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5,7-dihydroxy-3,4,6-trimethoxyflavone inhibits the inflammatory
effects induced by Bacteroides fragilis enterotoxin via dissociating
the complex of heat shock protein 90 and IxBo and IkB kinase-y in
intestinal epithelial cell culture
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Introduction

Summary

Enterotoxin produced by enterotoxigenic Bacteroides fragilis (BFT) has been
associated with mucosal inflammation and diarrhoeal diseases. In this
study, the anti-inflammatory molecular mechanism of 5,7-dihydroxy-3,4,6-
trimethoxyflavone (eupatilin) was characterized in an HT-29 intestinal
epithelial cell line stimulated with BFT. Pre-treatment of HT-29 cells with
eupatilin decreased the production significantly of both interleukin (IL)-8
and prostaglandin E; induced by BFT in a dose-dependent manner.
BFT-activated nuclear factor-kappaB (NF-kB) signals in HT-29 cells and pre-
treatment with eupatilin suppressed NF-kB activation that resulted in the
significant inhibition of IL-8 and cyclo-oxygenase-2 expression. BFT-induced
phosphorylation of both IxkBa and IkB kinase (IKK) signals was prevented in
eupatilin-pretreated HT-29 cells. Transfection of siRNA for IKK-o and IKK-B
decreased the production of IL-8 and prostaglandin E,; however, the transfec-
tion of IKK-B siRNA showed a more significant reduction of BFT-induced
IkBa phosphorylation compared with that of IKK-a siRNA. In addition,
herbimycin A, a specific inhibitor of heat shock protein 90 (Hsp90), decreased
the BFT-induced activation of IKK and NF-kB, suggesting that Hsp90 is
associated with a pathway of IKK-NF-kB-IL-8/cyclo-oxygenase-2 gene
signalling. Furthermore, eupatilin dissociated the complex between Hsp90
and IKK-yin BFT-stimulated HT-29 cells. These results suggest that eupatilin
can suppress the NF-xB signalling pathway by targeting the Hsp90-IKK-y
complex in intestinal epithelial cells and may attenuate BFT-induced inflam-
matory responses.

Keywords: Bacteroides fragilis enterotoxin, eupatilin, Hsp90, IkB kinase,
NEF-xB

Furthermore, suppression of PGE, production by a
COX-2 inhibitor prevents BFT-induced fluid secretion

Enterotoxigenic Bacteroides fragilis (ETBF) is associated with
non-invasive diarrhoeal diseases. The B. fragilis enterotoxin
(BFT) is an approximately 20 kDa heat-labile metallopro-
tease and is regarded as a virulence factor for these diar-
rhoeal diseases [1—4]. In addition, ETBF infection has been
reported recently to be associated with inflammatory bowel
diseases [5,6].

The BFT induces nuclear factor-kappaB (NF-kB) activa-
tion and interleukin (IL)-8 secretion, which are predicted to
lead to mucosal transmigration of neutrophils [7-12]. BFT
stimulation of intestinal epithelial cells also induces the
expression of cyclo-oxygenase-2 (COX-2) and increases the
release of prostaglandin E, (PGE,) via the NF-kB pathway.

in a mouse model [11]. This association of NF-kB activa-
tion and BFT-induced inflammatory responses suggests that
modulation of the NF-xB signalling pathway could be an
important target for the prevention of BFT-induced enteric
inflammation.

The NF-xB is an important transcriptional factor that
controls inflammatory processes in the human intestine.
NF-kB dimers are stored in the cytoplasm in an inactive state
by inhibitory proteins called IkBs. IkB kinase (IKK) directly
phosphorylates IkB. The IKK complex contains three sub-
units: two catalytic subunits, IKK-o. and IKK-f, and a regu-
latory subunit, IKK-y (also known as NEMO, NF-xB
essential modulator) [13]. While IKK-o. and IKK-B are
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essential for IxB phosphorylation, IKK-y forms a tetrameric
scaffold that can assemble two kinase dimers which facili-
tates trans-autophosphorylation [14,15]. Although IKK-y is
required for kinase activity, it seems to mediate crucial
protein—protein interactions, possibly with upstream activa-
tors of the kinase complex [16]. Recently, heat shock protein
90 (Hsp90) has been found to associate stoichiometrically
with the IKK complex, which may contribute to the stabili-
zation, activation and/or shuttling of IKKs to the plasma
membrane [17-20].

Flavonoids are polyphenols found in a wide variety of
edible plants and are known to exert anti-inflammatory
activities in several types of human cell lines [21-24].
Extracts of Artemisia asiatica Nakai (Asteraceae) are known
to have anti-inflammatory activities. One of the pharmaco-
logically active ingredients from A. asiatica extracts is
5,7-dihydroxy-3’,4",6’-trimethoxyflavone (eupatilin) [25].
Although eupatilin has a variety of biological activities, little
information is known about the molecular mechanism of
eupatilin-induced attenuation of intestinal inflammation
induced by BFT stimulation. In this study, we asked whether
eupatilin could affect the NF-xB signal transduction
pathway in BFT-stimulated human intestinal epithelial cells.
Eupatilin was shown herein to reduce the activity of NF-kB
and the expression of proinflammatory mediators through
the dissociation of the Hsp90-IKK-y complex in an HT-29
cell line stimulated with BFT.

Materials and methods

Purification of BFT and cell cultures

The BFT was purified from culture supernatants of a highly
toxigenic strain of ETBE, as described previously [8-11]. The
purity of the BFT preparations was confirmed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis. Typical
preparations of BFT contained 0-5-1-2 mg of protein/ml as
measured by the bicinchoninic acid protein assay. Buffers
used in the purification were prepared using lipopolysac-
charide (LPS)-free water (GiBco-Invitrogen Corporation,
Carlsbad, CA, USA). The activity of LPS in BFT solutions
(1 mg/ml) was less than 1 endotoxin unit/ml (Pyrosate test
kit, quantitative chromogenic Limulus amebocyte lysate;
Associates of Cape Cod, Inc., MA, USA). Using HEK-Blue™
LPS detection kit (InvivoGen, San Diego, CA, USA), the
amount of LPS in BFT solutions (1 mg/ml) was less than
3 ng/ml. BFT was frozen in aliquots at —80°C immediately
after purification.

The human colon epithelial cell line HT-29 (ATCC HTB
38) was grown in Dulbecco’s minimum essential medium
(Sigma, St Louis, MO, USA) with 10% fetal bovine serum,
2 mM glutamine and antibiotics (100 unit/ml of penicillin
and 100 pg/ml of streptomycin). Cells were seeded at 0-5—
2% 10° cells per well onto six-well plates and allowed to
attach overnight. After 12 h of serum starvation, cells were

incubated with BFT for the indicated period. 5,7-dihydroxy-
3’,4’,6’-trimethoxy flavone (eupatilin; Dong-A Pharmaceu-
tical, Yong-In, Korea) was dissolved in dimethyl sulphoxide
(DMSO). In some experiments, a specific inhibitor of
Hsp90, herbimycin A (0-5 uM, Sigma) was used.

Quantitative reverse transcription—polymerase chain
reaction (RT-PCR), real-time PCR and enzyme-linked
immunosorbent assay

Total cellular RNA was extracted from HT-29 cells using
Trizol (ciBco BRL, Gaithersburg, MD, USA). Quantitative
RT-PCR for IL-8, COX-2 and B-actin mRNA was performed
using each standard RNA, as described previously [26,27].
The primers used in this study were as follows: IL-8, 5-ATG
ACT TCC AAG CTG GCC GTG GCT-3" and 5-TCT CAG
CCC TCT TCA AAA ACT TCT C-3’; COX-2, 5-TTC AAA
TGA GAT TGT GGG AAA ATT GCT-3’ and 5"-AGA TCA
TCT CTG CCT GAG TAT CTT-3"; and B-actin, 5-TGA CGG
GGT CAC CCA CAC TGT GCC CAT CTA-3’ and 5'-CTA
GAA GCA TTG CGG TGG ACG ATG GAG GG-3'. The
amounts of IL-8 and PGE, were measured by commercially
available enzyme-linked immunosorbent assay (ELISA)
(R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions [11]. Prior to performing
ELISA, supernatants were filtered through a 0-22-um filter to
remove any contaminants. To measure levels of phospho-
IkBa, an IxBow ELISA kit (Active Motif, Carlsbad, CA, USA)
was used according to the manufacturer’s instructions [28].

Electrophoretic mobility shift assay

Cells were harvested and nuclear extracts prepared as
described previously [9]. Concentrations of protein in the
extracts were determined using a Bradford assay (Bio-Rad,
Hercules, CA, USA). Electrophoretic mobility shift assay
(EMSA) was performed using an assay kit (Promega,
Madison, WI), as described previously [9]. In brief, 5 pug of
nuclear extract was incubated for 30 min at room tempera-
ture with a [y?P]-labelled oligonucleotide probe (5’-AGT
TGA GGG GAC TTT CCC AGG C-3’) corresponding to a
consensus NF-xB binding site. After incubation, both bound
and free DNA was resolved on 5% polyacrylamide gels, as
described previously [9]. Supershift assays were used to iden-
tify the specific members of the NF-xB family activated by
BFT stimulation. EMSA was performed as described above,
except that rabbit antibodies (1 pug/reaction) against NF-kB
proteins p50, p52, p65, c-Rel and Rel B (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) were added during the
binding reaction period [9].

Transfection and reporter assays

The HA-tagged IKK-a, IKK-f, and IKK-y constructs and a
flag-tagged Hsp90 construct were kindly supplied by Dr
Gang Min Hur at Chungnam National University, Korea
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[29]. Reporter plasmids, including pIL8-luciferase, p2x
NF-kB-luciferase, pP-actin- and pRSV-B-galactosidase-
luciferase transcriptional reporters, were provided by Dr
Kagnoff (University of California, San Diego, USA) [30]. A
pCOX-2-luciferase (phPES2) reporter was kindly donated by
Dr Inoue of the National Cardiovascular Center Research
Institute, Japan [31]. Cells in six-well dishes were transfected
with 1-5pug of plasmid DNA using Lipofectamine Plus
reagents (Invitrogen, Carlsbard, CA, USA), as described pre-
viously [11]. The transfected cells were incubated for 48 h at
37°C in a 5% CO; incubator. Cells were then harvested and
whole cell lysates were prepared as described previously [11].
In the reporter analysis, luciferase activity was determined in
accordance with the manufacturer’s instructions (Tropix
Inc., Bedford, MA, USA) and luminescence was quan-
titated for 10 s using a luminometer (MicroLumat Plus,
Berthold GmbH & Co. KG, Bad Wildbad, Germany).
Luciferase activity was determined and normalized relative
to P-galactosidase expression, as described previously
[11,32].

Immunoblot analysis

Cells were washed with ice-cold phosphate-buffered saline
(PBS) and lysed in 0-5 ml/well lysis buffer (150 mM NaCl,
20 mM Tris at pH 75, 0-1% Triton X-100, 1 mM phenylm-
ethyl sulphonyl fluoride and 10 pg/ml aprotinin). Fifteen to
50 ug of protein per lane was size-fractionated on a 6%
polyacrylamide minigel and transferred electrophoretically
to a nitrocellulose membrane (0-1-um pore size). Specific
proteins were detected using mouse anti-human IkBa,
IKK-0, IKK-B, IKK-y, Hsp90 and actin (Cell Signaling
Technology, Beverly, MA, USA) as primary antibodies, and
peroxidase-conjugated anti-mouse IgG as a secondary
antibody. Specifically bound peroxidase was detected by
enhanced chemiluminescence (ECL system) and exposure to
X-ray film.

Immunoprecipitation

For the immunoprecipitation assay, transfected cells were
collected in a lysis buffer (50 mM HEPES at pH 7-6, 150 mM
NaCl, 0-1% NP-40, 5 mM ethylenediamine tetraacetic acid,
0-5 mM phenylmethyl sulphonyl fluoride, 1 pg/ml leupep-
tin, 1 ug/ml aprotinin and 1 pug/ml pepstatin) after treat-
ments indicated in the figure legends. The lysates were mixed
and precipitated with the relevant antibodies (anti-HA anti-
bodies; Santa Cruz; anti-flag antibody: Sigma) and protein
G-sepharose beads by incubation at 4°C overnight. For the
detection of IKK-y protein, cell lysates were incubated with
anti-IKK-y antibody and protein G-sepharose beads at 4°C
overnight. All immunoprecipitates were washed four times
with lysis buffer, boiled in sodium dodecyl sulphate poly-
acrylamide gel electrophoresis sample buffer and resolved on
an 8% polyacrylamide gel [33].

Dissociation of Hsp90-IKK-y complex by eupatilin

In vitro kinase assay

The IKK activity on IxBo phosphorylation was determined
using an immunocomplex kinase assay, as described previ-
ously [28]. Briefly, cells were lysed in Triton lysis buffer con-
taining protease and phosphatase inhibitors and then cleared
by centrifugation at 23 700 g for 10 min. Three hundred pg
of whole cell extract was immunoprecipitated with anti-
IKK-y/protein-A beads. The kinase reaction was then per-
formed by incubating 25 ml of kinase buffer containing
20 mM HEPES (pH 7-7), 10 mM MgCl,, 5 mM dithiothrei-
tol, 50 mM adenosine triphosphate (ATP) and 5 mCi [y-**P]
ATP with glutathione-S-transferase (GST)-IxBo. substrate
(Upstate Biotechnology Inc., Lake Placid, NY, USA) for
30 min at 30°C. The substrate protein was resolved by gel
electrophoresis and phosphate incorporation was assessed
by autoradiography. An HTScan IKK-f kinase assay kit was
obtained from Cell Signaling Technology. This kit contains
GST-IKK-B kinase protein, a biotinylated peptide substrate,
and a phosphoserine antibody for detection of the phospho-
rylated form of the substrate peptide. The assay was per-
formed according to the manufacturer’s instructions [28].

Experiments using ileal loops of mice

An animal study was performed using specific pathogen-free
mice, as described previously [10,11]. Briefly, fasted (16 h)
specific pathogen-free mice 20-25g (C57BL6Cr; Orient
Experimental Animal Co., Kyounggi-do, Korea) were anaes-
thetized by intraperitoneal injection of sodium pentobar-
bital (600 pg/mouse). Ileal loops (3—4 cm) were prepared
and injected with buffer alone or eupatilin (300 ug) in a
200 ul volume. After 30 min, BFT (10 ug in PBS) was
injected into the loops, and animals were killed 4 h later by
pentobarbital overdose. Loops were cut out and tissue
extracts were obtained for measurement of macrophage-
inflammatory protein-2 (MIP)-2, as described previously
[10,11]. All procedures were approved by the Animal Care
Committee of Hanyang University College of Medicine.

Statistical analyses

Wilcoxon’s rank sum test was used for statistical analyses.
A P-value of less than 0:05 was considered statistically
significant.

Results

Eupatilin inhibits the expression of IL-8 and COX-2
through NF-kB signals in HT-29 intestinal epithelial
cells stimulated with BFT

The HT-29 cells stimulated with BFT for 24 h secreted
IL-8 in higher amounts than unstimulated controls. The
magnitude of the IL-8 response was dependent upon the
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Fig. 1. Effects of eupatilin on interleukin (IL)-8 and prostaglandin E,
(PGE,) production in HT-29 cells stimulated with Bacteroides fragilis
(BFT). (a) HT-29 cells were pretreated with the indicated
concentration of eupatilin for 30 min and then combined with BFT
(100 ng/ml) for 24 h. The concentration of IL-8 and PGE, was
determined by enzyme-linked immunosorbent assay (ELISA)

(mean = standard error of the mean, n =5). Asterisks indicate values
that are significantly different from BFT-stimulated cells without
eupatilin (P < 0-05). (b) HT-29 cells were pretreated with eupatilin
(50 uM) for 30 min and then combined with BFT (100 ng/ml) for an
additional 8 h. Total RNA was reverse-transcribed using an oligo(dT)
primer and synthetic internal interleukin (IL)-8, cyclo-oxygenase-2
(COX-2) or B-actin RNA standards and amplified by polymerase
chain reaction. Data represent the mean * standard deviation (1 =5).

>

concentration of stimulated BFT per epithelial cells. Thus,
stimulation of HT-29 cells with increasing concentration of
BFT was paralleled by increased IL-8 release. At concentra-
tions of 1, 10, 100 and 500 pg/ml, IL-8 release increased 1-9-,
3-2-, 9:5- and 9-5-fold 24 h after stimulation, respectively,
relative to those of unstimulated controls (mean value,
n=23). Pre-treatment of cells with eupatilin decreased sig-
nificantly the release of IL-8 when induced by BFT in a
dose-dependent manner (Fig. 1a). Similar results were noted
for PGE, production in eupatilin-pretreated HT-29 cells. In
this experiment, DMSO alone (vehicle control) did not show
any significant changes of IL-8 and PGE, compared with
untreated control. To confirm that the decrease in secretion
of IL-8 and PGE, was due to eupatilin, IL-8 and COX-2
mRNA transcript levels were measured by quantitative
RT-PCR using an internal RNA standard for each. As shown
in Fig. 1b, up-regulated expression of IL-8 mRNA was
reduced significantly by pretreating with eupatilin. Similar
results were obtained when measuring the levels of COX-2
mRNA transcripts. In this experiment, the levels of B-actin
mRNA in each group remained relatively constant (~5 x 10°
mRNA transcripts/lg RNA).

The transcription factor NF-xB is one component of the
signalling pathway that regulates gene expression of IL-8 and
COX-2 induced by BFT stimulation [8,9,11]. Thus, stimula-
tion with BFT increased NF-xB DNA binding, as shown
by EMSA (Fig. 2a). Concurrently, [kBo. degradation was
observed in the BFT-stimulated cells. Supershift studies dem-
onstrated that antibodies to p65 and p50 shifted the NF-kB
signals significantly. In contrast, anti-p52, anti-c-Rel or anti-
Rel B antibodies did not shift the NF-xB signal (Fig. 2b).
These results suggest that NF-xB activation by BFT is medi-
ated predominantly by heterodimers of p65/p50. It was then
asked whether eupatilin could prevent BFT-induced NF-xB
activity in HT-29 cells. As shown in Fig. 2¢, the addition of
eupatilin suppressed the activated NF-xB signals induced by
BFT. Similarly, BFT-induced IkBo. degradation was decreased
in eupatilin-pretreated HT-29 cells.

To confirm that eupatilin inhibits NF-xB activation and
IL-8 and COX-2 expression, luciferase assays for NF-xB, IL-8

(a) 4000
- I T
E 3000 |- —1
> .
& -
@ 2000 - .
< *
3 L
® 1000 -
=
0
= 1 -
= 500
>
£
§ 1000
3]
>
©
o
S8 500
Lu(\l
(O]
a
0
Eupatilin (uM) - 0 10 25 50 100
BFT - + + + + +
(b) 10°
P<0-05
W L8
108 O B-actin
2
[co)
ig
5 % 107
ge
[&]
3 % 10°
108
- P<0-05
108 | COX.2
N < O B-actin
X Z
8% 107
=
S 3
LY
o =
o o
g 2 108
S s
Z =
10°
Eupatilin - + - +
BFT - - + +

and COX-2 transcriptional reporters were performed.
Figure 3 showed that eupatilin inhibited the activation of
NF-kB, IL-8 and COX-2 transcriptional reporters signifi-
cantly in BFT-stimulated HT-29 cells. For a control experi-
ment with a known NF-xB inhibitor MG-132 (50 uM),
luciferase activity was performed in HT-29 cells transfected
with NF-xB or IL-8 promoter plasmid. Results showed that
MG-132 decreased significantly expression of IL-8 and
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Fig. 2. Nuclear factor-kappaB (NF-xB) activation and IxB
degradation in HT-29 cells stimulated with Bacteroides fragilis (BFT).
(a) HT-29 cells were stimulated with BFT (100 ng/ml) for the
indicated period. NF-kB DNA binding activity was assessed by

electrophoretic mobility shift assay (EMSA). Immunoblots for
concurrent IxBo and actin levels in cells under the same conditions
are provided beneath each EMSA. The results are representative of
three repeated experiments. (b) Supershift assays using nuclear
extracts from HT-29 cells stimulated with BFT for 1 h were performed
using antibodies to p50, p52, p65, c-Rel and Rel B. The results are
representative of three repeated experiments. (c) HT-29 cells were
pretreated with eupatilin (50 uM) for 30 min and then combined with
BFT (100 ng/ml) for 1 h. NF-xB DNA binding activity was assessed by
EMSA. Immunoblots for concurrent IkBo: and actin levels in cells
under the same conditions are provided beneath each EMSA. The
results are representative of five repeated experiments.

NF-xB in BFT-stimulated cells [IL-8 reporter activity,
7-8 = 0-5 in BFT alone and 2:6 = 0-4 in BFT+ MG-132;
NF-xB reporter activity, 3-9 = 0-3 in BFT alone and
1-1 *£ 0-2 in BFT+ MG-132; the mean fold induction =* stan-
dard error of the mean of luciferase activity relative to
unstimulated controls, n=3]. These results indicate that
eupatilin can attenuate intestinal epithelial inflammatory
signals induced by stimulation with BFT, including NF-xB
activation and IL-8/COX-2 expression.

The BFT induces IKK activation in HT-29 cells and
eupatilin inhibits activated IKK signals

Major pathways for NF-xB activation involve activation of
IKK followed by IxB degradation. In BFT-stimulated HT-29
cells, phosphorylated IKK-o/f3 signals increased within
10 min of stimulation and continued to increase over
120 min (Fig. 4a). To determine the effects of eupatilin on
IKK activity, an in vitro kinase assay for IKK was performed.

Dissociation of Hsp90-IKK-y complex by eupatilin

As shown in Fig. 4b, stimulation of HT-29 cells with BFT
induced a strong increase of IKK activity that was reduced by
pre-treatment with eupatilin. To quantify the inhibition of
IKK activity, an HTScan IKK-f kinase assay was performed.
Pre-treatment with eupatilin prevented IKK-B activity

Fold-induction of
NF-xB-luciferase reporter

i

Fold-induction of
IL-8-luciferase reporter

15

Fold-induction of
COX-2-luciferase reporter

0

Eupatilin - DMSO
BFT - alone — +

+ —

Fig. 3. HT-29 cells were transfected with pIL8-, pCOX-2-, or p2x
nuclear factor kappaB (NF-xB)-luciferase transcriptional reporters, as
indicated. After 48 h, the transfected cells were pretreated with eupati-
lin (50 uM) for 1 h and then combined with Bacteroides fragilis (BFT)
(100 ng/ml) for 1 h (NF-xB) or 8 h [interleukin (IL)-8 and cyclo-
oxygenase-2 (COX-2)]. Data are expressed as the mean fold induction
+ standard error of the mean of luciferase activity relative to unstimu-
lated controls (n = 7). The mean fold induction of the B-actin reporter
gene activity relative to the vehicle control unstimulated controls
remained relatively constant throughout each experiment. Values of
vehicle control are ~ 1-0. *P < 0-05 compared with BFT alone.
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(a)

Phospho-IKK- o/

IKK-ou
Fig. 4. Suppression of IxB kinase (IKK) activity
by eupatilin in HT-29 cells stimulated with IKK-B
Bacteroides fragilis (BFT). (a) HT-29 cells were
stimulated with BFT (100 ng/ml) for the Actin
indicated period. Protein expression of IKK-ai,
IKK-B, phosphorylated IKK-0/f, and actin
were assessed by immunoblot. The results are (b)
representative of three repeated experiments. BFT
(b) HT-29 cells were pretreated with eupatilin Eupatilin

(50 uM) for 30 min and then combined with
BFT (100 ng/ml) for an additional 30 min. The
whole cell extract was immunoprecipitated
with anti-IKK-y/protein-A beads and kinase
reactions were performed using
glutathione-S-transferase-IxkB as a substrate.

—~
o
-

Results shown are representative of three
independent experiments. (c) IKK kinase 6
activity was measured using an HTScan IKK-f
kinase assay kit. Data are expressed as the mean
fold induction = standard error of the mean
(s.e.m.) of kinase activity relative to untreated
controls (n=5). (d) Inhibition of IkBo
phosphorylation in BFT-stimulated HT-29
cells by treatment with eupatilin. IxBou

phosphorylation was measured using an IkBo
1t

Fold-increase of IKK activity
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activity relative to untreated controls (n=5).
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(P <0-01) (Fig. 4c). Furthermore, to confirm our hypothesis
regarding the inhibition of the IKK-NF-xB signalling
pathway by eupatilin, levels of phospho-IkBo. were measured.
Because detection of phospho-IxBa is difficult because of its
short half-life, we used a commercial phospho-IxBo ELISA
kit. The results showed that while BFT increased the levels of
phospho-IxBa in HT-29 cells, the addition of eupatilin
reduced significantly the levels of phospho-IkBa: (Fig. 4d).

As IKK-o and IKK-P are reported to be essential for IkBo
phosphorylation and NF-kB activation, it was necessary to
determine which subunit of IKK is involved in IxBo phos-
phorylation when HT-29 cells are stimulated with BFT. As
shown in Fig. 5a, siRNA for IKK-f reduced BFT-induced
IxBo phosphorylation dramatically. In contrast, inhibition
of IkBa phosphorylation by IKK-o siRNA was lower than
that by IKK-B siRNA (Fig. 5a), although the siRNA for
IKK-0o: decreased significantly IL-8 and PGE, production
induced by BFT (Fig. 5b and c). In this experiment, trans-
fection efficiency for siRNA showed ~ 62%.
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To determine whether Hsp90 is associated with gene
expression of an IKK-NF-xB- IL-8/COX-2 pathway an
inhibition assay using herbimycin A, a specific inhibitor of
Hsp90, was performed. As shown in Fig. 6a, pre-treatment
with herbimycin A decreased the up-regulated IKK activity
induced by BFT stimulation. In addition, pre-treatment with
herbimycin A resulted in a significant reduction of reporter
gene activities of NF-xB, IL-8 and COX-2 in BFT-stimulated
HT-29 cells (Fig. 6b—d). These results suggest that the
Hsp90-IKK complex plays an important role in the activa-
tion of the NF-xB-IL-8/COX-2 gene pathway in intestinal
epithelial cells in response to BFT stimulation.

The Hsp90 is associated with IKK proteins in
HT-29 cells

We next sought to confirm that Hsp90 plays a role in regu-
lating BFT-induced IKK activation in HT-29 cells. First, the
interactions of Hsp90 with IKK proteins in HT-29 cells were
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Fig. 5. IkB kinase (IKK) is involved in the phosphorylation of IxBo.
induced by Bacteroides fragilis (BFT). HT-29 cells were introduced
with siRNA for the control or each IKK for 48 h. (a) The
siRNA-transfected cells were combined with BFT for 1 h. IkBo
phosphorylation was measured using an IxBo. enzyme-linked
immunosorbent assay (ELISA) kit. Data are expressed as the mean
fold induction * standard error of the mean (s.e.m.) of
phosphorylated activity relative to untreated controls (1 =5). (b,c)
The levels of interleukin (IL)-8 and prostaglandin E, (PGE,) in
culture supernatants obtained 24 h after adding BFT were determined
by ELISA. Data are expressed as mean = s.e.m. (n =5). Asterisks
indicate values that are significantly different from BFT-stimulated
cells without transfection (P < 0-05).

examined when each protein of IKK-o, IKK-f§ and IKK-y
was overexpressed in the cells. As shown in Fig. 7a and ¢,
IKK-o and IKK-y interacted strongly with Hsp90 in each
co-immunoprecipitation assay. However, IKK-3 was unable
to interact with Hsp90 (Fig. 7b), indicating that the interac-
tion of IKK-B and Hsp90 is presumably indirect in HT-29

Dissociation of Hsp90-IKK-y complex by eupatilin

cells. Transfection efficiency for green fluorescent protein-
expression plasmid showed ~ 23% in HT-29 cells.

Eupatilin induces dissociation of the Hsp90 and IKK-y
complex in HT-29 intestinal epithelial cells stimulated
with BFT

In this study, IKK-o. and -y interacted strongly with Hsp90 in
HT-29 intestinal epithelial cells (Fig.7). To determine
whether the interaction of IKK proteins with Hsp90 could be
altered by eupatilin, HT-29 cells treated with eupatilin and
BFT were lysed and immunoprecipitated with anti-IKK-y
and subjected to immunoblot analysis for Hsp90 and IKK
proteins. As shown in the top panel of Fig. 8a, the interaction
between both IKK-y and Hsp90 was reduced after a 30-min
treatment with eupatilin. When only eupatilin was added,
changes of Hsp90-IKK-y association was not able to be
found. These results suggest that eupatilin may dissociate the
complex of Hsp90 and IKK-y in human intestinal epithelial
cells stimulated with BFT.

Pre-treatment with eupatilin prevents BFT-induced
MIP-2 secretion in mice

As described in the above, pre-treatment with eupatilin
decreased IL-8 expression significantly in BFT-stimulated
intestinal epithelial cells. To assess its pathophysiological rel-
evance in an in vivo model, we investigated whether eupatilin
might attenuate BFT-induced MIP-2 (CXCL2), which is a
mouse homologue of IL-8, in mice. Therefore, eupatilin was
injected into the lumen of a 3—4-cm ileal loop 30 min before
BFT administration. As shown in Fig. 9, MIP-2 production
was elevated significantly in the BFT-stimulated group
compared with the control group. However, BFT-induced
production of MIP-2 decreased significantly in the eupatilin-
pretreated mice.

Discussion

In the present study, eupatilin decreased IKK activity signifi-
cantly in BFT-stimulated intestinal epithelial cells. It is
possible that this effect may be due to dissociation of the
Hsp90-IKK-y complex. The dissociation of this complex led
to the suppression of both IxB phosphorylation and NF-xB
activation, which in turn resulted in the inhibition of IL-8
and PGE, secretion in BFT-stimulated intestinal epithelial
cells. These findings regarding the dissociation of the IKK-
v-Hsp90 complex support a novel mechanism of eupatilin
function in anti-inflammatory responses to stimulation with
BFT.

Intestinal epithelial cells form a tight barrier that prevents
mucosal penetration by most luminal bacteria. BFT pro-
vokes signals that induce mucosal inflammation and diar-
rhoea in animal models [2,10]. Mucosal inflammation
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Fig. 6. Treatment with herbimycin A inhibits the activation of IkB
kinase (IKK) and NF-kB, and the expression of interleukin (IL)-8 and
cyclo-oxygenase-2 (COX-2) in HT-29 cells stimulated with Bacteroides
fragilis (BFT). (a) HT-29 cells were incubated in the absence or
presence of herbimycin A (0-5 uM) for 24 h before treatment of BFT
(100 ng/ml) for 24 h. IKK kinase activity was measured using a
HTScan IKK-f kinase assay kit. Data are expressed as mean fold
induction * standard error of the mean (s.e.m.) of kinase activity
relative to untreated controls (n=5). (b, ¢, and d) HT-29 cells were
transfected with p2x nuclear factor kappaB (NF-xB)-, pIL8-, or
pCOX-2-luciferase transcriptional reporters in the absence or presence
of herbimycin A (0-5 uM) for 24 h. BFT (100 ng/ml) was added to the
transfected cells for 1 h (NF-xB, b) or 8 h (IL-8 and COX-2, c,d). Data
are expressed as mean fold induction * s.e.m. of luciferase activity
relative to untreated controls (n =5). The mean fold induction of
[3-actin reporter gene activity relative to untreated controls remained
relatively constant throughout each experiment. Asterisks indicate
values of BFT + herbimycin A that are significantly different from
those of BFT alone (P < 0-05).
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(a) IP using anti-flag Control (1% input)
HA-IKK-oo - + + - + +
Flag-Hsp90  + - + + - +
HA-IKK-o — — —
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(b) IP using anti-flag Control (1% input)
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Fig. 7. Hsp90 is associated with IxB kinase (IKK) complex in HT-29

intestinal epithelial cells. HT-29 cells were transfected with HA-tagged
IKK-0,, IKK-f or IKK-y expression plasmids and a flag-tagged Hsp90

expression plasmid. Immunoprecipitates containing Hsp90 and

IKK-y were prepared with anti-flag and anti-HA antibodies, and
immunoprecipitants were analysed by Western blotting. Results shown
are representative of at least three independent experiments.
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Fig. 8. Eupatilin alters IkB kinase (IKK)-y association with Hsp90 in
HT-29 cells stimulated with Bacteroides fragilis (BFT). HT-29 cells
were treated with eupatilin (50 uM) and BFT (100 ng/ml) for

the indicated times. Cell extracts from each sample were
immunoprecipitated with anti-IKK-y antibody. Immunoprecipitants
were analysed by Western blotting using anti-heat shock protein 90
(Hsp90), anti-IKK-0, anti-IKK-3 and anti-IKK-y antibodies. Results
shown are representative of three independent experiments.

is mediated by several proinflammatory mediators. For
example, IL-8, a member of the Cys-Xaa-Cys chemokines
(where Xaa is any amino acid), is a principal mediator of
inflammatory response which, with BFT stimulation,
includes the infiltration of neutrophils [9]. In addition,
COX-2 expression and PGE, secretion are involved in secre-
tory responses to stimulation with BFT [11]. Previously, we
demonstrated that both the expression of IL-8 and COX-2,
as well as the production of PGE;, are associated directly with
NF-xB activation in intestinal epithelial cells stimulated with
BFT [8,9,11]. The results presented here suggest that sup-
pression of NF-kB by treatment with eupatilin in vivo may
result in attenuation of BFT-induced clinical manifestations
such as enteric inflammation and diarrhoea. Although in
vivo data from an animal model would clearly strengthen our
results, we have no data using in vivo animal model treated
with eupatilin. Further studies using an animal model are
necessary to establish clearly the role of eupatilin under
ETBF-infected conditions. IL-8 expression and NF-«B acti-
vation induced by B. fragilis LPS were lower than those
induced by Escherichia coli LPS. In addition, the activity of
LPS in BFT solutions was not detectable. Therefore, the effect
of B. fragilis LPS may be excluded on IL-8 and PGE2 secre-
tion in HT-29 cells.

Activated IKK induces IkB phosphorylation, which is fol-
lowed by NF-kB activation [13]. In this study, treatment with
eupatilin blocked BFT-induced IKK activity and decreased
the expression of both IL-8 and COX-2. These results suggest

Dissociation of Hsp90-IKK-y complex by eupatilin

that eupatilin affects an IKK site in the inflammatory signal-
ling pathway induced by BFT stimulation. Hsp90 is known
to play an important role in signal transduction networks
by facilitating the biosynthesis of components of the IKK
complex. It also maintains the mature forms of the kinase
complex in a conformation that allows for its eventual bio-
chemical function and stability [17,18]. The present study
showed that IKK-y was associated strongly with Hsp90 in
HT-29 cells. However, IKK-$ was unable to interact with
Hsp90, suggesting that Hsp90 may be associated indirectly
with IKK-f in HT-29 cells. In this experimental condition,
the interaction between IKK-yand Hsp90 in BFT-stimulated
HT-29 cells was reduced after treatment with eupatilin. The
interruption of the association between IKK-y and Hsp90 by
eupatilin resulted in the decrease of both IL-8 and COX-2
mRNA expression. These results suggest that eupatilin may
induce the dissociation of the Hsp90-IKK-y complex in BFT-
stimulated HT-29 cells.

Previous studies have shown that BFT can activate
the mitogen-activated protein kinase (MAPK) signalling
pathway to increase IL-8 production in intestinal epithelial
cells. MAPK may be associated with NF-xB activation
[10,12], suggesting an association between MAPK and IKK
activation in BFT-stimulated intestinal epithelial cells.
Considering that eupatilin diminished the extracellular-
regulated kinase 1/2 (ERK1/2) activity in MCF10A-ras cells
[34] and the activities of p38 and Jun N-terminal kinase
(JNK) in bile acid-stimulated hepatocytes [35], it is possible
that eupatilin may inhibit MAPK activity in intestinal epi-
thelial cells. Here, it was shown that eupatilin did not inhibit
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Fig. 9. Effect of eupatilin on macrophage-inflammatory protein -2
(MIP-2) production in mouse ileum treated with Bacteroides fragilis
enterotoxin. Eupatilin was injected into the lumen of an ileal loop.
After 30 min, B. fragilis (BFT) enterotoxin (10 pg/loop) was
administered, and mice were kiled 4 h later. MIP-2 levels were
analysed by enzyme-linked immunosorbent assay. Data represent
mean * standard error of the mean (pg/mg tissue protein, seven
loops per group).
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completely the BFT-induced production of IL-8 and PGE, or
the activation of NF-kB. Therefore, there may be other path-
ways that allow BFT to induce the production of inflamma-
tory mediators, including the MAPK and AP-1 pathways.
Further investigations are required to clarify other contri-
buting factors that can account for the eupatilin-induced
inhibition of the expression of inflammatory mediators in
intestinal epithelial cells stimulated with BFT.

Flavonoids do not generally eradicate all pathogenic
enteric bacteria, although they decrease the density of colo-
nization in the intestine [36]. In addition, the anti-oxidant
and anti-inflammatory properties exerted by flavonoids may
stabilize the intestinal barrier function and decrease mucosal
inflammation. This study provides evidence that eupatilin
may attenuate intestinal inflammatory responses associated
with ETBF infection.

In summary, we have demonstrated that eupatilin has
anti-inflammatory activity in intestinal epithelial cells
stimulated with BFT through the dissociation of the Hsp90—
IKK-y complex. This novel action of eupatilin suggests that it
may play a role in enhancing the host defence system.
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