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Mesenchymal Stem Cells for Treatment of Myocardial Infarction

II-Kwon Ko, Byung-Soo Kim

Department of Bioengineering, Hanyang University, Seoul, Korea

Cardiovascular diseases including myocardial infarction are one of the major causes of adult mortality. Several treat-
ments such as pharmacological therapy and heart transplantation have been used for the diseases, but the treatments
have drawbacks. Therefore, cell-based myocardial therapies have received proper medical attention. Bone marrow stem
cell BMSC) including mesenchymal stem cell (MSC) and hematopoietic stem cell (HSC) is a potential source for
cell therapy for heart diseases due to the ability of BMSC to differentiate into cell in cardiac tissue including car-
diomyocyte and vascular endothelial cell. This article reviews the use of BMSCs for cardiovascular disease and the

differentiation of BMSCs into cardiaomyocytes.
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Introduction

Use of BMSCs for myocardial infarction

Ischemic heart disease had an increase in mortality four
times over the past ten years in Korea (1). Change in
Korean traditional eating habits to western eating habits,
lack of exercise, and increased life span are thought to in-
crease cardiovascular diseases including myocardial
infarction. Treatments for heart disease include pharma-
cological therapy, surgical therapy, and heart transplan-
tation. However, these methods are suboptimal and in-
sufficient donors of heart organ for heart transplantation
limit the therapy. Cell therapy is currently being inves-
tigated as an alternative treatment modality for patients
with heart diseases. Cell therapy for heart failure has the
potential to restore cardiac functions by enhancing angio-
genesis, regenerating viable myocardium, and protecting
myocardium from cell death. Bone marrow stem cells
(BMSCs) present an attractive source of cells for the cell
therapy (2).
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Animal studies have shown that BMSC mobilization is
effective in cardiovascular tissue regeneration. In a study,
lineage-negative (Lin-) bone marrow cells from transgenic
mice expressing enhanced green fluorescent protein were
injected in the heart wall bordering infarct. As a result,
newly formed myocardium occupied 68% of the infarcted
portion of the ventricle. The regenerated tissue comprised
proliferating myocytes and vascular structures. These re-
sults indicate that locally delivered bone marrow cells can
generate myocardium and improve the outcome of coro-
nary artery disease (3).

Soluble factors including growth factors and cytokine
are important factors for BMSC differentiation. In a study,
bone marrow cells from adult rats were cultured in a con-
ventional cell culture medium (control) and the medium
with 5-azacytidine. Myotubules stained positively for tro-
ponin I and myosin heavy chain were observed only in the
cells cultured with the medium with 5-azacytidine. After
myocardial infarction, fresh bone marrow cells, cultured
bone marrow cells, S-azacytidine-induced bone marrow
cells, and medium were injected into the scar. As a result,
cardiomyocyte-specific markers, including myosin heavy
chain and troponin I, were observed in the scar tissue of
the groups of bone marrow cell transplantation. However,
only the S5-azacytidine-treated bone marrow cell group
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showed systolic and developed pressures that were higher
than those of the control hearts. Angiogenesis in the scar
tissue was also found in the groups of bone marrow cell
transplantation (4). These results suggest that 5-azacyti-
dine induces bone marrow cells to differentiate into
cardiomyocytes.

Stem cell mobilization from bone marrow is an easy
treatment, and has the least risk for myocardial infarction
treatment. Mechanism of stem cell mobilization has been
used for collecting stem cells for autologous or allogenic
stem cell transplantation. To mobilize stem cell, gran-
ulocyte colony stimulating factor (G-CSF) or granulocyte
macrophage colony stimulating factor (GM-CSF) is ad-
ministered alone or in combination, and sometimes ad-
ministered with chemotherapy. The mechanism of mobi-
lization is not still clear. It may involve upregulation of
proteases and a secondary decrease in stromal cell-derived
factor-1 (SDF-1) concentration in bone marrow (5). The
event causes to cut linkage between stromal cells and stem
cells, and hematopoietic stem cells (HSCs) are released in-
to blood stream and circulate in the body. Some HSCs
participate in regeneration of myocardium in infarction
region (5). This method has been adopted for clinical pur-
pose due to the easy availability of mobilized stem cells.
The clinical trails have shown the realizable possibility
and safety of mobilization (6).

The FIRSTLINE-AMI (the Front-Integrated Revascula-
rization and Stem Cell Liberation in Evolving Acute
Myocardial Infarction by Granulocyte Colony-Stimulating
Factor) trial showed that mobilization of CD34-positive
MNCs with G-CSF may offer a great strategy for improve-
ment in ventricular function and prevention of left ven-
tricular remodeling after acute myocardial infarction (7).
G-CSF stimulation led to sustained mobilization of CD34-
positive MNCs. CD34-positive MNC mobilization led to
enhanced resting wall thickening in the infarction region
(7). Another study showed increase in collateral flow in
patients with coronary artery disease after GM-CSF
treatment. In twenty one patients with extensive coronary
artery disease who were not eligible for coronary artery by-
pass surgery, the effect of GM-CSF on quantitatively as-
sessed collateral flow was tested in a randomized, dou-
ble-blind, placebo-controlled fashion. In a consequence,
the clinical study documented that the use of GM-CSF to
improve collateral flow has an effect in a short-term ad-
ministration protocol (8).

BOOST (Bone marrow transfer to enhance ST-elevation
infarct regeneration) trial documented that intracoronary
transfer of autologous bone marrow cells can improve left
ventricular ejection fraction (LVEF) at 6 month follow-up

(9). The patients were randomly assigned to either a con-
trol group that received optimum postinfarction medical
treatment or bone marrow cell group that received opti-
mum medical treatment and intracoronary transfer of au-
tologous bone marrow cells. After 6 months, the bone mar-
row cell group increased LVEF compared to the control
group. Therefore, the trial shows that intracoronary trans-
fer of autologous bone marrow cells promotes improve-
ment of left ventricular systolic function in patients after
acute myocardial infarction (9). Likewise, REPAIR-AMI
(The Reinfusion of Enriched Progenitor Cells and Infarct
Remodeling in Acute Myocardial Infarction) trial showed
an improvement. Patients with acute myocardial in-
farction were randomly assigned to receive an intra-
coronary infusion of progenitor cells derived from bone
marrow or placebo medium into the infarct artery. The
improvement in the LVEF was significantly greater in the
bone marrow cell treatment group than in the placebo
group (10).

Problems of use of BMSCs for myocardiac
infarction

MSCs have a potential to differentiate into undesired
tissues, including bone and fat. Therefore, methods to pre-
vent differentiation of implanted MSCs towards unwanted
cells are required. In a study, encapsulated structures were
found in the infarcted area of a large fraction of heart af-
ter injecting MSCs. The structures contained calcifications
or ossifications (11). Another study also showed that trans-
plantation of unfractionated bone marrow cells into acute-
ly infarcted myocardium may induce significant intra-
myocardial calcification (12). These results suggest that
whole bone marrow may have some factors that induce
bone formation in hearts. MSCs also have potential to dif-
ferentiate into adipocytes. This event has not been re-
ported in administration into human hearts yet. In a case
of experimental renal diseases, adipogenesis at site of
MSC application was found (13). There are some methods
that prevent differentiation of injected MSCs into un-
wanted cell types. Ex vivo or in situ stimulation of MSC
differentiation with various factors or genes would in-
crease therapeutic potential of stem cells, while limiting
their differentiation into unwanted cell types (14).

MSCs expanded in culture for long periods may have
a probability of genetic instability and malignant trans-
formation. A recent study analyzed the genetic stability of
MSCs derived from human adipose tissue and cultured in
a long-term. The cultured cells entered an accelerated
growth rate. These cells also contained chromosomal ab-
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normalities (15). In a study on murine MSCs, a number
of abnormalities were found in cultured primary bone
marrow-derived MSCs, and sarcoma evolved from the
MSC culture (16). However, there is a significant differ-
ence between human and murine bone marrow-derived
MSCs. Unlike murine cells, human cells can stop growing
after a certain number of passages. However, under stress-
ful condition, human cells may bypass a checkpoint by ac-
quisition of mutations, which would result in an accel-
erated cell growth and mutated MSCs (14). Therefore,
MSCs with a low passage number for application might
be more safe. MSCs are known to have an immune sup-
pressive effect (17). MSCs can downregulate immune re-
sponses i vitro. MSCs suppress T cell proliferation in re-
sponse to mitogenic or antigenic stimuli by releasing solu-
ble factors including transforming growth factor- 5 (TGF-
B3) that may inhibit T cell proliferation (17). However,
the i vivo relevance of the observations is still uncertain.
In a recent study, MSCs were found to stimulate memory
T cell responses in vivo following injection into MHC-mis-
matched, immune competent mice. Thus, MSCs are not
intrinsically immune suppressive iz vivo and may cause
immune response following injection in immune com-
petent recipients (18).

Mechanism of cardiac tissue regeneration by
BMSCs

The mechanisms responsible for the beneficial effects of
MSCs on cardiac function are still unclear. Several ex-
planations have been proposed. The traditional theory
is?that implanted bone marrow-derived MSCs may differ-
entiate into cardiomyocytes and improve cardiac function.
Differentiation of MSCs into cardiomyocytes has been
demonstrated by culture of MSCs treated with either
S-azacytidine or a cocktail of growth factors (19). In a
study, after MSCs were injected into infarcted myocar-
dium in pigs, the injected MSCs expressed muscle-specific
proteins, and the cardiac function and pathologic thinning
were improved (20).

Another hypothesis is that injected MSCs may differ-
entiate into endothelial cells and promote angiogenesis.
This event may limit the extension of an infarction area
and enhance repair processes of myocardium. Studies
demonstrated that transplantation of MSCs enhanced an-
giogenesis and collateral formation (19). Implanted MSCs
may promote angiogenesis by angiogenic factor secretion.
MSCs release a major angiogenesis cytokine, vascular en-
dothelial growth factor (VEGF), and can also produce
SDF-1, which is critical for recruitment and entrapment

of pro-angiogenic myeloid progenitor cells (21).

MSCs can also generate cardiomyocytes at a low fre-
quency through cell fusion. In a study, no MSC-derived
cardiomyocytes were observed in the infarction area,
whereas very low levels of cardiomyocytes derived from fu-
sion with MSCs were observed outside the infarction area
(22). In another study, MSCs expressing both enhanced
green fluorescent protein and cre-recombinase were in-
jected into infarcted myocardium of Rosa mice that had
cre-dependent  3-galactosidase receptor. The study
showed /3 -galactosidase activity in cell-injected tissue sec-
tions, suggesting fusion between injected MSCs and host
cardiomyocytes (23). Phenotypic changes of MSCs into
cardiomyocytes in coculture with cardiomyocytes, endo-
thelial cells, or smooth muscle cells can result from cell
fusion (24).

Cardiac regeneration by MSCs involves release of para-
crine factors. The function of these factors is preventing
apoptosis of cardiomyocytes, stimulating angiogenesis,
helping matrix reorganization, and increasing MSC re-
cruitment (24). MSCs can secrete a variety of angiogenic,
antiapoptotic, and mitogenic factors, such as VEGF, hep-
atocyte growth factor, adrenomedullin, and insulin-like
growth factor 1 (19). Therefore, the use of paracrine fac-
tors secreted from implanted MSCs for infarcted myocar-
dium has the potential to reduce morbidity and mortality
associated with cardiac remodeling. An animal study
showed that injection of conditioned medium obtained
from MSC culture exerted cytoprotective effects on the
myocardium (25). The result suggest that isolation and ad-
ministration of such factors at high concentrations or en-
gineering MSCs for secretion of larger amounts of such
factors can produce more significant protective effects.

MSC mobility to tissue damage region can be applied
for repair of heart disease. A rat study demonstrated that
MSCs in normal animals were localized to the bone mar-
row, while MSCs in bone marrow of rats with infarcted
myocardium were found in the infarction zone (26).
Ischemic myocardium may release cytokines and express
adhesion molecules that facilitate the mobility of MSCs
to infarcted myocardium. The mobilization factors include
G-CSF, which promotes migration into the injured
cardiomyocytes. Other factors are SDF-1 and matrix
metalloproteinase. These factors induce and promote mi-
gration of MSCs into the infarcted myocardium. This
strategy of endogenous mobilization has emerged as a via-
ble therapeutic option for ischemic cardiovascular
diseases. Patients with heart disease who may not tolerate
the invasive procedures necessary for the harvest or trans-
plantation of MSCs may be ideal candidates for this meth-
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od (24).

Methods for differentiation of BMSCs into
cardiomyocytes

Soluble chemical factors can initiate signal transduction
to regulate cell differentiation. In the embryonic stage, sig-
naling molecules such as cytokines mediate embryonic
specification and development of the heart and circulatory
system. Differentiation of MSCs into cardiomyocyes can
be induced by treating with 5-azacytidine or mixture of
growth factors, including TGF-£8, VEGF, insulin-like
growth factor (IGF), and basis fibroblast growth factor
(bFGF). Murine MSCs treated with S-azacytidine can dif-
ferentiate into beating cells with cardiac phenotype (27).
Moreover, a recent study has investigated the ability of hu-
man MSCs to differentiate in vitro into cardiomyocytes af-
ter treatment with S-azacytidine (28). It has reported that
S-azacytidine treatment of human MSCs resulted in the
formation of tube-like cells that expressed cardiac mark-
ers, 3-MHC, desmin, and @ -cardiac actin. In addition to
5-azacytidine, TGF- 8 also stimulates upregulation of car-
diac-related proteins. A study reported that TGF- 51 stim-
ulates the myogenic differentiation of CD117-positive
HSCs by upregulating GATA-4 and NKx-2.5 expression,
suggesting that TGF-A41 induced the myogenic differ-
entiation of CD117-positive cells (29). For vascular differ-
entiation, human MSCs were profiled proteomically by us-
ing two-dimensional gel electrophoresis. The results
showed differential expression of 30 proteins, including
the decrease of gelsolin, an actin-binding protein that is
a key regulator of actin filament assembly and dis-
assembly, and the increase of smooth muscle «-actin.
VEGF was necessary for endothelial differentiation, and
bFGF and IGF-1 enhanced endothelial colony formation
(30). These studies suggest that chemical factors can regu-
late the differentiation of MSCs into cardiovascular cell
types.

MSCs can differentiation into cardiomyocytes through
coculture with cardiomyocytes. It suggests that direct
cell-to-cell interaction is one of the microenvironmental
factors for differentiation of MSCs into cardiomyocytes. A
recent study demonstrated that MSCs can differentiate in-
to cardiomyocytes when cocultivated with neonatal
cardiomyocytes. The results of the study demonstrated
that MSCs are capable of differentiating into car-
diomyocytes when directly cocultured with neonatal car-
diomyocytes, but not with adult cardiomyocytes or cul-
tured with conditiond medium from neonatal car-
diomyocytes (31). Another study showed that contraction

of neighboring cardiomyocytes, as well as direct cell-to-cell
contact, is necessary for transdifferentiation of skeletal
muscle cells into cardiomyocytes (32).

Cell-extracellular matrix (ECM) interactions also play
an important role in stem cell differentiation. Cardiomy-
ocytes and cardiovascular endothelial cell produce ECMs,
including structural proteins (collagen and elastin), adhe-
sive proteins (laminin and fibronectin), anti-adhesive pro-
teins (tenascin, thrombospondin, and osteopontin), and
proteoglycans. Fibroblast-derived ECM demonstrates su-
perior growth characteristics for in vitro cardiomyocyte
culture, (29) suggesting that interaction between cells and
ECM influences on cell growth. ECM also provides a tem-
porary scaffold for the attachment, migration, and survival
of transplanted cell. Following myocardial injury, cell mi-
gration and differentiation have been attributed partially
to the ECM. The proper availability of biocompatible ma-
trix would be of major importance in the stem cell differ-
entiation into cardiomyocytes, and the optimal martix ma-
terials for stem cell differentiation may differ between the
various types of stem cells (30).

When BMSCs are differentiated into cardiomyocytes,
the cells express their unique and specific marker proteins
in the cell membrane. For example, MCSs have expression
of CD73, CD90 and CD105, and absence of CD34 and
CD45 (6). Thus, cardiomyogenic differentiation of BMSCs
can be recognized by their specific cell surface marker. In
addition, differentiation of BMSCs into cardiomyocytes
can be demonstrated by evidence of spontaneous beating
and detection of cardiomyocyte-specific markers (19). The
cardiac-specific markers include transcriptional factors,
GATA-4 and Nkx-2.5, cytoskeletal proteins, /A -myosin
heavy chain (8-MHC) and «-cardiac actin, and car-
diomyocyte-secreted hormones, atrial natriuretic peptide
and brain natriuretic peptide (33). 8-MHC and « -cardi-
ac actin are major markers to confirm cardiomyocytes dif-
ferentiated from MSCs. A study showed that approx-
imately 80% of cardiomyocytes differentiated from MSCs
were positive for desmin, 8-MHC, and «-cardiac actin
(34).

Future directions

Several studies have showed that, despite injecting a
large number of stem cells, extremely small fraction of
stem cells participate in regenerating cardiac tissue.
Therefore, studies need to be conducted to develop the
homing strategies of a sufficient number of stem cells to
target organ. The strategies would help to deliver stem
cells through intravenous injection, instead of injection in-
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to heart. Molecular biological mechanisms for regenera-
tion of injured myocardium after postinfaction have to be
studied. Clear understanding on signal pathways to stim-
ulate proliferation of stem cells, homing of cardiomyo-
cytes, and differentiation to cardiomyocyes and endothe-
lial cells would maximize applications of MSCs to re-
generate cardiac tissue.
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