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Enterotoxigenic Bacteroides fragilis (ETBF) produces an approximately 20-kDa heat-labile enterotoxin (BFT)
that plays an essential role in mucosal inflammation. Although spontaneous disappearance of ETBF infection
is common, little information is available on regulated expression of antibacterial factors in response to BFT
stimulation. This study investigates the role of BFT in human �-defensin 2 (hBD-2) induction from intestinal
epithelial cells. Stimulation of HT-29 and Caco-2 intestinal epithelial cell lines with BFT resulted in the
induction of hBD-2. Activation of a reporter gene for hBD-2 was dependent on the presence of NF-�B binding
sites. In contrast, suppression of AP-1 did not affect hBD-2 expression in BFT-stimulated cells. Inhibition of
p38 mitogen-activated protein kinase (MAPK) using SB203580 and small interfering RNA (siRNA) transfec-
tion resulted in a significant reduction in BFT-induced I�B kinase (IKK)/NF-�B activation and hBD-2
expression. Our results suggest that a pathway including p38 MAPK, IKK, and NF-�B activation is required
for hBD-2 induction in intestinal epithelial cells exposed to BFT, and may be involved in the host defense
following infection with ETBF.

Enterotoxigenic Bacteroides fragilis (ETBF) strains have
been identified during an investigation of diarrheal illness in
animals and young children (27, 28, 36, 47). Recently, ETBF
infection has been reported to be associated with inflammatory
bowel diseases (IBD) (2, 32, 37) and colorectal cancer (39, 46).
B. fragilis enterotoxin (BFT), an approximately 20-kDa heat-
labile metalloprotease, is regarded as a virulence factor for the
diseases. Although ETBF strains are proposed to be enteric
pathogens, all human studies of ETBF infection have demon-
strated that between �4% and 30% of infected individuals
asymptomatically colonize with ETBF and that infection is
self-limited (33, 36). These reports suggest that antibacterial
factors induced by ETBF infection may be upregulated in the
infected area of the intestine and regulate enteric inflamma-
tion.

To prevent intestinal infection, the luminal flora and patho-
gens are controlled by epithelially derived antimicrobial pep-
tides that are constitutively expressed or inducible (29). For
example, defensins, cathelicidin LL-37, lysozyme, phospho-
lipase A, and proteins with bactericidal properties such as
ubiquicidin, ribosomal proteins, and eosinophilic proteins have
been reported (4, 11, 29, 38).

Defensins can act as endogenous antimicrobials by mem-
brane permeabilization, activation of cell wall lytic enzymes,
and disruption of membrane-bound multienzyme complexes
and intracellular events (10, 29, 34). Human defensins are
cationic, amphipathic peptides of 3.5 to �6 kDa that are char-
acterized by three intramolecular disulfide bonds. They are sub-
divided into �- and �-defensins. Four different neutrophil �-de-
fensins have been reported: human neutrophil protein 1 (HNP-1)
to HNP-4. In addition, two human �-defensins (HD-5 and HD-6)
are constitutively expressed in Paneth cells of the small intestine
(6). The epithelial human �-defensin (hBD-1) is constitutive in
the intestinal tract, whereas epithelial hBD-2 is induced by cyto-
kines or in response to inflammatory stimuli such as bacterial
infection (29, 35, 42). Recently, human �-defensins have been
reported to inhibit the activity of Clostridium difficile toxin B (9).
In light of these reports, it is possible that defensins may affect
inflammatory responses due to ETBF-derived BFT and contrib-
ute to host defense. However, little is known about the regulated
expression of �-defensins in response to BFT stimulation.

Activation of mitogen-activated protein kinase (MAPK), nu-
clear factor �B (NF-�B), or activator protein 1 (AP-1) is
known to be important for the induction of hBD-2 in several
cell lines (24, 30, 35, 40, 41, 43, 44). Although these signaling
molecules are reported to be upregulated in intestinal epithe-
lial cells exposed to BFT (12, 14, 19, 20, 21, 23, 45), there is no
evidence of BFT-induced MAPK and NF-�B activation lead-
ing to hBD-2 expression. In the studies reported here, we
investigated the regulation of hBD-2 induction in response to
BFT stimulation and found that stimulation with BFT en-
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hances hBD-2 expression in intestinal epithelial cells through
activation of the MAPK/I�B kinase (IKK)/NF-�B pathway.

MATERIALS AND METHODS

Reagents. Lipopolysaccharide (LPS)-free fetal bovine serum (FBS), antibiot-
ics, L-glutamine, and Trizol were obtained from GIBCO BRL (Gaithersburg,
MD). Dulbecco’s modified Eagle’s medium (DMEM) was purchased by Sigma
Chemical Co. (St. Louis, MO). Antibodies against IKK-�, IKK-�, phospho-IKK-
�/�, pan-extracellular signal-regulated kinase 1/2 (pan-ERK1/2 [p44/p42]), phos-
pho-ERK1/2, pan-Jun N-terminal kinase (pan-JNK [p54/p46]), phospho-JNK,
pan-p38, phospho-p38, and actin were acquired from Cell Signaling Technology,
Inc. (Beverly, MA). Goat anti-rabbit and anti-mouse secondary antibodies con-
jugated to horseradish peroxidase were purchased from Transduction Labora-
tories (Lexington, KY). Antibodies against p50, p52, p65, c-Rel, and RelB were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). PD98059,
SB203580, SP600125, and Bay 11-7085 were acquired from Calbiochem (La
Jolla, CA).

Purification of BFT and cell culture conditions. BFT was purified from the
culture supernatants of a highly toxigenic strain of ETBF as described previously
(12, 14, 19–21, 23). The purity of the BFT preparations was confirmed by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Typical prep-
arations of BFT contained 0.5 to 1.2 mg of protein per milliliter as measured by
the bicinchoninic acid (BCA) protein assay. The buffers used in the purification
were prepared using LPS-free water (Baxter Healthcare Corp., Deerfield, IL).
The activity of LPS in BFT solutions (1 mg/ml) was less than 1 endotoxin unit/ml
(quantitative chromogenic Limulus amebocyte lysate; BioWhittaker, Walkers-
ville, MD). BFT was frozen in aliquots at �80°C immediately after purification.
The human colon adenocarcinoma cell line HT-29 (ATCC HTB 38) and Caco-2
human ileocecal epithelial cell line (ATCC HTB 37) were grown in DMEM with
10% FBS and 2 mM glutamine. Cells were seeded at 0.5 � 106 to 2 � 106 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.

Quantitative RT-PCR and ELISA. Cells were treated with BFT, after which
total cellular RNA was extracted using Trizol. Reverse transcription (RT)-PCR
amplification was performed as described previously (23). The primers and
expected PCR product sizes were as follows (1, 30): hBD-1, 5�-CTCTGTCAG
CTCAGCCTC-3� (sense) and 5�-CTTGCAGCACTTGGCCTTCCC-3� (anti-
sense), 272 bp; hBD-2, 5�-CCAGCCATCAGCCATGAGGGT-3� (sense) and
5�-GGAGCCCTTTCTGAATCCGCA-3� (antisense), 254 bp; and human �-ac-
tin, 5�-TGACGGGGTCACCCACACTGTGCCCATCTA-3� (sense) and 5�-CT
AGAAGCATTGCGGTGGACGATGGAGGG-3� (antisense), 661 bp. To

FIG. 1. Time course of hBD mRNA expression in HT-29 and Caco-2 cells after treatment with BFT. HT-29 (A) and Caco-2 cells (B) were
treated with BFT (300 ng/ml) for the indicated periods. Levels of hBD-1, hBD-2, and �-actin mRNA were analyzed by quantitative RT-PCR using
each standard RNA. The values are expressed as means � SD of five different experiments.
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quantify mRNA molecules, standard RNAs for hBD-1 and hBD-2 were
generated by an in vitro transcription using T7 RNA polymerase, as described
previously (7, 16). Standard RNA for human �-actin was kindly provided by
Martin F. Kagnoff of the University of California, San Diego. The sizes of
PCR products generated from standard RNAs for hBD-1, hBD-2, and human
�-actin are 368 bp, 371 bp, 319 bp, and 520 bp, respectively. mRNA levels of
5 � 103 mRNA molecules/	g of total RNA were considered positive; al-
though lower levels could be detected and quantified, they were considered
unlikely to be biologically meaningful, as they would reflect, on average, less
than one mRNA transcript/20 cells (13, 22).

The amounts of hBD-2 in culture supernatants were measured by a commer-
cially available enzyme-linked immunosorbent assay (ELISA; Phoenix Pharma-
ceuticals, Belmont, CA) according to the manufacturer’s instructions. One ex-
periment was performed in triplicate wells. This experiment was repeated more
than 3 times. The detection limit of the ELISA kit was 10 pg/ml.

EMSA. Cells were harvested and nuclear extracts prepared as described pre-
viously (21). Concentrations of protein in the extracts were determined by the
Bradford assay (Bio-Rad, Hercules, CA). The electrophoretic mobility shift assay
(EMSA) was performed according to the manufacturer’s instructions (Promega,
Madison, WI). In brief, 5 	g of nuclear extract was incubated for 30 min at room
temperature with a 
-32P-labeled oligonucleotide probe (5�-AGTTGAGGGGA
CTTTCCCAGGC-3� for the NF-�B binding site; 5�-CGCTTGATGACTCAGC
CGGAA-3� for the AP-1 binding site). After incubation, both bound DNA and
free DNA were resolved on 5% polyacrylamide gels, as described previously (14,
21). A supershift assay was used to identify the specific members of the NF-�B
family activated by BFT stimulation. EMSA was performed as described above,
except that rabbit antibodies (1 	g/reaction) against NF-�B proteins p50, p52,
p65, c-Rel, and RelB were added during the binding reaction period (21).

Plasmids, transfection, and luciferase assays. To analyze hBD-2 promoter
activity, wild-type (hBD-2-2338-luc) and mutant plasmids (NF-�B-mutant-
1�2�3-luc, AP-1-mutant-luc, and AP-1�NF-�B-mutant-luc) were kindly do-
nated by Jürgen Harder, Clinical Research Unit, Department of Dermatology,
University Hospital Kiel, Kiel, Germany (44). The reporter plasmid containing
AP-1-luciferase was purchased from BD Sciences (Franklin Lakes, NJ) (14). p2x
NF-�B-, p�-actin- and pRSV-�-galactosidase transcriptional reporters were
kindly provided by Martin F. Kagnoff of the University of California, San Diego
(8). Cells in six-well dishes were transfected with 1.5 	g of plasmid DNA using
FuGENE 6 transfection reagent (Roche, Mannheim, Germany). The transfected
cells were incubated for 24 h at 37°C in a 5% CO2 incubator and were then
treated with BFT for the indicated time. Luciferase activity was determined in
accordance with the manufacturer’s instructions (Tropix, Inc., Bedford, MA).
Light release was quantitated for 10 s using a luminometer (MicroLumat Plus,
Berthold GmbH & Co. KG, Bad Wildbad, Germany), as previously described
(25).

TAM-67 is a dominant-negative c-Jun superrepressor that lacks the transac-
tivation domain of c-Jun and is a potent inhibitor of AP-1-mediated transacti-
vation (3, 26). TAM-67 dimerizes with c-Jun or c-Fos family members and binds
DNA, resulting in the inhibition of wild-type c-Jun and c-Fos function. The
TAM-67 used in the present study was a gift from Andreas von Knethen of the
University of Erlangen, Erlangen, Germany. Small interfering RNAs (siRNAs)
against IKK-�, the NF-�B p65 subunit, and p38 were designed as described
previously (17, 25). The siRNAs were synthesized by Qiagen (Valencia, CA).
The negative (nonsilencing) control siRNA was also purchased from Qiagen.
Transfection of dominant-negative superrepressor or siRNA into cells was per-
formed as described previously (14). Cells were cultured in 6-well plates to 50 to
80% confluence, and the cells were then transfected with the dominant-negative
superrepressor, siRNA, or nonsilencing siRNA using FuGENE 6 (Roche) as a
transfection reagent. Briefly, 1 	g of siRNA or 1.5 	g plasmid DNA was diluted
in serum-free medium to produce a final volume of 100 	l, to which 3 	l of
FuGENE 6 was added, and the mixture was incubated for 15 min at room
temperature. The transfection mixture was added to the respective wells, each
containing 300 	l of medium (10% FBS content). Transfected cells were incu-
bated for 48 h prior to the assay.

A retroviral system containing a mammalian expression vector encoding a
hemagglutinin (HA) epitope-tagged mutant I�B� (I�B�-AA) with substitutions
of serine for alanine at positions 32 and 36 was used to block NF-�B activation
as described previously (15).

Immunoblots. Cells were washed with ice-cold PBS and lysed in 0.5 ml/well
lysis buffer (150 mM NaCl, 20 mM Tris pH 7.5, 0.1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride [PMSF], and 10 	g/ml aprotinin). Fifteen to 50 	g
of protein per lane was size fractionated on a 6% polyacrylamide minigel (Mini-
Protein II; Bio-Rad) and electrophoretically transferred to a nitrocellulose mem-
brane (0.1-	m pore size). The immunoreactive proteins to which the primary

antibodies had bound were visualized using goat anti-rabbit or anti-mouse sec-
ondary antibodies conjugated to horseradish peroxidase, followed by enhanced
chemiluminescence (ECL system; Amersham Life Science, Buckinghamshire,
England) and exposure to X-ray film.

In vitro kinase assay. An HTScan IKK-� kinase assay kit was purchased from
Cell Signaling Technology. This kit contains the GST-IKK-� kinase protein, a
biotinylated peptide substrate, and a phosphoserine antibody for detection of the
phosphorylated form of the substrate peptide. TransAM NF-�B and TransAM
AP-1 ELISA kits were obtained from Active Motif (Carlsbad, CA). Each assay
was performed according to the manufacturer’s instructions (12, 18, 25).

Statistical analyses. Data are presented as the mean � standard deviation
(SD) for quantitative RT-PCR and the mean � standard error of the mean
(SEM) for ELISA, luciferase assays, and kinase assays. Wilcoxon’s rank sum test
was used for statistical analysis. P values of �0.05 were considered statistically
significant.

RESULTS

BFT induces hBD-2 expression in intestinal epithelial cells.
Stimulation with BFT increased the expression of hBD-2
mRNA as assessed by quantitative RT-PCR. Increased hBD-2
mRNA expression in HT-29 cells was first noted at 2 h after
stimulation, peaked at 6 h poststimulation, and decreased to
baseline thereafter (Fig. 1A). Similar increases in hBD-2 tran-
scripts were observed following BFT stimulation of one addi-

FIG. 2. Expression of hBD-2 transcripts and proteins in intestinal
epithelial cells stimulated with BFT. (A) HT-29 cells were treated with
the indicated concentrations of BFT for 6 h. mRNA expression of
hBD-2 (closed circles) and �-actin (open circles) was analyzed by
quantitative RT-PCR using each standard RNA. The values are ex-
pressed as means � SD of three different experiments. (B) HT-29 and
Caco-2 cells were treated with BFT (300 ng/ml) for 24 h. The concen-
tration of hBD-2 protein in culture supernatants was determined by
ELISA (mean � SEM; n  5). *, P � 0.05 versus untreated controls.

2026 YOON ET AL. INFECT. IMMUN.



tional human intestinal epithelial cell line, Caco-2 (Fig. 1B). In
contrast to hBD-2 expression, expression of hBD-1 mRNA was
constitutive and not affected by BFT in either cell line. hBD-1
transcript levels in each cell line ranged from �105 to �106

transcripts/	g cellular RNA. The magnitude of hBD-2 mRNA
expression was dependent on the concentration of stimulated
BFT (Fig. 2A). To confirm that the expressed hBD-2 tran-
scripts are linked to protein synthesis, we measured the pro-
duction of the hBD-2 protein in culture supernatants. As
shown in Fig. 2B, stimulation of HT-29 and Caco-2 cells with
BFT resulted in the increased hBD-2 release.

Binding of NF-�B to the hBD-2 promoter is required for the
induction of the hBD-2 gene in BFT-stimulated intestinal ep-
ithelial cells. Since promoters for hBD-2 gene induction con-
tain binding sites for NF-�B and AP-1, we asked whether
hBD-2 induction might correlate with NF-�B and AP-1 bind-
ing sites in HT-29 and Caco-2 cells stimulated with BFT. In this
experiment, we used four different hBD-2 promoter constructs

that were kindly donated by Jürgen Harder, Clinical Re-
search Unit, Department of Dermatology, University Hos-
pital Kiel, Kiel, Germany (Fig. 3A) (44). BFT stimulation
led to a significant increase in luciferase transcription from
the hBD-2 promoter. In this system, mutation of all three
NF-�B sites significantly decreased BFT-induced hBD-2
promoter activation. However, mutation of the AP-1 bind-
ing site did not result in any significant changes in hBD-2
promoter activation (Fig. 3B).

AP-1 is not involved in the induction of the hBD-2 gene in
BFT-stimulated cells. Because we found that mutation of the
AP-1 binding site in a reporter plasmid did not affect hBD
promoter activity (Fig. 3B), we reevaluated whether AP-1 sig-
naling could not regulate the induction of hBD-2 in BFT-
stimulated intestinal epithelial cells. In a preliminary study,
stimulation of Caco-2 cells with BFT did not increase AP-1
signals (data not shown); however, BFT increased the DNA
binding activity of AP-1 in HT-29 cells (Fig. 4A). Transfection

FIG. 3. Activation of the hBD-2 promoter in HT-29 and Caco-2 cells after stimulation with BFT. (A) The hBD-2 promoter constructs.
Nucleotide positions are marked relative to the hBD-2 transcription start. Three NF-�B sites and one AP-1 site in the hBD-2 promoter (bp �2338
to �1) linked to the luciferase gene were mutated in different combinations. (Adapted from reference 44.) (B) HT-29 or Caco-2 cells were
transfected with the wild-type (�2338-luc) or several mutated hBD-2-promoter-luciferase plasmids for 24 h. After transfection, cells were
stimulated with BFT (300 ng/ml) for another 6 h. Data are expressed as mean fold induction � SEM of luciferase activity relative to unstimulated
controls (n  5). The mean fold induction of �-actin reporter gene activity relative to that of unstimulated controls remained relatively constant
throughout each experiment.
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with a dominant-negative c-Jun superrepressor was used for
suppression of AP-1 activity in HT-29 cells. As shown in Fig.
4B, transfection with the c-Jun superrepressor did not reduce
hBD-2 promoter activation induced by BFT stimulation, al-
though the c-Jun superrepressor almost completely suppressed
AP-1 activity in HT-29 cells stimulated with BFT. Consistent
with this, the levels (mean � SD transcripts/	g of total
RNA) of hBD-2 mRNA induced by BFT did not change
when the AP-1 signal was blocked: unstimulated control,
�1.0 � 103; BFT, (8.9 � 6.1) � 105; BFT plus dominant-
negative c-Jun, (7.7 � 5.8) � 105; and BFT plus control
plasmid, (10.5 � 5.3) � 105 (n  3). These results indicate
that AP-1 is not involved in the induction of hBD-2 in
intestinal epithelial cells stimulated with BFT.

Suppression of NF-�B activity attenuates hBD-2 expression
in HT-29 cells stimulated with BFT. We next reevaluated
whether BFT-induced NF-�B activation is associated with
hBD-2 expression. For these experiments, HT-29 cells were
transfected with retrovirus containing dominant-negative I�B�
(retrovirus-I�B�-AA). The transfected cells were then stimu-

lated with BFT for 1 h, and the ability of NF-�B to bind to
DNA was assessed by EMSA. Transfection with retrovirus-
I�B�-AA completely blocked NF-�B binding in BFT-stimu-
lated HT-29 cells; however, the control retrovirus containing a
green fluorescent protein (GFP) plasmid (retrovirus-GFP) did
not reduce NF-�B binding (Fig. 5A). The cells transfected with
retrovirus-I�B�-AA were stimulated with BFT for 24 h, and
the level of hBD-2 production was determined by ELISA.
Transfection with retrovirus-I�B�-AA resulted in significant
inhibition of hBD-2 secretion (Fig. 5B).

Since activation of p65/p50 heterodimeric NF-�B in re-
sponse to BFT stimulation was observed (Fig. 6A), we per-
formed another experiment using p65 siRNA to suppress NF-
�B. In this experiment, blocking of NF-�B with p65 siRNA
significantly decreased BFT-induced expression of hBD-2 (Fig.
6B). However, the nonsilencing control siRNA (NS-RNA) had
no significant effect. These results demonstrate a direct con-
nection between NF-�B-dependent signaling and hBD-2 in-
duction.

MAPK is associated with hBD-2 induction in BFT-stimu-
lated HT-29 cells. BFT strongly activated the phosphorylation
of ERK1/2, p38, and JNK in HT-29 cells. Activation of all
three MAPK signaling molecules was first noted 5 min after
stimulation (Fig. 7A). To evaluate the relationship between
MAPK activation and hBD-2 induction in BFT-stimulated

FIG. 4. Relationship between AP-1 signaling and hBD-2 expres-
sion in BFT-stimulated HT-29 cells (A) HT-29 cells were stimulated
with BFT (300 ng/ml) for the indicated periods of time. AP-1 activity
was assessed by EMSA. The results are representative of three re-
peated experiments. (B) HT-29 cells were transfected with the pAP-1-
or wild-type hBD-2-luciferase transcriptional reporter, together with
the dominant-negative c-Jun superrepressor, as indicated. Then, 48 h
later, the cells were stimulated with BFT (300 ng/ml) for another 1 h
(AP-1) or 6 h (hBD-2), after which luciferase assays were performed.
Data are expressed as mean fold induction in luciferase activity relative
to unstimulated controls � SEM (n  5). The mean fold induction of
the �-actin reporter gene relative to unstimulated controls remained
relatively constant throughout each experiment. *, P � 0.05 compared
with BFT alone.

FIG. 5. Inhibition of NF-�B suppresses hBD-2 mRNA expression
in HT-29 cells stimulated with BFT. (A) HT-29 cells were transfected
with either retrovirus containing I�B�-superrepressor (I�B�-AA) or
control virus (GFP). At 48 h after transfection, the cells were stimu-
lated with BFT (300 ng/ml) for 1 h. NF-�B binding activity was assayed
by EMSA. � represents the positive control in which HT-29 cells were
treated with tumor necrosis factor alpha (TNF-�) (20 ng/ml); � rep-
resents the negative control. The results are representative of three
repeated experiments. (B) Cells were treated with BFT (300 ng/ml) for
24 h. The concentration of hBD-2 protein in culture supernatants was
determined by ELISA (mean � SEM; n  5).
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HT-29 cells, we examined the effect of the following kinase
inhibitors: PD98059, an inhibitor of MEK1/2, a MAPK that
phosphorylates ERK1/2; pyridinyl imidazole SB203580, which
specifically inhibits p38; and SP600125, which inhibits JNK. As
shown in Fig. 7B, pretreatment of HT-29 cells with PD98059
(�50 	M), SB203580 (�10 	M), or SP600125 (�20 	M) for
30 min significantly inhibited the BFT-induced hBD-2 gene
activation. However, SB203580 showed a greater inhibitory
effect on hBD-2 gene activation than SP600125. These results
suggest that BFT-induced p38 may be more essential for the
induction of hBD-2 than ERK or JNK.

Suppression of p38 MAPK inhibits IKK and NF-�B signals
leading to hBD-2 induction in BFT-stimulated HT-29 cells.
Since p38 MAPK signal appears to be more essential for the
induction of hBD-2 in intestinal epithelial cells stimulated with
BFT, we asked whether p38 might be associated with hBD-2
induction via the NF-�B signaling pathway. Stimulation of
HT-29 cells with BFT increased levels of phosphorylated IKK-
�/�, which were first observed 10 min after stimulation and
reached a maximum after 30 min (Fig. 8A). Since we demon-
strated previously that IKK-� is involved in I�B� phosphory-
lation and NF-�B activation in BFT-stimulated cells (12),
siRNA against IKK-� was transfected into HT-29 cells to sup-
press IKK activity (Fig. 8B). IKK-� siRNA significantly re-

duced both NF-�B activation and hBD-2 induction in BFT-
stimulated HT-29 cells (Fig. 8C and D).

To investigate the role of MAPK signaling in IKK/NF-�B
activation and hBD-2 induction by BFT, we transfected siRNA
against p38 into HT-29 cells. As shown in Fig. 9A and B,
transfection with p38 siRNA significantly decreased the NF-�B
activation and hBD-2 induction following BFT stimulation.
Concurrently, p38 siRNA significantly inhibited IKK activity in
BFT-stimulated HT-29 cells (Fig. 9C). In this system, phos-
phorylation of p38 was almost completely suppressed in HT-29
cells transfected with p38 siRNA (Fig. 9D). These results sug-
gest that the exposure of intestinal epithelial cells with BFT
can activate a signaling cascade involving p38 MAPK/IKK/NF-
�B, leading to induction of hBD-2.

DISCUSSION

In the present study, we demonstrated that one of the early
responses to BFT stimulation in human intestinal epithelial
cells was the induction of hBD-2 in a dose- and time-depen-
dent manner. BFT-induced hBD-2 expression could be regu-
lated by a MAPK-, IKK-, and NF-�B-dependent signaling
pathway.

The promoter region of the hBD-2 gene contains binding

FIG. 6. Effects of NF-�B p65 siRNA transfection on hBD-2 induction in HT-29 cells stimulated with BFT. (A) HT-29 cells were stimulated with
BFT (300 ng/ml) for 1 h. Supershift EMSA using nuclear extracts was performed using antibodies to p50, p52, p65, c-Rel, and RelB. The result
shows that antibodies to p65 and p50 shifted the NF-�B signal complex significantly. In contrast, anti-p52, anti-c-Rel, or anti-RelB antibodies did
not shift the NF-�B signal complex. The results are representative of three repeated experiments. (B) HT-29 cells were transfected with NF-�B
p65-specific silencing siRNA (siRNA) or nonsilencing control siRNA (NS RNA) for 48 h, after which the transfected cells were cotransfected with
wild-type hBD-2-luciferase or p2x NF-�B-luciferase transcriptional reporter. After 24 h, the transfected cells were stimulated with BFT (300 ng/ml)
for another 1 h (NF-�B) or 6 h (hBD-2). Data are expressed as mean fold induction � SEM of luciferase activity relative to unstimulated controls
(n  5). The mean fold induction of the �-actin reporter gene relative to unstimulated controls remained relatively constant throughout each
experiment. *, P � 0.05 compared with BFT alone.
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sites for both transcription factors NF-�B and AP-1. Thus, the
induction of hBD-2 by cytokines or various bacteria such as
Salmonella spp., pathogenic Escherichia coli, and Helicobacter
pylori requires the activation of NF-�B and/or AP-1 and their
binding to the promoter region (30, 40, 41, 43, 44). Since BFT
stimulation activates NF-�B and AP-1 signaling in intestinal
epithelial cells (14, 23), it is possible that BFT-mediated in-
duction of hBD-2 may be associated with the binding of NF-�B
and/or AP-1 to the hBD-2 promoter. The present study
showed that mutation of NF-�B sites significantly reduced
BFT-mediated hBD-2 promoter activation. The importance of
NF-�B in the signal transduction pathway leading to hBD-2
gene induction by BFT was confirmed by the observation that
the transfection of HT-29 cells with retrovirus-I�B�-AA or p65
siRNA significantly downregulated the hBD-2 induction by
BFT stimulation.

In contrast, a reporter with an AP-1 binding site mutation
did not show any significant change in hBD-2 promoter acti-
vation in BFT-stimulated cells. The lack of involvement of

FIG. 8. Suppression of IKK activity by siRNA in HT-29 intestinal
epithelial cells stimulated with BFT. (A) HT-29 cells were stimulated with
BFT (300 ng/ml) for the indicated periods. Phosphorylation and protein
expression of IKK-�, IKK-�, and actin were assessed by immunoblot
analysis. The results are representative of three repeated experiments.
(B) HT-29 cells were transfected with siRNA against IKK-� for 48 h. The
transfected cells were stimulated with BFT (300 ng/ml) for 1 h. IKK
kinase activity was measured using the HTScan IKK-� kinase assay kit.
Data are expressed as mean fold induction � SEM of kinase activity
relative to untreated controls (n  5). (C and D) The siRNA-transfected
cells were then cotransfected with p2x NF-�B- or wild-type hBD-2-lucif-
erase reporter for another 24 h. BFT (300 ng/ml) was added to cotrans-
fected cells for 1 h (NF-�B) (C) or 6 h (hBD-2) (D). Data are expressed
as mean fold induction � SEM of luciferase activity relative to untreated
controls (n  5). The mean fold induction of the �-actin reporter gene
relative to untreated controls remained relatively constant throughout
each experiment. Asterisks indicate values of BFT plus siRNA that are
significantly different from those of BFT alone (P � 0.05).

FIG. 7. BFT activates MAPKs in HT-29 cells. (A) HT-29 cells were
stimulated with BFT (300 ng/ml) for the indicated periods of time.
ERK1/2, p38, and JNK activities were measured by immunoblot anal-
ysis. Results are representative of five independent experiments.
(B) HT-29 cells were transfected with the wild-type hBD-2-luciferase
transcriptional reporter for 24 h. The transfected cells were preincu-
bated with PD98059 (open circles), SB203580 (open squares), or
SP600125 (filled circles) for 30 min and then stimulated with BFT (300
ng/ml) for another 6 h. Data are expressed as the mean fold induction
in luciferase activity relative to unstimulated controls � SEM (n  5).
*, P � 0.05 compared with BFT alone.
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AP-1 in BFT-induced hBD-2 expression was further confirmed
by transfecting HT-29 cells with a dominant-negative c-Jun
superrepressor. Considering that AP-1 activation is linked to
expression of chemokine interleukin-8 (IL-8) and monocyte
chemoattractant protein 1 (MCP-1) in intestinal epithelial cells
exposed to BFT and may be involved in the development of
enteritis (14), AP-1 activation seems to be primarily involved in
the BFT-induced mucosal inflammation rather than hBD-2
induction.

Our findings are different from those of a study in which
hBD-2 induction in human gingival epithelial cells infected
with the periodontal bacterium Fusobacterium nucleatum was
not blocked by NF-�B inhibitors but was mainly regulated by
AP-1 (24). Both NF-�B and AP-1 are required for full hBD-2
promoter activation upon stimulation of keratinocytes with
Pseudomonas aeruginosa (44) and of Caco-2 intestinal epithe-
lial cells with pathogenic E. coli (43). Therefore, NF-�B-de-
pendent and AP-1-independent hBD-2 induction seems to be
unique to BFT-stimulated intestinal epithelial cells.

MAPK activation is known to be an important event under-
lying hBD-2 induction. Although BFT activates MAPK and
NF-�B signaling in intestinal epithelial cells (12, 14, 19, 20, 21,
23, 45), the relationship between NF-�B and MAPK signaling
in intestinal epithelial cells stimulated with BFT is unclear. To
gain insight into BFT-induced signaling pathways involved in
hBD-2 induction, we attempted to determine whether NF-�B
and MAPK signaling might cooperate to induce hBD-2 expres-
sion in intestinal epithelial cells. In the present study, the p38
inhibitor SB203580 showed a greater inhibitory effect on
hBD-2 induction than the ERK inhibitor PD98059 or the JNK
inhibitor SP600125. These results suggest that p38 MAPK is
more essential for hBD-2 induction in BFT-stimulated intes-
tinal epithelial cells than ERK or JNK. Since several reports
have demonstrated that p38 MAPK may be associated with
IKK-dependent NF-�B activation (5, 25, 31), we assessed the
effects of p38 activation on IKK and NF-�B signaling in BFT-
stimulated cells. Our study showed that suppression of p38
activity in BFT-stimulated HT-29 cells significantly reduced
phospho-IKK-�/� activity, NF-�B activity, and hBD-2 expres-
sion, suggesting that the activated p38 molecule may act up-
stream of IKK and NF-�B in BFT-induced hBD-2 expression.

In summary, we have demonstrated that exposure of intes-
tinal epithelial cells to BFT results in the activation of a sig-
naling cascade involving p38 MAPK, IKK, NF-�B, and subse-
quent hBD-2 induction in intestinal epithelial cells. Based on
these findings, we propose that the induction of hBD-2 seems
to enhance the innate epithelial defense against ETBF infec-
tion. If dysregulation of this cascade occurs, it may lead to
insufficient expression of hBD-2 in intestine, thereby increas-
ing the chances of ETBF-associated diseases such as colitis,
IBD, and colon tumorigenesis.
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