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Abstract
In this review, we focus on new approaches that could lead to the regeneration of heart muscle and the restoration of cardiac muscle function
derived from newly-formed cardiomyocytes. Various strategies for the production of cardiomyocytes from embryonic stem cells, induced
pluripotent stem cells, adult bone marrow stem cells and cardiac spheres from human heart biopsies are described. Pathological conditions
which lead to atherosclerosis and coronary artery disease often are followed by myocardial infarction causing myocardial cell death. After cell
death, there is very little self-regeneration of the cardiac muscle tissue, which is replaced by non-contractile connective tissue, thus weakening
the ability of the heart muscle to contract fully and leading to heart failure. A number of experimental research approaches to stimulate heart
muscle regeneration with the hope of regaining normal or near normal heart function in the damaged heart muscle have been attempted. Some
of these very interesting studies have used a variety of stem cell types in combination with potential cardiogenic differentiation factors in an
attempt to promote differentiation of new cardiac muscle for possible future use in the clinical treatment of patients who have suffered heart
muscle damage from acute myocardial infarctions or related cardiovascular diseases. Although progress has been made in recent years relative
to promoting the differentiation of cardiac muscle tissue from non-muscle cells, much work remains to be done for this technology to be used
routinely in translational clinical medicine to treat patients with damaged heart muscle tissue and return such individuals to pre-heart-attack
activity levels.
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Introduction
Atherosclerosis is a pathological condition resulting in the
narrowing of blood vessels due to an accumulation of
atherosclerotic plaques between the smooth muscle and endothelial
layer leading to acute myocardial infarction with major damage to
the cardiac muscle and even death to the individual. These plaques
consist of lipids, calcium deposits, cellular debris and so-called
foam cells. Molecular and cellular mechanisms for the origin(s) of
atherosclerosis are not well understood. LDL (Low-density
lipoprotein) accumulation in blood vessels that can be associated
with age-related diseases such as diabetes are thought to be a
primary step in the origin of atherosclerosis.
Currently, many researchers favor an inflammatory hypothesis in
which LDL accumulation and its oxidation triggers an
inflammatory response recruiting monocytes to the area and
converting these cells into macrophages[1.2]. Macrophages engulf
oxidized LDL and become foam cells, containing large droplets of
lipid (lipid-loaded macrophages) that resemble foam in appearance
in the atherosclerotic plaques[3]. When these lipid loaded
macrophages die, they release their contents into the spaces
between the vascular endothelium and smooth muscle layer
creating a lipid core[3]. The other cells deposit fibers along the
internal endothelial lining of blood vessels. Blood platelets can
attach to the atherosclerotic plaques creating a blood clot that
blocks or severely reduces the blood supply to, for example, the
heart muscle and without blood, the myocardium is deprived of

oxygen causing damage or death to the cardiac cells. Restoring blood
flow to the heart after a myocardial infarction (MI) may cause even
further damage of the muscle due to oxidative stress, known as
reperfusion injury. Once the heart muscle has been damaged, very
little repair or regeneration takes place to form functional new cardiac
muscle.
Biomedical scientists and physicians have been working for more
than 50 years to find ways to repair the heart muscle following a heart
attack. Although a number of medications and procedures have been
developed to provide significant improvements in heart function,
none to date have provided a means to actually regenerate the
damaged cardiac muscle and return the patients to pre-heart-attack
activity levels. A major problem in heart regeneration after a
myocardial infarction is that cardiomyocytes die and are replaced by
non-contracting fibrous scar tissue rather than new cardiac muscle
cells. This supports function of the damaged heart temporarily, but in
the long term, it weakens the organ’s ability to contract normally and
increases the risk of a further heart attack. This is the major reason
why myocardial infarctions are a leading killer around the world.
Currently, the only option for a severely failing heart is organ
transplantation and recently-developed heart-assist devices. Since the
early 2000s, scientists have been trying to use pluripotent stem cells
to grow new muscle in damaged hearts. Stem cells can produce
multiple cell lineages in the body; the hope is that they will be able to
generate new cardiomyocytes. However, earlier enthusiasm for using
stem cell therapy to accomplish heart regeneration has declined
because, to date, stem cells that show reliable cardiac lineage markers
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have not met with major success in clinical trials using stem cell
therapy. In spite of the clinical difficulties, multiple approaches and
strategies continue to be investigated to regenerate injured heart
tissue. These basic science approaches include studies on small
molecules, microRNA treatment and stem cell differentiation in
laboratory settings (summarized with reference citations in Table 1).
1. Cardiomyocyte proliferation
A significant obstacle for self-regeneration of damaged heart tissue is
the inability of adult cardiomyocytes to proliferate. In mammals,
cardiomyocytes decrease their ability to proliferate during late
embryonic development and almost completely lose this proliferation
ability a few days after birth. The other obstacle for cardiomyocyte
proliferation is the lack of fusion of cardiomyocytes in a functional
(but not anatomical) syncytium. The use of tissue scaffolds and tissue
engineering may be useful in a functional and formal structure[4-7].
Originally, therapy with stem cells involved the simple injection of
derived cardiomyocytes into the site of injury. Although this approach
has shown promise in some experiments, many researchers noted
some drawbacks such as low cellular retention and low engraftment
rate of injected cells. To overcome these problems alternate
approaches were developed, such as construction of biomimetic
scaffolds using synthetic and natural materials and decellularized
tissue scaffolds in the site of injury. These scaffolds provide places for
the attachment and mechanical support of differentiated
cardiomyocytes. The permanent scaffolds should be designed to meet
many requirements including integration with cells inside the heart,
electrical conduction, diffusion of oxygen and nutrients, and should
stimulate cardiac differentiation and not cause an immune reaction.
Biodegradable scaffolds are presumed to degrade over time, but are
replaced with cardiomyocytes and extracellular matrix. One of the
most advanced and promising approaches is to inject, together with

cells, self-assembling peptide nanofibers, which rapidly selfassemble into a 3D nanofibril net on which the cells can grow[8].
In the mid-gestation prenatal developmental period, the labeling
index of new DNA synthesis was found to be 33% in 12 day in utero
embryos; however, at birth, DNA synthesis in neonatal mice was
estimated to be 2%, and at 4-6 days postnatally, the DNA synthesis
had increased to 10%[9]. This increase takes place without
cytokinesis,
causing
binucleation,
multinucleation
and
polyploidisation of cardiac myocytes, without increases in cell
numbers. During normal mouse heart development, cardiomyocyte
proliferation virtually stops by post-natal day 7, coinciding with a
significant reduction of heart muscle differentiation. DNA synthesis
in adult mouse heart, normal or injured, has been found to be
extremely low at 0.0005% of the cells[10].
In the human heart, apparently related to levels of development and
aging, cardiomyocyte turnover is higher at age 10 (2% per year),
decreases by age 25 (1% per year) and further decreases at age 75
(0.45% per year)[11]. The source of new cardiomyocytes in humans is
still not known. One hypothesis suggests that adult cardiomyocytes
or a subpopulation of them, are able to proliferate at a very low rate.
Recent animal studies conclude that cardiac stem cells contribute
little to the proliferation of cardiomyocytes in adult mammals[12].
Alternatively, it has been proposed that cardiac progenitor cells or
cardiac adult stem cells exist and proliferate in mature mammalian
hearts[13,14]. This hypothesis is supported by localizing and isolating
cardiac stem-cell-like progenitor cells in mammalian heart tissue[15].
However, the natural rate of cardiomyocyte proliferation is not
adequate to replenish myocardial cell loss after myocardial
infarction. There are published studies that suggest several
potentially promising ways to stimulate heart regeneration as listed
below in Table 1:

Table 1 Approaches to stimulate heart regeneration
Approaches to stimulate cardiomyocyte
proliferation/differentiation
Delivery of Follistatin-Like-Protein 1
(FSTL1) to the infarcted heart using a
collagen patch
Multiple human micro RNA: miRNAs: miR1825, miR-199a, miR-99a, miR-548c, miR23b and others
miRNA-204
miR-410 and miR-495
ESC-derived exosomes
Induction of active ErbB2 (receptor of NRG1)

Results

References

Activated cardiomyocyte proliferation in
border zone resulting in regeneration of
injured heart

Wei et al., 2015[16]

Cardiomyocyte proliferation in vitro is
promoted by adding these microRNAs

Pandey et al., 2015[18]

Cardiomyocyte proliferation in vitro and in
vivo is enhanced
Expression of miR-410 and miR-495
stimulates cardiomyocyte DNA synthesis and
cell division of cardiomyocytes
Stimulates and activates repair mechanisms of
heart tissue after myocardial infarction in vivo
Promotes cardiac muscle cell division and
dedifferentiation in vivo

Liang et al., 2015[19]

Stimulates cardiac regeneration by
cardiomyocyte protection (38%) and
proliferation (62%) in vivo in both mouse and
human

Neuregulin-1

Acidic fibroblast growth factor (FGF1) and
neuregulin-1 (NRG1)

Use of RNAs in tissue cultured cells

Use of tissue scaffolds and tissue engineering
strategies

Stimulates cardiac regeneration and
cardiomyocyte proliferation in a rat
myocardial infarction model
Non-muscle stem cells express cardiac
specific troponin-T and show cardiomyocyte
morphologies in culture

Provide structural matrix scaffolds on which
new cardiac cells can grow when stimulated
by growth factors for cardiomyocytes

Clark et al., 2015[21]
Kishore, et al., 2016[23]
Khan et al., 2015[24]
D‘Uva et al., 2015[28]

Polizzotti et al., 2015[29]

Formiga et al., 2014[30]

Kochegarov et al., 2015[55,56]

Boffito et al., 2014[4]
Tallawi et al., 2015[5]
Wang et al., 2013[6]
Alrefai et al., 2015[7]
Davis et al., 2005[8]
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Follistatin-Like-Protein 1 (FSTL1) is an epicardium-secreted factor
that appears to have a cardioprotective role by activation of vascular
remodeling and proliferation of cardiomyocytes. FSTL1 is a
glycoprotein from the follistatin family that often accumulates in heart
muscle cells, vascular cells, and fibroblasts; its expression is activated
after ischemic and infarction injuries. In previous research, it was
shown that FSTL1 increases cardiomyocyte survival and angiogenesis
in infarcted areas of the heart. Recent research by Wei et al.,[16]
suggests that FSTL1 also stimulates cardiomyocyte proliferation[16].
In fact, in a series of experiments, FSTL1 protein was delivered using
collagen patches loaded with FSTL1 as depicted in Figure 1.
Application of patches loaded with the FSTL1 protein to the heart
after myocardial infarction, significantly improved the survival of
myocytes, attenuated fibrosis, increased the number of vessels in
injured areas and stimulated cardiomyocyte proliferation in the border
zone of the heart infarct. Proliferating cardiomyocytes were present
mostly in the border zone, presumably because this zone has a
continuous blood supply. In the definitive infarcted area, proliferating
cardiomyocytes were much reduced[16]. Thus, epicardial delivery of
FSTL1 through collagen patch delivery significantly improved heart
regeneration by activating cardiomyocyte proliferation.

Figure 1. Diagramatic representation of delivery of Follistatin-Like-Protein 1
(FSTL1) to the infarcted area of a heart using a collagen patch.

Multiple microRNAs have been reported as being promising for
promoting cardiac muscle regeneration by causing a stimulation of
cardiomyocyte proliferation and differentiation. MicroRNAs play a
significant role in the regulation of gene expression as well as in
modifications at the post-transcriptional level. Experiments by Chen
et al.,[17] show that transgenic overexpression of miR-17-92 in
cardiomyocytes causes cardiomyocyte proliferation in adult hearts.
Notably, combinations of miR-590, miR-199a, and the miR-17-92
induce mouse cardiomyocyte proliferation both in vitro and in vivo[17].
Moreover, overexpression of miR-17-92 in adult cardiomyocytes
protects cardiac muscle tissue from injuries induced by infarction. To
date, the most potent microRNAs that appear to induce cardiomyocyte
proliferation in tissue culture experiments have been human miR1825, miR-199a-3p, miR-99a-5p, miR-548c-3p and miR-23b-3p[18].
MiRNA-204 overexpression stimulates cardiomyocyte proliferation in
neonatal and adult rat cardiomyocytes in vitro[18]. In these
experiments, miRNA-204 seems to upregulate cyclins through
inhibition of the JARID2 signaling system (Cyclin A, Cyclin B,
Cyclin D2, Cyclin E, CDC2) and appears to be responsible for
progression of the cell cycle and proliferation[19]. Another very
promising approach was described recently for the delivery of
neuregulin into infarcted heart tissue using biodegradable
microparticles made of polylactic glycolic acid and polyethylene
glycol[20]. Using this approach, microparticles loaded with neuregulin
degrade up to 12 weeks, slowly releasing the active compound. This
material also was shown to be resistant to phagocytosis by
macrophages and other immune cells which is important for targeted
delivery. Technically, these microparticles can be applied to infarcted
hearts as a spray with biodegradable glue.

In other studies, overexpression of miR-410 and miR-495 results in
robust neonatal cardiomyocyte proliferation[21]. The miRNAs
together with other regulating cardiogenic factors appear to be
synthesized by endothelial cells, cardiac stem cells, fibroblasts and
other cells. Moreover, these factors are shuttled via extracellular
vesicles (exosomes) into cardiomyocytes where they regulate
cardiogenesis during development and regeneration[22]. ESC-derived
exosomes provide novel delivery tools to shuttle factors from ES
cells to stimulate and activate repair mechanisms after myocardial
infarction[23]. In another recent study, mouse ESC-derived exosomes
enhanced a cardiac proliferative response, vascular angiogenesis,
cardiomyocyte survival, and reduced fibrotic scar formation after
myocardial infarction. Studies of exosome active factors revealed a
significant presence of miR290-295 and miR-294[24]. Small organic
molecules also can be used to activate cardiomyocyte proliferation.
In
previous
experiments,
the
administration
of
2, 3, 5, 4'-tetrahydroxystilbene-2-O-β-d-glucoside (THSG) have
shown protection of in vivo heart muscle tissue from ischemic
injuries of rat cardiac stem cells (CSC) in culture and an increased
expression of cardiac specific markers for stem cells in vitro[25].
Neuregulin-1 (NRG1) growth factor induces the growth and
differentiation of many types of cells including epithelial, glial,
neuronal, and skeletal muscle cells. NRG1 also was found to be an
important factor in heart development, because mice with mutations
in NRG1 or with loss of two receptors for this factor (ErbB2 and
ErbB4), die from a lack of differentiation of normal heart muscle[26].
Neuregulin-1 (NRG1) may induce heart regeneration through the
proliferation and survival of stem cells as summarized in Figure 2.
Very recently, Yutzey et al., have suggested that Neuregulin-1
administration may promote cardiac regeneration[27]. Activation of a
signaling mechanism by Neuregulin-1 through its receptor ErbB2 has
been shown to induce proliferation of quiescent cardiomyocytes and
trigger cardiomyocyte proliferation after myocardial
infarction[2830]
. Based on other studies, the Hyppo/Yap pathway is believed to
participate in regulating organ size during development, although the
mechanism(s) controlling organ size in adults is not known[31].
Recently, approaches to inhibit the Hyppo pathway by microRNAs
have been proposed as a stimulant of cardiac proliferation[32].

Figure 2. Neuregulin-1 (NRG1) appears to induce heart regeneration through the
activation of proliferation and survival of stem cells.
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2. Cell-Based Therapy for Heart Failure
2.1 Bone marrow
Bone marrow has been found to have various cell types, including
three types of stem cells: 1. hematopoietic stem cells (HSC); 2.
mesenchymal stem cells (MSC); and 3. endothelial progenitor cells
(EPCs). The stem cells from bone marrow are often termed bone
marrow mononuclear cells (BM-MNC). Recent studies suggest that
unfractionated BM-MNCs consist of a mixed population of
hematopoietic cells, including monocytes and lymphocytes,
hematopoietic cells and mesenchymal cells. Studies in animal models
of the ischemic myocardium indicate that mononuclear bone marrow
stem cells implanted into the heart improve angiogenesis, left
ventricular function and cardiac muscle perfusion[33]. Currently,
autologous bone marrow stem cell transplants are considered safe to
use as a treatment to improve post-myocardial infarction hearts in
humans[34]. From 2002 to 2010, the first stem-cell-based clinical trials
for AMI (acute myocardial infarction) with transplanted
heterogeneous adult BM-MNC showed a significant decrease in
infarction size and an overall improved myocardial oxygen uptake
resulting in a statistically significant 15% reduction of inpatient
mortality [35].

umbilical cord blood, uterus, adipose tissue, peripheral blood,
fallopian tubes, fetal liver, lung, etc. Thus, there are potentially
numerous options for retrieving immune-compatible MSC from the
body of a prospective patient for potential use in the treatment of
heart failure/myocardial damage in that same patient.

2.2 Mesenchymal stem cells (MSC)
Mesenchymal stem cells obtained from bone marrow are multipotent
stem cells with fibroblast-like morphologies. Mesenchymal stem cells
are separated from other bone-marrow cells based on their adhesive
properties. Mesenchymal stem cells adhere to plastic tissue culture
plates within 24 to 48 hours, while red blood cells and hematopoetic
progenitor cells (HCS) from bone marrow do not; thus, all cells that
attach to the tissue culture dishes during this time, have been reported
by Tondreau et al.[36] to be pure MSC.
MSC readily differentiate into osteoblasts and chondrocytes as well as
adipocytes, skeletal muscle myocytes/myotubes and pancreatic islet
cells. The differentiation of MSC into cardiomyocytes also has been
known for a long time and recent experiments confirm that these cells
express cardiac specific markers for cardiomyocytes. Moreover,
grafted MSC-derived cardiomyocyes have been observed at the site of
transplantation[37,38]; proliferation of endogenous cardiomyocytes
were noted after MSC treatment[39]. In vivo studies in other
laboratories did not observe the engraftment of MSCs in murine
infarcted hearts several weeks after acute MI[40], and survival of the
engrafted MSC was only about 2%, with no evidence of
cardiomyocyte differentiation in these cells[41]. Currently, most MSC
described for in vivo studies report that the engrafted MSC die within
two weeks of transplantation with little or no direct cardiac
differentiation[41,42]. These observations have led to the idea that MSC
transplantation into an infarcted heart may promote heart regeneration
without incorporation of the MSC into the myocardium; rather
paracrine factors (cytokines and growth factors) stimulate
cardiomyocyte proliferation and neovascularization of the infarcted
areas resulting in myocardial regeneration[43]. Cardiosphere-derived
cells described in Section 2.3 may use a similar mechanism to MSC
as summarized in Figure 3.
The first clinical trials of MSC were completed in 1995 when MSC
were injected into patients’ hearts to test the safety of the treatment.
Since then, numerous experiments have been conducted which show a
statistically significant improvement of 7% in myocardial
regeneration and cardiac function in animal models after human MSC
treatment[44]. Interestingly, it was shown that treatment with MSC can
retard natural heart senescence and increase the life span in rodents by
22%[45,46]. Although initially MSC were derived from bone marrow,
more recently it has been found that MSC reside in and can be
isolated from multiple adult tissues in the body such as dental pulp,
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Figure 3. A model for a possible paracrine mechanism of how MSC (mesenchymal stem
cells) and CDC (cardiosphere-derived cells) promote heart regeneration via the
secretion of exosomes (extracellular vesicles) and soluble factors by: 1. Recruitment and
activation of cardiac stem cells (CSC), 2. Proliferation of cardiomyocytes in situ, 3.
Angiogenesis
and
neovascularization,
4.
Inhibition
of
fibrosis.
5. Inhibition of inflammation.

2.3 Cardiosphere-Derived Cells (CDC)
Cardiosphere-derived cells (CDC) as described here are those cells
isolated from myocardial biopsy specimens of patients undergoing
heart surgery. The heart fragments from these biopsies are cultured
on fibronectin-coated Petri plates. After a few days in culture, the
biopsied heart cells form into a monolayer over which smaller,
rounded cells migrate. These small rounded cells appear to be of
cardiogenic lineages and can be retrieved by enzymatic treatment
followed by replating on poly-d-lysine-coated culture dishes using
cardiac growth medium. The cells that remain adherent to the poly-dlysine–coated dishes after several days in culture are discarded, while
the free floating “cardiospheres” are placed on fibronectin-coated
culture dishes and grown into a monolayer[46,47]. Experiments
performed by Marban’s group demonstrated that cardiospheres and
CDC express antigenic properties of stem cells, as well as cardiac
contractile
proteins
and
proteins
related
to
cardiac
electrophysiology[48]. Cardiac-derived cells injected into the
myocardial infarct border zones appear to integrate into the heart
wall and end up in the infarct zone. At three weeks post-injection,
the healthy living myocardium in the infarct zone is significantly
larger in the CDC-treated hearts[48]. To date, cell therapy with CDC
has proven to be effective in repairing damaged human myocardial
tissue. At this point, however, the source of the new heart muscle
tissue per se and the mechanisms underlying its formation remain
unknown. These new cardiomyocytes may have come from residual
adult cardiac stem cells that were already present in the recipient
heart muscle tissue and stimulated to form from the effects of
paracrine factors resulting from the presence of the CDC (Figure 3).
Scientists propose that CDC may localize to the area of the infarct
and release factors which stimulate the heart to repair itself,
ultimately reducing infarction size and fibrotic scar tissue and
promoting growth of the heart muscle. After several weeks, the CDC
clear from the heart without apparent side effects. Many investigators
now think that these cells, as with bone marrow-derived cells, show
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minimal long-term engraftment or cardiac differentiation and instead
work principally through paracrine signaling pathways[44].
2.4 Adipose-derived stem cells
Adipose-derived stem cells were found in adipose tissue and have
recently attracted substantial attention as a source of stem cells with
multiple potentials to differentiate into cartilage, vascular and muscle
tissues including cardiomyocytes. These cells can be harvested easily
from subcutaneous adipose tissue under local anesthesia by a
procedure known as lipoaspiration. Adipose-derived stem cells are
adult stem cells that morphologically resemble mesenchymal cells
from bone marrow, which is why they are sometimes called adiposederived mesenchymal cells. Different approaches for the
differentiation of adipose-derived stem cells into cardiomyocytes have
been reported, including treatment of permeabilized adipose-derived
stem cells by a nuclear and cytoplasmic extract from rat
cardiomyocytes[49]. Interestingly, these cells were able to differentiate
spontaneously when grafted into the myocardium without any
preliminary treatment[50]. Expression of multiple cardiomyocytespecific markers also was reported including sarcomeric α-actinin,
desmin and cardiac troponin I[49]. The other distinct characteristics of
cardiomyocytes that were observed in differentiating adipose-derived
stem cells are appearance of sarcomeric striations, multinucleation
and formation of beating cells, that all strongly argue for functional
differentiation into cardiac myocytes of the adipose-derived stem
cells[49].
2.5 Embryonic Stem Cells and Induced Pluripotent Stem Cells
Initial attempts at the differentiation of human embryonic stem cells
(hESC) were started as soon as the first hESC cell line was derived in
1998 at the University of Wisconsin. It is now known that hESC are
derived from the pluripotent inner cell mass of early blastocyst
embryos. They have active telomerase and can rebuild shortening
chromosome ends, and therefore, are considered to be immortal.
Under selected conditions in cell culture, ESC are able to differentiate
into multiple cell types. Early approaches resulting in spontanous
differentiation resulted in a very low cardiomyocyte output (5-10%).
Current approaches for inducing cardiomyocyte differentiation in
culture routinely use activin A in combination with bone
morphogenetic protein 4 (BMP4)[51]. In another protocol, BMP2
(bone morphogenic protein 2), TGFβ (transforming growth factor)
and TNFα (tumor necrosis factor)[52] were used to induce cardiac
differentiation of hESC in culture. Others have reported that
activation of the receptor for tyrosine-protein kinase, erbB-4 pathway
by growth factors, neuregulins-2 and heparin-binding EGF-like
growth factor, significantly enhance cardiac differentiation[52]. Some
micro-RNAs induce cardiomyocyte proliferation, as well as
differentiation of hESC and iPSC. MiR-499 (myomiR family) was
reported to enhance differentiation of definitive myocardial cells from
human cardiac progenitor cells and hESC[53,54].
In our laboratory, we use the approach of combining the formation of
embryoid bodies followed by treatment with a new form of MiR-499
that increases cardiomyocyte output up to 70-80% as determined by
the expression of cardiac-specific troponin-T and tropomyosin[55]. In
addition, we have discovered a new cardiac -inducing RNA (CIR) that
also significantly enhances cardiac differentiation from mESC and
human iPSC; this RNA does not belong to the micro-RNA family, but
rather appears to be part of RNA coding genes[56]. In our earlier
studies, computer analyses of RNA secondary structures show
significant similarities to a previously discovered myofibril-inducing
RNA (MIR) described in salamander, that also promotes nonmuscle
cells to differentiate into cardiac muscle in salamander hearts as well
as mouse and human stem cells[57,58].

One of the problems that has been reported is that the retention rate
of ESC in heart grafts is very low and the engrafted ESC do not
appear to survive in the heart for prolonged periods[59]. The amount
of detectable engrafted cells becomes very low after 2-3 weeks
transplantation[60,61]. From this observation, many researchers have
concluded that the majority of benefit for heart regeneration after MI
is likely via paracrine effects of the cell[62]. This problem potentially
may have another consequence; if engrafted cells do not stay at the
place of engraftment, but are swept away by blood flow or by some
other cellular movement/migratory mechanism and end up residing
in other organs, they could contribute to tumor/cancer development.
To help resolve this issue, researchers have invented a “pro-survival
cocktail”, including IGF1 (100 ng ml−1) and cyclosporine A
(0.2 mM), that helps to enhance retention and survival of engrafted
cells after transplantation into the recipient heart[61].
Another potential problem with using hESC to generate cardiac
tissue is the problem that allogenic cells will require life-long
immunosuppression therapy. This problem may be resolved with
cardiomyocytes differentiated from a patient’s own iPSC that
presumably are completely immune autologous. In spite of these
potential concerns, there are multiple reports of successful
differentiation of grafted iPSC that form into functional
cardiomycytes in hearts of different species contributing to heart
regeneration after myocardial infarction[62,63]. It seems likely that
increased success may result from using inbred lines of a given
species which have genetically similar allopathic strains with reduced
immunogenic reactions to the transplanted cells. Using iPSC derived
from the same animal (or same human patient) should eliminate
totally the immunocompatability problem in these kinds of
procedures.
Other concerns have been expressed relative to those approaches
used to induce potentially transplanted pluripotent cells with virus
vectors for cell de-differentiation; if such viruses cause disease or
cancer, integration into a recipient’s genome or transformation of
healthy cells into cancer cells would be a major medical problem.
This problem now may be able to be resolved by using dedifferentiated iPSC formed with non-viral vectors. Human iPSC are
functionally similar to human embryonic stem cells, in that they
express the same markers of pluripotency. Molecular mechanisms of
cardiomyocyte differentiation remain unknown; thus, approaches
used for differentiation are currently rather empirical. Considering
the similarities in differentiation properties between hESC and iPSC,
their differentiation into cardiomyocytes logically would seem to be
able to use similar approaches. Clearly, further experimentation using
in vitro and in vivo approaches will be required to determine the best
ways to accomplish the induced differentiation of pluripotent stem
cells to form into normal functioning cardiac muscle tissue in vivo.
Once accomplished, this technology would lead to the regeneration
of cardiac muscle in patients who have suffered from heart damage
due to heart attacks or other disease processes such that these patients
could fully recover and return to pre-heart-attack activity levels
again.
Summary
Numerous studies have been completed on heart development with
respect to finding ways to regenerate functional cardiac muscle tissue
after myocardial damage has resulted from acute myocardial
infarction (AMI) or related cardiac disease processes. Although a
variety of approaches have been used to stimulate nonmuscle
tissues/cells to differentiate into cardiac lineages in vitro and in vivo
with variable levels of success, reliable and reproducible clinical
protocols to regenerate new healthy heart muscle tissue to treat
human patients after myocardial infarction or other disease processes
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have yet to be achieved. It has been well known that heart disease is
the leading cause of death, accounting for over 8,500,000 individuals
every year worldwide. Also, every year millions of people have heart
attacks (acute myocardial infarctions) and survive. Since human
cardiac tissue does not regenerate significantly following injury, many
of these survivors’ physical activities, quality of life and
independence are impaired. The development of new regenerative
medical technologies through continued research in replacing
damaged cardiac muscle tissue using stem cells and/or growth factors
hold great promise for future cures of the many people around the
world affected by cardiac disease. Being able to define the
mechanism(s) directing and regulating the differentiation of
nonmuscle cells (e.g., induced pluripotent stem cells) to form into
vigorously and rhythmically contracting cardiac muscle tissue would
represent a major breakthrough in modern medicine and biology.
Moreover, being able to convert nonmuscle stem cells from a given
patient for use in the repair of damaged heart or other tissues in that
same patient promises to provide an immunologically compatible cure
for heart and other diseases with tremendous medical, humanitarian
and economic benefits to our society and to the world.
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