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Abstract: Acute myocardial infarction (AMI) remains one of the leading causes of mortality and disability worldwide, involving
complex immune and inflammatory responses. Among these, macrophages play a pivotal role as key immune cells. The polarization
state of macrophages determines their function in both myocardial injury and repair. In the early phase of AMI, M1 macrophages
promote inflammation and facilitate the clearance of necrotic tissue by releasing pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin-1 beta (IL-1B), and interleukin-6 (IL-6). However, excessive or prolonged M1 polarization may
contribute to myocardial fibrosis and further deterioration of cardiac function. In contrast, M2 macrophages promote tissue repair and
anti-inflammatory responses in the later phase by secreting anti-inflammatory cytokines such as interleukin-10 (IL-10) and transform-
ing growth factor-beta (TGF-f), thereby reducing fibrosis and facilitating myocardial remodeling. This review summarizes the
dynamic changes in macrophage polarization during AMI and elaborates on their roles in myocardial injury, inflammation, and tissue
repair. Furthermore, it highlights recent advances in therapeutic strategies aimed at modulating macrophage polarization to improve
AMI outcomes, including mTOR inhibitors, sodium-glucose co-transporter 2 (SGLT?2) inhibitors, glucagon-like peptide-1 (GLP-1)
receptor agonists, and gene-editing technologies such as CRISPR/Cas9. Overall, this review underscores the importance of regulating
macrophage polarization, particularly the transition from M1 to M2, as a promising therapeutic target for AMI. Modulating
macrophage function may provide novel insights into enhancing myocardial repair and preventing adverse cardiac events.
Keywords: acute myocardial infarction, myocardial remodeling, macrophage polarization, M1/M2 macrophages, macrophage-based
therapeutic strategies

Introduction
Acute myocardial infarction (AMI), also known as myocardial infarction, remains one of the leading causes of mortality
and disability worldwide, posing a severe threat to human health." AMI is characterized by acute occlusion of the
coronary arteries, leading to insufficient blood supply to the affected myocardial regions, resulting in myocardial necrosis
and life-threatening consequences. The primary causes of AMI include coronary atherosclerosis, arrhythmias, and
respiratory failure, all of which contribute to inadequate blood supply, myocardial hypoxia, and excessive oxygen
consumption. The underlying pathology of AMI is complex and multifactorial, involving atherosclerosis, endothelial
dysfunction, inflammation, and immune responses.>

As a critical component of the innate immune system, macrophages play a pivotal role in both the progression and
resolution of AMI.? Their role in myocardial infarction extends beyond traditional immune functions, as they regulate
cardiac inflammation and repair through distinct polarization states. M1 macrophages primarily exert pro-inflammatory
effects in the early phase, whereas M2 macrophages play a key role in tissue repair and anti-inflammatory responses. The
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ability of the heart to recover following AMI largely depends on immune regulation, particularly the dynamic changes in
macrophages. As highly plastic immune cells, macrophages can polarize into either pro-inflammatory M1 or anti-
inflammatory M2 phenotypes, significantly influencing the outcome of myocardial injury.*

In recent years, increasing evidence has demonstrated the diverse roles of macrophages in AMI, ranging from
exacerbating inflammation and tissue damage to promoting repair and tissue remodeling. Understanding the dynamics of
macrophage polarization in the context of AMI is crucial for developing therapeutic strategies aimed at modulating
inflammation to enhance cardiac repair and reduce adverse outcomes such as heart failure. This review summarizes the
mechanisms of macrophage polarization and its role in AMI progression, discusses the functional differences between
polarized macrophages in myocardial injury and repair, and explores potential therapeutic strategies targeting macro-
phage polarization to mitigate post-infarction inflammation.

Macrophage Subtypes and Functions

Macrophages primarily originate from monocytes, which are differentiated from hematopoietic stem cells in the bone
marrow. After entering the peripheral blood, monocytes migrate to various tissues where they further differentiate into
tissue-specific macrophages. In addition to monocytes derived from the bone marrow, some macrophages may already
exist during embryonic development and gradually distribute to different tissues during the organism’s development.>
Macrophages of distinct developmental origins exert non-redundant roles in both homeostasis and disease contexts. The
main functions of macrophages include phagocytosing pathogens, clearing necrotic cells, presenting antigens, and
regulating immune responses. In the heart, macrophages can respond rapidly following myocardial infarction (MI),
exerting their immune regulatory and repair functions.’

Also, macrophages exhibit remarkable plasticity, enabling them to adapt to different microenvironmental stimuli and
differentiate into various functional phenotypes, a process known as macrophage polarization.® Generally, macrophages
can be classified based on their functions and activation states into two major subtypes: classically activated M1
macrophages and alternatively activated M2 macrophages. M1 macrophages primarily function in innate and adaptive
immunity, playing roles in Thl cell recruitment, pathogen resistance, and tumor control. They also secrete numerous pro-
inflammatory cytokines, such as TNF-a, IL-1, IL-6, IL-12, type I interferon (IFN), CXCL1-3, CXCL-5, and CXCLS8-10,
and exhibit strong antigen-presenting activity.” The pro-inflammatory cytokines secreted by M1 macrophages are harmful
to myocardial cells, potentially leading to or exacerbating myocardial damage. In contrast, M2 macrophages, which arise
through selective or alternative activation pathways, can be induced by parasitic or fungal infections, immune complexes,
or macrophage colony-stimulating factor (M-CSF) through Th2 cell activation. Unlike M1 macrophages, M2 macro-
phages significantly downregulate the expression of pro-inflammatory cytokines such as IL-12 and IL-23, while
upregulating the expression of anti-inflammatory factors like IL-10 and IL-1RA. However, M2 macrophages themselves
can also produce low levels of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-a.” There is accumulating
evidence that M2 macrophages play significant roles in pathogen clearance, anti-inflammatory responses, metabolism,
wound healing, tissue remodeling and repair, immune regulation, and tumor progression, including in malignancy.'’

However, several studies have shown that macrophage polarization is not a simple dichotomy of M1/M2 types, but
rather a complex, continuous spectrum.'' Following AMI, the local inflammatory microenvironment of the heart
undergoes dynamic changes, resulting in highly heterogeneous macrophage phenotypes. These different phenotypes of
macrophages play distinct roles in inflammation and tissue repair, and may influence the severity of myocardial damage
and the quality of repair. Based on their phenotype and function, M1 and M2 macrophages can further be subdivided into
multiple subtypes. Although a few studies suggest that M1 macrophages (pro-inflammatory) can be divided into M1a and
M1b, this has not become a widely accepted view. M1 macrophages are primarily driven by IFN-y and LPS stimulation,
activating the NF-xB and STAT1 signaling pathways, and producing large amounts of pro-inflammatory cytokines such
as TNF-q, IL-6, and IL-1B."> Moreover, TLR activation significantly enhances the pro-inflammatory response of M1
macrophages and promotes the release of ROS and NO, exacerbating tissue damage.'” In contrast, M2 macrophages
(anti-inflammatory) can be divided into M2a, M2b, M2c, and M2d subtypes. Since M2d is primarily studied in the
context of tumor microenvironments, where it promotes angiogenesis, it is seldom mentioned in cardiovascular research,
and thus will not be discussed here. M2a is induced by IL-4 and IL-13 and mainly promotes tissue repair and fibroblast
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Table | Characteristics of Macrophage Polarization

Subtype | Inducing Factors Key Signaling Secreted Cytokines Function Ref
Pathways
Ml IFN-y, LPS, TNF-a NF-«B, JAK/STATI, TNF-q, IL-1B, IL-6, IL-12, IL-23, Pro-inflammatory, pathogen clearance, [17]
IRF5 ROS, NO tissue damage
M2a IL-4, IL-13 JAK/STAT6, PPARy IL-10, TGF-B, Arg-1, Yml, Fizzl Tissue repair, anti-inflammatory, [19]
angiogenesis
M2b Immune complexes, LPS | JAK/STAT3, PI3K/Akt IL-10, TNF-0, IL-6, IL-12 Immune regulation, balancing inflammation [20]
and repair
M2c IL-10, TGF-B, JAK/STAT3, PI3K/Akt, | IL-10, TGF-B, MerTK Anti-inflammatory, clearance of apoptotic [6]
Glucocorticoids KLF4 cells

activation.'* M2b macrophages possess immune-regulatory functions, secreting IL-10 while retaining the expression of
some pro-inflammatory cytokines, thereby playing a balancing role in the inflammatory response.'> M2c, induced by IL-
10 and TGF-B, plays a major role in anti-inflammatory responses and the clearance of apoptotic cells, making it an
important subtype in myocardial repair.® M1/M2 macrophages are not static entities nor are they strictly opposed to one
another; rather, they undergo dynamic transitions following acute myocardial infarction. During the acute phase (1-3
days), M1 macrophages dominate and promote inflammation; in the subacute phase (3—7 days), M2a and M2b gradually
increase, promoting angiogenesis and fibroblast activation; in the chronic phase (>7 days), M2c predominates, leading to
anti-inflammatory repair (Table 1).'°'®

Notably, recent studies based on single-cell RNA sequencing (scRNA-seq) have revealed that macrophage polariza-
tion is far more dynamic and complex than the classical M1/M2 dichotomy. For example, scRNA-seq and lineage tracing
have demonstrated that cardiac macrophages following MI comprise multiple transcriptionally distinct subsets with
divergent functional trajectories. Embryonically derived macrophages largely retained reparative features, while recruited
monocyte-derived macrophages exhibited temporal heterogeneity, initially adopting pro-inflammatory states before
transitioning toward reparative phenotypes. These findings underscore that macrophage polarization exists on
a continuous spectrum, driven by cues from the evolving myocardial microenvironment.>' In addition, spatial transcrip-
tomics has enabled the mapping of macrophage subtypes within specific cardiac regions after MI, highlighting how their
phenotypic state is shaped by spatial proximity to the infarct core, border zone, or remote myocardium. These spatial
approaches have uncovered transitional macrophage states and revealed regionally specialized roles in inflammation
resolution, angiogenesis, and fibrotic remodeling.® Collectively, these findings suggest that future research directions
should move beyond the simplistic M1-to-M2 paradigm and instead target specific macrophage subsets based on their

spatiotemporal dynamics to optimize cardiac repair and limit adverse remodeling.

The Origin of Macrophages
In addition to their functional and phenotypic differences, is also a key factor in determining their role in AMI. Studies
have shown that cardiac macrophages primarily originate from two distinct sources: embryonically derived macrophages

and bone marrow-derived monocyte-derived macrophages.””

Embryonically Derived Cardiac Macrophages

Embryonically derived cardiac macrophages originate from the yolk sac and fetal liver, migrating to the heart during
embryonic development and maintaining a stable microenvironment in cardiac tissue under homeostatic conditions.**
These macrophages have the ability for long-term self-renewal and do not rely on the replenishment of bone marrow-
derived monocytes. Following myocardial infarction, embryonically derived macrophages predominantly exhibit an M2-
like phenotype, secreting anti-inflammatory cytokines such as IL-10 and TGF-p, thereby suppressing inflammation and

promoting tissue repair.
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However, it is important to note that recent studies have demonstrated that embryonically derived macrophages are
not exclusively anti-inflammatory. In the early stages following myocardial infarction, these macrophages can transiently
adopt a pro-inflammatory phenotype, expressing cytokines such as TNF-a and IL-1p and activating NF-«B signaling.
This phenotypic plasticity is highly context-dependent and shaped by injury-induced cues in the cardiac
microenvironment.”>** These findings highlight that the reparative role of embryonic macrophages is temporally
regulated and not fixed, and caution should be taken when attributing strict M1/M2 classifications based solely on
cellular origin.

Bone Marrow-Derived Monocyte-Derived Macrophages

After the onset of AMI, bone marrow-derived monocytes are extensively recruited to the injury site and rapidly
differentiate into macrophages. During the acute phase, these macrophages predominantly exhibit an M1 phenotype,
releasing large amounts of pro-inflammatory cytokines such as TNF-o, IL-6, and IL-1pB, thereby enhancing the
inflammatory response to clear necrotic cells and pathogens.”> However, as inflammation resolves, a subset of these
macrophages can transition into the M2 phenotype, contributing to tissue repair. If this transition is impaired, it may lead
to persistent inflammation, ultimately exacerbating cardiac damage and fibrosis.

Relationship Between Tissue Origin and Repair of Myocardial Infarction
Embryonically derived macrophages and bone marrow-derived macrophages exhibit distinct roles following AMI.
Embryonically derived macrophages primarily regulate the repair process, whereas bone marrow-derived monocyte-
derived macrophages predominantly drive the inflammatory response.”’ Studies have shown that the survival of
embryonically derived macrophages is crucial for myocardial injury recovery, whereas prolonged maintenance of the
M1 phenotype in bone marrow-derived macrophages may lead to chronic inflammation, thereby impairing cardiac
functional recovery.*®

These studies suggest that the regulation of macrophage polarization after AMI is influenced not only by inflamma-
tory signaling but also by temporal dynamics, cellular origin, and the local microenvironment. Therefore, future research
should further explore strategies for precisely modulating macrophage polarization, facilitating the transition from M1 to
M2 to mitigate inflammatory damage and promote myocardial repair (Table 2).?’

Dynamics of Macrophage Polarization State in the Context of AMI

In the context of AMI, macrophages not only participate in the early inflammatory response but also play a critical role in
tissue healing and cardiac remodeling. The polarization state of macrophages, characterized by the dynamic transition
between M1 and M2 subtypes, directly influences myocardial tissue repair and long-term prognosis. Studies have shown
that these temporal and spatial dynamics are crucial determinants of AMI outcomes.”®** As previously discussed, M1

Table 2 Comparison of Embryonic-Derived and Bone Marrow-Derived Macrophages in AMI Repair

Category Embryonically Derived Cardiac Macrophages Bone Marrow-Derived Monocyte-Derived Macrophages
Primary Origin Yolk sac, fetal liver Bone marrow monocytes

Persistence Self-renewing, maintaining homeostasis Replenished from circulating monocytes

Main Polarization State Primarily M2 polarization M1 in early AMI, partial M2 transition later

Key Secreted Cytokines IL-10, TGF-B (anti-inflammatory, repair-promoting) TNF-0, IL-1B, IL-6 (early phase); IL-10 (later phase)

Role in AMI Promotes myocardial repair, reduces inflammation Clears necrotic tissue, amplifies inflammation in early phase, contributes to repair
and fibrosis in late phase

Impact on Cardiac Protects myocardial tissue, reduces long-term Excessive inflammation may promote fibrosis

Remodeling inflammation

Ref [26] [22]
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Figure | Polarization classification of macrophages and their interaction with other immune cells. Classical activation (M, red) is driven by pro-inflammatory signals such as
IFN-y, TNFa, and IL-6 from Thl, B2, NK, and dendritic cells, leading to secretion of IL-1, IL-6, and TNFa. Alternatively activated macrophages (M2, green) arise in response
to anti-inflammatory cytokines including IL-4, IL-10, and TGF-B, produced by Treg, Bl, and dendritic cells. M2 macrophages include distinct subtypes: M2a (IL-4/IL-13-
induced, tissue repair and angiogenesis), M2b (immune regulation), M2c (removal of apoptotic cells), and M2d (tumor microenvironment regulation). Colored text indicators
(M1, M2, M2a-M2d) correspond to macrophage phenotypes and their primary functions as illustrated in the figure.

and M2 macrophages do not exist as singular entities but are further subdivided into multiple subtypes during different
phases of inflammation to accommodate the needs of cardiac repair (Figure 1).

The Role of Immune Cells in Macrophage Polarization

After AMI, damaged tissue activates both innate and adaptive immune responses, with neutrophils, T cells, B cells,
dendritic cells, and NK cells regulating macrophage polarization through cytokine secretion and direct cell-cell
interactions. These immune cells influence the duration of the inflammatory response and the quality of cardiac

repair.

Interaction of Neutrophils with Macrophages

Within hours after AMI, neutrophils are rapidly recruited to the site of injury, where they clear necrotic cells and
influence macrophage polarization through the release of neutrophil extracellular traps (NETs).*® Elastase and myeloper-
oxidase (MPO) released by NETs can stimulate M1 macrophage polarization, thereby enhancing the pro-inflammatory
response. However, excessive NETs release may exacerbate inflammation and worsen myocardial injury. As neutrophils
undergo apoptosis, macrophages engulf apoptotic neutrophils, promoting the transition to the M2 macrophage phenotype
and releasing anti-inflammatory cytokines such as IL-10 and TGF-f, which contribute to inflammation resolution and

myocardial tissue repair.’’
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T Cells Regulate Macrophage Polarization

T cells play a crucial role in immune regulation following AMI. Thl cells secrete IFN-y, which promotes M1
macrophage polarization, enhances the inflammatory response, and may contribute to increased myocardial fibrosis. In
contrast, Th2 cells primarily secrete IL-4 and IL-13, facilitating M2 macrophage polarization, suppressing inflammation,
and accelerating myocardial repair.®? Regulatory T cells (Tregs) modulate macrophage function by releasing IL-10,
thereby inhibiting excessive inflammatory responses and promoting myocardial repair.*

B Cells Regulate Macrophage Polarization

B cells play a crucial role in adaptive immunity, and their subtypes also influence macrophage polarization. B1 cells
primarily secrete IL-10, promoting M2 macrophage activation, which helps reduce myocardial fibrosis and chronic
inflammation.** In contrast, B2 cells may facilitate M1 macrophage polarization by secreting pro-inflammatory cytokines
such as TNF-a and IL-6, thereby prolonging the inflammatory response and potentially impairing cardiac functional
recovery.>”

Role of Dendritic Cells (DCs) in Macrophage Polarization

Following AMI, dendritic cells (DCs) function as antigen-presenting cells (APCs) and cooperate with macrophages to
regulate immune responses. By presenting antigens, DCs activate T cells, thereby indirectly influencing macrophage
polarization.*®

Effects of Natural Killer Cells (NK Cells) on Macrophages

NK cells can secrete IFN-y during the early stages of AMI, promoting M1 macrophage polarization and exacerbating
early inflammation. However, during the resolution phase of inflammation, a subset of NK cells can also produce IL-10,

facilitating M2 macrophage polarization and supporting tissue repair.”’

Macrophage Status Prior to Infarction

Before myocardial infarction occurs, the state and functional changes of macrophages in the heart are often closely
related to underlying pathological conditions such as atherosclerosis and chronic inflammation. Macrophages play
a critical role in the formation of atherosclerotic plaques. Monocytes recruited from the bloodstream infiltrate the arterial
intima, where they engulf large amounts of low-density lipoprotein (LDL), forming foam cells and promoting local
inflammation.*®* Chronic inflammation within the arteries activates M1 macrophages, leading to the secretion of large
quantities of cytokines such as TNF-o and IL-1P, as well as matrix metalloproteinases (MMPs), which further contribute
to plaque instability.***' The persistence of this chronic inflammatory state increases the risk of plaque rupture, making it

one of the primary triggers of myocardial infarction.*>*’

Macrophage Response in Early Acute Myocardial Infarction

In the early phase of AMI (acute phase, 0-3 days), M1 macrophages dominate the inflammatory response and serve as
the primary infiltrating cells in the arterial intima.**** Ischemia-reperfusion injury in the local tissue induces the release
of large amounts of pro-inflammatory cytokines, leading to the rapid activation of M1 macrophages. During this stage,
M1 macrophages exert diverse effects on the injured myocardium. On one hand, they are induced by IFN-y and LPS to
secrete large amounts of TNF-q, IL-1B, and IL-6, amplifying inflammatory signaling and promoting the recruitment of
neutrophils and monocytes.*® On the other hand, M1 macrophages are activated via TLR signaling to release reactive
oxygen species (ROS) and nitric oxide (NO), thereby enhancing oxidative stress and further exacerbating myocardial
injury."® These cells drive neutrophil recruitment by secreting large quantities of pro-inflammatory cytokines such as IL-
1B, TNF-a, and IL-6, which intensify the local inflammatory response and facilitate the clearance of necrotic tissue.*”*®
The infiltration of macrophages at this stage is crucial for initiating the early immune response, clearing necrotic
cardiomyocytes, and triggering the healing process.*’
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However, excessive or prolonged M1 macrophage activation can lead to sustained inflammation, resulting in more
severe tissue damage and ultimately contributing to adverse cardiac remodeling, such as myocardial fibrosis and scar
formation.*”** Persistent activation of M1 macrophages has been closely associated with impaired cardiac function and
an increased risk of long-term adverse cardiac events in AMI patients. Chronic inflammation may disrupt the local
immune balance in cardiac tissue, exacerbating fibrosis and promoting the onset of heart failure.>® Studies have shown
that excessive activation of M1 macrophages following myocardial infarction is strongly linked to the maintenance of
a chronic inflammatory state, which reduces the heart’s compensatory capacity and further compromises cardiac
function.”!

Studies have found that excessive activation of M1 macrophages after myocardial infarction is closely associated with
the maintenance of a chronic inflammatory state, which leads to a decline in cardiac compensatory capacity and further
impairs cardiac function. Chronic inflammation not only promotes increased cardiomyocyte apoptosis but also con-
tributes to cardiac fibrosis, weakening both systolic and diastolic function. Pro-inflammatory cytokines persistently
secreted by M1 macrophages, such as IL-6 and TNF-a, further stimulate fibroblast activation and excessive collagen
deposition, resulting in myocardial fibrosis. This process reduces myocardial elasticity, progressively deteriorates cardiac
function, and increases the risk of heart failure. Therefore, regulating M1 macrophage activity, particularly in the early
stages following acute myocardial infarction, is crucial for improving long-term patient outcomes.

Role of M2-Type Macrophages in Cardiac Repair

As the inflammation resolution phase (3—7 days) begins, cardiac tissue clears necrotic cells and transitions into the repair
stage. During this process, the proportion of M1 macrophages gradually decreases, while M2 macrophages, particularly
the M2a and M2b subtypes, increase and become dominant. M2 macrophages primarily promote tissue repair and exert
anti-inflammatory effects.>> M2a macrophages, induced by IL-4 and IL-13, facilitate fibroblast proliferation and collagen
deposition, contributing to angiogenesis and myocardial tissue repair. However, excessive activation of M2a macro-
phages may lead to pathological fibrosis, ultimately impairing cardiac function.'” Meanwhile, M2b macrophages are
induced by IL-10 and TLR activation, exhibiting both pro-inflammatory and anti-inflammatory properties. They help
balance inflammation and the repair process, preventing premature resolution of inflammation to ensure adequate
clearance of necrotic tissue.” The dynamic balance between M2a and M2b macrophages determines the trajectory of
the repair process, where excessive M2a activity may result in excessive fibrosis, whereas M2b macrophages help
maintain immune homeostasis.

As the disease progresses into the tissue remodeling phase (>7 days), M2c macrophages become the predominant
subtype. Induced by IL-10 and TGF-B, M2c macrophages primarily function in anti-inflammatory responses, immuno-
suppression, and the clearance of apoptotic cells. Additionally, M2c macrophages play a crucial role in regulating the
extent of cardiac fibrosis, preventing excessive scar formation, and promoting long-term stable myocardial remodeling. If
M2c activation is impaired, it may result in persistent chronic inflammation or excessive fibrosis, ultimately compromis-
ing cardiac function.'® Therefore, precisely modulating M2c activity in clinical interventions may be a key strategy for
improving AMI prognosis.

In summary, M2 macrophages contribute to reducing inflammatory damage and promoting tissue repair by secreting
anti-inflammatory cytokines such as IL-10 and TGF-B. They facilitate fibroblast activation and proliferation, as well as
angiogenesis, thereby accelerating the tissue healing process. The role of M2 macrophages in tissue regeneration, scar
formation, and vascularization is particularly crucial for the long-term remodeling of cardiac function.>* The transition
from M1 to M2 macrophages is a critical stage in post-myocardial infarction cardiac repair. M2 macrophages help to
limit excessive inflammatory responses while simultaneously promoting cellular regeneration and tissue remodeling,
which aids in preventing myocardial fibrosis and excessive scar formation.>> This process not only influences myocardial
tissue recovery but also has long-term effects on overall cardiac function and morphology.

Effect of Macrophage Polarization Imbalance on Cardiac Remodeling
Although the transition from M1 to M2 macrophages is generally considered a crucial step in the healthy repair process,
any disruption in this transition may lead to maladaptive cardiac remodeling, increasing the risk of heart failure.’® For
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instance, if the pro-inflammatory response of M1 macrophages persists or if the anti-inflammatory function of M2
macrophages fails to take effect in a timely manner, it can exacerbate myocardial fibrosis and reduce the amount of
functional cardiac tissue.”’ In such cases, the heart’s compensatory capacity declines further, increasing the risk of heart
failure and other cardiac complications. Moreover, macrophage polarization may be influenced by metabolic disorders.
Patients with metabolic diseases such as diabetes and obesity often exhibit an imbalance in macrophage polarization,
making them more susceptible to prolonged inflammation, delayed cardiac repair, and adverse post-MI outcomes.>® The
hyperglycemic and hyperlipidemic environment in these patients affects macrophage function, driving them toward an
M1 phenotype and further intensifying local inflammation. In diabetic patients, the inflammatory response is often more
persistent and difficult to resolve, significantly increasing the risk of myocardial fibrosis and functional impairment.
Therefore, managing underlying metabolic disorders is essential for restoring macrophage function and maintaining
a balanced M1/M2 polarization following myocardial infarction.

Based on the dynamic regulation of macrophage polarization, recent studies have developed various therapeutic
strategies targeting M1/M2 polarization. Some research has focused on modulating macrophage polarization to reduce
inflammation and promote myocardial repair. For example, certain drugs, such as everolimus and sirolimus, have been
shown to facilitate the transition of macrophages from M1 to M2 by influencing cytokine signaling pathways.’® These
drugs regulate macrophage function by inhibiting the mTOR signaling pathway, thereby suppressing the pro-
inflammatory response of M1 macrophages while enhancing the anti-inflammatory and reparative capacity of M2
macrophages. Meanwhile, nanomedicine-based drug delivery systems and gene-editing technologies have also been
explored for modulating macrophage polarization to improve post-infarction tissue repair.’® Targeted macrophage
polarization-modulating therapies have demonstrated significant potential in both preclinical and clinical studies. For
instance, by inhibiting the sustained activation of M1 macrophages or enhancing M2 macrophage function, it may be
possible to effectively control the inflammatory response, reduce fibrosis following myocardial infarction, and ultimately
improve long-term cardiac function.®!

Macrophages play a complex and multifaceted role in AMI, with their polarization state—the dynamic transition
between M1 and M2 subtypes—being a key determinant of myocardial repair and long-term cardiac prognosis. The pro-
inflammatory response of M1 macrophages during the acute phase is essential for clearing necrotic cells; however, their
prolonged activation may lead to tissue damage and worsening cardiac function. In contrast, M2 macrophages contribute
significantly to tissue repair and cardiac remodeling, promoting the reduction of myocardial fibrosis and functional
recovery. Understanding the spatiotemporal dynamics of macrophages in AMI and the mechanisms regulating their

polarization provides a critical theoretical foundation for developing novel therapeutic strategies (Figure 2).34%

Mechanisms of Polarization Regulation in Macrophages

The polarization state of macrophages plays a crucial role in the onset and progression of AMI. Both the acute-phase
inflammatory response and the subsequent tissue repair process are closely linked to macrophage polarization. The
mechanisms regulating this process can be divided into intrinsic and extrinsic regulatory mechanisms.

Intrinsic Regulatory Mechanisms

Intrinsic regulatory mechanisms primarily refer to the internal processes by which macrophages regulate their polariza-
tion state through signaling pathways, transcription factors, and metabolic processes. These internal mechanisms directly
influence how macrophages respond to external signals and determine their polarization direction.

Regulation of Signaling Pathways

Macrophage polarization is regulated by several classic signaling pathways, with the most important being the NF-«xB,
JAK/STAT, and PI3K/Akt pathways. The NF-xB pathway is the core regulatory pathway for M1 macrophage polariza-
tion. NF-kB (nuclear factor kappa B) is a key transcription factor that regulates the expression of genes associated with
inflammation, immune responses, and cell survival. Under normal conditions, NF-kB binds to its inhibitor IkB and
remains in an inactive state. When the cell is stimulated by pathogen-associated molecular patterns (PAMPs), such as
lipopolysaccharides (LPS), or damage-associated molecular patterns (DAMPs), such as high-mobility group box 1
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inflammatory; red) dominate in the acute phase (D0-D3), releasing cytokines (IL-If, IL-6, TNFa) that amplify inflammation. During the anti-inflammatory phase (D3-
D7), M2 macrophages (blue) become predominant, including subtypes M2a (IL-4/IL-13-induced, tissue repair), M2b (immune-regulatory, IL-10), and M2c (IL-10/TGFB-
induced, anti-inflammatory and fibrosis regulation). The organizational remodeling phase (>D7) is characterized by resolution of inflammation and tissue healing. Colored
text indicators (MI, M2, M2a, M2b, M2c) correspond to macrophage phenotypes and their functions, as defined in the legend box within the figure.

(HMGB1), IkB is phosphorylated and degraded, releasing NF-kB. NF-«kB then translocates to the nucleus and activates
the expression of pro-inflammatory genes.®>** Following the onset of myocardial infarction (MI), the necrosis and
hypoxia of myocardial cells stimulate the release of large amounts of DAMPs, such as HMGB1 and heat shock proteins.
These molecules activate Toll-like receptors (TLRs) or NOD-like receptors (NLRs), initiating the NF-kB signaling
pathway and promoting the secretion of pro-inflammatory cytokines, such as TNF-a, IL-1B, and IL-6, driving M1
macrophage polarization.> These pro-inflammatory cytokines further recruit neutrophils and exacerbate the local
inflammatory response. This strong inflammatory reaction is essential for the clearance of necrotic cells and the initiation
of the early repair process, but excessive activation of the NF-kB pathway may result in prolonged inflammation,
aggravated myocardial fibrosis, and ultimately hinder cardiac functional recovery.®®

Similarly, M2 polarization involves multiple signaling pathways, with the JAK/STAT and PI3K/Akt pathways being
two well-established mechanisms recognized in the academic community. Notably, the JAK/STAT pathway plays a role
not only in M1 polarization but also in M2 polarization. The JAK/STAT signaling pathway is an important pathway for
cells to respond to cytokine signals. This pathway is composed of the tyrosine kinase JAK and the signal transducers and
activators of transcription (STAT). When cytokines such as IL-4, IL-10, or IFN-y bind to their receptors, JAK kinases are
activated and phosphorylate downstream STAT proteins. The phosphorylated STAT proteins dimerize and translocate to
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the nucleus, initiating the transcription of specific genes.®” In the early stages following MI, IFN-y activates JAK1 and
JAK?2, promoting the phosphorylation of STAT1 and driving M1 macrophage polarization. These polarized macrophages
exhibit strong pro-inflammatory activity, secreting large amounts of TNF-a and IL-1p. However, during the repair phase
of MI, anti-inflammatory cytokines such as IL-4 and IL-10 activate JAK3 and STAT6 signaling pathways, promoting M2
macrophage polarization and enhancing tissue repair and angiogenesis.®® Thus, the JAK/STAT signaling pathway
demonstrates dual functions in the post-MI phases, with pro-inflammatory effects in the early phase and anti-
inflammatory repair in the later phase.

The PI3K/Akt signaling pathway plays a crucial role in cell survival, proliferation, and metabolic regulation. PI3K is
activated by stimulation through cell surface receptors, producing PIP3, which then activates the downstream Akt.
Activated Akt further regulates a series of downstream targets, promoting cell survival and anti-apoptotic functions.®’
Following MI, the PI3K/Akt signaling pathway plays an important role in M2 macrophage polarization. Anti-
inflammatory cytokines such as TGF-B, released by cardiomyocytes and fibroblasts during repair, can activate this
pathway, promoting the conversion of macrophages from M1 to M2. Activation of Akt not only promotes the secretion of
anti-inflammatory cytokines but also inhibits the expression of pro-inflammatory genes, thereby reducing M1 macro-
phage activity.”” Additionally, Akt can regulate macrophage metabolism through the mTOR signaling pathway, enhan-
cing fatty acid oxidation, which promotes M2 polarization and accelerates tissue repair.”' However, the regulatory
function of this pathway may not be strictly unidirectional. Studies have shown that the PI3K/Akt pathway exhibits
context-dependent dual functionality in macrophage biology. Under pro-inflammatory conditions, such as stimulation by
lipopolysaccharide (LPS) or interferon-y (IFN-y), Akt activation can paradoxically drive M1 polarization via engagement
of the mTORC 1-HIF-1a axis, thereby enhancing glycolytic flux and upregulating IL-1p expression.”*’* Mechanistically,
Akt promotes the metabolic shift toward glycolysis—a hallmark of M1 macrophages—through mTOR signaling, while
concurrently stabilizing the transcription factor HIF-1a, which plays a central role in pro-inflammatory gene expression.
This functional duality underscores the complexity of PI3K/Akt-mediated regulation in macrophage polarization and
indicates that its downstream effects are highly dependent on upstream stimuli and the surrounding microenvironment.
Therefore, when designing therapeutic strategies targeting this pathway, careful consideration must be given to disease
stage, tissue context, and inflammatory status to avoid unintended amplification of M1-driven inflammation.

Regulation of Transcription Factors

In addition to signaling pathways, transcription factors also play a critical role in macrophage polarization. For M1
polarization, the transcription factor IRFS5 is considered a key regulator, as it directly promotes the expression of
inflammation-related genes.”* In contrast, for M2 polarization, PPARy and KLF4 are two essential transcription factors.
PPARy promotes M2 macrophage polarization by cooperating with STAT6. KLF4, on the other hand, suppresses
inflammatory responses while promoting tissue repair, thereby driving M2 macrophage polarization.”

Metabolic Regulation
In addition to signal transduction, macrophage polarization is tightly regulated by cellular metabolism. Understanding
these metabolic shifts is critical, as they not only drive macrophage polarization but also dictate the magnitude of
myocardial injury, the extent of ventricular remodeling, and the patients’ risk of progressing to heart failure. After the
onset of AMI, significant changes occur in the metabolic state of macrophages, directly influencing their polarization
direction and function. Studies have shown that M1 macrophages primarily rely on glycolysis to maintain their pro-
inflammatory state, while M2 macrophages depend on oxidative phosphorylation and fatty acid oxidation to promote
tissue repair.”® Therefore, metabolic regulation plays a key role in the dynamic changes of macrophages after AMI and
may become an important therapeutic target for intervention. These metabolic transitions not only determine macrophage
phenotype but also influence the extent of myocardial injury, ventricular remodeling, and the risk of progression to heart
failure, highlighting their relevance as therapeutic targets in clinical settings.

In the early stages of AMI, local hypoxia, pro-inflammatory cytokines (such as IFN-y and TNF-a), and TLR signaling
activate M1 macrophages, with their metabolic profile primarily relying on glycolysis rather than mitochondrial oxidative
phosphorylation.”” This characteristic helps rapidly generate ATP to meet the demands of amplifying inflammatory
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signals, but it also leads to increased oxidative stress, worsening myocardial injury. M1 macrophages enhance glycolytic
flux by upregulating the activity of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), increasing
glucose uptake and accelerating ATP production.”® Since glycolysis is independent of oxygen, it allows macrophages
to survive in low-oxygen environments while supporting the rapid activation of inflammatory signals.”” Meanwhile, the
TCA cycle in M1 macrophages is impaired, leading to the accumulation of succinate within the cells and inhibiting
mitochondrial complex II (succinate dehydrogenase, SDH), which further strengthens the inflammatory state.®
Succinate, as an inflammation signaling molecule, promotes the stabilization of HIF-la by inhibiting SDH, thereby
enhancing IL-1p release and intensifying the pro-inflammatory response.®' Persistent dominance of glycolytic metabo-
lism in M1 macrophages is associated with prolonged inflammation and adverse cardiac remodeling, which are major
contributors to poor clinical outcomes such as reduced ejection fraction and increased heart failure risk. These metabolic
changes enable M1 macrophages to rapidly adapt to the hypoxic and inflammatory microenvironment in the early phase
of AMI. However, if inflammation persists for too long, it may lead to irreversible myocardial damage and promote
fibrosis formation.

As AMI progresses into the inflammation resolution and repair phase (3—7 days post-infarction), the signaling of anti-
inflammatory cytokines (such as IL-4 and IL-10) increases, driving the transition of M1 macrophages to M2 macro-
phages. This transition is accompanied by significant metabolic changes, shifting towards oxidative phosphorylation
(OXPHOS) and fatty acid oxidation (FAO).** During this phase, mitochondrial electron transport chain activity is
enhanced, increasing ATP generation, while glycolysis dependency decreases.® The restoration of SDH activity reduces
succinate accumulation, thereby decreasing HIF-la stability, limiting IL-1B release, and suppressing local
inflammation.** On the other hand, M2 macrophages highly express CD36 (fatty acid transporter), which promotes
fatty acid uptake and generates ATP through FAO to support tissue repair and extracellular matrix (ECM) remodeling.®
Additionally, M2 macrophages exhibit strong arginine metabolism capacity, converting L-arginine into proline via
arginase-1 (Arg-1), which stimulates fibroblast activation and promotes myocardial regeneration.*® These metabolic
adaptive changes help M2 macrophages promote myocardial repair, reduce fibrosis, and restore cardiac function.
Targeting these metabolic shifts offers a promising strategy to fine-tune the inflammatory-to-reparative balance, poten-
tially reducing infarct size, limiting fibrosis, and improving long-term cardiac function in AMI patients.

Several clinical drugs have been developed to intervene in the inflammatory response of AMI by regulating metabolic
levels. PFKFB3 inhibitors (such as PFK-158) can reduce M1 polarization and decrease the secretion of pro-inflammatory
cytokines, thereby mitigating post-AMI inflammatory damage.®® Omega-3 fatty acids enhance M2 metabolic activity,
promote tissue repair, and reduce excessive fibrosis.®” These findings suggest that metabolic interventions to regulate M1/
M2 transition may become a potential strategy for improving AMI prognosis.

Regulation of microRNAs

Beyond metabolic and transcriptional regulation, post-transcriptional mechanisms—particularly those involving
microRNAs (miRNAs)—have emerged as critical modulators of macrophage phenotype and function in the context of
AML. In recent years, the role of microRNAs (miRNAs) in macrophage polarization has garnered increasing attention.
miR-155 has been shown to be a critical promoter of M1 macrophage polarization; it enhances the activity of the NF-xB
pathway by inhibiting the SOCS1 signaling, thereby driving the inflammatory response.*®*’ In contrast, miR-21 and
miR-146a are considered promoters of M2 polarization, as they suppress the expression of pro-inflammatory cytokines
and facilitate the conversion of macrophages to an anti-inflammatory phenotype.’® The regulatory roles of these miRNAs
offer a novel perspective, suggesting that controlling macrophage polarization through non-coding RNAs could provide
new therapeutic strategies for the treatment of acute myocardial infarction. By fine-tuning inflammatory gene expression
and macrophage phenotype, miRNA-based modulation holds potential to reduce infarct size, limit adverse ventricular
remodeling, and ultimately improve cardiac recovery in AMI patients.

External Regulatory Mechanisms
External regulatory mechanisms primarily refer to the factors from the microenvironment and external stimuli that
influence macrophage polarization. Compared to intrinsic regulatory mechanisms, the influence of external

Journal of Inflammation Research 2025:18 hetps: 17373



Xu et al

microenvironmental factors on macrophage polarization is more indirect, often acting as an auxiliary mechanism to
modulate intrinsic mechanisms. However, the impact of external microenvironmental factors on macrophages should not
be overlooked. These microenvironmental factors include inflammatory cytokines, metabolic states, mechanical stress,
and pharmacological interventions, all of which collectively affect macrophage function in AMI.

Regulation of Inflammatory Factors

After the onset of AMI, local tissues release a large number of inflammatory cytokines, such as TNF-a, IL-1f, and IFN-y.
These cytokines bind to receptors on the surface of macrophages, activating pro-inflammatory signaling pathways and
promoting M1 macrophage polarization.”’ Additionally, anti-inflammatory cytokines such as TGF-B and IL-10 play
a role in the later stages, driving the transition of macrophages to the M2 phenotype and promoting tissue repair.’* The
dynamic changes in these inflammatory cytokines play a crucial temporal regulatory role in the inflammatory response
and repair process following myocardial infarction. As previously mentioned, these mechanisms are critical to both the
initiation and resolution of AMI.

Impact of Metabolic Diseases

The metabolic state of macrophages directly influences or determines the process of macrophage polarization, acting as
an intrinsic regulatory mechanism involved in the development of AMI. However, metabolic disorders associated with
conditions such as obesity and diabetes often exacerbate the imbalance in macrophage polarization. Studies have
confirmed that in patients with obesity and diabetes, M1 macrophage polarization is more pronounced, while the function
of M2 macrophages is relatively limited. This polarization imbalance makes these patients more susceptible to chronic
inflammation and fibrosis after myocardial infarction, ultimately impairing cardiac function and leading to adverse
outcomes such as heart failure.”> Additionally, hyperglycemia and hyperlipidemia can further promote M1 polarization
by upregulating inflammatory cytokines and free radical production, thereby exacerbating cardiac inflammation and
remodeling.”

Regulation of Mechanical Stress

Mechanical stress in the heart following myocardial infarction, such as tension and shear forces, is one of the key factors
influencing macrophage polarization. After myocardial injury, changes in the heart’s structure and function lead to
increased mechanical stress, which in turn triggers cardiac remodeling and fibrosis. In the acute phase following
myocardial infarction, hemodynamic abnormalities in the heart generate sustained mechanical pressure, especially in
cases of heart failure. This pressure has a significant impact on the polarization of macrophages.

In the early stages of myocardial infarction, mechanical stress activates multiple signaling pathways, particularly the
NF-xB and JAK/STAT pathways, promoting the release of pro-inflammatory cytokines such as IL-6 and TNF-o, which
drive macrophages toward M1 polarization. During this phase, M1 macrophages enhance local inflammation by secreting
large amounts of pro-inflammatory cytokines, further exacerbating myocardial injury.”’ Additionally, mechanical stress
directly affects infiltrating immune cells and cardiomyocytes through wall tension and shear forces, maintaining the
inflammatory environment. This not only inhibits early tissue repair but may also accelerate the progression of cardiac
fibrosis. During the recovery phase post-MI, sustained mechanical stress, especially during ventricular remodeling, may
hinder tissue repair and induce chronic inflammation. Due to structural changes in the heart and increased mechanical
pressure, M1 macrophages may remain in a pro-inflammatory state for an extended period, continuously secreting pro-
inflammatory cytokines, leading to further myocardial fibrosis development.”* The prolonged upregulation of IL-6 and
TNF-a exacerbates inflammation, resulting in increased cardiomyocyte apoptosis and suppressing normal myocardial
repair.”

Overall, mechanical stress plays a crucial regulatory role in macrophage polarization following myocardial infarction.
During the acute phase, mechanical stress enhances the release of pro-inflammatory cytokines, promoting M1 macro-
phage polarization and exacerbating the inflammatory response. In the recovery phase, sustained mechanical stress may
hinder tissue repair, leading to myocardial fibrosis and worsening cardiac function. Therefore, regulating the impact of
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mechanical stress on macrophage polarization, especially at different stages post-MI, may offer new therapeutic
approaches for cardiac repair.

Regulation of Drugs

Recent studies have confirmed that several drugs can alleviate post-MI inflammation and tissue damage by modulating
macrophage polarization. For instance, mTOR inhibitors such as sirolimus and everolimus can promote the transition of
macrophages from M1 to M2 by inhibiting the mTOR signaling pathway, thereby reducing the inflammatory response.”®
Additionally, IL-1f inhibitors, such as canakinumab, have been used clinically. These inhibitors suppress the release of
inflammatory cytokines, reduce the duration of M1 polarization, and promote myocardial repair.’® The application of
nanomedicine-based drug delivery systems in regulating macrophage polarization has also gained significant attention.
Specific nanoparticles can be designed to target macrophages and deliver anti-inflammatory drugs or miRNAs, directly
modulating macrophage polarization. For example, certain nanoparticles can load miR-146a to suppress pro-
inflammatory signaling, thus promoting M2 polarization of macrophages. This technology holds promise as a new

therapeutic strategy for inflammation regulation following acute myocardial infarction.””-*®

Emerging Mechanisms Regulating M1-M2 Transition

In addition to classical signaling pathways such as NF-xB and JAK/STAT, recent studies have identified a range of
emerging regulatory mechanisms that govern the M1-to—M2 macrophage transition, offering novel targets for therapeutic
intervention in AMI. One important mechanism involves metabolic reprogramming enzymes that actively shape macro-
phage phenotype. For instance, PFKFB3, a key regulator of glycolysis, is upregulated in M1 macrophages and enhances
pro-inflammatory polarization by increasing fructose-2,6-bisphosphate production and glycolytic flux. Inhibition of
PFKFB3 has been shown to suppress M1 activation and promote a shift toward reparative M2 phenotypes.”
Similarly, succinate dehydrogenase impairment in M1 macrophages leads to succinate accumulation, stabilizing HIF-
lo and maintaining IL-1B expression, whereas restoration of SDH activity facilitates M2 transition.”” Beyond metabolic
enzymes, epigenetic regulators such as histone deacetylases (HDACS), sirtuins, and bromodomain-containing proteins
(such as BRD4) have also been implicated in macrophage polarization. For example, SIRT1 promotes M2 polarization by
deacetylating and inhibiting NF-kB p65 subunits, reducing inflammatory gene expression.'® In contrast, HDAC3 is
associated with M1 polarization, and its inhibition has been reported to enhance M2-associated gene programs.'*’
Furthermore, BRD4, a reader of histone acetylation, facilitates the transcription of inflammatory genes and sustains M1
polarization; BRD4 inhibition using BET inhibitors has shown promise in reprogramming macrophages toward an anti-
inflammatory state.'®> These emerging targets provide additional layers of control in macrophage plasticity and open new
avenues for therapeutic modulation of post-infarction inflammation and tissue repair.

Macrophage-Related Therapeutic Strategies

Macrophages play a crucial role in both the inflammatory response and tissue repair following MI. In recent years,
therapeutic strategies targeting macrophage polarization have become an important area of research aimed at improving
the prognosis of AMI patients, reducing myocardial injury, and promoting cardiac function recovery. The polarization
state of macrophages, which manifests as pro-inflammatory M1 and anti-inflammatory reparative M2 phenotypes, plays
a key role in the balance between inflammation and repair. This balance is critical for cardiac remodeling after
myocardial infarction. From this perspective, several macrophage-related therapeutic approaches for MI have been
explored.

Drug Therapy Targeting Macrophage Polarization

As mentioned earlier, the mTOR signaling pathway plays a crucial regulatory role in macrophage polarization and
metabolism, particularly in promoting the transition of M1 macrophages to M2 macrophages through mTOR inhibition,
thereby alleviating inflammation after MI.”*'%* Sirolimus and everolimus, as mTOR inhibitors, have been widely used to
reduce post-MI inflammation and cardiac fibrosis. These drugs inhibit the mTOR signaling pathway, reducing the activity
of M1 macrophages while promoting the activation of anti-inflammatory M2 macrophages, thereby decreasing
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myocardial injury and accelerating tissue repair.”® However, systemic mTOR inhibition can lead to off-target effects,
including impaired endothelial cell proliferation, delayed wound healing, and increased susceptibility to infections due to
broad immunosuppressive activity. Long-term use has also been associated with metabolic disturbances such as
dyslipidemia and insulin resistance, which may offset cardiovascular benefits in certain patients. These adverse effects
underscore the need for targeted delivery systems or selective mTORC1/2 modulation to minimize systemic toxicity
while preserving therapeutic efficacy.'®*

IL-1P, a pro-inflammatory cytokine secreted by M1 macrophages, plays a central role in the inflammatory response
following myocardial infarction. Canakinumab, a monoclonal antibody targeting IL-1p, effectively reduces chronic
inflammation after MI by inhibiting IL-1B activity.’® Large-scale clinical studies have shown that canakinumab
significantly reduces the incidence of recurrent cardiovascular events in MI patients and improves long-term
prognosis.'®>'% In addition to suppressing M1 macrophage activity, canakinumab also promotes M2 macrophage
polarization, thus enhancing cardiac repair. Despite its anti-inflammatory efficacy, IL-1B blockade carries the risk of
increased infections, particularly respiratory tract infections, as observed in large-scale trials. Moreover, the high cost and
requirement for repeated subcutanecous injections may limit its accessibility. Patient selection is crucial, as not all
individuals with post-MI inflammation exhibit IL-1B-driven pathology, and biomarker-guided stratification may optimize
therapeutic benefit.'"’

Atherosclerosis is a major risk factor for AMI, and it is associated with dysregulation of lipoprotein metabolism.
Clinically, oral drugs such as statins and injectable agents like PCSK9 inhibitors are commonly used for treatment.
Recent studies and clinical trials have suggested that PCSK9 inhibitors also play a role in the prevention and treatment of
AMI. Macrophages play an essential role in the formation and progression of atherosclerotic plaques, and cholesterol
metabolism disruption is the primary driving force behind atherosclerosis. PCSK9 inhibitors (such as alirocumab and
evolocumab) regulate cholesterol metabolism, reduce M1 macrophage polarization in plaques, and decrease plaque
instability, thereby lowering the risk of MIL'% Translational considerations remain important for real-world adoption.
While outcome benefits are robust for LDL-C lowering and secondary prevention, direct evidence that PCSK9 inhibitors
modulate macrophage phenotypes in the acute MI setting is limited. High cost, injection burden, and variable long-term
adherence constrain population-level impact. Response heterogeneity across clinical subgroups also argues for precision
approaches.'®” These drugs not only lower the levels of low-density lipoprotein cholesterol (LDL-C) in the blood but also
influence macrophage polarization, promoting the cardiac repair process.

Gene Therapy and miRNA Regulation
In recent years, gene therapy technologies have made breakthrough progress in cardiovascular disease research,
particularly in the regulation of macrophage polarization following AMI. Gene therapy can alter macrophage polarization
by editing key signaling pathway genes or through miRNA-mediated transcriptional regulation, thereby influencing
inflammation and tissue repair processes.''°

The CRISPR/Cas9 gene editing technology has been used in recent years to directly regulate the polarization
direction of macrophages. By knocking out or activating specific genes, it can improve the inflammatory and repair
responses after myocardial infarction.''! For instance, the NF-kB signaling pathway is a key regulatory axis for the pro-
inflammatory function of M1 macrophages. Research has shown that knocking out NF-xB key regulatory factors (such as
p65/RelA) effectively reduces the pro-inflammatory response of M1 macrophages and promotes M2 polarization.''?
CRISPR/Cas9-mediated NF-kB blockage has shown potential in reducing myocardial fibrosis after AMI in animal
experiments.''*> Furthermore, the JAK/STAT signaling pathway is also crucial in the M1/M2 transition. Targeting JAK 1
reduces IFN-y-induced M1 polarization, while activating STAT6 enhances IL-4-mediated M2 promotion, accelerating
myocardial tissue repair.''® The optimization of gene delivery systems is also an important direction for CRISPR
technology development. Current research primarily focuses on comparing viral vectors and non-viral delivery systems.
Adeno-associated virus (AAV) vectors can express genes long-term to maintain M2 polarization, while non-viral delivery
systems (such as lipid nanoparticles, LNP) have been used to deliver CRISPR components, showing excellent safety and
efficacy in animal experiments.''> Although CRISPR-mediated macrophage polarization regulation is still in preclinical

research, its high specificity and long-term regulatory effects offer new possibilities for AMI treatment.''®
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As non-coding RNAs, miRNAs can precisely regulate macrophage polarization by targeting mRNA for degradation
or translation suppression. Several miRNAs have been identified as directly involved in the M1/M2 regulation related to
AMI. miR-155, an inflammation-related miRNA, enhances NF-kB signaling by inhibiting suppressor of cytokine
signaling 1 (SOCS1), thereby promoting the pro-inflammatory function of M1 macrophages. Knockout of miR-155
reduces inflammation after AMI and improves myocardial repair.''” miR-21 and miR-146a tend to promote M2
polarization; miR-21 enhances JAK/STAT3 signaling by inhibiting programmed cell death protein 4 (PDCD4), promot-
ing M2 polarization, and showing reduced fibrosis and improved cardiac function in animal models of AMIL'"® miRNA-
based regulatory strategies have shown potential efficacy in animal experiments, but there is still a need to optimize
delivery methods to improve stability and targeting.

Currently, miRNA delivery technologies mainly include nanoparticle systems (LNPs) and viral vectors. Nanoparticle
systems can effectively protect miRNA and improve cellular uptake rates. Studies have shown that LNP-based miR-21
delivery promotes M2 polarization and reduces AMI fibrosis in mouse models. AAV-mediated overexpression of miR-
146a has shown reduced inflammatory damage and improved myocardial function. However, miRNA delivery faces
several challenges, including the short half-life of miRNAs, the need to develop more stable delivery methods, and
avoiding non-specific targeting issues to reduce side effects. Future research will focus on optimizing miRNA delivery
systems, improving their stability and targeting, and integrating metabolic regulation and immune intervention strategies

for more precise AMI interventions.'"’

Immune-Modulating Therapy
Studies have shown that the infusion of stem cells or the inhibition of immune checkpoints can artificially alter the
polarization direction of macrophages at the site of MI, thereby promoting cardiac repair. Stem cell therapy, particularly
the infusion of bone marrow-derived monocytes or macrophages, has emerged as a novel therapeutic strategy for
modulating post-myocardial infarction inflammation. These stem cells can regulate the local immune environment,
promoting the polarization of macrophages toward the M2 phenotype, reducing cardiac inflammation and fibrosis.
Clinical studies have demonstrated that stem cell infusion can accelerate tissue repair after myocardial infarction and
improve cardiac function.'?’

Immune checkpoint inhibitors, which are typically used in cancer immunotherapy, have recently been found to have
potential in regulating macrophage function. For example, blocking the PD-1/PD-L1 pathway enhances M2 macrophage
polarization and reduces the pro-inflammatory activity of M1 macrophages, thus providing protective effects during the

repair process after myocardial infarction.'?'

Macrophage Regulatory Strategies Incorporating Metabolic Disorders

Metabolic diseases such as diabetes and obesity are closely associated with the continuation of inflammatory responses
and fibrosis after MI. In a hyperglycemic and hyperlipidemic environment, macrophages are more prone to polarize
toward the M1 phenotype, leading to persistent pro-inflammatory responses and further exacerbating myocardial injury.”>
For patients with metabolic diseases, strategies to regulate macrophage polarization should be combined with metabolic
regulation. For instance, SGLT?2 inhibitors (such as dapagliflozin) and GLP-1 receptor agonists (such as liraglutide) have
been shown to reduce inflammation by modulating the metabolic state, thereby promoting the polarization of macro-
phages toward the M2 phenotype.'?*'** The anti-inflammatory benefits of SGLT2 inhibitors and GLP-1 receptor agonists
appear to be partly dependent on baseline metabolic status, with stronger effects observed in patients with type 2 diabetes
or insulin resistance. Their efficacy in non-diabetic, lean, or elderly populations remains less certain. Additionally,
gastrointestinal intolerance (for GLP-1 agonists) and genitourinary infections (for SGLT2 inhibitors) may limit toler-
ability in some patients (Table 3).'**

Despite the growing interest in targeting macrophage polarization as a therapeutic approach for AMI, each strategy
presents unique advantages and potential limitations. For instance, while mTOR inhibitors and IL-1B monoclonal
antibodies have demonstrated promising anti-inflammatory effects in clinical studies, concerns remain regarding immu-
nosuppression, infection risk, and high cost. Similarly, miRNA- and gene-editing-based interventions offer high
mechanistic precision but face substantial challenges related to delivery efficiency, molecular stability, and long-term
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Table 3 Effects of Different Therapeutic Strategies on Macrophage Polarization

Representative Drugs/ Mechanism of Action Affected Signaling Effect on MI1/M2 Ref

Technologies Pathways Polarization

mTOR Inhibitors (Rapamycin, Inhibits mTOR, promotes M|-to-M2 transition PI3K/Akt/mTOR Promotes M2, reduces M| [65]

Everolimus)

IL-IB Inhibitor (Canakinumab) Blocks IL-1B, suppresses M| pro-inflammatory effects NF-kB, JAK/STAT Inhibits M1 [62]

CRISPR/Cas9 Targets NF-kB/JAK-STAT pathways to regulate macrophage | NF-«B, JAK/STAT Inhibits M1, promotes M2 [109]
polarization

miR-21/miR-146a Regulates SOCSI/PDCD 4 to promote M2 polarization JAK/STAT3, NF-xB Enhances M2 [I15]

LNPs/AAV-based miRNA delivery | Targets macrophages for controlled miRNA-based PI3K/Akt, JAK/STAT Enhances M2 [116]
modulation

PD-1/PD-LI Inhibitors Modulates immune checkpoints to regulate macrophage PI3K/Akt Promotes M2 [118]
activity

SGLT2 Inhibitors (Dapagliflozin) Modulates glucose metabolism to reduce M1 polarization PI3K/Akt Promotes M2 [119]

safety. Stem cell therapy and nanoparticle-based systems are emerging approaches with encouraging potential, though
their reproducibility and clinical efficacy have yet to be fully established. A concise comparison of representative
therapeutic approaches—including their molecular targets, translational stages, benefits, and limitations—provides
insight into their respective strengths and challenges (Table 4).

In parallel with these mechanistic advances, several macrophage-targeting strategies have entered clinical evaluation
in AMI populations. The IL-1p monoclonal antibody canakinumab was assessed in the pivotal CANTOS trial
(NCTO01327846,https://clinicaltrials.gov/study/NCT01327846), which enrolled over 10,000 patients with prior myocar-
dial infarction and elevated high-sensitivity C-reactive protein. Canakinumab significantly reduced recurrent cardiovas-

cular events, thereby providing robust evidence for inflammation-targeted therapy in post-MI patients.’® Additionally, the

Table 4 Comparative Overview of Macrophage Polarization—Targeted Therapeutic Strategies in Acute Myocardial Infarction

Therapeutic
Strategy

Mechanism of Action

Benefits

Limitations

mTOR inhibitors

Inhibit mTOR pathway,
promote M2 polarization

Reduce inflammation and
fibrosis

Infection risk; impaired healing; dyslipidemia/insulin resistance; broad
immunosuppression; need for macrophage-targeted delivery

IL-1B inhibitor

Neutralizes IL-1B, limits M|
activation

Reduces recurrent Ml,
stabilizes inflammation

Infections (esp. respiratory); high cost and injection burden; benefit mainly in
residual inflammatory risk phenotype (elevated hsCRP)

SGLT?2 inhibitors

Improve metabolism, enhance
M2 activity

Cardioprotection, anti-
inflammatory

Effect size depends on baseline metabolic status (stronger in T2D/IR); GU
infections; limited data in non-diabetic elderly

GLP-| receptor
agonists

Promote M2 polarization via
metabolic modulation

Reduce fibrosis, improve
remodeling

Gl intolerance; efficacy variability by metabolic phenotype; adherence challenges

CRISPR/Cas9-
based gene editing

Knockout pro-inflammatory
genes (eg, NF-kB)

Specific targeting, long-
lasting effect

Targeted delivery to cardiac macrophages remains unproven; off-target genome
edits; long-term safety and ethical issues

miRNA-based
therapy

Modulate JAK/STAT or NF-xB
to enhance M2

Precise regulation,
versatile delivery

Delivery specificity; immune activation; off-target in non-myeloid tissues;
durability and safety concerns

Nanoparticle
delivery systems

Targeted drug/miRNA
delivery to macrophages

Improve specificity and
bioavailability

Long-term toxicity unknown; clearance kinetics unclear; regulatory approval
challenges

Stem cell infusion

Modulate immune
microenvironment, promote
M2

Promote repair, reduce
inflammation

Heterogeneity of effect; low engraftment; arrhythmia risk; reproducibility issues

Notes: Key references supporting this summary are cited in the main text.
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ongoing DAPA-MI trial (NCT04564742 https://clinicaltrials.gov/study/NCT04564742) is evaluating the SGLT2 inhibitor
dapagliflozin for its effects on left ventricular remodeling and inflammation following AMI. While mTOR inhibitors and

GLP-1 receptor agonists have shown anti-inflammatory and anti-fibrotic effects in other cardiovascular contexts, their
direct clinical application in AMI remains exploratory. Furthermore, miRNA- and CRISPR-based therapies are still in the
preclinical stage, with translational potential contingent upon the development of efficient delivery systems and favorable
safety profiles. Collectively, current clinical evidence provides preliminary support for macrophage polarization—targeted
interventions in AMI, yet further large-scale validation remains necessary.

The Role of Macrophage Polarization in Other Cardiovascular Diseases
Although this review primarily focuses on the dynamic regulation and therapeutic implications of macrophage polariza-
tion in AMI, macrophages—due to their wide distribution and functional plasticity—are also critically involved in the
pathogenesis of various other cardiovascular diseases.

In atherosclerosis (AS), M1 macrophages contribute to plaque formation and instability by secreting pro-
inflammatory cytokines such as IL-1p and TNF-a, thereby increasing the risk of plaque rupture and thrombus formation.
In contrast, M2 macrophages exert anti-inflammatory and reparative functions by releasing IL-10 and TGF-B, which help
stabilize plaques and facilitate tissue remodeling.'*> Modulating the M1/M2 balance has emerged as an important
strategy for managing vascular inflammation, with metabolic agents such as SGLT2 inhibitors showing potential in
shifting macrophage polarization toward a more reparative phenotype.'*®

In chronic heart failure (CHF), persistent low-grade inflammation plays a major role in adverse cardiac remodeling
and functional decline. As resident immune cells in the heart, macrophages are deeply involved in regulating myocardial
fibrosis, apoptosis, and impaired regeneration. Studies have demonstrated that distinct M2 subtypes perform specialized
functions at different stages of HF progression—for example, M2a macrophages promote angiogenesis, while M2c
subtypes contribute to inflammation resolution and tissue repair. Targeted modulation of specific M2 subtypes may thus
represent a promising approach to attenuate fibrosis and improve clinical outcomes in CHE."?’

Moreover, macrophage polarization is implicated in the progression of several other cardiovascular pathologies,
including viral myocarditis, cardiac allograft rejection, hypertensive cardiomyopathy, and valvular heart disease. In viral
myocarditis, M1 macrophages drive early myocardial injury, while M2 macrophages support inflammation resolution and
scar formation in later stages.'*® In hypertensive cardiomyopathy, chronic pressure overload promotes sustained pro-
inflammatory macrophage activation, contributing to myocardial fibrosis and diastolic dysfunction.'** These findings
underscore that macrophage polarization is not only temporally regulated but also shaped by disease-specific tissue
microenvironments.

Therefore, advancing our understanding of macrophage polarization dynamics, metabolic programming, and cellular
interactions across different cardiovascular contexts may help establish a broader immunotherapeutic framework. Future
strategies focusing on temporal intervention windows, subtype-specific modulation, and targeted delivery systems are
expected to foster the development of precision therapies not only for AMI but also for AS, CHF, and other immune-
related cardiac diseases.

Conclusion and Future Perspectives

Macrophages play a dual role in the pathological process of AMI, acting as both major drivers of early inflammation and
key regulators of later tissue repair. M1 macrophages dominate the inflammatory response during the acute phase of AMI
by secreting pro-inflammatory cytokines (such as IL-1p, TNF-a, and IL-6). Through the NF-«kB signaling pathway, M1
macrophages promote neutrophil recruitment, exacerbate local inflammation, and assist in the clearance of necrotic
tissue. However, if M1 polarization persists for too long, it may lead to excessive inflammation, causing further
myocardial damage and impairing cardiac function recovery. As inflammation transitions into the resolution phase,
M2 macrophages begin to dominate the repair process. They secrete anti-inflammatory cytokines, such as IL-10 and
TGF-B, and promote angiogenesis, fibroblast activation, and collagen remodeling via JAK/STAT and PI3K/Akt signaling
pathways, thereby accelerating myocardial repair and cardiac function recovery.BO’131 In addition to these classic
immune pathways, recent evidence highlights the roles of metabolic reprogramming (such as glycolysis, fatty acid
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oxidation), epigenetic modifications, and non-coding RNAs (such as miRNAs) as highly actionable targets for modulat-
ing macrophage function.

The dynamic balance between M1 and M2 polarization is critical for the outcome of cardiac remodeling after AMI.
Any disruption in this polarization process can lead to aggravated cardiac fibrosis, reduced myocardial function, and even
increase the risk of heart failure. Therefore, strategies aimed at reducing M1 pro-inflammatory polarization and
enhancing M2 reparative polarization have become an important focus in AMI treatment research. In recent years,
multiple strategies have been proposed to optimize this transition process, including pharmacological interventions, gene
editing, miRNA regulation, and immune modulation. For instance, mTOR inhibitors (such as everolimus) and IL-1f
inhibitors (such as canakinumab) have shown potential in clinical settings to reduce inflammatory damage. Moreover,
SGLT2 inhibitors (such as dapagliflozin) are currently under clinical investigation (DAPA-MI trial) and may exert
macrophage-modulating effects beyond glycemic control. Gene editing technologies, such as CRISPR/Cas9, can
precisely guide macrophages to switch to an anti-inflammatory repair phenotype by regulating the NF-xB or JAK/
STAT signaling pathways. Furthermore, miRNAs (such as miR-21, miR-146a) are considered key regulators of macro-
phage polarization, and their delivery systems (such as LNP nanoparticles or AAV viral vectors) are continuously being
optimized to improve therapeutic stability and targeting. However, these strategies still face challenges related to delivery
efficiency, tissue targeting, and long-term safety, requiring further optimization before clinical application.'*?

In future AMI treatment strategies, the precise regulation of macrophage function remains a core challenge.
Combining gene therapy, miRNA regulation, Al-assisted analysis, and targeted metabolic interventions may further
optimize M1/M2 conversion, reduce fibrosis, and improve myocardial regeneration. Additionally, new biomaterials (such
as smart nanoparticles) are being explored for more efficient delivery of intervention factors to enhance therapeutic
stability and targeting. Despite these promising directions, several knowledge gaps remain. These include a lack of
comprehensive single-cell transcriptomic data in human AMI, insufficient longitudinal studies tracking macrophage
phenotypic transitions in vivo, and limited understanding of how systemic factors such as aging or comorbidities
influence macrophage dynamics. With advancements in biomedical technologies, personalized, precision treatment
strategies based on macrophage polarization regulation will become key strategies for improving AMI prognosis.
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