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Abstract

Saccharomyces boulardii is a probiotic strain that confers many benefits to human

enterocolopathies and is used against a number of enteric pathogens. Candida

albicans is an opportunistic pathogen that causes intestinal infections in immuno-

compromised patients, and after translocation into the bloodstream, is responsible

for serious systemic candidiasis. In this study, we investigated the influence of

S. boulardii cells and its culture extract on C. albicans adhesion to Caco-2 and

Intestin 407 cell lines. We also tested the proinflammatory IL-1b, IL-6 and IL-8

cytokine expression by C. albicans-infected Caco-2 cells, using real-time RT-PCR.

We found that both S. boulardii and its extract significantly inhibited C. albicans

adhesion to epithelial cell lines. The IL-8 gene expression by C. albicans-infected

Caco-2 cells was suppressed by the addition of S. boulardii extract. Our results

indicate that S. boulardii affects C. albicans adhesion and reduces cytokine-

mediated inflammatory host response.

Introduction

The natural microbiota and the surface of the intestinal

mucosa interact with each other and act as a barrier to

prevent colonization of the intestine surface by pathogenic

microorganisms. Pathogen infections induce the secretion

of many cytokines by epithelial cells, including tumor

necrosis factor-a (TNF-a), interferon-g (IFN-g), interleu-

kin-1b (IL-1b), IL-4, IL-6 and IL-8 (Kagnoff & Eckmann,

1997; Xing et al., 1998; Apte & Voronov, 2002).

Candida albicans is the most common opportunistic

fungal pathogen isolated from the human body. It possesses

many virulence factors such as adhesion, biofilm formation

and morphological transformation. The first and necessary

step in infection is adherence. Candida albicans is capable of

adhering to buccal, vaginal and intestinal epithelial cells as

well as catheters, dental implants or artificial joints (Kojic &

Darouiche, 2004; Southern et al., 2008). Adhesion of

C. albicans subsequently leads to biofilm formation. In this

state, fungal cells remain resistant to antifungal agents

and mechanisms of host immune defense (Mukherjee &

Chandra, 2004). As a polymorphic organism, C. albicans has

the ability to switch between yeast, pseudohyphae and

hyphae forms and this conversion is correlated with its

virulence. Candida albicans strains in the yeast form are

less virulent and more sensitive to macrophage activity

(Lo et al., 1997; Marcil et al., 2002).

Saccharomyces boulardii (Biocodex, France) is a non-

pathogenic, thermophilic yeast, used as a probiotic strain in

the prevention or the treatment of intestinal diseases, mainly

diarrheas (Surawicz et al., 1989; Saint-Marc et al., 1991;

McFarland et al., 1994; Bleichner et al., 1997). It also has a

positive effect on the maintenance of epithelial barrier

integrity during bacterial infection (Czerucka et al., 2000).

Several studies have shown that S. boulardii affects the

immune response of host cells and stimulates the secretion

of secretory immunoglobulin A (Czerucka et al., 2000;

Qamar et al., 2001; Buts & de Keyser, 2006; Sougioultzis

et al., 2006; Swidsinski et al., 2008).

In a mouse model of colitis, S. boulardii was shown to

decrease inflammation and C. albicans colonization of the

intestine (Jawhara & Poulain, 2007). Saccharomyces boular-

dii is also able to reduce the translocation of C. albicans from

the intestinal tract to the mesenteric lymph nodes and some
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organs (Berg et al., 1993). Our previous results showed that

both the presence of S. boulardii cells and the extract from its

spent medium reduced C. albicans filamentation and adhe-

sion to plastic surfaces in vitro (Krasowska et al., 2009).

In the present study, we show that S. boulardii cells and

compounds secreted by this fungal strain could reduce

C. albicans adhesion to two human intestinal cell lines:

Intestin 407 and Caco-2. We also describe the proinflamma-

tory cytokine mRNA levels in Caco-2 cells in response to

C. albicans infection treated with S. boulardii extract, in the

presence of butyric acid. Butyric acid was previously shown

to contribute to the recognition of yeast cells by Caco-2,

leading to an enhanced response of the cell line to the

presence of pathogen (Saegusa et al., 2004).

Materials and methods

Strains and growth conditions

Candida albicans strain SC5314 (Gillum et al., 1984) was

kindly provided by Prof. Gerald R. Fink. The S. boulardii

strain supplied by Biocodex is the strain used in Ultra-

Levures. Candida albicans and S. boulardii were cultured in

YNB medium at 28 1C for 18 h. Cells were collected by

centrifugation (1800 g, 10 min), washed in phosphate-buf-

fered saline (PBS) and resuspended in a standard culture

medium. For tests both yeasts at OD = 1 (MacFarland scale),

corresponding to 2� 106 CFU mL�1, were used.

Preparation of S. boulardii extract

Saccharomyces boulardii extract was prepared from a culture

filtrate as described previously (Krasowska et al., 2009).

Dilutions of the stock solution were then used in the assays,

to yield a final concentration of 192 mg mL�1, 384 mg mL�1 of

extract in samples. The concentration of methanol in a

sample was never 4 0.8% and it had no visible effect on

the cell lines. The extract was assayed in a susceptibility test

according to the M27-A2 method of NCCLS (National

Committee for Clinical Laboratory Standards, 2002). None

of the tested concentrations influenced C. albicans growth.

Cell line culture conditions

Caco-2 and Intestin 407 cells were obtained from the Polish

Academy of Science Culture Collection (Wrocław). Both lines

were cultivated at 37 1C in 5% CO2 in MEM1GlutaMAXTM-I

containing Earle’s and 25 mM HEPES (Gibco) and 1%

antibiotic/antimycotic solution (Gibco) supplemented with

heat-inactivated fetal bovine serum (FBS, Gibco) at a final

concentration of 20% for Caco-2 and 10% for Intestin 407. To

obtain a fully confluent and enterocyte-like morphology in the

case of the Caco-2 monolayer, Caco-2 and Intestin 407 cells

were grown for 21 and 2–3 days, respectively.

Adhesion of C. albicans to Intestin 407 and
Caco-2 cell lines

For the adhesion experiment, Caco-2 and Intestin 407 cells

were seeded onto 96-well tissue microplates (Nunc) at a

density of 2.0–2.5� 104 cells per well at a final volume of

100 mL. Cells were grown to �85–95% confluence with

media refreshment every 2nd day. Subsequent, cells were

washed to rinse out antibiotics and resuspended in the same

medium supplemented with 2% FBS without antibiotics.

Subsequent experiments were set up with the addition of:

(1) C. albicans, (2) C. albicans with various concentrations

of S. boulardii extract, and (3) C. albicans and S. boulardii at

ratios of 1 : 1 (corresponding to 2� 106 CFU mL�1 for both

strains) and 1 : 10 (corresponding to 2� 106 and

2� 107 CFU mL�1 for C. albicans and S. boulardii, respec-

tively). Control with S. boulardii extract contained 0.8%

methanol. The adhesion test was carried out for 3 h at 37 1C.

After incubation, the wells were gently washed with PBS and

cells were fixed with 4% p-formaldehyde. For a quantitative

assessment of binding, cells were stained with 0.5% crystal

violet (Freshney, 2002; Noverr & Huffnagle, 2004). The

OD595 nm was read in a spectrophotometer (Asys UVM 340,

Biogenet). Results are expressed as the percent of C. albicans

adhesion inhibition with respect to 100% adhesion of C.

albicans to the relevant cell line in the control well. Experi-

ments were repeated eight times, with six repetitions in each.

For microscopic analysis, plates stained with 0.5% crystal

violet were observed under the inverted microscope CKX41

(Olympus) using � 40 objective and photographed using an

ARTCAM-300MI camera.

Analysis of cytokine gene expression by real-
time RT-PCR

For assessment of the cytokine mRNA response of Caco-2

line, cells were typically cultured in 6 mL standard medium

supplemented with 10 mM butyric acid in 40-mL flasks

(Nunc), as described previously (Saegusa et al., 2004). Next,

the cells were washed to rinse out antibiotics and the

following 7-h experiments were set up: (1) pure Caco-2, (2)

Caco-2 with C. albicans, (3) Caco-2 with C. albicans and

192 mg mL�1 S. boulardii extract, and (4) Caco-2 with

192 mg mL�1 S. boulardii extract. Total RNA was isolated

from confluent layers of cells from each experiment using

the Total RNA Mini isolation kit (A&A Biotechnology,

Poland) following the manufacturer’s instructions. RNA

was digested with DNAse I (Fermentas) and cDNA synthesis

was performed using the High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems) following the man-

ufacturer’s instructions. Primers for real-time PCR were

designed using LIGHT CYCLER PROBE DESIGN software 2.0 (Table

1). The GAPDH gene was used as an endogenous control.

The analysis of the relative concentration of each transcript
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was carried out with RealTime 2�PCR Master Mix SYBR B

(A&A Biotechnology) using LIGHT CYCLER 2.0 (Roche). Each

PCR protocol consisted of a primary denaturation step at

95 1C for 20 s, followed by 35 cycles of denaturation at 95 1C

for 20 s, annealing at 63 1C (for GAPDH and IL-8), 60 1C

(for IL-6) and 57 1C (for IL-1b) for 20 s, and extension at

72 1C for 15 s. Melting curve analyses were performed at the

end of each run, and the efficiency of the amplification was

verified with standard curves for every gene. Results were

analyzed using LIGHTCYCLER software 4.0. Each assay was

repeated three times for separately isolated RNA.

Statistical analysis

Statistical analysis was performed using the one-way ANOVA

and paired Student’s t-test, with Bonferroni correction.

P values o 0.05 were considered significant. �0.01oP

o 0.05, ��0.001oPo 0.01 and ���Po 0.001.

Results

Effect of S. boulardii cells and S. boulardii extract
on C. albicans adhesion to Caco-2 and Intestin
407 cell lines

We have previously shown that the addition of S. boulardii

cells and extract inhibits C. albicans adhesion to plastic

surfaces (Krasowska et al., 2009). In the present study, we

wanted to determine whether the presence of S. boulardii

cells affects C. albicans adhesion to Caco-2 and Intestin 407.

The adhesion was measured as the difference in the crystal

violet absorption of both cell lines incubated alone, with

C. albicans only and with a mixture of C. albicans and

S. boulardii. We observed greater crystal violet absorption

for cell lines incubated with C. albicans as compared with

both noninfected cell lines. This indicates that C. albicans

adhered to the surface of Intestin 407 and Caco-2. Addition

of S. boulardii cells did not lead to an increase of the

absorption (for Intestin 407 and Caco-2 cell lines only

OD = 0.70� 0.05 and 1.33� 0.21, respectively, and for lines

treated with S. boulardii cells OD = 0.63� 0.07 and

1.26� 0.12, respectively), suggesting that this strain does

not adhere to tested cells. Equal number of S. boulardii cells

did not cause a marked reduction in C. albicans adhesion to

both cell lines. However, in the case of the 10-fold higher

number of S. boulardii, we observed a significant 70%

reduction of candidal adhesion to Intestin 407 (P = 0.0001)

and 50% to Caco-2 (P = 0.01) (Fig. 1, bar B).

We next studied the effect of S. boulardii extract on the

adhesion of C. albicans to Caco-2 and Intestin 407. First, we

determined that S. boulardii extract (or S. boulardii cells) did

not have any visible effect on the morphology of the cell

lines studied. We also found that the extract did not inhibit

C. albicans growth, even at the highest concentration,

384 mg mL�1 (data not shown). After treatment with

S. boulardii extract at a concentration of 192 mg mL�1, we

observed the inhibition of C. albicans adhesion from 40% to

50% depending on the cell line (Fig. 1, bar C, both panels).

A higher concentration of extract 384 mg mL�1 caused a

reduction of candidal adhesion comparable to those

Table 1. Sequence of the primers used in this study

Forward primers Reverse primers

GAPDH TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA

IL-1b ACGAATCTCCGACCACCACTAC TCCATGGCCACAACAACTGACG

IL-6 CACTCACCTCTTCAGAACGA CTGTTCTGGAGGTACTCTAGG

IL-8 TGGCTCTCTTGGCAGCCTTC TGCACCCAGTTTTCCTTGGG

Fig. 1. Inhibition of Candida albicans adhesion to Intestin 407 (left panel) and Caco-2 (right panel) cell lines. (A) Control sample, where only C. albicans

cells or C. albicans cells with 0.8% methanol (for the extract samples) are present, (B) C. albicans and Saccharomyces boulardii cells in the proportion

1 : 10 (corresponding to 2� 106 CFU mL�1 and 2�107 CFU mL�1 for C. albicans and S. boulardii, respectively), (C) C. albicans1192 mg mL�1 of S.

boulardii extract, (D) C. albicans1384mg mL�1 of S. boulardii extract. The values represent the mean measurements of the crystal violet absorptions and

SDs. Statistical analysis was performed with respect to C. albicans control (A) using one-way ANOVA (P = 0.000001 for Intestin 407 and P = 0.000003 for

Caco-2) and a paired Student t-test, where �Po 0.05, ��0.014 P4 0.001, ���Po 0.001.
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observed for the concentration of 192 mg mL�1 (Fig. 1, bar D,

both panels). Interestingly, however, we observed greater

changes in the morphology of C. albicans cells in samples

with 384 mg mL�1 of extract.

Photographs illustrating fungal morphology and the

inhibition of C. albicans adhesion to cell lines are presented

in Fig. 2. Some C. albicans cells treated with 192 mg mL�1

extract possess short filaments and some are in yeast or

pseudohyphae form, while almost all C. albicans cells in the

control samples grow as long true hyphae. This effect is

much stronger for the highest concentration of extract,

384mg mL�1 especially for C. albicans incubated with Caco-

2. This can have an additional effect on the interactions

between cell lines and C. albicans, as shown previously that

inhibiting filamentation can reduce its virulence (Lo et al.,

1997; Saville et al., 2003).

Effect of S. boulardii extract on the cytokine
mRNAs level of C. albicans-infected Caco-2 cells

We subsequently examined the effect of S. boulardii extract

on the proinflammatory cytokine expression, IL-1b, IL-6

and IL-8, by Caco-2 cells incubated with C. albicans. The

presence of C. albicans cells caused an approximately four-

fold increase in the transcripts’ level of both IL-8 (Fig. 3, bar

B, left panel) and IL-1b (Fig. 3, bar B, right panel), while

there was no significant change for IL-6 (data not shown).

Addition of S. boulardii extract caused a significant

Fig. 2. Effect of Saccharomyces boulardii extract on Candida albicans adhesion to cell lines. Arrows indicate the yeast form of C. albicans cells. Scale

bar = 50 mm.
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(P = 0.005) reduction in the IL-8 transcript levels (Fig. 3, bar

C, left panel), but not IL-1b (Fig. 3, bar C, right panel).

Saccharomyces boulardii extract alone increases both cyto-

kine transcripts level slightly above the basal values observed

in the controls. However, their relative expression levels were

still significantly lower (Fig. 3, bar D) than those observed for

Caco-2 cells treated with C. albicans (Fig. 3, bar B).

Thus, our study demonstrated that S. boulardii extract

not only inhibits C. albicans adhesion but also reduces the

proinflammatory cytokine IL-8 expression by Caco-2 ex-

posed to this pathogen.

Discussion

In our study, aiming to examine the effect of S. boulardii on

C. albicans adhesion to epithelial cells, we tested two human

intestinal cell lines: Caco-2 and Intestin 407.

We have shown that the addition of S. boulardii cells

significantly suppressed C. albicans adhesion to both cell

lines (Fig. 1). Our results fit well with those for chemically

induced colitis in mice (Jawhara & Poulain, 2007), where

authors showed that oral administration of S. boulardii cells

caused a decrease in intestinal colonization by C. albicans.

Our study showed that not only S. boulardii cells but also

its extract inhibit C. albicans adhesion to both cell lines. This

suggests that the observed effect is not due to the physical

occupation of the free adherence space by S. boulardii, but

that it secretes unknown factor/s that interfere with the

pathogen adhesion. The inhibitory effect of extract was also

not due to the killing of C. albicans cells as the susceptibility

test did not show any inhibition of candidal growth (data

not shown).

Several previous studies showed that C. albicans cells in

hyphae form attach more strongly and in a higher number

to epithelial cells than yeast and pseudohyphae forms

(Kimura & Pearsall, 1978; Villar et al., 2004). After treatment

with S. boulardii extract, we observed reduced adhesion of C.

albicans, which correlated with the fact that many C.

albicans cells existed in the pseudohyphae and yeast forms.

Thus, S. boulardii extract inhibits C. albicans hyphae forma-

tion and this probably constitutes one of the mechanisms by

which it suppresses the adhesion of C. albicans to Intestin

407 and Caco-2 cells.

We also sought to determine the potential anti-inflam-

matory action of S. boulardii secreted compounds in vitro,

and so we studied their influence on selected proinflamma-

tory cytokine gene expression by C. albicans-infected Caco-

2. Ten millimolars of butyric acid enhances epithelial cell

response to various microorganisms (Saegusa et al., 2004,

2007). We observed an elevated expression of IL-8 and IL-1b
in Caco-2 cells cocultured with C. albicans (Fig. 3, bar B),

indicating that induction of these cytokines was a direct

effect of exposure to pathogen. IL-8 gene expression elicited

by infection with C. albicans was significantly suppressed by

the addition of S. boulardii extract, suggesting its anti-

inflammatory properties.

It was determined that in vitro IL-8 synthesis is induced in

the presence of viable C. albicans with the capacity for

hyphae formation (Egusa et al., 2006). In the present study,

we demonstrated that S. boulardii extract inhibited not only

adhesion but also hyphae formation of C. albicans growing

on a layer of Caco-2 cells. Considering both observations, we

suggest that the S. boulardii extract-dependent decrease in

IL-8 gene expression is related to the lesser attachment of

C. albicans to Caco-2, as well as inhibition of C. albicans

filamentation.

Although C. albicans considerably increases IL-1b gene

expression in the Caco-2 cell line, this effect was not

abrogated in the presence of S. boulardii extract. Other

authors demonstrated that the chemically induced (by the

trinitrobenzene sulfonic acid) expression of the proinflam-

matory gene for IL-1b was significantly suppressed by

S. boulardii cells (Lee et al., 2008), but in this study,

S. boulardii whole cells, but not its culture extract, were

used. The exact mechanism of the anti-inflammatory activ-

ity of S. boulardii extract is not clear. However, in light of

Fig. 3. Relative expression of IL-8 (left panel)

and IL-1b (right panel) in Caco-2 cells.

(A) Control – only Caco-2 cells, (B) Candida

albicans-infected Caco-2 cells,

(C) C. albicans-infected Caco-2 cells treated with

the 192mg mL�1 of Saccharomyces boulardii

extract and (D) Caco-2 cells treated with the

192 mg mL�1 of S. boulardii extract. The values

represent mean� SD from three experiments.

Statistical analysis was performed using

one-way ANOVA (P = 0.0000001 for IL-8 and IL-1

b) and a paired Student t-test, where
�Po 0.05, ��0.014 P4 0.001, ���Po 0.001.
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these results, it is tempting to speculate that the leading

mechanism involves the modulation of neutrophils’ re-

sponse. IL-8 influenced only chemotaxis and the activation

of neutrophils, while the spectrum of IL-1b activity is wide

and includes the activation of T helper, NK cells and

macrophages, maturation and proliferation of B cells.

Slight stimulation of IL-1b and IL-8 expression in Caco-2

cells by S. boulardii extract may not indicate an inflamma-

tory reaction, but rather the stimulation of the host defense.

Induction of IL-8 expression by nonpathogenic microor-

ganisms such as Saccharomyces cerevisiae (Saegusa et al.,

2004, 2007) or Escherichia coli Nissle 1917 (Lammers et al.,

2002) was shown previously, and is believed to be beneficial

for the normal state of the host immune system preparing

for pathogen infection.

Further studies are needed to fully understand the me-

chanism of S. boulardii action against C. albicans hyphae

formation and adhesion to intestinal cell lines. We are now

determining the chemical structure of active molecule/s

secreted by S. boulardii, which will allow further elucidation

of the mechanism of its biological activity.
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