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Abstract

Cardiovascular disease remains the leading cause of mortality worldwide.
Cardiomyocytes are irreversibly lost due to cardiac ischemia secondary to disease.
This leads to increased cardiac fibrosis, poor contractility, cardiac hypertrophy, and
subsequent life-threatening heart failure. Adult mammalian hearts exhibit
notoriously low regenerative potential, further compounding the calamities
described above. Neonatal mammalian hearts, on the other hand, display robust
regenerative capacities. Lower vertebrates such as zebrafish and salamanders
retain the ability to replenish lost cardiomyocytes throughout life. It is critical to
understand the varying mechanisms that are responsible for these differences in

cardiac regeneration across phylogeny and ontogeny. Adult mammalian



cardiomyocyte cell cycle arrest and polyploidization have been proposed as major
barriers to heart regeneration. Here we review current models about why adult
mammalian cardiac regenerative potential is lost, discuss recent progress and
highlight conflicting reports pertaining to extrinsic and intrinsic signaling pathways
that control cardiomyocyte proliferation and polyploidization in growth and
regeneration. Uncovering the physiological brakes of cardiac regeneration could
illuminate novel molecular targets and offer promising therapeutic strategies to

treat heart failure.
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1. Introduction

Heart attack is one common cardiovascular disease which arises from
coronary vessel blockade and cardiac ischemia. Cardiomyocytes in the ischemic
area are rapidly deprived of oxygen and subsequently perish. The mammalian
heart will attempt to repair the ischemic injury by replacing damaged areas of the
heart with a dense mesh of extracellular matrix left behind by fibroblasts [1-3].
This fibrotic tissue prevents cardiac rupture but will paradoxically compromise the
integrity of the myocardium later; heart contractility declines substantially, leading
to heart failure and even death [4]. Conventional treatments of acute myocardial

infarction involve the use of a catheter to act as a balloon to expand the occluded



coronary artery [5]. This method may restore circulation and perfusion to
undamaged areas of the heart, but it does not stimulate the regeneration of lost
myocardium. Regenerating injured hearts therefore remains one of the largest

unmet clinical needs.

Even though adult mammalian hearts have limited regenerative capacity,
heart regeneration of amphibians and certain fish can persist well into adulthood.
Investigating the mechanisms of cardiac regenerative potential across phylogeny
and ontogeny has therefore become of great interest. The underlying logic is to
uncover the reasons for the disparity of heart regenerative potential and to
translate these findings for therapeutic applications in the clinic. In this review, we
cover pertinent information regarding what is currently known about the
mechanisms that govern cardiac regeneration across phylogeny and ontogeny. We
discuss the divergence in cardiomyocyte proliferation in the context of
cardiomyocyte ploidy, current models about why mammals (namely mice and
humans) lose cardiomyocyte regenerative potential after birth, endocrine factors
and neural regulators of cardiomyocyte proliferation, as well as key signaling

pathways that influence cardiomyocyte regeneration.

2. Divergence in cardiomyocyte proliferation, polyploidy and regeneration

in phylogeny and ontogeny

2.1. Divergence in phylogeny



Earlier studies of heart regeneration in several adult frog and reptilian
species (Rana temporaria, Agama caucasica and Lacerta armeniaca) showed that
cardiomyocytes are capable of robust proliferation and significant regeneration
following myocardial injury [6,7]. Similar findings were later observed in adult
newts [8] and zebrafish [9]. There is an apparent correlation between
cardiomyocyte ploidy and the propensity of the proliferative and regenerative
capacity of cardiomyocytes [10-13], as illustrated in Figure 1. Zebrafish, frogs,
and newts have >95% diploid, mononucleated cardiomyocytes. In adult mammals,
however, most cardiomyocytes become polypoid and permanently exit the cell
cycle [10,11]. This is associated with limited regenerative capacity in adult
mammalian hearts. To identify the transition of cardiomyocyte polyploidy in
phylogeny, Hirose et al. recently analyzed cardiomyocyte ploidy among forty-one
vertebrate species, including under-studied mammals such as short-beaked
echidnas, silky anteaters, bowhead whales, and brown-throated sloths [14].
Intriguingly, the change of cardiomyocyte ploidy in phylogeny seems to be in
parallel with the ectotherm-to-endotherm transition [14]. Whether the mammalian
species that possess abundant diploid cardiomyocytes in the adult heart retain

significant cardiac regenerative potential deserves further investigation.

It is important to stress that animals with abundant diploid and proliferation-
competent cardiomyocytes are not necessarily always capable of heart
regeneration. This was best illustrated in comparative studies between two teleost
fish species zebrafish and medaka. Although both can regrow lost tails efficiently,

medaka fish, unlike zebrafish, cannot mount regenerative responses following



cardiac injury [15]. Comparison of injury repair in these two species recently
demonstrated that myocardial damage in medaka resulted in delayed and reduced
recruitment of macrophages, and stimulation of Toll-like receptor signaling
enhanced immune cell dynamics, cardiomyocyte proliferation, scar resolution, and
heart regeneration in medaka [16]. Therefore, although medaka cardiomyocytes
are diploid and proliferation-competent, medaka don’t regenerate the heart
naturally unless the innate immunity is stimulated. It is tempting to speculate
whether a similar mechanism could explain the recent conflicting reports that adult

frogs Xenopus laevis cannot, but Xenopus tropicalis can regenerate the heart

[17,18].
ﬁ
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Figure 1. Correlation between heart regenerative potential, adult cardiomyocyte
proliferative potential and proportion of polyploid cardiomyocyte across species. Species
with less polyploid cardiomyocytes (fish and newt) display high heart regenerative potential and
adult cardiomyocyte proliferative potential, whereas species with abundant polyploid
cardiomyocytes (mouse, rat, rabbit, pig, and human) display low heart regenerative potential and

adult cardiomyocyte proliferative potential. Species with an intermediate frequency of polyploid



cardiomyocytes (echidna, armadillo, and bat) are predicted to have intermediate cardiac
regenerative potential but further scientific validation is required (marked by dashed lines). The

image was created with BioRender.com.

2.2. Divergence in ontogeny

In most mammals, cardiomyocytes permanently exit the cell cycle and
become polyploid due to failure in either cytokinesis or karyokinesis in the
perinatal window [19-23]. This coincides with the closure of cardiac regenerative
period in mice, rats, rabbits and pigs [24-28]. Indeed, it has been shown that
stimulation of cardiomyocyte proliferation enhances cardiac regeneration and
reverse heart failure [29,30]. Marsupials, such as the opossum, are highly unusual
among mammals because they are highly altricial after birth and organogenesis
continues in the postnatal environment. Nishiyama et al have shown that cardiac
regenerative potential in Monodelphis domestica diminishes after two weeks after
birth, remaining relatively elevated until postnatal day 29 [31]. When heart
regenerative potential is lost in humans has not been determined, but a previous
case report showed cardiac function recovery in a newborn baby after a severe
myocardial infarction [32]. In addition, the percentage of diploid cardiomyocytes in
the adult human heart and the timing of human cardiomyocyte cell cycle exit are
controversial [21-23,33]. This may be explained by the different analysis methods
and the heterogeneous nature of human population. Furthermore, study of

different mouse strains demonstrated an array of diploid cardiomyocyte



abundance, and mouse strains with higher frequencies of diploid cardiomyocytes
retain better cardiac regenerative capacity [12]. Altogether, these findings
support that cardiomyocyte cell cycle arrest and polyploidization are major barriers

to heart regeneration [30,34-36].

Although it is generally agreed that adult mammalian hearts have limited
regenerative potential, it is intriguing that myocardial recovery has also been
reported in a small number of patients who have received left ventricular assist
devices (LVADs) [37]. LVADs are implanted in advanced heart failure patients to
help improve cardiac output, systemic perfusion, and overall organ function. A
study from 2015 sought to investigate the molecular basis of these observations,
and found evidence of enhanced cardiomyocyte cycling and cytokinesis [38].
Despite its promising results, the findings of this study were not recapitulated in a
recent study [39]. Luo et al. quantified cardiomyocyte cell cycle markers by
imaging and flow cytometry using samples from patients undergoing LVAD
implantation. But they found no evidence of increased cardiomyocyte proliferation
or changes in cardiomyocyte nucleation changes although cardiomyocyte DNA
content was reduced in unloaded hearts. Interestingly, however, Drakos et al have
recently shown that LVAD support coupled with conventional heart failure
medications induced remarkable structural and functional improvements in heart
failure patients. RNA sequencing and phosphopeptide profiling highlighted changes
in two key pathways: cell cycle regulation and cardiac remodeling.
Echocardiographic findings corroborated these results [40]. Although it is possible

that different methods used in these three studies contributed to the different



outcomes, this recent controversy highlights the need of more independent
investigations to examine whether LVAD implantation and unloading the heart

could facilitate endogenous cardiomyocyte proliferation and regeneration.

3. Current models about why we lose cardiac regenerative potential

3.1. Oxygen-rich environment

An oxygen-rich postnatal environment has been proposed as a primary
factor inducing mammalian cardiomyocyte cell cycle arrest and loss of cardiac
regenerative potential [41]. The generation of reactive oxygen species and
corresponding DNA damage in mouse cardiomyocytes throughout the first week of
life parallels the reduction of neonatal mouse cardiac regeneration during the first
week of life [41]. Scavenging reactive oxygen species from cardiomyocytes
delayed postnatal cell cycle exit and slightly increased the percentage of
mononuclear cardiomyocytes in neonatal mouse cardiomyocytes [41]. Increasing
the levels of reactive oxygen species, on the other hand, accelerated
cardiomyocyte cell cycle arrest in neonatal mice [41]. Chronic hypoxia was also
shown to alleviate oxidative damage, induce mitosis in adult mouse
cardiomyocytes, and promote cardiac regeneration after myocardial infarction in
adult mice [42]. In sum, these observations support that the high oxygen level in

the postnatal environment stimulates cardiomyocyte cell cycle withdrawal.

Most of the studies above were performed in altricial mammals such as mice.

Cardiomyocytes from precocial mammals such as sheep, however, exhibit near-



complete polyploidization and cell cycle arrest before birth [43]. This suggests that
other major physiological mechanisms other than oxygen status impacts

cardiomyocyte proliferative potential.

3.2. Acquisition of endothermy

Vertebrate thermogenesis appears to be inversely correlated with cardiac
regenerative potential. Tissue regeneration in general may be an ancestral
vertebrate trait that was lost later in evolution [44]. Pro-regenerative species such
as zebrafish and newts, however, are not as efficient in thermogenesis [45].
Neonatal mammals are less able to thermoregulate when compared to adults [46].
Adult humans and rodents can efficiently thermoregulate, and this is associated
with poor cardiac regeneration. This corroborates with the inverse relationship

between thermogenesis and organ regenerative capacity.

A recent phylogenetic analysis of forty-one vertebrate species showed that
diploid CM content within the myocardium correlates negatively with standard
metabolic rate [14]. Lower vertebrates with higher cardiac regenerative potential,
such as zebrafish, newts, and reptiles, have standard metabolic rates that are an
order of magnitude lower than those of endothermic mammals such as rodents
and humans [14]. Mammalian body temperature is also negatively correlated with

diploid cardiomyocyte percentage [14].

Furthermore, Payumo et al. followed the fractal nature of the cardiovascular

system and uncovered that the increased thermogenesis during the acquisition of



endothermy demands a proportional elevation of blood flow and cardiac output
[47]. Inhibition of thyroid hormone and adrenergic receptor signaling, two major
thermogenic pathways, was found to remarkably delay body temperature rise,
reduce polyploid cardiomyocytes, and prolong the cardiac regenerative window in
mice [47]. Thus, the physiological changes and cardiac adaptations during
endothermy acquisition may induce cardiomyocyte polyploidization and cardiac
regenerative potential loss [36]. This model may account for both altricial and
precocial mammals which develop endothermy after and before birth, respectively.
It would be interesting to test whether this model also explains the loss of
regenerative capacity of other organs and tissues such as the brain and spinal
cord, which occurs in the same time window when animals increase thermogenesis

[48-50].

3.3. Altered immune system

The development of robust and complex adaptive immune systems across
phylogeny and ontogeny also parallels the decline of tissue regenerative potential
[51,52]. It has also been proposed that efficient immune function is a trade-off for
regenerative capacity [53]. Salamanders and frogs have high cardiac regenerative
potential when compared to that of mammals [17,54,55]. The immune response of
these amphibians is more primitive than those of mammals. They are less specific,
slower in onset, and are less adaptive than those of less-regenerative animals [52].

In mammals, CD4+ T-cells - critical players in the adaptive immune system are



enriched in non-regenerative P8 mouse hearts when compared to pro-regenerative
P3 hearts. Ablating CD4+ T-cells in P8 mice increases cardiomyocyte regenerative
potential and ameliorates fibrosis after apical resection [56]. Recently,
reconstitution of neonatal mice with adult T cells was shown to cause deficient
cardiac regeneration [57]. Furthermore, interferon gamma signaling seems to be
critical in regulating this process because newborn mice that received adult Ifng
knockout T cells before myocardial infarction exhibited a comparable regenerative
phenotype [57]. In both reports, macrophage recruitment and polarization are

likely key cellular mediators of regenerative response [56,57].

The innate immune response also appears to be a critical determinant of
cardiac regenerative potential [36]. Unresolved post-injury inflammatory responses
in adult mice may contribute to their inability to regenerate hearts. TLR2 and TLR4
seem to be key players that mediate this phenomenon [58-60]. An early resolution
of immune activity in the infarct site improves cardiac regeneration in adults
[61,62]. Interestingly, acute inflammation in P1 mice is critical for their
regenerative response [63]. Macrophage depletion negatively affects cardiac
regenerative capacity in P1 mice [64]. Regenerative M2 macrophages in P1 mouse
hearts upregulate the expression of soluble factors that support myogenic
differentiation and growth. These factors include IGF-1, TGF-beta, activin-A, and
Argl. These factors are not present in the hearts of P14 mice [52]. The transition
from M2 to M1 may also play a role in the developmental loss of regenerative
potential in other organs. CCR2 inhibition in adult hearts improved angiogenesis

and reduced inflammation after injury by inhibiting post-injury monocyte



recruitment to the heart, thereby preserving embryonic macrophage activity [65].
Recently, transplantation of macrophages from neonatal mice to adult mice was
shown to facilitate cardiomyocyte proliferation and cardiac regenerative repair
[66]. This study would have been more convincing and impactful if dead neonatal
macrophages had been transplanted in a control group and no beneficial effect
had been observed. This is an important control especially given the previous
controversies surrounding the cardiac stem cell therapy where injection of both
live and dead mesenchymal stem cells in adult mouse hearts yielded comparable
cardiac function improvement following injury, mainly through modulation of

endogenous immune response [67].

3.4. Cancer risk trade-off

A prominent paradigm maintains that mammals have lost their regenerative
potential to prevent the development of cancer [68]. The balance between cancer
risk and organ regeneration is mediated by tumor suppressor genes that reduce
the oncogenic risks of stem cells but also limit regenerative potential [36]. The p53
family of tumor suppressors arose in sea anemones to protect germline cells from
DNA damage. p53 itself arose in early vertebrates like cartilaginous fish [69].
Vertebrate regenerative potential also declines with age as age-related DNA
damage and cancer risks accumulate [70]. Permanent cell cycle exit in mammalian
cardiomyocytes prevents their proliferation in the adult mammalian heart. This

may explain the rarity of cardiac tumors [36].



In addition, an increase of cell ploidy has been proposed to reduce the risk of
cancer formation because polyploid cells need to lose more copies of a tumor
suppressor gene for a complete loss of function. This proposal has been supported
by recent studies in hepatocytes [71]. Whether manipulations to enhance
cardiomyocyte proliferative capacity and reduce cardiomyocyte ploidy also
significantly increase the incidence of cardiac tumorigenesis awaits experimental

evidence.
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Figure 2. Proposed models explaining why cardiac regenerative potential is lost in adult
mammals. Species with robust cardiac regenerative potential typically have a low blood oxygen

level, ectothermic, underdeveloped immunity, and a possible high cancer risk. The opposite is



apparent for species that exhibit poor cardiac regenerative capability. The image was created with

BioRender.com.

4. Molecular pathways that control cardiomyocyte proliferation,

polyploidy and regeneration

Numerous molecular mechanisms were implicated in heart regeneration
(Figure 3). Here, we discuss the recent developments entailing endocrine factors,

neural regulators, and local pathways.

4.1. Endocrine factors

4.1.1. Thyroid hormone signaling

Thyroid hormones are produced by the thyroid gland and secreted to the
bloodstream. Thyroid hormone exists in two forms: L-thyroxine (T4) and 3,3,5-
triiodo-L-thyroxine (T3) in mammals. T4 is the prohormone that is converted into
its biologically active T3 form. In target cells, thyroid hormones bind to their
receptor thyroid hormone receptor in the nucleus. Retinoid X receptor (RXR) is
associated with thyroid hormone receptor, and this heterodimer is bound to DNA
through thyroid hormone elements. Downstream target genes are subsequently
expressed when ligand is bound to the receptor. These thyroid hormone-inducible
genes have widespread functions in regulating metabolic balance and cell

maturation [72-75].



Serum thyroid hormone levels are substantially lower in newts and zebrafish
than in non-regenerative mammals, rising before birth in sheep and soon after
birth in neonatal mice [43,76,77]. How thyroid hormones impact cardiomyocyte
cell cycle activity and heart regeneration has been explored in certain vertebrate
species [73,78,79]. Gerdes and colleagues investigated the consequence of T3
treatment in neonatal rats. They observed a 19% reduction of the total
cardiomyocyte number and a 31% increase of the cardiomyocyte volume in T3-
treated rats [80]. Similarly, Chattergoon et al. have shown that T3 administration
to fetal sheep reduces cardiomyocyte proliferation and the total cardiomyocyte
number, and increases cardiomyocyte binucleation and cell size [81]. In contrast,
Naqvi et al. reported that the postnatal surge of thyroid hormone in mice
stimulates preadolescent cardiomyocyte expansion [82]. However, this burst of
cardiomyocytes was not found by other groups in two subsequent reports [83,84].
Recently, Hirose et al have found that the percentage of diploid cardiomyocytes is
inversely correlated with total plasma T4 levels in different vertebrate species [14].
Genetic expression of a dominant negative thyroid hormone receptor TRa in
mouse cardiomyocytes increased heart size by 21% at postnatal day 14. This
increase seems to be a result of an increase in cell number rather than cell size.
Mutant mice also showed a higher frequency of diploid cardiomyocytes, increased
cardiomyocyte proliferative capacity, and enhanced heart regenerative potential in
the adult and diploid percentage [14]. All these findings together suggest that the
high level of circulating thyroid hormones in adult mammals repress

cardiomyocyte proliferation and heart regeneration.



4.1.2. Glucocorticoid receptor signaling

Glucocorticoids are steroid-derived hormones that, like thyroid hormone, are
responsible for maintaining numerous homeostatic functions. The major
glucocorticoid in humans is cortisol (also known as corticosterone in mice). The
circadian rhythm and/or environmental/physiological stress can trigger the
hypothalamus to secrete corticotropin-releasing hormone (CRH) which will
stimulate the production and secretion of adrenocorticotropic hormone (ACTH)
from the anterior pituitary gland. ACTH will bind to its receptor on the adrenal
gland to stimulate the production and release of glucocorticoids from the zona
fasciculata [85]. Glucocorticoids will diffuse through their target cells directly to the
nucleus to bind its receptor, GR, which is already bound to glucocorticoid response
elements. Downstream targets activated from glucocorticoid signaling are
increased mobilization of glucose, increasing blood pressure and heart

contractility, and increasing lipid metabolism [85].

The role of GR in cardiomyocyte proliferation and heart regeneration is
context dependent. Exogenous glucocorticoid hormone has an inhibitory effect on
cardiomyocyte proliferation in vitro and in vivo by possibly regulating Cyclin D2
gene expression [36,86-88]. Both exogenous GR agonist exposure [89] and
crowding-induced stress through GR activation impair regeneration in the zebrafish
heart [90]. In a recent study by Pianca et al., genetic deletion and pharmacological

inhibition of GR in mice promoted cardiomyocyte proliferation and heart



regeneration after experimental myocardial infarction [91]. Moreover, Pianca et al.
demonstrated that cardiomyocyte-specific GR ablation in conditional knockout
mice showed delayed postnatal cardiomyocyte cell cycle exit. This result is in
contrast with a previous report showing no change of cardiomyocyte cell cycle exit
and polyploidization in mice with GR deletion in cardiomyocytes [92]. The
circulating glucocorticoid hormone level plummets after birth and increases after
the completion of cardiomyocyte cell cycle exit in mice and rats [93,94], therefore
GR may not be the major physiological driver of postnatal cardiomyocyte cell cycle

withdrawal and polyploidization.

4.1.3. Vitamin D receptor signaling

Vitamin D is a lipophilic sterol-derived hormone that binds to the nuclear
receptor VDR (vitamin D receptor). VDR is bound to RXR as a heterodimer. When
vitamin D binds to its receptor, downstream targets of the pathway play crucial
roles in metabolism and homeostasis. These functions include but are not limited
to maintaining calcium and bone homeostasis, boosting anti-bacterial immune
responses, anti-tumorigenic activities in various tissues, and mitigating

inflammation [95].

VDR signaling is also directly implicated in cardiomyocyte proliferation and
heart regeneration. For instance, ablating VDR in cardiomyocytes induces
hypertrophy in mice [36,96] Vitamin D analogs were also shown to inhibit

proliferation in primary mammalian cardiomyocytes [36,92,97,98]. However, in



zebrafish, vitamin D agonists increase CM proliferation in embryos, and a VDR
inhibitor decreases zebrafish CM proliferation [99]. Interestingly, while exogenous
VDR stimulation suppresses the proliferation of neonatal mouse cardiomyocytes in
vitro and in vivo, mice with cardiomyocyte-specific knockout of VDR didn’t show
any difference in postnatal cardiomyocyte proliferation and ploidy [92], suggesting
that VDR may have different physiological functions in zebrafish and mice in

regulating cardiomyocyte proliferation.

4.2. Neural regulators

4.2.1. Sympathetic nerve-adrenergic receptor signaling

The sympathetic nervous system is one arm of the autonomic nervous
system, known for evoking the “fight or flight” response. The overarching goal of
the activated sympathetic nervous system is to maximize tissue oxygenation and
to provide tissues with ample amounts of energy in effort to guide the organism
out of stressful situations [100-102]. The neurons of the sympathetic nervous
system are typically synapsed to effector tissues using epinephrine or
norepinephrine as neurotransmitters [103]. These neurotransmitters act on alpha-
or beta-adrenergic receptors, which are typically G-protein coupled receptors
[100]. Serve to increase cardiac output and oxygen delivery, sympathetic
activation will lead to an increased heart rate and greater force of contraction per

beat [100].



Sympathetic nerves innervate the heart before birth [104] but they seem to
only become active after birth in rodents [105], coinciding with cardiomyocyte cell
cycle exit and polyploidization. Using chemical and genetic approaches to ablate
sympathetic nerves, two reports independently showed that sympathetic nerves
inhibit postnatal cardiomyocyte proliferation [106,107]. Two other groups
investigated the role of beta-adrenergic receptor in postnatal cardiomyocyte
cycling and division by studying mice lacking beta 1 and beta 2 adrenergic
receptors as well as mice treated with beta-adrenergic receptor inhibitors
[108,109]. Both groups demonstrated that beta-adrenergic receptor inhibition
regulates Hippo/YAP pathway activation, delays postnatal cardiomyocyte cell cycle
arrest, reduces cardiomyocyte ploidy, and improved cardiac functions after
myocardial infarction [108,109]. These findings are consistent with previous
reports that activation of the G-protein, Ga, by epinephrine inactivates YAP/TAZ
signaling [110] and the Hippo/YAP pathway controls cardiomyocyte proliferation
and heart regeneration (see below). A third group showed that inhibition of beta-
adrenergic receptor alone had mild effects in the control of cardiomyocyte
proliferation and binucleation, but combined treatment of chemical blockers of
alpha-, beta-adrenergic receptor and thyroid hormone signaling yielded profound
phenotypes in postnatal mice with 60% diploid cardiomyocytes, a 60-fold increase
of cardiomyocyte proliferation after injury, robust cardiac functional recovery and
minimal scar formation [47]. Although all these reports have some disagreements
in the degree of phenotypes and the exact effector downstream of sympathetic

nerves and adrenergic receptors, they all support that activation of sympathetic



nerve and adrenergic receptor are among the physiological triggers that induce
cardiomyocyte cell cycle withdrawal and loss of heart regenerative potential in

postnatal mammals.

4.2.2. Parasympathetic nerve-cholinerqgic receptor signaling

The parasympathetic nervous system is another functionally distinct arm of
the autonomic nervous system. It typically acts in opposition to the sympathetic
nervous system to regulate the relaxed “rest and digest” state [101,111]. Neurons
of the PNS use acetylcholine as its major neurotransmitter. Acetylcholine in the
PNS will activate muscarinic cholinergic receptors for downstream signaling.
Muscarinic cholinergic signaling is mainly involved in the following functions:
smooth muscle relaxation, constriction of the eye pupils, secretion of digestion
enzymes, vasodilation, and decreased heart rate. The vagus nerve in particular is
used by the parasympathetic nervous system to relay acetylcholine directly to the

heart [111].

It has been reported that nerves play a critical role in aiding the regenerative
processes of tissues in numerous species [112]. Salamander limb regeneration
studies from the 19" century have demonstrated the reliance of nerves in limb
regeneration [112,113]. Additional studies have shown that cholinergic neurons
are often responsible for regenerating severed limbs [112,114,115]. Mahmoud et
al. has shown that cholinergic receptor signaling of the parasympathetic nervous

system directly modulates cardiomyocyte cell cycle activity in zebrafish and



neonatal mice. Disrupting cholinergic signaling reduced the proliferative capacity
in each of the indicated organisms [112]. Mechanically ablating the vagus nerve in
neonatal mice reduced expression of two trophic factors Nrgl and Ngf, and
inhibited heart regeneration in neonatal mice after apical resection and myocardial
infarction. This disruption of cardiomyocyte regenerative potential after vagus
nerve ablation is rescued after administering recombinant Nrgl in neonatal mice
[112]. Transcriptomic profiling of hearts from mice with mechanically resected
vagus nerves was remarkable for a disruption in inflammatory responses that
guide heart regeneration after apical resection [112]. This study establishes a
direct role of parasympathetic nerve signaling in cardiomyocyte regeneration.
However, how the vagus nerve activity induces cardiac Nrgl expression and
regulates inflammatory responses during neonatal heart regeneration remains

intriguing yet unanswered questions.

4.3. Local pathways

4.3.1. Hippo signaling

The Hippo-YAP (Yes-associated protein) pathway is an evolutionarily
conserved pathway that plays a crucial role in regulating organ development,
organ size, cell proliferation, apoptosis, and differentiation [116,117]. Even though
there is still much to be learned about the Hippo pathway, genetic and biochemical
studies have provided many important insights into how signaling in this pathway

works [116]. Core signaling components include serine/threonine kinases



mammalian STE20-like protein kinases 1 and 2 (MST1/2), the scaffold proteins
Salvador 1 (SAV1) and MOB1A/B (Mps one binder kinase activator 1A and 1B),
large tumor suppressor homologue 1 and 2 (LATS1/2), and the transcriptional co-
activating factors YAP (Yes-associated protein) and TAZ (transcriptional co-
activator with PDZ-binding motif). In general, Hippo pathway activation results in
the phosphorylation and cytosolic retention/degradation of YAP and TAZ. The
kinase activity stems from a complex formed by MST1/2 and SAV1. This kinase
complex phosphorylates LATS1/2, which in turn interacts with cofactors MOB1A/1B.
This induces the phosphorylation of YAP/TAZ and its subsequent proteasomal
degradation. When the Hippo pathway is inhibited, the kinase cascade involving
MST1/2+SAV1 and LATS1/2+MOB1A/1B are absent. This allows for YAP/TAZ to
accumulate in the nucleus, thereby perpetuating the expression of genes that
regulate cell growth and survival. Interestingly, the nuclear localization of YAP/TAZ
can be modulated by signaling mechanisms other than the Hippo pathway. These
include GPCR signaling, the TGFB/BMP pathways, the Wnt/B-catenin pathway, as

well as IGF signaling [116,118-120].

There is an abundance of evidence that Hippo-YAP signaling plays a major
cell-intrinsic role in heart development and regeneration [116,121-123]. For
instance, the deletion of Salv leads to cardiomegaly in mice at birth which is a
result of cardiac progenitor cell hyperproliferation in utero [116,121,124].
Conditional inactivation of other Hippo pathway genes such as Mstl, Mst2, and
Lats2 also confer similar phenotypes [116,121]. Additionally, targeted

cardiomyocyte deletion of YAP resulted in cardiac hypoplasia, heart failure, and



early embryonic death. These data illustrate the importance of balanced Hippo-YAP
signaling during heart development [118,122,123]. Furthermore, it has been
shown that modulation of the Hippo/YAP pathway yields substantial benefits on
cardiac regenerative capacity. Conditional deletion of Savl and expression of
constitutively active Yap in cardiomyocytes have been shown to stimulate
cardiomyocyte proliferation, reduce polyploid cardiomyocytes, promote heart
regeneration and reverse heart failure [29,122,125-127]. Recently, viral depletion
of Salv was demonstrated to facilitate regenerative repair and functional
improvement in a pig model of myocardial infarction even without
arrhythmogenesis which is often associated with uncontrolled cardiomyocyte
proliferation [127,128]. Because pigs live longer than mice which have a maximal
lifespan of four years, this gene therapy pig model could be valuable for assessing
another major concern of chronic activation of cardiomyocyte proliferation, the

long-term risk of tumorigenesis, before clinical trials in patients.

4.3.2. Wnt/B-catenin

The Wnt/B-catenin pathway is another evolutionarily conserved morphogenic
pathway whose signaling effector proteins dictate a broad range of cellular
functions. Like the Hippo pathway, Wnt/B-catenin signaling modulates cell
proliferation, differentiation, survival, and apoptosis [129-132]. This pathway plays
a significant role in embryonic development as well as maintaining adult tissues. In

adult organs in particular, Wnt signaling is involved in stem cell renewal,



differentiation and differentiation [129]. Active Wnt ligands interact with their
Frizzled receptors, leading to B-catenin stabilization and nuclear translocation
[133-135]. Once in the nucleus, B-catenin binds to the T-cell factor/lymphoid
enhancer factor (Tcf/Lef) transcriptional complex and induces target gene

expression [136-139].

Stimulation of the Wnt/B-catenin pathway is among the most potent triggers
of cardiomyocyte proliferation in cell culture in vitro and in neonatal mice in vivo
[140,141]. Surprisingly, activation of this pathway in adult mice failed to promote
cardiomyocyte cycling and expansion [141]. Through comparative analyses,
Quaife-Ryan et al. demonstrated that B-catenin engages a genetic circuity in adult
cardiomyocytes that is distinct from the neonatal proliferative gene network [141].
Interestingly, although B-catenin activation does not promote cardiac regeneration,
it confers cardiac protection against ischemic injury by inducing a neonatal
glycolytic gene program [141]. This study underscores the difference between
adult and neonatal cardiomyocytes, and suggests that simple activation of the
pathways involved in fetal and neonatal cardiomyogenesis may not be sufficient to

induce adult cardiomyocyte proliferation and heart regeneration.

4.3.3. Notch signaling

Notch ligands bind to their receptors (Notch1-4) [142-144]. When Notch
ligands on adjacent cells bind to Notch receptors, cleavage sites on the cytosolic

end of the transmembrane domain of Notch become exposed toto y-secretase. The



cleavage of Notch sets the Notch intracellular domain (NICD) free to translocate to

the nucleus for further gene transcription [145].

Continual Notch signaling was reported in adult zebrafish hearts [146]. As
such, zebrafish have become the model of choice for studying heart regeneration.
This also suggests that Notch signaling plays a role in cardiac regeneration. It was
later discovered that Notch signaling is most prominent in the endocardial cells of
zebrafish hearts. Blockage of Notch signaling by a small molecule inhibitor and
genetic ablation of Notch in the endocardial region was remarkable for impaired
proliferation and transdifferentiation of cardiomyocytes [147]. In the follow-up
study, Zhao et al. discovered that the rate of cardiomyocyte proliferation
decreased dramatically after ventricular amputation when Notch signaling was
blocked Tg (hsp70: dn-Maml) zebrafish [148]. In neonatal murine models, knocking
out Notchl worsened cardiac fibrosis and hypertrophy. This implies that Notch
signaling may play a role in preventing maladaptive hypertrophy after acute heart
injury [149]. Partial inhibition of Notch signaling by knocking out RBP-J also appears
to be responsible for increased apoptosis of cardiomyocytes after cardiac injury in
neonatal mice [150]. Overexpression of Notch can enhance neonatal mouse
cardiomyocyte proliferation, but this does not appear to occur in the heart of adult
mice. These findings suggest that Notch signaling is conserved in mammalian
cardiac regeneration, but the mechanisms that regulate adult heart regeneration

may be more complicated than those of zebrafish.



4.3.4. TGF-B signaling

The TGF-B superfamily consists of many soluble ligands including TGF-B’s,
Bone Morphogenetic Proteins (BMPs), Growth Differentiation Factors (GDFs), Nodal,
and Activins [151]. Ligands must be proteolytically cleaved after its production to
initiate signaling. The ligand is then bound to Latency Associated Peptide (LAP) and
Latent TGF-B-Binding Proteins 1-4 (LTBP1-4). This complex sequesters the ligand to
the extracellular matrix of the cell that produced it [152,153]. The ligand then
escapes the LAP and LTBP complex to bind to its receptor on receiving cells. TGF-B
receptors are found on the plasma membranes of cells and are mainly classified
into three types of receptors: Type 1, Type Il, and Type lll. TGF-B ligands become
activated upon dimerization and bind to Type Il receptors. This will recruit Type |
receptors and allow for the cytoplasmic domain of the Type | receptor to be
phosphorylated by the Type Il receptor. The Type | receptor will then act as a
kinase to phosphorylate SMAD effector proteins [154]. TGF-B and Activins typically
signal through SMAD 2/3, while BMPs primarily signal through SMAD 1/5/8.
Phosphorylated SMADs will bind to SMAD 4, which will translocate the entire

complex into the nucleus to regulate gene expression [155].

Genes of cell cycle progression are among the major downstream targets of
TGF-B signaling [156]. Interestingly, the core TGF-B ligands (TGF-B1, TGF-B2, and
TGF-B3) do not appear to be essential for the activation of cardiomyocyte
proliferation. Genetic knockouts of either of these ligands did not cause any
developmental heart defects in mice [157-159]. This data suggests that TGF-Bs 1-3

are not necessary for adequate cardiovascular development. Other ligands such as



Inhbaa and Mstnb were shown to directly influence cardiomyocyte proliferation in
zebrafish [160]. As the homolog of myostatin, Mstnb production is inhibited during
cardiac injury while Inhbaa is upregulated to promote cardiomyocyte proliferation
[160]. Myostatin also inhibits rat CM proliferation in vitro [161]. TGFBR1 is the most
extensively studied TGF-B receptor that was shown to play a role in cardiomyocyte
proliferation. Mice deficient in this receptor do not exhibit detectable cardiac
defects [162]. Zebrafish that were treated with a drug that specifically inhibits
TGFBR1 (SB-431542) exhibited poor cardiomyocyte proliferation in response to
injury [163]. Ultimately, the extent of TGFBR1 activity in cardiomyocyte

proliferation is yet to be clearly defined.

4.3.5. Neurequlin-ERBB signaling

Neuregulin 1 (Nrgl) plays a major role in the following processes regarding
cardiovascular homeostasis and disease: atherosclerosis, myocardial infarction,
heart failure, and ischemia reperfusion. Nrgl can crosstalk with other related
signaling mechanisms through the Nrgl/ErbB pathway to regulate inflammation,
apoptosis, and oxidative stress [164]. Nrgl signaling acts by Nrgl binding to a
receptor tyrosine kinase comprised of ErbB2, 3, and 4. Nrgl binds to the
extracellular domains of ErbB3 and ErbB4, which leads to a conformational change
that allows for ErbB2 to bind either ErbB3 or ErbB4 [165,166]. Upon activation,

ErbBs phosphorylate each other’s C-termini and initiate numerous downstream



signaling cascades that mediate cell growth, adhesion, migration, and

differentiation [167].

Nrgl and ErbB signaling has also been shown to promote cardiomyocyte
proliferation and heart regeneration after injury [168,169]. NRG1 promotes
proliferation of mononucleated ventricular cardiomyocytes of adult rats in vitro and
this effect was dependent on ERBB4 [168][164]. In addition, injecting NRG1 into
adult mice promoted cardiomyocyte cell cycle activity and regeneration after
myocardial infarction [168]. Furthermore, genetic inhibition and overexpression of
ErbB4 inhibited and promoted postnatal cardiomyocyte proliferation, respectively
[168]. Supporting the more prominent roles of NRG1 on promoting proliferation in
mononucleated but not binucleated cardiomyocytes [168], recombinant NRG1
promotes proliferation and regeneration after injury more effectively when
administered only during the short postnatal window, when more cardiomyocytes
remain mononucleated [170]. Another group emphasized the role of ErbB2 in
promoting cardiomyocyte proliferation and heart regeneration [171,172] . ErbB2
expression was substantially reduced during the first week of postnatal
development [171], which correlates with the window that regenerative potential
declines. Genetic inhibition of ErbB2 inhibited cardiomyocyte proliferation during
embryonic and neonatal development, and expression of constitutively active
ErbB2 induced cardiomyocyte dedifferentiation, proliferation, hypertrophy in
neonatal, juvenile, and adult mice and results in cardiomegaly [171]. Interestingly,
constitutively active ErbB2 also promoted cell division of binucleated

cardiomyocytes, suggesting the possibility that Nrgl might promote



dedifferentiation and proliferation of binucleated cardiomyocytes in an ErbB2-
dependent manner. Furthermore, overexpression of constitutively active Erb2 was
shown to phosphorylate YAP at $S352 and S274 in an ERK-dependent but not Hippo-
dependent manner [172]. Recently, Nrgl-EbB4 was also strongly shown to
regulate proliferation through the Hippo YAP pathway [164,173], highlighting the
molecular crosstalk between various proliferative pathways. While long-term
expression of constitutively active ErbBs in adult hearts may induce chronic
cardiomyocyte dedifferentiation and cause detrimental outcomes [172], re-
expression of wildtype ErbBs in the myocardium together with transient systemic
delivery of Nrgl could be a promising strategy for promoting cardiac regenerative

repair.

4.3.6. Cell cycle regulators

A newly emerging perspective focuses on cytoskeletal structure of cardiomyocytes
in relation to its regulation by the cell cycle. It was proposed that the sarcomere of
adult cardiomyocytes inhibits proliferation because sarcomere structure cannot be
rearranged at the adult stage [174]. In addition, this may be connected to cell
cycle regulation, as cell cycle regulators can modulate cytoskeleton structure
during mitosis [174]. Cell cycle regulators in particular are referred to as cyclins,
cyclin-dependent kinases (CDKs), and CDK inhibitors (CDKis) [175]. Actin also
undergoes structural changes during the cell cycle [176-178]. For instance, cyclin

D-CDK4/CDKG6 is involved with cell cycle progression while E-CDK2 initiates the G1/



S checkpoint [179,180]. Actin assembly can activate the G1/S checkpoint by
upregulating E-CDK2, which indicates that the cell cycle is progressing normally.
Inhibiting actin proliferation, on the other hand, can delay mitosis and slow down
the overall progression of the cell cycle. An actin-associated protein named
cortactin is responsible for mediating the contact between actin and the
centrosome during the centrosome separation stage of mitosis [181]. Cortactin
was also shown to be a substrate for CDK1, which in turn phosphorylates the actin
crosslinking protein filamin A. This is essential for the post-mitotic separation of
daughter cells [182,183]. This serves as another body of evidence that establishes

a link between cytoskeleton structure regulation and mitosis.

Studies in mice have shown that cdk and cycline overexpression promotes
cardiomyocyte proliferation in adult hearts. Cyclin A2 is a cell cycle regulator and
activates CDK1 and CDK2, and is normally silenced in postnatal cardiomyocytes
[184,185]. These findings suggest the important roles of cyclin A2 in postnatal cell
cycle withdrawal of cardiomyocytes. Supporting this idea, constitutive expression
of cyclin A2 in cardiomyocytes promoted cardiomyocyte proliferation and resulted
in heart hyperplasia [185]. Furthermore, constitutive expression of cyclin A2
promoted cardiac regeneration and functional recovery after myocardial infarction
[186]. In addition, viral expression of cyclin A2 in infarcted hearts promoted
regenerative and protective response in rats and pigs [187,188]. Another cell cycle
regulator cyclin D1 and D2, activating partners of CDK4, have also been shown to
promote cardiomyocyte proliferation [189,190]. Transgenic overexpression of

cyclin D2 promoted infarct regression, suggesting the regenerative potential of



cyclin D2 [190]. Recent studies have also shown that combining cell cycle
regulators such as cyclin B1, CDK1, cyclin D1, and CDK4 can reactivate the cell
cycle in adult cardiomyocytes [30]. Overexpressing this combination of genes
caused a greater upregulation of phospho-histone 3 when compared to
overexpressing factors individually [30]. In addition to the apparent loss of cell
cycle activator expression, adult mammalian cardiomyocytes exhibit a relatively
higher expression of cell cycle inhibitors (CKIs) such as pl16, p21, p27, and p53
[191-193]. Defined roles of each of these CKIs have not been established yet but
are of great therapeutic interest, nonetheless. While cell cycle regulator
modulation yielded some success in enhancing mammalian cardiomyocyte
regeneration, it is not entirely known how these pathways converge with respect to

the regulation of cardiomyocyte cytoskeletal structure [174].

4.3.7. Non-Coding RNAs

Non-coding RNAs such as microRNAs, long non-coding RNAs, and circular
RNAs have emerged as key players in regulating cardiomyocyte proliferation and
heart regeneration. The catalog and function of these non-coding RNAs have been
recently reviewed [194,195]. Here, we will summarize the research progress of one
non-coding RNA which was advanced to cardiac repair studies in pigs along with

some reported concerns.

Eulalio et al used high-throughput microRNA screening to find that miR-199a

potently promotes cell cycle re-entry of adult rodent cardiomyocytes ex vivo while



promoting cardiomyocyte proliferation in both neonatal and adult animals [196].
Administration of miR-199 almost completely recovered murine hearts after
myocardial infarction injury [196]. Furthermore, Gabisonia et al found that human
miR-199 therapy stimulated cardiac repair in a porcine Ml model [197]. Although
this appears promising, prolonged expression of miR-199 induced de-
differentiation of cardiomyocytes and subsequent arrhythmic death in most of the
treated pigs [197]. These studies demonstrate cardiac repair through the
manipulation of non-coding RNAs, and stimulation of endogenous cardiomyocyte
proliferation is possible. However, the dosage of this novel therapy must be tightly

regulated to ensure safety and efficacy.
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Figure 3. Molecular pathways governing cardiomyocyte renewal and heart regeneration.

A schematic overview of molecular regulators of cardiomyocyte proliferation. Endocrine factors



thyroid hormone, glucocorticoid, and vitamin D may inhibit cardiomyogenesis (conflicting evidence
exists as marked by question mark symbols). Neural signals from the sympathetic nervous system
inhibit cardiomyocyte expansion whereas those from the parasympathetic nervous system promote
proliferation. Local pathways including paracrine and cell-intrinsic factors have distinct effects on
regulating cardiomyocyte proliferation. Red arrows and blue perpendicular lines indicate positive
and negative effects on cardiomyocyte renewal, respectively. The image was created with

BioRender.com.

5. Conclusions and future perspectives

Heart failure is, unfortunately, the leading cause of death and disability
throughout the entire world. Neonatal mammals and lower vertebrates have a
robust and efficient means of regenerating their hearts. As such, there is a
substantial thrust to understand the mechanisms involved with sustained cardiac
regenerative potential. In this review, we summarized diverging regenerative
capacities across the known phylogenetic species. We have also discussed some of
the new and prevailing theories as to how mammals lose regenerative potential of
their hearts. Also discussed are endocrine factors, neural regulators, and local
signaling cascades that influence cardiomyocyte proliferation and cardiovascular

health.

Current clinical developments maintain that LVAD placement can increase
cardiomyocyte proliferation in human patients, thus contributing to improved
clinical outcomes. However, these findings appear to be controversial given the

evidence that suggests otherwise. This further contributes to the issue of what is



driving polyploidization of mammalian cardiomyocytes. Current models purport
that polyploidization results from cardiomyocytes exiting the cell cycle or the
cardiomyocyte’s inability to exit the cell cycle, resulting in incomplete cytokinesis.
In addition, increased metabolic activity is associated with diminished cardiac
regeneration. This is evidenced by the negative correlation between increased
core body temperature and abrogated cardiomyocyte proliferation. This appears to
be due in part to increased levels of thyroid hormone and sympathetic nerve

activity during the acquisition of endothermy.

Local signaling cascades may also give rise to potential pharmacological
targets. Many canonical signaling pathways contribute to cardiomyocyte
proliferation. This includes the YAP/TAZ pathway, the Wnt pathway, the Notch
pathway, the TGFB pathway, neuregulin signaling, many factors pertaining to cell
cycle control, and non-coding RNAs. Can the ligands of any of these individual
pathways be sufficient to drive adequate regenerative programs, or will a
combination of novel factors be required? This can potentially be accomplished by
comparing the transcriptomes of lower vertebrates, neonatal mammals, and adult
mammals to identify novel regulators of cardiomyocyte proliferation. Once these
targets are identified, drug compounds that modulate transcription factor activity
can be administered to adult mammals after heart injury to determine their
respective effects on cardiac regenerative potential. It would also be interesting to
examine the direct relationships between CDKs, CDK inhibitors, and
polyploidization with respect to alterations in cardiomyocyte structure. It is also

important to understand why endocrine signaling (i.e. thyroid hormone,



glucocorticoid, and vitamin D signaling) are essential for life but paradoxically stifle
cardiomyocyte regeneration. This knowledge will shed light on why such a
seemingly beneficial trait as the ability to restore damaged tissues is ever lost in
development and evolution. It could also help us design novel strategies to

promote de novo heart regeneration to treat cardiovascular diseases.
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