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Objective: To characterise the expression of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) during degeneration of articular cartilage in a transgenic Del1 mouse model
for osteoarthritis.
Methods: Northern analysis was used to measure mRNA levels of MMP-2, -3, -8, -9, -13, and -14, and
TIMP-1, -2, and -3 in total RNA extracted from knee joints of transgenic Del1 mice, harbouring a 15
amino acid deletion in the triple helical domain of the α1(II) collagen chain, using their non-transgenic
littermates as controls. Immunohistochemistry was used to study the presence of cleavage products
(neoepitopes) of type II collagen, and the distribution of MMP-13 and TIMP-1 in degenerating cartilage.
Results: Each of the MMP and TIMP mRNAs analysed exhibited distinct expression patterns during
development and osteoarthritic degeneration of the knee joint. The most striking change was up regu-
lation of MMP-13 mRNA expression in the knee joints of Del1 mice at the onset of cartilage degenera-
tion. However, the strongest immunostaining for MMP-13 and its inhibitor TIMP-1 was not seen in the
degenerating articular cartilage but in synovial tissue, deep calcified cartilage, and subchondral bone.
The localisation of type II collagen neoepitopes in chondrocytes and their pericellular matrix followed
a similar pattern; they were not seen in cartilage fibrillations, but in adjacent unaffected cartilage.
Conclusion: The primary localisation of MMP-13 and TIMP-1 in hyperplastic synovial tissue, subchon-
dral bone, and calcified cartilage suggests that up regulation of MMP-13 expression during early
degeneration of articular cartilage is a secondary response to cartilage erosion. This interpretation is
supported by the distribution of type II collagen neoepitopes. Synovial production of MMP-13 may be
related to removal of tissue debris released from articular cartilage. In the deep calcified cartilage and
adjacent subchondral bone, MMP-13 probably participates in tissue remodelling.

Non-reversible damage of articular cartilage is a key fea-
ture in the pathogenesis of degenerative joint disease
or osteoarthritis (OA). Despite intensive research, the

pathogenetic mechanisms which result in gradual degenera-
tion of articular cartilage, especially in weightbearing areas of
joints, remain poorly understood.1 2 For example, little is
known of the respective roles of physical trauma and
enzymatic degradation of articular cartilage in the develop-
ment of OA lesions. Arguments favouring the role of physical
destruction of articular cartilage stem from the observation
that acute trauma and experimental surgical defects cause
damage that rarely undergoes complete healing, but results in
progressive OA degeneration.3 4 If the defect extends into
subchondral bone, better results can be expected through the
activity of chondrogenic progenitors derived from bone
marrow. Even under these circumstances the repair tissue is
largely fibrocartilaginous in nature and has inferior structural
properties.3–5 In adulthood, synthesis of collagen, especially of
type II collagen by articular chondrocytes, is markedly
reduced, which probably results in gradual weakening of the
tissue.6 7 We have recently shown that adult articular
chondrocytes can reactivate collagen production, but only to a
limited amount, which is not sufficient to repair severe carti-
lage defects.8

There are also arguments favouring the role of proteolytic
enzymes, especially those capable of degrading the collagen
network, in the development of osteoarthritic cartilage
damage. In many cases cartilage fibrillation is associated with

superficial loss of proteoglycans, resulting in slowly progress-

ing erosion of articular cartilage and exposure of the

underlying subchondral bone.1 2 Destruction of the collagen

network due to an altered balance of proteolytic enzymes,

especially matrix metalloproteinases (MMPs), and their natu-

ral inhibitors, tissue inhibitors of metalloproteinases

(TIMPs),9 10 may explain this type of progression. The MMP

family currently consists of more than 20 zinc dependent,

neutral endopeptidases.4 9 Evidence for degradation of carti-

lage collagen fibrils by interstitial collagenases comes from

immunodetection of neoepitopes in OA cartilage created in

type II collagen at two specific cleavage sites.11 12 Analogously,

increased activities of interstitial collagenases MMP-1 and

MMP-13 have been reported in human osteoarthritic cartilage

and in experimental animal models for OA.13 14 Increased

MMP-13 expression is not specific to the OA joints, as similar

changes have been seen also in rheumatoid arthritis,15–17 and in

healing traumas of articular cartilage.18 Synovial expression of

MMP-13 makes it a potentially important enzyme in the

pathogenesis of both arthritides.15 Additionally, it has also

been suggested that two gelatinases, MMP-2 and MMP-9, and
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a membrane bound collagenase, MMP-14, play a part in

matrix degradation.17 19 20

The metabolism of MMPs is tightly regulated, intracellu-

larly at the level of transcription, translation, and secretion,

and extracellularly by zymogen activation and inhibition by

TIMPs,10 21 a family of four structurally related

polypeptides.9 10 Synthesis of TIMP-1 and TIMP-2 has been

detected in normal articular cartilage, whereas synovial

TIMP-1 production has only been reported in OA joints.22–24

We have recently described a Del1 mouse model for OA, in

which a deletion mutation in the type II collagen transgene

results in a structurally inferior collagen network and predis-

poses the animals to early onset OA of the knee joints.7 25

Articular cartilage erosion is started by superficial fibrillation

at the age of 3 months. Simultaneously with the onset of car-

tilage erosion, increased synthesis of cartilage oligomeric

matrix protein, and its secretion into serum is seen.26

Histologically the disease progresses to severe erosion of

articular cartilage at central condylar areas, reaching the tide-

mark by 6 months and subchondral bone by 9 to 15 months of

age. The entire joint is affected in the degenerative process that

includes subchondral bone remodelling, mineralisation of

ligaments and tendon, and severe degeneration of menisci.7

Although inferior physical properties of cartilage form the

most likely background to the OA seen in Del1 mice, the dis-

ease process thus also involves extensive tissue remodelling,

suggesting involvement of MMPs and TIMPs. We therefore

decided to characterise the production of MMPs and TIMPs

and of type II collagen derived neoepitopes in the affected

knee joints of transgenic Del1 mice using their non-transgenic

littermates as controls.

MATERIALS AND METHODS
Experimental animals
This study was conducted on 120 transgenic Del1 male mice,

with 120 of their non-transgenic littermates as controls. Mice

heterozygous for the Del1 locus, carrying six copies of an

engineered 39 kb Col2a1 transgene containing a deletion of

exon 7 and intron 7,25 were mated with non-transgenic

animals sharing the same C57bl × DBA background. The

litters were genotyped by polymerase chain reaction amplifi-

cation of tail genomic DNA using two oligonucleotide primers

flanking the deletion. The animals were killed at birth and at

ages 5, 10, 20, and 35 days, and 2, 3, 4, 6, and 9 months, and

their knee joints prepared for RNA analyses (six transgenic

mice and six controls each time), and for histological and

immunohistological analyses.7 Representative sections from a

minimum of three animals at each time point and for each

genotype were used for every immunoassay. The study proto-

col was approved by the institutional committee for animal

welfare.

Hybridisation probes
cDNA clones for mouse MMP-13 and MMP-14 mRNAs were

constructed using the reverse transcription-polymerase chain

reaction (RT-PCR) method and total RNA from mouse

cartilage and liver as templates. Random hexamers and

oligo(dT) were used to prime reverse transcription of 1 µg of

total RNA by Maloney murine leukaemia virus reverse tran-

scriptase under conditions suggested by the supplier (Gibco

BRL, Gaithersburg, MD, USA). Aliquots of cDNA were used

for amplification by the PCR (AmpliTaq, Perkin Elmer,

Branchburg, NJ, USA) using oligonucleotide primers based

on existing mouse MMP-13 and MMP-14 sequences27 28

defining fragments of 1424 bp and 584 bp, respectively. The

reactions were cycled through denaturation at 94°C for one

minute, annealing at 54°C for two minutes, and extension at

72°C for two minutes. After 30 amplification cycles, aliquots

of the reactions were fractionated on 1.0% agarose gels, the

specific fragments purified and cloned by ligation into the

pGEM-T vector (Promega, Madison, WI, USA). The cloned

fragments were sequenced using ABI PRISM 377 DNA

sequencer. The cDNA clones obtained for mouse MMP-13 and

MMP-14 were named pMMMP-13-1 and pMMMP-14-1,

respectively.

Northern hybridisation
Total RNA was isolated from knee joints of Del1 and control

mice at 10 different ages, as described above. As it was

impossible to obtain enough RNA from isolated articular car-

tilage, whole knee joints containing tibial and femoral

epiphyses (dissected at the level of growth plates), the

menisci, patella, and ligaments, were used for isolation of

total RNA. After dissection the samples were frozen immedi-

ately in liquid nitrogen, pulverised, and extracted using the

guanidinium isothiocyanate method.29 Aliquots (10 µg) of

total RNA were denatured with glyoxal and dimethylsul-

phoxide, electrophoresed on 0.75 % agarose gels, transferred

by blotting onto Pall Biodyne membranes, and hybridised

with 32P labelled probes for MMP-2, -3, -8, -9, -13, and -14

mRNAs, using clone pK-191,30 clone 63083,31 a subclone of

clone I139A1,32 M92 KD-1,33 pMMMP-13-1 (above), and

pMMMP-14-1 (above), respectively. For TIMP-1, -2, and -3

mRNAs, plasmids pMTIMP-1-1, pMTIMP-2-1, and pMTIMP-

3-1 were used, respectively.34 After high stringency washes,

the bound radioactivity was detected and quantified on a Fuji

Bas 5000 phosphoimager (Fuji, Tokyo, Japan) and Tina 2.0

software package (Raytest Isotopen Messgeräte QmbH,

Straubenhardt, Germany). Statistical differences in the

mRNA levels between genotypes were tested by Student’s t
test at each time.

Antibodies
Two polyclonal antibodies MV-1 and MV-2 were used to local-

ise type II collagen neoepitopes in articular cartilage.12 These

antibodies were raised against synthetic peptides LAGQR-

GIVGC and QRGIVGLPGC, which correspond to the eight

N-terminal amino acids of the one quarter fragment of type II

collagen after MMP-1 and MMP-13 cleavage, respectively,

with an extra G as a spacer and C for coupling the peptides to

carrier. The specificity of these antibodies has been tested ear-

lier in human tissue.12 The distribution of MMP-13 was stud-

ied with a polyclonal antibody specific to a synthetic peptide of

26 amino acid of human MMP-13 (BIOTREND Chemikalien,

Köln). Distribution of TIMP-1 was studied with a rabbit

polyclonal antibody against human TIMP-1 (BIOTREND

Chemikalien, Köln).

Immunohistochemistry
Dissected limbs were fixed in 4% paraformaldehyde, deminer-

alised in 10% EDTA for 5–20 days, dehydrated, embedded in

paraffin, and sectioned sagitally. Histological sections of the

knee joints were either stained with haematoxylin and eosin,

or processed for immunohistochemistry. Histological evalua-

tion of the knee joints showed progressive erosion and degra-

dation of articular cartilage, which were graded into five cat-

egories as described earlier.7 35 For immunohistochemistry, 5

µm sagittal sections from central regions of condyles were

deparaffinised, rehydrated in a series of descending ethanol

concentrations, and digested for one hour with testicular

hyaluronidase (2 mg/ml) (Sigma, St Louis, MO) in phosphate

buffered saline (PBS) (pH 5). Immunohistochemistry for

TIMP-1, MV-1, and MV-2 was performed using the avidin-

biotin complex method (Histostain-Plus kit, Zymed, South

San Fransisco, CA). Appropriate dilutions (1:50 and 1:100) of

specific antisera were applied in PBS containing 1% bovine

serum albumin, and the sections incubated overnight at 4°C.

After rinses with PBS, a biotin conjugated secondary antibody

was applied and incubated for 10 minutes at room tempera-

ture. The slides were washed twice with PBS, and then
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incubated with streptavidin conjugated horseradish peroxi-

dase for 10 minutes. Colour was developed with diaminoben-

zidine, and the sections counterstained with haematoxylin.

For control staining, preimmune serum was used instead of

the primary antibody.
Immunohistochemistry for MMP-13 was performed using

biotin-labelled antisheep secondary antibody and alkaline
phosphatase conjugated streptavidin (Links and Label kit
from BioGenex, San Ramon, CA), both for 20 minutes at room
temperature. Thereafter the sections were incubated for 10
minutes in colour reaction solution containing 0.2 mg/ml
naphthol AS-MX, 1 mM levamisole (Sigma), and 0.1 M
Tris-HCl (pH.8.2). Immediately before use Fast Red TR
(Sigma) was added to a final concentration of 1 mg/ml. For
control staining no secondary antibody was used. Finally, the
sections were counterstained with haematoxylin.

RESULTS
Expression of MMP and TIMP mRNAs in the knee joints
of Del1 and control mice
Expression patterns of mRNAs for MMP-2, -3, -8, -9, -13, and

-14 in the knee joints of transgenic Del1 mice and controls

were studied by Northern analysis between birth and the age

of 9 months (fig 1). The highest levels of MMP-2 mRNA were

seen during the period of rapid epiphysial growth, between

the ages of 20 days and 3 months (fig 1A). In the older

animals, the mRNA levels were below the detection limit. The

levels of MMP-3 mRNA peaked at the age of 20 days and

thereafter gradually declined (fig 1B). The mRNA expression

of MMP-8 was low until one month of age, whereafter it

steadily increased with aging (fig 1C). More variation was

seen in the mRNA levels for MMP-9 at different ages (fig 1D).

After an initial peak at the age of 20 days, the levels declined,

Figure 1 Compiled results of Northern analyses of knee joints for MMP-2 (A), MMP-3 (B), MMP-8 (C), MMP-9 (D), MMP-13 (E), MMP-14 (F),
TIMP-1 (G), TIMP-2 (H), and TIMP-3 (I) mRNA levels. Total RNAs isolated from knee joints of transgenic Del1 mice and non-transgenic controls
at different ages shown below the columns (NB, newborn; d, day; m, month) were analysed by Northern hybridisation. After hybridisation with
cDNA probes which detected specific mRNAs of various MMPs and TIMP-1, -2, and -3, the hybridisation intensities were quantified by
phosphor imaging and normalised per amount of 28S rRNA determined by hybridisation. The results are shown as relative units. Open
columns denote control samples (n=6 at each time/age group), and black columns Del1 samples (n=6 at each time/age group). Statistical
significance of the difference in mRNA levels between the control and Del1 mice is shown above the columns (Student’s t test; *p<0.05;
**p<0.01).
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but increased again in skeletally mature animals both in Del1

and control mice. During advanced knee joint degeneration at

the age of 9 months, MMP-9 mRNA levels of Del1 mice were

significantly higher than those of controls (p<0.05). At this

age, cartilage erosion in Del1 mice had advanced to subchon-

dral bone with signs of bone remodelling.
The expression pattern of MMP-13 mRNA (fig 1E) most

clearly related to the development of cartilage degeneration,
which starts at 3-4 months. A significant increase in MMP-13
mRNA levels was seen between transgenic Del1 and control
mice at the onset of articular cartilage degeneration at the age
of 3 months (p<0.01). The mRNA levels for MMP-14
remained relatively stable throughout growth and aging both
in Del1 mice and in their littermates, although at the age of 5
days, a statistically significant difference was seen between
the groups (fig 1F).

Each of the three TIMP mRNAs also exhibited individual
expression patterns in the knee joints. The highest levels of
TIMP-1 mRNA were seen between 10 days and 4 months of
age—for example, during endochondral ossification and
growth of the epiphysial heads. During this period, TIMP-1
mRNA levels in Del1 mice were significantly lower than in
control mice (fig 1G). TIMP-2 mRNA levels increased
throughout the growth period. In the controls, the maximal
level was reached at the age of 3 months, and in Del1 mice at
the age of 4 months (fig 1H). TIMP-3 mRNA levels were rela-
tively stable at all times, except for an increase at the age of 10
days, with significantly lower values in Del1 mice (fig 1I).
Overall, the mRNA levels for the three TIMPs were lower in the
knee joints of Del1 mice than in those of control mice.

Immunolocalisation of type II collagen neoepitopes,
MMP-13 and TIMP-1 in degenerating articular cartilage
In control mice, intracellular and pericellular immunostaining

for type II collagen neoepitopes was predominantly seen in

chondrocytes in the superficial and middle zones of uncalci-

fied cartilage (fig 2A). MMP-13 and TIMP-1 were localised in

the same regions (figs 2C and 2E, respectively). In Del1 mice,

the first superficial fibrillations were seen at the age of 3

months. In some specimens, uncalcified cartilage was

detached from calcified cartilage in central areas of the

condyles (fig 2B). In such areas, no neoepitopes were seen in

the uncalcified cartilage (fig 2B). As the distribution patterns

seen with MV-1 and MV-2 neoepitope antibodies were essen-

tially identical, only the former is shown. Strong staining for

MMP-13 was seen in deep calcified cartilage, and in the adja-

cent subchondral bone (fig 2D). TIMP-1 immunostaining was

seen in subchondral bone matrix (fig 2F) in the same areas

where MMP-13 was present.
By the age of 9 months, severe degeneration of articular

cartilage was seen in all Del1 mice. The progression of degen-
eration was slower in control mice, and corresponded
approximately to the level seen in Del1 mice at the age of 3
months. At 9 months, only a weak staining for neoepitopes
and MMP-13 was seen in chondrocytes of Del1 mice located in
severely eroded cartilage. In areas more distal to the erosions,
neoepitopes were detected both intracellularly and pericellu-
larly in uncalcified articular cartilage (data not shown). More
intense staining was seen in deep calcified cartilage and adja-
cent subchondral bone (data not shown).

Hyperplasia of synovial membrane and
immunostaining with MMP-13 and TIMP-1 antibodies
Synovial proliferation at the anterior margin of lateral tibia

and femur was evaluated by counting the number of cell lay-

ers in 4 month old mice. In control mice, the synovial

membrane was one to two cell layers thick (figs 3A and C),

whereas in Del1 mice it contained three to four layers (figs 3B

and D). In addition to increased thickness, the synovial mem-

brane of Del1 mice exhibited stronger staining for MMP-13

(fig 3B) and TIMP-1 (fig 3D). This difference persisted at the

age of 9 months (not shown).

Figure 2 Immunolocalisation of type II collagen neoepitopes
(A, B), MMP-13 (C, D), and TIMP-1 (E, F) during early stages of
cartilage degeneration. Tissue sections from 3 month old Del1
(B, D, F) and control (A, C, E) mice. In control mice, type II
collagen neoepitopes (A, arrows) and MMP-13 (C, arrows) were
detected intracellularly and pericellularly in the uncalcified
cartilage. In Del1 mice, MMP-13 was mainly localised in deep
calcified cartilage and in subchondral bone (D, arrows). Also,
TIMP-1 immunostaining was seen in the matrix of subchondral
bone in Del1 mice (F). The distribution of TIMP-1 in control mice
(E, arrows) resembled that of the type II collagen neoepitopes and
MMP-13. Paraffin sections; avidin-biotin complex with horseradish
peroxidase label and DAP detection (A, B, E, F) or alkaline
phosphatase label and Fast Red detection (C, D), counterstaining
with haematoxylin. Staining controls using normal rabbit serum
(G) and without secondary antibody (H). The bar in panel
A=25 µm.
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DISCUSSION
Several of the MMPs analysed in this study have been impli-

cated directly or indirectly in the degradation of fibrillar colla-

gens. All three collagenases, MMP-1, MMP-8, and MMP-13,

have been shown to cleave type II collagen into specific 1/4 and

3/4 fragments, resulting in the formation of characteristic

neoepitopes that can be detected by specific antibodies.11 12

Although the existence of a true murine orthologue of the

MMP-1 gene remains questionable,36 the initial cleavage of

collagen fibrils and generation of neoepitopes in mouse carti-

lage can definitely be achieved by the other interstitial

collagenases, MMP-8 and MMP-13, and possibly by MMP-14.

Although it has been shown that MMP-8, a neutrophil colla-

genase, is also produced by chondrocytes,37 38 most data on

human OA point to the presence of increased MMP-13 levels

as important in development of the disease.39–41 MMP-13 also

has higher catalytic activity towards type II collagen than

towards other fibrillar collagens, whereas MMP-8 preferen-

tially cleaves type I collagen.42 43

In the present model, MMP-13 was the only MMP showing

a significant OA related change in its mRNA expression

pattern between Del1 and control mice. Despite the temporal

association of increased MMP-13 expression and onset of OA

degeneration in the knee joints of Del1 mice, several lines of

evidence suggest that MMP-13 does not participate directly in

the initiation of cartilage degeneration. Thus, no immuno-

staining for MMP-13 was seen at sites of superficial

fibrillation. Neither were type II collagen derived neoepitopes

concentrated in these areas. Overall, the faint staining inten-

sity for type II collagen neoepitopes in articular cartilage is in

accordance with the very slow turnover rate of type II collagen

in adult cartilage.44 The increased staining for MMP-13 in Del1

knee joints was localised in the hyperplastic synovial

membrane, in subchondral bone, and in deep layers of articu-

lar cartilage. We interpret the up regulation of MMP-13

expression in synovial tissue as representing a secondary

inflammatory response to degradation products released from

articular cartilage into the joint cavity. Substantial up regula-

tion of MMP-13 mRNA and activation of the enzyme has been

seen in synovial tissue in response to inflammatory

mediators.45 Thickening of the synovial membrane with asso-

ciated expression of MMP-13 by synovial fibroblasts has also

been found in human OA.15 46 The finding that subchondral

bone and deep layers of articular cartilage are other important

sources of MMP-13 during cartilage degeneration is interest-

ing as this may explain the subchondral bone remodelling

often seen both in human OA47 48 as well as in the present

model.7

Considering that the primary defect in transgenic Del1 mice

is a type II collagen mutation, it is not surprising that no evi-

dence for MMP mediated degradation was found in the early

cartilage fibrillations in Del1 mice. Cartilage degeneration in

these mice is obviously related to reduced structural integrity

of hyaline cartilage, which must make the articular cartilage

less resistant to physical trauma. The mechanism whereby

structural weakening of articular cartilage activates MMP-13

production and initiates matrix degradation at the cartilage-

bone interphase, remains unknown.

The intracellular and pericellular localisation of both the

neoepitopes and MMP-13 in uncalcified cartilage of Del1 and

control mice was surprising. We believe that the lack of

immunostaining in cartilage matrix reflects the very slow

turnover rate of type II collagen in this tissue.44 In Del1 mice

the cell associated immunostaining for MMP-13 and type II

collagen neoepitopes probably reflects rapid processing of the

mutant collagen produced. Similar distribution of epitopes in

control mice suggested that this largely represents normal

post-translational quality control.

Although several different expression patterns were found

for the other MMP mRNAs studie, none of them showed

changes that could be related to articular cartilage degenera-

tion. The mRNA levels of MMP-8 steadily increased upon

aging but were not dependent on OA. The expression of

MMP-2 and MMP-3 mRNAs peaked during the period of

endochondral growth, whereas MMP-9 mRNA levels in-

creased as the joint degenerated. At the age of 9 months,

MMP-9 mRNA levels were significantly higher in Del1 mice

than in controls. By this time, cartilage erosions in Del1 mice

had advanced to subchondral bone, and the increase in

MMP-9 production was probably a sign of bone remodelling.

In the present model, the enzyme was predominantly located

on endosteal bone surfaces, and was rarely seen in articular

chondrocytes (data not shown). In human OA, however,

increased MMP-9 mRNA levels have been seen in articular

cartilage chondrocytes.49 50 The mRNA levels for MMP-14

remained relatively stable through growth and aging, with no

significant OA related changes between Del1 mice and their

littermates. The expression profiles of MMP mRNAs thus sug-

gest that these enzymes do not play a major part in the initial

pathogenesis of cartilage degeneration of Del1 mice. Conflict-

ing findings on MMP levels have also been made in human OA

and in experimental animal models for OA.39 49 51

We earlier reported the differential expression patterns of

TIMP mRNAs during normal growth and aging of the

skeleton.34 In this study, TIMP-1 mRNA levels were consist-

ently lower in the knee joints of Del1 mice than in those of

controls. Immunohistochemistry confirmed that the inhibitor

was mainly derived from synovial tissue. On the contrary,

increased levels of TIMP-1 mRNA have been found in human

OA.52 In this study, the mRNA levels for TIMP-2 and TIMP-3

were generally lower in Del1 mice than in their non-transgenic

littermates. It has been suggested that an imbalance between

MMP-13 and its inhibitors TIMP-1 and TIMP-2 contributes to

progression of knee joint degeneration in human OA

joints.15 22 52 Although correction of the imbalance between

MMPs and TIMPs is an attractive new concept to treat human

OA, the results obtained in the present study suggest that Del1

mice are of limited value for “proof of concept” testing of such

treatments, as MMPs do not appear to have a central role in

the initiation of articular cartilage degeneration in this model.

However, they may have potential importance in the progres-

sion of the defects.

Figure 3 Appearance of the synovial membrane in control (A, C)
and Del1 mice (B, D) at the age of 4 months. In Del1 mice, the
synovial membrane of the knee joint was thickened and the
immunostaining for MMP-13 (B, arrows) and TIMP-1 was increased
(D, arrows) compared with the control knee joint (A, C, respectively).
Paraffin sections; avidin-biotin complex with horseradish peroxidase
label and DAP detection (C, D) or alkaline phosphatase label and
Fast Red detection (A, B), counterstaining with haematoxylin. The bar
in panel A=50 µm.

Matrix metalloproteinases in osteoarthritis 595

www.annrheumdis.com

http://ard.bmj.com


ACKNOWLEDGEMENTS
The expert technical help of Merja Lakkisto and Tuula Oivanen is
gratefully acknowledged. This study was supported by the Academy of
Finland (project no 52940). We thank Carlos Lopez-Otin for kindly
providing us with the plasmid for mouse MMP-8. Heli Salminen has
been a recipient of a training grant from the Turku Graduate School of
Biomedical Sciences.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
H J Salminen, A-M K Säämänen, P K Auho, M P Perälä, E I Vuorio,
Skeletal Research Programme, Departments of Medical Biochemistry and
Molecular Biology, and Surgery, University of Turku, FIN-20520 Turku,
Finland
M N Vankemmelbeke, Institute for Bone and Joint Medicine,
Department of Human Metabolism and Clinical Biochemistry, University
of Sheffield Medical School, Beech Hill Road, Sheffield S10 2RX, UK

REFERENCES
1 Hamerman D. The biology of osteoarthritis. N Engl J Med

1989;320:1322–30.
2 Poole R. An introduction to the pathophysiology of osteoarthritis. Front

Biosci 1999;15:662–70.
3 Newman AP. Articular cartilage repair. Am J Sports Med

1998;26:309–24.
4 Smith L. Degradative enzymes in osteoarthritis. Front Biosci

1999;15:704–12.
5 Metsäranta M, Kujala UM, Pelliniemi L, Österman H, Aho H, Vuorio E.

Evidence for insufficient chondrocytic differentation during repair of
full-thickness defects of articular cartilage. Matrix Biol 1996;15:39–47.

6 Eerola I, Salminen H, Lammi P, Lammi M, von der Mark K, Vuorio E, et
al. Type X collagen, a natural component of mouse articular cartilage -
association with growth, aging, and osteoarthrosis. Arthritis Rheum
1998;41:1287–95.

7 Säämänen AM, Salminen H, de Crombrugghe B, Dean PB, Vuorio E,
Metsäranta M. Osteoarthritis-like lesions in transgenic mice harboring a
small deletion mutation in the type II collagen gene. Osteoarthritis
Cartilage 2000;8:248–57.

8 Salminen H, Vuorio E, Säämänen AM. Expression of Sox9 and type IIA
procollagen during attempted repair of articular cartilage damage in a
transgenic mouse model of osteoarthritis. Arthritis Rheum
2001;44:947–55.

9 Woessner JF. The matrix metalloproteinase family. In: Parks WC,
Mecham RP, eds. Matrix metalloproteinases. San Diego, California:
Academic Press, 1998:1–13.

10 Kähäri, V-M, Saarialho-Kere, U. Matrix metalloproteinases and their
inhibitors in tumor growth and invasion. Ann Med 1999;31:34–45.

11 Billinghurst RC, Dahlberg LC, Reiner A, Bourne R, Rorabeck C, Mitchell
P, et al. Enhanced cleavage of type II collagen by collagenases in
osteoarthritic articular cartilage. J Clin Invest 1997;99:1534–45.

12 Vankemmelbeke M, Dekeyser PM, Hollander AP, Buttle DJ, Demeester
J. Characterization of helical cleavages in type II collagen generated by
matrixins. Biochem J 1998;330:633–40.

13 Dean DD, Azzo W, Martel-Pelletier J, Pelletier JP, Woessner JF Jr. Levels
of metalloproteinases and tissue inhibitor of metalloproteinases in human
osteoarthritic cartilage. J Rheumatol 1987;14:43–4.

14 Huebner JL, Otterness IG, Freund EM, Caterson B, Kraus V.
Collagenase 1 and collagenase 3 expression in a guinea pig model of
osteoarthritis. Arthritis Rheum 1998;41:877–90.

15 Hembry RM, Bagga MR, Reynolds JJ, Hamblen DL. Immunolocalisation
studies of six matrix metalloproteinases and their inhibitors, TIMP-1 and
TIMP-2, in synovia from patients with osteo- and rheumatoid arthritis. Ann
Rheum Dis 1995;54:25–32.

16 Lindy O, Konttinen YT, Sorsa T, Ding Y, Santavirta S, Ceponis A. Matrix
metalloproteinase 13 (collagenase 3) in human rheumatoid synovium.
Arthritis Rheum 1997;40:1391–9.

17 Keyszer G, Redlich A, Häupl T, Zacher J, Sparman M, Ungethum U, et
al. Differential expression of cathepsin B and L compared with matrix
metalloproteinases and their respective inhibitors in rheumatoid arthritis
and osteoarthritis. Arthritis Rheum 1998;41:1378–87.

18 Yamagiwa H, Tokunaga K, Hayami T, Uchida M, Endo N, Takahashi
HE. Expression of metalloproteinase-13 (collagenase 3) is induced during
fracture healing in mice. Bone 1999;25:197–203.

19 Mohtai M, Smith RL, Schurman DJ, Tsuji Y, Torti FM, Hutchinson NI.
Expression of 92kd type IV collagenase/gelatinase (gelatinase B) in
osteoarthritic cartilage and its induction in normal human cartilage by
interleukin-1. J Clin Invest 1993;92:179–85.

20 Buttner FH, Chubinskaya S, Margerie D, Huch K, Flechtenmacher J,
Cole AA, et al. Expression of membrane type 1 matrix metalloproteinase
in human articular cartilage. Arthritis Rheum 1997;40:704–9.

21 Brown PD. Synthetic inhibitors of matrix metalloproteinases. In: Parks
WC, Mecham RP, eds. Matrix metalloproteinases. San Diego, California:
Academic Press, 1998:243–56.

22 Martel-Pelletier J, McCollum R, Fujimoto N, Obata K, Cloutier JM,
Pelletier JP. Excess of metalloproteinases over tissue inhibitor of
metalloproteinase may contribute to cartilage degradation in
osteoarthritis and rheumatoid arthritis. Lab Invest 1994;70:807–15.

23 Dean D, Martel-Pelletier J, Pelletier JP, Howell DS, Woessner JF Jr.
Evidence for metalloproteinase and metalloproteinase inhibitor inbalance
in human osteoarthritic cartilage. J Clin Invest 1989;84:678–85.

24 Lohmander LS, Lark MW, Dahlberg L, Walakovitz LA, Roos H.
Cartilage matrix metabolism in osteoarthritis: markers in synovial fluid,
serum and urine. Clin Biochem 1992;25:167–74.

25 Metsäranta M, Garofalo S, Decker G, Rintala M, de Crombrugghe B,
Vuorio E. Chondrodysplasia in transgenic mice harboring a 15 amino
acid deletion in triple helical domain of pro1(II) collagen chain. J Cell
Biol 1992;118:203–12.

26 Salminen H, Perälä M, Lorenzo P, Saxne T, Heinegard D, Säämänen
AM, et al. Up-regulation of cartilage oligomeric matrix protein at the
onset of articular cartilage degeneration in a transgenic mouse model of
osteoarthritis. Arthritis Rheum 2000;43:1742–8.

27 Henriet P, Rousseau GG, Eeckhout Y. Cloning and sequencing of mouse
collagenase cDNA. Divergence of mouse and rat collagenase from the
other mammalian collagenases. FEBS Lett 1992;310:175–8.

28 Apte SS, Fukai N, Beier DR, Olsen BR. The matrix metalloproteinase-14
(MMP-14) gene is structurally distinct from other MMP genes and is
co-expressed with the TIMP-2 gene during mouse embryogenesis. J Biol
Chem 1997;272:25511–17.

29 Chirgwin IM, Przybyla AE, MacDonald RJ, Rutter WJ. Isolation of
biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry 1979;18:5294–9.

30 Huhtala P, Eddy RL, Fan YS, Byers MG, Shows TB, Tryggvason K.
Completion of the primary structure of the human type IV collagenase
preproenzyme and assignment of the gene (CLGH) to the q21 region of
chromosome 16. Genomics 1990;6:554–9.

31 McDonnell SE, Kerr LD, Matrisian LM. Epidermal growth factor
stimulation of stromelysin mRNA in rat fibroblasts requires induction of
proto-oncogenes c-fos and c-jun and activation of protein kinase C. Mol
Cell Biol 1990;10:4284–93.

32 Balbin M, Fueyo A, Knauper V, Pendas AM, Lopez JM, Jimenez MG, et
al. Collagenase 2 (MMP-8) expression in murine tissue-remodeling
processes. Analysis of its potential role in postpartum involution of the
uterus. J Biol Chem 1998;273:23959–68.

33 Reponen P, Sahlberg C, Munaut C, Thesleff I, Tryggvason K. High
expression of 92-kD type IV collagenase (gelatinase B) in the osteoclast
lineage during mouse development. J Cell Biol 1994;124:1091–102.

34 Joronen K, Salminen H, Glumoff V, Savontaus M, Vuorio E.
Temporospatial expression of tissue inhibitors of matrix
metalloproteinases-1, -2 and –3 during development, growth and aging
of the mouse skeleton. Histochem Cell Biol 2000;114:157–65.

35 Wilhelmi G, Faust R. Suitability of the C57 black mouse as an
experimental animal for the study of skeletal chances due to ageing, with
special reference to osteoarthrosis and its response to tribenoside.
Pharmacology 1976;14:289–96.

36 Balbin M, Fueyo A, Knauper V, Lopez JM, Alvarez J, Sanchez LM, et al.
Identification and enzymatic characterization of two diverging murine
counterparts of human interstitial collagenase (MMP-1) expressed at sites
of embryo implantation. J Biol Chem 2001;276:10253–62.

37 Shlopov BV, Lie WR, Mainardi CL, Cole AA, Chubinskaya S, Hasty KA.
Osteoarthritic lesions: involvement of three different collagenases.
Arthritis Rheum 1997;40:2065–74.

38 Cole AA, Chubinskaya S, Schumacher B, Huch K, Szabo G, Yao J, et al.
Chondrocyte matrix metalloproteinase-8. Human articular chondrocytes
express neutrophil collagenase. J Biol Chem 1996;271:11023–6.

39 Manicourt DH, Fujimoto N, Obata K, Thonar E. Serum levels of
collagenase, stromelysin-1 and TIMP-1: age- and sex-related differences
in normal subjects and relationship to the extent of joint involvement and
serum levels of antigenic keratan sulfate in patients with osteoarthritis.
Arthritis Rheum 1994;37:1774–83.

40 Naito K, Takahashi M, Kushida M, Suzuki M, Ohishi T, Miura M, et al.
Measurement of matrix metalloproteinases (MMPs) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) in patients with knee osteoarthritis:
comparison with generalized osteoarthritis. Rheumatology (Oxford)
1999;38:510–15.

41 Freemont AJ, Byers RJ, Taiwo YO, Hoyland JA. In situ zymographic
localization of type II collagen degrading activity in osteoarthritic human
articular cartilage. Ann Rheum Dis 1999;58:357–65.

42 Knauper V, Lopez-Otin C, Smith B, Knight G, Murphy G. Biochemical
characterization of human collagenase-3. J Biol Chem
1996;271:1544–50.

43 Hasty KA, Jeffrey JJ, Hibbs MS, Welgus HG. The collagen substrate
specificity of human neutrophil collagenase. J Biol Chem
1987;262:10048–52.

44 Maroudas A. Physiochemical properties of articular cartilage. In:
Freeman MAR, ed. Adult articular cartilage. Kent, England: Pitman
Medical Publishing, 1979:215–90.

45 Martel-Pelletier J, Alaaeddine N, Pelletier JP. Cytokines and their role
in the pathophysiology of osteoarthritis. Front Biosci 1999;4:694–703.

46 Smith MD, Triantafillou S, Parker A, Youssef PP, Coleman M. Synovial
membrane inflammation and cytokine production in patients with early
osteoarthritis. J Rheumatol 1997;24:365–71.

47 Burr DB. The importance of subchondral bone in osteoarthrosis. Curr
Opin Rheumatol 1998;10:256–62.

48 Moldovan F, Pelletier JP, Hambor J, Cloutier JM, Martel-Pelletier J.
Collagenase-3 (matrix metalloprotease 13) is preferentially localized in
the deep layer of human arthritic cartilage in situ: in vitro mimicking
effect by transforming growth factor beta. Arthritis Rheum
1997;40:1653–61.

596 Salminen, Säämänen, Vankemmelbeke, et al

www.annrheumdis.com

http://ard.bmj.com


49 Freemont AJ, Hampson V, Tilman R, Goupille P, Taiwo Y, Hoyland JA.
Gene expression of matrix metalloproteinases 1, 3, and 9 by
chondrocytes in osteoarthritic human knee articular cartilage is zone and
grade specific. Ann Rheum Dis 1997;56:542–9.

50 Tsuchiya K, Maloney WJ, Vu T, Hoffman AR, Schurman DJ, Smith RL.
RT-PCR analysis of MMP-9 expression in human articular cartilage
chondrocytes and synovial fluid cells. Biotech Histochem 1996;71:208–13.

51 Mudgett JS, Hutchinson NI, Chartrain NA, Forsyth AJ, McDonnell J,
Singer II, et al. Susceptibility of stromelysin 1-deficient mice to
collagen-induced arthritis and cartilage destruction. Arthritis Rheum
1998;41:110–21.

52 Zafarullah M, Pelletier JP, Cloutier JM, Martel-Pelletier J. Elevated
metalloproteinase and tissue inhibitor of metalloproteinase mRNA in
human osteoarthritic synovia. J Rheumatol 1993;20:693–7.

www.annrheumdis.com

CiteTrack will alert you by email whenever new content in Annals of the Rheumatic Diseases or a participating journal is published

that matches criteria you want to track

Topics: Tell CiteTrack which words or subjects to watch for in new content

Authors: Be alerted whenever key authors you are following publish a new paper

Articles: Know whenever a paper of interest to you is referenced by another paper

CiteTrack service

Is your paper being cited?

Matrix metalloproteinases in osteoarthritis 597

www.annrheumdis.com

http://ard.bmj.com

