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Abstract

Fibroblasts do not only serve as matrix-producing reparative cells, but exhibit a wide range of

functions in inflammatory and immune responses, angiogenesis and neoplasia. The adult

mammalian myocardium contains abundant fibroblasts enmeshed within the interstitial and

perivascular extracellular matrix. The current review manuscript discusses the dynamic

phenotypic and functional alterations of cardiac fibroblasts following myocardial infarction.

Extensive necrosis of cardiomyocytes in the infarcted heart triggers an intense inflammatory

reaction. In the early stages of infarct healing, fibroblasts become pro-inflammatory cells,

activating the inflammasome and producing cytokines, chemokines and proteases. Pro-

inflammatory cytokines (such as Interleukin-1) delay myofibroblast transformation, until the

wound is cleared from dead cells and matrix debris. Resolution of the inflammatory infiltrate is

associated with fibroblast migration, proliferation, matrix protein synthesis and myofibroblast

conversion. Growth factors and matricellular proteins play an important role in myofibroblast

activation during the proliferative phase of healing. Formation of a mature cross-linked scar is

associated with clearance of fibroblasts, as poorly-understood inhibitory signals restrain the

fibrotic response. However, in the non-infarcted remodeling myocardium, local fibroblasts may

remain activated in response to volume and pressure overload and may promote interstitial

fibrosis. Considering their abundance, their crucial role in cardiac inflammation and repair, and

their involvement in myocardial dysfunction and arrhythmogenesis, cardiac fibroblasts may be

key therapeutic targets in cardiac remodeling.
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1. Introduction

Fibroblasts are mesenchymal cells, abundantly distributed in connective tissues of most

organs. Although traditionally viewed as matrix-producing cells that become activated

following injury and participate in scar formation, fibroblasts have a diverse range of

functions and exhibit remarkable plasticity, undergoing dynamic phenotypic alterations in

response to changes in their microenvironment. Thus, the role of fibroblasts may extend

beyond their contribution to scar formation and matrix remodeling. Experimental studies

have suggested important fibroblast-mediated actions in regulating inflammation [1], in

modulating oncogenic potential [2] and in stimulating angiogenesis [3]. Unfortunately, the

lack of reliable tools for fibroblast-specific gene targeting has hampered efforts to

understand the role of fibroblasts in tissue homeostasis and in various pathologic conditions.

The adult myocardium contains a large population of quiescent fibroblasts, enmeshed into

the interstitial and perivascular matrix [4]. Due to their abundance, their strategic location

and their potential for activation, cardiac fibroblasts may serve as sentinel cells that sense

myocardial injury and trigger inflammatory and reparative responses. Because the adult

mammalian heart has negligible regenerative capacity, cardiac repair following sudden loss

of a large number of cardiomyocytes is dependent on the clearance of dead cells and on the

formation of a collagen-based scar. Thus, repair of the infarcted heart requires timely

activation of an inflammatory cascade to debride the wound from dead cells and matrix

fragments, followed by induction of matrix-preserving signals that induce deposition of

extracellular matrix. Tight temporal and spatial regulation of inflammatory and fibrogenic

pathways is needed to prevent overactive responses that may accentuate injury and promote

adverse remodeling and dysfunction. Fibroblasts undergo dynamic phenotypic changes

following myocardial infarction and are capable of regulating the inflammatory and

reparative cascade. Our review manuscript discusses the origin of fibroblasts in the healing

infarct, the molecular signals responsible for fibroblast activation in the healing infarct and

their involvement in repair and remodeling of the infarcted heart. Moreover, we identify

potential therapeutic targets that may hold promise for treatment of patients with heart

failure by interfering with fibroblast function.

2. Fibroblasts in cardiac homeostasis

Early experimental studies using scanning and transmission electron microscopy as well as

gradient centrifugation have suggested that fibroblasts may outnumber cardiomyocytes in

adult mammalian hearts [5], [6]. However, it is now appreciated that the relative numbers of

cardiomyocytes and non-cardiomyocytes in the myocardium are likely dependent on the

species studied, on the age, gender and genetic background of the subjects, and on the

technique and marker used for fibroblast identification [5], [6], [7], [8]. Recent

investigations using fluorescence activated cell sorting (FACS) analysis demonstrated that

the adult murine heart consists of 56% myocytes and 27% fibroblasts [7]. Although

fibroblasts are the predominant interstitial cells in normal mammalian myocardium, their

function in cardiac homeostasis remains poorly understood. During cardiac development,

embryonic fibroblasts may promote cardiomyocyte proliferation through interactions

involving β1 integrin signaling [9]. In the absence of injury, cardiac fibroblasts remain
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quiescent, and are presumably shielded from mechanical stress by the stable interstitial

extracellular matrix network. As matrix-producing cells, fibroblasts may be responsible for

preservation of the normal interstitial matrix. Loss of the transcription factor TCf21 in mice

results in failure to develop a cardiac fibroblast population and is associated with decreased

myocardial expression of collagens, highlighting the important role of fibroblasts in

generating and maintaining the structure of the cardiac interstitium [10]. Moreover, due to

their close association with cardiomyocytes, fibroblasts may transduce survival signals, or

may regulate the transmission of mechanical and electrical stimuli, thus contributing to

normal systolic and diastolic function of the ventricle. Cardiac fibroblasts exhibit abundant

expression of connexins in vivo and form highly coupled fibroblast:fibroblast and

fibroblast:cardiomyocyte networks [11]. Moreover, as mechanosensitive cells, fibroblasts

may function as independent sensors of alterations in the mechanical environment.

3. Repair and remodeling of the infarcted heart: temporal and spatial

considerations

Because fibroblasts promptly respond to alterations in their microenvironment,

understanding their phenotypic changes in the infarct requires knowledge of the pathology

of cardiac repair. Healing of the infarcted heart can be divided in three distinct, but

overlapping phases: the inflammatory phase, the proliferative phase and the maturation

phase [12]; each phase is associated with distinct fibroblast phenotypes. Massive necrosis of

cardiomyocytes in the infarcted heart triggers the inflammatory phase, which is

characterized by activation of innate immune signals that induce cytokine and chemokine

expression causing marked infiltration of the infarct with neutrophils and mononuclear cells.

Infiltrating leukocytes clear the infarct from dead cells and matrix debris [13]. In the healing

wound the inflammatory reaction is programmed to resolve: as neutrophils undergo

apoptosis, they are phagocytosed by macrophages that secrete potent suppressors of

inflammation, including Transforming Growth Factor (TGF)-β, Interleukin (IL)-10 and

proresolving lipid mediators (such as the lipoxins, resolvins, protectins and maresins) [14].

Repression of pro-inflammatory signals and induction of matrix-preserving mediators that

activate mesenchymal cells mark the transition to the proliferative phase of infarct healing.

At this stage the infarct is infiltrated with abundant fibroblasts and vascular cells; activated

myofibroblasts secrete matrix proteins and form the scar (Figure 1). Activation of poorly

understood STOP signals inhibits the fibrotic and angiogenic response preventing expansion

of fibrosis, and leads to the maturation phase of infarct healing, as the cellular elements

undergo apoptosis, and a mature scar comprised of cross-linked collagen is formed.

As the infarct heals, the ventricle undergoes geometric and functional changes, collectively

termed “post-infarction ventricular remodeling” [15]. Hypertrophy of the non-infarcted

segments, and dilation and increased sphericity of the chamber are the major geometric

alterations observed in the remodeling infarcted heart. In human patients, remodeling of the

infarcted heart carries important prognostic information and is associated with increased

mortality, a high incidence of arrhythmias and heart failure. Infarct size is a major

determinant of adverse remodeling (as larger infarcts are generally associated with worse

remodeling); however, the severity of post-infarction remodeling is also dependent on
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ventricular loading conditions and on the qualitative characteristics of the healing wound.

For example, prolonged activation of post-infarction inflammation increases protease

activity and is associated with enhanced dilative remodeling [16], whereas increased matrix

deposition results in a stiffer ventricle and causes diastolic dysfunction [17]. Activation of

cardiac fibroblasts in the infarct border zone and in the non-infarcted myocardium may play

an important role in the pathogenesis of post-infarction remodeling.

4. Fibroblasts during the inflammatory phase of healing

4.1. Are fibroblasts key inflammatory cells in the infarcted myocardium?

Twenty to thirty minutes of severe ischemia is sufficient to induce irreversible

cardiomyocyte injury. Thus, prolonged cessation of blood flow in myocardial infarction

causes extensive necrosis of cardiomyocytes in the area at risk. In contrast, interstitial non-

cardiomyocytes are much less susceptible to ischemic injury. Because of their resistance to

ischemic death, their wide distribution in the cardiac interstitium, their interaction with

cardiomyocytes and their potential as sources of pro-inflammatory mediators, fibroblasts are

ideally suited as sentinel cells that may sense myocardial injury, triggering an inflammatory

reaction (Figure 2). Although the inflammatory potential of cardiac fibroblasts is well-

documented in vitro [18], [19], [20], their relative contribution in activation of the post-

infarction inflammatory cascade remains unknown. Dissection of the potential role of

fibroblasts as inflammatory cells is hampered by two major problems. First, several other

cell types, including endothelial cells [21] and resident cardiac mast cells [22] have been

proposed as effector cells in triggering the post-infarction inflammatory cascade and are also

capable of secreting a wide range of inflammatory mediators. Second, in vivo studies

investigating the involvement of fibroblast-specific inflammatory signaling using

conditional targeting approaches are limited by the absence of specific and reliable markers

for cardiac fibroblasts [23]. The intermediate filament protein vimentin has been used as a

fibroblast marker in both normal and injured myocardium; however, other cells of

mesenchymal origin (including vascular endothelial and smooth muscle cells) also express

vimentin. α-Smooth muscle actin (α-SMA), a marker for transdifferentiated myofibroblasts

in the infarcted and remodeling myocardium, is also abundantly expressed in smooth muscle

cells. The calcium binding protein S100A4/Fibroblast-specific protein (FSP)-1 has been

widely used for fibroblast-specific gene disruption, but lacks specificity and is highly

expressed by hematopoietic and vascular cells [23]. The matricellular protein periostin is

selectively upregulated in activated fibroblasts infiltrating the infarcted and pressure-

overloaded heart and may be a promising marker for labeling activated fibroblasts following

cardiac injury [24], but does not identify the abundant fibroblast population in normal hearts

[23]. Thus, periostin-Cre mice may be a useful tool to study the role of specific molecular

signals in activated fibroblasts infiltrating sites of injury [25].

As a result of these limitations, most of the evidence implicating fibroblasts in the post-

infarction inflammatory response is descriptive. In mouse models of reperfused and non-

reperfused infarction, fibroblasts exhibit activation of the inflammasome [26], [27] the

molecular platform involved in caspase activation and in generation of active IL-1β. In vitro,

activation of the inflammasome in cardiac fibroblasts is mediated through reactive oxygen
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species (ROS) production and potassium efflux. Moreover, cardiac fibroblasts release large

amounts of pro-inflammatory cytokines, when stimulated with ATP [28].

4.2. Activators of inflammatory signaling in infarct fibroblasts

Regardless of the relative roles of various cell types in triggering post-infarction

inflammation, the pro-inflammatory environment of the early infarct profoundly affects

fibroblast phenotype and function. During the first 24–72h following infarction, cardiac

fibroblasts in the infarcted heart, acquire a pro-inflammatory phenotype secreting cytokines

and chemokines [27] and exhibit matrix-degrading properties. Several pathways may

activate inflammatory signaling in infarct fibroblasts. First, ROS may induce pro-

inflammatory signals in cardiac fibroblasts, while decreasing extracellular matrix protein

synthesis, and enhancing matrix metalloproteinase (MMP) activity [29]. However,

experimental in vitro studies do not consistently demonstrate matrix-degrading effects of

ROS on cardiac fibroblasts. ROS stimulation enhances collagen synthesis in rat cardiac

fibroblasts [30] and may stimulate matrix-preserving pathways by activating TGF-β
responses [31]. Second, cytokine stimulation may play a key role in fibroblast activation

during the inflammatory phase of cardiac repair. In vitro, IL-1β, Tumor Necrosis Factor

(TNF)-α and oncostatin-M promote an inflammatory phenotype in cardiac fibroblasts

inducing cytokine and chemokine synthesis [32], [20], [19]. Cytokines also regulate

synthesis of extracellular matrix proteins and modulate matrix metabolism by inducing

expression of matrix-degrading proteases [33], [34]. IL-1 appears to be a particularly

important regulator of fibroblast function in the healing infarct. IL-1β is markedly induced

in the infarcted myocardium [35], [36], [37] and mediates inflammatory signaling, while

promoting adverse remodeling through protease induction and activation [38], [39]. Recent

experiments from our laboratory suggested that IL-1β inhibits conversion of fibroblasts into

myofibroblasts in the healing infarct [40]. IL-1β may also inhibit fibroblast proliferation

[41], by modulating expression of fibroblast cyclins, cyclin-dependent kinases and their

inhibitors [42]. In the early infarct, the anti-fibrotic actions of IL-1 signaling may prevent

premature transformation of fibroblasts into matrix-producing cells, until the wound is

cleared from dead cells and matrix fragments. Whether other pro-inflammatory signals (such

as TNF-α and oncostatin) also regulate infarct fibroblast phenotype in vivo remains

unknown. In vitro experiments have demonstrated that, in addition to its pro-inflammatory

actions, TNF-α may indirectly favor fibrosis by stimulating upregulation of type 1

angiotensin II (AT1) receptors [43]. These actions highlight the multifaceted effects of some

pro-inflammatory cytokines that may promote acute inflammation, while setting the stage

for fibrotic responses.

4.3. Resolution of inflammation in cardiac repair. A role for the fibroblasts?

Healing of the infarcted heart is dependent on timely suppression of the inflammatory

reaction [13]. Repression of inflammatory gene expression and resolution of inflammation

following infarction do not simply reflect cessation of the effects of pro-inflammatory

signals, but require activation of endogenous inhibitory pathways that suppress

inflammation. Soluble mediators, such as TGF-β and IL-10, and activation of intracellular

STOP signals that inhibit innate immune responses (such as Interleukin Receptor Associated

Kinase-M) [44] have been implicated in suppression, resolution and containment of the post-
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infarction inflammatory reaction. Involvement of other mediators (such as pro-resolving

lipids) is speculated on the basis of their biological properties [14], but has not been

documented by experimental studies. Although all cells participating in cardiac repair are

likely involved in suppression and containment of the post-inflammatory reaction, the key

cellular effectors for this transition have not been identified. Inhibitory monocyte and

lymphocyte subsets and polarized macrophages are ideally suited as negative regulators of

the post-infarction inflammatory reaction. Whether fibroblasts become anti-inflammatory

cells in the healing infarct has not been established. However, considering their dynamic

phenotypic changes during the proliferative phase of healing, their responsiveness to

mediators that suppress inflammation, their abundance and strategic location in the infarct

border zone, fibroblasts may be important cellular effectors of suppression and containment

of post-infarction inflammation.

5. Fibroblasts during the proliferative phase

During the proliferative phase of healing, fibroblasts become the dominant cell type in the

infarcted myocardium and undergo dramatic phenotypic changes (Figure 3). Removal of

pro-inflammatory signals such as IL-1β and Interferon-γ-inducible Protein (IP)-10, allows

unopposed growth factor signaling in cardiac fibroblasts, promoting a matrix-preserving,

proliferative myofibroblast phenotype. High proliferative activity, migration through the

provisional matrix network of the infarct, expression and incorporation of contractile

proteins in the cytoskeleton and synthesis of both structural and matricellular extracellular

matrix proteins are the main characteristics of the fibroblasts during the proliferative phase.

5.1. Border zone myofibroblasts: the main matrix-synthetic cells in the healing infarct

Transition into the proliferative phase of infarct healing is characterized by infiltration of the

infarct border zone with activated myofibroblasts, phenotypically modulated fibroblasts that

express contractile proteins and exhibit an extensive endoplasmic reticulum, thus secreting

large amounts of matrix proteins [45], [46], [47]. Extensive infiltration of the infarct with

myofibroblasts is a consistent feature of the reparative response in all experimental models

of myocardial infarction. Rat [48], [47], mouse [36], rabbit [49], and canine [50] myocardial

infarcts exhibit large numbers of myofibroblasts in the border zone; myofibroblast

infiltration is a prominent characteristic in human myocardial scars [51]. Moreover,

myofibroblasts have been identified following myocardial injury, even in non-mammalian

species that exhibit extensive cardiac regeneration, such as the zebrafish [52]. Although

synthesis of α-smooth muscle actin (SMA) is considered the defining characteristic of

differentiated myofibroblasts, infarct myofibroblasts also synthesize other contractile

proteins (such as non-muscle myosin), but do not express smooth muscle cell-specific

proteins, such as smoothelin and the smooth muscle myosin isoforms SM1 and SM2 [50],

[53]. In reparative responses, early myofibroblasts may lack α-SMA expression, but have

stress fibers containing cytoplasmic actins, and develop mature focal adhesions comprised

of β- and γ-actin microfilaments, associated with nonmuscle myosin: these cells are called

“proto-myofibroblasts” [54]. Although these cells may represent an intermediate step in the

myofibroblast conversion process, α-SMA-negative cells with characteristics of proto-

myofibroblasts have not yet been identified in the infarcted myocardium.
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5.2. Where do infarct myofibroblasts come from?

Experimental studies provide evidence for several distinct sources of myofibroblasts in the

infarcted myocardium. Resident interstitial fibroblasts undergo proliferation and activation

[55], [56] in response to the local release of growth factors and represent a large pool of

cells capable of myofibroblast transdifferentiation following infarction [57]. Hematopoietic

progenitors and endothelial cells have also been proposed as potentially important sources of

myofibroblasts in models of infarctive and non-infarctive cardiac fibrosis. In a mouse model

of fibrotic interstitial cardiomyopathy induced by brief repetitive ischemia and reperfusion,

recruitment of fibroblast progenitors of hematopoietic origin has been documented [58],

[59]. In an infarction model, experiments using bone marrow transplantation with enhanced

GFP (eGFP)-labeled cells showed infiltration with numerous bone marrow-derived

fibroblasts [60]. Experiments using Tie1Cre; R26RstoplacZ mice, in which endothelial cells

and their descendants are marked by LacZ, and Fibroblast Specific Protein-1-GFP

transgenic mice to label fibroblasts were used to demonstrate that a significant number of

cardiac myofibroblasts derive from endothelial cells in models of cardiac fibrosis due to

pressure overload or chronic allograft rejection [61]. Unfortunately, because FSP-1 is not a

specific fibroblast marker [23], but is abundantly expressed by macrophages and endothelial

cells in remodeling hearts, these findings provide no conclusive evidence on the endothelial

origin of fibroblasts. Pericytes, smooth muscle cells and epicardial epithelial cells may serve

as alternative sources of fibroblasts [62]; however, their relative contribution in models of

cardiac injury remains poorly characterized. Although systematic studies examining the

source of myofibroblasts in the infarct are lacking, considering their abundance in the

cardiac interstitium, resident fibroblasts may be the most important source.

5.3. Molecular signals mediating myofibroblast transdifferentiation in the healing infarct

In the early stages of infarct healing, activation of IL-1 signaling inhibits α-SMA expression

by fibroblasts and may delay myofibroblast conversion until the infarct environment is

cleared by dead cells and matrix debris. During the proliferative phase, suppression of IL-1

synthesis and activation of pathways that activate α-SMA transcription in cardiac

fibroblasts, induce myofibroblast transdifferentiation in the infarct border zone. Several

distinct pathways cooperate for the generation of α-SMA-positive differentiated

myofibroblasts in the infarct:

a. TGF-β is induced and activated in the infarcted myocardium and induces α-SMA

transcription in fibroblasts by activating Smad-dependent signaling [63] and by

mediating translocation of the myocardin-related transcription factor (MRTF)-A

into the nucleus [64]. In addition to the established role of canonical TGF-β
signaling, activation of non-canonical pathways, such as p38 mitogen-activated

protein kinase (MAPK), may also play a role in myofibroblast conversion [65],

[66] (Figure 3)

b. Modulation of the matrix environment plays an important role in myofibroblast

conversion. Expression of specialized matrix proteins, such as the ED-A

fibronectin variant induces formation of differentiated α-SMA-expressing

myofibroblasts [54], [67], [68]. Moreover, deposition of non-fibrillar collagens

Shinde and Frangogiannis Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(such as collagen VI) may also promote myofibroblast transdifferentiation in the

infarcted heart [69] (Figure 3).

c. Expression of proteoglycans by cardiac fibroblasts may be critical for transduction

of the growth factor-mediated signals that activate myofibroblast conversion [70]

(Figure 3).

d. Mechanosenstive signaling directly stimulates α-SMA transcription in fibroblasts

through activation of Rho/Rho kinase cascades [71]; however, these pathways

likely require TGF-β to induce myofibroblast transdifferentiation. Quiescent

cardiac fibroblasts in uninjured hearts are protected from mechanical stimuli by a

stable matrix network; however, disruption of the structural integrity of the

myocardial matrix following infarction may expose interstitial cells to mechanical

stress, thus contributing to their conversion into myofibroblasts [54] (Figure 3).

5.4. Fibroblast proliferation in the infarcted myocardium

Intense proliferative activity has been documented in fibroblasts infiltrating the infarcted

heart [56], [55]; however, the molecular signals involved in proliferation of infarct

fibroblasts remain poorly understood. Several growth factors released by a variety of cells

(including macrophages, mast cells and cardiomyocytes) have been implicated in

stimulation of the proliferative potential of fibroblasts. Fibroblast growth factor (FGF)-2

exerts potent proliferative effects on infarct fibroblasts [72]. Angiotensin II, Platelet-Derived

Growth Factors (PDGF) and the mast cell-derived proteases tryptase and chymase are

potentially important activators of proliferative responses in fibroblasts [73],[74]; however

their relative role in myocardial infarction remains unknown (Figure 3). The intracellular

signaling pathways implicated in fibroblast proliferation following infarction are also poorly

defined and may involve activation of protein kinase C, MAPK [73], and β-catenin signaling

[75]. In contrast, activation of the Smad3 cascade appears to transduce an anti-proliferative

response [63].

5.5. Migration of fibroblasts into the infarct

Moreover, in the dynamic environment of the healing infarct, directed migration of

fibroblasts in areas where dead cardiomyocytes have been cleared is important for optimal

repair. During the inflammatory phase of infarct healing chemokines provide key molecular

signals for recruitment of inflammatory cells [76]; however, whether specific chemokine/

chemokine receptor interactions direct fibroblast motility remains unknown. The CC

chemokine Monocyte Chemoattractant Protein (MCP)-1/CCL2 is critically involved in the

pathogenesis of cardiac fibrosis [58]; however, it is unclear whether its pro-fibrotic actions

are mediated through recruitment of fibroblast progenitors, or predominantly reflect its

actions on fibrogenic monocytes. Several other mediators have been implicated as regulators

of the fibroblast migratory response in the infarcted heart. Leukotrienes, generated through

5-lipoxygenase (5-LOX)-mediated actions may act, at least in part, by promoting fibroblast

migration [77]. Cytokines (such as IL-1 and cardiotrophin-1) [78], [79], and growth factors

(such as TGF-β and FGFs) [63], may also induce fibroblast migration into the site of

infarction. Movement of fibroblasts in the highly plastic and dynamic environment of the

infarct requires adhesive interactions of the fibroblasts with the surrounding matrix that may
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involve integrin signaling. Fibroblast expression of matrix-degrading proteases and

deposition of matricellular proteins (such as the thrombospondins and tenascin-C) into the

infarct matrix are essential requirements for acquisition of a migratory phenotype [80], [81].

In addition to pro-migratory pathways, inhibitory signals that attenuate fibroblast migration

are also activated in the infarcted myocardium, presumably acting to prevent an overactive,

or expanded, fibrotic response. The CXC chemokine CXCL10/Interferon-γ-inducible

protein (IP)-10 is upregulated in the infarcted myocardium and inhibits growth factor-

induced fibroblast migration preventing excessive fibrotic remodeling of the infarcted heart

[82].

5.6. Infarct myofibroblasts as modulators of the extracellular matrix

Extensive evidence demonstrates that myofibroblasts are the main source of extracellular

matrix proteins in healing myocardial infarcts [83], [84]. In the growth factor-rich

environment of the healing infarct, myofibroblasts secrete large amounts of structural matrix

proteins (such as collagens and fibronectin), but also deposit matricellular proteins and

modulate matrix metabolism by expressing MMPs and their inhibitors. Although several

mediators have been implicated in acquisition of a synthetic phenotype by cardiac

fibroblasts, their relative importance in the healing infarct remains poorly understood.

Experimental studies using pharmacologic inhibitors and genetic loss-of-function strategies

suggest that the angiotensin II pathway increases the matrix synthetic capacity of infarct

myofibroblasts through actions transduced via AT1 receptors [85]. Mineralocorticoid

receptor signaling also induces expression of matrix proteins in cardiac fibroblasts [86]. The

pro-fibrotic actions of angiotensin II may be mediated, at least in part, through activation of

growth factors, such as TGF-β, FGF-2 and PDGF[87],[74]. TGF-β potently activates a pro-

fibrotic and matrix-preserving program in infarct fibroblasts through Smad-dependent

actions [63],[17],[88]. The potential role of TGF-β induced Smad-independent signaling in

fibrotic remodeling of the infarcted heart is currently unclear.

5.7. Matricellular proteins as key mediators in modulation of fibroblast function

The composition of the extracellular matrix plays a crucial role in regulating the dynamic

functional and phenotypic alterations of the fibroblasts during the proliferative phase of

healing. Induction of matricellular proteins, a family of structurally unrelated

macromolecules that bind to the matrix and do not serve a structural role, but modulate

cellular responses by transducing growth factor and cytokine actions, is a key event in the

infarcted myocardium. Several members of the matricellular family, including TSP-1,

TSP-2, osteopontin, SPARC, periostin, tenascin-C and CCN2 are important modulators of

fibroblast phenotype and play an essential role in modulating growth factor signals. The

matricellular interactions that regulate cellular phenotype in the remodeling infarcted heart

have been recently reviewed in detail [81].

6. The fate of the myofibroblasts during infarct maturation

Formation of a collagen-based matrix marks the end of the proliferative phase and sets the

stage for maturation of the scar, a poorly understood process that is characterized by matrix
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cross-linking and progressive loss of the cellular elements. Myofibroblast density is

markedly reduced in mature infarcts; cellular depletion is accentuated and accelerated in

mouse models of infarction, where large areas of myocardium are replaced by thin strips of

collagenous tissue [37]. Although apoptosis has been identified as a potential mechanism for

removal of fibroblasts from the mature scar, the molecular signals that determine the fate of

the cells in the infarcted myocardium remain unknown [49]. Withdrawal of growth factors

and clearance of matricellular proteins from the mature scar may play an important role in

fibroblast deactivation and apoptosis, by depriving infarct myofibroblasts from key signals

that promote their survival and stimulate their synthetic activity [89]. However, inhibition of

scar formation may also involve active STOP signals that suppress the fibrotic response,

inhibiting growth factor mediated fibroblast activation. For example, negative regulation of

the TGF-β signaling cascade involves several distinct mechanisms including phosphatases

that terminate Smad signaling, expression of pseudoreceptors and activation of inhibitory

Smads. A recent investigation demonstrated a role for the TGF-β pseudoreceptor BAMBI in

restraining the TGF-β-driven fibrotic response in the pressure overloaded myocardium [90];

however, the significance of these inhibitory pathways following infarction remains

unknown.

Alterations in the composition of the matrix may be crucial in promoting fibroblast

quiescence during the maturation phase. Certain specialized matrix components, such as the

small leucin-rich proteoglycan biglycan, inhibit infarct myofibroblast transdifferentiation

[91]; however, whether such mechanisms participate in conversion of myofibroblasts into

quiescent fibroblasts during scar maturation remains unknown. The stable mechanical

environment of the mature cross-linked scar may transduce signals that deactivate infarct

myofibroblasts.

7. The fibroblasts in the remodeling non-infarcted myocardium. Dynamic

effectors in heart failure?

While large numbers of infarct myofibroblasts undergo apoptosis, the remote remodeling

non-infarcted myocardium is subjected to pressure and volume overload; both

pathophysiologic conditions expected to cause chronic activation of the local fibroblast

population. Studies systematically examining the characteristics of fibroblasts in the

remodeling non-infarcted myocardium are lacking. However, insights derived from

experimental animal models suggest that pressure and volume overload have distinct effects

on interstitial fibroblasts. Pressure overload induces early activation of matrix synthetic

pathways, associated with fibrosis and diastolic dysfunction, followed by activation of

matrix-degrading signals, chamber dilation and decompensated heart failure [92]. In

contrast, volume overload is predominantly associated with matrix loss and cardiac dilation

[93]. The basis for these distinct effects remains unclear. Moreover, how these co-existing

pathophysiologic alterations affect the phenotype of cardiac fibroblasts in the remodeling

segments of the infarcted heart remains unknown.
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8. Do activated myofibroblasts contribute to arrhythmogenesis following

myocardial infarction?

A growing body of evidence suggests that cardiac fibroblasts may be involved in the

generation and propagation of arrhythmias [94], [95]. Infiltration of the infarcted

myocardium with abundant myofibroblasts may alter cardiac electrophysiology by creating

a barrier that blocks propagation of the electrical impulse, delaying conduction and

promoting formation of reentry circuits [95]. In addition to these mechanical effects,

electrical coupling between fibroblasts and cardiomyocytes may promote slow electrotonic

conduction through fibrotic regions [96]. The dynamic phenotypic alterations of the

fibroblast population following infarction may profoundly influence arrhythmogenesis

through several distinct mechanisms. First, secretion of pro-inflammatory mediators by

cardiac fibroblasts may exert paracrine effects on cardiomyocytes modulating conduction.

Second, induction of connexin43 and connexin45 in infarct fibroblasts exhibit spatially and

temporally distinct patterns [97] and may be responsible for dynamic changes in electrical

coupling between fibroblasts and cardiomyocytes in the healing infarct. Third, incorporation

of α-SMA in the fibroblast cytoskeleton contributes to their arrhythmogenicity [98]; thus,

conversion of fibroblasts into myofibroblasts during the proliferative phase may be

associated with generation of arrhythmias. The in vivo role of fibroblast modulation in

arrythmogenesis remains poorly understood.

9. Fibroblasts as therapeutic targets in myocardial infarction

Because remodeling of the infarcted heart is dependent on the mechanical properties of the

scar, the effects of fibroblasts in the infarcted and remodeling myocardium have important

functional implications. As the main cellular effectors in matrix remodeling, and as

important modulators of the inflammatory and reparative response, fibroblasts are promising

therapeutic targets. The actions of certain pharmacologic approaches with well-documented

benefit in patients with myocardial infarction may be mediated, at least in part, through

effects on fibroblasts. Treatment with angiotensin-converting enzyme inhibitors and AT1

blockers reduces mortality and has protective effects on the development of heart failure;

these effects are associated with attenuated cardiac fibrosis [99]. Aldosterone antagonism in

patients with acute anterior myocardial infarction attenuates remodeling, reducing plasma

levels of pro-fibrotic markers [100]. However, because these approaches have multiple other

effects on other cell types, the extent to which their antifibrotic actions are responsible for

the observed clinical benefit is unknown.

Animal model studies have identified promising new approaches that may prevent adverse

remodeling following myocardial infarction by targeting fibroblast functions. IL-1 inhibition

using anakinra may attenuate dilative post-infarction remodeling by limiting fibroblast-

mediated inflammatory and matrix-degrading activity [101]. On the other hand, approaches

interfering with fibrogenic growth factor-mediated cascades, such as TGF-β1/Smad3

signaling or FGF-2 may hold promise in prevention of fibrotic cardiac remodeling [102],

[17] and in attenuation of diastolic heart failure. However, experimental animal studies

suggest caution when implementing strategies that interfere with matrix metabolism

following myocardial infarction. Excessive matrix deposition in the infarcted heart increases
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chamber stiffness causing diastolic dysfunction. In contrast, exaggerated matrix degradation

due to overactive inflammatory response and increased protease activation, induces

ventricular dilation and is associated with systolic dysfunction. Patients who survive an

acute myocardial infarction are pathophysiologically diverse. Age, gender, genetic

predispositions, the presence of comorbid conditions such as dyslipidemia, hypertension and

metabolic disease, and the use of medications that may interfere with fibrogenic signaling

have important effects on fibroblast responses. For example, aging is associated with an

impaired reparative reserve and with poor responsiveness of fibroblasts to growth factors

[103]. In contrast, in diabetic patients, chronic hyperglycemia may accentuate growth factor

signaling leading to increased fibrosis and development of diastolic heart failure.

Considering the pathophysiologic heterogeneity of patients with myocardial infarction, use

of biomarker-based treatment strategies may lead to development of mechanism-guided

therapeutic approaches for treatment of patients with myocardial infarction [104], [105].

Thus, measurement of inflammatory markers (such as MCP-1) may identify patients with

prominent, accentuated or prolonged inflammatory responses who may benefit from anti-

inflammatory approaches (such as anakinra). On the other hand, individuals with overactive

TGF-β responses may be identified through biomarkers that reflect matrix synthesis and

may benefit from Smad inhibition strategies. In addition to its effects on cardiac remodeling,

modulation of fibroblasts may also hold promise in management of infarct-related

arrhythmias. Experimental evidence suggests that stress fibers containing α-SMA contribute

to the arrhythmogenic potential of myofibroblasts. Thus, modulation of the myofibroblast

cytoskeleton may have anti-arrhythmic effects [98].

10. Conclusions

Due to their abundance, strategic location, phenotypic plasticity and ability to secrete a wide

range of inflammatory mediators, reparative growth factors, proteases, structural

extracellular matrix proteins and matricellular macromolecules, cardiac fibroblasts are

ideally suited as key effector cells in healing infarcts. Unfortunately, our understanding of

their in vivo role is hampered by the absence of reliable and specific fibroblast markers and

by challenges in developing fibroblast-specific gene targeting approaches. To enhance our

knowledge on the cell biological effects of fibroblasts in the injured and remodeling heart,

significant advances are needed in several important areas. First, identification of new and

specific markers of cardiac fibroblasts and cell biological characterization of infarct

fibroblast subpopulations with distinct functional properties are needed to understand the

biology of the fibrotic response. Second, in vivo dissection of the specific signaling

pathways involved in fibroblast activation following infarction will enhance our

understanding of their role in cardiac remodeling identifying possible therapeutic targets.

Third, systematic study of the fate of myofibroblasts in the healing infarct is needed to

understand the endogenous STOP signals that may inhibit their activation restraining the

fibrotic response. Finally, understanding the relation between phenotypic modulation of

fibroblasts and cardiac function is crucial in order to gain pathophysiologic insights and to

design specific strategies for attenuation of post-infarction remodeling.
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Highlights

• The adult mammalian heart contains abundant cardiac fibroblasts.

• Following myocardial infarction, cardiac fibroblasts undergo dynamic

phenotypic changes.

• During the proliferative phase fibroblasts undergo myofibroblast conversion.

• As the scar matures, myofibroblasts become quiescent and may undergo

apoptosis.

• Infarct myofibroblasts are implicated in cardiac dysfunction and

arrhythmogenesis.
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Figure 1.
Myofibroblasts in healing myocardial infarction. A–C: Immunohistochemical staining for α-smooth muscle actin (SMA) in

control canine myocardium (A) and in infarcted hearts (B – 1h coronary occlusion/7days reperfusion; C – 1h occlusion/28days

reperfusion). In control hearts, α-SMA is expressed exclusively by vascular mural cells. After 7 days of reperfusion, abundant

spindle-shaped α-SMA+ myofibroblasts are noted in the infarct border zone (arrows). After 28 days of reperfusion, border zone

myofibroblasts are markedly reduced and α-SMA immunoreactivity is localized in vascular mural cells (arrowheads).
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Figure 2.
During the early stages following myocardial infarction cardiac fibroblasts become inflammatory cells. Infarct fibroblasts

activate the inflammasome, a multimolecule complex that cleaves pro-IL-1β leading to secretion of the active cytokine.

Reactive oxygen species (ROS), cytokines (such as IL-1β and TNF-α) and matrix fragments induce fibroblast inflammatory

activation and promote a matrix-degrading phenotype. IL-1β suppresses α-smooth muscle actin expression delaying

myofibroblast conversion.
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Figure 3.
During the proliferative phase of cardiac repair, fibroblasts undergo myofibroblast transdifferentiation expressing contractile

proteins and secreting large amounts of matrix proteins. Growth factors, the renin-angiotensin-aldosterone axis, and the mast

cell-derived proteases tryptase and chymase are implicated in myofibroblast transformation and proliferation, and stimulate

matrix protein synthesis. Specialized matrix proteins contribute to fibroblast activation.

Shinde and Frangogiannis Page 22

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


