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Abstract

The capability of adult tissue-derived stem cells for cardiogenesis has been extensively studied in experimental
animals and clinical studies for treatment of postischemic cardiomyopathy. The less-than-anticipated im-
provement in the heart function in most clinical studies with skeletal myoblasts and bone marrow cells has
warranted a search for alternative sources of stem cells. Despite their multilineage differentiation potential,
ethical issues, teratogenicity, and tissue rejection are main obstacles in developing clinically feasible methods for
embryonic stem cell transplantation into patients. A decade-long research on embryonic stem cells has paved the
way for discovery of alternative approaches for generating pluripotent stem cells. Genetic manipulation of
somatic cells for pluripotency genes reprograms the cells to pluripotent status. Efforts are currently focused to
make reprogramming protocols safer for clinical applications of the reprogrammed cells. We summarize the
advancements and complicating features of stem cell therapy and discuss the decade-and-a-half-long efforts
made by stem cell researchers for moving the field from bench to the bedside as an adjunct therapy or as an
alternative to the contemporary therapeutic modalities for routine clinical application. The review also provides
a special focus on the advancements made in the field of somatic cell reprogramming. Antioxid. Redox Signal. 13,

1867-1877.

Introduction

SCHEMIC HEART DISEASE is the leading cause of death and

morbidity worldwide (2). The massive loss of function-
ing cardiomyocytes subsequent to infarction episode greatly
reduces the normal cardiac function. Additionally, the ische-
mic region is infiltrated by inflammatory cells and remains
filled with inflammatory cytokines that can damage the sur-
rounding myocardium. Irreversible fibrous scar tissue fills
in the injured area in the heart as a part of the intrinsic repair
mechanism (108). Although the scar formation maintains
structural integrity, it lacks the properties of healthy cardio-
myocytes and therefore remains electromechanically dis-
connected from the surrounding myocardium (11, 44).
Contemporary treatment options for ischemic heart disease
only provide symptomatic relief and none are curative in
terms of addressing the root cause of the problem (96). In this
regard, last decade has seen the emergence of stem cell-based
therapeutic approach that holds the promise of de novo myo-
cardial regeneration and replaces the damaged myocardium
with new functionally competent myocytes and improves
regional blood flow. Despite immense progress made in this
regard, the ideal stem cell type, with best physiological be-
havior and differentiation characteristics together with ease of
availability and safety, remains largely unknown. Moreover,
the current protocols for isolation, propagation, processing,

and transplantation have not yet been fully optimized to ex-
ploit fully the therapeutic potential of stem cells. We sum-
marize the data published from various research groups and
the current progress on the use of various types of stem and
progenitor cells for myocardial repair.

Adult Stem Cells in Cardiovascular Therapy

Stem cells derived from different adult tissues have been
extensively assessed for their regenerative potential in both
small as well as large experimental animal models of myo-
cardial ischemia (22, 26, 33, 37, 38, 58, 62, 91). These studies
provided sufficient evidence for the safety, feasibility, and
effectiveness of cell therapy approach that, in most instances,
showed attenuated infarct size and improvement in the in-
dices of the left ventricular contractile function. Although the
actual mechanism of the functional outcome remains con-
tentious and is considered as multifactorial (23, 27, 30, 41, 52,
116), it was generally reported that both the cell types after
transplantation differentiated to adopt myogenic phenotype,
and improved angiogenic response and restoration of re-
gional blood flow in the infarcted myocardium (6, 59, 78, 93,
115, 116). The first-in-man cellular cardiomyoplasty was
performed with skeletal muscle-derived myoblasts (72). The
encouraging results of this study paved the way for subse-
quent clinical studies that mostly involved either skeletal
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myoblast or bone marrow-derived cell transplantation either
as an adjunct therapy to the routinely used revascularization
procedures or as a sole therapy (32, 95, 97, 102, 106, 107).
These studies have been carried out in various clinical centers
worldwide and provided evidence of safety and feasibility
of cell therapy approach. Encompassing their advantages,
both skeletal myoblsts and bone marrow stem cells have near-
ideal characteristics as donor cells for the heart cell therapy.
However, there are issues that need to be addressed before
their routine clinical use. The arrythmogenic nature of skeletal
myoblasts due to lack of electromechanical integration with
the host myocytes postengraftment in the heart remains
a cause for concern (28, 31). Moreover, both skeletal myoblasts
and bone marrow stem cells are heterogeneous in nature,
and therefore it remains difficult to ascertain the actual sub-
lineages of the regenerating cells. Similarly, more recent
studies have questioned the myogenic potential of bone
marrow-derived stem cells and reported this as limited (1, 4,
77, 85) although this potential has been reaffirmed by others
(42, 47, 55, 93). Similar to skeletal myoblasts, a controversy
about safety of bone marrow cells has raised concerns about
their clinical use (17). Studies have shown that due to their
multilineage potential, taking cues from the cytokine-rich
microenvironment of the infarcted heart wherein fibrosis is
rampant as part of the intrinsic repair process, bone marrow
stem cells may adopt unwanted phenotypes (127). It is
therefore important to identify sublineages of both skeletal
myoblasts and the bone marrow cells with therapeutic po-
tential and define their biological properties before these
cells can be used in patients. Alternatively, skeletal myoblast
engraftment may be combined with bone marrow stem cell
transplantation for mutual beneficial effect of the two cell
types (71). Studies are already underway to subfractionate
and purify more primitive populations from the two cell types
and showing multilineage differentiation potential, including
cardiac lineage (114).

Cardiac Stem/Progenitor Cells

The existence of resident cardiac/progenitor cell popula-
tion in the heart dates back to the pioneering work by Anversa
and colleagues, who isolated c-kit*/Lin~ cells from rat
hearts that showed self-renewal, clonogenicity, and multi-
potentiality by differentiating into myogenic cell, smooth
muscle cell, or endothelial cell lineages (7). These data were
later supported by other research groups (14, 67, 73, 86, 88,
113). Several studies have independently described cardiac
stem/progenitor cell isolation from various species, including
murine, rat, feline, pig, dog, and human, that display stem/
progenitor cell characteristics (5, 18, 60, 73, 88, 117). These cells
have been identified on the basis of surface markers such as
stem cell antigen-17, c-kit™, or side population or on tran-
scription factors Mesoderm posterior-1, T box-18, Nkx2.5,
Islet-1 (Isl1) and their ability to form cardiospheres. More re-
cently, a diverse set of human fetal Isll1* cardiovascular pro-
genitors has been identified that are capable of self-renewal
and expansion before differentiation to form cardiac, smooth
muscle, and endothelial cell lineages (12). The origin of these
cells, however, is unknown, but it is considered that the dif-
ferent putative adult cardiac stem and progenitor cells rep-
resent different developmental and/or physiological stages of
a unique resident adult cardiac stem cell (24). The results from
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experimental animal studies have established cardiac
stem/progenitor cells as candidates for cardiac regeneration
and support an approach in which the heart’s own stem cells
could be collected, expanded, and stored for subsequent
therapeutic repair (21, 101, 118). Molecular studies imply
Notch1 receptor as the mediator of cardiac fate commitment
of cardiac stem/progenitor cells via Nkx2.5 upregulation (10).
Despite encouraging results, there are some issues to solve for
future success. The definition of cardiac stem/progenitor cells
is still ambiguous. One of the main reasons of this uncertainty
is the difference in the isolation and evaluation methods in the
individual studies. Moreover, to translate the knowledge
about cardiac stem/progenitor cells for clinical applications,
the difference between various subpopulations of these cells
among various species should be determined.

Embryonic Stem Cells

Embryonic stem (ES) cells are the most primitive and ver-
satile stem cells from the inner cell mass in the blastocyst
with enormous developmental potential (98). ES cells show
excellent stem cell characteristics of clonality, self-renewal,
and pluripotency to differentiate into all the three primary
germ layers, ectoderm, mesoderm, and endoderm (39, 99). In
comparison with the adult stem cells (found in the adult tis-
sues) that are multipotent, the most distinguishing feature of
ES cells is their pluripotent nature, which enables these cells to
generate all cell types in the body. Extensive studies that in-
volved analyses of numerous human and mouse ES cell lines
have shown generic similarities and differences between the
two types of ES cells at both the transcriptional and functional
level. Gene expression profiling of mouse and human ES cells
by immunocytochemistry, reverse transcription polymerase
chain reaction, and membrane-based focused cDNA array
analysis has shown that these cells, despite many similarities,
show species specificity for the expression of vimentin, beta-
III tubulin, alpha-fetoprotein, eomesodermin, Hela E box, aryl
hydrocarbon receptor nuclear translocator, and Forkhead box
D3, as well as in expression of the leukemia inhibitory factor
receptor complex LIFR/IL6ST (gp130) besides cycle regula-
tion, control of apoptosis, and cytokine expression (35).

The presence of various populations of cardiac progenitor
cells expressing Brachyury/Flk1, Isl1/Flk1/Nkx2-5, cKit/Nkx2-
5, or Nkx2-5 have been reported in ES cells that can differentiate
to adopt cardiac, smooth muscle, and endothelial phenotypes
(20, 48, 75). The intramyocardially delivered ES cells success-
fully engraft in the recipient infarcted heart, differentiate to
adopt cardiac phenotype that develop electrophysiological
coupling with the host myocytes, and positively influence the
cardiac structure with significant contractile function recovery
of the heart (16, 50, 57, 80). Human ES cell-derived cardio-
myocytes formed human myocardium after transplantation
into the noninfarcted hearts of immunosuppressed pigs and
developed as pacemakers, which indicated their ability to
electrically integrate with the host myocytes (51). Besides, it is
believed that improvement in myocardial contractility is re-
lated with the release of cardioprotective and cardiac dif-
ferentiation factors by the transplanted ES cells (74, 100). ES
cell-derived cardiomyocytes exhibit characteristics of early
chamber myocardium and show significantly higher prolifer-
ative potential in vitro as compared with the adult heart-
derived cardiomyocytes (29, 57, 68).
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Despite the obvious advantage of cardiogenic potential, the
use of ES cells is not without limitations (Table 1). The main
obstacles associated with the therapeutic applications of ES
cells are the immunological rejection of ES cell-derived myo-
cytes, their tendency to form teratomas when injected in vivo,
besides the ethical issues involved in their availability (84).
Various strategies have been successfully adopted to address
these issues. Genetic selection of differentiated ES cells or their
partial differentiation into cardiomyocytes or endothelial cells
in vitro before engraftment has given encouraging results in
experimental animal models (13, 14, 34, 76). Further insight
from the heart development studies and discovery of the
signaling pathways involved in ES cell differentiation will
facilitate isolation of the pure population of cardiomyocytes,
thereby limiting the risk of teratoma formation. Although the
mechanism of spontaneous beating of ES cell-derived cardi-
omyocytes needs to be explored in-depth, earlier studies have
shown that expression of cardiac specific gene markers in the
spontaneously differentiating cardiomyocytes occurred in a
sequential manner in line with the cardiac development (94).
Besides the gene expression profile, the electrophysiological
characteristics of early ES cell-derived cardiomyocytes, which
typically resemble with primary myocardium, differ from the
terminally differentiated ES cell-derived cardiomyocytes that
are more comparable with the postnatal cardiomyocytes (9).
Although ES cells provide us with a valuable tool for cardiac
regeneration and much advancement has been made in
overcoming the technical limitations and hindrances in the
use of ES cells, the ethical and moral issues regarding their
availability still warrant the need to search for an alternative
source of stem cells.

Induced Pluripotent Stem Cells

One way to avoid the problems associated with the use of
ES cells is to reprogram somatic cells for induction of plur-
ipotency (Fig. 1). Somatic cell reprogramming is not an en-
tirely a new idea. Earlier work established that somatic cells
can be reprogrammed by methods such as nuclear transfer or
by fusion with ES cells (66, 109). These studies indicated that
some unidentified factors in ES cells were responsible for the
maintenance of their undifferentiated self-renewal and plu-
ripotent status. Takahashi and Yamanaka were the first to
postulate that these factors also played an important role in
inducing pluripotency in somatic cells (112, 124). After se-
lecting some 24 candidate transcription factor genes, mouse
embryonic fibroblasts and adult tail tip fibroblasts were iso-
lated with a drug resistance marker inserted into the Fbx15

TABLE 1. COMPARISON OF INDUCED PLURIPOTENT CELLS
AND EMBRYONIC STEM CELLS AS DONOR CELLS

iPS cells Es cells

Pluripotent Pluripotent
— Ethical issues
Availability from —
autologous source
— Immunogenic considerations
Patient/disease specific —
Cardiac differentiation Cardiac differentiation

iPS, induced pluripotent stem cells; ES, embryonic stem cells.
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gene, a gene that is expressed downstream of Octamer 4
(Oct4) in mouse ES cells. Using Maloney-based retroviral
vectors, they reported that ectopic expression of a combina-
tion of Oct4, Sry box containing gene 2 (Sox2), Kruppel like
factor-4 (K1f4), and c-myelocytomatosis (c-Myc) was adequate
to reprogram mouse fibroblasts to a pluripotent state that
resembled mouse ES cells, though at a low reprogramming
efficiency. These cells were later termed as induced pluripo-
tent cells (iPS cells). The iPS cells thus generated through in-
duction of a set of pluripotency defining transcription factors
were morphologically similar to mouse ES cells and expressed
ES cell marker genes. Interestingly, Nanog, a transcription
factor that shares many target genes with Oct4 and Sox2 in ES
cells, was dispensable for somatic cell reprogramming (125).
Although mouse iPS cells obtained using Fbx15 selection
expressed some ES cell marker genes, they were not identical
to ES cells (112). The Fbx15-selected iPS cells did not display
the exact gene expression and DNA methylation patterns as
ES cells, and these cells did not contribute to the formation of
normal adult chimeric mice (87). To circumvent this issue,
reactivation of either Nanog or Oct4 was used as a more
stringent selection marker. This allowed the isolation and
expansion of fully reprogrammed cells (63, 87, 120). In another
new development, iPS cells have been generated from adult
mouse hepatocytes and gastric epithelial cells using Fbx15
selection and these cells contributed to adult chimeras (3).

Generation of Human iPS Cells

The generation of iPS cells from mouse fibroblasts paved
the way for developing a system that could be extrapolated to
produce iPS cells from human somatic cells, thus allowing
patient-specific iPS cell generation (90). More specifically,
human iPS cells may provide an alternative source of stem
cells for therapeutic use in patients. Although the methods for
generation and maintenance of human iPS cells and mouse
iPS cells are similar, the latter requires some modifications to
improve efficiency and safety of the protocols for human use
of the cells. For example, it is imperative to maintain xeno-free
culture conditions for generation, maintenance, and propa-
gation of human iPS cells (110). Additionally, human somatic
cells can be more difficult to reprogram, especially when only
a limited number of cells can be obtained from a patient. One
major issue with the iPS cell reprogramming protocol was that
genetic alteration of target cells with drug resistance gene
driven by ES cell markers was required to select the repro-
grammed cells. Recent studies have shown that iPS cells could
be generated from mouse embryonic fibroblasts that were
genetically unaltered for drug resistance marker inserted into
either the Oct4 or Nanog loci (45, 69). The cells were generated
and expanded solely based on their colony characteristics and
closely resembled ES cells in morphology and at molecular
level. The efficiency of mouse iPS protocols to obtain human
iPS cells from human fibroblasts has already been reported
(90, 111). Pluripotency induction in human fibroblasts has
also been achieved with the addition of Nanog to the original
four factors and without using drug selection. Alternatively,
human fibroblasts have been re-programmed by using a dif-
ferent set of Oct4, Sox2, Nanog, and LIN28 transcription fac-
tors and expressed human ES cell markers, displayed normal
karyotypes, and differentiated into the three germ layers
(128). Given that reactivation of the c-Myec virus contributed to
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increased tumorgenicity in the iPS cell-derived chimeras (87),
efforts are underway to exclude c-Myc from the select quartet
of pluripotency factors to curtail tumorgenicity of iPS cells.
Some research groups in this regard have already shown that
c-Myc was dispensable for somatic cell reprogramming, and
therefore iPS cells may be generated using only three factors
(79, 120). The three-factor iPS cells were equivalent to the
previously described four-factor iPS cells, though with less
incidence of tumor formation than chimeras derived from
four-factor iPS cells. Nevertheless, the reprogramming pro-
cess was significantly slowed and much less efficient as
compared to using four factors (79). A recent study has shown
that iPS cells reprogrammed by the exclusion of c-Myc from
Yamanaka quartet develops innate cardiogenic potential with
an as yet undefined mechanism (64).

Advances in Pluripotency Induction Protocols

Although the risk of tumorigenicity is considerably re-
duced by removal of c-Myc from the group of reprogramming
factors, the safety concerns for human use of iPS cells due to
multiple transductions with retroviral and lentiviral vectors
for expression of putative oncogenes need to be addressed (79,
104). Incidentally, fibroblasts and human keratinocytes have
been reprogrammed with a drug-inducible polycistronic
lentivirus containing all four reprogramming factors (15, 103).
The use of autonomous self-cleaving 2A peptides approach in
a single polycistronic vector instead of internal ribosomal
entry sites helped to overcome the problem of nonstoichio-
metric and low level expression of multiple genes under the
control of one promoter. Not only did the polycistronic len-

tiviral vector approach enhance the efficiency of the repro-
gramming procedure, but it was also significant in terms of
alleviating the problem of insertional mutagenesis due to
multiple pro-viral integrations. Although, the use of adeno-
viral vectors with low frequency of genomic integration may
be a better choice in this regard (105), protocols have also been
designed to eliminate the use of viral vector delivery systems
altogether and use transient trasfection methods employing
nonviral vectors. Repeated transfections of mouse embryonic
fibroblasts with two separate plasmids, one encoding for
Oct4, Sox2, and Klf4, and the other for c-Myc, successfully
reprogrammed the cells into iPS cells (87). The nonviral ap-
proach has been further refined to develop a single multigene
expression vector containing the four factors and was suc-
cessfully used to reprogram mouse and human fibroblasts
(46). Although the reprogramming efficiency of nonviral
vector protocol is still low, the biggest advantage of nonviral
vector approach is the complete elimination of exogenous
reprogramming factors in the iPS cells. Further, nonviral
vector approach reduces the safety concern for iPS cell gen-
eration and their clinical application. Efforts are underway to
develop nonviral vector-based protocols to enhance their re-
programming efficiency.

Another nonviral alternative is the use of small molecule
compounds that cause global reversion of the somatic epi-
genome into an ES-like state (63). Small molecules such as
inhibitors of histone deacetylase and DNA demethylation
agents can improve reprogramming efficiency of somatic
cells. This approach was therefore combined with the three
factor transduction approach to improve the efficiency of re-
programming. Mouse fibroblasts that were transduced with
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the three reprogramming factors (excluding c-Myc) and
treated with valproic acid showed increased reprogramming
efficiency compared to the control fibroblasts that were re-
programmed with four factors without valproic acid treat-
ment (40). Another approach gaining popularity is the search
for cells having endogenous high level expression of one or
more pluripotency markers that may allow simplifying the
reprogramming protocol. Mouse neural stem cells with
higher endogenous Sox2 and Klf4 levels were reprogrammed
by exogenous expression of either Oct4 alone or together with
c-Myc (53, 54). Although adult stem cells may have a higher
reprogramming efficiency due to the less differentiated state
of these cells compared to somatic cells, it would be difficult to
obtain neural stem cells from patients. To circumvent the
availability issues, the authors have opted for bone marrow-
derived stem cells and skeletal muscle-derived myoblasts
and successfully reprogrammed the cells into iPS cells using
Yamanaka quartet of factors. Using bone marrow-derived
stem cells from Oct4-green fluorescence protein™ transgenic

FIG. 2. iPS cells derived from
bone marrow cells. (A) Phase-
contrast and (B) GFP fluorescent
photomicrographs of iPS cells de-
rived from mouse bone marrow
cells showing an embryonic stem
cell-like morphology. Bone marrow
was isolated from Oct4-GFP mice
and reprogrammed using trans-
duction with viral vectors encoding
for Oct4, Sox2, Kif4, and c-Myc.
Only the colonies expressing en-
dogenous Oct4 (GFP-positive) were
expanded to obtain a pure popu-
lation of iPS cells. (C-F) Fluorescent
immunostaining of bone marrow
cell-derived iPS cells for expression
of Sox2 (red; C). Endogenous Oct4
expression (GFP green; D) contin-
ued during in vitro expansion of iPS
cells. The nuclei were observed by
DAPI staining (blue; E). Figure 3F
represents the merged image of A-
C (original magnifications =200x).
GFP, green fluorescence protein.
(For interpretation of the references
to color in this figure legend, the
reader is referred to the web version
of this article at www .liebertonline
.com/ars).
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mouse, we have successfully generated iPS cells lines that
were identified on the basis of their ES cell-like morphology
and expression of green fluorescence protein postsuccessful
reprogramming (Figs. 2 and 3). Both skeletal myoblasts as
well as bone marrow-derived stem cells are readily available
from patients in sufficient number and without ethical issues.
This will ensure iPS cells from an autologous source in the
clinical setting. The lower level differentiation status of both
bone marrow stem cells and skeletal myoblasts as compared
to the terminally differentiated fibroblasts makes these cells
better candidates for reprogramming with fewer factors.

Cardiogenesis with iPS Cells

There is considerable interest in the use of iPS cells and
iPS cell-derived cardiac progenitors and cardiomyocytes as
an alternative cell source for myocardial repair. Various re-
search groups have already shown that similar to ES cells, iPS
cells differentiate into functional cardiomyocytes that may
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integrate and electromechanically couple with cardiomyo-
cytes (8, 81). In vitro studies showed that iPS cells formed
functional cardiomyocytes with established hormonal regu-
lation pathways and functionally expressed cardiac ion
channels besides adopting ventricular phenotype (56). Elec-
trophysiology studies indicated that iPS cells have a capacity
like ES cells for differentiation into nodal-, atrial-, and ven-
tricular-like phenotypes based on action potential character-
istics. Both iPS and ES cell-derived cardiomyocytes exhibited
responsiveness to beta-adrenergic stimulation as was appar-
ent from an increased spontaneous rate and decreased action
potential duration (129).

Most of the studies published in this regard have focused
on the in vitro differentiation of iPS cells, with only a few
studies focusing on the in vivo behavior and myocardial re-
parability of the transplanted iPS cells. Nelson et al. have re-
cently shown that intramyocardially delivered iPS cells
engrafted and survived in the immunocompetent host myo-
cardium without disrupting the cyto-architecture (81). These
iPS cells were developed from murine fibroblasts after viral
induction with Yamanaka quartet of pluripotency genes and
they also showed inherent cardiogenic potential. The allo-
genic iPS cells thus engrafted in the immunocompetent
murine model of acute myocardial infarction rescued the
postischemic myocardial structure and contractile func-
tion in comparison with parental fibroblast injection. Im-
munoshistochemistry provided evidence of their myogenic
and endothelial differentiation in the heart. However, the
study results did not show their coupling with the host
myocytes. The same group of researchers has also reported
that iPS cells, with proficient cardiogenic potential, may also
be generated by three factor induction without c-Myc (65).

HAIDER ET AL.

FIG. 3. Characterization of bone
marrow iPS cells for pluripotency.
Fluorescent immunostaining of
bone marrow cell-derived iPS cells
for expression of pluripotency
stage-specific embryonic antigen-1
(SSEA-1; red, A). Endogenous Oct4
expression (GFP green; B) contin-
ued during in vitro expansion of iPS
cells. (O) The nuclei were observed
by 4',6-diamidino-2-phenylindole
staining. (D) shows the merged
image (original magnifications=
400x). (For interpretation of the
references to color in this figure
legend, the reader is referred to the
web version of this article at www
Jliebertonline.com/ars).

Future Directions

One of the fundamental challenges facing stem cell therapy
in cardiovascular therapeutics is selection of the right type of
cells with ideal characteristics in terms of biology, differenti-
ation potential, and ease of availability without ethical issues.
To date, only skeletal myoblasts and bone marrow-derived
stem cells have made it to clinical use. The recent changes in
National Institutes of Health policy regarding the use of ES
cells and the groundbreaking discovery that somatic cells can
be reprogrammed to generate pluripotent stem cells have
significantly enhanced the interest of researchers in the use of
pluripotent stem cells in regenerative medicine. The biggest
advantage of iPS cells would be the availability of patient-
specific/disease-specific cells from an autologous source (43,
49, 89, 121). Moreover, due to realization on part of the re-
search community that stem cell therapy alone may be in-
sufficient to address the multi-aspects of the disease process in
the infarcted myocardium, efforts are now underway to adopt
a combinatorial treatment approach (37, 61, 82, 126). Gene
therapy, which was previously considered rival emerging
therapeutic intervention to stem cell therapy, is now being
successfully combined to get the best of the two approaches
(36, 83, 119).

iPS cell technology is still in its infancy. For its progress and
adoption for clinical use, there are some fundamental issues
that need to be resolved. The issues of viral vectors and ge-
netic manipulation involved during generation of iPS cells are
required to be replaced with safer methods of induction
because the future lies in generating iPS cells without genetic
manipulation to make it safer for human use. The most recent
discovery of micro RNAs (miRs; a select group of small,
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noncoding RNAs) that regulate cell functionality is being
combined with stem cell therapy to enhance their post-
engraftment characteristics such as survival, differentiation,
and paracrine behavior (19, 45, 70, 122). Given the pivotal role
of miRs in determining the primitive nature of stem cells,
reprogramming protocols based on miR manipulation are
therefore being developed (70, 123). These strategies would
curtail teratogenicity of the iPS cells thus generated, which
can further be alleviated by partial differentiation of iPS cells
before engraftment. Likewise, the regenerative potential of
iPS cells can best be exploited with more information on
the properties of the cell type. Hence, in-depth studies are
required to characterize the physiological behavior and
electromechanical properties of iPS cells and iPS cell-derived
cardiomyocytes. Similar to ES cells (25), one of the important
features of iPS cells is that in their undifferentiated status, iPS
cells have a very small number of mitochondria and mito-
chondrial DNA copy number. These mitochondrial changes
occur during the reprogramming process wherein the
somatic cell mitochondria revert to ES cell like immature
morphology and distribution (92). However, following their
commitment to adopt cardiac phenotype, which has quite
distinct metabolic requirements as compared to the undif-
ferentiated iPS cells, the cells would need appropriate mi-
tochondrial changes to match the functional requirements
of the new phenotype. Therefore, future research may be
required to focus that differentiation protocols for iPS cells to
adopt cardiac phenotype should ensure analogous matura-
tion of mitochondria to sustain functionally effective status
postengraftment in the heart.
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ES cells = embryonic stem cells
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GFP = green fluorescence protein
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iPS cells = induced pluripotent stem cells
Isl1 =Islet-1
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