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Myofibroblasts in the Infarct Area:
Concepts and Challenges

Evangelos P. Daskalopoulos, Ben J.A. Janssen, and W. Matthijs Blankesteijn*

Department of Pharmacology, Cardiovascular Research Institute Maastricht, Maastricht University,
50 Universiteitssingel, 6229ER Maastricht, P.O. Box 616, 6200MD Maastricht, The Netherlands

Abstract: Myofibroblasts are differentiated fibroblasts that hold a key role in wound healing and remodeling
following myocardial infarction ~MI!. A large repertoire of stimuli, such as mechanical stretch, growth factors,
cytokines, and vasoactive peptides, induces myofibroblast differentiation. Myofibroblasts are responsible for the
production and deposition of collagen, leading to the establishment of a dense extracellular matrix that
strengthens the infarcted tissue and minimizes dilatation of the infarct area. In addition, cells contributing to
fibrosis act on sites distal from the infarct area and promote collagen deposition in noninfarcted tissue, thus
contributing to adverse remodeling and consequently to the development of congestive heart failure ~CHF!.
Current drugs that are used to treat post-MI CHF do influence fibroblasts and myofibroblasts; however, their
therapeutic efficacy is far from being regarded as ideal. Novel therapeutic agents targeting ~myo!fibroblasts are
being developed to successfully prevent the cardiac remodeling of sites remote from the infarct area and
therefore hinder the establishment of CHF. The purpose of this review article is to discuss the basic concepts of
the myofibroblasts’ actions in cardiac wound healing processes, factors that influence them, currently available
pharmacological agents, and future challenges in this area.
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INTRODUCTION

The normal adult heart is comprised of cardiac myocytes,
making approximately 75% of the tissue volume, and non-
cardiomyocytes. However, cardiomyocytes are the minority
of the cell population of the heart; nonmyocyte cells out-
number them and exact numbers vary between species. The
cardiac fibroblasts are the predominant nonmyocyte cells,
with endothelial and vascular smooth muscle cells existing
in smaller proportions ~Nag, 1980; Camelliti et al., 2005;
Baudino et al., 2006!. The interplay among these cells is
extremely important for the developing heart, as well as for
its normal function. Hence, factors that can affect the num-
bers and functioning of these cells can have major effects on
the structure, physiology, and normal performance of the
heart tissue ~Baudino et al., 2006!.

Until the late 1970s, cardiovascular research was fo-
cused only on the cardiomyocytes, and the significance of
the nonmyocyte cells in the normal and pathological physi-
ology of the heart was ignored. From then on, various
research groups produced seminal research on the role of
the fibroblasts ~Zak, 1974; Nag, 1980! and myofibroblasts
~Gabbiani et al., 1971! and defined them as critical and
integral regulators of the cardiac heart function.

In this review article, we will give a detailed insight into
the basic concepts and characteristics of the cardiac myofi-
broblast, including its origins, morphology, distribution,

functions, and properties. We will also discuss its signifi-
cance in the wound healing after a myocardial infarction
~MI!, the pathological remodeling, and its crucial role in the
development of congestive heart failure ~CHF!. Lastly, we
will summarize the effects of current pharmacological treat-
ments of CHF on fibroblasts and myofibroblasts and the
future promising challenges in this area.

MYOCARDIAL INFARCTION AND WOUND
HEALING

Myocardial infarction is one of the leading causes of mortal-
ity and morbidity in the Western societies. According to a
WHO report, cardiovascular diseases are the most impor-
tant causes of death globally, and it was estimated that in
2004 alone coronary heart disease was the cause of approx-
imately 7.2 million deaths worldwide ~WHO, 2011!. An
infarct is the result of an occlusion of a coronary artery, due
to a thrombus or a ruptured atheromatous plaque; blood
flow to the affected region of the myocardium is
inadequate—or even totally obstructed—and this can lead
to ischemia and death of cardiomyocytes ~Cleutjens et al.,
1999!. The extent of the damage to the myocardium de-
pends on the location of the occlusion, on its severity, and
the time taken for the artery to be re-perfused ~by itself, by
the use of thrombolytics, or by percutaneous coronary
intervention! ~Akasaka, 2010; Campbell & Hilleman, 2010!.

The wound healing of the infarcted myocardium is a
dynamic process that comprises a series of events that
consequently lead to the removal of the injured tissue and
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the establishment of a scar. Generally, the process of the
cardiac wound healing in humans can be divided into four
distinct phases. The loss of cardiomyocytes constitutes the
first phase. Death of the myocytes occurs via necrosis ~cell
swelling, also known as oncosis! and apoptosis ~cell shrink-
age!, with apoptotic death reaching a peak 6–8 h after an
infarct in humans, as well as in rats ~Cleutjens et al., 1999!.
Adult cardiomyocytes do not have the ability to divide or
recuperate, and so the substitution of lost myocytes after
the infarction is very limited at best ~Soonpaa et al., 1995!.

Necrosis causes intracellular constituents of myocytes
to leak, and this induces the initiation of exudative inflamma-
tion ~Buja & Vela, 2008!, which is the second phase of wound
healing. The acute inflammatory phase occurs approximately
12–16 h after an infarct in a human heart and is defined by
the up-regulation of a vast amount of cytokines and chemo-
kines ~e.g., Interleukin-1b @IL-1b# , Interleukin-6 @IL-6# ,
Interleukin-8 @IL-8# , Interleukin-18 @I-18# , Tumor Necrosis
Factor-a @TNF-a# , etc.!, as well as adhesion molecules ~e.g.,
ICAM-1, E-selectin! ~Dewald et al., 2004; Dobaczewski et al.,
2006; Frantz et al., 2009!. The infarct area is infiltrated by
polymorphonuclear leukocytes ~or granulocytes! that ex-
hibit a dual function: they remove dead cardiomyocytes and
debris and also attract other types of inflammatory cells in
the area, such as lymphocytes and macrophages. Peak num-
bers of granulocytes are reached approximately 48 h after an
infarct in humans, while this occurs earlier in mice ~Cleutjens
et al., 1999; Dewald et al., 2004!. The inflammatory cells that
infiltrate the area ~neutrophils, monocytes/macrophages! re-
lease proteolytic enzymes and reactive oxygen species that
lead to a secondary “wave” of cardiomyocyte death ~Nahren-
dorf et al., 2010!.

The third phase of the healing of the injured myocar-
dium is defined by the deposition of granulation tissue
~Cleutjens et al., 1999!. The trigger for the initiation of this
phase is the release of anti-inflammatory cytokines, such as
Transforming Growth Factor-b ~TGF-b!. The latter is a key
player in this stage because it diminishes the adhesive action
of the inflammatory cells and stimulates the fibroblasts to
differentiate into myofibroblasts ~Rosenkranz, 2004!. Its im-
portance will be discussed in more detail later in this review
article. During this stage, mesenchymal cells infiltrate the
area and myofibroblasts start surrounding the infarcted area
and deposit extracellular matrix ~ECM!. The deposition of
ECM aims to retain the structural support and morphology
of the cardiac tissue ~Dobaczewski et al., 2006!. Another
characteristic phenomenon taking place during the third
phase of the wound healing is the neovascularization of the
infarct area. The formation of new vessels develops within a
few days after an infarct, and its goal is to assist the reperfu-
sion of the injured site with blood ~Ren et al., 2002; Dewald
et al., 2004; van der Laan et al., 2009!. The granulation
tissue phase can extend for approximately 1 to 2 months in
humans while it lasts only for a few weeks in murine
myocardium ~Cleutjens et al., 1999!.

Finally, the fourth stage of the cardiac tissue healing is
characterized by the maturation of the granulation tissue

into a stabilized scar. The reconstructed fibrotic tissue is
rich in ECM and fibroblast-like cells, but there is rarely any
presence of inflammatory cells approximately 1 month after
the infarction ~Dewald et al., 2004; Dobaczewski et al.,
2006!. Myofibroblast numbers start decreasing after the 7th
day post-reperfusion ~Dobaczewski et al., 2006!. However, a
study in human MIs demonstrated that myofibroblasts may
persist in the area even up to 17 years after the infarction
~Willems et al., 1994!. Early removal ~e.g., due to apoptosis!
of the fibroblast-like cells usually leads to poor healing of
infarcts; hence, the persistence of the myofibroblasts in the
infarct area is of vital importance ~van den Borne et al.,
2010!.

Infarct healing and myofibroblast content appear to be
genetically controlled. Recently, we demonstrated substan-
tial differences between the cardiac remodeling of five dif-
ferent mouse strains. The number of myofibroblasts present
in the scar post-MI was negatively associated with end
diastolic volume ~EDV! and ejection fraction ~EF!. These
results confirmed that myofibroblasts counteract the dilata-
tion of the infarct area and so restrict the development of
CHF ~van den Borne et al., 2009b!.

FIBROBLASTS, MYOFIBROBLASTS, AND
THEIR ROLE IN WOUND HEALING

Fibroblasts are cells of mesenchymal origin that produce
connective tissue and are found in a wide range of tissues of
all vertebrates. They are flat, spindle-shaped cells with an
elliptical-shaped nucleus ~Camelliti et al., 2005!, a large
Golgi apparatus, and an extended rough endoplasmic retic-
ulum ~Souders et al., 2009!. One of their characteristics is
that they show extensive heterogeneity in phenotypes de-
pending on the tissue, but studies in the lung and skin have
shown that they are heterogeneous even within the same
anatomical site, depending on the condition ~physiological
or nonphysiological! ~Fries et al., 1994; Sorrell & Caplan,
2004!. Fibroblasts have no specific cellular markers; hence,
their identification in histological studies is not an easy task
~Souders et al., 2009!. Their activated forms are the myofi-
broblasts, which are normally not found in the healthy adult
heart ~Sun & Weber, 1996!.

Myofibroblasts do not originate solely from pre-existing
locally present fibroblasts that differentiate into the acti-
vated form. Myofibroblasts have been shown to arise through
various other processes ~Fig. 1!, such as via endothelial-
mesenchymal transition ~Zeisberg et al., 2007! and epithelial-
mesenchymal transition ~Potts & Runyan, 1989!. Moreover,
myofibroblasts can originate from fibrocytes or pericytes.
The first are bone-marrow-derived cells that have extensive
structural and functional similarities to the myofibroblasts
~Bellini & Mattoli, 2007!. Circulating fibrocytes can respond
to TGF-b, endothelin-1 ~ET-1!, or various interleukin sig-
nals and undergo differentiation into myofibroblasts ~Striet-
er et al., 2009!. On the other hand, pericytes are extensively
branched cells that are located in capillaries and other small
blood vessels. Pericytes can dissociate from the walls of the
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blood vessels, migrate, and differentiate into the myofibro-
blast phenotype ~Diaz-Flores et al., 2009!. At present, the
contribution of the different precursor cells to the actual
myofibroblast population in the infarct area is far from
clear.

Under physiological conditions, fibroblasts maintain
the structure of the heart tissue by balancing the production
of ECM, ECM-degrading metalloproteinases ~MMPs!, and
tissue inhibitors of metalloproteinases ~TIMPs! ~Porter &
Turner, 2009!. Following MI and the injury that is associ-
ated, fibroblasts differentiate into the proto-myofibroblast
form and then to myofibroblasts ~Hinz & Gabbiani, 2003;
Baum & Duffy, 2011!. The transition from the fibroblast to
the proto-fibroblast phenotype is mainly driven by mechan-
ical tension in the ECM. The main characteristics of the
proto-myofibroblast phenotype ~not present in fibroblasts!
are the increased expression of fibronectin ~especially the
splice variant with the extra-domain A @ED-A# module! and
the presence of mature focal adhesions. Proto-myofibroblast
focal adhesions contain b- and g-actin microfilaments that

are associated with nonmuscle myosin; however, these inter-
mediate cells do not express a-smooth muscle actin ~a-
SMA! ~Meran & Steadman, 2011!. Under the influence of
sustained mechanical tension and the presence of TGF-b,
proto-fibroblasts eventually differentiate into mature myofi-
broblasts. The differentiated myofibroblasts are character-
ized by the de novo expression of a-SMA ~Wang et al.,
2006!, which increases their contractibility ~Hinz et al.,
2001!, and the increased expression of ED-A fibronectin
and hyper-mature focal adhesions ~Tomasek et al., 2002!.

Myofibroblasts are responsible for the “fine-tuning” of
the collagen turnover and have been proven to possess a key
role in the wound healing and remodeling process that
follows an ischemic episode, such as MI ~Porter & Turner,
2009!. They are attracted to the infarct area by a variety of
factors and start producing a precursor of collagen, called
pro-collagen, which is transformed into its active form
~collagen, mainly types I and III! with the aid of pro-
collagen proteinases ~Prockop & Kivirikko, 1995!. Collagen,
along with various proteins, such as fibronectin, proteogly-

Figure 1. The myofibroblast precursors. In response to specific stimuli, a wide range of cells can undergo differentia-
tion. Myofibroblasts originate mostly from resident fibroblasts, but also from epithelial cells ~epithelial-mesenchymal
transition!, endothelial cells ~endothelial-mesenchymal transition!, or fibrocytes ~mesenchymal progenitors!. These cells
first differentiate into an intermediate form ~proto-myofibroblast! and under the influence of sustained mechanical
stress, TGF-b1, and/or fibronectin ED-A, the intermediate fibroblast differentiates to the activated myofibroblast.
TGF-b1, transforming growth factor b1; fibronectin ED-A, fibronectin extra-domain A.
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can, elastin, matricellular proteins, cytokines, growth fac-
tors, proteases, etc., constitute the ECM ~Holmes et al.,
2005; Fomovsky et al., 2010; Matsui et al., 2010!. These
components form a three-dimensional matrix that serves
crucial purposes, such as filling the spaces that the dead
cardiomyocytes left void and so maintaining the architec-
ture of the cardiac tissue and developing the scar that will
heal the wound. Moreover, the ECM transmits chemical,
mechanical, and electrical signals between the myocyte and
nonmyocyte cells of the injured heart tissue ~Holmes et al.,
2005!. ECM is deposited first in the border zone ~located
between infarcted and noninfarcted area! and then in the
center of the infarct ~Fig. 2! ~van den Borne et al., 2009a!.
The increased deposition of collagen is regarded as a key
adaptive response of the heart tissue to the cardiac injury.
The infarction initiates a series of complex paracrine/
hormonal responses that lead to changes in the composi-
tion and structure of the collagen network of the heart
tissue, leading to fibrosis of the infarct area. An overview of
the characteristic functions of the myofibroblast can be
found in Figure 3.

A broad spectrum of stimuli can activate the myofibro-
blasts: mechanical, electrophysiological, chemical, and mis-
cellaneous stimuli.

Mechanical Stimuli
The myofibroblasts detect mechanical stimuli and respond
immediately by ECM production and deposition. Cyclic
mechanical stretch causes an increase in the expression of
Collagen I and III ~Husse et al., 2007!. Other ECM proteins,
such as proteoglycans, elastin ~Fomovsky et al., 2010!, cyto-
kines, and growth factors, are also affected. It seems that the
orientation of the collagen fibers is closely connected to
mechanical stretch and determines the resistance of the
myocardial scar. When large forces are applied during ven-
tricular systole, a poorly-healed scar faces the risk of ruptur-
ing ~van den Borne et al., 2009a!. Myocardial scar tissue
that demonstrates anisotropy ~i.e., unevenly orientated ECM
fibers and myofibroblasts! correlates with myocardial tissue
that is more resistant to mechanical stretching. Hence, an-
isotropic scars have better chances of preserving the func-
tion of the ventricle chambers ~Holmes et al., 1997; Fomovsky
& Holmes, 2010!.

Electrophysiological Stimuli
An important feature of myofibroblasts ~as well as their
“silent” forms the fibroblasts! is that they are nonexcitable
cells; hence, they cannot conduct an impulse. They form
junctions with other myofibroblasts and other cells such
as cardiomyocytes. These myofibroblast gap junctions are
composed of Connexins ~Cx43 and Cx45!, which show
structural differences compared to their cardiomyocyte coun-
terparts. Fibroblasts were found to express the nonphosphor-
ylated Cx43 form ~41 kDa!, whereas cardiomyocytes seem
to express mainly the phosphorylated Cx43 form ~44–46
kDa!. Cx45 also shows molecular weight differences be-
tween fibroblasts and cardiomyocytes; however, this discrep-
ancy is probably not due to phosphorylation status. The
levels of Cx43 seem to directly affect the proliferation of
fibroblasts, with increased Cx43 expression causing sup-
pressed proliferation of the myofibroblasts and vice versa
~Zhang et al., 2008!. Moreover, 40 years ago it was demon-
strated by Hyde et al. ~1969! that fibroblasts co-cultured
with cardiomyocytes in vitro form junctions and impulse
propagation is delayed. In the fibrotic heart, ECM and
myofibroblasts lie between cardiomyocytes. The expansion
of ECM creates gaps between cardiomyocytes, which may
lead to conductivity problems and consequently life-
threatening arrhythmias ~Rohr, 2009; Pellman et al., 2010!.
However, the establishment of serious arrhythmias is a
more complicated procedure, based not only on electrical
but also structural and contractile changes in the heart
~Pellman et al., 2010!.

Chemical Stimuli
A wide repertoire of chemical stimuli can activate the
myofibroblasts, including growth factors ~e.g., TGF-b!, vaso-
active peptides ~e.g., Ang-II, ET-1!, cytokines ~e.g., TNF-a,
interleukins!, and others. TGF-b is a multifunctional growth
factor, critical for cell proliferation, migration, differentia-
tion, and apoptosis ~Tomasek et al., 2002!. Its great impor-
tance is stressed by a study showing that approximately 50%

Figure 2. Microscopic images of ~A, B! mouse, ~C, D! rat, and
~E, F! pig myocardium. Binding of the a-SMA antibody ~Sigma-
Aldrich, St. Louis, MO, USA!, signifying a-SMA expression from
myofibroblasts. Panels A, C, and E correspond to sections taken
from noninfarcted areas, while panels B, D, and F are sections
from infarcted areas ~14 days post-MI!. The pig heart sections
were kindly provided by D.J. Duncker ~Erasmus Medical Center,
Rotterdam, The Netherlands!. Scale bar �100 mm; MI, myocardial
infarction; a-SMA, a-smooth muscle actin.
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of TGF-b1 knockout mice die before birth, due to improper
hematopoiesis and vascular development ~Dickson et al.,
1995!. Three genes expressing TGF-b exist ~TGF-b1, TGF-
b2, and TGF-b3!, with TGF-b1 being the predominant
form. It acts on two different types of receptors, activin
receptor-like kinase 1 ~ALK1! and activin receptor-like ki-
nase 5 ~ALK5!. The downstream effectors of TGF-b are
proteins called Smad. When TGF-b acts on its receptors,
Smads become activated, form complexes, translocate into
the cell nucleus, and modulate gene expression ~Leask &
Abraham, 2004; Hinz, 2007; Dobaczewski et al., 2011!. In
the cardiac tissue, TGF-b is regarded as the most important
regulator of the fibrotic response after MI. It modulates the
proliferation and migration of fibroblasts and stimulates
the fibroblast-to-myofibroblast differentiation ~Tomasek

et al., 2002; Bujak & Frangogiannis, 2007; Hinz, 2007;
Dobaczewski et al., 2011!. An interesting observation is that
TGF-b1 seems to suppress proliferation of fibroblasts in
humans, rats, and rabbits but has the opposite effect in
mouse fibroblasts ~Porter & Turner, 2009!. Additionally, it
facilitates ECM deposition in a triple fashion: it enhances
collagen secretion, it suppresses the MMPs ~which degrade
collagen!, and also induces tissue inhibitors of metallopro-
teinases ~TIMPs!, which inhibit MMP activity. Lastly, TGF-b
has a direct effect on the connective tissue growth factor
~CTGF!, an effect that also instigates fibrosis development
~Dobaczewski et al., 2011!.

Ang-II and the renin-angiotensin system ~RAS! as a
whole have been implicated in the modulation of the fibro-
blasts and the cardiac remodeling. Angiotensin converting

Figure 3. Functions of the differentiated myofibroblast. The activated myofibroblast can proliferate, migrate to the
infarct area, deposit collagen and ECM proteins, communicate with other cells such as cardiomyocytes, express a variety
of receptors ~Fzd2-R, AT1-R, b2-R, TGF-b1-R, TNF-R1/2, IL-R!, and secrete various stimuli ~Ang-II, TGF-b1, TNF-a,
IL-6/1b!. Because of this broad spectrum of functions, the myofibroblast constitutes the center of the healing process
following MI. ECM, extracellular matrix; Fzd2-R, frizzled-2 receptor; AT1-R, angiotensin-1 receptor; b2-R, b2-
adrenergic receptor; TGFb1-R, transforming growth factor b1 receptor; TNF-R, tissue necrosis factor receptor; IL6-R,
interleukin-6 receptor; IL1b-R, interleukin-1b receptor; Ang-II, angiotensin-II; TGF-b1, transforming growth factor b1;
TNF-a, tissue necrosis factor a; IL-1b/IL-6, interleukin-1b/interleukin-6; Cx, connexins.
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enzyme ~ACE! and the angiotensin II receptors, type 1 ~AT1
receptors! are actively expressed by myofibroblasts during
the fibrotic repair following MI ~Sun & Weber, 1996!. Ang-II
promotes the proliferation and differentiation of fibroblasts
and mediates ECM deposition, and this seems to be con-
trolled via AT1 receptors, while a direct link between Ang-II
and TGF-b1 is hypothesized ~Sun et al., 1998; Lijnen et al.,
2001; Rosenkranz, 2004!. Administration of drugs that pro-
hibit Ang-II signaling ~ACE inhibitors and AT1-receptor
antagonists! after MI are associated with suppressed TGF-b
levels ~Sun et al., 1998; Yu et al., 2001!.

A broad range of cytokines, such as interleukins and
TNF-a, affects the fibroblast directly. Interleukin-6 ~IL-6! is
implicated in cell growth, differentiation, and apoptosis and
has been shown to be present in cardiac fibroblasts, as well
as in myocytes ~Banerjee et al., 2009!. IL-6 enhances fibro-
blast proliferation but has a negative action on collagen
deposition because it reduces synthesis of collagen I and III
and induces the secretion of MMPs ~Siwik et al., 2000!.
Abnormally high levels of circulating IL-6 can have a direct
effect on cardiac fibrosis, and the soluble IL-6 receptor
~sIL-6R! is fundamental for the increased collagen deposi-
tion by cardiac fibroblasts, as well as the cardiac fibroblast-
to-myofibroblast differentiation ~Dixon, 2010; Melendez
et al., 2010!. Cardiotrophin-1 ~CT-1!, a member of the IL-6
cytokine family, has been shown to activate various signal-
ing pathways, such as JAK/STAT, MAPK, and PI3K/Akt, and
so to induce protein synthesis in fibroblasts ~Freed et al.,
2003!. CT-1 presence initiates myofibroblast migration and
proliferation, as well as stimulating migration and prolifer-
ation of nonmyocyte cells ~fibroblasts and others! from the
area surrounding the infarct scar, thus maintaining the
repopulation of the scar area ~Freed et al., 2005!.

Interleukin-1b ~IL-1b! induces hypertrophy of cardio-
myocytes, but it suppresses the proliferation of rat cardiac
fibroblasts ~Palmer et al., 1995!. It also has a profound
anti-fibrotic effect by causing elevated MMP expression and
suppression of collagen deposition ~Siwik et al., 2000!.
Its complex character is confirmed by the modulatory effect
of IL-1b on RAS, as it increases the expression of the
AT1 receptor ~Gurantz et al., 2005!. On the other hand,
interleukin-1a ~IL-1a! is another pro-inflammatory cyto-
kine that is found elevated in the heart post-MI. Two
studies by the group of Turner et al. on cultured human
myofibroblasts have shown that IL-1a stimulates the expres-
sion of IL-1b, IL-6, and TNF-a ~Turner et al., 2009!, while it
instigates the expression of four different MMPs and also
the expression of TIMP-1 in human cultured myofibro-
blasts ~Turner et al., 2010!.

Additionally, interleukin-17 ~IL-17! and interleukin-18
~IL-18! also exhibit a modulatory effect on the cardiac
fibroblast. IL-18 seems to cause a significant increase in the
collagen deposition, while it induces proliferation and mi-
gration of rat cardiac fibroblasts exposed to it ~Fix et al.,
2011!. On the contrary, IL-17 induces primary cardiac
fibroblast migration and modulates MMP expression; hence,
it seems to be important for the fibrosis that follows a

myocardial insult ~Cortez et al., 2007!. Finally, the data for
interleukin-10 ~IL-10! are conflicting because in one study
it was shown that IL-10 does not seem to play a role in
deposition of ECM after MI ~Zymek et al., 2007!, while a
more recent study demonstrates that IL-10 can suppress the
inflammatory response and have anti-fibrotic effects ~Krish-
namurthy et al., 2009!.

TNF-a is a pro-inflammatory cytokine that is ex-
pressed in the human cardiac fibroblast. According to Porter
et al. ~2004a!, TNF-a induces the expression, the prolifera-
tion, and the migration of various MMPs. Its suppressive
effect on the ECM deposition is also reported by Siwik et al.
~2000! in an in vitro study involving rat cardiac fibroblasts.
In the same way with IL-1b, TNF-a is involved in the
control of the RAS, and this is done by an enhancing action
on rat AT1 receptors ~Gurantz et al., 2005!.

Miscellaneous Stimuli
Fibronectin is one of the main ECM components. When an
ED-A module is inserted into the fibronectin structure, the
latter is transformed into the ED-A fibronectin ~ED-A FN!
splice variant. This splice variant exhibits increased adhesive
properties and allows adhesion between fibronectin and the
cells of the cardiac tissue. This is crucial for the TGF-b-
mediated fibroblast-to-myofibroblast differentiation ~Manabe
et al., 1997; Serini et al., 1998!. Further, hyaluronan ~HN! is
a glucosamine that utilizes CD44 in order to associate with
cells ~Ponta et al., 2003!. A blockade of HN in fibroblasts
inhibits the a-SMA expression during the differentiation of
the myofibroblasts, and this implies that HN is essential for
the maintenance of the myofibroblast phenotype ~Webber
et al., 2009!. Lastly, osteopontin ~OPN! is regarded as an
important protein that is involved in the wound healing
process post-MI. The expression of OPN is induced in
murine infarcts but also in sites remote from the infarct
area ~Trueblood et al., 2001!, and it appears to modulate
differentiation and activity of myofibroblasts. Thus it has a
fundamental role in the myocardial remodeling after a
myocardial injury ~Lenga et al., 2008!.

ADVERSE MYOCARDIAL REMODELING AND
THE DEVELOPMENT OF CONGESTIVE HEART
FAILURE

Congestive heart failure is one of the most serious health
burdens for western societies. The prevalence in the United
States is over 5.8 million, while there are more than 23
million patients suffering all over the world. Lifetime risk of
developing heart failure at the age of 40 years is close to
20% in both men and women ~Bui et al., 2011!. According
to the latest American Heart Association Report, survival
for patients with a CHF diagnosis has improved in the last
years; however, the mortality rate remains high; approxi-
mately 1 in 2 patients diagnosed with CHF dies within 5
years. It is characteristic that in the year 2007, about 11% of
the total deaths ~277,193 deaths! in the United States in-
volved heart failure. The cost for the treatment and manage-

40 Evangelos P. Daskalopoulos et al.

https://doi.org/10.1017/S143192761101227X
Downloaded from https://www.cambridge.org/core. Universiteit Maastricht, on 03 Dec 2021 at 11:51:15, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S143192761101227X
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


ment of patients diagnosed with CHF is also a serious
issue—in 2007, more than 3 million patients were hospital-
ized in the United States ~Roger et al., 2011!, and the total
cost due to CHF admissions was U.S.$39 billion per year
~Bui et al., 2011!. As reported in a study by Wexler et al.
~2001!, more than 4 in 10 patients first diagnosed with CHF
were readmitted within 6 months, with each admission
costing more than U.S.$7,000 per patient to the U.S. health
care system. One of the major causal factors of CHF is
myocardial infarction ~McMurray & Pfeffer, 2005!.

The healing process of the injured myocardium is a
phenomenon that causes drastic molecular, structural, and
functional alternations in the area of the infarct, as well as
in areas remote from the infarct site ~noninfarcted left
ventricle @LV# or even right ventricle @RV# ! ~Cleutjens et al.,
1999!. Pathologic ventricular remodeling is associated with
the activation of a plethora of neuroendocrine, paracrine,
and autocrine factors, such as the renin-angiotensin-
aldosterone system ~RAAS!, the adrenergic nervous system,
increased oxidative stress, inflammatory cytokines and
chemokines, immune response cells ~neutrophils!, macro-
phages, ET-1, etc. ~Frantz et al., 2009; Konstam et al., 2011!.
In the beginning, the remodeling of the ventricular wall is
associated with changes in the architecture of the ventricles
~increased chamber volume!, which is an adaptive mecha-
nism aiming to sustain the cardiac output at normal levels.
The scar in the infarct area is elongated and becomes thin,
allowing for the volume of the ventricular chamber to be
augmented ~Konstam et al., 2011!. Later in the remodeling
process, cardiomyocytes in the noninfarcted sites become
hypertrophic and in some cases they might even double
their size ~Olivetti et al., 1994!, something that leads to a
decline in their performance ~Konstam et al., 2011!.

On the other hand, the irreversible fibrotic changes
are not restricted in the infarct site, but also occur in areas
that lie remotely of the infarct area. The replacement
fibrotic tissue is characterized by deposition of collagen
fibers with distorted cross-linking, which leads to stiffness
of the cardiac muscle and to a gradually worsening cardiac
performance ~Beltrami et al., 1994!. If left untreated, LV
hypertrophy, ventricular dilatation, and the declining con-
tractile ability due to fibrosis worsen progressively until the
heart becomes unable to fulfill its function, and CHF
develops ~McMurray & Pfeffer, 2005; Frangogiannis, 2006;
van den Borne et al., 2010; Konstam et al., 2011!.

CURRENT THERAPY FOR HEART FAILURE

Activation of the RAS has been extensively studied and has
a key role in normal and abnormal cardiovascular function.
The effector of this system is angiotensin II ~Ang-II!, which
activates its own receptors, AT-1 and AT-2 ~Kim & Iwao,
2000!. Cultured myofibroblasts obtained from infarct scar
tissue are found to express angiotensinogen, ACE, and AT
receptors ~Katwa et al., 1997!. This means that myofibro-
blasts have the ability to produce Ang-II de novo. Ang-II is
secreted by the activated myofibroblasts and regulates colla-

gen deposition and fibrosis of the myocardium ~infarcted
and noninfarcted!, leading to adverse remodeling and even-
tually heart failure as mentioned in a previous section
~Cleutjens et al., 1995!. The use of ACEI or AT-1 receptor
blockers in lab animals has been proven to attenuate this
effect and reduce mortality and morbidity ~Schieffer et al.,
1994; Taylor et al., 1998!. Moreover, a study by Yu et al.
~2001! showed that treatment with AT1-receptor blockers
and/or ACEI suppresses TGF-b expression in the infarcted
heart. A large number of seminal clinical trials in human
patients using ACEI, AT1-receptor blockers, or the combina-
tion of the two have proven that targeting of Ang-II pre-
vents the progression of the adverse remodeling of the heart
tissue and reduces the overall mortality and morbidity
following MI ~SOLVD Investigators, 1991; Kober et al.,
1995; McKelvie et al., 1999; McMurray et al., 2003; Pfeffer
et al., 2003!. The beneficial effect of the ACEI and the
AT1-receptor blockers seems to be achieved via the matura-
tion of the scar tissue in the infarct border zone, and the
minimization of the ECM deposition in areas that are far
from the infarct ~van den Borne et al., 2008!.

Another class of drugs also regarded as the gold stan-
dard in the treatment of CHF after MI is the b-adrenoceptor
antagonists. Post-MI, the activity of the sympathetic system
increases because there is loss of cardiomyocytes ~hence,
reduced cardiac output! and the blood supply of the various
organs has to be maintained in physiological levels ~Lefko-
witz et al., 2000!. The beta-adrenergic signaling pathway
and its stimulation by catecholamines are the most impor-
tant regulators of cardiac function ~Post et al., 1999!. Car-
diomyocytes express mainly the beta1-adrenoceptor;
however, the beta2-adrenoceptor is the predominant recep-
tor type in cardiac fibroblasts ~Meszaros et al., 2000!. Beta2-
antagonism is found to inhibit fibroblast proliferation
~Turner et al., 2003!; however, the effect of the beta-
adrenergic pathways on the myofibroblast differentiation
and the deposition of ECM has not been clarified yet
~Porter & Turner, 2009!.

The mineralocorticoid aldosterone is part of the ex-
tended RAAS. The group of Brilla et al. has done extensive
work on the mechanism connecting aldosterone and the
cardiac fibroblasts. Increased levels of aldosterone were found
to stimulate the proliferation of fibroblasts and induce the
synthesis of collagen, which has an inductive effect on the
interstitial fibrosis ~Brilla et al., 1994; Brilla et al., 1995!.
Another study confirmed that aldosterone increases colla-
gen type I synthesis in cardiac fibroblasts; however, it does
not seem to cause degradation of collagen, something that
is exhibited by Ang-II ~Zhou et al., 1996!. Moreover, high
levels of aldosterone have a direct effect on the in vitro
proliferation of human cardiac myofibroblasts, and this
may lead to cardiac fibrosis ~Neumann et al., 2002!. Interest-
ingly, a study on a rat model showed that low dose aldoste-
rone, which was administered intrapericardially, increased
the left ventricular epicardial interstitial collagen levels by
more than 70%. This change was not demonstrated by
intravenous low dose aldosterone injection. However, when
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higher doses of aldosterone were administered, this pattern
was reversed and intravenous infusion was the one that
caused an enhancement of epicardial interstitial collagen
levels in the LV, while intrapericardial infusion had no effect
~Minnaard-Huiban et al., 2008!. Two important clinical
studies designed by Pitt et al. have provided evidence for the
importance of aldosterone antagonism in the reduction of
mortality and morbidity in patients with heart failure. The
RALES study ~Pitt et al., 1999! in which spironolactone ~an
aldosterone receptor blocker! was administered and the
EPHESUS study ~Pitt et al., 2003! in which eplerenone ~a
selective aldosterone blocker! was used—both in addition
to the standard therapy ~ACEI plus loop diuretic!—showed
a substantial decrease in mortality and morbidity of pa-
tients suffering from heart failure.

Finally, the class of statins ~HMG-CoA reductases! has
lately been gaining more attention, as a useful co-treatment
for patients suffering from CHF. Statins are licensed for use
in hypercholesterolemia; however, experimental work has
shown that they might have direct effects on fibroblasts and
myofibroblasts—hence, they could assist in the treatment of
CHF. In a study by Porter et al. ~2004b!, simvastatin sup-
pressed the proliferation of human myofibroblasts. A study
with cardiac fibroblasts from dogs that had been treated with
simvastatin revealed that simvastatin decreased the fibroblast
a-SMA expression, and this was reversed when TGF-b was
administered. This observation implies that simvastatin can
suppress the fibroblast-to-myofibroblast differentiation
~Shiroshita-Takeshita et al., 2007!. This could be an interest-
ing challenge for the avoidance of fibrosis in areas remote
from the infarct; however, this might cause reduced fibrosis
in the infarct area, hence reduced healing in the infarct area,
with detrimental effects ~e.g., rupture of the infarct area!.

FUTURE OPPORTUNITIES FOR HEART
FAILURE THERAPY

Due to improved survival of patients after suffering a MI
and the increase in the life expectancy of the population in
the western world, it is estimated that the prevalence of
heart failure will rise ~Owan et al., 2006!. It is apparent that
the currently available drug therapies are quite successful in
reducing mortality and morbidity; however, they cannot
stop dilatation or cause regression of the adverse remodel-
ing of the heart tissue once this has begun. On the other
hand, they may cause significant side effects, which lead to
noncompliant patients and consequently reduced efficacy of
the therapies. Therefore, it is crucial that new, more effective
means of treatment are discovered.

Wnt/Frizzled-Pathway
One fast-growing field of research involves the Wnt/frizzled
~Wnt/Fzd! pathway in the regulation of myofibroblast ac-
tions. Since the discovery of the Wnt gene in the early 1980s
by Nusse and Varmus ~1982!, the Wnt/Fzd signaling path-
way has established its key role in many biological systems
and various pathological states, especially in the heart

~Blankesteijn et al., 2008; van de Schans et al., 2008!. Seminal
studies such as the one from McMahon and McMahon ~1989!
proved that the murine irp gene ~later renamed to Wnt-2! is
expressed in the heart tissue, while previous studies per-
formed in our laboratory ~Blankesteijn et al., 1997! associ-
ated the Fzd-2 receptor with the myofibroblast actions
post-MI and stressed its importance during the healing pro-
cess after an infarction. More recent studies demonstrate
that secreted frizzled related protein 2 ~SFRP2!—which is a
Wnt and Fzd modulator—reduces the collagen deposition
~He et al., 2010!. There is strong evidence that the largest
portion of the myofibroblasts present in the infarcted area is
of endothelial-mesenchymal-transition descent. It was dem-
onstrated that this transition is mediated by the canonical
Wnt signaling, hence playing a key role in the fibrosis of the
infarcted tissue ~Aisagbonhi et al., 2011!. Lastly, Wnt3a up-
regulates TGF-b expression via the canonical pathway ~b-
catenin! and so enhances significantly the differentiation of
the myofibroblast ~Carthy et al., 2011!.

An in vitro study by our group showed that manipula-
tions in the Wnt/Fzd signaling can induce myofibroblast
migration and differentiation, while it stressed that various
combinations of Fzd receptors ~rFzd-1 or rFzd-2! and Wnt
ligands ~Wnt3a or Wnt5a! exert distinct effects ~Laeremans
et al., 2010!. Further studies in this area involving in vitro
data indicate that a peptide fragment of Wnt5a ~named
UM206! acts as an antagonist for the Fzd-1/2 receptor and
can fully reverse the inhibitory effect of Wnt3a on fibroblast
migration and differentiation. Moreover, in a recent study,
in vivo administration of UM206 for 5 weeks in a MI mouse
model—started directly after the MI induction—showed
impressive results: UM206 upregulated myofibroblast num-
bers in the infarct area, lowered collagen production and the
expansion of the fibrosis increased neovasculogenesis, while
cardiac function markers ~EDV, EF! were improved and
death due to heart failure was completely prevented ~com-
pared to approximately 35% mortality after 5 weeks post-MI
in the control group! ~Fig. 4! ~Laeremans et al., 2011!. All
this information strengthens the hypothesis that blockade
of the Wnt/Fzd signaling pathway can serve as a novel and
promising therapeutic approach to prevent cardiac remod-
eling and heart failure after MI.

TGF-b Pathway
As mentioned in a previous section, the growth factor
TGF-b1 is upregulated in MI and cardiac hypertrophy and
is the key regulator in the process of the adverse cardiac
remodeling and fibrosis. So, TGF-b and its signaling path-
way could be interesting targets in the search of novel
treatment agents against remodeling of the cardiac tissue
~Ellmers et al., 2008; Dobaczewski et al., 2011!. One study
group demonstrated that the—late in the healing process—in
vivo blockade of the ALK5 receptor of TGF-b reduced
significantly the remodeling following MI ~Tan et al., 2010!.
TGF-b is involved in the beneficial early phase post-MI
~wound healing!, as well as the harmful late phase of the
fibrosis in areas remote from the infarct. Hence, blocking
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TGF-b early in the infarct healing process might have
detrimental effects on the matrix degradation, leading to
incompletely healed infarcts and cardiac dilatation. This
was exhibited by the group of Frantz et al. ~2008! that used
an anti-TGF-b antibody and showed that total block of
TGF-b aggravates left ventricular remodeling and increases
mortality in mice. Inhibiting TGF-b only in the late phase
allows the inflammatory phase to be completed normally,
while unwanted remodeling in the remote areas is avoided.
Moreover, TGF-b1 can activate another type of receptor, the
ALK1. The activated type I receptors mediate their effects
via phosphorylation of the Smad proteins, with Smad3
being of special importance ~Dobaczewski et al., 2011!. A
study by Bujak et al. ~2007! demonstrated interesting find-
ings, documenting that myofibroblasts are found in greater
numbers in Smad3-knockout mice compared to wild type;

however, knockout animal hearts show decreased remodel-
ing and less diastolic dysfunction. It seems that Smad3
absence prevents fibrosis in the noninfarcted myocardium
and hence reduces the adverse effects of the cardiac remod-
eling ~Bujak et al., 2007!. A recent in vitro study by Doba-
czewski et al. ~2010! showed that the Smad3-knockout
mouse fibroblasts are “mulfunctional,” in the sense that they
demonstrate decreased proliferation, migration, differentia-
tion to myofibroblast phenotype, and a-SMA expression.
All this information suggests that the Smad3 pathway could
be of great interest as a promising target for the prevention
of cardiac fibrosis and remodeling by minimizing fibrosis
and remodeling, while at the same time avoiding the harm-
ful effects of the remote fibrosis.

Furthermore, it is known that endogenous inhibitors of
TGF-b exist and so they could be of importance to the hunt
for novel heart anti-fibrotic agents. One of the TFG-b
inhibiting proteins is the c-Ski. This protein appears to
inhibit TGF-b via an effect on Smads ~Akiyoshi et al., 1999!.
An in vivo experiment with Sprague-Dawley rats indicates
that the 105 kDa form of c-Ski expression is found signifi-
cantly increased after a MI, compared to levels in sham-
operated animals. Moreover, induction of c-Ski in an in
vitro study of the same group demonstrated a significant
depression of myofibroblast a-SMA presence and deposi-
tion of collagen ~type I!, an effect that is associated to an
inhibition of Smad2. Increased levels of c-Ski seem to
inhibit the differentiation of fibroblasts to the myofibroblast
phenotype, which can have a critical effect on the inhibition
of fibrosis in the heart after a MI. Consequently, c-Ski could
be suggested as a likely therapeutic approach against the
cardiac remodeling ~Cunnington et al., 2011!.

NOX4
Another research area with a promising hypothesis as a po-
tential target for pharmacological intervention in the preven-
tion of adverse cardiac fibrosis is the NADPH oxidase ~NOX!.
Seven different NOX genes are identified in the human ge-
nome ~Sumimoto et al., 2005!; however, only two seem to be
expressed in cardiac fibroblasts and myofibroblasts, NOX2
and NOX4 ~Cave et al., 2006!. A study by Cucoranu et al.
~2005! showed that NOX4 upregulates a-SMA in human
cardiac fibroblasts in response to TGF-b1, and this is medi-
ated via the Smad2/3 transcription factor activator. The acti-
vation of Smad2/3 enhances the differentiation of fibroblasts
to myofibroblasts. Another study on a lung fibrosis mouse
model demonstrated that the elimination of the NOX4 gene
inhibits differentiation of myofibroblasts and consequently
hinders fibrosis ~Hecker et al., 2009!. A close relationship
seems to be in place among NOX4, TGF-b1, and the cardiac
myofibroblasts; however, more in vivo research is needed to
ascertain whether manipulation of NOX4 could be used as a
therapeutic approach to cardiac fibrosis.

miRNAs
Over the last years, miRNAs are gaining more and more
interest as innovative therapeutic strategies in the treatment

Figure 4. Wnt/Fzd-signaling pathway involvement in the cardiac
remodeling ~5 weeks post-MI! in a coronal view of mouse heart.
Blockade of Fzd1/2-receptors with UM206 after induction of MI
increases myofibroblast numbers and leads to reduced infarct
expansion and improved cardiac function. Treatment with saline
allows activation of the Wnt/Fzd-pathway, which gives rise to
diminished myofibroblast presence, expansion of infarct area, and
worsening of cardiac function markers. Scale bar � 3 mm; MI,
myocardial infarction; Fzd1/2-receptors, frizzled1/2-receptors.
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of various cardiovascular diseases. miRNAs are short ~ap-
proximately 22-nucleotide! noncoding RNAs that control
gene expression by either causing target mRNA degradation
or blocking translation ~Zhang, 2008!. Various examples of
miRNAs have been investigated, and some have been found
to be very promising in the battle against cardiac fibrosis. A
study by Thum et al. ~2008! demonstrates that expression of
miRNA-21 is found to be increased in the fibroblasts in
heart failure, something that seems to be mediated by
increased MAPK. Moreover, mice that had undergone trans-
verse aortic constriction ~TAC! and then were treated with a
miRNA-21 silencer ~antagomiR-21! showed decreased fibro-
sis and minimized left ventricular dilatation. Hence, silenc-
ing of miRNA-21 could be of therapeutic interest ~Thum
et al., 2008!. Another miRNA that might be of interest is
miRNA-29. Its expression was found to be inhibited in the
border zone of infarcted hearts. This could mean that
upregulation of miR-29 may be a good candidate for MI
therapy; however, the relationship is not clean-cut and more
research is needed on the role of miRNA-29 ~van Rooij
et al., 2008!. Lastly, two miRNAs—miRNA-30 and miRNA-
133—were shown to modulate the expression of CTGF and
so lead to decreased expression and deposition of collagen
fibers, while a depression in the levels of these two miRNAs
seems to be connected directly to a rise in CTGF levels and
so extensive fibrosis of the myocardium ~Duisters et al.,
2009!. There is still much to be done in this area because
miRNAs have not been tested in humans yet, and as a
consequence our knowledge regarding potential side effects
is still very limited.

Endothelin-1
Another field of interest in the battle against unwanted re-
modeling of the heart is endothelin-1 ~ET-1!. This is a vaso-
constrictor peptide that is expressed in cardiac fibroblasts
and myofibroblasts. It has been established that TGF-b stim-
ulates human lung fibroblasts via ET-1, and this in turn
triggers a-SMA and collagen production ~Shi-wen et al.,
2007!. Studying the effect of diabetes mellitus on cardiac
fibrosis, one group reported a stimulation of fibroblast emer-
gence from endothelial cells ~endothelial-to-mesenchymal
transition!, and this transition seems to be partially medi-
ated by ET-1 ~Widyantoro et al., 2010!. In addition, ETA and
ETB receptors are expressed in fibroblasts, and their activa-
tion leads to myofibroblast differentiation, increased ECM
deposition, and MMP activity suppression ~Guarda et al.,
1993; Katwa, 2003!. So, ET-1 seems to be a mediator in the
development of excessive scarring and fibrosis; therefore, an
agent acting as an ETA/ETB receptor antagonist could be a
useful means of halting the unwanted myocardial fibrosis
~Rodriguez-Pascual et al., 2011!. Animal studies showed that
the blockade of ETA has protective effects following MI. Use
of BQ123, a ETA-selective antagonist improved survival and
cardiac function in rats post-MI. The nonselective ETA/ETB

antagonist Bosentan also improved cardiac function and re-
duced dilatation. Early studies in humans demonstrated that
both Bosentan and BQ123 can also be beneficial in the pe-

riod after an infarction. However, the use of ETA blockade is
of limited use, due to its adverse renal effects. ET-1 is se-
creted locally in the kidneys ~causing diuresis and excretion
of Na�!, and total blockade could lead to fluid retention,
increase the blood pressure, and prove detrimental ~Rehsia
& Dhalla, 2010!, an observation made in a study with ETA/
ETB knockout mice ~Ge et al., 2008!. As a conclusion, further
studies are required in order to elucidate the ET antagonist-
related adverse effects, as well as the overall beneficial effect
of ET antagonism in humans.

Biglycan and Relaxin
Two new promising targets are biglycan and relaxin. Treat-
ment of primary cardiac fibroblasts with TGF-b in vitro
causes increased expression of the ECM component, bigly-
can. Moreover, biglycan-deficient male mice exhibit in-
creased a-SMA, TFG-b, and Smad2 expression, and the
cardiac fibroblasts differentiate to myofibroblasts. The abun-
dance of the activated myofibroblasts leads to increased
ventricular stiffness and adverse remodeling. Hence, the
biglycan could be a potential target in the battle against the
unwanted remodeling of heart tissue ~Melchior-Becker et al.,
2011!. Lastly, the endogenous hormone relaxin has been
proven to suppress the signaling of TFG-b1, halt the differ-
entiation of fibroblast to myofibroblast, and consequently
interrupt fibrosis and cardiac tissue remodeling ~Samuel
et al., 2011!. Administration of relaxin to rat cardiac fibro-
blasts inhibits their response to Ang-II and leads to reduced
collagen expression and a-SMA expression. The interrup-
tion of fibrosis in sites remote from the infarct area would
be beneficial in preventing myocardial stiffening. Relaxin
was also found to stimulate gelatinases ~or MMPs!, hence
contributing to the degradation of collagen and the attenu-
ated fibrosis. The interesting fact is that these MMPs con-
vert ET-1 into its active molecule ET-11–32 ~Grossman &
Frishman, 2010!, which is an agonist for ETB receptors, and
their activation leads to myofibroblast differentiation and
increased collagen deposition. Therefore, more research is
needed to ascertain what the net effect of relaxin on fibrosis
and cardiac remodeling is.

SUMMARY

Cardiac tissue is a dynamic environment in which cellular
and noncellular factors interact with each other under nor-
mal conditions or in pathologic states, such as following
MI. The interest for myofibroblasts has been constantly
growing because they are the cells producing collagen and
they lead to the healing of the wounded heart tissue after an
infarct. However, fibrosis might extend to noninfarcted sites
that are remote from the infarct area and cause adverse
remodeling of the cardiac tissue. This eventually leads to the
development of congestive heart failure, which can be le-
thal. Still, the exact underlying factors affecting myofibro-
blasts during wound healing post-MI are far from being
completely understood; hence, more research is needed in
this field. In Table 1, we have listed the challenges that will
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have to be faced to bring myofibroblast-directed pharmaco-
therapy to the next level. The currently available pharmaco-
therapeutic arsenal is far from being regarded as complete.
It reduces mortality and morbidity, but it has not been
successful in causing regression in already fibrotic and hy-
pertrophic cardiac tissues. Several promising therapeutic
tools—targeting the myofibroblast itself—have been devel-
oped and have shown encouraging results in the lab, but
their clinical value is yet to be evaluated. The ideal drug
therapy would offer an optimized wound healing with a
compact and minimized scar, while on the same time avoid-
ing the fibrosis remote from the infarct area and the ventric-
ular dilatation. An approach like this would be beneficial for
the entire heart and should be the challenge for the near
future.
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