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Abstract
Aims—To determine the collective roles of
stromelysin 1, neutrophil collagenase, and
collagenase 3 in chondrocyte mediated
cartilage proteoglycan and type II colla-
gen degradation in tissue culture model
systems.
Methods—Bovine nasal cartilage explants
were cultured with and without recom-
binant human interleukin 1á (IL-1á),
recombinant human tumour necrosis fac-
tor á, or retinoic acid. Proteoglycan and
type II collagen release were determined
by colorimetric assay and immunoassay,
respectively, in the absence and presence
of matrixin inhibitors. Potential toxic
eVects of the inhibitors were assessed by
measuring rates of glycolysis.
Results—Loss of proteoglycan and type II
collagen from nasal cartilage was inhib-
ited by batimastat, a broad spectrum
matrixin inhibitor. BB-3437, a selective
inhibitor of stromelysin, neutrophil colla-
genase, and collagenase 3, at the concen-
trations used in this study, showed a weak
but dose dependent inhibitory eVect on
the IL-1 stimulated degradation of type II
collagen, but had virtually no eVect on
proteoglycan breakdown. Neither inhibi-
tor aVected rates of glycolysis.
Conclusions—Stromelysin 1, neutrophil
collagenase, and collagenase 3 are unlikely
to contribute to chondrocyte mediated
proteoglycan degradation in our model
system. The modest eVect of a selective
inhibitor of these enzymes on IL-1 stimu-
lated collagen breakdown suggests a
minor role for one or more of these
proteinases; potent inhibition by an in-
hibitor of interstitial collagenase and the
gelatinases suggests that these enzymes
play a major role in IL-1 stimulated,
chondrocyte mediated type II collagen
breakdown from nasal cartilage.
(J Clin Pathol: Mol Pathol 1998;51:282–286)
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Hyaluronate–aggrecan aggregates and type II
collagen are the major extracellular compo-
nents of cartilage, responsible for the compres-
sive resilience and tensile strength of the tissue,
respectively. Depletion of either of these
proteins leads to loss of cartilage function,1 2 as
occurs in arthritis.

The precise mechanisms of cartilage break-
down are not fully understood, although there

is substantial evidence that, in rheumatoid
arthritis, cells of the synovium or invading pan-
nus produce the pro-inflammatory cytokines
interleukin 1 (IL-1) and tumour necrosis factor
á (TNF-á), which are known to stimulate
chondrocytes to resorb their surrounding
matrix.3 4 High concentrations of vitamin A
metabolites, such as retinoic acid (Ret), also
lead to chondrocyte mediated cartilage matrix
depletion.5

The proteolytic enzymes expressed by
chondrocytes that are responsible for break-
down of cartilage matrix are not known. The
existence of a proteolytic cascade involving a
number of diVerent proteinases5 has compli-
cated the search for the enzymes directly
responsible for cleavage of cartilage matrix
components, which when known would pro-
vide important targets for therapeutic interven-
tion. Various lines of evidence have implicated
certain metalloproteinases, particularly the
matrixins (matrix metalloproteinases
(MMPs)), in both aggrecan and type II
collagen breakdown.

With regard to aggrecan breakdown, strome-
lysin 1 (MMP-3; EC 3.4.24.17) has for some
time been suspected of playing a major role.6

This enzyme degrades proteoglycan in vitro
and in vivo,7–10 is upregulated by IL-1 and
TNF,11 and concentrations of the proenzyme
are increased in the serum of patients with
osteoarthritis.12 Type II collagen breakdown is
thought to be achieved by the action of the col-
lagenases, which are capable of cleaving the tri-
ple helical portion of the fibrillar collagens,
including type II collagen. There are three
known vertebrate collagenases; interstitial col-
lagenase (MMP-1; EC 3.4.24.7), neutrophil
collagenase (MMP-8; EC 3.4.24.34), and
collagenase-3 (MMP-13). Until recently, inter-
stitial collagenase was thought to be the
enzyme most likely to be involved in fibrillar
collagen breakdown away from sites of massive
neutrophil degranulation. However, the discov-
ery of neutrophil collagenase expression in car-
tilage, and its upregulation by IL-1â,13 has led
to renewed interest in the potential role of this
enzyme in cartilage matrix breakdown. Simi-
larly, the identification of the human homo-
logue of rodent collagenase, now known as col-
lagenase 3,14 its expression in chondrocytes,15

and its high specific activity against type II
collagen16 have implicated this enzyme in
chondrocyte mediated type II collagen
breakdown.17–19 All three collagenases are also
capable of cleaving aggrecan.8 20 21
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Broad spectrum matrixin inhibitors are
known to inhibit both aggrecan and type II
collagen breakdown,18 22–25 but only recently
have inhibitors with suYcient selectivity be-
tween the matrixins been available to allow
investigation into the roles played by individual
members of this group of enzymes. Previously,
we have used selective inhibitors of gelatinase A
(MMP-2; EC 3.4.24.24) to show that this
enzyme is probably not involved in aggrecan
breakdown,26 but does appear to play a role in
type II collagen release from cartilage.18 In this
study, we used an inhibitor that is selective for
stromelysin 1, neutrophil collagenase, and col-
lagenase 3, and compared our results with
those for a broad spectrum matrixin inhibitor,
to define the roles played by these proteinases
in a model of chondrocyte mediated cartilage
breakdown.

Methods
Recombinant human IL-1á (rhIL-1á) (specific
activity 3 × 108 U/mg) was a generous gift from
The National Cancer Institute, Frederick
Research and Development Centre, Maryland,
USA, and recombinant human TNF á
(rhTNF-á) (specific activity 8 × 107 U/mg) was
kindly provided by Dr E Amento, Genentech
Inc, Boulder, Colorado, USA. The broad spec-
trum matrixin inhibitor batimastat (previously
known as BB-94)27 and BB-3437,28 an inhibitor
selective for stromelysin 1, neutrophil colla-
genase, and collagenase 3, were synthesised at
British Biotech Pharmaceuticals Ltd, Oxford,
UK. Most reagents for tissue culture were
obtained from Gibco Life Technologies Ltd
(Paisley, UK). Gentamicin sulphate, chondroi-
tin sulphate A, proteinase K (EC 3.4.21.64),
and dimethyl sulphoxide were from Sigma
Chemical Co (Poole, Dorset, UK). 1,9-
Dimethylmethylene blue was purchased from
Aldrich (Gillingham, Dorset, UK).

DETERMINATION OF IC50 VALUES

IC50 values for enzyme inhibitors were found as
described previously,26 using 14C-collagen as
substrate for the collagenases,29 14C-casein for
stromelysin 1,30 and gelatin for gelatinases.31

EXPLANT CULTURES

Bovine nasal septum cartilage was obtained on
the day of slaughter from a local abattoir, and
kept on ice until use. The cartilage was
dissected and cultured as described
previously.18 32 For the study of proteoglycan
breakdown, cultures were maintained in the
presence and absence of rhIL-1á (0.3 nM),
rhTNF-á (3.5 nM), and retinoic acid (Ret)
(1 µM), with or without batimastat or BB-3437
for up to five days, with a medium change on
the second day, at which time the stimulus to
cartilage proteoglycan breakdown and the
matrixin inhibitor were also replenished, where
appropriate. For the investigation of type II
collagen degradation, cultures were maintained
for 28 days, with a weekly medium change, in
the presence and absence of rhIL-1á (3 nM)
and the matrixin inhibitors. Because 14 days of
exposure to rhIL-1á has been shown previously
to be suYcient to induce the maximum eVect

on type II collagen release,18 the cytokine was
withdrawn from the cultures after two weeks,
and the cartilage explants were maintained in
serum free Dulbecco’s modification of Eagle’s
medium (DMEM), with or without matrixin
inhibitors for the remaining time. Conditioned
media and cartilage at the end of the culture
period were collected and stored separately at
−20°C. For each data point, at least five
individual explants from each of at least two
animals were used, the results were combined,
and were expressed for purposes of clarity as
the mean (standard error from the mean
(SEM)). Statistical analysis was by the Mann-
Whitney U test for non-parametric data.

PROTEOGLYCAN DEGRADATION

The amount of proteoglycan in the condi-
tioned medium and explants was determined
as sulphated glycosaminoglycan (sGAG) using
a modification of the 1,9-dimethylmethylene
blue assay for use with a plate reader.26 33

Determination of residual sGAG in the carti-
lage explants followed digestion with papain33

for the short term cultures, or proteinase K
digests when type II collagen breakdown was
also to be assayed.18

MEASUREMENT OF TYPE II COLLAGEN

BREAKDOWN

Media and cartilage were digested with 1 mg/
ml proteinase K at 56°C for 15 hours. Type II
collagen and fragments derived in this way
were measured by an inhibition enzyme linked
immunosorbent assay as described prev-
iously.18 34 The amount of collagen released
into the medium during each week of culture
was calculated as a percentage of total collagen
in each culture well (medium plus tissue
residue).

To ensure that collagen was appearing in the
culture medium as a result of degradation
rather than synthesis, we measured the ex vivo
content of type II collagen in cartilage discs,
and compared this with the combined collagen
content of discs and culture medium after four
weeks of culture with and without IL-1. The
collagen content of uncultured discs was 1.21
(0.16 mg), and the combined content of discs
and medium after four weeks of culture
without IL-1 was 1.27 (0.11 mg), and after two
weeks of culture in the presence of IL-1
followed by two weeks in its absence, 1.17
(0.15 mg). There were no significant diVer-
ences between these groups, and we conclude
that, as expected in serum free conditions,
there was little collagen synthesis occurring.
Thus, collagen fragments appeared in the
medium as a result of collagen breakdown.

LACTATE DETERMINATION

The amount of lactate in culture medium was
determined with a kit that uses the lactate
oxidase/peroxidase method, and was supplied
by Sigma Chemical Co.
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Results
IC50 VALUES FOR INHIBITION OF MATRIXINS BY

BATIMASTAT AND BB-3437

Table 1 shows the IC50 values. It can be seen
that the broad spectrum matrixin inhibitor
batimastat inhibited all the tested human

matrixins with IC50 values in the low nanomo-
lar range. In contrast, BB-3437 is a tight bind-
ing inhibitor of stromelysin 1, collagenase 3,
and neutrophil collagenase, but inhibits inter-
stitial collagenase, gelatinase A, and gelatinase
B very poorly, the IC50 values being at least an
order of magnitude higher. Therefore, it was
possible to use BB-3437 in our cartilage
cultures at concentrations that would be
expected to inhibit stromelysin 1, neutrophil
collagenase, and collagenase 3, but not intersti-
tial collagenase or gelatinases A and B.

EFFECTS OF BATIMASTAT AND BB-3437 ON THE

LOSS OF MATRIX COMPONENTS FROM BOVINE

NASAL SEPTUM CARTILAGE EXPLANTS

In agreement with earlier reports, rhIL-1á,
rhTNF-á, and Ret elicited proteoglycan break-
down in the first few days of culture. As
reported previously,18 when rhIL-1á was the
stimulus, proteoglycan loss was followed by the
breakdown of type II collagen in the third and
fourth weeks of culture (data not shown).

The eVects of the matrixin inhibitors on
release of proteoglycan were investigated in
short term cultures of two to five days. As
shown in table 2, batimastat, the broad
spectrum inhibitor, produced potent inhibition
of IL-1 stimulated proteoglycan release. Also
shown in table 2, for comparitive purposes, is
the inhibition of proteoglycan release stimu-
lated by rhTNF-á and Ret, and it can be seen
that batimastat inhibited proteoglycan break-
down, irrespective of the stimulus to resorb. In
contrast, BB-3437, at a concentration of
10 µM, well above the IC50 values for inhibition
of stromelysin 1, neutrophil collagenase, and
collagenase-3 (table 1), had no eVect on
rhTNF-á or Ret stimulated release. In cultures
of rhIL-1á treated explants, a slight but signifi-
cant inhibition of proteoglycan release was evi-
dent at an inhibitor concentration of 10 µM. At
a concentration of 1 µM, BB-3437 failed to
produce any inhibition, whereas at this concen-
tration batimastat still produced complete
inhibition (table 2).

We next determined whether batimastat and
BB-3437 were equally capable of inhibiting
rhIL-1á stimulated type II collagen degrada-
tion in our model system. At a concentration of
1 µM, batimastat inhibited type II collagen
breakdown completely (fig 1). In contrast,
BB-3437 failed to inhibit at this concentration.
However, at a concentration of 5 µM, a signifi-
cant inhibition of about 30% was seen,
increasing to 70% at 10 µM. At these higher
concentrations, the eVect could be a result of
the partial inhibition of interstitial collagenase
or gelatinases A or B. We have demonstrated
the inhibition of type II collagen release from
cartilage explants previously by a selective
inhibitor of gelatinase A.18

GLYCOLYTIC ACTIVITY OF THE CULTURES

Cartilage matrix breakdown might be inhibited
by toxic compounds.32 Chondrocytes respire
mainly by anaerobic means,35 so that the meta-
bolic activity of the cells can be assessed by
measuring the rate of lactate excretion into the
culture medium. We found that, over four

Table 1 IC50 values for the inhibition of some matrixins by
BB-3437 and batimastat

Enzyme

IC50 values (nM)

BB-3437 Batimastat

Interstitial collagenase 30 000 5
Collagenase 3 100 2
Neutrophil collagenase 200 4
Stromelysin 1 60 20
Gelatinase A 20 000 4
Gelatinase B 2000 1

IC50 values were determined as described in the Methods
section.

Table 2 The eVects of matrixin inhibitors on proteoglycan
release from bovine nasal cartilage explants

Stimulus

Percentage inhibition of proteoglycan release

[Inhibitor] (µM) BB-3437 Batimastat

rhIL-1á 10 29 (7)* 132 (3)*22

1 4 (12) 99 (3)*22

rhTNF-á 10 −5 (15) ND
1 ND 79 (4)

Ret 10 −10 (12) 90 (3)*

Cartilage explants were cultured for two days (rhIL-á) or five
days (rhTNF-á and Ret) and treated as described in the Meth-
ods section. The results are shown as the percentage inhibition
of proteoglycan release. The value exceeding 100% represents
complete inhibition of stimulated proteoglycan breakdown, plus
some inhibition of the basal level.
*p < 0.0005.
ND, not determined.

Figure 1 Explants were cultured for four weeks with 3 nM rhIL-1á, with or without the
matrixin inhibitors. Collagen degradation is shown as the cumulative release of epitope
CB11B into the medium, as a percentage of total CB11B (residue + medium) at the end of
the culture period. Medium including the matrixin inhibitors was replenished on days 7, 14,
and 21, and medium including rhIL-1á on day 7, where appropriate. Bars show the mean
and SEM of control experiments with no inhibitor (filled bar), with batimastat, or with
BB-3437 (open and grey bars, respectively). *p < 0.005; ** p < 0.0001; NS, not
significant.
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weeks of culture, neither batimastat at a
concentration of 10 µM, nor BB-3437 at
concentrations ranging from 0.1 to 10 µM, had
a deleterious eVect on rates of glycolysis as
assessed by concentrations of lactate in the cul-
ture media (results not shown). Therefore, we
conclude that any inhibition of breakdown of
proteoglycan and type II collagen by these
matrixin inhibitors is unlikely to be through a
toxic eVect on the cells.

Discussion
We have shown previously that batimastat is
eVective at inhibiting cartilage proteoglycan
degradation from nasal cartilage explants.22 We
now demonstrate for the first time that it is also
a very potent inhibitor of type II collagen
breakdown from IL-1 stimulated bovine nasal
cartilage. Indeed, at a concentration of 1 µM,
batimastat was capable of producing virtually
100% inhibition of both proteoglycan and col-
lagen breakdown from IL-1 stimulated bovine
nasal cartilage explants. This result is in line
with previously reported studies using different
broad spectrum matrixin inhibitors.18 26 36

BB-3437, even at a concentration of 10 µM,
failed to inhibit proteoglycan degradation
stimulated by either TNF or Ret, only partially
inhibited proteoglycan release from IL-1
stimulated explants, and weakly inhibited IL-1
stimulated type II collagen breakdown. It could
be argued that BB3437 was unable to inhibit
proteoglycan degradation eYciently because of
problems of tissue penetration, but that it
might be able to penetrate and partly influence
collagen breakdown once the proteoglycan
component has been removed. Although this
possibility has not been addressed experimen-
tally, it appears to be unlikely, in view of its
similarity in size to other hydroxamates that
inhibit proteoglycan breakdown eYciently. It
appears more likely that the matrixins inhibited
eYciently by this compound—stromelysin 1,
collagenase 3, and neutrophil collagenase—do
not play major roles in this process, and this
view is supported by other observations in the
literature. Yocum and colleagues37 used a
model culture system very similar to the one
described here, and demonstrated that Bafilo-
mycin A1 a specific inhibitor of vacuolar
H+-ATPase, inhibited IL-1 stimulated prote-
oglycan degradation without having any eVect
on stromelysin secretion or activity. Bottomley
and colleagues38 have also used a similar model
system to measure the inhibition of cartilage
proteoglycan breakdown by a series of hy-
droxamate inhibitors of matrixins, and re-
ported a diVerence of approximately three
orders of magnitude between the potency of
inhibition of stromelysin 1 and of proteoglycan
breakdown by these inhibitors, indicating that
stromelysin 1 might not be involved in
proteoglycan breakdown. Previously, we failed
to demonstrate matrixin activity in conditioned
culture medium or with co-incubation of the
substrate with cartilage explants during the
time course of proteoglycan breakdown. We
concluded that the proteinase largely responsi-
ble for aggrecan breakdown, “aggrecanase”, is
not a known matrixin but is instead a closely

related enzyme inhibited by some matrixin
inhibitors.26 In this same study, we also demon-
strated that selective inhibitors of gelatinase A
were ineVective at preventing proteoglycan
degradation in our model system. Therefore,
both our previous results and those presented
here indicate that the known matrixins, includ-
ing stromelysin 1, interstitial collagenase, neu-
trophil collagenase, and gelatinases A or B, are
not primarily responsible for proteoglycan
breakdown, at least in model organ culture sys-
tems.

All members of the collagenase group of the
matrixins are capable of cleaving triple helical
collagen, and are synthesised by chondro-
cytes.13 19 39 In one of our previous studies,
western blot analyses of culture medium dem-
onstrated the presence of interstitial colla-
genase and collagenase 3 in IL-1 stimulated
nasal cartilage cultures,18 although compared
with interstitial collagenase, the amount of
collagenase 3 appeared to be quite low. How-
ever, human collagenase 3 is about 10-fold
more eYcient at cleaving native type II
collagen than is interstitial collagenase.19

Stromelysin 1 has also been shown to degrade
type II collagen in vitro, in the telopeptide
regions of the molecule,40 suggesting that it
might be capable of depolymerising this colla-
gen by removal of the crosslinks. In addition to
this possible direct role in collagen degrada-
tion, stromelysin 1 might, by activating
interstitial collagenase, be involved indirectly
in cartilage breakdown.41 Earlier, we demon-
strated the presence of fully activated intersti-
tial collagenase during the time course of col-
lagen degradation in IL-1 stimulated nasal
explants, supporting this indirect role for
stromelysin.18 Our results from the use in our
culture system of the inhibitor selective for the
inhibition of collagenase 3, stromelysin 1, and
neutrophil collagenase, rather than interstitial
collagenase or gelatinases A or B, now suggest
that the combined role of the former enzymes
in this model of IL-1 stimulated, chondrocyte
mediated, type II collagen breakdown is actu-
ally quite small. It seems more likely that other
enzymes, particularly interstitial collagenase
and gelatinases A and/or B, play more impor-
tant roles in collagen degradation in this
model system.
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