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Abstract: The coronary reperfusion following acute myocardial infarction can paradoxically trigger myocardial ischemia-reperfusion
(IR) injury. This complex phenomenon involves the intricate interplay of different subsets of macrophages. These macrophages are
crucial players in the post-infarction inflammatory response and subsequent myocardial anti-inflammatory repair. However, their
diverse functions can lead to both beneficial and detrimental effects. On one hand, these macrophages play a crucial role in
orchestrating the inflammatory response, aiding in the clearance of cellular debris and initiating tissue repair mechanisms. On the
other hand, their excessive infiltration and activation can contribute to the perpetuation of the inflammatory cascade, leading to
additional myocardial injury and adverse cardiac remodeling. Multiple mechanisms contribute to the IR injury mediated by macro-
phages, including oxidative stress, apoptosis, and autophagy. These processes further exacerbate the damage to the already vulnerable
myocardial tissue. To address this delicate balance, therapeutic strategies aiming to target and modulate macrophage polarization and
function are being explored. By fine-tuning the immune inflammatory response, such interventions hold promise in mitigating post-
infarction myocardial injury and fostering a more favorable environment for myocardial healing and recovery. Through advancements
in this area of research, potential anti-inflammatory interventions may pave the way for improved clinical outcomes and better
management of patients after acute myocardial infarction.
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Introduction

Acute myocardial infarction (AMI), one of the leading causes of cardiovascular-related mortality worldwide, results from
the prolonged ischemic death of myocardial cells. AMI is often accompanied by progressive deterioration of cardiac
pumping function, and the formation of myocardial scars leads to adverse cardiac remodeling and heart failure." Early
reperfusion therapy, from initial thrombolytic drugs to catheter-based percutaneous coronary intervention (PCI), has been
the primary approach to salvage ischemic myocardium and reduce early mortality in AMI patients.”> However, while
reperfusion therapy effectively reduces the loss of contractile myocardial muscle mass, paradoxically, it triggers
aggravated myocardial injury, induces sterile inflammation, and increases the infarct size, collectively known as
ischemia-reperfusion (IR) injury.? This process involves multiple cells and signaling pathways, including immune cell-
induced inflammatory cascades, reactive oxygen and nitrogen species-mediated myocardial oxidative stress, and mito-
chondrial calcium imbalance in cardiomyocytes.* > Macrophages, being a crucial element of the innate immune system,
have a vital regulatory function in the inflammatory response and IR injury subsequent to myocardial infarction. This
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review summarizes several pathophysiological mechanisms by which macrophages are involved in myocardial IR injury
and emphasizes the crucial roles of different macrophage subtypes in mediating inflammation and resolution. Given that
various drugs and intervention therapies tested in preclinical models have shown limited translation into clinical benefits
for AMI patients, developing targeted therapeutic strategies to modulate macrophage polarization and function offers
promising therapeutic potential. The use of biomimetic delivery systems targeting macrophage polarization and function,
such as mesenchymal stromal cells (MSCs)-derived extracellular vesicles, provides new opportunities for targeted
immunomodulation and anti-inflammatory interventions. In conclusion, understanding the intricate involvement of
macrophages in the pathophysiology of IR injury and inflammation after myocardial infarction is critical for developing
effective therapeutic approaches. Targeted modulation of different macrophage subtypes could offer promising avenues
for attenuating the inflammatory response and promoting cardiac repair. Biomimetic delivery systems and MSC-derived
extracellular vesicles represent potential novel therapies for specifically regulating immune responses and anti-
inflammatory interventions in the context of myocardial infarction. Further research and clinical studies are warranted
to validate their efficacy and safety in AMI patients.

Overview of Ischemia-Reperfusion Injury

Myocardial ischemia commonly occurs on the basis of coronary atherosclerosis and is triggered by coronary artery
occlusion or redistribution of blood flow away from a specific vascular territory.® Myocardial infarction is characterized
by irreversible damage to myocardial cells caused by sustained ischemia, leading to myocardial necrosis in the
corresponding perfusion area.” Necrotic myocardium contributes to the formation of a mechanically weak region,
where scar deposition occurs to prevent cardiac rupture and progressive functional deterioration. However, excessive
remodeling of the infarcted area and remote myocardium can affect ventricular size and function, leading to heart failure
or potential life-threatening arrhythmias.® Myocardial infarction is typically attributed to the rupture, erosion, and
subsequent thrombus formation overlying a lipid plaque, resulting in sudden coronary artery occlusion.”'” This type
of myocardial infarction is defined as Type I MIL. In contrast, Type II MI, which is unrelated to plaque rupture, occurs due
to myocardial oxygen supply-demand imbalance, such as endothelial dysfunction, coronary artery spasm, or
arrhythmias.’

Timely and effective reperfusion following acute myocardial infarction is the only way to salvage ischemic
myocardium and reduce the loss of contractile myocardial muscle mass. Pharmacological thrombolysis, PCI, or surgical
coronary artery bypass grafting (CABG) can restore early blood flow reconstruction, effectively limit the infarct size, and
greatly improve early survival rates in patients with acute MI.> However, while reperfusion therapy can rescue dying
myocardial cells, it paradoxically triggers exacerbation of myocardial injury known as IR injury, leading to an increase in
the infarct size by 25%-40%.""

IR injury is a complex process involving multiple factors, such as metabolic factors, inflammatory responses,
oxidative stress, and microvascular obstruction. The immune response plays a central role in this injury, marked by
the recruitment and activation of immune cells associated with both the innate and adaptive immune systems.' Innate
inflammatory cells express pattern recognition receptors (PRRs) such as Toll-like receptors, NOD-like receptors, C-type
lectin receptors, and RIG-1-like receptors.'® These receptors, upon binding to danger signals released by ischemic and
necrotic myocardial cells known as damage-associated molecular patterns (DAMPs), activate IR, leading to the activa-
tion of signaling mediators and the production of pro-inflammatory mediators, thereby inducing tissue inflammation.

The inflammatory response in myocardial cells during the ischemic phase is already induced, but the restoration of
blood flow and oxygen supply can further activate inflammatory signaling pathways.'* The local or systemic inflamma-
tory response caused by this immune reaction can exacerbate the damage from coronary artery occlusion and become
a significant factor constraining patient prognosis.'> As a result of revascularization therapy, myocardial IR injury is
inevitable, yet the existing treatment modalities have not demonstrated ideal therapeutic outcomes. Over the past decade,
numerous large-scale clinical trials aimed at reducing reperfusion injury have been conducted: the POST and DANAMI
trials assessed the impact of ischemic preconditioning on myocardial no-reflow,'®!” the CIRCUS trial investigated the
role of cyclosporine, and the IMMEDIATE trial studied the effects of intravenous glucose-insulin-potassium.'®'® None
of these treatments were able to effectively attenuate myocardial injury caused by IR. Additionally, despite promising
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results from a large number of preclinical studies demonstrating the efficacy of mechanical or pharmacological
interventions in reducing infarct size, translating these findings into clinical benefit in acute myocardial infarction
patients has proven challenging.” Therefore, a comprehensive understanding of the underlying immunopathological
mechanisms is crucial for the treatment of reperfusion injury.

The Role of Macrophages in Post-Myocardial Infarction
Classification and Their Roles of Resident Macrophages Following Myocardial

Infarction

Macrophages are distributed throughout various tissues in the body and primarily play a role in phagocytosing pathogens
and cellular debris, as well as activating other immune cells to respond to pathogens.’’ Cardiac tissue resident
macrophages are a specific population of macrophages located between cardiomyocytes, endothelial cells, and fibro-
blasts, taking on a spindle-shaped morphology.?' They originate from the yolk sac during embryonic development and
are closely associated with the development of the myocardial wall vasculature, regulating blood supply and drainage.?
Resident macrophages in cardiac tissue are widely distributed and contribute to self-renewal through phagocytosis,
participate in maintaining electrical conduction, and are involved in the clearance of bacteria and apoptotic cells, playing
a crucial role in cardiac homeostasis and injury repair.?'-*2*

Under homeostatic conditions, macrophages in the myocardium exhibit diverse functional subtypes. Tissue-resident
cardiac macrophages can be categorized into two subpopulations: CCR2™ and CCR2".>>*7 Within the resident macro-
phage community, CCR2™ macrophages uphold the cell population through cellular proliferation, whereas their CCR2"
counterparts primarily sustain themselves by recruiting monocytes from the circulation and undergoing autonomous self-
renewal processes.”® After myocardial cell death, the tissue-resident CCR2" macrophages become activated and facilitate
the recruitment of monocytes through a MYD88-dependent mechanism. This activation results in the release of
monocyte chemoattractant proteins (MCPs) and the mobilization of monocytes.”® In the ischemic region, there is an
approximate 60% reduction in the quantity of CCR2  resident macrophages, with cell numbers gradually increasing
through localized proliferation.’® Meanwhile, within the cardiac muscle, the resident macrophage subpopulation under-
goes substantial replacement by recruited CCR2" Ly6C™&" monocytes and macrophages derived from CCR2"
monocytes.”® Furthermore, CCR2" macrophages play a role in regulating the differentiation of monocytes into inflam-
matory monocyte-derived macrophage populations. They also facilitate the rapid infiltration of inflammatory monocytes
and macrophages into the affected area.

In the context of cardiovascular disease, the mobilization and infiltration of peripheral monocytes into diseased tissues
are predominantly viewed as maladaptive responses, contributing to various conditions such as infarct expansion, left
ventricular systolic dysfunction, left ventricular dilatation, and the progression of atherosclerotic plaques.*'*? Studies
have found that monocyte-derived macrophages express high levels of pro-inflammatory genes in the stressed heart,”~>
and inhibiting monocyte recruitment by interrupting MCP1 and CCR2 signaling can reduce excessive inflammation and
confer protective effects in mouse models of myocardial infarction and atherosclerosis.**** Hence, inhibiting the
activation of tissue-resident CCR2" macrophages or neutralizing the effector cytokines they produce could potentially
offer benefits following myocardial infarction. Intriguingly, previous studies have indicated that the relative abundance of
CCR2" macrophages in tissues may increase with age. Consequently, in the aging heart, there could be an upsurge in
excessive inflammatory responses following myocardial injury, possibly explaining why aging is linked to heightened
inflammation and poorer clinical outcomes after myocardial infarction.*® Thus, therapeutic approaches targeting tissue-
resident CCR2" macrophages may be more effective in elderly individuals.

Involvement of Macrophages in Post-Myocardial Infarction Repair

The repair process of injured myocardium following myocardial infarction involves three overlapping phases: the
inflammatory phase, proliferative phase, and maturation phase.>® The immune response plays a critical role in regulating
cardiac repair throughout this process, as shown in Figure 1. In the early stages of injury, necrotic myocardial cells
release DAMPs into the extracellular space, including mitochondrial DNA fragments, Ca*", high mobility group box 1
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Figure | Immune Cell Dynamics in Myocardial Infarction.

Notes: In the homeostatic state, cardiac resident macrophages are divided into two subpopulations, CCR2+ and CCR2-. Following the infarction, dying cardiomyocytes
release damage-associated molecular patterns (DAMPs), which are recognized by pattern recognition receptors (PRRs) on neighboring cells, initiating the inflammatory
phase. Endothelial cells express adhesion molecules, and macrophages release pro-inflammatory cytokines and chemokines. DAMPs and pro-inflammatory cytokines lead to
the rapid recruitment of inflammatory monocytes and neutrophils to the infarct area, where they are responsible for extracellular matrix degradation and phagocytosis of
necrotic cells. This process reaches its peak three days after injury. As macrophages engulf apoptotic cells, an anti-inflammatory cascade is activated, and the infarcted tissue
repair enters the proliferative phase. Monocytes differentiate into reparative macrophages that produce TGFp, IL-10, and VEGF, mediating collagen synthesis in fibroblasts,
inflammation resolution, and angiogenesis, respectively. The proliferative phase gradually transitions to the maturation phase after approximately ten days and continues for
several months. During this stage, monocyte recruitment ceases, the extracellular matrix undergoes remodeling, and scar formation takes place.

protein (HMBGB1), and others. PRRs on innate immune cells recognize DAMPs, triggering the release of chemotactic
factors and pro-inflammatory cytokines, leading to sterile inflammation and recruitment/activation of monocytes and
macrophages.®’ Phagocytosis and efferocytosis are the main functions of macrophages during the inflammatory phase
following infarction, primarily responsible for extracellular matrix degradation and engulfment of dead cells. This
process peaks around 3 days after the injury occurs. As macrophages phagocytose apoptotic cells and activate anti-
inflammatory cascades, the reparative phase of infarct healing commences, characterized by immune cell-mediated anti-
inflammatory signaling activation, fibroblast proliferation, and deposition of granulation tissue. Macrophages can
modulate their own secretion of pro-fibrotic and pro-angiogenic factors (Figure 2) based on changing levels of cytokines
in the surrounding environment, thus regulating infarct healing, scar maturation, and maintaining oxygen and nutrient
supply to the granulation tissue.*® Additionally, neutrophils, monocytes, endothelial cells, and myofibroblasts contribute
to the suppression and resolution of the inflammatory response.’® The proliferative phase gradually transitions into the
maturation phase after approximately 10 days and can persist for several months. During this stage, extracellular matrix
remodeling occurs, compensatory hypertrophy in the non-infarcted area takes place to accommodate the hemodynamic
load, and significant structural and functional changes occur in the ventricle.® Macrophages, as versatile cells of the
innate immune system, play an indispensable role in the entire process of injury repair following myocardial infarction.
They contribute to the initial inflammatory response and actively participate in wound healing mechanisms. Different
subtypes of macrophages synergistically regulate various pathological and physiological processes, including phagocy-

tosis, modulation of inflammatory responses, fibroblast activation, and extracellular matrix remodeling.®
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Figure 2 Role of Reparative Macrophages in Angiogenesis Following Myocardial Infarction.

Notes: Macrophages in the infarcted myocardium play a crucial role in promoting angiogenesis by releasing various growth factors and cytokines during the processes of
phagocytosis and efferocytosis. Reparative macrophages, through the expression of membrane-associated protein alpha-1, TGFf, and prostaglandin E2, are involved in the
release of pro-angiogenic factors, including VEGF, MMPs, and PDGF-BB.

In the homeostatic state, cardiac resident macrophages are divided into two subpopulations, CCR2+ and CCR2-.
Following the infarction, dying cardiomyocytes release damage-associated molecular patterns (DAMPs), which are
recognized by pattern recognition receptors (PRRs) on neighboring cells, initiating the inflammatory phase.
Endothelial cells express adhesion molecules, and macrophages release pro-inflammatory cytokines and chemokines.
DAMPs and pro-inflammatory cytokines lead to the rapid recruitment of inflammatory monocytes and neutrophils to the
infarct area, where they are responsible for extracellular matrix degradation and phagocytosis of necrotic cells. This
process reaches its peak three days after injury. As macrophages engulf apoptotic cells, an anti-inflammatory cascade is
activated, and the infarcted tissue repair enters the proliferative phase. Monocytes differentiate into reparative macro-
phages that produce TGFp, IL-10, and VEGF, mediating collagen synthesis in fibroblasts, inflammation resolution, and
angiogenesis, respectively. The proliferative phase gradually transitions to the maturation phase after approximately ten
days and continues for several months. During this stage, monocyte recruitment ceases, the extracellular matrix under-

goes remodeling, and scar formation takes place.

Crosstalk Between Macrophages and Surrounding Cells

In the intricate tapestry of the heart, diverse cell types such as cardiomyocytes, fibroblasts, immune cells, vascular
endothelial cells, and more coexist.*® Beyond fulfilling their individual roles, these cells intricately engage in crosstalk,
a dynamic interplay that proves pivotal in maintaining cardiac equilibrium and shaping the course of myocardial

infarction.
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Efferocytosis is the process by which macrophages engage in phagocytic endocytosis to process and degrade
apoptotic cells. This process is essential for the resolution of inflammation and tissue repair following myocardial
infarction. In the aftermath of myocardial infarction, a substantial number of dying myocardial cells necessitate multiple,
rapid engulfment events by macrophages to clear cellular components originating from the deceased cells.*’ Ge et al**
discovered that the specific expression deficiency of the gene Lgmn in resident cardiac macrophages leads to the
accumulation of apoptotic myocardial cells and a reduced efferocytosis index in the border area. Furthermore, Lgmn
deficiency can enhance the infiltration of MHC-II"E"CCR2" macrophages and the recruitment of MHC-II"CCR2"
monocytes by downregulating anti-inflammatory mediators (IL-10 and TGF-B) and upregulating pro-inflammatory
mediators (IL-1B, TNF-a, etc.). The intricate dance between macrophages and myocardial cells involves specific
efferocytosis receptors on the macrophage membrane that regulate their interaction. In a state of balance, myocardial
cells release subcellular particles containing faulty mitochondria. Nearby resident macrophages recognize and eliminate
these particles through the MerTk receptor, preventing the activation of inflammatory pathways and autophagy. After
myocardial infarction, macrophages employ the MerTk receptor to identify and clear deceased myocardial cells, averting
secondary necrosis and further inflammatory responses.*>** The integrin-associated protein CD47 experiences an
increase in expression in myocardial cells during myocardial infarction. This heightened expression disrupts macrophage
efferocytosis through the CD47-SIRPa axis. The introduction of CD47 antibodies can counteract this effect, enhancing
the efferocytosis of dead myocardial cells.*® Furthermore, cannabinoid receptors, including typel (CB1) and type2
(CB2), are widespread in various cell types such as macrophages, myocardial cells, and neutrophils. Recent studies
indicate that both CB1 and CB2 play roles in protecting against myocardial injury, with CB2 taking a lead in shielding
the heart from IR injury.*’ In a mouse model of IR injury, the selective CB2 agonist JWH-133 demonstrates robust anti-
inflammatory effects, including the restriction of infarct size and the promotion of survival among stressed myocardial
cells.*® In the early phases following myocardial infarction, reparative fibrosis is crucial for preventing ventricular wall
rupture. However, an excessive fibrotic response in the infarcted area becomes a potential catalyst for the onset of heart
failure.*” Macrophages recruited to the site of injury play a key role in this process by expressing renin and angiotensin-
converting enzyme (ACE), leading to the generation of angiotensin II. This activation of angiotensin II, in turn,
stimulates TGF-B1, promoting the recruitment of myofibroblasts. Moreover, macrophage-produced Angiotensinogen II
binds to angiotensin type 1 receptors on myofibroblasts, inducing the expression of TGF-B1 and matrix proteins, thereby
fostering tissue repair and the formation of scar tissue.>

Following myocardial infarction, the immune system takes charge of orchestrating the inflammatory response, tissue
repair, and remodeling processes, crucially influencing the extent of myocardial injury and disease progression.’’ In the
aftermath of myocardial infarction, a diverse array of immune cells is recruited to the infarcted area driven by DAMPs
and various cytokines. In the inflammatory phase, neutrophils recruit Ly6C"™" monocytes/macrophages in a manner
dependent on angiotensin II. Moreover, neutrophils in the damaged area stimulate the repair-oriented polarization of
macrophages and the release of VEGF-A by upregulating annexin Al, thereby playing a role in mediating vascular
regeneration.’> As the repair phase unfolds, Ly6C'®" macrophages produce matrix metalloproteinase-12 (MMP-12),
diminishing levels of neutrophil chemotactic factors to restrain neutrophil infiltration and promote the healing of
wounds.”® Within the T lymphocyte population, CD4" T lymphocytes, especially the helper subset, engage in dynamic
interactions with macrophages post-myocardial infarction. In addition to the T1 (secreting INF-y and TNF) and T2
(secreting 1L-4 and IL-13) phenotypes, post-MI CD4" T cells can be classified into “effector” (Tef; Foxp3—) and
“regulatory” (Treg; Foxp3+) subsets. T1 cells drive the polarization of pro-inflammatory macrophages, while T2 and
Treg cells foster the polarization of anti-inflammatory macrophages.>* Post-MI, Treg cells stimulate the transcription of
CX3CR1 and TGF-B1 in macrophages through the production of IL-35, thereby promoting the survival of Ly6C'°"
macrophages and the deposition of extracellular matrix. In the realm of granulocytes, the interplay between eosinophils
and macrophages after myocardial infarction should not be overlooked. The absence of eosinophils results in increased
expression of pro-inflammatory mediators such as IL-18, CCLS, and TNF-a in the infarcted area, inhibiting the
polarization of macrophages towards an anti-inflammatory phenotype.>®> Additionally, the secretion of IL-5 by macro-
phages induces eosinophil aggregation and, through the IL-4/STAT6 axis, facilitates the recovery of heart function.’®
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Abundant evidence indicates the collective involvement of various cell types in the inflammatory response post-MI,
highlighting their therapeutic potential in mitigating heart IR injury. Strategies targeting the crosstalk between different
cells and macrophages may offer specific and crucial pathways for the prevention and treatment of MI/RI.

Macrophage Polarization and the Roles of Different Subsets

The rapid increase in the number of monocytes and macrophages in ischemic myocardium relies primarily on recruitment
rather than local expansion.”’ After myocardial infarction, monocytes are rapidly mobilized from the bone marrow or
released from the spleen and migrate to the infarcted area, where they differentiate into macrophages or dendritic cells to
trigger an immune response.’® Macrophages exhibit significant heterogeneity and plasticity, and subpopulations of
macrophages with different functions and origins can have either protective or pathological roles.”® Monocytes in the
infarct zone can differentiate into pro-inflammatory (M1) and reparative (M2) macrophages. M1 macrophages express
TNF-a, iNOS, IL-1f, and IL-6, promoting a robust pro-inflammatory response and contributing to myocardial IR injury.
Conversely, M2 macrophages express IL-10, arginase-1, and arginase-2 instead of iNOS. This leads to arginine depletion
and production of polyamines and proline (instead of nitric oxide). These factors play essential roles in cell differentia-
tion and collagen synthesis, respectively, supporting tissue repair and the resolution of inflammation.®*® Both M1 and
M2 macrophages coordinate their actions to participate in the cardiac repair process following myocardial infarction.

M1 macrophages are rapidly recruited to the infarcted area in the early stages of myocardial infarction, and through
the TGF-B1/Smad3/MMP pathway, they stimulate fibroblasts to release extracellular matrix, thereby activating myocar-
dial fibrosis.®’ As mentioned earlier, the activation of the anti-inflammatory cascade is triggered by the uptake of
apoptotic cells and matrix fragments by M1 macrophages, which counteracts the inflammatory response in the infarcted
area and reduces adverse myocardial remodeling. During the proliferative phase of the repair process, the dominant
subpopulation of macrophages shifts from M1 to M2. M2 macrophages, induced by IL-4/IL-13/IL-10, promote cardiac
remodeling through the production of TGF-p and VEGF, which mediate scar formation and angiogenesis.*' In the
maturation phase, infiltrating macrophages transition to a phenotype that promotes inflammation resolution, accelerating
cardiac fibrosis and facilitating injury repair. Although early inflammatory activation is a necessary event for transition-
ing to the later reparative program, excessive infiltration of inflammatory macrophages can aggravate myocardial injury
and remodeling after myocardial infarction by releasing pro-inflammatory cytokines, cytotoxic mediators, and reactive
oxygen species (ROS).* Therefore, strict control of the recruitment of inflammatory macrophages and timely regulation
of their transition to a reparative phenotype (M2) are crucial for ensuring tissue healing, preventing excessive inflam-
matory response, and avoiding adverse remodeling and systolic dysfunction.”

It is worth mentioning that the heterogeneity of macrophages may highly depend on microenvironmental cues,
including extracellular vesicles (EVs).%% Previous studies have demonstrated an elevation in the release of EVs,
particularly ischemia/reperfusion-induced cardiac EVs (IR-EVs), in the heart during IR injury. These IR-EVs have
been found to enhance pro-inflammatory, chemotactic, and phagocytic functions in macrophages, thereby mediating M1
polarization and exacerbating IR-induced cardiac injury and dysfunction.®® Furthermore, IR-EVs, as inflammatory
mediators, not only promote local cardiac inflammation but also increase the infiltration of immune cells in multiple
organs, creating a pro-inflammatory environment in distant organs. Inhibiting the generation and release of EVs has been
found to alleviate IR-induced cardiac inflammation and injury and reduce systemic inflammation in IR mice.®* Indeed,
given the detrimental effects of excessive M1 macrophage activation in myocardial I/R injury, leveraging the EV
pathway to promote early and extensive infiltration of M2 macrophages could be a promising therapeutic strategy.
Maintaining a proper balance between M1 and M2 macrophages may help attenuate the pro-inflammatory response and
promote tissue repair, ultimately providing beneficial outcomes in the management of myocardial I/R injury.

Furthermore, the regulation of PRR expression holds promising therapeutic prospects in modulating macrophage
differentiation and alleviating IR injury. For instance, the E3 ubiquitin ligase Pelil, a regulatory protein in the TLR
signaling pathway, is activated in macrophages following IR injury. Loss of Pelil in macrophages inhibits IRF5 nuclear
translocation, suppressing M1 polarization of macrophages and reducing myocardial IR injury.* Cross-signaling
between AXL and TLR4 in cardiac macrophages guides glycolytic metabolism and promotes the secretion of pro-
inflammatory IL-1f, leading to increased cardiac inflammation. Selective small molecule AXL inhibitors effectively
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improve cardiac healing.®® Dectin-1, a member of the C-type lectin receptor family, exacerbates myocardial injury in
inflammatory macrophages through the release of pro-inflammatory cytokines and mediation of neutrophil infiltration.
Dectin-1 antibodies mediate significant improvements in cardiac function and reduce M1 macrophage polarization.®®
Therefore, drug development targeting these types of targets will provide more options for IR treatment.

Mechanisms of Macrophage Involvement in Myocardial
Ischemia-Reperfusion Injury

Oxidative Stress During Ischemia-Reperfusion Injury

The decreased oxygen supply resulting from ischemia directly leads to a reduction in mitochondrial oxidative phosphor-
ylation, and myocardial cell metabolism shifts from aerobic to anaerobic metabolism.®” Reperfusion restores oxygen and
nutrient supply to prevent ischemia-induced cell death and supports cellular metabolism while removing residual
byproducts of cellular metabolism. However, paradoxically, the burst of free radicals and inflammatory reactions may
induce more severe tissue damage. Oxidative stress becomes a major factor contributing to cell death and tissue injury in
IR injury.®®

ROS are the primary types of free radicals involved in myocardial reperfusion injury through multiple pathways.
They contribute to the opening of the mitochondrial permeability transition pore, act as chemoattractants for neutrophils,
and mediate dysfunction of the sarcoplasmic reticulum. These processes collectively lead to tissue damage and worsen
the outcome of myocardial reperfusion injury.69’70 ROS can also cause lipid peroxidation of the myocardial cell
membrane, intracellular calcium overload, enzyme denaturation, and DNA oxidation damage, ultimately leading to
myocardial cell apoptosis.”' In the myocardium injured by ischemia-reperfusion (IR), recruited and activated macro-
phages act as reservoirs, generating a substantial amount of ROS and releasing them into the microenvironment. These
ROS directly exert cytotoxic effects on myocardial cells, contributing to tissue damage and exacerbating the injury
caused by IR.”>"* During the reperfusion phase, the excessive burden of ROS leads to excessive autophagy in myocardial
cells, which has adverse effects on myocardial cells.”* Therefore, the removal of excessive ROS in the myocardial
microenvironment holds great potential in IR therapy. Antioxidants have been shown to have cardioprotective effects to
some extent in animal models and several clinical trials.”” For example, p-coumaric acid (p-CA), which contains
a hydroxyl group, provides hydrogen atoms to scavenge ROS, terminates the free radical chain reaction, and forms
stable products by electron transfer through a phenyl ring and a double bond side chain.”® p-CA inhibits the polarization
of M1 macrophages and promotes the polarization of M2 macrophages by increasing the expression of IDO in vitro and
in the hearts of MI/R mice, thereby alleviating IR injury.’®

Furthermore, NLRP3 (NOD-, LRR- and pyrin domain-containing 3) inflammasome inhibitors have demonstrated
significant therapeutic effects in combating ROS and mitigating oxidative stress in myocardial cells. In a study by Xu
et al’’ using donor-heart rats to investigate IR injury in hearts donated after circulatory death (DCD), it was found that
intravenous administration of the NLRP3 inhibitor MCC950 in rats could reduce the inflammatory response and
oxidative stress levels in DCD hearts preserved with normothermic ex vivo heart perfusion, effectively countering
cardiac IR injury. Research by Sun et al”® revealed that MCC950 treatment markedly reduced the myocardial infarct area,
alleviated pathological changes in myocardial tissue, increased left ventricular development pressure, and improved the
levels of the maximum rise/decrease rate of left ventricular pressure. This treatment not only prevented myocardial
oxidative damage but also inhibited the formation of NLRP3 inflammasomes. In another innovative approach,
Cheng et al’”® designed a novel drug delivery system known as negatively charged surface MMP9 hydrolytic micro-
spheres (NMM) and incorporated MCC950 into NMM (NMM-m). The released MCC effectively inhibited the activity of
NLRP3 inflammasomes, thereby suppressing the secretion of inflammatory factors in granulocytes. This intervention not
only prevented early inflammatory damage but also contributed to the improvement of heart function.

Furthermore, the excessive production of ROS is closely associated with elevated histone acetylation levels. Notably,
the histone acetyltransferase KATS (also known as MOF) promotes the deactivation (trans-activation) of the ROS-
synthesizing enzyme NADPH oxidase (NOX) in macrophages following IR injury. As a consequence, this dysregulation
leads to an abnormal increase in ROS production and accumulation, contributing to the detrimental effects of IR injury.*
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Therefore, downregulation of MOF in macrophages may help inhibit ROS generation from upstream sources. The
transcriptional regulator MKL1 promotes heart IR injury by recruiting MOF to trans-activate NOX genes in macro-
phages. Each individual component of small-molecule compounds (CCG-1423, MG149, and GKT137831) that inhibit
the MKL1-MOF-NOX axis can effectively alleviate myocardial IR injury in mice.”

Nuclear factor erythroid 2-related factor (Nrf2) is a key transcription factor that acts as an oxidative stress sensor and
protects cells from oxidative damage.®' Under normal conditions, it remains inactive by binding to the inhibitor Kelch-
like ECH-associated protein 1 (Keapl). However, during excessive oxidative stress, Nrf2 can be released from Keapl
and translocate to the cell nucleus, where it gradually accumulates. Subsequently, Nrf2 associates with genes containing
antioxidant response elements (ARE), which play a role in mitigating oxidative damage and maintaining cellular redox
homeostasis. As a result, the transcription of a range of cell-protective, antioxidant, and anti-inflammatory protein-
encoding genes is activated, including HO-1 and NQO1,** which helps alleviate oxidative stress damage. The Nrf2/
Keap1/ARE signaling system is considered a major cellular defense mechanism against oxidative and exogenous stress.®
Activation of the Keapl/Nrf2 axis can inhibit ROS damage and provide protective effects against cardiac IR injury.®*

Pyroptosis-Mediated Ischemia-Reperfusion Injury

NLRP3 inflammasome activation has long been recognized as a crucial catalyst for pyroptosis. I/R can induce the
activation of the NLRP3 inflammasome. In simple terms, nod-like receptors located in the cytoplasm directly or via ASC
recruit pro-Caspase-1 within the cells, forming a multiprotein complex. As the local concentration of pro-Caspase-1
increases, it undergoes self-cleavage, generating active Caspase-1, which then cleaves Gasdermin D into GSDMD
terminus.®>*® Gasdermin pores formed by the previously cleaved N-terminal of GSDMD mediate the release of mature
IL-1P, leading to cell membrane swelling, rupture, and typical lytic cell death.®” This process is defined as pyroptosis.
Pyroptosis is a newly discovered programmed cell death mode that occurs in various tissues. In addition to causing cell
death, pyroptosis also triggers excessive inflammatory damage.®® GSDMD serves as the executor of pyroptosis, and
previous studies have shown that the specific deletion of GSDMD in cardiomyocytes reduces myocardial infarct size and
improves post-myocardial infarction cardiac function.®*° However, its role is relatively limited, suggesting the involve-
ment of other cell-mediated pyroptosis in myocardial infarction. The expression level of GSDMD is relatively high in
immune cells such as monocytes and macrophages.”'”* Ye et al>® found that GSDMD is mainly expressed in infiltrated
macrophages in the infarcted area. GSDMD-deficient mice exhibit reduced release of inflammatory cytokines, decreased
neutrophil infiltration, significantly reduced infarct size, and attenuated IR injury, highlighting the potential therapeutic
role of targeted modulation of GSDMD in myocardial IR injury.

Autophagy-Mediated Ischemia-Reperfusion Injury

Autophagy is a dynamic process that entails the formation of autophagosomes, which subsequently fuse with
lysosomes.”* Unfolded proteins and damaged organelles are engulfed by double-membrane vesicles called autophago-
somes and subsequently delivered to lysosomes for degradation. Dysregulation of autophagy has been associated with
various cardiovascular diseases.””> Cardiac autophagy is crucial for maintaining cellular homeostasis and responding to
stress conditions, including IR injury and nutrient deprivation, to prevent cell death. In response to stimulating
conditions, such as energy deprivation, oxidative stress, and calcium changes induced by myocardial IR, autophagy is
induced as a protective mechanism.”® In the initial phases of myocardial IR, the accumulation of waste products and
apoptotic cells disrupts cardiac homeostasis and worsens myocardial injury. Upregulation of autophagy plays a vital role
in clearing apoptotic cells and damaged organelles, contributing to the restoration of cardiac homeostasis and mitigating
the detrimental effects of IR injury.”®®” Indeed, enhanced autophagy plays a critical role in maintaining ATP levels and
ensuring an adequate nutrient supply during stressful conditions. Upregulation of autophagy under stress is beneficial and
protective for cells. Therefore, pharmacological induction of autophagy could be a promising and innovative therapeutic
strategy to alleviate IR injury and promote cardiac tissue recovery. The natural flavonoid Galangin has been found to
promote autophagy in the process of myocardial IR by activating the PI3K/AKT/mTOR pathway. This activation
facilitates the removal and clearance of damaged organelles and misfolded proteins, contributing to cellular homeostasis
and protection against IR-induced injury. In addition to promoting autophagy, Galangin has been shown to reduce the

Journal of Inflammation Research 2023:16 hetps: 5979

Dove:


https://www.dovepress.com
https://www.dovepress.com

Xu et al Dove

infiltration of immune cells (CD45+ cells, neutrophils, and macrophages) and the levels of inflammatory factors (IL-18
and NLRP3). This protective effect helps safeguard impaired cardiac function and limits infarct expansion following
myocardial IR. By modulating immune cell infiltration and inflammation, Galangin exhibits potential as a therapeutic
agent for mitigating the adverse effects of myocardial IR injury.”®

Regulation of Macrophage Polarization in Ischemia-Reperfusion Injury by

Interleukins

Effective suppression of excessive inflammatory response following myocardial infarction can alleviate myocardial
ischemic injury and improve cardiac function. Considering the crucial role of interleukins in IR injury, interventions
targeting them hold promising therapeutic prospects. Indeed, TNF-a and IL-6 are two classic pro-inflammatory cytokines
released by macrophages. Their activation leads to a cascade of events, including the activation of macrophages and
MAPK/NF-kB signaling pathways. This, in turn, stimulates the production of additional inflammatory factors and
promotes the polarization of macrophages from an anti-inflammatory M2 phenotype to a pro-inflammatory M1 pheno-
type. This shift in macrophage polarization contributes to the intensification of the inflammatory response and exacer-
bates tissue damage in various inflammatory conditions.’®'°" After IR injury, miR-21 can silence KBTBD7 upstream of
TNF-a and IL-6, reducing the inflammatory response of cardiac macrophages and thus decreasing the myocardial infarct
size. IL-1P is a central cytokine in MI/RI that recruits a large number of inflammatory cells and enhances the synthesis of
inflammatory cytokines, exacerbating myocardial injury. Recombinant IL-1 receptor antagonist can reduce cell apoptosis
and improve cardiac function after myocardial infarction.'®? IL-18, a member of the IL-1 superfamily, exerts cardiopro-

104,105 51 duces the
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tective effects when neutralized after MI/RI.'%* IL-7 enhances the cytotoxic activity of macrophages,
secretion of various pro-inflammatory cytokines by monocyte-derived macrophages (such as MCP-1, MIP, IL-1p),
modulates the interaction between different components in the inflammatory process,'®” and increases the expression of
chemokine receptors (CCRs) on monocytes, such as CCR1, CCR2, and CCR5.'® Anti-IL-7 antibodies significantly
reduce myocardial cell apoptosis and macrophage infiltration, influence the production of cytokines by Thl and Th2
cells, and promote macrophage polarization towards the M2 phenotype.

IL-38 has been shown to attenuate IR injury by inhibiting macrophage inflammation. This inhibitory effect is partly
achieved by suppressing the activation of the NOD-like receptor pyrin domain-containing protein 3 (NLRP3) inflamma-
some, resulting in reduced expression of inflammatory cytokines and decreased cardiomyocyte apoptosis.'®® IL-38 has
demonstrated multiple beneficial effects in alleviating myocardial IR injury. It promotes the differentiation of Ml
macrophages into an M2 phenotype, inhibits the activation of the NLRP3 inflammasome, and enhances the secretion
of anti-inflammatory cytokines such as IL-10 and transforming growth factor-beta. These actions collectively contribute
to the attenuation of IR injury in the myocardium. Recombinant IL-38, upon full activation, can bind to interleukin 1
receptor accessory protein-like 1 (IL-IRAPL1) and activate the c-jun N-terminal kinase/activator protein 1 (JNK/AP1)
pathway, leading to increased production of IL-6. Additionally, IL-38 plays a role in regulating cardiac regulatory T cells
induced by dendritic cells, thereby modulating macrophage polarization and ultimately improving ventricular remodeling
after myocardial infarction. The diverse mechanisms of IL-38 action highlight its potential as a promising therapeutic

target for the treatment of myocardial IR injury and related cardiovascular conditions.''”

Emerging Therapeutic Approaches Targeting Macrophages

Biomimetic Targeted Delivery Systems Based on Monocyte/Macrophage

After myocardial infarction, platelets are activated early on and interact with monocytes within the vasculature, leading
to their subsequent entry into the ischemic myocardium.''' Monocyte-platelet aggregates are formed through the
interaction of P-selectin with P-selectin glycoprotein ligand-1 (PSGL-1) and are associated with the severity of
inflammation in acute myocardial infarction.''*''® Therefore, simulating the interaction between platelets and monocytes
may facilitate efficient targeted delivery of therapeutic molecules by preferentially binding to circulating monocytes.
Tan et al''* engineered platelet-like fusogenic liposomes (PLPs) that carry mesoporous silica nanospheres loaded with
miR-21. Under the coating of PLPs, these nanospheres were specifically delivered to circulating monocytes in mice with
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IR injury, where they directly entered the cytoplasm of monocytes through membrane fusion, leading to their repro-
gramming into a reparative phenotype. Zhou et al''> achieved reversibly camouflaged nanocomplexes (NCs) using
a hybrid membrane derived from platelets and macrophages. By exploiting the inflammation homing mediated by
macrophage membrane and the microthrombus-targeting effect of platelet membrane, the NCs, when systemically
administered after myocardial IR injury, actively aggregated in the damaged myocardium and internalized into cardio-
myocytes. In rats and pigs, the NCs effectively delivered siSavl, resulting in significant downregulation of Savl in the
injured myocardium, thereby inhibiting the Hippo pathway, promoting myocardial regeneration, and suppressing
apoptosis. Resolvin D1 (RvD1) is known for its role in mediating the active resolution of acute inflammation.
However, its systemic administration as a treatment for IR injury is severely limited due to its biological instability
and lack of targeting ability. These challenges have hindered its clinical application as a therapeutic agent for IR injury.
Weng et al''® developed a platelet-inspired, ROS-responsive RvD1 delivery platform by combining ROS-responsive
liposomes loaded with RvD1 and platelet membranes. This delivery platform inherited the ability of platelets to interact
with monocytes, allowing platelets to reach the site of heart injury through monocyte chemotaxis after intravenous
injection. At the site of injury, abundant ROS disrupts the delivery platform, enabling rapid release of RvDI. In
mammals, the NOX protein family plays a critical role in ROS generation. Considering the trans-activation of NOX
genes in MOF-programmed macrophages, Wang et al''” developed macrophage-targeted NCs to efficiently co-deliver
siRNA against MOF (siMOF) and microRNA-21 (miR21) into cardiac macrophages. The NCs were effectively
internalized by cardiac macrophages after systemic administration, where branched poly(pB-amino ester) (BPAE-SS)
was degraded by intracellular glutathione into small fragments, promoting the release of siMOF/miR21 and ultimately
inducing effective gene silencing.

Treatment of Myocardial Ischemia-Reperfusion Injury with MSCs

MSC:s are a unique type of stromal cells that have been shown to effectively reduce infarct size and promote angiogenesis
in ischemic heart disease.''® Studies have demonstrated that MSCs can also reduce the production of pro-inflammatory
cytokines by macrophages and induce their polarization towards an anti-inflammatory M2 phenotype, thereby alleviating
the inflammatory cascade response.''”

The interaction between MSCs and the inflammatory niche relies heavily on intercellular communication mediated by
the secretion of immunomodulatory secretomes.'?*!'?! Extracellular vesicles derived from MSCs (MSC-Exo) have shown
promising effects in improving overall cardiac function and attenuating ventricular remodeling by inhibiting stress-
induced cell apoptosis, reducing oxidative stress, and promoting angiogenesis in the setting of myocardial ischemic
injury.'?*'?* Furthermore, MSC-Exo have demonstrated therapeutic potential in animal models of tissue injury and
inflammatory diseases.'**'*

Certain microRNAs present in MSC-derived extracellular vesicles have been identified as important regulators of
immune modulation. For example, miR-182 has been shown to participate in the M1 to M2 polarization of macrophages
mediated by MSC-Exo through the targeting of TLR4/NF-kB/PI3K/Akt signaling cascade.''” miR-98-5p can suppress
inflammation levels and macrophage infiltration by reducing TLR4 expression and activating the PI3K/Akt signaling

126

pathway. = miR-125a-5p, enriched in MSC-Exos, enhances M2 macrophage polarization and angiogenesis while

attenuating fibroblast proliferation and activation, thereby improving myocardial cell apoptosis and inflammation.'?’
Moreover, several other microRNAs, such as miR-21, miR-223, miR-146a, and miR-181b, have demonstrated thera-
peutic potential in improving cardiac IR, regulating macrophage polarization, and modulating the inflammatory
cascade.''® These findings highlight the broad application prospects of microRNAs as therapeutic molecules in the
context of cardiac IR, macrophage polarization, and inflammatory response modulation.

However, the administration route for therapeutic MSC-Exo remains a pressing issue. In animal experiments,
intramyocardial injection of MSC-Exo has been widely used as an efficacy assessment method but has limited clinical
translational value. Although EVs have low immunogenicity and high stability, their systemic administration via
intravenous route faces the risk of being engulfed by the mononuclear phagocyte system. Unmodified EVs have

128,129

a short half-life in serum, lasting only 6 hours in nude mice and 1-3 hours in normal mice, which severely

hampers their therapeutic efficacy. Wei et al'*® developed a two-step EV delivery approach involving genetic
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modification followed by therapeutic cargo electroporation. They constructed CD47-EVs loaded with mir-21 through
electroporation in MSCs overexpressing CD47, enabling successful transportation of exogenous miR-21 to the left
ventricle myocardium after cardiac IR injury via peripheral vein injection and significantly prolonging EV retention
in vivo. Based on the aforementioned biomimetic molecular delivery system, Li et al'*! introduced platelet membrane-
engineered MSC-derived EVs (named P-EVs) for targeted immunomodulatory therapy in cardiac repair. P-EVs bind to
Ly6Chigh monocytes in peripheral blood, and monocytes carry P-EVs into the ischemic myocardium. After transporta-
tion, monocytes preferentially differentiate into M1 macrophages,'*? leading to in situ engulfment of surface-anchored
P-EVs by M1 macrophages. In a mouse model of myocardial IR injury, P-EVs achieved endosomal escape upon
engulfment by macrophages, releasing therapeutic miRNAs into the cytoplasm and promoting polarization of Ml

macrophages toward an M2 phenotype, thereby mediating cardiac repair.'>'

Conclusion

Coronary reperfusion is necessary after acute myocardial infarction, but it can also trigger myocardial IR injury, in which
macrophages play a crucial role. Different subtypes of macrophages participate in the inflammatory response and
myocardial anti-inflammatory repair after myocardial infarction, generating complex effects during IR injury.
Although macrophages play a positive role in clearing cellular debris and initiating tissue repair, excessive infiltration
and activation can exacerbate myocardial damage and remodeling. M1 macrophages release numerous pro-inflammatory
cytokines, intensifying the inflammatory response and increasing the generation of reactive oxygen species, leading to
cell membrane damage and mitochondrial dysfunction. In contrast, M2 macrophages possess anti-inflammatory and
reparative functions. They secrete anti-inflammatory factors, helping to alleviate the inflammatory response and promote
cardiac cell repair and regeneration. Additionally, M2 macrophages are involved in cardiac tissue remodeling and
angiogenesis, facilitating damaged tissue repair. Therefore, regulating the polarization state of macrophages towards
M2 may be a key strategy to alleviate myocardial IR injury. By utilizing emerging biotechnologies, such as biomimetic
molecular targeting delivery systems and MSC-derived extracellular vesicles, more precise interventions may be
achieved by targeting specific signaling pathways and molecular targets. This approach holds promise for modulating
the immune-inflammatory response, alleviating myocardial IR injury, and promoting cardiac repair and regeneration.
These potential therapeutic strategies could pave the way for novel avenues in the treatment of cardiovascular diseases,
yielding improved clinical outcomes.

Despite significant progress in the field of macrophages and myocardial IR injury research, there are still challenges
to overcome. Future investigations should delve into the specific functions of macrophage subtypes and their regulatory
mechanisms, as well as their interactions with other immune and myocardial cells. Furthermore, conducting clinical
studies is essential to validate the safety and efficacy of potential therapeutic strategies in the human body. In conclusion,
gaining a deeper understanding of the mechanisms by which macrophages contribute to myocardial IR injury is of great
significance for developing new anti-inflammatory intervention strategies and improving the prognosis of patients with
acute myocardial infarction. By continuously exploring the regulation and intervention of macrophages, we may bring
new hope for the treatment of cardiovascular diseases and make greater contributions to preserving myocardial health.
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