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Abstract

During myocardial infarction, myocytes die and are replaced by a specialized fibrotic extracellular 

matrix, otherwise known as scarring. Fibrotic scarring presents a tremendous hemodynamic 

burden on the heart, as it creates a stiff substrate, which resists diastolic filling. Fibrotic 

mechanisms result in permanent scarring which often leads to hypertrophy, arrhythmias, and a 

rapid progression to failure. Despite the deep understanding of fibrosis in other tissues, acquired 

through previous investigations, the mechanisms of cardiac fibrosis remain unclear. Recent studies 

suggest that biochemical cues as well as mechanical cues regulate cells in myocardium. However, 

the steps in myofibroblast transdifferentiation, as well as the molecular mechanisms of such 

transdifferentiation in vivo, are poorly understood. This review is focused on defining 

myofibroblast physiology, scar mechanics, and examining current findings of myofibroblast 

regulation by mechanical stress, stiffness, and topography for understanding fibrotic disease 

dynamics.
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1. Introduction

In the United States and many other nations, cardiac failure is the leading cause of death. 

Heart diseases account for over 800 000 deaths per year (1 in every 3 deaths), and economic 

expenses exceed $320 billion in direct and indirect costs.[1] Nearly all forms of 

cardiovascular disease are associated with myocardial fibrosis, which is primarily mediated 

by cardiac fibroblasts. While cardiac fibroblasts are responsible for extracellular matrix 

(ECM) maintenance in healthy myocardium, they can also transform into myofibroblasts. 

Post-transformation, they can contribute to the secretion of cytokines, deposition of ECM, 

structural support, and filling the mechanical load created by myocyte necrosis.[2] 

Myofibroblast transdifferentiation is essential in overcoming cardiac injury, but progressive 

fibrosis often leads to remodeling of both infarcted and residual noninfarcted myocardium. 

This remodeling results in reduced tissue compliance, increased matrix stiffness, irregular 

action potential propagation, and progressive heart failure[2] (Figure 1). The limited 

regenerative capacity of the mammalian myocardium intensifies the fibrotic and 

inflammatory response during cardiac wound healing.[3–5] These changes lead to disruption 

of overall tissue organization, critically damaging organ function through hypertrophy, 

chamber dilation, biochemical intra-cellular signaling factor secretion, and 

transdifferentiation of neighboring fibroblasts. Fibrosis is linked to ventricular arrhythmias, 

hypertension, diabetes, rheumatic heart diseases, hypertrophic cardiomyopathy, heart failure, 

and sudden cardiac death.[6,7] Currently, clinical strategies to combat damage to the 

myocardium from fibrosis are essentially palliative. This is especially true due to the limited 

supply of hearts for transplantation[2] and lack of understanding of the regulation of the 

remodeled cardiac environment on scar tissue formation.

Inhibition of heart scarring and fibrosis would be an ideal therapeutic strategy for treating 

heart diseases. One such disease is Ischemic fibrosis, where obstruction of the coronary 

arteries leads to a reduction of the oxygen supply to the myocardium. This can potentially 

result in infarction, where the lack of oxygen results in necrosis. The area of necrosis will 

eventually be replaced by fibrotic scar, greatly affecting the functionality of the myocardium.

Myocardium is a complex, highly ordered system, with a mix of cellular and acellular 

components, providing resident cells with strong structural organization as a whole.[2–4] 

Ultrastructural analysis of mammalian myocardial tissue highlights that the arrangement of 

aligned cells correlates strongly with the direction of the underlying ECM fibers.[5] In the 

myocardium, the ECM is aligned congruently, providing a natural direction for myocyte 

exertion of contractile forces and a defined axis for action potential propagation. In a healthy 

myocardium, the fibrous ECM provides several other functions as well. These include 

providing a native myofascial plane between layers of muscle, a barrier to electrical 

activation of the atria and ventricles, and structural guidance to blood vessels. These 

functions are often disrupted after myocardial infarction.[4] Postinfarction remodeling, such 

as ECM deposition, increased stiffness, and impaired contraction, is known to be regulated 

by chemical, mechanical, and structure cues through myofibroblast transdifferentiation.[8] 

This suggests that ECM offers mechanical cues for cardiac cellular and macroscopic tissue 

organization and development.
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There is a tremendous need for the development of effective interventions for cardiac 

fibrosis both clinically and economically. Currently, numerous publications have been made 

regarding myofibroblasts and cardiac wound healing. Recent publications have shown cell–

matrix regulation to play a key role in cardiac wound healing. This review will focus on the 

current status of research revolving around the mechanical regulation of myofibroblasts in 

cardiac fibrosis and wound healing, as well as the future targets for possible therapeutic 

development.

2. Cellular Origins of Cardiac Fibrosis

Myofibroblasts are responsible for secreting a fibrotic matrix in response to injury signals. 

They can secrete large amounts of matrix proteins including collagen type I, collagen type 

III, collagen type IV, periostin, and fibronectin.[9] They play a critical role in wound healing 

in various organs including the lungs, liver, kidneys,[10,11] skeletal muscle,[12] and heart.
[13,14] Their contribution to wound healing includes migration, wound contraction, 

recruitment of inflammatory cells, and the remodeling/secretion of ECM to provide 

structural reinforcement[4,15] (Figure 2). Morphologically, myofibroblasts are identified by 

ruffled membranes, a spindle shaped morphology, dendritic processes, and large 

endoplasmic reticulum organelles. The characteristics of myofibroblast are a cross between 

fibroblasts and smooth muscle cells, including the expression of alpha smooth muscle actin 

(αSMA) and the intermediate filament desmin. The contractile property of myofibroblasts 

originates from the electron dense smooth muscle myosin and αSMA. While these 

characteristics are all documented, the steps and molecular mechanisms in myofibroblast 

transdifferentiation in vivo are not well understood.

A few extracellular ligands which are involved in fibroblast to myofibroblast 

transdifferentiation include transforming growth factor β (TGFβ), endothelin 1,[16] 

angiotensin-II,[17] nerve growth factor,[18] thrombin,[19] Wnt β catenin/fizz1,[20,21] platelet-

derived growth factor (PDGF),[22] and intracellular stress.[23] Previous studies in vitro 

suggest that in the early stage of transdifferentiation, fibroblasts exhibit an increase in focal 

adhesion proteins, which increase mechanical stress on the cells.[24,25] As myofibroblast 

fully differentiates, smooth muscle actin expression increases.[25] Although the presence of 

αSMA is considered to be a marker for myofibroblasts, longer focal adhesions, paxillin, 

tensin, ED-A fibronectin, increased αvβ3 or αvβ5 integrin, and excessive secretion of 

collagen are all collectively used to identify myofibroblasts.[4,26] However, many markers 

fail to specifically identify cardiac myofibroblasts. This remains a major challenge in cardiac 

tissue engineering.[27] It should also be noted that multiple factors including inflammatory 

cytokines such as TGFβ are known to lead fibroblasts to a myofibroblast lineage. However, 

the factors that initiate and differentiate fibroblasts into myofibroblasts have not been 

confirmed in vivo.

While normally not present in healthy myocardium, myofibroblasts appear and transform the 

myocardium upon cardiac injury, in pathological responses, or aging. Importantly, 

myofibroblasts develop dense microfilaments and actin cytoskeletons that extend the 

membrane of the cell to an adhesion complex, fibronexus.[28] Altogether, a mature adhesion 

complex with internal stress fibers generates a contractile force, which is then reinforced by 
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deposition of collagen.[29] Despite this contractile machinery, myofibroblasts are 

nonexcitable cells that do not directly participate in contractile behavior or conduction of 

action potentials through gap junctions of normal myocytes. Although Cx43 protein has 

been reported to be present between fibroblasts and myocytes in the sinus node of a normal 

rabbit heart, further investigation suggested that such coupling levels are very low, even 

slowing electrical conduction.[30] Overpopulation of myofibroblasts is likely to hinder 

myocyte to myocyte coupling and cardiac conduction via gap junctions, while leading to 

over-stiffening of the myocardium by excessive ECM deposition.[31] Although multiple 

animal models have shown myofibroblasts play an important role in physiologic remodeling 

and wound closure, overexpression of the myofibroblasts phenotype often leads to 

uncontrolled fibrosis.[32–34] In the case of cardiac tissue, this results in pathological 

ventricular remodeling, hypertrophy, arrhythmia, and even heart failure.

Classes of cardiac fibrosis include reactive interstitial, replacement, and perivascular 

fibrosis.[35] Reactive interstitial and perivascular fibrosis are often observed in left 

ventricular pressure overload models or in hearts affected by hypertension, diabetes, or 

aging.[36,37] Reactive interstitial and perivascular fibrosis are characterized by progressive 

collagen accumulation in the perivascular and interstitial spaces in the absence of myocyte 

cell death. Such changes are accompanied by myocyte hypertrophy, and are reported to 

affect even remote noninfarcted myocardium. Progressive fibrosis is considered a hallmark 

of aging in many organs including the cardiovascular system. Although aged hearts may 

exhibit a normal ejection fraction and contractility, the myocardial compliance and 

ventricular mass are often increased due to deposited collagen from progressive fibrosis.[38] 

Different types of progressive fibrosis may have different causal mechanisms leading to 

cardiac fibrosis. Fibrosis induced from hypertension is caused by increased collagen 

synthesis, but age-induced fibrosis exhibits decreased collagen synthesis, but significant 

attenuation of matrix-degrading pathways accounting for cumulative collagen deposition.[39] 

Reactive interstitial and perivascular fibrosis are considered an intermediate marker of 

fibrosis, as it precedes irreversible replacement fibrosis. Some therapeutic approaches were 

found to reverse such phenotypes.[40] By contrast, replacement fibrosis is observed in acute 

myocardial infarction and ischemic heart disease with no effective therapeutic approaches. 

In this case, necrotic myocytes are replaced with fibrotic scar through excessive matrix 

deposition, mainly type I collagen.[3] Interstitial and perivascular fibrosis ultimately lead to 

replacement fibrosis which then often leads to heart failure.

Recent studies suggest that myofibroblasts are primarily derived from resident fibroblasts 

which undergo programmed transdifferentiation. However, endothelial-derived fibro-blasts,
[41] epithelial-derived fibroblasts,[41,42] circulating fibrocytes,[43] perivascular cells,[26] and 

mesenchymal cells from the Gli1 lineage may also contribute to the population of 

myofibroblasts within injured tissue.[4] The diversity of myofibroblast precursor cells is one 

of the confounding factors in understanding myofibroblast function, as well as their role in 

fibrotic remodeling of the heart after injury or during disease progression.
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3. Microenvironmental Cardiac Scar Mechanics

Due to the recent findings of mechanical cues modulating myofibroblast transdifferentiation,
[25,44–47] cardiac researchers are focusing on investigating the signaling pathways underlying 

the transduction of mechanical cues. Traditional understandings of the myofibroblast and its 

role in cardiac wound healing have mainly relied on an in vitro setting on flat tissue culture 

plastic. These settings are distant from the rich in vivo microenvironments, which 

myofibroblasts continuously interact with both before and after transdifferentiation.

In vivo, fibroblasts and myofibroblasts regulate the ECM dynamically, and concurrently 

receive environmental regulatory cues. The heart’s ECM microenvironment is known to 

maintain the heart’s electrophysiology, provide structural support to myocytes, and provide 

residing cells with signaling proteins.[3] Studies on ECM dynamics have found that ECM 

not only regulates fibrosis chemically, but also mechanically.[8,45,48,49] The conversion of 

mechanical signals into biochemical signals plays a pivotal role in cellular differentiation. A 

large range of subcellular structures have been found to contribute to this process. Some of 

these include the ECM itself, cytoskeletal filaments, myosin motors, growth factors, 

integrins, and stretch activated ion channels.

The healthy heart is organized with various ECM proteins, which contribute to synchronized 

contraction, tight cell–cell coupling, and directional action potential propagation.[48,50] 

Since directional ECM organization has been observed in many studies, cardiac tissue 

engineering has been attempting to recapitulate the native heart ECM to understand the 

mechanisms of cell–ECM interactions.[8,48,50–52] A major protein in the ECM of the heart is 

planar laminin. It is reported that healthy adult myocardium is comprised of about 35% 

laminin, however as an infarct develops, collagen, specifically type I collagen, a fibrillary 

protein that provides tensile strength and stiffness to myocardium, dominates[53] (Figure 3). 

The increase in fibrillar type I collagen content, resulting in increased rigidity, is generally a 

hallmark of fibrosis.[54] Both collagen content and tissue stiffness in the microenvironment 

are known to be regulated by myofibroblasts. Fibrillar collagen, which is often absent in 

healthy myocardium, develops on the border of an infarct in congruent direction to myocytes 

upon injury.[55] Notably, the core of an infarct displays random orientation of collagen fibers 

(Figure 4). The mechanoregulation of remodeled microenvironments in infarct scaring has 

not been investigated in depth. Cyclic stretch,[56–58] rigidity,[49,56] ECM orientation,[59] 

infarct location,[45] and topographic cues[48,50] are beginning to be examined for roles in 

cardiac scar formation and myofibroblast regulation. Studies suggest these environmental 

mechanical cues are key regulators in cardiac remodeling. Attempts made to recapitulate in 

vivo microenvironments, in order to investigate effects of exogenous mechanical cues, 

would advance effective study of cellular biomechanical function.

4. Mechanical Stress Underlies Fibroblast to Myofibroblast Differentiation

Myofibroblasts are highly sensitive to mechanical force, and can generate contractile tension 

on their surroundings during wound healing. Mechanical forces are known to induce 

increased proliferation, reduced collagenolytic activity, and increased collagen production.
[60] A number of studies are starting to report congruent effects of mechanical and chemical 
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signals on myofibroblast transdifferentiation.[9,61,62] Evidences suggest cyclic tension itself 

(15%, 1 Hz) can transdifferentiate fibroblasts into myofibroblasts, without any secondary 

soluble growth factors.[56–58,60] On the contrary, a number of studies also report that cyclic 

strain has an inhibitory effect on myofibroblast transdifferentiation.[63–66] Here, the 

inhibitory effect was reverted with increased anisotropy, suggesting that fibroblasts can also 

sense the directionality of cyclic strain.[63] Moreover, infarcts induced on the equator of 

hearts, where myocytes contract in a circumferential direction, change the orientation of 

ECM fibers. This was not observed when the infarct was restricted to the apex, where 

myocytes induce circumferential and longitudinal contraction of the heart.[45]

Integrins are well-established mechanosensors in fibroblasts and myofibroblasts that connect 

the ECM and cytoplasmic actin cytoskeleton. These mechanosensors are heterodimer 

membrane receptor proteins. They are composed of an alpha and a beta chain which confer 

specificity to certain ECM components. Integrins link the actin/myosin cytoskeleton within 

fibroblasts to the ECM, allowing cells to exert and sense mechanical forces in the external 

environment. These mechanosensors have been shown to play a role in myofibroblast 

transdifferentiation.

Myofibroblast differentiation and cell specific markers have been shown to increase with 

mechanical tension.[60,67] Such increased transdifferentiation events were effectively 

reduced with the inhibition of integrins, specifically integrin αv, in liver, kidneys, and lungs 

via suppression of latent TGFβ activation.[68] Stretch-mediated mechanical signals have also 

been shown to alter ECM–integrin interactions and vary cellular responses.[69] Thus, 

strategies to modulate myofibroblast integrin inhibition with small molecules or antibodies 

are emerging as a novel method of combating fibrotic cardiac diseases.[70]

One significant pathway that transduces mechanical stress is the mitogen-activated protein 

kinases (MAPK). All three MAPK kinases (ERK, JNK, and p38) were activated with cell 

stretch, and inactivated with cell contraction.[71] A number of results suggest there exists a 

selective activation pathway of MAPK during mechanical force stimulation.[60,72,73] 

Interestingly, passive biaxial stretching has shown an increase in ERK and JNK activity, but 

not the p38 kinase pathway.[74,75] Conversely, tensile forces were shown to increase activity 

of p38, but not ERK and JNK.[76] Recent findings have shown that increases in 

myofibroblast transdifferentiation induced by cyclic strain were inhibited with p38 

knockout, suggesting the regulatory effect of p38 on transducing mechanical cues for 

fibrotic response[64] (Figure 5A,B).

Unlike myocytes, myofibroblasts do not produce cyclic tension. However, studies suggest 

that static tensile forces can also regulate myofibroblast fate. A static tensile force of 0.65 

pN mm−2 resulted in a twofold increase in αSMA protein levels within a short period for 

low basal levels of αSMA. While a decrease in αSMA for high basal levels of αSMA 

through MAPK occurs.[60] It was found that stress worked synergistically with TGFβ, 

causing activation of latent TGFβ1, which in turn induces myofibroblast differentiation.
[46,77] Activation of TGFβ1 by release from the latency associated peptide has been found to 

require as low as 40 pN of integrin-transmitted force.[77] Mechanical force induces 

myofibroblast differentiation, setting up a positive feedback loop, in which newly 
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differentiated myofibroblasts exert force on the surrounding microenvironment. This positive 

feedback is assisted by TGFβ1 activation, amplifying the inductive signals for a fibroblast to 

differentiate.

Incorporation of αSMA into stress fibers is significant, as it leads to myofibroblast 

contractility. The contractile stress fibers, comprised of mature actin microfilaments and 

non-muscle myosin are regulated by myosin light-chain (MLC) phosphorylation.[8] This 

phosphorylation is regulated by Rho kinase. RhoA, a small GTPase protein of the Rho 

family, is known to enhance actin reorganization and activate TGFβ responses. This kinase 

is another major factor in myofibroblast transdifferentiation.[78,79] Inhibition of RhoA 

significantly reduces contractile force, as well as wound granulation in tissue contraction.[80]

RhoA/Rho-associated kinase (ROCK) regulates not only the phosphorylation status of MLC, 

but also underlines the remodeling of the actin cytoskeleton into stable stress fibers.[81] 

Although both ROCK1 and ROCK2 have been implicated in cardiac hypertrophy and 

ventricular remodeling, ROCK1 is central to the development of cardiac fibrosis. In the 

context of mechanical signaling the ROCK kinases are critical for mechanosensing in both 

fibroblasts and myofibroblasts.[81] The close relationship between external mechanical 

tensions, myofibroblast induced tension, the pathways involved, and fate changes all suggest 

that focus on these areas may represent a new strategy in preventing maladaptive scar 

formation and in developing an antifibrotic therapeutic strategy.[82]

5. Substrate Stiffness Regulates Myofibroblast Fate

Recent findings demonstrate that myofibroblast fate is also regulated by substrate stiffness.
[83–85] Fibroblasts cultured on low stiffness planar substrates do not form stress fibers or 

express αSMA, in contrast to fibroblasts cultured on high stiffness substrate or tissue culture 

plastic[85,86] (Figure 5C). It has been discovered that tissue stiffness or loading has a close 

relationship to wound healing and scar formation. However, the understanding of the 

molecular mechanism of how myofibroblasts transduce mechanical elasticity is still at an 

elementary stage. Various models have been suggested to understand how myofibroblasts 

sense external stiffness. One model is detection through mechanosensitive membrane ion 

channels, which change conformation in response to external tension.

Mechanosensitive ion channels were shown to detect rapid changes in tension induced by 

magnetic beads.[87] Mechanosensitive ion channel models are appealing, however they have 

drawbacks. This model does not reflect in vivo fibrotic response, as matrix dynamics occur 

over a period of weeks to even months, while the ion channel models are limited to short 

term changes. Thus, in order to understand the process of myofibroblast fate change 

mediated by substrate stiffness, the current focus is on investigating ECM–cell adhesion 

dynamics and cytoskeletal regulation through mechanotransduction.

Formation of enlarged focal adhesions has been found to be a key step in a feedback loop of 

external stiffness to actin stress fiber organization that regulates myofibroblast 

transdifferentiation. Fibronexus, a myofibroblast-specific extensive ECM–cell adhesion 

complex, is formed in fibrotic tissue by myofibroblasts.[4] In vitro, enlarged focal adhesion 
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complexes (“supermature focal adhesion”) are often observed in high stiffness substrates. 

Limiting myofibroblasts focal adhesion formation on arrays of restricted islets led to the 

rapid loss of αSMA expression.[88] Moreover, increasing the size of the islets to allow 

supermature focal adhesion formation on extendable membranes reincorporated αSMA 

regardless of the stretch variable.[88] However, it is not clear whether formation of 

supermature focal adhesions is the primary event which determines myofibroblast fate post 

injury.

Approaches using 3D model systems with loaded ECM may provide the most relevant 

environment for simulating in vivo interaction between myofibroblasts and ECM.[88] 

However, the unrestrained ECM gels with loaded fibroblasts do not provide a continuous 

positive feedback of increased stiffness and myofibroblast interaction.[89] When collagen gel 

loses its elasticity, myofibroblasts lose their stress fibers and fibronexus adhesion complexes, 

which adhere myofibroblasts to collagen fibrils.[90] This is similar to the case when 

myofibroblasts cultured on stiff substrates are treated with actin-myosin inhibitors.[28] Thus, 

it is believed that substrate stiffness dynamically and continuously regulates myofibroblast 

transdifferentiation.

This hypothesis of substrate stiffness regulating myofibroblasts is backed by recent findings 

which indicate Yes-associated protein (YAP) and transcriptional coactivator with proteins 

Psd-95, DlgA, and ZO1 (PDZ) binding domain (TAZ), which are transcriptional coactivators 

of the Hippo pathway, may be closely involved in myofibroblast transdifferentiation in 

response to ECM stiffness.[47] Where YAP and TAZ are not expressed in healthy tissue, they 

have been found to be expressed in fibrotic tissue. YAP and TAZ are unique in a way that 

their responses are mediated by nuclear translocation of the YAP/TAZ complex followed by 

altered gene expression.[91,92] YAP and TAZ have been found to regulate various cell fates 

in response to mechanical cues.[91,92] In stiff substrate cultures in vitro, YAP and TAZ 

accumulate in the nuclei of fibroblasts. This accumulation results in profibrotic matrix 

synthesis, contraction, and proliferation. This response is through plasminogen activator 

inhibitor (PA-1) regulation, independent of TGFβ signaling.[47] Knockdown of YAP and 

TAZ has been found to suppress the myofibroblastic response. Utilization of a “smart 

polymer,” with the ability to change stiffness has also revealed that a switch in substrate 

stiffness regulates YAP and TAZ activation.[91] Although the role of YAP and TAZ in 

cardiac fibrosis has not been investigated in depth, YAP activation was shown to increase 

cardiac function and enhanced regeneration.[93,94]

Not only does mechanical stiffness regulate enhanced trans-differentiation of fibroblasts, it 

also synergistically modulates various stimulus induced responses. It is reported that matrix 

stiffness modulates TGFβ induced transdifferentiation, with a significantly higher response 

to TGFβ on stiffer substrates.[83] It has also been found that contraction of myofibroblasts 

promotes latent TGFβ activation on a stiffened matrix; where the activation of TGFβ via 

integrin-mediated myofibroblast contraction could be a critical point in fibrosis.[78] 

Traditionally, mechanical activation of myofibroblast differentiation was perceived as an 

acute process that is limited to contractile force of cells. However, evidences suggest that 

even prestressed ECM can mechanically prime late stage transdifferentiation.[46]
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It has been found that in response to matrix stiffening, actin dynamics change causing 

filamentous actin polymerization to be more favorable. This results in nuclear translocation 

of myocardial related transcription factor (MRTF), a marker for myofibroblast 

differentiation, which has a part in regulating expression of αSMA.[84] In this case, both 

actin and MRTF may mediate an intrinsic mechanotransduction pathway, that regulates 

fibroblasts differentiating to myofibroblasts induced by matrix stiffening.[84] Increased 

expression of actin in response to matrix stiffness is thought to be sufficient in driving 

myofibroblasts to generate contractile force.[8] Identified as a mechanosensitive protein, 

αSMA localizes to stress fibers under external mechanical load. Although mechanisms 

underlying αSMA dynamics on myofibroblast stiffening are not known, evidence shows 

intracellular inhibition of αSMA increases motility, and reduces contraction both in vitro 

and in vivo.[25] Substrate stiffness reduction also leads to disassembly of αSMA from stress 

fibers, suggesting an interactive nature to stiffness regulation.

6. Matrix Topography Regulates Myofibroblast Fate

The heart is an organ that exhibits exceptionally high anisotropy of both myocytes and 

fibroblasts. This anisotropy and cell–cell junctions contribute to synchronized electric signal 

propagation and contraction.[50] Previously, ECM topography and anisotropy have shown to 

play a critical role in controlling cell and tissue function.[50] Electron microscopy of the 

myocardium has confirmed a directional ECM underlying cells.[50] Not only does the ECM 

supply cells with chemical cues to adhere, it also physically provides mechanical structures 

for cells to bind. While the mechanisms of chemical binding have been studied carefully, the 

role of ECM and its ability to impart regulatory mechanical cues, through variations such as 

the dimension of fiber bundles, orientation, and density, have not been thoroughly studied in 

the field of cardiac fibrosis.

The traditional method of culturing myofibroblasts often utilizes a smooth surface substrate, 

with uncontrolled ECM organization. The fundamental properties and functions of 

fibroblasts such as migration and cell fate can be affected by engineering mechanical 

properties of the culture matrix.[95–98] In this context, mechanically modifying the matrix to 

establish a physiologically relevant environment is critical to creating cardiac scar tissue 

models to study cardiac fibrosis.

The native anisotropic morphology is lost when cardiac cells are maintained in vitro using 

standard cell culture substrates and techniques. Infarcted hearts have shown disrupted matrix 

organization when compared to healthy hearts which consists of a left handed helix matrix.
[55] Moreover, the heart matrix content shifts from sheet-like laminin-dominant condition to 

a fibrous collagen-dominant condition.[53] This loss of matrix organization disrupts the 

structural organization of ECM cues with adverse consequences for cardiac cell 

physiological properties.

Analysis of infarct scar remodeling has shown that matrix directionality is regionally 

regulated on the border and core of the infarct scar.[55] The core of the infarct consisted of 

matrix oriented in random directions, while the border of the infarct scar displayed an 

aligned fibrous matrix. To develop relevant model systems to study fibrosis, several 
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engineering approaches have been attempted to recapitulate the dimensions, directionality, 

and spacing of native ECM fibers in healthy and scarred tissues.[96,98,99]

Clinically, the location of the infarct has been reported to affect ECM orientation in scar 

tissue.[45] By contrast, initial infarct size or orientation did not have a significant effect on 

ECM remodeling. Infarcts induced near the equator of the left ventricle resulted in scar 

ECM remodeling in a circumferential direction, whereas infarcts induced near the apex 

resulted in isotropic organization of the ECM.[45] These results suggest that mechanical 

regulation in infarct scars is a complex system with outcomes related to the location of 

infarcts. The fibroblast cells exhibited more directional and higher cell migration speeds on 

anisotropic nanoscale fibers over isotropic nanofibers and 3D models of wounds.[100,101] 

Moreover, anisotropic cues also regulate fundamental fibroblast cell fate by differentiating to 

a myofibroblastic lineage[46,100] (Figure 5D,E). Specifically, the integrin β1 signaling 

pathway was activated, and phosphorylation of focal adhesion kinase was observed in 

response to anisotropic cues.[100]

It is well known that myofibroblasts are capable of remodeling their surrounding ECM. 

Recent studies have found that this remodeled ECM mechanically induces a myofibroblastic 

response.[46] In these studies, myofibroblasts deposited similar levels of latent TGFβ as 

fibroblasts, while the organization of latent transforming growth factor beta binding 

protein-1 (LTBP-1) differed. Myofibroblasts were found to organize LTBP-1, an integral 

component of the ECM that stores and presents latent TGFβ, to denser and straighter fibrils. 

Pathologically organized ECM’s ability to trigger enhanced latent TGFβ activation may 

explain how decellularized ECM from fibrotic tissue leads de novo seeded cells to fibrotic 

properties even in the absence of TGFβ treatment, while decellularized ECM from normal 

tissue did not.[102]

Although not as thoroughly investigated as other mechanical regulatory cues, directionality 

of ECM indeed plays a critical role in myofibroblast transdifferentiation. In this context, 

mechanically modifying the matrix to establish a physiologically relevant environment is 

essential. It aids in developing a fibrotic scar tissue model for understanding mechanisms 

underlying myofibroblast fate mapping. This may enable development of new therapeutic 

approach, targeting ECM directly for alleviating fibrosis.

7. Conclusions

Myofibroblasts are an essential cell type in the heart, heavily involved in both damage repair 

and maintenance of cardiac function. In this review, we discussed the microenvironmental 

control of myofibroblast fate and fibrosis (Figure 6). Both chemical and mechanical 

signaling were highlighted in comparing healthy hearts to damaged hearts. Fibroblasts as 

well as their transdifferentiated myofibroblast cells have shown sensitivity to various 

mechanical signals, and quite a few signaling pathways have been proposed to transduce 

such signals. Previous studies have been conducted to investigate the chemical regulation of 

fibroblast differentiation, garnering some level of understanding. However, our 

understanding of the mechanoregulation of myofibroblast transdifferentiation and fibrosis 

regulation remains limited. What is known is that during fibrosis, heart tissue experiences a 

Kim et al. Page 10

Adv Biosyst. Author manuscript; available in PMC 2019 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



number of mechanical changes, and such changes act in synergy with chemical cues to 

induce various fibrotic responses through various signaling pathways. The complex 

chemical and mechanical signals that interplay in vivo present great challenges to 

therapeutic cardiac engineering. Recent transgenic studies show promising results in 

understanding the origins[103,104] and mechanics[32,33,82,105] of myofibroblast 

transdifferentiation. Such approaches with mechanically engineered platforms could 

synergistically contribute to accurate assessment of myofibroblast regulation during fibrosis. 

Emergence of biomedical micro-electromechanical technology may contribute to the field 

by developing mechanically engineered constructs, to simulate an accurate 

microenvironment, allowing for the study of the mechanics behind cardiac fibrosis. 

Decellularized matrix analysis with biomimetic scaffold designs may enable cell culture 

systems that could recapitulate microenvironmental cues of the in vivo myocardium, and 

may provide a faithful model to increase our understanding of the mechanical regulation of 

cardiac fibrosis. Moreover, 3D systems which offer explicit control over factors such as, 

cyclic stretch, rigidity, and topographic cues, would be a valuable asset, providing insights to 

combat cardiac diseases, as most forms are associated with myocardial fibrosis. A patient-

derived stem cell culture in conjunction with a mechanically regulated microenvironment 

may contribute to personalized-therapy development. With a greater understanding of 

mechanical regulation, inhibition of heart scarring and fibrosis could become a realistic 

therapeutic strategy for treating heart diseases.
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Figure 1. 
Illustration of cardiac fibrosis development. Cardiac infarction often results in myocyte 

necrosis, which is replaced by infarct scar. Cytokine secretion, matrix deposition, increased 

tissue stiffness, disrupted action potential propagation, and contractile dysfunction are 

consequential events postinfarction and may lead to heart failure.
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Figure 2. 
Myofibroblast characteristics during myocardial fibrosis. Cardiac myofibroblasts are 

transdifferentiated and proliferate to infarct region. Myofibroblasts are responsible for 

recruiting inflammatory cells via secretion of proinflammatory factors to the infarct region. 

Matrix secretion, contraction, and migration of myofibroblast all contribute to compensating 

tissue load, localization, and wound contraction during cardiac fibrosis.
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Figure 3. 
Extracellular matrix composition is remodeled postinfarction. A) Total collagen content 

within the 4-week infarct is significantly greater than the both healthy and 1-week 

conditions. B) Liquid chromatography mass spectrometry coupled mass spectrometry (LC-

MS/MS) spectrum count analysis has shown the relative percentages of each matrix protein 

content within the decellularized heart. Note that Pstn is periostin, Ln is laminin, Eln is 

elastin, Fn is fibronectin, and Col is collagen. Reproduced with permission.[53] Copyright 

2014, BioMed Central Ltd.
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Figure 4. 
Myofiber and collagen direction is remodeled during cardiac fibrosis. Myofiber direction 

was analyzed for A,B) healthy and C) infarcted heart. A) Two-photo microscopy and 

tractography streamline analysis of B) healthy and C) infarcted heart displayed a significant 

disruption of myofiber direction on infarcted heart. D) Collagen (green) direction was 

regionally remodeled on the infarct site. E) Collagen fibers were congruently aligned to 

cardiomyocytes (red) on the border of the infarct. F) Core of infarct exhibited randomly 

oriented collagen fibers. Reproduced under the terms of the CC-BY license.[55] Copyright 

2016, The Authors.
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Figure 5. 
Myofibroblast transdifferentiation is mechanically regulated. A,B) Cyclic strain has shown 

regulatory effect on myofibroblast transdifferentiation. Recent findings suggest p38 plays a 

key role in mechanoregulation of cyclic strain. Reproduced with permission.[64] Copyright 

2017, Lippincott Williams & Wilkins. C) Stiffness has shown to regulate fibroblast 

transdifferentiate into myofibroblast. An increase in elastic modulus has shown increased 

expression of αSMA. Reproduced with permission.[85] Copyright 2013, Public Library of 

Science. D) Myofibroblasts are also sensitive to alignment cues imposed by electrospun 

fibers in isotropic (left) and anisotropic (right) fibers. E) Fibroblasts cultured on anisotropic 

fibers have expressed higher αSMA signals. D,E) Reproduced with permission.[100] 

Copyright 2012, Elsevier.
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Figure 6. 
Schematic illustration of signaling pathways regulating fibroblast transdifferentiation into 

myofibroblast through mechanoregulation. Various pathways such as YAP/TAZ, p38, 

ROCK, serum response factor (SRF), and MRTF have been identified to transduce external 

mechanical cues such as stiffness, tensile force, strain, and ECM directionality.
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