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Cardiac fibrosis is a process that is associated with multiple forms of cardiac remodeling. There is an ongoing
debate whether fibrosis is good or bad for cardiac function. On the one hand, deposition of extracellular matrix
is indispensable for thewoundhealing in the injured heart; on the other hand, interstitialfibrosis can lead to stiff-
ening of the ventricular wall and adverse remodeling. A common denominator of cardiac fibrosis is the appear-
ance of myofibroblasts that possess smooth muscle-like contractile properties and can synthesize extracellular
matrix. Traditionally, these cells were considered to merely derive from resident fibroblasts in the ventricular
wall. However, recent insights suggest that myofibroblasts can originate from cell types as diverse as epicardial
cells, resident mesenchymal stem cells and circulating fibrocytes. In this review, we will describe the
origin(s) of themyofibroblasts in different forms of cardiac remodeling.Wewill also address the questionwheth-
er specific mediators that are involved in the transdifferentiation of these myofibroblasts from their precursors
can be identified. This would be of relevance in order to design specific interventions that would attenuate the
adverse fibrotic deposition whilst preserving the favorable aspects of the fibrotic response.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Cardiac remodeling is a term used to describe the alterations occur-
ring in the myocardium due to a variety of stimuli. These stimuli can
either be located within the heart (e.g. valvular dysfunction, loss of
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cardiomyocytes due to ischemia) or outside the heart (e.g. pressure
overload due to aortic stenosis or increased peripheral vascular
resistance). In either case, several common molecular mechanisms are
activated in the remodeling heart. Examples of such mechanisms are
inflammation and cardiac fibrosis. Several decades of research have
taught us that these processes need to be tightly controlled in order to
preserve an adequate cardiac function in the remodeling heart [1]. As
an example, insufficient inflammation of the ischemic area after myo-
cardial infarction (MI) leads to poor wound healing whereas an inflam-
matory response that is too strong can cause rupture of the infarct area
[2,3]. Both will result in a deteriorated pump function of the heart and
the latter condition will even cause instantaneous death when left
untreated.

A similar picture can be drawn for cardiacfibrosis. In the normal, un-
injured heart, a fixed amount of extracellularmatrix (ECM) is present to
preserve the architectural and biochemical integrity of the heart. This
matrix is of vital importance to convey the forces generated by individ-
ual cardiomyocytes towards the atrial and ventricular cavities, allowing
an effective circulation of the blood [4]. As this ECM is subject to wear
and tear due to the mechanical load of the cardiac cycle, a certain
amount of replacement (i.e. consisting of degradation of damaged fibers
and synthesis of new matrix [5]) is required. To this end, the normal
myocardium is populated with large numbers of cardiac fibroblasts
(CF) which can outnumber the cardiomyocytes, depending on the spe-
cies [6]. These cells are responsible for a balanced turnover of the ECM,
leaving its total amount constant. This situation changes dramatically
when the heart is exposed to excessive loading or when parts of the
heart are injured. Under these conditions, differentiated fibroblasts
called myofibroblasts (MFs), a cell type combining characteristics of fi-
broblasts and smooth muscle cells [7,8], appears in the heart. As previ-
ously noted for inflammation, this process can be beneficial under
certain conditions, e.g. in the healing infarct, in order to prevent exces-
sive dilatation of the left ventricle (LV). However, the presence of MF in
the cardiac interstitium can also be detrimental for cardiac function as it
can lead to excessive fibrosis, stiffening of the ventricular wall and dis-
turbance of the electrical conductivity [9]. Therefore the cardiac MF
can be seen as a cell type with two faces: indispensable for reparative
processes but deleterious in adaptation to overload.

In this review, we will discuss cardiac fibrosis in the context of
different pathological manifestations of cardiac remodeling, with
specific focus on the ambiguous role of the MF. Furthermore, we will
explore differences in MF origin and signaling that may be exploitable
for selective therapeutic interventions to optimize the function of the
remodeling heart.

2. Characteristics of fibroblasts and myofibroblasts

Fibroblasts are cells that are abundantly present in almost any organ
or tissue of the body. In the uninjured heart, these cells are responsible
for the synthesis of ECM, mainly consisting of collagen I and III [6,10].
Despite the fact that fibroblasts are indicated by a single name, they rep-
resent a rather heterogeneous population of mesenchymal cells [11].
Moreover, their development and transdifferentiation can be controlled
by the local microenvironment, giving rise to a spectrum of different
cellular phenotypes. At present, no specific molecular markers are
known for fibroblasts, reflecting the diverse nature of these cells in
different organs and tissues [9].

The versatility of the fibroblast is nicely illustrated by its ability to
adapt to changing circumstances. In the heart, this is of particular
relevance under conditions of stress such as pressure overload or ische-
mic injury. In a traditional view, the changes in mechanics and the
stimulating factors that are released during these conditions evoke the
transdifferentiation of fibroblasts into MF, a cell type characterized by
stress fiber-like microfilament bundles containing α-smooth muscle
actin (αSMA) [8]. The MF was originally described by Gabbiani et al.
as a “modified fibroblast”, derived from resident fibroblasts via
transdifferentiation and playing a pivotal role in skinwound contraction
[12]. In themeantime,more than four decades of research have tremen-
dously increased our knowledge on MFs. Remarkably, MFs have been
shown to be derived from multiple cell types, including endothelial
cells, epithelial cells, pericytes, mesenchymal stem cells (MSC) and
even from bone marrow-derived precursors, the so-called fibrocytes
[13]. These observations dispute the traditional view that MFs can
only bederived via transdifferentiation of resident CFs. This is supported
by the observation that resident CFs, isolated from the heart, display
limited proliferation in cell culture experiment [14,15]. It raises doubts
whether resident CFs will be capable to undergo massive proliferation
in the injured heart.

The transdifferentiation of MFs from their precursors is a complex
sequence of events that has been investigated extensively. For a detailed
description, we refer to review articles from our own group [16] as well
as others [17]. Briefly, increased mechanical stress is a prerequisite for
the formation of a proto-MF which is regarded to be the first step in
MF transdifferentiation [8]. The second step is the interactionwith stim-
uli such as transforming growth factorβ (TGFβ) [18] and a splice variant
of fibronectin called extra domain A (ED-A) [19]. However, the ongoing
research in this area has offered a host of other MF-modulating factors,
includingAngiotensin II (Ang II), Endothelin I, Connective tissue Growth
Factor (CTGF, now called CCN2) and Platelet-derived growth factor
(PDGF) capable of either inducing or suppressing the MF phenotype
[20]. As will be discussed in more detail below, these mediators appear
to be uniformly required for MF transdifferentiation, irrespective of the
nature or origin of the precursor cells.

3. Embryonic origin of cardiac fibroblasts

The origin of the resident CFs in the heart has been described in
several excellent review articles [17,21]. Briefly, the main source of the
interstitial CFs is the epicardium which is formed after the heart has
looped. A sub-population of epithelial cells can undergo epithelial-to-
mesenchymal transition (EMT) and migrate into the walls of the
developing heart to form a pool of resident CFs. These cells are generally
referred to as epicardium-derived cells (EPDCs). EPDCs subsequently
can differentiate into either coronary vascular smooth muscle cells or
interstitial CFs [17]. The basic helix-loop-helix transcription factor
TCF21 was found to be essential for this process as epicardial cells of
TCF21-null mice were found to be unable to undergo EMT, resulting in
hearts lacking fibroblasts [22]. Moreover, EPDC migration is essential
for the proper formation of the heart, as it contributes to important
structures such as the annulus fibrosis that forms the insulating layer
between the atria and the ventricles, controlling transmission of electri-
cal currents [23]. An additional source of CFs is the endothelium overly-
ing the cardiac cushions, albeit that these fibroblasts mainly contribute
to the heart valves [24].

4. Myofibroblasts in the remodeling heart: good or bad?

As mentioned above, the literature is quite divided about the role of
theMF in the cardiac remodeling. To shedmore light on this ambiguity,
wewill discuss the contribution of theMF to different processes that can
take place in the remodeling heart in the following paragraphs.

4.1. Myofibroblasts in the infarct area: good!

Obstruction of the blood flow in a coronary artery results in ischemia
of the parts of the heart that rely on this blood vessel for supply of oxy-
gen and nutrients. Prolonged ischemia for more than a couple of hours
leads to death of cardiomyocytes in the area. As adult cardiomyocytes
only have minor regenerative capacity, loss of cardiomyocytes evokes
a wound healing response. Cardiomyocyte death causes the release of
pro-inflammatory stimuli which attracts polymorphonuclear neutro-
phils to the infarct. These cells commence clearing out the necrotic
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debris in the first days followingMI. Next, monocytes invade the infarct
area and differentiate into macrophages [25]. The cytokines and
chemokines released by the inflammatory cells orchestrate the
formation of granulation tissue in the injured areas. Granulation tissue
typically contains newly-formed primitive blood vessels, macrophages
and MF embedded in a primitive mesh of ECM. Eventually, the granula-
tion tissue matures into a scar where the ECM becomes more cross-
linked, the vasculature matures and MF numbers are reduced [10].

Having both contractile and synthetic properties, the MF appears to
be well-equipped to optimize the wound healing process in the infarct-
ed heart. First, the presence of microfilament bundles containingαSMA
allows MFs to exert a sustained contractile force in the infarct area,
thereby actively reducing its length. Particularly in the injured heart,
where each contraction causes strain on the infarct area, this character-
istic can be of value to prevent excessive dilatation of the infarct area.
The MF can then stabilize the scar by deposition of newly synthesized
ECM fibers, attenuating infarct expansion and preserving a favorable
LV geometry [7].

Several lines of evidence illustrate that the persistent presence of
MFs in the infarct area is beneficial for cardiac function. Well-healed
human infarcts have been shown to contain MFs for many years after
MI whereas dilated infarcts have lost their MFs prematurely [26]. Our
lab as well as others have performed in vivo studies to further investi-
gate this. In a study of infarct healing inmice of 5 different genetic back-
grounds, a positive correlation was observed between MF numbers in
the infarct area, reduction of LV dilatation and preservation of an
adequate ejection fraction [27]. In the meantime, many interventions
aimed at the MF in the infarct area have shown beneficial effects on
cardiac function in animal models of MI. Briefly, the targets for these in-
terventions can be as diverse as TGFβ signaling [18], Reactive oxygen
species [28], Wnt signaling [29], microRNAs [30], and biomaterials re-
leasing growth-promoting substances [31]. For a comprehensive over-
view of the therapeutic interventions aiming at wound healing
process following MI, please refer to a recent review from our group
[16]. The general picture emerging from all this work is that the
prolonged presence of MFs in the infarct area is beneficial for mainte-
nance of the ECM in the scar which is subject to wear due to the
repetitive stretching. Strategies aiming at increasing the MF numbers
in the infarct area offer an improved cardiac function and attenuate
the development of heart failure post-MI [32]. However, we are not
aware of studies in which these interventions were tested in MI
patients.
4.2. Myofibroblasts in the cardiac interstitium: bad!

In contrast to ischemic heart disease, where the initial injury is
localized to the ischemic areas of the heart, cardiac remodeling due to
pressure overload evokes cardiac hypertrophy and fibrosis throughout
the ventricles. Because this type of cardiac remodeling is typically
observed in patients with hypertension, the name hypertensive heart
disease (HHD) is frequently used to refer to this condition. Initially,
this adaptation can normalize the wall stress, but in the long run it
leads to diastolic dysfunction which frequently progresses towards
combined diastolic/systolic dysfunction [33].

The pressure overload in HHD is typically associated with the
appearance of MFs throughout the ventricular wall. This fibrosis is
typically found in the endomysium, surrounding individual fibers of
cardiomyocytes, and in the perimysium, surrounding bundles of cardio-
myocyte fibers [34]. Moreover, excessive deposition of ECM can be
found around the coronary arterial vasculature, a process referred to
as perivascular fibrosis [35]. The excessive fibrosis not only increases
the stiffness of the LV wall but can also affect the excitation-
contraction coupling of the cardiomyocytes and the exchange of oxygen
and nutrients. Therefore, the presence of MFs in the cardiac interstitium
is generally considered to be detrimental for cardiac function [4].
4.3. Myofibroblasts in heart valves: good?

As indicated above, MFs are not observed in the normal healthy
heart. There is, however, an exception to this observation as heart valves
are known to contain MF under normal conditions. These MFs, also
referred to as valvular interstitial cells (VICs), are involved in the contin-
uous repair of damaged ECM caused by the stretch and deformation of
the valve leaflets during the cardiac cycle [36]. Valvular disease can be
accompanied by an activation of the MF, leading to the stiffening of
the valve leaflets that is found in valvular stenosis [37]. These
observations in the cardiac valves underscore the two faces of the MF:
beneficial when appropriately controlled but detrimental when this
control is lost.

4.4. Myofibroblasts in arrhythmogenesis: bad!

Cardiac fibrosis is known to increase arrhythmogenesis in various
cardiovascular pathologies, as well as in the aged heart and the fibro-
blast/MF seem to play a key role [38]. The factors that mediate this phe-
nomenon can be various: MF presence and ECM deposition in the
myocardium themselves, gap junctions between MFs and myocytes,
mechanical coupling of MFs to myocytes and paracrine factors released
by the MFs have all been suggested as villains. Myocardial areas with
“patchy” fibrosis or high interstitial fibrosis and areas with collagen
presence in-between cardiomyocytes (diffuse fibrosis) possess very
high potential for arrhythmogenesis, as they all lead to slow conductiv-
ity [39]. In vitro studies by Askar et al., demonstrated that high MF
proliferation in cultures leads to arrhythmogenesis, however inhibition
of MF proliferation is directly associated with a dramatic reduction of
ectopic activity and attenuation of re-entrant arrhythmias [40].
Additionally, MFs appear to lose their arrhythmogenic properties
when αSMA is disrupted [41]. The gap junction coupling MFs and
myocytes is reported to be a source of arrhythmogenesis in both pres-
sure overload [42] and ischemia [43]. The Askar group also showed
that blunting Connexin 43 (Cx43) expression in theMF can have similar
anti-arrhythmogenic effects, identifying Cx43 as a potential target for
the attenuation of MF-mediated arrhythmogenesis [44]. Interestingly,
the injection of autologous dermal fibroblasts into the infarct and
peri-infarct areas of pigs following MI was reported to actually reduce
ventricular tachycardias [45], while the group recently reported similar
results in atrial fibrillation [46], disputing the theory of the “bad MF”. It
is suggested that the peri-infarct area is of crucial importance for the
MF-mediated arrhythmogenesis. Low MF density in the peri-infarct
area does not predispose to arrhythmia – as expected – however
mediumdensities lead to action potential disturbances and consequent-
ly to arrhythmias. Surprisingly, high densities of MF appear to be anti-
arrhythmogenic, as they cause resting depolarization and thus reduce
the chance for re-entrant arrhythmias [47]. To sum up, targeting MFs
might be a rational strategy to prevent arrhythmogenesis in cardiac
fibrosis, however further research is required in order to shed light
into practical issues before this knowledge is translated to the clinic.

5. Origin of the myofibroblasts in the remodeling heart

The initial picture that arose from the work of Gabbiani et al. was
that during wound healing the resident fibroblasts become activated
and differentiate into MFs [12]. Although this concept was
groundbreaking in its day, in the meantime new developments have
showcased that MFs can arise from many different cell types [13].
Resident CFs are an unlikely source, as the proliferative capacity of
these cells was found to be limited, at least in vitro [48]. In the
following paragraphs, we will provide evidence that the MFs
observed in different forms of cardiac remodeling can be derived from
a variety of sources, which depend on the pathological entity that
stimulates them.
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5.1. The origin of myofibroblasts in the infarct area in permanent MI

A careful analysis of the different stages of infarct healing suggests
that it is quite unlikely that the MFs in the infarct area can be derived
from fibroblasts that are locally present, as this area passes through a
necrotic phase that is completely acellular [10]. This means that the
MFshave tomigrate from the border zone into the infarct area, a process
that can easily be observed when infarct healing is followed in time in
tissue sections stained for αSMA (Fig. 1). Although resident cardiac
fibroblasts from the border zone have been shown to contribute to the
pool of MF [14,15], these stainings also revealed a pool of αSMA-
positive cells at the epicardial and endocardial side of theheart. Interest-
ingly, the appearance ofαSMA-positive cells in the epicardial region ap-
peared to precede the appearance of these cells in the infarct area as the
pericardium at the site of infarction is restored at 3 days post-MI. Apply-
ing permanent ligation of the left ascending coronary artery in mice in
which the Wilm's Tumor suppressor-1 (Wt1) lineage was genetically
labeled, van Wijk et al. demonstrated that epicardium-derived mesen-
chymal cells contribute to the MF population in the infarct area [49],
an observation that was recently confirmed [50]. The presence of MF
from epicardial origin was also reported in a mouse model where 24 h
of ischemia was followed by 7 days of reperfusion [51]; although
technically speaking this is an ischemia/reperfusion study, the very
long period of ischemia results in damage similar to permanent ische-
mia. Studies on zebrafish hearts have also shown that epicardial-
derived cells can differentiate into MF and confer cardio-protective ef-
fects following permanent myocardial damage due to cryoinjury [52].
These combined observations support the notion that epicardium-
derived epithelial cells differentiate towards amesenchymal phenotype
via EMT, and are an important source of MFs in the infarct area after
permanent MI.
Fig. 1.Time course of the expression ofα-smoothmuscle actin (αSMA) in the infarcted rat heart
ligation of the left ascending coronary artery. Arrowheads indicate the epicardiumwhereas arrow
the ischemic insult. MF: myofibroblasts, End: endocardium. From this time course it is clear th
evolve around the necrotic area at day 14. Please note that the epicardial cells have become αS
5.2. The origin of myofibroblasts in the infarct area in ischemia/reperfusion

In contrast to the permanent coronary artery ligation described
above, in the ischemia/reperfusion model of MI the coronary artery is
only occluded for a limited period of time (usually between 30 and
60 min) and then re-opened to restore the blood flow to the injured
area. Because of the fact that cardiomyocytes aremuchmore susceptible
to ischemia thanmost other cells that populate the ventricularwall [53],
this procedure is likely to eliminate cardiomyocytes with relative selec-
tivity. This may be illustrated by the study of Carlson et al., who ob-
served fibroblast-like cells in the infarct area of the reperfused heart
that deviate from structural fibroblasts by expressing CD44 and the
primitive markers TERT, Nanog and CD34, all markers for MSC [54].
These fibroblast-like cells peaked at 3 days post-MI and transition
towards MFs was observed in the following days [48]. In aged mice
with reduced numbers of MSC, only few MSC-derived MFs were ob-
served which significantly impaired the process of infarct healing [55].
From other studies, it was estimated that only a minority of the MF in
the infarct area was bone marrow-derived [17]. This supports the
conclusion thatMSC are an important source ofMFs in the injury caused
by ischemia/reperfusion.

5.3. The origin of myofibroblasts in the interstitium

Several studies have addressed the origin of the MFs that populate
the interstitium inmodels of pressure overload. The epicardiumwas ex-
cluded as a source of interstitial MFs inmice in which pressure overload
was induced by either coarctation of the thoracic aorta or by infusion of
Ang II [51]. In a model of daily 15 min periods of cardiac ischemia
followed by reperfusion, interstitial fibrosis was observed that was
mediated by fibroblasts originating from circulating precursors called
at 2 (A), 4 (B), 7 (C) and 14 (D) days after induction ofmyocardial infarction bypermanent
s point at the sub-epicardial space. N represents the area of necrosis that developeddue to
at the epicardium and the sub-epicardial space stain positive for αSMA well before the s
MA-negative at 14 days post-infarction.
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fibrocytes. The periods of ischemia in this model are too short to induce
cardiomyocyte necrosis, but the procedure does result in the production
of monocyte chemoattractant protein-1 (MCP-1) which is likely to be
involved in attracting the fibrocytes. In mice lacking MCP1 the fibrotic
response to the repetitive periods of ischemia was lost, underscoring
the importance of this mechanism for the induction of fibrosis in this
model.

Application of fate mapping and sex-mismatched bone marrow
transplantations has shown that in a mousemodel of pressure overload
by coarctation of the aorta, one third of the fibroblasts and the majority
of theMFs were derived from endothelial cells via EndMT (endothelial-
to-mesenchymal transition). Circulating bone marrow-derived
fibrocytes accounted for less than 25% of the fibroblasts in this model.
The EndMT was promoted by TGFβ and could be inhibited by adminis-
tration of bone morphogenetic protein 7 [56]. In contrast, when pres-
sure overload was induced by Ang II infusion, the bone marrow was
the most prominent source of myocardial infiltrating MFs, whereas
only few of these cells showed endothelial characteristics [57]. In a re-
cent study from the Evans lab, however, both circulating fibrocytes
and endothelial cells were disputed to be a source of fibroblasts in the
pressure-overloaded heart. In contrast, in this study the fibroblasts
present in the fibrotic heart were shown to originate from two resident
fibroblast lineages: the endo- and epicardial-derived lineages [58]. The
lack of well-defined and specific markers for (myo)fibroblasts is likely
to have contributed to these conflicting data.

6. Perspective for selective intervention

MF transdifferentiation during cardiac remodeling has two faces: On
the one hand, an adequate response to cardiac overload and injury
would be impossible without fibrosis but, on the other hand excessive
fibrosis - in particular of the interstitium - has detrimental effects on
the pump function of the heart. Multiple factors, including TGFβ,
Endothelin-1, Ang II, CTGF/CCN2 and PDGF play important or even
critical roles in MF transdifferentiation and the subsequent fibrotic re-
sponse [20]. Unfortunately, these factors appear to have uniform roles
in the different forms of fibrosis, making them unsuitable for selective
intervention in the fibrotic response.

As illustrated above, there is a growing body of evidence that the
MFs involved in various types of fibrotic response, originate from differ-
ent sources. Since both the embryonic background and the routes
towards differentiatedMFs are likely to be diverse, thismayopen upop-
portunities for interventions targeting the adverse fibrotic response but
leaving the beneficial fibrosis untouched. In the following paragraphs,
we will discuss our current knowledge of the mediators involved in
these different pathways.

6.1. Fibrocyte attraction to the injured heart

Fibrocytes are bone marrow-derived precursors of fibroblasts that
are present in the circulation. These cell types express markers for
bonemarrow-derived cells such as CD34 and CD45, but are also positive
for discoid domain receptor-2 (DDR2) and Collagen-I. In order to mi-
grate to sites of injury, these cells have to be attracted by cytokines
and/or chemokines. Therefore, these cells possess multiple chemokines
including CCL2 (MCP-1), CCL5, CCL7 and express the receptors CCR2
and CXCR4 [59]. The attraction of fibrocytes from the circulation is a dis-
tinctive feature of these cells and therefore would qualify for a selective
intervention. However, our knowledge of the chemokines responsible
for fibrocyte attraction to the heart is rather limited. Until recently, the
attraction of fibrocytes to the pressure-overloaded heart was consid-
ered to be CCL2- and CXCL12-dependent [60]. However, interrupting
the signaling of CCR2 and CXCL4 via genetic and pharmacological inter-
vention, respectively, did not reduce the invasion of fibroblasts in hearts
of mice that were stimulated with Ang II for 3 days [61]. This illustrates
that the gaps in our knowledge on themediators attracting fibrocytes to
the injured heart need to befilled before successful interventions can be
performed.

Sun et al. showed that Cathepsin-L is a crucial regulator of fibrocyte
mobilization and MF accumulation, as demonstrated by using
Cathepsin-L knockout mice in a permanent ligation MI model [62]. An
alternativeway to restrictfibrosis byfibrocyteswould be theprevention
of their transdifferentiation. In mice exposed to daily short bouts of is-
chemia followed by reperfusion - a protocol that induces diffuse inter-
stitial fibrosis - administration of serum amyloid P (member of the
Pentraxin family) was shown to completely prevent cardiac fibrosis.
This was accompanied by a marked reduction of CD45+ fibroblasts,
known to be of myeloid origin [14]. This observation underscores that
selective intervention in an adverse fibrotic mechanismmay be feasible
without interfering with beneficial fibrotic mechanisms.

6.2. EMT: epicardial activation and transdifferentiation

Epicardial cells respond to cardiac injury by reactivating a develop-
mental gene expression program. It is therefore tempting to speculate
that these activated epicardial cells can migrate into the myocardium
and can - via EMT- differentiate into CF in a fashion similar to the pop-
ulation of the myocardium with EPDCs during development. Several
members of the TGFβ superfamily have been shown to regulate EMT,
but there are many other factors that can control EMT. These include
Wt1, thymosin β4, canonical Wnt signaling, PDGF and periostin [21].
In addition, Bronnum et al. showed recently that a complex crosstalking
mechanism between the transcription factor Islet-1, microRNA-31 and
β-catenin might be in place to regulate cardiac EMT [63]. The next
stepwill be to study the effect of interventions in thesemediators, either
alone or in combination, on the contribution of EPDCs to the fibrosis in
different models of cardiac remodeling.

6.3. Mesenchymal stem cell transdifferentiation

MSCs have been extensively studied in the context of cardiac regen-
eration by cell transplantation. A population of small precursor cells ex-
pressing primitive markers such as TERT, Nanog and CD34, but also
fibroblast characteristics such as Collagen-I and DDR2, has been identi-
fied in the adult heart. At present, little is known about the growth fac-
tors and/or chemokines that induce the selective proliferation and
migration of these cells and promote their transdifferentiation into
(myo)fibroblasts. Cosentino et al. demonstrated that the GPR17
receptor is expressed in cells of mesenchymal origin and that it is
co-localized with αSMA in the infarct area early in the wound healing
process; this implyes that GPR17 could be playing a major role in the
transdifferentiation of MF [64]. The potential role of pigment
epithelium-derived factor (PEDF) in the transdifferentiation of MSCs
to CF was reported by Liang et al., especially in aged MSCs [65]. Recent
reports show that leptin [66], non-muscle myosin II (NMMII) [67] and
adenosine A2B receptor [68] could also be implicated in MSC to MF
transdifferentiaton. Lastly, one other mediator that has been suggested
to trigger transdifferentiation of MSCs towards fibroblasts is insulin
[69]. Elevated insulin levels tend to increase with age, which could
serve as an explanation for the increased fibrosis in older hearts.
However, as insulin does not appear to be a useful candidate for inter-
ventions in vivo, the underlying signaling pathway(s) will need to be
further explored in order to develop this into a feasible intervention.

7. Conclusion

Cardiacfibrosis is a common process in the response of the heart to a
plethora of stimuli. The appearance ofMF is one of the common denom-
inators in the fibrotic response. In some cases this response is required
to preserve cardiac integrity and maintain an adequate function but in
other cases it is detrimental and contributes to the development of dys-
function and heart failure. Recently, it has become clear that the classical
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view on cardiac fibrosis that MFs can only be derived from resident
fibroblasts needs to be revised. In this review, we provide an overview
of studies showing that MFs can be derived from various sources and
that the contribution of these diverse progenitors to the pool of MF
may vary in different forms of cardiac fibrosis. This knowledgemay pro-
vide us with tools for selective intervention in the fibrotic response,
targeting”bad” fibrosis but leaving the “good” fibrosis unaffected. How-
ever, there are several gaps in our knowledge that need to be filled be-
fore we can consider such an approach in the clinical setting. First, the
vast majority of studies presented in this review are based on animal
models of cardiac remodeling, mainly rodents. At present, we still
have to find out how the concepts derived from these studies translate
to humans. Complicating matters even further, different forms of fibro-
sis may go hand in hand in a single patient suffering from different
cardiovascular disorders, e.g. hypertension and MI, as well as other co-
morbidities. Second, despite the different origin of the MF progenitors,
many of the molecular mediators are common in the different forms
of fibrosis. A better understanding of the molecular signaling pathways
that induce the transdifferentiation of theMF phenotype from its differ-
ent precursors will be essential to developmore precise interventions in
the fibrotic response, allowing the attenuation of the noxious fibrosis
while retaining or even stimulating the beneficial aspects of the fibrotic
response.
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