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Abstract: Acute myocardial infarction (AMI) is one of the most significant causes of morbidity and mortality
worldwide. Stem cells represent an enormous chance to rebuild damaged heart tissue. Correct definition of
the cardiac progenitors is necessary to understand heart development, and would pave the way for the use of
cardiac progenitors in the treatment of heart disease. Identifying, purifying and differentiating native cardiac
progenitor cells are indispensable if we are to overcome congenital and adult cardiac diseases. To understand
their functions, physiology and action, cells are tested in animal models, and then in clinical trials. But because
clinical trials yield variable results, questions about proper cardiac stem cells remain unanswered. Transplan-
ted stem cells release soluble factors, acting in a paracrine fashion, which contributes to cardiac regeneration.
Cytokines and growth factors have cytoprotective and neovascularizing functions, and may activate resident
cardiac stem cells. Understanding all these mechanisms is crucial to overcoming heart diseases. (Folia His-
tochemica et Cytobiologica 2011; Vol. 49, No. 1, pp. 13–25)
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Introduction

Despite major advances in the understanding and
treatment of coronary artery disease, acute myocar-
dial infarction (AMI) still represents a significant
cause of morbidity and mortality worldwide. Obstruc-
tion of coronary arteries leads to the death of cardio-
myocytes, and if blood supply is not quickly restored,
the cardiac tissue undergoes necrosis or apoptosis,
leading to chronic sequelae of ischemic cardiomyo-
pathy and congestive heart failure. Dead cardiomyo-
cytes are replaced by a fibrotic scar, which renders
normal electromechanical work impossible. Experi-
ments with animal models and recent clinical trials
suggest that cardiac cell therapy (CST) can improve

cardiac function. Recent studies have demonstrated
the therapeutic potential of stem cells in damaged
hearts, both in animal models and in clinical trials.
Different cell types are likely to induce functional
improvement, but through distinct mechanisms.
Therefore, it is crucial to determine the proper cell
type in each cardiac disease. The major goals of cell
therapy for ischemic heart diseases are to improve
vascularization, reduce detrimental remodeling, pre-
vent cardiomyocyte apoptosis, and enhance electro-
mechanical function.

We here review the current state of knowledge as
to regeneration in the adult mammalian heart. We
consider the various stem and progenitor cell types
which might regenerate the myocardium, and review
the major problems and challenges to such therapy.
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Which cell types improve cardiac function?

Embryonic stem cells

The potential of using embryonic stem cells (ESC)
has long been evident. As pluripotent stem cells, they
have unlimited self renewal potential, with develop-
mental ability for various cell fates [1, 2], including
cardiomyocytes [3–9], vascular smooth muscle cells
and endothelial cells [10]. The first evidence that
transplantation of embryonic stem cell-derived car-
diomyocytes (ESC-CMs) was technically feasible was
delivered by Kolossov et al. [11]. After the applica-
tion of ESC-CMs and fibroblasts into the injured
hearts of syngenic mice, long-term engraftment, with-
out teratoma formation, was observed. Cardiomyo-
cytes derived from embryonic stem cells integrate into
heart tissue, improve its function and create a new
myocardium. These results have been observed both
in rodents [10, 12] and sheep [13], where murine
embryonic stem cell-derived cardiomyocytes were
transplanted into the sheep ventricle after infarction,
where they formed a new myocardium. Moreover, no
immunosuppression was noted.

Studies led by Laflamme [14] and van Laake [15]
have revealed that the potential source for replacing
missing cardiomyocytes in rodents may be human
embryonic stem cell-derived cardiomyocytes (hESC-
-CMs). To limit cardiomyocyte death after transplan-
tation, Laflamme [14] used a cocktail of pro-survival
factors, including: Matrigel to avoid anoikis; cell-per-
meant peptide from Bcl-XL to block mitochondrial
death pathways; cyclosporine A to attenuate cyclo-
philin D-dependent mitochondrial pathways, a com-
pound that opens ATP dependent K+ channels to
mimic ischemic preconditioning; IGF-1 to activate
Akt pathways; and caspase ihhibitor ZVAD-fmk. The
results obtained by van Laake et al. [15] featuring
longer term experiments are significant. Like
Laflamme et al. [14], they revealed that hESC-CMs
survived and improved heart function at four weeks,
but 12 weeks after myocardial infarction there was
no improvement compared to control mice.

However, research studies with human ESC have
encountered many difficulties. The biggest obstacle
has been the vigorous ethical discussion about their
origin, in that they require the destruction of human
embryos [16, 17]. Embryonic stem cells have a pro-
pensity to form teratomas, tumors containing a wide
array of cell types [18], also in the heart [19]. The
solution to this problem seems to be differentiation
in vitro into specialized cell types, followed by intro-
duction in vivo. This means that the teratogenicity

has been lost [6]. The teratogenicity was also sup-
pressed in mice with cardiac-restricted overexpres-
sing cytokine TNF-a [20]. Furthermore, a huge chal-
lenge in clinical application is the immunological
incompatibility of embryonic stem cells because of
allogeneic origin [21]. It is probable that the im-
munological properties of predifferentiation in vitro
and purified ES cell-derived organotypic cells differ
from undifferentiated cells [11]. Other obstacles are
animal culture reagents, which may contain viruses
or prions and may complicate clinical applications
[22]. Zhang et al. [23] observed increased cell deaths
caused by ischemia after grafting the ES cell-derived
cardiomyocytes into a normal myocardium.

The major focus of embryonic stem cell research
seems to be the discovery of direct ES-derived car-
diac progenitor cells to culture specialized cell types
before application [24–27]. This ‘guided cardiopoie-
sis’ assumes genomic and proteomic characterization
of the cardioinductive signals, which is necessary to
achieve proper differentiation, and mimic the natu-
ral embryonic milieu. These signals represent cardi-
ac transcription factors Nkx2.5, the myocyte-specific
enhancer factor 2C involved in cardiac morphogene-
sis and myogenesis and vascular development (MEF
2C), and GATA4 [20, 28–30]. The compounds respon-
sible for cardiac differentiation are transforming
growth factor b1 (TGF-b1), fibroblast growth factor
(FGF-2/4), insulin-like growth factor 1 (IGF-1/2),
epidermal growth factor (EGF), bone morphogene-
tic proteins (BMP-2/4), interleukin-6 (IL-6), vascu-
lar endothelial growth factor (VEGF-A), and activin-
A [20]. This process has been supported by mesen-
chymal stem cells obtained from bone marrow, with
a cocktail of secreted proteins, to enhance the car-
diogenic potential [27] (Figure 1).

Induced pluripotent stem cells (iPS)

Pluripotency was thought to be characteristic of in-
ner cell mass of an embryo. Takahashi and Yamana-
ka [31] introduced genes expressed in ES cells into

Figure 1. Assumption of guided cardipoiesis theory
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mouse skin cells, which made them able to form all
tissue cells. Reports of the possibility of generating
ES-like cells suggested a new research field in medi-
cine. This new development made use of reprogram-
ming adult somatic cells [32–35] or spermatogonia
from adult individuals [36], by expressing specific
transcription factors. Induced pluripotent stem cells
(iPS cells) can differentiate into tissues of the three
germ layers, have similar morphology and express
typical ESC markers. Using this technique, Freund
et al. [37] derived iPS cell lines from healthy people
and patients with the vascular disease hemorrhagic
telangiectasia (HHT). Obtained iPS cell lines were
also able to form cardiomyocytes. Transcription fac-
tors: Oct3/4, Sox2, Klf4, Nanog, Lin28 and c-Myc [31,
38] suppress the expression of genes responsible for
forming somatic cells, block differentiation, and are
sufficient to yield iPS [39]. Groups led by Martinez-
Fernandez [40] and Mauritz [41]  demonstrated that
iPS cells express cardiac markers and form sponta-
neously contracting cardiomyocytes. However, other
results showed that iPS-derived cardiomyocytes have
impaired capacity to form differentiated, functional
cells [42], and, like ES, can form tumors. The main
reason for this phenomenon may be insertional mu-
tations caused by usage of the retro- and lentiviral
vectors. Therefore, it is important to replace this gene
delivery system with a non-viral one [43, 44]. This
would mean that adult stem cells could be used au-
tologously, which could bypass the ethical issues per-
taining to embryonic stem cells. In addition, iPS cells
seem to be highly promising for drug screening.

Why not use adult stem cells?

In contrast to embryonic stem cells, these populations
of stem cells have a limited capacity for differentiation.

Cardiac stem cells

Historically, the heart has been viewed as a terminal-
ly-differentiated organ without the capacity for self
regeneration, caused by deficiency of endogenous
stem cells. Diseased or damaged cardiomyocytes are
removed by macrophages. In this heart region, scar
tissue is formed, which leads to infarction. More re-
cently, a number of groups have reported that the
adult heart contains cell populations with stem cell
characteristics and that senescent or apoptic cells are
replenished, which enable the maintenance of car-
diac homeostasis [45–49]. These cells have been
named cardiac stem cells (CSC).

Bearzi et al. [50] reported that human cardiac stem
cells have properties proper for stem cells, meaning

they are self-renewing, clonogenic and multipotent.
These cells can differentiate into cardiomyocytes,
smooth muscles and endothelial cells. During is-
chemia, paracrine signals activate CSC to divide [51].
However, other studies have revealed that these divi-
sions are insufficient to overcome losses caused by
myocardial infarction [52]. Moreover, their numbers
reduce with age and are only significant in fetal and
neonatal mammalian organs. Bergmann et al. [53]
reported that cardiomyocytes can renew (1% per year
at age 25, 0.45% at age 75) by cell cycle reentry to
resume mitosis and synthesis DNA. Thus, approxi-
mately 50% of these cells are exchanged during
a normal lifespan. Urbanek et al. [54], on the basis of
mitotic index, revealed that the number of CSCs in-
creases during heart infarcts, but at a higher level in
the acute than in the chronic phase. Moreover, their
differentiation potential is also higher in an acute
infarct.

These results suggest that dysfunction of the left
ventricle in chronic ischemic cardiomyopathy may be
the effect of a deficiency of functional cardiac stem
cells. Other evidence for cardiomyocyte renewal has
been provided in a study by Bergmann et al. [53].
Through incorporating the not-naturally occurring C14

into the DNA of human cardiomyocytes, they re-
vealed that 50% of adult cells are exchanged during
a normal lifespan.

To identify cardiac cell populations, several cell
markers, morphology markers, pharmacology and iso-
lation techniques have been used.

Side population cells
In 1996, Goodell et al. [55] named one of the popu-
lations of cardiac stem cells the ‘side population’ (SP).
SP cells are identified on the basis of their ability to
efflux Hoechst 33342 dye and rhodamine by ATP-
-binding cassette transporters, Absg2 and MDR1 [56].
Multipotent SP cells have been found in various or-
gans [56], including the heart [57, 58]. These cells
express cardiac specific markers when co-cultured
with cardiomyocytes or under treatment with cardio-
genic agents (oxytocin, histone deacetylase inhibitor
trichostatin A) [59, 60]. The greatest cardiogenic po-
tential has a subgroup of cells positive for stem cell
antigen 1 (Sca1+) and negative for endothelial mar-
ker (CD31–) expression. An increased number of SP
cells has been observed after a heart infarct. In the
mouse model, it is connected both with proliferation
of SP cells and homing of cells derived from bone
marrow [61], but this can change with another mam-
malian model [60]. The regenerative potential of SP
cells to functionally repair a damaged heart by diffe-
rentiation into contracting myocytes requires evalua-
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tion. Oyama et al. [60] revealed the capacity of side
population cells to differentiate into cardiomyocytes,
endothelial cells and smooth muscle cells, but Tomita
et al. [62] found they could differentiate also into glia
and neurons, which may suggest a neural crest origin.

c-Kit+ progenitor cells
Other cardiac stem cells resident in the heart are
c-kit+ cells. These multipotent [50, 63, 64] and clono-
genic cells are located within the atria and ventricles
of the heart [60]. Beltrami et al. [63], using antigenic
approaches, demonstrated the absence of markers
typical of blood cells — CD8 (Lin–), B-lymphocyte
antigen (CD20), hematopoietic progenitor cell anti-
gen (CD34), leukocyte antigen (CD45), leukocyte
common antigen (CD45RO), erythroid cell marker
(TER119), skeletal muscle — MyoD (the transcrip-
tion factor that activates muscle-specific genes as
myoblast precursors differentiate and fuse to form
mature muscle fibers), myogenin, myogenic factor 5
(Myf5), and neural markers — microtubule-associa-
ted protein 1B (MAP1b), neurofilament 200, and
snf glial fibrillary acidic protein (GFAP). These cells
were positive for homeobox-containing genes that
play critical roles in regulating tissue-specific gene
expression essential for tissue differentiation
(Nkx2.5), transcription factors that regulate genes
involved in embryogenesis and in myocardial diffe-
rentiation and function (GATA4), and myocyte en-
hancer factor-2 (Mef2). Although obtained cardiomy-
ocytes, endothelial cells and smooth muscle cells have
immature phenotypes in culture, and when placed in
a differentiation medium only resemble mature cells,
in rodent models these cells contribute to improved
left ventricular ejection [60]. Li et al. [65] examined
the function of this marker in cardiomyocyte termi-
nal differentiation, and demonstrated its new func-
tion — promotion of SCS differentiation and regula-
tion of terminal differentiation. Similarly, Tallini et
al. [66] concluded that increased expression of c-kit
could be caused by c-kit reexpression in committed
myocytes, which is associated with fibrous and vascu-
lar infarct repair. Co-cultured c-kit+ cardiac cell popu-
lation with adult rat cardiomyocytes with insulin-like
growth factor 1 (IGF-1) and vascular endothelial
growth factor (VEGF) caused increased cardiomyo-
cyte survival [67].

Sca-1+ progenitor cells
Next resident of progenitor population cells are pos-
itive for Sca-1, but negative for c-kit. These cells also
express factors for early cardiogenesis, such as
GATA4, Mef2 or dependent muscle-specific gene

regulation factor (Tef1), but they are negative for
Nkx2.5 and sarcomeric proteins. Stimulation with
5-azacytidine (5-Aza-C) or oxytocin results in expres-
sion of all genes of cardiac transcription factors, in-
cluding cardiac troponin1, sarcomeric a-actin, myo-
sin heavy chain and Nkx2.5 [52, 68]. Given intrave-
nously into mouse hearts after ischemia/reperfusion,
they home to the injured myocardium and express
connexin 43, cardiac troponin-I (cTnI) and sarcom-
eric a-actin [52]. A few subgroups have been speci-
fied and described in this population. Sca-1+/c-kit+

population is unique, capable of differentiating into
cardiomyocytes, after culture in the presence of oxy-
tocin [68]. A combination of fibroblast growth factor
(FGF), 5-Aza-C and Wnt antagonist Dkk-1 induces
Sca-1+/CD31– cells to differentiate into cardiac myo-
cytes and endothelial cells. Transplantation of these
cells enhances neovascularization and cardiac im-
provement, primarily through their paracrine effects
[69]. Tateishi et al. [70] confirmed the potential of
this line to upregulate the secreted paracrine effec-
tors, which contribute to new vessel formation and
limitation of cardiomyocyte apoptosis. Liang et al. [71]
demonstrated that Sca1+/CD31– cells have the capa-
city to migrate into a damaged myocardium and dif-
ferentiate into both cardiomyocyte- and endothelial-
-like cells. An important role in this migration is
played by the SDF-1a/CXCR4 system, a member of
the CXC chemokine family, which influences normal
development of the embryo and directs many pro-
cesses in mature organisms.

isl-1+ progenitor cells
Laugwitz et al. [72] isolated isl-1+ but c-kit1– and Sca1–

cardiac progenitors. They revealed that the presence
of these cells in post-natal rat, mouse and human
hearts decreases after birth. Isl-1+ cardiac cells were
located in atrias, in ventricles observed as single cells.
This localization was conserved in analyzed species.
This line has the capacity to differentiate into en-
dothelial cells and smooth muscle cells of the aorta,
pulmonary artery and proximal coronary tree [73].
Moretti et al. [74], using genetic fate-mapping,
showed that expression of Isl1, Nkx2-5 and Kdr de-
fines cardiovascular progenitor cells, which can give
rise to mature cardiac, pacemaker, smooth muscle,
and endothelial cell types. Moretti et al. [75] demon-
strated that isl-1+ cardiovascular progenitor genera-
ted from mouse iPS cells can differentiate into endo-
thelial cells, smooth muscle cells and cardiomyocytes,
without teratoma. Moreover, isl-1+ and MDR-1 car-
diac progenitors contribute to proepicardium during
cardiac development [76].
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Cardiosphere-derived progenitor cells
The cardiosphere (CS) is a cluster of self-adherent
cells, expanded from human and murine biopsy
specimens [48]. This structure is composed of clonal
cells. At its core are c-kit+ cells, while cells that ex-
hibit endothelial and stem cell markers (Sca-1, CD34
and CD31) are on the periphery [49]. These cells, simi-
larly to other cardiac progenitors, have the capacity
to differentiate into cardiomyocytes, endothelial
cells and smooth muscle cells. They demonstrate
contractile activity in culture [49, 77] and expres-
sion of connexin-43, which is critical in forming
connections between cells [48, 49]. Cardiosphere-
-derived cardiac progenitor cells contribute to
improving ventricular function in mouse and swine
models [49, 77, 78].

Neither the origin nor exact properties of cardiac
stem cells are fully understood. Slack [79] suggested
that cardiac stem cells resident in the adult heart are
recruited from other sources, mainly the bone mar-
row. They may be remainder of embryonic stem cells
or are only artifacts of isolation procedures. Mouquet
et al. [61] showed that following myocardial injury in
a mouse model, populations of cardiac progenitor
cells are depleted and are restored to baseline levels
by self-proliferation and by extracardiac source —
selective homing of bone marrow-derived cells. More-
over, depletion of this source could contribute to de-
creased reparative capacity. Additionally, many c-Kit+

cells were reported to co-express markers of mast cells
and not express crucial markers of cardiac progeni-
tors — Nkx2.5 and isl-1, critical in heart development
[80]. Their presence could be part of a local innate
immune response, after leaving bone marrow in
search of pathogens in peripheral tissues [81].

Correct definition of the hierarchy of cardiac pro-
genitors is necessary to understand heart develop-
ment, which would pave the way for use of cardiac
progenitors in the treatment of heart disease. Identi-
fying, purifying and differentiating native cardiac pro-
genitor cells are indispensable to overcoming conge-
nital and adult cardiac diseases.

What about adult non-cardiac stem
and progenitor cells?

Skeletal myoblast

Winitsky et al. [82] revealed skeletal myoblast that
contain a population of non-satellite cells with the
characteristics of cardiomyocytes, developing into
usual cell culture with modest modifications. Be-
cause of their autological origin, being easy to iso-
late from muscle biopsies, their rate of amplifica-

tion and resistance to ischemia, skeletal myoblast
were the first cells injected into a failed myocardi-
um [83]. Animal studies show improvement in in-
farct cardiac tissue [84–87], concerning recovery in
left ventricular hemodynamics, increased wall
thickness or decreased deleterious effects of post-
-infarction cardiac remodeling. However, these
cells cannot form intercalated disks with resident
cardiomyocytes, which causes arrhythmias [88, 89].
Moreover, some clinical trials have found episodes
of ventricular tachycardia [90]. Menasché et al. [91]
found that the improvement in left ventricular func-
tion is not sustained, and the cells are not electri-
cally integrated, so that the benefits are unlikely
to overcome the risk. Myoblast stem cells may act
by paracrine effect on the surrounding myocardi-
um, but not by generating new cardiomyocytes, be-
cause of their strict commitment to a myogenic li-
neage. Payne et al. [92] suggested that vascular en-
dothelial growth factor (VEGF) is important to
proper angiogenesis after muscle stem cells trans-
plantation into an ischemic heart. The tools of ge-
netic engineering allow the reprogramming of
skeletal myoblast into cells capable of expressing
connexin-43, the main gap junction protein, with
the potential to reduce life-threatening post-infarct
arrhythmias through the augmentation of intercel-
lular coupling [93].

Mesenchymal stem cells

Bone marrow-derived stem cells

The bone marrow (BM) is home to a variety of cell
populations, capable of migrating and transdifferen-
tiating into diverse phenotyped cells. Major subsets
of these cells are hematopoietic stem cells (HSC),
mesenchymal stem cells (MSC) and endothelial pro-
genitor cells. These cells can be sorted and catego-
rized into subpopulations according to their cell-sur-
face markers. However, the proper cardiac stem cells,
and particularly their cell-surface markers, have not
yet been determined among the abundance of bone
marrow-derived stem cells. At present, stem cells from
this source are firstly identified by absence of hemato-
poietic lineage markers, then by markers of mesen-
chymal stem cells, and finally by markers of endothe-
lial stem cells. Such sorted analysis including cells
exhibit markers c-Kit, Sca-1, VEGF2, AC133,
CXCR4, CD34, but is not limited to them [94]. The
existence of a huge number of possible combinations
of surface markers contributes to variable results in
different laboratories and it is critical to standardize
the protocols of isolation.
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Subpopulations of BM cells under specific condi-
tions can differentiate into cardiomyocytes, endothe-
lial cells and smooth muscle cells [95–97]. As early as
1997, Asahara et al. [98] demonstrated the potential
of CD34+ cells to promote neovascularization by dif-
ferentiation into endothelial cells. Orlic Kajstura,
Rota, and Zhao [99–103] have confirmed their vas-
cular fate. An increase of mononuclear CD34+ cells
after acute myocardial infarction has been well docu-
mented [104, 105]. However, a study by Murry et al.
[106] demonstrated a lack of transdifferentiation of
the hematopoietic stem cells into cardiomyocytes.
Mobilization of mononuclear bone marrow CD34+

by granulocyte colony-stimulating factor (G-CSF),
after percutaneous coronary intervention, offers
a strategy for improving the cardiac function after
acute myocardial infarction [107]. Leone et al. [108]
demonstrated that the spontaneous mobilization of
CD34+ cells into the peripheral blood of patients with
acute myocardial infarction is significantly correla-
ted to endogenous G-CSF. It is worth mentioning that
the beneficial effect of G-CSF is connected to the
time of treatment. Delayed application reduces its
cardioprotective effect [109, 110].

Endothelial progenitor cells (EPCs) have been
identified both in blood and in bone marrow. EPCs
maintain vascular homeostasis by secreting angiogen-
esis growth factors [111]. On the other hand, Murry
et al. obtained results which indicated in vivo insig-
nificant amounts of differentiated BM cells in the di-
rection of cardiovascular types.

Kinnaird et al. [112] revealed that monocytic cells,
which are the part of BM mononuclear cells, contri-
bute to collateral vessel growth and vascularization.
Mathieu et al. [113] compared autologous bone mar-
row derived cells and mesenchymal stem cells in a ca-
nine model of chronic myocardial infarction. After cell
transfer contractility, regional systolic function and
reduction in infarct size were improved in the mono-
nuclear group mainly due to neovascularization. Based
on these and other results, clinical trials using bone
marrow mononuclear cells have been instigated.

Mesenchymal stem cells account for between
0.001% and 0.01% of nucleated cells in bone mar-
row [114], normally differentiated into muscle, carti-
lage, bone and fat, and can also transdifferentiate into
other cell types, including cardiomyocytes [99, 115,
116], but with low efficiency [115, 117]. An impor-
tant property of MSCs utilization is releasing the so-
luble factors that contribute to cardiac repair and re-
generation, by inducing cytoprotection and neovas-
cularization. Moreover, those paracrine factors may
mediate endogenous regeneration via activation of
resident cardiac stem cells [118]. Their low immuno-

genicity allows their use in allogeneic recipients [119,
120]. In many studies, MSCs after genetic modifica-
tion, have been used to deliver factors necessary to
improve infarct cardiac function — stromal cell de-
rived factor 1 (SDF-1) [121], insulin-like growth fac-
tor 1 (IGF-1) [122], human heme oxygenase-1 (hHO-
1) [123] or Wnt antagonist [124].

Despite successful results in animal models [115,
120, 125–127], and also using human MSC [128],
these cells have the potential to form calcification and
ossification islands in heart tissue [129, 130], which
suggests their fate is not restricted to the tissue of
destination.

Adipose tissue-derived stem cells

Another source of mesenchymal stem cells is adipose
tissue, with perivascular niche. Adipose tissue has the
ability to differentiate into several mesodermal lin-
eages including bone, cartilage, muscle and fat. Re-
cent research suggests that these cells can also form
non-mesodermal tissues — neuron-like cells [131].
This cell fraction, known as stromal vascular fraction
(SVF), contains adherent unit cells [132, 133], which
can be isolated and cultured in vitro. Their ability to
differentiate may be modified under adequate con-
ditions to cardiomyocyte and vascular cell types [134–
–136]. Rangappa et al. [134] found adipose-derived
stem cells from rabbits which differentiate into car-
diomyocyte under 5-azacytidine factor. Moreover,
these cells demonstrated spontaneous contraction and
expressed markers of a-actinin, troponin-1 and myo-
sin heavy chain. The first trials with human cells were
made by Gaustad et al. [137] with extracts of rat car-
diomyocytes. These studies allowed the delineation
of cardiomyocyte lineage including morphology and
biochemistry. An immunocompromised murine mo-
del was used to inject human adipose derived stem
cells [138]. MRI was used to track labeled SPIO and
5-bromodeoxyuridine cell position and to quantify
cardiac function. Transplanted cells did not demon-
strate cardiac phenotype, but there was an observed
improvement in cardiac function. Yamada et al. [139]
reported that cardiac progenitor cells are present in
brown adipose tissue (BAT) and are relevant to the
regeneration of the injured myocardium. One year
later [140], the same researchers revealed that
CD133+ cells in BAT differentiate into cardiomyo-
cytes and can induce bone marrow cells in this direc-
tion. Two processes may explain this phenomenon —
secreted protein (vascular endothelial growth factor
VEGF, hepatocyte growth factor HGF, angiopoietin-1)
and cell-to-cell contact proteins (platelet-derived
growth factor PDGF expressed by CD133+ cells and
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platelet-derived growth factor receptor a PDGFR-a
expressed by bone marrow cells). However, because
BAT does not exist in adults, it might not have clini-
cal application in adult patients. This beneficial ef-
fect appears to be related to the paracrine mecha-
nism of action. Song, Nakagami, Rehman, and Cao
[141–145] confirmed this hypothesis, demonstrating
that VEGF, HGF, placental growth factor, FGF-2,
TGF-b and angiopoietin-1 are critical in differentia-
ting adipose-derived stem cells into cardiomyocytes.
Bai et al. [146] compared the effects of freshly isola-
ted adipose tissue-derived cells to that of cultured
human adipose tissue-derived stem cells on cardiac
function following myocardial infarction, and whether
it is the result of differentiation or paracrine mecha-
nism. Both cell types underwent differentiation in the
cardiomyogenic direction, expressed connexin-43 and
troponin1, and were found to be integrated with host
cardiomyocytes or incorporated into new vessels.
Additionally, mature adipocyte-derived de-differen-
tiated fat cells have the ability to differentiate into
cardiomyocyte-like cells, and their transplantation
into an infarcted heart led to neovascularization [147].

Clinical trials

A wide variety of cell types have been considered for
transplantation in humans, including bone marrow-
-derived cells, skeletal myoblast stem cells, cardiac
stem cells, endothelial progenitor cells, adipose-de-
rived stem cells, and embryonic stem cells [148]. A
comprehensive list of clinical trials is available at http:/
/www.the-scientist.com/supplementary/html/24104,
[149] the web page of the American Library of Med-
icine. The list contains information about source of
transplanted cells, allocation, means of delivery, pa-
tient age and condition and other information. How-
ever, many clinical trials yield variable results, lea-
ving questions about proper cardiac stem cells unan-

swered [150]. Firstly, these results are difficult to in-
terpret due to the wide range of delivery methods
and lack of research methodologies. Neither the ap-
propriate cardiac cell type, nor the appropriate means
of application, has yet been found. Actual profit of
stem cells therapy base on paracrine effect of trans-
planted cells (Table 1).

Methods of stem cells delivery
and required cell doses

Currently available ways of delivering stem cells in-
clude intravenous infusion [151], intracoronary injec-
tion [152], and direct epicardial [153] or endocardial
injection via a catheter [154, 155]. All these tech-
niques have advantages and disadvantages. For ex-
ample, Hofmann et al. [156] revealed that only 1.2–
–3.6% of bone marrow cells were found in the heart
after infusion into the coronary arterial circulation.
This method of delivery seems to be the most straight-
forward. Moreover, cells are conducted into regions
where nutrition and oxygen are preserved. However,
due to occlusion of the arteries of the ischemic re-
gions, the survival of these cells is limited. Because of
the injection being into the myocardium, we expect
that cells are placed in the region of interest. Never-
theless, ischemic conditions and inflammation cre-
ate a highly unfavorable environment. Additionally,
the blood supply in the ischemic and scarred myo-
cardium is insufficient, causing the formation of is-
lands of cells [150]. And cells are mechanically lost
during injection [157]. Similarly low retention of in-
jected cells have been observed for bone marrow cells
in sheep [158], endothelial progenitor cells in a rat
[159] or mouse model, where only 7.4% of injected
cells survived beyond 72 hours [160]. Hou et al. [161]
concluded that 50–70% cells are lost at the time of
delivery, and 90% if delivery is via arterial coronary
infusion. This loss might be the result of programmed

Table 1. Stem cells therapy for cardiac disease

The best source of cells Way of delivery Engraftment

What we know, what we can? Embryonic stem cells Intravenous
iPS cells Intracoronary
Heart Intramyocardial

Skeletal muscle
Bone marrow
Adipose tissue

What remains to be known? Purity of cells Cells survive Effective differentiation
Sufficient dose of cells Cells retention  into cardiomyocytes and vessels

Paracrine effect Ischemic conditions Mechanical coupling
Necessity and method Immune response Electricaly integration
of differentiation into Timing Long-term engraftment

cardiomyocytes and vessels Homing Lack of arrhythmia



20 K Jezierska-Woźniak et al.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2011
10.5603/FHC.2011.0004

www.fhc.viamedica.pl

cell death, the toxic effect of an ischemic milieu, or
allogenic origin of injected cells. Therefore, the dose
required to achieve the therapeutic goal must take
into consideration cell loss during the treatment pro-
tocol. Moreover, cells being cultured in vitro and ad-
ministered in several doses at different times turned
out to be indispensable [162]. A meta-analysis by
Singh et al. [163] suggested that intracoronary infu-
sion of bone marrow stem cells is effective in patients
after acute myocardial infarction. But larger randomi-
zed trials are needed to validate these results.

Homing

For correct homing (the process of directing stem cells
where they are needed for repair) of transplanted
cells, an interaction between vascular wall and
transendothelial migration is required, which involves
a similar mechanism as in immune cells during their
site of inflammation [164, 165]. Stem cell factor and
granulocyte-colony stimulating factor (G-CSF) facili-
tate homing of BM cells to the infarct zone [100].
G-CSF also causes increased and better migration of
resident cardiac stem cells [166].

Whereas Yoon et al. [167] showed the influence
of vascular growth factor on increased angiogenesis
and homing of endothelial progenitor cells from BM,
Ryzhov et al. [168] demonstrated that adenosine cau-
ses increased adhesion of endothelial progenitor cells
to the vascular wall. Delivered intracoronarily, ade-
nosine does not cause any adverse events, has a short
half-life in the bloodstream, and may recruit progeni-
tor cells [169, 170].

It is very important to find a solution to the means
of homing. Intravenous infusion results in improve-
ment of cardiac function in a rat model, but histologi-
cal examination revealed noncardiac and nonspeci-
fic homing, identifying labeled cells in the lung, liver,
spleen, and bone marrow [151]. Swijnenburg et al.
[171] compared the viability and effects of transplan-
ted bone marrow mononuclear cells on cardiac func-
tion in acute and subacute phases of myocardial in-
farction. They demonstrated that the timing of cell de-
livery has minimal influence on the analyzed questions.

Conclusions

Stem cells comprise an enormous opportunity to re-
build damaged tissues. To understand their functions,
physiology and action, cells are tested in animal mo-
dels, and then in clinical trials. Results as yet do not
allow the choice of the best source of cells for cardiac
improvement. Autologous stem cells, despite their

limited plasticity, are the safest in clinical trials. Em-
bryonic stem cells, with their huge potential to dif-
ferentiate, provoke ethical questions and carry risks
of arrhythmias and teratoma. Obtaining pluripotent
stem cells from adult tissues might be essential in clini-
cal applications.

The evidence for a role in cardiac improvement
for bone marrow-derived cells, endothelial progeni-
tors, cardiac resident stem cells and others, might
prove that during cardiac damage all available cells
are mobilized, or that different cells have different
functions, or both. Using various stem cell sources
might be significant in clinical trials. Moreover, it is
necessary to identify the optimal dose and the best
method of administering cells.

It is important to note that transplanted stem cells
releasing soluble factors, and acting in a paracrine
fashion, contribute to cardiac regeneration. Cytoki-
nes and growth factors have functions of cytoprotec-
tion and neovascularization. Moreover, paracrine fac-
tors may activate resident cardiac stem cells. Para-
crine factors may also influence cardiac remodeling,
contractility, and metabolism.

Genetic modification of stem cells may overcome
difficulties with cell viability, determining their func-
tion or ability to differentiate.

Recent research showing that genetically modi-
fied cells secrete therapeutic factors provides a po-
tential strategy in cardiac therapy.

Analyzing the microenvironments in which cells
act seems to be of critical importance. Bone marrow-
-derived cells assume that phenotypes depend on an
extracellular matrix [172]. These results have signifi-
cant implications for understanding the physical ef-
fects of the in vivo microenvironment, including for
ischemia, inflammatory or toxic products, and for
therapeutic uses in cell therapy.
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