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The adhesion of six different Lactobacillus and Lactococcus and three pathogenic
Escherichia and Salmonella strains was studied using Caco-2 cell line. In this in vitro
model system the influence of weak electric field (EF) on bacterial adhesion was
tested. The EF source was the in vitro reconstruction of spiking potentials recorded
in the duodenum of a healthy calf during one myoelectrical migration complex
(MMC) cycle. The ability to adhere to Caco-2 cells of bacteria belonging to two
groups, Gram-positive lactobacilli and lactococci, and Gram-negative Escherichia
and Salmonella differed considerably. The pathogenic bacteria adhered better to
well-differentiated Caco-2 cells whereas lactobacilli and lactococci displayed better
adhesion to non-differentiated Caco-2 cells. In the presence of MMC-related EF an
increased adhesion of Lactobacillus and Lactococcus but not of Salmonella enterica
s. Enteritidis and E. coli 269 to Caco-2 cells was observed. Two later strains adhered
even less in the presence of EF. The same tendency was found in the presence of
pancreatic juice in a cell medium. In conclusion, the myoelectric component of the
small intestinal motility, the MMC-related EF, and pancreatic juice may increase the
ability of lactic acid bacteria to adhere to GI epithelial cells, creating better
environmental conditions for colonization of the intestine and competition with
Gram-negative pathogens.
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INTRODUCTION

Normal gastrointestinal (GI) epithelium is covered with a mucus layer which
together with host intestinal microflora is indispensable to protect the epithelial
cells against pathogenic bacteria and physical and chemical damage thereby
maintaining proper function of the small intestine. The number of GI microbial
species reaches at least 400, with Lactobacilli, Streptococci, Clostridia,
Bacteroides, Bifidobacteria and Escherichia prevailing (1). Some of these
bacteria are also found in cultured milk, yogurt, infant food and pharmaceutical
preparations, and are perceived as probiotics because of their presumed beneficial
effects on the health of the host. One of the most important features of probiotic
microbes is their ability to adhere to the intestinal epithelium which allows
sampling and further recognition by the host immune system (2). Adhered
probiotic microbes reduce the adherence of pathogenic bacteria strains (3-5). On
the other hand, adherence of pathogenic bacteria to the intestinal surface is
essential for initiation of infection (6). Thus, adhesion is a key process for
survival and colonization of the gut for both probiotic and pathogenic bacteria,
involved, respectively, in the health or disease of the host. Bacterial adhesion was
intensively investigated with regard to various gastrointestinal physical and
chemical factors, e.g., pH, oxygenation and digestive secretions (saliva, bile, and
gastric, intestinal and pancreatic juices).

Generally, bacterial adhesion has been studied using polymer surfaces (7),
intestinal mucus (24, 27, 39), human ileostomy glycoproteins (8), or intestinal
cell lines e.g. producing mucus HT29-MTX. The Caco-2 cell line, originally
isolated from human colon adenocarcinoma (9) in spite of lack of mucus
production, is a good in vitro model of intestinal epithelium to study bacterial
adherence, since the cells can differentiate under standard culture conditions
and express characteristics of mature enterocytes, like functional brush border
microvilli and apical hydrolases (10-14). Using this model, Darfeuille-Michaud
and collaborators (15) have described adhesion of enterotoxigenic Escherichia
coli (ETEC) strain that produces four different antigen forms of the
colonization factor (CFA/I, CFA/II, CFA/III and 2230). Chauviere and
collaborators (10) used the Caco-2 cell line as a model for human intestinal
epithelium to investigate the effect of Lactobacillus spp on pathogen invasion.
Other authors have described adhesion to cultured cells of many different
Lactobacillus (11, 16), Salmonella (17) and other bacteria, as well as
competition between the microbial species. They also attempted to explain the
mechanisms of adhesion and found factors improving the adherence. All these
studies substantially have contributed to design probiotics with the best
adhesion characteristics.

The mechanism by which GI motility controls bacterial adherence is
unclear although the "housekeeping" activity of a migrating motor complex
(MMC) is an accepted phenomenon (18). In opposition, pathogenic bacteria
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are capable of producing toxins which inhibit gut motility (19, 20). The
reduction of gut motility, besides affecting gut metabolism, local blood flow
and lymph formation, leads to a marked increase in bacterial adhesion and
colonization. However, up to now the two distinct motility phenomena i.e., the
electrical activity associated with depolarization of smooth muscle cell
membranes (action potentials) and the muscle contractions, were investigated
jointly. The action potentials that precede muscle contractions generate the
electric fields (EF) (the magnetic field component is negligible) which may be
of importance for the microbes living in the intestinal crypts (21). Taking into
account the small distance between the colonizing bacteria and intestinal
smooth muscle, and the difference in electric charge of bacterial and host cell
surfaces (21, 22), we expected that the MMC-related EF may affect bacterial
adhesion. Secondly, we thought that this effect might concern mostly the first
step of adhesion, i.e., cell-to-cell contact, and much less or not at all the
subsequent steps, namely, the affinity and attachment to the receptor. Our
previous studies showed that the electric fields produced by the duodenal
MMC play a role in bacterial cell division (23) and heat shock proteins (HSP)
induction in Caco-2 and bacterial cells (24).

In contrast, the role of pancreatic juice in bacterial attachment remains
unknown, although the juice contains a set of enzymatic and non-enzymatic
antibacterial proteins (25, 26). Simpson et al. (27) in pancreatic insufficiency
dogs found that the number of bacteria in duodenal juice increased following
pancreatic duct ligation, and then decreased subsequent treatment with exogenous
pancreatic enzymes.

The aim of the present study was to estimate the influence of MMC-related EF
on adhesion of lactobacilli, lactococci and pathogenic (Salmonella, Escherichia)
bacterial strains to Caco-2 enterocyte-like cells without and with the presence of
pancreatic juice. The source of MMC-related EF was an electromyography signal
recorded in the duodenum of a healthy calf, which was reconstructed and
transmitted via platinum electrodes during in vitro experiment involving bacterial
and Caco-2 cells (23).

MATERIALS AND METHODS

Bacterial strains and culture conditions
Bacterial strains used in this study are listed in Table 1. The Escherichia coli and Salmonella

enterica were cultured in Luria-Bertani (LB) broth or on LB plates (LB supplemented with 1.5%
agar, Biocorp Ltd, Poland). Lactobacillus strains were cultured in MRS broth (de Man, Rogosa,
Sharpe) or on MRS plates (MRS broth supplemented with 1.5% agar, Biocorp Ltd, Poland) under
anaerobic conditions (in anaerobic jar, OXOID Ltd, UK) at 37°C for 18 - 20 h. A reference strain
of Lactobacillus casei subsp. rhamnosus DSM20021 was cultured as other lactobacilli. Lactococcus
strains were cultured in M17 medium supplemented with 0.5% glucose or on solid medium
additionally supplemented with 1.5% agar under aerobic conditions at 30°C. The number of
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bacteria at the beginning of the experiment and those adhering to the Caco-2 cells was expressed as
colony forming units (CFU) per ml. The CFUs were determined by plating of 10-fold diluted
bacterial suspensions.

Before the experiment, the designated bacterial strain was cultured overnight in an appropriate
liquid medium, and subsequently diluted 100-fold in fresh medium (devoid of antibiotics and
antimycotics) for culturing Caco-2 cells.
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Fig. 1. Scanning electron microscopy photographs of Salmonella enterica KOS1663 after 1h
incubation with Caco-2 cells: (A) non-differentiated and (B) well-differentiated Caco-2 cells.

Strain Relevant characteristic Reference or source

Gram positive
DSM20021 Lactobacillus casei

subsp. rhamnosus
Reference strain Deutsche Sammlung von

Mikroorganismen und
Zellkulturen GmbH, Germany

IBB2500  Lactobacillus plantarum isolated from cow milk, tet R IBB* collection

IBB2588  Lactobacillus paracasei isolated from human stool IBB* collection
IBB2579  Lactobacillus casei isolated from human stool IBB* collection
IBB2593  Lactobacillus casei isolated from human stool IBB* collection
IL594       Lactococcus lactis subsp.

lactis
originally contains plasmids (11)

IL1403     Lactococcus lactis subsp.
lactis

Plasmid-free derivative of IL594 strain (11)

Gram negative
KOS1663  Salmonella enterica

subsp. enterica
sv. Enteritidis

isolated from Salmonella food-infection area
outbreak (1988,  ód!, Poland) from commercial
instant soup, bacateriophage type 1 (according
to the Lalko phage collection)

National Salmonella Center,
Institute of Marine and Tropical
Medicine, Gdynia, Poland

269            Escherichia coli O149 : K88; isolated from porcine stool National Veterinary Research
Institute, Pu"awy, Poland; (37)

259            Escherichia coli O149 : K91; isolated from porcine stool National Veterinary Research
Institute, Pu"awy, Poland; (36)

*IBB - Institute of Biochemistry and Biophysics, Polish Academy of Science, Warsaw, Poland

Table 1. List of bacterial strains used in this study



Caco-2 cell cultures
Caco-2 cell line (ECACC 86010202) was grown in plastic bottles (25 or 75 cm2 growth area,

Sarstedt, Poland) in standard Dulbecco's modified Eagle's medium (DMEM, IITD PAN, Poland)
consisting of 2 mM L-glutamine (Sigma, USA), 1% non-essential amino acids (Gibco, Invitrogen
Corporation, USA), 10% heat inactivated foetal bovine serum (Gibco, Invitrogen Corporation,
USA), 10 IU/ml penicillin G, 100 µg/ml streptomycin sulphate and 250 ng/ml amphotericin B (all
antibiotics and antimycotics were from Sigma, USA). The cells were harvested by trypsinization
(0.5% porcine trypsin and 0.2% EDTA in PBS, Sigma, USA) aliquots at 1 x 106 cells/ml in the
growth medium (described above) supplemented with 10% DMSO (Sigma, USA) and deep frozen
at -80°C. For adhesion experiments, fresh DMEM medium was inoculated to the final concentration
of 5 x 105 cells/ml and added to 2 ml wells with coverslips. To obtain non-differentiated Caco-2
cells (a model of intestinal crypt enterocytes), cultures were grown on coverslips for 6 days. For
fully differentiated Caco-2 cells with reconstructed brush border (as a model for villi enterocytes),
cultures were grown for 21 days (Fig. 1). Cells were cultured in 5% CO2, 95% relative humidity at
37°C, with medium changed every second day.

Adhesion assay
The coverslips with Caco-2 cells were transferred into Petri dishes, washed twice with PBS, and

incubated for 2 and 4 h in fresh DMEM medium (without antibiotics) containing 100-fold diluted
bacteria. The sample, but not the control, was exposed to MMC-related EF (see below) via two
platinum electrodes located in the Petri dish placed in an incubator that provided Faraday shield
environment. Experiments were performed at 37°C with gentle rocking (80 rpm/ min). After
incubation, cells were washed with PBS and trypsinized as above. Caco-2 cells were counted using
a hematocytometer chamber, and the number of adhering bacteria was estimated as described
above. Adhesion was expressed as the number of bacterial cells attached to one Caco-2 cell, and
confirmed by scanning electron microscopy (Fig. 1).

Stimulation with intestinal MMC-related electric fields
A trace of one complete interdigestive duodenal MMC cycle was chosen from a 12 h recording

session performed in a healthy 1 month old calf and saved as a data file (time and voltage,
MacLab/4e, ADInstruments, Castle Hill, Australia) (28). The average MMC cycle duration was
39±8 min and the contribution of MMC phases was as follows: non-spiking activity (NSA or phase
1) ca. 35%; irregular spiking activity (ISA or phase 2) ca. 55%; regular spiking activity (RSA or
phase 3) ca. 10%. This MMC characteristic is similar to that normally observed in the duodenum in
suckling human infants (29). The spiking activity (extracted frequency band of 3-50 Hz, amplitude
range 500 µV) of one MMC cycle trace was transmitted into the memory of a generating device
(SGP-generator, ESCO, Warsaw, Poland) and then retraced via platinum electrodes to produce the
EF in the in vitro experiments (23).

Source of pancreatic juice
Pure inactivated pancreatic juice (PJ) was obtained from conscious weaned pigs (10-25 kg)

surgically implanted with a chronic catheter in the accessory pancreatic duct. Animal study
protocol was approved by the Local Ethical Committee (26) After a week of recovery the PJ was
collected every 2-3 days. Pooled PJ samples collected postprandially were frozen and stored at -
20°C until EF-stimulation in vitro studies. For adhesion studies, 5 ml of thermo inactivated (15
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min at 65°C) PJ was added to 15 ml of fresh DMEM medium. Further procedure was as described
in "Adhesion assay" section.

Scanning electron microscopy
Samples of Caco-2 cells with adherent bacteria prepared as described above were fixed in

Bouin's solution (Sigma, USA) for 24 h, washed 4 x 10 min in PBS, and dehydrated in a series of
ethyl alcohol (10% to 100% in increments of 10% - 10 min each). Alcohol was than replaced with
acetone, and samples were at critical point dried (Polarn CPD 7501), sputter coated (Polaron SC
7620) with 30 nm layer of Au-Pd and studied in scanning electron microscope (LEO 1430 VP) at
accelerating voltage of 15 kV.

Statistical analysis
The adhesion data were assessed as an average of three independent experiments, each

performed in duplicate. Statistical significance was determined by a nonparametric Wilcoxon Rank
Sum Test (Mann-Whitney U Test) for unpaired data (KyPlot v.2.0, Koichi Yoshioka) and
nonparametric Mann-Whitney test (GraphPad Prism® v. 4.0, GraphPad Software, San Diego, CA,
USA). The significance level was set at P < 0.05.

RESULTS

Adhesion of various bacterial strains to Caco-2 cells
In our experimental setup the initial number of bacteria, in the range used,

had minor, if any, influence on the amount of adhered bacteria. In Fig. 2, the
adhesion of strains showing more horizontal line between the points denoted
less dependency on the initial number of bacteria. The ability of bacteria to
adhere to the Caco-2 monolayer varied considerably among the examined
strains. In general, all tested lactobacilli showed low adhesion to Caco-2 cells
in comparison to other bacterial strains (Fig. 3). The lowest adhesion was
observed in the case of L. casei IBB2579, in which 0.34 bacterium adhered to
one Caco-2 cell. The adhesion ratio calculated by dividing the number of
adhering bacteria by the original number of bacteria added to the medium, was
also the lowest for this strain and equal to 0.21% (Table 2). The mean adherence
ability of other Lactobacillus strains, IBB2588, IBB2593, and IBB2500, ranged
from 0.6 to 1.6 bacteria per non-differentiated Caco-2 cell. High attachment
ability was observed for E. coli 269 isolated from porcine stools (6.3 bacteria
per one Caco-2 cell) and pathogenic S. enterica KOS1663 (26 bacteria per one
Caco-2), although E. coli 259 isolated from pigs adhered to the Caco-2 cells at
the same level as e.g., L. casei IBB2593 (1.73 and 1.62, respectively).
Unexpectedly, Lactococcus lactis IL594 and Lactococcus lactis IL1403
adhered very well to non-differentiated Caco-2 cells (up to 6 bacteria per cell).
Interestingly, the time of bacterial contact with Caco-2 influenced the number
of adhering lactobacilli and lactococci differently, e.g., for L. lactis IL594 a 2-
fold better adherence was observed after 2 h of incubation with Caco-2 cells in

800



comparison to 4 h incubation, whereas for L. lactis IL1403 a 4 h incubation
resulted in better adherence. In the case of S. enterica and E. coli 259 the
number of adhered bacteria increased almost 5- and 3.5-fold, respectively, after
4 h of incubation in comparison to 2 h incubation.
Bacterial adhesion to differentiated Caco-2 cells

When Caco-2 cells were cultured on coverslips for 6 days, the cells grew as a
monolayer and were non-differentiated. In 21-day culture the cells were fully
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Fig. 2. Dependence of initial number of bacteria on the bacterial adhesion to well-differentiated
Caco-2 cells after 4 hours of incubation. Bacterial strains used were as indicated. Y-axis present the
number of live, adhering bacteria per one Caco-2 cell, X-axis presents the number of bacteria at the
beginning of experiment.



differentiated with reconstructed brush border, better imitating appearance of
enterocytes on intestinal villi in vivo (Fig. 1).

The pathogenic strains used in these experiments (E. coli 269 and S. enterica
KOS1663) demonstrated higher adherence to well-differentiated than to non-
differentiated Caco-2 cells (Fig. 3). Scanning microscope photographs (Fig. 1)
showed adhesion of KOS1663 to the brush border created by well-differentiated
Caco-2 cells. In the case of this strain, the adhesion ratio during 2 and 4 h
experiment was 4-fold higher for well-differentiated (Table 3) than for non-
differentiated Caco-2 cells (Table 2), which corresponds with the adherence
results shown in Fig. 3. However, for E. coli 269 the differences between well-
and non-differentiated Caco-2 cells were not statistically significant.

Of the Lactobacillus strains tested, IBB2588 and IBB2500 also preferred to
attach to well-differentiated cells (i.e., expressing the brush border); however,
other strains, like IBB2579 and IBB2593 adhered better to non-differentiated
cells. This phenomenon is clearly seen in the case of the latter strain where up to
three bacteria were attached to a non-differentiated Caco-2 cell (P≤0.05, Fig. 3),
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Fig. 3. Bacterial adhesion to Caco-2 cells. White bars - non stimulated cells, black bars - EF
stimulated cells. Adhesion assay was done on non-differentiated and well differentiated Caco-2
cells for 2 or 4 h. Bacterial strains used were as indicated. Y-axis present the number of live,
adhering bacteria per 1 Caco-2 cell. * indicates the statistical difference, P<0.05.



but only about 0.1 bacterium adhered to one well-differentiated cell. The adhesion
ratio was not in concert with the above findings since in 2 h experiment with
IBB2579 the ratio was 6-fold higher with well-differentiated Caco-2 cells,
whereas for IBB2593 it was 4-fold lower. Similar adhesion ratios were observed
in the 4 h experiment (Table 2).

Two Lactococcus strains IL594 and IL1403 adhered much less to well-
differentiated Caco-2 cells than to non-differentiated ones (20- and 5-fold,
respectively, P≤0.01).
The effect of MMC-related EF on bacterial adhesion to Caco-2 cells

Exposure of bacteria and Caco-2 cells to the electric fields associated with
duodenal MMC resulted in different efficiency of bacterial adhesion to Caco-2
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Fig. 4. Bacterial adhesion to Caco-2
cells stimulated or not (C) with MMC-
related EF (MMC), in the presence of
porcine pancreatic juice (PJ), or both
factors (MMC+PJ). Adhesion assay
was done on well differentiated Caco-
2 cells for 4 h. Y-axis - number of live,
adhering bacteria per one Caco-2 cell.
* P<0.05; ** P<0.01



cells. In general, lactobacilli adhered better to EF-stimulated Caco-2 although
efficiency of this stimulation was depended on the degree of Caco-2 cells
differentiation. Following 2 and 4 hour incubation of the reference strain L.
rhamnosus DSM20021 with well differentiated Caco-2 cells, 0.85±0.14 and
0.66±0.15 bacterial cells, respectively, adhered to one Caco-2 cell. The EF
stimulation significantly enhanced (P<0.05) the number of adhering bacterial cells
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Bacterial adhesion ratio (%)
Adhesion performed

for 2 h
Adhesion performed

for 4 hStrain

non-stimulated EF-stimulated non-stimulated EF-stimulated
IBB2588 L. paracasei 1.29±0.35 2.31±0.79* 1.67±0.42 1.82±0.57
IBB2500 L. plantarum 2.14±0.86 1.78±0.94 1.80±0.48 2.08±0.57
IBB2593 L. casei 0.20±0.11 0.32±0.12 0.20±0.09 0.40±0.21
IBB2579 L. casei 1.36±0.84 2.18±1.16 1.79±1.25 2.51±0.74
KOS1663 S. enterica 8.88±3.19 8.74±2.13 19.25±6.81 16.14±6.66#

259 E. coli 0.61±0.35 1.10±0.73 0.88±0.42 2.48±1.29* #

269 E. coli 1.67±0.41 2.25±1.25 5.27±3.90 4.65±1.47
IL594 L. lactis 0.22±0.07 0.27±0.13 0.41±0.24 0.34±0.18
IL1403 L. lactis 1.94±2.24 1.58±1.18 1.00±0.41 1.59±0.60

The adhesion ratio was calculated by dividing the number of live, adhering bacteria by the number
of bacteria added to the medium at the beginning of the experiment. Asterisks indicate statistical
difference between the non- and EF-stimulated bacteria cultures (*P≤0.05); # indicates statistical
difference between bacteria cultured for 2 and 4h, respectively (# P≤0.05).

Table 3. Adherence of bacteria to well-differentiated Caco-2 cells stimulated or non-stimulated with
Mioelectrical Migrating Complex - related electric field.

Bacterial adhesion ratio (%)
Adhesion performed

for 2 h
Adhesion performed

for 4 hStrain

non-stimulated EF-stimulated non-stimulated EF-stimulated
IBB2588 L. paracasei 1.50±0.92 2.69±1.20 1.24±0.25 1.85±0.87
IBB2500 L. plantarum 1.31±0.34 2.30±1.01 0.72±0.07 1.15±0.33*

IBB2593 L. casei 0.86±0.71 1.39±1.06 0.62±0.64 0.67±0.44
IBB2579 L. casei 0.21±0.14 0.37±0.23 0.26±0.20 0.27±0.15
KOS1663 S. enterica 2.02±0.37 2.23±0.79 5.54±2.15### 4.90±0.67###

259 E. coli 0.75±0.45 1.80±0.92 2.05±0.51### 5.12±1.05** ##

269 E. coli 2.35±0.54 1.97±0.87 6.07±2.79## 5.75±1.92#

IL594 L. lactis 0.73±0.56 1.39±0.79 1.04±0.44 0.51±0.31
IL1403 L. lactis 0.73±0.08 1.04±0.15* 1.46±0.75 0.83±0.31

The adhesion ratio was calculated by dividing the number of live, adhering bacteria by the number of
bacteria added to the medium at the beginning of the experiment. Asterisks indicate statistical difference
between the non- and EF-stimulated bacterial cultures (* P≤0.05; ** P≤0.01); # indicates statistical
difference between bacteria cultured for 2 and 4h, respectively (# P≤0.05; ## P≤0.01; ### P≤0.001).

Table 2. Adherence of bacteria to non-differentiated Caco-2 cells stimulated or non-stimulated with
the Mioelectrical Migrating Complex - related electric field.



(1.49±0.42 and 1.06±0.11, respectively). L. paracasei IBB2588 adhered 2-fold
better to EF-stimulated Caco-2 cells, non-differentiated and well-differentiated, but
only in the 2 h experiment (Tables 2 and 3). In 4 h experiment the differences
between EF-stimulated and non-stimulated control were not statistically significant.
L. casei IBB2593 adhered 2-fold better to 2 h stimulated non-differentiated cells
and also to 4 h stimulated well-differentiated cells. L. casei IBB2579 reacted in the
same way as L. casei IBB2593. On the contrary, adhesion of L. plantarum to non-
differentiated cells was weakly stimulated by EF in 2 h experiment (1.5-fold), but
not stimulated at all in 4 h experiment; with well-differentiated Caco-2 there was no
stimulation in either 2 or 4 h experiments (Fig. 3). There was no influence of EF
stimulation on the adhesion of two L. lactis strains, IL1403 and IL594.

Interestingly, pathogenic S. enterica KOS1663 adhering very strongly to
Caco-2 cells showed reduced adhesion during EF stimulation (respectively, 40 vs.
31 bacteria/Caco-2 cell, P<0.01, Fig. 3). Similarly, in experiments with E. coli
269 there was an almost 2-fold decrease in adhesion to EF-stimulated Caco-2
cells (P≤0.05, Fig. 3) despite no significant changes in the adhesion ratio in non-
differentiated vs. well-differentiated cells, and 2 vs. 4 h incubation (Tables 2 and
3). In the case of the E. coli 259 strain, a statistically significant increase (about
3-fold) of adhesion to EF-stimulated, non-differentiated Caco-2 cells was
observed after 4 h of incubation (P≤0.05, Fig. 3). Accordingly, a 3-fold increase
was also observed in the adhesion ratio for this strain (Table 2).
The effect of pancreatic juice on bacterial adhesion to Caco-2 cells

Three bacterial strains were used for adherence studies employing pancreatic
juice, namely, L. paracasei IBB2588, S. enterica KOS 1663, and E. coli 269. The
potency of adhesion of these strains to Caco-2 cells was measured in the presence
of PJ and also when both factors, PJ and MMC-related EF were acting on bacteria
and Caco-2 cells. The results presented in Fig. 4 show that PJ (without EF
presence) decreased adhesion of all three strains tested. However, simultaneous
action of PJ and EF increased over 2-fold the adherence of Lactobacillus in
comparison to untreated control (i.e., in the absence of PJ and EF), whereas
pathogenic Salmonella adhered over 2-fold less efficiently under the same
conditions as compared to untreated control. Interestingly, PJ alone stronger
inhibited the adhesion of E. coli 269 to Caco-2 cells than the exposure to EF alone
or a combination of the two (PJ and EF).

DISCUSSION

It is well known that the reduction of intestinal motility and secretion of
pancreatic juice are immediately followed by intestinal bacteria overgrowth but the
mechanisms involved in their attachment and colonization are not perfectly clear.
Our in vitro study demonstrates for the first time that the electric field (EF), a
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myoelectric component of the intestinal MMC as well as the pancreatic juice are
able to change bacterial adhesion to Caco-2 cells fixed on a glass surface.
Moreover, the adhesion to Caco-2 cells in most instances differs depending on the
degree of cell differentiation. Under normal grow conditions, Caco-2 cells attach
to a glass surface or mesh gradually and form a confluent monolayer of polarized
cells, displaying an intestinal enterocyte-like structure, i.e., tight junctions, an
apical membrane with microvilli (Fig. 1B) and a baso-lateral membrane.
Simultaneously, the cells express apical hydrolases and a polarized transport
system, e.g., Na+-dependent co-transporters (30) and Cl- secretion (13, 14, 31). All
these features make Caco-2 cells a good, however not perfect (lack of mucus
production) in vitro model to study bacterial adhesion in the gut.

Without any electrical stimulation the adhesion capacity of Lactobacillus
strains growing in Faraday cage is weak (less than one bacterium per Caco-2
cell) in comparison to the remaining strains tested. Though lactococci adhere to
Caco-2 cells much better than lactobacilli, they are still considered to be non-
colonizing bacteria that remain in the GI tract lumen only transiently (32). Both
Lactococcus and L. casei strains adhere better to non-differentiated Caco-2
cells than to well-differentiated ones (Fig. 3, Tables 2 and 3). This is in
agreement with the previous in vivo studies showing the colonization of
lactobacilli mainly in the intestinal crypts, i.e., on the epithelial cells that
undergo differentiation, whereas the pathogenic bacteria encounter the upper
part of intestinal villi and thus adhere to well-differentiated enterocytes
(fimbrial or membrane type of adhesion) (33).

For many bacterial pathogens adherence to the GI epithelial cells is a critical
step, since the adhering bacteria can release enzymes and toxins, and trigger
changes in the target cell facilitating the invasion (34, 35). Here, we present the
adhesion capacity of known pathogen S. enterica and two E. coli strains, 259 and
269, isolated from diarrhea. After 4 h of contact more than 25 S. enterica cells
attached to a non-differentiated Caco-2 cell and over 40 to a well-differentiated
ones. Among the two E. coli strains, the 269 strain behaved similarly to S.
enterica (over 6 and 12 bacteria adhering to non-differentiated and well-
differentiated Caco-2 cells, respectively) whereas the 259 strain, with its low
adhesion capacity (less than 2 bacteria per Caco-2 cell) and no differences
between adhesion to non-differentiated and well-differentiated Caco-2 cells,
behaved rather like L. plantarum IBB2500 (Fig. 3). Both E. coli strains contain
the same O antigen (O149) although the K antigen is different. The E. coli 259
contains a non-adhesive antigen K91 (36), whereas E. coli 269 possesses a
colonization factor K88, which is a fimbrial antigen of critical importance for
bacterial adherence (37).

The influence of electric fields generated by the gut on bacterial cells has been
described earlier (38, 39). Previously, we have proved that MMC-related EF
enhance E. coli growth in bacterial culture (31) and induce heat shock response
(24). In the present study, we showed not only the differences in the adhesion
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capacity between lactobacilli and pathogenic, Gram-negative bacteria, but also
different reactions of these strains to EF stimulation. Pathogenic S. enterica,
adhering to Caco-2 extremely well, reduced its adherence in the presence of
intestinal MMC-related EF. On the contrary, lactobacilli, which adhered with
about 20-fold lower efficiency than S. enterica, showed at least 2-fold better
adhesion in the presence of the EF.

The ability of bacteria to adhere to intestinal cells has been one of the criteria
for selection of probiotic strains (3, 40). Considering strong adhesion of
bacterial pathogens (regarded apparently unbeneficial for the host), the
improvement in adhesion capacity of lactobacilli by intestinal EF stimulation is
regarded beneficial and of considerable importance. The enhanced adhesion of
probiotic bacteria gives them a better chance to force out bacterial pathogens
and colonize, even transiently, the GI tract epithelium. Besides pathogen
elimination, the colonization increases the survival of probiotics, which is
another beneficial in vivo effect. Accordingly, our recent in vitro study with S.
enterica and L. casei submitted together to Caco-2 cell culture showed a
dramatic reduction in S. enterica adhesion in contrast to only a 2-fold decrease
in L. casei adhesion (41). Therefore, the EF associated with the physiological
motility of the gut seems to play an important role in establishing microbial
homeostasis of the gut.

We have also shown that porcine pancreatic juice can modulate the adherence
of both probiotic, conditionally pathogenic and pathogenic bacteria to the gut
epithelium. In general the pattern was similar to that observed following exposure
to the intestinal MMC-related EF. The factor, or factors in pancreatic juice,
however, were not isolated since it was beyond the scope of the present study.
Nevertheless, it seems that it is not any of pancreatic digestive enzymes since we
inactivated them by heating the juice before adding it to the cell medium.
Previously, we have found and partially isolated another thermoresistant protein
of antibacterial activity (25, 26), but the protein was active in pH 8 or higher. No
specific studies on the role of pancreatic juice on bacteria adherence are available,
though Simpson et al (27) found in pancreas insufficiency dogs an increased
gastrointestinal bacteria number in duodenal fluid.

To conclude, the intestinal MMC-related EF as well as the pancreatic juice
can modulate the adhesion of bacteria existing in the gut or temporarily passing
through the intestine. However, as we have shown in our in vitro experiments,
their influence on the adhesion is different depending on bacterial species.
MMC-related EF and pancreatic juice act against adhesion of Gram-negative
bacterial pathogens and positively modulate the adhesion of Gram-positive
lactic acid bacteria. The in vitro approach proposed in our study may serve as a
simple tool for selecting probiotics among lactic acid bacteria characterized
with the best adhesion properties. If the described phenomenon exists in vivo,
the modulation of adhesion capacity of gastrointestinal and pathogenic bacteria
by the myoelectrical activity of small intestine and pancreatic juice may be, on
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the one hand, a defensive mechanism against infection, and on the other, a
mechanism counteracting probiotic elimination by increasing their adhesion to
epithelial cells of GI tract.

Acknowledgements: This work was supported by the Ministry of Science, Poland, grant PBZ-
KBN-093/P06/2003.

Conflicts of interest statement: None declared.

REFERENCES

1. Baccigalupi L, Di Donato A, Parlato M, et al. Small surface-associated factors mediate
adhesion of a food-isolated strain of Lactobacillus fermentum to Caco-2 cells. Res Microbiol
2005; 156: 830-836.

2. Macpherson AJ, Uhr T. Induction of protective IgA by intestinal dendritic cells carrying
commensal bacteria. Science 2004; 303: 1662-1665.

3. Bernet MF, Brassart D, Neeser JR, Servin AL. Adhesion of human bifidobacterial strains to
cultured human intestinal epithelial cells and inhibition of enteropathogen-cell interactions.
Appl Environ Microbiol 1993; 59: 4121-4128.

4. Bernet MF, Brassart D, Neeser JR, Servin AL. Lactobacillus acidophilus LA 1 binds to cultured
human intestinal cell lines and inhibits cell attachment and cell invasion by enterovirulent
bacteria. Gut 1994; 35: 483-489.

5. Coconnier MH, Lievin V, Lorrot M, Servin AL. Antagonistic activity of Lactobacillus
acidophilus LB against intracellular Salmonella enterica serovar Typhimurium infecting human
enterocyte-like Caco-2/TC-7 cells. Appl Environ Microbiol 2000; 66: 1152-1157.

6. Torres AG, Kaper JB. Multiple elements controlling adherence of enterohemorrhagic
Escherichia coli O157:H7 to HeLa cells. Infect Immun 2003; 71: 4985-4995.

7. Stickler DJ, Lear JC, Morris NS, et al. Observations on the adherence of Proteus mirabilis onto
polymer surfaces. J Appl Microbiol 2006; 100: 1028-1033.

8. Tuomola EM, Ouwehand AC, Salminen SJ. Human ileostomy glycoproteins as a model for small
intestinal mucus to investigate adhesion of probiotics. Lett Appl Microbiol 1999; 28: 159-163.

9. Fogh J, Fogh JM, Orfeo T. One hundred and twenty-seven cultured human tumor cell lines
producing tumors in nude mice. J Natl Cancer Inst 1977; 59: 221-226.

10. Chauviere G, Coconnier MH, Kerneis S, et al. Competitive exclusion of diarrheagenic
Escherichia coli (ETEC) from human enterocyte-like Caco-2 cells by heat-killed Lactobacillus.
FEMS Microbiol Lett 1992; 70: 213-217.

11. Chauviere G, Coconnier MH, Kerneis S, Fourniat J, Servin AL. Adhesion of human
Lactobacillus acidophilus strain LB to human enterocyte-like Caco-2 cells. J Gen Microbiol
1992; 138 Pt 8: 1689-1696.

12. Greene JD, Klaenhammer TR. Factors involved in adherence of lactobacilli to human Caco-2
cells. Appl Environ Microbiol 1994; 60: 4487-4494.

13. Hauri HP, Sterchi EE, Bienz D, Fransen JA, Marxer A. Expression and intracellular transport
of microvillus membrane hydrolases in human intestinal epithelial cells. J Cell Biol 1985;
101: 838-851.

14. Pinto M, Robine-Leon S, Appay M, et al. Enterocyte-like differentiation and polarization of the
human colon carcinoma cell line Caco-2 in culture. Biol Cell 1983; 47: 323-330.

808



15. Darfeuille-Michaud A, Aubel D, Chauviere G, et al. Adhesion of enterotoxigenic Escherichia
coli to the human colon carcinoma cell line Caco-2 in culture. Infect Immun 1990; 58: 893-902.

16. Jacobsen CN, Rosenfeldt Nielsen V, Hayford AE, et al. Screening of probiotic activities of forty-
seven strains of Lactobacillus spp. by in vitro techniques and evaluation of the colonization
ability of five selected strains in humans. Appl Environ Microbiol 1999; 65: 4949-4956.

17. Solano C, Sesma B, Alvarez M, et al. Virulent strains of Salmonella enteritidis disrupt the
epithelial barrier of Caco-2 and HEp-2 cells. Arch Microbiol 2001; 175: 46-51.

18. Szurszewski JH. A 100-year perspective on gastrointestinal motility. Am J Physiol 1998; 274:
G447-G453.

19. Ceregrzyn M, Kamata T, Yajima T, Kuwahara A. Biphasic alterations in gastrointestinal transit
following endotoxaemia in mice. Neurogastroenterol Motil 2001; 13: 605-613.

20. Collares EF. Effect of bacterial lipopolysaccharide on gastric emptying of liquids in rats. Braz
J Med Biol Res 1997; 30: 207-211.

21. Grzesiuk E, Zabielski R. Electric fields and currents of the small intestine and their effects on
Escherichia coli. In Biology of the intestine in growing animals, R Zabielski, P Gregory and B
Westrom (eds.). Amsterdam, Elsevier, 2002, pp. 727-749.

22. Zasloff M. Antimicrobial peptides in health and disease. N Engl J Med 2002; 347: 1199-1200.
23. Grzesiuk E, Laubitz D, Wojcik-Sikora A, Zabielski R, Pierzynowski SG. Influence of intestinal

myoelectrical activity on the growth of Escherichia coli. Bioelectromagnetics 2001; 22: 449-455.
24. Laubitz D, Jankowska A, Sikora A, et al. Gut myoelectrical activity induces heat shock response

in Escherichia coli and Caco-2 cells. Exp Physiol 2006; 91: 867-875.
25. Laubitz D, Zabielski R, Wolinski J, Nieminuszczy J, Grzesiuk E. Physiological and chemical

characteristics of antibacterial activity of pancreatic juice. J Physiol Pharmacol 2003; 54: 283-290.
26. Laubitz D, Jankowska A, Nieminuszczy J, et al. Pancreatic secretion differs according to the

genotype of growing pigs. J Physiol Pharmacol 2006; 57: 677-689.
27. Simpson KW, Morton DB, Sorensen SH, et al. Biochemical changes in the jejunal mucosa of

dogs with exocrine pancreatic insufficiency following pancreatic duct ligation. Res Vet Sci
1989; 47: 338-345.

28. Zabielski R, Onaga T, Mineo H, Kato S. Periodic fluctuations in pancreatic secretion and
duodenal motility investigated in neonatal calves. Exp Physiol 1993; 78: 675-684.

29. Berseth CL. Gestational evolution of small intestine motility in preterm and term infants. J
Pediatr 1989; 115: 646-651.

30. Collington GK, Booth IW, Donnenberg MS, Kaper JB, Knutton S. Enteropathogenic
Escherichia coli virulence genes encoding secreted signalling proteins are essential for
modulation of Caco-2 cell electrolyte transport. Infect Immun 1998; 66: 6049-6053.

31. Grasset E, Bernabeu J, Pinto M. Epithelial properties of human colonic carcinoma cell line
Caco-2: effect of secretagogues. Am J Physiol 1985; 248: C410-C418.

32. Drouault S, Corthier G, Ehrlich SD, Renault P. Survival, physiology, and lysis of Lactococcus
lactis in the digestive tract. Appl Environ Microbiol 1999; 65: 4881-4886.

33. de Graaf FK. Genetics of adhesive fimbriae of intestinal Escherichia coli. Curr Top Microbiol
Immunol 1990; 151: 29-53.

34. Konkel ME, Mixter PF. Flow cytometric detection of host cell apoptosis induced by bacterial
infection. Methods Cell Sci 2000; 22: 209-215.

35. Svanborg C, Agace W, Hedges S, Lindstedt R, Svensson ML. Bacterial adherence and mucosal
cytokine production. Ann N Y Acad Sci 1994; 730: 162-181.

36. Osek J. Genetic diversity among Escherichia coli O149:K91 strains isolated from pigs with
diarrhoea determined by randomly amplified polymorphic DNA analysis. Res Vet Sci 1999; 67:
197-198.

809



37. Osek J, Svennerholm AM. Determination of K88 antigens and enterotoxins of Escherichia coli
strains isolated from Polish piglets with diarrhea by the use of enzyme-linked immunosorbent
assays. Vet Microbiol 1991; 29: 299-307.

38. Alipov YD, Belyaev IY. Difference in frequency spectrum of extremely-low-frequency effects
on the genome conformational state of AB 1157 and EMG2 E. coli cells. Bioelectromagnetics
1996; 17: 384-387.

39. Belyaev IY, Alipov ED. Frequency-dependent effects of ELF magnetic field on chromatin
conformation in Escherichia coli cells and human lymphocytes. Biochim Biophys Acta 2001;
1526: 269-276.

40. Salminen S, Laine M, von Wright A, et al. Development of selection criteria for probiotic
strains to assess their potential in functional foods: a Nordic and European approach. Biosci
Microflora 1996; 15: 61-67.

41. Jankowska A, Laubitz D, Antushevich H, Zabielski R, Grzesiuk E. Competition of
Lactobacillus paracasei with Salmonella enterica for adhesion to Caco-2 cells. J Biomed
Biotechnol 2008; 2008: 357964.

R e c e i v e d :  October 21, 2008
A c c e p t e d : November 12, 2008

Author’s address: Prof. Elzbieta Grzesiuk, PhD, Institute of Biochemistry and Biophysics
Polish Academy of Sciences, Pawinskiego 5a, 02-106 Warsaw, Poland. Phone: (+48 22) 5923337;
Fax: (+48 22) 658 46 36; e-mail: elag@ibb.waw.pl. & Prof. Romuald Zabielski, DVM, PhD,
Department of Physiological Sciences, Faculty of Veterinary Medicine, Warsaw University of Life
Sciences, ul. Nowoursynowska 159, 02-766 Warsaw, Poland. Phone: +48 603757933; fax: +48 22
8472452; e-mail: rzabielski@plusnet.pl

810


