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EXTENDED REPORT

Divergent roles of nitrergic and prostanoid pathways in

chronic joint inflammation
S M Day, J C Lockhart, W R Ferrell, J S McLean

Ann Rheum Dis 2004,63:1564-1570. doi: 10.1136/ard.2003.017269

Background: Nitrergic and prostanoid pathways have both been implicated in inflammatory processes.
Objective: To investigate their respective contributions in a rat model of chronic arthritis.

Methods: Male Wistar rats (n=4-6/group) received either an intra-articular injection of 2%
carrageenan/4% kaolin (C/K) or intra- and periarticular injections of Freund’s complete adjuvant
(FCA; 10 mg/ml M tuberculosis). Joint diameter, urinary nitric oxide metabolites (NO,), and
prostaglandin E; (PGE;) levels were measured as indices of the inflammatory process. A prophylactic
and therapeutic (day 5) dose ranging study of an inducible nitric oxide synthase inhibitor, 1-N-(1-
iminoethyl)-lysine (L-NIL), and a cyclo-oxygenase-2 (COX-2) inhibitor, SC-236, was performed with the
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in acute joint inflammation.

of nitric oxide (NO) and prostaglandins.' > Interaction
between these two mediators may provide an additional
point of manipulation of the inflammatory response to
prevent debilitating diseases such as rheumatoid arthritis
(RA). Our group has previously demonstrated in vitro that
inhibiting nitrergic and prostanoid pathways simultaneously
in lipopolysaccharide-activated J774 macrophages provided
greater anti-inflammatory benefit than inhibiting either
pathway alone,” but this has not yet been studied in vivo.
The nature of the role of NO in inflammation is con-
tentious, with both pro- and anti-inflammatory actions
having been reported. The association of NO with inflamma-
tion is supported by the increased urinary levels reported in
RA* and adjuvant induced arthritis in rats.” Furthermore,
inducible nitric oxide synthase (iNOS), the isoform of NOS
induced by inflammatory cytokines,® is expressed in the
synovial membrane of patients with RA” ® and is up regulated
in models of arthritis.” ' Early work by Stefanovic-Racic et al
found that prophylactic, and to a lesser extent therapeutic,
administration of the NOS inhibitors, aminoguanidine and
NS-monomethyl-1-arginine  (.-NMMA), inhibited paw
oedema.'' Several in vitro and in vivo studies, however, have
suggested that NO may have anti-inflammatory actions—for
example, exogenous NO donors reduce cytokine induced
endothelial cell activation,” inhibit endothelial-leucocyte
interactions,” and attenuate vascular inflammation."
Moreover, Stefanovic-Racic ef al found that NO exerts a
chondroprotective role in cartilage matrix metabolism." "
Prostaglandins are well known as proinflammatory med-
iators, and inhibition of cyclo-oxygenase (COX) has long
been used in the management of joint inflammation, with
more recent strategies selectively targeting the proinflamma-
tory inducible form of the enzyme, COX-2." Levels of

Inﬂammation is known to result in increased production
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drugs given subcutaneously. Submaximal doses were identified and used for combination studies.
Appropriate vehicle controls were included.

Results: L-NIL and SC-236 dose dependently inhibited C/K induced acute joint swelling, the magnitude
being greatest when they were given in combination. Both prophylactic and therapeutic administration of
SC-236 in the FCA induced model of chronic arthritis produced a dose dependent reduction in all the
measures assessed. However, although L-NIL demonstrated similar dose dependent inhibition of urinary
NO, and PGE; levels, joint swelling was significantly exacerbated in this model. Co-administration of the
inhibitors nullified the benefits of SC-236.

Conclusion: Whereas COX-2 derived prostaglandins are proinflammatory in both acute and chronic joint
inflammation, NO seems to have divergent roles, being anti-inflammatory in chronic and proinflammatory

prostaglandin E, (PGE,), the key prostaglandin mediating
the cardinal signs of inflammation, are increased in various
states of inflammation."” While the constitutive form of COX
(COX-1) is expressed in nearly all tissues of the body, COX-2
expression is generally only induced in response to inflam-
matory stimuli—for example, tumour necrosis factor o
(TNFa), interleukin 1f, and lipopolysaccharide (LPS).
Studies by Sano ef al** and Crofford et al’' show that COX-2
expression in synovial tissue from patients with RA was up
regulated by proinflammatory cytokines and down regulated
by corticosteroids, strongly supporting an inflammatory role
for COX-2 in human joint tissue. Although prostaglandins
have a clear role in inflammation, their influence in the
development and maintenance of chronic inflammatory
arthritis is more complex.

The present study sought to examine in vivo the role of the
nitrergic and prostanoid systems in acute and chronic models
of arthritis using selective inhibitors for iNOS (1-N-(1-
iminoethyl)-lysine (1-NIL)) and COX-2 (SC-236). Given the
bank of reports supporting interaction between these path-
ways,”* we further investigated the hypothesis that
combined inhibition of both nitrergic and prostanoid path-
ways may offer enhanced anti-inflammatory benefit.

Abbreviations: ANOVA, analysis of variance; C/K, 2% carrageenan/
4% kaolin; COX, cyclo-oxygenase; ELISA, enzyme linked
immunosorbent assay; ICso, 50% inhibitory concentration; iNOS,
inducible nitric oxide synthase; L-NIL, (L-N-(1-iminoethyl)-lysine;
-NMMA, NC-monomethyl-L-arginine; -NAME, N"-nitro-L-arginine;
LPS, lipopolysaccharide; NO,, nitric oxide metabolites; PGE,,
Frosiogk}ncﬁn E,; RA, rheumatoid arthritis; TNFo, tumour necrosis
actor o
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Figure 1  Acute inflammation: knee joint swelling (24 hours) induced by

intra-articular injection of carrageenan and kaolin, expressed as a
percentage change in knee joint diameter compared with preinjection
values. 1-NIL and SC-236 given in combination resulted in greater
inhibition of knee joint swjﬁng than either drug alone (p<0.01, two
way ANOVA).

MATERIALS AND METHODS

Experimental animals

Experiments were performed in male Wistar rats (300-400 g
body weight; Harlan UK Ltd). Animals were housed in
standard cages, had food and water available freely, and were
maintained in a thermoneutral environment (23+2°C). All
procedures were performed in accordance with Home Office
regulations.

Induction of acute inflammation

Acute joint inflammation induced by carrageenan is an acute
neutrophil driven model of arthritis, which resolves over a
period of a week. A-Carrageenan (100 pl of 2%) and 4%
kaolin (wt/vol; Sigma, UK) in saline (0.9%) was injected (26—
G needle) into one knee joint of animals anaesthetised using
a mixture of 2% halothane, O,, and N,O. Once recovered
from anaesthesia, the animals were returned to their cages.
Knee joint swelling was expressed as the percentage change
in joint diameter when measured at 24 hours after induction
relative to the value before injection.

Induction of chronic inflammation

The animals were anaesthetised with a 2% halothane mixture
with O, and N,O (1 litre/min). The fur surrounding the knee
joint of the animal was shaved, and inflammation was
induced by intra- and periarticular (0.5 ml) injection of
Freund’s complete adjuvant (FCA), composed of a 10 mg/ml
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solution of M tuberculosis suspended in Freund’s incomplete
adjuvant (Sigma, UK). Immediately after injection, the knee
was flexed and extended repeatedly for about 1 minute. We
have successfully demonstrated that this approach in mice
gives a robust chronic inflammatory response, which is
sustained for many weeks.”

Measurement of knee joint swelling

The joint diameter of the injected knee was measured
with modified Vernier callipers (Oditest, Kroeplin, Gmbh,
Germany). Measurements were made before and immedi-
ately after injection of the joint, and at various times
thereafter. There was negligible change in knee joint
diameter immediately after injection.

Experimental design

The inducible isoforms of the key enzymes in the nitrergic
and prostanoid pathways, iNOS and COX-2, were selectively
inhibited wusing 1-NIL (Alexis Corp, UK) and SC-236
(Pharmacia Corp, USA), respectively.

Acute inflammation

Animals were randomly assigned to the following groups
(n = 6/group): saline vehicle treated; 1-NIL treated (21.5 mg/
kg and 43 mg/kg); SC-236 treated animals (2.8 mg/kg and
5.6 mg/kg); and all combinations of the above doses for both
inhibitors. Drugs or vehicle were given subcutaneously
1 hour before induction of acute inflammation.

Chronic inflammation

Animals were randomly assigned to the following groups for
the dose ranging studies: healthy untreated animals (n = 4);
saline vehicle treated FCA animals (n =4); 0.5% methylcel-
lulose vehicle treated FCA animals (n = 4); L-NIL treated FCA
animals (prophylactically and therapeutically; n=6, for
both), 21.5 mg/kg, 43 mg/kg, and 86 mg/kg; SC-236 treated
animals (prophylactically and therapeutically; n=6, for
both), 2.8 mg/kg, 5.6 mg/kg, and 11.2 mg/kg; submaximal
doses were subsequently used to investigate combination
therapy: 1-NIL (43 mg/kg) and SC-236 (5.6 mg/kg) drug
combinations (prophylactically and therapeutically; n = 6, for
both). Drugs or vehicle were given subcutaneously 1 hour
before induction of FCA and daily thereafter for prophylactic
treatment, or daily beginning on day 5 for therapeutic
treatment.

Drugs
SC-236 (a gift of Pharmacia Corp, USA) is a COX inhibitor
selective for COX-2 with 50% inhibitory concentration (1Cs)

Table 1 Dose-response data for prophylactic administration of drugs, expressed as a percentage change compared with
baseline
FCA
L-NIL+SC -236
L-NIL (mg/kg) SC-236 (mg/kg) (mg/kg)
Day NI Vehicle 21.5 43 86 2.8 5.6 11.2 43+5.6
1 6.4(0.2) 80.1(15.7) 87.7(1.8) 84.8(11.1) 957(1.9) 84.5(1.7) 72.7 (6.5) 40.9 (1.2) 72.5(16.3)
10 2.1(0.5) 56.4 (8.3) 65.6 (1.5) 757 (8.4) 78.4(1.9) 56.6 (1.7) 36.4(12.3) 28.0(1.1) 74.2(1.1)
Urinary NO,
1 -11.5(1.9) 487.6 (9.7) 433.6(1.7) 1252(2.5) 96.0(1.3) 434.0 (1.6) 4221 (14.9) 95.4(1.7) 413.7 (2.0)
9 7.5(0.5) 209.2(5.2) 77.8(1.6) 62.9 (9.5) 14.8 (1.3) 194.1 (1.1)  200.4 (10.3) 116.7 (1.6)  68.1 (2.8)
Urinary PGE,
1 3.3(0.2) 1443 (7.6) 142.9(1.9) 121.4(6.6) 101.0(1.4) 141.4(1.0) 113.2(55) 104.2(1.3) 1155(1.9)
9 -2.5(0.5) 45.4 (2.4) 43.0(1.1) 34.4 (2.4) 31.0(1.2) 41.7 (1.1) 25.6 (2.7) 13.2(1.1) 26.6 (1.3)
The dose-response curves were significant (p<<0.001) for all measurements (see text).
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Figure 2 Chronic inflammation—prophylactic administration: (A) knee
joint swelling; (B) urinary NO,; and (C) PGE,, expressed as a
percentage change compared with preinjection values in response to
intra-arficular injection of FCA. There was significant joint swelling and
increased NO, and PGE, production in the vehicle, 1-NIL (43 mg/kg),
and SC-236 (5.6 mg/kg) prophylactically treated groups. A non-
inflamed, untreated group is included for comparison. Values represent
means (SEM).

of 0.005 umol/l compared with 17 pmol/l for COX-1.*° L-NIL
(Alexis Corp, Nottingham, UK) is a selective inhibitor of
iNOS with 1Cso of 3.3 pmol/l compared with 92 umol/l for
constitutive NOS.>' The vehicle for these drugs was 0.9%
saline for r-NIL and 0.5% methylcellulose (Sigma, UK) for
SC-236. Urethane was obtained from Sigma, UK, and
halothane from Concord Pharmaceuticals Ltd, Essex, UK.

Urinary nitrite/nitrate determination

Urine was collected overnight by placing the animals in
metabolic cages at set days before and during the procedure,
and later analysed for nitrite/nitrate (NOy) and PGE, by the
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Figure 3 Chronic inflammation—histology: (A) normal (untreated)
knee joint; (B) 10 days after induction of FCA in SC-236 treated animals;
(C) 10 days affer induction of FCA in L-NIL treated animals. Sections
stained with haematoxylin, safranin O, and fast green.

modified Griess reaction (see below) and enzyme linked
immunosorbent assay (ELISA), respectively.

Urinary nitrite/nitrate (NOy) excretion was measured as a
marker of NO generation. This was performed using a
modified version of the Griess assay. Urine was diluted 10-
fold with deionised water. Nitrite standards were also
prepared to assess the extent of nitrate conversion to nitrite.
Samples were pipetted into a 96 well plate, followed by an
equivalent volume of freshly prepared vanadium chloride
solution (200 mg/25 ml 1 M HCl; Sigma, UK) and immedi-
ately followed by Griess reagent. After 30 minutes of colour
development at 37°C, absorbance was measured on a
microplate spectrophotometer at 570 nm with 630 nm
reference filter. Each sample was assayed in triplicate. The
detection limit of the assay was 2 umol/l in deionised water.
Nitrite values were corrected for variations in urine concen-
tration by dividing by their corresponding osmolality values,
measured using an osmometer (Micro-Osmometer; Camlab,
Cambridge, UK).
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Table 2 Dose-response data for therapeutic administration of drugs, expressed as a percentage change compared with
baseline
FCA
LNIL+SC-236
LNIL (mg/kg) 5C-236 (mg/kg) (mg/kg)
Day NI Vehicle 21.5 43 86 2.8 5.6 11.2 43+5.6
1 2.1(0.7) 95.7 (7.8) 101.1 (4.5) 92.8 (7.8) 96.7 (4.8) 108.5 (9.7) 93.7(7.9) 102.6 (6.7) 98.4 (5.8)
5 2.1 (0.4) 73.0(0.9) 77.3(3.4) 738(1.8) 736(1.4) 74418 687 (44) 62122 767 (22)
14 5.2 (0.9) 81.3(2.1) 62.9 (1.6) 87.1(7.1) 86.7 (1.2) 63.9 (2.0) 65.5(3.4) 39.7(1.9) 84.9 (2.0)
Urinary NO,
1 “112(07)  487.6(14)  480.5(10.0) 492.6(6.8) 4815(9.4) 477.2(13.0) 4903 (12) 4865 (8.4) 4915 (5.2)
5 7.5(0.5) 209.3 (0.5) 227.7 (1.7) 173.8 (0.5) 172.2 (2.3) 228.9(1.7) 200.4 (6.3) 200.3(1.7) 175.7 (2.3)
14 81(1.3) 203.6 (20) 1633 (21) 1269 (7.1) 31.5(1.6) 1960 (3.4) 1957 (57) 141.8(1.8) 1342 (3.3)
Urinary PGE,
1 3.1(0.7) 144.3 (4.5) 140.7 (7.1) 145.6 (9.4) 148.1 (6.8) 149.3 (5.2) 141.6 (9.5) 139.6(6.2) 142.3 (7.1)
5 —2.5(0.5) 45.4 (6.3) 40.8 (1.7) 53.2(0.5) 40.7 (1.5) 451 (2.1) 41.4(6.3) 40.4(1.7) 48.1 (2.7)
14 2.2 (0.4) 49.3 (3.2) 53.3(1.8) 43.7 (7.1) 31.5(1.4) 38.8 (3.4) 21.4(0.4) 14.5(1.8) 34.2 (8.1)
The dose-response curves were significant (p<<0.001) for all measurements (see text).

Urinary PGE, determination

Bicyclo-PGE, (a stable metabolite of PGE,) was quantified by
a competitive binding ELISA (Cayman Chemical Company,
Ann Arbor, USA). After 100-fold dilution of urine, bicyclo-
PGE, was quantified according to the manufacturer’s
protocol. The 96 well plate was read spectrophotometrically
at 410 nm. The sensitivity of the assay was 2 pg/ml. Sample
values were corrected for urine concentration.

Histological assessment of arthritis

Knee joints were decalcified in Kristensen’s decalcification
fluid (Pioneer Research Chemicals, UK) for 7 days, and 6 pm
paraffin sections prepared. These were stained with haema-
toxylin, safranin O-fast green and evaluated by two observers
who were unaware of the animal treatment.

Statistical analysis

Statistical analyses were performed wusing SigmasStat
software (SigmaStat, USA). All data were normally distrib-
uted (Kolmogorov-Smirnov test with Lilliefors” correction).
Comparison between group values was performed by two
way analysis of variance (ANOVA), as indicated in the text.
Bonferroni multiple comparison tests were used for post hoc
comparisons. All quoted p values are two tailed; n values
refer to the number of animals examined. Data are presented
as mean (SEM).

RESULTS

Acute inflammation

Separate and combined administration of t-NIL and
SC-236

When given separately, both 1-NIL and SC-236 dose
dependently (p<<0.001, two way ANOVA) inhibited the acute
joint swelling induced by 2% carrageenan/4% kaolin (C/K)
(fig 1). Consistent with the in vitro results in J774
macrophages,” the combination of L-NIL (43 mg/kg) and
SC-236 (5.6 mg/kg) showed greater efficacy than either
inhibitor alone (p<<0.01, two way ANOVA).

Chronic inflammation

Separate administration of L-NIL or SC-236 arthritis:
prophy|qctic treatment

Knee joint swelling

Swelling of the rat knee joint was evident within 24 hours
of injection of FCA, peaking on day 1 and declining to a
plateau thereafter. 1L-NIL significantly enhanced joint

swelling at all three doses, and this was sustained for the
duration of the experiment (table 1; p<<0.001, for all times;
n = 6; two way ANOVA). Post hoc testing showed each drug
treatment significantly differed from vehicle treated animals.
By contrast, subcutaneous administration of all three doses of
SC-236 reduced knee joint swelling (table 1; p<<0.001; n = 6;
two way ANOVA). Figure 2A shows the divergent effects of
prophylactic administration of submaximal doses of r-NIL
(43 mg/kg) and SC-236 (5.6 mg/kg) on knee joint swelling.

Urinary NO, and PGE; levels

Levels of nitrite/nitrate were significantly increased in the
urine from vehicle treated animals (table 1; p<<0.0001; one
way ANOVA; n = 4) with an initial peak at day 1 which fell to
a sustained level from day 6 onwards. As expected,
administration of L-NIL significantly reduced the magnitude
of NOy levels in a dose dependent manner when compared
with FCA treated animals at all times observed (p<0.0001;
n =6; two way ANOVA). In addition, the COX-2 inhibitor,
SC-236, also inhibited the FCA induced increase in NOy levels
but only significantly at the highest dose (table 1; p<<0.0001;
n = 6; two way ANOVA). Figure 2B shows that L-NIL (43 mg/
kg), significantly reduced urinary NO, (p<<0.05 for all times;
n =6; Bonferroni post hoc), with SC-236 (5.6 mg/kg)
showing no significant difference from vehicle treated
animals.

Urinary PGE, levels were significantly increased in the
vehicle treated animals (p<<0.0001; n = 4; one way ANOVA),
peaking at day 1 and reaching a plateau by day 6.
Administration of L-NIL gave a dose dependent inhibition
of PGE, levels which was evident from day 1 onwards
(table 1; p<0.001; n = 6; two way ANOVA). As expected, SC-
236 dose dependently reduced the magnitude of PGE, levels
when compared with vehicle treated animals (table 1;
p<0.001; n=6; two way ANOVA). Administration of
submaximal doses of L-NIL and SC-236 significantly reduced
urinary PGE, levels when compared with vehicle treated
animals (p<<0.001 for each compared with FCA treated;
n = 6; Bonferroni post hoc; fig 2C).

Histology

Examination of the knee joints at conclusion of the
experiments showed that the knee joint of control, untreated
joints had intact cartilage, with no signs of cellular
infiltration (fig 3A). Similarly, examination of knees from
the SC-236 treated animals displayed similar histology to
the knee joints of the control, untreated animals, although
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Figure 4 Chronic inflammation —therapeutic administration: (A) knee
joint swelling; (B) urinary NO,; and (C) PGE,, expressed as a
percentage change compared with pre-injection values in response to
intra-articular injection of FCA. There was significant joint swelling and
increased NO,. and PGE; production in vehicle, -NIL (43 mg/kg), and
SC-236 (5.6 mg/kg) therapeutically treated groups. A non-inflamed,
untreated group is included for comparison. Values represent means
(SEM).

cellular exudate was present within the joint space (fig 3B).
Interestingly, examination of the joints of L-NIL treated
animals disclosed severe arthritic changes, characterised by
cellular infiltration and damage to articular cartilage (fig 3C).

Separate administration of 1-NIL or SC-236:
therapeutic treatment

Knee joint swelling

Therapeutic administration of the NOS and COX inhibitors
resulted in divergent effects: L-NIL at the three doses caused
a profound exacerbation in knee joint swelling when given at
day 5 after FCA induction (table 2; p<<0.001, n = 6; two way
ANOVA), whereas knee joint swelling was reduced after
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Figure 5 Chronic inflammation —combined administration: Knee joint
swelling, expressed as a percentage change compared with preinjection
values in response fo intra-articular injection of FCA. Combined
administration of L-NIL (43 mg/kg) and SC-236 (5.6 mg/kg),

(A) prophylactically or (B) therapeutically at days 9 and 14, respectively,
as compared with untreated and vehicle treated controls. Data for
independent administration of each of these drugs (from figs 2 and 3)
are also included for comparison. Values represent means (SEM), n=6/
group. **p<0.001 compared with untreated controls; 131p<0.001
compared with vehicle treated inflamed animals; +11 p<0.001
compared with combination treatment inflamed animals (Bonferroni post
hoc tests).

administration of SC-236 (table 2; p<0.0001; n = 6; two way
ANOVA). Figure 4A shows the divergent effects when r-NIL
(43 mg/kg) and SC-236 (5.6 mg/kg) were given separately.

Urinary NO, and PGE; levels

Therapeutic administration of L-NIL resulted in a significant
dose dependent reduction in urinary NOy levels (table 2;
p<0.001; n=6; two way ANOVA). SC-236 also inhibited
urinary NO, levels in this model, but to a lesser extent than
L-NIL (table 2; p<<0.001; n=6; two way ANOVA). L-NIL
(43 mg/kg) significantly reduced urinary NO, levels with
time when compared with vehicle treated and SC-236 treated
animals (p<<0.05, from day 5 onwards; n = 6; Bonferroni post
hoc; fig 4B).

Therapeutic administration of L-NIL reduced the magni-
tude of urinary PGE, levels, compared with FCA treated
animals, in a dose dependent manner (table 2; p<0.001;
n==6; two way ANOVA). SC-236 also dose dependently
inhibited urinary PGE, levels (table 2; p<<0.001; n = 6; two
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way ANOVA). Therapeutic administration of the submaximal
doses of L-NIL and SC-236, alone, both significantly reduced
urinary PGE; with time when compared with vehicle treated
animals (p<<0.05; n = 6; Bonferroni post hoc; fig 4C).

Combined administration of L-NIL and SC-236:
prophylactic treatment

Figure 5A shows the combined effect of prophylactic
administration of L-NIL (43 mg/kg) and SC-236 (5.6 mg/kg)
on knee joint swelling. Combined administration of r-NIL
and SC-236 appeared to nullify the anti-inflammatory effect
of SC-236, with the magnitude of the joint swelling in the
drug combination group differing significantly from SC-236
(table 1; p<<0.001; n = 6; Bonferroni post hoc), but not -NIL
treated groups at day 9. Furthermore, combined administra-
tion of L-NIL and SC-236 did not significantly reduce urinary
NOy levels when compared with 1-NIL (table 1). Compared
with the vehicle treated group, urinary PGE, levels were
significantly reduced by either SC-236 or L-NIL, but were
not further reduced by combined administration of these
inhibitors (table 1; p<<0.001 for each compared with FCA
treated; n = 6; Bonferroni post hoc).

Combined administration of L-NIL and SC-236:
thercpeuric treatment

As with prophylactic treatment, therapeutic inhibition of the
two pathways separately resulted in divergent effects on joint
swelling, with 1-NIL exacerbating and SC-236 attenuat-
ing inflammation. Combined administration of these two
agents again negated the anti-inflammatory effect of SC-236
(fig 5B), with the drug combination differing significantly
from SC-236 (day 14; p<<0.05; Bonferroni post hoc; table 2),
but not 1-NIL alone. The 1-NIL and SC-236 combination
significantly attenuated urinary NOy levels when compared
with vehicle treated and SC-236 treated animals (p<<0.05 for
both comparisons; n = 6/group; Bonferroni post hoc; table 2),
but not compared with the 1-NIL treated group. Combination
treatment also reduced urinary PGE, levels significantly
when compared with vehicle treated animals (p<<0.05; n = 6;
Bonferroni post hoc; table 2). No significant difference was
seen when the combination group was compared with the
L-NIL or SC-236 groups alone.

DISCUSSION

Using selective inhibitors of iNOS and COX-2, this study
sought to examine the role of nitrergic and prostanoid
systems in a model of chronic joint inflammation. As far as
we know it is the first to investigate parallel inhibition of
both pathways, as assessed by changes in urinary PGE, and
NO in Freund’s adjuvant model of arthritis, and demon-
strates a divergence in the roles of these pathways in chronic
inflammatory processes.

The extent of macrophage activity in inflamed RA synovial
tissue has been shown to correlate with the severity of the
disease.”” We have recently reported that combined inhibition
of nitrergic and prostanoid systems in primary cultures of
LPS activated murine macrophages has greater benefit than
separate inhibition of these pathways,” and the present
study now extends this to in vivo models of arthritis. The
preliminary experiments in the current study were conducted
in a C/K induced acute model of inflammation, and support
the in vitro findings (fig 1). However, these findings could
not be extrapolated to chronic joint inflammation. Although
prostaglandins are consistently proinflammatory in the in
vitro’ and in vivo models studied (figs 1, 2A, and 4A), we find
evidence in rats for a reversal in the nature of the role played
by NO in FCA induced arthritis. Adjuvant induced arthritis is
known to be T cell driven,” whether by systemic or local
administration.* >> Such models of arthritis are characterised
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by sustained joint swelling, marked pannus formation, and
cartilage erosion. Joint swelling (figs 2A and 4A) and
histological assessment (fig 3) of joint destruction demon-
strated the divergent effect of inhibiting nitrergic and
prostanoid pathways on chronic joint inflammation, with
SC-236 alleviating and 1-NIL exacerbating joint inflamma-
tion, suggesting an anti-inflammatory role for iNOS derived
nitric oxide.

Clearly the nature of the role of NO, is more complex. In
LPS activated J774 macrophages, production of the inflam-
matory cytokine, TNFo, was significantly reduced by com-
bined administration of L-NAME and indometacin, but not
by either inhibitor alone.” In the present study, inhibition of
iNOS with L-NIL substantially ablated joint swelling in the
C/K acute model of arthritis. Together these results argue
for a proinflammatory role for NO. However, the opposite
appears true in the chronic model of arthritis. Here, inhi-
bition of iNOS exacerbates the inflammatory response
(figs 2A and 4A), suggesting endogenous NO release has an
anti-inflammatory role, opposite to that of prostaglandins
and contrary to its role in acute inflammation. The time
course of the L-NIL effect was noticeably more rapid when
it was given therapeutically (fig 4A) than when given pro-
phylactically (fig 2A). We have previously found that COX-2
induction precedes and is much more rapid in onset than
iNOS induction™ in the early phase of arthritis. In addition,
the exacerbated swelling of the joint was supported by the
histological examination of the knees (fig 3C), which showed
cartilage damage with cellular infiltration. Although this does
not accord with earlier work in the adjuvant model of
arthritis, where inhibition of iNOS by L-NIL' or L-NMMA’
had anti-inflammatory effects, our findings are supported by
more recent studies in other chronic models. Septic arthritis*
and antigen induced arthritis** have both been reported to be
exacerbated in iNOS knockout mice, suggesting a role for NO
in synovial defence, consistent with the profound increase in
joint destruction seen in L-NIL treated rats with streptococcal
cell wall induced arthritis.” Veihelmann ef al reported similar
findings in mice, with L-NIL producing an increased joint
swelling in antigen induced arthritis at day 7.*

Clearly then, inhibition of NO is not an appropriate
therapeutic strategy in this chronic model of arthritis.
Prophylactic and therapeutic L-NIL administration not only
exacerbated the extent of chronic inflammation but also
nullified the anti-inflammatory benefit of SC-236 when given
in combination. Moreover, our study reports the new finding
in the adjuvant model that administration of a selective
COX-2 inhibitor reduces not only prostaglandins but also
NO production. Because the latter appears to have anti-
inflammatory actions in chronic inflammation, this indirect
effect may limit the therapeutic efficacy of COX-2 inhi-
bitors, supporting the move towards a new class of anti-
inflammatory drugs based on the coupling of NO donors
with non-steroidal anti-inflammatory drugs or COX-2 inhi-
bitors. While recent studies using nitroaspirin or parace-
tamol demonstrated anti-inflammatory activity with reduced
gastrotoxicity,* ™ our work further suggests that coupling
selective COX-2 inhibitors with NO releasing agents may
improve therapeutic efficacy of this class of COX inhibitors.

The study design used 1-NIL and SC-236 to inhibit the
increase in NO and prostaglandin production, respectively,
and this was clearly achieved. Consistent with published
reports, we also found evidence for cross talk between these
pathways, with L-NIL and SC-236 reducing urinary PGE, and
NO levels, respectively. It has been shown that NO activates
COX, an important transduction mechanism for NO actions
in many tissues and organs.” *”** In addition, endogenous
NO has been shown to have a critical role in the stimulation
of COX-2 in the mouse macrophage cell line RAW 264.7,**
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probably interacting with the iron-haem centre at the active
site of COX-2, leading to the activation of COX enzymes
through soluble guanylase cyclase. On the other hand, NO
has been observed to inhibit the synthesis of COX in rat
Kupffer cells.” The inhibiting effect of NO on COX seems to
derive from the scavenger ability of the NO radical and from
the ability of NO to reduce the ferric active enzyme to the
ferrous inactive form.”* PGE, and NO increase the levels of
¢GMP or cAMP in various effector cells (macrophages,
platelets, etc),” thereby confirming the synergistic effect on
the regulation of the immune response.

In conclusion, the prostanoid system is consistently
proinflammatory both in vitro and in all in vivo models of
inflammation studied. The role of the nitrergic system is
more complex. Whereas it appears to be proinflammatory
both in vitro and in our carrageenan model of acute
inflammation, it has an anti-inflammatory role in chronic
inflammation. The divergence in the roles of nitrergic and
prostanoid systems, and the finding that COX-2 inhibition
reduces NO as well as prostaglandin production, identifies
NO releasing COX-2 inhibitors as worthy of further investi-
gation in the management of arthritis.
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