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Effects of cyclooxygenase inhibitor pretreatment on nitric oxide
production, nNOS and iNOS expression in rat cerebellum
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1 The therapeutic effect of nonsteroidal anti-inflammatory drugs (NSAIDs) is thought to be due
mainly to its inhibition of cyclooxygenase (COX) enzymes, but there is a growing body of research
that now demonstrates a variety of NSAIDs effects on cellular signal transduction pathways other
than those involving prostaglandins.

2 Nitric oxide (NO) as a free radical and an agent that gives rise to highly toxic oxidants
(peroxynitrile, nitric dioxide, nitron ion), becomes a cause of neuronal damage and death in some
brain lesions such as Parkinson and Alzheimer disease, and Huntington’s chorea.

3 In the present study, the in vivo effect of three NSAIDs (lysine clonixinate (LC), indomethacine
(INDO) and meloxicam (MELO)) on NO production and nitric oxide synthase expression in rat
cerebellar slices was analysed. Rats were treated with (a) saline, (b) lipopolysaccharide (LPS)
(5mgkg™',i.p.), (c) saline in combination with different doses of NSAIDs and (d) LPS in combination
with different doses of NSAIDs and then killed 6h after treatment.

4 NO synthesis, evaluated by Bred and Snyder technique, was increased by LPS. This augmentation
was inhibited by coadministration of the three NSAIDs assayed. None of the NSAIDs tested was able
to modify control NO synthesis.

5 Expression of iNOS and neural NOS (nNOS) was detected by Western blotting in control and
LPS-treated rats. LC and INDO, but not MELO, were able to inhibit the expression of these enzymes.
6 Therefore, reduction of iNOS and nNOS levels in cerebellum may explain, in part, the anti-
inflammatory effect of these NSAIDs and may also have importance in the prevention of NO-

mediated neuronal injury.
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Introduction

Recent studies have suggested that nonsteroidal anti-inflam-
matory drugs (NSAIDS) have a variety of actions in addition
to their well-studied ability to inhibit prostaglandin synthesis
via cyclooxygenases (COXs). Nitric oxide (NO) has been
proven to be an intra- and extracellular mediator of cell
functions (Marletta, 1994). NO produced by the constitutive
isoforms of nitric oxide synthase (NOS) is a key regulator of
homeostasis, whereas production of NO by the inducible NOS
(INOS) plays an important role in inflammation, host defence
response and tissue repair.

An increase in iNOS activity implies an increase in NO
production, and may also imply an increase in superoxide
generation. The ensuing peroxynitrite generation may actually
be more deleterious than NO and superoxide separately. The
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cellular toxic effects of iNOS-derivated NO and peroxynitrite
can contribute to the detrimental effects of endotoxin on tissue
functions.

It has been shown that some NSAIDs inhibited iNOS
expression in rat alveolar macrophages activated with lipo-
polyscaccharide (LPS). Some studies (Aeberhard, 1995;
Stratman, 1997) demonstrated that ibuprofen reduced iNOS
activity, iNOS protein level and iNOS mRNA levels in
primary cerebellar glial cells. We have shown that lysine
clonixinate (LC), but not indomethacin (INDO), inhibits the
expression of LPS-induced iNOS in rat lung (Franchi, 2001).
The above actions of NSAIDs have significant implications,
since inhibition of NOS induction may prevent increases in
NO concentrations that play a role in several pathogeneses.

The present study was undertaken in order to investigate the
in vivo effects of different doses of LC, INDO and meloxicam
(MELO) on NOS activity and iNOS and nNOS expression in
control and LPS-treated rat cerebellum.
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Methods

Adult male Wistar rats weighing 200—300 mg were used. Each
experiment was done twice and we used eight animals for each
treatment. Rats were injected with saline (0.4 mlkg™', control
group), different doses of NSAIDs (i.p.), LPS (Smgkg™, i.p.),
LPS in combination with different doses of NSAIDs (i.p.) and
killed (6h) after treatment. Cerebella were removed for NO
production measurement or Western blot analysis.

The experimental procedures reported here were approved
by the Animal Care Committee of the Center of Experimental
Pharmacology and Botany of the National Research Council
(CEFYBO-CONICET) and carried out in accord with the
Declaration of Helsinski.

Conversion of L-("*C)-arginine to L-("*C)-citrulline

NOS activity was measured following the conversion of L-
(**C)-arginine into L-(**C)-citrulline release according to Bredt
and Snyder (1989). Cerebella were weighed, homogenized
(Ultra Turrax, T25 basic, IKA Labortechnik) in HEPES
(HEPES 20 mM, L-valine 25 mMm, CaCl, 0.45mmMm, DTT 100 mm,
pH 7.4); then homogenates were incubated at 37°C in HEPES
buffer containing ['*C] L-arginine 0.3 uCiml~' and NADPH
0.5mmMm. After 15min of incubation, samples were centrifuged
for 10min at 3000 x g and then applied to a 1 ml DOWEX
AG50W-X8 column (Na+form) and L-("*C)-citrulline was
eluted in 3ml of water. The radioactivity was measured by
liquid scintillation counting.

NOS activity was determined from the difference between L-
("*C)-citrulline produced from the control samples and samples
containing 1 mM EGTA and 2mM L-NAME. Enzyme activity
is reported in pmol 10 min~'mg~' wet weight.

Western blot analysis

The cerebellum obtained as described in ‘animals’ was
homogenized with an Ultra-Turrax homogenizer in 20 mm
Tris-Buffer (pH=7.4), containing 0.25 sucrose, EDTA
(1 mm), PMSF (100 ugml™"), aprotinin (10 ugml™"), leupeptin
(10 ugml1™") and soyabean trypsin inhibitor (10 ugml™"). After
centrifugation at 7800 x g during 10min, the supernatants
were collected and kept at —70°C until Western blotting assay
was performed. Each point represents pooled material from
four animals and the experiment was repeated three times. We
are showing a typical experiment. Protein (70 ug) was loaded in
each lane. Positive control aliquots were also loaded. We used
mouse macrophage lysate for iNOS and rat pituitary lysate for
neural NOS (nNOS) (Transduction Laboratories, Lexington,
KY, U.S.A)). Samples were run on a 7.5% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS—PAGE)
and transferred (overnight at 4°C, voltages: 40V) to a
nitrocellulose membrane (Pharmacia, Sweden). The blots were
incubated with a rabbit antiserum against iNOS and nNOS for
2h at room temperature. All the primary antibodies were
obtained from Transduction Laboratories (Lexington, KY,
U.S.A.) and were used at final dilutions 1: 1000 in the blocking
buffer. The blots were washed with wash buffer (10 mm Tris,
100mmMm NaCl, 0.1% v/v Tween-20, pH: 7.5) followed by an
alkaline phosphatase-conjugated anti-rabbit IgG as the
secondary antibody and developed with 5-bromo-4-chloro-3-
indolyl-phosphate toluidine salt (BCIP) and NitroBlue Tetra-

zolium (NBT). Molecular weight markers (BIO-RAD HER-
CULES, CA, USA) identified the protein bands. Pictures of
the membranes were taken and they were densitometrically
scanned and analysed using a Dekmate III scanner and Sigma
Gel software package (Sigma Chemical Co, St Louis, Mi,
U.S.A)). In each lane, the concentration of protein loaded was
measured by the Bradford method (Bradford, 1976).

Drugs and chemicals

LPS from Escherichia coli Serotype =0.55, INDO and citrul-
line were purchased from Sigma Chemical Co. (St Louis, MI,
U.S.A)); L-(**C)-arginine was obtained from Amersham Corp.
(Arlington Heights, II, U.S.A.). AGS50WX-8 resin was
obtained from Bio-Rad. LC was obtained from Roemmers
SAICF (Argentina). MELO was purchased from Boehringer
Ingelheim (Argentina). The Western blot reagents were
obtained from Bio-Rad. Antibodies to the inducible and
neuronal isoforms of NOS were purchased from Transduction
Laboratory. All other chemicals were analytical grade.

Statistical analysis

Statistical significance was tested by ANOVA and Student—
Newman—Keuls multiple comparison and data were expressed
as means +s.e.m. Differences between means were considered
significant at P<0.05.

Results

In vivo effects of NSAIDS on NOS activity in cerebellar
preparations of LPS-treated rats

Our first experiments sought to assess the ability of various
NSAIDs, administered in vivo, to modify the NO synthesis of
control and LPS-treated rats. Doses chosen were the ones used
in clinical therapy.

Table 1 shows NO production in cerebellar preparations
obtained from control rats and LPS-treated rats. Rats treated
with LPS, 6h before killing, show clear and significantly
increased NOS activity (P<0.001).

LC, injected at different clinical doses, in control animals
did not affect basal NOS activity. The effect of the adminis-
tration of different doses of LC, injected simultaneously with
LPS 6h before killing, on the cerebellar LPS-stimulated NO

Table 1 NO production from rat cerebellar prepara-
tions obtained from control and LPS-treated animals

Control LPS

179+12 270+ 18
LC 4mgkg™' 176 +9 245+ 16
LC 10mgkg™' 16249 224+12°
LC 20mgkg™! 169+ 12 218+18°
LC 40mgkg™' 165+11 214+13°

Rats were treated with LPS (5mgkg™") 6 h before killing.
Different doses of LC (4, 10, 20, 40mgkg~") were injected
simultaneously with saline or LPS. Each column indicates the
mean +s.e.m. of n =38 animals. *P <0.001 vs control; ®P < 0.01
vs LPS.
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production is also shown in Table 1. LC 4mgkg™' did not
modify the LPS-induced NO increase, but at 10, 20 and
40mgkg™', it blocked LPS-induced augmentation. In vivo
administration of 2.5 or 5mgkg~' of INDO (Table 2) failed to
modify control NOS activity and LPS-induced NO synthesis,
but the upper dose (10mgkg™") suppressed the effect of LPS
(P<0.05).

Table 3 shows the effect of different doses of MELO,
injected simultaneously with saline or LPS 6 h before killing,
on the cerebellar NOS activity. The lower dose of MELO
(2.5mgkg™") was not able to modify control or LPS-induced
NOS activity. However, the dose of 5 (P<0.01) and
10mgkg~' (P<0.05) attenuated NO production from LPS-
treated animals and the upper dose also diminished control
NO synthesis (P <0.05).

In vivo effects of NSAIDS on nNOS expression in
cerebellar preparations of LPS-treated rats

The next experiments were designed to determine if NSAIDs
administrated in vivo modify nNOS expression.

Jesko et al. (2003) demonstrated that constitutive NOS
isoforms, especially nNOS, make up for approximately 60% of
NOS activity in the adult brain of Wistar rats. Given the
importance of cerebellar nNOS, we analysed (by Western Blot)
nNOS protein in cerebellar homogenates from animals treated
with LPS with and without NSAIDs.

A band at 155kDa corresponding to the size of nNOS was
found to be expressed at detectable levels in cerebellar
homogenates of control animals. nNOS protein expression
was augmented by the in vivo administration of LPS (Figure 1).
LC, in all doses tested, decreased nNOS protein expression

Table 2 NO production from rat cerebellar prepara-
tions obtained from control and LPS-treated animals

Control LPS

155+4 237 +4*
INDO 2.5mgkg™! 147+5 275+ 14
INDO 5mgkg™! 149+7 221+3
INDO 10mgkg™" 152+10 162+9°

Rats were treated with LPS (Smgkg™") 6 h before killing.
Different doses of INDO (2.5, 5 and 10mgkg ") were injected
simultaneously with saline or LPS. Each column indicates the
mean+s.e.m. of 7 =8 animals. *P<0.05 vs control; °P<0.05
vs LPS.

Table 3 NO production from rat cerebellar prepara-
tions obtained from control and LPS-treated animals

Control LPS

178+ 28 335+28
MELO 2.5mgkg! 173+12 286+ 34
MELO 5mgkg™! 169+ 12 194 +25°
MELO 10mgkg™' 154+11 240+ 17°

Rats were treated with LPS (5mgkg™") 6 h before killing.
Different doses of MELO (2.5, 5 and 10mgkg™") were
injected simultaneously with saline or LPS. Each column
indicates the mean+s.e.m. of n =38 animals. *P<0.01 vs
control; °P<0.01 vs LPS; °P<0.05 vs LPS.

(LPS induced), and in the upper doses (10, 20 and 40 mgkg™"),
it also diminished nNOS expression compared with the
samples from control animals.

INDO, in the three doses studied, blocked the augmentation
of nNOS protein expression due to LPS (Figure 2), but it did
not decrease nNOS expression under control levels.

MELO treatment failed to modify nNOS protein expression
of cerebellar homogenates from LPS-treated animals
(Figure 3).

In vivo effects of NSAIDS on iNOS expression in
cerebellar preparations of LPS-treated rats

The literature describes that LPS induces the expression of
iNOS (Franchi et al., 2001; Aeberhard, 1995) in different
tissues; so we decided to study in cerebellar preparations
whether iNOS expression was augmented, and if so, whether
NSAIDS were able to modify it. This was determined by
Western blot analysis.

The monoclonal antibody to iNOS reacted with the band
corresponding to the 130kDa, which showed that iNOS
protein expression was augmented by the administration of
LPS (Figure 4). We also observed that the administration of
LC in all doses assayed not only inhibited the augmentation of
iNOS expression due to LPS, but also decreased it under
control levels.

In Figure 5 we show that the coadministration of INDO, in
all doses studied, with LPS suppresses the enhancement of
iNOS expression even under control level. MELO was not able
to modify iNOS expression of LPS-treated rats in any of the
doses assayed (Figure 6).

Discussion

It is becoming clear that the first mode of NSAIDs action,
COX inhibition, is a significant, but not the only, effect of
NSAIDs (Aeberhard, 1995; Heneka, 2000; Franchi, 2001). A
growing body of research now demonstrates a variety of
NSAID:s effects on cellular signal transduction pathways other
than those involving prostaglandins.

This study shows the in vivo action of LC, INDO and
MELO on NO production and iNOS and nNOS expression in
control and LPS-treated rats. When the control animals were
treated in vivo with the three NSAIDs assayed, no differences
compared to the baseline were detected in NOS enzymatic
activity. These findings are in concordance with our previous
work where we have demonstrated that neither LC
(40 mgkg™") nor INDO (10 mg kg™") was able to modify basal
NOS activity in rat lungs (Franchi et al., 2001) and with Mohn
(2001), who showed that MELO in vivo did not modify basal
NO production in the hypothalamus of the rat.

In these experiments, we have demonstrated the inhibitory
effect of three NSAIDs (LC, MELO and INDO) on LPS-
stimulated NO synthesis of cerebellar slices. These data are in
agreement with Aeberhard er al. (1995), who reported that
INDO inhibited expression of iNOS in LPS-induced rat
alveolar macrophages. They suggested that the mechanism of
NOS inhibition was due to a pretranslational control on
enzyme expression and not to direct inhibition of enzymatic
activity. It has also been shown that ibuprofen reduced iNOS

British Journal of Pharmacology vol 139 (6)
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Figure 1 Western blotting: Using a monoclonal antibody against the nNOS form of rat cerebellular preparations obtained from
control and LPS-treated animals. Rats were treated with LPS (5mgkg~") 6 h before killing. Different doses of LC (4, 10, 20 and
40 mgkg™") were injected simultaneously with LPS. Each point represents the mean of three determinations using different pooled
material from four animals. Rat pituitary lysate was used as an nNOS positive control (Transduction Laboratories, Lexington, KY,
U.S.A.). Densitometric analysis was performed with the Sigma Gel programme. (a) P<0.001 vs control, (b) P<0.001 vs control and

vs LPS.
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Figure 2 Western blotting: using a monoclonal antibody against nNOS form from rat cerebellar preparations obtained from
control and LPS-treated animals. Rats were treated with LPS (S5mgkg™"), 6 h before killing. Different doses of INDO (2.5, 5 and
10mgkg™") were injected simultaneously with LPS. Each point represents the mean of three determinations using a different pool of
four animals material in each experiment. Rat pituitary lysate was used as nNOS positive control (Transduction Laboratories,
Lexington, KY, U.S.A.). Densitometric analysis was done with Sigma Gel. (a) P<0.05 vs control, (b) P<0.05 vs LPS.

activity, iNOS protein level and iNOS mRNA levels in
primary cerebellar glial cells (Stratman, 1997).

The increase in the expression of nNOS due to LPS
stimulation agrees with previous findings of our group
demonstrating that LPS was able to induce nNOS levels in
rat uterus (Cella et al., 2001) and reports of Harada et al.
(1999), who found that nNOS mRNA expression in the
paraventricular nucleus was significantly increased 2h after
LPS injection. We have shown that LC and INDO were able to

block LPS induction of nNOS expression. To our best
knowledge, it is the first time that it has been reported that a
NSAID in vivo was able to decrease LPS-induced nNOS
protein.

We have also found that two NSAIDs (LC and INDO)
inhibit the LPS-stimulated expression of iNOS in cerebellar
slices. In coincidence with this finding, aspirin has been
reported to inhibit iNOS expression, including iNOS mRNA
expression (Aeberhard, 1995) and translation into enzyme

British Journal of Pharmacology vol 139 (6)
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Figure 3 Western blotting: using a monoclonal antibody against nNOS form from rat cerebellar preparations obtained from
control and LPS-treated animals. Rats were treated with LPS (S5mgkg™") 6 h before killing. Different doses of MELO (2.5, 5 and
10 mgkg™") were injected simultaneously with LPS. Each point represents the mean of three determinations using a different pool of
four animals material in each experiment. Rat pituitary lysate was used as nNOS positive control (Transduction Laboratories,
Lexington, KY, U.S.A.). Densitometric analysis was done with Sigma Gel. (a) P<0.05 vs control.

130 KDa

Control LPS 4mg kg1 10mg kg? 20mg kg'  40mg kg
Lysine clonixinate
DENSITOMETRIC ANALYSIS
12000 -~ a
10000 T
8000 -+
6000 { T
4000 -~
2000 -+ ° ° b
0 : —— T /e =
control LPS 4mg kg! 10mgkg! 20mgkg! 40mg kgt

Figure 4 Western blotting: using a monoclonal antibody against iNOS from rat cerebellar preparations obtained from control and
LPS-treated animals. Rats were treated with LPS (5mgkg™") 6 h before killing. Different doses of LC (4, 10, 20 and 40 mgkg™") were
injected simultaneously with LPS. Each point represents the mean of three determinations using a different pool of four animals
material in each experiment. Mouse macrophage lysate was used as positive iNOS control. Densitometric analysis was done with
Sigma Gel. (a) P<0.01 vs control, (b) P<0.001 vs control and vs LPS.

(Known, 1997; Sakitani et al., 1997). Aspirin significantly
inhibits the IL-1 beta-stimulated expression of iNOS, in
ovarian dispersates cultured in vitro (Carnovale, 2001).

It is important to emphasize that MELO, a COX-2
inhibitor, was not able to modify nNOS or iNOS expression
in any dose assayed, a fact that is in concordance with
Sadowski & Steinmeyer (2001), who demonstrated that MELO
was not able to reduce IL-1-stimulated mRNA expression and
protein synthesis of iNOS by articular chondrocytes. Neither
MELO nor INDO, in lower doses, or LC in the lowest dose

assayed, changed NO synthesis, although these doses are
sufficient to inhibit COX and block prostaglandin synthesis
(Engelhardt, 1996). Heneka (2000) have shown that another
selective COX-2 inhibitor, NS-398, has not reduced cerebellar
iNOS-positive cell staining. These authors (Heneka, 1999)
have previously shown that in vitro concentrations of NSAIDs
sufficient to inhibit COX and block prostaglandin synthesis
had no effect on iNOS expression. Similarly, the inhibitory
effect of LC and INDO on nNOS and iNOS expression could
not be attributed to COX inhibition, since the actions of those

British Journal of Pharmacology vol 139 (6)
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Figure 5 Western blotting: using a monoclonal antibody against iNOS from rat cerebellar preparations obtained from control and
LPS-treated animals. Different doses of INDO (2.5, 5 and 10 mgkg™") were injected simultaneously with LPS. Each point represents
the mean of three determinations using a different pool of four animals material in each experiment. Mouse macrophage lysate was
used as positive iNOS control. Densitometric analysis was done with Sigma Gel. (a) P<0.001 vs control, (b) P<0.001 vs control

and vs LPS.
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Figure 6 Western blotting: using a monoclonal antibody against iNOS from rat cerebellar preparations obtained from control and

LPS-treated animals. MELO was injected simultaneously with LPS.

Each point represents the mean of three determinations using a

different pool of four animals material in each experiment. Mouse macrophage lysate was used as positive iNOS control.
Densitometric analysis was done with Sigma Gel. (a) P<0.01 vs control.

NSAIDs were not replicated by MELO, and doses sufficient to
inhibit COX and block prostaglandin synthesis were not able
to modify NO production (Franchi et al., 1999).

This study has proved that the NSAIDs assayed inhibit NO
production and two of them (LC and INDO) also inhibit

expression of iNOS and nNOS. Therefore, part of the anti-
inflammatory action of these NSAIDs could be mediated by
the inhibition of NOS expression.

The inhibitor effect of some NSAIDs on iNOS expression
may be due, at least in part, to inhibition of NF-«B activation.

British Journal of Pharmacology vol 139 (6)
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For example, Kopp & Ghosh (1994) found that sodium
salicylate is capable of inhibiting NF-xB activation. Glibetic
et al. (2001) showed that NF-xB activation is an early step in
the induction of iNOS gene expression by Group B strepto-
cocci, and that ibuprofen suppressed GBS-induced iNOS
mRNA expression blocking NF-xB activation. Another
possible mechanism of NSAIDs to inhibit iNOS expression
could be the one proposed by Heneka et al. (2000), who
suggested that NSAIDs binding to peroxisome proliferator-
activated receptor gamma (PPAR) present in Alzhemier brain,
prevent iNOS expression and neuronal cell death.

Thorns et al. (1998) have shown that nNOS-expressing
neurons are highly susceptible to neurodegeneration and
nNOS might contribute to the pathogenesis of Alzheimer’s
disease. Simic er al. (2000) suggested that an upregulated
production of NO by nNOS from reactive astrocytes may play
a key role in the pathogenesis of Alzheimer’s disease. These
findings and our report of an inhibitory effect of LC and
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