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Background and purpose: Inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) have been suggested as key
components in various inflammatory diseases. Here we examined the effects of new quinolinedione derivatives, 6-(4-
fluorophenyl)-amino-5,8-quinolinedione (OQ1) and 6-(2,3,4-trifluorophenyl)-amino-5,8-quinolinedione (OQ21) on activity
and expression of iINOS and COX-2 to explore their anti-inflammatory properties.

Experimental approach: The effects of OQ1 and OQ21 were assessed on lipopolysaccharide (LPS)-induced iNOS and COX-2
in murine macrophage cell line (RAW264.7), along with isolated enzyme assays to measure enzyme inhibition. Nuclear
factor-xB (NFxB) activation pathways were investigated to elucidate mechanisms underlying OQ-mediated suppression of the
expression of iINOS and COX-2. In vivo anti-inflammatory activities of OQ compounds were evaluated in mouse ear oedema,
induced by topical 12-O-tetradecanoylphorbol-13-acetate (TPA).

Key results: LPS-induced NO production in RAW264.7 cells was inhibited by OQ1 and OQ21 through the attenuation of iNOS
expression as well as iNOS activity. Down-regulation of iINOS followed blocking of NFxB activation, as assessed by inhibitory
kB degradation and electrophoretic mobility shift assay for NFkB. Synthesis and accumulation of prostaglandin E, were also
suppressed by OQ1 and OQ21. LPS-induced COX-2 expression and cellular COX-2 activities were attenuated by OQ1 and
0Q21. Consistent with these results, OQ1 showed potent anti-inflammatory effects in mouse ear oedema induced by TPA.
Conclusions and implications: The novel quinolinedione derivatives, OQ1 and OQ21, showed potent anti-inflammatory
activity through dual inhibitory effects on iINOS and COX-2, suggesting that OQ derivatives might provide a new therapeutic
modality for chronic inflammatory diseases, refractory to conventional drug therapies.
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Introduction by cytokines or endotoxin (lipopolysaccharide, LPS), share

many cellular and molecular features in common and are
The enzymes, inducible nitric oxide synthase (iNOS) and deeply involved in the inflammatory processes and
cyclooxygenase-2 (COX-2), whose expression can be induced inflammation-mediated tissue damage, due to the excessive
production of NO and pro-inflammatory prostaglandins
c g ' ) | . | National Uni (Szabo and Thiemermann, 1994; Vane et al., 1994; Zamora
e e sy ¢l 2000). Concomitantly increasd expression of NOS and

COX-2 is frequently observed in a wide range of inflamma-
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rheumatoid arthritis and inflammatory vascular diseases, sug-
gesting a considerable degree of cross talk and concerted
action between these enzymes in the progression of inflam-
mation (Salvemini et al., 1993; Goodwin et al., 1999; Uno
et al., 2004; Mollace et al., 2005). In this context, a compound
that could inhibit both iNOS and COX-2 would have
great potential for wide and versatile application to many
inflammatory or chronic immune disorders (Salvemini et al.,
1995; Herencia et al., 1999; Chen et al., 2001).

Various molecular targets have been explored for the phar-
macological manipulation of iNOS or COX-2. The promoter
sequences of iNOS and COX-2 contain a binding site for the
universal transcription factor, nuclear factor-xB (NFxB), which
can be activated by cytokines, mitogenic mediators or endot-
oxins (Wu et al., 2005; Chen et al., 2006). Nuclear transloca-
tion of NFxB and subsequent transcriptional changes are
accomplished by the activation of the inhibitory xB kinase—3
complex through the degradation of inhibitory kBa (IxBa) and
liberation of NF«xB (Griscavage et al., 1996). As the modulation
of NFkB pathways could affect a variety of inflammatory
signalling pathways, it has been an attractive therapeutic
target for anti-inflammatory drugs, especially in terms of the
control of iNOS and COX-2 expression (Huang et al., 2001;
UKkil et al., 2006). Direct inhibition of enzymic activities of
iNOS and COX-2 has also been actively pursued as another
efficient pharmacological approach, as exemplified by the
active development of COX-2 inhibitors such as celecoxib
(Deeks et al., 2002) and iNOS inhibitors (Alderton et al., 2005;
Strub et al., 2006) for a wide range of chronic inflammatory
diseases.

Previously, novel quinolinedione derivatives, 6-(4-
fluorophenyl)-amino-5,8-quinolinedione (OQ1) and 6-(2,3,4-
trifluorophenyl)-amino-5,8-quinolinedione  (0OQ21) were
reported to inhibit L-arginine-induced endothelium-
independent relaxation in aortic rings isolated from LPS-
treated rats possibly through the inhibition of LPS-induced
production of NO, a potent vasorelaxant (Malta et al., 1988;
Lee etal., 2000). These studies suggested the therapeutic
potential of the compounds to suppress LPS-mediated inflam-
matory responses. In the present study, we present the inhibi-
tory effects of OQ1 and OQ21 on two inflammatory enzymes,
iNOS and COX-2, in a LPS-stimulated macrophage cell line
(RAW264.7). OQ1 and OQ21 suppressed the expression of
both iNOS and COX-2 induced by LPS. This suppression was
well-correlated with the inhibitory effect on NFxB activation
and the enzymic activity of iNOS was also attenuated by
these compounds. Of note, the in vivo study using 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced ear oedema
in mice showed alleviation of inflammatory symptoms by
treatment with OQ1 and OQ21, suggesting their potential as
novel anti-inflammatory agents.

Methods

Cell culture

The mouse macrophage cell line, RAW264.7 was purchased
from The American Type Culture Collection (Manassas, VA)
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated foetal
bovine serum and 1% penicillin/streptomycin at 37°C under
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5% CO, atmosphere. Assays were conducted with cells har-
vested at 80-90% confluence.

Measurement of NO and prostaglandin E, accumulation

For NO measurement, RAW264.7 cells were cultured overnight
at 1x 10° cellssmL™" and then treated with LPS (0.1 ug-mL™)
alone or LPS with various concentrations of OQ1 or OQ21,
which were determined to be free of cytotoxicity for 24 h. The
cell supernatants were collected at the end of incubation for
nitrite assay according to a previous report (Eigler et al., 1995).
Briefly, equal volume of Griess reagent was mixed with cell
supernatant (100 pL), and optical density at 540 nm was mea-
sured. The concentration of nitrite was calculated from the
standard curve obtained with known concentrations of
sodium nitrite dissolved in DMEM. For prostaglandin PGE,
measurement, cells were seeded at 5 x 10° cells-mL™"! and then
treated with LPS (0.1 pg-mL™) for 24 h. The levels of PGE, were
determined from supernatants using PGE, EIA kit according
to the manufacturer’s instruction (detection range, 19.6-
1250 pg-mL, R&D Systems, Minneapolis, MN).

Assay of iNOS and COX-2 activities in RAW264.7 cells

The iNOS and COX-2 activities were measured according to
the previous report (Chen et al., 2001) with minor modifica-
tions. To induce iNOS, RAW264.7 cells were stimulated with
LPS for 16 h and washed twice with fresh media to remove
LPS. Cells were further incubated with OQ1 and OQ21 for 8 h
and thereafter, the levels of nitrites were measured using
Griess reagent to determine iNOS activity. For measurement
of COX-2 enzymic activity, cells were treated with LPS for 8 h,
and washed twice with fresh media. Cells were further treated
with OQ1 or OQ21 for 30 min and washed twice with new
media. PG synthesis was initiated with the addition of arachi-
donic acid (30 umol-L™") and the levels of PGE, were deter-
mined using PGE, EIA Kkit.

iNOS enzyme assay using isolated murine macrophage iNOS

The activity of iNOS was measured by the reaction of NO with
oxyhaemoglobin (oxyHb) to form methaemoglobin (metHb)
as described before (Alderton et al., 2005). To prepare oxyHDb,
human haemoglobin was dissolved in water at concentrations
of 1 mmol-L ' and oxygenated for 10 min by bubbling with O,
gas. Human haemoglobin was then reduced with sodium
dithionite (10 mmol-L™!) and reoxygenated with O, gas for
additional 15 min. Sodium dithionite was removed on a
Sephadex G25 column (GE Healthcare, Piscataway, NJ) to get
pure oxyHb and formation of metHb was initiated by the
addition of NADPH (100 umol-L'!) to reaction buffer
[SO mmol-L? HEPES containing 1 mmol-L' arginine,
1 mmol-L magnesium acetate, 5 umol-L™! oxyHb, 12 pmol-L™!
tetrahydrobiopterin (BH4), 170 umol-L™" dithiothreitol (DTT)
and 1 U-mL™ purified murine macrophage iNOS, pH 7.4]. The
conversion of oxyHb to metHb was monitored with the
increase in absorbance at 401 nm, using an extinction coeffi-
cient of 60 000 M'-cm™. Effect of OQs on iNOS activity was
analysed after treatment with OQs for 5 min.

COX-1/-2 enzyme assay
Direct inhibitory activities against COX enzyme were mea-
sured using commercially available colorimetric COX (ovine)
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inhibitor screening kit (Cayman Chemical, Ann Arbor, MI)
according to the manufacturer’s protocol. Briefly, after COX-1
or COX-2 enzyme was incubated with OQ1 and OQ21 for
30 min, reaction was initiated with addition of arachidonic
acid (100 pmol-L™).

Western blot analysis

RAW264.7 cells were cultured (4 x 10° cellss-mL™) in 60 mm
tissue culture dish for 24 h, followed by treatment with LPS
alone or LPS plus various concentrations of OQ1 or OQ21. At
the end of incubation, cells were washed with ice-cold
phosphate-buffered saline (PBS) and solubilized in cold lysis
buffer [50 mmol-L! Tris-HCl (pH 7.4), 1 mmol-L" dieth-
yldithiocarbamic acid, 10 mmol-L™ EDTA, 1 mmol-L™ phenyl-
methylsulphonylfluoride (PMSF), 1% Tween20, 1% Triton
X-100, 10 umol-L™ leupeptin] for 20 min on ice. Cell lysates
were harvested with a cell scraper and centrifuged at 10 000x g
for 20 min at 4°C. For the Western blot analysis of phospho-
p38 and phospho-Erk, cells were lysed with RIPA buffer (1%
Nonidet P-40, 0.5% sodium deoxycholate and 0.1% sodium
dodecyl sulphate in PBS, pH 7.4) containing 0.1 mmol-L™
Na;VO, and protease inhibitors (0.5 mg-mL™" aprotinin,
0.5 mg-mL™" E-64, 0.5 mg-mL™" pepstatin, 0.5 mg-mL™" besta-
tin, 10 mg-mL™" chymostatin and 0.1 mg-mL™" leupeptin) to
facilitate the detection of the phosphorylated proteins. Protein
concentration in supernatant was measured using Bio-Rad
protein assay reagent (Bio-Rad, Hercules, CA). A quantity of
20 ug proteins was separated by electrophoresis using sodium
dodecyl sulphate polyacrylamide gel and transferred to poly-
vinylidene fluoride membrane. Each protein was identified
with polyclonal antibodies against iNOS, COX-2, IxBa, Erk,
pErk (dilution, 1:1000 for iNOS, COX-2, IxBa, 1:500 for Erk,
pErk; Santa Cruz Biotech, Santa Cruz, CA), tubulin (dilution,
1:5000; Calbiochem, Germany), p38, pp38 (dilution, 1:1000;
Upstate, Charlottesville, VA) or secondary antibodies conju-
gated with horseradish peroxidase (dilution, 1:2000; Zymed
Lab, San Francisco, CA) using ECL kit (Amersham Biosciences,
Inc.).

Preparation of nuclear extracts

After OQ1 or OQ21 was treated with LPS for 3 h, nuclear
extracts from 1 x 10° cells were prepared according to the
previously reported method (Schreiber et al., 1990). Briefly,
cells were washed with ice-cold PBS, and allowed to swell after
the addition of 100 uL hypotonic buffer [10 mmol-L' HEPES
(pH 7.9), 10 mmol-L™" KCI, 0.1 mmol-L™" EDTA, 0.5% Nonidet
P-40, 1 mmol-L™' DTT and 0.5 mmol-L~' PMSF] for 10 min. The
lysates were centrifuged at 7200x g for S min at 4°C. Pellets
were re-suspended in 50 uL of hypertonic buffer [20 mmol-L™
HEPES (pH 7.9), 400 mmol-L" NaCl, 1 mmol-L" EDTA,
10 mmol-L! DTT and 1 mmol-L™" PMSF] and then incubated
further for 30 min in ice. The resultant supernatants from
centrifugation at 15 000x g for 10 min were obtained as nuclear
fractions. Concentration of protein in supernatant was mea-
sured using Bio-Rad protein assay reagent.

Electrophoretic mobility shift assay
Double-stranded oligonucleotides containing NFxB bind-
ing site (5’-AGTTGAGGGGACTTTCCCAGGC-3’) were end-
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radiolabelled using T4 polynucleotide kinase and [**P]-ATP.
Labelled oligonucleotides and 5 ug of nuclear extracts were
incubated with 2 pL of 5x binding buffer (20% glycerol,
5 mmol-L™ MgCl,, 250 mmol-L™! NaCl, 2.5 mmol-L™ EDTA,
2.5 mmol-L™! DTT, 0.25 mg-mL™ poly dI-dC and 50 mmol-L™
Tris-Cl, pH 7.5) in a total volume of 15 pL of reaction mixture
at 25°C for 30 min. For competition experiments, unlabelled
double-stranded oligonucleotides were pre-incubated in
20-fold excess with the protein for 20 min before labelled
oligonucleotides were added. All samples were analysed by
electrophoresis on 4% native polyacrylamide gels for 1.5 h at
140 V. The gel was removed, fixed and dried, followed by
autoradiography.

Transfection and luciferase reporter gene assay

RAW264.7 cells were transfected with a murine COX-2
promoter (3.2 kb) luciferase plasmid using Superfect trans-
fection reagent (Qiagen, Valencia, CA) according to the
manufacturer’s instructions as described previously (Lee et al.,
2004). HSP70-B-galactosidase plasmid was co-transfected as
an internal control. The total amount of transfected plasmids
was equalized by supplementing with the corresponding
empty vector. Luciferase and p-galactosidase enzyme activities
were determined using the Luciferase Assay System and
B-galactosidase Enzyme System (Promega, Madison, WI)
according to the manufacturer’s instructions. Luciferase activ-
ity was normalized against -galactosidase activity.

TPA-induced mouse ear oedema model

Protocols for animal experiments were approved by the Ethics
Committee of Animal Service Center at Seoul National Uni-
versity. The study using TPA-induced ear oedema model was
conducted according to the previous report (De Young et al.,
1989) with a minor modification. Male ICR mice (SamTaco,
Korea) were randomly assigned to four groups (10 mice in
each group). TPA, dissolved in dimethylsulphoxide : acetone
(1:9, 125 ug-mL™) was applied to inner and outer sides of the
right ear of each mouse (2.5 ug per ear). After 30 min and 6 h
from the time of TPA application, indomethacin, OQ1, OQ21
dissolved in acetone (0.1 mg in 20 pL, 0.5%, solubility limit of
0Q21) or vehicle was painted on the right ear. After 24 h from
TPA stimulus, 6 mm ear pad biopsy was collected from the
right ear of each mouse with a coring tool (Stipel Co., Korea)
and weighed for the determination of severity of oedema.
Biopsies of the left ears of TPA group were collected for normal
control. After weighing, biopsies were fixed in 10% neutral
buffered formalin and examined histologically after staining
with haematoxylin and eosin.

Statistical analysis

Western blot data or histological data are presented with
representative figures from more than three independent
experiments. Other data were shown as mean = SEM from
more than three experiments. Difference between each groups
was examined using one-way ANOVA followed by Duncan’s
multiple range test (significant when P < 0.05). Histological
scoring data were analysed by non-parametric Mann-Whitney



U test to determine whether the score difference between two
groups was statistically significant (P < 0.05).

Reagents

DMEM, penicillin/streptomycin and foetal bovine serum were
obtained from Gibco BRL (Grand Island, NY). PGE, enzyme
immunoassay kit was purchased from R&D Systems (Minne-
apolis, MN). Anti-rabbit IgG conjugated with horseradish per-
oxidase was purchased from Amersham (Arlington Heights,
IL). Purified murine macrophage iNOS and ovine COX-1/-2
assay kit were bought from Cayman Chemical (Ann Arbor,
MI). LPS, Griess reagent, arachidonic acid, dimethylsul-
phoxide, indomethacin, TPA, human haemoglobin, sodium
dithionite, NADPH, HEPES, arginine, magnesium acetate, tet-
rahydrobiopterin (BH4), DTT, salts for buffer preparation and
other reagents were all from Sigma Chemical Co. (St. Louis,
MO). OQ1 and OQ21 were generous gifts from Professor
Chung-Kyu Ryu at Ewha Womans University, Korea.

Results

Inhibition of LPS-induced nitric oxide production by OQ1 and
0Q21 mediated by suppression of the enzyme activity and the
expression level of iNOS

To investigate if OQl1 and OQ21 have anti-inflammatory
activities, LPS-induced nitric oxide (NO) production was
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determined in the presence of OQ1 or OQ21 (1, 5, 10 and
25 umol-L™") in RAW264.7 mouse macrophage cells. LPS-
induced nitrite generation, an indicator for NO production,
was significantly attenuated by OQ1 and OQ21 treatment,
from as low as 5 umol-L™" (Figure 1A), suggesting potent anti-
inflammatory activities of these compounds.

The inhibition of NO production by OQ compounds can
result from the suppression of the enzymic activity and/or the
expression level of iNOS. First, we investigated whether
enzymic activity of iNOS was affected by OQ1 and OQ21. To
determine if iNOS activity in cellular system could be affected
by OQs, RAW264.7 cells were stimulated with LPS to induce
iNOS. After LPS was removed, cells were further treated with
0Q1 and OQ21 and the production of NO was determined as
the level of nitrite. OQ1 and OQ21 reduced the generation of
nitrite in LPS-stimulated cells in a concentration-dependent
manner (Figure 1B), suggesting that these compounds may
inhibit the enzymic activity of iNOS in cellular systems. These
results were further confirmed with assays for in vitro iNOS
enzyme activity. OQ1 and OQ21 suppressed the activity of
the purified iNOS dose-dependently with ICs, values of
32+ 1.2umol-L" and 5.3 = 2.8 umol-L'  respectively
(Figure 1C). These inhibitory effects were not due to non-
specific cytotoxicities of OQ1 or OQ21, as determined by
cytotoxicity measurement [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl tetrazolium bromide assay, data not shown].
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The suppressive effects of OQ1 and OQ21 on production of nitric oxide (NO) and enzyme activity of iNOS. A. RAW264.7 cells were

incubated with LPS (0.1 ug-mL™") in the presence of OQ1 or 0Q21 (1, 5, 10 and 25 umol-L™") for 24 h. Accumulated nitrite was measured using
Griess reagent. B. RAW264.7 cells were pre-incubated with LPS (0.1 ug-mL™") for 16 h to induce iNOS. After cells were washed with fresh media
to remove LPS, cells were further treated with OQ1 or OQ21 for 8 h and nitrite generation was determined. C. Purified murine iNOS was
incubated with OQ1 or OQ21 for 5 min and iNOS activity was measured by NADPH-initiated conversion of oxyHb to metHb. Values are
means * SEM (n = 4-5). * represents a significant difference from LPS-treated control by one-way ANOVA followed by Duncan’s multiple range
test (P < 0.05). OQ1, 6-(4-fluorophenyl)-amino-5,8-quinolinedione; OQ21, 6-(2,3,4-trifluorophenyl)-amino-5,8-quinolinedione; iINOS, induc-

ible nitric oxide synthase; LPS, lipopolysaccharide.
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Figure 2 Suppression of iINOS expression and upstream signalling pathways by OQ1 and OQ21 in LPS-stimulated macrophages. A.
RAW264.7 cells were incubated with LPS (0.1 ug-mL™) and various concentrations of OQ1 or OQ21 for 8 h. iNOS expression was determined
by immunoblot assay with a-tubulin as a loading control. B. LPS-induced activation of NFkB was determined by electrophoretic mobility shift
assay from nuclear extracts prepared from the cells stimulated with LPS (0.1 pg-mL™) in the presence of OQ1 or 0Q21 (25 umol-L™") for 3 h.
Competition experiments were performed by adding 20-fold excess amount of unlabelled oligonucleotides containing the consensus binding
sequence for NFkB or SP-1. C and D. RAW264.7 cells incubated with LPS (0.1 ug-mL™") and various concentrations of OQ1 or OQ21 for 30 min.
Cell lysates were analysed for IkBo, phospho-Erk, and phospho-p38 by immunoblot assay. Representative results are shown from more than
three separate experiments for each assay. OQ1, 6-(4-fluorophenyl)-amino-5,8-quinolinedione; OQ21, 6-(2,3,4-trifluorophenyl)-amino-5,8-
quinolinedione; iINOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NF«kB, nuclear factor-«kB.

Next, we investigated whether inhibition of NO production
by OQs stemmed from the decreased expression of iNOS. As
shown in Figure 2A, LPS-induced iNOS expression was
decreased by OQ1 and OQ21 treatment in a concentration-
dependent manner and OQ1 was the more potent inhibitor.
The NFxB activation pathway is importantly involved in the
regulation of iNOS expression in macrophage cell (Huang
et al., 2001). Therefore, we determined if the suppression of
iNOS expression by OQ1 and OQ21 was mediated by the
modulation of NFxB activation. As shown in Figure 2B,C,
0Q1 and OQ21 inhibited NF«B activation induced by LPS, as
determined by both IxkBo degradation assay and electro-
phoretic mobility shift assay.

It has been reported that mitogen-activated protein kinases,
Erk and p38 play a role in the expression of iNOS in LPS-
stimulated macrophages (Ajizian et al., 1999). In our experi-
ments, OQ1 and OQ21 suppressed the phosphorylation of Erk
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and p38 induced by LPS (Figure 2D), showing that OQ1 and
0Q21 regulated upstream signalling pathways to attenuate
LPS-induced iNOS expression in macrophages. Collectively,
our results demonstrated that OQ1 and OQ21 were able to
suppress both enzyme activity and the expression level of
iNOS in LPS-stimulated macrophages.

Inhibition of LPS-induced PGE, production by OQ1 and 0OQ21

in macrophage cells

COX-2 is another important pro-inflammatory enzyme,
which can be induced in LPS-stimulated macrophages (Lee
et al., 1992), as shown by the extensive production of inflam-
matory PGs. To determine if OQ1 and OQ21 could reduce PG
production induced by LPS, RAW264.7 cells were stimulated
with LPS in the presence of OQ1 or OQ21. The levels of PGE,,
a representative inflammatory PG generated by the COX-2
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Figure 3 The effects of OQ1 and OQ21 on LPS-induced PGE, production and enzyme activity of COX-2. A. RAW264.7 cells were incubated
with LPS (0.1 ug-mL™") and various concentrations of OQ1 or OQ21 for 8 h. The levels of accumulated PGE, were determined in the medium
by PGE; EIA. B. RAW264.7 cells were stimulated with LPS for 8 h to induce COX-2 and washed with fresh media to remove LPS. Cells were
further treated with OQ1 or OQ21 for 30 min followed by the addition of arachidonic acid (30 umol-L™") as a substrate for COX-2. After 15 min,
the levels of PGE, in media were determined using PGE, EIA. C. After purified COX-1/-2 enzymes were incubated with OQ1, OQ21 or
indomethacin (IND) for 30 min, COX activities were measured by colorimetric assessment. Values are means + SEM (n = 4-5). * represents a
significant difference from LPS-treated control by one-way ANOVA followed by Duncan’s multiple range test (P < 0.05). OQ1, 6-(4-
fluorophenyl)-amino-5,8-quinolinedione; OQ21, 6-(2,3,4-trifluorophenyl)-amino-5,8-quinolinedione; LPS, lipopolysaccharide; PGE,, prostag-

landin E;; COX, cyclooxygenase.

pathway, were significantly decreased by OQ1l and OQ21
treatment, in a concentration-dependent manner from as low
as 1 umol-L" (Figure 3A).

To investigate if the suppressive effects of OQ compounds
on PGE, production resulted from the modification of
enzyme activity of COX-2 by OQs, we determined whether
cellular activities of COX-2 were affected. After COX-2 was
pre-induced with LPS challenge in RAW264.7 cells, cells were
incubated with OQ1 or OQ21 for 30 min, and PGE, produc-
tion was primed with exogenous arachidonic acid. Under
these conditions, PGE, production in LPS-stimulated cells was
inhibited by OQ1 or OQ21, suggesting the suppressive effects
of these compounds on enzymatic activity of COX-2 in cel-
lular system (Figure 3B). In contrast to the results from whole
cells, in vitro enzyme assays using purified COX-2 showed that
COX-2 activities were not affected by OQl or 0Q21
(Figure 3C). These results suggest that the inhibitory effects of
OQ compounds on cellular COX-2 activity may be mediated
by the action of OQ metabolites or the activation of second-
ary pathways by OQs, but not by the direct interaction
between OQs and COX-2 enzyme.

To investigate if the decrease in PGE, production was due to
the lowered expression of COX-2, RAW264.7 cells were stimu-
lated with LPS in the presence of OQ1 or OQ21. LPS-induced
COX-2 expression was attenuated by OQ1 or OQ21 as deter-
mined by immunoblot assay and COX-2 promoter reporter
assay (Figure 4A,B). These results showed that OQ1 and OQ21
prevented the increased production of PGE, possibly due to
the suppression of both enzyme activity and protein expres-
sion of COX-2.

In vivo efficacy of OQ1 in TPA-induced mouse ear oedema

To investigate if the suppressive effects of OQ compounds on
iNOS and COX-2 could lead to anti-inflammatory activities in
vivo, we used a topical inflammation model, TPA-induced
mouse ear oedema. Topically applied TPA induced oedema in
mouse ear and increased weights of ear biopsies, while the
application of OQ1 reversed the increased weight induced by
TPA (Figure 5A). Similarly, OQ21 treatment attenuated the
increase of ear weight, although it failed to show statistically
significant results.
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Figure 4 Effects of OQ1 or OQ21 on COX-2 expression in LPS-
stimulated macrophages. A. RAW264.7 cells were incubated with LPS
(0.1 ug-mL™") and various concentrations of OQ1 or OQ21 for 8 h.
COX-2 expression was determined by immunoblot assay with
o-tubulin as a loading control. Representative results from more than
three separate experiments are shown. B. RAW264.7 cells were trans-
fected with murine COX-2 promoter (-3.2 kb) luciferase reporter
plasmid and B-galactosidase expression plasmid. Cells were further
treated with LPS (0.1 ug-mL™") and various concentrations of OQ]1
or OQ21 for 8 h. Cell lysates were analysed for luciferase and
B-galactosidase enzyme activities. Fold induction was calculated after
normalization with B-galactosidase activity. Values are mean = SEM
(n=4). * represents a significant difference from LPS-treated
group by one-way ANOVA followed by Duncan’s multiple range
test (P <0.05). OQ1, 6-(4-fluorophenyl)-amino-5,8-quinolinedione;
0Q21, 6-(2,3,4-trifluorophenyl)-amino-5,8-quinolinedione;  LPS,
lipopolysaccharide; COX-2, cyclooxygenase-2.

The histopathological assessment of the skin inflammation
also confirmed the potent anti-inflammatory efficacy of OQ1,
where the infiltrations of inflammatory cells, thickening of
stratum corneum and epidermal hyperkeratosis, important
histological features of topical inflamation were all reduced
(Figure 5B,C). Notably, its potency was comparable with
indomethacin, a known COX-1/-2 inhibitor, suggesting pos-
sible synergistic effects of iNOS and COX-2 inhibition by OQ1
on the control of topical inflammatory conditions.

Discussion

In the present study, we demonstrated anti-inflammatory
activities of two quinolinedione derivatives, OQ1 and OQ21,
in both in vitro and in vivo experimental systems, using LPS-
stimulated RAW264.7 macrophages and a mouse model of
topical inflammation respectively. Dual inhibitory activities
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against iNOS and COX-2 as shown in in vitro assays appear
to confer on OQ1 a potent in vivo efficacy in mouse, TPA-
induced, ear oedema, comparable with a potent and well-
known COX inhibitor, indomethacin, suggesting its potential
therapeutic usage as a novel topical anti-inflammatory drug.

Excessive production of NO and PGE; plays a critical role in
the aggravation of circulatory shock and chronic inflamma-
tory diseases, such as septic shock, inflammatory hepatic dys-
functions (Wu et al., 1995; Liaudet et al., 1998), inflammatory
lung disease and colitis (Dugo et al., 2004; Di Paola et al.,
2005). As many of these conditions exhibit rapid onset and
development, often resulting in the failure of conventional
anti-inflammatory therapies and extremely high mortality
rates (Rivers et al., 2001), a simultaneous suppression of NO
and PGE; production pathways, as shown by OQ1 and OQ21,
may satisfy the so far unmet need for control of the rapid
progression of the inflammatory process.

It is interesting that a single compound could suppress
the protein synthesis and enzymic activity simultaneously,
whereas most of the known iNOS inhibitors were targeted on
either enzymic activity or protein expression through tran-
scriptional modulation (Strub et al., 2006). Quinolinediones
are known to have direct inhibitory efficacy against neuronal
NOS as they could bind to the P450 reductase domain of
NOS and shunt electrons from NADPH (Kumagai etal.,
1998), suggesting a direct inhibition of iNOS enzyme activity
by OQ1 and OQ21. Similar profiles of enzyme inhibition
could be observed with the COX-2 inhibitor, celecoxib in
TNFa-induced COX-2 in non-small cell lung carcinoma
(Shishodia etal., 2004), where celecoxib suppressed the
expression of COX-2 through the inhibition of inhibitory B
kinase activation, as well as COX-2 activity. The suppression
of iNOS expression by OQl and OQ21 was also well-
correlated with the inhibition of NFkB pathways. Other data,
such as IkB degradation and decreased NFxB nuclear trans-
location, along with the suppression of mitogen-activated
protein kinase pathways, suggest an overall suppression of
NFxB pathways.

De novo synthesis and cellular accumulation of PGE, in
LPS-stimulated macrophages were suppressed by OQ1 and
0Q21 in a concentration-dependent manner (Figure 3A,B).
While COX-2 activity was decreased by OQ1 and OQ21 in
cellular systems, the activity of purified COX-1/-2 enzyme was
not affected by OQ compounds in in vitro assay system. It was
quite unexpected as the inhibitory efficacy on COX-2 activities
could be also confirmed in another cell-based assay system,
mouse primary peritoneal macrophage COX-1/COX-2 assays,
where OQ1 and OQ21 showed selectivity for COX-2, from
10- to 3.6-fold (COX-1/COX-2 ICs, values, >25 umol-L™*/
2.5 umol-L'and >25 umol-L/6.9 umol-L™ for OQ1 and OQ21
respectively) (Chung et al., unpubl. data). The discrepancy
between cellular and isolated enzyme assays could be
explained in part by the results from a previous report that
decreased NO following iNOS inhibition attenuated PG forma-
tion, because of the absence of the enhancement of PG syn-
thesis by NO (Mollace efal.,, 2005). Although a detailed
biochemical and analytical study is required, we could also
speculate on the possible generation of active metabolites of
0Q1 and OQ21 by intracellular metabolism, as has been
suggested in the case of menadione (Barchowsky et al., 1989).
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Figure 5 Anti-inflammatory activity of OQ1 in TPA-induced ear oedema mouse model. A. Ear oedema was induced with topical application
of TPA (2.5 ug per ear). OQ1, OQ21 or indomethacin (IND; 0.1 mg per ear, 10 animals per group) was painted on the ear pad, 30 min and
6 h after TPA treatment. Twenty-four hours after TPA application, ear biopsies were collected and weighed to determine the severity of oedema
formation. Values are means = SEM (n=10). * represents a significant difference from TPA-treated group by one-way ANOVA followed by
Duncan’s multiple range test (P < 0.05). B. Five ear biopsies were randomly selected per group and processed (haematoxylin and eosin
staining) for histological examinations. Tailless arrowhead represents inflammatory cells and tailed arrow, hyperkeratosis. Representative
microscopic photographs are presented. C. Histopathological changes were scored for dermis and epidermis. Epidermal changes were
evaluated with the scores for thickness (0-5), stratum granulosum (0-3), hyperkeratosis (0-5), spongiosis (0-4) and intracellular oedema (0-1).
Dermal changes were scored for infiltration (0-6). Total scores for the respective ear are presented. * represents a significant difference from
TPA-treated group by the Mann-Whitney U tests (P<0.05). OQ1l, 6-(4-fluorophenyl)-amino-5,8-quinolinedione; OQ21, 6-(2,3,4-
trifluorophenyl)-amino-5,8-quinolinedione; TPA, 12-O-tetradecanoylphorbol-13-acetate.

Consistent with the in vitro anti-inflammatory effects, more potent COX inhibitor, indomethacin, showed little
0Q1 potently attenuated TPA-induced mouse ear oedema,  effect (0.8 = 0.8, P=0.41). Hyperkeratosis and keratinocyte
while OQ21 showed weaker activity. The lower solubility  proliferation are common features in various chronic
and poorer skin penetration due to two more fluoro atoms  inflammatory diseases of skin, such as psoriasis or atopic
in the phenyl ring of OQ21 might explain the lower in vivo  dermatitis (Hansson et al., 2002). This additional benefit, the
activity when compared with OQ1, although further study alleviation of hyperkeratosis, might come from the dual
is necessary to confirm it. Although statistical significance  inhibition of iNOS and COX-2 or NF«xB down-regulation by
was not achieved, epidermal hyperkeratosis, a typical feature =~ OQ1, which cannot be provided by a pure COX inhibitor
of local inflammatory reaction in skin stratum corneum, was  like indomethacin.
slightly decreased by OQ1 treatment (histopathological scor- In conclusion, our study shows that OQ derivatives with
ings, 1.2 = 0.4 and 0.4 = 0.6 for TPA and OQ1 group respec-  dual inhibitory effects against iNOS and COX-2 could be
tively, P=0.056, by Mann-Whitney U test), in which the powerful therapeutic options for acute and chronic inflam-
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matory diseases, which have been refractory to conventional
drug therapies. It also supports the idea that combination
therapy with iNOS and COX-2 inhibitors could provide a
therapeutic synergy in the treatment of topical inflammatory
diseases.
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