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Abstract

The cardiac extracellular matrix (ECM) is a dynamic structure, adapting to physiological and

pathological stresses placed on the myocardium. Deposition and organization of the matrix falls

under the purview of cardiac fibroblasts. While often overlooked compared to myocytes,

fibroblasts play a critical role in maintaining ECM homeostasis under normal conditions and in

response to pathological stimuli assume an activated, myofibroblast phenotype associated with

excessive collagen accumulation contributing to impaired cardiac function. Complete appreciation

of fibroblast function is hampered by the lack of fibroblast-specific reagents and the heterogeneity

of fibroblast precursors. This is further complicated by our ability to dissect the role of

myofibroblasts versus fibroblasts in myocardial in remodeling. This review highlights critical

points in the regulation of collagen deposition by fibroblasts, the current panel of molecular tools

used to identify fibroblasts and the role of fibroblast-matrix interactions in fibroblast function and

differentiation into the myofibroblast phenotype. The clinical potential of exploiting differences

between fibroblasts and myofibroblasts and using them to target specific fibroblast populations is

also discussed.
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1. Introduction

The cardiac extracellular matrix (ECM) is comprised of two basic structural organizations:

the basal lamina, which surrounds individual myocytes and blood vessels, and the interstitial

matrix which provides structural support for higher order cardiac myocyte organization as

well as for larger blood vessels in the myocardium [1]. While the molecules within the ECM

are diverse, structural ECM proteins include the fibrillar collagens which play a role in

maintaining myocyte alignment, mechanically coupling cells within the myocardium and in

preserving the structural integrity of the myocardial walls [2]. The organization of the

cardiac collagen network is established shortly after birth and this ECM architecture persists

in the normal adult heart. However, changes in the organization and composition of the

ECM, particularly fibrillar collagen, are a structural milestone in the development and

progression of heart failure, irrespective of etiology.

Fibrillar collagen expression, synthesis and post-translational modification is a fundamental

role of the fibroblast. Within the myocardium, fibroblasts represent a rather poorly defined

cell population compared to the other resident cell types (myocytes, endothelial and smooth

muscle cells). Fibroblasts are most commonly defined as cells of mesenchymal origin,

having an elongated morphology with multiple cell processes extending from their surface,

and cells which lack a basement membrane [3]. For decades the main function assigned to

cardiac fibroblasts was to maintain ECM homeostasis. Fibroblasts have an extensive Golgi

and endoplasmic reticulum network and can produce virtually all of the cardiac ECM

components, including a multiple collagens, glycoproteins such as fibronectin and laminin,

and a variety of proteoglycans [4]. While the fibroblast plays a significant role in normal

ECM homeostasis, little is known regarding the function of “normal” fibroblasts, as most

studies focus upon fibroblast form and function during development or in specific cardiac

disease states such as pressure overload or ischemia/infarction. The purpose of this review is

to examine the definition of the myocardial fibroblast in terms phenotype and function, with

a particular focus on fibrillar collagen synthesis, examine specific receptors that mediate

fibroblast-ECM interactions and finally to place these profiles and processes in a

translatable, clinical context.

2. The Cardiac Extracellular Matrix

The primary types of fibrillar collagens in the heart are collagen types I and III [5]. Collagen

V, is also expressed in the heart and evidence supports a role for this collagen in providing a

seed for fibrillar collagen assembly [6]. Production and secretion of fibrillar collagens

requires a number of intracellular proteins that modify and assemble the trimeric collagen

molecules prior to secretion [7]. HSP47 and prolyl hydroxylase are two examples of proteins

that are required for assembly and subsequent secretion of triple helical collagen [7].

Fibrillar collagens are secreted in the form of soluble procollagens with N and C-terminal
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propeptides that prevent insoluble deposition of collagen. The propeptides are removed by

specific proteases in the pericellular milieu [8]. ADAMTS 2 has been shown to cleave the

N-terminal propeptide whereas BMP-1 is the protease primarily responsible for cleaving the

C-propeptide [9, 10]. PCPE 1 and 2, enhancers of BMP-1 activity, facilitate the cleavage of

the C-propeptide [11, 12]. Lack of PCPE-2 expression has been shown to reduce collagen

accumulation in response to pressure-overload in the TAC model, demonstrating the

importance of procollagen propeptide processing in cardiac collagen deposition [13]. Hence,

strategies to limit procollagen processing might be worthwhile avenues of pursuit in

attempts to limit tissue fibrosis.

Fibronectin expression is also a critical factor in cardiac ECM, particularly in developing

myocardium and in response to injury [14, 15]. Fibronectin levels have been found to be

higher in neonatal hearts when compared to adult [15, 16]. In addition, neonatal cardiac

fibroblasts expressed increased amounts of fibronectin versus adult fibroblasts [16].

Recently, expression of fibronectin was shown to influence cardiac progenitor cell response

after myocardial infarction in adult mice [17]. The splice variant, EDA-fibronectin is

expressed in association with myofibroblast differentiation. In fact, expression of EDA-

fibronectin has been proposed to be requisite for myofibroblast conversion [18]. Mice that

lack this ED-A splice variant of fibronectin were found to deposit significantly less collagen

in response to myocardial infarction [19]. A significant loss of myofibroblasts in the

infarcted myocardium as well as a reduction in inflammatory cell recruitment was associated

with the reduced collagen content in mice that do not express EDA-fibronectin [19].

In addition to structural ECM components, matricellular proteins are also expressed in the

heart, particularly in response to injury and collagen deposition [20]. A lack of

thrombospondin-1, for example, was shown to result in significant decreases in collagen

accumulation [21]. Interestingly, an increase in the number of α-smooth muscle actin (α-

SMA) positive myofibroblasts was associated with the absence of thrombospondin 1;

however, these myofibroblasts were deemed dysfunctional due to a lack of fibrosis in the

hearts of these mice. Two other matricellular proteins, tenascin C and SPARC are also

associated with myofibroblasts. Whereas tenascin C is implicated in fibroblast migration and

promotes the recruitment of cardiac myofibroblasts, SPARC is a primary contributor to

collagen accumulation in the heart [22, 23, 24]. A lack of SPARC expression results in less

collagen in response to pressure overload, myocardial infarction, and aging [25]. Hence,

targeting of matricellular proteins might provide additional prospective avenues into

alleviating cardiac fibrosis.

3. Cardiac Fibroblasts – A Dynamic Cell Population

While once thought of as a homogenous population, it is becoming clear that cardiac

fibroblasts can arise from multiple sources (Figure 1). During development, the vast

majority of cardiac fibroblasts arise from epicardial derived cells (EPDCs). Cells within the

proepicardium undergo epithelial to mesenchymal transformation (EMT) and migrate onto

the surface of the heart giving rise to the epicardium [26, 27, 28]. These epicardial cells then

undergo EMT producing EPDCs which can migrate into the myocardium, giving rise to

interstitial fibroblasts [26, 27, 28]. Using expression of Discoidin Domain Receptor 2 to
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track the appearance of fibroblasts in the developing heart, DDR2 positive cells were first

observed on the epicardial surface at ED11 and progressively migrated across the ventricular

free wall, appearing throughout the myocardium by postnatal day four [29]. The distribution

of fibroblasts within the neonatal myocardium is virtually indistinguishable from that in the

adult, where fibroblasts are associated with the endomysial collagen network surrounding

myocytes and are interconnected to one another and myocytes through gap junctions [30].

Overall, myocardial cell populations have been shown to be dynamic during adaptive, load

dependent remodeling in development [31] and, in the adult rat heart, fibroblasts constitute

almost two thirds of the myocardial cell population [31, 32, 33].

In response to a number of pathological insults, including myocardial infarction, pressure

overload or ischemia/reperfusion, ventricular remodeling occurs accompanied by altered

deposition of collagen and an increase in fibroblasts. Characterization of fibroblast

proliferation during infarct healing [34] and in pressure overload models [35, 36, 37]

indicate that fibroblasts undergo proliferation in response to pathological cues. In contrast to

development, pathological stimuli results in the recruitment of fibroblasts from a number of

sources including proliferation of resident fibroblasts, fibroblasts derived from endothelial

cells (Endo EMT), stem cells (including bone marrow derived and mesenchymal), pericytes

and myeloid-derived fibroblasts (Figure 1) [38, 39, 40, 3]. Given that fibroblasts are

recruited from multiple sources, it is tempting to speculate that their initial source of origin

may contribute to their ultimate function within the heart. Indeed, recent studies

characterizing the origin of fibroblasts found in infarcts and ischemia/reperfusion injury

suggest that two distinct cell populations, endogenous mesenchymal stem cells [39, 41] and

myeloid fibroblasts [39, 42] respectively, are responsible for collagen deposition after these

insults. Identification specific precursor cells which contribute to distinct injury-related

fibroblast populations could provide a novel avenue for intervention to mediate fibrosis or

adverse remodeling.

4. Cardiac Fibroblast Markers

The ability to identify myocardial fibroblasts has been a problematic issue and as such can

yield difficulties in the interpretation of fibroblast form and function in the context of LV

remodeling and failure. This is particularly true if changes in fibroblast phenotype occur in a

cardiac disease state, which in turn can cause differential protein expression from ambient

normal conditions. Nevertheless, there are several types and classes of proteins which have

been utilized to identify fibroblasts in a general sense, yet none to date have yielded a

“myocardial specific” protein signature. Some of these markers which have been utilized to

identify fibroblasts in the context of LV remodeling are summarized in Table 1.

4.1 Fibroblast Specific Protein

Fibroblast specific protein (FSP1), also known as SA100A4, is a member of the S100 family

of intracellular calcium binding proteins which was originally identified in a comparative

transcript analysis between fibroblasts and epithelial cells [43]. FSP1 expression was only

observed in fibroblasts and not other cell lines, including adipocytes, endothelial cells,

lymphocytes, hepatocytes or osteoblasts, which were screened. Whole organ expression

analysis demonstrated weak expression in heart and further experiments in this study and
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others suggested that FSP1 is important in epithelial-mesenchymal transformation [43, 44].

FSP1 has been shown to be up-regulated in rodent models of pressure overload due to aortic

banding and myocardial infarction as well as human patients with ischemic cardiomyopathy

[45]. In sham animals, FSP1 co-localized with markers for fibroblasts, myofibroblasts,

macrophages, endothelial and smooth muscles cells but not cardiac myocytes. Similar

localization was observed in both injury models; however, in one study myocytes in the

infarct border zone were also positive for FSP1 [45]. While Schneider et al. indicate that

FSP1 staining of cardiac myocytes is due to myocyte uptake of released FSP1 and not de

novo synthesis, in an isoproterenol hypertrophy model FSP1 was localized throughout

cardiac myocytes while weak FSP1 staining was observed in the intercalated disks of normal

myocytes [46]. To modulate gene expression in fibroblasts, an FSP1-Cre reporter mouse

was created [47] and has been used to examine virus mediated reprogramming of non-

cardiomyocytes into myocytes post-MI [48]. Recently, Kong et al. reported lack of

specificity of FSP1 expression following infarction and pressure overload in mice. These

authors found significant numbers of hematopoietic cells, endothelial cells and vascular

smooth cells that expressed FSP1 in these models [49]. The lack of fibroblast specificity of

FSP1 is not unique to the heart with a recent liver injury study noting that FSP1 is expressed

by macrophages but not by collagen expressing cells, either fibroblasts or myofibroblasts

[50]. Taken together these studies indicate that using FSP1 as a fibroblast marker may need

to be considered in a model specific context.

4.2 Discoidin Domain Receptor 2

Discoidin domain receptor 2 (DDR2) belongs to the receptor tyrosine kinase protein family

and has as its ligand various types of collagens [51, 52]. DDR2 expression has been detected

within heart and other organs [30, 53, 54] as well as in a number of cancers [55, 56]. DDR2

has been shown to be expressed throughout heart development and within the heart was only

detected on fibroblasts [30] and activated epithelial and mesenchymal cells during epithelial-

mesenchymal transformation in atrioventricular valve development [57]. However, DDR2

expression has also been detected on normal vascular smooth muscle cells [58] and in

smooth muscle cells associated with atherosclerotic vessels [59]. DDR2 has been used as a

marker to identify cardiac fibroblasts in a number of studies [60, 61, 62], but the lack of a

cloned DDR2 promoter has prevented its use to drive gene expression in fibroblasts or as a

fibroblast lineage tracer.

4.3 Collagen Type I

Collagen type I is the major fibrillar component of the cardiac ECM and one of many ECM

proteins produced by fibroblasts. The promoter region for the pro-α1(I) chain of type I

collagen has been well characterized and it has been shown that different regions of this

promoter can be used to drive expression of genes in specific collagen producing cell types

including fibroblasts, osteoblasts, odontoblasts and some mesenchymal cells [63, 64]. A

number of commercially available reporter mice (Cre, fluorescent protein expressing,

inducible) have been generated using the type I collagen α1 chain promoter. Type I collagen

is also produced by smooth muscle cells in response to TGFβ, EGF and angiotensin II

stimulation [65, 66], therefore use of a fibroblast-specific regulatory region from the pro-

α1(I) chain promoter could provide a valuable tool for marking fibroblasts within the heart.
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The promoter region of the α2 chain of type I collagen has also been characterized and a

fibroblast-specific regulatory sequence used to develop a tamoxifen-inducible Cre reporter

mouse [67]. Crossing this mouse with the ROSA26 reporter and induction with tamoxifen

demonstrated strong staining in the pericardium [67] and crossing with a Tbx18-floxed

reporter mouse showed that epicardial derived cells contribute to the myocardial fibroblast

population [68]. However, this mouse has also been used as a tool to regulate gene

expression in osteoblasts, indicating that this region of the α2 promoter used is not purely

fibroblast specific [69].

4.4 Vimentin

Vimentin, an intermediate filament protein composing part of the cell cytoskeleton, has also

been used extensively to identify fibroblasts. Vimentin is expressed by cells of mesenchymal

origin and is found in a number of different cell types including fibroblasts, endothelial cells

and some immune system cells [70]. Although the vimentin promoter has been cloned, no

vimentin promoter driven reporter mice are commercially available likely due to the

heterogeneous population of cells which would be labeled. Within the heart, however,

vimentin has been has been used to identify fibroblasts in a variety of studies including

during development [71], to localize fibroblasts derived from mesenchymal stem cells

injected after myocardial infarction [72], to compare myofibroblast versus fibroblast

populations of mitral valve fibroblasts after mechanical loading [73], and in fibrosis

associated with pressure overload hypertrophy [74].

4.5 Fibroblast Activation Protein

Fibroblast activation protein (FAP) is a membrane bound proline-specific serine protease,

capable of cleaving gelatin and collagen type I, which was originally characterized on

stromal fibroblasts associated with epithelial cancers but is not expressed on normal

fibroblasts or in normal, healthy tissues [75, 76]. FAP expression was detected on fibroblasts

of embryonic an adult origin from a variety of tissues and was also detected on scar

fibroblasts [77]. More recent studies in models of liver cirrhosis and pulmonary fibrosis

indicate that FAP staining does not precisely overlap α-SMA positive staining for activated

fibroblasts (myofibroblasts), suggesting that this marker may identify a subset of activated

fibroblasts involved in fibrosis and wound repair [78, 79]. Understanding the role of FAP in

activated fibroblasts/myofibroblasts in cardiovascular disease has been very limited, with

one study demonstrating TNFα induced expression of FAP in aortic smooth muscle cells in

atherosclerotic plaques [80]. FAP has been detected on fibroblasts and α-SMA positive

myofibroblasts isolated from MI and remote regions in a porcine myocardial infarct model

(Figure 2), suggesting FAP may be useful in identifying myocardial fibroblasts/

myofibroblasts. Given its limited expression, collagenolytic activity, proposed role in wound

healing and the existence of FAP-specific inhibitors, this protein may be valuable marker in

examining fibroblast activation during LV remodeling in cardiovascular disease.

5. Fibroblast Activation – Evolution of the Myofibroblast

Under normal physiological conditions, fibroblasts maintain ECM homeostasis and

myofibroblasts are not detectable at any significant levels in the heart [81, 82]. In response
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to various insults, such as myocardial infarction, pressure overload or ischemic injury, these

previously quiescent fibroblasts assume an activated, myofibroblast phenotype. A number of

factors have been shown to modulate the transformation fibroblasts to myofibroblasts [83].

The defining feature of myofibroblasts, and what is used to distinguish them from

fibroblasts, is their de novo expression of α-SMA and its assembly into stress fibers [83,

84]. In vitro, myofibroblasts develop what have been termed “supramature” focal adhesions

or a fibronexus which are larger than focal adhesions found in fibroblasts and enriched in

vinculin, paxillin and tensin along with certain integrins [85]. While often considered a one-

step transformation, an intermediate stage, the proto-myofibroblast, has been proposed along

this differentiation pathway (Figure 1) [86].

In general, tissue fibroblasts in vivo do not develop stress fibers; however, cells expressing

stress fibers but not α-smooth muscle actin have been observed [86]. These cells, termed

proto-myofibroblasts, express stress fibers composed of β- and γ-actin, as well as the ED-A

fibronectin splice variant, and are found in areas of mechanical tension. Exposure of proto-

myofibroblasts to TGFβ and continued interaction with ED-A fibronectin can stimulate the

transformation of these cells into a fully differentiated, α-SMA expressing myofibroblast.

Studies subjecting ED-A−/− mice to myocardial infarction revealed reduced fibrosis within

the remote myocardium due to a decrease in myofibroblasts and less collagen within the

infarct region as well [19]. Currently, studies of the proto-myofibroblast have been limited

largely to in vitro models and nothing is known regarding their role in ECM remodeling in

the heart. If proto-myofibroblasts represent an intermediate step in fibroblast to

myofibroblast differentiation, then understanding what regulates their formation and

maturation into myofibroblasts could produce exciting new therapeutic targets for regulating

fibrosis and matrix remodeling.

6. Fibroblast-ECM Interactions

The cardiac ECM provides biochemical and mechanical cues for fibroblasts stimulating

multiple cellular responses including differentiation into myofibroblasts, migration, and

proliferation. Cardiac fibroblasts possess two classes of cell surface receptors which mediate

fibroblast interactions with the ECM – integrins and Discoidin Domain Receptors (DDRs).

6.1 Integrins

Integrins are heterodimeric transmembrane proteins comprised of an α and β subunit which

provide a bridge between the extracellular environment and the actin cytoskeleton. Integrins

have large, extracellular ligand binding domains but relatively short cytoplasmic tails,

necessitating the interaction with intracellular signaling molecules to mediate multiple cell

functions including proliferation, migration, adhesion, differentiation and apoptosis [87].

Cardiac fibroblasts express a wide variety of integrin subunits, including β1 and β3 as well

as multiple α chains (1, 2, 3, 5, 8, 9, 10 11, v) [87, 88, 89] allowing these cells to interact

with a variety of matrix components. The α1β1 and α2β1 integrins have both been shown to

be important in cardiac fibroblast-mediate remodeling of 3D collagen gels with α1β1 also

playing a role in migration [90]. Compared to adult fibroblasts, neonatal cardiac fibroblasts

demonstrate increased expression of β1 integrin and α-SMA which correlated with an

improved ability to contract collagen gels [91], suggesting that fibroblast-ECM interactions
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are dynamic and change with age. Cardiac fibroblasts from β3 integrin−/− mice exhibit

reduced proliferation, ECM attachment and migration [35]. Recent studies have shown that

α11 integrin on diabetic cardiac fibroblasts is necessary for increased α-SMA expression

associated with transformation to the myofibroblast phenotype [89]. Furthermore, it has

been shown that cultured myofibroblasts can directly activate latent TGFβ within the ECM

via multiple integrins (β1, β3 and αvβ5) depending upon ECM stiffness [92]. While this has

not been demonstrated for cardiac fibroblasts/myofibroblasts, such autocrine control of local

TGFβ may offer an explanation for the persistence of myofibroblasts within MI scars and a

target for regulating adverse LV remodeling in the post-MI heart.

6.2 Discoidin Domain Receptors

The Discoidin domain receptors (DDR1 and DDR2) belong to the receptor tyrosine kinase

protein family and bind various types of collagen as their ligands [51, 52]. DDR1 and DDR2

are both expressed on cardiac fibroblasts [91, 30] and have been shown to bind collagen at

sites distinct from those used by integrins [93, 94, 95]. Other than the use of DDR2 as a

marker to identify cardiac fibroblasts within the myocardium, little is known regarding the

functional role of these receptors in the heart. No studies to date have demonstrated a

cardiac phenotype for either DDR1 or DDR2 under normal conditions or in response to

pathological stress such as pressure overload or MI. Examination of age-dependent cardiac

fibroblast remodeling behavior revealed significant correlations between α-SMA and DDR1

or DDR2 expression in neonatal versus adult fibroblasts cultured in 3D collagen gels [91].

DDR1 has been implicated in the migration of smooth muscle cells and intimal thickening in

response to vascular injury [96, 97]. A proteomics study of patients with chronic atrial

fibrillation revealed elevated expression of DDR2 [98], with the authors postulating that

DDR2 may play a role in monitoring the state of the cardiac ECM and directing either

collagen synthesis or turnover. Given the ability of DDRs to differentially respond to

multiple types of collagen by either increasing collagen production or up-regulating

expression of matrix metalloproteinases, these receptors may play a role in fibroblast

maintenance of ECM homeostasis in the myocardium and warrant further investigation.

7. Diagnostic and Therapeutic Potential and the Fibroblast

The changes in ECM structure and composition are a dynamic process and are influenced by

a number of biological and mechanical signaling pathways, and thus assessment of ECM

biology through quantitation of fibrillar collagen accumulation is unlikely to provide a

direction for novel diagnostic and therapeutic applications. Indeed, the term “fibrosis”,

which is often associated with excessive ECM accumulation, particularly that of fibrillar

collagens does not hold a precise definition, and is often associated with an “end-stage”

process. Thus, it will be critical to identify early changes in critical signaling and cellular

pathways which may be harbingers of eventual malignant ECM accumulation. In terms of

diagnosis, plasma profiling of determinants of ECM remodeling has been shown to be

feasible in patients and abnormalities and can be detected prior to significant myocardial

remodeling and progression to heart failure [99]. Since specific phenotype changes in

fibroblasts occur early in the ECM remodeling process, integrating some of the protein

signatures which may be reflective of fibroblast transdifferention, transformation and
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proliferation would hold diagnostic potential. For example, detection of the ED-A

fibronectin variant may provide a means to identify when changes in fibroblast phenotype

and function may be occurring within the myocardium. In terms of therapeutics, the

conventional strategies have been to utilize antagonists of neurohormonal pathways and

assess the effects on myocardial collagen accumulation. However, again this approach and

response variable does not directly address critical cellular events within the ECM which

promulgate pathological ECM remodeling. Through identification of specific fibroblast

subtypes and unique fibroblast surface markers, it may be possible to develop therapies

which are specific to those fibroblast subpopulations which contribute to adverse ECM

remodeling. Since fibroblast proliferation and changes in phenotype are a ubiquitous event

in maladaptive myocardial remodeling, targeting the source of these transformed fibroblasts

as well as interrupting specific biological stimuli which promote expansion of this fibroblast

population would afford a unique therapeutic intervention.

8. Conclusions

Fibroblasts and myofibroblasts represent the yin and yang of myocardial remodeling. While

one cell, the fibroblast, is assumed to regulate homeostatic ECM remodeling, myofibroblasts

are the culprits in adverse myocardial remodeling during cardiovascular disease. As noted,

deposition and maturation of collagen is regulated post-translationally at many levels and

while assumed, it is unclear if fibroblasts and myofibroblasts are identical when it comes to

collagen deposition and processing as production of other ECM components can be

associated with one cell type or the other. Myofibroblasts may represent a malignant,

transformed phenotype with a unique cellular/remodeling signature that could be exploited

therapeutically. Arising from diverse cellular precursors, it is unclear if certain precursors

only contribute to the fibroblast populations in specific cardiac pathologies (i.e. pressure

overload, myocardial infarction, ischemia/reperfusion) or what influence cellular origin may

have on fibroblast remodeling behavior. Continued examination of fibroblast populations in

multiple disease models is essential to address the issue. Characterization of fibroblast

populations would be aided by the identification of novel, fibroblast-specific biomolecules.

While there are a number of markers currently used for this purpose, many lack specificity

and none appear to be capable of distinguishing fibroblasts from myofibroblasts, an

important distinction for targeting adverse myocardial remodeling. Fibroblasts perceive

biochemical and mechanical changes in the ECM through cell surface receptors which

interrogate the matrix and can regulate fibroblast phenotype and function. These fibroblast-

ECM interactions may represent the frontline in an adaptive process as fibroblasts transform

into myofibroblasts, setting in motion a cascade of events which lead to ECM accumulation

and myocardial dysfunction.
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Highlights

• Collagen processing, assembly and incorporation into the ECM is highly

regulated

• Different cell populations contribute to cardiac fibroblasts during development

and disease

• Identification of cardiac fibroblasts is challenging due to lack of specific

markers

• Cell-ECM interactions may perpetuate the myofibroblast phenotype

• Elucidation of a unique fibroblast/myofibroblast signature may provide novel

therapeutic targets
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Figure 1. The Cardiac Fibroblast
As shown in this figure, cardiac fibroblasts arise from divergent sources during development and in response to pathological

insult. In response to various biochemical and mechanical stimuli, fibroblasts undergo a differentiation/transformation into a

myofibroblastic phenotype. An intermediate proto-myofibroblast stage has been proposed for some fibroblasts [86], but it is

unclear whether cardiac fibroblasts adopt this intermediary cell phenotype. In pathological conditions, when numerous cell types

infiltrate the myocardium it is unknown if any of these cells transform directly into myofibroblasts or must they first

differentiate into a fibroblast.
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Figure 2. New Tools for Identifying Fibroblasts
Fibroblast activation protein (FAP) may provide a new marker for identifying fibroblasts. A) and B) confocal micrographs of

tissue sections from remote myocardium and MI stained for FAP (green) and DAPI (blue). Very little FAP staining was detected

in the remote region compared to the infarct. C) and D) confocal micrographs of fibroblasts isolated from remote and MI regions

stained for FAP (green), α-SMA (red), and DAPI (blue). In the MI cells, FAP was detected on myofibroblasts whereas on cells

from remote myocardium FAP was detected on fibroblasts (arrow; α-SMA - cell) and myofibroblasts (α-SMA + cells). E)

Western blot of protein extracts from fibroblasts isolated from MI and remote myocardium. Scale bars = 50 μm.

Goldsmith et al. Page 18

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



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Goldsmith et al. Page 19

Table 1

Cardiac Fibroblast Markers. This table lists proteins which have been used or could be used to identify

fibroblasts. Fsp-1 – fibroblast specific protein 1; DDR2 – Discoidin domain receptor 2; Col I – collagen type I;

Vim – vimentin; FAP – fibroblast activation protein; MyoFb – myofibroblasts; PO – pressure overload

hypertrophy; MI – myocardial infarction

Marker Protein Type/Function Expression in Observed in
Cardiac Diseases

Reference

Fibroblasts MyoFb Non-fibroblasts

Fsp-1 Ca2+ binding protein Yes Yes Macrophages, endothelial,
smooth muscle, myocyted

PO, MI 45,46,48,49

DDR2 Receptor tyrosine kinase Yes Yes Smooth muscle, activated
epithelial cells

MI 60 – 62

Col I ECM structural protein Yes Yes Osteoblasts, odontoblasts,
smooth muscle cells,
mesenchymal cells

PO, MI

Vim Intermediate filament protein
(cytoskeleton)

Yes Yes Endothelial, immune system
cells, mesenchymal-derived
cells

PO, MI 72, 74

FAP Membrane bound serine
protease

No (?) Yes ? Atheroscl erosis 80
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Table 2

Unanswered Questions about Cardiac Fibroblasts.

Do fibroblasts and myofibroblasts function similarly during collagen remodeling?

Are there cardiovascular pathological specific fibroblast precursors?

Does fibroblast origin influence fibroblast function?

Is there truly a “fibroblast specific” marker? Can it distinguish between fibroblasts, protomyofibroblasts and myofibroblasts?
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