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Abstract

Benign and malignant fibroproliferative disorders (FPDs) include idiopathic pulmonary fibrosis, hepatic cirrhosis,
myelofibrosis, systemic sclerosis, Dupuytren’s contracture, hypertrophic scars, and keloids. They are characterized
by excessive connective tissue accumulation and slow but continuous tissue contraction that lead to progres-
sive deterioration in the normal structure and function of affected organs. In recent years, research in diverse
fields has increasingly highlighted the potential role of mechanobiology in the molecular mechanisms of fibro-
proliferation. Mechanobiology, the heart of which is mechanotransduction, is the process whereby cells sense
mechanical forces and transduce them, thereby changing the intracellular biochemistry and gene expression. Under-
standing mechanosignaling may provide new insights into the convergent roles played by interrelated molecules
and overlapping signaling pathways during the inflammatory, proliferative, and fibrotic cellular activities that are
the hallmarks of fibroproliferation. The main cellular players in FPDs are fibroblasts and myofibroblasts. Conse-
qguently, this article discusses integrins and the roles they play in cellular-extracellular matrix interactions. Also
described are the signaling pathways that are known to participate in mechanosignaling: these include the trans-
forming growth factor-f/Smad, mitogen-activated protein kinase, RhoA/ROCK, Wnt/p-catenin, and tumor necrosis
factor-a/nuclear factor kappa-light-chain-enhancer of activated B cells pathways. Also outlined is the progress
in our understanding of the cellular-extracellular matrix interactions that are associated with fibroproliferative
mechanosignaling through matricellular proteins. The tensegrity and tensional homeostasis models are also dis-
cussed. A better understanding of the mechanosignaling pathways in the FPD microenvironment will almost certainly
lead to the development of novel interventions that can prevent, reduce, or even reverse FPD formation and/or
progression.
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INTRODUCTION pulmonary fibrosis, hepatic cirrhosis, myelofibrosis, and
systemic sclerosis, and their common characteristics
include the accumulation of mesenchymal cells and
their connective tissue products in critical anatomic
locations [1]. This leads to progressive organ dysfunc-
tion and even death. Benign FPDs include Dupuytren’s
contracture, hypertrophic scars, and keloids, and their
common features are the excessive and exaggerated
deposition of extracellular matrix (ECM) that leads to
loss of compliance, slow but sustained contracture, and
impaired function in the affected area. Fibrosis is the
common outcome of both aggressive and benign FPDs
and indicates an imbalance between collagen synthesis
and its degradation [2] in extent or duration. Although
the etiology of FPDs is unclear, these disorders are

Fibrotic change or scarring of tissues 1§ a com-
mon consequence of mflammation and tissue dam-
age. While this scarring is usually temporary and
reversible, it can sometimes be irreversible and diffi-
cult to treat. For example, vocal fold fibrosis, which
results from trauma, surgery, or strong inflammation,
rarely reverts into normal tissue. Such abnormal tissue
responses to injury affect many organs and occur dur-
ing processes such as liver cirrhosis and lung fibrosis
that are collectively termed fibroproliferative disorders
(FPDs).

FPDs are classified as aggressive or benign types.
Aggressive fibroproliferative diseases include idiopathic
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associated with aberrant tissue remodeling as a result
of an orchestrated series of inflammatory, proliferative,
and fibrotic events.

Evidence from numerous fields of study increasingly
suggests that mechanobiology may play an important
role in the common molecular mechanisms that under-
lie FPD formation and progression. Mechanobiology,
the heart of which i1s mechanotransduction, is a process
whereby cells sense mechanical forces and transduce
them, thereby changing the intracellular biochemistry
and gene expression [3,4]. All organs are subjected
every day to mechanical loading due to autonomic activ-
ities such as respiration and pulse or physical stresses
due to gravity and movement. However, the organs that
are affected by FPDs are subjected to and have an inap-
propriate response to mechanical injury. In particular,
slow but continuous tissue contraction i1s a dominant
characteristic of FPDs; this is typified by scars. At the
molecular level, interrelated molecules with overlapping
functions are expressed during the inflammatory, prolif-
erative, and fibrotic cellular activities that are the hall-
marks of the fibroproliferative response. Understanding
mechanosignaling is likely to provide key insights into
the potentially convergent roles of these molecules. The
identification of mechanosignaling pathways will also
be indispensable for the development of targeted phar-
macological interventions that could ultimately prevent,
reduce, or reverse the formation or progression of
FPDs.

To this end, we analyzed the literature and sought
to identify the most common mechanobiological char-
acteristics of FPDs in different organs/cells that are
subjected to various mechanical microenvironments.
The currently available models that are described in
this article comprise a variety of dynamic mechani-
cal processes and target cells. The multiplicity of these
models reflects the fact that FPDs affect different organs
and their cells and that these are exposed to distinct
physiological or pathological mechanical stimuli; the
frequencies and magnitudes of these stimuli also vary.
For example, bone, cartilage, and muscles are often
subjected to compression and tension forces, lungs are
frequently exposed to stretching, and blood vessels are
repeatedly subjected to hydrostatic pressure and shear
forces. The main cellular players in FPDs are fibrob-
lasts and myofibroblasts. This article focuses on these
cells and the main mechanical stimuli to which these
cells are exposed and discusses integrins and the roles
they play in cellular-ECM interactions. Also described
are the mechanosignaling pathways that appear to be
involved in transducing mechanical stimuli, namely
the transforming growth factor-fp (TGF-p)/Smad,
mitogen-activated protein kinase (MAPK), RhoA/Rho-
associated protein kinase (ROCK), Wnt/p-catenin, and
tumor necrosis factor-a (TNF-u)/nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB)
pathways.

THE MECHANORECEPTOR INTEGRINS AND
THEIR ROLES IN FPDS

The shared characteristic of FPDs 1s the accumula-
tion of mesenchymal cells and their connective tissue
products, which indicates that there 1s an imbalance
between collagen synthesis and degradation [2]. Inte-
grins are well-known mechanoreceptors that span the
cell membrane and thereby connect the cytoskeleton to
the ECM. This location means that these molecules can
actively participate in transmitting mechanical signals
into the cell, which then evokes cellular behavior such
as fibroblast proliferation, myofibroblast differentiation,
and collagen contraction that characterize FPDs.

The transmembrane integrins are composed of
oo and p subunits that make up at least 24 heterodimers.
The main integrins that actively participate in fibrob-
last proliferation [5], collagen contraction [6], and
myofibroblast differentiation [7] include wlpfl, «2p1,
and allpl. w2p1 1s the key integrin that is involved
in the ability of a fibroblast to bind and contract
[6] three-dimensional collagen lattices [8] during
wound remodeling [9] and to mediate the induction
of collagenase [10]. The «2pl integrin can also affect
the mechanotransduction of both slowly and rapidly
adapting cutaneous mechanoreceptors in hairy rat skin,
thus modulating the cutaneous response to compres-
sive indentation [11]. Moreover, the alpl integrin is
believed to be specifically involved in the flow-induced
differentiation of fibroblasts but not required for their
ECM adhesion or contraction since «lpl integrin-
blocking antibodies completely inhibit the flow-induced

expression of a-smooth muscle actin (¢-SMA) but do
not interfere with the fibroblast-mediated contraction
of a gel [12]. In addition, the lack of wlpP1l integrin
predisposes mice to excessive glomerulosclerosis after
nonimmunologically induced renal injury. Such a
response 1s mediated by both the loss of direct inter-
actions of wlpl with its ligand collagen IV and the
increased production of reactive oxygen species [13].
Finally, a1 1p1 integrin, which 1s also a collagen receptor
on fibroblasts, can be induced in a mechanosensitive
manner and regulates myofibroblast differentiation
[7]. Other integrins, such as avp5, were also found to
participate in myofibroblast differentiation [14].

The ECM 1s increasingly being seen as a dynamic,
mobile, and mulufunctional regulator of cell behavior
rather than merely a scaffold for cells and a storehouse
for cytokines [15]. This perception is reflected in two
integrin-related models of the active cell-ECM inter-
actions that explain the force equilibrium in normal
healthy tissue. The first of these models is the tenseg-
rity model. Tensegrity is the tensional integrity that is
used by cells to stabilize their form under mechanical
stimuli. It depends on the architecture of the cytoskele-
ton and the level of its prestress, and it allows the cell
to respond to mechanical stimuli that are sensed by the
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clustered integrins and actin-associated molecules that
physically interconnect the ECM to intracellular actin
microfilaments at focal adhesion complexes [16,17],
thus maintaining the shape stability even if they undergo
continuous dynamic remodeling at the molecular level
[18]. The second model, the tensional homeostasis
model, postulates that the cellular forces generated after
the sensation of mechanical stimuli by integrins can
modify the degree of matrix tension, leading to the
reorganization of the matrix. This could lead to matrix
stiffening and thereby induce tissue rigidity, such as that
seen in fibrosis. Thus, matrix stiffness can be linked
to integrin-mediated cytoskeletal tension [19]. In line
with these models, it has been shown that the tractional
forces generated by fibroblasts during their migration
on a compliant collagen substratum can reorganize col-
lagen matrices [20]. And the loss of such homeostasis
or equilibrium could promote the progression of tissue
fibrosis [21].

Integrins also actively crosstalk with various signaling
pathways. The activation of integrins and ECM binding
result in the early activation of phosphoinositol 3-OH-
kinase (PI3K), which stimulates a cytoplasmic signaling
pathway. Moreover, the mechanical stretch stimulation
of ¢c-Jun NH>-terminal kinase (JNK) 1s dependent on
new integrin binding to the ECM [22]. In addition, the
activation of the Ras-extracellular signal-related kinase
MAPK (Ras-ERK MAPK) cascade is dependent on Shc
and focal adhesion kinase (FAK) since Shc is respon-
sible for the initial high-level activation of ERK that
occurs after cell adhesion, and the more slowly activated
FAK appears to sustain the activation of ERK [23]. Fur-
thermore, interactions between Thy-1 and wvp5 integrin
were found to inhibit the contraction-induced activa-
tion of latent TGF-B1 in lung fibroblasts; they also
inhibited the T'GF-p1-dependent differentiation of lung
fibroblasts into lung myofibroblasts [14]. In addition,
when gingival fibroblasts were cultured on collagen-
coated plates and treated with TGF-p1, their ¢2 and
B1 integrin content increased by 50%, whereas these
integrin subunits were undetectable in TGF-p-treated
gingival fibroblasts that were cultured on the more com-
pliant floating gels [24]. Finally, there is now a growing
recognition of the role epithelial-mesenchymal transi-
tion (EM'1) plays in FPDs since 1t has been shown that
epithelial cells can undergo phenotypic conversion and
give rise to the matrix-producing fibroblasts and myofi-
broblasts that participate in fibrogenesis. It has been
shown that EMT transcription is activated by pB-catenin
activation, which is induced by a convergence of TGF-p,
integrin-linked kinase, and Wnt signals. These insights
are nicely 1llustrated by the review of Liu [25].

MECHANOSIGNALING PATHWAYS RELATED TO
THE FIBROPROLIFERATIVE REACTION

To date, research on FPDs has focused primarily on
several imbalances. Some are imbalances in the cellular
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interactions between fibroblasts and other cell types,
which include endothelial cells in idiopathic pulmonary
fibrosis [26] and keratinocytes in hypertrophic scar-
ring [27]. Other imbalances relate to the pro- and
anti-cytokines involved in fibrinolysis, inflammation
and angiogenesis, and the accumulation/degradation of
ECM. Studies on the mechanosignaling pathways that
relate to these imbalances have concentrated on the
TGF-p/Smad, MAPK, RhoA/ROCK, Wnt/f-catenin,
and TNF-o/NF-«B pathways (Figure 1).

TGF-f/Smad Signaling

TGF-f i1s a multfunctional growth factor that plays a
critical role as a potent modulator of connective tissue
remodeling and ECM gene expression [28]. To date,
three mammalian isoforms, TGF-p1, TGF-p2, and
TGF-p3, have been identified. TGF-p signals through a
heteromeric receptor complex of type I and II receptor
serine/threonine kinases [29] and propagates its sig-
nal by using Smads [30]. The Smad family includes
three classes, namely receptor-regulated Smads, the sin-
gle common-mediator Smad (Smad 4), and inhibitory
Smads [31]. Smad2 and Smad3 are receptor-regulated
Smads and TGF-f receptor I substrates [30]. After
the Smad anchor for receptor activation protein facili-
tates the recruitment of Smad2 and Smad3 to activated
receptors, Smad2 and Smad3 associate as heterodimeric
complexes with Smad4. The complexes are then trans-
ported into the nucleus, where they bind to DNA and
initiate target gene transactivaton [30,32].

TGF-p plays a significant role in the mechanotrans-
duction processes that occur during fibroproliferation.
Extensive evidence shows that subjecting a variety of
cells from diverse origins to mechanical stimuli induces
TGF-p mRNA expression and TGF-p protein activa-
tion, synthesis, and secretion. For example, the latent
TGF-p1 in the ECM is directly activated by the exter-
nal stretching of rat lung myofibroblast cultures as
well as by increased myofibroblast intracellular ten-
sion. Moreover, corresponding in vivo data reveal that
stressed wound granulation tissues exhibit significantly
higher Smad2/3 activation than relaxed tissues; this is
indicative of enhanced T'GF-p1 signaling [33]. Simi-
larly, subjecting cultured rat renal fibroblasts to cyclic
tensile stretching for 48 hr increases their expression of
TGF-p and ECM components; this expression can be
attenuated by a COX-2 inhibitor [34]. Moreover, cul-
tured human tendon fibroblasts increase their secretion
of TGF-$1 when they undergo cyclic biaxial mechanical
stretching [35]. In addition, rat glomerular mesangial
cells exposed to repeated stretching/relaxation cycles
show increased expression of TGF-p1 mRNA [36].
Mechanical stimuli other than stretching have similar
effects. When keloid-derived fibroblasts are subjected to
equibiaxial strain, they exhibit more TGF-p1 and TGF-
B2 transcription than normal skin-derived fibroblasts;
this trend correlates with their increased production of

TGF-p1 and T'GF-p2 protein. However, this differential
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Figure 1. The FPD-related mechanosignaling of the TGF-p/Smad, MAPK, Rho A/ROCK, Wnt/p-catenin, and TNNF-o/NF-kB pathways.

transcriptional response to mechanical strain could not
be seen with regard to the TGF-f3 isoform. Moreover,
the mechanoresponsive increase in TGF-p1 and TGF-
B2 transcription can be blocked by an ERK inhibitor,
which 1s an important molecule in the TGF-p signaling
cascade [37]. Interestingly, TGF-f1 mRNA expression
1s even upregulated when murine fibroblasts cultured
on a three-dimensional fibrin matrix are subjected to
microdeformations produced by 125 mmHg suction
[38]. Thus, the different mesenchymal cells that partic-
ipate in FPD all exhibit active mechanoresponsiveness
of TGF-p signaling molecules to various mechanical
stimuli. This indicates the importance of the TGF-f
signaling pathways in fibrosis-related mechanobiology.
TGF-f has recently attracted increasing interest
because of its demonstrated ability to stimulate EMT,
which may underlie the formation or progression of
FPDs. Supporting this hypothesis i1s that the stimu-
lation of human bronchial epithelial cells by TGF-f
results in their transdifferentiation into myofibroblasts,
the de novo expression of a-SMA, the increased for-
mation of stress fibers, the loss of the epithelial marker
E-cadherin, and increased collagen I expression [39].
Microarray analysis has also shown that Smad sig-
naling downstream of TGF-p plays a critical role in
the regulation of EMT target genes [40]. In fact,

TGF-p i1s believed to regulate EMT progression via
RhoA-dependent pathways. Supporting this is that it
rapidly activates RhoA-dependent signaling pathways,
which induce stress fiber formation and mesenchy-
mal characteristics; moreover, the blockade of RhoA
or its downstream target p160 ROCK inhibits TGF-p-
mediated EMT [41].

TGF-p signaling also engages in crosstalk actively
with other pathways. Connective tissue growth factor
(CTGF) 1s commonly seen as a cofactor or a down-
stream mediator of TGF-p in enhancing fibrosis [42].
Mechanical tension can increase CTGF expression and
gingival fibroblast proliferation via a TGF-p-dependent
mechanism [43]. In fact, CTGF is requred for the
maintenance of skin fibrosis after the induction of fibro-
sis by TGF-p [44]. Besides, TGF-f signaling acts in
a combinatorial manner with Wnt/f-catenin signaling,
with Smad4 serving as a common mediator of the
two pathways [45]. This crosstalk participates in the

pathogenesis of hypertrophic scars and keloids [46].
Moreover, TGF-p can activate the ERK, INK, and p38

MAPK pathways [47]. It has also been shown that a2p1
integrin plays a central role in TGF-f1-induced regu-
lation of a-SMA and the maintenance of intracellular
tension [24]. In addition, it has been suggested that
TGF-p may also serve as a mechanoregulatory growth
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factor and that the alteration in cellular stress caused by
this activity induces integrin expression [48].

MAPK Signaling

There are three main subgroups of MAPK pathways,
namely those that involve ERK1/2, INK, or p38 pro-
teins. A typical signaling cascade involves the activation
of an upstream mitogen-activated protein kinase kinase
kinase (MAP3K) followed by MAPK cascades that
are characterized by the sequential phosphorylation of
the constituent MAP kinase kinase (MAP2K) and the
MAPK [49].

MAPK signaling plays an 1mportant role 1n
mechanobiology and can respond to various mechan-
ical stimuli. For example, ERKI1/2 1n osteoblasts 1s
phosphorylated by gravitational stress in a load dose-
dependent manner, with maximum phosphorylation
saturating at the mechanical loading level of 12g [50].
Moreover, bovine endothelial cells subjected to shear
stress exhibit ERK, JNK [51], and p38MAPK [52] acti-
vation. Similarly, cyclic strain on pulmonary endothelial
cells rapidly, albeit transiently, activates ERK, JNK, and
p38MAPK, with their activation peaking 30 min after
exposure to cyclic strain [53]. Cyclic stretching of rat
fibroblasts induces both cell proliferation and MAPK
activation, and the cell proliferation can be inhibited
by MAPK inhibitors [54]. It has also been shown that
the JNK, p38, and ERK phosphorylation and actin
reorganization that are induced by cyclic stretching are
driven by perturbations in cytoskeletal tension and are
not mediated by FAK [55]. Similarly, the ERK1/2,
JNK1/2/3, and p38 MAPKs in human lung fibrob-
lasts can all be robustly activated by tonic stretching
[56]. Moreover, p38 MAPK and ERKI1/2 in dermal
fibroblasts are significantly activated by high-frequency
repetitive stretching but not by intermittent stretching;
the frequency of the stretching also affects the sig-
nal activation profile [57]. In addition, the mechanical
compression of bovine articular cartilage ex vivo stimu-
lates the phosphorylation of ERK1/2, p38 MAPK, and
stress-activated protein kinase/ERK kinase-1 (SEK-1)
of the INK pathway. The ERK phosphorylaton exhib-
ited a phased pattern where ERK1/2 phosphorylation
was rapidly induced and peaked at 10 min, after which
it quickly decaved to a level that was sustained for
24 hr. The phosphorylation of p38 MAPK was tran-
sient, with a peak being observed at 10 min. The SEK-1
phosphorylation was strongest, peaking at 1 hr [58].

G proteins are closely interlinked with MAPK signal-
ing. For example, Gs-cAMP-PKA-mediated activation
of Rap-1 1s involved in the inhibition of the C-Raf-
containing ERK molecule in fibroblast cells [59,60].
Moreover, Gi can stimulate ERK1/2 signaling in a
Ras-dependent manner that involves its Py subunits
[61]. In addition, Gg can stimulate ERK1/2 through
PKC-Raf signaling [59,62] and can signal to JNK via
MAPK/ERK kinase kinase-1 [63]. Furthermore, the

synchronous activation of the ERK pathway and PI3K
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is essential for the increased collagen type I and III
production of keloid fibroblasts [64].

RhoA/ROCK Signaling

The Rho GTPase family has been divided into eight
subfamilies. Of these, Rho, Rac, and Cdc42 are of
primary importance. The Rho subfamily comprises
three members, namely RhoA, RhoB, and RhoC.
Rho GTPases regulate the organization of the actin
cytoskeleton by promoting the assembly of focal adhe-
sions and actin stress fibers [65]. RhoA is the best
characterized Rho G'TPase and is associated with FPDs.
ROCK 1is a direct effector of RhoA [66]. The two
isoforms of ROCK, ROCKI and ROCKII, are collec-
tively referred to as Rho kinases. The many downstream
targets of ROCK include versatile cytoskeleton-related
proteins such as LIM kinase (LIMK) [67] and myosin
light chain [68].

The RhoA/ROCK pathway plays an important role
in those FPDs that share the common features of con-
nective tissue accumulation and slow but continuous
contraction. In hepatic fibrosis, hepatic stellate cells
are the target treatment and it has been shown that
they are affected by Rho kinase through various path-
ways, including ERK1/2, JNK, and p38 MAPKs [69].
Y-27632, a Rho kinase inhibitor, suppresses hepatic
fibrosis at least in part by preventing the activation of
hepatic stellate cells [70]. Y-27632 can also ameliorate
tubulointerstitial fibrosis in mouse kidneys that have
unilateral ureteral obstruction [71]. Similarly, fasudil,
another Rho-kinase mhibitor, can attenuate interstitial
fibrosis in the rat kidney [72]. Moreover, Rho plays a
critical role in TGF-pBl-induced cytoskeletal remodel-
ing and a-SMA synthesis during EMT [73]. A complete
and rapid reversal of EMT morphology and patterns
of gene expression can be achieved within 24 hr by
the combined inhibition of TGF-BRI and ROCK, with
the inhibition of the former blocking mesenchymal gene
expression and the inhibition of the latter stabilizing the
epithelial structure [74].

Significantly, the RhoA-ROCK pathway can be acti-
vated directly by mechanical stress. Shear stress on
bovine aortic endothelial cells was found to induce
sequental signaling through the Rho-ROCK-LIMK-
cofilin pathway [67]. Moreover, static tensile forces
applied to rat cardiac fibroblasts induce actin assem-
bly through the Rho-ROCK-LIMK-cofilin pathway.
They also enhance SMA expression via megakaryocytic
acute leukemia (MAL); this process marks the transi-
tion of cardiac fibroblasts to myofibroblasts in response
to mechanical loading [75]. MAL [76], also known
as myocardin-related transcription factor A (MRTFA)
[77], megakaryoblastic leukemia 1 (MKL1) [78], or
basic, SAP, and coiled-coil domain (BSAC) [79], 1s
a serum response factor coactivator and can move
from the cytoplasm to the nucleus in response to
Rho-induced actin polymerization [80]. Thus, it links
RhoA activation and actin dynamics to transcriptional
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activation in the nucleus. The tenascin-C gene can also
be triggered by mechanical stimuli via RhoA-dependent
actin dynamics that result in the nuclear accumulation
of MAL. For example, when mouse embryo fibrob-
lasts are exposed to equibiaxial cyclic strain, tenascin-C
mRNA is induced in this fashion [81]. Moreover, the
tenascin-C mRNA expression in chick skin fibroblasts
that is caused by cyclic strain is strongly attenuated
when ROCK is inhibited [82].

Rho/ROCK signaling can also be in active com-
munication with ECM-related molecules. For exam-
ple, the maintenance of radiation-induced fibro-
genic differentiation mn intestinal mesenchymal cells
requires Rho/ROCK/CTGF activation [83]. In intesti-
nal radiation-induced fibrosis, blockade of p160 ROCK
alters the actin network and decreases the constitu-
tive expression of CTGF, most probably through the
inhibition of NF-«B [84]. Moreover, RhoA-activating
drugs in combination with cyclic strain causes a superin-

duction of tenascin-C mRNA, which is suppressed by
ROCK inhibition [85].

TNF-o/NF-kB Signaling

TNF-u 1s a homotrimer composed of three 157 amino
acid subunits and is a potent mediator of immunity
and inflammation. It also participates in the control
of cell proliferation, differentiation, and apoptosis [86]
by interacting with two distinct cell surface receptors,
TNFRI1 and TNFR2 [87]. The binding of TNF to its
receptors (especially TNFR1) triggers receptor trimer-
ization and ultimately results in the activation of NF-« B,
JNK, and p38 MAPK.

When hypertrophic scars are subjected in vitro to
mechanical compression that resembles the clinical
use of elastocompression, TINF-u secretion is dimin-
ished; in contrast, the compression does not alter the
TNF-u release of normal scars [88]. Cyclic stretch-
ing of human lung fibroblasts also activates NF-kB wvia
stretch-activated channels that induce the influx of Ca2*
[89,90]. Nevertheless, more convincing evidence show-
ing that TNF and its subsequent signaling molecules
respond directly to mechanical stimulation 1s needed.

The TNF-o/NF-kB signaling pathway also exten-
sively crosstalks with other pathways. I NF-a can sup-
press TGF-f1l-induced «-SMA expression; this sup-
pression is mediated by the INK signaling pathway, as
shown by the fact that a NK inhibitor, but not a p38
MAPK inhibitor, reversed the suppression. The TINF-
a-mediated suppression of t-SMA expression 1s thought
to occur via the inhibition of Smad3 phosphorylation
[91]. Notably, TNF-u also enhances both the EMT
and cell contraction of human alveolar epithelial cells
induced by TGF-p1 [92]. Moreover, in human skin
wound healing, TNF-a induces EMT via BMP-2 [93].

Wnt/g-Catenin Signaling
The Wnt/B-catenin pathway directly connects extra-
cellular signals, gene transcription, and cell-cycle

controls [94]. Canonical Wnt signals are transduced
through Frizzled family receptors [95] and the low-
density lipoprotein receptor-related proteins 5 and 6
(LRP5/LLRP6) of the transmembrane proteins [96].

Wnt signaling through its effector P-catenin 1is
thought to play essential roles in FPDs. It participates
in the genesis or progression of FPDs, at the least
as its targets and effectors. When Dupuytren’s disease
fibroblasts in three-dimensional collagen cultures are
subjected to isometric tension, their P-catenin levels
increase, whereas when isometric tension is reduced,
their B-catenin levels decrease dramatically [97]. Simi-
larly, fluid shear causes C57BL/6] osteoblasts to upreg-
ulate key Wnt signaling genes such as Wntl, Whnt3a,
Lrp5, Axin, and LEFI. Moreover, the fluid shear-
induced upregulation of p-catenin mRNA and protein
levels could be blocked completely by endostatin, a
potent inhibitor of the canonical Wnt pathway [98].
Besides, mechanical stretching of the alveolar type II
epithelial cells not only induces EMT but also signifi-
cantly increases the expressions of wisp-1 (a transducer
of the canonical Wnt pathway) and other Wnt-related
mRNAs. The blockade of wisp-1 prevents the stretched
cells from undergoing EMT [99]. However, although
this active secondary participation of Wnt signaling in
response to mechanics during fibrosis is too obvious to
be ignored, direct evidence demonstrating its immedi-
ate activation by mechanical stimulation remains to be
further illustrated.

FUTURE DIRECTIONS IN FPD RESEARCH

Although mechanobiological research has revealed a
number of promising signaling pathways that partic-
ipate in benign and malignant FPDs, much remains
to be elucidated. First, the fact that all FPDs exhibit
the excessive accumulation of ECM that then under-
goes slow but continuous contraction indicates that
time plays a key role in the mechanics-related progres-
sion of FPDs. This leads to the following questions:
what are the key events that cause a normal wound-
healing process to become aberrant (eventually resulting
in fibrosis) and when do these events occur? Moreover,
what orchestration of the signaling pathways causes
them to maintain the activation needed to sustain the
contraction of the ECM?

Second, depending on the FPD and the tissue/organ
involved, the progression of fibrosis is sometimes, but
not always, invasive. This leads to another question:
in the case of noninvasive FPDs, which guiding sig-
nals confine the stiff connective tissue within a stiff-
compliant boundary? For example, what causes a scar
to remain within the dermis rather than breaking into
adipose tissue, which shares a common mesenchy-
mal origin with fibroblasts? An additional question
1s can mechanical signaling contribute to the differ-
ent invasive properties of an FPD and an essential
tumor?
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Third, mechanosignaling pathways not only crosstalk
extensively between themselves but also crosstalk with
pathways that occur in inflammation, angiogenesis, pro-
liferation, and hypoxia. Can the activation of such
crosstalking in pivotal locations be responsible for mod-
ulating fibrotic events in target tissues? For example,
tension applied to integrins can activate the Rho-
ROCK/mDia pathway [100], and the balance between
the activities of mDia and ROCK can regulate the Skp2-
p27 pathway and the following (G1/S transition [101].
Given these observations, is it possible that external
mechanics could regulate the transcription of prolifer-
ative genes?

In summary, the mechanosignaling pathways 1n
FPDs include the TGF-pf/Smad, MAPK, RhoA/ROCK,
Wnt/p-catenin, and TINF-a/NF-kB signaling pathways.
These intracellular signaling pathways, together with
integrins and cellFECM interactions, mediate the
active responses of FPD-associated cells to mechani-
cal stimuli. Further research into these fibrosis-related
mechanosignaling pathways is required and is likely to
reveal promising molecular markers that can be used
for specialized and targeted pharmacological or clinical
treatments.

In FPDs, intracellular mechanosignaling is activated
by various mechanical sttmuli such as stretching, ten-
sile strain, compression, hydrostatic pressure, suction,
and gravity. The signaling pathways include the TGF-
B/Smad, MAPK, RhoA/ROCK, Wnt/p-catenin, and
TNF-a/NF-kB pathways. Most of the research exam-
ining the role these pathways play in cellular responses
to mechanical stimuli has focused on fibroblasts and
myofibroblasts. This reflects the fact that these are the
main and commonly shared cellular ingredients of the
different FPDs, which are characterized by the accumu-
lation of mesenchymal cells and their connective tissue
products. The different pathways crosstalk extensively.
However, at the center of these interactions lie the inte-
grins, which are the mechanoreceptors that span the
cell membrane and thereby connect the cytoskeleton
to the ECM. Integrins interact with nearly every sig-
naling pathway and actively participate in cel-ECM
interactions.
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