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Impaired gut barrier function has been reported in a wide range of diseases and syndromes and in some functional
gastrointestinal disorders. In addition, there is increasing evidence that suggests the gut microbiota tightly regulates
gut barrier function and recent studies demonstrate that probiotic bacteria can enhance barrier integrity. Here, we
aimed to investigate the effects of Lactobacillus rhamnosus CNCM I-3690 on intestinal barrier function. In vitro results
using a Caco-2 monolayer cells stimulated with TNF-a confirmed the anti-inflammatory nature of the strain CNCM I-
3690 and pointed out a putative role for the protection of the epithelial function. Next, we tested the protective effects
of L. rhamnosus CNCM I-3690 in a mouse model of increased colonic permeability. Most importantly, we compared its
performance to that of the well-known beneficial human commensal bacterium Faecalibacterium prauznitzii A2-165.
Increased colonic permeability was normalized by both strains to a similar degree. Modulation of apical tight junction
proteins expression was then analyzed to decipher the mechanism underlying this effect. We showed that CNCM I-3690
partially restored the function of the intestinal barrier and increased the levels of tight junction proteins Occludin and
E-cadherin. The results indicate L. rhamnosus CNCM I-3690 is as effective as the commensal anti-inflammatory
bacterium F. prausnitzii to treat functional barrier abnormalities.

Introduction

The intestinal barrier constitutes the first line of host defense,
and is crucial for the maintenance of mucosal homeostasis. Func-
tionally, the intestinal epithelium regulates passage and secretion
of solutes and small molecules through the transcellular and para-
cellular pathways.1 While the first is carried out by specific trans-
porters or channels,2,3 the second relies on the apical junctional
complex, mainly composed of tight junctions (TJs) and

adherence junctions (AJs).4-6 Although low-grade translocation
of luminal antigen is required to prime the immune system,7

impaired gut barrier and increased permeability may lead to
uncontrolled translocation. This may contribute to increased
local immune activation and inflammation8 as well to a systemic
impact such as endotoxemia.9 There is increasing consensus that
intestinal barrier dysfunction, also referred to as “leaky gut,” is an
important factor in the clinical manifestation of a wide number
of disorders and diseases such as irritable bowel syndrome (IBS),
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food allergies, type-1 diabetes, obesity10-12 as well as may precede
chronic inflammation processes such as inflammatory bowel dis-
eases (IBD).13

Lactic acid bacteria (LAB) are used extensively as starter cul-
tures in food fermentation since millennia; furthermore, numer-
ous studies validate the use of LAB as probiotics due to their
wide range of health-promoting effects in humans. Composition
of microbiota, probiotic strain used, and host genetic background
may play an important role in determining the different benefi-
cial effects observed (i.e. anti-inflammatory, pro-inflammatory,
anti-pathogen, etc.) by probiotics.14 However, little is known
about the molecular mechanisms at the basis of these functions.
Several strains belonging to Lactobacillus spp. are used as probiot-
ics and their effects have been and are still investigated in in vitro
and in vivo models.15 Besides, some probiotic lactobacilli strains
provide important stimuli to the human immune system and
influence host homeostasis14 being proposed to restore dysbiosis-
mediated diseases.16

Regulation of intestinal barrier function is mediated by
endogenous and exogenous factors, such as cytokines, drugs and
toxins.8,17,18 Pathogen and commensal bacteria are able to modu-
late the barrier directly or indirectly.19-21 Increasing evidence
indicates that strains of lactic acid bacteria and bifidobacteria reg-
ulate gut barrier function.22,23 Improvement of barrier function
by such strains has been reported in both in vitro and in vivo
studies.5 For instance, the well-known probiotics Escherichia coli
Nissle 1917, Lactobacillus rhamnosus GG (LGG) and a mixture
of lactobacilli and bifidobacteria prevent the increase in intestinal
permeability in vivo.24-27 Notably, fermented milk containing
Bifidobacterium lactis CNCM I-2494 and LAB strains present in
yogurt prevented the increase of intestinal permeability induced
by partial restraint stress in rats.23

Recently, the commensal bacterium Faecalibacterium prausnit-
zii A2-165, (a major member of the Clostridium leptum group)
was shown to display anti-inflammatory and protective effects in
both acute28 and chronic colitis models.29 It also showed protec-
tive effects on loss of intestinal function in a low-grade inflamma-
tion mice model mimicking gut barrier alterations.30 These
previous observations prompted us to search for an anti-inflam-
matory Lactobacillus strain and to test its protective role on epi-
thelial dysfunction in vitro and in vivo. For this we selected L.
rhamnosus CNCM I-3690, previously demonstrated to have
anti-inflammatory properties,31 and used Caco-2 cells after
TNF-a destabilization as well as an animal model of disturbed
barrier function induced by a sub-colitic dose of DNBS.

Results

In vitro screening of lactobacilli strains for intestinal barrier
function

The in vitro protective effect of 24 selected lactobacilli strains
(Table 1) was assayed in Trans-Epithelial Electrical Resistance
(TEER) assay (Fig. 1). Lactobacillus rhamnosus GG strain was
used as a positive control as previously reported.32 As shown in
Figure 1, all strains displayed different levels of protective effect

on TNF-a-induced barrier alteration. Strains were then selected
on the basis of this screening: a potentially protective strain, L.
rhamnosus CNCM I-3690, and a neutral strain, L. paracasei
CNCM I-3689. LGG strain, our positive control in this

Table 1. Lactobacilli strains from Danone Collection used in the initial
screening. Strains were ranked according to their effect in this model from
no effect on the left to positive effect on the right

Species Name Origin

Lactobacillus (para)casei CNCM I-1518 Dairy product
Lpp14 Dairy product

CNCM I-4648 Dairy product
Lpp46 Plant

ATCC334 ATCC 334
Lpp74 Dairy product

CNCM I-4270 Dairy product
CNCM I-3689 Dairy product
CNCM I-4649 Dairy product

BL23 BL23
Lpp219 Human

Lactobacillus rhamnosus Lr9 Plant
CNCM I-3690 Dairy product

Lr28 Unknown
Lr32 Human
LGG LGG
Lr40 Unknown
Lr52 Human

HN001 HN001
Lr61 Dairy product
Lr73 Human
Lr133 Human
Lr140 Dairy product

Figure 1. Protective effect of probiotic lactobacilli strains on intesti-
nal barrier integrity measured by Trans-Epithelial Electrical Resistance
(TEER) *P < 0.05. TEER was assayed on Caco-2 cells grown on Trans-
well. TEER was measured before adding 106 CFU of lactobacilli onto
the apical surface for 3h prior to treatment of the basolateral
medium with TNF-a .100 ng/ml/ for 21 h at 37�C and at the end of
TNF-a stimulation. Analysis done by ANOVA Test followed by Stu-
dent-Newman-Keuls multiple comparison post hoc analysis ***p <

0.001, ****p < 0.0001. The resulting data presented as a ratio.

RatioD TEER Treatment T24=TEER Treatment T0
TEER Control T24=TEER Control T0
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experiment, displays similar effects as those observed with L.
rhamnosus CNCM I-3690.

L. rhamnosus CNCM I-3690 blocks NF-kB expression
in vitro

The immunomodulatory properties of these 2 strains were
further evaluated in a NF-kB luc reporter in vitro model. As
shown in Figure 2, the 2 strains display significant different
immunomodulation properties (P < 0.05): L. rhamnosus strain
CNCM I-3690 reduces NF-kB activation by approximately
40% confirming the previous results,31 whereas the L. paracasei
CNCM I-3689 reduces this activation only by 20% (Fig. 2).

Lactobacillus rhamnosus CNCM I-3690 but not L. paracasei
CNCM I-3689 protects epithelial barrier function in DNBS-
induced increased permeability model

The model of low-grade DNBS inflammation in this study
involved a first DNBS injection followed by a recovery period
and a reactivation period. The inflammation status after DNBS
reactivation was analyzed (macroscopic and histological scores,
MPO activity and Lipocalin-2 concentration) (data not shown)
confirming the lack of an overt inflammation status in this mouse
model.

Barrier function was then assessed using FITC-labeled Dex-
tran tracer at the endpoint. As shown in Figure 3, the FITC-
Dextran recovered in serum samples of treated-mice was signifi-
cantly higher in the DNBS-PBS group compared to the EtOH-
PBS control group (P < 0.05). L. rhamnosus CNCM I-3690

administration (1£109 bacteria per day for 10 days) resulted in a
significant decrease in DNBS-induced permeability (P < 0.05).
This effect was comparable with that observed with the F. praus-
nitzii strain, known to display protective effects in an acute
TNBS-induced colitis28 model and in a chronic DNBS-induced
colitis model.29 The DNBS-induced permeability was not modi-
fied in the presence of L. paracasei CNCM I-3689 strain, validat-
ing the results obtained in the in vitro screening for epithelial
function (Fig. 1).

Modulation of the expression of apical junction proteins
In order to decipher the mechanisms underlying the effects on

intestinal barrier function, the modulation of the expression of
apical junction proteins was assessed by RT-qPCR on colonic
samples (Figs. 4 and 5). DNBS treatment globally reduced the
expression of apical junction proteins, except Claudin-2 and
Claudin-15 whose expression was not significantly decreased
(Fig. 4). Claudin-4, Occludin, F11r, ZO-1 and E-Cadherin were
significantly reduced in the DNBS-PBS group (P < 0.05)
(Figs. 4 and 5). This reduction was counterbalanced with both L.
rhamnosus CNCM I-3690 and F. prausnitzii treatments.
Although clear tendencies were observed, statistically significant
differences were only found in the DNBS-PBS group with L.
rhamnosus CNCM I.3690 for E-cadherin and Occluding and
with F. prausnitzii treatment for Claudin-4 and F11r (P < 0.05)
(Fig. 4 and Fig. 5). Staining for Claudin-4, F11r, E-cadherin
and Occludin- proteins (Fig. 6), according to the qPCR results,

Figure 2. Percentage of inhibition of NF-kB activation by 3 different lac-
tobacilli strains. *p < 0.05. Immunomodulation was assessed in vitro in
stable HT-29 pIgK-luciferase plasmid transfectants. Cells were pre-
incubated for 2 hours with each bacterial strain using a MOI of 100 bac-
teria per cell. After 2 hours of pre-incubation with bacteria, cells were
stimulated with TNF-a, 25 ng/well, for 6 hours. After incubation, lumi-
nescence was determined on cell lysate. Results are expressed as ratio
and percentage of NF-kB activation. Analysis done by ANOVA Test fol-
lowed by Student-Newman-Keuls multiple comparison post hoc analysis
*P < 0.05.

Figure 3. Measurement of in vivo permeability in DNBS-challenged mice
treated with several probiotic strains. For in vivo measurements of gut
permeability, animals were orally gavaged with FITC-dextran Control
non-inflamed (EtOH-PBS), control inflamed (DNBS-PBS), F. prausnitzii A2-
165 strain (DNBS-Fprau), L. rhamnosus CNCM I-3690 strain (DNBS-Lrha) ,
L. paracasei CNCM I-3689 strain (DNBS-Lpar). Analysis done by Kruskal-
Wallis followed by a Dunn’s Multiple Comparison Test *P < 0.05 versus
DNBS-PBS. n D 16 mice per group.
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showed that L. rhamnosus CNCM I-3690 and F. prausnitzii
tends to increase the expression of all these proteins.

Lactobacillus rhamnosus CNCM I-3690 counterbalances
the production of IL-6, IL-4 and IFN-g cytokines induced
by DNBS-treatment

To further analyze the anti-inflammatory properties of L.
rhamnosus CNCM I-3690 in vivo, the cytokines production was
assessed in both colonic and serum samples. No cytokine levels
were detected in serum samples (data not shown). Compared
with healthy controls, DNBS-treated mice showed high cyto-
kines levels in colon samples (IL-13, IL-1a, IL-6, IL-22, IL-2,
IL-27, IL-4, IFN-g, TNF-a) (Fig. 7, data not shown) which sug-
gest a weak local inflammation. L. rhamnosus CNCM I-3690
administration resulted in a reduction in the secretion of some of
these cytokines that were induced by the DNBS-treatment. IL-4
and IFN-g levels were significantly reduced in mice treated with
either CNCM I-3690 or F. prausnitzii but not with the L. para-
casei CNCM I-3689 strain (P < 0.05) (Fig. 7). A significant
reduction in IL-6 levels was observed after treatment with all bac-
teria (P < 0.05) (Fig. 7).

Discussion

Altered barrier function has been
implicated in the pathogenesis of sev-
eral diseases.33 There is increasing evi-
dence for the presence of increased
colonic permeability in inflammatory
bowel diseases (IBD), Graft-versus-
host disease (GVHD), Type-1 diabe-
tes, human immunodeficiency virus
HIV/AIDS, celiac disease and irritable
bowel syndrome.8,34-39,40

Several microorganisms have been
shown to protect the function of intes-
tinal barrier and to enhance repair.15

Among them, L. acidophilus and Bac-
teroides thetaiotaomicron prevent the
cytokine-induced increase in perme-
ability.41 Other Lactobacilli also pro-
tect the intestinal barrier and several
mechanisms have been proposed
including enhancing membrane trans-
location of tight junction complex
proteins either increasing or stabilizing
Trans-Epithelial Electrical Resistance
(TEER), and increasing antimicrobial
peptide production.27

The L. rhamnosus CNCM I-3690
strain was first selected as an anti-
inflammatory strain31 and then tested
in an in vitro screening among several
L. casei and L. rhamnosus strains for
their ability to protect against TNF-a
induced permeability increase TEER

tests. Its anti-inflammatory profile has been confirmed in vitro in
this study. Then, the effect of this strain has been validated in a
mice model characterized by an alteration on gut permeability.

L. rhamnosus CNCM I-3690 suppressed TNF-a-induced epi-
thelial permeability impairment on monolayers of Caco-2 cells
and inhibited NF-kB signaling. Other lactobacilli have reported
similar in vitro effects. Notably, L. rhamnosus GG protects from
cytokine mediated alterations through inhibition of NF-kB sig-
naling.26 TNF-a-pro-inflammatory actions are mainly mediated
by NF-kB pathways42 having a pivotal role in the disruption of
the TEER by TNF-a challenge in Caco-2 monolayers.43

Although, the apoptotic pathway has been pointed out as a major
factor mediating barrier dysfunction in Caco-2-TNF-a TEER
models, the cytokine concentration used in this study combined
to the distinct nature of these 2 parameters (apoptosis and
TEER) suggest that this is not the case in our study.26,44,45

To validate in vivo the protective anti-inflammatory effects
and the protective role against permeability alteration of this
strain, a chronic murine model was used to better mimic the
relapsing nature of the symptoms of patients suffering from leaky
gut-related diseases. Our results showed no severe or moderate
inflammation in the colon as demonstrated by the absence of

Figure 4. Modulation of Claudin family proteins expression. The expression of tight junction proteins
was assessed by RT-qPCR on colonic tissue. Control non-inflamed group (EtOH-PBS), control inflamed
group (DNBS-PBS), F. prausnitzii A2-165 strain (DNBS-Fprau), L. rhamnosus CNCM I-3690 strain (DNBS-
Lrha) , L. paracasei CNCM I-3689 strain (DNBS-Lpar) Analysis done by Kruskal-Wallis followed by a Dunn’s
Multiple Comparison Test *P < 0.05 vs. DNBS-PBS. n D 6-13 mice per group.
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macro- and microscopic damages as well
as by the lack of significant granulocyte
infiltrates by MPO activity and of lipo-
calin 2, an early inflammation maker.
However, DNBS-treated mice showed
alteration in gut permeability measured
by the paracellular tracer FITC-dextran.
Treatment with both L. rhamnosus
CNCM I-3690 and F. prausnitzii nor-
malized in vivo permeability measure-
ments of FITC-Dextran presence in
serum, suggesting that overall total per-
meability was improved with both bac-
teria while treatment with L. paracasei
CNCM I-3689, dismissing a possible
strain-unspecific effect on this
parameter.

The intestinal barrier is composed of
a mucus layer and a monolayer of epi-
thelial cells closely maintained by tight
junctions (TJs), adherence junctions
(AJs), desmosomes and gap junctions4,5

and their production and structural
assembly are key determinants for intes-
tinal permeability. The AJs are com-
posed of cadherins, such as E-cadherin
and is bound to a- and b-catenins. The
TJs are composed of transmembrane
proteins occludins, claudins and Junc-
tional Adhesion Molecule (JAM/F11r)
that are linked to the actin cytoskeleton
through Zonula Occludens (ZO) pro-
teins.5 To test the hypothesis of a
DNBS-induced permeability due to an alteration of TJs and AJs
levels, expression of the most relevant of these proteins was ana-
lyzed by RT-qPCR. Our results show that expression of TJ pro-
teins is generally reduced by the DNBS treatment; however, this
was protein-specific as not all the proteins studied have been
altered due to DNBS challenge.

The intervention with L. rhamnosus CNCM I-3690 restored
the expression of Occludin, E-cadherin and tended to restore the
expression of F11r (JAM) and Claudin 4 in both qPCR and
staining experiments. This result is in agreement with previous
studies where a modulation of the expression of TJ proteins by
probiotics in both in vitro and in vivo models was shown. L.
rhamnosus OLL2838 strain suppressed the increase of intestinal
permeability in DSS-treated mice and prevented the loss of
ZO-1.46 Mennigen et al. showed that treatment with a mixture
of lactic acid bacteria and bifidobacteria prevented changes
observed in acute colitis: decreased expression and redistribution
of the TJ proteins occludin, ZO-1, and claudin-1, claudin-3,
claudin-4 and claudin-525 and Bifidobacterium lactis CNCM I-
2494 restored occludin and JAM-A expressions to control lev-
els.23 Furthermore, the effects of L. rhamnosus CNCM I-3690
are comparable to those found for F. prausnitzii-treated mice.
Recently, Carlssonn et al. have found and improvement on

claudin-1 and claudin-2 expressions in DSS-treated mice with F.
prausnitzii supernatant.51,47

Modulation of permeability can induce activation of the
mucosal immune system, due to bacterial translocation. We
observed increased colonic permeability in association with
immune activation and a mild increase in pro-inflammatory
cytokines, such as IL-13, IL-1a, IL-6, IL-22, IL-2, IL-27, IL-4,
IFN-g, TNF-a. Both L. rhamnosus and F. prausnitzii treatments
restored IFN-g, IL-6 and IL-4 cytokine levels. Recent studies
have linked cytokines to TJ proteins regulation. IFN-g is known
to increase intestinal permeability through the redistribution and
expression of TJ proteins.48 IL-6 and IL-4 correlate to increased
permeability potentially due to the induction of pore-forming
claudin-2 expression.49,50 Furthermore, all of them were restored
in both L. rhamnosus and F. prausnitzii-treated mice.

F. prausnitzii is one of the most prevalent commensal bacte-
rium in the human gut51 and the full protection to DNBS-
induced barrier impairment effects of this strain in this model is
similar to that found for L. rhamnosus CNCM I-3690. Future
studies may focus on the possible saturation of the system, as the
dose dependent effect can help to discriminate between strains.

The traditional probiotic approach is based on lactic acid bacte-
ria (LAB) strains, however nowadays new candidate bacteria

Figure 5. Modulation of apical-junction proteins expression. The expression of tight junction proteins
was assessed by RT-qPCR on colonic tissue. Control non-inflamed group (EtOH-PBS), control inflamed
group (DNBS-PBS), F. prausnitzii A2-165 strain (DNBS-Fprau), L. rhamnosus CNCM I-3690 strain (DNBS-
Lrha) , L. paracasei CNCM I-3689 strain (DNBS-Lpar) Analysis done by Kruskal-Wallis followed by a
Dunn’s Multiple Comparison Test *P< 0.05 versus DNBS-PBS. n D 6–13 mice per group.

www.tandfonline.com 5Gut Microbes



belonging to the intestinal microbiota are being tested without
taking into account the extremely difficult process to produce
these bacteria at industrial scale and that normally they are have
not the Qualified Presumption of Safety (QPS). Hence, the use

QPS species with proven technological compliance remains a
highly attractive option to deliver health beneficial bacteria to the
host remains a feasible option to develop novel probiotic products.
In addition, this justifies continuing the screening of LAB strains

to look for potential candidates and to
develop models better mimicking human
symptoms in animals as previously per-
formed by Kechaou et al. (2012).52

In summary, we showed that L. rhamno-
sus CNCM I-3690 strain partially restores
cytokine-induced epithelial dysfunction
and increased intestinal permeability
caused by a mild inflammatory insult. The
beneficial effect was comparable to the
improvement detected previously with the
commensal bacterium F. prausnitzii A2.
Our results indicate the potential of L.
rhamnosus CNCM I-3690 to prevent and
to treat human pathologies associated with
increase of intestinal permeability.

Figure 6. Effect on apical junction proteins in a DNBS-induced low-grade inflammation model. Sections of the distal colon were stained for Claudin-4
(red), Fr11 (green), occludin (green) and E-cadherin (red) expression. Nuclei (DAPI; blue). Original magnification X60. Representative images control non-
inflamed group (EtOH-PBS), control inflamed group (DNBS-PBS), F. prausnitzii A2-165 strain (DNBS-Fprau), L. rhamnosus CNCM I-3690 strain (DNBS-Lrha),
L. paracasei CNCM I-3689 strain (DNBS-Lpar).

Figure 7. Measurement of colonic cytokine levels. Control non-inflamed group (EtOH-PBS), control
inflamed group (DNBS-PBS), F. prausnitzii A2-165 strain (DNBS-Fprau), L. rhamnosus CNCM I-3690
strain (DNBS-Lrha), L. paracasei CNCM I-3689 strain (DNBS-Lpar) Analysis done by Kruskal-Wallis fol-
lowed by a Dunn’s Multiple Comparison Test *P < 0.05 vs. DNBS-PBS. n D 8-16 mice per group.
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Material and Methods

Bacterial strains, cell lines and culture conditions
Lactobacillus strains from Danone Research collection

(Table 1) and Lactobacillus rhamnosus GG (LGG), HN001 and
L. casei BL23 were grown at 37�C in MRS medium (Difco,
USA). Faecalibacterium prausnitzii A2-165 strain (DSMZ collec-
tion, Braunschweig, Germany) (DSM N�17677) was grown at
37�C in LYBHI medium (Brain-heart infusion medium supple-
mented with 0.5% yeast extract (Difco, Detroit, USA)) supple-
mented with cellobiose (1 mg/ml; Sigma-Aldrich Chemie
GmbH, Buchs, Switzerland), maltose (1 mg/ml; Sigma-Aldrich),
and cysteine (0.5 mg/ml; Sigma-Aldrich) in an anaerobic cham-
ber at 37�C.

Experiments were performed with the human intestinal epi-
thelial cell line Caco-2 (EATCC, Port Down, UK). Cells were
prepared as described in Piche et al., 2009.53 Caco-2 were grown
in Dulbecco’s modified Eagle’s minimum essential medium
(DMEM, pH 7.4) (Invitrogen) supplemented with 25 mM glu-
cose, 10% inactivated fetal bovine serum (FBS) (Lonza), 1% pen-
icillin streptomycin (PS) and 1% non-essential amino acid
solution (Invitrogen). HT-29 (HTB-38) cells were grown in
DMEM, supplemented with 10% inactivated FBS, 1% non-
essential amino acids solution and 1% PS and gentamicin.

In vitro permeability assay
Caco-2 cells were grown on Transwell semi permeable filter

support (12 mm diameter wells, polystyrene membranes with
0.4mm pores, Costar, Corning) and plated at 1£105 cells per
well Cells with Trans-Epithelial Electrical Resistance (TEER)
readings >900 ohms.cm¡2. An overnight (ON) lactobacilli cul-
ture was washed in PBS and resuspended in DMEM medium.
Strain LGG was used as positive control.54 TEER was measured
before adding 1£106 CFU of lactobacilli onto the apical surface
for 3 h prior to treatment of the basolateral medium with TNF-
a .100 ng/ml/ for 21 h at 37�C and at the end of TNF-a stimu-
lation. Experiments were performed at least in duplicate. The
resulting data presented as a ratio:

RatioD TEER Treatment T24=TEER Treatment T0

TEER Control T24=TEER Control T0

In vitro evaluation of immunomodulation properties of
lactobacilli

Immunomodulation properties of lactobacilli were assessed in
vitro as described before.31 Briefly, stable HT-29 transfectants
containing the Luciferase (Luc) reporter gene were obtained after
transfection with pIgK-luciferase plasmid. Forty-eight h before
co-incubation, cells were seeded in 12-well plates at a cell density
of 1£105/well using a final volume of 2 mL and incubated at
37�C, 10%. The day of the co-culture, bacteria from ON cul-
tures were washed twice with PBS and resuspended in DMEM
medium. This medium was renewed and cells were pre-incubated
for 2 h with each bacterial strain at a multiplicity of infection
(MOI) of 100 bacteria per cell. After 2 h of pre-incubation with

bacteria, cells were stimulated with TNF-a (25 ng/well) for 6 h.
After incubation, supernatants were collected and cells were
rinsed with PBS and immediately lysed with lysis buffer 1X (Tris
25 mM pH7,4; MgCl2 8 mM; Triton 1X, Glycerol 15%;
Roche) according to the manufacturer instructions. Cell lysates
were frozen at ¡80�C for further detection of I-kB. Lumines-
cence determination was performed by adding 10 mL of cell lys-
tate to 100 mL of revelation buffer (lusis buffer, DTT 1 mM,
ATP 1 mM, Luciferin 2 mM, Roche). Luciferase was quantified
in a luminometer Centro LB 960 (Berthold technologies).
Experiments were performed at least in triplicate. Results are
expressed as ratio and percentage of NFkB activation. L. casei
BL23 was used as control.

Animals and experimental design
Male C57BL/6 mice (6 weeks old, Janvier, France) were

maintained under standard conditions in the animal facilities of
the National Institute of Agricultural Research (UEAR, INRA
Jouy-en-Josas, France) for 2 weeks before experimentation. Mice
were anesthetized with intraperitoneal injection of 0.1% keta-
mine and 0.06% xylazine. A tube attached to a tuberculin
syringe, was inserted into the colon. Inflammation was induced
by intrarectal administration of 100 mg/Kg of DNBS solution
(ICN, Biomedical Inc.) in 30% ethanol (EtOH). Control mice
(without inflammation) received an equivalent amount of 30%
ethanol. Mice were supervised all along the experiment with spe-
cial attention during the first 3 days after DNBS administration
hereafter named “DNBS period.” Ten days following “DNBS
period,” bacteria were intragastrically administrated to mice dur-
ing 10 days. Bacteria was previously grown, harvested, washed
and frozen in PBS with 13% glycerol. The bacteria concentra-
tions were determined after de-freezing. Approximately 1£109

CFU or 200 mL PBS (plus 13% glycerol) were daily adminis-
trated to each mouse. The study groups were as followed: control
non-inflamed group (EtOH-PBS), control inflamed group
(DNBS-PBS), F. prausnitzii A2-165 strain (DNBS-Fprau), L.
rhamnosus CNCM I-3690 strain (DNBS-Lrha) and L. paracasei
CNCM I-3689 strain (DNBS-Lpar). Inflammation was reacti-
vated 21 days after the first DNBS injection with a second
administration of 50 mg/Kg of DNBS solution. The severity of
the inflammation was determined by determining the weight loss
in the first 3 days after the second DNBS injection. Experiments
were performed in duplicate. All procedures were carried out
according to European Community rules of animal care and
approved by the local committees.

To confirm the absence of overt inflammation, macroscopic
and histological scores as well as myeloperoxidase (MPO) activity
and lipocalin-2 concentration were determined as previously
described.29

In vivo permeability assay
Barrier function was assessed at the endpoint (3 days after sec-

ond DNBS injection) using FITC-labeled dextran tracer. Mice
were administrated intragastrically with this permeability tracer
(0.6 mg/g of body weight, molecular weight 3000-5000 Da,
Sigma-Aldrich). A blood sample was collected from the retro-
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orbital venous plexus after 3.5 hours and fluorescence intensity
was measured in serum (TECAN). The FITC-dextran concentra-
tion was determined from a standard curve obtained from serial
dilution of FITC-dextran.

Cytokines levels
The colonic sample was homogenized in 400 ml of Tris-HCl

buffer containing protease inhibitors (Sigma-Aldrich) in a Tissue
Lyser. Samples were centrifuged for 20 min and the supernatant
was frozen at 80�C until assay. Before mice were sacrificed blood
samples were obtained from the retro-orbital venous plexus, cen-
trifuged and sera were stored at ¡80�C until further analysis.
Levels of the cytokines IFN-g, IL-1a, IL-2, IL-4, IL-5, IL-6, IL-
10, IL-13, IL-17, IL-21, IL-22, IL-27 and TNF-a) were deter-
mined using a cytometric bead array system (Mouse Th1/Th2/
Th17/Th22 13plex Kit FlowCytomix, eBioscience).

Apical junctional analysis by quantitative real-time PCR
and staining

Total RNA from 20-30 mg colon section was isolated using
an RNeasy Mini Kit (Qiagen). Potential DNA contamination
was removed by column DNAse treatment (Qiagen). RNA quan-
tity and integrity was checked with NanoDrop (Thermo Scien-
tific) and agarose gel electrophoresis. Only samples with intact
RNA were used for subsequent cDNA synthesis with iScript
reverse transcriptase (Bio-Rad). An amount of 500 mg of input
RNA was used for each sample. Quantitative real-time PCR was
performed with diluted cDNA (10x) in triplicate on iQ5 Real-
Time Detection System (Bio-Rad). The reaction consisted of
SsofastEvagreenSupermix (Bio-Rad), primers at 0.5 mM (Sup-
plemental table S1), and 2 mL of diluted cDNA. Values were
expressed as relative fold change normalized to housekeeping
gene Gapdh by the 2-DDCTmethod. All procedures were per-
formed according to the manufacturer’s instructions.

Protein expression of apical junctional proteins was evaluated
also using immunofluorescence. Colon samples were embedded
in Tissue-Tek OCT (Sakura, Torrance, CA). Frozen sections
were then cut (5 mM), fixed with 3% paraformaldehyde (PFA)
for 15 minutes at 20�C, and blocked with phosphate-buffered
saline (PBS) / bovine serum albumin at 2% for 1 hour. Samples

were immune-stained overnight with E-cadherin antibody
(1:1000 dilution, BD Pharmaceutical), Occludin (1:200, Invitro-
gen), Claudin 4 (1:200, Invitrogen), JAM-A (1:100, R&D) and
1 hour with appropriate secondary antibody (1:250 dilution,
Molecular Probes). Representative pictures from each animal
were taken with the same exposure time.

Statistical analysis
Statistical analysis was completed using GraphPad software

(GraphPad Sofware, La Jolla, CA, USA). Results are presented as
bar graphs with means C/¡ SEM or dot plots with means C/-
SEM. Most comparisons were performed by 1-way analysis of
variance followed by the Student-Newman-Keuls multiple com-
parison post hoc analysis. For data sets that were non-Gaussian
or based on a score or on a percentage, data was compared using
the non-parametric test Kruskal-Wallis followed by a Dunn’s
Multiple Comparison Test. A p value of less than 0.05 was con-
sidered significant.
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