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Cellular Cardiomyoplasty Using Skeletal Muscle Stem Cells
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Abstract: Skeletal muscle satellite cells (myoblasts) are the primary stem cells of skeletal muscle which contribute to
growth, maintenance, and repair of the muscle. Satellite cells offer several advantages for cellular cardiomyoplasty: can be
easily obtained without affecting one’s function, vastly proliferated in culture, have high resistance to ischemic and
hypoxic conditions, no identified risk for tumor generation, and more commitment to myogenic differentiation. Cellular
cardiomyoplasty is a developing new therapy that use stem cells or progenitor cells for injured heart to improve cardiac
function and mitigate heart failure. Since we first published cellular cardiomyoplasty in 1989, this procedure became one
of the innovative methods to treat damaged myocardium other than heart transplantation. A significant improvement in
cardiac function, metabolism, and perfusion is generally observed in experimental and clinical studies, but the
improvement is mild and incomplete. Although safety, feasibility, and efficacy have been well documented for the
procedure, the beneficial mechanisms remain unclear and optimization of the procedure requires further study. This paper
briefly reviews the skeletal muscle stem cells used for cellular cardiomyoplasty and their clinical outcomes with possible

improvements in future studies.
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INTRODUCTION

Cardiovascular disease is the primary contributor to
global mortality which accounts for more than 17.3 million
deaths per year [1]. Each year, an estimated 635,000
Americans have a new heart attack for the first time with
280,000 having a recurrent coronary attack. It is also
estimated that an additional150,000 Americans have silent
myocardial infarction. Approximately every 34 seconds an
American has a coronary event and every minute one will
dies of it [2]. There are more than five million heart failure
patients in the United States alone with substantial
morbidity, morality, and healthcare expenditure [2].
Congestive heart failure is not a disease per se but a
pathophysiologic condition which the cardiac output cannot
meet the demand for normal functioning of the body. Other
than replacing the failing heart (cardiac transplantation),
there is no clinical therapy to cure the failing heart. Cellular
cardiomyoplasty is a cell therapy using stem cells or
progenitor cells to induce myogenesis and angiogenesis of an
injured hart to replace, repair, maintain, and enhance
ventricular function. The therapy is intended to regenerate
the lost myocardium and to prevent or mitigate the
progressive and irreversible loss of cardiac function and
eventually heart failure.

Embryonic stem cells, adult stem cells, and induced
pluripotent stem cells (iPSs) are the three major types of

*Address correspondence to this author at the Department of Surgery,
Center for Inflammation, Infectious Disease and Immunity, Quillen College
of Medicine, East Tennessee State University, Johnson City, Tennessee
37614; Tel: (423) 439-8803; E-mail: kao@etsu.edu

1874-3005/15

stem cells that have been used for experimental and clinical
studies with outcomes reviewed [3-13]. Embryonic stem
cells are totipotent cells that have the capability to
differentiate into any type of cell in the body. However, their
application in regenerative medicine is limited due to ethical
concerns, formation of teratoma, and possible rejection after
utilization. Adult stem cells are undifferentiated cells
residing in differentiated tissues capable of self-renewal and
proliferation to produce differentiated cells. Adult stem cells
can yield the specialized cell types of the tissue from which
it originated and are capable of developing into cell types
that are characteristic of other tissues (plasticity). Self-
renewal and plasticity of adult stem cells have been well
established. This review paper will concentrate on the
skeletal muscle stem cells applied for cellular
cardiomyoplasty.

Ventricular muscle cells of adult mammals are terminally
differentiated cells that have lost their ability to replicate by
cell division. Although this view has been challenged for
more than one and half century [14, 15]; clear evidence of
new ventricular cardiomyocytes produced from adult
mammals remains lacking [16]. Even DNA synthesis can be
found in adult human heart [17, 18], this cannot be
considered as cardiomyocyte proliferation due to DNA
repair, polyploid nucleus, and multinucleated cardiac
myocytes all have DNA synthesis without cytokinesis [12,
14, 15, 19, 20]. New heart muscle cells can be derived from
extra-cardiac sources as evidenced by the male cardiac
transplant recipient with female donor heart showing Y
chromosome containing cardiomyocytes [21, 22]. However,
cell fusion can also produce Y chromosome-positive
cardiomyocytes.
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The lack of sufficient heart muscle cells to generate required
pressure and output from the ventricles has been considered
as the primary cause of heart failure. Myocardial infarction is
normally repaired by scar formation associated with
hyperplasia of nonmuscle cells and hypertrophy of cardiac
myocytes. Although stem cells in the ventricular
myocardium have been identified in 1996 [23] and several
types of stem or progenitor cells (c-kit" , sca-1", isl-1", side
population, and cardiosphere) have been reported in recent
years [24-30], however, functionally significant myocardial
regeneration has not been documented in diseased or injured
heart under natural conditions. Although cardiac stem cells
can give rise to cardiomyocytes, smooth muscle cells,
endothelial cells, and other cell types, the cell surface
markers are not specific to cardiac stem or progenitor cells
[31]. In addition, the derived cardiomyocytes can be
contaminants from the original tissue [21, 32]. Adult
mammalian myocardium lacks adequate endogenous
regenerative capability, and cellular cardiomyoplasty offers a
viable approach to reconstitute damaged myocardium and
prevent heart failure.

SKELETAL MUSCLE STEM CELLS

Skeletal muscle satellite cells (myoblasts) are the primary
stem cells of skeletal muscle which contribute to growth,
maintenance, and repair of the muscles. Satellite cells are the
first stem cells used for cellular cardiomyoplasty about 25
years ago [33]. During embryonic life, myoblasts multiply
and fuse to form multinuclear myotubes that mature into
myofibers (muscle fibers) which are the functional units of
skeletal muscle. Normal muscle growth takes place through
increases in the length and diameter of existing muscle fibers
with 2- to 4-fold increase in the number of muscle nuclei.
Injured skeletal muscles regenerate both by repairing of
surviving muscle fibers and the formation of new fibers [34-
38]. True muscle nuclei are postmitotic and normally cannot
produce additional muscle nuclei, while injured skeletal
muscle is primary regenerated from satellite cells.

Satellite cells are mononucleated myogenic precursor cells
located under the basal lamina but outside the sarcolemma of
skeletal muscle [34, 39, 40]. They are 25 by 5 um spindle-
shaped cells containing a heterochromatic nucleus and scanty
cytoplasm with few organelles. The cytoplasm is dominated
by large quantities of free ribosomes with some rough
endoplasmic reticulum [41-43]. Satellite cell was first
identified and named by Mauro in 1961 [44], since then
many studies and reviews have been published [45, 46].
Radioautographic studies reveal that dividing satellite cells
are able to fuse with existing muscle fibers for providing
new muscle nuclei and to fuse with themselves for forming
new muscle fibers [34, 37]. In adult skeletal muscles satellite
cell nuclei represent 3—6 % of all muscle nuclei with higher
frequency in slow fibers as compared to fast fibers [39].
Although other skeletal muscle stem cells such as side
population cells, pericytes, mesoangioblasts, and myoend-
othelial cells have also been identified, their contribution to
growth, maintenance, or repair of muscle requires further
study. For this review, we will name the skeletal muscle
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stem cells as satellite cells. The implantation and outcomes
of cellular cardiomyoplasty using satellite cells have been
reviewed [19, 33, 47-50].

EXPERIMENTAL STUDIES USING SKELETAL
MUSCLE STEM CELLS

Our group is the first one using dog satellite cells for
cellular cardiomyoplasty in 1989 [51]. Since then a number
of research laboratories started the similar project to confirm
the safety and efficacy of satellite cells for cellular
cardiomyoplasty that was summarized in our book published
in May, 1997 [52] and lead to the first clinical case in 2000
[53]. Satellite cells offer several advantages for cellular
cardiomyoplasty: can be easily obtained without affecting
one’s function, can be vastly proliferated in culture, have
high resistance to ischemic and hypoxic conditions, have no
identified risk for tumor generation, and have more
commitment to myogenic differentiation. Formation of new
muscle tissue, improvement of local perfusion, augmentation
of local and global contractility, enhancement of metabolic
activities, maintenance of ventricular wall thickness,
decrease of scar tissue, and increase of ejection fraction and
cardiac output are the observed benefits using satellite cells
for cellular cardiomyoplasty [15, 19, 20, 45, 54-57].

a) Labeling of satellite cells: In order to identify the
satellite cells after implantation into injured heart, it is
necessary to label the cells before implantation. We
have compared different labeling procedures for
satellite cells in our previous publication [58].
Although satellite cells can be labeled with
fluorescent microspheres (0.49 p, Polysciences Inc.,
Warrington, PA, USA), 4'-6-diamidino-2-
phenylindole (DAPI), or pulse labeled with *H-
thymidine, the major limitation of these procedures is
that the labeling intensity will decrease as the cell
divides. The mammalian reporter vectors lacZ
(pCMVp) from Clontech Laboratories, Inc. (Palo
Alto, CA, USA), and green fluorescent protein (GFP)
from Invitrogen (Carlsbad, CA, USA) can be
transfected into satellite cells using Lipofectamine
(Gibco BRL) (Gaithersburg, MD, USA). Transfection
with Lipofectamine suffers the low-efficiency and
losing labeling intensity after cell implantation.

AdenoLacZ and AdenoGFP from Quantum
Biotechnologies (Montreal, Quebec, Canada) can be added
directly into the culture medium, labeling the cultured
satellite cells. The adenovectors offer high-efficiency
labeling of satellite cells that can be detected even after 8
weeks in culture. However, to reveal [-galactosidase
activity, labeled satellite cells need to be fixed, and false-
positive X-gal reaction should be carefully avoided [59]. X-
gal reaction at pH 7.4 and 37 °C for 6 h is recommended.
AdenoGFP provides outstanding labeling efficiency with
high specific and definition without interfering with the
myogenic capability of labeled satellite cells.

Recently retroviral and lentiviral vectors have been
developed for labeling of cells and gene transfection.
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In addition using male inbred animal donor cells and
transplant into inbred female animals, the Y chromosome of
donor cells can be an ideal preexisting marker for the donor
cells. Fluorescence in situ hybridization (FISH) can be used
to identify specific chromosomes [49]. Using inbred animals
in cellular cardiomyoplasty, it is possible to use the male
donor cells transplanted into female animals and identify the
donor cells by the presence of Y chromosome. The
differentiation fate of the transplanted cells can be
determined by the specific cell markers by histologic or
immunohistochemical procedures [60].

b) Possible beneficial mechanisms of cellular cardio-
myoplasty: Although occasional cardiomyocytes
developed from transplanted stem cells have been
observed, the original hypothesis that stem cells
restore cardiac function by massive myocardial
regeneration is not supported. The possible beneficial
mechanisms for cell therapy are many and a general
consensus is lacking among different groups of
investigators. In general the beneficial mechanisms of
cellular cardiomyoplasty can be divided into
myogenesis (activate contraction, improve
compliance, scaffold effect, wall thickening, cell
fusion, rescue damaged cells, modify matrix),
angiogenesis (neovascularization, improve perfusion,
enhance metabolism, minimize remolding, reverse
remolding, salvage hibernating cells, rescue at-risk
cells), and paracrine or endocrine effects (growth
factors, angiogenic factors, cytokines, activate stem
cells, mobilize stem cells, homing stem cells). The
outcomes of beneficial mechanisms can be seen as:
prevent infarct expansion, minimize remolding, avoid
cell death, regenerate myocardium, decrease scar
tissue, better blood perfusion, enhance metabolism,
augment regional function and improve global
function [15, 40, 57, 61-65].

CLINICAL OUTCOMES
MUSCLE STEM CELLS

Skeletal muscle stem cells (satellite cells, myoblasts)
were the first type of cells applied for clinical cellular
cardiomyoplasty in 2000 [53]. Since then a number of small-
scale uncontrolled clinical studies have been reported by
different groups. Early clinical applications produced highly
encouraging results and a list of clinical trials can be found
from http://www.ClinicalTrials.gov. Summaries of clinical
trials have been reported in several recent reviews [19, 45,
54, 55, 57, 66-72]. The skeletal muscle stem cells (myo-
blasts, satellite cells) have been delivered into the
myocardium through epicardial, endocardial or transcoro-
nary route in the twelve short-term (one year or less) clinical
trials. A significant improvement in New York Heart
Association (NYHA) functional class [73, 76, 77, 79, 81, 82,
84], ejection fraction (EF) [73-78, 84], contractility [73, 74,
78, 84], perfusion and viability of myocardium [78, 81, 84],
6-min walk [76, 82, 83], and left ventricular end systolic and
diastolic volume (LV Volume) [80, 81] have been observed.
Although arrhythmogenic potential and mortality have been
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concerned for stem cell implantation, they have not post any
threat and can be easily prevented by prophylactic
amiodarone. Even safety, feasibility, and efficacy have been
well documented for the procedure, the beneficial
mechanisms remain unclear and optimization of the
procedure requires further study.

For the three long-term study (four years or longer),
significant improvement in EF, NYHA functional class, and
viability of myocardium were found in two of three studies
that combined CABG and myoblasts transplantation [85,
86]. Percutaneous intra-myocardial skeletal —muscle
myoblasts injection in ischemic cardiomyopathy has no
sustained positive effect during follow-up [87]. A meta-
analysis of four randomized controlled trials using skeletal
muscle stem cells [80-83] indicate there is no significant
improvement in EF but cell therapy improved NYHA
functional class and 6-min walk. No significant increase in
the risk of ventricular tachycardia or acute heart failure is
also confirmed [88].

Although feasibility, safety, improved survival, and
ventricular functions have been observed in long-term
follow-up studies, definitive long-term efficacy requires
large-scale placebo-controlled double-blind randomized
trials as the Myoblast Autologous Grafting in Ischemic
Cardiomyopathy (MAGIC) study [80]. The MARVEL trial
(NCT00526253) is a double-blind, randomized, controlled,
multicenter study for 330 patients but has been terminated
after 23 enrollments due to financial reasons [83]. For a
small subgroup of patients in MAGIC trial that followed for
an average of six years [89], the global or regional left
ventricular function and arrhythmia was not changed but a
significant reduction in left ventricular volume was observed
that was similar to the original observations. Due to the
failure and early termination of MAGIC trial, there is no
active clinical trial using skeletal muscle stem cells for
cellular cardiomyoplasty.

FUTURE DIRECTIONS IN
CARDIOMYOPLASTY

Any molecular, genetic, or cellular therapies that can
restore or regenerate the damaged myocardium and improve
ventricular function to prevent end stage heart failure will
alleviate mortality and morbidity to the patients.
Unfortunately, other than heart transplant there is no clinical
procedure to restore cardiac function for the patients
suffering from end stage heart failure and cellular
cardiomyoplasty may offer an alternative after its perfection.
Although a number of different cell types have been
investigated experimentally and clinically, the search for the
ideal cell type or combination of cell types for cellular
cardiomyoplasty is still ongoing [3-13, 61-65].

CELLULAR

The primary beneficial mechanism after mesenchymal
stem cell transplantation may be due to its paracrine effect
by releasing angiogenic factors, antiapoptotic factors, and
growth factors to improve perfusion, enhance metabolism,
salvage damaged cells, and mobilize or activate endogenous
stem cells [3, 4, 9, 11, 90, 91]. The paracrine effect that
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regulates the cellular and molecular mechanisms of
endogenous heart stem cells for myocardial regeneration and
repair can offer another alternative to cellular cardiomyo-
plasty. Indeed, intracoronary injection of insulin like growth
factor and hepatocyte growth factor [92] in a dose-dependent
manner, improved cardiomyocyte survival, reduced fibrosis,
and significantly increased cardiac stem/progenitor cells.

Recently, the induction of pluripotent stem cell lines
from adult cells has been successfully achieved in different
laboratories [93-98]. If autologous cells are used to develop
the iPS, the ethical concerns and immune rejection will not
limit their application [99]. To reprogram somatic cells into
iPS, either retroviruses or lentiviruses are commonly used to
introduce the reprogramming factors. Viral integration into
the host genome increases the risk of tumorigenicity, thus
viral free procedures can be used to reduce the risk of tumor
formation [100, 101] however this method substantially
lowers the already very low efficiency of iPS generation.
Alternatively, the non-integrative sendai virus can be used to
avoid viral integration into host genome [102]. Another
important risk in the clinical application of human iPS is the
teratoma formation by residual undifferentiated cells.
Immunodepletion with antibodies against stage-specific
embryonic antigen-5 and two pluripotency surface markers
[103] or by lineage-specific differentiation (derivate
cardiomyocyte) [104] may prevent teratoma formation.

Cardiac stem cells for cellular cardiomyoplasty have
been reported with two clinical trials SCIPIO (NCT0047-
4461) and CADUCESU (NCT00893360). The SCIPIO trial
is a phase 1, randomized, open-label trial of autologous c-
kit" cardiac stem cells in patients with ischemic heart failure
undergoing coronary artery bypass grafting (CABG) [105].
At one year follow-up [106], significant increase in LVEF,
regional EF, LV viable mass with significant decrease of
infarct size and LV nonviable mass have been observed.
With a maximum of one million cardiac stem cells infused
into coronary artery, more 400 million cardiomyocytes have
generated within the scar tissue [106]. The CADUCESU trial
is a phase 1, prospective, randomized, controlled trial using
cardiosphere-derived autologous stem cells at 1.5 to 3
months after successful percutaneous coronary intervention
[107]. Cells (12.5 to 25 millions) were infused into the
infarct-related coronary artery using angioplasty catheter. At
one year follow-up [108], significant increase in viable heart
mass, regional contractility, systolic wall thickening and
significant reduction in scar mass have been found. No
significant safety concerns and no improvement in LVEF,
NYHA functional class, 6-min walk, or quality of life have
been observed. The use of cardiac stem cells for cellular
caridomyoplasty has been reviewed recently [109, 110].

The method of cell delivery and enhance retention,
timing and dosing of cells, survival and engraftment of cells,
the adjunctive treatment or combined therapies will not be
optimized till a better understanding of the beneficial
mechanisms on cellular cardiomyoplasty. The stem cells
have been delivered to the heart through coronary system
(intracoronary artery, retrograde coronary venin, intrave-
vein, or intraventricular administration) or by direct injec-
tion into myocardium (epicardial, transendocardial, or
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transcoronary  injection) [111]. The retention and
engraftment rates of the cells are very low due to biological
and mechanical losses [9, 33]. Within hours to one day about
10% of the injected cell can be found by intramyocardial
route and only 2 to 3 % remain in the heart after coronary
delivery [112-114]. With progress decreases by time, around
one month about 1% or less of the transplanted cells can be
found in heart [114, 115]. Using microspheres with
approximating size of stem cells to rule out cell death and
degradation; similar results have been found as stem cells
and cell leakage, wash out, and mechanical squeeze may be
the main causes of cell losses[116-118]. Theoretically even a
few stem cells survived at the transplant site, they should be
able to proliferate to vast quantity in a reasonably short time,
but the robust proliferation of transplanted stem cells has not
been observed.

Improving cellular retention, survival, mobilization,
homing, and differentiation are different areas that can
improve the outcomes of cellular cardiomyoplaty. The
retention and engraftment rates of the cells are very low due
to biological and mechanical losses [9, 33, 119, 120].
Microencapsulation [121], nanobiotechnology [122], tissue
engineering [123], and magnetic targeting [124] all
significantly increased cell retention and engraftment of
implanted cells. Preconditioning of cells, pharmacologic
agent, and genetic modification of stem cells are additional
procedures to improve survival, mobilization, homing, and
differentiation of stem cells for cellular cardiomyoplasty [33,
125-128].

Before resolving the problems of cell retention and
survival, studying the dose and time of cell administration
may be meaningless due to the extremely low retention and
engraftment rate. Most studies indicate that high dose of
cells (>10°% are more beneficial than the lower doses.
Although early cell therapy (<7 days) after myocardial
infarction seems more effective than delayed treatment [129-
132], the delayed treatment also provides significant
improvement in left ventricular function. More importantly,
timing of treatment from animal studies cannot directly
translate to clinical study. The changes in pathologic state is
faster in smaller animals than large animals and humans after
myocardial infarction. Therefore, relative pathologic state
rather than actual date should be considered. To overcome
the lack of trans-differentiation for skeletal muscle and bone
marrow stem cells, treating the cultured cells with retinoic
acid, dimethyl sulfoxide, 5-azacytidine or other compound
[133] can induce them differently into cardiomyocytes.
Alternatively induction of cardiac fibroblasts into
cardiomyocyte-like cells [134-139] can be another way of
myocardial regeneration. Cardiomyogenic pretreatment
significantly increased the formation of cardiac myocytes
after their transplantation into the injured heart [140] and
different stem cells may require different treatment [141,
142].

Cellular cardiomyoplasty has been moved rapidly from
animal experiment to clinical trials with highly encouraging
results. Unfortunately the beneficial mechanisms lack
general consensus that limit the optimization of the
procedure. Although cell therapy has proved to be
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significantly beneficial to acute myocardial infarction,
chronic ischemic cardiomyopathy, and heart failure patients;
the beneficial outcomes are moderate. After a better
understanding regarding the mechanisms of cellular
cardiomyoplasty, the ideal cell type or combination of cell
types, the optimal dose and time of treatment, and the
beneficial adjunct therapies can be devised.
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