
Insight into heart regeneration

Bartosz GÓRNIKIEWICZ, Justyna PODOLAK∗

Keywords: cardiomyocyte, wound healing, mouse

Abstract: The mammalian heart is thought to be incapable
of regeneration because of the limited ability of cardiomyocytes.
to proliferate. However, it has been recently shown that the
neonatal murine heart is able to restore its normal function after
coronary artery ligation or even partial resection. Unfortunately,
this feature is lost in a few days after birth, although lower ver-
tebrates as zebrafish or newt, retain this ability until adulthood.
Therefore, the mammalian cardiomyocyte withdraw from the cell
cycle seems to be the biggest barrier for the regeneration in adult
organisms. Hence, the analysis of the mechanisms that guide this
transition in the neonatal life may be employed to awake the dor-
mant regenerative potential of the heart. In this paper the recent
findings on the neonatal heart regeneration have been presented.

1. Introduction

The multicellular organism needs to exchange the worn out or damaged cells in an
attempt to maintain function of its organs. Some of the cells within the body, like the
keratinocytes of the skin, which replace the layers of epidermis or the hematopoietic
cells from the bone marrow, which renew different blood cell types, continuously
divide in the process referred to as physiological regeneration. On the other hand,
there are tissues which proliferate only in the case of injury, for example, hepatocytes
divide in order to replace the damaged or resected liver and bone heals itself after
fracture. Unfortunately, the heart is one of the organs in the body that is unable
to regenerate. For this simple reason, the heart diseases, in particular myocardial
infraction, are one of the major causes of death in our society.

Potentially, the cardiomyocytes (CMs) possess all the information needed to re-
store the damaged structures in the heart. Although, the CMs intensively proliferate
during the embryonic stage of development and in the newborn organisms, however,
for some reason, they lose this useful capacity shortly after birth. If we discovered
the mechanisms that restrict CMs proliferation and guide their maturation processes,
we could try to suppress them in order to prevent heart failure after injury.
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2. The characterisation of the intrinsic regenerative capacity of

the heart

2.1. The cardiomyocyte turnover

It was long believed that the CMs did not divide, however, they have a small self-
renewal capacity , though it is very challenging to accurately estimate its rate. The
standard methods used for this purpose rely on the incorporation of radiolabeled or
halogenated DNA base analogues during replication. However, the small turnover
of the CMs requires prolonged exposure to these substances, which are toxic and
might have direct biological effects, makes them inapplicable. What is more, the fact
that the stromal cells (non-cardiomyocyte cells) of the heart have a greater turnover
compared to that of the CMs, makes the measurements even more difficult.

The most recent research which assesses the rate of the CM proliferation omits
the mentioned drawbacks by using multi-isotope imaging mass spectrometry (MIMS).
This methods combines ion microscopy and mass spectrometry in order to produce
high-resolution quantitative mass images and it allows to analyse the atomic com-
position of these images. The greatest advantage of this method is the possibility
to use non-radioactive stable isotopes as tracers. The increase of the ratio between
the rare heavy isotope of nitrogen 15N, that can be delivered as [15N] thymidine, and
the normal isotope 14N above the naturally occurring ratio of 0.37 %, indicate DNA
synthesis and cell division (Senyo et al., 2013).

The MIMS method has been used for age-related cell cycle activity assessment.
In this research three groups of mice at different ages: 4-day-old neonates, 10-week-
old (young adult) and 22-week-old (old adult) have been administered with [15N]
thymidine for 8 weeks whereupon the number of the 15N labelled nuclei (15N+ CM)
was estimated. The result showed that the number of the 15N+ CM increased by
1.00%±0.05%, 0.015%±0.003% and 0.007%±0.002% per day accordingly for newborn,
young adult and old adult animals. The results are consistent with the fact that the
heart cells intensively proliferate during postnatal development and the CM turnover
declines with age (Senyo et al., 2013).

It is worth mentioning that the CMs can undergo DNA synthesis without going
through mitosis. This usually results in polyploidization and hypertrophy of the CMs.
However, in the described research the number of the mononucleated diploid 15N+ CM
was ten times higher than the number of the surrounding 15N CM, which indicates
the ongoing karyokinesis and may reflect cell division (Senyo et al., 2013).

2.2. Stem cells or cardiomyocytes?

One of the key questions concerning heart regeneration regards the source of cells that
contribute to this process. The answer has been brought by the elegant fate-mapping
experiment, which uses inducible Cre-loxP recombination. In this experiment dou-
ble transgenic mice were generated by crossing mice carrying Cre gene under the
cardiomyocyte-specific α-myosin heavy chain (Myh6 ) promoter with mice carrying a
reporter gene as e.g. LacZ or GFP, under a ubiquitous, constitutive promoter. The
Mer sequences that flank the Cre gene allow for the induction of the Cre recombinase
expression by 4-OH-tamoxifen. The Cre recombinase removes the loxP-flanked LacZ
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gene and switches the expression of GFP in the CMs.

After tamoxifen treatment about 80% of the CMs turned GFP+ and the rest
remained LacZ+. If the CM replenishment during aging or after injury was driven by
some kind of progenitor cells, then this proportion would change in favour of LacZ+

cells. It turns out that this proportion remains the same during ageing, however,
after injury it changes to 65:35 at the injury margin. This experiment indicates that
although non-cardiomyocyte cells can contribute to regeneration, it is mostly driven
by the pre-existing CMs (Hsieh et al., 2007).

2.3. The neonatal heart regeneration

Although the CMs in the heart clearly possess some limited proliferation ability, it
is insufficient to restore heart’s function in case of injury. Unlike the adults, the 1-
day-old neonates are able to regenerate heart after resection of the left ventricular
apex (Porrello et al., 2011b) and coronary artery ligation (Porrello et al., 2013). In
approximately 3 weeks, the injured structures are replaced by the normal heart tissue
and the heart’s contractile functions seem to be normal as well. The fate-mapping
experiments have shown that this regeneration process is driven, not by the remaining
stem cell population, which could be possible in the neonates, but by pre-existing CMs
divisions. Unfortunately, the heart’s capability for regeneration diminishes shortly
after birth and 7-day-old mice heal such injuries with scar. It means that some
mechanism that restricts CM division must be activated shortly after birth.

During the first week of life the rodent heart undergoes a number of physiological
changes. The small mononucleated CMs of newborn animals go through one final
round of DNA replication and karyokinesis and become adult two-nucleated cells that
withdraw from the cell cycle (Walsh et al., 2010). The further growth of the organ is
accomplished by the growth of the existing cells. Although the molecular mechanism
which regulates CMs cell cycle arrest remains largely unknown, the important role
is played by miRNAs. The miRNAs are short, non-coding RNAs that regulate gene
expression on the post-transcriptional level by binding to the target mRNA, what
leads to either its degradation or the inhibition of translation. The miRNAs from
the miR-15 family are highly induced in the heart shortly after birth and it has been
shown that they regulate a number of cell cycle controlling genes. The overexpression
of miR-15 family members in transgenic mice during gestation, results in a congenital
heart abnormalities, including ventricular septal defects, reduced weight and weight
to body ratio (Porrello et al., 2011b). What is interesting, the inhibition of these
miRNA by antisense oligonuclotides increases CMs proliferation and improves heart
regeneration in adult mice after myocardial infarction (Porrello et al., 2013).

Another important mechanism include a homeobox transcription factor Meis1,
the expression of which rises in the first days of life. Meis1 has been shown to up-
regulate a number of cyclin dependant kinases inhibitors, including p15 (Ink4b), p16
(Ink4a) and p21 (Cdkn1a), which have been established as the potent regulators of
cell cycle progression. What is important Meis1 deletion in the mouse extended
the proliferation ability of CMs until adulthood and no deleterious effects have been
reported (Mahmoud et al., 2013).
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3. Concluding remarks

It turns out that the heart regeneration might be achieved by the suppression of the
mechanisms that inhibit CM cell cycle progression. The possibility of the pharma-
cological stimulation of the CM cell cycle activity has been examined using various
signalling proteins: periostin, fibroblast growth factor-1 and neuregulin-1. All these
factors have been shown to have a beneficial effect on heart function after injury and
scar shrinkage (Laflamme and Charles E., 2011). Moreover, the heart regeneration
might be achieved through administration of the particular miRNAs: miR-590 and
miR-199a (Eulalio et al., 2012). Although we have to wait for the implementation of
this research in clinic, we may have hope that in the future, heart injuries will not be
such a serious threat to our life.
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