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Mechanical loading of articular cartilage stimulates the
metabolism of resident chondrocytes and induces the synth-
esis of molecules to maintain the integrity of the cartilage.
Mechanical signals modulate biochemical activity and
changes in cell behavior through mechanotransduction.
Compression of cartilage results in complex changes within
the tissue including matrix and cell deformation, hydrostatic
and osmotic pressure, fluid flow, altered matrix water
content, ion concentration and fixed charge density. These
changes are detected by mechanoreceptors on the cell sur-

face, which include mechanosensitive ion channels and
integrins that on activation initiate intracellular signalling
cascades leading to tissue remodelling. Excessive mechan-
ical loading also influences chondrocyte metabolism but
unlike physiological stimulation leads to a quantitative
imbalance between anabolic and catabolic activity resulting
in depletion of matrix components. In this article we focus
on the role of mechanical signalling in the maintenance of
articular cartilage, and discuss how alterations in normal
signalling can lead to pathology.

Mechanical loading during joint movement is essen-
tial for maintenance of articular connective tissues.
Movement and mechanical forces maintain healthy
cartilage (Helminen et al., 1992), bone (Lanyon,
1987), muscle (Kjaer, 2004) and tendons (Wang,
2006) by regulating tissue remodeling. Remodeling
is required to remove damaged cells and matrix
(catabolic) and to replace damaged tissue (anabolic).
Maintenance of healthy articular connective tissues
depends on a balance between matrix anabolism and
catabolism and alterations in the balance between
anabolic and catabolic signalling in articular tissues
can lead to joint pathology including osteoarthritis.
In this article we focus on the role of mechanical
signalling in the maintenance of articular cartilage,
and discuss how alterations in normal signalling can
lead to pathology.

Mechanical stimuli influence articular cartilage structure

The organization of collagen and proteoglycan vary
throughout the depth of the articular cartilage. These
variations reflect the magnitude and distribution of
load placed on the tissue. In articular cartilage the
orientation of collagen fibers is parallel to the joint
surface in the superficial zone of cartilage and perpen-
dicular to the subchondral bone in the deep zone. The

surfaces of articular cartilage contain high concentra-
tions of lubricating molecules such as lubricin (Flan-
nery et al., 1999), and the deeper zones contain higher
concentrations of aggrecan (Roughley, 2006) (Fig. 1).
Mechanical loading results in compression of ar-

ticular cartilage and deformation of the matrix,
stimulating chondrocyte metabolism. Unloading of
the cartilage is followed by an influx of nutrients
from the synovial fluid into the cartilage. The ar-
rangement of collagen fibers in articular cartilage
provides an ideal structure for absorbing the con-
stantly changing stresses on the joint surface. The
presence of molecules like lubricin on the surface of
cartilage provides it with an almost frictionless glid-
ing surface, which is capable of efficiently transfer-
ring load during motion (Ateshian & Mow, 2005).
When articular cartilage is loaded under tension

the collagen fibers and aggrecan molecules stretch
along the axis of loading (Woo et al., 1976; Roth &
Mow, 1980). Minor deformation of the cartilage
causes the fibers to disentangle and realign. Greater
deformation leads to stretch of the fibers accompa-
nied by increases in tensile stress. The increase in
tensile stress is dependent on the concentration and
crosslinks of collagen, and on interactions between
collagen and aggrecan (Kempson et al., 1973; Aki-
zuki et al., 1986; Schmidt et al., 1990).
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Different joints and different types of physical
activity are associated with different compressive
forces. In the hip joint pressures of around 1MPa
have been measured and during activities such as
walking this varies between 0.1–4MPa and up to
20MPa when jumping (Urban, 1994). Prolonged
physiological static loading can lead to up to 44%
compression (Armstrong et al., 1979; Hodge et al.,
1986). Mechanical loading has also been found to be
important in maintaining articular cartilage (Kivir-
anta et al., 1987). In the absence of mechanical
loading there is a reduction in the thickness of the
cartilage (Helminen et al., 1992). Increased joint
loading in athletes is associated with an increase in
the area of the load-bearing surface rather than an
increase in cartilage thickness (Eckstein et al., 2006).
Overloading, underloading and static loading of
cartilage is associated with proteoglycan depletion
while both loading during the course of physiological
exercise and cyclical loading increases proteoglycan
synthesis (Kiviranta et al., 1987; Sah et al., 1992;
Parkkinen et al., 1993).

Chondrocyte response to mechanical stimulation

Numerous studies have focussed on analysing the
effects of mechanical stress on chondrocyte cell
function and matrix molecule production in vitro,
in tissue explants and in tissue engineering systems.
In these systems chondrocytes can respond in an
anabolic manner and produce cell matrix proteins to
maintain cartilage integrity when subjected to speci-
fic regimes of mechanical stimulation. Dynamic sti-
mulation of chondrocytes in explants, 3D and
monolayer cultures leads to anabolic/protective sig-
nalling and an increase in both cell proliferation and
GAG synthesis. In monolayer cultures aggrecan gene
expression was increased by 0.33Hz, 4000 mm strain
cyclical mechanical stimulation (Millward-Sadler

et al., 2000) and by 5 and 10MPa intermittent
hydrostatic pressure, which also increased collagen
II gene expression (Ikenoue et al., 2003). In 3D cell
culture systems 15% dynamic compression at 1Hz
over 48 h increased proteoglycan synthesis and in-
creased proliferation of chondrocytes (Lee & Bader,
1997; Shelton et al., 2003). GAGs also accumulate in
3D cultures after 21 days of intermittent 10% com-
pressive strain (Mauck et al., 2000). In bovine ex-
plants 0.5MPa compression repeated at 2 and 4 s
increased proteoglycan production (Parkkinen et al.,
1992) and 0.1MPa compression for 1 h increased
aggrecan mRNA synthesis (Valhmu et al., 1998)
although stimulation for more than 1 h resulted in
a return to baseline levels. Cyclical compression of
cartilage explants also increases the expression of
fibronectin and cartilage oligomeric protein (COMP)
(Wong et al., 1999) and influences the orientation of
collagen fibers in the superficial zone of articular
cartilage (Kiraly et al., 1998).
In contrast to cyclical loading within a physiolo-

gical range, static and injurious mechanical loading is
catabolic and associated with reduced matrix pro-
duction and increased protease activity. Static and
injurious loading increases production of various
matrix metalloproteinases (MMPs). Static compres-
sion of bovine explants for 24 h results in increased
transcription of MMPs-3, -9, -13, aggrecanase-1 and
the matrix protease regulator cyclooxygenase-2
(Fitzgerald et al., 2004). In addition to increasing
protease expression static compression decreases
aggrecan and collagen II gene expression (Ragan
et al., 1999), which is thought to be mediated by
the interleukin-1 (IL-1) receptor (Murata et al.,
2003). Injurious cyclical loading regimes increase
MMP-3, collagen damage and proteoglycan degra-
dation (Lin et al., 2004). Another study showed that
cyclic tensile loading increased the mRNA level of
MMP-1, MMP-3, MMP-9, IL-1b, TNF-a and
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Fig. 1. Distribution of chondrocytes and matrix molecules in articular cartilage. In photograph cartilage is stained for
toluidine blue, which binds to proteoglycan.
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TIMP-1 in cultured chondrocytes (Honda et al.,
2000). It would appear that excessive mechanical
load influences chondrocyte metabolism causing a
quantitative imbalance between anabolic and cata-
bolic activity resulting in depletion of matrix compo-
nents. Metalloproteinases can become pathologically
activated and contribute to tissue degeneration in
diseases such as osteoarthritis.

Mechanotransduction in normal cartilage

The process by which mechanical signals modulate
biochemical activity and changes in cell behavior is
termed mechanotransduction. Compression of car-
tilage results in complex changes within the tissue
that include matrix and cell deformation, hydro-
static pressure gradients, fluid flow, altered matrix
water content and changes in osmotic pressure, ion
concentration and fixed charge density (Urban
et al., 1993). Chondrocyte mechanoreceptors such
as mechanosensitive ion channels (Martinac, 2004)
and integrins (Ingber, 1991) are likely to be in-
volved in recognition of these physiochemical
changes.

Activation of ion channels by mechanical loading

Mechanical stimulation of chondrocytes leads to ion
flux across the cell membrane, which converts the
physical stimulus to a chemical signal. Activation of
ion channels allows an influx of ions such as calcium,
into the cell that leads to the activation of intracel-
lular signalling pathways. In response to mechanical
stimulation the early rapid changes associated with
ion fluxes, the actin cytoskeleton and activation of
certain cell signalling molecules [phospholipase C,
calmodulin, tyrosine protein kinase and protein
kinase C (PKC)] lead to later and slower changes in
the structure of the matrix associated with tissue
remodeling.
Several different ion channels have been identified

in this process and are considered to be mechan-
osensors/mechanoreceptors. In monolayer cyclical
stimulation of human articular chondrocytes at
0.33Hz for 20min causes a net hyperpolarization
of the cell membrane (Wright et al., 1996). The
hyperpolarization is because of activation of SK,
slow conductance Ca21 sensitive K1, channels. Me-
chanical stimulation of chondrocytes also activates
stretch activated calcium channels, L-type calcium
channels, and is dependent on extracellular Ca21

(Wright et al., 1996). Mechanical loading of chon-
drocyte/agarose constructs for one cycle of compres-
sion is enough to increase intracellular calcium
transients allowing the activation of calcium-depen-
dent signalling pathways (Pingguan-Murphy et al.,
2005). Stretch-activated ion channels (SAC) are

believed to respond to mechanical forces along the
plane of the cell membrane, but not to the hydro-
static pressure perpendicular to it (Sokabe et al.,
1991; Martinac, 2004). Membrane hyperpolarization
in chondrocytes following mechanical stimulation is
abolished in the presence of 10 mM gadolinium, a
blocker of SAC (Wright et al., 1996). Studies using
gadolinium in different cell culture systems have
demonstrated that SAC are involved in tyrosine
phosphorylation of focal adhesion kinase (FAK)
and paxillin (Lee et al., 2000), aggrecan gene expres-
sion, reduction in MMP-3 gene expression (Mill-
ward-Sadler et al., 2000) cell proliferation (Wu &
Chen, 2000), and in the maintenance of the chon-
drocyte phenotype (Perkins et al., 2005).

L-type calcium channel activation and subsequent
calcium influx have been shown to be involved in the
modulation of protein synthesis resulting from dy-
namic compression (Mouw et al., 2007). The calcium
channel blocker nifedipine inhibited both stretch-
induced cell proliferation and increased cartilage
matrix protein mRNA, indicating that L-type chan-
nels are involved in transducing signals for both
proliferation and differentiation (Wu & Chen, 2000).

Role of integrins in mechanotransduction

Integrins are heteromeric transmembrane glycopro-
teins, which consist of a and b subunits. The combi-
nation of a and b subunits determine the ligand
specificity of the receptor, of which there are over
20 specific-receptor combinations (Hynes, 1992). In-
tegrins are important molecules in mechanotransduc-
tion in various tissues within the body (Wang &
Thampatty, 2006) and their location between the
ECM and the cell cytoskeleton is ideally suited for
their role as mechanoreceptors. The integrin receptor
has an extracellular domain that provides a ligand
binding site while the cytoplasmic tail interacts with
intracellular molecules and the actin cytoskeleton
enabling the integrin receptor to transduce mechan-
ical signals into intracellular biochemical responses
(Hynes, 1992; Martinac, 2004).
Chondrocytes express a1b1, a10b1, a5b1 and avb5

integrins in normal adult cartilage (Salter et al., 1992;
Ostergaard et al., 1998). An a5b1 integrin is a major
mechanoreceptor in articular chondrocytes. When
the function of integrins is blocked by subunit-
specific blocking antibodies or RGD peptides, the
flux of K1 ions across the cell membrane, which
results in hyperpolarization following mechanical
stimulation of normal chondrocytes, is inhibited
(Wright et al., 1997) as is tyrosine phosphory-
lation of FAK and paxillin, and activation of PKC
(Lee et al., 2002). In bovine 3D agarose/chondrocyte
cultures RGD peptides were able to abolish cell
proliferation, proteoglycan production and nitric
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oxide inhibition induced by dynamic compression
(Chowdhury et al., 2006). Function blocking b1
subunit antibodies inhibit cyclical compression in-
duced gene expression of COMP in both calf articu-
lar cartilage explants and alginate/chondrocyte
constructs (Giannoni et al., 2003). a5b1 integrins
also mediate signalling though a TGFb3-dependent
pathway to enhance proteoglycan synthesis and
chondrocyte proliferation in response to dynamic
compression (Chowdhury et al., 2004). More recently
it has been demonstrated that CD47 an integrin-
associated protein is involved in the membrane
hyperpolarization, tyrosine phosphorylation, and ele-
vation of aggrecan mRNA induced by mechanical
stimulation, and that this is mediated through inter-
actions with a5b1 integrin (Orazizadeh et al., 2008).

Role of soluble mediators in mechanotransduction

Mechanical loading not only stimulates chondro-
cytes directly but also results in the release of soluble
mediators from chondrocytes that can bind and
activate cell surface receptors. Although chondro-
cytes can respond to various cytokines (including
TGF-b, TNF-b, IL-1b), IL-4 was shown to be
critically important in mechanical signal transduc-
tion in normal chondrocytes (Millward-Sadler et al.,
1999). As mechanical stimuli and soluble mediators
activate similar intracellular signal cascades to in-
duce anabolic or catabolic responses, one could
anticipate that together they might be antagonistic,
additive or synergistic. This is supported by a variety
of studies, which have shown that anabolic cytokines
and growth factors enhance mechanically induced
production of matrix molecules by chondrocytes in
cell culture and in tissue-engineered cartilage con-
structs (Jin et al., 2003; Mauck et al., 2003).
Integrin mechanoreceptor expression and integ-

rin–matrix affinity are modulated by growth factors
and cytokines. This may result in altered integrin-
signalling following alterations in matrix protein
production (Darling & Athanasiou, 2005), stimula-
tion of MMPs and aggrecanases (Sylvester et al.,
2004; Barksby et al., 2006), or matrix degradation,
which would affect cell–matrix interactions (Pulai
et al., 2005). Similarly, a variety of growth factors
and cytokines have been shown to be important in
the regulation of integrin expression and function
(Jobanputra et al., 1996; Loeser, 1997; Giancotti &
Ruoslahti, 1999). Both insulin-like growth factor-1
(IGF-1) and TGF-b increase chondrocyte cell surface
expression of a3/a5 integrin subunits and stimulate
adhesion of chondrocytes to fibronectin and type II
collagen (Loeser, 1997). Connective tissue growth
factor enhances chondrocyte adhesion to fibronectin
via a5b1 integrin through direct interaction of its
C-terminal domain.

Integrin-mediated adhesion to extracellular matrix
is necessary for the optimal activation of growth
factor receptors (Schneller et al., 1997). The prolif-
erative response of rabbit sternal chondrocytes to
fibroblast growth factor is dependent upon the
cells binding to fibronectin via a5b1 integrin (Eno-
moto-Iwamoto et al., 1997). IGF-1 and transforming
growth factor b are capable of up regulating protein
and proteoglycan synthesis in chondrocytes without
the requirement of additional factors. When coupled
with dynamic mechanical stimulation, but not static
stimulation, the up-regulation of proteoglycan is in-
creased (Bonassar et al., 2000). In the case of IGF-1,
this increase is additive rather than synergistic, sug-
gesting that mechanical compression and IGF-1 act
via different pathways (Bonassar et al., 2000; Gooch
et al., 2001). Dynamic compression accelerates the
rate at which IGF-1 shows an effect in cartilage
explants, raising the possibility that the mechanical
compression increased the transport of soluble factors
present in the surrounding medium, into the tissue.
Mechanical stimulation may also induce the re-

lease and activation of growth factors from within
the matrix. Basic fibroblast growth factor (bFGF)
has been identified as mediating mechanical signals
through cartilage to the chondrocytes via this me-
chanism. FGF is located in the extracellular matrix
attached to the heparan sulfate proteoglycan perle-
can (Vincent et al., 2007). When cartilage is loaded
bFGF is released from matrix-sequestered stores
allowing binding to FGF-receptor (FGFR) on the
cell surface (Vincent et al., 2002, 2004). Through this
mechanism mechanical stimulation induceds activa-
tion of mitogen-activated protein kinases (MAPK)
including ERK (Vincent et al., 2004) with subsequent
increase in MMP and TIMP gene expression. There
is no effect on the synthesis of proteoglycan or
collagen II in this system (Vincent et al., 2004). In
FGFR3 deficient mice the cartilage is less resistant to
compressive force than littermate controls (Valverde-
Franco et al., 2006) suggesting that FGFR activity
via mechanical loading may be implicated in con-
servation of cartilage integrity. Both bFGF and
integrin-mediated signalling in mechanotransduction
induce ERK activation, however, currently no evi-
dence exists to support a role for integrin involve-
ment in bFGF-dependent mechanical signalling.
Chondrocytes from normal and OA human articu-

lar cartilage express components of both the type I
(IL-4Ra and gc subunits) and type II (IL-4Ra
and IL-13Ra1 subunits) IL-4 receptor and down-
stream signalling appears to be predominantly
through the type-II receptor (Millward-Sadler et
al., 2006). The secretion of IL-4, which acts as an
autocrine signal via type-II receptors and induces cell
membrane hyperpolarization, is an essential prere-
quisite for mechanically stimulated electrophysiolo-
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gical responses and the up-regulation of aggrecan
mRNA (Millward-Sadler et al., 1999, 2000). IL-4 not
only mediates anabolic signalling by increasing ag-
grecan expression but can decrease catabolic events.
In an animal model intra-articular injection of IL-4
decreased chondrocyte nitric oxide production and
inhibited destruction of cartilage in instability-
induced osteoarthritis (Yorimitsu et al., 2008). Pre-
treatment with IL-4 (10 ng/mL) suppressed both
MMP-13 and cathepsin B induction by mechanical
stress, as well as cyclical tensile stress-induced IL-1b
expression (Doi et al., 2008). It is believed that
although IL-4 signalling is important in the mechan-
otransduction signalling pathway it does this by cross
talk between the IL-4 and integrin signalling path-
ways. (Millward-Sadler et al., 2006).
The neuropeptide substance P has been identified

as a further soluble mediator involved in responses to
mechanical stimulation. Substance P and other neu-
ropeptides can regulate integrin activity and integrin-
activated signalling cascades. Up-regulation of a5
integrin subunit expression by substance P increases
adhesion of fibroblasts to fibronectin (Chikama
et al., 1999). In articular chondrocytes it has been
demonstrated that substance P is upstream of IL-4 in
the mechanotransduction cascade and acts through
the NK1 receptor to induce IL-4 release (Millward-
Sadler et al., 2003). Both Substance P and IL-4 can
activate STAT-6 activation in endothelial cells and
chondrocytes (Millward-Sadler et al., 2006; Miyazaki
et al., 2006) although mechanical stimulation did not
induce the expression of this transcription factor,
suggesting these molecules mediate their responses
independently of STAT-6.
Glutamate receptors, normally associated with

neural transmission, have been implicated in chon-
drocyte mechanotransduction. Sources of glutamate
include secretion from chondrocytes (Wang et al.,
2005), although there is the potential for glutamate
to be secreted from bone, synoviocytes and periph-
eral nerve terminals. Glutamate receptors and trans-
porters have been identified in chondrocytes (Salter
et al., 2004; Hinoi et al., 2005; Wang et al., 2005;
Ramage et al., 2008; Takahata et al., 2008). NMDA
receptors (NMDAR), ionotropic glutamate recep-
tors are mechanosensitive in neurones (Paoletti &
Ascher, 1994), bone (Szczesniak et al., 2005) and also
in chondrocytes (Salter et al., 2004). AMPA/kainate
receptors, also ionotropic glutamate receptors iden-
tified as mechanosensitive in bone (Szczesniak et al.,
2005) have been identified in mouse cartilage (Wang
et al., 2005), although an AMPA receptor antagonist
did not inhibit mechanical stimulation induced hy-
perpolarization of human chondrocytes (Salter et al.,
2004). In neurones NMDAR and AMPAR induce
secretion of substance P (Colin et al., 2002) suggest-
ing a route by which they might be involved in

chondrocyte mechanotransduction. If this also oc-
curs in chondrocytes it would suggest an additional
way, in which glutamate receptors might be involved
in mechanotransduction.

Intracellular signalling resulting from mechanical stimulation

Mechanical loading of cartilage and chondrocytes
leads to an intracellular cell signalling cascade, which
results in the production of various molecules in-
volved in chondrocyte viability and the maintenance
of the cartilage. Mechanical forces induce a flux of
ions through the cell membrane and this leads to an
increase in intracellular calcium (Fig. 2). Calcium
entry into the cell activates many different signalling
molecules. Among these molecules is calmodulin,
which with intracellular calcium activates calmodulin
kinase leading to the activation of the transcription
factor AP-1. Inhibition of calmodulin inhibits the
electrophysiological response to cyclical mechanical
stimulation of 0.33Hz for 20min (Wright et al.,
1997) and induction of aggrecan gene expression
(Shimazaki et al., 2006), which suggests these mole-
cules are upstream of IL-4.
There is evidence for the involvement of G-protein

coupled receptors (GPCRs) and intermediates in
chondrocyte mechanotransduction. GPCRs comprise
a large protein family of transmembrane receptors
that sense molecules outside the cell and activate
inside signal transduction pathways and, ultimately,
cellular responses. G-proteins are associated with a
number of different intracellular signal cascades de-
pending on the subclass. The Gs subtype interacts
with adenyl cyclase, which catalyzes the synthesis of
the second-messenger cAMP and activation of the
protein kinase A signalling pathway. Gq and Go
subtypes activate phospholipase C (PLC). Activated
PLC hydrolyzes phosphatidylinositol-bis-phosphate
(PIP2) into inositol-triphosphate (IP3) and diacylgly-
cerol, which act as second messengers and cause
calcium release from intracellular storage sites and
PKC activation, respectively. G-proteins appear to be
involved in the hyper-osmotic stress induced volume
change and calcium transients and shear induced
stimulation of MMP-9 in rabbit chondrocytes (Erick-
son et al., 2001). There is evidence that GPCRmay be
associated with integrins in mechanotransduction
(Zhang et al., 2008), and that GPCR are involved in
the response to fluid-induced shear (Das et al., 1997).
Cyclic AMP, formed from ATP by the action of

adenylate cyclase, is increased in chondrocytes fol-
lowing mechanical stimulation (De Witt, 1984). Cyc-
lic-AMP is involved in the regulation of gene
expression in statically compressed bovine cartilage
explants (Fitzgerald et al., 2004). Cyclic AMP acti-
vates protein kinase A and it is likely that this
molecule and downstream mediators are important
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in regulating at least some of the responses of
chondrocytes to mechanical stimulation (Fitzgerald
et al., 2004).
Intracellular calcium resulting from mechanical sti-

mulation also activates PLC, leading to an increase of
intracellular inositol 1,4,5-trisphosphate (Wright
et al., 1997; D’Andrea et al., 2000). These responses
were found to be dependent on IL-4 signalling (Mill-
ward-Sadler et al., 1999). Compressive stress of
0.1MPa for 1h of bovine articular cartilage explants
results in stimulation of aggrecan mRNA levels
(Valhmu & Raia, 2002), which is inhibited by antago-
nists of phosphoinositol, Ca(21)/calmodulin signal-
ling. This indicates a requirement for IP3- and Ca(21)/
calmodulin dependent in mechanotransduction.
PKC is transiently activated in human articular

chondrocytes following cyclical mechanical stimula-
tion (Lee et al., 2002) but similar studies, albeit with
different loading parameters, have shown an inhibi-
tion of PKC activity following mechanical stimula-
tion of bovine chondrocytes (Fukuda et al., 1997).
Studies using monolayer cultures of human chon-
drocytes indicate that both PLC and PKC are
requirements for integrin-dependent electrophysiolo-
gical responses in normal and OA chondrocytes,
suggesting that activation is downstream of integrin
stimulation. PKC activation occurs rapidly after the
onset of mechanical stimulation, translocation of
PKCa to the cell membrane being seen within 30–
60 s of stimulation (Lee et al., 2002). This trans-
location involves both RACK1, a PKC regulatory
protein and b1 integrin. PKC activation is believed to
be a permissive link in integrin-dependent cytokine
signalling (Ivaska et al., 2003) and has roles in

control of MAPK signalling pathways activated in
chondrocytes subjected to mechanical stimulation
(Moro et al., 1998; Short et al., 2000).
Protein kinase B (PKB) is a 57 kDa serine/threo-

nine kinase, originally identified as an in activator of
glycogen synthase (GSK3b) in response to IGF
(Cross et al., 1995). PKB, when activated by phos-
phorylation on amino acids Thr308 and Ser473 by
phosphoinositide3–kinase (PI3-kinase) has several
important effects including inhibition of apoptosis
by phosphorylation and inactivation of pro-apopto-
tic factors Bad and caspase-9 (Datta et al., 1997). PI3
kinase may be activated via integrin stimulation,
receptor tyrosine kinases or by cytokines (Delcomm-
enne et al., 1998; Oh & Chun, 2003). It would be
expected that, in cartilage, optimal or physiological
loading would provide pro-survival signals and in-
jurious mechanical loads might produce death sig-
nals in cells. There is now extensive in vitro work to
support the in vivo observations that excess mechan-
ical loads induce chondrocyte cell death (Borrelli &
Ricci, 2004) and this may involve PKB signalling.
The mechanisms of PKB activation in response to
mechanical stimulation have yet to be fully explored
but mechanical stimulation induced activation of
PKB in monolayer cultures of human ankle joint
chondrocytes appears to be integrin dependent
(Orazizadeh et al., 2006). In contrast another study
found that there was a down-regulation of PKB/Akt
phosphorylation in cartilage after mechanical load-
ing (Niehoff et al., 2008). High-shear forces applied
to chondrocytes are also known to suppress PI3-K
which, by repressing antioxidant capacity can con-
tribute to apoptosis (Healy et al., 2005).

Mechanical
loading
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α   β CD47

Ca2+ influx
Intracellular
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Regulation of
gene expression

Matrix protein/
Protease production

Substance P

NK1 IL4

IL4
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K+             K+

α   βα
β

IL4

Fig. 2. Mechanotransduction signal cacade activated in human chondrocytes following 0.33Hz, 4000 microstrain stimulation
in monolayer.
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Focal adhesions (FA) are large, dynamic protein
complexes in the cell membrane through which the
cytoskeleton of a cell connects, via integrins, to the
extracellular matrix. Initial activation through integ-
rin adhesion to matrix recruits other integrin mole-
cules and cytoskeletal molecules which interact with
up to around 50 diverse signalling molecules to
assemble a complex capable of responding to envir-
onmental stimuli efficently (Zamir & Geiger, 2001;
Romer et al., 2006). The actin cytoskeleton plays an
important role in the link between compression of
the extracellular matrix and deformation of chon-
drocyte nuclei (Guilak, 1995). An intact actin cytos-
keleton is required for normal human articular
mechanotransduction (Wright et al., 1997). Both
static and cyclic, compressive strain and hydrostatic
pressure induce remodeling of the actin cytoskeleton
(Knight et al., 2006) characterized by a change from
a uniform to a more punctate distribution of cortical
actin around the cell periphery.
Focal adhesion molecules are involved in mechan-

otransduction in many cell types, including the non-
receptor tyrosine kinases Src in lung, fibroblasts,
endothelial cells (Liu et al., 1996; Naruse et al.,
1998; Sai et al., 1999) and FAK in endothelial cells
(Naruse et al., 1998). In chondrocytes cyclical stimu-
lation at 0.33Hz induces transient phosphorylation
of FAK, the focal adhesion adaptor protein paxillin
and b-catenin (Lee et al., 2000). FAK and paxillin
phosphorylation is generally associated with integ-
rin-mediated signalling whereas the phosphorylation
of b-catenin is normally associated with the adhesion
protein cadherin. Cadherins are involved in cell
adherence to other cells. As chondrocytes exist as
individual cells embedded in ECM there is no re-
quirement for cadherin expression in mature carti-
lage. Cadherins are however expressed in embryonic
immature chondrocytes and are involved in chon-
drogenesis (Oberlender & Tuan, 1994). This suggests
that there may be an uncharacterized role for
b-catenin in integrin-mediated mechanotransduc-
tion. FAK and Src can both be autophosphorylated
(Ben Mahdi et al., 2000; Roskoski, 2005) and this is
dependent on localization to the focal adhesion
complex. Autophosphorylated FAK can activate
Src phosphorylation (Guan, 1997). Tyrosine phos-
phorylation of b-catenin is dependent on Src family
tyrosine kinases which suggest a mechanism by
which mechanical signalling may induce an integ-
rin-mediated phosphorylation of FAK, paxillin and
b-catenin. FAK and Src activation also lead to the
activation of the MEK–ERK–MAP kinase cascade.
MAPK are serine/threonine-specific protein ki-

nases that respond to extracellular stimuli (mitogens)
and regulate various cellular activities, such as gene
expression and cell survival. There are several classes
of MAPK and several are involved in mechanotrans-

duction, including ERK, p38 and JNK. Both static
and dynamic compression of cartilage explants and
3D cell cultures results in activation of members of
the MAPK signalling pathway. Dynamic compres-
sion of bovine and porcine cartilage explants results
in ERK activation (Li et al., 2003; Vincent et al.,
2004). The response to static compression appears to
be magnitude dependent, with greater than 25%
static compression activating ERK, while lesser de-
grees of compression do not lead to a significant
ERK response (Hung et al., 2000; Li et al., 2003).
Indeed, static compression of cartilage explants,
which would be expected to inhibit proteoglycan
production, has been shown to result in the phos-
phorylation of several of the MAPK family including
ERK 1 and 2, p38 MAPK (p38) and c-Jun (Fanning
et al., 2003). There was also phosphorylation of
SEK-1 after 1 h, SEK-1 is the step before JNK
activation suggesting that this pathway is activated
later and may not be the direct result of mechanical
loading, but as a result of feedback signalling.
Analysis of matrix gene expression has demon-

strated that aggrecan, collagen II, fibronectin,
MMPs-1, -9, -13 and ADAMTS4 were dependent
on ERK and p38 signalling (Fitzgerald et al., 2008).
Another study showed that ERK activation by fluid
strain in bovine chondrocytes is associated with a
decrease in aggrecan gene expression (Hung et al.,
2000). The results were somewhat unexpected as
growth factors such as IGF-1, which are anabolic,
are also known to induce ERK activation, albeit,
with a different temporal pattern (Fanning et al.,
2003). However, IGF-1 stimulation of human articu-
lar chondrocyte proteoglycan production was shown
in some experiments to be mediated through the
PI3K signalling pathway rather than the ERK/
MAPK pathway (Starkman et al., 2005). Indeed
ERK activity may serve as a negative regulator of
proteoglycan synthesis (Starkman et al., 2005). JNK
inhibition during cyclical compression of tissue-
engineered constructs was also able to prevent up-
regulation of aggrecan and collagen II (De Croos
et al., 2006). In human chondrocyte cell line mono-
layer cultures cyclical mechanical stimulation at
0.33Hz resulted in JNK-dependent up-regulation of
proteoglycan synthesis and the activation of JNK
was partly dependent on b1 integrins (Zhou et al.,
2007). In vivo studies have indicated that functional
cartilage loading induces the AP-1 and Runx2 tran-
scription factors through the JNK and ERK MAPK
cascades (Papachristou et al., 2005).
Many anabolic matrix proteins produced by chon-

drocytes are regulated by the transcription factor,
Sox-9. These proteins include collagen II (Bell et al.,
1997), cartilage link protein (Kou & Ikegawa, 2004)
and aggrecan (Sekiya et al., 2000). Sox-9 involvement
in mechanically induced anabolic changes varies
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depending on the mechanical stimulus and the cell
system used. Cyclical compression of chondrocytes
grown in alginate constructs does not change the
expression of Sox-9 but does up-regulate collagen,
COMP and lubricin gene expression (Wong et al.,
2003). However, repeated mechanical loading of
mandibular condylar cartilage triggers the expression
of Sox-9, which in turn promotes condylar cartilage
growth (Ng et al., 2006). Static compressive forces
can also promote Sox-9, type II collagen and aggre-
can gene expression in mouse embryonic limb bud
mesenchymal cells resulting in chondrogenesis (Ta-
kahashi et al., 1998). Dynamic compressive strain
was found to increase Sox-9 gene expression in hu-
man mesenchymal stem cells grown in alginate con-
structs (Campbell et al., 2006).

Mechanotransduction in abnormal and injurious loading

It is widely accepted that mechanical forces, either
abnormal loads acting upon healthy cartilage or
normal loading of structurally abnormal cartilage,
are involved in the pathophysiological processes that
lead to osteoarthritis (Nuki & Salter, 2007). Injurious
loading regimes in normal cartilage include static
loading (e.g. prolonged standing by obese individuals
on weight-bearing joints) and high magnitude dy-
namic loading (e.g. during high-impact sports).
Chondrocytes derived from osteoarthritic cartilage

differ in cellular responses to mechanical stimulation
when compared with cells from normal joint cartilage.
The main differences are in production of the cata-
bolic cytokines IL-1b and IL-6 and lack of an ana-
bolic increase in the relative levels of aggrecan mRNA
following mechanical stimulation (Mohtai et al., 1996;
Millward-Sadler et al., 2000; Salter et al., 2002). The
reasons for these differences are unclear. One possi-
bility is that chondrocytes derived from osteoarthritic
cartilage activate different signalling pathways in
response to mechanical stimulation as a result of
altered recognition and transduction of mechanical
signals. The mechanotransduction pathway in chon-
drocytes derived from both normal and osteoarthritic
cartilage involves recognition of the mechanical sti-
mulus by integrins and activation of integrin-mediated
signalling pathways leading to production of cyto-
kines (Salter et al., 2002). However, there are a
number of differences in the signalling cascades acti-
vated by mechanical stimulation in normal and os-
teoarthritic chondrocytes. Early events are similar in
that a5b1 integrin and SAC are involved and there is
similar rapid tyrosine phosphorylation of FAK, Pax-
illin and b-catenin (Lee et al., 2000). The actin
cytoskeleton is involved in integrin-dependent me-
chanotransduction leading to the changes in mem-
brane potential in normal but not in osteoarthritic
chondrocytes (Millward-Sadler et al., 2000).

The signal cascades that are activated as a result of
pathological mechanical stimulation are beginning to
be defined. As might be expected many of these are
similar to that activated by known catabolic stimuli
such as pro-inflammatory cytokines suggested shared
pathways and potentially involved of these cytokines
as soluble mediators. NFkB, a key element of many
chondrocyte signaling pathways including responses
to pro-inflammatory cytokines (Agarwal et al., 2004)
and matrix fragments (Pulai et al., 2005) is activated
upon high-amplitude dynamic stimulation (Agarwal
et al., 2004). MAPK, activated by IL-1b and TNF-a
are similarly activated by static loading (catabolic),
as well as by dynamic loading (anabolic) in chon-
drocytes (Fitzgerald et al., 2008). Vascular endothe-
lial growth factor (VEGF) is involved in the response
of articular chondrocytes to injurious mechanical
stimuli and as such may contribute to osteoarthritis
(Tanaka et al., 2005). Absent in normal bovine
cartilage, mechanical stimulation of VEGF is in-
duced by mechanical overload and appears to be
necessary for mechanically induced MMP-1, -3 and
-13 expression (Pufe et al., 2004). The expression of
several matrix-degrading enzymes like ADAM-TS5
and MMPs (MMP-1, MMP-2, MMP-3, MMP-9,
MMP-13) is increased after cartilage injury and
may in part be regulated by an autocrine VEGF-
dependent signalling pathway (Kurz et al., 2005).

Conclusions

Cell–matrix interactions are essential for maintaining
the integrity of articular cartilage and an intact matrix
is essential for chondrocyte survival and transmission
of mechanical signals. Mechanical signals are trans-
mitted to chondrocytes via the extracellular matrix
and chondrocytes respond to these stimuli by activat-
ing anabolic or catabolic pathways. The response of
chondrocytes to mechanical insult depends on the
nature of the stimulus and the activation of cell
surface molecules such as integrins and SAC. Roles
for cytokines and growth factors produced by chon-
drocytes or released from the matrix are also being
identified. Signalling molecules that mediate healthy
cartilage turnover in response to physiological me-
chanical stimulation are also involved in mechanical
signalling when excessive loads, changes in cartilage
matrix composition and inflammatory mediators lead
to cartilage degeneration. Knowledge of how signal-
ling cascades are differentially regulated in response
to physiological and pathological mechanical stimuli
will enable future strategies to be developed to pre-
vent and treat the progression of cartilage pathology.

Key words: mechanotransduction, cartilage, chondro-
cyte.
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Rabie AB. Factors regulating condylar
cartilage growth under repeated load
application. Front Biosci 2006: 11:
949–954.

Niehoff A, Offermann M, Dargel J,
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