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The intestinal ecosystem is balanced by dynamic interactions between resident and incoming microbes, the gastrointestinal bar-
rier, and the mucosal immune system. However, in the context of inflammatory bowel diseases (IBD), where the integrity of the
gastrointestinal barrier is compromised, resident microbes contribute to the development and perpetuation of inflammation
and disease. Probiotic bacteria have been shown to exert beneficial effects, e.g., enhancing epithelial barrier integrity. However,
the mechanisms underlying these beneficial effects are only poorly understood. Here, we comparatively investigated the effects
of four probiotic lactobacilli, namely, Lactobacillus acidophilus, L. fermentum, L. gasseri, and L. rhamnosus, in a T84 cell epithe-
lial barrier model. Results of DNA microarray experiments indicating that lactobacilli modulate the regulation of genes encod-
ing in particular adherence junction proteins such as E-cadherin and �-catenin were confirmed by quantitative reverse
transcription-PCR (qRT-PCR). Furthermore, we show that epithelial barrier function is modulated by Gram-positive probiotic
lactobacilli via their effect on adherence junction protein expression and complex formation. In addition, incubation with lacto-
bacilli differentially influences the phosphorylation of adherence junction proteins and the abundance of protein kinase C
(PKC) isoforms such as PKC� that thereby positively modulates epithelial barrier function. Further insight into the underlying
molecular mechanisms triggered by these probiotics might also foster the development of novel strategies for the treatment of
gastrointestinal diseases (e.g., IBD).

The gastrointestinal tract harbors a complex microbial ecosys-
tem containing bacteria with both harmful and beneficial ef-

fects on host physiology (2, 23). Usually most members of the
intestinal microbiota are commensals and/or probiotic bacteria
that contribute to immune development and digestion and, fur-
thermore, interfere with incoming pathogens (5, 47). This micro-
biota is engaged in a continuous cross talk with the host and main-
tains a balanced relationship between gut microbes, intestinal
epithelial cells (IECs), and the immune responses of the host (27,
30). However, under pathological conditions—such as in the con-
text of inflammatory bowel diseases (IBD)—this balance can be
disturbed and the integrity of the gastrointestinal barrier can be
compromised. In these cases, resident microbes contribute to the
development and perpetuation of inflammation and disease (6,
15, 25, 32, 35).

Probiotic bacteria (also called probiotics), such as certain lac-
tobacilli, are defined as “live microorganisms that, which when
administered in adequate amounts, confer a health benefit on the
host” (10). Probiotic lactobacilli reveal health benefits that appear
to be based on three constitutional effects which contribute to
their protective function (26, 36, 42): (i) restoration of microbial
homeostasis by microbe-microbe interactions and pathogen inhi-
bition (for example, see references 21, 28, and 43), (ii) strength-
ening of epithelial barrier function (38, 40, 53, 54), and (iii) mod-
ulation of immune responses (11, 17, 26).

For the maintenance of barrier integrity, the apical junctional
complex (AJC), incorporating adherence junctions (AJ) and tight
junctions (TJ), plays an important role. This complex is essential
for cell proliferation, tissue differentiation, and regulation of para-
cellular transport. The assembly of TJ between epithelial cells re-
quires the prior formation of AJ, and thus, alterations of the

E-cadherin-dependent AJ also affect TJ formation (53, 54). The
major transmembrane protein of AJ is E-cadherin, which belongs
to the family of Ca2�-dependent adhesion proteins (1, 16, 29), is
directly associated with �-catenin. This in turn provides a link to
cytosolic actin, which is directly involved in AJ complex biogene-
sis (19, 34). In addition, several protein kinase C (PKC) isoforms
have been localized close to the AJC. Little is known about the
molecular mechanisms underlying the regulation of junctional
dynamics by different PKCs, but it has been postulated that acti-
vation of distinct PKC isoforms differentially affects the mainte-
nance of barrier function (45, 46). Meanwhile, 10 PKC isoforms
have been identified and grouped in three distinct subtypes: con-
ventional (cPKC) isozymes (�, �I, �II, and �), novel (nPKC)
isozymes (�, �, �, and �), and atypical (aPKC) isozymes (� and 	/
)
(46). However, expression of PKC isoforms appears to be cell and
tissue specific. Hence, only a subset of five PKC isoforms (�, �II, �,
�, and �) is expressed in T84 human colonic adenocarcinoma
epithelial cells (T84 cells) (44).

Here, we investigated the influence of four distinct lactobacilli
on epithelial barrier integrity by utilizing confluent human T84
cell monolayers as a model system. Alterations in transepithelial
resistance (TER) following incubation with probiotic lactobacilli
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were monitored on-line and taken as a measure of changes in the
integrity of cellular barriers. We show that epithelial barrier func-
tion is modulated by Gram-positive probiotic lactobacilli via their
effect on the adherence junction protein E-cadherin. In addition,
incubation with lactobacilli differentially influences the phos-
phorylation status of adherence junction proteins and of PKC
isoforms such as PKC�, thereby positively modulating E-cadherin
expression. Interestingly, the four lactobacillus species affected AJ
differently, indicating that the probiotic effects are species specific.

(This study was conducted by S. Hummel and K. Veltman in
partial fulfillment of the requirements for a Ph.D. from West-
fälische Wilhelms-Universität Münster, Münster, Germany.)

MATERIALS AND METHODS
Bacterial strains and tissue culture. L. acidophilus (PZ 1041), L. gasseri
(PZ 1160), L. fermentum (PZ 1162), and L. rhamnosus (PZ 1121) were
obtained from Pharma-Zentrale (Herdecke, Germany) as typical probi-
otic lactobacilli. PZ 1041 was isolated from the feces of a healthy person
(14). PZ 1160 and PZ 1162 were donated by the Ardeypharm Collection of
Strains (ACS) and have been investigated for their defensin-inducing
properties (52). PZ 1121 is identical to the L. rhamnosus GG strain (ATCC
53103). The probiotic effects of these strains are well documented (for
example, see references 13, 14, and 52). To maintain pH values in a phys-
iological range and to condition the lactobacilli for incubation with T84
cells, overnight cultures of lactobacilli were grown in MRS broth (Merck,
Darmstadt, Germany) buffered with 2.5% Na2HPO4 · 2H2O to pH 7.0 at
37°C and 5% CO2 without shaking. Overnight cultures of E. coli Nissle
1917 (referred to here as Nissle) (Pharma-Zentrale, Herdecke, Germany)
and the prototype enteropathogenic E. coli (EPEC) strain E2348/69 were
grown in Luria-Bertani broth at 37°C. Epithelial T84 cell monolayers were
incubated with lactobacilli at a multiplicity of infection (MOI) of 1.5 due
to the rapid production of lactic acid by lactobacilli, which negatively
affects the epithelial cells. E. coli strains were applied at an MOI of 10.

Cell culture and antibodies. The human colonic adenocarcinoma ep-
ithelial cell line T84 (European Collection of Cell Cultures [ECACC; Salis-
bury, United Kingdom], passage 10 to 26) was grown in a humidified
incubator at 37°C in DMEM (Dulbecco’s modified Eagle medium) Ham’s
F-12 (PAA Laboratories, Cölbe, Germany) supplemented with 10% FCS
and antibiotics (penicillin and streptomycin, 50 �g/ml each). Cells were
passaged and cultured in cell culture flasks and on membrane filters. On
Transwell filters (6.5-mm diameter; polycarbonate membrane; 0.4-�m
pore size; Costar, Corning, NY), T84 cells were seeded at density of 5 �
105/insert. T84 cell monolayer medium was changed every other day.
Specific antibodies to E-cadherin, ZO-2, PKC�, PKC�, phosphorylated
�-catenin (P-�-catenin), and GAPDH antibodies were purchased from
Santa Cruz Biotechnology (Heidelberg, Germany), and phospho-Ser/Thr
came from ECM Biosciences (Versailles, KY) or from Biotrend (Köln,
Germany). Anti-tubulin antibodies were obtained from Sigma-Aldrich
(St. Louis).

Transepithelial electrical resistance (TER). Beginning approximately
10 days after seeding on Transwell filters, the T84 monolayer confluence
and barrier properties were documented by measuring TER before and
after apical exposure to bacteria using an automated cell monitoring sys-
tem. After reaching confluence, the filters were inserted into the appro-
priate wells of the cellZscope unit for real-time on-line TER monitoring
(nanoAnalytics, Münster, Germany) according to Karczewski et al. (22)
and Rempe et al. (39). The cellZscope is able to monitor transepithelial
impedance (ohmic resistance and capacitance) under physiological con-
ditions without affecting the cellular barrier under investigation. In this
study, TER was used as a readout system to monitor the effect of probiotic
bacteria on barrier function.

RNA extraction, cRNA, and cDNA preparation. Total RNA was ex-
tracted using an RNeasy minikit (Qiagen, Hilden, Germany), and cRNA
was prepared as follows. RNA was isolated from cells grown in tissue

culture flasks that had been incubated or not with the specific lactobacillus
strain. Total RNA samples were used to generate biotinylated cRNA tar-
gets according to the Affymetrix microarray suite 4.0 user guide. Enzymes
were supplied by Invitrogen (Breda, The Netherlands) and Roche (Mann-
heim, Germany). The oligo(dT) primer containing a T7 RNA polymerase
promoter was purchased from Ambion (Huntington, United Kingdom).
Labeled cRNA was prepared by using a microarray target synthesis kit and
biotin-labeled UTP from Roche (Mannheim, Germany) and hybridized
to hu U133A 2.0 chip sets (representing 12,000 human DNA sequences;
Affymetrix, Santa Clara, CA) according to the supplier’s instructions.

cDNA synthesis from total RNA was performed using a Transcriptor
reverse transcriptase kit (Roche Molecular Biochemicals, Mannheim,
Germany).

Hybridization and scanning of DNA microarrays. DNA array exper-
iments were performed using hu U133A 2.0 Affymetrix DNA arrays to
analyze the mRNA profiles of T84 cells incubated for 30, 60, 120, or 180
min with lactobacilli (L. gasseri and L. fermentum) and of untreated T84
cells (18). Hybridization and staining were done according to the Af-
fymetrix microarray suite 5.0 user guide. Quality control and data analysis
were performed using GeneData Expressionist software. For this setup,
we considered a 1.8-fold difference in gene expression in log-log plots to
be meaningful when epithelial cell monolayers with and without the ad-
dition of bacteria were compared. Results were derived from two inde-
pendent biological repeats.

Confirmation of gene expression data by quantitative real-time
PCR. The results of DNA array experiments were confirmed for selected
genes associated with barrier function by quantitative RT-PCR employing
the LightCycler amplification and detection system (Roche Molecular
Biochemicals, Mannheim, Germany). Gene-specific primer pairs synthe-
sized by Eurofins MWG GmbH (Ebersberg, Germany) were designed by
using the Universal ProbeLibrary (Roche, Mannheim, Germany). As an
internal reference, expression of the hypoxanthine phosphoribosyl-
transferase I gene (HPRT I) as a low-abundance housekeeping gene was
also monitored. Data were analyzed with LightCycler quantification soft-
ware (version 3.5; Roche Molecular Biochemicals, Mannheim, Germany).
Sequences of primer pairs used for qRT-PCR experiments are listed in
Table 1.

Preparation of total protein cell lysates. For the preparation of total
cell lysates, M-PER mammalian protein extraction reagent (Pierce Bio-
technology, Rockford, IL) was used. After incubation with lactobacilli,
T84 cells were washed three times with Dulbecco’s phosphate-buffered
saline (D-PBS with CaCl2 and MgCl2; PAA, Cölbe, Germany), and 350 �l
(250 to 500 �l/60 mm2 surface area) of M-PER mammalian protein ex-
traction reagent containing Halt protease inhibitor single-use cocktail (10

TABLE 1 Sequences of primer pairs employed for qRT-PCR

Primer Sequence (5=¡3=)
HPRT_for TGATAGATCCATTCCTATGACTGTAGA
HPRT_rev AGGACATTCTTTCCAGTTAAAGTTGAG

E-cadherin_for GAAGTGTCCGAGGACTTTGG
E-cadherin_rev CAGTGTCTCTCCAAATCCGATA

�-catenin_for GCAGAGTGCTGAAGGTGCTA
�-catenin_rev TCTGTCAGGTGAAGTCCTAAAGC

ZO-2_for GAACGAGGCATCATCCCTAA
ZO-2_rev CCAGCTTCTCGAAGAACCAC

Claudin 1_for CCGTTGGCATGAAGTGTATG
Claudin 1_rev CCAGTGAAGAGAGCCTGACC

Occludin_for TTTGTGGGACAAGGAACACA
Occludin_rev CAGGCGAAGTTAATGGAAGC
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�l/ml) (Pierce Biotechnology, Rockford) was added. The material was
removed from cell culture flasks with a cell scraper and centrifuged for 10
min at 14,000 � g, and supernatants were collected and stored at �80°C.

Subcellular fractionation. Following incubation with bacteria, T84
cell monolayers were washed three times with ice-cold D-PBS (with CaCl2
and MgCl2; PAA, Cölbe, Germany). For subcellular fractionation, ap-
proximately 6 � 106 cells were scraped into 700 �l of ice-cold lysis buffer
A (20 mM Tris-HCl [pH 7.5], 250 mM sucrose, 4 mM EDTA, 2 mM
EGTA, 1 mM Na3VO4 containing Halt protease single use cocktail and
Halt phosphatase inhibitor; Pierce Biotechnology, Rockford, Ill). The cells
were lysed on ice using a Branson ultrasonifier (Branson Ultrasonics,
Danbury, CT). Lysates were ultracentrifuged for 30 min at 50,000 � g at
4°C. Supernatants were collected as the cytosolic fraction. The pellets were
washed with lysis buffer A and resuspended in 500 �l buffer B (buffer A
with 0.5% Triton X-100 and Halt protease single-use cocktail as well as
Halt phosphatase inhibitor [Pierce Biotechnology]) and incubated on ice
for 40 min. Afterwards, samples were centrifuged for 30 min at 50,000 �
g and 4°C. Supernatants were collected as the membrane fraction. Lysates
were stored at �80°C.

Western blotting experiments. For denaturation, proteins in whole-
cell lysates and the cytosolic and membrane fractions were added to so-
dium dodecyl sulfate (SDS) sample buffer and heated at 95°C for 5 min.
Proteins were separated using a 10% SDS-gel, electrophoretically trans-
ferred to polyvinylidene difluoride (PVDF) membranes, and stained for
ZO-2, E-cadherin, P-�-catenin, PKC�, PKC�, GAPDH (Santa Cruz Bio-
technology, Santa Cruz, CA), and anti-�-tubulin (Sigma-Aldrich, St.
Louis, MO) using specific antibodies.

Stripping of PVDF membranes and detection of protein phosphor-
ylation. For the identification of specific phosphorylation of junction-
associated proteins in membrane and cytosolic fractions of T84 cells,
following separation by SDS-polyacrylamide gel electrophoresis and
Western blotting the blots were first incubated with antibodies to phos-
pho-Ser/Thr and developed as described above. Subsequently, the mem-
branes were stripped to remove primary and secondary antibodies to re-
store the accessibility of membrane-bound proteins. For stripping, the
blots were incubated in 0.2 M glycine (pH 2.5) and incubated for 10 s in a
microwave (1.0 kW). After shaking in T-TBS solution (0.05% Tween 20,
150 mM NaCl, 10 mM Tris [pH 7.4]) for 15 min, the blots were again
washed twice for 15 min in TBS (10 mM Tris, 150 mM NaCl [pH 7.4]).
Then the second round of incubation with specific antibodies and detec-
tion was performed.

Statistical analysis. Statistical analysis was performed by using Stu-
dent’s t test.

Microarray data accession numbers. The results of the microarray
experiments have been deposited in the EMBL-EBI ArrayExpress data-
base (EBI ArrayExpress accession no. E-MEXP-3445).

RESULTS
Increase of transepithelial electrical resistance (TER) indicates
the reinforcement of barrier function following incubation
with lactobacilli. As previously shown by us and others (21, 31,
54), probiotics strengthen the barrier function of epithelial cells.
Therefore, we measured the effect of four different lactobacillus
species on the transepithelial electrical resistance of T84 cell bar-
riers grown on Transwell filters. We incubated T84 cell barriers for
4 to 5 h with L. fermentum, L. gasseri, L. acidophilus, or L. rham-
nosus (Fig. 1A and B). Bacteria were added to the apical chamber
of a Transwell filter unit, and the TER was continuously measured
for up to 7 to 8 h by cellZscope technology and compared with that
of untreated T84 monolayers. We observed a strong increase in
TER after incubation with lactobacilli, indicating the ability of
lactobacilli to reinforce epithelial barriers. As a negative control
and to further validate the Transwell model system for epithelial
barriers, we also incubated T84 monolayers with the prototype

enteropathogenic E. coli EPEC strain E2348/69, which induced a
sharp decline of TER (Fig. 1C), confirming published results (51).

Lactobacilli specifically influence the expression of adher-
ence junction-associated proteins. Searching for genes that
might be modulated in T84 cells by incubation with lactobacilli
and that might directly affect TER and, hence, also the integrity of
the epithelial barrier, we performed DNA microarray analysis us-
ing hu U133A 2.0 Affymetrix arrays (see the EMBL-EBI Array-
Express database). During incubation of T84 cells with L. fermen-

FIG 1 Monitoring changes of the transepithelial electrical resistance (TER) of
T84 cell monolayers following incubation with lactobacilli and the entero-
pathogenic E. coli (EPEC) strain E2348/69. T84 cell monolayers were incu-
bated with L. fermentum (L. f.) (A), L. gasseri (L. g.) (A), L. acidophilus (L. a.)
(B), L. rhamnosus (L. r.) (B), and the enteropathogenic E. coli strain E2348/69
(EPEC) (C). T84 cells were grown on Transwell filter units, and the TER of
untreated T84 cell monolayers (T84) and of T84 cell monolayers incubated
with the different bacteria was measured. TER measurements were performed
online using the cellZscope set-up (NanoAnalytics, Münster, Germany). The
vertical line indicates the time when bacteria were added. TER values of un-
treated T84 cell monolayers were set to 100%.
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tum and L. gasseri for up to 3 h we particularly observed
upregulation of transcription of two genes encoding the major
adherence junction proteins �-catenin and E-cadherin. Altera-
tions in transcription identified by DNA array analysis were con-
firmed for L. gasseri and L. fermentum by quantitative real-Time
PCR. However, quantification of �-catenin transcription by qRT-
PCR revealed only minor changes. Therefore, we focused our
main interest on the effects of lactobacilli on E-cadherin (Fig. 2).
Interestingly, L. rhamnosus had almost no effect on E-cadherin
transcription and in this respect turned out to be strikingly differ-
ent from L. acidophilus, L. fermentum, and L. gasseri. In compari-
son with the effects on epithelial barriers of the Gram-negative
probiotic E. coli Nissle 1917, which induced an upregulation of the
tight-junction-associated protein ZO-2, thereby increasing TER
(54), only minor effects of L. gasseri and L. rhamnosus on the
regulation of ZO-2 (Fig. 2) could be observed. L. acidophilus even
reduced expression of ZO-2, while L. fermentum had no effect.
Similar results were obtained for claudin 1 and occludin (data not
shown). In turn, E-cadherin expression is not affected by Nissle
but was found to be downregulated by EPEC strain E2348/69.
Western blot analysis of whole T84 cell lysates confirmed the
changes in E-cadherin expression induced by incubation with L.
acidophilus, L. fermentum, and L. gasseri. In contrast, no signifi-

cant changes of ZO-2 expression during lactobacilli incubation
were observed (Fig. 3).

Stabilization of the E-cadherin/�-catenin complex by activa-
tion of protein kinases. Previous results from our laboratory in-
dicated the involvement of PKC Ser/Thr protein kinases in the
modulation of cellular junctions by lactobacilli (53, 54). To fur-
ther investigate whether the activity of specific PKC isoforms

FIG 2 Impact of incubation of T84 cells with different lactobacilli on ZO-2
(TJ-associated protein) and E-cadherin (AJ-associated protein). T84 cells were
incubated with L. gasseri, L. acidophilus, L. fermentum, and L. rhamnosus for 30,
60, 120, and 180 min. ZO-2 and E-cadherin mRNA expression was quantified
using qRT-PCR (*, P � 0.05). Bars represent standard deviations (SD).

FIG 3 Western blot analysis of E-cadherin and ZO-2 expression following
incubation of T84 cells with lactobacilli. T84 cells were incubated with L. aci-
dophilus, L. fermentum, L. gasseri, and L. rhamnosus for 30, 60, 120, 180, and
240 min. Protein expression in T84 cells that were incubated with lactobacilli
relative to that in untreated T84 cells is shown. Representative blots of exper-
iments conducted at least three times are shown. Densitometry measurements,
including SD, are given below the gels. The values for untreated T84 cells were
set to 1.
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might be affected by the incubation with lactobacilli, we utilized
Western blotting to detect alterations in the phosphorylation sta-
tus of novel PKC� and atypical PKC� in the membrane and cyto-
solic fractions of T84 cells. Incubation with anti-P-Ser/Thr anti-
bodies identified prominent bands (�90 kDa) where P-PKC�
would be expected (Fig. 4A). However, as specific anti-PKC� an-
tibodies did not recognize these proteins following incubation
with lactobacilli (Fig. 4C) but did recognize them with untreated
T84 cells, we conclude that the anti-P-Ser/Thr antibodies reacted
with a different protein(s) of similar size (Fig. 4B). Therefore, it
appears that the incubation of T84 cells with lactobacilli reduces
the abundance of PKC� in membrane fractions. Furthermore, it
has been shown that junctional permeability is increased by over-
expression or activation of PKC� in cultured renal epithelial cells
as well as in Caco-2 epithelial cells (33, 45). Interestingly, atypical
PKC� is not at all affected by incubation with lactobacilli, as only
the phosphorylated form could be detected in all cellular compart-
ments of T84 cells (Fig. 5). PKC� is the only isoform that localizes
near the tight-junction complex (46). This corresponds to previ-
ous results showing that the Gram-negative strain Nissle inacti-

vates PKC� (53, 54). Our current evidence supports the notion
that Gram-negative and Gram-positive probiotic bacteria appear
to address different cellular junctions (50).

Enhanced phosphorylation of �-catenin. As lactobacilli ap-
parently exert their barrier-enforcing effect via modulation of ad-
herence junction proteins, we were interested to see whether, in
addition to the upregulation of E-cadherin expression, �-catenin
as complex partner of E-cadherin might be directly affected. Fol-
lowing incubation with different lactobacillus species for 2.5 h, we
therefore investigated whether the serine/threonine phosphoryla-
tion of �-catenin might be altered, as the active complex enables
the link between the AJ and the cytoskeleton. Incubation with
lactobacilli clearly increased P-�-catenin levels in the membrane
fractions of T84 cells relative to the levels in untreated T84 cells.
This effect was particularly pronounced following incubation
with L. acidophilus and L. rhamnosus (Fig. 6).

DISCUSSION

Lactobacilli have long been associated with beneficial effects in the
human intestine (for example, see references 4, 7, 8, 31, 48, and

FIG 4 Distribution and phosphorylation of PKC� in T84 cells after incubation with lactobacilli. Following incubation of T84 cells with L. fermentum, L.
rhamnosus, L. gasseri, and L. acidophilus for 2.5 h, cells were fractionated in cytosolic (CF) and membrane (MF) fractions. Following Western blotting, probing
with anti-P-Ser/Thr antibodies, development, and documentation (A), the membranes were stripped and probed additionally with anti-PKC� specific antibodies
(B). T84 fractions were probed with anti-PKC� antibodies (C). (D) �-Tubulin loading control. Following incubation with the different lactobacillus species, the
abundance of P-PKC� in the membrane fraction of T84 cells (�) is reduced (Œ). Relevant positions are indicated by an arrowhead. Representative blots from
experiments performed at least three times are shown.

FIG 5 Phosphorylation status of PKC� in T84 cells after incubation with L. fermentum, L. rhamnosus, L. gasseri, and L. acidophilus for 2.5 h. Protein expression
in T84 cells is depicted in comparison to that in T84 cells that were not incubated with lactobacilli. Probing and development was performed as described in the
legend to Fig. 4. Representative blots of experiments repeated at least three times are shown. CF, cytosolic fraction; MF, membrane fraction. Relative positions
are indicated by an arrowhead.
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49); however, the molecular mechanisms responsible for their ef-
fects on barrier functions and immune responses are still only
poorly understood (5). Here, we investigated the effects of four
lactobacillus species (L. acidophilus, L. fermentum, L. gasseri, and
L. rhamnosus) on T84 monolayers serving as a model for the in-
testinal epithelial barrier. The increase of TER after incubation of
T84 cell barriers with lactobacilli indicates that these Gram-
positive probiotic bacteria reinforce the barrier function of epi-
thelial cells. Continuous on-line monitoring of TER with the
cellZscope for more than 7 h demonstrates that the effect is long
lasting. To further confirm the validity of our epithelial barrier
model, we employed the prototype enteropathogenic E. coli strain
E2348/69 (Fig. 1C), which rapidly disrupts epithelial barriers and
decreases TER following infection as a negative control.

Based on our previous results (54), where we showed that the
Gram-negative strain E. coli Nissle 1917 enhances tight-junction
integrity, we were interested to see whether Nissle might also affect
AJ. However, incubation of T84 cells with Nissle did not alter
expression of mRNA for E-cadherin (data not shown). In con-
trast, in this study we specifically demonstrated that incubation of
T84 cells with Gram-positive probiotic lactobacilli modulated AJ,
as indicated by alterations in the major component, E-cadherin
(Fig. 2). Incubation of T84 cells with lactobacilli enhances the
expression of E-cadherin at the mRNA and protein levels (Fig. 2
and 3), thereby contributing to barrier integrity as reflected by
increasing TER. Interestingly, the influence of lactobacilli on the
expression of the TJ-associated protein ZO-2 appears to be het-
erogeneous (Fig. 2 and 3). In this context, it is remarkable that the
observed increase in TER induced by L. rhamnosus (PZ 1121) (Fig.
1) appears to be due to a different mechanism(s), as has been
identified for the other three lactobacillus species investigated in
this study. Consequently, the mechanisms leading to the barrier-
enhancing effects of L. rhamnosus need to be further investigated
in future studies.

The importance of PKC in regulating the stability of the junc-

tional complex in epithelial cells and also distinct effects of specific
isoforms have been amply documented, and it has been shown
that the activity of PKC is largely regulated by differential phos-
phorylation (for example, see references 20 and 24). However,
their specific contributions to barrier integrity are still only par-
tially understood. PKC� has been found to be crucial for cell-cell
adhesion and modulation of AJ (9). Activation of PKC� appears to
be necessary for the binding of PKC� to E-cadherin to induce cell
scattering and disturbance of the AJ complex (45). Therefore, we
were interested to see whether the observed effect of lactobacilli on
barrier integrity via the modulation of AJ might also involve
PKC�. We showed that all four lactobacillus species reduced the
abundance of PKC� in the membrane fractions of T84 cells (Fig.
4). This indicates that the redistribution of membrane PKC� by
incubation with lactobacilli might be involved in enhancing bar-
rier integrity. In contrast, in previous studies we demonstrated an
inactivation of PKC� after incubation with the Gram-negative
strain Nissle. As only P-PKC� is able to phosphorylate ZO-2 and
only the phosphorylated form of ZO-2 can be removed from the
TJ complex, inhibition of PKC� activation results in stabilization
of TJ. Interestingly, PKC� appears not to be influenced by incuba-
tion of T84 cells with lactobacilli (Fig. 5). This supports the notion
that Gram-positive lactobacilli and the Gram-negative strain
Nissle target distinct signaling pathways, which in turn address
different intercellular junctions.

The adherence junction protein �-catenin is a complex partner
of E-cadherin and as such plays a key role in the maintenance of
adherence junction complexes by linking the cytoskeleton and
E-cadherin (12, 34). Several studies had already reported the en-
hancement of the E-cadherin/�-catenin complex through distinct
phosphorylation of �-catenin by Ser/Thr kinases (29). Therefore,
putative alterations in P-�-catenin were investigated in cytosolic
and membrane fractions following incubation of T84 cells with
lactobacilli. We found a lactobacillus-dependent enhanced phos-
phorylation of �-catenin in the membrane fractions of T84 cells,
which is most pronounced after incubation with L. acidophilus
and L. rhamnosus (Fig. 6). Increased phosphorylation of �-catenin
would further strengthen the E-cadherin/�-catenin complex.

The results of this study are in agreement with previous data
suggesting a PKC�/�-catenin complex, which has been indicated
by double-staining and coimmunoprecipitation experiments
(53). This is reminiscent of the PKC�/ZO-2 complex after incu-
bation with Nissle (54), which regulates the stability of the junc-
tional complex (3). Also, differences between Gram-positive and
Gram-negative probiotic bacteria in their impact on barrier func-
tion are apparent here.

We showed that Gram-positive lactobacilli reinforce the bar-
rier function of gastrointestinal epithelial cells by stabilizing AJ by
affecting E-cadherin expression and functionality as well as mod-
ulating the corresponding E-cadherin/�-catenin complex. This is
in contrast to the mode of action of Gram-negative probiotics, as
we demonstrated earlier (54). These findings confirm the impor-
tant role of probiotic bacteria for the maintenance and restoration
of barrier function and therefore for the therapy of IBD and other
gastrointestinal disorders (31, 37, 41).

Further investigations on the pathways of the specific phos-
phoregulation and the activation process induced by probiotic
lactobacilli are certainly needed to elucidate how these properties
might be efficiently applied for therapeutic purposes such as in-
ducing beneficial effects in or even preventing gastrointestinal dis-

FIG 6 Phosphorylation of �-catenin after incubation of T84 cells with L.
fermentum, L. rhamnosus, L. gasseri, and L. acidophilus for 2.5 h. Cellular frac-
tionation in cytoplasmic (CF) and membrane (MF) fractions indicated a dif-
ferentially enhanced expression of Ser/Thr-phosphorylated �-catenin in the
membrane fractions of T84 cells induced by incubation with different lacto-
bacilli.
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orders or infections by numerous pathogens. Additional insight
into the molecular mechanisms exploited by probiotics to modu-
late barrier functions might foster even the development of novel
strategies for the treatment of IBD like Crohn’s disease and/or
ulcerative colitis.
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