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Abstract

Ž .In RAW 264.7 cells, a murine macrophage cell line, treatment with lipopolysaccharide 1 to 10 ngrml stimulated production of nitric
Ž . Goxide NO , which was inhibited by L-N -monomethyl-L-arginine acetate, an inhibitor of NO synthase. Auranofin, an orally active

Žchrysotherapeutic agent, also inhibited the lipopolysaccharide-induced NO production in a concentration-dependent manner 0.3 to 3
.mM . Other gold salts such as aurothioglucose and aurothiomalate had no effect. Western blot analysis demonstrated that the

Ž .lipopolysaccharide 10 ngrml -induced expression of inducible NO synthase protein was inhibited by auranofin as well as by the protein
synthesis inhibitor cycloheximide. In addition, the lipopolysaccharide-induced increase in the level of mRNA for inducible NO synthase

w3 x w3 xwas also lowered by auranofin. Furthermore, auranofin showed no direct effect on the conversion of H arginine to H citrulline by the
cell lysate. These findings indicate that auranofin inhibits lipopolysaccharide-induced NO production by suppressing the expression of
inducible NO synthase. q 1997 Elsevier Science B.V.
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1. Introduction

Ž .Nitric oxide NO is a free radical involved in neuro-
transmission, cell-mediated cytotoxicity and endothelium-

Ždependent relaxation of vascular smooth muscles for re-
.view, see Moncada et al., 1991 . In addition, vasodilatation

in acute inflammation induced by histamine, substance P
or thrombin is dependent on the release of endothelium-de-

Žrived relaxing factor, which is identical to NO Palmer et
.al., 1987 . The evidence in the literature suggests that NO

also participates in inflammatory- and autoimmune-media-
Žted tissue destruction Mulligan et al., 1991; Kolb and

. Ž .Kolb-Bachofen, 1992 . Farrell et al. 1992 reported ele-
vated amounts of nitrate and nitrite, the stable end-prod-
ucts of NO by spontaneous oxidization, in the synovial
fluid of patients with rheumatoid arthritis. Furthermore, it
has been suggested that the resident mesenchymal cells of
the joints and the leukocytes that have infiltrated into the
synovial fluid have the capacity to produce considerable

) Ž . Ž .Corresponding author. Tel.: 81-22 217-6860; Fax: 81-22 217-6859.

Žamounts of NO in vitro Wright et al., 1989; Kirk et al.,
.1990; Salvemini et al., 1990 . In fact, articular chondro-

cytes and synoviocytes respond to interleukin 1, a cytokine
present in rheumatoid synovial fluid and produce high

Žlevels of NO Stadler et al., 1991; Palmer et al., 1992;
. Ž .Stefanovic-Racic et al., 1994 . Recently, Ueki et al. 1996

determined the concentrations of NO in serum and joint
fluid in patients with rheumatoid arthritis and suggested
that an increased synthesis of NO reflects abnormalities of
immunoregulation in the joints of these patients.

For the treatment of rheumatoid arthritis, auranofin is
Žused as an orally active chrysotherapeutic agent Ward et

.al., 1983; Wenger et al., 1983 . However, the mechanism
of action of auranofin is still unclear, but may involve

Žinhibition of lysosomal enzyme release DiMartino and
. ŽWalz, 1977; Finkelstein et al., 1977 , chemotaxis Schein-

.berg et al., 1982; Hafstrom et al., 1983 , phagocytosis
Ž . ŽHafstrom et al., 1983 and superoxide generation Davis

.et al., 1983 in leukocytes, inhibition of arachidonic acid
Žmetabolism Lewis et al., 1984; Honda et al., 1987; Elm-

.green et al., 1989; Peters-Golden and Shelly, 1989 , and
Žinhibition of cytokine production Bondeson and Sundler,
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.1995 . Recently, inhibition of osteoclastic bone resorption
Ž .Hall et al., 1996 and inhibition of induction of cyclooxy-

Žgenase-2 protein Yamada et al., 1997; Yamashita et al.,
.1997 by auranofin have been reported. In the present

study, we examined the effects of auranofin on NO pro-
duction in RAW 264.7 cells, an Abelson leukemia virus-

Žtransformed murine macrophage cell line Raschke et al.,
.1978 , to obtain further insight into the mechanism of

action of auranofin.

2. Materials and methods

2.1. Cell culture

RAW 264.7 cells obtained from RIKEN Gene Bank
Ž .Tsukuba, Japan were seeded in 24-well plates at a den-
sity of 0.75=106 cells per well and incubated for 20 h at
378C in 0.5 ml of Eagle’s minimal essential medium
Ž . ŽMEM , phenol red-free, Nissui Pharmaceutical, Tokyo,

. Ž .Japan supplemented with 1% vrv MEM non-essential
Ž .amino acid solution Sigma, St. Louis, MO, USA and

Ž . Ž10% vrv heat-inactivated fetal bovine serum Flow Lab-
.oratories, North Rydge, N.S.W., Australia . After three

washes with medium, the cells were incubated for the
indicated periods at 378C in 0.5 ml of medium containing
drugs.

2.2. Drugs

ŽDrugs used were lipopolysaccharide from Escherichia
.coli 0111:B4, Difco Laboratories, Detroit, MI, USA , au-

Ž . Žranofin Sigma , aurothiomalate Shiosol, Shionogi, Osaka,
. Ž . Ž .Japan , aurothioglucose Sigma , cycloheximide Sigma ,

G Ž . ŽL-N -monomethyl-L-arginine acetate L-NMMA Wako
.Pure Chemical, Osaka, Japan . Lipopolysaccharide, auroth-

iomalate, aurothioglucose and L-NMMA were directly dis-
solved in medium. Other drugs were dissolved in ethanol
and an aliquot of each ethanol solution was added to the
medium.

The final concentration of ethanol was adjusted to 0.1%
Ž .vrv . Control medium contained the same amount of the
vehicle. After treatment with drugs, the viability of the
cells was examined in the Trypan blue exclusion test; no
cytotoxic effects were observed.

2.3. Determination of nitrite

Nitrite concentrations in the conditioned medium were
determined by using Griess reagent according to the method

Ž .described by Green et al. 1982 . Briefly, 100 ml aliquots
of the conditioned medium were mixed with an equal

Ž Ž .volume of Griess reagent 1 part 0.1% wrv N-1-naph-
Ž .thylethylenediamine dihydrochloride to 1 part 1% wrv

Ž . .sulphanilamide in 2.5% vrv phosphoric acid . The ab-
sorbance at 540 nm was measured with a microplate reader
Ž .Model 450, Bio-Rad Laboratories, Hercules, CA, USA

and the nitrite concentration was determined by interpola-
tion of a calibration curve of standard sodium nitrite
concentrations against absorbance. All assays were per-
formed on three to four replicates and repeated in at least
three independent experiments.

2.4. Western blot analysis of NO synthase

Ž 6Ten-milliliter aliquots of the cell suspension 1.5=10
.cells per 1 ml medium were poured into a plastic dish

Ž .100 mm diameter, Corning, Grand Island, NY, USA ,
three dishes per group and incubated for 16 h at 378C.
After three washes with medium, the cells were further
incubated for 8 h at 378C in 10 ml of medium containing
the indicated concentrations of drugs. The cells were then
scraped off the dishes with a rubber policeman and washed
three times by centrifugation at 48C and 800=g for 5
min. The precipitates were sonicated five times with a

Ž .Handy Sonic Disrupter UR-20P, TOMY, Tokyo, Japan at
50% maximum power for 10 s at a time in 0.5 ml of

Žice-cold solubilization buffer 50 mM Tris, pH 7.4, 2%
Ž .wrv sodium dodecyl sulfate, 1 mM phenylmethyl-
sulphonyl fluoride, 10 mM pepstatin A and 10 mgrml

.leupeptin . The sonicates were centrifuged at 48C and
100 000=g for 1 h and the supernatant fractions were
obtained. Protein concentrations in the supernatant frac-

Ž .tions were determined Wang and Smith, 1975 and aliquots
of 30 mg of protein were boiled for 3 min in loading buffer
Ž Ž .50 mM Tris, pH 7.4, 4% wrv sodium dodecyl sulfate,

Ž . Ž .10% vrv glycerol, 4% vrv 2-mercaptoethanol and
.0.05 mgrml bromophenol blue . Aliquots of 30 ml of the

Ž .solution were applied to each well of a 3% wrv stacking
sodium dodecyl sulfate-polyacrylamide gel in 0.25 M

Ž .Tris–glycine buffer pH 6.8 and subjected to elec-
Ž .trophoresis in 10% wrv sodium dodecyl sulfate-poly-

Ž . Žacrylamide gel in 1.5 M Tris–glycine pH 8.8 140=140
.=1 mm at 25 mA for 4 h. The fractionated proteins were

transferred to nitrocellulose membranes and blotted in
Žblocking solution Block Ace, Dainippon Pharmaceutical,

.Osaka, Japan for 1 h. The nitrocellulose membranes were
then incubated at 48C overnight with the primary antibody,
a rabbit immunoglobulin G to inducible NO synthase

Žpurified from RAW 264.7 cells Upstate Biotechnology,
.NY, USA , at a dilution of 1:2000. Thereafter the mem-

branes were washed and incubated for 3 h at 48C with
Žrabbit anti-mouse secondary antibody Vector Laborato-

.ries, Burlingame, CA, USA at a dilution of 1:2000. The
reaction products were incubated for 30 min at room

Žtemperature with Vectastatin ABC reagent Vector Labora-
.tories and were visualized by using a chemiluminescence

Ždetection system ECL system, Amersham, Arlington
.Heights, IL, USA . The membranes were exposed to Ko-

Ždak X-Omat AR film Eastman Kodak, Rochester, NY,
.USA at room temperature for 30 s and photographed. The

levels of inducible NO synthase protein were quantified by
scanning densitometry and expressed as relative densities
signals.
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2.5. Semiquantitation of the mRNA leÕel of inducible NO
synthase by reÕerse transcription-polymerase chain reac-

( )tion RT-PCR

Ž 7 .RAW 264.7 cells 1.5=10 cells were incubated for
20 h at 378C in 10 ml of medium, washed three times and
further incubated for 8 h at 378C in 10 ml of medium

Ž .containing lipopolysaccharide 10 ngrml with or without
auranofin.

Following incubation, cells were rinsed three times with
ice-cold phosphate-buffered saline and scraped off the
plate with a rubber policeman. Total RNA was then pre-
pared by acid guanidinium thiocyanate–phenol–chloro-

Ž .form extraction Chomczynski and Sacchi, 1987 and the
yield of RNA extracted was determined by spectrophotom-
etry. 1 mg of each sample was reverse transcribed at 378C

Žfor 1 h in 20 ml of the buffer 50 mM Tris–HCl, pH 8.3,
.75 mM KCl and 3 mM MgCl containing 5 mM random2

Žhexamer oligonucleotides Gibco BRL, Gaithersburg, MD,
.USA , 200 U of the reverse transcriptase from Moloney

Ž . Xmurine leukemia virus Gibco BRL , 500 mM 2 -de-
X Žoxynucleotide 5 -triphosphate dNTP, Pharmacia Biotech,
.Uppsala, Sweden and 10 mM dithiothreitol. PCR primers

for inducible NO synthase were designed according to
Ž .Nadeau et al. 1995 . The sequences of primers used were

Ž . X X Žformer 5 -GTGTTCCACCAGGAGATGTTG-3 and re-
. X Xverse 5 -CTCCTGCCCACTGAGTTCGTC-3 , which am-

plify a 576-base pair fragment of inducible NO synthase.
PCR reactions consisted of 10 ml of the reverse transcribed

ŽRNA solution and 40 ml of PCR buffer 10 mM Tris–HCl,
.pH 8.3, 50 mM KCl and 1.5 mM MgCl containing 0.22

mM of each primer, 200 mM dNTP and 1.25 U of Taq
Ž .polymerase Takara Shuzo, Shiga, Japan . PCR was per-

formed for 27 cycles; 30 s denaturation at 948C, 1 min
annealing at 548C and 1 min extension at 728C, using a

Žthermal cycler GeneAmpe PCR System 2400, Perkin
.Elmer Cetus, Norwalk, CT, USA . The level of mRNA for

Ž .rat glyceraldehyde 3-phosphate dehydrogenase GAPDH
was determined as an internal control. The PCR primers

Ž . Xfor rat GAPDH were former 5 -TGATGACAT-
X Ž . XCAAGAAGGTGGTGAAG-3 and reverse 5 -TCCTTG-

GAGGCCATGTAGGCCAT-3X, which amplify a 249-bp
Ž .GAPDH fragment Robbins and McKinney, 1992 . PCR

was performed for 18 cycles; 30 s denaturation at 948C, 1
min annealing at 578C and 1 min extension at 728C. After
PCR, 10 ml of the PCR reaction mixture was loaded onto a
1.6% agarose minigel and the PCR products were visual-
ized by ethidium bromide staining after electrophoresis.
The levels of mRNA for inducible NO synthase and
GAPDH were quantified by scanning densitometry and the
ratio of the density of mRNA for inducible NO synthase to
GAPDH was calculated.

2.6. Determination of NO synthase actiÕity

Ž 7 .RAW 264.7 cells 1.5=10 cells were incubated for
20 h at 378C in 10 ml of medium, washed three times and

further incubated for 8 h at 378C in 10 ml of medium with
Ž .or without lipopolysaccharide 10 ngrml . Following incu-

bation, cells were rinsed three times with ice-cold phos-
phate-buffered saline and lysed by the addition of 150 ml

Žice-cold homogenization buffer 0.1 mM potassium phos-
phate, pH 7.4, 0.25 M sucrose, 0.1 mM dithiothreitol, 1

.mM EDTA . Cellular material was removed from the
culture plates with a cell scraper, collected and centrifuged
at 10 000=g for 10 min at 48C. The supernatant fraction
was used as a crude preparation of NO synthase as de-
scribed by Salter et al., 1991. For the assay, 30 ml of the
supernatant fraction was mixed with 120 ml of assay

Žbuffer 10 mM Hepes, pH 7.4, 1 mM EDTA, 0.1 mM
5 w 3 xN A D PH , 2.2 = 10 dpm L- 2,3- H arginine

Ž ..DuPontrNEN, Boston, MA, USA containing the indi-
Žcated concentrations of auranofin or L-NMMA 300

.mgrml , and incubated for 10 min at 378C in microcentri-
fuge tubes. After incubation, 100 ml of the ice-cold stop

Ž .solution 100 mM Hepes, pH 5.5, 10 mM EDTA was
Ž .added to terminate the reaction Bredt and Snyder, 1990 .

Then, 1 ml of a suspension of Bio-Rad AG 50W-X8 resin
Ž .resinrstop solution, 1:1, wrv was added to each sample,
mixed and centrifuged at 1700=g for 10 min at 48C.
Radioactivity in the supernatant fraction was then deter-

Žmined in a liquid scintillation analyzer Packard TRI-CARB
.2050CA, Packard Instrument . One set of samples was

incubated for 10 min at 48C and radioactivity in the
supernatant fraction of these samples was used as back-
ground. Disintegrations per minute were converted to cit-
rulline production and expressed in pmol per mg protein

Ž .per min Bogle and Vallance, 1996 .

2.7. Determination of cell protein

Protein content was determined with the Coomassie
Ž .blue protein reagent Bradford, 1976 diluted 1:5 with

distilled water before use. An appropriately diluted super-
Ž .natant fraction 20 ml was mixed with 1 ml protein

reagent and incubated for 10 min at room temperature.
Absorbance at 595 nm was then measured with a mi-

Ž .croplate reader Model 450, Bio-Rad . Bovine serum albu-
Ž .min essentially fatty acid-free, Sigma was used as a

standard.

2.8. Statistical analysis

The statistical significance of the results was analyzed
by Dunnett’s test for multiple comparison and Student’s
t-test for unpaired observation.

3. Results

3.1. Enhancement of NO production by lipopolysaccharide

Incubation of RAW 264.7 cells for 8 h in the presence
of lipopolysaccharide induced NO production in a concen-
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Fig. 1. NO production induced by lipopolysaccharide in RAW 264.7
Ž 6 .cells. RAW 264.7 cells 0.75=10 cells were incubated for 24 h in 0.5

ml of medium containing the indicated concentrations of lipopolysaccha-
ride. Nitrite concentrations in the conditioned medium were determined
by using Griess reagent. Values are the means from four samples with
S.E.M. shown by vertical bars. Statistical significance: ) ) ) P -0.001
versus the control.

tration-dependent manner at 1 to 10 ngrml and the stimu-
latory effect of lipopolysaccharide reached a plateau at 10
ngrml. NO production triggered by lipopolysaccharide
continued to increase and almost the same concentration

Ž .dependence was observed at 24 h Fig. 1 . Therefore, in
the following experiments, lipopolysaccharide was used at
the concentration of 10 ngrml.

3.2. Effects of the NO synthase inhibitor L-NMMA on
lipopolysaccharide-induced NO production

When RAW 264.7 cells were incubated in medium
Ž .containing lipopolysaccharide 10 ngrml and various

concentrations of L-NMMA, the lipopolysaccharide-
induced NO production at 24 h was inhibited in a concen-
tration-dependent manner. At concentrations of 100 and
300 mM, lipopolysaccharide induced NO production at 24
h was decreased to 40.0 and 94.2% of control, respec-
tively. Almost complete inhibition was observed at 1000
mM L-NMMA.

3.3. Effects of auranofin on lipopolysaccharide-induced
NO production

NO production by RAW 264.7 cells was increased time
Ž .dependently by lipopolysaccharide 10 ngrml and was

inhibited by auranofin in a concentration-dependent man-
Ž .ner Fig. 2 . Significant inhibition was observed at concen-

trations of 0.3 mM and higher and almost complete inhibi-
tion was observed at 3 mM.

Fig. 2. Time course of the effect of auranofin on lipopolysaccharide-
Ž 6 .induced NO production. RAW 264.7 cells 0.75= 10 cells were

incubated for the indicated periods of time in 0.5 ml of medium contain-
Ž .ing lipopolysaccharide 10 ngrml and various concentrations of aura-

Ž .nofin v, 0 mM; ', 0.3 mM; %, 1 mM; l, 3 mM . Nitrite concentra-
tions in the conditioned medium were determined by using Griess reagent.
Nitrite concentrations in the absence of lipopolysaccharide are shown by
open circles. Values are the means from four samples.

3.4. Effects of other gold salts on lipopolysaccharide-
induced NO production

The effects of aurothiomalate and aurothioglucose on
lipopolysaccharide-induced NO production at 24 h were
examined. As shown in Fig. 3, aurothiomalate and auroth-
ioglucose at concentrations of 1 to 10 mM had no effect,

Fig. 3. Effects of aurothiomlate and aurothioglucose on lipopolysaccha-
Ž 6 .ride-induced NO production. RAW 264.7 cells 0.75= 10 cells were

Žincubated for 24 h in 0.5 ml of medium containing lipopolysaccharide 10
. Ž .ngrml and the indicated concentrations of aurothiomalate ATM , au-

Ž . Ž .rothioglucose ATG , or auranofin AF . Nitrite concentrations in the
conditioned medium were determined by using Griess reagent. Values are
the means from four samples with S.E.M. shown by vertical bars.
Statistical significance: ) ) ) P -0.001 versus the lipopolysaccharide
control.
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whereas auranofin inhibited NO production at 1 mM.
Among the three gold salts examined, only auranofin
showed a potent inhibitory effect on NO production in the
concentration range from 1 to 3 mM.

3.5. Effects of auranofin on protein leÕels of inducible NO
synthase

As shown in Fig. 4, Western blot analysis demonstrated
Ž .that treatment with lipopolysaccharide 10 ngrml for 8 h

markedly increased the expression of inducible NO syn-
thase protein. The expression of inducible NO synthase
protein by lipopolysaccharide was suppressed by auranofin
at 1 mM and almost complete suppression was observed at
3 mM auranofin. The protein synthesis inhibitor cyclohex-
imide at 1 mM also blocked the expression of inducible

Fig. 4. Effects of auranofin, cycloheximide and L-NMMA on lipopoly-
saccharide-induced expression of inducible NO synthase protein. RAW

Ž 7 .264.7 cells 1.5=10 cells were incubated for 8 h in 10 ml of medium
Ž . Žcontaining lipopolysaccharide LPS, 10 ngrml and auranofin AF, 1 and

. Ž . Ž .3 mM , cycloheximide CHI, 1 mM , or L-NMMA 300 mM . Western
Ž .blot analysis for the expression of inducible NO synthase protein A was

performed as described in Section 2.4. To facilitate comparison, the
Ž .signal densities are shown B . Nitrite concentrations in the conditioned

Ž .medium C were determined by using Griess reagent. Values for the
nitrite concentrations are the means from three samples with S.E.M.
shown by vertical bars. Statistical significance: ) ) ) P -0.001 versus the
control.

Fig. 5. Effects of auranofin on the levels of mRNA for inducible NO
Ž 7 .synthase and GAPDH. RAW 264.7 cells 1.5=10 cells were incubated

for 20 h at 378C in 10 ml of medium, washed and further incubated for 8
Ž .h at 378C in medium containing lipopolysaccharide LPS, 10 ngrml with

Ž .or without auranofin AF . Total RNA was extracted and RT-PCR for
inducible NO synthase mRNA and GAPDH mRNA was performed as
described in Section 2. The ratio of inducible NO synthase mRNA
density to GAPDH mRNA density is shown in the lower panel. The

Ž .density ratio in the non-treated group None is expressed as 1.0. One
representative out of three separate experiments is shown.

NO synthase protein induced by lipopolysaccharide and
inhibited the lipopolysaccharide-induced NO production.

Ž .In contrast, treatment with L-NMMA 300 mM , an in-
hibitor of NO synthase, did not affect the lipopolysaccha-
ride-induced expression of inducible NO synthase protein,
but inhibited the lipopolysaccharide-induced NO produc-
tion.

3.6. Effects of auranofin on the leÕel of mRNA for in-
ducible NO synthase

Ž .Treatment with lipopolysaccharide 10 ngrml for 8 h
increased the level of mRNA for inducible NO synthase
Ž .Fig. 5 . However, the lipopolysaccharide-induced increase
in the level of mRNA for inducible NO synthase was
decreased by auranofin in a concentration-dependent man-

Ž .ner at 1 and 3 mM Fig. 5 . The level of mRNA for
GAPDH was not affected by treatment with lipopoly-

Ž . Ž . Žsaccharide 10 ngrml and auranofin 1 and 3 mM Fig.
.5 .

3.7. Effects of auranofin on the actiÕity of NO synthase in
cell-free systems

Incubation of the cells for 8 h in the presence of
Ž .lipopolysaccharide 10 ngrml increased the activity of

NO synthase, as determined by the conversion of
w3 x w3 xH arginine to H citrulline by the supernatant fraction of

Ž . Žthe cell homogenate Fig. 6 . When auranofin 1 and 3
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w3 xFig. 6. Effects of auranofin on the conversion of H arginine to
w3 x Ž 7 .H citrulline by the cell lysate. RAW 264.7 cells 1.5=10 cells were
incubated for 8 h in 10 ml of medium with or without lipopolysaccharide
Ž .10 ngrml . After three washes, cells were lysed with homogenization
buffer and centrifuged at 10000= g for 10 min at 48C. The supernatant

w3 xfraction was incubated for 10 min at 378C with H arginine in the
Ž .presence or absence of auranofin AF or L-NMMA. Conversion of

w3 x w3 xH arginine to H citrulline was determined as described in Section 2.
Values are the means from four samples with S.E.M. shown by vertical
bars. Statistical significance: ) ) ) P -0.001 versus lipopolysaccharide
control.

.mM was added to the supernatant fraction obtained from
Žthe cells 8 h after incubation with lipopolysaccharide 10

.ngrml , the lipopolysaccharide-induced increase in NO
synthase activity was not inhibited at all, whereas it was

Ž .inhibited almost completely by L-NMMA 300 mM , an
Ž .inhibitor of NO synthase Fig. 6 .

4. Discussion

Combined treatment with lipopolysaccharide and inter-
Žferon g is usually used to stimulate NO synthesis Sheffler

.et al., 1995 . Other agents including tumor necrosis factor
Ž .a Ding et al., 1988; Drapier et al., 1988 , interleukin 2

Ž .Cox et al., 1992; Deng et al., 1993 , and picolinic acid
Ž .Melillo et al., 1993, 1994 also stimulate the expression of
inducible NO synthase in combination with lipopoly-
saccharide in murine macrophages. In the present study,
RAW 264.7 cells, a murine macrophage cell line, produced
NO and showed induction of inducible NO synthase pro-
tein after stimulation with lipopolysaccharide alone.

The present study demonstrated that auranofin inhibits
lipopolysaccharide-induced NO production in RAW 264.7

w3 x w3 xcells. Because conversion of H arginine to H citrulline
by the lysate of RAW 264.7 cells was not affected by

Ž .auranofin Fig. 6 , it seems that auranofin has no direct
inhibitory effect on NO synthase. The results of Western
blot analysis suggested that the inhibition by auranofin of
lipopolysaccharide-induced NO production is due to the
inhibition of the expression of inducible NO synthase

Ž .protein Fig. 4 . In addition, RT-PCR analysis demon-
strated that the level of mRNA for inducible NO synthase
was increased by lipopolysaccharide treatment, and that
auranofin lowered the lipopolysaccharide-induced increase

Ž .in the level of mRNA for inducible NO synthase Fig. 5 .
These findings suggested that auranofin acts at the tran-
scriptional level. It has been reported that lipopolysaccha-
ride increases inducible NO synthase transcription via its

Ž .effect on the nuclear factor k B NF-k B in mouse
Ž .macrophages Xie et al., 1994 . Recently, Nunokawa et al.

Ž .1996 reported that human inducible NO synthase gene is
also transcriptionally regulated in an NF-k B-dependent
manner. Therefore, it is possible that auranofin inhibits the
activation of NF-k B or the binding of NF-k B to the
putative NF-k B binding region. However, in an in vitro

Ž .study, Yang et al. 1995 reported that the potencies of
gold compounds to inhibit binding of NF-k B to DNA
were as follows: aurothioglucose ) aurothiomalate 4

auranofin. In cultures of RAW 264.7 cells, lipopolysaccha-
ride-induced NO production was inhibited by gold com-
pounds with the following potency order: auranofin4

Ž .aurothiomalatesaurothioglucose Fig. 3 . Therefore, the
inhibition of NO production by auranofin might not be due
to inhibition of the binding of NF-k B to DNA. In mouse
macrophages, the inducible NO synthase gene promoter
contains consensus sequences for the binding of several
transcription factors including activating protein 1, inter-
feron g , interferon regulatory factor and nuclear factor-in-

Žterleukin 6 Lowenstein et al., 1993; Xie et al., 1993;
.Kamijo et al., 1994; Martin et al., 1994 , in addition to

NF-k B. Therefore, it is also possible that auranofin in-
hibits the binding of these transcription factors to the
promoter gene of inducible NO synthase.

There are several reagents that inhibit the expression of
Žinducible NO synthase, for example, dexamethasone Kunz

. Žet al., 1994, 1996 , interleukin 4 Liew et al., 1991; Cox et
. Žal., 1992; Bogdan et al., 1994 , interleukin 10 Ding et al.,

.1990; Gazzinelli et al., 1992; Oswald et al., 1992 , trans-
Žforming growth factor b Ding et al., 1990; Pfeilschifter

and Vosbeck, 1991; Oswald et al., 1992; Vodovotz et al.,
. Ž1993 , human macrophage-stimulating protein Wang et

.al., 1994 , trace concentrations of lipopolysaccharide added
Ž .before interferon g exposure Vodovotz et al., 1994 and

Ž .NO Sheffler et al., 1995 . Among these, transforming
growth factor b has been shown to act post-transcription-
ally by destabilizing the mRNA for inducible NO synthase,
decreasing its translation, and accelerating the degradation

Žof the inducible NO synthase protein Vodovotz et al.,
.1993 . Glucocorticoids also act at multiple levels to regu-

late the expression of inducible NO synthase protein. For
example, dexamethasone attenuates the interleukin 1b-in-
duced transcription of the inducible NO synthase gene,
prolongs the half-life of the mRNA for inducible NO
synthase, and reduces the amount of inducible NO syn-
thase protein by reducing the translation of mRNA and
increasing the degradation of the inducible NO synthase
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Žprotein in rat glomerular mesangial cells Kunz et al.,
.1996 . As the expression of inducible NO synthase is

susceptible to control at transcriptional, post-transcrip-
tional, translational and post-translational levels, further
studies are necessary to clarify the mechanism of action of
auranofin in the suppression of the expression of inducible
NO synthase.

As it has been suggested that the overproduction of NO
via the expression of inducible NO synthase reflects abnor-
malities of immunoregulation in the joints of patients with

Ž .rheumatoid arthritis Ueki et al., 1996 , the therapeutic
effects of auranofin in rheumatoid arthritis might be par-
tially due to inhibition of the expression of inducible NO
synthase protein and the production of NO in the synovial
tissue and infiltrating leukocytes. In the present study,
however, we examined the effect of auranofin in a cell
culture system. Therefore, further studies are necessary to
demonstrate the therapeutic effects of auranofin when ad-
ministered locally at the inflammatory site.

In conclusion, auranofin inhibits the lipopolysaccha-
ride-triggered production of nitrite, the stable end-product
of NO formation, in RAW 264.7 cells. The inhibition of
nitrite formation by auranofin is suggested to be due to the
inhibition of the expression inducible NO synthase protein.
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