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ABSTRACT

Cardiovascular diseases are the major cause of death in the world. Current treatments have not been able to
reverse this scenario, creating the need for the development of new treatments. Cell therapies have emerged as
an alternative for cardiac diseases of distinct causes in experimental animal studies and more recently in clinical
trials. The recent breakthroughs in stem cell studies, molecular and cell biology, and tissue engineering have
prepared the route for developing a new biomedical discipline: regenerative medicine. In the field of cardiovascular
medicine, the real promise of a stem cell-based regeneration and repair lies in the promotion of myogenesis at the
site of the cell graft and in the development of angiogenesis processes to achieve both structural and functional
benefits. This review critically discusses the recent findings in the field of stem cells and their use in the treatment
of vascular diseases. Here we analyze the sources of cells available for therapy in cardiovascular diseases. We also
propose the mechanisms by which stem cells can promote angiogenesis and functional improvement. Finally we
discuss the most recent results in pre-clinical experimentation and clinical trials regarding myocardial infarction.
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RESUMEN

Células madre en infarto miocardico: una actualizacién. Las enfermedades cardiovasculares constituyen la
principal causa de muerte en el mundo. Los tratamientos actuales no han sido capaces de revertir este escenario,
promoviendo la necesidad de desarrollar nuevos tratamientos. Las terapias celulares han emergido como alternativas
para las enfermedades cardiacas de distinto origen, tanto en estudios experimentales en animales como en
ensayos clinicos mds recientes. Los avances en el estudio de las células madre, la biologia molecular y celular, y en
la ingenieria de tejidos, han permitido el desarrollo de una nueva disciplina de la biomedicina: la medicina
regenerativa. En el campo de la medicina cardiovascular, la promesa de la regeneracion y reparacién basadas en
las células madre, se basa en la promocién de biogénesis en el sitio del implante celular y en el desarrollo de
procesos de angiogénesis para obtener beneficios estructurales y funcionales. Esta revision discute criticamente los
hallazgos recientes en el campo de las células madre y su utilizacién en el tratamiento de enfermedades
cardiovasculares. También proponemos los mecanismos a través de los cuales las células madre pueden promover
la angiogénesis y el mejoramiento funcional. Finalmente, se discuten los resultados més recientes en el campo de
la experimentacién preclinica y los ensayos clinicos relacionados con el infarto miocardico.
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Introduction

Cardiovascular disease (CVD) has become a major
health issue throughout the world, exceeding infection
as the leading cause of death worldwide [1]. In the
western world, particularly in the USA, CVD even
exceeds the next five causes of death combined. The
increasing prevalence of Heart Failure (HF) is caused
by several factorsincluding the improved survival of
patients with acute coronary syndromes (nearly 40%
of whom will manifest eventual HF by 7 years) and
by the significant reduction in sudden cardiac death
due to the use of internal cardio-defibrillators [2].
However, the factor with the greatest impact on the
incidence and prevalence of HF isits association with
advanced aging.

Although heart transplantation is the preferred
treatment for end-stage heart failure, chronic organ
shortage and complications with immunosuppression
haveled to asearch for alternate options. Recently, ce-
[lular-based therapy has emerged as a potential new
therapy for patients with advanced heart failure.

Experimental and human data suggesting proge-
nitor cells possess the capacity to regenerate tissue
and augment repair in injured organs has generated
widespread interest in the basic research and clinical
communities. Nowhere have these findings been more
exciting than in human cardiovascular diseases, in
which vasculogenesis and myocardial regeneration
remain as attractive therapeutic targets.

Itisnow obviousthat cell-based cardiac and vascu-
lar repair arefeasible, both early and | ater in the disease
process. Infact, cell therapy may offer an unparalleled
opportunity for improvement to millionsof individuals
living with cardiovascular disease. However, many
guestions about the technology still remain.

This review critically discusses the recent findings
inthefield of stem cells and their use in the treatment
of vascular diseases. Here we analyze the sources of
cells available for cell therapy. We also propose the
mechanisms by which stem cells can promote an-
giogenesis and functional improvement. Finally we

1. World Health Report (2003). Available
from: URL: http://www. who.int/whr/en/

2. Moss Al, Zareba W, Hall WJ, Klein H,
Wilber DJ, Cannom DS etal. Prophylactic
implantation of a dedbrillator in patients
with myocardial infarction and reduced
ejection fraction. N Engl J Med (2002); 346:
877-83.



Yssel Mendoza

Stem cells for myocardial infarction: an update

present the most recent results in preclinical experi-
mentation and clinical trials regarding myocardial
infarction and the state of art of thistherapy in Cuba.

Myocardial infarction
Myocardia infarction (MI) isassociated with dysfunc-
tion and irreversible loss of cardiomyocytes (CMCs).
The heart, with a scarce number of resident stem cells
and a limited capacity of CMCs to re-enter into the
cardiac cycle, hasan inadequate capacity to repair itself
[3]. Cardiac allograft is the gold standard treatment
modality, but is limited by the shortage of donors and
immunosuppressive complications. Thereisapressing
need to develop aternative methods to manage this
problem. Cell implantation has been viewed asapoten-
tial strategy for patients with coronary artery disease
and heart failure. Most of the reported studies have
documented improved heart function after implanta
tion of donor cells viaregeneration of heart muscle [4].
Extensive preclinical and limited clinical studies have
shown the safety, efficacy, and feasibility of cell en-
graftment for cardiac repair [5, for review].
Regeneration of infarcted myocardium with pluri-
potent stem cells can be accomplished by two main
approaches (Figure 1). Thefirst techniqueis stem cell
mobilization, which involves stimulating the expansion
of specific populations of stem cells within the bone
marrow, and then directing released stem cells or pro-
genitor cellsto theinfarct zone without ever removing
them from the patient. This form of transplantation
requires developing pharmacological or genetic means
to stimulate specific populations of stem cells and
direct their homing to the damaged tissue. The second
more feasible approach is autologous stem cell
transplantation and involvesisol ating autologous stem
cellsfrom bone marrow or other tissue and re-injecting
them directly into the myocardium or blood stream
sometime after myocardial infarction.

Cell types for transplant. Current
status

Experimental studies indicate that cells derived from
the bone marrow, blood, skeletal muscle and other
tissues possess regenerative capacity in the heart and
vasculature. These findings have raised the hope of
clinically-applicable cell therapy for tissue repair in
the cardio vascular system. Next we detailed some
characteristics of the progenitor cells from different
sources that have been used in cardiovascular rege-
nerativetherapy. Table 1 shows, in acomparative and
summarized form, the advantages and disadvantages
of itsuse in several applications.

Embryonic stem cells

Human embryonic stem cells (hESCs) are being rapi-
dly produced from chromosomally euploid, aneuploid,
and mutant human embryos that are available from in
vitro fertilization clinicstreating patientsfor infertility
or pre-implantation genetic diagnosis (Figure 2). The
hESCs can be formed and maintained on human so-
matic cellsin humanized serum-free culture conditions
and for several passages in cell-free culture systems.
They may be grown indefinitely in vitro while main-
taining their original karyotype and epigenetic status,
but this need to be confirmed from time to time in
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Figure 1. Two potential methods for utilization of autologous stem cell. In intrinsic stem cell mobilization
(A), cells expansion and release are induced in the native bone marrow by VEGF, statin therapy or G-CSF.
The released cells then home to and engraft into the infarct zone. In extrinsic stem cell transplantation
(B), stem cells are extracted from the bone marrow and injected into the peri-infarct or infarct zones of
the myocardium. Specific stem cells can be identified and enriched before injection using fluorescence-
activated cell sorting (FACS).

Table 1. Substrates for cell-based therapies for the heart

Cell type Source Advantages Disadvantages Applications

Skeletal Autologous Ease of isolation and  Inability to establish E-C; MI

myoblasts skeletal culture scalability; Potential arrhythmias; HF
muscle biopsy  Genetic engineering;  Uncontrolled proliferation ~ Cardiomyopathy

Autologous source (no
rejection);
Ischemia resistant

Fetal/Neonatal Allogenic fetal/  Ability to establish Controversial ethical/moral MI

cardiomyocytes neonatal heart  E-C; High proliferative issues; HF
rate; Genetic Donor availability; Cardiomyopathy

engineering Poor long-term survivability; Long QT disorders
Immune rejection;

Sensitive to ischemic injury

Embryonic  Blastocyst (inner Pluripotent; Donor availability; MI
stem cells mass) Ability to establish Large-scale expansion HF
E-C; Genetic difficult; Cardiomyopathy
engineering Allogenic immune rejection; Long QT disorders
Dependence on murine  Tissue engineering
feeder layers; Organogenesis
Insufficient characterization
Bone marrow  Bone marrow Multipotent; Insufficient characterization; MI
stromal cells Ease of isolation and Scalability HF
(mesenchymal) culture; Cardiomyopathy
Autologous source (no Tissue engineering
rejection); Organogenesis
Genetic engineering
Endothelial Bone marrow  Ease of isolation and  Insufficient characterization CAD
progenitor cells Peripheral blood  culture scalability; HF
Chord blood  Autologous source (no Blood vessel repair
rejection); Vascular protheses

Genetic engineering Tissue engineering

CAD, coronary artery disease, E-C, electromechanical coupling; EPC, endothelial progenitor cell;
MI, myocardial infarction; HF, heart failure.
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long-term cultures. All three major embryonic lineages
are produced in differentiating flat attachment cultu-
res and unattached embryoid bodies. Cell progenitors
of interest can beidentified by markers, expression of
reporter genes, and characteristic morphology; and the
cellsthereafter enriched for progenitor types and fur-
ther culture to more mature cell types [6].

Wobus et al. in the early nineties were the first to
demonstrate the capability of mouse ESC to differen-
tiateinto beating CMCs[7]. CMCswere observedin
the embryoid bodies, along with awide range of other
specialized cell types [8]. The terminally differen-
tiated CM Cs have cell to cell communication capacity
due to the presence of functionally coupled gap junc-
tions. They possess pharmacological and physiologic
properties of specialized myocardial cells, including
ventricular, atrial, pacemaker and Purkinje cells, and
also havetypical postnatal CM C electrophysiological
characteristics. The CMCs have normal contractile
sensitivity to calcium, and many features of excitation-
contraction (E-C) coupling seen in isolated fetal or
neonatal CMCs [8]. ESCs-derived CMCs were able
to functionally integrate into the myocardium of adult
mice[9]. Gepstein’s group demonstrated that CMCs
derived from hESC could form structural and elec-
tromechanical connections with cultured rat CMCs.
These cells were a so able to pace swine hearts follo-
wing transplantation into a swine model of atrioven-
tricular block [10].

CMC differentiation is governed by acomplex pro-
cess of extracellular signaling, by multiple intrace-
Ilular signal-transduction pathways, and by activation
of multiple transcription factors that activate areper-
toire of cardiac-specific genes. CMC differentiation
of mouse ESC involvesacomplex interplay of defined
endogenous factors, including Transforming Growth
Factor-bl [11], bone morphogenic proteins [12],
fibroblast growth factors [13], nitric oxide [14], etc.
The induction of mouse ESC into CM Cs has been re-
ported using retinoic acid [15], ascorbic acid [16], dy-
norphin B [17], 5-azacytidine[18], and oxytocin [19].

During in vitro differentiation, CMCs within the
embryoid bodies express cardiac-specific genes, pro-
teins, ion channels, receptors, and signal transduction
pathways in a developmental pattern that closely
resembl es the developmental pattern of early in vivo
cardiomyogenesis [8]. Studies have suggested that
the early-differentiated CMC are typical of primary
myocardium and subsequently differentiate to atrial,
ventricle, Purkinje, and pacemaker-like CMC [20].
Human ESC derived CMCs show the expected mo-
lecular, structural, electrophysiological, and contractile
properties of nascent myocardium [21]. Given the un-
deniably inefficient cardiogenesiswithin the embryoid
bodies, it might be worthwhile to devise strategies for
enriching ESC-derived CMCs from spontaneously
differentiating embryoid bodies. In this direction, the
most successful approach so far has been genetic
selection using a selection marker driven by a cardiac-
specific promoter [22].

Several issues must be addressed before hESCs
can be used for cardiac regenerative therapy. First,
the culture conditions need to be optimized including
the correct cytokine mix to increase CMC differentia-
tion from hESCs. Second, ESCs rejection following
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Figure 2. Embryonic stem cells.

transplantation needs to be blocked. A decreased ex-
pression of the molecul es of the Mgor Histocompa-
tibility Complex (MHC) would improveimmunologic
tolerance, as ESCs express MHC |, with low or ab-
sent MHC |1 expression [23]. Also, hESCsgrown on
mouse feeder layer cells express an immunogenic
nonhuman sialic acid Neu5Gc which would need to
be eliminated, preferably starting with fresh hESCs
that have never been exposed to animal products u-
sing human serum with human feeder layers [24]. In
addition, an increase in the efficiency of CMC diffe-
rentiation from hESCs is necessary to determine the
extent of maturity of the CMCs in terms of E-C
coupling.

The propensity of embryonic stem cells for mul-
tilineage differentiation carries, however, the liability
of neoplastic growth, impeding therapeutic applica-
tion. Behfar et al. suppressed the tumorigenic threat
associated with embryonic stem cell transplantation
by cardiac-restricted transgenic expression of the
reprogramming cytokine TNF-alpha, enhancing the
cardiogenic competence of recipient heart. Theinvivo
aptitude of TNF-alpha to promote cardiac differen-
tiation was recapitulated in embryoid bodiesin vitro.
The pro-cardiogenic action was mediated by secre-
ted cardio-inductive signals. Resolved TNF-alpha-
induced endoderm-derived factors, combined in a
cocktail, secured guided differentiation of embryonic
stem cellsin monolayers produce cardiac progenitors
termed cardiopoietic cells. This predetermined po-
pulation yielded functional CMC progeny, charac-
terized by a down-regulation of oncogenic markers,
up-regulation, and nuclear translocation of cardiac
transcription factors. Recruited cardiopoietic cells
delivered in infarcted hearts generated CMCs that
proliferated into scar tissue, integrating with host
myocardium for tumor-free repair [25].

Bone marrow hematopoietic stem cells

Hematopoietic Stem Cells (HSCs) isolated from the
mononuclear component of rat bone marrow (BM)
have been shown to significantly regenerate the in-
farcted myocardium. The cells were isolated using
negative and positive selection [26]. Orlic et al. de-
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monstrated that injection of c-kit+/ lin- (BMSCs) into
the rat myocardium generated smooth muscle, endo-
thelial and cardiomyocytic cells, regenerating 60-70%
of ischemia damaged tissue [26]. Quaini et al. al-
so confirmed the therapeutic potential of BMSCsin
cardiac repair in humans. The type of stem cell diffe-
rentiation was determined using ti ssue specific markers
and the Y chromosome was used as a marker of cell
origin. Markers of smooth muscle, endothelium or
cardiomyocytes were expressed in more than 20% of
thecellswithaY chromosome, which would indicate
BMSCs have the capacity to generate all types of
cardiac cells [27].

Results using genetically modified mice with the
cre-lox recombination system have dramatically cha-
Ilenged the concept of differentiation of BM cells
into CMCs, strongly indication that fusion between
cells, as opposed to differentiation, may account for
the results from studies dealing with myocardium re-
generation potential of BMSCs[28]. In another kind
of experimentsto prove fusion mechanism, green fluo-
rescent protein (GFP)-labelled hematopoietic stem/
progenitor cellswere intravenously injected into new-
born cyan fluorescent protein (CFP)-expressing reci-
pients that may fully potentiate the developmental
plasticity of stem cells. Transplantation of mouse BM
lineage antigen-negative (Lin-) cells resulted in the
generation of the cells that displayed CM C-specific
antigenic profiles and contractile function when trans-
planted into syngeneic hewborn recipients. Confocal
microscopy successfully separated GFP and CFP,
and revealed that donor GFP+ CMCs co-expressed
host-derived CFP. On the other hand, the same au-
thors injected human cord blood derived HSCs into
neonatal immune-deficient mice. Fluorescenceinsitu
hybridization analysis of recipient cardiac tissues de-
monstrated that human and murine chromosomes we-
re co-localized in the same CMCs, indicating that cell
fusion occurred between human hematopoietic pro-
geny and mouse CMCs. Both results provide compe-
Iling evidence that hematopoietic stem/progenitor cells
contributeto the postnatal generation of CM Csthrough
cell fusion, not through transdifferentiation [29].

A different study demonstrated a purified popu-
lation of hematopoietic stem and progenitor cells, as
well as unfractionated bone marrow cells, engrafted
within the infarcted myocardium. The engraftment
was hematopoietic and transient, whereas a few bo-
ne marrow-derived CMCs were located outside the
infarcted myocardium, which were derived via cell
fusion [30].

Human cord blood CD34+ progenitor cells, in par-
ticular the KDR+/CD34+ fraction, were ableto induce
angiogenesis in ischemic damaged heart tissue of non
obese diabetic/severe combined immunodeficiency
(NOD/SCID) mice, yet very few CM Cs stained posi-
tive for human nuclei [29]. In vivo, thesecellshavean
anti-apoptotic effect on CMCs and they also syn-
thesize growth factors. Therefore, the cardiac thera-
peutic potential of BM cells may be dependent on
endothelial cell generation and growth factor synthe-
sis. Following this observation, it was more recently
shown that the number of circulating KDR+/ CD34+
progenitor cellsinversely correlate with cardiovascul ar
events in man [31]. But the use of HSCs has not
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always been successful. In some cases, post-infarction
transplantation of genetically labeled hematopoietic
stem cellsin mice did not result in CMC transdiffe-
rentiation [32, 33].

Bone marrow mesenchymal stem cells

Most attempts for cardiomyoplasty have considered
the bone marrow asthe source of therepair stem cells,
assuming that the hematopoietic stem cells can do the
work. However, bone marrow is also the residence of
other progenitor cells, including mesenchymal stem
cells(MSCs) (Figure 3). Since 1995 it has been known
that under invitro conditions, MSCs differentiate into
cells exhibiting features of CMC. This pioneer work
wasfollowed by many preclinical studiesthat revealed
that ex vivo expanded, bone marrow-derived MSCs
may represent another option for cardiac regeneration.
Under proper stimulation, MSCs can be induced
to differentiate into adipocytes, osteoblasts, chon-
drocytes, tenocytes, myocytes, and hematopoietic-
supporting stroma[34,35]. Furthermore, M SCs may
also give rise to other lineages such as endothelial,
kidney, and neural, revealing ahigh degree of plasticity
[36,37]. MSCs that are isolated from several human
sources, including bone marrow and peripheral and
umbilical cord blood, exhibit ahigh ex vivoexpansion
capacity. This property has been used to assess the
biologic characteristics of MSCs[38] to perform trans-
fection with viral vectors [39] and to initiate studies
toward the use of MSCsiin clinical strategies [40].
Data from different laboratories have shown that
MSCs, once exposed to a variety of physiologic or
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Figure 3. Different sources of adult mesenchymal stem cells.
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non-physiologic stimuli, differentiate into cells dis-
playing several features of CMCs-like cells [see
41 for areview]. Under these conditions, ex vivo
differentiated M SCs exhibit amyotube-like structure
and a time-dependent competence to synchronously
beat. In turn, electron microscopic analysis revea-
led a CMCs-like ultrastructure including typical
sarcomeres, a centrally positioned nucleus, and atrial
granules. These cellsshow several functional features
of a developing CMC including the production of
peptides and the expression of multiple structural
and contractile proteins. They also display, at |east,
sinus node-like and ventricular cell-like action po-
tentials [42, 43].

By co-culturing human M SCswith human CMCs,
it was demonstrated that the stem cells acquired a
CMCs-like phenotype, characterized by the expre-
ssion of myosin heavy chain, beta-actin, and troponin
T. Thus, it seems that direct cell-to-cell contact is
obligatory in relaying ‘‘cardiac environmental or
microenvironmental’’ signalsfor MSC differentiation
into a cardiomyogenic lineage [44]. Furthermore,
human MSCs exhibit cell-to-cell coupling to each
other and to ventricular myocytes via specific gap
junctions [45].

Some reports have shown that MSCs differentiate
not only into CMCs, but also into vascular smooth
muscle cells/pericytes (vSMC/PC) progenitors and
endothelial cells. These cell typesareinvolvedin the
development of vascular systems, including angio-
genic sprouting and vessel enlargement. Previous data
have shown that de novo formation of vSMC/PC
occurs after the differentiation of perivascular me-
senchymal cells, in aplatel et-derived growth factor B
(PDGF-B)—dependent process[46]. The mechanisms
underlying M SC differentiation to cardiovascular cells,
and subseguent improvement in neovascularization
and cardiac function, involve the paracrine secretion
of growth factors by MSCs [47, 48].

In general, bone marrow cellsare considered to have
the greatest potential asasourcefor CMCs. Thetwo
main stem cell populations, the M SCs and the HSCs,
have been reported to differentiate into CMCs; ho-
wever, it has not been determined which population
isabetter sourcefor CMCs. Y amada' s group showed
that CD133-positive brown adipose tissue derived
cells (BATDCs) induce BMCs into CMCs, not
through cell fusion, but through bivalent cation
mediated cell-to-cell contact when cocultured.
Moreover, BMCsinduced by BATDCsareableto act
as CMC repletion in an in vivo infarction model.
Finally, it is demonstrated that CD45(-) CD31(-)
CD105(+) non-hematopoietic cells, when cocultured
with BATDCs, generated mo-
re than 20 times the number of CMCs compared with
lin(-)c-kit(+) HSCs. Taken together, the authors suggest
that CD133-positiveBATDCsareauseful tool asCMC
inducers, aswell asasource of CM Cs and that the non-
hematopoietic fraction in BM isaso amajor sourcefor
CMCs[49].

Local cardiac stem cells

Until recently, the heart was considered terminally
differentiated without any significant regenerative
potential [50]. Thisdogmatic view wasfirst challenged
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by Piero Anversa and coworkers who reported the
existence of small proliferating cells in the heart, ex-
pressing myocyte specific markers [51]. In addition,
these cells were up-regulated under pathological car-
diac conditions [52].

At least three cardiac progenitor cell (CPC) pools
residing in postnatal hearts have been reported in
different species. These cells are distinguished by
different expression of marker proteins. The three
populations include the c-kit+ cells [53], cells from
the side population [54], and the so-called cardioblasts
expressing islet-1 [55]. See reference [56] for arecent
overview of resident CPCs found in the heart.

The adult human heart contains small popul ations
of endogenous committed cardiac stem cells or mul-
tipotent cardiac progenitor cells, identified by their
cell-surface expression of c-kit (the receptor for stem
cell factor), P-glycoprotein (a member of the
multidrug resistance protein family), and Sca-1 (stem
cell antigen 1, amouse hematopoietic stem cell marker)
or aSca-1-likeprotein [57]. These cellsdo not express
cardiac specific genes under normal conditions,
however, in the presence of the DNA demethylating
agent 5'-azacytidine they are ableto differentiate via
aprocess that is partly dependent on a receptor for
bone morphogenetic proteins [58].

In other set of experiments, when cultured cardiac
side population cells (CSPs) from neonatal rat hearts
were treated with oxytocin or trichostatin A, some
CSPs expressed cardiac-specific genes and proteins
and showed spontaneous beating. When green
fluorescent protein-positive CSPswereintravenously
infused into adult rats, many more (approximately
12-fold) CSPs were migrated and homed in injured
heart than in normal heart. CSPs in injured heart
differentiated into CMCs (4.4%), endothelial cells
(6.7%), or smooth muscle cells (29%) of total CSP-
derived cells, respectively [59].

For some authors, cardiac stem cells represent a
logical sourceto exploit in cardiac regeneration therapy
because, unlike other adult stem cells, they are likely
tobeintrinsically programmed to generate cardiac tissue
in vitro and to increase cardiac tissue viabilityin vitro
[57]. These CPCs can differentiate into all the cons-
tituting cells of the heart [53, 60], thus making them
theoretically capable of repairing injuriesin the heart.

Remarkably, in animal studies, administration of in
vitro expanded CPCs substantially improved cardiac
performance. However, CPCs do not in natura have
the capacity to heal larger structural injuries as e. g.
myocardial infarctions show poor functional rege-
neration. It has been compellingly demonstrated that
the CPC pool can differentiate into at least cardiac
myocytes, endothelial and vascular smooth muscle
cells that are functionally integrated in the heart.
Scientific data suggest that CPCs are able to diffe-
rentiate into functional myocytes and vessels inte-
grating into the diseased myocardium [60-63].

Skeletal myoblasts

Skeletal myoblasts are an endogenous population of
muscle cells characterized by regenerative capacity.
These cells can be autologoudly obtained from asmall
biopsy, expanded in culture and injected back into the
hearts of patients who suffered from a myocardial
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infarction. Myoblasts have a high resistance to is-
chemia. This property seemsto be amajor advantage
in the hypoxic and hypo-vascul arized environment of
amyocardial scar [64]. Although transdifferentiation
of skeletal myoblasts into CMCs does not occur in
this setting [65], several studiesin rodent and porcine
infarction models reported improved cardiac
performance after myogenic cell transplantation into
the heart [66-68]. Interestingly, stem cellsresiding in
the skeletal muscle are reported to differentiate into
CMCs|[69]. “ Sidepopulation” cellsisolated from the
skeletal muscle express cardiac specific proteins
together with cadherin and connexin 43 at the junctions
with neighbouring cellswhen co-cultured with neonatal
CMCs. Apparently beating of the cellswas necessary
for transdifferentiation to occur.

The crucia difference between skeletal myoblasts
and those chimeric CMCs that were shown to be ge-
nerated in transplanted hearts [70] is that engrafted
myoblast tubes do not develop connexin 43 and gap
junctions resulting in electrical coupling to the su-
rrounding myocardium [71]. Intracellular recordings of
grafted myoblastsininfarcted rat myocardium showed
acontractile activity of newly formed myotubes, which
was fully independent of neighbouring CMCs [72].
This phenomenon could |ead to arrhythmias after myo-
blast transplantation [73].

Indirect effectswere utilized to explain the observed
positive effects of myoblast transplantation since the
engrafted skeletal muscle seems not to increase the
inotropism of recipient heartswith an active contraction
mechanism and because skeletal myoblastsfail to trans-
differentiate into CMCs [71]. Paracrine mechanisms
as the secretion of hepatocyte growth factor (HGF)
[74] could explain the achievement of a better |eft
ventricular function. HGF has cardioprotective aswell
as antifibrotic effects and the HGF-receptor c-Met is
also expressed in ischemic myocardium [75].

Endothelial progenitor cells

Several lines of evidence point to the existence and
persistence of a stem cell named ‘‘hemangioblast’’
characterized by a hematopoietic and endothelial for-
ming potential [76]. These cells express antigens
shared by hematopoietic and endothelial cells, such
as CD34 [77], vascular endothelial growth factor
(VEGF) receptor 2 (FLK-1/KDR) [78] or CD133[79].
Endothelial committed cells, named endothelial pro-
genitor cells (EPCs), derive from the hemangioblast
and can be expanded ex vivo from bone marrow-
derived- or blood-borne mononuclear cells[80]. They
express antigens shared by hematopoietic stem cells
together with endothelial specific ones[81]. In addi-
tion the ability for uptake of diacetylated low den-
sity lipoprotein has also been utilized as a marker of
this cell type.

It has been shown that BM-derived EPCs are
involved in reendothelialization of vascular lesionsand
that statin treatment can accelerate this process by
enhancing the circulating pool of EPCs and the
recruitment of bone BM-derived endothelial cellsin-
totheinjured vessel wall [82]. Therefore, the positive
contribution of EPCs to adult neovascul arization has
been considered to be potentially useful in attenuating
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myocardial ischemiain coronary artery disease [81].
Moreover, since EPCs, as well as endothelia cells,
have been shownto transdifferentiateinto CMCs|[83],
it ispossibleto hypothesize that EPCs may contribu-
teto myocardial regeneration.

Since it is unknown whether transdifferentiation
of EPCs into CMCs occurs in vivo in humans, it
remains unclear if the application of these cells can
also lead to regeneration of myocardium or if the
observed positive effects are depending solely on
“‘improved revascularization’’.

Preclinical experiments

It has been demonstrated that intramyocardial in-
jection of human STRO-1-selected precursors in an
athymic rat model of acute myocardial infarction results
in induction of vascular network formation and ar-
teriogenesis coupled with global functional cardiac
recovery. Immunose ection with monoclonal antibodies
against STRO-1 and vascular-cell-adhesion molecu-
le1 (VCAM1/CD106) prior to expansion resultsin a
1000-fold enrichment of mesenchymal precursors
compared to standard isolation techniques [84].

Tang et al. transplanted MSCs in arat myocardial
infarct heart with reperfusion model. Measurement
of hemodynamics 4 weeks after transplantationin vivo
showed left ventricular function to be significantly
greater in MSCs than in the control group. Semi-
quantitative histomorphometric examinations showed
a significantly lower infarct size and a greater left
ventricle wall thickness in the MSC-treated group
compared to the control group. Immunofluorescence
demonstrated that transplanted M SCs were positive
for cardiac troponin T, suggesting that asmall number
of transplanted MSCs can differentiate into CMCs.
Other MSCswerepositive for CD31 and smooth mus-
cleactin. Hematoxilin-Eosi ne staining showed marked
augmentation of neovascularizationin the M SC group.
Semi-quantitative analysis demonstrated that capilla-
ry density was significantly higher in the M SC group
than in the control group [85].

Genetically modified MSCs can improve cardiac
functioning when implanted in different models of
chronic ischemia. Huang et al. transplanted MSCs
infected with adenovirus containing angiogenin gene
(MSC-AdAnNQ) or null adenovirus (M SC-AdNull) into
a porcine chronic ischemic model. After 4 weeks,
MSCs were observed within the implanted area in
both cell transplantation groups. Angiogenin protein
levelswere significantly greater in the MSC (AdANg)
group than in control group and were associated with
greater neovessel formation. MSC transplantation
decreased scar size and increased scar thickness. A
synergistic effect of M SC and angiogenin was observed
in the MSC(AdANg) group because myocardial per-
fusion and cardiac function increased significantly in
this group compared with control [86].

Bhakta et al. studied the safety and feasibility of
autol ogous bone marrow MNCsintracoronary therapy
in a porcine model of chronic myocardia ischemia
After euthanasia, troponin | levels, gross inspection
and histopathology did not reveal evidence of
myocardial infarction. Labeled cells were observed in
perivascular structuresin myocardium at the injection
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sitein all animals and in the spleen from one animal.
Localization of labeled cellsin bone marrow aspirates
suggested a role for bone marrow engraftment and
repopulation as a possible mechanism for progenitor
cell localization in myocardium [87].

M SCs can al so prolong the survival of transplanted
hearts in a rat allograft model, after intravenous
administration. MSCs have recently been shown to
have profound immunomodul atory effects bothinvitro
andin vivo. In amodel where Wistar rat MSCs were
infused via the tail vein in recipient Fisher 344 rats
previously transplanted with hearts from inbred
Widtar rats, the survival of the allograftswas markedly
prolonged by administration of M SCs compared with
the controls. Real-time PCR showed a shift in the
Th1/Th2 balancetoward Th2. By Mixed Lymphocyte
Reaction and Cell-Mediated Lympholysis assays,
untreated control rats showed greater alloreactivity
than did MSC-treated rats. These results indicated
that M SCs suppressed allogeneic T-cell responses and
possibly, induced allograft tolerance through changing
the Th1/Th2 balance [88].

Improvement of cardiac function has also been
observed after transplantation of pluripotent ESCs,
but the risk of teratoma generation is still present.
Nelson et al. transplanted |ow numbers of two murine
ESC lines, respectively engineered to express a beta-
galactos dase gene from either aconstitutive (elongation
factor) or a cardiac-specific (alpha-myosin heavy
chain) promoter, into infarcted mouse myocardium.
Although ESC-derived tumors formed within the
pericardial space in 21% of injected hearts, lacZ
histochemistry revealed that engraftment of ESC was
restricted to the ischemic myocardium. Echocardio-
graphic monitoring of ESC-injected hearts that did
not form tumors revealed functional improvements
by 4 weeks postinfarction, including significant
increases in gjection fraction, circumferential fiber
shortening velocity, and peak mitral blood flow ve-
locity. These experimentsindicated that the infarcted
myocardial environment can support engraftment and
cardiomyogenic differentiation of pluripotent ESCs,
concomitant with partial functional recovery [89].

The hypothesisthat stem cells exert their biological
actionson infarcted or ischemic areas through paracrine
signals becomes more attractive, since it has been
demonstrated in several animal models. Noiseux etal.
reported that intramyocardial injection of bone
marrow-derived MSCs overexpressing Akt (MSC-
Akt) decreased infarct size at 3 days and restored
early cardiac function, with alow rate of differentiation
or fusion of MSC and CMCs. The authors concluded
that early paracrine mechanisms mediated by MSC
are responsible for enhancing the survival of existing
myocytes and that Akt could alter the secretion of
various cytokines and growth factors[90]. The same
group demonstrated that conditioned medium from
hypoxic Akt-MSCs markedly inhibits hypoxia-
induced apoptosis and triggers vigorous spontaneous
contraction of adult rat CM Csinvitro. Wheninjected
into infarcted hearts, the Akt-MSC conditioned
medium significantly limitsinfarct size and improves
ventricular function relative to controls. Support to
the paracrine hypothesisis provided by data showing
that several genes, coding for factors (VEGF, FGF-2,
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HGF, IGF-I, and TB4) that are potential mediators of
the effects exerted by the Akt-MSC conditioned
medium, are significantly up-regulated in the Akt-
MSCs, particularly in response to hypoxia [91].

Xu et al. also demonstrated that cultured BMSCs
release VEGF, basic fibroblast growth factor (bFGF),
stromal cell-derived factor-1 (SDF-1) and insulin
growth factor-1 to culture medium and that hypoxia-
induced cell apoptosis was diminished in CMCs co-
cultured with BM SCs. Moreover, conditioned medium
from cultured BMSCs aso induced up-regulation of
Bcl-2 antiapoptotic protein in CMCs [92].

While virtually all studies of cell transfer into
damaged cardiac tissues reported functional benefits,
especidly in small anima models, the mechanism of
these effects remains unresolved. Initial reports
suggesting transdifferentiation of cells delivered to
target tissues into the organ host cells have been
followed by reports of cell fusion and by claims of no
meaningful cell-cell transformation, leading to amajor
controversy. The evidence for transdifferentiation in
vivo is contradictory with some studies finding
evidencefor phenotypic switchesfollowinginjections
of cellsinto the heart or other organs [83, 93] while
others cannot demonstrate this phenomenon [32, 33].
The reasons for these discrepancies are manifold and
include both technical as well as poorly understood
biological issues.

In contrast to a highly controversial transdiffe-
rentiation, cell fusion is a well-recognized pheno-
menon, even if the reports differ as to the frequency
with which this event occurs. The existence of cell fu-
sion has been clearly demonstrated in several organs
[30, 94] athough its functional significance has not
been determined.

Cell integration, another plausible mechanism of
cell transfer benefit, refersto the ability of certain cell
typesto integrateinto the cardiac syncytium without
transdifferentiating into the cardiac muscle in the
processimproving cardiac performance. For example,
electromechanical coupling between the transplanted
skeletal myoblasts and the myocardium [95] would
contribute to this functional integration, although its
existence has been challenged [72].

Another potential mechanism of the observed
beneficial effects is the possibility that cell transfer
can stimulate proliferation and/or differentiation of
endogenous progenitors, based on a paracrine effect
of transplanted cells (i.e. release of various chemoki-
nes and cytokines that can affect endogenous cell
differentiation, myocardial remodeling and function)
[96-98]. It has been shown that endothelium-derived
growth factors affect the development of apparently
unrelated organs and cells, and a paracrine effect has
also been demonstrated for other cell types. Findly,
the mechanical effects of cell transfer (.e, streng-
thening of the scar by the presence of a new tissue
mass) may but itself favorably alter left ventricule
geometry and improve cardiac function.

Clinical trials

Based on the urgent need for alternative therapies, the
promising results obtained with animal models have
been quickly transferred to the clinical field, where
numerous small pilot studiesusing different cell types
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are already ongoing and/or have reported promising
results. Nevertheless, the lack of randomization, the
variability and small size of the treated cohorts and
the use of mixed populations of cells have often clou-
ded the significance and prevented a mechanistic
interpretation of the results.

There are various modalities for cell delivery in
cardiac stem cell therapy. Cells may be delivered by
means of direct surgical injection, intracoronary
infusion, retrograde venousinfusion, transendocardial
injection, and peripheral infusion. Each technique has
itsown peculiarities, and so the choice of the modality
should be based on the particular clinical scenario [for
areview see 99].

The first clinical trial using cell therapy to treat
heart disease wasinitiated by Philippe Menasche and
colleaguesin 2000. Inthistrial, an average of 870 x 10°
autol ogous skeletal myoblasts were injected into non-
revascularizable, scarred | eft ventricleasan adjunct to
coronary artery bypass grafting. The initial outcome
was encouraging; however, no control group was
included in the study and each patient received ad-
junctive revascularization at the time of cell trans-
plantation. Four of ten patients experienced ventricular
tachycardia requiring internal cardio-defribillator
implantation. None of the patients experienced fatal
arrhythmia [100].

To date, the safety and feasibility of myoblast and
bone marrow cell therapy has been evaluated in a
number of clinical studies with cells delivered either
surgically as an adjunct to coronary artery bypass
grafting or percutaneously as an adjunct to reperfu-
sion or as a stand-al one treatment. Percutaneous deli-
very has been either endoventricular or intracoronary.
Most recently, transvenous cell delivery has been be-
gun clinically [reviewed in 101].

The rationale for using a mixture of ‘‘repair cells”’
instead of asingle cell typeliesin thefollowing foun-
dations. First, bone marrow derived mononuclear cells
represent an important source of endothelial pro-
genitors [102]. Clinical data have shown that the
implantation of mononuclear cells to myocardial
infarction patients [103], as well as to patients with
ischemic limbs [104], was effective in promoting
therapeutic angiogenesis. Second, MSCs have the
capability to differentiateinto CMC-like cells. Third,
MSCs produce angiogenic growth factors like basic
fibroblast growth factor, vascular endothelial growth
factor, and stem-cell homing factor [105, 106]. The-
refore, the co-transplantation of MSCs and MNCs
may result in the enhancement of both cardio-
miogenesis and angiogenesis. Myocardial co-trans-
plantation of MSCs with other cells is not without
precedent; results have shown that intramyocardial
transplantation of MSCs either with fetal CMCs or
bone marrow cells resulted in a marked increase in
myocardial regeneration. Thelatter was probably due
to triggering cellular and molecular events associated
with neocardiomyogenesis, neoangiogenesis, and/or
nerve sprouting and atrial sympathetic hyperinne-
rvation [107].

In 2004 it was carried out the Bone Marrow Transfer
to Enhance ST-Elevation Infarct Regeneration
(BOOST) trial [108]. The researchers performed a
percutaneous coronary intervention after acute
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myocardial infarction. It wasarandomized trial, where
30 patients received approximately 2.5 x 10°
unfractionated bone marrow cells and 30 received no
infusion. Left ventricle gjection fraction (LVEF) was
assessed by magnetic resonanceimaging. At 6 months
LVEF was 6% greater in BMC group than in control
group. At 18 monthsno significant differencein LVEF
was found between the 2 groups, suggesting that the
main effect was an acceleration of recovery [109].

Janssens et al. also performed a percutaneous
coronary intervention after acute myocardial infarction.
They transplanted 33 patients with 3x108 Ficoll-
separated BMC and 34 received placebo infusion.
They did not detect an improvement in global
ventricular function at 4 monthsin the BMC group as
compared with the control group, although infarct size
was reduced and regional wall motion was improved
in the BMC group [110].

The Transplantation of Progenitor Cells and
Recovery of LV Function in Patients with Chronic
Ischemic Heart Disease (TOPCARE-CHD) trial
performed by Assmus et al. evaluated the effects of
BMC or progenitor cellsderived from circulating blood
(CPC) in patientswith chronic ventricular dysfunction.
In thisrandomized, crossover trial, the absol ute change
in LVEF was significantly greater among patients
receiving BM C than among those receiving CPC. The
groupsreceived the other type of cell inthe next phase
of the trial, but the result was independent of the
order inwhich the cellswere given, suggesting that the
BMC effect is somewhat specific. Although the benefit
observed after BMC infusion was modest (anincrease
in LVEF by 2.9 percentage points), it is remarkable
that any benefit was seen in these patients, who were
studied on average more than 6 years after infarction
and who were already receiving optimal medical care.
The TOPCARE-CHD trial suggests that BMC can
have effects beyond simple accel eration of healing after
infarction [111].

In the ASTAMI trial, Lunde et al. injected
approximately 7 x 10" Ficoll-separated BMC in 47
patients after acute myocardial infarction, while 50
patients received no infusion. At 6 months there was
no significant differencein LV EF between the 2 groups
[112].

In the largest study of cardiac cell therapy to date,
Schéchinger et al. report the results of the Reinfusion
of Enriched Progenitor Cells and Infarct Remodeling
in Acute Myocardial Infarction

REPAIR-AMI trial, a multicenter trial of the in-
tracoronary infusion of BMC after successful percu-
taneous coronary intervention for acute myocardial
infarction. At 4 months, the absoluteimprovementin
LVEF, measured by angiography, was greater among
patients treated with BMC than among those given
placebo. This double-blind and fully controlled trial
providesthe best evidenceyet for beneficial effects of
BMC after acute myocardial infarction. Ultimately,
the validation of cardiac cell therapy will require de-
monstration of benefit with regard to clinical outcomes
- aswasthe case with reperfusion. Studies performed
to date have not been designed or powered to evaluate
clinical outcomes. Nevertheless, it is encouraging that
the REPAIR-AMI investigators found the rate of
adverse clinical events to be significantly lower at 1
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year among patients receiving BM C than among those
receiving placebo. Given the relatively small number
of events, this result will require replication in larger
cohorts[113].

In thismoment just in the United States, there are
more that 100 clinical trials of stem cell therapy, re-
cruiting patients with different medical conditions,
such as coronary artery disease, myocardial infarc-
tion, ischemic cardiomyopathy, coronary occlusion,
coronary arteriosclerosis, dil ated cardiomyopathy, etc.
Thetrialsare designed to prove safety and efficacy in
improving cardiac function of different kind of stem
cells, for example: aldehyde dehydrogenase bright
stem cells; autol ogous bone marrow mononuclear stem
cells, AC133-positive autologous marrow-derived
stem cells; adipose-derived stem cells; bone marrow-
derived mesenchymal stem cells; CD34-positive stem
cells, etc.

Cuban experience in the field

The employment of the regenerative medicine, and
especialy the use of stem cellsin Cuba, is at initial
stages. There are several research projects, mainly
related to the application of hematopoietic stem cells
in the treatment of lower limb critical ischemia and
obliterant aterosclerosis. Certain degree of experimen-
tation also exists regarding the use of stem cells in
patients with diabetic foot lesionsand in patientswith
myocardial injury. From a methodological point of
view, some researchers work in the comparison of
protocols for bone marrow derived stem cell mobi-
lization, using granul ocyte colony stimulating factors,
and in the characterization of the cellular fractions
obtained from the bone marrow.

Among the institutions that stand out in the expe-
rimentation and application of regenerative medicine
are the Institute of Haematology and Immunology,
the Enrique Cabrera Hospital, Center of Medical and
Surgical Investigations (CIMEQ) and the William Soler
Pediatric Hospital, among others.

On February 24th 2004, the first implant of adult
autologous stem cells in a patient with lower limb
critical ischemiawas carried out in our country. The
patient had a very favorable evolution and it was
possible to avoid the affected inferior member’s am-
putation. This result was considered a landmark in
the Cuban science and it opened new perspectives
for thetreatment of this seriousvascular complication
[114]. Starting from that date, the regenerative cellu-
lar therapy continued being used in patients with
lower limbs critical ischemia. November 26th 2004,
the same protocol was carried out in Hospital CIMEQ
and later on thistreatment continued being carried out
by the Haematology and Angiology servicesin pa
tients with peripheral angiopathies.

Of April 23thto 27th 2007, it took placein Havana,
the | Congress of the Latin American Chapter of
the International Society of Vascular Specialists
“ANGIOCARIBE 2007". On day 25th representa-
tives of the cooperative group formed by specialists
of the Institute of Haematology and Immunology,
Enrique Cabrera, William Soler, Julio Trigo and Abel
Santamaria Hospitals exposed their experiences on
the application in Cubaof the auto-transplant of adult
stem cells for the treatment of vascular affections.
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Dr. Heriberto Artaza, from Enrique Cabrera Hos-
pital, exposed the most outstanding results in the
treatment of 30 patients with lower limb critical is-
chemia which received the implant of bone marrow
mononuclear stem cells, mobilized to the periphe-ra
blood by treatment with granulocyte colony stimula-
ting factor. With thisclinical procedure 67% (14/21) of
the patients with previousindication of amajor ampu-
tation, were rescued from amputation.

Dr. Antonio Jesiis Diaz Diaz from the Abel Santama-
riaHospital presented the experience of the cooperati-
vegroup about the trestment of 22 patientswith severe
lower limb ischemia (state I1b of Fontaine's classifi-
cation) with peripheral blood autologous mononuclear
cells. The study evidenced remarkable improvements
in clinical and hemodynamical variables.

Finaly, Dra. Angela Blanco, from Enrique Cabrera
Hospital commented the preliminary resultsin asmall
number of cases of the perilesional implantation of
autologous bone marrow mononuclear cells in the
treatment of lesions of the diabetic foot. In this case,
the therapeutic answer was valued as satisfactory.

It is necessary to highlight that, in general, these
studieswerecarried out in areduced number of patients,
and they didn’t have a group of patients treated only
with conventiona therapies, which arethereal controls
of the assay. Therefore, in spite of theresultsreached
until now, it is imposed to design new clinical trials
that allow evaluating, with experimental accuracy, the
security and effectiveness of the stem cellstransplant
in different affections.

Recently, theimplant of autologous stem cellswas
described in 12 patients with unilateral severe lower
limb ischemia. Purification of stem cells was carried
out by two different methodologies: the use of a cell
separator and the centrifugation in a density gradient
in Ficoll reagent. The results showed significant im-
provementsin the rest pain and in the time of free of
pain walking after theimplant. The ankle-brachial index
and the oxygen saturation also increased gradually af-
ter the treatment. Comparing the two purification me-
thodologies, the authors didn’t observe statistically
significant differences. In both cases appropriate quan-
tities of haematopoietic cellswere obtained, compared
to thosereported previously intheliterature. Specially,
the Ficoll gradient method showed to be asimple and
effective procedure, whichisof great importancefrom
an economic and technical point of view [115]. Until
now, thisisthe only article published in international
magazines that describes the clinical investigations
carried out in Cuba regarding the use of the stem cells
in the cardiovascular field.

Conclusions

Cellular-based therapy has emerged as a potential new
therapy for patients with advanced heart failure or
peripheral vascular diseases. Cell therapy using fetal
and neonatal CMCs, embryonic stem cell-derived
CMCs, smooth musclecells, fibroblasts, skeletal myo-
blasts and more recently bone marrow stem cellshave
been explored in preclinical and clinical studies. To
date, anumber of patients with myocardial infarction
have been reported to show improved cardiac perfor-
mance after receiving cell therapy. However, some ba-

Biotecnologia Aplicada 2007; Vol.24, No.3-4

80. LinY, Weisdorf DJ, Solovey A, Hebbel
RP. Origins of circulating endothelial cells
and endothelial outgrowth from blood. J
Clin Invest (2000); 105:71-7.

81. Walter DH, Dimmeler S. Endothelial
progenitor cells: regulation and contri-
bution to adult neovascularization. Herz
(2002); 27:579-88.

82. Werner N, Priller J, Laufs U, Endres M,
Bohm M, Dirnagl U et al. Bone marrow-
derived progenitor cells modulate vascu-
lar reendothelialization and neointimal
formation: effect of 3-hydroxy-3-methyl-
glutaryl coenzyme a reductase inhibition.
Arterioscler Thromb Vasc Biol (2002); 22:
1567-72.

83. Badorff C, Brandes RP, Popp R, Rupp
S, Urbich C, Aicher A ¢ al. Transdiffe-
rentiation of blood-derived human adult
endothelial progenitor cells into func-
tionally active cardiomyocytes. Circulation
(2003); 107:1024-32.

84. Martens TP, See F, Schuster MD, Son-
dermeijer HP, Hefti MM, Zannettino A efal.
Mesenchymal lineage precursor cells
induce vascular network formation in
ischemic myocardium. Nature Clin Pract
Cardiovasc Med (2006); 3 Suppl (1):s18-
s22.

85. Tang J, Xie Q, Pan G, Wang J, Wang
M. Mesenchymal stem cells participate in
angiogenesis and improve heart function
in rat model of myocardial ischemia with
reperfusion. Eur J Cardiothorac Surg
(2006); 30(2):353-61.

86. Huang SD, Lu FL, Xu XY, Liu XH, Zhao
XX, Zhao BZ ¢ al. Transplantation of
angiogenin-overexpressing mesenchymal
stem cells synergistically augments cardiac
function in a porcine model of chroniciis-
chemia. J Thorac Cardiovasc Surg (2006);
132(6):1329-38.

87. Bhakta S, Greco NJ, Finney MR, Scheid
PE, Hoffman RD, Joseph ME et al. The sa-
fety of autologous intracoronary stem cell
injections in a porcine model of chronic
myocardial ischemia. Invasive Cardiol
(2006); 18(5):212-8.

88. Zhou HP, Yi DH, Yu SQ, Sun GC, Cui
Q, Zhu HL etal. Administration of donor-
derived mesenchymal stem cells can pro-
long the survival of rat cardiac allograft.
Transplant Proc (2006); 38(9):3046-51.

89. Nelson TJ, Ge ZD, Van Orman J,
Barron M, Rudy-Reil D, Hacker TA e al.
Improved cardiac function in infarcted mi-
ce after treatment with pluripotent em-
bryonic stem cells. Anat Rec A Discov Mol
Cell Evol Biol (2006); 288(11):1216-24.

90. Noiseux N, Gnecchi M, Lopez-llasaca
M, Zhang L, Solomon SD, Deb A et al.Me-
senchymal stem cells overexpressing Akt
dramatically repair infracted myocardium
and improve cardiac function despite in-
frequent cellular fusion or differentiation.
Mol Ther (2006); 14(6):840-50.

91. Gnecchi M, He H, Noiseux N, Liang
OD, Zhang L, Morello F et al. Evidence
supporting paracrine hypothesis for Akt-
modified mesenchymal stem cell-mediated
cardiac protection and functional impro-
vement. FASEB J (2006); 20(6):661-9.

92. Xu M, Uemura R, Dai Y, Wang Y,
Pasha Z, Ashraf M. In vitro and in vivo
effects of bone marrow stem cells on
cardiac structure and function. J Mol Cell
Cardiol (2007); 42(2): 441-8.



Yssel Mendoza

Stem cells for myocardial infarction: an update

sic questions remain to be answered before cellular
transplant can be adopted on awider scale. Who should
be considered for stem cell therapy? What are the
optimal cell typesand cell numbersfor injection?What
is the most appropriate cell delivery method? Can
injections be repeated? What are the underlying
mechanismsin the observed improvements? What are
the long-term outcome and possible complications?

Cellular regeneration is a rapidly growing field,
promising fascinating new therapeutic approaches.
However, additional research is needed to examine a
wide array of problems, for example, theidentification
of universal stem cell markers; the optimization of
delivery routes or devices and stem cell mobilization
protocols; the comparison of the effectiveness of cellu-
lar transplantation versus growth factor adminis-
tration; the evaluation of the long term effects of stem
cell therapy; etc.

Experimental evidence atteststo the proangiogenic,
vasculogenic and tissue reparative capabilities of a
broad range of progenitor cells derived from the bone
marrow, circulation and a number of other tissues in
vivo. Studies demonstrating the most apparent thera-
peutic success are those implicated in revasculariza-

tion and repair of acute or chronically ischemic issues
in the heart and the peripheral vascular system. Nu-
merous small clinical trials have yielded promising
preliminary results without clear evidence of supe-
riority for aspecific cell typeor clinical disease entity
as the most suitable target for cell therapy.
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and adverse effects. Recent randomized studies of cell
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rapidly developing field while serving as a reminder
that many important clinical and fundamental ques-
tions have yet to be addressed. The ultimate success
of this strategy is likely to depend on continued and
effective coordination of rigorous basic and clinical
investigations.
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