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Myocardial infarction (MI), also known as heart attack, 
affects more than three million people per year in United 
States and remains to be the leading cause of mortality world-
wide due to lack of effective treatment (1). During acute MI, 
a large number of cardiomyocytes are lost by necrosis due 
to insufficient blood supply. Due to a lack of regenerative 
capacity of adult cardiomyocytes (ACM), these infarct areas 
are subsequently repopulated by fibrotic tissue, forming scar 
within the myocardium that contributes to eventual heart 
failure. Therefore, a major goal of the current research 
on acute MI is to re-supply cardiomyocytes population by 
inducing regenerative capacity in the adult heart. 

Although adult mammalian heart is used to be considered 
as a post mitotic and terminally differentiated organ, 
recent exciting discoveries are challenging this traditional 
view. One such possibility is that, during the acute phase 
of cardiomyocyte loss, resident cardiac stem cells can be 
activated, and differentiate to give rise to new functional 
cardiomyocytes. Another possibility is the existing ACM 
can re-enter the cell cycle and proliferate at a very low 
speed to generate progenies. In fact, most of the studies 
testing this hypothesis have been focusing on boosting the 
proliferation efficiency via genetic manipulation, including 
Hippo pathway (2) and PPAR pathway (3). One potential 
caveat is, these studies failed to take into consideration 
the impact of cellular environment on cardiomyocytes 
differentiation and maturation, therefore, it is unclear what is 
the percentage of the newly generated daughter cells become 
mature cardiomyocytes with full contractile function. This 
limitation has been addressed by Wang et al. in their recent 
study (4), where they showed that ACM can go through 
a dedifferentiation, proliferation and redifferentiation 

cycle (ACM-DPR) post injury, raising new possibilities for 
regenerative therapy for injured myocardium in post MI 
hearts. 

Prior to Wang et al., the proliferation of pre-existing 
ACM in human heart has indeed been documented by 
measuring mitochondria DNA content and cell cycle 
marker gene expression (5). However, the functional 
contribution and the therapeutic potential of these 
proliferating ACM to cardiac repair remains unclear as 
the turnover rate of human heart cardiomyocytes is very 
slow, ranging from 0.3–1% per year (6,7). That is, only a 
very small percentage of ACM has proliferation capacity 
to regenerate lost myocytes. In the study by Wang et al., a  
co-culture system was used by culturing β-actin GFP 
labeled ACM with neonatal cardiomyocytes. Not only 50% 
of the ACM remain alive as long as 7 days in culture with 
neonatal cardiomyocytes, by day 3, almost all the ACM 
lost organized sarcomere structure, suggesting these ACM 
start to enter their de-differentiation stage. Interestingly, 
coincident with the loss of the sarcomere structure, some of 
these ACM start to express cell proliferation marker genes, 
including Ki67 and PH3, providing further evidence that 
the adult mammalian cardiomyocytes can proliferate, at 
least in vitro following de-differentiation.

Lower vertebrates, such as zebrafish has been shown 
to preserve regenerative capacity in adult heart (8). 
Following apex resection, zebrafish cardiomyocytes will 
undergo a limited dedifferentiation process highlighted 
by disassembly of sarcomeric structure before re-entering 
cell cycle (9,10). This fascinating regenerative capacity 
also seems to be preserved in neonatal mammalian heart 
where cardiomyocytes from post-natal day 1 mouse heart 
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can re-enter cell cycle and generate new heart muscle 
through proliferation following injury (11). Unfortunately, 
this regenerative capacity is largely lost on day 7. In 
this current study, Wang et al. used time-lapse video 
microscopy to record and clearly demonstrate that isolated 
adult mammalian cardiomyocytes also undergo a similar 
DPR process upon co-culturing with neonatal myocytes. 
Cardiomyocytes disassemble their sarcomere structure 
followed by cell cycle entry and proliferation to generate 
progenies, and finally re-differentiate into functional 
cardiomyocytes with organized sarcomere structure. 
Interestingly, this re-differentiation process appears to 
require direct contact between the co-cultured ACM 
and the neonatal cardiomyocytes, as well as propagation 
of Ca2+ transients from the neonatal cardiomyocytes. 
Manipulating the expression level of calcium handling 
apparatus in neonatal cardiomyocytes, including inhibiting 
SERCA2a and NCX1, can significantly impair sarcomere 
structure assembly in the newly generated ACM. These 
elegantly designed studies revealed for the first time the 
importance of cell-cell interaction and calcium propagation 
between cardiomyocytes in the regeneration of ACM. 
This discovery, together with another recent report that 
inactivation of Hippo pathway can promote post-mitotic 
cardiomyocyte proliferation and improve cardiac function 
following MI (12), really shed new light on novel paths to 
achieve cardiac regeneration in adult heart. 

In addition to the proof-of-concept observation that in 
an in vitro co-culture system, the ACM hold the capacity of 
DPR, Wang et al. further provided evidence that, in intact 
mammalian heart, DPR also occurs in the infarct border 
zone 3 weeks post MI. Using a lineage tracing mouse line, 
Wang et al. have demonstrated the existing cardiomyocytes 
in the infarct border zone are positive for cell proliferation 
markers, even though the majority of these newly 
generated cells do not have detectable sarcomeric structure, 
suggesting these cells remain at undifferentiated stage and 
cannot contribute to the overall contractile function of 
the injured myocardium. This problem was attributed to 
impaired cell-cell junction in infarcted myocardium due to 
the loss of Cx43 expression and proper distribution, a well-
established phenomenon in injured heart. However, Wang 
et al. provided a solution to this problem by expressing an 
ischemia-resistant Cx43 mutant through AAV9 mediated 
gene transfer. This phosphomimetic mutant of Cx43-
Cx43-S3E is resistant to ischemia induced degradation and 
redistribution, and thus preserves gap junction following 
cardiac ischemia. Remarkably, by overexpressing this Cx43 

ischemia resistant mutant, the mice showed significantly 
decreased infarction size 3 days post MI, together with 
improved cardiac function and less cardiac dilation  
6 weeks post MI. This outcome supports the potential 
role of Cx43 mediated calcium propagation in promoting 
adult cardiomyocyte re-differentiation into functional 
myocardium (Figure 1). 

This interesting finding raises another question—
what is the role of hypoxia during cardiac regeneration 
after injury? The current paradigm in the field is: oxygen 
metabolism and oxidative stress are critical regulators for 
the proliferative capacity of mammalian cardiomyocytes. 
Therefore, reducing oxygen metabolism through a 
hypoxia environment in adult mammalian heart can 
induce cardiomyocyte cell cycle re-entry through blunting 
oxidative stress and DNA damage (13,14). However, 
hypoxia clearly plays another role during the ACM re-
differentiation into functional cardiomyocyte. According to 
Wang et al., hypoxia induces dephosphorylation of Cx43, 
impairing its function as a gap junction protein, therefore 
hampers the re-differentiation potential of ACM. Indeed, 
while expressing Cx43 phospho-dead mutant exacerbated 
hypoxia-induced loss of cardiomyocyte re-differentiation; 
expression of Cx43 phosphomimetic mutant enhanced the 
re-differentiation efficiency of ACM in vitro and potentially 
in vivo as well. One postulation is that—hypoxia plays 
different roles at different steps of the ACM DPR process. 
Initially, reducing oxygen metabolism can promote cell cycle 
re-entry of ACM by alleviating oxidative DNA damage, 
once cardiomyocytes enter the re-differentiation stage; on 
the other hand, hypoxia environment becomes detrimental 
due to impaired gap junction and electric coupling.

Another caveat of the current study is: although it is 
encouraging to see the functional recovery and the reduction 
of cardiac dilation post Cx43-S3E expression in vivo,  
it is unclear how much of the functional improvement 
indeed was  contr ibuted  by  the  newly  generated 
cardiomyocytes. This issue need to be further tested in 
a more rigorous way by combination of both in vivo and  
in vitro model. 

Future development of therapy should consider the 
complexity of hypoxic signaling at different stages of 
myocardial repair in order to achieve most optimum 
therapeutic outcome. In the end, as the study by Wang 
et al. and others illustrate time and time again, cardiac 
regeneration is a complex process. There will be more 
findings needed with better molecular details and higher 
temporal resolution before the ultimate success of cardiac 
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regeneration as a future therapy for heart failure.  
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