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ABSTRACT 	 Current progress and challenges in understanding the molecular and cellular mechanisms of 
cardiomyocyte embryonic development and regeneration are reviewed in our present work. Three major 
topics are critically discussed: how do cardiomyocytes form in the embryo? What is the adult origin of the 
cells that regenerate cardiomyocytes in animal models with adult heart regeneration capabilities? Can the 
promise of therapeutic cardiomyocyte regeneration be realized in humans? In the first topic, we highlight 
current advances in understanding the developmental biology of cardiomyocytes, with emphasis on the 
regulative capabilities of the early embryo during specification and allocation of the cardiomyoblasts 
that produce the primordial heart. We place further emphasis on trabecular cardiomyocyte development 
from late cardiomyoblasts, neural crest cells and primordial cardiomyocytes, and their critical role in 
the clonal growth of the compact/septal and cortical cardiomyocyte layers in the mammalian embryo 
and adult zebrafish, respectively. In the second topic, we focus on the re-activation of the cortical or 
trabecular compaction programs as hallmarks of cardiomyocyte regenerative cells during adult zebraf-
ish and neonatal mouse heart regeneration, respectively, and underscore the metabolic remodeling 
that commonly drives cardiomyocyte regeneration in these organisms. Finally, we discuss the status of 
preclinical and clinical-stage therapeutics for cardiomyocyte regeneration, with particular emphasis on 
gene therapy, as well as adult and pluripotent stem cell-based cellular cardiomyoplasty approaches. In 
summary, our article provides a bird’s-eye view of current knowledge and potential pitfalls in the field of 
developmental biology-guided regenerative medicine strategies for the treatment of heart diseases.
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Introduction

The lack of cardiomyocyte (CM) regenerative capabilities in the 
adult heart is currently considered to be the most vulnerable aspect 
of human life (Eschenhagen et al. 2017). CMs comprise the building 
blocks of the heart muscle and, once formed in the early embryo, 
are tasked with the lifelong responsibility of remaining healthy and 
contractile to keep the heart pumping blood throughout the body 
(Hashimoto et al. 2018). Unlike most other adult tissues, humans 
generate limited amounts of heart muscle after birth, with recent 
estimates suggesting that more than half of the CMs in a ~70-year-
old healthy human are remnants of embryogenesis (Eschenhagen 
et al. 2017). Hence, any loss of CMs after birth due to disease or 
injury is irreparable and, depending on its extent, may be lethal or 
be replaced with dysfunctional scar tissue that will eventually lead 
to heart failure (HF) (Hashimoto et al. 2018).

Accordingly, there is a great need to address the ever-growing 
heart disease epidemic and develop novel cardiac regenerative 
medicine approaches that could revive the failing heart (Hashimoto 
et al. 2018). To this end, animal embryos and human pluripotent 
stem cells (hPSCs); as well as animal models with full postnatal 
cardiac regenerative capabilities such as axolotls, zebrafish, and 
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1-day old mouse pups and pigs; are at the forefront of research 
to unravel the relationship between cell sources that produce new 
CMs in embryos and adults (Sadek and Porrello, 2020). Conse-
quently, basic research findings are guiding the development of 
novel therapeutic strategies for CM regeneration, including the 
manufacture of theoretically unlimited amounts of lab-grown 
hPSC-derived CMs as grafts for direct scar remuscularization 
(Yamanaka, 2020); as well as pharmaceutical and gene therapies 
to stimulate endogenous mechanisms of cardiomyogenesis in the 
adult heart (Hashimoto et al. 2018).

Here, we provide a comprehensive review of current progress 
and challenges in the field of cardiac regenerative medicine. We 
discuss new mechanistic insights in the development and regenera-
tion of CMs in zebrafish and neonatal mice, and provide our critical 
view of potential pharmaceutical, cell- and gene-based cardiac 
regenerative medicine strategies that are currently in preclinical 
or clinical stages of experimental testing.

Early development of cardiomyocytes

In most animals in which cell lineages have been fate-mapped, 
the cells that give rise to CMs appear to be specified early during 
development, before the beginning of gastrulation. For example, 
sea squirts (Ciona intestinalis or C.intestinalis) present an ideal 
system for the study of developmental heart genetics, due to their 
unique evolutionary position as invertebrate chordates.

Consequently, they can be viewed as a minimalistic version of 
vertebrates, before the evolution of large-scale gene duplications 
that introduced redundancies and additional levels of complexity 
in vertebrate gene function (Christiaen et al. 2009). In these spe-
cies, maternal mRNAs for β-catenin and Macho1, which are highly 
enriched in the yellow egg cytoplasm, are passed down during 
cleavage to the B7.5 pair of heart muscle-producing blastomeres 
to directly activate their target genes, the LIM-homeobox Lhx3 and 
the T-box transcription factor Tbx6c, respectively. Lhx3 and Tbx6c 
act synergistically to activate the basic helix-loop-helix (bHLH) 
transcription factor mesoderm posterior (Mesp), specifying the 
B7.5 blastomeres as the earliest progenitors of the myocardial 
lineage. Upon gastrulation, the B7.5 blastomeres divide asym-
metrically and form a pair of Mesp-expressing progeny on each 
side of the embryo. Their rostral descendants will receive Fgf/
Ets signals from the endoderm and migrate anteriorly to form 
the bilateral heart fields, while caudal descendants produce the 
pharyngeal muscles. Mesp and FGF/Ets will synergistically activate 
a cardiac-specific enhancer of the forkhead box-F (FoxF) transcrip-
tion factor, and FoxF will then instruct the reconstitution of the 
C.intestinalis cardiac gene regulatory network (GRN). Remarkably, 
the C.intestinalis cardiac GRN closely matches closely that of 
vertebrates and includes the master cardiac transcription factors 
myocardin, Gata, Nkx2.5, the bHLH factors Hand1 and Hand2, and 
the Mef2 genes. The two heart fields proliferate to ~12-32 cells 
and will eventually fuse in the midline to form a linear heart tube 
that becomes C.intestinalis’s rudimentary heart, built as a single 
layer of contractile cardiac myoepithelial cells under an epithelium 
of pericardial cells (Christiaen et al. 2009).

A similar sequence of events underlies vertebrate heart develop-
ment. In chick embryos, lineage-tracing and cell transplantation 
experiments have pinpointed the prospective heart cells as the 
lateral anterior cells in the primitive streak (PS) stage embryo 

(Ehrman and Yutzey, 1999). In mice, myocardial progenitors are 
specified several hours before PS formation in a subset of proximal 
posterior epiblast cells, which activate the T-box transcription factor 
Eomesodermin (Eomes) in response to Activin/Nodal and Wnt/β-
catenin signaling. Subsequently, Eomes directly binds to T-box 
consensus binding sites present within an evolutionary conserved 
early mesoderm enhancer of the Mesp1 gene (Costello et al. 2011). 
Mesp1 acts to prevent endoderm specification of the prospective 
lateral plate mesoderm cells by directly binding and repressing 
expression of the genes Brachyury, Sox17, and Goosecoid, while 
activating the canonical Wnt signaling inhibitor Dickkopf-related 
protein 1 (Dkk1), to inhibit hemangioblastic specification (David 
et al. 2008). Compared to C.intestinalis, mice have a single Tbx6 
gene and 2 Mesp paralogs, Mesp1 and Mesp2. Tbx6 binds and 
directly activates the Mesp2 gene, which drives paraxial meso-
derm specification (Costello et al. 2011). Upon gastrulation, ~250 
Mesp1-expressing cells migrate in two spatiotemporally distinct 
pools. The first pool migrates on embryonic day (E) 6.5, as part of 
the lateral plate splanchnic mesoderm lineage and forms a pair of 
Mesp1-expressing heart fields on each side of the embryo, before 
fusing in the midline to form the cardiac crescent or first heart field 
(FHF), which will eventually give rise to a linear heart tube. The 
second pool migrates at ~E7.5 dorsally and medially to the FHF, 
as part of the pharyngeal mesoderm -which is part of the head 
mesoderm and comprises a mixture of lateral plate and paraxial 
mesoderm lineages- to form a secondary heart field (SHF) (Chabab 
et al. 2016). FHF progenitors upregulate expression of the T-box 
transcription factor Tbx5 and produce the left ventricular as well 
as some of the right and left atrial CMs. Meanwhile, the SHF acti-
vates regulatory sequences for Tbx1 and the LIM homeodomain 
transcription factor Isl1 and produces the right ventricular and the 
remainder of the atrial CMs. In zebrafish, the FHF generates most 
of the single ventricular CMs, whereas most of the atrial CMs and 
the distal-most part of the ventricle, which connects to the atria, 
come from the SHF (Sanchez-Iranzo et al. 2018). Lineage-tracing 
studies in mice and in vitro pluripotent stem cell-based modeling 
experiments of human cardiomyogenesis indicate that Mesp1 
descendants positioned more rostrally to the FHF and SHF ac-
tivate the transcription factor Foxa2 that controls the ventricular 
CMs GRN. On the other hand, those that end up more caudally 
encounter a retinoic acid (RA) gradient and activate the atrial CMs 
GRN (Bardot et al. 2017; Lee et al. 2017).

The SHF is patterned into anterior (aSHF) and posterior (pSHF) 
domains along the arterial and venous poles of the FHF-derived 
linear heart tube, respectively (Hatzistergos et al. 2020). Both 
domains are kept in a proliferative progenitor cell state for several 
days as they become the main resource for the new CMs needed 
for the elongation of the heart tube and subsequent development 
of the right ventricle (RV) and atria. In the aSHF, this is achieved 
partly through synergism between Wnt/β-catenin and Fgf10 
signaling, which are maintained active by Isl1 and Tbx1, whereas 
the pSHF is maintained through Wnt/β-catenin and RA-mediated 
activation of Hox genes (Bertrand et al. 2011). Notably, in aSHF and 
pSHF cardioblasts Isl1 is activated through distinct cis-regulatory 
elements (Hatzistergos et al. 2020). In addition, the aSHF is regu-
lated through oxygen tension (Yuan et al. 2017). Within the aSHF 
domain, O2 concentration is relatively high, leading to continuous 
degradation of the hypoxia inducible transcription factor-1α (Hif-1α). 
The absence of Hif-1α allows Isl1 to remain active and recruit the 
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histone deacetylases Hdac1/Hdac5 to promoter sequences for 
the master cardiac transcription factor Nkx2.5, thereby preventing 
its expression. Upon migration into the heart tube, the levels of O2 
decrease, leading to stabilization of Hif-1α. Hif-1α translocates to 
the nucleus and interacts with the Notch effector Hes family bHLH 
transcription factor 1 (Hes1) and the protein deacetylase sirtuin 1 
(Sirt1) to repress Isl1 expression. In parallel, Hif-1α directly binds 
to hypoxia response elements within the promoter elements of 
the Nkx2.5 gene and recruits the histone acetyltransferase (HAT) 
p300, activating its expression (Yuan et al. 2017). Moreover, Nkx2.5 
directly activates a small, atypical homeodomain protein without 
homeobox DNA binding capacity, called Hopx (Jain et al. 2015). 
As aSHF progenitors migrate into the heart tube, they encounter a 
Bmp2/4 signaling zone that activates Smad1/5/8 and co-Smad4 
in their cytoplasm. Hopx co-operates with Smad4 and Hdac2 and, 
together, they move into the nucleus to bind and suppress the 
expression of several canonical Wnt signaling genes. This causes 
aSHF progenitors to stop dividing and undergo specification into 
CMs. Concurrently, to avoid potential exhaustion of the aSHF pool 

from excessive Hopx-Smad-Hdac signaling, Nkx2.5 establishes a 
negative feedback loop to directly suppress Bmp2/Smad signal-
ing, thereby enabling cardioblasts to proliferate while undergoing 
specification into CMs (Prall et al. 2007; Jain et al. 2015).

Studies in fish and salamanders have demonstrated that the 
development of heart fields is regulative (Ehrman and Yutzey, 
1999; Sanchez-Iranzo et al. 2018). Genetic ablation or extirpa-
tion of one or both heart fields during early development results 
in normal cardiogenesis, indicating that FHF progenitors can be 
fully compensated by SHF progenitors and vice versa. Similarly, 
extirpation of the prospective cardiogenic mesoderm can be fully 
compensated through the recruitment of mesodermal cells from 
adjacent regions that normally do not contribute to cardiogenesis 
(Ehrman and Yutzey, 1999; Sanchez-Iranzo et al. 2018).

Notably, studies in chicken embryos show that the different 
types of mesoderm are specified by opposing Bmp and Noggin 
gradients, which produce an increasing Bmp concentration along 
the mediolateral axis, with the highest levels of Bmp activity reach-
ing the lateral-most extraembryonic mesoderm layer, followed by 

Fig. 1. Early development of cardiomyocytes in mammals. A dorsoventral Bmp gradient 
specifies different mesoderm subtypes in the gastrulating embryo. First Heart Field (FHF) 
progenitors are specified within the anterior lateral plate (LPM) but also recruit cells from 
a Hand1-expressing domain established more ventrally, at the LPM-extraembryonic me-
soderm junction. First Heart Field Hand1 transcription factor generates dorsal and lateral 
CMs of the primordial heart tube. Similarly, secondary heart field (SHF) progenitors are 
specified within the cardiopharyngeal mesoderm, an Isl1-expressing domain established 
dorsomedially to the FHF, at the junction of LPM and paraxial mesoderm.

lateral plate, intermediate and paraxial mesoderm 
layers, respectively (Tonegawa and Takahashi, 1998) 
(Fig. 1). Fate-mapping experiments, combined with 
in situ hybridization detection of Bmp2 and Nkx2.5 
transcripts, indicate that the medial border of extra-
embryonic tissue demarcates the lateral-most border 
of the heart-forming region, whereas the medial FHF 
border is placed at the lateral edge of the mesoderm 
overlying the prospective neural plate. Complete 
or partial removal of this Bmp2/Nkx2.5-expressing 
FHF domain results in loss of corresponding cardiac 
structures, consistent with the notion that develop-
ment of the FHF in birds is not regulative (Ehrman and 
Yutzey, 1999). Intriguingly, however, recent genetic 
fate-mapping and single-cell transcriptomic studies 
in mouse embryos show that cells from the extra-
embryonic mesoderm adjacent to the lateral-most 
border of the heart forming region contribute to the 
FHF, suggesting that at least some level of regulative 
capacity is present in the mammalian cardiogenic 
mesoderm. These regulatory cells are marked by the 
expression of the bHLH transcription factor Hand1 
(Fig. 1), an essential component of the cardiac GRN 
(Tyser et al. 2021; Zhang et al. 2021). Consistent 
with these findings, global knockout of Hand1 leads 
to embryonic lethality at approximately E8.5 due 
to deficiencies in extraembryonic and cardiogenic 
mesoderm layers (Firulli et al. 1998).

Growth of new cardiomyocytes during cardiac 
chamber morphogenesis

Genetic lineage-tracing experiments in mice reveal 
that embryonic development of mammalian CMs from 
FHF and SHF cardiac progenitors peaks at ~E8.0, 
when cycling RV cardiomyoblasts from the SHF 
are incorporated into the heart tube, and gradually 
declines thereafter before termination at ~E11.5 (Li 
et al. 2019; Hatzistergos et al. 2020). At that stage, 
the elongated heart tube bends rightward forming an 
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s-shaped loop. The looped heart enters its growth and chamber 
morphogenesis phase, so that the rapidly increasing metabolic 
demands of the growing embryo are met by a proportional in-
crease in oxygen and nutrients through blood supply. In fish and 
amphibians, this is achieved mainly through the growth of a new 
layer of CMs under the endocardial surface of their only ventricle. 
This new layer undergoes patterning into irregular ridges called 
trabeculae carneae, converting the inner surface of the ventricle 
from a smooth to a spongy structure (Fukuda et al. 2019). Com-
pared to the smooth surface, the spongy pattern of the trabecular 
myocardium is thought to be ergonomically and mechanically 
advantageous in terms of hemodynamics, as it enables the heart 
to achieve greater end-diastolic and shorter end-systolic volumes, 
thereby enhancing cardiac output without increasing the surface 
area. In reptiles, birds, and mammals, trabeculation is accompanied 
by proliferative growth of the overlying compact myocardium and 
is followed by a compaction phase. During the latter, the trabecular 
ridges become progressively compacted into the ventricular walls 
following a base-to-apex direction, with those closer to the apex 
eventually coalescing into a single, thicker ridge that will become 
the muscular layer of the interventricular septum (Del Monte-Nieto 
et al. 2018). Moreover, trabecular CMs are clonally related to parts 
of the cardiac conduction system, including the Purkinje fibers. 
Thus, compared to anamniotes, amniote embryos adapt to their 
greater hemodynamic and metabolic developmental needs by 
deploying a range of solutions -growth of additional CMs, trabecu-
lation, compaction, and ventricular septation- which, collectively, 
lead to substantial thickening of their primordial ventricular walls 
and complete separation (or partial in some reptiles) of the oxy-
genated and deoxygenated blood flows (Del Monte-Nieto et al. 
2018). Inhibiting trabeculation leads to embryonic demise, while 
excessive trabeculation results in left ventricular noncompaction 
cardiomyopathy and subsequent HF (Pashmforoush et al. 2004).

More recently, clonal analysis under a Brainbow-Cre-reporter 
construct demonstrated that zebrafish are also producing more 
CMs to thicken their extensively trabeculated, single-layered pri-
mordial myocardial walls, but this occurs during juvenile growth 
rather than embryonically, and is not followed by trabecular com-
paction. Specifically, at ~6 weeks of age, adult zebrafish develop 
about eight CMs at the base of their ventricle, which undergo 
massive clonal expansion, and by ~12 weeks have enveloped the 
entire ventricular subepicardial surface (Gupta and Poss, 2012). 
Surprisingly, these rare, adult cardiomyoblasts, which will produce 
the entire new “cortical” layer, are clonally related to trabecular 
CMs. Gupta and Poss (2012) suggested that the trabecular CMs 
dedifferentiate, breach the primordial compact layer, and colonize 
the subepicardium where, in response to epicardium- derived 
RA signals, activate regulatory sequences for the Gata4 cardiac 
transcription factor before expanding clonally (Gupta and Poss, 
2012). Notably, as will be discussed in the following sections, the 
mechanisms by which adult zebrafish trabecular CMs become 
plastic and generate Gata4+ proliferative cortical cardiomyoblasts 
are also evoked in response to stress or injury, and this capability 
is thought to underlie the full regenerative potential of the adult 
zebrafish heart (Gupta and Poss, 2012).

In zebrafish, the developmental origins of these rare, cortical 
layer-producing adult trabecular CMs are likely heterogeneous with 
some descending from the neural crest (NC) (Sande-Melon et al. 
2019) and others from the Tbx5a+ FHF lineages (Sanchez-Iranzo 

et al. 2018). The NC comprises a population of vertebrate-specific 
migratory stem cells, which develop transiently during neurulation, 
from the neural ectoderm cells which end up at the interface of the 
closing neural tube and surface ectoderm and undergo epithelial-
to-mesenchymal transition (EMT) before migrating into most 
developing organs, including the heart (Hatzistergos et al. 2020). 
Interestingly, although the Tbx5a+ FHF-derived cortical lineage is 
dispensable, since their genetic ablation in early embryos can be 
fully compensated by SHF-derived cells (Sanchez-Iranzo et al. 2018), 
the contribution of NC in trabecular CMs is indispensable. Fish, in 
which embryonic NC-derived CMs have been genetically ablated, 
develop normally but exhibit aberrant trabeculation patterns and 
severe hypertrophic cardiomyopathy. More importantly, loss of 
NC-CMs results in loss of cardiac regenerative potential in adults 
(Abdul-Wajid et al. 2018; Sande-Melon et al. 2019).

A similar role for the mammalian NC has also been shown in 
mice, in which a small number of Wnt1-Cre-tracked cells migrate 
into the inflow region of the developing heart (Fig. 2) and upregu-
late regulatory sequences for Isl1, before contributing a limited 
number of highly proliferative trabecular CMs (Hatzistergos et 
al. 2020). However, compared to fish, clonal expansion of mouse 
NC-derived trabecular CMs occurs embryonically rather than after 
birth, and is essential for building the muscular layer of the inter-
ventricular septum. Moreover, instead of breaching through the 
compact layer and undergoing epiboly-like, basicoapical cortical 
expansion, mammalian NC-derived trabecular CMs burst into large, 
wedge-like transmural clones with a narrow luminal and wider 
cortical surface (Hatzistergos et al. 2020). Intriguingly, single-cell 
transcriptome-based lineage-trajectory reconstruction studies 
suggest that a small pool of Isl1-expressing NC derivatives linger 
in the postnatal mouse inflow region through a positive feedback 
loop between Isl1 and Wnt/β-catenin (Hatzistergos et al. 2020). 
More importantly, their genetic fate-map through Isl1-MerCreMer 
reporter alleles showed that they remain plastic, as they make rare 
contributions in ventricular CMs. However, unlike fish and mouse 
embryos, CMs generated from mouse NC derivatives after birth do 
not exhibit clonal expansion capacity (Hatzistergos et al. 2020). 
Further studies will determine whether their developmental clonal 
expansion potential can be evoked and, like fish, contribute CMs 
for regeneration.

Although the molecular mechanisms that drive growth of tra-
becular CMs and ventricular chamber morphogenesis are not yet 
fully understood, most studies to date suggest they are controlled 
through a crosstalk between oxygen and surface tensions. Spe-
cifically, in both amniotes and anamniotes, trabeculation takes 
place exclusively in the ventricular chambers and always begins 
at the site of the ventricle facing the atrioventricular canal, which 
is the area receiving the biggest thrust from the blood flow (Del 
Monte-Nieto et al. 2018; Priya et al. 2020). In lower vertebrates, 
the current model suggests that local increases in blood flow 
and CM contractility cause a gradual reduction in thickness of 
the cardiac jelly and, at the same time, upregulation of Neuregulin 
(Nrg)-1/2a in endocardial cells (Priya et al. 2020). The cardiac jelly 
is a layer of extracellular material (ECM) that serves as a physical 
barrier between the primordial myocardium and the endocardial 
cells. Hence, its thinning reduces its ability to prevent endocardi-
ally-derived mechanical forces and signaling molecules such as 
Nrg1/2a from breaching into the myocardial layer, and vice versa. 
Consequently, increased Nrg1 concentration on the luminal surface 
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of the ErbB2-expressing myocardial cells induces a shift in their 
metabolism toward glycolysis. Together, the metabolic switch and 
the increased mechanical tension force the prospective trabecular 
CMs to remodel their cytoskeleton, whereby the actomyosin fila-
ments undergo apical constriction and their Golgi complexes are 
moved closer to the lateral cell membranes through the microtu-
bules (Icardo and Fernandez-Teran, 1987; Priya et al. 2020). This 
activates an EMT-like process, which induces CMs to delaminate 
from the compact myocardial wall and seed the trabecular layer. 
At the same time, large intercellular spaces filled with ECM appear 
in the compact myocardium. The ECM is thought to be produced 
by the compact CMs themselves through their repositioned Golgi 
(Icardo and Fernandez-Teran, 1987). Moreover, an increase in 
Nrg2a/ErbB2 signaling triggers a marked increase in compact 
CM mitosis. The combination of increased CM proliferation and 
ECM deposition cause tissue-scale crowding and, consequently, 
changes in surface tension and CM contractility. Cardiomyocytes 
with the highest contractility and surface tension will activate 
the Notch lateral inhibition pathway, delaminate, and seed the 
trabecular layer; Notch signals, acting upon neighboring CMs, 
inhibit actomyosin cytoskeleton remodeling and thereby trabecular 
myogenesis (Icardo and Fernandez-Teran, 1987; Priya et al. 2020).

On the other hand, a substantially different model has been 
proposed to drive cardiac trabeculation in mammals. First and 
foremost, half of the trabecular CMs in mice are thought to dif-
ferentiate directly from trabecular progenitor cells, while the other 
half extrude from compact CMs (Yue et al. 2020). In the first case, 
most of the trabecular progenitor cells seem to segregate early from 
FHF and aSHF cardiac progenitors. The first signs of trabecular CM 
differentiations are already visible by E8.0 in the form of “laminar 
trabeculae”, which are discontinuous luminal CM clusters loosely 
attached to the compact layer of the growing heart tube (Fig. 2) 
(Del Monte-Nieto et al. 2018; Yue et al. 2020). In addition, genetic 
fate-mapping studies from our laboratory and others indicate that 
NC cells will also emigrate at later stages to contribute directly 
to the trabecular progenitor cell pool (Fig. 2) (Abdul-Wajid et al. 
2018; Tang et al. 2019; Hatzistergos et al. 2020). Intriguingly, NC 
cells have also been found to contribute trabecular CMs in zebraf-
ish (Abdul-Wajid et al. 2018; Sande-Melon et al. 2019; Tang et al. 
2019). Further studies at earlier stages will determine whether 
the current model of extrusion-based zebrafish CM trabeculation 
affords any improvements (Priya et al. 2020).

Compared to zebrafish, trabecular CM extrusion may occur in 
two different ways in the mammalian heart. About two thirds of CM 
extrusions occur through asymmetrically dividing compact CMs, 
in which the mitotic spindle of the parent cell is oriented at ~20° 
relative to the centroid of the left ventricle geometry, possibly in 
response to increased surface tension and consequent changes in 
their cytoskeleton. The daughter cell aiming towards the ventricular 
lumen becomes the trabecular progeny, while the other is retained 
in the compact layer (Fig. 2) (Yue et al. 2020). In addition, ~1/3 
of CM extrusions occur through symmetrically dividing compact 
myocytes, in which both daughter cells eventually delaminate and 
undergo directional migration toward the cardiac lumen, resulting 
in trabecular formation and regional specification (Yue et al. 2020).

The signaling pathways involved also seem to operate in 
substantially diverse ways. For example, rather than acting as 
inducers and repressors of CM delamination, Nrg1/ErbB2 and 
Notch signals are activated reciprocally in CMs and endocardial 

cells, respectively, to control trabecular CM allocation by acting 
antagonistically on the regulation of cardiac jelly synthesis and 
degradation (Fig. 2) (Del Monte-Nieto et al. 2018). Specifically, 
Nrg1/ErbB2 signaling stimulates CMs to synthesize the cardiac 
jelly genes Hyaluronan synthase 2 (Has2), Versican (Vcan), and 
the CD44 hyaluronan receptor, while suppressing synthesis 
of metalloproteinases Adamts1, metalloproteinase-2 (Mmp2), 
and Hyaluronidase-2 (Hyal2). In contrast, Notch signaling from 
endocardial cells exerts the opposite function on these genes. 
Notch1 receptor binding by its ligand delta-like 4 (Dll4), induces 
cleavage of the Notch1-intracellular domain (N1ICD), which then 
translocates to the nucleus and acts as a co-activator of the 
Recombination signal binding protein for immunoglobulin kappa J 
region transcription factor (Rbpj) (Fig. 2) (Del Monte-Nieto et al. 
2018). Consequently, increased surface tension due to the blood 
flow thrusting onto the ventricular apex leads to increased Nrg1/
ErbB2 signaling in laminar trabecular CMs closer to the apex, as 
well as Dll4/Delta signaling in the overlaying endocardial cells. In 
turn, laminar trabeculae upregulate the synthesis of cardiac jelly 
genes, whereas endocardial cells respond by secreting metallo-
proteases (Fig. 2). As a result, endocardial cells begin excavating 
the cardiac jelly until they touch-down on the myocardial layer, 
whereas the laminar trabeculae strive to maintain the volume of 
cardiac jelly surrounding them (Fig. 2). These two processes will 
synergistically promote the formation of multiple endocardium-
cardiac jelly cysts along the apicobasal axis of the ventricular 
lumen. Each cyst encloses a single laminar trabecular unit and 
nurtures its growth, either by promoting its clonal expansion or 
by incorporating additional CMs extruding from the compact layer 
(Fig. 2) (Del Monte-Nieto et al. 2018).

Compared to zebrafish, trabeculation in mice is mediated by 
changes in CM metabolism. However, metabolic compartmental-
ization in mouse embryos is reversed compared to the develop-
ing zebrafish heart, with the compact myocardial layer exhibiting 
enhanced glycolysis relative to trabeculae (Guimaraes-Camboa et 
al. 2015). This effect is thought to be partly regulated by Hif-1α, 
the activity of which becomes compartmentalized in the compact 
zone and the developing interventricular septum, while it is inhib-
ited in the trabeculae (Fig. 2) (Guimaraes-Camboa et al. 2015; 
Menendez-Montes et al. 2016). Stabilization of Hif-1α leads to its 
nuclear translocation, where it directly binds on hypoxia response 
elements present within regulatory sequences of glycolytic genes, 
such as hexokinase-1 (Hk1) and pyruvate kinase-M2 (Pkm2) and 
activates transcription (Fig. 2). For example, inactivation of Hif-1α 
in Nkx2.5-expressing cardiac progenitors and their descendants, 
by introducing an Nkx2.5-Cre driver in compound heterozygous 
mice carrying one floxed and one nullified Hif-1α allele, resulted 
in impaired induction of glycolysis and, consequently, diminished 
proliferative activity in compact CMs. As a result of the perturbed 
metabolic compartmentalization and proliferative defects, mice 
exhibited reduced compact myocardial wall thickness and inter-
ventricular septum defects and died in utero by E17.5 (Guimaraes-
Camboa et al. 2015). Notably, Hif-1α has been suggested to 
enhance cell-cycle activity of compact CMs by directly repressing 
the expression of the tumor suppressor genes Cdkn1a, Cdkn1c, 
and Tob2, as well as by repressing the activities of p53 and the 
ATF4 cellular stress response pathway (Guimaraes-Camboa et 
al. 2015). Likewise, early, ectopic activation of Hif-1α through the 
introduction of a von hippel lindau (VHL)-floxed allele in Nkx2.5-
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Cre expressing cardiac progenitors resulted in ectopic activation 
of glycolysis in the trabecular layer and, consequently, impaired 
trabecular morphogenesis and conduction system development, 
myocardial wall thinning, IVS defects, ventricular dilation, and 
embryonic death by E17.5 (Menendez-Montes et al. 2016).

Interestingly, mice with a ventricular CM-specific knockout of 
Nkx2.5 also exhibit lethal trabeculation and conduction system 
defects, and this is likely attributed to a negative feedback loop 
between Nkx2.5 and Bmp10/Smad signals (Fig. 2) (Pashmforoush 
et al. 2004; Prall et al. 2007). Specifically, loss of Nkx2.5 leads to 
ectopic expression of Bmp10 throughout the developing ventricle, 
and, consequently, these mice exhibit hypertrabeculated ventricles 
due to aberrant trabecular CM proliferation, reminiscent of left 
ventricular non-compaction cardiomyopathies (Pashmforoush et al. 
2004). Hence, Nkx2.5 balances the rate of proliferation, differentia-
tion, and relative size of the trabecular and compact myocardial 
compartments by directly controlling Bmp10 expression (Fig. 2). 
Intriguingly, as Hif-1α has been found to directly bind and activate 

the expression of Nkx2.5, it is reasonable to speculate that Hif-
1α acts as the direct upstream controller for the spatiotemporal 
compartmentalization of the Nkx2.5 and Bmp10 activities during 
trabeculation and compaction (Fig. 2) (Guimaraes-Camboa et al. 
2015; Menendez-Montes et al. 2016; Yuan et al. 2017).

The compartmentalized activation of glycolysis by Hif-1α that 
drives the growth of new CMs in the compact myocardial layer is 
thought to be the result of hypoxic signaling (Guimaraes-Camboa 
et al. 2015; Menendez-Montes et al. 2016). However, thus far, direct 
evidence supporting the presence of hypoxia in these Hif-1α-active 
ventricular chamber domains has not been clearly established. 
For example, studies with the hypoxic probe pimonidazole have 
attempted to identify hypoxic regions (<2% oxygen) in the heart 
during development. Intriguingly, although the immunohistochemi-
cal co-localization of pimonidazole with nuclear Hif-1α signals has 
been clearly demonstrated in early CMs up to E9.5, most studies 
indicate separation of the two markers from ~E12.5 onwards. 
Specifically, at E12.5, pimonidazole is primarily localized in the 

Fig. 2. Growth of trabecular and compact cardiomyocytes in mammals. Early, laminar trabecular cardiomyocytes (CMs) develop from a small number of 
heart-field and neural crest (NC) cardiomyoblasts. Nrg1/ErbB2 and Dll4/Notch1 signals are activated reciprocally in CMs and endocardial cells, respectively, 
and act antagonistically to pattern the cardiac jelly into trabecular-CM-enclosing cysts. A Hif-1α-mediated metabolic compartmentalization controls the 
allocation and clonal growth of the trabecular and compact CMs. Activation of Bmp10 promotes trabecular CM proliferation, whereas inhibition of Bmp10 
through the Hif-1α-mediated activation of Nkx2.5 promotes compact CM proliferation. Interestingly, trabecular and compact CMs exhibit regulative capac-
ity, as compact CMs produce trabecular CMs through oriented cell division and/or directed migration, while trabecular CMs expand transmurally into the 
compact zone. FHF, first heart field; SHF, second heart field.
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outflow tract region, whereas Hif-1α nuclear immunoreactivity is 
exclusively detected in compact zone and interventricular septum 
CMs (Lee et al. 2001; Ream et al. 2008; Guimaraes-Camboa et al. 
2015; Menendez-Montes et al. 2016). Thus, further studies will 
determine whether Hif-1α-mediated induction of glycolysis and 
proliferative expansion of compact CMs in the developing mouse 
heart is the result of hypoxia or perhaps aerobic stabilization of 
Hif-1α, as shown during cancer development (Luo et al. 2011).

Animal models of cardiomyocyte regeneration

Cardiomyocyte regeneration in fish and amphibians
A teleost fish, zebrafish (Danio rerio), is the best-studied lower 

vertebrate that can regenerate myocardium as an adult. Poss et 
al. (2002) demonstrated that up to 20% of the zebrafish cardiac 
ventricle can be surgically amputated and perfectly regenerate its 
original size, anatomy and function within 2 months post injury 
(Poss et al. 2002). A similar cardiac regenerative capacity has 
since been observed in adult newt and axolotl urodele, but not an-
urans, as well as in response to different types of damage such as 
cryoinjury (Nguyen et al. 2021). In contrast to surgical amputation, 
cryoinjury is closer to myocardial injury in mammals, as the initial 
stages of the injury response include thrombosis, accumulation 
of fibroblasts and collagen deposition (Bise et al. 2020). Remark-
ably, zebrafish can regenerate their hearts continuously. Bise et 
al. (2020) demonstrated that a previously cryoinjured, regenerated 
myocardium can be cryoinjured and regenerated again, and this 
may be repeated every month up to six consecutive times without 
exhausting its CM regenerative capacity, albeit the efficiency of 
scar resorption decreases with each cycle (Bise et al. 2020). The 
spectacular regenerative capabilities of the adult zebrafish heart 
are further demonstrated through a genetic experimental system 
of extreme myocardial injury, where >60% of the adult ventricular 
CMs are destroyed through Cre/loxP-mediated conditional expres-
sion of the diphtheria toxin gene (DTA). The massive loss of CMs 
disrupted electric conduction and elicited signs of severe cardiac 
failure, yet animals were able to fully regenerate and recover within 
several days (Wang et al. 2011).

A major reason to investigate these model organisms is to gain 
understanding of the origin and developmental potential of the 
cells that give rise to the regenerated CMs. To this end, zebrafish 
offer a robust experimental system due to their widespread and 
relatively straightforward application in transgenic, genome engi-
neering and advanced imaging approaches. Most studies indicate 
that CM regeneration in these species occurs via epimorphosis: 
new myocardium expands proliferatively from pre-existing CMs 
under an apical epicardial cap that grows over the wound surface 
(Sallin et al. 2015). However, the type of epimorphosis seems to 
vary depending on the animal and injury model. For example, Cre/
LoxP-based genetic fate-mapping and clonal analyses in zebrafish 
expressing transgenic constructs such as the Brainbow multicolor 
lineage tracer, indicating that the amputated ventricle regenerates 
via an organ-wide, stem cell-independent compensatory mode of 
epimorphosis. Specifically, a layer of subepicardial CMs known 
as the cortical myocardium, which normally envelope the whole 
adult ventricle, is activated within a week after the amputation 
and upregulates regulatory sequences for the Gata4 cardiac tran-
scription factor (Fig. 3) (Gupta and Poss, 2012). Upon activation, 
cortical CMs de-differentiate, re-enter the cell cycle and migrate 

under the apical epicardial cap, into the trauma, before acquiring 
new positional values in a distal-to-proximal direction relative to 
the cut site (Gupta and Poss, 2012). Notably, the direction of re-
generation in the amputated heart is the opposite of that seen in 
salamanders or in other regenerating zebrafish tissues like the fin, 
which are predominantly regenerated in a proximo-distal direction 
relative to the cut site (Gupta and Poss, 2012). More importantly, 
because the cortical layer of CMs is produced in zebrafish after 
birth from a small number of trabecular CMs that penetrate the 
compact layer and expand clonally under the ventricular surface 
(Gupta and Poss, 2012), these findings suggest that the source of 
CMs in the zebrafish heart changes upon transition from embryonic 
to the adult life (Fig. 3).

On the other hand, regeneration of cryoinjured zebrafish myo-
cardium is reported to follow a different pattern of epimorphosis 
that recapitulates aspects of embryonic development. Specifically, 
cryoinjury stimulates the transient formation of a blastema-like 
mass of undifferentiated, lineage-restricted cardiomyoblasts. 
These cardiomyoblasts are reprogrammed from spared CMs at the 
wound border by reactivating developmental genes such as Nppa 
and Tbx5a, which normally regulate the cardiac wall morphogenesis 
GRN that produces and patterns the trabecular and compact layers 
of the zebrafish myocardium during embryogenesis (Fig. 3) (Sallin 
et al. 2015). Subsequently, the blastema-like cells start to divide, and 
over the course of ~2 months, as the wounded heart regenerates, 
will re-differentiate into fresh and perfectly patterned myocardium 
by acquiring positional values in a proximo-distal direction relative 
to the wound border (Sallin et al. 2015; Sanchez-Iranzo et al. 2018; 
Sande-Melon et al. 2019). Notably, this type of blastema-dependent 
epimorphic regeneration is also seen in the amputated zebrafish 
fin, as well as during limb and heart regeneration in salamanders 
(Sallin et al. 2015).

Importantly, in both the amputated and cryoinjured zebrafish 
hearts, the cells that give rise to the regenerated CMs seem to 
deploy a developmental cardiac NC-like GRN (Fig. 3) (Sande-Melon 
et al. 2019; Tang et al. 2019). Specifically, genetic fate-mapping 
experiments indicate that the adult zebrafish heart is invested with 
a small pool of NC-CMs in the ventricle. These NC-CMs express 
regulatory sequences of Sox10 gene, which encode a NC-specific 
transcription factor. Upon injury, Sox10+ cells expand to a higher 
degree than other cardiomyoblasts and become an indispens-
able source of regenerated CMs; consequently, transgenic fish, 
in which adult Sox10+ ventricular cardiomyoblasts are destroyed 
through Cre/loxP-mediated conditional expression of DTA, ex-
hibit incomplete heart regeneration (Sande-Melon et al. 2019). 
Notably, the NC comprises an important developmental source 
of trabecular CMs during embryonic cardiac wall morphogenesis 
in zebrafish (Fig. 2); and NC-derived trabecular CMs have been 
shown to contribute to the postnatal development of the cortical 
myocardium (Sande-Melon et al. 2019, Tang et al. 2019). Thus, 
regeneration in the zebrafish heart involves the recapitulation of 
developmental programs that produce the trabecular and cortical 
myocardial layers (Fig.3). 

Another important characteristic of CM regeneration in zebraf-
ish is the dependence on nerve supply (Mahmoud et al. 2015). 
Nerve-dependence was described in salamander limb regeneration 
almost two centuries ago, and is thought to be imposed on the 
limb only after nerves grow into it during embryonic development 
(Farkas and Monaghan, 2017). Strikingly, early limb development 



66    A. Daiou et al.

does not depend on nerves, and if innervation of the developing 
limb is prevented from happening at an early stage, then adult 
salamanders grow with so-called “aneurogenic” limbs, which can 
regenerate perfectly well in  nerve-independent fashion (Farkas 
and Monaghan, 2017). This seemingly paradoxical phenomenon 
has been attributed to the concentrations of mitogens such as 
the newt anterior gradient protein (nAG), neuregulin-1 (Nrg1) and 
nerve growth factor (Ngf), which are produced in the developing 
limb before nerves grow in and assume control of their expression 
(Farkas and Monaghan, 2017). In a landmark study, Kumar et al. 
found that newt limb regeneration does not actually depend on 
the nerve axons themselves, but on the growth factor nAG, which 
is secreted by the Schwann cells wrapped around them. Secreted 
nAG binds to its receptor Prod1 on the surface of the blastema 
cells and induces proliferation. Prod1 is produced in a graded 
fashion along the proximo-distal axis of the wound, in response 
to RA signaling. Consequently, regeneration in denervated limbs 
could be fully rescued by exogenous nAG expression (Kumar et al. 
2007). In the zebrafish heart, Mahmoud and colleagues recently 
found that disruption of cholinergic, but not adrenergic, nerve 
supply inhibits proliferation and, thereby, curtails regeneration 
(Mahmoud et al. 2015). Notably, nerves are not required during 
embryonic cardiomyogenesis, suggesting that, as in the case of 
salamanders, nerve-dependence is likely imposed after the nerves 
grow into the zebrafish heart muscle (Mahmoud et al. 2015). 
Importantly, however, transgenic fish with a 90% reduction in 
cardiac innervation due to transgenic myocardial overexpression 
of semaphorin3aa are grossly normal but exhibit impaired cardiac 
regenerative capacity (Mahmoud et al. 2015). Thus, it remains 
unclear whether nerve-dependence can be bypassed in the adult 
regenerating zebrafish heart.

Cardiomyocyte Regeneration in mammals
Although much of our current understanding of cardiac re-

generative biology is the result of experimenting with fish and 
amphibians, both animal models have important evolutionary 
differences compared to mammals. For example, the heart and 
circulatory systems in these species are fundamentally different 
from the latter. The cold-blooded zebrafish are equipped with a 
two-chambered heart -a spongy, highly trabeculated ventricle and 
an atrium- that mainly pumps deoxygenated blood from the sinus 
venosus (inflow tract) into the bulbus arteriosus (outflow tract) 
before it becomes oxygenated in the gills and return to the body 
(Poss et al. 2002). In contrast, in placental mammals, including 
mice and humans, the heart becomes developmentally patterned 
into four chambers, so that oxygenated and deoxygenated blood 
flows are completely separated after birth to the left and right sides, 
respectively. Meanwhile, the trabecular myocardium becomes com-
pacted into the ventricles and the interventricular septum that will 
divide them (Del Monte-Nieto et al. 2018; Hatzistergos et al. 2020). 
Thus, although many of the molecular and cellular mechanisms 
underlying cardiac regenerative biology may be conserved between 
different classes of animals, there are several mammalia-specific 
developmental and regenerative processes that cannot be fully 
investigated in fish and amphibians.

A groundbreaking study by Porrello et al. (2011) provided an 
unprecedented opportunity to understand heart regeneration in 
mammals, by showing that, like zebrafish, 1-day-old (PN1) neona-
tal mice can also regenerate their heart after surgical resection, 
cryoinjury, or experimental MI (Porrello et al. 2011; Sadek and 
Porrello, 2020). The exact time when mice lose their cardiac regen-
eration capability, referred to as regenerative window, is not clear 
yet. Some studies indicate that the regenerative window closes 

Fig. 3. Current models of 
cardiomyocyte regeneration 
in zebrafish and neonatal 
mice after heart injury. CMs; 
cardiomyocytes, NC; neural 
crest.
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before the end of the first week post-birth, as PN7 mice are not 
able to regenerate their heart and respond with cardiac fibrosis; 
whereas others suggest that it is abolished by ~48 hours (Sadek 
and Porrello, 2020). Of note, there are also few reports refuting the 
capacity of the neonatal mouse heart to regenerate (Sadek and 
Porrello, 2020); or arguing that the efficiency of scar resorption 
may vary depending on the size and type of injury, as well as on 
confounding factors such as differences between mouse strains, 
housing conditions, methodological and operator variability (Sadek 
and Porrello, 2020).

On the other hand, emerging evidence suggests that transient 
cardiac regenerative potential might also be present in large 
mammals, such as newborn pigs. The pig heart is anatomically 
and physiologically closer to humans, and therefore pigs are an 
outstanding translational animal model for the study of  cardiac 
regenerative medicine. Recent work has demonstrated that within 
the first 48 hours of birth, newborn pigs can regenerate their 
myocardium after an experimentally induced heart attack, but this 
capacity disappears in 3-day-old animals (Sadek and Porrello, 2020). 
Whether a similar cardiac regenerative window exists in newborn 
humans remains unclear. Support for this exciting hypothesis may 
be drawn from cases of complete functional myocardial infarc-
tion (MI) in newborn children; as well as from the observation of 
limited or no post-operative scarring for the rare congenital heart 
disease anomalous left coronary artery from the pulmonary artery 
(ALCAPA) in newborns (Sadek and Porrello, 2020).

Compared with fish and amphibians, a mammalian model or-
ganism can provide better understanding of the adult origin and 
developmental potential of the cells that give rise to the regenerated 
CMs in humans. Consequently, neonatal mice have become the 
primary animal model because, compared with large mammals, 
they are easy to house and breed; have a relatively brief life-cycle; 
have relatively large litters; and, most importantly, are widely popular 
in genetic experiments .

  Accordingly, fate-mapping experiments suggest that, as in the 
case of zebrafish and urodeles, CM regeneration in newborn mice is 
stem cell-independent and occurs via an organ-wide compensatory 
mode of CM proliferation (Sadek and Porrello, 2020). For example, 
in their original study, Porrello et al. (2011) employed a genetic 
fate-mapping approach whereby a Rosa26-stop-lacZ reporter was 
combined with a tamoxifen-inducible αMHC-MerCreMer construct 
to irreversibly tag neonatal CMs with β-galactosidase before surgi-
cal amputation. Although this initial approach to lineage-trace the 
regenerative cells exhibited limited sensitivity, since ~30-40% of 
newborn CMs eluded Cre-mediated β-galactosidase tagging, the 
researchers made several important observations that helped them 
conclude that regenerated CMs are more likely to be amplified from 
pre-existing ones. First, they recorded an organ-wide increase in 
CM cell-cycle activity, which peaked at 7 days post-injury. Second, 
at 21 days post amputation, most of the regenerated CMs carried 
the β-galactosidase genetic tag, thereby arguing against a stem 
cell-dependent mechanism that theoretically would be expected 
to yield mostly β-galactosidase negative CMs (Porrello et al. 
2011). In another study, Li et al. (2019) attempted to overcome 
the lineage-tracing limitations by developing a more sensitive, 
dual-recombinase, intersectional genetic fate-mapping system 
involving a Tnnt2-Cre; a tamoxifen-inducible Rosa26-DreER; and a 
double-fluorescence reporter which expresses green or red fluo-
rescent lineage-tracers in response to Cre or Dre recombination, 

respectively (Li et al. 2019). Compared with Porrello et al. (2011) 
this approach enabled the researchers to permanently tag most, if 
not all, Tnnt2-Cre-expressing newborn CMs with green fluorescence; 
while non-myocytes, including presumptive stem cells, could be 
marked with red fluorescence in response to tamoxifen-induced 
embryonic activation of the Rosa26-DreER construct. The study 
reported that apical resection in neonatal pups carrying the dual 
recombinase system was accompanied by expression of green 
but not red fluorescence lineage tracers in regenerating CMs. 
Therefore, consistent with Porello et al. (2011), it was concluded 
that regenerated CMs are progeny of the spared CMs, rather than 
being de novo produced from stem cells (Li et al. 2019). However, 
despite the use of highly sophisticated genetic tools, a few poten-
tially important limitations of the experimental design should be 
noted. For example, although CM regeneration in neonatal mice 
takes at least 21 days to complete, the study was terminated at 14 
days after amputation, and therefore a potential contribution from 
stem cell-dependent mechanisms at later stages of regeneration 
was not addressed. Moreover, whether the regenerated CMs were 
produced through a blastema-like or compensatory epimorphic 
regeneration could not be addressed, since Tnnt2-Cre expression 
irreversibly activates the green while neutralizing the red fluores-
cence lineage tracer in recombined cells. Finally, tamoxifen-induced 
recombination of the Rosa26-DreER construct was performed 
during embryonic development, at either embryonic day (E12.5) or 
E16.5, but whether this was sufficient to label most non-myocytes 
and putative stem cells in the neonatal heart, was not clarified.

In fact, other studies suggest blastema-like epimorphic regen-
eration mechanisms may be in effect in the regenerating newborn 
mouse heart, like in zebrafish. For example, Jesty et al. (Jesty et 
al. 2012) and Konfino et al. (Konfino et al. 2015) reported that 
CM regeneration of cryoinjured and amputated neonatal murine 
myocardium, respectively, involves the upregulation of the proto-
oncogene c-Kit in proliferative cardioblasts at the border of the 
wounded myocardium. An intersectional genetic-fate mapping 
study utilized the Cre/LoxP and FlpE/Frt recombinase systems and 
found that c-Kit is also upregulated in a subset of NC cells that 
contribute trabecular CMs during mouse embryonic development 
(Hatzistergos et al. 2015). As with zebrafish, a small number of NC-
derived cardioblasts persist in the postnatal murine myocardium 
and may be guided to migrate and differentiate in vitro by SDF1/
CXCR4 signaling (Hatzistergos et al. 2015; Hatzistergos et al. 
2016; Hatzistergos et al. 2020). Intriguingly, Sdf1/Cxcr4 signaling 
is also involved in blastema formation during mammalian digit 
tip regeneration, and its disruption curtails CM proliferation and 
regeneration in both the adult zebrafish and neonatal mouse heart, 
although whether this defect relates to the NC-derived CMs is not 
clear (Das et al. 2019). 

Notably, the role of c-Kit as a marker of regenerating cells in 
the neonatal mouse heart remains debated, as a recent genetic 
fate-mapping study failed to detect significant upregulation of c-Kit 
regulatory sequences in regenerating CMs (Elhelaly et al. 2019). 
However, a possible explanation of these seemingly discrepant 
results may be found to the modularity of the c-Kit gene regulatory 
elements: in the latter animal model, c-Kit sequences that drive 
reporter gene expression seem to be active mostly in endothelial 
rather than neuronal/NC cell types (Elhelaly et al. 2019), whereas 
the opposite expression pattern is observed with different c-Kit 
DNA sequences (Hatzistergos et al. 2015). Similarly, the neonatal 
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mammalian heart has been shown to retain a small pool of car-
diomyoblasts expressing the transcription factor Isl1, and earlier 
studies suggested that these postnatal Isl1+ cardiomyoblasts are 
likely aSHF-derivatives. However, recent work employing a combina-
tion of single-cell transcriptomics and conventional lineage tracing 
experiments in mice, clarified that these cells are NC derivatives 
that express Isl1 through neural rather than aSHF-specific regula-
tory sequences, and contribute to the cardiac wall morphogenesis 
program during embryonic development (Hatzistergos et al. 2020).

As in the case of salamanders and fish, regeneration of neonatal 
mouse CMs depends on nerve supply, while embryonic development 
does not. White et al. (2015) utilized a Wnt1-Cre fluorescent reporter 
mouse line to image the growth of the cardiac sympathetic nervous 
system from NC cells into the neonatal mouse heart (White et al. 
2015). They observed that surgically amputated 2-day old hearts 
responded with heavy dendrite hyper-innervation at the wound 
border, which peaked at 2 weeks post-injury. By 21 days, the ampu-
tated ventricle was fully regenerated and innervated by sympathetic 
axons. Attenuating innervation of the wounded ventricle through 
chemical sympathectomy of adrenergic nerves with 6-Hydroxydo-
pamine hydrobromide curtailed the regenerative process (White 
et al. 2015). Similarly, Mahmoud et al. (2015) subjected 1-day old 
neonatal mice to surgical amputation or experimental MI and found 
that chemical or mechanical denervation of parasympathetic cho-
linergic nerves resulted in reduced CM proliferation and impaired 
regeneration (Mahmoud et al. 2015). Collectively, the two studies 
suggest that, as with salamander limbs (Farkas and Monaghan, 
2017), heart regeneration in mammals is nerve-dependent, and 
that it is probably the amount rather than the type of innervation 
that regulates the regenerative process.

  Notably, Mahmoud et al. (2015) reported that nerve de-
pendence in the regenerating neonatal mouse heart could be 
partly bypassed by exogenous Nrg-1 expression (Mahmoud et al. 
2015), a finding reminiscent of denervated axolotl and newt limb 
regeneration rescue experiments (Farkas and Monaghan, 2017). 
However, whether Nrg-1 is directly secreted by intracardiac nerves 
or other nerve-dependent regenerative cells, remains unclear. In 
fact, previous work in zebrafish identified a pool of injury-activated, 
trabecular CMs and epicardium-derived perivascular cells as the 
main sources of Nrg-1; secreted Nrg-1 then binds to ErbB2/4 recep-
tors on the surface of cortical CMs to activate intracellular signals 
that enhance cell-cycle re-entry (Harvey et al. 2016). As previously 
discussed, both mice and zebrafish activate cardiac Nrg-1/ErbB 
signaling to control the development of trabecular CMs during the 
embryonic cardiac chamber morphogenesis program (Harvey et al. 
2016; Fukuda et al. 2019; Honkoop et al. 2019). Therefore, these 
findings are consistent with previous observations that zebrafish 
evoke developmental programs related to trabecular CM growth 
and differentiation, for cardiac regenerative purposes (Fig. 3) 
(Sanchez-Iranzo et al. 2018; Fukuda et al. 2019; Honkoop et al. 
2019; Sande-Melon et al. 2019; Tang et al. 2019). In mice how-
ever, Erbb2 and Erbb4 CM receptors undergo rapid and dramatic 
downregulation upon closure of the postnatal cardiac regenerative 
window (Harvey et al. 2016). Consequently, mice carrying a con-
stitutively active CM-specific ErbB2 transgene exhibit a prolonged 
cardiac regenerative window, albeit they subsequently develop 
cardiomegaly and lethal hypertrophic cardiomyopathy, presumably 
due to uncontrolled neonatal CM proliferation (Harvey et al. 2016). 
Notably, whether loss of early neonatal Nrg-1/ErbB signaling from 

CMs and/or intracardiac nerves is sufficient to inhibit regeneration 
has not been experimentally tested.

In zebrafish embryos, Nrg-1/ErbB signaling controls the de-
velopment of trabecular CMs by inducing a “glycolytic switch”. 
Nrg-1/ErbB signals the prospective trabecular CMs to increase 
glucose utilization as their metabolic substrate while upregulating 
the expression of glycolytic genes such as Hk1 and Pkm2, at the 
expense of mitochondrial respiration. Surprisingly, the switch to 
glycolysis does not induce proliferation but activates an EMT-like 
process, causing the CMs to undergo apical constriction of their 
cytoskeleton, delaminate and seed the trabecular layer (Fukuda et 
al. 2019). Through a combination of conventional and single-cell 
transcriptomic lineage-tracing experiments, Honkoop et al. (2019) 
found that a similar trabeculation-like glycolytic switch triggered by 
Nrg-1/ErbB2 is required for regeneration of the cryoinjured zebrafish 
myocardium. However, compared with trabecular CM development, 
injury-induced Nrg-1/ErbB2 acts specifically in regenerative CMs 
proximal to the wound border, triggering their dedifferentiation, 
migration, as well as cell cycle re-entry (Fig. 3) (Honkoop et al. 
2019). Notably, Hif-1α is a master glycolytic transcription factor 
that directly binds and activates pro-glycolytic genes, including 
Hk1 and Pkm2 (Luo et al. 2011). Although previous studies sug-
gest that transient, hypoxia-induced Hif-1α signaling is required 
for zebrafish CM dedifferentiation, proliferation, and regeneration 
(Sadek and Porrello, 2020); Honkoop et al. (2019) argue that the 
Nrg-1/ErbB signaling-mediated cardiac glycolytic switch occurs 
independently from Hif-1α (Honkoop et al. 2019).

The murine embryonic cardiac chamber morphogenesis program 
is also dependent on compartmentalization of the myocardial 
metabolism. Interestingly, the metabolic program of the develop-
ing mouse heart more closely matches the regenerating than the 
developing fish heart. During ventricular trabeculation and compac-
tion, the glycolytic switch becomes activated in the proliferating 
compact myocardial layer, while development of the non-prolif-
erating trabeculae relies on mitochondrial oxidative metabolism 
(Guimaraes-Camboa et al. 2015; Menendez-Montes et al. 2016). 
These regional differences in mouse CM metabolism are thought to 
be regulated by oxygen tension, which leads to compartmentalized 
stabilization or inactivation of Hif-1α and its downstream glycolytic 
GRN in the compact and trabecular myocardial layers, respectively 
(Guimaraes-Camboa et al. 2015; Menendez-Montes et al. 2016). 
Remarkably, recent work by Sadek and colleagues suggests that the 
progressive loss of the cardiac regenerative window in mice may 
be explained by the transition of mouse embryos to the oxygen-
rich postnatal environment (Sadek and Porrello, 2020). This leads 
to a permanent metabolic remodeling in CMs, whereby fatty-acid 
β-oxidation in the mitochondria dominates over Hif1α-mediated 
utilization of glucose as the metabolic substrate. Consequently, 
during the cardiac regenerative window, neonatal mice evoke this 
Hif-1α mediated glycolytic developmental program to induce de-
differentiation, migration and proliferative growth of border zone 
CMs (Fig. 3) (Sadek and Porrello, 2020). In contrast, closure of 
the cardiac regenerative window coincides with oxidative stress 
and subsequent accumulation of reactive oxygen species (ROS), 
oxidative DNA damage, DNA damage response (DDR) markers 
and polyploidization of neonatal CMs (Sadek and Porrello, 2020). 
Accordingly, exposure of neonatal mice to hyperoxemia and ROS 
generators shortens the regenerative window; whereas several 
experimental interventions such as exposure to gradual systemic 
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hypoxemia, DDR inhibition, ROS scavenging or inhibition of fatty-
acid utilization may prolong it, by delaying the cell-cycle arrest 
and polyploidization of postnatal CMs (Sadek and Porrello, 2020).

The crosstalk between cardiac metabolism and CM proliferation 
in the regenerating heart seems to converge on Hippo signaling, an 
evolutionarily conserved pathway that, during development, acts 
as a mechanosensing mechanism to control organ-size, including 
the mouse heart (Wang et al. 2018). Increased surface tension 
-for example due to increased blood flow, cell-matrix stiffness, CM 
contractility or overcrowding of proliferating cells- activates Hippo 
signaling, which in turn marks its two nuclear effectors Yap and Taz 
for proteasomal degradation through the Lats1/2 kinases (Wang 
et al. 2018). In the absence of Hippo signaling, Yap and Taz trans-
locate to the nucleus and interact with the Smad family members 
TEADs (Transcriptional Enhanced Associate Domain), as well as 
with Hif-1α, to induce transcription of cell-cycle and glycolytic genes, 
including Pkm2 (Wang et al. 2018). In the mouse heart, Nrg1/Erbb2 
signaling activates Yap through an Erk-dependent mechanism that 
leads to non-canonical Yap phosphorylation on S274 and S352 
(Aharonov et al. 2020). Moreover, Nrg1/Erbb2 signaling induces 
cytoskeletal changes in CMs that, for example, lead to the release 
of the scaffold protein Angiomotin-like 1 (Amotl1) from adherent 
junctions. Upon release, Amotl1 interacts with and activates Yap 
and, together, they bypass the Lats1/2 kinases and translocate to 
the nucleus (Wang et al. 2018). In breast cancer cells, Nrg1 bind-
ing to ErbB4 leads to cleavage of the ErbB4 intracellular domain, 
which in turn is released into the cytoplasm and interacts with 
Yap to bypass its Lats1/2-mediated inactivation and promoting 
its nuclear translocation (Wang et al. 2018). However, whether 
Nrg1-ErbB4-Yap signaling is also involved in CM proliferation and 
regeneration is currently not known.

Yap-induced proliferation and metabolic remodeling of regen-
erating neonatal mouse CMs has also been shown to require 
activation of Toll-like receptor signaling by the immune cells that 
infiltrate the wound (Wang et al. 2018). Similarly, cell-matrix adhe-
sions can also regulate CM metabolism and proliferation in the 
regenerating heart. Bassat et al. identified Agrin, a proteoglycan 
involved in neuromuscular junction development, as a critical car-
diac ECM component of the regenerating neonatal mouse heart 
(Wang et al. 2018). Agrin binds to the dystrophin–glycoprotein 
complex on the surface of CMs, leading to inhibition of Hippo 
pathway and Yap translocation to the nucleus, thereby inducing 
CM proliferation. Interestingly, MesP1cre+/−;Agrnfl/fl mice, in which 
Agrin has been conditionally deleted in Mesp1 cardiac progenitors 
and their derivatives, develop normally, but regeneration following 
apical amputation is less robust compared with controls (Wang et 
al. 2018). Therefore, further investigation into the role of Agrin in 
heart development and regeneration is warranted. Recently, Liu et 
al. (2020) demonstrated that cardiac lymphatic endothelial cells 
(LECs) produce Reelin (Reln), another ECM glycoprotein known 
for its role in neural cell migration and differentiation. Global or 
LEC-specific Reln mutant neonatal mice develop smaller hearts 
and exhibit impaired regenerative capacity, likely due to increased 
CM apoptosis and decreased proliferation (Liu et al. 2020). Previ-
ous studies on neural and cancer cell development and migration 
have identified that Reln-mediated cell-matrix adhesions are mainly 
established through the two members of low-density lipoprotein 
receptor gene family: the very-low density lipoprotein receptor 
(VLDLR) and the apolipoprotein E receptor 2 (ApoER2); but also 

through integrin-β1 (Liu et al. 2020). Intriguingly, Liu et al. (2020) 
provided evidence that β1 integrins in CMs are required for Reln to 
exert its effects on CM proliferation and survival signaling; although 
molecules such as disabled 1 (Dab1), Akt and Erk downstream of 
VLDLR and ApoER2 signaling, were also found to be upregulated. 
A similar Reln/Integrin-β1 mechanism has been shown to induce 
glycolysis and the Warburg effect in cancer cells, but whether the 
Reln effects on CM proliferation and survival are linked to metabolic 
remodeling is not known (Qin et al. 2017).

Development-guided therapeutic approaches for heart 
regeneration

Upon closure of the cardiac regenerative window, mammals 
are unable to replace damaged CMs with new, healthy ones, and 
consequently, any loss in myocardial tissue is replaced by fibrous 
scars, eventually leading to myocardial dysfunction, ventricular 
remodeling and HF. Currently, there is no therapy for heart diseases, 
and most treatments mainly aim at delaying cardiac remodeling. 
Several pharmacological approaches, including β-blockers (e.g., 
carvedilol), angiotensin-converting enzyme inhibitors (e.g., enala-
pril), angiotensin receptor-neprilysin inhibitors (e.g., LCZ696), as 
well as mineralocorticoid receptor antagonists (diuretics, e.g., 
spironolactone), have been successful in reducing mortality and 
morbidity. Many patients, however, eventually progress to end-stage 
HF and become dependent on mechanical support by left ventricular 
assistant devices and cardiac resynchronization therapy before 
requiring organ transplantation. Accordingly, there is an increas-
ing need to develop novel approaches for cardiac regenerative 
medicine, with cell replacement therapies currently being touted 
as the most promising (Hashimoto et al. 2018; Menasche, 2018).

  By studying cases of male patients who had received heart 
transplants from female donors, some researchers provided evi-
dence of cardiac microchimerism, whereby rare CMs carrying the 
Y-chromosome could be detected by in situ hybridization within 
the female donor hearts (Eschenhagen et al. 2017). This simple 
yet paradigm-shifting observation opened the possibility that adult 
CM regeneration occurs in humans, albeit at low levels. The XY-
chromosome CMs were interpreted as the result of circulating stem 
cells from the host that colonized the XX transplants and differenti-
ated into new CMs, triggering frenzied research into identifying and 
therapeutically harnessing the most potent regenerative cardiac 
stem cell (Eschenhagen et al. 2017; Menasche, 2018). However, 
subsequent genetic studies in mice suggested that most of the 
chimeric CMs were likely due to cell-cell fusions between host and 
donor cells, rather than stem cell regeneration (Eschenhagen et 
al. 2017). Nonetheless, recent work utilizing highly sophisticated, 
carbon-dating approaches corroborates the plasticity and regen-
erative capacity of the adult human myocardium. Based on these 
studies, it is estimated that the annual rate of CM turnover ranges 
from 1% at the age of 20 to 0.3% at the age of 75. This is sufficient 
to regenerate <50% of CMs throughout a normal lifespan, but falls 
far from the CM production capacity required to fully regenerate 
a damaged heart before progressing into ventricular remodeling 
and HF (Eschenhagen et al. 2017). Accordingly, the goal of cardiac 
regenerative medicine is to develop novel pharmacologic, genetic, 
or cell-based therapies that could either stimulate endogenous 
cardiomyogenesis or supply the necessary amount of CM replace-
ment cells exogenously (Fig. 4).
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Adult cell therapies

Among the first cell types that entered the clinical trials are 
autologous skeletal myoblasts. These are a highly proliferative 
myogenic cell types that can be readily obtained from muscle 
biopsies and expanded in vitro into large quantities, and were 
originally considered capable of directly re-muscularizing the fail-
ing heart (Eschenhagen et al. 2017; Menasche, 2018). In patients 
and preclinical animal models of ischemic HF, autologous skeletal 
myoblast therapy led to modest improvements in heart function. 
However, further studies concluded that any beneficial effects are 
probably indirect; for example, due to paracrine effects that lead to 
improved vascularization and reduction of fibrosis, since evidence 
for long-term engraftment and direct remuscularization have been 
minimal, at best. In addition, skeletal myoblasts are determined 
by the skeletal myocyte lineage and do not transdifferentiate into 
cardiac myocytes. Consequently, they fail to couple electromechani-
cally with the host myocardium due to downregulated N cadherin 
and connexin 43 expression. As a result, patients receiving skeletal 
myoblast therapy are at risk of developing unwanted arrhythmias 
(Menasche, 2018). Nonetheless, skeletal myoblast transplantation, 
in the form of fibrin glue-reinforced cell sheets, sutured over the 
epicardium during open heart surgery, became the first cell-based 
therapy that received conditional and time-limited regulatory ap-
proval in Japan (Konishi et al. 2016).

As expected, early reports on chimerism of the transplanted 
heart from circulating cells propelled the interest in cell therapy 
studies with bone marrow cells, mostly in the form of freshly 
isolated, unselected mononuclear fractions or culture-expanded 
mesenchymal stem cells (MSCs) (Menasche, 2018). Following 
almost two decades of animal and clinical studies, a consensus 
has been reached that, as with skeletal myoblasts, bone marrow 
cell transplants neither engraft long-term nor transdifferentiate or 
re-muscularize the heart after damage. Therefore, any potential 
therapeutic benefit is probably indirect, due to transient cell-cell 
interactions with the host and secretion of paracrine factors 
(Eschenhagen et al. 2017; Menasche, 2018). For example, using 
female pigs as a sex-mismatched experimental model for acute 
MI cell therapy, a minimally invasive catheter-based approach for 
intramyocardial injection of male MSCs within and around the 
injured area was developed, which produced significant structural 
and functional improvements in the infarcted hearts (Hatzistergos 
et al. 2010). However, further analysis indicated that any therapeutic 
benefit was unlikely to have been due to direct re-muscularization 
of the host myocardium by male MSCs, since the incidents of Y-
chromosome detection by in situ hybridization in CMs were rare 
(Hatzistergos et al. 2010). Strikingly, 2 weeks after MSC transplanta-
tion, a significant increase in the number of host CMs undergoing 
mitosis within and around the infarct site was noted, and this effect 
was accompanied by a dramatic upregulation in c-Kit expression 
within and around the infarct site (Fig. 4). (Hatzistergos et al. 2010). 
These findings are reminiscent of the mechanisms activated dur-
ing endogenous CM regeneration in the neonatal mouse heart, 
including the activation of a NC cell-like developmental GRN in 
border zone cardiomyoblasts (Jesty et al. 2012; Konfino et al. 2015; 
Sande-Melon et al. 2019; Tang et al. 2019). Moreover, consistent 
with the cardiac regenerative mechanisms described in neonatal 
mice and adult fish, MSCs may stimulate endogenous repair by 
modulating glucose metabolism (Cai et al. 2016) and the immune 

responses in the host myocardium (Aurora et al. 2014; Vagnozzi 
et al. 2020). Considering these findings, a multi-center, double-
blind, placebo-controlled, Phase II clinical trial recently tested a 
novel approach, whereby patients with ischemic HF received a 
combination therapy with culture-expanded autologous MSCs and 
heart biopsy-derived cKit-expressing cells, on top of their maximal 
guideline-directed therapy (Bolli et al. 2021). Although the therapy 
was not sufficient to reverse the chronic structural and functional 
deteriorations in terms of scar size and ejection fraction changes, 
patients experienced significant improvements in clinical outcomes, 
and in particular a reduction in major adverse cardiac events and 
improved quality of life (Bolli et al. 2021).

Notably, the expression of c-Kit as well as several other markers 
including Sca-1 and the transcription factor Isl1 in the adult heart 
have been highly contested, since they were touted as markers of 
bona fide postnatal cardiovascular (CV) stem cells that could be 
isolated, expanded ex vivo and used as cell replacement therapy 
for HF (Eschenhagen et al. 2017). However, several genetic lineage-
tracing studies in mice have recently challenged this possibility 
(Hatzistergos et al. 2015; Eschenhagen et al. 2017; Hatzistergos 
et al. 2020).

Cell therapy with pluripotent stem cell derivatives

Most of the interest in cardiac regenerative medicine is currently 
focused on human pluripotent stem cells (hPSCs), in either their 
embryonic (hESCs) or lab-induced (hiPSCs) form (Eschenhagen 
et al. 2017; Yamanaka, 2020). Compared with somatic cells, which 
have restricted developmental potential and limited ability to differ-
entiate into healthy CMs, hPSCs are pluripotent, meaning they are 
equivalent to the cells which form the epiblast of the early human 
embryo and, consequently, differentiate in vitro into tissues from 
all three germ layers -ectoderm, mesoderm, endoderm- including 
CMs (Eschenhagen et al. 2017; Yamanaka, 2020). The discovery 
and development of the proper, chemically defined in vitro condi-
tions that enable the culture and expansion of hPSCs and their 
subsequent directed differentiation into bona fide CM-forming cells, 
provided the scientific community with an unprecedented capacity 
to grow theoretically unlimited amounts of spontaneously beating, 
bona fide CMs in the lab. This has led to a renewed enthusiasm for 
realizing therapeutic heart regeneration in humans, as lab-grown 
hPSC-CMs are considered the “holy grail” of direct CM replacement 
strategies (Eschenhagen et al. 2017; Yamanaka, 2020).

The choice between hESC- or hiPSC-derived CMs for clini-
cal use depends on several factors, most significantly ethics, 
cost-effectiveness and immunogenicity (Fig. 4). For example, 
the derivation of hESCs depends on the destruction of human 
blastocysts, and this has been the subject of considerable ethical 
debate and regulatory hurdles that hampered stem cell research 
and regenerative medicine for years (Yamanaka, 2020). In addition, 
the choice of a hESC-based approach precludes the development 
of autologous CMs, thereby raising important concerns regarding 
the immunocompatibility and, hence, safety and efficacy of heter-
ologous grafts (Yamanaka, 2020). On the other hand, hiPSC-based 
approaches can solve these issues but create others. For example, 
manufacturing of autologous hiPSC-CM grafts may not always be 
clinically feasible for several reasons (Fig. 4). First, reprogramming 
and validation of clinical-grade autologous hiPSC lines and the 
subsequent scaling-up and validation of hiPSC-CM manufactur-
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ing processes and end-products for each patient are currently 
major hurdles, as they can drastically increase the regulatory and 
economic burden (Yamanaka, 2020). In addition, an autologous 
hiPSC-CM graft cannot be readily available unless it is developed 
prospectively and cryopreserved in tissue banks, which again 
introduces important economic, regulatory, and social ramifica-
tions, since not every patient may be able to afford this treatment. 
Finally, autologous hiPSC-CMs may not be an optimal therapy for 
patients with inherited or congenital cardiomyopathies, unless the 
disease-causing genetic or epigenetic defects are identified and 
corrected prior to transplantation (Fig. 4).

Potential solutions to the above problems include the establish-
ment of large hiPSC banks for HLA-matched tissue transplantation, 
or the development of universally immunocompatible mutant hiPSC 
lines that could be used for manufacturing off-the-shelf allogeneic 
grafts (Yamanaka, 2020). For example, Xu and colleagues (2019) 
demonstrated a novel approach, whereby CRISPR-Cas9-mediated 
selective inactivation of human leukocyte antigen (HLA) class-I 
molecules HLA-A/B, but not HLA-C, could prevent attack by CD8+ 
T and NK cells respectively and, therefore, graft rejection. A small 
bank of ~12 genetically engineered HLA-C-retained hiPSC lines is 
estimated to theoretically provide immunocompatible grafts for 
>90% of the world’s population (Xu et al. 2019). Further work in 
human clinical trials is expected to verify these estimations, as 
well as the oncologic risk and true levels of immune tolerance of 
such cells.

An off-the-shelf allogeneic iPSC-CMs cell therapy model was 
recently put to preclinical testing in non-human primates (Shiba 
et al. 2016). A single Philippine cynomolgus monkey with MHC 
haplotype homozygosity was identified and used as a universal 
iPSC-CM donor in five MHC-heterozygous animals. The heterozy-
gous monkeys were subjected to experimental MI, and 2 weeks later 
underwent sternotomy to receive 400 million iPSC-CMs or vehicle, 
delivered via 10 trans-epicardial injections into the left ventricular 
infarct and border zones. Remarkably, the iPSC-CMs, which were 

safety and efficacy of the model in patients with HF. Thus, despite 
the encouraging findings on engraftment and improved cardiac 
function, these results challenge the original hypothesis of direct 
scar tissue replacement by exogenously delivered iPSC-CMs. In 
fact, further studies suggest that PSC-based therapies might exert 
their beneficial effects indirectly, through paracrine actions. For 
example, Zhao et al. (2021) demonstrated in a xenogeneic porcine 
model of cell therapy post-MI that transgenic overexpression of 
cyclin D2 under the control of αMHC promoter sequence could 
significantly boost the limited effects of hiPSC-CM therapy in scar 
size reduction. Strikingly, the enhanced efficacy of cyclin D2-over-
expressing hiPSC-CMs was likely due to enhanced proliferation 
of the engrafted cells, but most importantly due to the paracrine 
effects which stimulated endogenous regenerative mechanisms, 
as indicated by the enhanced proliferation of recipient CMs and 
vascular cells (Zhao et al. 2021).

As with adult cell therapies (Konishi et al. 2016; Bolli et al. 2021), 
other clinically feasible approaches that are currently being tested 
for improving safety, survival, engraftment, maturity, and paracrine 
effects of allogeneic hiPSC-CM therapies include combination 
therapy with fibroblasts, vascular cells or MSCs (Park et al. 2019), 
as well as bioengineering into 3D-cell sheets (e.g., clinicaltrials.
gov, NCT04696328) (Menasche, 2018). Moreover, developmental 
biology-guided strategies are being developed to guide hPSC-CM 
specification away from unwanted, and potentially arrhythmogenic, 
CM lineages such as atrial and pacemaker CMs. For example, 
blockage of RA signaling during the stage-specific differentiation 
of hPSC-CMs prevents posteriorization of cardiogenic mesodermal 
progenitors into venous pole-like lineages and, therefore, favors 
specification mainly toward FHF and aSHF ventricular CMs, at the 
expense of atrial and pacemaker CMs (Lee et al. 2017). Further 
studies will determine the proper conditions for chamber-specific 
specification into left- or right-ventricular hPSC-CM lineages and 
whether these approaches may bring hPSC-based cardiac cell 
therapy closer to realization.

Fig. 4. Therapeutic score heatmap. Columns indicate therapeutic modalities, rows indicate metrics. Green and 
pink colors code for advantages and disadvantages, respectively. hPSC; human pluripotent stem cells.

tagged with the fluorescent cal-
cium indicator G-CaMP7.09-GFP, 
engrafted and survived for at least 
12 weeks after transplantation 
and became electrically coupled 
with the host. Crucially, despite 
the MHC heterozygosity, animals 
also required mild immuno-sup-
pression throughout the study pe-
riod to escape immune rejection. 
Interestingly, cardiac function 
was significantly improved com-
pared to vehicle, but scar tissue 
persisted to comparable levels be-
tween the two groups. Moreover, 
four out of five iPSC-CM treated 
animals experienced sustained 
ventricular tachycardias -likely 
due to the immature phenotype 
of the cells, as well as undesired 
specification of some iPSC-CMs 
to atrial, right ventricular, or con-
duction system lineages- raising 
important concerns about the 

clinicaltrials.gov
clinicaltrials.gov
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Gene and drug therapies

Apart from the quest for cell-based, regenerative cardiomyo-
plasty strategies, efforts are being made toward pharmacologic or 
gene therapies that can evoke endogenous CM regeneration (Fig. 
4). A much vaunted approach has been the direct reprogramming 
of non-CMs to CMs (Miyamoto et al. 2018). The idea emerged as 
a breakthrough innovation following the original discovery on the 
induction of pluripotency in somatic cells by Yamanaka et al. and 
is targeted toward switching the fate of pro-fibrotic cells, like fibro-
blasts, which are abundantly present in the damaged heart, into 
regenerative CMs through the forced expression of an appropriate 
“gene cocktail” (Miyamoto et al. 2018; Yamanaka, 2020). In mice, a 
cocktail of three CM-GRN core transcription factors -Gata4, Mef2c 
and Tbx5 (or GMT)- has been identified as necessary and sufficient 
to induce the chromatin changes required for activating the CM-
GRN in fibroblasts. When mouse embryonic fibroblasts are virally 
transduced in vitro with GMT-overexpressing constructs, ~10% of 
them convert into spontaneously beating CM-like cells. However, 
in vivo GMT gene therapy in adult mice post-MI diluted the initial 
enthusiasm, as less than 0.5% of the infiltrating fibroblasts convert 
into CM-like regenerative cells (Miyamoto et al. 2018). Interestingly 
however, although the amount of reprogrammed CM-like cells is 
far too low to be functionally important, mice receiving GMT gene 
therapy exhibit significant improvements in heart function and scar 
size reduction, suggesting that GMT therapy might exert additional, 
indirect therapeutic effects (Miyamoto et al. 2018). Moreover, 
since cardiac fibroblasts are indispensable for heart regeneration 
in zebrafish and neonatal mice (Sadek and Porrello, 2020), it is 
unclear whether achieving greater levels of reprogramming, at the 
expense of potentially exhausting the cardiac fibroblast pool, may 
be beneficial or detrimental for adult heart regeneration. In terms of 
cardiac reprogramming in humans, additional levels of complexity 
underlying the human cardiac GRN have rendered the GMT cocktail 
ineffective for converting human fibroblasts into CM-like cells (Mi-
yamoto et al. 2018). A recent study suggested that the addition of 3 
extra factors to the GMT cocktail -Mesp1, Myocardin and Mir133- is 
necessary, and could induce in vitro reprogramming of ~13% of 
adult human fibroblasts into CM-like cells. Furthermore, although 
reprogrammed human fibroblasts upregulate multiple CM-GRN 
genes, they do not exhibit full differentiation into spontaneously 
beating CMs, unless they are co-cultured with neonatal rat CMs 
(Miyamoto et al. 2018). Therefore, direct cardiac reprogramming 
is an exciting strategy, but more work is still needed prior to the 
clinical testing stage.

Other promising approaches include therapies targeted toward 
genes and proteins that have been found to regulate CM metabo-
lism and proliferation. For example, low-fat diet, gene-knockdown 
of pyruvate dehydrogenase kinase 4-mediated fatty acid oxidation, 
or exposure to intermittent hypoxia to transiently enhance Hif-1α 
stability, have all been shown to augment glucose metabolism 
in adult mice; and thereby, recapitulate aspects of the metabolic 
switch that drives heart regeneration in fish and neonatal mice. 
Consequently, they may be potential stimulants of endogenous 
CM proliferation and regeneration in adult mice post-MI (Sadek 
and Porrello, 2020).

In a preclinical porcine model of acute MI, intracoronary infusion 
of recombinant human Agrin (rhAgrin) led to improved heart func-
tion and reduced scar size within 28 days of therapy. Interestingly, 

although previous studies in mice highlighted Agrin’s critical role 
on CM proliferation by inhibiting Hippo through its binding to the 
dystrophin-glycoprotein complex on the surface of CMs, the effects 
of post-MI rhAgrin therapy in pig CM proliferation were modest and 
insufficient to explain the robust functional and structural improve-
ments. However, further studies determined that rhAgrin-treated 
pigs exhibited reduced CM apoptosis, enhanced angiogenesis, 
and attenuated inflammatory responses, suggesting a potential 
pleiotropic role for Agrin in adult mammals (Baehr et al. 2020). 
Likewise, knockdown of Hippo signaling in pigs through an adeno-
associated virus serotype 9 (AAV-9)-mediated delivery of a short 
hairpin RNA (shRNA), targeting the Hippo adaptor gene Salvador, 
resulted in significant improvements in heart function and scar 
size reduction. Intriguingly, these effects were correlated with 
significant, albeit modest, increases in the rate of CM proliferation, 
which however persisted for a longer period. Moreover, some of 
the beneficial effects of gene therapy were likely indirect, since 
animals exhibited increased mitosis even in remote zone CMs 
that seemingly were not infected by the virus, and an increase in 
small blood vessel densities (Liu et al. 2021). As a final example, 
a high-throughput microRNA screening identified miR-199a-3p as 
a critical stimulator of CM proliferation and cardiac regeneration 
after MI in mice. Accordingly, in a porcine model of MI, gene therapy 
with AAV6-mediated delivery of the human miR-199a-1 pri-miRNA 
gene, under the control of the constitutive CMV promoter, led to 
transient improvements in heart function and scar size reduction, 
but animals succumbed to lethal sudden cardiac arrhythmias within 
two months post-therapy. Histological and molecular examination 
suggested excessive proliferation of porcine cardiomyoblasts as 
the underlying cause of death, presumably due to the uncontrolled 
expression of miR-199a-3p (Gabisonia et al. 2019). Therefore, the 
latter findings raise important concerns regarding the safety, ef-
ficacy, and potential oncologic risk of gene therapies, particularly 
for those directed towards perturbing cell cycle activity in the adult 
heart; and underscore the importance of carefully choosing the viral 
vector delivery system, dosage, and the regulatory elements driving 
expression of the target gene, before testing in animals or humans.

Conclusions

The transient regenerative potential seen in newborn mammals 
is perhaps the strongest indicator thus far that adult heart regen-
eration will eventually become therapeutically feasible in humans. 
The early premise that this would be as simple as perturbing the 
expression of a single gene or exogenously remuscularizing the 
scarred tissue with lab-grown stem cells and CMs is gradually 
waning, as new research findings unravel the intricacies of the 
path to regeneration. Epimorphic regeneration in the adult zebraf-
ish or neonatal mouse heart requires spatiotemporal control of 
metabolic, EMT and growth programs that, collectively, resemble 
those of trabeculae corticalization or compaction during fish and 
mouse cardiac chamber morphogenesis, respectively. Among 
others, these include activation of NC-like GRNs, Nrg/ErbB- and 
Hif1α-mediated induction of glucose metabolism, as well as nerve-
dependence, mechanotransduction and growth factor signals that 
regulate scar resorption, Hippo signaling and CM proliferation. 
Many of these factors are already being therapeutically targeted 
through cell- and gene-based strategies aimed at evoking adult 
CM regeneration from within.
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