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Summary

The eflects of copper and zinc on proteoglycan (PG) metabolism by articular cartilage were investigated /h y/tro using normal pig and horse car,
tilage co-cultured with synovial tissue. PG synthesis was measured by 35SOa incorporation and PG depletion was assessed by toluidine blue
staining. Copper, but not zinc, had a slight stimulatory efiect on PG synthesis in normal cartilage and was able to reverse the depletion of PG
induced by synovial tissue in a dose-dependent manner. Chondrocles in co cultured cartilage expressed elevated levels of the PG-degrading
enzymes cathepsins B and D, as detected by imrrunocytochemistry. Copper (0.01 ml\4) reduced expression of these enzymes.
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Wirkungen von Kupfer und Zink auf das Verhalten der Chondrozyten und den Stollwechsel der Matrix

Der Effekt von Kupfer und Zink auf den Proteoglycan (PG) lvletabolismus von Gelenkknorpeln wurde in gemischten Kulturen von normatem
Schweine- und Pferdeknorpel und Synovialgewebe ir, vi,'o untersucht. Die PG-Synthese wurde durch 35SOa Einbau gerressen und die PG-Ab-
nahme wurde durch Toluidin Blau-Färbung abgeschätzt. Kupfer, nicht aber Zink, hatte einen gerngfügig stimmulierenden Eflekt auf die PG-
Synthese in normalem Knorpel und war abhängig von der Dosis in der Lage, den PG-Abbau durch Synovialgewebe umzukehren. Chondro
zyten zeigten wie durch lmmunoc!'tochemie nachgewiesen, in gemischten Knorpelgewebekulturen erhöhte Konzentrationen der
PG abbauenden Enzyme Kathepsin B und D. Kupfer (0.01 mM) reduzierte das Auftreten von diesen Enzymen.

Schlüsselwörter: Proteoglycan, Knorpel, Kathepsin B, Kathepsin D, Kupfer, Zink

lntroduction

Clinical evidence points towards an increase in young hor-
ses of bone formation defects in the form of develoomental
orthopaedic diseases (DOD) such as dyschondroplasia
(osteochondrosis) ,  osteochondr i t is  d issecans, Wobble
syndrome (cervical spondylomyelopathy) and some angu-
lar l imb deformities (Knight et al. 1990). These diseases are
generally characterized by lesions in the carti laginous gro-
wth centres resulting in defective carti lage and bone gro-
wlh (Bridges & Harris 79BB; Knight et al, 1990; Meyer
1994), and it is now recognized that a relationship exists
between the cartilage and bone defects seen in DOD and
nutrit ional copper and zinc imbalance (Bridges et al. 1984;
Cymbaluk & Smart 1993; Meyer 7994).
Copper and zinc are known to affect carlilage matrix remo-
delling (Bridges & Moffitt 7990; Knight et al. 1 99O; Hurtig eI
al, 1993) and there is recent evidence to suggest that cop-
per deficiency results in defective collagen cross-linking in
cartilage lesions in osteochondrotic foals (Hurtig et al.
1993), The other major structural component of the matrix
is proteoglycan, which exists as large macromolecular ag-
gregates, non-covalently bound to hyaluronic acid. lt has
been reported that copper deficiency in rats alters the con-
centration, size and amount of certain proteoglycans in the
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extracellular matrix of the arterial wall, leading to cardiovas-
cular lesions (RadhakrishnamurThy eI al. 19Bg). Additio-
nally, the studies of Hurtig et al. (1993) have shown eleva-
ted levels of an active proteoglycan-degrading enzyme
(stromelysin) in carti lage lesions in copper-deficient foals. lt
is surprising therefore that the role of proteoglycan has
been completely ignored in studies of the aetiology and pa-
thogenesis of the carti laginous lesions associated with
DOD. Since copper and zinc compounds also have well-
established pharmacological activity as anti-arlhrit ic agents
(Sarenson 7989; Whitehouse et al. 1990) we decided to in-
vestigate the effects of these essential metals on the turno-
ver of caftilage matrix proteoglycan. The results of this
study should provide insight into their mechanism of action
in a variety of degenerative joint diseases.

Materials and methods

Irssues and culture conditions
Macroscopically normal articular carti lage and synovial
t issue were removed from 6 to 9-month-old Landrace
pigs and from the lateral trochlear ridge of femorotibial
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jo ints f rom .1-year-old horses. Ful l  depth cart i lage pieces
were cul tured alone or were co-cul tured immediately ad-
jacent to minced synovial t issue as previously described
(Davies et  a l ,  1991).
Carti lage explants and co-cultures were maintained for 48
h in the presence or absence of 0.01 mM copper sulphate
or zinc sulphate. This concentration had previously been
shown to be non-toxic as measured by protein and PG
synthesis in carti lage and by trypan blue exclusion using
isolated chondrocytes (Pasqualicchio et al. 1995, 1996).
After 48 h some of the cartilage explants were removed,
snap-frozen in OCT embedding medium and stored at
-2O"C pr ior  to sect ioning for to lu id ine blue histology and
immunocytochemistry. The remaining explants were held
in culture for PG synthesis measurements. Five carti lage
explants were used in all experimental groups. The experi-
ment was performed 3 times in both specres.

Measurement of PG synthesrs
After the 48 h culture period explants were radio-isotope
labelled by replacing the medium with fresh DMEM contai-
ning 20 UOi/ml (O.74 MBq/ml) of 1ss5, sulphate and cultu-
ring for a fudher 2 h aI37 "C. The explants were then pla-
ced in tubes previously weighed to determine their wet
weight - the explant wet weights were within the range of
50 to 60 mg. The explants were then digested in papain
(300 pglnl) for 2 h at 65'C and the rate of PG synthesis
measured as the 35SOa incorporation, and expressed as
counts per minute/mg (CPM/mg). The experiment was
performed 3 times with both pig and horse carti lage and all
measurements were done in quintuplicate.

lmmunocytochemistry
Frozen sections of cartilage were cut at a thickness of
5-B pm, air dried for 10 min and fixed for 30 minin 4o/o
paraformaldehyde. Cathepsins B and D were detected by
indirect immunolocalization, essentially as described (Da-
yies et al. 1991), using well-characterized sheep antisera
raised against human cathepsins B and D, known to
cross-react with the horse enzymes (Hernandez-Vidal eI al.
1996). Controls were performed in which the primary anti-
serum was replaced with PBS or normal sheep serum. The
secondary antiserum was an F|TO-conjugated rabbit lgG
ant i -sheep immunoglobul ins (DAKO).

Toluidine blue histology
Frozen sections were stained with 5 % (v/v\ ethanol contai-
ning 0.5 % (w/v) toluidine blue for visual assessment of
proteog lycan depletion.

Results

Effects of copper and zinc on cartilage matrix proteoglycan

(i) Effect on PG synthesrs
Incorporation of radioactive sulphate (35SO+) into newly
synthesized proteoglycan was evaluated in explants of pig

368

and horse articular carti lage. Co-culture with synovial t is-
sue dramatically reduced de novo synthesis of PG (Fig, 1).
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Fig.1: Effect of 0.01 mM copper and zinc sulphate on proteo-
glycan synthesis (measured as 3sSO+ incorporation) in
normal pig (A) and horse (B) articular carli lage cultured
alone (control) or co-cultured with synovial t issue for 48 h.

Wirkung von 0,01 mM Kupfer- und Zinksulfat auf die Proteo-
glyconsynthese (gemessen als as$Qr Inkorporation) des Ge-
lenkknorpels von Schweinen (A) und Pferden (B) kultiviert al-
lein (Kontrolle) oder co-kultiviert mit Synovialgewebe fur 48h

In all 6 experiments (3 pigs, 3 horses) copper sulphate
(0.01 mM) caused some degree of reversal of the inhibit ion
of synthesis caused by the synovial t issue. ln ccntrast, zinc
sulphate (0.01 mM) had no effect. Due to sample and spe-
cies variation in controls (cadilage alone) 3sSOa incorpora-
tion, data from different experiments could not be combi-
ned. Representative experiments for both pig and horse
are presented in Fig. 1A and B respectively.

(ii) Effect on metachromatic starnrng
Sulphated proteoglycan levels can be assessed histologi-
cally by the deep purple metachromatic stain of toluidine
blue. Loss of sulphated PG is associated with a corre-
sponding reduction in the intensity of metachromasia. Nor-
mal horse cafti lage showed strong metachromatic stai-
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Fig.2: Toluidine blue-stained sections of horse articular carti lage
after culture for 48 h alone (A), co-culture with synovial
t issue (B) and co-culture with synovial t issue in the pre-
sence of 0.01 mM copper sulphate (C).

Toluidinblau gefärbte Schnitte von Pferdegelenkknorpel
nach Kultivierung für 4Bh: allein (A), mit Synovialgewebe
(B) und mit Synovialgewebe und 0,01 mM Kupfersulfat

ning, wi th s l ight  d iminut ion in intensi ty at  the art icular sur-
face after 48 h in culture (Fig. 2A). In two different experi-
ments co-culture of the carti lage with synovial t issue resul-
ted in extensive depletion of PG as seen by loss of
metachromatic staining (Fig. 28). Copper sulphate at con-
centrations ranging from 0.001 mM to 1 mM abrogated
the PG depletion caused by synovial t issue in a dose-de-
pendent manner.  The intensi ty and distr ibut ion of
metachromatic staining in Fig. 2C demonstrates the rever-
sal of PG depletion at a copper concentration of 0.01 mM.
At this concentration of copper distinct ,,halos" of staining
were observed around individual chondrocytes, probably
indicating attempts to remodel by ,,switching on" PG syn-
thesis. Zinc sulphate (0.01 mM) was unable to reverse the
PG-depleting effects of synovial t issue (data not shown).

Effect of copper and zinc on expression of cathepsrns B
and D
The distribution of cathepsins B and D in horse carti lage
was assessed by indirect immunolocalization on tissue
sections. In a previous study (Hernandez-Vidal et al. 1996)
expression of cathepsins B and D was found to be restric-
ted mainly to the hypedrophic chondrocytes with l itt le ex-
pression at the articular surface or in the proliferative zone.
In the present study, preliminary experiments showed that
after co-culture with synovial t issue the majority of chon-
drocytes stained positively for cathepsins B and D in all
zones of the carti lage [fab. 1), Interestingly, addition of
copper sulphate (0.01 mM) considerably reduced the
staining reaction of chondrocytes, particularly for cathepsin
D, at the articular sur-face and proliferative zone. Zinc sul-
phate (0.01 mM) had no influence on the staining reaction
for either enzyme.

Discussion

In this study co-cultures of articular carti lage with synovial
tissue provided a useful rn vitro model to investigate the ef-
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Tab.1: Effects of synovial t issue and copper and zinc on the ex-
pression of cathepsins B and D in equine art icular cadi-
lage.

Wirkung von Synovialgewebe und Kupfer und Zink auf die
Expression von Kathepsin B und D in Pferdegelerrkknorpel
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fects of copper and zinc on proteoglycan turnover in the
extracellular matrix. Copper, but not zinc, was found to
protect the carti lage against the PG-degrading action of
synovial t issue, as assessed by (i) measurement of PG syn-
thesis and (i i) by histological staining reactivity. The mecha-
nism by which copper exerts this protective effect is, ho-
wever, open to speculation.
It is known that normal synovial t issue secretes significant
amounts of  the pro- inf lammatory cytokine inter leukin 1 ( lL1)
(Fell & Jubb 1977; Davies et al. 1 99.1) and that this cytokine
plays a major role in the regulation of carti lage matrix turn-
over (Lane Smith et al. 1989: Platt & Bayliss 1994). ln vitro
studies have shown that lL1 induces carti lage breakdown
by stimulating secretion of matrix degrading enzymes by
synoviocytes and chondrocytes (Pratta et al. 1989;
Nguyen et al. 1989; Malfait et al. 1994), by inhibit ing PG
synthesis (Tyler 1985; Bayliss et al. 1991) and by altering
PG molecular composition (Platt & Bayliss 1994).
We would l ike to speculate that copper inhibits lL1 activity
and thereby protects carti lage from synovial-induced da-
mage. Inhibi t ion of  lL1 would also explain our observat ions
on the abi l i ty  of  copper to reduce the expression, by chon-
drocytes, of the PG-degrading enzymes cathepsins B and
D. Although we have no experimental evidence in supporl
of this, we do know that copper inhibits nitric oxide (Pas-
qualicchio et al. unpublished observations), the proposed
mediator of  lL1-dependent suppression of  PG synthesis
(Taskiran et al. 1994).
These findings offer a possibrle explanation for the anti-ar-
thrit ic action of copper, and may be of significance for the
treatment of degenerative diseases such as rheumatoid
and osteoarthrit is. But is this proposed mechanisrn of ac-
t ion of  copper relevant to the equine DOD? l f  copper is
able to inhibi t  n i t r ic  oxrde and/or lL-1,  then i ts abi l i ty  to in-
fluence chondrocyte behaviour must also be considered.
Chondrocytes have sole responsibil i ty for maintaining the
integrity of their surrounding extracellular matrix which they
achieve by controlled secretion of a complex network of
mediators and cytokines, including lL-1 and ni t r ic  oxide
(Rath et al. 1 9BB', Davies et al, 1991 ', Frean & Lees 7995). lt
is  c lear that  any disturbance of  th is f inely balanced
microenvioronment e.g.  inhibi t ion of  n i t r ic  oxide or lL-1 by
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copper, could result in production of abnormal or defective

cartilage which is characteristic of some of the equine de-
velopmental orthopaedic diseases.
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