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Enterotoxigenic Bacteroides fragilis (ETBF) produces an B20 kDa B. fragilis enterotoxin (BFT), which plays an essential role
in mucosal inflammation. Lipocalin (Lcn)-2, a siderophore-binding antimicrobial protein, is critical for control of bacterial
infection; however, expression of Lcn-2 in BFT-exposed intestinal epithelial cells has not been elucidated. In the present
study, stimulation of human intestinal epithelial cells with BFT resulted in the upregulation of Lcn-2 expression that was a
relatively late response of intestinal epithelial cells compared with human b-defensin (hBD)-2 expression. The upregu-
lation of Lcn-2 was dependent on AP-1 but not on NF-kB signaling. Lcn-2 induction via AP-1 was regulated by mitogen-
activated protein kinases (MAPKs) including ERK and p38. Lcn-2 was secreted from the apical and basolateral surfaces in
BFT-treated cells. These results suggest that a signaling pathway involving MAPKs and AP-1 is required for Lcn-2
induction in intestinal epithelial cells exposed to BFT, after which the secreted Lcn-2 may facilitate antimicrobial activity
within ETBF-infected mucosa.
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Enterotoxigenic Bacteroides fragilis (ETBF) strains are known
to be associated with intestinal diseases such as diarrheal
illness, colitis, inflammatory bowel disease (IBD)1,2 and colo-
rectal cancer.3–5 B. fragilis enterotoxin (BFT), an B20 kDa
heat-labile metalloprotease, is regarded as a virulence factor
for these diseases. To reduce or prevent intestinal infection,
the luminal flora and invading pathogens can induce pro-
duction of epithelial-derived antimicrobial factors such as
defensins, cathelicidin LL-37, and antimicrobial proteins.6–9

Recently, we demonstrated that stimulation of intestinal
epithelial cells with BFT enhanced the expression of the
antibacterial peptide human b-defensin (hBD)-2.10 However,
it is possible that other antibacterial factors may be
upregulated in the ETBF-infected area of the intestine and
contribute to regulation of enteric inflammation.

Although ETBF strains are considered to be enteric
pathogens, clinical studies have routinely identified asymp-
tomatic stool carriage of ETBF in a substantive portion
(4–20%) of control populations.11,12 In addition,
colonization of gnotobiotic mice with ETBF was shown to

induce acute colitis.13,14 In contrast, conventional mice
colonized with ETBF have been shown to develop rapid-
onset, transient diarrhea lasting 3 to 4 days. Subsequently,
conventional mice colonized with ETBF exhibit persistent,
asymptomatic colonization, with ongoing histopathologic
colitis presenting for as long as 16 months.5,14,15 These
reports suggest that induced antimicrobial factors may play a
role in the growth inhibition of commensal bacteria, resulting
in the survival of colonized ETBF in the gut.

For iron acquisition, microbes use an array of iron chela-
tors known as siderophores.16 Bacterial siderophores are
scavenged by lipocalin-2 (Lcn-2; also known as neutrophil
gelatinase-associated lipocalin (NGAL) or siderocalin) as part
of the innate immune defense.17 Lcn-2 exerts its growth-
inhibitory effect by binding several ferric siderophore
complexes such as siderophore enterobactin (Ent), which is
produced by Gram-negative enteric bacteria, including
Escherichia coli, Salmonella enterica, and Klebsiella
pneumoniae.18,19 Besides working as a bacteriostatic protein,
Lcn-2 has been reported to be involved in the pathogenesis of
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inflammation and cancer.20 In light of these reports, it is
possible that Lcn-2 may affect inflammatory responses
induced by ETBF-derived BFT and subsequently contribute
to host defense. However, little is known about the regulation
of Lcn-2 expression in response to BFT stimulation.

Activation of mitogen-activated protein kinases (MAPKs)
and nuclear factor-kB (NF-kB) is critical for the induction of
Lcn-2 in several cell lines.21–24 In addition, it is possible that
activator protein-1 (AP-1) may be involved in the Lcn-2
induction process as the Lcn-2 gene promoter contains
binding sites for both AP-1 and NF-kB; however, there are no
reports regarding AP-1-induced Lcn-2 expression in the
literature. Moreover, there is no evidence of BFT-induced
MAPKs or AP-1 activation leading to Lcn-2 expression,
although those signaling molecules have been reported to be
activated in intestinal epithelial cells exposed to BFT.10,25–31

In the studies reported here, we investigated the regulation of
Lcn-2 expression in response to BFT stimulation, and found
that stimulation with BFT upregulates Lcn-2 expression in
intestinal epithelial cells through the activation of MAPKs
and the AP-1 signaling pathway.

MATERIALS AND METHODS
Reagents
Lipopolysaccharide (LPS)-free fetal bovine serum (FBS),
Ca2

þ and Mg2
þ -free Hanks’ balanced salt solution (HBSS),

antibiotics, L-glutamin, and Trizol were obtained from
GIBCO BRL (Gaithersburg, MD, USA). Dulbecco’s modified
Eagle’s medium (DMEM), Ham’s F12 medium, dithiothreitol
(DTT), and EDTA were purchased from Sigma Chemical
(St Louis, MO, USA). Monoclonal antibodies (mAbs)
against IkBa, phospho-IkBa, pan-ERK1/2 (p44/p42),
phospho-ERK1/2, pan-JNK (p54/p46), phospho-JNK,
pan-p38, phospho-p38, phospho-p65, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and actin were
acquired from Cell Signaling Technology (Beverly, MA,
USA). Goat anti-rabbit and anti-mouse secondary Abs con-
jugated to horseradish peroxidase were purchased from
Transduction Laboratories (Lexington, KY, USA). Abs against
c-Jun, c-Fos, Jun-B, Jun-D, and Fos-B were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). PD98059,
SB203580, and SP600125 were acquired from Calbiochem
(La Jolla, CA, USA). To inhibit the AP-1 activity, SR11302
(Tocris Bioscience, Ellisville, MO, USA) was used.32

Purification of BFT and Cell Culture Conditions
BFT was purified from the culture supernatant of a highly
toxigenic ETBF strain as described previously.10,25–30,33 BFT
preparation purity was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Typical
preparations of BFT contained 0.5–1.2mg protein/ml as
measured by the BCA protein assay. Buffers used in the
purification were prepared using LPS-free water. LPS activity
in the BFT solution (1mg/ml) was less than one endotoxin
unit/ml by quantitative chromogenic limulus amebocyte

lysate (BioWhittaker, Walkersville, MD, USA). BFT was
frozen in aliquots at � 80 1C immediately after purification.

The human colon adenocarcinoma cell line HT-29 (ATCC
HTB 38) was grown in DMEM with 10% FBS, 2mM glu-
tamine and antibiotics. Cells were seeded at 0.5–2� 106 cells
per well in six-well plates and allowed to attach overnight.
After 12 h of serum starvation, cells were incubated with BFT
for the indicated period.

T84 human colon epithelial cells (ATCC CCL-248) were
cultured in 50% DMEM/50% Ham’s F12 medium supple-
mented with 5% FBS, 2mM glutamine, and antibiotics. The
polarized monolayers of T84 cells were prepared by seeding
5� 105 cells on collagen-coated microporous supports (3-mm
pore size, 1.12-cm2 growth area) in transwell chambers
(Corning Costar, Lowell, MA, USA) as previously de-
scribed.30 The formation of tight junctions was functionally
assessed by measuring the electrical resistance across the
monolayers (transepithelial electrical resistance (TER)) using
a Millicell electrical resistance system (Millipore, Bedford,
MA, USA).30 The electrical resistance of the unstimulated
control in this study was 41000O� cm2 after subtraction of
the resistance across a cell-free filter. To confirm the tight
junction, [3H]-inulin flux across the monolayers in a
transwell chamber was measured as described previously.34

Briefly, monolayers of T84 cells were grown on transwells for
4–16 days and were washed twice in HBSS before the addi-
tion of [3H]-inulin (2.5 mCi/ml, PerkinElmer, Boston, MA,
USA) in HBSS to the top well (basolateral side) and non-
radioactive HBSS to the bottom well (apical side). After 3 h,
10 ml was sampled from the bottom well and counts per min
(c.p.m.) were measured using a scintillation counter. Data are
presented in triplicate as a percentage of the amount of c.p.m.
added to the top chamber.

Isolation of Primary Human Intestinal Epithelial Cells
Primary human colon epithelial cells were obtained from
normal-appearing mucosa of surgically resected colons from
patients with colon cancer, as described previously.26,28,35,36

The study was approved by the Ethics Committee of Seoul
National University Hospital. After the surgical specimens
were washed twice in HBSS, the epithelia were removed by
scraping the surface with a glass slide. The scraped tissue was
cut into small sections using a razor blade and washed at
room temperature with 10mM DTT in HBSS for 30min,
followed by two 90-min washes with 1mM EDTA. Cells
liberated from both washes were harvested by centrifugation
at 500 g for 5min at room temperature, followed by
incubation with 3mg/ml dispase and 1mg/ml DNase at
37 1C for 30min. Cells were harvested by centrifugation,
followed by further purification using a Percoll density
gradient (Pharmacia Biotech, Uppsala, Sweden), where the
intestinal epithelial cells are located at the 0–30% layer in-
terface. After centrifugation for 20min at 300 g, purified
epithelial cells were collected. The freshly isolated colon
epithelial cells were cultured at a density of 2� 106 cells/ml in
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RPMI-1640 media supplemented with 10% FBS, 2mM
glutamine, and antibiotics (100U/ml of penicillin and
100 mg/ml of streptomycin). Epithelial cell preparations
contained o5% contamination from B cells or monocytes/
macrophages, as assessed by flow cytometry using CD19/20
and CD14 as markers.

Quantitative Reverse Transcriptase (RT)-PCR and ELISA
After cells were treated with BFT, total cellular RNA was
extracted using Trizol. Reverse transcription and PCR
amplification were performed as described previously.37 The
primers and expected PCR product sizes were as follows:
Lcn-2, 50-TCACCTCCGTCCTGTTTAGG-30 (sense) and
50-CGAAGTCAGCTCCTTGGTTC-30 (antisense), 242 bp
(NM_005564.3 Homo sapiens lipocalin 2 (Lcn-2), mRNA);
hBD-2, 50-CCAGCCATCAGCCATGAGGGT-30 (sense) and
50-GGAGCCCTTTCTGAATCCGCA-30 (antisense), 255 bp
(NM_004942.2 Homo sapiens defensin, b4 A (DEFB4A),
mRNA); and human b-actin, 50-TGACGGGGTCACCCACA
CTGTGCCCATCTA-30 (sense) and 50-CTAGAAGCATTGCG
GTGGACGATGGAGGG-30 (antisense), 661 bp (NM_001101.3
Homo sapiens actin, b (ACTB), mRNA). To quantify mRNA
transcripts, RNA standards for Lcn-2 and hBD-2 were
generated by in vitro transcription using T7 RNA poly-
merase as described previously.10,37 Dr Martin F Kagnoff of the
University of California, San Diego, kindly provided standard
RNA for human b-actin. The sizes of the PCR products
generated from the standard RNAs for Lcn-2, hBD-2, and
human b-actin were 348, 371, and 520 bp, respectively.

The amount of Lnc-2 and hBD-2 in culture supernatants
was measured with a commercially available enzyme-linked
immunosorbent assay (ELISA; Phoenix Pharmaceuticals,
Belmont, CA, USA) according to the manufacturer’s in-
structions. One experiment was performed in triplicate wells.

Electrophoretic Mobility Shift Assay
Cells were harvested and nuclear extracts prepared as de-
scribed previously.30 Protein concentration in the extracts
was determined by Bradford assay (Bio-Rad, Hercules, CA,
USA). Electrophoretic mobility shift assay (EMSA) was
performed according to the manufacturer’s instructions
(Promega, Madison, WI, USA). In brief, 5 mg of nuclear
extract was incubated for 30min at room temperature with a
g32P-labeled oligonucleotide probe (50-AGTTGAGGGGACTT
TCCCAGGC-30 for the NF-kB binding site; 50-CGCTTGA
TGACTCAGCCGGAA-30 for the AP-1 binding site). After
incubation, both bound and free DNA was resolved on 5%
polyacrylamide gels, as described previously.30 To identify the
specific members of the AP-1 family activated by BFT
stimulation, a supershift assay was performed as described
above, except that rabbit antibodies (1 mg/reaction) against
c-Jun, c-Fos, Jun-B, Jun-D, and Fos-B were added during the
binding reaction period.26

Plasmids, Transfection, and Luciferase Assays
Wild-type Lcn-2 plasmid [pNGAL(-900)-luc] and wild-type
hBD-2 plasmid (hBD-2-2338-luc) was kindly donated by Dr
Tatsushi Muta or the Laboratory of Cell Recognition and
Response, Graduate School of Life Sciences, Tohoku Uni-
versity, Japan,24 and Dr Jürgen Harder of the Clinical
Research Unit, Department of Dermatology, University Hos-
pital Kiel, Germany,38 respectively. The reporter plasmid
containing AP-1-luciferase was purchased from BD Sciences
(Franklin Lakes, NJ, USA).26 Dr Martin F Kagnoff of the
University of California, San Diego, kindly provided the p2x
NF-kB-, pb-actin-, and pRSV-b-galactosidase transcriptional
reporters.39 To analyze promoter activity, cells in six-well
dishes were transfected with 1.5 mg plasmid DNA using
FuGene6 transfection reagent (Roche, Mannheim, Germany).
The transfected cells were incubated for 24 h at 37 1C in a 5%
CO2 incubator and were then treated with BFT for the
indicated time in the figure legends. Luciferase activity was
determined in accordance with the manufacture’s
instructions (Tropix, Bedford, MA, USA). Light release was
quantitated for 10 s using a luminometer (MicroLumat Plus,
Berthold, Bad Wildbad, Germany) as previously described.37

TAM-67 is a dominant-negative c-Jun super-repressor that
lacks the transactivation domain of c-Jun and is a potent
inhibitor of AP-1-mediated transactivation.36,40 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 Dr Andreas von Knethen of the University of Erlangen
(Erlangen, Germany). Small interfering RNA (siRNA) against
the NF-kB p65 subunit was designed as previously
described.10 The siRNAs and nonsilencing negative control
siRNAs were synthesized by QIAGEN (Valencia, CA, USA).
Transfection of the dominant-negative super-repressor or
siRNA into cells was performed as described previously.41

Cells were cultured in 6-well plates to 50–80% confluence
and the cells were then transfected with the dominant-ne-
gative super-repressor, siRNA, or nonsilencing siRNA using
Fugene 6 (Roche) as a transfection reagent. Briefly, 1mg of
siRNA or 1.5 mg plasmid DNA was diluted in serum-free
medium to produce a final volume of 100 ml to which 3 ml of
Fugene 6 was added before the mixture was incubated for
15min at room temperature. The transfection mixture was
added to wells that each contained 300 ml of medium (10%
FBS content). Transfected cells were incubated for 48 h before
the assay.

A retroviral system containing a mammalian expression
vector encoding a hemagglutinin (HA) epitope-tagged mu-
tant IkBa (IkBa-AA) with serine for alanine amino acid
substitutions at positions 32 and 36 was used to block NF-kB
activation as described previously.35 Recombinant adeno-
viruses containing dominant-negative MEK-1 (ADV-118)
and dominant-negative p38a (ADV-105) expression vectors
were obtained from Cell BioLabs (San Diego, CA, USA). The
MEK1 adenoviral mutant cannot be phosphorylated, as the
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dual phosphorylation site S217/S221 was altered to A217/
A221. In the dominant-negative p38a plasmid, the TGY dual
phosphorylation site was substituted with AGF.36

Immunoblots
Cells were washed with ice-cold PBS and lysed by addition of
0.5ml/well lysis buffer (150mM NaCl, 20mM Tris pH 7.5,
0.1% Triton X-100, 1mM PMSF, and 10 mg/ml aprotonin).
Protein was size-fractionated on a 6% polyacrylamide mini-
gel (Mini-PROTEIN II; Bio-Rad), with 15–50mg of protein
loaded per lane, and electrophoretically transferred to a
PDVE membrane (0.45-mm pore size). The immunoreactive
proteins to which the primary antibodies had bound were
visualized using goat anti-rabbit or anti-mouse secondary
antibodies conjugated to horseradish peroxidase, followed by
enhanced chemiluminescence (ECL system; Amersham Life
Science, Buckinghamshire, UK) and exposure to X-ray film.

In Vitro Kinase Assays
FACE ERK1/2, FACE p38, FACE JNK, TransAM NF-kB, and
TransAM AP-1 ELISA kits were obtained from Active Motif
(Carlsbad, CA, USA). Each assay was performed according to
the manufacturer’s instructions.33,36,42 One experiment was
performed in triplicate wells and all experiments were
repeated more than three times.

Statistical Analyses
Data are presented as the mean±s.d. for quantitative
RT-PCR and the mean±s.e.m. for ELISA, luciferase assays,
and kinase assays. Wilcoxon’s rank-sum test was used for
statistical analysis. The P-values of o0.05 were considered
statistically significant.

RESULTS
BFT Induces Lcn-2 Expression in Intestinal Epithelial
Cells
Stimulation of HT-29 cells with BFT increased the expression
of Lcn-2 mRNA transcripts, in which significant Lcn-2
mRNA upregulation began at 9 h after stimulation and
continued to increase over the ensuing 48 h (Figure 1a).
Similar kinetics of Lcn-2 mRNA expression wee obtained
following BFT stimulation of primary human intestinal epi-
thelial cells (Figure 1b). The magnitude of Lcn-2 expression
was dependent on the concentration of stimulated BFT
(Figure 1c). Based on this result, 100 ng/ml of BFT was used
in the next experiments. To confirm that the expressed Lcn-2
transcripts were linked to protein synthesis, we measured the
production of Lcn-2 protein in culture supernatants. As
shown in Figure 1d, stimulation of HT-29 and T84 cells with
BFT resulted in increased Lcn-2 release. Similar results were
also observed in primary human intestinal epithelial cells
stimulated with BFT.

NF-jB Activation Does Not Lead to Lcn-2 Expression in
Intestinal Epithelial Cells Stimulated with BFT
As promoters for Lcn-2 gene induction contain binding sites
for NF-kB, we asked whether BFT-induced NF-kB activation
could be associated with Lcn-2 expression. DNA binding
studies with NF-kB showed that stimulation with BFT in-
creased NF-kB DNA binding in HT-29 cells (Figure 2a).
Activation of NF-kB signal was first apparent 10min after
stimulation, peaked at 1–3 h, and decreased to baseline levels
over the ensuing 24 h. Concurrently, an increase of phospho-
IkBa and the degradation of IkBa were observed in
BFT-stimulated cells, with the signals having almost re-
covered to baseline level 24 h after stimulation.

A retrovirus containing dominant-negative IkBa
(retrovirus-IkBa-AA) was used to suppress NF-kB activity.
Transfection with retrovirus-IkBa-AA completely blocked
NF-kB binding in BFT-stimulated HT-29 cells, and the
control retrovirus containing a GFP plasmid (retrovirus-
GFP) did not reduce NF-kB binding (Figure 2b). In this
experimental condition, the level of Lcn-2 mRNA was de-
termined by quantitative RT-PCR. Transfection with retro-
virus-IkBa-AA did not significantly inhibit Lcn-2 mRNA
expression in HT-29 cells stimulated with BFT (Figure 2c). In
contrast, suppression of NF-kB activity resulted in the ob-
vious inhibition of hBD-2 mRNA levels (Figure 2d). Con-
sistent with this, BFT-induced Lcn-2 secretion was not
significantly changed when the NF-kB signal was blocked
(Figure 3a). hBD-2 secretion as the positive control was
significantly decreased in retrovirus-IkBa-AA-transfected
cells compared with untransfected or retrovirus-GFP-
transfected cells treated with BFT.

To confirm the NF-kB-independent expression of Lcn-2
in response to BFT stimulation, we performed another ex-
periment using p65 siRNA to suppress the NF-kB signal.
Blocking NF-kB with p65 siRNA did not significantly change
the BFT-induced increase in the promoter activity of Lcn-2
(Figure 3b). Consistent with this, mRNA expression and
protein secretion of Lcn-2 induced by BFT stimulation did
not show significant differences between p65 siRNA-trans-
fected and untransfected cells (Figures 3c and d). In this
system, nuclear phospho-p65 signal induced by BFT was
completely suppressed in HT-29 cells transfected with p65
siRNA (Figure 3e). These results do not demonstrate a direct
connection between NF-kB signaling and Lcn-2 induction in
BFT-stimulated intestinal epithelial cells.

AP-1 Is Involved in the Induction of the Lcn-2 Gene in
BFT-Stimulated Intestinal Epithelial Cells
We next evaluated whether Lcn-2 induction might be asso-
ciated with AP-1 signaling in intestinal epithelial cells sti-
mulated with BFT as promoters for Lcn-2 gene induction
contain binding sites for AP-1. BFT stimulation increased the
DNA binding activity of AP-1 in HT-29 cells (Figure 4a). A
supershift assay was performed to identify the specific AP-1
subunits that comprise the AP-1 signal detected by EMSAs in
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BFT-stimulated cells. As shown in Figure 4b, the entire
AP-1 signal disappeared with the treatment of Abs to
c-Jun and c-Fos. However, the addition of other Abs to
Jun B, Jun D, and FosB did not affect the AP-1 signal induced
by BFT.

To suppress the activated AP-1 signal induced by BFT
stimulation, transfection with a dominant-negative c-Jun
super-repressor was used. The dominant-negative c-Jun

super-repressor almost completely suppressed AP-1 activity
in HT-29 cells stimulated with BFT (Figure 4c). In this
experimental system, transfection with the c-Jun super-
repressor significantly reduced Lcn-2 promoter activation
induced by BFT stimulation. Consistent with this, the levels
of Lcn-2 mRNA and protein secretion induced by BFT re-
sulted in significant inhibition when the AP-1 signal was
blocked (Figure 4d).

Figure 1 Expression of Lcn-2 in intestinal epithelial cells after BFT treatment. (a, b) Time courses of Lcn-2 mRNA expression in intestinal epithelial cells

after treatment with BFT. (a) HT-29 cells were treated with BFT (100 ng/ml) for the indicated periods of time. Levels of Lcn-2 and b-actin mRNA were

analyzed by quantitative RT-PCR using each standard RNA. The values are expressed as the mean±s.d. (n¼ 5). (b) Primary intestinal epithelial cells

were treated with BFT (100 ng/ml) for the indicated periods of time. The values are expressed as the mean±s.d. (n¼ 3). (c) HT-29 cells were treated

with the indicated concentrations of BFT for 18 h. mRNA expression of Lcn-2 (closed circle) and b-actin (open circle) was analyzed by quantitative

RT-PCR using each standard RNA. The values are expressed as the mean±s.d. (n¼ 5). (d) HT-29, T84, and primary human intestinal epithelial cells were

treated with BFT (100 ng/ml) for 24 h. The concentration of Lcn-2 protein in culture supernatants was determined by ELISA (mean±s.e.m., n¼ 5).

*Po0.05 versus untreated controls.
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To confirm the NF-kB-independent and AP-1-dependent
expression of Lcn-2 in response to BFT stimulation,
we performed another experiment using primary human
intestinal epithelial cells. As shown in Figure 5a, the kinetics
of NF-kB signaling was quite different from those of AP-1
signaling. Activation of NF-kB peaked 1 h after stimulation
and decreased to baseline levels at B12 h. In contrast, AP-1
activation peaked B1–6 h after stimulation and continued
up to 24 h. In this experimental system, pretreatment of
primary intestinal epithelial cells with the AP-1 inhibitor
SR11302 significantly reduced the Lcn-2 protein secretion in
BFT-stimulated cells; however, a significant difference of
Lcn-2 secretion was not observed between cells treated with

an NF-kB inhibitor MG-132þBFT and cells with BFT alone
(Figure 5b). In contrast, the BFT-induced hBD-2 secretion
was significantly inhibited by pretreatment with MG-132, but
not with SR11302 (Figure 5c). These results indicate that
AP-1 signaling plays a major role in the induction of Lcn-2 in
BFT-stimulated intestinal epithelial cells.

MAPKs Are Associated with Lcn-2 Induction in
BFT-Stimulated Human Intestinal Epithelial Cells
We next determined whether AP-1-induced Lcn-2 expression
might be associated with MAPK signaling in intestinal epi-
thelial cells stimulated with BFT. BFT strongly activated the
phosphorylation of ERK1/2, p38, and JNK signals in HT-29

Figure 2 Relationship between NF-kB signaling and hBD-2 expression in BFT-stimulated HT-29 cells. (a) HT-29 cells were treated with BFT (100 ng/ml)

for the indicated periods of time. NF-kB DNA binding activity was assessed by EMSA. Immunoblot results for concurrent IkBa, phospho-IkBa, and actin

expression levels in cells under the same conditions are provided beneath the EMSA. The results are representative of three independent experiments.

(b) HT-29 cells were transfected with either retrovirus containing IkBa-super-repressor (IkBa-AA) or control virus (GFP). At 48 h after transfection, the

cells were stimulated with BFT (100 ng/ml) for 1 h. NF-kB binding activity was assayed by EMSA. The (þ ) symbol represents the positive control in

which HT-29 cells were treated with TNF-a (20 ng/ml). The results are representative of three repeated experiments. (c, d) Transfected or untransfected

cells were treated with BFT (100 ng/ml) for 18 h (c, Lcn-2) or 6 h (d, hBD-2). Levels of Lcn-2 and hBD-2 mRNA were analyzed by quantitative RT-PCR

using standard RNA. The values are expressed as the mean±s.d. (n¼ 5). The b-actin mRNA levels in each group remained relatively constant

throughout the same period (B5� 106 transcripts/mg total RNA). In this experimental condition, Lcn-2 mRNA expressions in control virus (GFP)-

transfected cells in the presence or absence of BFT showed nonsignificant different from those of unstimulated control. *Po0.05 compared with

untransfected cells treated with BFT.
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cells. Activation of all three MAPK signaling molecules was
first noted 10min after stimulation (Figure 6a). To suppress
each MAPK activity in BFT-stimulated cells, the following
kinase inhibitors were used: PD98059, an inhibitor of MEK1/
2, a MAPK that phosphorylates ERK1/2; pyridinyl imidazole
SB203580, which specifically inhibits p38; and SP600125,
which inhibits JNK.32 Pretreatment of HT-29 with PD98059
(Z10 mM), SB203580 (Z10 mM), or SP600125 (Z50 mM)
significantly inhibited the BFT-induced reporter gene

activation of Lcn-2 (Figure 6b). In this experimental sys-
tem, the ERK inhibitor and p38 inhibitor were superior
to reducing Lcn-2 gene activation compared with the JNK
inhibitor.

To further evaluate the relationship between MAPK acti-
vation and AP-1 induction in BFT-stimulated intestinal
epithelial cells, we used a transfection model with re-
combinant adenoviruses. BFT-induced phosphorylation of
ERK or p38 signals was suppressed in HT-29 cells infected

Figure 3 NF-kB-independent expression of Lcn-2 in BFT-stimulated HT-29 cells. (a) The culture and transfection conditions were the same as those

described in the legend for Figure 2c. Transfected or untransfected cells were treated with BFT (100 ng/ml) for 24 h. The concentration of each protein

in culture supernatants was determined by ELISA (mean±s.e.m., n¼ 5). NS, statistically nonsignificant. (b) HT-29 cells were transfected with NF-kB
p65-specific silencing siRNA (siRNA) or nonsilencing control siRNA (NS-RNA) for 48 h, after which the transfected cells were cotransfected with a

wild-type Lcn-2-luciferase transcriptional reporter. After 24 h, the transfected cells were stimulated with BFT (100 ng/ml) for 18 h. Data are expressed as

mean fold induction±s.e.m. of luciferase activity relative to unstimulated controls (n¼ 5). The mean fold induction of the b-actin reporter gene relative

to unstimulated controls remained relatively constant throughout each experiment. (c) NF-kB p65 siRNA-transfected cells were stimulated with BFT

(100 ng/ml) for 18 h. Levels of Lcn-2 mRNA were analyzed by quantitative RT-PCR using standard RNA. The values are expressed as the mean±s.d.

(n¼ 5). The b-actin mRNA levels in each group remained relatively constant throughout the same period (B106 transcripts/mg total RNA). (d) NF-kB
p65 siRNA-transfected cells were stimulated with BFT (100 ng/ml) for 24 h. The concentration of Lcn-2 protein in culture supernatants was determined

by ELISA (mean±s.e.m., n¼ 5). (e) siRNA-transfected cells were combined with BFT (100 ng/ml) for 1 h. Nuclear extracts were analyzed by

immunoblotting with the indicated antibodies. Results shown are representative of three independent experiments.
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with the corresponding recombinant adenovirus to control
levels (Figure 6c). In this experimental condition, transfec-
tion with expression vectors containing dominant-negative
mutants significantly decreased the activation of AP-1

following BFT stimulation. Concurrently, transfection with
adenovirus containing dominant-negative expression
vectors significantly inhibited Lcn-2 promoter activity in
BFT-stimulated cells (Figure 6d).

To confirm the ability of BFT to induce MAPK- and AP-1-
dependent Lcn-2 expression in a cell line model, we per-
formed experiments using isolated primary human intestinal
epithelial cells. Cells were treated with BFT and ELISA was
used to measure phosphorylation activity of each MAPK
signal. Maximum activation of all three MAPKs was observed
after 60min, which then subsequently decreased (Figure 7a).
Notably, phospho-JNK activity reached the control level
within 6 h after stimulation; however, BFT-induced activa-
tion of ERK and p38 was sustained for the entire experi-
mental period. Considering that the increased Lcn-2 mRNA
expression was first observed 9 h after stimulation
(Figure 1a), JNK signaling seems not to be involved in Lcn-2
expression in response to BFT stimulation. In this experi-
mental condition, primary intestinal epithelial cells were
pretreated with each MAPK inhibitor and then stimulated
with BFT. Pretreatment with MAPK inhibitors such as

Figure 4 Effects of AP-1 inhibition on Lcn-2 expression in intestinal

epithelial cells stimulated with BFT. (a) HT-29 cells were stimulated with

BFT (100 ng/ml) for the indicated time periods. AP-1 activity was assessed

by EMSA. The results are representative of three repeated experiments.

(b) Supershift assays were performed using Abs to c-Jun, c-Fos, Jun B,

Jun D, and Fos B in HT-29 cells stimulated with BFT for 2 h. Results are

representative of three independent experiments. (c) HT-29 cells were

transfected with dominant-negative c-Jun super-repressor (dn-c-Jun) or

control plasmid. Then, 48 h later, the cells were stimulated with BFT

(100 ng/ml) for 2 h and EMSA was performed. The results are

representative of three repeated experiments. (d) In the top panel, HT-29

cells were transfected with an Lcn-2-luciferase transcriptional reporter,

together with the dominant-negative c-Jun super-repressor, as indicated.

Then, 48 h later, the cells were stimulated with BFT (100 ng/ml) for 18 h

and a luciferase assay was performed. Data are expressed as mean fold

induction in luciferase activity relative to unstimulated controls±s.e.m.

(n¼ 5). In the middle panel, dominant-negative c-Jun super-repressor-

transfected cells were stimulated with BFT (100 ng/ml) for 18 h. Levels of

Lcn-2 mRNA were analyzed by quantitative RT-PCR using standard RNA.

The values are expressed as the mean±s.d. (n¼ 5). The b-actin mRNA

levels in each group remained relatively constant throughout the same

period (B106 transcripts/mg total RNA). In the bottom panel, dominant-

negative c-Jun super-repressor-transfected cells were stimulated with BFT

(100 ng/ml) for 24 h. The concentration of Lcn-2 protein in culture

supernatants was determined by ELISA (mean±s.e.m., n¼ 5). *Po0.05

compared with BFT alone.

Figure 5 Relationship between the suppression of NF-kB or AP-1 activity

and Lcn-2 production in primary human intestinal epithelial cells

stimulated with BFT. (a) Primary human intestinal epithelial cells were

stimulated with BFT (100 ng/ml) for the indicated periods. Activities of

NF-kB (closed circle) and AP-1 (open circle) were measured by ELISA kits.

Data are expressed as the mean fold induction±s.e.m. relative to

untreated controls (n¼ 3). Asterisks indicate values that are significantly

different from those of the control (Po0.05). (b, c) Primary intestinal

epithelial cells were preincubated with the NF-kB inhibitor MG-132

(50 mM) or the AP-1 inhibitor SR11302 (10mM) for 30min and then

stimulated with BFT (100 ng/ml) for another 24 h. The concentration of

Lcn-2 or hBD-2 protein in culture supernatants was determined by ELISA

(mean±s.e.m., n¼ 3). *Po0.05 compared with BFT alone.
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PD98059 and SB203580 significantly reduced the levels of
AP-1 induced by BFT (Figure 7b). In addition, MAPK in-
hibitors significantly attenuated the production of Lcn-2
protein compared with the control under BFT-stimulated
conditions (Figure 7c). However, pretreatment with JNK

inhibitor SP600125 (20 mM) did not significantly affect the
BFT-induced Lcn-2 protein secretion compared with BFT
alone (unstimulated control, 5.76±0.94 ng/ml; BFT alone,
13.81±2.51 ng/ml; JNKþBFT, 12.55±3.67 ng/ml; mean±
s.e.m., n¼ 3). In these experiments, DMSO was used to

Figure 6 Relationship between MAPK signals and Lcn-2 expression in BFT-stimulated HT-29 cells. (a) HT-29 cells were stimulated with BFT (100 ng/ml)

for the indicated time periods. ERK1/2, p38, and JNK activities were measured by immunoblot analysis. Results are representative of three independent

experiments. (b) HT-29 cells were transfected with an Lcn-2-luciferase transcriptional reporter for 24 h. The transfected cells were preincubated with

PD98059 (open triangle), SB203580 (open circle), or SP600125 (open square) for 30min, and then stimulated with BFT (100 ng/ml) for another 18 h.

Data are expressed as the mean % induction in luciferase activity relative to unstimulated controls±s.e.m. (n¼ 5). *Po0.05 compared with BFT alone.

(c) HT-29 cells were transfected with adenovirus containing dominant-negative ERK (dn-JNK) or p38 (dn-p38) expression vectors. Then, 48 h after

transfection, cells were stimulated with BFT (100 ng/ml) for 1 h. Phosphorylated p38 and JNK in cell extracts were analyzed by immunoblotting with the

indicated antibodies. Results shown are representative of three independent experiments. (d) HT-29 cells were transfected with an AP-1-luciferase or an

Lcn-2-luciferase transcriptional reporter, together with adenovirus containing dominant-negative ERK (dn-ERK) or p38 (dn-p38) expression vectors, as

indicated. Then, 48 h later, cells were stimulated with BFT (100 ng/ml) for 3 h (AP-1) or 18 h (Lcn-2) and a luciferase assay was performed. Data are

expressed as the mean fold induction in luciferase activity relative to nonstimulated controls±s.e.m. (n¼ 5). *Po0.05 compared with BFT alone.
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dissolve MAPK inhibitors and the concentration of DMSO in
culture media was o0.1%. The addition of 0.1% DMSO to
culture media did not influence the Lcn-2 production in
controls.

Polarized Secretion of Lcn-2 in Response to BFT
Stimulation
Intestinal epithelial cells are structurally and functionally
polarized in vivo. If antimicrobial Lcn-2 produced by BFT-
stimulated intestinal epithelial cells plays a physiologic role
for the bacteria on the intestinal lumen, Lcn-2 would pre-
dictably be released from the apical surface of infected epi-
thelial cells. The T84 cells form polarized barriers with high
levels of TER (41000O� cm2) when grown on transwells.
In addition, the [3H]-inulin flux across T84 monolayers was
measured because T84 monolayers are highly selective to the
passage of small molecules such as radioisotope tracers. As
shown in Figure 8a, T84 cells formed stable barriers day 12
after seeding and maintained a strict barrier. In this experi-
mental condition, the apical stimulation of T84 cells with
BFT resulted in a marked induction in Lcn-2 expression, of
which B66% of Lcn-2 was found in the apical compartment,
whereas IL-8 was released predominantly into the basolateral
compartment. In addition, T84 cells stimulated with BFT
secreted significant amounts of Lcn-2 protein into the
basolateral compartments (Figure 8b). These results indicate
that the secretion of Lcn-2 in BFT-stimulated intestinal
epithelial cells may occur from both apical and basolateral
surfaces.

DISCUSSION
One of the strategies for controlling colonization of un-
wanted intestinal microbes is to limit iron availability in the
gut. To overcome this defense mechanism, some bacteria
release siderophores that can remove iron from host proteins
and are subsequently taken up by specialized bacterial
transport systems.43 However, host cells can secrete Lcn-2
protein that binds ferric siderophore complexes, preventing
bacteria from acquiring iron. In the present study, we found
that one of the inflammatory responses to ETBF-derived BFT
was the upregulation of Lcn-2 expression in intestinal
epithelial cells through the activation of MAPK and AP-1
pathways.

Lcn-2 induction seems to be a relatively late response of
intestinal epithelial cells to BFT stimulation compared with
hBD-2 expression. Thus, the expression of Lcn-2 transcripts
was first apparent 9 h after BFT stimulation and continued to
increase over the next 48 h. In contrast, expression of hBD-2
mRNA was noted 2 h after stimulation and returned to
control levels within 24 h.10 We assumed that kinetic
differences for the induction of each antimicrobial factor
may be because of differential activation of each promoter
under BFT-stimulated conditions, and we attempted to verify
this hypothesis.

Figure 7 MAPK signals are associated with Lcn-2 expression in BFT-

stimulated primary human intestinal epithelial cells. (a) Primary human

intestinal epithelial cells were stimulated with BFT (100ng/ml) for the

indicated periods. Activities of phospho-ERK (open triangle), phospho-p38

(open circle), or phospho-JNK (open square) were measured by ELISA kits.

Data are expressed as the mean fold induction±s.e.m. relative to untreated

controls (n¼ 3). Asterisks indicate values that are significantly different from

those of the control (Po0.05). (b, c) Primary intestinal epithelial cells were

preincubated with PD98059 (20mM) or SB203580 (20mM) for 30min, and

then stimulated with BFT (100ng/ml) for another 1 h (AP-1) or 24h (Lcn-2).

AP-1 activity (b, the mean fold induction±s.e.m. relative to untreated

controls, n¼ 3) and of Lcn-2 protein secretion (c, the mean±s.e.m., n¼ 3)

were measured by each ELISA kit. The data of vehicle control were

obtained from cells treated with 0.1% DMSO alone. Asterisks indicate values

that are significantly different from those of BFT alone (Po0.05).
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Transcriptional factors such as NF-kB and AP-1 regulate a
variety of inflammatory responses.44 The promoter regions of
the Lcn-2 and hBD-2 genes contain binding sites for both
NF-kB and AP-1. Thus, the induction of Lcn-2 or hBD-2 by
cytokines or bacteria requires the activation of NF-kB and/or
AP-1 and their binding to the promoter region. In the present
study, exposure of intestinal epithelial cells with BFT strongly
activated both NF-kB and AP-1 signals. These transcription
factors were activated within 10–30min of stimulation, but
the kinetics of the activation were quite different. The acti-
vating signals of NF-kB in primary human intestinal epi-
thelial cells continued 6 h after stimulation and recovered to
basal levels within B12 h; however, AP-1 activating signals
remained 24 h after stimulation. In this experimental system,
suppression of AP-1 activity significantly inhibited BFT-
induced Lcn-2 expression. In contrast, suppression of NF-kB
activity did not result in a significant change in BFT-induced
Lcn-2 expression. The AP-1-dependent and NF-kB-
independent induction of Lcn-2 is quite different from
hBD-2 expression in intestinal epithelial cells exposed to
ETBF-derived BFT. Thus, the induction of hBD-2 expression
was mediated through an NF-kB-dependent and AP-1-
independent pathway in BFT-stimulated intestinal epithelial
cells.10 Therefore, a relatively late induction of Lcn-2

compared with hBD-2 may be in part because of activation
kinetics between NF-kB and AP-1 signals in response to BFT
stimulation.

MAPK signaling in intestinal epithelial cells is known to be
an important event in response to BFT stimulation.10,26,27,31

However, no report has shown that the cooperation between
AP-1 and MAPK signaling may be related to Lcn-2 induction
in BFT-stimulated cells. To gain insight into the signaling
pathway, we attempted to determine whether MAPK
signaling was associated with AP-1-dependent expression of
Lcn-2. In the present study, inhibition of MAPK signals
resulted in the significant suppression of AP-1 activity and
Lcn-2 expression in BFT-stimulated cells. In addition, the
suppression of ERK and p38 signals seems to be superior to
the JNK in the inhibition of Lcn-2 expression. The limited
relevance of JNK to Lcn-2 expression in BFT-exposed cells
may be in part because of the kinetics of activated JNK
signals. Thus, BFT-induced JNK signals almost disappeared
6 h after stimulation but both activated signals of ERK and
p38 were sustained until 24 h after stimulation in primary
intestinal epithelial cells. Moreover, Lcn-2 upregulation may
be a relatively late response of the intestinal epithelial cells to
BFT stimulation. These results enabled us to reach the
conclusion that the different kinetics in each MAPK may in

Figure 8 Polarized secretion of Lcn-2 and IL-8 released by T84 cells. (a) Measurement of [3H]-inulin flux across the T84 monolayers. T84 cells were

grown in the transwell chamber for the indicated days. Numbers of counts per min (c.p.m.) were measured in the bottom well as described in the

Materials and methods. For measurement of equilibration of radioactivity in the absence of a barrier, transwells without T84 cells were used (filter

alone). Data are presented as percentage of [3H]-inulin flux by calculating the counted c.p.m. divided by the total number of c.p.m. added to the top

chamber (mean±s.e.m., n¼ 3). (b) Polarized monolayers of T84 cells in transwell were stimulated with BFT (100 ng/ml) for 24 h and the supernatants

were obtained from the upper and lower chambers. Lcn-2 secretion was determined by ELISA. Data are shown as the mean±s.e.m. (n¼ 5). *Po0.05

compared with control.
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turn lead to the unique Lcn-2 upregulation in BFT-
stimulated intestinal epithelial cells.

We already demonstrated that the suppression of JNK
activity in intestinal epithelial cells did not significantly affect
hBD-2 expression induced by BFT stimulation.10 In
addition, the induction of hBD-2 was mediated through
an NF-kB-dependent and AP-1-independent pathway in
BFT-stimulated cells. In the present study, BFT-induced
JNK signals sustained for a relatively short period of time.
Therefore, the activated JNK signaling seems not to result in
the NF-kB activation enough to produce a detectable
amount of hBD-2 protein in intestinal epithelial cells
under BFT-stimulated condition. However, further study
should be needed to clarify the relationship between JNK
signals and hBD-2 production in BFT-stimulated intestinal
epithelial cells.

In the present study, ERK1/2 and p38 signals were asso-
ciated with AP-1 activation in response to BTF stimulation.
As the p38 and ERK kinases are known to be involved in the
control of c-jun and c-fos promoters,45–47 activated p38 and
ERK signals may lead to the activation of c-jun and c-fos
promoters in BFT-exposed intestinal epithelial cells.
Nevertheless, further studies are required to clarify the
signaling that may contribute to the MAPK-induced AP-1
activation in BFT-stimulated intestinal epithelial cells.

The secretion of Lcn-2 in BFT-stimulated intestinal epi-
thelial cells occurred from the apical and basolateral surfaces
of cells. Considering that Lcn-2 specifically binds en-
terochelin, which results in a bacteriostatic activity for some
commensal bacteria such as E. coli,17,48,49 the apical secretion
of Lcn-2 can affect bacterial growth within the intestinal
lumen. However, B. fragilis utilizes outer membrane proteins
for the acquisition of iron from heme-compounds present in
normal serum, indicating that iron chelators are rarely used
in B. fragilis.50–52 Therefore, the apical secretion of Lcn-2 by
BFT may play a role in the growth inhibition of other
bacterial groups except B. fragilis.

In summary, we demonstrated that the exposure of in-
testinal epithelial cells to BFT results in the activation of a
signaling cascade, including MAPK and AP-1, and sub-
sequent Lcn-2 expression.
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