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Abstract
Cardiovascular disease (CVD) remains the most common cause of death worldwide. Unhealthy lifestyle 
choices promote an upward trend of primary risk factors for CVD. As a result, novel methods of treat-
ment are required. The myocardium itself could serve as a source of treatment, via resident cardiac 
progenitor cells (CPC). A brief overview of current studies and findings related to the potential of diffe-
rentiation of CPCs to form mature cardiomyocytes (CM) and thereby heal damaged myocardial tissue, as 
well as implications of these findings for further research areas and possible treatments, is offered. Also 
investigated is the possible role of CM cell reprogramming, cardiac fibroblasts and signalling molecules 
in treatment of CVD.
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Introduction
CVD is the most prevalent mortality type world-

wide, with an approximate 31% of deaths related to 
some form of CVD in 2016 [1]. In addition, it is es-
timated in Europe that CVD is the cause of 45% of 
deaths per year [2]. Two of the main risk factors in 
development of cardiovascular disease are obesity, 
stemming from poor diet, lack of physical activity, 
and smoking. These lifestyle choices can lead to hy-
pertension, high blood cholesterol, atherosclerosis, 
all increasing likelihood of CVD.

The World Health Organisation (WHO) reports 
that over 10% of the population are now character-
ised as obese, including 124 million children, with 
trends showing a total increase of 2/3-fold since 
the 1970s [3]. Tobacco use, conversely, has been 
decreasing steadily since the beginning of the 21st 
century, with an estimated 0.38% lower global use 
between 2010 and 2015, in line with a treaty (WHO 
Framework Convention Tobacco Control) adopted in 
2005 by 168 countries to tackle the issue. However, 
in 2015 20.2% of the population still smoked tobac-
co, including 29.9% of Europeans [4]. These surveys 
show that CVD, developing from poor health due to 
lifestyle, will continue to be a key health issue glob-
ally for decades to come. As a result, new methods 
and treatments for dealing with CVD are paramount 
to decreasing global deaths due to the condition.

The most common type of death related to CVD is 
that of ischaemic (or coronary) heart disease (CHD), 
which can lead to myocardial infarction and subse-
quent damage of cardiomyocytes . Cardiac stem cell 
therapy offers novel treatment methods where resi-
dent cardiac progenitor cells may allow regeneration 
of damaged cardiac tissue. Upon implantation, stem 
cells may trigger resident progenitor cells. These 
CPCs, upon activation, can differentiate into new car-
diomyocytes or endothelial cells [5]. Notably, most of 
the benefits from these treatment methods are indi-
rect, in that the implanted cells only make up a small 
percentage of new cardiomyocytes and blood vessels 
formed [6]. Thus, intercellular signalling may play 
a vital role in stem cell implantation. Exosomes are 
extracellular vesicles which constitute a key compo-
nent of stem cell therapy, which is a form of paracrine 
signalling, where the exosomes transport key mole-
cules from donor to recipient cells [7].

Although there is great potential for these treat-
ment methods, there are many obstacles still to be 
overcome. For example, there remains a debate in 
the field regarding the potential of resident CPC’s to 
differentiate into cardiomyocytes in the adult mam-
malian heart. A recent study demonstrated the con-
version of non-myocyte to myocyte in the embryo, 
but not in adult myocardium [8]. As the adult heart 
is resistant to endogenous repair and shows limited 
potential for self-renewal and regeneration, a better 
understanding of the mechanisms, signalling path-
ways and different cell types involved is necessary to 
develop effective treatments [5].

Recent studies on the potential of cardiac 
progenitor cells and cardiac stem cell 
therapy: A highlight of different approaches 
to the problem
Cardiac Progenitor Cells

Several distinct types of CPCs have been identi-
fied by their unique cellular markers, such as c-Kit+, 
Sca-1+, Islet-1+, cardiosphere-derived cells, the side 
population, epicardium derived cells and c-CFU-Fs 
[9]. A small number of key studies and clinical trials 
have set the groundwork for modern research areas 
in CPC treatments.

The SCIPIO (Stem Cell Infusion in Patients with 
Ischemic CardiOmyopathy) trial published in 2011 
demonstrated that c-kit+ cells, when infused in pa-
tients with post infarction left-ventricular dysfunc-
tion, could significantly improve heart health, even a 
year after treatment. As well as reporting no adverse 
effects in patients following treatment, SCIPIO high-
lighted that endogenous stem cells of the heart could 
be isolated and expanded from a small amount of my-
ocardium harvested during heart surgery [10].

The CADUCEUS (CArdiosphere-Derived aUtologous 
stem CElls to reverse ventricUlar dysfunction) trial in 
2012 was an investigation to determine efficacy of 
treating myocardial infarction with cardiosphere-de-
rived stem cells (CDCs) in patients vs. standard care. 
The results suggested that CDCs were a safe and effec-
tive treatment option, and played a role in increasing 
viable myocardial tissue, possibly through paracrine 
signalling. Although improvement of heart health 
via significant loss of scarred tissue was reported, 
there was no notable increase in left ventricular ejec-
tion fraction. Regardless, this form of treatment was 
shown to increase heart health significantly better 
than c-Kit+ and bone marrow-derived stem cells [11].

A 2013 study claimed that c-Kit+ cells held the po-
tential for differentiation into CMs and subsequent 
proliferation and healing of the myocardium [12]. 
In contrast, a 2015 study demonstrated that C-kit+ 
cells were endothelial progenitor cells and not CPCs 
[13]. In 2018, it was also concluded that Sca-1+ cells 
were not CPCs [14].  Cardiosphere-derived cells have 
shown some promise to improve cardiac health fol-
lowing injury, however, no studies have demonstrat-
ed convincing differentiation of these progenitor 
populations into mature cardiomyocytes [8,15].

Paracrine factors; small signalling molecules and 
growth factors
Exosomes

Paracrine cell signalling involving exosomes 
plays a key role in the interaction between donor 
and recipient cells upon implantation [16]. This 
form of intercellular communication allows hori-
zontal transfer of genetic information between 
stem and resident adult cells via extracellular vesi-
cles. Several studies have demonstrated that the ex-
osomes of cardiac cells may be vital to their capacity 
for renewal [6,17].
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Recent studies have shown that CPC exosomes 
(CPCe) and bone marrow derived mesenchymal 
stem cell exosomes (BMCe) can both promote angi-
ogenesis [6,18]. Injection of CPCe into the heart fol-
lowing induction of myocardial infarction in rats re-
sulted in a larger capacity for healing and improved 
function when compared with BMCe or control. It 
is hypothesised that BMCe offer less protection 
against oxidative stress than CPCe, which are also 
associated with higher levels of proteins such as 
PAPP-A, a protease which releases IGF-1 (known to 
have a cardioprotective role) [6]. Important to note 
is the finding that exosomal cargo can be manipu-
lated by changing parental cellular conditions, for 
example, inducing hypoxia.

Retinoic acid
A recent study suggests that retinoic acid (RA), as 

well as being crucial for guiding correct development 
of the embryo via intercellular signalling, may also 
play a role in cardiac repair. Retinoic acid receptor 
(RAR) agonists were shown to be potent proliferators 
of CPCs [19]. Importantly, new CPCs formed main-
tained their progenitor phenotype. All-Trans Retinoic 
Acid (ATRA) and AM580 were 2 RAR agonists iden-
tified and shown to increase proliferation of induced 
pluripotent stem cell derived - CPCs. Additionally, the 
ATRA compounds did not increase proliferation of 
terminal cardiac cell types [19]. Whether ATRA and 
AM580 hold therapeutic value in future treatments 
remains to be investigated. A previous study demon-
strated the importance of RA in heart health by not-
ing that blocking signalling of this molecule in chick 
embryo myocardium inhibited cardiomyocyte pro-
liferation. It was suggested that erythropoietin and 
retinoic acid work in tandem to regulate signalling in 
the developing heart [20].

Insulin Growth Factor-1
Low blood levels of IGF-1 have been shown to cor-

relate with poor heart health and death of CPCs. IGF1 
treatment was shown to improve cardiomyopathy, 
decreasing apoptosis, restoring heart metabolism 
and cardiac gap junctions [21]. It is believed that by 
upregulation of the Akt pathway (shown experimen-
tally by the pAkt/Akt ratio), IGF-1 is cardioprotective 
and promotes survival and differentiation of CPCs. In 
vitro, treatment of pig CPCs with IGF-1 had potential 
to reduce adverse cardiac remodelling and promote 
regeneration of the myocardium [22].

Cardiomyocyte renewal and the cell cycle
Control of the cell cycle and RNA interference

Suppressing cell cycle inhibitors may promote 
cardiomyocyte proliferation potential. Specifically, 
downregulating Retinoblastoma1 (Rb1) and Meis 
Homeobox 2 (Meis2), via small interfering (si)RNA’s, 
induced proliferation of CMs in rats and human cell 
models and had a positive effect on heart health and 
improved wound healing [23].

The in vivo experimental methods involved siR-
NA-infused hydrogel injection to the myocardium 
following ischaemic heart injury in rats. Interesting-
ly, separate inhibition of either of these genes did 
not result in significant proliferation. Additionally, 
control injections of hydrogel alone without siRNAs 
still offered a small degree of cardio-protection, 
suggesting that intracardiac injection of biological 
materials following acute myocardial injury may 
have some small therapeutic benefits. The results 
of RT-PCR, Western Blot and immunohistochemical 
analysis together suggested a site-specific induc-
tion of CM cell cycle re-entry, keeping the potential 
low for off-site pathogenic effects such as unintend-
ed hyperplasia [23]. Previous attempts to induce 
re-entry of CMs into the cell cycle have resulted in 
heart dysfunction. Notably, the hydrogel technology 
holds promise as a new delivery method for donor 
stem cells [24].

Although the results of this experiment highlight 
a potential treatment for ischaemia, it is important 
to note that the number of new cardiomyocytes 
formed is still too low to effectively replace dam-
aged myocardium.

Four cell cycle regulators (CDK1:CCNB and CD-
K4:CCND complexes) and subsequent intramyocar-
dial delivery induced cardiomyocyte proliferation 
in vivo with an efficiency of over 15%. Similarly, car-
diomyocytes’ stimulated re-entry into the cell cycle 
promoted mitosis and increased cardiac health sig-
nificantly. The same study suggests that use of Wee1 
and TGFβ inhibitors may prevent inactivation of en-
dogenous CDK1:CCNB complexes and thus remove 
the need of delivery of these compounds [25].

MicroRNAs are a class of non-coding RNA found 
to regulate gene expression post-transcriptionally.  
The cluster miR 302-367, previously shown to be 
connected to regulation of CM proliferation in the 
adult heart, was demonstrated to significantly in-
crease CM proliferation after delivery via hydrogel 
injection. Overall heart health increased when com-
pared with controls demonstrating that delivery of 
relevant biomaterials, without implantation of stem 
cells, could play a key role in future therapeutic op-
tions [26,27].

Hypoxia
Hypoxia was shown in 2012 to upregulate Pax7 

and downregulate MyoD, encouraging self-renewal 
and reducing differentiation of muscle progenitor 
cells. As a result, these satellite cells are maintained 
in an undifferentiated state [28]. As previously 
mentioned, hypoxic injury to cardiomyocyte cells 
may trigger paracrine factors to induce prolifera-
tion of CMs. 

Hypoxia is known to reduce CM proliferation 
in the hearts of developing rats [29,30]. A popula-
tion of hypoxic cardiomyocytes in transgenic mice 
improved CM proliferation in the adult heart, sug-
gesting that hypoxic cell signalling plays an impor-
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tant role in CM cell cycling [31]. It is possible that 
induction of CM proliferation may be based on de-
velopmental stage of cells [30,32,33]. The changing 
effects of hypoxia on CMs across developmental 
stages may be linked to changes in structure and 
composition from embryo to adult [33]. By reducing 
presence of reactive oxygen species, hypoxia may 
benefit CM proliferation [32].

Hypoxic  mesenchymal stem cells, upon implan-
tation, had a reversal on cardiac fibrosis via preven-
tion of fibroblast to myofibroblast transition [34].

Cardiac Fibroblasts and Resident Immune Cells
Cardiac fibroblasts (CF) constitute a cell popula-

tion known to play a role in repair and regenera-
tion of cardiomyocytes, for example, in myocardial 
remodelling following injury. CF are the most popu-
lous cell type in the heart, surrounding myocardial 
layers and providing support to cardiac develop-
ment, function, and structure via synthesis of extra-
cellular matrix components.

Contrary to CMs, CFs have large capacity for 
proliferation and thus play a key role in the repair 
process of the heart, mounting an inflammatory re-
sponse along with immune cells and subsequent re-
pair via fibrosis. Because CMs hold such low poten-
tial for self-renewal, the remodelling of myocardial 
tissue by fibrosis following injury is inadequate to 
maintain heart health.

Although resident cardiac immune cells have 
been shown to contribute to inflammation and fi-
brosis, in general they are believed to have a mini-
mally inflammatory role and promote angiogenesis 
[35]. Better understanding of the interactions be-
tween CMs, CFs and immune cells following acute 
injury is important to guide future research [36].

Because cardiac fibroblasts represent a heter-
ogenous population with no specific cell markers, 
they are among the least characterised cell types 
relevant to heart health [37]. Although adult CFs 
promote cardiomyocyte hypertrophy, it has been 
shown that embryonic CFs contribute to prolifera-
tion of CMs through paracrine signalling [38].

Previous experiments  demonstrate that overex-
pression of specific transcription factors, (Gata4, 
Mef2c and Tbx5) reprogram cardiac fibroblasts into 
mature cardiomyocytes [39,40]. These 3 transcrip-
tion factors co-operate in activating cardiac gene 
expression and promoting CM differentiation.

Twist-2 Transcription Factor and Twist2 
Expressing Cells (TEC)

Twist transcription factors act as regulators of cell 
fate across organisms. In mice, a population of cells 
expressing Twist2 (TEC) were shown to contribute 
to the development of new cardiomyocytes, endothe-
lial cells and fibroblasts using lineage tracing tech-
niques. Notably, this cell type may be able to induce 
proliferation by fusion with existing cardiomyocytes 

[41]. It is believed that this TEC cell type may play 
a pivotal role in maintenance of cardiac function, al-
though more research in the area is necessary. 

Possible future areas of study involving 
cardiomyocytes and resident progenitor cells

All cell types of the heart appear to play an impor-
tant role in cardiac repair, such as fibroblasts, car-
diomyocytes, resident CPCs and immune cells. Re-
cent discovery of Twist2 expressing cells affecting 
CM proliferation highlights a lack of understanding 
and characterisation of all cell types involved. Evi-
dence indicates that small signalling molecules and 
growth factors may also have an important role in 
regulation of CPC proliferation.

Whether the most promise for treatment of car-
diovascular disease lies in triggering proliferation 
of CMs, CFs, resident CPCs, a combination of these 
techniques, or some other avenue remains to be in-
vestigated. Cardiomyocytes, by induced re-entry into 
the cell cycle, may undergo mitosis and contribute to 
new myocardial tissue. Resident CPCs may be treated 
with small signalling molecules to induce prolifera-
tion. Whether these CPCs differentiate into mature 
CMs in the adult heart is a topic of current debate.

After implantation, incorporation of the donor 
cells via sustained engraftment and correct electric 
coupling is necessary. Studies have shown that less 
than 10% of implanted stem cells survive more than 
4 weeks [42]. A better understanding of cellular sig-
nalling may reveal methods to improve this treat-
ment area. Improved technologies may hold poten-
tial for new delivery methods of donor cells e.g. via 
hydrogel [24].

Other treatment options with potential for effec-
tive heart repair include manipulation of exosomal 
cell signalling by changing cellular conditions (e.g. 
by inducing hypoxia), manipulation of gene expres-
sion through RNA interference, or lineage repro-
gramming of cardiac fibroblasts to CMs via tran-
scription factors.

A combination of the above-mentioned methods 
could prove the most effective treatment option for 
cardiovascular disease within grasp of current tech-
nologies. Future studies could highlight novel ther-
apeutic options with improved success rate, lower 
risk to patients, and reduced costs.

Unanswered Questions - A summary of areas 
where more study is required, including identified 
gaps in knowledge in the literature, conflicting 
studies and ongoing debates

Annual cardiomyocyte turnover in the adult 
heart is reported to reduce from 1% at age 25 to 
0.45% at age 75 [43]. Before treatments involving 
inducing CM proliferation can be implemented, a 
comparative analysis of the potential of siRNAs, 
miRNAs and transcription factors to induce prolif-
eration must be gathered [44]. Rate of proliferation 
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induced must be accurate to avoid possibility of 
heart dysfunction, taking into account the nature of 
the particular heart (ie. an adolescent’s heart vs. a 
75-year old’s heart).

An understanding of the effects of inducing hypox-
ia in the heart to stimulate proliferation is required. 
The effects of hypoxia on the myocardium are known 
to be linked to the developmental stages of the or-
ganism. Further study is required to uncover poten-
tial of a possible therapeutic treatment [30,33].

A standardized/optimal method of isolating and 
purifying exosomes from cells of interest is yet to 
be achieved [7,45]. It has been suggested that the 
capacity for CPCs to heal the damaged myocardium 
may be related to exosomal signalling [17,46]. Ma-
nipulation of these extracellular vesicles may offer 
an alternative, or complementary treatment to im-
plantation. Exosomes may also serve an important 
use as biomarkers of disease [47].

Differentiation of CPCs into CMs
Identification of intracellular markers of CPCs 

and CMs is required to study and determine the na-
ture of cell lineage and proliferation of CMs in the 
adult heart.A summary of discovered progenitor 

cell types associated with the heart and their prop-
erties is presented in table 1. 

There are ongoing debates related to definitions 
of cell lineage in cardiac stem cells. Originally be-
lieved to have no capacity for self-renewal due to 
mature cardiomyocytes’ exit from the cell cycle, the 
heart is now believed to be residence to several dif-
ferent populations of stem or progenitor cells, with 
the potential for cardiac repair [48]. These cells are 
speculated to originate from a single cardiac stem 
cell type, and the different populations to represent 
different physiological stages of the parent stem cell 
[49]. However, the exact source of these resident 
progenitor cells have not been discovered.

Recently, doubt has been cast over the possibility 
of a single cardiac parent stem cell type [13]. The 
potential of CPCs to differentiate into new cardio-
myocytes is limited to early development of the em-
bryo and is minimal in the adult heart, suggesting 
that any new cardiomyocytes formed in the adult 
heart are derived from other cardiomyocytes [8].

To summarise, optimising treatments for CVD to 
maximise angiogenesis and cardiomyocyte prolifera-
tion, minimise fibrosis and diverse myocardial remod-
elling, may involve cell types including CPCs, CMs, CFs 

CPC 
POPULATION SPECIES ASSOCIATED CELL 

LINEAGES CELLULAR MARKERS REFERENCES

c-Kit+ Human, mouse, 
rat, dog, pig Endothelial

c-Kit+, CD34-, CD45-, Sca-1+, 
Abcg2+, CD105+, CD166+, 
GATA4+, NKX2-5+/-, MEF2c+

[9] [47]

Sca-1+ Mouse Endothelial, Smooth 
muscle

Sca-1+, CD105+, CD34-, CD45-
, FLK1-, c-Kit+/-, GATA4+, 
NKX2-5+/-, MEF2C+

[9] [47]

Epicardium-deri-
ved cells Human, mouse Mesenchymal, fibroblast, 

smooth muscle
CD34+, c-Kit+/-, CD44+, 
CD90+, CD105+, CD46+ [9] [47]

Cardiosphere-de-
rived cells

Human, mouse, 
rat, dog, pig

Cardiomyocytes, endothe-
lial, smooth muscle

CD31+, CD34+, c-Kit(low), 
Sca1+, CD45+, CD105+, 
Abcg2+

[9] [47]

Islet-1+ Mouse, rat, 
human

Second heart field, Cardiac 
neural crest

Isl-1+, CD31-, Sca-1-, c-Kit+/-, 
GATA4+, NKX2-5+ [9] [47]

Side Population 
Cells Mouse, rat Cardiomyocyte, fibroblast, 

endothelial, smooth muscle
CD34+, CD45+, Abcg2+, Sca-
1+, c-Kit+, NKX2-5-, GATA4- [9] [47]

Cardiac colony 
forming unit 
fibroblasts

Mouse Mesenchymal
PDGFR-a+, Sca-1+, CD31-, 
CD90+, c-Kit(low), CD45-, 
FLK1-, CD44+, CD29+, CD105+

[9] [47]

TABLE 1 Summary of Distinct CPC populations. List of CPCs discovered, species cell type identified in, cell lineages asso-
ciated with cell type, cellular markers defining unique cell type, literature used to gather information
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and resident immune cells, as well as small signalling 
molecules such as exosomes and growth factors. Fur-
ther study into the interactions and signalling mecha-
nisms of these cell types and molecules is necessary.

Conclusions
Cardiac stem cell therapy offers a potentially 

cheaper, safer and more effective treatment option 
than current therapies. CVD is still the number one 
cause of death worldwide, and it will remain an 
important issue for study to improve world-wide 
health standards. However, novel treatment meth-
ods for cardiac disorders derived from stem cell re-
search are not yet within reach, due to the compli-
cated nature of cell lineages in the heart.

More experiments investigating the nature of 
cardiac progenitor cells and their role in cardiac 
repair are vital to improving human health. Wheth-
er non-myocyte differentiation into myocyte cells 
in the adult human heart is possible remains con-
troversial, providing obstacles for future research. 
Additionally, recent studies have highlighted the 
important roles of small signalling molecules and 
growth factors in repair of damaged myocardium. 
Further studies in this area may highlight viable al-
ternatives to stem cell implantation, such as deliv-
ery of biomaterials via hydrogel injection. The role 
of hypoxia in proliferation of CMs and paracrine 
signalling is not fully understood and should be ex-
plored  to possibly expand treatment options.

It is possible that a combination of different treat-
ment methods from those noted above, may lead to 
vast improvements in cardiac therapy, through de-
velopment of the ability to manipulate and increase 
the capacity of the human heart for self-renewal.
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