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Abstract

Costunolide, a sesquiterpene lactone isolated from the root of Saussurea lappa Clarke, is known to have a variety of biological
activities, including anti-carcinogenic and anti-fungal activities. Here, we demonstrated the inhibitory effect of costunolide on the
protein and mRNA expression of interleukin-1p (IL-1B) in LPS-stimulated RAW 264.7 cells. We also showed that costunolide
suppressed the transcriptional activity of the IL-1B promoter. Moreover, costunolide inhibited the activity of AP-1 transcription
factor, and the phosphorylation of MAPKs, including SAPK/JNK and p38 MAP kinase. The inhibitory effect of costunolide on AP-
1 activity was also confirmed by an electrophoretic mobility shift assay. Additionally, specific inhibitors of SAPK/JINK and p38
MAP kinase, SP600125 and SB203580, also suppressed LPS-induced increase in IL-1f3 gene expression and AP-1 DNA binding.
Taken together, these results demonstrate that costunolide inhibits IL-1 gene expression by blocking the activation of MAPKs and

DNA binding of AP-1 in LPS-stimulated RAW 264.7 cells.
© 2003 Elsevier Inc. All rights reserved.
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Sesquiterpene lactones constitute a large family of
more than 5000 compounds mainly isolated from
members of the Compositac and the Magnoliaceae
[1-3], and possess a wide spectrum of biological activi-
ties, including anti-neoplastic and anti-inflammatory
activities [4,5]. Costunolide, a well-known sesquiterpene
lactone present in many medicinal plants, exerts an an-
ti-carcinogenic activity [6], an anti-viral activity [7], and
an anti-fungal activity [1,8]. Immunosuppressive activi-
ties of costunolide were also reported previously. Tan-
iguchi et al. [9] reported that costunolide inhibits the
killing activity of cytotoxic T lymphocytes by preventing
tyrosine phosphorylation in response to the crosslinking
of T cell receptors. Moreover, costunolide was reported

* Abbreviations: 1L-1p, interleukin-1p; LPS, lipopolysaccharide;
MAPK, mitogen activated protein kinases; ERK, extracellular signal-
regulated kinase; JNK, c-Jun NH,-terminal protein kinase; EMSA,
electrophoretic mobility shift assay; RT-PCR, reverse transcription-
polymerase chain reaction.
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to have an inhibitory effect on nitric oxide production
and NF-kB/Rel transcriptional activity [10-12].

The function of macrophages, which play an im-
portant role in host defense and inflammation, is
mediated by a variety of cytokines and inflammatory
mediators, such as IL-1B, TNF-o, nitric oxide, and
prostagladins. IL-1f is a multifunctional pro-inflam-
matory cytokine produced mainly by cells of the
monocyte/macrophage lineage. The transcriptional
regulation of IL-1B expression is tightly controlled
events, and several transcription factors, such as AP-1,
NF-kB, CREB, and NF-IL6, are known to be involved
in the transcriptional regulation of IL-1p gene expres-
sion [13-16]. AP-1, a well-known regulator of cell sur-
vival and death, is implicated in the regulation of gene
expression of a variety of cytokines, including IL-1p.
Serkkola and Hurme [13] reported that the synergism
between protein-kinase C and cAMP-dependent path-
way in the expression of the IL-1B gene is mediated
via the AP-1 enhancer activity in THP-1, a human
monocytic cell line. Hurme and Matikainen [17] also
showed that the potentiation of phobol ester-induced
IL-1PB expression by okadaic acid is mediated by the
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up-regulation of AP-1. Moreover, it is reported that
synthetic lipopeptides derived from Mycoplasma fer-
mentans increase IL-1B and TNF-o expression by in-
duction of MAPKSs and AP-1 activities in RAW 264.7,
a murine macrophage cell line [18]. These reports sug-
gest the involvement of AP-1 activity in the regulation
of IL-1B expression in cells of the monocyte/macro-
phage lineage. AP-1 activity is induced by various fac-
tors, such as growth factors, cytokines, hormones,
bacterial and viral infections, and various stresses. Sig-
nals initiated by these factors activate MAPK signaling
cascades to activate AP-1 activity (reviewed in [19]).

The objective of the present study was to investigate
the effect of costunolide on gene expression of IL-1f, an
important immune regulator, and to reveal the mode of
action of costunolide on the effect. Our study suggests
that costunolide suppresses IL-1B gene expression
possibly by inhibiting AP-1 activity and MAPK acti-
vation.

Materials and methods

Chemicals, animals, and cell culture. All reagents were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Cos-
tunolide was dissolved in dimethyl sulfoxide and freshly diluted in
culture media for all experiments. RAW 264.7 cells (ATCC TIB71)
were grown in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum, 2mM L-
glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37 °C in
5% CO, humidified air.

Enzyme-linked immunosorbent assay. RAW 264.7 cells were plated
at 5 x 10° cells/ml and stimulated with LPS (300 ng/ml) in the presence
or absence of costunolide (0.1, 0.3, 1 or 3 uM) for 24 h. Cells were lysed
and the concentration of total IL-13 was determined by sandwich
immunoassays using a protocol supplied by R&D Systems (Minne-
apolis, MN).

RT-PCR. The expressions of the mRNA transcripts of IL-18
(forward primer: 5-TGCAGAGTTCCTACATGGTCAACCC-3,
reverse primer: 5-GTGCTGCCTAATGTCCCCTTGAATC-3') and B-
actin (forward primer: 5-TGGAATCCTGTGGCATCCATGAAAC-
3, reverse primer: 5-TAAAACGCAGCTCAGTAACAGTCCG-3")
were evaluated by RT-PCR as described previously with slight modifi-
cations. Briefly, total RNA was isolated using Tri Reagent (Molecular
Research Center, Cincinnati, OH) as described previously. Equal
amounts of RNA were reverse transcribed into cDNA using oligo(dT), s
primers. Samples were heated to 94 °C for 5min and cycled 30 times at
94°Cfor30s,and 54 °Cfor 30s,and 72 °C for 45 s, and this was followed
by an additional extension step at 72 °C for S5min. PCR products were
electrophoresed in a 1.5% agarose gel and followed by ethidium bromide
staining and photography.

Transient transfection and CAT reporter gene assay. p(AP-1);-CAT
plasmid has been described previously [20]. To construct plL-
1B(-1809/-2679)-CAT containing an upstream promoter region of IL-
1B gene, the 870 bp fragment from —1809 to —2679 site in the promoter
region of IL-1B gene was amplified from mouse genomic DNA by
using PCR (forward primer: 5-GCAGATCTGCTCGTGCCTGTAA
TCTC-3, reverse primer: 5-GCAGATCTAACCAGGGGACAGAG
AAG-3'). PCR-amplified products were purified using the PCR Prep
DNA purification system (Promega, Madison, WI) and inserted into
pCAT-Promoter (Promega) upstream of the CAT gene to form the
construct pIL-1B(—-1809/-2679)-CAT. The subcloned 870-bp fragment
was confirmed by nucleotide sequence analysis using the Sanger

dideoxynucleotide protocol. Transient transfection was performed
using the DEAE-dextran method with slight modifications [21]. After
transfection, cells were plated at 5 x 10° cells/ml and incubated for
24 h. The transfectants were treated with costunolide (0.1, 0.3, 1 or
3 uM) 1 h before the treatment of LPS (300 ng/ml), harvested 24 h after
LPS treatment, and lysed. The CAT enzyme expression levels were
determined using a CAT enzyme-linked immunosorbent assay kit ac-
cording to the manufacturer’s instructions (Roche Applied Science,
Mannheim, Germany).

EMSA. Nuclear extracts were prepared as described previously.
The protein content of the nuclear extracts was determined using a
Bio-Rad protein assay kit according to the manufacturer’s instruc-
tions. The oligonucleotide sequence for NF-kB/Rel was 5-GATC
TCAGAGGGGACTTTCCGAGAGA-3'. Double-stranded oligonu-
cleotides were end-labeled with [y-*PJATP. Nuclear extracts (5pug)
were incubated with 2 pug poly(dI-dC) and a **P-labeled DNA probe,
and DNA binding activity was analyzed using a 4.8% polyacrylamide
gel. After electrophoresis, the gel was dried and subjected to autora-
diography. The specificity of binding was examined by competition
with an unlabeled oligonucleotide.

Western immunoblot analysis. Whole-cell lysates (20 pg) were sep-
arated by 10% SDS-polyacrylamide gel electrophoresis and electro-
transferred to nitrocellulose membranes (Amersham International,
Buckinghamshire, UK). The membranes were pre-incubated for 1 h at
room temperature in Tris-buffered saline (TBS), pH 7.6, containing
0.05% Tween 20 and 3% fatty acid-free bovine serum albumin. The
nitrocellulose membranes were then incubated with specific antibodies
against phosphorylated p44/42 (ERK), p44/42, phosphorylated SAPK/
JNK, SAPK/INK, phosphorylated p38, or p38 (Cell Signaling Tech-
nology, Beverly, MA). Immunoreactive bands were then detected by
incubating with conjugates of anti-rabbit IgG with horseradish per-
oxidase and enhanced chemiluminescence reagents (Amersham Inter-
national).

Statistical analysis. The mean+SD was determined for each
treatment group in each experiment. Significance was determined by
either Dunnett’s two-tailed 7 test for comparison between two groups
or by analysis of variance (ANOVA), followed by Dunnett’s test for
multiple comparisons.

Results

Inhibition of IL-1f production by costunolide in LPS-
stimulated RAW 264.7 cells

As described previously, IL-1f is mainly produced by
monocytes/macrophages and plays an important role in
regulating a variety of biological functions. Here, we
examined the effect of costunolide on the production of
IL-1pB in LPS-stimulated RAW 264.7, a murine macro-
phage cell line. Treatment of RAW 264.7 cells with LPS
(300 ng/ml) caused a substantial increase in the pro-
duction of IL-1B (Fig. 1). However, the LPS-induced
production of IL-1f was inhibited by costunolide in a
dose-dependent manner (Fig. 1). The inhibition of IL-1§
production by low doses of costunolide (0.1 and 0.3 uM)
was relatively mild, but treatment of 1 and 3puM of
costunolide caused 70% and 95% inhibition of IL-1P
production, respectively. The concentration and dura-
tion of costunolide treatment used in this study had no
significant effect on the viability of RAW 264.7 cells
(data not shown).
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Fig. 1. Inhibition of IL-1B production by costunolide in LPS-stimu-
lated RAW 264.7 cells. RAW 264.7 cells were pretreated with vehicle
(DMSO) or indicated concentrations of costunolide for 1h before
being incubated with LPS (300 ng/ml) for 24 h. Cells were lysed and
analyzed for IL-1 production as described in Materials and methods.
Each column shows the mean & SD of triplicate determinations. Sig-
nificance was determined using Student’s ¢ test versus the control
group (*p < 0.01). The result presented is a representative of three
independent experiments.

Inhibitory effect of costunolide on mRNA expression of
IL-1f in LPS-stimulated RAW 264.7 cells

The effect of costunolide on mRNA expression of IL-
1B was examined by RT-PCR. As shown in Fig. 2, the
mRNA expression of IL-1p was not detectable in un-
stimulated cells, but substantially increased 6h after
LPS (300ng/ml) treatment. However, costunolide in-
hibited IL-1p mRNA expression in LPS-stimulated
RAW 264.7 cells in a concentration-dependent manner
(Fig. 2). Consistent with the previous result (Fig. 1),
only high doses of costunolide (1 and 3 uM) caused a
marked inhibition of the mRNA expression of IL-1p.
The mRNA expression of B-actin was not affected by
either LPS or costunolide treatment (Fig. 2).

Effect of costunolide on transcriptional activity of IL-1f
promoter (—1809/-2679) in LPS-stimulated RAW 264.7
cells

To investigate the effect of costunolide on transcrip-
tional activation of IL-1 promoter region, we performed
a transient transfection and reporter gene assay. Co-
stunolide is a well-known inhibitor of NF-kB/Rel. To
examine the effect of costunolide on other transcription
factors, we made a reporter gene construct containing the
partial promoter region of IL-1f from —1809 to —2679,
which includes binding sites for AP-1, CREB, and NF-
IL6, but not for NF-kB. Transfection of cells with pIL-1
(—1809/-2679)-CAT and treatment with LPS (300 ng/ml)
caused 9.3-fold induction of transcriptional activity
(Fig. 3). Costunolide inhibited LPS-induced tran-
scriptional activity of pIL-1B (-1809/-2679)-CAT in a
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Fig. 2. Inhibition of IL-1 mRNA expression by costunolide in LPS-
stimulated RAW 264.7 cells. RAW 264.7 cells were pretreated with
vehicle (DMSO) or indicated concentrations of costunolide for 1h
before being incubated with LPS (300 ng/ml) for 6 h. Total RNAs were
isolated and IL-1B mRNA expression was determined by RT-PCR.
One of two representative experiments is shown.
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Fig. 3. Inhibitory effect of costunolide on IL-1p promoter activity in
LPS-stimulated RAW 264.7 cells. RAW 264.7 cells were transiently
transfected with pIL-1p (—1809/-2679)-CAT and the expression of
CAT enzyme was analyzed by ELISA as described in Materials and
methods. Each column shows the mean + SD of triplicate determina-
tions. Significance was determined using Student’s ¢ test versus the
control group (*p < 0.01). The result presented is a representative of
three independent experiments.
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dose-dependent manner (Fig. 3). This result suggests that
the inhibitory effect of costunolide on IL-1p gene ex-
pression is mediated, at least in part, by blocking the
transcription activation of the IL-1J promoter.

Inhibition of AP-1 transcriptional activity and DNA
binding by costunolide in LPS-stimulated RAW 264.7
cells

As discussed earlier, the transcription factor AP-1is a
regulator of cellular proliferation, transformation, and
death [19] and is also known to be important for the
gene expression of IL-1B [13]. Therefore, we examined
the effect of costunolide on the activity of AP-1. AP-1-
dependent transcriptional activity of the reporter gene
construct was markedly enhanced by LPS (300 ng/ml),
but costunolide significantly suppressed LPS-induced
AP-1 activity (Fig. 4). To further confirm the inhibitory
effect of costunolide on AP-1 activity, we examined the
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Fig. 4. Inhibitory effect of costunolide on AP-1 activation in LPS-
stimulated RAW 264.7 cells. RAW 264.7 cells were transiently trans-
fected with p(AP-1);-CAT and the expression of CAT enzyme was
analyzed by ELISA as described in Materials and methods. Each
column shows the mean + SD of triplicate determinations. Significance
was determined using Student’s ¢ test versus the control group
(*p < 0.01). The result presented is a representative of three indepen-
dent experiments.

effect of costunolide on LPS-induced DNA binding of
AP-1 in RAW 264.7 cells using electrophoretic mobility
shift assay. AP-1 DNA binding was also induced by LPS
(300ng/ml) and costunolide inhibited LPS-induced
DNA binding of AP-1 in a dose-dependent manner
(Fig. 5). These results suggest that AP-1 may be involved
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Fig. 5. Effect of costunolide on DNA binding activity of AP-1 in LPS-
stimulated RAW 264.7 cells. RAW 264.7 cells were pretreated with
vehicle (DMSO) or indicated concentrations of costunolide for 1h
before being incubated with LPS (300 ng/ml) for 3 h. Nuclear extracts
were then prepared and AP-1 DNA binding was determined by elec-
trophoretic mobility shift assay. The result presented is a representative
of three independent experiments.
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Fig. 6. Effect of costunolde on LPS-induced phosphorylation of ERK,
JNK, and p38 MAP kinase in RAW 264.7 cells. RAW 264.7 cells were
treated with vehicle (DMSO) or indicated concentrations of costunolide
for 1h before being incubated with LPS (300 ng/ml) for 15 min. The
whole-cell lysates were analyzed by Western immunoblot analysis. The
results presented are representative of three independent experiments.

in the inhibitory activity of costunolide on the gene
expression of IL-1.

Inhibition of the phosphorylation of MAPKs by costuno-
lide in LPS-stimulated RAW 264.7 cells

To further investigate whether the inhibitory effect of
costunolide on AP-1 activity is mediated by the modu-
lation of MAPK activation, we examined the effect of
costunolide on MAPK activation. As shown in Fig. 6,
costunolide suppressed LPS-induced activation of
SAPK/INK and p38 MAP kinase in a dose-dependent
manner. Consistent with the previous results (Figs. 1-3),
1 and 3 uM of costunolide markedly inhibited SAPK/
JNK and p38 MAP kinase activation, suggesting the
involvement of these MAPKs in the inhibitory effect
of costunolide on AP-1 activity. LPS-induced activation
of ERK was able to be inhibited only by a high dose of
costunolide (3 uM) (Fig. 6). The amount of non-phos-
phorylated form of MAPKs was unaffected by either
LPS or costunolide treatment.

Effect of specfic inhibitors of MAPKs on IL-1f produc-
tion, IL-1 mRNA expression and AP-1 DNA binding

To further investigate the involvement of MAPKSs in
the regulation of IL-1B gene expression and AP-1 ac-
tivity in our system, we examined the effect of specific
inhibitors of MAPKs on IL-1f production, IL-1B
mRNA expression, and AP-1 DNA binding. Specific
inhibitors of SAPK/JNK and p38 MAP kinase,
SP600125 and SB203580, potently inhibited the LPS-
induced IL-1B gene expression in RAW 264.7 cells,
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Fig. 7. Effect of MAPK inhibitors on IL-1B production, IL-1 mRNA expression, and AP-1 DNA binding. RAW 264.7 cells were treated with
vehicle (DMSO), costunolde (3 pM), U0126 (30 uM), SP600125 (10 uM) or SB203580 (30 uM) for 1h before being incubated with LPS (300 ng/ml).
Cell lysates, total RNAs, and nuclear extracts were prepared and assayed as described in Materials and methods. The results presented are repre-

sentative of more than two independent experiments.

whereas U126, a specific inhibitor of ERK, potentiated
IL-1B gene expression in LPS-stimulated RAW 264.7
cells (Figs. 7A and B). However, the LPS-induced DNA
binding of AP-1 was inhibited by all of 3 MAPK in-
hibitors (Fig. 7C). These results suggest that MAPKs
are involved in the regulation of IL-1f gene expression
and AP-1 activity in our system.

Discussion

There have been many reports demonstrating an anti-
inflammatory effect of sesquiterpene lactones, and sev-
eral lines of evidence suggest that blocking the NF-kB/
Rel activity is a possible mechanism responsible for this
effect [22-24]. Recently, costunolide was also reported to
inhibit iNOS gene expression by blocking NF-kB/Rel
activation [10,12,25]. In the present study, we demon-
strated that costunolide exerts its anti-inflammatory ef-
fect by blocking the activation of AP-1 and the
phosphorylation of SAPK/JINK and p38 MAP kinase in
LPS-stimulated RAW 264.7 cells.

AP-1 activity is induced by a variety of stimuli, in-
cluding growth factors, cytokines, and bacterial infec-
tions, and the induction of AP-1 activity is known to be
mediated by MAPK signaling cascade. Serum and
growth factors induce AP-1 by activating ERK sub-
group of MAPKSs [26]. The induction of AP-1 by pro-
inflammatory cytokines is mostly mediated by the
SAPK/INK and p38 MAP kinase [27]. Stimulation of
macrophages by LPS activates all of 3 MAPK path-
ways, and the activation of these signaling pathways in
turn activates a variety of transcription factors, such as

AP-1 and NF-xB/Rel [28]. These reports suggest that
MAPK signaling pathways are crucial for the regulation
of AP-1 activity. Here, we also showed that all of 3
MPAKSs play an important role in the regulation of AP-
1 activity in RAW 264.7 cells using specific inhibitors of
MAPKSs. Furthermore, we demonstrated that costuno-
lide inhibited LPS-induced transcriptional activity of
AP-1 and phosphorylation of SAPK/INK, and p38
MAP kinase. Considering the importance of AP-1 and
MAPKSs in the regulation of IL-1p gene expression,
these results suggest that the inhibition of IL-1 gene
expression by costunolide is mediated via the inhibition
of AP-1, SAPK/INK, and p38 MAP kinase activity. To
our knowledge, the current data are the first demon-
stration of the inhibitory effect of costunolide on the
activity of AP-1 and MAPKs. A number of reports
demonstrated that NF-kB/Rel activity is regulated by
MAPKSs (reviewed in [29]). We also previously showed
that SB203580 blocked the LPS-mediated induction of
NF-kB/Rel in RAW 264.7 cells, suggesting the impor-
tance of p38 MAP kinase in the NF-kB/Rel activity in
our system [30]. Therefore, our results also suggest a
possible mechanism responsible for the well-known in-
hibitory effect of costunolide on NF-kB/Rel activity.

A number of sesquiterpene lactones have been re-
ported to have anti-inflammatory effects. Parthenolide,
one of the best known anti-inflammatory sesquiterpene
lactones, has been reported to inhibit expressions of
several inflammatory mediators, including iNOS,
TNF-o, IL-1B, IL-8, and IL-12 [23,31]. The inhibitory
effect of parthenolide on IL-4 gene expression in pe-
ripheral blood T cells was also reported [32]. Moreover,
yomogin, another sesquiterpene lactone isolated from
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medicinal plant Artemisia princes Pampan, was reported
to inhibit iINOS gene expression in LPS-stimulated
macrophages [33]. There have been several reports de-
scribing the mechanism responsible for the anti-inflam-
matory effects of sesquiterpene lactones. Hall and
coworkers reported that a-methylene-y-butyrolactone
moiety of sesquiterpene lactones is required for their
anti-inflammatory activity [34]. Recent studies also
demonstrated that sesquiterpene lactones with the o-
methylene-y-butyrolactone moiety exert an inhibitory
effect on iNOS gene expression by blocking NF-kB/Rel
activation [10,35]. Moreover, modified parthenolides,
which lack the o-methylene-y-butyrolactone moiety,
were reported to lose their anti-inflammatory properties
[24]. The fact that costunolide also possesses the o-
methylene-y-butyrolactone moiety might provide a
possible explanation for its anti-inflammatory proper-
ties. However, the relationship between the inhibitory
effect of costunolide on AP-1 and MAPK activity and its
a-methylene-y-butyrolactone moiety needs to be further
studied.

In conclusion, the present study demonstrates the
inhibitory effect of costunolide on IL-1 gene expression
in macrophages. Our results also suggest that the effect
of costunolide on IL-1p gene expression is mediated by
the inhibition of the activity of AP-1 and the phos-
phorylation of SAPK/JNK and p38. The current data
provide a new insight into a mechanism responsible for
the anti-inflammatory effect of costunolide.

References

[1] D.E. Wedge, J.C. Galindo, F.A. Macias, Fungicidal activity of
natural and synthetic sesquiterpene lactone analogs, Phytochem-
istry 53 (2000) 747-757.

[2] B.M. Fraga, Natural sesquiterpenoids, Nat. Prod. Rep. 18 (2001)
650-673.

[3] B.M. Fraga, Natural sesquiterpenoids, Nat. Prod. Rep. 19 (2002)
650-672.

[4] T. Kawamori, T. Tanaka, A. Hara, J. Yamahara, H. Mori,
Modifying effects of naturally occurring products on the devel-
opment of colonic aberrant crypt foci induced by azoxymethane in
F344 rats, Cancer Res. 55 (1995) 1277-1282.

[5] S.P. Hehner, T.G. Hofmann, W. Droge, M.L. Schmitz, The
antiinflammatory sesquiterpene lactone parthenolide inhibits NF-
kB by targeting the IkB kinase complex, J. Immunol. 163 (1999)
5617-5623.

[6] H. Mori, T. Kawamori, T. Tanaka, M. Ohnishi, J. Yamahara,
Chemopreventive effect of costunolide, a constituent of oriental
medicine, on azoxymethane-induced intestinal carcinogenesis in
rats, Cancer Lett. 83 (1994) 171-175.

[7] H.C. Chen, C.K. Chou, S.D. Lee, J.C. Wang, S.F. Yeh, Active
compounds from Saussurea lappa Clarks that suppress hepatitis B
virus surface antigen gene expression in human hepatoma cells,
Antiviral Res. 27 (1995) 99-109.

[8] A.F. Barrero, J.E. Oltra, M. Alvarez, D.S. Raslan, D.A. Saude,
M. Akssira, New sources and antifungal activity of sesquiterpene
lactones, Fitoterapia 71 (2000) 60-64.

[9] M. Taniguchi, T. Kataoka, H. Suzuki, M. Uramoto, M. Ando, K.
Arao, J. Magae, T. Nishimura, N. Otake, K. Nagai, Costunolide
and dehydrocostus lactone as inhibitors of killing function of
cytotoxic T lymphocytes, Biosci. Biotechnol. Biochem. 59 (1995)
2064-2067.

[10] H. Matsuda, T. Kagerura, I. Toguchida, H. Ueda, T. Morikawa,
M. Yoshikawa, Inhibitory effects of sesquiterpenes from bay leaf
on nitric oxide production in lipopolysaccharide-activated mac-
rophages: structure requirement and role of heat shock protein
induction, Life Sci. 66 (2000) 2151-2157.

[11] T.H. Koo, J.H. Lee, Y.J. Park, Y.S. Hong, H.S. Kim, K.W. Kim,
J.J. Lee, A sesquiterpene lactone, costunolide, from Magnolia
grandiflora inhibits NF-xB by targeting IxB phosphorylation,
Planta Med. 67 (2001) 103-107.

[12] H. Matsuda, I. Toguchida, K. Ninomiya, T. Kageura, T.
Morikawa, M. Yoshikawa, Effects of sesquiterpenes and amino
acid-sesquiterpene conjugates from the roots of Saussurea lappa
on inducible nitric oxide synthase and heat shock protein in
lipopolysaccharide-activated macrophages, Bioorg. Med. Chem.
11 (2003) 709-715.

[13] E. Serkkola, M. Hurme, Synergism between protein-kinase C and
cAMP-dependent pathways in the expression of the interleukin-1
gene is mediated via the activator-protein-1 (AP-1) enhancer
activity, Eur. J. Biochem. 213 (1993) 243-249.

[14] J. Hiscott, J. Marois, J. Garoufalis, M. D’Addario, A. Roulston,
I. Kwan, N. Pepin, J. Lacoste, H. Nguyen, G. Bensi, et al.,
Characterization of a functional NF-xB site in the human
interleukin 1B promoter: evidence for a positive autoregulatory
loop, Mol. Cell. Biol. 13 (1993) 6231-6240.

[15] F. Shirakawa, K. Saito, C.A. Bonagura, D.L. Galson, M.J.
Fenton, A.C. Webb, P.E. Auron, The human prointerleukin 1§
gene requires DNA sequences both proximal and distal to the
transcription start site for tissue-specific induction, Mol. Cell.
Biol. 13 (1993) 1332-1344.

[16] J.G. Gray, G. Chandra, W.C. Clay, S.W. Stinnett, S.A. Haneline,
J.J. Lorenz, L.R. Patel, G.B. Wisely, P.J. Furdon, J.D. Taylor,
et al., A CRE/ATF-like site in the upstream regulatory sequence
of the human interleukin 1 beta gene is necessary for induction in
U937 and THP-1 monocytic cell lines, Mol. Cell. Biol. 13 (1993)
6678-6689.

[17] M. Hurme, S. Matikainen, Okadaic acid, a phosphatase inhibitor,
enhances the phorbol ester-induced interleukin-1 beta expression
via an AP-1-mediated mechanism, Scand. J. Immunol. 38 (1993)
570-574.

[18] J. Garcia, B. Lemercier, S. Roman-Roman, G. Rawadi, A
Mpycoplasma fermentans-derived synthetic lipopeptide induces
AP-1 and NF-«kB activity and cytokine secretion in macrophages
via the activation of mitogen-activated protein kinase pathways, J.
Biol. Chem. 273 (1998) 34391-34398.

[19] E. Shaulian, M. Karin, AP-1 as a regulator of cell life and death,
Nat. Cell. Biol. 4 (2002) E131-E136.

[20] Y.J. Jeon, S.H. Han, J.S. Kang, W.S. Koh, K.H. Yang,
Acetylaminofluorene inhibits nitric oxide production in LPS-
stimulated RAW 264.7 cells by blocking NF-kB/Rel activation,
Toxicol. Lett. 104 (1999) 195-202.

[21] Q.W. Xie, R. Whisnant, C. Nathan, Promoter of the mouse gene
encoding calcium-independent nitric oxide synthase confers
inducibility by interferon gamma and bacterial lipopolysaccha-
ride, J. Exp. Med. 177 (1993) 1779-1784.

[22] J. Whan Han, B. Gon Lee, Y. Kee Kim, J. Woo Yoon, H.
Kyoung Jin, S. Hong, H. Young Lee, K. Ro Lee, H. Woo Lee,
Ergolide, sesquiterpene lactone from Inula britannica, inhibits
inducible nitric oxide synthase and cyclo-oxygenase-2 expression
in RAW 264.7 macrophages through the inactivation of NF-kB,
Br. J. Pharmacol. 133 (2001) 503-512.

[23] B.Y. Kang, S.W. Chung, T.S. Kim, Inhibition of interleukin-12
production in lipopolysaccharide-activated mouse macrophages



J.S. Kang et al. | Biochemical and Biophysical Research Communications 313 (2004) 171-177 177

by parthenolide, a predominant sesquiterpene lactone in Tanace-
tum parthenium: involvement of nuclear factor-xB, Immunol. Lett.
77 (2001) 159-163.

[24] B.H. Kwok, B. Koh, M.I. Ndubuisi, M. Elofsson, C.M. Crews,
The anti-inflammatory natural product parthenolide from the
medicinal herb Feverfew directly binds to and inhibits IkB kinase,
Chem. Biol. 8 (2001) 759-766.

[25] K. Fukuda, S. Akao, Y. Ohno, K. Yamashita, H. Fujiwara,
Inhibition by costunolide of phorbol ester-induced transcriptional
activation of inducible nitric oxide synthase gene in a human
monocyte cell line THP-1, Cancer Lett. 164 (2001) 7-13.

[26] C.S. Hill, J. Wynne, R. Treisman, Serum-regulated transcription
by serum response factor (SRF): a novel role for the DNA binding
domain, EMBO J. 13 (1994) 5421-5432.

[27] L. Chang, M. Karin, Mammalian MAP kinase signalling
cascades, Nature 410 (2001) 37-40.

[28] M. Guha, N. Mackman, LPS induction of gene expression in
human monocytes, Cell. Signal. 13 (2001) 85-94.

[29] C. Hagemann, J.L. Blank, The ups and downs of MEK kinase
interactions, Cell. Signal. 13 (2001) 863-875.

[30] Y.J. Jeon, Y.K. Kim, M. Lee, S.M. Park, S.B. Han, H.M. Kim,
Radicicol suppresses expression of inducible nitric-oxide synthase

by blocking p38 kinase and nuclear factor-kxB/Rel in lipopolysac-
charide-stimulated macrophages, J. Pharmacol. Exp. Ther. 294
(2000) 548-554.

[31] K. Fukuda, Y. Hibiya, M. Mutoh, Y. Ohno, K. Yamashita,
S. Akao, H. Fujiwara, Inhibition by parthenolide of phorbol ester-
induced transcriptional activation of inducible nitric oxide
synthase gene in a human monocyte cell line THP-1, Biochem.
Pharmacol. 60 (2000) 595-600.

[32] M. Li-Weber, M. Giaisi, M.K. Treiber, P.H. Krammer, The anti-
inflammatory sesquiterpene lactone parthenolide suppresses IL-4
gene expression in peripheral blood T, Eur. J. Immunol. 32 (2002)
3587-3597.

[33] J.H. Ryu, H.J. Lee, Y.S. Jeong, S.Y. Ryu, Y.N. Han, Yomogin,
an inhibitor of nitric oxide production in LPS-activated macro-
phages, Arch. Pharm. Res. 21 (1998) 481-484.

[34] L.H. Hall, K.H. Lee, C.O. Starnes, Y. Sumida, R.Y. Wu, T.G.
Waddell, J.W. Cochran, K.G. Gerhart, Anti-inflammatory activ-
ity of sesquiterpene lactones and related compounds, J. Pharm.
Sci. 68 (1979) 537-542.

[35] M. Jin, H.J. Lee, J.H. Ryu, K.S. Chung, Inhibition of LPS-
induced NO production and NF-kB activation by a sesquiterpene
from Saussurea lappa, Arch. Pharm. Res. 23 (2000) 54-58.



	Costunolide inhibits interleukin-1beta expression by down-regulation of AP-1 and MAPK activity in LPS-stimulated RAW 264.7 cells
	Materials and methods
	Results
	Inhibition of IL-1beta production by costunolide in LPS-stimulated RAW 264.7 cells
	Inhibitory effect of costunolide on mRNA expression of IL-1beta in LPS-stimulated RAW 264.7 cells
	Effect of costunolide on transcriptional activity of IL-1beta promoter (-1809/-2679) in LPS-stimulated RAW 264.7 cells
	Inhibition of AP-1 transcriptional activity and DNA binding by costunolide in LPS-stimulated RAW 264.7 cells
	Inhibition of the phosphorylation of MAPKs by costunolide in LPS-stimulated RAW 264.7 cells
	Effect of specfic inhibitors of MAPKs on IL-1beta production, IL-1beta mRNA expression and AP-1 DNA binding

	Discussion
	References


