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Abstract

Cardiac fibrosis is a pathological condition that occurs after injury and during aging. Currently, 

there are limited means to effectively reduce or reverse fibrosis. Key to identifying methods 

for curbing excess deposition of extracellular matrix is a better understanding of the cardiac 

fibroblast, the cell responsible for collagen production. In recent years, the diversity and functions 

of these enigmatic cells have been gradually revealed. In this review, I outline current approaches 

for identifying and classifying cardiac fibroblasts. An emphasis is placed on new insights into 

the heterogeneity of these cells as determined by lineage tracing and single-cell sequencing 

in development, adult, and disease states. These recent advances in our understanding of the 

fibroblast provide a platform for future development of novel therapeutics to combat cardiac 

fibrosis.

Keywords

fibroblast; myofibroblast; myocardial infarction; interstitium; adventitia; inflammation

INTRODUCTION

Cardiac fibroblasts are central actors in normal cardiac physiology and cardiovascular 

disease. They play essential roles in development by depositing collagens and other 

extracellular matrix (ECM) components and, in adult hearts, fibroblasts are constantly 

modifying the microenvironment by degrading and depositing ECM (1). Fibroblasts are 

also responsible for cardiac fibrosis, which is the accumulation of ECM in response to a 

pathological stimulus. Fibrosis is a common feature of many acute and progressive cardiac 

diseases. When fibroblasts become activated by injury or inflammation, they exhibit a 

pronounced upregulation in collagen production, at first aiding to stabilize the heart. While 

the deposition of ECM may initially strengthen tissue integrity, extensive fibrosis can impair 

heart function. Persistent fibrosis may ultimately lead to heart failure.

Cardiovascular disease is the leading cause of death in the United States, and annual health 

care costs for these conditions are over $300 billion (2). The severity of fibrosis is correlated 
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with the progression of heart failure, and fibrosis is a common finding in almost all types 

of heart disease. Thus, a better understanding of the basal function of these cells, the 

signaling pathways that control their activation, and the functions of those pathways after 

injury is warranted. Currently, there are no effective antifibrotic therapies that specifically 

target the cardiac fibroblast (3). Because identification and tracking of fibroblasts in vivo 

have been challenging, much of our current knowledge regarding the fibroblast has been 

based on studies of the myofibroblast [alpha-smooth muscle actin (α-SMA)-positive cells] 

or in vitro culture of primary cardiac fibroblasts. Now, with advances in technology and 

development of more precise means for fibroblast identification, we can evaluate in vivo 

fibroblast function at baseline and after injury.

The purpose of this review is to outline our current understanding of cardiac fibroblast 

subtypes and describe how these cells potentially contribute to cardiac repair and disease. 

Three different means of classification are outlined: anatomic location, embryonic origin, 

and gene expression/function. The reader should keep in mind that the field of cardiac 

fibroblast biology is rapidly evolving and that these classification schemes are provided as 

general guidelines when evaluating and identifying cardiac fibroblasts.

MESENCHYMAL CELLS IN THE UNINJURED HEART

Traditionally, a cell has been considered a fibroblast if it produces type I collagen and 

resides in the connective tissue or interstitium of an organ. Alternatively, fibroblasts have 

also been identified by their ability to rapidly attach to a culture dish after enzymatic tissue 

digestion. Fibroblasts constitute only one group of mesenchymal cells that reside within the 

heart. Perivascular cells with contractile properties, such as vascular smooth muscle cells 

(VSMCs) and pericytes, are also present, but the total number of these cells is estimated 

to be less than the number of fibroblasts (4). Distinguishing between mural cells and 

fibroblasts is usually based on expression of several markers. Cardiac fibroblasts express 

discoidin domain–containing receptor 2 (DDR2) (5), platelet-derived growth factor receptor 

alpha (Pdgfrα) (4–8), Tcf21 (4, 8–10), and vimentin (11). Pericytes express NG2 (12), 

platelet-derived growth factor receptor beta (Pdgfrβ) (12), and Tbx18 (13). VSMCs express 

α-SMA (14) and Myh11 (15). Some of these markers exhibit overlap between these three 

cell populations. For example, α-SMA can be found in subsets of pericytes and activated 

cardiac fibroblasts (12). Often, expression of two or more markers has been used to more 

confidently identify the cell population of interest. Alternatively, indelible lineage tracers 

using Cre/loxP technology in mice can also be used (reviewed in 16, 17).

Understanding of cardiac fibroblast biology has increased significantly over the past decade. 

Mouse lines that permit the genetic manipulation of fibroblasts, the lineage tracing of 

fibroblasts, and the profiling of fibroblast transcriptomes by microarray or RNA sequencing 

have provided important insights into the behavior and diversity of cardiac fibroblasts. 

However, these techniques are often limited because they focus on bulk populations of 

fibroblasts. Fine details such as genes expressed at low transcript levels or variations due 

to anatomic location may be lost in these analyses. Recent single-cell analysis of cell 

populations in the heart has provided a relatively unbiased understanding of the diversity 

and subsets of cell types. Although the number and properties of these subsets are not 
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always consistent, a growing consensus suggests that most of the major cell types can be 

subcategorized on the basis of specific patterns of gene expression.

CLASSIFYING FIBROBLAST POPULATIONS IN THE HEART

Cardiac Fibroblast Subtypes by Location

Location may be an underappreciated factor causing differential gene expression by cardiac 

fibroblasts. There are broadly five cardiac fibroblast locales: adventitia (ventricular and 

septal), interstitium (ventricular and septal), atrium, annulus fibrosus, and valves (Figure 1). 

It is plausible that fibroblasts within each of these locations have different gene expression 

profiles and functions, as there are regional differences in ECM in the heart (18). For 

example, changes in fibroblast gene expression and proliferation were observed when 

cardiac fibroblasts were compared between two-dimensional (2D) and three-dimensional 

(3D) cultures, conditions that illustrate the importance of ECM composition and rigidity 

in dictating fibroblast gene expression (19, 20). A dramatic and reversible shift in gene 

expression related to ECM organization and actin cytoskeleton was noted, including 

upregulation of matrix metalloproteinases (MMPs) and reduced α-SMA expression in 

fibroblasts cultured in 3D. 3D culture also resulted in reduced expression of genes related 

to cell division. These data suggest that the surrounding microenvironment, including 

neighboring cells and ECM, can influence fibroblast gene expression. When considering 

the known differences in compliance and mechanical strain that exist between the chambers 

of the heart, cardiac fibroblast location is an important point to consider when describing 

fibroblast subtypes.

Interstitial septal and ventricular fibroblasts.—Few studies have compared the 

expression of interstitial cardiac fibroblasts to other populations of cardiac fibroblasts. If 

one assumes that the majority of the cardiac fibroblasts are interstitial fibroblasts, then many 

of the data regarding gene expression and behavior of cardiac fibroblasts are derived from 

these fibroblasts. Our understanding of cardiac fibroblasts is often based upon comparison 

of cultured ventricular cardiac fibroblasts from uninjured hearts to cultured cells from 

injured hearts, and these studies suggest that cells retain some of their transcriptional 

differences over time. Control fibroblasts are even available commercially, although a 

recent report suggests that these may also have distinct phenotypes attributable to isolation 

and culture conditions (21). Because of these hurdles, few studies have focused on how 

regional differences in microenvironment may affect fibroblast phenotype. It is plausible that 

fibroblasts may differ not only depending on where they are located (ventricle or septum) 

but also due to proximity to a blood vessel or nerve fiber. Proteomic data from the human 

heart support the idea that ECM varies from chamber to chamber (22). Future analyses 

should include consideration of the specific anatomic sites where fibroblasts reside.

Adventitial septal and ventricular fibroblasts.—Anatomically, the adventitia is the 

most recognizable population of fibroblasts in the heart. These fibroblasts surround the 

medial layer of the coronary arteries and are responsible for depositing dense collagen 

matrix that supports the artery. As vasculature permeates the ventricles and ventricular 

septum, adventitial fibroblasts can be found throughout these areas in close proximity 
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to blood vessels. While fibroblasts are one of the cellular components surrounding large 

vessels, other cell types also reside in the same space, including endothelial cells, immune 

cells, and smooth muscle progenitors (23). A limited number of studies have described 

baseline gene expression profiles of coronary adventitial fibroblasts in the absence of injury 

or stress. Several studies have reported a preferential expression of Sonic Hedgehog (Shh) 

signaling components in adventitial fibroblasts. Patched-1 and Patched-2 are expressed in 

adventitial fibroblasts of large or medium-sized arteries until postnatal day 10. Subsequently, 

expression is reduced in the adult (24). Similarly, the Shh responsive transcription factor 

Gli1 labels a perivascular cell population that resides in the coronary artery adventitia and 

ventricular interstitium, and some of these cells express α-SMA and collagen after injury 

(25). Removal of these Gli1-expressing cells using diphtheria toxin resulted in reduced 

fibrotic remodeling. The authors did not report the extent of Gli1 adventitial expression in 

the absence of injury. These Gli1-expressing cells were subsequently shown to contribute to 

vascular calcification and described as progenitors of VSMCs (26). Therefore, it is unclear 

if these cells can be classified as adventitial fibroblasts. Further studies are required to 

elucidate the differences between interstitial and adventitial fibroblasts in the heart.

Atrial fibroblasts.—Although fibrosis is associated with persistent atrial fibrillation (27, 

28) and, in certain pathological circumstances, atrial fibrosis can exceed that observed in 

the ventricles (29), we know very little about the differences between atrial and ventricular 

fibroblasts. Atrial fibroblasts form from the same source as the majority of the ventricular 

fibroblasts, the epicardium. Despite a similar origin, it is likely that atrial fibroblasts have 

characteristics that differ from ventricular fibroblasts. The cardiomyocyte organization, 

tissue stiffness, and the density of collagen matrix in the atria are very different compared 

to the ventricle. Studies in isolated primary canine fibroblasts revealed that atrial fibroblasts 

were more proliferative in response to growth factor stimulation and showed differential 

gene expression compared to ventricular fibroblasts (30).

Annulus fibrosus.—Additional populations of fibroblasts that have distinct anatomic 

locations are those that constitute the fibrous rings that separate the atria and ventricles, 

the annulus fibrosus. The atrioventricular conduction system penetrates the annulus fibrosus, 

and it is thought that this dense matrix provides insulation for normal electrical conduction 

(31). Although it has a distinct role in heart physiology, little is known regarding any 

specific gene expression by fibroblasts that reside in these areas.

Cardiac valve fibroblasts.—Because of their involvement in heart valve disease and 

their segregated anatomic location, the fibroblasts of the valves, also known as valve 

interstitial cells, are usually not categorized as cardiac fibroblasts. These cells derive from 

the endocardial cushions, the epicardium, and neural crest and appear to express unique gene 

sets, perhaps in part due to exposure to mechanical stress. The reader is encouraged to refer 

to other reviews for further information regarding this population of fibroblasts (32, 33).

Cardiac Fibroblasts Subtypes by Origin

An alternative method for classifying fibroblasts uses their embryonic origin. A majority of 

the fibroblasts originate from the outer mesothelial covering of the heart, the epicardium, 
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but some of the fibroblasts within the ventricular septum and the left ventricle derive from 

the endocardium. No significant behavioral differences have been noted between these two 

populations, but caution must be used when performing lineage tracing and gene deletion 

based on developmental origin, as the Cre recombinase may not be expressed in both 

populations.

Epicardial fibroblasts.—The epicardial origin of ventricular cardiac fibroblasts has been 

appreciated for over 20 years. Using a retrovirus to label the epicardium, it was observed 

that epicardial cells migrated into the ventricular wall and developed into cells surrounding 

the coronary arteries as well as into interstitial cells (34). Subsequent to this study, it was 

determined that a fraction of epicardial cells undergo an epithelial to mesenchymal transition 

to form a majority of coronary VSMCs and cardiac fibroblasts (35, 36). These epicardial 

derivatives contribute to the fibroblasts of the ventricles and atria (8, 37), the cardiac annulus 

fibrosus (38), and atrioventricular valve leaflets (39). Development of epicardial-specific Cre 

recombinase mouse lines, including Gata5-Cre and Wt1CreERT2 (37), led to the discovery 

that loss of either Pdgfrα (6) or Tcf21 (8) resulted in an absence of cardiac fibroblasts 

within the ventricular walls. Thus far, these two genes are the only ones identified that 

are uniquely required for the development of epicardial fibroblast development. Although 

both are considered stable markers for cardiac fibroblasts, some studies report changes in 

transcript levels dependent on the activation state of the fibroblast (10, 40, 41).

Endocardial fibroblasts.—Until 2014, the epicardium was believed to be the sole 

developmental source of ventricular cardiac fibroblasts, but two independent studies found 

that some fibroblasts have an endocardial or endothelial origin (5, 7). These Pdgfrα-, 

Ddr2-, and collagen-expressing fibroblasts were found predominantly in the septum and a 

region of the left ventricle. Both groups further investigated potential differences between 

the endocardial lineage and the epicardial lineage. Surprisingly, there were no significant 

differences in gene expression or proliferation between the two lineages either before or 

after pressure overload. In fact, the relative contribution of each cell lineage to pressure 

overload-induced fibrosis was similar to the relative abundance of endocardial-derived cells 

in the absence of injury (~20%). These studies suggest that the two fibroblast populations 

converge with regard to gene expression and that the stimulus, not their origin, is the 

dominant factor controlling their fibrogenic response.

New Fibroblast Subtypes

In addition to segregating cardiac fibroblasts by location and developmental origin, some 

investigators have begun to use gene expression as a means for discriminating between 

subtypes. As might be expected, this method of distinction can result in an infinite number 

of subpopulations, but several consistent profiles have been described by independent 

laboratories.

Populations revealed by single-cell sequencing analysis.—Single-cell RNA 

sequencing has provided a powerful view into gene expression of individual cells and 

reveals new insights into subsets of cell populations. One of the initial studies to characterize 

mesenchymal populations in the adult murine heart suggested that two populations of 
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Col1a1-expressing fibroblasts exist (42). One population expresses markers that have been 

reported in the past, including Pdgfrα and Tcf21. A second group expressed Col1a1 
transcripts but lacked Pdgfrα and Tcf21. The most distinguishing genes for this subset 

of fibroblasts were Wnt pathway genes Dkk3, Wif1, Tbx20, and Frzb. Interestingly, another 

study using Pdgfrα expression to identify cardiac fibroblasts also identified a subset of 

fibroblasts with a similar transcriptional profile. This population was termed Wntx, and 

further examination suggested that Wnt pathway–related genes were more highly expressed 

in this population than the other fibroblast subsets. Periostin expression, usually associated 

with fibroblast activation, was also present in this population. At baseline and three days 

post–myocardial infarction, these cells constituted 6% and 10% of the Pdgfrα-expressing 

fibroblast population, respectively (43).

A second distinction between resting fibroblast populations was Sca1 expression. At 

baseline, approximately half of the Pdgfrα-expressing fibroblasts had low expression of 

Sca1, while roughly 30% of the cells expressed high levels of Sca1 (43). Gene ontogeny 

analysis suggested that the high Sca1 population was enriched for proliferation and 

stemness genes, including Thy1 and Cd34, while the low Sca1 cells were enriched for 

cell signaling genes such as Bmp4 and ApoE. Previous reports have suggested that the high 

Sca1 population contains multipotent progenitor cells that are capable of self-renewal and 

differentiation into adipocytes, smooth muscle cells, and cardiomyocytes in vitro (44, 45). 

A similar population of fibroblasts, termed fibro-adipocyte progenitors, or FAPS, has been 

described previously in heart (46) and skeletal muscle (47, 48). These cells are discussed in 

more detail in the section titled Mesenchymal Stromal/Stem Cells.

Several additional reports have described fibroblast populations identified by single-cell 

sequencing during heart development. In the embryonic heart, when fibroblasts were 

profiled, the defining transcripts were type I collagen, decorin, sox9, Tcf21, and periostin 
(49–51). It was also noted that transcriptional profiles did not vary dramatically from 

embryonic into postnatal time points (49), although some differences in embryonic 

fibroblast markers were noted between human and mouse fibroblast profiles (51). Finally, 

when the transcriptomes of perinatal heart nuclei were sequenced, two fibroblast populations 

were described. Neither of these two populations exhibited a Wntx profile as described 

above for the adult mouse heart, and the populations were distinguished more by different 

levels of gene expression rather than by unique gene transcripts (52).

Fibroblast Subtypes After Injury

During cardiac stress such as pressure overload or myocardial infarction, a series of 

cellular responses lead to a process termed cardiac remodeling. Cardiomyocytes send 

stress signals that trigger inflammatory cell infiltration and fibroblast activation. The 

term activation in reference to a cardiac fibroblast has a broad definition that includes 

increased proliferation, matrix deposition, contractile protein expression, and cytokine/

growth factor secretion. Because not all fibroblasts express the contractile proteins that 

define myofibroblasts, identification of fibroblasts after injury has become more complicated 

than simple expression of α-SMA, but new methods for identifying cells and single-cell 
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sequencing have now provided deeper insights for understanding cardiac fibroblast biology 

after injury.

Before the advent of single-cell sequencing, identification of fibroblast subsets relied 

predominantly on examination of primary fibroblast gene expression and behaviors after 

enzymatic isolation and in vitro culture. These studies provided important insights into 

general categories of fibroblast activities such as proinflammatory, proangiogenic, and 

profibrotic. Here, I consider the existing data regarding the subsets of fibroblasts based 

on their function, but it should be noted that fibroblast function is likely to fall along a 

spectrum. In addition, some of these studies are based on bulk populations of cells and may 

be limited by either temporal or spatial constraints.

Proliferating fibroblasts.—There have been several investigations of the proliferation 

profile of fibroblasts after injury. Two independent reports investigated the resident 

fibroblast response after myocardial infarction and observed that a strong proliferative 

burst resulted in 2–3 times more fibroblasts in the infarct region (53, 54). One week after 

injury, both fibroblast proliferation and expression of α-SMA substantially declined. Similar 

profiles of proliferation were observed when either pressure overload or isoproterenol were 

used to induce fibrosis (53).All single-cell sequencing data sets describe a proliferating 

population of cells, but many of the genes driving the proliferation phenotype vary between 

studies, with Mki67 being one proliferation gene found in common (10, 43, 54–56). One 

study suggested that follistatin-like protein 1 is essential for fibroblast expansion, and 

ventricular rupture was observed when cardiac fibroblasts lacked this growth factor (56). 

Follistatin-like 1 also promoted cardiac fibroblast activation and protected hearts from 

rupture (57). Gene expression profiling demonstrated that the proliferating fibroblasts were 

similar to neonatal fibroblasts (56).

Fibroblasts in inflammation.—Inflammatory cells have an important influence on 

the activation and matrix production of fibroblasts (58), and studies have indicated that 

after injury fibroblasts can inform the inflammatory response. For example, apoptotic 

cell clearance by cardiac fibroblasts has been observed after myocardial infarction. 

Mechanistically, activated fibroblasts secrete milk fat globule-epidermal growth factor 8 

(Mfge8), which enhances apoptotic cell engulfment. Supplementation of Mfge8 resulted 

in reduced inflammatory signals, whereas loss of Mfge8 leads to extended inflammatory 

responses (59).

Fibroblasts also secrete a variety of cytokines, growth factors, and chemokines that modulate 

inflammatory cells. For example, interleukin (IL)-1ra (60), IL-1β (61, 62), IL-6 (61–65), 

INF-γ (60), TNF-α (61, 62, 65), MCP-1 (62, 64, 65), GM-CSF (66), IL-9 (60), IL-10 (60, 

64, 65, 67), IL-11 (55), IL-12 (65), IL-23a (68), CCL5 (68), and TLR4 (69) are upregulated 

in fibroblasts after in vitro activation or cardiac injury, suggesting that fibroblasts directly 

control inflammatory cell activity within the infarct region (reviewed in 70). Although 

expression of these molecules by fibroblasts has been documented by multiple groups, the 

relative importance of fibroblast expression of these genes compared to other cardiac or 

infiltrating immune cells is less certain. Most studies have used global knockout or antibody 

inhibition to address a given inflammatory signaling pathway. Therefore, unless fibroblasts 
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are the only cells that secrete the protein, these studies only indicate the importance of the 

signaling pathway rather than the specific role of fibroblasts in the inflammatory response.

Fibroblasts in angiogenesis.—Although cardiac fibroblast involvement in angiogenesis 

has been suggested in vitro and in engineered tissue (71, 72), a limited number of studies 

have demonstrated angiogenic properties of cardiac fibroblasts either during development or 

after a cardiac insult. The Wntx cells described above were suggested to have angiogenic 

potential based on gene expression of paracrine factors that could interact with endothelial 

cells such as pleiotrophin, myocilin, and Timp3 (43). Although the angiogenic capacity 

of this population of fibroblasts was not determined biologically in this study, another 

group also suggested that after myocardial infarction the fibroblast transcription profile 

shifts from proinflammatory to proangiogenic. Using bulk sequencing to evaluate fibroblast 

gene expression in mice, fibroblasts isolated from infarct regions 3 days after myocardial 

infarction had increased expression of angiogenic pathway genes, including Vegfa, and 

cultured supernatant from fibroblasts isolated 3 days after myocardial infarction stimulated 

angiogenesis. However, at day 7 after myocardial infarction, inhibitors of angiogenesis were 

upregulated in fibroblasts (68). Further investigation of fibroblast roles in angiogenesis is 

necessary to elucidate additional interactions between fibroblasts and endothelial cells.

Fibroblasts and extracellular matrix production.—Historically, the term for an 

activated fibroblast has been myofibroblast. This cell nomenclature is rooted in the 

observation that populations of cells within a zone of injury or inflammation establish actin 

stress fibers that contain α-SMA or SM22. While expression of these contractile proteins 

is one reliable means to identify myofibroblasts, VSMCs also express these proteins, and 

distinguishing between the two cell types may be difficult. In addition, recent studies 

suggest that a more complex spectrum of fibroblast profiles exists than a simple binary 

state between activated and resting fibroblasts. One gene that is upregulated in activated 

cardiac fibroblasts is periostin. Periostin is a matricellular protein that is not present in 

resting or quiescent fibroblasts, but after injury it is rapidly, specifically, and robustly 

expressed by cardiac fibroblasts in regions of matrix reorganization. A comparison of Tcf21 

lineage cells and periostin-expressing cells, either after myocardial infarction or angiotensin 

infusion, demonstrated that periostin cells represent an activated fibroblast population that 

derives predominantly from the existing resident fibroblast population (10). This paper also 

proposed that a percentage of these activated, periostin-expressing cells return to a quiescent 

state after regression of the fibrotic response.

Pdgfrα-expressing fibroblasts were also examined after myocardial infarction by single-cell 

sequencing analyses. Four fibroblast subpopulations that were not present in sham-treated 

hearts emerged. These included a population that expressed cell cycle genes denoting 

proliferative cells. A second population that clustered with the cycling fibroblasts expressed 

activation markers such as periostin and α-SMA but no cell cycle genes. These cells 

were thought to be transitioning toward the proliferative state. Seven days after myocardial 

infarction two additional populations emerged that were thought to be myofibroblasts. One 

population was considered antifibrotic while the other population expressed ECM-related 

genes and was termed profibrotic. Additional analyses with more limited cell numbers 
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did not detect these specific subsets, but similar gene profiles were observed in all of the 

activated populations (73). In a spontaneous mouse model of fibrosis, single-cell sequencing 

also identified subpopulations of fibroblasts that could be distinguished as ECM remodeling, 

Tgfβ1 signaling, Wnt signaling, and proliferation. The genes driving these categories had 

some overlap with the genes in the previous fibroblast categories identified by other single-

cell sequencing described above but did not segregate into the same clusters (55), suggesting 

that each fibrotic model may have its own temporal and spatial fibroblast gene expression 

profiles.

Fibroblast expression of matrix-modifying genes can occur weeks after the fibroblast 

proliferative phase. One profile of expression was described as a specialized matrix-

producing cell, a matrifibrocyte. These cells were identified because they persisted after 

the majority of the activated fibroblasts had either developed a quiescent profile of gene 

expression or underwent programmed cell death (54). This matrifibrocyte population 

robustly expressed genes previously associated with bone and cartilage remodeling, 

including Chad, Cilp2, and Comp. The authors suggested that these specialized fibroblasts 

are maintained to stabilize the scar after myocardial infarction. Other reports have also found 

upregulation of some of these genes in fibroblasts after myocardial infarction (43).

Fibroblast senescence.—Recent studies have suggested that a population of cardiac 

fibroblasts become senescent after injury or during aging. These senescent fibroblasts 

may secrete inflammatory molecules that modulate innate immunity (74). Senescent 

myofibroblast cells have been described in both animal models of cardiac fibrosis and 

human biopsies with cardiac disease, and cardiomyocyte secretion of a senescence-inducing 

protein, CCN1, resulted in improved heart function after pressure overload (75). Adipose-

derived osteopontin has also been suggested to inhibit cardiac fibroblast senescence in 

aged mice, thereby promoting a fibrotic response. Osteopontin-null animals exhibited 

reduced fibrosis and increased numbers of senescent fibroblasts (76). After myocardial 

infarction, p53 was demonstrated to promote senescence of cardiac fibroblasts, thus altering 

fibroblast ECM and inflammatory regulators (77). The matrifibrocyte, described above, may 

be considered as a cell exhibiting some characteristics of senescence in that it appears 

refractory to proliferation upon subsequent insult, though senescence was not investigated. 

In vitro stimulation of cardiac fibroblasts with palmitate resulted in activation of the NLRP3 

inflammasome and senescence as determined by senescence-associated β-galactosidase 

activity and cell cycle arrest (78). Taken together, these studies suggest that senescent 

fibroblasts may have differential gene expression compared to other fibroblasts, but further 

investigation is necessary to determine how these cells contribute to fibrosis.

Other cell types implicated in fibrosis.—There is a current debate regarding the cell 

population(s) responsible for fibrogenesis. In addition to the resident fibroblast populations 

described above, multiple cell types have been identified that express collagen or α-SMA 

after injury.
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Extracardiac and Endothelial Cells

Several sources of myofibroblasts have been proposed, including fibrocytes, macrophages, 

bone marrow–derived cells (79–81), and endothelial cells (82). Multiple lines of evidence 

now suggest that these sources may not contribute significantly to the matrix deposition in 

the damaged heart.

Using a variety of experimental heart injury models, researchers investigated the relative 

contribution of collagen-producing nonresident cells to the collagen-producing resident 

fibroblasts. These studies have found that in most circumstances the resident fibroblasts 

comprise the majority of responding fibrogenic cells. Bone marrow chimeras with labeled 

donor cells were used to determine the number of myofibroblasts derived from circulating 

and bone marrow–derived cells after myocardial infarction. These studies concluded that 

few bone marrow cells contributed to the myofibroblast population (59, 83, 84).Even when 

the animals’ circulatory systems were linked by parabiosis, minimal contribution of the 

circulating cells was observed after pressure overload (5). Lineage tracing of endothelial 

cells, VSMCs, and hematopoietic cells also found few fibrogenic or myofibroblast cells 

derived from these cell populations after myocardial infarction (10, 84) or pressure overload 

(5, 7). In multiple experimental systems evaluated to date, the resident fibroblast population 

contributes the majority of the collagen-producing and myofibroblast cells, although all 

types of cardiac insult have not been examined. It should be remembered that all of these 

findings were based on mouse studies, and further work is needed to identify the fibrogenic 

populations in the human heart.

Perivascular Cells

Some studies have suggested that additional mesenchymal populations may be capable 

of generating ECM. Several groups have described a perivascular, mesenchymal stromal/

stem cell that responds to cardiac injury by producing collagen or expressing α-SMA 

(themyofibroblastmarker). Each study used different means for identifying these cells. 

For example, a Gli1-positive perivascular cell that develops into a myofibroblast was 

described. These cells express CD29, Sca1, CD44, and CD105. They constitute 0.07% of 

the non-cardiomyocytes in the adult, and ablation of these Gli1-expressing cells resulted 

in reduced fibrosis in response to pressure overload or angiotensin II infusion induced 

hypertension (25). In skeletal muscle, Nestin- and NG2-positive pericytes formed adipocytes 

and fibroblasts after injury (85). When the same population was studied in the heart the cells 

expanded after myocardial infarction but did not express collagen (86). Although relative 

numbers of perivascular/pericyte populations were not compared to the resident fibroblast 

cells, these studies demonstrate that a continuum of gene expression may exist between 

fibroblasts, pericytes, and VSMCs.

Mesenchymal Stromal/Stem Cells

Interestingly, several studies have suggested that a subset of fibroblasts may possess stem 

cell potential (reviewed in 87). These multipotent cells have been described by multiple 

names including FAPs, colony-forming unit fibroblasts (CFU-Fs), and cardiac progenitor 

cells. Identification of this cardiac population varies between studies, but expression of 

both Sca1/Ly6a and Pdgfrα are consistent markers used by several investigators. Sca1-
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expressing fibroblasts may secrete granulocyte-macrophage colony-stimulating factor (GM-

CSF) and promote heart failure by changing the macrophage response (88). Others have 

shown that these Sca1 cells can self-renew and are multipotent (44, 45, 89). When 

cultured in vitro, these cells form adipocytes, VSMCs, fibroblasts, and in some cases 

cardiomyocytes. The reported abundance of these cells suggests that they are rarer than the 

Sca1 population described above. The tripotency of these cells in vitro is very reminiscent of 

that described for mesenchymal stem cells, but a clear in vivo role has not been established. 

It has been suggested that these cells may contribute to fat accumulation associated with 

arrhythmogenic cardiomyopathy, as discussed below.

NOVEL ROLES FOR FIBROBLASTS

Fibroblasts Adopting Characteristics of Other Cell Types

I have described the fibroblast phenotypes at rest and after injury, but some studies have 

suggested that fibroblasts can become other cell types. After cryoinjury in the C3H strain 

of mice, fibroblasts can express osteogenic genes and contribute to calcification (90). These 

results are similar to the finding that Gli1-expressing cells in the aorta can also develop 

into osteoblast-like cells and contribute to aortic calcification. The authors concluded that 

the adventitial cell was a VSMC progenitor (26). Other studies have suggested that after 

myocardial infarction fibroblasts have the capacity to become endothelial like and generate 

30% of the endothelial cells in newly formed patent vessels (91). This conversion has been 

challenged by others who found that most nascent endothelial cells derive from existing 

endothelial cells (92). Consistent with the idea that some fibroblasts exhibit tripartite stem 

cell behavior, one study using Pdgfrα lineage tracing observed that some of the lineage-

traced cells form adipocytes after myocardial infarction and contribute to arrhythmogenic 

cardiomyopathy (46, 93). However, these results may have technical limitations, as others 

have demonstrated that epicardial cells can contribute to epicardial adipose tissue (94, 95). 

Considering the lineage tracing methods that were used, it may be difficult to distinguish 

between the contribution of an epicardial derived fibroblast and the epicardium (16).

Additional Comparisons

While some criteria for segregating fibroblast phenotypes are outlined above, other 

fibroblast distinctions have also been reported. For example, one study compared human 

fetal cardiac fibroblast gene expression to adult human cardiac fibroblasts. They found 

that a great number of common genes were expressed between these two populations, 

but several differences were noted. Notch signaling was enriched in the fetal fibroblasts, 

while IL-6 signaling was enriched in the adult (96). In a forced swim model of exercise, 

cardiac fibroblasts upregulated antioxidant genes and downregulated ECM gene expression 

compared to control animals (41). Another study demonstrated by single-cell sequencing 

that modest sexual dimorphism in cardiac fibroblast gene expression occurs (42), and even 

mouse strain-specific fibrotic responses have been reported (90, 97).
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CONCLUSIONS

Cardiac fibroblasts have been problematic to study because there have been limited robust 

means for unambiguously identifying these cells. The field of cardiac fibroblast biology 

is at a turning point where we can begin to appreciate the diverse roles of these cells 

(Figure 2). Single-cell sequencing analysis has revealed that subpopulations of fibroblasts 

have heterogeneous gene expression, and these variations should be considered in future 

studies. Fibroblast subsets are likely to vary depending on the type and extent of the cardiac 

insult, and a deeper understanding of these differences could provide important insights into 

the development of therapeutics to combat cardiac fibrosis. Additionally, location within the 

chamber and proximity to other cell types may be important to consider. Much of the current 

information regarding cardiac fibroblasts is dependent on animal studies, and we should 

strive to validate these findings in human cardiac disease if we are to develop strategies for 

managing pathologic fibrosis.
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Figure 1. 
Anatomic location of cardiac fibroblasts. Fibroblasts reside in distinct anatomic locations in 

the heart, and each population of fibroblasts is likely to express a different transcriptional 

profile. ➊1 Atrium-transverse section of atria where cardiomyocyte fibers are thinner and 

less dense compared to the ventricles. The fibroblast to cardiomyocyte ratios in atria have 

not been clearly documented. ➋2 Adventitia-transverse section through a coronary artery. 

The number of vascular smooth muscle cells (VSMCs) can vary depending on vessel 

diameter. Cell types other than fibroblasts have also been noted in the dense collagen 

surrounding the vessel. ➌3 The annulus fibrosus is a collagen-rich area surrounding the 

conduction system. Fibroblasts are present in these regions. ➍4 Valves: Fibroblasts reside 

in three layers (fibrosa, spongiosa, and ventricularis). These are composed of collagen, 

proteoglycans, and elastin, respectively. ➎5 Interstitium: This longitudinal section of 

myocardium would be found in the ventricles or ventricular septum.
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Figure 2. 
Fibroblast stages at rest and after injury. Several studies have found three subsets of resting 

cardiac fibroblasts. After injury or infection or during aging, fibroblasts become activated in 

response to inflammatory cytokines or cardiomyocyte-secreted factors. Fibroblasts enter a 

proliferative phase, which may overlap with the production of extracellular matrix (ECM). 

The expanded population of fibroblasts can be divided into at least four different subsets. 

Myofibroblasts are α-SMA+, while α-SMA− cells may promote angiogenesis. There are 

multiple proposed fates for the expanded fibroblasts. Some revert to resting fibroblasts, 

whereas others exhibit a unique and continued ECM production phase. Others either 

undergo apoptosis or become senescent. Although multiple studies have implicated a role 

for fibroblasts in regulating inflammation, single-cell sequencing experiments have not 

described an inflammatory gene expression profile. Below each fibroblast phase are some 

markers that may be expressed by a majority of cells in that phase.
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