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Abstract Clostridium difficile causes nosocomial/antibi-

otic-associated diarrhoea and pseudomembranous colitis.

The major virulence factors are toxin A and toxin B

(TcdB), which inactivate GTPases by monoglucosylation,

leading to cytopathic (cytoskeleton alteration, cell round-

ing) and cytotoxic effects (cell-cycle arrest, apoptosis). C.

difficile toxins breaching the intestinal epithelial barrier can

act on underlying cells, enterocytes, colonocytes, and

enteric neurons, as described in vitro and in vivo, but until

now no data have been available on enteric glial cell (EGC)

susceptibility. EGCs are crucial for regulating the enteric

nervous system, gut homeostasis, the immune and

inflammatory responses, and digestive and extradigestive

diseases. Therefore, we evaluated the effects of C. difficile

TcdB in EGCs. Rat-transformed EGCs were treated with

TcdB at 0.1–10 ng/ml for 1.5–48 h, and several parameters

were analysed. TcdB induces the following in EGCs: (1)

early cell rounding with Rac1 glucosylation; (2) early G2/

M cell-cycle arrest by cyclin B1/Cdc2 complex inactiva-

tion caused by p27 upregulation, the downregulation of

cyclin B1 and Cdc2 phosphorylated at Thr161 and Tyr15;

and (3) apoptosis by a caspase-dependent but mitochon-

dria-independent pathway. Most importantly, the

stimulation of EGCs with TNF-a plus IFN-c before, con-

comitantly or after TcdB treatment strongly increased

TcdB-induced apoptosis. Furthermore, EGCs that survived

the cytotoxic effect of TcdB did not recover completely

and showed not only persistent Rac1 glucosylation, cell-

cycle arrest and low apoptosis but also increased produc-

tion of glial cell-derived neurotrophic factor, suggesting

self-rescuing mechanisms. In conclusion, the high suscep-

tibility of EGCs to TcdB in vitro, the increased sensitivity

to inflammatory cytokines related to apoptosis and the

persistence of altered functions in surviving cells suggest

an important in vivo role of EGCs in the pathogenesis of C.

difficile infection.
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ENS Enteric nervous system

GDNF Glial cell-derived neurotrophic factor

NGF Nerve growth factor

TNF-a Tumour necrosis factor-alpha

IFN-c Interferon-gamma

DMEM Dulbecco’s modified Eagle’s medium

FBS Foetal bovine serum

PI Propidium iodide

IL-1b Interleukin-1beta

U Densitometric units

CDKs Cyclin-dependent kinases

Cdc2 Cell division cycle 2

GFAP Glial fibrillary acidic protein

PARP Poly (ADP-ribose) polymerase

BAF Boc-Asp(OMe)-fluoromethylketone

Z-DEVD-FMK Z-Asp-Glu-Val-Asp-fluoromethylketone

ROCK1 Rho-associated coiled-coil containing

kinase 1

PAK1 p21-activated kinase 1

PI3K Phosphatidylinositide 3-kinase

JNK c-Jun N-terminal kinase

Introduction

Clostridium difficile is the main cause of nosocomial/an-

tibiotic-associated diarrhoea and pseudomembranous colitis

[1–5]. The major virulence factors of C. difficile are two

large exotoxins, toxin A (TcdA) and toxin B (TcdB), which

are similar in structure and action mechanism and princi-

pally mediate their effects by inactivating Ras and Rho-

GTPases by glucosylation [3–12]. GTPases are master

regulators of cytoskeletal maintenance, the cell cycle,

apoptosis, cell–cell adhesion and secretions [8, 13–15].

Therefore, their inactivation by C. difficile toxins causes

cell function alterations that are responsible for most

symptoms of infection. In vitro, both toxins induced a dis-

ruption in the actin cytoskeleton assembly, leading to cell

retraction, loss of adhesion, and cell rounding, which are

cytopathic effects mainly mediated through Rac1 inactiva-

tion [3–6, 8, 11, 12, 16]. Although TcdB is generally more

potent (*1000-fold) than TcdA [4–7, 17], both are cyto-

toxic to most cultured cells, triggering caspase-dependent or

caspase-independent apoptosis, p53-dependent or p53-in-

dependent apoptosis, or necrosis [4–6, 12, 17–28]. Both

toxins also possess potent proinflammatory activity by

stimulating intestinal epithelial cells, immune cells and

neurons to secrete cytokines and chemokines [4–6, 29].

Enteric cells, such as enterocytes, colonocytes and enteric

neurons, are susceptible to the adverse effects of C. difficile

toxins [4–8, 17–27]. However, until now, no data have been

available regarding the susceptibility of enteric glial cells

(EGCs) to C. difficile toxins, which can reach deeper layers

of the intestinal mucosa after inflammation and the dis-

ruption of the colonic epithelial cell barrier [2–6]. EGCs are

the major cellular component of the enteric nervous system

(ENS) and not only have supportive and neurotrophic

functions to enteric neurons but are important in the regu-

lation of gut homeostasis, the immune and inflammatory

responses, and digestive and extradigestive diseases

[30–36]. EGCs mediate these functions through the fol-

lowing means: (1) the production of proinflammatory

mediators and neurotrophins [e.g., glial cell-derived neu-

rotrophic factor (GDNF), nerve growth factor (NGF), etc.]

and (2) the ability to act as antigen-presenting cells and

respond to bacterial/inflammatory stimuli by modulating

the expression of surface EGC proteins, cytokine/chemo-

kine receptors, and the secretion of proinflammatory

mediators and neurotrophins [30–34].

Based on the adverse effects of C. difficile toxins on

several intestinal cells but the lack of data in EGCs, and

because this knowledge could contribute to the manage-

ment of C. difficile infections, we investigated the effects of

TcdB in rat-transformed EGCs [37], which are considered

similar to rat primary EGCs [37] and have functional

properties similar to human EGCs [38].

Our results demonstrate that in EGCs, TcdB causes Rac-

1 glucosylation and cytopathic effects followed by cyto-

toxic effects.

The cytotoxic effects occurred via caspase-dependent

apoptosis which was essentially executed by early caspase-

3 and PARP activation with a later caspase-7 activation and

ROCK1 overexpression but without mitochondrial

involvement. Furthermore, TcdB induced an early cell-

cycle arrest in the G2/M phase characterized by cyclin B1/

Cdc2 complex inactivation due to an upregulation of p27

and a downregulation of cyclin B1 and Cdc2 phosphory-

lated at Thr161 and Tyr15.

Most importantly, the stimulation of EGCs with tumour

necrosis factor-alpha (TNF-a) plus interferon-gamma

(IFN-c) before, concomitantly or after TcdB rendered

EGCs more susceptible to TcdB-induced apoptosis.

In addition, EGCs that survived the cytotoxic effect of

TcdB did not recover completely, as showed by persistent

Rac1 glucosylation, cell-cycle arrest, and low apoptosis

percentage. However, the increased GDNF production

suggest self-rescuing mechanisms.

Materials and methods

TcdB

TcdB, isolated from C. difficile, strain VPI10463 was

purchased from Enzo Life Sciences (BML-G150-0050;
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Farmingdale, NY) and reconstituted into a 200 lg/ml stock

solution and stored as described in the data sheet.

Cell culture and treatment with TcdB

Rat-transformed EGCs (EGC/PK060399egfr; ATCC�

CRL-2690TM) [37] were obtained from the ATCC

(Manassas, VA, USA) and cultured in Dulbecco’s Modi-

fied Eagle’s Medium (DMEM) supplemented with 10%

foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml

penicillin and 100 lg/ml streptomycin (complete medium)

at 37 �C with 5% CO2 for no more than 20 passages.

For all experiments, EGCs were released using 0.05%

trypsin–EDTA, seeded at a density of 0.5 9 106 cells/well

in 2 ml of complete medium on six-well culture plates, and

allowed to adhere overnight. Then, the EGCs were treated

with TcdB at 0.1, 1 and 10 ng/ml for 1.5, 6, 24 and 48 h at

37 �C with 5% CO2.

EGC rounding after being treated as described above

was determined by analysis with inverted Olympus IX51

microscope with a Spot-2 cooled camera.

In some experiments, EGCs pre-treated for 1.5 h with

TcdB at 0.1 and 1 ng/ml were stimulated for 24 h with

50 ng/ml TNF-a plus 50 ng/ml IFN-c (PeproTech, Rocky

Hill, NJ, USA).

In some experiments, EGCs were treated with 50 ng/ml

TNF-a plus 50 ng/ml IFN-c (PeproTech), 2 h after, 18 h

before, 2 h before, or simultaneously with the TcdB

treatment (0.1, 1 ng/ml). Then, cells from all the experi-

mental conditions were recovered at 24 h after the TcdB

treatment.

For experiments with caspase inhibitors, 50 lM Boc-

Asp(OMe)-fluoromethylketone (BAF, a broad-spectrum

caspase inhibitor; Enzo Life Sciences) or 2 lM Z-Asp-Glu-

Val-Asp-fluoromethylketone (Z-DEVD-FMK; Enzo Life

Sciences) was added to EGCs 1 h before TcdB treatment

and incubated with them during the experiments.

For Rac1 inhibitor experiments, (N(6)-[2-[[4-(diethy-

lamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-

methyl-4,6-quinolinediamine trihydrochloride)

(NSC23766; TOCRIS, Bristol, UK) was added to the EGCs

at 100 and 50 lM for 24 and 48 h.

For all experiments and assays, at different times, TcdB-

treated and control EGCs, released as described above,

were washed, and cell viability and total cell numbers were

determined by a trypan blue dye-exclusion assay.

Immunofluorescence

EGCs (0.5 9 106) were allowed to adhere on coverslips

immersed in six-well plates in 2 ml of complete medium

overnight. Then, the EGCs were treated with TcdB at 0.1, 1

and 10 ng/ml for 1.5, 6 and 24 h at 37 �C with 5% CO2.

After being washed with phosphate-buffered saline (PBS)

washes, the cells were fixed for 20 min with 4%

paraformaldehyde and permeabilized with 0.1% Triton

X-100 for 10 min. Then, and being washed with PBS

containing 0.05% Triton X-100 (PBSTr), the cells were

incubated in blocking buffer (PBSTr containing 2.5%

bovine serum albumin) for 30 min. Then, primary mono-

clonal antibodies (Abs) mouse anti-glial fibrillary acid

protein (GFAP; clone 1B4; 1:100; BD Pharmingen-Bio-

sciences, NJ, USA) or mouse anti-S100b (clone SH-B1;

1:100; Sigma-Aldrich, St. Louis, MO, USA) in blocking

buffer were added and incubated with the cells for 1 h.

Then, Alexa Fluor 488-labelled goat anti-mouse IgG Abs

(Molecular Probes, Eugene, Oregon, USA) were added at a

1:200 dilution to detect GFAP or S100b. Hoechst 33342
(Molecular Probes) was added at 5 lg/ml to counterstain

the nuclei. The coverslips were mounted on microscopic

glass slides with ProLong Gold antifade medium. All steps

were performed at room temperature. Fluorescence was

evaluated by a fluorescence microscope equipped with a

digital camera.

Cell-cycle and apoptosis evaluation by flow

cytometry

At different times, TcdB-treated and control EGCs were

recovered and analysed by flow cytometry to evaluate the

DNA content and detect apoptosis and cell-cycle changes

[39–42].

In brief, after the cells were recovered and washed, the

200 g cell pellets were resuspended in 1 ml of hypotonic

fluorochrome solution [propidium iodide (PI) 50 lg/ml in

0.1% sodium citrate plus 0.1% Triton X-100]. The samples

were placed overnight in the dark at 4 �C, and the PI flu-

orescence of individual nuclei was measured using an

EPICS XL-MCL flow cytometer (Beckman Coulter, FL,

USA) [39].

Apoptosis was analysed as described by Nicoletti et al.

[41]. The data were processed by an Intercomp computer

and analysed with EXPO32 software (Beckman Coulter).

The cell cycle was analysed by measuring DNA-bound

PI fluorescence in the orange-red fluorescence channel

(FL2) with linear amplification. The percentage of cells in

each cell-cycle phase was analysed with ModFit software

(Verity Software House, Topsham, ME, USA) [42].

Western blot analysis

At different times, TcdB-treated and control EGCs were

lysed in a modified RIPA buffer supplemented with pro-

tease and phosphatase inhibitors (Sigma-Aldrich). Protein

content was determined by a standard Bradford protein

assay (Bio-Rad Laboratories, Milan, Italy).
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Proteins (20 lg) were separated by 10 or 12% SDS-

PAGE and transferred to nitrocellulose membranes, which

were blocked and then incubated overnight at 4 �C with

primary Abs to the following: Rac1 (clone 23A8), Rac1

(clone 102) and Bak (Upstate, Lake Placid, NY, USA); Bax

(N-20) and Bcl-XL (S-18) (Santa Cruz Biotechnology,

Santa Cruz, CA, USA); caspase-3, caspase-7, caspase-9,

PARP, phospho-Cdc2 (Thr161), phospho-Cdc2 (Tyr15),

p27, cyclin B1, ROCK1, PAK and cofilin (Cell Signaling

Technology, Beverly, MA, USA); and b-actin (clone AC-

15) (Sigma-Aldrich).

Signals were detected using appropriate horseradish

peroxidase-conjugated secondary antibodies and the

enhanced chemiluminescence system (GE Healthcare,

Milan, Italy).

Blots were stripped in stripping buffer (0.2 M NaOH in

double-distilled water) for 15 min, and after being washed,

the blots were reprobed. The b-actin was used as a loading

control.

For the Western blot analysis, the results of one exper-

iment that is representative of four independent

experiments are shown. Densitometry analyses were per-

formed after scanning by Quantity One software (Bio-Rad

Milan, Italy), the results are expressed as arbitrary units

relative to the densitometric units (U) of b-actin, and the

values were obtained from four independent experiments.

The data were analysed by Student’s t test.

ELISA

GDNF levels were evaluated using a Rat ELISA kit from

Boster Biological Technology (Pleasanton, CA, USA).

TNF-a, IFN-c and interleukin-1beta (IL-1b) levels were

evaluated using Rat ELISA kits from Elabscience

Biotechnology (Wuhan, Hubei, China), according to the

manufacturer’s instructions. For these assays, the super-

natants from control EGC cultures and those of EGCs

treated with TcdB at 0.1–10 ng/ml were recovered at the

indicated times, centrifuged and filtered with 0.22-lm fil-

ters. GDNF, TNF-a, IFN-c, and IL-1b titers were

calculated relative to standard curves, and the data are

reported as pg/ml for 105 cells. The sensitivity of the

ELISA kits for GDNF and TNF-a was\4 and\46.88 pg/

ml, while that for IFN-c and IL-1b was\18.75 pg/ml.

Results

Cytopathic effect of TcdB in EGCs

First, to confirm that the rat-transformed EGCs (EGC/

PK060399egfr; ATCC� CRL-2690TM) [37] obtained from

the ATCC effectively expressed the main glial markers,

GFAP and S100b, as reported in the data sheet [30–37, 43],
the cells were immunolabelled with GFAP (green) or

S100b (green) at the indicated times, using Hoechst (blue)

to counterstain cell nuclei, and were then imaged using a

fluorescence microscope equipped with a digital camera.

The immunofluorescence analysis showed that the EGCs

were strongly positive for both GFAP (Fig. S1) and S100b
(Fig. S1).

Since the most striking morphological changes caused

by C. difficile toxins in mammalian cells are retraction and

cell rounding (cytopathic effects) [3–6, 8, 12, 16], we

investigated whether TcdB could induce cytopathic effects

in EGCs. EGCs were treated with TcdB at 0.1–10 ng/ml

for 1.5–24 h and then observed using an inverted micro-

scope with a camera.

At all times examined, the control EGCs were polygonal

with indistinct/invisible intercellular borders (Fig. 1a;

images A–C, b). TcdB caused retraction and cell rounding

in a dose- and time-dependent manner (Fig. 1a; images

F–N, b). In fact, retraction and rounding in the majority of

EGCs (96%) was observed at 1.5 h after treatment with

TcdB at 10 ng/ml (Fig. 1a; image L, b), at 6 h after treat-

ment with TcdB at 1 ng/ml (Fig. 1a; image H, b), and at

24 h, but these features were only observed in 48% of the

cells after treatment with TcdB at 0.1 ng/ml (Fig. 1a; image

F, b). Therefore, TcdB induces cytopathic effects in EGCs.

In addition to analysing cell rounding, we also used

immunofluorescence to investigate changes in the

cytoskeleton and in GFAP, a key intermediate filament

protein and main glial marker [30–37, 43], in EGCs treated

with TcdB. The immunofluorescence results showed fur-

ther evidence of the time-dependent cytopathic effects of

TcdB. Representative images of EGCs either untreated or

treated with 10 ng/ml TcdB for 1.5–24 h and stained with

both Hoechst and an anti-GFAP antibody are shown in

Fig. 1c; TcdB induced cell rounding as well as nuclear

condensation and fragmentation in a time-dependent

manner (Fig. 1c).

Rac1 glucosylation by TcdB in EGCs

TcdB-induced actin cytoskeleton disruption is a conse-

quence of the Rho protein glucosylation at the specific

Thr37 (RhoA) or Thr35 (Cdc42 and Rac1) residues

[4–6, 8–12]. Since the kinetics of TcdB-catalysed Rac and

Rho glucosylation are almost identical [4–6, 8–10], using

Western blot to analyse non-glucosylated Rac1 is ideal for

assessing the intracellular action of TcdB [9, 10].

Therefore, we investigated Rac1 glucosylation by

Western blot in lysates from control EGCs and EGCs

treated with TcdB (0.1–10 ng/ml) for 1.5–48 h using an

antibody that recognizes non-glucosylated Rac1 (anti-Rac1

clone 102) [9, 10].
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TcdB induced a reduced recognition of Rac1 by anti-Rac1

clone 102 in a dose- and time-dependent manner (Fig. 2a),

indicative of Rac1 glucosylation [9, 10]. In particular, TcdB

at 10 ng/ml induced approximately 90%Rac1 glucosylation

at 1.5 h (Fig. 2a), while TcdB at 1 and 0.1 ng/ml caused

approximately 90% Rac1 glucosylation at 6 and 24 h,

Fig. 1 TcdB induces cytopathic

effects in EGCs. a At the time

indicated, control EGCs (images

A–C), EGCs treated with

0.1 ng/ml TcdB (images D–F),

EGCs treated with 1 ng/ml

TcdB (images G–I) and EGCs

treated with 10 ng/ml TcdB

(images L–N), were analysed by

microscopy, and images were

captured. Images from one

experiment, representative of

three independent experiments,

are shown. b Quantification of

the percentage of rounded cells.

At least 100 cells were counted

for each experimental condition

in three independent

experiments. *P\ 0.01 TcdB-

treated EGCs versus control

EGCs. c EGCs untreated or

treated with 10 ng/ml TcdB for

1.5–24 h were immunolabelled

with GFAP (green), using

Hoechst (blue) to counterstain

cell nuclei, and imaged using a

fluorescence microscope

equipped with a digital camera;

original magnification, 91000.

Images from one experiment,

representative of three

independent experiments, are

shown. At 24 h after TcdB

treatment, several cells

displayed condensed/

fragmented nuclei (arrowheads)
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respectively (Fig. 2a). Moreover, once obtained, the gluco-

sylation levels remained unchanged until 48 h (Fig. 2a).

To demonstrate that the Rac1 reduction was not due to

degradation, we used the anti-Rac1 clone 23A8 antibody,

which recognizes both glucosylated and unmodified Rac1

[9, 10].

The Rac1 expression levels were not reduced at any time

or TcdB concentration examined (Fig. 2b). Rather, our

results showed that the Rac1 expression levels significantly

increased until 48 h in a dose-dependent manner (Fig. 2b).

Currently, we do not know the mechanisms responsible for

the increase in Rac1 expression. It is likely that in our model,

similar to that described by the Genth et al. [9–11, 44], the

glucosylation of Rac1 affects its proteasomal degradation.

Taken together, these data indicate that TcdB induces

strong Rac1 glucosylation in EGCs and because the kinetics

of Rac1 glucosylation (Fig. 2) are similar to those of the

cytopathic effects (Fig. 1), they seem closely correlated.

TcdB decreases both cell viability and total EGC

number

To evaluate whether TcdB induces cytotoxic effects in

EGCs, we first examined the viability and total cell number

of EGCs treated with TcdB (0.1–10 ng/ml) for 1.5–48 h

using trypan blue.

The viability and total number of EGCs treated with

TcdB at 1 and 10 ng/ml progressively declined until 48 h,

with a maximum reduction in viability of 32% (Fig. 3a, b).

TcdB induces cell-cycle arrest in EGCs

Since the decrease in cell viability could result from cell

proliferation arrest and/or apoptosis [45, 46], we first

examined the cell-cycle distribution of EGCs by flow

cytometry following TcdB treatment.

TcdB induced an accumulation of cells in the G2/M

phase of the cell cycle in a dose- and time-dependent

manner, accompanied by a decrease in the number of cells

in the S phase (Fig. 4). At 6 h, the percentage of control

cells and those treated with TcdB at 0.1 ng/ml in G2/M

was approximately 15 and 19%, respectively, and the

percentage increased to 33 and 45% after treatment with

TcdB at 1 and 10 ng/ml (Fig. 4). At 24 h, the percentage of

cells in G2/M after treatment with TcdB at 1 and 10 ng/ml

did not change significantly with respect to that at 6 h

(Fig. 4). At 48 h, the percentage of cells in G2/M after

treatment with TcdB at 1 and 10 ng/ml was reduced,

Fig. 2 TcdB induces Rac1

glucosylation in EGCs. Lysates

from control EGCs and EGCs

treated with TcdB (0.1–10 ng/

ml) prepared at 1.5–48 h were

subjected to SDS-PAGE. The

filters were: a probed with anti-

Rac1 clone 102, then stripped

and probed with anti-b-actin;
b cut to around 30 kDa and the

bottom sections were probed

with anti-Rac1 clone 23A8 and

top sections were probed with

anti-b-actin. The graphs

represent the densitometric

analysis of each protein relative

to b-actin. *P\ 0.01 TcdB-

treated EGCs versus control

EGCs
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respectively, by approximately 20 and 33% with respect to

that at 6 h, with a concomitant increase in the number of

cells in G0/G1, respectively, of approximately 17 and 37%

(Fig. 4). At 0.1 ng/ml, TcdB always induced cell-cycle

arrest, but it was evident at 24 h and was characterized by

an accumulation of cells in the G0/G1 phase (Fig. 4).

These results indicate that the growth inhibition of

EGCs induced by TcdB is associated with the induction of

cell-cycle arrest.

To understand the mechanisms of TcdB-induced cell-

cycle arrest in EGCs, we used Western blot to investigate

the expression of some cell-cycle machinery components

that control the G2/M phase [47–50] in EGCs treated with

TcdB at 0.1–10 ng/ml for 1.5–48 h.

As shown in Fig. 5a, in EGCs treated with TcdB at 1

and 10 ng/ml, the expression of cyclin B1, a major player

in the G2/M transition [47–50], was markedly reduced

already at 6 h and decreased further at 24 and 48 h

(Fig. 5a). Cyclin B1 expression was also downregulated by

TcdB at 0.1 ng/ml but only at 24 and 48 h (Fig. 5a).

The expression of p27, a key cyclin-dependent kinase

(CDK) inhibitor protein [47–50], began to increase at 6 h

after treatment with TcdB at 1 and 10 ng/ml, reaching a

peak at 24 h (2- and 3-fold increase) and remaining high at

48 h (Fig. 5b). Additionally, after treatment with TcdB at

0.1 ng/ml, p27 expression increased twofold at 24 h and

increased further at 48 h (Fig. 5b).

Since cell-cycle progression in G2/M is reported to be

related to cell division cycle 2 (Cdc2) kinase activity,

negatively regulated by phosphorylation at Thr14 and

Tyr15 and positively regulated by phosphorylation at

Thr161 [47–50], we next assessed the effect of TcdB on

Cdc2 phosphorylation status.

In EGCs treated with TcdB at 1 and 10 ng/ml, the levels

of Cdc2 phosphorylated at Thr161 (Fig. 6a) and at Tyr15

(Fig. 6b) showed a strong decrease at 24 h, and Cdc2

phosphorylated at Thr161 further decreased at 48 h

(Fig. 6a). In EGCs treated with TcdB at 0.1 ng/ml, the

levels of Cdc2 phosphorylated at Thr161 (Fig. 6a) and at

Tyr15 (Fig. 6b) decreased at 24 h but returned to the

expression levels of control EGCs at 48 h (Fig. 6).

TcdB induces apoptosis in EGCs

Both Rho-GTPase glucosylation and cell-cycle arrest are

associated with apoptosis [13–15, 45, 46], as has also been

reported for several other cell types, after C. difficile toxin

treatment [18, 25]. Therefore, we next examined whether

the loss of viability and cell-cycle arrest in EGCs after

TcdB treatment led to apoptosis by measuring changes in

DNA content via flow cytometry in control EGCs and

EGCs treated with TcdB at 0.1–10 ng/ml for 1.5–48 h.

As shown in Fig. 7, TcdB induces apoptosis in EGCs in

a dose- and time-dependent manner. In fact, no apoptosis

was evident until 24 h (Fig. 7a, b), and at 24 h, the per-

centage of apoptosis after treatment with TcdB at 0.1, 1 and

10 ng/ml was, respectively, 10.2, 44.2 and 46.9% (Fig. 7a,

b).

Clostridium difficile toxins, similar to several apoptotic

stimuli, mainly induce apoptosis in several cell types by

triggering mitochondrial pathways through changes in Bcl-

2 family protein expression and caspase-9 activation

[4–6, 18, 20, 22–26, 46, 51, 52]. Therefore, to analyse the

mechanisms of C. difficile TcdB-induced EGC apoptosis,

we evaluated the activation/expression of some pro-apop-

totic (Bax, Bak) and anti-apoptotic (Bcl-XL, Bcl-2) Bcl-2

members, as well as caspase-9 activation.

At all the concentrations and times examined, TcdB did

not induce changes in the expression/activation of Bax

(Fig. 8a), Bak (Fig. 8b), Bcl-XL (Fig. 8c) or Bcl-2 (data

Fig. 3 Effect of TcdB on EGC viability and cell death. Control EGCs

and EGCs treated with TcdB (0.1–10 ng/ml) were recovered at

1.5–48 h, and the percentage of trypan blue? cells (a) or the total cell
number (b) was determined using trypan blue. Data are the

mean ± standard deviation of six experiments performed in triplicate.

*P\ 0.01 TcdB-treated EGCs versus control EGCs, Student’s t test.
§P\ 0.01 TcdB-treated EGCs at 24 or 48 h versus control EGCs at

time 0, Student’s t test
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not shown). Caspase-9 activation was found only after

treatment with TcdB at 0.1 ng/ml at 24 h (Fig. 9a).

Since apoptosis execution induced by several stimuli

and by TcdA and TcdB is mediated mainly by the activa-

tion of effector caspases [4–6, 18, 20, 24–28, 46, 51, 52],

we analysed caspase-3 and caspase-7 activation, as well as

the cleavage of poly (ADP-ribose) polymerase (PARP), a

key substrate of effector caspases [51, 52].

In EGCs, TcdB induces the activation of caspase-3

(Fig. 9b) and caspase-7 (Fig. 10b) and PARP cleavage

(Fig. 10a), and the activation kinetics are strongly depen-

dent on the TcdB concentration. In fact, already at 6 h,

TcdB at 1 and 10 ng/ml induced a significant cleavage of

caspase-3 to the 19 kDa active and 17 kDa fully active

fragments and the cleavage of PARP into the 89 kDa active

fragment (Figs. 9b, 10a). The active fragments of caspase-

3 and PARP increased further at 24 h and decreased at 48 h

(Figs. 9b, 10a). A different pattern of activation for cas-

pase-3 and PARP was shown by treatment with TcdB at

0.1 ng/ml: the cleavage of caspase-3 into the 17 kDa active

fragment and of PARP into the 89 kDa active fragment

was evident only after 24 h and decreased at 48 h

(Figs. 9b, 10a), while the 19 kDa caspase-3 fragment was

found only at 48 h (Figs. 9b, 10a). Furthermore, the acti-

vation of caspase-7 into the 20 kDa active fragment,

evident only at 24 h with all TcdB concentrations used,

Fig. 4 TcdB induces G2/M cell-cycle arrest in EGCs. Control EGCs

and EGCs treated with TcdB (0.1–10 ng/ml) were recovered at

1.5–48 h. The analysis of the cell percentages in the cell-cycle phases

was determined by flow cytometry with ModFit software. Cell

percentages in G0/G1, S and G2/M are reported. The results of one

experiment representative of six are shown
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was stronger after treatment with TcdB at 0.1 and weaker

after treatment with TcdB at 1 and 10 ng/ml (Fig. 10b).

Since Rho-GTPase glucosylation could affect Rho-as-

sociated coiled-coil containing kinase 1 (ROCK1) and p21-

activated kinase 1 (PAK1), which converge on proteins that

directly regulate the actin cytoskeleton, such as cofilin

[13–15, 53], and these downstream effectors could be

involved in membrane blebbing and cytoskeletal alteration

of apoptosis execution phase [13–15, 51–53], we deter-

mined whether TcdB affected the expression of these

proteins in EGCs.

The most evident change was the increase in ROCK1 at

24 h after treatment with TcdB at 0.1 and 10 ng/ml, and at

48 h with all TcdB concentrations (Fig. 10c). In contrast,

TcdB did not affect the expression of PAK1 or cofilin at

any time or concentration used (data not shown).

In a further series of experiments to investigate the role of

caspases in TcdB-induced apoptosis in EGCs, the effect of

BAF (50 lM), a general caspase inhibitor [20, 25–28, 40],

and of Z-DEVD-FMK (2 lM), a caspase-3 and caspase-7

inhibitor [20, 25–28, 39, 40], was analysed. For this purpose,

we chose the time of 24 h, which gave the maximum effects

for both apoptosis and caspase activation, and the TcdB

concentrations of 0.1 and 1 ng/ml. EGCs were pre-treated

with 50 lM BAF or 2 lM Z-DEVD-FMK for 1 h and

exposed to TcdB at 0.1 and 1 ng/ml for 24 h; then, we

examined both the percentage of apoptotic cells by flow

cytometry and the activation of caspase-3, caspase-7 and

PARP by Western blot analysis.

The results showed that apoptosis was abolished by BAF

but only partially inhibited by Z-DEVD-FMK (Fig. 11a,

b). In fact, 50 lM BAF inhibited TcdB-induced EGC

apoptosis by approximately 98% with 1 ng/ml and 84%

with 0.1 ng/ml (Fig. 11a). Instead, 2 lM Z-DEVD-FMK

inhibited TcdB-induced EGC apoptosis by approximately

44% with 1 ng/ml and 20% with 0.1 ng/ml (Fig. 11b).

BAF reduced the cleavage of caspase-3 into the 17 kDa

fragment by more than 60% and by approximately 20%

after treatment with TcdB at 1 and 0.1 ng/ml, respectively

(Fig. 11c), while the cleavage of caspase-7 into the 20 kDa

Fig. 5 TcdB downregulates

cyclin B1 and upregulates p27

expression in EGCs. Lysates

from control EGCs and EGCs

treated with TcdB (0.1–10 ng/

ml) prepared at 1.5–48 h were

subjected to SDS-PAGE. The

filters were probed with: a anti-

cyclin B1 then stripped and

probed with anti-b-actin; b anti-

p27 then stripped and probed

with anti-b-actin. The graphs

represent the densitometric

analysis of each protein relative

to b-actin. *P\ 0.01 TcdB-

treated EGCs versus control

EGCs
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fragment was prevented by treatment with TcdB at 1 ng/ml

and reduced by more than 50% by treatment with TcdB at

0.1 ng/ml (Fig. 11e). Interestingly, BAF did not prevent

PARP cleavage; rather, BAF significantly increased it by

approximately 20% with TcdB at 0.1 ng/ml and by

approximately 50% with TcdB at 1 ng/ml (Fig. 11g).

Z-DEVD-FMK with both TcdB concentrations reduced the

cleavage of caspase-3 into the 17 and 19 kDa fragments

and the cleavage of caspase-7 into the 20 kDa fragment by

more than 30% (Fig. 11d, f) and reduced the cleavage of

PARP into the 89 kDa fragment by approximately 25%

with TcdB at 0.1 ng/ml and by approximately 20% with

TcdB at 1 ng/ml (Fig. 11h).

Altogether, these results demonstrate that caspases,

caspase-3 and caspase-7 in particular, have a central role in

TcdB-induced EGC apoptosis but only a marginal role in

PARP cleavage.

Pharmacological inhibition of Rac1 in EGCs

The cytopathic effects of C. difficile toxins are mainly

mediated by their Rho-GTPase glucosylation activity,

but cytotoxic effects could be induced also by

glucosylation-independent events [4–6, 11, 12, 22–25,

54]. Therefore, to analyse whether the induction of

cytopathic and cytotoxic effects in EGCs by TcdB is

mainly the consequence of inactivation of Rac1, we

performed experiments with a pharmacological inhibitor

of Rac1, NSC23766 [55–57]. EGCs were treated with

100 and 50 lM NSC23766 for 24 and 48 h and then

recovered for in vitro assays.

The results showed that after 24 h, the inhibition of

Rac1 with NSC23766 led to cell body retraction and cell

rounding in approximately 90% of cells (Fig. 12a; images

B, C). The total cell number progressively declined until

48 h with a maximum reduction of 42% (Fig. 12b), indi-

cating that Rac1 inhibition with NSC23766 induced cell-

cycle arrest (Fig. 12b, c). In fact, the percentage of cells in

G2/M was approximately 17% in control cells and

increased to 33% after treatment with NSC23766 at 50 lM
and to 41% after treatment with NSC23766 at 100 lM
(Fig. 12c). Furthermore, the increase in the number of G2/

M cells after treatment with NSC23766 at 100 lM was

accompanied by a concomitant strong decrease (&80%) in

the number of cells in the S phase (Fig. 12c). Rac1 inhi-

bition with NSC23766 also induced apoptosis in EGCs, as

Fig. 6 TcdB downregulates the

expression levels of Cdc2

phosphorylated at Thr161 and at

Tyr15 in EGCs. Lysates from

control EGCs and EGCs treated

with TcdB (0.1–10 ng/ml)

prepared at 1.5–48 h were

subjected to SDS-PAGE. The

filters were probed with: a anti-

phospho-Cdc2 (pCdc2)

(Thr161) then stripped and

probed with anti-b-actin; b anti-

phospho-Cdc2 (pCdc2) (Tyr15)

then stripped and probed with

anti-b-actin. The graphs

represent the densitometric

analysis of each protein relative

to b-actin. *P\ 0.01 TcdB-

treated versus control EGC
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Fig. 7 TcdB induces EGC apoptosis. Control EGCs and EGCs

treated with TcdB (0.1–10 ng/ml) were recovered at 1.5–48 h.

Apoptosis was determined by measuring the percentage of hypodi-

ploid nuclei by flow cytometry. a DNA fluorescence flow cytometric

profiles and percentages of hypodiploid nuclei of one experiment,

representative of six. b Graph showing the mean ± standard devia-

tion of percentage hypodiploid nuclei obtained in eight different

experiments. *P\ 0.01 TcdB-treated EGCs versus control EGCs,

Student’s t test

Enteric glial cells are susceptible to Clostridium difficile toxin B 1537

123



demonstrated by the following: (1) 59 and 35% cells with

hypodiploid DNA at 48 h after treatment with 100 and

50 lM NSC23766, respectively (Fig. 12d); and (2) the

activation of caspase-3 at 48 h in a dose-dependent manner

(Fig. 12e).

These data showed that the inhibition of Rac1 in EGCs

both with a Rac1 inhibitor (NSC23766) and TcdB led to

cell rounding, cell-cycle arrest, caspase-3 activation and

apoptosis, but the induction kinetics were different. In fact,

with 1 and 10 ng/ml TcdB, cell rounding, cell-cycle arrest,

caspase-3 activation and apoptosis were induced between

1.5 and 24 h, while with 50 and 100 lM NSC23766, they

were induced between 24 and 48 h. However, similar to

TcdB, which inhibits Rac1 activity by its glucosylation,

Rac1 inhibition by NSC23766 leads to cytopathic effects

and apoptosis.

Fig. 8 TcdB did not change

Bax, Bak or Bcl-XL expression

in EGCs. Lysates from control

EGCs and EGCs treated with

TcdB (0.1–10 ng/ml) prepared

at 1.5–48 h were subjected to

SDS-PAGE. The filters were

probed with: a anti-Bax then

stripped and probed with anti-b-
actin; b anti-Bak then stripped

and reprobed with anti-b-actin;
c anti-Bcl-XL then stripped and

probed with anti-b-actin. The
graphs represent the

densitometric analysis of each

protein relative to b-actin
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Cytokines increased the susceptibility of EGCs

to TcdB-induced apoptosis

TcdA and TcdB lead to proinflammatory activity by stimu-

lating enterocytes, immune cells and neurons to secrete

cytokines and chemokines [4–6, 29]. Therefore, cells local-

ized in the intestinal wall, including EGCs, duringC. difficile

infection are subjected to strong stimulation by inflammatory

cytokines, such as IL-1b, TNF-a and IFN-c, and EGCs are

likely to encounter cytokines secreted by enterocytes/im-

mune cells/neurons during C. difficile infection before

coming in contact with TcdB [2–6, 29, 58–60]. Several

studies on the effects of these cytokines in EGCs have

described the glial cells as cells highly resistant to apoptosis

induced by IFN-c, TNF-a, IL-1b, IL-6 alone or in combi-

nations, such IL-1b plus IL-6 [30–34, 43, 60, 61].

Since it is not known how EGCs respond to inflamma-

tory cytokines while interacting with C. difficile toxins or

whether the cytokines present in the microenvironment,

e.g., produced in the early infection phase by enterocytes/

immune cells/neurons, could affect the susceptibility of

EGCs to C. difficile toxins, we investigated these aspects.

First, we analysed how EGCs respond to inflammatory

cytokines after treatment with C. difficile toxins. For this

purpose, EGCs pre-treated for 1.5 h with TcdB at 0.1 and

1 ng/ml were stimulated for 24 h with 50 ng/ml TNF-a
plus 50 ng/ml IFN-c, and apoptosis was evaluated by flow

cytometry.

The results showed that cytokines increased the per-

centage of apoptotic cells by approximately threefold in

EGCs treated with TcdB at 0.1 ng/ml and by approxi-

mately 1.3-fold in EGCs treated with TcdB at 1 ng/ml

Fig. 9 TcdB activates caspase-

3 but not caspase-9 in EGCs.

Lysates from control EGCs and

EGCs treated with TcdB

(0.1–10 ng/ml) prepared at

1.5–48 h were subjected to

SDS-PAGE. The filters were

probed with: a anti-caspase-9

then stripped and probed with

anti-b-actin; b anti-b-actin then

stripped and probed with anti-

caspase-3. The graphs represent

the densitometric analysis of

each protein relative to b-actin.
*P\ 0.01 TcdB-treated EGCs

versus control EGCs
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compared with TcdB-treated EGCs not stimulated with

cytokines (Fig. 13).

To evaluate whether this increased susceptibility was

due to changes in the expression/activation of key pro-

apoptotic pathway proteins, we investigated the expression

levels of Bax, Bcl-XL, caspase-3, caspase-7 and caspase-9,

as well as PARP activation, by Western blot analysis. Rac1

glucosylation was also analysed.

The results showed that increased TcdB-induced apop-

tosis by TNF-a plus IFN-c correlated with increased

activation of caspase-3, caspase-7, caspase-9 and PARP

(Fig. 14a–d), while Bax and Bcl-XL expression was not

significantly changed (data not shown). Rac1 glucosylation

persisted and was not affected by cytokines (Fig. 14c).

In the light of the above demonstration that the addition

of TNF-a plus IFN-c to TcdB-treated EGCs increased

Fig. 10 TcdB activates

caspase-7 and PARP and

upregulates ROCK1 expression

in EGCs. Lysates from control

EGCs and EGCs treated with

TcdB (0.1–10 ng/ml) prepared

at 1.5–48 h were subjected to

SDS-PAGE. The filters were

probed with: a anti-PARP then

stripped and probed with anti-b-
actin; b anti-caspase-7 then

stripped and probed with anti-b-
actin; c anti-ROCK1 then

stripped and probed with anti-b-
actin. The graphs represent the

densitometric analysis of each

protein relative to b-actin.
*P\ 0.01 TcdB-treated EGCs

versus control EGCs
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apoptosis, since in vivo EGCs are likely to encounter

cytokines secreted by enterocytes/immune cells/neurons

before TcdB [2–6, 29, 58–60], we investigated the effect of

pre-treatment with cytokines or their simultaneous addition

with TcdB. EGCs were treated with 50 ng/ml TNF-a plus

50 ng/ml IFN-c before (18 or 2 h) or simultaneously with

Fig. 11 Effect of caspase

inhibitors on TcdB-induced

EGC apoptosis and caspase-3,

caspase-7 and PARP activation.

a EGCs pre-treated for 1 h in

the absence or presence of

50 lM BAF were treated with

TcdB (0.1, 1 ng/ml) for 24 h. At

this time, the cells were

recovered, and apoptosis was

measured by evaluating the

percentage of hypodiploid

nuclei via flow cytometry. The

data are the mean ± standard

deviation of three experiments

performed in triplicate. Lysates

from untreated EGCs, EGCs

pre-treated with 50 lM BAF

with or without TcdB treatment

(0.1, 1 ng/ml) were prepared at

24 h, subjected to SDS-PAGE,

and probed with: anti-caspase-3

then stripped and probed with

anti-b-actin (c); anti-caspase-7
then stripped and probed with

anti-b-actin (e); anti-PARP then

stripped and probed with anti-b-
actin (g). The graphs represent

the densitometric analysis of

each protein relative to b-actin.
b EGCs pre-treated for 1 h in

the absence or presence of 2 lM
Z-DEVD-FMK were treated

with TcdB (0.1, 1 ng/ml) for

24 h. At this time, the cells were

recovered, and apoptosis was

measured by evaluating the

percentage of hypodiploid

nuclei via flow cytometry. The

data are the mean ± standard

deviation of three experiments

performed in triplicate. Lysates

from untreated EGCs, EGCs

pre-treated with 2 lM
Z-DEVD-FMK with or without

TcdB treatment (0.1, 1 ng/ml)

were prepared at 24 h, subjected

to SDS-PAGE, and probed with:

anti-caspase-3 then stripped and

probed with anti-b-actin (d);
anti-caspase-7 then stripped and

probed with anti-b-actin (f);
anti-PARP then stripped and

probed with anti-b-actin (h). For
all the graphs: *P\ 0.01 TcdB-

treated EGCs versus control

EGCs; §P\ 0.01 TcdB-treated

EGCs pre-treated with inhibitor

versus TcdB-treated EGCs not

pre-treated with inhibitor

Enteric glial cells are susceptible to Clostridium difficile toxin B 1541

123



TcdB treatment (0.1, 1 ng/ml). Then, cells from all the

experimental conditions were recovered at 24 h after TcdB

treatment and were evaluated in terms of the following: (1)

the percentage of apoptotic cells by flow cytometry; (2)

caspase-3 and caspase-7 expression and PARP activation

by Western blot analysis; and (3) Bax and Bcl-XL

expression by Western blot analysis.

The results showed that the TcdB-induced EGC apop-

tosis was increased by TNF-a plus IFN-c independently of

the time of cytokine addition (Fig. 15a), although there was

a trend towards a major increase in TcdB-induced apop-

tosis when EGCs were exposed to TNF-a plus IFN-c 18 h

before TcdB treatment. In fact, cytokine stimulation 2 h

after, 2 h before and concomitantly with TcdB treatment

increased the percentage of apoptotic cells by approxi-

mately 2.6-fold in EGCs treated with 0.1 ng/ml TcdB and

by approximately 1.4-fold with 1 ng/ml TcdB compared

with TcdB-treated EGCs not stimulated with cytokines

(Fig. 15a). However, cytokine stimulation 18 h before

TcdB treatment increased the percentage of apoptotic cells

by approximately 3.3-fold with 0.1 ng/ml TcdB and 1.8-

fold with 1 ng/ml TcdB (Fig. 15a). The Western blot

analysis results confirmed that the TcdB-induced apoptosis

increased by adding cytokines before and concomitantly

with TcdB correlated with an increased activation of cas-

pase-3 (cleavage into the 17 and 19 kDa fragments) and

Fig. 12 Pharmacological

inhibition of Rac1 in EGCs.

a Effect of Rac1 inhibitor on

cell rounding. At the time

indicated, control EGCs at 24 h

(image A), EGCs treated with

50 lM NSC23766 for 24 h

(image B), and EGCs treated

with 100 lM NSC23766 for

24 h (image C) were analysed

by microscopy, and images

were captured. Images of one

experiment representative of

three independent experiments

are shown. b–d Control EGCs

and EGCs treated with 50 or

100 lM NSC23766 were

recovered at 24 and 48 h and

b the total cell number was

determined by trypan blue; c the
cell percentages in the cell-

cycle phases G0/G1, S and G2/

M were determined by flow

cytometry with ModFit software

and d apoptosis was measured

by evaluating the percentage of

hypodiploid nuclei via flow

cytometry. For all the graphs,

data are the mean ± standard

deviation of three experiments

performed in triplicate.

*P\ 0.01 NSC23766-treated

EGCs versus control EGCs.

e Lysates from control EGCs

and EGCs treated with 50 or

100 lM NSC23766 prepared at

48 h were subjected to SDS-

PAGE and probed with anti-

caspase-3 then stripped and

probed with anti-b-actin. The
graphs represent the

densitometric analysis of each

protein relative to b-actin.
*P\ 0.01 NSC23766-treated

EGCs versus control EGCs
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caspase-7 (cleavage into the 20 kDa fragment) and PARP

cleavage into the 89 kDa fragment (Fig. 15b–d). Bax and

Bcl-XL expression was not significantly changed (data not

shown). Rac1 glucosylation by TcdB persisted and was not

affected by cytokines (data not shown).

Both C. difficile toxins cause proinflammatory activity

by stimulating several cell types to secrete cytokines and

chemokines [4–6, 29]. To evaluate whether EGCs also

secrete proinflammatory cytokines in response to TcdB, we

performed ELISA tests for TNF-a, IFN-c, and IL-1b
(ELISA kits, Elabscience) in supernatants recovered from

cultures of EGCs treated with TcdB (0.1–10 ng/ml) for

1.5–48 h. The results showed that at all times and TcdB

concentrations examined, control EGCs and TcdB-treated

EGCs did not secrete amounts of TNF-a, IFN-c, or IL-1b
detectable by the ELISA kits used (data not shown). The

minimum detectable levels of the ELISA kits used were

46.88 pg/ml for TNF-a and 18.75 pg/ml for IFN-c and IL-

1b.

Persistence of molecular and functional alterations

in TcdB-treated EGCs

The above results demonstrated that after treatment with

TcdB at 1 and 10 ng/ml, between 40 and 50% of EGCs

survived. To investigate whether some effects induced by

TcdB persisted in these EGCs, the cells were treated with

TcdB at 1 and 10 ng/ml for 48 h. At this time, the super-

natants were removed and replaced with fresh complete

medium; then, the surviving EGCs were further incubated

for 6 (48 h plus 4 days) or 13 days (48 h plus 11 days). At

6 and 13 days, the cells were recovered and examined in

terms of the following: (1) Rac1 glucosylation; (2) cell-

cycle changes; (3) viability and apoptosis; and (4) GDNF

secretion.

The results indicated that in EGCs that survived TcdB

after 6 and 13 days, Rac1 glucosylation (Fig. 16a) and cell-

cycle arrest (Fig. 16b) were still present, and the cell via-

bility and cell number were maintained as they were at

48 h (Table 1). The percentage of hypodiploid DNA was

low, ranging between 3.9 and 21% (Fig. 16c). Further-

more, these cells secreted higher levels of GDNF

(Fig. 16d); with respect to the 1.5 h results, the GDNF

levels were increased by approximately 2.5-fold at 48 h

and 6 days in EGCs treated with 1 and 10 ng/ml TcdB and

increased by sixfold at 13 days in EGCs treated with

10 ng/ml TcdB (Fig. 16d). Thus, EGCs that survive the

cytotoxic effects of TcdB do not recover completely but

increase their production of GDNF.

Discussion

Clostridium difficile causes pseudomembranous colitis

characterized by epithelial destruction and profound

mucosal inflammation [1–7, 17, 29]. Because C. difficile

toxins are large, it has been suggested that the toxins

in vivo must first act on and disrupt the colonic epithelial

cells to induce intestinal inflammation and allow toxins to

access cells of the underlying lamina propria and submu-

cosa [1–7, 17–26, 29]. No information is available on the

actions of C. difficile toxins on EGCs. Since EGCs have a

central role in regulating the ENS, gut homeostasis, the

immune and inflammatory responses, and digestive and

extradigestive diseases [30–36], their possible susceptibil-

ity to cytopathic and cytotoxic effects by C. difficile toxins,

particularly TcdB, which is currently considered mainly

responsible for the pathogenic effects [2–7, 17], could have

critical implications for the pathogenesis of pseudomem-

branous colitis and intestinal functional alterations induced

by this pathogen.

Therefore, we investigated EGC susceptibility to the

cytopathic and cytotoxic effects of TcdB at the cellular and

molecular levels.

This study showed for the first time that EGCs are

highly susceptible to TcdB and that the main effects of

TcdB are cytopathic effects that are closely correlated with

Rho-GTPase glucosylation, cell-cycle arrest in the G2/M

Fig. 13 TNF-a plus IFN-c added to EGCs after TcdB treatment

increase EGC susceptibility to TcdB-induced apoptosis. EGCs pre-

treated with TcdB (0.1, 1 ng/ml) for 1.5 h stimulated or not with

50 ng/ml TNF-a plus 50 ng/ml IFN-c for 24 h were recovered at

24 h. Apoptosis was determined by measuring the percentage of

hypodiploid nuclei via flow cytometry; the numbers of hypodiploid

nuclei are reported as percentages. The results of one experiment,

representative of six, are shown
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phase, apoptosis induction, increased susceptibility to

apoptosis induction by proinflammatory cytokines and

persistently impaired cell functions in survivor EGCs.

TcdB induced dose- and time-dependent early Rac1

glucosylation in EGCs, and once obtained, these glucosy-

lation levels remained unchanged. However, Rac1

expression levels were significantly increased at 48 h,

probably since its glucosylation affects its proteasomal

degradation, as suggested by Genth et al. in another

experimental model [9–11, 44, 54]. EGCs treated with

TcdB also underwent cell rounding, which presented

kinetics similar to those of Rac1 glucosylation. These

findings are in line with Rac1 glucosylation and cytopathic

effects observed in several TcdB-treated cell types

[3–6, 8–12, 16].

Rho-GTPase, Rac1, RhoA and Cdc42 stimulate cell-

cycle progression [13–15]. Rac1 and RhoA promote the

G1/S transition by increasing the level of cyclin D; RhoA

also negatively regulates the levels of the cell-cycle inhi-

bitors p21 and p27, although the molecular pathways are

Fig. 14 TNF-a plus IFN-c
added to EGCs after TcdB

treatment increase caspase-3,

caspase-7 and PARP activation.

Lysates from EGCs pre-treated

with TcdB (0.1, 1 ng/ml) for

1.5 h stimulated or not with

50 ng/ml TNF-a plus 50 ng/ml

IFN-c for 24 h were prepared at

24 h and subjected to SDS-

PAGE. The filter was probed

with: a anti-b-actin then

stripped and probed with anti-

caspase-3, b anti-PARP then

stripped and probed with anti-b-
actin, c anti-caspase-7, then

after stripping was cut to around

30 kDa and the bottom section

probed with anti-Rac1 clone

102 while the top with anti-b-
actin. The graphs represent the

densitometric analysis of each

protein relative to b-actin.
*P\ 0.01 TcdB-treated EGCs

stimulated versus TcdB-treated,

non-stimulated EGCs
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Fig. 15 TNF-a plus IFN-c
added to EGCs at various times

with respect to TcdB treatment

increase EGC susceptibility to

TcdB-induced apoptosis via

caspase-3, caspase-7 and PARP

activation. EGCs were treated

with 50 ng/ml TNF-a plus

50 ng/ml IFN-c: (1) 2 h after,

(2) concomitantly, (3) 18 h

before, and (4) 2 h before TcdB

treatment (0.1, 1 ng/ml). EGCs

not treated with TcdB but

treated with 50 ng/ml TNF-a
plus 50 ng/ml IFN-c in the same

conditions were control EGCs.

Cells from all the experimental

conditions were recovered at

24 h after being treated or not

with TcdB for the evaluation of

apoptosis (a) and the

preparation of lysates, SDS-

PAGE and Western blot

analysis (b–d). a Apoptosis was

determined at 24 h by

measuring the percentage of

hypodiploid nuclei via flow

cytometry. The data are the

mean ± standard deviation of

six experiments performed in

triplicate. *P\ 0.01 TcdB-

treated, stimulated EGCs versus

TcdB-treated, non-stimulated

EGCs. For Western blot

analysis the filters were probed

with: b anti-caspase-3 then

stripped and probed with anti-b-
actin; c anti-caspase-7 then

stripped and probed with anti-b-
actin; d anti-PARP then stripped

and probed with anti-b-actin.
The vertical lines in the blots

indicate repositioned gel lanes.

The graphs represent the

densitometric analysis of each

protein relative to b-actin.
*P\ 0.01 TcdB-treated,

stimulated EGCs versus TcdB-

treated, non-stimulated EGCs
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not yet clear and seem to depend on cell type, stimuli and

cellular status [13–15, 45, 46]. In some cell types, TcdB

inactivating Rho-GTPase induces cell-cycle arrest at the

G2/M phase [18, 25], but the molecular mechanisms are

not well defined. Consistent with these observations, in our

study, TcdB induced EGC growth inhibition, which was

mainly associated with the induction of cell-cycle arrest at

the G2/M phase. In fact, already at 6 h, treatment with 1

and 10 ng/ml TcdB in EGCs induced a 2- and 3-fold,

respectively, accumulation of cells in G2/M accompanied

by a decrease in cells in the S phase. The percentage of

cells in G2/M after treatment with TcdB at 1 and 10 ng/ml

at 24 h did not change significantly with respect to that at

6 h, while at 48 h, it decreased by approximately 1.1- and

1.5-fold with respect to that at 6 h with a concomitant

proportional increase in the percentage of cells in G0/G1.

This decrease in cells in G2/M seems to be correlated with

increased apoptosis, as was also reported by Nottrott et al.

[27]. Interestingly, 0.1 ng/ml TcdB caused lower apoptosis

at 24 h and EGC arrest in the G0/G1 phase.

Eukaryotic cell-cycle progression is controlled by the

action of CDKs and their activating subunits, cyclins,

which form heterodimeric complexes that phosphorylate

downstream targets to drive the cell cycle [47–50]. CDK1,

also known as Cdc2, and cyclin B are essential for the entry

of cells into mitosis [47–50]. Cdc2 is inactive as a mono-

mer and must bind with cyclin B during the G2/M

transition. The inhibition of Cdc2 in mammalian cells has

been shown to result in cell-cycle arrest at the G2 phase

[47–50]. This study demonstrated that in EGCs, TcdB led

to the dose-dependent inhibition of cyclin B1 expression,

which may be one of the reasons for G2/M arrest in EGCs.

In fact, the downregulation of this positive regulator of

cell-cycle progression impairs cyclin B/Cdc2 complex

activity and hinders the G2/M transition [47–50]. Cyclin

B/Cdc2 complex activity is also related to Cdc2 kinase

phosphorylation status [47–50]. The hyperphosphorylation

of Cdc2 at Thr14/Tyr15 and the dephosphorylation of Cdc2

at Thr161 are responsible for cell-cycle arrest at the G2

phase [47–50]. Our results showed that treating EGCs with

TcdB downregulates the expression of both Cdc2 phos-

phorylated at Tyr15 and of Cdc2 phosphorylated at Thr161,

suggesting the inactivation of Cdc2 kinase. The function of

the cyclin/CDK complex is negatively regulated by cell-

cycle inhibitors, such as p21 and p27 proteins [47–50]; p27

also has a critical role in the control of cell proliferation. In

fact, a p27 deficiency results in an increased mitotic index;

p27 decreases Cdc2 protein levels and binds to the cyclin/

CDK complex, inhibiting its kinase activity [47–50]. Our

demonstration that TcdB markedly enhanced p27 protein

levels in EGCs suggests its involvement in the G2/M phase

arrest. Overall, the TcdB-mediated G2/M phase arrest in

EGCs was linked to the inactivation/inhibition of the cyclin

B/Cdc2 complex through the downregulation of cyclin B1

and Cdc2 phosphorylated at Tyr15 and Thr161 and the

upregulation of p27.

Rho-GTPase glucosylation and cell-cycle arrest are

associated with apoptosis [13–15, 25, 45, 46, 56], and this

bFig. 16 TcdB causes persistent alterations in EGCs. Control EGCs or

EGCs treated with TcdB (1, 10 ng/ml) at 48 h were washed to remove

TcdB and were then incubated for 6 or 13 days. The cells or

supernatants were recovered, a at 48 h, 6 or 13 days for the

preparation of cell lysates and Western blot analysis of Rac1

glucosylation. The graph represents the densitometric analysis of

Rac1 relative to b-actin. *P\ 0.01 TcdB-treated EGCs at different

times versus control EGCs at 48 h; b at 6 or 13 days to evaluate the

cell percentages in cell-cycle phases by flow cytometry (the results of

one experiment, representative of four for each time, are shown); c at
6 days or 13 days to evaluate the percentage of hypodiploid nuclei via

flow cytometry (the results of one experiment, representative of four

for each time, are shown); d at 1.5–72 h, 6 or 13 days to evaluate

GDNF secretion in culture supernatants by ELISA. The data are the

mean ± standard deviation of three experiments performed in

triplicate

Table 1 Viability and total number of EGCs at 6 and 13 days after TcdB treatment

Treatmenta No. of cells 9 104/mlb % Trypan blue ? cellsb

EGC-NT 48 h 410.3 (±12.7) 7.7 (±1.2)

EGC-TcdB 1 ng/ml 48 h 76.9 (±5.7) 27.8 (±3.1)

EGC-TcdB 10 ng/ml 48 h 74.1 (±4.9) 29.8 (±3.3)

EGC-TcdB 1 ng/ml 6 days 69.1 (±5.8) 14.8 (±1.4)

EGC-TcdB 10 ng/ml 6 days 70.3 (±4.7) 20.9 (±1.9)

EGC-TcdB 1 ng/ml 13 days 74.1 (±5.3) 23.4 (±2.2)

EGC-TcdB 10 ng/ml 13 days 65.4 (±3.6) 27.3 (±2.8)

The data are the mean ± standard deviation of four experiments performed in triplicate
a Control EGCs or EGCs treated with TcdB at 1 and 10 ng/ml at 48 h were washed to remove TcdB and were recovered or incubated for 6 or

13 days
b At 48 h, 6 or 13 days, the cells were recovered as described in the ‘‘Materials and methods’’, and the total cell number and cell viability were

determined using trypan blue
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occurred in our model. In fact, TcdB induces apoptosis in

EGCs in a dose- and time-dependent manner, with

approximately 10.2, 44.2 and 46.9% apoptosis at 24 h after

treatment with TcdB at 0.1, 1 and 10 ng/ml, respectively.

The apoptosis of EGCs induced by 1 and 10 ng/ml TcdB is

characterized by the following: (1) the absence of alter-

ations in the expression/activation of pro-apoptotic (Bax

and Bak) and anti-apoptotic (Bcl-XL; Bcl-2) Bcl-2 family

members; (2) the absence of caspase-9 activation; (3) an

early and strong caspase-3 and PARP activation at 6 h,

which strongly increases up to 24 h; and (4) a later cas-

pase-7 activation that occur at 24 h subsequently to

caspase-3 activation, suggesting that the caspase-7 partic-

ipation is only for the amplification of the apoptotic signal,

as found in other experimental models [51, 52]. The

characteristics of EGC apoptosis induced by 0.1 ng/ml

TcdB are similar to those of EGC apoptosis induced by 1

and 10 ng/ml TcdB, with the only difference being that the

activation of caspase-3, caspase-7 and PARP occurs later,

only after 24 h. In contrast with the other concentrations,

0.1 ng/ml TcdB induces the activation of caspase-9 at 24 h,

suggesting that there is not a linear correlation between

TcdB concentration and the pattern of apoptosis molecular

mechanisms. Our results also indicate that all the TcdB

concentrations used cause upregulated ROCK1 expression,

a direct target both of Rho-GTPases and caspase-3; similar

to what has been described in other apoptotic models

[51–53], ROCK1 could contribute to multiple aspects of

the apoptotic processes in our model.

Caspases are essential for TcdB-induced EGC apoptosis

because of the following: (1) BAF, a general caspase

inhibitor, abolished apoptosis and strongly reduced the

cleavage of caspase-3 into the 17 kDa fully active fragment

and the cleavage of caspase-7 into the 20 kDa active

fragment; and (2) Z-DEVD-FMK, an inhibitor of caspase-3

and caspase-7, partially inhibited apoptosis, the cleavage of

caspase-3 into the 17 and 19 kDa active fragments and the

cleavage of caspase-7 into the 20 kDa active fragment.

However, the molecular mechanisms of PARP cleavage

and its role in TcdB-induced apoptosis remain to be

defined. In fact, its cleavage does not seem to be mediated

by caspases because it was not prevented by BAF and was

only partially inhibited by Z-DEVD-FMK.

These results regarding TcdB-induced EGC apoptosis

mechanisms seem to differ from those reported for other

cell types [4–6, 20, 22–24, 26], in which C. difficile toxins

caused alterations in the expression/activation ratios

between pro-apoptotic and anti-apoptotic Bcl-2 members

involving Bak, which finally caused cytochrome c release

and caspase-9 activation, leading to effector caspase acti-

vation. In EGCs, the lack of such changes, together with

the early activation of caspase-3 and PARP and the late

activation of caspase-7, could reflect cell-specific responses

to TcdB. Therefore, although these data indicate that cas-

pase-3 and PARP, in line with previous reports

[4–6, 18, 20, 24–28], essentially executed the TcdB-in-

duced EGC apoptosis, some relevant differences were

found, e.g., there were no changes in Bak expression, no

caspase-9 activation, early caspase-3 and PARP activation,

later caspase-7 activation, and interestingly, ROCK1

overexpression. ROCK is recognized as a major regulator

of the morphological events that occur during the execution

phase of apoptosis, including cytoskeletal-mediated cell

contraction, dynamic membrane blebbing, organelle frag-

mentation, nuclear disintegration and apoptotic cell

fragmentation into apoptotic bodies [13–15, 46, 51–53, 62].

ROCK1 regulates these events by stimulating actomyosin

contractility via increasing myosin light chain (MLC)

phosphorylation, with either a direct effect on MLC or an

indirect effect inactivating MLC phosphatase

[13–15, 46, 51–53, 62]. ROCK1 is also involved in the

intracellular signalling mediating the initiating stages of

apoptosis through the following [13–15, 53, 62]: (1) the

loss of cell adhesion via actin cytoskeleton rearrangement;

(2) the modulation of Bcl-2 family member gene expres-

sion in favour of apoptosis via phosphatidylinositide

3-kinase (PI3K) or c-Jun N-terminal kinase (JNK); (3) the

regulation of apoptotic cascades modulating the activation

of multiple caspases into their active forms; and (4) the

inactivation of the pro-survival PI3K-Akt pathway via

phosphatase and tensin homologue (PTEN) stimulation.

However, in our model, ROCK1 overexpression began at

24 h, concomitant with the detection of DNA fragmenta-

tion and higher levels of caspase-3 and caspase-7

activation. Furthermore, there was no increase in the

expression of pro-apoptotic Bcl-2 family members. These

data suggest that ROCK1 is not involved in triggering

apoptosis but could be a driver of the morphological events

characterizing the execution phase of apoptosis by stimu-

lating actomyosin contractility through increasing MLC

phosphorylation and maintaining/inducing later caspase

activation when apoptosis was reduced. Additionally, p27

overexpression leads to apoptosis in several cell lines from

different species and tissues of origin, providing direct

evidence that p27 might also act to regulate cell growth

through its ability to induce apoptosis [45, 46, 63–67].

Such apoptosis is mainly associated with concomitant

PARP cleavage and cyclin B1 degradation [45, 46, 63–67].

Since, in our model, we found PARP cleavage and cyclin

B1 degradation concomitant with p27 overexpression, the

early, strong overexpression of p27 in EGCs suggests its

involvement in TcdB-induced apoptosis through the regu-

lation of the expression of these molecules.

Knowing that primary EGCs are resistant to apoptosis

induced by proinflammatory cytokines [30–34, 43, 60, 61],

because C. difficile infection causes a strong inflammatory
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environment dominated by proinflammatory cytokines

[2–6, 29, 58–60], cells localized in the intestinal wall,

including EGCs, during C. difficile infection are subjected

to strong stimulation by inflammatory cytokines, such as

IL-1b, TNF-a and IFN-c. In fact, before reaching the

deeper layers of the intestinal mucosa in vivo, C. difficile

toxins breach the intestinal epithelial barrier and act on

enterocytes, immune cells and enteric neurons, inducing a

strong proinflammatory response and disrupting the colonic

epithelial cell barrier [2–6, 29, 58–60]. Therefore, EGCs

in vivo are likely to encounter cytokines secreted by

enterocytes/immune cells/neurons during C. difficile

infection that could alter EGC functionality before coming

in contact with TcdB [2–7, 29, 58–60]. This prompted us to

investigate whether inflammatory cytokines could alter the

susceptibility of EGCs to TcdB. Our results demonstrated

that independently of the time in which EGCs encountered

TNF-a plus IFN-c with respect to the TcdB treatment (i.e.,

before, after or with the TcdB treatment), the encounter

enhanced the susceptibility of EGCs to TcdB-induced

apoptosis via the apoptotic pathway mediated by caspase-3,

caspase-7 and PARP. Currently, we do not know the

mechanism for this increased susceptibility, but these data

are very suggestive for the possible role of proinflamma-

tory cytokines in increasing the pathological effects of C.

difficile infections.

Since both C. difficile toxins cause proinflammatory

activity in several cell types [4–6, 29], if EGCs express

proinflammatory cytokines in response to TcdB, then they

alone could be responsible for the apoptotic effects of

TcdB, which would increase when EGCs are further treated

with TNF-a plus IFN-c. Our results showed that control

EGCs and TcdB-treated EGCs did not secrete levels of

TNF-a, IFN-c, or IL-1b detectable by the ELISA kits used,

which have a sensitivity of 46.88 pg/ml for TNF-a and

18.75 pg/ml for IFN-c and IL-1b. Therefore, even if the

TcdB induces a cytokine response in EGCs undetectable by

the ELISA kits used, the levels of cytokines produced are

not responsible for the induction of apoptosis because: (1)

the increased susceptibility of EGCs to TcdB-induced

apoptosis was induced by 50 ng/ml TNF-a plus 50 ng/ml

IFN-c; and (2) stimulation of EGCs with 10 ng/ml TNF-a
plus 10 ng/ml IFN-c, a concentration much higher than

could be secreted by EGCs did not increase TcdB-induced

apoptosis (data not shown).

This study also showed that EGCs can survive the

cytotoxic effects of TcdB, and although they do not recover

completely, as demonstrated by strong Rac1 glucosylation,

cell-cycle arrest and a low percentage of hypodiploid DNA,

they strongly enhanced GDNF secretion at 48 h, which

increased up to 13 days. At this time, the secretion of

GDNF was increased by approximately sixfold in EGCs

treated with 10 ng/ml TcdB. The increase in GDNF

production by EGCs suggests a self-rescuing mechanism

because of the following: (1) GDNF plays a protective role

against the apoptosis of neuronal cells and EGCs

[30–34, 60, 61, 68–72]; (2) EGCs can transduce GDNF

signalling because they express functional receptors for

GDNF [30–34, 61]; and (3) cells surviving after TcdB

treatment maintain intercellular connections that could be

due to GDNF action [30–34, 68–72]. This very important

phenomenon will be addressed in our future studies. The

enteric neuron abnormalities subsequent to EGC damage or

loss [71] and the demonstration that a significant percent-

age of patients recovering from C. difficile infection

subsequently experienced moderate-to-severe irrita-

ble bowel syndrome [73–75] could be partially explained

by our in vitro results, which suggest that the persistence of

altered functions in EGCs surviving exposure to TcdB

could be involved in the functional gastrointestinal disor-

ders in patients recovering from C. difficile infection

[1–3, 6, 35, 36, 73–75].

In conclusion, this study shows for the first time in vitro

that EGCs are affected by secreted TcdB, which induces

cell death, functional impairment, cell-cycle arrest and that

inflammatory cytokines increased EGC susceptibility to

TcdB. Furthermore, EGCs that survived to TcdB persis-

tently secreted GDNF and maintained functional changes

even after long time from contact with TcdB.
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