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Introduction

Clostridium difficile toxin A is known to cause colonic epithelial cell apoptosis, which is
considered the main causative event that triggers inflammatory responses in the colon,
reflecting the concept that the essential role of epithelial cells in the colon is to form a physical
barrier in the gut. We previously showed that toxin A-induced colonocyte apoptosis and
subsequent inflammation were dependent on prostaglandin E2 (PGE,) produced in response
to toxin A stimulation. However, the molecular mechanism by which PGE, mediates cell
apoptosis in toxin A-exposed colonocytes has remained unclear. Here, we sought to identify
the signaling pathway involved in toxin A-induced, PGE,-mediated colonocyte apoptosis. In
non-transformed NCM460 human colonocytes, toxin A exposure strongly upregulated
expression of Bak, which is known to form mitochondrial outer membrane pores, resulting in
apoptosis. RT-PCR analyses revealed that this increase in Bak expression was attributable to
toxin A-induced transcriptional upregulation. We also found that toxin A upregulation of Bak
expression was dependent on PGE, production, and further showed that this effect was
recapitulated by an Prostaglandin E2(PGE2) receptor-1 receptor agonist, but not by agonists of
other EP receptors. Collectively, these results suggest that toxin A-induced cell apoptosis
involves PGE,-upregulation of Bak through the EP1 receptor.
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proteins (Rho, Rac, cdc42) not only causes cytoskeletal
disaggregation, it also strongly promotes cell apoptosis [8].

Clostridium difficile toxin A, the main causative factor of
pseudomembranous colitis, causes apoptosis of epithelial
cells in the gut [1-7]. This apoptotic response follows
inflammatory responses in the gut and is thought to result
from the massive loss of barrier function, reflecting the fact
that gut epithelial cells form a physical barrier that
normally prohibits exposure of luminal pathogens to the
interior of the body [1, 2, 4—6]. Indeed, numerous studies
have investigated toxin A-induced cell apoptosis and
underlying mechanisms [1-7]. For example, toxin A-
induced production of prostaglandin E2 (PGE,) causes
colonocyte apoptosis through interactions of Fas and Fas
ligand (FasL) [1]. Toxin A also causes cell apoptosis through
G2-M cell-cycle arrest in association with upregulation of
p21 [2]. In addition, toxin A-induced inactivation of Rho

However, the molecular mechanism responsible for toxin
A-induced cell apoptosis remains to be elucidated.

PGE, has long been known as an essential mediator of
inflammatory responses [9-12]. However, a number of
studies have also reported that PGE, is capable of inducing
cell apoptosis [1, 13—15]. Microinjection of PGE, induces
apoptosis in human colonocytes [13]. PGE, has also been
shown to trigger apoptosis in T lymphocytes [16], and
mediates neuroprotection and neurotoxicity [14]. Notably,
PGE, has been reported to act through EP2/EP4 prostanoid
receptors to play a role in apoptosis in fibroblasts [15]. Our
recent work further showed that PGE, released from toxin
A-exposed human colonocytes is critical for toxin A-
induced cell apoptosis [1].

BCL-2 homologous antagonist/killer (Bak) and Bax are
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critical members of the BCL-2 family involved in the
regulation of apoptosis [17-21]. A marked increase in Bak
accelerates apoptosis induced by growth factor deprivation
in lung cancer and breast cancer cells [19]. Indeed, it is
known that Bak expression levels in epithelial cells of the
apical region of villi, where turnover rate is high, are
higher than those in stem cells of the cryptic region [18, 22].
In contrast, it has also been shown that Bak expression is low
in gastric cancer [17]. Collectively, these results underscore
the key role of Bak in apoptosis in various cell systems.

In the current study, we examined the possible involvement
of Bak in responses of NCM460 human colonocytes and a
mouse ileitis model to toxin A exposure. Additionally, we
determined whether PGE, released from colonocytes
exposed to toxin A is involved in toxin A-induced Bak
upregulation. Our findings may aid in understanding how
toxin A causes cell apoptosis in epithelial cells of the gut.

Material and Methods

C. difficile Toxin A Preparation

C. difficile VPI strain 10463 was cultured in brain heart infusion
broth (Becton Dickinson, USA) under anaerobic conditions at
37°C. After centrifugation at 8,000 xg for 10 min and filtration
through a 0.45-um membrane filter (Millipore Corp., USA), the
culture supernatant was concentrated to 50 ml by ultrafiltration at
4°C, using an XM100 membrane filter (Amicon Corp., USA). The
concentrated supernatant was loaded onto a DEAE-Sepharose CL-
6B column (2.5 by 10 cm). The sample was sequentially eluted
with a 300-ml linear gradient of 0.05 to 0.25 M NaCl, a 150-ml
wash with 0.3 M NaCl, and a 300-ml linear gradient of 0.3 to 0.6 M
NaCl, all in 50 mM Tris-hydrochloride buffer (pH 7.5). The flow
rate was 60 ml/h (gravity) at 4°C. The fractions containing the
highest cytotoxic titers were dialyzed against 1 liter of 0.01 M
sodium acetate buffer (pH 5.5) at 4°C for 24 h. The dialysate was
centrifuged at 169 xg for 10 min, the precipitate was solubilized in
10 ml of 50 mM Tris-hydrochloride (pH 7.5) containing 0.05 M
NaCl, and the solution was filter sterilized. The purity of the
obtained toxin A was assessed by gel electrophoresis, which
confirmed the expected molecular mass of 307 kDa [23].

Reagents

The following compounds were purchased from Cayman
Chemical (Ann Arbor): 17-phenyl trinor PGE2 (EP1 agonist),
butaprost (EP2 agonist), 11-deoxy PGE1 (EP2/4 agonist), sulprostone
(EP1/3 agonist) and PGE2 neutralizing antibody [1]. The specific
COX-2 inhibitor NS-398 was from Calbiochem (USA), and PGE2
was from Sigma-Aldrich (USA). The polyclonal antibody for Bax
was from Santa Cruz Biotechnology (USA). Antibody against Bak
was from Cell Signaling Technology (USA). Antibody against f-
actin was from Sigma-Aldrich (USA). The phospholipase C (PLC)
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inhibitor (U-73122) and the protein kinase C (PKC) inhibitor
(GF109203X) were from Calbiochem (USA). The nontransformed
NCM460 human colonocytes and the culture medium M3D were
obtained from INCELL Corporation (USA) [3].

Immunoblot Analysis

Human colonocytes were washed with cold PBS, then lysed in
buffer (150 mM NaCl, 50 mM Tris-HCI [pH 8.0], 5 mM EDTA, 1%
Nonidet P-40) and equal amounts of protein were fractionated on
SDS-polyacrylamide gels. Antigen-antibody complexes were
detected with LumiGlo reagent (New England Biolabs Inc.) [7].

C. difficile Toxin A-Induced Acute Enteritis in Mice

Mice were anesthetized by intraperitoneal injection of sodium
pentobarbital (50 mg/kg). Ileal loops (3 cm) were prepared by silk
ligation and lumenally injected with phosphate-buffered saline
(PBS) alone or toxin A (3 nM) plus PBS. After 4 h, mice were
sacrificed and ileal loop tissues were collected. The inflammation
levels were evaluated by first washing the ileal loops with cold
PBS, homogenizing them in cold PBS, and then testing the
supernatants for mouse IL-6 levels using a specific ELISA (enzyme-
linked immunosorbent assay) kit (R&D Systems, USA). Immuno-
assays were also performed on total proteins isolated from these
tissues using specific anti-BAK and anti-BAX antibodies; an anti-
B-actin antibody was used as a loading control in these
experiments. All experimental protocols involving animals were
approved by the Animal Care and Use Committee of Daejin
University (ACUC, Korea) [3].

Real-Time Quantitative PCR and Semi-Quantitative RT-PCR

Total mRNA was isolated from cells using RNeasy Mini Kits
(Qiagen, Germany), according to the manufacturer’s protocol. An
RNase-Free DNase Set (Qiagen) was used to remove genomic
DNA contamination. Total RNA (0.3 pg in a 20-pl reaction
volume) was reverse-transcribed using SuperScript II Reverse
Transcriptase (Invitrogen, UK) in the presence of oligo-dT primer
(Invitrogen). The primers were as follows: human Bak, forward 5’-
CATCAACCGACGCTATGACTC-3" and reverse 5-GTCAGGCCA
TGCTGGTAGAC-3’; human Bax, forward 5-CTGCAGAGGATG
ATTGCCG-3" and reverse 5-TGCCACTCGGAAAAAGACCT-3;
and human cyclophilin A (PPIA), forward 5-TCATCTGCACTG
CCAAGACTG-3 and reverse 5-CATGCCTTCTTTCACTTTGCC-
3’. Real-time quantitative PCR reactions were performed using a
Corbett Rotor-Gene 3000 with a QuantiTect SYBR Green PCR Kit
(Qiagen). Samples were run in duplicate, and the amounts of Bak
and Bax transcripts were normalized against those of PPIA. Semi-
quantitative RT-PCR was conducted as described by Nakayama et
al. [24]. cDNA was amplified with Taq polymerase (PerkinElmer
Life Sciences) using specific primers for human Bak (502 bp;
forward 5-CTGCCCTCTGCTTCTGA-3" and reverse 5-CGTTCA
GGATGGGACCA-3') and B-actin. The amplified PCR products
were fractionated on a 2% agarose gel and visualized by ethidium
bromide staining [3].



Statistical Analysis

Results are presented as mean values + SEM. Data were analyzed
using the SIGMA-STAT professional statistics software program
(Jandel Scientific Software, USA). Analyses of variance with
protected t test were used for intergroup comparisons [25].

Results and Discussion

C. difficile Toxin A Increases the Proapoptotic Protein Bak
in Human Colonocytes

Many studies, including by our group, have shown that
C. difficile toxin A causes gut epithelial cell apoptosis in
association with barrier dysfunction, thereby triggering gut
inflammation [1-6]. However, the molecular mechanism
underlying toxin A-induced gut epithelial cell apoptosis
still remains unknown. Since Bak is associated with cell
apoptosis [17-19, 21], we examined Bak expression levels
in human colonocytes exposed to toxin A. To this end, we
incubated non-transformed NCM460 human colonocytes
[3] with different concentrations of purified toxin A for 6 h.
As shown in Fig. 1A, toxin A induced expression of Bak
protein; this effect was concentration-dependent between
concentrations of 0.1 and 3 nM, and was maximal at 3 nM.
However, toxin A had no effect on the expression of Bax,
another apoptosis inducer [20]. To confirm that toxin A
induces Bak expression in intact mice, we prepared ileal
loops of mouse and injected them with purified toxin A
(3nM). After 4 h, levels of the proinflammatory cytokine
interleukin [23]-6 were markedly upregulated in ileal
extracts from mice injected with toxin A [26] compared
with those from control mice injected with PBS (Fig. 1B,
upper). Bak was also weakly expressed in control mouse
ileum, but was robustly increased after toxin A exposure
(Fig. 1B, lower), with results similar to those obtained in
cultured colonocytes (Fig. 1A). Moreover, Bax expression
was not changed in the ileum of mice injected with toxin A,
as the results were also similar to those for NCM460 cells
exposed to toxin A. These results indicate that the epithelial
cell apoptosis associated with toxin A-induced ileitis is
associated with Bak expression, but not Bax expression.

Toxin A is known to cause a marked release of cytochrome
¢ from mitochondria during colonocyte apoptosis, which in
turn activates downstream pathways involving caspases, a
pathway known as mitochondrial apoptosis [2]. Because
cytochrome c release from the mitochondria inner space to
the cytosol is dependent on outer membrane pore formation
[27, 28], and Bak and Bax generate the outer membrane
pores through which cytochrome c is released [21, 29, 30],
our demonstration that toxin A markedly upregulates
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Fig. 1. C. difficile toxin A induces Bak expression in human
colonocytes.

(A) Non-transformed NCM460 human colonocytes were incubated
with different concentrations (0 to 3 nM) of toxin A. After 6 h, cells
were lysed and total protein was fractionated on 10% SDS-
polyacrylamide gels and probed with antibodies against Bak, Bax, or
p-actin. The presented results are representative of three independent
experiments. (B, upper) Ileal loops of mice (n = 6 mice/group) were
prepared and then exposed to toxin A (3nM) for 4h. The
concentration of IL-6 was measured by ELISA. Data are presented as
means = SEM (error bars) from three independent experiments
performed in triplicate (*, p < 0.05). (B, lower) Mucosal extracts were
resolved on 10% polyacrylamide gel and probed with the indicated
antibodies. Data shown are representative of five separate samples.

expression of Bak, but not Bax, in both a human colonocyte
cell line and the gut of mouse strongly suggests that toxin A-
induced mitochondrial apoptosis (cytochrome c release and
subsequent apoptosis progression) is mediated by Bak
upregulation.

C. difficile Toxin A Increases Bak Transcription in Human
Colonocytes

We next assessed whether toxin A increases transcription
of BAK in human colonocytes. To this end, we treated
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NCM460 cells with toxin A (3 nM) for 12, 24, and 36 h, and
then isolated total RNA and performed real-time RT-PCR
using primers specific for human Bak and Bax. Under basal
conditions, we observed weak mRNA expression of Bak and
Bax in cultured colonocytes (Fig. 2A). Toxin A treatment
time-dependently increased Bak mRNA by up to 12-fold,
whereas it only weakly induced Bax mRNA expression.
Semi-quantitative RT-PCR revealed that toxin A also
markedly increased BAK mRNA expression in human
colonocytes (Fig. 2B). These results suggest that the marked
increase in Bak protein induced by toxin A is dependent on
gene transcription.

The transcriptions of Bak and Bax are known to be
regulated by p53 [31-33], which is also reportedly
activated during the toxin A-induced apoptosis of human
colonocytes [2]. Here, however, we found that toxin A
increased the transcription of Bax but not Bak. These
results indicate that although p53 is a main factor for the
transcriptional activation of the genes encoding Bak and
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Fig. 2. Toxin A induces transcription of Bak.

(A) NCM460 cells were incubated with toxin A (3 nM) for 0, 12, 24, or
36 h. Total RNA was isolated and the amounts of Bak transcripts
were determined by quantitative RT-PCR and normalized against
PPIA. (B) NCM460 cells were incubated with toxin A (3 nM) for 6 h,
and Bak mRNA expression was determined by semi-quantitative RT-
PCR. The presented results are representative of three independent
experiments.
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Bax, the maximum induction of these genes requires
different co-factors. Indeed, it has been reported that p53
requires the cooperation of an Spl-like factor to mediate
the transcriptional activation of the human Bax promoter
[31, 34]. Taken together, our results show that, in NCM460
human colonocytes, toxin A activates p53 and a co-factor
that is involved in the transcriptional activation of Bak but
not Bax.

Toxin A-Induced Bak Upregulation in Human Colonocytes
Is Mediated by a PGE, Pathway

We previously reported that toxin A causes marked
secretion of PGE, in human colonocytes, a pathway critical
for toxin A-induced cell apoptosis [1]. Given that Bak is
essential for apoptosis in various cell systems [17-19, 21],
we examined whether toxin A-induced upregulation of Bak
in human colonocytes was associated with extracellular
PGE, secreted by toxin A-exposed colonocytes. As shown
in Fig. 3A, toxin A significantly increased Bak expression,
an effect that was blocked by a PGE, neutralizing antibody
in a concentration-dependent manner. Toxin A-induced
upregulation of Bak was also reduced by NS398, a selective
COX-2 inhibitor [1, 3]. These results indicate that toxin A-
induced secretion of PGE, in colonocytes is critical for Bak
induction (Fig. 3B). Because we previously found that
10 uM PGE, induced maximal apoptosis in NCM460 cells
[1], we examined whether the concentration of PGE, used
to cause apoptosis is capable of upregulating Bak
expression in human colonocytes. As shown in Fig. 3C,
treatment with PGE, alone induced Bak protein expression
in human colonocytes in a time-dependent manner,
producing an increase in protein levels very similar to that
in cells exposed to toxin A. These results suggest that PGE,
mediates the toxin A-induced increase in Bak in human
colonocytes that could trigger cytochrome c release from
mitochondria and subsequent apoptosis progression.
Similarly, increasing intracellular PGE, concentration in
the human colon cancer cell lines SW1116 and HCT-116 by
direct microinjection was previously reported to induce
apoptosis via a mechanism that was dependent on Bax
upregulation, as evidenced by the resistance of Bax-
deficient HCT-116 cells to PGE,-induced cell apoptosis [13].
The apparent discrepancy in Bak versus Bax involvement
after PGE, treatment among these studies reflects differences
in cell type and whether PGE, acts intracellularly [13] or
extracellularly [1, 3]. Taken together, these results suggest
that upregulation of Bak or Bax, known as mitochondrial
outer membrane-pore-forming proteins, may be an initial
and critical event for PGE,-induced mitochondrial apoptosis
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Fig. 3. PGE, mediates toxin A-induced upregulation of Bak in
human colonocytes.

Colonocytes were exposed to toxin A alone (3 nM) or toxin A plus
PGE, blocking antibody (1 to 5 ug/ml) for 6 h. Cells were lysed and
total protein was fractionated on 10% SDS-polyacrylamide gels and
probed with antibodies against Bak or B-actin. The presented results
are representative of three independent experiments. (B) Colonocytes
were exposed to toxin A alone (3 nM), NS398, or toxin A plus NS398
(100 uM) for 6 h. (C) Colonocytes were incubated with PGE, (10 uM).
At the indicated time points, cell lysates were resolved on 10%
polyacrylamide gels and probed with the indicated antibodies.
Results shown are representative of three independent experiments.

in human colonocytes, a pathway that is also involved in
toxin A-induced colonocyte apoptosis.

PGE, Acts Specifically through the EP1 Receptor to
Mediate Upregulation of Bak in Human Colonocytes

Our previous study showed that NCM460 human
colonocytes constitutively express EP1 and EP4 receptors,
but not EP2 or EP3 receptors, all of which are activated by
PGE, [1]. This study also showed that toxin A-induced
colonocyte apoptosis was dependent on specific binding of
PGE, to the EP1 receptor, but not other EP receptors [1].
Therefore, we examined whether the EP1 receptor is critical
for PGE,-induced wupregulation of Bak in human
colonocytes. To explore this, we treated NCM460 cells for
2 h with PGE, or the following synthetic agonists of EP1-4
receptors [1]: 17-phenyl trinor PGE, (EP1 agonist),
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Fig. 4. EP1 mediates PGE,-induced upregulation of Bak.

(A) Colonocytes were exposed to DMSO, 10 uM PGE,, 10 uM 11-
deoxy PGE, (EP2/4 agonist), 10 uM butaprost (EP2 agonist), 5 uM 17-
phenyl trinor PGE, (EP1 agonist), or 10 uM sulprostone (EP1/3
agonist) for 2 h. Cell lysates were resolved on 10% polyacrylamide
gels and probed with the indicated antibodies. Results shown are
representative of three independent experiments (B). Colonocytes
were incubated with DMSO, PGE, (10 uM), or toxin A (3 nM) plus
either PLC inhibitor (U-73122, 10 uM) or PKC inhibitor (GF109203X,
10 pM) for 2 h. Cell lysates were resolved on 10% polyacrylamide gels
and probed with the indicated antibodies. Results are representative
of three separate experiments.

butaprost (EP2 agonist), sulprostone (EP1/3 agonist), and
11-deoxy PGE, (EP2/4 agonist). As expected, the selective
EP1 agonist markedly induced Bak expression in human
colonocytes, producing an increase in Bak levels similar to
that in cells treated with PGE, (Fig. 4A). The EP1/3 agonist
also increased Bak expression to a similar extent as the EP1
agonist. However, EP2 (butaprost) or EP2/4 (11-deoxy
PGE1) agonists had no effect on Bak expression (Fig. 4A).
Given that both EP1 and EP1/3 agonists induced Bak
expression, we confirmed the receptor involved by
examining signaling pathways for PGE,-mediated Bak
induction in colonocytes. EP1 signaling is known to
activate the phospholipase C (PLC) pathway through G
proteins of the G, subtype [35], leading to mobilization of
intracellular calcium and activation of protein kinase C
(PKC) [36], whereas EP3 typically binds to a G; protein,
leading to a reduction in intracellular cAMP levels [37]. We
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therefore assessed Bak expression in NCM460 cells
following treatment with PGE, alone or together with a
PLC inhibitor (U-73122) or PKC inhibitor (GF109203X); we
also monitored cAMP production. As shown in Fig. 4B,
PGE,-induced upregulation of Bak was markedly reduced
by both PLC inhibition and PKC inhibition, consistent with
arole for a G/, protein. In contrast, PGE, treatment had no
effect on cAMP production in human colonocytes (data not
shown).

PGE, is known as an essential mediator of inflammatory
responses [9-12], but it is also involved in cell apoptosis [1,
13—-15]. The PLC and PKC pathways are key regulators for
cell proliferation and the inhibition of apoptosis in many
cell systems [38], but other studies have found that the PKC
pathway can also be positively associated with apoptosis
[39, 40]. Moreover, PLCy2 has been reported to promote
cell apoptosis in primary rat hepatocytes [41]. In the
present study, we reveal that the EP1 receptor-activated
PLC and PKC pathways are involved in the toxin A-
induced upregulation of Bak, which triggers the release of
cytochrome ¢ from mitochondria and thereby contributes
to the progression of cell apoptosis. These results suggest
that the toxin A-induced PGE,/EP1-mediated activation of
the PLC and PKC pathways in human colonocytes does not
appear to protect against cell apoptosis.

Collectively, these results indicate that toxin A acts
through the PGE,/EP1 pathway to induce upregulation of
Bak in human colonocytes, and that this pathway may be
additively involved in toxin A-induced apoptotic progression
and could potentially accelerate the toxin A-induced death
of colonocytes.
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