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Abstract

Mechanical loads placed on connective tissues alter gene expression in fibroblasts through mechanotransduction mechanisms by which cells
convert mechanical signals into cellular biological events, such as gene expression of extracellular matrix components (e.g., collagen). This
mechanical regulation of ECM gene expression affords maintenance of connective tissue homeostasis. However, mechanical loads can also
interfere with homeostatic cellular gene expression and consequently cause the pathogenesis of connective tissue diseases such as tendinopathy
and osteoarthritis. Therefore, the regulation of gene expression by mechanical loads is closely related to connective tissue physiology and
pathology. This article reviews the effects of various mechanical loading conditions on gene regulation in fibroblasts and discusses several
mechanotransduction mechanisms. Future research directions in mechanoregulation of gene expression are also suggested.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanical loads play a key role in the maintenance of tissue
homeostasis. Connective tissues in the body deserve special
attention because they are constantly subjected to mechanical
loads and, as a result, respond by changing their structure and
function. This change is brought about to a large extent by
connective tissue fibroblasts. These cells are most abundant and
mechanoresponsive through mechanotransduction mechanisms
by which fibroblasts convert mechanical signals into a series of
biological events such as expression of numerous genes,
including those responsible for extracellular matrix (ECM). As
a result of such mechanoregulation of gene expression in
fibroblasts, mechanical loads influence connective tissue
physiology and pathology (MacKenna et al., 2000; Riley, 2005).

Although many studies have investigated mechanotransduc-
tion mechanisms, the dynamic and complex cell ECM
environments and their inter- and intra-connective networking
molecular systems make such investigations challenging.
Numerous studies have, however, pointed out that various
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types of cells, including endothelial cells, smooth muscle cells,
osteoblasts, chondrocytes, and fibroblasts, appear to share
common signaling pathways; nevertheless, the eventual response
of a given cell type to mechanical load depends on mechanical
loading conditions and the types of signaling molecules and
transcription factors that are expressed. There is a vast difference
in cellular mechanobiological response depending on the type of
mechanical loading and the context in which it is applied. The
mechanotransduction mechanisms can be through direct trans-
duction to the cytoskeleton via integrins which directly or
indirectly alter cellular gene expression, through triggering of
soluble biochemical signals derived from a cluster of signaling
molecules, or through ion fluxes via mechanosensitive ion
channels. Although the models proposed for mechanotransduc-
tion have been regarded as distinct, an integration of the
cytoskeleton and biochemical signaling molecules is ultimately
required to yield an appropriate cellular response to mechanical
load. In this article, we provide an overview of the mechano-
regulation of gene expression of fibroblasts, with a focus on
major load-responsive connective tissue fibroblasts belonging to
tendon, ligament, and skin. We also review several mechano-
transduction mechanisms proposed for fibroblasts in literature.
Finally, we comment on research directions in mechanoregula-
tion of gene expression.

2. Fibroblasts and mechanical loads

Fibroblasts are major type of mechanoresponsive cells and
are highly heterogeneous. At present, a specific marker for
identification of fibroblasts is still lacking. The relatively
generic term fibroblast applies to connective tissue cells of
diverse origins. These cells are found throughout connective
tissues such as tendon, ligament, and skin. Fibroblasts are
traditionally defined as the cells that produce collagens and are
considered to be the primary source of most ECM components
(Camelliti et al., 2005). Besides collagens, fibroblasts are also
responsible for maintenance of other ECM components such as
proteoglycans and production of various growth factors (e.g.,
TGF-β) and cytokines (e.g., TNF-α) (Camelliti et al., 2005). In
addition, these cells secrete matrix degradative enzymes,
MMPs. As such, fibroblasts play a central role in tissue
remodeling and wound healing processes and are involved in
the pathogenesis of connective tissue diseases. In vivo,
fibroblasts are embedded in ECM and subjected to tension,
compression, and shear stress, all of which differentially affect
cellular gene expression of ECM components.

Tension, compression, and shear stress are the three basic
types of mechanical loading, which, in the context of cell
mechanobiology, is defined as the imposition of stresses or
strains through the application of physical forces. A physical
force may be applied in a variety of ways such as through
substrate stretching or through movement of fluid or air. Three
types of mechanical loading on cells can be categorized (Bao
and Suresh, 2003), and each serves a different purpose. Atomic
force microscopy (AFM) and magnetic twisting cytometry
(MTC) are local probes that induce deformation in a portion of a
cell and may be used in quantifying local cellular mechanical

properties (Tao et al., 1992; Wang and Ingber, 1995).
Micropipette aspiration and optical trapping exert mechanical
loading on a whole cell and are useful for determining the
mechanical properties of the entire cell (Hochmuth, 2000;
Takahashi et al., 2003). To study the mechanobiological
response of a population of fibroblasts, however, mechanical
loadings have been applied mainly by various substrate
stretching methods (Almekinders et al., 1993; Banes et al.,
1999; Wang and Thampatty, 2006).

Although connective tissue fibroblasts in vivo are subjected
to tension, compression, and shear stress, tensile load is most
common, especially for fibroblasts in tendons and ligaments. To
mimic in vivo environment, tensile mechanical loading on
fibroblasts in vitro is often introduced using a substrate
stretching method. This method is versatile; the loading
parameters, including magnitude, frequency, and duration, are
easy to control; and the mechanical properties of substrates as
well as surface chemistry for cell attachment can be readily
altered. The substrate deformation induced by substrate
stretching is characterized by substrate surface strains.

To determine the effects of mechanical loading on
fibroblasts, static or cyclic stretching is applied to a group of
cells cultured on smooth, flexible elastic membranes (e.g.,
silicone elastomers). Surface strains induced by substrate
stretching can be estimated based on both experimental and
computational methods. For the experimental methods, sub-
strate deformations are obtained by tracking spherical fluor-
escent beads attached to the substrate, and the strains are then
calculated from the displacement of the fluorescent micro-
spheres (Barbee et al., 1994; Lee et al., 1996). Images of bead
movement are captured in video images which give the marker
coordinates before and after substrate stretching. The same
principle applies to individual cells for determining cell
deformations (Lee et al., 1996). Because of variation in the
adhesion strength of individual cells to underlying substrate and
incomplete strain transmission from substrate to cells, the
strains experienced by individual cells vary and are generally
smaller than substrate surface strains (Wang et al., 2001).

A substrate can be stretched either uniaxially or biaxially
(Fig. 1). For uniaxial stretching, a rectangular substrate is
lengthened in its stretching direction but shortened in its
orthogonal direction (Wang and Thampatty, 2006). Such a
uniaxial cell stretching system using compliant microgrooved
silicone dishes, in which cells align mimicking in vivo cell
alignment and orientation, has been successfully used in studies

Fig. 1. An illustration of 2-D in vitro models for studying mechanobiological
responses of fibroblasts. A. Uniaxial stretching. B. Biaxial stretching. When two
stretches (εx and εy) are equal, it is referred to as equibiaxial stretching.
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concerning mechanical loading effects on tendon fibroblasts
(Yang et al., 2004, 2005). On the other hand, biaxial stretching
can be either equibiaxial stretch, where substrate strains are the
same in all directions, or non-equibiaxial stretch, where
substrate surface strains change with respect to stretching
direction (Banes et al., 1985; Lee et al., 1996; Wang et al.,
2001). In both uniaxial and biaxial stretching systems, stretches
can be applied either statically or dynamically.

Although two-dimensional stretching studies have provided
much information about the effects of mechanical loads on
cells, they do not take into account the fact that cells in vivo are
surrounded by ECM. Therefore, three-dimensional (3-D)
matrices such as collagen gels have been used to provide cells
with a more in vivo-like environment to aid in maintaining cell
morphology and phenotype (Eastwood et al., 1998a,b). In
fibroblast-populated collagen gels (FPCGs) (Fig. 2), which are
the most commonly used 3-D matrices, fibroblasts are
embedded in a 3-D network of fibrillar collagen type I, which
is either attached to a culture dish or floats in medium (Grinnell,
2000, 2003). In addition to internally generated tensile stresses,
external mechanical loading can also be applied to the FPCGs.
A good example is the development of bioartificial tissues of
tendon constructs cultured in 3-D collagen gels that can be
mechanically loaded by a computer-driven, pressure-controlled
system for fabrication of tissue engineered constructs (Garvin
et al., 2003).

3. Regulation of gene expression in fibroblasts by mechan-
ical loads

Dense connective tissues such as tendons and ligaments are
mainly subjected to tensile loads. In vivo, tendons vary in their
ability to stretch depending on the species and also on the type
and location of the tendon (Kjaer, 2004). Maximal strain of
human wrist tendon is up to 5–6% when passively stretched,
whereas avian flexor tendons and rabbit Achilles tendons can be
elastically stretched up to 14% and 16%, respectively (Lieber
et al., 1991; Loren and Lieber, 1995; Devkota and Weinhold,
2003), and superficial flexor tendons in equine models can
withstand strains in excess of 12% (Abrahams, 1967; Herrick
et al., 1978). Therefore, a 10% mechanical stretching of tendon
fibroblasts is well within the physiologically relevant levels of
force normally experienced by these tendon fibroblasts in vivo.
The response of tendon fibroblasts to mechanical loading
depends on various factors such as type of loading (e.g. static

vs. cyclic, uniaxial vs. biaxial), stretching magnitude, fre-
quency, and duration (Wang et al., 2004; Wang, 2006a).

The mechanoresponsive genes can be largely categorized
into two types: ECM-related and inflammation-related genes.
Numerous in vitro studies have shown that mechanical loading
alters gene expression in fibroblasts from tendons, ligaments,
and skin tissue (Table 1). The former includes collagen (e.g., I,
III, and XII), MMPs (e.g.,-1, -3, and -13), TIMPs (e.g., TIMP-
2), TGF-β1, tenascin-C, fibronectin, connectin, cystatin, and
calmodulin; and the latter includes COX-2 and mPGES-1. For
example, in tendon cells subjected to cyclic stretching of 5%
strain at 1 Hz for 6 h in vitro, expression of collagen type I was
increased at the transcriptional level, as was the expression of
several other genes including connectin, cystatin, and calmo-
dulin (Banes et al., 1999). Connectin is an elastic protein whose
role may be as a shock cord to keep sarcomeres from pulling
apart (Maruyama, 1997). Its presence in tendon could serve to
prevent cell syncytia from pulling apart under dynamic loads.
Cystatins are cystein protease inhibitors (Henskens et al., 1996),
which could reduce or inhibit mechanical loading-induced
matrix degradation by cystein proteases. Calmodulin is an
important calcium-binding protein that binds to other proteins
such as myosin light chain kinase (MLC), consequently
affecting their activities.

Collagen type I gene induction was also observed in
cyclically stretched human tendon fibroblasts under serum-
free conditions (Yang et al., 2004). Specifically, cyclic uniaxial
stretching with 4% and 8% stretching magnitudes at 0.5 Hz for
4 h increased collagen type I gene expression in a stretching
magnitude-dependent manner. Concomitant with collagen type
I induction, TGF-β1 mRNA level was upregulated in cyclically
stretched human tendon fibroblasts. Furthermore, inhibition of
TGF-β1 with antibodies abolished stretching-induced collagen
secretion, suggesting that TGF-β1 mediates stretching-induced
collagen production in tendon fibroblasts (Yang et al., 2004).

The in vitro observations correlate well with the in vivo
findings on the role of mechanical loading in collagen type I
induction and the involvement of TGF-β1 in the process. For
example, procollagen type I C-terminal peptide (PICP), a
marker for type I collagen synthesis, rose 3- to 7-fold from basal
level 72 h after acute exercise in human peritendinous tissue
(Langberg et al., 1999, 2001; Kjaer et al., 2000). Also, the role
of TGF-β1 in relation to exercise-induced type I collagen
synthesis in human tendons has been reported. For instance,
mechanical loading of human tendon during exercise elevates
type I collagen production with parallel increase in TGF-β1
(Heinemeier et al., 2003). Thus, changes in the circulating and
local TGF-β1 in response to exercise suggest a role of TGF-β1
in type I collagen synthesis in tendons in vivo.

Although TGF-β1 could link mechanical loading and
collagen synthesis in tendons in vitro and in vivo, the precise
molecular mechanisms are not clear. However, several putative
regulatory elements that may determine the transcriptional
efficiency of procollagen genes have been identified in their
corresponding promoters (Schmidt et al., 1984; Bornstein et al.,
1987; Jimenez et al., 1994). These include the consensus TATA
and CCAAT motifs, which are the potential targets for the

Fig. 2. Shown is the fibroblast-populated collagen gel (FPCG). This type of 3-D
in vitro model has been used to study the effects of internal mechanical gel
tension on fibroblasts. Also, an external mechanical stretching can be applied to
the gel in this model. Note that the fibroblasts in the gel generate tension, and as
a result, the gel changes from rectangular (arrow) to parabolic shape (triangle).
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Table 1
Mechanoregulation of gene expression in fibroblasts

Cells Response Type of load Substrate Significance Reference

Chicken tendon
fibroblasts

Induction of several
genes including
collagen type I

Cyclic biaxial
stretch, 5%, 6 h

Collagen type
I-coated

Induction of novel genes
such as connectin and
cyclophilins

Banes et al. (1999)

Rabbit tendon
fibroblasts

Increase in MMP-3
mRNA in the presence
of IL-1β

Cyclic biaxial
stretch, 5%, 6 h

Collagen type
I-coated

Matrix degradation
initiation by synergistic
effect of cytokine such as
IL-1β and mechanical
load

Archambault et al.
(2002a,b)

Human tendon
fibroblasts

Increase in MMP-3,
IL-1β and COX-2
gene expression

Cyclic equibiaxial
stain, 3.5%, 2 h

Collagen type
I-coated

Matrix degradation
initiation by synergistic
effect of cytokine (IL-1β)
and mechanical load

Tsuzaki et al. (2003a,b)

Human tendon
fibroblasts

Stimulation of collagen
type I and TGF-β1 gene
expression

Cyclic uniaxial
stretch, 4%, 8%, 4 h

ProNectin-F-coated
and microgrooved

Growth factor and
stretching
magnitude-dependent
response

Yang et al. (2004)

Human tendon
fibroblasts

Decrease in COX-2 and
MMP-1 gene expression
in the presence of IL-1β

Cyclic uniaxial
stretch, 4%, 4 h

ProNectin-F-coated Stretching magnitude-
dependent differential
matrix degradation and
inflammatory gene
regulation which is
IL-1β mediated

Yang et al. (2005)

Increase in COX-2 and
MMP-1 gene expression
in the presence of IL-1β

Cyclic uniaxial
stretch, 8%, 4 h

Rat tail tendons Up- or downregulation
of collagen type I and
MMP-1 gene expression

3-D Collagen gel
contraction

N/A Gene expression control
(collagen type I and MMP-1)
by alterations in cytoskeletal
tension

Lavagnino and
Arnoczky (2005)

Human ligament
(ACL) fibroblasts

Increase in collagen
types I and III mRNA,
and TGF-β1 protein

Cyclic uniaxial
stretch, 10%, 24 h

Collagen type
I-coated

Growth factor
(TGF-β1)-mediated response

Kim et al. (2002)

Human ligament
(ACL and MCL)
fibroblasts

Increase in collagen
type I mRNA with
slight increase in
collagen type III mRNA
(ACL), increase in collagen
type III mRNAwith decrease
in collagen type I
mRNA (MCL)

Cyclic equibiaxial
stretch, 5%, 24 h

Collagen type
I-coated

Differential response to
different cell source
(ACL vs. MCL) and strain
magnitudes (5% vs. 7.5%)

Hsieh et al. (2000)

Time-dependent increase
in collagen type III mRNA
(MCL) and collagen type I
mRNA (ACL), no change in
collagen type I mRNA (MCL),
decrease in collagen (ACL)

Cyclic equibiaxial
stretch, 7.5%, 0.5–24 h

Human ligament
(PDL) fibroblasts

Increase in COLIA1,
MMP-2, and TIMP-2 mRNA

Static equibiaxial
stretch, 10%, 24 h

Collagen type
I-coated

Differential ECM and MMP
gene expression in response
to different types of load
(tension vs. compression)

He et al. (2004)

Decrease in COL1A1 mRNA,
increase in MMP-2 mRNA
without change in TIMP-2
mRNA

Static compression,
10%, 24 h

Human ligament
(PDL) fibroblasts

Increase in collagen type I
and fibronectin synthesis

Cyclic biaxial
stretch, 5%, 24 h

Collagen type
I-coated

Differential ECM synthesis
in response to different
magnitudes of stretch

Howard et al. (1998)

Increase in fibronectin
synthesis, no change in
collagen type I

Cyclic biaxial
stretch, 10%, 24 h

Human ligament
(PDL) fibroblasts

Induction of several genes
including MSGen-15

Cyclic equibiaxial
stretch, 18%, 16 h

Collagen type
I-coated

Induction of novel transcription
factor-like genes such as
MSGen-15

Myokai et al. (2003)

Human ligament
(PDL) fibroblasts

Increase in c-fos mRNA Cyclic equibiaxial
stretch, 15%, 30 min

Collagen type
I-coated

Rapid induction of transcription
factor, c-fos

Yamaguchi et al. (2002)

Human ligament
cells

Increase in gene expression
of collagen types I, III, and V

Cyclic biaxial
stretch, 10%, 48 h

Collagen type
I-coated

TGF-β-mediated gene
expression

Nakatani et al. (2002)

Human dermal
fibroblasts

Increase in procollagen
mRNA levels and
procollagen synthesis

Cyclic biaxial
stretch, 20%, 30 min

Collagen type
I-coated

TGF-β-mediated gene
expression

Parsons et al. (1999)
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action of promoter-specific transcription factors (Chu et al.,
1985; De Wet et al., 1987). Transcriptional activation of rat
COL1A1 gene in cardiac fibroblasts subjected to mechanical
stretching with a 10% strain at 1 Hz, similar to the physiological
tension experienced by the cells in the heart, has been reported
to be mediated by autocrine stimulation by TGF-β (Lindahl
et al., 2002). This activation involves TGF-β response elements
in the promoter region of the collagen gene and increased
binding of CCAAT-binding factor (CBF/NF-Y) at the proximal
promoter. Additionally, increased binding of transcription factor
CBF to human COL1A1 proximal promoter has been demon-
strated in human dermal fibroblasts (Saitta et al., 2000). Similar
mechanisms can be suggested for TGF-β1-mediated collagen
type I induction by mechanical load in tendon fibroblasts.

In contrast to the anabolic effects of TGF-β1 on mechanical
load-induced collagen production, inflammatory cytokines such
as IL-1β can significantly upregulate matrix degrading
enzymes, MMPs, in the presence of mechanical loading
(Archambault et al., 2002a; Tsuzaki et al., 2003a). IL-1β
alone has been shown to induce mRNA expression of MMP-1,
-3, and -13 in tendon cells (Archambault et al., 2002a,b; Tsuzaki
et al., 2003b). However, in the presence of IL-1β (1000 pM),
rabbit tendon cells subjected to a cyclic strain of 5% biaxial
stretching at 0.33 Hz for 6 h expressed significantly higher
MMP-3 gene and protein levels than did cells treated with IL-
1β but without stretching (Archambault et al., 2002a). Cells
subjected to stretching alone did not produce more MMP-3 than
control cells. The results suggest that mechanical load and
inflammatory cytokine together can initiate matrix destruction.
Similar experiments in human tendon cells with a different
loading protocol (3.5% biaxial stretching at 1 Hz for 2 h)
showed induction of IL-1β, COX-2, and MMP-3 genes
(Tsuzaki et al., 2003a). This result suggests that load-induced

IL-1β may trigger matrix remodeling/destruction via COX-2
and MMP-3 expression. However, the load-induced cellular
gene expression may be dependent on the loading type used in
this study, biaxial stretching, instead of more physiological
uniaxial stretching (see below).

Using uniaxial stretching protocol, MMP-1 gene expression
of human tendon fibroblasts in the presence of IL-1β has been
investigated (Yang et al., 2005). For example, tendon fibroblasts
subjected to cyclic 4% uniaxial stretching at 0.5 Hz for 4 h in the
presence of 10 pM IL-1β decreased MMP-1 gene expression,
while similar conditions at 8% stretching increased it.
Furthermore, 4% uniaxial stretching decreased COX-2 gene
expression and PGE2 production, while 8% uniaxial stretching
increased both, indicating that small-magnitude stretching is
anti-inflammatory, whereas large-magnitude stretching is pro-
inflammatory (Yang et al., 2005). These in vitro experimental
findings correlate with the observation that acute exercise
results in elevated interstitial amount of MMPs in human
peritendinous tissue (Koskinen et al., 2004).

Besides IL-1β, PGE2 is another major catabolic factor that is
considered to be involved in the development of tendinopathy
and joint diseases (Almekinders et al., 1993; Laufer, 2003;
Wang et al., 2003, 2004). Previously, it was shown that tendon
fibroblasts under repetitive uniaxial mechanical stretching at
8% and 12% strains increased COX-2 expression and release of
PGE2 (Wang et al., 2003). Microsomal PGE synthase type 1
(mPGES-1), which is involved in the conversion of PGH2 to
PGE2, is an inducible enzyme functionally linked to COX-2.
Recently, it has been reported that in cartilage explants under
compressive forces, mPGES-1 is a mechanoresponsive gene
(Gosset et al., 2006). Hence, similar induction of mPGES-1
gene may be involved in PGE2 release in tendon fibroblasts
under mechanical loading conditions.

Table 1 (continued)

Cells Response Type of load Substrate Significance Reference

Human dermal
fibroblasts

Induction of several ECM
genes including α1(I), α2(I),
and α1(III) collagen,
tenascin-C, structural
components of the
cytoskeleton and focal
adhesion sites

3-D collagen
gel contraction

N/A Induction of several genes
coding for ECM proteins,
focal adhesions, and
cytoskeletal genes such
as α-smooth muscle actin
by contraction

Kessler et al. (2001)

Further increase in α1(I)
collagen gene expression
in collagen coated silicone
surfaces compared to 3-D
collagen gels, plastic, and
uncoated silicone, more
induction in cyclically
stretched cells compared
to statically stretched and
increase in MMP-1 mRNA
in collagen coated silicone
surface compared to plastic
and 3-D collagen gels

Cyclic and static
equibiaxial stretch,
20%, 0.1 Hz, 24 h

Collagen type
I-coated

Influence of substrate property
(stiffness and coating) and type
of strain (cyclic vs. static) on
gene expression

Chicken skin
fibroblasts

Increase in tenascin-C and
collagen type XII mRNA
levels

3-D collagen gels and
cyclic equibiaxial strain,
10%, 1–6 h

Collagen type
I- or fibronectin
coated

Rho/ROCK-dependent actin
cytoskeletal contractility in
gene induction

Trachslin et al., 1999;
Chiquet-Ehrismann
et al., 1994; Sarasa-Renedo
and Chiquet, 2005

5J.H.-C. Wang et al. / Gene 391 (2007) 1–15



Similar to tendons, ligaments are under mechanical loading
in vivo. For example, it has been shown that the anterior
cruciate ligaments (ACL) and medial collateral ligaments
(MCL) can be stretched to 4–5% strains during normal
activities and to 7.7% during external application of loads to
the knee joint (Beynnon et al., 1995, 1997; Hull et al., 1996).

Depending on the loading type and magnitude, mechanical
loading in vitro differentially affects the gene expression of
collagens and MMPs in ligament fibroblasts. Cyclic equibiaxial
stretching of 5% magnitude induced differential expression of
collagen types I and III mRNA in ACL and MCL fibroblasts
(Hsieh et al., 2000). ACL fibroblasts responded to cyclic
equibiaxial stretching by expression of higher levels of collagen
type I mRNA with a slight increase in type III mRNA levels,
whereas MCL fibroblasts exhibited a significant increase in
type III collagen mRNAwith a decrease in type I mRNA levels
after 16–24 h. In addition, differences in mechanobiological
responses by the fibroblasts from the two types of ligaments
were observed between two applied stretching magnitudes.
Specifically, 7.5% stretching induced a time-dependent (time
period ranging from 0.5 to 24 h) increase in type III collagen
mRNA levels in MCL fibroblasts, whereas 5% stretching did
not. In contrast, type I collagen mRNA levels in ACL
fibroblasts continued to increase at all time points at 7.5%
stretching, although the increases were smaller than those found
for 5% stretching. However, at lower than 7.5% stretching,
collagen type III mRNA levels were lower than in the controls
in ACL fibroblasts.

It should be noted that while equibiaxial stretching in the
above study can apply uniform substrate strains to cells in vitro,
ACL and MCL fibroblasts are not likely subjected to
equibiaxial stretching in vivo; hence, this loading condition is
considered to be less physiological compared to uniaxial
stretching. Also, although both magnitudes (5% and 7.5%)
are within physiological strain limits, the 7.5% strains are likely
to be on the high end of the strain spectrum, which may explain
the altered expressions of collagen types I and III between the
two applied strains.

The differential gene expression between the two types of
ligament fibroblasts in response to mechanical stress may
explain their differential healing potentials. It was suggested
that the mode of healing in MCL occurs through the bridging of
the wound by scar tissue that is predominantly composed of
type III collagen (Frank et al., 1983a,b). The initial expression
of type III collagen, therefore, may be crucial for the bridging of
scar tissue for adequate healing, and the overexpression of type
I collagen may have limited functional significance during the
early stages of ligament healing. All ligaments require the
bridging of scar tissue for proper healing, and scar tissue is
associated with increased levels of minor collagens such as
collagen type III (Hildebrand and Frank, 1998). Collagen type
III is also believed to provide a great advantage during the
healing process because of its ability to form rapid cross links to
stabilize the repair site (Liu et al., 1995). Therefore, the decrease
in collagen type III mRNA due to 7.5% strains in the above
described study of ACL fibroblasts may explain the poor
healing capacity of the ACL.

In contrast to the biaxial stretching effects as described
above, 10% cyclic uniaxial stretching of ACL fibroblasts at
0.33 Hz for 24 h increased the expression of both collagen types
I and III mRNA levels; the ratios of stretch to control values of
type I and type III collagen were 1.6 and 2.7, respectively (Kim
et al., 2002). In parallel, TGF-β1 protein in the medium was
increased in response to stretching. Additionally, in the presence
of exogenous TGF-β1, expression of types I and III collagen
mRNA levels increased in a dose-dependent manner. Also, anti-
TGF-β1 antibody inhibited the stretching-induced mRNA
expression of types I and III collagen. This observation supports
the view that stretching-induced expression of collagen types I
and III genes is mediated via an autocrine mechanism of TGF-
β1 released from ligament cells. However, note that considering
ACL is normally stretched up to 7.7% (Beynnon et al., 1995,
1997), the 10% stretching applied in the above study may be
considered to be “injurious mechanical loading.”

In human ligamentum flavum cells subjected to cyclic
mechanical stretching, gene expression of collagen types I, III,
and V was increased (Nakatani et al., 2002). The increase in
collagen mRNA expression due to stretching was markedly
reduced by neutralizing endogenous TGF-β1 with anti-TGF-β1
antibody. These results suggested that TGF-β1 mediated these
collagen gene expressions, which may result in enhanced
collagen deposition and hence promote hypertrophy of the
ligament.

Increase in collagen synthesis by TGF-β1 has been shown in
ligament fibroblasts previously (DesRosiers et al., 1996; Marui
et al., 1997). The TGF-β1 intracellular signaling occurs via
serine/threonine kinases that phosphorylate downstream-med-
iator, a family of SMAD proteins. In turn, the SMADs transduce
the signal through their oligomerization and transport to the
nucleus where they act as transcription factors to stimulate
collagen transcription (Ghosh et al., 2001; Runyan et al., 2006).
It has been shown that TGF-β positively regulates α2(I)
procollagen gene (COL1A2) promoter activity through the
cellular SMAD signal transduction pathway (Chen et al., 1999;
Ghosh et al., 2001). Mechanical load-induced TGF-β expres-
sion in ligament fibroblasts could initiate similar signaling
pathways toward increased collagen gene expression.

In addition to the investigations of mechanical loading
effects on gene expression in ACL and MCL fibroblasts,
mechanoregulation of gene expression has been investigated
in periodontal ligament (PDL) fibroblasts (Howard et al.,
1998). PDL fibroblasts exist in an active mechanical environ-
ment by virtue of their distinct function to mechanically link a
tooth to its bony socket. PDL fibroblasts may initiate the
remodeling process in response to the load applied to them
during tooth movement (Davidovitch, 1991). These fibroblasts
have been shown to respond differentially to tensile and
compressive strains in terms of ECM synthesis and degradation
(He et al., 2004). Application of 10% compressive strain with a
frequency of 0.5 Hz decreased COL1A1 mRNA levels and
type I collagen and fibronectin protein but increased both
MMP-2 mRNA and protein levels (both latent and active)
without any change in TIMP-2 mRNA levels. On the other
hand, 10% tensile strain at the same frequency increased
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COL1A1 mRNA, MMP-2 mRNA, and TIMP-2 mRNA. Under
tensional loads, an increase in MMP-2 mRNA was paralleled
by a similar increase in its inhibitor TIMP-2 mRNA, thereby
promoting synthetic events, whereas under compressive loads,
both MMP-2 mRNA and protein levels were increased without
any change in TIMP-2 mRNA promoting matrix degradation.
Moreover, these fibroblasts responded differently in terms of
ECM protein synthesis to different stretching magnitudes: 5%
biaxial stretching increased collagen type I and fibronectin
synthesis, whereas 10% biaxial stretching had similar response
for fibronectin but no change in collagen type I synthesis
(Howard et al., 1998).

When orthodontic loads are applied to a tooth, the period-
ontal ligament is compressed on one side while it is stretched on
the other. The compression side is characterized by bone
resorption while the tension side is characterized by the bone
synthesis (Reitan, 1967, 1969, 1970). This suggests that the
type of load applied to tooth support structures plays a role in
modulating the phenotype of the constituent cells.

In addition to the regulation of the known genes (i.e.,
collagen I, MMPs, TIMP-2, and fibronectin), mechanical loads
also affect certain genes putatively related to transcription
factors which have been identified in PDL cells. When PDL
cells were subjected to 18% biaxial stretching at 0.1 Hz for 16 h,
several mechanosensitive genes, which have sequence homol-
ogy to ribosomal protein S27, androgen-binding protein,
cathepsin H, and cytochrome c, were induced. Analysis of
these mechanical stress-induced genes (MSGens) showed
marked induction of MSGen-15 mRNA expression in the
cells subjected to mechanical loading (Myokai et al., 2003).
Interestingly, MSGen-15 showed homology with MRG-15
(mortality factor on a chromosome-4-related gene), which
belongs to a novel family of transcription factor-like genes
whose RNA level changes during cell growth and at times of
senescence (Bertram et al., 1999). In human PDL cells, mRNA
for transcription factors such as c-fos is also shown to be
induced after mechanical stretching without any significant
change in the matrix proteins (Yamaguchi et al., 2002). It should
be noted that to assess physiological relevance of these findings
in the above studies, the loading type (e.g., biaxial stretching)
and magnitude (up to 18% strain) have to be verified on
periodontal ligaments.

Skin is another example of connective tissue that is subjected
to mechanical loads, which are known to regulate procollagen
synthesis and processing in dermal fibroblasts. Application of
cyclic mechanical load at 20% strain and frequency of 1 Hz up
to 48 h enhanced procollagen mRNA levels and procollagen
synthesis in the presence of TGF-β1 in human dermal
fibroblasts (Parsons et al., 1999). Procollagen mRNA levels
were increased by 2-fold in stretched cells compared to
unstretched cells with enhancement of procollagen C-proteinase
(PCP) levels. PCP is matrix metalloproteinase which cleaves the
C-terminal propeptide from procollagen chains to form
insoluble collagen that is required for fiber formation (Li
et al., 1996). Based on these in vitro data, it is hypothesized that
mechanical load, which acts in synergy with growth factors
present at the wound site, increases procollagen synthesis and

also modulates enzyme activity, thus increasing collagen
deposition, which is implicated in dermal scar formation.

There is a growing body of evidence indicating that specific
ECM substrates and culture conditions may determine the level
of collagen and proteoglycan synthesis by fibroblasts subjected
to mechanical load (Reynolds and Bishop, 1998; Atance et al.,
2004). For example, collagen I mRNA synthesis was greater in
human lung fibroblasts stretched on laminin and elastin than in
fibroblasts stretched on fibronectin (Breen, 2000). Cell–ECM
interaction may directly regulate cell functions through cell
surface receptor-mediated signaling mainly via integrins and
non-integrin receptors, syndecan, and CD44 (Hynes, 1992;
Couchman et al., 2001; Cichy and Pure, 2003). Through αβ
pairing, specific integrin ligands can interact with ECM proteins
and different ECM macromolecules may selectively stimulate
specific types of signal transduction pathways for the modula-
tion of gene expression (Jalali et al., 2001; Rosso et al., 2004).
Increased expression of cell surface proteoglycan genes CD44
and syndecan has been observed in tendon fibroblasts in
collagen type I 3-D gels compared to that in monolayer cultures
(Sawaguchi et al., 2006).

Mechanoregulation of gene expression has been widely
studied in chicken skin fibroblasts, and various mechanisms
have been proposed for the mechanoregulation of ECM genes
(Chiquet-Ehrismann et al., 1994; Chiquet et al., 1996, 2003,
2004; Sarasa-Renedo and Chiquet, 2005; Sarasa-Renedo et al.,
in press). The genes of focus in these studies are tenascin-C and
collagen fibril-associated type XII collagen. Tenascin-C, which
is not normally expressed in adults, changes its expression
patterns during embryogenesis and regenerative processes and
appears under pathological conditions and adjacent to contract-
ing wounds (Mackie et al., 1988; Silver et al., 2003). Tensile
loading has been shown to control tenascin-CmRNA expression
in chicken skin fibroblasts. When cyclic equibiaxial tensile
stretch was applied (15%, 0.3 Hz) to these fibroblasts, tenascin-
C mRNA was induced 2- to 4-fold compared to non-stretched
cells within 3–6 h (Chiquet et al., 2003). When cells were
pretreated with cytochalasin-B, an actin depolymerizing drug,
and latrunculin A, an actin cytoskeleton disrupting drug, the
stretching-induced tenascin-CmRNA expressionwas abolished,
indicating that an intact cytoskeleton is required for stretching-
induced tenascin-C mRNA expression (Chiquet et al., 2003;
Sarasa-Renedo and Chiquet, 2005). Collagen XII has an
expression pattern similar to that of tenascin-C and has been
shown to co-assemble with collagen I during fibril formation
(Koch et al., 1995). A mechanoresponsive control element was
also localized in the collagen XII gene (Chiquet et al., 1998).

A major limitation with these cell stretching studies above is
that the level of mechanical load applied is measured on the
substrate, not actually on cells that attach to the substrate. Also,
because some cells in a population may adhere to the underlying
substrate more strongly than others, individual cells may
experience different levels of mechanical loading, regardless
of the mode of loading. Consequently, substantial differences in
cellular response to mechanical loading exist. This situation
makes it difficult to interpret the results of many studies despite
the fact that the same cells were used but were cultured on
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substrates made of different materials or coated with different
ECM proteins.

Another limitation of the above studies is that cells reside on
2-D substrate without the surrounding matrix which is typically
present in vivo. To more closely mimic in vivo conditions, 3-D
collagen gel matrix also has been used to investigate the effect
of cytoskeletal tension on gene expression in rat tail tendon cells
(Lavagnino and Arnoczky, 2005). In this study, cells seeded into
collagen gels were able to establish a cytoskeletal tensional
homeostasis through an isometric contraction against collagen
gel matrices attached to the culture dish. This was characterized
by the presence of organized stress fibers within the cytoskeleton
and an upregulation of anabolic gene, α1(I) collagen. However,
after a loss of cytoskeletal organization through chemical
disruption or through detachment of the gel, which caused
cell-mediated gel contraction, an upregulation of catabolic gene
(MMP-1) expression and inhibition of anabolic gene (α1(I)
collagen) expression were observed. The ability of the
fibroblasts to remodel their ECM by virtue of an internal
contractile mechanism has important implications in wound
contracture and connective tissue morphogenesis (Harris et al.,
1981; Grinnell, 1994).

Furthermore, using 3-D collagen gel model, mechanical
tension on human dermal fibroblasts has been shown to induce
57 genes coding for ECM proteins, fibrogenic growth factors,
protease inhibitors, components of focal adhesions, and the
cytoskeleton (Kessler et al., 2001). Specifically, in comparison
with mechanically relaxed collagen gels, the genes for α1(I) and
α2(I) collagen, α1(III) collagen, all three α-chains of type VI
collagen, fibronectin, and β-actin were found to be induced in
stressed fibroblasts. Elastin gene was minimally induced,
whereas MMP-1 gene was significantly repressed. In parallel,
transcription of protease inhibitors (PAI1 and PAI2) and TIMP-
1 and TIMP-3 was significantly induced by mechanical loading.
All these genes may share mechanoresponsive regulatory
elements, or they may be regulated by local growth factor
release (Chiquet, 1999).

The steady-state levels for collagen type XII and tenascin-C
mRNA were high under stretched conditions and low under
relaxed conditions in skin fibroblasts cultured in collagen gels
(Trachslin et al., 1999). The relative mRNA levels of fibronectin
and MMP-2, however, were barely affected under these
conditions. Expression levels of tenascin-C were found to be
increased in chick embryo fibroblasts in restrained collagen gels
(Chiquet-Ehrismann et al., 1994). In contrast, a group of MMPs
(MMP-1, -3, -9, and -13) was upregulated in human dermal
fibroblasts by dissipation of the tension upon retraction of
collagen gel (Lambert et al., 2001).

4. Cellular mechanotransduction

Gene expression profiles induced by mechanical loading
can be divided into immediate early response genes (e.g., c-
fos, c-myc) and late response genes (e.g., collagens) (Ruwhof
and van der Laarse, 2000). Activation and transportation of
immediate early response genes such as c-fos and transcription
factor NF-κB, which can bind to mechanoresponsive ECM

genes, are suggested as two of the primary responses to
mechanical loads (Khachigian et al., 1995; Sadoshima and
Izumo, 1997; Mercurio and Manning, 1999a,b; Chen et al.,
2003; Xiao, 2004). Transcription and synthesis of nuclear
factors such as early growth response-1 (EGR-1) that can
transactivate a specific ECM gene are considered secondary
responses to mechanical loads (Schwachtgen et al., 1998; Liu
et al., 2000). Finally, mechanisms that include triggering
autocrine or paracrine release of growth factors such as TGF-β
by mechanical loads to regulate the transcription of “mechan-
oresponsive genes” are also presented (Davies et al., 1997;
Sadoshima and Izumo, 1997). Mechanical stress stimulates the
release of TGF-β (Lindahl et al., 2002; Nakatani et al., 2002;
Yang et al., 2004) as described in the previous section, as well
as enhances its gene transcription through activation of EGR-1
(Liu et al., 2000). These indirect mechanotransduction
mechanisms have been explained in detail previously (Chiquet,
1999; Sarasa-Renedo and Chiquet, 2005).

However, connective tissue fibroblasts likely use cell–matrix
adhesions as the functional units to sense changes in the
mechanical properties of the ECM (Chiquet, 1999). Therefore,
mechanotransduction via adhesion components and cytoskele-
ton appears to be an attractive mechanism that transduces
mechanical signals in such fibroblasts. Fibroblasts anchor to
ECM by focal adhesions that physically link with actin
cytoskeleton via integrin family of ECM receptors. Integrins
are regarded as receptors capable of inducing biochemical
signals that regulate gene expression (Ingber, 1991; Schwartz
et al., 1995; Ross, 2004). The extracellular domain of integrins
binds to ECM proteins such as fibronectin and collagen and
functions as signaling receptors to them. Besides playing the
role of indirect mechanosensors, integrins can act as direct
mechanosensors, physically connecting the cytoskeleton to
ECM, thus transmitting mechanical loads acting on the ECM
(Hynes, 1992). The cytoplasmic domain of integrins interacts
with cytoskeletal proteins (e.g., paxillin, talin and vinculin) and
signaling molecules in the focal adhesion sites, e.g., FAK and c-
Src (Hynes, 1992; Sastry and Horwitz, 1993; Schwartz and
Shattil, 2000) (Fig. 3).

Mechanical loads applied to integrin ligands trigger the
assembly and growth of focal contacts (Geiger and Ber-
shadsky, 2001) and MAPK signaling (MacKenna et al.,
2000). Stretching-induced conformational changes in the
ECM may alter integrin structure, which leads to activation of
several secondary messenger pathways in the cell. For
example, mechanical stretching of NIH3T3 cells stimulates
the conformational activation of integrin αvβ3, which is
followed by an increase in integrin binding to ECM proteins
(Katsumi et al., 2005). The stimulation of MAPK pathway
(e.g., JNK) is dependent on this new integrin binding.
Stimulation of integrin signals by mechanical force may
transduce signals across cell membrane, leading to activation
of key transcription factors (e.g., AP-1 and NF-κB) and gene
expression, thus modifying cell behavior and differentiation
(Shyy and Chien, 1997).

Focal adhesions (FAs) together with actin cytoskeleton are
suggested to serve as mechanosensors in fibroblasts (Ingber,
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1997). FAs provide attachment for stress fibers which are
bundles of actin filaments, and they also serve as a site for
mechanotransduction (Burridge and Chrzanowska-Wodnicka,
1996). FAs evolve from small focal complexes (Geiger and
Bershadsky, 2001). The maturation of focal complexes requires
externally applied mechanical force or internal actin cytoske-
letal contractile force (Balaban et al., 2001; Hinz and Gabbiani,
2003). For instance, cyclic equibiaxial stretching of fibroblasts
induce the formation of large matrix adhesions containing
vinculin along their margins (Sarasa-Renedo and Chiquet,
2005). Moreover, after stretching, the actin stress fibers assume
a crescent morphology and are aligned parallel to the long axis
of the cell body; while in cells at rest, the stress fibers are
straight and randomly oriented. These findings support the
hypothesis that focal adhesions together with actin cytoskeleton
act as mechanosensors. The actin cytoskeleton and myosin II
are the key components of focal adhesion formation, and an
intact actin cytoskeleton is required for effective signal
transduction (Bershadsky et al., 2003).

Rho family GTPases are involved in integrin-mediated
signaling primarily because of their capacity to induce
cytoskeleton organization (Hall, 1998; Hall and Nobes, 2000).
The most extensively studied members of the GTPase family
are Rho, Rac, and Cdc42, each of which acts as a molecular
switch, cycling between an active GTP-bound and an inactive
GDP-bound state (Jaffe and Hall, 2005). Rho and Rac are
involved in actin assembly and generation of cellular contractile
force acting on the ECM, whereas Cdc42 triggers the formation
of filopodia in fibroblasts.

Rho also induces assembly of FAs and stress fiber
formation by stimulating myosin contractility (Chrzanowska-
Wodnicka and Burridge, 1996). Rapid assembly of FAs and
stress fibers by direct microinjection of activated Rho into
quiescent fibroblasts has been demonstrated (Ridley and Hall,
1992). Rho-dependent kinase (ROCK) and mammalian
homolog of Drosophila diaphanous (mDia1) are the two
downstream effectors of Rho and are necessary to induce and
maintain FAs (Nakano et al., 1999; Watanabe et al., 1999;
Bishop and Hall, 2000). ROCK is a serine/threonine kinase,
with two isoforms ROCKα and ROCKβ, necessary for stress
fiber assembly (Bishop and Hall, 2000). ROCK is responsible
for Rho-mediated enhancement of myosin-based contractility
and also induces focal adhesions and stress fibers by activation
of integrin and by integrin clustering via myosin-based
contractility (Ishizaki et al., 1997; Narumiya et al., 1997).
Two substrates of ROCK, myosin light chain (MLC) and
myosin-binding subunit (MBS) of MLC phosphatase are
thought to be important regulators of actin–myosin filament
assembly (Bishop and Hall, 2000). ROCK stimulates acto-
myosin contractility either by direct phosphorylation of MLC
or indirectly by inactivating MLC phosphatase (Amano et al.,
1996, 1997; Kimura et al., 1996). The resulting increase in
force at focal complexes triggers the transition of these
structures into focal contacts. It has been shown that ROCK
inhibitor attenuates cyclic stretching-mediated tenascin-C
mRNA induction, and ROCK stimulators act synergistically
with cyclic stretching to induce tenascin-C, suggesting a direct

correlation between the tenascin-C gene induction and ROCK-
mediated cytoskeletal tension (Chiquet et al., 2004; Sarasa-
Renedo et al., in press).

Rho simulates F-actin assembly and enhances cellular
stiffness via mDia1, and this cytoskeletal stiffening also might
play a role in mechanotransduction (Riveline et al., 2001).
mDia1 induces actin polymerization by recruiting actin-binding
protein profilin to the site of Rho action (Narumiya et al., 1997;
Watanabe et al., 1997; Bishop and Hall, 2000). It has been
previously shown that fibroblasts generate an internal tension
within the actin cytoskeleton by an actomyosin filament sliding
mechanism, which allows them to maintain a constant
cytoskeletal tension in response to changes in external loading
(Takakuda and Miyairi, 1996; Brown et al., 1998). Alterations
in this cytoskeletal tensional homeostasis have been reported to
control gene expression in tendon cells (Lavagnino and
Arnoczky, 2005). Gene expression in contracted collagen gel
matrices seeded with tendon cells could be reversed through
chemical disruption of cell cytoskeleton. According to the
tensegrity model (Ingber, 1997), a stiffer cytoskeleton is at a
better advantage in sensing external mechanical loading in
contrast to a completely relaxed cytoskeleton. The integrity of
actin cytoskeleton is shown to be essential for force generation,
as disruption of actin microfilaments results in the disappear-
ance of force (Kolodney and Wysolmerski, 1992). Therefore, it
seems that both the integrity and contractility of the actin
cytoskeleton are required for efficient mechanical signal
transduction. In the light of such experimental evidence relating
cytoskeletal integrity and contractility to gene induction,
mechanotransduction in fibroblasts can be considered as a
process in which cells sense mechanical forces and counteract
these forces through intact actin cytoskeleton and actomyosin
contraction.

Besides integrins, other various potential biochemical
mediators of mechanotransduction such as mechanosensitive
cell surface receptors including receptor tyrosine kinases
(RTKs) and heterotrimeric guanine nucleotide-binding proteins
(G proteins) also have been suggested in fibroblasts (Ruwhof
and van der Laarse, 2000; Wang, 2006b; Wang and Thampatty,
2006). Non-integrin cell surface receptors such as CD44 and
syndecan, which serve as receptors for cell adhesion molecules,
growth factors, and cytokines, are also suggested as candidates
for mechanotransduction (Boraldi et al., 2003; Yoneda and
Couchman, 2003; Gigant-Huselstein et al., 2004). The down-
stream signals from these mediators in force transduction can
modify each other to produce various cell responses.

G proteins are important cell surface receptors in mechanical
signaling, the subunits of which are localized at the site of focal
adhesions (Hansen et al., 1994). Co-localization of G proteins
and integrins allows a single signal to activate two transmem-
brane receptors, indicating the indirect involvement of G
proteins in integrin-mediated signaling (Lehoux and Tedgui,
2003). Stimulation of early activation of G proteins by cyclic
stretch has been reported in cardiac fibroblasts (Gudi et al.,
1998). Activation of G proteins can further activate PLC that
subsequently can activate PKC (Jalili et al., 1999). Growth
factor receptors that are tyrosine kinases (RTKs) also take part
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in mechanotransduction. Growth factors such as EGF and
PDGF bind to RTKs inducing secondary signaling events via
MAPK pathways (Ullrich and Schlessinger, 1990). RTK
pathway may not function in isolation; direct associations of
RTKs and integrins have been identified. Integrin receptor
occupancy and clustering may be required for RTK phosphor-
ylation and activation (Miyamoto et al., 1996).

CD44 is transmembrane protein that serves as an adhesion
molecule for hyaluronan (HA), an ECM component (Aruffo
et al., 1990; Nagano and Saya, 2004). CD44-dependent cell–
matrix interaction and signaling pathway are regulated by its
proteolytic cleavage (Lesley and Hyman, 1998; Cichy and Pure,
2003). The cleavage generates CD44ICD (CD44 intracellular
domain), which acts as a signal transduction molecule (Fig. 3).
CD44ICD is transported to the nucleus and activates transcrip-
tion. Cleavage of CD44 is triggered by extracellular Ca2+

influx, and the activation of PKC and Rho GTPases (Okamoto
et al., 1999; Shi et al., 2001). These factors are indeed triggered
by the mechanical stretch (Nagano and Saya, 2004). CD44 is an
important mediator in the regulation of interaction between
ECM and cytoskeleton and is expressed in the ECM of all
connective tissues (Gunthert, 1993). Intra-cytoplasmic domain
of CD44 has binding sites for actin filaments. Mechanical load
alters ECM synthesis, which may affect the expression of CD44
receptors and modulate the interactions with actin (Fig. 3).

Syndecans are a family of similar proteoglycans involved in
cell signaling (Yoneda and Couchman, 2003). They are present
in FAs and interact with numerous extracellular ligands and are
considered to be co-receptors for matrix molecules (e.g.
fibronectin) and growth factors (Bernfield et al., 1999).
Syndecan-4 is involved in cytoskeletal reorganization, assembly
of stress fibers, and FA formation. In fact, it has been shown to
be required for FA formation in addition to integrins (Saoncella
et al., 1999; Woods et al., 2000). Recruitment of syndecan-4 to
FAs is dependent on PKC activation, and multimerization of the
cytoplasmic domain of syndecan-4 is required for kinase
binding and activation (Baciu and Goetinck, 1995). Regulation
through phosphorylation of syndecan-4 cytoplasmic tail may
also exist in syndecan-4 signaling (Horowitz et al., 1999). The
involvement of Rho activity in the formation FAs and stress
fibers through syndecan-4 signaling has also been suggested
(Saoncella et al., 1999; Couchman et al., 2001).

Besides all signaling molecules described above, stretch-
activated ion channels are considered to be candidates for
mechanotransduction mechanisms (Hu and Sachs, 1997;
Sadoshima and Izumo, 1997). One of the earliest signals that
are generated after application of mechanical stretching is the
influx of calcium ions through stretch-activated ion channels in
fibroblasts (Wu et al., 1999). Cytoskeletal and membrane stress
open cation channels allowing passage of ions such Ca2+, Na+,
and K+ (Sackin, 1995a,b). A large increase in intracellular Ca2+

ion concentration has been reported in fibroblasts responding to
a wide variety of stretching protocols (Arora et al., 1994; Bibby
and McCulloch, 1994; Glogauer et al., 1997). In addition,
stretch-induced increases in intracellular Ca2+ can be blocked
by pre-incubation with blockers (gadolinium and streptomycin)
of stretching-activated channels (SACs). Both gadolinium and

streptomycin inhibit immediate early genes and protein
synthesis, suggesting their direct involvement in mechano-
transduction (Sadoshima and Izumo, 1993; Gannier et al., 1994;
Lacampagne et al., 1994). Elevations in Ca2+ activate
membrane kinases to specifically phosphorylate other signaling
molecules. For example, Ca2+ influx induces tyrosine phos-
phorylation of the epidermal growth factor receptor (EGFR) to
levels that can activate MAPK signaling pathways (Rosen and
Greenberg, 1996). Elevated Ca2+ may enhance calcium/
calmodulin-dependent protein kinase (CAM kinase), which
can phosphorylate and activate transcription factors such as c-
AMP response element-binding protein (CREB) (Sadoshima
and Izumo, 1997; Iqbal and Zaidi, 2005).

Tendon and ligament fibroblasts respond to mechanical loads
by increasing their intracellular Ca2+ levels. Tendon cells form
gap junctions comprised of connexin 32 and 43, through which
Ca2+ waves are propagated via the passage of inositol
triphosphate (IP3) (Wall and Banes, 2005). MCL fibroblasts
subjected to mechanical stretch propagated Ca2+ wave better
than cells that were not subjected to mechanical stretch (Jones
et al., 2005). The entry of extracellular Ca2+ through SACs is
also involved in PKC activation and cell proliferation in lung
fibroblasts (Liu and Post, 2000). PKC may activate transcrip-
tional factors that bind to stress response element (SRE) of the
promoter region of the target gene. Upregulation of COX-2
mRNA expression by uniaxial cyclic stretch has been shown to
be mediated via SACs in lung fibroblasts (Kato et al., 1998).

Fig. 3. A conceptual illustration of several cellular mechanotransduction
mechanisms. Mechanical loads can induce signal transduction by directly
transmitting forces from the extracellular matrix (ECM) to integrins, the
cytoskeleton, and the nucleus, eventually resulting in changes in gene
transcription and protein translation. Also, mechanical stretching of cells
opens stretching-activated channels (SACs), causing influx of ions (e.g., Ca+)
and thus a series of downstream signaling events. Still, mechanical loads acting
on a cell may unfold a domain of the extracellular protein (M) and expose a
cryptic site that may serve as an activating ligand for a cell surface receptor,
which results in a series of signaling events. Additionally, mechanical load
applied to a “force receptor” (FR) may initiate signal transduction, which results
in transcription, followed by translation. As a result, soluble factors are secreted
into the ECM which act on the receptor (R) and then initiate a cascade of
signaling events. Other signaling molecules that are involved in mechano-
transduction can include CD44 transmembrane protein and its intracellular
domain (CD44ICD), which is translocated into the nucleus causing gene
transcription.
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Human COX-2 promoter region contains transcription factors
such as AP-1 and NF-κB, which may be induced by cyclic
stretching (Yang et al., 1997). In fact, it is shown that uniaxial
cyclic stretch activates and translocates NF-κB via Ca2+ influx
through SACs in human lung fibroblasts (Inoh et al., 2002).
When the cells were stretched in the absence of extracellular
Ca2+ or in the presence of gadolinium, translocation of NF-κB
was significantly inhibited. The activation of NF-κB induces
expression of COX-2 (Chen, 2006), the first rate limiting
enzyme in the synthesis of PGE2 in cases of tissue inflammation
(Wang et al., 2004).

SACs do not work in isolation, but are modulated by
contractile actin cytoskeleton. It is suggested that there is a
direct link between the regulation of Ca2+ and cytoskeletal
network (Kalapesi et al., 2005). Ca2+ ions are known to regulate
the physical linkage of integrins and the cytoskeleton (Nebe
et al., 1996). Regulation of stretch-activated intracellular Ca2+

transients by actin filaments has been demonstrated using
collagen-magnetic bead model, in which application of well-
defined forces induced immediate Ca2+ influx (Wu et al., 1999).
Cytochalasin D treatment greatly increased the amplitude of
stretch-activated Ca2+ transients, indicating that actin filaments
modulate stretch-activated Ca2+ transients.

Stretching forces applied through flexible substrates have
been shown to induce increases in intracellular Ca2+

concentration, traction forces, and cell migration in NIH3T3
fibroblasts (Munevar et al., 2004). Stretch-activated increase
in Ca2+ was inhibited by treatment with gadolinium,
suggesting that response must rely on the entry of
extracellular Ca2+ through stretch-sensitive channels. Gadoli-
nium treatment also decreased cellular traction force and
expression of vinculin and phosphotyrosine at FAs (Munevar
et al., 2004). Previous studies have suggested that mechanical
force application to integrins can activate mechanosensitive
ion channels and trigger Ca2+ entry into cells. Ca2+ entry may
influence cell mechanics by modulating cytoskeletal structure
or contractility (Glogauer et al., 1997, 1998). Ca2+-activated
proteases, such as calpain are associated with FAs (Glading
et al., 2002). Their putative targets include structural and
regulatory components such as paxillin and Rho (Geiger and
Bershadsky, 2001).

Besides the explorations of mechanotransduction mecha-
nisms at the cellular levels, recent investigations are opening up
new frontiers at the molecular level. Single molecule studies
using AFM and single molecule force spectroscopy (SMFS)
have revealed structural motifs of proteins that can be
mechanically switched between conformations potentially
translating force into functional changes in proteins (Vogel,
2006; Vogel and Sheetz, 2006). Of special interest with respect
to mechanosensing is the cell adhesion protein fibronectin,
which consists of tandem repeat sequences. Many cryptic
binding sites have been identified that are buried within
individual fibronectin modules in the folded state. Applied
mechanical force can turn on a biochemical switch, exposing
these cryptic sites by three proposed mechanisms. First, the
force applied on the protein module can stretch it into a
conformation in which the binding site is exposed, enabling it to

bind to the receptor. Second, the applied force can change the
relative distance of two binding sites that bind the same receptor
molecule. Third, the force can change the geometry of the
binding site. Force deforms a binding pocket, making its
position favorable for ligand binding. In addition, the disulfide
bonds, which are present in many ECM proteins, have been
recently proposed to act as redox switches, controlling the
extent of a protein domain that is accessible to mechanical
unfolding (Sandal and Samori, 2006) (Fig. 3).

5. Concluding remarks

In this paper, we have reviewed the mechanoregulation of
gene expression in fibroblasts, an abundant cell type in
connective tissues responsible for maintaining not only tissue
homeostasis but also pathology. Evidence from previous
studies indicates that gene regulation in fibroblasts depends
on mechanical loading conditions: type (e.g., tension vs.
compression), magnitude, frequency, and duration. The
mechanoregulation of gene expression in fibroblasts also
depends on the tissue location from which fibroblasts are
derived, as well as ECM protein with which cells interact. To
better understand how tissue homeostasis is maintained and
how pathological conditions initiate and develop, it is
necessary to study the effects of various mechanical loading
conditions on fibroblasts. Also, the interaction between the
mechanical loading conditions and soluble factors, including
growth factors (e.g., TGF-β and PDGF) and cytokines (e.g., IL-
1β and TNF-α), should be investigated in order to discern how
changes in mechanical loads are associated with remodeling of
connective tissues as well as onset and development of
connective tissue diseases. Furthermore, future research will
require novel theoretical and experimental methodologies to
determine the precise details of mechanotransduction mechan-
isms, such as which mechanical factors (e.g., stress, strain and
strain-rate) cells respond to and how they transduce them into a
cascade of precise biological responses including the expres-
sion of ECM genes. One challenging task in future research is
to understand how a cell “decides” its response from “cross-
talks” of many mechanotransduction signals, since mechan-
otransduction mechanisms do not function in isolation, but
rather by an integrated network of various signaling pathways.
Another particularly challenging task is to identify specific
“force receptors,” for which specific proteins at the membrane–
cytoskeletal interface (e.g., integrins and G proteins) are good
candidates. Ultimately, additional research in mechanoregula-
tion of gene expression in fibroblasts will aid in developing
new therapeutic strategies and new approaches to engineering
tissue constructs for improved repair and regeneration of
connective tissues.
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