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ABSTRACT: Zinc deficiency enhances infectious diarrhea whereas
probiotics may inhibit pathogen enterocyte invasion. The effect of
probiotics on zinc-deficient versus normal human intestinal epithe-
lium (Caco-2 and T-84) with regard to invasion and subsequent
inflammatory response by Salmonella typhimurium was determined.
Cells were infected with pathogens and preincubated with media
conditioned by several lactobacilli or Bifidobacterium bifidum 12.
Pathogen invasion was quantified, inflammation was determined by
IL-8 secretion, and MAP kinase activation in the epithelium was
analyzed. Probiotic inhibiting factors were partially characterized
based on physicochemical properties. Zinc deficiency allowed for
greater pathogen invasion and enhanced IL-8 secretion. Probiotic
conditioned media reduced activation of proinflammatory signaling
via the ERK and p38 pathway. Probiotic factors reverse increased
susceptibility of zinc-deficient enterocytes to S. typhimurium inva-
sion, suggesting an additive protective effect of probiotics in zinc
deficiency. Probiotic conditioned media but not bacteria inhibited
pathogen invasion and IL-8 production in zinc deficient enterocytes.
Probiotic inhibitory factors are stable to treatment with proteases,
deoxyribonucleases (DNAses), ribonucleases (RNAse), strong acid,
and heat. (Pediatr Res 62: 139–144, 2007)

Zinc deficiency is a common problem in both developing
and developed countries. One third of the children in

sub-Saharan Africa and South East Asia are severely zinc
deficient (1) due to severe malnutrition. Mild to moderate zinc
deficiency is prevalent in the aging population of industrial-
ized countries (1). Deficiency can develop iatrogenically, e.g.
in premature infants or the elderly with prolonged total par-
enteral nutrition and when medicated with diuretics (2). Mild
deficiency often goes undetected but moderate to severe zinc
deficiency leads to fulminant diarrhea, growth retardation,
immune deficiency, desquamating eczema, hypogonadism,
and lethargy (3). Infectious diarrhea is associated with zinc
depletion (4) and zinc supplementation has been shown to
ameliorate diarrhea (5). Thus, zinc sufficiency appears to be an
important factor in the prevention and management of infec-
tious diarrhea.

Probiotics are health-promoting colonizing bacteria with
strain-specific effects on the mucosal barrier and intestinal
host defenses (6) by playing a role in inhibiting colonization
by other intestinal microflora (7). Probiotics have been used to
prevent and treat infectious diarrhea in infancy (8). A meta-
analysis suggested that they could reduce the duration and
severity of diarrhea (9).
Since both treatments have similar effects in the manage-

ment of infectious diarrhea, we hypothesized that probiotics
have a beneficial effect on pathogen infection in zinc deficient
human intestinal cells. They even can overcome the host
defense defect caused by zinc deficiency.

METHODS

Chemicals. The following chemicals were used: BSA (Celliance, Atlanta,
GA); calcium carbonate, copper sulfate, L-cysteine hydrochloride, lead (II)
nitrate, and magnesium chloride hexahydrate (Sigma Chemical Co., St. Louis,
MO); nonessential amino acids, penicillin and gentamicin (Invitrogen, Rock-
ville, MD); fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville,
GA); tissue culture plastics (Fisher Scientific, Lincoln Park, NY); and IL-8
ELISA components (Pierce, Rockford, IL).

Cell lines. Adult colonic adenocarcinoma cells (Caco-2 and T84 cells)
(ATCC, Manassas, VA) were grown in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% FBS (Caco-2) or in a 1:1 (vol/vol) mixture
of DMEM and Ham’s F12 media supplemented with 5% FBS (T84). The
media was supplemented with 1% nonessential amino acids, 50 IU/mL
penicillin, 50 �g/mL streptomycin, and 1% HEPES buffer. Cells were grown
at 37°C in 95% O2 and 5% CO2.

Bacteria. Strains frozen at –80°C in glycerol were subcultured twice at
37°C under aerobic (pathogenic bacteria) or anaerobic (probiotics) (BBL
Campy Pak Plus Microaerophilic System, BD Biosciences, Franklin Lakes,
NJ) conditions. Bifidobacterium bifidum 12 was kindly provided by Dr. G.
Prioult, Massachusetts General Hospital, Charlestown, MA. Lactobacillus
acidophilus (ATCC 4356), L. casei (ATCC 393), L. crispatus (ATCC 33197),
L. delbrueckii (ATCC 11842), L. fermentum (ATCC 9338), L. paracasei
(ATCC 11974), L. plantarum (ATCC 8014), and L. rhamnosus GG (ATCC
53103) were obtained from ATCC. B. bifidum 12 was grown in MRS
supplemented with 0.5 g of L-cysteine/L. Probiotic bacteria were grown at a
concentration of 109 cfu/mL. Conditioned media was prepared by centrifu-
gation of probiotic bacteria at 3000 g for 10 min and by filtration to eliminate
residual bacteria. Purified probiotic bacteria were washed with PBS and
centrifuged twice at 3000 g for 10 min. Pathogenic Salmonella enterica
serovar typhimurium (SL1344 or F98) was kindly provided by Drs. B.
Cherayil and B. McCormick (Massachusetts General Hospital, Charlestown,
MA). Bacterial growth media were obtained from BD Biosciences [MRS for
probiotics, Luria Bertani (LB) for S. typhimurium].

Preparation of zinc-deficient cell culture medium. We defined zinc
deficiency as levels below 0.05 mg/L based on experiments of Bao et al. (10),
who showed that zinc deficiency (�0.05 mg/L) leads to increased tumor
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necrosis factor (TNF)-�, IL-1�, and IL-8 and decreased IL-2 and interferon
(IFN)-� levels in human malignant T-lymphoblasts and monocyte-
macrophages. Zinc-deficient medium was prepared by chelating zinc from
FBS, DMEM, and DMEM/F12 1:1 (vol/vol). DMEM contains 40 ng/mL zinc,
DMEM/F12 1:1 (vol/vol) 92 ng/mL, FBS 2493 ng/mL zinc. Chelating resin
(iminodiacetic acid; Sigma Chemical Co.) was treated with Ca2CO3 acidified
with 5 M HCl and washed with zinc-free water until neutral (10). Twenty-five
grams treated resin was added to 500 mL FBS and stirred at 4°C overnight (up
to six times). Complete growth medium was reconstituted by replenishing
copper, magnesium, lead, and manganese to bring ions back to original
concentration.

Cellular zinc assay. Samples of DMEM, DMEM/F12 1:1 (vol/vol) and
FBS were analyzed for ion content (zinc, copper, magnesium, lead, and
manganese) before and after chelation. Zinc concentrations were determined
by inductively coupled plasma mass spectrometry (ICP-MS) (Varian Instru-
ments, Palo Alto, CA) (kindly performed by Dr. Chitra Amarasiriwardena,
Harvard School of Public Health, Boston, MA). For calibration, a bovine liver
reference standard (National Institute for Standards and Technology, Gaith-
ersburg, MD) was used. Zinc deficiency was defined as less than 0.05 mg/L
(10). In our experiments, zinc deficient Caco-2 and T84 cells had significantly
lower zinc levels (0.064 mg/L and 0.064 mg/L, respectively) than cells grown
in normal cell culture media (0.414 mg/L and 0.381 mg/L, respectively).

Invasion assay and induction of IL-8. Caco-2 and T84 cells were grown
in 24-well tissue culture dishes for one week after reaching confluence.
Zinc-deficient cells were cultured in zinc-deficient media 1-wk before inva-
sion assay. Culture media was changed to antibiotic and serum-free media
24 h before the invasion assay. Cells were infected with 108 S. typhimurium
(SL1344 or F98) with or without probiotic conditioned media or purified
probiotic bacteria. PBS and MRS media were used as negative controls for the
probiotic conditioned media. To find out whether MRS interferes with
pathogenic invasion it was compared with PBS as negative control. After
1 h, pathogens were washed away, and cells were incubated in 100 �g/mL
gentamicin for 90 min to kill remaining extracellular pathogens. Cell super-
natants were collected for IL-8 measurement. Cells were washed and lysed in
sterile water with 1% Triton X-100. Intracellular bacteria were quantified by
plating 100-�L aliquots of cell lysates on LB plates. Colony-forming units
were quantified after overnight incubation at 37°C to estimate pathogen
invasion.

Protein determination. Protein concentrations were measured by a bicin-
choninic acid protein assay (BCA assay, Pierce) in 96-well microtiter plates.
Absorbance was measured at 625 nm using a spectrophotometer (Spectra Max
190, Molecular Devices, Sunnyvale, CA). The protein concentration was
calculated based on a BSA standard curve.

IL-8 measurement by ELISA. IL-8 was measured by a double-sandwich
ELISA technique (11). Ninety-six-well, high-binding microtiter plates were
coated overnight with mouse anti-human IL-8, blocked with BSA, and
incubated at room temperature for 60 min with 50 �L of the cell supernatants
and standards. Plates were washed between incubation steps. After incubation
with mouse anti-human IL-8 detecting antibody, horseradish peroxidase–
conjugated streptavidin and 3,3=,5,5=-tetramethylbenzidine substrate solution,
absorbance was measured at 450 nm using a spectrophotometer (Spectra Max
190). IL-8 concentrations were determined from a standard curve with
purified recombinant human IL-8 and expressed in relation to total cellular
protein.

Western blotting. Caco-2 and T84 cells were grown in six-well tissue
culture dishes. Cells were treated with pathogens with or without probiotic
bacteria and lysed with lysis buffer [10 mM HEPES pH 7.6, 150 mM NaCl,
1.5 mM MgCl2, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 4 mM Na3VO4, 40
mM NaF, protease inhibitor cocktail (Sigma Chemical Co.), phosphatase
inhibitor cocktails I and II (Sigma Chemical Co.), Triton-X 100 1%, SDS
0.5%)]. After estimating protein concentrations by BCA assay, 35 �g of
denatured cell lysate was fractionated in SDS-PAGE gel (Criterion XT
Precast Gel, 4–12% Bis-Tris, Bio-Rad, Hercules, CA) and transferred onto
polyvinylidene fluoride (PVDF) (Bio-Rad) using a semi-dry transfer cell
(Transblot SD, Bio-Rad). Membranes were blocked in 5% nonfat milk in
Tris-buffered saline (TBS) plus 0.1% Tween (TBST) before being probed
with primary antibodies [anti-phospho-extracellular signal-regulated kinases
(ERK), anti-ERK, anti-phospho-p38 and anti-p38 (Cell Signaling, Beverly,
MA)] at a dilution of 1:250 overnight. Phosphorylation of kinases indicates
activation. As positive control for phosphorylated ERK, enterocytes were
incubated with 100 nM phorbol 12-myristate 13-acetate (PMA) (Sigma
Chemical Co.). Membranes were washed thrice with TBST and probed with
rabbit anti-mouse IgG linked to horseradish peroxidase (Pierce) as a second-
ary antibody (1:500 dilution) for 1 h. Membranes were developed with
enhanced chemiluminescence detection (Pierce) and intensity of the bands
was quantified by densitometry (Applied Biosystems, San Diego, CA) using
unsaturated films with NIH Image software (12).

Characterization of probiotic inhibitory factors. Soluble probiotic factors
released into culture media were characterized as to physicochemical prop-
erties. D-lactic acid was diluted in PBS to 100 mM. Heat-killed probiotic
bacteria were obtained by boiling probiotic culture for 10 min. The pH of
probiotic-conditioned media was between 4 and 5 maximally. pH changes
were induced by adding trichloretic acid to the probiotic conditioned media
and by readjusting to either pH 4–5 or 7.4 (pH of PBS and MRS as negative
control) before incubating the enterocytes. Trichloretic acid was used to
maximize pH conditions to determine the effect of pH on the inhibitory
factors. Deoxyribonuclease I (Sigma Chemical Co.; 2580 units/mg solid) and
II (Sigma Chemical Co.; 2054 units/mg solid), ribonuclease A (Sigma Chem-
ical Co.; 45 units/mg solid), and protease (Sigma Chemical Co.; 0.9 units/mg
solid) at concentrations of 10 �g per 100 �L of media were added to
conditioned media and adjusted to the pH of optimal enzyme activity. After
60 min of incubation, enzymes were inactivated. As positive controls, un-
treated probiotic conditioned media that underwent heat treatment and pH
changes was used.

Statistics. Results are presented as the mean � SD. Significant effects in
enterocyte invasion and IL-8 secretion were analyzed by t test. A difference
with a p-value �0.05 was considered significant.

RESULTS

Role of probiotics in pathogen invasion and inflammation
in zinc-deficient and -sufficient cells. Invasion of Caco-2 cells
with S. typhimurium was significantly enhanced (3.2 fold) in
zinc-deficient versus normal enterocytes (Fig. 1A). IL-8 was
expressed at basal levels in Caco-2 cells (Fig. 1B) and T84
cells (results not shown) and was equal in zinc-deficient and

Figure 1. L. rhamnosus GG conditioned media (LGG CM) inhibits invasion
and inflammatory response in zinc deficient Caco-2 cells. S. typhimurium (S.
typh.) invasion (A) and IL-8 response (B) of cells grown in zinc deficient (no
Zn) was compared with those grown in normal medium (Zn). Colony-forming
units (cfu) as measure of invasion (A) and IL-8 response (B) to determine
inflammatory response corrected for cell concentration in milligrams protein
(prot.) were quantified. Significant reduction (*) was defined as p � 0.05.
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normal Caco-2 cells at basal state (Fig. 1B). Upon S. typhi-
murium infection, IL-8 secretion was induced 5.3-fold in
zinc-deficient and 3.2-fold in normal Caco-2 cells (Fig. 1B).
IL-8 secretion was significantly enhanced in zinc deficient
Caco-2 cells by 1.8 (Fig. 1B) and by 2.2 (Fig. 2) compared
with zinc-sufficient Caco-2 cells.
Probiotic conditioned media harvested at increasing optical

densities representing different bacterial concentrations inhib-
ited pathogen invasion in a concentration dependent manner
(Fig. 3). L. rhamnosus GG conditioned media significantly
inhibited S. typhimurium invasion by 75% in zinc-deficient
compared with normal (64%) Caco-2 cells (Fig. 1A). The
probiotic inhibitory effect was enhanced in zinc-deficient
compared with zinc-sufficient T84 cells (Fig. 4) in case of
L. rhamnosus GG (96 versus 78%), B. bifidum (88 versus
67%), L. plantarum (89 versus 75%) and slightly enhanced
in the case of L. casei (78 versus 76%) and L. paracasei (76
versus 72%).

L. rhamnosus GG conditioned media significantly reduces
S. typhimurium induced inflammation in Caco-2 cells (Fig.
1B). The inhibitory effect is enhanced in zinc-deficient (76%)
compared with zinc-sufficient (39%) enterocytes (Fig. 1B).
B. bifidum conditioned media reduced IL-8 secretion by
82% in zinc-deficient compared with normal (71%) Caco-2
cells (Fig. 2).
PBS and MRS were used as negative controls for the

probiotic conditioned media. It could be shown that the inhib-
itory effect of probiotic conditioned media is not due to
potential factors in the bacterial growth media (Fig. 3, Fig. 4).

Signal transduction in zinc-deficient enterocytes treated
with pathogenic bacteria and probiotics. To understand un-
derlying mechanisms of increased invasion and enhanced IL-8
secretion mitogen-activated protein kinase (MAPK) pathway
activation was examined. p38 and c-Jun-N-terminal kinase
(JNK) and ERK are part of the MAPK pathway. We looked at
the activation by phosphorylation of ERK and p38 upon
infection. There is some baseline activation of ERK in zinc-

Figure 2. Washed probiotic bacteria do not inhibit S. typhimurium invasion
and IL-8 secretion in enterocytes. B. bifidum 12 conditioned media (Bb CM),
purified B. bifidum 12 bacteria (Bb bact), and PBS as negative control were
tested on Caco-2 cells. Pathogen invasion (A) and IL-8 response (B) were
quantified. Significant reduction (*) was defined as p � 0.05.

Figure 3. L. rhamnosus GG conditioned medium harvested at increasing
optical densities inhibits S. typhimurium invasion (A) and IL-8 secretion (B)
in zinc sufficient T84 cells in a concentration-dependent manner compared
with PBS and MRS as negative controls. The inhibitory effect of L. rhamno-
sus GG conditioned media is not due to potential factors in the bacterial
growth media. LGG CM L. rhamnosus GG conditioned medium, OD. *p �
0.05.

Figure 4. Probiotic conditioned media inhibit S. typhimurium invasion in
zinc-deficient (A) and -sufficient (B) enterocytes. T84 cells were infected with S.
typhimurium in the presence of conditioned media of different lactobacilli [L.
rhamnosus GG (LGG), L. plantarum (Lp), L. casei (Lc), or L. paracasei (Lpc)],
B. bifidum 12 (Bb), PBS, and MRS media (MRS). MRS media does not possess
inhibitory properties toward pathogenic invasion of zinc-deficient and -sufficient
Caco-2 cells whereas different probiotic conditioned media are significantly
inhibitory. Significant reduction (*) was defined as p � 0.05.
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deficient and normal enterocytes (Fig. 5). As a positive control
the strong ERK activator PMA was used (Fig. 5). ERK
activation upon infection of Caco-2 cells with S. typhimurium
is time-dependent (Fig. 5) and biphasic with peaks at 40–60
and 100 min postinfection (Fig. 5). However, it does not reach
the level of PMA-induced phosphorylated ERK (Fig. 5). The
concentration of phosphorylated ERK is reduced in zinc-
deficient versus zinc-sufficient Caco-2 cells (Fig. 5). There is
some baseline activation of p38 in zinc-deficient enterocytes
but not in normal enterocytes (Fig. 6). S. typhimurium causes
a significant increase in activated p38 after 2 h of incubation
of the enterocytes. p38 activation is reduced in zinc-deficient
cells compared with normal cells (Fig. 6).

L. rhamnosus GG conditioned media reduces the concen-
tration of phosphorylated ERK in Caco-2 cells upon S. typhi-
murium infection (Fig. 5). In zinc-deficient enterocytes probi-
otic conditioned media totally abolished ERK activation
whereas in normal enterocytes some phosphorylated ERK is
still present (Fig. 5). L. rhamnosus GG conditioned media
reduces p38 activation in both zinc-deficient and normal cells
infected with S. typhimurium (Fig. 6). In zinc-deficient cells
p38 activation is totally abolished (Fig. 6).
Effect of probiotic conditioned media versus washed pro-

biotic bacteria. Different purified probiotic bacteria removed
from conditioned media were significantly less inhibitory in

pathogen invasion. Purified B. bifidum had only a minor
influence in zinc-deficient Caco-2 cells and did not inhibit
IL-8 secretion in normal Caco-2 cells (Fig. 2).
Purified probiotic bacteria such as L. crispatus were not

active in the inhibition of ERK-activation (Fig. 2).
Preliminary characterization of LGG and L. plantarum

secreted molecules on invasion and inflammation. All pro-
biotic-conditioned media showed significant inhibitory effects
in inhibiting pathogen invasion and IL-8 secretion whereas
purified probiotic bacteria are only minimally active. L. rh-
amnosus GG and L. plantarum products were analyzed to
partially characterize inhibitory factors. Inhibitory factors in
L. rhamnosus GG (results not shown) and L. plantarum (Fig.
7) conditioned media were shown to be resistant to treatment
with proteases, deoxyribonucleases and ribonuclease sepa-
rately. Heat and pH changes (Fig. 7) did not affect inhibitory
activity of probiotic-conditioned media. The inhibitory activ-
ity was not lost if the probiotic conditioned media was ad-
justed to pH 7.4 (results not shown). D-lactic acid at a
concentration of 100 mM partially inhibits S. typhimurium
invasion in Caco-2 cells compared with L. rhamnosus GG
conditioned media (55% versus 92%) proving that the effect of
L. rhamnosus GG conditioned media is both due to lactic acid
and other inhibitory factors (results not shown). Accordingly,
partial characterization of secreted inhibitory factors from L.
rhamnosus GG and L. plantarum suggests that these factors
are neither a protein nor nucleic acid. Further studies are
underway to find out if the inhibitory factors are polysaccha-
rides or fatty acids.

DISCUSSION

Zinc deficiency is widely prevalent in developed and de-
veloping countries and zinc may be an important adjunct in
prevention or treatment of diarrhea. Normal serum zinc levels
lie between 0.6 and 1.1 mg/L and in zinc deficiency supple-
mentation is achieved with roughly 1 mg/kg/d. Probiotics are
beneficial in prevention and treatment of infectious gastroin-
testinal diseases. Previous studies have shown positive effects
of zinc and probiotics on intestinal inflammation (13,14).
Diarrhea causes zinc depletion in enterocytes with disadvan-
tageous immune effects. We show for the first time that
enteropathogenic invasion and inflammatory response are en-

Figure 5. ERK-activation is reduced in infected zinc-deficient and normal Caco-2 cells by probiotics. Infected Caco-2 cells grown in zinc-deficient (no Zn) or
normal (Zn) medium and infected with S. typhimurium (S. typh.) in the presence or absence of L. rhamnosus GG (LGG CM) were lysed at different time intervals
(20, 40, 60, 80, 100, and 120 min). Activated ERK (p-ERK) was quantified via Western blotting and compared with total ERK and the strong ERK-activator
PMA at a dose of 100 �M. To prove that probiotic conditioned media and not washed L. crispatus inhibits ERK activation Caco-2 cells were incubated with
S. typhimurium in the presence of L. crispatus CM and washed bacteria. As negative controls PBS and LGG CM in zinc-deficient and sufficient Caco-2 (results
not shown) cells were used without pathogen.

Figure 6. L. rhamnosus GG conditioned medium inhibits p38 activation
upon S. typhimurium invasion. Caco-2 cells grown in normal or zinc-deficient
media, infected with S. typhimurium (S. typh.) in the presence of L. rhamnosus
GG conditioned media (LGG-CM) or MRS, were lysed and incubated with
anti-phospho-p38 (p-p38) and total anti-p38 (p38). Uninfected Caco-2 cells
treated with MRS and LGG-CM were used as negative controls. Activation of
p38 was quantified via Western blotting and compared with total p38.
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hanced in zinc-deficient enterocytes. Our studies also provide
the first in vitro evidence that probiotics can overcome in-
creased susceptibility of zinc-deficient cells to enteropatho-
genic bacteria.
Media conditioned by different lactobacilli or B. bifidum 12

significantly inhibited pathogen invasion and IL-8 secretion in
infected zinc-deficient enterocytes. Enhanced IL-8 secretion in
zinc-deficient enterocytes could be due to either an increased
number of intracellular pathogenic bacteria or a direct “over-
reaction” of the inflammatory pathway in zinc deficiency.
Previous studies (15) have shown that pathogen infection
leads to stimulation of the MAP kinase pathway leading to
nuclear factor (NF)-�B activation, transcription, and secretion
of IL-8. There was no inhibition of IL-8 by purified bacteria
and probiotic conditioned media did not induce IL-8 secretion
alone at a concentration of approximately 109 cfu/mL. The
zinc content in probiotic-conditioned media (1169 ng/mL) is
similar to MRS media (1122 ng/mL) and MRS alone did not
inhibit IL-8 secretion. Therefore, the protective probiotic ef-
fect in zinc deficiency is not conferred by the zinc content of
the conditioned media. Mengheri et al. (13) have shown that
treatment of zinc-deficient mice with Bifidobacterium anima-
lis protects the gut from alterations induced by zinc deficiency
and that zinc supplementation alone does not confer beneficial
effects on the intestine. They propose that probiotics are able
to modulate the immune response directly by altering cytokine

production in zinc-deficient enterocytes (16). We made the
observation that the probiotic effect was enhanced in zinc-
deficient compared with sufficient enterocytes and propose a
synergistic effect of probiotics and zinc.
To understand the underlying mechanism the activation of

the MAP kinase pathways were examined. Our observations
suggest that the increase in IL-8 upon pathogen infection is
mediated by the same signaling pathway in zinc deficient and
sufficient enterocytes. Our results showed that S. typhimurium
increases the activation of both the ERK and p38 pathway. We
showed that activation of ERK is reduced in zinc-deficient
enterocytes. Azriel-Tamir et al. (17) described how zinc spe-
cifically activates ERK in HT-29 cells, which entails the
activation of inositol triphosphate (IP3) causing a rise in
intracellular calcium. Zinc activates ERK-dependent activa-
tion of p21CiP/WAF, and thus inhibits proliferation of colorectal
cancer (18). We showed that ERK is activated by S. typhi-
murium in a time-dependent manner in intestinal epithelial
cells with peaks at 40–60 min and at 100 min. Caco-2 and
T84 cells show some baseline activation of ERK in uninfected
cells. ERK-activation is reduced by L. rhamnosus GG condi-
tioned media in both zinc-deficient and -sufficient Caco-2
cells. However, in zinc-deficient enterocytes, ERK activation
is almost totally abolished by probiotic conditioned media,
suggesting an increased preventive effect of probiotics in
intestinal zinc deficiency. In contrast, purified L. crispatus
bacteria are not able to reduce ERK-activation in infected
enterocytes. Infected enterocytes also show an increase in
phosphorylated p38, which is inhibited by L. rhamnosus GG
conditioned medium. Yan et al. (2002) described that viable L.
rhamnosus GG inhibits TNF-induced activation of p38
whereas probiotic conditioned media or heat-killed bacteria
are not active.
There have been no reports on a combined effect of probi-

otics and zinc on ERK and p38 activation as part of the MAP
kinase pathways. In the future studies with MAP kinase
pathway inhibitors will be helpful to determine which and to
what degree the specific MAP kinase pathways are involved.
Our observations indicate that both zinc and probiotics have

the potential to influence MAP kinase activation enhanced by
S. typhimurium and alter enterocyte inflammation. We have
shown that probiotic conditioned media enhances the suspen-
sion of MAP kinase activity in zinc-deficient infected entero-
cytes and suggest that the effect of zinc and probiotics may be
synergistic.
Several representative probiotic strains were noted to be

significantly inhibitory in S. typhimurium. Active inhibitory
factor(s) found in the probiotic conditioned media were sig-
nificantly more inhibiting than purified bacteria. The small
inhibitory effect of purified probiotic bacteria might be due to
continuous secretion of inhibitory factors or their binding to
the probiotic bacterial membrane. These findings suggest that
the vehicle of probiotic activity could be used in the future as
treatment for intestinal infection.
The inhibitory probiotic effect appears to be primarily

mediated by soluble probiotic factors, as probiotic bacteria are
significantly less effective in preventing invasion and IL-8
response. We showed that the inhibitory probiotic factors are

Figure 7. L. plantarum conditioned medium was treated with enzymes, heat,
and acid to characterize the inhibitory factor(s) and tested for efficiency in S.
typhimurium infected T84 cells. S. typh., S. typhimurium; L.pl. CM, L.
plantarum conditioned medium; D/RNAse, deoxyribonucleases and ribo-
nucleases; cfu, colony-forming units; prot., protein. *p � 0.05.
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neither a protein nor nucleic acid, are resistant to heat and pH
changes, and work in a dose-dependent manner. Lactic acid
has inhibitory properties, but the L. rhamnosus GG 5-10 kD
fraction produces substantial additional inhibition. A previous
study has shown the secretion of two heat and protease
sensitive proteins by L. rhamnosus GG with a molecular size
of 80 and 42 kD (19) exhibiting a concentration-dependent
activation of anti-apoptotic Akt and inhibition of p38 MAP
kinase-induced apoptosis in intestinal epithelial cells. The
effects appear to require live bacteria as heat treatment abol-
ishes probiotic effects. Tao et al. (20) describe a low molecular
weight peptide from L. rhamnosus GG that activates MAP
kinases and induces heat shock proteins (hsp25 and hsp72) in
enterocytes. The secreted soluble factor is acid and heat stable
and activates MAP kinases (20). However, both studies were
conducted in immature young adult mouse colon (YAMC)
cells representing immature intestinal cell lines differing from
our experiments in mature intestinal epithelial cells. It is
highly probable that L. rhamnosus GG secretes more than one
active probiotic factor and that the degree of maturity of
enterocytes may influence the inflammatory response. The
inhibitory factor(s) could either be a polysaccharide or a fatty
acid. Elimination or inhibition of function of polysaccharides
and fatty acids will determine the nature of the inhibitory
factor(s).
As a result, different probiotic bacteria and zinc play a

significant role in innate intestinal mucosal immunity. We
have shown that probiotics can overcome immune dysfunction
of zinc-deficient enterocytes toward enteropathogenic bacteria
in a synergistic manner. We speculate that probiotics are
specifically active on the enterocyte and not on the microbial
flora or the mucosal immune system. Our observations pro-
vide a possible explanation for how probiotics reduce the
duration and severity of infectious diarrhea in zinc deficiency
and the increased susceptibility of zinc-deficient enterocytes
toward enteropathogenic bacteria. Ongoing studies are de-
signed to further identify and characterize these probiotic
inhibitory factor(s).
In conclusion, a combination of probiotics and zinc might

be an inexpensive tool in the prevention and treatment of
infectious diarrhea in developing and developed countries.
Before establishing a treatment plan for infectious diarrhea
our observations have to be confirmed by in vivo studies and
double-blind randomized controlled placebo studies. Further-
more, we have to bear in mind that probiotics have strain-

specific effects and that different probiotics produce different
quantities of a variety of active inhibitory factors.
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