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Abstract

Wound healing after myocardial infarction (MI) is a dynamic and multifaceted process that links the molecular alterations
induced by or in response to prolonged ischemia with structural and physiological changes to the damaged myocardium.
Changes, at the tissue level, are driven by a complex intersection of cellular and molecular mechanisms that operate along a
classic wound healing paradigm as an attempt to repair the damaged myocardium and restore cardiac physiology. Maladaptive
healing prevents a return to the original homeostasis, rather yielding a myocardium reset to a new homeostatic status that can
lead to heart failure due to compromised contractility, increased chamber dilation, and cardiac fibrosis or due to sudden cardiac
death resulting from arrhythmias. This review summarizes our current knowledge of how key inflammatory drivers in the myo-
cardium (cardiomyocytes, neutrophils, monocytes/macrophages, fibroblasts, and vascular endothelial cells) respond to molecu-
lar signals including cytokines, growth factors, and proteases to coordinate the wound healing process in the mouse model of
MI. We also identify knowledge gaps that remain in our understanding of cardiac remodeling that are opportunities for future
examinations.
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INTRODUCTION changes that occur within minutes to hours following the

ischemic event (4). The sudden loss of oxygen and nutri-

Myocardial infarction (MI) occurs when there is a ent supply due to occlusion of a coronary artery leads to

reduced or complete cessation of blood flow to the portion irreversible cardiomyocyte necrosis (5, 6). The initial acute

of the left ventricle (LV) downstream of the occluded coro- phase response sets the stage for subsequent inflamma-

nary artery (1-3). The immediate response of cardiomyo- tory and reparative processes including formation of scar
cytes to MI encapsulates a series of rapid and critical (7-10).
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Table 1. Cellular responses following myocardial infarction in mice

Day Neutrophils

Macrophages

Fibroblasts Endothelial Cells

Day 1. proinflamma-
tory phenotype

Days 3-5: anti-
inflammatory/
proliferative

Day 7: reparative/
homeostatic-like

Initiate inflammation, release
proteases, T ROS

Apoptosis, ECM reorganiza-
tion, 7 anti-inflammatory
cytokines

| numbers, produce ECM
proteins, anti-inflammatory

expression

cytokines
Days 14-28: Largely absent, role in healing
neo-homeostasis complete

1 cytokine and chemokine

1 proliferation, phagocytosis,
metabolic reprogramming

1 growth factors and ECM
Maintain stability and integ-

rity of scar, produce anti-
inflammatory cytokines

T cytokine and chemokine
expression

Proliferative and proangio-
genesis, T ECM

1 permeability, adhesion
molecule expression
1 angiogenesis

1 myofibroblast markers,
antiangiogenic factors

Maintain newly formed
blood vessels

Homeostatic-like phenotype,
produce ECM proteins,
anti-angiogenic factors

Maintain newly formed
blood vessels

ECM, extracellular matrix; MI, myocardial infarction; ROS, reactive oxygen species; 1, increased; |, decreased.

Degradation of constitutive extracellular matrix (ECM)
components by matrix metalloproteases (MMPs) released
mostly from infiltrating neutrophils and monocyte/macro-
phages, followed by fibrillar collagen deposition are major
pathological changes that occur in the cardiac response to
MI (11-14). As dead and damaged cardiomyocytes are
removed, fibrillar collagen deposits to form scar tissue that
can increase wall stiffness and further depress cardiac func-
tion (15, 16). Comprehensive clarification of MI response is
warranted to identify therapeutic targets that prevent
adverse remodeling and promote adaptive repair (17, 18).

The purpose of this review article is to summarize the tem-
poral cellular responses to MI in the mouse model of perma-
nent coronary artery occlusion, focusing on the first 28 days
of MI (Table 1) (9, 19, 20). For a comprehensive overview of
the distinctions between permanent and reperfused coro-
nary artery occlusion, readers are encouraged to consult rele-
vant guidelines and perspective articles that elucidate the
differences in pathology and clinical implications (21-23).
Although the time-course changes after MI are frequently
defined as occurring during either the early or late phase,
mainly depending on the physiological and histological
alterations occurring, the cellular process of cardiac wound
healing after MI is defined as occurring during the immedi-
ate response, inflammatory phase, reparative (proliferative)
phase, maturation phase, or resolution phase, all of which
overlap in time (Table 2). During each phase, molecular sig-
nals, such as inflammatory cytokines, growth factors, and
proteases, play various important roles in cardiac wound
healing and remodeling as summarized in Table 3.

We summarize our current knowledge on the roles of
neutrophils, monocytes/macrophages, fibroblasts, and vas-
cular endothelial cells in the cardiac response to MI. We
explore molecular indicators of adverse cardiac remodeling
following MI, providing insights into potential biomarkers
for improved diagnostic, prognostic, and treatment efficacy
capabilities.

CARDIOMYOCYTE METABOLISM AND
DEATH AFTER MI (IMMEDIATE RESPONSE)

Due to prolonged ischemia in MI, the structural integrity
of the myocardium is compromised when cardiomyocytes
undergo necrosis (24). The loss of viable cardiomyocytes
leads to regional thinning of the left ventricular (LV) free
wall in the infarct area and formation of noncontractile scar
tissue. Within minutes of the onset of ischemia, cardiomyo-
cytes experience a drastic shift in metabolic state as a result
of hypoxia (24-26). The lack of oxygen forces cells to switch
from aerobic respiration to anaerobic glycolysis, resulting in
the accumulation of lactate and a decrease in intracellular
pH (25, 27). This metabolic shift leads to the depletion of
ATP, causing the failure of ATP-dependent ion pumps and
disruption of ionic homeostasis (28, 29). The disruption of
ionic homeostasis results in the influx of calcium ions into
cardiomyocytes, which further exacerbates cellular injury
(27). Elevated intracellular calcium levels activate proteases
and phospholipases, leading to the breakdown of cellular
membranes and the release of intracellular contents (30, 31).
This process, termed necrosis, triggers release of damage-
associated molecular patterns (DAMPs) such as high-mobil-
ity group box 1 (HMGB]1), cell-free DNA, and heat shock pro-
teins (32-36).

Beyond necrosis, other cell death mechanisms (apoptosis,
necroptosis, and pyroptosis) have emerged as important con-
tributors to cardiomyocyte loss after MI (37). Apoptosis is a
programmed form of cardiomyocyte death characterized by
caspase activation and controlled dismantling of cellular
components without eliciting excessive inflammation (38).
Necroptosis is a regulated, caspase-independent pathway
mediated by receptor-interacting protein kinase 1 and 3 and
mixed-lineage kinase domain-like pseudokinase to induce
membrane rupture and release of proinflammatory contents,
amplifying tissue injury (39). Pyroptosis, driven by inflam-
masome activation and caspase-1-dependent cleavage of

Table 2. Phases of cardiac wound healing following myocardial infarction in mice

Phase

Features

Immediate response

Rapid changes in cardiomyocytes, metabolic shift, necrosis, release of damage-associated molecular patterns (DAMPs)

Inflammatory Recruitment of immune cells, cytokine production, extracellular matrix (ECM) degradation
Proliferative Cell proliferation, ECM synthesis, angiogenesis, formation of granulation tissue
Maturation Stabilization of scar, production of ECM proteins, antiangiogenic factors

Resolution Decrease in inflammatory cells, maintenance of scar integrity, long-term stability

MI, myocardial infarction.
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Table 3. Major molecular signals in cardiac wound
healing in mice

Molecular Signal Role in Myocardial Infarction

Recruit immune cells to the infarcted area.
Examples: CCL1, CCL2, CCLS8, and CXCL-1

Chemokines

Cytokines Initiate and propagate inflammation.
Examples: IL-1B, IL-6, IL-8, IL-10, and TNF-o
DAMPs Activate innate immune response, bind to pattern

recognition receptors.
Examples: HMGB1, dsDNA, and heat shock proteins
Promote cell proliferation, differentiation, and
angiogenesis.
Examples: VEGF and TGF-f

Growth factors

Proteases Degrade ECM and facilitate leukocyte infiltration.
Examples: MMP-7, -8, -9, -12, and -28
ROS Contribute to tissue damage and inflammatory

signaling.

CCL, chemokine ligand; CXCL, CXC chemokine ligand; DAMPs,
damage-associated molecular patterns; ds, double-stranded; ECM,
extracellular matrix; HMGB, high-mobility group box; IL, interleu-
kin; MI, myocardial infarction; MMP, matrix metalloproteinase;
ROS, reactive oxygen species; TGF, transforming growth factor;
TNF, tumor necrosis factor; VEGF, vascular endothelial growth
factor.

gasdermin D, causes pore formation in the plasma mem-
brane and release of interleukin (IL)-1B and IL-18, further
fueling inflammation and adverse remodeling (40).

The release of DAMPs from necrotic cardiomyocytes
serves as a potent signal for the activation of the innate
immune response (33, 41). DAMPs are packaged within
extracellular vesicles and bind to pattern recognition
receptors (PRRs) on resident immune cells, such as macro-
phages and dendritic cells, leading to the production of
proinflammatory cytokines and chemokines (42, 43). PRRs
are expressed also on noninflammatory cells, such as car-
diomyocytes, cardiac fibroblasts, and endothelial cells (44,
45). Tumor necrosis factor-o (TNF-o), IL-1B, and type I
interferons (IFNs) are among the first cytokines to be
released, initiating a cascade of inflammatory signaling
(32, 46). Complement activation is another critical compo-
nent of the immediate response to MI. The complement
system, a part of the innate immune response, is activated
by the presence of necrotic tissue and DAMPs (47).
Complement proteins such as C3a and C5a act as chemoat-
tractants, recruiting neutrophils and monocytes to the site
of injury (48-51).

In the border zone after MI, cardiomyocytes undergo
hypertrophy and cytoskeletal reorganization to compensate
for increased wall stress in the left ventricle, often displaying
disarrayed myofibrils and altered mitochondrial structure
that compromise contractile efficiency (52). In the remote
zone, surviving cardiomyocytes also display hypertrophy in
response to pressure overload and neurohormonal activa-
tion, with changes in sarcomere alignment and ECM cou-
pling that contribute to progressive ventricular dilation and
remodeling (53). Together, these structural adaptations
reflect an attempt to preserve function but ultimately predis-
pose the myocardium to maladaptive remodeling and heart
failure. In addition to cardiomyocytes, ECM and capillary
microcirculation are integrated components of the myocar-
dium that assemble the contractile unit. The ECM serves as
a viscoelastic scaffold that connects cardiomyocytes and
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maintains the spatial associations among myofilaments and
microcirculation (9, 54, 55).

Ml Day 1. Inflammatory Phase

The timeline of the cellular and molecular responses to
MI in mice is summarized in Fig. 1. Initiation of inflamma-
tion is the main feature at day 1 after MI (56). Proteases,
including MMPs, which are released from neutrophils and
macrophages (e.g., MMP-8, MMP-9), degrade existing ECM
(12, 57, 58). ECM degradation facilitates the infiltration of
neutrophils and other immune cells, propagating inflam-
matory signals (59-61). It is important to note that the
early inflammatory response initiates the later inflamma-
tion-resolving response and the subsequent healing pro-
cess (62, 63).

Neutrophils.

Neutrophils are the first responders to myocardial injury,
initiating the inflammatory response through degranula-
tion and release of proteases such as MMP-8 and MMP-9 to
facilitate leukocyte infiltration and propagate inflamma-
tory signaling (20, 59, 64). Upon extravasation into the
infarcted area, neutrophils undergo degranulation to
release proteases that degrade ECM components. In addi-
tion to promoting ECM degradation through release of
proteases, neutrophils produce cytokines and chemokines,
including C-C motif chemokine ligand (CCL)3, IL-1B, and
TNF-a, that recruit other immune cells to the infarct area
(33). Cytokines and chemokines amplify the inflammatory
response, thereby promoting clearance of necrotic tissue
and debris. Neutrophils also release neutrophil extracellu-
lar traps (NETs) and cellular proteins like SI00A9 that
amplify inflammation and recruits more immune cells to
the infarct region (65). Neutrophils produce reactive oxy-
gen species (ROS) that contribute to tissue injury by ampli-
fying the inflammatory response, with cytosolic NADPH
oxidase (NOX) 2 generating superoxide at the plasma
membrane and phagosomes, whereas mitochondria pro-
vide an additional source of ROS that functions primarily
in signaling (59, 66). ROS acts as a redox signal that modu-
late kinase cascades, nuclear factor (NF)-kB activation,
and inflammasome priming that combined sustain neu-
trophil activation, NETosis, and cytokine release (67).
Moreover, ROS can trigger ROS-induced ROS release
(RIRR), where NOX-derived oxidants stimulate mitochon-
drial ROS production and vice versa, creating a feed-for-
ward amplification loop that exacerbates oxidative stress,
prolongs inflammation, and can worsen outcomes (68).

Macrophages.

Day 1 macrophages exhibit a proinflammatory phenotype
characterized by high expression of cytokines including
IL-1p and TNF-a (69). These macrophages are primarily
derived from circulating monocytes that are recruited to
the site of injury by chemokines such as CCL2 and C-X-C
motif chemokine ligand 1 (CXCL1), while resident macro-
phages are decreased in the infarct due to hypoxia or
ischemic insult (70). Upon arrival, monocytes differentiate
into macrophages and adopt a proinflammatory phenotype
to clear dead cardiomyocytes (71-73). The proinflammatory
macrophage phenotype (also known as M1 macrophage) is
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Figure 1. Timeline of cellular and molecular responses to myocardial infarction (MI) in mice. Top: a graphical timeline of the dynamic responses to Ml
ranging from early proinflammation to anti-inflammation to repair. Bottom: a schematic diagram illustrating the key cellular and molecular signaling path-
ways involved in cardiac wound healing, including cytokine, chemokine, and growth factor signaling. Specific molecules including interleukin (IL)-1p,
matrix metalloproteinases (MMPs), transforming growth factor (TGF)-B, tumor necrosis factor (TNF)-a, and vascular endothelial growth factor (VEGF) dur-
ing the different phases of cardiac wound healing. Key molecular events include the initial inflammatory response, cell polarization and proliferation,
extracellular matrix (ECM) remodeling, angiogenesis, and scar maturation. BDNF, brain-derived neurotropic factor; DAMPs, damage-associated molecu-

lar patterns; ROS, reactive oxygen species. Figure created with a licensed ve

characterized by expression of surface markers such as CD86
and major histocompatibility complex class II (MHC-II), as
well as the production of proinflammatory cytokines includ-
ing IL-1B, TNF-o, and IL-6 (73). Day 1 macrophages also
express the genes associated with NF-«xB, mitogen-activated
protein kinase (MAPK), signal transducer and activator of
transcription (STAT)S5, and suppressor of cytokine signaling
(SOCS)2 signaling pathways (69).

The role of proinflammatory macrophages is to clear
necrotic tissue and debris through phagocytosis, thereby
preventing secondary necrosis and further tissue damage
(34, 74). Macrophages at day 1 MI secrete both murinoglobu-
lin-1, which attenuates neutrophil degranulation, and galec-
tin-3, which induces degranulation. The balance favoring
murinoglobulin-1 prevents excessive neutrophil degranula-
tion at day 1 MI (75). These proinflammatory macrophages
also produce ROS during this early phase, which can further

AJP-Heart Circ Physiol « doi:1
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exacerbate tissue damage (59, 76). In addition to direct cyto-
toxic effects, macrophage-derived ROS act as secondary mes-
sengers that amplify NF-xB and MAPK signaling, thereby
sustaining production of proinflammatory cytokines and
chemokines (77). Macrophages produce MMPs including
MMP-8, MMP-9, MMP-12, MMP-13, and MMP-14 that are crit-
ical to degrade the ECM (58, 78). Remarkably, overexpression
of MMP-9 in macrophages paradoxically blunts the inflam-
matory response and limits ECM synthesis to improve left
ventricular physiology after MI (79). This highlights the com-
plex roles MMPs play in MI remodeling,.

Fibroblasts.

In the first hours after MI, fibroblasts exhibit a proinflamma-
tory phenotype, producing cytokines and chemokines that
recruit leukocytes to the infarcted area (80, 81). This phase is
marked by increased expression of genes and proteins
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involved in inflammation, such as CCLS, colony-stimulat-
ing factor 1 (CSF1), and chemokine (C-X3-C motif) ligand 1
(CX3CL1), with a marked reduction in cell proliferation.
Expression of migration-related genes, such as collagen
triple helix repeat-containing protein 1 (CTHRC1), fibro-
blast growth factor 2 (FGF2), and the Wnt receptor Frizzled
2 (Fzd2), are decreased (80). Fibroblasts are the primary
source of ECM components in the heart, and fibroblast acti-
vation yields formation of a stable scar. The day 1 MI fibro-
blast phenotype is characterized by the expression of surface
markers such as CD90 and CD44, and production of proin-
flammatory cytokines including IL-1B, TNF-o, and IL-6 (82—
87). These cytokines recruit immune cells to the infarcted
area, thereby amplifying the inflammatory response. In
addition to their role in inflammation, fibroblasts produce
MMPs that degrade the ECM (88). Fibroblasts also produce
growth factors such as transforming growth factor-f (TGF-f)
that later promote fibroblast proliferation and differentiation
into myofibroblasts, which are responsible for ECM synthe-
sis and remodeling (89).

Vascular endothelial cells.

Healthy vascular endothelial cells, composing a luminal
monolayer, release nitric oxide, which exhibits not only
vasodilatory effects but also anti-atherosclerotic effects,
such as antioxidant, anti-inflammation, and anti-thrombo-
sis (90, 91). Early after MI, endothelial cells undergo signifi-
cant changes in response to ischemia and inflammation.
Endothelial cells become more permeable, which weakens
their natural anti-thrombotic and anti-inflammatory poten-
tial (92). This results in excessive production of ROS, inhibi-
tion of nitric oxide synthase, and inflammatory processes
(77). Endothelial cells respond to these changes by increas-
ing the expression of adhesion molecules such as intercellu-
lar adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), which facilitate the recruitment of leu-
kocytes to the site of injury (93).

MI Days 3-5: Anti-Inflammatory (Proliferative) Phase

On day 3 after MI, transition from acute inflammation to
reparative process occurs. Neutrophils release anti-inflam-
matory cytokines, such as IL-10 and TGF-p, which polarize
macrophages from proinflammatory to anti-inflammatory
phenotype (33). IL-10 supplementation after MI improves
cardiac remodeling by stimulating both reparative macro-
phage polarization (also known as M2 macrophages) and
fibroblast activation (94). These processes promote prolif-
eration of fibroblasts and vascular endothelial cells, which
will contribute to the ECM deposition and subsequent for-
mation of a stable scar (8, 95). The new capillary network
in the border area starts expanding into the infarct lesion
around day 3 (96).

On day 5 after MI, reparative process is maintained. In
brief, neutrophils and macrophages continue to exhibit a
reparative phenotype, characterized by increased expres-
sion of molecules involved in ECM reorganization and scar
formation (33, 69). Fibroblasts continue to exhibit a prolif-
erative and proangiogenic phenotype, and endothelial cells
support angiogenesis, contributing to the formation of new
blood vessels that support the healing process (16, 82).
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Neutrophils.

By day 3 MI, neutrophils begin to undergo apoptosis, con-
tributing to the resolution of inflammation (97). Resolvin D1
and 15-epi-lipoxin A4 are immune-responsive lipid media-
tors that reprogram the MI inflammatory response to pro-
mote timely resolution, efficient clearance of neutrophils
and dead cells, and formation of a more stable scar, ulti-
mately improving left ventricular function (98, 99). These
mediators of resolution promote infarct healing by facilitating
inflammatory cell clearance and promoting tissue repair in
an attempt to restore the left ventricle to homeostasis, albeit
at a different set point than original due to the loss of myo-
cytes (100-103). Few therapeutic approaches have focused on
promoting inflammation resolution (101).

Cathepsin D is a lysosomal protease that coordinates
neutrophil apoptosis at day 3 by activating caspase-8 and
linking ROS-driven lysosomal damage to mitochondrial
death pathways (59). Concurrently, neutrophils also inter-
act with ECM components, including fibronectin and fibri-
nogen, which are important for early provisional matrix
formation (59). In addition, neutrophils produce anti-
inflammatory cytokines such as IL-10 and TGF-p that pro-
mote tissue repair and regeneration (33). Neutrophils at
day 3 show increased SiglecF expression and are phago-
cytic in nature with enhanced expression of aging and
activation ECM markers such as ICAM-1, and integrin-4
(104). Neutrophils also interact with other cell types, such
as macrophages and fibroblasts, to coordinate the wound
healing process (68, 105-107).

As an example, the expression of annexin Al peaks at day
2 after MI and subsequently declines. The major sources of
annexin Al are neutrophils (41%) and macrophages (29%)
(108). Annexin Al-null mice exhibit impaired systolic func-
tion and increased proinflammatory macrophages, with
insufficient angiogenesis and reduced release of vascular
endothelial growth factor (VEGF) from macrophages at day 6
MI (108). Together with the result that annexin Al treatment
enhances VEGF release from cardiac macrophages, annexin
Al released mainly from neutrophils polarizes macrophages
toward a reparative phenotype, facilitating angiogenesis and
cardiac repair after MI (106, 108). The production of ECM
proteins and anti-inflammatory cytokines by neutrophils is
regulated by signaling pathways such as the TGF- and Wnt
pathways (109).

In addition to the induction of cathepsin D, fibronectin and
fibrinogen as observed in day 3 neutrophils, whereas addi-
tional ECM components, including vitronectin, MMP-2, tissue
inhibitor of metalloproteinase (TIMP-2), and thrombospondin
(Thbs)-2, are upregulated at day 5 MI (59). Vitronectin is
reported to regulate neutrophil adhesion and chemotaxis to
facilitate proinflammatory responses and delay neutrophil
apoptosis (110). Day 5 neutrophils express greater levels of
anti-inflammatory genes, such as IL-10 and CD206, than day 3.
The number of infiltrated neutrophils into the infarct area
starts to decrease by day 3 (33).

Macrophages.

Macrophages at MI day 3 display increased proliferation and
phagocytosis, indicative of metabolic reprogramming. Genes
related to mitochondrial function and oxidative phosphoryl-
ation are upregulated, reflecting a shift from glycolysis to
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oxidative metabolism (69). Metabolic reprogramming inc-
ludes upregulation of proteins involved in the electron
transport, biogenesis regulators, and antioxidants. The
transition is driven by changes in the local microenviron-
ment, including the resolution of inflammation and the
presence of anti-inflammatory cytokines such as IL-10 and
TGF-B (69). Reparative (M2) macrophages are characterized
by the expression of surface markers such as CD206 and
CD163, and they produce anti-inflammatory cytokines that
promote tissue repair and regeneration (111, 112). These mac-
rophages coordinate with fibroblasts and endothelial cells to
form granulation tissue comprised of new blood vessels and
ECM components. Macrophages produce growth factors
such as VEGF and TGF-p that stimulate angiogenesis and
fibroblast proliferation (108, 113-117). In addition, they pro-
duce ECM proteins such as collagen and fibronectin, which
contribute to the formation of a stable scar (118, 119). The
infiltrated number of macrophages starts to increase at day 3
and peaks at day 5, followed by a decrease at day 7 (120).

Fibroblasts.

At day 3 MI, fibroblasts transition to a proliferative and proan-
giogenic phenotype. They upregulate genes related to prolifer-
ation, ECM organization, angiogenesis, and cell migration
(80). Fibroblast proliferation is essential for the formation of
granulation tissue and the initiation of scar formation (121).
Elevated levels of a proliferation marker cytoskeleton-asso-
ciated protein 4 and genes involved in cholesterol metabo-
lism and reduced levels of caspase-3 coincide with the rapid
proliferation in day 3 fibroblasts (122). Fibroblast prolifera-
tion is regulated by signaling pathways such as the TGF-
and Wnt pathways, which are activated in response to myo-
cardial injury (80). These pathways promote fibroblast pro-
liferation and differentiation into myofibroblasts, which are
responsible for ECM synthesis and remodeling.

In addition, fibroblasts produce ECM proteins such as colla-
gens, lysyl oxidase, and fibronectin that contribute to the for-
mation of a stable scar (80). The formation of granulation
tissue provides a scaffold for the deposition of additional ECM
components needed to form a stable scar. Secreted protein
acidic and rich in cysteine (SPARC) is a collagen-binding
matricellular protein that promotes maturation of fibrillar col-
lagens. Although all types of cardiac cells can produce SPARC,
fibroblast is the major source of SPARC (123). SPARC expres-
sion is increased in infarct region at day 3 MI, and fibroblasts
isolated from the infarct region of SPARC-null mice show
decreased levels of 22 ECM genes out of 84 measured (124).
Gene deletion of SPARC improved ejection fraction, indicat-
ing detrimental roles of SPARC through fueling proinflamma-
tory pathways at the early stage of MI (124, 125). Fibroblasts
also produce growth factors such as VEGF and FGF that stim-
ulate angiogenesis, thereby promoting the formation of new
blood vessels (122, 126). The process of cell migration, involved
in vascular endothelial cell migration sprouting angiogenesis
(Slit Guidance Ligand 2, SLIT2 and Ephrin Receptor B4,
EPHB4), is upregulated at this time point (80).

Vascular endothelial cells.

Endothelial cell regeneration restores oxygen and nutrient
supply to the myocardium following MI. By MI day 3, endo-
thelial cells begin to contribute to the formation of new
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blood vessels through angiogenesis (96, 127). Angiogenesis
restores blood flow to the infarcted area and supports forma-
tion of granulation tissue (16). Areas within ~150 pm of the
endocardial surface contain surviving cells due to oxygen
and nutrients from the ventricular cavity after MI (127).
Capillary networks are established in these areas within
3 days, and vasculature is perfused from the ventricular cav-
ity, independent of the coronary circulation (127). It is impor-
tant to note that VEGF only stimulates the formation of
fragile and malformed vessels (128). Within hours after MI,
VEGF promotes formation of new vessels in the infarct
region with hyperpermeability, proinflammatory property,
and insufficient pericyte coating (129, 130).

Brain-derived neurotropic factor (BDNF), expressed by
endothelial cells of capillaries in the heart, is activated
extracellularly by plasmin and MMP-3 (131). The active form
of BDNF is increased during day 1-5 MI, and BDNF induces
early inflammation, including neutrophil infiltration and
myeloperoxidase release, and neovascularization via VEGF
at maturation phase, results in adverse cardiac remodeling
(132). The endocardial surface remodels within 2 days,
resulting in trabeculation by day 7. A capillary network
develops from the infarct epicardial border area to the
infarct area within 7 days (96).

Hypoxia-inducible factor-1 (HIF-1) is induced in response
to hypoxia to adapt to low oxygen circumstances by enhanc-
ing transcription of various genes, including growth factors
(e.g., VEGF), cytokines, and cell surface receptors (133). VEGF
is produced not only by endothelial cells but also by mono-
cytes, macrophages, fibroblasts, and epicardium-derived
cells in the infarct region (134). Importantly, VEGF-deletion
in myeloid cells impairs capillarization in the infarct and
heart function in mice, suggesting that VEGF, released from
inflammatory cells, plays essential roles in angiogenesis after
MI (74). The production of angiogenic factors by endothelial
cells is regulated by signaling pathways such as the VEGF
and Notch pathways, which are activated in response to
hypoxia and inflammation (135, 136).

MI Day 7: Reparative (Proliferative) Phase

The reparative phase, hallmarked by scar formation, is
also called the proliferative phase; day 2-7 for mice and day
4-14 for humans (19). On day 7 after MI, similarly to day 5,
neutrophils/macrophages and endothelial cells continue to
exhibit a reparative phenotype and to feed angiogenesis,
respectively. On the other hand, this phase is characterized
by fibroblast transition to a homeostatic-like phenotype,
marked by increased expression of myofibroblast markers
and anti-angiogenic factors such as Thbs-1 (80, 82). Recent
single-cell RNA sequencing (scRNA-Seq) studies have identi-
fied a specialized fibroblast subpopulation in the mature
scar termed matrifibrocytes, which express cartilage-associ-
ated genes and are essential for maintaining scar structural
integrity (137). After day 7, most endothelial cells in the bor-
der area capillaries stop proliferating, and some newly estab-
lished capillaries expand and acquire support by smooth
muscle cells, connecting to the coronary arteries (16, 96).

Neutrophils.
By MI day 7, low number of neutrophils are present in
the infarcted area, those exhibit a reparative phenotype,
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characterized by increased expression of ECM proteins such
as fibronectin, galectin-3, and fibrinogen. Day 7 neutrophils
still express high levels of MMP-2, TIMP-2, and Thbs-2 (59).
Neutrophils at this time also produce anti-inflammatory
cytokines (e.g., IL-10) and express reparative surface markers
(e.g., CD206), that contribute to the resolution of inflamma-
tion and support tissue repair (33).

Neutrophils assist in the formation of a stable scar by
producing ECM proteins that contribute to the structural
integrity of the scar. For example, neutrophil galectin-3
expression peaks at day 7 after MI (59). It is also reported
that galectin-3 is strongly upregulated in the infarct region
during the first 2 wk after MI (138, 139). Galectin-3 cross-
links the glycoprotein receptors for TGF- and VEGF, stim-
ulating growth factor signaling and resulting in collagen
synthesis and cardiac remodeling (140, 141). Whereas ele-
vated plasma levels of galectin-3 correlate with cardiac
remodeling in patients with MI, the deficit of galectin-3
decreases collagen synthesis and causes reduction of the
tensile strength of the infarct wall, resulting in the expan-
sion and adverse remodeling (142, 143). These reports sug-
gest that galectin-3 released from neutrophils at the early
stage of MI is essential to establish a stable scar, which is
optimally strong enough to resist the stress and strain
imposed on the contracting left ventricle.

Macrophages.

Macrophages continue to exhibit a reparative phenotype
at day 7, characterized by increased expression of genes
involved in ECM remodeling and scar formation. The net-
work cross talk of signals mediates a broadened spectrum
of macrophage activation in response to mixed pro- and
anti-inflammatory cytokine cues (144). STAT3/4, TGF-B
receptor, and IL-4 receptor o are important pathways to
regulate the reparative phenotype (63, 145). Reparative
macrophages assist in the formation of granulation tissue
both indirectly and directly. Reparative macrophages indi-
rectly contribute to ECM formation by producing growth
factors such as VEGF and TGF-f that stimulate angiogene-
sis and fibroblast proliferation (69). In addition, day 7 mac-
rophages regulate the deposition of ECM proteins such as
collagen I, collagen III, and periostin, through paracrine sig-
naling to fibroblasts, although recent studies suggest a poten-
tial for direct contribution by specific macrophage subsets
(69). On the other hand, collagen IV and laminin-o2, which
contribute to basement membrane formation, are decreased
at this time point (69).

Fibroblasts.

Fibroblasts adopt a neo-homeostatic phenotype, marked by
increased expression of myofibroblast markers and anti-
angiogenic factors such as Thbs-1. This phase involves the
synthesis and organization of ECM components, contribut-
ing to the stability and maturation of the infarct scar. The
levels of SPARC expression are still upregulated at day 7 and
later in the infarct region. SPARC gene deletion results in
cardiac rupture due to a disorganized granulation tissue and
immature collagenous ECM at day 7 M1, indicating the roles
of SPARC in collagen production and maturation (146, 147).
Myofibroblasts, which are differentiated fibroblasts, play a
key role in this phase, and the majority of fibroblasts at day 7
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MI exhibit a myofibroblast phenotype (148). Myofibroblast-
associated genes, including cadherin-2, cadherin-11, and
integrin-ol1, TIMP-1, TIMP-3, and thymosin B-4, are elevated
(132, 149-154).

Platelet-derived growth factor (PDGF), known to induce
fibroblast to myofibroblast differentiation, are highly
expressed in day 7 fibroblasts (80). They produce ECM pro-
teins such as collagen and fibronectin, which contribute to
the formation of a stable scar. In addition to their role in
ECM synthesis, myofibroblasts produce anti-angiogenic fac-
tors such as Thbs-1 that inhibit the formation of new blood
vessels (80). Tempered vessel formation stabilizes the scar,
as excessive angiogenesis can lead to scar instability and
adverse remodeling (155, 156). The production of ECM pro-
teins and anti-angiogenic factors by myofibroblasts is regu-
lated by signaling pathways such as the TGF-f and Wnt
pathways (157).

Vascular endothelial cells.

Some endothelial cells continue to feed angiogenesis, con-
tributing to the formation of new blood vessels sufficient to
support the healing process. At day 7 after MI, placental
growth factor is increased in endothelial cells and cardiomy-
ocytes in the infarct area (128). Placental growth factor-null
mice exhibit impaired angiogenesis in the infarct border
zone (128), and placental growth factor may enhance the
effects of VEGF after MI (129).

Heparan sulfate proteoglycans serve as a reservoir for
growth factors (130). Extracellular sulfatases, SULF1, pro-
duced by endothelial cells and fibroblasts, and SULF2, pro-
duced by monocytes and macrophages, peak in the infarct
zone at day 7 MI (131). SULF1 and SULF2 promote VEGF
receptor 2 activation and angiogenesis by diminishing inter-
actions between VEGF and heparan sulfate (131). Indeed,
endothelial cells in the infarct region express VEGF receptor
2 protein from day 7 after MI (158).

For the first 7 days after MI, endothelial cells in border
zone express high levels of angiopoietin-2, shifting constitu-
tive angiopoietin-1 to inducible angiopoietin-2, interfering
with angiopoietin-1-tyrosine kinase with immunoglobulin-
like and epidermal growth factor (EGF)-like domains 2
(TIE2) signaling, which maintains the quiescent phenotype
of the endothelial cells (159). Plasma angiopoietin-2 levels
are elevated in patients with MI, especially with cardiogenic
shock, indicating deteriorative properties of angiopoietin-2
(160). Although angiopoietin-2 promotes vascular leakage
and inflammation, these effects, including recruitment of
inflammatory cells, might take part in angiogenesis (159).

In db/db diabetic MI mice, adenovirus-induced overex-
pression of angiopoietin-1 increases bone marrow-derived
endothelial cells, VEGF expression, and capillary density in
the infarct border zone (161). Appropriate regulation and bal-
ance of the angiopoietin-1 and angiopoietin-2 might play
important roles in angiogenesis after MI.

MI Days 14-28: Maturation and Resolution Phases

Around day 14 after MI, the scar starts maturing, with
crosslinked ECMs to further strengthen the scar and avoid
rupture. During this phase, inflammatory cells are inacti-
vated and cleared (8). Although the number of fibroblasts in
the infarct area during maturation phase is lower compared
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with the proliferative phase, fibroblasts remain active to
maintain the homeostasis of the newly formed scar (82, 162).
Although plasma VEGF levels remain elevated through day
28 MI, vessel density keeps slightly increasing through day
7-28 in infarct and remote areas (163). The concept of
inflammation-fibrosis coupling, based on model predictions
indicating the two processes are dynamically coupled, pro-
vides rationale for testing therapeutics to improve the MI
response (164).

Neutrophils.

By MI day 14, the presence of neutrophils in the infarcted
area significantly decreases as the inflammatory response
wanes and is markedly tempered (15). The very few remain-
ing neutrophils continue to support tissue repair by produc-
ing ECM proteins and anti-inflammatory cytokines (59). The
reduction in neutrophil numbers is indicative of the resolu-
tion of the acute inflammatory phase. The production of
anti-inflammatory cytokines by neutrophils helps to main-
tain a reparative environment and prevent excessive inflam-
mation (33).

By MI day 28, neutrophils are largely absent from the
infarcted area as the inflammatory response has fully
resolved (46) The early actions of neutrophils in clearing
necrotic tissue and initiating the inflammatory response
have set the stage for effective tissue repair and scar for-
mation. The absence of neutrophils at this stage indicates
that their role in the healing process is complete, and the
focus has shifted to the maturation and stabilization of the
scar.

Macrophages.

Macrophages continue to exhibit a reparative phenotype,
characterized by the production of ECM proteins and growth
factors that support tissue repair and scar formation at day
14 after MI. At day 28, macrophages continue to maintain
stability and integrity of the scar. These macrophages still
exhibit a reparative phenotype and support the maturation
of the scar and the resolution of inflammation (15, 73). In
contrast, macrophage numbers in the remote region
increases at day 28, estimating one third of the macrophage
population derives from recruited monocytes and the rest is
locally sourced (165). This indicates that there is more
inflammation in the remote nonischemic region than in the
infarct region at this late time point, although in both
regions the relative amount of inflammation is low (166).
Monocyte-derived macrophages isolated from day 28 MI
remote myocardium express more IL-1B, Ym-1, and VEGFaq,
whereas infarct sourced-macrophages express more TNF-a,
TGF-B1, and mannose receptor 1 (165). These expression pat-
terns do not follow the typical patterns of proinflammatory
M1 and anti-inflammatory M2 macrophage polarization, sug-
gestive of a distinct phenotype (167).

Fibroblasts.

Fibroblasts continue to exhibit a homeostatic-like phenotype
at dayl4 and have largely transitioned to this phenotype,
characterized by the production of ECM proteins and anti-
angiogenic factors (82, 162). This phase involves the contin-
ued synthesis and organization of ECM components, con-
tributing to the stability and maturation of the infarct scar
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(82, 162). Fibroblasts play a key role in the maturation of the
scar by producing ECM proteins such as collagen and fibro-
nectin (80). The production of anti-angiogenic factors such
as Thbs-1 helps to stabilize the scar and prevent excessive
angiogenesis (80). The production of ECM proteins and anti-
angiogenic factors by fibroblasts is regulated by signaling
pathways such as the TGF-p and Wnt pathways (157). The
continued presence of fibroblasts is essential for maintaining
the structural integrity of the scar and preventing adverse
remodeling.

Vascular endothelial cells.

Later in the healing process, endothelial cells continue to
contribute to the formation of new blood vessels through
angiogenesis. In addition to endothelial cells, macro-
phages, and fibroblasts, cardiomyocytes release important
factors that regulate angiogenesis. Zinc finger E-box-bind-
ing homeobox 2 (ZEB2) is the transcription factor that is
increased in injured cardiomyocytes. ZEB2 expression is
induced from day 1 after MI and starts to decrease from
day 14, returning toward baseline levels by day 28 (168).
ZEB2-induced paracrine factors, thymosin p4 and prothy-
mosin o, which show similar time-dependent changes,
enhance VEGF expression and endothelial cell migration,
leading to angiogenesis and cardiac protection even after
day 14-28 MI (168).

Gastrin, a gastrointestinal hormone, increases in plasma
from day 7 to day 14 MI (169). Gastrin activates the phospha-
tidylinositol 3-kinase (PI3K)/Akt pathway and VEGF produc-
tion and promotes migration and tube formation in cultured
endothelial cells, suggesting angiogenic and cardioprotective
effects of gastrin after MI (169). Notably, this role has yet to
be confirmed in vivo. The formation of new blood vessels is
essential for supporting the maturation of the scar and
ensuring adequate blood supply to the healing tissue, as
insufficient vascularization will cause an unstable scar.

Contributions of lymphocytes.

Although this review article focuses on neutrophils, macro-
phages, endothelial cells, and fibroblasts, it is worth men-
tioning the role of lymphocytes in MI wound healing. The
two main types of lymphocytes, T and B cells, make up the
central cellular components of adaptive immunity and are
categorically detrimental after MI, inevitably leading to
excessive myocardial damage (121, 170-172). T cells can be
further classified into subsets based on function and pro-
tein expression patterns: CD4 versus CD8 T cells and mem-
ory versus effector T cells. Infiltration of T cells into the
myocardium is both necessary and sufficient to produce
LV fibrosis and dysfunction. However, the complex nature
of T-cell subtypes and their context-dependent activity,
make it difficult to provide a concise summary of T-cell
function in the heart. CD4 " and CD8" T cells have been
linked to infiltration of proinflammatory monocytes (170,
173, 174). This may be due in part to cardiac-infiltrating T
cells suppressing lymph angiogenesis after MI through
IFN-y signaling (175). In addition, T cells synthesize and
export a variety of molecules (e.g., TNF-a and IL-1p) that
facilitate in polarization of macrophages as well as fibro-
blast activation implicating an indirect role in the regula-
tion of fibroblast-derived ECM deposition (176, 177).
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Although few studies have demonstrated a direct mecha-
nism, B cells likely promote fibrosis through increased ECM
turnover and deposition (178-180). In the permanent occlu-
sion MI model, B-cell levels peak at MI day 5 in the myocar-
dium, spleen, and blood compared with sham mice (178).
Similar to T cells, B cells produce inflammatory mediators,
which facilitate in MI healing; however, unlike T cells, B cells
require additional stimuli and further differentiation to initi-
ate cytokine production (181). Cardiac autoantibodies pro-
duced by autoreactive B cells have more recently been
linked to the progression of adverse cardiac remodeling after
MI (182-184). Targeting B cells as a potential therapeutic
strategy to attenuate autoantibody production following MI
may be a viable option.

FUTURE DIRECTIONS AND CONCLUSIONS

There are a number of focused areas for future research,
and these can be grouped into four themes: 1) cellular inter-
actions: investigating interactions among the different cell
types and how cross talk influences contributions to the
healing process; 2) clinical application using targeted thera-
pies: developing therapies for specific cell types and signal-
ing pathways to enhance tissue repair and prevent adverse
remodeling; 3) biomarkers: identifying blood or imaging
indicators that can predict future progression to heart failure
and that can evaluate effectiveness of interventions to stabi-
lize scar; and 4) long-term outcomes: evaluating MI out-
comes and factors that contribute to scar stability and
integrity, including genetic and socioeconomic influences
that lead to disparities in response (Fig. 2). The availability of
big data, including cell and molecular atlases derived from
single-cell and spatial multiomics evaluations, has enabled
systems-level examinations into the mechanisms of cardio-
vascular pathology including MI (185-188).

Understanding the dynamic responses during the differ-
ent phases of MI is critical to developing targeted therapies
to improve cardiac repair. In addition to the cell types dis-
cussed here, lymphocytes also play key roles during cardiac
remodeling and are extensively reviewed elsewhere (172, 173,
189). In particular, how lymphocytes interact with the other
cell types discussed in this review is an area of active

~

Cellular Interactions
* Bi-directional cross-talk
Targeted Therapies
« Specific cell & pathway based
Biomarkers
* Blood & Imaging
Long-term outcomes
 Scar stability & integrity
» Genetic & socioeconomic influencw

Figure 2. Key themes for future research in the cardiac response to myo-
cardial infarction (Ml). Four major areas of investigation are highlighted.
Together, these themes provide a framework for advancing translational
research to improve long-term prognosis following MI.
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investigation (170-172, 190-194). Active research includes
translating findings from the mouse MI model to the human
scenario, which in optimally treated cases includes reperfu-
sion to restore blood flow to the ischemic myocardium and
drug therapy with the renin-angiotensin system inhibitors
and B-blockers (21, 22, 195).

The timeline of immune activation after MI observed in
experimental mouse models closely mirrors clinical findings,
although reperfusion significantly accelerates and amplifies
the response. In humans, key molecular mediators that con-
nect the various phases of healing, such as IL-18, TNF-o, and
IL-6 during the initial inflammatory phase, and TGF-§, MMPs,
and TIMPs during the reparative phase, can be detected sys-
temically in patients with MI (118). These mediators correlate
with negative outcomes, including adverse electrophysiologi-
cal remodeling, infarct expansion, and later heart failure phe-
notypes (196). In addition, timely reperfusion after MI triggers
oxidative stress and inflammation and alters the balance
between necessary debris clearance and maladaptive matrix
degradation. This process is influenced by increased myelo-
peroxidase activity, MMP activation, and TIMP inactivation,
which helps account for why reperfused infarcts often have a
smaller transmural scar but exhibit a distinct pattern of bor-
der-zone injury and varying arrhythmic risks compared with
nonreperfused infarcts (197).

The introduction of percutaneous coronary intervention
(PCI) to reopen occluded arteries has significantly lowered
mortality and in-hospital complications, leading to improved
outcomes for patients with MI (23, 195, 198). Early reperfusion
with primary percutaneous coronary intervention recovers
epicardial blood flow, which leads to reduction in infarct size
and adverse remodeling. Although prolonged ischemia
injures and Kills cardiac cells in the infarct area, reoxygena-
tion followed by ischemia causes additional damage by highly
complex mechanisms, including oxidative stress, immune
responses, mitochondrial dysfunction, and DNA damage
(199). Although percutaneous coronary intervention is the
obvious first choice in treatment for acute M], it is critical to
better understand the dynamic pathophysiological changes
after reperfusion (23, 195, 198, 200).

Similarly, identifying early biomarkers that forecast
progression to heart failure offers both prognostic value
and potential therapeutic targets (201, 202). In this con-
text, the skin functions as a mirror of myocardial remodel-
ing. Because both skin wound healing and the cardiac
response to myocardial infarction follow parallel processes
(e.g., inflammation, resolution, tissue repair, and scar for-
mation), the skin reflects shared pathways of wound healing
across organs (203). Notably, faster skin wound healing has
been shown to predict survival after myocardial infarction
(204).

Most studies in the mouse model of permanent occlusion
have used young male mice, and future directions will need
to include consideration of these biological variables to
improve translation of basic science findings to the clinic.
Aging is an important and independent risk factor of MI
(205-207). Termed immunosenescence, aging by itself
impairs immune system function and alters cellular pheno-
types, suggesting that responses to ischemia would differ
depending on age (206, 208). In addition, maladaptive repair
after acute inflammation, followed by fibrillar collagen
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deposition and irreversible organ dysfunction, plays cen-
tral roles not only in cardiac remodeling after MI but also
in various other pathological settings, such as the progres-
sion from acute kidney injury to chronic kidney disease
(209, 210). Since cardiac wound healing is a dynamic and
time-dependent process, a deeper understanding of its
various phases will be crucial for developing effective
therapies (211). Therefore, additional insights into the cel-
lular and molecular signals in cardiac wound healing after
MI will provide more beneficial information beyond car-
diac care.

There are clear sex differences to cardiac remodeling after
MI. Compared with young male mice, neutrophil infiltration
is reduced in young female mice. At the same time, the neu-
trophils in young female mice are more effective at clearing
tissue and exhibit lower expression of proinflammatory
genes (212). With age, female mice are desensitized to liver X
receptors/retinoid X receptor (LXR/RXR) signaling, resulting
in enhanced IL-6 activation, a finding replicated in humans
(212). Differences in neutrophil signaling, therefore, explain
better outcomes in young females and worse outcomes with
age.
The influence of risk factors, comorbidities, and risk modi-
fiers should be taken into consideration. Comedications,
such as oncological agents, may alter the temporal pattern of
activation and enzymatic expression in neutrophils, macro-
phages, and fibroblasts. Similarly, comorbidities including
hypertension, diabetes, or periodontal disease also influence
cardiac remodeling after MI (174, 213). Likewise, positive risk
modifiers such as diet and exercise improve MI outcomes
(100, 214, 215).

Hence, investigating the time-dependent Kinetics of the
healing response is critical for evaluating the safety and effi-
cacy of novel therapeutics.

The dynamic responses of neutrophils, macrophages,
fibroblasts, and endothelial cells, along and in concert,
promote the progression of MI cardiac wound healing and
subsequent cardiac remodeling. As we increase our under-
standing of subcellular phenotypes and heterogeneity
within cell types, we will better understand how to target
these specific immune cell phenotypes to affect MI scar
formation in a predictable manner. It is important to high-
light that the different cell types can both be activated by
and activate shared pathways. Although this convergence
is essential for reaching the new state of homeostasis, this
also increases the potential for secondary effects when
using untargeted therapies. Understanding how the con-
tributions of individual cells and signaling pathway com-
ponents, both separately and together, coordinate the
overall response at both average and individual levels will
offer valuable insights into potential therapeutic targets and
biomarkers for better diagnosis and prognosis capabilities.

In summary, significant insights have been obtained over
the past 40 years that contribute to our improved under-
standing of MI remodeling. This review synthesizes our cur-
rent knowledge regarding the responses of key inflammatory
mediators in the myocardium—including cardiomyocytes,
neutrophils, monocytes/macrophages, fibroblasts, and vas-
cular endothelial cells—to various molecular signals such as
cytokines, growth factors, and proteases that collectively
orchestrate the cardiac wound healing process.
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