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Heart failure in adults is a leading cause of morbidity and mortality worldwide. It
can arise from a variety of diseases, with most resulting in a loss of cardiomyocytes
that cannot be replaced due to their inability to replicate, as well as to a lack of
resident cardiomyocyte progenitor cells in the adult heart. Identifying and exploiting
mechanisms underlying loss of developmental cardiomyocyte replicative capacity has
proved to be useful in developing therapeutics to effect adult cardiac regeneration. Of
course, effective regeneration of myocardium after injury requires not just expansion
of cardiomyocytes, but also neovascularization to allow appropriate perfusion and
resolution of injury-induced inflammation and interstitial fibrosis, but also reversal of
adverse left ventricular remodeling. In addition to overcoming these challenges, a
regenerative therapy needs to be safe and easily translatable. Failure to address these
critical issues will delay the translation of regenerative approaches. This review critically
analyzes current regenerative approaches while also providing a framework for future
experimental studies aimed at enhancing success in regenerating the injured heart.

Keywords: heart failure, ischemic injury, cardiomyocyte proliferation, cardioprotection, cardiac regeneration

INTRODUCTION

About seven million Americans are currently living with heart failure; a number expected to
increase to∼8.5 million by 2030 (Urbich et al., 2020). The total healthcare cost for heart failure was
∼$43 billion in 2020 and, in the absence of a breakthrough in therapy that significantly improves
outcomes, is expected to increase to ∼$70 billion by over the next decade (Urbich et al., 2020).
This situation is further compounded by an aging population. Treatment for heart failure generally
consists of afterload reduction with one or more of several different classes of antihypertensive
drugs, diuretics, or both, which generally need to be continued long-term. Despite this therapy,
∼50% of the patients who develop heart failure die within 5 years of diagnosis (Taylor et al., 2017;
Jones et al., 2019), a death rate higher than some cancers. In addition, heart failure is associated
with a marked deterioration in quality-of-life as it not infrequently leads to depression, hostility
and impaired physical activity (Dracup et al., 1992; Bennet et al., 2002; Hobbs et al., 2002; Cai
et al., 2019). At present the only definitive therapy for severe heart failure is heart transplantation.
However, this requires major expensive surgery and life-long medical management including
immunosuppressive therapy with attendant risks of infection and the development of malignancies.
Moreover, the number of patients eligible for a heart transplant far exceeds donor organ availability.

Thus, heart failure represents a huge unmet need for the development of next generation
therapies that can definitively address the loss of cardiomyocytes associated with ischemic and
many other types of heart disease that result in impaired contractile function. Cardiac regeneration

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 October 2021 | Volume 9 | Article 747842

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.747842
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.747842
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.747842&domain=pdf&date_stamp=2021-10-11
https://www.frontiersin.org/articles/10.3389/fcell.2021.747842/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-747842 October 5, 2021 Time: 17:41 # 2

Naqvi et al. Cardiac Regeneration Strategies

as a strategy for reversing heart failure offers promise because
it will allow the myocardium to be rebuilt with attendant
improvements in left ventricular (LV) contractility and reversal
of adverse LV remodeling.

Initial (first generation) approaches to induce cardiac
regeneration focused mainly on cell-based therapies, such as bone
marrow derived stem cells or resident cardiac stem cells (Orlic
et al., 2001; Chugh et al., 2012; Ellison et al., 2013). These studies
assumed that exogenous cells delivered into the heart would
engraft and transdifferentiate into functional cardiomyocytes,
or that endogenous cardiac stem cells would mature and
functionally couple with existing cardiomyocytes. It is now clear
that success with these approaches has been limited because
engraftment and survival of exogenous stem cells is poor, so
benefits are likely largely restricted to short term paracrine effects
or immune response triggered by the injected cells (Vagnozzi
et al., 2020), rather than conversion into functional, electrically
coupled cardiomyocytes. In addition, the adult heart contains
few if any endogenous stem cells that can differentiate into
cardiomyocytes (van Berlo et al., 2014; Kanisicak et al., 2017).

Another approach to cardiomyocyte regeneration involved
differentiation of embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) to cardiomyocytes in vitro and
then injecting these pluripotent stem cell-derived cardiomyocytes
(ESC-CMs or iPSC-CMs) directly into the heart after an
ischemic injury (Caspi et al., 2007; Fernandes et al., 2010).
Studies by Murry and co-investigators showed the feasibility of
producing human ESC-CMs in large scale with good viability; a
requisite first step in the potential translation of this technology
(Chong et al., 2014). In this study, intramyocardial injection
of ∼1 billion ESC-CMs into the infarct border zone 2 weeks
after myocardial ischemia–reperfusion (IR) injury in pigtail
macaque monkeys resulted in reduced infarct size—these ESC-
CMs showed progressive but incomplete maturation over the
following 3 months. Despite retention of these ESC-CMs, LV
contractile function did not improve. Importantly, Chong et al.
(2014) reported arrhythmias in monkeys injected with ESC-
CMs, which may be related to imperfect electrical coupling
to preexisting cardiomyocytes. Thus, arrhythmogenesis and the
need for long-term immunosuppression continue to present
significant hurdles for the clinical application of this regenerative
approach (Laflamme and Murry, 2011). Although, this field has
progressed considerably from these initial studies, significant
challenges and limitations of the technique remain (this topic has
recently been reviewed by Gao and Pu, 2021).

An alternate approach to cardiac regeneration is to induce
gene transcription programs in situ in non-myocytes to convert
them into induced cardiac-like myocytes (iCLMs). Because
cardiac fibroblasts are abundant in the heart and can be
reprogrammed after activation in response to injurious stimuli
such as ischemia, they have been targeted to form iCLMs. To
this end, intramyocardial injection of cardiac fibroblasts in mice,
one day after their transduction with three transcription factors
(Gata4, Mef2c and Tbx5) in vitro, showed reprogramming into
iCLMs in vivo (Ieda et al., 2010). In mice, intramyocardial
injection of retroviral vectors encoding four transcription factors
(Gata4, Hand2, Mef2c and Tbx5 designated as GHMT) also

resulted in iCLMs in vivo (Song et al., 2012). However, additional
factors were required for reprogramming human cells (see
Yamakawa and Ieda, 2021 for a detailed review). Importantly, in
mice, this therapy improved LV contractility (ejection fraction
(EF) at 24 h post-myocardial infarction (post-MI) and reduced
subsequent infarct extension (Song et al., 2012). Given that
GHMT was administered immediately after MI injury and the
efficiency of fibroblast reprogramming to iCLMs is quite low,
it is unclear if improvements in contractile function and scar
size were due to iCLM formation or to paracrine effects of the
transduced fibroblasts. Such effects could include reduced death
of endogenous cardiomyocytes, decreased replacement fibrosis,
modulation of profibrotic and scar-maturing immune cells or
myofibroblasts numbers. While this approach is innovative, the
low efficiency of reprogramming vectors remains a challenge
(Sadahiro et al., 2015). The need to directly inject reprogramming
factors into the myocardium is also a significant hurdle for the
clinical application of this approach.

Mechanism-based regenerative therapies have been developed
by studying when and how cardiomyocytes lose their ability to
proliferate after birth with the hope of identifying molecular
targets that could be manipulated to regain adult cardiomyocyte
proliferation in order to regenerate cardiac muscle that has been
lost due to a myocardial injury. Diverse signaling pathways
are involved, but as Figure 1 and the discussion below show,
mitogenic signaling by ERK1/2 (extracellular signal-regulated
protein kinase1/2) is central to most of the regenerative therapies
that demonstrate functional benefit in preclinical research. The
focus of this review is on such mechanism-based approaches with
an emphasis on their therapeutic potential in regenerating the
adult heart after myocardial injury.

LOSS OF PROLIFERATIVE POTENTIAL
IN POSTNATAL HEARTS

An early study suggested that cardiomyocytes in the murine
heart cease to divide from birth onwards (Soonpaa et al.,
1996). However, many other studies have shown substantial
cardiomyocyte proliferation during the early neonatal period (Li
et al., 1996; Naqvi et al., 2014; Alkass et al., 2015). The finding that
markedly injured postnatal day (P)1 (Porrello et al., 2011) or P2
(Naqvi et al., 2014) murine hearts undergo complete regenerative
repair, by cardiomyocyte replication over the subsequent 21 days,
indicates that loss of cardiomyocyte replicative potential in mice
cannot occur at or before birth.

The finding that efficient post-injury cardiac regeneration,
in mice, is lost after P7 could mean that cardiomyocytes lose
proliferative capacity immediately after the end of the neonatal
period, as suggested by Porrello et al. (2011). This view has
support from the findings of Alkass et al. (2015) and Soonpaa
et al. (2015) which show no evidence of cardiomyocyte number
expansion or cardiomyocyte S-phase entry, respectively, after
P7. However, quantitation of cardiomyocyte numbers in healthy
hearts of multiple species has questioned this conclusion. For
example: Mollova et al. (2013) reported a 3.4-fold increase in
cardiomyocyte numbers between the first year and 20 years
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FIGURE 1 | Mechanism-based cardiac regeneration strategies in mammals.
See text for a detailed discussion of the mechanisms exploited by each
regenerative therapy.

of life in humans; Chen et al. (2007) reported a 12% increase
during early adolescence in feline hearts; and Naqvi et al.
(2014) and Puente et al. (2014) reported ∼40% (P10→P18) and
∼30% (P7→P21) increases, respectively, during preadolescence
in murine hearts. This level of cardiomyocyte number expansion
suggests that substantial number of cardiomyocytes should
be entering S-phase and mitosis during preadolescence. As
a corollary to Naqvi et al. (2014), a blinded analysis of
preadolescent heart sections by Harvey’s laboratory confirmed
extensive cardiomyocyte mitosis using aurora B labeling (Naqvi
et al., 2015). For mitosis to occur, S-phase must have
successfully completed. However, Soonpaa et al. (2015) using
BrdU labeling could not find cardiomyocytes entering S-phase
during preadolescence. By contrast, findings from Shah and
Brewer’s laboratories indicated that a single injection of BrdU
given to mice on P14 labeled 2.8% of cardiomyocytes over
the following 16 h (Murray et al., 2015). Naqvi et al. (2014)
also reported an ∼10% labeling of cardiomyocytes following
a BrdU pulse in P14 mice. While these percentages are less
than the level of cardiomyocyte number expansion observed
during preadolescence/early adolescence in mice, cat and humans
(Chen et al., 2007; Mollova et al., 2013; Naqvi et al., 2014;
Puente et al., 2014), it is important to note that the ∼2 h half-
life of BrdU in circulation (Kriss and Revesz, 1962) is unlikely

to label all cardiomyocytes that enter the cell cycle during this
developmental period.

Methodological differences between laboratories in
estimating cardiomyocyte proliferation could be a source
of these conflicting reports as discussed in detail below in
“ASSESSMENT OF EXTANT PRECLINICAL CARDIAC
REGENERATION RESEARCH.” Alternatively, these divergent
findings may also be reconciled if ventricular cardiomyocytes
in the immediate post-neonatal period are heterogeneous in
relation to their proliferative potential, with a sub-population
retaining responsiveness to mitogenic stimuli. Bogush et al.
(2020) tested this hypothesis and, using genetic lineage tracing,
showed that P8 cardiomyocytes of the LV apex proliferate in
response to a mitogenic stimulus, but those of the LV base
do not (Bogush et al., 2020). After P16, LV cardiomyocytes
uniformly become mitotically quiescent. Thus, spatiotemporal
heterogeneity in cardiomyocyte proliferative capacity, coupled
with methodological differences between laboratories, might
explain the divergent findings between laboratories that have
evaluated post-neonatal cardiomyocyte proliferative potential
(Naqvi et al., 2014; Alkass et al., 2015; Naqvi et al., 2015; Soonpaa
et al., 2015; Hirai et al., 2016).

Binucleation and Increased Ploidy as a
Gauge of Proliferative Incompetence in
Cardiomyocytes
Cardiomyocyte cell cycle entry may not always result in
cell division. If progression through the cell cycle is aborted
after S-phase but before karyokinesis (nuclear division), each
cardiomyocyte nucleus ends up with twice the genetic material
(4c, or higher, DNA content than normal diploid 2c DNA
content). This phenomenon may be defined as nuclear
polyploidy. If cell cycle progression is aborted after karyokinesis,
but before cytokinesis (cell division), the cell ends up with
two nuclei (a binuclear cardiomyocyte). In mice, cardiomyocyte
nuclear polyploidy (≥ 4n) (Patterson et al., 2017) and
binucleation (Soonpaa et al., 1996) increase during the fetal
to neonatal transition. Several investigators have noted an
association between a diminished regenerative potential of a heart
and the presence of nuclear polyploidy and/or multinucleation
of its constituent cardiomyocytes and have concluded that
cardiomyocytes with increased nuclear ploidy or those that have
multiple nuclei are terminally differentiated (Patterson et al.,
2017); that is, these cells have permanently exited the cell cycle
(Derks and Bergmann, 2020).

Increased nuclear polyploidy or multinucleation are indicators
of stalled cell cycle progression. But, are these cells incapable
of subsequent proliferation? In the liver, binucleated tetraploid
hepatocytes arise due to a failure in cytokinesis (Celton-Morizur
et al., 2009). However, after hepatic injury they rapidly divide to
effect complete liver regeneration (Miyaoka et al., 2012).

In vitro studies indicate that binuclear cardiomyocytes are
capable of proliferation. Engel et al. (2005), D’Uva et al.
(2015), and Wang et al. (2017) reported several examples
and modes of division of large adult binuclear murine
cardiomyocytes. However, it is unknown if mitogen-induced
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cardiomyocyte proliferation in vivo predominantly stimulates
cytokinesis of mononuclear or binuclear cardiomyocytes. This
may depend not only on the stimulus threshold that must
be overcome to stimulate proliferation of mono- or binuclear
cardiomyocytes, but also the percentage of mono- and binuclear
cardiomyocytes that populate individual hearts. These issues
may be important in the translation of regenerative therapies
to humans because unlike mice, human cardiomyocytes are
predominantly mononuclear but polyploid (Botting et al., 2012;
Derks and Bergmann, 2020).

Role of Early Developmental Shift in
Metabolism in Inducing Cardiomyocyte
Cell Cycle Arrest
Sadek and co-investigators (Puente et al., 2014) proposed
that anaerobic glycolysis is the primary source of energy for
mammalian cardiomyocytes in the hypoxic fetal environment
and that, after birth, a switch from hypoxia to normoxia
triggers a change from glycolysis to mitochondrial oxidative
phosphorylation (OXPHOS) as the energy source. Mitochondrial
OXPHOS generates hydrogen peroxide (mH2O2) as a byproduct
of OXPHOS reactions. If the levels become sufficiently high,
mH2O2 could activate DNA damage response (DDR) signaling
and result in cell cycle arrest in murine cardiomyocytes after
P6 (Puente et al., 2014). This hypothesis predicts that, after
P6, cardiomyocytes are perpetually subjected to heightened
DDR signaling. A key DDR effector is the tumor suppressor
protein p53, actions of which include cell-cycle arrest and
apoptosis. Teleologically, heightened DDR signaling in adult
cardiomyocytes is inconsistent with the extraordinarily long life
of mammalian cardiomyocytes—in humans, some of these cells
survive for more than half a century.

A major controversy surrounds the hypothesis presented
by Puente et al. (2014). We briefly present some of the
opposing studies. Triiodothyronine (T3; a thyroid hormone) is
the key regulator of mitochondrial biosynthesis and OXPHOS in
mammalian cardiomyocytes (Turrens, 2003; Marín-García, 2010;
Li et al., 2014). Hirose et al. (2019) proposed that, during the fetal
to neonatal transition, a developmental increase in circulating T3
at∼P4, rather than normoxia, induces murine cardiomyocyte cell
cycle arrest because T3, by enhancing mitochondrial OXPHOS,
would be primarily responsible for increases in mH2O2 and
DDR signaling. These ideas have been explored by others
through studies on the in vivo actions of both H2O2 and
T3. Overexpression of the H2O2-generating enzyme NADPH
oxidase 4 (Nox4) in murine cardiomyocytes demonstrated that,
in P14 hearts, H2O2-activates ERK1/2 signaling, which results in
c-myc-mediated cyclin D2 expression and BrdU incorporation
in cardiomyocytes (Murray et al., 2015). In neonatal mice,
exogenous T3 increases in vivo cardiomyocyte proliferation
without nuclear polyploidization or multinucleation (Tan
et al., 2019). Overexpression of mitochondria-localized catalase,
which scavenges mH2O2, inhibits the proliferative response
to exogenous T3. A mechanistic study further revealed that
mH2O2, which was increased after T3 treatment, mediated the
T3 proliferative response. Bogush et al. (2020) showed that

exogenous T3 increases the cardiomyocyte endowment of P8
hearts, but the proliferative response—as assessed by cyclin A2
expression, phosphohistone-3 (H3P) labeling and lineage tracing
studies—is confined to cardiomyocytes of the LV apex.

How does T3/mH2O2 signaling promote cardiomyocyte
proliferation? Using in vitro and in vivo approaches, Tan et al.
(2019) showed that T3-induced H2O2 stimulates insulin-like
growth factor-1 (IGF-1) production. In turn, IGF-1 signaling
increases the expression of wild-type p53-induced phosphatase
1 (WIP1), a checkpoint adaptor protein, which inhibits DDR
signaling and inactivates p53. IGF-1 signaling simultaneously
promotes ERK1/2 phosphorylation and the expression of
cyclins that promote cell cycle entry and mitosis. Thus,
T3/mH2O2-stimulated IGF-1 production not only inactivates
cell cycle checkpoints by inhibiting DDR signaling, but
simultaneously induces mitotic entry in cardiomyocytes through
ERK1/2 activation.

MECHANISM-BASED REGENERATION
STRATEGIES

Thyroid Hormone Signaling
T3 signaling through its receptors, TRα and TRβ, is usually
associated with cardiomyocyte maturation. These effects of
T3 prominently include: an increase in the α/β MHC ratio
(Haddad et al., 2008); cardiomyocyte lengthening (Pantos et al.,
2007); and, as discussed above, an increase in mitochondrial
biosynthesis (Turrens, 2003; Marín-García, 2010), which
transforms cardiomyocyte metabolism from glycolysis to
OXPHOS (Puente et al., 2014; Hirose et al., 2019). More
recently, however, T3 has been shown to induce cardiomyocyte
proliferation (Naqvi et al., 2014; Figure 1). As detailed below,
this effect is cell and context driven.

In neonatal (P1–P5) murine cardiomyocytes, in vivo,
exogenous T3 increases the amount of cell cycle-promoting
cyclins (e.g., D1, A2 and B1) and cardiomyocyte replication.
The mechanism involves transcriptional induction of IGF-1 and
IGF-1 receptor (IGF-1R) by TRα that leads to a robust increase
in ERK phosphorylation (Tan et al., 2019).

In mice older than 2-weeks-of-age, exogenous T3 does not
stimulate in vivo cardiomyocyte proliferation. This negative
effect was surprising because T3 increases IGF-1 and IGF-R
accumulation in adult cardiomyocytes as it does in neonatal
cardiomyocytes. An important clue to explain this apparent
paradox came from the finding that despite increased IGF-
1/IGF-1R signaling by exogenous T3, increases in phospho-
ERK were markedly attenuated. An in-depth analysis of
this apparent discrepancy led to the discovery that after
the neonatal period, cardiomyocytes begin to express dual
specificity phosphatase-5 (DUSP5). DUSP5 is a phosphatase that
differentially dephosphorylates phospho-ERK1/2 in the nucleus.
When coupled with T3 administration, in vivo DUSP5 depletion,
using siRNA, increases cardiomyocyte proliferation in adult mice
(Bogush et al., 2020).

In the second week of life, DUSP5 levels in the LV increase in
a distinct spatiotemporal fashion. In mice younger than P6, LV
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cardiomyocytes do not express DUSP5. After this period, DUSP5
expression increases gradually from the LV base to its apex over
the next 7 days. Exogenous T3 stimulates cardiomyocyte cell cycle
activation and replication in LV regions that are devoid of DUSP5
(Bogush et al., 2020).

After birth, developmental increases in circulating T3, in mice,
occur at 2 distinct periods. First, there is a relatively small increase
in circulating T3 that occurs at P4–P5 (Hirose et al., 2019). Then,
at about P10–P12, there is a major increase in T3 biosynthesis that
causes circulating T3 to increase to levels found in adults (Naqvi
et al., 2014). Hirose et al. (2019) propose that a developmental
increase in circulating T3 at∼P4 causes neonatal cardiomyocytes
to lose their proliferative capacity. In contrast, Naqvi et al.
(2014) propose that the increase in circulating T3 at ∼P12
triggers the second wave of cardiomyocyte proliferation. The
role of endogenous T3 in regulation of postnatal cardiomyocyte
proliferation, therefore, remains controversial.

Naqvi et al. (2014) reported that cardiomyocyte numbers
increase (by about 40%) during the first as well as the second
week of life. Blocking endogenous T3 biosynthesis using short-
term propylthiouracil (PTU) treatment (between P7 and P18)
inhibited the second developmental increase in cardiomyocyte
numbers. Hirose et al. (2019) reached an opposite conclusion.
Long-term PTU treatment, starting from E13.5 to P14, caused
an increase in ventricular cardiomyocyte numbers by P14.
Maternal thyroid hormones have an important role in fetal heart
development in rodents where placental transfer of maternal
thyroid hormones has been shown to occur (Forhead and
Fowden, 2014). Hirose et al. (2019) also used a genetic model.
Here they inactivated TRα through expression of a dominant
negative TRα mutant (Myh6-Cre;ThraaDN/+) in cardiomyocytes
and found that it increased cardiomyocyte numbers in P14 hearts.
The use of the Myh6 promoter for these studies would suggest
that such inactivation of TRα also occurs during the fetal period.
The consequence on postnatal cardiomyocyte proliferative
capacity of blocking T3 biosynthesis or TRα during the fetal
period, is uncertain, but its understanding should be informative.

The effect of non-conditional genetic inactivation of
cardiomyocyte TRα (Myh6-Cre;ThraDN/+) and exogenous T3
administration on cardiac regeneration has also been studied, but
in distinct models of cardiac injury. Hirose et al. (2019) studied
the role of TRα inactivation in ischemia-reperfusion (IR)-injured
mice. At baseline, Myh6-Cre;ThraDN/+ mice had ∼40% larger
hearts with 2-fold more cardiomyocytes compared to control
mice (ThraDN/+ mice) and their LV posterior walls were thicker.
IR injury resulted in similar-sized infarcts. At 4-week post-
IR, Myh6-Cre;ThraDN/+ mice had reduced fibrosis and their
LVEFs were ∼40-units higher than those of IR-injured controls
(ThraDN/+). It is uncertain if the post-IR injury differences
observed between Myh6-Cre;ThraDN/+ and ThraDN/+ mice
are due to cardiomyocyte TRα inactivation or simply baseline
differences in the LV geometry between these mice. Indeed,
posterior wall thickness favorably affects myocardial energetics
(Iismaa et al., 2018) and thus may have contributed to post-IR
recovery between Myh6-Cre;ThraDN/+ and ThraDN/+ mice.

As discussed above, Bogush et al. (2020) showed that DUSP5
suppression, using siRNA, coupled with T3 treatment results in

increased cardiomyocyte proliferation. Tan et al. (2021) studied
DUSP5 siRNA + T3-induced cardiac regeneration in mice using
the doxorubicin (cancer chemotherapeutic) injury model that is
characterized by cardiomyocyte loss (Shi et al., 2010). Repeated
doxorubicin administration results in cardiac injury leading to a
∼40 unit decrease in LVEF and an∼45% increase in LV dilatation
(LV volume at end-diastole). In a 3-week follow-up study, Tan
et al. (2021) found that parenteral DUSP5 siRNA + T3 therapy
rebuilt LV muscle by increasing cardiomyocyte numbers, which
reversed LV dysfunction and prevented progressive chamber
dilatation. Thus controlled ERK1/2 activation through transient
DUSP5 siRNA + T3 therapy (Figure 1) induces preexisting
cardiomyocyte proliferation to effect cardiac regeneration.

MicroRNAs
MicroRNAs belong to a class of small (21–23 base pair size)
non-coding RNAs that regulate expression of many genes, which
can cause phenotype changes in cells, including cardiomyocytes.
For example, if a microRNA inhibits cardiomyocyte proliferation
through suppression of cell cycle activity, its blockade using an
anti-miR might induce cardiomyocyte proliferation. Conversely,
if a microRNA is known to induce cell cycle entry, administration
of a mimic of this microRNA might induce cardiomyocyte
proliferation (Figure 1).

MicroRNA-34a (miR-34a) levels are low during the first
week of life in mouse hearts (Yang et al., 2015); a time
when cardiomyocytes can still proliferate (Porrello et al., 2011;
Naqvi et al., 2014). However, miR-34a levels increase after
the neonatal period when cardiomyocyte replication is lost
and remain high in adulthood. This suggested that miR-
34a suppresses cardiomyocyte proliferation after the neonatal
period and its blockade after MI injury might enhance
regenerative repair through cardiomyocyte proliferation. To
test this hypothesis, miR-34a was inhibited by administration
of an anti-miR 6-h post-MI injury. Inhibition of miR-34a
reduced cardiomyocyte apoptosis as measured by TUNEL
staining and increased mitosis as measured by H3P labeling.
Inhibition of miR-34a also reduced fibrotic scar area 3 days
post-MI injury and improved cardiac function 7 days post-
MI (Yang et al., 2015). In this study, cardiomyocyte replication
was not established using unambiguous techniques such as
genetic linage tracing or measurement of cardiomyocyte number.
Furthermore, a substantial reduction in cardiomyocyte apoptosis
by anti-miR therapy suggests that functional benefits of
inhibiting miR-34a might be due to cardioprotection rather than
cardiac regeneration.

In another study, Gao et al. (2019) injected miR-19a/19b
mimics directly adjacent to the ligation site after coronary
artery ligation and determined its impact on cardiac function
over a 12-month follow-up period. Cardiac function measured
at 2-weeks after injury was improved in miR-19a/19b treated
hearts, which persisted for 12-months. The authors showed
increased indices of cardiomyocyte mitosis in miR19a/19b
treated hearts. However, the findings of a substantial reduction
in cardiomyocyte and non-myocyte apoptosis as well as a
reduction in inflammatory cells suggests that cardioprotection,
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rather than cardiomyocyte replication, accounts for the observed
improvements in function.

Gabisonia et al. (2019) induced myocardial injury in pigs
by subjecting them to 90 min of ischemia followed by
reperfusion. This resulted in an ∼10 unit reduction in EF—
that is, a mild injury. Intramyocardial injection of AAV6 viral
vector carrying miR-199a at the time of reperfusion prevented
further deterioration of EF and reduced infarct size compared
to empty vector-injected control animals at 28-days post-IR
injury. Cardiomyocyte proliferation was estimated using BrdU,
Ki67, H3P and aurora kinase B labeling of cardiomyocytes.
These markers showed substantially increased cell cycle activity
in miR-199a-expressing hearts. However, miR-199a treatment
resulted in increased mortality long-term due to uncontrolled
cardiomyocyte proliferation (Gabisonia et al., 2019).

Overexpression of Cell-Cycle Promoting
Cyclins
Cell cycle-promoting cyclins such as D1, D2, A2 and B1 are
expressed at high levels in cardiomyocytes during fetal life but
decrease after birth. The adult mouse heart has undetectable
levels of these cyclins and is also considered mitotically quiescent
(Ikenishi et al., 2012). Based on these observations, some
investigators hypothesized that a decrease in the levels of these
cyclins in cardiomyocytes causes postnatal cell cycle arrest.
They have, therefore, overexpressed cyclins to force proliferation
of adult cardiomyocytes (Figure 1). Transgenic overexpression
of cyclins D1, D2, D3 and A2 in cardiomyocytes from birth
increased cardiomyocyte cell cycle entry (Soonpaa et al., 1997;
Chaudhry et al., 2004; Pasumarthi et al., 2005). In addition,
cyclin A2 overexpression by intramyocardial injection of an
adenoviral vector at the time of MI improved cardiac output
by ∼15% at 6-weeks follow-up (Woo et al., 2006). However,
neither LVEF nor infarct size was determined immediately
after MI to confirm that the treated and control groups had
sustained the same degree of injury. While cell cycle activity
was determined (by H3P labeling), the report provided no
definitive evidence for meaningful cardiomyocyte replication
(such as genetic lineage tracing or measuring cardiomyocyte
numbers). Cyclin D2-overexpressing mice also had smaller
infarcts after MI injury (Pasumarthi et al., 2005). However,
ventricular muscle thickness is increased in these mice compared
to wildtype littermates, even before MI surgery, due to
continued cardiomyocyte proliferation from birth. Increased
muscle thickness favorably affects myocardial energetics (Iismaa
et al., 2018) and could have accounted for the reduced infarct
size observed in cyclin D2 overexpressing mice. These studies
also revealed that cyclin overexpression leads to enlarged
hearts that are initially hypercontractile but then progress to
become hypocontractile (Chaudhry et al., 2004), which could
mean that this regenerative strategy might not be safe long-
term.

Extracellular Matrix Proteins
Non-myocytes in the cardiac interstitium secrete proteins
that form a dynamic three-dimensional network called

the ECM, which provides a structural scaffold that offers
mechanical support to preserve cardiac geometry. The ECM
also functions as a reservoir for growth factors and proteins
secreted by cardiomyocytes and non-myocytes. ECM also
plays a critical role in cardiac homeostasis by facilitating
intercellular communication and signal transduction to
modulate cellular responses, both physiologically and in
response to injury. Although growth factors and proteins
released by cardiomyocytes, endothelial cells and inflammatory
cells become part of the matrix, the cardiac ECM is primarily
formed and modified during health and after a myocardial
injury by the proteins released by cardiac fibroblasts (Fan
et al., 2012). These proteins include, but are not limited
to, collagens, growth factors, proteases, periostin, agrin,
fibronectin, osteopontin, thrombospondins, and laminins.
Thus, ECM composition is continually regulated by synthesis
and degradation by proteases in the cardiac interstitium.
These proteins also impact the structural properties of
the matrix. For example, stiffness of the matrix may alter
cell movement, survival and proliferation (Wells, 2008).
Manipulation of ECM proteins can impact cell phenotype by
altering signal transduction by integrins; receptors for these
ECM proteins. For example, the RGD motif and amino acids
surrounding this motif that are present in most of ECM proteins
determine binding of the ECM proteins to integrins, which
activates intracellular signal transduction (Ruoslahti, 1996;
Chen et al., 1997). ECM proteins are also implicated in cell
cycle pathways impacting cardiac regeneration from lower
vertebrates to mammals.

In a zebrafish cardiac regeneration model, Poss and co-
investigators used a proteomics approach to show that
fibronectin (an ECM protein) is associated with zebrafish
heart regeneration and further, that regeneration was
abolished with fibronectin loss-of-function mutations
(Wang et al., 2013).

Periostin is an ECM protein that promotes cell survival
through AKT signaling (Bao et al., 2004). Importantly, in
mice, its expression increases after acute MI injury where it
promotes cardiac healing through its interaction with fibroblasts
to modulate collagen fibril formation to prevent cardiac rupture
(Shimazaki et al., 2008). Kühn et al. (2007) showed that treatment
of cardiomyocytes with periostin induces proliferation of adult
cardiomyocytes in vitro and in vivo in healthy mouse hearts.
Furthermore, while MI injury reduced LVEF by ∼12%, periostin
applied as a cardiac patch at the time of MI injury increased
LVEF by ∼13-units). Post-MI cardiomyocyte cell cycle activity
was measured using BrdU and H3P immunohistochemistry
while cardiomyocyte replication was indirectly estimated from
counting cardiomyocyte nuclei.

Tzahor’s group used proteomics to identify agrin as an ECM
component present in regenerating mouse neonatal ECM but
absent from post-neonatal non-regenerative ECM. They showed
that agrin promotes cardiomyocyte proliferation through YAP-
ERK signaling (Figure 1). Importantly, intramyocardial injection
of agrin at the time of MI or IR injury improved LVEF
over 4-week follow-up in mouse and pig infarction models
(Bassat et al., 2017; Baehr et al., 2020). However, in pigs,
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an important functional benefit of agrin therapy was reduced
apoptosis (Baehr et al., 2020).

Neuregulin
NRG1 is a member of the epidermal growth factor family that
activates membrane-bound tyrosine kinase receptors, ErbB4 or
ErbB3, when they heterodimerize with ErbB2. A recombinant
NRG1 peptide improves cardiac function and survival in
ischemic, dilated and viral cardiomyopathies (Liu et al., 2006).
However, the mechanism for these beneficial effects remained
unclear. It was of interest, therefore, when Bersell et al.
(2009) showed that administration of recombinant NRG1
stimulates neonatal cardiomyocyte proliferation in vitro. In
healthy young adult mice, overexpression of ErbB4 induced
S-phase entry in mononuclear cardiomyocytes. They also
showed that recombinant NRG1 administration increased
cardiomyocyte cell cycle entry as well as the number of
cardiomyocytes. Using genetic fate mapping, the source of
new cardiomyocytes was found not to be stem cells but
replication of preexisting cardiomyocytes. Importantly, daily
injections of recombinant NRG1 for 12-weeks, starting 1-
week post-MI, reduced scar size, improved cardiac function,
and blunted cardiomyocyte hypertrophy. However, subsequently
Field and co-investigators reported that recombinant NRG1
therapy does not stimulate cardiomyocyte proliferation in
healthy or MI-injured mouse hearts (Reuter et al., 2014).
Nevertheless, Poss and co-investigators showed that NRG1
is induced in the injured zebrafish heart and that blocking
ErbB2 impairs regenerative repair of the heart. Furthermore,
Tzahor and co-investigators found that ErbB2 expression
falls rapidly after birth and is undetectable by the end of
first week of mouse life. Overexpression of a constitutively
active form of the ErbB2 receptor (caERBB2) in young
adult mice resulted in robust cardiomyocyte proliferation.
Importantly, ERK1/2 activation was necessary for this robust
proliferative response. Overt proliferation was associated with
the development of abnormally large hearts, which led to
increased mortality (D’Uva et al., 2015). Thus, activation
of NRG1/ERBB2/ERK1/2 signaling pathway potently induces
cardiomyocyte proliferation (Figure 1) and it needs to be
controlled to avoid cardiomegaly.

Polizzotti et al. (2015) administered recombinant NRG1 to
mouse pups at birth (1 day before cryoinjury, performed on
P1 and continued daily for the next 34 days. This protocol
resulted in a sustained improvement in heart function up
to one-month after cessation of therapy. However, consistent
with the downregulation of the receptor for NRG1 (ErbB2)
immediately after birth, this benefit was lost if NRG1 therapy
was started at P5 (D’Uva et al., 2015). This suggests a narrow
therapeutic window for recombinant NRG1 therapy. Tzahor
and colleagues overcame this problem by overexpression of
a mutated form of the ErbB2 receptor (CaERBB2). CaERBB2
is constitutively active and thus does not require its ligand,
NRG1 and also induces cardiomyocyte proliferation also through
ERK1/2 activation (D’Uva et al., 2015; Aharonov et al., 2020;
Figure 1). Overexpressing caERBB2 in mice from 3-6-weeks
post-MI initially transiently reduced stroke volume and cardiac

output for 3-weeks. This depression in cardiac function was
ascribed to cardiomyocyte dedifferentiation and hypertrophy.
Cardiac contractile function then improved over the next 3-weeks
associated with redifferentiation and reversal of cardiomyocyte
hypertrophy. Scar size was also reduced (Aharonov et al.,
2020) demonstrating the regenerative potential of NRG1/ErbB2
signaling pathway.

p38 and Meis1
Mechanistic studies of heart development have identified
additional molecular pathways/targets regulating the postnatal
cardiomyocyte cell cycle activity. Mitogen-activated protein
(MAP) kinases comprise a large family of proteins and act as
a hub for diverse signal transduction pathways and play a key
role in several biological processes. Fibroblast growth factor
(FGF) family members are also involved in numerous biological
processes possess such as being a mitogen and antiapoptotic.
Pharmacological inhibition of p38 MAP kinase using a p38
inhibitor (SB203580HCl) together with FGF1 administration
induces proliferation of large adult binuclear cardiomyocytes
in vitro (Engel et al., 2005). Importantly, intramyocardial
injection of FGF1 combined with intraperitoneal injection of
SB203580HCl at the time of MI injury prevented LV contractile
dysfunction 24 h after MI injury. This therapy also reduced scar
size and prevented LV dilatation when treatment was continued
for 1-month post-MI injury (Engel et al., 2006). FGF1 stimulation
or p38 inhibition has been shown to be cardioprotective post-MI
injury by promoting cardiomyocyte survival (Palmen et al., 2004;
Kaiser et al., 2004). Given that treatment of mice with FGF1 or
SB203580HCl monotherapy similarly attenuated LV dysfunction
to that observed in animals treated with FGF1 plus the p38
inhibitor, these benefits may be attributed to antiapoptotic effects
of FGF1 signaling and/or p38 inhibition as suggested by Engel
et al. (2006).

Meis1 is a member of the TALE (three amino acid loop
extension) family of homeodomain transcription factors with an
essential role in heart development (Paige et al., 2012; Wamstad
et al., 2012). In the mouse heart, Meis1 expression increases
after birth around P7, the time of cardiomyocyte cell cycle
arrest. Thereafter, Meis1 expression remains high and has been
suggested to maintain adult cardiomyocytes in a state of cell
cycle arrest (Mahmoud et al., 2013). Genetic knockdown of
Meis1 during adulthood increases cardiomyocyte cell cycle entry
(Mahmoud et al., 2013). Based on these findings, targeting
Meis1 was proposed as a therapeutic approach for regenerating
injured adult hearts (Mahmoud et al., 2013) but, as yet, has
not been tested.

Hypoxia
Placing the MI-injured hearts in a low oxygen environment
was recently proposed as a therapeutic strategy to stimulate
cardiomyocyte regeneration for myocardial repair post-MI
(Nakada et al., 2017). Mice subjected to either hypoxia or
normoxia for 2 weeks after MI injury, were gradually returned
over 1 week to normoxia, and then cardiac function determined.
While EF in the normoxia group did not improve, mice treated
with hypoxia had an ∼15 unit increase in EF. However, because
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hypoxia was started within 1 week of MI-injury (before scar
maturation and remodeling of heart), the impact of hypoxia
on adverse LV remodeling, such as infarct expansion and LV
dilatation is not known. Also, because the study was terminated
immediately after the hypoxia treatment, it is unknown if
2 weeks of hypoxia therapy has a long-term impact on reverse
LV remodeling. This study is based on the concept that
immediately after birth transition from the fetal hypoxic to a
normoxic environment causes cardiomyocyte cell cycle arrest
due to reactive oxygen species (ROS) generated by mitochondrial
OXPHOS (Puente et al., 2014). Therefore, use of NAC (a non-
specific antioxidant), increases cardiomyocyte proliferation by
inhibiting ROS-induced DNA damage (Puente et al., 2014).
However, it is not clear how hypoxia therapy will be translated
to ischemic heart patients. One way of translating this concept
would be to give antioxidants to patients with MI injury, but
studies using antioxidants in the setting of MI injury have not
shown any benefit (Yellon and Hausenloy, 2007).

Hippo-YAP Pathway
Hippo kinases were first discovered in the fruit fly, Drosophila
melanogaster, where an inactivating mutation in the gene
encoding Hippo, the Drosophila Ste20 family kinase (dMST),
showed that Hippo functions as a tumor suppressor by restricting
cell proliferation and promoting apoptosis (Jia et al., 2003). The
Hippo kinase pathway is evolutionary conserved in mammals,
with Hippo orthologs, the Ste20-like protein kinases (Mst1/2)
interacting with the Salvador homolog 1, Salv1, to phosphorylate
and activate large tumor suppressor homologs (Lats1/2). Lats1/2
in turn phosphorylates the transcriptional co-activator, yes-
associated protein 1 (YAP1). YAP1 works in collaboration
with the transcription coactivator PDZ-binding motif (TAZ) to
mediate gene transcription programs including but not limited
to cell proliferation. This phosphorylation of YAP by Lats1/2
inactivates Hippo/YAP signaling by preventing translocation
of the YAP/TAZ complex into the nucleus. Phosphorylation
of YAP by Hippo kinases during early heart development
restricted its transcriptional activity to preclude heart overgrowth
(Heallen et al., 2011). Also, many studies have shown that YAP1
has an obligatory role in cardiomyocyte replication, involving
distinct proliferative pathways, such as Wnt/β-catenin, IGF-
1R/β-catenin, Pi3kcb or epigenetic reprogramming (Xin et al.,
2011; von Gise et al., 2012; Lin et al., 2015; Monroe et al., 2019).

Cardiomyocytes become mitotically quiescent during the
early postnatal period. However, reactivation of YAP signaling
through genetic approaches induces cardiomyocyte proliferation
in adults. Mutating YAP at serine 127 to alanine produces a gain-
of-function phenotype. Overexpression of YAPS127A protein by
intramyocardial injection of a viral vector encoding YAPS127A, at
the time of MI injury, improved cardiac function and survival.
Cardiomyocyte proliferation was confirmed by genetic lineage
tracing (Lin et al., 2014).

There are five serine residues in YAP that can potentially be
phosphorylated by Hippo kinases to inhibit YAP transcriptional
activity (Monroe et al., 2019). Mutating all five serine residues
to alanine generates a highly active form of YAP, designated
as YAP5SA. Conditional overexpression of YAP5SA in adult

cardiomyocytes produced overt proliferation of these cells
resulting in LV chamber occlusion and lethality within 4 days
(Monroe et al., 2019).

Hippo pathway component, Salv1, cooperates with Hippo
kinases to inactivate YAP. Conditional inactivation of Salv1
in adult cardiomyocytes using αMHC-mcm;Salvf/f (SalvCKO)
mouse prevents YAP inactivation through its phosphorylation
by Hippo kinases (Leach et al., 2017). Preclinical studies
with SalvCKO mice then tested the hypothesis if MI injury-
induced LV dysfunction could be reversed by inactivation of
the negative regulator of YAP. LVEF before MI injury was
about 64%. After MI injury, EF decreased to about 36%. Three
weeks post-MI, mice were either treated with tamoxifen to
conditionally delete the Salv1 gene from cardiomyocytes. This
deletion reversed MI-induced LV dysfunction. Genetic lineage
tracing confirmed cardiac regeneration through replication of
preexisting cardiomyocytes. Recently, the efficacy of viral vector-
mediated Salv1 knockdown has been tested in pig hearts
subjected to MI (Liu et al., 2021). After MI injury, LVEF was
reduced from ∼60% to low 40%. Following intramyocardial
injection of AAV9-Sav-shRNA 2-weeks after MI-injury, LVEF
improved only marginally (by∼10 units).

ASSESSMENT OF EXTANT
PRECLINICAL CARDIAC
REGENERATION RESEARCH

Extant studies have examined regenerative therapies in small
animal (mainly rodent) models as discussed above (Table 1).
However, rodent model has its strengths and limitations.
Preclinical testing in a small animal model has the advantage
of being cost effective and rapid. Importantly, it is easier to
manage larger cohorts of animals to have ample statistical power
for the study and thus the conclusions drawn from the study
will be well supported. However, rodents have differences in
cardiac physiology than humans such as higher heart rate.
Furthermore, preclinical studies in small animals show larger
functional benefits than in large animals which could be related
to differences in the cardiac physiology between rodents and
large animals. In this respect larger animals (especially the pig)
are considered to have higher physiological relevance to humans
(Lindsey et al., 2018) and have consistently shown similar drug
responses as in human clinical trials (Zwetsloot et al., 2016).
However, studies in pigs are expensive. Moreover, most studies in
large animals are carried out in an acute MI model with mild to
moderate MI injury. Large animal models with chronic severe LV
dysfunction are not well established. These challenges need to be
addressed for effective translation of these therapies in humans.

Importantly, it remains unclear if the functional benefits
that are observed with several regenerative therapy protocols
targeting the various molecular pathways, discussed above,
are due to bona fide cardiac regeneration resulting from
induced proliferation of preexisting cardiomyocytes or to other
mechanisms, such as decreased cardiomyocyte apoptosis or
improved cardiac energetics. Here we provide a perspective on
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TABLE 1 | Summary of mechanism-based regenerative strategies in preclinical studies.

Target pathway Species Age at MI Heart failure
severity

Time therapy
started

Follow-up duration CM proliferation estimation References

Cell cycle (Cyclin D2) Mouse Young adult Not known Embryonic life 5-months CM density in histological sections Pasumarthi et al., 2005

Cell cycle (Cyclin A2) Rat Young adult Non-known At the time of
MI

6-weeks BrdU, PCNA and H3P labeling Woo et al., 2006

ECM (Periostin) Mouse Young adult Mild At the time of
MI

12-weeks BrdU, H3P labeling, CM nuclei count Kühn et al., 2007

ECM (Agrin) Mouse Young adult Mild to
moderate

At the time of
MI

4-weeks BrdU, Ki67 and Aurkb B labeling Bassat et al., 2017

ECM (Agrin) Pig Young adult Moderate At the time of
MI

4-weeks BrdU labeling Baehr et al., 2020

miR-34a Mouse Young adult Moderate 6-h post-MI 1-week H3P labeling Yang et al., 2015

miR-19a/19b Mouse Young adult Not known At the time of
MI

12-months Direct CM counting, EdU, H3P and Aurkb labeling Gao et al., 2019

miR-199a Pig Young adult Mild At the time of
MI

4-weeks BrdU, H3P labeling, CM number by CM nuclei Gabisonia et al., 2019

TRα Mouse Young adult Mild Embryonic life 4-weeks EdU, H3P and Aurkb labeling Hirose et al., 2019

Neuregulin 1 Mouse Young adult Moderate 1-week post-MI 12-weeks BrdU, H3P, Aurkb labeling, CM number by CM nuclei Bersell et al., 2009

ERBB2 Mouse Young adult Mild At the time of
MI

2-weeks Ki67 and Aurkb B labeling D’Uva et al., 2015

ERBB2 Mouse Young adult Moderate 3-weeks
post-MI

3-weeks RNAseq–Cyclin D1, ERK, YAP Aharonov et al., 2020

p38/FGF1 Rat Young adult Moderate At the time of
MI

8-weeks Cyclin A2 and H3P labeling Engel et al., 2006

Hypoxia/DDR Mouse Young adult Moderate 1-week post-MI 2-weeks CM density, BrdU, H3P and Aurkb labeling Nakada et al., 2017

Hippo/Yap (Salv1) Mouse Young adult Mild to
Moderate

3-week post-MI 6-weeks EdU and H3P labeling, Lineage tracing Leach et al., 2017

Hippo/Yap (YAPS127A) Mouse Young adult Not known 1-week post-MI 4-weeks EdU and H3P labeling, Lineage tracing Lin et al., 2014

Hippo/Yap (Salv1) Pig Juvenile Moderate 2-week post-MI 12-weeks CM density, EdU, H3P and Aurkb labeling Liu et al., 2021

DUSP5 and T3/IGF-1 Mouse Young adult Severe 6-weeks after
first doxorubicin
exposure

3-weeks Lineage tracing, CM counting and CM density Tan et al., 2021

Heart failure severity is binned in 3 groups–Mild (injury induces a reduction in LVEF of 10–20 percentage points), Moderate (LVEF is reduced between 20–35 percentage points) and Severe (LVEF reduction > 35
percentage points with LV dilatation). According to the guidelines by the American College of Cardiology, severe LV dysfunction for patients in heart failure is defined as a decrease in LVEF of > 30-units. This is
based on a normal LVEF of 60% in adult humans (American College of Cardiology: https://www.acc.org/tools-and-practice-support/clinical-toolkits/heart-failure-practice-solutions/left-ventricular-ejection-fraction-
lvef-assessment-outpatient-setting). MI: myocardial infarction injury, LVEF: left ventricular ejection fraction, CM: cardiomyocyte, BrdU: 5-bromodeoxyuridine, EdU: 5-ethynyl-2′-deoxyuridine, H3P: phosphohistone H3,
Aurkb: aurora kinase B, PCNA: proliferating cell nuclear antigen.
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extant preclinical research using mechanism-based regenerative
strategies (Table 1).

Estimation of Post-therapy
Cardiomyocyte Proliferation
MI-injury results in substantial loss of functional cardiomyocytes
triggering heart failure. Therefore, proliferation of spared
cardiomyocytes is the key objective of mechanism-based
strategies to effect regenerative repair of infarcted hearts.
Assessment of cell cycle markers such as BrdU and EdU-labeling
provides evidence of S-phase entry of cardiomyocytes. Aurora
kinase B and H3P are widely used markers of mitosis. However,
these markers do not provide evidence for cardiomyocyte
replication because after cardiomyocytes enter the cell cycle,
they can follow distinct trajectories. For example, the cell
cycle can terminate prematurely leading to increased ploidy or
multinucleation. Labeling efficiency of these markers is uncertain
and immunohistochemical assessments of cell cycle markers
merely provide a snapshot of cell cycle activity at the time of
tissue procurement.

Genetic lineage tracing, by contrast, shows unambiguous
replication of preexisting cardiomyocytes (Porrello et al., 2011;
Lin et al., 2014; Leach et al., 2017; Tan et al., 2021). However,
this technique does not quantify the extent of cardiomyocyte
number expansion. Design-based stereology provides an estimate
of cardiomyocyte number. The term design-based describes a
technique in stereology in which sampling is independent of
the size, shape, spatial orientation, and spatial distribution of
the geometrical features to be investigated. Random sampling
assumes that cardiomyocyte proliferation occurs homogeneously
in the LV and that there are no location-based differences
in cardiomyocyte morphology. In adult hearts, cardiomyocytes
adopt a variety of shapes: simple elongated cylinders or branched.
Importantly, cardiomyocytes in different anatomical locations
of the heart may not respond uniformly to therapeutic stimuli.
For example, cardiomyocytes in the infarct border-zone might
respond differently to those in remote zone. Moreover, post-
neonatal cardiomyocytes from the LV apex were recently shown
to be differentially sensitive to a mitogenic stimulus (Bogush
et al., 2020). A further consideration with respect to stereology
is that tissue shrinkage, if not studied directly, has the potential to
variably impact total cardiomyocyte number calculation between
hearts and between different LV regions. Such differences in
random tissue sampling might explain why, using the same
collection of human hearts, two laboratories reported divergent
findings. Mollova et al. (2013) showed a 3.4-fold increase
in cardiomyocyte number in humans between birth and late
adolescence, while Bergmann et al. (2015) reported no change in
cardiomyocyte numbers. This difference occurred even though
both laboratories provide evidence for robust cardiomyocyte
proliferation during this developmental period.

Another technique to indirectly estimate the number
of cardiomyocytes involves measuring the total number of
cardiomyocyte nuclei after a regenerative therapy (Kühn et al.,
2007; Bersell et al., 2009). However, induced multinucleation
in cardiomyocytes would make this technique problematic.

For example, cyclin D1 overexpression in cardiomyocytes
causes profound multinucleation (Soonpaa et al., 1997).
Direct measurement of absolute cardiomyocyte number by
disaggregating the ventricular myocardium is the most widely
used technique to show definitive cardiomyocyte proliferation
(Mahmoud et al., 2013; Naqvi et al., 2014; Puente et al., 2014;
Nakada et al., 2017; Tan et al., 2021). This technique requires
optimization to achieve a high level of digestion efficiency > 97%
(e.g., Bogush et al., 2020). Because enzymatic heart disaggregation
requires a patent coronary artery for perfusion with collagenase,
it cannot easily be used to determine cardiomyocytes numbers
in post-MI hearts where a major branch of the coronary tree
has been permanently ligated. However, in other forms of injury
that do not involve coronary artery occlusion (e.g., anthracycline
induced heart failure) post-therapy changes in cardiomyocyte
number have been reported (Tan et al., 2021).

It is important, therefore, that preclinical studies evaluating
bona fide cardiomyocyte replication be conducted using
techniques, such as genetic lineage tracing and direct
cardiomyocyte number quantification, wherever possible,
as reported by some investigators (e.g., Lin et al., 2014; Leach
et al., 2017; Tan et al., 2021) (Table 1).

Cardioprotection Versus Cardiac
Regeneration
Both, ischemia (Sutton and Sharpe, 2000) and reperfusion
injury (Wu et al., 2018) trigger cardiomyocyte death. Therefore,
cardioprotective therapies are usually given immediately after
MI or IR injury to reduce cardiomyocyte death with the
aim of limiting infarct size, LV dysfunction and adverse
LV remodeling (e.g., Piot et al., 2008; Dong et al., 2009;
Mewton et al., 2010). Regenerative pathways often intersect
with cardioprotective pathways. YAP signaling simultaneously
promotes cardiomyocyte proliferation and survival in vivo
(Lin et al., 2015). To ensure that a therapy is not merely
cardioprotective, regenerative therapies must be given after the
initial phase of cardiomyocyte apoptosis has ceased, which may
not occur until about 3 or 4 days after the ischemic injury (Tejada
et al., 2016). However, many cardiac regenerative therapies
tested have been given either at the time of, or immediately
after MI (Table 1). For example, Gao et al. (2019) showed
that miR-19a/19b therapy given at the time of MI increased
cardiomyocyte mitosis along with a substantial reduction in
apoptosis. In this situation, cardioprotection might be an
important component of the improvement in LV contractile
function. Similarly, the finding that agrin therapy given at
the time of IR injury reduced apoptosis (Baehr et al., 2020),
reiterates the need to study the contribution of cardioprotective
mechanisms toward the overall improvement in LV contractile
function, if the therapy is given before or within the first week
after MI injury.

Preinjury Differences in Cardiac
Phenotypes
Some preclinical studies, involving genetic models, show
that, at baseline, the heart has more cardiomyocytes and
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TABLE 2 | Potential translation strategies based on preclinical research.

Preclinical therapy Preclinical safety (test time) References Potential therapeutic drug and delivery route in humans

Cyclin D2 Not tested Pasumarthi et al., 2005 Cyclin D2 viral vector/intramyocardial injection

p38 inhibition Not tested Engel et al., 2006 p38 inhibitor/intramyocardial injection

Cyclin A2 Not tested Woo et al., 2006 Cyclin A2 viral vector/intramyocardial injection

Periostin Not tested Kühn et al., 2007 Recombinant periostin/epicardial patch

Neuregulin 1 Not tested Bersell et al., 2009 Recombinant neuregulin 1/subcutaneous

YAPS127A Not tested Lin et al., 2014 YAPS127A viral vector/intramyocardial injection

miR-34a Not tested Yang et al., 2015 miR-34a/intravenous

CaERBB2 D’Uva et al., 2015 CaERBB2 viral vector/intramyocardial injection

Hypoxia Not tested Nakada et al., 2017 Antioxidant/oral

Salv1 Not tested Leach et al., 2017 Salv1 viral vector/intramyocardial injection

Agrin Not tested Bassat et al., 2017 Recombinant agrin/intramyocardial injection

miR-19a/19b Safe (12 months) Gao et al., 2019 miR-19a/19b/intramyocardial injection

miR-199a Unsafe Gabisonia et al., 2019 —

TRα inhibition Not tested Hirose et al., 2019 T3 biosynthesis inhibitor/oral

Salv1 Not tested Liu et al., 2021 Salv1 viral vector/intramyocardial injection

DUSP5 inhibition + T3 Not tested Tan et al., 2021 T3 + DUSP5 inhibitor/oral-intravenous

a thicker LV posterior wall (e.g., Pasumarthi et al., 2005;
Hirose et al., 2019). It is not surprising that these mice fair
better after MI injury because these mice have increased muscle
thickness, which favorably affects myocardial energetics (Iismaa
et al., 2018). Such differences between phenotypes must be
considered before drawing conclusions about the mechanism of
regenerative therapies in genetically modified mice.

CONCLUSION

Long-Term Safety and Efficacy
Most preclinical reports based on induction of cardiomyocyte
proliferation have not conducted long-term follow-up studies
after regenerative therapy (Table 2). This is especially important
because regenerative therapies have the potential to change
the phenotype of the cardiomyocytes. For example, stimulation
of cardiomyocytes to proliferate cause them to dedifferentiate
resulting in sarcomeric disassembly (Bersell et al., 2009) and
reversion to a fetal-like state characterized by repression of
the fast-contractile myosin isoform, αMHC (Monroe et al.,
2019). Dedifferentiation is also linked to adverse cardiac
remodeling (Kubin et al., 2011). Furthermore, dedifferentiation
blunts ATP production by switching from energy-efficient
OXPHOS to glycolysis. This could be detrimental for an organ
like the heart which has a high energy demand. Indeed,
energy starvation is a feature of heart failure (Ventura-
Clapier et al., 2004) and a decrease in the α/β - MHC
ratio depresses LV contractility and increases disease severity
(Krenz and Robbins, 2004). Furthermore, dedifferentiated
cardiomyocytes might be a substrate for arrhythmias if
these cardiomyocytes do not electrically couple to existing
cardiomyocytes. Thus, in preclinical follow-up studies, it is
important to show that long-term regenerative repair does
not cause electrical conduction dysfunction and arrhythmias.
A recent report underscored these concerns by showing that

substantial decreases in LV contractile function occurred after
genetic overexpression of caERBB2 post-MI injury (Aharonov
et al., 2020). This decrease in LV function was ascribed to
cardiomyocyte dedifferentiation and hypertrophy, which could
be a reason why this therapy is ineffective in repairing
severely injured hearts (Aharonov et al., 2020). In severe
heart failure patients, further deterioration of LV contractile
function, even if it is transient, may be fatal. Thus, there is
a need for strategies that either do not or only minimally
repress OXPHOS or induce cardiomyocyte dedifferentiation
and hypertrophy.

Importantly, undesirable effects of regenerative therapy, such
as uncontrolled cardiomyocyte proliferation, could adversely
impact LV remodeling long term. For example, overexpression
of cyclins can produce overt cardiomyocyte proliferation causing
cardiomegaly; these hearts initially show hypercontractility but
eventually deteriorate to become hypocontractile (Chaudhry
et al., 2004). Recently, Monroe et al. (2019) overexpressed a
mitogenic protein and showed that uncontrolled cardiomyocyte
proliferation caused overgrowth of the LV free wall, leading to
outflow tract obstruction with consequent reductions in cardiac
output and increased mortality. Using a microRNA approach,
Gabisonia et al. (2019) showed that regenerative therapy worked
well in the short term; in the long term it increased mortality,
which was ascribed to uncontrolled cardiomyocyte proliferation.
Thus, it is important that regenerative therapies be evaluated
over several months, rather than weeks, to ensure that they have
long-term efficacy and safety.

Translatability
Current regenerative approaches have limited or complicated
paths towards effective translation. Some use a genetic approach
to overexpress a protein from embryonic life onwards, others
use viral vectors for delivery of genes into cardiomyocytes,
while others still inject proteins (e.g., FGF1, agrin) directly
into the LV wall (Table 2). In contrast to these approaches,
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development of small molecule(s) that when given parenterally
can stably build LV muscle through controlled cardiomyocyte
proliferation, would greatly enhance the translational potential of
regenerative therapies.

Efficacy of Regenerative Therapy in
Reversing Chronic Severe Heart Failure
Post-MI wound healing can be divided into 3 stages:
inflammation/necrosis, fibrosis/proliferation, and long-
term remodeling/maturation (Richardson et al., 2015). The
inflammatory phase occurs over the first few days. In the
second phase, fibroblasts proliferate, and collagen accumulation
begins by 7–14 days post-MI. Scar formation is complete at
21 days post-MI (Yang et al., 2002). In the final phase, which
lasts several weeks, the scar matures via a steady increase in
collagen crosslinking (Richardson et al., 2015). In this final
phase, also, the LV continues to dilate, causing infarct expansion
because of LV wall thinning. Thus, chronic (≥ 1-month)
post-MI hearts are very different from acute (1-day-to-1-week)
post-MI hearts in that the injury-initiated immune response,
which is a critical component of the early regenerative process
(Epelman et al., 2015), is no longer operative. Extant cardiac
regenerative therapies have been given either at the time of, or
soon after MI (Table 1). In a few cases, regenerative therapy
has been given in a more chronically-injured heart (about 3 to
6 weeks after injury) (Leach et al., 2017; Aharonov et al., 2020;
Tan et al., 2021).

LVEF and LV end-systolic volume have been shown to
be the strongest predictors of cardiac death following a MI
(White et al., 1987; Roes et al., 2007); LV infarct size negatively
correlates with LVEF. This correlation is only observed after
MI injury that increases infarct size by > 15% (Pride et al.,
2010); a finding that highlights the importance of the injury
severity for the development of post-MI LV dysfunction. Severe
MI injury with larger loss of myocardial muscle results in
severe adverse remodeling (e.g., LV dilatation), which determines
heart failure severity (Gaudron et al., 1993). A review of
the existing preclinical studies suggest that most regenerative
therapies have been tested following mild to moderate MI injury
as assessed by post-MI LVEF and LV dilatation (Table 1).
For example, in the study by Leach et al. (2017), the MI
injury was moderate; it only resulted in a 28-unti decrease in
LVEF without LV dilatation. Similarly, Aharonov et al. (2020)
showed that their cardiac regenerative therapy worked within
a threshold of functional loss that did not lead to severe heart
failure. Gabisonia et al. (2019) also used a large animal model
where MI resulted in a decrease in EF of only ∼10 units.
Thus, future preclinical studies need to adequately address the
applicability of the therapy for treating patients with chronic
severe heart failure.

Ability of a Regenerative Therapy to
Impact Quality-of-Life
From a patient’s perspective, shortness of breath and fatigue are
worrisome symptoms of heart failure and a cause for panic in
many such patients; these symptoms increase hospitalizations

(McDermott et al., 2017). Consequently, patients with a severely
remodeled heart avoid physical activity and experience significant
deterioration in quality-of-life, as a result of depression, the
feeling of hostility toward others and difficulty in performing
daily activities (Dracup et al., 1992; Bennet et al., 2002;
Hobbs et al., 2002; Cai et al., 2019). There is no therapy
currently available to reverse the trajectory of such patients.
Regenerative repair by improving contractile function needs to
enhance quality-of-life. However, in extant preclinical animal
studies that have tested regenerative therapies, quality-of-life
assessments are rarely undertaken. In small animal studies,
measures of quality-of-life include assessments of grooming
status, movement, and ability to perform exercise, including
endurance testing.

Aging
Almost all preclinical studies are performed in young adult
mice (between 5 to 12 weeks old) (Table 1) but, in humans,
heart failure mostly afflicts older adults. Furthermore, aging is
associated with an increase in the number of heart disease
deaths (Sidney et al., 2018). Given that older adults in
the US are projected to increase by > 40% in the next
10 years, heart failure therapies must be effective for all
age groups. Thus, it is important to know if a regenerative
therapy is as effective in triggering cardiomyogenesis in
older mice as it does in young adults. Cardiomyogenesis
requires cardiomyocyte proliferation concurrent with effective
neovascularization (Marín-Juez et al., 2016; Ingason et al.,
2018). However, aging impairs neovascularization (Lähteenvuo
and Rosenzweig, 2012; Ungvari et al., 2018). Thus, it is
important to understand if a regenerative therapy can
induce effective cardiomyogenesis by not only inducing
cardiomyocyte proliferation but also neovascularization in
aged mice. Recently, microRNA-130a therapy was shown to
rescue aging-related impaired neovascularization in ischemic
muscle by suppressing MEOX2 and HOXA5 gene expression
(Dhahri et al., 2020). Thus microRNA-130a co-administration
with a regenerative therapy may enhance the regenerative
repair in aged mice.

In summary, although initial proof-of-concept cardiac
regenerative studies show promise, critical barriers, apart from
stimulating cardiomyogenesis, must also be addressed. A therapy
that regenerates mildly injured hearts (e.g., Leach et al., 2017;
Aharonov et al., 2020) might not be effective in severely injured
hearts with marked LV remodeling. It is possible that regenerative
therapy approaches to treating severely injured hearts might
need to combinatorically target pathways that remodel scar, as
well as limit inflammation and enhance neovascularization as
well as inducing cardiomyocyte proliferation.
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