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Abstract In recent years, stem cell treatment of myocardial
infarction has elicited great enthusiasm upon scientists and
physicians alike, thus making the finding of a suitable cell a
compulsory subject for modern medicine. Due to its
potential, accessibility and efficiency of harvesting, adipose
tissue has become one of the most attractive sources of
stem cells for regenerative therapies. The differentiation
capacity and the paracrine activity of these cells has made
them an optimal candidate for the treatment of a diverse
range of diseases from immunological disorders as graft
versus host disease to cardiovascular pathologies like
peripheral ischemia. In this review, we will focus on the
use of stem cells derived from adipose tissue for treatment
of myocardial infarction, with special attention to their
putative in vivo mechanisms of action.
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Introduction

Over the past several years, increasing awareness of the
shortcomings of heart transplantation and left ventricular
assist system has led cardiovascular surgeons to consider
alternative means of treating heart disease. Although the use
of reperfusion and pharmacological therapies have increased
not only the rate of survival but also the quantity of salvaged
tissue in myocardial infarction (MI) patients, MI is still a
degenerative disease with a peak of cell death at the onset of
the infarction but continuing thereafter (reviewed in [1]).
Regenerative therapies aim at restoring organ functionality
by replenishing the cell loss caused by the ischemia either by
stimulating the remaining cells or by providing a new pool of
them. Among the diversity of sources (reviewed in [2, 3]),
adipose tissue has become one of the most attractive not only
due to its regenerative potential but also for other more
practical reasons. Free of ethical, oncological, and immuno-
logical concerns present in pluripotent cells (embryonic stem
cells or induced pluripotent stem cells (iPS)), adipose tissue
stem cell obtention lacks the painful and time-consuming
process associated with cells from other sources as skeletal
muscle, bone marrow, or heart. Fat is abundant in most
individuals, allowing a simpler and more efficient harvesting,
as adipose tissue has a higher stem cell yield than bone
marrow [4], and diminishing the need of in vitro expansion.
In this review, we will focus on adipose-derived stem cells,
highlighting their characteristics, potentials, and their appli-
cation to MI, ranging from animal models up to clinical trials.

Adipose Tissue: Origin and Characteristics

Almost every animal species has a way to store excess
energy in the form of fat. In the majority, this is done in a
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mesodermal tissue termed white adipose tissue (WAT), in
which under hormonal influence mass triglyceride storage
takes place. However, WAT not only performs functions as
a reservoir tissue but is also responsible for mechanical
support and thermal insulation and works as an efficient
endocrine organ, releasing molecules capable of regulating
immune response, blood pressure, angiogenesis, or bone
mass among others [5]. At the histological level, WAT is
characterized by being composed mostly of adipocytes, big
cells with a peripheral nucleus and a cytoplasm occupied by
a single drop of lipid. Aside from this population is the so-
called stromal vascular fraction (SVF) composed of
endothelial and smooth muscle cells, leukocytes, mast cell
precursors, cells with hematopoietic progenitor activity, and
adipose-derived stem cells (ASC) [4, 6, 7].

On the other hand, adipocytes in brown adipose tissue
(BAT) present medium-sized lipid droplets usually sur-
rounded by mitochondria, which give its characteristic
brown color. BAT is mainly involved in producing non-
shivering thermogenesis through expression of uncoupling
protein-1 (UCP-1), which allows the dispersion of the
proton electrochemical gradient generated by respiration in
the form of heat [8]. With some exceptions, BAT has been
traditionally considered insignificant in adult humans.
However, recent studies have demonstrated expression of
UCP-1 within WAT of normal individuals [9], thus
suggesting some mixture of BAT in WAT depots.

Both adipose tissues are considered to be of mesodermal
origin. In humans, first signs of adipogenesis are detected in
the second trimester of gestation, with aggregation of
mesenchymal stem cells (MSC) and formation of adjacent
vessels [10]. In mice, lineage-tracing experiments have
shown that brown adipocytes are derived from Myf5-
positive progenitors, which also give rise to myocytes,
while white adipocytes are Myf5-negative [11]. However,
brown adipocytes detected in WAT after cold exposure or
adrenergic stimulation do not originate from the Myf5-
positive progenitor pool, having a clearly distinct origin
from brown adipocytes in BAT [12]. The fact that different
WAT depots respond differently to some hormones (sex
hormones for adipose tissue in breasts and thighs or
glucocortocoids for fat in the neck and the upper back)
also points towards a distinct embryonic development,
although suitable lineage-tracing experiments have not been
performed so far.

Adipose Stem Cells: Differentiation Capacity

After a simple harvest, adipose tissue can be collagenase-
digested, thus segregating mature adipocytes from the SVF
by the floating ability of the formers. SVF displays a
phenotype characteristic of a mixture of several populations
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[13] as stated above. These include not only multipotent
stem cells (CD44-, CD73-, and CD90-positive) but also
hematopoietic (CD11b-, CD34-, and CDA45-expressing
cells), endothelial (CD31- and CDI133-positive; EC),
smooth muscle (smooth muscle actin-expressing; SMC),
or mast (c-kit-positive) [7, 13] cells. Consequently, SVF has
shown its ability to reconstitute lethally irradiated mice [14]
and support differentiation of bone marrow-hematopoietic
progenitors [15]. Moreover, CD34"/CD31” endothelial
procursors can be isolated from SVF, being able to derive
into EC both in vitro and when injected in a hind limb
ischemia model [16]. Additionally, SVF cells cultured on
methylcellulose give rise to cells with angiogenic potential
[17] and are able to develop into cardiomyocytes (CM)
[18]. This group has recently published a method of
obtaining and expanding this cardiomyogenic population
from mouse SVF [19], termed adipose-derived cardiomyo-
genic cells (AD-CMG).

Upon adherent culture, the multipotent fraction of SVF
is enriched and homogenized [13]. Although a large body
of acronyms has been employed to name these cells, the
International Fat Applied Technology Society standardized
the nomenclature in 2004 by adopting the term adipose-
derived stem cells to identify them [6]. This population
depicts a close similarity with bone marrow MSC in either
plastic adherence, phenotype, or multipotency (see [20] for
a review). Not only do these cells display a mesenchymal-
differentiation potential, being able to give rise to meso-
dermal lineages as chondrocytes, osteoblasts, or adipocytes
[13], but other progenies have also been described. Thus,
human ASC either from biopsy [21] or lipoaspirate [22] has
shown its capacity to give rise to SMC and EC [23, 24]. In
vitro differentiation of ASC towards CM has also been
reported by either using demethylating agents [25] or
coculture with CM protein extracts [26]. Moreover, ASC
seem to retain the potential to develop into cardiac cells due
to the harboring of a progenitor subset characterized by
expression of Nkx2.5 and Mcl2v [27] and whose differen-
tiation is dependent on the autocrine/paracrine action of
vascular endothelial growth factor (VEGF) [28]. Whether
this subset is lost or not during passage homogenization of
ASC remains unknown.

Therapeutic Potential of ASC in MI

After MI, cardiac tissue remains chronically scarred. Even
in the case of an early reperfusion, myocardium is rarely
completely rescued. Physiological processes (reviewed in
[1]) try to heal the damage, but although they exert a
compensatory and positive action during the first stages, the
scar is never repopulated, leaving a less compliant tissue
that inexorably drives the patient towards cardiac failure.
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Thus, regenerating an infarcted heart encompasses a triple
goal: (1) the regeneration of a new myocardial mass, (2) the
creation of a functional vascular network, and (3) the return of
the ventricle to its proper geometry. All of these processes may
be accomplished by two ways, both of them achievable for
cell therapy: direct differentiation of transplanted cells and
paracrine action upon damaged tissue (Fig. 1).

At first glance, differentiation into the desired lineages
(mainly cardiac and smooth muscle and endothelium) is the
best option to definitively heal the scar. As already pointed
out, both cells from SVF or ASC have the potential to turn
into any of these phenotypes [17, 18, 21, 23, 27, 29],
although their capacity to retain it in elderly/diseased
patients is under debate [30, 31]. However, one of the
major drawbacks of cell therapy is the low rate of
engraftment of transplanted cells (see [32] for a review),
and though this can be improved through several
approaches [33, 34], it is important to take into account
the magnitude of the catastrophe. Myocardium hosts on
average 20 million CM per gram of tissue. Considering that
the human left ventricle weights about 400 g, this makes 4
billion CM. Heart failure can affect about 25% of the left
ventricle, which means that in some cases about 1 billion

CM need replacement [35]. Since cell engraftment is
usually about 0.1-5% of transplanted cells and the
percentage of the cells that differentiate into the desired
types is also quite low, it is plausible that this mechanism of
action, although conceptually important, is thus far thera-
peutically inefficient.

On the other hand, paracrine activity has demonstrated
that even a few engrafted cells can exert a beneficial effect
on cardiac tissue (reviewed in [36]). In general, transplanted
cells can act upon the damaged heart in several ways, of
which the leading are increasing myocardial perfusion,
enhancing endogenous cell survival, attracting progenitors,
and regulating tissue fibrosis.

Sengenés et al. showed that CD34"/CD31" from SVF
are able to migrate towards EC [37]. SVF cells expressed
CXCRA4, the cognate receptor of the chemokine SDF-1, that
was shown to be secreted by EC. This would make stem
cells susceptible of chemotaxis towards the damaged heart,
due to its early expression of SDF-1 after MI [38], and
possibly increasing the homing of transplanted cells into the
injured organ. Kondo et al. additionally demonstrated that
ASC also express SDF-1 and that this molecule is at least
partially responsible of the benefits found when treating a
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Fig. 1 Adipose-derived cells are capable of direct differentiation and
paracrine actions upon damaged tissue. Both SVF and ASC are able to
give rise to the needed phenotypes for cardiac regeneration (SMC, EC,
and CM). Moreover, they secrete cytokines and chemokines capable
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of fibroblast regulation, angiogenesis, or cell homing. ASC have also
demonstrated to be susceptible to reprogramming into iPS and, due to
their immunoregulatory actions, to be allotransplanted
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periferal ischemia model [39]. Moreover, CD34"/CD31~
cells have been shown to be able to interact with EC and
increase neovessel stability [29]. These cells of pericytic
nature have demonstrated, when injected subcutaneously in
a NOD/SCID mouse in a mixture with endothelial
progenitors, that they increase vessel density and the
complexity of the newly formed vascular network [40].
This group also analyzed the secretome of human ASC,
showing high levels of the cytokines TGF{31, VEGF, and
hepatocyte growth factor (HGF) [41], a set of growth
factors with important implications for therapy. TGF[31
regulates the end of the inflammatory phase during the
healing of MI as well as the function of cardiac fibroblasts
[42, 43]. VEGF is a potent inductor of angiogenesis at the
capillary level [44]. It has repeatedly been reported to be
expressed by adipose-derived cells [28, 45], and its
expression is enhanced by hypoxia [41], a process that
could be mimicked in vivo, given the fact that the
myocardial scar is an hypoxic tissue [46]. Finally, HGF is
also a potent inductor of angiogenesis, and its effects have
been shown to be additive to those of VEGF [47]. More
importantly, HGF has demonstrated a capacity to alleviate
the adverse effects of MI through increased angiogenesis,
diminished apoptosis, cardiac hypertrophy and fibrosis, to
improve pump function [48, 49] and to antagonize the pro-
fibrotic activity of TGF{1 [50]. Selective inhibition of
HGF with small hairpin RNA significantly decreases the
capacity of ASC to promote endothelial and endothelial
progenitor cell survival, migration, and proliferation in vitro
and to elicit a benefit in tissue perfusion in a mouse model
of hind limb ischemia [51]. Taken together, these examples
stress the fact that adipose-derived cells are potent paracrine
mediators and can have an important impact on the
evolution of the ischemic tissue.

Similarly to what has been described to MSC, ASC are
able to regulate immunological reaction. Mclntosh et al.
showed that ASC beyond passage one failed to elicit a
response from allogenic T cells [52]. Moreover, this
immune-suppressive activity is enhanced under inflamma-
tory stimuli [53] in vitro. Consequently, ASC are opened as
an allogenic therapeutic option, thus broadening the
possibilities for their application. Eventually, mouse and
human ASC have been shown to be amenable to reprog-
ramming towards iPS [54, 55], showing a higher efficiency
than fibroblasts even without the use of the oncogene c-
myc [56] or in a feeder-free condition [57], thus broadening
the way to future cardiovascular applications.

ASC in Animal Models of MI

As a consequence of the previous described studies, ASC
are a therapeutic option for MI, and therefore animal
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models of MI have extensively been employed as a means to
test their suitability (Table 1). We foresee three main settings
in which cells can be transplanted. The first is the acute
model of MI, in which the procedure will take place
immediately after the induction of the infarction. Thus, cells
will have to cope with the development of an inflammatory
reaction and the release of death signals from necrotic and
apoptotic cells within the tissue [58, 59]. However, an
inflammatory milieu can exert a positive action on cell activity
[53]. Even more, the presence of an anti-fibrotic microenvi-
ronment [60] as well as homing signals [61] may enhance
therapy outcome. In this sense, a plethora of studies have
been published in which adipose cells were transplanted in
this acute setting [19, 51, 62—67]. With the exception of the
report by van der Bogt et al. [66], all of them have shown a
consistent and significant benefit of transplanted cells upon
cardiac function either by echocardiography [19, 51, 63, 67]
or magnetic resonance imaging (MRI) [62, 64, 68]. Although
ASC have homogeneously been shown to engraft and give
rise to EC, SMC, and even CM and to remain within
infarcted hearts up to 12 weeks, their direct contribution to
those phenotypes has been minor not only because of the
low percentage of cells that remain in the tissue [19, 63] but
also due to the limited rate of differentiation [68]. As a
consequence, as already mentioned it is conceivable that
paracrine actions of transplanted cells account for most of the
benefit. Again, consistent and significant effect of injected
cells has been dependent on their actions upon damaged
tissue, mostly by increasing tissue perfusion and diminishing
infarct size and fibrosis. This has also been related to their in
vitro expression of cytokines as VEGF, HGF [19], bFGF,
TNFa, PDGFpg [69], or to the in vivo decrease in the level
of profibrotic molecules [67].

However, the use of ASC in the acute setting of MI has
an impending hindrance, namely, the impossibility to
expand sufficient number of cells for an optimal treatment.
In all the studies mentioned in the previous paragraph (with
the exception of [63] in which fresh uncultured cells were
employed), cells were subjected to two to five in vitro
passages, which translates to at least 2—5 weeks, and would
not allow to turn any of those protocols to a bedside
application. Nevertheless, an allogenic therapy could be
envisioned in view of the immunological properties of
adipose cells [52].

In clear opposition to the acute, the chronic stage is
characterized by collagen deposition, maturation of the scar,
and stabilization of cardiac function (reviewed in [70]),
although insufficient perfusion and a disorganized vascular
network [71] can impair cell transplantation at this stage.
However, it is a clinically significant setting in which
therapeutic options are limited, and thus cell therapy
provides an approach that warrants investigation. Only
two reports have explored the effects of ASC in chronically
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infarcted hearts. Miyahara and coworkers merged ASC
with tissue engineering [72]. They seeded ASC at passage 4
onto temperature-responsive dishes, thus maintaining cell-
to-cell contact and intact adhesive proteins upon transplan-
tation. Four weeks after MI induction in rats, approximately
1 million ASC were transferred into the infarction. The
treatment elicited a significant benefit in cardiac function
both by echocardiography and hemodynamic assessment,
and this was related to an increase in wall thickness and cell
release of growth factors (VEGF, HGF). No effect was
found in rats treated with dermal fibroblasts. Also, ASC
differentiated to cardiac and vascular lineages in vivo. Our
group compared the effect of ASC with AD-CMG and bone
marrow-mononuclear cells in a xenogenic model of chronic
MI [73]. Surprisingly, only ASC elicited a positive
response, with a significant increase in left ventricular
ejection fraction and on tissue metabolism. Importantly,
although AD-CMG cells also increased '*F-FDG uptake,
they were unable to survive even for 1 week. Accordingly,
Léobon et al. reported that AD-CMG transplanted in the
acute phase of MI were also unable to survive unless co-
injected in a mixture that contains stromal cells [19].
Finally, the intermediate situation is also possible. The so-
called sub-acute setting would be characterized by an
incomplete deposition of the scar but also by a strong
revascularization activity either by the concourse of endothelial
progenitors [74] or reparative monocytes [75]. Wang and
collaborators transplanted rat ASC 1 week after MI and found
that treatment induced a significant benefit on cardiac
contractility by MRI, as well as increased the density of
capillaries and decreased infarct size [68]. Transplanted cells
remained at least for 4 weeks within the tissue and were able
to differentiate towards CM, albeit in low numbers (0.5% of
engrafted ASC). Recently, the group of Dr Ispiztia-Belmonte
described the isolation, culture, and characterization of a
subset of cells termed cardiac adipose tissue-derived progen-
itor cells [69]. When injected either in a mouse or rat model
of sub-acute MI (1 week post-ligation), these cells induced a
positive response at the functional and histological level and
were able to differentiate along vascular and cadiomyocytic
lineages. Rigol and coworkers, in a pig model of ischemia
reperfusion, injected passage 3 ASC either via a trans-
endocardial catheter or through intracoronary infusion 1 week
after induction of MI [76]. Transplanted cells engrafted,
differentiated to SMC, and increased the density of arterioles
to a similar degree by either approach, although they were not
able to demonstrate a significant benefit on cardiac function.

Conclusion

ASC have raised increasing interest in the cardiovascular
field in recent years due to their suitable properties. In
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preclinical studies with either small or big animal models
of MI, adipose cells have performed well, inducing
significant and beneficial changes in cardiac function
and anatomy. On this basis, key clinical trials have been
initiated: APOLLO (3D adipose-derived stem-cell trans-
plant in the treatment of patients with an acute ST-
elevation MI) by Serryus and colleagues and PRECISE
(3D adipose-derived stem cells in the treatment of
patients with non-revascularizable ischemic myocardium)
headed by Dr Fernandez-Avilés. Their outcome will shed
more light on the clinical capacity of ASC as treatment
for MI. However, disparity in isolation, selection,
characterization, and use are issues that still remain to
be solved.
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