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Abstract

Intestinal epithelial cells are known to upregulate the expression of several
chemokines in response to stimulation with bacterial toxin. However, the
cellular mechanisms of Clostridium difficile toxin A-induced mucosal inflamma-
tion have not yet been fully elucidated. In this study, we investigated whether
nuclear factor-kappa B (NF-kB) could regulate chemokine expression in intest-
inal epithelial cells. Toxin A increased the levels of NF-kB complexes containing
p65/p50 heterodimers and p65/p65 homodimers. Concurrently, toxin A
decreased the levels of IkBa. Toxin A stimulation also increased the signals of
phosphorylated IkB kinase (IKK)a/b and NF-kB-inducing kinase (NIK). In the
toxin A-stimulated HT-29 cells, the suppression of IKK or NIK inhibited the
upregulation of downstream target genes of NF-kB such as IL-8 and monocyte-
chemotactic protein (MCP)-1 and similarly, inhibition of NF-kB also down-
regulated the expression of IL-8, growth-related oncogene-a, and MCP-1. These
results suggest that NF-kB signalling events may be involved in the inflamma-
tory responses to toxin A produced by toxigenic C. difficile.

Introduction

Clostridium difficile causes antibiotic-associated diarrhoea
and pseudomembranous colitis in humans [1]. Pathogenic
strains of C. difficile release two types of exotoxins: toxin A
(308 kDa) and toxin B (269 kDa). In animal models, toxin
A causes fluid secretion, mucosal oedema and villous dis-
ruption by inducing massive acute inflammation with
neutrophil infiltration [1, 2]. Theoretically, the first host
cells that C. difficile toxins interact with are epithelial cells
in the colon. Thus, mucosal inflammatory signals may be
initiated from intestinal epithelial cells in response to
C. difficile toxins. Working from this hypothesis, several
reports have demonstrated that intestinal epithelial cells
can produce the chemokine interleukin (IL)-8, growth-
related oncogene (GRO)-a, and monocyte-chemotactic
protein (MCP)-1 in response to C. difficile toxin A
[1, 3–5]. However, the exact pathogenic mechanism of
toxin A-induced inflammation has not yet been fully
investigated.

Many of the genes that are activated in intestinal epithe-
lial cells after bacterial infection or enterotoxin stimulation
are target genes of the transcription nuclear factor-kappa B
(NF-kB). NF-kB is a dimeric transcription factor

composed of homodimers or heterodimers of Rel protein,
of which there are five family members in mammalian cells
[RelA (p65), c-Rel, Rel B, NF-kB1 (p50) and NF-kB2
(p52)] [6]. Heterodimers of p65 and p50 are the predo-
minant NF-kB complexes that translocate to the nucleus
after enterotoxin stimulation or bacterial infection of
intestinal epithelial cells [7, 8]. NF-kB dimers are held in
the cytoplasm in an inactive state by inhibitory proteins
called IkB [9]. IkB kinase (IKK) is known to directly
phosphorylate IkB, which then undergoes ubiquitin-
mediated proteolysis, thereby releasing NF-kB dimers to
translocate to the nucleus [10]. Although toxin A can
activate NF-kB in monocytes [11] and intestinal epithelial
cells [3], the role of NF-kB in the toxin A-induced signal
transduction pathway in intestinal epithelial cells has not
been clarified. Thus, the present study tested whether
intestinal epithelial cells could use a NF-kB signal trans-
duction pathway to activate the host’s chemokine response
to C. difficile toxin A stimulation.

Materials and methods

Clostridium difficile toxin A and cell culture. C. difficile
toxin A was purchased from Sigma Chemical Co. (St
Louis, MO, USA). To confirm that toxin A did not
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contain contaminating toxin B, we performed ELISA for
toxin B using the TechLab C. difficile TOX A/B ELISA
test kit (Blacksburg, VA, USA). In this experiment, the
toxin A preparation from Sigma Chemical Co. did not
have detectible toxin B activity. In addition, the cytotoxic
activity against the HT-29 cells was completely neutralized
with specific antitoxin A antibody and that the addition of
antitoxin B antibody had no effect on the activity.

HT-29 human colon epithelial cells (ATCC HTB 38)
were grown in DMEM (pH 7.4, Sigma) supplemented
with 10% fetal bovine serum (FBS, Gibco BRL, Grand
Island, NY, USA), 2 mM L-glutamine, 25 mM HEPES, and
antibiotics (100 U/ml of penicillin and 100 mg/ml of strep-
tomycin), as described previously [12]. Primary human
colon epithelial cells were obtained from normal-appearing
mucosa of surgically resected colons from individuals with
colon cancer, as described previously [7, 13]. Freshly iso-
lated colon epithelial cells were cultured at 2� 106/ml in
RPMI-1640 media supplemented with 10% FBS, 2 mM

L-glutamine, and antibiotics (100 U/ml of penicillin and
100 mg/ml of streptomycin). Epithelial cell preparations
had less than 3% contamination with B cells and mono-
cytes/macrophages, as assessed by flow cytometry using
CD19/20 and CD14 as markers. T-cell contamination
was less than 3% in the epithelial cell preparation, as
assessed by flow cytometry using CD3 as a marker.

In some experiments, intestinal epithelial cells were
treated with an NF-kB essential modifier (NEMO)-bind-
ing domain (NBD) peptide (200 mM, Peptron, Daejeon,
Korea) or an inhibitor of NF-kB, calpain-1 inhibitor
(25 mM, Calbiochem, La Jolla, CA, USA) for 1 h before
addition of toxin A. An NBD peptide can block associa-
tion of NEMO with the IKK complex and inhibit NF-kB
activation [14, 15]. Sequences of the wild-type and mutant
peptides are drqikiwfqnrrmkwkkTALDWSWLQTE
(wild) and drqikiwfqnrrmkwkkTALDASALQTE (mutant).
Positions of the W!)A mutations are underlined [14].

Electrophoreticmobility shift assays. Cells were harvested,
and nuclear extracts were prepared as previously described
[7, 8]. The concentrations of proteins in the extracts were
determined by the Bradford assay (Bio-Rad, Hercules, CA,
USA). Electrophoretic mobility shift assays (EMSA) were
performed according to the protocol of the manufacturer
(Promega, Madison, WI, USA). In brief, 5 mg of nuclear
extracts were incubated for 30 min at room temperature
with g32P-labelled oligonucleotide probe corresponding to
a consensus NF-kB binding site. After incubation, bound
and free DNA were resolved on 5% native polyacrylamide
gels as described previously [7]. Supershift assays were used
to identify the specific members of the NF-kB family
activated by stimulation with toxin A. EMSA was per-
formed as described above, except that rabbit antibodies
(1 mg/reaction) against NF-kB proteins p50, p52, p65,
c-Rel and Rel B (Santa Cruz Biotechnology, Santa Cruz,

CA, USA) were added during the binding reaction period
[7].

Immunoblots. Confluent monolayers in six-well plates
were washed with ice-cold PBS and lysed in a 0.5 ml/well
lysis buffer (150 mM NaCl, 20 mM Tris pH 7.5, 0.1%
Triton X-100, 1 mM PMSF, 10 mg/ml aprotonin) as
described previously [7, 8]. Protein concentrations in the
lysates were determined by the Bradford method (Bio-
Rad). Fifteen to fifty microgram protein/lane was size-
fractionated on 6% polyacrylamide minigel (Mini-
PROTEIN II; Bio-Rad) and electrophoretically transferred
to a nitrocellulose membrane (0.1 mm pore size). Specific
proteins were detected using mouse anti-human IkBa
(Santa Cruz Biotechnology), IKKa, IKKb, phospho-
IKKa/IKKb and NF-kB-inducing kinase (NIK) (Cell
Signaling Technology, Beverly, MA, USA) as primary
antibodies, and peroxidase-conjugated anti-mouse IgG
(Transduction Laboratories, Lexington, KY, USA) as a
secondary antibody. Specifically bound peroxidase was
detected by enhanced chemiluminescence (ECL system;
Amersham Life Science, Buckinghamshire, England) and
exposure to X-ray film (XAR5; Eastman Kodak Company,
Rochester, NY, USA).

Plasmids and transfection. A mammalian expression
vector encoding a haemagglutinin (HA) epitope-tagged
mutant IkBa (IkBa-AA) with substitutions of serine
with alanine at positions 32 and 36 (a gift of Joseph A.
DiDonato, Cleveland Clinic Foundation, Cleveland, OH)
[16] and an expression vector encoding a FLAG-tagged
IKKb in which lysine was replaced by alanine at position
44 (IKKb-AA) (a gift of Dr Mercurio, Signal
Pharmaceuticals, San Diego, CA, USA) [17] were used
to block NF-kB activation as described previously [7, 8].
An expression vector for an NIK catalytic mutant that has
a double replacement of lysine with alanine residues at
positions 429 and 430 and lacks kinase activity (NIK-
AA) was a gift of Dr Karin in the University of
California, San Diego [8]. pIL8-luciferase, p2x NF-kB-
luciferase and pb-actin-luciferase transcriptional reporters
were provided by Dr Kagnoff in the University of
California, San Diego [8]. A pMCP-1-luciferase transcrip-
tional reporter was provided by Dr Ik-Sang Kim in the
Seoul National University College of Medicine, Seoul,
Korea [18]. Cells in six-well dishes were transfected with
1.5 mg of plasmid DNA, using Lipofectamine Plus (Gibco
BRL), according to the manufacturer’s instructions [7].
The transfected cells were incubated for 48 h at 37 �C in
a 5% CO2 incubator. Cells were incubated with C. diffi-
cile toxin A or recombinant human TNF-a (R&D
Systems, Minneapolis, MN, USA) as a control for 6 h,
after which cells were harvested and whole-cell lysates were
prepared as described previously [7]. Briefly, cells were
lysed at 4 �C for 25 min in a whole-cell lysis buffer
(0.1 M KPO4, 0.1 M DTT, 0.5% Triton X-100, pH 7.8).
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Luciferase activity was determined in accordance with the
manufacturer’s instruction (Tropix Inc., Bedford, MA,
USA) and light release was quantitated for 10 s using a
luminometer (MicroLumat Plus, Berthold GmbH & Co.
KG, Bad Wildbad, Germany) [7].

Recombinant retrovirus and small interfering RNA
transfection. Dominant-negative IkBa (S32A, S36A)
[16] was amplified with sense (50-aaccATGGCATACCC
ATACGACGTCCCAGACTACGCTttccaggcggccgagcgc-
ccccaggag-30) and antisense (50-aaaaGGATCC tcataacgtca-
gacgctggcct-30) primers by using high-fidelity Taq
polymerase (Life Technology), in which nucleotides in
uppercase indicate an HA tag. The PCR products were
digested with NcoI and BamHI restriction enzymes
and cloned into the corresponding sites in MFG
retroviral vector to replace the GFP sequence of
MFG.GFP.IRES.puro. The retroviral plasmids obtained
were introduced into 293 gpg retrovirus packaging cell line
by transient transfection with Lipofectamine (Life
Technology) [19]. After 72 h, the supernatants were har-
vested and used for retroviral infection. The virus titres,
measured in NIH3T3 cell line by puromycin-resistant col-
ony formation, were between 105 and 5� 105/ml (retro-
virus-IkBa-AA). The infection and selection of target cells
with puromycin was performed as described previously [19].

Small interfering RNA (siRNA) against NIK was con-
structed as described [20]. A NIK-specific siRNA and a
negative (nonsilencing) control siRNA were purchased
from Dharmacon Research Inc. (Lafayette, CO, USA).
For transfection, HT-29 cells were cultured in 24-well
plates to 50–80% confluence. The cells were then trans-
fected with NIK-specific siRNA and nonsilencing siRNA
using RNAiFect (QIAGEN, Valencia, CA, USA) as trans-
fection reagent, following the manufacturer’s instructions.
Briefly, 100 nM of NIK siRNA or nonsilencing siRNA was
diluted in serum-free medium to give a final volume of
100ml and incubated with 5ml of RNAiFect for 15 min at
room temperature. The transfection mixture was added to
the respective wells, each containing 300 ml of medium
(10% FBS content). Transfections were incubated for
72 h prior to assay.

RT-PCR analysis and chemokine ELISA. Confluent
monolayers of HT-29 cells in 24-well plates were stimu-
lated with toxin A for the indicated times, after which total
cellular RNA was extracted from the cells using an acid
guanidinium thiocyanate–phenol–chloroform method [5].
Oligonucleotide primers used for PCR amplification and
the sizes of the PCR products obtained from target cellular
RNA and synthetic standard RNA are described in the
previous report [21]. Quantitative RT-PCR using an inter-
nal standard was used to quantify chemokine mRNA
levels, as assessed previously [5]. Synthetic standard RNA
was kindly provided by Dr Kagnoff in the University of
California, San Diego. PCR amplification consisted of 35
cycles of 1 min denaturation at 95 �C, 2.5 min annealing

and extension at either 60 �C (IL-8 and GRO-a), 65 �C
(MCP-1) or 72 �C (b-actin).

Chemokines in culture supernatants were assayed by
ELISA. Before chemokine proteins were measured, the super-
natants were filtered through 0.22-mm filters to remove any
contaminants. The levels of human IL-8, GRO-a and MCP-1
were determined by Quantikine immunoassay kits (R&D
Systems). Chemokine proteins were tested in triplicate.

Statistical analyses. Data are presented as mean� standard
deviation (SD) for quantitative RT-PCR and mean�
standard error of the means (SEM) for ELISA and luciferase
assay. Wilcoxon’s rank sum test was used for statistical analy-
sis. P<0.05 was considered statistically significant.

Results

Clostridium difficile toxin A induces NF-kB activation and IkB

degradation in human colon epithelial cells

To determine whether toxin A activates NF-kB in intest-
inal epithelial cells, DNA-binding studies were performed
using HT-29 cell extracts after stimulation with toxin A.
Stimulation of these cells with toxin A increased NF-kB
DNA binding, as shown by EMSA (Fig. 1A). In contrast,
degradation of IkBa was observed in toxin A-stimulated
cells. Similar results were also obtained from the primary
human colon epithelial cells (Fig. 1B). In this experiment,
NF-kB activation in primary epithelial cells was not
increased after 2 h in the absence of toxin A. At 10 ng/ml
of toxin A, approximately 88% of HT-29 cells and
approximately 82% of primary colon epithelial cells were
viable 24 h after incubation. At the unstimulated condi-
tion, the viability was approximately 98% of HT-29 cells
and approximately 93% of primary epithelial cells 24 h
after incubation, as assessed by Trypan Blue exclusion. The
uptake of dye Trypan Blue indicates the loss of membrane
integrity. The magnitude of the NF-kB response was
dependent on the concentration of stimulating toxin A
per epithelial cell. Stimulating HT-29 cells with increasing
concentrations of toxin A led to increased luciferase activity
in cells transfected with 2� NF-kB promoter plasmid. At
concentrations of 1, 10, 100, and 1000 ng/ml of toxin A,
reporter gene activity of 2� NF-kB increased 1.1-, 2.9-,
5.6- and 5.2-fold at 6 h after stimulation, respectively, rela-
tive to those of unstimulated controls (mean value, n¼ 3).
However, heat-inactivated toxin A, which was heated for
30 min at 60C�, did not activate the NF-kB- or IL-8-
reporter genes in HT-29 intestinal epithelial cells (Table 1).

NF-kB exists as either homo- or heterodimeric com-
plexes [22]. To identify the specific NF-kB subunits that
comprise the NF-kB signal detected by EMSA in toxin A-
stimulated HT-29 cells, supershift assays were performed.
Specific antibodies to p50, p52, p65, c-Rel and Rel B were
used for these experiments. Supershift studies demonstrated
that antibodies to p65 and p50 shifted the NF-kB signals
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significantly. In contrast, antip52, anti-c-Rel or anti-Rel B
antibodies did not shift the NF-kB signal (Fig. 1C). Similar
findings were found with primary colon epithelial cells (data
not shown). These results suggest that NF-kB activation by
toxin A stimulation may be mediated predominantly by
heterodimers of p65/p50 and homodimers of p65/p65.

The inhibition of NF-kB suppresses chemokine expression in

intestinal epithelial cells stimulated with Clostriium difficile

toxin A

To confirm that the activated NF-kB was directly related
to toxin A-induced chemokine production, we determined
if the inhibition of NF-kB could influence the chemokine
expression in HT-29 cells. As shown in Fig. 2A, transfec-
tion with retrovirus-IkBa-AA completely blocked NF-kB
activity in toxin A-stimulated cells, whereas the control
retrovirus containing GFP plasmid did not change the
NF-kB activity. In this system, blocking the activation of
NF-kB in HT-29 cells transfected with retrovirus-IkBa-
AA significantly inhibited the expression of chemokines
upregulated by toxin A (Fig. 2B and Table 2). Similar
results were obtained in the primary colon epithelial cells

Table 1 NF-kB activation and IL-8 expression in HT-29 cells stimulated

with Clostridium difficile toxin A*

Activation of luciferase reporter geney

Stimuli NF-kB IL-8 b-actin

Unstimulated control 1 1 1

Toxin A 3.1� 0.3 6.9� 1.1 0.9� 0.2

Heat-inactivated

toxin A 0.9� 0.2 1.1� 0.2 1.1� 0.3

*HT-29 cell lines were transfected with p2x NF-kB-, pIL-8- or pb-actin-

luciferase transcriptional reporter. After 48 h, the transfected cells were

stimulated with toxin A (20 ng/ml) or heat-inactivated toxin A for 2 h

(NF-kB) or 6 h (IL-8 and b-actin).

yData are expressed as mean fold induction� SEM of luciferase activity

relative to unstimulated controls (n¼ 5).

B
la

nk

(+)

B
la

nk

T
cd

A
 a

lo
ne

T
cd

A
 +

 p
50

T
cd

A
 +

 p
52

T
cd

A
 +

 p
65

T
cd

A
 +

 c
-R

el

T
cd

A
 +

 c
-R

el
 B

(+)

NF-κB

A

B

C

NF-κB

NF-κB

1κBα

Actin

1κBα

Actin

p65/p65
p50/p65

p65/p65
p50/p65

0 10 30

Time after stimulation (min)

60 120 180

Figure 1 NF-kB activation and IkB degradation in human intestinal epithelial

cells stimulated with Clostridium difficile toxin A. HT-29 cell lines (A) and

primary colon epithelial cells (B) were stimulated with toxin A (20 ng/ml). NF-

kB DNA-binding activity was assessed by electrophoretic mobility shift assays

(EMSA) at the indicated times. Immunoblots for concurrent IkBa levels in

cells under the same conditions are provided beneath each EMSA time point.

(C) Supershift assays using nuclear extracts from HT-29 cells stimulated with

C. difficile toxin A (TcdA) for 1 h were performed using antibodies to p50, p52,

p65, c-Rel and Rel B. The results are representative of more than five repeated

experiments. (þ) represents positive control in which HT-29 cells were treated

with TNF-a (20 ng/ml) for 1 h (–) represents negative control.

IL-8

NF-κB

(+)

A

B

+Toxin A

B
la

nk

U
ns

tim
ul

at
ed

co
nt

ro
l

N
or

m
al

Iκ
B

α-
A

A

G
F

P

GRO-α

MCP-1

β-actin

Figure 2 Expression of chemokine genes in Clostridium difficile toxin

A-stimulated HT-29 cells transfected with retrovirus containing IkBa super-

repressor. (A) HT-29 cells were transfected with either retrovirus containing

IkBa-superrepressor (IkBa-AA) or control virus (GFP ). At 48 h after trans-

fection, the cells were stimulated with toxin A (20 ng/ml) for 1 h. NF-kB-

binding activity was assayed by electrophoretic mobility shift assay. (B)

Transfected HT-29 cells were then stimulated with toxin A (20 ng/ml) for

6 h. Total RNA was reverse-transcribed using an oligo(dT) primer and

amplified by PCR using chemokine gene-specific primers.
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stimulated with toxin A in the presence of an inhibitor of
NF-kB, calpain-1 inhibitor [control, 102.7� 16.5; toxin A,
1085.3� 182.0; toxin Aþ calpain-1 inhibitor, 208.7� 24.8;
mean� SEM (pg/ml of IL-8) of three separate experiments].
These results demonstrate a direct association between toxin A-
induced NF-kB activation and chemokine production.

Clostridium difficile toxin A increases phosphorylated IKK and

NKK signals in instestinal epithelial cells

Major pathways for NF-kB activation involve the activa-
tion of IKK, which is followed by IkB degradation. In
addition, activation of IKK can be mediated through NIK
[10]. In the present study, toxin A increased the signals of
phosphorylated IKKa/b and phosphorylated NIK in HT-
29 cell lines (Fig. 3). In this system, addition of an IKK
inhibitor, NBD peptide, into HT-29 cells significantly
attenuated the increased IL-8, GRO-a, and MCP-1 secre-
tion induced by toxin A stimulation (Fig. 4). There was no
significant difference in cell number between toxin A-
treated group and toxin AþNBD peptide-treated group
in this experiment (data not shown). Therefore, the reduc-
tion of chemokine expression resulting from NBD peptide
treatment was not because of decreased cell density.

Activation of NF-kb, IL-8 and MCP-1 reporter genes induced

by Clostridium difficile toxin A is inhibited by IkBa, IKKb or

NIK superrepressors

We next determined whether the activation of IkB, IKK
and/or NIK was involved in signalling pathway mediating
the response to toxin A stimulation in HT-29 cells. As
shown in Fig. 5, the activation of the IL-8, MCP-1, and
NF-kB transcriptional reporter was inhibited in HT-29 cells
when cotransfected with IkBa, IKKb or NIK superrepressor
plasmid, but not when cotransfected with control plasmid.
These superrepressor plasmids significantly suppressed the
phosphoylated protein signals of IKKa/b and NIK in HT-
29 cells stimulated with toxin A (Fig. 6). However, the inhib-
ition of IL-8, MCP-1 and NF-kB transcriptional reporter by

a NIK superrepressor was less than that by IkBa or IKKb
superrepressor. To confirm this, an experiment using NIK-
specific siRNA was performed. NIK siRNA or control non-
silencing siRNA was transfected into HT-29 cells for 72 h; the
cells were then treated with toxin A (20 ng/ml) for 6 h. As
shown in Fig. 7B, transfection with NIK siRNA partially

Table 2 Transfection with retrovirus containing IkBa superrepressor reduced the levels of chemokine mRNA transcripts in HT-29 cells stimulated with

Clostridium difficile toxin A*

Control Toxin A Toxin Aþ IkBa-AA Toxin AþGFP

IL-8 (�105) 5.9� 2.3 (1) 346� 282 (59) 50� 62y (8) 334� 278 (57)

GRO-a (�105) 2.2� 1.1 (1) 99� 26 (45) 22� 11y (10) 102� 59 (46)

MCP-1 (�104) 6.7� 3.9 (1) 117� 38 (17) 28� 21y (4) 119� 86 (18)

b-actin (�106) 5.3� 1.9 (1) 4.6� 4.1 (0.9) 6.1� 3.2 (1.2) 5.4� 3.2 (1.0)

GRO, growth-related oncogene; MCP, monocyte-chemotactic protein.

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

cells were stimulated with toxin A (20 ng/ml) for 6 h, at which point total cellular RNA was extracted. The values represent mean numbers of mRNA

transcripts� SD per microgram of total RNA (n¼ 5). Values in parentheses are mean fold induction compared with the unstimulated control.

yValues are significantly different from those for samples treated with toxin A alone (P< 0.05).
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The results are representative of at least five repeated experiments. (B)
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IKKa; *, IKKb; ~, phospho-IKKa/b;�, phospho-NIK.
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downregulated the increased IL-8 mRNA expression induced
by toxin A. In this experiment, NIK siRNA completely
suppressed NIK signals, whereas the control nonsilencing
siRNA did not change phospho-NIK signals or IL-8
mRNA expression (Fig. 7A). These results suggest that NF-
kB activation and the upregulation of IL-8/MCP-1 expres-
sion in intestinal epithelial cells by toxin A stimulation may be
caused by other kinases, although NIK is partially involved.

Discussion

Human intestinal epithelial cells stimulated with C. difficile
toxin A were shown to express and secrete several chemo-
kines that can chemoattract and activate neutrophils [1, 4,
5]. In this study, NF-kB was activated in HT-29 cells
stimulated with toxin A. NF-kB DNA-binding activities
reached a maximum 120 min after stimulation, and then
decreased. This kinetic pattern in intestinal epithelial cells
was observed in other experiments, including stimulation
with Bacteroides fragilis enterotoxin [7] and infection with
Salmonella dublin [8]. Our supershift studies showed that
toxin A stimulation induced NF-kB complexes of p65/p50
heterodimers and p65/p65 homodimers. In addition, we
noted IkBa degradation in toxin A-stimulated intestinal
epithelial cells. Moreover, the inhibition of toxin A-
induced NF-kB signals suppressed the expression of
CXC chemokines such as IL-8 and GRO-a as well as
CC chemokine MCP-1. These findings indicate that NF-
kB is an essential transcription factor for integrating the host
epithelial cell chemokine response to stimulation with toxin A.

Infection of intestinal epithelial cells with enteroinvasive
bacteria or stimulation of the cells with proinflammatory
cytokines, such as IL-1 and TNF-a, activates a signalling
cascade that culminates in the phosphorylation of IkBa [7,
8, 23]. Two IkB kinases, IKKa and IKKb, directly phos-
phorylate IkBs on serine residues and are components of a
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high-molecular-weight cytoplasmic IKK complex [17, 24].
Activation of IKK can be mediated through the mitogen-
activated protein-3 (MAP-3) kinase, NIK, and MEK
kinase 1 (MEKK-1). Phosphorylation of IkBs on
conserved serine residues targets the IkBs for subsequent
ubiquitination and degradation [22]. After IkB degrada-
tion, dimers of NF-kB (e.g. p65/p50) are free to translo-
cate to the nucleus where they transactivate NF-kB target
genes. Our observations that an IKKb or NIK superre-
pressor alone was sufficient to inhibit the activation of an
IL-8 transcriptional reporter indicate that both IKK and
NIK could be involved in the epithelial cell signalling
transduction pathway that is responsible for NF-kB activa-
tion following toxin A stimulation. These findings are
consistent with previous reports showing that NIK and
IKK play physiologic roles in IkB phosphorylation and
NF-kB activation [17, 25, 26]. Considering that toxin A
induced mitochondrial damage and eventual activation of
NF-kB in intestinal epithelial cells [3], our data delineate a
pathway for NF-kB activation in response to toxin A.

In the present study, the inhibition of IL-8 and NF-kB
transcriptional reporters by NIK superrepressor was less
than that by IkBa or IKKb superrepressors, although toxin
A could induce phosphorylated NIK signals. This finding
suggests that NF-kB activation and IL-8 expression in
intestinal epithelial cells stimulated with toxin A may
also be initiated by other pathways such as MAPK.

C. difficile toxin A induces expression of the stress-
induced early gene product RhoB [27]. In addition, mito-
chondria-derived reactive oxygen intermediate generation
induced by toxin A is independent of Rho inactivation and
involves nuclear translocation of NF-kB before IL-8
release [27]. Until now, there have been no reports of

glucosylation of Rho proteins induced by toxin A leading
to kinase activation that leads to NF-kB activation.
However, considering that the p38 MAPK inhibitor
SB202190 reduces the expression of RhoB [27], it is
possible that the molecular action of toxin A (glucosylation
of Rho proteins) might lead to the kinase activation lead-
ing to NF-kB activation. Therefore, further study is
needed to clarify this hypothesis.

In conclusion, this study demonstrates that the exposure
of intestinal epithelial cells to toxin A results in the rapid
activation of NF-kB signalling pathways and the activated
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cence. The results are representatives of three independent experiments.
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NF-kB then mediates the expression of IL-8, GRO-a and
MCP-1. Based on these findings, we suggest that NF-kB
signalling events contribute to the biological effects of
toxin A produced by toxigenic C. difficile.
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