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Abstract

Growing evidences suggest that Saccharomyces boulardii (SB) is efficacious against bacterial infections and inflammatory bowel diseases.
This study investigated the effects of treatment with SB provided in a murine model of typhoid fever. Mice were divided into two groups: (1)
control animals challenged with Salmonella Typhimurium (ST), and (2) animals receiving SB, and then challenged with ST. At days O, 1, 5, 10
and 15 post-challenge, animals were euthanized and tissues collected to analyze bacterial translocation, cytokines, signaling pathways and
histological analysis. Survival rate and animal weight were also evaluated. Treatment with SB increased survival rate and inhibited translocation
of bacteria after ST challenge. Histological data showed that SB also protected mice against liver damage induced by ST. SB decreased levels of
inflammatory cytokines and activation of mitogen-activated protein kinases (p38, JNK and ERK1/2), phospho-IkB, p65-RelA, phospho-jun and
c-fos in the colon, signal pathways involved in the activation of inflammation induced by ST. Further experiments revealed that probiotic effects
were due, at least in part, to the binding of ST to the yeast. Such binding diminishes ST translocation, resulting in decreased activation of
signaling pathways which lead to intestinal inflammation in a murine model of typhoid fever.
© 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Salmonella enterica is a Gram-negative facultative intra-
cellular anaerobe of worldwide importance causing as many as
1.3 billion cases of disease annually. Over 2500 serovars of S.
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enterica have been identified belonging to six subspecies [1].
In humans, ingestion of various Salmonella serovars gives rise
to infection of the small intestine and to gastroenteritis. A
small number of Salmonella serovars can lead to systemic
infection and enteric fever. Typhoid fever in humans, caused
by S. enterica serovar Typhi, is the prototype of such disease.
Without treatment, it poses a threat to human health, and in
developing countries typhoid fever is still an important cause
of morbidity and mortality, especially for children [2]. In
2000, typhoid fever caused an estimated 21.7 million illnesses
and 217,000 deaths [3].
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All Salmonella serotypes share the ability to invade the host
by inducing their own uptake into intestinal epithelial cells. This
uptake is induced by virulence proteins delivered into cytoplasm
of infected cells by a specialized mechanism known as type III
protein secretion system (TTSS) [4]. These proteins activate
signaling pathways involved in cytoskeleton rearrangements
and cellular uptake processes [5]. Besides facilitating the inva-
sion process, the interaction between invading pathogen and
host epithelium also leads to activation of a program of epithelial
gene expression, including of genes with pro-inflammatory
functions [6—9]. Consequently, initial invasion results in
inflammation and production of pro-inflammatory cytokines,
such as IL-8, in response to Salmonella-mediated activation of
mitogen-activated protein kinase (MAPK) cascade and activa-
tion of transcription factors such as AP-1 (activator protein 1)
and NF-kB (nuclear factor kappa B) [10].

In recent years, worldwide interest in the use of functional
foods containing probiotic bacteria for health promotion and
disease prevention has increased significantly. According to the
currently adopted definition by FAO/WHO, probiotics are: “Live
microorganisms which when administered in adequate amounts
confer a health benefit on the host” [11]. Among the best studied
and characterized probiotics are specific strains of the species
Saccharomyces boulardii. S. boulardii is a tropical strain of yeast
first isolated from lychee fruit in 1923 by French scientist Henri
Boulard [12]. Although its taxonomy is a matter of debate, it is
related to, but distinct from, Saccharomyces cerevisiae in several
taxonomic, metabolic, and genetic properties [13,14].

S. boulardii is used worldwide for the prevention and
treatment of a variety of diarrheal diseases and inflammatory
bowel diseases. In the case of infectious diarrhea, admin-
istration of S. boulardii to animals provides protection against
intestinal lesions caused by several diarrheal pathogens [15].
The mechanisms by which S. boulardii exerts its protective
effects include antitoxin effects [16—19], trophic effects on
enterocytes [20—22], anti-inflammatory effects [23,24],
increased immune response [25—27], binding and elimination
of bacterial toxins [28], binding to and elimination of patho-
genic bacteria [29,30], interference on bacterial-induced sig-
naling pathways [30—32], actions on bacterial virulence
factors [33], and interference on bacterial motility [34].

We have previously shown that the preventive treatment
with S. boulardii diminishes mortality of mice challenged with
S. Typhimurium [30,35]. Using an in vitro model we have
investigated some mechanisms involved in this protection due
to the interaction of S. boulardii with S. Typhimurium [30]. In
the present study, we have followed-up such mechanisms
using an in vivo model. We examined the effect(s) of S.
boulardii on infection by S. Typhimurium utilizing a murine
model of infection simulating human typhoid fever.

2. Materials and methods
2.1. Microorganisms and growth conditions

The bacterial strain S. enterica serovar Typhimurium
(ATCC 14028) was kindly provided by Oswaldo Cruz

Foundation (FIOCRUZ), Rio de Janeiro, Brazil. The bacte-
rium was stored at —80 °C in Brain Heart Infusion (BHI)
medium (Difco, Sparks, MD, USA) with 15% glycerol and
grown in BHI broth at 37 °C during 18 h under aerobic con-
ditions without shaking. Cultures of S. boulardii were obtained
by inoculating a commercial lyophilized preparation of the
yeast (Floratil®, MERCK, Rio de Janeiro, Brazil) and growing
overnight at 37 °C, with shaking, in YPD (yeast extract 1%,
peptone 1%, and dextrose 2%) broth. The culture was then
concentrated in the same medium to obtain 9.0 log of colony-
forming units (CFU) ml~". For animal oral administration the
yeast was centrifuged and re-suspended in phosphate buffered
saline (PBS) at the time of inoculation [35].

2.2. Mice and infection procedure

Germ free 21-23 day-old NIH Swiss outbred mice (Taconic,
Germantown, NY, USA) were used in this work. The animals
were housed in flexible plastic isolators (Standard Safety
Equipment Company, McHenry, IL, USA) and handled ac-
cording to established procedures [36]. Experiments with gno-
tobiotic mice were carried out in micro-isolators (UNO
Roestvaststaal B.V., Zevenaar, The Netherlands). Conventional
NIH Swiss outbred mice were derived from the germ free colony
and only used after at least two generations following the con-
ventionalization [37]. Water and commercial autoclavable diet
(Nuvital, PR, Brazil) were sterilized by steam and administered
ad libitum, and animals were maintained in a ventilated animal
caging system (Alesco Ltda., Campinas, SP, Brazil) with con-
trolled lighting (12 h light, 12 h dark). All experimental pro-
cedures were carried out according to the standards set forth by
the Brazilian College for Animal Experimentation [38]. The
study was approved by the Ethics Committee in Animal
Experimentation of the Federal University of Minas Gerais
(CETEA/UEMG, protocol n° 197/2007).

For probiotic treatment, conventional mice received by oral
gavage a daily dose of 0.1 ml containing 9.0 log CFU ml~' 10
days before infection, and treatment was continued during all
the experimental infection [30,35]. For S. Typhimurium
experimental infection (bacterial challenge), mice were ino-
culated intragastrically with 0.1 ml of a bacterial suspension
containing 5.0 log CFU ml™' (based on a LD50 previous
experiment).

2.3. Experimental design

Sixty conventional animals were divided into two groups
(n = 30 in each group): (1) control animals receiving sterile
water and then challenged with S. Typhimurium, and (2)
experimental animals receiving S. boulardii (treated group)
and then challenged with S. Typhimurium. At the days 0, 1, 5,
10 and 15 post-challenge, five animals of each group were
killed by cervical displacement. The liver was aseptically
collected for bacterial translocation. Colons were collected for
ELISA (distal colon) and Western blot (median colon). Colon
(proximal part), ileum and liver were used for histological
analysis.
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For experiments of probiotic-pathogen binding, germ free
mice were used, as previously described [39]. Mice received
a single dose of S. boulardii 10 days before challenge, and
then inoculated intragastrically with 0.1 ml of a bacterial
suspension containing 5.0 log CFU ml~!'. After 1, 3 and 6 h
mice were euthanized and the intestinal epithelium was fixed
and processed for scanning electron microscopy.

2.4. Determination of S. boulardii protective effect

To analyze the protective effect of S. boulardii another
group of conventional animals were divided into four groups
(n = 10 in each group): (1) control 1 group (mice receiving
only sterile PBS by oral gavage), (2) control 2 group (mice
receiving S. boulardii daily by oral gavage), (3) mice chal-
lenged with S. Typhimurium, and (4) mice pre-treated (during
10 days) with S. boulardii and challenged with S. Typhimu-
rium. During 38 days (10 days before challenge and 28 days
post-challenge) mice were analyzed for clinical signs, weight
and mortality induced by S. Typhimurium infection.

To verify the therapeutic effect of S. boulardii another group
of conventional animals were divided into eight groups (n = 10
in each group): (1) mice challenged with S. Typhimurium, (2)
mice pre-treated with S. boulardii and then infected with S.
Typhimurium, (3) mice infected with S. Typhimurium and
treated with S. boulardii at the same day; mice infected with S.
Typhimurium and treated with S. boulardii after 2 (group 4), 4
(group 5), 6 (group 6), 8 (group 7), and 10 (group 8) days of
infection.

2.5. Measurement of bacterial translocation

After sacrifice, liver was aseptically collected, weighed,
and homogenized in sterile PBS (1:10, w/v). Serial decimal
dilutions were prepared and 100 pl aliquots were plated onto
MacConkey agar (Difco). Colonies were counted after incu-
bation at 37 °C for 24 h.

2.6. Cytokines and chemokine determinations

Distal colon (100 mg) was homogenized in 1 ml PBS
(0.4 M NaCl and 10 mM NaPO,) containing anti-proteases
(0.1 mM PMSF, 0.1 mM benzethonium chloride, 10 mM
EDTA, and 20 Kallikrein Inhibitor Units of aprotinin A) and
0.05% Tween 20. The samples were then centrifuged for
10 min at 10,000 rpm, and the supernatant was used imme-
diately for assays, as previously described [39]. The concen-
tration of CXCL-1/KC, IL-6, TNF-a, IFN-y IL-10 and TGF-J,
were measured by ELISA using commercially available anti-
bodies and according to the procedures supplied by the man-
ufacturer (R&D Systems, Minneapolis, MN, USA).

2.7. Cytosolic and nuclear extracts and Western blot
analysis

Nuclear cell extracts were obtained from homogenized in-
testine (median colon), as previously described [40]. Briefly,

30 mg of colon were homogenized in ice-cold hypotonic lyses
buffer (10 mM Tris pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.002%
NaN3, 1 mM PMSEF, 0.1 mM EGTA, 10 uM aprotinin, 20 uM
leupeptina, 0.5 mM DTT, 25 mM NaF) chilled on ice for 15 min
and then addiction of 5% NP-40 for further 5 min. The super-
natant containing the cytosolic fraction was removed and stored
at —80 °C. The nuclear pellet was resuspended in 200 pl of high
salt extraction buffer (20 mM HEPES pH 7.4, 420 mM NaCl,
1.5 mM MgCl,, 0.01% NaNj3, 0.2 mM EDTA, 25% v/v glyc-
erol, | mM PMSEF, 10 pM aprotinin, 20 pM leupeptin, 0.5 mM
DTT) and incubated with shaking at 4 °C for 30 min. The nu-
clear extract was then centrifuged for 15 min at 13,000 rpm and
supernatant was aliquoted and stored at —80 °C [39]. Protein
was quantified using the Bradford assay reagent from Bio-Rad
(Hercules, CA, USA). Nuclear (30 pg) or cytosolic (60 pg)
extracts were separated by electrophoresis on a denaturing 10%
SDS-PAGE and transferred onto nitrocellulose membranes, as
previously described [39]. Membranes were blocked overnight
at 4 °C, and then incubated with anti-p65/RelA antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or with specifics
antibodies: anti-phospho-p38, anti-phospho-ERK1/2, anti-
phospho-JNK, anti-phospho-IkB-a, anti-phospho-jun, anti-
fos, and B-actin (Cell Signaling Technology, Beverly, MA,
USA) according to the procedures supplied by the manu-
facturer. After washing, membranes were incubated with
horseradish ~ peroxidase-conjugated secondary antibody
(1:3000, Cell Signaling Technology). Immunoreactive bands
were visualized by using an enhanced chemiluminescence
detection system, as described by the manufacturer (GE
Healthcare, Piscataway, NJ, USA).

Levels of protein were quantified by densitometry using the
LabImage software (LabImage, Leipzig, Germany). Levels of
cytosolic proteins were normalized to the levels of B-actin in
the same sample and results expressed as Protein/B-actin ratio
in arbitrary units.

2.8. Histological analysis

Tissue samples from small and large intestine and liver
were fixed in buffered 4% formaldehyde and processed for
paraffin embedding. The histopathological sections (3—5 pm)
were stained with hematoxylin-eosin (H&E). The slides were
coded and examined by a single pathologist, who was unaware
of the experimental conditions of each group. The repre-
sentative histopathological aspects of intestines and liver were
documented using a digital camera and the software Image-
Pro (Media Cybernetics, Bethesda, MD, USA).

For morphometric examination of the liver, the images
were obtained by a JVC TK-1270/RGB microcamera and the
KS 300 Software built into a Kontron Elektronick/Carl Zeiss
image analyser (Oberkohen, Germany). The inflammatory foci
were considered as a damage index for hepatic tissue. In-
flammatory focus is defined as an accumulation of inflam-
matory cells in number higher than 10 cells, accompanied by
necrotic alterations of the associated parenchyma. The unit of
focus area measured in all animals is the sum of ten camps
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(10x). The number of granulocytes was counted per 100 in-
flammatory cells at histological sections [41].

2.9. Scanning electron microscopy (SEM)

Tissues were fixed overnight at room temperature with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer pH 7.2. Then, they
were treated with 1% osmium tetroxide solution plus 0.2%
potassium ferrocyanide in the same buffer for 1 h. After dehy-
dration with increasing acetone concentrations (20—100%),
tissues were dried by the critical point device with CO,, as
previously described [42]. The next steps were mounting in
SEM stubs, coating with gold particles in a sputtering and
analyzing in a JEOL 5600 SEM.

2.10. Statistical analysis

The results were expressed as the average of at least two
independent experiments. Results are shown as the
mean + SEM. Differences were evaluated by using the Stu-
dent’s r-test, Analysis of Variance (ANOVA) or Survival Log
Rank test. The test performed for each experiment is indicated
in the figures and the results with P < 0.05 were considered
significant. Statistical analysis were performed using the pro-
grams Sigma Stat (Jandel Scientific Software, version 1.0, San
Rafael, CA, USA) for the survival analysis and GraphPad
Prism v. 5.00 for Windows (GraphPad Software, San Diego,
CA, USA) for the other tests.

3. Results

3.1. Prophylactic administration of S. boulardii inhibited
weight loss and increased survival of mice after S.
Typhimurium challenge

In order to confirm our previous data [30,35], we have
evaluated weight loss and survival after S. Typhimurium
challenge. As seen in Fig. 1A, S. Typhimurium challenge
caused significant weight loss when compared to control an-
imals, especially between 4 and 21 days post infection (d.p.i.).
When S. boulardii was present, it prevented weight loss and
body weight stabilized at the same level of naive mice,
although no statistical differences were observed. Cumulative
survival was also evaluated during this period. As seen in
Fig. 1B, treatment of S. Typhimurium-infected mice with S.
boulardii enhanced survival (70%) in relation to mice not
given the probiotic (40%). Yeast administration alone did not
interfere on mice body weight and mortality (data not shown).

3.2. Administration of S. boulardii inhibits bacterial
translocation and protects mice against intestinal and
liver damage after S. Typhimurium challenge

Histopathological sections of intestine and liver were ana-
lyzed at O, 1, 5, 10 and 15 d.p.i. Significant pathological al-
terations, especially in the liver, were clearly observed at
10 d.pi. At 10 d.p.i., Salmonella-infected mice showed
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Fig. 1. Saccharomyces boulardii prevents mice weight loss (A) and increases
survival of mice (B) after S. Typhimurium challenge. Weight loss (A) and
survival (B) were evaluated at control (non-treated and non-challenged) mice
(6 ), S. Typhimurium-challenged mice (; ) and mice treated with S. boulardii
and then challenged (- ). Statistical test performed: A) two-way ANOVA
followed by Tukey’s test; B) Survival Log Rank test. N = 10 in each group.
*P < 0.05 in relation to control. ST (S. Typhimurium), Sb (S. boulardii).
Arrow indicates the day of challenge.

discrete architectural changes of the colon when compared to
the probiotic group (data not shown), confirming our previous
data [30,35]. In the liver (Fig. 2), infection was associated with
large areas of intense hepatocyte degeneration and necrosis.
There were mono- and polymorphonuclear cells (arrows
Fig. 2) which were present in foci or “palisade”, delimiting
extensive necrotic areas (thicker arrow Fig. 2D). In inflam-
matory foci, there were at least 100 inflammatory cells per foci
(Fig. 2G) and they were also spread over the intralobular
parenchyma.

Overall, liver histopathology of the probiotic-treated group
(Fig. 2E and F) was very similar to the control group (Fig. 2A
and B). There were very rare inflammatory foci (2—3 foci per
liver) (data not shown), with fewer granulocytes per 100 in-
flammatory cells (Fig. 2G). Differently from untreated ani-
mals, leukocytes were all restricted to inflammatory foci in
probiotic-treated animals. Necrotic areas were absent and
there were few cells with degenerative changes (arrow
Fig. 2F).

Bacterial translocation could be observed from 5 d.p.i. and
persisted until day 15 in the liver (Fig. 2H). Treatment with
probiotic prevented bacterial translocation and this was
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Fig. 2. Saccharomyces boulardii inhibits S. Typhimurium translocation to liver in mice. Representative aspects of liver in control (A, B), ST (C, D) and Sb + ST (E,
F) groups, (G) show the number of granulocytes counted per 100 inflammatory cells at histological sections, and (H) shows the number of bacteria, in CFU, per
gram of liver tissue. Arrows indicate mono- and polymorphonuclear cells which were present in foci or “palisade”, delimiting extensive necrotic areas (thicker
arrow in D) and degenerative changes (in F). ST (S. Typhimurium), Sb (S. boulardii), DL (detection limit). In (H) each dot represents the result of one single
animal. Broken line represents the detection limit. H & E staining. Statistical test performed: G) Student’s t-test; H) two-way ANOVA followed by Tukey’s test.

*#P < 0.05 in relation to control.

associated with overall amelioration of liver damage in these
animals. It is clear, therefore, that S. boulardii has a protective
effect in this murine model of typhoid fever, preventing Sal-
monella translocation.

3.3. Administration of S. boulardii decreases
inflammatory cytokines in mice after S. Typhimurium
challenge

The interaction between S. Typhimurium and host epi-
thelium leads to activation of a program of epithelial gene
expression, such as those with pro- and inflammatory func-
tions, as chemokines and cytokines with inflammatory prop-
erties. We next examined the ability of S. boulardii to reduce
or prevent key inflammatory responses associated to S.
Typhimurium infection in the colon. In Fig. 3, data obtained at
day O for ST and Sb + ST groups were used as basal control
values for each cytokines (not-treated and not-infected mice).
As shown in Fig. 3A higher levels of KC (the mouse ortholog
of GRO-a)) were found at 10th d.p.i. When S. boulardii was
present, KC levels were similar to uninfected mice. Similar
results were observed for IL-6 (Fig. 3B), and TNF-a (Fig. 3C),

i.e., infection resulted in enhanced cytokine production which
was decreased in the presence of probiotic. No difference was
observed in the levels of IFN-vy at the 10th d.p.i. (Fig. 3D). In
contrast, evaluation of the levels of cytokines with major anti-
inflammatory activity (TGF-B and IL-10, Fig. 3E and F,
respectively), showed that presence of S. boulardii did not
decrease cytokine levels and actually had an increase in the
early stage of the infection reinforcing the anti-inflammatory
effects of S. boulardii treatment.

By day 15 p.i. we observed that all inflammatory cytokines
returned to its baseline level in mice challenged with Salmo-
nella (Fig. 3A—D). This could be explained by the fact that at
15 d.p.i., all the mice that got sick have already died and the
remaining animals that survived the infection probably came
back to a normal immune status (the critical time of infection
is between days 10—15). In the case of the mice treated with
the yeast, this was not observed for some of the cytokines. By
day 15 p.i., some inflammatory cytokines are higher, but less
than in Salmonella group at day 10 (Fig. 3A—D), and such
results suggest that the yeast treatment not only retarded some
symptoms of the disease, but also induced a less severe dis-
ease, diminishing mortality (Fig. 1B) and morbidity (Fig. 1A).
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Fig. 3. Effects of S. boulardii on KC (A), IL-6 (B), TNF-a. (C), IFN-y (D), TGF-B (E) and IL-10 (F) levels after S. Typhimurium infection in colon tissue. Notice
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ELISA. Data obtained at day O for ST and Sb + ST groups were used as basal control values for each cytokines (not-treated and not-infected mice). The statistical
test performed was one-way ANOVA followed by Student-Newman—Keuls post-hoc analysis. N = 5 in each point. *P < 0.05, **P < 0.01, and ***P < 0.001. KC
(A) was statistically significant between ST day 10 and all the other groups. ST (S. Typhimurium), Sb (S. boulardii).

3.4. Administration of S. boulardii inhibits inflammatory
signal transduction pathways in mice after S.
Typhimurium challenge

We investigated the effect of the yeast on different signal-
ing pathways involved in pro- and inflammatory cytokines
production. For this purpose, mice were infected with S§.
Typhimurium in the presence, or not, of S. boulardii, and

MAPKs (p38, INK and ERK1/2) (Fig. 4A), p65-RelA and
phospho-IkB (Fig. 4B), and phospho-jun and c-fos (Fig. 4C)
were analyzed at 0, 1, 5, 10 and 15 d.p.i. in the colon. As it can
be observed in Fig. 4, infection with S. Typhimurium was
associated with activation of all MAPKs (Fig. 4A), trans-
location of p65 to the nucleus and phosphorylation of IkB
(Fig. 4B), and the two main subunits of AP-1 transcription
factor (phospho-jun and c-fos) (Fig. 4C). In the presence of S.
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Fig. 4. Effects of S. boulardii on S. Typhimurium-induced p38, JNK and
ERK1/2 MAPKs activation (A), NF-kB (p65/RelA and phospho-IkB) activa-
tion (B), and AP-1 (phospho-jun and c-fos) activation (C) in colon tissue.
Samples were resolved by SDS-PAGE and analyzed by immunoblotting with
specific antibodies in total or nuclear extracts. Western blottings shown rep-
resent 1 of 5 independent animals. Control (not-treated and not-infected mice)
is represented by ST day O, and Sb-treated group (not challenged mice) is
represented by Sb + ST day 0. Densitometric analysis was performed by using
LabImage software. ST (S. Typhimurium), Sb (S. boulardii).

boulardii, activation of JNK was abolished, and p38 and
ERK1/2 were decreased (Fig. 4A). The yeast also decreased
phosphorylation of IkB and completely inhibited the trans-
location of p65 to the nucleus (Fig. 4B), and also decreased
activation of AP-1 (through phospho-jun and c-fos analysis)
(Fig. 4C).

In Fig. 4A and B S. boulardii seems to increase phospho-
p38 and phospho-ERK1/2 and p65-RelA and phospho-IkB
signaling pathways at the beginning of the experiments. This
effect could be due to the yeast itself since glucan components
(Zymozan) present in the yeast wall may have a pro-
inflammatory effect [43].

3.5. Binding of Salmonella to S. boulardii cells in vivo

To investigate in vivo if the binding of S. Typhimurium to S.
boulardii cells instead of to intestinal epithelial cells could be
one of the mechanisms explaining how the yeast inhibited
Salmonella translocation and the associated inflammatory
response, we used a gnotobiotic model (germ free mice only
associated with the two microorganisms of interest). This
simplified animal model allows the visualization of a possible
bacterium—yeast interaction without the interference of the
very complex indigenous microbiota. Fig. 5 depicts the in-
teractions between yeast, bacteria and tissues. In monoxenic
mice (Salmonella associated animals), bacteria are randomly

distributed in close contact with the cecal epithelium (Fig. 5SA
and B). In dixenic mice (Saccharomyces/Salmonella asso-
ciated animals), bacterial cells were found adhered more fre-
quently to the yeast than to the epithelium cells (Fig. SC—F),
suggesting that this phenomenon may lead to a decreasing in
bacteria translocation and inflammation.

3.6. Therapeutic administration of S. boulardii reduced
mortality of mice challenged with S. Typhimurium

Because in the experiments describe so far, S. boulardii was
given in a preventive manner, we investigated whether thera-
peutic administration of the yeast would also benefit Salmo-
nella-infected mice. To this end, the yeast was given 10 days
before, when Salmonella was inoculated (day 0) or treatment
was started at days 2, 4, 6, 8, and 10 after inoculation. As seen
in Fig. 6, Salmonella infection induced a lethality rate of 60%
in untreated mice and this was greatly decreased by preventive
treatment with the probiotic (approximately 30% lethality
rate). Similar protection was also observed when the yeast was
given to animals from day 0 (25% lethality) or from days 2—6
(35% lethality). Thereafter, protection was not marked (day 8,
45% and day 10, 55% lethality) (Fig. 6).

4. Discussion

In humans, Salmonella is believed to cause over one billion
infections annually, with consequences ranging from self-
limiting gastroenteritis to typhoid fever. In contrast to the se-
vere outcome of disease in humans, S. Typhi is avirulent in
most animals, including mice. However, the disease associated
with S. Typhimurium infection of mice closely resembles that
of S. Typhi in humans [44]. S. Typhimurium infection in mice
is therefore widely accepted as an experimental model for
typhoid fever in humans. A wide range of antibiotics are used
to treat human salmonellosis [45]. However, genetic mutations
and selective pressure have pushed Salmonella spp., as well as
other bacteria, to become resistant or multi-resistant to anti-
biotics [3,46,47]. Development of alternative processes for the
treatment and prevention of gastrointestinal disorders, such as
probiotics, has become an attractive option.

The acute inflammatory response that ensues Salmonella
invasion and production of inflammatory molecules causes
diarrhea and may lead to ulceration and destruction of the
mucosa [48]. The bacteria can then disseminate from the in-
testine to cause liver injury and systemic disease [49]. Here,
we showed that Salmonella infection activates relevant intra-
cellular signaling pathways associated with inflammatory cy-
tokines production. Activation of these pathways is associated
with local production of pro-inflammatory chemokines and
cytokines, including CXCL1/KC and TNF-a [1,50]. There is
consequent inflammation, ulceration and translocation of the
bacteria, with consequent systemic inflammation and injury to
various organs, including the liver. Preventive treatment with
S. boulardii greatly decreased activation of inflammation-
associated signaling pathways and the inflammatory
response and injury in the gut. This was accompanied by
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Fig. 5. Scanning electron microscopy showing S. Typhimurium adhesion on S. boulardii cells in tissue (cecum) of mice. (A—B) S. Typhimurium infected-mice,
(C—F) mice previously treated with S. boulardii and then infected with S. Typhimurium. Magnification is shown in each figure.
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Fig. 6. Efficacy of S. boulardii on S. Typhimurium-induced mortality in mice
treated after pathogen challenge. White row shows S. Typhimurium-infected
mice; gray row represents mice pre-treated (during 10 days) with S. bou-
lardii and then infected with S. Typhimurium; and black rows shows mice
infected with S. Typhimurium and treated with S. boulardii after 0, 2, 4, 6, 8
and 10 days of infection. Each row indicates an average of 2 independent
experiments (n = 10 in each group) after 28 days of infection. Statistical test
performed: one-way ANOVA followed by Tukey’s test. *P < 0.05 in relation
to ST group. ST (S. Typhimurium), Sb (S. boulardii).

decreased bacterial translocation, decreased systemic inflam-
mation, decreased liver injury and lethality. Importantly, pro-
tective effects of S. boulardii were also observed when the
yeast was given 6 days after infection with Salmonella.
Altogether, these results confirm the protective effects of S.
boulardii in the context of Salmonella infection.

The effects observed were not associated with bacteria
antagonism, since the number of Salmonella in the feces
remained the same in the presence — or not — of the yeast
(data not shown). In an attempt to define how S. boulardii
could protect mice from Salmonella infection, we evaluated
whether the yeast could interact with bacteria and, hence,
decrease the number of bacteria free to invade and activate
epithelial cells. Experiments were conducted in germ free
mice to facilitate the study of the direct interaction between
the yeast and Salmonella. It was clear from these experiments
that bacteria associated more frequently with S. boulardii than
with epithelial cells when the yeast was present. This is in
agreement with our previous in vitro studies, where it was
demonstrated that S. boulardii inhibited Salmonella invasion
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in T84 cells via binding of bacteria to yeast cells and
decreasing of Racl pathway [30]. Some authors have already
demonstrated in vitro that bacteria expressing type 1 fimbria,
such as Salmonella and Escherichia coli, are able to bind to S.
boulardii and some strains of S. cerevisiae through mannose
residues [29,30,51,52]. To our knowledge, this is the first study
to show that Salmonella bind to S. boulardii in an in vivo
model, and the results suggest that such binding decreases the
number of bacteria associated to the epithelium and, con-
sequently, translocation and decrease of inflammation and
signaling pathways involved in inflammatory response.
Despite the binding of Salmonella to S. boulardii in conven-
tional mice was not demonstrated, we can speculate that the
capacity of Salmonella to bind to S. boulardii and prevent
activation of epithelial cells may explain how this yeast pre-
vents disease and death in this murine model of typhoid fever.

The major findings of this study can be summarized as
follows: first, infection of mice with Salmonella induced sig-
nificant clinical manifestations, tissue damage, and lethality.
These manifestations are well known and described during
experimental infection of murine models with S. Typhimurium
and enteroinvasive E. coli, and are the results of inflammation
in the gut and liver of animals induced by the pathogenic
bacteria through inflammation-associated signaling pathways.
Second, preventive treatment with S. boulardii greatly
decreased activation of signaling pathways with consequent
reduction of inflammation, clinical manifestations, tissue
damage and death. Third, bacteria-yeast binding could be
responsible for a diminished number of free bacteria able to
bind to epithelial cells what could be, in turn, decrease acti-
vation of pro-inflammatory signaling pathways in vivo in the
gut. This alternative adhesion of pathogenic bacteria onto the
surface of probiotics instead onto their intestinal receptors
could explain part of the probiotic effect. Importantly, S.
boulardii was effective to diminish death even when given 6
days after infection with Salmonella.

In conclusion, our study clearly shows that preventive or
therapeutic treatment with S. boulardii decreases disease and
death caused by challenge with S. Typhimurium. Our study
suggests that S. boulardii may be useful as adjuvant in patients
with typhoid fever even when started after the onset of disease,
a possibility that should be tested in well controlled clinical
trials in humans.
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