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Whether Modern Cell Technologies Can Break Down Biological

Limitations of Tissue-Specific Regeneration of the Myocardium
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The paper reviews modern concepts of physiological and reparative regeneration of the
myocardium as a highly specific and highly differentiated tissue system. Special attention
was given to evaluation of the proliferative potential of cardiomyocytes, in particular, to the
existence of a population of resident cardiac stem cells in the myocardium. Modern ap-
proaches to replenishment of massive cardiomyocyte loss via transplantation and transdif-
ferentiation of adult and embryonic stem cells are discussed and the possibilities of using
cell technologies for induction of tissue-specific regeneration of the myocardium are analyzed.
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Physiological and reparative regeneration of the
myocardium and, first of all, cardiomyocytes (CMC)
is still a key problem in cardiological studies. The pro-
gress in this field will help to answer the questions
about the possibilities, pathways, and terms of restora-
tion of heart structure and function after ischemic,
toxic, infectious, allergic, and other types of damage
[3,11,17,24,34].

These questions are most important in case of
massive focal or diffuse CMC death accompanied by
the formation of cardiosclerosis (focal or diffuse) and
changes in the geometry of the ventricles, interventri-
cular septum, and the heart of the whole, i.e. processes
determining heart remodeling. Remodeling of the
heart is a complex process of adaptive regeneration of
CMC, vascular bed, and connective tissue components
determined by changes in the hemodynamics and vari-
ous etiological, epidemiological, neurohormonal, and
other factors [104]. Cell death leading to contractile tis-
sue loss and the capacity of CMC and other cell popu-
lations to proliferation and hypertrophy are also impor-
tant biological determinants of heart remodeling [9,16].

Postinfarction and dilatation types of remodeling
are the most prevalent and most severe variants often
accompanied by the development of heart failure
[22,23].

Heart remodeling characterizes not only patho-
logical state, but also aging. According to epidemio-
logical studies, heart remodeling is the main cause of
death in peoples over 65 years old. Changes in heart
architectonics and its phenotypic modifications in car-
diomyopathy of different genesis, myocardial infarc-
tion, and myocarditis differ from structural and func-
tional rearrangements of the heart during physiological
aging [15,104]. However, many aspects of heart remo-
deling induced by pathological processes or accom-
panying gerontogenesis are still little studied, which
makes difficult to evaluate differences between chan-
ges caused by pathological processes and biological
aging.

PROBLEM OF MYOCARDIAL
REGENERATION

Function of all organs and tissue systems depends on
their structural homeostasis, which, in turn, is deter-
mined by the processes of cell proliferation, death, and
tissue specific differentiation. The intensity of cell
death should be compensated by the intensity of cell
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proliferation. Under these conditions, a large portion
of cells should be not only highly differentiated, but
also terminally differentiated for the maintenance of
optimal functional activity of organs and tissues. These
general theoretical theses lead to a conclusion: normal
functioning of organs and tissues is determined by a
critical mass of highly specialized cells ensuring vital
needs of the organism at different stages of ontogeny
and under varying environmental conditions.

The imbalance between death, proliferation, and
differentiation irrespective of its genesis determines
the entire spectrum of pathological changes and pos-
sible variants of remodeling in organs and tissues.
Enhanced cell death against the background of un-
changed or reduced cell proliferation (under the effect
of cytopathic agents, extreme environmental factors,
or functional overstrain) or unchanged intensity of cell
death in combination with inhibition of cell prolife-
ration (aging) determine decompensation and functio-
nal insufficiency. These shifts underlie various acute
and chronic pathological processes. Predominance of
proliferative reactions over cell differentiation and
death (neoplastic reactions) also leads to functional
insufficiency.

Despite the fact that various aspects of myocardial
regeneration after damaging influences, especially,
after ischemic damage, are extensively studied, no
considerable progress in the understanding of the rege-
nerative processes in the heart was attained. We can
say, that we know much more about the nature and
degree of myocardial damage, forms of CMC death,
types of CMC damage, and about molecular, cellular,
and genetic mechanisms of heart diseases, than about
forms and scales of myocardial regeneration [12, 14],
and, more important, about the possibility of inducing
CMC proliferation.

Many experimental studies showed that regenera-
tion of the myocardium after focal and diffuse CMC
death is realized via hypertrophy of remaining muscle
cells and the development of diffuse or focal sclerosis.
It was also postulated that the processes of physiolo-
gical and reparative regeneration are similar by their
nature and proceed via intracellular regeneration,
which can be intensified under conditions of increased
functional load or under the action of some damaging
factors and leads to CMC hypertrophy [25].

This situation can be explained by some objective
and subjective factors: the absence of reliable methods
for detection of low differentiated cells, insufficient
resolution of usual light microscopes determining
underestimation of mitotically active CMC, the ab-
sence of universal methodical basis for the studies of
structural and functional changes in the heart, and
insufficient use of quantitative methods for the studies
of structural mechanisms of heart remodeling.

PROLIFERATIVE POTENTIAL
OF CARDIOMYOCYTES

It was accepted for a long time that mammalian CMC
are highly differentiated postmitotic cells, which nor-
mally do not enter mitosis in adults. This conclusion
was based on the data obtained in studies of postnatal
cardiomyogenesis and reparative processes in the
myocardium. Proliferative activity of CMC in adult
mammals was routinely evaluated by incorporation of
3H-thymidine and 5-bromodeoxyuridine (BrdU) and
calculation of the mitotic index.

Some Russian and foreign scientists showed that
DNA synthesis in CMC nuclei recorded by 3H-thymi-
dine incorporation rapidly decreases within 2-3 weeks
of postnatal ontogeny and drops below 1% [24]. Other
researchers showed that DNA synthesis in mouse and
rat CMC stops by the first or even second month after
birth [92]. The mitotic index of CMC in the myocar-
dium of small mammals at this term decreases from
1.5-2% to 0.3% or even to 0.05%.

Due to considerable hyperplasia of CMC during
the first 3 weeks of postnatal ontogeny, the total num-
ber of CMC in rat heart increases 2-fold [81]. It should
be noted that this parameter considerably varies and
its values depend on the method of cell counting. Eva-
luation of the total number of CMC in rat heart by the
density of cell nuclei and heart weight showed that this
parameter increases 4-fold: from 5×106 after birth to
2×107 in adult animals [98]. There are data that the left
ventricle of young rats consists of 13×106 CMC [36].
Heart weight increases proportionally to CMC number
[89]. Further increase in the heart weight and size and
regenerative processes are associated with CMC
hypertrophy.

However, quantitative analysis of CMC popula-
tion carried out by us in the dynamics of anthracycline
cardiomyopathy in mature Wistar rats (single injection
of 10 mg/kg doxorubicin) showed that the total num-
ber of CMC in the heart not only decreases (by 20-
25%) under the effect of cytotoxic agents, but can
return to the control level at certain terms of the ex-
periment [7]. This compensatory increase in CMC
number after their massive doxorubicin-induced death
can be associated only with CMC proliferation. In
young animals at the early stages of postnatal onto-
geny this proliferative response of CMC to the dam-
aging action of doxorubicin (single injection in a dose
of 5 mg/kg) is more pronounced: after transient de-
crease the number of CMC after 7-8 weeks increases
by 23-34% compared to the control level.

Replenishment of CMC population after their
apoptotic or necrotic death is evidently, a continuous
process and an integral element of physiological re-
generation of the myocardium. There are data that in
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the heart of young rats 94,200 CMC die every day via
necrosis and apoptosis, i.e. 2.83×106 cells per month
[36]. In the absence of CMC proliferation their popu-
lation should disappear within 5-7 months. But it is
not the case. According to our data, the total number
of CMC in rat heart does not considerably change
throughout the life: in 24-33-month-old rats with signs
of cardiac decompensation the total number of CMC
does not differ from that in 4-month-old animals [8].

The concept of CMC as a terminally differen-
tiated cell population is revised in recent years after
the appearance of new technologies, e.g. confocal mic-
roscopy and wide set of monoclonal antibodies en-
abling detection of markers of CMC proliferation,
differentiation, and death. The use of laser scans of
sections prepared for light microscopy made it pos-
sible to increase the volume of analyzed tissue and to
correctly evaluate mitotic activity of CMC. Now, CMC
proliferation and DNA replication can be evaluated by
using mono- and polyclonal antibodies to proliferation
markers Ki-67, MCM5, Cdc6, cyclin B1. These mar-
kers are nuclear protein expressed at different stages
of the cell cycle.

It was demonstrated that the mitotic index of CMC
in the heart of adult humans is 0.0011-0.0015% [40,
57,109]. Enhanced CMC proliferation is observed at
the terminal stages of heart failure (dilated cardio-
myopathy, postinfarction remodeling) and during de-
compensation of hypertrophied myocardium; mitotic
index increases 3-4 and even 10-fold (to 0.015%)

Expression of some genes regulating phases of the
cell cycle was detected in CMC after myocardial in-
farction, e.g. the level of cyclins A, I, and E and ac-
tivity of the corresponding cyclin-dependent kinases
increase [35].

The concept on proliferative activity of CMC under
conditions of physiological and reparative regenera-
tion is confirmed by the data on changes in telomerase
activity in cardiac muscle cells. In some experimental
models of heart remodeling increased telomerase acti-
vity was found in 20-30% CMC. This enzyme is ex-
pressed during cell proliferation [66], it preserves telo-
mere length and prevents chromosome disorganization
and premature cell aging [72]. Since in rapidly re-
newing cells and precursors telomerase activity is al-
ways high [68], increased telomerase activity in CMC
under conditions of myocardial remodeling can be con-
sidered as an indirect marker of their proliferative ac-
tivity. Decreased telomerase activity and telomere shor-
tening in CMC were observed in aged animals during
decompensation of hypertrophied heart [58].

After detection of proliferative activity in CMC a
question arised: which subpopulation of muscle cells
in the heart can divide? In the heart of adult mammals
CMC are terminally differentiated cells (low mitotic

index), therefore proliferative activity can be exhibited
by remaining non-terminally differentiated CMC and/
or resident stem cells (SC) or precursor cells com-
mitted towards differentiation into CMC. In the first
case, cell forms of CMC regeneration are restricted
due to limited number of division of differentiated
cells, which enter the cell cycle, most likely, in the acute
phase of damage. In the second case, primitive cells
carrying SC markers should rapidly divide after stimula-
tion and ensure the appearance of CMC at different
stages of differentiation in the myocardium [109].

POPULATION OF RESIDENT
CARDIAC STEM CELLS

The existence of a population of resident cardiac SC
in the myocardium is a principal question for evalua-
tion of the regenerative potential of the myocardium
as a highly specialized tissue system. Earlier, similar
studies were performed on hepatocytes. Similarly to
CMC, hepatocytes belong to highly specialized post-
mitotic cells. However, unlike CMC hepatocytes can
proliferate more intensively and ensure organ-specific
regeneration of the liver. It was found that replicative
reserve of the liver consists of unipotent committed
precursor cells (differentiated hepatocytes and biliary
epithelium) and bipotent nonparenchymal precursors
(oval nondifferentiated cells), which are considered to
be hepatic SC [27,28,77]. It was shown that hepatic
SC are multipotent and can transdifferentiate [70].
Facultative stem compartment plays little role in nor-
mal regeneration of the liver parenchyma. It was as-
sumed that transient expression of necessary growth
factors occurs in SC, which can induce hepatocyte
replication.

About 15-20% CMC in the myocardium can be
assigned (by telomerase activity) to non-terminally
differentiated (young) CMC retaining proliferation
potential and capable of hypertrophic growth [58,66].
Moreover, immunohistochemical analysis revealed
nondifferentiated cells expressing SC markers: c-kit
(receptor of SC factor), MDR1 (P-glycoprotein extru-
ding dyes, toxic substances, and drugs), Sca-1 (protein
involved into signal transduction and cell adhesion)
[36]. These nondifferentiated cells with a diameter of
6±2 µ do not carry markers of bone marrow cells
(CD45+) and hemopoietic SC (CD34+) [45, 109]. De-
tection of nondifferentiated cells with SC antigens and
cells expressing cardiac transcription factors (GATA4
and MEF2) and cardiac myosin in the myocardium of
patients with aortal stenosis allowed us to hypothesize
the existence of consecutive linear committing of pri-
mitive cells into cardiac precursor cells, CMC pro-
genitor cells, and CMC precursors in the heart [109].
SC antigens are not detected on amplifying CMC,
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which are larger than CMC precursors, but smaller
than mature CMC.

Proliferation of cardiac SC and CMC precursors
yields clusters consisting of 6-12 cells characterized
by high telomerase activity and asynchronous diffe-
rentiation. Clonogenic expansion of nondifferentiated
cells attests to the existence of a stem reserve. It was
shown that the number of proliferating nondifferen-
tiated cells (with markers c-kit, MDR1, and Sca-1) in
the myocardium of patients with aortic stenosis in-
creases 70-140-fold, while the number of CMC pre-
cursors increases 65-240-fold [109]. On the whole, in
the hypertrophied myocardium of patients with aortic
stenosis CMC derived from cardiac SC and CMC pre-
cursors constitute 15% cells. Similar estimates (12-
18% of the total number of cells) of the effect of SC
on myocardial regeneration were obtained when stu-
dying chimerism of transplanted hearts from female
donors to male recipients [95].

Theoretically and practically, it is important to
know, whether newly formed CMC are descendants of
cardiac SC accumulated in the heart during the early
ontogeny, or they originate from hemopoietic SC mi-
grating into the myocardium from the circulation at
later terms. Migration of cells carrying c-kit+ receptor
and formation of colonies of these cells in different
organs, including the heart, during embryo develop-
ment confirm the first assumption [62,106]. The se-
cond assumption is confirmed by the fact that hemo-
poietic SC due to SC factor-mediated chemotaxis mig-
rate into certain zones and are preserved there as
cardia primordia remnants [110]. These primitive
cells can then undergo both symmetrical and asym-
metrical division [79], thus increasing the pool of non-
differentiated cells in adult heart.

The existence of cardiac SC implies that so-called
terminally differentiated tissue systems have a stem
reserve maintaining proliferation activity of CMC under
physiological conditions and undergoing considerable
activation under conditions of massive CMC death. The
use of stem reserve for myocardial regeneration is more
effective, compared to other SC, because these cells are
predetermined for differentiation into CMC, whereas
hemopoietic SC should be reprogrammed for transdif-
ferentiation under the effect of microenvironment.

Some properties of resident cardiac SC were stu-
died using subcultures of cells from biopsy specimens
of postnatal cardiac atria and ventricles and from mouse
hearts [75]. Authors reported that nondifferentiated
cells grew as self-attaching clusters (cardiospheres),
formed clones, expressed antigens/markers of SC and
endothelial precursor cells, and probably exhibited pro-
perties of adult cardiac SC. These cells were capable of
self-renewing over a long time and differentiated in vitro
and after ectopic (dorsal subcutaneous connective tissue)

and orthotopic (myocardial infarction zone) transplan-
tation into specialized cardiac and blood vessel cells
(CMC, endotheliocytes, and smooth muscle cells).

Other researchers isolated, sorted, and cultured
Sca-1-positive cells from adult heart [74]. Sca-1-posi-
tive cells proliferated slowly, but after addition of
oxytocin to the culture medium expression of cardiac
transcription factors and contractile proteins, forma-
tion of sarcomeres, and spontaneous contractions were
observed in these cells. Isoproterenol increased con-
tractile activity of these cells, which was accompanied
by enhanced intracellular Ca2+ currents. Expression of
oxytocin receptor mRNA in Sca-1-positive cells in-
creased after oxytocin treatment. It is known that the
oxytocin system plays and important role in cardio-
myogenesis [56].

Adult cardiac SC, similarly to other SC, are multi-
potent cells and after transplantation into ischemic
heart can differentiate not only into CMC, but also
into endothelial and smooth muscle cells [39].

Aging of cardiac SC (termination of cell division
and apoptotic death) is an important biological char-
acteristic of these cells. Analysis of subpopulation of
c-kit-positive cells in endomyocardial biopsy speci-
mens from the left ventricles of elderly patients with-
out symptoms of heart failure and patients with age-
associated dilated cardiomyopathy (which differs from
idiopathic dilated cardiomyopathy) showed that
p16INK4a protein, a marker of aging, is present in 14
and 59% these cells, respectively [45]. p16INK4a protein
is a cyclin-dependent kinase inhibitor, a blocker of
Cdk4 and Cdk6 maintaining retinoblastoma protein in
the hyperphosphorylated state, which results in cell
cycle arrest [54]. On the other hand, it was shown that
in the myocardium of elderly patients without symp-
toms of heart failure and patients with age-associated
dilated cardiomyopathy p16INK4a protein is expressed
in 16 and 48% CMC, which also attests to aging of
population of differentiated CMC. Telomeres in the
nuclei of these cells were shortened by 39%. Only
p16INK4a-positive SC and CMC underwent apoptotic
and necrotic death.

Analysis of recent studies allowed us to make a
conclusion on phenotypic heterogeneity of CMC po-
pulation in the heart of adult mammals. Three subpo-
pulation of CMC are present in mammalian myocar-
dium at all stages of postnatal ontogeny: highly spe-
cialized terminally differentiated (postmitotic) CMC,
highly specialized non-terminally differentiated CMC,
cardiac SC and CMC precursors. Replicative reserve
of the myocardium is presented by non-terminally
differentiated CMC, which can enter the cell cycle,
cardiac SC, and CMC precursors. Replicating CMC,
SC, and precursor cells can undergo premature aging,
which manifests in termination of cell division.
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Despite the absence of precise quantitative studies
of the pool of replicating CMC and cardiac SC, it can
be assumed that replicative potential of the myocar-
dium constitutes 30-35% of the total number of CMC.
This potential can be exhausted with age and under the
action of adverse (cardiotoxic factors). These circum-
stances probably determine insufficient (incomplete)
regeneration of the myocardium in massive focal or
diffuse damage, which manifests in the development
of large sclerotic foci or diffuse cardiosclerosis. An
important factor disturbing tissue-specific regenera-
tion in myocardial infarction is the absence of blood
supply to the infarction zone for a long time caused
by occlusion of coronary arteries, which considerably
inhibits migration of SC, their replication and diffe-
rentiation in the damaged area.

STEM CELLS — FACULTATIVE
OR OBLIGATE PROLIFERATIVE
RESERVE OF THE MYOCARDIUM?

The absence of tissue-specific regeneration of the
myocardium in the majority of myocardial infarction
cases due to insufficient proliferation of CMC and car-
diac SC prompted the search for new approaches to in-
duction of cellular forms of CMC regeneration, in par-
ticular, stimulated the development of cell technologies
based on the use of embryonic and neonatal CMC and
SC characterized by unique ability to differentiate into
specialized cell types [4,6,10,18-21,31,48,82].

SC are self-renewing cells with clonogenic activity,
which can differentiate into various cell lines [48,113].
Many modern studies are devoted to evaluation of the
morphogenetic capacities of both embryonic and adult
SC differing by their biological characteristics.

Embryonic SC in mammals are formed from toti-
potent cells at the early stages of embryonic develop-
ment. These cells can be isolated from mammalian
embryos at the stage of blastocyst (up to day 5 of
embryonic development). These cells can give rise to
any cell line of each of the three major germ layers,
including CMC [5,71,80, 115], The term “embryonic
SC” was introduced in order to distinguish these cells
from pluripotent embryonic carcinoma cells (terato-
carcinoma derivatives) [107]. Human embryonic cells
express some universal cell markers typical of primitive
embryonic cell and embryonic carcinoma cells of other
mammalian species, e.g. SSEA-3 (studies-specific em-
bryonic antigen), SSEA-4, TRA-1, TRA-1-81, and alka-
line phosphatase. It should be noted that human embryo-
nic cells are characterized by high telomerase activity.

Initially, cultured embryonic cells form embryo-
nic bodies consisting of derivatives of the three major
germ layers. Outgrowths of these bodies exhibiting
spontaneous contractile activity contain CMC [53].

These CMC can be isolated from these bodies and
their morphological and electrical characteristics can
be evaluated.

Human embryonic cells cultured for 40-95 days
differentiate into embryonic CMC, which can be divi-
ded into three classes by their action potential: nodal,
atrial, and ventricular [53]. Mouse embryonic cells
considerably differ from human embryonic cells by
the stage-specific antigens (express SSEA-1) and the
ability of leukemia-inhibiting factor to maintain them
in a nondifferentiated state [107]. These cells differen-
tiated into embryonic CMC (nodal, atrial, ventricular,
and Purkinje cells).

Analysis of CMC differentiation from embryonic
SC showed that this process is triggered by a limited
set of tissue-specific transcription factors (e.g. Nkx-
2.5 and GATA-4 [41,52]) determining the complex
picture of the expression of tissue-specific genes [111].

Adult SC are a part of population of tissue-speci-
fic cells in the postnatal body committed to a certain
type of differentiation. Despite high plasticity of em-
bryonic SC far surpassing that of adult SC, the latter
are more often used in clinical and experimental stu-
dies for the induction of regenerative processes and
replacement of irreversibly damaged terminally diff-
erentiated cell populations. This can be explained by
the existence of ethical and technical difficulties for
the use of embryonic SC and the possibility of using
autologous adult SC, which improves the take of cell
transplants in the target organs.

Several types of adult SC were phenotypically
characterized, in particular, hemopoietic SC (differen-
tiate into bone marrow cells and all lymphohemopoie-
tic blood cells), mesenchymal SC (differentiate into
bones, cartilage, ligaments, adipose tissue, muscles,
bone marrow stroma, neural cells), neural SC (neu-
rons, astrocytes, oligodendrocytes), hepatic SC (oval
cells differentiating into hepatocytes and ductal epithe-
liocytes), pancreatic SC (β-cell), skeletal and muscle
SC or satellite cells (skeletal muscle fibers), skin SC
(epidermal cells and hair follicles), epithelial SC of the
lungs (goblet cells, ciliary cells, types I and II alveo-
locytes), intestinal epithelial cells (Paneth cells, en-
terocytes, secretory cells, and villous enteroendocrine
cells) [59].

Hemopoietic SC. Biological effects of hemopoie-
tic SC (carry CD34+ marker) are most comprehen-
sively studied. According to the classical paradigm,
there is a strict hierarchical organization of hemo-
poietic cells: multipotent self-renewing SC give rise to
committed precursor cells (result of asymmetrical di-
vision), which, in turn, give rise to precursor cells with
limited linear differentiation, and these latter to ter-
minally differentiated cells [29,30]. However, recent
studies cast doubt on the classical paradigm that dif-
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ferentiation of hemopoietic SC is restricted to some
organ-specific cell lineages: the possibility of their
differentiation into cell lineages not belonging to this
tissue type and germ layer was demonstrated. This
property of hemopoietic SC was called as develop-
mental plasticity [59].

Due to their high migration capacity, hemopoietic
SC easily migrate from the bloodstream into different
organs and tissues and can under certain conditions
repopulate them. Molecular mechanisms determining
“switching” of the differentiation from one type to
another are still little studied.

The use of hemopoietic SC for myocardial and
vascular reparation is based on some biological pro-
perties of these cells, in particular, their intensive mig-
ration into damaged focus (inflammation) and trans-
differentiation under the effect of microenvironment.
Considerably increased number of circulating CD34+

mononuclear cells and increased content of endothelial
growth factor were detected in patients with acute
myocardial infarction [102].

For the evaluation of the plasticity of hemopoietic
SC different authors used different methods of isola-
tion and preparation of these cells (isolation of non-
selected cells from the bone marrow, sorting of hemo-
poietic SC, etc.), which determined controversy of
their data. This can be explained by the fact that hemo-
poietic tissues (bone marrow and peripheral blood)
contain a heterogeneous SC population consisting
hemopoietic SC, mesenchymal SC, multipotent adult
precursor cells, and endothelial precursor cells.

The first in vivo studies of the plasticity of hemo-
poietic SC were carried out on labeled nonselected
cells from the bone marrow. After transplantation of
these cells to animals and accompanying conditioning
therapy, these cells gave rise to muscle fibers [47],
hepatocytes [64,91,100], microglia and astroglia [46],
and neuronal tissue [43,76].

At present, a large body of evidence is accumula-
ted on transplantation of hemopoietic SC into the
heart, where they differentiate into CMC, endothelio-
cytes, and smooth muscle cells [55,63,83,84,99]. Most
often, massive damage to CMC are reproduced on the
model of myocardial infarction.

In experiments with ligation of the left coronary
artery (infarction area attained 70% of free left ventri-
cular wall), injection of bone marrow SC (Lin- c-kit+)
carrying a gene encoding green fluorescent protein 5
h after intervention led to the appearance of strips of
regenerating myocardium in the necrotic zone after 9
days [83]. Developing CMC expressed cardiospecific
transcription factors GATA-4, Csx/Nkx2.5, and MEF-
2, cardiac myosin, α-actin of sarcomeres, and con-
nexin-43 (a component of intercalated disks). These
morphogenetic events promoted the formation of

structural and functional syncytium typical of mature
myocardium. Myocardial regeneration was also obser-
ved after modeling of myocardial infarction in mice,
in whom hemopoietic SC were labeled with β-galacto-
sidase gene [55]. These cells migrated into the necro-
tic zones and differentiated into CMC and endothelio-
cytes. On the whole, β-galactosidase-positive cells
constituted no more than 0.02% of the total number
of myocardial cells, which attests to low efficiency of
spontaneous transdifferentiation of hemopoietic SC.

The low level of spontaneous transdifferentiation
of SC migrating into the myocardial necrotic zone cor-
related with low proliferative activity of resident CMC
and cardiac SC. This phenomenon can be explained by
the facts that only low number of hemopoietic SC
administered via different routes (into coronary ves-
sels, into left ventricle, and intravenously) survive,
proliferate, and differentiate into CMC in the myocar-
dium. Analysis of distribution of 111In-labeled hemo-
poietic SC in the body showed that only 1% labeled
cells were detected in the heart [44]. High percent of
radiolabeled cells was detected in the lungs (17% after
1 h postinjection) and in other organs.

Mesenchymal SC. Mesenchymal SC are spindle-
shaped cells with irregular processes demonstrating
positive reaction for CD13+, CD29+, CD44+, and CD71+

markers and negative reaction for CD3—, CD14—,
CD15—, CD33—, CD34—, CD38—, CD45-, and HLA-
DR markers [26,117]. These cells differ from hemo-
poietic SC by CD34— marker. Human mesenchymal
SC can be isolated from the bone marrow or peripheral
blood; their advantage is low immunogenicity, allo-
wing wider use of allogenic cell transplants. Under
certain conditions mesenchymal SC differentiate into
CMC, endotheliocytes, and smooth muscle cells [65,69].

After intravenous administration mesenchymal
SC primarily migrate into the lungs; after injection
into the cavity of infarcted left ventricle SC colonize
only the infarction zone and boundary area and their
number 4 h after administration did not surpass 1% of
the total number of injected cells [37].

Implantation of autologous or allogenic porcine
mesenchymal SC after myocardial infarction and their
differentiation into CMC inhibit ventricular remode-
ling, prevented thinning of the ventricular wall, and
improved cardiac function [101]. Injection of mesen-
chymal SC into the infarction zone also prevents heart
remodeling and promotes healing [93]. Transplanta-
tion of mesenchymal SC with untreated bone marrow
into the infarcted myocardium increases expression of
cardiac tenascin and sympathetic hyperinnervation [86].
At the same time, differentiation of mesenchymal SC
in the connective tissue scar was never studied.

Evaluation of the transplantation capacity of
β-galactosidase-labeled human mesenchymal SC and
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their ability to differentiate into CMC in the heart of
immunodeficient mice showed that 4 days after injec-
tion of 5-10×105 cells into the left ventricular cavity
the majority of them were detected in the spleen, liver,
and lungs [108]. In the heart mesenchymal cells were
distributed diffusely, after 4 days only 0.44% cells
took, at later terms the percent of β-galactosidase-
positive cells in the myocardium was even lower. The
morphology of β-galactosidase-positive cells changes,
their size increased from 20-30 µ in diameter to 50-70
µ in length. After 14-60 days immunohistochemical
analysis revealed expression of desmin, cardiac
troponin, and α-actinin (a component of Z disks), and
phospholamban in these cells.

The use of autologous mononuclear bone marrow
cells in addition to standard therapy of myocardial
infarction or after aortocoronary bypass surgery and
other coronary interventions showed safety and effi-
ciency of this method [2,90,97,103]. The authors ex-
plain the improvement of the general state and norma-
lization of some hemodynamic parameters by neo-
vascularization (revascularization) and regeneration of
the myocardium stimulated by bone marrow SC. How-
ever, the formation of calcifications in the myocar-
dium is an unfavorable morphogenetic side effect of
transplanted nonselected bone marrow SC [118].

Hepatic SC. Model experiments with adult hepa-
tic SC (WB-F344, a cloned SC strain obtained from
the liver of adult mice and labeled with β-galacto-
sidase) transplanted into the myocardium demonstra-
ted in vivo transdifferentiation of these cells into ma-
ture CMC under the effects of microenvironment [70].
The length of β-galactosidase-positive CMC varied
from 20 to 110 µ, these cells expressed troponin T and
contained well organized myofibrils. CMC originating
from SC formed intercalated disks and connected to
preexisting cells, i.e. can form functional syncytium.

Analysis of experimental and clinical studies of
transplantation of embryonic and adult SC into the
myocardium for induction of its regeneration in mas-
sive focal and diffuse damage showed that the use
these technologies can partially replenish CMC loss
(repopulation) and promote revascularization of the
infarction zone and newly formed myocardium. Com-
plete restoration of the geometry of infarcted ven-
tricles and tissue architectonics after macrofocal in-
farction is hardly possible, because CMC loss is ac-
companied by the loss of vascular net and connective
tissue framework characterized by a peculiar 3D orga-
nization and largely determining the direction of mor-
phogenetic processes. Evaluation of CMC loss and
transplantation of an equivalent number of SC, as well
as creation of special conditions of successful colo-
nization of new tissue niches are important for myo-
cardial repopulation.

POSSIBILITIES OF INDUCTION
OF CARDIOMYOGENESIS AND
TISSUE�SPECIFIC REGENERATION
IN MASSIVE MYOCARDIAL DAMAGE

Mobilization of hemopoietic and mesenchymal SC
and their migration into the damaged area (including
infarcted myocardium) are natural processes for these
cells. However, the number of migrated cells is usual-
ly insufficient for complete or considerable regenera-
tion of CMC and replenishment of the lost myocardial
cells. Therefore, special technological approaches in-
creasing the number of SC and special conditioning
therapy (modeling paracrine regulation) determining
the direction of cell differentiation (in particular, into
CMC) are required. The development of technologies
of mobilization of autologous SC from tissue niches,
in particular, bone marrow SC, is of crucial import-
ance for wider use of cell therapy, because this ap-
proach excludes the use of donor cells, which is asso-
ciated with the risk of transmission of infectious
agents and activation of immune reactions.

Some cytokines, e.g. granulocyte colony-stimu-
lating factor (G-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) are now widely
used for mobilization of hemopoietic SC and bone
marrow precursor cells. The mechanisms underlying
the mobilizing effects of G-CSF and GM-CSF on
hemopoietic SC and bone marrow precursor cells are
unknown, because these cells, except bone marrow
stromal cells do not express receptors for these cyto-
kines [61].

Transplantation of G-CSF to mice after experi-
mental myocardial infarction increased the number of
SC in the infarction area and had no effect on the in-
tensity of migration of inflammatory cells [33]. Com-
bined administration of G-CSF and SC factor 250-fold
increased the number of circulating Lin- c-kit+ cells
[42]. The use of this protocol in mice with experi-
mental infarction reduced animal mortality by 68%,
decreased the infarction zone by 40%, determined less
pronounced dilation of the left ventricle, and lowers
the diastolic strain in the left-ventricular wall [85].
These changes resulted from reparation of the infarc-
ted myocardium due to proliferation and differentia-
tion of hemopoietic SC and, probably, other SC, which
led to the formation of 15×106 new CMC and their
integration into the functional syncytium. These pro-
cesses were accompanied by the formation of arte-
rioles and capillaries connecting to the vascular sys-
tem of the heart.

However, when patients with severe chronic heart
failure were treated with Neupogen (recombinant hu-
man G-CSF), in none patients the appearance of regene-
ration zones was noted [1]. The observed positive chan-
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ges in the function of the left ventricle in some pa-
tients were probably determined by neoangiogenesis.

Other cytokines, e.g. IL-3, IL-8, IL-11, SC factor
(SCF), fit-3-ligand, or macrophagic inflammatory pro-
tein-1α can also be used for mobilization of hemo-
poietic SC [61]. However, these agents are inferior to
G-CSF and GM-CSF by their mobilization capacity.
It was shown that CSF (c-kit ligand) can activate mig-
ration of hemopoietic SC carrying tyrosine kinase re-
ceptor c-kit. This factor is expressed in the heart du-
ring embryonic and neonatal periods [73] and in adult
heart (in mast cells) and macrophages under condi-
tions of ischemia-reperfusion [49,88]. However, ex-
pression of CSF is probably insufficient for mobili-
zation and migration of hemopoietic SC into the myo-
cardial infarction zone.

Mobilization and migration of bone marrow CD34+

cells is modulated by various chemokines and adhe-
sion molecules. Adhesive interactions between hemo-
poietic SC and components of the bone marrow micro-
environment play a central role in migration, circula-
tion, and proliferation of SC [94,112]. Among
adhesion molecules, β1- and β2-integrins, selectin,
and superimmunoglobulin families are involved into
these processes. The corresponding ligands are ex-
pressed on endothelial cells and stromal bone marrow
cells or form zones in the extracellular matrix of the
bone marrow microenvironment. Platelet endothelial
cell adhesion molecule-1 and CD44 are also involved
into adhesion processes. Ligands of CD44, hyaluronic
acid, and fibronectin are secreted by stromal cells.

The use of monoclonal antibodies to adhesion
molecules increases mobilization of SC from the bone
marrow. For instance, a 200-fold increase in the level
of circulating hemopoietic precursor cells was ob-
served in primates 24 h after injection of antibodies
to α4-integrin [87]. Expression of adhesion molecules
can be suppressed or blocked with antisence oligo-
nucleotides hybridizing with complimentary sequence
of target mRNA [51]. It should be noted that anti-
adhesion technologies can be used only at the initial
stages of cell therapy for more potent mobilization of
SC from the bone marrow. At later stages, coloniza-
tion of the target organs and tissues with SC and their
differentiation can be stimulated via directed activa-
tion of chemokine and adhesion factors in the dam-
aged zone.

An important role in the migration of hemopoietic
SC is played by α-stromal-derived factor (SDF-1), a
common SC chemokine acting as a ligand for chemo-
kine receptor CXCR4 [32,67]. SDF-1 plays an im-
portant role in vasculogenesis and hemopoiesis. Ex-
pression of CXCR4 in hemopoietic SC depends on the
differentiation stage (expression in higher in less ma-
ture cells). Analysis of gene expression in the heart

after myocardial infarction revealed enhanced expres-
sion of some genes, in addition to SDF-1 (vascular
endothelial growth factor, metalloproteinase-9, inter-
cellular adhesion molecule-1, and vascular cellular
molecule 1), which also participate in recruitment of
bone marrow SC into the damaged zone [32].

Survival of transplanted and mobilized SC and
their differentiation into CMC are important events
determining regeneration of the damaged myocardi-
um. Survival after transplantation, differentiation, and
functional maturation of SC in the myocardium is
promoted by a number of growth factors. Injection of
a suspension of mouse embryonic SC together with
insulin-like growth factor (IGF-1) to mice with experi-
mental myocardial infarction improves cardiac func-
tions and prevents thinning of the left-ventricular wall
[60]. Histological analysis of differentiating CMC re-
vealed expression of sarcomere α-actin.

The efficiency of cell cardiomyoplastics in rats
with experimental myocardial infarction increased af-
ter combined administration of neonatal CMC and
HVJ-lysosome-plasmid complex containing human
hepatocyte growth factor (hHGF) [78]. Thickening of
the left-ventricular wall, appearance of newly formed
myocardial tissue, and stimulation of angiogenesis
were noted in these animals.

Differentiation of embryonic SC into CMC in-
creases after activation of the TGF-b/BMP-signal path-
way [38] and after stimulation of opioid κ-receptors
[111]. Accelerated expression of cardiospecific genes
in embryonic SC was observed after treatment with
retinoid or ascorbic acid [105,114].

An important moment in the differentiation of
bone marrow SC into CMC is their contact with micro-
environment, including other CMC [50,96,116]. Con-
tact growth of embryonic nondifferentiated or low
differentiated cells is always accompanied by enhan-
ced differentiation and maturation of cell population.

CONCLUSION

New technologies of regenerative cell therapy of car-
diovascular pathology and, first of all, myocardial
infarction are based on the results of fundamental stu-
dies of the processes of physiological and reparative
regeneration in organs and tissues. An important result
of these studies is deciphering of the universal hierar-
chical organization of proliferative processes in dif-
ferentiated tissue systems: the existence of SC, com-
mitted precursor cells, and non-terminally differen-
tiated specialized cells. Despite well-known diffi-
culties of studies of human heart, first of all, vital
morphological studies and evaluation of the prolife-
rative reserve of the myocardium, further development
of cell technologies and their introduction into clinical
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practice is necessary and well substantiated, because
these approaches more closely simulate biological
regularities of regenerative reactions.
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