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ABSTRACT: Virulent strains of Clostridium sordellii cause gangrenous myonecrosis in humans. The released
lethal toxin (TcsL) and hemorrhagic toxin (TcsH) are regarded as the major virulence factors. TcsL inactivates
lowmolecular weight GTP-binding proteins of the Rho/Ras subfamilies bymonoglucosylation. In cultured cell
lines, glucosylation, i.e., inactivation of Rho/Ras proteins, results in actin reorganization (“cytopathic effect”)
and apoptotic cell death (“cytotoxic effect”). Apoptotic cell death induced by TcsL is suggested to be based on
inhibition of the phosphoinositide 3-kinase (PI3K)/Akt-survival pathway. In this study, we analyze the critical
role of PI3K/Akt signaling in TcsL-induced apoptosis using the antiapoptotic bile acid tauroursodeoxycholic
acid (TUDCA) as the pharmacological tool. TUDCA preserved the TcsL-induced decrease of the cellular level
of phospho-Akt, suggesting that TUDCAactivated PI3K/Akt signaling downstreamof inhibitedRas signaling.
TcsL-induced apoptosis was prevented by TUDCA treatment. The antiapoptotic effect of TUDCA was
abolished by the PI3K inhibitor LY294002 and the Akt inhibitor, showing that the antiapoptotic effect depends
on PI3K/Akt signaling. Inhibition of Ras/Rho signaling by TcsL resulted in activation of p38 MAP kinase.
Inhibition of p38 MAP kinase by SB203580 protected cells from TcsL-induced apoptosis. TUDCA induced
activation of p38MAP kinase as well, an aspect of the TUDCA effects that most likely did not contribute to its
antiapoptotic activity. Due to its antiapoptotic activity, TUDCA is under investigation for its potential
application as a therapeutic modulator of apoptosis-related diseases. TUDCAmay represent a new concept for
the treatment of disease associated with toxigenic C. sordellii.

Clostridium sordellii is an anaerobic, spore-forming microbe.
Virulent C. sordellii strains cause enteritis and enterotoxemia in
sheep and cattle as well as myonecrosis and gangrene in humans.
Pathogenic strains of C. sordellii produce up to seven virulence
factors, including lethal toxin (TcsL),1 hemorrhagic toxin
(TcsH), a hemolysin, a DNase, a collagenase, and a lysolecithi-
nase (1, 2). TcsL and TcsH are regarded as the major virulence
factors inC. sordellii-associated diseases. Intradermal injection of
these protein toxins into animals results in local necrosis,
progressive edema due to local and systemic vascular perme-
ability, and death, a process similar to that seen in some
C. sordellii infections in humans (3). Many toxigenic C. sordellii
strains, however, solely produce TcsL but not TcsH (4).

TcsL and TcsH are related to toxin A (TcdA) and toxin B
(TcdB) from Clostridium difficile, the causative agents of the
C. difficile-associated diarrhea (CDAD) and its severe form the
pseudomembranous colitis (PMC) (5, 6). Due to their inherent
glucosyltransferase activity, these toxins have been classified as
“clostridial glucosylating toxins” (5). These toxins are single-
chained protein toxins with an AB toxin-like structure. The
C-terminal delivery domain harbors domains required for

receptor binding, membrane translocation, and autocatalytic
processing, allowing target cell entry by receptor-mediated
endocytosis (7, 8). The N-terminal glucosyltransferase domain
causes glucosylation and thereby inactivation of low molecular
weight GTP-binding proteins of the Rho/Ras subfamilies. While
TcdA, TcdB, and TcsH specifically glucosylate Rho, Rac, and
Cdc42, TcsL inactivates Rac and Cdc42 as well as the Ras family
proteins (H/K/N/R)Ras, Rap(1,2), and Ral (4, 6, 9, 10). On
cultured cell lines, the glucosylating toxins cause actin reorgani-
zation (“cytopathic effect”) and apoptotic cell death (“cytotoxic
effect”). Glucosylation of Rac1 has recently been suggested to be
critical for actin reorganization induced by the glucosylating
toxins (11, 12).

Many cell surface receptors induce the production of second
messengers that activate phosphoinositide 3-kinase (PI3K). PI3K
generates phosphorylated phosphatidylinositides (PI-3,4-P2 and
PI-3,4,5-P3) in the cellmembrane that bind to the amino-terminal
pleckstrin homology domain of the serine/threonine kinase Akt.
Activated Akt promotes cell survival through suppression of
apoptosis by (i) phosphorylation of the Bad component of the
Bad/Bcl-XL complex and (ii) degradation of IKK-R that ulti-
mately leads to NF-kB activation and cell survival (13).

The endogenous hydrophilic bile acid ursodeoxycholic acid
and its taurine-conjugate tauroursodeoxycholic acid (TUDCA)
act antiapoptotic, likely through activation of PI3K/Akt signal-
ing downstream of apoptosis-inducing stimuli (14, 15). TUDCA
is an approved drug for the treatment of cholestasis and biliary
cirrhosis (16). Inhibition of PI3K/Akt signaling has been recently
suggested to be critical for apoptosis induced by the Ras-
glucosylating TcsL (10, 17). In this study, we show that TUDCA

†This work was supported by Deutsche Forschungsgemeinschaft
priority program 1150 (Ge1247/1-3).
*Corresponding author. Tel: +49 511 532 9168. Fax: +49 511 532

2879. E-mail: genth.harald@mh-hannover.de.
1Abbreviations: PDK1, phosphoinositide-dependent protein kinase

1; PI3K, phosphoinositide 3-kinase; RBL cells, rat basophilic leukemia
cells; TcdA, toxin A from Clostridium difficile strain VPI10463; TcdB,
toxin B fromC. difficile strainVPI10463; TcsH, hemorrhagic toxin from
Clostridium sordellii; TcsL, lethal toxin from C. sordellii; TUDCA,
tauroursodeoxycholic acid.



Article Biochemistry, Vol. 48, No. 38, 2009 9003

preserved PI3K/Akt activity in TcsL-treated cells and thus
prevented TcsL-induced apoptosis but not apoptosis induced
by the related TcdA/TcdB. This study suggests that TUDCA
may represent a promising candidate for the treatment of disease
associated with toxigenic C. sordellii.

MATERIALS AND METHODS

Materials. Sodium tauroursodeoxycholate (TUDCA) was
obtained from Sigma. LY294002, SB203580, and the Akt
inhibitor (1L6-hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-
3-O-octadecyl-sn-glycerocarbonate) were from Calbiochem.
Anti-β-actin (clone AC-40) was from Sigma. Anti-RhoB (C-5)
sc8048 was purchased from Santa Cruz Biotechnology. Anti-Ras
(27H5) and anti-phospho-Akt (Ser 473) (193H12) were fromCell
Signaling. Anti-Rac1 (clone 102) was obtained from BD Trans-
duction Laboratories. Horseradish peroxidase-conjugated sec-
ondary antibodies to mouse and rabbit immunoglobulin were
from Rockland. Annexin V Alexa Fluor 488 conjugate was
obtained from Invitrogen. The caspase-3 colorimetric assay
was from R&D Systems. WST-1 (4-[3-(4-iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzenedisulfonate) was pur-
chased from Roche. UDP-[14C]glucose was purchased from
Biotrend. Rac1 was recombinantly expressed as a GST fusion
protein from Escherichia coli as described (18).
Toxin Purification. TcdA/TcdB and TcsL were purified

from the C. difficile strain VPI10463 and the C. sordellii strain
6018 (identical to strain IP-82), respectively (19). In brief, a
dialysis bag containing 900mLof 0.9%NaCl in a total volume of
4 L of brain heart infusion (Difco) was inoculatedwith 100mLof
an overnight culture ofC. difficile orC. sordellii and grown under
microaerophilic conditions at 37 �C for 72 h. Proteins were
precipitated from the culture supernatant by ammonium sulfate
at 70% saturation. The precipitates were dialyzed against Tris-
HCl buffer (pH7.5) overnight and loaded onto aMonoQ column
(Amersham Biosciences). The toxins were eluted with a NaCl
gradient ranging from 0 to 800 mM and subsequently dialyzed
against buffer (50 mM Tris-HCl, pH 7.5, 15 mM NaCl).

Cell Culture. J774A.1 macrophage-like cells were cultivated
in RPMI 1640 medium (Biochrom) supplemented with 10%
FCS, 100 μg/mL penicillin, 100 units/mL streptomycin, and
1 mM sodium pyruvate. Hela cells were cultivated in Dulbecco’s
modified Eagle medium (Gibco) supplemented with 10% FCS,
100 μg/mL penicillin, 100 units/mL streptomycin, and 1 mM
sodium pyruvate. Both cell lines were maintained in 5% CO2 at
37 �C and were passaged upon confluence.

Detection of Apoptotic Cells by Annexin V Staining.
Cells were cultivated in a microtiter plate (24 well, tissue culture
grade, flat bottom). Drugs and toxins were applied as indi-
cated. Annexin V Alexa Fluor 488 was added into the medium.
After 30 min incubation at 37 �C phosphatidylserine expo-
sure was analyzed by fluorescence microscopy using a Zeiss
Axiovert 200 M (Alexa Fluor 448: excitation, 470 nm; emission,
515 nm).

Caspase-3 Colorimetric Assay. Caspase-3 activity was
analyzed using the Caspase-3 colorimetric assay (R&DSystems),
according to the manufacturer’s instructions. Cells were exposed
to the toxins and drugs as indicated. Cells were lysed and
subsequently incubated with the colorimetric substrate DEVD-
pNA at 37 �C for 3 h. The caspase-3-dependent release of the
reporter molecule pNA was quantified by photometry using a
scanning multiwell spectrophotometer at 405 nm.

Detection of Viability by the WST-1 Test. The activity of
cellular dehydrogenases was assessed using WST-1 (4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzenedi-
sulfonate (Roche)). Cells were seeded in a microtiter plate (96
well, tissue culture grade, flat bottom). Drugs and toxins were
applied as indicated.WST-1 was added directly into the medium,
according to the manufacturer’s instructions. The reduction of
WST-1 to a formazan salt in viable cells was quantified using a
scanning multiwell spectrophotometer at 450 nm.
Glucosylation of Recombinant Rac1. Rac1 (1 μM) dis-

solved in glucosylation buffer (50 mM Tris-HCl, pH 7.2, 150 mM
NaCl, 100mMKCl, 1mMMnCl2, 5mMMgCl2, 100μg/mLBSA)
was incubated with TcsL (1 μg/mL) in the presence of 10 μM
UDP-[14C]glucose. The reaction was terminated by the addition of
Laemmli sample buffer after incubation at 37 �C for 20 min.
Incorporated [14C]glucose was detected by autoradiography.

Western Blot Analysis. Cells were cultivated in 35 mm
dishes and treated with drugs and toxins as indicated. Sodium
orthovanadate (1 mM) was added directly into the medium
30 min before harvesting the cells by scraping into Laemmli
sample buffer. The resulting suspension was shaken for 10 min at
37 �C with 1400 rpm and subsequently sonified on ice. After
incubation for 10 min at 95 �C, the obtained lysate was analyzed
by SDS-PAGE. The separated proteins were subsequently
transferred onto a nitrocellulose membrane using a tank blot
gadget. Nonspecific binding sites were blocked with 5% (w/v)
nonfat driedmilk inTris-buffered saline supplementedwith 0.1%
Tween (TBST) for 60 min. The membranes were washed three
times with TBST for 10 min and thereafter incubated with
primary antibody overnight at 4 �C. The membranes
were washed again with TBST before applying the peroxidase-
linked secondary antibody at room temperature for 60 min. The
chemiluminescence reaction was performed using ECL Femto
(Pierce).
Statistical Analysis. All data were evaluated using paired

t tests with GraphPad software. P-values <0.05 (*) and <0.005
(**) were considered as statistically significant.

RESULTS

Inhibition of TcsL-Induced Apoptosis by TUDCA. TcsL in-
duced apoptosis in macrophage-like J774A.1 cells andHela cells,
as analyzed in terms of phosphatidylserine exposure (Figure 1A).
TcsL-induced apoptosis was prevented in cells pretreated with
TUDCA in either cell line (Figure 1A). TUDCA alone did not
induce apoptosis (Figure 1A). TcsL induced apoptosis in a
concentration-dependent manner (Figure 1B). The antiapoptotic
effect of TUDCA persisted even at high TcsL concentrations
(Figure 1B). TUDCA prevented TcsL-induced phosphatidylser-
ine exposure with comparable efficiency, regardless if J774A.1
cells were incubated with TUDCA 1 h prior, concomitantly, or 1
h after TcsL addition (Figure 1C). TUDCA treatment 2 h after
TcsL treatment still caused a partial protective effect, while
TUDCA treatment 4 h after TcsL treatment or later did not
prevent phosphatidylserine exposure anymore (Figure 1C).
These observations likely excluded that TUDCA acts through
interference with TcsL uptake. To directly exclude that TUDCA
interferes with glucosylation of the substrate proteins, a possible
effect of TUDCA on Rac1 glucosylation was analyzed in
J774A.1 cells and a cell-free system. Rac1was exemplarily chosen
as a sample substrate, as Rac1 represents a common substrate of
TcsL and TcdA/TcdB (12, 18). The kinetics of TcsL-induced
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[14C]glucosylation of recombinant Rac1 were comparable in the
presence or the absence of TUDCA (Figure 2A), excluding that
TUDCA interfered with the glucosyltransferase activity of TcsL.
Rac1 glucosylationwas further analyzed inTcsL-treated J774A.1
cells using the glucosylation-sensitive antibody Rac1-mAb-
(102) (18). The level of Rac1 apparently decreased in TcsL-
treated cells compared to nontreated cells (Figure 2B), indicating
Rac1 glucosylation. Rac1 was almost completely glucosylated
regardless of TUDCA pretreatment (Figure 2B). Ras glucosyl-
ation in TcsL-treated cells was analyzed using the glucosylation-
sensitive antibody Ras-mAb(27H5) that recognizes H-Ras,
K-Ras, and N-Ras (Huelsenbeck and Genth, unpublished ob-
servation). (H/K/N)Ras were completely glucosylated in TcsL-
treated cells regardless of TUDCA pretreatment. These findings
showed that TUDCA treatment interfered with neither (H/K/
N)Ras nor Rac1 glucosylation in TcsL-treated cells. The level of
β-actin was affected by neither TcsL nor TUDCA treatment
(Figure 2B). TUDCA thus interfered with Rac1 glucosylation
neither in a cell-free system nor in TcsL-treated cells. These data
suggest that TUDCA did not interfere with substrate glucosyl-
ation and cellular uptake of TcsL.

Activation of PI3K/Akt Signaling by TUDCA. TUDCA is
classified as an activator of phosphatidylinositide 30-OH kinase
(PI3K)/Akt signaling. This notion was true in J774A.1 cells as
well, as the level of phosphorylated, i.e., active, Akt increased
upon TUDCA treatment (Figure 3A). The TUDCA-induced
Akt activation aswell as the residualAkt activitywas inhibited by
the PI3K inhibitor LY294002 (Figure 3A), confirming that Akt
activity depended on PI3K.

The TcsL substrate proteins (H/K/N)Ras are upstream regu-
lators of PI3K/Akt signaling. One must expect that treatment
with the (H/K/N)Ras-glucosylating TcsL causes a decrease in the
level of phosphorylated, i.e., active, Akt, which was in fact
observed: The level of phosphorylated Akt decreased in TcsL-
treated J774A.1 cells compared to nontreated cells (Figure 3B).
Decreased levels of phosphorylated Akt have also been reported
in TcsL-treatedHela cells (17) and rat basophilic leukemia (RBL)
cells (10). The TcsL-induced decrease of Akt phosphorylation
was prevented by pretreatment with TUDCA (Figure 3B). This

FIGURE 1: TUDCA prevents TcsL-induced apoptosis. (A) Phos-
phatidylserine exposure induced by TcsLwas analyzed in J774A.1
cells and Hela cells either pretreated with TUDCA (300 μM) for 1
h or left untreated after TcsL treatment for 12 h. Annexin V-
stained cells (lower panel) and phase contrast pictures (upper
panel) are shown. (B) Phosphatidylserine exposure induced by
increasing TcsL concentrations after 12 h of toxin treatment was
quantified as the ratio of annexin V-positive per total cells.
Results displayed represent the mean of three independent experi-
ments. (C) Cells were treated with TUDCA (300 μM) either 1 h
before treatment with TcsL (100 ng/mL) or added concomitantly
with TcsL or applied at distinct time points as indicated post toxin
treatment. Annexin V-positive cells were quantified after TcsL
treatment for 16 h. Results displayed represent the mean of three
independent experiments. P-values <0.05 (*) and <0.005 (**)
were considered as statistically significant as compared with
TcsL-treated cells.

FIGURE 2: Effect of TUDCA onRac1 glucosylation by the glucosyl-
ating toxins. (A) Rac1 was incubated in the presence of UDP-[14C]-
glucose and increasing concentrations of TcsL. Rac1 [14C]gluco-
sylation was recorded using autoradiography of the SDS-PAGE.
(B) Cells either preincubated with TUDCA (300 μM) for 1 h or left
untreated were exposed to either TcdA, TcdB, or TcsL (100 ng/mL
each) for 12 h. The levels of nonglucosylated Rac1 and (H/K/N)Ras
were analyzed by Western blotting using the glucosylation-sensitive
Rac1-mAb(102) and Ras-mAb(27H5) antibodies.
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effect of TUDCAwas abolished upon combined pretreatment of
cells with TUDCA and LY294002 (Figure 3B). These findings
suggest that TUDCA PI3K-dependently reactivated Akt in
TcsL-treated cells.

The proapoptotic GTP-binding protein RhoB is one of the
downstream targets of PI3K/Akt signaling. Especially, rhoB
promoter activity is suppressed by (H/K/N)Ras in a PI3K/
Akt-dependent manner (20). Increased RhoB expression upon
TcsL treatment has been reported in murine fibroblasts (21) and
RBL cells (10). To further provide evidence that TUDCA
maintains PI3K/Akt signaling in TcsL-treated cells, expression
of the downstream target RhoB was analyzed. TcsL induced
RhoB expression in J774A.1 cells (Figure 3B). Pretreatment with
TUDCA strongly reduced TcsL-induced RhoB expression, while
RhoB expression was maintained in cells pretreated with both
TUDCA and LY294002 (Figure 3B). These findings suggest that
TUDCA PI3K-dependently restored suppression of proapopto-
tic RhoB in TcsL-treated cells.

Critical Role of PI3K/Akt Signaling in the Antiapoptotic Effect
of TUDCA. We above showed that TUDCA prevented TcsL-
induced apoptosis and preserved PI3K/Akt signaling in TcsL-
treated cells (Figures 1 and 3). To check if the antiapoptotic effect
of TUDCA depended on PI3K/Akt signaling, the antiapoptotic
effect of TUDCA was analyzed for its responsiveness to inhibi-
tion by LY294002, an inhibitor of PI3K, or the Akt inhibitor.
TcsL-induced apoptosis was analyzed in terms of phosphatidyl-
serine exposure (Figure 4A), activation of the executioner
caspase-3 (Figure 4B), and reduction of cell viability
(Figure 4C). Treatment with TUDCA in fact prevented either
aspect of apoptotic cell death (Figure 4). The antiapoptotic effect
of TUDCA in TcsL-treated cells was inhibited by LY294002 or
the Akt-inhibitor, showing that it depended on PI3K/Akt
signaling. Neither the application of TUDCA, LY294002, or
theAkt inhibitor alone (Figure 4A) nor simultaneous application
of TUDCA and LY294002 or TUDCA and Akt inhibitor (data
not shown) caused apoptosis. The responsiveness of the anti-
apoptotic effect of TUDCA to either LY294002 or the Akt
inhibitor further excluded that TUDCA prevented TcsL uptake
or activity.

Missing Sensitivity of TcdA-Induced Apoptosis to Prevention by
TUDCA. To check whether the antiapoptotic effect of TUDCA
is specific for TcsL, apoptosis induced by the related toxin A
(TcdA) and toxin B (TcdB) from C. difficile was analyzed for
responsiveness to TUDCA. Comparable to TcsL, TcdA caused
phosphatidylserine exposure (Figure 5A,B) and a reduction of
cell viability (Figure 5C) in J774A.1 cells. In contrast to TcsL,
TUDCA prevented neither phosphatidylserine exposure nor a
reduction of cell viability in TcdA-treated J774A.1 cells
(Figure 5). Comparable to TcdA, TcdB-induced apoptosis of
J774A.1 cells was not prevented by TUDCA (data not shown).
The antiapoptotic effect of TUDCA was thus specific for TcsL.
Comparable to above observation from TcsL-treated cells,
TcdA/TcdB-induced Rac1 glucosylation was affected by TUD-
CA neither in a cell-free system (data not shown) nor in J774A.1
cells, as analyzed using the glucosylation-sensitive antibody
Rac1-mAb(102) (Figure 2B). (H/K/N)Ras were expectedly not
glucosylated by TcdA/TcdB, as no decrease in the detection of
(H/K/N)Ras was observed when using the glucosylation-sensi-
tive antibody Ras-mAb(27H5) (Figure 2B). The level of β-actin
was not changed upon treatment with TcdA/TcdB and/or
TUDCA (Figure 2B). These findings allow the conclusion that
TUDCA did not prevent the glucosylation of the substrate
proteins of TcdA/TcdB.

Role of p38 MAP Kinase in TcdA-/TcsL-Induced Apoptosis.
TcdA-induced apoptosis is reported to be suppressed by inhibi-
tors of p38 MAP kinase (22). In this line, TcdA-induced

FIGURE 3: Effect of TUDCA on Akt phosphorylation. (A) Cells
were treated with TUDCA (300 μM) and LY294002 (10 μM), and
Akt phosphorylation (indicative of activation) was analyzed after
6 h by Western blotting. (B) Cells pretreated with TUDCA
(300 μM) and LY294002 (10 μM) were exposed to TcsL (100 ng/
mL) for 6 h. Signal intensities were densitometrically quantified
and normalized to the β-actin signal. Akt phosphorylation in
nontreated cells was set to 1.0. Data shown represent the mean of
three independent experiments. P-values <0.05 (*) were consid-
ered as statistically significant as compared with Akt phosphor-
ylation from nontreated cells.
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apoptosis in J774A.1 cells was susceptible to inhibition by
SB203580, a pyridinylimidazole inhibitor of the p38MAP kinase
(Figure 6A to C). These observations excluded that the missing
responsiveness of TcdA-induced apoptosis to TUDCA was
based on a general insensitivity of TcdA-induced apoptosis to
any treatment. TcsL-induced apoptosis also depended on p38
MAP kinase activity, as it was inhibited by SB203580 (Figure 6).

To investigate if the antiapoptotic activity of TUDCA in-
volved inhibition of p38 MAP kinase, phosphorylation, i.e.,
activation of p38 MAP kinase, was analyzed in serum-starved
J774A.1 cells. TUDCA induced activation of p38 MAP kinase
(Figure 7A), corroborating published data (23). TcsL activated
p38 MAP kinase as well, in line with recent observations from
Hela cells (24). Combined treatment of J774A.1 cells with TcsL
and TUDCA resulted in enhanced p38 MAP kinase activation
compared to treatment with either TUDCA or TcsL alone
(Figure 7A). p38 activation induced by either TcsL treatment

FIGURE 4: Effect of TUDCA on TcsL-induced apoptosis. J774A.1
macrophage-like cells pretreated with TUDCA (300 μM), LY294002
(10 μM), or the Akt inhibitor I (10 μM) as indicated were exposed to
TcsL (100 ng/mL) for 12 h. (A) Phosphatidylserine exposure induced
by increasing TcsL concentrations was quantified as the ratio of
annexinV-positive per total cells. (B)Cellswere lysed, and the activity
of caspase-3 was analyzed using the caspase-3 colorimetric assay 6 h
post toxin application. Caspase-3 activity in nontreated cells was set
to 1.0. (C) Cell viability was analyzed using the cell proliferation
reagentWST-1 24 h post toxin treatment. Cell viability of nontreated
cells was set to 1.0. Results displayed represent the mean of three
independent experiments. P-values <0.05 (*) and <0.005 (**) were
considered as statistically significant as compared with cells treated
with TcsL alone.

FIGURE 5: Effect of TUDCA on TcdA-induced apoptosis.
(A) J774A.1 cells either pretreated with TUDCA (300 μM) or not
were exposed to either TcdA or TcsL (100 ng/mL each) as indicated.
Phosphatidylserine exposure was analyzed by fluorescence micro-
scopy after 12 h of toxin treatment. (B) Toxin-induced apoptosis was
quantified as the ratio of annexin V-positive per total cells.
(C) TcdA-/TcsL-induced reduction of cell viability was analyzed in
J774A.1 cells either pretreatedwith TUDCA (300 μM) for 1 h or not.
The activity of cellular dehydrogenases was analyzed using theWST-
1 test after toxin treatment for 24 h. Cell viability of nontreated cells
was set to 1.0. The data represent the mean of three independent
experiments. P-values <0.005 (**) were considered as statisti-
cally significant as compared with cells treated with either TcsL or
TcdA alone.
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or by combined treatment with both TUDCA and TcsL was
susceptible to inhibition by SB203580, an inhibitor of p38 MAP
kinase (Figure 7A). Besides activating PI3K/Akt signaling,
TUDCA thus activated p38 MAP kinase in TcsL as well as in
untreated cells. This finding excluded that the antiapoptotic
activity of TUDCA involved inhibition of p38 MAP kinase.

To investigate if the antiapoptotic activity of SB203580
involved preservation of Akt activity, J774A.1 cells were treated
with SB203580 and analyzed forAkt phosphorylation. SB203580
induced Akt dephosphorylation (Figure 7B), in line with pub-
lished data (25). In TcsL-treated J774A.1 cells, Akt was depho-
sphorylated regardless of the presence of SB203580 (Figure 7B).
This finding excluded that the antiapoptotic activity of SB203580
involved preservation of Akt activity. These findings suggest that
TUDCA and SB203580 exerted their antiapoptotic activity

independently from each other through distinct signaling path-
ways. Combined treatment of J774A.1 cells with TUDCA and

FIGURE 6: The p38 MAP kinase inhibitor SB203580 prevents toxin-
induced apoptosis. J774A.1 cells either pretreated with SB203580
(10 μM) or not were exposed to TcdA or TcsL (100 ng/mL each) as
indicated. (A) Phosphatidylserine exposure was analyzed by fluore-
scence microscopy after 12 h of toxin treatment. (B) Phosphatidyl-
serine exposure was quantified as the ratio of annexin V-positive per
total cells. (C) Cell viability was analyzed using the WST-1 test after
toxin treatment for 24 h. Cell viability of nontreated cells was set to
1.0. Results displayed represent the mean of three independent
experiments. P-values <0.005 (**) were considered as statisti-
cally significant as compared with cells treated with either TcsL or
TcdA alone.

FIGURE 7: (A) TUDCAdoes not preserve TcsL-induced p38MAPK
activation. Serum-starved cells were pretreated with TUDCA
(300 μM) or SB203580 (10 μM) and exposed to TcsL (100 ng/mL)
for 6 h.Phosphorylation (indicative of activation) of p38MAPkinase
was analyzed by Western blotting. The phospho-p38 signal was
densitometrically quantified and normalized to the β-actin signal.
P38 phosphorylation of cells treated with TcsL alone was set to 1.0.
Data shown represent the mean of three independent experiments.
P-values <0.005 (**) were considered as statistically significant as
compared with TcsL-treated cells. (B) SB203580 does not preserve
TcsL-induced Akt dephosphorylation. Cells were pretreated with
TUDCA (300 μM) or SB203580 (10 μM) for 1 h. TcsL (100 ng/mL)
was applied for 6 h, and the level of phospho-Akt was recorded by
Western blot. The phospho-Akt signal was densitometrically quanti-
fied and normalized to the β-actin signal. Akt phosphorylation of
nontreated cells was set to 1.0. Data shown represent the mean of
three independent experiments. P-values <0.05 (*) and<0.005 (**)
were considered as statistically significant as compared with either
nontreated cells or TcsL-treated cells.
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SB203580 more efficiently prevented TcsL-induced phosphati-
dylserine exposure (Figure 8A) and caspase-3 activation
(Figure 8B), compared to treatment with either drug alone.

DISCUSSION

Trophic factors trigger prosurvival pathways (including Ras/
PI3K/PDK1/Akt signaling) and suppress proapoptotic path-
ways including p38 MAP kinase. Withdrawal of trophic factors
results in a loss of prosurvival signaling and the desuppression of
proapoptotic pathways (26) (Figure 9). Glucosylation of Rho/
Ras proteins by glucosylating toxins is suggested to mimic the
situation of the withdrawal of trophic factors, as they block
trophic factor-induced signal transduction (e.g., Ras/Raf/ERK
signaling) at the level of GTP-binding proteins (27-29)
(Figure 9).

Against that background, we addressed the question whether
reactivation of prosurvival signaling downstream of glucosylated
(H/K/N)Ras is possible. To this end, we applied TUDCAknown
as an activator of PI3K/Akt signaling and provided evidence that
TUDCA preserved PI3K/Akt signaling in TcsL-treated cells.
Preservation of PI3K/Akt signaling by TUDCA turned out to be
sufficient to prevent TcsL-induced apoptosis.

The high degree of similarity at the amino acid level among the
clostridial glucosylating toxins has led to the hypothesis that

TcsL and TcdA/TcdB cause apoptosis by a comparable mecha-
nism (30, 31). We here provide evidence that TcsL and TcdA/
TcdB differ in their responsiveness to TUDCA: TUDCA pre-
vented TcsL-induced but not TcdA/TcdB-induced apoptosis,
although TUDCA increased the level of phosphorylated Akt in
TcdA/TcdB-treated cells as well (data not shown). The respon-
siveness to TUDCA correlated with the toxins’ ability to
glucosylate (H/K/N)Ras, the upstream activators of PI3K/Akt
signaling. TUDCA prevented TcsL-induced apoptosis down-
stream of (H/K/N)Ras glucosylation, the apoptosis-inducing
stimuli of TcsL (10), throughpreservationof PI3K/Akt signaling.
In cells treatedwithTcdA/TcdB, (H/K/N)Ras is not glucosylated
and PI3K/Akt signaling was obviously not critical for apoptosis.
The Rho-dependent prosurvival signaling pathway that inhibi-
tion might be critical for TcdA-/TcdB-induced apoptosis is
elusive. Based on correlation of TcdB isoforms with distinct
proapoptotic activities and distinct substrate spectra, RhoA
glucosylation (but not that of other Rho subtype proteins) is
suggested to be critical for TcdB-induced apoptosis (21, 32).

Apoptosis induced by the glucosylating toxins, however,
shares common aspects as well: (i) TcsL as well as TcdA/TcdB
induces expression of proapoptotic RhoB by inhibition of either
Ras/PI3K/Akt signaling or a not yet identified RhoA-dependent
signaling pathway, respectively (32, 33). RhoB is suggested to be
critical for TcdA/TcdB-induced apoptosis (21) and is most likely
critical for TcsL-induced apoptosis as well (unpublished ob-
servation); (ii) inhibition of Rho/Ras-dependent survival signal-
ing by either TcdA/TcdB or TcsL causes desuppression of
proapoptotic signaling through p38 MAP kinase, which is
required for TcdA/TcdB-induced apoptosis (22) (Figure 9). We
here show for a first time that TcsL-induced apoptosis depends
on p38 MAP kinase as well.

We further found that the p38 MAP kinase inhibitor
SB203580 induced Akt dephosphorylation in nontreated cells.
This effect is likely based on SB203580-induced inhibition of

FIGURE 8: TUDCA and SB203580 protect independently from
TcsL-induced apoptosis. (A) TcsL-induced phosphatidylserine
exposure was analyzed in cells pretreated with TUDCA (300 μM)
and SB203580 (10 μM) after toxin treatment for 12 h. The ratio of
annexin V-positive per total cells was quantified. (B) The activity of
caspase-3 was analyzed in cells pretreated with TUDCA (300 μM)
and SB203580 (10 μM) after TcsL treatment for 6 h. Caspase-3
activity in nontreated cells was set to 1.0. Data shown represent the
mean of three independent experiments. P-values <0.05 (*) were
considered as statistically significant.

FIGURE 9: Pathways involved in TcsL- and TcdA/TcdB-induced
apoptosis. The glucosylating toxins TcsL and TcdA/TcdB block
trophic factor-induced signal transduction at the level of Ras/Rho
proteins. The cell responds to the inhibition of Ras/Rho with activa-
tion of p38 MAP kinase. (H/K/N)Ras glucosylation by TcsL results
in the inhibition of PI3K/PDK1/Akt survival signaling. TcsL-in-
duced apoptosis is prevented if either PI3K/PDK1/Akt signaling is
preserved by TUDCA or the activity of p38MAP kinase is inhibited
by SB203580. TcdA/TcdB-induced apoptosis is prevented if p38
MAP kinase is inhibited by SB203580. The TUDCA-induced activa-
tion of p38 MAP kinase does not contribute to the antiapoptotic
activity of TUDCA. Furthermore, the SB203580-induced inhibition
of PI3K/PDK1/Akt signaling does not contribute to the antiapopto-
tic activity of SB203580.
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phosphoinositide-dependent protein kinase 1 (PDK1), an up-
stream activator of Akt (25). Furthermore, TUDCA activated
p38 MAP kinase, in line with published observations (23). These
findings suggest that both TUDCA and SB203580 exhibit
pleiotrophic effects. The TUDCA-induced activation of p38
MAP kinase, however, is not likely to contribute to the anti-
apoptotic activity of TUDCA, as p38 MAP kinase is already
activated in TcsL-treated cells. The SB203580-induced Akt
dephosphorylation is also not likely to contribute to the anti-
apoptotic activity of SB203580, as Akt is already dephosphory-
lated in TcsL-treated cells. In conclusion, (i) activation of PI3K/
Akt (rather than activation of p38MAP kinase) is critical for the
antiapoptotic activity of TUDCA, and (ii) inhibition of p38MAP
kinase (rather than inhibition of PDK1/Akt) is critical for the
antiapoptotic activity of SB203580.

Many diseases are attributed to unregulated apoptosis. An
excess of apoptosis may result in T cell depletion, neurodegene-
rative diseases, or hepatocellular degeneration (16). Due to its
antiapoptotic activity TUDCA is under investigation for its
potential application as a therapeutic modulator of apoptosis-
related diseases (16). In some cases, C. sordellii remains localized
to the site of infection (34). TcsL-induced apoptotic cell death of
phagocytotic cells may thereby represent a bacterial strategy to
defendC. sordellii against eukaryotic phagocytosis (10). Applica-
tion of TUDCA may help to prevent apoptotic cell death of
phagocytotic cells (as well as of epithelial cells) and may subse-
quently better the clinical course of the diseases associated with
toxigenic C. sordellii.
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