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ABSTRACT

Cardiovascular disease remains the leading cause of morbidity and mortality in the United States and
Europe. In recent years, the understanding that regenerative processes exist at the level of the myocar-
dium, has placed stem cell research at center stage in cardiology. A stem cell is a cell that has the ability
to divide (self replicate) for indefinite periods often throughout the life of the organism. Myocardial regen-
eration with stem-cell transplantation is a possible treatment option to reverse the deleterious hemody-
namic and neurohormonal effects that occur after myocardial infarction and can lead to congestive heart
failure. Embryonic stem (ES) cells, bone marrow (BM) stem cells, myoblasts, fetal cardiomyocytes, endo-
thelial progenitors, resident cardiac progenitor cells, and tissue-derived stem cells are potential sources of
stem cells. They regenerate heart by differentiation in the endothelial and cardiac lineages, neovasculari-
zation as well as influence on the local environment by the release of paracrine factors. Early phase |
clinical studies indicate that stem-cell transplantation is feasible and may have beneficial effects on ven-
tricular remodeling after myocardial infarction. The ongoing rigorously- designed trials will contribute
greatly to this emerging and exciting new therapeutic approach for diseases of the cardiovascular system.
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Stem cells therapy is one of the most fascinating ar-
eas of biology today and stem cells are the trend setters
of regenerative or reparative medicine. Stem Cells are
unspecialized cells, can divide and renew themselves for
long periods of time and become specific specialized
cell types of the body i.e. stem cell is an undifferentiated
cell in the body with undetermined function capable of
forming various tissues under definite signals received
from the body [1]. By definition, stem cells are cells that
are clonogenic (capable of producing exact duplicates),
self-renewing (capable of dividing indefinitely), and
potent (capable of differentiating into multiple cell line-
ages) [2].

According to their potential for differentiation, sev-
eral generations of stem cells can be distinguished viz
totipotent, pluripotent, multipotent, or unipotent [3].
Stem cells in the very early stages of embryonic devel-
opment are often referred to as totipotent, or omnipo-
tent. Totipotent cells can give rise to any type of cell:
cells of the trophoblast and cells of the 3 germ layers
(endoderm, mesoderm, and ectoderm), all of which are
necessary for complete embryonic development thus
developing a living organism [4]. Stem cells that can
give rise to cells of all 3 embryonic germ layers but not

to trophoblasts are considered pluripotent [5]. Stem cells
that give rise to cells of different lineages within a sin-
gle germ layer are considered multipotent. After a lim-
ited number of divisions, unipotent stem cells begin to
differentiate and give rise to cells of specific tissue
types. These tissue-specific cells then impart function
and structure to tissues and organs by becoming their
integral units [6].

In 1998, James Thomson at the University of Wis-
consin-Madison isolated cells from the blastocyst, and
developed the first human embryonic stem cell lines [7].
Stem cell can be obtained from several sources like
spare embryos, special purpose embryos, cloned em-
bryos, aborted fetuses, umbilical cords, adult tissue or
organs and cadavers.

Coronary arteries are the blood vessels that supply
blood and oxygen to the heart muscle. Fatty deposits
build up in blood vessel walls and narrow the passage-
way for the movement of blood. Coronary artery disease
results from a chronic inflammatory disease of the vas-
cular wall and leads to vessel occlusion and organ dam-
age [8, 9]. Coronary artery disease can be treated phar-
macologically (anticoagulants, fibrinolytics and anti-
platelets) [10] or surgically (Percutaneous Transluminal
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Coronary Angioplasty (PTCA) and Coronary Artery
Bypass Surgery (CABQG)).Gene therapy for therapeutic
angiogenesis and to prevent restenosis is done with the
genes of Growth Factor Protein, Low-density lipopro-
tein receptor, Hypoxia Response Element (HRE), COX-
I, tissue factor pathway inhibitor [11].

Limitations of current therapies have led to research
aimed at regenerating and repairing ischemically dam-
aged myocardium through stem-cell therapy. How can
stem cells play a part in repairing the heart? One impor-
tant type of cell that can be developed is the cardiomyo-
cyte (myogenesis), the heart muscle cell that contracts
to eject the blood out of the heart's main pumping
chamber (the ventricle). Besides, vascular endothelial
cell, which forms the inner lining of new blood vessels,
and the smooth muscle cell, which forms the wall of
blood vessels [12, 13].

I. POTENTIAL SOURCES OF CARDIAC STEM

Recent experimental and clinical observations have
suggested that cell transplantation could be of therapeu-
tic value for the treatment of heart disease. This ap-
proach was based on the idea that transplanted donor
cardiomyocytes would integrate with the host myocar-
dium and thereby directly contribute to cardiac function
[14].

Stem-cell transplantation (also called cell cardio-
myoplasty) generates contractile cells that integrate both
functionally and structurally into the surrounding viable
muscle. This integration occurs via the formation of
cell-to-cell contacts such as cardiac-specific intercalated
discs consisting of desmosomes and gap junctions. The
desmosomes give myocardial tissue the necessary
physical strength; the gap junctions, which consist of
the cardiac muscle-specific protein connexin 43, enable
communication between cardiomyocytes that results in
coordinated and synchronous contraction of myocardial
tissue [15]. The contractility of engrafted cells can occur
naturally (for example, in the case of fetal cardiomyo-
cytes or skeletal myoblasts) or be induced by transdif-
ferentiation (for example, in the case of adult stem
cells). These structural characteristics indicate that the
developing new myocytes are coupled electrically and
mechanically [16]. Endothelial cells and fibroblasts
have also been used to restore function to nonviable
myocardium, but the results have been substantially
inferior to those achieved with contractile cells [4, 5,
17].

The microenvironment plays a fundamental role in
the transdifferentiation of stem cells. Human mesen-
chymal stem cells (from adult bone marrow), when en-
grafted into murine hearts, seem to differentiate into
cardiomyocytes that are indistinguishable from the
host’s cardiomyocytes [18] and can form functional gap
junctions with one another, with cell lines expressing
cardiac connexins, and with adult cardiac myocytes
[19]. Although its mechanism is incompletely under-
stood, the "homing" of stem cells to the injured myocar-
dium is essential, as it concentrates the implanted cells
in an environment favorable to their growth and func-
tion. Ischemia or hypoxia may increase vascular perme-
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ability, enhance the release of chemoattractive factors,
and promote the expression of adhesion proteins, which
may facilitate the homing process [20].

Embryonic stem (ES) cells, bone marrow (BM) stem
cells, fetal cardiomyocytes, myoblasts, endothelial pro-
genitors, resident cardiac progenitor cells, and tissue-
derived stem cells are potential sources to improve ne-
ovascularization and left ventricular (LV) function after
myocardial infarction [21, 22, 23].

(A) EMBRYONIC STEM CELLS (ESS)

Three types of pluripotent stem cell lines have been
established from mammalian embryos: Embryonic Stem
(ES), Embryonic Germ (EG) and Embryonic Carcinoma
(EC) cells [24]. Embryonic stem (ES) cells are derived
from the inner cell mass of the blastocyst-stage embryo,
late in the first week after fertilization [25, 26, 7]. Em-
bryonic stem cells must be obtained when an embryo is
in early development, that is, when the fertilized egg has
divided to form about 1000 cells [27].

Embryonic stem cells are pluripotent, weakly immu-
nogenic and they can readily differentiate into nearly
any cell in the body, for example, mouse ES cells can be
directed in vitro to yield vascular structures [5, 28, 29].
ES cells can be cultured for extended periods and ge-
netically manipulated without loss of their pluripotential
capacity (as assessed by their ability to participate in all
aspects of the development of the embryo proper when
reintroduced in vivo) [30, 31, 32]. ES cells 14of a disor-
ganized array of differentiated or partially differentiated
cell types that are derived from the three primary germ
layers of the embryo-the endoderm, mesoderm, and
ectoderm [33] including cells of the hematopoietic, en-
dothelial, cardiac and neuronal tissues [32].

In vitro differentiation of ES cells into cardiomyo-
cytes occurs in embryoid bodies. This differentiation
can be divided into 3 stages: early, intermediate, and
terminal. In the early stage, pacemaker-like cells are
produced, and in the intermediate stage, atrial and ven-
tricular cells and cells of the heart conduction system
develop. During the terminal stage, well-organized bun-
dles of myofibrils can be observed with clearly distin-
guishable A, I, and Z bands, and intercalated discs that
contain desmosomes and gap junctions. Cardiomyocytes
derived from terminally differentiated ES cells respond
to B-adrenergic stimulation in vitro [4]. These unique
pluripotent cell lines can be propagated in the undiffer-
entiated state in culture and coaxed to differentiate into
cell derivatives of all three germ layers, including car-
diomyocytes [34]. Human ES (hES) cells differentiate
into spontaneously beating cells with a cardiomyocyte
phenotype. The morphology and ultrastructure of these
cells are organized with sarcomeric structures, forma-
tion of intercalated disks, desmosomes, and gap junc-
tions, characteristic of cardiomyocytes [4, 35, 36] and
the presence of a functional syncitium with action po-
tential propagation [36, 37] and even displaying atrial
and ventricular subtypes. Electrical recordings from
these cells, changes in calcium-ion movement within the
cells, and contractile responsiveness to catecholamine
hormone stimulation by the cells were similar to the


https://ijpt.iums.ac.ir/article-1-126-en.html

[ Downloaded from ijpt.iums.ac.ir on 2025-07-17 ]

Are Stem Cells the Next Therapeutic Tool for Heart Repair?

recordings, changes, and responsiveness seen in early
cardiomyocytes observed during mammalian develop-
ment [36, 38]. Furthermore, hES cells can be genetically
engineered to gain an improved resistance to ischemia
[4, 5]. However, hES cells have drawbacks like poten-
tial immune rejection, difficult-to-obtain pure cell cul-
tures, and limited proliferative capacity.

(B) BONE MARROW-DERIVED STEM CELLS
(BMSCS)

Bone marrow is composed of various types of cells
of specific phenotypes and function. The concept of
progenitor-cell transfer for enhancing cardiac repair has
raised new therapeutic prospects [39]. Bone marrow
cells can be transplanted either as total, unfractionated
bone marrow or as a well-defined subpopulation of
BMSCs. Bone marrow is a potential source of multipo-
tent stem cells for cell cardiomyoplasty, particularly
because of its easy accessibility, autologous origin, and
ability to transdifferentiate into both cardiomyocytes
and coronary vessels [40, 41, 42].

Total unfractionated bone marrow is usually aspi-
rated from the iliac crest and immediately injected into
damaged myocardium. Total bone marrow contains
very few multipotent cells capable of transdifferentiat-
ing into cardiomyocytes, per unit of volume. Another,
slightly more complicated method is to inject a well-
defined subpopulation of multipotent BMSCs into dam-
aged myocardium. [43]

(i) Hematopoietic Stem Cell (HSC)

HSCs are constantly being generated in the bone
marrow where they differentiate into mature types of
blood cells. Indeed, the primary role of HSCs is to re-
place blood cells, only an estimated 1 in 10,000 to
15,000 cells in the bone marrow is a hematopoietic
(blood forming) stem cell (HSCs) [44, 45]. The mobili-
zation of HSCs from bone marrow can apparently be
enhanced by cytokine factors, as shown by studies in a
rat model of MI [43, 46, 47]. Treatment with cytokine
stem-cell factor (SCF) which binds to the c-kit tyrosine
kinase receptor, and granulocyte colony-stimulating
factor (G-CSF) led to a 250-fold increase in circulating
HSCs. It was reported that, in the presence of an acute
myocardial infarct, cytokine-mediated translocation of
BMC resulted in a significant degree of tissue regenera-
tion 27 days later. Ejection fraction progressively in-
creased and hemodynamics significantly improved as a
consequence of the formation of 15 x 10° new myocytes
with arterioles and capillaries connected with the circu-
lation of the unaffected ventricle [47]. The phenotypes
of engrafted cells develop cardiomyocytes, endothelial
cells, and smooth muscle cells.

(i) Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) also known as
bone marrow stromal cells, are multipotent. MSCs are
self-renewing clonal precursors of nonhematopoietic
tissues derived from mesodermal germ layer [48]. They
are relatively easy to obtain from autologous bone mar-
row, to expand in vitro without sacrificing multipo-
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tency, and to cryopreserve for future use. Normally,
MSCs can differentiate into osteocytes, chondrocytes,
and adipocytes. Under certain conditions, however, they
can differentiate into other cell types. When cultured
with vascular endothelial growth factor (VEGF), MSCs
can differentiate into endothelial cells [19]. When
treated with the DNA-demethylating agent 5-
azacytidine (5-aza), they can differentiate into cardio-
myogenic (CMG) cells, which can subsequently form
myotubes connected by intercalated discs that beat
spontaneously and synchronously [49]. The cells
showed a fibroblast-like morphology, but the morphol-
ogy changed after 5-azacytidine treatment in ~30% of
the cells; they connected with adjoining cells after one
week, formed myotube-like structures, began spontane-
ously beating after two weeks, and beat synchronously
after three weeks. They expressed atrial natriuretic pep-
tide and brain natriuretic peptide and were stained with
anti-myosin, anti-desmin, and anti-actinin antibodies
[50]. These cells had several types of action potentials,
such as sinus node-like and ventricular cell-like action
potentials. All cells had long action potential duration or
plateau, a relatively shallow resting membrane potential,
and a pacemaker-like late diastolic slow depolarization
[51]. They also expressed cardiac-specific transcription
factors in a pattern that is seen in the early embryonic
heart and display functional adrenergic and muscarinic
receptors on their surfaces [19].

The exact mechanisms by which MSCs may im-
prove cardiac function remain controversial. One candi-
date mechanism is de novo angiogenesis, as shown re-
cently in rats whose ischemic hearts were injected with
S-aza-treated MSCs [52, 53, 54]. Another possible
mechanism is cell fusion, which would theoretically
allow damaged myocardial and endothelial cells to pre-
serve their structural and functional integrity by com-
mandeering additional cytoplasmic material and new
genetic material from the fused cells [55].

At the Texas Heart Institute, allogeneic MSC injec-
tions were performed in a canine model of chronic
ischemia induced by ameroid constriction. The MSCs
differentiated into smooth muscle cells and endothelial
cells, which resulted in increased vascularity and im-
proved cardiac function both at rest and under stress
[55]. One group found that MSCs genetically engi-
neered to over-express the serine threonine kinase Akt,
which transmits a powerful survival signal, became 17
times more resistant than normal MSCs to the hypoxic
environment of the ischemic myocardium. Moreover,
when transplanted into areas surrounding ischemic
myocardium, these genetically altered cells inhibited
myocardial remodeling and collagen deposition and
almost completely normalized systolic and diastolic
function. These cells could not, however, induce new
blood vessel growth. Thus, mesenchymal stem cells
genetically enhanced with Aktl can repair infarcted
myocardium, prevent remodeling and nearly normalize
cardiac performance [56]. Clearly, MSC therapy can
restore some function to the ischemic heart. In addition,
this ability is apparently enhanced when other stem cells
are used as well, as recently shown in an ischemic swine
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model in which human MSCs and fetal cardiomyocytes
were transplanted together [57].

(iif) Endothelial Progenitor Cells (EPCs)

During embryonic  development, just after
gastrulation, a kind of cell called the hemangioblast,
which is derived from mesoderm, is presumed to be the
precursor of both the hematopoietic and endothelial cell
lineages [58]. The occurrence of a first major cardiovas-
cular event (acute myocardial infarction, hospitalization,
revascularization, or death from cardiovascular causes)
was associated with reduced endothelial progenitor-cell
levels [59]. EPCs derived from bone marrow circulate
in the peripheral blood and have been implicated in
neoangiogenesis after tissue ischemia has occurred [60,
61, 62]. EPCs are capable of proliferating and differen-
tiating into endothelial cells and are therefore ideal can-
didates for vascular regeneration [63]. Intracoronary
injection of EPCs cells may improve left ventricular
function after acute myocardial infarction [64].

(C) FETAL AND NEONATAL CARDIOMYOCYTES

Fetal and neonatal cardiomyocytes are already dif-
ferentiated and do not, in practical terms, divide. Never-
theless, they can be used for cellular cardiomyoplasty
[65]. These cells are obtained from fetal and neonatal
hearts, respectively, and then grown in tissue cultures.
These cells have also been shown to connect with host
cardiomyocytes through intercalated discs containing
desmosomes and gap junctions-a sign of their structural
and functional integration into the host myocardium. In
animal models, the cells were successfully engrafted
through epicardial injection into ischemic myocardium
[66, 67].

(D) SKELETAL MYOBLASTS (SMS)

Adult skeletal muscle, unlike myocardium, has re-
tained an efficient regenerating mechanism. Skeletal
myoblasts have autologous origin, high proliferative
potential, commitment to a myogenic lineage, and resis-
tance to ischemia. The last property is an especially im-
portant one for cells intended for implantation in the
hypoxic environment of a postinfarction scar [68, 69].
Also, cellular and molecular approaches to strengthen-
ing the injured or weakened heart, focusing on strategies
to replace dysfunctional, necrotic, or apoptotic cardio-
myocytes with new cells of mesodermal origin [70].
Histologically, skeletal myoblasts (SMs) are committed
progenitors of skeletal muscle cells. Each mature skele-
tal myofiber bears a few myogenic cells known as satel-
lite cells (SCs). These myogenic cells remain quiescent
and in undifferentiated state under the basal lamina,
until recruited for repair or regeneration of damaged
muscle tissue [71]. SCs obtained from adult skeletal
muscle, when implanted into injured myocardium, will
multiply and may be influenced by the cardiac environ-
ment to undergo ‘milieu-dependent” differentiation,
thus repairing the damaged myocardium [72]. Studies in
rats and human beings confirmed that implanted SMs
could repopulate scar tissue, resulting in ventricular wall

Shah and Bhatt.

thickening, elevated ejection fraction, and improved
contractility [73].

(E) RESIDENT CARDIAC STEM CELLS

Several investigators have recently identified a
population of stem cells within the myocardium that are
capable of differentiating into cardiac myocytes, which
are similar to BMSCs [74]. The recognition that the
adult heart possesses a stem cell compartment that can
regenerate myocytes and coronary vessels has raised the
unique possibility to rebuild dead myocardium after
infarction, to repopulate the hypertrophic decompen-
sated heart with new better functioning myocytes and
vascular structures, and, perhaps, to reverse ventricular
dilation and wall thinning [75]. It has recently been re-
ported that these cells can be harvested from cardiac
biopsies. Injecting these cells in the setting of myocar-
dial infarction can promote cardiomyocyte formation
with associated improvements in systolic function [76].
Cardiac progenitor cells isolated from adult myocar-
dium have a phenotype (Sca-1+, lin—, CD45—, CD31+,
CD38+) [77]. Myocardial regeneration necessitates the
utilization of a more primitive multipotent cell such as
the c-kit-positive cardiac stem cell [78]. At present,
these cells are limited in number and require ex Vvivo
separation and expansion over several weeks.

(F) OTHER STEM CELLS

These include peripheral blood CD34+ cells and fi-
broblasts. Adult peripheral blood CD34+ cells are of
interest as potential cardiac stem cells, because they can
be obtained from autologous sources without the need
for painful bone marrow aspiration and known to be
able to transdifferentiate [79]. Fibroblasts of autologous
origin have the potential to inhibit host matrix degrada-
tion, to improve diastolic function by replacing scar
tissue with more elastic muscle-like tissue, and to en-
hance regional hypertrophy and neovascularization. In
addition, they may prevent infarct expansion and ven-
tricular remodeling by increasing scar thickness, which
reduces wall stress [77].

II. REGENERATION MECHANISM

Cardiac regeneration by stem cells occurs by several
mechanisms. These include (i) differentiation in the
endothelial and cardiac lineages, (ii) neovascularization
as well as (iii1) influence on the local environment by the
release of paracrine factors. (Fig 1)

(i) Differentiation and/or fusion

Cells might differentiate into the cardiac lineage and
thereby contribute to cardiac regeneration. Injection of
various bone marrow-derived stem cells after myocar-
dial infarction leads to an engraftment of these cells in
the border zone of the infarcts [40, 80]. Badorff et al.
demonstrates that EPCs isolated from the peripheral
blood of healthy adult volunteers and patients with CAD
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Fig 1. Different mechanism of regeneration and cardiac repair. Adopted from Boyle et al. [34]

are capable of transdifferentiating into cardiac myocytes
when co-cultured with rat cardiomyocytes [81].

Originally, cell fusion referred to the joining of two
fully differentiated cells [82]. The concept of cell fusion
has evolved and, currently, indicates the coalescence of
a stem cell and a differentiated cell [83, 84]. Fusion of a
resident primitive cell or BMC with a preexisting myo-
cyte that subsequently re-enters the cell cycle and leads
to the formation of a myocyte progeny has been pro-
posed as an alternative mechanism of growth in the
adult heart [77, 85, 86]. Also the expression of cardiac
marker proteins was not the result of a differentiation
process, but rather reflected cell-cell fusion. Such events
were reported initially for ES cells, and now have been
confirmed with HSCs [80].

(i) Improvement of neovascularization

After myocardial infarction, the newly formed capil-
lary network in the infarcted myocardium cannot ade-
quately keep up with the tissue growth needed for con-
tractile compensation and cannot meet the higher de-
mands of the surviving hypertrophied cardiomyocytes,
leading to further expansion of the infarct and fibrosis
of the myocardium [87]. Thus, neovascularization
represents a potentially important process by which in-
creasing perfusion to infarcted myocardium may reduce
ventricular dilatation and improve cardiac function
through the rescue of hibernating myocardium and de-
creased apoptosis of hypertrophied cardiomyocytes
[88].

The novel strategy for the treatment of vascular in-
sufficiency was termed therapeutic angiogenesis [89]. It
has been shown by various groups that bone marrow
contains HSCs can differentiate to endothelial cells and
increase the formation of new capillaries in tissues that
are ischemic [90, 91, 92, 93, 94, 95]. Also, ex Vivo ex-
panded hEPCs may have utility as a "supply-side" strat-
egy for therapeutic neovascularization [96, 97]. Bone
marrow from adult humans contains endothelial precur-
sors with phenotypic and functional characteristics of

embryonic hemangioblasts, and that these can be used
to directly induce new blood vessel formation in the
infarct-bed (vasculogenesis) and proliferation of preex-
isting vasculature (angiogenesis) after experimental
myocardial infarction [93]. Various cultivation methods
were used to isolate these endothelial precursor cells
from the peripheral blood. The isolated cells showed
expression of endothelial marker proteins including VE-
cadherin, von Willebrand factor, KDR and endothelial
nitric oxide synthase (eNOS) [98]. Recruitment of
smooth muscle cells provides these vessels with essen-
tial viscoelastic and vasomotor properties and enables
accommodating the changing needs in tissue perfusion.
This later stage is called arteriogenesis and has a major
role in collateral growth [99]. Endothelial progenitor
cells showed incorporation into sites of physiological
and pathological neovascularization in vivo after either
systemic injection or using direct intramyocardial trans-
plantation [100]. In contrast to differentiated endothelial
cells, transplantation of progenitor cells successfully
enhanced vascular development by in situ differentia-
tion and proliferation within ischemic organs [1].

(i) Paracrine effects

Bone marrow-derived stem and progenitor cells
home to sites of ischemia. This may allow the local re-
lease of factors acting in a paracrine manner on the sur-
rounding ischemic tissue. Bone marrow-derived mono-
nuclear cells (BMCs) release angiogenic growth factors
such as vascular endothelial growth factor (VEGF), ba-
sic fibroblast growth factor (bFGF) and angiopoietins,
thereby enhancing the local angiogenic re-
sponse.[101,102,103].

[Il. ADMINISTRATION ROUTE

The mode of stem cell delivery is to achieve the
ideal concentration of cells needed to repair the injured
myocardial region with the lowest risk to patients [104].
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Fig 2. Diagrammatic representation of
intramyocardial injection
Adopted from Strauer et al. [106]

Fig 4. Diagrammatic representation of
transendocardial injection.
Adopted from Strauer et al. [106]

i. Intramyocardial Injection

Orlic and colleagues [46] isolated bone marrow
stem cells and directly injected them in the margin bor-
dering the infarct of the left ventricle of mice. These
cells migrated into the region bordering the infarction
and differentiated into cardiomyocytes and endothelial
cells, generating de novo myocardium, improving car-
diac function, and leading to neovascularization. Direct
intramyocardial injection may require fewer cells to
achieve engraftment compared with intracoronary or
intravenous administration. A different approach is to
implant stem cells through percutaneous catheter-based
myocardial injections guided by electromechanical
mapping [105]. (Fig 2)

(ii) Intracoronary Infusion

A percutaneous transluminal coronary catheter can
be used for intracoronary administration of bone mar-
row—derived stem cells after myocardial infarction [107]
(Fig 3). Stem cells can be infused directly into the coro-
nary arteries in a homogenous manner and have a
greater likelihood of remaining in the injured myocar-
dium as a result of the activation of adhesion molecules
and chemokines [64]. The advantage of an intracoronary
infusion is that the cells can be directed to a particular
territory. This is advantageous over intravenous admini-
stration because it can deliver the maximum concentra-
tion of cells to the site of infarct and peri-infarct tissue
during the first passage. Intracoronary administration
into the infarct artery allows the stem cells to home in
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Fig 3. Diagrammatic representation of Intracoronary and in-
travenous injection Adopted from Strauer et al.[106]

RCA = Right Coronary Artery;
LAD = Left Anterior Descending coronary artery;
CFX =Circumflex Artery.

and incorporate into the areas bordering the infarct zone
in a homogenous manner. This is in contrast to direct
myocardial injection, which may lead to "islands" of
cells in the infarcted myocardium, providing a substrate
for electrical instability and ventricular tachyarrhyth-
mias [108]. High-pressure injection of stem cells into
the infarct region may facilitate transendothelial passage
and migration into infarcted myocardium [64]. The
quantity of cells and time of infusion should be care-
fully considered to avoid coronary flow impairment and
myocardial cell necrosis. This technique may not be
suitable for certain types of larger stem cells, such as
skeletal myoblasts, which may be prone to embolization
[109]. The timing of intracoronary stem cell therapy
affects the therapeutic response in patients with
reperfused myocardial infarction. The natural course of
healing the infarction and the presence of putative
homing signals within the damaged myocardium appear
to favor cell engraftment during the transendothelial
passage in the early days after reperfusion. However,
the adverse inflammatory environment, with its high
oxidative stress, might be deleterious if cells are
administered too early after reperfusion [110].

(iii) Intravenous Injection

Intravenous administration of stem cells is an
attractive and practical mode of delivery because it does
not require cardiac surgery or catheterization (Fig 4).
Microenvironmental factors, expression of matrix and
adhesion molecules by injured tissue, homing receptors,
and various factors relating to migration are believed to
be involved in the homing process of stem cells [20].
Intravenously injected cells may become trapped in
other organs (e.g. liver, spleen, lung, etc) so that only a
small portion enters the coronary circulation and mi-
grates into ischemic myocardium. But, BM-MSCs de-
livered by left ventricular (LV) cavity infusion migrate
to and colonize the infarcted heart in significantly
higher amounts than after intravenous infusion [111].
Homing signals are also present at other sites in the
body, particularly in lymphoid tissues. Dosing will
likely play an important role in the viability of this
method [108]. One day after transplantation of neonatal
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Table 1. Clinical Studies of Stem Cell Therapy for Cardiac Repair
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Study Treated(n) Cell Type Mode of Delivery Associated procedure Primary End Point

Strauer et al. [64] 10 BMMNCs Intracoronary PTCA Safety

Pagani et al. [76] 5 Skeletal myoblasts Open heart surgery LVAD Histology

Menasche et al. [99] 10 Skeletal myoblasts Open heart surgery CABG Safety and feasibility

TOPCARE-AMI BMMNCs/

[108.117] 59 CPCs Intracoronary PTCA Safety and feasibility

Tse et al. [105] 8 BMMNCs Endomyocardial Catheterization Safety and feasibility

Perin et al. [118] 14 BMMNCs Endomyocardial Catheterization Safety

BOOST [119] 30 BMMNCs Intracoronary PTCA LVEF

IACT study [120] 18 BMMNCs Intracoronary PTCA Not stated

Janssens et al. [121] 33 BMMNCs Intracoronary _ LVEF

Galinanes et al. [122] 14 Bone marrow Open heart surgery - Safety

Fuchs et al. [123] 10 Bone marrow Endomyocardial PTCA Safety and feasibility

MAGIC cell [124] 20 GESF-mobilized Intracoronary _ Safety and feasibility
PBMNCs

Ozbaran et al. [125] 6 GESF-mobilized Open heart surgery - Safety and feasibility
PBMNCs

Erb et al. [126] 13 GESFmobilized Intracorol19nary PTCA CFR and LVEF

CPCs

Dib et al. [127] 30 Skeletal myoblasts Open heart surgery - Safety and feasibility

POZNAN [128] 10 Skeletal myoblasts ~ Transcoronary-venous PTCA Safety and feasibility

Smits et al. [129] 5 Skeletal myoblasts Endomyocardial PTCA Safety and feasibility

Herreros et al. [130] 12 Skeletal myoblasts Open heart surgery - Safety and feasibility

cardiac myocytes into rat hearts, only 24% of the origi-
nally injected cells remained in the heart [112].

(iv) Transendocardial and Transpericardial
injection

The transendocardial and transpericardial route of
application has been used in large animal experiments
[113] and was also recently tested in patients [114]. A
transendocardial approach can be used in which a nee-
dle catheter is advanced across the aortic valve and po-
sitioned against the endocardial surface [105, 115] (Fig
5). Cells can be injected directly into the left ventricle.
Electrophysiological mapping can be used to differenti-
ate sites of viable, ischemic, or scarred myocardium.

IV. CLINICAL TRIALS

The possibility that cardiac cell-repair therapy might
become a clinical reality is a challenge worthy of the
current state of technological and scientific exper-
tise.Various preclinical animal studies show the poten-
tial to regenerate myocardium and improve perfusion to
the infarct area to improve cardiac function but also
suggest that stem cells may have proarrhythmic effects
[116]. A phase I clinical study is performed out at Min-
neapolis Heart Institute Foundation for “Bone Marrow
Stem Cell Infusion Following a Heart Attack”.
AMORCYTE MYOCARDIAL REPAIR STUDY is in
progress at Emory University Texas Heart Institute.
Early phase I clinical studies indicate that stem-cell
transplantation is feasible and may have beneficial ef-

fects on ventricular remodeling after myocardial infarc-
tion. Future randomized clinical trials will establish the
magnitude of the benefit and the effects on arrhythmias
after stem-cell therapy [88]. (Table 1)

V. SAFETY

Safety is always a major concern in dealing with
clinical trials involving stem cells. Implanted stem cells
may differentiate into fibroblasts rather than myocytes.
This may enhance scar formation, further depressing
myocardial function and creating a substrate for life-
threatening arrhythmias [116]. It has recently been sug-
gested that skeletal myoblasts that have been genetically
engineered to express gap junction protein connexin 43
exhibited decreased arrhythmogenicity [131]. There
have been conflicting reports regarding the potential for
increased restenosis after stem cell transplantation. In
another study, a high rate of restenosis was observed
after intracoronary delivery of peripheral blood stem
cells mobilized with granulocyte colony-stimulating
factor in the setting of myocardial infarction and stent
placement [132]. There may also be life-threatening
consequences if stem cells incompletely integrate into
the myocardium and adversely affect electrical conduc-
tion and syncytial contraction of the heart [133]. Tumor
formation associated with embryonic stem cells, such as
teratomas, may also occur. Late-onset toxicity may oc-
cur from using whole populations of bone marrow
mononuclear cells, which contain different organ-
specific stem cells. These nonessential cells may incor-
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porate into regenerating myocardium, resulting in the
generation of noncardiac tissues [134].

CONCLUSION

Stem cells remain a highly promising therapeutic
modality that could address the large, unmet clinical
need of treating patients throughout the world with sig-
nificant cardiac dysfunction that cannot be adequately
treated with conventional therapeutic approaches or car-
diac transplantation because of the limited availability of
this resource.

The potential sources are Embryonic stem (ES)
cells, bone marrow (BM) stem cells, myoblasts, fetal
cardiomyocytes, endothelial progenitors, resident car-
diac progenitor cells, and tissue-derived stem cells.
Bone marrow derived stem cells are mostly used and
will be very efficient therapy for heart repair.

Stem cells regenerate heart by differentiation in the
endothelial and cardiac lineages, neovascularization as
well as influence on the local environment by the re-
lease of paracrine factors. The basic mechanisms of
stem-cell differentiation that lead to the formation of
solid-organ tissue are still not completely understood.
However, translational research, including clinical stud-
ies, is already being performed to develop potential
treatment strategies. Manipulation in vitro of stem cells
by providing optimal culture condition, which include
various cytokines and growth factors to augment organ-
specific engraftment, may be needed to facilitate in vivo
incorporation.

Different routes of administration are intracoronary,
intravenous, intramyocardial and transmyocardial. Fur-
ther information is also necessary on the homing and
organ-specific differentiation signals required for vari-
ous stem cells, and this includes characterization of in-
tegrin and other adhesion molecule structure/function
relationships on these cells. These studies will need ex-
tensive use of cellular controls and functional endpoints
including imaging modalities that are clinically appro-
priate and can be validated with explanted tissue analy-
sis.

Implanted stem cells may differentiate into fibro-
blasts rather than myocytes, which may enhance scar
formation, further depressing myocardial function and
creat life-threatening arrhythmias. Genetically engi-
neered skeletal myoblasts express gap junction protein
connexin 43 exhibited decreased arrhythmogenicity.

Many important fundamental questions about stem-
cell transplantation still remain unanswered. The opti-
mal donor cell and the optimal number of stem cells to
be transplanted have not been determined. There is a
threshold of the number of stem cells needed to generate
adequate heart muscle to contribute to cardiac function.
Adult stem cells are limited in supply in each patient
and therefore are difficult to isolate and purify. The
stem cells from the patient's body must be isolated and
expanded in culture to obtain a sufficient amount for
stem-cell transplantation.

Shah and Bhatt.

Currently, the effectiveness of stem-cell transplanta-
tion alone is difficult to interpret because the clinical
studies have been done in conjunction with percutane-
ous or surgical revascularization. Thus, larger double-
blinded, controlled studies with therapeutic end points
are imperative to clarify the role of stem-cell transplan-
tation for myocardial regeneration.
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