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Abstract Adverse cardiac remodelling is a major cause of morbidity and mortality following acute myocardial infarction (MI).
Mechanical and neurohumoral factors involved in structural and molecular post-infarction remodelling were import-
ant targets in research and treatment for years. More recently, therapeutic strategies that address myocardial regen-
eration and pathophysiological mechanisms of infarct wound healing appear to be useful novel tools to prevent
progressive ventricular dilation, functional deterioration, life-threatening arrhythmia, and heart failure. This review
provides an overview of future and emerging therapies for cardiac wound healing and remodelling after MI.
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1. Introduction
Adverse cardiac remodelling after myocardial infarction (MI) precipi-
tates impaired ventricular function and heart failure leading to
increased morbidity and mortality. Advances in interventional therap-
ies, especially early reperfusion therapy, markedly reduced short-term
mortality in patients with large MI; however, the parallel increase in
heart failure morbidity and mortality is of concern.1– 3

The incidence of heart failure after MI is determined by the size of
the infarcted area, infarct wound healing, and chronic left ventricular
(LV) remodelling.1– 3 Timely reperfusion therapy and conventional
pharmacotherapy [b-blockers, angiotensin-converting enzyme (ACE)
inhibitors, mineralocorticoid receptor (MR) blockers, statins]
improve prognosis in patients with acute MI by limiting infarct size, re-
ducing arrhythmia, and attenuating progressive LV remodelling.2 – 4

However, to prevent the development of heart failure especially
after large or recurrent MI, additional therapeutic strategies are
needed which include (i) pharmacological and non-pharmacological
approaches to limit early reperfusion injury, (ii) progenitor/stem cell
therapy to enhance repair of damaged myocardium, and (iii) targeting
infarct wound healing to improve cardiac remodelling in the early
phase of healing.

Several recent review articles provide excellent overviews of ex-
perimental and clinical studies on therapeutic management of post-
infarction cardiac remodelling.2– 6 This review highlights future and
emerging therapeutic approaches to improve post-infarct wound
healing and remodelling.

2. Pathophysiology of healing
and remodelling after myocardial
ischaemia
Cardiomyocyte apoptosis and necrosis with the consequent loss of
contractile myocardium trigger a cascade of immuno-inflammatory
pathways and cellular activities that promote infarct wound healing
and a unique pattern of LV structural remodelling, involving the
infarcted region and the residual viable myocardium.7– 9 LV remodel-
ling in the early phase of healing is a consequence of thinning and dila-
tion of the infarcted myocardial wall (infarct expansion); in late phases,
LV remodelling is secondary to architectural rearrangements of the
surviving myocardium involving myocyte hypertrophy, interstitial fi-
brosis, and LV dilation.1,2

Cardiac healing and repair following myocardial ischaemia, a complex
process of well-defined continuous and overlapping events,7–10 begins
with an inflammatory phase characterized by replacement of the nec-
rotic myocardium with granulation tissue and is followed by a fibrogenic
phase resulting in scar tissue formation. Optimal infarct healing depends
on rapid but tightly controlled recruitment as well as coordinated acti-
vation/polarization of myeloid cells particularly monocytes, which
promote resorption of cellular debris and apoptotic cells, degradation
of extracellular matrix components, regulation of granulation tissue for-
mation, and neoangiogenesis, through secretion of cytokines, proteases,
and growth factors7,8,10–13 (Figure 1). Despite detailed histological ana-
lysis of the cellular composition of the healing infarct over time in
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animal models of MI, to date we only partially understand the highly
complex processes in the infarct and border zones where different sub-
types of invading myeloid (and also lymphoid) cells interact in a time-
dependent manner with the tissue in situ and stimulate wound healing
processes.

The formation and maturation of new blood vessels for supplying
the highly cellular granulation tissue with oxygen and nutrients is a
crucial event in infarct healing and requires well-coordinated interac-
tions between endothelial cells, pericytes, vascular smooth muscle
cells, and the extracellular matrix in response to angiogenic media-
tors.9,10 The vascularized granulation tissue promotes the migration
of fibroblasts, cells critical for the formation of a collagen network
as well as for the pathogenesis of cardiac fibrosis. In the healing
wound, fibroblasts proliferate and phenotypically differentiate into
contractile myofibroblasts acquiring smooth muscle features, which
secrete large amounts of extracellular proteins in response to micro-
environmental signals.9,14,15 Deposition of collagen-based extracellu-
lar matrix leading to scar formation (reparative fibrosis) is a crucial
stage of infarct repair and essential for structural integrity of the
infarcted heart and prevention of LV rupture. Impaired and disorga-
nized collagen matrix renders the scar less resistant to distension
during overload, leads to an increase of wall stress, and predisposes
to progressive infarct thinning and chamber dilation.9,16 In contrast,
fibroblast proliferation and differentiation to myofibroblasts in areas
remote from the infarct site result in excessive deposition of extracel-
lular matrix proteins (reactive fibrosis) and significant increase in myo-
cardial stiffness, leading to relaxation abnormalities, arrhythmogenicity,
progressive diastolic dysfunction, and heart failure. In addition, perivas-
cular fibrosis impairs myocyte oxygen availability, reduces coronary
reserve, and exacerbates myocardial ischaemia.14 Finally, progressive
myocardial fibrosis precipitates LV hypertrophy and systolic dysfunc-
tion. In ischaemic cardiomyopathy, fibrosis in the remote non-infarcted
myocardium is a major determinant of progressive ventricular remod-
elling.17 The current antifibrotic strategies, like ACE inhibition, angioten-
sin receptor antagonism, MR blockade, as well as HMG-CoA-reductase
inhibition,2,18,19 attenuate the development of progressive interstitial

and perivascular fibrosis, beneficially modulating cardiac remodelling
(for review, see Brown et al.14); however, more effective prevention
of progressive remodelling and heart failure is mandatory.

Noteworthy, in addition to initial ischaemic injury and wound
healing response, hibernating myocardium also (i.e. regions of viable
myocardium with reduced baseline blood flow and abnormalies of
contractile function) plays a significant role in modulating LV remod-
elling after ischaemia. Carluccio et al.20 showed that in patients with
hibernating myocardium, restored contractility of dyssynergic areas
by revascularization reverted the alterations in LV volumes and
shape, establishing a link between chronic dyssynergy and adverse
LV remodelling.

Therapeutic options for the treatment of chronic ventricular re-
modelling in heart failure also include device-based therapies.
Cardiac resynchronization therapy (CRT) with biventricular pacing
is an established non-pharmacological adjunctive treatment for
patients with symptomatic heart failure, reduced LV systolic ejection
fraction (EF), and delayed ventricular conduction as manifested by a
widened QRS complex (i.e. electrical dyssynchrony).21 Several trials
have demonstrated that CRT reverses cardiac remodelling and mor-
tality and improves exercise capacity and cardiac performance.21

The MADIT-CRT trial (Multicenter Automatic Defibrillator Implant-
ation Trial: Cardiac Resynchronization Therapy)22 highlighted the re-
lationship between improvements in LV volumes and function with
CRT and outcome benefit, emphasizing that remodelling indices
may be the most accurate predictors of long-term morbidity and mor-
tality in heart failure patients. However, a significant number of
patients do not benefit from CRT. Extensive LV remodelling at base-
line limits the benefits of CRT in terms of LV function improvement
and incidence of cardiac events in patients with intraventricular dys-
synchrony.23 Recently, Sachse et al.24 demonstrated that dyssynchro-
nous heart failure is associated with structural remodelling of the
transverse tubular system. Subcellular structures and function of myo-
cytes impaired during heart failure are restored by CRT, suggesting
that tubular system status can provide an early marker for the
success of CRT.24

Figure 1 Ventricular enlargement in the early post-infarction phase is a consequence of thinning and dilation of the infarct zone (infarct expansion);
in late phases, cardiac remodelling is characterized by architectural rearrangements of the surviving myocardium.
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3. MicroRNAs as targets
for prevention of remodelling
Targeting microRNAs (miRNAs), essential regulators of cellular gene
programmes in cardiovascular disease, may prove to be a useful
approach to prevent post-infarction remodelling (for review, see
Bauersachs,25 Small and Olson,26 Thum et al.,27 Gladka et al.,28

and also Zhu and Fan,29 this issue of Cardiovascular Research, pages
284–292). miRNA expression profiling identified numerous deregu-
lated miRNAs during cardiac remodelling and failure.30 –32 We have
shown a marked similarity between the miRNA expression pattern
in human failing hearts and foetal hearts compared with adult
normal heart tissue.32 Thus, reactivation of the foetal miRNA pro-
gramme seems to substantially contribute to alterations of gene
expression, triggering pathological changes in the myocardium asso-
ciated with progressive structural remodelling and failure. Compre-
hensive profiling of miRNAs and messenger RNAs in failing hearts
from patients with or without biomechanical support showed
cardiac miRNA signature to better reflect the actual functional
status than messenger RNA signature.33 As miRNAs and their re-
spective target genes are enriched in a tissue/cell-specific manner,
analysis of microRNAs in the heart has to focus not only on

cardiomyocytes, but also on endothelial cells, smooth muscle cells,
fibroblasts, and inflammatory cells27,34 (for review, see Thum et al.27

and Bauersachs and Thum34). The cross-talk between these cells
appears to be a major determinant of myocardial remodelling;
Figure 2 summarizes miRNAs involved both early and late in cardiac
healing and remodelling processes during/after myocardial ischaemia.

We have demonstrated that miR-21 and its target gene sprouty-1
are specifically enriched in fibroblasts, but not cardiomyocytes in the
murine heart in response to pressure overload, and that an antagomir
directed against miR-21 is able to prevent cardiac remodelling and
failure.35 Early after myocardial ischaemia reperfusion, miR-21 was spe-
cifically localized in the fibroblast-enriched infarct region and may regu-
late the expression of matrix metalloprotease-2 in the infarct area via
its target PTEN (phosphatase and tensin homologue).36 Up-regulation
of miR-21 may be protective early after MI, as adenoviral overexpres-
sion of miR-21 reduced infarct size and left ventricular dilation.37

Targeting other miRNAs deregulated after cardiac ischaemia was
associated with therapeutic benefit: miR-29 appeared to specifically
be involved in fibrosis development, whereas miR-92a is an endothe-
lial miR regulating angiogenesis.38,39 In mice with ischaemia of the hind
limb or MI, antagomir-92a stimulated angiogenesis and functional
recovery.

Figure 2 miRNAs as potential targets to modulate cardial healing and remodelling during/after myocardial ischaemia with putative assignment to cell
types. (Left) miRNAs regulated early during hypoxia and healing processes mainly confined to the infarct and border zones; (right) miRNAs involved in
the chronic remodelling process of hypertrophy and fibrosis of the surviving myocardium. See text for details. EC, endothelial cell; SMC, smooth
muscle cell.
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Recently, miR-24 was shown to be enriched in cardiac endothelial
cells and considerably up-regulated after myocardial ischaemia.
miR-24 induced endothelial cell apoptosis and inhibited angiogen-
esis.40 These effects were mediated through targeting of the
endothelium-enriched transcription factor GATA2 and the
p21-activated kinase PAK4. Immediate treatment after MI with an
antagomir against miR-24 improved cardiac function and attenuated
LV remodelling in mice.

Given the crucial role of monocyte/macrophage invasion and polar-
ization for wound healing after myocardial ischaemia (see below),
miRNA regulation of myeloid cells may be critically involved in
healing and remodelling post-MI; however, these investigations are
in their infancy (see also Figure 2; for review, see Schroen and
Heymans41). Furthermore, the enhancement of progenitor cell sur-
vival and engraftment by modulation of miRNAs was shown recently
to improve cardiac repair.42

4. Cell and gene therapeutic
strategies: from bench to bedside
and back again
An impressive number of reviews provide comprehensive overviews
on stem cell and gene therapeutic strategies that have been applied
in preclinical and clinical studies targeting ischaemic wound healing
and remodelling. We briefly highlight the current research efforts
and future prospects.

4.1 Cell therapy after myocardial
ischaemia
Experimental studies over the past decade have indicated that stem and
progenitor cells may potentially improve functional recovery and re-
modelling after MI (Figure 3). The capacity of stem cells to differentiate
and the discovery of cardiac resident stem cells43–45 and of endogen-
ous cardiac repair mechanisms46,47 encouraged the translation of the
stem cell therapeutic approach into clinical studies. Transplantation of
skeletal myoblasts (SMs),48 embryonic stem cells (ESCs),49 bone

marrow-derived cells (BMCs),50 and mesenchymal stem cells
(MSCs)49 were employed to find the optimal cell type for cardiac
repair. ESCs have the greatest capacity for cardiac cell differentiation
and long-term cell survival of the various populations studied, but tera-
toma formation51 and immunogenic and ethical issues have hampered
their translation to clinical practice. Among the different cell sources,
adipose tissue is raising increasing interest since adipose-derived stem
cells (ASCs), besides their regenerative potential, are plentiful and rela-
tively easily accessed, without oncological and immunological con-
cerns.52 APOLLO (ClinicalTrials.gov: NCT00442806) and PRECISE
(ClinicalTrials.gov: NCT00426868) are ongoing clinical trials using
ASCs on the basis of significant improvements on cardiac function
and anatomy observed in animal studies.

To date, several trials have been performed in the settings of acute
MI, ischaemic, and dilated cardiomyopathy (Table 1)53–71 using mainly
BMCs or SMs because of their easy availability and safety, although
their capacity to transdifferentiate into cardiac muscle for myocardio-
genesis is either lacking or minimal.

However, despite the magnitude of benefit demonstrated in animal
studies, the clinical trials have shown only a modest or negligible im-
provement of heart function (Table 1), indicating that on the back-
ground of established interventional and pharmacological treatments,
progenitor cell therapy in patients with MI provides only slight addition-
al benefits, if any. Many of the clinical studies showing favourable effects
of BMC therapy to date suffer from methodological limitations, i.e. lack
of randomization and blinding, and use of methods other than magnetic
resonance imaging, the gold standard for serial cardiac functional and
structural evaluation. A meta-analysis of the trials performed (n ¼
999 patients) employing BMCs72 showed only, though significant, an im-
provement of 3–4% of the LVEF and parameters of LV remodelling,
likely imputable mainly to a favourable paracrine effect exerted by
injected stem cell population73 or to stimulation of new cardiomyo-
cytes from endogenous progenitors.74 Recently, similar results for
LVEF were reported by Strauer and Steinhoff,50 considering
meta-analyses involving 2940 patients.

Inconsistent clinical efficacy of the cell therapy approaches may be
attributable to the source and preparation of the cells used for cardiac

Figure 3 Established (blue), and emerging/novel (red) therapeutic targets to improve healing and remodelling after myocardial ischaemia. MR, min-
eralocorticoid receptor; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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repair, timing and mode of cell delivery and the lack of a complete
understanding of the mechanisms of action. The mentioned aspects
on stem cell therapy have been reviewed in detail recently by
Malliaras and Marban,75 and Lovell and Mathur.76 As patients with
normal LV function after MI have a rather good prognosis with only
minor risk of adverse remodelling, cell therapy studies need to
focus on patients with reduced EF early post-MI. In order to clarify
the effect of BMC therapy on prognosis in patients with MI, the
BAMI trial [effect of intracoronary reinfusion of bone marrow-derived
mononuclear cells on all-cause mortality in ST elevation MI (STEMI),
supported by the European Community] will include 3000 patients
with STEMI and an EF of ,45% in a randomized, controlled, open-
label Phase III study to receive intracoronary infusion of BMC 5–8
days after successfully reperfused acute MI.

New approaches to cardiac regeneration appear promising. In a
recent trial (SCIPIO, Phase I, ClinicalTrials.gov: NCT00474461),
patients’ own cardiac stem cells (c-kit+) were for the first time admi-
nistered in humans with striking results.70 EF improved by 8.2 and
12.3% at 4 and 12 months, respectively. Of note, in the CADUCEUS
trial (ClinicalTrials.gov: NCT00893360) testing the safety of autologous
cardiosphere-derived cells, scar size expressed as per cent of LV mass
shrank markedly (by 30–47%) compared with control after 1 year
(Late-Breaking Clinical Trial Abstracts: Circulation 2011;124:2365–
2374). Increasing experimental evidence indicates that not single but
combined cell therapy strategies might be able to overcome the
complex issue of cardiac repair, closely resembling endogenous bio-
logical mechanisms.77 Inducible pluripotent stem (iPS) cells, ESC-like
cells generated by reprogramming adult somatic cells,78 represent a
great potential for heart regeneration: besides avoiding ethical contro-
versies and immunogenic issues associated with the use of ESCs, iPS

cells are able to undergo directed differentiation to the three most im-
portant cellular components of the heart, i.e. cardiomyocytes, vascular
endothelial cells, and vascular smooth cells. Probably, once the viral de-
livery methods for pluripotency genes in somatic cells have been
replaced by non-viral alternatives, cell replacement therapies using car-
diomyocytes and other derivatives of iPS cells in combination with
emerging tools like cell priming, tissue engineering, and bionanotechnol-
ogy could be successfully employed in the regeneration process.77

4.2 Gene therapy after myocardial
ischaemia
Essentially, gene therapy-based treatment for myocardial ischaemia
involves the delivery of genes encoding therapeutic proteins carried
by a vector to the ischaemic tissue or cardiac cells. Countless gene
therapy preclinical studies and clinical trials have been conducted to
evaluate the efficiency and safety of different therapeutic genes,
vector systems, and delivery technologies on ischaemic heart diseases
(for recent excellent reviews, see refs79–84 and ‘Special Section: Car-
diovascular Gene Therapy’; J Mol Cell Cardiol 50:742–812).

Myocardial ischaemia gene therapy approaches aimed at activating
pro-angiogenic and pro-survival pathways, through the modulation
of growth factors as well as proteins involved in apoptosis and oxida-
tive stress, have shown reduced ischaemic and apoptotic cell death,
enhanced revascularization of ischaemic tissue, and mobilization of
stem cells for cardiac repair. Striking improvements in myocardial
blood flow, performance, and remodelling have been reported in
animal models of ischaemia and infarction.81 Unfortunately, the
proof of significant therapeutic benefits in the clinical setting
remains to be provided. Although several non-controlled Phase I

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Most relevant randomized controlled cell therapy trials in relation with LV remodelling

First author (year) Study name (ref.) Clinical
scenario

n Cell
type

Primary outcome

Assmus (2002) TOPCARE-AMI53 AMI 59 ProgC � Global LVEF by 9% at 4 months, P ¼ 0.003

Wollert (2004) BOOST54 AMI 60 BMC � Global LVEF by 6% at 6 months, effect mantained in patients with large infarcts

Lunde (2006) ASTAMI55 AMI 97 BMC ↔ LVEF at 6 months

Janssens (2006) LEUVEN-AMI56 AMI 66 BMC ↔ LVEF at 4 months; � regional contractility and IS in patients with large infarcts

Schächinger (2006) REPAIR-AMI57 AMI 187 BMC � LVEF by 2.5% at 4 months, P ¼ 0.008; ↔ LVEDV

Huikuri (2008) FINCELL58 AMI 77 BMC � LVEF by 5% at 6 months

Tendera (2009) REGENT59 AMI 200 BMC ↔ LVEF or volumes; � LVEDV and LVESV high-dose group

Hare (2009) 60 AMI 53 MSC ↔ Global LVEF at 6 months

Meyer (2009) BOOST61 AMI 124 BMC ↔ LVEDV at any time point 5-year follow-up

Beitnes (2009) ASTAMI62 AMI 100 BMC ↔ LVEDV at any time point 3-year follow-up

Hirsch (2011) HEBE63 AMI 200 BMC ↔ Global LVEF at 4 months

Roncalli (2011) BONAMI64 AMI 101 BMC � Viability

Assmus (2006) TOPCARE-CHD65 ICM 75 ProgC � Global LVEF by 2.9% at 3 months, P ¼ 0.003

Ang (2008) 66 ICM 63 BMC ↔ Global and regional LV function or IS

Menasché (2008) MAGIC67 ICM 97 SM ↔ Global LVEF

Dib (2009) CAuSMIC68 ICM 23 SM � LVESD (P ¼ 0.07) and LVEDD (P ¼ 0.07) at 1 year

Duckers (2011) SEISMIC69 ICM 40 SM ↔ Global LVEF at 6 months follow-up

Bolli (2011) SCIPIO70 ICM 23 CSC � LVEF by 8.2% at 4 months (P ¼ 0.001), 12.3% at 1 year (P ¼ 0.0007)

Seth (2010) ABCD71 DCM 81 BMC � LVESV by 17 mL, � LVEF by 5.9% at 3-year follow-up, P , 0.05

AMI, acute myocardial infarction; ICM, ischaemic cardiomyopathy; DCM, dilated cardiomyopathy; LVEF, left ventricular ejection fraction; IS, infarct size; LVESV, left ventricular end-systolic
volume; LVEDV, left ventricular end-diastolic volume; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; BMC, bone marrow-derived cell;
CSC, cardiac stem cell; MSC, mesenchymal stem cell; ProgC, progenitor cell; SM, skeletal myoblast; �, improvement; ↔, no change; n, sample size.
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clinical trials of pro-angiogenic gene therapy for ischaemic myocardial
disease have demonstrated enhanced angiogenesis and clinical im-
provement,83 limited evidence of efficacy and of a satisfactory
outcome (success or improvement) resulted from placebo-controlled
Phase II/III trials so far.84 These disappointing results underscore the
strong confounding placebo response/effect of gene therapeutic inter-
ventions, emphasizing the imperative of randomized, double-blinded,
placebo-controlled trials. The lack of therapeutic effects is primarily
the result of low efficiency of gene transfer and expression. Encour-
aging, the clinical safety and tolerability of angiogenic gene transfer
was favourable, with no significant side effects (increased inflammation
and angiogenesis in non-target organs, tumorigenesis, atherogenesis,
plaque destabilization, diabetes, or other diseases) even in long-term
follow-up.85,86

In preclinical studies of ischaemic heart failure, genetic manipulation
of proteins involved in cardiomyocyte calcium handling87 and strat-
egies targeting members of the b-adrenergic signalling pathway have
yielded highly promising beneficial structural and functional effects.
The recent successful completion of the Calcium Upregulation by
Percutaneous Administration of Gene Therapy in Cardiac Disease
(CUPID) trial86 not only highlighted that SERCA2a gene delivery
could be a potential breakthrough for patients with severe heart
failure, but also offer renewed hope of treating heart disease via
gene therapy. This small Phase II randomized, double-blind study
demonstrated that restoring SERCA2a enzyme levels by intracoron-
ary adeno-associated virus 1 (AAV1)-mediated gene delivery provides
sustained improvements in heart failure symptoms, exercise toler-
ance, serum biomarkers, adverse cardiovascular events, as well as
cardiac function and remodelling. Future larger trials will be critical
in determining the potential clinical benefit of this promising approach
for advanced heart failure.

Several gene therapy trials for coronary heart disease are cur-
rently underway worldwide (http://www.clinicaltrials.gov/), the ma-
jority testing therapeutic blood vessel growth. Overall, therapeutic
angiogenesis by gene transfer could be a promising therapy for
patients with chronic ischaemic heart disease not amenable to per-
cutaneous revascularization or bypass surgery but may also repre-
sent a crucial adjunctive therapeutic intervention to improve
infarct wound healing by promoting the growth of new blood
vessels early post-infarction. The potential of this therapeutic ap-
proach lies in cardiac-specific, highly efficient gene transfer of bio-
logically potent, safe, and pro-angiogenic growth factors directly to
the injured ischaemic myocardium.88 Of note, the CUPID trials
demonstrated success using an AAV1 (ideally suited for cardiac de-
livery) as the vector, administered in a single dose directly to the
heart by intracoronary infusion during a routine outpatient minim-
ally invasive cardiac catheterization procedure. The current re-
search efforts are aimed at improving AAV vectors by modifying
the viral capsid proteins and/or tissue-specific regulatory elements
to target expression of therapeutic genes specifically to the
myocardium.89

The concomitant and/or sequential administration of multiple genes
encoding angiogenic growth factors may be needed to achieve thera-
peutic angiogenesis, as the formation of a functional blood vessel
leading to revascularization of ischaemic tissues involves an interplay
between multiple growth factors at various time points.83 In addition,
novel gene constructs have been developed which allow genes to be
switched on and off depending on cellular milieu, avoiding unrestrict-
ed protein synthesis or inhibition.81

Combining cell therapy with gene therapy is a novel promising ap-
proach to generate clinically relevant stem cells for autologous cell-
based therapies. The ongoing Enhanced Angiogenic Cell Therapy in
Acute Myocardial Infarction (ENACT-AMI) study, a Phase IIb, double-
blind, parallel, randomized placebo-controlled trial,90 investigates the
efficacy of cell therapy in patients with LV dysfunction after acute
MI, using transplantation of autologous progenitor cells overexpres-
sing endothelial nitric oxide synthase.

5. Modulation of the inflammatory
and fibrotic response: from bench
to bedside

5.1 Mineralocorticoid receptor and wound
healing after myocardial ischaemia
MR blockade reduces morbidity and mortality in patients with LV dys-
function and heart failure after MI.91,92 Attenuation of LV dilation and
excessive extracellular matrix turnover appear to be essential mechan-
isms of MR antagonism in chronic ischaemic heart failure.93,94 Animal
studies provided important insights into the mechanisms underlying
cardioprotection by MR blockade in ischaemic heart failure and also
strong evidence that more favourable effects on cardiac remodelling
can be achieved by immediate initiation of MR-blocking therapy
postinfarction.13,95

Immediate MR inhibition in rats with MI enhanced infarct neovascu-
larization and reduced early LV dilation and dysfunction by modula-
tion of macrophage recruitment and polarization at the site of
injury. MR inhibition accelerated macrophage infiltration and pro-
moted alternative M2 activation of macrophages with the production
of factor XIIIa that drive healing responses and angiogenesis.13 Based
on this first observation highlighting the importance of MR for macro-
phage polarization as well as for wound healing and tissue repair after
myocardial ischaemia, a recent study identified MR to be a critical
regulator of macrophage polarization, as myeloid-specific MR ablation
induced an M2 macrophage phenotype.96 The effect on macrophage
polarization and infarct wound healing may explain the effectiveness
of the selective MR blocker eplerenone to reduce mortality in
patients following acute MI as early as 30 days after randomization.97

In the Eplerenone Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study (EPHESUS), earlier MR antagonism after
MI was associated with more favourable outcomes compared with
later initiation.97,98 The scar thickening observed in rats with MI
treated with eplerenone may decrease wall stress and prevent
infarct expansion as well as remodelling in non-infarcted sites. A re-
duction in early ventricular remodelling may improve the homogen-
eity of ventricular conduction and hence reduce the likelihood for
life-threatening arrhythmias.

The Impact of Eplerenone on Cardiovascular Outcomes in Patients
Post Myocardial Infarction (REMINDER) study (ClinicalTrials.gov Iden-
tifier NCT01176968) is testing the effect of immediate MR inhibition
on cardiovascular mortality and morbidity in a broader population of
patients with acute STEMI undergoing primary percutanous
intervention.

New advances concerning the cell-specific role of the MR for ven-
tricular remodelling post-infarction and heart failure progression come
from mice with cardiomyocyte-restricted inactivation of the MR
gene.95 These animals displayed improved infarct healing and attenuated
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adverse cardiac remodelling and contractile dysfunction. In the late
post-MI phase, myocyte hypertrophy, reactive fibrosis, and oxidative
stress in the surviving LV myocardium were prevented, while in the
early phase, cardiomyocyte-specific MR deletion reduced myocyte
apoptosis and infarct expansion and enhanced infarct neovessel forma-
tion. Rapid induction of nuclear factor-kB (NF-kB) activation after is-
chaemia in cardiomyocytes lacking MR, associated with accelerated
recruitment of inflammatory cells (neutrophils and monocytes) to the
injury site, appears to be the primary mechanism for improved infarct
healing and remodelling in cardiomyocyte-specific MR knockout mice.95

NF-kB is a key signalling component for early inflammatory activation
and recruitment of inflammatory cells after MI.7 Increased recruitment
of inflammatory cells, especially alternatively activated M2 macrophages,
during MI healing leads to enhanced neovascularization, reduction in
infarct thinning, and improved heart function in mice unable to locally
regenerate corticosterone due to 11b-hydroxysteroid dehydrogenase
1 (11b-HSD1) deficiency.99 Exogenous glucocorticoids have been
shown to inhibit NF-kB activation and inflammatory cell infiltration
and impair infarct wound healing.7 Moreover, in the setting of MI and
oxidative stress, MR may be activated by glucocorticoids.100,101 Thus,
regulation of corticosteroid activity by selective inhibitors of
11b-HSD1 (currently in Phase II clinical trials for the treatment of dia-
betes) may provide an alternative therapeutic approach for the ameli-
oration of post-infarction healing and remodelling.

5.2 Monocytes/macrophages and wound
healing after myocardial ischaemia
Over the last decade, the pivotal role of monocyte/macrophages as
regulators and effectors of infarct wound healing has been recognized,
indicating a potential therapeutic/preventive target for cardiac remod-
elling after myocardial ischaemia.10,102 – 104 Depletion of monocytes105

as well as defective macrophage recruitment/activation106 impairs
healing and promotes adverse LV remodelling after myocardial
injury. In contrast, stimulation of macrophage infiltration107 or injec-
tion of activated macrophages108 into the ischaemic myocardium
improved LV dysfunction and remodelling, by promoting myocardial
healing and repair. However, tight control and timely repression of
monocyte recruitment in the ischaemic myocardium is required for
optimal infarct wound healing.11 Kempf et al. recently showed that
growth differentiation factor-15 (GDF-15), a member of the trans-
forming growth factor (TGF)-b cytokine superfamily, is induced in
the infarcted myocardium and plays a key role in controlling inflamma-
tory cell recruitment, by interfering with chemokine-triggered leuco-
cyte b2 integrin activation. GDF-15 acts as an anti-inflammatory
cytokine that represses monocyte recruitment into the healing myo-
cardium, limiting inflammatory tissue damage and promoting survival.
Loss of GDF-15 led to increased incidence of LV rupture after MI.11

Ingestion of apoptotic cells by macrophages actively suppresses the
release of proinflammatory cytokines and induces the secretion of
anti-inflammatory mediators, resulting in accelerated resolution of in-
flammation.109 Macrophages recognize apoptotic cells via different
mechanisms, including recognition of exposed phosphatidylserine.
An innovative approach to improve MI repair is based on exogenous
administration of defined phosphatidylserine-presenting liposomes as
apoptotic-mimicking particles.110 Immunomodulation of recruited
cardiac macrophages by iv administration of phosphatidylserine-
presenting liposomes post-infarction promoted angiogenesis and pre-
vented cardiac remodelling. The effect of a ‘non-specific’ but broad

immunomodulatory treatment, using autologous apoptotic leucocytes
in a broad population of patients with heart failure, has been tested in
the ACCLAIM trial, showing some benefits, however, only in patients
without a previous history of MI and with New York Heart Associ-
ation class II heart failure.111

Recently, distinct monocyte subsets with functional properties of in-
flammatory M1 or alternatively activated M2 macrophages, also known
as wound healing macrophages, were shown to be sequentially mobi-
lized during infarct wound healing.112 Modulation of the ratio or the re-
cruitment timing of the two subsets (e.g. by targeting the chemokine
receptors such as CCR2 and CX3CR1) could be a novel therapeutic
strategy for improving myocardial repair and remodelling.102,113 In
mice, monocyte subsets can be distinguished on the basis of monocyte
chemoattractant protein-1 receptor (CCR2) and the fractalkine recep-
tor (CX3CR1) expression, and the presence of the Ly6C antigen.
Ly6Chigh monocytes express high amounts of the surface protein
Ly6C and CCR2, while Ly6Clow monocytes highly express CX3CR1.
The expression of CCR2 and CX3CR1 are crucial for the recruitment
of monocyte subsets into ischaemic tissues. The healing myocardium
modulates its chemokine expression profile over time, and sequentially
and actively recruits Ly6Chigh monocytes via CCR2, and Ly6Clow mono-
cytes preferentially via CX3CR1. Ly6Chigh monocytes dominate the in-
flammatory phase of infarct healing and exhibit phagocytic and
inflammatory functions, whereas Ly6Clow monocytes accumulate in
the injured myocardium later, to promote healing via revascularization,
myofibroblast accumulation, and collagen deposition.112 Silencing of
CCR2 reduced the number of inflammatory Ly6Chigh monocytes and
ischaemia reperfusion injury.113 Of interest, CD14+CD162 (Ly6Chigh

analogs) and CD14+CD16+ (mostly overlapping with the Ly6Clow

subpopulation) are sequentially mobilized in patients with acute MI,
and the magnitude of CD14+CD162 monocyte mobilization is asso-
ciated with the impairment of myocardial recovery and adverse LV
remodelling.114

However, the developmental relationship between monocyte
subsets and macrophage polarization into phenotypically and func-
tionally distinct cells need further studies. It remains unclear
whether distinct monocyte subsets mature into resident monocytes
in the blood or polarize to different macrophage phenotypes at the
injury site. Macrophages have remarkable plasticity that allows them
to phenotypically polarize in response to microenvironmental
signals to mount specific M1 or M2 functional programmes.104,115 –

117 Emerging data indicate that biphasic regulation of macrophage phe-
notypes at the site of ischaemic injury characterizes wound healing
after myocardial ischaemia.12 Classically, proinflammatory activated
(M1) macrophages, which are a major source of pro-inflammatory
cytokines, dominate the initial inflammatory phase and change their
activation profile to alternatively activated (M2) macrophages during
the proliferative and scar tissue formation phase as the infarct
wound matures.12 Genetic ablation of the class A scavenger receptor
promoted macrophage polarization towards an M1 phenotype after
MI, with the consequence of sustained inflammation, functional deteri-
oration, and adverse LV dilation.118 Conversely, MR inhibition, as
mentioned above, promoted the switch of macrophages to an M2 ac-
tivation state during infarct wound healing, resulting in improved
wound repair, angiogenesis, and remodelling.13

The current evidence suggests that the importance of numbers
and/or density of infiltrated macrophages is secondary to dynamic
changes in the macrophage polarization state in the infarct wound
for the maintenance or resolution of the inflammatory processes.
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Modulation of macrophage polarization at the site of ischaemic injury,
identifying factors and mechanisms able to modify the balance
between the M1 and M2 states, might prove to be an innovative
and effective target to enhance myocardial repair and minimize re-
modelling post-infarction.

Clinical trials attempting to modulate the inflammatory response as
well as proinflammatory cytokine pathways in ischaemic heart failure
have been largely disappointing.4,7 The cytokine cascade after myocar-
dial ischaemia allows the myocardium to respond rapidly to tissue
injury.7,10 Although prolonged expression of inflammatory cytokine
can lead to myocardial damage and adverse LV remodelling, a limited
short-term/transient up-regulation of stress-activated cytokines within
the first days after MI appears to play a protective and coordinating
role for infarct wound healing. Of note, cytokines may exert different
effects in acute and subacute phases of MI, with profound implications
for therapies aimed to prevent adverse remodelling.119,120 Transient
up-regulation of STAT3 (the major downstream signalling molecule of
IL-6) after myocardial ischaemia exerts cardioprotective effects. STAT3-
deficient mice showed enhanced susceptibility to myocardial ischaemia/
reperfusion injury with increased cardiac apoptosis and infarct sizes.121

However, sustained IL-6-dependent and gp130-mediated STAT3 activa-
tion in subacute infarction promoted enhanced inflammation, adverse
remodelling, high rupture rates, and heart failure.119

Moreover, as the inflammatory response during infarct healing
involves a complex network of cytokine interactions, an innovative ap-
proach should employ combined inhibition/modulation of different
cytokines. Therapeutic targeting of inflammation through the time
modulation of macrophage polarization and consequently of their
cytokine secretion profile appears to be a promising field of research
following myocardial ischaemia.

5.3 Cardiac (myo)fibroblasts phenotype/
function as a target for wound healing after
myocardial ischaemia
During cardiac healing/remodelling fibroblasts are activated to differ-
entiate into myofibroblasts, cells with proliferative, contractile, migra-
tory and secretory properties. New promising therapeutic
approaches to post-infarction remodelling specifically target factors
that modulate fibroblast phenotype/function in the infarcted myocar-
dium and simultaneously prevent myofibroblast differentiation in the
remote non-infarcted myocardium.14,15,122 – 124

Wnt/frizzled proteins are involved in the proliferation, migration,
and differentiation of cardiac fibroblasts.125 Frizzled 1,2 receptors
are present in myofibroblasts and are up-regulated in the infarcted
myocardium. Immediate inhibition of frizzled 1,2 signalling after MI
increased the number of myofibroblasts in the infarcted area, reducing
infarct expansion, LV dysfunction, and heart failure-related mortal-
ity.126 However, alterations in myofibroblast function and infiltration
into the ischaemic myocardium may be associated with impaired
wound/myofibroblast contraction leading to adverse remodelling.
The chemokine interferon-g-inducible protein (IP)-10 modulates
fibroblast phenotype and function exerting antifibrotic effects.127

Bujak et al. identified an interferon-g-IP-10-mediated pathway that
plays a key role in the fibrotic reparative response after MI, through
mechanisms that involve changes in myofibroblast functional activa-
tion resulting in perturbation wound contraction. Genetic ablation
of IP-10 substantially increased myofibroblast density, enhanced colla-
gen accumulation in the infarct and border zone, impaired the

mechanical properties of the healing wound, and was associated
with enhanced expansion of the scar and early adverse dilation.127

Melchior-Becker et al.128 recently showed that deficiency of bigly-
can causes cardiac fibroblasts to differentiate into pro-proliferative
myofibroblasts due to increased sensitivity to endogenous TGF-b/
Smad2 signalling. In mice lacking biglycan, a distorted and fragile colla-
gen scar129 as well as increased myofibroblastic response and myofi-
broblast contraction of the scar128 led to infarct thinning, cardiac
dilation, and dysfunction and a higher incidence of cardiac rupture
after MI.

Of note, activation of the TGF-b/Smad3 pathway in the infarct
border zone is critically involved in the pathogenesis of cardiac fibro-
sis and adverse remodelling after myocardial ischaemia. Smad3 loss
results in accumulation of abundant but functionally defective fibro-
blasts that exhibit impaired myofibroblast transdifferentiation,
reduced migratory potential, and suppressed expression of
fibrosis-associated genes, leading to attenuation of reactive fibrosis,
ventricular remodelling, and diastolic dysfunction.124

Cardiac fibroblasts, beyond being a major component of the heart,
are able to ‘detect’ danger signals and enhance the inflammatory re-
sponse after ischaemia. A recent study showed that inflammasome ac-
tivation in cardiac resident fibroblast plays an essential role in
inflammatory response and subsequent injury after ischaemia/reperfu-
sion.130 Cardiac fibroblasts are involved in a variety of cell–cell inter-
actions, with the other fibroblasts, cardiomyocytes, and endothelial
cells, under the coordination of the cytokine network. Targeting
this complex cell–cell signalling might be a further option for the
therapeutic approach to post-infarction remodelling.

6. Conclusion
Better therapies are needed to reduce the still unresolved burden of
adverse cardiac remodelling leading to unacceptable morbidity and
mortality especially after large and/or recurrent MI. Strategies addres-
sing myocardial regeneration and pathophysiological mechanisms of
infarct wound healing hold promise to prevent progressive dilation
and failure. However, the highly complex healing processes post-MI
deserve in-depth pathophysiological understanding, especially regard-
ing endogenous cellular infiltration and wound maturation. Fascinating
novel therapeutic approaches are on the horizon including elaborate
progenitor cell therapy, miRNA modulation, and interference with the
inflammatory and fibrotic response. Despite exciting results in animal
models of myocardial ischaemia, all these promising approaches will
have to prove their superiority in addition to the current standard
of care in rigorous clinical trials.
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12. Troidl C, Möllmann H, Nef H, Masseli F, Voss S, Szardien S et al. Classically and al-
ternatively activated macrophages contribute to tissue remodelling after myocardial
infarction. J Cell Mol Med 2009;13:3485–3496.

13. Fraccarollo D, Galuppo P, Schraut S, Kneitz S, van Rooijen N, Ertl G et al. Immediate
mineralocorticoid receptor blockade improves myocardial infarct healing by modu-
lation of the inflammatory response. Hypertension 2008;51:905–914.

14. Brown RD, Ambler SK, Mitchell MD, Long CS. The cardiac fibroblast: therapeutic
target in myocardial remodeling and failure. Annu Rev Pharmacol Toxicol 2005;45:
657–687.

15. van den Borne SW, Diez J, Blankesteijn WM, Verjans J, Hofstra L, Narula J. Myocar-
dial remodeling after infarction: the role of myofibroblasts. Nat Rev Cardiol 2010;7:
30–37.

16. Fraccarollo D, Galuppo P, Bauersachs J, Ertl G. Collagen accumulation after myocar-
dial infarction: effects of ETA receptor blockade and implications for early remodel-
ing. Cardiovasc Res 2002;54:559–567.

17. Beltrami CA, Finato N, Rocco M, Feruglio GA, Puricelli C, Cigola E et al. Structural
basis of end-stage failure in ischemic cardiomyopathy in humans. Circulation 1994;89:
151–163.

18. Shyu KG, Wang BW, Chen WJ, Kuan P, Hung CR. Mechanism of the inhibitory effect
of atorvastatin on endoglin expression induced by transforming growth factor-beta1
in cultured cardiac fibroblasts. Eur J Heart Fail 2010;12:219–226.

19. Bauersachs J, Galuppo P, Fraccarollo D, Christ M, Ertl G. Improvement of left ven-
tricular remodeling and function by hydroxymethylglutaryl coenzyme a reductase in-
hibition with cerivastatin in rats with heart failure after myocardial infarction.
Circulation 2001;104:982–985.

20. Carluccio E, Biagioli P, Alunni G, Murrone A, Giombolini C, Ragni T et al. Patients
with hibernating myocardium show altered left ventricular volumes and shape,
which revert after revascularization: evidence that dyssynergy might directly
induce cardiac remodeling. J Am Coll Cardiol 2006;47:969–977.

21. Van Bommel RJ, Delgado V, Schalij MJ, Bax JJ. Critical appraisal of the use of cardiac
resynchronization therapy beyond current guidelines. J Am Coll Cardiol 2010;56:
754–762.

22. Solomon SD, Foster E, Bourgoun M, Shah A, Viloria E, Brown MW et al. Effect of
cardiac resynchronization therapy on reverse remodeling and relation to
outcome: multicenter automatic defibrillator implantation trial: cardiac resynchroni-
zation therapy. Circulation 2010;122:985–992.

23. Carluccio E, Biagioli P, Alunni G, Murrone A, Pantano P, Biscottini E et al. Presence of
extensive LV remodeling limits the benefits of CRT in patients with intraventricular
dyssynchrony. JACC Cardiovasc Imaging 2011;4:1067–1076.

24. Sachse FB, Torres NS, Savio-Galimberti E, Aiba T, Kass DA, Tomaselli GF et al. Sub-
cellular structures and function of myocytes impaired during heart failure are
restored by cardiac resynchronization therapy. Circ Res 2012;110:588–597.

25. Bauersachs J. Regulation of myocardial fibrosis by MicroRNAs. J Cardiovasc Pharmacol
2010;56:454–459.

26. Small EM, Olson EN. Pervasive roles of microRNAs in cardiovascular biology. Nature
2011;469:336–342.

27. Thum T, Catalucci D, Bauersachs J. MicroRNAs: novel regulators in cardiac develop-
ment and disease. Cardiovasc Res 2008;79:562–570.

28. Gladka MM, da Costa Martins PA, De Windt LJ. Small changes can make a big dif-
ference—microRNA regulation of cardiac hypertrophy. J Mol Cell Cardiol 2011;52:
72–82.

29. Zhu H, Fan G. Role of microRNA in riperfused myocardium towards post-infarct
remodeling. Cardiovasc Res 2011;94:284–292.

30. van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD et al. A sig-
nature pattern of stress-responsive microRNAs that can evoke cardiac hypertrophy
and heart failure. Proc Natl Acad Sci USA 2006;103:18255–18260.

31. Ikeda S, Kong SW, Lu J, Bisping E, Zhang H, Allen PD et al. Altered microRNA ex-
pression in human heart disease. Physiol Genomics 2007;31:367–373.

32. Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S, van Laake LW et al. MicroRNAs in
the human heart: a clue to fetal gene reprogramming in heart failure. Circulation 2007;
116:258–267.

33. Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G, Diwan A,
Eschenbacher WH et al. Reciprocal regulation of myocardial microRNAs and

messenger RNA in human cardiomyopathy and reversal of the microRNA signature
by biomechanical support. Circulation 2009;119:1263–1271.

34. Bauersachs J, Thum T. Biogenesis and regulation of cardiovascular microRNAs. Circ
Res 2011;109:334–347.

35. Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M et al. MicroRNA-21 con-
tributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts.
Nature 2008;456:980–984.

36. Roy S, Khanna S, Hussain SR, Biswas S, Azad A, Rink C et al. MicroRNA expression
in response to murine myocardial infarction: miR-21 regulates fibroblast
metalloprotease-2 via phosphatase and tensin homologue. Cardiovasc Res 2009;82:
21–29.

37. Dong S, Cheng Y, Yang J, Li J, Liu X, Wang X et al. MicroRNA expression signature
and the role of microRNA-21 in the early phase of acute myocardial infarction. J Biol
Chem 2009;284:29514–29525.

38. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS et al.
Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in
cardiac fibrosis. Proc Natl Acad Sci USA 2008;105:13027–13032.

39. Bonauer A, Carmona G, Iwasaki M, Mione M, Koyanagi M, Fischer A et al.
MicroRNA-92a controls angiogenesis and functional recovery of ischemic tissues
in mice. Science 2009;324:1710–1713.

40. Fiedler J, Jazbutyte V, Kirchmaier BC, Gupta SK, Lorenzen J, Hartmann D et al.
MicroRNA-24 regulates vascularity after myocardial infarction. Circulation 2011;
124:720–730.

41. Schroen B, Heymans S. Small but smart—microRNAs in the center of inflammatory
processes during cardiovascular diseases, the metabolic syndrome, and aging. Cardi-
ovasc Res 2012;93:605–613.

42. Hu S, Huang M, Nguyen PK, Gong Y, Li Z, Jia F et al. Novel microRNA prosurvival
cocktail for improving engraftment and function of cardiac progenitor cell trans-
plantation. Circulation 2011;124:S27–S34.

43. Urbanek K, Cesselli D, Rota M, Nascimbene A, De Angelis A, Hosoda T et al. Stem
cell niches in the adult mouse heart. Proc Natl Acad Sci USA 2006;103:9226–9231.

44. Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, De Angelis A et al. Human
cardiac stem cells. Proc Natl Acad Sci USA 2007;104:14068–14073.

45. Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S et al. Adult
cardiac stem cells are multipotent and support myocardial regeneration. Cell
2003;114:763–776.

46. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B et al. Bone marrow
cells regenerate infarcted myocardium. Nature 2001;410:701–705.

47. Leri A, Kajstura J, Anversa P. Role of cardiac stem cells in cardiac pathophysiology: a
paradigm shift in human myocardial biology. Circ Res 2011;109:941–961.

48. Taylor DA, Atkins BZ, Hungspreugs P, Jones TR, Reedy MC, Hutcheson KA et al.
Regenerating functional myocardium: improved performance after skeletal myoblast
transplantation. Nat Med 1998;4:929–933.

49. Power C, Rasko JE. Promises and challenges of stem cell research for regenerative
medicine. Ann Intern Med 2011;155:706–713, W217.

50. Strauer BE, Steinhoff G. 10 years of intracoronary and intramyocardial bone marrow
stem cell therapy of the heart: from the methodological origin to clinical practice.
J Am Coll Cardiol 2011;58:1095–1104.

51. Nussbaum J, Minami E, Laflamme MA, Virag JA, Ware CB, Masino A et al. Transplant-
ation of undifferentiated murine embryonic stem cells in the heart: teratoma forma-
tion and immune response. FASEB J 2007;21:1345–1357.

52. Mazo M, Gavira JJ, Pelacho B, Prosper F. Adipose-derived stem cells for myocardial
infarction. J Cardiovasc Transl Res 2011;4:145–153.
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