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1 Oregonin isolated from Alnus formosana is a diarylheptanoid derivative, which appears to have
antioxidative and anti-inflammatory activities. In this study, our data demonstrated inhibitory actions
of oregonin on the LPS-induced iNOS protein in RAW264.7 macrophages and BV-2 microglial cells.
We also suggested that HO-1 induction by oregonin might contribute to this action.

2 Oregonin is able to dose-dependently reduce NO production, iNOS protein and iNOS promoter
activity stimulated by LPS in RAW264.7 and BV-2 cells.

3 Oregonin also showed inhibition of LPS-mediated NF-kB promoter activity and DNA-binding
ability, as well as p65 nuclear translocation and phosphorylation. However, oregonin had no effect
on IKK activity. AP-1 promoter activity and p38 MAPK activation but not PKC, ERK and JNK
activation induced by LPS were attenuated by oregonin.

4 Accompanying with iNOS protein reduction, moreover, we found that oregonin was able to induce
HO-1 protein level. Results using a CO donor, [Ru(CO)3Cl2]2 further showed the ability of CO in
reduction of iNOS protein level induced by LPS through the blockade of NF-kB and AP-1.

5 Taken together, these results provide new evidences into the anti-inflammatory actions of
oregonin, which include the inhibition of iNOS gene transcription via suppressing transcriptional
activity of NF-kB and AP-1, as well as the upregulation of anti-inflammatory molecule HO-1. The
HO-1-derived CO may also be involved in the suppressive effect on iNOS gene regulation.
British Journal of Pharmacology (2005) 146, 378–388. doi:10.1038/sj.bjp.0706336;
published online 18 July 2005
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Introduction

Nitric oxide (NO) is a free radical produced from L-arginine in

a reaction catalyzed by nitric oxide synthase (NOS) (Nathan,

1992). NO derived from inducible NOS (iNOS) in lipopoly-

saccharide (LPS)-activated macrophages and microglia is

implicated in inflammation and cytotoxicity (Nathan & Xie,

1994). Many different transcription factors participate in the

regulation of the iNOS promoter (Baeuerle & Baltimore, 1988;

1996). While iNOS induction by LPS, the binding of nuclear

factor-kB (NF-kB) to its specific cognate kB sites has been

shown to be functionally important. In addition, the participa-

tion of activator protein-1 (AP-1) in iNOS promoter activation

was also reported (Marks-Konczalik et al., 1998). Accumu-

lating lines of evidences indicate that IkB kinase (IKK)-

dependent IkB degradation is prerequisite for NF-kB

activation, and p38 MAPK, ERK and PKC were also involved

in NF-kB activation and iNOS expression in response to LPS

(Lee et al., 1994; Da Silva et al., 1997; Lahti et al., 2000; Chen

& Lin, 2001).

Heme oxygenase (HO) is the rate-limiting enzyme in the

catabolism of excess heme and generation of biliverdin, iron,

and carbon monoxide (CO) (Maines, 1988). As a redox-

sensitive inducible protein, HO-1 has been implicated in

serving as a protective gene due to its abilities in antioxidant,

anti-inflammatory and antiapoptotic actions (Maines, 1997;

Morse & Choi, 2002; Otterbein et al., 2003). Accumulating

study indicated that both mice and human deficiency in HO-1

expression have a phenotype of an increased inflammatory

state (Poss & Tonegawa, 1997; Yachie et al., 1999; Slebos

et al., 2003). In addition, it has been reported that HO-1

induction negatively regulates iNOS expression (Lin et al.,

2003). Several lines of evidence also demonstrated that

downregulation of iNOS-dependent NO production by HO-1

appears to be mediated by the product CO (Colville-Nash

et al., 1998; Sumi & Ignarro, 2004; Yang et al., 2004).*Author for correspondence; E-mail: wwl@ha.mc.ntu.edu.tw
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Oregonin [(5S)-1,7-bis-(3,4-dihydroxyphenyl)-heptane-3-

one-5-O-b-D-xy-lopyranoside], a diarylheptanoid derivative,

was found to be the main ingredient in leaves of Alnus

formosana (Priyadarsini et al., 2003; Youssef et al., 2004).

Many evidences indicated that these naturally occurring

diarylheptanoids retain antioxidative and anti-inflammatory

properties, which appear to contribute to their chemopreven-

tive activity (Surh, 1999; Cho et al., 2002; Priyadarsini et al.,

2003; Youssef et al., 2004). Regarding to anti-inflammation

using cell model to investigate the action on NO, conflict

results, however, were obtained. In murine thioglycolate-

induced inflammatory macrophages oregonin was able to

increase NO production (Joo et al., 2002), while in murine

RAW264.7 macrophages stimulated with LPS plus inter-

feron-g (IFN-g), NO synthesis was inhibited (Lee et al.,

2000). The latter effect was due to the suppression of iNOS

mRNA expression. Up to date the precise mechanisms

responsible for the inhibition of iNOS by oregonin remain

unclear.

In this study, we examined the effects of oregonin on LPS-

stimulated iNOS gene expression in murine RAW264.7

macrophages and BV-2 microglia, and demonstrated that

it could inhibit LPS-induced NF-kB, AP-1, and p38 MAPK

activation, thereby inhibiting iNOS gene expression. Further-

more, our present data indicated that HO-1 induction in

response to oregonin might also contribute to the reduction of

iNOS gene expression.

Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) with high

glucose, FBS, penicillin, and streptomycin were obtained from

Life Technologies (Grand Island, NY, U.S.A.). Rabbit

polyclonal antibodies for b-actin, iNOS, IkBa, IKKa, IKKb,

p38 MAPK, ERK, JNK, PKCa, and HO-1, and protein A/G

agarose beads were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, U.S.A.). Rabbit polyclonal antibodies

against active phosphorylated ERK1/2, p38 MAPK, JNK,

p65 and PKC (pan) were purchased from Cell Signaling

Technology (Beverly, MA, U.S.A.). Horseradish peroxidase-

coupled anti-mouse and anti-rabbit antibodies and the ECL

detection agent were purchased from Amersham Biosciences

(Piscataway, NJ, U.S.A.). [g-32P]dATP (3000 Cimmol�1) and

[a-32P]ATP (5000Ci mmol�1) were obtained from NEN

(Boston, MA, U.S.A.). The double-stranded oligonucleotide

specific for NF-kB binding was synthesized as we previously

reported (Huang et al., 2003). Phenol-extracted LPS (L8274)

from Escherichia coli, and other chemicals were obtained from

Sigma-Aldrich (St Louis, MO, U.S.A.). All materials for SDS–

PAGE were obtained from Bio-Rad (Hercules, CA, U.S.A.).

The iNOS promoter–luciferase reporter plasmid containing

binding sites for AP-1 and NF-kB, which are required for

maximal responses to LPS, was provided by Dr C.K. Glass

(Department of Medicine, University of California, San

Diego, CA, U.S.A.). The pGL2–ELAM–luciferase construct

(kB-Luc) under the control of three NF-kB-binding sites was

constructed. The AP-1-luciferase construct was provided by

Dr G. Haegeman (Flanders Interuniversity Institute for

Biotechnology and University of Gent, Gent, Belgium).

b-Galactosidase expression vector (pCR3lacZ) was purchased

from Amersham Pharmacia Biotech (Uppsala, Sweden).

Isolation of oregonin from leaves of A. formosana

The methaolic extract of the dry powder of leaves of A.

formosana Burk (Betulaceae) (4.1 kg) was divided into

fractions soluble in hexane, chloroform, n-butanol (293 g)

and water by liquid–liquid partitioning. Part of n-BuOH

soluble fraction (10 g) was fractionated via a Sephadex LH-20

column (MeOH) to give an oregonin-rich fraction (2.10 g),

which was repeatedly purified via centrifugal partition

chromatography (CPC, model CPC-LLN, Sanki Engineering

Ltd, Kyoto, Japan). The mobile phases for CPC were the

organic layer of CHCl3-MeOH-H2O (2 : 2 : 1) or CHCl3-

MeOH-H2O-i-PrOH (10 : 10 : 5 : 1) initially to remove the less

polar constituents and then the aqueous layer to separate the

polar ingredients, which contained oregonin. Through this

procedure, oregonin (165mg), which was TLC and 1H NMR

essentially pure and showed identical physical data to those

reported (Aoki et al., 1990), was obtained.

Cell culture

Murine RAW264.7 macrophages and BV-2 microglia were

grown at 371C in 5% CO2 using DMEM as the culture

medium. DMEM was supplemented with 10% FBS,

100 Uml�1 penicillin, and 100 mg ml�1 streptomycin. In most

conditions for NO measurement and iNOS protein assay, cells

were 30 min pretreated with 10–100 mM oregonin, followed

by 0.1mg ml�1 (in BV-2) or 1mgml�1 (in RAW264.7) LPS for

24 h, unless otherwise indicated.

Nitrite assay

Nitrite production, as an assay of NO release, was measured.

Accumulation of nitrite in the medium was determined by a

colorimetric assay with Griess reagent. Cells were treated with

vehicle or LPS at the indicated concentrations for different

intervals. Aliquots of conditioned medium were mixed with an

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

N-(1-naphthyl)-ethylenediamine in 5% phosphoric acid).

Nitrite concentrations were determined by comparison with

the OD550 using standard solutions of sodium nitrite prepared

in cell culture medium. Each experiment was performed in

duplicate and repeated at least three times.

Western blot analysis

After incubation with agents, cells were washed twice in ice-

cold PBS and then solubilized in buffer containing 1% Triton

X-100, 125 mM NaCl, 1mM MgCl2, 25mM b-glycerophos-

phate, 50mM NaF, 100mM sodium orthovanadate, 1mM

PMSF, 10mgml�1 aprotinin, 10mg ml�1 leupeptin, and 20mM

Tris-HCl, pH 7.5. Samples of equal amounts of protein (80 mg)

were separated through 8–12% SDS–polyacrylamide gels.

After electrophoresis, proteins were transferred to nitrocellu-

lose paper by semidry electrophoretic transfer. Membranes

were blocked in TBS containing 0.1% Tween 20 (TBST) and

5% nonfat milk for 1 h. Proteins were visualized by specific

primary antibodies, followed by peroxidase-labeled secondary

antibodies. Immunoreactivity was detected by ECL reagents
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following the manufacturer’s instructions, with exposure to

X-ray film and quantification by densitometer.

Preparation of nuclear extracts and electromobility gel
shift assay

Nuclear extracts were prepared as we previously described

(Huang et al., 2003). Equal protein amount of nuclear extracts

was incubated in binding reaction mixtures (15 ml) contained

0.25 mg of poly(dI-dC) (Amersham Pharmacia Biotech) and

20,000 dpm of 32P-labeled DNA probe in binding buffer

consisting of 10mM Tris (pH 7.5), 1mM EDTA, 4% Ficoll,

1 mM DTT, and 75mM KCl. The binding reaction was started

by the addition of cell extracts (10 mg) and was continued for

30 min at room temperature. The DNA–protein complex was

resolved from free oligonucleotide by electrophoresis in a 5%

polyacrylamide gel. The gels were dried and exposed to X-ray

films.

Transfection and reporter gene assay

Using Lipofectamine 2000 (LF2000; Life Technologies), cells

were cotransfected with 0.5 mg plasmids of iNOS promoter–

luciferase reporter, pGL2–ELAM–luciferase (kB-Luc), or AP-

1-luciferase, together with 1mg b-galactosidase-expression

vector. After a 24-h incubation, transfection was complete,

and cells were incubated with the indicated agents. After

another 24-h incubation, the media were removed, and cells

were washed once with cold PBS. To prepare lysates, 50ml of

reporter lysis buffer (Promega, Madison, WI, U.S.A.) was

added to each well, and cells were scraped from dishes. The

supernatant was collected after centrifugation at 13,000 rpm

for 30 s. Aliquots of cell lysates (5 ml) containing equal

amounts of protein (10–20mg) were placed into wells of an

opaque black 96-well microplate. An equal volume of

luciferase substrate (Promega) was added to all samples, and

luminescence was measured in a microplate luminometer (CT,

Meriden, U.S.A.). The luciferase activity value was normalized

to transfection efficiency monitored by the cotransfected

b-galactosidase-expression vector. The level of induction of

luciferase activity was determined as a ratio compared with

control response without tested compound treatment.

Immunoprecipitation and kinase assay

After stimulation, cells were washed twice in ice-cold PBS,

lysed in 1ml of lysis buffer containing 20mM Tris (pH 7.5),

1 mM MgCl2, 125 mM NaCl, 1% Triton X-100, 1 mM PMSF,

10 mgml�1 leupeptin, 10 mg ml�1 aprotinin, 25 mM b-glycero-

phosphate, 50mM NaF, and 100mM sodium orthovanadate.

After centrifugation, the supernatant was collected, and then

anti-IKKa/b and protein A/G-agarose beads (20 ml; Santa

Cruz Biotechnology) were added at 41C overnight. The

precipitates were washed three times with lysis buffer and

twice with kinase buffer (25mM HEPES pH 7.5, 20mM

MgCl2, 100 mM sodium orthovanadate, and 2 mM DTT). The

immune complex kinase assay of one-half of the immunopre-

cipitates was performed at 301C for 30 min in 20 ml kinase

reaction buffer containing 25mM ATP, 5mCi [g-32P]ATP and

1 mg GST-IkBa as a substrate. Laemmli’s-loading buffer was

added to stop the reaction, and samples were resolved on

SDS–PAGE followed by autoradiography. The other half of

the immunoprecipitates was subjected to SDS–PAGE and

immunoblotting to verify that an equal amount of kinase was

undergoing the kinase reaction.

Infection with HO-1 adenovirus

The recombinant adenovirus carrying human HO-1 gene

(Adv-HO-1) and replication-defective empty adenovius (Adv)

were prepared as previously described (Juan et al., 2001) and

provided by Dr L.Y. Chau (Division of Cardiovascular

Research, Institute of Biomedical Sciences, Academia Sinica,

Taipei, Taiwan). Upon infection of indicated titers of

adenoviral vectors, cells were cultured in serum-free DMEM.

Following 2 h incubation, an equal volume of complete

medium was added to each culture and the incubation

continued for an additional 22 h.

Statistical evaluation

Values were expressed as the mean7s.e.m. of at least three

experiments, which were performed in duplicate. Analysis of

variance was used to assess the statistical significance of the

differences, and a ‘P’-value of less than 0.05 was considered

statistically significant.

Results

Inhibitory effects of oregonin on NO production and
iNOS gene transcription in activated macrophages
and microglia

Prior to our studies on the effects of oregonin in RAW264.7

macrophages and BV-2 microglia, MTT assay was performed

to determine if oregonin has cytotoxicity in these two cell lines.

Results showed that oregonin at concentration up to 100 mM

had no effects on cell viability (data not shown). LPS at

1mgml�1 and 0.1mg ml�1 was, respectively, used in RAW264.7

and BV-2 cells, because of the maximal NO response and

without cell toxicity. In RAW264.7 macrophages and BV-2

microglia, cotreatment with oregonin (10–100 mM) led to a

concentration-dependent inhibition of both NO production

and iNOS protein level stimulated by LPS (Figure 1a). To

further identify whether the oregonin inhibition of iNOS

protein induction occurs at the transcriptional level, promoter

activity of iNOS as reflected by the reporter assay was

determined. Results revealed that oregonin was able to

decrease LPS-induced iNOS reporter activity in both cell types

(Figure 1b), suggesting the inhibitory action on gene tran-

scription. Also, given that serum may alter cell response to

several agents including LPS, we tested the effects of oregonin

(10–100 mM) on NO production in response to LPS in serum-

deprived macrophages. We observed that the NO inhibitory

action of oregonin was not affected (data not shown).

Oregonin inhibits NF-kB, but does not affect IKK activity

Previous studies have demonstrated that the transcription

factor NF-kB is essential for iNOS transcription stimulated by

LPS, thus we tested whether oregonin could interfere LPS-

induced NF-kB activity. First, using luciferase reporter gene

driven by NF-kB binding, our results indicated that the NF-kB
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activation induced by LPS in RAW264.7 (Figure 2a) and

BV-2 (Figure 2b) cells was both attenuated by oregonin

treatment. Second, to determine which signaling step for NF-

kB activation in response to LPS is modulated by oregonin,

we determined the effects on NF-kB activation initiated by

MyD88, Rac, and NIK. When RAW264.7 cells were

transfected with plasmids expressing above proteins, NF-kB

activation were, respectively, increased to 267, 347, and 970%

of control. As shown in Figure 2c, oregonin treatment was able

to attenuate the responses of MyD88, Rac, and NIK in a dose-

dependent manner.

Given that the ability of activated IKK to enhance IkB

phosphorylation and subsequently leading to its degradation

plays an important role in LPS-mediated NF-kB activation,

we examined the effects of oregonin on IkB degradation and

IKK activation in RAW264.7 macrophages. Immunobloting

results in Figure 3a revealed that oregonin incubation did not

decrease IkB degradation caused by LPS. To confirm this

result, we tested IKK activity by in vitro phosphorylation of

the specific substrate, GST-IkBa, and we found that oregonin

did not change IKK activity (Figure 3b). Moreover, since IKK

activation leads to IKK autophosphorylation, we performed

immunobloting with specific antibody for phosphorylated

IKK. Consistently, the result showing no effect of oregonin

in this action was observed (Figure 3c). To address the

mechanism of oregonin on NF-kB inhibition, we further

Figure 1 Oregonin inhibits LPS-induced NO production and iNOS expression in RAW264.7 macrophages and BV-2 microglia.
(a) RAW264.7 macrophages and BV-2 microglia were pretreated with oregonin at concentrations indicated for 30min followed
by the stimulation with LPS (1 mg ml�1 in RAW264.7 and 0.1mg ml�1 in BV-2) for 24 h. The stable NO product nitrite in the culture
medium and iNOS protein expression in cell lysates were measured. The numbers in parentheses express the percentages of iNOS
protein abundance measured by densitometry and calculated as compared to the LPS-induced response without oregonin treatment.
Actin protein abundance was considered internal control. (b) Cells transfected with iNOS-luciferase reporter gene and pCR3-LacZ
plasmid for internal control were treated with indicated concentrations of oregonin and LPS. After 24 h, cells were harvested and
luciferase assays were performed. Data represented the mean7s.e.m. of at least three independent experiments. *Po0.05,
significant inhibition of LPS response by oregonin.
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investigated whether oregonin could perturb nuclear translo-

cation and DNA-binding ability of NF-kB. For this purpose,

immunobloting of phosphorylated p65, nuclear p65 level and

gel mobility shift assay analyzing DNA binding of transcrip-

tion factor were performed. Data shown in Figure 3d–f

indicate that the LPS-mediated these three events were,

respectively, diminished by oregonin within 10–100 mM in a

concentration-dependent manner.

Oregonin attenuates LPS-mediated AP-1 and p38 MAPK
activation

Since AP-1 participates in the upregulation of iNOS gene

transcription, we determined the effect of oregonin in this

event. Reporter assay driven by AP-1 transactivation in

RAW264.7 macrophages revealed the ability of oregonin in

inhibition of AP-1 (Figure 4a). In additional experiments, we

tested the effects of oregonin on activation of PKC and

MAPKs, which are well-known upstream-signaling kinases for

the induction of AP-1 transcription. Determining kinase

phosphorylation by immunoblot as an index of enzyme

activity, we found that oregonin at concentrations up to

100 mM did not inhibit LPS-stimulated PKC (Figure 4b),

ERK (Figure 4c), and JNK (Figure 4d) phosphorylation

in RAW264.7 macrophages, but significantly inhibited p38

MAPK phosphorylation at 100 mM (Figure 4e). Similar

inhibition of p38 MAPK phosphorylation was observed in

BV-2 cells (Figure 4f).

Oregonin-induced HO-1 protein expression participates
in the reduction of iNOS gene expression

As HO-1 induction participates in the negative regulation of

iNOS expression, we attempted to determine whether oregonin

has such action. Figure 5a and c showed that in oregonin (10–

100 mM)-treated RAW264.7 and BV-2 cells, HO-1 protein was

dose-dependently induced. LPS also induced a moderate

increase of HO-1 protein level and this response was additive

to oregonin. Time course analysis in RAW264.7 cells revealed

that the onset for HO-1 induction by 30mM oregonin was

around 2 h and this response achieved maximum at 4 h

(Figure 5b). Along with the concentration-dependent increase

of HO-1, LPS-induced increase of iNOS protein level was

accordingly attenuated by oregonin.

In order to further clarify the contribution of HO-1 in

oregonin-mediated iNOS regulation, we tested the action of

hemin, which is a potent HO-1 inducer. Results in Figure 6a

showed a concentration-dependent effect of hemin (20–

100 mM) on inhibition of LPS-induced NO production.

Immunoblotting with HO-1 antibody also confirmed the

strong effect of hemin on HO-1 induction. Accordingly LPS-

induced iNOS protein level was reduced by hemin, which is in

parallel with the high expression of HO-1 in hemin plus LPS-

stimulated condition. Second, we used adenovirus-mediated

gene transfer method to overexpress HO-1 protein (Figure 6b).

Compared to empty vector, we found LPS-induced NO

production and iNOS protein expression were inhibited in

cells infected with HO-1 adenovirus (Figure 6b). iNOS

promoter assay further showed the MOI-dependent inhibition

(Figure 6b). All these results raise the possibility that HO-1

induction might participate in the action of oregonin for iNOS

reduction. Since HO-1 inhibitor ZnPPIX alone would inter-

rupt LPS-induced NO response independent of HO-1 inhibi-

tion (our unpublished data), this compound is not suitable for

use in the purpose of blocking HO-1 activity and evaluating

Figure 2 Oregonin inhibits NF-kB promoter activity. RAW264.7
(a) and BV-2 (b) cells transfected with NF-kB reporter gene and
pCR3-LacZ were pretreated with oregonin at the indicated
concentrations for 30min followed by LPS (1mgml�1 in RAW264.7
and 0.1mgml�1 in BV-2) for 24 h. Luciferase activity was deter-
mined, normalized with LacZ expression, and represented as
percentages of control response without LPS and oregonin
treatment. In (c) RAW264.7 macrophages were cotransfected with
NF-kB reporter gene, pCR3-LacZ and either MyD88, Rac, or
NIK-expression plasmid. After 24 h transfection, cells were treated
with oregonin for another 24 h. Net increase of reporter activity
induced by overexpressed protein in the absence of oregonin was
considered as 100%. Data represented the mean7s.e.m. of at
least three independent experiments. *Po0.05, significant inhibition
of LPS or overexpressed protein response by oregonin.
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the role of HO-1 activation in oregonin inhibition of iNOS

induction by LPS.

Effects of CO on LPS-induced iNOS, NF-kB and AP-1
activation

We examined the effect of CO on LPS-stimulated NO

production and iNOS protein increase by using the tricarbo-

nyldichororuthenium(II) dimer, [Ru(CO)3Cl2]2, a CO-releasing

compound (Motterlini et al., 2002), to serve as the CO donor.

As shown in Figure 7a, the LPS-induced nitrite production

after 24 h incubation was inhibited by [Ru(CO)3Cl2]2 in a

concentration-dependent manner. In addition, the accompa-

nied iNOS protein induction was inhibited in parallel. To

explore whether the suppressive action of [Ru(CO)3Cl2]2 on

iNOS protein is resulting from the reduced iNOS gene

transcription, we measured the effects of [Ru(CO)3Cl2]2 on

LPS-induced iNOS promoter activity and on essential

transcription factors of iNOS gene expression, NF-kB and

AP-1. We found that [Ru(CO)3Cl2]2 treatment at 100 mM

suppressed LPS-stimulated iNOS (Figure 7b), NF-kB

(Figure 7c) and AP-1 (Figure 7d) promoter activities by 58,

70, and 78%, respectively. In BV-2 cells, [Ru(CO)3Cl2]2 still

was able to reduce LPS-induced NO production, iNOS protein

level (Figure 7e) and iNOS promoter activity (Figure 7f).

Discussion

Although previous studies have shown that oregonin, a natural

diarylheptanoid compound isolated from A. formosana, acts as

an inhibitor of NO production in RAW264.7 macrophages,

the mechanism by which oregonin regulates iNOS expression is

still unknown. In this study, we explored the effect of oregonin in

the regulation of iNOS gene expression in RAW264.7

macrophages and BV-2 microglia. Here we not only confirm

the inhibitory effect of oregonin on NO production and iNOS

expression induced by LPS in two cell types, but also provide

data supporting its inhibition on transcriptional level via

NF-kB and AP-1 inhibition as well as HO-1 induction.

It is well known that LPS positively regulates NF-kB for

iNOS gene expression (Zhang et al., 2003). In unstimulated

cells, NF-kB exists in the cytosol in a quiescent form bound to

its inhibitory protein, IkB (Baeuerle & Baltimore, 1988). After

stimulating cells with various agents, IkB becomes phosphory-

lated and goes to subsequent proteolytic degradation. Releas-

ing IkB from NF-kB allows the nuclear accumulation and

activation of NF-kB subunits. To investigate the mechanism

underlying inhibition of NF-kB activity by oregonin in

RAW264.7, we individually transfected construct plasmids

encoding MyD88, Rac, and NIK. In consistent with notion

that these molecules sequentially transduce the signaling

pathways elicited by LPS for NF-kB activation (Sanlioglu

Figure 3 Effects of oregonin on LPS-induced IkBa degradation, IKK activation, p65 nuclear translocation, p65 phosphorylation,
and NF-kB activation in RAW264.7 cells. Cells were treated with LPS (1 mg ml�1) with or without oregonin for 30min. Protein
levels of IkBa (a), phosphorylated IKK (c) and phosphorylated p65 (d) was determined by immunoblot using specific antibodies.
The numbers in parentheses express the percentages of p65 measured by densitometry and calculated as compared to the LPS-
induced response without oregonin treatment. In some experiments in vitro IKK activity assay was determined in
immunoprecipitation complex of IKK using GST-IKKa as a substrate (b). In (e), nuclear fraction was prepared to determine
p65 protein level. In (f), NF-kB-DNA-binding assay was performed using nuclear extracts probing with specific oligonucleotide
containing conserved binding sequences for NF-kB. Specific antibody for p65 was included in the binding solution to indicate the
specific binding. Results are representative of three independent experiments.
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et al., 2001; Chang et al., 2002; Chen et al., 2002), we herein

detected a significant stimulation of NF-kB reporter activity.

Under these conditions, the inhibitory results of oregonin on

NF-kB activation suggest that the target of oregonin is located

downstream of NIK. Afterwards we began to dissect which

downstream event(s) for NF-kB activation is affected by

oregonin, that is, IKK activation, IkB degradation, p65

phosphorylation, p65 nuclear translocation, and DNA-bind-

ing ability of NF-kB. Our data ruled out the inhibition on

IKK activation and IkBa degradation induced by LPS.

However, we identified that p65 phosphorylation, activated

nuclear translocation of p65, and binding of free NF-kB

subunit to specific DNA element were inhibited. Although

currently we do not have sufficient evidence to explain

how oregonin inhibits p65 translocation, we suggest that

p38 MAPK inhibition might contribute to p65 phos-

phorylation and subsequent NF-kB activation. Previous

studies have proved the role of p38 MAPK in p65 phos-

phorylation, and thus increasing the transcriptional activity

of NF-kB (Vanden Berghe et al., 1998; Jefferies & O’Neill,

2000).

AP-1 transcription factor is also involved in the induction of

iNOS gene by LPS (Marks-Konczalik et al., 1998). In this

study, we reported that oregonin treatment also significantly

reduced AP-1 promoter activity. For AP-1 activation, signal-

ings through three types of MAPKs and PKC were implicated

in LPS-mediated AP-1 activation (Karin, 1995; Marks-

Konczalik et al., 1998). Our current data showed that oregonin

could inhibit p38 phosphorylation, but leave ERK, JNK, and

PKC unaffected.

HO-1 expression induced by stress provides protective

effect. The enzyme HO-1 has been shown to have potent

anti-inflammatory effects. Cellular defense against NO-

induced injury mediated by HO-1 has been demonstrated

(Mosley et al., 1998; Datta et al., 1999). Actually, LPS-

stimulated macrophages can protect themselves from triggered

overproduction of superoxide anion and NO by enhancing

HO-1 expression (Srisook & Cha, 2004). In addition, some

studies indicated that HO-1 induction is involved in the

inhibitory effects on LPS-induced NO production (Oh et al.,

2004; Lin et al., 2005). Here we have found the ability of

oregonin to induce HO-1 expression in RAW264.7 and BV-2

cells. Moreover, our current experiments using HO-1 inducer

hemin as well as adenovirus-mediated gene transfer further

proved that HO-1 overexpression in RAW264.7 cells stimu-

lated with LPS suppressed the induction of iNOS protein.

Based on present and previous results, we suggest that HO-1

induction contributes to the anti-inflammatory action of

oregonin in iNOS inhibition.

Given that CO may play a critical role in protective effect of

HO-1 (Otterbein et al., 2000; Fujita et al., 2001; Slebos et al.,

2003), we examined the effect of CO on iNOS-derived NO

Figure 4 Oregonin reduces LPS-induced AP-1 activation via p38 inhibition. (a) RAW264.7 cells were transfected with AP-1
reporter gene and pCR3-LacZ plasmid as internal control. After incubation overnight, cells were treated with indicated
concentrations of oregonin 30min prior to the stimulation with LPS for another 24 h. Luciferase activity assay was determined and
normalized by LacZ. Data represented the mean7s.e.m. of at least three independent experiments. *Po0.05, significant inhibition
of LPS response by oregonin. In some experiments, RAW264.7 (b–e) and BV-2 cells (f) were treated with oregonin and/or LPS as
indicated for 20min. Immunobloting was carried out to measure total and phosphorylated PKC (b), ERK (c), JNK (d), and p38
MAPK (e, f). Results are representative of three independent experiments.
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production in RAW264.7 and BV-2 cells, indicating that CO

suppressed NO production, iNOS protein, and iNOS promo-

ter activity. Moreover, our data demonstrated that CO is an

effective molecule to inhibit NF-kB and AP-1 activation upon

LPS stimulation, leading to downregulation of iNOS gene

expression and NO production. Supporting this data are

previous findings showing the inhibition of NF-kB (Lee

et al., 2003; Soares et al., 2004) and AP-1 (Morse et al., 2003)

by HO-1.

To address whether the guanylate cyclase/cGMP pathway

mediates effect of CO, we treated RAW264.7 cells with

dBcGMP, an analogue of cGMP, following LPS treatment.

We found that LPS-induced NO production was not

significantly altered (data not shown), suggesting that the

GC/cGMP-dependent signaling pathway was not involved in

the downregulation of NO production induced by oregonin.

Our findings were consistent with previous study (Otterbein

et al., 2000), however, other models studied indicated that

actions of CO were through GC/cGMP-dependent mechanism

(Duckers et al., 2001; Song et al., 2003).

Modulation of gene transcription is the principal mechanism

for HO-1 protein induction. Currently, numbers of pathways

have been implicated in transmitting the extracellular signals

to the nuclei for HO-1 gene expression. In general, HO-1 gene

expression can be induced through signaling pathways, such

as MAPKs (ERK, JNK, and p38 MAPK) (Immenschuh &

Ramadori, 2000; Zhang et al., 2002; Wu et al., 2004), and

cGMP/PKG (Polte et al., 2000; Eguchi et al., 2001; Chen et al.,

2005). Currently, we are attempting to elucidate the signaling

pathways involved in oregonin-mediated HO-1 protein induc-

tion, and clarify whether intracellular oxidative and nitrosative

stresses might regulate this event. The latter point is based on

the finding with LPS, which can through superoxide anion and

Figure 5 Oregonin induces HO-1 expression in RAW264.7 macro-
phages and BV-2 microglia. RAW264.7 (a, b) and BV-2 (c) cells
were treated with oregonin at concentrations indicated and/or LPS
(1 mg ml�1) for 24 h (a, c) or indicated periods (b). Cell lysates were
harvested to determine the protein level of HO-1 and iNOS. Actin
protein level was considered an internal control. Results are
representative of three independent experiments.

Figure 6 Increased HO-1 expression leads to the inhibition of
iNOS gene expression in RAW264.7 macrophages. (a) Cells were
treated with hemin at the concentrations indicated and LPS
(1 mg ml�1) for 24 h. (b) Cells infected with or without indicated
MOI of empty Adv or Adv-HO-1 for 24 h were stimulated by LPS
(0.1 mg ml�1) for 24 h. Protein abundance of iNOS, HO-1, and
b-actin, nitrite production, and promoter activity of iNOS were,
respectively, determined by immunoblotting, Griess reaction and
reporter assay, respectively. The numbers in parentheses in (b)
(upper panel) express the percentages of iNOS protein abundance
measured by densitometry and calculated as compared to the LPS-
induced response with empty Adv infection. *Po0.05, significant
inhibition of LPS response by hemin or Adv-HO-1.
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NO production to upregulate HO-1 in RAW264.7 macro-

phages (Srisook & Cha, 2004).

In conclusion, in this study we demonstrate that natural

product oregonin with antioxidant activity can inhibit LPS-

induced iNOS gene transcription and upregulate HO-1 expre-

ssion. Both actions are involved in the anti-inflammatory

action of oregonin. p38 MAPK inhibition and CO production

from HO-1 upregulation lead to the diminished NF-kB and

AP-1 transactivation, and account for the anti-inflammation

action.

This work was supported by the Grants (NSC92-2320-B-002-082;
NSC93-2320-B-002-020; CCMP94-RD-030).

Figure 7 CO donor inhibits LPS-induced iNOS expression, NF-kB, and AP-1 promoter activity. RAW264.7 (a–d) and BV-2
(e, f). Cells were pretreated with [Ru(CO)3Cl2]2 at the indicated concentrations for 30 min followed by the stimulation with LPS
(1 mgml�1 in RAW264.7 cells and 0.1mg ml�1 in BV-2 cells) for 24 h. Nitrite production, iNOS protein expression (a, e), iNOS
promoter activity (b), NF-kB reporter activity (c) and AP-1 reporter activity (d) were determined as previously described. Data
represented the mean7s.e.m. of at least three independent experiments. *Po0.05, significant inhibition of LPS response by
[Ru(CO)3Cl2]2.
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