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Abstract: Myocardial infarction (MI) sets off a complex inflammatory cascade that is crucial for
effective cardiac healing and scar formation. Yet, if this response becomes excessive or uncontrolled,
it can lead to cardiovascular complications. This review aims to provide a comprehensive overview of
the tightly regulated local inflammatory response triggered in the early post-MI phase involving car-
diomyocytes, (myo)fibroblasts, endothelial cells, and infiltrating immune cells. Next, we explore how
the bone marrow and extramedullary hematopoiesis (such as in the spleen) contribute to sustaining
immune cell supply at a cardiac level. Lastly, we discuss recent findings on how metabolic cardiovas-
cular risk factors, including hypercholesterolemia, hypertriglyceridemia, diabetes, and hypertension,
disrupt this immunological response and explore the potential modulatory effects of lifestyle habits
and pharmacological interventions. Understanding how different metabolic risk factors influence
the inflammatory response triggered by MI and unraveling the underlying molecular and cellular
mechanisms may pave the way for developing personalized therapeutic approaches based on the
patient’s metabolic profile. Similarly, delving deeper into the impact of lifestyle modifications on
the inflammatory response post-MI is crucial. These insights may enable the adoption of more
effective strategies to manage post-MI inflammation and improve cardiovascular health outcomes in
a holistic manner.

Keywords: myocardial infarction; inflammatory response; innate immune response; bone marrow;

spleen; metabolic risk factors; lifestyle modifications; pharmacological interventions

1. Introduction

Atherothrombosis-induced myocardial infarction (MI) is the leading cause of death
worldwide [1,2]. MI triggers a complex and tightly regulated inflammatory response
that plays a critical role in the healing process following the ischemic insult [3-5]. An
exaggerated or deregulated inflammatory response after MI leads to adverse cardiac
remodeling and arrhythmias [6].

In recent years, the prevalence of metabolic cardiovascular risk factors, including
hypertension, impaired glucose regulation, and dyslipidemia, has increased globally [7].
These factors account for more than 90% of the risk of MI [8] and also modulate the healing
process post-event [9,10].

This review aims to provide a comprehensive overview of the complex and tightly regu-
lated local and systemic inflammatory responses triggered by MI and the current knowledge
on the deleterious impact of metabolic risk factors in the overall immune process.
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2. Local Inflammatory Response Triggered by Myocardial Infarction

MI induces the sudden death of myocardial tissue and triggers an intense and regu-
lated inflammatory reaction aimed at repairing the damaged heart [3,11]. Danger-associated
molecular patterns (DAMPs) are crucial in this acute inflammatory phase of MI. DAMPs
act as danger signals by binding to pattern recognition receptors (PRRs) on immune and
stromal cells to initiate the innate immune response [12] (Figure 1). One of the most studied
DAMPs is the high-mobility group box 1 protein (HMGB1), a non-histone DNA-binding
protein [13]. At the onset of MI, HMGBI is released by necrotic cells after membrane
disruption; once in the extracellular space, HMGB1 binds to chemokine motif ligand 12
(CXCL12), which, in turn, interacts more strongly with CXC receptor type 4 (CXCR4), thus
promoting the massive migration of neutrophils to the site of injury [13]. HMGBI is also
a strong ligand for toll-like receptors (TLRs) and receptors for advanced glycation end
products (RAGESs), both PRRs. In the ischemic heart, cell surface TLR2 and TLR4 on car-
diomyocytes, fibroblasts, and immune cells and RAGEs on inflammatory and endothelial
cells (ECs) are the main triggers of the MI-mediated inflammatory response [4,14,15]. Stud-
ies in knockout mice subjected to ischemia-reperfusion (I/R) have revealed that deleting
TLRs or RAGE receptors reduces the post-MI inflammatory response, decreases infarct
size, and lowers oxidative stress [16-19]. Conversely, HMGB1-related activation of both
receptors phosphorylates nuclear factor-kappa light chain enhancer of activated B cells
(NFkB), which triggers the transcription of multiple proinflammatory cytokines, including
tumor necrosis factor-oc (TNF-o), interleukin 13 (IL-13), and IL-6, and, in turn, upreg-
ulates the expression of TLRs and RAGE receptors, further sustaining and amplifying
the inflammatory response [13,20]. TLRs and HMGB1 also stimulate the synthesis of CC
and CXC chemokines during the acute inflammatory phase post-MI [21]. Furthermore,
injured cardiomyocytes release mitochondrial DNA (mtDNA), which is extremely cytotoxic
to cardiomyocytes [22] and perpetuates the inflammatory response through TLRs [23].
Serum mtDNA levels have been considered biomarkers of myocardial damage severity
following cardiovascular events [24,25]. The release of mtDNA and the overexpression
of complement-related mRNA activate the complement system, triggering a cascade of
reactions that play a key role in leukocyte recruitment and infiltration in the infarcted
heart [26]. mRNA and proteins for all of the components of the classical complement
pathway are upregulated in infarcted hearts [11]. One of the complement components,
C5a, promotes neutrophil activation and induces neutrophil P-selectin expression, rein-
forcing endothelial neutrophil adhesion and oxidative stress. C5a also induces monocyte
generation of proinflammatory chemokines and cytokines (e.g., TNF-« and IL-1(3), overall
amplifying the cardiac inflammatory response [3,27].

Nucleotide-binding Oligomerization Domain (NOD)-like receptor (NLR) inflamma-
somes, particularly NLRP3, also play a critical role in the local immune response. NLR
inflammasomes are macromolecular protein complexes that mediate the inflammatory
response upon DAMP signaling [14]. Experimental and human studies have supported
that the activation of the NLRP3 complex in ECs and cardiomyocytes in the ischemic and
border cardiac zones in an early stage of MI leads to fibroblast activation and leukocyte
infiltration [28].

Heat-shock proteins (HSPs) and ATP activate the ischemic heart’s immune system. In
the extracellular milieu, HSPs bind to TLR4 receptors on the nearest cells and to CD14 of
lymphocytes, which leads to the upregulation of NF«B, IL-1 receptor-associated kinase 1
(IRAK1), and p38/mitogen-activated protein kinase (MAPK) pathways, thus increasing
the expression of proinflammatory cytokines [29]. On the other hand, in stressed cells,
ATP stored in the cytoplasm is massively translocated to the pericellular space and exerts
immunomodulatory functions through ligand-ion channel receptors, such as the P2X7
receptor [30]. The ATP/P2X7 axis has been shown, in turn, to trigger the activation of the
NLRP3 inflammasome and the subsequent synthesis of IL-13 in monocytes/macrophages
subjected to ischemia [31].
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Figure 1. Necrotic cardiomyocytes generate danger-associated molecular patterns (DAMPs) acting as
danger signals on different immune cells through pattern recognition receptors (PRRs), enhancing
cytokine release and local inflammatory response. High-mobility group box 1 protein (HMGB1); toll-
like receptors (TLRs); receptors for advanced glycation end products (RAGEs); heat-shock proteins
(HSPs); tumor necrosis factor-alpha (TNF-w); interleukin (IL); mitochondrial DNA (mtDNA); nuclear
factor-kappa light chain enhancer of activated B cells (NF«B); receptor-associated kinase 1 (IRAK1);
mitogen-activated protein kinase (MAPK); Nucleotide-binding Oligomerization Domain (NOD)-like
receptors pyrin domain containing 3 (NLRP3). Illustration created with BioRender.

Epigenetic changes also contribute to the inflammatory response in the setting of MI.
Over the past decade, among microRNAs (miRs), miR-21, miR-33, miR-34a, miR-146a, and
miR-155 have been the most extensively studied as “inflamma-miRs” [32]. miR21, miR-33,
miR-146a, and miR-155 have been shown to modulate the inflammatory response in MI [33],
whereas miR-33 and miR-34a have been more closely associated with fibrosis [32]. Beyond
their functions, miRs have been utilized as diagnostic and therapeutic tools, a concept
recently termed “theranoMiRNAs” [34,35]. On the other hand, targeting DNA methylation
with an inhibitor of DNA methyltransferase (5-azacytidine) has been shown to limit the
number of macrophages expressing inducible nitric oxide synthase (iNOS) and, conversely,
enhance the number of anti-inflammatory macrophages in the infarcted heart. Additionally,
in mice subjected to MI, reduced DNA methylation levels at the SPI1 promoter CpG island
(a proto-oncogene and key player in heart failure post-MI) were observed. This reduction
leads to increased gene transcription, which subsequently activates the TLR4/NFkB path-
way, resulting in heightened inflammation and cardiomyocyte apoptosis [36]. The role
of DNA methylation patterns as potential biomarkers of MI was also investigated in an
epigenome-wide association study on acute MI. The study identified 34 novel CpG sites
associated with MI. However, their clinical utility as predictive biomarkers or drug targets
has not yet been established [36].

3. The Involvement of the Bone Marrow and Spleen in the Systemic Inflammatory
Response following Myocardial Infarction

In concurrence with the local inflammatory response, MI triggers a systemic inflamma-
tory response that involves bone marrow activation and spleen monocytopoiesis, sustaining
the supply of immune cells at the site of cardiac damage [37,38].

The bone marrow is a central organ that produces blood cells through hematopoiesis, a
process by which the hematopoietic stem cells (HSCs) asymmetrically divide and maintain
the stem cell pool and give rise to different lineage progenitors. The bone marrow niche for
HSC mainly comprises mesenchymal stromal cells and ECs [39]. Upon ischemic cardiac
injury, HSCs begin their massive production of immune cells, which exit the bone marrow,
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enter the circulation, and reach the injured heart via adhesion, rolling, and extravasation.
The activation of bone marrow hematopoiesis is partially due to DAMPs, growth factors,
and cytokines released by the ischemic heart [40] (Figure 2). For instance, IL-13 promotes
the proliferation of HSCs through direct effects on hematopoietic cells; granulocyte colony-
stimulating factor (G-CSF) induces the maturation, survival, proliferation, activation, and
mobilization of granulocytes from the bone marrow into the peripheral circulation [41,42];
and granulocyte-macrophage colony-stimulating factor (GM-CSF) enhances bone marrow
myelopoiesis [43]. A recent study has suggested that ADP may also serve as a danger signal-
ing for the hematopoietic bone marrow compartment and foster emergency hematopoiesis
after MI through P2Y12-dependent signaling. These data propose a novel, non-canonical
role for P2Y1, antagonists beyond the inhibition of platelet-mediated atherothrombosis [44].
MI is also associated with the release of vascular endothelial growth factor receptor 2
(VEGFR2), IL-6, and versican from bone marrow ECs, inducing bone marrow endothelial
dysfunction and favoring local inflammatory cytokine release [45].
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Figure 2. Bone marrow and splenic hematopoiesis fuel the cardiac inflammatory response during
myocardial infarction (MI). In the bone marrow, granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-CSF), along with various inflammatory me-
diators, stimulate the proliferation and release of granulocytes and monocytes into the bloodstream.
This process is further supported by sympathetic nervous system fibers since they decrease chemokine
motif ligand 12 (CXCL12) activity, promoting Hematopoietic stem cells (HSC) release. In the spleen,
angiotensin II (Ang II) enhances the motility and migration of resident monocyte populations, while
interleukin-1p (IL-1p) triggers extramedullary hematopoiesis. This process involves the interaction of
bone marrow-released HSCs with CD169+ macrophages via vascular cell adhesion molecule 1 (VCAM-1).
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Consequently, inflammatory cells migrate into the infarcted heart. Neutrophils infiltrate the cardiac
tissue through 2-integrin and P-selectin, producing reactive oxygen species (ROS) and chemokines
that facilitate the transmigration of dendritic cells and monocytes into the damaged tissue, creating
a positive feedback loop. Additionally, neutrophils also release extracellular traps (NETs) and
extracellular vesicles (EVs), further sustaining the inflammatory response. Epigenetic modifications,
including microRNAs and DNA methylation, also contribute to the modulation of the overall
inflammatory response post-MI. Danger-associated molecular patterns (DAMPs); interleukin (IL);
angiotensin receptor (AT-1; AT-2); chemokine (C-C motif) ligand 7 (CCL?7). Illustration created
with BioRender.

The bone marrow sympathetic nervous system (SNS) also contributes to emergency
hematopoiesis [46]. During MI, enhanced SNS activity attenuates HSC quiescence and
impairs CXCL12-CXCR4 signaling, thereby altering the proliferation and retention of
HSCs [47] and myeloid and lymphoid progenitors [42,48]. The released progenitors may
then seed the spleen, yielding a sustained boost in monocyte production [49].

To meet the high leukocyte demand, hematopoiesis can also occur outside the bone
marrow, specifically in the spleen (i.e., extramedullary hematopoiesis) [50]. The spleen is a
secondary lymphopoietic organ with high metabolic activity and displays several essential
functions, such as the maturation of red blood cells, the removal of abnormal cells by phago-
cytosis, iron recycling, metabolic homeostasis, and humoral and cellular immunity [51]. In
addition to B cells, macrophages, and dendritic cells, bona fide undifferentiated monocytes
reside in the spleen and outnumber their equivalents in circulation [52]. During the first
day post-MI, monocytes residing in the spleen increase their motility and emigrate to the
injured heart in a process guided by angiotensin-II signaling [53]. The sustained need for
newly made monocytes for the resolution of MI and the recovery of the splenic pool is
promoted by extramedullary hematopoiesis, a process partially regulated by IL-13 [54].
Bone marrow-released HSCs, in response to increased sympathetic activity, are retained by
CD169+ macrophages via vascular cell adhesion molecule 1 (VCAM-1), leading to the for-
mation of this extramedullary niche [55]. While several studies have demonstrated splenic
hematopoiesis in animal models, in humans, this process has so far only been indirectly
identified by positron emission tomography imaging of splenic fluor-deoxyglucose uptake
(monocytes are highly glycolytic cells) in patients with acute coronary syndromes and in
postmortem autopsies of MI patients [56]. Although the systemic increase in innate immune
cells has been extensively studied in recent years, the bone marrow and splenic regulation
of the adaptive immune response in the setting of MI remains largely unexplored.

4. The Migration and Recruitment of Immune Cells to the Infarcted Heart
4.1. Neutrophils

The chemokine signaling that culminates in the bone marrow and spleen hematopoi-
etic response after MI stimulates neutrophil mobilization to the heart. Once there, neu-
trophils interact with endothelial P-selectins, favoring their rolling over the vasculature.
Thereafter, neutrophil binding with endothelial 32 integrin triggers a cellular conforma-
tional change with the subsequent rearrangement of surface chemokine receptors that
enhance and strengthen neutrophil-vasculature interaction. In parallel, junction adhesion
molecules are weakened, allowing the infiltration of neutrophils into the underlying tis-
sue, where they induce direct cytotoxic damage to cardiomyocytes by generating reactive
oxygen species (ROS) through the activation of myeloperoxidases and the NADP oxidase
system [57,58]. Moreover, neutrophils release chemokines that increase the recruitment of
other inflammatory cells, such as macrophages and dendritic cells (DCs), to the injury site,
which, in turn, release chemokines that favor neutrophil survival (e.g., CXCL1 and CXCL38
suppress neutrophils apoptosis), thus establishing a positive feedback cycle that assures a
sustained inflammatory response [59]. Neutrophils also release extracellular traps (NETs)
consisting of chromatin filaments fused with granular and cytoplasmatic components,
which activate the macrophage NLRP3 inflammasome with the subsequent synthesis of
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IL-1p and IL-18. IL-1p and IL-18 plasma levels have been shown to positively correlate
with the occurrence of adverse cardiac events, infarct size, and cardiac dysfunction in
patients with MI [60]. Emerging evidence suggests that neutrophil-derived alarmins (i.e.,
S100A8/A9) are released during NET formation. SI00A8/A9 has been suggested as a dual
promoter of inflammation and cardiac repair. Therefore, the effectiveness of SI00A8/A9
blockade resides in identifying the optimal therapeutic time window. Neutrophils have also
been shown to release extracellular vesicles (EVs). Although the role of neutrophil-derived
EVs in the setting of MI has yet to be fully determined [61], EVs from ST-elevation MI
(STEMI) patients are found to be enriched with multiple inflammatory mediators.

4.2. Monocyte/Macrophages

Early after MI (around 30 min), systemic levels of circulating monocytes increase
due to their release from bone marrow and splenic reservoirs [62]. The damaged cardiac
ECs produce ROS and monocyte chemoattractant protein-1 (MCP-1 or CCL2), a potent
monocyte chemoattractant, favoring monocyte recruitment to the infarcted site [63,64].
MCP-1 and its receptor, C-C motif chemokine receptor 2 (CCR2), are key elements in leuko-
cytosis [65]. In mice, Ly-6CHi8" proinflammatory monocytes from the bone marrow and the
spleen are among the first cells to arrive at the infarct zone and reach their peak at day 3 post-
MI [66]. From days 1 to 3, monocytes differentiate into mature macrophages that release
proinflammatory cytokines (TNF-«, IL-1$3) and synthesize adhesion molecules (VCAM1
and P-selectin) [67]. Cardiac macrophages can be distinguished based on the expression of
CCR2, recruited CCR2* macrophages, and resident CCR2~ (hematopoietic and embryonic
origins, respectively) [68]. Activated CCR2" macrophages exert inflammatory effects. As
such, they induce monocyte recruitment to the injured heart and promote their differ-
entiation toward macrophages with a proinflammatory phenotype [69]. Comparatively,
little is known about the functions of CCR2™ macrophages. Studies that deplete mouse
CD169* cells (macrophages) prior to I/R injury suggest that resident CCR2™ macrophages
do not secrete inflammatory mediators but rather activate pathways that inhibit leukocyte
recruitment [70].

Proinflammatory macrophages are initially responsible for removing necrotic car-
diomyocytes and fibroblasts along with apoptotic neutrophils and monocytes post-MI, a
process known as efferocytosis [71]. Efferocytosis, in turn, favors the activation of the AMP
kinase (AMPK) cascade, promoting a shift in macrophages toward an anti-inflammatory
phenotype [72]. The ratio between pro- and anti-inflammatory macrophages in the infarcted
region varies throughout the days after the ischemic event. Initially, macrophages secrete
proinflammatory cytokines, increasing the inflammatory response and facilitating collagen
and extracellular matrix breakdown. Macrophage-related phagocytosis is a crucial step for
cardiac wound healing [73]. The regulation of this inflammatory response (time course
and magnitude) has a significant impact on cardiomyocyte survival, systolic function,
ventricular wall integrity, and fibrosis [4,74]. Once the initial inflammatory response de-
clines, a second wave of monocytosis occurs 7 days post-ML. In mice, Ly-6CHi8" monocytes
are recruited to the infarcted areas and undergo differentiation into anti-inflammatory
macrophages that secrete IL-10, a cytokine that promotes angiogenesis and cardiac remod-
eling [75] (Figure 3). Monocyte-derived macrophage populations may undergo further
differentiation into various subtypes, some of which are nearly identical to resident cardiac
macrophages (CCR27), but a recent investigation suggests that they do not have the same
phenotypic specificity that ensures a proper infarct healing process with the formation
of a functional scar [76]. Multiple factors regulate macrophage proliferation, recruitment,
polarization, and anti-inflammatory activities. A comprehensive bioinformatics analysis
has reported ten strongly interlinked hub genes (Timp1, Sparc, Sppl, Tgfb1, Decrl, Vim,
Serpinel, Serpina3n, Thbs2, and Vcan) that may influence the ventricular remodeling of non-
infarcted tissue by modulating fibrosis, macrophage-driven inflammation, and fatty acid
metabolism. Specifically, Vcan has been suggested to contribute to macrophage activation
and promote cytokine release, whereas Vim suppresses macrophages” ROS production, and
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Sparc deletion in infarcted mice leads to a reduction in macrophage content in the remote
cardiac region [77]. A recent study in a mouse model of I/R injury has also identified a
novel subtype of monocytes named lipid-associated macrophages (SPP1* LAM) within the
infarcted area. This discovery has shed light on the role of SPP1* LAM in lipid metabolism
and their influence on cardiac remodeling by modulating the MAPK pathway [78]. Whether
lipid metabolic alterations may impact SPP1* LAM content deserves to be investigated.
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Figure 3. The role of macrophages, dendritic cells, and lymphocytes in the healing process post-
myocardial infarction (MI). Monocytes are recruited to the infarcted heart, where they differentiate
into activated macrophages, increasing immune cell recruitment and promoting the inflammatory
response. Over time, macrophages remove necrotic cells and shift toward an anti-inflammatory
phenotype, producing interleukin 10 (IL-10). Dendritic cells present antigenic proteins that shift the
fibroblast phenotype toward a proinflammatory state, producing extracellular matrix proteins to
maintain myocardial integrity. T and B lymphocyte activation triggers myocardial destruction and
interferon gamma (IFN-y) and IL-17 release. Activated B cells increase C-C motif ligand 7 and release
IL-10, which enhance cardiac repair and wound healing. Reactive oxygen species (ROS); monocyte
chemoattractant protein-1 (MCP-1); C-C motif chemokine receptor 2 (CCR2); vascular cell adhesion
molecule 1 (VCAM-1); tumor necrosis factor-alpha (TNF-«); toll-like receptors (TLRs); receptors for
advanced glycation end products (RAGEs). Illustration created with BioRender.

4.3. Dendritic Cells

The release of antigenic proteins from necrosed cardiomyocytes induces DC activation.
The role of DCs in monocyte recruitment and cardiac repair post-MI has been previously
explored in DC-depleted mouse models. DC depletion was associated with a reduction
in macrophage content 7 days after MI, followed by reduced infarct size and improved
cardiac function [79]. On the other hand, DCs can also directly activate fibroblasts. Car-
diac fibroblasts are key players in post-MI cardiac repair and dramatically switch their
phenotype during the different phases of myocardial healing [80] (Figure 3). During the
inflammatory phase, fibroblasts release proinflammatory cytokines due to TLR, RAGE, and
NLRP3 activation [81]. Through the proliferative phase, reparative fibroblasts and differen-
tiated myofibroblasts synthesize extracellular matrix proteins (to prevent ventricle rupture)
and are converted into specialized cells to preserve the scar [82]. Cytokines, chemokines,
and growth factors released by anti-inflammatory macrophages have a crucial role in the
fibroblast phenotype switching to myofibroblast (Figure 3) [67].
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4.4. Lymphocytes

Thus far, minimal focus has been directed toward T-lymphocytes in the context of
MI. Scientific evidence suggests that T cells’ primary protective function is mediated by T-
regulatory lymphocytes, which suppress inflammatory processes and activate fibrosis [83].
Moreover, CD4" T-lymphocytes have been suggested to modulate injury size post-MI
through the secretion of interferon-y (IFN-y) and IL-17, cytokines that stimulate cardiac
death and the proliferation of fibroblast [84]. At the same time, however, MI may trigger
autoimmune destruction of the myocardial tissue, favoring the activation of autoreactive
T-lymphocyte clones [85]. In this regard, CD8* T cells may have a beneficial or detrimental
effect at the onset of MI. The deficiency of cytotoxic T cells has been associated with better
restoration of heart physiology. Yet, mice lacking cytotoxic T cells died post-MI due to
myocardial rupture, which was associated with increased inflammation [86]. B lymphocytes
are the most abundant lymphoid cells in human and mouse hearts [87,88], and, like T cells,
their functions may be a two-sided coin. As such, B cells produce antibodies that may
increase the destruction of the myocardial tissue. Studies blocking IgM have led to a
significant reduction in I/R injury [89]. In addition to antibodies, B cells secrete cytokines
and chemokines. The production of C-C motif ligand 7, which attracts Ly-6CHi&" monocytes
to the myocardium, is dependent on B cells, and the depletion of Ly-6C™8" monocytes
using anti-CD20 antibodies has been shown to interfere with monocyte recruitment, leading
to smaller infarcts and a favorable heart remodeling process [90]. One study described a
population of B cells with anti-inflammatory properties able to synthesize IL-10, yet the
mechanism behind it still remains to be determined (Figure 3) [91].

5. The Impact of Metabolic Cardiovascular Risk Factors on the Myocardial
Infarction-Induced Inflammatory Response

Hypercholesterolemia, hypertriglyceridemia, type 2 diabetes (T2D), and hypertension
are well-known metabolic cardiovascular risk factors associated with the activation of immune
cells and may accordingly interfere with the inflammatory healing process post-MI.

The impact of hypercholesterolemia on the MlI-induced inflammatory response re-
mains controversial and not fully understood. In APO*3-Leiden mice, hypercholesterolemia
was associated with peripheral monocytosis (mostly Ly-6CHigh monocytes) prior to is-
chemia, yet lower cardiac macrophage accumulation was detected post-MI. Surprisingly,
the infarct size was significantly decreased in hypercholesterolemic mice compared to
their normocholesterolemic counterparts [92]. In another study, infarct size was compara-
ble between normo- and hypercholesterolemic rats, yet left ventricle remodeling and the
risk of developing heart failure were worse in those animals fed a hypercholesterolemic
diet [93]. Similarly, rabbits subjected to I/R and fed a hypercholesterolemic diet exhibited
a similar degree of MI damage compared with normal-fed rabbits [94]. In contrast, stud-
ies conducted in large preclinical animal models have supported a detrimental effect of
hypercholesterolemia on cardiac damage post-MI—leading to an enhanced inflammatory
reaction and infarct size [9,95]. Moreover, elevated cholesterol levels have been demon-
strated to diminish the effectiveness of several cardioprotective approaches. For instance,
ischemic postconditioning, involving brief periods of ischemia and reperfusion following a
prolonged ischemic insult [89], notably enhances endothelial function and reduces tissue
necrosis in minipigs consuming a standard diet. However, this benefit was not reported in
minipigs with hypercholesterolemia [96,97]. Similarly, high cholesterol levels have been
found to hinder the anti-inflammatory and antioxidative properties associated with high-
density lipoprotein (HDL) particles [98,99], consequently diminishing their cardiovascular
protective abilities [98,100-102]. Nevertheless, it is noteworthy that returning to normal
physiological cholesterol levels through the adoption of a diet low in cholesterol has been
demonstrated to reverse HDL dysfunction [103].

Triglyceride-rich lipoproteins (TGRLs) have gained much attention within the last
few years. Elevated triglyceride levels have been shown to pose a significant risk for
cardiovascular disease and are associated with heightened inflammation [104,105]. Plasma
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TGs are carried in the blood by chylomicrons and very low-density lipoproteins (VLDLs),
collectivity referred to as TGRLs. The breakdown of these TGRLs by lipoprotein lipase
(LPL) generates free fatty acids, which can potentially induce cellular damage and stimulate
the release of inflammatory mediators [106]. Additionally, macrophages release LPL, which
facilitates the hydrolysis of TGRLs, consequently initiating an inflammatory response [107].
A recent observational study found that a combination of elevated remnant cholesterol
(the cholesterol content of TGRLs) and low-grade inflammation, indicated by increased
C-reactive protein (CRP) levels, conferred the highest risk of MI [108]. However, limited
data are available concerning the influence of triglycerides (TGs) on the inflammatory
response induced by MI. A study conducted on C57Bl/6 mice fed a high-fructose diet
revealed the overexpression of the NLRP3 inflammasome, marked caspase-1 activation,
and compromised activation of the cardioprotective reperfusion injury salvage kinase (RIS)
and hypoxia-inducible factor (HIF) 2« pathways [109] in the infarcted heart, leading to
larger infarcts as compared to mice fed a standard diet.

Furthermore, TGRLs have been demonstrated to promote endothelial dysfunction,
facilitating the adhesion and recruitment of inflammatory cells at the onset of MI [110].
As observed for hypercholesterolemia, the protective effects of ischemic (pre)conditioning
were abrogated in fructose-fed hypertriglyceridemic Wistar rats [111].

In diabetes, the precise mechanisms through which disrupted glucose metabolism
influences inflammation are not yet fully understood. Prolonged hyperglycemia initiates
and advances a non-enzymatic glycation process involving proteins, lipids, and nucleic
acids, resulting in the overproduction of ROS. ROS can harm ECs, leading to their activation
and dysfunction, subsequently prompting the release of inflammatory mediators [112,113].
Additionally, insulin resistance has been shown to worsen ischemic damage to the my-
ocardium due to a change in cardiac metabolism characterized by a decrease in glucose
utilization in favor of free fatty acid oxidation. This shift results in heightened oxygen
demand and subsequent contractile dysfunction [114]. The diabetic heart has shown el-
evated uptake and oxidation of fatty acids, partially influenced by increased activity of
peroxisome proliferator-activated receptor alpha (PPAR«) triggered by ROS [115]. In turn,
PPAR« prompts the nuclear translocation of the forkhead box O1 (FOXO1) transcription
factor, promoting the progression of cardiomyopathy [116]. Enhanced expression of NLRP3
in monocytes has been observed in patients with T2D [117], while T2D rats have exhibited
heightened activation of NLRP3, resulting in intensified cardiac inflammation, cell death,
disrupted ultrastructure, and fibrosis [118].

There is a correlation between hypertension and increased mortality following STEMI [119].
Nonetheless, a recent meta-analysis that pooled data from seven randomized clinical
trials involving STEMI patients indicated that hypertension did not correlate with larger
infarctions or microvascular obstruction, both of which are pathological conditions linked
to inflammation [120]. Yet, experimental data have evidenced that the sustained elevation
of systemic blood pressure damages the endothelium, disrupting nitric oxide synthesis and
inducing ROS production [121]. The weakened blood vessel wall becomes more permeable,
favoring the infiltration of inflammatory cells from the bloodstream into the damaged
infarcted hearts [122]. Moreover, during the onset of MI, angiotensin II (a significant
contributor to hypertension) has been shown to influence the inflammatory process by
binding to angiotensin receptors on monocytes and macrophages. This binding stimulates
their migration to the site of infarction and subsequent activation, leading to the release
of proinflammatory cytokines (Figure 2) [123]. Similarly, Bandoni and colleagues showed
that cholinergic stimulation in spontaneously hypertensive rats (SHRs) influenced immune
responses in the heart and spleen, as well as cardiac remodeling, following MI. The study
revealed a reduced ratio of proinflammatory to anti-inflammatory macrophages in the
myocardium and lower levels of TNF-« in the hearts and spleens of SHRs treated with a
cholinesterase inhibitor [124].

In a separate investigation involving SHRs expressing the human CRP transgene
(SHRs-CRP), animals experienced recurrent and prolonged ventricular tachyarrhythmias
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following MI. Interestingly, this led to a notable reduction in infarct size in SHRs-CRP
compared to SHRs. Acute ischemia notably elevated the levels of several cardioprotective
molecules in SHRs-CRP [125].

In summary, the inflammatory response is crucial to repairing the infarcted heart,
wherein immune cells play a fine-tuned dual role in injury and protection. However,
the presence of metabolic risk factors has been shown to interfere with and deregulate
both local and systemic inflammatory reactions, interfering with proper cardiac healing
and increasing the risk of adverse left ventricular remodeling and eventual heart failure.
Consequently, prioritizing the management of cardiometabolic risk factors may influence
cardiac repair following MI.

6. Impact of Lifestyle Changes and Therapeutic Approaches

Adopting healthy dietary habits is essential for reducing cardiometabolic risks [126].
Several epidemiological studies support an inverse association between adherence to
healthy dietary patterns, such as the Mediterranean diet (abundant in minimally pro-
cessed plant-based foods, rich in monounsaturated fat from extra virgin olive oil, and low
in saturated fat, meats, and dairy products [127,128]), and cardiometabolic risk. In this
context, the PREDIMED trial evidenced that participants following a Mediterranean diet
supplemented with either extra virgin olive oil or nuts were able to reverse their disrupted
metabolic state. In fact, participants in the group receiving olive oil supplementation
showed a significant decline in central obesity and high fasting glucose [129]. Further-
more, individuals with metabolic syndrome experienced decreased systemic inflammatory
markers (such as IL-6, IL-7, IL-18, and high-sensitive CRP) following the consumption of
an olive oil-supplemented diet [130]. Among STEMI patients, the levels of high-sensitive
CRP were lower in those with higher adhesion to the Mediterranean diet [131]. While the
anti-inflammatory advantages of the Mediterranean diet are often linked to its abundance
of antioxidants, the specific mechanisms underlying this phenomenon are yet to be fully
elucidated. Another area of interest concerning the impact of diet on the Ml-related in-
flammatory response involves the microbiota. Studies conducted in vitro, in vivo, and in
humans have suggested that a healthy microbiome regulates immune responses and lessens
Ml size. As such, administering a combination of two probiotics (Lactobacillus helveticus
and Bifidobacterium longum) before and after MI has been shown to decrease inflammatory
cytokine release and apoptosis execution [132].

On the other hand, regular exercise has also been shown to improve glycemic control
in patients with T2D [133], and aerobic and resistance exercise training reduces systolic and
diastolic blood pressure to a comparable level to that achieved by antihypertensive treat-
ment [134]. The Dietary Approaches to Stop Hypertension (DASH) diet, which emphasizes
fruits, vegetables, and low-fat dairy products, has been shown to lower blood pressure [135].
In addition, different classes of medications, like angiotensin-converting enzyme (ACE)
inhibitors and angiotensin-II receptor blockers (ARBs), are used to control hypertension
and are associated with cardioprotective properties. This is because they may mitigate the
adverse effects of angiotensin II during the onset of MI. A meta-analysis that compared the
clinical outcomes of both drugs in patients with MI showed that these medications have
similar results across a broad spectrum of MI patients, reinforcing their roles in post-MI
treatment [136]. Regular exercise has also been shown to benefit lipid profiles (higher
HDL-cholesterol and lower LDL-cholesterol and TGs) [137]. In the context of MI, the post-
and pre-exercise effects on cardiac remodeling and function have been investigated in mice.
Thus, while physical activity did not affect MI-induced cardiac hypertrophy in sedentary
mice compared to those engaging in voluntary exercise on a running wheel, the exercised
group exhibited decreased collagen content in the developing scar. In addition, transcript
levels of proinflammatory cytokines (TNF-c, IL-6, and IL-13) correlated positively with
infarct size and collagen mRNA expression in sedentary mice, whereas this correlation was
attenuated or even absent in the trained group [138]. However, more data are needed to
support these findings.
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Sodium-—glucose co-transporter 2 inhibitors (SGLT2 inhibitors or SGLT2-Is) have gar-
nered significant clinical interest in both diabetic and non-diabetic patients. A clinical
trial involving patients with T2D and MI treated with SGLT2 inhibitors showed a notable
reduction in inflammatory response and smaller infarct size compared to those treated with
other oral anti-diabetic agents [139]. Given the complexities of managing the ischemic dia-
betic heart, controlling the inflammatory response through SGLT2 inhibitors may become a
promising therapeutic approach.

Emerging data have supported the benefits of reducing TG levels in protecting against
the occurrence of all fatal or non-fatal cardiovascular events among patients at high cardio-
vascular risk [140]. The recent REDUCE-IT trial demonstrated that the administration of
high-dose icosapent ethyl (IPE) [an ethyl ester of eicosapentaenoic acid (EPA; w3 fatty acid)]
resulted in a significant reduction in TG levels, which was accompanied by a 25% reduction
in cardiovascular events [140]. The EVAPORATE trial provided a plausible mechanistic
understanding to support these findings. As such, IPE administration was associated with
atherosclerotic plaque regression and a less vulnerable plaque phenotype (less fibroadipose
proinflammatory plaques) [141]. Regarding hypercholesterolemia, statins serve as the
cornerstone treatment, potentially lowering LDL-cholesterol levels by as much as 50% [142].
Beyond lipid-lowering, high-dose statins have been shown to exert cardioprotective effects
by modulating local and systemic inflammatory responses. We previously demonstrated in
pigs subjected to I/R that intravenous administration of atorvastatin limits the MI-induced
inflammatory response by preventing both MCP-1 mRNA and protein upregulation in the
ischemic cardiac zone, reducing neutrophil recruitment by around 50%, lessening monocyte
peripheral blood mononuclear cell activation, and acutely enhancing plasma TNF-« levels
[higher survivor activating factor enhancement (SAFE) pathways activation] as compared
to control pigs [143]. In line with these findings, patients with MI treated with atorvas-
tatin have shown a reduction in serum inflammatory markers [144]. Moreover, a recent
study demonstrated that the adoptive transfer of DCs cultured with the supernatant from
infarcted mice plus atorvastatin alleviated post-infarction cardiomyocyte apoptosis and my-
ocardial fibrosis, in association with decreased inflammatory cell infiltration and inhibited
oxidative stress, likely by suppressing TLR4/NF«kB activation after MI [145]. Pitavastatin,
used with a nanoparticle-mediated delivery method in CD11b* monocytes/macrophages,
has also led to a reduction in monocytes/macrophages in the heart by inhibiting mono-
cyte mobilization from the spleen after MI. These results suggest that the inhibition of
monocyte mobilization from the bone marrow is one of the major mechanisms by which
this statin attenuates post-infarct left ventricle remodeling [146]. Moreovet, in a rat model
of MI, intramyocardial injection of mesenchymal stem cell-derived EVs, pre-treated with
atorvastatin, not only restricted macrophage infiltration but also delivered EV miR-139-
3p to macrophages, promoting their transition to an anti-inflammatory phenotype [147].
Whether miR-139-3p can affect other cardiac cells remains to be addressed. Other lipid-
lowering agents, such as proprotein convertase subtilisin/kesin 9 (PCSK9) inhibitors, have
also been shown to modulate the inflammatory response. PCSKO9 is involved in NF«kB
signaling, leading to an enhanced secretion of TNF-«, IL-6, and IL-13 by macrophages and
worsening hypoxia-reoxygenation-induced injury in cardiomyocytes [148]. Furthermore,
PCSK9 has also been shown to cooperate with LDL receptor-related protein 5 (LRP5) in
TLR4/NFkB signaling. Reduced TLR4 protein expression levels and decreased nuclear
NF«kB translocation were observed in PCSK9-silenced cells after lipid loading, indicating
the downregulation of the TLR4/NFkB signaling pathway and demonstrating the abil-
ity of LRP5 to favor macrophage lipid uptake and form a complex with PCSK9, which,
in turn, upregulates TLR4/NFkB, promoting inflammation [149]. In a recent study, pa-
tients treated with PCSK9 inhibitors exhibited reduced expression of proinflammatory
proteins compared to those treated with other lipid-lowering therapies, despite having
comparable levels of high-sensitivity CRP [150]. However, the authors did not explore
the potential influence of HDL-cholesterol and TG levels on these findings. Furthermore,
the Canakinumab Antiinflammatory Thrombosis Outcomes Study (CANTOS) showed
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that blocking IL-13 with the monoclonal antibody canakinumab improved cardiovascular
outcomes in high-risk patients without altering lipid levels. However, patients treated with
canakinumab experienced higher rates of fatal infections, neutropenia, and thrombocytope-
nia compared to those who received a placebo [151]. LDL-cholesterol-lowering therapies
do not exhibit these adverse effects, highlighting the importance of cautious administration
of anti-inflammatory agents.

7. Conclusions and Future Perspectives

Inflammation is a key factor in the healing process after MI and is also associated with
metabolic disorders. Unraveling the mechanisms through which metabolic risk factors
influence the inflammatory response may facilitate the development of therapeutic ap-
proaches tailored to the metabolic condition of the patient (precision medicine). Likewise,
lifestyle changes, particularly focusing on diet and physical activity, have shown significant
effects on metabolic factors such as dyslipidemia, diabetes, and hypertension. It is crucial
to delve deeper into how these lifestyle adjustments affect the inflammatory response fol-
lowing MI. Such insights could pave the way for the adoption of more efficient approaches
to handle post-MI inflammation and enhance cardiovascular health outcomes holistically.
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