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Abstract—1 0S-1 0-Acetoxychavicol acetate from the rhizomes of Alpinia galanga was known to show potent inhibitory effect on the
production of nitric oxide (NO) in lipopolysaccharide-activated mouse peritoneal macrophages. To clarify its mechanism of action,
the effects of 1 0S-1 0-acetoxychavicol acetate on the expression of interferon-b (IFN-b) mRNA and activation of nuclear factor-jB
(NF-jB), both of which participate in the induction of inducible NO synthase, were examined in lipopolysaccharide-activated mac-
rophages. The results were compared with those of two inhibitors of the NF-jB activation, costunolide and caffeic acid phenethyl
ester. 1 0S-1 0-Acetoxychavicol acetate inhibited IFN-b mRNA expression as well as NF-jB activation, and two related compounds,
(±)-1-acetoxy-1-(2-acetoxyphenyl)-2-propene and (±)-1-acetoxy-1-(4-acetoxyphenol)-3-butene, also inhibited IFN-b mRNA expres-
sion. In addition, 1 0S-1 0-acetoxychavicol acetate inhibited the production of NO stimulated by poly(I:C) via Toll-like receptor 3.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The Zingiberaceae plant, Alpinia galanga SWARTZSWARTZ (syn.
Languas galanga STUNZSTUNZ), is widely cultivated in South
and Southeast Asian countries. The rhizomes of this
plant are extensively used as a spice or ginger substitute
for flavoring foods, and also as a stomatic in traditional
Chinese medicine, or as carminative, anti-flatulent, anti-
fungal, and anti-itching agents in traditional Thai med-
icine. We previously reported gastroprotective and
anti-allergic constituents from the rhizomes of A. galanga
and their structure–activity relationships,1,2 and that
1 0S-1 0-acetoxychavicol acetate (1) showed inhibitory
activity against production of nitric oxide (NO) with
IC50 of 2.3 lM.3,4

In our continuing studies on this natural medicine, we
investigated the mechanism of action of 1 0S-1 0-acetoxy-
chavicol acetate (1), which had the most potent inhibitory
effect on NO production among constituents isolated
from an aqueous acetone extract from the rhizomes of
A. galanga, in lipopolysaccharide (LPS)-activated mouse
peritoneal macrophages.3
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The inorganic free radical nitric oxide (NO) has been
implicated in physiological and pathological processes
such as vasodilation, nonspecific host defense, ische-
mia-reperfusion injury, and chronic or acute inflamma-
tion. NO is produced by the oxidation of LL-arginine
catalyzed by NO synthase (NOS). In the NOS family,
inducible NOS (iNOS) is in particular well known to
be involved in the pathological overproduction of NO.5

Previously, 1 was reported to inhibit production of
NO by preventing the activation of nuclear factor-jB
(NF-jB), which regulates iNOS in LPS or inter-
feron (IFN)-c-treated murine macrophage–like
RAW264 cells.6,7 However, recent studies revealed that
three nuclear factors, signal transducer and activator
of transcription-1 (STAT1) and interferon regulatory
factor-1 (IRF1) as well as NF-jB, were essential to bind
the gene promoter area for expression of iNOS mRNA,
and iNOS gene expression is inhibited by the suppres-
sion of either of these nuclear factors.8–10 IRF1 is regu-
lated by NF-jB and STAT1, and STAT1 was activated
by IFN-b or IFN-c.10

Previously, 1 was reported to inhibit the activation of
NF-jB by attenuating the degranulation of IjB and
the inhibition of STAT1 by IFN-c.6,7 However, the
effect of 1 on IFN-b was not clarified.
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In the present study, we describe an inhibitory effect on
the expression of IFN-b and IRF1 mRNA as an addi-
tional mechanism of action of 1 affecting NO produc-
tion in LPS-activated mouse peritoneal macrophages.
2. Chemicals

1 0S-1 0-Acetoxychavicol acetate (1) and costunolide (2)
were isolated from the rhizomes of A. galanga and the
roots of Sausurea lappa, respectively, and (±)-1-acetoxy-
1-(2-acetoxyphenyl)-2-propene (4) and (±)-1-acetoxy-
1-(4-acetoxyphenyl)-3-butene (5) were synthesized as
described previously3,4,11 (Fig. 1). Caffeic acid phenethyl
ester (CAPE) (3) was obtained from Calbiochem Co.;
LPS (from Salmonella enteritidis) and RPMI 1640
medium from Sigma-Aldrich Co.; 3-(4,5-dimethyl-2-
thiazolyl) 2,5-diphenyl tetrazolium bromide (MTT)
from Dojindo Laboratories; protease inhibitor cocktail
(Complete Mini) from Roche Diagnostics GmbH; fetal
calf serum (FCS) from Equitech-bio, Inc.; anti-mouse
iNOS antibody (monoclonal) from BD Biosciences;
anti-mouse IgG antibody conjugated to horseradish per-
oxidase, and the enhanced chemiluminescense (ECL)
kit, c-[33P]-ATP, RT-PCR kit (Ready-to-Go RT-PCR
Beads), and polyriboinosinic: polyribocytidylic acid
[poly(I:C)] from Amersham Biosciences Co.; thioglyco-
late (TGC) medium from Nissui Pharmaceutical Co.,
Ltd; NE-PER� nuclear and cytoplasmic extraction
reagents from Pierce Biotechnology Inc.; NF-jB con-
sensus oligonucleotide and T4 polynucleotide kinase
(Gel Shift Assay Systems) from Promega Co. (Madison,
WI, USA); Nitrocellulose membranes (0.25 lm) from
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Figure 1. Chemical structures of 1–5.
Bio-Rad Laboratories, Inc.; the total RNA extraction
kit (RNeasyTMMini) from Quiagen, Inc.; and 96-well
microplates and 6-well culture plates (3.4 cm, id) from
Sumitomo Bakelite Co., Ltd. Other reagents were from
Wako Pure Chemical Industries, Ltd.
3. Bioassay methods

3.1. NO production

NO production by LPS via Toll-like receptor (TLR) 4
was examined as described previously.12–14 Briefly, peri-
toneal exudate cells (5 · 105 cells/well) were collected
from the peritoneal cavities of male ddY mice that had
been injected (ip) with 4% TGC four days before, and
were suspended in 100 lL of RPMI 1640 medium sup-
plemented with 5% FCS, penicillin (100 units/mL) and
streptomycin (100 lg/mL), and pre-cultured in 96-well
microplates at 37 �C in 5% CO2 in air for 1 h. Nonad-
herent cells were removed by washing with PBS, and
the adherent cells were cultured in 200 lL of fresh med-
ium containing 10 lg/mL LPS and various concentra-
tions of test compound for 20 h. NO production in
each well was assessed by measuring the accumulation
of nitrite (NO2

�) in the culture medium using Griess re-
agent. NO production by poly(I:C)15 via TLR3 was
examined as described above using 125 lg/mL poly(I:C)
instead of LPS.

Cytotoxicity was determined by the MTT colorimetric
assay. Briefly, after 20 h incubation with the test com-
pounds, MTT (10 lL, 5 mg/mL in PBS) solution was
added to the wells. After a further 4 h of culture, the med-
ium was removed, and isopropanol containing 0.04 M
HCl was added to dissolve the formazan produced in
the cells. The optical density (OD) of the formazan solu-
tion was measured with a microplate reader at 570 nm
(reference: 655 nm). When the OD of the sample-treated
group reduced and dropped below 80% of that in the
vehicle-treated group, the test compound was considered
to exhibit a cytotoxic effect. Each test compound was dis-
solved in DMSO, and the solution was added to the med-
ium (final DMSO concentration, 0.5%). Inhibition (%)
was calculated with the following formula and the IC50
was determined graphically (N = 4).

Inhibitionð%Þ ¼ A� B
A� C

� 100

A� C : NO�
2 concentrationðlMÞ

½A : LPSðþÞ; sampleð�Þ;B : LPSðþÞ; sampleðþÞ;
C : LPSð�Þ; sampleð�Þ	
3.2. Reverse transcription-coupled PCR (RT-PCR)
analysis

Peritoneal exudate cells (3 · 106 cells/2 mL/well) ob-
tained as described above were pre-cultured in 6-well
culture plates for 1 h, and washed. The culture medium
was then exchanged for the fresh medium containing 5%
FCS, 10 lg/mL LPS, and test compound for 1 or 4 h.



Figure 2. Time-dependent expression of IRF1, IFN-b, and iNOS

mRNA, and production of iNOS protein in LPS-activated mouse

peritoneal macrophages. IRF1, IFN-b, and iNOS mRNA: the cells

were incubated with LPS and the mRNAs of IRF1, IFN-b, and iNOS
were detected using RT-PCR. The expression of a housekeeping gene,

G3PDH mRNA, was unchanged by each treatment (data not shown).

iNOS protein: the cells were incubated with LPS and iNOS protein was

detected using SDS-PAGE and Western blotting.
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Total RNA was extracted from cells using RNeasyTMMi-
ni (Quiagen) following the manufacturer�s directions.
RT-PCR was performed using Ready-to-Go RT-PCR
Beads. Equal amounts of total RNA (0.6 lg) corre-
sponding to each priming dose were reverse transcribed
using oligo(dT)12–18 (0.5 lg/lL) as a first-strand primer.
The following specific primers (from Invitogen) were
used: iNOS mRNA, sense 5 0 CACCACAAGGCCA-
CATCGGATT 3 0, and antisense 5 0 CCGACCTGAT-
GTTGCCATTGTT 3 0; IFN-b mRNA 5 0 CTCCA-
GCTCCAAGAAAGGACG 3 0, antisense 5 0 GAAGT-
TTCTGGTAAGTCTTCG 3 0; IRF-1 mRNA 5 0 CAC-
ACGGTGACAGTGCTGG 3 0, antisense 5 0 CAGA-
GGAAAGAGAGAAAGRCC 3 0; G3PDH 5 0 ACCA-
CAGTCCATGCCATCAC 3 0, and antisense 5 0 TCC-
ACCACCCTGTTGCTGTA 3 0. Reverse transcription
was performed at 42 �C for 30 min. Thermocycling
parameters were as follows: denaturation at 95 �C for
5 min and 27 cycles for IFN-b, 26 cycles for iNOS
mRNA, 19 cycles for IRF1, and 23 cycles for
G3PDH, consisting of incubations at 95 �C for 1 min,
55 �C for 1 min, and 72 �C for 2 min. After PCR,
15 lL of the reaction mixture was subjected to electro-
phoresis on a 2% agarose gel, and visualized by ethidium
bromide staining.

3.3. Detection of iNOS

Detection of iNOS was performed as described in a pre-
vious report11 with slight modification. TGC-induced
peritoneal exudate cells (7.5 · 106 cells/2 mL/well) were
pre-cultured in 6-well culture plates for 1 h, and washed.
The culture medium was then exchanged for fresh med-
ium containing 5% FCS, 10 lg/mL LPS, and test sample
for 2–20 h. Cells were collected in lysis buffer [100 mM
NaCl, 10 mM Tris, Complete Mini (1 tab/10 mL),
0.1% Triton X-100, and 2 mM EGTA] and sonicated.
After the determination of the protein concentration
of each suspension, the suspensions were boiled in Lae-
mmli buffer. For SDS-PAGE, aliquots of 50 lg of pro-
tein of each sample were subjected to electrophoresis
in 7.5% polyacrylamide gels. Following electrophoresis,
the proteins were electrophoretically transferred onto
nitrocellulose membranes, which were incubated with
5% nonfat dried milk in Tris-buffered saline (T-TBS,
100 mM NaCl, 10 mM Tris, and 0.1% Tween 20,
pH 7.4) at 4 �C overnight. After a wash with T-TBS,
the primary antibody solution, mouse monoclonal IgG
against iNOS at a dilution of 1:1000, was applied for
1 h at room temperature. Membranes were washed with
T-TBS, and the secondary antibody solution, anti-
mouse IgG antibody conjugated to horseradish peroxi-
dase at a dilution of 1:5000, was then applied for 1 h
at room temperature. The blots were washed with TBS
(without Tween 20), and incubated in ECL reagent
and exposed to photographic film (Hyper Film,
Amersham).

3.4. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay was performed
as described previously11 with slight modification.
TGC-induced peritoneal macrophages (3 · 106 cells/
2 mL/well) prepared as described above were cultured
in RPMI 1640 medium supplemented with 5% FCS,
penicillin (100 units/mL), streptomycin (100 lg/mL),
LPS (10 lg/mL), and test compound for 1 h. Cells were
collected in ice-cold PBS. Nuclear extracts were pre-
pared using NE-PER� nuclear and cytoplasmic extrac-
tion reagents (Pierce) according to the manufacturer�s
instructions. The protein content of each supernatant
was determined, and equal amounts of protein (3 lg)
and 33P-labeled NF-jB consensus oligonucleotide were
added to reaction mixtures. The oligonucleotide–protein
complex was separated by nondenaturing polyacryl-
amide gel electrophoresis (Gel Shift Assay Systems, Pro-
mega), and autoradiography was performed using an
imaging analyzer (BAS 5000, Fuji Film). 33P-Labeled
NF-jB consensus oligonucleotide was prepared using
c-[33P]-ATP (3000 Ci/mmol) and T4 polynucleotide
kinase following the manufacture�s directions.
4. Results and discussion

4.1. Effects on activation of NF-jB, expression of IFN-b,
IRF1, and iNOS mRNA, and induction of iNOS protein

The IFN-b, IRF1, and iNOS mRNA expressions in-
duced by LPS in mouse peritoneal macrophages were
examined using RT-PCR. As shown in Figure 2, INF-b
and IRF1 mRNAs were detected 1 h after the treatment
with LPS. However, iNOS mRNA was detected 4 h, but
not 1 h, and iNOS protein was detected 5 h by Western
blotting.

To clarify the mechanism of action of 1 0S-1 0-acetoxy-
chavicol acetate (1), effects of 1 on the activation of



Figure 4. Effects of compounds 4 and 5 on expression of IFN-b
mRNA in LPS-activated mouse peritoneal macrophages. IFN-b
mRNA: the cells were incubated with or without LPS and a test

sample for 1 h for the detection of IFN-b mRNA using RT-PCR.
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NF-jB and expression of iNOS mRNA were examined
using an electromobility shift assay and RT-PCR 1 h
after the stimulation. As shown in Figure 3, 1 concentra-
tion-dependently inhibited the activation of NF-jB,
expression of iNOS mRNA, and production of iNOS
protein consistent with previous report using RAW264
cells.6

Recently, production of IFN-b by macrophages was
revealed to be important for the expression of iNOS
mRNA.10,16 However, only a synthetic compound
which inhibits the production of IFN-b was reported.17

Therefore, the effect of 1 on the expression of IFN-b
mRNA 1 h after stimulation by LPS in mouse peritoneal
macrophages was examined. As a result, 1 inhibited the
expression of IFN-b mRNA without affecting that of
G3PDH mRNA, as a housekeeping gene (Fig. 3). On
the other hand, costunolide (2) and CAPE (3), known
inhibitors of NF-jB activation,11,18 did not have any
effect on the expression of IFN-b mRNA. In addition,
compound 1 completely inhibited the expression of
IRF1 mRNA 1 h after the stimulation.

Sesquiterpene lactones including costunolide (2), dehydro-
costus lactone, and parthenolide are considered to
mainly inhibit the phosphorylation of IjB and conse-
quently inhibit the activation of NF-jB as a mechanism
of action,19–21 and CAPE (3) also selectively inhibits the
activation of NF-jB,18 although detailed mechanisms of
action of 3 is not clarified yet. In previous studies, the
activation of NF-jB by LPS was considered to mediate
the transcription of IFN-b.16,22–24 However, recent
studies revealed that transcription of IFN-b by double-
stranded RNA (dsRNA) via TLR3 was independent of
Figure 3. Effects of 1 0S-1 0-acetoxychavicol acetate (1), costunolide (2), and C

iNOS mRNA, and production of iNOS protein in LPS-activated mouse perit

without LPS and a test sample for 1 h and activated NF-jB in the nuclei wa
NF-jB consensus oligonucleotide. IRF1, IFN-b, and iNOS mRNA: the cells
detection of IRF1 and IFN-b mRNA or 4 h for the detection of iNOS mR

mRNA, is shown at 1 h after the stimulation. iNOS protein: the cells were inc

of iNOS protein using SDS-PAGE and Western blotting.
the activation of NF-jB,25,26 and transcription of IFN-b
by LPS via TLR4 is also possibly independent of the
activation of NF-jB. In the present study, the selective
inhibitors (2 and 3) for NF-jB activation did not inhibit
the expression of IFN-b mRNA (Fig. 3), suggesting that
the transcription of IFN-b is independent of the activa-
tion of NF-jB by LPS in the macrophages.

These findings suggested that inhibition of IFN-b pro-
duction as well as inhibition of NF-jB activation are
part of the mechanism of action of 1, different from
those of costunolide (2) and CAPE (3). In addition,
APE (3) on the activation of NF-jB, expression of IRF1, IFN-b, and
oneal macrophages. NF-jB activation: the cells were incubated with or
s detected by the electrophoretic mobility shift assay using 33P-labeled

were incubated with or without LPS and a test sample for 1 h for the

NA using RT-PCR. The expression of a housekeeping gene, G3PDH

ubated with or without LPS and a test sample for 20 h for the detection



Table 1. Inhibitory effects of 1 0S-1 0-acetoxychavicol acetate (1),

costunolide (2), and CAPE (3) on NO2
� accumulation in the medium

stimulated by LPS or poly(I:C)

Treatments IC50 values (lM)

LPS

(10 lg/mL)
poly(I:C)

(125 lg/mL)

1 0S-10-Acetoxychavicol acetate (1) 2.3 2.2

Costunolide (2) 3.7 2.7

CAPE (3) 11.4 10.2
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two related synthetic inhibitors of NO production, 4
(IC50 = 3.2 lM for NO production) and 5 (IC50 =
9.2 lM),4 also inhibited IFN-b mRNA expression
similar to 1 (Fig. 4).

4.2. Effects on NO production stimulated by poly(I:C) via
TLR3

Next, effects of 1–3 on NO production in mouse perito-
neal macrophages stimulated by poly(I:C) via TLR3
were examined. As shown in Table 1, compounds 1–3
inhibited NO2

� accumulation in medium stimulated by
poly(I:C) with similar IC50 values to those obtained
for LPS. This result suggested that 1, 2, and 3 regulated
a signal pathway in the cells after the stimulation of
TLRs, but did not act directly on TLRs on the cell
surface. Figure 5 shows a model for the induction of
iNOS by LPS in mouse peritoneal macrophages and
possible site of action of 1.
Figure 5. A model for the induction of iNOS by LPS in mouse peritoneal ma

text for appropriate references). LPS activates TLR4, which causes the activa

translocated, and the secreted IFN-b binds to the IFN receptor, which resu

transcription of the IRF1 gene. NF-jB, STAT1, and IRF1 act in concert to
Possible site of action of 1 0S-1 0-acetoxychavicol acetate (1).
In conclusion, 1 0S-1 0-acetoxychavicol acetate (1) from
the rhizomes of A. galanga inhibited the production of
IFN-b as well as activation of NF-jB, both of which
participate in the induction of iNOS, in the LPS-acti-
vated macrophages. The detail mechanisms of action
of 1 including effects on the activation of IRF327 that
regulate the transcription of IFN-b and on target mole-
cules (e.g., TIR domain-containing molecule, TRIF25) in
the upstream of IRF3 and NF-jB need to be studied
further.
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