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�Introduction

Cardiovascular disease is one of the leading causes of death in the world. According 
to the report published by the American Heart Association, out of an estimated 54 
million deaths throughout the world in 2013, cardiovascular diseases contributed to 
17.3 million (31.5%) deaths, with ischemic heart disease being the most common 
cause [1]. As such, there is an urgent need to address this problem.

The left ventricle of an adult human heart contains around two to four billions 
cardiomyocytes (heart muscle cells). When a person suffers from cardiovascular 
diseases such as myocardial infarction (MI), as much as one billion of his/her car-
diomyocytes die within a few hours [2]. Adult cardiomyocytes are known to have 
poor proliferation capability, meaning that they possess poor ability to generate new 
cells to replace the lost cardiomyocytes. Hence, subsequent healing of the heart 
post-MI mainly takes place through scar formation rather than muscle regeneration. 
This eventually results in the loss of heart muscle strength and over time, when 
more and more cardiomyocytes are lost without new ones being regenerated, the 
patient will eventually develop heart failure.

In some cases, cardiac transplantation is performed as a last resort; however 
patients who are in need of transplantation far outnumber the available donors. 
Furthermore, there is always a risk of organ rejection posttransplantation by the 
recipient’s immune system. With this in mind, researchers around the world have 
focused on alternative therapeutic methods that are capable of preventing the pro-
gression of cardiovascular diseases. This can be achieved either by preventing the 
death of cardiomyocytes or by regenerating the lost cells. This chapter focuses on 
the latter, specifically on myocardial regeneration by means of differentiation of 
stem cells and other modified cell types as shown in Fig. 9.1.
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�Pluripotent Stem Cells

�Pluripotent Stem Cells for Cardiomyocyte Regeneration

Stem cells are defined by their capacity to maintain their undifferentiated state while 
proliferating, but are also capable of differentiating into various cell types when 
necessary. Pluripotent stem cells (PSCs) are able to differentiate into different cell 
lineages, including cardiac cell lineage, and are one of the most promising candi-
dates among various stem cell sources for cardiac regeneration [3]. Embryonic stem 
cells (ESCs) and induced pluripotent stem cells (iPSCs) are two main PSCs that 
have been extensively investigated for cardiac regeneration.

ESCs are derived from the inner cell mass of a blastocyst. These pluripotent 
cells can be directly differentiated into the desired cell types from any lineages. 
Following the isolation of the inner cell mass, a blastocyst is destroyed and is there-
fore not able to develop into an embryo (human or murine). This has led to contro-
versies concerning the ethical issues of using human embryo for stem cell research.

Unlike ESCs, iPSCs are derived from somatic cells, such as fibroblasts or 
peripheral blood. These terminally differentiated cells can regain their pluripo-
tency by undergoing a reprogramming process, through the introduction of several 
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Fig. 9.1  General overview of the cell sources used for cell-based regenerative therapy reviewed 
in this chapter: (1) pluripotent stem cell-derived cardiomyocytes, (2) cardiac progenitor cells, (3) 
adult stem cells, (4) proliferative immature cardiomyocytes, and (5) cardiac fibroblast-derived 
cardiomyocytes

R. P. Prajnamitra et al.



175

transcription factors that are important for pluripotency [4–6]. In their seminal work 
published in 2006, Yamanaka and associates successfully reprogrammed mouse 
fibroblast to iPSCs by using a cocktail of four transcription factors, Oct3/4, Sox2, 
c-Myc, and Klf4 [5]. In the years that followed, many other groups also reported 
successful reprogramming of human somatic cells such as dermal fibroblasts [6–8], 
peripheral blood cells [9–12], and keratinocytes [13, 14] to iPSCs by using various 
combinations of transcription factor cocktails. The resulting reprogrammed pluripo-
tent cells are highly similar to ESCs [15] and can subsequently be differentiated into 
the desired cell types from any lineages. One obvious advantage of iPSCs compared 
to ESCs is that they do not involve isolation of cells from an embryo and therefore 
circumvent the aforementioned ethical issues.

Aside from circumventing the ethical issue posed by using ESCs, another advan-
tage of using iPSCs as an alternative is the clinical advantage. It is well known that 
patients who undergo organ transplantation are at risk of rejection from their own 
immune system. Similarly, there is a high risk that the transplanted ESC-derived 
cells are rejected by the patient’s immune system [16]. Since iPSCs can be derived 
from patient’s own somatic cells, patient-specific iPSCs can be generated. Together 
with the aid of immunosuppressant drugs, the risk of rejection by the patient’s 
immune system should be reduced when transplanting autologous iPSC-derived 
cells [16, 17].

PSCs are able to differentiate into many types of cells including cardiomyo-
cytes. However, poor differentiation and purification of desired cells in culture may 
result in PSCs differentiating into unintended cell types. If undifferentiated PSCs 
are transplanted along with differentiated cells, then they may lead to teratoma for-
mation. Efficient differentiation and purification of target cells from unwanted ones 
are crucial in avoiding the potential formation of teratomas or other types of cancer.

�Differentiation of PSCs to Cardiomyocytes and Their Maturation

Both ESCs and iPSCs are capable of differentiation into many types of cells from 
various lineages, including cardiac lineage. In order to achieve this, there are sev-
eral important stages that PSCs have to undergo and several important growth fac-
tors that have to be administered during the differentiation. There are two most 
commonly utilized methods for differentiating cardiomyocytes from human PSCs 
(hPSCs), namely, embryonic body (EB) formation and monolayer culture during 
the initial stages of PSC differentiation. Either of these strategies lead to the induc-
tion of mesoderm which can then be stimulated to cardiac specification and cardiac 
maturation.

In order for the cells to achieve each of these stages, specific conditions and 
growth factors are needed, and these have been reported by various groups [18–24]. 
EB can be formed by culturing hPSCs in StemPro34 culture medium [19–21]. On 
the other hand, monolayer culture is achieved by culturing them in mTeSR1 or 
MEF-conditioned (mouse embryonic fibroblast conditioned medium, CM) cul-
ture medium which is then replaced with Roswell Park Memorial Institute (RPMI) 
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medium containing B27 supplement [22, 23]. Either EB or monolayer PSC cul-
ture then undergoes mesoderm induction through treatment with WNT activator/
GSK3-beta inhibitor such as CHIR99021 or by combination Activin A/BMP4 [19, 
20, 22, 23]. The culture media is largely not changed to allow for the accumula-
tion of secreted growth factors. After mesodermal differentiation has been induced, 
inhibitors of WNT signaling such as IWR-1 or IWP-4 are then added to direct speci-
fication toward cardiac differentiation [21, 23]. Finally, factors that promote cardiac 
differentiation such as VEGF, FGF2, or small molecule triiodothyronine [19–21, 
24] are added to enhance the yield of cardiomyocytes.

One of the limitations in using PSC-derived cardiomyocytes (PSC-CMs) for car-
diac repair is their immaturity. These cells tend to exhibit the phenotype of fetal cells 
rather than adult cells. This is to be expected, as adult cardiomyocytes in the human 
body have undergone years of maturation. In contrast, newly differentiated PSC-
CMs have only undergone a few weeks of maturation [25]. Some of the character-
istics, among others, that can be used to differentiate immature and mature cells are 
size, shape, alignment, resting membrane potential, and metabolic substrate [25, 26].

Immature PSC-CMs are small and round-shaped, have disorganized sarco-
meres, and possess a resting membrane potential of about −60  mV [25]. They 
rely on glucose and glycolysis as their main metabolic substrate and metabolism 
pathway, respectively [26]. When cardiomyocytes mature, they become larger and 
rod-shaped, with highly organized sarcomeres and a resting membrane potential of 
about −80 to −90 mV [25]. Their oxidative ability increases as they mature, and 
therefore, mature cardiomyocytes tend to use fatty acid as their main metabolic 
substrate and hence the β-oxidation as their metabolism pathway [26].

Transplantation of immature PSC-CMs may result in arrhythmia (irregular 
heartbeat) and less efficient contraction [24], and therefore, maturation should be 
achieved either prior or shortly after transplantation to ensure patient’s safety. There 
are several ways to promote the maturation of PSC-CMs, such as treating with small 
molecules (triiodothyronine) [24], co-culturing cardiomyocytes along with non-
cardiomyocytes such as endothelial cells, or electrical and mechanical stimulation 
[25, 27, 28]. These methods work synergistically to enhance the electrophysiologi-
cal and mechanical maturation of cardiomyocytes [24, 28].

Alignment of cardiomyocytes is also an important issue, as immature PSC-CMs 
tend to be disorganized. One study proved the importance of alignment by culturing 
cardiomyocytes and endothelial cells aligned and nonaligned nanofibrous electro-
spun patches [29]. The resulting aligned and nonaligned patches were transplanted 
on rats with MI hearts. It was found that the cardiac function of the hearts treated 
with aligned patches was improved. On the contrary, hearts treated with nonaligned 
patches deteriorated after the implantation [29].

�PSC-CMs in Regenerative Cardiac Therapy

One of the most common methods to deliver PSC-CMs to the heart is through direct 
intramyocardial injection. This is usually performed using cells enclosed within a 
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biomaterial scaffold, such as Matrigel® or collagen, to help retaining the cells in the 
heart. Over time, the cells secrete extracellular matrices, promoting the formation of 
cell-cell connection, while the biomaterial scaffold slowly degrades. In the end, bio-
material-free cells are engrafted and transplanted to the heart. Although the scaffold 
helps in ensuring the retention, it does not provide the support for the cells to form con-
nections with the host cardiomyocytes. Therefore, this may result in poor engraftment 
as the individual cells will have to form the connections with host cardiomyocytes.

In order to optimize the engraftment of stem cells onto the heart, investigators 
have embedded cells onto a sheet of polymer scaffold, and the resulting construct is 
then transplanted [3, 30]. This transplantable scaffold technology enables the reten-
tion of cells without relying on enzymatic digestion [30] and ensures long-term 
engraftment of cells on the heart. Studies have been performed whereby murine 
ESC cardiomyocyte (mESC-CM) cell sheets were transplanted in rats with MI 
[30] and human iPSC cardiomyocyte (hiPSC-CM) cell sheets were transplanted 
in pigs with ischemic cardiomyopathy [31, 32]. In all cases, the utilization of cell 
sheets improved the engraftment of the cells in the heart while at the same time also 
improves the heart function [3, 30–32]. A clinical study has been performed using 
human ESC (hESC) cardiac progenitors embedded on a fibrin patch [33]. The result 
of this study showed that there was no arrhythmia or tumor formation, given that no 
cells were found surviving after patch engraftment. However, the issue of long-term 
efficacy and safety will need to be addressed [33].

Despite all the issues, in vivo transplantation of PSC-CMs has been studied using 
small and large animal models [17, 22, 34–41]. Human ESC-derived cardiomyo-
cytes (hESC-CMs) have been transplanted on the infarct heart of rodents such as 
mice [34], rats [22, 35], and guinea pigs [36]. Mouse iPSC-derived cardiomyocytes 
have also been transplanted in MI mice which resulted in improved left ventricular 
function [37]. These studies have shown that in all cases, PSC-CMs improved heart 
function postinfarction in small animals [22, 34–37].

In large animals, sheep were used in the study that exploited cardiac-committed 
murine ESCs (mESCs). In addition pigs were used in studies using human iPSC 
(hiPSC)-derived cells. Furthermore, nonhuman primates were used in the trans-
plantation study using hESC-CMs and monkey iPSC-derived cardiomyocytes 
(monkey iPSC-CMs) [17, 38–41]. In sheep with MI, transplantation of mESCs 
successfully improved the function of the left ventricle [39]. Improvement of the 
heart function was also observed in pigs with acute MI transplanted with hiPSC-
CMs, hiPSC-derived endothelial cells, and hiPSC-derived smooth muscle cells 
[38]. For the study using nonhuman primates, macaque monkeys (pigtail macaque 
Macaca nemestrina [40, 41] and cynomolgus monkey Macaca fascicularis [17]) 
were selected. Transplantation of hESC-CMs in pigtail macaque monkeys with MI 
resulted in successful short-term (<90 days) engraftment of cardiomyocytes [40, 
41], while monkey iPSC-CMs transplanted in cynomolgus monkeys improved the 
cardiac contractile function [17]. It should be noted, however, that transplantation 
of PSC-CMs in large animals may give different result from that in small animals. 
Transplantation of PSC-CMs in macaque monkeys resulted in arrhythmia that had 
not previously been observed in rodents [17, 40, 41].
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�Adult Stem Cells

�Bone Marrow-Derived Adult Stem Cells for Angiogenesis 
and Cardiac Regeneration

Aside from pluripotent stem cells, adult stem cells show relatively limited but use-
ful potential for heart regeneration. The well-established isolation protocol and 
autologous transplantation have led adult stem cell-based therapy to undergo pre-
clinical or clinical trials to test the therapeutic efficiency for heart disease in a 
clinical setting [42].

Bone marrow (BM)-derived mesenchymal and adult stem cells including 
unselected or selected mononuclear cells were reported to support angiogenesis and 
secrete a number of paracrine factors to protect cardiomyocytes from death [43]. 
They do this by inducing several cytokines and chemokines such as platelet-derived 
growth vector (PDGF), vascular endothelial growth factor (VEGF), and insulin-like 
growth factor (IGF-1) for angiogenesis and arteriogenesis, resulting in improved 
heart function after injury [44, 45]. After transplantation, these BM-derived adult 
stem cells seldomly differentiate into cardiomyocytes or endothelial cells in the 
damaged region of the heart, therefore, aiding heart regeneration [46, 47]. Other 
BM-derived adult stem cells, such as CD34-positive hematopoietic stem cell, would 
migrate and infiltrate into the infarct area, increasing microvascularity and decreas-
ing fibrosis, ultimately resulting in improved heart function after MI [48].

�Cardiac Stem Cells for Heart Regeneration

Endogenous cardiac stem cells (CSCs) were found to express embryonic cardiac 
progenitor markers and show great efficiency to differentiate into cardiac lineage 
cells. CSCs, initially reported as c-Kit positive cells, reside in the atrium and ven-
tricular apex of adult hearts [49, 50]. Over time, several other markers were gradu-
ally discovered to define CSCs such as Sca-1 or MDR-1 [51], indicating potential 
ability for multipotency, self-renewal, and limited differentiation into cardiac cells 
including cardiomyocytes, endothelial cells, and smooth muscle cells [52]. Cardiac 
stem cells were reported to participate in cardiomyocyte and vasculature formation, 
and to protect existing cardiomyocytes from death [53]. Nevertheless, using genetic 
fate-mapping, recent studies suggested that the cardiogenic capability of c-Kit or 
Sca-1 cells might be quite low [54, 55].

�Cardiosphere-Derived Cells for Heart Regeneration

Cardiosphere-derived cells have been isolated and cultured from heart biopsy to 
form a 3D sphere with 20–150 μm in diameter [56, 57]. The cardiosphere was 
packed with CSCs inside and coated with cardiac-differentiated cells outside. The 
outer layer protected the internal CSCs, maintaining their activity and function. 
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CSCs would proliferate and improve heart function after the cardiosphere had been 
attached to the fibronectin on the infarct site after injury [58, 59]. The cardiosphere-
derived cell therapy is currently undergoing clinical trial and the preliminary results 
of the trial so far have been encouraging, where significant decrease in scar forma-
tion in the infarct area of the heart after injury was observed [59].

�Proliferative Cardiomyocytes

�Gene Modification for Cardiomyocyte Proliferation and Heart 
Regeneration

The loss of proliferative ability of adult cardiomyocytes is one of the reasons why 
heart disease remains a leading cause of death. Although delivery of mature cardio-
myocytes may decrease potential problem with synchronization between host and 
transplanted cells, their limited proliferative ability is still a concern for therapy. 
Several cell cycle inducers such as cyclin D1 or cyclin A2 or repressor Rb1 were 
manipulated in cardiomyocytes to regain their proliferative ability; however, the 
efficacy of the proliferative ability was still low [60–63]. Therefore, upstream cell 
cycle regulators were taken into consideration to obtain more powerful cardiomyo-
cyte proliferation advancement. Transcription factor E2F4 was found to co-local-
ize with kinetochore in cardiomyocytes, and together, they support mitosis [64]. 
Knockdown of E2F4 by siRNA significantly affected cardiomyocyte proliferation 
due to reduction in mitosis. RE1 silencing transcription factor (REST) supports 
cardiomyocyte proliferation through inhibition of the cell cycle inhibitor p21 [65]. 
Under REST deletion, p21 knockout rescued cell cycle arrest in cardiomyocytes, 
indicating the importance of REST-p21 signaling in the proliferative ability of car-
diomyocytes. Transcription factor with opposite function reported as Meis1 was 
found to be capable of inhibiting cyclin-dependent kinase inhibitor and therefore 
increasing cardiomyocyte proliferation ability [66]. Through careful examination of 
cardiomyocyte reprogramming process, combined gene modification (FoxM1, Id1, 
Jnk3 inhibitor) was determined to efficiently increase cardiomyocyte proliferation 
by inducing each step of cell cycle for heart regeneration after injury [4].

�Small RNAs and Signalings Induce Cardiomyocyte Proliferation 
for Heart Regeneration

Small RNAs also play a role in producing cardiomyocyte progenitors for heart 
regeneration. Through high throughput screening, several microRNAs such as miR-
590 and miR-199a have been shown as candidates that could increase neonatal car-
diomyocyte proliferation [67].

Some signaling pathways were reported to be essential for cardiomyocyte pro-
liferation. Hippo signaling induces Yap phosphorylation, which was reported to be 
present in low level in neonatal mice with high proliferative ability but present in 
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high level in adult mice [68, 69]. Furthermore, Yap activation stimulates cardio-
myocyte proliferation after heart injury, and Hippo/Yap pathway has been shown to 
possess excellent potential for heart regeneration without causing cardiac hypertro-
phy [70]. Neuregulin (Nrg1)-ErbB2 signaling is another regulator of cardiomyocyte 
cell cycle. Nrg1 induction led to increased proliferative ability of cardiomyocytes 
through its receptor ErbB2 signaling [71, 72]. Induction of ErbB2 led to enlarged 
size and enhanced proliferation in cardiomyocytes, showing therapeutic potential 
for improving heart function after MI [73].

�Transdifferentiation from Cardiac Fibroblasts 
to Cardiomyocytes

Aside from manipulating cardiomyocytes in order to regain their proliferative abil-
ity as abundant cell source for heart therapy, cardiac fibroblasts have also been taken 
into consideration for their potential cardiomyocyte transformation. Cardiac fibro-
blasts and cardiomyocytes are both differentiated from cardiac-committed meso-
derm, and the cardiomyocyte progenitor markers (Gata4, Mef2C, and Tbx5, GMT) 
have been reported as the main factors for cardiomyocyte differentiation. With this 
in mind, a new technique capable of performing GMT expression in cardiac fibro-
blasts or dermal fibroblasts was developed. This technique is called transdifferentia-
tion, and it has been used for producing induced cardiomyocyte-like cells (iCMs) 
with excellent contractility [74]. This technique has been tested successfully in vitro 
and in  vivo [75]; however, the efficacy of the transdifferentiation should still be 
improved for better practical clinical application [76].

A different strategy has also been reported where fibroblasts were reprogrammed 
directly to cardiac progenitor cells using a combination of five genes, Mesp1, Gata4, 
Tbx5, Nkx2–5, and Baf60c [77]. Transplantation of the resulting cells into mice 
hearts post-MI showed improved survival. This strategy bypassed the pluripotent 
stage and therefore could potentially reduce the risk of teratoma formation [77].

�Conclusion

Heart disease remains a leading cause of death worldwide and the main reason is 
the inability of the heart itself to regenerate the lost cardiomyocytes. Cell-based 
therapy has shown great potential in replacing or complementing the lost cells, and 
overall in improving heart function after injury. In this chapter, we integrate various 
cell types including stem cells and modified cell types to demonstrate their potential 
as cell sources for heart disease. Even though large-scale production of candidate 
cells is no longer a problem for cell-based therapy, safety, cell retention, survival, 
engraftment, and maturation after transplantation are the main issues that should 
be addressed for better and more efficient therapeutic and clinical applications. 
Although at this point the prospect for iPS cell-based therapy to reach clinical use 
remains uncertain, ongoing efforts by numerous groups around the world should 
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ensure improvement in efficacy and safety of this therapeutic approach. We believe 
that all of the studies so far have set the stage for cardiac cell-based regenerative 
therapy to succeed and that in the near future, we will be able to demonstrate the 
ability for cell transplantation to save the lives of people suffering from heart failure.
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