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Abstract

Background—Fermented milk is considered one of the best sources for efficient consumption of

probiotic strains by hosts to promote good health. The purpose of this study was to investigate the

effects of orally administering LGG-fermented milk (LGG milk) on intestinal inflammation and

injury and to study the mechanisms of LGG milk's action.

Methods—LGG milk and non-LGG-fermented milk (non-LGG milk) were administered through

gavage to mice before and during dextran sodium sulfate (DSS)-induced intestinal injury and

colitis. Inflammatory/injury score and colon length were assessed. Intestinal epithelial cells were

treated with the soluble fraction of LGG milk to detect its effects on the epidermal growth factor

receptor (EGFR) and its down stream target, Akt activation, cytokine-induced apoptosis, and

hydrogen peroxide (H2O2)-induced disruption of tight junctions.

Results—LGG milk treatment significantly reduced DSS-induced colonic inflammation and

injury, and colon shortening in mice, compared to that in non-LGG milk-treated and untreated

mice. The soluble fraction of LGG milk, but not non-LGG milk, stimulated activation of EGFR

and Akt in a concentration-dependent manner, suppressed cytokine-induced apoptosis, and

attenuated H2O2-induced disruption of tight junction complex in the intestinal epithelial cells.

These effects of LGG milk were blocked by the EGFR kinase inhibitor. LGG milk, but not non-

LGG milk, contained two soluble proteins, p40 and p75, which have been reported to promote

survival and growth of intestinal epithelial cells through activation of EGFR. Depletion of p40 and

p75 from LGG milk abolished the effects of LGG milk on prevention of cytokine-induced

apoptosis and H2O2-induced disruption of tight junctions.
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Conclusions—These results suggest that LGG milk may regulate intestinal epithelial

homeostasis and potentially prevent intestinal inflammatory diseases through activation of EGFR

by LGG-derived proteins.
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Introduction

Probiotics are live microorganisms that confer health benefits to the host when consumed in

adequate amounts [1]. Representative probiotics include lactic acid bacteria, particularly

those of the genera Lactobacillus, Bifidobacterium, Escherichia coli strain Nissle 1917, and

Saccharomyces. These microorganisms have exhibited various health promoting effects,

such as prevention and/or treatment of diarrhea, pathological infection, allergy, and

inflammatory bowel disease (IBD), in a strain-dependent manner in many animal studies

and clinical trials [2–8]. As increasing evidence has revealed beneficial roles of probiotics

on the host, many types of probiotic strains have been used in dairy foods, nutritional

supplements, and infant formulas [9].

Food products or dietary supplements containing probiotic strains allow their efficient

consumption. In fact, various probiotic product lines have been widely used, especially in

fermented milk products. For example, yogurt is generally produced using lactic acid

bacteria [10]. Recently, the consumption of fermented milk has rapidly increased even in

Asian countries such as China, where dairy products were not widely consumed historically

[11]. Therefore, the consumption of fermented milk is one of the best options for many

people to promote good health using probiotics.

Lactobacillus rhamnosus GG (LGG), originally isolated from a healthy human [12], is

widely used in probiotic foods such as yogurt and dietary supplements in many countries

around the world. LGG has been reported for treating and/or preventing several disorders,

including ulcerative colitis, diarrhea, and atopic dermatitis [13, 14]. Recent mechanistic

studies have found that LGG prevents cytokine-induced apoptosis in intestinal epithelial

cells through the activation of Akt and inhibition of p38 activation [15]. As important factors

associated with the effect of LGG on cytokine-induced apoptosis, two soluble proteins, p75

and p40, have been isolated from the LGG culture supernatant [16]. These proteins are able

to protect intestinal barrier function from hydrogen peroxide (H2O2)-induced insults [17].

Furthermore, specific delivery of p40 to the colon prevents and treats DSS-induced colonic

epithelial cell injury and inflammation and ameliorates oxazolone-induced colitis in an

epidermal growth factor receptor (EGFR)-dependent manner [18]. Thus, it is possible that

consumption of fermented milk containing LGG may protect the intestine from

inflammation and injury.

In the present study, we evaluated the effects of LGG-fermented milk (LGG milk), a widely

available probiotic food, on dextran sulfate sodium (DSS)-induced intestinal injury and

acute colitis in mice. In addition, we investigated whether LGG milk contained the
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functional proteins, p40 and p75, and examined LGG milk's effects on the regulation of

intestinal epithelium homeostasis. Our results provided evidence that administration of

probiotic fermented milk may exert beneficial effects on prevention and/or treatment of

intestinal inflammatory disorders.

Materials and Methods

Milk products

LGG-fermented milk (LGG milk), a commercial product marketed under the name of

LGG® (Valio Ltd., Helsinki, Finland) in Japan, was prepared by Takanashi Milk Products

Co., Ltd. (Yokohama, Japan). LGG milk was fermented using only LGG. There are more

than 14 billion viable cells in 100 ml of this product.

Non-LGG-fermented milk (Non-LGG milk) was prepared as an experimental control. Non-

LGG milk was not fermented with LGG, so it did not contain LGG. The formulation of non-

LGG milk was the same as that of LGG milk, except that the acidity was adjusted using

lactic acid (Shin-shin Foods Co., Ltd., Tokyo, Japan).

The other 17 types of fermented milks tested in this study were randomly selected from

commercially available fermented milk products in Japan. The probiotic species in these

products are listed in Table 1. Some of these products contained more than one type of

bacteria, such as L. delbreuckii subsp. bulgaricus and Streptococcus thermophillus, which

are required for the fermentation of the products.

Induction of colitis by dextran sulfate sodium (DSS) in mice

Female 8- to 12-week-old C57BL/6 mice were purchased from The Jackson Laboratory

(JAX® Mice & Services; Bar Harbor, ME). To induce acute colitis, 3% DSS (molecular

weight; 36,000–50,000, MP Biomedicals, LLC) in drinking water was administered to mice

for 4 days. To examine the effects of LGG milk treatment on DSS-induced colitis, 500 μl of

LGG milk and non-LGG milk were gavaged to the mice once a day for 6 days before and

during DSS treatment. Mice receiving water only were as control. The experimental design

is shown in Fig. 1A. All the experiments were performed in accordance with the protocol

approved by Vanderbilt's Institutional Animal Care and Use Committee.

Histological analysis

Mice were sacrificed at the end of DSS treatment. The entire colon was removed, and the

length of the colon was measured. The colon was rinsed with PBS and fixed in 4%

paraformaldehyde at 4°C overnight. Paraffin-embedded tissue sections were stained with

hematoxylin and eosin for light microscopic examination. Inflammation and injury were

assessed using a scoring system by a blinded pathologist [19]. Briefly, inflammation was

scored as follows: grade 0, none; grade 1, slight; grade 2, moderate; grade 3, severe. The

depth of inflammation was scored as follows: grade 0, normal; grade 1, mucosa; grade 2,

submucosa; and grade 3, transmural. Crypt damage was scored as follows: grade 0, intact

crypts; grade 1, loss of the bottom third of crypts; grade 2, loss of the bottom two thirds of

crypts; grade 3, loss of the entire crypt with the surface epithelium remaining intact; and
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grade 4, loss of the entire crypt and surface epithelium. Inflammation and crypt damage

were also quantified as to the percentage involvement: grade 1, 1% to 25%; grade 2, 26% to

50%; grade 3, 51% to 75%; and grade 4, 76% to 100%. Additive scores are between 0 (no

colitis) and 15 (maximal colitis).

Preparation of milk supernatants and immunodepletion of p40 and p75 from milk
supernatants

Fermented milk products were vigorously shaked to break the curd and centrifuged at

14,000 g for 15 min at 4°C. The supernatants were saved at 4°C.

Supernatants were incubated with anti-p75 antibody-conjugated beads for 4 h at 4°C. After

removal of anti-p75 antibody-conjugated beads, supernatants were incubated with anti-p40

antibody-conjugated beads for another 4 h. The amounts of p75 and p40 present in the

supernatant before and after immunodepletion were detected by immunoblot analysis. The

p40 and p75 antibodies were generated as described previously [16]. The p40 and p75

antibody-conjugated beads were prepared by incubation of antibodies with protein A/G

beads in PBS for 2 h at room temperature and washed with PBS twice.

Detection of p40 and p75 in the supernatants of milk products

The milk supernatants were mixed with Laemmli sample buffer and heated at 95°C for 10

min. The protein samples were separated by SDS-PAGE for Colloidal Blue Staining and for

Western blot analysis using anti-p40 and anti-p75 antibodies prepared as described

previously [16]. The purified p40 and p75 (1 μg in each lane) used as the standard controls

were isolated from LGG culture broth as described previously [16]. The amount of p40 and

p75 in the LGG milk supernatant was calculated by comparing the band density in Western

blot to p40 and p75 standards using Image-J program.

Cell culture

Young adult mouse colon (YAMC) cell, a conditionally immortalized murine colonic

epithelial cell line, was isolated from the mouse harboring a thermolabile mutation (tsA58)

under the control of an interferon (IFN)-γ-inducible H-2Kb promoter and a temperature-

sensitive simian virus 40 (SV40) large T antigen (Immotomouse). The functional expression

of the SV40 large T antigen is induced by culturing the cells in vitro in medium containing

(IFN)-γ at a temperature permissive for function of the tsA58 mutation (33°C). YAMC cells

were maintained in RPMI 1640 media supplemented with 5% fetal bovine serum (FBS), 5

U/ml murine IFN-γ, 100 U/ml penicillin and streptomycin, 5 μg/ml insulin, 5 μg/ml

transferrin, 5 ng/ml selenous acid on collagen-coated plates and grown under at 33°C

(permissive condition) with 5% CO2. Prior to the experiments, the YAMC cells were serum-

starved for 16–18 h in IFN-γ-free RPMI 1640 medium containing 0.5% FBS and 100 U/ml

penicillin and streptomycin at 37°C (non-permissive conditions).

The human colonic adenocarcinoma cell lines, HT-29 and Caco-2, were purchased from

American Type Culture Collection (Rockville, MD). HT-29 and Caco-2 cells were was

grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and
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100 U/ml penicillin and streptomycin at 37°C with 5% CO2. Cells were serum-starved in

DMEM medium containing 0.5% FBS for 16–18 h before experiments.

Cell treatment

In each trial, the YAMC cells were treated with 100 ng/ml of TNF and 1 mg/ml of

cycloheximide for 6 h to induce apoptosis, 20 μM H2O2 for 1–4 h to disrupt intestinal

epithelial integrity, or 10 ng/ml EGF for 5 min to activate EGFR. The HT29 cells were

treated with the cytokine combinations of 100 ng/ml TNF-α, 100 ng/ml IFN-γ and 10 ng/ml

IL-1α for 6 h to induce apoptosis, as described previously [15]. Supernatants of LGG milk

and non-LGG milk, and the LGG milk supernatant with p40 and p75 immunodepletion,

were used to treat cells at indicated dilutions with 1-h pretreatment. 150 nM AG1478, an

EGFR kinase inhibitor (Calbiochem, San Diego, CA) was also used for co-treatment with

the supernatant of LGG milk.

Measurement of transepithelial resistance (TER)

Caco-2 cells were grown on polycarbonate membranes in Transwell inserts (6.5 mm,

Costar). The experiments were conducted 11 – 13 days postseeding. TER was measured

using a Millicell-ERS Electrical Resistance System (Millipore). The results were expressed

as % of baseline value, which was calculated as {value in treated cells (Ω·cm2) - value in

unseeded Transwell insert (Ω·cm2)} / {baseline value (Ω·cm2) - value in unseeded Transwell

insert (Ω·cm2)} × 100.

Preparation of cellular lysates

After treatment, cell monolayers were rinsed twice with ice-cold PBS (pH 7.4) and then

scraped into cell lysis buffer [50 mM Tris–HCl (pH 7.4), 120 mM NaCl, and 1% NP-40]

with protease and phosphatase 1 and 2 inhibitor cocktails (Sigma-Aldrich Co. LLC, St.

Louis, MO). The scraped suspensions were centrifuged (14,000 g for 10 min at 4°C) to

remove cell debris, and the protein concentration of the supernatant was determined with the

DC protein assay (Bio-Rad, Hercules, CA). Cellular lysate proteins were mixed with

Laemmli sample buffer and separated by SDS-PAGE for Western blot analysis using anti-

phospho-Tyr1068 EGFR (Cell Signaling Technology, Beverly, MA), anti-phospho-Akt

(Cell Signaling Technology, Beverly, MA), or anti-PARP antibodies (Cell Signaling

Technology, Beverly, MA). β-actin was detected using an anti-β-actin antibody (Sigma-

Aldrich Co.) as a protein loading control.

Preparation of detergent-insoluble fractions

Cells were washed twice with ice-cold PBS and incubated for 15 min at 4°C in Tris buffer

containing 1.0% Triton X-100 and protease and phosphatase 1 and 2 inhibitor cocktails

(Sigma-Aldrich Co.). Cells were scraped from the substratum and passed through a needle

for five times. It was then centrifuged at 15,600 g for 4 min at 4°C to sediment the high-

density actin cytoskeleton. The pellet was suspended in cell lysis buffer. Protein contents

were measured by the DC protein assay (Bio-Rad, Hercules, CA). The Triton-insoluble

samples were mixed with Laemmli's sample buffer and heated at 95°C for 5 min for

Western blot analysis using a rabbit anti-ZO-1 antibody (Invitrogen Corporation, Carlsbad,
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CA). Samples were also immunoblotted using an anti-β-actin antibody (Sigma-Aldrich Co.)

as a protein loading control.

Apoptosis assay

Apoptosis in cell lines was detected by ApopTag In Situ Apoptosis Detection Kits (TUNEL;

Intergen Company, Purchase, NY) according to the manufacturer's guidelines. The slides

were observed using Differential interference contrast (DIC) microscopy. The number of

positively stained cells within a population of at least 500 cells was counted in order to

determine the proportion of apoptotic cells.

For Annexin V-FITC staining, attached cells were dissociated using Accutase (Innovative

Cell Technologies, Inc. San Diego, CA) and double stained with Annexin V-FITC and

propidium iodide (Calbiochem, San Diego, CA) according to the respective manufacturer's

instructions. The percentage of cells positive for Annexin V and propidium iodide was

determined by multi-color flow cytometry using BD LSRII system (BD Biosciences).

Immunostaining

Cultured cells were fixed with 4% paraformaldehyde for 15 min at room temperature,

permeabilized with 0.2% Triton X-100 for 5 min, and blocked using 3% bovine serum

albumin for 1 h. Then cells were incubated with an anti-ZO-1 antibody (Invitrogen

Corporation, Carlsbad, CA) overnight at 4°C, followed by a Cy3-conjugated goat anti-rabbit

IgG secondary antibody (Cell Signaling Technology) for 1 h at room temperature. The cells

were counterstained with DAPI and observed using fluorescence microscopy. FITC and

DAPI images are taken from the same field.

Statistical analyses

Statistical significance for comparisons in each study was determined by one-way ANOVA

followed by Newman–Keuls analysis using Prism 5.0 (GraphPad Software, Inc., San Diego,

CA). A P-value <0.05 was defined as statistically significant. All data are representative of

at least three repeat experiments and are presented as mean ± the standard error of the mean

(S.E.M).

Results

Orally administration of LGG milk prevents DSS-induced colitis in mice

Because the DSS mouse model of acute colitis is characterized well by increased epithelial

injury and production of inflammatory cytokines [20], we investigated the preventive effects

of LGG milk on DSS-induced colon epithelial injury and colitis in vivo. DSS treatment for 4

days induced injury and acute colitis with colon ulceration, crypt damage, and severe

inflammation. These abnormalities were reduced by co-treatment with LGG milk, but not

non-LGG milk (Fig. 1B). Compared to the intestinal injury and inflammation score in DSS-

treated mice (score: 6.5 ± 0.9), LGG milk significantly decreased injury and inflammation

score (score: 4.1 ± 2.9, P < 0.05), but not non-LGG milk (score: 8.2 ± 1.3) (Fig. 1C). In

addition, the shortening of the colon induced by DSS is a marker for colitis. DSS treatment

induced colon length shortening, (control: 8.4 ± 0.6 cm, DSS group: 6.6 ± 0.5 cm, P < 0.05),
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which was prevented by LGG milk treatment (7.5 ± 0.4 cm, P < 0.01), but not non-LGG

treatment (6.4 ± 0.6 cm) (Fig. 1D). These results indicate that LGG milk exerts a preventive

effect on DSS-induced colitis in mice.

LGG milk stimulates activation of EGFR and Akt in intestinal epithelial cells

Activation of EGFR in intestinal epithelial cells by probiotic LGG plays a protective role in

tissue injury and inflammation [18]. Therefore, we detected the role of LGG milk on EGFR

and Akt activation. YAMC cells were treated with LGG milk supernatant for 2 h, EGFR and

Akt activation was examined by Western blot analysis. LGG milk supernatants activated

EGFR and its down-stream target, Akt, in a concentration-dependent manner (Fig. 2). As

appositive control, EGF stimulated EGFR and Akt activation in YAMC cells (Fig. 2). These

results suggest that the LGG milk has the ability to activate EGFR signaling in intestinal

epithelial cells.

LGG milk protects intestinal epithelial cells from cytokine-induced apoptosis

It is well known that activation of EGFR stimulates several signaling pathways, including

PI3K/Akt, to promote proliferation and cell survival. Thus, we next evaluated the effect of

LGG milk on apoptosis in colonic epithelial cells. We detected intestinal epithelial cell

apoptosis and distinguished it from necrosis using two different methods: the TUNEL assay

that measures apoptosis by specifically labeling fragmented genomic DNA with terminal

deoxynucleatidyl transferase and Annexin V staining that detects apoptosis based on the

specific binding of FITC-conjugated Annexin V to phosphatidylserine once it is exposed to

the outer layer of the plasma membrane during the apoptotic process. TNF and

cycloheximide-induced apoptosis detected by the TUNEL assay in the YAMC cells was

inhibited by LGG milk supernatant, but not by non-LGG milk supernatant (Fig. 3A and B).

These results were also confirmed by Annexin V staining (Fig. 3C and D). In addition,

blocking EGFR activity by the EGFR kinase inhibitor AG1478 abolished the effects of LGG

milk on the inhibition of apoptosis (Figures 3A–D), indicating that the transactivation of

EGFR mediates the inhibitory effects of LGG milk on apoptosis in colonic epithelial cells.

The effect of LGG milk on the inhibition of apoptosis was also investigated in the human

colonic epithelial carcinoma cell line HT-29 by detecting the cleavage of PARP, a marker of

apoptosis. Treatment of HT-29 cells with combination of TNF, IFN-γ and IL-1α, induced

PARP cleavage, which was inhibited by LGG milk supernatant but not non-LGG milk

supernatant (Fig. 3E). This inhibitory effect by LGG milk was suppressed by the EGFR

kinase inhibitor AG1478 (Fig. 3E). These results suggest that LGG in fermented milk plays

an important role in prevention of cytokine-induced apoptosis through transactivation of

EGFR in intestinal epithelial cells.

LGG milk prevents H2O2-induced disruption of intestinal epithelial cell integrity

To determine the effects of LGG milk on preservation of intestinal barrier function, the

distribution of a tight-junctional protein, ZO-1, was observed by immunostaining. H2O2-

induced redistribution of this protein from apical tight junctional complexes to the

cytoplasmic compartment of colon epithelial cells was prevented by LGG milk but not by
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non-LGG milk (Fig. 4A). In addition, the preventive effect was inhibited by the EGFR

kinase inhibitor AG1478 (Fig. 4A).

Tight juntional protein complexes interact with the actin cytoskeleton to anchor these

protein complexes at the apical end of the lateral membranes and the detergent-insoluble

fraction of tight juntional proteins are more relevant to the integrity of junctional complexes

than the membrane-associated or the soluble pools of these proteins [17]. Association of

ZO-1 with the detergent insoluble fraction was reduced during the H2O2-induced disruption

of tight junctions in YAMC cells, which was prevented by LGG milk supernatant, but not

non-LGG milk supernatant (Fig. 4B).

Next, we evaluated the effect of LGG milk on the H2O2-induced increase in paracellular

permeability. Incubation of Caco-2 cell monolayers with H2O2 reduced the TER in a time-

dependent manner (Fig. 4C). Treatment of cells with LGG milk supernatant significantly

reduced the H2O2-induced decrease in TER in a concentration-dependent manner, but not

non-LGG milk (Fig. 4C).

These results suggest that the supernatan of LGG milk plays a role in preservation of

epithelial integrity through the activation of EGFR.

p40 and p75 mediate LGG milk's protective effects on intestinal epithelial cells

p40 and p75 are LGG derived soluble proteins. Both of them have been shown to prevent

and treat intestinal injury and colitis, reduces apoptosis and preserves barrier function by

activation of EGFR in intestinal epithelium [16, 18]. Thus, we determined whether p40 and

p75 mediate LGG milk's protective role in intestinal epithelial cells. Western blot analysis

using anti-p40 and anti-p75 antibodies showed that LGG milk supernatant contained p40

and p75, but non-LGG milk did not have these two proteins (Fig. 5A). Next, we immuno-

depleted p40 and p75 from LGG milk supernatant. Incubation of LGG milk samples with

anti-p40 and anti-p75 antibodies resulted in depletion of these proteins (Fig. 5A). The

immunodepleted LGG milk supernatants failed to prevent TNF and cycloheximide-induced

PARP cleavage in YAMC cells (Fig. 5C). Furthermore, H2O2-induced changes in TER in

Caco-2 cells was preserved by LGG milk supernatant, but not immunodepleted LGG milk

supernatants (Fig. 5D).

These results suggest that LGG in LGG milk secret p40 and p75, which mediate LGG milk's

protective role in intestinal epithelial cells.

Detection of soluble proteins, p75 and p40, in other fermented milk products

Secretion of p75 and p40 is strain specific, and LGG and L. casei have been shown to secret

these two proteins [16, 21]. Therefore, we detected these two proteins in 17 commercially

available fermented milk products and LGG milk. The probiotics in these milk products are

shown in Table 1. 22.5 μl of the supernatants derived from these tested fermented milks

were subjected to SDS-PAGE, and the band patterns were displayed in the stained gels (Fig.

6A). Western blot analysis showed that LGG and product #6, #8, #9, #13, #14, and #17

contained both p75 (Fig. 6B) and p40 (Fig. 6C). Product #5, #7, #10, #11, #12, #15 and #16

contained p40 (Fig. 6C), but not p75 (Fig. 6B). Product #1 to #4 did not contain either p40
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or p75. These results further suggest that secretion of p40 and p75 by probiotics is strain

specific.

Based on the p40 and p75 contents in the milk product supernatants, we chose product #2

(no p40, no p75), #7 (with p40, no p75), and #13 (with both p40 and p75) to detect their

effects on preserving intestinal integrity. All of these 3 products exerted beneficial effects on

H2O2-induced decreased of TER in Caco-2 cells. But the degree of their effects was

different. Product #13 had more effects than products #3 and #7 did (Fig. 6D). These data

suggest that, in addition to p40 and p75, other factors derived from probiotics may have

beneficial effects on intestinal integrity. However, these factors may be less potent than p40

and p75 on regulation of intestinal homeostasis.

Discussion

In the present study, we demonstrated that fermented milk containing LGG prevented colon

inflammation in a DSS-induced colitis mouse model. Currently, several animal studies using

LGG have been conducted to evaluate the effects of LGG on the prevention and/or treatment

of intestinal inflammatory disorders [22–26]. For example, the study using male Sprague–

Dawley rats showed that the continuous intake of LGG during the experimental period was

efficient in reducing mucosal damage, colonic prostaglandin E2 generation, and nitric

oxidase synthase activity in indoacetmide-induced colitis. However, the LGG-intake had no

effect on dinitrobenzene sulfuric acid-induce colitis [22]. In addition, another studies

reported that LGG-treatment before the induction of colitis exacerbated disease activity and

caused the death of treated C57BL/6 mice [23] and no effect of the administration of LGG

on the prevention of DSS-induced colitis in C57BL/6 mice [25, 26]. Therefore, the effects of

LGG may depend on colitis models, animals, and the approach for administering LGG.

It should be noted that we used LGG fermented milk in the present study, whereas most

other studies used LGG suspended in drinking water or PBS [22, 23, 25]. The significant

difference between them is that fermented milk generally contains not only ingredients but

also some metabolites produced by fermentation. In addition, LGG may survive better in

milk than in water or PBS. Considering the fact that orally administrated LGG can

successfully colonize in the intestine of host animals [27, 28], living LGG delivered to the

intestinal tract by LGG milk may act more efficiently on prevention of DSS-induced acute

colitis.

Recent studies showed that microbial metabolites, such as proteins and polyphosphate, were

important to alleviate DSS-induced intestinal injury and inflammation [18, 29].

Administration of these metabolites using indigestible beads or by intrarectally injection

suppressed DSS-induced despite the absence of live LGG. In addition to the data from the

experiments using LGG suspension in water or PBS [22, 23, 25], the delivery of living LGG

to the intestine only might not be enough to suppress the experimental colitis. Therefore, we

focused on studying soluble proteins in LGG milk. In fact, the present study showed that

LGG milk contained the soluble proteins p40 and p75, which are known to promote

intestinal epithelial homeostasis [16]. The soluble fraction derived from LGG milk exerted

the activation of EGFR and Akt, suppression of cytokine-induced apoptosis, and prevention
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of H2O2-induced relocation of ZO-1 in cultured cells as the previous reports about p75 and

p40 [16, 17]. In addition, a report that even N-terminal peptide of p40 can prevent DSS-

induced colitis gave us a hypothesis that p40 may play a key role for the preventive effect

after digestion in the gastrointestinal tract. Although we have not isolated the most important

factor(s) from LGG milk, the soluble proteins p75 and p40 may be candidates for the

preventive effects on DSS-induced injury and inflammation in mice.

It is known that soluble factors from LGG prevent the intestinal epithelium from stress, such

as inflammatory cytokines or super oxides, through stimulation of different signal pathways

[15–17, 30]. In fact, the activation of Akt through p40-induced activation of EGFR is

considered as one of the most important mechanisms of the preventive/therapeutic actions of

LGG against intestinal inflammation and injury [18]. The present study suggested that the

soluble fraction recovered from LGG milk suppressed cytokine-induced apoptosis and

H2O2-induced intestinal barrier disruption through the activation of EGFR because these

effects were strongly inhibited by the EGFR kinase inhibitor AG1478. Given the fact that

these effects were not found in non-LGG milk, there is no doubt that soluble factor(s)

produced by fermentation with LGG stimulated EGFR, leading to the activation of Akt.

Furthermore, our data suggested that p40 and p75 may be candidates for the effective

soluble factor(s) because depeletion of p40 and p75 decreased LGG milk's effects on

intestinal epithelial cells.

Genes encoding p40 and p75 homologues have been exclusively found in the genomes of L.

rhamnosus and L. casei/paracasei, and several strains belonging to these species actually

secreted the two proteins in culture broth [16, 21]. However, proteins reacted with anti-p75

and/or anti-p40 antibodies were also detected from various fermented milk products

containing other species such as L. delbreuckii subsp. bulgaricus or B. longum but not L.

casei. In a BLAST search, the amino acid sequence of p40 from LGG (GenBank accession

number YP_003169777) also showed approximately 40–60% similarities with those from L.

sakei subsp. sakei, Enterococcus, and Bifidobacteria (data not shown). Therefore, it is

possible that the fermented milk with strains other than L. rhamnosus or L. casei/paracasei

contains homologue proteins of p40 and/or p75. On the other hand, the L casei strains in

fermented milks used for this study may not have an ability of secreting these soluble

proteins. Since little information is available on manufacturing processes and conditions,

bacterial strains used in those commercial fermented milk, the ability of production of p40,

p75 production, and those homologues by each bacterial strain cannot be evaluated in the

present study. However, the present study suggested that other fermented milks than LGG

milk may also have the preventive effect on regulation of intestinal epithelial homeostasis.

Since fermented milk, such as yogurt, is a just food expanding in many countries. It can be

consumed by a large number of people and give them its health promoting function. The

present study demonstrates a possibility that the consumption of LGG milk is useful for

preventing intestinal inflammatory disorders through regulating intestinal homeostasis. In

the future, more scientific evidences, such as whether p40 and p75 can be recover from the

gastrointestinal tract after consumption of LGG milk in humans, should be studies to clarify

the mechanism of actions of probiotic fermented milk on regulation of intestinal health and

inflammatory disorders.
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Fig. 1.
LGG-fermented milk prevents DSS-induced colitis in mice. Female mice were treated with

3% DSS in drinking water for 4 d to induce colitis. Mice were gavaged with 500 μL of LGG

milk or non-LGG mike once a day for 6 days before and during DSS treatment (A).

Paraffin-embedded colon sections were stained with H&E for light microscopic assessment

of epithelial damage (B). Colon inflammation/injury scores are shown (C). The length of

colon was measured (D). Data presented as means ± SE. *P < 0.05 compared to the water

group, #P < 0.05 compared to the DSS only group. Arrows indicate ulceration in the colon.

Original magnification in (B), ×10.
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Fig. 2.
LGG milk supernatant stimulates EGFR and Akt activation in YAMC cells. YAMC cells

were treated with supernatants of LGG milk at indicated dilutions for 2 h or EGF (10

ng/mL) for 5 min. Activation of EGFR and Akt was detected by Western blot analysis using

anti-phospho-EGFR-Tyr1068 and anti-phospho-Akt antibodies, respectively. Anti-β-actin

antibody was used as a loading control. The data is representative of at least two separate

experiments.
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Fig. 3.
LGG milk supernatant inhibits cytokine-induced apoptosis in intestinal epithelial cells.

YAMC cells (A–D) were treated with TNF-α (100 ng/ml) and cycloheximide (1 μg/ml) for

6 h in the presence or absence of 1-h pretreatment of supernatants of LGG milk or non-LGG

milk at 1:500 dilution, and/or AG1478 (150 nM). The TUNEL assay was performed to

detect apoptosis in the YAMC cells. Arrows indicate representative apoptotic nuclei (A).

The percentage of cells undergoing apoptosis is shown (B). The YAMC cells were

dissociated and stained with Annexin V-FITC and propidium iodide and analyzed by flow

cytometry, and results are shown as density plots with Annexin V-FITC vs propidium iodide

(C). Viable cells have low Annexin V-FITC and low propidium iodide staining (lower left

quadrant); early apoptotic cells have high Annexin V-FITC and low propidium iodide

(lower right quadrant); late apoptotic cells have high Annexin V-FITC and high propidium

iodide (upper right quadrant); and necrotic cells have low Annexin V-FITC and high

propidium iodide staining (upper left quadrant). The early apoptotic cell populations in the

lower right quadrant are shown in D. HT-29 cells (E) were treated with the “cytokine

cocktail” combination of TNF-α (100 ng/ml), IL-1α (10 ng/ml), and IFN-γ (100 ng/ml) for

12 h in the presence or absence of supernatants of LGG milk or non-LGG milk at indicated

dilutions, and/or AG1478 (150 nM). Total cellular lysates were subjected to Western blot

analysis using an anti-PARP antibody which indentifies both intact and cleavage PARP. β-

actin blot was performed for protein loading control. In B and D, * P < 0.05 compared to

control, # P < 0.05 compared to TNF + cycleheximide treated group. The data from Western

blot analysis are representative of two separate experiments.
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Fig. 4.
LGG milk supernatant prevents H2O2-induced disruption of tight junction in intestinal

epithelial cells. YAMC cells were treated with H2O2 (20 μM) for 3 h with or without 1-h

pretreatment with LGG milk or non-LGG milk supernatants at the indicated dilutions and a

EGFR kinase inhibitor AG1478 (150 nM). These co-treatments were present during H2O2

treatment. The cells were fixed and immunostaining of cells performed to localize ZO-1

using an anti-ZO-1 antibody and a Cy3-conjugated secondary antibody (red) (A). The

Triton-insoluble samples were isolated from YAMC cells treated with H2O2 (20 μM) for 3 h

with or without 1-h pretreatment with 1:250 dilution of LGG milk or non-LGG milk

supernatants. Western blot analysis was performed using a rabbit anti-ZO-1 antibody and an

anti-β-actin antibody as a protein loading control (B). Caco-2 cells were treated with H2O2

(20 μM) with or without 1-h pretreatment with LGG milk or non-LGG milk supernatants at

the indicated dilutions. TER was measured at varying times after H2O2 treatment (C). The

data is representative of three separate experiments.
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Fig. 5.
Immunodepletion of p75 and p40 blocks LGG milk's effects on intestinal epithelial cells.

Immunodepletion of p75 and p40 was performed by sequential immunoprecipitation of LGG

milk supernatant with anti-p75 and p40 antibodies, to remove both p75 and p40 from LGG

milk supernatant. LGG milk with or without immunodepletion and non-LGG milk were

separated by SDS-PAGE for Western blot analysis with anti-p75 and p40 antibodies (A).

LGG milk, LGG milk depletion and non-LGG milk were used to treat YAMC cells to detect

EGFR activation as shown in Figure 2 (B). YAMC cells were treated TNF-α (100 ng/ml)

and cycloheximide (1 μg/ml) for 6 h in the presence or absence of 1-h pretreatment of

supernatants of LGG milk, LGG milk depletion, or non-LGG milk at 1:250 dilution. Total

cellular lysates were subjected to Western blot analysis using an anti-PARP antibody, which

indentifies both intact and cleavage PARP. β-actin blot was performed for protein loading

control (C). Caco-2 cells were treated with H2O2 (20 μM) with or without 1-h pretreatment

with supernatants of LGG milk or LGG milk depletion at 1:250 dilution. TER was measured

at varying times after H2O2 treatment (C). Data represent three independent experiments.
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Fig. 6.
Detection of p75 and p40 in other milk products. LGG-milk and other 17 milk products'

supernatants were separated by SDS gel and stained with colloidal blue (A) and for Western

blot analysis with anti-p75 (B) and anti-p40 antibodies (C). Purified p75 and p40 from LGG

culture supernatant was used as the positive control. The probiotic species in these products

are listed in Table 1. Caco-2 cells were treated with H2O2 (20 μM) with or without 1-h

pretreatment of supernatants of LGG milk and product #2, #7, and #13 at 1:250 dilution.

TER was measured at varying times after H2O2 treatment (D). The data were representative

of three separate experiments.
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Table 1

The fermented milks used in this study

Product no. Main species in productsa

1 Lactobacillus casei

2 L. brevis

3 Bifidobacterium breve

4 L. casei

5 Bifidobacterium

6 L. acidophilus

7 L. delbreuckii subsp. bulgaricus

8 L. gasseri

9 B. longum

10 L. gasseri

11 L. delbreuckii subsp. bulgaricus

12 Bifidobacterium

13 B. animalis

14 Unknown

15 L. gasseri

16 Unknown

17 L. helveticus

LGG milk L. rhamnosus GG (LGG)

a Fermented milk is generally produced by various bacterial species and strains. Since suppliers may not disclose all of bacteria used in their
commercial products, it is possible that not all bacteria in these products are listed in this table. LGG-fermented milk contains only LGG
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