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Abstract
Purpose of Review This review provides an overview of the molecular mechanisms underpinning the cardiac regenerative
capacity during the neonatal period and the potential targets for developing novel therapies to restore myocardial loss.
Recent Findings We present recent advances in the understanding of the molecular mechanisms of neonatal cardiac regeneration
and the implications for the development of new cardiac regenerative therapies. During the early postnatal period, several cell
types and pathways are involved in cardiomyocyte proliferation including immune response, nerve signaling, extracellular
matrix, mitochondria substrate utilization, gene expression, miRNAs, and cell cycle progression.
Summary The early neonatal mammalian heart has remarkable regenerative capacity, which is mediated by proliferation of
endogenous cardiomyocytes, and is lost when cardiomyocytes stop dividing shortly after birth. Awide array of mechanisms that
regulate this regenerative process have been proposed.
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Introduction

In contrast to adults, neonatal mammals have a remark-
able cardiac regenerative capacity following injury. This
has been demonstrated by apical resection of ~ 15% of the
left ventricular myocardium [1] and by coronary ligation
[2] during the first 2 days of life in mice. In these two
models, the heart is able to regenerate in the ensuing 3–
4 weeks after injury, with no evidence of maladaptive

cardiac remodeling. However, this regenerative capacity
is lost by postnatal day 7 (P7) [1, 3] which coincides with
cardiomyocyte cell cycle arrest and binucleation [4]. This
regenerative capacity seems to also be conserved in large
animals as recently demonstrated in a neonatal pig myo-
cardial infarction (MI) model. As in mice, the regenera-
tive capacity of large mammals appears to be limited to
the first 2 days of life [5, 6]. Fate-mapping studies have
demonstrated that the regenerative capacity of the neona-
tal mammalian heart is mediated by proliferation of
preexisting cardiomyocytes, rather than by a progenitor
or stem cell population [1, 5, 7]. Following this brief
window in the postnatal life, cardiac growth is achieved
by hypertrophic enlargement of the cardiomyocytes, rath-
er than cardiomyocyte hyperplasia. In the adult mamma-
lian heart, cardiomyocyte renewal occurs at a low rate,
which increases after injury, and appears to be also medi-
ated by division of preexist ing cardiomyocytes.
Nevertheless, cardiomyocyte renewal in the adult heart
is minimal and is insufficient for restoration of contractile
function after injury [8–13]. Consequently, injuries in the
adult heart fail to induce a meaningful regenerative re-
sponse and often results in maladaptive cardiac remodel-
ing and fibrosis, culminating in heart failure. Although the
regenerative potential of the newborn human heart is not
known, there is some evidence that the early postnatal
window in humans is characterized by a measurable
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proliferative potential of cardiomyocytes [14]. In the adult
human heart, as in mice, cardiomyocyte renewal decreases
exponentially with age and occurs at around 1% per year
[10]. Thus, the Achilles heel in mammalian cardiomyo-
cyte regeneration appears to be the limited proliferative
capacity of existing cardiomyocytes, which has been the
focus of intense studies in recent years. The development
of neonatal heart injury models has provided a much-
needed set of tools for studying regulators of endogenous
heart regeneration. In this review, we provide an overview
of the molecular mechanisms underpinning the cardiac
regenerative capacity during the neonatal period and the
potential targets for development novel therapies to re-
store myocardial loss.

Oxidative Stress, Energy Metabolism,
and Redox Regulators

There is a strong correlation between oxidation status and
regenerative capacity, both in lower vertebrates and in the
early postnatal mammalian development. For example, in
lower vertebrates like zebrafish, which also have a notable
capacity of regeneration throughout their lifetime, the circula-
tory system is relatively hypoxemic which is a result of
arterio-venousmixing in the primitive two-chamber heart with
one atrium and one ventricle. Additionally, the natural habitat
aquatic environment where zebrafish lives has 1/30 the oxy-
gen capacitance compared with the atmospheric air [15].
Similarly, the mammalian fetal heart is exposed to a relatively
hypoxic environment given the shunt-dependent circulation
that results in significant arterio-venous mixing [16].
However, transition from the embryonic to postnatal circula-
tion soon after birth drastically changes the oxygenation state
of cardiomyocytes [15], where the arterial pO2 increases from
30 [17–19] to 100 mmHg [20] within minutes. This drastic
shift in oxygenation status drives a metabolic switch in energy
metabolism of the postnatal heart.

During embryonic development, when cardiomyocytes
rapidly proliferate, the relatively hypoxic embryonic heart
utilizes anaerobic glycolysis as a main source of energy
[21, 22], whereas adult cardiomyocytes utilize the
oxygen-dependent mitochondrial oxidative phosphoryla-
tion as an energy source [23, 24]. The majority of the
enzymes related to glycolysis are downregulated from
postnatal (P) day 1 (P1) to P7, and concomitantly, the
majority of the enzymes involved in mitochondrial
Krebs cycle and fatty acid beta oxidation are upregulated
from P1 to P7 [15]. This temporal shift from glycolytic to
oxidative metabolism results an increase in mitochondrial
reactive oxygen species (ROS) production. More specifi-
cally, mitochondria produce H2O2 at an elevated rate
when using fatty acids relative to pyruvate as respiratory

substrate [25–27]. The increase in mitochondrial respira-
tion corresponds temporally with an increase in ROS in
the neonatal heart, this is also associated with an increase
in oxidative DNA damage and activation of DNA damage
response [15]. Overall, the increased intracellular ROS
induces a wide array of toxic effects by promoting dam-
age of proteins, lipids, and DNA, such as oxidized bases
as well as single- or double-strand breaks, resulting in cell
cycle arrest, apoptosis, or cellular senescence [28–31].
Systemic scavenging of ROS by N-acetylcysteine (NAC)
administration, or overexpression of mitochondrial cata-
lase (mCAT) in cardiomyocytes, decreases oxidative
DNA damage and prolongs the postnatal window of car-
diomyocyte proliferation [15]. Moreover, pharmacological
inhibition of the DNA damage response pathway extends
the window of cardiomyocyte proliferation in the postna-
tal mouse heart [15]. These studies suggest that the
oxygen-dependent mitochondrial metabolism is an impor-
t a n t d r i v e r o f c e l l c y c l e a r r e s t i n p o s t n a t a l
cardiomyocytes.

To extend these findings to the adult heart, our group re-
cently demonstrated that adult mice exposed to chronic severe
hypoxemia manifested metabol ic and cel l cycle
reprogramming of adult cardiomyocytes [32•]. Severe hypox-
emia was induced by gradually decreasing the fraction of in-
spired oxygen (FiO2) by 1% per day from 20.9 (room air
oxygen) to 7% over the course of 2 weeks, followed by expo-
sure to 7% oxygen for an additional 2 weeks. Under these
conditions, several enzymes involved in mitochondrial
Krebs cycle and fatty acid β oxidation were significantly de-
creased. In addition, adult mice exposed to severe hypoxia
showed a decrease in mitochondrial ROS and decreased oxi-
dative DNA damage in the cardiomyocytes. Overall, chronic
severe hypoxia exposure induced a fetal-like metabolic
reprogramming pattern characterized by upregulation of gly-
colytic and cell cycle genes and downregulation of fatty acid
oxidation and cell cycle inhibitor genes. These genetic and
metabolic alterations were associated with induction of car-
diomyocyte proliferation and enhancement of re-
vascularization in the infarcted zone, resulting in significant
functional recovery following MI [32•].

Several genes can potentially be involved in the observed
molecular and metabolic reprogramming induced by severe
hypoxia. For example, exposure to 7% oxygen results in rapid
stabilization of hypoxia-inducible factor 1 α (Hif1α) subunit,
a master regulator of cellular hypoxic response. The Hif-1α
protein contains an oxygen-dependent degradation (ODD) do-
main, which mediates degradation of the protein during
normoxia. Upon exposure to hypoxia, the low oxygen envi-
ronment prevents the prolyl hydroxylation of P402 and P564
residues within the ODD domain by prolyl hydroxylases en-
zymes [33]. Consequently, under hypoxia, Hif-1α is protected
from degradation, resulting in transcriptional activation of
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hundreds of downstream target genes involved in glycolytic
and mitochondrial metabolism, antioxidant enzymes, and cell
cycle regulators [34, 35]. In fact, previous studies have shown
that the Hif-1α protein is required for cardiac regeneration
after injury in zebrafish [36] and cardiac development in the
hypoxic fetal cardiomyocyte environment [37] through regu-
lation of cell cycle, stress response pathways, and cellular
metabolism [38–40]. On the other hand, forced activation of
Hif-1α signaling by loss-of-function of prolyl hydroxylases
(PHD2, PHD3) [41] or von Hippel-Lindau (VHL) [42] in
cardiomyocytes led to dilated cardiomyopathy and heart fail-
ure, suggesting that hypoxia signaling should be utilized only
transiently as a potential strategy for heart regeneration, and
that unmitigated activation of Hif-1α signaling is likely
deleterious.

Other reports support the role of antioxidant systems in
myocardial regeneration. For example, activating antioxidant
response after cardiac injury decrease reactive oxygen species
and promote cardiac repair [43]. In cardiomyocytes, the tran-
scripts levels of Pitx2 (paired-like homeodomain transcription
factor 2) decreases postnatally [43], and the Pitx2 protein
levels significantly increase after injury which is mediated
by the oxidative stress response element Nrf2 (nuclear factor
erythroid 2-related factor 2) [43]. Genetic ablation either Pitx2
or Nrf2 in neonatal hearts results in failure of regeneration
after injury, indicating that the antioxidant stress response
pathway is essential for cardiomyocyte proliferation and car-
diac regeneration [43]. Importantly, Pitx2 cooperates with
Hippo signaling to regulate redox-related genes. Pitx2 binds
to the Hippo effector YAP (yes-associated protein) to cooper-
atively activate the expression of antioxidant genes [43]. Pitx2
recruits YAP to target genes in response to oxidative stress,
protecting cell from ROS, promoting myocardial protection
and regeneration in response to injury [43, 44].

In addition to the impact on the redox status, carbohydrate
utilization in cardiomyocytes during development and early
postnatal life can contribute to the cardiac regenerative poten-
tial through other mechanisms. For example, variation in cell
surface and extracellular matrix glycosylation between neona-
tal and adult heart has been reported recently, showing a
higher expression of high mannose structures and lower ex-
pression of complex N-linked glycans in the 3-day-old neo-
natal tissue [45]. However, a link between cell surface glyco-
sylation and cardiomyocyte proliferation remains uncertain.

In addition, several enzymes involved in the chromatin
epigenetic regulation are dependent on intermediary me-
tabolites [46]. For example, acetyl-CoA, a key intermedi-
ary molecule of fatty acids, glucose oxidation, and amino
acids metabolism, is utilized by histone acetyltransferases
(HATs) as an acetyl group donor for lysine acetylation
[46, 47]. The acetylation of lysine residues in histones
represents a well-characterized post-translational modifi-
cation associated with transcriptional regulation [47].

The histone acetyltransferases p300- or CBP-deficient
mice display embryonic or neonatal lethality, with re-
duced left ventricular thickness, hypoplastic septum, and
several cardiac malformations, which is thought to be due
to the failure to activate cardiac-specific genes related to
cell cycle, morphogenesis, and differentiation [48]. On the
other hand, histone deacetylation is frequently associated
with transcription repression. Studies in mice with global
deletion of histone deacetylase 2 (Hdac2) indicate that
loss of Hdac1 results in hyper proliferation of ventricular
myocytes, leading to ventricle obliteration and perinatal
lethality [49]. In parallel, other proteins are post-
transcriptionally regulated by lysine acetylation and con-
trol cell cycle activity in cardiomyocytes. For example,
acetylation regulates and stabilizes Notch1 intracellular
domain (N1ICD) in neonatal rat cardiomyocyte. In one
study, overexpression of the fusion protein N1ICD with
the catalytic domain of p300 (N1ICD-HAT) prolonged the
proliferation window of neonatal cardiomyocytes, both
in vitro and in vivo. Consequently, neonatal mice overex-
pressing the constitutively acetylated N1ICD-HAT fusion
protein enhanced myocardial regeneration after apical re-
section [50]. These studies suggest that the metabolic
changes that occur during the postnatal development
may contribute to the post-translational modification in
proteins, RNA, and chromatin, leading to changes in tran-
scription, protein/RNA stability, and cell signaling to con-
trol cardiomyocyte cell cycle arrest and growth.

In parallel to the metabolic switch from carbohydrate to
fatty acid oxidation, studies using quantitative multi-omic ap-
proaches revealed significant changes in amino acid metabo-
lism and branched chain amino acid (BCAA) catabolism dur-
ing the postnatal heart development [51, 52]. The increase in
amino acid metabolism correlates with the increase in protein
synthesis required during the cardiomyocyte growth and mat-
uration postnatally [51, 52]. Several studies have outlined the
role of amino acids as signaling molecules regulating cardio-
myocyte growth, homeostasis, and disease [53, 54]. However,
the contribution of amino acid signaling to the postnatal loss
of cardiac regenerative capacity remains unexplored.

Taken together, these studies suggest that the environmen-
tal and metabolic changes during the first few postnatal days
contribute and mediate cardiomyocyte cell cycle arrest.

Cell Cycle and Chromatin Regulators

Cardiomyocyte cell cycle arrest during the first postnatal
week is associated with downregulation of several posi-
tive cell cycle regulators (CDK2, CDK3, CDK4, CCND1,
and CDK cofactors) and induction of cell cycle inhibitors
(CDKI, members of the INK4 and CIP/KIP families)
[55–58]. While many of these targets can be regulated
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by previously mentioned pathways such as DNA damage
response and hypoxia signaling, the precise molecular
network that regulates cardiomyocyte proliferation and
maturation is not well understood. Recently, Meis homeo-
box 1 (MEIS1) protein, which is essential for cardiac de-
velopment and homeostasis [59, 60], has been shown to
regulate postnatal cardiomyocyte cell cycle arrest [3].
MEIS1 deletion in mouse cardiomyocytes was sufficient
for extension of the postnatal proliferative window of
cardiomyocytes and for reactivation of cardiomyocyte mi-
tosis in the adult heart with no deleterious effect on car-
diac function. In contrast, overexpression of MEIS1 in
cardiomyocytes decreased neonatal myocyte proliferation
and inhibited neonatal heart regeneration. Mechanistically,
MEIS1 deletion resulted in downregulation of cyclin-
dependent kinase inhibitors in isolated cardiomyocytes,
including the members of the Ink4b–Arf–Ink4a locus
(p16, p15, and p19ARF) and CIP/KIP family (p21 and
p57), as well as upregulation of a number of positive
regulators of the cell cycle [3]. Chromatin immunoprecip-
itation and luciferase reporter assay demonstrated that
MEIS1 binds to a number of cyclin-dependent kinase in-
hibitors including p16INK4a/p19ARF/p15INK4b as well
as p21CDKN1A promoters and regulates their expression
[3]. Interestingly, in a separate report, MEIS1 downregu-
lation during the postnatal development has been linked to
the metabolic shift from glycolytic to oxidative metabo-
lism [61].

The transcription factor GATA4 was also shown to pro-
mote myocardial regeneration in neonatal mice [62, 63].
GATA4 plays critical roles to promote cardiomyogenesis dur-
ing heart development [64]. On the other hand, GATA4 is
required to promote compensatory cardiac hypertrophy in re-
sponse to pressure overload in adult heart [65, 66]. In addition,
GATA4 was reported to be upregulated in proliferating
cardiomyocytes, and the inhibition of GATA4 impairs heart
regeneration after injury in adult zebrafish [67]. During post-
natal cardiac development, GATA4 is abundant at P1 and the
protein level significant decreases by P7, which coincides
with cardiomyocyte cell cycle exit [62]. In one study,
cardiomyocyte-specific deletion of GATA4 reduces cardio-
myocyte (CM) proliferation and regenerative capacity by
downregulating interleukin-13 (IL-13) [62]. Another study
demonstrated that GATA4 is required for CM proliferation
and neonatal cardiac regeneration after injury, by regulation
of Fgf-16 [63]. As expected, these studies indicate that tran-
scription factors play complex roles in postnatal cardiomyo-
cyte response to injury including promoting proliferation or
hypertrophy depending on the context and postnatal age.

Moreover, proteins involved in chromatin remodeling and
post-translational histone modification have been demonstrat-
ed to regulate cardiomyocyte homeostasis and proliferation
during postnatal heart development. For example, Ezh2 acts

as a regulator of gene silencing mainly by trimethylation of
histone 3 lysine 27 (H3K27Me3). In that context, Ezh2 plays a
critical role regulating cell proliferation during embryonic
cardiogenesis. Deletion of Ezh2 in cardiac progenitors caused
postnatal myocardial pathology and dysregulated cardiac gene
expression with activation of Six1-dependent skeletal muscle
genes [68]. This resulted in cardiovascular defects, perinatal
death, decreased cardiomyocyte proliferation, and increased
apoptosis [69]. Another study demonstrated that the deletion
of Ezh2 in cardiomyocytes had no effect on cardiac regener-
ation after apical resection or myocardial infarction in neona-
tal mice [70], suggesting that Ezh2 is not required for heart
regeneration after injury in neonatal mice.

Hippo Pathway in Cardiac Regeneration

The Hippo signaling pathway plays an important role in tissue
homeostasis and organ size control in several species. Inmam-
mals, the Hippo pathway consists of a core kinases STE20-
like protein kinases 1 and 2 (Mst1 and Mst2) and the large
tumor suppressor 1 and 2 (LATS1 and LATS2), the scaffold-
ing protein Salvador homolog 1 (SAV1), and MOB domain
kinase activator 1A (MOB1A) and MOB1B. Downstream the
pathway includes the transcription coactivators YAP andWW
domain—containing transcription regulator 1 (WWTR1 or
TAZ), which when unphosphorylated, binds to transcription
factors TEAD1–4 (TEA domain family members 1–4), to
induce expression of genes related to cell growth and prolif-
eration [71, 72].

Several studies have demonstrated that the Hippo signaling
has a key role in regulating cell proliferation and heart growth
during embryonic cardiac development. Embryonic YAP in-
activation in the heart, using Nkx2.5-Cre which is expressed
early in heart development, resulted in lethal myocardial hy-
poplasia, decreased cardiomyocyte proliferation, and embry-
onic lethality by embryonic day E10.5 [73]. Similar results
were reported using YAP knockout mice TnnT2-cre, showing
reduced ventricular chamber size, cardiac hypoplasia, and re-
duced cardiomyocyte proliferation with no effect in apoptosis
[74].

Postnatally, the Hippo pathway controls cardiomyocyte
survival and basal cardiac homeostasis. For example, condi-
tional deletion (cKO) of YAP using cre-driver α-myosin
heavy chain promoter, which is upregulated during fetal and
postnatal cardiac development, resulted in cardiomyocyte ap-
optosis, fibrosis, progressive dilated cardiomyopathy, and pre-
mature death, with amedian lifespan between 11 and 20weeks
[75, 76]. Moreover, the YAP knockout mice, subjected to the
left anterior descending coronary artery ligation (LAD) at P2
and analyzed at P28, presented pathological cardiac remodel-
ing characterized by fibrosis and cardiac dilation, showing that
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YAP is required for neonatal heart regeneration in response to
injury [75].

On the other hand, transgenic mice overexpressing an ac-
tive form of YAP under the control of the βMHC (β-myosin
heavy chain) promoter, which is transcriptionally activated in
the heart beginning at E9, promotes neonatal cardiomyocyte
proliferation with increased heart size. Mechanistically, the
substitution of Ser112 with Ala (S112A) generates a YAP pro-
tein that is constitutively active and localized to the nucleus
[77]. The cardiac-specific Tg-YAPS112A mice demonstrated
activation of the insulin-like growth factor (IGF) signaling
pathway, resulting in inactivation of glycogen synthase kinase
3β, with increased expression of genes involved in mitosis
and cytokinesis [73]. In addition, the Tg-YAPS112A showed
an enhanced regenerative response, improved heart function,
reduced maladaptive remodeling, and fibrosis, in response to
myocardial infarction at postnatal day 7 [75]. Therefore, these
results indicate that YAP gain of function controls postnatal
cardiomyocyte proliferation by inducing cell cycle, DNA syn-
thesis, and cytokinesis genes.

Finally, the protein SAV1 has been reported to play a crit-
ical role in cardiomyocyte proliferation, growth, and survival
postnatally [78]. The scaffold protein SAV1 forms a complex
with Mst1/Mst2 kinases that phosphorylates and activates
LATS1/LATS2 kinases, which in turn phosphorylate and pro-
mote the degradation of the downstream effectors YAP/TAZ
[44, 79]. Studies using SAV1 conditional knockout using an
Nkx2.5-Cre show substantial cardiac overgrowth with elevat-
ed cardiomyocyte proliferation at 2 days postnatally, with no
change in myocardial cell size [78].Moreover, the SAV1-cKO
hearts show reduced levels of phosphorylated inactive form of
YAP but no change in total YAP [78]. In addition, SAV1
deletion extends the window of cardiomyocyte proliferation
in the postnatal mouse heart and induces heart regeneration
following injury either by apical resection or MI at postnatal
day 8 [75, 80]. Mechanistically, Salvador deletion was asso-
ciated with the activation of Wnt signaling, showing that
Hippo signaling negatively regulates Wnt/β-catenin pathway
to control cardiomyocyte proliferation, apoptosis, and differ-
entiation [78]. Similar embryonic heart phenotypes were de-
scribed in LATS2 and Mst1/2 mutant hearts [78]. These find-
ings suggest that the Hippo signaling pathway is a key regu-
lator of cardiomyocyte proliferation and heart regeneration in
mammals.

miRNAs

Small non-coding RNAs are involved in a vast array of bio-
logical processes by post-transcriptional regulation of gene
expression. In the heart context, miRNAs play distinct roles
during heart development [81, 82] and under pathological
disorders [83].

During postnatal heart development, the members of
the miR-15 family of microRNAs have been reported to
be upregulated and contribute to cardiomyocyte mitotic
arrest [84]. More specifically, miR-195, miR-497, miR-
15a, and miR-16 were all upregulated in mouse cardiac
ventricles between P7 and P14 [84]. Transgenic mice
overexpressing miR-195 in the embryonic heart under
the control of the βMHC displayed ventricular hypoplasia
and ventricular septal defects, abnormalities associated
with premature cell cycle arrest [84]. Moreover, a marked
reduction in the cycling cardiomyocytes undergoing mito-
sis and an increased proportion of multinucleated
myocytes were described in the Tg-miR-195 compared
with control [84]. No significant differences in cell size
or apoptosis were observed. However, the neonatal Tg-
miR-195 hearts fail to regenerate after LAD ligation at
P1. On the other hand, inhibition of the miR-15 family
in neonatal mice by using locked nucleic acid (LNA)–
modified anti-miR injections at P1, P7, and P14 extends
the regenerative window, increased adult CM prolifera-
tion, and improved left ventricular systolic function after
adult MI [2]. Mechanistically, miR-195 regulates the ex-
pression of multiple targets including checkpoint kinase 1
(Chek1), which is a highly conserved direct target of miR-
195 [84].

Similarly, the expression of miR302–367 cluster also has
been related to cardiomyocyte cell cycle arrest [85]. More
specifically, all five members of the miR302–367 cluster were
significantly decreased after E11.5 to undetectable levels at
postnatal stages. Transgenic mice overexpressing miR302–
367 displayed increased levels of cardiomyocyte proliferation
in embryonic and postnatal hearts, accompanied by profound
cardiac enlargement at P20, resulting in premature death at
P28 [85]. In addition, postnatal re-expression of miR302-
367 promotes cardiomyocyte proliferation and cardiac remod-
eling improvement, with reduced scar formation after MI.
However, prolonged postnatal expression of miR302-367
leads to cardiomyocyte dedifferentiation phenotype and com-
promised cardiac function [85]. Transcriptome analysis of
transgenic hearts overexpressing miR302–367 displayed up-
regulation of cell proliferation–associated genes and downreg-
ulation of cell death, differentiation, and fatty acid metabolism
genes [85]. Mechanistically, miR302–367 inhibits the Hippo
pathway, by targeting the 3′ untranslated region (3′UTR) of
Mst1 and LATS2 [85]. Mst1 and LATS2 are core kinase com-
ponents of Hippo signaling and it has been described previ-
ously that the deletion of Mst1/2 and LATS extends the car-
diomyocyte proliferation window in postnatal mice [78].

During postnatal heart growth, the upregulation of miR-
128 is related to cell cycle exit [86]. In addition,
cardiomyocyte-specific Dox-inducible “Tet-off” transgenic
mice (α-MHC-tTA; miR-128TetRE) showed decreased cardio-
myocyte proliferation, compensatory pathological
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cardiomyocyte hypertrophy, and cardiac contractile dysfunc-
tion at postnatal day 1 and inhibited cardiac regeneration after
apical resection at P1. On the other hand, cardiac-specific
deletion of miR-128 during heart development (NKX2.5Cre;
miR-128fl/fl) extends the postnatal cardiomyocyte prolifera-
tion window, promotes cardiomyocyte proliferation in neona-
tal mice [86], and promotes cardiac regeneration in adult mice.
In general, deletion of miR-128 promotes cell cycle re-entry
by enhancing expression of the chromatin regulator SUZ12
(Polycomb protein SUZ12), which suppresses p27 and acti-
vates cyclin E and CDK2 [86].

Furthermore, miR-34a has been found to be a suppressor of
cell proliferation and has been involved in the regulation of
cardiac aging and function [87]. The miR-34a expression is
increased in adult but not in neonatal mouse heart post-MI
[88]. The miR-34a inhibition reduces cell death and fibrosis
following acute myocardial infarction and improves the re-
covery of myocardial function [87, 88] . In contrast, the over-
expression of miR-34a in early postnatal mice decreased car-
diomyocyte proliferation and impaired cardiac regeneration
after injury [88]. Mechanistically, miR-34a acts by targeting
PPP1R10, which regulates telomere shortening, DNA damage
response, and cardiomyocyte apoptosis, to improve functional
recovery after myocardial infarction [87]. Other studies have
also linked miR-34a expression to cardiomyocyte cell cycle
arrest and apoptosis by targeting Bcl2, cyclin D1, and Sirt1
[88].

In contrast, high-throughput screening in neonatal rat CMs
using a library of 875 synthetic miRNAs identified miRNAs
that promote CM proliferation [89]. More specifically, intra-
cardiac injection of synthetic miRNAs hsa-miR-590 and hsa-
miR-199a in neonatal mice resulted in a significant increase in
CM proliferation in vivo [89]. In addition, 12 days after the
neonatal intraperitoneal injection of adeno-associated virus
serotype 9 overexpressing the hsa-miR-590 and hsa-miR-
199a miRNAs, significant enlargement of the heart with no
signs of CM hypertrophy or fibrosis was demonstrated [89].
Moreover, the hsa-miR-590 and hsa-miR-199a miRNAs in-
duced cardiac regeneration and improved cardiac function af-
ter myocardial infarction injury in adult mice [89]. Recent
studies in adult pigs have shown that injections of AAV6-
miR-199a in infarcted heart induces cardiomyocyte dediffer-
entiation and proliferation, improves heart function, and re-
duces scar size [90••]. However, sustained and uncontrolled
long-term expression of the miR-199a in the infarcted pigs
resulted in sudden cardiac death due to ventricular arrhyth-
mias [90••].

In addition, another cluster of microRNAs was correlated
with cell proliferation. The miR-17-92 cluster was originally
identified as a potential human oncogene [91], by modulating
E2F1 expression [92]. Global deletion of miR-17-92 in mice
results in lethality shortly after birth with lung hypoplasia and
a ventricular septal defect [93]. Cardiac-specific deletion of

miR-17-92 in mice (NKX2.5Cre; miR-17-92fl/fl) displayed de-
creased CM proliferation and partial embryonic lethality [94].
On the other hand, cardiac-specific overexpression ofmiR-17-
92 induced heart enlargement, increased heart weight, and
increased CM proliferation and hyperplasia, with no signal
of hypertrophy [94]. Overexpression of miR-17-92 in neona-
tal cardiomyocyte in vitro represses the expression and func-
tion of PTEN to promote cardiomyocyte proliferation [94].
Collectively, these results suggest that microRNAs play a cen-
tral role in cardiomyocyte cell cycle regulation through a di-
verse set of pathways.

Immune Response Signals

The ischemic injury that occurs during myocardial infarc-
tion promotes cell death and triggers an inflammatory re-
sponse which is essential for clearance of necrotic tissue
and establishment of a wound healing response and fibrot-
ic scar formation [95]. Similarly, a strong inflammatory
response accompanies the early stages of cardiac regener-
ation after injury in neonatal mice [1, 96, 97]. However,
in contrast to adult, the neonatal inflammatory response
appears to contribute to promoting myocardial regenera-
tion. There are significant differences related to the im-
mune response and macrophage subpopulations between
P1, P14, and adult heart after MI [97, 98]. After injury,
the total number of macrophages and monocytes signifi-
cantly increases in both neonatal and adult heart [97, 98].
However, in neonatal mice, the increase is mediated by
populations of embryonic-derived resident cardiac macro-
phages, which display minimal inflammatory response
and are required for heart regeneration. In contrast, in
adults, macrophages derived from circulating monocytes
are the dominant cell population in the injured myocardi-
um, which triggers a proinflammatory response and con-
tributes to maladaptive remodeling of the heart [98]. In
one study, inhibition of monocyte recruitment after neo-
natal cardiac injury did not affect cardiomyocyte prolifer-
ation, angiogenesis, or alter resident macrophage accumu-
lation [98]. On the other hand, in adult heart, inhibition of
monocyte recruitment by a selective CCR2 (chemokines
C–C motif receptor 2) inhibitor significantly reduced in-
flammation, preserved resident macrophage subsets, and
enhanced myocardial repair [98]. Similarly, macrophage-
depleted neonatal mice, by clodronate-liposome injection,
resulted in impaired regenerative capacity after injury
[97]. Therefore, it appears that resident neonatal macro-
phages are required for heart regeneration and angiogen-
esis [97].

In addition, neonatal IL-13 knockout mice showed de-
creased proliferative markers and upregulation of hypertro-
phic markers. IL-13 KO hearts also fail to regenerate after
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apical resection [99]. In contrast, recombinant IL-13 adminis-
tration increases CM proliferation by upregulating the pro-
proliferative and pro-survival Erk1/2 and Akt signaling path-
ways [99]. Immunosuppression, induced by dexamethasone
administration in P1 mice, abolished heart repair after apical
resection [96]. This study concluded that IL-13-mediated
acute inflammation is required for cardiac regeneration in neo-
natal mice, and the STAT3/IL-6 axis is essential to promote
cardiomyocyte proliferation and heart regeneration after inju-
ry in neonatal mice [96]. Taken together, the immune response
is required for neonatal heart regeneration, and modulating
inflammatory response may provide a key therapeutic strategy
to support adult heart regeneration.

Extracellular Matrix

Myocardial injury in adult mammals invariably results in ex-
tensive remodeling of the extracellular matrix (ECM) leading
to formation of fibrotic scars and consequently reduced heart
function [100]. In contrast to adults, neonatal ECM compo-
nents have been shown to be important modulators of cardio-
myocyte proliferation and are required for myocardial regen-
eration [100]. For example, agrin, which is a large extracellu-
lar heparan sulfate proteoglycan which is expressed in devel-
oping axonal tracts and neuromuscular junctions, was recently
shown to be a critical regulator of cardiomyocyte proliferation
[100, 101]. The agrin protein level decreases postnatally
[100], which coincides with the loss of cardiac regenerative
capacity in mice [1]. Conditional deletion of agrin in the car-
diac mesoderm showed reduced cardiomyocyte cell cycle
markers at P1 and fails to completely regenerate the heart after
apical resection [100]. However, agrin does not appear to be
necessary for cardiac growth and homeostasis during postna-
tal heart development [100]. Mechanistically, agrin binds to
the DGC (dystrophin–glycoprotein complex) through α-
dystroglycan (Dag1), then promotes DGC disassembly, lead-
ing to sarcomere disassembly and activation of downstream
signaling molecules including Yap and ERK [100].

Changes in ECM in the early postnatal heart appear to
coincide with loss of neonatal regenerative response. For ex-
ample, a recent study showed that apical resection performed
at P2 is characterized by fibrotic scar deposition and incom-
plete regeneration [102], which is in sharp contrast with the
regenerative capacity described in P1 mice [1, 102].
Transcriptome analysis revealed that there are major changes
in the ECM composition during the first days postnatally,
which has been reported to be associated with the decline in
regenerative capacity and cardiomyocyte cell cycle arrest
[100, 102]. Moreover, the overall stiffness of the ECM in the
heart is significantly higher in P2 compared with P1 hearts,
suggesting that cross-linking of ECM components plays a
critical role during heart development and regeneration

[102]. Pharmacological inhibition of the cross-linker enzyme
LOX by using 3-aminopropionitrile (BAPN) significantly re-
duced ECM stiffness and prevented the robust fibrotic depo-
sition at postnatal day 21 in response to apical resection on P3
[102]. These studies, along with others, support the notion that
the postnatal environment regulates the pattern of cardiomyo-
cyte growth and response to injury.

Nerve Signaling

The mammalian heart is innervated by parasympathetic and
sympathetic fibers, which exert antagonistic effects and are
responsible for regulation of an array of physiological func-
tions including heart rate, contraction, and cardiac output. Not
surprisingly, several recent reports have suggested that cardiac
innervation is critical for the neonatal cardiac regenerative
response [103–106]. Following ischemic myocardial infarc-
tion, several other cell types, besides cardiomyocytes, are af-
fected by ischemia, including the cardiac ganglia which can be
a major determinant of cardiac arrhythmias [107].

Recently, two independent groups reported that sympathet-
ic and parasympathetic denervation impairs cardiomyocyte
proliferation and cardiac regeneration in neonatal mice.
Sympathetic ablation of sub-epicardial nerves by using 6-
hydroxydopamine hydrobromide (6-OHDA) resulted in ro-
bust denervation, extensive fibrotic scar, and lack of regener-
ation following apical resection in neonatal mice [106].
Similarly, the parasympathetic nerve ablation by vagotomy
impaired cardiomyocyte proliferation and cardiac repair in
neonatal mice after apical resection and myocardial infarction
[105]. In addition, the inhibition of regeneration by mechani-
cal unilateral left vagotomy denervation was partially rescued
by the administration of recombinant neuregulin1 (Ngr1) and
nerve growth factor (Ngf) proteins [105]. Results from these
studies demonstrate that both sympathetic and parasympathet-
ic nerves might contribute to the regenerative capacity of the
neonatal heart. Moreover, therapies that target and stimulate
re-innervation might be crucial for cardiovascular disease
treatment.

Conclusions

In mammals, several molecular and cellular mechanisms are
involved in cardiac physiological adaptations during the post-
natal period. The transition from the in utero to the postnatal
environment has a significant impact on metabolism, mito-
chondria substrate utilization, DNA damage, transcription,
cardiomyocyte proliferation, and growth. Besides myocytes,
several cellular subsets have been shown to be required for
neonatal heart regeneration (Fig. 1). Studies have demonstrat-
ed that targeting neonatal cardiac pathways to force
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cardiomyocyte proliferation is a promising approach to
achieve adult heart regeneration [2, 3, 75, 89, 108].
However, the sustained activation of cell cycle activity and
myocyte dedifferentiation in adult hearts can be deleterious
in certain scenarios [90••]. Therefore, while our understanding
of the basic biology of heart regeneration continues to grow,
the neonatal mouse model is proving to be an important tool
that offers a glimpse of the elegance and complexity of endog-
enous heart regeneration in mammals. It remains to be seen if
insights learned from neonatal heart regeneration studies will
1 day translate into regenerative therapies for the human heart.
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