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Summary

5,7-Dihydroxy-3′,4′,6′-trimethoxyflavone (eupatilin), the active pharmaco-

logical ingredient from Artemisia asiatica Nakai (Asteraceae), is reported

to have a variety of anti-inflammatory properties in intestinal epithelial

cells. However, little information is known about the molecular mechanism

of eupatilin-induced attenuation of bronchial epithelial inflammation. This

study investigates the role of eupatilin in the adhesion of inflammatory

cells such as monocytes and eosinophils to bronchial epithelial cells. Stim-

ulation of a human bronchial epithelial cell line (BEAS-2B) with tumour

necrosis factor-a (TNF-a) increased the expression of surface adhesion

molecules, including intercellular adhesion molecule 1 (ICAM-1) and vas-

cular cell adhesion molecule 1 (VCAM-1), in which eupatilin significantly

inhibited the expression of those adhesion molecules in a dose-dependent

manner. Eupatilin suppressed the TNF-a-induced activation of IjBa and

nuclear factor-jB (NF-jB) signals in BEAS-2B cells. The IjB kinase (IKK)

activation was also significantly reduced in eupatilin-pre-treated BEAS-2B

and primary normal human bronchial epithelial (NHBE) cells. However,

eupatilin did not influence AP-1 activity in TNF-a-stimulated cells.

Suppression of NF-jB signalling induced by eupatilin resulted in the inhi-

bition of the expression of adhesion molecules and the adhesion of mono-

cytes and eosinophils to BEAS-2B cells. Furthermore, eupatilin suppressed

the phosphorylation of Akt in TNF-a-stimulated BEAS-2B and NHBE cells,

leading to down-regulation of NF-jB activation and adhesion molecule

expression and finally to suppression of the inflammatory cell adhesion to

epithelial cells. These results suggest that eupatilin can inhibit the adhesion

of inflammatory cells to bronchial epithelial cells via a signalling pathway,

including activation of Akt and NF-jB, as well as expression of adhesion

molecules.

Keywords: adhesion; eupatilin; intercellular adhesion molecule -1; nuclear

factor-jB; vascular cell adhesion molecule 1.

Introduction

Asthma is a complex inflammatory disease involving the

critical action of adhesion of inflammatory cells to airway

epithelial cells. Therefore, the up-regulation of adhesion

molecules on the surfaces of respiratory epithelial cells is

an important cause in the development of asthma.1 The

infiltration of inflammatory cells is known to be associ-

ated with chemokines in affected tissues. The infiltrating

process of inflammatory cells is also largely the result of

enhanced adhesion of leucocytes to epithelial cells via

the expression of adhesion molecules.1 Surface adhesion
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molecules known to be involved in the process are inter-

cellular adhesion molecule 1 (ICAM-1) and vascular cell

adhesion molecule 1 (VCAM-1).2 It is possible that sup-

pression of adhesion between respiratory epithelial cells

and inflammatory cells could lead to attenuation of asth-

matic symptoms.

Tumour necrosis factor-a (TNF-a) is a pleiotropic cyto-
kine found in airways with strong pro-inflammatory and

immunomodulatory properties.3 As TNF-a is increased in

the blood of patients with severe asthma and can induce

surface expression of ICAM-1 and VCAM-1 on epithelial

cells,4,5 TNF-a is thought to play an important role in the

pathogenesis of asthma. Therefore, strategies for develop-

ing therapies for asthma tend to be focused on suppress-

ing TNF-a-induced biological responses.6

It is now recognized that respiratory epithelial cells play

a central role in the regulation of airway inflammatory

status, structure and function in normal and diseased

airways.1 Nuclear factor-jB (NF-jB) is an important tran-

scriptional factor that regulates inflammatory processes. It

is present in the cytoplasm in its resting stage as a hetero-

trimer complex consisting of two subunits [i.e. RelA (p65),

c-Rel, Rel B, NF-jB1 (p50), and NF-jB2 (p52)] and an

additional inhibitory subunit, IjB (e.g. IjBa and IjBb pre-

dominantly are associated with p65/p50 and p50/c-Rel

heterodimers, IjBe preferentially associates with p65 and

c-Rel homodimers, and Bcl-3 associates with nuclear p50

and p52 homodimers).7,8 During the activation process,

activated IjB kinase (IKK) induces IjB phosphorylation,

which is followed by degradation of the inhibitory subunit

IjB and subsequently the activation of NF-jB. The

released NF-jB dimers translocate to the nucleus.9 There-

fore, TNF-a-induced transcription of ICAM-1 and VCAM-1

is critically dependent on the activation of NF-jB.10,11

Flavonoids are polyphenols found in a wide variety of

edible plants and exert anti-inflammatory activities in

several types of human cell lines.12,13 Extracts of Artemisia

asiatica Nakai (Asteraceae) are known to have anti-

inflammatory activities. One of the pharmacologically

active ingredients from A. asiatica extracts is 5,7-dihydr-

oxy-3′,4′,6′-trimethoxyflavone (eupatilin).14 Eupatilin has

been shown to inhibit the gene expressions of TNF-a and

interleukin-4 in rat basophilic leukaemia (RBL-2H3) cells

stimulated by IgE–antigen complex, suggesting that eupa-

tilin may offer protection from IgE-mediated allergic

diseases.15 In addition, eupatilin can suppress the NF-jB
signalling pathway in intestinal epithelial cells and attenu-

ate Bacteroides fragilis enterotoxin-induced intestinal

inflammation.16 Although eupatilin has anti-inflammatory

actions in intestinal epithelial cells and is a potent inhibi-

tor of NF-jB, little is known about the molecular mecha-

nism of eupatilin-induced attenuation of respiratory

epithelial cell inflammation.

Akt, also called protein kinase B, is a serine/threonine

kinase that is implicated in a variety of cellular responses

and in the pathogenesis of several diseases including met-

abolic diseases, cancers and asthma.17 Down-regulation of

Akt activity in lipopolysaccharide-stimulated cells using a

dominant-negative mutant resulted in the suppression of

NF-jB activation.18 These results suggest a positive role

of Akt on the NF-jB-dependent expression of adhesion

molecules. However, the Akt signalling pathway has not

yet been implicated in the expression of adhesion mole-

cules during respiratory epithelial cell inflammation.

In this study, we asked whether eupatilin could affect

the functions of human bronchial epithelial cells and

inflammatory cell adhesion in response to TNF-a stimula-

tion. Eupatilin was shown herein to inhibit an Akt-NF-jB
signalling pathway, leading to the down-regulation of

adhesion molecules such as ICAM-1 and VCAM-1 in

bronchial epithelial BEAS-2B cells stimulated with TNF-a.
In addition, eupatilin attenuated the adhesion of both

monocytes and eosinophils to bronchial epithelial cells,

suggesting the ability of eupatilin to modulate TNF-a-
induced inflammation of airway epithelial cells, relevant

to the pathogenesis of asthma, i.e. related to eosinophilic

inflammation.

Materials and methods

Reagents

Lipopolysaccharide-free fetal bovine serum (FBS), antibi-

otics, L-glutamine, Trizol, and Ca2+ and Mg2+-free Hanks’

balanced salt solution (HBSS) were obtained from

Gibco BRL (Gaithersburg, MD). Calcein AM, MG-132,

LY294002, BSA, Histopaque-1077, and RPMI-1640 med-

ium were purchased from Sigma-Aldrich Chemical Co.

(St Louis, MO). Monoclonal antibodies against phospho-

IjBa, phospho-IKK-a/b, phospho-Akt, and actin were

acquired from Cell Signaling Technology, Inc. (Beverly,

MA). Human recombinant TNF-a was purchased from

R&D Systems (Minneapolis, MN). Antibodies against

ICAM-1, VCAM-1 and phospho-p65 were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA). Goat anti-

rabbit and anti-mouse secondary antibodies conjugated to

horseradish peroxidase were purchased from Transduction

Laboratories (Lexington, KY). Anti-mouse FITC-conjugated

secondary goat antibody, anti-mouse tetramethylrhod-

amine isothiocyanate (TRITC)-conjugated secondary

goat antibody, anti-rabbit FITC-conjugated secondary goat

antibody and anti-rabbit TRITC-conjugated secondary

goat antibody were obtained from Invitrogen (Carlsbad,

CA). Vectashield mounting medium with DAPI was

obtained from Vector Laboratories (Burlingame, CA).

Cell cultures

The human bronchial epithelial cell line BEAS-2B

[CRL-9609; American Type Culture Collection (ATCC),
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Rockville, MD] was cultured in RPMI-1640 with 10%

FBS, penicillin (100 U/ml), and streptomycin (100 lg/
ml). Cells were seeded at 0�5–2 9 106 cells per well onto

six-well plates and allowed to attach overnight. After

12 hr of serum starvation, cells were incubated with each

stimulator for the indicated times. 5,7-Dihydroxy-3′,4′,6′-
trimethoxy flavone (eupatilin, Dong-A Pharmaceutical,

Yong-In, Korea) was dissolved in DMSO. In some experi-

ments, specific inhibitors were used, including a specific

inhibitor of NF-jB, MG-132, a specific inhibitor of Akt,

LY294002, and a specific inhibitor of activator protein

(AP)-1, curcumin.

The human monocytic THP-1 cell line (ATCC TIB-

202) was cultured in RPMI-1640 medium, supplemented

with 10% FBS, penicillin (100 U/ml), streptomycin

(100 lg/ml), L-glutamine (1�5 mM), sodium pyruvate

(1 mM), and 2-mercaptoethanol (0�05 mM). Low passage-

number THP-1 cells (< passage 20) were used for all

experiments.19 The human eosinophilic EoL-1 cell line

(RIKEN cell bank; Wako Pure Chemical Industries,

Tokyo, Japan) was grown (106 cells/ml) in RPMI-1640

medium containing 10% FBS, penicillin (100 U/ml)

and streptomycin (100 lg/ml).20,21 Cells were grown in

a humidified atmosphere of 5% CO2 and 95% air at

37°.
The primary normal human bronchial epithelial

(NHBE) cells were cultured as previously described.22,23

Briefly, commercially available NHBE cells (Lonza, Walkers-

ville, MD) were seeded into T75 tissue-culture flasks at a

density of 5 9 103 cells. Cells were expanded in growth

medium (Lonza) at 5% CO2 at 37° to a confluence of

~ 90%, dissociated from the flasks using 0�25% trypsin/

EDTA, and frozen in liquid nitrogen as passage-2 cells

(2 9 106 cells/ml). For experiments, NHBE cells were

cultured with bronchial epithelial basal medium supple-

mented with growth factors and hormones (BEGM Bullet

Kit; Lonza) in a humidified incubator at 37° with 5%

CO2. Medium was replaced by fresh medium (bronchial

epithelial basal medium without growth factors or

hormones) 24 hr before treatment.

Peripheral blood mononuclear cells (PBMC) were iso-

lated using Histopaque-1077 (Sigma-Aldrich). For the

magnetic cell separation, PBMC were magnetically labelled

with CD14 microbeads and separated on a column that

was placed in the magnetic field of a MACS separator

(Miltenyi Biotec, Bergisch Gladbach, Germany). The mag-

netically labelled CD14+ cells were retained in the column

while the unlabelled CD14– cells ran through. The unla-

belled cells were depleted of CD14+ cells. After removal of

the column from the magnetic field, the magnetically

retained CD14+ cells were eluted as positively selected cell

fraction according to the manufacturer’s instructions. Eo-

sinophils were isolated from the peripheral blood of vol-

unteers using a magnetic cell separation system (Miltenyi

Biotec), as described previously.20,21 The Hanyang Univer-

sity College of Medicine Review Board approved the pro-

tocol used to obtain blood from volunteers. The purity of

PBMC counted by flow cytometry using anti-CD14 anti-

body was > 95%. The purity of eosinophils counted using

Randolph’s stain was > 98%. Purified relatively pure

mononuclear cells and eosinophils were used immediately

for experiments using RPMI-1640 medium.

Quantitative reverse transcriptase (RT)-PCR

Total cellular RNA was extracted using Trizol. Reverse

transcription and PCR amplification were performed as

described previously.24 The primers and expected PCR

product sizes were as follows:19 human ICAM-1, 5′-CTC
AGC CTC GCT ATG GCT CCC-3′ (sense), 5′-GTA CAC

GGT GAG GAA GGT TTT-3′ (anti-sense), 342 bp

[NM_000201.2 Homo sapiens ICAM1, mRNA]; human

VCAM-1, 5′-ATG ACA TGC TTG AGC CAG G-3′
(sense), 5′-GTG TCT CCT TCT TTG ACA CT-3′ (anti-
sense), 260 bp [NM_001199834.1 Homo sapiens VCAM1,

transcript variant 3, mRNA]; human b-actin, 5′-TGA
CGG GGT CAC CCA CAC TGT GCC CAT CTA-3′
(sense) and 5′-CTA GAA GCA TTG CGG TGG ACG

ATG GAG GG-3′ (anti-sense), 661 bp [NM_001101.3

Homo sapiens actin, b-actin, mRNA]. To quantify mRNA

molecules, standard RNAs for human ICAM-1 and

human VCAM-1 were generated by in vitro transcription

using T7 RNA polymerase, as described previously.20

Standard RNA for human b-actin was kindly provided by

Dr Martin F. Kagnoff of the University of California, San

Diego. The sizes of PCR products generated from stan-

dard RNAs for human ICAM-1, human VCAM-1, and

human b-actin were 480, 384 and 520 bp, respectively.

Flow cytometry analysis

After the indicated periods of incubation with eupatilin

or TNF-a, cells were washed twice with cold Ca2+-free

and Mg2+-free HBSS and trypsinized at 37° for 3 min.

Resuspended cells were centrifuged at 200 g for 5 min at

4° and then washed with HBSS containing 0�5% BSA.

The cells were transferred to flow cytometry tubes and

centrifuged at 200 g for 5 min at 4°, and the supernatants

were discarded. Thereafter, the cells were incubated with

anti-human ICAM-1 or anti-human VCAM-1 mouse

monoclonal antibodies with 0�5% BSA for 3 hr on ice.

The cells were washed twice with cold HBSS containing

0�5% BSA and then incubated with anti-mouse FITC-

conjugated secondary goat antibody on ice in the dark.

After 1 hr, the cells were washed twice with cold HBSS

with 0�5% BSA. The cells were analysed by flow cytome-

try (FACSCalibur cytometer; Becton Dickinson, San Jose,

CA). Ten thousand cells were analysed per sample and

the expression levels of ICAM-1 and VCAM-1 were

expressed as mean fluorescence intensity (MFI).19,25
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Electrophoretic mobility shift assay

Cells were harvested and nuclear extracts were prepared

as previously described.22,26 Concentrations of protein

in the extracts were determined using a Bradford assay

(Bio-Rad, Hercules, CA). Electrophoretic mobility shift

assay (EMSA) was performed using an assay kit (Pro-

mega, Madison, WI), as described previously.27 In brief,

5 lg of nuclear extract was incubated for 30 min at room

temperature with a c32P-labelled oligonucleotide probe

(5′-AGT TGA GGG GAC TTT CCC AGG C-3′ for the

NF-jB binding site; 5′-CGC TTG ATG ACT CAG CCG

GAA-3′ for the AP-1 binding site). After incubation, both

bound and free DNA was resolved on 5% polyacrylamide

gels, as previously described.24 A TransAM AP-1 family kit

(Catalog No. 44296; Active Motif, Carlsbad, CA) was

used to measure the concentration of c-fos in the nuclear

fractions of the cells via colorimetric DNA-binding

ELISA.

Plasmids, transfection and luciferase assays

A wild-type over-expressing plasmid of Akt (constitutively

active Akt plasmid) was provided by Dr Michael Weber

(University of Virginia Health Sciences Center, Char-

lottesville, VA) via Dr Joo Young Lee (Gwangju Institute

of Science and Technology, Gwangju, South Korea).28

Small interfering RNA (siRNA) against the Akt was

obtained from Cell Signaling Technology, as previously

described.28 Cells in six-well dishes were transfected with

each plasmid, siRNA, or non-silencing siRNA using

FuGene6 transfection reagent (Roche, Mannheim,

Germany), as described previously.29 Briefly, 1 lg siRNA

or 1�5 lg plasmid DNA was diluted in serum-free

medium to produce a final volume of 100 ll, which was

incubated with 3 ll Fugene 6 for 15 min at room tem-

perature. The transfection mixture was added to the

respective wells, each containing 300 ll medium (10%

FBS content). Transfections were incubated for 48 hr

before the assay.

Reporter plasmids containing pICAM-1, pVCAM-1,

p2x NF-jB-, pb-actin-, and pRSV-b-galactosidase-lucifer-
ase were kindly provided by Dr Martin F. Kagnoff of the

University of California, San Diego.7 Cells in six-well

dishes were transfected with 1�5 lg plasmid DNA using

FuGene6 transfection reagent (Roche). The transfected

cells were incubated for 24 hr at 37° in a 5% CO2 incu-

bator and were then treated with eupatilin and/or TNF-a
for the indicated times. Luciferase and b-galactosidase
enzyme activities were determined using the Lucifer-

ase Assay System and b-galactosidase Enzyme System

(Promega) according to the manufacturer’s instructions.

Light release was quantified using a luminometer (Micro-

Lumat Plus; Berthold GmbH & Co. KG, Bad Wildbad,

Germany) as described previously.30

Immunoblot analysis

Immunoblot analyses were performed as described previ-

ously.30 Briefly, cells were washed with ice-cold PBS and

lysed in 0�5 ml/well lysis buffer [150 mM NaCl, 20 mM

Tris–HCl at pH 7�5, 0�1% Triton X-100, 1 mM PMSF and

10 lg/ml aprotinin]. Fifteen to fifty micrograms of protein

per lane was size-fractionated on a 6% polyacrylamide

minigel and electrophoretically transferred to a nitrocellu-

lose membrane (0�1-lm pore size). Specific proteins

were detected using mouse anti-human phospho-IjBa,
phospho-IKK-a/b, phospho-Akt, and actin as primary

antibodies and peroxidase-conjugated anti-mouse IgG as a

secondary antibody. Specifically bound peroxidase was

detected by enhanced chemiluminescence and exposure to

X-ray film.

In vitro kinase assay

IjB kinase activity on IjBa phosphorylation was deter-

mined using an immunocomplex kinase assay as described

previously.31 Briefly, cells were lysed in Triton lysis buffer

containing protease and phosphatase inhibitors and then

cleared by centrifugation at 15 700 g for 10 min. Three

hundred micrograms of whole cell extract was immuno-

precipitated with anti-IKK-c/protein-A beads. The kinase

reaction was then performed by incubating 25 ml of

kinase buffer containing 20 mM HEPES (pH 7�7), 10 mM

MgCl2, 5 mM dithiothreitol, 50 mM ATP and 5 mCi

[c-32P] ATP with GST-IjBa substrate (Upstate Biotech-

nology Inc., Lake Placid, NY) for 30 min at 30°. The sub-

strate protein was resolved by gel electrophoresis and

phosphate incorporation was assessed by autoradiography.

An HTScan IKK-b kinase assay kit was obtained from Cell

Signaling Technology, Inc. This kit contains GST-IKK-b
kinase protein, a biotinylated peptide substrate, and a

phosphoserine antibody for detection of the phosphory-

lated form of the substrate peptide. The assay was per-

formed according to the manufacturer’s instruction.31 The

activity of Akt was evaluated by PathScan® phospho-Akt

(Thr308) sandwich ELISA kit (Cell Signaling Technology,

Inc.), in accordance with the kit’s protocols.

Confocal microscopy for adhesion molecules and
phospho-p65

BEAS-2B were seeded (5 9 105 cells in 0�2 ml RPMI-

1640/well) on four-well poly-D-lysine-coated culture

microslides (Santa Cruz) overnight. After treatment with

eupatilin and/or TNF-a for the indicated time period,

cells were incubated with 100% methanol at �20° for

5 min. The cells were incubated with primary antibodies

(rabbit anti-phospho-p65, mouse, mouse anti-ICAM-1 or

mouse anti-VCAM-1) for 1 hr. Cells were then treated with

secondary antibodies (FITC-conjugated goat anti-rabbit
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or TRITC-conjugated goat anti-mouse) for 40 min. Vec-

tashield mounting medium with DAPI was applied to the

cells and images were captured using a confocal micro-

scope (Leica TCS SP5; Leica Microsystems CMS GmbH,

Wetzlar, Germany).21

Adherence assay

To measure adhesion of monocytes or eosinophils to bron-

chial epithelial cells, THP-1, EoL-1, relatively pure mono-

nuclear cells, or eosinophils isolated from blood were

stained with Calcein AM (4 lM) for 20 min at 37°. Stained
monocytes or eosinophils (1 9 106/ml) were added to

eupatilin-exposed and TNF-a-exposed bronchial epithelial

cells in four-well poly-D-lysine-coated culture microslides

(Santa Cruz). After further incubation for 20 min at 37°,
cells were fixed with 100% methanol at �20° for 5 min.

To identify the morphology of each cell, primary antibody

(rabbit anti-actin) was added for 1 hr. Cells were washed

with PBS before the secondary antibody (goat TRITC-

conjugated ant-rabbit antibody) was added for an addi-

tional 40 min. Vectashield mounting medium with DAPI

was applied to the cells, and cells were then analysed under

a fluorescence microscope (Leica DM 5000B).

Statistical analyses

Data of quantitative RT-PCR are presented as mean ±
standard deviation (SD) and data of MFI, luciferase

assays, and ELISA are presented as mean ± standard error
of the mean (SEM). Wilcoxon’s rank sum test was used
for statistical analysis. P values < 0�05 were considered
statistically significant.

Results

Eupatilin down-regulates the expression of ICAM-1
and VCAM-1 in BEAS-2B cells stimulated with TNF-a

Stimulation of BEAS-2B cells with TNF-a for 24 hr

induced a significant increase in the expression of ICAM-1

surface molecules as assessed by flow cytometry. In this

experimental system, eupatilin decreased ICAM-1 expres-

sion on TNF-a-stimulated cells (Fig. 1a). A similar

decrease of VCAM-1 expression was observed following

TNF-a-stimulated BEAS-2B cells when pre-treated with

eupatilin. To quantify the expression of adhesion mole-

cules, MFI using flow cytometric analysis was measured.

As shown in Fig. 1(b,c), pre-treatment with eupatilin sig-

nificantly down-regulated the increased MFI values of

ICAM-1 and VCAM-1 induced by TNF-a stimulation.

Inhibition of adhesion molecule expression was dependent

on the concentration of eupatilin. To re-evaluate the

expression of ICAM-1 molecules, quantitative RT-PCR

analyses were performed using each standard RNA.

Increased ICAM-1 mRNA expression in BEAS-2B cells was

first noted 1 hr after stimulation with TNF-a and levels of

ICAM-1 mRNA peaked at 6–12 hr post-stimulation

(a)
VCAM-1

100 101 102 103 104100 101 102 103 104

Fluorescence intensityFluorescence intensity

N
um

be
r 

of
 c

el
ls

60

90

150

120

30

0

Unstimulated control
Eupatilin alone TNF-α + Eupatilin

TNF-α

ICAM-1

N
um

be
r 

of
 c

el
ls

60

90

150

120

30

0

0

50

100

150

200

0

50

100

150

200

250

–
–
–

–
+
–

+
–
–

+
–
+

–
–
+

+
+
–

TNF-α
Eupatilin (10 µM)
Eupatilin (50 µM)

*

*

*

*

M
F

I o
f I

C
A

M
-1

M
F

I o
f V

C
A

M
-1

(b) (c)

–
–
–

–
+
–

+
–
–

+
–
+

–
–
+

+
+
–

Figure 1. Effects of eupatilin on intercellular

adhesion molecule 1 (ICAM-1) and vascular

cell adhesion molecule 1 (VCAM-1) surface

molecules in a human bronchial epithelial cell

line BEAS-2B stimulated with tumour necrosis

factor-a (TNF-a). (a) BEAS-2B cells were pre-

treated with eupatilin (50 lM) for 18 hr and

then treated with TNF-a (20 ng/ml) for 24 hr.

Cells were stained with a monoclonal antibody

against ICAM-1 or VCAM-1 and were analysed

using flow cytometry. Results are representative

of more than five independent experiments.

(b and c) BEAS-2B cells were pre-incubated

with eupatilin for 18 hr and were then stimu-

lated with TNF-a (20 ng/ml) for another

24 hr. Cells were stained with monoclonal

antibody against ICAM-1 or VCAM-1 and

were analysed using flow cytometry. The data

represent the MFI ± SEM (n = 3). *P < 0�05
compared with TNF-a alone.
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(Fig. 2a). The pre-treatment with eupatilin significantly

down-regulated the increased ICAM-1 mRNA expression

induced by TNF-a stimulation. Similar to ICAM-1 mRNA

expression, significant reduction of VCAM-1 mRNA

expression by eupatilin was observed in TNF-a-stimulated

cells compared with TNF-a alone. The b-actin mRNA

levels in each experiment remained relatively constant

throughout the same period.

Inhibition of each adhesion molecule expression was

dependent on the concentration of eupatilin. As shown in

Fig. 2(b), the inhibition of the promoter activity in

BEAS-2B cells transfected with a transcriptional reporter

plasmid of ICAM-1 or VCAM-1 was correlated with

the concentration of eupatilin. Significant decreases in

promoter activities for ICAM-1 and VCAM-1 were noted

at eupatilin concentrations exceeding 10 lM.

Eupatilin inhibits the expression of ICAM-1 and
VCAM-1 through NF-jB signals in BEAS-2B human
bronchial epithelial cells

Transcriptional expression of ICAM-1 and VCAM-1 is

regulated primarily by the transcription factor NF-jB in

TNF-a-stimulated bronchial epithelial cells. We previously

demonstrated that eupatilin attenuated NF-jB DNA-

binding activity in human intestinal epithelial cells;16

however, the effects of eupatilin on NF-jB signals in

human bronchial epithelial cells have not yet been
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Figure 2. Effects of eupatilin on intercellular adhesion molecule 1 (ICAM-1) mRNA expression and reporter gene activation in BEAS-2B cells

stimulated with tumour necrosis factor-a (TNF-a). (a) BEAS-2B cells were pre-treated with eupatilin (50 lM) for 18 hr and then treated with

TNF-a (20 ng/ml) for the indicated periods. Levels of ICAM-1, vascular cell adhesion molecule 1 (VCAM-1), and b-actin mRNA were analysed

by quantitative RT-PCR using each standard RNA. The values are expressed as mean ± SD (n = 3). Asterisks indicate a statistical significance in

comparison with TNF-a alone (P < 0�05). (b) BEAS-2B cells were transfected with an ICAM-1- or VCAM-1-luciferase transcriptional reporter

for 24 hr. Transfected cells were pre-treated with the indicated concentration of eupatilin for 18 hr and then combined with TNF-a (20 ng/ml)

for another 9 hr, after which luciferase assays were performed. Data are expressed as the mean fold induction ± SEM in luciferase activity relative

to that of the unstimulated controls (n = 5). The mean fold induction of the b-actin reporter gene relative to unstimulated controls remained

relatively constant throughout each experiment. Asterisks indicate a statistical significance in comparison with cells stimulated with TNF-a alone

(P < 0�05).
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reported. For experiments assessing eupatilin-induced

inhibition of NF-jB signalling, we determined the NF-jB
DNA-binding activity in BEAS-2B cells using EMSA. Pre-

treatment with eupatilin reduced the NF-jB DNA bind-

ing activity (Fig. 3a). Concurrently, phosphorylation of

IjBa was observed in TNF-a-stimulated cells, and eupati-

lin reduced phosphorylated IjBa signals. In addition,

pre-treatment with eupatilin reduced the levels of phos-

phorylated IKK-a/b signal (Fig. 3a). To confirm the eupa-

tilin-induced suppression of NF-jB activity, a promoter

assay was performed. As shown in Fig. 3(b), the inhibi-

tion of NF-jB promoter activity in BEAS-2B cells

transfected with the NF-jB reporter plasmid was corre-

lated with the concentration of eupatilin.

To evaluate the effects of eupatilin on IKK activity, an

in vitro kinase assay for IKK was performed. As shown in

Fig. 3(c), stimulation of BEAS-2B cells with TNF-a
resulted in a strong increase of IKK activity that was

reduced by pre-treatment with eupatilin. To quantify the

inhibition of IKK activity, an HTScan IKK-b kinase assay

was performed. Stimulation of BEAS-2B cells with TNF-a
resulted in an increase of IKK activity, whereas pre-

treatment of cells with eupatilin significantly reduced

the TNF-a-induced IKK activity (Fig. 3d). These results
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Figure 3. Eupatilin inhibits the nuclear factor-jB (NF-jB) signalling pathway in BEAS-2B cells stimulated with tumour necrosis factor-a (TNF-a).
(a) BEAS-2B cells were pre-treated with the indicated concentration of eupatilin for 18 hr and then stimulated with TNF-a (20 ng/ml) for 1 hr.

NF-jB DNA-binding activity in the nuclear extracts was assessed by EMSA. Expression of phospho-IjBa, phospho-IKK-a/b and actin was

determined by immnoblot analysis. The data are representative of more than five independent experiments. (b) BEAS-2B cells were transfected

with 2pNF-jB-luciferase transcriptional reporter. After 24 hr, transfected cells were pre-treated with the indicated concentration of eupatilin for

18 hr and were then combined with TNF-a (20 ng/ml) for 1 hr. The mean fold induction of the b-actin reporter gene activity relative to the

unstimulated controls remained relatively constant throughout each experiment. Data are expressed as mean fold induction ± SEM relative to

untreated controls (n = 5). *P < 0�05 compared with TNF-a alone. (c) BEAS-2B cells were pre-treated with eupatilin (50 lM) for 18 hr and then

treated with TNF-a (20 ng/ml) for an additional 30 min. The whole cell extract was immunoprecipitated with anti-IKK-c/protein-A beads and

kinase reactions were performed using glutathione-S-transferase-IjB as a substrate. Results shown are representative of three independent experi-

ments. (d) IKK kinase activity was measured using an HTS can IKK-b kinase assay kit. Data are expressed as the mean fold induction ± SEM of

kinase activity relative to untreated controls (n = 5). *P < 0�05 compared with TNF-a alone.
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indicate that eupatilin can inhibit the NF-jB signalling

pathway by blocking IKK activity in human bronchial

epithelial cells.

We next evaluated whether NF-jB plays a role in regu-

lating the expression of adhesion molecules in BEAS-2B

cells treated with eupatilin. For the first experiment,

immunohistochemistry and confocal microscopy were

performed. As shown in Fig. 4, the phospho-p65 signals

were mainly observed in the nuclei of TNF-a-treated cells.

Concurrently, increased signals of ICAM-1 expression

were shown on TNF-a-treated cells. In these experimental

conditions, pre-treatment with eupatilin clearly reduced

the translocation of phospho-p65 signals and the expres-

sion of ICAM-1 molecules. Cells with phospho-p65 and

ICAM-1 signals were observed in ~ 65% of the TNF-a-
treated group and ~ 30% of the eupatilin and TNF-a-
treated group.

For physiological relevance, primary cultures of NHBE

cells were treated with eupatilin and IKK activity was

measured. As shown in Fig. 5(a), pre-treatment of cells

with eupatilin significantly decreased the TNF-a-induced
phospho-IKK activity. In this experimental system, pre-

treatment with eupatilin significantly down-regulated the

increased MFI values of ICAM-1 and VCAM-1 induced

by TNF-a stimulation (Fig. 5b,c). These results suggest

that the eupatilin inhibits the NF-jB signalling pathway

by blocking IKK activity, leading to suppression of the

adhesion molecules ICAM-1 and VCAM-1 in bronchial

epithelial cells.

Eupatilin does not inhibit activation of AP-1 in
BEAS-2B human bronchial epithelial cells stimulated
with TNF-a

As the promoter for ICAM-1 or VCAM-1 gene induction

contains binding sites for both AP-1 and NF-jB, we

investigated the possibility that activated AP-1 can affect

the expression of adhesion molecules in bronchial epithe-

lial cells treated with eupatilin. To validate the hypothesis,

we first performed EMSA. Stimulation of BEAS-2B cells

with TNF-a increased AP-1-DNA binding activity, and

pre-treatment with eupatilin did not suppress AP-1 acti-

vation in BEAS-2B cells stimulated with TNF-a (Fig. 6a).

To confirm these results, activity of c-fos in the nuclear

fraction of cells was measured using the TransAM AP-1

family kit. As shown in Fig. 6(b), stimulation of BEAS-2B

cells with TNF-a resulted in an increase of c-fos activity

that was significantly reduced by pre-treatment with the

AP-1 inhibitor curcumin. However, treatment with both

eupatilin and TNF-a did not significantly change the

levels of c-fos activity compared with TNF-a alone.

We next performed an AP-1 reporter gene luciferase

assay. Results showed that TNF-a increased the levels of

the AP-1 reporter gene in BEAS-2B cells; however,

Control TNF-α + Eupatilin

TNF-α alone

FITC-p-p65DAPI

TRITC-ICAM-1 Merge

Figure 4. Expression of surface intercellular

adhesion molecule 1 (ICAM-1) molecules and

translocation of phospho-p65 nuclear factor-

jB (NF-jB) signal in BEAS-2B cells stimulated

with eupatilin and tumour necrosis factor-a
(TNF-a). BEAS-2B cells were pre-treated with

eupatilin (50 lM) for 18 hr and then stimu-

lated with TNF-a (20 ng/ml) for 24 hr. For

immunofluorescence, cells were stained with

FITC-conjugated anti-p65 antibody (green),

TRITC-conjugated anti-ICAM-1 antibody (red),

and DAPI (blue, nucleus). The data are repre-

sentative of at least five experiments.
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pre-treatment with eupatilin did not significantly

reduce the levels of AP-1 reporter gene activity in TNF-a-
stimulated cells (Fig. 6c). In contrast, curcumin, as the

control, significantly reduced the AP-1 activation induced

by TNF-a. These results suggest that eupatilin does not

influence AP-1 signalling in TNF-a-stimulated BEAS-2 B

cells.

Suppression of NF-jB activation induced by eupatilin
inhibits monocyte adhesion to bronchial epithelial cells

To evaluate whether pre-treatment with eupatilin could

affect monocyte adhesion to the bronchial epithelial cells,

monocytic THP-1 cells were incubated with TNF-a-

treated BEAS-2B cells. Stimulation of BEAS-2B cells with

TNF-a resulted in a significant increase in THP-1 cell

adherence (Fig. 7a). In this experimental system, pre-

treatment of BEAS-2B cells with eupatilin or an NF-jB
inhibitor MG-132 before TNF-a stimulation resulted in a

significant decrease in monocyte adhesion to BEAS-2B

cells (Fig. 7b). In addition, pre-treatment with the Akt

inhibitor LY294002 significantly reduced THP-1 cell

adhesion to BEAS-2B cells. For physiological relevance,

relatively pure mononuclear cells were incubated with
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Figure 5. Eupatilin inhibits the IKK signalling and adhesion surface

molecules in primary normal human bronchial epithelial (NHBE)

cells stimulated with tumour necrosis factor-a (TNF-a). (a) NHBE

cells were pre-treated with eupatilin (50 lM) for 18 hr and then

stimulated with TNF-a (20 ng/ml) for 1 hr. IKK kinase activity was

measured using an HTScan IKK-b kinase assay kit. Data are

expressed as the mean fold induction ± SEM of kinase activity rela-

tive to untreated controls (n = 3). (b and c) NHBE cells were pre-

incubated with eupatilin (50 lM) for 18 hr and were then stimulated

with TNF-a (20 ng/ml) for another 24 hr. Cells were stained with

monoclonal antibody against intercellular adhesion moelcule 1

(ICAM-1) or vascular cell adhesion molecule 1 (VCAM-1) and were

analysed using flow cytometry. The data represent the MFI ± SEM

(n = 3). * P < 0�05 compared with TNF-a alone.
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Figure 6. Effect of eupatilin on AP-1 activation in BEAS-2B cells

stimulated with tumour necrosis factor-a (TNF-a). (a) BEAS-2B cells

were pre-treated with the indicated concentration of eupatilin for

18 hr and then stimulated with TNF-a (20 ng/ml) for 1 hr. AP-1

DNA-binding activity in the nuclear extracts was assessed by EMSA.

The data are representative of more than five independent experi-

ments. (b) BEAS-2B cells were pre-treated with eupatilin (50 lM) for
18 hr or curcumin (20 lM) for 30 min and then stimulated with

TNF-a (20 ng/ml) for the indicated period of time. Nuclear proteins

were extracted and 10 lg of each sample was subjected to assay. Data

are expressed as mean ± SEM (n = 5). *P < 0�05 compared with

TNF-a alone. (c) BEAS-2B cells were transfected with pAP-1-luciferase

transcriptional reporter. After 24 hr, transfected cells were pre-treated

with eupatilin (50 lM) for 18 hr or curcumin (20 lM) for 30 min and

were then stimulated with TNF-a (20 ng/ml) for 1 hr. The mean fold
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ment. Data are expressed as the mean fold induction ± SEM relative

to untreated controls (n = 5). *P < 0�05 compared with TNF-a alone.
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TNF-a-treated primary NHBE cells. The ratio of adher-

ence in treated compared with control cultures was simi-

lar with each of the experimental groups, although

absolute numbers differed (Fig. 7c).

Effect of eupatilin on TNF-a-induced phosphorylation
of Akt in BEAS-2B cells

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway

has been known to be associated with NF-jB activation

in lipopolysaccharide-stimulated cells.18 To investigate

whether the inhibition of ICAM-1 and VCAM-1 expres-

sion by eupatilin may be mediated through the modula-

tion of the Akt signal, we examined the effect of eupatilin

on the TNF-a-induced phosphorylation of Akt in BEAS-

2B cells using an immunoblot analysis. As shown in

Fig. 8(a), stimulation of BEAS-2B cells with TNF-a
increased the phosphorylated signals of Akt that were

definitely inhibited by pre-treatment with eupatilin.

These results were confirmed by experiments using the
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Figure 7. Relationship between suppression of nuclear factor-jB (NF-jB) activity and monocytic adhesion to BEAS-2B cells pre-treated with eu-

patilin. (a) BEAS-2B cells were pre-treated with eupatilin (50 lM) for 18 hr and then stimulated with tumour necrosis factor-a (TNF-a) (20 ng/

ml) for 24 hr. Cells were further incubated with Calcein AM-stained human monocytes (THP-1, green) for 30 min. Cells were stained with the

primary antibody (rabbit anti-actin) and the secondary antibody (anti-rabbit, red). Monocyte adhesion to BEAS-2B cells was analysed by fluores-

cence microscopy. Original magnification, 9 200. (b) BEAS-2B cells were pre-treated with eupatilin (50 lM) for 18 hr or NF-jB inhibitor

MG-132 (50 lM) for 30 min, after which the cells were stimulated with TNF-a (20 ng/ml) for another 24 hr. The staining procedure was identi-

cal to that in (a). Data represent the mean fold increases ± SD relative to that of the unstimulated controls (n = 5). (c) The primary normal

human bronchial epithelial (NHBE) cells were pre-treated with eupatilin (50 lM) for 18 hr and then stimulated with TNF-a (20 ng/ml) for

24 hr. Cells were further incubated with Calcein AM-stained relatively pure mononuclear cells for 30 min. The staining procedure was identical

to that in (a). Mononuclear cell adhesion to NHBE cells was analysed by fluorescence microscopy. Data represent the mean fold increases ± SD

relative to that of the unstimulated controls (n = 5). *P < 0�05; FOV, field of observation.
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PathScan® phospho-Akt ELISA kit (Fig. 8b). In addition,

transfection with a wild-type over-expressing plasmid of

Akt recovered the eupatilin-induced down-regulation of

phosphorylated activities of Akt. In contrast, the control

plasmid-transfected cells combined with eupatilin and

TNF-a did not show any significant change in phosphor-

ylation activity of Akt compared with that of untransfect-

ed cells treated with eupatilin and TNF-a. Furthermore,

pre-treatment of primary NHBE cells with eupatilin sig-

nificantly decreased the TNF-a-induced phospho-Akt

activity (Fig. 8c).

We next investigated whether the Akt signal could be

involved in the NF-jB-mediated expression of adhesion

molecules in BEAS-2B cells. For this experiment, siRNA

against Akt was used. The phosphorylation of Akt was

almost completely suppressed in cells transfected with Akt

siRNA (Fig. 9a). In this system, BEAS-2B cells transfected

with Akt siRNA exhibited a significantly lower level of

IjBa phosphorylation in TNF-a-stimulated cells (Fig. 9b).

In this experimental system, TNF-a strongly increased

MFI values of adhesion molecules such as ICAM-1

and VCAM-1 in untransfected cells, but Akt siRNA
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Figure 8. Effect of eupatilin on the Akt signalling of BEAS-2B cells stimulated with tumour necrosis factor-a (TNF-a). (a) BEAS-2B cells were

pre-treated with eupatilin (50 lM) for 18 hr and then stimulated with TNF-a (20 ng/ml) for the indicated period. Protein expression of phos-

phorylated Akt and actin were assessed by immunoblot analysis. Results are representative of three independent experiments. (b) Inhibition of

Akt phosphorylation in TNF-a-stimulated BEAS-2B cells by treatment with eupatilin. BEAS-2B cells were transfected with a wild-type over-

expressing Akt (WT Akt) or control plasmid for 48 hr. Untransfected or transfected cells were incubated with eupatilin (50 lM) for 18 hr and

then stimulated with TNF-a (20 ng/ml) for the indicated period of time. Akt phosphorylation was measured using an Akt ELISA kit. Data are

expressed as the mean fold induction ± SEM of phosphorylated Akt activity relative to untreated controls (n = 5). *P < 0�05 compared with

TNF-a alone. (c) The primary normal human bronchial epithelial (NHBE) cells were pre-treated with eupatilin (50 lM) for 18 hr and then stim-

ulated with TNF-a (20 ng/ml) for 1 hr. Akt phosphorylation was measured using an Akt ELISA kit. Data are expressed as the mean fold induc-

tion ± SEM of phosphorylated Akt activity relative to untreated controls (n = 3). *P < 0�05 compared with TNF-a alone.
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transfection significantly reduced the MFI values of

ICAM-1 and VCAM-1. Moreover, transfection with Akt

over-expressing plasmid augmented TNF-a-induced up-

regulation of IjBa phosphorylation as well as both MFI

values of ICAM-1 and VCAM-1 (Fig. 9c). However, there

was no significant difference in MFI values between the

TNF-a alone and eupatilin + TNF-a group in the Akt

over-expressing plasmid-transfected cells. In the control

plasmid-transfected cells, combined treatment with eupa-

tilin and TNF-a significantly decreased IjBa phosphoryla-

tion as well as MFI values of both ICAM-1 and VCAM-1

compared with TNF-a alone. These results suggest that a

signalling pathway including Akt and NF-jB is associated

with the eupatilin-mediated inhibition of adhesion mole-

cule expression in bronchial epithelial cells.

Eupatilin inhibits the adhesion of eosinophils to
bronchial epithelial cells

Allergic diseases such as asthma are characterized by the

infiltration of eosinophils;32 as a consequence, we deter-

mined whether pre-treatment with eupatilin could affect
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Figure 9. Akt signal is involved in the nuclear factor-jB (NF-jB) -mediated expression of adhesion molecules in BEAS-2B cells treated with

eupatilin and tumour necrosis factor-a (TNF-a). BEAS-2B cells were transfected with small interfering RNA (siRNA) against Akt or non-silencing

control RNA (NS RNA) for 48 hr. (a) The siRNA-transfected cells were stimulated with TNF-a (20 ng/ml) for 1 hr. Cell lysates were analysed by

immunoblotting with the indicated antibodies. Results shown are representative of three independent experiments. (b) Transfected or untrans-

fected cells were incubated with eupatilin (50 lM) for 18 hr and then stimulated with TNF-a (20 ng/ml) for 1 hr (phosphorylated IjBa) or

24 hr [MFI values for intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)]. IjBa phosphorylation was

measured using an IjBa ELISA kit. Data are expressed as the mean fold induction ± SEM of phosphorylated activity relative to untreated con-

trols (n = 5). Values of MFI were analysed by flow cytometry using cells stained with monoclonal antibody against ICAM-1 or VCAM-1. The

data represent the MFI ± SEM (n = 3). (c) BEAS-2B cells were transfected with a wild-type over-expressing Akt (WT Akt) or control plasmid for

48 hr. Culture conditions for the stimulation with eupatilin and TNF-a were identical to those in (a). *P < 0�05; NS, not significant.
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eosinophil adhesion to the bronchial epithelial cells. For

this experiment, the eosinophilic EoL-1 cell line was used.

As shown in Fig. 10(a), TNF-a-treated BEAS-2B cells pro-

moted a significant increase in EoL-1 cell adherence. In this

experimental system, pre-treatment of BEAS-2B cells with

eupatilin before TNF-a stimulation resulted in a significant

decrease of eosinophil adhesion to BEAS-2B cells. In addi-

tion, pre-treatment with the Akt inhibitor LY294002 or the

NF-jB inhibitor MG-132 significantly reduced eosinophil

adhesion to BEAS-2B cells (Fig. 10b). Similar results were

observed in the adhesion between NHBE cells and isolated

primary human eosinophils (Fig. 10c).

Discussion

In the present study, eupatilin significantly inhibited both

phosphorylation of Akt and IKK as well as the activation

of NF-jB, which in turn resulted in the down-regulated
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Figure 10. Eupatilin inhibits the adhesion of eosinophils to bronchial epithelial cells. (a) BEAS-2B cells were pre-treated with eupatilin (50 lM)
for 18 hr and then stimulated with tumour necrosis factor-a (TNF-a) (20 ng/ml) for 24 hr. Cells were further incubated with Calcein

AM-stained human eosinophils (EoL-1, green) for 30 min. Cells were stained with the primary antibody (rabbit anti-actin) and the secondary

antibody (anti-rabbit, red). Eosinophil adhesion to BEAS-2B cells was analysed by fluorescence microscopy. Original magnification, 9 200.

(b) BEAS-2B cells were pre-treated with eupatilin (50 lM) for 18 hr, nuclear factor-jB (NF-jB) inhibitor MG-132 (50 lM) for 30 min, or Akt

inhibitor LY294002 (20 lM) for 30 min. Cells were then stimulated with TNF-a (20 ng/ml) for another 24 hr. The staining procedure was identi-

cal to that in (a). Data represent the mean fold increases ± SD relative to that of the unstimulated controls (n = 5). (c) The primary normal

human bronchial epithelial (NHBE) cells were pre-treated with eupatilin (50 lM) for 18 hr and then stimulated with TNF-a (20 ng/ml) for

24 hr. Cells were further incubated with Calcein AM-stained primary human eosinophils for 30 min. The staining procedure was identical to that

in (a). Eosinophil adhesion to NHBE cells was analysed by fluorescence microscopy. Data represent the mean fold increases ± SD relative to that

of the unstimulated controls (n = 5). * P < 0�05; FOV, field of observation.
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expression of adhesion molecules such as ICAM-1 and

VCAM-1 in TNF-a-stimulated bronchial epithelial

cells. This effect finally led to the decreased adhesion of

inflammatory cells such as monocytes and eosinophils to

bronchial epithelial cells. These findings regarding the

suppression of a signalling pathway, including Akt-NF-

jB-induced expression of adhesion molecules and cell

adhesion, support a novel mechanism of eupatilin func-

tion in anti-inflammatory responses.

Pro-inflammatory cytokine TNF-a induces activation of

a central transcription factor known as NF-jB, which is a

key regulator of gene expression. The activated NF-jB
signal translocates to the nucleus and mediates transcrip-

tion of inflammatory genes;9 for this reason, inhibitors of

NF-jB activation may have therapeutic potential and are

actively being researched.6,33 The present study showed

that TNF-a strongly induced IjBa phosphorylation,

NF-jB DNA binding activity, and translocation of the

p65 NF-jB subunit in BEAS-2B cells, whereas these

responses were suppressed in eupatilin-treated cells.

In this study, treatment with eupatilin blocked TNF-a-
induced IKK activity and decreased the expression of both

ICAM-1 and VCAM-1 surface molecules. These results

suggest that eupatilin affects an IKK site in the inflamma-

tory signalling pathway induced by TNF-a stimulation.

Although we previously demonstrated that eupatilin

induces the dissociation of the heatshock protein 90–IKK-
c complex in Bacteroides fragilis enterotoxin-stimulated

intestinal epithelial cells, eupatilin did not completely inhi-

bit Bacteroides fragilis enterotoxin-induced activation of

NF-jB.16 Consistent with this, the present study revealed

that eupatilin did not completely inhibit the increased sig-

nals of IKK and NF-jB or the up-regulation of adhesion

molecules in TNF-a-stimulated cells. These results indicate

that there may be other pathways that allow TNF-a to

induce the expression of adhesion molecules.

It seems reasonable to assume that the eupatilin may

affect the expression levels or activation state of lympho-

cyte function-associated antigen-1 (LFA-1) and the inte-

grin a4b1 (very late antigen-4, VLA-4) on leucocytes. The

LFA-1 on leucocytes is involved in recruitment to the site

of infection. It binds to ICAM-1 on antigen-presenting

cells and functions as an adhesion molecule. In addition,

VCAM-1 as an integrin receptor binds to VLA-4, which

is normally expressed on leucocyte plasma membranes.

Further studies are necessary to clearly establish the role

of eupatilin on the expression levels or activation state of

LFA-1 and VLA-4 on leucocytes.

In addition to NF-jB signalling, the expression of adhe-

sion molecules is also regulated by transcriptional factor

AP-1.34 Mitogen-activated protein kinase (MAPK) signal-

ling cascades have been shown to regulate AP-1 activity

and are implicated in controlling gene transcription such

as interleukin-8 and adhesion molecules.35–38 As eupatilin

decreased the hydrogen peroxide-induced activation of

extracellular signal-regulated kinase (ERK) and c-Jun

N-terminal kinase (JNK) in human gastric AGS cells,39 it

may affect the MAPK and AP-1 signalling pathway. How-

ever, eupatilin did not influence AP-1 signalling in bron-

chial epithelial cells stimulated with TNF-a. Nevertheless,
it is possible that an association between MAPK and

IKK activation may activate NF-jB signalling in TNF-a-
stimulated bronchial epithelial cells because MAPK signal-

ling can induce NF-jB activation.18,29 Further studies are

required to clarify other factors that contribute to the

eupatilin-induced decrease of adhesion molecule expres-

sion in bronchial epithelial cells.

Activation of Akt, a serine/threonine kinase, is initiated

by binding of its N-terminal pleckstrin homology (PH)

domain to phosphatidylinositol-3,4,5-triphosphates pro-

duced by PI3K and translocation of Akt to the plasma

membrane.40,41 Akt is then phosphorylated at Thr308 in

the activation loop by phosphatidyl inositol-dependent

kinase-1 and at Ser473 in the hydrophobic motif of the

C-terminus by various kinases including the rictor–
mammalian target of rapamycin complex.42 However, the

Akt signalling pathway has not yet been implicated in the

regulation of adhesion molecules in bronchial epithelial

cells. In the present study, transfection with Akt siRNA

significantly suppressed the NF-jB signals and reduced

MFI values of ICAM-1 and VCAM-1 in TNF-a-
stimulated BEAS-2B cells. These results indicate that a sig-

nalling pathway including Akt and NF-jB may be associ-

ated with the expression of adhesion molecules in

bronchial epithelial cells. In this experimental model, the

phosphorylated Akt signal in TNF-a-stimulated cells was

significantly reduced after treatment with eupatilin. In

addition, transfection with a constitutively active Akt plas-

mid recovered the eupatilin-induced down-regulation of

phosphorylation activities of Akt. Moreover, pre-treatment

of BEAS-2B cells with eupatilin, the NF-jB inhibitor

MG-132, or the Akt inhibitor LY294002 resulted in a

significant decrease of eosinophil adhesion to bronchial

epithelial cells. These results suggest that eupatilin-induced

suppression of eosinophil adhesion via the NF-jB signal

seems to be largely the result of the inhibition of Akt.

Recently, Song et al.43 reported that a relatively high

concentration of eupatilin (150 lM) induced the phos-

phorylation of Akt in cultured feline oesophageal epithe-

lial cells. In contrast, we found that eupatilin (50 lM)
did not activate the phosphorylation of Akt in BESA-

2B human bronchial epithelial cells. Moreover, the

up-regulated phosphorylated Akt signals by TNF-a stimu-

lation was significantly suppressed when treated with

eupatilin. Therefore, the mechanism for eupatilin-

associated Akt signalling in human bronchial epithelial

cells may be cell-specific and different from those in

feline oesophageal epithelial cells.

It is possible that the inhibitory effect seen on adhesion

molecules and NF-jB activation may be a result of
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apoptosis or cell toxicity. Our preliminary experiment

showed that the cell viability was significantly decreased

over 500 lM of eupatilin. Therefore, the concentration of

eupatilin (50 lM) used in the present study seems not to

be associated with cell toxicity. However, some studies

demonstrated that eupatilin induced apoptosis at ranges

between 20 and 150 lM in several cell types such as

HL-60 promyelocytic leukaemia cells,14 Jurkat T cells,44

and AGS gastric epithelial cells.45 In contrast to HL-60

and Jurkat T cells, apoptotic features of AGS cells were

apparent from 48 to 96 hr after treatment with eupatilin

(more than 100 lM). These results suggest that 50 lM of

eupatilin may not induce apparent apoptosis of BESE-2B

bronchial epithelial cells within 24 hr. Nevertheless,

further studies are needed to clarify the potential role of

eupatilin-induced apoptosis in the expression of adhesion

molecules via the Akt/NF-jB signalling pathway.

In summary, we have demonstrated that eupatilin has

anti-inflammatory activity in bronchial epithelial cells

through the suppression of a signalling pathway such as

Akt-NF-jB-induced adhesion of inflammatory cells. This

novel action of eupatilin suggests that it may play a role

in developing a therapeutic strategy to counter the infil-

tration of inflammatory cells in asthma.
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