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Abstract

2-Methyl-2-(2-methylpropenyl)-2,3-dihydronaphtho[2,3-b]furan-4,9-dione (NFD-37) is a synthetic furonaphthoquinone com-
pound. In the present study, the NFD-37 compound was found to inhibit prostaglandin (PG) E, production in lipopolysaccharide
(LPS)-stimulated macrophages RAW 264.7. NFD-37 compound exhibited a preferred inhibition on enzyme activity of cyclooxygen-
ase (COX)-2 over COX-1. Further, NFD-37 compound attenuated LPS-induced synthesis of both mRNA and protein of COX-2,
and suppressed LPS-induced COX-2 promoter activity in the macrophages, indicating that the furonaphthoquinone compound
could down-regulate LPS-induced COX-2 expression at the transcription level. Even though COX-2 promoter behaves as a sophis-
ticated biosensor for host defense, nuclear factor (NF)-kB activation has been evidenced to play a major mechanism for LPS-in-
duced COX-2 expression in macrophages. NFD-37 compound exhibited a dose-dependent inhibitory effect on LPS-induced
phosphorylation of inhibitory kBa (IxBa) protein, and subsequently inhibited IxBa degradation, DNA binding activity of NF-
kB complex as well as NF-kB transcriptional activity in macrophages RAW 264.7. In another experiment, NFD-37 compound
inhibited both COX-2 promoter activity and GST-IkBa phosphorylation elicited by an expression vector encoding kB kinase f.
Taken together, NFD-37 compound inhibited enzyme activity of COX-2 but also suppressed COX-2 expression depending on
NF-«B activation, and thus could provide an invaluable tool to investigate pharmacological potential in the excess PG-related
disorders.
© 2005 Elsevier Inc. All rights reserved.
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Nonsteroidal anti-inflammatory drugs (NSAIDs)
have been widely used for the relief of inflammation
and pain. Recently, aspirin and some of other NSAIDs
have received attention to prevent cardiovascular dis-
ease and colon cancer [1-3]. It is generally accepted that
anti-inflammatory and analgesic efficacy of NSAIDs is
dependent on their inhibitory effects on the enzyme
activity of cyclooxygenase (COX), a key enzyme in the

* Corresponding author. Fax: +82 43 268 2732.
E-mail address: youngsoo@chungbuk.ac.kr (Y. Kim).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.08.059

biosynthetic pathway of prostaglandins (PGs) starting
from arachidonic acid [4]. Two distinct isoforms of
COX were identified in the early 1990s. COX-1 is consti-
tutively expressed in nearly all tissues and provides PGs
to maintain physiological functions such as cytoprotec-
tion of the stomach and regulation of renal blood flow
[4,5]. In contrast, COX-2 is inducible in the immune cells
such as macrophages and synoviocytes in response to
infection, injury or other stress and produces excessive
amounts of PGs that serve to sensitize nociceptors and
induce inflammatory states [6,7]. PGs also contributed
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to tumor growth by inducing angiogenesis and inhibit-
ing apoptosis [8-10]. More recently, celecoxib, a selec-
tive COX-2 inhibitor, has been approved by the FDA
for the treatment of arthritis and colon cancer [11,12].
Even though COX inhibition could be important for
pharmacological activity of NSAIDs, several lines of evi-
dence suggest that some NSAIDs could modulate COX-
independent cellular responses including nuclear factor
(NF)-xB activation, which are also involved in anti-in-
flammatory and antitumor activity of the drugs [13,14].

Lipopolysaccharide (LPS) is a major constituent of
the outer membrane in Gram-negative bacteria and is
recognized by Toll-like receptor 4 (TLR4) on immune
cells such as macrophages [15]. Specific binding of LPS
to TLR4 can trigger signaling pathways to activate
NF-kB [16]. Under normal conditions, NF-kB is re-
tained in the cytoplasm as an inactive complex, bound
to inhibitory xB protein (IxkB) [17]. Upon stimulation
with LPS, cytoplasmic IkBa can be phosphorylated on
its Ser-32 and -36 residues by the IkB kinase (IKK) com-
plex, which marks for ubiquitination followed by 26S
proteasome-mediated degradation [18,19]. NF-kB such
as p65 or p50 subunit, freed IkB, unmasks its nuclear
localization signal motif and now moves into the nucleus
[20]. NF-kB complex, homo- or hetero-dimeric forms,
then binds to the promoter regions of immune and
inflammatory genes including COX-2 for transcriptional
activation [21].

2-Methyl-2-(2-methylpropenyl)-2,3-dihydronaph-
tho[2,3-b]furan-4,9-dione (NFD-37) is a synthetic furo-
naphthoquinone compound (Fig. 1). Phytochemical or
chemically synthetic furonaphthoquinone analogs have
been reported to exhibit antitumor activity against lung
cancer cells and antimicrobial activity against Helico-
bacter pylori [22,23]. However, pharmacological mecha-
nism of the furonaphthoquinone analogs remains to be
determined. In the present study, furonaphthoquinone
NFD-37 compound was found to inhibit PGE, produc-
tion in LPS-stimulated macrophages RAW 264.7. NFD-
37 compound inhibited the enzyme activity of COX-2
over COX-1, but also suppressed LPS-induced COX-2
expression at the transcription level. Further, NFD-37
compound inhibited LPS-induced NF-xB activating
pathway. These results could provide a mechanism for
pharmacological activity of the furonaphthoquinone
analogs, in addition to anti-inflammatory potential of
NFD-37 compound.
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Fig. 1. Chemical structure of NFD-37 compound.

Materials and methods

Materials and cell culture. Furonaphthoquinone NFD-37 com-
pound (purity, >98%) was prepared as described in our previous work
[24]. Antibodies against COX-2, COX-1 IkBo or IKKp were pur-
chased from Santa Cruz Biotech (Santa Cruz, USA), and antibody
against phospho-IkBo. (Ser-32/36) was from Cell Signaling Tech
(Berverly, USA). Fetal bovine serum (FBS) and Lipofectamine were
purchased from Invitrogen (Carlsbad, USA). The other reagents
including LPS (Escherichia coli 05:BS) and NS-398 were otherwise
obtained from Sigma—Aldrich (St. Louis, USA). Macrophages RAW
264.7 were cultured in a medium (10 mg/ml DMEM, 10 mM Hepes,
24 mM NaHCO3;, 143 U/ml benzylpenicillin potassium, and 100 pg/ml
streptomycin sulfate, pH 7.1) containing 10% FBS and maintained at
37 °C with 5% CO, atmosphere. Macrophages RAW 264.7 harboring
pNF-xB-secretory alkaline phosphatase (SEAP)-NPT [25] were cul-
tured in the same conditions, except supplement of geneticin (500 pg/
ml) to the media.

PGE, ELISA. Macrophages RAW 264.7 were pre-treated with
NFD-37 compound for 2h and stimulated with LPS (1 pg/ml) for
24 h. Amounts of PGE, in the culture media were quantified using an
ELISA kit (Amersham-Pharmacia, San Francisco, USA).

Measurement of enzyme activity of COX-1 or -2. COX activity was
measured by the initial rate of oxygen consumption in the presence of
arachidonic acid as a substrate. A typical reaction mixture consisted of
0.1 M Tris-HCI (pH 8.0), 100 uM arachidonic acid, 25 pg hemoglobin,
and purified COX-1 or COX-2 (Cayman Chem., Ann Arbor, USA).

Western immunoblot analysis. Macrophages RAW 264.7 were pre-
treated with NFD-37 compound for 2h and stimulated with LPS
(1 pg/ml) for 5 min (phospho-IxBa), 20-80 min (IxBa) or 18 h (COX-
2). Lysates of the cells were subjected to Western immunoblot analysis
as described in our previous work [26]. The blots were finally reacted
with ECL detection reagents (Amersham-Pharmacia, San Francisco,
USA) and exposed to X-ray film.

Semi-quantitative RT-PCR. Macrophages RAW 264.7 were pre-
treated with NFD-37 compound for 2h and stimulated with LPS
(1 pg/ml) for 6 h. Total RNA of the cells was subjected to semi-
quantitative RT-PCR using an RNA PCR kit (Bioneer, Taejon,
Korea). Primer sequences and RT-PCR conditions were described in
our previous work [27]. Briefly, total RNA was reverse-transcribed at
42°C and then subjected to 30 cycles of PCR consisting of 30-s
denaturation at 94 °C, 30-s annealing at 60 °C, and 90-s extension at
72 °C. The RT-PCR products were resolved by agarose gel electro-
phoresis and then stained with ethidium bromide.

Measurement of COX-2 promoter activity. Macrophages RAW
264.7 were transiently transfected with pCOX-2-luciferase (Luc) con-
struct [28] and pSV-B-galactosidase control vector (Promega, Madison,
USA) using Lipofectamine. The transfected RAW 264.7 cells were pre-
treated with NFD-37 compound for 2h and stimulated with LPS
(1 pg/ml) for 16 h. Lysates of the cells were subjected to luciferase
assay and B-galactosidase assay using kits from Promega (Madison,
USA). In another experiment, macrophages RAW 264.7 were tran-
siently transfected with pCOX-2-Luc construct [28] in combination
with an expression vector encoding IKKf [29] using Lipofectamine.
The transfected cells were treated with NFD-37 compound for 16 h
and then subjected to luciferase assay.

Measurement of NF-xB transcriptional activity. Macrophages
RAW 264.7 harboring pNF-kB-SEAP-NPT construct [25] were pre-
treated with NFD-37 compound for 2h and stimulated with LPS
(1 pg/ml) for 16 h. Aliquots of the cell-free culture media were heated
at 65 °C for 5 min and then reacted with an assay buffer (500 uM of 4-
methylumbelliferyl phosphate, 2 mM diethanolamine, and 1 mM
MgCl,) in the dark at room temperature for 1 h. SEAP activity was
measured as relative fluorescence units (RFU) with emission at 449 nm
and excitation at 360 nm. In another experiment, macrophages RAW
264.7 harboring pNF-kB-SEAP-NPT construct [25] were transiently
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transfected with an expression vector encoding IKKf [29] using
Lipofectamine. The transfected cells were treated with NFD-37 com-
pound for 16 h and then subjected to SEAP assay.

Electrophoretic mobility shift assay (EMSA). Macrophages RAW
264.7 were pre-treated with NFD-37 compound for 2 h and stimulated
with LPS (1 pg/ml) for 1 h. Nuclear extracts of the cells were reacted
with [*?P]-labeled oligonucleotide (5'-AGTTGAGGGGACTTTCC-
CAGGC-3') in a binding buffer (10 mM Tris, 1 mM MgCl,, 50 mM
NaCl, 0.5 mM EDTA, 0.5 mM DTT, 0.05 pg/pl poly(dI-dC), and 4%
glycerol, pH 7.5) on ice for 10 min. The complexes between oligonu-
cleotide and nuclear protein were resolved on non-denaturing acryl-
amide gel by electrophoresis. The gels were dried and then exposed to
X-ray film.

In vitro kinase assay of IKKf. Macrophages RAW 264.7 harboring
pNF-kB-SEAP-NPT construct [25] were transiently transfected with
an expression vector encoding IKKp [29] using Lipofectamine. The
transfected cells were treated with NFD-37 compound for 16 h. Ly-
sates (200 g protein) of the cells were incubated on ice for 2 h with
anti-IKKf antibody (2 pg) and protein A beads (Amersham-Phar-
macia, San Francisco, USA). In vitro kinase assays were carried out
with the immunoprecipitates and bacterially synthesized GST-IxBa
(2 pg) in an assay buffer (20 mM Hepes, 2 mM MgCl,, 2 uM ATP,
5 uCi [y-**P]JATP, 10 mM B-glycerophosphate, 10 mM NaF, 300 uM
Na3;VOy, 2 uM PMSF, 10 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml
pepstatin, and 1 mM DTT, pH 7.7) at 30 °C for 1 h. The reaction
mixtures were resolved on SDS-acrylamide gel by electrophoresis and
then subjected to autoradiography.

Statistical analysis. Data are expressed as means += SEM and were
analyzed by ANOVA, followed by the Dunnet test. A value of p <0.01
was considered significant.

Results

Furonaphthoquinone NFD-37 compound inhibited LPS-
induced PGE, production in macrophages RAW 264.7

Macrophages RAW 264.7 in resting state released
267 4 55 pg/ml of PGE, during incubation for 24 h,
whereas PGE, production was increased to 1464 +
51 pg/ml when the cells were stimulated with LPS alone
for the same period (Fig. 2A). NFD-37 compound in-
hibited LPS-induced PGE, production in a dose-depen-
dent manner, corresponding to 40% inhibition at 1 uM,
69% at 3 uM, and 94% at 10 pM showing an ICs, value
of 1.7 uM (Fig. 2A). As a positive control, NS-398, a
selective inhibitor of COX-2, also exhibited dose-depen-
dent inhibitory effect with an ICsq value of 0.4 uM on
LPS-induced PGE, production (Fig. 2A). Neither NFD-
37 nor NS-398 at the effective concentrations showed any
cytotoxic effect in macrophages (data not shown).

NFD-37 compound showed a preferred inhibitory effect on
the enzyme activity of COX-2 over COX-1

We next investigated whether NFD-37 compound
could inhibit the enzyme activity of cell-free COX iso-
zymes. NFD-37 compound inhibited the COX-2 activity
in a dose-dependent manner, corresponding to 34% inhi-
bition at 3 pM, 55% at 10 uM, and 84% at 30 uM showing
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Fig. 2. Effects of NFD-37 compound on LPS-induced PGE, produc-
tion and enzyme activity of COX isozymes. Macrophages RAW 264.7
were pre-treated with NFD-37 for 2 h and stimulated with LPS (1 pg/
ml) for 24 h. Amounts of PGE, in the culture media were measured by
ELISA (A). Enzyme activity of purified COX-1 or COX-2 was
analyzed by the initial rate of oxygen consumption and the effect of
NFD-37 compound is represented as inhibition % (B). Values are
means + SEM of three independent experiments. #p < 0.01 vs. media
alone-treated group (A). *p <0.01 vs. LPS alone-treated group (A) or
enzyme alone-treated group (B).

an ICsqy value of 4.8 uM (Fig. 2B). NFD-37 compound
also exhibited dose-dependent inhibitory effect with an
ICsq value of 36.8 uM on COX-1 activity (Fig. 2B).

NFD-37 compound down-regulated LPS-induced COX-2
expression at the transcription level

To investigate whether NFD-37 compound could af-
fect LPS-induced COX-2 expression, Western immuno-
blot analysis was carried out. COX-2 protein was hardly
detectable in resting macrophages RAW 264.7, but pro-
nounced amounts of COX-2 protein were induced upon
exposure to LPS alone (Fig. 3A). However, synthesis of
COX-1 protein was not changed by treatment of LPS
and NFD-37 compound (Fig. 3A). NFD-37 compound
inhibited LPS-induced synthesis of COX-2 protein in a
dose-dependent manner, corresponding to 22% inhibi-
tion at 3 uM, 61% at 10 uM, and 91% at 30 puM showing
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Fig. 3. Effect of NFD-37 compound on LPS-induced COX-2 expres-
sion. Macrophages RAW 264.7 were pre-treated with NFD-37
compound for 2 h and stimulated with LPS (1 pg/ml) for 18 h (A) or
6 h (B). Cell lysates were subjected to Western immunoblot analysis.
One of similar results is represented and relative ratio % is also shown,
where COX-2 signal was normalized to COX-1 signal (A). Total RNA
of the cells was subjected to semi-quantitative RT-PCR. One of similar
results is represented and relative ratio % is also shown, where COX-2
signal was normalized to B-actin signal (B). Macrophages RAW 264.7
were transiently transfected with pCOX-2-Luc construct and pSV-f-
galactosidase control vector. The transfected cells were pre-treated
with NFD-37 compound for 2 h and stimulated with LPS (1 pg/ml) for
16 h. Cell lysates were subjected to luciferase assay and -galactosidase
assay. Luciferase expression as a reporter of COX-2 promoter activity
is represented as relative fold, where luciferase activity was normalized
to B-galactosidase activity (C). Values are means + SEM of three
independent experiments. #p <0.01 vs. media alone-treated group.
*p <0.01 vs. LPS alone-treated group.

an ICsy value of 7.6 uM (Fig. 3A). To further under-
stand whether inhibitory effect of NFD-37 compound
on COX-2 expression had taken place at the transcrip-
tion level, semi-quantitative RT-PCR was carried out.
COX-2 transcript at steady state was hardly detectable
in resting macrophages RAW 264.7, but markedly in-
creased when the cells were stimulated with LPS alone
(Fig. 3B). However, amounts of housekeeping B-actin

transcript were not affected by treatment of LPS and
NFD-37 compound (Fig. 3B). NFD-37 compound
inhibited LPS-induced synthesis of COX-2 transcript
in a dose-dependent manner, corresponding to 28% inhi-
bition at 3 uM, 65% at 10 uM, and 87% at 30 uM
(Fig. 3B). Transcriptional regulation of COX-2 expres-
sion by NFD-37 compound was further documented
by COX-2 promoter activity. The promoter activity
was determined using macrophages RAW 264.7 trans-
fected transiently with pCOX-2-Luc construct encoding
COX-2 promoter (—963/+1) fused to luciferase gene as
a reporter [28]. Upon exposure to LPS alone, the trans-
fected cells increased luciferase expression up to 10-fold
over the basal level (Fig. 3C). NFD-37 compound inhib-
ited LPS-induced luciferase expression in a dose-depen-
dent manner, corresponding to 33% inhibition at 3 pM,
70% at 10 uM, and 95% at 30 uM (Fig. 3C).

NFD-37 compound inhibited LPS-induced NF-xB
transcriptional activity in macrophages

NF-kB is a transcription factor that plays a major
mechanism in the LPS-induced expression of pro-in-
flammatory proteins including COX-2 in macrophages
[21,30]. NF-xB transcriptional activity was monitored
using macrophages RAW 264.7 harboring pNF-«B-
SEAP-NPT construct encoding four copies of the kB se-
quence fused to the SEAP gene as a reporter [25]. Upon
exposure to LPS alone, the transfected cells increased
the SEAP expression up to 4-fold over the basal level
(Fig. 4A), indicating that cellular NF-«xB is transcrip-
tionally functional. NFD-37 compound inhibited LPS-
induced SEAP expression in a dose-dependent manner,
corresponding to 35% inhibition at 3 pM, 74% at
10 uM, and 87% at 30 uM showing an 1Csq value of
5.7 uM (Fig. 4A).

NFD-37 compound inhibited LPS-induced DNA binding
activity of the NF-kB complex but also LPS-induced
degradation of Ik Ba

To elucidate the inhibitory mechanism on NF-kB
activation, we performed an EMSA with a [**P}-labeled
oligonucleotide containing the kB sequence. Upon expo-
sure to LPS alone, the RAW 264.7 cells markedly in-
creased the DNA binding activity of the NF-xB
complex, p65/p50 and p50/p50 (Fig. 4B). NFD-37 com-
pound inhibited LPS-increased DNA binding activities
of the NF-kB complex in a dose-dependent manner
(Fig. 4B). To further understand whether NFD-37 com-
pound could affect IkB degradation, Western immuno-
blot analysis with anti-IkBo antibody was carried out
with cytoplasmic extracts of LPS-stimulated macro-
phages RAW 264.7. Upon exposure to LPS alone, IxBa
phosphorylation was dramatically caused within 20 min
and the amounts of cytoplasmic IkBa recovered to the
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Fig. 4. Effect of NFD-37 compound on LPS-induced NF-«B signaling pathway. Macrophages RAW 264.7 harboring pNF-kB-SEAP-NPT construct
were pre-treated with NFD-37 compound for 2h and stimulated with LPS (1 pg/ml) for 16 h. SEAP expression as a reporter of NF-xB
transcriptional activity was measured with the cell-free culture media and is represented as relative fluorescence units (RFU) (A). Macrophages RAW
264.7 were pre-treated with NFD-37 compound for 2 h and stimulated with LPS (1 pg/ml) for 1 h. Nuclear extracts of the cells were subjected to
EMSA with [*?P}-labeled oligonucleotide corresponding to kB sequence. One of similar results is represented and relative ratio % is also shown (B).
Macrophages RAW 264.7 were pre-treated with NFD-37 compound (10 pM) for 2 h and stimulated with LPS (1 pg/ml) for the indicated times.
Cytoplasmic extracts of the cells were subjected to Western immunoblot analysis with anti-IkBa antibody (C). Macrophages RAW 264.7 were pre-
treated with NFD-37 compound for 2 h and stimulated with LPS (1 pg/ml) for 5 min. Cytoplasmic extracts of the cells were subjected to Western
immunoblot analysis with anti-phospho-IxBa antibody. One of similar results is represented and relative ratio % is also shown, where phospho-IxkBa
signal was normalized to total IkBo signal (D). Values are means + SEM of three independent experiments. *p < 0.01 vs. media alone-treated group.
*p <0.01 vs. LPS alone-treated group.

normal level at 80 min after LPS stimulation (Fig. 4C). ted with the pCOX-2-Luc construct [28] in combination
NFD-37 compound (10 uM) showed significant inhibito- with an expression vector encoding IKKf [29]. Lucifer-
ry effect on LPS-induced IxkBa degradation in the time- ase expression as a reporter of COX-2 promoter activity

course study (Fig. 4C). IxBa should be phosphorylated was efficiently increased by the expression of IKKP
on its Ser-32 and -36 residues by the IKK complex, in or- (Fig. 5A). NFD-37 inhibited IKK f-elicited COX-2 pro-

der to mark for ubiquitination followed by proteasome- moter activity in a dose-dependent manner with an ICsq
mediated degradation [18,19]. Upon exposure to LPS value of 7.1 uM (Fig. 5A). Macrophages RAW 264.7
alone for 5 min, IxBa phosphorylation had markedly tak- harboring pNF-kB-SEAP-NPT construct [25] were also
en place but IkxBa degradation had not started yet transiently transfected with an expression vector encod-

(Fig. 4D). At the 5-min time point, NFD-37 compound ing IKKp [29]. The transfected cells were treated with
inhibited LPS-induced IxBa phosphorylation in a dose- NFD-37 compound. SEAP expression as a reporter of

dependent manner, corresponding to 25% inhibition at NF-xB transcriptional activity was measured with the
3 uM, 78% at 10 uM, and 87% at 30 uM (Fig. 4D). cell-free culture media, and GST-IxBa phosphorylation

as an in vitro kinase activity was analyzed with IKKf
NFD-37 compound inhibited COX-2 promoter activity immunoprecipitates obtained from lysates of the cells.
and NF-kB activation triggered by the expression of Both SEAP expression and GST-IxBa phosphorylation
IKKp were significantly increased by the expression of IKKf3

(Figs. 5B and C). NFD-37 compound exhibited dose-de-

To further document whether NFD-37 compound pendent inhibitory effects not only on IKKp-elicited

could inhibit NF-kB-dependent COX-2 promoter activ- SEAP expression (Fig. 5B) but also GST-IxBa phos-
ity, macrophages RAW 264.7 were transiently transfec- phorylation (Fig. 5C).
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Fig. 5. Effect of NFD-37 compound on COX-2 promoter activity and NF-xB activation triggered by expression of IKK 3. Macrophages RAW 264.7
were transiently transfected with pCOX-2-Luc reporter construct in combination with an expression vector encoding IKK . The transfected cells
were treated with NFD-37 compound for 16 h. Luciferase expression as a reporter of COX-2 promoter activity was measured with lysates of the cells
and is represented as relative fold (A). Macrophages RAW 264.7 harboring pNF-kB-SEAP-NPT reporter construct were transiently transfected with
an expression vector encoding IKKf. The transfected cells were treated with NFD-37 compound for 16 h. SEAP expression as a reporter of NF-xB
transcriptional activity was measured with the cell-free culture media and is represented as relative fluorescence units (RFU) (B). In vitro kinase
assays with GST-IxBa as a substrate were carried out with IKKp immunoprecipitates obtained from lysates of the cells. One of similar results is
represented and relative ratio % is also shown (C). Values are means + SEM of three independent experiments. #p < 0.01 vs. each reporter construct
alone-transfected group. *p < 0.01 vs. each reporter construct plus IKKp-expression vector alone-transfected group.

Discussion

In the present study, furonaphthoquinone NFD-37
compound (Fig. 1) was discovered to show a dose-depen-
dent inhibitory effect on PGE, production in LPS-stimu-
lated macrophages RAW 264.7 (Fig. 2A). NFD-37
compound exhibited a preferred inhibition on enzyme
activity of COX-2 over COX-1 (Fig. 2B). Furthermore,
NFD-37 compound attenuated LPS-induced mRNA
and protein syntheses of COX-2 (Figs. 3A and B) and
inhibited LPS-induced COX-2 promoter activity in the
macrophages (Fig. 3C). However, COX-1 synthesis was
not affected by LPS and NFD-37 (Fig. 3A). Therefore,
anti-inflammatory action of NFD-37 compound on
PGE, production in LPS-stimulated macrophages
RAW 264.7 turns out to be a dual mechanism to inhibit
enzyme activity of COX-2 but also to suppress LPS-in-
duced COX-2 expression at the transcription level.

A promoter region of COX-2 gene contains a canon-
ical TATA box and various transcriptional regulatory
elements, such as NF-kB, NF-interleukin 6, and cAMP
responsive element [30,31]. NF-kB activation has been
evidenced to play a major mechanism on LPS-induced
COX-2 expression in macrophages [21,30]. NFD-37
compound inhibited LPS-induced NF-kB transcription-
al activity (Fig. 4A). Further, NFD-37 compound inhib-
ited LPS-induced DNA binding activity of the NF-kB
complex (Fig. 4B), as well as LPS-induced IxBa degra-
dation and phosphorylation (Figs. 4C and D). These re-
sults suggest that NFD-37 compound seems to inhibit
NF-kB-dependent COX-2 expression and its control
target would be LPS signaling molecule upstream IxBo
phosphorylation on the NF-kB activating pathway. The
possibility was tested by transiently transfecting macro-
phages RAW 264.7 with each reporter construct for
COX-2 promoter activity or NF-xB transcriptional
activity, in combination with an expression vector

encoding IKKp, a Ser/Thr kinase that can phosphory-
late IxBo as a substrate. NFD-37 compound inhibited
IKK B-elicited COX-2 promoter activity (Fig. SA). Fur-
ther, NFD-37 compound inhibited IKKp-elicited NF-
kB transcriptional activity (Fig. 5B), as well as the
expression vector-derived kinase activity to phosphory-
late GST-IxBa (Fig. 5C).

NSAIDs are among the most widely used therapeutic
agents for inflammation and pain, despite their potential
gastrointestinal and renal side effects by inhibition of en-
zyme activity of housekeeping COX-1. Some of the
NSAIDs have been evidenced to modulate the NF-kB
activating pathway, which is not derived from their
inhibitory effects on PG production. Aspirin, ibuprofen,
and sulindac were reported to target IKK activity for
their NF-xB inhibitory mechanisms, and fluriprofen to
interfere with nuclear translocation of NF-kB complex
without affecting IxB phosphorylation and degradation
[32-35]. Even though cell type differences exist, indo-
methacin and ketoprofen were, however, reported to
be inactive on the NF-kB activating pathway [14]. Cele-
coxib, a specific inhibitor of COX-2 activity, was also
documented to down-regulate NF-kB-dependent COX-
2 expression [36].

Taken together, NFD-37 compound, like celecoxib,
inhibited enzyme activity of COX-2 but also suppressed
COX-2 synthesis at the transcription level. The down-
regulatory action of NFD-37 compound on LPS-in-
duced COX-2 expression in macrophages was attribut-
able to its inhibitory mechanism on IKKp activity, a
key molecule on the NF-kB activating pathway.

Acknowledgments

We thank Dr. A.-K. Yi (University of Tennessee
Health Science Center, USA) for her kind supply of



K. Y. Ahn et al. | Biochemical and Biophysical Research Communications 336 (2005) 93-99 99

pCOX-2-Luc construct. This work was financially sup-
ported by a grant (02-PJ2-PG3-21605-0004) from Minis-
try of Health and Welfare, Korea.

References

[1] J.E. Dalen, Aspirin in the prevention of cardiovascular disease in
women, N. Engl. J. Med. 352 (2005) 2751-2752.

[2] L.M. Fischer, R.G. Schlienger, C.M. Matter, H. Jick, C.R. Meier,
Current use of nonsteroidal anti-inflammatory drugs and the risk
of acute myocardial infarction, Pharmacotherapy 25 (2005) 503—
510.

[3] M.J. Thun, S.J. Henley, C. Patrono, Nonsteroidal anti-inflamma-
tory drugs as anticancer agents: mechanistic, pharmacologic, and
clinical issues, J. Natl. Cancer Inst. 94 (2002) 252-266.

[4] J.R. Vane, R.M. Botting, Mechanism of action of nonsteroidal
anti-inflammatory drugs, Am. J. Med. 104 (1998) 2-S8.

[5] J.R. Vane, Y.S. Bakhle, R.M. Botting, Cyclooxygenases 1 and 2,
Annu. Rev. Pharmacol. Toxicol. 38 (1998) 97-120.

[6] P. Needleman, P.C. Isakson, The discovery and function of COX-
2, J. Rheumatol. 49 (1997) 6-8.

[7] V.S. Seybold, Y.P. Jia, L.G. Abrahams, Cyclooxygenase-2 con-
tributes to central sensitization in rats with peripheral inflamma-
tion, Pain 105 (2003) 47-55.

[8] D. Bishop-Bailey, S. Calatayud, T.D. Warner, T. Hla, J.A.
Mitchell, Prostaglandins and the regulation of tumor growth, J.
Environ. Pathol. Toxicol. Oncol. 21 (2002) 93-101.

[9] H. Toyoki, J. Fujimoto, E. Sato, H. Sakaguchi, T. Tamaya,
Clinical implications of expression of cyclooxygenase-2 related to
angiogenesis in uterine endometrial cancers, Ann. Oncol. 16
(2005) 51-55.

[10] S. Ishihara, M.A. Rumi, T. Okuyama, Y. Kinoshita, Effect of
prostaglandins on the regulation of tumor growth, Curr. Med.
Chem. Anti-Cancer Agents 4 (2004) 379-387.

[11] T. Kawamori, C.V. Rao, K. Seibert, B.S. Reddy, Chemopreven-
tive activity of celecoxib, a specific cyclooxygenase-2 inhibitor,
against colon carcinogenesis, Cancer Res. 58 (1998) 409-412.

[12] M. Noguchi, A. Kimoto, S. Kobayashi, T. Yoshino, K. Miyata,
M. Sasamata, Effect of celecoxib, a cyclooxygenase-2 inhibitor, on
the pathophysiology of adjuvant arthritis in rat, Eur. J. Pharma-
col. 513 (2005) 229-235.

[13] X. Zhang, S.G. Morham, R. Langenbach, D.A. Young, Malig-
nant transformation and antineoplastic actions of nonsteroidal
anti-flammatory drugs (NSAIDs) on cyclooxygenase-null embryo
fibroblasts, J. Exp. Med. 190 (1999) 451-459.

[14] 1. Tegeder, J. Pfeilschifter, G. Geisslinger, Cyclooxygenase-inde-
pendent actions of cyclooxygenase inhibitors, FASEB J. 15 (2001)
2057-2072.

[15] S.I. Miller, R.K. Ernst, M.W. Bader, LPS, TLR4 and infectious
disease diversity, Nat. Rev. Microbiol. 3 (2005) 36-46.

[16] G. Zhang, S. Ghosh, Molecular mechanisms of NF-kB activation
induced by bacterial lipopolysaccharide through Toll-like recep-
tors, J. Endotoxin. Res. 6 (2000) 453-457.

[17] P.A. Baeuerle, D. Baltimore, IkB: a specific inhibitor of the NF-
kB transcription factor, Science 242 (1988) 540-546.

[18] E. Zandi, Y. Chen, M. Karin, Direct phosphorylation of IkB by
IKKa and IKK: discrimination between free and NF-kB-bound
substrate, Science 281 (1988) 1360-1363.

[19] M. Magnani, R. Crinelli, M. Bianchi, A. Antonelli, The ubiquitin-
dependent proteolytic system and other potential targets for the
modulation of nuclear factor-kB (NF-kB), Curr. Drug Targets 1
(2000) 387-399.

[20] A.A. Beg, S.M. Ruben, R.I. Scheinman, S. Haskill, C.A. Rosen,
A.S. Baldwin, IxB interacts with the nuclear localization
sequences of the subunits of NF-kB: a mechanism for cytoplasmic
retention, Genes Dev. 6 (1992) 2664-2665.

[21] B. Tian, A.R. Brasier, Identification of a nuclear factor-kB-
dependent gene network, Recent Prog. Horm. Res. 58 (2003)
95-130.

[22] E. Simamura, K. Hirai, H. Shimada, J. Pan, J. Koyama,
Mitochondrial damage prior to apoptosis in furanonaphthoqui-
none treated lung cancer cells, Cancer Detect. Prev. 27 (2003)
5-13.

[23] K. Nagata, K.I. Hirai, J. Koyama, Y. Wada, T. Tamura,
Antimicrobial activity of novel furanonaphthoquinone analogs,
Antimicrob. Agents Chemother. 42 (1998) 700-702.

[24] Y.R. Lee, J.Y. Suk, B.S. Kim, One-pot construction of medium-
and large-sized ring substituted furans: efficient conversion to
dibenzofurans, coumestans, and 4-pyrones, Org. Lett. 18 (2000)
1387-1389.

[25] K.Y. Moon, B.S. Hahn, J. Lee, Y.S. Kim, A cell-based assay
system for monitoring NF-kB activity in human HaCat transfec-
tant cells, Anal. Biochem. 292 (2001) 17-21.

[26] B.H. Kim, S.M. Cho, A.M. Reddy, Y.S. Kim, K.R. Min, Y. Kim,
Down-regulatory effect of quercitrin gallate on nuclear factor-xB-
dependent inducible nitric oxide synthase expression in lipopoly-
saccharide-stimulated macrophages RAW 264.7, Biochem. Phar-
macol. 69 (2005) 1577-1583.

[27] H.M. Shin, M.H. Kim, B.H. Kim, S.H. Jung, Y.S. Kim, H.J.
Park, J.T. Hong, K.R. Min, Y. Kim, Inhibitory action of novel
aromatic diamine compound on lipopolysaccharide-induced
nuclear translocation of NF-kB without affecting kB degrada-
tion, FEBS Lett. 571 (2004) 50-54.

[28] S.J. Yeo, D. Gravis, J.G. Yoon, A.K. Yi, Myeloid differentiation
factor 88-dependent transcriptional regulation of cyclooxygenase-
2 expression by CpG DNA: role of NF-xB and p38, J. Biol. Chem.
278 (2003) 22563-22573.

[29] J.H. Lee, T.H. Koo, B.Y. Hwang, J.J. Lee, Kaurane diterpene,
kamebakaurin, inhibits NF-kB by directly targeting the DNA-
binding activity of pS0 and blocks the expression of antiapoptotic
NF-kB target genes, J. Biol. Chem. 277 (2002) 18411-18420.

[30] H. Inoue, T. Tanabe, Transcriptional role of the nuclear factor kB
site in the induction by lipopolysaccharide and suppression by
dexamethasone of cyclooxygenase-2 in U937 cells, Biochem.
Biophys. Res. Commun. 244 (1998) 143-148.

[31] M.A. Iniguez, S. Martinez-Martinez, C. Punzon, J.M. Redondo,
M. Fresno, An essential role of the nuclear factor of activated T
cells in the regulation of the expression of the cyclooxygenase-2
gene in human T lymphocytes, J. Biol. Chem. 275 (2000) 23627—
23635.

[32] MJ. Yin, Y. Yamamoto, R.B. Gaynor, The anti-inflammatory
agents aspirin and salicylate inhibit the activity of IxB kinase-f,
Nature 396 (1998) 77-80.

[33] K.M. Stuhlmeier, H. Li, J.J. Kao, Ibuprofen: new explanation for
an old phenomenon, Biochem. Pharmacol. 57 (1999) 313-320.
[34] Y. Yamamoto, M.J. Yin, K.M. Lin, R.B. Gaynor, Sulindac
inhibits activation of the NF-kB pathway, J. Biol. Chem. 274

(1999) 27307-27314.

[35] I. Tegeder, E. Niederberger, E. Israr, H. Guhring, K. Brune, C.
Euchenhofer, S. Grosch, G. Geisslinger, Inhibition of NF-kB and
AP-1 activation by R- and S-flurbiprofen, FASEB J. 15 (2001) 2-4.

[36] S. Shishodia, D. Koul, B.B. Aggarwal, Cyclooxygenase (COX)-2
inhibitor celecoxib abrogates TNF-induced NF-kB activation
through inhibition of activation of IxBa kinase and Akt in human
non-small cell lung carcinoma: correlation with suppression of
COX-2 synthesis, J. Immunol. 173 (2004) 2011-2022.



	Dual inhibitory effects of furonaphthoquinone compound on enzyme activity and lipopolysaccharide-induced expression of cyclooxygenase-2 in macrophages
	Materials and methods
	Results
	Furonaphthoquinone NFD-37 compound inhibited LPS-induced PGE2 production in macrophages RAW 264.7
	NFD-37 compound showed a preferred inhibitory effect on the enzyme activity of COX-2 over COX-1
	NFD-37 compound down-regulated LPS-induced COX-2 expression at the transcription level
	NFD-37 compound inhibited LPS-induced NF- kappa B transcriptional activity in macrophages
	NFD-37 compound inhibited LPS-induced DNA binding activity of the NF- kappa B complex but also LPS-induced degradation of I kappa B alpha 
	NFD-37 compound inhibited COX-2 promoter activity and NF- kappa B activation triggered by the expression of IKK beta 

	Discussion
	Acknowledgments
	References


