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A B S T R A C T

Clostridium difficile infection (CDI) causes nosocomial/antibiotic-associated diarrhea and pseudomembranous
colitis, with dramatic incidence/mortality worldwide. C. difficile virulence factors are toxin A and toxin B (TcdB)
which cause cytopathic/cytotoxic effects and inflammation. Until now studies were focused on molecular effects
of C. difficile toxins (Tcds) on different cells while unexplored aspect is the status/fate of cells that survived their
cytotoxicity. Recently we demonstrated that enteric glial cells (EGCs) are susceptible to TcdB cytotoxicity, but
several EGCs survived and were irreversibly cell-cycle arrested and metabolically active, suggesting that EGCs
could became senescent. This is important because allowed us to evaluate the not explored status/fate of cells
surviving Tcds cytotoxicity, and particularly if TcdB induces senescence in EGCs.

Rat-transformed EGCs were treated with 10 ng/ml TcdB for 6 h–48 h, or for 48 h, followed by incubation for
additional 4 or 11 days in absence of TcdB (6 or 13 total days). Senescence markers/effectors were examined by
specific assays.

TcdB induces senescence in EGCs, as demonstrated by the senescence markers: irreversible cell-cycle arrest,
senescence-associated-β‑galactosidase positivity, flat morphology, early and persistent DNA damage (ATM and
H2AX phosphorylation), p27 overexpression, pRB hypophosphorylation, c‑Myc, cyclin B1, cdc2 and phos-
phorylated-cdc2 downregulation, Sirtuin‑2 and Sirtuin‑3 overexpression. TcdB-induced EGC senescence is de-
pendent by JNK and AKT activation but independent by ROS, p16 and p53/p21 pathways.

In conclusion, TcdB induces senescence in EGCs. The extrapolation of these results to CDI leads to hypothesize
that EGCs that survived TcdB, once they have acquired a senescence state, could cause irritable bowel syndrome
(IBS), inflammatory bowel disease (IBD), and tumors due to persistent inflammation, transfer of senescence
status and stimulation of pre-neoplastic cells.
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1. Introduction

Clostridium difficile infection (CDI) is an increasing important in-
fectious disease worldwide with about 500,000 infected subjects per
year with approximately 29,000 deaths in the United States and about
124,000 cases in Europe with an overall mortality of 3–30% [1,2]. CDIs
represent 15–25% of all opportunistic gastrointestinal infections [1,2].
There has been a dramatic worldwide increase in CDI incidence and
mortality mainly due to the emergence of more virulent strains, the
ever-widespread use of antibiotics that favour the onset, and the
emerging of CDI in populations previously considered at low risk [1,2].

The pathogenic mechanism responsible for CDI is mainly based on
the action of two toxins of C. difficile (Tcds), toxin A (TcdA) and B
(TcdB) with similar molecular structure and mechanism of action but
with TcdB being about 1000 times more potent than TcdA [3–5]. Once
penetrated inside the cells, both Tcds inactivate by glucosylation the
Rho-GTPase, mainly Rac1, RhoA and Cdc42, thus causing disruption of
the actin cytoskeleton assembly, cell rounding, loss of adhesion, cell-
cycle arrest, apoptosis, or necrosis. At organ level, CDI is manifested
with varying degrees of pathology ranging from mild diarrhea to severe
life-threatening pseudomembranous colitis [3–5].

With the deepening of cellular damage, which initially involves
colonocytes, these Tcds penetrate into the deeper layers of intestinal
mucosa [3–5] reaching in the submucosa and myenteric plexus neu-
ronal cells and enteric glial cells (EGCs), that are the major cells reg-
ulating gastrointestinal tract physiology [6–8].

While a great contribution of knowledge has been obtained on the
molecular effects of Tcds on various cell types [3–5,9], an unexplored
aspect is the status and the fate of cells that survived to Tcds effects.
This topic could be very important considering our recent in vitro results
demonstrating that EGCs that survive TcdB have some reduced func-
tions [9] that have led us to speculate that survival in vivo of altered
EGCs could have functional consequences such as irritable bowel syn-
drome (IBS) [10]. This speculation was enforced by the demonstration
of a significant epidemiological correlation between CDI and the onset
of IBS and inflammatory bowel disease (IBD) [11,12]. Therefore, the
possibility that altered cells surviving CDI could be responsible for still
unknown long-term effects related to the infection is intriguing. To
address this problem, we studied the effect of TcdB on EGCs for their
key role in the physiology and pathology of gastrointestinal tract [6–8].
Our previous demonstration that EGCs surviving TcdB cytotoxic effects
are irreversibly arrested but remain metabolically active [9] suggests
that TcdB may induce a senescence state in EGCs.

Cellular senescence induced by various categories of stressors is an
acquired new cell state with an irreversible cell-cycle arrest, changes in
cell metabolism, morphology, and gene expression [13–21]. Senescent
growth arrest is due to induction of cyclin-dependent kinase inhibitors
(CDKI) p16, p21, p27 involved in cell-cycle regulatory pathways such
as p53/p21, p16/pRb or PTEN/p27 [13–24]. Moreover, other bio-
markers such as senescence associated β‑galactosidase activity (SA-
β‑Gal), early and persistent DNA damage response (DDR), senescence-
associated heterochromatin foci (SAHF), and senescence-associated
secretory phenotype (SASP) have been associated with cellular senes-
cence [13–18]. Contrarily to cellular senescence associated with aging,
senescence associated with anti-tumor drugs, irradiation, oxidative
stressors, and DNA damaging agents is mediated by external inductors
[13–20]. Much attention has been dedicated to the above external in-
ductors due to their widespread use in tumor therapy [13–20]. Some
studies also describe senescence associated to toxins produced by bac-
teria that cause limited infections such as Escherichia coli colibactin,
Pseudomonas aeruginosa pyocyanin, Streptococcus pneumonie pneumo-
lysin, cytolethal distending toxin from a subgroup of facultative pa-
thogenic strain of gram- bacteria, and Salmonella typhi typhoid toxin
[25–30]. However, no information is available on cellular senescence
induced by toxins produced by bacteria that cause widely disseminated
infections as Clostridium difficile.

The senescence state, initially considered a barrier to the develop-
ment of tumors and an important positive effect of antitumor therapy
on resistant tumor cells, is presently considered also a potential dan-
gerous condition due to continued secretion by senescent cells of ex-
tremely active molecules that could induce a persistent inflammation,
stimulate the proliferation of bystander cells, induce senescence in
other cells of the microenvironment, and promote the proliferation of
pre-neoplastic cells [13,14,31]. Recently it has been demonstrated the
involvement of cellular senescence in several gastrointestinal diseases
[32,33].

According to the above considerations and our previous results, the
aim of this study was to evaluate whether EGCs that survived TcdB have
acquired the senescence state.

This study demonstrated for the first time that TcdB induces se-
nescence in EGCs, as evidenced by the presence of several markers of
senescence [13–22,32–34], such as early and irreversible cell-cycle
arrest in G1 and G2, SA-β‑Gal activity, early increase of phosphoryla-
tion of Ataxia telangiectasia mutated kinase (pATM), increase of
phosphorylation of Histone 2AX (γH2AX), p27 overexpression, down-
regulation of cyclin B1 and cell division cycle 2 (cdc2) expression, and
hypophosphorylation of phospho‑Rb (pRB), downregulation of c‑Myc
and overexpression of Sirtuins (SIRTs), SIRT2 and SIRT3. Furthermore,
we found that TcdB-induced EGC senescence is dependent by c‑Jun
N‑terminal kinase (JNK) and protein‑chinasi B (AKT) activation but
independent on the p16 and p53/p21 pathways. TcdB induces also
early ROS increase in EGCs which is not responsible for senescence
induction since their neutralization with N‑acetylcysteine (NAC) does
not affect senescence.

The extrapolation of these in vitro results to CDI suggests that EGCs
that survived TcdB could transit to a senescence state with an increased
risk of disease.

2. Material and methods

2.1. TcdB

TcdB isolated from C. difficile strain VPI10463 was obtained from
Enzo Life Sciences (BML-G150-0050; Farmingdale, NY), reconstituted
to 200 μg/ml stock solution, and stored as indicated in data sheet.

2.2. Cell culture and treatment with TcdB

Rat-transformed EGCs (EGC/PK060399egfr; ATCC® CRL-2690™)
[35], obtained from the ATCC (Manassas, VA, USA), were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) with 10% foetal bovine
serum (FBS), 2 mM L‑glutamine, 100 U/ml penicillin, and 100 μg/ml
streptomycin (complete medium) at 37 °C with 5% CO2 for no>20
passages.

EGCs, for all experiments, were released using 0.05% trypsin-EDTA,
plated at 0.5× 106 cells/well in 2ml of complete medium on six-well
culture plates, and allowed to adhere overnight. Then, the EGCs were
treated with TcdB at 10 ng/ml for 6, 24, and 48 h. In some samples
TcdB was removed after 48 h and cells were incubated for additional 4
or 11 days (6 or 13 total days). Control and TcdB-treated EGCs were
released as described above, washed, and cell viability and total cell
numbers were determined by a trypan blue dye-exclusion assay.

In the experiments with JNK inhibitor (SP600125; Cell Signaling,
Beverly, MA, USA), AKT inhibitor (perifosine; Cell Signaling), or
N‑acetyl cysteine (NAC; Sigma-Aldrich, Milan, Italy), 10 μM SP600125,
40 μM perifosine or 4mM NAC were added to EGCs 1 h prior TcdB
treatment and maintained during the course of experiments.

In the experiments with etoposide (Sigma-Aldrich), EGCs were
treated with 0.1–100 μM etoposide for 6 h.
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2.3. MTT assay

EGCs (0.25×106 cells/well in 1ml) were seeded in 12-well plates
and treated with TcdB for different times, then MTT was added at
0.5 mg/ml and incubation continued for 2 h at 37 °C. After removal of
the medium, 200 μl DMSO was added to each well. Plates were then
shaken for 30min at 37 °C and the absorbance at 550 nm of reduced
MTT was measured.

2.4. Cell-cycle evaluation by flow cytometry

Control and TcdB-treated EGCs were recovered at different times,
then washed and the 200×g cell pellets were resuspended in 1ml of
hypotonic fluorochrome solution [propidium iodide (PI) 50 μg/ml in
0.1% sodium citrate plus 0.1% Triton X-100]. The samples were in-
cubated at 4 °C overnight in the dark, and PI fluorescence of individual
nuclei was measured by EPICS XL-MCL flow cytometer (Beckman
Coulter, FL, USA) to assess the DNA content and detect apoptosis and
cell-cycle changes [9,36]. The data were processed by an Intercomp
computer and analyzed with EXPO32 software (Beckman Coulter)
[9,36]. The cell cycle was examined 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
evaluated with ModFit software (Verity Software House, Topsham, ME,
USA) [36].

Apoptosis was analyzed as previously described [9]. The data were
processed by an Intercomp computer and analyzed with EXPO32 soft-
ware (Beckman Coulter).

2.5. SA-β‑Gal staining

SA-β‑Gal staining was performed according to Dimri et al. [34]
using a commercial kit (Cell Signaling) according to the manufacturer's
instructions. Images were acquired with inverted phase-contrast mi-
croscopy (Orma Scientific) with a MC150C camera and debut video
capture software v1.90 (NCH). The percentage of SA-β‑Gal positive
cells (blue cells) was scored by counting at least 300 cells by randomly
choosing 3 microscopic fields under ×20 objective magnification.

2.6. Immunofluorescence

EGCs (0.5× 106) on cover slips placed in 6 well plates in 2ml of
complete medium were allowed to adhere overnight, then treated with
TcdB. At different times, after washing with PBS, the cells were fixed for
20min with 4% paraformaldehyde and permeabilized for 10min with
0.1% Triton X-100. Then washed with PBS containing 0.05% Triton X-
100 (PBSTr), the cells were incubated for 30min in blocking buffer
(PBSTr containing 2.5% bovine serum albumin). Mouse primary
monoclonal antibody (Ab) anti‑γH2AX (1:200; Millipore) in blocking
buffer was incubated with the cells for 1 h followed by incubation for
1 h with Alexa Fluor 488-labelled goat anti‑mouse IgG Ab (1:200;
Molecular Probes, Eugene, Oregon, USA) to detect γH2AX [25,28,30].
DAPI (Molecular Probes) was added at 2mg/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 microscopy images were captured using an
Axio Observer.Z1 microscope with ApoTome 2 and AxioCam MRm
camera (Carl Zeiss Microscopy), and a 63×/0.75 oil immersion NEO-
FLUAR objective. Z-axis volume of cells was entirely covered capturing
0.30 μM spaced focal planes. Images were deconvolved using ZEN
software (Carl Zeiss Microscopy); cleaned Z-stacks of images were used
to realize extended depth of focus flat projections from the 3D object.
DAPI grayscale sub-channel was converted into red color. Resulting
images were individually analyzed using ZEN software built-in plugin
for colocalization. A fluorescence threshold was set at a high cutoff
value of 10,000 in the Alexa Fluor 488 channel and positive pixels

above the given threshold were automatically counted by the software.
For each image, number of positive pixels above the threshold was
normalized considering the number of nuclei present in the corre-
sponding frame and data were plotted.

2.7. Western blot analysis

Control and TcdB-treated EGCs were lysed at different times with a
modified RIPA buffer containing protease and phosphatase inhibitors
(Sigma-Aldrich). Control and Etoposide-treated EGCs were lysed at 6 h
with a modified RIPA buffer containing protease and phosphatase in-
hibitors (Sigma-Aldrich). Protein content was determined by a standard
Bradford protein assay (Bio-Rad Laboratories, Milan, Italy). Proteins
(20 μg) were separated on 6%, 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: p21 (WAF/Cip1;
affimetrix, Invitrogen, Milan, Italy); p15/16 (C-7), ATM (1B10) and
β‑actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); p27, cyclin
B1, cyclin D1, cyclin D3, cdc2, phospho‑cdc2 (Thr161) phospho‑cdc2
(Tyr15), SIRT1–7, phospho‑Rb (Ser795; pRb), phospho‑JNK (Thr183/
Tyr185; pJNK), phospho‑AKT (Ser473; pAKT), AKT, PTEN, p53, phos-
pho‑p53 (Ser15) (Cell Signaling Technology); MnSOD and Rac1 (clone
102) (Upstate Biotechnology, Lake placid, NY, USA) phospho‑ATM
(Ser1981; pATM) (Merck, Rome, Italy) [9,22–24]. Signals were de-
tected with horseradish peroxidase-conjugated secondary antibodies
and the enhanced chemiluminescence system (GE Healthcare, Milan,
Italy). Membranes were stripped with 0.2M NaOH in double-distilled
water for 15min, washed, and reprobed. β‑Actin was used as loading
control. One experiment representative of four independent experi-
ments is shown. Densitometric analysis was performed after scanning
by Quantity One software (Bio-Rad Laboratories). The results are ex-
pressed as arbitrary densitometric units (DU) relative to the densito-
metric units of β‑actin from four independent experiments. The data
were analyzed by Student's t-test.

2.8. Fluorescent determination of ROS

EGCs were treated with TcdB in serum- and phenol red-free DMEM,
and then stained for 30min at 37 °C with fluorescent probes prior to
harvesting. Total intracellular ROS were determined by 5‑(and
6)‑chloromethyl‑2′,7′‑dichlorohydrofluorescein diacetate (CM-
H2DCFDA,10 μM; Molecular Probes, Invitrogen, Italy) (λ exc 485 nm, λ
em 535 nm).

2.9. Catalase activity

Catalase activity was determined in EGCs pellet solubilized with 1%
Triton X-100 by measuring the rate of decomposition of H2O2 at 240 nm
for 5min according to Aebi HE [37]. The decrease in absorbance of
H2O2 was measured as triplicates and catalase activity was expressed as
μmol H2O2/min/106 cells, calculated using a molar extinction coeffi-
cient of 39.4M−1 cm−1.

3. Results

3.1. TcdB induces persistent cell-cycle arrest in EGCs

Previously we demonstrated that in EGCs TcdB causes early cell-
cycle arrest and cells that resist apoptosis survive for up to 13 days
without proliferative activity, but metabolically active [9]. These re-
sults suggest that TcdB may induce a state of senescence in ECGs, be-
cause a key hallmark of senescence is the irreversible exit from the cell-
cycle [13–17,33]. Therefore, to define the characteristic of cell-cycle
arrest in deeper, we first evaluated the proliferative activity of EGCs
treated with TcdB for 6–48 h, or for 48 h, followed by incubation for
additional 4 or 11 days in the absence of TcdB (6 or 13 total days), by
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trypan blue assay, MTT assay, and flow cytometry analysis of DNA
content after PI staining.

We confirmed that TcdB-treated EGCs were immediately (6 h) and
persistently (6 and 13 days) growth arrested, while untreated cells grew
exponentially, being tightly confluent already at 48 h (Fig. 1A). The
viability of TcdB-treated EGCs was reduced of about 28% at 48 h and
remaining essentially unchanged until 13 days (Fig. 1B). MTT assay
showed that TcdB causes a rapid and irreversible arrest of cell pro-
liferation (Fig. 1C). PI staining showed early and persistent cell-cycle
arrest in G0/G1 and G2/M phases accompanied by a decrease of cells in
the S phase (Fig. 1D). Cell-cycle arrest in G2/M phase at difference of
G0/G1 was progressive, indeed was evident at 6 h and reached a
maximum at 24 h that persisted until 13 days (Fig. 1D).

Altogether these results indicate that TcdB induces in EGCs an early
cell-cycle arrest both in G1 and G2 phases that persists in EGCs that
survived to TcdB.

3.2. TcdB induces SA-β‑Gal activity in EGCs

Since an important marker of senescence is the increase of SA-β‑Gal
activity at pH 6 [13–17,32–34], we evaluated SA-β‑Gal activity during
13 days after TcdB treatment.

In control EGCs, SA-β‑Gal positive cells did not exceed 3 ± 1% at
24 and 48 h (Fig. 2A and B). In TcdB-treated EGCs, 7 ± 1% cells were
SA-β‑Gal positive in the same time interval (Fig. 2A and B). The per-
centage of SA-β‑Gal positive increased to about 93 ± 3% at 6 and
13 days (Fig. 2A and B), with several cells exhibiting a flat, enlarged
morphology (Fig. 2A).

3.3. TcdB induces early and persistent DNA damage

Several studies have shown a causal link between DDR and senes-
cence induction [13–17,30,38]. Formation and persistence of DNA
damage foci containing γH2AX is recognized as an indicator for DNA
damage and activation of DDR [13–17,38]. Consequently γH2AX
staining is established as a reliable quantitative indicator of DNA da-
mage associated with senescence induction [13–17,30,38]. Accord-
ingly, to evaluate whether TcdB induces persistent DNA damage, we
analyzed control and TcdB-treated EGCs at 6 h–13 days for the presence
of nuclear foci positive for γH2AX via DAPI and γH2AX co-staining.

The immunofluorescence analysis showed in TcdB-treated cells a
significant increase in the size and intensity of γH2AX foci already at

6 h that persisted at 6 and 13 days (Fig. 3A). Analysis of the γH2AX
pixel for nuclei confirmed already at 6 h two-fold higher γH2AX
fluorescence, which decreased at 48 h and then persisted unchanged
until 13 days, remaining anyway in TcdB-treated EGCs significantly
higher than in control at 48 h (Fig. 3B). Moreover, already at 6 h the
nuclei of TcdB-treated EGCs became smaller and increased chromatin
condensation (Fig. 3A).

To evaluate if the strong induction of γH2AX very early after in-
toxication (6 h) much before the acquisition of the senescent pheno-
type, is associated with induction of some type of DNA damage
[13–17,38] we evaluated the levels of phosphorylation of the kinase
ATM in control and TcdB-treated EGCs at 1.5 h–6 days by Western blot.

TcdB induces in EGC an early and strong phosphorylation of ATM at
1.5 h that remained phosphorylated at lower levels until to 48 h but
increase again at 6 days (Fig. 4A).

Since the kinetics of TcdB-catalysed Rac and Rho glucosylation at
the specific Thr37 (RhoA) or Thr35 (Cdc42 and Rac1) residues
[3–5,9,39,40], are almost identical [3–5,9,39,40], the Western blot to
non-glucosylated Rac1 is ideal for assessing the UDP glucosylation of
the Rho GTPases by TcdB [39,40]. Therefore, to confirmed, as pre-
viously demonstrated [9], that TcdB cause the UDP glucosylation of the
Rho GTPases and their kinetics, we analyzed Rac1 glucosylation by
Western blot in lysates from control EGCs and EGCs treated with 10 ng/
ml TcdB for 1.5 h–13 days using an antibody that recognizes non-glu-
cosylated Rac1 (anti‑Rac1 clone 102) [39,40].

TcdB induced a strong reduction of recognition of Rac1 by anti‑Rac1
clone 102 indicative of Rac1 glucosylation [39,40] already at 1.5 h
which persisted also at 13 days (Fig. 4B). In particular, TcdB at 10 ng/
ml induced already at 1.5 h approximately 90% Rac1 glucosylation
(Fig. 4B).

3.4. Mechanisms of TcdB-induced permanent cell-cycle arrest in EGCs

The irreversible cell-cycle arrest that characterizes cellular senes-
cence involves cell cycle inhibitors, including p53, pRb, PTEN, c‑Myc,
and the CDKI (p21, p15/16, and p27), through three main pathways,
i.e. the p53/p21, p16/pRb, or PTEN/p27, any CDKI pathway exhibiting
a prominent role according to stressor and/or cell type [13–24,41].

To define the mechanisms involved in TcdB-induced senescence, we
analyzed the expression levels of the main cell cycle inhibitors and of
the major regulatory proteins (cyclins and CDKs) of G2/M cell-cycle
phase in control and TcdB-treated EGCs at 6 h–13 days.

Fig. 1. Effect of TcdB on EGC cell growth.
Control and TcdB-treated EGCs were re-
covered at the times indicated and was de-
termined: the total cell number (A) or the
percentage of trypan blue positive cells (B),
by trypan blue assay; (C) the cell viability
by MTT; (D) the percentages of cells in the
cell-cycle phases by flow cytometry with
ModFit software.
Data are the mean ± standard deviation of
seven experiments performed in triplicate.
In A, B, D, *P < 0.01, TcdB-treated versus
control EGCs at time 0, Student's t-test.
In C, *P < 0.01, TcdB-treated EGCs versus
respective control EGCs, and §P < 0.01,
TcdB-treated EGCs at 6 days versus control
EGCs at 48 h, Student's t-test.
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In TcdB-treated EGCs p27 levels were significantly increased al-
ready at 6 h, further increased until 48 h, and persisted until 13 days,
whereas PTEN levels were not significantly changed at all time ex-
amined (Fig. 5A). The p21 increased significantly at 48 h and persisted
higher until 13 days (Fig. 5B). The levels of p15/16 were significantly
lower at 48 h and further decreased until 13 days (Fig. 5C), whereas
pRb levels decreased sharply from 24 h until 13 days (Fig. 5D). Cyclin
D1 and cyclin D3 levels were not affected at all time examined (data not
shown). The regulators of G2/M phase, cyclin B1 (Fig. 5E), cdc2
(Fig. 5F), phosho‑cdc2 Thr161 and phosho‑cdc2 Tyr15 (Fig. 5G) were
strongly decreased at 24 h and continued to further decrease until
6 days (Fig. 5E–G). Moreover, for phosho‑cdc2 Tyr15 there was an

accumulation of the inactive hyperphosphorylated form of cdc2 Tyr 15
(the upper band) (Fig. 5G), consistent with the G2 arrest. c‑Myc levels
were decreased already at 6 h and persisted lower until 6 days (Fig. 5H).

Although rat-transformed EGCs [35] are considered similar to rat
primary EGCs [35,42], and have functional properties similar to human
EGCs [42], to check if the p53 pathway is still functional [43–45] in
these immortalised cells, we induce DNA damage in EGC with etoposide
at 0.1–100 μM for 6 h and looking as functionality parameter the
phosphorylation and expression/stabilization of p53 by Western blot
[43–45].

Western blot analysis shows that etoposide induces in EGCs phos-
phorylation and stabilization of p53 in a dose dependent manner

Fig. 2. TcdB induces SA-β‑Gal activity in EGCs.
(A) Representative micrographs (200× magnification) of control and TcdB-treated EGCs submitted to SA-β‑Gal activity assay at the times indicated. Senescent cells
are stained in blue. (B) The graph shows the percentage of SA-β‑Gal positive cells in each experimental condition. Data are the mean ± standard deviation of four
independent experiments performed in duplicate. §P < 0.01, TcdB-treated EGCs at 6 or 13 days versus control EGCs at 48 h, Student's t-test.
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(Fig. 6). In fact, at 6 h phopho‑p53 levels strong increased already with
0.1 μM etoposide, further increased with 1–10 μM and reaching the
maximum increased with 100 μM (Fig. 6A). Regarding the p53 ex-
pression levels they were increased of about 2.4-fold with 0.1–1 μM,
about 3.6-fold with 5–10 μM and reaching the maximum increased
(about 6.8-fold) with 100 μM (Fig. 6B).

Altogether these results indicate that TcdB-induced cell-cycle arrest
in EGCs is characterized by strong p27 increase and downregulation of
cyclin B1 and cdc2 crucial in G2/M transition without involvement of
p16/pRB and p53/p21 axis.

3.5. ROS are not involved in TcdB-induced senescence in EGCs

ROS play important roles in senescence [14–16,20,25,29,46]. Since
we have previously demonstrated that TcdB induces ROS generation in
EGCs [47], we evaluated whether ROS were involved in TcdB-induced
EGCs senescence. To this end, we examined the time course
(6 h–13 days) of intracellular ROS levels by labelling EGCs with di-
chlorofluorescein (CM-H2DCFDA).

Intracellular ROS levels were 2.2-fold higher in TcdB-treated EGCs

at 6 h and increased to 8.5-fold at 48 h, then went back to control levels
at 6 and 13 days (Fig. 7A). The ROS scavenger NAC [29,46–48], added
1 h before treatment with TcdB for 48 h and maintained during the
course of experiments, did not change the percentage of SA-β‑Gal po-
sitive cells in TcdB treated-EGCs at 13 days (Fig. 7B), as compared to
the cells treated with TcdB alone (Fig. 7B), indicating that ROS do not
play a key role in our senescence model.

Since the decrease of intracellular ROS levels in TcdB-treated EGCs
at 6 and 13 days could be due to upregulation of an antioxidant re-
sponse by induction of the ROS scavengers, MnSOD and catalase
[48–52], we analyzed at 6 h–13 days the expression of MnSOD by
Western blot, and catalase activity by enzymatic assay.

MnSOD expression levels in TcdB-treated EGCs increased by 1.5-
fold at 24 h, 2.8-fold and 48 h, and reached about 4.6-fold increase at
13 days (Fig. 7C). Catalase activity peaked at 24 and 48 h in TcdB-
treated EGCs but returned to control value at 6 and 13 days (Fig. 7D).

Altogether these data indicate that TcdB induces in EGCs ROS
generation that is contrasted by an antioxidant response.

3.6. TcdB induces overexpression of SIRT2 and SIRT3 in EGCs

SIRTs, a class of seven members (SIRT1–7) with histone deacetylase
or mono‑ribosyltransferase activity, are involved in many biological
processes including senescence, with either senescence promoting or
preventing role in different cell types, by regulation of p27, MnSOD,
catalase, and other molecules involved in control of cell-cycle, DNA
damage repair, apoptosis, and management of ROS [38,49–52].

Since p27 overexpression (Fig. 5A) and antioxidant response
(Fig. 7C and D) could be the result of SIRTs activity, we investigated
whether SIRTs were involved in TcdB-induced senescence by evaluating
the expression of SIRT1–7 by Western blot.

In TcdB-treated EGCs, SIRT3 and SIRT2 expression levels were
significantly higher at 24 h and further increased until 13 days, with
SIRT3 (28 kDa; Fig. 8A) reaching a 3-fold and SIRT2 (39 kDa; Fig. 8B) a
4-fold increase. At 6 and 13 days, the 43 kDa isoform of SIRT2 was also
strongly increased (Fig. 8B). SIRT6 increased significantly at 6 and
13 days (Fig. 8A), and SIRT5 increased significantly at 6 days (Fig. 8C).
In contrast, SIRT1 and SIRT7 levels were not significantly changed at all
the examined times (Fig. 8A and D).

These results suggest that particularly SIRT2 and SIRT3 could be
involved in TcdB-induced senescence in EGCs.

3.7. JNK activation is involved in TcdB-induced EGC senescence

JNK signalling pathway is frequently involved in senescence in-
duction by several mechanisms, including nuclear import and activa-
tion of forkhead box‑O transcription factors (FOXO) and transcription
of their target genes (e.g. p27, MnSOD and catalase) [15,19,20,29,52].
The observation that TcdB induces strong and persistent increase of p27
(Fig. 5A), MnSOD and catalase (Fig. 7C and D), and the previous de-
monstration that TcdB activates in EGCs JNK during the first 24 h [47],
led us to examine whether JNK signalling is involved in TcdB-induced
EGC senescence. To this, we examined JNK activation in control and
TcdB-treated EGCs at 6 h–6 days by Western blot, and the effect of the
JNK inhibitor, SP600125 [47], in a detailed time kinetic on: a) JNK
phosphorylation and p27 expression by Western blot analysis, b) via-
bility by evaluation of cell number/viability by trypan blue assay and
apoptosis by measuring changes in DNA content via flow cytometry [9].

The phosphorylation of 46 kDa JNK showed just increased levels in

Fig. 3. TcdB increases γH2AX staining in EGCs.
(A) At the indicated times, control and TcdB-treated EGCs were immunolabelled with γH2AX (green), using DAPI (converted to red) to counterstain cell nuclei.
Images captured from one experiment as described in Material and methods, are representative of three independent experiments. (B) The graph shows the
mean ± standard deviation of the pixels/nuclei, scored as described in Material and methods, obtained in three independent experiments. *P < 0.01, TcdB-treated
EGCs versus respective control EGCs, and §P < 0.01, TcdB-treated EGCs at 6 or 13 days versus control EGCs at 48 h, Student's t-test.

Fig. 4. TcdB induces early phosphorylation of ATM and early and persistent
glucosylation of Rac1.
Lysates from control and TcdB-treated EGCs prepared at the indicated times
were subjected to SDS-PAGE. (A) The filter was probed with anti‑phospho‑ATM
(Ser1981; pATM) then stripped and probed with anti‑vinculin, then with
anti‑ATM after stripping. The graph represents the densitometric analysis of
pATM relative to vinculin. *P < 0.01, TcdB-treated EGCs versus respective
control EGCs, and §P < 0.01, TcdB-treated EGCs at 6 days versus control EGCs
at 48 h, Student's t-test. (B) The filter was probed with anti‑Rac1 clone 102 then
stripped and probed with anti‑β‑actin. The graph represents the densitometric
analysis of Rac1 clone 102 relative to β‑actin. *P < 0.01, TcdB-treated EGCs
versus respective control EGCs, and §P < 0.01, TcdB-treated EGCs at 6 or
13 days versus control EGCs at 48 h, Student's t-test.
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TcdB-treated EGCs at 6 h with a tendency to increase until 6 days while
phosphorylation of 54 kDa JNK was increased at 24 h with a tendency
to increase until 6 days (Fig. 9A).

SP600125 reduced in TcdB-treated EGC the JNK phosphorylation at
all time examined (Fig. 9B and C) and expression of p27 at 24 and 48 h
(Fig. 9B) while induce cell death progressively from 48 h to 6 days as
demonstrated by the percentage of trypan blue positive cells and
apoptosis (Fig. 9D and E). In fact, pretreatment with SP600125 in-
creased the percentage of trypan blue positive cells progressively by
approximately 2-fold at 72 h (28.3 ± 2.7% in TcdB-treated EGCs versus
54.4 ± 3.9% in TcdB-treated EGC plus SP600125) (Fig. 9D lines) until
to 2.6-fold at 6 days (30.7 ± 3.2% in TcdB-treated EGCs versus
81.2 ± 3.7% in TcdB-treated EGC plus SP600125) (Fig. 9D lines).
Regarding the percentage of apoptotic cells, SP600125 at 24 h inhibits

of about 35% TcdB-induced apoptosis in EGC (Fig. 9E), as previously
demonstrated also by Macchioni et al. [47], but then increased the
percentage of apoptotic cells from 25.6% ± 2.2% in TcdB-treated
EGCs to 34.6 ± 2.9% in TcdB-treated EGCs plus SP600125 at 48 h
(about 1.3-fold) (Fig. 9E), from 23.1 ± 1.9% in TcdB-treated EGCs to
47.6 ± 3.3% in TcdB-treated EGCs plus SP600125 at 72 h (about 2-
fold) (Fig. 9E), from 21.9 ± 1.4% in TcdB-treated EGCs to
50.8 ± 3.5% in TcdB-treated EGCs treated plus SP600125 at 96 h
(about 2.3-fold) (Fig. 9E), and from 16.7 ± 1.2% in TcdB-treated EGCs
to 53.2 ± 2.5% in TcdB-treated EGCs plus SP600125 at 6 days (about
3.2-fold) (Fig. 9E).

Altogether these data suggest that JNK is partially involved in in-
duction of p27 and contribute to the survival of EGCs and particularly
the observation that EGC treated with JNK inhibitor start to die

Fig. 5. Molecular mechanisms of cell-cycle
arrest in TcdB-induced EGC senescence.
Lysates from control and TcdB-treated EGCs
prepared at the indicated times were sub-
jected to SDS-PAGE. (A) The filter was cut
around 35 kDa to probe the bottom section
with anti‑p27 and top section with
anti‑β‑actin, then the top section was
stripped and probed with anti‑PTEN. (B)
The filter was cut around 35 kDa to probe
the bottom section with anti‑p21 and the
middle section with anti‑β‑actin. (C) The
filter was probed with anti‑p15/16, then
stripped and probed with anti‑β‑actin. (D)
The filter was cut around 70 kDa to probe
the top section with anti‑pRB and the
middle section with anti‑β‑actin. (E) The
filter was probed with anti‑β‑actin, then
stripped cut around 30 kDa and the top
section probed with anti‑cyclin B1. (F) The
filter was probed with anti‑cdc2, then
stripped and probed with anti‑β‑actin. (G)
The filters were probed with anti‑phosh-
o‑cdc2 (pcdc2) (Thr161) or with an-
ti‑phosho‑cdc2 (pcdc2) (Tyr15) then
stripped and probed with anti‑β‑actin. (H)
The filter was cut around 35 kDa to probe
the top of section with anti‑c Myc then the
top section was stripped and probed with
anti‑β‑actin.
The graphs represent the densitometric
analysis of each protein relative to β‑actin.
*P < 0.01, TcdB-treated EGCs versus re-
spective control EGCs, and §P < 0.01,
TcdB-treated EGCs at 6 or 13 days versus
control EGCs at 48 h, Student's t-test.
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between 48 h and 72 h suggests that TcdB treated EGC make the choice
between apoptosis or senescence between 48 h and 72 h.

3.8. AKT activation is involved in TcdB-induced EGC senescence

Since recent reports have shown that AKT activation is involved in
senescence regulation by several mechanisms [24,52,53], we evaluated
the activation of AKT in control and TcdB-treated EGCs at 6 h–6 days by
Western blot, and the effect of the AKT inhibitor, perifosine [54,55], on:
a) AKT phosphorylation by Western blot analysis, b) viability by eva-
luation of cell number/viability by trypan blue assay and apoptosis by
measuring changes in DNA content via flow cytometry [9].

AKT phosphorylation was increased in TcdB-treated EGCs with re-
spect to control cells at all time examined, with the higher level at 6 h
(Fig. 10A), suggesting its involvement in senescence. The AKT inhibitor
perifosine prevents the AKT phosphorylation already at 6 h (Fig. 10B),
and it induced massive cell death already at 48 h (Fig. 10C and D). In
fact, pretreatment with perifosine increased the percentage of trypan
blue positive cells by 2.2-fold already at 48 h (29.4 ± 2.4% in TcdB-
treated EGCs versus 64.8 ± 3.4% % in TcdB-treated EGC plus perifo-
sine) (Fig. 10C lines) and this increased of cell death was maintained
until 6 days (34.3 ± 2.5% in TcdB-treated EGCs versus 77.2 ± 3.2% in
TcdB-treated EGC plus perifosine) (Fig. 10C lines). Regarding the per-
centage of apoptotic cells, evaluated by measuring changes in DNA
content via flow cytometry, pretreatment with perifosine increased the
percentage of apoptosis from 24.2 ± 2.9% in TcdB-treated EGCs to
38.8 ± 3.6% in TcdB-treated EGCs plus perifosine at 48 h (about 1.6-
fold) (Fig. 10D), from 22.7% ± 2.3% in TcdB-treated EGCs to
46.8 ± 3.1% in TcdB-treated EGCs plus perifosine at 72 h (2-fold)
(Fig. 10D), from 20.9% ± 1.5% in TcdB-treated EGCs to 57.0 ± 2.7%
in TcdB-treated EGCs treated plus perifosine at 96 h (about 2.7-fold)
(Fig. 10D), and from 15.6% ± 1.4% in TcdB-treated EGCs to
74.2 ± 3.2% in TcdB-treated EGCs plus perifosine at 6 days (4.7-fold)
(Fig. 10D).

These data indicate that AKT is strongly involved in induction of
senescence by favouring survival of TcdB-treated EGCs and in particular
to make the choice between apoptosis or senescence.

Fig. 6. Effect of etoposide on p53 pathway in EGC.
Lysates prepared from control EGCs and EGCs treated with etoposide
0.1–100 μM for 6 h were subjected to SDS-PAGE. (A) The filter was probed with
anti‑phospho‑p53 (Ser15; pp53) then stripped and probed with anti‑β‑actin. (B)
The filter was probed with anti‑p53 then stripped and probed with anti‑β‑actin.
The graphs represent the densitometric analysis of each protein relative to
β‑actin. *P < 0.01, etoposide-treated EGCs versus control EGCs.

Fig. 7. Role of ROS in TcdB-induced EGC
senescence.
(A) Fluorimetric quantitation of total ROS
by staining with 10 μM CM-H2-DCFDA.
Data are expressed as DCF fluorescence/106

cells. (B) Representative micrographs
(200×magnification) of TcdB-treated EGCs
pre-treated with NAC and TcdB-treated
EGCs non-treated with NAC submitted to
SA-β‑Gal activity assay at 13 days.
Senescent cells are stained in blue. (C) The
filter was cut around 35 kDa to probe the
top section with anti‑β‑actin and bottom
section with anti‑MnSOD after stripping.
The graph represents the densitometric
analysis of MnSOD relative to β‑actin.
*P < 0.01, TcdB-treated EGCs versus re-
spective control EGCs, and §P < 0.01,
TcdB-treated EGCs at 6 or 13 days versus
control EGCs at 48 h, Student's t-test. (D)
Effect of TcdB treatment on catalase (CAT)
activity expressed as μmol H2O2/min/106

cells.
In A and D, Data are the mean ± SEM from
three different experiments. **P < 0.0001,
*P < 0.05 TcdB-treated EGCs versus re-

spective control EGCs, Student's t-test.
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4. Discussion

This study contributes to the knowledge of new effects of TcdB in
EGCs, an issue that could be relevant to chronic inflammation and tu-
morigenesis. Our key novel finding is that EGCs surviving the in-
toxication by TcdB undergo cellular senescence. Cellular senescence
state occurs in response to endogenous and exogenous stressors, in-
cluding the genotoxic and chemicals [13–20]. To date only a few stu-
dies highlight the role of bacterial toxins in the induction of senescence
[25–30], and these studies are mainly focused on bacteria that cause
limited infections [25–30], while no information is available on toxins
of C. difficile, which causes a 15–25% of all opportunistic gastro-
intestinal infections [1–5].

The demonstration of TcdB-induced senescence in EGCs is very
important because, according to recent studies that have found a sig-
nificant epidemiological correlation between CDI and the onset of IBS
and a possible epidemiological correlation with IBD [11,12], we
speculated that after CDI the survival of altered EGCs could have
functional consequences such as IBS [10], an hypothesis enforced by
involvement of cellular senescence in several gastrointestinal diseases
[32,33]. In fact, senescence, initially considered a barrier to tumor
development, is now considered a potentially dangerous status because
senescent cells secrete extremely active molecules that induce a per-
sistent inflammatory environment, transfer senescence to bystander
cells, and also promotes the proliferation of pre-neoplastic cells
[13,14,17,31–33].

We interpreted as senescence the TcdB-induced phenotype in EGCs
based on the following markers [13–22,31,33]: long-term and irrever-
sible cell-cycle arrest, positivity for SA-β‑Gal, flat morphology, persis-
tent DNA damage evidenced by early phosphorylation of ATM and in-
creased of γH2AX, overexpression of p27, hypophosphorylation of pRB,
downregulation of c‑Myc, cyclin B1, cdc2, and phosphorylated-cdc2.

TcdB at 10 ng/ml, as we have previous demonstrated [9], induced
in EGC already at 1.5 h a strong glucosylation of Rac1 which persisted
unchanged also at 13 days, indicative of a key event in induction of EGC
senescence by TcdB.

Similar to what described in other models of senescence
[13–17,25,28,30,38], we found early and persistent γH2AX foci, in-
dicative of DNA damage, but not the formation of SAHF. However,
SAHF and senescence are not always coupled; indeed, several studies
have shown that senescence can occur in the absence of SAHF forma-
tion and, of note, SAHF formation is cell-type and stimulus dependent
[13]. The strong induction of γH2AX very early after TcdB treatment
(6 h), before the acquisition of the senescent phenotype is associated
also with induction of DNA damage by TcdB in EGC because it is pre-
ceded by phosphorylation of the kinase ATM, that occurs already 1.5 h.

The classical senescence-inducing pathways p16/pRb and p53/p21
[13–24] do not play key roles in our model. In fact, we found that p16
expression levels sharply decreased from 48 h to 13 days. Consequently,
pRb hypophosphorylation observed in TcdB-treated EGC is not p16-
dependent but it could be due to inactivation of a CDK, which, in turn,
is affected by p27 increase. Also, p21 does not play a key role in the
induction of senescence, since its expression was significantly increased
only at 6 and 13 days when EGCs have already acquired senescent
phenotype, suggesting that p21 increase is involved in the maintenance
of senescence state, as reported in other models [13–22].

Since we have used rat-transformed EGCs [35], even though these
are considered equal to rat primary EGCs [35,42] and have functional
properties similar to human EGCs [42], we have checked whether in
EGCs the p53 pathway is still functional by inducing DNA damage with
etoposide and looking at the phosphorylation and stabilization of p53
[43–45]. Our results demonstrating a dose-dependent phosphorylation
and stabilization of p53 in EGCs at 6 h after etoposide treatment in-
dicate that the p53 pathway is functional in EGCs and allow us to ex-
clude the involvement p53/p21 axis in TcdB induction of EGC senes-
cence.

Concerning the role of the senescence-inducing pathway PTEN/p27
[13–24] in our model, the p27 plays a central role, as indicated by its
early and persistent strong increase, whereas PTEN seems not involved,
because its expression does not change at all times examined. There-
fore, in TcdB-induced EGC senescence the early and irreversible exit
from cell-cycle was mediated by early and persistent p27

Fig. 8. Expression of SIRTs in TcdB-induced
EGC senescence.
Lysates from control and TcdB-treated EGCs
prepared at the times indicated were sub-
jected to SDS-PAGE. (A) The filter was
probed with anti‑SIRT3, stripped, and
probed with anti‑β‑actin, then the filter was
stripped and cut to around 70 kDa to probe
the bottom section with anti‑SIRT6 and top
section with anti‑SIRT1. (B) The filter was
probed with anti‑SIRT2, stripped, and
probed with anti‑β‑actin. (C) The filter was
cut around 65 kDa to probe the bottom with
anti‑SIRT5 then stripped and probed with
anti‑β‑actin. (D) The filter was probed with
anti‑SIRT7, stripped, and probed with an-
ti‑β‑actin.
The graphs represent the densitometric
analysis of each protein relative to β‑actin.
*P < 0.01, TcdB-treated EGCs versus re-
spective control EGCs, and §P < 0.01,
TcdB-treated EGCs at 6 or 13 days versus
control EGCs at 48 h, Student's t-test. Star in
A denoted a unknown band.
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overexpression, in association with early and persistent downregulation
of cyclin B1, total cdc2, and phosphorylated-cdc2 (Tyr15 and Thr161),
a cyclin and a CDK crucial for the checkpoint arrest of cell-cycle in G2/
M [9,21]. Moreover, the phosphorylated-cdc2 Tyr15 shows an accu-
mulation of the inactive hyperphosphorylated form of cdc2 Tyr 15 that
is consistent with the G2 arrest.

According to the evidence that suppression of c‑Myc induces cellular
senescence in various cell types, because c‑Myc promotes cell-cycle re-
entry and proliferation through inhibition of p21 and p27 expression
[16,20,29,41], we found that TcdB induces early (6 h) and persistent
downregulation of c‑Myc which may allow p27 upregulation.

The finding that TcdB-induced senescence occurs by upregulation of
p27, without involving p16/pRb and p53/p21 pathways, is in agree-
ment with several studies that demonstrate induction of senescence by
p27 upregulation in the absence of p16 and p21 upregulation, or in p16
and/or p21 knockout cells, thus indicating that p27 is able and suffi-
cient by itself to induce senescence [13–16,20–24,46]. Moreover, in our
model the induction of senescence without involving p16/pRb and
p53/p21 pathways is in line with the evidence that, in contrast to the
majority of senescence model that are characterized by cell-cycle exit at

G1 phase, where p16 and p21 play a key role [18], in TcdB-treated
EGCs cell-cycle exit occurs early (6 h) with arrest in G1 and G2, and
disappearance of S phase.

Although the mechanisms leading to p27 upregulation are not
completely defined, due to very complex regulation of p27 expression
and functions, it is well known that p27 expression is post-transla-
tionally regulated via proteasome-dependent degradation by the SCF
ubiquitin ligase complex, where the expression of the major determi-
nant SKP2 is inversely proportional to p27 levels [41,56]. Since SKP2
levels do not change in TcdB-treated EGCs at all times examined (data
not shown), in our model p27 overexpression is not attributable to SKP2
downregulation.

The expression of p27 and, more generally senescence, are also
controlled by SIRTs, JNK, and AKT, by regulation of FOXO and tran-
scription of its target genes (e.g. p27, MnSOD and catalase), through
deacetylation (SIRTs), nuclear import and activation (JNK) and nuclear
exclusion (AKT) [15,19,20,38,49–53].

Our demonstration that SIRT2 and SIRT3 were strongly over-
expressed from 48 h to 13 days, and SIRT5 and SIRT6 at 6 and 13 days,
indicates that SIRTs in our model were not involved in early p27

Fig. 9. Activation of JNK in TcdB-induced EGC senescence.
(A) Lysates from control and TcdB-treated EGCs prepared at the times indicated were subjected to SDS-PAGE. Then, the filter was probed with anti‑pJNK, stripped,
and probed with anti‑β‑actin. (B) Lysates from control and TcdB-treated EGCs, pre-treated or not for 1 h with 10 μM SP600125, prepared at the times indicated, were
subjected to SDS-PAGE. The sample in the filters derived from the same experiment and blots are processed in parallel. The filters were cut to around 35 kDa to probe
the bottom sections with anti‑p27, and the top sections with anti‑pJNK, then with anti‑β‑actin after stripping. (C) Lysates from TcdB-treated EGCs, pre-treated or not
for 1 h with 10 μM SP600125, prepared at the times indicated, were subjected to SDS-PAGE. The sample in the filters derived from the same experiment and blots are
processed in parallel. The filters were probe with anti‑pJNK, then with anti‑β‑actin after stripping. (D, E) TcdB-treated EGCs, pre-treated or not for 1 h with 10 μM
SP600125, were recovered at the times indicated. In (D) was determined the total cell number (histogram) and the percentage of trypanblue positive cells (lines with
square or triangle), in (E) was determined the apoptosis by measuring the percentage of hypodiploid nuclei by flow cytometry. Treating control EGCs with SP600125
for the same time did not induce any effect (data not shown). Data are the mean ± standard deviation of three experiments performed in triplicate.
The graphs in A–C represent the densitometric analysis of each protein relative to β‑actin *P < 0.01, TcdB-treated EGCs versus respective control EGCs, and
§P < 0.01, TcdB-treated EGCs at 6 days versus control EGCs at 48 h, #P < 0.01, TcdB-treated EGCs pre-treated with SP600125 versus TcdB-treated EGCs non-treated
with inhibitor, Student's t-test. In D and E, #P < 0.01, TcdB-treated EGCs pre-treated with SP600125, versus TcdB-treated EGCs non-treated with inhibitor, Student's
t-test.
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increases, cell-cycle arrest and senescence induction but rather seem
contribute to maturation and maintenance of senescence state, since
senescence is a dynamic status progressively acquired and maintained
[13,21]. Furthermore, the observation that SIRT2 and SIRT3 increase is
strictly correlated with the decrease of intracellular ROS levels and
overexpression of the antioxidant MnSOD suggest that in TcdB-induced
senescence, SIRTs contribute also to stabilize the senescence state by
triggering an antioxidant response to antagonize the lethal effects of
high ROS levels, thus favouring EGCs survival. This is supported by the
knowledge's that SIRT3 is mainly involved in inhibition of mitochon-
drial ROS production, induction of antioxidant response and cell sur-
vival pathway, while SIRT2 is mainly involved in the control of cell-
cycle progression but contribute also in antagonize ROS increase
[49–51]. To our knowledge this is the first demonstration of SIRT2 and
SIRT3 involvement in senescence induced by a bacterial toxin. How-
ever, further studies are needed to understand the role of SIRT in TcdB-
induced EGCs senescence and the mechanism(s) responsible of SIRTs
overexpression.

The early and persistent activation of JNK induced by TcdB in EGCs,
together with the demonstration that JNK inhibitor (SP600125) re-
duced p27 expression at 24 and 48 h but induced cell death by apop-
tosis progressively from 48 h to 6 days, indicate that in line with other
models [14,15,19,29,47], in our model JNK is partially involved in the
regulation of p27 expression and contribute to the survival of EGCs
after TcdB treatment. In particular JNK activation is involved to make
the choice between apoptosis or senescence that seems to be occurring
between 48 and 72 h. The early AKT activation that persisted until

6 days together with the demonstration that the AKT inhibitor (peri-
fosine) [54,55], induced cell death by apoptosis indicate that AKT plays
a key role in induction of senescence by favouring survival of TcdB-
treated EGCs and in particular to make the choice between apoptosis or
senescence.

One of the stress factors frequently implicated in senescence de-
velopment is the increase of intracellular ROS [14–16,20,25,29,30,46].
Our previous demonstration that TcdB induces in EGCs an increase of
intracellular ROS [47] suggested that ROS could be responsible for
TcdB-induced EGC senescence. However, the evidence that intracellular
ROS levels increase until 48 h and go back to the level of control cells at
6 days, together with the observation that NAC does not reduce the
percentage of SA-β‑Gal positive cells, indicates that ROS do not play a
key role in TcdB-induced EGC senescence. Furthermore, decrease of
ROS could be due to upregulation of SIRTs and activation of JNK which
trigger an antioxidant response mediated by increase of catalase ac-
tivity at 24 and 48 h and of MnSOD expression between 48 h and
13 days.

Overall, our data show that induction of senescence by TcdB in
EGCs shares with senescence induced by other bacterial toxins [25–30]
persistent DNA damage and ROS production but differently from other
bacterial toxins, ROS is not involved in senescence induction. In addi-
tion, in our model cell-cycle arrest occurs both at G1 and G2 phases and
the permanent arrest of cell-cycle is not executed by p16 and p21, but
by p27.

In conclusion, this study shows for the first time that TcdB induces
senescence in EGCs, key cells in regulation of gastrointestinal tract

Fig. 10. Activation of AKT in TcdB-induced EGC senescence.
(A) Lysates from control and TcdB-treated EGCs prepared at the times indicated were subjected to SDS-PAGE. Then the filter was probed with anti‑phospho‑AKT
(Ser473; pAKT), stripped, and probed with anti‑β‑actin. (B) Lysates from control and TcdB-treated EGCs, pre-treated or not for 1 h with 40 μM perifosine, prepared at
the times indicated, were subjected to SDS-PAGE. The sample in the filters derived from the same experiment and blots are processed in parallel. The filters were
probe with anti‑pAKT, stripped, and probed with anti‑β‑actin, then with anti‑AKT after stripping. The graphs represent the densitometric analysis of pAKT relative to
β‑actin. (C, D) TcdB-treated EGCs, pre-treated or not for 1 h with 40 μM perifosine, were recovered at the times indicated. In (C) was determined the total cell number
(histogram) and the percentage of trypan blue positive cells (lines with square or triangle); in (D) was determined the apoptosis by measuring the percentage of
hypodiploid nuclei by flow cytometry. Treating control EGCs with perifosine, for the same time did not induce any effect (data not shown). Data are the
mean ± standard deviation of three experiments performed in triplicate.
In A and B, *P < 0.01, TcdB-treated EGCs versus respective control EGCs, and §P < 0.01, TcdB-treated EGCs at 6 days versus control EGCs at 48 h, #P < 0.01, TcdB-
treated EGCs pre-treated with perifosine, versus TcdB-treated EGCs non-treated with inhibitor, Student's t-test. In C and D, #P < 0.01, TcdB-treated EGCs pre-treated
with perifosine, versus TcdB-treated EGCs non-treated with inhibitor, Student's t-test.
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physiology and pathology, and the senescence is characterized by: ir-
reversible cell-cycle arrest, SA-β‑Gal positivity, flat morphology, early
and persistent DNA damage (ATM and H2AX phosphorylation), p27
overexpression, pRB hypophosphorylation, c‑Myc, cyclin B1, cdc2 and
phosphorylated-cdc2 downregulation, SIRT2 and SIRT3 overexpression
(Fig. 11). TcdB-induced EGC senescence is dependent by Rac1 gluco-
sylation, JNK and AKT activation but independent on the p16 and p53/
p21 pathways as well as ROS production (Fig. 11). If we extrapolate our
in vitro data to CDI in vivo, namely whether after CDI some EGCs be-
come senescent, a new field of study on long-term consequences of CDI
could be opened with all the known implications about the pathological
effects of senescence related to persistent inflammation, immune sup-
pression, and tumor induction.
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