., “Unguided De-Escalation
From Ticagrelor to Clopidogrel in Stabilised Patients With Acute
Myocardial Infarction Undergoing Percutaneous Coronary Intervention
(TALOS-AMI): An Investigator-Initiated, Open-Label, Multicentre, Non-
Inferiority, Randomised Trial,” Lancet (London, England) 398, no. 10308
(2021): 1305–1316.

290. J.-K. Han, D. Hwang, S. Yang, et al., “Comparison of 3- to 6-Month
Versus 12-Month Dual Antiplatelet Therapy After Coronary Intervention
Using the Contemporary Drug-Eluting Stents With Ultrathin Struts: The
HOST-IDEA Randomized Clinical Trial,” Circulation 147, no. 18 (2023):
1358–1368.

291. F. Feres, R. A. Costa, A. Abizaid, et al., “Three vs Twelve
Months of Dual Antiplatelet Therapy After Zotarolimus-Eluting Stents:
The OPTIMIZE Randomized Trial,” Jama 310, no. 23 (2013): 2510–
2522.

292. P. Urban, I. T. Meredith, A. Abizaid, et al., “Polymer-Free Drug-
Coated Coronary Stents in Patients at High Bleeding Risk,” New England
Journal of Medicine 373, no. 21 (2015): 2038–2047.

293. B.-K. Koo, J. Kang, K. W. Park, et al., “Aspirin Versus Clopidogrel
for Chronic Maintenance Monotherapy After Percutaneous Coronary
Intervention (HOST-EXAM): An Investigator-Initiated, Prospective, Ran-
domised, Open-Label, Multicentre Trial,” Lancet (London, England) 397,
no. 10293 (2021): 2487–2496.

294. R. Mehran, U. Baber, S. K. Sharma, et al., “Ticagrelor With or
Without Aspirin in High-Risk Patients After PCI,” New England Journal
of Medicine 381, no. 21 (2019): 2032–2042.

295. M. Natsuaki, H. Watanabe, T. Morimoto, et al., “An Aspirin-Free
Versus Dual Antiplatelet Strategy for Coronary Stenting: STOPDAPT-3
Randomized Trial,” Circulation 149, no. 8 (2024): 585–600.

296. H. Wu, L. Xu, X. Zhao, et al., “Indobufen or Aspirin on Top of
Clopidogrel After Coronary Drug-Eluting Stent Implantation (OPTION):
A Randomized, Open-Label, End Point-Blinded, Noninferiority Trial,”
Circulation 147, no. 3 (2023): 212–222.

297. M. R. Jacobsen, R. Jabbari, E. L. Grove, et al., “Genotype-Guided
de-Escalation and Abbreviation of Dual Antiplatelet Therapy in Patients
With Myocardial Infarction and High Bleeding Risk: Design and Ratio-
nale of the Investigator-Initiated, Multicenter, Randomized, Controlled
Trial, DAN-DAPT,” American Heart Journal 285 (2025): 74–81.

298. C. J. Malm, J. Alfredsson, D. Erlinge, et al., “Dual or Single
Antiplatelet Therapy After Coronary Surgery for Acute Coronary Syn-
drome (TACSI Trial): Rationale and Design of an Investigator-Initiated,
Prospective, Multinational, Registry-Based Randomized Clinical Trial,”
American Heart Journal 259 (2023): 1–8.

299. A. Hakeem, J. Ali Shah, and R. Kumar, “Rationale and Design
of the TADCLOT Trial: A Double Blind Randomized Controlled Trial
Comparing Twice a Day Clopidogrel vs Ticagrelor in Reducing Major
Cardiac Events in PatientsWithAcute STEMIUndergoing Primary Percu-
taneous Coronary Intervention,” American Heart Journal 287 (2025): 141–
150.

300. C. M. Gibson, M. C. Bahit, R. Mehran, et al., “Oral Factor Xia
Inhibitor Milvexian After a Recent Acute Coronary Syndrome: Rationale
and Design of the Phase 3 (Librexia ACS),” American Heart Journal 285
(2025): 21–28.

301. X. Rossello, S. Raposeiras-Roubin, R. Latini, et al., “Rationale
and Design of the Pragmatic Clinical Trial tREatment With Beta-
Blockers After myOcardial Infarction withOut Reduced Ejection fracTion

29 of 31



(REBOOT),” EuropeanHeart Journal Cardiovascular Pharmacotherapy 8,
no. 3 (2022): 291–301.

302. A. M. D. Kristensen, A. Bovin, A. D. Zwisler, et al., “Design and
Rationale of the Danish Trial of Beta-Blocker Treatment AfterMyocardial
Infarction Without Reduced Ejection Fraction: Study Protocol for a
Randomized Controlled Trial,” Trials 21, no. 1 (2020): 415.

303. Z.-M. Wu, J. Kan, F. Ye, et al., “PCSK9 Inhibitor Added to High-
Intensity Statin Therapy to Prevent Cardiovascular Events in Patients
With Acute Coronary Syndrome After Percutaneous Coronary Inter-
vention: A Randomized, Double- Blind, Placebo-Controlled, Multicenter
SHAWN Study,” American Heart Journal 277 (2024): 58–65.

304. M. C. Kim, J. H. Ahn, D. Y. Hyun, et al., “Timing of Fractional
Flow Reserve-Guided Complete Revascularization in Patients With ST-
Segment Elevation Myocardial Infarction With Multivessel Disease:
Rationale and Design of the OPTION-STEMI Trial,” American Heart
Journal 273 (2024): 35–43.

305. W. Gao, X. Zhong, Y. Ma, et al., “A Randomized Multicenter Trial
to Evaluate Early Invasive Strategy for Patients With Acute ST-Segment
Elevation Myocardial Infarction Presenting 24–48 H From Symptom
Onset: Protocol of the RESCUE-MI Study,” American Heart Journal 251
(2022): 54–60.

306. S. Rikken, A. Selvarajah, R. S. Hermanides, et al., “Prehospital Treat-
mentWith Zalunfiban (RUC-4) in PatientsWith ST- ElevationMyocardial
Infarction Undergoing Primary Percutaneous Coronary Intervention:
Rationale and Design of the CELEBRATE Trial,”American Heart Journal
258 (2023): 119–128.

307. D. Huang, H.Wu, J. Zhou, et al., “Intravenous Nicorandil During Pri-
mary Percutaneous Coronary Intervention in Patients With ST-Elevation
Myocardial Infarction: Rationale and Design of the Clinical Efficacy and
Safety of IntravenousNicorandil (CLEAN)Trial,”AmericanHeart Journal
244 (2022): 86–93.

308. Z. Li and G. Fu, “Assessment of Ultra-Early Administration of
Sacubitril Valsartan to Improve Cardiac Remodeling in Patients With
AcuteMyocardial Infarction Following Primary PCI: Rational andDesign
of a Prospective, Multicenter, Randomized Controlled Trial,” Frontiers in
Physiology 13 (2022): 831212.

309. J. Roncalli, F. Roubille, N. Meyer, et al., “Transendocardial Injection
of Expanded Autologous CD34+ Cells After Myocardial Infarction:
Design of the EXCELLENT Trial,” ESC Heart Failure 12, no. 2 (2024):
1455–1463.

310. U. Zeymer, F. Hassinger, P. Bramlage, et al., “Hyperoxemic Oxygen
Therapy in Patients With Acute Anterior Myocardial Infarction: HOT-
AAMI-Design and Rationale of a Randomized Trial,” American Heart
Journal 286 (2025): 35–44.

311. Y. Zhao, F. Ling, Y. Qin, et al., “The Effect and Safety of Acupuncture
as Adjunctive Therapy for STEMI Patients After PCI: Study Protocol
of a Randomized Controlled Trial,” BMC Complementary Medicine and
Therapies 24 (2024): 306.

312. S. Bangalore, H. Makani, M. Radford, et al., “Clinical Outcomes
With β-Blockers for Myocardial Infarction: A Meta-Analysis of Ran-
domized Trials,” American Journal of Medicine 127, no. 10 (2014): 939–
953.

313. T. Yndigegn, B. Lindahl, K. Mars, et al., “Beta-Blockers After Myocar-
dial Infarction and Preserved Ejection Fraction,” New England Journal of
Medicine 390, no. 15 (2024): 1372–1381.

314. J. Silvain, G. Cayla, E. Ferrari, et al., “Beta-Blocker Interruption
or Continuation After Myocardial Infarction,” New England Journal of
Medicine 391, no. 14 (2024): 1277–1286.

315. J. Schubert, B. Lindahl, H. Melhus, et al., “Low-Density Lipoprotein
Cholesterol Reduction and Statin Intensity in Myocardial Infarction
Patients and Major Adverse Outcomes: A Swedish Nationwide Cohort
Study,” European Heart Journal 42, no. 3 (2021): 243–252.

316. K. A. Krychtiuk, I. Ahrens, H. Drexel, et al., “Acute LDL-C Reduction
Post ACS: Strike Early and Strike Strong: From Evidence to Clinical

Practice. A Clinical Consensus Statement of the Association for Acute
CardioVascular Care (ACVC), in Collaboration With the European
Association of Preventive Cardiology (EAPC) and the European Society
of Cardiology Working Group on Cardiovascular Pharmacotherapy,”
European Heart Journal Acute Cardiovascular Care 11, no. 12 (2022):
939–949.

317. A. Fayol, F. Schiele, J. Ferrières, et al., “Association of Use and Dose
of Lipid-Lowering Therapy Post Acute Myocardial Infarction With 5-
Year Survival in Older Adults,” Circulation Cardiovascular Quality and
Outcomes 17, no. 5 (2024): e010685.

318. L. D. Colantonio, Z. Wang, L. Chen, et al., “Trends in High-Intensity
Statin Therapy After Myocardial Infarction Among U.S. Adults, 2011–
2019,” Journal of the American College of Cardiology 79, no. 18 (2022):
1870–1872.

319. R. P. Giugliano, C. P. Cannon, M. A. Blazing, et al., “Bene-
fit of Adding Ezetimibe to Statin Therapy on Cardiovascular Out-
comes and Safety in Patients With Versus Without Diabetes Mellitus:
Results From IMPROVE-IT (Improved Reduction of Outcomes: Vytorin
Efficacy International Trial),” Circulation 137, no. 15 (2018): 1571–
1582.

320. M. Leosdottir, J. Schubert, J. Brandts, et al., “Early Ezetimibe Initi-
ation After Myocardial Infarction Protects Against Later Cardiovascular
Outcomes in the SWEDEHEART Registry,” Journal of the American
College of Cardiology 85, no. 15 (2025): 1550–1564.

321. L. Räber, Y. Ueki, T. Otsuka, et al., “Effect of Alirocumab Added to
High-Intensity Statin Therapy on Coronary Atherosclerosis in Patients
With Acute Myocardial Infarction: The PACMAN-AMI Randomized
Clinical Trial,” Jama 327, no. 18 (2022): 1771–1781.

322. F. G. Biccirè, R. Kakizaki, K. C. Koskinas, et al., “Lesion-Level
Effects of LDL-C-Lowering Therapy in Patients With Acute Myocardial
Infarction: A Post Hoc Analysis of the PACMAN-AMI Trial,” JAMA
Cardiology 9, no. 12 (2024): 1082–1092.

323. Z. Wu, L. Chen, W. Guo, et al., “Oral Mitochondrial Transplan-
tation Using Nanomotors to Treat Ischaemic Heart Disease,” Nature
Nanotechnology 19, no. 9 (2024): 1375–1385.

324. Z. Lu, Q. Chai, W. Dai, et al., “Mitochondrial Homeostasis Restoring
Peptide-Drug Conjugates With ROS-Responsive NO Releasing Ability for
Targeted Therapy of Myocardial Infarction,” Journal of Nanobiotechnol-
ogy 23, no. 1 (2025): 496.

325. G. Chen, J. Gan, F. Wu, et al., “Scpep1 Inhibition Attenuates
Myocardial Infarction-Induced Dysfunction by Improving Mitochondrial
Bioenergetics,” European Heart Journal 46, no. 26 (2025): 2579–2594.

326. L. Yu, X. Wang, Q. Lei, et al., “Tongmai Yangxin Pill Alleviates
Myocardial Ischemia/Reperfusion Injury by Regulating Mitochondrial
Fusion and Fission Through the Estrogen Receptor Alpha/Peroxisome
Proliferator-Activated Receptor Gamma Coactivator-1 Alpha Signaling
Pathway,” Journal of Ethnopharmacology 345 (2025): 119639.

327. J.-C. Tardif, S. Kouz, D. D. Waters, et al., “Efficacy and Safety of Low-
Dose Colchicine After Myocardial Infarction,” New England Journal of
Medicine 381, no. 26 (2019): 2497–2505.

328. M. Yu, Y. Yang, S.-L. Dong, et al., “Effect of Colchicine on Coronary
Plaque Stability in Acute Coronary Syndrome as Assessed by Optical
Coherence Tomography: The COLOCT Randomized Clinical Trial,”
Circulation 150, no. 13 (2024): 981–993.

329. P. M. Ridker, B. M. Everett, T. Thuren, et al., “Antiinflammatory
Therapy With Canakinumab for Atherosclerotic Disease,” New England
Journal of Medicine 377, no. 12 (2017): 1119–1131.

330. X. Jia, W. Liu, Y. Ai, et al., “A Multifunctional Anisotropic Patch
Manufactured by Microfluidic Manipulation for the Repair of Infarcted
Myocardium,”AdvancedMaterials (Deerfield Beach, Fla) 36, no. 44 (2024):
e2404071.

331. W. Liu, X. Zhang, X. Jiang, et al., “Decellularized Extracellular
Matrix Materials for Treatment of Ischemic Cardiomyopathy,” Bioactive
Materials 33 (2024): 460–482.

30 of 31 MedComm, 2025



332. L. Yap, L. Y. Chong, C. Tan, et al., “Pluripotent Stem Cell-Derived
Committed Cardiac Progenitors Remuscularize Damaged Ischemic
Hearts and Improve Their Function in Pigs,” NPJ Regenerative Medicine
8, no. 1 (2023): 26.

333. M. Li, Y. Liu, B. Huang, et al., “A Self-Homing and Traceable Cardiac
Patch Leveraging Ferumoxytol for Spatiotemporal Therapeutic Delivery,”
ACS Nano 18, no. 4 (2024): 3073–3086.

334. Y. Gong, Y. Xiao, C. Zhao, et al., “Ultrasmall PtIr Bimetallic
Nanozyme Treats Myocardial Infarction via Ischemic/Inflammatory
Cardiac Microenvironment Remodeling,” ACS Nano 19, no. 14 (2025):
13723–13739.

335. S. Lebek, F. Chemello, X. M. Caravia, et al., “Ablation of CaMKIIδ
Oxidation by CRISPR-Cas9 Base Editing as a Therapy for Cardiac
Disease,” Science (New York, NY) 379, no. 6628 (2023): 179–185.

336. Y. Schary, I. Rotem, T. Caller, et al., “CRISPR-Cas9 Editing of TLR4
to Improve the Outcome of Cardiac Cell Therapy,” Scientific Reports 13,
no. 1 (2023): 4481.

337. D. Mun, J.-Y. Kang, H. Kim, et al., “Small Extracellular Vesicle-
Mediated CRISPR-Cas9 RNP Delivery for Cardiac-Specific Genome
Editing,” Journal of Controlled Release: Official Journal of the Controlled
Release Society 370 (2024): 798–810.

338. Y. Lu, J. Xue, T. Deng, et al., “Safety and Feasibility of CRISPR-Edited
T Cells in PatientsWith Refractory Non-Small-Cell Lung Cancer,”Nature
Medicine 26, no. 5 (2020): 732–740.

339. Y. Yang, X. Li, G. Chen, et al., “Traditional Chinese Medicine
Compound (Tongxinluo) and Clinical Outcomes of Patients With Acute
Myocardial Infarction: The CTS-AMI Randomized Clinical Trial,” Jama
330, no. 16 (2023): 1534–1545.

340. W. Ruan, T. Li, I. H. Bang, et al., “BMAL1-HIF2A Heterodimer
Modulates Circadian Variations of Myocardial Injury,” Nature 641, no.
8064 (2025): 1017–1028.

31 of 31


	Acute Myocardial Infarction: Molecular Pathogenesis, Diagnosis, and Clinical Management
	1 | Introduction
	2 | Molecular Pathogenesis
	2.1 | Oxidative Stress and Mitochondrial Dysfunction
	2.2 | Inflammatory Response
	2.3 | Cell Death
	2.3.1 | Apoptosis
	2.3.2 | Necroptosis
	2.3.3 | Pyroptosis
	2.3.4 | Autophagic Cell Death
	2.3.5 | Metabolic Cell Death

	2.4 | Epigenetic Regulation
	2.4.1 | DNA Methylation
	2.4.2 | Regulation by ncRNAs
	2.4.3 | RNA Methylation
	2.4.4 | Histone Modifications
	2.4.5 | Ventricular Remodeling


	3 | Mechanisms of Inter-Organ Crosstalk in AMI
	3.1 | Heart-Gut Crosstalk
	3.2 | Heart-Brain Crosstalk
	3.3 | Heart-Kidney Crosstalk
	3.4 | Heart-Liver Crosstalk

	4 | Diagnosis
	4.1 | Evolution of Diagnostic Criteria
	4.2 | Current Progress and Challenges
	4.2.1 | Limitations of the Existing Diagnostic Classification
	4.2.2 | Advances in Diagnostic Methods
	4.2.3 | Applications of AI


	5 | Clinical Management
	5.1 | Evolution of Clinical Management
	5.2 | Current Progress and Challenges
	5.2.1 | Extent of Revascularization Intervention
	5.2.2 | Optimization of Antiplatelet Therapy
	5.2.3 | Clinical Benefits of b-Blockers
	5.2.4 | Intensity and Timing of Lipid Lowering
	5.2.5 | Other Treatment Strategies


	6 | Conclusion and Perspective
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


