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1 The contribution of nitric oxide (NO) and peroxynitrite (PN) to inflammation in a zymosan-
induced (1mg, intra-articular, i.art.) rat model of arthritis was assessed by histopathology and by
measuring the glycosaminoglycan (GAG) content of the articular cartilage.

2 Progression of the chronic synovitis in zymosan-induced arthritis (ZYA) was associated with
increased nitrite and nitrotyrosine (3-NT) levels in the joint exudates that paralleled a progressive loss
of the GAG content. An increase in 3-NT was also observed after i.art. PN.

3 The nonselective nitric oxide synthase (NOS) inhibitor L-NG-nitroarginine methyl ester (25–
75mgkg�1day�1) or the selective inducible NOS inhibitor aminoguanidine (50–100mgkg�1day�1)
given 1 h before (prophylactic) or 3 days after (therapeutic) injection of the zymosan ameliorated the
synovitis, but worsened the GAG loss, as measured at the end of the experiment (day 7).

4 The PN scavenger uric acid (100–250mg kg�1 i.p. four times daily) given prophylactically until the
end of the experiment (day 14), in a dose compatible with its PN scavenging activity, significantly
decreased both the synovitis and the GAG loss.

5 In conclusion, PN formation is associated with cartilage damage in addition to proinflammatory
activity in ZYA. NOS inhibitors and a PN scavenger were able to reduce the cellular infiltration, while
displaying opposite effects on cartilage homeostasis either by enhancing or ameliorating the damage,
respectively.
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Introduction

NO is synthesized by NOS from L-arginine, and three isoforms

of NOS have been described. Endothelial (NOS1) and

neuronal (NOS3) isoforms are constitutive (cNOS), whereas

NOS2 is the inducible isoform (iNOS) (Moncada et al., 1991).

The increased production of NO has been linked to both

protective and proinflammatory mechanisms associated with

tissue damage in inflammatory disease (Clancy et al., 1988).

The ability of NO to promote tissue damage in arthritis was

demonstrated by studies in the early 1990s, where the

inflammatory changes observed in arthritis models were

attenuated after administration of NOS inhibitors (Ialenti

et al., 1993; Stefanovic-Racic et al., 1994). Furthermore, an

increased level of NO in synovial tissue was associated with the

progression of streptococcal cell wall (SCW)-induced arthritis,

and this was attenuated by the administration of a nonselective

NOS inhibitor (McCartney-Francis et al., 1993). However,

these protective effects of NOS inhibitors have not been

universally observed in arthritis models. The administration of

either the nonselective NOS inhibitor NG-methyl-L-arginine

or the selective iNOS inhibitor N-iminoethyl-L-lysine (L-NIL)

during ongoing antigen-induced arthritis (AIA) was not

associated with the anti-inflammatory properties of these
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drugs that have been previously observed when they have been

given as a prophylactic treatment (Stefanovic-Racic et al.,

1995; Fletcher et al., 1998). Furthermore, a second iNOS

inhibitor, aminoguanidine (AG), had neither a prophylactic

nor a therapeutic effect (Stefanovic-Racic et al., 1995). These

results have led to the suggestion that NOS inhibitors may not

be effective in established arthritis. More recent findings have

revealed that the administration of L-NIL exacerbated SCW-

induced arthritis (McCartney-Francis et al., 2001) and that

NO plays a protective role in the acute phases of AIA in the

iNOS knockout mouse (Veihelmann et al., 2001).

The deleterious effects of NOmight be linked, at least in part,

to the reactive nitrogen species generated following NO release

(Pryor & Squadrito, 1995). During inflammatory conditions,

large amounts of NO and the superoxide (O2
�) anion are

produced, leading to the formation of a strong oxidant, the

peroxynitrite anion (PN). The proposed cytotoxic properties of

PN include protein nitration, lipid peroxidation, inhibition of

cellular metabolic pathways and signal transduction mechan-

isms, and DNA strand breakages (Beckman, 1996). The

formation of 3-nitrotyrosine from PN activity in proteins has

routinely been used as a biological marker for PN formation in

vivo (van der Vliet et al., 1996), although it is acknowledged that

3-nitrotyrosine can also be produced via non-PN-mediated

pathways. Detection of 3-nitrotyrosine in atherosclerotic

plaques (Beckman et al., 1994), in the serum and synovial fluid

of rheumatoid arthritis patients (Kaur & Halliwell, 1994), and

in rejected human kidney allografts (Macmillan-Crow et al.,

1996) are some of the examples given as evidence of the

association of PN formation with human disease states. In

keeping with this finding, recent in vitro data have shown that

NO is not damaging to either osteoblasts or chondrocytes in

vitro when the generation of PN is inhibited (Da Rocha & De

Brum-Fernandes, 2002; Del Carlo & Loeser, 2002).

Zymosan, a polysaccharide from yeast cell walls, produces a

severe and erosive synovitis (Keystone et al., 1989; Gegout

et al., 1994) that is also associated with hyperalgesia (Tonussi

& Ferreira, 1992; Rocha et al., 1999). We have recently shown

that the prophylactic, but not therapeutic, administration of

NOS inhibitors is antinociceptive in this model. In contrast,

NO donors provided analgesia when given therapeutically

(Rocha et al., 2002).

Thus, the results of recent studies suggest that the

therapeutic administration of NOS inhibitors is not universally

associated with an anti-inflammatory effect in animal models

of arthritis. Most techniques involving experimental arthritis

utilize either clinical articular indices or histopathological

scores to evaluate the severity of the arthritis. These assays, in

addition to interobserver bias, act as a global measure of whole

joint edema or cell influx into the synovial membrane, rather

than of specific events in the joint cavity. Using the zymosan-

induced arthritis (ZYA) model, we are able to measure cell

influx and release of inflammatory mediators into the synovial

fluid (Rocha et al., 1999; 2002) and the glycosaminoglycan

(GAG) content of the articular cartilage. GAGs are the

building blocks of the proteoglycans (Sledge, 1993). Quanti-

fication of GAG in the joint exudate has been previously used

as an indicator of joint damage in arthritis (Bensouyad et al.,

1990; Sharif et al., 1996; Ishimaru et al., 2001). In the present

study, we determined the GAG content of the articular

cartilage of the femoral condyles as an index of joint lesion.

This has allowed us to discriminate between the inflammatory

events and the structural joint damage. Our present data show

that inhibition of NOS generation is able to decrease the

synovitis, without protecting the articular cartilage loss

associated with ZYA. By comparison, the administration of

uric acid (UA), a PN scavenger, in addition to reducing the

inflammatory parameters, also prevents the loss of articular

cartilage. The results provide important in vivo evidence of the

multiple roles that NO and its reactive oxygen species play in

the arthritic joint.

Methods

Chemicals

Most agents were purchased from either Sigma Chemical

Company, St Louis, U.S.A. or Amersham Pharmacia Biotech,

Bucks, U.K. Other agents were acquired as follows: avidin-

biotinylated HRP complex, diaminobenzidine, donkey anti-

rabbit immunoglobulin biotinylated antibody from DAKO,

Cambridgeshire, U.K.; rabbit polyclonal anti-3-nitrotyrosine

antibody from Upstate Biotechnology Incorporated, Lake

Placid, NY, U.S.A. Chondroitin 4-sulfate (C4), chondroitin 6-

sulfate (C6), heparan sulfate, and chondroitinase ABC from

Seikagaku Kogyo Co., Tokyo, Japan.

Induction of the ZYA and drug treatments

Male Wistar rats (180–220 g) bred in house with free access to

food and water were used for all experiments. All experiments

were designed to minimize animal suffering and to use the

minimum number associated with valid statistical evaluation.

Animals received an intra-articular (i.art.) injection of 1mg

zymosan (50 ml total volume), dissolved in sterile saline, into

both knee joints. Control (C) animals received saline i.art.

Animals were injected at the time point required for the

experimental protocol. For example, in Figure 1a, rats were

treated at 21, 14, 7, 4 days, 6, 3, or 1 h before they were killed,

in order to analyze the response at the required time points.

The NOS inhibitors were either injected 30min prior to the

induction of the arthritis (prophylactic intervention) or 3 days

after arthritis induction (therapeutic intervention), and then

daily. Groups of rats received either L-NG-nitroarginine methyl

ester (L-NAME 25–75mg kg�1 i.p.) or AG (50–100mg kg�1

i.p.) until the rats were killed under terminal anesthesia with

chloral hydrate (400mg kg�1), and exsanguinated at 7 days

after arthritis induction. The PN scavenger UA (100mg kg�1

or 250mgkg�1 i.p.) was administered four times daily, starting

30min prior to the induction of the arthritis (prophylactic

intervention), in order to maintain significantly raised serum

UA levels, as compared to vehicle-injected animals, and

animals were killed after 14 days. These UA doses were based

on a previous study reporting significant increase in UA levels

using the same doses, leading to amelioration of an experi-

mental allergic encephalomyelitis (EAE) model. This effect

was attributed to a PN scavenging activity of UA (Hooper

et al., 1998). The side effects of drug treatment were assessed

by visual appearance of rodent behavior and fluctuation of

body weight. PN was injected i.art. in one series of

experiments, in order to determine whether the PN presence

in the joint cavity is associated with 3-nitrotyrosine formation.

Animals received an injection of 200 nmol of PN, decomposed
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PN or relevant solvent controls into their right hind knee joints

�96, �24, �6, �3, or �1 h before they were killed.

Pharmacokinetic analysis of UA serum levels

Groups of animals received i.p. injections of UA at either 100

or 250mg kg�1 doses, and the serum UA levels were assessed in

the peripheral blood 1, 3, 6, 12, and 24 h later, using a

quantitative enzymatic assay (Roche Diagnosticst, São Paulo,

Brasil).

Collection of the synovial exudates and of the synovial
membranes

The joints were washed twice with 0.2ml saline containing

10mM EDTA, and the synovial exudates were collected for

determination of total and differential cell counts using a

Neubauer chamber and stained smears, respectively. After

centrifugation (500 g 10min�1), the supernatant was stored at

�701C until further use. The synovial membranes were

surgically excised, paraffin-embedded and routinely processed

for staining with hematoxylin & eosin (H&E).

Determination of NO production

The Griess reaction was used as an indirect assay of NO

production to determine the total nitrite and nitrate as a

measure of the degree of NO production. Total NO2
� and NO3

�

levels were determined after conversion of NO3
� in the synovial

exudates supernatants (0.08ml) to NO2
� by incubation with

0.01ml nitrate reductase from Aspergillus species (1Uml�1)

and 0.01ml NADPH (1mM) for 30min at 371C. The NO2
�

levels were determined spectrophotometrically at 540 nm by

comparing the absorbance of 0.1ml sample after adding 0.1ml

Griess reagent (sulfanilic acid (1%wv�1) and N-(1-naphythyl)

ethylenediamine (0.1w v�1) in 5% phosphoric acid) to that of a

NaNO2 (1–100 mM) standard.

Determination of the GAG content of the articular
cartilage

(a) Proteolytic digestion and isolation of the GAG: The distal

femoral extremities were removed and the articular

cartilage was excised with a surgical blade. The cartilage

was dried overnight (801C) and the dry weight was

recorded. The dry cartilage was kept in 10 volumes of

acetone until further analysis. The dried samples were later

subjected to total protease digestion followed by isolation

of GAG, as described previously (Dietrich & Dietrich,

1972).

(b) Identification and characterization of GAG: Samples (5 mg)
were run on a 0.6% agarose gel in a 0.05M 1,3-

diaminopropane buffer, pH 9.0 for 90min at 100V, as

described previously (Jacques et al., 1968; Dietrich &

Dietrich, 1972).

(c) Characterization of the GAG: To further confirm the

identification of the GAG, the purified samples were

subjected to enzymatic degradation using chondroitinase

ABC isolated from P. vulgaris and heparitinases from F.

heparinum, as described previously (Jeronimo et al., 1994).

(d) Quantification of the GAG: After the enzymatic digestion,

the samples were applied to a Whatman paper (isobutyric:

1.25M ammonium hydroxide (5 : 3 v v�1) solvent) for 8 h.

After drying, the di, tetra or hexasaccharides were

identified and quantitated by densitometry (525 nm).

Samples were compared to C4 and C6 standards subjected

to the same protocol. Data were expressed as

mgGAGmg�1 of dried cartilage.

Preparation of authentic PN

The original light yellow solution of PN was stored for no

more than 1 week upon arrival, at �801C in NaOH 0.3M, as

supplied by the manufacturer (Cayman Chem. Co., U.S.A.).

Immediately before use, the PN concentration was checked by

measuring absorbance at 302 nm (extinction coefficient;

e¼ 1670M
�1 cm�1) using 0.3M NaOH as blank. Working

solutions of PN were made up in 50ml aliquots of 0.3M NaOH.

Control experiments included injection of 0.3M NaOH, as well

as inactive PN.
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Figure 1 Detection of nitrite and nitrate in synovial fluid exudates
and measurement of articular cartilage damage over 1 h–21 days
after induction of zymosan arthritis. Zymosan was injected i.art.
into both knee joints and samples collected after termination of the
experiment at the times indicated. Control (C) animals received only
saline i.art. and the sample was taken after 7 days; (a) Shows the
release of NO, as determined by measurement of NO2

� and NO3
�

released into the joint exudates of rats. (b) Shows joint damage, as
determined by measurement of the GAG chondroitin sulfate
content, in articular cartilage samples of rats. Results are expressed
as the mean7s.e.m. of values for each group of six animals.
*Po0.05 compared to C.
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Detection of protein nitration

The competitive ELISA used was modified from that of Khan

et al. (1998). BSA nitrated with tetranitromethane and

containing 4–5 nitrotyrosine residues per protein was made

up in 50mM carbonate buffer (pH 9.0) and coated onto 96-well

plates (7.6 pmol 0.1ml well�1). After incubation for 2 h at 371C

and washing with 10mM PBS, 0.5% ovalbumin in PBS was

added for 2 h at 371C. After three washes using PBS with

Tween 20 (0.05%, pH 7.4), the plates were aspirated, covered,

and stored at 41C until required. Samples (0.02–

0.5mgprotein 0.1ml�1) or standard nitrated BSA (0.01–

150 pmol 0.1ml�1) were added to duplicate wells, and incu-

bated for 2 h at 371C with 0.1ml primary rabbit polyclonal

antinitrotyrosine antibody (1 : 30,000). After three washes

using 10mM PBS with 0.05% Tween 20 (pH 7.4) to remove

any unfixed antibody, sequential 1 h incubations (and washes)

were then performed with 0.1ml biotinylated donkey anti-

rabbit IgG (1 : 5000) and an avidin-biotinylated horseradish

peroxidase complex. After further washing, color development

was initiated by addition of 0.1ml substrate (2.2mM

o-phenylene-diamine in 0.03% sodium perborate) and was

allowed to develop for up to 10min at room temperature and

terminated by the addition of 0.05ml sulfuric acid (2.5M).

Antibody binding was determined from the absorbance at

492 nm. The detection limit was 0.2 pmol 0.1ml�1.

Histopathological analysis

The H&E-stained synovial membranes were semiquantita-

tively evaluated for cell influx, fibrosis, angiogenesis, edema,

necrosis, and hemorrhage, giving a (0–3) score grade for each

of these parameters. Absence of any of these alterations was

given a zero (0) score (naı̈ve animals), whereas pronounced cell

influx and edema, marked angiogenesis (obtained by counting

the number of microvessels per high power field), extensive

fibrosis with prominent necrotic areas, and hemorrhage would

receive a maximum score (18). These observations were made

by an experienced pathologist who was blinded to the

treatment protocol (Melo, DN).

Statistics

Unless otherwise stated, the effects of the different treatments

were compared to nontreated (NT) ZYA that consisted of

animals that received just the zymosan i.art. and the drug

vehicle given systemically. Results are expressed as mean7
s.e.m. Histological data are expressed as medians. To compare

the differences between means, we used one-way ANOVA

followed by Tukey’s test. To compare medians, we used the

Kruskal–Wallis test. Po0.05 was considered significant.

Results

Effect of zymosan on nitrite levels in synovial exudates
and articular GAG content

The amount of nitrite detected in the joint exudates, measured

at various time points up to 21 days after zymosan

administration, is shown in Figure 1a. The maximum levels

of nitrite measured are observed soon (3–6 h) after i.art.

injection of zymosan, as previously observed (Rocha et al.,

2002). These results are now extended to show that they

remain significantly raised, although to a lesser extent, for the

whole 21 days, when compared to saline-injected joints. The

articular cartilage damage is shown in Figure 1b. Zymosan

induced a significant reduction in the GAG content after 7

days, and this remained low up to 21 days after injection of the

zymosan.

Effect of L-NAME and AG on zymosan-induced nitrite
levels and articular GAG content

The NOS inhibitors caused a lack of ‘well being’ in the arthritic

rats, that was associated with loss of body weight. Thus, the

experiment was terminated after 7 days. The administration of

either L-NAME (25–75mg kg�1 i.p.) or AG (50–100mg kg�1

i.p.) significantly inhibited the nitrite release into the joint

exudates, as compared to NT rats (Figure 2a). The inhibition

occurred regardless of whether the compounds were adminis-

tered prophylactically or therapeutically. By comparison,

L-NAME and AG did not reverse the loss of GAG content,

whether injected either prophylactically or therapeutically

(Figure 2b). In fact, a significant (Po0.05) increase in the

loss of GAG was observed, with the exception of the animals

that received the higher dose of L-NAME (75mgkg�1), as

compared to NT animals.

Effect of the PN scavenger UA on zymosan-induced
nitrite levels and articular GAG content

UA has been used as a PN scavenger previously (Hooper et al.,

1998; 2000), and was used in this study to investigate its effect

on articular inflammation and damage. In initial experiments

to determine pharmacokinetics, we found that, 30min after a

single i.p. injection of UA, serum levels were significantly

raised, returning to baseline levels by 6 h (Figure 3). Thus, UA

was given as a four-times daily dose regimen (every 6 h) of

either 100 or 250mg kg�1, in order to enable it to act as an

in vivo scavenger of PN. The effect of UA on nitrite levels

released into the joint exudates or assessed in the peripheral

blood in ZYA after 14 days is shown in Figures 4a and b,

respectively. It was possible to extend the experiment as

compared to the groups treated with the NOS inhibitors, as the

rats that received UA appeared clinically improved when

compared with the NT rats. An inhibition of nitrite levels in

the joint exudates, but not in the peripheral blood, was seen

with both doses of UA. Moreover, systemic administration of

UA significantly reversed the GAG loss from the articular

cartilage, measured at day 14, as compared to NT rats

(Figure 4c). A representative gel electrophoresis of the

treatments is shown in Figure 5.

Assessment of 3-nitrotyrosine content in the joint and the
effect of UA

In order to confirm that nitrated protein formation is

associated with the production of PN in the joint, we measured

the levels of 3-nitrotyrosine in the synovial fluids after the

injection of authentic PN into the joint. Figure 6a illustrates

that a single injection of a 200 nmol solution of authentic PN

leads to increased levels of 3-nitrotyrosine in the synovial

fluids, as compared to animals that received either the vehicle
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Figure 4 Effect of UA administration on articular and systemic
NO production and articular joint damage 14 days after induction
of zymosan arthritis. The production of NO, as determined by
measurement of NO2

� and NO3
�, is shown in (a) joint exudates and

(b) peripheral blood. The joint damage was determined by
measurement of the GAG content, in articular cartilage samples
of rats, as shown in (c). Zymosan was injected i.art. into both knee
joints and the NO release in exudates (as NO2

� and NO3
�) or

peripheral blood was measured at 14 days after zymosan. UA (100
or 250mgkg�1 i.p.) was injected 30min before zymosan and four
times daily, until sacrifice, at 14 days. NT rats received zymosan
i.art., but were given (i.p.) saline in order to act as vehicle control.
Control (C) animals received only saline i.art. and no systemic
treatment. Results are expressed as the mean7s.e.m. of values for
each group of six animals. #Po0.05 compared to C rats; *Po0.05
compared to NT rats.
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Figure 3 Serum UA levels after systemic administration of UA.
Groups of rats received i.p. injection of either 100 or 250mgkg�1 of
UA and the serum UA levels were assessed in the peripheral blood 1,
3, 6, 12, and 24 h later. Control (C) rats received only saline (i.p.).
Results are expressed as the mean7s.e.m. of values for each group
of six animals. *Po0.05 compared to C rats at the same time point.

Figure 2 Effect of systemic prophylactic or therapeutic adminis-
tration of NOS inhibitors on NO release and articular joint damage
7 days after induction of zymosan arthritis. (a) Shows the release of
NO, as determined by measurement of NO2

� and NO3
� released into

the joint exudates of rats. (b) Shows joint damage as determined by
measurement of the GAG chondroitin sulfate content, in articular
cartilage samples of rats. Either L-NAME (25 or 75mgkg�1 i.p.), or
AG (50 or 100mgkg�1 i.p.) were injected 30min before (prophy-
lactic administration, dotted bars), or 3 days after and then daily
(therapeutic administration, hatched bars) after induction of
arthritis with zymosan. Non-treated (NT) ZYA rats were given
saline i.p. 30min prior to zymosan, in order to act as vehicle control.
Control (C) animals received only saline i.art. and no systemic
treatment. Results are expressed as the mean7s.e.m. of values for
each group of six animals. #Po0.05 compared to C rats; *Po0.05
compared to NT rats.
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(C) or inactive PN (i.art). Zymosan (i.art.) induced a

significant increase in nitrated proteins into the rat knee joint,

as previously published in abstract form (Greenacre et al.,

2001) and as shown in Figure 6b. The levels remained elevated

for at least 14 days. The increase in 3-nitrotyrosine levels was

substantially inhibited by treatment with the 100mg kg�1 dose

of UA and reduced by the 250mgkg�1 dose, as shown in

Figure 6c. The NOS inhibitor L-NAME also decreased 3-

nitrotyrosine levels, as measured at 6 h in the synovial exudates

of zymosan arthritic rats(Figure 6c).

Effect of NOS inhibitors and UA on inflammatory cell
accumulation and histopathology

At 7 days after injection of zymosan, the synovial membranes

displayed an intense cell infiltration, mostly due to lympho-

cytes and macrophages. There was also marked angiogenesis,

together with edema and areas of necrosis. At day 14, the

lymphocytes and macrophage cell influx were still observed

but the necrotic and edematous areas were scarce, with

angiogenesis no longer detected, while marked fibrosis was

seen (data not shown). Table 1 shows the effect of the

administration of the NOS inhibitors L-NAME and AG on the

synovial changes, as demonstrated by histopathology, at day 7.

There was a statistically significant amelioration, as compared

to the NT rats, mostly due to a reduction of the cell influx in

the groups that received the NOS inhibitors (Po0.05). The

administration of either L-NAME or AG, whether prophy-

lactically or therapeutically, significantly inhibited the cell

influx into the joint cavities, as measured at day 7, compared

to NT rats, as shown in Table 1. The effect of UA on the

cellular influx into the synovia and into the joint exudates is

also shown in Table 1. The results show that both doses of UA

significantly reduced the inflammatory cell influx into the

synovium, as compared to samples from NT rats. The effect of

Figure 5 Representative gel electrophoresis of the GAGs extracted
from the articular cartilage after NOS inhibitors or UA adminis-
tration in zymosan arthritis. Zymosan was injected i.art. into both
knee joints and the articular cartilage damage was evaluated by
measuring its GAG content at 7 or 14 days after zymosan. L-NAME
(25mgkg�1) or AG (50mg kg�1) was injected 30min before zymosan
and daily, until sacrifice, at 7 days. UA (100mgkg�1 i.p.) was
injected 30min before zymosan and four times daily, until sacrifice,
at 14 days. GAG content in extracts was determined by densito-
metry (525 nm), using the standards for comparison. M – standard
GAG mixture with 5 mg containing equal amounts of C4, C6, and
HS; C – animals that received only saline i.art.; ABC – sample from
C animals that was subjected to enzymatic digestion using
chondroitinase ABC; NT – animals that received saline (i.p.) after
zymosan injection killed 7 days later; L-NAME 25 – animals treated
with L-NAME (25mgkg�1 i.p.) and killed 7 days after zymosan
injection; AG 50 – animals treated with AG (50mgkg�1 i.p.) and
killed 7 days after zymosan injection; UA 100 and UA 250 – animals
treated with with UA (100 or 250mgkg�1 i.p.) and killed 14 days
after zymosan injection, respectively.
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Figure 6 Measurement of 3-nitrotyrosine levels assessed as nitrated
BSA equivalents in synovial fluid extracts. (a) Shows the effect of
PN injection (200 nmol, i.art.). Control (C) animals received only
saline i.art. A solution of PN allowed to decompose completely
before injection i.art. was used as inactive PN to exclude the
influence of contaminants (nitrate, nitrite, etc.) present in the
original PN solution; both saline and inactive PN were injected into
naı̈ve joints. (b) Shows the effect of zymosan (i.art.) with 3-
nitrotyrosine levels detected at different times, as shown, after
induction of zymosan-arthritis. Control (C) animals received only
saline i.art. (c) Shows the effect of UA and L-NAME (LN)
administration on the 3-nitrotyrosine levels in the joint exudates of
rats with ZYA. Zymosan was injected i.art. into both knee joints and
the 3-nitrotyrosine levels were detected either at 6 h (NT6 h) or 14
days (NT14d) after zymosan injection, using ELISA. UA (100 or
250mgkg�1 i.p.) was injected 30min before zymosan and four times
daily, until the end of the experiment, at 14 days. L-NAME
75mgkg�1 i.p. was injected 30min before the zymosan and animals
were killed 6 h later. Non-treated (NT) rats were given (i.p.) saline
and zymosan i.art. and killed 6 h (NT6 h) or 14 days later (NT14d).
Control (C) animals received only saline i.art. with no systemic
treatment. Results are expressed as the mean7s.e.m. of values for
each group of six animals. #Po0.05 compared to C rats; *Po0.05
compared to NT6h; **Po0.05 compared to NT14d.
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UA on the histopathological changes was mainly manifested as

a significant reduction of the lymphocytes and macrophages

numbers in the synovium, as compared to NT rats (Po0.05).

A representative histological appearance showing a marked

reduction in the synovial cell influx in both L-NAME- and

UA-treated rats as compared to a NT-rat is shown in Figure 7.

It should be noted that none of the groups achieved the

maximum possible score, since some alterations, for example,

angiogenesis, were prominent at 7 days, while others, for

example, fibrosis, occurred in later phases (14 days).

Discussion

This study, using a zymosan model of arthritis, has revealed

that the total nitrite levels in synovial fluid remain raised

throughout the 3-week experimental period, although the

highest levels were observed during the acute phase after

induction of arthritis. Meanwhile, measurement of GAG

levels, as an indicator of cartilage damage, was unaltered for

the first 4 days, but then associated with a significant and

sustained loss of cartilage over the subsequent 17 days.

Histopathological analysis of the cellular composition of both

the joint tissue and synovial fluid revealed the ongoing

inflammatory changes associated with synovitis. The use of

nonselective and inducible NOS inhibitors demonstrated a

general anti-inflammatory effect in the synovium. However,

the NOS inhibitors increased the damage to the cartilage.

These data have led us to conclude that inhibition of NOS is

not protective in ZYA. Thus, it is suggested that endogenous

NO, derived from iNOS, has a protective role during the

ongoing joint inflammation and that this can override the anti-

inflammatory effects of iNOS inhibitors. NO can be metabo-

lized, depending on circumstance, to a range of reactive agents

including PN. We have investigated the effect of an established

PN-scavenging agent, UA, on the ZYA. UA suppressed the

inflammatory parameters, while also being able to reverse the

cartilage damage, an effect that was associated with a

reduction in 3-nitrotyrosine levels in the inflamed joint.

Table 1 Zymosan-induced arthritis – effect of NOS
inhibitors and a peroxynitrite scavenger given prophy-
lactically (P) or therapeutically (T) on the cell influx
and synovitis

Treatment Cells (� 103mm�3) Histopathology

Control (C) 28.173.1 0.0 (0–0)
NT (7 days) 1446.47396.3# 8.0 (6–9)#

L-NAME 25 (P) 1552.57272# 4.0 (3–5)#,*
L-NAME 75 (P) 619.47195.2#,* 7.0 (6–7)#

AG 50 (P) 490.07105.8#,* 4.0 (3–5)#,*
AG 100 (P) 496.97113.9#,* 4.5 (3–7)#,*
L-NAME 25 (T) 467.5797.3#,* 4.5 (4–6)#,*
L-NAME 75 (T) 453.1788.8#,* 6.0 (4–7)#,*
AG 50 (T) 330.6777.7#,* 5.0 (3–5)#,*
AG 100 (T) 337.57100.4#,* 4.0 (3–6)#,*
NT (14 days) 664.27157.2# 6.0 (5–8)#

UA 100 (P) 247.7745.2#,* 5.0 (3–7)#,*
UA 250 (P) 234.4770.2#,* 4.0 (3–7)#,*

Rats were given zymosan (i.art.). The cell influx was assessed
in the synovial exudates and the synovitis was assessed using a
histopathological score, either 7 or 14 days after zymosan.
Experiments with the NOS inhibitors L-NAME (mg kg�1)
and AG (mgkg�1) were analyzed after 7 days of arthritis and
those with the peroxynitrite scavenger UA (mgkg�1) after 14
days. NT rats were given (i.p.) saline and zymosan i.art.
Control (C) animals received only saline i.art. with no
systemic treatment. Results are expressed as the mean7s.e.m.
for cell counts and median (range) for histopathological
scores of values for each group of six animals. *Po0.05
compared to NT rats. #Po0.05 compared to C rats, using
ANOVA followed by Tukey’s test to compare the means and
Kruskal–Wallis to compare the medians.

Figure 7 Representative histopathology of the synovia after L-NAME or UA administration in zymosan arthritis. Zymosan was
injected i.art. into both hind knee joints and the synovial membranes were excised at 7 or 14 days later. L-NAME (75mgkg�1) was
injected 30min before zymosan and daily, until sacrifice, at 7 days. UA (100mgkg�1 i.p.) was injected 30min before zymosan and
four times daily, until sacrifice, at 14 days. (a) Control animals received just saline i.art.; (b) non-treated (NT) animals received
zymosan i.art. and saline i.p., killed 7 days later; (c, d) L-NAME- and UA-treated animals, respectively, showing a marked reduction
in the cell influx, as compared to the NT rat. H&E staining (original � 100 magnification).
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A previous study demonstrated that NOS inhibitors were

only antiarthritic when given prophylactically, rather than

therapeutically, in adjuvant arthritis (Stefanovic-Racic et al.,

1995). In our model, both NOS inhibitors (L-NAME and AG),

whether given prophylactically or therapeutically, caused a

significant reduction of the cellular influx into the synovial

membranes and cavities. However, we have previously

reported that NOS inhibitors, despite reducing nitrite levels

in the joints, are analgesic in zymosan arthritis only when

given as a prophylactic treatment (Rocha et al., 2002). Indeed,

the animals treated with the iNOS inhibitors appeared

clinically disadvantaged compared with animals that received

zymosan alone, failing to recover from the weight loss and

displaying reduced mobility (data not shown). This led us to

terminate the experiment at 7 days after induction, rather than

the 14 days that made it possible to study in the UA-treated

rats. We believe that this lack of ‘well-being’ could be derived

from systemic side effects secondary to the effect of the NOS

inhibitors on joint inflammation. Thus, the conclusion drawn

from these data is that NOS inhibition, though reducing the

cell influx, does not protect from the articular cartilage lesion

that occurs in the chronic phase of the zymosan arthritis. This

leads to a second consideration that, if this is so, NO must

exert a protective effect to maintain cartilage homeostasis

during arthritis. We propose that iNOS-derived NO produced

during the inflammatory response plays an essential role in

maintaining cartilage metabolism in the arthritic joint,

possibly related to additional metabolic requirements. This

is, to our knowledge, the first demonstration of an in vivo

protective role for NO on articular cartilage during experi-

mental arthritis. In accordance with these data, we have

previously shown that NO is essential to the proliferation and

differentiation of human osteoblasts in vitro and PN scaven-

ging is protective to these cells (Da Rocha & De Brum-

Fernandes, 2002). It was also recently reported that NO by

itself is protective to chondrocytes under oxidative stress in

vitro, while reactive oxygen species, including PN, promote

chondrocyte death (Del Carlo & Loeser, 2002).

Several studies have shown that the inhibition of iNOS has

been associated with a deterioration of arthritis in animal

models. The administration of the selective iNOS inhibitor

L-NIL worsened the SCW-induced arthritis in rats (McCart-

ney-Francis et al., 2001). These authors suggested that the

failure of L-NIL to protect from the articular damage in that

study could be due to the inability of L-NIL to suppress NO

production from the cNOS isoforms (McCartney-Francis et al.,

2001). However, our results do not concur with this hypoth-

esis, as L-NAME had similar consequences as L-NIL. In

addition, iNOS knockout mice subjected to AIA display more

edema and leukocyte infiltration in the acute phases (Veihel-

mann et al., 2001), indicating an in vivo anti-inflammatory

effect of iNOS-derived NO in murine experimental arthritis.

This again was not observed in our studies, as both NOS

inhibitors attenuated the inflammatory cell accumulation.

Our results are in keeping with the possibility that the

consequences of NO formation could lead to multiple

mechanisms with respect to cartilage degradation in arthritis.

While NO by itself would be essential for cartilage homeo-

stasis, NO produced in large amounts could indirectly

facilitate cartilage breakdown as a consequence of the

formation of PN or other reactive nitrogen species. PN is well

known to induce lipid peroxidation with a range of functional

consequences at the enzyme and cellular level (Dowling et al.,

1997; Greenacre & Ischiropoulos, 2001; Greenacre et al.,

2002). We explored whether PN generation could be detected

in the joint, by injecting PN i.art. and then assaying the

synovial fluid extract for nitrated proteins (3-nitrotyrosine

formation). In our hands, in the joint, levels of 3-nitrotyrosine

were high 30min–1 h after injection, and then quickly returned

to basal levels, indicating that 3-nitrotyrosine is rapidly cleared

from the synovial fluid after formation. This efficient clearance

of 3-nitrotyrosine is most probably due to the high synovial

blood flow (Sledge, 1993). Significantly increased levels of 3-

nitrotyrosine were detected after the onset of ZYA throughout

the 14-day experimental period, although maximal levels were

observed at 6 h after ZYA. We have recently shown that, in rat

skin, intradermal zymosan administration provokes 3-nitro-

tyrosine formation that is neutrophil dependent (Greenacre

et al., 2002). In ZYA, there is a similar close correlation

between neutrophil influx and both nitrite and 3-nitrotyrosine

release at 6 h (Greenacre et al., 2001). Our present results

extend these observations showing that nitrite and 3-nitro

tyrosine levels are significantly increased at 24 h or 14 days of

zymosan arthritis. As PN-induced 3-nitrotyrosine was cleared

rapidly from the joint, the local initial accumulation of 3-

nitrotyrosine probably does not account for the increased

levels seen at the later time points. Rather, a continual

generation of nitrated proteins from infiltrating mononuclear

phagocytes is more likely.

Our first experiments aimed to determine a treatment regime

via which serum UA levels could be maintained at levels

compatible with its PN scavenging activity. The serum levels of

this natural antioxidant are significantly lower in rodents than

in humans (Usuda et al., 1998). These animals rapidly

metabolize UA to allantoin, using the urate-oxidase enzyme,

which is not active in humans (Keilin, 1959; Kock et al., 1992).

It has been proposed that the mechanism that resulted in the

inactivation of the urate-oxidase gene was an evolutionary

advantage to humans, due to the antioxidant properties of UA

(Yeldandi et al., 1991; Wu et al., 1992). UA significantly

reduced the cell influx both into the synovial fluid and in the

inflamed synovium. However, contrary to the results with the

NOS inhibitors, the administration of UA provoked a clinical

amelioration of the animals, with faster weight recovery as

compared to NT rats (data not shown). Thus, we were able to

prolong this experimental series until 14 days after injection of

the zymosan. UA also significantly reversed the GAG loss of

the articular cartilage, restoring it to basal levels, an effect that

was associated with a reduction of 3-nitrotyrosine levels to a

greater extent than was achieved with the NOS inhibitor L-

NAME, at 6 h of arthritis. These data, to the best of our

knowledge, are the first to demonstrate that a PN scavenger

acts to protect from the articular cartilage damage in an

experimental arthritis model. This effect is most likely to be

due to an in vivo PN scavenging effect of UA as, in vitro, UA

prevented damage to renal tubular epithelial cells exposed to

ischemia–reperfusion, an effect that was associated with a

specific PN scavenging activity of UA (Wangsiripaisan et al.,

1999). Raising serum UA levels in rats in vivo to equivalent

human levels, as attempted in the present study, was protective

in animals subjected to hemorrhagic shock (Tsukada et al.,

2000), and also in the EAE model (Hooper et al., 1998). In the

present study, treatment with UA reduced nitrite levels in the

synovial exudates. However, serum nitrite levels, which are
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significantly increased in the rats subjected to the zymosan

arthritis, were not altered by UA administration (as occurs

with NOS inhibitors (data not shown).

It has been shown in vitro that UA has no effect on the

nitrite production by LPS-stimulated macrophages (Hooper

et al., 1998). Indeed, it has been shown in vitro that UA and

PN reaction yields an endothelium-independent vasorelaxing

nitrated UA derivative (Skinner et al., 1998). During

inflammation, this compound could ameliorate local blood

flow. However, in addition to being temperature and light

dependent, this reaction is yet to be demonstrated in vivo.

Apart from being able to scavenge PN, UA also scavenges

singlet oxygen, peroxyl and hydroxyl radicals, ozone, and

hypochlorous acid (Whiteman et al., 2002). Therefore, the

possibility exists that the effect of UA in the present study

could be due to its scavenging effect on other substances and

this cannot be ruled out at this moment. In addition, nitryl

chloride, formed from the reaction of nitrite and hypochlorous

acid, has been shown to contribute to 3-nitrotyrosine forma-

tion (Eiserich et al., 1998). However, exposure of human

HEpG2 hepatoma and SW 1353 chondrosarcoma cells to

hypochlorous acid and nitrite did not result in 3-nitrotyrosine

formation, as it happened when PN was added to the culture

medium (Whiteman et al., 2003). Also, neutrophils and

monocytes behave differently regarding nitrotyrosine forma-

tion, since protein nitration in human leukocytes was reported

to be predominantly mediated by PN and a myeloperoxidase

inhibitor could even increase nitration in these cells (Galinanes

& Matata, 2002). In leukocyte-rich inflammatory reactions in

mice, both myeloperoxidase and eosinophil peroxidase ap-

peared not to contribute to nitrotyrosine formation (Brennan

et al., 2002). Hence, we should consider that other reactive

nitrogen species apart from PN may be involved in nitro-

tyrosine formation in our system. However, this possibility

does not invalidate our conclusion that UA, probably through

its reactive nitrogen species scavenging activity, was protective

to the joint cartilage in zymosan arthritis.

Previous authors have also shown that UA administration

leads to a decreased expression of the iNOS isoenzyme in the

inflamed spinal cord in the rat EAE model (Hooper et al., 2000;

Spitsin et al., 2000). Additionally, reactive oxygen and nitrogen

species could influence cell accumulation in inflammation in

the central nervous system through interactions with cytokines

(Merrill & Murphy, 1997). The mechanisms via which UA

acted in an anti-inflammatory manner in ZYA are unknown.

We have shown that PN increases microvascular permeability

in the rat skin (Ridger et al., 1997), but increased microvascular

permeability is not considered to play an important role in the

chronic phase of ZYA (Rocha et al., 1999).

In vitro data have shown that bicarbonate can effectively

alter the PN scavenging activity of UA (Whiteman et al.,

2002). Though i.art. bicarbonate levels are comparable to the

concentrations used in vitro in that study, it has not been

shown that this bicarbonate effect happens in vivo. During

inflammatory synovitis, the i.art. milieu is rendered acidic due,

at least partially, to a relative hypoxic state, with slower blood

flow and, thus, clearance (Harris Jr, 1993). Therefore, the

possible influence of i.art. bicarbonate levels on the scavenging

activity of UA in our in vivo model remains to be tested.

Low serum UA levels have been linked in a negative manner

with disease severity in multiple sclerosis patients (Hooper

et al., 1998). By comparison, gout is known to be closely

associated with hyperuricemia. Interestingly, the coexistence of

both gout and multiple sclerosis is rarely seen. Indeed, the

analysis of 420,000,000 patient records has shown that gout

and multiple sclerosis are almost mutually exclusive, suggesting

that hyperuricemia could be protective for multiple sclerosis

(Hooper et al., 1998). Similar to multiple sclerosis, although

both rheumatoid arthritis and gout are two of the most

prevalent human inflammatory arthropathies, the coexistence

of these diseases is rarely seen (Kelley & Schumacher, 1993).

In summary, our results demonstrate that, although treat-

ment with NOS inhibitors was associated with an anti-

inflammatory effect, cartilage degradation was accelerated in

ZYA. Thus, we propose that NO can play an essential

protective role in cartilage metabolism in the inflamed joint, in

experimental arthritis. However, the arthritis was also

associated with the detection of nitrated proteins in synovial

fluid extracts, both after administration of PN and induction

of ZYA. The protective effect of NO is therefore intriguing,

considering that PN is formed by the reaction between NO and

O2
�. The time profiles produced in this study indicate the

potential of reactive species, such as PN, to be generated in the

arthritic joint during both acute and chronic experimental

phases. Indeed, we demonstrate that PN scavenging can be

protective in zymosan arthritis, as treatment with UA led to an

inhibition of articular cartilage damage. As both NOS

inhibitors and UA protect against cartilage degradation, we

propose that, while NO can act in a protective manner in

experimental arthritis, we also consider that NO, as a

consequence of reactive oxygen species generation, promotes

joint damage in experimental arthritis induced by zymosan in

the rat. The realization of the involvement of multiple

mechanisms related to cartilage degradation in ZYA is

indicative of the need for further investigation that may lead

to the design of potential therapeutic alternatives in inflam-

matory arthropathies.
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