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Summary

Wheat gliadin induces severe intestinal symptoms and small-bowel mucosal
damage in coeliac disease patients. At present, the only effective treatment for
the disease is a strict life-long gluten-free diet. In this study we investigated
whether probiotics Lactobacillus fermentum or Bifidobacterium lactis can
inhibit the toxic effects of gliadin in intestinal cell culture conditions. The
ability of live probiotics to inhibit peptic-tryptic digested gliadin-induced
damage to human colon cells Caco-2 was evaluated by measuring epithelial
permeability by transepithelial resistance, actin cytoskeleton arrangements by
the extent of membrane ruffling and expression of tight junctional protein
ZO-1. B. lactis inhibited the gliadin-induced increase dose-dependently
in epithelial permeability, higher concentrations completely abolishing the
gliadin-induced decrease in transepithelial resistance. The same bacterial
strain also inhibited the formation of membrane ruffles in Caco-2 cells
induced by gliadin administration. Furthermore, it also protected the tight
junctions of Caco-2 cells against the effects of gliadin, as evinced by the
pattern of ZO-1 expression. We conclude thus that live B. lactis bacteria can
counteract directly the harmful effects exerted by coeliac-toxic gliadin and
would clearly warrant further studies of its potential as a novel dietary supple-
ment in the treatment of coeliac disease.
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Introduction

Coeliac disease is an autoimmune-mediated intestinal disor-
der induced by prolamins present in wheat (gliadin), rye
(secalin) and barley (hordein), and belongs to the most
common food-related disorders in western countries. The
disease has a strong genetic component (human leucocyte
antigen DQ2 or DQ8) and is characterized by small-
intestinal villous atrophy, crypt hyperplasia and a profound
immune response in the mucosa.

Gluten, the coeliac toxic component in wheat, is a
glutamine- and proline-rich cereal grain storage protein.
It can be divided classically into aqueous alcohol-insoluble
glutenin polymers and soluble gliadin monomers. Only the
gliadin fraction of wheat has been traditionally considered
toxic to coeliac disease patients, but according to recent
results it seems obvious that glutenins are equally harmful
[1,2]. Because of its high proline and glutamine content
gliadin is conferred resistant to the enzymes of the human

digestive tract and is only partially cleaved. Experiments have
shown that treating gliadin with a physiological repertoire of
digestive enzymes leads to the appearance of several pep-
tides, including the 33-mer and its split product peptide
fragments known to be harmful for coeliac patients [3,4].
According to the prevailing hypothesis, these immunodomi-
nant peptides enter the small-intestinal lamina propria and
are deamidated by transglutaminase 2, thus resulting in their
better binding to DQ2 and DQ8 molecules on antigen-
presenting cells [5]. These latter cells then activate CD4+ T
helper lymphocytes, which leads eventually to inflammation
and intestinal tissue damage [6].

The incomplete digestion of gliadin by digestive tract
enzymes also leads to the generation of peptides other than
the immunodominant ones. For example, peptide p31–43
of a-gliadin is a classical toxic peptide able to induce
small-intestinal epithelial cell apoptosis without stimulating
CD4-positive cells [7]. The peptide is believed to cause
damage by inducing a stress response by an innate immunity
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mechanism [7–10]. Regardless of the precise pathogenetic
mechanism underlying coeliac disease, the common
denominator is a permanent intolerance to gluten.

Currently, the only effective treatment for coeliac disease
is life-long withdrawal of gluten from the diet. The consen-
sus is that gluten-free dieting should be as strict as possible,
but a diet completely devoid of gluten is almost impossible
to maintain, as many gluten-free products contain trace
amounts of gluten. Coeliac disease patients are thus
exposed to gluten contaminations in food every day. As
adherence to a strict gluten-free diet is burdensome, new
treatment options are warranted. Currently, several research
lines are concentrated in developing novel forms of therapy
for coeliac disease. These include detoxification of the
disease-driving gluten and gliadin peptides as well as block-
age of the gluten-induced inflammatory response [11].
Gluten can basically be detoxified after ingestion in the gas-
trointestinal tract or be hydrolyzed prior to ingestion
during food processing. The first approach is adopted in the
development of new drugs for coeliac disease patients given
as oral enzyme supplementation designed to accelerate the
gastrointestinal degradation of gluten [12,13]. The second
mode, gluten detoxification during food processing, has
been established by sourdough fermentation. Several papers
have reported that the use of probiotic bacteria in sour-
dough fermentation increases the degradation of gluten
during the process [14–18]. Although several studies have
addressed the ability of probiotic bacteria to detoxify
gliadin after an extensive incubation period, to our knowl-
edge none has investigated whether different live probiotic
bacteria can inhibit gliadin-induced toxic effects directly on
epithelial cells.

The toxicity of gliadin and gliadin peptides as well as
the mechanism by which they function can be studied in
cell culture. It is known that intestinal epithelial cell lines
Caco-2 and T84 respond to gluten/gliadin treatment in
a specific manner. When Caco-2 cells are exposed to a
peptic-tryptic digest of gliadin (PT-gliadin), there is a sig-
nificant increase in the permeability of the epithelial layer,
measured as increased transepithelial resistance (TER),
presumably because of decreased expression of several tight
junctional proteins [19]. Furthermore, both cells types
react to gliadin treatment by reorganizing their actin
cytoskeleton [19,20]. This rearrangement in Caco-2 cells
can be detected by large membrane ruffles at the edges of
cell islets when grown in medium containing gliadin [21].
These gliadin-induced in vitro effects on epithelial cell
behaviour offer a cheap and easy means of verifying gliadin
detoxification after specific treatment, and thus methods
which measure gliadin toxicity/non-toxicity provide a
suitable approach in assessing the potency of the novel
therapeutics.

The present study aimed to establish whether live probi-
otic bacteria could inhibit directly the toxic effects of wheat-
derived gliadin in epithelial cell culture.

Materials and methods

Intestinal epithelial cell culture

The human colon epithelial cell line Caco-2 (American Cell
Type Collection, HTB-37, Rockville, MD, USA; passage
23–60) was cultured in minimum essential medium (MEM;
Gibco Invitrogen, Paisley, UK) supplemented with 20%
fetal bovine serum (FBS; Gibco Invitrogen), penicillin–
streptomycin (Gibco Invitrogen), sodium pyruvate
(Sigma-Aldrich, Seelze, Germany), sodium bicarbonate
(Gibco Invitrogen) and non-essential amino acids (Gibco
Invitrogen). Cells were cultured in 5% CO2 atmosphere
at 37°C and passaged 105/cm2 when they reached 80%
confluence.

Preparation of PT-gliadin and bovine serum albumin

Gliadin was extracted from wheat flour (Raisio Oyj, Raisio,
Finland) obtained from a local grocery store. Salt-soluble
proteins were first removed by extracting 10 g of wheat flour
at room temperature with 30 ml of 1 M NaCl for 1 h in a
shaker. The sample was centrifuged at 4000 g for 20 min,
after which the pellet was washed with 40 ml of water and
centrifuged as above. The resulting pellet was suspended
with 25 ml of 70% ethanol and the mixture was incubated at
60°C for 60 min in a shaker. After centrifugation, the super-
natant containing the gliadin fraction was collected, frozen
and lyophilized.

Gliadin (60 mg) was dissolved in 10 ml of 50 mM
Na-acetate buffer, pH 4·0. Pepsin (3 mg, P-6887; Sigma-
Aldrich) was added and the mixture incubated for 2 h at
37°C under agitation; 71 mg of Na2HPO4 was then added to
the solution and the pH was adjusted to 7·0 by NaOH.
Trypsin (3 mg, T-7418; Sigma-Aldrich) was added and the
reaction mixture incubated for another 2 h at 37°C under
agitation. The reaction was stopped by heating (> 95°C,
10 min) and the resulting PT-gliadin mixture was frozen and
lyophilized. Lyophilized fractions were stored at -20°C.
Fractions were added to Caco-2 cell monolayers at a concen-
tration of 1 mg/ml.

To distinguish the effects exerted by gliadin itself and pos-
sible minor amounts of pepsin and trypsin in the gliadin
digests, peptic-tryptic digest of bovine serum albumin (PT-
BSA) was used as a control. BSA was purchased from Sigma-
Aldrich (A8806) and the pepsin-trypsin digestion was
performed similarly to the gliadin digestion.

Bacterial cultures

Lactobacillus fermentum and Bifidobacterium lactis probiotic
bacterial cell lines were cultured in de Man Rogosa Sharpe
broth (LabMTM; International Diagnostics Group plc, Bury,
UK) at 37°C in anaerobic conditions [AnaeroGenTM 2·5 litre,
AnaeroGen Anaerobic Indicator (reazurin); Oxoid Ltd,
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Basingstoke, Hampshire, UK]. B. lactis broth was supple-
mented with 0·05% Cystein-HCl (Merck KGaA, Darmstadt,
Germany). Bacterial cultures were subdivided after 20 h
growth and stored in anaerobic conditions at 4°C between
culturing. The bacteria were exposed to epithelial cells
at passages 105, 106 and 107 colony forming units
(cfu)/ml.

Transepithelial resistance measurements

Caco-2 cells were plated onto Millicell Culture inserts
(Millipore Corporate, Billerica, MA, USA) and grown until
confluence. The resistance of the cell monolayer was
measured using a Millicell-ERS volt-ohm meter (Millipore
Corporate). Caco-2 cells were regarded as confluent when
TER exceeded 600 ohms/cm2. Confluent monolayers were
washed twice with Hank’s balanced salt solution (HBSS;
Gibco Invitrogen) and incubated overnight in MEM supple-
mented with non-essential amino acids, sodium puryvate,
sodium bicarbonate and 1% FBS, but without antibiotics
prior to gliadin and bacteria exposure. After addition of
PT-BSA, PT-gliadin and/or bacteria, TER was measured
immediately after changing the media as well as after 1, 3, 5
and 24 h. The experiments were performed in duplicate
three times independently.

Immunofluorescence microscopy on intestinal cell lines

For immunofluorescence Caco-2 cells were plated onto
eight chamber glass slides (BD Biosciences, Erembodegem,
Belgium). After 4 days of culture the monolayers were
washed twice with HBSS (Gibco Invitrogen) and incubated
overnight in MEM supplemented with non-essential amino
acids, sodium puryvate, sodium bicarbonate, 1% FBS and
without antibiotics before 24-h exposure to PT-BSA,
PT-gliadin and/or bacteria. Cells were then washed twice
with phosphate-buffered saline, fixed in 4% paraformalde-
hyde (Merck) and permeabilized with 0,1% Triton X-100
(Sigma-Aldrich). To visualize membrane ruffle formation
the cells were stained for intracellular F-actin with
phalloidin–fluorescein isothiocyanate (Sigma-Aldrich). The
extent of actin cytoskeleton arrangement, evinced as mem-
brane ruffling, was quantified by measuring the cellular edge
covered by membrane ruffles as a percentage of the total
length of the cell cluster. The measurements were made
by analySIS software (Olympus Soft Imaging System
GmbH, Munster, Germany) from five pictures taken from
each experiment performed in duplicate three times
independently.

To study the tight junctions, unspecific binding was
blocked (1:20 normal goat serum: Vector Laboratories Inc.,
Peterborough, UK; 5% milk powder: Valio Oy, Lapinlahti,
Finland; 5% albumin bovin serum: Sigma-Aldrich; 15 min)
prior to incubation in primary antibody (1:100 mouse anti-
ZO-1 0.5 mg/ml; Zymed, San Francisco, CA, USA) for

60 min and in secondary antibody (1:1000 Alexa Fluor 568
goat anti-mouse immunoglobulin G; Invitrogen, Carlsbad,
CA, USA) for 30 min. After washes, the cover slips (Mentzel-
Gläser, Braunschweig, Germany) were mounted with
Vectashield Mounting Medium for fluorescence with 4,6-
diamino-2-phenylindole (Vector Laboratories). The results
were analysed using a BX60 fluorescence microscope
(Olympus, Hamburg, Germany). ZO-1 stainings were
observed blindly by two individual observers in duplicate
samplings performed three times.

Statistical analysis

Statistical analysis was performed using the non-parametric
two-tailed Mann–Whitney U-test. The data are presented
as mean � standard error of the mean. A P-value < 0·05 was
considered significant.

Results

Bifidobacterium lactis counteracts the gliadin-induced
increase in epithelial cell permeability

The efficacy of different numbers of both L. fermentum and
B. lactis in inhibiting the gliadin-induced increase in Caco-2
cell permeability was assessed by TER measurement (Fig. 1).
Changing the cell culture medium reduced TER immediately
in all samples, even in the controls without gliadin addition,
as described by Li and co-workers [22]. In all samples, TER
started to recover after 1-h incubation, and in control
samples without any supplementation TER returned to base-
line level after 24 h incubation. The addition of PT-BSA to
the cultures had only a minor effect on the recovery of TER.
The reversion of TER to baseline levels was inhibited com-
pletely in the PT-gliadin-treated cultures. The addition of
L. fermentum alone without gliadin did not affect the recov-
ery of TER and reached the baseline level after 24 h (data not
shown). Supplementation of L. fermentum at any of the
tested concentrations was not able to inhibit the gliadin-
induced block in the recovery of TER. The TER values with
all the different bacterial concentrations remained at the
same level as those with gliadin alone (Fig. 1a).

Similarly to L. fermentum, the addition of B. lactis alone to
Caco-2 cell monolayers did not inhibit the recovery of TER,
which returned to baseline after 24 h of culture (data not
shown). In contrast, when B. lactis was administered
together with gliadin, the bacteria inhibited the effects of
gliadin on TER dose-dependently (Fig. 1b). The lowest
concentration of B. lactis (105 cfu/ml) did not provide
protection against gliadin insult, while a concentration of
106 cfu/ml of B. lactis provided some protection and the
highest tested concentration (107 cfu/ml) full protection
against gliadin-induced changes in TER measured in Caco-2
cell monolayers.
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Effect of probiotics on gliadin-induced membrane
ruffle formation

Gliadin is reported to induce distinct membrane ruffling
on the edges of Caco-2 cell clusters [21]. To determine the
extent of this ruffling we measured the length of the edge of
the cell cluster covered by membrane as a percentage of the
total length of the cluster. This enabled us to study objec-
tively the effects of gliadin and the probiotics on membrane
ruffling.

As expected, PT-gliadin induced substantial membrane
ruffle formation in Caco-2 cells (Fig. 2a). In control cultures
without any supplementation, membrane ruffles covered
11·3% and in cultures with PT-BSA 23·2% of the total
length of the cell cluster edge. PT-gliadin treatment
increased the percentage of cell cluster edge covered by
ruffles to 51·6%.

Supplementation of L. fermentum alone to Caco-2 cells
increased membrane ruffling with the two higher concentra-
tions near to 20% (data not shown) which was not, however,

statistically significant. The two lowest concentrations of
L. fermentum (105 and 106 cfu/ml) did not inhibit the
ruffling induced by gliadin administration. In contrast,
the highest concentration (107 cfu/ml) had a significant
inhibitory effect on the gliadin action (34·1%, P < 0·0005),
although even at that concentration B. lactis failed to coun-
teract entirely the gliadin-induced membrane ruffling when
compared with PT-BSA treated cells (P < 0·05) (Fig. 2b).

Similarly, addition of B. lactis alone at all tested concen-
trations increased membrane ruffling only slightly in Caco-2
cells (data not shown). When administered together with
gliadin, B. lactis showed a protective effect similar to that
of L. fermentum (Fig. 2c). The two lowest concentrations
(105 and 106 cfu/ml) of B. lactis were ineffective in inhibiting
gliadin-induced membrane ruffle formation, while the
highest concentration (107 cfu/ml) was significantly protec-
tive (P < 0·0005). B. lactis at a concentration of 107 cfu/ml
was even more protective against gliadin-induced damage
than L. fermentum at the same concentration, as only 25·7%
of the cellular edge was covered by membrane ruffles, in

Fig. 1. Effects of Lactobacillus fermentum and

Bifidobacterium lactis supplementation on

gliadin-induced decrease of transepithelial

resistance (TER). (a) L. fermentum is not able to

protect the permeability of Caco-2 cells from

TER decrease caused by gliadin at any of the

tested concentrations. (b) B. lactis inhibits the

effects of gliadin on TER dose-dependently. The

bars represent the mean value calculated from

duplicate experiments repeated three times. The

error bars represent standard error of the mean.

Different experimental settings are indicated in

the box below. PT-BSA, peptic-tryptic-digested

bovine serum albumin; PT-G,

peptic-tryptic-digested gliadin.
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contrast to 34·1% in L. fermentum-supplemented cells.
Supplementation of the Caco-2 cell cultures with 107 cfu/ml
of B. lactis was able to reduce the percentage of membrane
ruffling to the level of the PT-BSA control (P = 0·5).

Tight junction protein ZO-1 expression in Caco-2 cells

The tight junction protein ZO-1 was analysed by immunof-
luorescence microscopy to establish whether the probiotics
exert effects on the appearance of tight junctions. Tight junc-
tions in control cells without any supplemetation were
markedly curvy (Fig. 3a), as in cells cultured in the presence
of PT-BSA (Fig. 3b), but after gliadin exposure straightened
significantly and the cells seemed larger (Fig. 3c). Bacterial
administration of either probiotic strain alone without
PT-gliadin did not affect the tight junction arrangement

(data not shown). When either L. fermentum or B. lactis
were added to Caco-2 cells together with gliadin, the curvy
junctions and the size of the cells appeared to be better
preserved than in cells cultured in the presence of gliadin
alone (Fig. 3d and e respectively). Nevertheless, none of the
tested concentrations of either of the probiotic bacterial
strains was able to conserve the appearance of the tight junc-
tion entirely.

Discussion

In the present study we have shown for the first time that
B. lactis probiotic bacteria are able to protect epithelial cells
from cellular damage induced by gliadin administration.
Addition of B. lactis to the cell culture medium together with
gliadin was able to counteract the gliadin-induced inhibition

Fig. 2. Membrane ruffle formation in Caco-2

cells in the presence of gliadin and the two

different bacterial strains. (a) Caco-2 cells

cultured without gliadin show a uniform cell

cluster edge without any membrane protrusions

while PT-BSA induced some ruffle formation.

Caco-2 cell clusters which have received gliadin

have large membrane ruffles on their edge. The

addition of 107 colony-forming units (cfu)/ml

of both Lactobacillus fermentum and

Bifidobacterium lactis together with gliadin

reduced the formation of the ruffles. Arrows

point to membrane ruffles. (b) Addition of

L. fermentum to Caco-2 cells cultures

supplemented with gliadin at a lower

concentration does not inhibit the membrane

ruffle formation induced by gliadin. At a

concentration of 107 cfu/ml L. fermentum

reduced membrane ruffle formation from

51·6% to 34·1%. (c) The lowest concentrations

of B. lactis do not protect from gliadin-induced

membrane ruffle formation, while B. lactis at a

concentration of 107 cfu/ml is able to lower the

percentage of cellular edge covered by ruffles

from 51·5% to 25·7%. The bars represent data

measured from five pictures in duplicate

samples performed three times. The error bars

represent standard error of the mean. Different

experimental settings are indicated in the box

below. P-value < 0·05 is considered significant.

PT-BSA, peptic-tryptic-digested bovine serum

albumin; PT-G, peptic-tryptic-digested gliadin.
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of TER recovery, the formation of large membrane ruffles
and the change in tight junctional protein ZO-1 expression.

Regardless of a different study setting, our results are in
line with previous findings showing protective effects of
certain probiotic bacterial strains against gluten/gliadin.
The studies in question showed that when used in sour-
dough fermentation different probiotic bacterial strains are
able to hydrolyze gluten with varying efficacy [15,23,24]. In
addition, enzyme preparations [15], cell extracts [14] or
intact probiotic preparations [24] have been shown to
hydrolyze the gliadin peptides known to play a role in
coeliac disease pathogenesis. Although the present study did
not address the mechanism by which B. lactis inhibits
gliadin-induced damage in Caco-2 cells, it can be hypoth-
esized that they might do so by hydrolyzing PT-gliadin
similarly to the live probiotic bacteria in the VSL3# probi-
otic preparation [24]. The fact that different probiotic bac-
terial strains have their characteristic set of peptidases,
which may diverge from each other considerably and have
variable substrate specificities, might explain why B. lactis
was able to inhibit the gliadin-induced damage to Caco-2
cells more efficiently than L. fermentum. The peptidase rep-
ertoire of B. lactis could simply be more efficient than that
of L. fermentum in breaking up gliadin into small harmless
peptide products.

Another conceivable mode of action for B. lactis is that
they modulate directly the function of epithelial cells. It has
been reported that different probiotic strains, including the
VSL3# preparation, probiotic bacterial lysates or condi-
tioned medium increase epithelial barrier function as
measured with TER [25–27]. In addition, at least some pro-
biotics stabilize tight junctions and induce mucin secretion
in epithelial cells [25]. Furthermore, several probiotic bac-
terial strains have proved able to protect the epithelium,
presumably by the above-mentioned mechanisms, from
various insults including pathogenic bacteria [25,28] and
inflammatory cytokines [29,30]. Thus B. lactis might
protect the epithelium from the insult caused by gliadin by
direct action on the cells. In fact, it has been shown that

B. lactis, but not distinct Lactobacillus species, induce the
expression of cyclooxygenase (Cox)-1 in Caco-2 cells and
reduce simultaneously the expression of Cox-2 [31]. Cox-1
is considered responsible for the production of ‘housekeep-
ing’ prostaglandins critical for the maintenance of normal
mucosal integrity, while Cox-2 is associated with an inflam-
matory status [32]. Thus the potential of B. lactis, but not
L. fermentum, to inhibit the damage caused by gliadin in
our study might be explained by its ability to promote
Cox-1 and reduce proinflammatory Cox-2 expression.
However, further studies are needed to establish the precise
mode of action of B. lactis.

In summary, the data presented in this paper suggest that
B. lactis could, at least partially, inhibit the gluten/gliadin-
induced damage in the small-intestinal mucosa. Previous
studies have suggested that use of probiotic bacteria in sour-
dough fermentation could induce the hydrolysis of coeliac
toxic gluten during food processing and thus be beneficial
for coeliac disease patients. The present findings would
suggest that the probiotic B. lactis could also be health-
promoting as a dietary supplement. Inclusion of B. lactis in
the diet might not allow coeliac disease patients to consume
normal gluten-containing food permanently, but could be
beneficial in cases with, for example, poor response to a
gluten-free diet. Moreover, intake of B. lactis might speed up
mucosal recovery after adoption of a gluten-free diet or
provide protection to the small-intestinal mucosa against the
traces of gluten in some supposedly gluten-free products.
Thus consumption of B. lactis-containing products by
coeliac disease patients could promote the small-intestinal
mucosal health of the patient and lead to a general health
gain.
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