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Abstract | Osteoarthritis (OA) involves all the structures of the joint. How the disease is initiated and what factors 
trigger the disease process remain unclear, although the mechanical environment seems to have a role. Our 
understanding of the biology of the disease has been hampered by the lack of access to tissue samples from 
patients with early stage disease, because clinically recognizable symptoms appear late in the osteoarthritic 
process. However, new data about the early processes in articular cartilage and new tools to identify the early 
stages of OA are providing fresh insights into the pathological sequence of events. The progressive destruction of 
cartilage involves degradation of matrix constituents, and rather active, yet inefficient, repair attempts. The release 
of fragmented molecules provides opportunities to monitor the disease process in patients, and to investigate 
whether these fragments are involved in propagating OA, for example, by inducing inflammation. The role of bone 
has not been fully elucidated, but changes in bone seem to be secondary to alterations in articular cartilage, which 
change the mechanical environment of the bone cells and induce them, in turn, to modulate tissue structure.
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Introduction
Osteoarthritis (OA) is a disease that affects all the struc-
tures of the joints. The major hallmarks of the clinical 
disease include destruction of the articular cartilage and 
alterations of the underlying subchondral bone (Figure 1), 
where the predominant features, sclerosis and edema, can 
be visualized using radiography and MRI respectively.1–4 
In the knee, characteristic changes of the menisci and the 
cruciate ligaments also occur.5 Another common, although 
not obligatory, feature is the presence of  osteophytes—bony 
and cartilaginous outgrowths that typically stem from 
the margins of the joint. Historically, the disease was 
denominated osteoarthrosis, a term that implied the 
absence of inflammation. However, data acquired using 
high- sensitivity assays for inflammatory markers (such as 
C-reactive protein)6 demonstrate that low-grade inflam-
mation is present. This finding confirms osteoarthritis 
as the more appropriate designation,7 and means that 
sy novial tissue is also involved in the pathology.

A question often asked is, where does the process start? 
Do the first changes happen in cartilage or in bone? A 
major difficulty in dealing with this issue is that the clini-
cal problem of OA becomes apparent only when tissue 
changes have become quite advanced. At this stage most of 
the options for therapy are limited to dealing with symp-
toms such as pain and inflammation. As a consequence, 
little is known about the critical early events that occur 
when the disease process is potentially still rever sible. 
We are, however, beginning to elucidate the molecu-
lar events that occur before the onset of clinical disease. 
An observation that might be relevant for determining 
where OA starts is that a number of mutations in cartilage 
extracellular matrix molecules such as type II collagen8–10, 

type IX collagen11,12, cartilage oligomeric matrix protein 
(COMP),13,14 or the matrilins (Figure 2),15 lead to an early 
and high incidence of OA.

This Review presents an outline of some of the events in 
early stages of OA development, focusing on the changes 
that occur in cartilage both before and after substantial loss 
of the tissue occurs. Finally, we consider how knowledge 
of these changes can be used to develop new indicators of, 
and biomarkers for, early stage disease, which, when com-
bined with advances in imaging technology, will provide 
improved options for diagnosis, monitoring and therapy.

Factors that promote OA 
Trauma and altered mechanical load 
One function of the cartilage is to distribute load across the 
whole joint surface16,17 and thereby avoid exposing small 
areas of bone to excessive load. Any trauma to the joint is 
likely to affect both cartilage and the underlying bone.18 
A consequence of this interdependence is that any altera-
tion in the properties of cartilage will alter the load experi-
enced by the underlying bone and probably cause a tissue 
remodeling response. The properties of the bone might 
also modulate how the overlying cartilage reacts to load. 
Indeed, the incidence of OA in patients with osteoporosis 
is low, but these patients also differ from individuals prone 
to OA in other parameters, such as body weight.

Mechanical factors such as load clearly have a role in 
the initiation and propagation of OA.19 Excessive load and 
trauma that lead to injury of the menisci or ligaments pre-
dispose to the development of the disease.20,21 The level 
and nature of load experienced might also influence the 
progression of joint damage; for example, damage has been 
suggested to accumulate as a result of an excessive heel 
strike at each loading cycle in walking.22,23 By contrast, an 
acute trauma leading to rupture of the meniscus or the 

Competing interests
The authors declare no competing interests.

REVIEWS

nrrheum_198_JAN11.indd   50 6/12/10   16:52:51

© 2011 Macmillan Publishers Limited. All rights reserved

mailto:dick.heinegard@ med.lu.se
mailto:dick.heinegard@ med.lu.se
www.nature.com/doifinder/nrrheum.2010.198


nATuRE REvIEWs | RHEumATology  vOluME 7 | JAnuARY 2011 | 51

cruciate ligaments might precipitate the development of 
OA, although the differing contributions to this effect of the  
initial trauma and the ensuing mechanical instability 
have not been clearly delineated. Malalignment of a joint 
can certainly participate in the development of OA; hip 
dys plasia is well known to predispose to hip OA.24 Thus, 
several different mechanical problems have roles in OA, 
and cells might respond to the altered and potentially 
increased load in ways that lead to both initiation and 
propagation of disease. Further support for the impor-
tance of mechanical triggers comes from the lack of OA 
in joints that are immobilized, whether in animal models25 
or in patients who have a paresis affecting the joint.26

Once started, the course of OA seems to be quite vari-
able. After joint trauma, the onset and progression of clini-
cal symptoms differ even among groups with the same 
apparent injury and physical activity profile, pointing  
to the involvement of other factors. Any changes that affect 
the mechanical properties of the cartilage are likely to also 
rapidly result in alterations in the underlying bone as a 
result of the altered mechanical environment.

Inflammation 
Inflammation seems to be a very early event in OA, perhaps 
elicited by the initial traumatic injury. Elevated levels of 
CRP, as detected by high-sensitivity assays, serve as a sensi-
tive indicator of inflammation. The increase in CRP levels 
might even precede the release of the other OA indicators, 
molecular markers of matrix breakdown,6 and can certainly 
be observed well before clinical disease. Inflammation of 

Key points

Mechanical factors have a central role in the development of osteoarthritis and  ■
in cartilage breakdown; these processes can be modulated by variable load

Inflammation is an early and persistent event that might impair the ability   ■
of joint tissues to handle mechanical loads

Cartilage changes are early events that are coupled, via mechanical or soluble  ■
factors, to bone alterations

Involvement of tissues in osteoarthritis can be monitored by quantifying levels  ■
of released fragments of tissue matrix molecules and inflammation can be 
assessed by markers such as activated complement factors or cytokines

The results of tissue‑destructive processes can be visualized by direct joint  ■
inspection in arthroscopy, as well as by imaging technology, particularly MRI, 
ultrasonography and radiography

the joints can also be detected by measuring effusion using 
ultrasonography and MRI.

The inflammation induced by joint trauma might be 
of particular importance to the initiation of disease.7 The 
cytokines and other signaling molecules produced might 
cause cells in cartilage and other joint tissues to switch to 
or increase catabolic processes, leading to further tissue 
damage and, in turn, greater sensitivity to load, thus pre-
cipitating a vicious circle. Inflammation also seems to be 
an important element in the development of OA, and in 
symptoms such as pain.6,27,28 Inflammation and its triggers 
directly affect synovial cells (for example, fibroblasts and 
macrophages),28,29 as well as chondrocytes in the cartilage, 
causing them to produce cytokines including inter leukin 
(Il)-1,30 and to increase the production of catabolic agents 
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Figure 1 | Properties of normal and osteoarthritic joints. a | A healthy joint with normal articular cartilage. The articular 
cartilage is organized into pericellular, territorial and interterritorial matrices, each of which is present at specific distance 
from the chondrocytes. On immunohistochemistry (see inset images), the territorial and pericellular matrices (dashed arrow) 
show essentially no staining for COMP, whereas the interterritorial matrix stains positive for this cartilage extracellular matrix 
molecule (solid arrow). b | An osteoarthritic joint, which shows partial loss of cartilage and alterations in the underlying bone. 
The cartilage compartments are altered even at early stages of disease, and demonstrate cloning and multiplication of cells. 
However, the immunohistochemistry findings show that cloning is not yet prominent. Loss of COMP staining is evident in the 
interterritorial matrix (solid arrow) at the same time as the new synthesis of the molecule results in deposition primarily in  
the pericellular matrix of the cartilage (dashed arrow). Abbreviation: COMP, cartilage oligomeric matrix protein. 
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such as proteinases. These mediators consequently affect 
the destruction of cartilage owing to both increased 
breakdown and impaired repair31,32

With the aim of understanding the pathological mecha-
nisms of OA, a particularly interesting hypothesis is that 
inflammation might actually be driven by the molecules 
and fragments that are released by cartilage degrada-
tion, through activation of innate immune responses. 
Examples of such molecules are fibromodulin and many 
other members of the small leucine-rich proteoglycan 
(slRP) family,33,34 that particularly target the classic 
complement pathway and cause its enhanced activation 
or, in some cases, inhibition.35,36 COMP, by contrast, is 
a very potent activator of the alternative complement 
pathway. Complexes of COMP and the C3b component 
of the complement pathway are found in the synovial 
fluid of patients with OA, which indeed demonstrates 
local activation of the innate immune response in the 
joint.37 One consequence of this activation might be that 
the ensuing inflammation actually induces additional 
cartilage degradation, which further impairs the ability 
of the tissue to resist load and leads to yet more damage. 
We may envisage that an acute trauma induces release of 
these components, leading to inflam mation. This process 

might then be involved in propagating damage towards 
the development of OA.

Weight
The association between being overweight and OA is not 
simply a question of increased mechanical load, because 
the risk of finger OA is also increased in overweight indivi-
duals.38 Factors, including adipokines (for example, visfatin, 
also known as nicotinamide phosphoribosyl transferase), 
released by fat tissue can affect the processes in the joint, 
perhaps by enhancing the inflammatory response.28

Early molecular events in cartilage
until we have the means of detecting very early cartilage 
alterations in joint disease, determining whether, for 
example, edema of the bone precedes or follows the early 
cartilage changes in OA will remain difficult. Identifying 
the early events in the development of joint damage will 
also be critical for developing new therapies for OA. The 
benefits of knowing which early events drive progression 
of the disease will include opportunities to develop new 
diagnostic tools, such as biomarkers, to identify these early 
stages, and subsequent identification of the mechanisms 
that can be modified by novel therapies. In this section 
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Figure 2 | The molecular organization of normal articular cartilage. The cartilage matrix surrounding chondrocytes in healthy 
articular cartilage is arranged into zones defined by their distance from the cell. The pericellular matrix lies immediately 
around the cell and is the zone where molecules that interact with cell surface receptors are located; for example, hyaluronan 
binds the receptor CD44. Next to the pericellular matrix, slightly further from the cell, lies the territorial matrix. At largest 
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matrices are different in each zone. Abbreviations: CILP‑1, cartilage intermediate layer protein 1; COMP, cartilage oligomeric 
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we discuss the changes that are known to occur as normal 
cartilage becomes osteoarthritic.  

fibrillation 
The results of studies of OA in human patients and animal 
models—in which OA with many similarities to the late 
stages of human disease can be caused by inducing instabi-
lity of the knee joint—imply that early irregularities of 
the cartilage surface, such as fibrillation, precede the loss  
of cartilage tissue that eventually leads to exposure of 
bone.39,40 At the time of fibrillation, cartilage swelling with 
increased thickness can be observed,24,41 for example by 
using MRI.42 These noticeable events in OA have underlying 
mechanisms, of course, but little is known of early molecu-
lar processes. One early change at the molecular level seems 
to be altered turnover of aggrecan43–47 and other proteins, 
such as cartilage intermediate layer protein 1 (CIlP-1), 
COMP, fibronectin and asporin (Figure 2).41,48,49

Aggrecan fragmentation and shedding 
An abundant literature documents the role of aggreca-
nases, or ADAMTs-4 (a disintegrin and metallo proteinase 
with thrombospondin motifs 4) and ADAMTs-5,50,51 in 
the early phase of joint damage that may progress into OA. 
Indeed, four cleavage sites are defined in the core protein of 
aggrecan, which is the most-studied ADAMTs substrate.52 
Cleavage at these sites liberates the major part of the mol-
ecule (containing heavily negatively charged chondroitin 
sulfate chains) from cartilage. These glyco saminoglycan 
chains are the key contributors to the maintenance of the 
fixed charge density and osmotic environment of cartilage, 
which are in turn key to the water-retaining and mechani-
cal proper ties of the tissue.53 At the very early stages when 
only minor cartilage surface fibrillation is present—a time 
of substantial release of aggrecan fragments—the tissue 
level of aggrecan does not seem to decrease,41 except pos-
sibly in the most superficial layers of the cartilage.54,55 
This effect seems to result from a compensatory increase 
in aggrecan synthesis, which replaces the lost molecules. 
Interestingly, in view of the swelling of the tissue at this 
stage, the overall concentration of aggrecan in cartilage 
remains more or less constant during these early stages, 
indicating a net accumulation of the molecule.56 The total 
collagen content of cartilage shows only minor changes, 
although the swelling means that the concentration of 
these molecules does decrease somewhat.41 During this 
phase of altered aggrecan turnover, the fragments of  
this protein that contain a binding site for hyaluronan—a 
principal component of the extracellular matrix (ECM)—
are retained in the tissue, demon strating that although 
there is no overall loss of the proteoglycan, its turnover 
is altered.57–59 The available data, therefore, show that in 
early OA the release of major fragments of aggrecan, does 
indeed increase, but that this loss and the increase in car-
tilage volume are both offset by new synthesis of aggrecan, 
which maintains its tissue concentration.

Breakdown of fibrillar networks 
Whether the mechanical properties of the cartilage are 
altered at the early stages of OA is not clear, but alterations 

in the properties of the collagen network definitely occur. 
These changes might actually be a prerequisite for swelling 
of the tissue,53 and seem to primarily affect molecules that 
are bound to and exposed at the surface of collagen fibers, 
where they can mediate direct or indirect inter actions 
with neighboring fibers. Examples of such molecules are 
fibromodulin,60 decorin,61,62 COMP,63,64 and type IX col-
lagen.65,66 Others, such as the matrilins,67 can—by way 
of their 3–4 subunit structures— simultaneously bind to 
several of the aforementioned molecules and provide cross 
bridging (Figure 2).

The role of fiber destabilization
In a study of fibromodulin breakdown, which was induced 
in cartilage explants by stimulation with Il-1β, fragmen-
tation of the molecule was initially restricted to the 
n-terminal sulfated-tyrosine-rich part,60 but nevertheless 
destroyed its functionality. The highly anionic n-terminal 
structure of fibromodulin provides for direct interactions 
with collagen fibers and molecules bound at their surface, 
such as the heparin-binding nC-4 domain of type IX col-
lagen as well as the heparin-binding n-terminal domains 
of PRElP (proline- arginine-rich end leucine-rich repeat 
protein, also known as prolargin) and chondroadherin.68 
Cleavage of fibro modulin releases fragments that cover 
almost the complete  sulfated-tyrosine domain and ab olishes 
the capacity to bind neighboring collagen fibers.

Type IX collagen is also cleaved in cartilage after stimula-
tion with Il-1β.66 This molecule, with its three triple helical 
collagen domains surrounded by four non-collagenous 
domains, is bound at the collagen fiber surface such that the 
major part is covalently anchored to the fiber while the large 
nC-4 domain in the n-terminus of the α1 chain protrudes 
and can interact with other molecules. such inter actions 
stabilize the collagen fiber network (Figure 2).69,70

Role of MMP‑13 
Interestingly, the active enzyme involved in cleavage of 
both fibromodulin and type IX collagen is matrix metallo-
proteinase (MMP)-13.60 This enzyme seems to be only 
present and active in the pathological process of tissue 
break down, since the newly created n-terminus of the  
major fibromodulin fragment that remains bound to  
the col lagen is not present in normal cartilage (R. s. smith, 
P. Önnerfjord & D. Heinegård, unpublished work).60 
Corroborating this evidence of the patho logical relevance 
of fibromodulin cleavage, an epitope correspond ing to  
one of the short, released fragments of the sulfated-tyrosine 
domain is found in the synovial fluid of patients with OA 
and rheumatoid arthritis (P. Önnerfjord & D. Heinegård, 
unpublished work). 

Type IX collagen is cleaved by MMP-13 at a specific 
site such that almost the entire nC-4 domain is released.66 
An epitope comprising the extreme carboxy terminus 
of this nC-4 fragment is released into the synovial fluid 
and serum of patients with OA or rheumatoid arthritis 
(M. Danfelter, P. Önnerfjord & D. Heinegård, unpublished 
work). This cleavage appears to take place at approximately 
the same stage of development of joint disease as when 
fragmentation of fibromodulin is observed.
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The specific breakdown of these two cartilage matrix 
proteins provides strong evidence that MMP-13 is a 
central player in the processes that lead to cartilage 
breakdown. The importance of this enzyme is further 
underscored by the observation that the new n-terminal 
epitope of fibromodulin can be detected in diseased 
tissue, whereas in normal cartilage no such enzymatic 
activity (and, therefore, no formation of the epitope) has 
been shown to occur.60 Corroborating evidence is also 
provided by a mouse model wherein the gene encoding 
MMP-13 has been inactivated. This mouse is protected 
from developing the OA that would normally be induced 
by meniscal tear.71

Thus, the study of specific events involving matrix 
proteins provides new information about the molecu-
lar processes that occur during joint destruction. As the 
patterns of cleavage might be quite unique to the disease 
process, and not represented in the normal turnover of 
tissues, assays specific for the fragments produced should 
provide new opportunities to characterize the early events 
in articular cartilage.

Altered molecular organization of the ECm
COMP is another molecule that shows distinct altera-
tions in very early stages of OA. The protein is released 
from cartilage upon treatment with cytokines such as 
Il-1β, by a process that involves fragmentation of this 
pentameric molecule.72 However, the situation in early 
OA is more complex than in the in vitro model. COMP 
is one of a few molecular entities whose synthesis and 
abundance are already increased in cartilage at the 
time when the progression of OA has only proceeded 
as far as isolated early cartilage roughening and fibril-
lation. Other proteins whose synthesis is particularly 
increased at this stage include fibronectin, CIlP-1 and 
asporin.41 Drastic losses of COMP are already evident at 
this early stage, from the so-called interterritorial matrix 
(Figure 1)—located some distance from the cell—where 
the molecule is most abundant in normal cartilage, and 
where it seems to have a role in cross bridging the promi-
nent collagen fiber network (Figure 2).73,74 At the same 
time, however, massive new accumulation of the protein 
occurs close to the cells (Figure 1). This very charac-
teristic change in distribution pattern is also observed 
for CIlP-1. Indeed, the altered distributions of these two 
proteins present a typical and distinct hallmark of the 
cartilage in the early osteo arthritic process, and result 
from the molecules being lost from one compartment 
through degradation and accumulating in another as a 
result of new synthesis.

The altered distribution is a reflection of that observed 
in early embryonic life.75 Indeed, a developmental role 
of COMP is to catalyze and promote collagen fiber for-
mation.73 As this molecule acts as a catalyst, the relative 
balance between collagen fibrils and COMP is impor-
tant.76 The unfortunate imbalance in early OA between 
the prominently increased production of COMP and the 
moderately, if at all, increased production of type II col-
lagen might actually lead to an impaired deposition of 
collagen fibers, in a very inefficient repair process.76

Imaging 
MRI will probably soon become a reference technique for 
documenting cartilage destruction and synovial processes 
in OA. The technology has much to offer, although one 
of its shortcomings has been insufficient resolution. new 
equipment with considerably higher field strength than 
that currently available is likely to provide a substantial 
improvement in this parameter. However, advances in 
measuring joint cartilage volume have already occurred.2 
Applying this technology should enable detection, in vivo, 
of the early swelling that is observed in animal models 
and in cartilage samples, well before any clear clinical 
symptoms of joint disease.

Other new developments in imaging technology might 
enable the depiction of molecular events in the tissue, 
by employing contrast agents. Gadolinium is one such 
agent;77–80 this negatively charged molecule enters less 
efficiently into normal cartilage—with its retained fixed 
charge density—than it does into diseased cartilage, where 
the exposed charge density has decreased. Approaches 
that combine imaging technologies with various probes 
for molecular events could potentially be developed to 
depict alterations in the individual tissue compartments 
in the joint, including the superficial layer of cartilage, 
when the resolution becomes adequate.

An important use of MRI is to detect the so-called 
sub chondral bone edema observed in OA. The events 
these lesions reflect at the molecular level have not been 
identified, nor do we know whether edema is a part of 
the primary development of OA, or results from exces-
sive load on the bone due to inefficiency of the articular 
cartilage to dissipate and distribute load after trauma or 
as a result of other alterations in the tissue. However, any 
alterations of the cartilage properties are anticipated to 
affect the underlying bone, and trauma that exceeds the 
resilience th reshold of the tissues will affect both cartilage 
and bone.

One limitation of the technologies applied so far to 
the study of cartilage is that they largely deal with full-
thickness cartilage. Early changes probably occur in a 
specific zone, and accumulating data corroborate this 
assumption.81 Accordingly, some of the earliest changes 
can be seen in the distribution of CIlP-1, a protein found 
primarily in normal cartilage intermediate layers.48 Early 
changes can also be observed in the superficial layer,82 
including altered collagen fiber orientation and loss 
of aggrecan.56,83,84

Conclusions
Currently, the data are insufficient to determine conclu-
sively whether the process of OA is initiated in the articu-
lar cartilage or in the underlying bone. Excessive load 
seems likely to damage the cartilage and also affect the 
bone beneath. Molecular processes elicited in the carti-
lage may then initiate a vicious circle, in which the quality  
of the matrix is downgraded by proteolysis and removal of 
matrix components, at the same time as the tissue develops 
an increased sensitivity to load, and the frag ments of mol-
ecules released might induce and/or worsen inflammation, 
thereby enhancing the catabolic events in the cartilage.
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A less likely scenario is that destructive processes in the 
bone release factors that directly affect the cartilage, because 
a diffusion barrier exists between the two tissues; however, 
small solutes may diffuse.85 Whether any altered mechani-
cal quality of the bone will affect how the car tilage reacts to 
stimuli is not known. An interesting observation, which sug-
gests that the mechanical properties of the structures below 
the articular cartilage may not be critical, can be derived 
from follow-up of patients treated for giant cell tumors. The 
treatment uses bone cement to fill the bone marrow space up 
to <1 mm from the bone–cartilage interface. Interestingly, 
even after some 10 years had passed, these patients showed 
no indications of articular cartilage alterations,86 despite the 
very different subchondral structure.

The molecular changes described in this article take 
place long before any alterations in joint space and cartilage 

thickness can be visualized by current technology. However, 
improved MRI technology might be able to demon strate 
the increased thickness of cartilage that occurs as a result 
of molecular alterations in the collagen network.

Review criteria

This Review is based on the expertise of the authors, and 
their private literature collections. Additional information 
was obtained by searching PubMed for articles published 
in the English language, using various combinations of 
search terms, including “osteoarthritis”, “bone”, and 
“cartilage”, and by examining the reference lists of the 
identified papers for further relevant articles. Articles were 
selected for inclusion in this Review following a critical 
discussion and according to their relevance to the topic.

1. Day, J. S. et al. Adaptation of subchondral bone in 
osteoarthritis. Biorheology 41, 359–368 (2004).

2. Hunter, D. J., Le Graverand, M. P. & Eckstein, F. 
Radiologic markers of osteoarthritis progression. 
Curr. Opin. Rheumatol. 21, 110–117 (2009).

3. Schneider, E. et al. Magnetic resonance imaging 
evaluation of weight‑bearing subchondral 
trabecular bone in the knee. Skeletal Radiol. 
doi:10.1007/s00256‑010‑0943‑z.

4. Kawcak, C. E., Frisbie, D. D., Werpy, N. M., 
Park, R. D. & McIlwraith, C. W. Effects of exercise 
vs experimental osteoarthritis on imaging 
outcomes. Osteoarthritis Cartilage 16,  
1519–1525 (2008).

5. Englund, M. et al. Meniscal pathology on MRI 
increases the risk for both incident and enlarging 
subchondral bone marrow lesions of the knee: 
the MOST Study. Ann. Rheum. Dis. 69,  
1796–1802 (2010).

6. Saxne, T., Lindell, M., Månsson, B., Petersson, I. F. 
& Heinegård, D. Inflammation is a feature of the 
disease process in early knee joint osteoarthritis. 
Rheumatology (Oxford) 42, 903–904 (2003).

7. Lotz, M. K. New developments in osteoarthritis. 
Posttraumatic osteoarthritis: pathogenesis and 
pharmacological treatment options. Arthritis Res. 
Ther. 12, 211 (2010).

8. Metsäranta, M. et al. Chondrodysplasia in 
transgenic mice harboring a 15‑amino acid 
deletion in the triple helical domain of proα1(II) 
collagen chain 895. J. Cell Biol. 118, 203–212 
(1992).

9. Jakkula, E. et al. The role of sequence variations 
within the genes encoding collagen II, IX and XI in 
non‑syndromic, early‑onset osteoarthritis. 
Osteoarthritis Cartilage 13, 497–507 (2005).

10. Kuivaniemi, H., Tromp, G. & Prockop, D. J. 
Mutations in fibrillar collagens (types I, II, III,  
and XI), fibril‑associated collagen (type IX), and 
network‑forming collagen (type X) cause a 
spectrum of diseases of bone, cartilage, and 
blood vessels. Hum. Mutat. 9, 300–315 (1997).

11. Dreier, R., Opolka, A., Grifka, J., Bruckner, P. & 
Grassel, S. Collagen IX‑deficiency seriously 
compromises growth cartilage development in 
mice. Matrix Biol. 27, 319–329 (2008).

12. Fässler, R. et al. Mice lacking α1(IX) collagen 
develop noninflammatory degenerative joint 
disease. Proc. Natl Acad. Sci. USA 91,  
5070–5074 (1994).

13. Kennedy, J. et al. Novel and recurrent mutations in 
the C‑terminal domain of COMP cluster in two 
distinct regions and result in a spectrum of 
phenotypes within the pseudoachondroplasia‑‑ 
multiple epiphyseal dysplasia disease group. 
Hum. Mutat. 25, 593–594 (2005).

14. Deere, M., Sanford, T., Francomano, C. A., 
Daniels, K. & Hecht, J. T. Identification of nine 
novel mutations in cartilage oligomeric matrix 
protein in patients with pseudoachondroplasia 
and multiple epiphyseal dysplasia. Am. J. Med. 
Genet. 85, 486–490 (1999).

15. Otten, C., Wagener, R., Paulsson, M.  
& Zaucke, F. Matrilin‑3 mutations that cause 
chondrodysplasias interfere with protein 
trafficking while a mutation associated with hand 
osteoarthritis does not. J. Med. Genet. 42,  
774–779 (2005).

16. Basser, P. J., Schneiderman, R., Bank, R. A., 
Wachtel, E. & Maroudas, A. Mechanical 
properties of the collagen network in human 
articular cartilage as measured by osmotic stress 
technique. Arch. Biochem. Biophys. 351, 207–219 
(1998).

17. Muir, H., Bullough, P. & Maroudas, A. The 
distribution of collagen in human articular 
cartilage with some of its physiological 
implications. J. Bone Joint Surg. [Br.] 52,  
554–563 (1970).

18. Bennell, K. L. et al. Bone marrow lesions are 
related to dynamic knee loading in medial knee 
osteoarthritis. Ann. Rheum. Dis. 69, 1151–1154 
(2010).

19. Kerin, A., Patwari, P., Kuettner, K., Cole, A. & 
Grodzinsky, A. Molecular basis of osteoarthritis: 
biomechanical aspects. Cell. Mol. Life Sci. 59, 
27–35 (2002).

20. Englund, M. et al. Meniscal tear in knees without 
surgery and the development of radiographic 
osteoarthritis among middle‑aged and elderly 
persons: The Multicenter Osteoarthritis Study. 
Arthritis Rheum. 60, 831–839 (2009).

21. Neuman, P. et al. Patellofemoral osteoarthritis 
15 years after anterior cruciate ligament 
injury‑—a prospective cohort study. Osteoarthritis 
Cartilage 17, 284–290 (2009).

22. Burr, D. B. & Radin, E. L. Microfractures and 
microcracks in subchondral bone: are they 
relevant to osteoarthrosis? Rheum. Dis. Clin. 
North Am. 29, 675–685 (2003).

23. Radin, E. L. et al. Mechanical determinants of 
osteoarthrosis. Semin. Arthritis Rheum. 21, 
12–21 (1991).

24. Inerot, S., Heinegård, D., Olsson, S. E., Telhag, H. 
& Audell, L. Proteoglycan alterations during 
developing experimental osteoarthritis in a novel 
hip joint model. J. Orthop. Res. 9, 658–673 
(1991).

25. Palmoski, M. J. & Brandt, K. D. Immobilization of 
the knee prevents osteoarthritis after anterior 
cruciate ligament transection. Arthritis Rheum. 
25, 1201–1208 (1982).

26. Segal, R. et al. The impact of hemiparalysis on the 
expression of osteoarthritis. Arthritis Rheum. 41, 
2249–2256 (1998).

27. Spector, T. D. et al. Low‑level increases in serum 
C‑reactive protein are present in early 
osteoarthritis of the knee and predict progressive 
disease. Arthritis Rheum. 40, 723–727 (1997).

28. Sellam, J. & Berenbaum, F. The role of synovitis in 
pathophysiology and clinical symptoms of 
osteoarthritis. Nat. Rev. Rheumatol. 6, 625–635 
(2010).

29. Saklatvala, J. Characterization of catabolin, the 
major product of pig synovial tissue that induces 
resorption of cartilage proteoglycan in vitro. 
Biochem. J. 199, 705–714 (1981).

30. Gruber, J. et al. Induction of interleukin‑1 in 
articular cartilage by explantation and cutting. 
Arthritis Rheum. 50, 2539–2546 (2004).

31. Saklatvala, J. Interleukin 1: purification and 
biochemical aspects of its action on cartilage. 
J. Rheumatol. 14, 52–54 (1987).

32. Pratta, M. A., Di Meo, T. M., Ruhl, D. M. & 
Arner, E. C. Effect of interleukin‑1‑β and tumor 
necrosis factor‑α on cartilage proteoglycan 
metabolism in vitro. Agents Actions 27, 250–253 
(1989).

33. Sjöberg, A., Önnerfjord, P., Mörgelin, M., 
Heinegård, D. & Blom, A. M. The extracellular 
matrix and inflammation: fibromodulin activates 
the classical pathway of complement by directly 
binding C1q. J. Biol. Chem. 280, 32301–32308 
(2005).

34. Sjöberg, A. P. et al. Short leucine‑rich 
glycoproteins of the extracellular matrix display 
diverse patterns of complement interaction and 
activation. Mol. Immunol. 46, 830–839 (2009).

35. Groeneveld, T. W. et al. Interactions of the 
extracellular matrix proteoglycans decorin and 
biglycan with C1q and collectins. J. Immunol. 175, 
4715–4723 (2005).

36. Krumdieck, R., Hook, M., Rosenberg, L. C. & 
Volanakis, J. E. The proteoglycan decorin binds 
C1q and inhibits the activity of the C1 complex. 
J. Immunol. 149, 3695–3701 (1992).

37. Happonen, K. E. et al. Regulation of complement 
by COMP allows for a novel molecular diagnostic 
principle in rheumatoid arthritis. Arthritis Rheum. 
doi:10.1002/art.27720.

38. Verrouil, E. & Mazieres, B. Etiologic factors in 
finger osteoarthritis. Rev. Rhum. Engl. Ed. 62,  
9S–13S (1995).

39. Janusz, M. J. et al. Induction of osteoarthritis in 
the rat by surgical tear of the meniscus: Inhibition 
of joint damage by a matrix metalloproteinase 
inhibitor. Osteoarthritis Cartilage 10, 785–791 
(2002).

 foCuS on oSTEoARTHRIT IS

nrrheum_198_JAN11.indd   55 6/12/10   16:52:55

© 2011 Macmillan Publishers Limited. All rights reserved



56 | JANUARY 2011 | volUme 7 www.nature.com/nrrheum

40. Libicher, M., Ivancic, M., Hoffmann, M. & Wenz, W. 
Early changes in experimental osteoarthritis 
using the Pond‑Nuki dog model: technical 
procedure and initial results of in vivo MR 
imaging. Eur. Radiol. 15, 390–394 (2005).

41. Lorenzo, P., Bayliss, M. T. & Heinegård, D. Altered 
patterns and synthesis of extracellular matrix 
macromolecules in early osteoarthritis. 
Matrix Biol. 23, 381–391 (2004).

42. Kshirsagar, A. A., Watson, P. J., Tyler, J. A. & 
Hall, L. D. Measurement of localized cartilage 
volume and thickness of human knee joints by 
computer analysis of three‑dimensional magnetic 
resonance images. Invest. Radiol. 33, 289–299 
(1998).

43. Glasson, S. S. et al. Deletion of active ADAMTS5 
prevents cartilage degradation in a murine model 
of osteoarthritis. Nature 434, 644–648 (2005).

44. Lark, M. W. et al. Aggrecan degradation in human 
cartilage. Evidence for both matrix 
metalloproteinase and aggrecanase activity in 
normal, osteoarthritic, and rheumatoid joints. 
J. Clin. Invest. 100, 93–106 (1997).

45. Lohmander, L. S., Neame, P. J. & Sandy, J. D.  
The structure of aggrecan fragments in human 
synovial fluid. Evidence that aggrecanase 
mediates cartilage degradation in inflammatory 
joint disease, joint injury, and osteoarthritis. 
Arthritis Rheum. 36, 1214–1222 (1993).

46. Pratta, M. A. et al. Development and 
characterization of a highly specific and sensitive 
sandwich ELISA for detection of aggrecanase‑
generated aggrecan fragments. Osteoarthritis 
Cartilage 14, 702–713 (2006).

47. Sandy, J. D. & Verscharen, C. Analysis of aggrecan 
in human knee cartilage and synovial fluid 
indicates that aggrecanase (ADAMTS) activity is 
responsible for the catabolic turnover and loss of 
whole aggrecan whereas other protease activity is 
required for C‑terminal processing in vivo. 
Biochem. J. 358, 615–626 (2001).

48. Lorenzo, P., Bayliss, M. T. & Heinegård, D. A novel 
cartilage protein (CILP) present in the mid‑zone of 
human articular cartilage increases with age. 
J. Biol. Chem. 273, 23463–23468 (1998).

49. Lorenzo, P. et al. Identification and 
characterization of asporin. A novel member of 
the leucine rich repeat protein family closely 
related to decorin and biglycan. J. Biol. Chem. 
276, 12201–12211 (2001).

50. Stanton, H. et al. ADAMTS5 is the major 
aggrecanase in mouse cartilage in vivo and 
in vitro. Nature 434, 648–652 (2005).

51. Glasson, S. S. et al. Characterization of and 
osteoarthritis susceptibility in ADAMTS‑4‑ 
knockout mice. Arthritis Rheum. 50, 2547–2558 
(2004).

52. Sandy, J. D., Thompson, V., Doege, K. & 
Verscharen, C. The intermediates of aggrecanase‑
dependent cleavage of aggrecan in rat 
chondrosarcoma cells treated with interleukin‑1. 
Biochem. J. 351, 161–166 (2000).

53. Bank, R. A., Soudry, M., Maroudas, A., Mizrahi, J. 
& Tekoppele, J. M. The increased swelling and 
instantaneous deformation of osteoarthritic 
cartilage is highly correlated with collagen 
degradation. Arthritis Rheum. 43, 2202–2210 
(2000).

54. Arokoski, J., Kiviranta, I., Jurvelin, J., Tammi, M. & 
Helminen, H. J. Long‑distance running causes 
site‑dependent decrease of cartilage 
glycosaminoglycan content in the knee joints of 
beagle dogs. Arthritis Rheum. 36, 1451–1459 
(1993).

55. Fang, C. et al. Tissue distribution and 
measurement of cartilage oligomeric matrix 
protein in patients with magnetic resonance 
imaging‑detected bone bruises after acute 

anterior cruciate ligament tears. J. Orthop. Res. 
19, 634–641 (2001).

56. Arokoski, J. P. et al. Decreased birefringence of the 
superficial zone collagen network in the canine 
knee (stifle) articular cartilage after long distance 
running training, detected by quantitative 
polarised light microscopy. Ann. Rheum. Dis. 55, 
253–264 (1996).

57. Hardingham, T. & Bayliss, M. Proteoglycans of 
articular cartilage: changes in aging and in joint 
disease. Semin. Arthritis Rheum. 20, 12–33 
(1990).

58. Maroudas, A., Bayliss, M. T., Uchitel‑
Kaushansky, N., Schneiderman, R. & Gilav, E. 
Aggrecan turnover in human articular cartilage: 
use of aspartic acid racemization as a marker of 
molecular age. Arch. Biochem. Biophys. 350, 
61–71 (1998).

59. Saxne, T. & Heinegård, D. Synovial fluid analysis 
of two groups of proteoglycan epitopes 
distinguishes early and late cartilage lesions. 
Arthritis Rheum. 35, 385–390 (1992).

60. Heathfield, T. F., Önnerfjord, P., Dahlberg, L. & 
Heinegård, D. Cleavage of fibromodulin in 
cartilage explants involves removal of the 
N‑terminal tyrosine sulfate‑rich region by 
proteolysis at a site that is sensitive to matrix 
metalloproteinase‑13. J. Biol. Chem. 279,  
6286–6295 (2004).

61. Cs‑Szabo, G., Roughley, P. J., Plaas, A. H. & 
Glant, T. T. Large and small proteoglycans of 
osteoarthritic and rheumatoid articular cartilage. 
Arthritis Rheum. 38, 660–668 (1995).

62. Melrose, J. et al. Fragmentation of decorin, 
biglycan, lumican and keratocan is elevated in 
degenerate human meniscus, knee and hip 
articular cartilages compared with age‑matched 
macroscopically normal and control tissues. 
Arthritis Res. Ther. 10, R79 (2008).

63. Dickinson, S. C. et al. Cleavage of cartilage 
oligomeric matrix protein (thrombospondin‑5) by 
matrix metalloproteinases and a disintegrin and 
metalloproteinase with thrombospondin motifs. 
Matrix Biol. 22, 267–278 (2003).

64. Arai, K. et al. Analysis of cartilage oligomeric 
matrix protein (COMP) degradation and synthesis 
in equine joint disease. Equine Vet. J. 37, 31–36 
(2005).

65. Kojima, T. et al. Early degradation of type IX and 
type II collagen with the onset of experimental 
inflammatory arthritis. Arthritis Rheum. 44,  
120–127 (2001).

66. Danfelter, M., Önnerfjord, P. & Heinegård, D. 
Fragmentation of proteins in cartilage treated with 
interleukin‑1: specific cleavage of type IX collagen 
by matrix metalloproteinase 13 releases the NC4 
domain. J. Biol. Chem. 282, 36933–36941 
(2007).

67. Budde, B. et al. Altered integration of matrilin‑3 
into cartilage extracellular matrix in the absence 
of collagen IX. Mol. Cell. Biol. 25, 10465–10478 
(2005).

68. Tillgren, V., Önnerfjord, P., Haglund, L. & 
Heinegård, D. The tyrosine sulfate‑rich domains of 
the LRR proteins fibromodulin and osteoadherin 
bind motifs of basic clusters in a variety of 
heparin‑binding proteins, including bioactive 
factors. J. Biol. Chem. 284, 28543–28553 
(2009).

69. Vaughan, L. et al. D‑periodic distribution of 
collagen type IX along cartilage fibrils. J. Cell Biol. 
106, 991–997 (1988).

70. Eyre, D. R., Pietka, T., Weis, M. A. & Wu, J. J. 
Covalent cross‑linking of the NC1 domain of 
collagen type IX to collagen type II in cartilage. 
J. Biol. Chem. 279, 2568–2574 (2004).

71. Little, C. B. et al. Matrix metalloproteinase 
13‑deficient mice are resistant to osteoarthritic 

cartilage erosion but not chondrocyte hypertrophy 
or osteophyte development. Arthritis Rheum. 60, 
3723–3733 (2009).

72. Goldberg, R. et al. Time dependent release of 
matrix components from bovine cartilage after 
IL‑1 treatment and the relative inhibition by matrix 
metalloproteinase inhibitors. Trans. Orthop. Res. 
Soc. USA 20, 125 (1995).

73. Halasz, K., Kassner, A., Mörgelin, M. & 
Heinegård, D. COMP acts as a catalyst in collagen 
fibrillogenesis. J. Biol. Chem. 282, 31166–31173 
(2007).

74. Thur, J. et al. Mutations in cartilage oligomeric 
matrix protein causing pseudoachondroplasia 
and multiple epiphyseal dysplasia affect binding 
of calcium and collagen I, II, and IX. J. Biol. Chem. 
276, 6083–6092 (2001).

75. Shen, Z., Heinegård, D. & Sommarin, Y. 
Distribution and expression of cartilage 
oligomeric matrix protein and bone sialoprotein 
show marked changes during rat femoral head 
development. Matrix Biol. 14, 773–781 (1995).

76. Heinegård, D. Proteoglycans and more—from 
molecules to biology. Int. J. Exp. Pathol. 90,  
575–586 (2009).

77. Burstein, D., Gray, M., Mosher, T. & Dardzinski, B. 
Measures of molecular composition and 
structure in osteoarthritis. Radiol. Clin. North Am. 
47, 675–686 (2009).

78. Gray, M. L. Toward imaging biomarkers for 
glycosaminoglycans. J. Bone Joint Surg. Am. 91, 
44–49 (2009).

79. Owman, H., Tiderius, C. J., Neuman, P., Nyquist, F. 
& Dahlberg, L. E. Association between findings on 
delayed gadolinium‑enhanced magnetic 
resonance imaging of cartilage and future knee 
osteoarthritis. Arthritis Rheum. 58, 1727–1730 
(2008).

80. Welsch, G. H. et al. In vivo biochemical 7.0 Tesla 
magnetic resonance: preliminary results of 
dGEMRIC, zonal T2, and T2* mapping of articular 
cartilage. Invest. Radiol. 43, 619–626 (2008).

81. Di Cesare, P. E. et al. Increased degradation and 
altered tissue distribution of cartilage oligomeric 
matrix protein in human rheumatoid and 
osteoarthritic cartilage. J. Orthop. Res. 14,  
946–955 (1996).

82. Poole, A. R. et al. Contents and distributions of 
the proteoglycans decorin and biglycan in normal 
and osteoarthritic human articular cartilage. 
J. Orthop. Res. 14, 681–689 (1996).

83. Rolauffs, B. et al. Vulnerability of the superficial 
zone of immature articular cartilage to 
compressive injury. Arthritis Rheum. 62,  
3016–3027 (2010).

84. Mizrahi, J., Maroudas, A., Lanir, Y., Ziv, I. & 
Webber, T. J. The “instantaneous” deformation of 
cartilage: effects of collagen fiber orientation and 
osmotic stress. Biorheology 23, 311–330 (1986).

85. Arkill, K. P. & Winlove, C. P. Solute transport in the 
deep and calcified zones of articular cartilage. 
Osteoarthritis Cartilage 16, 708–714 (2008).

86. von Steyern, F. V. et al. Giant‑cell tumour of the 
knee: the condition of the cartilage after 
treatment by curettage and cementing. J. Bone 
Joint Surg. Br. 89, 361–365 (2007).

Acknowledgments
The authors gratefully acknowledge grant support from 
the National Institute of Arthritis and Musculoskeletal 
and Skin Disorders (NIAMS), the National Institutes of 
Health of the USA (NIH) and the Swedish Research 
Council. The immunostained images of COMP 
distribution were prepared by Karen King.

Author contributions
D. Heinegård and T. Saxne contributed equally to all 
aspects of the preparation of this manuscript.

REVIEWS

nrrheum_198_JAN11.indd   56 6/12/10   16:52:55

© 2011 Macmillan Publishers Limited. All rights reserved


	The role of the cartilage matrix in osteoarthritis
	Dick Heinegård and Tore Saxne
	Introduction
	Factors that promote OA 
	Figure 1 | Properties of normal and osteoarthritic joints. a | A healthy joint with normal articular cartilage. The articular cartilage is organized into pericellular, territorial and interterritorial matrices, each of which is present at specific distance from the chondrocytes. On immunohistochemistry (see inset images), the territorial and pericellular matrices (dashed arrow) show essentially no staining for COMP, whereas the interterritorial matrix stains positive for this cartilage extracellular matrix molecule (solid arrow). b | An osteoarthritic joint, which shows partial loss of cartilage and alterations in the underlying bone. The cartilage compartments are altered even at early stages of disease, and demonstrate cloning and multiplication of cells. However, the immunohistochemistry findings show that cloning is not yet prominent. Loss of COMP staining is evident in the interterritorial matrix (solid arrow) at the same time as the new synthesis of the molecule results in deposition primarily in the pericellular matrix of the cartilage (dashed arrow). Abbreviation: COMP, cartilage oligomeric matrix protein. 
	Key points
	Early molecular events in cartilage
	Figure 2 | The molecular organization of normal articular cartilage. The cartilage matrix surrounding chondrocytes in healthy articular cartilage is arranged into zones defined by their distance from the cell. The pericellular matrix lies immediately around the cell and is the zone where molecules that interact with cell surface receptors are located; for example, hyaluronan binds the receptor CD44. Next to the pericellular matrix, slightly further from the cell, lies the territorial matrix. At largest distance from the cell is the interterritorial matrix. The types of collagens and the collagen-binding proteins that form the matrices are different in each zone. Abbreviations: CILP‑1, cartilage intermediate layer protein 1; COMP, cartilage oligomeric matrix protein; CS, chondroitin sulfate; KS, keratan sulfate; PRELP, proline-arginine-rich end leucine-rich repeat protein.
	Imaging 
	Conclusions
	Review criteria
	Acknowledgments
	Author contributions



