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Anti-inflammatory effects of liquiritigenin as a
consequence of the inhibition of NF-jB-dependent
iNOS and proinflammatory cytokines production
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Background and purpose: Glycyrrhizae radix has been widely used as a cytoprotective, plant-derived medicine. We have
identified a flavanoid, liquiritigenin, as an active component in extracts of Glycyrrhizae radix. This research investigated the
effects of liquiritigenin on the induction of inducible NOS (iNOS) and proinflammatory cytokines by lipopolysaccharide (LPS)
in Raw264.7 cells, and on paw oedema in rats.
Experimental approach: iNOS expression was determined by western blotting, real-time reverse transcription-PCR and
reporter gene analyses. Tumour necrosis factor-a (TNF-a), interleukin (IL)-1b and IL-6 were assayed by ELISA. Gel shift assay
and immunoblotting were used to assess NF-kB activation. The effect of liquiritigenin on acute inflammation in vivo was
evaluated using carrageenan-induced paw oedema.
Key results: Treatment of Raw264.7 cells with liquiritigenin caused inhibition of LPS-induced NF-kB DNA binding activity, due
to repression of I-kBa phosphorylation and degradation. Liquiritigenin treatment prevented LPS from increasing the levels of
iNOS protein and mRNA in a concentration-dependent manner. Liquiritigenin also suppressed the production of TNF-a, IL-1b
and IL-6 from Raw264.7 cells after LPS. In rats, liquiritigenin treatment inhibited formation of paw oedema induced by
carrageenan.
Conclusion and implications: These results demonstrate that liquiritigenin exerts anti-inflammatory effects, which results
from the inhibition of NF-kB activation in macrophages, thereby decreasing production of iNOS and proinflammatory
cytokines. Our findings showing inhibition by liquiritigenin of paw oedema as well as inflammatory gene induction will help to
understand the pharmacology and mode of action of liquiritigenin, and of the anti-inflammatory use of Glycyrrhizae radix.
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Introduction

Glycyrrhizae radix (G. radix, licorice, liquorice) is frequently

used for life-enhancing properties and the treatment of

injury or swelling as well as for detoxification in traditional

Oriental medicine (Wang and Nixon, 2001). G. radix is also

widely used as a food supplement in many of the countries

in the world (Abebe, 2003). Extracts of G. radix attenuated

free radical-induced oxidative damage in the kidney

(Yokozawa et al., 2005) and modulated proliferation through

various intracellular signalling pathways, including mito-

gen-activated protein kinases (Dong et al., 2007). These

extracts of G. radix contain flavonoids and the pentacyclic

triterpene saponin as major constituents and include

liquiritigenin (7,40-dihydroxyflavanone; Figure 1), liquiritin,

isoliquiritigenin, liquiritin apioside, glycyrrhizin and

glycyrrhizic acid (Kamei et al., 2003). Studies from our

laboratories demonstrated that liquiritigenin exerts cyto-

protective effects against heavy metal-induced toxicity in

cultured hepatocytes (Kim et al., 2004), and also protects

against liver toxicity in rats (Kim et al., 2006). Moreover,

studies have shown that liquiritigenin is a selective agonist

at the oestrogen receptor-b (ERb) (Mersereau et al., 2008)
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and that targeting this receptor may be associated with

anti-inflammatory effects (Dietrich et al., 2006; Leventhal

et al., 2006).

Lipopolysaccharide (LPS) is a prototypical endotoxin

derived from Gram-negative bacterial membrane and is the

initial stimulus leading to induce septic shock syndrome

(Corriveau and Danner, 1993). LPS can directly activate

macrophages, endothelial cells and the complement-trigger-

ing production of inflammatory mediators, such as nitric

oxide (NO), tumour necrosis factor-a (TNF-a), interleukins

(ILs) and leukotrienes (Watson et al., 1999; Kubes and

McCafferty, 2000). In particular, a large amount of NO is

produced from L-arginine by inducible NOS (iNOS), thereby

causing detrimental effects (MacMicking et al., 1997; Kleinert

et al., 2003). Although physiological NO production has

beneficial microbicidal, anti-parasite and anti-tumour

effects, excessive NO produced by iNOS is a mediator of

inflammatory diseases and causes cell injury by generating

reactive radicals, such as peroxynitrite (MacMicking et al.,

1997; Bogdan, 2001). TNF-a is another major mediator in

inflammatory responses, inducing innate immune responses

by activating T cells and macrophages, and stimulating

secretion of other inflammatory cytokines (Beutler and

Cerami, 1989). In LPS-inducible tissue injury and shock,

TNF-a is therefore thought to be a principal mediator (Lee

et al., 2003). IL-1b is another inflammatory cytokine, which

is found in the circulation following Gram-negative sepsis,

and a mediator of the host inflammatory response in innate

immunity (Roshak et al., 1996). IL-6 is also an inflammatory

cytokine mainly synthesized by macrophages, and plays a

role in the acute phase response (Yoshimura, 2006). In view

of the importance of iNOS and the proinflammatory

cytokines as plausible targets for the treatment of inflam-

matory disorders, we were interested in the effects of

liquiritigenin on LPS-dependent iNOS, TNF-a, IL-1b and

IL-6 induction in macrophages.

Nuclear factor-kappa B (NF-kB) serves as the transcription

factor that participates in the transactivation of various

genes involved in the regulation of immune and inflamma-

tory responses, cellular proliferation, cell adhesion, tumor-

igenesis and survival (Ghosh and Ksarin, 2002; Bonizzi and

Karin, 2004; Hayden and Ghosh, 2004). NF-kB activation

mediates transactivation of iNOS and many proinflamma-

tory genes, including TNF-a, IL-1, IL-6 and IL-8 (Chen et al.,

1995; Roshak et al., 1996; Liu et al., 2000; Bose et al., 2003;

Yoshimura, 2006). Moreover, TNF-a and IL-1b directly acti-

vate NF-kB to magnify and increase the initial inflammatory

responses (Jimi and Ghosh, 2005). It is well recognized that

many anti-inflammatory drugs have inhibitory effects on

cytokines by inhibiting NF-kB activation (Mukaida et al.,

1994). Nevertheless, current anti-inflammatory therapies remain

to be further advanced in terms of identifying new entities.

In view of the proposed effect of liquiritigenin as an ERb
agonist and its possible relation with anti-inflammation, in

this study, we investigated the effects of liquiritigenin as a

novel class of anti-inflammatory drug on the NF-kB-depen-

dent induction of iNOS and proinflammatory cytokines in

macrophages treated with LPS. Furthermore, this study

identifies liquiritigenin as a component with the ability to

inhibit paw oedema formation in an animal model of acute

phase inflammation. In terms of wide applications of licorice

and its therapeutic potential, the findings presented here

demonstrate the important pharmacology of liquiritigenin,

one of major active components in extracts of G. radix, and

offer the possibility of its therapeutic application for

inflammatory diseases.

Materials and methods

Cell culture

Raw264.7 cell, a murine macrophage cell line, was obtained

from American Type Culture Collection (Rockville, MD,

USA). The cells were maintained in Dulbecco’s modified

Eagle’s medium containing 10% fetal bovine serum,

50 U ml�1 penicillin and 50 mg ml�1 streptomycin at 37 1C

in a humidified atmosphere with 5% CO2. For all experi-

ments, the cells were grown to 80–90% confluency, and were

subjected to no more than 20 cell passages. Raw264.7 cells

were incubated with 1 mg ml�1 LPS (Escherichia coli 026:B6;

Sigma, St Louis, MO, USA) to activate NF-kB, and to

stimulate the induction of target genes. The cells were

incubated in medium without 10% fetal bovine serum for

12 h and then exposed to LPS or LPSþ liquiritigenin for the

indicated time periods (1–18 h). Liquiritigenin was dissolved

in dimethylsulphoxide and added to the incubation medium

1 h before the addition of LPS.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

cell viability assay

The cells were plated at a density of 5�104 cells per well in a

96-well plate to determine any potential cytotoxicity. Cells

were serum-starved for 12 h, and then treated with liquiriti-

genin for the next 24 h. After incubation of the cells, viable

cells were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (0.5 mg ml�1, 4 h). The media were

then removed, and produced formazan crystals in the wells

were dissolved by addition of 200ml dimethylsulphoxide.

Absorbance was measured at 540nm using a Titertek Multiskan

Automatic ELISA microplate reader (Model MCC/340,

Huntsville, AL, USA). Cell viability was defined relative to

untreated control cells (that is viability (% control)¼
100� (absorbance of treated sample)/(absorbance of control)).

Assay of nitrite production

Nitric oxide production was monitored by measuring the

nitrite content in culture medium. This was performed by

O
HO

O

OH

Figure 1 The chemical structure of liquiritigenin (7,40-dihydroxy-
flavanone).
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mixing the samples with Griess reagent (1% sulphanilamide,

0.1% N-1-naphthylenediamine dihydrochloride and 2.5%

phosphoric acid). Absorbance was measured at 540 nm after

incubation for 10 min.

Immunoblot analysis

Cells were lysed in the buffer containing 20 mM Tris-HCl (pH

7.5), 1% Triton X-100, 137 mM sodium chloride, 10%

glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, 25 mM

b-glycerophosphate, 2 mM sodium pyrophosphate, 1 mM

phenylmethylsulphonylfluoride and 1mg ml�1 leupeptin.

Cell lysates were centrifuged at 10 000� g for 10 min to

remove debris. iNOS expression was immunochemically

monitored in the lysate fraction. Polyclonal anti-inhibitory

kB (I-kB)a antibody was used to assess the level of I-kBa. The

secondary antibody was horseradish peroxidase-conjugated

anti-rabbit antibody. Proteins of interest were visualized

using 5-bromo-4-chloro-3-indolylphosphate and 4-nitroblue

tetrazolium chloride, or ECL chemiluminescence detection

kit. Equal loading of proteins was verified by actin immuno-

blottings. At least three separate experiments were per-

formed to confirm changes.

Real-time RT-PCR analysis

Total RNA was isolated from cells using an RNeasy mini kit

(Qiagen, Valencia, CA, USA) or Trizol reagent (Invitrogen,

Carlsbad, CA, USA). RNA (2 mg each) was reverse-transcribed

using an oligo-dT16 primers to obtain cDNA. Real-time PCR

was carried out according to the manufacturer’s instruction

(Light-Cycler 2.0, Roche, Mannheim, Germany). The Cp

value of iNOS (sense: 50-CCTCCTCCACCCTACCAAGT-30,

antisense: 50-CACCCAAAGTGCTTCAGTCA-30, 199 bp) was

normalized based on that of glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH; sense: 50-AACGACCCCTTCATTGAC-30,

antisense: 50-50-TCCACGACATACTCAGCAC-30, 173 bp)

using Lightcycler software 4.0 (Roche). A melting curve

analysis was carried out after amplification to verify the

accuracy of the amplicon.

Stable transfection of iNOS-promoter-luciferase and luciferase assay

Firefly luciferase construct, pGL-miNOS-1588, containing

murine iNOS promoter from –1588 to þ165 bp was con-

structed as described previously (Cho et al., 2005). Briefly,

Neomycin-resistant gene of pCMV-Tag 3A (from bla promo-

ter to CMV polyA region) (Stratagene, La Jolla, CA, USA) was

amplified by PCR using BamHI and SalI overhang-specific

primers and then ligated into BamHI/SalI sites of the pGL-

miNOS-1588. The cells were transfected by the addition of

minimum essential medium containing pGL(neo)-miNOS-

1588 plasmid and Lipofectamine 2000, and then incubated

at 37 1C in a humidified atmosphere of 5% CO2 for 6 h. After

addition of Dulbecco’s modified Eagle’s medium with 10%

fetal bovine serum, the cells were further incubated for 48 h,

and geneticin was added to select the resistant colonies.

Stable transfection was verified by luciferase assay system

(Promega Co., Madison, WI, USA). For luciferase assay, cells

(7�105 cells per well) were replated in six-well plates

overnight, serum-starved for 12 h and then exposed to

1 mg ml�1 LPS in the presence or absence of liquiritigenin

for 18 h. After discarding medium, passive lysis buffer

(Promega Co.) was directly added to the cells. Firefly

luciferase activities in lysates were measured using a

luminometer (Thermo Labsystems, Helsinki, Finland). The

relative luciferase activity was calculated by normalizing

iNOS promoter luciferase activity to that of protein content.

Preparation of nuclear extracts

Nuclear extracts were prepared essentially according to

Schreiber et al. (1990). Briefly, cells were allowed to swell

by adding 100 ml of lysis buffer (10 mM HEPES (pH 7.9),

10 mM KCl, 0.1 mM EDTA, 0.5% Nonidet-P40, 1 mM dithio-

threitol and 0.5 mM phenylmethylsulphonylfluoride). After

centrifugation of the samples, the pellets containing crude

nuclei were resuspended in 50 ml of the extraction buffer

containing 20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM

EDTA, 1 mM dithiothreitol and 1 mM phenylmethylsulpho-

nylfluoride, and incubated for 30 min on ice. The samples

were centrifuged at 15 800 g for 10 min to obtain the

supernatant containing nuclear extracts.

Gel retardation assay

A double-stranded DNA probe for the consensus sequence of

NF-kB (50-AGTTGAGGGGACTTTCCCAGGC-30) was used

for gel shift analysis after end labelling of the probe with

[g-32P]ATP and T4 polynucleotide kinase. The reaction

mixtures contained 2 ml of 5� binding buffer containing

20% glycerol, 5 mM MgCl2, 250 mM NaCl, 2.5 mM EDTA,

2.5 mM dithiothreitol, 0.25 mg ml�1 poly(dI-dC) and 50 mM

Tris-HCl (pH 7.5), 2mg of nuclear extracts and sterile water in

a total volume of 10 ml. Reactions were initiated by the

addition of 1 ml probe (106 c.p.m.) following 10 min pre-

incubation and continued for 20 min at room temperature.

The specificity of protein binding to the DNA was confirmed

by competition and supershift analyses. For competition

assays, a 20-fold molar excess of unlabelled oligonucleotides

was added to each reaction mixture before the addition of

radiolabelled probe. The specificity of NF-kB binding to the

DNA consensus sequence was confirmed by using specific

antibodies directed against p65 or p50 (2 mg each). Samples

were loaded onto 4% polyacrylamide gels at 140 V. The gels

were removed, fixed and dried, followed by autoradiography.

Enzyme-linked immunosorbent assay

Raw264.7 cells were preincubated with liquiritigenin for 1 h

and continuously incubated with LPS for 6 h (TNF-a) or for

18 h (IL-1b and IL-6). TNF-a, IL-1b and IL-6 contents in the

culture medium were measured by ELISA using anti-mouse

TNF-a, IL-1b or IL-6 antibodies and biotinylated secondary

antibody according to the manufacturer’s instruction

(Endogen, Woburn, MA, USA).

Carrageenan-induced paw oedema

All animal procedures were in accordance with the institu-

tional guidelines for care and use of laboratory animals.
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Sprague–Dawley rats at 6 weeks of age (male, 140–160 g) were

provided from Samtako Co (Osan, Korea), acclimatized for 1

week and maintained in a clean room at the Animal Center

for Pharmaceutical Research, College of Pharmacy, Seoul

National University. Animals were maintained with a supply

of filtered pathogen-free air, commercial rat chow (Purina,

Korea) and water ad libitum at a temperature between 20 and

23 1C with 12 h light and dark cycles and relative humidity of

50%. Rats (N¼ 24) were randomly divided into four groups,

and thus each group consisted of six animals. Liquiritigenin,

dissolved in 40% polyethylene glycol, was orally adminis-

tered to rats at the dose of 50 mg kg�1 day�1 for 3 consecutive

days. Dexamethasone, an anti-inflammatory drug, was used

as a positive control (Katz et al., 1984). In another group of

animals, rats were intravenously treated with liquiritigenin

(15 mg kg�1 day�1) for 2 days. To induce acute phase

inflammation in paw, rats were injected subcutaneously into

the right hind paw with a 1% solution of carageenan

dissolved in saline (0.1 ml per animal) 30 min after vehicle

or liquiritigenin treatment. The paw volumes were measured

up to 4 h after the injection at intervals of 1 h. The hind paw

volume was determined volumetrically by measuring with a

plethysmometer (Letica, Rochester, MI, USA).

Scanning densitometry

Scanning densitometry of the immunoblots was performed

with an Image Scan & Analysis System (Alpha-Innotech, San

Leandro, CA, USA). The area of each lane was integrated

using the software AlphaEase version 5.5 (Alpha-Innotech)

followed by background subtraction.

Statistical analysis

One-way ANOVA was used to assess statistical significance of

differences among treatment groups. For each statistically

significant effect of treatment, the Newman–Keuls test was

used for comparisons between multiple group means. The

data were expressed as means±95% confidence intervals. All

statistical tests were two-sided.

Materials

Liquiritigenin was prepared by acid hydrolysis of liquiritin

isolated from the methanolic extract of G. radix. (Wolsung,

Daegu, Korea) using successive silica gel column chromatography,

as described previously (Kim et al., 2006). Conversion of

liquiritin to liquiritigenin was verified by high-performance

liquid chromatography analysis using authentic liquiritigen-

in purchased from Chromadex (St Santa Ana, CA, USA). The

chemical structure was confirmed by nuclear magnetic

resonance (NMR) analysis (Figure 1). Horseradish perox-

idase-conjugated goat anti-rabbit, anti-mouse and anti-goat

IgGs were purchased from KPL (Gaithersburg, MD, USA).

Anti-I-kBa antibody was supplied from Santa Cruz Biotech-

nology (Santa Cruz, CA, USA). Anti-murine iNOS antiserum

was purchased from Transduction Laboratories (Lexington,

KY, USA). [g-32P]ATP (3000 mCi mmol�1) was obtained from

Amersham (Arlington Heights, IL, USA). NF-kB consensus

oligonucleotide was supplied from Promega Co. Polyethy-

lene glycol no. 400 solution was obtained from Yakury Pure

Chemical Co (Kyoto, Japan). Carrageenan, dexamethasone

and other reagents were purchased from Sigma Chemical Co

(St Louis, MO, USA).

Results

Inhibition by liquiritigenin of LPS induction of iNOS

First, we examined any possible toxicity of liquiritigenin in

Raw 264.7 cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide assay indicated that cell viability

was not affected by liquiritigenin treatment at least up to

100 mM (data not shown). In the subsequent experiments,

lower concentrations of liquiritigenin (3–30 mM) were chosen

to determine their effects on NO production in Raw264.7

cells. LPS treatment (1mg ml�1 for 18 h) increased NO

production by 14-fold, as compared to control, which was

significantly inhibited by concomitant liquiritigenin treat-

ment in a concentration-dependent manner (Figure 2a). We

then examined the expression of iNOS protein by western

blotting. LPS treatment significantly induced iNOS, whereas

concurrent liquiritigenin treatment (3–30 mM) inhibited the

induction of iNOS. In particular, liquiritigenin treatment at

30 mM almost completely prevented iNOS induction by LPS

(Figure 2b).

Real-time reverse transcription-PCR (RT-PCR) analysis

using SYBR Green I confirmed the repression of increased

iNOS mRNA by liquiritigenin treatment compared to control

(Figure 2c), implying that liquiritigenin effectively down-

regulates iNOS gene induction. To assess whether the

repression of iNOS induction by liquiritigenin was due to

transcriptional inhibition, luciferase reporter assays were

performed in cells stably transfected with the iNOS gene

promoter, pGL-miNOS-1588, which contains murine iNOS

promoter from –1588 to þ165 bp. Consistent with the

results of immunoblotting and RT-PCR analyses, luciferase

induction by LPS from pGL-miNOS-1588 was significantly

decreased by liquiritigenin treatment (Figure 2d). These data

confirmed that liquiritigenin treatment inhibits iNOS gene

transactivation.

Inhibition of LPS-inducible TNF-a, IL-1b and IL-6 productions by

liquiritigenin

Next, we analysed the effects of liquiritigenin on proin-

flammatory cytokines, including TNF-a, IL-1b and IL-6.

Production of the cytokines was measured by using ELISA

assays in the media of Raw264.7 cells treated with LPS

(1mg ml�1) alone or in combination with liquiritigenin.

Treatment of the cells with LPS substantially increased the

production of the cytokines at the indicated time periods

(6 h for TNF-a; 18 h for IL-1b or IL-6) (Figures 3a–c).

Liquiritigenin treatment dose-dependently inhibited pro-

duction of the cytokines, indicating that liquiritigenin

suppressed the expression of these genes involved in the

inflammatory process.

Effect of liquiritigenin on LPS-inducible NF-kB activation

NF-kB is activated in cells challenged with LPS or other infla-

mmatory stimuli, and thus involved in the transcriptional
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activation of proinflammatory genes (Baldwin, 1996; Ghosh

and Ksarin, 2002; Bonizzi and Karin, 2004; Hayden and

Ghosh, 2004). Gel shift analysis was conducted to determine

whether liquiritigenin changed NF-kB DNA binding activity.

Previous studies have shown that NF-kB was activated at

30 min to 1 h after LPS treatment (Kim et al., 2000). LPS

(1mg ml�1, 1 h) increased the binding activity of NF-kB to its

consensus DNA sequence. Treatment of macrophages with

liquiritigenin for 1 h before the addition of LPS significantly

(o50%) inhibited the increase in the band intensity of NF-kB

binding in a dose-dependent manner (Figure 4a, left).

Addition of anti-p65 antibody to the reaction mixture

obtained from LPS-treated cells caused supershift of the NF-

kB DNA binding (Figure 4a, right). Competition experiments

using an excess of NF-kB oligonucleotide also confirmed the

specificity of protein binding to the NF-kB binding site.

Translocation of NF-kB to the nucleus is preceded by

proteolytic degradation of I-kBa subunit. To assess whether

liquiritigenin could affect I-kBa in macrophage cells, the

level of I-kBa was immunochemically assessed in Raw264.7

cells incubated with or without liquiritigenin (Figure 4b). We

chose the concentration of 30 mM for this assay because

liquiritigenin effectively inhibited NF-kB activation at the

concentration. LPS exposure decreased I-kBa protein level at

15 min, and increased the phosphorylation of I-kBa at 15–

60 min after treatment. The effect of LPS is transient in

inducing I-kBa degradation because newly synthesized I-kBa
accumulates in the cells within 1 h (Cruz et al., 2001).

Liquiritigenin treatment allowed cells to recover the level of

I-kBa protein (Figure 4b). Phosphorylation of I-kBa precedes

degradation of I-kBa. We found that liquiritigenin inhibited

LPS-inducible I-kBa phosphorylation. Thus, liquiritigenin

prevents NF-kB DNA binding by inhibiting I-kBa phosphory-

lation and degradation.

Inhibitory effect of liquiritigenin on carrageenan-induced oedema

in rats

Because liquiritigenin effectively inhibited iNOS and proin-

flammatory toxic cytokine inductions in macrophages,

studies were extended to determine whether liquiritigenin

affected acute phase inflammation in an animal model. In
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induction by LPS. (a) NO production. Raw264.7 cells were treated
with 3, 10 or 30mM liquiritigenin for 1 h, and continuously incubated
with LPS (1mg ml�1) for the next 18 h. NO concentration in culture
media was monitored, as described in the Materials and methods
section. (b) Immunoblotting for iNOS. iNOS protein levels were
monitored 12 h after treatment with LPS (1mg ml�1) alone or in
combination with liquiritigenin (3, 10 and 30mM). The relative iNOS
levels were measured by scanning densitometry. (c) Real-time RT-
PCR analyses. The cells were treated with liquiritigenin, and then
exposed to LPS for 6 h. Total RNA was isolated from the cells and the
iNOS mRNA expression was determined by real-time RT-PCR. The Cp

value of iNOS was normalized based on that of GAPDH. (d) iNOS
reporter gene assays. The cells were stably transfected with pGL-
miNOS-1588, which contains murine iNOS promoter from �1588 to
þ165 bp, and treated with LPS or LPSþ liquiritigenin, as described
in (a). Data represent the mean±s.d. from four or five separate
experiments. **Po0.01, significant compared with vehicle-treated
control; #Po0.05, ##Po0.01, significant compared with LPS alone.
RT-PCR, reverse transcription-PCR.
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this study, we used carrageenan-induced paw oedema

because this model is widely employed for screening the

effects of anti-inflammatory drugs (Handy and Moore,

1998). We found that paw oedema was present as early as

1 h after carrageenan injection and that oedema was

maximal by 2 h and persisted for at least 4 h after treatment

(Figure 5). Treatment of rats with liquiritigenin at an oral

dose of 50 mg kg�1 day�1 for 3 days or at an intravenous dose

of 15 mg kg�1 day�1 for 2 days significantly reduced paw

swelling. We also confirmed that dexamethasone treatment

(1 mg kg�1 day�1, p.o., for 3 days), a positive control, also

effectively decreased oedema formation. These results sug-

gest that repression of iNOS induction and of the production

of proinflammatory cytokines by liquiritigenin may repre-

sent important mechanisms involved in the inhibition of

paw oedema formation by carrageenan.

Discussion

Inflammation is a host response to harmful stimuli and is

characterized by the classic signs such as redness, swelling,

heat and pain. The pathology of inflammation is initiated by

complex processes triggered by microbial pathogens such as

LPS, which is a prototypical endotoxin (Corriveau and

Danner, 1993). LPS can directly activate macrophages, which

trigger the production of inflammatory mediators, such as

NO, TNF-a, ILs and leukotrienes (Watson et al., 1999; Kubes

and McCafferty, 2000). Thus, pharmacological reduction of

LPS-inducible inflammatory mediators (for example NO,

TNF-a and ILs) is regarded as one of the essential conditions

to alleviate a variety of disorders caused by activation of

macrophages.

Among the components contained in G. radix, glycyr-

rhizin is the most abundant constituent (4–13%) in the dried

roots. However, extracts of G. radix contain high levels of

flavonoids, including liquiritin, liquiritin apioside, isoliquir-

itin, isoliquiritin apioside and their aglycones, such as

liquiritigenin and isoliquiritigenin (Kamei et al., 2003).

Previous studies from our laboratories demonstrated that

liquiritigenin, but not glycyrrhizin, liquiritin or isoliquiriti-

genin, was active in protecting against heavy metal-induced

cytotoxicity in vitro (Kim et al., 2004). Liquiritigenin

effectively blocked the potentiated cytotoxicity induced by

cadmium during sulphhydryl deficiency. In a later study, we

examined the protective effect of liquiritigenin in vivo using

a model of hepatotoxicity induced by paracetamol (acet-

aminophen). Liquiritigenin protected the liver from acute

injuries induced by paracetamol, as shown by decreased

hepatic necrosis and inflammation, as well as plasma alanine

aminotransferase activities (Kim et al., 2006). In the present

study, we also showed anti-inflammatory effects of liquir-

itigenin on LPS-inducible iNOS and proinflammatory cyto-

kine production in macrophages.

Although iNOS plays a pivotal role in immunity against

infectious agents by producing an excess amount of NO, this

enzyme has come into the spotlight for its detrimental roles

in inflammation-related diseases. In fact, macrophages

derived from iNOS knockout mice are protected from LPS/

interferon-g-induced inflammation (Coffey et al., 2004).

Therefore, we investigated in this study whether liquiriti-

genin decreased the level of LPS-induced NO production and

iNOS expression. Immunoblot and real-time RT-PCR ana-

lyses revealed that liquiritigenin effectively blocked the

induction both of iNOS protein and of its mRNA. In order

to confirm whether liquiritigenin affects the process of iNOS

gene transcription, we performed reporter gene assay, by

which we found that liquiritigenin potently inhibited

LPS-inducible iNOS luciferase activity in stably transfected

Raw264.7 cells. These results demonstrate that liquiritigenin
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inhibits iNOS induction by LPS at the transcriptional level.

The iNOS gene promoter includes the binding sites for

transcription factors, such as NF-kB, AP-1, C/EBP and CREB

(Lin et al., 1996). In particular, NF-kB is an essential

transcription factor necessary for iNOS gene transcription.

The proinflammatory cytokines such as TNF-a, IL-1 and

IL-6 are small secreted proteins, which mediate and regulate

immunity and inflammation. Bacterial LPS acts on macro-

phages to release TNF-a, and the secreted TNF or LPS then

induces the cells to release IL-1b, IL-6 and IL-8 (West et al.,

1995; Jean-Baptiste, 2007). The induction of these cytokines

is also dependent on NF-kB activation (Chen et al., 1995;

Roshak et al., 1996; Liu et al., 2000; Yoshimura, 2006). Here,

we evaluated the inhibitory effects of liquiritigenin on LPS-

stimulated macrophages. Our results indicated that liquir-

itigenin significantly inhibited LPS-induced TNF-a, IL-1b and

IL-6 secretions. We found that the suppressive effects of

liquiritigenin on IL-1b or IL-6 production were greater than

its effect on TNF-a, which supports the possibility that

liquiritigenin has a greater inhibitory effects on the produc-

tion of secondary cytokines.

NF-kB forms a homo- or heterodimer complex, and NF-kB

heterodimers of p65 and p50 subunits can be activated by

exposure of cells to LPS or inflammatory cytokines. In the

nucleus, NF-kB dimers bind to target DNA elements and

activate transcription of the genes encoding for proteins

involved in immune or inflammatory reactions. The present

study demonstrates that liquiritigenin effectively prevented

LPS-inducible p65/NF-kB DNA binding (that is, NF-kB

activation). NF-kB is regulated by its interaction with an

inhibitor protein called I-kBa. NF-kB is activated by degrada-

tion of IkBa following IkBa phosphorylation, and then the

activated p65 and p50 protein complex translocates into the

nucleus. Our results showing that LPS caused the phosphory-

lation of I-kBa and consequent degradation of this protein,

whereas liquiritigenin pretreatment prevented this process,

indicated that liquiritigenin inhibited NF-kB activation

due to its inhibition of IkBa phosphorylation. It is well

recognized that activation of IkBa kinase (IKK) complex

phosphorylates IkBa, and the IKK complex may be activated

by various upstream kinases, which include protein kinase C

and tyrosine kinase family members (Huang et al., 2003;

Trushin et al., 2003). Therefore, it remains to be established

whether liquiritigenin acts on these upstream kinases and, if

so, what is the true pharmacological target of liquiritigenin.

In addition, we observed that liquiritigenin also significantly
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decreased AP-1 DNA binding induced by LPS (data not

shown). The exact mechanistic basis of AP-1 inhibition as

well as NF-kB inhibition by liquiritigenin needs to be

clarified in the future. Liquiritigenin is a selective agonist

for ERb, which recruits the steroid receptor coactivator-2 to

target genes (Mersereau et al., 2008). Hence, our results

showing that liquiritigenin inhibited the activation of NF-kB

and AP-1 as well as the production of pro-inflammatory

cytokines may have resulted from its activation of EFb. This

possibility is partly supported by the observation that

another ERb agonist (ERB-041) exerted anti-inflammatory

and anti-hyperalgesic characteristics (Dietrich et al., 2006;

Cvoro et al., 2008).

Carrageenan-induced paw oedema is a well-established

model of oedema formation and hyperalgesia, which is

commonly used for the screening of anti-inflammatory

drugs. The intraplantar injection of carrageenan induces

inflammatory responses, including increases in paw volume

(oedema), neutrophil infiltration and development of

hyperalgesia (Handy and Moore, 1998). Recent studies have

shown that carrageenan induces peripheral release of NO as

well as that of prostaglandin E2 (Omote et al., 2001). NO

plays a major role in oedema formation and development of

hyperalgesia in inflammatory responses and tissue injury. In

addition, it has been reported that carrageenan induces the

release of TNF-a, which subsequently promotes IL-1 and IL-6

production in the tissue (Cunha et al., 1992). Our carragee-

nan-induced rat paw oedema model enabled us to demon-

strate the ability of liquiritigenin to inhibit oedema induced

by acute inflammation. These results in conjunction with

the marked inhibition of LPS-induced NO and TNF-a
productions by liquiritigenin in macrophages imply that

the anti-oedema effects of liquiritigenin might result from its

inhibition of NO and TNF-a syntheses in the peripheral

tissues.

The results of this study indicate that oral administration

of liquiritigenin resulted in an efficacy comparable to that

caused by its intravenous administration in the paw oedema

induction model. Kamei et al. (2005) showed that liquir-

itigenin was detected in the plasma 15 min after the oral

administration of 30 mg kg�1 liquiritigenin and remained

elevated for 6 h in guinea pigs. However, another study

showed that liquiritigenin was not observed in the plasma of

rats over 150 min after intravenous administration and this

flavanoid has been found to form five kinds of conjugates,

including glucuronide and sulphate conjugates (Shimamura

et al., 1993). Extensive metabolic and pharmacokinetic

studies on liquiritigenin are now in progress in our

laboratories.

In summary, our results demonstrate that liquiritigenin

exerts anti-inflammatory effects, which results from the

inhibition of NF-kB activation in macrophages, thereby

inhibiting the production of iNOS and proinflammatory

cytokines. More importantly, liquiritigenin was found to

have an anti-oedema effect in the carrageenan-induced paw

oedema model in rats, one of the well-established acute

inflammatory models in vivo. Our findings showing inhibi-

tion by liquiritigenin of paw oedema as well as inflammatory

gene induction may help to understand the pharmacology

and mechanism of action of liquiritigenin and the anti-

inflammatory use of G. radix. In terms of therapeutic

potential, the findings presented here demonstrate the

existence of a new class of anti-inflammatory compound,

which may function as a selective ERb agonist, and offer the

possibility of treatment for inflammatory disease.
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