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OBJECTIVE: The aim of this research is to characterize the most appropriate
concentration of Foetalbovine serum [FBS] for culture maintenance, and
determine the apoptosis rate in the culture system, and also to investigate the
induction of proteoglycan catabolism and the role of nitric oxide [NO] on
proteoglycans [PG] loss. Furthermore it also aims to study the involvement of
specific nitric oxide signaling pathways and to determine the involvement of
matrix metalloproteinase [MMPs] in the degradation of proteoglycans.

METHODS: Proteoglycan degradation was investigated with 1 pmol/L
retinoic acid [RA] and NO donor Diethylenetriamine DETA-NONOate in
bovine cartilage explant cultures. Signaling pathways were investigated using
specific inhibitors. Nitrite, an end product of NO metabolism, was measured
in media by the Griess reaction. Matrix metalloproteinase [MMP] activity was
investigated by gelatinase zymography and chondrocyte apoptosis in cultures
was assessed using active caspase-3 immunohistochemistry.

RESULTS: Low rates of apoptosis were identified relative to positive
control samples. Retinoic acid at 1pmol/L caused a significant increase in
proteoglycan loss and this effect was completely reversed in the presence of
NO. The zymography results did not show a difference in MMP activity. It
was also found that p38 and p42/44 MAPKs, ROCK and soluble guanylate

cyclase activities were involved in RA induced PG loss but not in NO-

mediated anti-catabolic.

CONCLUSION: This study demonstrates that 1% FBS is the most
appropriate concentration to study PG loss in bovine culture model. In our
culture system there are likely to be low levels of apoptosis due to the tissue
culturing procedure and PG loss in RA-induced cultures is mediated by
proteinases other than MMPs.
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ROCK: Rho-associated coiled-coil kinase; SDS: Sodium dodecylsulphate; TEMED:
Tetramethylethylenediamine; TIMP: Tissue inhibitors of MMPs; TNF: Tumor

necrotic factor

Pro—inflammatory cytokines plays an important role in the regulation of
articular cartilage metabolism. They induce cartilage degradation through
the action of nitric oxide [NO]. However, NO has also been demonstrated
to antagonize the degenerative effect of interlukin-1 [IL-1] and retinoic acid
[RA] in explant cultures. This research investigates the biphasic role of NO
in cartilage breakdown and identifies the pathways involved in mediating
this effect.

Joint diseases are the main cause of movement disability and pain in old
people. Osteoarthritis [OA] is a common chronic pathology affecting one in
five people per year in the United Kingdom and is the main reason for 98%
of joint replacement (1). Presently, there is no curative treatment for OA and
currently available drugs only alleviate pain. A balance between extracellular
matrix ECM production and degradation is the main factor in maintaining
cartilage integrity. Once this equilibrium changes, cartilage breakdown starts
(2). Chondrocytes express surface receptors for inflammatory mediators
such as cytokines (3) and inducible nitric oxide synthase enzyme [INOS].
In inflammatory conditions, chondrocytes become activated by different
mediators which can induce chondrocyte phenotypic change with disturbance
of the anabolic-catabolic balance and subsequent cartilage degradation (4).
These molecules induce the up-regulation of matrix metalloproteinase
MMP and non-MMP enzyme gene expression coupled with the inhibition
of chondrocyte synthetic pathways (5). Cytokines represent the key players
in cartilage degradation. They are categorized into three groups; catabolic
cytokines including interlukin-1 IL-1 | and IL-10, regulatory cytokines such
as such as IL-6, IL-8 and tumor necrotic factor TNF, anabolic factors such
as growth factors and complement (6). The IL-1 and TNF are the major
cytokines involved in cartilage catabolism and in OA they are responsible

for the initiation of degradation process, followed by their stimulation of
IL-6 release with subsequent release of other cytokines, alteration in ECM
structure and quality and increased MMP expression (7,8). In addition,
IL1 and TNF induce NO production which is believed to be involved in
cartilage catabolism (9). It has also been implicated in chondrocyte apoptosis
signaling as well as the induction of MMPs (10). Another important signaling
pathway involved in cartilage breakdown is the inducible nitric oxide synthase
[iINOS] pathway (11). It mediates catabolic effects either by the activation of the
cyclic -Guanine monophosphate GMP pathway, with subsequent activation of
different biological processes or by the production of large quantities of NO (12).

The mitogen-activated protein kinase [MAPK] pathways have been
demonstrated to have a regulatory role on pro-inflammatory mediators as
well as the production of MMPs (13). Levels of activated MAPK have been
reported to increase in osteoarthritis cartilage. P38 MAPK pathway inhibition
has been identified to reverse cartilage destruction in mouse models (14).
Mitogen-activated protein kinase pathways become activated in response to
a variety of stimuli such as cytokines and inflammatory mediators (15). Rho
kinases are among the downstream signaling of RhoA that play important
roles in chondrocyte differentiation and actin cytoskeletal regulation. The
RhoA/ROCK signaling pathway has been shown to be involved in cartilage
degradation (16).

High levels of proteinases are the main cause of cartilage breakdown; they
have been demonstrated both in osteoarthritis and rheumatoid arthritis
cartilage (17).

Matrix metalloproteinases in cartilage are secreted by chondrocytes, and are
secreted as pro-enzymes, becoming activated after the dissociation of cysteine
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residues in the pro-peptide domain exposing the zinc atom-conserved active
site in the latent form. They can be activated by proteolytic and oxidative
nitrosylation (18) or by phosphorylation (19). Under normal conditions,
MMP activity in joints is controlled by the tissue inhibitors of MMPs [TIMP].
They can be inhibited by binding to TIMP in a 1:1 ratio (20). Imbalance
between TIMPs and MMPs was demonstrated in osteoarthritis (5).

Intracellular activation was first demonstrated in proMMP-11 activation
by furin. Extracellular activation is the major mechanism of activation of
pro-MMPs and is mediated either by proteases, plasmin cleavage (21) or the
involvement of membrane type MMPs [MT-MMPs] such as the activation
of MMP-2. The aggrecan molecule has two main cleavage sites in the
interglobular domain [IGD], the first at Asn341-Phe342 which is targeted
by MMPs generating a G1 fragment with the VDIPEN([431] sequence on
the COOH terminus (22). The second site is at Glu373-Ala374, which
has been identified to be cleaved by another group of proteinase known
as the aggrecanases, producing a NITEGEN[373] sequence-terminating
Gl fragment. Aggrecanases are zinc-dependent enzymes that contain an
amino terminal peptide domain, MMP domain, disintegrin like domain
and thrombospondin motif at C-terminus, known as a disintegrin and
metalloproteinease with thrombospondin motifs [ADAMTS], which are
membrane bound enzymes that are secreted in an active form (23).

Nitric oxide has been demonstrated as a key player in the pathogenesis of
osteoarthritis (7). In cartilage tissue NO is produced by chondrocytes in
response to cytokines (24). Nitric oxide is believed to mediate a catabolic
effect on cartilage as it inhibits collagen production and promotes the release
of proteoglycans. In addition [and more importantly], it up-regulates the
activity of MMPs (25). High levels of NO were found in the synovial fluid of
arthritis joints. Nitric oxide has also been found to mediate IL-1 and TNF-a
mediated aggrecan degradation (26).

Apoptosis has a key role in tissue remodelling and development. The
molecular mechanism of apoptosis involves the activation of a group
of proteinases known as caspases [Cysteine Aspartyl-specific Proteases].
Chondrocyte apoptosis is mediated by complex pathways including the
imbalance between anti-apoptotic and pro-apoptotic proto-oncogene [Bcl2/
Bax] intracellular levels, the Fas/Fas ligand and iNOS pathways (27). Nitric
oxide has been shown to induce apoptosis in different cell types such as
macrophages and endothelial cells. It was reported that exogenous NO can
induce apoptosis of chondrocytes, while the presence of oxygen free radical
scavenger is necessary for endogenous NO to induce apoptosis. However,
there is a variation in the degree of apoptosis between different cartilage
layers as it appears to be higher in superficial layers than the deep zones (28).

MATERIALS AND METHODS
Preparation of articular cartilage explants and culture treatment

Bovine articular cartilage was obtained from the metacarpophalengeal
joints of steers less than 36 months old. Tissue was collected under aseptic
conditions, diced into 1-2 mm? and maintained in Dulbeccos Modified
Eagles medium [DMEM] [Gibco® Life technologies UK] containing [4.5 g/L
glucose, 110 mg/L sodium pyruvate and 2 mM L-glutamine] supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin and 1 mg/ml fungizone.
Tissue was incubated at 37°C with 1% [v/v] foetal bovine serum [Biosera
UK] for 24 hrs, and then tissue was aliquoted in to 24 well culture trays at
100-300 mg/well. Four replicates for each treatment were prepared. Cartilage
degradation was induced with 1 umol/Lall trans-retinoicacid [Sigma-Aldrich
UK] and culture conditions included 466 pmol/L [Z]-1{N-[2-aminoethyl]N-
[2-ammoniioethyl]amino] diazen-1-ium-1,2-diolate [DETA-NONOate], 466
pmol/L Disodium [EJ-1-sulphonatodiazen-1-ium-1,2-diolate [SNONOate],
10 pmol/L SB 203580, 10 pmol/L PD 98059, 5 pmol/L ODQ [all from
Cambridge Bioscience], 10 pmol/L Y-27632 [Abcam Biomedical]. Dimethyl
sulfoxide [DSMO] was used as inhibitor vehicle, sodium hydroxide [NaOH]
was used for nitrite donor dilution. Both were shown to have no effect on the
metabolism of proteoglycans [data not shown]. Culture media was replaced
after 24hrs and then incubated for 72 hrs. Media then was collected on ice
for analysis; tissue samples were washed 3 times in PBS at room temperature
and kept at -20°C for further analysis (29).

Measurement of nitrite production

Nitric oxide synthase activity was investigated indirectly by measuring nitrite,
the end product of NO, in triplicate cultures using a spectrophotometet-
based nitrite assay (30). Concentrations were calculated from a sodium
nitrite standard curve produced from a 0.IM stock solution. 100 pl of
samples were added in 1:1 ratio to freshly prepared Greiss reagent [1% [w/v]
sulphanilamide and 0.1% [w/v] naphthylethelenamide, 5% [v/v] phosphoric
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acid] in 96 well plates. Only samples containing [DETA -NONOate| were
diluted at 1:2 in water. The remaining samples were measured undiluted.
Absorbance was measured using a 96 well microplate reader [Jenway 6300]
at 570 nm.

Measurement of glycosaminoglycan [GAG] release by spectrophotometer
based assay

Proteoglycan release to culture medium was measured in triplicate using
96 well plates, by measuring the absorbance of dimethylmethylene blue
[DMMB] dye [16 mg DMMB in 5 ml ethanol, 993 ml H,0, 2 ml formic acid,
2 g sodium formate, pH 3.5]. Dilutions in water of 1:20 were prepared for
all samples except for RA treated samples which were diluted 1:50. 250 pL
of DMMB dye were added to 40 pL of conditioned media in triplicates and
absorbance was measured at 620 nm. Shark chondroitin sulphate [Sigma-
Aldrich UK] was used to prepare a standard curve (31).

Estimation of MMP activity in the culture media by gelatinase zymography

For the detection of MMP activity in culture, 10 pL volume of conditioned
culture medium was incubated with 9 pL sample buffer [6% sodium
dodecylsulphate [SDS], 0.04% bromophenol blue, 20% glycerol, 0.256 M
phosphoric acid, 0.471 M Tris, pH 6.8] and 1 pL NaOH at 37°C for 4 hrs
in four replicates, then centrifuged at 5000 g. 10 pL of molecular weight
markers [RPNSOOE Lifesciences UK], appropriate volumes of Samples [1.5
mg equivalent] were applied on stacking gel [1250 puL 1.5 M Tris buffer,
pH 8.8, 500 pL 40% acrylamide [Sigma-Aldrich UK], 3144.5 uL H,O, 50
pL 10% SDS, 5 pL tetramethylethylenediamine [TEMED], 50 pL 10%
[w/v] ammonium persulphate [APS]. After separation on 10.5% SDS-
polyacrylamide minigels [2500 pL 1.5 M Tris buffer, pH 8.8, 2640 pL 40%
acrylamide, 3660 pL H,0, 1000 pL 1% bovine gelatin [Sigma-Aldrich UK],
100 pL 10% SDS, 10 uL TEMED, 100 pL 10% [w/v] APS electrophoresis
was run at 30 mA for 6hrs with continuous cooling using an ice container
in the electrode buffer [0.1 M TrissHCL, pH 8.7, 0.768 M glycine, 2 mM
ethylenediaminetetraacetic acid [EDTA] using internal and external electrode
buffer at 1:4 and 1:8 dilution respectively. After electrophoresis, the pre-
stained molecular weight marker lane was separated and the gel was washed 3
times for 10 minutes each in sequential washing buffer 1 [0.05 M Tris-HCL,
pH 7.5, 0.02% sodium azide, 2.5% Tween 80], 3 times for 10 minutes each in
sequential washing 2 [0.05 M Tris-HCL, pH 7.5, 0.02% sodium azide, 2.5%
Tween 80, 5 mM CaCl2 and 1 pM ZnClZ] at room temperature. Then the
gels were incubated overnight at 37°C in [0.05 M Tris-HCL, pH 7.5, 0.02%
sodium azide, 5 mM CaClZ and 1 M ZnClz].

The gel then was stained in solution containing 1.2 mM Coomassie blue dye
R250 [Thermo Scientific], 30% methanol, 10% acetic acid for 30 minutes
followed by destaining in 10% methanol, 5% acetic acid solution for 2 hours
until clear bands were seen on the gels, Gels were dried and images taken
using digital photography (32).

Immunohistochemical identification of apoptosis

Normal tissue samples were fixed directly in 4% paraformaldehyde in PBS.
To induce apoptosis in positive controls, the following treatments were
performed: a- tissue was incubated in 1% [v/v] FBS in DMEM containing
500 uM hydrogen peroxide [H,0,] incubated at 37°C for 6hrs. b- 1%
FBS/DMEM with 300 uM H,O, incubated for 6 hrs. ¢- 1% FBS/DMEM
containing 300 uM H,O, incubated for 24hrs. d- 10% FBS/DMEM with 500
pM H,O, incubated for 24 hrs. After incubation, the medium was discarded
and tissue samples from the experiment and the positive controls were fixed
in 4% paraformaldehyde in PBS embedded in optimal cutting temperature
compound OCT and sectioned by Leica cryostat at 10 pm thickness. After
mounting on pre-coated slides, antigen retrieval was achieved by incubating
the slides in citrate buffer [10 mM citric acid, 0.05% [v/v] Tween 20, pH
6.0] for 30 minutes at 95°C, and then cooled for 20 minutes at room
temperature. Sections were washed twice in 1% [v/v] goat serum, 0.04%
Triton X-100, PBS [PBST] and blocked for non-specific binding with 5%
goat serum PBST for 30 minutes. Endogenous peroxidase was blocked with
0.3% [v/vl H,O, in PBST for 15 minutes. Slides then were washed with 1%
[v/v] goat serum in PBST for a few seconds before incubation with active
caspase 3 antibody [NB 600-1235, Novus Biologicals UK], diluted 1:100 in
1% goat serum PBST overnight at 4°C.

Sections then were washed twice in 1% [v/v] goat serum in PBST for 10
minutes each prior to secondary antibody incubation [goat anti-rabbit [gG
FFc, horse radish peroxidase conjugate [Life Technologies USA], 1:1000
dilution in 1% [v/v] goat serum in PBST for an hour at room temperature.
Sections were washed twice in PBS for 10 minutes each before applying
freshly prepared 3,3’-diaminobenzidine tetrahydrochloride [DAB] reagent
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before washing with deionised water and counterstaining with Harris’s
haematoxylin [Sigma-Aldrich UK] for 1 minute, washed in distilled water
twice for 2 minutes each, then dehydrated in an ascending ethanol gradient
and cleared in Histoclear and applying mounting media. Samples were
visualized using a light microscope [Nikon] and digital images were captured

(28,33).
Statistical analysis

The results were expressed as mean +/- standard deviation [S.D]. All culture
experiments were conducted as four replicates. Significance of differences
between samples was compared using the Student’s T-test. Statistical
significance was defined as [p<0.05].

RESULTS
Retinoic acid and nitric oxide regulation of cartilage metabolism

As expected proteoglycan loss in control cultures was consistent throughout
the experiments ranging between [1.2 and 3.5 pug/mg]. Treatment of cultures
with 1 pmol/L all trans-RA significantly induced glycosaminoglycan [GAG]
release from tissue to culture media which was measured by the DMMB
assay, producing a 3 fold increase of GAG in media [11 pg/mg, RA treated
culture; 2.8 pg/mg control cultures| (Figure 1). This effect was significantly
inhibited in the presence of NO donor [DETA-NONOate] to below control
levels, concomitant with a significantly higher nitrite accumulation [DETA-
NONOate cultures, 4.1 nmol/pL; control cultures 0.6 nmol/pL] [p<0.05,
n=4]. SNONOQate was used as negative control for NO production and
produced no significant inhibition of GAG loss indicating that NO produced
by DETA-NONOate has an inhibitory effect on RA induced proteoglycan
catabolism.

The effect of different concentrations of foetal bovine serum on culture
conditions

Foetal bovine serum was used as a maintenance factor in these cultures. The
impact of FBS on the RA and NO responses was assessed. Tissue was cultured
in medium containing 3 different concentrations of FBS [serum free, 1%
and 10%]. Aggrecan loss was measured in the presence of 1 pmol/L all trans-
RA and DETA-NONOate. As shown in Figure 2, in control samples there
was no effect of FBS on control cultures. When stimulated by 1 pmol/L RA,
GAG loss was significantly blocked with 10% FBS compared with serum-free
cultures [p<0.05] [serum free, 6.6 pg/mg; 1% FBS, 6.2 png/mg; 10% FBS, 1.8
pg/mgl. Samples incubated in 1% FBS showed no significant reduction in
GAG loss compared to control samples. There was a significant increase in
nitrite accumulation in DETA-NONOate cultures at all FBS concentrations.
These findings suggest that 1% FBS medium can be used to support tissue
survival without interfering with culture conditions. As cartilage is non-
vascular.

Identification of signal transduction pathways involved in proteoglycan
degradation

Mitogen activating protein kinases are known to have a role in MMP
activation. To elucidate the pathways involved in the regulation of
proteoglycan by NO and RA, specific signal pathways were tested using
specific inhibitors; we tested p38 MAPK using SB203580, p44/42 MAPK
using PD98059, soluble guanylate cyclase activity using ODQ and Y-27632 as
a selective ROCK inhibitor. Treatment of RA cultures resulted in significant
inhibition of PG loss in response to the four inhibitors [p<0.05, n=4], with
the largest effect with SB203580, inhibiting RA-induced catabolism to below
control levels [102.9% inhibition]. Potent inhibition was also found with
ODQ [94.55%], PD98059 [88.15%] and Y23632 [87.59%] (Figure 3). To test
their contribution to NO induced effect, we treated the cultures with signal
transduction inhibitors; RA and DETA-NONOate., as shown in Figure 4
none of the inhibitors had any significant effect on NO treatment. Our
findings suggest the involvement of these pathways in mediating RA induced
GAG loss and that NO is not inhibiting GAG loss through theses pathways.

Variation in culture sensitivity to specific signalling pathways inhibitors

Different levels of response to inhibitors were seen in different experiments.
Table 1 shows variations in the effect of MAPK inhibitors on RA induced PG
loss. The range of inhibition for the ROCK inhibitor [Y27632] was 88.15%
to 46%. Interestingly, PD 98059 had a wider range, blocking the RA effect
to less than control levels [103.39%] in one experiment whilst having a more
limited effect of 5.73% in another. Similar variations were observed with
SB203580 which has as high as, 102.90% and 103.52% in some experiments
and as low as 21.8% in another. The ODQ variation was less marked, ranging
between 94.55% and 60.46%.
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Matrix metalloproteinase activity in cultures

To investigate whether the GAG degradation in culture is due to MMP
activity, we quantified activity in control samples, RA-, DETA-NONOate-
and SNONOate-treated cultures by gelatinase zymography. Bands of activity
were identified at molecular weight 36 kDa and 39 kDa in all lanes (Figure 4).
Currently, there are no MMP-derived gelatinase activities which correspond
to these molecular sizes reported in the literature. There was no change
in MMP activity between control and other culture treatment conditions
suggesting that PG catabolism is mediated by non-MMP enzymes.

Apoptosis in culture model

To further investigate if chondrocyte apoptosis in the explant cultures is
high enough to contribute to these changes we active caspase 3 expression
in ex vivo samples and in positive controls cultured in DMEM media and
the following [A]1% FBS and 500 pmol/L H,O, for 6h, [B]1% FBS, 300
pmol/L H,0, for 6h, [C]1% FBS, 300 pmol/L H,O, for 24 h [D]J10%FBS,
500 pmol/L H,0, for 24 hr respectively. As shown in Figure 5, we observed
positive active caspase 3 expression in sections treated with 500 pmol/1 H,0,
[yellow arrows] while ex vivo tissue and other treatments showed no signs of
apoptosis, indicating that our tissue processing procedure does not induce
apoptosis in cultures.

DISCUSSION

The role of NO in biological and pathological processes has been the subject
of much research. In osteoarthritis, NO plays a key role in mediating the
catabolic effects of pro-inflammatory cytokines (26), the up regulation of
MMPs expression (34), and inhibition of PG synthesis by suppression of
chondocyte sensitivity to growth factors(35). Nitric oxide has long been
believed to mediate collagen degradation. However, more recently there is
emerging evidence that nitric oxide can antagonise the catabolic processes
in cartilage, although its role as an anticatabolic factor has yet to receive
significant study. A study has shown that it promotes collagen synthesis in
human tendon in witro, (36). Other studies showed that NO can modulate
MMP activity in a biphasic manner where high levels of NO result in MMP
inactivation (37). In the present study, we found that exogenous NO can
significantly block RA-induced proteoglycan degradation in bovine explant
cultures [p<0.05]. This finding was consistent with a previous study of the
NO effect on RA and IL-1-induced PG loss in equine cartilage (38) as well
as a study which reported a significant increase of IL-1 induced PG loss in
bovine explants culture in the presence of NO inhibitor (39). These findings
together suggest that there is a basal level of NO that can be protective in
cartilage tissue, and this interpretation is supported by a study which suggests
that, in the case of low inflammatory conditions, intracellular redox potential
is directed toward S-nitrosothiol production which has an inhibitory effect
on PG degradation by the inhibition of NFkB signalling pathway (40).
Although the MAPK pathways are involved as downstream cascade signalling
in the various effects of NF-k B, a previous report has shown that they can
work independently in bovine cultures (41). Another possibility is that NO
may exert an auto-regulatory feedback inhibition on iNOS activity similar
to a mechanism observed in brain endothelium (42). Mitogen-activated
protein kinases are cell signal transduction pathways which communicate
extracellular signals and intracellular responses including regulation of
protease gene expression via phosphorylation (34). MAPK activation have
been demonstrated in osteoarthritis joints in humans (43). Thus, inhibition
of MAPK signaling pathways is a crucial focus of developing new treatments
for osteoarthritis. The p38 MAPK and ERK1/2 pathway [p42/44 MAPK]
are involved in high concentration NO-induced chondrocyte apoptosis and
PG catabolism in cartilage cultures, as is the ROCK signaling pathway (44).
Also, cGMP is a second messenger of endogenously produced NO (45). In
this study, we found significant inhibition of PG loss in cultures in response
to all the specific inhibitors we used which suggest that retinoic acid-induced

TABLE 1

Variation in culture sensitivity to treatment with different signal
pathway inhibitors including SB203580 (p38 MAPK), PD98059
(p42/44 MAPK), ODQ (soluable guanylate cyclase) and Y-27632
(ROCK). The values represent the percentage of inhibition of
retinoic acid induced proteoglycans loss

Inhibitor Experiment 1 Experiment 2 Experiment 3
obQ 77.19% 60.46% 94.55%
Y27632 46.99% 75.26% 88.15%
SB203580 21.87% 103.52% 102.90%
PD98059 5.73% 87.59% 103.39%
3
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Figure 1) (A) The effect of retinoic acid (RA) treatment on explant cultures.
Bowine cartilage tissue was cultured with 1umol/L RA, 466 umol/l DETA-
NONOuate and 466 wmol/L SNONOQate for 72 hrs. Culture media were
analysed for proteoglycan loss using a spectrophotometry based GAG assay
at 620 nm. Retinoic acid induced significant proteoglycan loss (3 fold) in
comparison with control (significance is indicated by asterisk, p value<0.05,
n=4). This effect was significantly reversed by DETA-NONOate (p
value<0.05). (B) Nitrite accumulation in explant cultures. Nitrite production
was measured in the culture media by a Griess based nitrite assay at 570
nm.Treatment of cultures with DETA-NONOate induced a significantly
high nitrite accumulation in comparison with control (p value<0.05, n=4).
Values are means +S.D of four replicates

PG degradation is mediated by p38, p42/44, ROCK and c-GMP pathways.
Our data was consistent with previous studies demonstrating the role of
MAPK in PG turnover in response to TNF-a (10), oncostatin M [OSM] and
TNF induced cultures. It has also been demonstrated that p38 inhibition
reverses cartilage loss in an in vivo model of osteoarthritis (14). Additionally,
p38 pathway has been implicated in transforming growth factor-o [TGFal]
induced proteoglycan catabolism (44,46) and chondrocyte apoptosis (47).
Nitric oxide signaling pathways are complex and incompletely understood.
It is known to activate p38 phosphorylation in <GMP/PKG dependent and
by independent mechanisms (48). We tested if the NO protective effect is
mediated by the p38 pathway using SB203580 which is reported to inhibit
p38 in bovine cartilage (49). There was no significant effect of p38 inhibition
on the NO effect. It was previously reported that NO stimulates ¢GMP
generation with subsequent activation of protein kinase G. The molecular
pathway involving a sGC/PKG-mediated activation of ROCK in response
to NO is a possible mechanism though which a basal level of NO has been
shown to induce a synaptic inhibitory effect in neonatal motor neurons as
well as vascular smooth muscle cells (50).

We used ROCK inhibitor [Y-27632] and a ¢cGMP inhibitor [ODQ)] to
investigate if inhibition of these pathways has an effect on NO mechanism
of PG maintenance; we did not find significant change with either of them,
indicating that both pathways are not involved in the NO protective effect
in cartilage. However, investigation of PKG pathway is a necessary step to
elucidate the contribution of this mechanism to a potential NO anabolic
effect.
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Figure 2) The effect of foetal bovine serum (FBS) on explant cultures.
Bovine cartilage tissue was cultured in different concentrations of FBS
(serum free, 1%, 10%) 1 wmol/L RA and 466umol/L DETA-NONOate,
(A) Proteoglycan loss in explant cultures. Significant inhibition of GAG loss
is seen in samples treated with 10% FBS in comparison with serum free and
1% FBS treated samples. (B) Nitrite production in medium measured by
Greiss reaction at 570 nm. Significant nitrite production was observed in
DETA-NONOate treated cultures (p<0.05). Values are means = S.D of
four replicates

=

ORr NWHAUON®OO
*
*
*
*

Proteoglycan loss pg/mg

Culture treatment

Figure 3) The effect of specific inhibitors on explant cultures. Bovine
cartilage tissue cultured with 1umol/L RA, NO donor (DETA-NONOate)
and specific signal transduction pathway inhibitors including SB203580
(p38 MAPK), PD98059 (p42/44 MAPK), ODQ (soluble guanylate
cyclase) and Y27632 ( ROCK). The figure shows the significant inhibition of
RA induced proteoglycan loss in the medium in response to the four inhibitors
independently (p < 0.05, n=4) while inhibitors had no significant effect on
NO induced suppression of proteoglycan loss

Interestingly, we observed some variability in responses from different
experiments. The reasons for this are currently unclear. Since all experimental
parameters were standardized, the discrepancies are most likely to be the
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36 kDa
39 kDa

Controls Retinoic acid RA+DETA RA+5ulpho

Figure 4) Gelatinase zymography of MMP activity in cultures: MMP
activity in conditioned medium was investigated in quadruplet cultures.
Culture conditions from left to right are: Control, RA, RA + DETA-
NONate, RA + SNONOate. Bands of molecular weight at 36 kDa and 39
kDa are present in all lanes. No change in MMP activity is present between
culture treatments

9.4 "

Figure 5) Histology and Immunohistochemistery: (A) Ex wivo cartilage
paraformaldehyde fixed ,OCT embedded and cryo-sectioned tissue sections
stained with with haematoxylin, showing normal tissue structure. (B,C,D)
Immunohistochemical staining of cartilage tissue cultured in DMEM media,
1% FBS and 500 umol/L H,O, for 6 h (B), DMEM media, 1% FBS, 300
umol/L H,0O, for 6h (C), DMEM media, 1% FBS, 300 umol/l H,O, for 24
h (D), showing no active caspase-3 activity. (E) Immunostaining of cartilage
tissue incubated in DMEM, 10% FBS, 500 umol/L H,O, for 24 h, shows
positive active caspase-3 immunostaining. Black scale bars show a length of
20.0 micrometers

result of factors prior to tissue arrival in the laboratory. Information about
breeding conditions, animal health status, farming treatments such as
vaccines or hormonal therapy, and animal age are not currently available to
us. These variations indicate the need for further confirmation of the role
of these pathways.

Nitric oxide is known to play an important role in chondrocyte apoptosis (51).
The contribution of apoptosis to the NO effect on proteoglycan turnover in
different culture treatments needs to be fully investigated. Although high
concentrations of NO have been implicated in chondrocyte apoptosis, our
preliminary results showed only very low levels of apoptosis in our culture
model in comparison to cultures treated with 500 pmol/L for 24 h H,0, to
induce apoptosis [active caspase 3 positive]. This is consistent with a previous
study of H,0, induction of apoptosis in cartilage cultures (52).

Retinoic acid is known to induce cell trans-differentiation. Whether PG loss is
due to alteration in degradation rates only or as part of a phenotypic change,
is an important point for further research. This explanation is supported by
a study by (53) who reported that ROCK inhibition maintains chondrocyte
phenotype; therefore antagonizing the RA induced Transdifferentiation. In
addition, inhibition of ROCK signaling has been found to inhibit MMP-3
activity and GAG loss in monolayer human chondrocyte cultures (16). Our
zymography gels did not show changes in MMP activity in response to culture
treatments in correlation with the changes we observed with GAG assay. This
finding is consistent with previous studies on RA induced PG on bovine
explants cultures. Absence of changes in MMP activity may have several
interpretations. Firstly, in our culture model, PG degradation might not be
due to MMPs activity, and other proteases such as aggrecanases might be
implicated in RA-induced proteoglycan catabolism. This finding is consistent
with other published data indicating the role of ADAMTSs in aggrecan
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catabolism in explant cultures (54). This interpretation is supported by a
previous study showing that aggrecanases are more efficient than MMPs in
cleaving within aggrecan molecules due to delayed pro-MMP activation and
that MMP inhibition in bovine cartilage explant cultures does not attenuate
aggrecanase induced proteoglycan degradation. Another suggestion is that
our culturing time was not sufficient to achieve proMMP activation; this
suggestion is supported by previous reports of absent MMP activity in early
culture and that the MMP catabolic effect happens in the late phase of
culture. Several studies support the interpretation of a role of aggrecanase
in RA induced proteoglycan catabolism (53) whilst another study has shown
that MMPs are not involved in RA induced PG catabolism (54). Other
possibilities are that PG degradation was mediated by MMPs that are not
detected by zymography or that the experimental sensitivity is too low to
detect the activities that are present. For the latter, experimental conditions
would need to be optimized to increase gel sensitivity by increasing the
concentration of conditioned medium. However, the identification of the
two of metabolic G1 fragments in culture [GI-NITEGE and GI1-FDIPEN]
is important to quantify the contribution of each of these enzymes in the
degradation process. In contrast to our findings, MMP-13 and MT1-MMP
activation in response to RA was demonstrated in untreated metatarsal
rudiments (55). In bovine cartilage, (56) studies have shown MMP1 and
MMP13 proteolytic activity in response to IL-1a and oncostatin M cytokines.
Additionally, MMP-2 and MMP-9 were identified in bovine culture in
response to cytokines stimulation (26). These data implicate MMPs as having
a role in mediating some of the proteoglycan degradation in bovine cartilage
cultures.

Foetal bovine serum is used in cultures as a source of nutrients, hormones,
and growth factors. In this study, we tested three different concentrations
of FBS including serum free, 1% FBS and 10% FBS. We found that 10%
FBS blocked RA-induced PG loss in bovine cartilage cultures in comparison
with other concentrations. This was consistent with a study demonstrating
the reversal of RA effect in response to high concentration of FBS (57). We
found that 1% FBS is the most appropriate concentration for our culture
model. However, recent studies suggest serum free culture for more accurate
results, as well as better mechanical and biochemical responses (58).

LIMITATIONS

There were some limitations of this study including the lack of sufficient
information about the condition of steers prior to the experiment which
resulted in variable sensitivities to culture treatments. Therefore, further
investigation of responses is required. Another limitation of our study was
that the antigen retrieval step of the active caspase 3 immunohistochemical
analysis resulted in loss of tissue due to the high temperatures required.
Further optimization of the antigen retrieval step is required to circumvent
this problem. This is a preliminary study therefore extrapolation of the
data on the anti-catabolic effects of NO to the human disease is premature.
However, the bovine data in this study does agree with data from an equine
cartilage model, suggesting that further study of the biphasic effect of NO is
warranted.

CLINICAL APPLICATION

Nitric oxide is being used in the treatment of respiratory distress disease
(59), and has also shown an enhancing effect on human performance (60).
Thus, the testing of the NO effect in human cartilage collected during
joint replacement surgery and identifying the potential signaling pathways
involved in this effect would enable a closer exploration to the human
disease and it’s management.

CONCLUSION

We concluded that 1% foetal bovine serum FBS is the most appropriate
concentration to study proteoglycans loss in bovine culture model.
Furthermore, Retinoic acid stimulates cartilage degradation through the
activation of p38, p42/44, ROCK and ¢GMP pathways. Whereas, Nitric
oxide can antagonize retinoic acid-induced cartilage breakdown and this
effect is not mediated by these pathways. In the culture system used, there
are likely to be low levels of apoptosis due to the tissue culturing procedure.
In addition this study shows that proteoglycans loss in retinoic acid-induced
cultures is mediated by proteinases other than matrix metalloproteinase.
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