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Abstract: In recent years, knowledge of cardiac regeneration mechanisms has dramatical-
ly expanded. Regeneration can replace lost parts of organs, common among animal spe-
cies. The heart is commonly considered an organ with terminal development, which has
no reparability potential during post-natal life. However, some intrinsic regeneration ca-
pacity has been reported for cardiac muscle, which opens novel avenues in cardiovascular
disease treatment. Different endogenous mechanisms have been studied for cardiac re-
pairing and regeneration in recent decades. Survival, proliferation, inflammation, angio-
genesis, cell-cell communication, cardiomyogenesis, and anti-aging pathways are the
most important mechanisms that have been studied in this regard. Several in vitro and an-
por: imal model studies focused on proliferation induction for cardiac regeneration reported
10.2174/09295673386662109 14113411 yromising results. These studies have mainly focused on promoting proliferation signal-

@ ing pathways and demonstrated various signaling pathways such as Wnt, PI3K/Akt, IGF-
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1, TGF-B, Hippo, and VEGF signaling cardiac regeneration. Therefore, in this review, we
intend to discuss the connection between different critical signaling pathways in cardiac
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repair and regeneration.

1. INTRODUCTION regenerative during human heart development [4]. Un-
til previously, the proliferation and growth of mamma-
lian cardiomyocytes (CMs) have been considered ex-

clusively to embryonic stages, with little or no capacity

Recognizing organ regeneration mechanisms gives
new insights into these biological processes, which
provides valuable therapeutic targets for promoting

regeneration [1]. Regenerative medicine follows the
substitution of lost or harmed organs during chronic
disorders. The reality of common mechanisms regulat-
ing organ repair and regeneration is an intriguing con-
cept. In a sense, harm gives a facilitative milieu for re-
generation. Cardiac repair and regeneration in humans
were first described almost a century ago following the
identification of split myocardial fibers in children in-
fected with diphtheria affected by the toxin [2, 3]. This
early study was initiated to the demonstrated concept of
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to revive after these stages.

One of the reasons that suggested a rapid loss of re-
generative capacity in adult cardiac mammals might be
consequent DNA damage caused by ROS or postnatal
enhancement in mechanical load, both of which occur
after birth [5]. This discovery caused to open new ave-
nues for this approach [6]. Physiological compensatory
mechanisms promote and improve CMs loss and fibro-
sis in pathological remodeling [7]. Therefore, there is a
need for policies to replace and regenerate CMs after
cardiac injury [8].

To conserve the failing heart, investigators have re-
cently focused on improving cardiac regeneration.
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Herein, we focus on the perspectives and outcomes of
approaches performed in association with signaling
pathways involved in cardiac developing repair and
renewal from researchers so far.

2. CARDIAC REGENERATION AND REPAIR OF
VERTEBRATES

Some vertebrates, such as teleost zebrafish, newts,
and neonatal mice [9], can restore damaged or lost
heart tissue suffering from different injury types.
Zebrafish serves as a proven model to review the heart
repair process [10-12]. The first study of cardiac regen-
eration in zebrafish was done in 2002, revealed that
zebrafish could restore their heart following amputation
of nearly 20% of its ventricle. Indeed, the formation of
fibrin clots after injury resulted in new CMs after 60
days post-injury (dpi), which resulted in getting back to
normal [13]. Restoration of CMs in zebrafish is not
based on the transdifferentiation of stem cells or other
cells; in fact, based on the development of pre-existing
CMs [14]. An in-depth understanding of the underlying
mechanism of extra and intracellular signaling path-
ways involved in zebrafish cardiac regeneration might
help find better alternatives to retrieve human cardiac
function.

The renewal of human cardiac is limited compared
with that of less complicated species; a stable devel-
opmental panorama expresses the initiating stage to
investigate cardiac regeneration's principle steps and
provide treatment procedures for regenerative medicine
[15]. Bearing all these in mind, the human cardiac was
not always regarded as a non—regenerative organ. Re-
cently some of the investigations provided that the my-
ocardium had some regenerative capacities. Physiolog-
ical heart growth was enhanced by enhanced CM size
instead of cell division [11].

Despite the disability of adult cardiac tissue in CM
regeneration processes, the fetal and neonatal hearts
preserve this prominence for a short time after birth.
With this viewpoint, investigations in neonatal mice
revealed that the retrieval reactions to heart damage
after surgical resection at postnatal day 1 contributed to
creating cardiac regeneration, while at day 7 resulted in
fibrosis and scar disposition. In a sense, regeneration in
neonatal mice looks to considerably depend on angio-
genesis and the re-induction of perfusion after hurt
damage. The short period in which the neonatal cardiac
tissue can still retrieve from damage is called the "re-
generative window", which in mice may be as short-
lived as 3 days [16].

Current Medicinal Chemistry, 2022, Vol. 29, No. 12 2143

3. CHANGE FOR SIGNAL PATHWAYS ASSO-
CIATED WITH HEART DEVELOPMENT AS A
STRATEGY FOR CARDIAC REGENERATION
AND REPAIR

In a vital organ such as the heart, regeneration is
charming and clinically relevant [17]. Indeed, one of
the most significant challenges of regenerative medi-
cine is extemporizing how to substitute the up to one
billion CMs destroyed following myocardial infarction
(MI) [18]. Several cardiac repair strategies are suggest-
ed, such as applying stem cell-derived CMs therapy,
inducing the proliferation of existing CMs, directing
non-muscle cells into CMs, utilizing hypoxic condi-
tions to the heart, and employing pro-regenerative fac-
tors, which are seeded on engineered patches [19].

One of the main therapeutic challenges of modern
cardiology is to design strategies to diminish myocar-
dial death, optimize cardiac repair, and eventually di-
minish cardiac remodeling following injury [20]. The
best strategy to improve HF's consequence is to regen-
erate damaged myocardium by making more functional
CMs [21]. Previous studies have introduced response
pathways such as retinoic acid (RA), JAK/Stat3, H,0,,
and HIF1 signaling pathways involved in heart repair.
Furthermore, several signaling pathways have been
shown to regulate CMs proliferation, including Hippo,
PI3K/Akt, IGF-1, periostin, and VEGF [22]. In this
regard, known extracellular factors including IGF-1,
FGF, periostin, and Nrgl require PI3K to induce the
proliferation of differentiated CMs (Fig. 1). Moreover,
it is worth mentioning that, unlike Nrgl, IGF-1, and
FGFs increase cardiac hypertrophy [23].

4. CURRENT ADVANCES IN CARDIAC RE-
GENERATION

Considerable advances have been made in recogniz-
ing cardiac repair and regeneration's cellular and mo-
lecular mechanisms, obtaining the ability to control
cardiac regeneration [24]. A specific organ's structure
and function in response to environmental stimulators
are defined by a complex of evolutionarily protected
roles encoded by a sequence preserved within core
components and with the help of regulatory mecha-
nisms [25, 26].

In the cellular-based approach, embryonic stem
cells or induced pluripotent stem cells (iPSCs) [27] into
CMs should be differentiated that could then be im-
planted into a damaged heart [28]. Adult myocardium
has a low number of stem cells and low regeneration
capacity after damage; however, in recent studies,
some efforts have been made to stimulate the cardiac
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Fig. (1). Schematic overview of the various signaling pathway in cardiac regeneration. (4 higher resolution/colour version of

this figure is available in the electronic copy of the article).

stem cells (CSCs) migration to the myocardium's in-
farcted era, to increase their proliferation and differen-
tiation and protect them from apoptosis. These studies
had promising results and created the hope that this
approach would be able to realize the effective recon-
struction of damaged heart tissue. For instance, one
study on the animal model demonstrated that resvera-
trol, a natural component, can induce the CSCs prolif-
eration, prevent apoptosis, increase VEGF expression,
and reinforce myocardial regeneration after infarction
[29].

It seems that some miRNAs are helpful in this re-
gard. For example, one study has shown that miR
199a-5P reinforces CSCs proliferation and inhibits
apoptosis by indirect p53 targeting [30]. Another
study's stimulatory effect of miR-21 on CSCs migra-
tion is also demonstrated [31]. In addition to these, oth-
er approaches for cardiac regeneration have been stud-
ied in recent years. Overall, to date, medical efforts
toward cardiac regeneration have concentrated on cell-
based treatments, including bone marrow-derived cells
(BMs), mesenchymal stem cells (MSCs), iPSCs, and
presumed cardiac progenitor cells [19, 32]. MSCs pro-
duce an abundant variety of cytokines and growth fac-
tors (GFs), and many are involved in restoring or re-
generating CMs. Factors including basic-fibroblast
growth factor (b-FGF), insulin-like growth factor 1
(IGF-1), and hepatocyte growth factor (HGF) have
been used to pre-condition MSCs and enhance their
reparative effects.

Furthermore, paracrine factors that are secreted, in-
cluding vascular endothelial growth factor (VEGF),
transforming growth factor B (TGF-B), secreted friz-
zled-related protein 1 (sFRP-1) and sFRP-2 [33]. Ge-
netic modification of MSCs to enhance cell viability,
mobility, and angiogenesis has been explored in this
connection. Besides, overexpression of the anti-
apoptotic factor Bel-2 in MSCs improves the survival
capacity of the CMs and enhances cardiac function dur-
ing post-MI transplantation [34]. With these perspec-
tives, MSCs with IGF-1 overexpression improves stem
cell mobilization and enhance angiogenesis, leading to
myocardial reparation [35].

Also, researchers using a small molecule such as
fluorine substituent (TT-10) derived from TAZ-12 vig-
orously stimulated CMs proliferation. Indeed, the TT-
10-mediated enhancement in YAP-TEAD activities
and the Wnt/B-catenin pathway can induce the prolifer-
ation of cultured CMs. Moreover, TT-10 plays an anti-
oxidant role in protecting CMs from oxidative stress
(OS), and thus, apoptosis is triggered by activating the
Nrf-2 transcription factor. Interestingly, intraperitoneal
injection of TT-10 enhances post-MI cardiac regenera-
tion in mice [36].

From another view, exosomes are small nano-sized
membrane-enclosed vesicles, which deliver RNA mol-
ecules and proteins to acceptor cells via binding, fu-
sion, or endocytosis. Indeed, exosomes present a large-
ly unknown ‘‘cell-to-cell’”” communication system that
is now considered a potential diagnostic and therapeu-
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tic agent used in cardiovascular disease (CVD) [37].
Exosomes secreted by CMs and progenitor cells affect
cell viability and proliferation, thus regulating angio-
genesis, cardiac preservation, and repair. These cardio-
protective and regenerative behaviors can delay is-
chaemic heart failure (IHF) [38]. Besides, studies on
cardiosphere-derived cells (CDCs) exosomes exert di-
verse but coordinated effects: inhibit apoptosis, pro-
mote the proliferation of CMs, and enhancing angio-
genesis after MI [39]. In this regard, Namazi et al. sug-
gested that exosomes released by CDCs under hypoxic
circumstances enhanced tube formation in cardiac dis-
orders under treatment by induction of angiogenesis via
augmentation of pro-angiogenic exosomal miRNAs
such as miR-210, miR-130a, and miR-126 [40].

5. EXTRACELLULAR SIGNALING PATHWAYS
IN CARDIAC REGENERATION

5.1. Wnt Signaling

Wnt signaling possesses several potential pathways,
but the most interesting is the Wnt/B-catenin signaling
pathway [41]. B-catenin, as a bi-functional protein in
normal cells, plays a vital role in composite junctions
as a structural protein and works as a signaling mole-
cule in the Wnt/pB-catenin pathway [42]. The Wnt/B-
catenin pathway has axial roles during embryonic de-
velopment, adult homeostasis, and organ regeneration
[43]. If B-catenin is decomposed, the Wnt/B-catenin
pathway is inactivated [44].

Wnt pathway activation after heart disorders has
been identified in CMs, endothelial cells, fibroblasts,
and leukocytes. The two types of described Wnt path-
ways include PB-catenin dependent (canonical) or B-
catenin independent (noncanonical) pathways [45]. In
the canonical Wnt pathway in the lack of ligand, B-
catenin is phosphorylated by Glycogen synthase kinase
3 beta (GSK-3p) and casein kinase (CK)la in complex
with bemused, axin and adenomatous polyposis coli
(APC), known as the degradation complex. Phosphory-
lated PB-catenin is ubiquitinated by beta-transducing
repeat-containing protein (BTrCP) and destructed by
the proteasome, which leads to the prohibition of the
signaling occurrence [43]. When the Wnt ligand binds
to its co-receptors, LRP5/6, and frizzled (Fzd) isoform,
BTrCP splits from the degradation complex, and the
degradation complex is employed to the membrane and
blocked from destructing B-catenin. The B-catenin is
then capable of huddling and translocating into the nu-
cleus, where it associates with T-cell factor/lymphoid
enhancer-binding factor (TCF/LEF) proteins to drive
transcription. Also, signal transduction into the cytosol
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is prevented by the function of secreted antagonists of
Wnt/co-receptor binding, including Dkk and sFRP,
thus the inhibition of Wnt signaling [46]. The non-
canonical Wnt pathways are subdivided into the
Wnt/Ca*" and the Wnt/planar cell polarity (PCP) path-
way [45].

5.1.1. Crosstalk Wnt With Other Pathways

Crosstalk between signaling pathways has broader
development and disease regeneration [47]. TGF- sig-
naling pathway family members, including activin A
and BMP4, synergistically actuate the Wnt/B-catenin
pathway during primitive streak (PS) formation and are
pivotal for establishing downstream lineages [42]. Fi-
brosis is a usual procedure in restoring cardiac tissue
after injury, formed by myofibroblast attack and colla-
gen secretion. During the differentiation of myofibro-
blasts, the TGF-P pathway plays a critical role in inter-
acting with the Wnt pathway. In this regard, Wnt-3a
can elevate myofibroblast differentiation and TGF-f
expression by starting the canonical Wnt pathway. A
mouse model of autoimmune myocarditis demonstrated
that Wnt signaling could increase the secretion of
TGFp in the B-catenin-dependent pathway, leading to
the absence of P-catenin role in cardiac fibroblasts,
which led to the improved cardiac operation and re-
pressed interstitial fibroblasts in a mouse model of
pressure excess [41]. Furthermore, the Hippo pathway
can suppress the B-catenin/Y AP interaction in differen-
tiating CMs, contributing to the diminished prolifera-
tion of CMs [41]. Also, heart alpha kinase (HAK) or
Alpha Protein Kinase 2 (ALPK?2) is one of the six al-
pha kinases, a candidate negative regulator of WNT/f-
catenin signaling cardiogenesis [48].

5.1.2. Role Of Wnt Pathway In Rodents And Mam-
mals Cardiac Regeneration

The Wnt pathway is quiescent in the mammalian
heart, whereas it is initiated in response to cardiac
damage [49]; for example, it is activated in adult heart
post-MI procedures [41]. Indeed, a wnt/B-catenin sig-
naling pathway is active in various cardiac cells, fol-
lowing 72 h after damage [50]. In contrast, the Wnt
pathway's repression using Wnt selective inhibitors
such as pyvinium, WNT974 or ICGO001, alleviates
pathological remodeling and myocardial damage symp-
toms [51]. In this regard, Yang et al. demonstrated that
CGX1321, as an inhibitory drug against the Wnt path-
way, exerted a therapeutic effect on MI damage by re-
ducing fibrosis and improving cardiac regeneration
[49].
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Wntl0b is temporarily induced in mice CMs in the
post-MI peri-infarct region, which leads to attenuated
fibrosis [47]. The mouse mutant for the DvIl model is
more susceptible to infarct rupture after the induction
of MI [52]. Furthermore, Wnt5a serum levels are en-
hanced in the failing myocardium [53]. Overexpression
of canonical B-catenin in CMs led to pro-apoptotic ef-
fects, in which hypoxic CMs expression of Wnt3a
serves as pro-apoptotic properties [54]. Meyer and col-
leagues elucidated that infarcts local areas activate
noncanonical Wnt signaling, skews accumulating mon-
ocytes further into a pro-inflammatory state. Wnt In-
hibitory Factor 1 (WIF1) is a pivotal roller in restrict-
ing this local inflammatory monocyte response, thereby
exhibiting cardioprotective characterizes. This study
revealed a strong up-regulation of WIF1 in CMs [55].

Interestingly, disruption of the Wnt/Bcatenin signal-
ing pathway in cardiac fibroblasts impairs wound heal-
ing and diminishes cardiac function [56]. Treatment of
differentiating mouse or human embryonic stem cells
(hESCs) in in vitro cell culture conditions with Wnt
ligands increases CM development by improving mes-
oderm specialization. However, later addition of Wnts
represses it, and the Wnt exerts anti-apoptotic effects
[56] and promotes CM differentiation [57, 58]. Also,
MSC-derived exosomes have been proved to increase
myocardial survival and inhibit undesirable remodeling
after myocardial ischemia/reperfusion (I/R) damage
through the initiation of the Wnt/B-catenin pathway by
exerting the anti-apoptotic and pro-survival effects on
CMs [59].

5.1.3. Wnt In Zebrafish Cardiac Regeneration

Unlike the confined regenerative capacity of the
adult mammalian cardiac, zebrafish preserve the cardi-
ac's regenerative capacity all through life [13]. Aside
from that Wnt/B-catenin pathway plays a critical role in
mammalian heart regeneration procedure coming to
pass in response to damage; its potential role in con-
trolling zebrafish cardiac regeneration is under survey
[43]. Furthermore, the Wnt/B-catenin signaling path-
way regulates fibrosis, ECM deposition by fibroblasts,
and hypertrophy following cardiac injury [60].

Indeed, robust heart repair and regeneration in neo-
natal mouse and adult zebrafish cardiac structure is
mainly interceded by the proliferation of pre-existing
CMs. Wnt pathway as a conserved obstacle to injury-
induced CM dedifferentiation and proliferation.

5.2. Notch Signaling

Notch signaling plays a fundamental role in devel-
opmental gene expression and regenerative processes
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[61, 62]. This pathway is hugely preserved in inverte-
brates to mammals that control cell differentiation [63].
Shreds of evidence showed that the Notch pathway in-
hibits CMs' fate specification during early cardiogene-
sis. Indeed, activation or inhibition of this pathway in
Xenopus provided evidence for a function of Notch in
suppressing cardiomyogenesis [64]. Human genome
compasses four (Notchl-4) genes [65], in which acti-
vation of the Notch pathway results in the interaction
of Notch receptors with their ligands, including Delta-
like (D11) 1,3,4 and Jagged (Jag) 1,2 [65, 66]. Dominant
mutations in Notchl and Jagl have been associated
with early inborn cardiac diseases, including aortic
valve disease 1 (AVD1) and Tetralogy of Fallot, re-
spectively [65].

5.2.1. Crosstalk Notch With Other Pathways

In cardiac tissue, the Notchl signaling pathway is
implicated in the modulation of cellular viability, CSCs
differentiation, and angiogenesis. These are the opera-
tors known to ascertain the expanse of pathological
heart remodeling.

Notchl protected against MIRI by reducing CM
apoptosis [67]. Indeed, the Notch pathway could up-
regulate anti-apoptotic factors, including Bcl-2 and
Bcel-xl expression, and down-regulate pro-apoptotic
factors, including Bax and Bim expression, thus pre-
venting apoptosis [68]. With this perspective, PETN, a
tumor suppressor factor, is the primary signaling com-
ponent involved in crosstalking with significant pro-
gress regulators, including Wnt, Notch, and BMP [69].

Hes1 has been demonstrated as a negative regulator
of PTEN, the PI3K/Akt pathway inhibitor, in thymo-
cytes cells. In this regard, melatonin, the pineal gland's
principal secretory substance, has a cardioprotective
effect against MI by controlling Notch1/Hes1 signaling
in a receptor-dependent manner, and PTEN/PI3K/Akt
signaling pathways are a pivotal downstream mediator
[67]. Notch signaling in the endocardium can also up-
regulate Efnb2, promoting Nrgl expression, a ligand
for the ErbB2 receptor tyrosine kinases 2 and 4 (ErbB2
and ErbB4). Upon stimulates, ErtbB2-ErbB4 can dimer-
ize and activate ErbB2 tyrosine kinase activity to ele-
vate the differentiation of trabecular myocytes [70]. It
has also been shown that coordination of the activ-
in/nodal, Wnt, FGF, and BMP signaling pathways act
as a critical element in forming the early streak, meso-
derm fate ascertainment, and differentiation lateral
mesoderm cells into CMs [71]. Moreover, the inhibi-
tion of the Hippo pathway is a potent activator of
Notch signaling, which has a well-defined role in sus-
taining immature CM proliferation and showing that
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Wnt and Notch act downstream Hippo signaling path-
way [72].

5.2.2. Role Of Notch In Rodents And Mammals Car-
diac Regeneration

The proliferation capacity of immature CMs and de-
lay their differentiation are strategies for treating heart
regeneration. Regeneration of the myocardium in
zebrafish and mice is correlated with the potential of
CMs to increase instead of differentiation of residing
CSCs. The potential of regeneration injury in neonatal
mice is correlated with the constant proliferation of
CMs up to 7 days after birth. Blocking the Notch path-
way in immature neonatal CMs inhibits proliferation
and causes apoptosis [73]. A study in mice has shown
that inactivated Notchl in the myocardium leads to en-
hanced apoptotic cell death and worsened function
compared with wild-type mice [74]. From another
view, mitochondrial permeability transition pore
(mPTP) is a non-specialized channel in the mitochon-
drial inner membrane, opening during I/R injury [75].
In this regard, Zhou and colleagues demonstrated that
in the rat model, activated Notchl mitigated the loss of
mitochondrial membrane potential (A¥m) induced by
hypoxia/reoxygenation (H/R). Simultaneously, knock-
down of N1ICD during ischemic pre/post-conditioning
aggravated the loss of AYm. These findings revealed
that the mPTP opening stimulated by H/R is, to some
extent, prevented by Notchl signaling [76].

5.2.3. Notch In Zebrafish Cardiac Regeneration

The notch pathway is profoundly involved in vari-
ous regenerative procedures of different zebrafish or-
gans, such as the brain, caudal fin, and spinal cord [69].
A notch pathway is required for trans-differentiation of
CMs from an atrial to ventricular following ventricular
myocardial ablation in zebrafish larvae [77]. Moreover,
in adult zebrafish, Notch pathway prevention contrib-
uted to enhanced expression of genes such as mylk3,
actal, and tcap, pointing to a decrease in CM dediffer-
entiation in the ventricle [61]. The requirement of the
Notch pathway in cardiac regeneration appears to exist
throughout the lifespan of zebrafish. Heart injury re-
sults in the induction of the expression of three Notch
receptors (notchla, notchlb, and notch2) tissue-
specifically in the endocardium and epicardium, but not
the myocardium. Conversely, hyperactivation of Notch
pathway hinders zebrafish heart regeneration. Notch
signaling is activated after cardiac damage in zebrafish,
previously reported that the zebrafish ventricle's partial
amputation stimulates expression of the Delta C and
notchl [78]. During regeneration, the expression of
Notch pathway genes becomes confined to endocardial
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and epicardial cells to the damaged region's vicinity
[69]. In adult zebrafish and neonatal mice models, In-
hibition of the Notch pathway impedes CM prolifera-
tion and induces scarring [71]. Notch pathway inhibi-
tion diminishes the regeneration of the ventricular my-
ocardium. It leads to a continuous fibrous and colla-
genous tissue generation, which shows the absolute
urgency of Notch pathway activation for complete car-
diac regeneration in zebrafish [69]. Indeed, these fi-
brotic tissues dissolve and are replaced by new CMs
that have the potential to dedifferentiate and forcefully
proliferate, allowing complete heart regeneration [69].
Transgenic repression of the Notch pathway impeded
heart regeneration accompanied by reduced CM prolif-
eration. Transgenic hyperactivation of the Notch path-
way, through overexpression of NICD, blocked CM
proliferation and cardiac regeneration in the zebrafish
resection model; whereas, in zebrafish cryoinjury mod-
el, NICD overexpression increased CM proliferation
[61]. Transgenic prevention of Notch signaling path-
way defective cardiac regeneration, congruous with
diminished CM proliferation.

In sum, the Notch pathway induces modulating re-
generation processes during an injury in zebrafish. Un-
like previous studies, ensuing evidence revealed that
the Notch pathway's physiological relevance in adult
mammals and rodents is not naturally active during
heart injury.

5.3. VEGF Signaling

Vascular Endothelial Growth Factor, abbreviated as
VEGF, is one of the most critical genes regulating mul-
tiple biological processes. VEGF enhances response to
MI and promotes vascular regeneration [79]. VEGFs
(particularly VEGF-A and VEGF-B) are endothelial
cell-specific mitogen, which induces vascular progress
during embryogenesis (vasculogenesis) as well as
blood-vessel generation (angiogenesis) in the adult
[80]. In mammals, five VEGF ligands, including VEG-
FA, B, C, D, and placenta growth factor (PLGF), have
been identified, which bind to three receptor tyrosine
kinases (RTK), known as VEGFR-1 (also known as
FLTI1), VEGFR -2 (also known as KDR) and VEGFR -
3, as well as to co-receptors such as heparan sulfate
proteoglycans (HSPGs) and neuropilins in an overlap-
ping pattern [80, 81].

5.3.1. Role Of VEGF In Rodents And Mammals Car-
diac Regeneration

During heart progression and regeneration, angio-
genesis shades tissue growth. VEGF enhances endo-
derm-derived tissues' progression, including the vascu-
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lar endothelium and the endocardium, by stimulating
different types of angiogenic cellular elements, includ-
ing elevation of survival, migration, and differentiation,
through the activation of Akt signaling in endothelial
cells [79]. Kiveld et al. revealed that activation of the
VEGFR2 pathway in mice heart endothelial cells in-
duces angiogenesis and endocrine release of ErbB lig-
ands. These ligands activate growth signaling in CMs;
hence, the hypertrophy induced by angiogenic stimuli
is reversible and does not progress to HF, thus resem-
bling physiological cardiac growth [82]. It has been
shown that VEGF can cause CM karyokinesis (en-
hanced number of CM nuclei). It means that post-
intramyocardial injection of a plasmid encoding human
recombinant VEGF (hrVEGF) in a pig model of chron-
ic M1, in the lack of cytokinesis (enhanced amount of
cell divisions, contributing to an enhanced number of
CMs). These investigations reveal a role for VEGF in
ascertaining the post-natal heart's physiological devel-
opment, even in the absence of proper CM regeneration
[83].

Moreover, the VEGF-A pathway has a crucial role
in returning blood flow to ischemic tissue in different
pathological states, including heart failure. VEGF-A is
involved in up-regulated in the myocardium in chronic
circulatory excess. Hypoxia also seems to increase
VEGF-A expression, which seems to associate hypox-
ia-inducible factor-1oa (HIF-1a) [84]. Also, VEGF-A
is a crucial element in the steadiness of newly generat-
ed vessels and CMs. Indeed, VEGF-A's coupling to
VEGFR-2 activates the PI3K signaling, subsequently
enhanced the expression of Bcl-2 and diminished acti-
vation of caspase-3 and Bax. Intra-pericardial injection
of recombinant VEGF-A (rVEGF-A) in a rabbit model
of induced hypertrophy decreased CM apoptosis and
revealed conserved contractility indices.

Similarly, in a rat model of AMI, intra-myocardial
administration of VEGF-A cDNA considerably en-
hanced cardiac function and the suppression of apopto-
sis [84]. Likewise, PIGF has a task in angiogenesis un-
der pathological disorders. Upon binding, PIGF to
VEGF-1 activates endothelial cell migration and viabil-
ity, enhancing angiogenesis and arteriogenesis. Intra-
myocardial administration and systemic distribution of
PIGF through an adenoviral vector showed protection
of cardiac performance in a rat model IR [85]. Cho et
al. demonstrated that VEGF and HGF-secreting umbil-
ical cord blood-derived MSCs enhanced angiogenesis
in a rat MI model and mouse hindlimb ischemia model
[86]. Also, VEGF-A promotes myocardial repair
through, at least in part, enhancing the engraftment of
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CSCs mediated by the PKCoa/VCAM-1 pathway [87].
Zangi et al. demonstrated a single intramyocardial in-
jection of VEGF-A modification RNA ameliorated
myocardial outcome and survival after MI [88].

During cardiac development, angiogenesis is a sign
of tissue growth. The pivotal angiogenic factors as
VEGF can affect cardiac regeneration in mammals sin-
gly, which is a query of therapeutic implication, which
has been asked frequently, with various responses [89].
The investigation showed the cytoprotective results of
exosomes on CMs, induced overexpression of VEGF
pathway, and consequently enhanced vessel generation
[38].

5.3.2. VEGF In Zebrafish Cardiac Regeneration

Studies on zebrafish demonstrated that VEGF sig-
naling is essential for myocardium development [90].
Although VEGFB-D is mainly implicated in lymphan-
giogenesis, VEGFA is an endothelial cell mitogen with
an essential function in vasculogenesis and angiogene-
sis [83]. Zebrafish harbor duplicate copies of VEGFA
genes homologous to VEGFA in humans and mice,
known as VEGFAA and VEGFAB [90]. VEGF-A
showed a dual role during HF enabling ectopic cardio-
myogenesis and restoration in the damaged region [91].
In zebrafish and mice hearts, VEGFAA overexpression
is adequate to stimulate ectopic coronary vasculature.
In mice and zebrafish hearts, the thickening of the ven-
tricular wall by CM hyperplasia is firmly joined to cor-
onary angiogenesis. In the meantime, during zebrafish
cardiac restoration, defected angiogenesis imperils the
regenerative process and leads to scarring [89].

Generally, cardiac damage leads to the extension of
a progressive growth process and proliferation of
spared CMs in zebrafish and neonatal mice. In the
meantime, whether these effects can be attributed to
adult rodents and humans or no, are currently under
investigation.

5.4. IGF-1 Signaling

Insulin-Like Growth Factorsl (IGF-1) signaling has
a key function in contractility, metabolism, hypertro-
phy, autophagy, senescence, and apoptosis of cardiac
regeneration [92]. IGF-1 is mainly produced in the liv-
er from growth hormone metabolism before its secre-
tion into the bloodstream [93]. IGF-1 contains an insu-
lin-like metabolic function (short-lived) and growth
factor-like (long-lived) effects on cell proliferation,
growth, and differentiation [94]. Studies have shown a
reverse association between circulating IGF-1 levels
and cardiovascular complications [95]. Low IGF-1 lev-
els are thought to be associated with an elevated risk
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for heart disorders, while cardiac activation of the IGF-
1 receptor (IGF-1R) preserves it from MI's detrimental
effects [93]. IGF-1 signaling activation of IGF-1R from
Canonical and noncanonical pathways, in which IGF-
IR activates two canonical pathways in CMs, the
PI3K/Akt (PKB) the extracellular signal-regulated ki-
nase pathway [96]. IGF-1R activates several pathways
through its innate tyrosine kinase activity and via bind-
ing to G-protein [93]. Indeed, activation of the MAPK
pathway is supposed to be indispensable for the mito-
genic action of IGF-1 [94]. IGF-1 has also been shown
to prevent necrosis of viable myocardium, ameliorate
CM function, and diminish long-term left ventricular
dilation and remodeling [97].

5.4.1. Regenerative Effects Of IGF-1 In Rodents and
Mammals Cardiac

Despite these shed light, whether a damaged, ma-
ture mammalian CM can restore the function through
the IGF-1 signaling pathway in humans is under inves-
tigation. IGF-1 overexpression enhances CSC number
and growth, contributing to myocyte turnover and func-
tion in the aging heart. After MI, IGF-1 promotes en-
graftment, differentiation, and functional improvement
of ESCs transplanted into the myocardium. In this re-
gard, Davis and co-workers demonstrated cell therapy
approaches using IGF-1 transfer by biotinylated nano-
fibers enhanced post-MI systolic function [98]. IGF-1
is a critical factor attracting stem cells to the MI zone
and their differentiation through disseminating para-
crine operatives and actuating molecular pathways of
cell survival. Indeed, ex vivo overexpression of IGF-1
resulted in enhanced stromal cell-derived factor 1 alpha
(SDF-1a) level, a potent chemoattractant of stem cells,
which culminated in extensive angiomyogenesis in the
MI [99]. IGF-1 and HGF are being assessed in diverse
modalities of cardiac restoration. Mauricio ef al. [100]
showed that co-administration of IGF-1 and HGF-
overexpressing MSC does not help a practical repair
while improving neovascularization and fibrosis in the
MSC-IGF-1/HGF-treated group, proposing that excess
IGF-1 plus HGF levels enhance favorable effects
which mildly ameliorates AMI recovery in a porcine
model.

IGF-1 in CMs preserves the cardiac tissue from OS
and enhances cardiac performance during post-MI re-
covery. Furthermore, CM overexpression of IGF-1R
inhibits type 1 diabetes-induced cardiac fibrosis and
diastolic malfunction [101, 102]. Also, the IGF path-
way in CMs proliferation was also regulated by YAP, a
co-activator downstream in the Hippo pathway in mice
[92].
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5.4.2. IGF-1 In Zebrafish Cardiac Regeneration

Repression of the IGF pathway in zebrafish leads to
attenuated CM proliferation and defected cardiac re-
generation, while IGF pathway agonists elevated pro-
liferation [103]. In zebrafish, the IGF pathway is cru-
cial for CM proliferation during cardiac regeneration. It
offers that epicardium regulates the adult CMs' devel-
opmental gene expression profile through the heart's
remodeling after the injury [11, 92]. Moreover, another
study on zebrafish demonstrated that IGF-1 signaling
has an essential role in cardiac development, and the
absence of IGF-1R impair cardiac development and
attenuates CM proliferation [92]. Also, IGF-1R is ex-
pressed in murine Wt1" epicardial cells and prohibits
the IGF-1R in Wtl" lineages during post-MI decreased
adipogenic differentiation [18].

5.5. Neuregulinl/ Erbb Signaling

The extracellular protein called Neuregulinl (Nrgl)
and its receptors (ErbB tyrosine kinases) have multiple
roles in cardiovascular biology and regeneration and
have been implicated as a CM mitogen [104]. Briefly,
the Nrg family comprises four structurally related pro-
teins (Nrgl-4) and is a member of the epidermal
growth factor (EGF) family. Nrg family transducers are
called tyrosine kinase receptors of the ErbB family,
such as ErbB1 (Herl, EGFR), ErbB2 (Her2, Neu),
ErbB3 (Her3), and ErbB4 (Her4). Nrgl, ErbB2, and
ErbB4 express vastly during embryonic growth until
the early neonatal stage, afterward meaningfully down-
regulated in postnatal and adult cardiac tissue. This
particular expression pattern is associated with the ne-
onatal heart's great regenerative potential compared to
the nominal regeneration capacity of adult cardiac
[105]. Nrgl can induce mononuclear mature CMs to
re-enter the cell cycle and DNA synthesis status via the
Nrgl/ErbB pathway. Manipulating the signaling pro-
teins of Nrgl/ErbB2 and ErbB4 has reported positive
results after HF in animal studies [35].

5.5.1. Regenerative Effects Of Nrgl In Rodents And
Mammals Cardiac

The first evidence about ErgB1/ErbB4 signaling in
heart development is a study that demonstrated that the
absence of ErbB4 in mice causes death during embryo-
genesis due to cardiac development impairment [106].
Later, the importance of Nrgl in cardiac development
and embryonic CM differentiation was demonstrated
by another study [107]. In the adult heart, the Nrgl
downstream signaling pathway has been shown to
modulate cell growth, survival, sarcomere structure,
myocardial performance, and CM re-entry into the cell
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cycle [108]. Only differentiated and mononucleated
CMs but not binucleated CMs exhibit proliferative ca-
pacity in the presence of Nrgl [109]. Begeman et al.
demonstrated that ErbB2 expression is robustly down-
regulated in neonatal mice after a week. Also, transient
induction of active ErbB2 in injured adult mice hearts
can retrieve the capability to regenerate CMs, support-
ing the positive effect of ErbB2 levels on Nrgl/ErbB2
pathway-mediated cardiac repair [110]. Nrgl can in-
duce mononuclear mature CM to re-enter the cell cycle
and DNA replication status via the Nrgl/ErbB pathway
[35]. Nrgl/ErbB signaling pathway activation is up-
regulated in response to pathophysiological stress and
ischemia-induced HF [104]. Upon, binding of Nrgl to
ErbB4 receptor enhances its kinase activity and con-
tributes to heterodimerization with ErbB2 or homodi-
merization by ErbB4 and activates PI3K/Akt signaling
facilitates cell survival [35] and induction of intracellu-
lar signal transduction pathways [23]. Mice mutant in
Nrgl, or its receptors ErbB2/4, die at mid-gestation or
later with cardiac-restricted mutations from thin ven-
tricular walls and aberrant trabeculation [26]. Indeed,
Nrgl/ErbB2/ErbB4 complex regulates CM survival
and myofibril disorderliness. Furthermore, ErbB4
overexpression augmented MSC survival in the MI and
increased Nrgl generation to renovate the diminishing
Nrgl in the infarcted area and induce CM regeneration
by attenuating apoptosis via PI3K/Akt pathway [35]. In
this regard, MX et al. [111] demonstrated that four
weeks of exercise training up-regulated Nrgl protein
expression and activated ErbB/PI3K/Akt pathway,
which beneficial effect in promoting cardiac regenera-
tion by inducing CM, DNA synthesis, recruiting c-kit"
cells, ameliorating angiogenesis, and suppressing apop-
tosis.

Recombinant Nrgl (rNrgl) preparation is helpful
for acquiring heart disease in most animal models. In-
deed, rNRGI1 is pursued as an investigational new drug
to improve HF and effective adult patients with a left
ventricular ejection fraction (LVEF). Thus, rNrgl is
available and suitable for administration in humans
[112]. The recombinant human Nrgl has been applied
in clinical trials to reduce chronic HF damage in China
and Australia, which improved heart function and re-
pair [35].

5.5.2. Nrgl In Zebrafish Cardiac Regeneration

Nrgl expression in adult zebrafish is up-regulated
following cardiac injury in regulatory T cells (Treg)
and the ventricular wall's perivascular cells to induce
CM proliferation. Aside from the overexpression of
Nrgl in undamaged cardiac initiates CM proliferation,
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leading to cardiomegaly via continuous accumulation
in the cardiac muscle wall [110]. Adult zebrafish, com-
pared to adult mammals, sustain ErbB2 expression in
the cardiac, which leads to restoring cardiac regenera-
tive potential in damaged cardiac tissues and inducing
CM proliferation in response to ectopic Nrgl expres-
sion in damaged hearts [110]. Nrgl pathway is pivotal
for cardiac myofiber trabeculation [23]. Nrgl-treated
cardiac tissues after MI had minor hypertrophy at the C
level, as distinguished by cross-sectional zone. Indeed,
it is observable enhanced cardiac performance after
injection of NRG1 in many different animal models of
HF [23]. Moreover, the Inhibition of Nrgl/ErbB in
zebrafish leads to diminishing CM proliferation, while
overexpressing Nrgl in CMs enhanced CM prolifera-
tion and caused cardiomegaly when the injury was ab-
sent [26].

Nrgl/ErbB2/4 pathway plays an essential role in
cardiac progress and homeostasis and is a major path-
way involved in the molecular dialogue supporting
CMs proliferation and replacement after MI. Overall,
the Nrgl/ErbB pathway promotion is a profitable way
to stimulate the CMs to proliferate, dedifferentiate, and
regenerate after cardiac injury.

5.6. TGF-B Signaling

The transforming growth factor-beta (TGF-f) path-
way has been involved in different developmental and
disorder conditions; however, the crucial role of its
numerous elements in cardiac regeneration is under
survey. TGF-B is synthesized and secreted by leuko-
cytes, platelets, and fibroblasts in the injured myocar-
dium and also induces myofibroblast trans-
differentiation and increases ECM protein synthesis
[113]. TGF-B is a latent complex that cannot bind to
and activate its receptors but can be promptly released
and activated in response to ROS production [114],
activations of proteases, and mechanical strain [115-
117]. Canonically, the TGF-B signaling pathway via
the fundamentally active type 11 receptor (TPRII) at the
outer side of the cell membrane subsequently recruits
transphosphorylation of the type I receptor (TPRI)
known as ALKS. TPRI activation increases down-
stream intracellular signals via the Smad proteins;
Smad2 and Smad3 are activated via phosphorylation by
ALKS5 [118]. In noncanonical pathways, TGF-B acti-
vates many signaling pathways such as PI3K/Akt, Erk,
INK, p38 MAPK, and small GTPase pathways [117,
119]. Three TGF-B isoforms (1, 2, and 3) exist in
mammals, which are markedly up-regulated in the MI,
information on isoform-specific function is restricted
[120].
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5.6.1. Regenerative Effects Of TGF-f In Rodents And
Mammals Cardiac

TGF-f plays a pivotal role in controlling cardiac re-
pair's cellular functions by regulating inflammatory,
compensator activities, angiogenic, and fibrogenic re-
sponses [20]. In vitro studies show that TGF-f stimula-
tion enhanced cardiac transcription factors in ESCs, to
CMs differentiation. Conversely, another in vitro ex-
periment revealed that the used selective TGF-f inhibi-
tor elevates proteasomal degradation of TPRII and en-
hances differentiation of unspecified mesoderm to car-
diomyocytes [121]. Also, in zebrafish, repression of
TPRI abrogated cardiac regeneration following cryo-
injury. Oppositely, inhibition of TPRI increases prolif-
eration of Nkx2.5" cardiomyoblasts and results in en-
hanced endogenous cardiomyoblast mediated repair in
mice [121]. In vivo investigations indicated the TGF-f8
pre-programmed CD117" stem cells into the MI-
induced angiogenesis resulted in an elevated regenera-
tive response [118, 122]. MSCs could ameliorate myo-
cardial function and enhance myofibroblasts to gather
in the infarcted zone by activating the TGF-f1/Smad2
signaling pathway after MI [123]. Besides, in a study
on MI in rats, shreds of evidence have been shown in-
tra-myocardial implantation of the TGF-B1-treated rat
bone marrow MSCs to the MI diminished scar area,
enhanced muscle cells, and ameliorated cardiac func-
tion [120]. TGF-B is maybe a well known pro-fibrotic
growth factor, which it seems the TGF-f family has a
vital role in cardiac development, and it is shown that
TGF-B2 null mice have impairments in the formation
of different parts of the cardiovascular system, such as
the outflow tract and atrioventricular (AV) canal [124].

Studies on porcine and mouse models suggested
that after MI, the TGF-f levels are increased, localized
in infarct macrophages. In this regard, in mice, TGF-B1
and B2 mRNA levels presented a primitive peak after
6—72 h of reperfusion; however, TGF-B3 up-regulation
showed an extended time with steadily enhanced ex-
pression after 7 days of reperfusion [125]. Fibrosis and
hypertrophy of CMs in the mouse cardiac tissue can be
related to the TGF-B overexpression [117]. Systemic
prevention of TGF-p in the first 24 h after MI enhanced
death and defected cardiac function in mice; while,
TGF-pB suppression at a later phase attenuated cardiac
remodeling. Indeed, the initial fibrotic response is nec-
essary for treatment after myocardial damage [24]. Af-
ter MI, one of the probable mechanisms involved in
fibrosis in CMs during TGF-B signaling may be sup-
pressing the synthesis of cardioprotective genes, in-
cluding GDF-15, IL-33, and TSP-4 [121]. Recently,
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Ferreira et al. revealed that in mice model of chronic
Chagas’ heart disease 30 days after treatment interrup-
tion with GW788388 as a selective inhibitor of
TBR1/ALKS reversed the loss of connexin-43 enriched
intercellular plaques and attenuated fibrosis. Indeed,
inhibiting the TGF-B pathway attenuated TGF-
B/pSmad2/3 enhanced MMP-9 and Sca-1 and partially
restored GATA-6 and Tbox-5 transcription, supporting
cardiac recovery [126]. Hodges and colleagues demon-
strated that TGF-B1 is differentially expressed in adult
and fetal sheep after MI. They revealed that fetal myo-
cardial regeneration after MI might in part be the result
of reduced TGF-bl expression, whereas inhibition of
TGF-bl “fetalizes” the gene expression profile of adult
cardiac fibroblasts [127].

5.6.2. TGF-B In Zebrafish Cardiac Regeneration

In zebrafish, the TGF-B pathway is crucial for heart
regeneration; in disease conditions, enhanced this
pathway by up-regulation of two activin type 2 receptor
ligands of the TGF-B family Inhibin beta Aa (inhba),
Myostatin b (mstnb), and TGF-f stimulates hypertro-
phy, fibrosis, and apoptosis [10]. Inhba is overex-
pressed after cardiac damage, either mammals or
zebrafish, but conceivably prevent it from inducing
regeneration to mammalian cardiac; it means that it
enhanced the rate of CM proliferation zebrafish. Fur-
thermore, up-regulation of mstnb suppressed CM pro-
liferation and impaired heart regeneration. Indeed, pro-
longed up-regulation of Inhba is correlated with the
stimulation of fibrosis post-MI in mammalian, resulting
in cardiac remodeling and failure [128]. On the other
hand, TGF-B pathway implication is an essential factor
contributing to the pathogenesis of heart tissue remod-
eling and fibrosis induced by pressure overload in
mammals. At the same time, Dogra and colleagues re-
ported that adult zebrafish therapy with a TGF-f recep-
tor inhibitor stopped cardiac regeneration [10].

In sum, inconsistent results from different studies
may reflect various experimental models' characteris-
tics. Whether it is a friend or a foe and precise mecha-
nism involved in cardiac regeneration through the
TGF-B pathway has required more investigation.

5.7. Hedgehog Signaling

The Hedgehog (Hh) signaling pathway, first identi-
fied in Drosophila [129], controls cell fate specifica-
tion, proliferation, and differentiation, and it is impli-
cated in cell cycle regulation. This pathway is also in-
volved in regulating embryonic cardiac tissue and cor-
onary vascular system progression. It conserves its ac-
tivity in the adult mammalian cardiac tissue at a basic
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level. However, it gets higher during ischemic cardiac
damage [130]. Hh proteins are recognized in different
organisms, from insects to humans. The Hh genes in
other organisms vary from only one gene in Drosophila
to the 3 to 5 genes in vertebrates. All Hh proteins are
constituted of an N-terminal ‘Hedge’ domain and a C-
terminal ‘Hog’ domain [131]. The attachment of Hh
proteins, including Patchedl (Ptcl) or Patched2 (Ptc2)
receptors, initiates the Hh signaling pathway [132]. The
lack of Hh proteins, Ptcl prevents smoothened (Smo)
activity, which controls the activation of the Glioma-
associated oncogene homolog [18]: includes Glil, Gli2,
and Gli3, but in the presence of Hh proteins, with at-
taching Smo is released from repression. This event
resulting in translocation into the nucleus and starting
transduce Hh signaling pathway [133, 134].

5.7.1. Role And Crosstalk Of Hedgehog Pathways In
Cardiac Regeneration

One study previously demonstrated that endogenous
Shh seems to exacerbate ischemic disease, but remains
studies suggested that the Hh pathway plays a pivotal
role in cardiac restoration and regeneration so far
[129]. In this regard, elimination of either Smo
(Smo ") or Ptcl (Ptcl™"), or double knockouts of Shh;
Thh (Shh™"; Thh ™) leads to embryonic lethality due to
cardiovascular impairments [12]. The regeneration pro-
cess includes cellular proliferation, differentiation, and
dedifferentiation. Smo can function as a GPCR with a
strong affinity to all the Gi protein families [135]. Ac-
tivation of Gi by Smo is essential for Gli to actuation in
some of the cell types, which leads to different basic
levels of PKA activity which negatively regulates Hh
signaling pathway through phosphorylation of Gli2 and
Gli3 in the regulatory site, which prepares them for
further modification by glycogen synthase-33 (GS-3f3)
and casein kinase-1 (CK-1) and following incomplete
proteasomal degradation [136]. With this perspective,
the elimination of Smo with a wrong allele leads to
vasculature collapse and heart failure [136]. One study
on rats demonstrated that after the ischemia-reperfusion
injury leads to the Shh pathway's stimulation, this
pathway has a cardioprotective effect [137]. Indeed,
this pathway in adult rats after MI ameliorated cardiac
regeneration by enhancing angiogenic cytokines that
mediate neovascularization, reducing fibrosis and car-
diac apoptosis.

One contributor display for cardioprotective effects
of Shh is IGF-1 that has been shown to be up-regulated
in Shh-induced cardiac fibroblasts and bone marrow-
derived cells. Indeed, IGF-1 participates in the tran-
scription of angiotensin II, thus inhibiting ROS protec-
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tion during OS [130]. Also, the sonic hedgehog (Shh)
signaling pathway improves myocardial recovery after
injury through VEGF induction and enhancing the in-
corporation of bone marrow-derived progenitor cells
[134]. Shh signaling has been involved in the metabolic
reprogramming of adipocytes and Mouse embryonic
fibroblasts (MEFs) in a transcription-independent mod-
el. Activation of Smo in these cells leads to a rapid in-
crease in glucose uptake, which is mediated by the ac-
tivation of AMP-activated protein kinase (AMPK)
[131]. Besides these results, in embryonic growth and
adult tissue homeostasis, Hh signaling is active in pro-
genitor cell populations in regenerative and developing
organs. In this viewpoint, the inactivation of Hh signal-
ing in cardiac progenitor cells in vivo leads to increased
CM differentiation gene expression, premature differ-
entiation, and Congenital Heart Disease. Indeed, ex-
pression of the Hh transcription factor, Glil, in cardiac
progenitors supports preserving a progenitor-specific
regulatory network and hinders the beginning of the
CM (differentiation [138]. Besides this finding, some
scientists believe that CD34" stem cells promote angio-
genesis or stimulate vasculogenesis in ischemic regions
of the cardiac muscle. CD34" Shh has capable of im-
proving functional protection of heart tissue as com-
pared with control cells in MI patients [139].

5.7.2. Hedgehog In Zebrafish Cardiac Regeneration

This pathway regulates cardiac development and is
mainly reactivated through cardiac regeneration to dam-
age [134]. This pathway involved cardiac regeneration
in the production of potential CM mitogens in zebrafish
embryos applying a transgenic reporter system, enabling
live visual monitoring of proliferating CMs. Indeed, ac-
tivation of a transgenic reporter system that mirrors the
expression of the Hh target gene ptch2 exists in CMs
within the regeneration region [18]. Investigations on
zebrafish embryos demonstrate that Hh signaling is vital
for CM remodeling and proliferation in the zebrafish; for
example, treating embryos with Hh signaling Smo ago-
nist increased antagonists such as cyclopamine reduced
the number of proliferating CM [132].

Bearing all this in mind, further investigation is
required to exhibit the therapeutic perspective and risks
of activating the Hh pathway during cardiac diseases in
humans CMs.

6. INTRACELLULAR SIGNALING PATHWAYS
IN CARDIAC REGENERATION

6.1. NF-xB Signaling

Nuclear factor-kappa B (NF-kB) has vast regenera-
tive process functions, with a central portion to CM



The Roles of Signaling Pathways in Cardiac Regeneration

dedifferentiation, proliferation, and epicardial damage
responses. However, NF-kB is not essential for cardiac
development but has essential cardiovascular health
and disease [27]. NF-xB factors were primarily recog-
nized approximately 30 years ago as a family of tran-
scription factors that bind to k light chain enhancers in
lymphocytes [140]. Although many dimeric forms of
NF-kB have been identified, NF-kB1 (p50 and its pre-
cursor pl05), NF-xB2 (p52 and its precursor p100),
RelA (p65), RelB, and Rel (c-Rel) [141], the main form
of NF-«kB is a heterodimer of the p50 and p65/RelA
subunits [142]. IkBa is the predominant inhibitory pro-
tein that binds to the p50/p65 heterodimer in the cyto-
plasm and prevents NF-kB's nuclear translocation
[143]. NF-«B is activated through two pathways, the
canonical and noncanonical pathways. Canonical sig-
naling uses the RelA, p50, and c-Rel subunits, while
RelB and pl100/p52 perform activation of the non-
canonical pathway [144]. NF-xB signaling has been
reported to have a broad spectrum of different func-
tions, influencing cell survival, tissue growth and pro-
liferation, and chromatin structure. NF-xB activation is
an essential step in TGFB2/PDGFBB-induced cardiac
EMT. Also, be required for IL-1b/TGFp2-induced en-
dothelial-to-mesenchymal transition (EndoMT) in hu-
man umbilical vein endothelial cells [29].

NF-kB activity is enhanced during cardiac disor-
ders, and its signaling is mainly involved in the devel-
opment of cardiac remodeling (fibrosis), hypertrophy,
and heart failure [142]. In cardiac tissue, NF-kB signal-
ing is attributed as a hypertrophic effect and is correlat-
ed with the expression of cardiac response genes like
ANF and B-MHC [140]. The mammalian heart aug-
ments the expression of a fetal gene related to stress. In
this regard, long-term NF-kB activity may be harmful
to the mammalian heart by enhancing CM atrophy and
fetal reprogramming CMs [27]. The NF-«B pathway is
induced in CMs following damage. Myocardial preven-
tion of NF-xB activity stops heart repair with plei-
otropic effects, diminishing both CM proliferation and
epicardial responses [21]. Pereira et al. demonstrated
that c-Rel-defective mice have a smaller heart during
their infancy and adulthood, and cardiac hypertrophy
and fibrosis after chronic angiotensin infusion will not
occur in their heart [142]. Peterson et al. demonstrated
that NF-xB ablation in murine dystrophic CMs leads to
chromatin remodeling on enhancers of calcium genes,
which in turn permits enhanced gene expression and an
overall improvement in cardiac function [145].

Exosomes induced pro-inflammatory cytokines by
the TLR9-NF-«xB pathway, relevant to exosomal
mtDNA. Therefore, this pathway may reveal a new
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molecular mechanism for developing chronic inflam-
matory disorders, including chronic heart failure
(CHD), which is significant for preventing and treating
these disorders [146].

6.2. PI3K/AKT Signaling

The Phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) pathway has been well characterized as
the critical signaling pathway that preserves the cardiac
tissue against reperfusion damage. Activation of
PI3K/Akt signaling shows a strong anti-apoptotic effect
against myocardial I/R injury [67]. PI3K has three clas-
ses: Class 1A PI3K is a heterodimeric complex consist-
ing of a pl10 catalytic subunit and a p85 regulatory
subunit positioned on the cell membrane [147]. Akt,
also called protein kinase B (PKB), is a ser-
ine/threonine PK. At least three Akt family members
include Aktl/PKBa, Akt2/PKBB, and Akt3/PKBy
[148]. Upon activation of PI3K, PI3K phosphorylates,
the inositol ring leads to the anchoring of AKT to the
plasma membrane, phosphorylated and entirely activat-
ed 3-phosphoinositide-dependent kinases 1 (PDK1).
Phosphatases, including PETN and SHIP, diminish the
source of available phospholipids and resulting Akt
inactivation [147].

6.2.1. Role And Crosstalk Of PI3K/AKT Pathways In
Cardiac Regeneration

PI3K/Akt pathway modulates cell proliferation, dif-
ferentiation, apoptosis, and autophagy under physiolog-
ical and pathological conditions. Akt serves a crucial
role in repressing cellular apoptosis. It can diminish
pro-apoptotic Bad and Bax levels but elevates anti-
apoptotic Bcl-2 [149]. This pathway is also essential
for cardiac development, and Aktl-deficient mice have
a high mortality rate after birth [150]. The activation of
the PI3K/Akt pathway in MSCs leads to overexpres-
sion of some main components of the pathway that
have been used to induce the repair of infarcted cardio-
vascular cells and were demonstrated to enhance the
efficacy of MSCs [151]. C3 or f58 is a novel paracrine
factor secreted from MSCs, known as hypoxia and Akt
induced stem cell factors (HASF). HASF gene overex-
pression protected CMs from apoptosis and cell death
via PKC's selective activation in vitro and in vivo. This
approach treated rat neonatal CMs with HASF recom-
binant protein-enhanced DNA synthesis via the cell-
cycle regulator cycle-dependent kinase 7 (CDK7) com-
plex and promoted mitosis and cell division. These ef-
fects were shown through PI3K and PKB pathways
[135]. Also, Akt can regulate NF-kB by IkB kinase
(IKK), and therefore, the transcription activating genes
involved in survival [147]. Indeed, the Akt activated
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pathway results in an initiate cascade of downstream
targets that regulate cellular functions. For instance,
Akt regulates cell migration through Racl and RhoA,
ameliorates cell viability through the increased bcl-2
level and decreased Bax, enhances angiogenesis via
VEGF, and enhances cell proliferation activation
mammalian target of rapamycin (mTOR) [151]. Also,
the pivotal role of Akt has been demonstrated in physi-
ological cardiac hypertrophy via attenuating pathologi-
cal hypertrophy. This process depends on the
IGF/PI3K/AKT/mTOR signaling pathway [60].

Interestingly, overexpression of HASF as a novel
inducer of both cell-cycle re-entry and proliferation of
neonatal and adult mammalian beneficial is for cardiac
repair and regeneration [152, 153]. The correlation be-
tween Notchl and Akt/PI3K signaling pathway leads to
regulation of regeneration in the heart. Notchl knock-
down noticeably enhanced PETN expression and di-
minished Akt/PI3K activity in MI/RI. Indeed, in T-cell
acute  lymphoblastic = leukemia  (T-ALL), the
Notchl/Hesl pathway induces the PI3K/Akt pathway's
excessive expression by down-regulating PETN [67].
Besides, Yang ef al. demonstrated that tumor necrosis
factor (TNF)-like weak inducer of apoptosis
(TWEAK), a member of the TNF superfamily, which
protected the cardiac apoptosis by activation of cardio-
protective pathway PI3K/AKT during IR and resulting
in Inhibition the myocyte death of myocardial IR injury
[154]. In connection with exosomes derived from
CXCR4-overexpressing MSCs actuated the Akt path-
way in vitro and a murine MI model.

6.3. Hippo/Yap Signaling

The Hippo signaling pathway is an evolutionarily pre-
served pathway demonstrated to control cell proliferation
and organ size in developing hearts, which was first de-
scribed in the fruit fly, Drosophila melanogaster. This
pathway is a kinase cascade that prevents developing CM
proliferation and regeneration, upregulated in human
heart failure [155]. Post-MI prevention of the Hippo
pathway in the cardiac tissue increases CM proliferation
and enhances cardiac performance in mice [156].

Hippo pathway is activated via phosphorylation of a
series of proteins, such as mammalian STE20-like pro-
tein kinase 1 (Mstl; also identified as Stk4) and Mst2
(also identified as Stk3), protein Salvador homolog 1
(Savl)/WW45, Transcriptional enhancer factor A
(TEA) domain family member 1 (Teadl-4) [157], and
large tumor suppressor homolog 1 (Latsl) and Lats2,
which coincidently phosphorylate and deactivate the
transcriptional co-activator Yes-associated protein 1
(Yapl) and Taz that cooperatively bind DNA with
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Tead factors [155]. Yap contains two consecutive WW
domains; meanwhile, Taz is a Yap paralog in mammals
and displays a similar domain organization but has only
one WW domain [158]. Yap and Taz have been shown
to control cell-autonomous manner, myocardial prolif-
eration, myocardial hypertrophy, regenerative capacity,
and the heart's total size [25]. Phosphorylation of Yapl
at Ser127 sequesters [25] blocks nuclear transposition
and leads to Yapl being preserved in the cytoplasm,
thereby resulting in cell apoptosis [159].

6.3.1. Crosstalk Hippo/YAP With Other Pathways

Nppa (natriuretic peptide A) marker is markedly
down-regulated in Yap transgenic myocardium that
elevated CM proliferation is associated with impaired
differentiation [160]. Also, in endocardial cells,
Yap/Taz regulates Nrgl expression, which actuates
ErbB2/4 receptors. In mammary cells, Nrgl binding to
ErbB receptors stimulates the cleavage of ErbB4 and
follows an intracellular domain (ICD) release that con-
nects to Yap via the WW domain. The Yap/ErbB4/ICD
complex enters the nucleus [161], binds TEAD factors,
and stimulates the expression of Yap-dependent prolif-
eration-related genes. With this perspective, Hippo sig-
naling may indirectly be linked via Nrgl/ErbB signal-
ing to control cardiogenesis [25, 26],

Also, from another way, Hippo inhibits a gene pro-
gram that controls multiple aspects of ECM composi-
tion, affecting vessel development, including endothe-
lial cell proliferation, migration, and vessel branching,
which is used to benefit the development of heart re-
generation. In this regard, Dpp4 controls ECM charac-
teristics and vascular remodeling [162].

Consequently, cell cycle-associated genes were up-
regulated in the cardiac tissue after Hippo signaling
prohibition. Still, stress response genes, including those
related to an antioxidant response and mitochondrial
quality control genes include Park2, were also up-
regulated. Since inhibition of the Hippo pathway is cor-
related with the risk of off-target cell proliferation, an-
tioxidant elements have been analyzed and adminis-
tered into the damaged adult mouse cardiac tissue as an
alternative method [24, 156]. Also, during ische-
mia/reperfusion [7] activates Mstl through a K-Ras
Rassfl A dependent mechanism in mitochondria, where
Mstl stimulates the mitochondrial mechanism of apop-
tosis by phosphorylating Bel-xL, and subsequently the
Beclin 1, thereby inhibiting autophagy [159]. Yap acti-
vated the insulin-like growth factor-1 receptor (IGF-
IR) signaling pathway in CMs, contributing to the
inactivation of glycogen synthase kinase 3 beta (GSK-
3B), which increased b-catenin as a positive regulator
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Fig. (2). Schematic overview of the complex Hippo/Yap signaling pathway in human heart failure regeneration. (4 higher reso-
lution/colour version of this figure is available in the electronic copy of the article).

of cardiac growth [163]. Indeed, Yap a nexus for
coupling the IGF, Wnt/B-Catenin, and Hippo signaling
pathways, which results in a developmental program
for heart growth [163]. The hippo signaling pathway
has been involved in therapeutic approaches to control
the cardiac tissue's regenerative response to damage
and is a fundamental regulator of heart size (Fig. 2).

6.3.2. Role of Hippo/YAP in rodents and mammals
cardiac regeneration

Initially, points are this question: Can the activation
of YAP stimulate cardiac regeneration and repair in
adults? Yap is necessary for heart development and
heart regeneration during the neonatal period. During
the fetal stage, cardiac growth is originally is mediated

by the proliferation of pre-existing CMs. In contrast,
postnatal cardiac growth is mainly directed by physio-
logical hypertrophy of CMs rather than by proliferation
[164]. Yap/Taz activity is suppressed a few days (day
seven) after birth with enhancement in Hippo pathway
kinases' activity [165]. Besides, in mice heart samples
with pathological conditions such as MI, I/R, which
lead to hypertrophic cardiomyopathy, Yap levels are
increased, and the prohibitory phosphorylation at
Ser127 of Yap is alleviated, proposing a role for nucle-
ar YAP in hypertrophic cardiac muscle disease [166].
In this regard, genetic manipulation of the Hippo path-
way elements in adult CMs provokes CM development
via the S phase and mitosis. However, the overexpres-
sion of activated YAP is adequate to enhance the pro-
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liferation of postmitotic CMs [164]. To confirm wheth-
er Yap activation is adequate for postnatal heart regen-
eration, created aMHC-YapS112A transgenic mice
overexpressing stimulated Yap in the cardiac under the
oMHC promoter's control. Both wild and oaMHC-
Yap®''** transgenic mice were exposed to MI at day
seven postnatally and assessed at P21.

Wild-type mice exhibited wide scar formation, loss
of myocardial tissue, and ventricular dilatation in their
cardiac tissue after damage. In opposite, aMHC-
Yap®''** hearts were fully regenerated with minimal or
no fibrosis [167]. Other studies in the mice model re-
vealed that with doxycycline-inducible Yap®'*’* ex-
pression, Yap activation elevated CM proliferation and
division. When Yap®'** expression was stimulated in
adult mice with MI, YAP activation was adequate to
increase heart performance and alleviate infarct size
[168]. Besides, to identify whether Yap/Taz stimulates
heart regeneration after MI in adult mice, activation of
Yap/Taz applying an adeno-associated virus subtype 9
(AAV9) with deleting Savlor Latsl/Lats2 triggered
heart repair, which finally resulted in enhanced cardiac
function and elevated mouse survival [168]. Overex-
pression of Mstl caused dilated cardiomyopathy due to
excessive apoptosis. Triastuti and colleagues demon-
strated that treatment with XMU-MP-1 as an Mstl/2
selective inhibitor improved heart function and de-
creased apoptosis and fibrosis of heart hypertrophy due
to the pressure overload mouse model [169].

Furthermore, intraperitoneal administration of TT-
10 in mice after MI can induce Yap activity by directly
improving the Yap—Tead complex's transcriptional ac-
tivity. This compound can enhance CM proliferation
and alleviated infarct size and fibrosis, leading to car-
diac performance improvement [36]. In general, in
adult mice, Yap deletion by using aMHCCre signifi-
cantly enhanced the apoptosis of CMs. Also, apoptosis
of CMs was enhanced in mice with the coincided dele-
tion of Yap and Taz [170].

As mentioned above, the Hippo pathway is active in
adults, and consequently, Yapl expression is minimal.
Impressive Results of a study recently published by
Camberos and et al. revealed that microgravity hinders
the Hippo pathway, driving adult CMs to express high-
er levels of active Yapl. Indeed, this study provides
new insight into the changes that occur in space and
how the effects of these changes correlate to cardiac
regeneration [171].

6.3.3. Hippo/YAP In Zebrafish Cardiac Regeneration

Unlike adult mammals and mice hearts, zebrafish
hearts did not reduce cardiomyocyte proliferation and
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could regenerate throughout life. Yap null (Yap ')
zebrafish are viable to adulthood; Flinn and colleagues
showed that CM proliferation was not impaired regen-
eration in zebrafish hearts. Their findings also reported
that Yap plays in scar formation by regulating factors
that mediate ECM deposition and macrophage activity
following ventricle cryoinjury in the zebrafish [172].

The hippo pathway is a potent inhibitor of CM
proliferation, which applied strategies to inhibit this
pathway could ameliorate cardiac regeneration.
Bearing all this in mind, Yap/Taz activation in adult
CMs not only initiates proliferation but also causes
CMs reprogramming and regeneration. Notwithstan-
ding whether these properties can be attributed to
humans or no, it is currently under investigation.
Further investigation is also essential for exhibiting the
therapeutic potential and risks of activating Yap/Taz
during MI in humans.

7. OTHER SIGNALING PATHWAYS

7.1. Periostin

Shreds of evidence show stimulating proliferation of
CMs with extracellular regeneration factors like perios-
tin enhances cardiac regeneration and repair in rodents
[173, 174]. Periostin has a critical function in cardiac
regeneration and the EMT [175]. In neonatal heart inci-
sion model in mice showed that signal transducer and
activators of transcription 3 (STAT3)/periostin signal-
ing are crucial mediators of interleukin 13 (IL13) sig-
naling in the regenerating mouse cardiac tissue [175].
With these approaches, periostin's role in myocardial
regeneration and restoration has been controversial in
adult rodents. Besides, the injection of MSCs overex-
pressing periostin into the infarcted rat cardiac tissue
area diminished post-MI remodeling [176]. Only a
handful of adult myocardial cells in a million have a
detectable nuclear-DNA synthesis. Since adult CMs
typically have two nuclei, the extent to which these rare
nuclear divisions produce new cells is unknown. The
fundamental cellular events leading to metaplasia are
increased proliferation of cells and tissues, concomitant
by angiogenesis, exactly the pivotal proceedings need-
ed for myocardial regeneration if they can be targeted
to the heart. Periostin is a protein that participated in
cell survival and angiogenesis secreted by many human
tumors on cardiac repair. The recombinant form of per-
iostin elevated the DNA synthesis rate in adult CMs in
tissue culture by stimulating integrins to actuate the
PI3K in the PKB pathway [177].

7.2. Fibroblast Growth Factor-1

Both repair and regeneration are controlled by vari-
ous agents, including cytokines, growth, and differenti-
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ation factors. Among them are the fibroblast growth
factors (FGFs) that master the regeneration of target
organs and tissue [178]. FGF signaling pathway is re-
quired for heart regeneration. FGFs actuate various
signaling cascades upon binding to receptors that the
Ras/Erk1/2 signaling pathway is most prominent [178].
During zebrafish heart regeneration, FGFs induce epi-
cardial cell activation and EMT as well as neovascular-
ization [179]. In another position, FGF signaling is ob-
ligatory for the stimulation of shh and Wnt5b, which
construct the different segments of the wound epitheli-
um. In rats, post-MI levels of FGF1 are up-regulated in
inflammatory cells and fibroblast-like cells in the
boundary zone of infarcted myocardium, whereas
FGF2 is stimulated in both the boundary zone (first in
endothelial cells) and the infarct region (in CMs) [18].
Follistatin-like 1 signaling pathway is a key epicardial
cardiomyogenic factor that ameliorates regenerative
repair and function following MI [17].

Also, besides these signaling pathways, other path-
ways, including EGF [180], HGF [181], pro-fibrotic
signalings such as PDGF [182-184], BMPs [185], efc.,
play a crucial role in heart regeneration.

CONCLUSION

Despite substantial heart disease therapy progress, it
requires new clinical approaches for alternative treat-
ment options. Besides understanding the molecular
mechanisms by which many factors affect the signaling
pathways and their role in physiological and disease
conditions, the fundamental question remains unan-
swered: why cardiac regeneration defects in adult hu-
mans, yet. Targeting the signaling pathway has enor-
mous potential for improving cardiac remodeling and
regeneration therapeutic strategies. To date, efforts de-
voted to understanding the heart's regenerative poten-
tial have shown the minimal regenerative capacity of
adult human cardiac tissue. New research in heart re-
generation in different experimental models reveals
that many ways, including signaling pathways, stem
cells, exosome-derived stem cells, efc., may involve
heart regeneration. Overall, given the tremendous po-
tential of the signaling pathway for regeneration that
appears from the recent study, we can now wait for an
exciting substantial and translational study on signaling
to pave the way for new clinical methods in regenera-
tive medicine.

LIST OF ABBREVIATIONS
AMPK = AMP-activated Protein Kinase
ALPK2 = Alpha Protein Kinase 2
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AV = Atrioventricular

AVDI = Aortic Valve Disease 1

b-FGF = Basic-fibroblast Growth Factor

BMs = Bone Marrow-derived Cells

BTrC = Beta-transducing Repeat-containing Pro-
tein

CDCs = Cardiosphere-derived Cells

CDK7 = Cycle-dependent Kinase 7

CHD = Chronic Heart Failure

CK = Casein Kinase

CMs = Cardiomyocytes

CSCs = Cardiac Stem Cells

CVD = Cardiovascular Disease

DIl = Delta-like

dpi = Days Post-injury

EndoMT = Endothelial-to-mesenchymal Transition

EGF = Epidermal Growth Factor

FGFs = Fibroblast Growth Factors

Fzd = Frizzled

GFs = Growth Factors

GSK-3B = Glycogen Synthase Kinase 3 Beta

HAK = Heart Alpha Kinase

HASF = Hypoxia and Akt Induced Stem Cell
Factors

hESCs = Human Embryonic Stem Cells

HGF = Hepatocyte Growth Factor

Hh = Hedgehog

HIF-1a = Hypoxia-inducible Factor-1a

H/R = Hypoxia/Reoxygenation

HSPGs = Heparan Sulfate Proteoglycans

ICD = Intracellular Domain

IGF-1 = Insulin-like Growth Factor 1

IHF = Ischaemic Heart Failure

iPSCs = Induced Pluripotent Stem Cells

inhba = Inhibin Beta Aa

I/R = Ischemia/Reperfusion

LVEF = Left Ventricular Ejection Fraction

MEFs = Mouse Embryonic Fibroblasts
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MI = Mpyocardial Infarction

mPTP = Mitochondrial Permeability Transition
Pore

MSCs = Mesenchymal Stem Cells

Mstl = Mammalian STE20-like Protein Kinase
1

mstnb = Myostatin b

mTOR = Mammalian Target of Rapamycin

NF-kB = Nuclear Factor-kappa B

Nppa = Natriuretic Peptide A

(0N} = Ocxidative Stress

PDK1 = 3-phosphoinositide-dependent Kinases 1

PI3K = Phosphatidylinositol 3-kinase

PKB = Protein Kinase B

PLGF = Placenta Growth Factor

Ptc = Patchedl

PCP = Planar Cell Polarity

PS = Primitive Streak

TCF/LEF = T-Cell Factor/Lymphoid Enhancer-

Binding Factor

Tead = Transcriptional Enhancer Factor A Do-
main Family Member

RA = Retinoic Acid

RTK = Receptor Tyrosine Kinases

Savl = Salvador Homolog 1

SDF-1a = Stromal Cell-derived Factor 1 Alpha

sFRP-1 = Secreted Frizzled-related Protein 1

Shh = Sonic hedgehog

Smo = Smoothened

STAT3 = Signal Transducer and Activators of
Transcription 3

T-ALL = T-cell Acute Lymphoblastic Leukemia

TEA = Transcriptional Enhancer Factor A

TGF-B = Transforming Growth Factor-beta

TWEAK = Tumor Necrosis Factor Like Weak In-
ducer of Apoptosis

VEGF = Vascular Endothelial Growth Factor

WIF1 = Wnt Inhibitory Factor 1

Yapl Yes-Associated Protein 1
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