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Abstract Lactobacillus plantarum (LP) has previously
been used for the treatment and prevention of intestinal
disorders and disease. However, the role of the LP surface
layer adhesive protein (SLAP) in inhibition of epithelial
cell disruption is not fully understood. The aim of the
present study was to investigate the protective effects of
purified SLAP on Caco-2 cells infected with enteropatho-
genic Escherichia coli (EPEC). The role of ERK in
LP-mediated inhibition of tight junction (TJ) injury was
also evaluated in order to determine the molecular mech-
anisms underlying the protective effects of LP in epithelial
cells. SLAP was extracted and purified from LP cells using
a porcine stomach mucin-Sepharose 4B column. SLAP-
mediated inhibition of bacterial adhesion was measured
using a competition-based adhesion assay. Expression of
TJ-associated proteins, maintenance of TJ structure, and
levels of extracellular signal regulated kinase (ERK) and
ERK phosphorylation were assessed in SLAP-treated cells
by a combination of real-time PCR, western blotting, and
immunofluorescence microscopy. Cell permeability was
analyzed by measurement of trans-epithelial electrical
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resistance (TER) and dextran permeability. The effect of
SLAP on levels of apoptosis in epithelial cells was assessed
by flow cytometry. Results from these experiments
revealed that treatment with SLAP decreased the level of
adhesion of EPEC to Caco-2 cells. SLAP treatment also
enhanced expression of TJ proteins at both the mRNA and
protein levels and affected F-actin distribution. Although
ERK levels remained unchanged, ERK phosphorylation
was increased by SLAP treatment. Caco-2 cells treated
with SLAP exhibited increased TER and decreased mac-
romolecular permeability, which was accompanied by a
decrease in the level of apoptosis. Together, these results
suggest that LP-produced SLAP protects intestinal epithe-
lial cells from EPEC-induced injury, likely through a
mechanism involving ERK activation.

Keywords Surface layer adhesive protein -
Lactobacillus plantarum - Tight junction - Extracellular
signal regulated kinase - Enteropathogenic Escherichia coli

Introduction

Lactobacillus bacteria appear to benefit the human body
through several mechanisms, including maintaining the
balance of the intestinal microflora, modulating the intes-
tinal immune system, detoxifying colonic toxins, lowering
serum cholesterol levels, promoting lactose tolerance, and
producing metabolites essential to the function of intestinal
epithelial cells (IECs) [1, 2]. Furthermore, studies have
demonstrated that Lactobacillus can improve pathological
disorders in the intestine through modulation of intestinal
functions. The proposed mechanisms for these improve-
ments were shown to be multi-factorial and include
increased mucin secretion by host cells [3], immuno-
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modulatory effects [4], and competitive exclusion of
pathogens from the surface of IECs [5]. Additionally,
Lactobacillus is also one of the best-characterized probiotic
bacteria studied in clinical trials assessing the treatment
and prevention of several intestinal disorders and diseases,
including inflammatory bowel disease (IBD) and diarrhea
[6].

Recent studies have shown that interactions between
Lactobacillus and IECs are critical for adhesion of the
bacteria to the epithelium. These interactions are thought to
be initially mediated by non-specific physical interactions,
but are rapidly followed by a second level of specific
interactions between bacterial ligands and corresponding
cell surface receptors on IECs, which may help to induce
the protective effects of Lactobacillus on the intestinal
barrier and intercellular tight junctions (TJ) [7, 8]. The
formation of these interactions may inhibit subsequent
adhesion of pathogenic bacteria, such as enteropathogenic
Escherichia coli (EPEC).

The identity of the precise components required for
interactions between Lactobacillus and IECs remain
unclear. Recently, the bacterial surface layer adhesive
protein (SLAP) has been explored as a potential mediator
of Lactobacillus adhesion to IECs [9-11]. SLAP forms
ubiquitous cell envelope structures that are composed of
numerous identical subunits held together through inter-
actions with the underlying cell surface [12]. SLAP sub-
units exhibit an intrinsic ability to spontaneously form
regular layers, either in solution or on solid supports under
specific conditions [13]. However, due to the complex
hydrophilic and hydrophobic properties of this protein, few
studies have explored the role of SLAP in adhesion of
Lactobacillus to IECs. Granato, et al. found that the LiCl-
extracted, 50-kDa SLAP protein could adhere to cells and
to mucin [14]. Furthermore, SLAP isolated from Lacto-
bacillus crispatus inhibited adherence of enterotoxigenic
E. coli to a synthetic basement membrane [15]. A protein-
aceous substance present in the culture supernatant from
several probiotic strains was also observed to reduce colo-
nization of the enterotoxigenic E. coli strain O157:H7 on
HT-29 human colon carcinoma cells [16]. Pretreatment of
polarized IECs with SLAP extract prior to EPEC infection
reduced both dextran flux and trans-epithelial electrical
resistance (TER) [17]. Johnson-Henry, et al. demonstrated
that treatment with SLAP reduced the number and rear-
rangement of «-actin foci, and attenuated bacterial coloni-
zation on IECs and pathogen-induced changes in cellular
permeability [18]. The p75 and p40 proteins, two soluble
factors extracted from Lactobacillus rhamnosus GG culture
broth supernatant, have been shown to mediate Akt acti-
vation and regulate anti-apoptotic responses through the
phosphatidylinositol-3-kinase pathway [19, 20].
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TJ proteins are associated with numerous intracellular
signaling molecules [21]. For example, extracellular sig-
nal-regulated kinase (ERK) directly interacts with the
C-terminal region of occludin to protect TJs from epithelial
growth factor-induced oxidative stress [22]. Furthermore,
interactions with ERK may regulate phosphorylation of
specific TJ proteins and signaling molecules associated
with the TJ to maintain the integrity of TJs and the epi-
thelial barrier [23, 24].

Our previous studies have shown that Lactobacillus
plantarum (LP) can prevent injury of Caco-2 cells induced
by enteroinvasive E. coli through maintaining the expres-
sion level of TJ proteins and the characteristic structure of
TJs [4-6]. However, the mechanistic roles of SLAP in the
adhesive process are complex and generally unknown.
Therefore, the aim of the present study was to investigate
the protective effects of purified SLAP from LP on EPEC-
infected Caco-2 cells and to evaluate the role of ERK in
this process.

Materials and methods
Bacterial strains, cell line, and reagents

The LP strain (CGMCC 1258) was provided by the
Institute of Bio-medicine, Shanghai Jiao Da Onlly Com-
pany Ltd. The EPEC strain (O111:NM, ATCC 43887)
was obtained from the Shanghai Municipal Center for
Disease Control and Prevention. The human colon ade-
nocarcinoma cell line Caco-2 was obtained from the
Shanghai Institute of Cell Biology, Chinese Academy of
Science. Polyvinylidene fluoride (PVDF) membrane was
purchased from Millipore (Billerica, MA, USA). Primer
synthesis and sequencing was performed by Sangon
(Shanghai, China).

LP and Caco-2 cell culture

LP was cultured in MRS broth (Difco, Sparks, MD, USA)
at 37°C. Caco-2 cells were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM,; Gibco, Carls-
bad, CA, USA) supplemented with 20 mM Hepes, 50 U/ml
penicillin, 50 mg/ml streptomycin, and 10% fetal bovine
serum (Gibco, California, USA), referred to as complete
DMEM. The cells were cultured in 25 cm? plastic culture
dishes (Corning, Inc., Corning, NY, USA) or on filters
(culture plate inserts; 0.4 pum pore size; 0.6 cm? area,
Millipore) and were maintained in a humidified atmosphere
containing 5% CO, at 37°C. The cells were passaged at
pre-confluent densities using 0.05% trypsin and 0.5 mm
EDTA (Invitrogen).
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Isolation and purification of SLAP

Fresh LP cultures were incubated at 37°C for 24 h. The
cells were collected by centrifugation at 3500x g at 4°C for
20 min, followed by incubation with 2 M guanidine
hydrochloride for 3 h. The resulting solution was then
subjected to centrifugation at 6000xg at 4°C for 20 min.
The supernatant was dialyzed in 0.01 M phosphate-buf-
fered saline (PBS) overnight, followed by ultra-centrifu-
gation at 40000x g at 4°C for 60 min. The resulting pellet
was dissolved in 100 pl 0.1 M PBS, incubated at 70°C for
30 min, and subjected to centrifugation at 16000x g at 4°C
for 20 min. The supernatant was then pre-incubated with
Sepharose 4B (75 pl Sepharose/0.5 ml extract) for 30 min
to remove proteins that non-specifically bound the solid
support. The supernatant was next loaded onto a porcine
stomach mucin (PSM)-Sepharose 4B column equilibrated
with 10 mM Tris—HCI, pH 8, containing 1 mM MgCl,,
1 mM CaCl,, and 0.02% (w/v) NaNj;. Following washing,
bound proteins were eluted with 20 mM 1,3-diaminopro-
pane (DAP). The final fractions containing purified SLAP
were then diluted to 1 ng/ml for further studies.

Competition-based adhesion assay

Two bacterial strains were used for the adhesion assay, LP
and EPEC. LP was cultured in MRS broth under anaerobic
conditions in anaerobic jars (Oxoid, Cambridge, UK) at
37°C for 18-20 h. EPEC was cultured in blood-agar plates
at 37°C for 18-20 h under aerobic conditions. Based on
optical density values used to measure turbidity, LP and
EPEC were diluted to a concentration of approximately
1 x 10® cells/ml and were incubated with Caco-2 cells for
3 h at 37°C in 5% CO, and 95% humidity. After trypsin-
ization, the numbers of bacteria adhering to the Caco-2 cells
were quantified by plating diluted bacterial suspensions on
MRS or blood-agar plates and were expressed as colony
forming units (CFU). The level of adhesion was calculated
by dividing the number of bacteria by the number of Caco-2
cells. A total of four treatment groups were compared in this
assay: (1) control group, Caco-2 cells with no pre-treat-
ment; (2) EPEC group, Caco-2 cells incubated with 0.1 mL
EPEC (1 x 108 cells/ml) for 3 h; (3) LP group, Caco-2 cells
pre-incubated with 0.1 ml LP (1 x 10% cells/ml) for 2 h,
followed by incubation with 0.1 ml EPEC (1 x 10® cells/
ml) for 1 h; and (4) SLAP group, Caco-2 cells pre-incu-
bated with 0.1 ml 1 ng/ml SLAP for 2 h, followed by
incubation with 0.1 ml EPEC (1 x 10® cells/ml) for 1 h.

Infection of Caco-2 cells with EPEC

Caco-2 cells were washed three times in Hank’s solution
(Life Technologies, Carlsbad, CA, USA) to remove media

containing antibiotics. An average of 1 x 10° Caco-2 cells
were present in each monolayer. For rapid infection of the
monolayer, 100 ul EPEC (1.0 x 10° cells/ml) was added
to the apical side of the cell culture insert, and the insert
was placed in a 50-ml tube and centrifuged at 200x g for
4 min in preparation for further analyses described below.
The inoculation ratio of EPEC to Caco-2 cells was
approximately 100:1. Prior to EPEC infection, two of the
groups of Caco-2 cell monolayers were pre-incubated with
100 pl LP (1.0 x 10'° cells/ml) or 100 ul SLAP (1 ng/ml
solution) for 24 h. The ratio of LP to EPEC was 10:1. The
concentration of SLAP was chosen based on preliminary
studies of five concentrations of SLAP, ranging from
0.01 ng/ml to 10 ng/ml, and represents the median con-
centration from these studies (data not shown). Untreated
Caco-2 monolayers served as the control group; Caco-2
cells infected with EPEC served as the EPEC group; and
Caco-2 cells infected with EPEC and incubated with LP or
SLAP served as the LP and SLAP groups, respectively.

Quantitative real-time PCR

Total RNA was extracted from Caco-2 cells, treated as
described above, using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and was quantified spectrophotometri-
cally (Gene Quant II; Amersham Pharmacia Biotech, Pis-
cataway, NJ, USA). Primer sequences are shown in Table
S1. First-strand cDNA was synthesized from 1 pg total
RNA by reverse transcription using oligo-dT primers and
reverse transcriptase (superscript II; Invitrogen) according
to the manufacturer’s recommended instructions. Real-time
PCR reactions were performed in a 20 pl total volume and
contained 1 pul cDNA, 1x PCR mix (iQ SYBR Green
Supermix; Bio-Rad, Hercules, CA), and 500 nmol of each
primer. Reactions were incubated in a thermocycler (iCy-
cler iQ system; Bio-Rad) under the following conditions:
one cycle of 95°C for 5 min, followed by 50 cycles of
95°C for 15, 65°C for 15s, and 72°C for 15s. The
fluorescence threshold (Ct) was calculated using corre-
sponding software (Bio-Rad). Absence of nonspecific
products was confirmed by analyzing the melting-point
curves. GAPDH was also amplified as an internal control
for normalization purposes.

SDS-polyacrylamide gel electrophoresis and western
blotting

Control and treated Caco-2 cells were homogenized in
chilled RIPA buffer (150 mM NaCl, 50 mM Tris-HCI, pH
7.4, 0.5% sodium deoxycholate, 1% Triton X-100, 1 mM
EDTA) containing protease and phosphatase inhibitors
(1 mM PMSF, 1 mM NazVO,, 1 mM NaF, and 5 g/ml
each of aprotinin, leupeptin, and pepstatin) [25-27]. After
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centrifugation at 10,000xg for 10 min at 4°C, the super-
natant was recovered, and total protein concentration was
quantified using the DC protein assay (Bio-Rad, Hercules,
CA, USA). Equivalent amounts of total protein were
resolved on 10% SDS-polyacrylamide gels, followed by
transfer to a PVDF membrane. After blocking overnight in
Tris-buffered saline containing 0.05% Tween (TBS-T) and
5% dry powdered milk, the membranes were washed three
times for 5 min each with TBS-T. The membranes were
then incubated for 2 h at room temperature with the indi-
cated primary antibody diluted 1:50 in TBT-T (rabbit anti-
Claudin-1, rabbit anti-occludin, rabbit anti-junctional
adhesion molecule 1 [JAM-1], rabbit anti-zona occludens 1
[ZO-1], rabbit anti-ERK, or rabbit anti-phosphorylated
ERK [p-ERK]) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After three washes with TBS-T, the membranes
were incubated for 1 h with horseradish peroxidase-con-
jugated secondary antibodies (1:50). Following two washes
with TBS-T and one wash with tris-buffered saline, bound
antibodies were visualized using enhanced chemilumines-
cence reagent (Amersham, Princeton, NJ, USA). The rel-
ative density was defined as the density of each protein
band (obtained by densitometry) normalized to the density
of the constitutively-expressed f-actin band and was used
to control for loading and transfer artifacts introduced in
western blots.

Fluorescence staining and microscopy

Treated and untreated Caco-2 cell monolayers were fixed
and permeabilized with methanol at —20°C, followed by
incubation overnight at 4°C with the following polyclonal
rabbit primary antibodies or reagents: anti-claudin-1
(1:100, Zymed, Carlsbad, CA, USA), anti-occludin (1:100,
Zymed), anti-JAM-1 1:50, Zymed), anti-ZO-1 (1:50,
Zymed), or FITC-conjugated phalloidin (1:50, Zymed).
The cells were then incubated for 2 h with corresponding
FITC-conjugated secondary antibodies (Sigma-Aldrich,
St. Louis, MO, USA) at room temperature (RT) in the
absence of light. Subsequently, the monolayers were
washed several times with PBS, detached from the Anocell
inserts (Millipore), and mounted with Vectashield mount-
ing medium (Vector Laboratories, Inc., Burlingame, CA).
Stained cells were imaged by confocal laser scanning
microscopy (CLSM, Bio-Rad MRC 1024, Bio-Rad). Neg-
ative controls included cells that were treated similarly, but
with the primary antibodies omitted.

Assessment of TER and dextran permeability

Control and treated Caco-2 cells were cultured on filters
(Millicell culture plate inserts; 0.4 pm pore size; 0.6 cm?).
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When the cells reached complete confluence (15-18 days),
measurements using a voltmeter (Millicell-ERS; Millipore)
revealed that the monolayers achieved a TER value
>450 Q cm®. The integrity of the confluent polarized
monolayers was assessed by measuring TER at different
time intervals. TER (Q cm?) = (Total resistance (Q) —
Blank resistance (Q)) x Area (cm?). Because TER values
often vary among individual Caco-2 cultures, the electrical
resistance values were recorded for each membrane before
and after experimental treatment, and the percentage
decrease from the baseline measurement (% TER) was
calculated for each membrane.

Integrity of Caco-2 monolayers was also assayed using
the macromolecular conjugate probe, Alexa Fluor 647
dextran (10 kDa; Molecular Probes, Eugene, OR, USA).
Briefly, 0.2 ml conjugated dextran suspended in DMEM
(Invitrogen) was added to the apical compartment of each
transwell in the plate, (Corning Costar Corp., Cambridge,
MA, USA), and 0.4 ml DMEM alone was added to the
basolateral compartment. After incubation for 5 h at 37°C,
samples (200 pl) from the basolateral compartment were
placed in a 96-well plate (Corning), and fluorescence
intensity was measured using the Odyssey infrared imaging
system (LI-COR Biosciences, Lincoln, NE, USA) set to a
wavelength of 700 nm. Integrated intensities were nor-
malized to the integrated intensity of medium samples from
untreated controls.

Assessment of apoptosis by flow cytometry

Control and treated Caco-2 cells were harvested by tryp-
sinization, washed in PBS, and fixed in cold 70% ethanol
overnight at —20°C. The cells were then washed twice in
pre-chilled PBS, collected by centrifugation at 300x g for
5 min, and incubated in 300 pl propidium iodide (PI)
solution (50 pg/ml PI and 50-100 pg/ml RNAse in PBS) in
the absence of light for 20 min at 37°C. Cellular fluores-
cence was then analyzed using a flow cytometer (Beck-
man-Coulter, Miami, FL, USA) after filtering through 200
mesh nylon net.

Statistical analysis

For comparisons, one-way analysis of variance (ANOVA)
was performed with the Tukey—Kramer post-hoc compar-
ison. Significant differences were assessed using the Stu-
dent’s r-test. All data are presented as means £ standard
error (SE). A minimum of three independent experiments
were carried out for each assay. Statistical analyses were
performed using GraphPad Prism 5 software (San Diego,
CA, USA). P-values less than 0.05 were considered to be
statistically significant.
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Results
SLAP decreases adhesion of EPEC to Caco-2 cells

Pre-incubation of Caco-2 cells with LP for 2 h significantly
decreased the level of EPEC adhesion to Caco-2 cells in
comparison with incubation with EPEC alone (P < 0.05).
A significant difference in the level of adhesion was also
observed between cells pre-incubated with SLAP and cells
incubated with EPEC alone (P < 0.05, Fig. 1).

SLAP treatment leads to increased mRNA levels of TJ
proteins, but not ERK, in EPEC-treated Caco-2 cells

Caco-2 cells were incubated with EPEC alone, or were
pretreated with LP or SLAP. Quantitative real-time PCR
was then performed to analyze the occludin, claudin-1,
JAM-1, ZO-1, and ERK levels in treated and untreated
control cells. The expression of TJ-associated mRNAs was
significantly decreased after treatment with EPEC in
comparison to untreated controls. This decrease could be
inhibited by pretreatment with LP or SLAP (P < 0.05,
Fig. 2a—d). However, no significant changes were observed
in levels of the ERK mRNA among the control, EPEC, LP,
and SLAP groups (P > 0.05, Fig. 2e).

SLAP treatment increases the expression of TJ proteins
and ERK phosphorylation in EPEC-treated Caco-2 cells

Western blot analysis was used to determine the relative
levels of the occludin, claudin-1, JAM-1, ZO-1, ERK, and
p-ERK proteins in control and EPEC-treated Caco-2
incubated with or without LP or SLAP. Levels of TJ pro-
teins were markedly decreased after treatment with EPEC
compared to untreated control cells (P < 0.05). However,
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Fig. 1 Adhesion of EPEC to Caco-2 cells in the presence and
absence of LP or SLAP. Pre-incubation of Caco-2 cells with LP or
SLAP for 2 h significantly decreased EPEC adhesion to Caco-2 cells
in comparison to cells incubated with EPEC alone. *P < 0.05 vs.
EPEC group

pre-incubation of EPEC-treated cells with LP or SLAP
significantly inhibited this decrease (P < 0.05, Fig. 3a, b).
Treatment of Caco-2 cells with EPEC resulted in sig-
nificantly increased ERK phosphorylation in comparison to
the control group, which could be inhibited by pretreatment
with LP or SLAP (P < 0.05). However, expression of the
ERK did not change significantly among the control,
EPEC, LP, and SLAP groups (P > 0.05, Fig. 3a, b).

Fluorescence microscopy confirms that SLAP treatment
reverses EPEC-induced disruption of TJs
and cytoskeletal elements

Fluorescence microscopy revealed that claudin-1, occludin,
and JAM-1 localized to the cell membrane, while ZO-1
was observed in the cytoplasm in untreated Caco-2 cells.
Additionally, in control Caco-2 cells, both ZO-1 and
occludin were present at the apical intercellular borders in
a belt-like pattern, encircling the cell surface. However, in
the EPEC group, the green fluorescence associated with the
TJ proteins was more dispersed, with some loss from the
membrane. In EPEC-treated cells pretreated with LP or
SLAP, the membrane localization of TJ proteins was
decreased in comparison to the control group, but was
substantially more normal than that of the EPEC group
(Fig. 4).

Phalloidin staining in the control group revealed a
continuous distribution of F-actin at the cell borders. A
high density of F-actin filaments was present at the apical
peri-junctional regions, encircling the cells in a belt-like
manner. In contrast, treatment with EPEC resulted in dis-
organization and disruption of the F-actin architecture,
including centripetal retraction of the peri-junctional
F-actin filaments and separation of F-actin from the apical
cellular borders. However, EPEC-induced alterations in
peri-junctional F-actin filaments were reversed by pre-
treatment with LP or SLAP (Fig. 4).

SLAP treatment reverses EPEC-induced decreases
in TER and increases in the macromolecular
permeability of Caco-2 cells

TER of untreated Caco-2 monolayers remained at
approximately 450 Q cm? after 24 h of culture. In contrast,
infection with EPEC resulted in an approximate 48.00%
decrease in TER (from 450 to 234 Q sz)_ However,
pre-incubation of Caco-2 cells with LP or SLAP, resulted
in a reduction in the EPEC-induced decrease in TER to
36.44% (286 Q cm?) and 35.56% (290 Q cm?), respec-
tively (Fig. 5a).

An infrared-sensitive dextran (10-kDa) probe was used
to assess the macromolecular permeability of Caco-2 cell
monolayers. Results from these assays demonstrated that
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Fig. 2 SLAP inhibits EPEC-induced decreases in the mRNA
expression of TJ-associated proteins. The mRNA levels of TJ proteins
were significantly decreased in Caco-2 cells after treatment with
EPEC in comparison to control untreated cells. This decrease could
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Fig. 3 Decreases in expression of TJ proteins and increases in ERK
phosphorylation induced by EPEC infection were ameliorated by
SLAP treatment. a A representative experiment showing western blot
analysis of claudin, occludin, JAM-1, ZO-1, ERK, and p-ERK
expression. Expression of TJ proteins was markedly decreased after
treatment with EPEC compared to the control group. However,
treatment with LP or SLAP restored expression of TJ proteins in
comparison to the EPEC group. Increased p-ERK expression was

EPEC-infected monolayers exhibited a significant increase
in permeability to the dextran probe in comparison to the
control group (P < 0.05). EPEC-induced increases in
dextran permeability of Caco-2 cell monolayers were
reduced when Caco-2 cells were pretreated with LP or
SLAP (P < 0.05, Fig. 5b).
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be reversed by pre-treatment with LP or SLAP. In contrast, ERK
mRNA expression levels did not change significantly among the
control, EPEC, LP, and SLAP groups. *P < 0.05 vs. EPEC group
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observed in the EPEC group compared with the control group, but the
addition of LP or SLAP inhibited this increase. ERK expression did
not change significantly among the control, EPEC, LP, and SLAP
groups. b Quantification of experimental results described in (a).
Protein expression was quantified by densitometry for three indepen-
dent experiments. The results were normalized to f-actin to control
for loading and transfer artifacts introduced in western blotting.
*P < 0.05 vs. EPEC group

SLAP treatment decreased the levels of apoptosis
of Caco-2 cells induced by EPEC

The percentage of apoptotic Caco-2 cells was increased
significantly after treatment with EPEC for 48 h in com-
parison with the control group (P < 0.05), while pre-
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Fig. 4 Fluorescence microscopy confirmed that SLAP reverses
EPEC-induced alterations in TJ and cytoskeletal architecture. In
control Caco-2 monolayers, both ZO-1 and occludin were present at
the apical inter-cellular borders in a belt-like pattern, encircling the
cellular borders. However, in the EPEC group, the green fluorescence
was dispersed, with some loss from the membrane. In the LP and
SLAP groups, the distribution of ZO-1 and occludin fluorescence was
more continuous and intact than that of the EPEC group. Similar
results were observed for F-actin. Disrupted TJ and F-actin are
indicated by arrows. Original magnification, x600

treatment with LP or SLAP significantly decreased the level
of apoptosis in comparison with the EPEC group (P < 0.05).
No significant difference in levels of apoptosis was observed
between the LP and SLAP groups (P > 0.05, Fig. 6).
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Fig. 5 SLAP treatment increased the TER and decreased the
macromolecular permeability of EPEC-treated Caco-2 cells.
a SLAP treatment increased the TER of EPEC-treated Caco-2 cells.
After EPEC infection for 6 h, TER was significantly lower than that
of the control group. However, treatment of Caco-2 cells with LP or
SLAP significantly decreased the effects of EPEC on TER. Each point
represents the mean value obtained from 10 to 12 individual Caco-2
monolayers. Error bars represent the standard deviation. b SLAP

Integrated 1ntensity

Discussion

Although probiotics have been shown to induce remission
and prevent recurrence of IBD in patients [28, 29] and in
animal models of colitis [30, 31], a clinical trial designed to
test the efficacy of LP as an adjunct to standard therapy
in children with IBD showed no beneficial effects of LP
in maintaining remission [32]. These results underscore a
current problem regarding the use of probiotics, namely the
difficulty of determining the bioavailability of bacteria in
the gastrointestinal tract. In addition, use of live probiotics
also raised concerns due to several reported cases of bac-
teremia associated with probiotic therapy in young [33] and
immunocompromised patients [34, 35]. One approach to
circumvent these issues may be the use of probiotic-
derived proteins as novel therapeutic agents for treatment
of IBD and other inflammation-related intestinal disorders.
Surface molecules are likely to play an important role in
establishment of colonization and may be involved in the
exclusion of intestinal pathogens [14]. Given that SLAP
forms the outermost layer of gram-positive bacteria, this
protein may potentially play a role in competitive exclusion
of pathogens [11, 36]. Therefore, the aim of the present
study was to characterize a SLAP extract from LP and to
determine the role of SLAP in attenuating EPEC-induced
injury on the human epithelial Caco-2 cell line.

In the present study, SLAP was extracted from LP and
was further purified using a mucin (PSM)-Sepharose 4B
column. The protective effects of this purified SLAP on the
functional integrity of intercellular TJs and their ability to
modulate intercellular permeability of polarized Caco-2
monolayers were then investigated. Intimate adherence of
EPEC to host epithelial cells appears to be an important
virulence factor required for induction of disease
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treatment decreased the macromolecular permeability of EPEC-
treated Caco-2 cells. EPEC treatment increased dextran permeability
in comparison with the control group after 60 min of culture, which
was reversed by the addition of LP or SLAP. Three independent
experiments were performed. (open diamond) control group, (filled
square) EPEC group, (filled triangle) LP group, (asterisk) SLAP
group. P < 0.05 for the control group, LP group, and SLAP group vs.
the EPEC group
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Fig. 6 SLAP decreases the levels of apoptosis induced by EPEC
treatment of Caco-2 cells. The level of apoptosis in Caco-2 cells was
significantly increased after treatment with EPEC for 48 h in
comparison to the control group. In the LP and SLAP groups, the
levels of apoptosis were decreased significantly in comparison to
the EPEC group. *P < 0.05 vs. the control group; #P < 0.05 vs. the
EPEC group

pathogenesis, causing disruption of the microvilli and
resulting in the formation of attaching-effacing lesions [17,
37]. In this study, we demonstrated that treatment with
SLAP decreased adhesion of EPEC to Caco-2 cells and
rescued EPEC-induced alterations in TJ structure and
permeability of Caco-2 cell monolayers.

Interestingly, ERK activation appeared to be central to
the effects of deformation of IEC. Intestinal epithelial ERK
has been reported to be activated by deformation of both
collagen and fibronectin substrates [38]. However, inhibi-
tion of ERK activity blocked both intestinal epithelial cell
proliferation on collagen and intestinal epithelial cell res-
titution on fibronectin [39]. Many stimulatory signals can
lead to ERK activation, including growth factors [40],
mechanical forces, oxidative stress, and integrin-mediated
signaling [41]. In different cell types, these signals can
mediate their effects on ERK through different signaling
mediators, including Src, focal adhesion kinase (FAK), and
protein kinase C (PKC) [41]. Although basal ERK 1/2
activity is present in young adult mouse colon (YAMC)
cells, pretreatment with conditioned media from the pro-
biotic bacterium Lactobacillus rhamnosus GG activates
ERK 1/2, as well as p38 and c-Jun N-terminal kinase
(JNK), as efficiently as the phorbol ester PMA. Seth, et al.
found that the probiotic proteins p40 and p75 prevented
H,0;-induced disruption of TJ and increased para-cellular
permeability by activating ERK 1/2 via MEK activity [42].
The present study confirmed that EPEC treatment
increased levels of ERK phosphorylation in Caco-2 cells,
which could be reversed by SLAP treatment. SLAP also
improved TJ and cytoskeletal structure and increased
expression of TJ-associated proteins, including claudin-1,
occludin, JAM-1, ZO-1, in EPEC-treated Caco-2 cells. The
mechanism underlying LP-mediated protection of TJ from

@ Springer

EPEC-induced injury in this model may be similar to that
described above. Interestingly, ERK expression was not
changed by EPEC treatment. Therefore, our results sug-
gested EPEC activates ERK, leading to disruption of the
F-actin cytoskeleton and TJs and increased levels of
apoptosis in Caco-2 cells. Furthermore, SLAP-induced
decreases in the levels of p-ERK may play a crucial role in
regulation of TJ-protein complexes, thereby preventing TJ
injury induced by EPEC.

Certainly, other factors secreted by LP may also coun-
teract pathogenic bacteria adhesion, including adhesins,
such as lipoteichoic acid [43], exopolysaccharide [44],
lactic acid, and other antimicrobial compounds [45].
Moreover, in addition to the mucin-related adhesive pro-
tein, other types of adhesive proteins are also present on the
surface of human IECs. A randomized controlled trial is
needed to further investigate the protective effects of SLAP
on the human intestinal tract.

Conclusion

In summary, our study showed that purified SLAP from LP
protected IECs from EPEC-induced injury, likely through a
mechanism involving attenuation of ERK phosphorylation.
Isolation of probiotic bioactive factors can ultimately cul-
minate in the development of novel therapeutic agents,
which could in turn be administered in a consistently and
pharmacologically-sound manner for treatment of intesti-
nal disorders.
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