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Neutral metalloproteases and age related changes in
human articular cartilage
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SUMMARY A decrease in proteoglycan (Pg) content and disturbances in the collagen network
have been reported in aging cartilage. This study aims to determine whether these changes are
associated with proteolytic enzymes such as neutral metalloproteases. Eighty lateral tibial
plateaus were collected from subjects after death. The age, topographical area, and lesion
severity (macroscopic grading) of each specimen were noted and the effects of neutral
metallo-Pg-degrading and collagenolytic enzymes on these specimens were compared. The
specimens were divided into two age groups: 20-50 years (group 1) and greater than 50 years
(group 2). They were selected from both weight bearing and non-weight bearing areas. In some
cartilage tissues the superficial layer was separated from the deep zone. Our data for the two
neutral metalloenzymes examined showed: (a) no correlation between enzyme activity and age
when the specimens were of the same grade and (b) a statistically significant rise in the enzyme
levels of the older specimens, which increased as the lesions progressed. Neutral metallo-Pg-
degrading enzyme activity was higher in non-weight bearing areas than in weight bearing areas,
and this reached a statistical difference in the older cartilage with advanced lesions. The
Pg-degrading enzyme activity was raised in the superficial layers of damaged cartilage tissue. Our
data suggest that neutral metalloproteases are closely associated with the appearance and
progression of the changes seen in aging cartilage.

Degenerative changes and osteoarthritis of articular
cartilage increase with age, yet the precise relation
between age and osteoarthritis remains unknown.
Understanding the metabolic changes that occur in
the articular cartilage may help to delineate the
processes taking place during aging or osteoarthritis.
The physical properties of cartilage are products

of the interaction between collagen and proteogly-
can (Pg) macromolecules within the extracellular
matrix. The collagen fibre network and Pg structure
and composition have been shown to alter with
age.'-7 These changes also vary according to the
depth of the articular cartilage. Other studies have
emphasised the qualitative and quantitative var-
iations in Pg macromolecules.>" Some of the struc-
tural and biochemical changes in the matrix of aged
cartilage may be due to proteolysis.4 12 13 Recent
studies from our laboratory have demonstrated the
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role of neutral metalloproteases in the breakdown of
the osteoarthritic cartilage matnx. 1-7 This break-
down was associated with significant increases in the
levels of both neutral metallocollagenolytic and
Pg-degrading enzymes.
Thus it would be of interest to determine whether

the cartilage lesions of aging are related to changes
in enzyme activity within articular cartilage. For this
purpose we have investigated neutral metallocol-
lagenolytic and Pg-degrading enzyme activities in
specimens of cartilage grouped according to age.
The morphology and topography of the cartilage
were also taken into consideration.

Materials and methods

SPECIMEN SELECTION
Eighty postmortem tibial plateau specimens were
obtained within 12 hours of death from individuals
with an age range of 20-85 years. None had shown
any clinical evidence of arthritic disease nor had
received any chemotherapeutic agents. 18 Before the
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dissection the quality of the articular surface was
graded by Meachim's Indian ink staining methods. 19
Cartilage samples with no evidence of surface
disruption were designated grade 0; those with
minimal surface disruption were designated grade 1;
those with fibrillations in the superficial layer only
were designated grade 2; and those with erosions or
the most severe lesions were designated grade 3.
Each grade was divided into two groups according to
age: 20-50 years, and greater than 50 years.
The specimens were selected from a weight

bearing area, or central region exposed to direct
contact, and a non-weight bearing area, or periph-
eral region covered by the meniscus. For some tibial
plateaus the tissue of the entire cartilage was
separated into layers: an upper layer of approxi-
mately one third the total thickness of the cartilage
and a deeper layer consisting of the remainder of the
cartilage to the subchondral bone. The deep zone of
the articular cartilage was further separated from
the calcified tissue.

ENZYME ASSAYS
The neutral metalloprotease assays, i.e., collagen-
olytic and Pg-degrading enzyme activity, have
been described elsewhere.'4'5 Each assay was
performed on separate homogenates and subjected
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to different experimental procedures. The micro-
assays were based on the digestion of an endogenous
substrate.

Briefly, the collagenolytic enzyme activity was
determined after homogenisation of the tissue in a
TRIS (trometamol) buffer (50 mM TRIS-HCI, 150
mM NaCl, 10 mM CaC12, 0-02% (w/v) NaN3, 40 ,ug
(40 mg/ml) of gentamicin), pH 7-4, followed by
incubation (18 h, 37°C) and centrifugation (20 000 g,
45 min, 4°C). After hydrolysis, the amount of
hydroxyproline was measured in both the super-
natant and the pellet.2" The enzyme activity was
estimated by the release of soluble fragments
containing hydroxyproline and expressed as the
percentage of hydroxyproline released.
The Pg-degrading enzyme activity was deter-

mined'5 after homogenisation in TRIS buffer (50mM
TRIS-HCl, 150 mM NaCl, 10 mM CaCl2, 80 [tg
(40 mg/ml) of gentamicin), pH 7*4, followed by
incubation (42 h, 37°C) and centrifugation (12 000 g,
30 min, 4°C). The method used to measure the
amount of proteoglycan released was based on the
formation of a complex between proteoglycans,
their digested products, and cetylpyridinium chlor-
ide. The digested products were then selectively
released with trichloroacetic acid and measured by
their uronic acid content. The enzyme activity was

Fig. 1 Neutral metallo-Pg-
degrading enzyme activity
in human articular cartilage
correlation with aging and severity

* oflesions. The assay and the
calculation of the enzyme activity
are described in 'Materials and
methods'. The results are expressed
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....... activity (APMA activated); the
lower part of the column represents

.....::: the activeform of the enzyme. The
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........::::the statistical analysis. The
total enzyme activities ofgrade 2

:::: and grade 3 cartilages are
significantly differentfrom the
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Metalloproteases and aging 365

expressed as a percentage of the uronic acid
released.

Total neutral metalloproteases were measured by
the digestion found in the cartilage homogenates
which were incubated in the presence of p-amino-
phenylmercuric acetate (1 mM) minus that found in
those incubated with chelators -25 mM ethylene-
diaminetetra-acetate (for collagenolytic enzyme)
or 5 mM o-phenanthroline (for Pg-degrading
enzyme). The active enzymes were measured as the
value obtained in the cartilage homogenates which
were incubated alone minus that value obtained for
those incubated with appropriate chelators.

STATISTICAL ANALYSIS
All results were expressed in the form of mean
(SEM). Comparisons were made by the analysis of
variance to determine any significance in the data.

Results

The distribution of the specimens was as follows: (a)
grades 0-1, 15 specimens <50 years (2F/13M) and
14 specimens >50 years (7F/7M); (b) grade 2, seven
specimens <50 years (2F/5M) and 26 specimens >50
years (5F/21M); (c) grade 3, 18 specimens >50 years
(8F/10M). We did not find any severe (grade 3)
lesions in the cartilage of individuals from group 1.

Fig. 1 shows the level of total and active neutral
metallo-Pg-degrading enzyme activity. In the speci-
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mens graded 0-1, both age groups showed similar
levels. Differences were seen when the enzyme
activity of the cartilage with degenerative changes
was analysed. The highest level of activity was in
group 2, but this appeared to be due to lesion
severity rather than to age. A threefold increase in
total enzyme activity was recorded in grade 2 and 3
specimens compared with those graded 0-1. This
was true for both age groups. When the Pg-
degrading enzyme activity was compared with that
of grade 0-1 specimens it was found to increase
significantly in group 1, grade 2 specimens (p<0-001)
and in group 2, grade 2 and 3 specimens (p<0-001).
Interestingly, there was a decline in enzyme activity
in grade 3 specimens compared with grade 2
specimens.
There was a similar trend for the active form of

Pg-degrading enzymes. The changes in enzyme
activity were not related to age but seemed to be
related to lesion severity. Active Pg-degrading
enzyme activity was enhanced in specimens with
degenerative changes. In group 2 there was a
statistically significant increase (p<0-02) in the
enzyme activity of grade 2 compared with grade 0-1.
Again, there was a decrease in activity of the active
form of Pg-degrading enzymes in the most severely
damaged specimens.
No clear variation of neutral metallocollageno-

lytic enzyme activity (Fig. 2) was found in group 1.

28 52

+50

Fig. 2 Neutral metallo-
collagenolytic enzyme activity in
human articular cartilage:
correlation with aging and severity
of lesions. The activity is expressed
as the percentage ofcollagen
digested. The total enzyme
activities for group 2, grade 2 and
grade 3 cartilages are significantly
differentfrom the activity
obtainedfor grade 0-I (p<OOI).
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Fig. 3 Neutral metallo-Pg-degrading
enzyme activity in human articular
cartilage: relationship between weight
bearing (W) and non-weight bearing
(NW) areas on the tibial plateau.
The total enzyme activity of
non-weight bearing areas for group 2,
grade 2 is significantly differentfrom
that of weight bearing areas (p<002).
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Fig. 4 Neutral metallocollagenolytic
enzyme activity in human articular
cartilage: relationship between weight
bearing (W) and non-weight bearing
(NW) areas on the tibial plateau.
No group had any increased level of
enzyme activity.
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Metalloproteases and aging 367

In group 2, however, there was a higher level of
enzyme as the lesions progressed. The neutral
metallocollagenolytic enzyme activity was signi-
ficantly higher in grade 2 and 3 specimens than in
grade 0-1 specimens (p<0-01).
As shown in Fig. 2 there was no raised level of

active collagenolytic enzyme in either group.
There is evidence to suggest that in cartilage from

the tibial plateau the morphology of proteo-
glycan"1 21 and collagen22 may vary according to
location, and particularly if the cartilage is located
in weight bearing or non-weight bearing areas.

Figs 3 and 4 illustrate the neutral metalloprotease
levels in weight bearing and non-weight bearing
areas of the tibial plateau. In grade 0-1 specimens
the total Pg-degrading enzyme level showed little
variation with respect to age or area (Fig. 3). The
total enzyme activity increased, however, as the
severity of lesions progressed and was substantially
greater in non-weight bearing areas. This increase
was statistically significant in group 2, grade 2
specimens (p<002).
The active form of this enzyme followed a pattern

similar to that reported for the entire cartilage (Fig.
1). Levels of active Pg-degrading enzyme increased
in grade 2 and 3 specimens in both weight bearing
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and non-weight bearing areas. There was no signifi-
cant difference in enzyme levels between the two
areas.
The levels of total and active collagenolytic

enzyme (Fig. 4) did not change with respect to age
or lesion severity in either weight bearing or
non-weight bearing areas of the tibial plateau. A
slight rise in total enzyme activity was recorded for
grade 2 and 3 specimens.

It has been reported that the proteoglycan com-
position of aging articular cartilage changes in
relation to the depth of the cartilagei'" If proteo-
lysis were involved in this process the enzymatic
pattern might very well differ according to the
distance from the surface of the articular cartilage to
its core. To test this hypothesis neutral metallo-Pg-
degrading enzyme activity was analysed in both the
superficial layer and the deep zone of the cartilage
specimens.

In this series four specimens (iF/3M) graded 0-1
belonged to group 1 and four specimens (iF/3M)
graded 0-1 belonged to group 2. Grade 2 consisted
of six specimens (4F/2M) in group 1 and 14
(3F/11M) in group 2. Grade 3 consisted of nine
specimens (3F/6M) and all were in group 2.

Fig. 5 shows that total Pg-degrading enzyme

Fig. 5 Neutral metallo-Pg-
degrading enzyme activity
in human articular cartilage:
correlation in superficial and
deep zones of the cartilage with
aging. The total enzyme activity
reached statistical significance in
the superficial layerfor
grade 0-1 specimens (p<004) and
in the deep zone for grade 2
specimens (p<OUS).
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activity increased in both zones with increasing age,
regardless of lesion severity. This activity was
consistently higher in the older specimens. Statisti-
cally significant increases were noted in the superfi-
cial layer of grade 0-1 specimens (p<0-04) and in
the deep zone for grade 2 specimens (p<0-05). As
noted above (Figs 1 and 3), grade 3 specimens
showed a decreased level of enzyme in both zones
compared with grade 2 specimens. In both zones the
active form of the enzyme showed slightly more
activity in the oldest age group than in the youngest.
When divided according to the degree of degen-

erative changes, the younger (group 1) grade 0-1
specimens showed approximately the same distribu-
tion of enzyme activity throughout the cartilage
depth. In the older (group 2) specimens, however,
increased enzyme activity was shown in the super-
ficial layer. In grade 2 specimens the highest level of
total enzyme activity was noted in the superficial
layer. In the deeper zone increased enzyme ac-
tivity was found only in the older age group. The
total enzyme activity distribution from the super-
ficial layer of the younger age group, graded 2,
when compared with the deep zone, was signifi-
cantly different (p<0.004). In a similar pattern to
that noted above a diminishing enzyme level was
observed in grade 3 cartilage, for both superficial
and deep zones, when compared with grade 2
cartilage.

Discussion

The extracellular matrix plays a crucial part in
maintaining the viability of human articular carti-
lage. This viability may be compromised by changes
that occur with age. The equilibrium within normal
cartilage is thought to be due to a balance of the
degradation and synthesis of matrix components.
Thus degradation is under the double control of
enzyme synthesis/activation and endogenous en-
zyme inhibitors. At present, little is known about
the events that initiate these changes.

Neutral proteases are the most likely candidates
for initiating cartilage degradation. These enzymes
are activated at the physiological pH of the ex-
tracellular matrix. Our results suggest that the
collagenolytic and Pg-degrading enzymes are closely
associated with the appearance and progression of
the alterations found in aging cartilage. Although it
was evident that the two neutral metalloproteases
studied were involved, the Pg-degrading enzymes
appeared to have a more dominant role.

Increased neutral metalloprotease activity accom-
panied the development of cartilage fibrillation.
Indeed, enhanced total Pg-degrading and collage-
nolytic activities reached a maximum level in grade 2

specimens. In addition, the active form of the
Pg-degrading enzyme from older (>50 years) grade
2 specimens had significantly increased activity
compared with grade 0-1 specimens. These obser
vations are consistent with the decreased proteogly-
can subunit hydrodynamic size in aging cartilage and
the increased proportion of keratan sulphate rela-
tive to chondroitin sulphate in the core protein.
It may also explain the presence of isolated binding
hyaluronic acid regions and the prominence of the
smallest link protein size found in aging tissue.23 On
the other hand, the increased collagenolytic activity
associated with cartilage alterations supports the
involvement of proteases in fragmenting the col-
lagen network, which is typical of fibrillated
cartilage. 3
Although the morphological changes of the carti-

lage in the tibial plateau are focal, the metabolic and
cellular processes appear to be generalised. The
increased proteolytic activity in the cartilage was not
exclusively related to the amount of load bearing to
which the tissue was subjected. Enhanced levels of
both collagenolytic and Pg-degrading enzymes were
demonstrated, not only in the weight bearing area
but throughout the entire cartilage. Indeed, a
significantly higher level of the Pg-degrading en-
zyme was found in specimens from the non-weight
bearing area than in those from the weight bearing
area. Although the exact meaning of this difference
is unclear, it is possible that even if the cellular
metabolism of all chondrocytes is altered, those
from the non-weight bearing area may be subjected
to less damage than those from the weight bearing
area. The appearance of lesions mainly in the weight
bearing area could be the result of a combination of
increased enzyme levels and mechanical factors. By
acting together, these two factors could produce
significant change in the physicochemical properties
of the cartilage.

Patients with progressive degeneration of their
cartilage also have cellular metabolic abnormalities.
These abnormalities cause the chondrocytes to
synthesise and release increased amounts of pro-
teolytic enzymes. This phenomenon, recently re-
ported by Nojima et al, 4 could also apply to age
related cartilage changes. From our study it was
impossible to determine whether the macroscopic
grading of cartilage represented chondrocytic meta-
bolic alterations or more progressive changes in the
matrix.
Although it remains to be determined whether the

increased enzyme levels follow or precede the
appearance of lesions, the dynamics of the changes
taking place in the cartilagenous tissue are reflected,
at least in part, by the variation in enzyme activity in
the different cartilage zones. Our data may give
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some insight into the time sequence involved for the
development of lesions. Thus specimens graded 0-1
showed low levels of Pg-degrading enzymes in both
superficial and deep zones. As the lesions progres-
sed, the enzyme activity increased. This was first
noted in the superficial zone, suggesting that the
chondrocytes of this layer are the first to be affected.
The chondrocytic change could cause an increased
enzyme level in the matrix. After the enzyme
activity at the superficial layer was increased there
was a subsequent increase of enzyme levels in the
deep zone. This phenomenon, particularly noted in
the grade 2 specimens of older subjects, may reflect
the fact that once the superficial layer of cartilage
has been altered the changes expose the chondro-
cytes of the deep zone of the cartilage to greater
trauma. The evidence of cell multiplication and
increased metabolic activity in the deep layer of
fibrillated cartilage25 26 correlate well with the in-
creased enzyme level found in this region. Of
particular interest is the decline of Pg-degrading
enzyme activity in both superficial and deep zones of
grade 3 cartilage specimens. It is possible that once
fibrillation penetrates the cartilage the repair pro-
cess is compromised. In contrast, in younger indi-
viduals the chondrocytes may maintain a relatively
normal metabolism, and thus the structure of the
cartilage matrix may be less severely altered. This
would explain our inability to find any specimens
with severe degenerative changes (grade 3 classifica-
tion) in the younger group.
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specimens. The authors are grateful to F Mineau and W Nedwetsky
for their technical assistance. We also wish to thank W Nedwetsky
and F Lowry for revising the manuscript and F Laberge for
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