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Although the use of probiotics based on Bacillus strains to fight off intestinal pathogens and antibiotic-associated diarrhea is
widespread, the mechanisms involved in producing their beneficial effects remain unclear. Here, we studied the ability of com-
pounds secreted by the probiotic Bacillus clausii strain O/C to counteract the cytotoxic effects induced by toxins of two patho-
gens, Clostridium difficile and Bacillus cereus, by evaluating eukaryotic cell viability and expression of selected genes. Coincuba-
tion of C. difficile and B. cereus toxic culture supernatants with the B. clausii supernatant completely prevented the damage
induced by toxins in Vero and Caco-2 cells. The hemolytic effect of B. cereus was also avoided by the probiotic supernatant.
Moreover, in these cells, the expression of rhoB, encoding a Rho GTPase target for C. difficile toxins, was normalized when C.
difficile supernatant was pretreated using the B. clausii supernatant. All of the beneficial effects observed with the probiotic were
abolished by the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF). Suspecting the involvement of a secreted
protease in this protective effect, a protease was purified from the B. clausii supernatant and identified as a serine protease
(M-protease; GenBank accession number Q99405). Experiments on Vero cells demonstrated the antitoxic activity of the purified
protease against pathogen supernatants. This is the first report showing the capacity of a protease secreted by probiotic bacteria
to inhibit the cytotoxic effects of toxinogenic C. difficile and B. cereus strains. This extracellular compound could be responsible,
at least in part, for the protective effects observed for this human probiotic in antibiotic-associated diarrhea.

The gut, one of the biggest surfaces of exchange between the
body’s internal and external environment, is in permanent

contact with antigens. Indeed, the intestinal barrier constitutes an
important playground for numerous intestinal pathogen bacteria
and toxins.

Among them, Clostridium difficile, an anaerobic Gram-positive
bacterium, is a major cause of diarrhea, pseudomembranous coli-
tis, and septicemia, and it can lead to death. Hospital stay and use
of antibiotics are major risk factors for contracting this disease (1).
Over the past decade, the frequency and severity of C. difficile
infections have increased markedly due to the emergence of so-
called hypervirulent strains that overproduce toxins (2–4). The C.
difficile toxins modify target cell proteins to cause disassembly of
the actin cytoskeleton and induce severe inflammation (5).

Expression of several host genes, mainly those involved in
cellular processes, cell-cell interactions, apoptosis, and inflam-
mation, is modified during C. difficile infection (6). These in-
clude host genes encoding RhoB (regulating actin cytoskeleton
and interactions between cells), ZO-1 (tight-junction protein),
and ROCK2 (actin cytoskeleton and signaling protein regula-
tor) (7–9).

Equally, many other pathogens, such as Salmonella species,
Escherichia coli, Shigella spp., Staphylococcus aureus, and Bacillus
cereus, produce several toxins that target intestinal mucosa (10–
12). B. cereus, a spore-forming Gram-positive bacterium, is an
opportunistic pathogen that is ubiquitous in the environment.
Some strains may cause emetic food poisoning (cereulide toxin
produced during growth in food) and diarrheal food poisoning
when certain enterotoxins (cytotoxin K [CytK], nonhemolytic en-
terotoxin [Nhe], and hemolysin BL [HBL]) are produced during
bacterial growth in the small intestine of the host (13–15). The
hemolysin increases vascular permeability, which then causes

hemorrhage. The in vitro studies of supernatants produced by B.
cereus toxinogenic strains demonstrated the disruption of cell
membrane and induction of the apoptotic pathway (16, 17).

Over the last few years, new therapeutic alternatives have been
developed to prevent or limit infections, to improve intestinal
comfort, and to reinforce antibiotic treatments. One of these al-
ternatives is the use of probiotics against various intestinal patho-
gen infections and antibiotic-associated diarrhea (18, 19).

Probiotics are “Live microorganisms which when adminis-
tered in adequate amounts confer a health benefit on the host”
(20). Probiotics are known to have a protective role against intes-
tinal pathogens by enhancing intestinal barrier function, interfer-
ing with pathogens by competitive exclusion, modulating the host
immune system, and stabilizing microbiota (21, 22). Moreover,
probiotics can secrete antimicrobial substances, peptides, and
proteins which provide protection against pathogens by occasion-
ally inhibiting the action of certain toxins produced by pathogens
(19, 23, 24). It has been reported that Saccharomyces boulardii, a
probiotic yeast used in the treatment of C. difficile diarrhea and
colitis, secretes a protease which digests toxin A and B molecules
and its brush border membrane receptor (25, 26). Furthermore,
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this yeast seems to be able to inhibit in vitro cell adherence of C.
difficile (27).

In this study, we focused on Bacillus clausii strain O/C, a spo-
rulating bacterium which constitutes part of the probiotic En-
terogermina, one of the oldest commercialized probiotics, which
is used for the prevention and treatment of acute diarrhea (28, 29).
In vitro and clinical studies have already shown its immune-mod-
ulating activity (30, 31). In addition, B. clausii strain O/C produces
an antimicrobial substance, clausin, that is active against Gram-
positive bacteria like C. difficile and Staphylococcus aureus (31, 32).

In a preliminary study conducted by our laboratory, the enzy-
matic activity of B. clausii O/C supernatants was studied and a
proteolytic activity was noticed. Moreover, secreted proteins were
analyzed by SDS-PAGE. About 10 proteins were observed, with a
major band at 27 kDa.

The aim of this study was to investigate, using cytotoxicity
assays and gene expression analysis, compounds secreted by B.
clausii O/C that are involved in the prevention of C. difficile and B.
cereus toxicity and to determine if a secreted protease contributes
to this effect.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and supernatant production. B.
clausii O/C is a strain which forms part of the commercial probiotic En-
terogermina (Sanofi, Milan, Italy). C. difficile VPI 10463 and B. cereus
ATCC 14579 were used as toxin producer strains. C. difficile VPI 10463
secretes the two toxins A and B (33). B. cereus ATCC 14579 secretes he-
molysin and enterotoxins but not the emetic toxin (34).

B. clausii was cultured aerobically in Mueller-Hinton broth (MH)
(Difco Laboratory, Detroit, MI, USA) at 37°C, in a rotary shaker for 3
days, to induce sporulation. To obtain cytotoxic supernatants, C. difficile
was grown in brain heart infusion (BHI) medium (BD, Franklin Lakes,
NJ, USA) in an anaerobic atmosphere for 3 days at 37°C, whereas B. cereus
was grown aerobically overnight in MH at 37°C. Culture supernatants
were harvested by centrifugation at 4°C (10,000 � g, 5 min) and filtered
onto 0.2-�m cellulose acetate membrane (Merck Millipore, France). C.
difficile and B. cereus supernatants were used as the source of toxins.

The proteolytic activity of B. clausii supernatants (OC-SN) was tested
preliminarily using agar casein hydrolysis on agar plates containing yeast
nitrogen base (YNB) agar medium (Difco Laboratory, Detroit, MI, USA)
supplemented with 0.5% casein (35).

Enzyme purification. Following centrifugation of the culture, the su-
pernatant was filtered through a 0.45-�m-pore-size membrane filter
(Millipore Corp., USA). The filtrate was concentrated with an Amicon
8050 UF cell (Amicon Division, W.R. Grace and Co., Beverley, MA)
equipped with membrane YM10 (Millipore Corp., USA). The molecular
mass cutoff for the membrane was 10,000 Da. The retentate was loaded
onto a Superdex 75-10/300 GL column (GE Healthcare, Uppsala, Swe-
den), equilibrated at a rate of 0.4 ml with Tris-HCl (50 mM, pH 7.5)
containing NaCl 0.15 M. Fractions (0.4 ml) were collected and screened
for proteolytic activity with N-Suc-(Ala)2-Pro-Phe-pNA assay. Fractions
exhibiting protease activity were pooled, desalted on a Micro Bio-Spin 6
column (Life Science Bio-Rad, France), and then dried under vacuum
before SDS-PAGE analysis.

Identification of purified enzyme. The band corresponding to puri-
fied protein was excised from a one-dimensional gel stained with Coo-
massie blue and cut into cubes. After reduction (with 10 mM dithiothre-
itol [DTT] for 35 min at 56°C) and alkylation (with 55 mM iodoacetamide
in the dark for 30 min) of cysteines, dehydrated gel pieces were subjected
to trypsin digestion overnight at 37°C. After evaporation, the peptides
were solubilized in 20 �l of 2% acetonitrile, 0.05% trifluoroacetic acid,
and 2 �l was injected for a 60-min IDA (independent data acquisition)
analysis by nano-liquid chromatography-tandem mass spectrometry
(LC-MS/MS) using a nanochromatography liquid Ultimate 3000 system

(Thermo Fisher) coupled to a TripleTOF 5600� mass spectrometer
(Sciex, Montreal, Canada). The MS/MS data were used to query a B.
clausii database extracted from UniProt containing 4,082 proteins using
Protein Pilot software (Sciex) with Mascot software (version 2.2; Matrix
Science, England).

Proteolytic activity and substrate specificity of B. clausii O/C su-
pernatants and purified protease. Enzymatic activity of B. clausii O/C
vegetative cell (24 h of culture, 0% spores) and spore (3 days of culture,
90% spores) supernatants was tested and compared to that of subtilisin
A, produced by Bacillus licheniformis (Sigma-Aldrich, France). The
same experiment was conducted with the purified protease secreted by
B. clausii O/C.

The substrate specificity of proteolytic compounds was determined
using the p-nitroanilide (pNA)-conjugated synthetic peptide substrates
N-Suc-Ala-Ala-Ala-pNA, N-Suc-Ala-Ala-Pro-Phe-pNA, and N-Suc-Phe-
pNA (Sigma-Aldrich, France). A stock solution (125 mM) of each sub-
strate was prepared in dimethyl sulfoxide (DMSO). Each substrate stock
solution was adjusted to 1.25 mM in 50 mM Tris-HCl buffer, pH 8.0,
mixed, and preincubated at 37°C.

Eight hundred microliters of this solution was added to samples to test
subtilisin A (between 0.1 and 1.0 �g per assay), 50 �l of B. clausii O/C
supernatants, 1 �l of the purified protease solution. Each reaction me-
dium was incubated at 37°C. Absorbance was measured at 410 nm for 5
min using Tris-HCl buffer instead of enzymatic solution as a control. One
unit of proteolytic activity is defined as the amount of enzyme that re-
leased 1 �mol of pNA per min at 37°C and pH 8.

Enzymatic activity assay was also performed with the serine protease
inhibitor phenylmethylsulfonyl fluoride (PMSF) at a 0.5 mM final con-
centration.

Cell line culture and assay of the cytotoxic supernatants. Caco-2 cells
(a cell lineage obtained from a human colon cancer was used as a model
for the human intestine) and Vero cells (a well-established cell line ob-
tained from kidney epithelium of the African green monkey that has been
used extensively for testing cytotoxicity, including that of C. difficile
strains) were grown in Dulbecco’s modified Eagle’s minimal essential me-
dium (DMEM) (Sigma-Aldrich, Saint Louis, MO, USA), supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum (Gibco BRL,
Grand Island, NY, USA), 0.5% (vol/vol) penicillin and streptomycin (Sig-
ma-Aldrich, Saint Louis, MO, USA), and 1% (vol/vol) nonessential
amino acids (Sigma-Aldrich, Saint Louis, MO, USA). Cells were culti-
vated at 37°C under 5% (vol/vol) CO2 atmosphere until confluence in
25-cm2 tissue culture flasks (Nalge Nunc, Penfield, NY, USA) before being
seeded in culture plates. A 105 cellular suspension of cells was seeded into
12-well culture plates containing 2 ml of cell culture medium and then
incubated until confluence. The culture medium was renewed every 2
days.

Measurements of supernatant cytotoxic activity. Different quan-
tities of supernatants of C. difficile (Cd-SN) and B. cereus (Bc-SN) were
tested on cells to confirm their cytotoxicity, choose which dose would be
used to obtain cytotoxic effect, and evaluate the protective effect of B.
clausii O/C supernatant and purified protease (24, 36, 37).

(i) Vero cells. To test the positive effects of the probiotic supernatant,
OC-SN was mixed with Cd-SN in a proportion of 1:3 (vol/vol), whereas it
was mixed in a proportion of 1:9 (vol/vol) for Bc-SN. Protective effects of
the purified protease were also tested. The purified protease was dissolved
in a 50 mM Tris-HCl-NaCl buffer, pH 7.5, so that its enzymatic activity
equaled that of OC-SN. Reaction mixtures were incubated and shaken for
2 h at 37°C in the presence or absence of 1 mM PMSF, a serine protease
inhibitor, or 1 mM EDTA, a metalloproteinase inhibitor. In order to study
the potential effect of coincubation time, we also tested 15 min and 30 min
of incubation between OC-SN and toxin supernatant. Final dilutions of
1/25 of treated Cd-SN and 1/2 of treated Bc-SN were placed in wells of
Vero cells. As positive controls of toxicity, untreated Cd-SN and Bc-SN
were used at the same final dilutions. Untreated OC-SN was also tested
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under the same conditions to verify the absence of cytotoxicity. Controls
of bacterial culture media and/or inhibitors were used.

Additionally, to evaluate the possible effect of OC-SN on the potential
cleavage of epithelial cell surface toxin receptors, Vero cells were preincu-
bated with OC-SN for 12 h before treatment with the different cytotoxic
supernatant mixtures.

Vero cells were incubated with 2 ml of culture cell media to which the
different samples of toxic supernatants were added. The plates were incu-
bated for 24 h with Cd-SN and for 4 h with Bc-SN at 37°C in an atmo-
sphere of 5% (vol/vol) CO2. Every test was performed in triplicate.

(ii) Caco-2 cells. Cd-SN was mixed with OC-SN in a proportion of 1:1
(vol/vol) and incubated for 2 h, with or without protease inhibitors. A
final dilution of 1/20 of Cd-SN was applied on Caco-2 cells for 24 h. Every
test was performed in triplicate.

After all treatments, cell viability was evaluated for cell detachment by
using crystal violet staining and measuring the residual mitochondrial
dehydrogenase activity as described below.

Vero and Caco-2 cell viability analysis. (i) Measurement of cell de-
tachment using crystal violet stain. The method described by Medrano et
al. (37) was used. Shortly, cells were washed with phosphate-buffered
saline (PBS) and fixed for 1 min with PBS–2% (vol/vol) formaldehyde,
and then the cells were incubated for 20 min with a crystal violet solution
(0.13% crystal violet, 5% ethanol, 2% formaldehyde in PBS, wt/vol/vol).
After exhaustive washing with PBS, samples were treated for 1 h with 50%
(vol/vol) ethanol in PBS. Absorbance was measured at 620 nm using a
plate reader (Multiskan FC; Thermo Scientific, Waltham, MA, USA). The
percentage of attached cells was calculated as 100 � (A/Ac), where A is the
absorbance of treated cells and Ac is the absorbance of untreated control
cells.

(ii) Mitochondrial dehydrogenase activity assay (MTT assay). As
previously reported by Medrano et al. (37), cells were washed with PBS
and incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium (MTT; Sigma-Aldrich, Saint Louis, MO, USA) for 4 h at 37°C (final
concentration of 0.5 �g/ml in PBS). The MTT assay is based on conver-
sion of MTT to an insoluble purple formazan by mitochondrial dehydro-
genase activity, representative of cell viability. Stain was extracted with 0.1
N HCl in isopropanol. After centrifugation, absorbance was measured at
550 nm using a plate reader (Multiskan FC, Thermo Scientific, Waltham,
MA, USA). The percentage of remaining activity was calculated as 100 �
(A/Ac), where A is the absorbance of treated cells and Ac is the absorbance
of untreated control cells.

(iii) Hemolysis assay. Human blood, pretested for the absence of HIV
or hepatitis virus infections and obtained from healthy volunteers (EFS
Aquitaine, Bordeaux Blood Bank, Bordeaux, France), was used to evaluate
the hemolysis generated by B. cereus 14579. The same treatments used for
cell cytotoxicity assays were also used for the hemolysis test. One hundred
microliters of human red blood cells (2.5 � 108 cells/ml) and 100 �l of the
different samples were placed in a 96-well sterile polystyrene plate. After 1
h of incubation at room temperature, total released hemoglobin was mea-
sured at 415 nm (wavelength of hemoglobin absorbance) using a Nano-
Drop spectrophotometer (NanoDrop 1000; Thermo Scientific, Waltham,
MA, USA). The hemoglobin concentration was calculated using 125 as the
millimolar extinction coefficient for human hemoglobin (e.g., 128 �g/ml

has an optical density of 1.0 at 415 nm) (38, 39). Hemolysis was also
checked after 24 h of incubation, with high absorbance showing hemolysis
of red blood cells. All analyses were performed on six independent assays.

Gene expression analysis of cells treated with C. difficile superna-
tants. (i) Cell treatments. Caco-2 cells were grown as described above,
and the same treatments that were used for cell cytotoxicity assays were
employed. Cd-SN and cells treated with OC-SN (during 2 h at 37°C) in the
presence or absence of 1 mM PMSF were coincubated with Caco-2 cells.
After different times of incubation (1 h, 3 h, 6 h, and 20 h), cell morpho-
logical changes were observed using microscopy, and gene expression was
measured by reverse transcription-quantitative PCR (RT-qPCR). All of
the analyses were realized in triplicate.

(ii) RNA isolation and RT-qPCR analysis. Total RNA from Caco-2
cells was isolated using the RNeasy minikit (Qiagen) according to the
manufacturer’s recommendations. RNA samples were treated with
DNase using the Turbo RNA-free kit (Ambion, Austin, TX, USA). In
order to verify RNA integrity, isolated RNA was subjected to 1.2% agarose
formaldehyde denaturing gel electrophoresis. The gel was then stained
with ethidium bromide and visualized under UV light. Total RNA was
quantified using a NanoDrop 1000 (Thermo Scientific) and then normal-
ized to perform the cDNA synthesis, from 1 �g of RNA, by two-step
RT-PCR (50°C for 30 min and 85°C for 5 min) with Maxima RT (Fermen-
tas, Vilnius, Lithuania) in an MJ Research PTC-200 PCR thermal cycler
(MJ Research, St. Bruno, Canada). qPCR was performed from 1 �l of
cDNA with a Maxima Sybr green kit (Fermentas, Vilnius, Lithuania) in
96-well full B/N PCR plates (Bio-Rad, Hercules, USA) on an Opticon
Chromo4 (Bio-Rad, Hercules, USA). The thermal cycling consisted of an
initial denaturing step at 95°C for 10 min followed by 40 cycles consisting
of 95°C for 30 s, 60°C for 30 s, and 72°C for 45 s. Primers and annealing
temperatures were used according Janvilisri et al. (6).

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software, version 6.0 for Windows (San Diego, CA, USA).
Two-tailed Student’s t tests were performed for comparisons between the
different groups.

RESULTS
Enzymatic activity and substrate specificity of the B. clausii O/C
supernatants. In the preliminary study of supernatants’ enzy-
matic activity, we observed the proteolytic activity of both vegeta-
tive cells and spore supernatants. In this study, we characterized
the substrate specificity of proteolytic secreted compounds.

The highest specificity was observed for N-Suc-Ala-Ala-
Pro-Phe-pNA, a specific substrate for chymotrypsin-like serine
proteases (Table 1), such as subtilisin A, produced by Bacillus
licheniformis. No hydrolysis was observed for the substrate N-Suc-
Phe-pNA, and a relatively low level was observed for N-Suc-Ala-
Ala-Ala-pNA. Moreover, the OC-SN enzymatic activity was in-
hibited by PMSF, a serine protease inhibitor (Table 1).

Vegetative cell supernatant presented approximately 4-fold
less enzymatic activity than spore supernatant. Proteolytic com-
pounds seemed to be more secreted during sporulation. There-

TABLE 1 Substrate specificity of B. clausii O/C supernatants toward p-nitroanilide (pNA)-conjugated synthetic peptide substrates

Supernatant and/or enzyme

Substrate specificity (�mol · min�1 · ml�1)

N-Suc-Ala-Ala-Ala-pNA N-Suc-Ala-Ala-Pro-Phe-pNA N-Suc-Phe-pNA

B. clausii vegetative cell supernatant 1.05 � 10�3 13 � 10�3 0
B. clausii vegetative cell supernatant plus PMSF 0 0
B. clausii spore supernatant 5.68 � 10�3 54 � 10�3 0
B. clausii spore supernatant plus PMSF 0 0
Subtilisin A 32.0 � 10�3 0
Subtilisin A plus PMSF 0
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fore, we decided to work only with the spores’ supernatant for the
rest of our study.

B. clausii O/C supernatant against the cytotoxic effects in-
duced by C. difficile VPI 10463. (i) Study in Vero cell line. Vero
cells treated with C. difficile supernatant (positive control of tox-
icity) showed low viability, the percentage of cell attachment was
13.5% � 0.7%, and the remaining mitochondrial dehydrogenase
activity was 16.8% � 0.9%. That is representative of a high rate of
cell death related to C. difficile toxic factors (Fig. 1A and B). Treat-
ment of Cd-SN with the B. clausii supernatant reduced the cyto-
toxic effects, and neither cell detachment nor loss of mitochon-
drial activity was observed. This effect depended on Cd-SN/
OC-SN coincubation time; maximal protection was achieved
when the mix was preincubated for 2 h before incubation with
Vero cells. Shorter times of coincubation showed fewer protective
effects of OC-SN against toxic Cd-SN, and no protective effects
occurred when the mix was preincubated for only 15 or 30 min.

However, the addition of PMSF during the coincubation abol-
ished the OC-SN beneficial effect (Fig. 1A and B, Cd-SN/OC-SN
PMSF). Only 11.7% � 3.3% of cells remained attached, and a very
low level of mitochondrial dehydrogenase activity was observed.
The addition of EDTA, a metalloprotease inhibitor (Fig. 1A and B,
Cd-SN/OC-SN EDTA), did not affect the OC-SN protective ef-
fects.

In order to study if B. clausii supernatant has an effect on cel-
lular toxin receptors, we pretreated Vero cells with OC-SN for 12
h before addition of the cytotoxic Cd-SN. We noticed a cell via-
bility reduction of 33.5% � 0.6% of cell attachment after 24 h of
incubation (Fig. 1A, OC-SN/cells � Cd-SN).

(ii) Study in Caco-2 cell line. The cytotoxic effects of Cd-SN
observed in Caco-2 cells were similar to those observed in Vero
cells. The protective effects of OC-SN, as well as the abolition of
the protection by PMSF, were also comparable to the results ob-
tained using Vero cells. In addition, microscopy studies showed
that Cd-SN altered the morphology of the Caco-2 cell monolayer
(cell rounding and cell detachment were observed). These changes
were attenuated in the presence of OC-SN (data not shown).

Under our study conditions, the rhoB gene was differentially
expressed after 20 h of contact of Caco-2 cells with Cd-SN com-
pared to its expression in nontreated cells (Fig. 2). No significant
changes were noticed in the transcription of this gene after 1 h, 3 h,
and 6 h of contact (data not shown). C. difficile supernatant in-
duced a 20-fold upregulation of rhoB. In Cd-SN/OC-SN-treated
cells, the gene expression level was similar to that of untreated
control cells. The addition of PMSF avoided the effect of B. clausii
supernatant. No changes in expression were observed for the
genes encoding ZO-1 and ROCK2.

B. clausii O/C supernatant against the cytotoxic effects in-
duced by B. cereus ATCC 14579. Vero cells treated with B. cereus
supernatant (positive control of toxicity) showed low viability, the
percentage of cell attachment was 12.3% � 0.1%, and the remain-
ing mitochondrial dehydrogenase activity was 22.4% � 0.8% (Fig.
3A and B). Coincubation of Bc-SN with OC-SN avoided the del-
eterious effect induced by the Bc-SN, as demonstrated by the per-
centages of cell attachment (Fig. 3A) and mitochondrial activity
(Fig. 3B). Furthermore, the time of coincubation of Bc-SN with
OC-SN was crucial to counteract toxic effects of Bc-SN. Fifteen
minutes of coincubation with the OC-SN was not sufficient to
inactivate toxic supernatant, whereas after 30 min, cell attachment
was increased to 73.4% � 3.8% and at 2 h of coincubation to

100% (Fig. 3A). The addition of PMSF during coincubation abol-
ished the OC-SN beneficial effect (Fig. 3A and B, Bc-SN/OC-SN
PMSF). However, the addition of EDTA (Fig. 3A and B, Bc-SN/
OC-SN EDTA) did not affect the OC-SN protective effects, and
the cellular viability remained unaltered.

Vero cells, pretreated with OC-SN before contact with Bc-SN,
presented the same viability percentage as cells directly treated
with Bc-SN (Fig. 3A, OC-SN/cells � Bc-SN).

FIG 1 Effect of C. difficile VPI 10463 supernatant (Cd-SN) on Vero cell via-
bility in the presence or absence of B. clausii O/C supernatant (OC-SN). Bars
represent the percentage of cell attachment (A) or mitochondrial dehydroge-
nase activity (B) after incubation of Vero cells with the different treatments
assayed (control, Cd-SN, OC-SN, and Cd-SN/OC-SN, with or without the
protease inhibitors PMSF and EDTA). Vero cells were also pretreated with
OC-SN before incubation with Cd-SN (OC-SN/cells – Cd-SN). The percent-
age of attachment or remaining mitochondrial dehydrogenase activity was
calculated as 100 � (A/Ac), where A is the absorbance of treated cells and Ac is
the absorbance of untreated control cells. Results were the averages � standard
deviations (SD) from 3 independent assays. **, significant differences from the
corresponding control (P � 0.01); �, significant differences from the Cd-SN
condition (P � 0.01).
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B. clausii O/C supernatant inhibited hemolysis induced by
B. cereus extracellular factors. It was interesting to study the
capacity of B. clausii supernatant to counteract another type of
toxin, like the hemolysin secreted by B. cereus. Figure 4 shows the
strong hemolytic activity of B. cereus extracellular factors on hu-
man red blood cells, confirming the presence of a hemolysin. After
1 h of incubation between red blood cells and Bc-SN, the concen-
tration of released hemoglobin was 242 � 5 �g/ml. This hemolytic
effect was totally inhibited when the red blood cells were treated
with Bc-SN/OC-SN. In negative controls (OC-SN, MH culture
medium, OC-SN PMSF, or OC-SN EDTA), released hemoglobin
was not detected.

Moreover, similar to Vero cell cytotoxicity assays, the protec-
tive effect of B. clausii supernatant was counteracted by PMSF but
not affected by EDTA.

Characterization of the active secreted compound against C.
difficile and B. cereus toxins. The present results showed a posi-
tive effect of B. clausii supernatant against the cytotoxicity of the
two pathogens.

The above-described study showed high proteolytic activity of
B. clausii O/C supernatants, and we suspected the role of a secreted
protease in this beneficial effect. Consequently, proteins secreted
by B. clausii were analyzed by SDS-PAGE (Fig. 5), and the major
protein, observed at 27 kDa, was identified by MS/MS spectrom-
etry as the M-protease (GenBank accession number Q99405, lo-

cus PRTM_BACSK) encoded by the aprE gene with a Mascot
score of 1,401, with 17 identified peptides and a coverage of 37.1%.
This protein is well described in the UniProt database. This pro-
tein of 380 amino acids, for a molecular mass of 38.9 kDa, is
processed through signal peptide and propeptide cleavages, lead-
ing to the mature protease of 269 amino acids. The resulting active
protease has a molecular mass of 26.7 kDa. These data are in good
agreement with apparent masses observed in SDS-PAGE. Relating
coverage to the active chain leads to a corrected coverage of 52.4%
(data not shown).

We purified this protein to homogeneity by size exclusion
chromatography to study its involvement in the observed anti-
toxic activity. After purification (Table 2 and Fig. 5), the enzy-
matic specific activity of the purified protease was 13-fold higher
than the spore supernatant activity (Table 2).

B. clausii O/C purified protease against the cytotoxic effects
induced by C. difficile VPI 10463 and B. cereus ATCC 14579.
Following these results, cytotoxicity experiments were conducted
with the purified M-protease.

Vero cells treated with C. difficile and B. cereus supernatants
(positive controls of toxicity) showed low viability, with a percent-
age of cell attachment of 18.3% � 4.0% for C. difficile and
13.7% � 0.9% for B. cereus (Fig. 6 and 7). Coincubation of Cd-SN
and Bc-SN with the purified M-protease of B. clausii avoided the

FIG 2 Effect of C. difficile VPI 10463 supernatant on the relative mRNA expression of Caco-2 cells in the presence or absence of B. clausii O/C supernatant. Cd-SN
and OC-SN were preincubated (Cd-SN/OC-SN), with or without protease inhibitor (PMSF), before contact with cells. Bars represent the relative expression of
genes (in the three independent assays performed) encoding RhoB (A), ZO-1 (B), and ROCK2 (C). **, significant differences from the corresponding control
(P � 0.01).
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cytotoxic effects induced by pathogen supernatants, as demon-
strated by the high percentages of cell attachment (Fig. 6 and 7).

The addition of PMSF during coincubation abolished the pro-
tease beneficial effect (Fig. 6 and 7, Cd-SN/OC-protease PMSF
and Bc-SN/OC-protease PMSF). On the contrary, the addition of
EDTA had no effect (Fig. 6 and 7, Cd-SN/OC-protease EDTA and

Bc-SN/OC-protease EDTA) and the cellular viability remained
unaltered.

DISCUSSION

Bacillus-based probiotics present an advantage because of the in-
herent resistance of Bacillus spores (40). Although the Bacillus
clausii preparation Enterogermina has been described as an antid-
iarrheal that also prevents antibiotic-associated diarrhea (28, 29),
data describing the functional mechanisms remain very limited.
Probiotics may interfere with pathogen invasion by reducing or
inhibiting pathogen adherence, producing antimicrobials, or in-
terfering with toxins (41). Indeed, some pathogens, such as C.
difficile, B. cereus, Vibrio cholerae, and Escherichia coli, may secrete
toxins that are implicated in bacterial virulence (11, 42–44). Pro-
teins secreted and released into the environment might mediate
some of the positive effects observed in probiotics (45, 46). In the
past, Castagliuolo et al. (25, 26) indicated that a probiotic strain of
the yeast Saccharomyces boulardii can excrete a serine protease of
54 kDa that can hydrolyze C. difficile toxin A (which is resistant to
trypsin) and toxin B and also can break down the toxin receptor.

In preliminary studies, we looked for functional mechanisms
of B. clausii probiotic strains and demonstrated that B. clausii O/C
releases an antimicrobial substance(s) active against C. difficile
(31). Later, we purified and characterized, from culture superna-
tant, a bacteriocin, the clausin (47), that inhibits C. difficile strains
at potentially useful MICs (0.5 to 1 �g/ml). In the present work,
we looked for other mechanisms that could be involved in the
probiotic’s action against C. difficile and focused our research on
the antitoxic activity of the secreted compounds.

In order to experiment on the potential antitoxic effect of com-
pounds secreted by B. clausii O/C, we verified that the OC-SN,
supplemented with the protease inhibitors or left unsupple-

FIG 3 Effect of B. cereus ATCC 14579 supernatant (Bc-SN) on Vero cell
viability in the presence or absence of B. clausii O/C supernatant (OC-SN).
Different times of coincubation between Bc-SN and OC-SN were tested before
incubation with Vero cells (15 min, 30 min, and 2 h). Bars represent the
percentage of cell attachment (A) or mitochondrial dehydrogenase activity (B)
of cells coincubated with Bc-SN, OC-SN, or Bc-SN/OC-SN with or without
protease inhibitors (PMSF and EDTA). Vero cells were also pretreated with
OC-SN before incubation with Bc-SN (OC-SN/cells – Bc-SN). The percentage
of cell attachment or remaining mitochondrial dehydrogenase activity was
calculated as 100 � (A/Ac), where A is the absorbance of treated cells and Ac is
the absorbance of untreated control cells. Results were the averages � SD from
3 independent assays. *, significant differences from the corresponding control
(P � 0.05); **, significant differences from the corresponding control (P �
0.01); �, significant differences from the Bc-SN condition (P � 0.01).

FIG 4 Effect of B. cereus ATCC 14579 supernatant (Bc-SN) on human red
blood cells in the presence or absence of B. clausii O/C supernatant (OC-SN).
Bars represent the concentration of released hemoglobin when red blood cells
were coincubated with Bc-SN, OC-SN, or Bc-SN/OC-SN with or without pro-
tease inhibitors (PMSF and EDTA). Results are averages � SD from 6 values.
**, significant differences from the corresponding control (P � 0.01).
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mented, was not cytotoxic and then studied its efficacy against the
cytotoxicity of the C. difficile and B. cereus supernatants.

In agreement with the Castagliuolo et al. study on the Saccha-
romyces boulardii protease (25, 26), secreted compounds of O/C
seemed to counteract the cytotoxic effects of C. difficile toxins.
However, in our experiment, pretreatment of Vero cells with
OC-SN before toxin treatment only slightly abolished the C. dif-
ficile cytotoxic effects. Unlike the Saccharomyces boulardii protease
(48), the compounds secreted by strain O/C apparently had only a

partial effect on the cleavage of the C. difficile toxin receptor sites
from the surface of epithelial cells. It may lack a cofactor needed to
enhance the secreted compound action, or the time of pretreat-
ment of Vero cells with the OC-SN, before toxin treatment, may
not have been appropriate.

Intestinal epithelial cells are targets for enterotoxins. The treat-
ment of Caco-2 and Vero cells with Cd-SN damaged cell integrity
and induced cell death. The interaction of enterotoxins with the
intestinal mucosa either leads to a direct effect on the cell mem-
brane or has an effect on signal transduction within eukaryotic
cells (49). After initial binding with the receptor, C. difficile toxins
are internalized and inactivate Rho proteins by glucosylation (50–
52). The inactivation of Rho proteins causes the loss of epithelial
barrier function, since these small GTPases are critical regulators
of tight junction function and are involved in actin polymeriza-
tion (53).

Cd-SN induced a great increase of rhoB expression. Our results
were consistent with previous studies reporting that C. difficile
TcdA induces strong upregulation of rhoB in Caco-2 cells (6, 7).
When Cd-SN was treated with OC-SN, rhoB expression returned
to basal levels. These data indicated that the compounds secreted
by B. clausii could damage C. difficile toxins, thus preventing these
toxins from binding with cell receptors, being internalized, or glu-
cosylating RhoB.

FIG 5 SDS-PAGE of proteins and purified protease secreted by B. clausii O/C.
Lane 1, molecular mass marker proteins (Precision Plus Protein standard;
Bio-Rad, France); lanes 2 and 4, size exclusion chromatography-purified pro-
tease; lane 3, B. clausii O/C spore culture supernatant (crude extract).

TABLE 2 Purification of the 27-kDa protease from B. clausii culture supernatant

Step Total amt of proteins (mg) Total acta (U) Sp act (U · mg of protein�1) Yield (%) Purification (fold)

Culture supernatant 3.80 37.02 9.74 100
Ultrafiltration concentrate 2.85 38.20 13.40 103 1.37
Superdex 75 chromatography 0.175 22.67 129.54 61.2 13.30
a One unit of activity was defined as the amount of enzyme that released 1 �mol of pNA per min at 37°C and pH 8.

FIG 6 Effect of C. difficile VPI 10463 supernatant (Cd-SN) on Vero cells
viability in the presence or absence of B. clausii O/C purified protease (OC-
protease). Bars represent the percentage of cell attachment of cells coincubated
with Cd-SN, OC-protease, or Cd-SN/OC-protease with or without protease
inhibitors (PMSF and EDTA). The percentage of cell attachment was calcu-
lated as 100 � (A/Ac), where A is the absorbance of treated cells and Ac is the
absorbance of untreated control cells. Results were averages � SD from 4
independent assays. **, significant differences from the corresponding control
(P � 0.01); �, significant differences from the Cd-SN condition (P � 0.01).
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In addition, Janvilisri et al. (6) found that genes encoding
ROCK2 (Rho-associated protein kinase 2, which phosphorylates a
large number of important signaling proteins) and ZO-1 (tight-
junction protein) were downregulated during C. difficile infection.
In our experiment, the expression of these genes was not modified,
perhaps because we used a toxic culture supernatant and did not
infect the Caco-2 cells directly with C. difficile.

Interestingly, the same protective effect of O/C supernatant
was observed against the B. cereus supernatant. The hemolytic
activity of the B. cereus strain was also abolished by the com-
pounds secreted by O/C. We noticed the importance of coincu-
bation time between the probiotic supernatant and toxic su-
pernatant to obtain a maximum effect. The action of secreted
compounds increased with time until reaching a plateau. Oth-
erwise, preincubation of Vero cells with the probiotic supernatant
did not protect cells against B. cereus toxins. In fact, Nhe and HBL
enterotoxins are known to form pores in cell membranes. Stenfors
Arnesen et al. concluded that the binding is independent of cell
membrane receptors (15). More recently, Jeßberger et al. specu-
lated on the existence of a specific enterotoxin receptor for Nhe
and probably for HBL, but for now no receptor has been charac-
terized (54).

Since PMSF, a serine protease inhibitor, abolished all antitoxic
effects of B. clausii supernatant observed against both C. difficile
and B. cereus supernatants, we can assume that a serine protease
secreted by the O/C strain is involved in the inactivation of toxins
normally cleaving them. No effect of EDTA, a metalloprotease
inhibitor, was observed.

After identification of a serine protease in the supernatant, we
chose to purify the enzyme to confirm its potential involvement in
the supernatant’s antitoxic activity.

In this paper, we have demonstrated that the strain secretes a
functional protease. This enzyme is a serine protease, the M-pro-
tease, mainly produced during the sporulation phase. The enzyme
hydrolyzes the peptide bonds on the carboxylic side, after a hydro-
phobic amino acid, and requires a minimum chain length of �3
amino acid residues to express its specificity.

Our results showed a specificity similar to that of subtilisin A
produced by Bacillus licheniformis. In addition, Kazan et al. (55)
have already characterized a serine alkaline protease from B.
clausii GMBAE 42 with activity and specificity very close to those
of our protease.

After purification, cytotoxicity experiments on Vero cells were
performed with the two pathogen supernatants using the purified
protease. The same protective effects against toxins were observed
with the purified M-protease. These effects were canceled in the
presence of PMSF.

The presented results demonstrated that the protease secreted
by B. clausii O/C had a strong protective effect against cytological
damages induced by both B. cereus and C. difficile toxic superna-
tants. All of these data tend to prove the important role of the
M-protease in probiotic effects of the O/C strain against toxins.
However, we cannot exclude the possibility that other secreted
compounds could have an action or a synergistic effect with the
protease.

It would be interesting to test the purified protease on other
toxins. While we demonstrated an antitoxic activity of this en-
zyme in vitro, we still have to explore its effect in vivo.

Conclusions. B. clausii O/C supernatant reduces the cytotoxic
effects of C. difficile and B. cereus toxins through the secreted al-
kaline serine M-protease. Moreover, in the past, we demonstrated
that the O/C strain produces an anti-C. difficile substance, the
bacteriocin clausin. All of these secreted compounds together be-
come a strong tool to fight against enterotoxigenic pathogens,
such as C. difficile, and can at least be partially involved in the
clinical effects observed for Enterogermina. Our study opens per-
spectives for the therapeutic benefits of this probiotic in the treat-
ment of C. difficile-associated diarrhea and should encourage fur-
ther in vivo studies.
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