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Introduction
Despite advances in the prevention and treatment of cardiovascu-
lar disease, heart failure remains a worldwide epidemic. For the 
38 million patients with heart failure worldwide, the prognosis is 
grim: 5-year mortality is approximately 50%, a rate comparable 
to many cancers (1). Unfortunately, for patients with advanced 
disease, therapeutic options are limited. Cardiac transplantation 
is constrained by the availability of donor organs, and mechanical 
assist devices are associated with significant morbidity. Alterna-
tive approaches to treat heart failure are needed.

Heart failure often results from cardiomyocyte loss due to 
ischemic heart disease or by apoptosis (2). Heart regeneration is 
a relatively new and exciting field aimed to replace lost or dys-
functional cardiomyocytes. Current strategies for heart regenera-
tion include reprogramming of scar-contributing cells to cardiac 
muscle–like cells, engineering cardiac tissue patches, and stimu-
lating endogenous cardiomyocyte proliferation by adding factors 
or exogenous cells. While initial discoveries are promising, a bet-
ter understanding of cardiac growth will provide needed context. 
Here, we will focus on lessons learned about cardiac growth from 
fish to humans and discuss the implications for achieving thera-
peutic heart regeneration.

Modes of cardiac growth through development
Although the 2-chambered zebrafish heart and the 4-chambered 
mammalian heart appear grossly different, mechanisms for car-
diac development are highly conserved from fish to man. Indeed, 
zebrafish have proven to be a valuable tool for studying cardiac 
specification and chamber morphogenesis (3). In both zebra fish 
and mammals, initial cardiogenesis occurs by specification of 
uncommitted progenitor cells (Figure 1A and ref. 4). Combinatorial 
effects of local BMP, activin/nodal, FGF, Wnt, and retinoic acid sig-

naling gradients direct and restrict the addition of cardiac progeni-
tors to the developing heart tube. However, after looping, the mode 
of cardiac growth changes to expansion of committed cells, primar-
ily through cardiomyocyte hyperplasia (Figure 1A and ref. 5).

In mice, cardiomyocyte proliferation peaks between embry-
onic day 10 (E10) and E12 and again at postnatal day 4 (P4) (6). 
Unlike proliferation that occurs during in utero development and 
the first few postnatal days, this second burst of cardiomyocyte 
cell-cycle entry occurs largely without cytokinesis, resulting in 
binucleate cardiomyocytes (6, 7). The frequency of mononuclear 
cardiomyocytes varies among mammalian species. Approximately 
10% of rodent cardiomyocytes, but up to 78% of human cardiomy-
ocytes, remain mononuclear (8, 9). However, even mononuclear 
human cardiomyocytes have elevated DNA content (3). At 1 year 
of age, 16% of human mononuclear cardiomyocytes are hyper-
diploid, and this percentage increases to more than 50% after age 
40 (10). The uncoupling of DNA synthesis from karyokinesis and 
cytokinesis is generally thought to correlate with a shift in cardiac 
growth from hyperplasia to primarily physiologic hypertrophy (Fig-
ure 1B). Recent reports describe a third burst of cardiomyocyte 
proliferation occurring in the subendocardial zone of the murine 
ventricular wall 14 days after birth (11). Proliferation of binucleated 
cardiomyocytes helps drive this growth, raising the possibility that 
hyperdiploid cardiomyocytes are capable of hyperplastic growth. 
The concept of significant new cardiomyocyte creation occurring 
in this preadolescent phase has been contested (7, 12, 13).

Mechanistically, cessation of hyperplastic cardiomyocyte 
growth is thought to occur via an acquired cell-cycle arrest (Figure 
2). Cyclins and cyclin-dependent kinases (CDKs) specific to G1/S 
and G2/M phases are downregulated during the first week of life in 
mice. Meanwhile, G1 cyclins and CDKs are upregulated (14–16). The 
transcription factor MEIS1 likely plays an important role in upregu-
lating cell-cycle inhibitors during cardiomyocyte maturation (Table 
1 and ref. 17). MEIS1 binds the Ink4b-Arf-Ink4a and P21 loci in vivo 
and can activate their regulatory sequences. Remarkably, deleting 
Meis1 from adult mouse cardiomyocytes reportedly increases the 
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unloading in patients with heart failure supported by a left ven-
tricular assist device (LVAD) (27, 28). These findings raise hope 
that LVAD therapy could be a platform for regenerative strategies 
in select patients.

Homeostatic cardiac turnover
Whereas cardiomyocyte renewal was once thought to be absent 
in the adult mammalian heart, recent studies suggest a low level 
of cardiomyocyte turnover. Historically, cardiomyocyte turnover 
had been measured by incorporation of 3H-thymidine or nucleo-
side analogs. These early studies suggested a low rate of cardio-
myocyte replacement, but definitive conclusions were limited 
by the imprecision of histological techniques for identifying car-
diomyocyte nuclei (7, 29). Subsequent strategies to estimate the 
rate of cardiomyocyte cycling have focused on colocalization of 
cardiomyocyte markers with indicators of proliferation. Soonpaa  
et al. combined a transgenic nuclear mark for cardiomyocytes 
with 3H-thymidine labeling of cells undergoing DNA synthe-
sis and reported cycling of 0.0005% of cardiomyocytes in the 
uninjured adult mouse heart (30). Other groups have developed 
orthogonal techniques to identify cycling cardiomyocytes. Senyo 
et al. pulsed mice with 15N-thymidine and used mass spectrome-
try to identify cells with increased 15N content in their nucleus as 
evidence for DNA synthesis. Coupling this approach with high-
magnification microscopy enabled identification of cycling car-
diomyocytes in the mouse heart. They reported a rate of cardio-
myocyte renewal of 0.76% per year (31). More recently, Kimura 
et al. have developed a genetic fate mapping approach to follow 
hypoxic cardiomyocytes over 1 month as a surrogate for myocyte 
cycling. This work estimated a cardiomyocyte renewal rate of 
approximately 1% annually (32).

percentage of cycling cardiomyocytes (17). Other factors reported 
to contribute to acquired cell-cycle arrest are disassembly of centro-
somes and methylation of developmental loci (18, 19).

The transition of cardiac growth from cardiomyocyte hyper-
plasia to hypertrophy may be part of the functional reprogramming 
of cardiomyocytes in response to increasing physiologic demands. 
Systolic blood pressure nearly doubles during the first week of life 
in mice, and a comparison across species suggests a relationship 
of greater cardiac workload to increasing cardiomyocyte DNA 
content. Adult rodents and humans have a 25-fold higher blood 
pressure than adult zebrafish (20, 21). Perhaps accordingly, while 
approximately 90% of adult murine cardiomyocytes are binucle-
ate and the majority of human cardiomyocytes are hyperdiploid, 
more than 95% of zebrafish cardiomyocytes are mononuclear and 
diploid (6, 22). Further, adult giraffes have nearly twice the blood 
pressure of mice and humans; giraffe cardiomyocytes also average 
4 nuclei per cell and are likely to be at least octoploid (23). Meta-
bolic shifts occur during the transition from a hypoxic fetal envi-
ronment to the oxygen-rich postnatal environment. Correspond-
ing with increases in mitochondrial density, greater levels of ROS 
may directly promote cell-cycle arrest (24). Finally, sarcomeres are 
remodeled to incorporate new adult protein isoforms. Alterations 
to cardiac compliance through mutations of sarcomeric proteins 
or extracellular matrix may also modulate the transition of cardiac 
growth from hyperplasia to hypertrophy (25, 26). Together, these 
data suggest a bias towards endoreplication and hypertrophic 
growth with increasing cardiomyocyte workload.

Intriguingly, recent work indicates that reducing cardiac 
workload can redirect cardiomyocyte growth towards hyperpla-
sia. Histologic techniques suggest that significant increases in car-
diomyocyte proliferation and cytokinesis occur after ventricular 

Figure 1. Modes of cardiomyocyte growth. (A) During cardiac development, cardiac growth occurs through addition of new cardiomyocytes via progeni-
tor cell differentiation (top) followed by hyperplastic growth (bottom). Undifferentiated progenitor cells give rise to cardiac progenitors at the heart tube 
stage, followed by hyperplastic proliferation of cardiomyocytes during the remainder of development. (B) In contrast, the adult mammalian heart grows 
predominantly by either physiologic hypertrophy (top) or pathologic hypertrophy (bottom). With physiologic hypertrophy, the heart uniformly enlarges 
without organ fibrosis. Pathologic hypertrophy occurs after injury and is marked by fibrosis and heterogeneous cellular hypertrophy.
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injuries such as myocardial infarction (MI). Instead, the mamma-
lian heart is unable to replenish lost cardiomyocytes and undergoes 
replacement fibrosis. Over time, the mammalian heart typically 
progresses to ventricular dysfunction and heart failure (Figure 1B).

Although the adult mouse heart has a limited regenerative 
capacity, embryonic and neonatal mice are capable of recovering 
lost cardiomyocytes through direct cardiomyocyte proliferation 
that is analogous to zebrafish. Genetic ablation of fetal cardio-
myocytes results in replacement of lost cardiomyocytes through 
compensatory increases in cardiomyocyte proliferation (39, 40). 
Regenerative capacity of the mammalian heart extends into the 
early neonatal period. Within the first week of life, the mouse 
heart is capable of regeneration following ventricular resection, 
MI, or genetic ablation of cardiomyocytes (41–43). Interestingly, 
regeneration does not seem to occur following severe injuries 
such as cryoablation (44). Similar to zebrafish, regeneration in 
neonatal mice occurs by cardiomyocyte proliferation, sarcomere 
disassembly, and epicardial activation (41, 45, 46). Thus, the 
basic regenerative program is likely conserved from fish to mam-
mals. Interestingly, 7-day-old mice are unable to effect heart 
regeneration (41). If the basic regenerative machinery exists, why 
can’t the adult mouse heart meaningfully regenerate? Ultimately, 
understanding factors that impact fate decisions of the major car-
diac cell types following injury may provide insights to facilitate 
mammalian heart regeneration.

Cardiomyocyte responses to injury. The classic response of the 
mammalian cardiomyocyte to injury is hypertrophy. According to 
LaPlace’s law, ventricular wall stress can be held constant by com-
pensatory thickening of the cardiac wall. This hypertrophy can be 
either physiologic or pathologic. Physiologic hypertrophy occurs 
with exercise or pregnancy and is morphologically character-
ized by uniform organ enlargement with proportional increases 
in chamber volume (Figure 1B). Of note, physiologic hypertrophy 
occurring with exercise likely involves a combination of hyper-
trophic and rare hyperplastic growth (47, 48). In contrast, patho-
logic hypertrophy occurs in response to a variety of stimuli such 
as mechanical load or neuroendocrine factors and is maladaptive 
over time (Figure 1B and ref. 49). It is uncertain whether stimuli 
associated with physiologic hypertrophy lead to increased hyper-
plastic cardiomyocyte growth compared with stimuli that lead  
to pathologic hypertrophy.

The molecular hallmark of pathologic hypertrophy in mam-
mals is induction of a fetal gene expression program. Classi-
cally, this involves switching from an adult α-myosin heavy chain 
(α-MHC) to a fetal β-MHC isoform (49, 50). Induction of a fetal 
gene program may be protective under acute stress, but prolonged 
activation may be deleterious (51). For example, genetic reduction 
of the developmental transcription factor GATA4 using dominant-
negative or knockout approaches in mice results in deterioration of 
cardiac function with pressure overload (52–55). In contrast, much 
therapeutic effort has gone toward reducing markers of the fetal 
gene expression program, such as B-type natriuretic peptide (56).

Following injury, zebrafish cardiomyocytes also reexpress 
a variety of developmental factors such as natriuretic peptides, 
embryonic MHCs, and signaling factors (57–61). However, zebra-
fish cardiomyocytes proliferate following injury and ultimately 
give rise to new cardiomyocytes (45, 46). Genetic lineage tracing 

The basal rates of cardiomyocyte turnover estimated in rodent 
hearts are consistent with retrospective analyses of human tis-
sue. Bergmann et al. used postmortem tissue samples and took 
advantage of atmospheric 14C levels to assign birth dates for car-
diomyocyte nuclei. By comparing the age of DNA in cardiomyo-
cyte nuclei with the age of the host, they estimate an annual rate 
of cardiomyocyte cycling of approximately 0.3% to 1% per year (9, 
33). Although this rate seems low, homeostatic turnover ostensibly 
maintains a constant total cardiomyocyte number and contributes 
up to 39% of all cardiomyocytes in a 75-year-old person (9). Simi-
larly, Mollova et al. employed a histological tour de force with tis-
sue obtained from unused transplant donor hearts to estimate the 
rate of cardiomyocyte cycling in young humans at 1.9% per year 
(10). Based on the striking concordance of experimental results 
across species, it is now accepted that the adult mammalian heart 
retains a limited number of differentiated cardiomyocytes capable 
of reentering the cell cycle, and cardiomyocyte renewal occurs at a 
rate of approximately 1% annually under homeostatic conditions.

Growth responses following injury
After injury, both mammalian and zebrafish hearts activate a cardi-
ac growth response. However, the outcomes following cardiac inju-
ry are very different. Zebrafish regenerate lost cardiac tissue follow-
ing mechanical amputation, genetic ablation of cardiomyocytes, 
or cryoinjury to the surface of the heart (34–38). In contrast, very 
little, if any, regeneration occurs in the adult mammalian heart with 

Figure 2. Postnatal cardiomyocyte cycling in the adult mammalian heart 
and challenges in assessing cardiac regeneration. In the adult mamma-
lian heart, the majority of cardiomyocytes are quiescent and do not cycle. 
Rare cardiomyocytes that do cycle preferentially undergo endoreplica-
tion rather than complete mitosis. This creates challenges in assessing 
mammalian heart regeneration. Indices of cardiomyocyte cycling can mark 
true regeneration through hyperplastic growth but are more likely to mark 
cardiomyocytes that undergo endoreplication without making new muscle. 
Similarly, increased ventricular function is associated with regeneration 
following the creation of new muscle, but may be increased following 
endoreplication as well.
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remain diploid following infarction, suggesting that endoreplica-
tion occurs in the majority of cycling cardiomyocytes (31). High-
resolution analysis in transgenic mice expressing the scaffolding 
protein anillin fused to EGFP also confirms a bias of cycling myo-
cytes towards increased ploidy compared with hyperplasia fol-
lowing MI (77). Perhaps the strongest data for diminished compe-
tence for mitosis come from studies overexpressing oncogenes in 
cardiomyocytes. Forced expression of Ccnd2 or Ccna2, or genetic 
depletion of Rb and p130, increases the number of cardiomyocytes 
undergoing DNA synthesis, but the overall number of cycling car-
diomyocytes is modest (refs. 78–85 and Table 1). Even more strik-
ing, transgenic overexpression of Myc in cardiomyocytes during 
embryogenesis results in cardiomegaly by hyperplasia, but over-
expression of Myc in adult murine cardiomyocytes results in car-
diomegaly by hypertrophy (86, 87). Together, these data suggest 
that myocyte competence for cell-cycle completion is a limiting 
factor for mammalian heart regeneration.

Epicardial responses to injury. The epicardium is a mesothelial 
sheet that covers the heart. Lineage tracing experiments during 
development indicate that the epicardium gives rise to mural cells 
of the coronary vasculature, to cardiac fibroblasts, and to pericar-
dial fat (88–92). Earlier reports using Wt1 or Tbx18 as epicardial 
markers suggested that the epicardium could transdifferentiate 
into cardiomyocytes, but use of other epicardial markers, such as 
Tcf21, have not confirmed these results (93–95). In addition to its 
cellular contributions, the epicardium also has a major role during 
development as a source for paracrine factors. Epicardial sources 
of retinoic acid and FGFs, for instance, stimulate cardiomyocyte 
proliferation and coronary vasculogenesis (96, 97).

Following injury, the epicardium appears to have roles simi-
lar to those during cardiac development. After experimental 

experiments demonstrate that cardiomyocytes which reexpress 
gata4 primarily contribute to new muscle during regeneration 
(45, 58). Induction of a cardiac developmental program that 
includes Gata4 appears to be a key component of the regenera-
tive program in zebrafish. For example, loss of Gata4 function 
during regeneration reduces cardiomyocyte proliferation and 
blocks regeneration (58).

Despite differing modes of growth following injury, cardiomy-
ocytes in zebrafish and mammalian hearts activate many similar 
pathways. Inhibition of Stat3 signaling, inhibition of NF-κB signal-
ing, or activation of p38 signaling all reduce cardiomyocyte prolif-
eration and impair regeneration in zebrafish (62–64). In mamma-
lian systems, STAT3 has been shown to be required for hypertrophy 
of cardiomyocytes, and genetic attenuation of STAT3 signaling 
results in rapid progression to heart failure following cardiac stress 
(65–69). Similarly, NF-κB signaling contributes to the reexpression 
of developmental factors and is considered to be essential to patho-
logic hypertrophy (70). Likewise, p38 inhibition following experi-
mental MI in mice promotes hypertrophy (63, 71–73).

If the same molecular pathways are induced, why do zebrafish 
cardiomyocytes proliferate while adult mammalian cardiomyo-
cytes hypertrophy? A likely possibility is decreased competence of 
mammalian cardiomyocytes to complete the cell cycle (Figure 2). 
Genes promoting cell-cycle reentry, such as Myc, Ccnd1, and Cdk2, 
are upregulated during pathologic hypertrophy (74, 75). Similarly, 
genes that suppress cycling, such as P21 and P27, are downregulat-
ed (76). Despite these molecular changes, cardiomyocytes rarely 
complete mitosis (29, 31). In the aforementioned study by Senyo  
et al. using a 15N pulse to label cycling cardiomyocytes, up to 23% of 
murine cardiomyocytes cycle in the border zone after experimen-
tal infarction. Interestingly, only 3.2% of cycling cardiomyocytes 

Table 1. Pathways to control mammalian cardiomyocyte proliferation in different developmental contexts

Uninjured neonatal mice Injured neonatal mice Uninjured adult mice Injured adult mice Injured adult zebrafish
Cell cycle regulators Ccnd1 cOE (79, 83),  

Ccnd2 cOE (79),  
Ccnd3 cOE (79),  
Ccna2 cOE (85),  
Rb/p130 cKO (84)

Ccnd2 cOE (79),  
Ccna2 AV (80),  
Ccna2 cOE (81)

FSTL1 rFSTL1 (146)
Hippo/YAP Mir302-367 cOE (123),  

Yap1 OE (126)
Sav cKO (122, 129),  
Yap1 cOE (128),  
Pitx2 cKO (132),  
Yap1 cKO (128)

Yap1 cOE (127, 130),  
Lats1/2 cKO (129),  
Sav cKO (129),  

Ctnna1/Ctnna3 cKO (124), 
Mir302-367 cOE (123)

Sav cKO (122, 129),  
Mir302-367 cOE (123), 

Mir302b/c/367 mimic (123),  
Yap1 AAV (130),  
Pitx2 cOE (132)

MEIS1 Meis1 cKO (17) Meis1 cOE (17) Meis1 cKO (17)
miRs Antagomir to miR-15 (147), 

Mir195 cOE (147)
Antagomir to miR-15 (42),  

miR-195 cOE (42)
Mir590 mimic (148),  
Mir199a mimic (148)

Mir590 AAV (143),  
Mir199 AAV (143)

NRG1/ERBB2 Erbb4 cOE (141),  
rNRG1 (145),  

caErbb2 cOE (145),  
Erbb4 cKO (141)

rNRG1 (142),  
caErbb2 cOE (145)

rNRG1 (141),  
caErbb2 cOE (145)

rNRG1 (141),  
caErbb2 cOE (145)

nrg1 cOE (144),  
EGFR inhibitor (144)

p38-MAPK p38 inhibitor with rFGF1 (72) p38 cOE (63)

Studies highlighted in green suggest enhanced cardiomyocyte proliferation with the indicated intervention, whereas studies highlighted in red showed a 
decrease in cardiomyocyte proliferation. cKO denotes genetic deletion in cardiomyocytes. cOE indicates genetic overexpression from cardiomyocytes. AV 
indicates use of adenoviral delivery and AAV indicates use of adeno-associated virus for delivery.
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the importance of cardiac innervation to heart regeneration. In 
zebrafish, reducing innervation by overexpressing the neuro-
repellent sema3aa or pharmacologic inhibition of cholinergic sig-
naling impairs heart regeneration by decreasing cardiomyocyte 
proliferation (113). Further, parasympathetic denervation or sym-
pathectomy compromises regeneration in neonatal rodents (113, 
114). The mechanisms by which nerves modulate cardiac regen-
erative responses await discovery. However, nerves are likely to 
either directly or indirectly affect the growth factor milieu and 
inflammatory response following injury (113).

Stem cell contributions to cardiac growth following injury. Over 
the past 30 years, much work has focused on identifying a progeni-
tor cell population in the adult mammalian heart. Several stem cell 
populations have been proposed, including Kit+, Sca1+, PDGFRA+,  
or Isl1+ cells (115). Initial studies using genetic lineage tracing to 
mark preexisting cardiomyocytes showed a gradual dilution of 
preexisting cardiomyocytes with new cardiomyocytes, suggesting 
that a progenitor cell population contributes to de novo cardiomy-
ocytes during homeostasis and following myocardial injury (116). 
However, refinement of this genetic dilution approach to focus on 
cycling cells revealed that most newly formed cardiomyocytes are 
derived from preexisting cardiomyocytes (31). Technically, these 
results do not rule out transdifferentiation, without prolifera-
tion, of a resident progenitor cell population into cardiomyocytes. 
However, when taken together with the results of lineage tracing 
studies for putative stem cell populations, a significant contribu-
tion to de novo cardiomyocytes by a progenitor pool is unlikely. 
For instance, exhaustive lineage tracing of Kit+ cells by 3 separate 
groups shows a negligible contribution of these cells to cardiomyo-
cytes following injury in the adult mouse heart (117–119). In con-
trast, progenitor cell populations may contribute to other cardiac 
tissue types, such as coronary endothelium (117, 120).

Adult mammalian heart regeneration
Recent seminal discoveries in developmental and stem cell biol-
ogy have now made therapeutic heart regeneration a possibil-
ity (121). Recognition of cardiomyocyte proliferative capacity has 
created fervor to identify cardiac mitogenic influences capable of 
augmenting endogenous regenerative potential. Two emerging 
themes are the relevance of developmental growth pathways to 
effect heart regeneration and the tendency for factors that pro-
mote regeneration in zebrafish and neonatal mice to also promote 
hypertrophy in the adult mammalian heart. Here, we review fac-
tors that may enhance endogenous regenerative responses.

Hippo signaling. The Hippo pathway was identified during a 
screen for regulators of organ size in Drosophila. In general, the 
transcription factors YAP and TAZ promote organ growth and are 
inhibited by Hippo kinase activity (Table 1). YAP1 signaling is also 
responsive to alterations in the cytoskeleton, and altering cellular 
structure may be an alternative way to modulate YAP1 activity (122–
124). Heallen et al. originally described the critical role for Hippo 
signaling in determining cardiac size and cardiomyocyte numbers 
during development (125). Excess YAP activity by deletion of Hip-
po kinases Mst1/2 or Lats2, deletion of the adaptor protein Sav1, or 
overexpression of Yap1 in cardiomyocytes leads to cardiomyocyte 
hyperplasia and cardiomegaly in fetal mice (125–127). Conversely, 
deletion of Yap1 in cardiomyocytes during development leads to 

MI in mammals, epicardial cells appear to give rise primarily to 
scar-forming fibroblasts and to peri-infarct adipocytes (89, 92, 
98–100). In zebrafish, however, epicardial cells proliferate and 
give rise to new epicardial cells, mural cells that support nascent 
vasculature, and myofibroblasts (95, 101, 102). Genetic ablation 
studies of tcf21+ epicardial and epicardium-derived cells in zebra-
fish have demonstrated the indispensable role for the epicardium 
in heart regeneration. Genetic ablation of the epicardium not only 
prevents regeneration but also reduces cardiomyocyte prolifera-
tion, suggesting an important paracrine role for tcf21+ cells to sup-
port a regenerative program (103). Similarly, conditioned media 
from epicardial cells may promote myocardial recovery in mice 
(98). Comparative work on responses of the epicardium to injury 
in mice and zebrafish has indicated more dramatic upregulation 
of raldh2, the key enzyme for retinoic acid synthesis, in the zebra-
fish epicardium compared with mice. Thus, the mammalian epi-
cardium may not support a regenerative program as efficiently as 
in zebrafish (104). Future work to identify factors that influence 
epicardial cell fates and factors involved in the myocardial-epicar-
dial dialogue may prove vital for biasing cardiac growth towards 
regeneration in the mammalian heart.

Vascular responses to injury. Following injuries such as MI to the 
mammalian heart, tissue hypoxia results in HIF1A activation and 
induction of vasculogenic factors, including VEGF and angiopoi-
etin. However, while small collateral vessels can form with chronic 
ischemia, the vasculogenic response in the mammalian heart is 
generally limited. Zebrafish, by contrast, display a marked vasculo-
genic reaction just a few hours after injury (105). Following injury, 
new vascular endothelium emerges from preexisting endothelium 
(106). Mechanistically, FGF, Notch, and VEGF signaling contrib-
ute to vasculogenesis following ventricular injury in zebrafish (57, 
105, 106). Recent work has also established the importance of the 
chemokine cxcl12b and its receptor cxcr4a to vasculogenesis dur-
ing cardiac growth and regeneration (107). Defects in FGF, Notch, 
VEGF, or chemokine signaling pathways result in impaired vascu-
logenesis and defective zebrafish heart regeneration (57, 105–107). 
Importantly, inhibition of Notch or VEGF pathways also results in 
decreased cardiomyocyte proliferation, illustrating the importance 
of vasculogenesis in tuning heart regeneration (105, 106)

Inflammatory responses to injury. Among the earliest response 
to myocardial injury is the inflammatory response. Macrophages, 
in particular, have been identified as key mediators of the inflam-
matory response with important contributions to ventricular 
remodeling following cardiac injury (108). Not surprisingly, mac-
rophages likely modulate regenerative responses as well. Macro-
phages are recruited to the injury during zebrafish heart regenera-
tion (35). Although it is unclear whether macrophage recruitment 
is required for zebrafish heart regeneration, the macrophage 
response appears to be critical for regeneration in other tissues, 
such as fins (109, 110). Similar to results from other regenerating 
tissues, pharmacologic ablation of granulocytes blocks regenera-
tion in the neonatal mouse following apical resection or by genetic 
ablation of cardiomyocytes. These effects appear to be mediated, 
in part, by embryo-derived macrophages, which may work by 
stimulating an angiogenic response (43, 111).

Contributions of nerves. Nerves have long been known to 
guide salamander limb regeneration (112). Recent work explored 
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hypoplastic hearts with impaired cardiomyocyte proliferation (126, 
127). The decrease in YAP activity in the postnatal mammalian 
heart suggests that Hippo signaling may contribute to cardiomyo-
cyte cell-cycle arrest in the adult mammalian heart. Indeed, excess 
YAP activity extends the window for cardiomyocyte proliferation 
in the neonatal mouse heart and enhances cardiomyocyte prolif-
eration in the adult mouse heart (126, 128–130). Mechanistically, 
postnatal YAP activity is likely regulated by decreased acetylation 
of the transcription cofactor VGLL4, leading to degradation of 
the YAP1 binding partner TEAD1 (131). Modulation of the Hippo 
pathway seems to affect regenerative responses. Deletion of Yap1 
from fetal cardiomyocytes impairs regeneration of the neonatal 
mouse heart following apical resection or MI. Conversely, expres-
sion of a constitutively active form of Yap1 or deletion of Sav1 leads 
to evidence of enhanced regeneration following cardiac injury in 
1-week-old mice (128). Further, infarct size is reduced by nearly 
25% following left anterior descending artery ligation in Sav1-
deficient adult mouse hearts, and this is associated with enhanced 
cardiomyocyte cycling (129). Similarly, overexpression of activated 
YAP at the time of infarction in mice improves survival and ven-
tricular function (130). Mechanistically, YAP likely interacts with 
the developmental factor PITX2 to induce genes that scavenge 
ROS. Accordingly, overexpression of Pitx2 can improve ventricular 
recovery following cardiac injury in neonatal and adult mice (132). 
Although increased YAP activity likely favors hyperplastic growth 
under homeostatic conditions in the adult mammalian heart, this 
bias towards cardiomyocyte hyperplasia over hypertrophy has not 
been demonstrated during pathologic states, such as after MI in 
adult mice (126, 129, 130). Other studies have associated excess 
YAP activity with hypertrophy (133–135). Nonetheless, modulation 
of the Hippo-YAP axis is a promising approach for achieving adult 
mammalian heart regeneration.

Neuregulin signaling. A second developmental pathway that 
has recently gained traction to effect heart regeneration is the 
neuregulin 1/ERBB2/ERBB4 (NRG1/ERBB2/ERBB4) pathway 
(Table 1). Glial growth factors were first identified as mitogens 
from pituitary extracts and were later found to be ligands for the 
ERBB family of receptors (136, 137). Genetic deletion studies have 
confirmed the requirement for the NRG1/ERBB axis during heart 
development. Mice deficient for Nrg1 or its coreceptors Erbb2 and 
Erbb4 have defects in cardiomyocyte proliferation that result in 
hypoplastic hearts (138–140). Bersell and colleagues identified 
NRG1 in a screen for growth factors that could stimulate adult 
cardiomyocyte proliferation in vitro. Following MI, they showed 
that recombinant NRG1 could stimulate postnatal cardiomyocyte 
cycling by more than 4.4-fold and improve ventricular function. 
Interestingly, Bersell and colleagues noted that mononuclear car-
diomyocytes are capable of cycling much more efficiently than 
binucleate cardiomyocytes (141). Consistent with this notion, 
recombinant NRG1 more potently induces cardiomyocyte cycling 
in the neonatal mouse prior to binucleation (142).

In zebrafish, nrg1 is induced during heart regeneration in peri-
vascular cells. By contrast, the cellular source in mice is thought 
to be the endocardium (143). Transgenic overexpression of nrg1 in 
zebrafish is sufficient to induce massive cardiac hyperplasia (144). 
Similarly, expression of a constitutively active Erbb2 (caErbb2) can 
induce cardiomyocyte cycling in the neonatal, juvenile, and adult 

mouse heart. While cardiomyocyte cycling is more efficient in 
mononucleated cardiomyocytes, D’Uva and colleagues found that 
binucleate cardiomyocytes could also enter the cell cycle. Inter-
estingly, increased cycling is also associated with increased hyper-
trophy. Nonetheless, transient induction of caErbb2 can enhance 
cardiomyocyte cycling by more than 4-fold and can increase ven-
tricular function after MI (145).

Epicardial FSTL1. As mentioned earlier, the epicardium is 
regarded as a source for paracrine factors that support organ 
growth during development. Using a coculture system of epicar-
dial cells with embryonic stem cell–derived cardiomyocytes, Wei 
et al. found that the epicardial secretome can boost cardiomyo-
cyte proliferation in vitro. When added to an engineered patch 
that is applied to infarcted mouse hearts, the epicardial secretome 
improves ejection fraction. Interestingly, chamber dimensions 
are not substantially improved by addition of the epicardial sec-
retome compared with the patch alone. To identify which factors 
in the epicardial secretome confer beneficial effects, Wei et al. 
performed mass spectrometry and identified FSTL1 as a putative 
cardiomyocyte mitogen (Table 1). Administration of recombinant 
FSTL1 via the cardiac patch recapitulates the effects of the epicar-
dial secretome and improves ventricular function following MI in 
mice and swine (Table 1). While recombinant FSTL1 nearly dou-
bles cardiomyocyte cycling, it seems to promote hypertrophy when 
overexpressed in myocytes, which are the most abundant source 
of endogenous FSTL1. Differential effects of myocardial and epi-
cardial FSTL1 may be related to posttranslational processing (146).

Developmental miRs. By comparing miR profiles of P1 and P10 
hearts, Porrello et al. identified a cluster of miR-15 family mem-
bers induced during acquired cardiomyocyte quiescence. Of these 
members, miR-195 is the most dynamic, being upregulated 6-fold 
during the first week of life in rodents. Transgenic overexpression 
of miR-195 in cardiomyocytes during development leads to cardi-
ac hypoplasia (147). Similarly, using an antagomir directed against 
miR-15 family members can promote cardiomyocyte cycling in 
the neonatal heart and improve cardiac function after experimen-
tal infarction with a greater than 4-fold increase in cardiomyocyte 
cycling (Table 1 and ref. 42).

The miR cluster Mir302/367 is also dynamic during devel-
opment, but expression levels peak at E9.5 and decrease during 
maturation. While loss of the Mir302/367 locus during develop-
ment suppresses cardiomyocyte cycling, overexpression enhances 
cycling and increased numbers of mononuclear and multinucle-
ate cardiomyocytes. Remarkably, transgenic overexpression of 
Mir302/367 resulted in a greater than 60-fold increase in H3P+ car-
diomyocytes (Table 1). However, rather than improving function, 
animals overexpressing Mir302/367 develop progressive cardiac 
dysfunction with apparent defects in cardiomyocyte maturation. 
By contrast, intermittent overexpression via administration of a 
miR-302 mimic promotes ventricular recovery following infarction 
without progressive chamber dilation. Mechanistically, miR-302 
appears to directly regulate cell-cycle genes as well as inactivate 
Hippo signaling by repressing MST1/2 and LATS kinases (123).

Other groups have screened chemical libraries for proregen-
erative miRs. Using such an approach, Eulalio et al. demonstrated 
that miR-199 and miR-590 stimulate neonatal and adult cardio-
myocyte proliferation in vitro. Following infarction, these miRs 
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can stimulate DNA synthesis in vivo and improve cardiac function 
(Table 1 and ref. 148). The roles of miR-199 and miR-590 during 
cardiac development have yet to be described.

Hypoxic conditioning. Extending the concept that the hypoxic 
fetal circulation may promote cardiomyocyte competence for 
hyperplastic growth, recent work suggests that hypoxic condition-
ing may be an approach to nudge the regenerative capacity of the 
adult mammalian heart (149). Nakada et al. found that exposing 
mice to 7% oxygen for 3 weeks after coronary ligation decreased 
scar size and improved left ventricular function. Hypoxic con-
ditioning was associated with evidence of increased cycling by 
cardiomyocytes (~1.3% in the hypoxic group versus 0% in the 
normoxic group). The idea that tissue hypoxia might stimulate 
meaningful heart regeneration is perplexing, as ischemic heart 
disease is the most common cause of ventricular dysfunction 
worldwide and coronary revascularization extends survival in 
patients with ischemic cardiomyopathy (150).

Technical limitations to assessing mammalian 
heart regeneration
Although much of the above work is promising, important caveats 
must be considered when assessing regeneration of the mamma-
lian heart. The strict definition of regeneration is the replacement 
of lost or damaged tissue with new tissue. To date, there are no 
reliable techniques to differentiate newly regenerated cardiac 
muscle from preexisting muscle in the mammalian heart. Unlike 
zebrafish, in which direct removal of muscle leads to replace-
ment with new muscle via a local response, mammalian models of 
regeneration undergoing rapid animal and cardiac growth might 
be recovering muscle primarily or exclusively away from the inju-
ry (151, 152). Therefore, distinguishing changes in muscle content 
can be confounded by the type and extent of injury. In the absence 
of direct methods to identify new muscle, most regenerative stud-
ies rely on indirect surrogates for regeneration, such as quantifi-
cation of rare cardiomyocytes that reenter the cell cycle. Assays 
for cardiomyocytes that incorporate BrdU, that express prolifera-
tive marks such as H3P or PCNA, that express cytokinesis mark-
ers such as AURKB or MKLP1, or that incorporate heavy isotopes 
of nitrogen in pulse-chase experiments have been used to assess 
heart regeneration (10, 17, 31, 141, 153). While much prior work 
relied on colocalization of proliferative marks with sarcomeric 
proteins, precisely estimating rates of cardiomyocyte cycling is 
difficult without the use of cardiomyocyte-specific nuclear mark-
ers (9, 29). This issue is compounded by the rarity of proliferating 
cardiomyocytes such that even 1 or 2 incorrectly classified nuclei 
lead to large errors in relative rates of cardiomyocyte cycling. For 
instance, an intervention that increases the number of cycling 
cardiomyocytes from a single myocyte per low-powered field to 3 
myocytes per field could be reported as increasing cardiomyocyte 
proliferation by 200%. However, the absolute contribution of the 
intervention to regeneration is much more modest.

Several groups have recently developed transgenic mouse 
strains to precisely identify cardiomyocyte nuclei in the mammali-
an heart, which should improve the accuracy for determining rates 
of cardiomyocyte proliferation. However, even with better meth-
ods to identify cycling cardiomyocytes, these assays only suggest 
newly formed cardiac muscle (Figure 2 and refs. 7, 154). Markers 
of cell-cycle reentry are unable to distinguish hyperplastic growth 
from cycling cells that do not complete karyokinesis or cytokine-
sis. For adult mammalian cardiomyocytes, the differentiation 
of hyperplastic growth from endoreplication is of critical impor-
tance, as the majority of cycling cardiomyocytes do not result in 
new cardiomyocytes. In addition to proliferative marks, others 
have used ventricular function to assess regeneration. However, 
ventricular function is often dependent on multiple factors not 
necessarily related to regeneration, such as loading conditions. 
Similarly, molecules that affect the progression of compensatory 
hypertrophy and cardiac remodeling can also result in improved 
function. Lineage tracing approaches using multicolor clonal anal-
ysis or mosaic analysis with double markers have the potential to 
clearly resolve hyperplastic growth, but the rarity of cardiomyo-
cyte cycling in the adult heart limits the sensitivity of approaches 
that rely on mosaic labeling (155). As more work is done to potenti-
ate mammalian heart regeneration, more sensitive tools to assess 
bona fide regeneration will be needed.

Summary
Achieving therapeutic heart regeneration is a critical biomedi-
cal goal with wide societal impact. While striving for these lofty 
goals, a better understanding of the mechanisms that regulate car-
diac growth and endogenous heart regeneration will only smooth 
the way. Future work to identify additional factors that promote 
regenerative responses and methods for delivery of these factors 
may hold the key to making regeneration more efficient.
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