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Abstract
Probiotics are viable nonpathogenic microorganisms that are considered to confer health benefits to
the host. Recent studies indicated that some Lactobacillus species function as probiotics and have
been used as alternative treatments for diarrhea, which occurs due to increased secretion, decreased
absorption, or both. However, the direct effects of probiotics on intestinal electrolyte absorption are
not known. Therefore, we examined the effects of Lactobacillus on luminal chloride/hydroxyl
(Cl−/OH−) exchange activity in human intestinal epithelial cells. Postconfluent Caco-2 cells were
treated with the Lactobacillus species Lactobacillus acidophilus (LA), Lactobacillus casei,
Lactobacillus plantarum, or Lactobacillus rhamnosus (LR) for 3 h at a multiplicity of infection of
50. Cl−/OH− exchange activity was measured as 4,4′-diisothiocyanostilbene-2, 2′-disulfonic acid-
sensitive 36Cl uptake in base-loaded cells. Treatment with live, but not heat-killed, LA and LR
significantly increased Cl−/OH− exchange activity (~50%), whereas other species were ineffective.
Similarly, the conditioned medium (supernatant) of live LA increased Cl−/OH− exchange. The ability
of LA or its conditioned culture medium to enhance Cl−/OH− exchange activity was blocked by PI-3
kinase inhibition but was unaffected by inhibition of mitogen-activated protein kinases.
Corresponding to the increased Cl−/OH− exchange activity, LA treatment increased the surface
expression of the apical anion exchanger, SLC26A3 [Down Regulated in Adenoma (DRA)]. The
increased DRA membrane localization might contribute to the increased Cl− absorption by LA. Our
results suggest that LA secretes soluble effector molecule(s) into the culture medium that stimulate
apical Cl−/OH− exchange activity via phosphatidylinositol-3 kinase mediated mechanism.

Introduction
Probiotics are viable nonpathogenic microorganisms that, when supplied in adequate amounts,
confer health benefits to hosts (1). The importance of a healthy gut microflora has long been
recognized, but only recently has increased attention been focused on the potential of probiotics
as preventive and therapeutic agents in gastrointestinal diseases (2,3). Several studies on
probiotic bacterial treatments demonstrated promising results in ameliorating diseases,
including inflammatory bowel disease(4), irritable bowel syndrome (5), pouchitis (6), and
acute infantile or antibiotic-associated diarrhea (7,8). Although little is known about their
mechanisms of action, probiotics have protective, trophic, and antiinflammatory effects on
bowel mucosa (9). For example, pro- biotic bacteria enhance intestinal epithelial barrier
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function (10,11), mucin synthesis and secretion (12,13), cytoprotective heat-shock protein
levels (14), and cell survival and growth (15,16), and inhibit enteropathogen binding and
internalization (12,17,18). However, the mechanisms regulating epithelial cell responses to
probiotics are complex and mostly undefined.

Lactobacilli are a main component of the commensal human bacteria in the gastrointestinal
tract that have been shown to be protective against pathogen infection (17). Lactobacillus
species have been successfully used in clinical trials to treat various forms of diarrhea (3).
Diarrhea is considered to be a multifactorial event involving either increased secretion of fluid
and electrolytes, decreased absorption, or both. Electroneutral NaCl absorption in the human
ileum and colon involves coupling of luminal Na+/H+ exchange and chloride/hydroxyl (Cl−/
OH−) (HCO3

−) exchange activities (19,20). Our previous studies have shown regulation of
luminal Cl−/OH− (HCO3

−) exchange activity by phorbol ester (21), nitric oxide (22), serotonin
(23), taurodeoxycholate (24), lysophosphatidic acid (25), and infection with enteropathogenic
Escherichia coli (26). Modulation of Cl−/OH− (HCO3

−) exchange activity by these agents
involved various signaling pathways, including protein kinase C (21) and PI-3 kinases (21,
24,25). Previous reports have shown that an enteropathogen-induced increase in Cl− secretion
in human intestinal epithelial cells was counteracted by Lactobacillus treatment (10). Further,
Lactobacillus acidophilus (LA)3 attenuated tumor-necrosis factor α-induced Cl− secretion in
intestinal epithelial cells (11). However, to date, the effects of probiotics on intestinal
electrolyte absorptive processes have not, to our knowledge, been examined. Therefore, current
studies were designed to investigate the effects of Lactobacillus on apical Cl−/OH− exchange
activity utilizing Caco-2 cells as an experimental model. The role of DRA (Down Regulated
in Adenoma; SLC26A3), the potential apical anion exchanger (AE), in mediating the changes
in luminal Cl−/OH− exchange in response to Lactobacillus treatment was also examined.

Materials and Methods
Materials

Caco-2 cells and probiotic Lactobacillus species were obtained from American Type Cell
Collection. 36Cl was obtained from ARC, 4,4′-diisothiocyanostilbene-2, 2′ disulfonic acid
(DIDS) was purchased from Sigma-Aldrich, pharmacological inhibitors U0126, SB203580,
and LY294002 were procured from Biomol, and sulfo-NHS-SS-biotin was obtained from
Pierce Biotechnology.

Cell culture
Caco-2 cells were grown at 37°C in an atmosphere of 5% CO2. Cells were maintained in
DMEM with 4.5 g/L glucose, 50 kU/L penicillin, 5 mg/L streptomycin, 2 mg/L gentamycin,
and 20% fetal bovine serum. Chloride uptake studies were performed using fully differentiated
cells grown for 10–14 d postplating on 24-well plastic supports or on 0.4-μm polycarbonate
membrane filters in 12-mm inserts.

Bacterial culture and preparation of conditioned medium
The following Lactobacilli species, with American Type Cell Collection strain numbers given
in parentheses, were grown in Mann-Rogosa-Sharpe broth (Difco) for 24 h at 37°C without
shaking: LA (4357), Lactobacillus rhamnosus (LR) (53103), Lactobacillus plantarum (14917),
and Lactobacillus casei (393). The cultures were then centrifuged at 3000 × g; 10 min at 4°C.
The supernatant, filtered through a 0.22-μm filter (Millex, Millipore) to sterilize and remove

3Abbreviations used: AE, anion exchanger; CM, conditioned medium; DIDS, 4,4′-diisothiocyanostilbene-2, 2′-disulfonic acid; DRA,
Down Regulated in Adenoma; MAPK, mitogen-activated protein kinase; MOI, multiplicity of infection; LA, Lactobacillus
acidophilus; LR, Lactobacillus rhamnosus.
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all bacterial cells, was designated as conditioned medium (CM). For treating the cell
monolayers, the bacterial pellet was washed with DMEM/F-12 media (Invitrogen) containing
5 mg/L mannose and resuspended in the same media. Heat-killed bacteria were prepared by
resuspending pellets and heating to 95°C for 20 min.

Treatment of cells and 36Cl− uptake
Bacterial suspensions in DMEM/F-12 media were diluted to OD600 nm = 0.2 in the same media
and applied to the apical surface of cell monolayers at a multiplicity of infection (MOI) of 50
in 24-well plates for indicated time periods. For studies using pharmacological inhibitors of
various kinases, Caco-2 monolayers were preincubated for 1 h with the inhibitors at the
indicated concentrations [30 μmol/L U0126 (MEK1, MEK2 inhibitor); 10 μmol/L SB203580
(p38 inhibitor), or 10 μmol/L LY294002 (PI-3 kinase inhibitor]. Incubation with the inhibitor
(s) was then further continued for the desired time periods in the presence or absence of the
probiotic or the CM. Chloride uptake experiments were then performed as described previously
(27) and modified by us (23). Briefly, Caco-2 cells were incubated with DMEM base medium
containing 20 mmol/L HEPES/KOH, pH 8.5, for 30 min at room temperature. The medium
was removed and the cells were rapidly washed with 1 mL tracer-free mannitol buffer
containing 260 mmol/L mannitol, 20 mmol/LTris/2-(N-Morpholino) ethanesulfonic acid, pH
7.0. The cells were then incubated with the uptake buffer for 5 min in the absence or presence
of 600 μmol/L DIDS, a specific inhibitor of anion exchange that inhibits the activity of AE by
chemically modifying their functional groups through irreversible binding (28). The 5-min
time period was selected because it was within the linear range of chloride uptake. The uptake
buffer contained 1.4 μCi of 36Cl− (2.9 mmol/L) as hydrochloric acid (specific activity: 17.12
mCi/g) in the mannitol buffer. The uptake was terminated by removing the buffer and washing
the cells rapidly 2 times with 1 mL of ice-cold PBS, pH 7.2. Finally, we solubilized the cells
by incubation with 0.5 mol/L NaOH for 4 h. The protein concentration was measured by the
method of Bradford (29) and the radioactivity was determined by a Packard Tri-Carb 1600TR
Liquid Scintillation analyzer (Packard Instruments: Perkin Elmer). The Cl−/OH− exchange
activity was assessed as DIDS-sensitive 36Cl− uptake and values were expressed as nmol/(mg
protein−1·5 min).

Cell-surface biotinylation studies
Cell-surface biotinylation was performed using sulfo-NHS-SS-biotin (0.5 g/L) in borate buffer
(in mmol/L: 154 NaCl, 7.2 KCl, 1.8 CaCl2, 10 H3BO3, pH 9.0) as previously described (26).
Labeling was allowed to proceed for 60 min at 4°C to prevent endocytosis and internalization
of antigens. After immunoprecipitation of biotinylated antigens with streptavidin agarose,
biotinylated proteins were released by boiling in Laemmli buffer containing dithiothreitol,
subjected to SDS-PAGE, and then labeled with anti-DRA antibody. The surface DRA was
compared with total cellular DRA as determined by immunoblotting of the solubilized cell
extract.

Statistical analyses
The data presented are means ± SEM of 3–4 independent experiments. Difference between
control vs. various treatments was analyzed using 1-way ANOVA with Dunnett’s multiple
comparison test. Differences were considered significant at P < 0.001.

Results
LA and LR increase Cl−/OH− exchange activity

LA and LR caused a significant increase (~50%) in Cl−/OH− exchange activity (DIDS-
sensitive 36Cl− uptake) compared with control, whereas L. plantarum and L. casei had no effect
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(Fig. 1). Subsequent experiments were performed with LA. A time course experiment showed
that LA did not affect Cl−/OH− exchange activity at 1 h, but by 2 h, Cl−/OH− exchange activity
increased essentially to the level at 3 h (data not shown). A 3-h time point was used to treat
cells with probiotics in subsequent studies. We also compared the effects of the probiotics on
Cl−/OH− exchange activity in Caco-2 cells grown on 0.4-μm polycarbonate membrane filters
in 12-mm inserts and obtained similar results. LA and LR significantly enhanced Cl−/OH−

exchange activity (36Cl− uptake values in nmol/(mg protein−1 ·5 min) were: LA, 8.75 ± 0.52;
LR, 7.60 ± 0.32; control, 4.70 ± 0.22). On the other hand, L. plantarum and L. casei did not
have any effect. We also performed time course of 36Cl− uptake for 5,10, 15, and 20 min on
cells treated with various probiotics to ensure that the effects of other probiotics were not missed
at the early 5-min time point. However, at all time points, L. plantarum and L. casei did not
stimulate Cl−/OH− exchange activity (data not shown).

CM of LA, but not heat-killed bacteria, mimics the effects of live bacteria on Cl−/OH− exchange
activity

We next examined whether the effects of LA on Cl−/OH− exchange activity required live
organisms. Unlike live LA, the heat-killed bacteria did not stimulate apical Cl−/OH− exchange
activity in Caco-2 cells (Fig. 2A). Previous studies have shown that CM of some
Lactobacillus species had beneficial effects on host intestinal epithelial cells (14,16,30). We
therefore tested the effects of CM of LA on Cl−/OH− exchange activity. CM of LA stimulated
Cl−/OH− exchange activity to the same extent, compared with control, as that of live bacteria
(Fig. 2B). CM was heat inactivated by boiling for 15 min in a water bath and effects on Cl−/
OH− exchange activity were measured. Boiling did not alter the stimulatory effects of the CM
on Cl−/OH− exchange activity [36Cl− uptake values in nmol/(mg protein·5 min) were: CM,
14.7 ± 0.37; heat-inactivated CM, 16.2 ± 0.50; control, 7.6 ± 0.22].

Simulation of Cl−/OH− exchange activity by LA or the CM is dose dependent
Dose response experiments of the effects of LA or CM on Cl−/OH− exchange activity showed
a progressive increase in the stimulation of Cl−/OH− exchange activity with increasing MOI
of LA from 10 to 100 (Fig. 3) or decreasing dilutions of CM (data not shown). For subsequent
experiments, we used an MOI of 50 for LA and a 1:50 dilution of CM prepared from an
overnight culture grown to a colony forming unit of 1.5 × 1010/L. At these dilutions, the pH
of the media did not change over the course of incubation of Caco-2 cells with LA or CM (data
not shown).

Inhibition of mitogen-activated protein kinase does not block the effects of LA on Cl−/OH−

exchange activity
Previous studies have reported the involvement of various signaling pathways in Lactobacilli-
mediated modulatory effects on intestinal epithelial cells (18). These pathways include
mitogen-activated protein kinase (MAPK) (10,11,14), PI-3 kinase-Akt (10,11), and nuclear
factor-κB-I-κB (9). Therefore, studies were designed to investigate the involvement of protein
kinase signaling pathways in mediating the stimulation of Cl−/OH− exchange activity in
response to LA treatment. Inhibition of MEK1 and MEK2 with U0126 or p38 MAPK with
SB203580 did not alter the LA effects of Cl−/OH− exchange activity (Fig. 4), suggesting that
these MAPK are not involved in stimulatory effects of LA on Cl−/OH− exchange activity.
Similar results were obtained when Caco-2 cells were treated with the CM of LA (data not
shown).

Involvement of PI3 kinase pathway
PI-3 kinase activity has previously been implicated in mediating the reversal of cytokine-
induced dysfunctions (11) or the promotion of cell survival and growth (15,16) by
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Lactobacilli on intestinal epithelial cells. We therefore examined the effects of PI-3 kinase
inhibition on LA-mediated stimulation of Cl−/OH− exchange activity. Inhibition of PI-3 kinase
with 10 μmol/L LY294002 blocks the stimulatory effects of LA (Fig. 5A) or its CM (Fig. 5B)
on Cl−/OH− exchange activity. This suggests that the PI-3 kinase signaling pathway is involved
in mediating the effects of LA or its CM on Cl−/OH− exchange activity.

LA increases surface DRA expression
DRA, a member of the SLC26 gene family, has been implicated as one of the candidate genes
for apical Cl−/OH− exchange in the human intestine (31,32). We have recently shown that
infection of Caco-2 cells with enteropathogenic E. coli reduces surface DRA expression (26).
Therefore, we utilized cell surface biotinylation studies to examine the effects of LA treatment
for 3 h on cell surface DRA, defined as the biotin-accessible fraction of the total cellular DRA
level. The surface level of DRA in LA-treated cells was considerably increased compared with
the control, paralleling the increase in Cl−/OH− exchange activity; however, the total cellular
DRA expression did not change (Fig. 6). Densitometric analysis of the protein bands (surface
DRA:total DRA ratio: 1.5 ± 0.08 for LA-treated cells compared with 0.75 ± 0.03 for control)
suggested that surface DRA expression increased by 50% in response to LA treatment for 3 h.

Discussion
Cl−/OH− (HCO3

−) exchangers or AE are responsible for the electroneutral exchange of Cl−
for OH−/HCO3

− across the plasma membranes of polarized epithelial cells and thus play an
important role in the vectorial transport of Cl− and maintenance of intracellular Cl−
concentration (19,20). We have previously demonstrated that apical Cl−/OH− exchange
activity is inhibited by phorbol esters (21), nitric oxide (22), serotonin (23), and infection with
enteropathogenic E. coli (26). The results of the present study demonstrate that LA, a probiotic
bacterium, significantly stimulates Cl−/OH− exchange activity in Caco-2 cells after 3 h of
incubation. Interestingly, the supernatants of LA also enhanced Cl−/OH− exchange, whereas
heat-killed LA did not, suggesting that live LA secretes soluble factor(s) that mediate its
stimulatory effects on Cl−/OH− exchange activity. Stimulation of Cl−/OH− exchange activity
by either live LA, or its CM, was dose dependent. This stimulatory effect was not secondary
to a change in external pH, because the dose of LA, or the dilutions of CM, used in the present
study did not alter the pH of the incubation medium.

The molecular basis of the effects evoked by probiotics has not been well characterized and
might reflect species-specific properties (13). Recent studies demonstrated the involvement of
various intracellular signaling pathways in mediating probiotic effects, including MAPK (10,
11,14), PI-3 kinase/Akt (10,11,16), and nuclear factor-κB/I-κB (9). A previous study reported
the involvement of p38, ERK1, 2 MAPK, and PI3 kinase in mediating modulation of Cl−
secretion by LA in Caco-2 and HT29/cl.19a cells (11). However, our studies utilizing
pharmacological inhibitors showed that stimulation of Cl−/OH− exchange activity by LA or
its CM was unaffected by inhibition of MEK1, MEK2, and p38 MAPK. On the other hand,
inhibition of PI3-kinase activity by LY294002 abolished the stimulation of Cl−/OH− exchange
activity by LA or its CM, suggesting the likely involvement of a PI3 kinase-mediated pathway.
Our previous reports have demonstrated the involvement of PI-3 kinase-mediated pathway in
the regulation of Cl−/OH− exchange activity in Caco-2 cells by phorbol ester phorbol myristate
acetate (21), taurodeoxycholic acid (24), and lysophosphatidic acid (25).

PI-3 kinase and its downstream effector molecules have a well-established role in intracellular
trafficking (33), which might be Akt-dependent or independent (34). It has been reported that
interleukin-3–induced stimulation of glucose uptake was a PI-3 kinase-dependent process and
was secondary to increased Glut-1 trafficking to membrane surface mediated by PI3-k/Akt
pathway (35). On the other hand, insulin regulation of glucose uptake in adipocytes, which is
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secondary to increased trafficking of Glut-4, was dependent on PI-3 kinase activity but
independent of Akt activity (33). Because our studies showed that LA-induced stimulation of
Cl−/OH− exchange activity in Caco-2 cells is PI-3 kinase pathway dependent, it was of interest
to examine if LA increases surface expression of DRA, the predominant transport protein
shown to be responsible for intestinal apical Cl−/OH− (HCO3

−) exchange activity. We found
that LA significantly increased surface DRA although total cellular DRA did not change. This
suggests that LA treatment increased trafficking of DRA to membrane surface but did not affect
total cellular expression of DRA. Because intracellular trafficking events mediated by PI-3
kinase pathways are complex and require the involvement of several downstream effectors,
including small GTPases (34), it will be of interest in the future to examine in detail if increased
trafficking of DRA to membrane surface in response to LA treatment is mediated by a PI-3
kinase pathway. Previous studies have reported that LA reversed the cytokine-mediated
downregulation of CFTR and NKCC1 (11). In future studies, it will be of interest to also
examine the potential role of these transporters in probiotic-mediated modulation of apical
Cl−/OH− exchange.

Our results also showed that the CM of LA was equally effective in stimulating Cl−/OH−

exchange activity in a dose-dependent manner and involved PI-3 kinase pathway. These results
indicate that soluble factors secreted by LA are responsible for stimulating Cl−/OH− exchange
activity and attachment of live bacteria to the host cell surface is not necessary to produce this
effect. Various other studies reported similar observations demonstrating that soluble factors
secreted by probiotics are sufficient to beneficially modulate host cell functions and live
bacteria are not necessary (14,16,30). Further characterization of these soluble factors is
important to exploit their beneficial effects more efficiently. Interestingly, inactivation of the
CM by heating at 95°C for 20 min did not alter the stimulatory effects of the CM on Cl−/
OH− exchange activity. Although these results suggest that the soluble factors are unlikely to
be proteins, this does not exclude the possibility that they might be heat-stable, small molecular
weight peptides. A previous report (14) also demonstrated that induction of heat-shock protein
expression in intestinal epithelial cells by Lactobacillus GG condition medium is mediated by
a heat- and acid-stable low molecular weight peptide. Further characterization of the soluble
factors present in LA culture supernatant that stimulate Cl−/OH− exchange activity will be of
importance in future.

In summary, LA, a probiotic bacterium, stimulated apical Cl−/OH− exchange activity
corresponding to increased surface expression of DRA in Caco-2 cells via the PI-3 kinase-
mediated pathway. This effect of LA was mediated by soluble factors secreted by LA. The
benefits of LA CM through stimulation of apical Cl−/OH− exchange may have broader
therapeutic applicability in treating diarrhea and other intestinal inflammatory disorders
involving impairment of electrolyte absorption. Future studies examining the characterization
of the soluble factors and the effects of purified soluble factors on Cl−/OH− (HCO3

−) exchange
activity will be of therapeutic importance.
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FIGURE 1.
Cl−/OH− exchange activity (DIDS-sensitive 36Cl− uptake) in Caco-2 cells following 3-h
treatment with different Lactobacillus species. Values are means ± SEM, n = 4. *Different
from control, P < 0.001.
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FIGURE 2.
Cl−/OH− exchange activity in Caco-2 cells following 3-h treatment with heat-killed LA (A) or
CM of LA (B). Values are means ± SEM, n = 3. *Different from control, P < 0.001.
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FIGURE 3.
Cl−/OH− exchange activity in Caco-2 cells following 3-h treatment with increasing doses
(MOI) of LA. Values are means ± SEM, n = 4. *Different from control, P < 0.001.
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FIGURE 4.
Cl−/OH− exchange activity in Caco-2 cells following 3-h treatment with LA in the presence
or absence of 30 μmol/L U0126 (MEK1 and MEK 2 inhibitors) or 10 μmol/L SB203580 (p38
inhibitor). Values are means ± SEM, n = 3. *Different from control, P < 0.001.
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FIGURE 5.
Cl−/OH− exchange activity in Caco-2 cells following 3-h treatment with LA (A) or CM (B) in
the presence or absence of 10 μmol/L Ly294002 (PI-3 kinase inhibitor). Values are means ±
SEM, n = 3. *Different from control, P < 0.001.
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FIGURE 6.
Cell surface (biotin accessible) and total cellular DRA levels following 3-h treatment with LA.
A representative blot of 3 independent experiments is shown.
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