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Abstract

6-(Methylsulfinyl)hexyl isothiocyanate (6-MITC) is a chemopreventive compound occurring in Wasabi (Wasabia japonica (Miq.)

Matsumura), which is a very popular pungent spice in Japan. We investigated the effects of 6-MITC on the expression of cyclooxygen-

ase-2 (COX-2) in lipopolysaccharide (LPS)-activatedmurinemacrophage RAW264 cells. Treatment with 6-MITC suppressed LPS-mediated

induction of COX-2 protein in a dose-dependent manner. Transfections with various COX-2 promoter reporter constructs revealed that the

inhibitory effects of 6-MITC on COX-2 gene expression were directed by the core promoter elements including nuclear factor kB (NF-kB),

CCAAT/enhancer-binding protein (C/EBP) and cyclic AMP-response element (CRE) sites. Western blotting analysis showed that 6-MITC

inhibited LPS-induced activation of MAPK (ERK, p38 kinase and JNK) and transcriptional factors (CREB, c-Jun and C/EBPd) binding the

core elements ofCOX-2 promoter, substantiating the involvement of these signal transduction pathways in the regulation ofCOX-2 expression

by 6-MITC. Moreover, Western blotting experiments with MAPK-specific inhibitors (U0126 for MEK1/2, SB203580 for p38 kinase and

SP600125 for JNK) demonstrated that 6-MITC suppressed LPS-inducedCOX-2 expression by blocking the activation of JNK-mediatedAP-1

and ERK/p38 kinase-mediated CREB or C/EBPd. Finally, the structure–activity study revealed that the inhibitory potency of methylsulfinyl

isothiocyanates (MITCs) depended on themethyl chain length. These findings demonstrate for the first time that 6-MITC is an effective agent

to attenuate COX-2 production, and enhance our understanding of the anti-inflammation properties of 6-MITC.
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1. Introduction

Wasabi (Wasabia japonica (Miq.) Matsumura), called

Japanese horseradish, is a member of the Brassicaceae

family of vegetables. Its rhizome is a very popular pungent

spice in Japan. Several studies have shown that Wasabi has

multiple biological activities, such as appetite enhance-
Abbreviations: AP-1, activator protein-1; C/EBP, CCAAT/enhancer-

binding protein; COX, cyclooxygenase; CRE, cyclic AMP-response ele-

ment; CREB, CRE binding protein; ERK, extracellular signal-regulated

kinase 1/2; JNK, c-Jun NH2-terminal kinase; LPS, lipopolysaccharide;

MAPK,mitogen-activated protein kinase; 6-MITC, 6-(methylsulfinyl)hexyl

isothiocyanate; NF-kB, nuclear factor kB
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ment [1], anti-microbial activity [2], inhibition of platelet

aggregation [3] and the suppression of N-methyl-N0-nitro-
N-nitrosoguanidine-induced rat gastric carcinogenesis [4].

By studying fractions fromWasabi, allyl isothiocynates are

the active compounds of Wasabi [5], and 6-(methylsulfi-

nyl)hexyl isothiocyanate (6-MITC) are present as major

allyl isothiocyanate [6]. The results of animal experiments

showed that oral administration of 6-MITC had inhibitory

effects on mice skin tumor induced by DMBA as an

initiator and TPA as a promoter [7] and on mice lung

tumor induced by 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone [8]. These results suggest that 6-MITC may be

implicated in cancer chemoprevention.

Cyclooxygenase (COX) catalyzes the synthesis of pros-

taglandins from arachidonic acid. There are two isoforms
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of COX, designated COX-1 and COX-2, which are

encoded by different genes. COX-1 is constitutively

expressed in most tissues and believed to be responsible

for normal physiological functions [9]. In contrast, COX-2

is not detectable in most normal tissues or resting immune

cells, but it could be induced by lipopolysaccharide (LPS),

inflammatory cytokines, growth factors and carcinogens

[10,11]. Many cell types associated with inflammation,

such as macrophages, endothelial cells and fibroblasts,

express the COX-2 upon induction [12]. COX-2 over-

expression is also found in a variety of transformed cells

and tumors [13,14]. Enhancement of COX-2 can stimulate

the growth of malignant cells by increasing cell prolifera-

tion [15], promoting angiogenesis [16], and inhibiting

immune surveillance [17] and apoptosis [18]. These effects

were reversed by the nonsteroidal anti-inflammatory drugs

(NSAID), such as etodolac, meloxicam and celecoxib,

which are known as COX-2-specific inhibitors. Thus,

COX-2 plays an important role in inflammation and car-

cinogenesis, and the identification of COX-2 inhibitors is

considered to be a promising approach to prevent cancer.

In the COX-2 gene, cis-acting elements including

nuclear factor kB (NF-kB, �223/�214), CCAAT/enhan-

cer-binding protein (C/EBP,�132/�124) and cyclic AMP-

response element (CRE, �59/�53) have been found to

play a critical role in regulating transcription. NF-kB is a

transcription factor involved in LPS-mediated induction of

many cytokines and inflammatory products, and the inhi-

bition of NF-kB activity has been reported to impair COX-

2mRNA induction [19,20]. C/EBP is generally believed to

play an important role in COX-2 induction in macrophages

as well as in other cell types, mainly through interactions

with the two C/EBP family members, C/EBPd and b [21–

23]. Finally, the cyclic AMP-response element (CRE) is

essential for both basal and induced COX-2 transcription in

most cells through the binding with CRE binding protein

(CREB) and activator protein-1 (AP-1) [24–27]. However,

the relative contribution of transcription factors and sig-

naling cascades in regulating COX-2 transcription is not

clear yet.

In the present study, we investigated the effects of 6-

MITC on the COX-2 gene expression in murine macro-

phage cell line RAW264, which can be stimulated with

LPS to mimic a state of infection and inflammation. Our

results demonstrate that 6-MITC suppressed LPS-induced

COX-2 expression by blocking the signal transduction

cascades of mitogen-activated protein kinase (MAPK)

leading to the activations of CREB, C/EBPd and AP-1.
2. Materials and methods

2.1. Materials and cell culture

2-, 4-, 6- and 8-MITC purified by reverse-phase HPLC to

>99% were obtained from Hakucho Pharmaceutical Co.,
Ltd. (Japan). All of the MITCs used were dissolved in

dimethyl sulfoxide (DMSO, final concentration was 0.2%).

U0126 and antibodies against phospho-CREB, phospho-

ERK1/2, phospho-p38 kinase, phospho-c-Jun (Ser73),

phospho-JNK, ERK1/2, p38 kinase, JNK, IkB-a and

phospho-IkB-a were purchased from Cell Signaling Tech-

nology (Beverly, MA). Antibodies against COX-2, COX-1,

C/EBPb, C/EBPd and p65 were from Santa Cruz Biotech-

nology, Inc. (Santa Cruz, CA). Fetal bovine serum (FBS)

was from Equitech-Bio (Kerrville, TX). LipofectAMINE

was from Life Technologies, Inc. (Grand Island, NY). LPS

(Escherichia coli Serotype 055:B5) was from Sigma (St.

Louis, MO). SB203580 was from Calbiochem (Notting-

ham, UK), and SP600125 was from Biomol Research Lab.

(Plymouth Meeting, PA). 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was purchased

from Sigma (Poole, UK). Murine macrophage-like

RAW264 cells were obtained from RIKEN BioResource

Center Cell Bank (Cell No. RCB0535), and cultured at

37 8C in a 5% CO2 atmosphere in Dulbecco’s modified

Eagle’s medium (DMEM) containing 10% FBS. Because

FBS contains numerous compounds, such as LPS and

growth factors, which influence the biological character-

istics of macrophages [28–30], we performed all of experi-

ments under serum-free or low-serum conditions.

2.2. Western blotting analysis

Western blotting assay was performed as described

previously [31]. In brief, RAW264 (1 � 106 cells) were

pre-cultured in 6-cm dish for 24 h, and then starved by

being cultured in serum-free for another 2.5 h to eliminate

the influence of FBS. The cells were treated with or without

6-MITC for 30 min before exposure to 40 ng/ml LPS for

the different times. The harvested cells were lysed and the

supernatants were boiled for 5 min. Protein concentration

was determined by using dye-binding protein assay kit

(Bio-Rad Hercules, CA) according to the manufacturer’s

manual. Equal amounts of lysate protein (�40 mg) were

run on 10% SDS-PAGE and electrophoretically transferred

to PVDF membrane (Amershan Pharmacia Biotech, Little

Chalfont, UK). After blotting, the membrane was incu-

bated with specific primary antibody overnight at 4 8C, and
further incubated for 1 h with HRP-conjugated secondary

antibody. Bound antibodies were detected by ECL system

with a Lumi Vision PRO machine (TAITEC Co., Japan).

The relative amount of proteins associated with specific

antibody was quantified using the Lumi Vision Imager

software (TAITEC Co.).

2.3. Determination of PGE2

PGE2 in culture medium was measured with a PGE2

enzyme immunoassay kit (Cayman Co., St. Louis, MO)

according to manufacturer’s manual. Briefly, RAW264

cells (5 � 105 cells) were seeded into each well of 6-well



T. Uto et al. / Biochemical Pharmacology 70 (2005) 1772–17841774
plates. After incubation for 24 h, the cells starved by being

cultured in serum-free for another 2.5 h to eliminate the

influence of FBS. The cells were then treated with or

without 6-MITC for 30 min before exposure to 40 ng/ml

LPS for 12 h. The level of PGE2 released into culture

medium was determined by measuring absorbance at

405 nm with a microplate reader.

2.4. Cell survival assay

RAW264 cells (2 � 104 cells/well) were plated into each

well of 96-well microtiter plates. After incubating for 24 h,

the cells were starved by being cultured in serum-free for

another 2.5 h to eliminate the influence of FBS, and then

treated with or without 16 mM 6-MITC. After further incu-

bation for 30 min, cells were treated with or without 40 ng/

ml LPS for 12 h. In the case of 40 ng/ml LPS plus 16 mM6-

MITC, the cells were treated with 16 mM 6-MITC for

30 min, and then exposed to 40 ng/ml LPS for 12 h. MTT

solutionwas added to eachwell and the cells were incubated

for another 4 h. The resulting MTT-formazan product was

dissolved by the addition of 100 ml of 0.04N HCl-isopro-

panol. The amount of formazan was determined by measur-

ing the absorbance at 595 nmwith a microplate reader (Bio-

Rad, Model 550). The results are expressed as the optical

density ratio of the treatment to control.

2.5. Plasmids

The human COX-2 promoter-luciferase deletion con-

structs (�1432/+59, �327/+59, �220/+59, �124/+59 and

�52/+59) and mutant constructs (KBM, ILM and CRM)

were generous gifts of Dr. Hiroyasu Inoue (Nara Women’s

University, Nara, Japan) and have been described previously

[20,23,25,26]. KBM represents the �327/+59 COX-2 pro-

moter construct in which the NF-kB site was mutagenized;

ILM represents the�327/+59COX-2 promoter construct in

which theC/EBP sitewasmutagenized;CRMrepresents the

�327/+59COX-2 promoter construct inwhich theCRE site,

ILM–CRM represents the�327/+59 COX-2 promoter con-

struct in which the C/EBP and CRE sites.

2.6. Transient transfection assay

Transient transfection was performed according to the

modified method as described previously [32]. RAW264

cells (1 � 105) were plated into each well of 12-well plates,

and cultured for 24 h. The cells were then co-transfected

with 0.5 mg COX-2 promoter-luciferase plasmids and

0.12 mg CMV-b-galactosidase plasmid using LipofectA-

MINE2000. After 5 h incubation, the medium was replaced

and cultured for another 20.5 h. The cells were treated with

or without 6-MITC for 30 min before exposure to 40 ng/ml

LPS for 6 h. The activities of luciferase and b-galactosidase

in cell lysate were measured with a luminometer (Berthold)

according to the supplier’s recommendations. Luciferase
activity values were normalized to transfection efficiency

monitored by b-galactosidase expression, and COX-2 tran-

scription activity was expressed as fold induction relative to

the control cells without LPS treatment.

2.7. Nuclear extracts

Nuclear extracts were prepared as described previously

[33]. Briefly, RAW264 cells (1 � 106) were pre-cultured in

6-cm dish for 24 h, and then starved by being cultured in

serum-free for another 2.5 h to eliminate the influence of

FBS. The cells were treated with or without 6-MITC for

30 min before exposure to 40 ng/ml LPS. Harvested cells

were lysed by incubation in buffer A (10 mM HEPES (pH

7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol

and 0.2 mM phenylmethylsulfonyl fluoride) on ice for

15 min, and then centrifuged at 13,500 � g for 10 min

at 4 8C. The nuclear pellets were resuspended in buffer B

(20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl,

1.5 mMMgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol and

0.2 mM phenylmethylsulfonyl fluoride) for 15 min at 4 8C,
and then centrifuged at 13,500 � g for 15 min at 4 8C. The
supernatants containing nuclear extracts were stored at

�80 8C until Western blotting analysis.

2.8. Statistical analyses

Difference between the treated and the control was

analyzed by Student’s t-test. A probability of P < 0.05

was considered significant.
3. Results

3.1. 6-MITC suppresses LPS-induced COX-2

expression and PGE2 release

To investigate the inhibitory effect of 6-MITC on COX-2

expression, RAW264 cells were treated with the different

concentrations of 6-MITC for 30 min before exposure to

40 ng/ml LPS for 12 h. As shown in Fig. 1A, 6-MITC

suppressed LPS-induced expression of COX-2, but not

COX-1, in a dose-dependent manner at the concentration

range of 2–16 mM. Furthermore, 6-MITC also suppressed

LPS-induced PGE2 release with the same fashion of COX-

2 expression (Fig. 1B). As shown in Fig. 1C, there is no

significant difference in the cell viability between the

treatment of 40 ng/ml LPS alone, or 16 mM6-MITC alone,

or 40 ng/ml LPS plus 16 mM 6-MITC. Thus, the inhibitory

action by 6-MITC was not caused by its cytotoxicity.

3.2. 6-MITC inhibits LPS-induced transcription

activity of COX-2 gene

To determine whether the suppression of COX-2 expres-

sion by 6-MITC was due to transcription regulation, we
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Fig. 1. 6-MITC suppresses LPS-induced COX-2 expression and PGE2 release in RAW264 cells. (A) After RAW264 cells (1 � 106 cells) were starved in serum-

free medium for 2.5 h, the cells were treated with the indicated concentrations of 6-MITC for 30 min, and then exposed to 40 ng/ml LPS for 12 h. COX-2 and

COX-1 were detected byWestern blotting analysis with their antibodies, respectively. Histograms show the densitometric analysis of COX-2 protein expression

normalized to COX-1. The data represent themean � S.D. of three to four separate experiments, and the figure is a representative of those experiments each with

similar results. (B) After RAW264 cells (5 � 105 cells) were starved in serum-free medium for 2.5 h, the cells were treated with the indicated concentrations of

6-MITC for 30 min, and then exposed to 40 ng/ml LPS for 12 h. The amount of PGE2 in mediumwas measured as described in Section 2. Each value represents

the mean � S.D. of triplicate tests. *P < 0.05; **P < 0.01 vs. LPS. (C) The effects of LPS and 6-MITC on cell viability of RAW264 cells. After RAW264 cells

(2 � 104 cells/well) were starved in serum-free medium for 2.5 h, the cells were treated with or without 16 mM 6-MITC. After further incubation for 30 min,

cells were treated with or without 40 ng/ml LPS for 12 h. In the case of 40 ng/ml LPS plus 16 mM 6-MITC, the cells were treated with 16 mM 6-MITC for

30 min, and then exposed to 40 ng/ml LPS for 12 h. The cell density was assessed calorimetrically after staining withMTTand expressed as optical density ratio

of the treatment to control at 595 nm. Values are means of eight data; bar, S.D. There were no significant difference between control and each treatment

(P > 0.05).
performed a promoter activity assay of COX-2 gene with a

full COX-2 promoter-luciferase plasmid (�1432/+59). As

shown in Fig. 2A, 6-MITC suppressed LPS-induced COX-

2 promoter activity in a dose-dependent manner. It has

been reported that the cis-elements, such as NF-kB (�223/

�214), C/EBP (�132/�124) and CRE (�59/�53) sites are

present in COX-2 promoter and play a critical role in the
regulation of COX-2 transcription [23,25,26]. To further

define the regions of the COX-2 promoter that responded to

inhibitory action by 6-MITC, transient transfections were

performed using a series of COX-2 promoter deletion

constructs (Fig. 2B). The inhibitory effects of 6-MITC

on LPS-mediated COX-2 promoter activity were observed

in all of COX-2 promoter deletion constructs except the
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Fig. 2. 6-MITC suppresses LPS-induced transcription activity of COX-2 gene. (A) 6-MITC suppresses LPS-induced COX-2 transcription activity in a dose-

dependent manner. RAW264 cells (1 � 105 cells) seeded into each wells of 12-well plates were transfected with 0.5 mg of �1432/+59 COX-2 promoter-

luciferase reporter constructs and 0.12 mg CMV-b-galactosidase plasmid. (B) Localization of region of COX-2 promoter that mediates the effects of LPS and 6-

MITC. RAW264 cells were transfected with 0.5 mg of a series of deleted COX-2 constructs ligated to luciferase (�1432/+59,�327/+59,�220/+59,�124/+59

and �52/+59) or a series of mutated COX-2 promoter-luciferase constructs (KBM, ILM and CRM) and 0.12 mg CMV-b-galactosidase plasmid. After 5 h

incubation, the medium was replaced with complete medium and cultured for another 20.5 h. The cells were then treated with or without 6-MITC for 30 min

before they were exposed to 40 ng/ml LPS for 6 h. The luciferase activity values were normalized to transfection efficiency monitored by b-galactosidase

expression, and COX-2 promoter activity is expressed as fold induction to the �1432/+59 construct without LPS treatment. Each value represents the

mean � S.D. of three to four separate experiments. *P < 0.05; **P < 0.01 vs. LPS.
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�52/+59 construct, suggesting that the promoter region

between�327 and�52 including NF-kB, C/EBP and CRE

sites may be essential for COX-2 promoter activity. To test

this notion, we next examined the transcription activity of

COX-2 gene using the mutated constructs (KBM, ILM or

CRM) in which specific enhancer elements were mutated.

The results show that none of these mutated promoter

elements were essential to both the inductive effect of LPS

and the suppressive effect of 6-MITC. Thus, the existence

of at least two cis-elements in the promoter is required for

LPS-induced COX-2 gene expression, and 6-MITC may

inhibit LPS-induced COX-2 expression by suppressing

transcriptional factors binding to at least two of these

cis-elements.

3.3. 6-MITC inhibits LPS-induced COX-2 expression

through the blockage of MAPK signaling cascades

Accumulated data indicate that LPS stimulation in

RAW264 macrophages triggers the activation of MAPK

including ERK, p38 kinase and JNK, and then induces

COX-2 expression [27,33,34]. Therefore, we investigated

the effect of 6-MITC on the activation of ERK, p38 kinase

and JNK. As shown in Fig. 3A, 6-MITC caused a dose-

dependent inhibition of LPS-induced phosphorylation of

ERK, p38 kinase and JNK in the concentration ranges from

2 to 16 mM, suggesting that 6-MITC may suppress COX-2

expression by blocking the activation of MAPK.

To identify which factor of MAPK is more critical to

block LPS-induced COX-2 expression, we used MAPK-

specific inhibitors (U0126 for MEK1/2, SB203580 for p38

kinase and SP600125 for JNK) to block LPS-induced

COX-2 expression (Fig. 3B). LPS-induced COX-2 expres-

sion was partially suppressed by treatment with U0126,

SB203580 and SP600125 alone. Treatment with the com-

bination of two inhibitors strongly inhibited COX-2

expression. In particular, treatment with three inhibitors

completely inhibited COX-2 expression. These data indi-

cate that there are cooperative actions in MAPK pathways

leading to activate COX-2 expression, and 6-MITC inhib-

ited LPS-induced COX-2 expression by blocking all of

three MAPK pathways.

3.4. Different effects of 6-MITC on the transcriptional

factors regulating COX-2 gene expression

It has been reported that transcription factors including

CREB, AP-1, C/EBP and NF-kB can bind the responding

cis-elements (see Fig. 2) in COX-2 promoter, and regulate

COX-2 transcription [23,25,27,34]. To identify the effects

of 6-MITC on these transcriptional factors, we pretreated

RAW264 cells with 6-MITC for 30 min before exposure to

40 ng/ml LPS, and then examined these transcription

factors by Western blotting analysis. As shown in

Fig. 4A, 6-MITC almost completely inhibited LPS-

induced phosphorylation of CREB and c-Jun, which is a
major component of AP-1 in c-Jun/c-Fos heterodimer

form. The control protein, a-tubulin, showed no change.

LPS also can cause COX-2 expression by stimulating the

expression of C/EBP [23,35,36]. Thus, we determined the

level of C/EBPd and b at whole cellular lysate and nuclear

fraction. As shown in Fig. 4B, 6-MITC markedly blocked

LPS-induced C/EBPd at both whole and nuclear. However,

6-MITC did not block the potential C/EBPb at either

whole or nuclear. As a positive control, LPS stimulated

nuclear translocation of p65 with no change in whole p65.

Thus, 6-MITC suppressed LPS-induced the expression and

subsequent nuclear translocation of C/EBPd. Taken

together, 6-MITCmight inhibit COX-2 expression, at least,

by suppressing LPS-mediated activation of CREB, AP-1

and C/EBPd, but not C/EBPb.

NF-kB is another critical factor for COX-2 expression

induced by LPS or proinflammatory cytokines [19,20]. The

translocation of NF-kB to nucleus is preceded by phos-

phorylation, ubiquitination and proteolytic degradation of

IkB [37]. To identify whether 6-MITC can directly inhibit

degradation of IkB, we examined the effect of 6-MITC on

IkB-a degradation and phosphorylation. As shown in

Fig. 4C, LPS reduced the IkB-a protein at 30 min, but

6-MITC did not suppress the degradation of IkB-a. Rather,

6-MITC retarded de novo synthesis of IkB-a, which

reappeared at 180 min after LPS stimulation in the control.

Next, IkB-a phosphorylation was observed after exposure

to LPS for 10 min, which was not blocked by 6-MITC.

Moreover, LPS strongly evoked the nuclear translocation

of p65 into nucleus, but 6-MITC did not inhibit it (Fig. 4D).

These data indicate that 6-MITC appeared to has no

inhibitory effect on LPS-induced phosphorylation and

degradation of IkB-a, and subsequent nuclear transloca-

tion of p65.

These data suggested that the cis-elements of CRE and

C/EBP, but not NF-kB, are required for the inhibition of

COX-2 transcription by 6-MITC. To confirm this conclu-

sion, we transfected a plasmid with double mutation at

CRE and C/EBP sites. The results showed that the tran-

scription activity was completely abolished when transfec-

tion with the double-mutated plasmids (Fig. 4E). As

controls, the transcription activity with full or core ele-

ments was significantly inhibited by 6-MITC. Thus, 6-

MITC might inhibit COX-2 expression by suppressing

LPS-mediated activation of CREB, AP-1 and C/EBPd,

which bind to CRE and C/EBP sites.

3.5. Signaling from MAPK to the transcription factors

in LPS-mediated COX-2 expression

We further investigated the inter-relation between

MAPK signaling pathways and the transcription factors

in LPS-mediated COX-2 expression because 6-MITC sup-

pressed the activation of both MAPK (ERK, p38 kinase

and JNK) and the transcription factors (CREB, C/EBPd

and AP-1). RAW264 cells were pretreated with MAPK
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Fig. 3. 6-MITC inhibits LPS-induced COX-2 expression by suppressing MAPK phosphorylation. (A) 6-MITC inhibits LPS-induced MAPK phosphorylation.

Cell culture andWestern blotting analysis were done as described in Fig. 1. RAW264 cells were treated with 6-MITC (2–16 mM) for 30 min, and then exposed to

40 ng/ml LPS for 30 min. Histograms show the densitometric analysis of phosphorylated MAPK normalized to total MAPK, respectively. (B) MAPK inhibitors

suppress LPS-induced COX-2 expression. Cell culture andWestern blotting analysis were done as described in Fig. 1. RAW264 cells were treated with U0126,

SB203580 and SP600125 (20 mM in lanes 3–5, 10 mM in lanes 6–8, 6.7 mM each in lane 9 for each inhibitor) for 30 min, and then exposed to 40 ng/ml LPS for

12 h. Histograms show the densitometric analysis of COX-2 protein normalized to COX-1. The data represent the mean � S.D. of three to four separate

experiments, and the figure is a representative of those experiments each with similar results. *P < 0.05; *P < 0.01 vs. LPS.
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Fig. 4. Effects of 6-MITC on LPS-induced activation of the transcriptional factors. (A) 6-MITC inhibits LPS-induced phosphorylation of CREB and c-Jun. Cell

culture andWestern blotting analysis were done as described in Fig. 1. RAW264 cells were treated with 15 mM 6-MITC for 30 min, and then exposed to 40 ng/

ml LPS for 30 min. Histograms show the densitometric analysis of phosphorylated CREB and c-Jun normalized to a-tubulin. (B) 6-MITC inhibits LPS-induced

nuclear translocation and expression of C/EBPd, but not C/EBPb. The cells were treated with or without 15 mM6-MITC for 30 min, and then exposed to 40 ng/

ml LPS for 4 h. The nuclear proteins were extracted, and C/EBPd and bwere detected byWestern blotting analysis. Histograms show the densitometric analysis

of C/EBPd and C/EBPb. The nuclear p65 was used as a positive control to confirm the preparation of nuclear protein. (C) 6-MITC has no influence on LPS-

induced degradation and phosphorylation of IkB-a. The cells were treated with or without 15 mM6-MITC for 30 min, and then exposed to 40 ng/ml LPS for the

indicated times. Histograms show the densitometric analysis of IkB-a and phosphorylated IkB-a protein. (D) 6-MITC did not suppress the nuclear translocation

of p65. The cells were treated with or without 15 mM 6-MITC for 30 min, and then exposed to 40 ng/ml LPS for 30 min. The nuclear proteins and whole cell

lysates were extracted, and p65 was detected by Western blotting analysis. Histograms show the densitometric analysis of nuclear p65 normalized to p65 of

whole cell lysates. The data represent the mean � S.D. of three to four separate experiments, and the figure is a representative of those experiments each with

similar results. (E) Promoter activity of double mutant construct at C/EBP and CRE sites (ILM–CRM). Cells were transfected with 0.5 mg of�1432/+59,�327/

+59, or double mutant construct at C/EBP and CRE sites and 0.12 mg CMV-b-galactosidase plasmid. The values of luciferase activities were normalized to

transfection efficiency monitored by b-galactosidase expression, and COX-2 promoter activity is expressed as fold induction to the �1432/+59 construct

without LPS treatment. Each value represents the mean � S.D. of three to four separate experiments. *P < 0.05; **P < 0.01 vs. LPS.
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inhibitors alone or combinative for 30 min before exposure

to LPS, and the phosphorylation of these transcription

factors were then examined by Western blotting analysis.

As shown in Fig. 5A, LPS-induced CREB phosphorylation

was partially inhibited by U0126 or SB203580 alone, and

was completely suppressed in the presence of both U0126

and SB203580. But, SP600125 could not suppress LPS-

induced CERB phosphorylation, and the combinations of

SP600125 and U0126 or SB203580 could not completely

suppress CERB phosphorylation. Thus, the cascades of

ERK and p38 kinase, but not JNK, might link to CREB-

mediated COX-2 expression. On the other hand, LPS-

induced c-Jun phosphorylation was completely inhibited

by U0126 or SP600125 alone, or their combination. How-

ever, SB203580 could not suppress c-Jun phosphorylation.

These data suggest that LPS-induced c-Junphosphorylation,

which leads to COX-2 expression, is regulated through the

cascades of both JNK and ERK, but not p38 kinase.

We also examined the effects of MAPK inhibitors on the

expression and nuclear translocation of C/EBPd and b. As

shown in Fig. 5B, the level of whole C/EBPd was partially

inhibited by U0126 or SB203580 alone, and completely

suppressed in the presence of both U0126 and SB203580.

However, SP600125 did not suppress C/EBPd expression.

We further determined the level of nuclear C/EBPd. The

inhibitors showed the same inhibitory effect on nuclear C/

EBPd as the result of whole C/EBPd. On the other hand,

whole and nuclear levels of C/EBPb in such treatments

were steadily constant. These results suggest that LPS-

induced expression and nuclear translocation of C/EBPd,

but not C/EBPb, might be mediated through the cascades

of both ERK and p38 kinase, but not JNK.

Taken together, our results indicate that LPS-induced

CREB phosphorylation and the expression of C/EBPd are

mediated by ERK and p38 kinase pathways, while c-Jun

(AP-1) phosphorylation is mediated by ERK and JNK

pathways. Thus, there is a redundancy in the signaling

pathways and transcription factors regulating LPS-mediated

COX-2 expression. 6-MITC blocked all of these steps.

3.6. Inhibitory activity of MITC on LPS-induced COX-

2 expression depends on the methyl chain length

Depending on the length of the methyl chain of methyl-

sulfinyl isothiocyanates, there are a number of analogues of

methyl sulfinyl isothiocyanates (MITCs) in Wasabi

extracts (Fig. 6A). To investigate the structure–activity

relationship of MITCs, we tested the effects of 2-, 4-, 6-

and 8-MITC on LPS-induced COX-2 expression at the

same concentration that did not affect cellular viability as

measured by MTT assay (data not shown). As shown in

Fig. 6B, all four MITCs suppressed LPS-induced COX-2

expression, and the potency of inhibition was observed to

be proportional to the length of their methyl chain. On the

other hand, the expression levels of COX-1 in such treat-

ment were steadily constant. Thus, an increase in the
methyl chain length of MITCs appears to be important

for their inhibitory activities on LPS-induced COX-2

expression.
4. Discussion

Accumulated data suggest that COX-2 overexpression is

strongly related to inflammation and cancer. On the basis of

this information, specific inhibition of COX-2 is a promis-

ing approach to preventing or targeting cancer and inflam-

mation [38,39]. In the present study, we found that 6-

MITC, a major compound in Wasabi, could reduce LPS-

induced COX-2 protein expression and transcription activ-

ity without affecting the constitutive COX-1 expression

(Figs. 1 and 2), suggesting that 6-MITC is a potent inhibitor

of COX-2 expression.

Many previous studies have indicated that the inductive

effects of LPSonCOX-2expression aremediated by thefirst

327 base pairs in the 50 flanking regions of COX-2 gene

including NF-kB, C/EBP and CRE sites [20,23,25,33,34].

Moreover, single site of NF-kB, C/EBP or CRE cannot

sufficiently response to induceCOX-2 transcription activity,

and two of these cis-acting elements are at least recruited to

achieve maximal induction of transcription [33]. In the

present study, our data indicated that 6-MITC inhibited

LPS-induced COX-2 expression by suppressing transcrip-

tional factors binding to the first 327 base pairs in the 50

flanking regions of COX-2 gene (Fig. 2). Moreover, muta-

tion of a singleNF-kB,C/EBPorCREpromoter element did

not abrogate the 6-MITC effect. Thus, the inhibition of at

least two of these cis-elements is required to achieve the

maximal inhibitory action of 6-MITC on COX-2 gene

expression, suggesting that the inhibitory effect of 6-MITC

on COX-2 expression could be obtained by targeting the

signaling pathways leading to at least two promoter ele-

ments including NF-kB, C/EBP and CRE sites.

Although many signaling pathways may contribute to

COX-2 gene expression, MAPK pathways play critical role

on LPS-induced COX-2 expression [27,33,34]. Our results

from the experiments of MAPK-specific inhibitors demon-

strate that there are cooperative actions inMAPK pathways

leading to stimulate COX-2 expression (Fig. 3B). 6-MITC

blocked LPS-induced phosphorylation of MAPK including

ERK, p38 kinase and JNK (Fig. 3A), and also blocked the

phosphorylation of MAPKK, such as MEK (an ERK

kinase), MKK (a p38 kinase kinase) and SEK (a JNK

kinase) (data not shown). Thus, our data suggest that 6-

MITC might inhibit LPS-induced COX-2 expression by

blocking all of three MAPK signaling pathways.

We further investigated the effects of 6-MITC on the

transcription factors including CREB, AP-1 and C/EBP.

Because LPS-induced phosphorylation of CREB and AP-1

can regulate COX-2 gene expression through binding CRE

site in COX-2 promoter [27,34,35], and LPS-induced

nuclear translocation of C/EBP can stimulate COX-2 gene
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Fig. 5. Effects of MAPK inhibiters on LPS-induced activation of the transcriptional factors. (A) LPS-induced CREB phosphorylation is suppressed by U0126

and SB203580, and c-Jun phosphorylation is suppressed by U0126 and SP600125. Cell culture, treatment andWestern blotting analysis were done described in

Figs. 3 and 4. Histograms show the densitometric analysis of phosphorylated CREB and c-Jun normalized to a-tubulin. (B) LPS-induced nuclear translocation

and expression of C/EBPd is suppressed by U0126 and SB203580. Cell treatment, nuclear extraction and Western blotting analysis were done as described in

Figs. 3 and 4. The nuclear p65 was used as a positive control to confirm the preparation of nuclear protein. Histograms show the densitometric analysis of C/

EBPd and C/EBPb. The data represent the mean � S.D. of three to four separate experiments, and the figure is a representative of those experiments each with

similar results. *P < 0.05; **P < 0.01 vs. LPS.
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Fig. 6. Structure–activity relationship of MITCs on the inhibition of LPS-

induced COX-2 expression. (A) Chemical structure of MITCs used in this

study. (B) Inhibitory effects of MITCs on LPS-induced COX-2 expression.

Cell treatment and Western blotting analysis were done described in Fig. 1.

RAW264 cells were treated with 8 mM of 2-, 4-, 6- or 8-MITC for 30 min,

respectively, and then exposed to 40 ng/ml LPS for 12 h. Histograms show

the densitometric analysis of COX-2 protein normalized to COX-1. The data

represent the mean � S.D. of three to four separate experiments, and the

figure is a representative of those experiments each with similar results.
*P < 0.05; **P < 0.01 vs. LPS.
expression through binding C/EBP site in COX-2 promoter

[23,35,36]. Several lines of studies have showed that the

binding of CREB and AP-1 to CRE site depends on the

phosphorylation of CREB and c-Jun, a component of the

AP-1 transcription factor complex [34,40,41], and that the

binding of C/EBP to COX-2 promoter is preceded by

nuclear translocation of C/EBP [34,35,42]. Thus, the inhi-

bition of phosphorylation of CREB and c-Jun, and nuclear

translocation of C/EBP result in a binding suppression of

those transcriptional factors to COX-2 promoter. Our data

showed that 6-MITC inhibited LPS-induced phosphoryla-

tion of CREB and c-Jun (Fig. 4A). 6-MITC also blocked

LPS-induced expression and nuclear translocation of C/

EBPd, but not C/EBPb (Fig. 4B). Inoue et al. showed that

C/EBPd, but not C/EBPb, is rapidly induced by LPS, and

C/EBPd regulates COX-2 gene expression through the

combination of C/EBP and CRE sites [23]. Thus, 6-MITC

may suppressed the expression and nuclear translocation of

C/EBPd, leading to the inhibition of COX-2 expression.

NF-kB is one of the essential factors for COX-2 expres-

sion. Some chemopreventive compounds, such as capsai-

cin [43], sauchinone [35] and apigenin [44], inhibit LPS-

induced COX-2 expression by blocking degradation of
IkB-a in mouse macrophage cells. But, 6-MITC had no

influence on phosphorylation and degradation of IkB-a

(Fig. 4C), and on nuclear translocation of p65 (Fig. 4D).

Moreover, the data from double-mutated promoter at CRE

and C/EBP sites showed that transcription activity was

completely abolished. Thus, 6-MITC may inhibit COX-2

expression by a NF-kB-independent pathway, suggesting a

novel type of inhibitor for COX-2. It is noticed that 6-

MITC could retard de novo synthesis. A similar result was

also observed in the treatment with sulforaphane, which is

an analogue of 6-MITC, and interfered the synthesis of

IkB-a [45]. But the reason is still not known. It needs to be

clarified in our next study.

There are multiple lines of evidence supporting that LPS

regulates COX-2 expression by MAPK signaling pathways

[33,34]. However, signaling from MAPK to transcription

factors mediating COX-2 expression are not clear. In this

study, we identified the signaling pathways. First, we have

shown clearly that ERK and p38 kinase pathways coop-

eratively regulate COX-2 expression by activating CREB

and C/EBPd because ERK-specific inhibitor U0126 and

p38 kinase-specific inhibitor SB203580 suppressed CREB

phosphorylation and C/EBPd expression, but JNK-specific

inhibitor SP600125 did not (Fig. 5A and B). Second, we

have identified that ERK and JNK signaling pathways

cooperatively regulate COX-2 expression by activating

AP-1 since SP600125 and U0126, but not SB203580,

inhibited c-Jun phosphorylation (Fig. 5A). Our data

demonstrated that there is a redundancy at the signaling

pathways, transcription factor and promoter levels for

COX-2 expression in LPS-treated RAW264 cells. The

redundancy may be an important mechanism to ensure

the COX-2 expression in macrophage during inflamma-

tion. Finally, we have demonstrated that 6-MITC blocked

LPS-induced COX-2 expression by suppressing ERK and

p38 kinase signaling cascades leading to the activation of

CREB and C/EBPd, and by inhibiting JNK cascade leading

to AP-1 activation.

Although 6-MITC is one of major allyl isothiocyanate in

Wasabi [5,6], there are a number of analogues of 6-MITC

present in Wasabi. To investigate the structure–activity

relationship, we treated RAW264 cells with four types

of MITCs (Fig. 6A) for 12 h and then determined the COX-

2 expression. As shown in Fig. 6B, the inhibitory potency

on COX-2 protein was showed in the order of 2-, 4-, 6- and

8-MITC, suggesting that an increase in the methyl chain

length is important for the inhibitory activity of LPS-

induced COX-2 expression. A similar relationship was

also reported previously in the induction of quinone oxi-

doreductase in Hepa 1c1c7 cells [46]. Thus, MITC com-

pounds which have the long methyl chain may be more

effective in anti-inflammatory and anti-carcinogenic action

within the non-toxic concentrations.

In summary, we show the data for the first time that 6-

MITC inhibits LPS-induced COX-2 expression at the

signaling level and at the transcription factor/promoter
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levels. These findings provide the first molecular basis for

the anti-inflammatory action of 6-MITC.
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