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Abstract

The transdifferentiation of cardiac fibroblasts into myofibroblasts after cardiac injury has 

traditionally been defined by a unidirectional continuum from quiescent fibroblasts, through 

activated fibroblasts, and finally to fibrotic-matrix producing myofibroblasts. However, recent 

lineage tracing and single cell RNA sequencing experiments have demonstrated that fibroblast 

transdifferentiation is much more complex. Growing evidence suggests that fibroblasts are more 

heterogenous than previously thought, and many new cell states have recently been identified. This 

review reexamines conventional fibroblast transdifferentiation paradigms with a dynamic state 

space lens, which could enable a more complex understanding of how fibroblast state dynamics 

alters fibrotic remodeling of the heart. This review will define cellular state space, how it relates to 

fibroblast state transitions, and how the canonical and non-canonical fibrotic signaling pathways 

modulate fibroblast cell state and cardiac fibrosis. Finally, this review explores the therapeutic 

potential of fibroblast state space modulation by p38 inhibition, yes-associated protein (YAP) 

inhibition, and fibroblast reprogramming.
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1. Fibroblast state space

1.1 The Landscape Model of Cellular State Space

Previously, fibroblast cell states were defined rigidly, as quiescent un-activated fibroblasts, 

activated proliferating fibroblasts, or matrix-secreting myofibroblasts [1]. Convention 

dictated that in response to a severe cardiac injury, cardiac fibroblasts would first proliferate 

and then transdifferentiate into myofibroblasts, a cell type that is critical for generating 

collagen-rich scar tissue and preventing cardiac rupture. As our understanding of heart 

disease and progressive cardiac remodeling has evolved, the cardiac fibroblast has emerged 

as a key target for heart failure therapeutics. Furthermore, recent genomic studies have 

greatly expanded the known complexity of cardiac fibroblast phenotypes, underscoring that 

the linear transdifferentiation model is insufficient to describe fibroblast fate [1–5]. To 

evolve the field’s understanding of injury-induced cardiac fibrosis, the complexity of the 

linear fibroblast transdifferentiation paradigm must be expanded. By improving the 

understanding of the dynamics of fibroblast state space, new therapeutic targets for treating 

maladaptive fibrotic remodeling may be identified.

What is cellular state space?—Cell state transitions such as development, growth, 

maturation, senescence, and transdifferentiation are critical in both normal physiology and 

disease. These cell transformations are driven by shifts in genetic profile, which can be 

described with a “state space” model. Classically, state space is a mathematical concept 

whereby dynamic systems can be described using a set of variables that comprise every 

possible state of the system. In the context of cell biology, this can be illustrated as a hilly 

landscape traversed by cells as they differentiate or transition between states [6,7]. A marble 

analogy is often used to think about cells moving dynamically through this landscape, where 

peaks and valleys represent unstable and stable cell states, respectively. The position on the 

landscape (x/y-dimension) is determined by a compressed set of multidimensional gene 

expression variables—essentially representing the relative similarity of cell states. The 

overall height (z-dimension) of the landscape represents the activation energy required to 

transition between stable cell states (Figure 1). Mathematical modeling has shown that this 

idea of state space landscape is grounded in mathematical theory [8]. In the heart, cardiac 

injuries deliver strong pro-fibrotic signals to cardiac fibroblasts. However, how signals 

modulate the cellular state of fibroblasts and the relationship of these state changes to matrix 

organization, quantity, and composition is still poorly understood.

Fibroblast cell state dynamics can inform overall matrix dynamics in the heart. Ideally, after 

cardiac injury, therapeutic targeting would be able to tune the heart’s fibrotic response to 

maintain structural integrity in the short term, preventing cardiac rupture, but reduce or 

abrogate cardiac fibrosis and maladaptive remodeling in the long term [9]. There is growing 

evidence to suggest that tactically controlling fibroblast state via their state space landscape 
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effectively modulates the heart’s fibrotic response, and hence has therapeutic potential [10–

13]. For example, if a therapeutic could reduce the activation energy for a myofibroblast to 

transition to a state with lower matrix secretion, pathologic fibrotic remodeling could be 

lessened. However, this goal requires identification of cardiac fibroblast state trajectories 

during injury, repair, and recovery, along with the regulators of those state transitions. 

Determining how modifying fibroblast state transitions, either through pathway inhibition, 

activation, or reprogramming, impacts fibroblast population dynamics will be vital towards 

understanding how therapeutic state modulation alters the physiological role of fibroblasts in 

the heart.

Epigenetic and transcriptional analyses by high-throughput genome sequencing technologies 

like RNAseq, ATACseq, and CHIPseq may be used to molecularly define the state space 

occupied by cardiac fibroblasts. These new techniques enable unbiased and global snapshots 

of cellular state space transitions. Since transcript sequencing at the single cell level captures 

a snapshot of cells scattered along the differentiation or transdifferentiation trajectory; 

nuanced or ephemeral cell populations can be identified. This can be achieved using 

pseudotime analysis to understand how cells are moving through state space; however, 

pseudotime is best corroborated by serial sampling [14] and RNA labeling [15] to allow for 

more definitive analysis of how cells move through transcriptional space. This sort of 

analysis is exemplified in the field of hematopoietic progenitor differentiation [16,17], which 

showed that the differentiation of hemopoietic progenitors into either erythroid or myeloid 

lineages required destabilizing the progenitor state [17] and movement through metastable 

intermediate substates during the differentiation process [16]. Since state destabilization 

seems to be critical for state transition, cardiac fibroblasts may undergo similar cell state 

destabilizations to form fibrosis-producing myofibroblasts in the heart after injury. 

Approaching fibroblast transdifferentiation through the lens of multidimensional state space 

is critical to developing the next generation of therapeutic approaches for cardiac fibrosis.

1.2 Cardiac fibroblast states

While it was previously believed that cardiac myofibroblasts originated from several 

different sources, such as resident endothelial cells or circulating immune cells [18–23], 

genetic lineage tracing studies have shown that the majority (>95%) of activated 

myofibroblasts in the heart are derived from resident cardiac fibroblasts expressing 

Transcription Factor 21 (Tcf21) and Platelet-derived Growth Factor Receptor α (Pdgfrα) 

[24–28]. In the uninjured myocardium, quiescent Tcf21 and Pdgfrα expressing fibroblasts 

make up ~15% of the non-myocyte cardiac cell population, whereas activated fibroblasts and 

myofibroblasts are extremely rare or nonexistent [28]. This changes with injury or disease, 

as quiescent fibroblast progenitors begin transitioning to new states [1]. Fibroblast state 

transitions have been most characterized in the myocardial infarction (MI) model where 

within two days of injury, a subset of cardiac fibroblasts become proliferative and activated. 

These cells are marked by expression of the matricellular protein Periostin (Postn) 

[10,27,29] and minor to moderate expression of alpha smooth muscle actin (Acta2 or 
αSMA) [10,27,29], which gives these cells new contractile function. Importantly, Postn 

deletion blocks the formation of myofibroblasts [13], indicating that in addition to labeling 

the myofibroblast state it also regulates this transition. In the days following injury, these 
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activated fibroblasts mature into fully activated myofibroblasts, which boost secretion of 

matrix proteins and alter the composition of the extracellular matrix (ECM) to form a rigid 

scar [13,30]. More mature myofibroblasts are identified by their strong expression of 

collagens I and III, αSMA, and a splice variant of fibronectin, Fibronectin Containing Extra 

Domain A (Fn-EDA) [10,26,27,29,31]. These cells also exhibit reduced expression of Tcf21 

and Pdgfrα [10,32].

Recent studies demonstrate that fibroblast cell state is more complex than previously 

thought, suggesting that a dynamic state space model may more accurately depict fibroblast 

transdifferentiation then the traditional linear model (Figure 1). This is supported by recent 

findings regarding myofibroblast cell fate after injury resolution. Contrary to older studies, 

newer data has identified that most myofibroblasts don’t undergo apoptosis after injury 

resolution [33,34], but rather transition to a new state or regress back towards quiescence 

depending on the type of injury [2,10]. For example, around 14 days after myocardial 

infarction (MI) myofibroblasts appear to transition to a matrifibrocyte state that is 

molecularly defined by the expression of chondrocyte and osteogenic genes [2]. These 

matrifibrocytes are derived from myofibroblasts of the Postn lineage and are found in mature 

scars using the markers chondroadherin (Chad), cartilage oligomeric matrix protein (Comp), 

and CAP-Gly Domain Containing Linker Protein 2 (Clip2) (Figure 1). This subtype of 

cardiac fibroblast is postulated to chronically maintain the infarct scar. In contrast, Postn-

traced myofibroblasts reverted to a less activated state after only two weeks of recovery from 

chronic stimulation of the heart via Angiotensin II (AngII) and phenylephrine (PE) [10]. 

These data raise questions about what is a “deactivated” myofibroblast, and how similar is 

this state to its original quiescent fibroblast progenitor. Another possible myofibroblast state 

transition is senescence. Research in cancer biology identified that senescent myofibroblasts 

often secrete enzymes that proteolytically degrade the extracellular matrix [35]. This state 

has also been identified in the heart and may be essential for reversing cardiac fibrosis 

during the heart’s recovery from injury [36]. The disappearance of myofibroblasts over time 

via transdifferentiation, deactivation, and senescence suggests that the myofibroblast state is 

transient and likely unstable [2,4]. Using a state space model, this could be described by 

positioning myofibroblasts in a very shallow “valley”, indicating that this state requires 

minimal activation energy to move into a more stable state (Figure 1). In the heart, 

myofibroblasts might transition back to the progenitor state or move towards a more mature 

fibroblast injury phenotype, such as the matrifibrocyte. Although this hypothesis has not 

been directly examined, it also opens up questions regarding where these cellular states 

reside in multidimensional molecular state space and how different fibroblast states can 

impact cardiac structure and function. The impact of redefining fibroblast 

transdifferentiation as a multidimensional state space model provides a more complex and 

comprehensive cellular and molecular road map that will be crucial for developing new 

targeted antifibrotic therapeutics.

1.3 Cardiac fibroblast & myofibroblast heterogeneity

Single cell RNA sequencing (scRNAseq) techniques have broadened the understanding of 

fibroblast cell state and provided evidence for a more nuanced fibroblast heterogeneity in 

both healthy and injured hearts. The general population of resident fibroblasts activate, 
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proliferate, and increase their matrix production as described previously, but the molecular 

heterogeneity present in these populations suggests they consist of a diverse group of 

substates. However, these new clusters of molecularly distinct fibroblasts have not yet been 

functionally validated by other techniques. Three studies recently investigated the diversity 

of non-myocytes in murine hearts. Skelly et al. were one of the first groups to identify new 

cardiac fibroblast states by performing scRNAseq on cells isolated from uninjured hearts. A 

new fibrocyte population of cells was identified, expressing transcriptional markers of both 

fibroblasts (collagen type I alpha 1 chain (Col1a1), Pdgfrα, and Tcf21) and immune cells 

(high affinity immunoglobulin gamma Fc receptor I (Fcrg1), cluster of differentiation 14 

(Cd14), and protein tyrosine phosphatase receptor type C (Ptprc)). However, the functional 

role of these cells in the heart at baseline or in injury was not investigated. Quiescent 

fibroblasts were also shown to produce growth factors for the maintenance of other cardiac 

cells, including neurons, endothelial cells, and mural cells, highlighting that cardiac 

fibroblasts play a larger role in cardiac homeostasis beyond matrix secretion [5]. These 

findings demonstrate cardiac fibroblast state is heterogenous and suggest these unique 

fibroblast clusters may have different functional roles.

Farbehi et al. expanded on this work, identifying new quiescent and activated fibroblast 

substates in response to MI. The quiescent fibroblast population segregated into two major 

groups marked by relative expression of the surface marker spinocerebellar ataxia 1 (Sca1). 

Fibroblasts with strong expression of Sca1 had higher expression of cell adhesion genes, 

whereas fibroblasts with low Sca1 expression had high expression of signal transduction 

genes. This would suggest that the quiescent fibroblasts have separate subpopulations 

involved in cell adhesion and signal transduction. Farbehi et al. also used lineage tracing to 

isolate and selectively sequence Pdgfrα expressing cells. By deep sequencing a fraction of 

the cells, they identified novel myofibroblast subtypes expressing both profibrotic and 

antifibrotic signatures. They also showed the canonical changes in the proportions of cells 

falling into each of these subtypes three to seven days post injury. In line with the 

established fibroblast state paradigm, activated and cycling fibroblasts peaked 3 days post 

infarction and myofibroblasts peaked 7 days post infarction [3], which is consistent with 

state change timelines established by other approaches [2]. Two novel fibroblast states were 

also identified. One was a transitory fibroblast state, which cell trajectory analysis placed as 

an intermediate substate between Sca1-low and the second novel state defined by Wnt 

inhibitory factor 1 (Wif1) expression. These cells expressed antifibrotic paracrine signaling 

and were present at all time points, persisting for at least 7 days after infarction. This fibrosis 

inhibition cell state opposes all the activating fibroblasts in the heart by expressing inhibitors 

of wingless-related integration site (WNT), cellular communication network factor 2 (Ccn2) 

and transforming growth factor beta (TGFβ) signaling and seems to be important for the 

timing of heart repair [3]. Farbehi et al. also reanalyzed the data from Skelly et al. and were 

able to find all of the same baseline cell populations identified in their work.

Most recently, McLellan et al. completed a scRNAseq study looking at the fibroblast 

populations present after an AngII infusion model. This study also found the Wif1 

expressing cell population identified by Farbehi et al. Surprisingly, no αSMA expressing 

myofibroblast population was detected. Instead they identified two fibroblast subpopulations 

expressing the matricellular proteins Cilp and thrombospondin 4(Thbs4) [4]. Pseudotime 
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analysis showed that Thbs4 expressing cells arose from Cilp cells. The Cilp and Thbs4 

expressing fibroblasts also expressed markers similar to the matrifibrocyte (Comp, secreted 

frizzled related protein 2 (Sfrp2), and cellular communication network factor 5 (Ccn5)) 

indicating that these markers could be important for post-injury fibroblast states. 

Additionally, Cilp expressing fibroblasts expressed higher levels of matrix remodeling 

proteins. None of these groups expressed αSMA or had the molecular components of 

canonical myofibroblasts [1]. However, these cells did express Postn and seemed to be 

responsible for extracellular matrix production in this AngII infusion injury model. This 

suggests that different injury models may elicit a variety of fibroblast states in order to 

modulate the composition and quantity of extracellular matrix (Figure 2a). Notably, there are 

two types of fibrosis: replacement and reactive. Replacement fibrosis occurs when there is 

significant cardiomyocyte death, such as with MI, ischemia reperfusion (I/R), or 

cryoablation. The fibrotic response generated from these injuries is vital for preventing 

ventricular rupture after massive myocyte loss. In contrast, reactive fibrosis usually results in 

fibrosis that accumulates in the interstitial space. In animal models, reactive fibrosis is 

observed in models of pressure overload or treatment with a cocktail of AngII and PE [37]. 

To date it is unclear whether the same cellular and molecular mechanisms underlie these 

different types of fibrosis. Thus, the results of these scRNAseq studies begin to elucidate the 

different substates that fibroblasts might occupy in response to different injuries. Moreover, 

robust time course and genetic perturbation studies will be needed in order to ascertain if the 

substates identified represent novel cell states with discernable functions or are transition 

states and represent cells undergoing transdifferentiation.

These scRNAseq studies have also determined that intercellular communication between 

fibroblasts and other non-myocytes is critical for proper heart function [3–5]. By mapping 

expression of ligands and cognate receptors, these scRNAseq studies have started to 

elucidate these interactions. Skelly et al. found that fibroblasts are the most promiscuous cell 

type in the heart, with fibroblasts expressing ligands that target the other cardiac cell types 

and promote survival of specific cardiac cell populations. In vitro coculture experiments 

showed that fibroblast signaling is necessary but not sufficient for cardiac macrophage and 

endothelial cell growth [5]. McLellen et al. corroborated these results with their scRNAseq 

data set, showing that fibroblast signaling is crucial in the uninjured heart. Their analysis of 

ligand/receptor networks post AngII-induced hypertrophy showed an increase in 

communication signals between all cell types and an upregulation of signaling pathways 

associated with amino acid synthesis and collagen fibral organization. Downregulated 

signaling pathways in this study were enriched for inflammation and leukocyte/monocyte 

trafficking, indicating a suppression of the inflammatory response. In addition to direct 

signaling with other cell types, cardiac fibroblasts’ regulation of matrix structure and 

composition is an important signaling modality for other cell types in the heart. It has been 

shown that matrix composition—specifically the presence of the extracellular heparan 

sulfate proteoglycan agrin—can promote cardiomyocyte proliferation even in adult 

mammals [38]. Finally, fibroblasts can also interact with other cardiac cells through 

mechanotransduction. Coculture of macrophages and fibroblasts on a fibrillar collagen 

matrix showed that macrophages are attracted by the dynamic contraction of activated 

fibroblasts [39]. This could mean that αSMA positive contracting fibroblasts play a role in 
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initiating the immune response post injury. Future work will need to continue elucidating the 

important role that fibroblasts play in intercellular signaling, both at baseline and in response 

to injury. The role cardiac fibroblasts play in signaling is at a nascent level of understanding. 

More in-depth reviews of communication between cardiac fibroblasts and other cell types 

can be found here [40,41].

Collectively, these scRNAseq studies demonstrate the limitations of the historic view of 

injury-induced fibroblast to myofibroblast transdifferentiation, underscoring the need for this 

paradigm to be expanded to include fibroblast and myofibroblast population heterogeneity, 

intermediate substates, and transient cell states. Each of these states have distinct patterns of 

gene expression and, presumably, different responsibilities within the injured myocardium, 

yet most of these studies lack true functional validation. This highlights a barrier in the field: 

integrating high dimensional data from transcriptome sequencing with protein expression 

and measurements of fibroblast structure and function. It is important to note that these 

scRNAseq experiments were carried out in mice—with the exception of McLellen et al., 
where findings were corroborated with human bulk RNAseq data [4]. Therefore, while it 

seems likely that the human fibroblast cell state landscape resembles that of the mouse 

fibroblast, the human fibroblast landscape still remains poorly characterized.

1.4 Reprograming and stem cell derivation of cardiac fibroblasts

The ability to reprogram fibroblasts to pluripotent stem cells with Yamanaka factors or to 

other cell types with myogenic transcription factors has also shed light on the stability and 

plasticity of differentiated fibroblasts and myofibroblasts [42,43]. The concept of 

reprogramming fibroblasts has been around since the 1980’s, when myogenic differentiation 

1 (MyoD) was used to transdifferentiate fibroblasts into skeletal muscle cells [44]. 

Fibroblasts were successfully reprogrammed into cardiomyocytes using the three cardiac 

transcription factors Gata4, Mef2c, and Tbx5 (GMT) [45]. GMT has been used to reprogram 

fibroblasts both in vitro [45] and in vivo [46] with efficiencies of 10–15%. Later, 

reprograming efficiency both in vitro and in vivo was improved by the inclusion of the 

transcription factor Hand2 (GHMT) [47,48]. More recently in vitro reprogramming 

efficiencies of ~50–60% were achieved by blocking fibroblast activation pathways [49]. A 

major obstacle to reprogramming with transcription factors is that not all cells that express 

the reprogramming factors will undergo transdifferentiation [14,50]. The observation that 

inhibiting the myofibroblast phenotype dramatically improves reprograming drives home the 

idea that the cardiac fibroblast population is extremely heterogeneous and occupies an array 

of positions in state space at any given time [49]. The movement of reprogrammed cells 

through state space was recently observed using RNA velocity, reiterating the idea that these 

populations are dynamic [14]. Subpopulations of fibroblasts resistant to reprograming were 

identified, demonstrating that even cells thought to occupy similar positions in state space 

may have distinct activation energy requirements to move between states.

Reprogrammed cardiomyocytes are heterogenous, with some cells exhibiting highly 

organized sarcomeres and mature isoforms, while others have more disorganized sarcomeres 

and fetal isoform expression. To better understand the heterogeneity of these induced 

cardiomyocytes (iCM), single cell analysis was performed on fibroblasts converting to 
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myocytes 3 days after GMT induction. Four cell states were identified: fibroblasts, 

intermediate fibroblasts, pre-iCM, and iCM. The pre-iCM state was identified as an unstable 

intermediary cell state expressing both fibroblast and cardiomyocyte markers. Proliferation 

was discovered to be a major delineating factor as to whether pre-iCM continued on to iCM 

or reverted back to a fibroblast state, with decreased proliferation enhancing reprogramming 

and vice versa. The splicing factor polypyrimidine tract-binding protein 1 (Ptpbp1) was also 

identified as an inhibitor to fibroblast transdifferentiation, with Ptpb1 inhibition greatly 

enhancing reprogramming efficiency [51]. Finally, since recent studies have carried out 

reprograming in both mouse and human cardiac fibroblasts [14], it seems likely that human 

and mouse cardiac fibroblast state space is similar. That being said, human fibroblasts have 

been more difficult to reprogram and need more reprogramming factors, suggesting that 

human fibroblasts are less plastic. Future research will need to elucidate exactly how the 

human cardiac fibroblast state space landscape differs from that of the mouse cardiac 

fibroblast.

The induced pluripotent stem cell (iPSC) field is also adding to our understanding of cardiac 

fibroblast biology, as protocols are developed for the directed differentiation of stem cells 

into a cardiac fibroblast lineage [52,53]. Metatranscriptomic analysis to place these iPSC 

derived fibroblasts in state space relative to the identified state spaces occupied by 

endogenous cardiac fibroblasts has not been done. This type of analysis, similar to what has 

been done for cardiac reprograming of fibroblasts [14], will elucidate how close these stem 

cell derived cells are to canonical cardiac fibroblasts. The complexity of the cardiac 

fibroblast lineage discussed above indicates that cardiac fibroblasts are more heterogeneous 

than once thought and hence could play varied roles in the heart. Therefore, iPSC derived 

fibroblasts will need to be defined in the complex state space of the endogenous cardiac 

fibroblast. Thus, modeling resident cardiac fibroblast cell states with iPSCs has proved 

challenging.

Robust lineage reporters for quiescent fibroblasts and myofibroblasts have dramatically 

moved forward the field of cardiac fibroblast biology. [10,24]. The next step forward is to 

use new single cell analysis tools to tease apart the genomic complexity behind any given 

lineage reporter. This will allow cardiac fibroblasts substates to be placed relative to each 

other in multidimensional state space (Figure 1). Lineage reporters permanently label a cell 

based on the expression of a single gene. While they are important for tracking a cells 

history, these cells can only be labeled once, limiting the identification of various molecular 

states a single cell might occupy throughout its differentiation trajectory. Therefore, 

development of a multi-lineage reporter may be useful for fully teasing apart fibroblast state 

dynamics. For now, scRNAseq experiments on isolated lineage-traced cells can begin to 

elucidate some of the complexities that underlie each cardiac fibroblast lineage [3,4].

2. Modulating Fibroblast Cell State to Alter Myocardial Fibrosis

Many factors must converge to drive cell state transitions. Injuries in the heart often involve 

several stimuli, such as ischemia, inflammation, or cell death, which overwhelmingly push 

cardiac fibroblasts towards activated states. Enhancing or inhibiting key genes can reshape 

the state space landscape, making it more or less likely to achieve a fibrotic fibroblast state. 
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Therefore, these pathways can be leveraged to shift cardiac fibroblasts into more desirable 

cell states, mitigating fibrosis and halting maladaptive cardiac remodeling. The following 

section summarizes in vivo studies defining fundamental regulators of cardiac fibroblast 

state and how they have been therapeutically targeted to improve cardiac fibrosis and 

dysfunction.

2.1 TGFβ Pathway

TGFβ is a master regulator of the fibrotic response. The TGFβ receptor has two subunits: 

the type I and type II TGFβ receptors (Tgfbr1/2). In the canonical signaling pathway, 

binding of TGFβ to Tgfbr1/2 results in phosphorylation of the transcription factors Smad2 

and Smad3. Once phosphorylated, these proteins complex with Smad4 in the cytoplasm, 

translocate to the nucleus, and promote a profibrotic genetic profile [54]. Modulating the 

expression of these proteins alters fibroblast cell state and, by extension, fibrosis in the heart 

due to injury.

In ischemic injuries, Smad3 expression is important for proper cardiac myofibroblast 

function, but does not appear to be a driver of the myofibroblast state. Knockdown of Smad3 

increased αSMA expressing myofibroblast density and proliferation, but resulted in reduced 

[55] or disorganized collagen deposition [56]. Deletion in both the whole heart and Postn-

expressing fibroblasts resulted in increased myofibroblast number [55,56], suggesting that 

Smad3 is not involved in initiation or maintenance of the myofibroblast state. However, 

myofibroblast morphology and alignment in the infarct area was impaired, and isolated 

fibroblasts exhibited decreases in collagen I and III [56], indicating that Smad3 is essential 

for mounting a proper fibrotic response to ischemic injuries. The mechanism behind the 

proliferative myofibroblast phenotype seen in these knockouts is unknown; it could be a 

direct effect of Smad3 deletion or secondary due to poor collagen deposition. In pressure 

overload models, Smad3 is also a critical regulator of myofibroblast function and state, with 

both global and fibroblast-specific Smad3 knockdown resulting in decreased interstitial 

fibrosis [54,57]. Smad2 knockout did not reduce fibrosis, suggesting Smad3 is the major 

driver of the fibrotic response in the canonical pathway. Deletion of Smad2 and Smad3 

together (Smad2/3) decreased ECM gene expression, fibroblast proliferation, and αSMA 

positive myofibroblast number after transverse aortic constriction (TAC) [54]. These results 

suggest that Smad2/3 are important for fibroblast function, expansion, and induction of the 

αSMA positive myofibroblast state in pressure overload systems. The transcription factor 

Scleraxis has been identified as a key downstream effector of the Smad3-induced 

myofibroblast phenotype, with Scleraxis knockdown inhibiting the myofibroblast state 

[58,59]. While not studied in a disease context, decreased expression of Scleraxis may 

underlie the lack of myofibroblasts in Smad3 null mice. The opposing proliferative response 

of fibroblasts in ischemic and pressure overload models has not been studied. One possible 

explanation is the relative magnitudes of each injury: redundant fibrotic signaling pathways 

may take over in ischemic injuries to prevent ventricular rupture. This reiterates that 

fibroblasts likely have different cell states for responding to different injury stimuli. Notably, 

deletion of Smad2/3 did not confer any functional benefits. However, upstream knockdown 

of Tgfbr1/2 in fibroblasts decreased interstitial fibrosis, abrogated systolic and diastolic 

function, and improved cardiac hypertrophy [54]. While fibroblast specific effects were not 
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investigated in this model, TGFβ signaling appears to affect heart function and hypertrophy 

through Smad2/3-independent pathways.

TGFβ signaling is not restricted to just fibroblasts. In pressure overloaded hearts, 

phosphorylated Smad3 has been found in the nuclei of cardiomyocytes and vascular cells, as 

well. Myocyte-specific deletion of Tgfbr2 reduced both pathological hypertrophic 

remodeling and interstitial fibrosis [60]. These data suggest that in pressure overload, 

myocyte TGFβ signaling also plays a role in defining fibroblast state, although exact 

fibroblast effects were not studied. In contrast, myocyte specific deletion of Smad2/3 in TAC 

mice did not reduce reactive fibrosis, indicating that the myocyte effect on fibroblast state 

may occur through secondary or non-canonical pathways [54]. For example, cardiomyocyte 

specific Smad4 knockout in uninjured mice changed sarcomere calcium sensitivity, causing 

these mice to develop a fibrotic, dilated cardiomyopathy (DCM) phenotype. This 

underscores how changes in myocyte health and function can alter fibroblast state.

2.2 p38 Mitogen Activated Protein Kinase (MAPK)

TGFβ can activate both canonical and non-canonical fibrosis signaling pathways. When the 

TGFβ ligand binds to its receptors, the MAPK pathways are also activated, including the 

p38 mitogen-activated protein kinase (p38), extracellular signal-regulated kinase (ERK), and 

c-Jun-N-terminal kinase (JNK) [54]. While little work has been done in vivo with ERK and 

JNK in the context of cardiac fibrosis or fibroblasts, p38 has been identified as a major 

regulator of the fibrotic response in the heart [13]. In fact, increasing evidence is 

demonstrating that these non-canonical pathways may play a significant role in mediating 

fibroblast state and the fibrotic response to injury [13,61].

p38 is a crucial regulator of the myofibroblast state. In ischemic injuries, targeted genetic 

deletion of the p38α isoform from both Tcf21 and Postn-expressing fibroblasts drastically 

decreased reparative fibrosis, leading to massive mortality due to ventricular rupture [13]. In 

contrast to Smad3 deletion in ischemic injuries [55,56], knockdown of p38α in both 

fibroblast cell states grossly decreased the number of αSMA expressing myofibroblasts in 

the infarct and border zones [13]. These results were replicated in an AngII/PE reactive 

fibrosis model. In a gain of function experiment, p38 was activated by creating a transgenic 

mouse where the p38 regulator, mitogen activated kinase kinase 6 (MKK6), was made 

constitutively active. This model resulted in increased cardiac fibrosis and number of αSMA 

positive myofibroblasts at baseline and in response to I/R and AngII/PE-induced injuries. 

These data suggest that p38α is a potent activator of the myofibroblast state, essential for 

both mounting and sustaining the matrix secreting αSMA positive myofibroblast phenotype 

[13]. In the context of state space, it is possible that p38 deletion increases the activation 

energy required for myofibroblast transdifferentiation; whereas, p38 overexpression 

decreases this activation energy, accounting for the respective changes in myofibroblast 

number (Figure 2b).

In addition to TGFβ-driven signaling, recent work suggests that p38 incorporates spatial 

cues in its determination of fibroblast state [12]. Integration of fibroblast lineage tracing and 

matrix alignment analyses revealed that Postn and αSMA expressing myofibroblasts are 

most commonly found in the border zone of MI hearts, where the ECM is most aligned. The 
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center of the scar, often characterized by disordered collagen organization [62] exhibited 

lower myofibroblast density. Myofibroblast morphology correlated with matrix alignment: 

myofibroblasts found in the aligned border zone were highly elongated, while those found in 

the disorganized scar were more circular. These results were recapitulated in vitro by 

culturing isolated adult cardiac fibroblasts on biomimetic nanofabricated devices with 

random or aligned patterns. Fibroblasts cultured on the aligned patterns showed increased 

myofibroblast transdifferentiation and expression of matrix proteins than those cultured on 

random patterns. TGFβ failed to exacerbate the myofibroblast phenotype on aligned 

patterns, potentially suggesting that chemical and mechanical cues converge onto a single 

pathway to induce myofibroblast transdifferentiation. Deletion of p38 abrogated pattern-

induced αSMA positive myofibroblast transdifferentiation [12]. Moreover, alignment 

initiated p38-mediated stabilization of the yes-associated protein (YAP), a pathway that is 

highly studied in the context of cancer [63]. Transduction of a constitutively active nuclear 

YAP was sufficient to activate the myofibroblast cell state. These data suggest that p38 

integrates both spatial and chemical cues to mediate fibroblast cell state [12].

2.3 Serum Response Factor (SRF), Transient Receptor Potential Channels (TRPC), and 
YAP

Multiple pathways have been found to converge or intersect with the p38 pathway, including 

the myocardin-related transcription factors-serum response factor (MRTF-SRF) axis, 

transient receptor potential cation channel subfamily C member 6 (TRPC6), and YAP. The 

transcription factor SRF is essential for vascular smooth muscle cell (SMC) differentiation 

[64] and has been implicated in inducing the contractile, SMC-like genetic profile in 

myofibroblasts. SRF binds to a promotor sequence known as the serum response element 

(also known as the CArG box) with the help of mechanosensitive transcription co-factors, 

such as MRTF-A and MRTF-B. The activity of these co-factors is highly dependent on actin 

dynamics, and is therefore regulated by Rho GTPases [65]. This signaling axis is known to 

activate due to injury, changes in mechanical forces and cell shape, or with TGFβ signaling 

(reviewed in [66]), highlighting its connection to the Smad and p38 pathways.

MRTF-A and TRPC6 are downstream effectors important for induction of the myofibroblast 

state. Global deletion of MRTF-A post-MI decreased fibrosis, non-myocyte proliferation, 

and overall number of αSMA positive fibroblasts, indicating that MRTF-A is necessary for 

the αSMA positive myofibroblast phenotype [65]. Transient receptor potential canonical 

family member 6 (TRPC6) has been identified as an essential target of SRF through the p38 

pathway [61]. Previously linked to pathological hypertrophic remodeling, TRPC6 

upregulation is known to activate calcineurin and nuclear factor of activated T cells (NFAT) 

[67]. Global knockout of TRPC6 in MI mice caused higher incidence of ventricular rupture, 

decreased function, and reduced collagen deposition. Mechanistic studies in vitro with 

isolated cardiac fibroblasts demonstrated that TRPC6 expression is directly upregulated by 

SRF and can be inhibited with p38 inhibitors. Moreover, TRPC6 overexpression was a 

potent activator of myofibroblasts, and TRPC6 knockout abrogated TGFβ-mediated 

myofibroblast transdifferentiation [61]. Together these data demonstrate that TRPC6 is a 

crucial downstream effector of p38-dependent transitions of fibroblasts into fibrosis-

producing myofibroblasts.
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YAP inhibition is essential for fibroblast specification during development and maintenance 

of the quiescent fibroblast cell state in adults. YAP is a transcriptional coactivator in the 

Hippo pathway that is negatively regulated by the kinases Lats1 and Lats 2 (Lats1/2) [63]. 

Deletion of Lats1/2 from the developing mouse heart prohibited epicardial differentiation 

into mature cardiac fibroblasts [11]. Deletion of Lats1/2 in adult cardiac fibroblasts 

destabilized the quiescent fibroblast state, causing spontaneous myofibroblast 

transdifferentiation (Figure 2b). Lats1/2 knockout mice had gross increases in fibrosis, both 

at baseline and with MI injury [63]. These data suggest that Lats1/2-dependent YAP 

inhibition is crucial for maintaining the quiescent fibroblast state. YAP signaling intersects 

with both p38 and SRF pathways. MRTF-A mRNA and protein levels have been shown to 

directly correlate with YAP expression. In MI, deletion of YAP from Tcf21 and Col1a1-

expressing fibroblasts decreased collagen deposition, fibroblast proliferation, and αSMA 

positive fibroblast activation. Similar decreases in fibrosis were seen in AngII/PE-treated 

mice with loss of YAP function in Tcf21 fibroblasts. MRTF-A levels were also attenuated in 

the YAP knockouts, suggesting that YAP is required for MRTF-A activity [68]. These results 

demonstrate the importance of YAP/MRTF-A signaling in the myofibroblast state transition 

in response to ischemic and chronic injuries. In the p38 pathway, YAP appears to be a 

crucial component for transduction of mechanical signals via focal adhesions [12,69]. 

Notably, knockdown of YAP in fibroblasts did not increased mortality due to ischemic injury 

[68], indicating that other fibrotic signaling pathways may be responsible for the reparative 

fibrosis response, although this may also be an artifact of increased myocyte survival. In 

contrast, myocyte specific deletion of YAP resulted in dramatically increased fibrosis and 

mortality post-MI [70] and neonatal deletion of YAP in cardiomyocytes impaired 

regeneration [71]. The differential effects of YAP signaling in myocytes and fibroblasts 

again highlights how myocyte health can affect fibroblast cell state, but also underscores the 

level of specificity required to target this pathway therapeutically.

Collectively, these studies demonstrate that manipulating the expression of key proteins in 

the fibrotic cascade can alter fibroblast state space dynamics, resulting in altered global 

fibrosis. However, how state space is altered is still a major unknown for the field. This 

section reviewed how pathway manipulations can alter myofibroblast density in the 

myocardium. Based on this data, there appear to be at least three potential mechanisms for 

state space modulation: (1) a change in the activation energy required to reach a 

myofibroblast state, (2) a change in quiescent or activated fibroblast state stability, or (3) a 

change in the rate of myofibroblast transdifferentiation. With respect to the first mechanism, 

altered activation energy by p38 inhibition or enhanced activity likely alters the activation 

energy required to achieve a myofibroblast state. Because p38 inhibition results in 

dramatically fewer myofibroblasts in response to injury [13], it’s postulated that loss of p38 

function increased the activation energy needed to achieve a myofibroblast state. In contrast, 

p38 activation by MKK6 resulted in spontaneous myofibroblast transdifferentiation without 

an injury stimulus [13], suggesting that this perturbation to p38 signaling lowered the 

activation energy, making the myofibroblast transition easier (Figure 2b). For the second 

mechanism (altered stability), we postulate that YAP regulates fibroblast and myofibroblast 

state stability because models with increased YAP activity (via Lats1/2 knockdown) caused 

a mass activation of myofibroblasts in both uninjured and infarcted mouse hearts [63]. 
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Conversely, YAP inhibition decreased myofibroblast transdifferentiation [68]. Hence a 

reasonable hypothesis is that YAP inhibition stabilizes the quiescent fibroblast state while 

YAP activity stabilizes the myofibroblast state. (Figure 2b). With respect to the third 

mechanistic model (altered rates of transdifferentiation), there is minimal evidence to 

support this mechanism in the cardiac literature, but dermal wound closure which is 

mediated by myofibroblasts occurred much slower in TRPC6 knockout mice [61]. This 

suggest that modulations of some molecular regulators only slow down or speed up the 

transition to a myofibroblast state, without entirely inhibiting transdifferentiation (Figure 

2b). However, the mechanisms for these changes in state space landscape are hypothetical 

and of course could include some combination of the mechanisms proposed here. Moreover, 

these mechanisms are simplified to only the conversion of resident fibroblasts to 

myofibroblasts, and a more robust analysis may need to examine the state transitions in 

between. For example, Scleraxis and Pdgfrα have been implicated in forming and 

maintaining resident cardiac fibroblasts [32,58]. This suggests that there are key regulators 

to every fibroblast state and demonstrates that the complexity of fibroblast state space 

transcends myofibroblast transdifferentiation. To truly begin elucidating how these 

regulators control state space, rigorous scRNAseq experimentation must be incorporated into 

pathway manipulation studies, although these experiments may be cost prohibitive. 

Adoption of analyses from the reprogramming field may be beneficial; for example, free 

energy calculations may be helpful for determining relative state stabilities [51]. RNA 

velocity and pseudotime calculations may be useful for characterizing state transitions and 

differentiation rates [3,4]. Other experiments, analyses, and calculations may yet need to be 

developed to be able to make robust state space determinations. For example, the field 

currently lacks methods for integrating multiomic transcriptional and proteomic changes. 

While scRNAseq will begin to uncover information about state space, these data must be 

validated with protein-based and physiologic assays. Ultimately, a better understanding of 

the regulators of the various fibroblast states, and how their modulation affects global 

cardiac fibrosis, will enable therapeutic targeting of specific states to inhibit maladaptive 

cardiac remodeling.

3. Therapeutics

Targeted genetic manipulation is essential for identifying the cell-specific role of a given 

signaling pathway, and these data can be leveraged to develop antifibrotic therapies for 

patients. In some cases, improvements in fibrosis do not always beget improvements in 

function. This could be because the myocytes are damaged to a point of no return, where 

lessened fibrosis cannot improve function. Alternatively, systems with less fibrosis could 

also have a fundamentally different type of fibrosis, with different biochemical composition, 

architecture, or organization resulting in an overall stiffer heart despite fibrotic attenuation. 

Hence alterations in the quantity of fibrosis may not be the proper index for evaluating the 

impact of a given therapeutic. To complicate matters further, human clinical trials don’t 

typically use fibrosis as an endpoint, despite advancements in non-invasive assessments of 

fibrosis by magnetic resonance imaging (MRI) with late gadolinium enhancement [72,73]. 

Instead, studies often rely on functional metrics as endpoints, even when testing 

antifibrotics. This makes it especially hard to determine how a given treatment is directly 
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altering human cardiac fibrosis, let alone fibroblast state space. Therefore, the following 

section and Table 1 summarizes pre-clinical and clinical data from inhibiting two regulators, 

p38 and YAP, that show promise for altering global fibrosis and function through cardiac 

fibroblast state modulation. In addition, this section reviews fibroblast reprogramming 

approaches as a therapeutic.

3.1 p38 Inhibitors

p38 inhibitors are a promising class of drugs for reducing fibrosis and improving heart 

function. However, timing of p38-targeted therapeutics is crucial. In mouse models, early 

p38α deletion in Tcf21 expressing fibroblasts post-MI resulted in more dramatic decreases 

in fibrosis, improvements in function, and increases in mortality rates, compared to deletion 

from activating Postn positive fibroblasts [13]. This suggests p38 inhibition could be a 

double-edged sword: if administered too early, they may cause ventricular rupture, but if 

given too late, fibrosis and dysfunction may not be adequately attenuated. In a DCM hamster 

model, chronic administration of the p38 inhibitors SB203580 or FR167653 improved 

systolic function and decreased fibrosis [74]. Rats given the p38 inhibitor RWJ-67657 7 days 

after MI demonstrated decreased remote fibrosis and αSMA protein expression, but only 

moderate improvements in function [75]. Pirfenidone is a small molecule drug that has 

recently been approved to treat lung fibrosis. While pirfenidone has several proposed 

mechanisms of action, it has also been implicated in targeting TGFβ signaling and inhibiting 

p38 phosphorylation [76]. In rodents, pirfenidone has decreased cardiac fibrosis in response 

to MI [77], pressure overload [76,78], and AngII-induced injuries [79]. While pirfenidone 

was able to halt fibrosis progression in a chronic pressure overload model, it was not able to 

reverse existing fibrotic remodeling, highlighting the importance of preventative treatment 

[76]. In humans, a couple of anti-inflammatory p38 inhibitors have started clinical trials. 

Despite promising phase II clinical data (NCT00910962) [80], a large phase III clinical trial 

testing the effects of Losmapimod, a competitive inhibitor of p38, failed to improve adverse 

outcomes after MI (NCT02145468) [81]. Array BioPharma, a subsidiary of Pfizer, recently 

started a phase III clinical trial to investigate the effects of the anti-inflammatory and p38-

inhibitor ARRY-371797 on DCM patients with mutations in the laminin A/C gene 

(NCT03439514), but this study will not be completed until 2024. This trial is supported by 

preclinical data in a mouse model with this laminin mutation, where treatment with 

ARRY-371797 decreased dilation and systolic dysfunction [82].

3.2 YAP Inhibitors

The YAP pathway has been identified as a key target for reducing cancer resistance to 

chemotherapies. Therefore, YAP inhibitors have been investigated thoroughly in this context 

(reviewed in [83]). However, given recent data proposing YAP as a potent activator of the 

fibrotic cascade [63,68], it may be helpful to review promising YAP inhibitors that could be 

applied to cardiac fibrosis. Verteporfin, a drug widely studied for treating macular 

degeneration, was recently found to have YAP inhibition properties. In the kidney, 

verteporfin treatment of mice with unilateral ureteral obstruction decreased interstitial 

fibrosis, αSMA expressing myofibroblast number, and Smad2/3 nuclearization [84,85]. In 

human isolated lung fibroblasts, a high-throughput screen of >13000 small molecules 

identified statins as potent YAP inhibitors, potentially explaining why patients with 
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interstitial lung disease had better outcomes on statins. Simvastatin decreased established 

lung fibrosis in the bleomycin mouse model in a Lats1/2 independent manner [86]. 

Inhibition of the dopamine receptor D1 (DRD1), which couples to G-protein receptors, via 

dihydrexidine (DHX) disrupted YAP signaling in isolated fibroblasts and reduced lung and 

liver fibrosis in bleomycin and bile duct ligation models, respectively. DHX was also found 

to inhibit YAP nuclearization in isolated cardiac fibroblasts, although its use has not been 

tested in an in vivo cardiac fibrosis model [87]. Given that these YAP inhibitors have shown 

promise in other fibrotic systems, they may be useful for combatting cardiac fibrosis, as 

well.

3.3 Fibroblast Reprogramming

Reprogramming fibroblasts into cardiomyocytes is an enticing treatment for patients with 

ischemic heart disease who have lost a significant fraction of myocytes. The central 

hypothesis is that reprogrammed fibroblasts could replace the cells that were lost, improving 

function while also reducing fibrosis. In mice, injection of GMT factors after MI improved 

systolic function, reduced collagen deposition, and reduced fibrotic gene expression in the 

border zone. This method produces varying levels of maturity within iCM, with only half of 

the cells exhibiting organized sarcomeres and mitochondria [46].

However, translating these results to humans has proved difficult. It was quickly discovered 

that GMT alone was insufficient to reprogram human cardiac fibroblasts into 

cardiomyocytes, and that other factors and mRNAs were needed [88,89]. This suggests that 

there are species-related differences in cardiac fibroblast plasticity, with human fibroblasts 

having extra epigenetic regulation preventing reprograming. Although murine in vivo 
reprogramming has proven to be more robust than in vitro [47], in vivo reprogramming has 

not been demonstrated in large animal models or non-human primates. Moreover, no studies 

have investigated how removing a subset of fibroblasts affects long-term matrix homeostasis 

or response to future cardiac injuries. Given that mechanisms for sensing or compensating 

for low fibroblast numbers are unknown [32] and that fibroblasts provide additional roles in 

wound healing beyond matrix secretion [5], reprogramming these fibroblasts into 

cardiomyocytes may cripple the heart’s ability to maintain matrix homeostasis or offset 

future wound healing responses. These unknowns must be addressed before GMT can 

translate to humans.

4. Summary and Remaining Questions

4.1 Summary

Recent advances in lineage tracing reporters and scRNAseq has greatly expanded our 

understanding of fibroblast states and substates during injury-induced transdifferentiation. 

While fibroblasts were previously thought to have a unidirectional, linear transdifferentiation 

trajectory, these recent studies demonstrate that fibroblast state is more dynamic. scRNAseq 

studies have identified new fibroblast cell states and added complexity to the existing 

fibroblast transdifferentiation paradigm. Knowledge of myofibroblast fate has expanded, 

with studies demonstrating deactivation or progression into long-term, mature states (e.g. 

matrifibrocytes). Therefore, viewing fibroblast state changes according to the dynamic 
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cellular state space model may allow for better visualization of the complexity of fibroblast 

cell states. This model may also allow for better understanding of how pathway 

perturbations can alter the fibroblast response to injury. By fully understanding how each 

pathway can modulate fibroblast state, therapeutics may be able to leverage cell state 

transitions to reduce pathological fibrosis in the heart.

4.2 Remaining Questions

There are many lingering gaps in knowledge surrounding fibroblast state and 

transdifferentiation trajectories. While scRNAseq studies have identified many new potential 

fibroblast cell states, the stability of these states and their physiological roles in cardiac 

homeostasis and scar formation are unknown. More time course scRNAseq studies are 

needed to determine the relative stability of these states and distinguish persistent cell states 

from transition states. These studies may also enable a better understanding of state space 

modulation, such as with the mechanisms proposed in Figure 2b. Moreover, these states 

need proteomic validation. The role of post-injury stable fibroblast states, such as the 

matrifibrocyte, in maintaining long-term matrix homeostasis is unknown. To answer this 

question, information about the scar microenvironment (e.g. stiffness, matrix content, and 

cellular composition) will need to be integrated with scRNAseq data to elucidate the 

function of homeostatic feedback loops between cardiac matrix proteins, cardiac fibroblasts, 

and other cardiac cell types. Once this is known, the field can begin to tease apart what role 

these fibroblast states play in chronic cardiac remodeling in heart failure. Satisfying these 

gaps in knowledge should enable targeted manipulation of the “activation energy” for 

fibroblast cell state transitions to prevent or slow the progression to heart failure. Along 

similar lines, it will be critical to connect the fibroblast state space model to the rest of the 

cell types in the heart. Crosstalk between cardiac cell types appears to be critical for 

regulation of wound healing and the inflammatory response. Ultimately, the therapeutics 

discussed in this review only halted progression of cardiac fibrosis, but never reversed it, 

thus highlighting that either 1) treatments must be administered prophylactically, or 2) novel 

therapeutics need to be developed to control fibroblast cell state transitions.
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Abbreviations

Acta2 or αSMA Alpha smooth muscle actin

AngII Angiotensin II

ATACseq Assay for transposase-accessible chromatin using 

sequencing

Ccn2 Cellular communication network factor 2

Ccn5 Cellular communication network factor 5
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Cd14 Cluster of differentiation 14

CHIPseq Chromatin immunoprecipitation sequencing

Col1a1 Collagen type I alpha 1 chain

ECM Extracellular matrix

Fcrg1 High affinity immunoglobulin gamma Fc receptor I

Fn-EDA Fibronectin containing extra domain A

GHMT Gata4 (G) Hand2 (H) Mef2c (M) and Tbx5 (T)

GMT Gata4 (G) Mef2c (M) and Tbx5 (T)

I/R Ischemia reperfusion

iCM Induced cardiomyocyte

MI Myocardial infarction

MRTF-SRF Myocardin-related transcription factors-Serum response 

factor

MyoD Myogenic differentiation 1

p38 MAPK p38 mitogen-activated protein kinase

Pdgfrα Platelet-derived growth factor receptor α

PE Phenylephrine

Postn Periostin

Ptpbp1 Polypyrimidine tract-binding protein 1

Ptprc Protein tyrosine phosphatase receptor type C

Sca1 Spinocerebellar ataxia 1

scRNAseq Single cell RNA sequencing

Sfrp2 secreted frizzled related protein 2

TAC transverse aortic constriction

Tcf21 Transcription factor 21

TGFβ Transforming growth factor beta

Thbs4 Thrombospondin 4

TRPC6 Transient receptor potential cation channel subfamily C 

member 6

Wif1 Wnt inhibitory factor 1
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WNT Wingless-related integration site

YAP Yes-associated protein
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Highlights:

• Cardiac fibroblast cell state is more dynamic and complex than previously 

thought.

• Fibroblast state space can be altered by modulating TGFβ-related pathways.

• Changes in fibroblast state modify the global fibrotic response to cardiac 

injury.

• Fibroblast cell state may be a viable target for therapeutic intervention.

• YAP and p38 inhibitors have targeted therapeutic potential for modulating 

fibroblast state space.
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Figure 1: Cardiac Fibroblast Movement in Cell State Space
Cardiac fibroblasts have long been thought to exist on a linear continuum between an 

unactivated state and a fibrotic matrix secreting myofibroblast state. This figure depicts a 

more complete picture of cardiac fibroblast “state space.” State transition may be reversible 

indicated by the bidirectional arrow heads, new fibroblasts cell states may exist (e.g. 

matrifibrocytes), and transdifferentiation directly between these states might be possible 

indicated by dotted lines. Importantly the third dimension of state space “activation energy” 

is critical to understanding this concept. For example, the myofibroblast state could be 

unstable and not in a deep valley, indicating that a small amount of activation energy could 

induce a state change. In contrast, a more permanent cell state, like a cardiomyocyte, would 

have a much deeper valley to represent low likelihood of state transition. Known gene 

expression markers of the fibroblast states shown are listed, however it is important to note 

that a position in multidimensional state space is far more complex than a small number of 

marker genes.
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Figure 2: Models of Cardiac Fibroblast State Transitions.
A) Differential Fibroblast Injury Response in Myocardial Infarction and Angiotensin-
Infusion Injury Models. Recent RNAseq studies suggest that fibroblasts state transitions 

vary based on the injury stimulus. This figure summarizes what is known about fibroblast 

transdifferentiation in response to myocardial infarction and angiotensin II infusion, but also 

illustrates unknowns regarding: the proliferation phase in an Angiotensin model, the 

genotype (SCA1 high or low) of resident fibroblast population that transitions to a 

myofibroblast identity, and SCA1 expression as fibroblast undergo state transitions. B) State 
Space Modulation of Myofibroblast Identity. Perturbing genes in the fibrotic pathway can 

alter the fibroblast state space landscape, changing the number of α-SMA expressing 

myofibroblasts. Illustrations represent several hypothetical outcomes from fibroblast state 

space modulation.
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Table 1:
Summary of pre-clinical and clinical studies on P38 and YAP inhibitors.

The p38 inhibitors summarized here are all from studies within cardiac systems, whereas the YAP inhibitors 

are from a mix of renal, hepatic, and pulmonary systems.

Paper/ Clinical Trial Therapeutic(s) Species Injury Model Result

Kyoi et al., 2006 [74] SB203580*

FR167653*
Hamster Dilated 

Cardiomyopathy
Decreased cardiac fibrosis, myocyte death, 
dilation, and hypertrophy.

See et al., 2004 [75] RWJ-67657* Rat Myocardial Infarction Improved systolic function; decreased dilation, 
αSMA protein expression, and collagen I 
deposition; enhanced myocyte hypertrophy.

Yamagami et al., 2015 [76] Pirfenidone* Mouse Pressure Overload Improved systolic function; decreased dilation 
and interstitial fibrosis.

Nguyen et al., 2010 [77] Pirfenidone* Rat Myocardial Infarction Improved systolic function; decreased fibrosis; 
decreased frequency of ventricular tachycardia; 
decreased fibrosis in the infarct zone, border 
zone, and non-infarct area of the heart.

Wang et al., 2013 [78] Pirfenidone* Mouse Pressure Overload Decreased mortality and cardiac fibrosis.

Yamazaki et al., 2012 [79] Pirfenidone* Mouse Angiotensin II Decreased hypertrophy and cardiac interstitial 
and perivascular fibrosis.

Newby et al., 2014 [80] 
NCT00910962

Losmapimod* Human 
Phase II

Myocardial Infarction 535 patients: no increase in adverse cardiac 
reactions; decreased B-type natriuretic peptide 
concentrations after 12 weeks.

O’Donoghue et al., 2016 
[81] NCT02145468

Losmapimod* Human 
Phase III

Myocardial Infarction 3503 patients: no improvements in frequency of 
adverse cardiac events (e.g. sudden cardiac 
death, recurrent MI).

Muchir et al., 2012 [82] ARRY-371797* Mouse Dilated 
Cardiomyopathy

Improved fractional shortening; decreased 
dilation and αSMA gene expression; no change 
in Col1a1 and Col1a2 gene expression.

NCT03439514 ARRY-371797* Human 
Phase III

Dilated 
Cardiomyopathy

Ongoing- set to be completed in 2024.

Liang et al., 2017 [84]
Verteporfin

# Mouse Unilateral Ureteral 
Obstruction

Decreased renal interstitial fibrosis and number 
of αSMA expressing myofibroblasts.

Szeto et al., 2016 [85]
Verteporfin

# Mouse Unilateral Ureteral 
Obstruction

Decreased renal interstitial fibrosis, number of 
αSMA expressing myofibroblasts, and 
Smad2/3 nuclearization.

Santos et al., 2020 [86]
Simvastatin

# Mouse Bleomycin-induced 
Pulmonary Fibrosis

Decreased pulmonary interstitial fibrosis and 
collagen deposition.

Haak et al., 2019 [87]
Dihydrexidine

# Mouse Bleomycin-induced 
Pulmonary Fibrosis
Bile duct ligation

Decreased pulmonary fibrosis and αSMA 
fluorescent intensity.
Decreased hepatic fibrosis and αSMA 
fluorescent intensity.

*
p38 inhibitor;

#
YAP inhibitor
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