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Abstract: Inflammatory processes represent a pivotal element in the development and complications
of cardiovascular diseases (CVDs). Targeting these processes can lead to the alleviation of cardiomy-
ocyte (CM) injury and the increase of reparative mechanisms. Loss of CMs from inflammation-
associated cardiac diseases often results in heart failure (HF). Evidence of the crosstalk between
nuclear factor-kappa B (NF-κB), Hippo, and mechanistic/mammalian target of rapamycin (mTOR)
has been reported in manifold immune responses and cardiac pathologies. Since these signaling
cascades regulate a broad array of biological tasks in diverse cell types, their misregulation is re-
sponsible for the pathogenesis of many cardiac and vascular disorders, including cardiomyopathies
and atherosclerosis. In response to a myriad of proinflammatory cytokines, which induce reactive
oxygen species (ROS) production, several molecular mechanisms are activated within the heart
to inaugurate the structural remodeling of the organ. This review provides a global landscape of
intricate protein–protein interaction (PPI) networks between key constituents of NF-κB, Hippo, and
mTOR signaling pathways as quintessential targetable candidates for the therapy of cardiovascular
and inflammation-related diseases.
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1. Introduction

Heart failure (HF) is an elaborate clinical syndrome, which is caused by apopto-
sis/necrosis/autophagy of cardiomyocytes (CMs) and extracellular matrix (ECM) remodel-
ing, finally leading to ventricular dysfunction and deficient cardiac output [1–3]. Despite
the current standard therapeutic approaches in HF and the neurohormonal antagonists,
which offer improved clinical outcome, novel therapeutic agents are still urgently needed
to gain insights into this field [4]. In acute myocardial infarction (MI), an etiology of HF,
the subsequent inflammatory feedback plays a key role in rejuvenating the injured cardiac
region. Targeting the inflammatory signaling pathways to diminish myocardial and arterial
damage in other cardiovascular pathologies that lead to HF, including atherosclerosis and
cardiomyopathies, could represent an innovative tool to lessen disease progression and
restore CM integrity [5]. The engagement of the immune system is well-recognized as a
critical component in the pathological mechanisms of cardiovascular diseases (CVDs) [6–8].
Crucially, several inflammatory markers, C-reactive protein (CRP), interleukin-6 (IL-6),
d-dimers, lipoprotein-associated phospholipase A2, and long pentraxin 3 (PTX3), are
increased in patients with CVDs, connecting cardiovascular incidents with inflamma-
tory status and allowing prognosis [9–12]. The development of transcriptomic analyses
has improved our understanding of signaling pathways in CVD inflammation. Decid-
edly, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), a paramount
inflammation-driven mediator, cooperates with Hippo and mechanistic/mammalian target
of rapamycin (mTOR) signaling networks to synchronize the immune/inflammatory re-
sponses. This review briefly delineates the biological implications of their interchanges to
target inflammation-associated CVDs and CM regeneration.
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2. Inflammatory Mediators in Cardiovascular Diseases

The concept of inflammation in CVDs has been recognized as the main trigger for
the progression and pathogenesis of HF [13]. Importantly, the interactions between in-
flammatory mediators orchestrate the immune response and tissue remodeling. The
persistence of the inflammatory status might be the consequence of a steady activation of
proinflammatory cascades and also might be correlated with less likelihood of resolution
and repair phase [14,15]. Several mediators, including CRP, PTX3, and tumor necrosis
factor α (TNF-α), are enhanced in cardiovascular pathologies (Table 1) [12,16,17]. However,
anti-inflammatory approaches used in clinical trials and experimental studies provide
information about these mediators’ pathophysiological effects rather than proposing a
current treatment for HF and other CVDs [18].

It is primarily understood that atherosclerosis represents a major contributor to the
spectrum of coronary heart disease [19]. The atherosclerotic process is caused by endothelial
dysfunction and increased permeability of low-density lipoprotein (LDL) and immune cells
into the intima [20]. Progressively, subendothelial LDL accumulation generates metabolic
distresses, counting hyperlipidemia, hypertension, and diabetes [21,22]. Interestingly,
the interconnection between inflammation and atherosclerosis plays a key role in clinical
cardiovascular risk, increasing the interest in targeting agents of the inflammatory cascades.

CRP is one of the best-scrutinized acute-phase proteins in CVDs [23,24]. Raised CRP
levels are connected with high risks of developing MI, atrial fibrillation, and peripheral
artery disease [25,26]. Whether CRP constitutes merely an inflammatory biomarker and
contributes to CVD pathogenesis remains an open question. A randomized trial conducted
by Chan et al. [27] has shown that rosuvastatin administered in patients with aortic stenosis
diminishes CRP levels (Table 1); however, it does not influence the severity of the disease.
This trial agrees with the Controlled Rosuvastatin Multinational Trial in Heart Failure
(CORONA) and GISSI-HF trials which demonstrated neutral effects of rosuvastatin on the
progression of HF [28,29].

Studies from animal models underscored that PTX3 exerts cardioprotective effects,
regulating inflammatory conditions and ECM remodeling [30,31]. PTX3 is enhanced by anti-
inflammatory agents, including IL-10 and high-density lipoproteins (HDL), substantiating
that PTX3, as an essential mediator of innate immunity, regulates the proatherogenic
response into the vascular wall [32]. Moreover, using immunohistochemistry, a study has
confirmed the expression of PTX3 in patients with acute MI and infectious myocarditis
(Table 1) [33]. Specifically, PTX3 was mainly secreted by macrophages and endothelial cells,
accumulating in the interstitial medium [33]. Moreover, the Lipid Assessment Trial Italian
Network (LATIN) has shown that PTX3 represents an attractive prognostic tool in patients
with MI and ST elevation [34]. It was an independent predictor of three-month mortality,
compared with other cardiac biomarkers, such as creatine kinase (CK), troponin T, and
N-terminal pro-brain natriuretic peptide (NT-proBNP).

TNF-α represents a widely documented proinflammatory cytokine in the develop-
ment of CVDs and HF [35,36]. TNF-α modulates its different effects by attaching to tumor
necrosis factor receptor 1 (TNFR1) and tumor necrosis factor receptor 2 (TNFR2) [37,38].
Essentially, TNFR1 promotes apoptosis in contrast with TNFR2 which is involved in cell
survival [39]. In a murine model with TNFR1 loss of function, at the administration of
TNF-α in the cardiac tissue, TNFR2 was upregulated, as a feedback-dependent mecha-
nism [40]. Additionally, increased amounts of TNF-α in the myocardium resulted in left
ventricular dilation, due to the induction of negative inotropic actions [41]. The treatment
of the animals with a TNF-α antagonist (TNFR: Fc) reversed some of the TNF-α-induced
effects, emphasizing that neutralization of this cytokine with specific antagonists would
show significant benefits in patients with HF and other inflammatory conditions, such as
rheumatoid arthritis [41,42]. The effect of etanercept, a human soluble TNF receptor fusion
protein, in the RENEWAL (Randomized Etanercept Worldwide Evaluation)—combined
data from RECOVER (Research into Etanercept: Cytokine Antagonism in Ventricular Dys-
function) and RENAISSANCE (Randomized Etanercept North American Strategy to Study
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Antagonism of Cytokines) clinical trials—deserves to be underlined (Table 1). Etanercept
failed to improve the clinical status of patients with New York Heart Association (NYHA)
class II to IV chronic HF compared with controls [43]. In addition, etanercept injection in
induced rheumatoid arthritis rats diminished TNF-α levels and, intriguingly, lowered the
nuclear location of NF-κB [44]. A more selective blockade of TNF-α signaling with specific
inhibitors remains an open area of research.

Table 1. Experimental studies/ clinical trials targeting inflammatory mediators in cardiovascular
diseases.

Inflammatory
Mediator

Anti-Inflammatory
Agent

Experimental
Study Clinical Trial Outcomes References

CRP Rosuvastatin

-

Aortic Stenosis
Progression Observation:

Measuring Effects of
Rosuvastatin

(ASTRONOMER)

↓ CRP levels
↓ LDL cholesterol

[27]

-

GISSI-HF (Gruppo
Italiano Per Lo Studio
Della Sopravvivenza

Nell’Insufficienza
Cardiaca-Heart Failure)

[28]

-
Controlled Rosuvastatin

Multinational Trial in
Heart Failure (CORONA)

[29]

PTX3

-
√

-
↑ PTX3 in patients with
acute MI and infectious

myocarditis
[33]

- - Lipid Assessment Trial
Italian Network (LATIN)

PTX3 prognostic tool:
3 month mortality in
patients with MI and

ST elevation

[34]

TNF-α Etanercept

-

RENEWAL (Randomized
Etanercept Worldwide

Evaluation)—combined
data from RECOVER and

RENAISSANCE

No improvement on the
rate of death or

hospitalization in
patients with NYHA

class II to IV chronic HF

[43]

√
-

↓ TNF-α
↓ NF-κB

in induced rheumatoid
arthritis rats

[44]

CRP: C-reactive protein; HF: heart failure; MI: myocardial infarction; NYHA: New York Heart Association;
PTX3: long pentraxin 3; and TNF-α: tumor necrosis factor α; ↑: increase; ↓: decrease;

√
: applicable.

3. Reactive Oxygen Species (ROS), NADPH Oxidases (NOXs), and NF-κB: Putative
Therapeutic Targets

ROS constitute key mediators in signaling pathways involved in cardiovascular patho-
physiology [45]. Upon induction of stressful conditions, such as MI, diabetes mellitus, and
hypercholesterolemia, the balance between ROS (oxidants) and antioxidant mechanisms is
inclined towards the former, contributing to CMs damage and apoptosis [46]. A growing
body of evidence highlighted the pivotal function of NADPH oxidase (NOX) in specific
CVDs [47,48]. These enzymes are major sources of ROS, as primary generators of oxidative
agents [47]. In essence, there are seven isoforms of NOXs: NOX1–NOX5, dual oxidase 1
(DUOX1), and DUOX2 [49], each presenting a specific subcellular localization that regulates
the type of ROS [50]. NOXs promote endothelial dysfunction in atherosclerosis. During
the progression of atherosclerotic events, ROS generated by NOXs induction proceed with
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endothelial nitric oxide synthase (eNOS) uncoupling and mitochondrial dysfunction [51].
Experimental attempts to recouple eNOS include overexpression of GTPCH1 in endothelial
cells, resulting in NO bioavailability and reduction in inflammatory conditions in ApoE
knockout mice [52]. Interestingly, another recent study emphasized that downregulation
of DUOX2 in telocytes, a type of interstitial cell, leads to a decrease in oxidative stress in
inflamed lungs of mice with acute respiratory distress syndrome (ARDS) [53]. Targeting
telocyte-specific DUOX2 might also be an attractive therapeutic option in CMs regeneration,
given that ARDS is connected with cardiac dysfunction and organ failure [54,55]. NF-κB
signaling constitutes a crucial mediator of inflammatory processes [56]. NF-κB target genes
are of central importance in regulating the production of ROS [57]. Chiefly, NF-κB impedes
cellular apoptosis by attenuating ROS expression [57,58]. Along these lines, recombinant
serum amyloid A1 (SAA1) protein induces NOX4/ROS inflammatory axis by upregulating
the levels of phosphorylated (p)-p38 and p-p65 NF-κB subunit in vascular smooth muscle
cells (vSMCs) [59]. Future therapeutic agents mediating SAA1/NOX4/ROS inhibition
might improve the clinical status of patients with atherosclerosis and associated-CVDs.

4. Targeting Inflammatory Signaling Pathways
4.1. NF-κB Signaling Pathway and Its Role in Cardiovascular Biology

NF-κB signaling represents a well-known regulator of inflammatory and immune
responses in a plethora of pathophysiological events [60–63]. The NF-κB family of tran-
scription factors (TFs) is also specifically involved in the pathogenesis of several CVDs,
including MI and HF [64–66]. This family comprises five members: NF-κB1 (also known as
p50), NF-κB2 (also known as p52), RelA (also known as p65), RelB, and c-Rel, all sharing a
common amino-terminal Rel homology domain (RHD), which is pivotal for attaching to
cognate DNA promoters, in addition to dimerization [67–69]. In terms of their capacity to
target promoter/enhancer regions, Rel subfamily members (RelA, RelB, and c-Rel) accom-
modate transactivation domains at their C-termini, compared with NF-κB1 and NF- κB2,
which lack these domains and operate as transcriptional repressors [70–72]. Within cells,
the members of the NF-κB family assemble as diverse homo- and heterodimers. In the
heart, p50/p65 constitutes the most prevalent complex [67,73]. In an inactive state, dimers
are bound to inhibitors of NF-κB proteins (IκBs), including IκBα, -β, and -γ, characterized
by the presence of ankyrin repeats [69,74].

Activation of NF-κB occurs via the canonical and noncanonical (alternative) signaling
pathways, with different operating mechanisms (Figure 1) [75,76]. Molecules such as TNFα,
interleukin-1 β (IL-1β), and lipopolysaccharides (LPS) are known to switch on the canonical
pathway [77–79]. The signal is transduced through tumor necrosis factor receptors (TNFRs),
pattern-recognition receptors (PRRs), and interleukin-1 receptors (IL-1Rs) [76,79–81]. Under
basal conditions, p105 and p100, the precursor proteins of large polypeptides, NF-κB1 and
NF-κB2, are cleaved to generate active subunits, p50 and p52 [82]. The mainstay players in
the canonical pathway are IκB kinase (IKK) complexes (IKKα (also known as IKK1), IKKβ

(also known as IKK2), and IKKγ/NF-κB essential modulator (NEMO)), which induce the
phosphorylation of the IκB molecules, followed by their poly-ubiquitination-dependent
degradation by the β-transducin repeat containing E3 ubiquitin–protein ligase complex
(SCFβ-TRCP) and proteasomal degradation [83–86]. Notably, transforming growth factor-
β-activated kinase 1 (TAK1) is responsible for assimilating the PRR pathways for NF-κB
induction [87–89]. In essence, TAK1 mediates IκBα phosphorylation by actuating the down-
stream kinase IKK, thereby promoting NF-κB activation [90]. Moreover, CD40, TNFR2,
B-cell activation factor receptor (BAFFR), lymphotoxin β-receptor (LTβR), and receptor
activator for nuclear factor kappa B (RANK) constitute decided inducible receptors of the
noncanonical NF-κB signaling pathway [75,91]. The composite NF-κB ligand-receptor in-
terplay sets off the NF-κB inducing kinase (NIK) activity, which in turn activates IKKα [92].
Then, the latter enzyme “seizes the opportunity” to phosphorylate p100, bringing about
the formation of mature p52, which along with RelB complexes, translocate to the nucleus
to induce expression of target genes [75,93–95].
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Figure 1. NF-kB and Hippo signaling pathways (see main text for details). The black arrows designate
central signaling pathways; the continuous lines denote induction; and the continuous blunt-ended
lines signify inhibition. BAFFR: B-cell-activating factor receptor; COX2: cyclooxygenase 2; DHRS3:
dehydrogenase/reductase 3; IFN-γ: Interferon γ; IkB: inhibitor of NF-kB; IKK: IκB kinase; LATS1/2:
large tumor suppressor 1/2; LPS: lipopolysaccharide; LTβR: lymphotoxin β receptor; MOB: LATS1/2-
interacting protein Mps one binder; MST1/2: mammalian Sterile 20-like kinases 1/2; NF-kB: Nuclear
factor kappa-light-chain-enhancer of activated B cells; NIK: NF-κB-inducing kinase; P: phosphoryla-
tion; PIK3CB: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta; SALV: Salvador;
SOX17: SRY-box transcription factor 17; TAZ: transcriptional co-activator with PDZ-binding motif;
TEAD1/4: transcription factors with TEA domain; TNF-α: tumor necrosis factor α; TNFR: TNF re-
ceptor; Ub: ubiquitination; YAP: Yes-associated protein; and β-TRCP: β-transducin repeat-containing
E3 ubiquitin–protein ligase complex. Segments of the figure were portrayed by using artwork from
Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution
3.0 Unported License, https://creativecommons.org/licenses/by/3.0/ (accessed on 4 August 2022).

NF-κB signaling has been documented in etiologies collateral to cardiometabolic disor-
ders (e.g., diabetes), atherosclerosis, MI, cardiomyopathies, HF, comprising inflammation,
thrombosis, endothelial cell (EC) dysfunction, generation of ROS, phenotypic switching of
vSMC, and CM apoptosis [58,67,96–100]. Intriguingly, the sophisticated protein–protein
interactions (PPIs) between NF-κB components and activators/repressors of its signaling
cascade are generated through feedback loops [101]. To date, several pre-clinical studies
and clinical trials have been designed to improve the clinical outcome of patients with
inflammatory CVDs. Decidedly, the crosstalk between NF-κB and inflammation can be
considered a double-edged sword in the pathogenesis of CVDs. On one hand, the cardio-
protective role of NF-κB has been ascertained using chromatin immunoprecipitation (ChIP)

https://creativecommons.org/licenses/by/3.0/
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analysis in a rat model. When postnatal ventricular CMs have gone through hypoxia stress,
the transcription of the BCL-2 interacting protein 3 (BNIP3) has been induced by attaching
E2F transcription factor 1 (E2F-1) to the BNIP3 promoter and the NF-κB p65 subunit has
been displaced, bringing about intrinsic apoptosis [102]. This study provides compelling
evidence that NF-κB advocates cell survival, suppressing the apoptotic response induced
by transcriptional activation of E2F-1. On the other hand, Hamid and colleagues [103]
have demonstrated that NF-κB p65 chronic blockage in CMs impairs cardiac remodeling,
apoptosis, fibrosis, counterproductive endoplasmic reticulum stress, and also promotes
CM survival in failing hearts. Moreover, in the context of inflammation and stress condi-
tions, vSMCs undergo cytoskeletal rearrangements and build up robust plasticity from
the contractile to the synthetic phenotype, opposite to their quiescent physiological state,
similar to pericytes, contributing to the generation of atherosclerosis [104,105]. Another
study from the Karunakaran lab [106] has shown that receptor-interacting serine/threonine-
protein kinase 1 (RIPK1), a downstream signaling mediator of inflammatory receptors,
represents a paramount inducer of the NF-κB pathway, which enhances atherosclerosis
by promoting the discharge of inflammatory cytokines. Along these same lines, pentraxin
family proteins, including CRP and PTX3, mediate some of the inflammatory responses to
infectious/proinflammatory origins [107]. In this regard, CRP not only triggers inflamma-
tion via the Toll-like receptor 4 (TLR4)/NF-κB/transforming growth factor β (TGF-β) axis
but also promotes apoptosis by itself of HL-1 cells (atrial CMs model), and, interestingly,
inhibition of NF-κB alone rescues cell proliferation [108]. In comparison, PTX3 could be
considered a more “faithful” inflammatory biomarker, as this protein is secreted locally
by monocytes/macrophages, ECs, vSMCs, and other cell types, reaching a peak faster
than CRP [30]. The NF-κB signaling cascade acts as a central point in PTX3 expression, as
IKK2/IκB induces PTX3, leading to EC dysfunction and apoptosis, suggesting that PTX3
might be an atherogenic advocator [11]. Of note, the role of PTX3 has also been assessed in
MI. In a model of PTX3 knockout mice, the extent of IL-6 was increased, and mice with
IL-1R loss-of-function have not been capable of inducing the expression of PTX3, suggesting
that PTX3 could be an attractive target in inflammation. Blocking specific cytokines, cell
membrane receptors, the ubiquitin-proteasome system, and the IKK complex could offer
an additional advantage over standard therapy [109]. To this end, anti-TNF-α treatment
seems to have therapeutic benefits and alleviates the risk of cardiovascular events. The
randomized ATTACH (Anti-Tnf alpha Therapy Against Chronic Heart failure) trial test-
ing of the impact of infliximab, a chimeric TNFα-antibody, showed no advantage in HF
with reduced ejection fraction (HFrEF) patients (see Table 2). Moreover, high doses of
infliximab have been associated with cardiovascular mortality and hospitalization [110].
Furthermore, sulfasalazine, a disease-modifying anti-rheumatic drug (DMARD), exerts
its anti-inflammatory and immunosuppressive effects via inhibiting IKKs’ activity, thus
this drug abolishes NF-κB induction [111]. The placebo-controlled trial conducted by Tabit
et al. [112] in patients with coronary artery disease did not meet its endpoint to reduce
endothelial dysfunction as a result of the inflammatory response induced by atherosclerosis.
Interestingly, sulfasalazine reduces the expression of TNFα-mediated inflammatory genes
in peripheral blood mononuclear cells with no effect on systemic inflammatory biomarkers.
A potential explanation for these results implies that the chronic status of coronary disease
might be reluctant to manipulation of NF-κB inhibition. Therefore, considering NF-κB
signaling a potential target for drugs in the field of inflammatory cardiovascular patholo-
gies will empower researchers to appraise the roles of this pathway in the pathogenesis of
various diseases, and further substantiate these findings into clinical translatability.
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Table 2. Pre-clinical studies/clinical trials targeting signaling pathways in cardiovascular pathologies.

Signaling
Pathway

Drug/Genetic
Study Clinical Trial Pre-Clinical

Study Cardiovascular Events References

NF-κB
pathway

Infliximab
ATTACH (Anti-TNF

alpha Therapy Against
Chronic Heart failure)

-
↑ mortality and hospitalization

No improvement in clinical status
of III-IV NYHA HF patients

[110]

Sulfasalazine
Sulfasalazine and

Endothelial Function
(NCT00554203)

-

↓ NF-κB activation
↓ inflammatory TNFα-

induced genes
No amelioration of endothelial

dysfunction in patients with
coronary artery disease
No effects on systemic

inflammatory biomarkers

[112]

Hippo
pathway

Endothelial-
specific YAP

deletion
-

√ ↓ NF-κB activation
↓ TAK1 induction

↓ proinflammatory cytokines
[113]

YAP and TAZ
deletion in the

epicardium
-

√
↓ IFN-γ → defective recruitment
of T-regulatory cells → inhibition

of cardioprotective effects →
myocardial injury

[114]

mTOR
pathway

Hesperidin -
√ ↓ Beclin1

↑ mTOR and Akt PI3K
↓ myocardial I/R injury

[115]

Everolimus

Controlled Level
EVERolimus in Acute
Coronary Syndromes

(CLEVER-ACS)

-

No reduction in MI size
No improvement of

microvascular
obstruction

[116]

Akt: v-akt murine thymoma viral oncogene homolog; HF: heart failure; I/R: ischemia/reperfusion; IFN-γ:
interferon γ; MI: myocardial infarction; mTOR: mechanistic/mammalian target of rapamycin; NYHA: New York
Heart Association; PI3K: phosphatidylinositol 3-kinase; TAK1: transforming growth factor-β-activated kinase 1;
and TNF-α: tumor necrosis factor α; ↑: increase; ↓: decrease;

√
: applicable.

4.2. Crosstalk between Hippo and NF-κB Signaling Pathways

Originally discovered in the fruit fly (Drosophila melanogaster), the Hippo signaling
pathway has emerged as a centerpiece in the regulation of heart development, stemness,
CM proliferation, survival, and apoptosis [117–122]. This signaling cascade accommodates
several serine/threonine kinases, which constantly phosphorylate and sequester the tran-
scriptional coactivators, Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) within the cytosol (Figure 1) [119,123]. Essentially, mammalian
Ste20-like kinase 1/2 (MST1/2), in association with its adaptor protein Salvador (SALV),
induces the downstream kinase large tumor suppressor 1/2 (LATS1/2) [124]. Sequentially,
the latter kinase cooperates with its adaptor Mps one binder 1A and B (MOB1A/B) to phos-
phorylate YAP/TAZ, warding off their interplay with the TEA domain (TEAD1-4) family
of TFs [125,126]. Consequently, the transcriptional coactivators are poly-ubiquitinated by
SCFβ-TRCP E3 ligase and are broken down in the proteasome or complexed with 14-3-3 pro-
tein to downregulate the target genes (PIK3CB, DHRS3, and SOX17) transcription [127–129].

Eminently, Hippo signaling is acknowledged as a critical governor of CM proliferation
during embryonic development [130,131], so it can be considered an ideal targetable candi-
date to promote heart regeneration/repair. Inducing the proliferation of adult CMs is more
challenging than that of their embryonic/fetal/neonatal counterparts [132]. YAP/TAZ
increases CMs’ resilience to inflammation-induced stresses, capable of reprogramming
CMs to a primitive and fetal-like state, which is instrumental to cardiac survival [133,134].

Noteworthy studies have meticulously scrutinized the crosstalk between Hippo and
NF-κB signaling pathways (Figure 2) [135–137]. Since Hippo constitutes a mainstay regula-
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tor of the cardiovascular system homeostasis, it would be reasonable to also represent a
modulator of input/output inflammatory and immune signals. In this regard, the deletion
of YAP and TAZ in the epicardium is associated with the downregulation of IFN-γ, leading
to defective recruitment of T-regulatory cells, which, in fact, possess a cardioprotective func-
tion by limiting myocardial remodeling after tissue injury (Figure 2) [114]. Notably, YAP
emerges as an elaborate modulator of vascular inflammation, inhibiting NF-κB signaling
by collaborating with the E3 ligase to ubiquitinate tumor necrosis factor receptor-associated
factor 6 (TRAF6), thus YAP could be an attractive therapeutic target to indirectly alleviate
the inflammatory response promoted by NF-κB morphogens [113]. ECs-specific deletion of
YAP has negatively synchronized NF-κB activation, TAK1 induction, and cytokine-driven
proinflammatory responses (Table 2) [113]. Moreover, another study cast light on the poten-
tial interplay loops between these signaling cascades. CMs-specific inhibition of the RAS
association domain family 1 isoform A (RASSF1A)/MST1 signaling axis could avoid apop-
tosis and induce cardioprotective mechanisms, in contrast with cardiac fibroblasts, where
suppression of this axis triggers NF-κB expression (inducer of cardiac hypertrophic/fibrotic
phenotype) and cell proliferation, highlighting novel perspectives of targeting cell-specific
genes/proteins linked to these pathways (Figure 2). Additionally, the cellular microenvi-
ronment is not just a simple bystander, but rather has a great impact on restoring tissue
homeostasis and adjusting the paracrine/autocrine signals. At low cellular density, cy-
clooxygenase 2 (COX2), one of the NF-κB target genes, is downregulated in response to
TNFα and IL-1β stimulation of a constitutively active form of YAP (YAP5SA)-expressing
cells, emphasizing that the Hippo pathway could systematize particular NF-κB-specific
genes with high significance and applicability in CVDs to inhibit the pathological settings
(Figure 2) [138]. It can be hypothesized that activation of Hippo signaling, using gain-
of-function genetic studies targeting YAP/TAZ, in association with inhibition of NF-κB
mediators, will better define cardioprotective strategies to minimize cardiac injury and
inhibit CMs apoptosis. From a clinical perspective, there have been no anti-inflammatory
drugs regarding Hippo signaling targeting inflammation in associated CVDs. Yet, some
TEAD inhibitors, such as VT3989, ION537, and IAG933, have been evaluated as therapeutic
targets regarding tumor pathology, especially in those presenting mutations of neurofi-
bromin 2 (NF2) [139]. Moreover, an ongoing phase I trial involving another TEAD inhibitor,
IK-930, aims to evaluate its safety in subjects with advanced solid tumors with or without
NF2 mutations [140]. However, future development of novel therapeutics targeting NF2 in
clinical trials involves an exquisite balance regarding benefits in cardiovascular pathologies
since NF2 is activated in arrhythmogenic cardiomyopathy, MI, and ischemia/reperfusion
(I/R) in response to oxidative stress [141,142]. The molecular mechanisms modulating the
activation of these signaling cascades and their cardioprotective/pathological outcome
need to be clarified.

4.3. Crosstalk between Mechanistic/Mammalian Target of Rapamycin (mTOR), NF-κB, and Hippo
Signaling Pathways

The mTOR complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2),
govern momentous biological processes, including cell survival, metabolism, myocar-
dial angiogenesis, and stem cells differentiation into CMs [143–147]. The mTOR kinase
represents an atypical serine/threonine kinase that belongs to the phosphoinositide kinase-
related kinase (PIKK) family [148]. Substantially, both complexes comprise the proteins
TELO2 interacting protein 1 (TTI1), mammalian lethal with SEC13 protein 8 (mLST8),
DEP domain-containing mTOR-interacting protein (DEPTOR), and telomere length regu-
lation protein TEL2 homolog (TEL2), in addition to mTOR (Figure 3) [149]. Dissimilarly,
mTORC1 is composed of Proline-rich Akt substrate of 40 kDa (PRAS40) and regulatory-
associated protein of mTOR (RAPTOR), in contrast with mTORC2, which comprises
rapamycin-insensitive companion of mammalian target of rapamycin (RICTOR), pro-
tein observed with Rictor-1 (PROTOR1), and mammalian ortholog of stress-activated map
kinase-interacting protein 1 (mSIN1) [150–152]. The signal transduction of mTOR pathways
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dichotomize into phosphatidylinositol 3-kinase (PI3K)–v-akt murine thymoma viral onco-
gene homolog (Akt)–mTOR pathway and AMP-activated protein kinase (AMPK)–mTOR
pathway (Figure 3) [105,153].
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In essence, growth factors and insulin/insulin-like growth factor 1 (IGF-1) act as
upstream adjusters by attaching to receptor tyrosine kinases (RTKs), inducing PI3K,
which further phosphorylates Akt [154–156]. Alternatively, the signal transduction of
RTKs could be modulated through RAS/RAF/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) [157]. It is widely recognized that
mTORC2 activates Akt and protein kinase C (PKC) by phosphorylating their highly
conserved C-terminal tail motifs [158]. In turn, Akt phosphorylates tuberous sclerosis
complex 2 (TSC2)/tuberin, which further attaches to the 14-3-3 protein, becomes seized
within the cytoplasm, and promotes the induction of mTORC1 by impairing the inhibition
activity of the TSC1-TSC2 complex on the small GTPase RHEB [148,159–162]. The mTORC1
promotes lipogenesis and protein synthesis by processing sterol regulatory element-binding
protein-1 (SREBP-1) to induce the transcription of acetyl-CoA carboxylase (ACC), fatty
acid synthase (FASN), glycerol-3-phosphate acyltransferase (GPAT), and stearoyl-CoA
desaturase-1 (SCD1) lipogenic genes [163] while inhibiting the autophagic program [164].
Moreover, mTORC1 downregulates AMPK, a key activator of autophagy [165]. Interest-
ingly, mTORC1 is responsible for regulating the myocardial ischemia scenario, whereas Be-
clin1 exerts cardioprotective effects in the reperfusion stage [165,166]. In addition, mTORC2
influences cell survival and cytoskeletal architecture by modulating the cAMP-dependent
kinases, cGMP-dependent kinases, PKC, and protein kinase B (PKB)/Akt [154,167].

An elegant work from Li et al. [115] has revealed that upon stimulation with hes-
peridin, myocardial I/R injury has been alleviated by the downregulation of Beclin1 and
upregulation of phosphorylated (p)-mTOR, p-Akt, and p-PI3K. It is well-described that
reperfusion promotes extensive autophagy that produces detrimental consequences within
the heart via ROS-mediated robust upregulation of Beclin 1, intriguingly, through NF-κB
(Figure 3) [168–173]. Another recent work has disclosed that cardiac mTORC2 has nega-
tively adjusted the MST1 kinase scheme, evocative of the crosstalk with the Hippo signaling
pathway [174]. Interestingly, mTORC2 promotes survival and growth of CMs, and acts as a
“guardian” of MST1 induction, to support the physiological state and preserve cardiac func-
tion. Besides, LATS1 and LATS2 phosphorylate RAPTOR to attenuate mTORC1 activation,
suggesting again a direct interconnection between the Hippo and mTOR pathways [175].
This study highlights that LATS1/2 impairs mTORC1 signaling, leading to the inhibition
of cellular proliferation, protein synthesis, and metabolism. It would be interesting to
assess the regulatory capacity of other Hippo signaling molecules on the mTOR cascade
in CMs to determine the putative application of the crosstalk-dependent mediators in
future cardiac regenerative therapies. Additionally, a recent paper has provided evidence
that mTOR signaling is involved in the pathogenesis of the atherosclerotic process. The
transcriptome analyses of CD68+ myeloid cells attested that prosaposin (PSAP), a hub
gene, is downregulated upon mTOR/ribosomal protein S6 kinase 1 (S6K1)-dependent
inhibition [176]. Prosaposin, a member of the saposin family of proteins, exerts its roles
in the regulation of lysosomal lipid metabolism and is mainly expressed in monocytes
and macrophages [176,177]. This protein possesses anti-inflammatory properties, so it
could serve as an excellent future targeted therapy for atherosclerosis. Moreover, dihy-
drotanshinone I (DHT) might support the significant role of the mTOR/transcription factor
EB (TFEB)/NF-κB signaling axis in the inhibition of inflammation induced by cardiotox-
icity upon administration of doxorubicin [178]. DHT possesses anti-inflammation roles
by inhibiting the proinflammatory cytokines produced by M1 macrophages. To unravel
the molecular mechanisms of the mTOR signaling pathway in CMs, Wang et al. [178]
performed a co-incubation of doxorubicin-stimulated cells with an mTOR agonist, resulting
in increased expression of TNF-α and COX2, and abolished levels of nuclear TFEB, along
with an upregulation of p-IKKα/β. DHT has assumed the role of a therapeutic adjuvant,
diminishing the levels of p-IKKα/β and p-NF-κB, and exerting its anti-apoptotic effects
via the mTOR signaling pathway, thus DHT could be considered a cardioprotective agent
with future implications in cardiotoxicity studies.



Immuno 2022, 2 641

Clinical data have sustained proof of concept that mTOR inhibitors confer therapeutic
benefits in CVDs [179,180]. The Controlled Level EVERolimus in Acute Coronary Syn-
dromes (CLEVER-ACS) clinical trial [116] has employed patients going through acute
ST-elevation MI (STEMI) to receive everolimus, an mTOR inhibitor, for five days (Table 2).
The results warrant attention regarding the efficacy of everolimus, as neither primary
endpoints (no reduction in MI size) nor secondary ones (no great improvement of mi-
crovascular obstruction) have been accomplished at 30 days, attested by cardiac magnetic
resonance imaging (CMRI) [181].

Consequently, a better comprehension of the mechanisms underlying the pathological
induction of mTOR pathways will provide a basis for designing state-of-the-art therapeutic
strategies.

5. An Update of Targeted Therapy to Subdue Inflammatory Pathways

Given their implications in inflammatory processes, NF-κB, Hippo, and mTOR signal-
ing pathways serve as key therapeutic targets [61,137,182].

NF-κB signaling cascade is essentially inaugurated at the cell membrane through the
activation of receptors. Remarkably, the therapeutic monoclonal antibodies (mAbs), along
with fusion proteins, constitute a novel technology to inhibit the proinflammatory cytokines
in clinical trials. Several drugs, including TNF inhibitors (infliximab, etanercept, adali-
mumab, certolizumab pegol, and golimumab), Bruton’s Tyrosine Kinase (BTK) inhibitors
(zanubrutinib), proteasome inhibitors (carfilzomib and ixazomib), and nuclear export in-
hibitors (selinexor) have been approved by Food and Drug Administration (FDA) [183–187].
Moreover, TRAF-STOP inhibitor 6877002 constitutes a selective inhibitor of CD40-TRAF6
interplay, which impedes the activation of the NF-κB pathway, and has been acknowledged
as a repressor of the atherosclerotic process in Apoe-deficient mice [188]. Atorvastatin
possesses immunomodulatory, anti-inflammatory, and lipid-lowering effects by inhibiting
NF-κB, TNF-α, and IL-6 after zymosan-induced vascular inflammation [189].

Accumulating evidence has proved that the Hippo pathway represents a promising
therapeutic target for CVD therapy [122,190]. XMU-MP-1, an MST1/2 inhibitor, diminishes
CMs hypertrophy and enhances cell survival by inducing the activity of YAP in response
to pressure overload [191]. IRF3 constitutes an agonist of YAP, promoting its activation
and nuclear translocation [192]. Knockdown of IRF3 has been shown to suppress gastric
tumor progression in a YAP-dependent manner [193]. Prospective therapeutic advances
will be able to confirm IRF3-mediated responses to the induction of YAP/TAZ signaling
regarding the modulation of inflammatory processes in cardiovascular pathologies and
cardiac regeneration.

The effectiveness of mTOR inhibitors, including rapamycin and rapamycin analogs
(rapalogs), has been substantiated in manifold pathological states, including hypertrophy,
autophagy, and immunosuppression [194–197]. Rapamycin exerts cardioprotective effects
on mice with transverse aortic constriction (TAC) [198]. As a potential contributor to
hypertrophy, mTOR has been considered an ideal target to regulate metabolic processes
by decreasing the activity of S6K1, eventually leading to a reduction in protein translation.
Furthermore, rapamycin avoids CM apoptosis and induces CM autophagy by inhibiting
mTOR and endoplasmic reticulum stress pathways in chronic HF [199]. Of interest, some
rapalogs, including everolimus, temsirolimus, and deforolimus, possess antineoplastic
roles and harmonize the immunomodulation of adaptive immunity [200–204]. Although
everolimus has not shown great improvement in reversing the condition of STEMI patients
in the CLEVER-ACS trial, still, it deserves further investigation, due to its potential benefits.
For instance, everolimus-treated rats after induction of MI exhibited an improvement in
ventricular function and an increase in the autophagy process [180].

Undoubtedly, targeting NF-κB, Hippo, and mTOR signaling components represents a
concept that has gained momentum in the cardiovascular area. The regulation of CVDs’
pathogenesis plays a crucial role in the determination of targeted therapeutic strategies.
Thereby, CM/immune cell-specific modulation of signaling pathways might be a promising
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modus operandi to prevent and treat inflammation in cardiovascular pathologies and to
induce myocardial regeneration.

6. Conclusions and Perspectives

Inflammation constitutes an essential mechanism in the development and advance-
ment of CVDs. Cardiac remodeling with persistent inflammation results in myocardial
fibrosis and ECM adjustments, which cause arrhythmias, exacerbate cardiac function, and
bring about HF. In the crosstalk between inflammation and CVDs, the NF-κB, Hippo,
and mTOR signaling pathways intermingle to synchronize cell fate plasticity, shaping
diverse biological functions within CMs and immune cells. Computational approaches
and cell-specific nanobiologics in conjunction with accurate genetical analyses will provide
ingenious answers to the long-lasting question of how signaling networks mediate diverse
transcriptional programs to promote CM regeneration and reverse cardiac dysfunction in
the associated inflammatory phenotypes. Since these signaling cascades play a key role in
the inflammation and regeneration processes, further research is required to more compre-
hensively characterize the proliferative orchestration of CMs and to develop therapeutic
blueprints without potential side effects.
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