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Abstract
Osteoarthritis (OA) is a multifactorial disease. Different risk factors have been identified such as
aging and obesity and different models have been used to study the impact of obesity and overweight
in this pathology.

The field the more studied is in vitro cartilage submitted to mechanical stresses. Four different stresses
can be applied on this tissue: shear stress, loading, tensile stress (stretching) and hydrostatic pressure.
The signal transduction to the chondrocyte and to the nucleus of the cell is a large field of investigation
named mechano-transduction.

The response of cartilage depends on quality of subchondral bone as well. So, more and more teams
are studying the impact of mechanical stresses on bone, mainly by stretching osteoblasts or by
submitting them to a fluid shear stress. Recently, a new model of bone compression has been set up,
with osteoblasts in their own extracellular matrix.

Finally the third field studied is the role of adipokines, mediators playing a key role in obesity, on
the aetiology of OA. Adipokines like leptin, resistin, adiponectin and visfatin, seems to play a pro-
inflammatory role in arthritis.

Studying the role of obesity in OA could be more complex than expected. The link between OA and
obesity may not simply be due to high mechanical stresses applied on the tissues, but soluble
mediators may play an important role in the onset of OA in obese patients.
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1. Introduction
Osteoarthritis (OA) is a multifactorial disease that leads to a complete alteration of articular
cartilage and other articular tissues such as subchondral bone. Over the last decade, the impact
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of certain risk factors such as aging and overweight in OA has been actively studied. Since
obesity has become a public health problem, various laboratories have set up in vitro models
in order to study mechanical stresses involved in the weight-associated cartilage degradative
process, as well as the role of mediators involved in obesity. In this review, we will discuss on
the role of mechanical stresses on cartilage, on bone and the role of adipokines in OA.

2. Mechanical stress and cartilage
Joints, and more particularly cartilage and subchondral bone tissues, are always exposed to
mechanical stresses.

As outlined in Fig. 1, different stresses can be applied to a tissue, such as:

- Mechanical stress of compression (loading)

- Shear stress

- Tensile stress (stretching)

- Hydrostatic pressure

When standing, a load of around 0.7 MPa is applied to joints. When walking, a load ranging
between 5 and 10 MPa is applied to cartilage [1] and when doing exercise, a load of over 18
MPa is applied on cartilage [2]. Numerous in vitro studies show that ExtraCellular Matrix
(ECM) production by chondrocytes is highly sensitive to a variety of mechanical signals
mediated by loading. Moderate exercise is beneficial for cartilage constitution [3], while
excessive stresses or static stress, disrupt the homeostasis of anabolism and catabolism within
cartilage [4]. The chondrocytes heterogeneity has to be taken into account as well [5].

The transmission of mechanical constraints to the cell could be described in four parts:

- Mechanical coupling which transforms the applied force into different signals to the cell.

- Mechano-signal transduction through sensitive mechano-receptors such as integrins
(such as α5β1-integrin), the stretch-activated ion channels and the cytoskeleton. The
chondrocyte cilia seems as well to be a mechanoreceptor as shown by Guilak and
collaborators.

- Signal transduction which converts the mechanical signal into a biochemical signal in
the cell, translocating to the nucleus.

- Cellular response: regulation of gene expression and release of paracrine–autocrine
factors.

Different mechanical stresses have been studied in cartilage, in different animal or human
models. Biomechanical signals are perceived by cartilage in magnitude-, frequency-, and time-
dependent manners. Compression is generally associated with shear stress. Force intensity,
frequency and nature of the sample are variable parameters in the different models studied. As
a result, it is extremely difficult to compare the different results published in the literature.

Static loading, which has been mainly studied by Grodzinsky, Agarwal and Sharma, has been
shown to inhibit matrix synthesis and induce pro-inflammatory genes [6–8]. Grodzinsky has
recently shown that the inducing of degradative enzymes (MMP-13, ADAMTS-5) by a 50%
static loading requires activation of p38 and ERK1/2 MAPKinases [9]. Sharma and
collaborators have evidenced that static load has a degenerative effect in cartilage [8]. The fluid
flow, which is associated with static loading, concentrates cations in the ECM and raises its
osmolarity. Cyclic loading elicits a hyper-polarisation through the activation of Ca2+ channels
[10] and can exert a pro-inflammatory role as shown by Guilak on bovine articular cartilage
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explants [11]. Chowdhury et al have used a 3D culture system of chondrocytes in agarose
subsequently exposed to a cyclic compression, which thereby counteracts the effects of IL1β
on iNOS and COX-2 activity [12]. Using newborn mouse rib cartilage explants Berenbaum et
al have shown that mPGES-1, the last enzymatic step for PGE2 release, is a mechanosensitive
gene [13]. Moreover, they have shown that NF-κB, ERK1/2 and p38 pathways are strongly
activated by the mechanical stress of compression on cartilage. These signaling events, lead
to the expression of the pro-inflammatory genes MMP-3, MMP-13 and PGE2 [14]. These
results complete previous studies demonstrating that shear stress activates NF-κB, ERK1/2
and p38 pathways. Dynamic biomechanical signals of low-physiologic magnitudes studied by
Agarwal, are potent anti-inflammatory signals that inhibit interleukin-1beta-induced pro-
inflammatory gene expression and abrogate IL-1beta/tumor necrosis factor-alpha-induced
inhibition of matrix synthesis [15,16]. Hydrostatic pressure also modulates matrix synthesis.
Long term application of hydrostatic pressure greater than 20 MPa suppresses matrix synthesis.

Stretch and shear have been mainly studied by Agarwal, Guilak and Grodzinsky [17–19] using
aspiration of the chondrocyte membrane with a micro-pipetus for example, and by Millward
Sadler and Salter using a model of cyclic shear stress of human monolayer cell culture [20–
22]. Cell monolayer cultures could only be studied with stretch or shear stress. They have
shown that moderate levels of tensile stress act as a protective signal by decreasing the
expression of catabolic mediators. A shear stress on bovine explants submitted to cyclic loading
shows induction of the MAP ERK1/2 and p38 pathways [9].

Some teams have tried to modulate in vivo pressure on cartilage inside the joint by using a
taping approach in order to treat lower limb OA focused on the knee. Recently, Richette and
collaborators have reviewed data showing a lack of efficacy of this method in vivo [23].

The response of cartilage to load will also depend on the quality of subchondral bone.

3. Mechanical stress and bone
Osteoblast function is intimately linked to production of cytokines, growth factors and
prostaglandins (PGs). The production of some of these factors is controlled by mechanical
strain. Recently, a number of in vitro models attempted to identify genes and signaling
pathways involved in this mechanism, mainly by stretching osteoblasts or by submitting them
to a fluid shear stress. Osteoblasts possess mechanosensors which activate intracellular signals
including ion channels, integrins, calveolar membrane structure and the cytoskeleton.

Fluid shear stress has been shown to elicit multiple intra-cellular signaling pathways involving
elevation in intracellular calcium as well as ERK1/2 activation of c-Fos and nuclear factor
(NF)-κB translocation [24,25]. Downstream of such signaling events, expression of various
genes are induced, including type I collagen (COL1), osteopontin (OPN), insulin-like growth
factor-I (IGF-1) and cyclooxygenase (COX)-2 [24].

Cyclic tensile stresses are also potent activators of the signaling cascade formed by ERK/c-
fos/NF-κB [26]. Stretching increases the production of vascular endothelial growth factor
(VEGF), transforming growth factor (TGF)-β1 [27], alkaline phosphatase activity (ALP),
osteocalcin (OC), osteoprotegerin (OPG), matrix metalloproteinases (MMP-1 and MMP-3)
[28] COX-1 and -2, prostaglandin (PG)D2 synthase, peroxisome proliferator-activated receptor
(PPAR) gamma-1 [29]. Stretching also decreases the release of the soluble receptor activator
of nuclear factor ligand (sRANKL) by osteoblasts [30]. In contrast, no significant effect has
been reported on MMP-2, tissue inhibitor of metalloproteinases (TIMP)-1 and -2, and
PPARgamma-2 synthesis [29,31].
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One major barrier to understanding bone physiology at a cellular level is the lack of models to
study cells in their native environment. Usually, compression is generated by a bending system
[26] or a glass cylinder and is applied on osteoblasts cultured in monolayer on flat surfaces
[32]. In our study, loading was applied at a large amplitude (6–10% or 1–1.67 MPa) and at a
frequency of 1 Hz. These loading conditions are included in the physiological range of
amplitude and frequency of mechanical strains applied on bone during locomotion.

Recently, we have proposed an original model of 3D-osteoblast culture, allowing the study of
compression on osteoblasts embedded in their own extracellular matrix. In our study, loading
was applied at a large amplitude (6–10% or 1–1.67 MPa) and at a frequency of 1 Hz. These
loading conditions are included in the physiological range of amplitude and frequency of
mechanical strains applied on bone during locomotion. In this model, cell/matrix interactions
are conserved and fluid flow through a three dimensional extra-cellular matrix is allowed.
These loading conditions mimic the physiological range of amplitude and frequency of
mechanical strains applied on bone during locomotion.

In these experimental conditions, we have observed a strong release of PGE2 in the culture
medium of loaded 3D- osteoblasts. PGE2 is also a mediator involved in IL-6-induced osteoclast
formation and bone resorption [26]. Further, we have shown for the first time that IL-6 is a
highly mechano-sensitive gene. Moreover, in our experimental conditions, compression
increased COX-2 expression but decreased 15-PGDH expression. Another important finding
was that compression had no significant effects on COX-1 and mPGES gene expression. In
addition, compressive stress stimulated MMP-2, MMP-3 and MMP-13 gene expression and
MMP-3 synthesis, suggesting that osteoblasts may contribute to bone remodeling. Finally,
using specific inhibitors we have identified some transcriptional factors involved in the
compression-induced IL-6 and PGE2 production. It clearly appeared that alpha5beta1 integrin,
intracellular Ca++, NF-κB and ERK1/2 were involved in these syntheses.

As summarized in Fig. 2, we provide in vitro evidence that compression stimulates IL-6,
PGE2, and MMP production via Ca++/ERK1/2/NF-κB signaling pathways. Both PGE2 and
IL-6 have demonstrated effects on bone remodeling, suggesting that these factors could play
a key role in the mechanically-triggered bone remodeling [33].

4. Role of adipokines in OA
Epidemiological studies have shown an intriguing correlation between hand OA and obesity
[34]. Since mechanical stress cannot explain such a correlation, the hypothesis of one or several
systemic factors has been proposed. It is thought that adipocytes share a common mesenchymal
stem cell precursor with osteoblasts and chondrocytes, which suggests a link between lipid
metabolism and connective tissues. As developing pre-adipocytes differentiate to become
mature adipocytes, they acquire the ability to synthesize more than a hundred proteins
(cytokines, growth factors, hormones). These proteins derived from adipose tissue were
initially referred to as “adipocyto-kines” or “adipokines”.

The discovery of leptin in 1994 was a key development that led to our understanding of adipose
tissue importance [35]. The role of leptin, the main adipokine, has since been widely studied.
Among the adipokines, adiponectin and resistin are more specifically associated with leptin in
playing key roles in the regulation of insulin action, inflammation, homeostasis and some
pathologic events. Leptin, resistin and adiponectin are detected in the synovial fluid obtained
from OA patients, but little is known about their contribution. Leptin is found in both
osteophytes and cartilage obtained from OA patients and exhibits biological activity on
chondrocytes. Available data related to the potential effects of these adipokines to joint
disorders indicated that they may have an active role in the pathogenesis of chronic
inflammatory joint diseases such as rheumatoid arthritis [36]. Leptin induces the expression
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of growth factors, stimulates proteoglycan and collagen synthesis, and increases the stimulatory
effects of pro-inflammatory cytokines on nitric oxide production in chondrocytes [37]. Leptin
also exerts regulatory effects on bone tissue [38].

Resistin might also be involved in the pathogenesis of RA since it has been found in the plasma
and the synovial fluid of RA patients. Injection of resistin into mice joints induces an arthritis-
like condition with leukocyte infiltration of synovial tissues, hypertrophy of the synovial layer
and pannus formation [39].

Pre-B cell colony-enhancing factor (PBEF), also known as visfatin, has been shown to be an
adipokine expressed by fat cells that exerts a number of insulin mimetic effects and plays a
key role in the persistence of inflammation. Very recently, Gosset et al have shown that visfatin
is also expressed in OA cartilage, stimulates the terminal enzyme of PGE2 synthesis, mPGES-1,
and inhibits the degradative enzyme of PGE2, 15- PGDH. Visfatin seems to play a pro-
inflammatory role in OA [40].

Given all this evidence, adipokines may be the metabolic link between obesity and OA.
However, many questions remain concerning the role played by adipokines. Future research
will be needed to clarify their roles in OA.

5. Conclusion
OA is a multifactorial disease and the process leading to the degradation of the joint seems to
be more complex than expected. While there seems to be a link between obesity and OA this
may not simply be due to the increased mechanical stresses on joint tissues resulting from
increased weight gain in individuals. Additional soluble factors such as adipokines may also
play an important role in the onset of OA in these obese patients.
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Fig. 1.
Different mechanical stresses applied on cartilage.
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Fig. 2.
Role of mechanical stress in pathophysiology of OA.
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