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a b s t r a c t

Nitric oxide (NO) is recognized as a mediator and regulator of inflammatory responses.

Rengyolone, a cyclohexylethanoid isolated from the fruits of Forsythia koreana, exhibits anti-

inflammatory activity with unknown mechanism. In this study, we found that rengyolone

has a strong inhibitory effect on the production of nitric oxide (NO) and tumor necrosis

factor-a (TNF-a). Rengyolone also inhibited inducible nitric oxide synthase (iNOS) gene

expression and cyclooxygenase 2 (COX-2) by lipopolysaccharide (LPS). In order to explore the

mechanism responsible for the inhibition of iNOS gene expression by rengyolone, we

investigated its effect on LPS-induced nuclear factor-kB (NF-kB) activation. The LPS-induced

DNA binding activity of NF-kB was significantly inhibited by rengyolone, and this effect was

mediated through inhibition of the degradation of inhibitory factor-kBa and phosphoryla-

tion of p38 MAP kinase. Furthermore, rengyolone suppressed the expression of ICE protein

in IL-1b-treated D10S cells. Taken together, these results suggest that rengyolone attenuates

the inflammation through inhibition of NO production and iNOS expression by blockade of

NF-kB and p38 MAPK activation in LPS-stimulated RAW 264.7 cells.
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1. Introduction

Nitric oxide (NO) is a short-lived free radical that mediates

many biological functions, including neurotransmission,

vascular homeostasis, and host defense [1,2]. Production of

NO is controlled by nitric oxide synthase (NOS), which

converts L-arginine to L-citrulline [3]. Three types of NOS have
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been identified: endothelial NOS (eNOS), neutral NOS (nNOS),

and inducible NOS (iNOS) [4]. Most importantly, iNOS is highly

expressed in lipopolysaccaride (LPS)-activated macrophages,

and this contributes to the pathogenesis of septic shock [5]. In

some cases, the induction of iNOS by other stimuli leads to

organ destruction in some inflammatory [6] and autoimmune

diseases [7]. Thus, the inhibition of NO production by blocking
orea Research Institute of Bioscience and Biotechnology, P.O. Box
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Fig. 1 – Chemical structure of rengyolone.
iNOS expression is an important target in the treatment of

inflammatory diseases.

Expression of the iNOS gene in macrophages is regulated

mainly at the transcriptional level, particularly by NF-kB [8]. In

unstimulated cells, NF-kB is constitutively localized in the

cytosol as a homodimer or heterodimer and is associated with

inhibitory IkB protein (IkB). Activation of NF-kB results in

phosphorylation, ubiquitination, and proteasome-mediated

degradation of the IkB proteins, followed by the translocation

of NF-kB to the nucleus and induction of gene transcription

through binding to the cis-acting kB element [9]. Moreover, three

well-defined mitogen-activated protein kinases (MAPKs), extra-

cellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun

NH2-terminal kinase (JNK), have been implicated in the trans-

criptional regulation of iNOS gene. Also, the specific MAPKs

inhibitors suppress the expression of the iNOS gene [10–12].

In our ongoing study to discover new anti-inflammatory

agent, rengyolone (Fig. 1), a cyclohexylethanoid isolated from

the fruits of Forsythia koreana, was found to inhibit NO

production in LPS-induced RAW 264.7 cells. The fruits of F.

koreana are known to exhibit antibacterial, anti-inflammatory,

and diuretic activities [13,14]. Moreover, rengyolone is

reported to be responsible for their antibacterial activity

[15]. However, how rengyolone can exhibit anti-inflammatory

activity has not yet been uncovered. In this study, we

demonstrate that rengyolone inhibited LPS-induced NO

production and iNOS expression in RAW 264.7 cells, appar-

ently through inhibiting of p38 MAPK activation and the

blocking of NF-kB binding to the iNOS promotor, resulting in

the inhibition iNOS induction.
2. Materials and methods

2.1. Materials

All reagents were purchased from Sigma (St. Louis, MO, USA)

unless otherwise stated. LPS used in this study was from

Salmonella typhosa (Sigma).Antibodies werepurchased fromCell

Signaling Technology (Beverly, MA, USA). Fetal bovine serum

was from Gibco BRL Life Technology (Rockville, MD). Rengyo-

lone was isolated from the fruits of F. koreana. Briefly, dried

medicinal plants (1 kg) were extracted with MeOH and the

extract was concentrated in vacuo, and then extracted three

times with an equal volume of EtOAc. The EtOAc extract on

concentration left a dark syrup (25 g), which was chromato-

graphed on a column of silica gel with CHCl3 and MeOH
mixtures increasing polarity. The active fractions were further

purified by Sephadex LH-20 column chromatography using as

solvent system MeOH–H2O (5:5). Final purifications were

conducted by high-performance liquid chromatography using

an ODS column (YMC C18) with an acetonitrile–H2O gradient

solvent system and resulted in pure compound (7.1 mg). Based

on electron spray ionization-mass spectrometry, 1H NMR and
13C NMR spectral data, the purified compound was verified as

rengyolone (C8H10O3; MW 154.02 kDa) [16].

2.2. Cell culture

RAW 264.7 cells (ATCC TIB71) were purchased from American

Type Culture Collection (Bethesda, MD, USA). Cells were

grown in DMEM (Gibco BRL, USA) supplemented with 10% fetal

bovine serum (Gibco BRL, USA), 100 units/ml penicillin, and

100 mg/ml streptomycin. Non-adherent cells were removed by

repeated washing after 2 h incubation at 37 8C. D10S cells, a

subclone of the murine D10G.1.helper T-cell, were used for the

cell lines of ICE activity. The cells were maintained in a RPMI

1640 medium supplemented with 5% heat-inactivated fetal

bovine serum and 10% (v/v) mouse-conditioned medium, as

described in [17,18]. Cell cultures were maintained at 37 8C in a

humidified atmosphere containing 5% CO2.

2.3. Cell viability assay

Cell viability was evaluated by a 3-(4,5-dimethylthiazol-1)-5-

(3-carboxymeth-oxyphenyl)-2H-tetrazolium (MTS) assay [19].

In the MTS assay, the cell suspension was plated (100 ml) in a

96-well microculture plate. After seeding, various concentra-

tions of the compound were added to the plate and incubated

for 24 h. MTS/PMS solution was prepared by mixing 25 ml

phenazinemethosulfate (PMS) (1.53 mg/ml in PBS) for every

975 ml MTS (1.71 mg/ml in PBS). Finally, 50 ml of MTS/PMS

solution was added to each well and incubated for 1–3 h. The

absorbance of formazan at 490 nm was measured directly

from the 96-well assay plates without additional processing.

2.4. Nitrite quantification

Nitrite accumulation was used as an indicator of NO

production in the medium as previously described [20]. Cells

were plated at 5 � 105 cells/ml in 96-well culture plates and

stimulated with rengyolone or LPS for 24 h. The isolated

supernatants in cultured macrophages were mixed with an

equal volume of Griess reagent (1% sulfanilamide, 0.1%

naphthylethylenediamine dihydrochloride, and 2% phospho-

ric acid) and incubated at room temperature for 10 min. Using

NaNO2 to generate a standard curve, the concentration of

nitrite was measured by OD reading at 540 nm.

2.5. Enzyme-linked immunosorbent assay of TNF-a

The inhibitory effect of rengyolone on TNF-a production was

determined as described by Cho et al. [21]. The final

concentration of the vehicle was under 0.05% in the culture

medium. After pre-incubation of RAW 264.7 cells for 24 h in

24-well plates, LPS (1 mg/ml) and various concentrations of

rengyolone were added to the wells. Supernatants were
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assayed for TNF-a content using a mouse TNF-a ELISA kit

(Amersham, Little Chalfont, Buckinghamshire, UK).

2.6. Western blot analysis

Lysates (20 mg) were separated by 10% SDS-polyacrylamide gel

electrophoresis and electrotransferred to PVDF (polyvinylidene

difluoride) membranes (Millipore, Bedford, MA, USA). The

membranes were blocked with 5% skim milk for 1 h and

washed with 0.05% TBST (TBS containing 0.05% Tween 20). The

membranes were then incubated for 2 h with antibody for iNOS

(Upstate Biotechnology, Inc., Lake Placid, NY, USA), I-kBa (Santa

Cruz Biotechnology, Santa Cruz, CA, USA), COX-2 (Santa Cruz

Biotechnology, Santa Cruz, CA, USA), ICE (Sigma, St. Louis, MO,

USA), phosphorylated ERK, or ERK, phosphorylated SAPK/JNK,

or SAPK/JNK, phosphorylated p38, or p38 (Cell Signaling

Technology, Beverly, MA, USA). Immunoreactive bands were

then detected by incubation with conjugates of anti-rabbit or

anti-mouse IgG with horseradish peroxidase and enhanced

chemiluminescence reagents (Amersham-Pharmacia Biotech,

San Francisco, CA, USA) followed by exposure to X-ray film.

2.7. Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated using TRIZOLTM Reagent (Molecular

Research Center, Cincinnati, OH, USA). The sequences used

were as follows: iNOS, sense: 50-CTGC-AGCACTTGGATCAG-

GAACCTG-30, antisense: 50-GGGAGTAGCCTGTGTGCA-CCTG-

GAA-30, and b-actin, sense: 50-TGGAATCCTGTGGCATCCA-

TGAAAC-30, antisense: 50-TAAAACGCAGCTCAGTAACAGTCC-

G-30. Equal amounts of RNA were reverse-transcribed into

cDNA using oligo(dT)16 primers. For PCR, samples were heated

to 94 8C for 3 min and cycled 30 times at 94 8C for 30 s, 55 8C for

30 s, and 94 8C for 1 min, after which an additional extension

step at 72 8C for 5 min was included. PCR products were

electrophoresed in 3% NuSieve 3:1 gels (FMC Bioproducts,

Rockland, ME, USA) followed by staining with ethidium

bromide. The iNOS and b-actin primers produce amplified

products at 496 and 430 bp, respectively.

2.8. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as previously described [22].

The oligonucleotide sequences for NF-kB were: 50-GATCTCA-

GAGGGGACTTTCCGAGAGA-30. The double-stranded deoxyo-

ligonucleotides were end-labeled with [g-32P]-ATP. Nuclear

extracts (5 mg) were incubated with poly(dI–dC) and the 32P-

labeled DNA probe in binding buffer (100 mM KCl, 30 mM

HEPES, 1.5 mM MgCl2, 0.3 mM EDTA, 10% glycerol, 1 mM DTT,

1 mM PMSF, 1 mg/ml of aprotinin and 1 mg/ml of leupeptin) for

10 min. DNA binding activity was investigated using the free

probe on a 4.8% polyacrylamide gel in 0.5�TBE buffer (44.5 mM

Tris, 44.5 mM boric acid and 1 mM EDTA). Following electro-

phoresis, the gel was dried and subjected to autoradiography.

2.9. Interleukin-1b converting enzyme (ICE) production

D10S cells, a subclone of the murine D10G.1.helper T-cell,

which is highly responsive to IL-1, were kindly provided by Dr.
Charles A. Dinarello, University of Colorado Health Sciences

Center (Denver, CO) [17]. D10S cells in RPMI supplemented

with 5% FBS and 10% mouse-conditioned medium were

harvested and washed twice with cold PBS and cultured at

a concentration of 2.5 � 104 cells/ml in RPMI containing 5%

FBS. The cultures were treated with various concentrations of

the compound and stimulated with 2 ng/ml of IL-1b. The cells

were incubated for 36 h at 37 8C in a 5% CO2 air atmosphere.

After observing the cells under a microscope, the ICE activity

was then estimated from the cell lysate using N-acetyl-Tyr-

Val-Ala-Asp-(7-amino-4-trifluoro methylcoumarin) (Ac-

YVAD-AFC) as a substrate. The cells were lysed with a TTE

buffer (10 mM Tris–HCl, 0.5% Triton X100, 10 mM EDTA, pH 8.0)

and kept on ice for 30 min, and then centrifuged. The enzyme

reactions were performed in a buffer (100 mM HEPES, 10 mM

DTT, 10% sucrose, 0.1% CHAPS, 0.1% BSA) supplemented with

100 mM of Ac-YVAD-AFC at 37 8C for 4 h. The released

fluorescent was measured on a spectrofluorimeter (Perkin-

Elmer LS50B) [23]. The excitation and emission wavelengths

were 400 and 505 nm, respectively.
3. Results

3.1. Inhibitory effect of rengyolone on the production of NO
and TNF-a in LPS-stimulated RAW 264.7 cells

In order to investigate the effect of rengyolone on NO

production, we measured the accumulation of nitrite in

culture media. NO production was monitored in RAW 264.7

cells stimulated by LPS in the presence or absence of

rengyolone for 24 h. The basal level of nitrite in unstimulated

cells was less than 1 nmol/106 cells (Fig. 2A). Upon treatment

with rengyolone (10, 20, 40, 80, and 160 mM), the nitrite

production by RAW 264.7 cells was inhibited in a dose-

dependent manner (31, 25, 18, 8, and 4 nmol/106 cells,

respectively; Fig. 2A).

TNF-a is the principle mediator of response to LPS and may

play a role in the innate immune response [24]. Thus, we

studied the effect of rengyolone on TNF-a production.

Production of TNF-a was measured in a medium of RAW

264.7 cells cultured with LPS (1 mg/ml) in the presence or

absence of rengyolone for 6 h. Rengyolone treatment showed

dose-dependent inhibition of TNF-a production in LPS-

induced RAW 264.7 cells (Fig. 2B). Examination of the

cytotoxicity of rengyolone in RAW 264.7 macrophages by

MTS assay indicated that, even at 160 mM, rengyolone did not

affect the viability of RAW 264.7 cells (data not shown).

Therefore, inhibition of LPS-stimulated nitrite and TNF-a

production by rengyolone was not the consequence of a

cytotoxic effect on these cells.

3.2. Inhibitory effect of rengyolone on iNOS protein and
mRNA expression in LPS-stimulated RAW 264.7 cells

Several studies have demonstrated that induction of iNOS

produces a large amount of NO during endotoxemia and under

inflammatory conditions [25,26]. In view of the involvement of

iNOS in the inflammatory process, we monitored iNOS gene

expression in macrophages exposed to rengyolone. The effect
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Fig. 2 – Inhibition of nitrite and TNF-a production by

rengyolone in LPS-stimulated RAW 264.7 cells. (A)

RAW 264.7 cells were pretreated with the indicated

concentrations of rengyolone for 1 h before being

incubated with LPS (1 mg/ml) for 24 h. Control cells

were incubated with the vehicle alone. (B) Production

of TNF-a was measured in a medium of RAW 264.7

cells cultured with LPS (1 mg/ml) in the presence or

absence of rengyolone for 6 h. Control cells were

incubated with the vehicle alone. Each column

shows the mean W S.D. of triplicate determinations.

Fig. 3 – Inhibition of iNOS gene expression by rengyolone

in LPS-stimulated RAW 264.7 cells. (A) Inhibition of iNOS

protein expression by rengyolone. The level of iNOS

protein was monitored 24 h after treatment of cells with

LPS (1 mg/ml), with or without rengyolone. Cell lysates

were then prepared and subjected to immunoblotting

using an antibody specific for murine iNOS. (B) The

effects of rengyolone on the iNOS mRNA level. RAW 264.7

cells were pretreated with the vehicle or indicated

concentrations of rengyolone for 1 h before incubation

with LPS (1 mg/ml) for 6 h. Total RNAs were isolated and

iNOS mRNA expression was determined by RT-PCR.

Fig. 4 – Inhibition of LPS-inducible COX-2 protein

expression by rengyolone in RAW 264.7 cells. COX-2

protein expression was measured in RAW 264.7 cells

cultured with LPS (1 mg/ml), with or without various

concentrations of rengyolone for 24 h. Control cells

were incubated with the vehicle alone.
of rengyolone on iNOS protein expression was examined by

Western blot analysis. As shown in Fig. 3A, expression of the

iNOS protein was barely detectable in unstimulated cells, but

markedly increased 24 h after LPS (1 mg/ml) treatment.

Consistent with previous results, treatment with rengyolone

showed dose-dependent inhibition of iNOS protein expression

in LPS-stimulated RAW 264.7 cells.

In order to assess the effect of rengyolone on iNOS mRNA

expression, we measured mRNA levels by RT-PCR. The

expression of iNOS mRNA was barely detectable in unstimu-

lated cells. However, RAW 264.7 cells expressed high levels of

iNOS mRNA when stimulated with LPS (1 mg/ml) for 6 h.

Furthermore, rengyolone inhibited this LPS-induced iNOS

mRNA production in a dose-dependent manner (Fig. 3B). RT-

PCR and Western blot analyses revealed that iNOS expression

by rengyolone was in parallel with comparable inhibition of

NO production.

3.3. Inhibitiory effect of rengyolone on the COX-2 protein
expression in LPS-stimulated RAW 264.7 cells

COX-2 is induced several stimuli such as LPS, certain serum

factors, cytokines, and growth factors, and is predominantly
expressed at sites of inflammation [27,28]. Therefore, there is

increasing interest in the applicability of COX-2 inhibitors. We

evaluated the effect of rengyolone on LPS-inducible COX-2

protein expression in RAW 264.7 cells. The expression of COX-

2 protein was monitored in RAW 264.7 cells exposed to LPS

(1 mg/ml) for 24 h. Rengyolone effectively inhibited the induc-

tion of COX-2 by LPS (Fig. 4).

3.4. Effect of rengyolone on LPS-induced NF-kB activation
in RAW 264.7 cells

Activation of NF-kB is necessary for induction of the iNOS gene

[8]. We therefore examined the effect of rengyolone on the

activation of NF-kB. LPS treatment caused a significant

increase in the DNA binding activity of NF-kB, as determined

by an electrophoretic mobility shift assay (Fig. 5A). In the

presence of rengyolone, LPS-induced NF-kB binding was

markedly suppressed in a dose-dependent manner (Fig. 5A).

Since p65 is the major component of NF-kB activated by LPS in

macrophages, we next determined the levels of p65 in the

nuclear extract by a Western blot analysis (Fig. 5B). RAW 264.7

cells were incubated with LPS in the presence or absence of

rengyolone for 1 h. The LPS-induced nuclear translocation of
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Fig. 5 – Inhibition of LPS-inducible NF-kB activation and I-

kBa degradation by rengyolone in RAW 264.7 cells. (A)

Nuclear extracts (5 mg) were prepared and analyzed for

DNA binding activity of NF-kB using an electrophoretic

mobility shift assay. RAW 264.7 cells were pretreated with

the vehicle or indicated concentrations of rengyolone for

1 h before stimulation with LPS (1 mg/ml) for another 1 h.

The result shown is representative of three independent

experiments. (B) The p65 subunit of NF-kB and b-actin in

nuclear extracts was determined by a Western blot

analysis. RAW 264.7 cells were treated with LPS (1 mg/ml)

for 1 h and p65 protein was detected using anti-p65

antibody. LPS caused the p65 protein to migrate to the

nucleus at 1 h. (C) RAW 264.7 cells were pretreated with

the vehicle or indicated concentrations of rengyolone for

1 h before stimulation with LPS (1 mg/ml) for 10 min. The

protein levels of I-kBa and b-actin in nuclear extracts was

determined by a Western blot analysis.

Fig. 6 – Effect of rengyolone on LPS-induced

phosphorylation of ERK1/2, SAPK/JNK, and p38 MAP

kinase in RAW 264.7 cells. RAW 264.7 cells were treated

with the vehicle or indicated concentrations of rengyolone

for 1 h before being incubated with LPS (1 mg/ml) for

30 min. The whole-cell lysates were analyzed by a

Western blot analysis.
p65 (Fig. 5B) and the NF-kB DNA binding activity were both

inhibited by rengyolone in a dose-dependent manner similar

to that of NF-kB binding.

The nuclear translocation and DNA binding of the NF-kB

transcription factor are preceded by the degradation of

inhibitory factor-kBa (I-kBa) [29]. In order to determine

whether the inhibition of NF-kB DNA binding by rengyolone

is related to I-kBa degradation, cytoplasmic levels of I-kBa

were examined by a Western blot analysis. Pretreatment of

RAW 264.7 cells with rengyolone blocked LPS-induced I-kBa

degradation (Fig. 5C). Since NF-kB is activated by I-kBa

degradation following phosphorylation of I-kBa at serine

residues [30], the recovery of I-kBa protein in RAW 264.7 cells

provides strong evidence that rengyolone inhibited the

activation of NF-kB.
3.5. Effect of rengyolone on the phosphorylation of MAPKs
in LPS-stimulated RAW 264.7 cells

The mitogen-activated protein (MAP) kinases play a critical

role in the regulation of cell growth and differentiation and

in the control of cellular responses to cytokines and stresses.

Moreover, they play a critical role for the activation of NF-kB

[31]. In order to investigate whether the inhibition of NF-kB

activation by rengyolone is mediated through the MAP

kinase pathway, we examined the effect of rengyolone on

the LPS-induced phosphorylation of ERK 1/2, SAPK/JNK, and

p38 MAP kinase in RAW 264.7 cells using Western blot

analyses. As shown in Fig. 6, rengyolone suppressed LPS-

induced activation of p38 MAP kinase in a dose-dependent

manner. The amount of non-phosphorylated p38 was

unaffected by either LPS or rengyolone treatment. Rengyo-

lone (80 and 160 mM) markedly inhibited p38 MAP kinase

activation, while phosphorylation of the ERK 1/2 and SAPK/

JNK MAP kinase was not affected by rengyolone treatment.

These results suggest that phosphorylation of p38 is involved

in the inhibitory effect of rengyolone on LPS-induced NF-kB

binding in RAW 264.7 cells.

3.6. Effect of rengyolone on interleukin-1b converting
enzyme (ICE) production in D10S cells

Caspase-1 is primarily involved in the processing of proin-

flammatory cytokines. The active form of caspase-1, the IL-1b

converting enzyme (ICE), is frequently present in inflamma-

tory diseases with a distribution similar to that of IL-1b,

suggesting that caspase-1 is involved in the activation of

proIL-1b to its active form [32]. In order to examine the effects

of rengyolone on IL-1b-induced ICE production, D10S cells

were treated with IL-1b (2 ng/ml) in the presence or absence of

various concentrations of rengyolone. The compound showed

the strongest inhibitory activity for ICE production in IL-1b-

treated D10S cells with an IC50 value of 48.7 mM (Fig. 7A).

Moreover, rengyolone suppressed the 45 kDa ICE protein

expression induced by IL-1b (2 ng/ml) in a dose-dependent

manner as shown in Fig. 7B. At 160 mM, rengyolone strongly
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Fig. 7 – Effects of rengyolone on IL-1b-induced ICE in

D10S cells. (A) Caspase-1 activity was decreased upon

rengyolone treatment. D10S cells were incubated with or

without IL-1b (2 ng/ml) in the presence of the indicated

concentrations of rengyolone. (B) ICE protein expression

was measured in D10S cells cultured with IL-1b (2 ng/ml),

with or without various concentrations of rengyolone for

36 h. Control cells were incubated with the vehicle alone.
inhibited ICE production with no cellular toxicity, as deter-

mined by a MTS assay (data not shown). These results

demonstrate that rengyolone may regulate ICE production and

this activity can also contribute to the anti-inflammatory

activity of the compound.
4. Discussion

Because the overproduction of NO can be harmful and result in

various inflammatory and autoimmune diseases [33,34],

pharmacological interference with the NO production cascade

presents a promising strategy for therapeutic intervention in

inflammatory disorders. In the present study, we demon-

strated that rengyolone inhibits LPS-induced NO and TNF-a

production. To explore the mechanism of inhibition of NO

production in RAW 264.7 macrophages, the effect of rengyo-

lone on the iNOS gene was examined. Rengyolone inhibited

the expression of iNOS protein and mRNA, as assessed by

Western bolt analyses and RT-PCR, respectively, in a similar

dose-dependent manner. These results imply that rengyolone

exerts its effect through the inhibition of the iNOS mRNA

transcription step. The promoter of the iNOS gene is known to

contain two transcriptional regions, an enhancer and a basal

promoter [35]. There are a number of binding sites for

transcription factors, including kB sites, located in both the

enhancer and the basal promoter [8], and NF-kB is essential for

LPS-mediated NO production. In unstimulated cells, NF-kB is

present in the cytosol as a homodimer or a heterodimer and is

linked to the inhibitory IkB protein. The activation of NF-kB

results in phosphorylation, ubiquitination, and proteasome-

mediated degradation of IkB proteins, followed by nuclear
translocation and DNA binding of the NF-kB [9]. Our study

indicate that rengyolone inhibited the LPS-induced DNA

binding activity of NF-kB, as assessed in a nuclear extract

with an EMSA assay. It also inhibited the nuclear translocation

of p65 protein. In addition, rengyolone inhibited LPS-induced

I-kBa degradation. Since NF-kB is activated by I-kBa degrada-

tion following phosphorylation of I-kBa at serine residues [30],

the recovery of I-kBa protein in RAW 264.7 cells provides

strong evidence that rengyolone inhibited the activation of

NF-kB. Rengyolone is a a,b-unsaturated ketone compounds,

which is known to react with nucleophiles, especially with SH

groups in proteins, in Michael-type addition [36–39]. There-

fore, NO production was monitored in RAW 264.7 cells

stimulated by LPS in the presence or absence of rengyolone

and DTT for 24 h. Upon treatment rengyolone co-incubated

cells with DTT, the nitrite production by RAW 264.7 cells did

not affected (data not shown).

There are at least three families of MAP kinases (ERK, JNK,

and p38 MAPK) that exist in mammalian cells. These kinases

play a critical role in the regulation of cell growth and

differentiation, particularly in response to cytokines and

stress [40]. Several studies have demonstrated the implication

of MAPKs in LPS-induced iNOS expression [10–12,41] and the

activation of NF-kB [42]. Cell stimulation induces a signaling

cascade that leads to the activation of MAPKs via phosphor-

ylation of both tyrosine and threonine residuces [43], which in

turn induces a conformational change that exposes the active

site for substrate binding. The result is that rengyolone

inhibited LPS-induced activation of p38 MAP kinase in a dose-

dependent manner.

A selective ICE inhibitor blocks both IL-1b and IFN-g

production induced by LPS from human mononuclear cells.

Furthermore, caspase-1-deficent mice are defective in LPS-

induced IFN-g production [44]. As shown in Fig. 7, rengyolones

can suppress IL-1b-induced ICE expression of D10S cells.

These results imply that ICE plays a critical role in theregulation

of various pro-inflammatory cytokines. Thus, specific ICE

inhibitors would provide a new class of anti-inflammatory

drugs with potent activity. As such, ICE becomes an even more

attractive target in relation to the discovery of drugs to treat

autoimmune inflammatory and other diseases in which these

cytokines are implicated. Further studies will focus on the in

vivo application of rengyolone for curative possibility in

inflammatory-related diseases.

In summary, this study demonstrates that rengyolone

inhibits LPS-induced NO production, TNF-a production, and

iNOS gene expression in macrophages and that these effects

are mediated by inhibition of the activity of NF-kB and the

phosphorylation of p38. In view of the fact that NO plays an

important role in mediating inflammatory responses, the

inhibitory effect of rengyolone on iNOS gene expression might

be responsible for its anti-inflammatory action.
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