
The Journal of Nutrition

Nutritional Immunology

Galacto-oligosaccharides Protect the Intestinal
Barrier by Maintaining the Tight Junction
Network and Modulating the Inflammatory
Responses after a Challenge with theMycotoxin
Deoxynivalenol in Human Caco-2 Cell
Monolayers and B6C3F1 Mice1–3

Peyman Akbari,4,5 Saskia Braber,4* Arash Alizadeh,4,5 Kim AT Verheijden,5 Margriet HC Schoterman,6

Aletta D Kraneveld,5 Johan Garssen,5,7 and Johanna Fink-Gremmels4

Divisions of 4Veterinary Pharmacy, Pharmacology, and Toxicology, and 5Pharmacology, Utrecht Institute for Pharmaceutical Sciences,

Faculty of Science, Utrecht University, Utrecht, The Netherlands; 6FrieslandCampina, Amersfoort, The Netherlands; and 7Nutricia

Research, Utrecht, The Netherlands

Abstract

Background: The integrity of the epithelial layer in the gastrointestinal tract protects organisms from exposure to luminal

antigens, which are considered the primary cause of chronic intestinal inflammation and allergic responses. The common

wheat-associated fungal toxin deoxynivalenol acts as a specific disruptor of the intestinal tight junction network and hence

might contribute to the pathogenesis of inflammatory bowel diseases.

Objective: The aim of the current study was to assess whether defined galacto-oligosaccharides (GOSs) can prevent

deoxynivalenol-induced epithelial dysfunction.

Methods: Human epithelial intestinal Caco-2 cells, pretreated with different concentrations of GOSs (0.5%, 1%, and 2%)

for 24 h, were stimulated with 4.2-mM deoxynivalenol (24 h), and 6/7-wk-old male B6C3F1 mice were fed a diet

supplemented with 1% GOSs for 2 wk before being orally exposed to deoxynivalenol (25 mg/kg body weight, 6 h). Barrier

integrity was determined by measuring transepithelial electrical resistance (TEER) and intestinal permeability to marker

molecules. A calcium switch assay was conducted to study the assembly of epithelial tight junction proteins. Alterations in

tight junction and cytokine expression were assessed by quantitative reverse transcriptase-polymerase chain reaction,

Western blot analysis, or ELISA, and their localization was visualized by immunofluorescence microscopy. Sections of the

proximal and distal small intestine were stained with hematoxylin/eosin for histomorphometric analysis.

Results: The in vitro data showed that medium supplemented with 2% GOSs improved tight junction assembly reaching

an acceleration of 85% after 6 h (P < 0.05). In turn, GOSs prevented the deoxynivalenol-induced loss of epithelial barrier

function as measured by TEER (114% of control), and paracellular flux of Lucifer yellow (82.7% of prechallenge values,

P < 0.05). Moreover, GOSs stabilized the expression and cellular distribution of claudin3 and suppressed by >50% the

deoxynivalenol-induced synthesis and release of interleukin-8 [IL8/chemokine CXC motif ligand (CXCL8)] (P < 0.05). In

mice, GOSs prevented the deoxynivalenol-induced mRNA overexpression of claudin3 (P = 0.022) and CXCL8 homolog

keratinocyte hemoattractant (Kc) (Cxcl1) (P = 0.06) as well as the deoxynivalenol-induced morphologic defects.

Conclusions: The results demonstrate that GOSs stimulate the tight junction assembly and in turnmitigate the deleterious effects of

deoxynivalenol on the intestinal barrier of Caco-2 cells and on villus architecture of B6C3F1 mice. J Nutr 2015;145:1604–13.
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Introduction

The major function of the intestinal barrier is to protect the
organism against invading bacterial and viral pathogens and food-

borne toxins (1, 2). Defects in intestinal barrier function result in a

paracellular influx of luminal antigens, which is considered a pivotal

pathogenic factor in the onset and promotion of intestinal inflam-
mation and inflammatory bowel diseases as well as allergies (3).

A dietary component that is known to affect the intestinal
barrier function is the mycotoxin deoxynivalenol (4–8). Deoxy-
nivalenol is one of the most frequently occurring natural toxins in
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wheat and wheat-based products and can readily enter the food
and feed chain because deoxynivalenol is resistant to processing
and heating (9). Consumption of foodstuffs contaminated by
deoxynivalenol have been associated with human and animal
intoxications, and the proinflammatory and immunotoxic effects
of deoxynivalenol are of increasing concern for farm animals,
such as pigs, as well as for humans (10–14). Human exposure to
deoxynivalenol can cover all age groups, even the developing
fetus, because it also transfers across the placental barrier (15,
16). Therefore, it is an important human safety issue, and these
epidemiologic findings warrant the search for dietary supplements
that can be used in infants and adults for the mitigation of the
adverse effects of deoxynivalenol on intestinal integrity.

The gut health-promoting effects of nondigestible oligosac-
charides have been broadly acknowledged (17). In particular,
selected fractions ofmilk-derived galacto-oligosaccharides (GOSs)8

are of interest because of their potential immunomodulatory and
anti-inflammatory effects. GOSs, which resemble oligosaccharides
that occur naturally in human breast milk, are currently used in
infant formulas (18). They are expected not only to modulate the
composition and metabolism of the gut microbiota by increasing
Bifidobacteria and Lactobacillus spp. numbers (19–21), but seem
to prevent specific pathologies involving the gut immune system,
such as food allergies and inflammatory bowel disease, as
demonstrated in clinical trials (19, 22, 23). However, the exact
mechanisms involved in such immunomodulatory effects remain to
be elucidated.

The aim of the current experiments was to characterize the
effects of GOSs on the epithelial barrier with use of a standardized
Caco-2 cell model and to investigate whether a potential barrier-
stabilizing effect also results in improved integrity of the intestinal
barrier function and reduced inflammatory response during a
deoxynivalenol challenge.

Methods

GOS
GOSs are generally defined as a mixture of those substances produced

from lactose by the enzyme b-galactosidase, comprising between 2 and 8

saccharide units (degree of polymerization), with one of these units being

a terminal glucose and the remaining saccharide units being galactose
and disaccharides composing 2 units of galactose (24, 25). For the

current experiments, the commercial product Vivinal GOS syrup

(FrieslandCampina Domo), containing ;45% GOSs with a degree of

polymerization of 2–8, 16% free lactose, 14% glucose, and 25% water,

was used. Dilutions (0.5%, 1%, and 2% GOSs) were made in complete

cell culture medium. Before the functional assays described below, the

potential cytotoxicity of GOSs at different concentrations for Caco-2
cells was measured by the Alamar Blue assay (Invitrogen), a standard

method to assess cell viability. These control experiments confirmed that

GOSs did not induce any cytotoxicity in Caco-2 cells at the selected test

concentrations. In addition, close to equimolar concentrations of lactose
(16%) and glucose (14%) present in the 2% GOS solution were included

in the Caco-2 cell assays and had no effect on the deoxynivalenol-induced

transepithelial electrical resistance (TEER) decrease and increase in

paracellular flux of Lucifer yellow (LY) (Supplemental Figure 1).

Deoxynivalenol
Purified deoxynivalenol (D0156; Sigma) was diluted in absolute ethanol

(99.9%; JT Baker) to prepare a 25-mM stock solution and was stored at

220�C. For the cell culture experiments, deoxynivalenol was diluted to
a concentration of 4.2-mM deoxynivalenol in complete cell culture

medium and added for the challenge experiments to the apical side as

well as to the basolateral side of the transwell plates for 24 h. This

deoxynivalenol concentration was selected on the basis of our previous
results and did not impair cell viability (8). Physicochemical interactions

between deoxynivalenol and GOSs were excluded by co-incubation

experiments with both compounds because the free deoxynivalenol

fraction remained unchanged as measured by standard HPLC analysis
with affinity column clean up, based on the method described by

Dombrink-Kurtzman et al. (26) (Supplemental Figure 2).

In vitro experiments
The Caco-2 cell model. Human epithelial colorectal adenocarcinoma

(Caco-2) cells obtained from the American Type Tissue Collection (Code

HTB-37) (Manassas, Virginia, passages 102–114) were used according

to established methods, also described by Akbari et al. (8). In brief, cells
were cultured in DMEM and seeded at a density of 0.3 3 105 cells into

0.3-cm2 high-pore density (0.4 mm) inserts with a polyethylene tere-

phthalate membrane (BD Biosciences) placed in a 24-well plate. The

Caco-2 cells were maintained in a humidified atmosphere of 95% air and
5% CO2 at 37�C. After 17–19 d of culturing, a confluent monolayer was

obtained with a mean TEER exceeding 400 U � cm2 measured by a

Millicell-Electrical Resistance System voltohmmeter (Millipore).
The Caco-2 cells were preincubated with different concentrations of

GOSs (0.5%, 1%, and 2%) for 24 h before being exposed to deoxynivalenol

in the presence of GOSs for another 24 h. GOSs and deoxynivalenol were

added to both compartments (apical and basolateral) of the transwell insert
unless otherwise stated.

Additional experiments with Caco-2 cells were conducted in which

1) GOSs were only added to the apical compartment, 2) GOSs (apical

and basolateral) were removed after 24-h pretreatment and before the
cells were challenged with deoxynivalenol in GOS-free DMEMmedium,

and 3) GOSs (apical and basolateral) was co-incubated with deoxy-

nivalenol for 24 h (without preincubation with GOSs).
TEER measurements were conducted 24 h after deoxynivalenol

incubation, and thereafter, the paracellular flux was measured with use of

2 different membrane-impermeable marker molecules: LY (0.457 kDa)

and fluorescein isothiocyanate-dextran (FITC-dextran; 4 kDa) (Sigma)
added at a concentration of 16 mg/mL to the apical side (350 ml) in the

transwell plate for 4 h (8). Medium without fluorescent marker molecules

was used as a blank, and the concentration of LYand FITC-dextran at the

basolateral side was calculated on the basis of a standard curve in the
concentration range of 0.19–12.5 mg marker molecule/mL.

Calcium switch assay. Caco-2 cells grown on inserts were pretreated

with different concentrations of GOSs (0.5%, 1%, and 2%) either on the
apical side or on both sides of the transwell inserts for 24 h, as described

above. Subsequently, Caco-2 cells were deprived from calcium bywashing

the cells twice with prewarmed PBS and exposing the cells transiently for
20 min to 2-mM ethylene glycol-bis(2-aminoethyl ether)N,N,N#,N#-
tetraacetic acid (EGTA) (Sigma) in calcium- and magnesium-free HBSS

(Gibco; Invitrogen). At the end of the incubation period, HBSS-EGTAwas

removed and the cells were rinsed and allowed to recover in either
complete cell culture DMEM (containing 2-mM CaCl2) or in DMEM
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supplemented with the addition of different concentrations of GOSs

(0.5%, 1%, and 2%). TEERwasmonitored at various time points (2, 4, 6,

8, 12, 24 h) during this recovery period as an index of tight junction
reassembly and restoration of barrier function. The results are expressed as a

percentage of initial value (27).

Tight junction proteins: mRNA expression, Western blot analysis,

and cellular distribution. The levels of mRNA expression of the tight

junction target genes in Caco-2 cells pretreated with different concentra-
tions of GOSs for 24 h before exposed to deoxynivalenol (in presence of

GOSs) for 6 h were measured by qRT-PCR. Cells were harvested and total

RNA extraction, cDNA preparation, and qRT-PCR analysis were

performed as described previously (8). Forward and reverse primers
for claudin1 (CLDN1), claudin3 (CLDN3), and claudin4 (CLDN4),
occludin (OCLN), and zona occludens protein-1 (ZO1) and zona occludens
protein-2 (ZO2) (Supplemental Table 1) were designed by using the
National Center for Biotechnology Information primer-Basic Local

Alignment Search Tool and were manufactured commercially (Euro-

gentec). Specificity and efficiency of selected primers were confirmed by

qRT-PCR analysis and dilution series of pooled cDNA at a temperature
gradient (55–65�C) for primer-annealing and subsequent melting curve

analysis.GAPDH and b-actin (ACTB) were used as reference genes, and

the GeNorm software (version 3.5) was used to identify the most stable

reference genes.
For Western blots, GOS-pretreated Caco-2 cells were exposed to

deoxynivalenol for 24 h (in the presence of GOSs), and total protein

extracts were prepared as described previously (8). Equal protein amounts

were separated by SDS-PAGE and blotted onto polyvinylidene difluoride
membranes. Rabbit anti-claudin3 (1:500; Invitrogen) or rabbit anti-

b-actin (1:4000; Cell Signaling) served as primary antibodies for overnight

incubations at 4�C, and horseradish peroxidase-conjugated goat anti-
rabbit (1:2000; Dako) served as the secondary antibody applied for 2 h

at room temperature. Blots were washed in PBS-tween, incubated in

commercial enhanced chemiluminescence reagents (Amersham Biosci-

ences), and exposed to photographic film and scanned on a GS710
calibrated imagine densitometer for quantification. The cellular localiza-

tion of CLDN3 was assessed by immunofluorescence microscopy af-

ter staining with rabbit anti-claudin3 (1:50, 34–1700; Invitrogen) (8),

followed by incubation with Alexa-Fluor conjugated secondary antibody
(Invitrogen). Immunolocalization of CLDN3 was visualized, and images

were taken with use of the confocal laser-scanning microscope Leica True

Confocal Point Scanner with Spectral Detection-II (Leica Microsystems
GmbH) with Leica Application Suite Advanced Fluorescence software.

IL-8 (chemokine CXC motif ligand): mRNA expression and

secretion. In parallel to the experimental steps as described for the

tight junction proteins above, the chemokine CXCmotif ligand (CXCL8)
mRNA expression was analyzed by qRT-PCR (see primer sequences in
Supplemental Table 1), and release of CXCL8 from Caco-2 cells into the

medium of the apical side as well as the basolateral side of the transwell

insert was measured by ELISAwith use of the Human IL-8 ELISA Set (BD

Biosciences) according to manufacturer�s instructions.

In vivo experiments
Mice. Male B6C3F1 mice (n = 5/6 per group, 5/6 mice per cage), 6–7 wk

old with a mean weight of 19.9 6 0.32 g (Charles River Laboratories,

Calco, Italy) were housed under controlled conditions in standard laboratory

cages with sterilized woody-clean sawdust bedding (Technilab–BMI) and
were acclimated to the environment for 2 wk. The roomwas maintained on

a 12-h light-dark cycle at ;20.5�C with a relative humidity of ;61.5%.

They consumed water ad libitum and commercial rodent diet (AIN-93G)
(28).Mice were randomly distributed into different experimental groups. All

in vivo experimental protocols were approved by the local Ethics Commit-

tee for Animal Experiments (Reference number: DEC 2012.III.02.012)

andwere performed in compliance with national and international guidelines
on animal experimentation.

Diets and deoxynivalenol gavage. The experimental AIN-93G–based
diets were composed and mixed with 1% GOSs (1-kg diet containing

22.22-g/kg Vivinal GOS syrup) by Research Diet Services. Carbohy-

drates in Vivinal GOSs were compensated isocalorically in the control

diet by means of cellulose (for GOSs), lactose (for lactose), and dextrose

(for glucose). The diet was checked for deoxynivalenol contamination by
standard HPLC analyses with affinity column clean-up, based on the

method described by Dombrink-Kurtzman et al. (26). None of exper-

imental diets exceeded the detection limit of 10-mg deoxynivalenol per

kg feed. The mice were fed the AIN-93G diet with or without 1% GOSs
for 2 wk before being challenged with deoxynivalenol, given by oral

gavage at a dose of 25-mg/kg body weight in 200-mL sterile PBS

(29–31). Control mice received 200-mL sterile PBS. Six hours after the

deoxynivalenol challenge, mice were killed by cervical dislocation, blood
was obtained by heart puncture and collected in MiniCollect Z Serum

Sep tubes (Greiner Bio-one), and different parts of the intestine were

collected and preserved for mRNA isolation and histology. Weight gain
was monitored throughout the experiment and no significant differences

were recorded between control- and GOS-fed mice, except on day 12,

when a slight but significant increase in weight gain was observed in the

GOS-fed mice (Supplemental Figure 3). This slight increase in weight
gain could be possibly related to the food intake; however, this was not

determined in this study.

Intestinal specimen from mice used for isolation of mRNA and

qRT-PCR analysis. For mRNA isolation, the mouse intestine was

flushed with cold PBS and separated into different segments. These
segments were defined as follows: proximal small intestine (;2 cm

after the pylorus), middle small intestine (7–8 cm after the pylorus),

distal small intestine (final 1 cm before the ileocecal junction), and

cecum and colon (first 1 cm after cecum). These intestinal wall samples
(;1 cm) were snap frozen in liquid nitrogen and stored at 280�C until

RNA isolation. Total RNA extraction, cDNA preparation, and qRT-

PCR analysis were performed as described previously (8). Primer
sequences with corresponding annealing temperatures are listed in

Supplemental Table 2.

Immunofluorescence staining of intestinal specimen of mice.

Swiss rolls (32) of the distal small intestine were fixed in 10% formalin

and embedded in paraffin. For antigen retrieval, the 5-mm sections were
boiled in 10-mM citrate buffer (pH 6.0) for 10 min in a microwave.

Rabbit anti-claudin3 (1:50, 34–1700; Invitrogen) was used as the first

antibody, and after incubation, immunofluorescence staining was con-

ducted as described above.

Histomorphometric analysis of intestinal specimen of mice.

Sections of the proximal and distal small intestine were stained with

hematoxylin/eosin according to standard procedures. Photomicrographs

were taken with an Olympus BX50 microscope equipped with a Leica

DFC 320 digital camera (magnification of 2003). The morphometric
analysis of the sections was performed on 10 randomly selected, well-

oriented villi and crypts per animal. A computerized microscope-based

image analyzer (Cell^D; Olympus Europa GmbH) was used to determine
histomorphometric markers: villus height (measured from the tip of the

villus to the villus-crypt junction) and crypt depth (measured from the

crypt-villus junction to the base of the crypt). These regions weremanually

defined for each villi (8).

Statistical analysis. Results of in vitro experiments were expressed as

means6 SEMs of 3 independent experiments (n = 3), each performed in

triplicate (3 wells/condition). Differences between groups of in vitro
experiments were statistically determined by using one-factor ANOVA

with a Bonferroni post hoc test. Additionally, two-factor ANOVA was

used to compare the effects of 2% GOS treatment with and without
deoxynivalenol exposure. Data of in vivo experiments were expressed as

means6 SEMs, n = 5–6 mice/experimental group (with the exception of

Supplemental Figure 3, weight gain, n = 11–12mice/experimental group)

and were statistically analyzed by using a two-factor ANOVA followed
by a Bonferroni post hoc test. Results were considered statistically

significant when P < 0.05. Analyses were performed by using GraphPad

Prism (version 6.0) (GraphPad). The required sample size to achieve the

given power was calculated with use of the program PS-Power and
Sample Size Calculation based on previous research.
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Results

GOSs prevent the deoxynivalenol-induced impairment of

the Caco-2 cell monolayer integrity. As shown in Figure 1A,
GOSs modulated the deoxynivalenol-induced decrease in TEER
in a concentration-dependent manner, and pretreatment with
2% GOSs entirely prevented the loss of integrity (P < 0.001). In
line with these results, the deoxynivalenol-induced increase in
tracer transport (LY and FITC-dextran) was decreased by GOSs
(P < 0.001 and P < 0.01, respectively) (Figure 1B, C). Because
GOSs were applied to the apical and basolateral sites in these
experiments, additional experiments were conducted in which
GOSs were given only to the apical site, or removed during
the deoxynivalenol challenge, as indicated in Table 1. Under
these conditions, 2% GOSs induced a protective effect on the
deoxynivalenol-induced impaired monolayer integrity, albeit
less pronounced than in experiments where GOSs were present
at both sites and during the entire exposure period (Table 1).
Neither 0.5% GOSs nor 1% GOSs were effective (Table 1).
Co-incubation of GOSs and deoxynivalenol (without preincu-
bation with GOSs) for 24 h did not counteract the deoxynivalenol-
induced intestinal barrier disruption as observed in TEER values
and tracer transport (Supplemental Figure 4).

GOSs accelerate tight junction reassembly after calcium

deprivation in Caco-2 cells. It was demonstrated that GOSs
caused a remarkable acceleration in tight junction reassembly
over a period of 24 h (2% GOSs, 12 h; P < 0.001) (Figure 2).
This effect remained when GOSs were removed during the
recovery period (2% GOSs, 12 h; P < 0.001), and a significant
acceleration in tight junction reassembly was also observed
when GOSs were applied only at the apical site, albeit to a lesser
degree (2% GOSs, 12 h; P = 0.008) (Supplemental Figure 5).

GOSs prevent the deoxynivalenol-induced disturbance of

CLDN3 expression and its cellular distribution in Caco-2

cell monolayers. After a deoxynivalenol challenge of an
established Caco-2 cell monolayer, mRNA expression levels of
the tight junction proteins CLDN3, CLDN4,OCLN, ZO1, and
ZO2 were upregulated compared to the untreated cells (Sup-
plemental Figure 6). Pretreatment with GOSs resulted in a less
pronounced induction of CLDN3 and this effect was statisti-
cally significant (P = 0.022) (Figure 3A). GOSs did not affect the
deoxynivalenol-induced mRNA expression of CLDN4, OCLN,
ZO1, and ZO2 (Supplemental Figure 6). Subsequent Western
blot analyses showed that deoxynivalenol induced a significant
decrease in CLDN3 protein levels (P = 0.006), and this decrease
was prevented by 2% GOSs (P = 0.031) (Figure 3B, C).
Representative pictures of the CLDN3 cellular distribution of the
Caco-2 monolayer are depicted in Figure 3D–F. Deoxynivalenol
exposure was associated with a disturbed and irregular cellular
distribution of CLDN3 and a translocation of CLDN3 from the
cellular membrane to the submembraneous space (Figure 3E)
compared to the control Caco-2 cells (Figure 3D). Control Caco-2
cells pretreated with GOSs did not affect the CLDN3 cellular
distribution (data not shown), whereas the deoxynivalenol-induced
deranged distribution of CLDN3 seemed to be prevented by GOSs
(Figure 3F).

In vivo application of GOSs prevents the deoxynivalenol-

induced overexpression of Cldn3 mRNA and maintains its

normal cellular distribution in mouse intestines. The
mRNA expression levels of claudin2 (Cldn2), Cldn3, and Cldn4
were increased in a different pattern along the intestine after a
deoxynivalenol challenge. The most pronounced effect was ob-
served in the distal part of the small intestine (Supplemental Figure
7). Zo1, Ocln, and Cldn1 remained unaffected in the different
segments of the intestines of deoxynivalenol-exposed mice (Supple-
mental Figure 7). Interestingly, the deoxynivalenol-induced increase
in Cldn3 mRNA expression (P = 0.004) was significantly sup-
pressed in the distal small intestine of mice fed a 1%GOS diet than
a normal diet (P = 0.024) (Figure 4A). Additionally, a significant
decrease in the deoxynivalenol-induced Cldn2 mRNA expression
was observed in the distal small intestine of mice fed a 1%GOS diet
(P = 0.018). Dietary GOSs did not affect the deoxynivalenol-
induced mRNA expression of investigated tight junction proteins in
other segments than the distal small intestine (Supplemental Figure
7). To give an impression of the expression pattern of CLDN3 in the
mouse distal small intestine, representative pictures of an immuno-
fluorescence staining are shown in Figure 4B–D. In the distal small
intestine of control mice, CLDN3 was located laterally between
adjacent cells over the entire villus, with neither a specific signal at
the apical surface nor on the basal membrane (Figure 4B), and this
CLDN3 distribution pattern was also observed in the distal small
intestine of control mice fed a GOS diet (data not shown).
Deoxynivalenol exposure seemed to alter this typical CLDN3
distribution pattern toward an accumulation in the basal cytoplasm
(Figure 4C). It seemed that the distribution of CLDN3 in the distal

FIGURE 1 GOSs prevent the deoxynivalenol-induced impairment of

the Caco-2 cell monolayer integrity. Caco-2 cells were pretreated

apically and basolaterally with GOS or DMEM before the addition of

deoxynivalenol (apical and basolateral compartments). TEER (A) and

the transport of Lucifer yellow (B) and 4-kDa FITC-dextran (C) from

the apical to the basolateral chamber were measured. Results are

expressed as a percentage of initial value (TEER) or in the amount of

tracer transported [ng/(cm2 3 h)] as means 6 SEMs, n = 3. Labeled

bars without a common letter differ, P , 0.05 (post hoc Bonferroni

testing). DON, deoxynivalenol; FITC-dextran, fluorescein isothiocyanate-

dextran; GOS, galacto-oligosaccharide; TEER, transepithelial electrical

resistance.
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small intestine of GOS-pretreated mice after deoxynivalenol
exposure remained comparable to that of control mice (Figure 4D).
Despite these effects of GOSs against the deoxynivalenol-induced
overexpression of Cldn3 mRNA and CLDN3 distribution, the
deoxynivalenol-induced hyperpermeability of the intestines for
FITC-dextran (4 kDa) (P = 0.08) was not mitigated in mice fed a
1% GOS diet than a normal diet (Supplemental Figure 8).

GOSs suppress the deoxynivalenol-induced increase in

the mRNA expression as well as the synthesis and

secretion of epithelial CXCL8 in Caco-2 cells. Deoxynivalenol
induced an increase in mRNA expression levels of CXCL8 (P <
0.001), and this effect was prevented by 1% and 2% GOS
pretreatment as shown by a decrease in CXCL8 mRNA levels (P =
0.023 and P = 0.006, respectively) (Figure 5A). Subsequent quanti-
fication of the secreted CXCL8 in the cell culture medium showed
that 2% GOS pretreatment prevented the deoxynivalenol-induced
increase in CXCL8 levels in both apical and basolateral chambers
(P < 0.001 and P = 0.002, respectively) (Figure 5B, C).

GOSs suppress the deoxynivalenol-induced increase in

the expression of the murine CXCL8 analogs keratinocyte

hemoattractant (Kc) and macrophage inflammatory protein-

2a (Mip2) mRNA in the intestines. The mRNA expression
levels of different cytokines, such as interferon-g (Ifng), Il1a, Il1b,
Il4, Il6, tumor necrosis factor-a (Tnfa), and the murine CXCL8
homologs, keratinocyte hemoattractant (Kc) (Cxcl1) and macro-
phage inflammatory protein-2a (Mip2) (Cxcl2), were measured in
intestinal samples of deoxynivalenol-treated mice by qRT-PCR
(Supplemental Figure 9). OnlyCxcl1 andCxcl2mRNA expression
was upregulated in the deoxynivalenol-exposed mouse intestines,
especially in the small intestine, comparedwith the nontreatedmice
(P = 0.042 and P = 0.026, respectively), (Supplemental Figure 10).
In the mice pretreated with GOSs, the deoxynivalenol-induced
Cxcl1mRNAexpression tended to be suppressed in the distal small
intestine (P = 0.06) (Figure 5D, E).

GOSs prevent the deoxynivalenol-induced histomorpho-

logic alterations in the mouse intestine. Deoxynivalenol-
treated mice showed a significant decrease in villus height (Figure
6A) in the proximal small intestine than the nontreated mice (P =
0.023), whereas in the distal small intestine a slight decrease in
villus height was observed after the deoxynivalenol gavage (P <

0.08) (Figure 6C). Offering the mice a diet supplementedwith 1%
GOSs before the deoxynivalenol challenge prevented these typical
deoxynivalenol-induced histomorphologic changes in the proxi-
mal small intestine (P = 0.032) (Figure 6B, D). The crypt depth
was significantly increased in the proximal small intestine in
deoxynivalenol-treated mice than nontreated mice (P = 0.022),
but GOSs did not affect this variable (P = 0.57) (Supplemental
Figure 11).

Discussion

Nondigestible oligosaccharides are known to exert a beneficial
effect on gut microbiota in infants and adults (19, 23) and are
recommended as supportive therapy in patients with ulcerative
colitis (22) and other chronic inflammatory conditions (17).
Although the risk factors and pathogenesis of chronic inflam-
matory bowel diseases are still not entirely elucidated (33),
several findings suggest a possible role for the wheat-associated
mycotoxin deoxynivalenol in the induction and/or progression
of human chronic intestinal inflammatory diseases (11, 34, 35).
Given the global and frequent occurrence of deoxynivalenol, its
stability during food processing, and its known toxic effects,

TABLE 1 Apical and/or basolateral GOS exposure differently protect from the deoxynivalenol-induced impairment of the Caco-2 cell
monolayer integrity1

Route of GOS application

Apical and basolateral2 Apical2 Apical and basolateral3

TEER LY flux TEER LY flux TEER LY flux

Control 101 6 2.7a 458 6 24c 103 6 4.1a 261 6 3.8c 94.5 6 1.2a 305 6 3.3c

2% GOSs 94.9 6 1.5a 503 6 12c 101 6 3.3a 271 6 13c 98.7 6 1.7a 292 6 32c

Deoxynivalenol 36.4 6 3.6c 1027 6 74a 36.0 6 1.0c 761 6 49a 22.4 6 1.8c 1060 6 65a

Deoxynivalenol + 0.5% GOSs 43.4 6 8.1b,c 1014 6 34a 40.9 6 1.3c 618 6 22a,b 23.1 6 0.8c 1037 6 86a

Deoxynivalenol + 1% GOSs 58.6 6 1.0b 766 6 38b 45.7 6 1.5b,c 624 6 29a,b 24.6 6 0.7c 877 6 35a,b

Deoxynivalenol + 2% GOSs 110 6 1.2a 556 6 42b,c 55.4 6 1.0b 505 6 49b 32.6 6 1.6b 682 6 28b

P P , 0.001 P , 0.001 P , 0.001 P , 0.001 P , 0.001 P , 0.001

1 Caco-2 cells were pretreated apically and basolaterally with GOSs (24 h) and then with deoxynivalenol (apical and basolateral compartments) plus GOSs (both apical and

basolateral or only apical compartment) for another 24 h, or co-incubated apically and basolaterally with deoxynivalenol and GOSs for 24 h. TEER and LY flux are measured and

results are expressed as a percentage of initial value (TEER) or amount of LY transported [ng/(cm2 3 h)] as means 6 SEMs, n = 3. Means in a column without a common letter

differ, P , 0.05 (post hoc Bonferroni testing). GOS, galacto-oligosaccharide; LY, Lucifer yellow; TEER, transepithelial electrical resistance.
2 Duration of GOS application: 24-h preincubation with GOSs, 24-h co-incubation with GOS 1 deoxynivalenol.
3 Duration of GOS application: 24-h preincubation with GOSs, 24-h incubation with deoxynivalenol.

FIGURE 2 GOSs accelerate tight junction reassembly after calcium

deprivation of Caco-2 cells. Caco-2 cells were pretreated apically and

basolaterally with GOSs before calcium deprivation, and the TEER

was measured during recovery (0, 2, 4, 6, 8, 12, and 24 h) in complete

calcium-containing DMEM with GOSs. Results are expressed as a

percentage of initial value as means 6 SEMs, n = 3. **,***Significantly

different from control at each independent time point (post hoc Bonferroni

testing): **P , 0.01, ***P , 0.001. GOS, galacto-oligosaccharide; TEER,

transepithelial electrical resistance.
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deoxynivalenol is considered to be of public health concern as a
food contaminant (9, 10, 36, 37). The aim of the current study
was to assess the potential beneficial effects of defined GOSs on
the deoxynivalenol-induced intestinal damage in a series of in
vitro models and an in vivo study in mice. The presented in vitro
results demonstrate the ability of GOSs to prevent the
deoxynivalenol-induced loss of barrier function measured as trans-
epithelial resistance and paracellular transport of marker mole-
cules. Comparing the results of the various experimental
approaches in which GOSs were added either to both the apical
and basolateral site of the Caco-2 cell monolayer or to the apical
site only, or simultaneously with deoxynivalenol (without a
pretreatment phase), showed that the most pronounced effect
was achieved when a pretreatment of GOSs added to both
compartments was preceding the deoxynivalenol challenge. These
findings suggest that GOSs have predominantly a preventive
effect, although a more rapid repair of existing deoxynivalenol
lesions cannot be excluded. The latter mechanism is suggested
by the calcium switch assay, showing an acceleration of the
tight junction assembly by GOSs and hence a decreased repair
time of the transepithelial resistance after a calcium-deprivation
period.

The difference between the results obtained with dual expo-
sure of GOSs to the apical and basolateral compartment, which
were more pronounced than an application to the apical
compartment only, were unexpected because Gnoth et al. (38)
and Eiwegger et al. (39) showed in vitro evidence for a transport
of human milk oligosaccharides and prebiotic oligosaccharides,
like GOSs, across the intestinal epithelial layer. These findings
suggest an absorption of orally applied GOSs, which was

recently supported by the presence of human milk oligosaccha-
rides in the circulation (plasma and urine) of breastfed infants
(40). A possible explanation for the different results in the current
experiments regarding the route of GOS exposure could be the
rather short preincubation time of 24 h, which might not be
sufficient to allow an equilibrium between both compartments by
means of transcellular transport of GOSs.

The direct effect of GOSs on tight junctions was further
substantiated by the related gene expression profile of differ-
ent tight junction proteins (CLDN1, CLDN3, CLDN4,
OCLN, ZO1, and ZO2) in deoxynivalenol-exposed cells
with or without GOS pretreatment. Only the deoxynivalenol-
induced CLDN3 mRNA expression could be almost entirely
prevented by GOSs. Western blot analyses pointed out that
GOS pretreatment also prevented the deoxynivalenol-induced
decrease in CLDN3 protein expression. In addition, it seemed
that the deoxynivalenol-induced derangement of the cellular
distribution of CLDN3 was moderated by GOSs visualized by
immunofluorescence microscopy. This contradiction between
increase in tight junction mRNA expression and decrease in
protein levels after deoxynivalenol exposure was earlier
reported by De Walle et al. (41). Deoxynivalenol seems to
prolong the usually transient expression of genes related to
activation of signaling cascades by transcriptional enhance-
ment and/or transcript stabilization (42). Conflicting re-
sults are described related to mechanisms behind the
deoxynivalenol-related effect on claudins. Pinton et al. (43,
44) described that the deoxynivalenol-induced activation of the
ERK signaling pathway inhibits CLDN4 protein expression,
whereas others pointed out that extracellular signal-regulated

FIGURE 3 GOSs prevent the deoxynivalenol-induced disturbance of CLDN3 expression and its cellular distribution in Caco-2 cell monolayers.

CLDN3 mRNA (A) and protein levels (B and C) after a deoxynivalenol challenge (apical and basolateral compartments) in Caco-2 cells apically and

basolaterally pretreated with GOSs or DMEM. Results are expressed as CLDN3 mRNA expression (fold of control) (qRT-PCR, normalized to

GAPDH and ACTB) or CLDN3 protein expression (OD/mm2) (Western blot, normalized to b-actin) as means6 SEMs, n = 3. Labeled bars without

a common letter differ, P , 0.05 (post hoc Bonferroni testing). Immunofluorescence photomicrographs (D, E, and F) of Caco-2 monolayers

stained with CLDN3 in the presence and absence of GOSs and deoxynivalenol. Representative results were reproduced in 3 separate

experiments (4003 magnification). ACTB, b-actin; CLDN3, claudin3; DON, deoxynivalenol; GOS, galacto-oligosaccharide.
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kinase, c-Jun N-terminal kinase, and NF-kB pathways were not
involved (41). These findings suggest that deoxynivalenol is not
solely reducing the tight-junction protein expression by inhibition

of protein synthesis, but by a complex deregulation of gene ex-
pression and transcription pathways.

CLDN3 has previously been identified as one of the most
affected tight junction proteins after deoxynivalenol exposure
in intestinal porcine epithelial cells derived from jejunum (7)
and Caco-2 cells (8), and the effect of deoxynivalenol on
members of the claudin family has been also described in
different in vivo studies (4, 8, 34, 41, 43, 44). Our in vitro
results showing that GOSs counteracted the deoxynivalenol-
induced disturbance of CLDN3 expression was confirmed in
the in vivo mouse model. CLDN3 is strongly expressed in the
mouse small intestine (45) and plays an important role in the
postnatal maturation of murine intestinal barrier functions
(46). In the current study, the induction of Cldn3 mRNA
expression in the distal small intestine after a deoxynivalenol
challenge was shown to be prevented in mice pretreated with a
GOS-supplemented diet. The mechanisms behind this effect
await further clarification. Although CLDN3 is an important
regulator of epithelial barrier permeability and seals the para-
cellular pathway against the passage of ions (47, 48), the
deoxynivalenol-induced hyperpermeability of the intestines
for FITC-dextran (4 kDa) was not mitigated by GOSs. A direct
comparison between the in vitro findings and the findings in mice
needs to consider the fact that in mice more important determi-
nants of intestinal permeability are present, such as the mucous
layer, secretory IgA, and distinct other cell types, including Goblet
cells, Paneth cells, and immune cells, each of which contributes in
a unique way to the maintenance of barrier integrity (49–52).

Previous investigations indicated that deoxynivalenol can
induce both immunostimulatory or immunosuppressive re-
sponses depending on dose, frequency, and duration of expo-
sure (10, 53), and hence, we studied some typical markers of
intestinal inflammation. The chemokine CXCL8 is the most
prominent cytokine expressed by Caco-2 cells and is secreted
early in the inflammatory process by human enterocytes in
vivo. It acts as a potent chemo-attractant for neutrophils, an
effect that is also described after dietary deoxynivalenol
exposure (35). The current study demonstrated that 1% and
2% GOSs prevent the deoxynivalenol-induced epithelial
mRNA expression of CXCL8 in Caco-2 cells. These findings
are in line with previous results with oligosaccharides, in
which it could be shown that a3-sialyllactose or fructo-
oligosaccharides suppressed CXCL8 mRNA expression levels
in nonstimulated Caco-2 cells (54). The deoxynivalenol-
induced CXCL8 release in both the apical and basolateral
chamber was also counteracted by GOSs. Basolateral secretion
of CXCL8 plays a role in the recruitment of circulating
neutrophils from the bloodstream to site of tissue injury or
infection, and it is speculated that apically secreted CXCL8
may initiate or augment the pathway responses in epithelial
restitution before any potential loss of barrier integrity
because of toxin production (55–58). Parallel to the in vitro
experiments with human-derived Caco-2 cells, in the in vivo
experiments with mice, the upregulation of the murine CXCL8
homologs, Cxcl1 and Cxcl2, by deoxynivalenol was noted,
especially in the small intestine. The effect on Cxcl1 in the
distal small intestine could be alleviated by GOS pretreatment
as well. Previously, it was suggested that GOSs interact with
peptidoglycan recognition protein 3 (PGLYRP3) and PPARg,
carbohydrate receptors, such as C-type lectin and Toll-like
receptor-4 that may contribute to the protective effects of GOSs
(17, 54, 59).

In addition, the control conditions with GOSs did not affect the
different markers measured in the Caco-2 cell model and in the in

FIGURE 4 In vivo application of GOSs prevents the deoxynivalenol-

induced overexpression of Cldn3 mRNA and maintains its normal

cellular distribution in mouse intestine. Cldn3 mRNA levels (A) after a

deoxynivalenol challenge in the distal small intestine of mice fed a diet

that was or was not supplemented with GOSs. qRT-PCR data are

normalized to Gapdh and Actb and expressed as Cldn3 mRNA

expression (fold of control) as means 6 SEMs, n = 5–6 mice/

experimental group. Labeled bars without a common letter differ,

P , 0.05 (post hoc Bonferroni testing). Representative immunoflu-

orescence photomicrographs (B, C, and D) of the mouse distal small

intestine stained with CLDN3 (4003 magnification). Cldn3, claudin3;

DON, deoxynivalenol; GOS, galacto-oligosaccharide.
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vivo mouse model. Other in vitro and in vivo studies also described
no effect in control conditions with GOSs in combination with
fructo-oligosaccharides (60–63), and this could be related to the
difficulty to positively affect the homeostatic environment.

In summary, the presented in vitro and in vivo studies demon-
strated that GOSs, in a concentration-dependent manner, are able to
prevent typical adverse effects of the wheat-derived fungal toxin
deoxynivalenol. Of particular interest is the effect of GOSs on
facilitating tight junction assembly and on the regulation of CLDN3
expression. Moreover, a reduction of the inflammatory response
(CXCL8 and Cxcl1) after a deoxynivalenol challenge could be
observed in line with a prevention of deoxynivalenol-induced
alterations in villus architecture in the mouse intestine. Considering
that the deoxynivalenol-induced alterations in the intestinal tract
resemble those of human chronic inflammatory diseases (64–66) and
the regular exposure of humans to deoxynivalenol because of its

presence in wheat and wheat-derived products, further studies are
warranted to assess in more detail the potential beneficial effects of
GOSs as supportive therapy in the prevention of toxin-induced
inflammatory bowel diseases and related syndromes.
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FIGURE 5 GOSs suppress the deoxynivalenol-induced changes in the expression, synthesis, and secretion of CXCL8 in Caco-2 cells as well as

Cxcl1 and Cxcl2 mRNA expression in the mouse intestine. CXCL8 mRNA (A) and protein levels (B and C) after a deoxynivalenol challenge (apical

and basolateral compartments) in Caco-2 cells apically and basolaterally pretreated with GOSs or DMEM. Cxcl1 and Cxcl2 mRNA levels after a

deoxynivalenol challenge in mice fed a diet that was or was not supplemented with GOSs (D and E). ELISA results are expressed as pg/mL as

means 6 SEMs, and qRT-PCR data are normalized to Gapdh and Actb and expressed as CXCL8 and Cxcl1/Cxcl2 mRNA expression (fold of

control) as means 6 SEMs, in vitro: n = 3 and in vivo: n = 5–6 mice/experimental group. Labeled bars without a common letter differ, P , 0.05

(post hoc Bonferroni testing). Cxcl1, keratinocyte hemoattractant (Kc); Cxcl2, macrophage inflammatory protein-2a (Mip2); CXCL8, chemokine

CXC motif ligand; DON, deoxynivalenol; GOS, galacto-oligosaccharide.

FIGURE 6 GOSs prevent the deox-

ynivalenol-induced histomorphologic

alterations in the villi of the mouse

intestine. Villus height in proximal (A)

and distal (C) small intestine with

representative photomicrographs of

H&E-stained tissue (B, D) after a

deoxynivalenol challenge in mice fed

a diet that was or was not supple-

mented with GOSs (2003 magnifica-

tion). Results are expressed as means

6 SEMs, n = 5–6 mice/experimental

group. Labeled bars without a com-

mon letter differ, P , 0.05 (post hoc

Bonferroni testing). DON, deoxyniva-

lenol; GOS, galacto-oligosaccharide;

H&E, hematoxylin/eosin.
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