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ABSTRACT: Incubation of rabbit articular chondrocytes with interleukin-18
caused time-dependent expression of NO synthase, determined as nitrite, after a lag
period of 6h. The synthesis of nitrite was concentration-dependent and was inhibited by
cycloheximide and N¢-monomethyl-L-arginine, but not by dexamethasone or
hydrocortisone. The synthesis of NO in the 100,000g supernatant of activated
chondrocytes was inhibited by EGTA, but not by the calmodulin inhibitors W-13 or
trifluoperazine. The synthesis of NO was half-maximal at approximately 20nM free
Ca. Endotoxin also induced the expression of this NO synthase. Thus, rabbit articular
chondrocytes express a novel inducible NO synthase which is Ca*»-dependent, and whose
induction is not prevented by glucocorticoids.  © 1992 academic Press, Inc.

The synthesis of nitric oxide (NO) from the amino acid L-arginine has recently
been shown to be a widespread mechanism for regulating cell function and
communication (1). At present, two general classes of NO synthase are recognised; one
is Ca»/ calmodulin-dependent and is present constitutively in a number of cells including
the vascular endothelium, central and peripheral nerves and platelets (2). The other is
Ca>-independent and is synthesised de novo in cells, such as macrophages and vascular

smooth muscle, following exposure to endotoxin (LPS) and/or cytokines, such as
interleukin-1 (IL-1) and tumour necrosis factor (TNF). The expression of the latter class
of NO synthase is inhibited by glucocorticoids (3). A number of isoforms of these
general classes of this enzyme have been described, which differ as to whether they are
soluble or particulate and constitutive or inducible (4).

The constitutive enzyme synthesises NO as a transduction mechanism for the
activation of soluble gunaylate cyclase (2), whilst the inducible enzyme synthesises NO
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as a cytotoxic molecule contributing to host defence (5). Inappropriate expression of the
inducible enzyme also plays a role in some diseases such as septic shock, where
increased NO synthesis in the vessel wall leads to excessive vasodilatation (6) and
endothelial damage (7).

Articular chondrocytes are able both to synthesise and degrade proteoglycans and
therefore occupy a central position in the homoeostatic regulation of cartilage (8). The
balance between these two processes is modulated by a number of agents that contribute
to inflammation, including IL-1 (9) and LPS (10). The production of IL-1 by a variety
of cells in the inflamed joint inhibits proteoglycan synthesis (11) and induces the
expression of cartilage-degrading enzymes (12) by chondrocytes, leading to degradation
of cartilage matrix.

Since IL-1 and LPS induce the expression of the Ca*-independent inducible NO
synthase in a number of cells and tissues (2), we have examined whether rabbit articular
chondrocytes express NO synthase when stimulated with IL-1 or LPS. Furthermore, we
have partially characterised the enzyme in these cells and have found that it differs
signficantly from the inducible enzyme previously characterised in other cells. Recently,
Stadler et al (13) have independently shown that rabbit articular chondrocytes stimulated
with IL-1, TNF and LPS synthesis NO and suppress gelatinase and prostaglandin E,

synthesis.

MATERIALS AND METHODS

Materials:  Penicillin, streptomycin, modified Eagle's medium (MEM), foetal calf
serum, glutamine (all Gibco); trypsin, collagenase, hyaluronidase, L-arginine,
dexamethasone, hydrocortisone, W-13, trifluoperazine, L-nitro-arginine methyl ester,
cycloheximide (all Sigma); dispase, NADPH (Boehringer); human IL-18, TNF (British
Biotechnology); N¢-monomethyl-L-arginine (Wellcome); tetrahydrobiopterin (Shirks)
and LPS (W.S. Typhosa; Difco) were obtained as indicated and all other chemicals and
reagents were of Analar grade.

lati Iture bbi icular chondr : Chondrocytes  were
isolated and cultured as described previously, with minor modifications (14). Male New
Zealand White rabbits (2.5kg) were given an overdose of sodium pentobarbitone and the
articular surface of the knee exposed. Cartilage was removed, washed and chopped into
small pieces (approx 2mm?®). The cartilage was then digested with hyaluronidase
(1mg/ml) for 15 min followed by trypsin (2.5mg/ml) for 30 min, dispase (Smg/ml) for
18h and collagenase (2mg/ml) for 6h. The resulting chondrocyte suspension was washed
and the cells cultured in MEM containing penicillin (100U/ml), streptomycin
(100pg/ml), glutamine (2mM) and foetal calf serum (20% v/v). Chondrocytes passaged
between two and four times were used in all experiments,
In res: Cells were subcultured into 24-well plates until confluent.
The growth medium was then replaced with 1ml fresh medium and IL-18, LPS, TNF
and/or drugs as appropriate. After incubation at 37°C for up to 48h (generally 24h), the
culture supernatant was removed and stored at -20°C until assayed for nitrite (NO,") by
chemiluminescence (15). In some experiments the cells were cultured in flasks before
being activated with IL-18 (Ing/ml) for 24h. The cells were then harvested with trypsin,
washed in growth medium and NO synthase prepared as described below. Activation of
the cells was confirmed by determining NO,- in the culture supernatant.
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NO, " (nmol/10 Scetls)

Preparation and assay of NO synthase: The cells were washed in 0.1IM Hepes
buffer pH7.4, containing dithiothreitol (1mM) and were resuspended in this buffer at 10
cells/ml.  After three cycles of freeze-thawing, the homogenate was centrifuged at
100,000g for 30 min and the supernatant containing the soluble fraction used as the
source of NO synthase. Enzyme activity in incubations, containing 200ul NO synthase
preparation, 5uM human haemoglobin, 100uM NADPH, 5uM tetrahydrobiopterin and
30uM L-arginine in a total volume of 500ul, was assayed spectrophotometrically as
described (16). The protein concentration in the homogenate was determined
colorimetrically (Bio Rad).

RESULTS

There was no significant rise in NO,” over 48h in the culture supernatant of
chondrocytes incubated in medium alone (Fig. 1). In contrast, the amount of NO," in the
supernatants of cells incubated in the presence of IL-18 (3ng/ml) increased linearly
throughout the incubation period, following a lag of approximately 6h (Fig. 1).

The increase in NO, synthesis induced by IL-18 at 24h was concentration-
dependent (Fig. 2) and was half maximal at approximately 20pg/ml. Incubation with
LPS (1-100ug/ml) for 24h also increased the amount of NO,” in a concentration-
dependent manner. Thus, the amount of NO, after 24h was increased to 2.8+1.6,
11.6+5.3 and 22.9+7.4 (n=3 for each) nmol/10s cells by 1,10 and 100pg/ml LPS
respectively.

The synthesis of NO, by chondrocytes incubated for 24h with IL-18 (3ng/ml;
Fig. 3) was inhibited by concurrent incubation with cycloheximide (1 and 10uM) and
with Né-monomethyl-L-arginine (L-NMMA; 0.01-1.0mM). Dexamethasone (0.1 and

1uM), hydrocortisone (0.3 and 3.0uM) and indomethacin (5uM) had no significant effect
on NO, synthesis under these conditions (Table 1). L-NMMA also caused similar

inhibition of NO," synthesis (Table 1) induced by a submaximal concentration of IL-18
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Fig.1. Time course of the synthesis of NO,~ by control (©) and IL-18 (3ng/ml; e)
stimulated chondrocytes. Each point is the mean#s.e.m. of four experiments.

Fig.2. Concentration-response curve for the stimulation by IL-18 of NO,” synthesis by
chondrocytes incubated for 24h. Each point is the meanzs.e.m. of three experiments.
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Fig.3. Effect of cycloheximide and L-NMMA on the synthesis of NO,- by chondrocytes
stimulated with IL-18 (3ng/ml) for 24h. NO; synthesis was inhibited by both
cycloheximide and by L-NMMA. Each point is the mean+s.e.m. of three experiments.

(0.03ng/ml) and by LPS (100pg/ml). Culture of the cells in L-arginine (400uM)-
containing medium, followed by 24h in L-arginine-free medium containing IL-18
(3ng/ml), reduced the synthesis of NO,” by 66.7+1.2% (n=3).

Table 1. Effects of various compounds on the synthesis of NO,- by chondrocytes

NO," synthesis (% of control)

IL-1 IL-1 LPS
3.0 ng/ml 0.03 ng/ml 100pg/mi
Dexamethasone
1.0pM 81.5+5.2 81.9+7.1 93.1+7.8
0.1uM 97.0+14.3 91.6+3.4 94.7+3.7
Hydrocortisone
3.0uM 92.9+9.7 94.8+8.0 91.824.0
0.3uM 101.1x14.2 N.D. 90.6x4.7
Indomethacin
5.0uM 100.1+4.2 N.D. N.D.
L-NMMA
1.0mM 15.3£1.9 17.8£2.1 11.2+0.9
0.1mM 36.1+9.6 38.0+5.2 40.9+1.0
0.01lmM 72.3x£16.8 88.1x8.4 82.84+2.7
N.D. = not done.
Cells incubated for 24h with IL-18 or LPS. Each value is the meants.e.m. of three or
four experiments.
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Fig.4. Ca*»-dependence of the inducible NO synthase from chondrocytes stimulated
with IL-18 (Ing/ml) for 24h. NO synthase activity was almost abolished by EGTA
(ImM; zero free Ca*) and was restored in a concentration-dependent manner by
increasing the free Ca> concentration. Each point is the meants.e.m. of three
experiments.

The NO synthase activity in the soluble (100,000g) fraction of homogenates of
chondrocytes activated for 24h in the presence of IL-18 (1ng/ml) was inhibited by EGTA
(ImM; Fig. 4), but not by the calmodulin inhibitors W-13 or trifluoperazine (100uM;
n=3 for each). Experiments with Ca>*/EGTA buffers showed that NO synthase activity
was half maximal at a concentration of approximately 20nM free Ca> (Figure 4).

DISCUSSION

Stimulation of rabbit articular chondrocytes with IL-18 causes concentration-and
time-dependent synthesis of NO,, which is inhibited by L-NMMA, an inhibitor of the
synthesis of NO from L-arginine by both constitutive and inducible NO synthases (1,2).
The synthesis of NO, occurs after a lag period of approximately 6h and is inhibited by
cycloheximide, indicating that it is due to the de novo expression of an inducible NO
synthase. A similar induction of NO synthesis in rabbit cartilage explants stimulated
with IL-18 has also been observed (our unpublished results).

The expression of NO synthase in chondrocytes is not affected by dexamethasone
or hydrocortisone, at concentrations that abolish the induction by LPS of the Ca>-
independent inducible enzyme in macrophages (17), vascular endothelial cells (18) and
vascular smooth muscle (6). The lack of effect of these compounds cannot be attributed
to the use of a maximum effective concentration of IL-18, since they also had no effect
on the induction of the NO synthase by an approximately half maximally effective
concentration of IL-18. Furthermore, it is unlikely to be due to different intracellular
mechanisms for IL-18 compared to LPS, as the induction by LPS of NO synthase in
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chondrocytes was also not affected by these compounds. This finding suggests that the
expression of the NO synthase in chondrocytes may be regulated differently from that for
the Ca>-independent enzyme in other cells.

The expression of NO synthase is not affected by indomethacin. In other cells,
such as macrophages (19) and vascular endothelial celis (7) there is evidence to suggest
that prostanoids down-regulate the synthesis of NO. by the Ca*-independent enzyme.
This does not appear to be the case in chondrocytes, which synthesise PGE, when
stimulated with IL-18 (20). This provides further support for the proposal that this gene
is regulated differently. This finding also suggests that, if the synthesis of NO by IL-18-
stimulated chondrocytes plays a role in cartilage homoeostasis, then it exerts its effect
independently from that of PGE,.

The NO synthase induced in chondrocytes by IL-18 is soluble, Ca*-dependent
and appears to be calmodulin-independent, although it is possible that calmodulin may be
tightly bound to the enzyme. These properties distinguish it from the constitutive
enzyme in endothelial cells and brain (2) and from the Ca>-dependent constitutive
enzyme described in human neutrophils (21). This finding, together with the lack of
effect of glucocorticoids, supports the proposal that the inducible NO synthase in rabbit
chondrocytes represents a novel class of this family of enzymes. The Ca>-dependent NO
synthase activity observed in the rat ileum following treatment for 6h in vivg with LPS
(22) may also belong to this class of NO synthase.

The significance of the induction of NO synthase in inflammation and
homoeostasis of the joint is not known. IL-18 inhibits proteoglycan synthesis and
induces the expression of cartilage matrix-degrading enzymes (11-13), and IL-18
concentrations increase in the inflamed joint (23). However, the precise mechanisms that
regulate cartilage destruction are not clearly established. Nitric oxide is able to affect
cell function either by activating soluble guanylate cyclase to elevate cGMP (2) or by
interaction with iron-containing enzymes, such as those involved in respiration and cell
division (5), both of which actions could underly the actions of NO as an inflammatory
mediator in the joint.
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