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Abstract

Dilated cardiomyopathy can be the end-stage form and common denominator of several cardiac disorders of known cause,
such as hypertensive, ischemic, diabetic, and Chagasic diseases. However, some individuals have clinical findings, such as
an increase in ventricular chamber size and impaired contractility (classical manifestations of dilated cardiomyopathy) even
in the absence of a diagnosed primary disease. In these patients, dilated cardiomyopathy is classified as idiopathic, since its
etiology is obscure. Nevertheless, regardless of all of the advances in medical, pharmacological and surgical procedures,
the fate of patients with dilated cardiomyopathy (of idiopathic or of any other known cause) is linked to arrhythmic episodes,
severe congestive heart failure and an increased risk of sudden cardiac death. In this review, we will summarize present data
on the use of cell therapies in animal models of dilated cardiomyopathies and will discuss the few clinical trials that have been
published so far involving patients affected by this disease. The animal models discussed here include those in which the
cardiomyopathy is produced by genetic manipulation and those in which disease is induced by chemical or infectious agents.
The specific model used clearly creates restrictions to translation of the proposed cell therapy to clinical practice, insofar as
most of the clinical trials performed to date with cell therapy have used autologous cells. Thus, translation of genetic models
of dilated cardiomyopathy may have to wait until the use of allogeneic cells becomes more widespread in clinical trials of cell

therapies for cardiac diseases.
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Introduction

The term cardiomyopathy has been used for more than
5 decades to designate diseases that directly affect the
cardiac muscle, inducing cardiomegaly and heart failure
(1). Until 2006, the cardiomyopathies were divided into
three major groups: dilated, hypertrophic and restrictive,
according to anatomical and functional criteria (2). This
division has been criticized for providing little information
in view of the growing knowledge of the underlying causes
of the different cardiomyopathies. Furthermore, at times a
hypertrophic cardiomyopathy will lead to both a dilated and
restrictive phenotype. Thus, the American Heart Associa-
tion (3) and the European Society of Cardiology (4) have
proposed new, although not consensual classifications for
the cardiomyopathies. Relevant to this review is the fact
that both classifications maintained the term dilated car-
diomyopathy (DCM) attributable to genetic or non-genetic
mechanisms.

Of even greater importance for the reader of this review

is the understanding that the DCMs as defined here ex-
clude those caused by ischemic diseases of the heart and/
or hypertension, being restricted to diseases that directly
affect the myocardium. Even though DCMs of ischemic
origin account for the majority of the cases of heart failure,
the DCMs are responsible for about 30% of all cases of
chronic heart failure in the patient population. Since heart
failure has reached epidemic levels around the world and
in the US alone its prevalence among adults aged 20
years or more is estimated at 5.3 million people, reaching
about 12% of the population aged 80 years and older (5),
the 30% figure for heart failure due to DCM represents a
major health problem. Furthermore, conventional therapy
for DCM (pharmacological and devices), although having
had a major impact on life quality and survival, is able only
to stop disease progression and in many cases fails, leaving
as a last option for the patient heart transplantation. The
shortage of donors, the problems of immune suppression
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and the high cost of the procedure have turned cardiac
transplantation into a limited therapeutic option. On this
scenario, new therapies are needed and the use of stem
cells to regenerate the diseased heart is being intensively
investigated.

Here we will discuss data on the use of cell therapies
in animal models of DCM and the few clinical trials that
have been published so far involving patients affected by
this disease.

Cell therapy in animal models of dilated
cardiomyopathy

The idea of using cell transplantation as an alternative
therapy to restore myocardial function started in the early
90’s. At that time, the prevalent idea was that the heart was
a post-mitotic organ and, therefore, unable to regenerate.
Based on that argument, independent groups started to
treat infarcted heart tissue with different cell types (mostly
already fully differentiated into cardiomyocytes) in order
to recover systolic and/or diastolic function. In fact, the
overall conclusion from those initial experiments was that
the different transplanted cell types induced an improve-
ment in heart function compared with findings in control
hearts (6-10). The majority of reports, however, did not
attribute the observed functional effects to the grafted cells
themselves, since cell types such as HL-1 cells, fetal and
neonatal cardiomyocytes, did not engraft into the scarred
heart tissue (10).

Soon after the first positive results in ischemic animal
models were published, many investigators attempted to
show that cell transplantation could also benefit failing hearts
due to DCM. Using distinct models of DCM, Scorsin etal. (11)
and Yoo et al. (12) have shown that direct intramyocardial
injection of fully differentiated cardiomyocytes was able to
form cardiac-like tissue and improve the contractile function
of globally failing hearts. In the first study, a recovery in heart
function was produced in a mouse model of doxorubicin-
induced heart failure treated with fetal and adult mouse
cardiomyocytes. Yoo et al. (12) used a genetically modified
hamster model (BIO 53.58) in which animals were injected
with 4 million adult hamster myocytes in the left ventricular
anterior free wall. Four weeks after transplantation, the lack
and/or low number of transplanted cardiomyocytes into
host tissue led the authors to suggest that the observed
effects could not be directly related to engraftment of the
injected cells, but instead to the cardioprotective factors
released by them.

Using multiple injection sites rather than a single in-
tramyocardial injection site, Pouly et al. (13) demonstrated
a significantimprovement in left systolic functionin CHF 147
hamsters 4 weeks after treatment with skeletal myoblasts.
One of the major concerns about this approach was that,
although multiple sites of injections could help by spread-
ing the transplanted cells throughout the failing heart, the
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existing fibrosis could be worsened by the inflammatory
reaction triggered by multiple needle punctures. However,
morphological analysis carried out shortly after cell injection
consistently showed skeletal myoblasts engrafted into the
transplanted hearts without signs of additional fibrosis. In
order to obtain a better dissemination of transplanted cells
into dilated hearts, since DCM is a widespread, non-focal
disease of the heart, Suzuki et al. (14) injected one million
syngeneic (but not autologous) myoblasts into the coro-
nary arteries of doxorubicin-induced dilated and failing rat
hearts. One month later, Langendorff experiments revealed
a 17% improvement of both systolic and diastolic function
measured by positive and negative dP/dt, respectively,
when compared to non-injected hearts. In addition, and in
contrast to previous findings, immunohistochemistry analy-
sis of injected hearts showed a widespread engraftment of
myoblasts and differentiation into multinucleated myotubes
axially aligned with host cardiac fibers. More recently, Hata
et al. (15) developed and tested tissue-engineered myo-
blast patches in a canine model of DCM. After 4 weeks
of pacing-induced heart failure, 5 dogs received about 20
patches containing 1.5-2.5 million cells per patch. When
compared to sham-operated animals (N = 7), transplanted
dogs showed a marked improvement in left ventricular ejec-
tion fraction (EF) and fractional shortening (33.3 and 229%,
respectively) with reduced ventricular chamber volume and
a 27% increase in wall thickening.

In 2005, Werner et al. (16) used an autoimmune model
of myocarditis, in which rats immunized against myosin
developed DCM 6 weeks after a booster injection. By
assessing the number and adhesion properties of en-
dothelial progenitor cells (EPCs), the authors concluded
that, despite the higher number of colony forming units
from the spleen pool of DCM rats, both spleen- and bone
marrow-derived EPCs from DCM rats were functionally
compromised compared to healthy rats. According to the
authors, the dysfunctional state of EPCs could contribute
to the already known myocardial damage and malfunction
characteristic of this autoimmune model of DCM. This
was further confirmed when a considerable improvement
in myocardial performance (a 15% increase in fractional
shortening) was detected in DCM rats that received EPCs.
This gain of function was attributed to the correction of the
quantitative and qualitative defects of EPCs.

Rouraetal. (17) recently showed that patients with DCM
also have higher numbers of circulating EPCs and CD133*/
VEGF-R2* cells (a subset of EPCs that can differentiate into
mature endothelial cells) compared to normal individuals.
The investigators did not evaluate the functional properties
ofthese cells, but concluded that there is a defective vascu-
larization and impaired vasculogenesis and angiogenesis in
humans with DCM. This is in agreement with Werner et al.
(16) who reported the same results although not observing
differences in vascular density between EPC-treated and
-untreated rats, even though the intravenous injection of
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EPCsin DCMrats resulted in a 15% increase in contractility
and attenuation of scar formation (16). The potential benefit
induced by EPC transplantation had already been described
for myocardial (18) and hind limb (19) ischemic models, but
the single or multiple mechanisms by which those beneficial
effects were achieved is still an unanswered question.
Using the same animal model, but a different type, num-
ber and cell delivery method, Nagaya et al. (20) showed that
5 million mesenchymal stem cells (MSC) directly injected
into 10 different points of a diseased myocardium resulted
in a 24% decrease in left ventricular end-diastolic pressure
and in an improvement of around 45% in heart contractility
(increased maximum dP/dt) 4 weeks after treatment. The
investigators attributed the observed effects to both the
ability of MSC to differentiate into cardiomyocytes, vascular
endothelial and smooth muscle cells and to their capacity
to secrete large amounts of angiogenic, antiapoptotic and
mitogenic factors that exert a cardioprotective effect.
Using the TO-2 hamster strain, a representative model
of a myopathic animal that mimics the hereditary human
DCM, Kondoh et al. published a series of three papers (21-
23)that demonstrates how far we are from finding the “ideal
treatment” for DCM. In all of them, male 27-week-old TO-2
hamsters showing moderate cardiac remodeling were used
asrecipients. In the first study (21), the authors showed that
TO-2 hamsters treated with liposomes containing human
hepatocyte growth factor (HGF) cDNA had an improve-
ment of left ventricular end-systolic dimension, fractional
shortening and a decrease of almost 47% in myocardial
fibrosis. Moreover, an increase in survival rate associated
with transient reorganization of the cytoskeletal proteins
was also observed, leading the authors to propose the HGF
as an alternative treatment for DCM. One year later, the
same group tested the effects of a sheet-shaped myoblast
graft versus a direct injection of those cells on cardiac per-
formance of TO-2 hamsters (22). In this case, myoblasts
were harvested from the lower limbs of BIO F1B hamsters
and a total of 10 million cells were injected directly with a
30-G tuberculin syringe or delivered as a sheet-shaped
graft. The authors highlighted a reduction in left ventricular
dimension for the animals treated with the sheet-shaped
graft, whereas a progression of left ventricular dilation was
observed in the cell-treated hamsters. Likewise, fractional
shortening worsened in both the sham-operated and cell-
treated groups, while this parameter was kept constant at
the preoperative level for three months after the procedure in
the sheet-shaped-treated animals. Interestingly, an increase
in life expectancy and reorganization of the cytoskeletal
proteins were also observed only in those animals. In 2007
(23), human HGF gene transfection was applied alone or
combined with myoblasts (harvested from the lower limbs
of BIO F1B hamsters) to diseased (TO-2) animals. At that
time, a total of 20 million myoblasts were evenly injected
into four different heart sites (in the right ventricle and at
the apex and on the anterior and posterior walls of the left
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ventricle). Cardiac performance was evaluated biweekly
until the animals’ death (when the histological data were
obtained). Both myoblast transplantation and HGF gene
transfection improved the cardiac function of DCM hamsters,
but the association of both interventions preserved the
systolic function better than either treatment alone. Again,
the lifespan of TO-2 hamsters was significantly prolonged
in both the groups treated with HGF alone and with HGF
plus myoblast transplantation when compared to vehicle-
and myoblast-injected groups. The authors suggested that
the combination therapy (HGF + myoblast transplantation)
is a promising treatment for human DCM but they never
mentioned the arrhythmogenic potential of a myoblast graft
inside the heart, since this graft lacks connexin 43 expres-
sion that is essential for intercellular communication and
electrical propagation in the heart.

More recently a mouse model of doxorubicin-induced
DCM was used to evaluate a new cardiac stem/progenitor
cell candidate to ameliorate a dysfunctional heart (24). In
this model, embryonic GFP* stem cells (ES) from a geneti-
cally modified C57/B6 mouse (Gact4) were cultured in a
differentiation medium for 4 days and selected according to
expression of FIk1 protein, a marker of early mesodermal
cells that is reported to be associated with differentiation
into cardiomyocytes. Indeed, when Gact4-derived Flk1*
cells were injected directly into 20 DCM mouse hearts,
functional analysis revealed a significant improvement of
both systolic and diastolic function of DCM mice compared
to sham and control groups. Moreover, immunohistochemi-
cal assays showed that Flk1* cells were found engrafted
within ventricular cardiomyocytes and, from an electro-
physiological point of view, those cells behaved exactly
like adult ventricular cells, rather than as embryonic or
neonatal cardiomyocytes. However, it is well known that
a major concern when dealing with ES is the generation
of tumors. In this protocol, the authors transplanted those
cells in an extra group of 5 mice and followed them for 10
weeks. Atthe end, the animals were sacrificed and no signs
of abnormal growths or proliferation activity (detected by the
presence of Ki-67) were detected, supporting the authors’
hypothesis that, at that point, ES cells had already fully
differentiated into adult cardiomyocytes.

Gene therapy has also been used to protect against or
prevent the myocardial injury observed in cardiomyopathic
animal models. Since myocardial fibrosis and changes in
either cytoskeletal or sarcolemmal proteins are responsible
for the global remodeling often found in patients and animal
models with DCM, the expression and/or deletion of spe-
cific proteins could play an important role in the functional
recovery of failing hearts. In this scenario, HGF, a mesen-
chymal-derived factor that regulates cell growth, motility and
morphogenesis and that is also known to prevent fibrosis
in liver and pulmonary injury models, was used to inhibit
the progression of cardiac fibrosis in a cardiomyopathic
hamster lineage (BIO 14.6). The human HGF gene was
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injected directly into the myocardium of BIO 14.6 hamsters
and the animals were evaluated weekly from week 12 to 20
(25). In that study, Taniyama et al. (25) showed that HGF
transfection was able to significantly decrease the fibrotic
area by 27% and increase the capillary density by 33% and
the blood flow in the heart. However, in contrast to a report
by Kondoh et al. (21), it was not possible to evaluate the
functional effects of HGF overexpression at that time since
BIO 14.6 hamsters do not show myocardial dysfunction at
the age of 20 weeks.

In summary, a wide variety of cell types have been used
in animal models of DCM: embryo-derived stem cells, fully
differentiated cardiomyocytes, skeletal myoblasts, EPC,
MSC and so on. The use of the first two cell types in clini-
cal trials is still problematic, due to the possibility of tumor
formation for the former and due to immune and availability
restrictions for the latter. Autologous skeletal myoblasts have
been used in clinical trials, but development of fatal arrhyth-
mias in some patients has put these trials on hold. EPCs
and MSC have also been used in humans with ischemic
heart disease and the results of phase l/ll trials have been
encouraging even though efficacy has not been proved.
Therefore, the scenario emerging from the animal studies
has led a few groups to attempt the use of bone marrow-
derived cells in patients with DCM. These trials have been
largely concerned with the safety of the procedure and are
summarized in the next section.

Cell therapy in patients with dilated
cardiomyopathy

Although a sizable number of trials, involving close to
1000 patients, including some randomized and blind trials,
have already been performed in the setting of ischemic
cardiopathies, very few cell therapy trials have been per-
formed in patients with non-ischemic dilated cardiomyopa-
thy. All reported DCM trials are Phase | trials, addressing
the question of safety and feasibility. In 2006, Arguero et
al. (26) reported a trial in which 39 terminal heart failure
patients were subjected to cell therapy by direct injection of
circulating cells collected by hemopheresis after granulocyte
colony-stimulating factor mobilization into the myocardium
by mini-thoracotomy. However, only 5 of the 39 patients had
non-ischemic DCM in the group. Given the high number of
patients developing ventricular fibrillation (7) and 2 deaths
during the perioperative period, the safety of the procedure is
questionable. Using the same injection route Kalil et al. (27)
registered no adverse events in 9 patients with idiopathic
DCM treated with the mononuclear fraction of bone marrow.
Six patients who completed a 1-year follow-up experienced
a transient improvement in heart function, measured by EF
in echocardiography 2 months after cell injection, but MRI
failed to show variation in EF%. At 6 and 12 months after
cell injection this gain in EF% had vanished even when
determined by echocardiography, although quality of life
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and functional class were still reported to be significantly
improved by the authors. Using the intracoronary route with
balloon inflation as described by Strauer et al. (28), Widimsky
and Penicka (29) reported serious adverse events during
the procedure, leading to interruption of the trial after treat-
ing the second DCM patient. In both cases, patients could
not withstand the balloon inflation maneuver, which led to
severe arrhythmias in one case and severe hypotension
with coronary spasm in the other. Still in 2006, Seth et al.
(30) reported a randomized trial involving 44 patients with
dilated cardiomyopathy of non-ischemic origin. Twenty-four
patients were assigned to cell therapy and the remaining 20
patients to the control group. Patients were followed up for
12 months, although the results reported refer only to the
first 6 months of follow-up. Cell therapy used the mononu-
clear fraction of bone marrow. Cells were injected into the
coronary circulation after inflating a balloon in the coronary
sinus to slow coronary flow. The total number of cells injected
per patient or the mean number of injected cells was not
reported. However, cells were viable (99% viability) and the
percentage of CD34* was rather high in the mononuclear
fraction (close to 5%). Patients were monitored by holter,
echocardiogram and biopsies at baseline and during follow-
up. Mortality was similar in both the cell-treated and control
groups, buta 5.4% improvement in the absolute value of the
EF (by echocardiogram using Simpson’s rule) was reported
for the cell group while the control group showed no varia-
tion in EF%. Interestingly, looking at individual patients (as
shown in Figure 1 of the cited paper), 7 of the 20 surviving
patients who were followed for 6 months either did not
show improvement in EF% or had a very small increase in
EF%. Two Chinese publications (31,32) in the same year
reported trial results using bone marrow mononuclear cells
and MSC in patients with idiopathic dilated cardiomyopathy
(IDC). Atotal of 42 patients (24 and 18 from Wang et al. and
Huang et al., respectively) were enrolled in these trials. In
the first study, 12 patients received MSC while in the second
study mononuclear cells were injected in 10 patients. Both
groups used the intracoronary route but the abstract did
not state if balloon inflation was used or not (articles are in
Chinese). No adverse events were reported in either case
during the procedure and there was no increase in EF%
detected by echocardiography. However, a 6-min walking
test showed a significant improvement of 31 and 11% in
the cell group compared to baseline and to the control
group, respectively.

Our own experience with cell therapy in IDC patients
started in 2005 when we enrolled the first of 25 patients
for a phase | trial with intracoronary injection of the bone
marrow mononuclear fraction (33). Major exclusion criteria
were coronary artery disease, chagasic cardiomyopathy,
and any conditions that might affect survival such as re-
nal or liver failure. To be included, patients had to be in
classes II-1V of the New York Heart Association (NYHA),
with EF% below 35% by echocardiography, on optimized
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pharmacologic therapy and diagnosed as having IDC. After
aspiration of 50-100 mL marrow from the iliac crest under
sedation and local anesthesia, cells were processed in a
Ficoll density gradient and the mononuclear fraction was
isolated. Cell number and viability were determined and the
cells were resuspended in 20 mL saline with 5% autologous
serum. The cell suspension, in two 10-mL syringes, was
then sent to the catheterization laboratory for injection. The
whole procedure from aspiration to cell injection lasted
2.5-3 h. Before cell injection, patients were subjected to
cineangiocoronariography and 1 of the 25 patients was
excluded due to the presence of CAD. In the remaining 24
patients subjected to cell injection, 3 adverse events were
recorded. One patient developed increased enzyme levels
(troponin and creatine kinase-MB) transiently without pain,
ECG or hemodynamic instability, and 2 patients showed
transient arrhythmias during coronary cell infusion, right
bundle branch block in one and atrial fibrillation (reversed
with amiodarone) in the other. During the first catheteriza-
tion, endomyocardial biopsies were obtained in the right
septal region and this procedure was repeated when
patients were subjected to left ventricular angiography at
the end of the study. Biopsies revealed little inflammatory
infiltrate and variable amounts of fibrosis, which did not
change with cell therapy. In 3 patients, injected cells were
labeled with technetium and their localization was studied
by scintigraphy, revealing a small amount of cell retention
in the cardiac area within 24 h of cell injection. As was the
case in the study of Seth et al. (30), 4 of our patients died
during follow-up. All deaths occurred at least two months
after the procedure and were unlikely to be related to cell
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