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ABSTRACT

Fibroblasts play crucial roles in wound healing, cancer, and fibrosis. Many aspects of these roles are driven by the process known as fibroblast
activation. The generally accepted definition of fibroblast activation is the transition from a quiescent state to a state in which fibroblasts
participate in a number of active processes, including extracellular matrix (ECM) production and remodeling, elevated contractility, and enhanced
migratory capacity, although there is no universal consensus on what exactly constitutes “activation.” Interestingly, the time scale of activation is
not consistent across tissues and disease states; some fibroblasts quickly return to quiescence after activation (e.g., in wound healing), others
undergo apoptosis, while a subset become persistently activated. This activation, both acute and persistent, is inherently a mechanical process,
given the increase in ECM production and remodeling and the enhanced traction force generation. Thus, there exists a dynamic reciprocity, or
cell-ECM feedback, in which activated fibroblasts produce a mechanical microenvironment that in turn supports persistent activation. This has a
wide variety of implications for disease, most notably fibrosis and cancer, as the fibroblasts that become persistently activated in connection with
these conditions can contribute to disease state progression. Like other mechanosensitive processes, this mechanically induced persistent fibroblast
activation is driven by a number of mechanotransduction signaling pathways. Thus, an opportunity exists in which the mechanosensitive under-
pinning of fibroblast activation can be leveraged to improve clinical outcomes. Here, we highlight these opportunities and make a call to the field
to consider the mechanosensitive pathways governing fibroblast activation as an important frontier inmechanomedicine.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0272393

THEWHO: FIBROBLAST IDENTITY, FUNCTIONS, AND
NICHES

Fibroblasts are highly dynamic, multifunctional cells with diverse
origins and complex molecular signatures, enabling them to play piv-
otal roles in tissue maintenance, repair, and pathological processes like
fibrogenesis and cancer.1,2 They can arise frommultiple developmental
pathways, including mesenchymal cells during embryonic develop-
ment, bone-marrow-derived hematopoietic stem cells, endothelial-to-
mesenchymal transition (EndMT), and epithelial-to-mesenchymal
transition (EMT) in adult or maturing tissues.3,4 It has been shown
that secondary epithelial and endothelial cells can undergo a cell state
transition and be driven toward a fibroblast state in response to bio-
chemical stimuli.3,5 While the precise mechanisms of fibroblast devel-
opment are still not fully understood, significant progress has been
made in recent years to uncover the key mechanical and biochemical
processes and signals involved.

In vivo, fibroblasts are widely distributed throughout the body
and primarily reside within interstitial spaces in connective tissues and
organs, where they are often closely associated with the basement
membrane.6,7 In this niche, they are primarily responsible for the pro-
duction of extracellular matrix (ECM), which forms most of the extra-
cellular tissue space and has various important structural and
biochemical functions.1,2 Fibroblasts also actively remodel the ECM,
exert forces on it, and secrete cytokines, growth factors, and adipokines
into it, all of which influence cell behavior and tissue homeostasis.1

Beyond their role in ECM dynamics, fibroblasts have also been shown
to regulate interstitial fluid volume and pressure and modulate local
immune responses in chronic infection, inflammation, and cancer in a
tissue- and disease-specific fashion.7,8 Due to their functional adapt-
ability in vivo, many have recognized their enormous potential to be
employed as therapeutic agents that may one day be deployed against
conditions as diverse as lung fibrosis, myocardial infarction, and
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invasive metastasis.9 This progress is currently hindered by the fact
that despite the high degree of experimental interest that fibroblasts
attract in the field, there are currently no universal biomarkers that
identify them, further complicating both fundamental research and
interdisciplinary studies that attempt to study and leverage fibroblasts
for biomedical and tissue engineering purpose.10,11

One major contributor to this is the inherent heterogeneity of
fibroblasts. While it has been shown that fibroblasts have a common
precursor that gives rise to specialized fibroblasts in various tissues,
variations in morphology and cell surface markers exist both between
and within tissues.12 Across various tissue types, fibroblast morphology
is heterogeneous, as cells within even the same tissue can exhibit either
spindle-shaped or stellate appearances.6,7,13,14 As morphology alone is
generally not sufficient to identify fibroblast populations, numerous
sets of fibroblast-specific surface markers have been proposed, includ-
ing fibroblast activation protein (FAP), vimentin, and fibroblast-
specific protein 1 (FSP1).15,16 However, these markers are not
completely unique and universal to fibroblasts, as epithelial cells,
hematopoietic stem cells, and myocardial endothelial cells, among
others, also express these markers to varying extents.17,18 In addition
to surface markers, alpha 1 and alpha 2 chains of type I collagen have
become generally accepted as fibroblast markers due to consistent lev-
els of elevated collagen expression in fibroblasts across various tissues,
although it should be noted that several other cell types, including
bone-marrow-derived mesenchymal stem cells, have also been found
to express these surface markers, which underscores the inherent diffi-
culty in fibroblast identification and isolation.19–22 While there is
currently no accepted pan-tissue specific fibroblast marker, some
tissue-resident fibroblasts can be identified in situ using highly specific
cell surface markers, such as CD26, PDGFRa, and LRIG1 in papillary
dermal fibroblasts.1,23 Surface marker heterogeneity has also been
shown to correlate with function, as fibroblasts expressing high levels
of fibroblast activation protein (FAP) play a more dominant role in
ECM turnover, while fibroblasts with high levels of alpha-smooth
muscle actin (a-SMA) tend to be more contractile and proliferative.24

Fibroblasts from distinct anatomical locations also exhibit unique
expression patterns of Homeobox (HOX) genes, showing that they
retain positional memory. This site-specific programming gives rise to
fibroblasts with location-specific activities, enhancing fibroblast diver-
sity.13,25 In recent years, great importance has been placed on finding
unique and universal biomarkers to identify these fibroblasts due to
their critical biological role in the body and their importance in thera-
peutic medicine.

THEWHAT: THE CONTINUUM OF FIBROBLAST
PLASTICITY AND ACTIVATION

Fibroblast plasticity, or the ability to adapt phenotype and func-
tion in response to environmental cues, underlies the heterogeneous
and specialized roles they play both within and across different
organs.21 These cues can include acute tissue damage, immune
response, or extracellular signals from transformed cancer cells.26,27

Perhaps, the most notable example of fibroblast plasticity is their abil-
ity to “activate” in response to biochemical and mechanical changes in
the microenvironment.28,29 One of the best studied locales in which
this occurs are tissue injury sites, where immune cells detect the wound
and release a cascade of cytokines, including fibroblast growth factor
(FGF), transforming growth factor-b (TGF-b), and platelet-derived
growth factor (PDGF).30 Cytokine secretion forms a chemical gradient

that drives chemotactic fibroblast migration to the wound site,31 where
fibroblasts sense elevated cytokine levels via transmembrane receptors
and the disrupted ECM, which stimulates a transition into the acti-
vated state via intracellular signaling cascades.28,32 This activation is
essential for wound healing, as only activated fibroblasts can effectively
remodel the ECM and facilitate wound closure.33 Once tissue integrity
is re-established and repair is complete, activated fibroblasts typically
undergo apoptosis or revert to a quiescent state.34 This resolution
phase is critical to prevent excessive scarring and fibrosis, highlighting
the finely tuned balance of fibroblast activation and deactivation to
maintain tissue homeostasis.

In the past, this fibroblast activation step was understood to be a
binary shift from a “quiescent” state to an “activated” state. However,
in recent years, the concept of activation has been shown to be far
more complex, involving a dynamic spectrum of phenotypic changes
including alterations in cellular morphology, cytoskeletal reorganiza-
tion, and the acquisition of contractile properties.35 This activation is
often referred to as the fibroblast-to-myofibroblast transition (FMT)
(Fig. 1). Although this transition occurs along a continuum, it can be
broadly divided into three cell states: quiescent fibroblasts, proto-
myofibroblasts, and myofibroblasts.36 During FMT, the functional role
of the fibroblast evolves from a quiescent, matrix-maintaining state to
an active, contractile, and secretory phenotype. These functional
changes are accompanied by distinct phenotypic alterations, which can
be visualized via the upregulation of a-smooth muscle actin (a-SMA),
an increase in stress fiber formation, and quantifiable changes in cell
morphology.37

During the quiescent phase, fibroblasts reside within the intersti-
tial spaces of tissues, showing minimal migratory activity, limited pro-
liferation, and low levels of ECM synthesis. They are smaller in size,
exhibit a spindle-shaped morphology, and express few actin stress
fibers, with minimal or no expression of a-SMA.38 Their focal adhe-
sions are smaller and weaker, reflecting limited interaction with the
ECM.39 In response to sufficient mechanical and biochemical stimula-
tion, fibroblasts start to activate. In the skin, this process begins during
fibroblast migration to damage sites, where they play a critical role in
initiating tissue repair. Upon initial wound closure, fibroblasts align
parallel to mechanical stress. At this stage, they adopt an intermediate
phenotype known as proto-myofibroblasts, which are primed to con-
tract the wound and begin synthesizing essential ECM components,
including collagen and fibronectin, to support the repair process.33,36

They increase in size, adopt a more spread morphology, and begin to
express a-SMA alongside increased stress fiber expression.
Concurrently, they develop mature focal adhesions, strengthening
their adhesion to the ECM.39,40 As the FMT is a gradual and dynamic
process, it is important to note that it is inherently challenging to
define a proto-myofibroblast, as it represents an intermediate state
within this continuum. As tissue repair progresses, proto-
myofibroblasts mature into fully differentiated myofibroblasts, often
referred to simply as activated fibroblasts, acquiring the ability to gen-
erate strong contractile forces in the process.36,41 These forces are
essential for completing ECM remodeling and achieving full wound
closure. At this stage, a-SMA incorporates into actin stress fibers, and
fibroblasts fully transition into myofibroblasts. They become signifi-
cantly larger with a more compressed nucleus, a consequence of
mechanical forces transmitted from the actin cytoskeleton to the
nuclear envelope.42,43 Myofibroblasts also form supermature focal
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adhesions, which are substantially larger and more robust than those
observed in quiescent fibroblasts.33 These focal adhesions are also
more irregular in shape, reflecting the dynamic reorganization of the
cytoskeleton and enhanced cell–ECM interactions.44 This complex
transition underscores the nuanced nature of fibroblast activation and
highlights the need for further research to fully elucidate the mecha-
nisms governing this transition.

Further complicating the picture is the presence of so-called
“fibrocytes,” which are bone-marrow-derived cells that originate from
monocytes that exhibit characteristics of both immune cells and fibro-
blasts.45,46 These cells are phenotypically similar to fibroblasts and are
also capable of differentiation into myofibroblasts. Although they exist
in low numbers in peripheral blood, they participate in wound healing
by migrating to wound sites and differentiating into activated fibro-
blasts.47–49 Their ability to transition into activated fibroblasts and con-
tribute to tissue repair introduces additional complexity in
distinguishing the origins and complete roles of activated fibroblasts.
As a result of the fibrocyte contribution to the activated fibroblast pop-
ulation, it is difficult to investigate the precise molecular pathways
driving fibroblast activation in both physiological and pathological
contexts.

THEWHERE: MECHANICAL CUES DRIVING
FIBROBLAST FATE

While biochemical cues such as cytokines and growth factors are
well-established drivers of fibroblast activation, the role of mechanical
forces in this process remains less explored, despite their profound
influence on fibroblast behavior and phenotype. The field of mecha-
nobiology investigates the interplay between cells and mechanical
forces, usually focusing on the phenomena of mechanotransduction,
which enables cells to convert mechanical stimuli into biochemical sig-
nals via receptor–ligand interactions, the triggering of conformational
changes in force-sensitive proteins, and the initiation of mechanosensi-
tive intracellular signal cascades.50 Themechanobiology of fibroblasts is
especially important due to their localization within the interstitial
spaces of the ECM,51 placing them in direct and continuous contact
with a wide variety of mechanical stimuli andmaking them particularly
responsive to the changes in ECM mechanics.52 Fibroblasts have been
found to sense and activate in response to different forms of mechanical
stress within the ECM, including substrate stiffness, stretch, topogra-
phy, density, and compression.53 Matrix stiffness is perhaps the most
extensively studied mechanical cue, as it has been found to play a direct
and critical role in regulating fibroblast activation.

FIG. 1. Phenotypic changes in fibroblast activation during fibroblast-to-myofibroblast transition (FMT). In response to biochemical signaling, fibroblasts undergo activation.
While this activation occurs along a continuous spectrum of phenotypic changes, it can be broadly categorized into three main stages. In the first stage, fibroblasts are quies-
cent and do not actively remodel the ECM. As they activate, they grow bigger, exhibit more robust stress fibers, and develop mature focal adhesions. Fibroblasts at this stage
are categorized as proto-myofibroblasts. Fully activated fibroblasts form supermature focal adhesions and express a-SMA. As the ECM is remodeled by the fibroblasts,
mechanical cues including stiffness, stretch, compression, and density increase, further influencing fibroblast activation. Fibroblasts sense and respond to these changes via
integrins, G protein-coupled receptors, growth factor receptors, and ion channels. One of the key mechanotransduction pathways underlying fibroblast activation is the integrin-
FAK-ROCK-MRTF-YAP-TAZ signaling axis.
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Fibroblast activation in response to mechanical cues involves a
complex network of mechanotransduction pathways.54 Even within
the context of stiffness sensing alone, multiple mechanosignaling path-
ways have been identified. One of the key mechanotransduction path-
ways that ECM stiffness activates is the integrin-FAK-ROCK-MRTF-
YAP-TAZ signaling cascade.34 Stiffness sensing begins with the
recruitment of focal adhesion kinase (FAK) by integrin b1, a process
that has been shown to promote fibroblast migration and enhance col-
lagen deposition.28,55,56 This leads to the formation of a denser matrix
with larger and thicker scars. In addition to FAK recruitment,
increased ECM stiffness elevates actomyosin contractility, which drives
nuclear translocation of myocardin-related transcription (MRTF) as
well as the transcriptional co-activators yes-associated protein (YAP)
and transcriptional co-activator with PDZ-binding motif (TAZ).34 The
nuclear translocation of these mechanosensitive regulators is a critical
step in linking matrix stiffness to fibroblast activation and changes in
gene expression. Once in the nucleus, YAP and TAZ interact with
Smad2/3, while MRTF binds to and activates transcription factors like
serum response factor (SRF), which increases expression of the fibro-
blast activation hallmark a-SMA.34,57–59 The expression and nuclear
localization of YAP/TAZ are well-documented in the field of mecha-
nobiology, with studies demonstrating their role in fibroblast activation
across multiple organs including the heart, the kidney, and the
lungs,57,60,61 underscoring its importance in mediating stiffness-
sensitive fibroblast activation.

In addition to integrin-mediated signaling, a variety of mechano-
sensitive pathways have been found to contribute to fibroblast activa-
tion in response to ECM stiffness, including ion channel activation, G
protein-coupled receptor stimulation, and the binding of cell surface
membrane proteins like fibroblast activation protein alpha (FAPa).62

For instance, the calcium channel protein TRPV4 exhibits increased
activity in fibroblasts on stiff substrates, leading to cytoskeletal remod-
eling and the nuclear translocation of MRTF-A.63 Similarly, FAPa is
upregulated in response to stiffness, activating P13K and upregulating
pAKT/AKT, both of which have been shown to contribute to fibro-
blast activation.62,64 Furthermore, stiff substrates have been shown to
upregulate G protein-coupled receptors like angiotensin II receptor
type 1 (AT1R), stimulating the upregulation and release of transform-
ing growth factor-beta 1 (TGF-b1), a potent inducer of fibroblast acti-
vation.65 More importantly, changes in stiffness have been shown to
lead to a positive feedback loop between integrin b1 and the mechano-
sensitive ion channel Piezo1, ultimately leading to YAP/TAZ
overexpression.66

These observations have primarily been made on 2D substrates,
whichmay not fully recapitulate the complexity of the in vivomicroen-
vironment, as fibroblasts seeded in 3D substrates have been found to
behave differently.67,68 A notable example of this is the observation
that fibroblasts exhibit increased spreading, focal adhesion formation,
and activation in soft and deformable 3D fibrous matrices compared
to those in stiffer 3D matrices with identical architecture.69 This dis-
crepancy highlights the importance of studying stiffness and its role in
fibroblast activation within more physiologically relevant 3D contexts.

To model tensile forces in the cellular microenvironment,
mechanical stretch is commonly applied to systems containing cells.
The resultant strain creates resistance against fibroblast-driven con-
tractile forces, modulating fibroblast activity and mechanosensing.70

Fibroblasts have been found to display a nonlinear response to

mechanical strain, with moderate levels promoting Rho-ROCK signal-
ing-driven actomyosin contractility and the upregulation of mechano-
sensitive transcriptional pathways, ultimately enhancing fibroblast
activation. Excessive strain can lead to cellular detachment and
reduced activation.71

In addition to the various mechanical cues presented, surface
topography, or the nanoscale and microscale architecture of the ECM,
is another factor that influences fibroblast activation. Aligned topogra-
phies have been shown to direct fibroblast migration via anisotropic
alignment along the topographic pattern.72 However, the effects of fiber
arrangement on fibroblast activation remain complex and sometimes
contradictory. Randomly aligned nanofibers have been shown to pro-
mote fibroblast activation due to increased surface tension.73,74 Other
work has found that aligned collagen fibers can lead to higher tension
at focal adhesions, leading to fibroblast activation. This topography-
induced activation has been linked to enhanced nuclear translocation
of p38, YAP, and TEAD, as well as enhanced p38-YAP-TEAD interac-
tions, highlighting the role of topographic alignment in mechanotrans-
duction.75 The influence of topographic gradients, such as wavelike
features with varying hill heights and spacing, adds further complexity.
One study found that fibroblast migration speed increases with shorter
hill heights and reduced spacing between hills and valleys, likely due to
decreased focal adhesion area,76 while another found that wider and
taller microchannels enhance activation.77 These diverse outcomes may
be attributed to variations in focal adhesion dynamics, which in turn
modulate intracellular tension and mechanosensitive signaling. In gen-
eral, a larger focal adhesion area promotes focal adhesion maturation,
causing FAK-mediated phosphorylation and stress fiber tension and
leading to enhanced a-SMA expression and incorporation into stress
fibers.78 Topographical transition regions also have been shown to
modulate fibroblast behavior by altering focal adhesion dynamics.79

Another mechanical cue influencing fibroblast activation is ECM
density, a feature closely related to ECM fiber orientation. Dense colla-
gen networks are often associated with enhanced fibroblast activation,
as activated fibroblasts produce and remodel the ECM, leading to the
formation of fibrotic scars.80 However, the relationship between ECM
density and fibroblast activation is not straightforward. Interestingly,
less dense matrices have been shown to activate fibroblasts as low den-
sity promotes a spread morphology with enhanced a-SMA expression
and elevated intercellular tension. In contrast, denser matrices have
been found to induce spindle-shaped morphologies, which are more
representative of quiescent fibroblasts.81

While matrix density can influence fibroblast activation via mor-
phological changes, it can also exert compressive forces on the cells in
conjunction with the surrounding tissue. While the role of mechanical
compression in fibroblast activation has been relatively understudied,
it has been established that it can increase fibroblast activation as mea-
sured by a-SMA expression and collagen production.82,83 However,
newer research shows that this increase in fibroblast activation is likely
due to tension anisotropy, as aligned collagen fibers create directional
cues that can lead to an amplification of anisotropic tension.84 Parallel
to these two concepts, fibroblasts also experience high degrees of con-
finement as they migrate through narrow interstitial spaces in response
to soluble cues.85 During this process, fibroblasts experience both
compressive forces and spatial constraints, which can alter their cyto-
skeletal organization, mechanosensitive signaling, and ECM remodel-
ing.86–88 In addition, confined migration has been shown to result in a
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decrease in nuclear volume and stimulate osteogenic differentiation in
human mesenchymal stem cells.89 Thus, a more complete understand-
ing of how fibroblasts respond to confined migration in terms of acti-
vation will likely provide critical insights into their role in tissue repair
and disease.

Fibroblasts experience significant nuclear compression and defor-
mation in high degrees of confinement and intracellular tension due to
various mechanical forces, including substrate stiffness, matrix density,
and stretching forces.90 The nucleus plays an important role in the
mechanobiology of fibroblast activation by acting as a mechanical
“ruler” for sampling spaces in the microenvironment, utilizing a net-
work of connections beginning at focal adhesions, extending through
the cytoskeleton, and transmitted via the linker of nucleoskeleton and
cytoskeleton (LINC) complex to the chromatin.91,92 This integrated
pathway allows the nucleus to translate mechanical cues into changes
in cellular behavior by causing alterations in chromatin organization,
gene expression, and mechanosensitive pathways.93,94 These mechani-
cal cues and mechanotransduction pathways may operate simulta-
neously or independently, depending on the cellular context and
microenvironmental conditions, highlighting the multifaceted nature
of fibroblast mechanosensing.

THEWHEN: FIBROBLAST ACTIVATION IN DISEASE

As fibroblasts play such a key role in homeostasis, it is of little
surprise that their response to disease is of critical importance. The
most significant microenvironment alterations that fibroblasts are

exposed to occur during chronic wound dysregulation, which is a hall-
mark of both cancer and fibrosis.80 Disease-associated fibroblasts
exhibit elevated contractility, increased a-SMA expression, enhanced
ECM production, and are perpetually activated, unlike myofibroblasts
present during wound healing, which ultimately undergo apoptosis.95–98

This sustained activation has been attributed to epigenetic changes,
including DNA methylation, histone modifications, and dysregulated
non-coding RNA expression.99 As a result, disease-associated fibroblasts
drive the aberrant overproduction and deposition of ECM components,
further contributing to the dysregulated mechanical microenvironment
found in both diseases.100,101

The interplay between cancer and fibrosis has been studied exten-
sively. The phenomenon of desmoplasia, a hallmark of cancer involv-
ing excessive ECM deposition and remodeling, creates a mechanical
environment strikingly similar to what is seen in fibrosis.102 In both
conditions, the enhanced deposition of ECM components and
increased cross-linking lead to significant changes in the mechanical
microenvironment, including heightened stiffness, and accumulation
of solid stress that generates both compressive and tensile forces.
Additionally, the denser matrix due to increased cross-linking further
amplifies these mechanical alterations.103–105 These mechanical
changes drive a positive feedback loop that leads to even further fibro-
blast activation measured by elevated a-SMA expression, enhanced
fiber formation, and nuclear translocation of YAP/TAZ (Fig. 2).
Ultimately, these mechanosensitive responses in fibroblasts can drive
progressive scarring in various organs and cancers.106–110

FIG. 2. Similarities in the mechanical environments of cancer and fibrosis. Although the biochemical environments found in cancer and fibrosis are different, fibroblasts experi-
ence similar mechanical changes in both cancer and fibrosis, including enhanced alignment of the ECM and increased cross-linking, which can modulate the density and stiff-
ness of the substrate. These mechanical changes result in similar cellular responses in CAFs and FAFs, including elevated a-SMA expression, enhanced ECM production, and
nuclear translocation of YAP/TAZ which has been shown to contribute to the persistent activation of fibroblasts.
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In tumors, fibrotic remodeling of the ECM is a key driver of can-
cer progression and metastasis.111–115 Beyond solid tumors, fibrosis
also contributes to blood cancers, with hematologic malignancies often
causing bone-marrow fibrosis.116,117 Within the tumor microenviron-
ment, fibroblasts, which are referred to as cancer-associated fibroblasts
(CAFs), exhibit reduced capacity for apoptosis, enabling their persis-
tence and continuous support of tumor growth.118–120 Compared to
normal fibroblasts, CAFs display enhanced migratory and invasive
potential, express higher levels of activation markers including FAP,
a-SMA, and platelet-derived growth factor receptor (PDGFR),96,121,122

and actively promote cancer cell proliferation, angiogenesis, creating a
supportive microenvironment for further cancer growth.123–125

Additionally, CAFs remodel the ECM that guides cancer cell invasion
and secrete chemokines and growth factors that facilitate EMT in can-
cer cells.126–130 Despite significant efforts to fully understand the role
of CAFs in cancer, major knowledge gaps exist, which prevent the
development of mechanomedicine strategies for mitigating the CAF-
cancer feedback loop. This is especially evident in studies that have
found conflicting roles for CAFs, including tumor-suppressive roles, or
worsened cancer progression following CAF removal.131,132 Given the
strong yet complex observations of the roles CAFs play in cancer pro-
gression, it is imperative to not only study the biochemical factors that
influence the CAF-cancer relationship but also to provide insight into
the mechanical factors that might contribute to the development and
persistence of the CAF state.133

Beyond biochemical factors, the CAF phenotype is strongly rein-
forced by mechanical cues present in the tumor microenvironment. A
key feature enabling CAFs to sense and propagate mechanical signals
is their altered focal adhesion dynamics, which elevate RhoA and Rac1
levels.134 Less dense extracellular environments increase cell spread
area via more active focal adhesion dynamics that lead to higher inter-
cellular tension activating the AKT/mTOR pathway and upregulating
the CAF markers FAP, FSP-1, and PDGFR-b.81 Notably, tensile forces
further contribute to this process by physically stretching fibroblasts,
and this promotes the secretion of fibronectin in a more aligned, linear
network, facilitating directional cancer cell migration, and upregulates
PDGFRa, a marker associated with reactive tumor stroma.135 The
CAF state is sustained by both increased stiffness of the tumor micro-
environment and compressive forces from solid stress, via distinct
mechanisms.106–108 While matrix stiffness promotes CAF activation
primarily through the nuclear translocation of YAP/TAZ, compressive
stress induces DNMT3A-dependent promoter methylation, leading to
downregulation of miR-9 and subsequent regulation of its target genes,
including VEGFA, thereby reinforcing the pro-tumorigenic functions
of CAFs.136 Additionally, compressive forces stimulate fibroblasts to
secrete growth differentiation factor 15 (GDF15), which in turn pro-
motes cancer cell migration and invasion, further driving tumor pro-
gression.82 Collectively, these mechanical factors contribute to the
transformation of normal fibroblasts into CAFs and sustain their
tumor-promoting functions, underscoring the key role of mechanobi-
ology in cancer progression.

While fibrosis and cancer are deeply intertwined, fibrosis also
occurs independently of cancer in several different diseases. In these
contexts, the key drivers are fibrosis-associated fibroblasts (FAFs),
which, like CAFs, are persistently activated and produce excessive
ECM components, leading to progressive tissue stiffening and
remodeling.137–139 This is particularly evident in systemic sclerosis, as

increased expression of a1(I) collagen exacerbates fibrotic
changes.140–142 Unlike myofibroblasts involved in normal wound heal-
ing, FAFs resist apoptosis and become unresponsive to regulatory signals
such as TGF-b inhibitors, contributing to the chronic, irreversible nature
of fibrosis.34,143 This persistent activation is sustained not only by bio-
chemical cues like TGF-b but also by mechanical factors.144,145 ECM
remodeling driven by FAFs drives fibrosis progression, as their sustained
contraction increases ECM strain and stiffness, mechanically activating
pro-fibrotic TGF-b1 and further fibroblast activation.34 Specifically, con-
traction of the stiffened matrix engages a(v)-containing integrins bound
to the latency-associated peptide (LAP), triggering the release of active
TGF-b.146 This creates a vicious positive feedback loop in which FAFs
produce excessive ECM, causing an increase in matrix stiffness and
ligand density, and sustains FAF activation, driving progressive fibrotic
remodeling.147–149

As this cycle progresses, several new mechanical forces come into
play. Similar to tumors, collagen bundles in fibrosis are often densely
packed and aligned in a parallel configuration.150,151 This response is
mediated by several common mechanotransduction pathways, includ-
ing the integrin-FAK-ROCK-MRTF-YAP-TAZ signaling cascade.152

Additionally, increased stiffness results in the overexpression of the
mechanosensitive ion channel Piezo1, leading to an upregulation of
Wnt2/Wnt11 expression and establishing a positive feedback loop that
promotes ECM synthesis, a-SMA production, cellular contractility,
and the secretion of inflammatory cytokines.153 Piezo1 also triggers an
increase in YAP/TAZ nuclear localization and, together with integrin
b1, results in sustained YAP/TAZ overexpression, reinforcing ECM
stiffening and contributing to the positive feedback loop.66

Downstream of these cytoskeletal mechanosensitive signaling
pathways, FAFs exhibit increased histone deacetylases (HDAC) activ-
ity and altered chromatin structures within the nucleus, making the
chromatin landscape less accessible compared to normal activated
fibroblasts due to increased tension on the nuclear envelope.43 For
example, in response to stiff ECM, keloid fibroblasts deform their
nuclei, causing nuclear lamina reorganization. This results in nuclear
softening due to reduced lamin A/C expression, causing partial detach-
ment of lamin-associated heterochromatin and allowing for enhanced
migration through confining ECM.59

While both CAFs and FAFs have been extensively studied indi-
vidually, recognition of the commonalities between these fibroblast
populations, especially with respect to their mechanobiology, could
unlock new translational opportunities. Mechanosensitive pathways
discovered in FAFs could inform mechanomedicine approaches for
cancer, particularly since fibrosis is often more accessible to interven-
tion than cancer due to its less invasive and destructive nature. By
leveraging insights from fibrosis research, novel strategies can be devel-
oped to target CAFs and disrupt their tumor-promoting functions.

THE HOW: ENGINEERING MECHANOMEDICINE
APPROACHES TO FIBROBLAST ACTIVATION

Understanding the in vivo relationship between the ECM and
fibroblast activation is crucial for the development of effective thera-
peutics to address both cancer and fibrosis.146 To explore this relation-
ship in vitro, biomedical engineers have employed a variety of
experimental systems, ranging from simple 2D platforms to complex
3D models to investigate the mechanobiology of fibroblast activation
in both physiological and pathological contexts (Fig. 3).
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2D systems have provided a strong foundation from which the
field has been able to assess the role of individual mechanical factors in
isolation, including matrix topography, substrate stiffness, dynamic
compression, and cyclic stretching. Cells rely on focal adhesions to
sense their mechanical microenvironment and activate downstream
signaling pathways accordingly. By engineering micropatterned surfa-
ces with defined topographical features, focal adhesion dynamics can
be manipulated, allowing for consequential changes in fibroblast
behavior to be investigated72,75,76 [Fig. 3(e)]. Focal adhesion size, distri-
bution, and maturation can be modulated by altering the spacing,
alignment, and geometry of micropatterns, and fibroblast activation in
response to changes in focal adhesion dynamics can be studied. More
specifically, microscale topographies, including microgrooves with
widths ranging from 2 to 100lm, can be patterned precisely onto

various hydrogels to study fibroblast behavior.72 These patterns can be
random or aligned, with aligned topography more effectively promot-
ing fibroblast activation.75 Additionally, periodic features with tunable
wavelength and amplitude have been used to study fibroblast
migration.76

While matrix topography provides valuable insights into how
fibroblasts sense and respond to mechanical cues, the mechanical envi-
ronment in vivo is complex, involving dynamic forces such as stiffness,
compression, and stretching. These forces have been studied individu-
ally to understand their distinct effects on fibroblast behavior.

Soft, biocompatible hydrogels coated with integrin-binding
ligands have become a cornerstone in fibroblast mechanobiology stud-
ies [Fig. 3(a)]. These substrates can be precisely tuned to specific
Young’s modulus levels, allowing researchers to mimic the mechanical
properties of both healthy and diseased tissues. High stiffness levels
ranging from 30 to 50 kPa (consistent with the mechanical properties
of the fibrotic microenvironment) have been shown to activate fibro-
blasts.62,65,154 Their versatility makes them compatible with a wide
range of experimental approaches and microscopy techniques. A vari-
ety of materials have been employed to study fibroblast activation,
including synthetic polymers such as polyacrylamide (PA) and poly-
ethylene glycol (PEG), and natural materials like gelatin methacryloyl
(GelMA) and silk.57 These platforms allow researchers to study fibro-
blast behavior when exposed to varying stiffnesses, providing valuable
insights into mechanosensitive cell phenotypes and behavior.

To more accurately capture how cells respond to mechanical
changes in the body, dynamic systems have been developed. In the
body, mechanical changes are dynamic rather than static, and cellular
behavior in response to gradual changes in stiffness can differ from
behavior under static conditions.59 Dynamic systems help mimic com-
pression and stretching, which are forces present in interstitial spaces
where fibroblasts reside. These forces arise from both internal sources,
including muscle contraction, blood flow, and organ movement, and
external sources like pressure or impacts. Cyclic compression systems
apply controlled compressive forces to fibroblasts, mimicking the
dynamic loading experienced in the tissues136 [Fig. 3(c)]. Under patho-
logical levels of compression (15%–20%), cyclic compression was suffi-
cient to activate and maintain the activated phenotype.83 Similarly,
stretchable substrates, like the polydimethylsiloxane (PDMS) used in
microfluidic devices, allow for the application of tensile forces to fibro-
blasts [Fig. 3(b)]. Vacuum-driven PDMS systems producing 4% strain,
which matches strain levels found in tissues during movement or
growth, have been used to show that fibroblasts become activated in
response to mechanical stretch.135

As organisms exist in three dimensions, the field has advanced
toward more complex in vitro systems containing multiple controlled
mechanical cues in a 3D form factor. Like 2D systems, these platforms
can also incorporate tunable stiffness, compression, and density as
experimental variables, allowing for the study of fibroblast activation
in environments that better mimic the in vivo microenvironment. 3D
matrices can be created using various methods, including multicompo-
nent hydrogels, electrospun fibers, alginate beads, and GelMA hydro-
gels81,83,136 [Fig. 3(d)]. Using electrospun dextran vinyl sulfone
suspended in the hydrogel, fibroblasts in denser matrices showed
altered morphology, migration, and activation due to higher levels of
resistance exerted on fibroblasts.155 Similarly, stiffness-tunable hybrid
hydrogels composed of type I collagen and alginate, with mechanical

FIG. 3. Engineering techniques to study the mechanobiology of fibroblast activation.
Fibroblasts experience diverse mechanical stresses in cancer and fibrosis. These
mechanical stresses have been investigated through 2D and 3D systems.
Engineering techniques that have been used to study fibroblast activation include
the use of (a) hydrogels to vary stiffness, (b) PDMS to stretch fibroblasts, (c) weight
to compress fibroblasts, (d) electrospun fibers to create matrices with varied density,
and (e) micropatterned surfaces to create random and aligned topographies. These
platforms have shown that dynamic changes in stiffness, stretch, compression, den-
sity, and alignment can promote fibroblast activation.
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properties that can be altered with calcium chloride and sodium citrate
across a range of 1–21kPa, demonstrate that matrix stiffening and
softening mediates fibroblast activation.149 This approach replicates
the mechanical stress encountered in tissue, providing insights into
how cells adapt to a dynamic mechanical environment.

One understudied aspect of the microenvironment that the field
should consider in the future is confinement, as it plays an important
role in the mechanobiology of fibroblast activation, as discussed in the
previous section. There are various systems that can be utilized to
study confined migration, including PDMS microchannels, grooved
substrates, micropatterned surfaces, vertical confinement systems, and
hydrogels86,156 (Fig. 4). These platforms can have dimensions as nar-
row as 2lm wide and can vary in channel length from shorter than
the diameter of a spread cell to longer than a fully spread cell.90,157,158

These systems are particularly valuable as they allow for the study of
cellular behavior and migration dynamics before, during, and after
confinement.

Some of the most advanced systems for studying fibroblast activa-
tion are in vitromicrotissues, which offer a high degree of physiological
relevance. These systems recapitulate the complex 3D architecture and
mechanical microenvironment of tissues, allowing for the investigation
of fibroblast behavior in conditions that closely mimic in vivo tissues.
Microtissues can be created with fibroblasts embedded in ECM, cul-
tured on flat surfaces, or within engineered clefts, all of which allow for
the formation of de novo tissues.159 This system allows researchers to
observe the organization of ECM and study the dynamic relationship
between fibroblasts and the ECM.71,160,161 Microtissues have been used
to model fibrosis, revealing how mechanical cues drive fibroblast

activation and ECM deposition in a self-reinforcing cycle.161 Similarly,
they have been employed to study wound healing, demonstrating how
fibroblasts remodel the ECM to restore tissue integrity.70,159,160 This
ability to precisely control mechanical and biochemical cues and inves-
tigate how fibroblasts respond makes them invaluable for advancing
our understanding of fibroblast mechanobiology and developing tar-
geted mechanomedicine therapies for disease. To incorporate more
mechanical cues and cell types, fibrosis-encapsulated tumoroid (FET)
models were developed, in which fibroblasts encapsulate a tumoroid,
forming a fibrotic shell through ECM deposition and generating solid
stress, allowing for the study of the relationship between fibroblasts
and cancer cells under the influences of mechanical compression.162

These advanced models serve as powerful platforms for investigating
the complex relationship between fibroblast activation and the ECM in
both healthy and diseased states and allow for the development of
translational solutions to combat cancer and fibrosis.

THEWHY: FUTURE DIRECTIONS IN FIBROBLAST
MECHANOMEDICINE

The nascent field of mechano-therapeutics has just started to
explore new ways to target the mechanical environment and mecha-
nobiology of fibroblasts for clinical applications. Therapeutic strategies
to combat disease commonly target a subset of five general phenom-
ena: ECM cross-linking, mechanosensitive fibroblast activation,
integrin-mediated activation, cell–cell interactions, and epigenetic
modulation.163,164 Although these therapeutics have been developed
and showed promising results in animal trials, many have not found
clinical success in treating human disease. One of the major barriers to

FIG. 4. Overview of key techniques to study confined migration in vitro. (a) Linear micropatterned surfaces guide cell alignment and migration within the defined pattern, result-
ing in 2D confined migration. In addition, PDMS-based platforms are used to study more physiologically relevant types of confinement, including (b) pinch-point confinement
using micropillars to study intravasation and extravasation, (c) vertical confinement, and (d) long microchannels to investigate sustained confinement in vitro. (e) 3D ECM fiber
networks are used to study the complex interplay between confinement and matrix composition.
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advancing mechanomedicine is the difficulty of targeting the ECM
without compromising the structural integrity and function of a given
organ. Nonetheless, as there is strong evidence showing that the ECM
regulates fibroblast activation and persistence in disease, targeting the
mechanosensors and mechanotransduction of fibroblasts offers a
promising strategy to disrupt persistent fibroblast activation.

Research to date has explored the identity and magnitude of
mechanical stresses that drive fibroblast activation in various patholog-
ical contexts, including ECM stiffness, ligand density, mechanical com-
pression, substrate strain, and topological cues. Moving forward, a
critical yet understudied aspect of fibroblast mechanobiology is
the role of mechanical confinement and its role in fibroblast activation
during migration through interstitial spaces. Studying cell migration
in a physiological context is crucial because cells continuously sense
and adapt to their changing microenvironment as they move.165

During fibroblast migration, the requirement to navigate dense and
constricted ECM results in significant nuclear deformation and cyto-
skeletal adaptation, processes likely mediated by mechanosensitive
pathways.

Future research should prioritize understanding how mechanical
cues, including physical confinement, can activate fibroblasts in the
context of wound healing and diseases. Mechanical stimuli present in
the wound environment may amplify intracellular tension and activate
mechanosensitive transcription factors, further perpetuating fibroblast
activation and ECM remodeling. Interestingly, fibroblasts have been
shown to retain mechanical memory, which influences their behavior
long after the mechanical stimulus is removed.166–168 Understanding
both how and for how long fibroblasts retain this mechanical memory
after migration through physiologically relevant microenvironments
will likely yield new therapeutic opportunities in disease and wound
healing. Confinement-primed fibroblasts could be harnessed for trans-
lational applications in wound healing by promoting controlled ECM
remodeling to reduce fibrotic scarring and stimulating ECM produc-
tion in chronic wounds.

Given the significant parallels between fibrosis and cancer pro-
gression, insights from fibrosis will continue to provide valuable
insights into the behavior of CAFs. By studying the mechanisms driv-
ing FAFs, we can identify shared pathways and therapeutic targets that
may also apply to CAFs, offering new strategies to disrupt their tumor-
promoting functions. Understanding the mechanotransduction of
fibroblast activation could lead to innovative approaches for reprog-
ramming activated fibroblasts back to a quiescent state or program-
ming them to undergo apoptosis, both of which would be new avenues
for treating fibrosis and cancer. While significant progress has been
made in understanding the mechanobiology of fibroblast activation,
the continued development of 3D systems that present physiologically
relevant confinement is needed. These developments hold great poten-
tial for addressing the persistent fibroblast activation that is seen in
fibrosis and cancer and offer one of the best opportunities for growing
the field of mechanomedicine by bridging fundamental work with clin-
ical intervention.
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