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The preservation of articular cartilage depends on keeping the cartilage architecture intact.
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chemical and structural alterations in the extracellular matrix macromolecules.
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INTRODUCTION

Articular cartilage is a specialized, avascular, aneural connective tissue that provides
covering for the osseous components of diarthrodial joints. It serves as a load-bearing
material, absorbs impact and is capable of sustaining shearing forces. The unique prop-
erties of this tissue are related to the composition and structure of its extracellular
matrix, which is composed mainly of a high concentration of proteoglycans (aggrecan)
entangled in a dense network of collagen fibers and a large amount of water. This tis-
sue allows the frictionless motion of the joint, in which it absorbs and dissipates load.
The articular cartilage is composed of a sparse population of cells, named chondro-
cytes, which are responsible for the synthesis and maintenance of the extracellular
matrix.

Osteoarthritis (OA) is characterized by degradation and loss of articular cartilage,
hypertrophic bone changes with osteophyte formation, subchondral bone remodeling,
and, at the clinical stage of the disease, chronic inflammation of the synovial mem-
brane. Its etiology, although not yet completely understood, appears to result from
a complex system of interacting mechanical, biological, biochemical, molecular, and en-
zymatic feedback loops. The final common pathway of cartilage destruction results
from a failure of chondrocytes to maintain a homeostatic balance between matrix syn-
thesis and degradation. As the disease progresses, the degradative process eventually
exceeds the anabolic one, leading to a progressive loss of cartilage and eburnation of
bone. This appears to occur when the physiologic balance between the synthesis and
degradation of the extracellular matrix favors catabolism. At the clinical stage of the
disease, an inflammatory reaction involving the synovial membrane is often present.
This process favors the synthesis of inflammatory mediators, which impact on cartilage
matrix homeostasis by altering chondrocyte metabolism to enhance catabolism and
reduce anabolism.

This chapter summarizes the pertinent data related to the molecules and factors
involved in cartilage maintenance, remodeling, and during the progression of OA.
CARTILAGE STRUCTURE

Structural organization

The cartilage matrix consists of macromolecules in which collagen and proteoglycans
(aggrecan) are the main representatives. These components are highly ordered from
the cartilage surface to the deepest layers. Cartilage is divided into four zones with
different functions: the superficial, middle or transitional, deep or radial, and calcified
cartilage zones. Interestingly, there is no sharp boundary between the first three
zones.

The superficial zone, the thinnest of the four, consists of fine collagen fibrils with
tangential orientation, low proteoglycan content, and elongated chondrocytes aligned
parallel to the surface.1 This zone is in contact with synovial fluid, and is responsible
for most of the tensile properties of cartilage that enable cartilage to resist shear and
the tensile and compressive forces imposed by the movement of the articulation.

The middle zone represents 40–60% of the total cartilage height. It is formed by
proteoglycans and thicker collagen fibrils organized into radial bundles or layers.
The chondrocytes in this zone are at low density and have a round shape.



Cartilage in normal and osteoarthritis conditions 353
In the deep zone, the chondrocytes have the same shape as those in the middle
zone and are aligned perpendicular to the articular surface, but with low density.
This zone contains the largest collagen fibrils in a radial disposition1, and aggrecan con-
tent is at its highest.

The calcified cartilage is divided from the other zones by the tidemark, and sepa-
rates – physically and mechanically – the hyaline cartilage from the subchondral
bone. Its main function seems to be to anchor the cartilage to the bone as collagen
fibrils from the radial zone penetrate into the calcified cartilage. In this zone, the
cell population is very scarce and chondrocytes are hypertrophic.

The pericellular area surrounding the chondrocytes is made of a thin layer of non-
fibrillar material, which most likely represents the synthetic products of the chondro-
cytes, such as proteoglycans and glycoproteins. Immediately adjacent to the
pericellular area is the territorial cartilage matrix, which contains a dense meshwork
of thin collagen fibers forming a capsule-like structure around the cells and providing
mechanical protection to the chondrocytes.2

Collagen, proteoglycans, and other proteins or glycoproteins represent only about
20% of the tissue wet weight; water and inorganic salts represent most of the remain-
ing tissue. The water content of cartilage plays an important role in maintaining the
resiliency of the tissue and contributing to the nutrition and lubrication system. In car-
tilage, the water content is unevenly distributed. The highest concentration (80%) is
found near the cartilage surface. Its concentration decreases gradually with increasing
depth, to reach about 65% in the deep zone. Most of the water is extracellular. Inor-
ganic salts, such as sodium, calcium, and potassium chloride, are dissolved in the tissue
water. The maintenance and flow of water in the tissue relies on its interaction with
the macromolecules. The diffusion of water through the cartilage helps move the nu-
trients from the synovial fluid through the tissue, contributing to the nutrition of
chondrocytes.

Collagen represents 50–60% of the cartilage dry weight. Collagen fibrils form a net-
work that provides the shape and form of the tissue. Fibril diameters vary from 20 nm
in the superficial zone to 70–120 nm in the deep zone. Type II collagen is specific to
cartilage and is the primary collagen in this tissue (90–98% of the total tissue collagen).
The most important mechanical properties of collagen fibers are tensile stiffness and
strength.

The proteoglycans constitute the second largest portion of the solid phase in artic-
ular cartilage, accounting for 5–10% of the tissue wet weight. The proteoglycans in ar-
ticular cartilage are complex supramolecular aggregates, and consist of a central
hyaluronic acid (HA) filament to which multiple monomers are noncovalently at-
tached. Proteoglycan monomers of varying size arise laterally at regular intervals
from the opposite side of the HA chain. A low-molecular-weight protein – named
link protein – stabilizes the bond between the monomer and the hyaluronate. The
chemical structure of the monomer can be compared to a ‘test-tube brush’. Proteo-
glycans in the cartilage matrix are mainly of the large aggregating type (50–85%) and of
the large nonaggregating type (10–40%). An aggregating proteoglycan is composed of
a monomer formed by a protein backbone, the core protein. Numerous glycosamino-
glycan chains radiate at 90� from this core protein, extending stiffly. The glycosamino-
glycan molecules are formed of a long chain of repeating polydimeric saccharides:
chondroitin-4-sulfate, chondroitin-6-sulfate, and keratan sulfate, of which chondroitin
sulfate is the most abundant (60–90%). The average chondroitin sulfate chain consists
of 25–30 repeating disaccharide units. Keratan sulfate chains are shorter and consist of
only 5 or 6 repeating dimeric units.
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Composition

Collagens
Type II collagen. The major macromolecule of articular cartilage is type II collagen. It is
composed of three identical polypeptide chains – a1(II) chains – that intertwine along
most of their length to form a triple helix. The a-chains are synthesized as pro-a-
chains, which possess large propeptides at both their N and C termini. The propepti-
des are separated from the central triple-helix-forming region by short telopeptides.
The propeptides are required for normal trimer assembly during synthesis within
the chondrocyte, but are removed from the resulting procollagen by proteolysis fol-
lowing secretion into the extracellular space, leaving only the telopeptides attached
to the triple helix. The N-propeptide is removed by a procollagen-N-protease
(ADAMTS-3, a member of a subgroup of the adamalysin family, is most active on
type II collagen3) and the C-propeptide is removed by procollagen-C-protease
(BMP1).4 Two forms of type II procollagen can be generated. Type IIA procollagen,
which possesses a variable region, is mostly associated with newly formed cartilage
during chondrogenesis, whereas type IIB procollagen is present in all cartilage.

The trimeric collagen molecule does not exist in isolation within the extracellular
matrix, but in the form of collagen fibrils. These are formed by the lateral association
of collagen molecules in a quarter staggered array. Each collagen molecule is joined to
its neighbors via aldimine-derived crosslinks. These crosslinks join the telopeptide of
one collagen molecule to the triple helix of another, stabilizing the fibril, preventing
thermal or mechanical dissociation, and allowing the fibrils to resist the tensile forces
to which the cartilage is exposed in vivo. The initially formed aldimine crosslinks are
subsequently modified to pyridinoline crosslinks, which can serve as a marker for ma-
ture collagen.5 With increasing age, additional nonaldimine-derived crosslinks (e.g.
pentosidine) accumulate in the collagen fibrils6, making them stronger and more resis-
tant to proteolytic degradation. Indeed, mature collagen fibrils undergo little turnover
under normal physiological conditions during the life of an individual.

The triple helical region of the type II collagen molecule is resistant to degradation
by most proteases, but can be cleaved by the action of collagenases. Mammalian col-
lagenases act consecutively at a single site in each of the three a-chains to yield frag-
ments that are about three-quarters and one-quarter the length of the intact
molecule. Three mammalian collagenases exist and are named metalloprotease
(MMP)-1, MMP-8, and MMP-13 – with MMP-13 favoring the cleavage of type II collagen
over the other fibrillar collagens.7 The collagen fragments can be denatured by further
cleavage by gelatinases (MMP-2 and MMP-9). However, cleavage of the intact collagen
fibril is a slow process, as it might contain hundreds of collagen molecules across its
diameter.

The importance of type II collagen in cartilage formation and function is best illus-
trated by the consequence of type II collagen (COL2A1) gene mutations, which give
both growth plate and articular cartilage abnormalities.8 To date, over 100 different
mutations have been detected, the most common being missense substitutions in a gly-
cine codon in an exon encoding the helical region of the pro-a-chain. In this region
there is an absolute requirement for glycine at every third amino acid, and replace-
ment by any other amino acid perturbs triple helix formation. This results in a domi-
nant negative effect due to both intracellular degradation of the newly synthesized
procollagen molecule and perturbation of fibril formation, thus weakening the
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cartilage. The site of the mutation determines the severity of the disease. Stickler syn-
drome is commonly characterized by nonsense mutations and the phenotype is a con-
sequence of haploinsufficiency.9 The mildest phenotypes are caused by an arginine to
cysteine substitution in the triple helical region.10
Type XI collagen. Type XI collagen is another fibrillar collagen that is cartilage specific. It
is less abundant than type II collagen and its abundance decreases from about 10% of
the total collagen in fetal cartilage to around 3% in adult articular cartilage.11 It is com-
posed of three different a-chains that intertwine to form a heterotrimeric triple helix,
which possesses the composition a1(XI).a2(XI).a3(XI). In adult articular cartilage, the
a1(V) chain of type V collagen might replace the a1(XI) chain.12 The a3(XI) chain is
derived from the COL2A1 gene, but differs from the a1(II) chain in its post-translational
modification.12 Type XI collagen is synthesized and secreted as a procollagen in a similar
manner to type II collagen, but undergoes proteolytic removal of only its C-propeptide.
The type XI collagen molecules do not form unique fibrils but occur in heterotypic
fibrils in association with type II collagen molecules. The type XI collagen molecules
reside at the center of the heterotypic fibril with their N-propeptides protruding
from its surface and limiting its lateral growth. Aldimine-mediated crosslinking joins
type XI collagen molecules within the fibril core. Type XI collagen is most concentrated
in the thin collagen fibrils that form the pericellular network. Growth in fibril width
might involve proteolytic removal of the N-propeptide of the type XI collagen to
permit the accretion of more type II collagen molecules or the fusion of adjacent fibrils.

Mutations in both of the unique type XI collagen genes (COL11A1 and COL11A2)
also result in chondrodystrophic phenotypes8, one of which is the Stickler syndrome,
which can result from mutations in either the type II or type XI collagen genes. Early-
onset OA is a common feature of these disorders.

Type IX collagen. Type IX collagen is a member of the FACIT (fibril-associated collagen
with interrupted triple helix) family; it is also cartilage specific. It does not form a col-
lagen fibril itself but is instead present at the surface of the type II/type XI fibril. Its
abundance decreases from about 10% of the total collagen in fetal cartilage to about
1% in adult articular cartilage.11 It is composed of three different a-chains that form
a heterotrimeric molecule possessing the composition a1(IX).a2(IX).a3(IX). The
type IX collagen molecule consists of three triple helical domains (COL1-3) bordered
by nonhelical domains (NC1-4). Interaction between the type IX collagen molecule
and the collagen fibril takes place through the COL1 and COL2 domains, with the
COL3 domain and the amino terminal NC4 domain projecting away from the fibril.
The type IX collagen molecules are crosslinked to the type II collagen molecules of
the fibril via aldimine-derived crosslinks.13 The cationic NC4 domain of the a1 chain
has been suggested to act as a bridge between the collagenous framework and the in-
terspersed extracellular matrix, particularly the anionic glycosaminoglycan chains of
the proteoglycans, although this remains to be proven. In some tissues, the cationic
NC4 domain is absent due to the use of an alternative promoter in the COL9A1
gene.14 Type IX collagen might itself be considered a proteoglycan, as it can be
substituted by a chondroitin sulfate chain in the NC3 domain of its a2 chain. The func-
tional significance of such substitution is unclear.

Some mutations have been described in each of the type IX collagen genes
(COL9A1, COL9A2, and COL9A3), giving rise to multiple epiphyseal dysplasia.8 Early-
onset OA is again a feature of this disorder. Specific polymorphic changes affecting
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tryptophan residues within the COL9A2 and COL9A3 genes have been linked to inter-
vertebral disc degeneration15, but not yet to OA.

Other collagens. As with all connective tissues, articular cartilage also contains type VI
collagen, which accounts for about 1% of its total collagen content.11 Its content is in-
creased and tissue distribution altered in OA cartilage.16,17 Type VI collagen is a non-
fibrillar collagen composed of three distinct a-chains, with each type VI collagen
molecule possessing a central triple helical domain flanked by large nonhelical terminal
regions. The type VI collagen molecules assemble into a disulfide-bonded filamentous
network, which is predominant in the pericellular matrix around the chondro-
cytes.16,17 The proteoglycan biglycan, which interacts with the type VI collagen, ap-
pears to be important for the assembly of the type VI collagen network. The type
VI collagen does not appear to be covalently crosslinked to the other collagen types
of the cartilage, but is associated with the fibrillar collagen framework of the tissue via
the interaction of matrilin with decorin or biglycan, which might be bound to the col-
lagens. Mutations in any of the type VI collagen genes (COL6A1, COL6A2, and COL6A3)
can give rise to congenital muscular dystrophy; it is not clear how cartilage might be
affected in these disorders. In the type VI collagen knockout mouse there is no gross
abnormality in cartilage function.

Type X collagen is a cartilage-specific collagen that, under normal circumstances,
is confined to the hypertrophic zone of the growth plate, where it participates in en-
dochondral ossification. It is a homotrimeric molecule, with one central triple helical
domain and nonhelical termini. It is thought to form a hexagonal array mediated via its
C-terminal NC1 domain. Although type X collagen is not a component of normal ar-
ticular cartilage, it is present in OA cartilage18, particularly in the deep zones where
clusters of hypertrophic chondrocytes are observed. Type X collagen can be cleaved
within its triple helical region by MMP-1. Mutations in the type X collagen gene
(COL10A1) lead to various forms of metaphyseal dysplasia.19

Collagens in osteoarthritis. Whereas changes in the abundance of the various collagen
types can occur in OA, the disorder is characterized by the enhanced degradation
that occurs in the type II collagen-based fibrils. The collagenases cleave only within
the type II collagen triple helix of the heterotypic fibrils, and do not cleave within the
triple helices of type IX or type XI collagen.8 Proteolysis within the nonhelical regions
of these collagens is likely to be involved in their degradation. Multiple members of the
MMP family acting in unison are responsible for the degradation of the collagen fibrils,
which results in the irreversible fibrillation of the articular cartilage in the OA joint. Pro-
teolytic damage to the collagen fibrils during the initial phase of OA probably contrib-
utes to the hypertrophy and increased hydration of the articular cartilage, as the
weakened collagen fibril network might not adequately resist the swelling properties
of the entrapped proteoglycans. All the proteases involved in collagen fibril degradation
can be expressed by the chondrocytes. Genetic studies have also indicated that the
COL2A1, COL9A1, and COL11A2 genes might represent susceptibility genes that predis-
pose to articular cartilage degeneration in some cases of primary idiopathic OA.20

Proteoglycans
Aggrecan. Cartilage is characterized by its high content of aggrecan, which exists in as-
sociation with HA and link protein in the form of proteoglycan aggregates that provide
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the osmotic properties needed for articular cartilage to resist compressive loads. Each
aggregate is composed of up to 100 aggrecan molecules radiating from a central fila-
ment of HA. Proteoglycan aggregates exist in two predominant molecular forms,
which differ in their link protein content and probably their functional characteristics,
as link protein stabilizes the aggrecan/HA interaction. Proteoglycan aggregate struc-
ture is influenced by the length of the HA, the proportion of link protein, and the de-
gree of aggrecan processing; it is not constant throughout life, with decreases in HA
length, aggrecan size, and possibly link protein stabilization being evident.

Aggrecan possesses a core protein with three globular regions, termed G1, G2 and
G3, which are stabilized by disulfide bonds. The G1 and G2 regions are separated by
a short interglobular domain (IGD), and the G2 and G3 regions are separated by
a long glycosaminoglycan (GAG)-attachment region. The G1 region is at the amino ter-
minus of the core protein and possesses domains responsible for the interaction with
link protein and HA. The function of the G2 region is unknown. The G3 region resides
at the carboxy terminus of the core protein and is essential for normal post-transla-
tional processing of the aggrecan core protein and subsequent aggrecan secretion.21

The GAG-attachment region comprises three domains. The keratan sulfate attach-
ment domain is adjacent to the G2 region and is followed by two chondroitin sulfate
attachment domains, termed the CS1 and CS2 domains. There is no unique aggrecan
structure, as the length, position of sulfation and sites of substitution of the GAG
chains can vary throughout life.22

In cartilage extracellular matrix, aggrecan exists in a truncated form due to proteo-
lytic processing, with its G3 region and part of the CS2 domain commonly being ab-
sent.23 Each proteolytic cleavage of an intact aggrecan molecule generates one
fragment that retains a G1 region, and so remains bound to HA, and a second fragment
that is no longer attached. These latter fragments are rapidly lost by diffusion into the
synovial fluid. Such proteolysis continues throughout life, further truncating the aggre-
can molecules and ultimately yielding proteoglycan aggregates that are enriched in ag-
grecan G1 regions24, which are relatively resistant to proteolysis. Aggrecanases and
MMPs are associated with aggrecan proteolysis. The aggrecanases show selectivity
for aggrecan, and cleave at one site in the IGD domain and four in the CS2 domain.25

High concentrations of aggrecan are necessary for the ability of articular cartilage
to resist compressive loads. This functional ability depends on the aggrecan molecules
possessing a high glycosaminoglycan content and being retained in the extracellular
matrix. A decrease in aggrecan glycosaminoglycan content in the extracellular matrix
can result in overcompression of the cartilage under load, causing an adverse response
by the chondrocytes with increased protease secretion and subsequent tissue degen-
eration. It has been suggested that aggrecan function could be affected by size poly-
morphism within the CS1 domain, as those individuals with the shortest core
protein length would possess aggrecan with the lowest CS substitution. However, at
present it is not clear whether such individuals might be at risk for premature cartilage
degeneration.26

The essential role of aggrecan in cartilage function is demonstrated by mutations in
the aggrecan gene that lead to chondrodysplasias.

Link protein. Link proteins have a structure analogous to that of the G1 region of ag-
grecan, with domains responsible for interaction with the G1 region of aggrecan and
HA. Human link protein can exist in three molecular forms: LP1, LP2 and LP3. LP1 and
LP2 are intact link proteins; LP3 is formed by proteolytic cleavage in the region be-
tween the two oligosaccharide chains. The amino terminal peptide of link protein
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that is released during the formation of LP3 can act as a growth factor to stimulate
matrix production by the chondrocytes. MMPs have been implicated in such degrada-
tion27, but the link proteins are resistant to aggrecanases. Additional proteolysis does
take place in vivo, to produce link protein fragments. This type of processing has been
mimicked in vitro by the action of free radicals. Proteolytic modification of link protein
occurs throughout life28 and the modified link proteins accumulate in the proteoglycan
aggregates, but there is currently no evidence that such modified link proteins are
functionally impaired.

Link protein serves several functions in the proteoglycan aggregates. It stabilizes the
proteoglycan aggregate and prevents its dissociation under physiological conditions, it
interacts with newly synthesized aggrecan to produce a conformational change in the
G1 region and promote aggregate formation29, and it forms a protein coat covering
the surface of HA, which helps protect the HA from hyaluronidases and free radical
mediated degradation.30

Hyaluronan. HA is a nonsulfated GAG characterized by its long length. It is synthesized
at the plasma membrane of the cell via a hyaluronan synthase (HAS) and extruded di-
rectly into the extracellular space where proteoglycan aggregate formation occurs in
the pericellular matrix. It is not clear how the proteoglycan aggregates move from this
environment to the more remote parts of the extracellular matrix. The HA content in
articular cartilage increases with age and its size decreases.31 The increase in HA con-
tent might reflect an accumulation of partially degraded proteoglycan aggregates, and
the decrease in size is probably a consequence of degradation. HA degradation might
have an adverse metabolic effect on the cells, as HA oligosaccharides can promote cell
mediated catabolism.

Small leucine-rich repeat proteoglycans. In common with all connective tissue, cartilage
contains a variety of small leucine-rich repeat proteoglycans (SLRPs); decorin, biglycan,
fibromodulin, and lumican are the major ones present in articular cartilage. They help
to maintain the integrity of the tissue and modulate its metabolism. They can be di-
vided into several subfamilies based on the number of leucine-rich repeats, the type
of GAG chain substituent and their gene organization.

In vitro, decorin, biglycan, and fibromodulin have been shown to be degraded by
MMPs, and it is likely that such cleavage can occur in vivo.32–34 These changes result
in SLRP structure varying throughout life in articular cartilage.

Decorin, fibromodulin, and lumican interact with the fibrillar collagen via their core
proteins and in so doing help regulate fibril diameter and fibril–fibril interaction in the
extracellular matrix. These interactions might also limit access of the collagenases to
their unique cleavage site on each collagen molecule, and therefore help protect the
fibrils from proteolytic damage.35 Fibromodulin and lumican interact with the same re-
gion of the collagen molecule, whereas decorin interacts at a distinct site. Molecular
modeling predicts that the SLRPs possess a ‘horse-shoe’ conformation that is able
to accommodate a collagen molecule within its concave face. However, X-ray diffrac-
tion analysis of decorin indicates that it exists as a dimer with interlocking concave
faces36, and it is not clear how this might influence function within the tissue. As men-
tioned above, biglycan is able to interact with type VI collagen and so participate in the
formation of an organized network. The glycosaminoglycan chains have been associ-
ated with the interaction with several growth factors, and they enable the SLRPs to
provide a sink for growth factor accumulation within the extracellular matrix, thus
regulating growth factor access to the cells.
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The functional significance of SLRPs in connective tissues has been demonstrated in
both knockout mice and human disorders including skin, bone, cornea, and tendon.
One would also expect that the molecular organization of cartilage would be affected
in these mice and humans, but any functional consequence awaits future study.

Other proteoglycans. Versican is a ubiquitous proteoglycan related to aggrecan, but is
present at a much lower concentration than aggrecan in cartilage. The versican
core protein contains two terminal globular regions equivalent to the G1 and G3 re-
gions of aggrecan separated by a large glycosaminoglycan attachment domain. The G1
region permits the formation of proteoglycan aggregates, but it is not clear if versican
and aggrecan can reside on the same aggregate. The versican present in the cartilage
undergoes extensive proteolytic processing37, and it is likely that MMPs and aggreca-
nases participate in its degradation. The glycosaminoglycan attachment region of ver-
sican appears to contain only chondroitin sulfate, and bears no structural similarity to
that of aggrecan. Its structure can vary, due to alternative splicing, to yield four differ-
ent versican isoforms, termed V0, V1, V2, and V3. The V1 isoform is ubiquitously ex-
pressed and is the major form in cartilage.37

Perlecan is present in all basement membranes and in the extracellular matrix of
cartilage, which is devoid of basement membranes. Perlecan is present in cartilage
and can interact with other cartilage matrix components38, and influence chondrocyte
metabolism via its interaction with fibroblast growth factors and their receptors.39

Perlecan is essential for normal cartilage development, as knockout mice exhibit
growth-plate abnormalities and severe skeletal defects40 and mutations give rise to
the skeletal defects.41,42

Proteoglycans in osteoarthritis. Aggrecans are probably among the first cartilage matrix
constituents to be affected, as they are progressively depleted in parallel with the se-
verity of the disease. At a certain stage in the evolution of OA, the chondrocytes ap-
pear unable to compensate fully for proteoglycan loss even in the presence of
increased synthesis, resulting in a net loss of matrix. The structure of the proteoglycan
remaining in the cartilage is altered in different ways.43,44

Generally, the presence of aggregates appears to reduce the vulnerability of proteo-
glycans to enzymatic attack. In OA, certain proteases are able to attack the proteogly-
can monomer. Such degraded fragments can rapidly diffuse from cartilage, leaving
behind normal proteoglycan still capable of aggregation. As soon as the degradation
occurs, the products are either further degraded by chondrocyte enzymes or rapidly
diffused into the synovial fluid. Alternatively, the reduction in the HA content of OA
cartilage, which causes a reduction in the size of the proteoglycan aggregates, could
favor a loss of proteoglycan breakdown products from the tissue.

OA is associated with the increased loss of aggrecan fragments that is due to the
action of both MMPs and aggrecanases, with predominant cleavage occurring in the
interglobular domain (IGD) of aggrecan.45 Cleavage at this site results in maximal
loss of aggrecan function, as it separates the entire glycosaminoglycan attachment re-
gion from the G1 region that anchors it in the tissue. In the early phases of OA, MMP-
13 is predominantly expressed in the lower intermediate and deep layers of cartilage,
whereas aggrecanases are expressed in the superficial cartilage.46–48 New aggrecan
synthesis does occur in OA cartilage, presumably in an attempt by the chondrocytes
to initiate repair. The newly synthesized aggrecan forms proteoglycan aggregates that
are retained in the cartilage during the early phases of OA, but in later stages they are
also lost to the synovial fluid.49 The newly synthesized aggrecan has a composition
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more similar to juvenile cartilage than adult, having a decreased content of keratan sul-
fate and an increase in chondroitin-4-sulfate relative to chondroitin 6-sulfate.43

The tissue content of decorin and biglycan undergoes little change in OA carti-
lage50, although there is evidence that loss does occur in the more superficial regions
where these proteoglycans are most abundant. The core protein of the SLRPs does
become more fragmented in OA51, compatible with enhanced proteolysis.33 However,
the level of SLRP synthesis is also increased and might compensate for the level of deg-
radation, a situation that does not occur with aggrecan. The rate at which proteogly-
can synthesis and degradation occur varies in different regions of the cartilage as
a result of differences in the mechanical stress to which it is subjected. Although little
is known about the influence of the disease on the other cartilage proteoglycans, in-
creased synthesis and levels of both versican and perlecan have been reported in OA
cartilage.52

Advanced glycation end products (AGEs)

During the development of arthritic diseases, the physical properties of the extracel-
lular matrix become disrupted and a loss of collagen and aggrecan occurs in cartilage.
However, even without any pathologic change, collagen and aggrecan are altered with
aging. Collagen crosslinking increases and the collagen framework becomes stiffer and
more brittle. The size of the aggrecan molecules and the pattern of sulfation are also
altered. It has recently been suggested that, with age, the accumulation of advanced
glycation end products (AGEs) in cartilage is responsible for these events, which im-
pair the ability of the cartilage to remodel its extracellular matrix.

The collagen crosslink formation occurs through a process called nonenzymatic gly-
cation, which takes place via the AGE.53 This collagen crosslink formation via the AGE
increases the stiffness of the collagen network and decreases collagen turnover. This
type of glycation was also shown to occur with aggrecan in cartilage.6 In addition, the
susceptibility of AGE-modified collagen to proteolytic degradation by MMPs in carti-
lage is altered54 and the chondrocyte cellular functions are modified in an environment
rich in AGEs in which the proteoglycan and collagen synthesis by chondrocytes is de-
creased. The capacity of the cartilage to remodel is then limited and degradation is
favored. Although RAGE, an AGE receptor, has been identified at the chondrocyte sur-
face, it still remains to be demonstrated that AGEs exert their effect through this
receptor.

It has been suggested that the formation of AGEs could be one of the molecular
events that causes age to be a major predisposing factor for the development of car-
tilage damage in OA.55

Anabolic factors

Growth factors

Efforts have been devoted to identifying conditions that are favorable to the formation
of a durable, functional articular surface, which has led to the study of factors and –
more specifically – growth factors that are able to maintain cartilage homeostasis
and/or stimulate cartilage repair.

Growth factors are polypeptides that are required for the synthesis and mainte-
nance of an extracellular matrix that is capable of protecting the joint against the dam-
ages incurred by repetitive joint movement, injury, or inflammation. The levels of these
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factors are normally low in healthy adult cartilage, so as to maintain optimal extracel-
lular matrix quantity and quality. However, although many factors are termed growth
factors, some of them are also able to induce the degradative process and are respon-
sible for part of the catabolic process occurring during OA.

The list of growth factors that have a putative effect on the development and pro-
liferation of the articular cartilage has grown considerably. The most characterized in
the context of cartilage formation and maintenance include transforming growth fac-
tor beta (TGF-b), bone morphogenic proteins (BMPs), cartilage-derived morphogenic
proteins (CDMPs), insulin-like growth factors (IGFs), connective-tissue growth factor
(CTGF), hepatocyte growth factor (HGF), and fibroblast growth factor (FGF). Al-
though the lectin-related proteins are not identified as growth factors, they can
show properties belonging to the growth factors.

TGF-b superfamily. TGF-b is a multifunctional growth factor that regulates cell prolifer-
ation and extracellular matrix synthesis. Articular cartilage normally contains TGF-b
stored in a latent form and very little active TGF-b. Increased levels of TGF-b have
been reported in OA cartilage. TGF-b is capable not only of increasing proteoglycan
synthesis, but also of counteracting the interleukin-1b (IL-1b)-mediated suppression of
proteoglycan synthesis56 and other genes.57 However, the protective effect of TGF-
b on articular tissues appears to be age-dependent.58

TGF-b has also demonstrated both pro- and anti-inflammatory activities. In animal
models, although TGF-b was demonstrated to induce synovial inflammation, it might
suppress acute and chronic arthritis. Consistent with its dual role are the effects
of TGF-b on some proteolytic enzymes. Whereas its inhibition of the production of
MMP-9 and MMP-1 suggests a protective role in tissue destruction, its induction of
MMP-13 and the aggrecanase ADAMTS-4 in chondrocytes47,59 suggests its involve-
ment in macromolecule turnover in normal cartilage, although it might also exacerbate
cartilage damage during the OA process. TGF-b also induces the formation of
osteophytes.

BMPs are potent stimulators of bone and cartilage formation; they also promote
matrix synthesis and the growth of chondrocytes. Like TGF-b, BMPs are normally
present in low amounts in healthy cartilage. Several BMPs are expressed in human car-
tilage, where they are thought to play a role in repair and maintenance of joint integ-
rity. More particularly, BMP-2, BMP-4, BMP-6, BMP-7, BMP-9, and BMP-13 were
shown to enhance the synthesis of type II collagen and aggrecan. In OA cartilage,
only BMP-2, which is weakly expressed in normal cartilage, has been found to have
an increased level.60,61 BMP-7 (OP-1) has been reported in both normal and OA hu-
man cartilage62, but some researchers63,64 failed to detect its expression in either nor-
mal or OA chondrocytes. BMP-6 was also found to be expressed in human cartilage,
but at a similar level in both normal and OA cartilage.65

Normal and OA chondrocytes respond to the anabolic signals triggered by BMP-763

and BMP-665, although an age-related decline in the responsiveness to BMP-6 occurs in
normal human chondrocytes.65 BMP-2 enhances the synthesis of articular proteogly-
cans in vivo but this stimulatory effect is abolished when IL-1 is present.66 BMP-7
has been reported to counteract the effects of IL-1b-induced MMP-1 and MMP-13
in human chondrocytes and this cytokine decrease in the tissue inhibitor of metallo-
protease (TIMP) expression and proteoglycan synthesis. BMP induces the formation
of osteophytes, but at different sites from those induced by TGF-b.67

BMP antagonists, which block the binding of BMPs to their receptor, are also pres-
ent in articular cartilage. BMP antagonists comprise a family of structurally unrelated
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proteins. Representatives of the BMP antagonist family include follistatin, gremlin,
chordin, and noggin, which, with the exception of noggin are expressed and produced
in adult cartilage.68,69 Follistatin, gremlin, and chordin bind BMP-2, BMP-4, and BMP-7;
follistatin has a higher affinity for BMP-7, whereas chordin has a higher affinity for BMP-
2 and BMP-4. Overexpression of chordin in the embryonic chick-limb system delays
chondrocyte maturation and supports a role for chordin as a negative regulator of en-
dochondral ossification. As each antagonist differs in its specificity and affinity for a spe-
cific BMP, they were suggested to play different roles, depending on cell and tissue
type, in spatial and temporal regulation of BMP activity.

The BMPs and their antagonists constitute a complex dynamic system that is reg-
ulated at different levels so as to respond to specific environmental stimuli. In the adult
joint, there is an equilibrium between the levels of BMPs and their antagonists. Recent
data showed the presence of higher levels of some BMP antagonists in OA cartilage.68

This might disturb BMP activities, leading to decreased anabolic activities, thus affecting
tissue repair and remodeling. Findings also showed that BMP-2 and BMP-4 are favorite
candidates for triggering the increase of gremlin expression, and that some growth fac-
tors inhibit follistatin expression.68 In OA, it is suggested that gremlin might first ap-
pear at the hypertrophic stage, when the increased level of BMP-2 stimulates its
expression. IL-1b, which plays a pivotal role in cartilage degradation, might later upre-
gulate gremlin indirectly by inducing BMP-2.68 Gremlin would then be present in the
early and late stages of OA. Unlike gremlin, follistatin seems to have a stronger link
to the inflammatory aspect of OA and might appear later in the OA process, possibly
induced by the presence of cytokines involved in inflammation and in severe OA.

CDMPs are the human homologs of the cartilage growth and differentiation factors
that also belong to the TGF-b superfamily and are required for cartilage formation and
joint development. CDMP-1 and CDMP-2 are expressed in both normal and human
OA chondrocytes and cartilage60,63, and OA chondrocytes are responsive to exoge-
nous CDMPs.63 CDMP-1 (BMP-14), CDMP-2 (BMP-13), and CDMP-3 are also ex-
pressed in osteophytes isolated from human OA joints.70 Although reports indicate
that CDMP-1 can stimulate differentiation of mesenchymal precursors into chondro-
cytes and promote the differentiation of hypertrophic chondrocytes, and that CDMP-2
was found to support chondrogenesis but not terminal differentiation, their roles in
OA are yet to be determined.

Insulin-like growth factors. IGFs are polypeptides that play a part in the growth and de-
velopment of many tissues. IGF-1 is a major homeostatic factor, controlling matrix syn-
thesis and mitotic activity. It is present in low levels in normal cartilage but its
expression is upregulated in OA cartilage.71 In vivo, IGF-1 promotes the synthesis of
proteoglycans without significantly affecting inflammation or cartilage breakdown.72

Transplantation of articular chondrocytes transfected with a plasmid containing human
IGF-1 gene onto the surface of articular cartilage explants led to the formation of
a new tissue layer containing type II collagen and proteoglycans; transplantation also
increased DNA synthesis and synthesis of glycosaminoglycans by the underlying ex-
plant cartilage chondrocytes.73 In a recent study74, in which human OA chondrocytes
were cultured in alginate beads with IGF-1, a prolonged IGF-1 treatment of 21 days
stimulated sulfate incorporation without significant accumulation of a proteoglycan
matrix. Moreover, when IGF-1 was administered with pentosan polysulphate (an agent
that binds growth factors), cartilage damage was protected against by a reduction in
MMP levels and an increase in TIMP levels in cartilage.75 Another mechanism by which
IGF-1 could exert its anabolic effect is by its ability to upregulate the type II IL-1
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receptor76, which is downregulated in OA chondrocytes. This type II IL-1 receptor
binds to IL-1a and IL-1b, but does not transmit the intracellular signal. In rats, in-
tra-articular injection of IGF-1 results in the production of osteophytes.77

OA chondrocytes are hyporesponsive to IGF-1, a phenomenon that appears not to
be related to its specific receptor but rather to be due to the higher level of IGF bind-
ing proteins (IGFBPs) produced by OA chondrocytes.78,79 IGFBPs form a complex
with IGF-1, preventing its signaling and therefore its anabolic activity. Disturbances
in the balance of IGF-1 to IGFBPs have been reported in OA joints.78,80 Although,
to date, several IGFBPs have been cloned and sequenced, disregulation in IGFBP-3
and IGFBP-4 appear to be of the utmost importance in arthritic disorders. It has re-
cently been proposed that the hyporesponsiveness of OA chondrocytes to this factor
could be related to the IGF-1 desensitization due to the IL-1-induced suppressor of
cytokine signaling 3 (SOCS3), which inhibits IGF-1 signaling.81

Connective-tissue growth factor. CTGF is a member of the CCN family of cysteine-rich
secreted proteins. It has been reported to stimulate gene expression of aggrecan and
types II and X collagens in cultured chondrocytes.82 CTGF is expressed predominantly
by hypertrophic chondrocytes and regulates the proliferation and differentiation of
chondrocytes in vitro; it is expressed similarly in normal and OA cartilage.60,83

CTGF binds to vascular endothelial growth factor (VEGF), a strong angiogenic mitogen
also produced by hypertrophic chondrocytes. VEGF165 binds to CTGF through a pro-
tein–protein interaction so that the angiogenic activity of VEGF is negatively regulated
by CTGF in the extracellular environment.84 VEGF and its receptors are expressed in
OA synovial tissue and cartilage.85,86

Hepatocyte growth factor. Like several growth factors, HGF is a multifunctional mole-
cule; it induces cell proliferation, motility, and morphogenesis. HGF is found within
the deep zone of normal cartilage and is increased in OA.87 Recently, it was reported
that the HGF found in adult cartilage was not produced by the chondrocytes but by
the osteoblasts from the subchondral bone plate, and that OA subchondral bone oste-
oblasts produce five times more HGF than normal.88 Moreover, although chondrocytes
did not express HGF, these cells expressed the two truncated HGF isoforms: NK1 and
NK2.88 Although the exact role of HGF or its isoforms remains to be established, it has
been suggested that it might play a role in cartilage homeostasis and repair in early OA.
However, HGF was also found to induce MMP-1389, an enzyme present in OA cartilage
predominantly in the lower intermediate and deep layers of the tissue.47,48

Fibroblast growth factor. Members of the FGF family include FGF-2, FGF-4, FGF-8, FGF-
9, FGF-10, and FGF-18 as well as the FGF receptors FGFR1, FGFR2 and FGFR3. The
most studied is the FGF-2 or bFGF, which is reported to stimulate proteoglycan and
collagen synthesis, as well as being a potent mitogen for adult articular chondrocytes.
Very little is known about the role of FGF-2 in arthritis. Recently, FGF-9 and FGF-18
were found to increase matrix synthesis by chondrocytes90,91, and FGF-18 promoted
cartilage repair in a rat meniscal tear model of OA.92

Lectin-related proteins
Human cartilage glycoprotein 39. Human cartilage glycoprotein 39 (HC-gp39), also
known as YKL-40 or Chi3L-1, belongs to the family of chi-lectins (chitinase-like
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lectins). A unique feature of chi-lectins is their lack of enzymatic activity. Despite the
abundance of molecular and structural information on these proteins, evidence for
a physiological function has only recently emerged. HC-gp39 is a secreted glycoprotein
initially identified in articular chondrocytes and overexpressed in arthritic cartilage, in
synovial tissues and in sera from OA.93,94 Recent work has shown that HC-gp39 can
be considered a growth factor because it stimulates proliferation of human cells.95 This
was reinforced by the fact that the guinea-pig ortholog promotes anabolic events, such
as the synthesis of the aggrecan in chondrocytes, as well as cell growth.96 Prominent
sites of HC-gp39 production in articular tissues are degenerated cartilage.93 HC-gp39
was suggested to dampen the cellular response to some inflammatory mediators
because it was found to inhibit chondrocyte responses to the inflammatory cytokine
IL-1b and tumor necrosis factor alpha (TNFa), as well as the cytokine-induced produc-
tion of MMP-1, MMP-3, and MMP-13 in chondrocytes.97 Moreover, HC-gp39 also plays
a role in chondrocyte differentiation by initiating SOX-9 and type II collagen expres-
sions in chondrocytes.98 The ability of HC-gp39 to initiate several signaling cascades
in connective tissue cells suggests the existence of a specific receptor for this protein;
however, the nature of this receptor remains to be elucidated.

Galectin-3. Galectin-3 is a soluble animal lectin of 30 kDa that preferentially recognizes
lactosamine and N-acetyllactosamine structures. Galectins, like other lectins, recog-
nize a glycosylation structure with neither enzymatic nor immune activity. Although
galectin-3 lacks signal sequence, it is secreted from cells by a novel, incompletely un-
derstood mechanism called ectocytosis, which is independent of the classic secretory
pathway through the endoplasmic reticulum and Golgi system. Recent work reported
the capacity of normal and OA human chondrocytes to synthesize galectin-3, with an
increased expression level in human OA articular cartilage.99 Interestingly, this protein
does not seem to have the same function on all cell types, either intracellularly or ex-
tracellularly. In articular tissue, although not considered a growth factor, intracellularly
galectin-3 plays a protective role in chondrocytes.100 However, extracellularly, galectin-
3 has deleterious effects in both cartilage and subchondral bone tissues101, inducing
joint swelling and lesions in both tissues, and in human OA chondrocytes it induces
expression of ADAMTS-5 and MMP-3.
Catabolic factors

Cartilage matrix is known to be turned over throughout life. However, it is believed
that the cartilage matrix degradation products could at one point be amplifiers/cata-
lysts of the cartilage degenerative process and lead to the development of OA.
Some of these catabolic factors, including proteases, fibronectin, some neuromedia-
tors, and inflammatory factors, are found to be involved in the progression of this
disorder.
Proteases
Metalloproteases. The metalloproteases comprise one of the foremost classes of en-
zymes involved in OA. These proteases are broadly divided into groups based on sub-
strate specificity and cellular location: collagenases, stromelysins, gelatinases,
membrane-type MMP (MT-MMP) and adamalysin (ADAM and the subgroup ADAMTS).
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In OA, the expression and synthesis of three collagenases, MMP-1, MMP-8, and
MMP-13, were found at higher levels in OA7,102. Although all three collagenases
are active on collagen fibrils, the specificity between them for a specific collagen
type differs, as does their topographical location, suggesting a selective involvement
of each during the disease process. In OA cartilage, MMP-1 and MMP-8 are located
predominantly in the superficial and upper layers (superficial zone), whereas MMP-
13 is found mostly in the lower intermediate and deep layers (deep zone).47,48 Data
also suggest the involvement of MMP-1 during the inflammatory phase and of MMP-
13 in the remodeling phase. The specific role of MMP-8 in OA progression remains
to be documented.

Interestingly, in human cartilage, MMP-13 showed another differential feature in
which its synthesis pattern could be discriminated into two broad categories of human
OA chondrocyte.103,104 On the one hand, in some OA human chondrocytes, MMP-13
is found, as in normal, in low basal levels and high IL-1b/TGF-b inducibility, whereas
others show a high MMP-13 basal level but low IL-1b/TGF-b inducibility; these cate-
gories were named low- and high-OA chondrocytes, respectively. The difference in
MMP-13 production following the stimulation of OA chondrocytes could be related
to the transcription factor JunB, which is abundant in the high-OA chondrocytes
and regulates MMP-13 production negatively, thus limiting the induction by proinflam-
matory cytokines. In addition, a specific site on the MMP-13 promoter has recently
been demonstrated to be responsible for the regulation of this enzyme’s basal level.105

This site, named AGRE for AG-rich element, was further shown to be regulated via
the transcription factors p130cas and NMP4.106 Similar findings could not be applied
to MMP-1 production.

Three stromelysins have been described in human tissues: MMP-3, MMP-10, and
MMP-11. They have a broad substrate specificity that includes proteoglycans, fibronec-
tin, elastin, and laminin. The predominantly expressed stromelysin in normal cartilage
is MMP-3, which is considered to be the crucial enzyme in matrix turnover. In carti-
lage, MMP-3 is upregulated in early OA and downregulated in the late stages.107

MMP-3 also acts on type IX collagen108 and is implicated in the enzymatic cascade re-
sponsible for the activation of proMMP-1. Interestingly, and although the specific role
of MMP-11 in cartilage remains to be elucidated, this protease was also found upregu-
lated in the late stages of OA.107

Two gelatinases have been found in articular tissues: MMP-9 and MMP-2. They have
a substrate preference for denatured collagen, gelatin, and types IV and V collagen.
MMP-9 was reported to be expressed and synthesized in OA but not in normal car-
tilage.109 The fact that MMP-9 was found to be selectively expressed in OA fibrillated
cartilage is consistent with the possibility that this enzyme could be responsible for
progressive articular cartilage degradation in this disease. MMP-2 expression was
also shown to be increased in OA cartilage.107

To date, six members of the MT-MMP subgroup have been identified and designated
MT1-MMP–MT6-MMP. These proteases are characterized by a transmembrane do-
main at the C-terminus and they act at the cell surface. The relevance of these en-
zymes in cartilage, excluding MT1-MMP has yet to be determined. Studies have
suggested a role for MT1-MMP in the degradation of the extracellular matrix because
it possesses collagenolytic and aggrecanase activity. Moreover, MT1-MMP activates
MMP-2 and MMP-13.

Analysis of aggrecan fragments in OA tissues showed a proteolytic cleavage of the
Glu373–Ala374 bond of the interglobular domain, between the G1 and G2 domains of
aggrecan.110 The enzymes responsible for the cleavage belong to a subgroup of the
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ADAM family, the ADAMTS, and were named aggrecanases. Two such enzymes have
been reported to be present in cartilage, ADAMTS-4 and ADAMTS-5; recent studies
have demonstrated that ADAMTS-5 is the predominant enzyme involved in the OA
degradative process.111,112

Serine proteases. The urokinase-type (uPA) and tissue-type (tPA) plasminogen activa-
tors are proteases that convert plasminogen to plasmin. uPA plays the predominant
role in articular tissue. The PA/plasmin proteases have a broad spectrum of activity.
Their increased levels in OA joints, as well as their stimulation by IL-1, suggest that
they play a role in this disease.113 Moreover, plasmin has the potential to degrade car-
tilage proteoglycans as well as to activate latent MMPs.

Several physiologic serine protease inhibitors have also been found in cartilage. In
particular, the specific PA inhibitor, PAI, exhibited decreased levels in OA cartilage.113

This, combined with the increased level of PA, might contribute – at least in part – to
the increased level of biologically active MMPs found in OA tissue.

Thiol proteases. The degradation of cartilage extracellular matrix macromolecules of-
ten occurs in the perilacunar area, where the matrix pH is in the acid range. Cathep-
sins are lysosomal enzymes with a maximal activity at acid pH and several require thiol
as an activator. Many cathepsins have been found in OA articular joint tissues, including
cathepsins B, K, L, and S. Cathepsins B and L cleave collagen types II, IX, and XI, and
destroy the crosslinked collagen matrix at low pH. In cartilage, cathepsin B, in addition
to having a direct degradative effect on some extracellular macromolecules, might also
be an MMP activator.114 This enzyme was recently suggested as being a marker of the
dedifferentiated chondrocyte phenotype.115 Although cathepsin K is the key enzyme in
osteoclastic bone resorption, its expression has also been observed in cartilage. Trans-
genic mouse models have provided evidence supporting its important role in arthritis.
Interestingly, cathepsin K is one of the few noncollagenase enzymes capable of degrad-
ing native fibrillar collagen types I and II.116

Other catabolic factors
Fibronectin. Fibronectin is an adhesive dimeric glycoprotein found in the extracellular
matrix of cartilage. It is a component of normal cartilage matrix, and elevated levels
were found in OA cartilage.117–119 Although fibronectin has no catabolic effect on
cartilage, it is readily degraded into fragments by multiple proteases and, once frag-
mented, acquires catalytic activities. Increased levels of fibronectin fragments of 30–
200 kDa have been found in human OA cartilage.117 In cartilage, fibronectin fragments
have been shown to enhance proteoglycan loss; to decrease proteoglycan synthe-
sis120,121; and to increase the production of MMP-1, MMP-2, MMP-9, MMP-13, aggre-
canase, serine proteases such as uPA122,123, and NO in association with iNOS
induction.124 Fibronectin can bind several integrins and other cell-surface protein
ligands. Evidence suggests that the fibronectin-fragment effects on human chondrocyte
MMP production are mediated by the a5b1 integrin.125,126 Moreover, CD44, a principal
hyaluronan receptor, was reported to mediate fibronectin-fragment MMP and NO en-
hancement.127 In human chondrocytes, fibronectin fragments were found to activate
MMP-13 and to induce NO production in association with the activation of the
mitogen-activated protein (MAP) extracellular signal-regulated kinase (ERK), p38, and
Jun-N-terminal kinase (JNK).124,125,128
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Neuromediators. It has been shown that interactions between neuroendocrine systems
could contribute to the pathogenesis of arthritic diseases. Among the different endo-
crine mediators, leptin and some neuropeptides are thought to play a role in OA
pathophysiology.

Leptin. Leptin is a 16-kDa nonglycosylated peptide hormone, encoded by the obese
(ob) gene and mainly produced by adipocytes. Under normal conditions, leptin sup-
presses specific biochemical processes that contribute to the accumulation of lipids
and the differentiation of adipocytes. Leptin also stimulates hematopoietic precursor
development. Structurally, leptin belongs to the type-1 cytokine superfamily. High
plasma levels of leptin have been found to be related to increased susceptibility to
the development of OA.129 However, a clear link between circulating leptin levels
and OA has yet to be reported and local leptin levels in the joint may be more impor-
tant that circulating leptin for OA progression.

Leptin levels are increased in OA cartilage, and chondrocytes express both it and its
functional receptor.130,131 Interestingly, injections of leptin into the joints of normal
rats can mimic OA features. In chondrocytes, leptin induces, in synergy with INF-
a or IL-1b, NO activation via the activation of JAK-2 kinase for the former and PI-3
kinase, MEK-1, and p38 for the latter.132 Furthermore, leptin is also associated with
inflammatory states and with stimulated prostaglandin E2 and leukotriene production,
two factors produced in higher levels in OA cartilage. However, although leptin might
be a contributing factor, it might not be sufficient alone, although it is necessary, to
promote cartilage damage in OA.

Neuropeptides. A number of studies have demonstrated a key role played by some
neuropeptides in the production of inflammatory cytokines. In articular cartilage,
emerging evidence points to the involvement of the neuropeptides such as substance
P in the pathogenesis of OA. Substance P has been shown to potentiate the action of
IL-1.133 Moreover, substance P, as well as others such as gastrin-releasing peptide
(GRP), were detected in chondrocytes and found in increased amounts in the damaged
zones of human OA cartilage.134

Inflammatory factors

There is compelling evidence to suggest that secreted inflammatory mediators impact
on the matrix homeostasis of articular tissue cells by altering their metabolism. The
inflammatory mediators act on chondrocytes to cause further catabolism by creating
a positive amplification loop leading to more protease production, as well as to cyto-
kines and other inflammatory factors. Among these mediators responsible for the pro-
gression of the disease, evidence points to the proinflammatory cytokine IL-1b as
being the most important factor responsible for the catabolic process in OA. Other
proinflammatory cytokines, such as TNF-a, oncostatin M (OSM), IL-6, leukemia inhib-
itory factor (LIF), IL-17, and IL-18, are also considered to be potential contributing fac-
tors in the pathogenesis of OA, although the exact role and importance of each in this
disease process is not yet clearly established. In addition to cytokines, other inflamma-
tory mediators also play a major role in the OA pathological process. These include
NO, eicosanoids (prostaglandins and leukotrienes), and a newly identified cell mem-
brane receptor family, the protease-activated receptors (PARs), in which an important
role for PAR-2 in chronic arthritis has been suggested.

Proinflammatory cytokines. The catabolic effects of IL-1b are multiple. This cytokine can
stimulate its own production, increase the synthesis of enzymes (MMPs, PA/plasmin),
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inhibit the synthesis of the major physiological inhibitors of these enzymes (TIMPs, PAI-1),
inhibit the synthesis of matrix constituents such as collagen and proteoglycans, and
stimulate the synthesis and release of some eicosanoids, including prostaglandins and leu-
kotrienes. The action of this proinflammatory cytokine on the enzyme process, combined
with the suppression of matrix synthesis, results in severe degradation of articular tissues
and the appearance of conditions that we know to be characteristic of OA.

This cytokine also plays important roles in normal physiology, including stimulation
of the turnover of extracellular matrix. Hence, control mechanisms exist to limit the
extent of cytokine activation and to avoid potential tissue injury. One of these control
mechanisms, unique to the IL-1 system, is a physiologic inhibitor of its receptor known
as the IL-1 receptor antagonist (IL-1Ra).

Other proinflammatory cytokines include TNF-a, which is present in OA but at
a severe stage of the disease. This cytokine exerts diverse effects and its best-studied
aspect is its ability to promote inflammation.

Recent studies provide evidence that OSM, a member of the IL-6 family, plays a role
in the articular tissue. This cytokine is involved in physiologic as well as pathologic
functions.135,136 OSM is the only member of this cytokine family to cause proteolytic
release of proteoglycans and collagen from human articular cartilage. Also of interest is
the capacity of OSM to synergize the action of other inflammatory mediators, includ-
ing IL-1, TNF-a and IL-17.137,138 In chondrocytes, this striking synergistic effect ap-
pears to occur through the induction of the expression of the collagenases, MMP-3,
MT1-MMP, and aggrecanases. Among actions relevant to joint degradation, OSM
also induces IL-6. However, the role of IL-6 in cartilage pathology remains unclear,
as this cytokine can induce the production of TIMP-1, IL-1Ra, and soluble TNF recep-
tor 55, all of which inhibit or block MMP or cytokine activity.

Among the other cytokines, it has been suggested that IL-17 and IL-18 play a role in
OA pathophysiology as they share many properties with IL-1. On articular tissue cells,
these cytokines also demonstrate effects independent of IL-1b, and both seem to be
involved in the early phase of the inflammatory process. However, IL-18 can induce
other proinflammatory cytokines such as IL-1, thus creating an amplifying loop. Its po-
tential involvement in OA has been suggested based on its enhanced presence in OA
cartilage and synovial membrane.139,140

Nitric oxide. In addition to proinflammatory cytokines, other inflammatory mediators
could also play major roles in the OA process, the principals being NO and the eicos-
anoids, prostaglandins and leukotrienes.

NO acts as a mediator in various physiologic and pathophysiologic processes in the
human body. NO generated by the inducible NO synthase (iNOS) has regulatory,
proinflammatory, and destructive effects. OA cartilage produces a large amount of
NO and reactive oxygen species (ROS). NO has been shown to be involved in the
promotion of cartilage catabolism in OA through a number of mechanisms. It can in-
hibit the synthesis of cartilage matrix macromolecules, such as aggrecans, enhance
MMP activity, and reduce the synthesis of IL-1Ra by chondrocytes. NO also plays
a role in chondrocyte apoptosis and induces the synthesis of cyclo-oxygenase
(COX)-2 and PGE2. It has also been shown that exogenous PGE2 could sensitize hu-
man OA chondrocytes to cell death induced by NO.141,142 Collectively, NO acts by
reducing the major anabolic processes and increasing the catabolic processes.

Eicosanoids. Other major inflammatory factors involved in OA pathophysiology are
the prostaglandins and leukotrienes. Prostaglandins are synthesized from arachidonic
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acid via the actions of the COX enzymes. The most abundant prostanoid in the human
body is PGE2. In addition to exacerbating joint inflammation, PGE2 can also potentiate
the effects of other mediators of inflammation. It can affect cartilage remodeling di-
rectly or function indirectly as an autocrine regulatory factor. PGE2 can also contribute
to cartilage damage by promoting MMP production.

COX-1 and COX-2 activity used to be considered the key step in PGE2 synthesis.
Hence, metabolism of arachidonic acid by COX-1 or COX-2 yields to the unstable in-
termediary PGH2, which can be further metabolized into prostanoids. The enzyme re-
sponsible for the isomerization of PGH2 and the terminal enzyme responsible for
prostanoid synthesis was recently identified as PG synthase (PGS). In the case of
PGE2, there are three distinct PGES, named cytosolic PGES (cPGES), microsomal
PGES-1 (mPGES-1), and mPGES-2. cPGES is constitutively and ubiquitously expressed
and is preferentially coupled with COX-1. The protein expressions of COX-2 and
mPGES-1 are concordantly induced by IL-1b. mPGES-2 is constitutively expressed in
diverse tissues and has been found to be functionally linked to both COX-1 and COX-
2. Accumulating evidence implicates mPGES-1 in the pathogenesis of OA.143–145

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) or COX-2 selective in-
hibitors has shown that PGE2 inhibition alone does not seem to delay the natural his-
tory of progressive OA. In recent years, it has been shown that PGE2 synthesis is only
one part of the arachidonic acid pathway. The precursor, arachidonic acid, is a sub-
strate that gives origin to many other lipid mediators, including leukotrienes. Leukotri-
enes themselves play a major role in the development and persistence of the
inflammatory process, and it is now clear that prostaglandins and leukotrienes have
complementary effects. Leukotrienes are produced by the enzyme 5-lipoxygenase
(5-LOX). Studies have revealed that, on human OA tissues, leukotriene B4 (LTB4) po-
tently stimulates the release of proinflammatory cytokines such as IL-1b and TNF-
a.146–148 Thus, the failure of NSAIDs to impact OA progression could be due to
the fact that inhibiting only the COX pathways leads to a shunt to leukotriene produc-
tion in these tissues.149,150 From this concept, it is hypothesized that blocking produc-
tion of both leukotrienes and prostaglandins could have a synergistic effect in achieving
optimal or a wider spectrum of anti-inflammatory activity in articular tissues.
Protease-activated receptors. Some members of the PARs have recently been shown to
be involved in inflammatory pathways and, more specifically, an important role for
PAR-2 in arthritis has been demonstrated. These receptors belong to a family of
seven-transmembrane G-protein-coupled receptors, which are activated through
a unique process. Cleavage of their N-terminal domains by proteases unmasks
a new N-terminal sequence that acts as a tethered ligand, binding and activating the
receptor itself.151 The enzymes-activating PARs belong to the serine protease family.
Once activated, this process is irreversible. To date, four members of this family
have been identified and designated PAR-1–PAR-4. They exhibit differential tissue ex-
pression as well as selectivity in activation. More particularly, PAR-2 has recently been
reported to be involved in inflammatory conditions including those in rheumatoid ar-
thritis and in OA.152,153 PAR-2 expression has recently been found to be produced by
human chondrocytes154,155, and was modulated by the proinflammatory cytokines IL-
1b and TNF-a, as well as the growth factors bFGF and TGF-b. Activation of this re-
ceptor has been found to be associated to NO, COX-2, PGE2, and MMPs. It is also
suggested that its activation induces the production of proinflammatory cytokines,
including IL-1b.
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SUBCHONDRAL BONE AND CARTILAGE CROSSTALK IN
OSTEOARTHRITIS

Although the initiating event responsible for the degradation of cartilage in OA pa-
tients remains elusive, the concept of a key role of the subchondral bone tissue in
OA is gaining strong support. A plausible hypothesis is that cytokines, growth factors,
and eicosanoids produced locally by subchondral bone tissue seep through the bone–
cartilage interface and induce changes in the cartilage metabolism. Although it was pre-
viously thought that the calcified cartilage layer was an impenetrable structure, the
presence of many channels between the subchondral region and the uncalcified carti-
lage was demonstrated. Moreover, the presence of microcracks in the calcified layer of
aging articular cartilage was also shown. These microcracks, and the vascularization in
the subchondral bone plate, could facilitate the transfer of humoral information from
the subchondral bone region to the basal layer of cartilage.

Several factors produced by subchondral bone cells are known to be capable of in-
ducing cartilage catabolic changes. For instance, TGF-b, which is found at high levels in
OA subchondral bone156, has the capacity to induce MMP-13 synthesis by chondro-
cytes, and therefore could be responsible for the increased level of this enzyme found
in the intermediate and deep layers of the diseased cartilage.47 Both this enzyme and
cathepsin K are synthesized by bone cells, and have been demonstrated to be involved
in both endochondral ossification and OA cartilage degradation.157,158 Moreover, in
OA subchondral bone osteoblasts, there is abnormal production of proinflammatory
cytokines and PGE2/LTB4, which have a significant influence on the metabolism of the
overlying cartilage and can promote the breakdown of normal cartilage.

HGF could be an important candidate for such crosstalk between the subchondral
bone and cartilage.88 As mentioned earlier, HGF, although not produced by the chon-
drocytes, is produced at a higher level in OA subchondral bone osteoblasts, and is
found in OA cartilage.88 These data suggest that, following its synthesis by subchondral
osteoblasts, HGF can reach the deep layers of articular cartilage via local vasculariza-
tion and/or channels where it promotes cartilage breakdown and/or enhances matrix
remodeling. This is emphasized by the fact that HGF potently induces MMP-13 synthe-
sis by chondrocytes89, and as mentioned above, in situ, MMP-13 is preferentially
located in the deep zone of OA cartilage.47

CARTILAGE ASSESSMENT

Biological markers of cartilage

When a component of joint tissue is released, measuring its concentration in the joint
fluid is theoretically the most reliable approach. However, joint fluid collection is dif-
ficult in many OA patients and can be obtained readily only in the knee. Moreover,
joint lavage results in significant errors to the concentration of the markers because
of uncontrolled sample dilution. The best use of biomarkers in OA is their determina-
tion in serum or urine. However, their use in clinical practice has been tempered by
the fact that urine and serum biomarkers are affected by age, gender, ethnicity,
bone mass index, physical activity, and diurnal variations.159,160 They are also influ-
enced by the synovial clearance of metabolites into the blood circulation and struc-
tural changes in molecules when entering the blood circulation.

The classic approach in OA deals with markers reflecting the synthesis and degra-
dation of cartilage; the principal biomarkers of cartilage are listed below. New
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approaches such as genomics, proteomics, and metabolomics have recently been pro-
posed for identifying biomarkers; however, these techniques are still under evaluation
and need further validation.

Cartilage synthesis
Products of collagen type II synthesis. C- and N-propeptides of the IIA procollagen (PIICP,
PIIANP) are propeptides that are crosslinked to collagen molecules. Propeptides are
released from collagen molecules into biological fluids during maturation and their
concentrations are believed to directly reflect the rate of type II collagen synthesis
and are consequently an indicator for cartilage formation.161,162 Their levels are two
to four times higher in synovial fluid and 7.6 times higher in cartilage from OA patients
than from healthy individuals.163

Aggrecan epitope. The epitope 846 is located on the chondroitin sulfate chains of the
aggrecan and reflects aggrecan synthesis. It is highly expressed in OA cartilage and el-
evated in OA synovial fluid. Circulating levels are the highest in OA patients with the
longest disease history.164

Cartilage-derived retinoic-acid-sensitive protein. Cartilage-derived retinoic-acid-sensitive
protein (CD-RAP), also referred to as melanoma-inhibiting activity, was originally iso-
lated from malignant melanoma cells. In physiological conditions, CD-RAP seems to be
expressed only by chondrocytes. Two studies reported decreased synovial fluid levels
of CD-RAP with increased cartilage degradation in knee OA, suggesting that this
marker could reflect the restorative reaction of chondrocytes.165,166

Cartilage degradation
Degradation products of type II collagen
C-terminal crosslinking telopeptide of type II collagen

C-terminal crosslinking telopeptide of type II collagen (CTX-II) is a degradation prod-
uct of the C-terminal end of type II collagen. The use of CTX-II as a marker of the
disease activity of OA was documented, and a correlation between its levels and
the radiographic progression of the disease, or clinical score, as well as the severity
of cartilage defect, has been found.167,168

C2C and Cl,2C. C2C and C1,2C are neoepitopes produced by collagen type II col-
lagenase cleavage.169 Although they are increased in different animal models170, their
relevance in humans has yet to be documented.

Helix-II. Helix-II is a newly identified specific fragment generated by the degradation
of the helical domain of type II collagen. Helix-II has been demonstrated to be in-
creased in the urine of OA patients compared to healthy volunteers.171

Cartilage oligomeric matrix protein

Cartilage oligomeric matrix protein (COMP) is a disulfide linked pentameric proteo-
glycan found mostly in cartilage but also in the other tissues of the joint, including me-
niscus, tendon, synovial fibroblasts, and osteoblasts.172,173 COMP is a member of the
thrombospondin family and has been shown to stimulate type II collagen fibril
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formation.174 Its level is elevated in the synovial fluid and serum of OA patients, with
a positive correlation with the disease activity.175 Correlation was also found with the
radiographic progression of the joint disease, as well as with the clinical evaluation of
pain, stiffness and physical function.176

Human cartilage glycoprotein 39

HC-gp39 levels are low in normal cartilage but high in the serum of hip OA patients.177

Although this marker has been suggested to reflect cartilage degradation, some con-
sider it a marker of inflammation, as it was found in increased amounts in other inflam-
matory pathologies.

Cathepsin K

Cathepsin K levels in rheumatoid arthritis patients have been correlated with radio-
logic damage.178 Cathepsin K is presently under investigation as a marker for OA.179

Pyridinoline

Pyridinoline (PYD) is a part of the crosslink between adjacent collagen molecules. The
measurement of PYD in urine is commonly used for the monitoring of bone, syno-
vium, and cartilage degradation. A glycosylated analog, Glc-Gal-PYD, has recently
been identified in abundance in synovium compared to cartilage180 and is increased
in OA patients181, but no correlation with radiologic change was noted.182

Magnetic resonance imaging

A recently described new application of MRI allows precise visualization of the carti-
lage and its pathological changes. In recent years, there have been advances in the use
of optimized MRI acquisition sequences and precise quantification changes in cartilage
in individuals.183,184 This method now allows quantitative assessment of intraindividual
cartilage volume/thickness changes over time in healthy individuals and patients with
OA. Data showed a mean loss of about 2–3% per year for healthy individuals, and
5–7% per year for patients with OA.184–187 Recently, this technology has also allowed
the discrimination of subgroups of human OA patients, those with slow versus fast
progression184,187, and shown that the major risk factors – in addition to age, gender,
and BMI – were meniscal extrusion and tear.187,188

CONCLUSION

Cartilage matrix turnover is mediated by a multitude of factors that act on the chon-
drocytes and could lead to repair, remodeling or catabolic processes. The molecules
and factors involved in cartilage repair and maintenance have been the subject of in-
tensive research and significant progress has been made in the understanding of the
interactions of the components of this tissue. At a certain point, these processes
are altered, resulting in matrix changes including local abnormal biochemical pathways
that contribute to cartilage degradation.

OA is a result of alterations of the extracellular matrix that lead to pain, loss of
motion, and instability. It has long been suggested that the morphological changes
seen early in OA are only age related. We now know that, even if changes associated
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with aging and OA appear similar in the early stages, at a certain point they could be
discriminatory. However, these processes are not exclusive of each other as the
changes occurring during aging could lead to OA pathology.

In OA, the occurrence of alterations in chondrocyte metabolism is well established.
Data suggest that they are primarily the result of a disturbance in the remodeling pro-
cess. During the disease development, cartilage degradation results from several dis-
tinct biological processes operating spatially and temporally within the articulation,
and include changes in the cell metabolism in other articular tissues. Hence, in this dis-
ease, the participation and the role of synovial inflammation is now widely accepted.
As synovitis appears to be the result of the synthesis and release of many factors, in-
cluding microcrystals, abnormal mechanical stress, production of excess amounts of
NO and ROS, and the cartilage matrix proteolytic degradation products that produce
wear particles and soluble cartilage-specific neoantigens, it is considered to be second-
ary to the changes in the cartilage. Yet, findings indicate that synovial inflammation
could be a component of the early events leading to the clinical stage of OA. In addi-
tion, emerging evidence suggests that changes in subchondral bone are closely involved
in the disease progression. Data even suggest that these alterations might precede car-
tilage alterations. Subchondral bone is suggested to be the site causing the most sig-
nificant pathophysiologic events occurring in cartilage.

The clinical and radiological findings that form the basis for the diagnosis of OA lack
sufficient sensitivity to monitor the progression of the disease. Biological markers re-
flecting quantitative and dynamic changes in joint tissue turnover represent promising
adjunct tools. Increasing evidence indicates that the combination of some of these
markers might be useful to predict the progression of OA. The usefulness of such
markers is evident, and it is hoped that ongoing research will introduce more definite
developments in this field.

Plain radiography, the reference technique for assessing the severity of cartilage de-
struction, provides direct information on bones, but only indirect information on car-
tilage. The recent development of MRI provides direct information on the cartilage
volume/thickness alterations and has proved to be specific, sensitive and reliable in car-
tilage quantification for human OA progression.

In conclusion, this review concentrates on several interesting advances in the un-
derstanding of cartilage in normal and OA conditions. Research has already contrib-
uted to, and will continue to play a part in, the development of more specific
markers for OA, the improvement of accurate and precise diagnostic systems and
new strategies for treatments aimed at specifically and effectively retarding or stopping
the progression of this disease. These advances will allow better identification of the
target factors that are intimately involved in cartilage degradation.
Practice points

� The clinical efficacy of NSAIDs is related to PGE2 production inhibition
through the inhibition of COX-1 and COX-2 activities. However, these drugs,
including the recently developed generation of COXIBs, have shown serious
adverse effects. Hence, a selective inhibitor of PGE2 production targeting
only PGE2 would be of major significance. In this respect, targeting the terminal
enzyme responsible for PGE2 synthesis, mPGES, could prove to be an interest-
ing approach for OA therapeutic development. Moreover, in view of the



concept that prostaglandins and leukotrienes have complementary effects in
the persistence of the inflammatory process, and that chronic inhibition of
COX might lead to a shunt of the arachidonic acid metabolism towards the
leukotriene pathway, blocking both prostaglandin and LTB4 production could
have synergistic effects and achieve optimal anti-inflammatory activity.
� Biological markers in serum and urine that can reflect cartilage metabolic or

inflammatory processes have been developed. Their use in clinical practice
has been tempered by, among other things, circadian and diurnal variations
and the fact that systemic levels of markers provide information on the overall
metabolism of all joints in the body. Moreover, in advanced OA, there might be
little or no cartilage left, making interpretation difficult.
� Plain radiography, the reference technique for assessing the severity of cartilage

destruction, provides direct information on bones, but only indirect informa-
tion on cartilage. The recent development of MRI provides direct information
on the cartilage volume/thickness alterations and has proved to be specific,
sensitive and reliable in cartilage quantification for human OA progression.
� Until now, almost all OA studies have focused only on symptomatic OA pa-

tients, i.e. patients showing clinical parameters such as pain and joint function
disability, a stage in which the structural changes of the articular joint tissues,
such as cartilage, are already at the moderate to severe range of the disease.
Sensitive and accurate methods for the assessment of OA at its onset are cru-
cial in research efforts to find the key players in the initiation and progression
of OA, to differentiate between the disease subgroups and to assess the ther-
apeutic efficacy of new treatments. To this end, there has been – in recent
years – a series of advances in the use of optimized MRI to precisely quantify
changes in cartilage volume and thickness in individuals, and to discriminate
subgroups of patients. The use of this technology will be crucial for trials to
look at the beginning of the OA process and its progression over time.

Research agenda

� In OA cartilage, in addition to pathological metabolic processes, chondrocyte
clustering occurs in the superficial zone; however, it is doubtful whether this
mode of tissue repair can mimic normal matrix anabolism. Further research
into the collagen type produced and proteoglycan properties is warranted
on these cells.
� OA cartilage demonstrates a reversion to a fetal-like phenotype with the re-ini-

tiation of fetal skeletal developmental processes occurring mostly in the inter-
mediate and deep layers of the pathological tissue. We do not know all the
factors involved in this process.
� Genetic studies have indicated that mutations of some collagen-type genes (e.g.

COL2A1, COL9A1, COL11A2) represent susceptibility genes that predispose ar-
ticular cartilage to degeneration. However, as other collagen types are present
in normal cartilage, we do not know whether mutations in these collagen types
affect the function of the tissue.
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� Although the roles and expression of some growth factors have been studied
extensively in OA, the use of growth factors in the treatment of this disease is
a challenging avenue, as several problems have yet to be addressed; among
them, the formation of osteophytes, the nonresponsiveness of older cells to
some growth factors, and their inability to counteract many catabolic actions
of proinflammatory molecules.
� Although the initiating event responsible for the degradation of cartilage in OA

patients is still elusive, the concept of a key role for the subchondral bone tis-
sue in OA is gaining strong support. This makes it possible to believe that ther-
apies that interfere with bone remodeling could block, or at least attenuate,
the progression not only of changes in this tissue, but also in cartilage.
� More clinical trials are needed so that new therapeutic strategies can be

brought to clinical practice.
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