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Abstract: A tight association between inflammation and cardiac damage has been extensively recog-
nized. In this review, we will focus on macrophages as key players in the physiology and pathology
of the heart and on their role in the functional crosstalk between inflammation and heart disease. In
the steady state, macrophages contribute to the homeostasis of cardiac tissue. Indeed, cardiac resident
macrophages promote coronary development and tissue homeostasis, favor electric conduction
in cardiomyocytes, and contribute to mitochondrial quality control. However, macrophages also
take part in adverse cardiac events contributing to the development or the progression of several
pathologic conditions. Infiltrating cells derived from circulating monocytes contribute to tissue injury
through the release of inflammatory cytokines and catecholamines. In particular, the present review
will discuss the role of macrophages in heart failure, atherosclerosis, and anthracycline-dependent
cardiotoxicity. Prolonged inflammatory response and increased apoptotic cell death sustained by
chronic activation of the transcription factor NF«B are the basis of heart failure pathogenesis. Here,
we will discuss the involvement of NFkB signaling in macrophage-dependent cardiac damage and
its use as a therapeutic target in the treatment of cardiovascular pathologies.
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1. Introduction

The immune system plays a fundamental role in the development and progression
of heart damage and, recently, great advances have been made in the knowledge of the
underpinning cellular and molecular mechanisms.

The correlation between inflammation and heart damage in clinics derives from
two critical trials: the Jupiter and the Cantos studies. The JUPITER study was a randomized
primary prevention study, which tested the effectiveness of rosuvastatin in healthy and
normocholesterolemic subjects [1,2]. This study demonstrated that rosuvastatin therapy
can reduce the incidence of all cardiovascular events by 44%, myocardial infarction by
54%, stroke by 48%, the need for revascularization by 46%, and reduce mortality from all
causes by 20%, even in subjects with no cardiovascular history and with medium-low risk.
Also, in normocholesterolemic subjects with elevated blood levels of inflammatory markers
(high-sensitivity C-reactive protein, hsPCR, >2 mg/L), 20 mg rosuvastatin reduced LDL
cholesterol by 50% and hsPCR by 37%. This was a surprising result even if it was not clear
whether this effect was due to a reduction in inflammation or cholesterol lowering.

Advances in the field have shown that several drugs commonly used in clinics for
treating cardiovascular disease also exert anti-inflammatory effects, supporting the idea
that the results of Jupiter study could be due to a reduction in inflammation. Beta-blockers,
angiotensin-converting enzyme inhibitors (ACE) inhibitors, and diuretics, besides their
molecular effects on myocytes, can reduce inflammatory cytokines production, suggesting
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a specific immune therapy as a potential strategy for the treatment of heart failure [3]. Beta-
blockers, for instance, can reduce the release of inflammatory cytokines and macrophage
polarization towards the proinflammatory (M1) subtype [4-6]. The renin-angiotensin—
aldosterone system (RAAS) inhibitors exert the same effects by regulating matrix metallo-
proteinase activity and inhibiting endothelial-mesenchymal transition (EndMT), [7,8] while
diuretics, such as sacubitril, reduce inflammation by attenuating cardiac fibrosis [9,10].

The demonstration that inflammation represents an independent trigger of the atheros-
clerotic process and its clinical consequences, such as myocardial infarction, stroke, and
death, derives from the CANTOS trial, which was the first to highlight the key role of
innate immunity in cardiovascular disease. It was a phase III secondary prevention clinical
trial, in which the effect of specifically targeting interleukin 13 (IL-1f3) with a monoclonal
antibody, canakinumab, was tested in patients with a prior myocardial infarction and high
levels of C-reactive protein (>2mg/L) [11,12]. The treatment with canakinumab reduced
the rate of recurrent cardiovascular events, highlighting for the first time the possibility of
lowering the incidence of cardiovascular events by acting exclusively on inflammation. It
also demonstrated that canakinumab-dependent reduction in cardiovascular events was
associated with a reduction in IL-6, a proinflammatory cytokine usually highly expressed
in cardiac damage [11,13,14].

These clinical trials lay the foundation for the following studies on the association
between inflammation and cardiac diseases, which identified the involved immune cells
and the specific molecular mechanisms. In this review, we will focus on macrophages as
key cellular players in the physiology and pathology of the heart and on their role in the
functional crosstalk between inflammation and heart disease.

2. Crosstalk between Inflammation and Cardiac Damage: Cellular and
Molecular Mechanisms

In response to insults, such as acute myocardial infarction, there is an increase in
proinflammatory cytokines, mainly TNF«, IL-6, IL-13, and TGF-1f3, whose acute effects are
protective through the regulation of myocyte survival and death in the infarcted area [15].
However, chronically, the increased release of cytokines promotes interstitial fibrosis and
collagen deposition in the non-infarcted area, leading to ventricular dysfunction. Also,
cytokines induce the activity of metalloproteinases (MMP2 and MMP9) in the infarct area
and the expression of natriuretic peptides (ANP and BNP), promoting cardiac remodel-
ing [15,16]. These results support the idea that inflammation exerts a cardioprotective role
in acute responses and a deleterious effect in chronic responses.

Several cellular and molecular mechanisms have been identified underlying the asso-
ciation between inflammation and cardiac damage.

At the cellular level, the heart is composed of cardiomyocytes and non-myocytic cell
types (fibroblasts, endothelial cells, and immune cells) which contribute to the maintenance
of a correct cardiac function through functional crosstalk between cells. Alterations in
such interactions contribute to the development of cardiac damage [17-19]. In response
to oxidative stress, cardiac endothelial cells release substances that act in a paracrine
way to activate specific receptors on cardiomyocytes and consequently regulate survival
mechanisms (apoptosis) and mitochondrial reactive oxygen species (ROS) production.
Also, the release of nitric oxide (NO) is promoted, which acts on the endothelium to
preserve endothelial homeostasis [20]. Cardiac fibroblasts produce extracellular matrix
components to ensure the structural integrity of the heart even in response to changes in
cardiac homeostasis [21]. An essential role in maintaining cardiac homeostasis and function
is also played by macrophages, which basically make up 6% of cardiac cells, but their
number increases in response to insults [22,23], through functional interactions with other
cardiac cells [24]. Macrophages interact with endothelial cells, favoring their proliferation
and sprouting through neurogenic locus notch homolog protein 1 (Notch1) signaling [25,26],
interact with smooth muscle cells altering collagen type I and metalloprotease synthesis,
upregulating vascular endothelial growth factor (VEGF) expression [25-27], interact with
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cardiac fibroblasts and, depending on the type of activation enhance anti-inflammatory
phenotype in both cell types [28] or induce a fibrotic phenotype [29].

At the molecular level, all cardiovascular risk factors (obesity, genetic factors, hyper-
tension, dyslipidemia, as well as infections or smoking) activate inflammatory responses
that lead to the production and release of cytokines (Figure 1).
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Figure 1. Effects of cardiovascular risk factors (obesity, genetic factors, hypertension, dyslipidemia,
infections, smoking) on NF«kB-dependent cardiac damage (hypertrophy and heart failure).

These processes share a common feature: the activation of specific transcription factors
that drive the expression of cytokine production [30], such as NF«B. This transcription
factor exerts a key role in cardiac damage [16,31-34] because it is upregulated not only
in macrophages regulating their cytokine production but also in cardiomyocytes [35] and
other cardiac cells (endothelial cells and fibroblasts), inducing the expression of key genes
which are strictly involved in the development of cardiac damage [32-34].

For the reasons above, the present review will discuss in particular the involvement of
NFkB signaling in macrophage-dependent cardiac damage.

3. The Key Role of Macrophages: Origin and Phenotype

Macrophages and their precursors (monocytes) are ubiquitous key players of the
innate immune response that can change their phenotype and function in response to
environmental stimulation [36,37].

The MO phenotype is the state in which macrophages exist in when in a resting
condition without any stimulation. In response to specific stimuli, MO macrophages can
polarize in the M1 proinflammatory phenotype (e.g., in response to lipopolysaccharide
or interferon-y) or the anti-inflammatory M2 phenotype (e.g., in response to IL-4, IL-13,
IL-10) [38,39] (Figure 2). Beyond this net differentiation of the two macrophage subtypes,
the M1/M2 classification represents the two extremes of a sequence of activated states.
Furthermore, this classification well reflects their in vitro differentiation. However, in vivo
a wide and continuous range of macrophage phenotypes is detectable in dependence
of the microenvironmental context. Thus, today the M1/M2 paradigm is considered an
oversimplification due to the extremely high level of macrophage plasticity. Alternative
nomenclature reflecting the cell surface marker expression and/or cell source is now
considered more appropriate. However, taking into account all these limitations, the
M1 and M2 classification still is useful to understand the different immunopathological
responses mediated by macrophages [40].
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Figure 2. Macrophages origin and polarization towards pro- and anti-inflammatory phenotypes.

These macrophage phenotypic and functional switches have a double opposite role:
maintaining cardiac homeostasis by regulating fundamental processes such as cardiac
tissue repair, regeneration, and fibrosis; or promoting the development of cardiac damage
by uncontrolled production of inflammatory cytokines and growth factors, lack of anti-
inflammatory response, and alterations in functional interactions between macrophages
and cardiac cells [23,38,41,42].

Cardiac macrophages have different origins that are related to their specific function.
Macrophages exist as both circulating and tissue-resident cells [43,44]. Tissue-resident
macrophages are of neonatal origin and maintain themselves in adults by self-renewal;
during embryonic development, macrophages derive from yolk-sac precursors that mi-
grate to the fetal liver to convert into fetal liver monocytes that subsequently migrate
and colonize tissues differentiating into tissue-resident macrophages [44,45]. These cells
facilitate coronary development and tissue homeostasis. The tissue can also be infiltrated
by macrophages derived from peripheral blood monocytes [46,47]. During myocardial
infarction (MI), atherosclerosis, and stroke, monocytes derived from hematopoietic stem
cell proliferation in the bone marrow and spleen infiltrate the diseased tissue, differenti-
ate into macrophages, and proliferate locally [39]. These cells have a predominant role
in tissue injury and destruction. Recently, CCR2 receptor expression was classified as a
marker to distinguish macrophages derived from infiltrating monocytes (CCR2*) or tissue-
resident macrophages (CCR27) [38]. Consistently, CCR2™ cells are involved in cardiac
remodeling and myocardial regeneration by increasing the proliferation and hypertrophy
of cardiomyocytes, and CCR2* macrophages instead trigger the initial processes of the
inflammation [23,38,42].

4. The Role of Macrophages in Heart Physiology

Macrophages are essential players in maintaining cardiac homeostasis. They are
widely expressed in the heart (among cardiomyocytes and valves, in the atrioventricular
node, close to coronary arteries, and in serous fluid) and exert different actions that allow
for the correct functioning of the cardiovascular system [24,42,48]. These effects are mainly
due to resident macrophages which can remove cell debris [49], regulate extracellular
matrix (ECM) [50], promote cell proliferation, migration, and angiogenesis [51,52], and
stimulate cardiomyocytes to enter the cell cycle [53].

In addition to the production of pro- and anti-inflammatory cytokines, macrophages
are also involved in the electric conduction of cardiomyocytes, efferocytosis, cardiac remod-
eling, cell proliferation, and migration (Figure 3).
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Figure 3. Macrophages regulate cardiac homeostasis by favoring electric conduction, cardiac remod-

Macrophage

eling, angiogenesis, and through cytokines production and activation of efferocytosis.

The proof of concept that macrophages participate in the correct functioning of electric
conduction in the heart derives from the observation that macrophages are abundant in the
atrioventricular (AV) node and are electrically connected to cardiomyocytes via the gap
junction protein connexin 43 (Cx43) [48,54]. Macrophages facilitate electrical conduction
through the distal AV node since the selective macrophage deletion of Cx43 or macrophage
depletion disrupts the cardiac rhythm and leads to atrioventricular block [48,54].

Efferocytosis is a multi-step process that allows for the clearance of apoptotic cells
and is finely regulated through specific receptor-ligand interactions [55,56]. This pro-
cess is due to the phagocytic activity of specialized cells including macrophages [55].
Chemotactic factors induce macrophages to recognize dying cells. Phagocytic receptors of
macrophages recognize and bind the apoptotic cells, which are further digested and de-
graded in macrophages. In the cardiovascular setup, this process allows for the resolution
of inflammatory processes, prevents necrosis, and maintains cardiac health. Alterations in
any step of this process lead to disease development and progression [57-59].

This cleaning process in the cell includes the elimination of damaged mitochondria, of
which function is essential to the heart, especially during elevated levels of energy demand.
A recent study suggests a non-canonical pathway for the elimination of mitochondria from
healthy cardiomyocytes which involves macrophages relying on membranous structures
(exophores). This is based on the expulsion of damaged mitochondria in the extracellular
space and binding to receptor Mertk on the surface of macrophages for recognition and elim-
ination [60]. This mechanism was further confirmed through macrophage depletion and
Mertk knockout. Both conditions lead to a failure in exophores elimination with consequent
accumulation of dysfunctional mitochondria and debris, and the activation of the NLRP3
inflammasome, resulting in impaired cardiac function and metabolic derangement [60].

Macrophages are essential to activating repair mechanisms after cardiac injury [61]. In
response to ischemic insults (myocardial infarction), the number of resident macrophages
decreases in the infarct zone. Monocytes and neutrophils are recruited, through damage-
associated molecular patterns (DAMPs)-Toll-like receptor (TLR)-myeloid differentiation
factor 88 (MyD88) signaling, for the clearance of cell debris. Monocytes are quickly
transformed into mature macrophages which secrete various proinflammatory cytokines
(i.e., TNFq, IL-1, IL-6), contributing to the acute inflammatory response [47]. In the peri-
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infarct zone, the rapid proliferation of resident macrophages contributes to myocardial
repair, promoting tissue fibrosis and myocardial remodeling. The recruitment of inflamma-
tory cells is inhibited, anti-inflammatory cytokines are secreted, and infiltrating immune
cells regulate inactivation/reduction in inflammation by mediating the fibrotic response,
and inflammation and formation of scars are healed [61]. Emerging evidence suggests
that metabolic remodeling is central to macrophage polarization and its functions in the
heart [62]. Ischemia depletes local concentrations of oxygen and nutrients, and this favors
a metabolic switch of macrophages. In the early phase post-ischemia, which is referred
to as the inflammatory phase, macrophages metabolically prioritize glycolysis and NF«xB
and MAPK signaling are activated inducing downstream proinflammatory molecules.
In the wound healing phase, the sirtuin and AMPK axis activation promotes the switch
from glycolysis to mitochondrial oxidative phosphorylation and polarization towards a
reparative phenotype leading to collagen deposition and remodeling of ECM [63].

5. The Role of Macrophages in Heart Disease

In the steady state, macrophages contribute to the homeostasis of cardiac tissue. How-
ever, macrophages also take part in adverse cardiac events contributing to the development
or the progression of several pathologic conditions [24,42]. Although it is not a complete
dissection of the pathological conditions in which macrophages intervene, the following
paragraphs will shed light specifically on heart failure, anthracycline-dependent cardiotoxi-
city, and atherosclerosis.

A crucial part of this story is the characterization of signals able to impact macrophage
phenotype and functions, thus favoring inflammation and cardiac damage or efferocytosis
and tissue homeostasis. Macrophages acquire pathologic functions when conditioned by
proinflammatory cytokines (e.g., IL1, TNF, IL6) or following exposition to endogenous
damage-associated molecular patterns released after cell injury [24,42,64]. Little is known
about stimuli able to counterbalance this inflammatory response and to protect the cardiac
tissue from damage, although this could be of great interest from a therapeutic point
of view.

The activation of the endocannabinoid receptor (CB2) has been described as able to
modulate a M1 to M2 macrophage switch that resulted in a reduction in inflammation and
cardiac remodeling after myocardial ischemia-reperfusion [65]. Enhanced macrophage-
mediated cardiac repair can also be obtained by activating SR-A1 (class Al scavenger
receptor), which is a pattern recognition receptor mainly expressed in macrophages [66].
Formyl peptide receptor 2 (FPR2) is another innate immune receptor signal involved in
protective response against cardiac damage. Its activation via specific ligands able to
sustain anti-inflammatory and pro-resolving responses exerts cardioprotective effects in
several models of cardiac damage by affecting the number and functions of macrophage
subpopulations [67]. Another receptor signal described as a potential target to treat cardiac
heart failure is the GHSR (growth hormone secretagogue receptor) for ghrelin, which is a
gastric hormone with cardiovascular effects [68].

5.1. Macrophages in Heart Failure

Resident macrophages exert an essential role in initiating the cardiac remodeling
process in response to non-ischemic insults such as pressure overload. Pressure overload-
induced cardiac remodeling profoundly alters the composition of cardiac immune cells:
macrophages accumulate in the heart after 1 week and return to baseline levels within
4 weeks. Macrophage depletion by anti-CD115 results in a preferential reduction in resident
macrophages, and this treatment does not affect cardiac hypertrophy or cardiac function
after TAC, suggesting that resident macrophages do not participate in cardiac damage.
These cells may instead have a protective effect since their depletion worsens TAC-induced
cardiac fibrosis [69]. These data suggest the key role of resident macrophages early in the
remodeling process in preventing deterioration of cardiac function.
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In mouse models of heart failure due to pressure overload and in heart failure with
preserved ejection fraction, an increase in cardiac macrophages was observed [70-73].
These are proinflammatory macrophages (CCR2") that participate in the pathogenesis of
fibrosis, hypertrophy, and cardiac dysfunction in response to pressure overload [70,74].
The recruitment of monocytes to the heart in response to insults is sustained by increased
levels of IL-1f3, which induces bone marrow hematopoietic stem cell (HSC) proliferation
after myocardial infarction [75-77]. In response to cardiac insults, the selective inhibi-
tion of CCR2, which blocked monocyte recruitment to the heart, reduced left ventricular
hypertrophy, ameliorated systolic function, and reduced cardiac interstitial fibrosis as
well as inflammation [70,74,78], proves that that heart-infiltrating macrophages induce
heart damage.

Altogether this evidence suggests that targeting distinct macrophage populations
or controlling their phenotype could represent a potential strategy for the treatment of
heart failure.

5.2. Macrophages in Anthracycline-Dependent Cardiotoxicity

The functional contribution of inflammatory cells in the setup of heart failure in re-
sponse to doxorubicin (Dox) has recently become of interest. Direct toxicity of Dox on
cardiomyocytes is considered the most relevant mechanism of failure in anthracycline-
treated patients due to the impairment of several intracellular pathways [79]. However,
it was suggested that macrophages infiltrate the heart in response to chronic treatment
with Dox, participating in the development and progression of Dox-induced heart fail-
ure (HF) [80-82]. Resident macrophages are critical immune modulators in Dox-induced
cardiomyopathy (DiCM) even if they are vulnerable to Dox insult. The enhanced prolif-
eration of survived resident macrophages conferred a reparative role since it antagonizes
DiCM progression [66]. To evaluate the role of infiltrating macrophages in response to
Dox, a very recent paper explored whether crosstalk between macrophages and cardiac
cells could affect cardiac function in an acute model of cardiotoxicity both in vitro and
in vivo. Dox induces the early recruitment of macrophages in mice hearts which, in turn,
releases catecholamines. Macrophage depletion in vivo significantly reduced the levels of
circulating catecholamines and reduced Dox-dependent cardiac dysfunction, supporting
the crucial role of catecholamines in cardiotoxicity [83]. Catecholamines activate beta-
adrenergic receptor (3-AR) signaling in cardiac cells, leading to p53-dependent damage in
mitochondria and cell death. Treatment with 3-blockers is the commonly used therapy in
patients with Dox-induced cardiotoxicity, but these recent findings support the idea that
[3-blocker intervention should be used to prevent, rather than to treat Dox-induced cardiac
damage. Treatment with low doses of 3-blockers could therefore be a potential strategy to
prevent catecholamines-dependent activation of cardiac cell death in oncologic patients
undergoing anthracycline therapy with high cardiovascular risks before clinical signs of
cardiotoxicity.

5.3. Macrophages in Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the vessel wall that contributes to
the development of several cardiac pathologies, such as angina pectoris, heart attack, and
stroke. It mainly depends on the accumulation and oxidation of lipoproteins in the arterial
wall and the formation of atherosclerotic plaque. Endothelial cells (EC), macrophages,
and smooth muscle cells (SMC) are the key cellular components of this atherosclerotic
lesion [84]. The cytokines IL-6, IL-12, and TNF« contribute to the formation of the fibrous
cap, promoting the proliferation and migration of SMCs [85]. Macrophages represent
an essential component of the atherosclerotic process. Both M1 and M2 macrophages
are involved in the pathogenesis of atherosclerosis with a different distribution within
the atherosclerotic plaque. Indeed, M1 and M2 macrophages are both present in human
atherosclerotic plaque, with M2 macrophages mainly localized to more stable locations
within the lesion. Furthermore, M1 cells are highly expressed in symptomatic plaques,
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whereas the expression of M2 cells is inversely related to disease progression [86]. Thus,
their expression is predictive of adverse outcomes in human atherosclerosis, and the
modulation of macrophage activity could represent a promising therapeutic strategy in the
treatment of atherosclerosis [87,88].

6. Crosstalk between Inflammation and Cardiovascular Disease: The Functional Role
of NFkB

In the above-described association between macrophage-dependent inflammation
and cardiovascular diseases, at the molecular level, the transcription factor NFkB seems
to be an active player. Indeed, it participates in the development and progression of both
inflammation and cardiovascular damage [16].

In resting cells, NFxB localizes in the cytosol bound to its inhibitory protein IkBa
in an inactivated state. Extracellular signals induce IKK-dependent phosphorylation of
IkB«, leading to its ubiquitination and degradation in the proteasome. NFkB is free to
translocate to the nucleus, where it binds to specific DNA sequences and activates gene
transcription [89]. Generally, NF«kB activation depends on several factors: cytokines,
hypoxia, oxidative stress, shear stress, and viral or bacterial infections. The final effect
of this activation is the regulation of fundamental processes, such as inflammation, cell
survival, cell differentiation, and cell proliferation, that contribute to the pathogenesis of
cardiovascular diseases (hypertension, atherosclerosis, ischemia, myocardial infarction,
cerebrovascular ischemia and stroke, heart failure, and cardiac hypertrophy).

The pathogenetic role of NFkB in cardiovascular diseases has been extensively proven.
Indeed, NFkB signaling is involved in all stages of the development of atherosclerosis
and is considered a prime candidate for the diagnosis and control of inflammatory car-
diovascular disease [90]. Furthermore, the NF«B target genes are different to the classic
proinflammatory cytokines (e.g., IL-1, IL-6) and other signaling-inducing intrinsic apop-
totic pathways (e.g., TNF«, and p53). Both the prolonged inflammatory response and the
increased apoptotic cell death sustained by chronic activation of NF«B signaling result in
heart failure [30].

Thus, in the heart, NF«B exerts a dual effect regulating at least three genetic programs:
regulation of immunity by driving the expression of genes involved in inflammation,
hypertrophy by inducing the expression of hypertrophic genes, and chronic cytotoxicity
promoted by a sustained inflammatory response (cardiotoxicity) [30]. However, the nature
of the transcriptional mechanism that determines which program will be executed or
repressed is still unknown. The type of activation, the cell type involved, and the activation
times can have influence, as well as the specific cofactors of NFkB which are different in
the various genetic programs [16,30]. Blood-recruited monocytes/macrophages express
a plethora of receptors recognizing pathogen-associated molecular patterns which finally
activate NFkB. This allows for not only the polarization of macrophages towards the M1-
like phenotype but also regulates macrophages” functions [91]. The activation of NF«xB
in macrophages produces an inflammatory environment in the heart with detrimental
consequences for the tissue.

NF«kB activation in macrophages causes cardiac inflammation and vascular dysfunc-
tion. Indeed, NF«B is present in the nuclei of macrophages, as well as other cell types,
in atherosclerotic lesions [92]. Accordingly, the inhibition of its activity in macrophages
leads to more severe atherosclerosis in mice, probably due to an imbalance between pro-
and anti-inflammatory pathways [93]. To tackle metabolic syndromes in chronic inflam-
matory diseases, the inhibition of sodium-glucose cotransporter 2 (SGLT2) and dipeptidyl
peptidase-4 (DPP-4) exerts anti-inflammatory effects which are due to the inhibition of
NF«kB signaling in macrophages [94]. Metformin, commonly used in treatment for type 2
diabetes, can exert a direct vascular anti-inflammatory effect by inhibiting NF«B through
blockade of the PI3K-Akt pathway in different cell types, including macrophages [95].
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NFxB as a Potential Therapeutic Target

NFkB is not only a trigger of the release of inflammatory molecules but is itself the
target of these molecules in other cell types, as occurs in acute viral myocarditis (VM). VM
causes profound cardiac metabolic remodeling, characterized by aberrant mitochondrial
metabolism (reduction in oxidative metabolism and ATP production) and cardiac inflam-
mation. These effects are mainly due to TNF« released by inflammatory cells infiltrating
the infected myocardium which activates NF«B in cardiomyocytes, leading to the inhibi-
tion of PGC-1 signaling. This suggests that NF«kB could be a potent therapeutic target in
the pathologies characterized by a high activity of this transcription factor and for which
inflammation favors organ damage, such as in cardiovascular diseases, encouraging the
development of therapeutic strategies based on the inhibition of NF«B at different steps of
its intracellular signaling pathway in specific cell types (Table 1).

Table 1. The main cardiovascular pathologies that are affected by NF«B.

Cardiovascular Pathologies Affected by NFkB

Myocarditis

Myocardial infarction

Left ventricular hypertrophy
Cardiac inflammation
Diabetic cardiomyopathy
Atherosclerosis

The complex signaling pathway that leads to NF«B activation can be blocked at several
steps: inhibition of IKK and IkBe phosphorylation, inhibition of the proteasome, inhibition
of nuclear translocation of NFkB, and inhibition of NF«B binding to DNA sequences
(Table 2).

NFkB activation induced in mice by IKK overexpression led to myocarditis and
inflammatory dilated cardiomyopathy, which was associated with a severe reduction in
myocyte contractility [96]. On the other hand, the deletion of the p50 subunit of NF«B in
mice reduced ventricular rupture as well as improved cardiac function and survival after
myocardial infarction [97].

Accordingly, the overexpression of IkBe, the NFkB repressor, attenuated cardiac
hypertrophy in a gender-specific manner in mice [98] and attenuated postinfarct remodeling
in rats [99]. Also, the myocyte-specific overexpression of a phosphorylation-resistant form
of IkBx (532A, S36A) attenuated NF«B activation, improved post-infarction remodeling
in vivo [100], and alleviated hydrogen peroxide-induced apoptosis and autophagy in vitro
in cardiomyocytes [101].

In addition to the regulation of the expression of the specific molecules involved in
NF«kB signaling, several biological and small molecule products, as well as peptides/proteins,
have been shown to regulate NFkB-dependent signaling pathways, leading to the inhibition
of its activity [102].

Table 2. Summary of the main mechanisms of NF«B targeting and involved pathologies.

Mechanisms of NFkB Targeting References
IKK overexpression Refs. [84,96]
Deletion of the p50 subunit of NFkB Ref. [97]
Overexpression of IkBa Refs. [98,99]
Overexpression of a phosphorylation-resistant form of IkBo Refs. [100,101]
Nuclear accumulation of IkBax by RH domain of GRK5 Refs. [34,103]
Inhibition of NF«B activity by GRK2 Refs. [33,95]
Pharmacologic inhibitors of NFkB Refs. [104-107]

Overexpression of the RH domain of the G protein-coupled receptor kinase 5 (GRK5)
inhibited NFkB transcriptional activity by inducing nuclear accumulation of its inhibitor
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IkBa in endothelial cells [103] and ameliorated cardiac function in two rat models of left
ventricular hypertrophy (a spontaneously hypertensive rat and a normotensive rat exposed
to chronic administration of phenylephrine) [34]. Also, the inhibition of GRK2 was shown
to be a useful therapeutic strategy to treat cardiac dysfunction by inhibiting the activity
of NFkB. A specific synthetic inhibitor of this kinase, KRX-C7, was able to reduce cardiac
inflammation and oxidative in diabetic cardiomyopathy [95] and improve cardiac function
in two different mouse models of hypertrophy [33]. Pharmacologic inhibitors of NF«B are
available and were tested in other pathologic conditions [104-107], but their use is limited
due to the lack of specificity and side effects.

Drugs targeting IKKf, for instance, may produce a beneficial effect in preventing
atherosclerosis but also induce several side effects that are difficult to avoid [84].

Further studies are needed to design and synthesize more specific and cell-targeted
inhibitors of this transcription factor.

7. Conclusions

Inflammation is an essential mechanism in the development and progression of car-
diovascular diseases, thus representing a potential therapeutic target. In this context,
macrophages exert an essential role in both maintaining cardiovascular homeostasis as well
as in triggering cardiac damage. The great plasticity in macrophages’ function depends
on their origin and activation. The resident macrophages promote coronary development
and tissue homeostasis, favor electric conduction in cardiomyocytes, and contribute to
mitochondrial quality control by efferocytosis. On the other hand, infiltrating cells de-
rived from circulating monocytes have a predominant role in tissue injury and destruction
through the release of inflammatory cytokines and catecholamines. At the molecular level,
the transcription factor NFkB is involved in both inflammatory and hypertrophic gene
transcription, representing a potential therapeutic target in the treatment of cardiovascular
pathologies.
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