
A component of polysaccharide peptidoglycan complex on
Lactobacillus induced an improvement of murine model of

inflammatory bowel disease and colitis-associated cancer

Introduction

Inflammatory bowel disease (IBD), including Crohn’s

disease (CD) and ulcerative colitis (UC), is a chronic

inflammatory disorder of the intestine, and its pathogene-

sis is not well understood.1,2 The disease is thought to be

caused by the non-physiological response of the mucosal

immune system towards commensal bacteria.3,4 Various

IBD models in rodents do not manifest intestinal inflam-

mation under germ-free conditions.5–7 Interleukin-6

(IL-6) is a multifunctional cytokine that modulates

various immune responses.8,9 It has been described that

IL-6/signal transducer and activator of transcription 3

(STAT3) signaling is activated in the intestinal mucosa in

murine models of IBD and colitis-associated cancer

(CAC).10,11 Moreover, negative regulation of this signaling

pathway inhibits IBD in rodents.10 Therefore, this signal-

ing pathway may play a critical role in the pathogenesis

of both IBD and CAC, and targeting this pathway may be

useful for therapeutic management.

Several strains of lactobacilli and bifidobacteria have

been used as probiotics, and numerous such probiotic

strains have been tested for the prevention and treatment

of intestinal inflammatory disorders, such as infectious

S. Matsumoto,1 T. Hara,1

M. Nagaoka,1 A. Mike,1

K. Mitsuyama,2 T. Sako,1

M. Yamamoto,1 S. Kado1 and

T. Takada1

1Yakult Central Institute for Microbiological

Research, Tokyo, Japan, and 2Department of

Gastroenterology, Kurume University School of

Medicine, Fukuoka, Japan

doi:10.1111/j.1365-2567.2008.02942.x

Received 16 March 2008; revised 6 August

2008; accepted 6 August 2008.

Correspondence: Dr S. Matsumoto, PhD,

Yakult Central Institute for Microbiological

Research, 1796 Yaho, Kunitachi, Tokyo

186-8650, Japan.

Email: satoshi-matsumoto@yakult.co.jp

Senior author: Satoshi Matsumoto

Summary

Interleukin-6 (IL-6)/signal transducer and activator of transcription 3

(STAT3) signals play key roles in the pathogenesis of inflammatory bowel

disease (IBD). We previously described that both intact cells and a cell

wall-derived polysaccharide–peptidoglycan complex (PSPG) in a strain of

lactobacillus [Lactobacillus casei Shirota (LcS)] inhibited IL-6 production

in lipopolysaccharide (LPS)-stimulated lamina propria mononuclear cells

(LPMCs) isolated from murine IBD. Diets with LcS improve murine IBD

by suppression of IL-6 synthesis in LPMCs. Moreover, LcS supplementa-

tion with fermented milk ameliorates disease activity in patients with

active ulcerative colitis. Here, we focused on the specific roles of PSPG in

LcS concerning their anti-inflammatory actions. PSPG derived from LcS,

and no other strain of lactobacilli, inhibited IL-6 production in LPS-stim-

ulated murine IBD LPMCs. Purified PSPG-I from LcS inhibited IL-6 syn-

thesis in LPS-stimulated murine IBD LPMCs through the inhibition of

nuclear factor-jB. The anti-IL-6 action of LcS PSPG was abrogated by

masking with monoclonal anti-PSPG-I. Furthermore, PSPG-I-negative

L. casei strains (PSPG-I-negative mutant LcS: LCDPSPG-I, L. casei ATCC

334) did not inhibit IL-6 production. Finally, we confirmed the effects of

PSPG-I on LcS in the models of both IBD and colitis-associated cancer

(CAC). In the IBD model, ingestion of LcS improved ileitis and inhibited

activation of IL-6/STAT3 signaling, while ingestion of the LCDPSPG-I strain

did not. In the CAC model, treatment with LcS, but not the LCDPSPG-I

strain, showed tumour-suppressive effects with an inhibition of IL-6 pro-

duction in the colonic mucosa. These results suggested that a specific

polysaccharide component in an L. casei strain plays a crucial role in its

anti-inflammatory actions in chronic intestinal inflammatory disorders.
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colitis and IBD. For example, a strain of Bifidobacterium

breve in a fermented milk product induced relief from

disease symptoms in both a rodent model of IBD and in

patients with UC.12,13 In a separate study, the probiotic

preparation VSL#3 (a mixture of eight different lactic acid

bacteria) was shown to prevent pouchitis. The mecha-

nisms underlying the beneficial effects of probiotics

remain unknown. However, probiotics may, at least in

part, act by modifying innate and adaptive immunity.

Indeed, culture supernatants of the above probiotic

bifidobacterium strain could repress interleukin-8 (IL-8)

secretion in tumour necrosis factor- a (TNF-a)-stimu-

lated HT-29 cells.14

Lactobacillus casei strain Shirota (LcS) is one such pro-

biotic strain and is commercially available as a health food

supplement in several countries. Treatment with LcS can

induce improvement in murine models of inflammatory

disorders such as arthritis, type I diabetes and systemic

lupus.15–17 Recently, we confirmed that treatment with

heat-killed LcS induced improvement of both murine

chronic colitis induced by dextran sodium sulphate (DSS)

and ileitis in SAMP1/Yit mice accompanied by the down-

regulation of IL-6 production in lamina propria mononu-

clear cells (LPMCs).18 Moreover, both LcS supplementa-

tion as fermented milk suppressed disease activity in

patients with active UC in a pilot study.19 The mecha-

nisms underlying the anti-inflammatory actions of LcS are

still not understood. However, we have confirmed that

both LcS and the cell wall-derived polysaccharide–pepti-

doglycan complex (PSPG) inhibited IL-6 production in

lipopolysaccharide (LPS)-stimulated LPMCs isolated from

a murine chronic IBD model.18 In these experiments,

down-regulation of the translocation of nuclear factor-jB

(NF-jB) in the nucleus of target cells was caused by Toll-

like receptor (TLR)2- and TLR4-independent pathways.18

In a separate study, it was also reported that PSPG was an

important component of LcS with regard to the appear-

ance of the anti-infectious activity against Listeria mono-

cytogenes and Pseudomonas aeruginosa.20

In the present study, we aimed to elucidate the specific

mechanisms of inhibitory action of the PSPG components

in LcS on the production of IL-6 in LPS-stimulated

macrophages. Moreover, we confirmed the roles of these

PSPG components in terms of their anti-inflammatory

actions in both IBD and CAC in murine models in vivo.

Materials and methods

Animals

Female BALB/c mice (8 weeks of age) were purchased

from SLC (Shizuoka, Japan). Mice were maintained under

specific pathogen-free (SPF) conditions during the experi-

ments. SAMP1/Yit mice (15 weeks of age) were bred

under SPF conditions at our institute.21 C3H severe com-

bined immunodeficiency (SCID) mutant mice (C3H/

SmnC Prkdc scid/J, 10 weeks of age) were purchased

from Jackson Laboratory (Bar Harbor, ME) and were

maintained in the barrier systems in the animal facility of

our institute.

Lactobacilli

LcS (YIT 9029; Yakult Honsha, Co., Ltd, Tokyo, Japan),

Lactobacillus rhamnosus ATCC 53103 and L. casei ATCC

334 were used in this study. PSPG-I-negative mutant LcS

strains (LCDPSPG-I-A, -B, -C and -D), which lacked the

PSPG-I component, were also used.22,23

Preparation of cell derivatives of LcS

Heat-killed strains of lactobacilli were prepared.24 The

isolation of PSPG has been described previously.24 In

brief, the heat-killed cells were exhaustively digested with

N-acetylmuramidase SG (Seikagaku corporation, Tokyo,

Japan), followed by treatment with DNase, RNase and

trypsin. The digest was then dialyzed against water and

lyophilized. PSPG-I and PSPG-II components in LcS were

separated as described previously.24 In brief, the PSPG

fraction was subjected to gel filtration, and the hexose-

containing fractions obtained were designated as type I

PSPG (PSPG-I) and type II PSPG (PSPG-II). The poly-

saccharide moieties (PS-I and PS-II) were prepared from

PSPG-I and PSPG-II by treatment with 47% hydrogen-

fluoric acid at 4� for 20 hr. Hydrogenfluoric acid treat-

ment hydrolyzes the phosphodiester bonds between the

polysaccharide and the peptidoglycan moiety.24 The hydo-

lyzate was then dialysed against water and lyophilized.

The polysaccharide was obtained using this procedure.

Induction of chronic DSS colitis

Chronic DSS colitis was induced in BALB/c mice as

described previously.25 In brief, 10-week-old mice were

subjected to 4% DSS (molecular weight = 40 000; MP Bio-

medicals, LLC, Solon, OH) dissolved in drinking water.

Chronic colitis was induced by four administration cycles;

each cycle comprised a regimen of 4% DSS for 7 days fol-

lowed by drinking water without DSS for the next 7 days.

In vitro IL-6 inhibition assay

Colonic LPMCs were prepared from colitis-induced

BALB/c mice by collagenase dissociation (Collagenase-

Yakult S; Yakult Honsha) as previously described.26 Colo-

nic LPMCs, murine macrophage RAW264.7 cells and

peripheral blood mononuclear cells (PBMCs) (2�0 · 105

cells/96-well plate) isolated from the patients with IBD

were cultured in 10% fetal calf serum (FCS)/10 lM

Hepes/penicillin–streptomycin/RPMI medium (complete
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RPMI; Sigma, St Louis, MO) under 5% CO2 at 37�. To

assess the inhibitory action of heat-killed lactobacilli

or PSPG on the production of IL-6 in LPS-stimulated

colonic LPMCs, RAW264.7 cells and IBD PBMCs

(2�0 · 105 cells/well), 100 ng/ml of LPS (Sigma, St Louis,

MO) was added to the cultures with or without various

doses of LcS, or mutant strains of LcS, PSPG, PSPG-I,

PSPG-II, PS-I, PS-II or peptidoglycan (PG) components

and the cells were cultured for 24 hr. After culture, the

supernatants were collected and stored at )84� until

required for enzyme-linked immunosorbent assay (ELISA)

analysis to determine the IL-6 concentration. Data repre-

sent the percentage inhibition of IL-6 synthesis in the cul-

tures stimulated with LPS plus various doses of LcS

compared with those stimulated with only LPS. The

inhibitory effects among other strains of lactobacillus on

IL-6 production in LPS-stimulated colonic LPMCs were

also determined using the same protocol.

Flow cytometric analysis

Heat-killed lactobacilli were dissolved in 1% FCS contain-

ing phosphate-buffered saline (PBS) (10 lg/ml). After

centrifugation, the pellets were incubated with F(ab0)2-

fragmented monoclonal antibody (mAb) raised against a

specific mAb of PSPG-I of LcS for 30 min at 4�. The

F(ab0)2 fragments were prepared by using an immuno-

globulin M (IgM) fragmentation kit (Pierce Biotechnol-

ogy, Inc., Rockford, IL). After the cells were washed with

FCS/PBS, they were treated with fluorescein isothio-

cyanate (FITC)-conjugated mAb against the mouse Igj
chain for 30 min at 4�. The cells were washed with FCS/

PBS and analyzed using an EPICS EL cell analyzer (Beck-

mann-Coulter, Inc., Fullerton, CA).

PSPG-I mAb inhibition assay

The PSPG complex isolated from several strains of lactoba-

cilli dissolved in carbonate buffer (pH 9�5) and then coated

on 96-well flat-bottom culture plates overnight at 4�. After

several washes with complete RPMI, the wells were incu-

bated with or without F(ab0)2 PSPG-I mAb (10 lg/ml) for

3 hr at 37�. The wells were then washed three times with

complete RPMI. RAW264.7 cells (2�0 · 105 cells) were cul-

tured in PSPG-coated wells with or without treatment with

PSPG-I mAb. LPS (100 ng/ml) was subsequently added to

the wells, and the culture supernatants were collected after

24 hr of culture. The amount of IL-6 in the culture super-

natants was determined by ELISA as described in the fol-

lowing section.

ELISA

Murine monoclonal anti-IL-6 (clones MP5-20F3 and

MP5-32C11) and human monoclonal anti-IL-6 (clones:

5IL-6 and 7IL-6) were purchased from BD PharMingen

(Los Angeles, CA) and Pierce-Endogen (Woburn, MA).

ELISA was performed as per the standard protocol

recommended by the manufacturer.

Western blotting

Colonic LPMCs (2�0 · 106 cells) isolated from mice with

induced chronic colitis were pretreated with PSPG iso-

lated from LcS or L. rhamnosus ATCC 53103 and then

subsequently stimulated with LPS (100 ng/ml). After 2, 4

or 8 hr of stimulation with LPS (100 ng/ml), the cells

were washed with Hanks’ balanced salt solution and trea-

ted with lysis buffer.10 The supernatants of the cell lysate

were stored at )80� prior to western blotting. In some

experiments, RAW264.7 cells (2�0 · 106 cells) were trea-

ted with PSPG-I or PSPG-II; subsequently, these cells

were stimulated with or without 100 ng/ml of LPS. After

3 and 6 hr, the cells were washed with Hanks’ balanced

salt solution and treated with lysis buffer using the

methods described previously. In brief, 10 lg of protein

was subjected to sodium dodecyl sulphate–polyacrylamide

gel electrophoresis (SDS–PAGE) and transferred onto a

membrane (Immobilon-P; Millipore, Billerica, MA).

Phospho-NF-jB or -IjB proteins were detected by immu-

noblotting using antibody to phospho-NF-jB or phos-

pho-IjB (both polyclonal antibodies were purchased from

Cell Signaling Technology, Beverly, MA) and enhanced

chemiluminescence (ECL) plus a western blotting detec-

tion system (GE Health Sciences, Pittsburgh, PA). The

signal was visualized using an LAS-3000 image analyzer

(Fujifirm, Tokyo, Japan).

Nod2 mRNA analysis in RAW cells

RAW264.7 cells (2�0 · 106 cells) were stimulated with

LPS (100 ng/ml), LcS, LCDPSPG-I, or L. casei ATCC 334.

After 2, 4 and 6 hr of stimulation, the cells were har-

vested and total RNA was isolated using Trizol reagent

(Invitrogen, Carlsbad, CA). Real-time quantitative reverse

transcription–polymerase chain reaction (qRT-PCR) was

performed using specific primers for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and Nod2 (both

from Qiagen GmbH, Hamburg, Germany) on an ABI-

7500 (Applied Biosystems, Foster City, CA).

In vivo effects of PSPG-I on chronic ileitis

LcS or LCDPSPG-I strains were cultured in MRS (de Man,

Rogosa, Sharpe) broth for 12 hr. The cells were then

washed twice with ice-cold PBS and resuspended in

1 ml of ice-cold PBS. Chronic ileitis was induced in

C3H SCID mice by transferring CD4+ ab T cells from

SAMP1/Yit mice, as previously described.27 One week

before the induction of ileitis, the SCID mice were
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treated with 200 ll of the cell suspension of LcS or

LCDPSPG-I strains or with a gastric tube for 5 days once

a week (approximately 5�0 · 108 colony-forming units/

mouse/day). Control mice were treated with PBS. Eight

weeks after the induction of ileitis, the mice were killed

and the severity of ileitis was compared among the

groups (n = 6 in each group). Histological evaluation of

ileitis in each group of mice was performed as previ-

ously described.10

In vivo effects of PSPG-I on CAC

CAC was induced in BALB/c mice as described previ-

ously with minor modifications.28 In brief, chronic DSS

colitis was induced in female BALB/c mice as described

above.25 Subsequently, the mice were treated with an

additional five DSS cycles. LcS, L. casei ATCC 334 and

LCDPSPG-I strains were cultured, washed twice with PBS

and resuspended in 1 ml of PBS. One week before the

induction of CAC, the mice were treated with 200 ll of

the cell suspension of LcS or LCDPSPG-I strains via a gas-

tric tube for 5 days once a week (approximately

5�0 · 108 colony-forming units/mouse/day). Control

mice were treated with PBS. After the final DSS treat-

ment, the mice were killed, and the incidence and num-

ber of tumours were examined in each group (n = 10 in

each group).

IL-6/STAT3 signaling in intestinal tissues in LcS-treated
mice

Polyclonal antibodies against phospho-STAT3 or STAT1

were purchased from Cell Signaling Technology. Expres-

sion of phospho-STAT3 in ileal tissue extracts in each

group of mice was examined by western blotting, as

described above. The amounts of IL-6, suppressor of

cytokine signaling 3 (SOCS3) and GAPDH mRNA in the

ileal or colonic tissues were estimated by quantitative

RT-PCR using specific primers on an ABI-7500 (Applied

Biosystems). All primers were purchased from Qiagen

(Qiagen GmbH, Hamburg, Germany). All data were cal-

culated in relation to the housekeeping gene GAPDH. In

some experiments, ileal cryosections were prepared.

Immunofluorescence images of SOCS3 protein in the ileal

tissues were obtained by confocal laser microscopy (LSM-

500; Carl Zeiss GmbH, Oberkochen, Germany).

Statistics

All data were expressed as mean ± standard deviation

(SD) and were evaluated by use of the Tukey or Tukey–

Kramer test for multiple comparisons. The Student’s

t-test was used for the comparison of two independent

groups. In all tests, P values of less than 0�05 were

assumed to be statistically significant.

Results

PSPG derived from LcS, but not from L. rhamnosus
ATCC 53103, inhibited IL-6 production in
LPS-stimulated colitis-derived LPMCs

PSPG complex derived from L. casei ATCC 334 and

L. rhamnosus ATCC 53103 did not inhibit the production

of IL-6 in LPS-stimulated LPMCs isolated from chronic

L. rhamnosus

L. casei

ATCC 53103

ATCC 334

LcS

–150

LP
S

Ct 2 4 8 2 4 8 2 4 8 hr
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no
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β-actin
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Figure 1. Inhibitory action of the polysaccharide–peptidoglycan com-

plex (PSPG) isolated from Lactobacillus casei Shirota (LcS) on the pro-

duction of interleukin (IL)-6 in lipopolysaccharide (LPS)-stimulated

colonic lamina propria mononuclear cells (LPMCs) isolated from mice

induced with chronic colitis (a). Colonic LPMCs were isolated from

mice with induced chronic colitis and these cells (2�0 · 105 cells/well

in 96-well culture plates) were stimulated with LPS (100 ng/ml) in the

presence or absence of PSPG purified from lactobacillus strains. The

interleukin-6 (IL-6) inhibition rate is shown, representing the percent-

age inhibition of IL-6 synthesis in the culture supernatants stimulated

with LPS plus various doses of PSPG isolated from LcS, L. casei ATCC

334 or Lactobacillus rhamnosus ATCC 53103 compared to those stimu-

lated with LPS only. Similar results were obtained from six indepen-

dent experiments. Data represent the mean ± standard deviation (SD).

Western blot analysis of phosphorylated nuclear factor-jB (p-NF-jB)

expression in LPS-stimulated colonic LPMCs in the presence or

absence of PSPG isolated from LcS or L. rhamnosus ATCC 53103 (b).

Colonic LPMCs (2�0 · 106 cells/well) isolated from mice with induced

chronic colitis were pretreated with PSPG isolated from LcS or

L. rhamnosus ATCC 53103 and then subsequently stimulated with LPS

(100 ng/ml). After 2, 4 or 8 hr of LPS stimulation, cell lysates were

subjected to sodium dodecyl sulphate–polyacrylamide gel electropho-

resis (SDS–PAGE) and proteins were transferred onto Immobilon-P

membrane. Western blotting was performed with antibody against

phosphorylated NF-jB. Values (aa; P < 0�01) differed significantly

versus L. casei ATCC 334 treatment with the same doses. Values (bb;

P < 0�01) differed significantly versus L. rhamnosus ATCC 53103

treatments with the same doses. Ct, control.
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colitis specimens induced in mice, whereas PSPG derived

from LcS inhibited IL-6 production in LPS-stimulated

colonic LPMCs in a dose-dependent manner (Fig. 1a). A

similar result was obtained using an LPS-stimulated

mouse macrophage cell line, RAW264.7 cells and PBMCs

isolated from patients with UC (data not shown). Wes-

tern blot analysis clearly showed that PSPG purified from

LcS, but not from L. rhamnosus ATCC 53103, inhibited

the phosphorylation of NF-jB in LPS-stimulated RAW

cells (Fig. 1b).

Polysaccharide chain of PSPG-I played a critical role
in inhibiting IL-6 production

In a previous report, Nagaoka et al. described that PSPG

components of LcS are composed of two PSPG compo-

nents, PSPG-I and PSPG-II.24 Therefore, we purified

PSPG-I, PSPG-II, PS-I and PS-II components, and then

compared their inhibitory actions on IL-6 production in

LPS-stimulated RAW cells. PSPG-I and PS-I both down-

regulated IL-6 production in LPS-stimulated RAW cells.

On the other hand, PSPG-II and PS-II did not inhibit

IL-6 production (Fig. 2a). In western blotting analysis,

the treatment of RAW cells with PSPG-I, but not with

PSPG-II, inhibited the phosphorylation of both NF-jB

and IjB after stimulation with LPS (Fig. 2b). Next, we

examined the anti-IL-6 action of mutant LcS strains lack-

ing the PSPG-I components in LPS-stimulated RAW cells.

Flow cytometric analysis clearly showed that L. casei

ATCC 334, L. rhamnosus ATCC 53103 and the mutant

strains of LcS did not react with PSPG-I mAb (Fig. 2c).

In accordance with the disappearance of the PSPG-I com-

ponent from LcS, the anti-IL-6 action was completely

abrogated in the mutant LcS strains (Fig. 2d).
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Figure 2. Inhibitory actions of polysaccharide–peptidoglycan complex (PSPG)-I and PSPG-II and of polysaccharide (PS)-I and PS-II isolated from

Lactobacillus casei Shirota (LcS) on the production of interleukin-6 (IL-6) in lipopolysaccharide (LPS)-stimulated RAW cells. Data represent the

mean ± standard deviation (SD) (a). To assess the inhibitory action of PSPG-I, PSPG-II, PS-I, PS-II or peptidoglycan (PG) components on the

production of IL-6 in LPS-stimulated RAW cells, 100 ng/ml of LPS was added to the cultures (2�0 · 105 cells/well), with or without various doses

of PSPG-I, PSPG-II, PS-I, PS-II or PG components, and the cells were cultured for 24 hr. After the culture, the supernatants were collected and

the concentrations of IL-6 were determined using enzyme-linked immunosorbent assay (ELISA). (b) Western blot analysis of phosphorylated

nuclear factor-jB (p-NF-jB) or phosphorylated IjBa (p-IjBa) expression in LPS-stimulated RAW cells in the presence or absence of PSPG-I or

PSPG-II (b). Cell lysate was obtained from LPS-stimulated RAW cells (2�0 · 106 cells/well) in the presence or absence of PSPG-I or PSPG-II co-

stimulation. Lysates were subjected to western blotting then probed using specific antibodies against p-NF-jB or p-IjBa. Flow cytometric analysis

of the expression of PSPG-I on LcS and five PSPG-I-negative L. casei strains (LCDPSPG-I A–D, L. casei ATCC 334 or L. rhamnosus ATCC 53130).

control (Ct). (c) Inhibitory action of various doses of LcS or four PSPG-I-negative L. casei strains on the production of IL-6 in LPS-stimulated

RAW cells. Data represent mean ± SD. (d) LPS (100 ng/ml) was added to the cultures (2�0 · 105 cells/well), with or without various doses of LcS

or mutant LcS strains, and the cells were cultured for 24 hr. After the culture, the supernatants were collected and the concentrations of IL-6 were

determined using ELISA. Similar results were obtained from two independent experiments. Values (aa; P < 0�01, a; P < 0�05) differ significantly

versus PSPG-II treatment with the same doses. Values (bb; P < 0�01, b; P < 0�05) differ significantly versus PS-II treatment with the same doses.
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PSPG-I mAb neutralized the inhibition of IL-6
production induced by PSPG

To confirm whether the anti-IL-6 action of PSPG is

dependent on the internalization of the PSPG component

by the activated macrophage, we examined the anti-IL-6

action of the immobilized PSPG component that was iso-

lated from LcS. Immobilized PSPG components on the

culture plate displayed an anti-IL-6 action similar to the

soluble form of PSPG in LPS-stimulated RAW cells

(Fig. 3). However, the immobilized PSPG on the micro-

plate that was derived from L. rhamnosus ATCC 53103 or

LCDPSPG-I strains did not inhibit IL-6 production.

Moreover, by masking PSPG-I in LcS PSPG coated with

PSPG-I mAb, inhibition of the production of IL-6 in

LPS-stimulated RAW cells was completely abrogated.

In vivo effect of PSPG-I in a chronic ileitis model

To examine the anti-inflammatory roles of PSPG-I

in vivo, we administered cultured LcS or LCDPSPG-I strains

into models of mice with chronic ileitis. Histological

scores of ileitis were repressed by treatment with LcS.

However, the scores for the LCDPSPG-I strains were com-

parable with those for the control (Fig. 4a). In accordance

with the suppression of the histological scores, the

amounts of IL-6 and SOCS3 mRNA in the ileal mucosa

were lower in the mice treated with LcS than in the mice

treated with LCDPSPG-I strains or PBS (Fig. 4b). Both in

control and LCDPSPG-I strain-treated mice, ileal histology

showed severe ileitis accompanied by infiltration of CD4+

cells and class II major histocompatibility complex

(MHC)-positive mononuclear cells in the lamina propria

(Fig. 4c). Moreover, the expression of SOCS3 on ileal epi-

thelial cells was pronounced in those groups. In contrast,

ileitis in the mice treated with LcS was mild. Infiltration

of the inflammatory cells and the induction of SOCS3

was repressed by treatment with LcS. Western blot analy-

sis showed that the amounts of phospho-STAT3 proteins,

but not of phospho-STAT1, in the ileal mucosa were

lower in mice treated with LcS than in mice treated with

LCDPSPG-I strains or PBS (Fig. 4d).

In vivo effect of PSPG-I in the CAC model

We also examined the anti-inflammatory effect of PSPG-I

in CAC. During the induction of CAC, LcS or LCDPSPG-I

strains were ingested by mice with CAC, and their anti-

CAC action was compared. As shown in Fig. 5(a), the

incidence and number of tumours were repressed in mice

treated with LcS, compared with those treated with

LCDPSPG-I strains and PBS. The tumour-suppressive effects

of LcS were accompanied by a down-regulation of IL-6

and SOCS3 mRNA expression in the colonic tissues

(Fig. 5b). There was no difference in TNF-a mRNA

expression in the colonic tissues among the groups.

Nod2 mRNA induction by LcS

Recently, it had been reported that stimulation of Nod2

in macrophages with a muramyl dipeptide (MDP) com-

ponent significantly decreased the production of pro-

inflammatory cytokines.29 Therefore, we examined the

induction of Nod2 mRNA in RAW cells by stimulation

with LcS or with PSPG-I-negative L. casei strains. As

shown in Fig. 6, the concentration of Nod2 mRNA

increased markedly after stimulation with LcS, compared

with PSPG-I negative L. casei strains (LCDPSPG-I, L. casei

ATCC 334).

Discussion

In previous studies, a probiotic L. casei strain, LcS, inhib-

ited several murine experimental models of immune dis-

orders, such as arthritis, type I diabetes, murine lupus

and chronic IBD.15–18 Furthermore, LcS-fermented milk

ameliorated disease activity in UC patients in a pilot

study.19 In IBD models, we discovered that LcS and its

intact cell wall component inhibited IL-6 production in

LPS-stimulated LPMCs with chronic IBD. In addition,

LcS inhibited the production of IL-6 in LPS-stimulated

PSPG 

L. rhamnosus
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LCΔPSPG-1-A 

LcS lot#3 
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** 

** 
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Figure 3. Masking of polysaccharide–peptidoglycan complex (PSPG)-I

abrogated anti-interleukin-6 (IL-6) action of PSPG isolated from

Lactobacillus casei Shirota (LcS) in lipopolysaccharide (LPS)-

stimulated RAW264.7 cells. PSPG isolated from LcS, two PSPG-I-

negative L. casei strains or L. rhamnosus ATCC 53103 were coated on

the 96-well culture plate. After removing the unbound PSPG compo-

nent, the plates were incubated with or without monoclonal antibody

(mAb) raised against PSPG-I in LcS. After several washes with culture

medium, RAW cells (2�0 · 105 cells/well) were stimulated with LPS,

and the concentration of IL-6 in the culture supernatant was deter-

mined by enzyme-linked immunosorbent assay (ELISA). Values

(**P < 0�01) differed significantly between each experimental group.
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PBMCs isolated from patients with IBD. Moreover, PSPG,

the major soluble constituent of the intact cell wall,

played a key role in the inhibitory effect on IL-6 produc-

tion. In this study, we examined the mechanism of the

anti-IL-6 action of LcS. We first compared the inhibitory

effect of several PSPGs isolated from LcS or other strains

of lactobacilli on the production of IL-6 in LPS-stimu-

lated LPMCs isolated from mice with IBD. Then, we con-

firmed that PSPG derived from LcS, but not from the

other strains of lactobacilli, inhibited the production of

IL-6. It has already been described that PSPG in LcS com-

prises two components, namely PSPG-I and PSPG-II.

Therefore, we confirmed the effect of these two compo-

nents on IL-6 production in LPS-stimulated RAW cells.

We obtained clear evidence that PSPG-I, but not PSPG-II,

was critical for the anti-IL-6 action of LcS. Purified

PSPG-I, but not PSPG-II, inhibited IL-6 production in

LPS-stimulated RAW cells by down-regulation of the

phosphorylation of NF-jB. Interestingly, we observed the

action of anti-IL-6 in immobilized PSPG components in

LPS-stimulated RAW cells and this action was completely

abrogated by masking with the sugar chain-specific mAb

raised against PSPG-I. Therefore, the anti-IL-6 effect of

PSPG-I is not dependent on the internalization of the

PSPG-I component by the activated macrophages. In

addition, PSPG-I mutant LcS strains did not inhibit IL-6

production in LPS-stimulated RAW cells. Therefore, we

concluded that the PSPG-I component in LcS plays a

crucial role in the down-regulation of IL-6 production in

LPS-stimulated LPMCs.

Recently, several authors have reported the anti-

inflammatory property of probiotic strains. VSL#3-
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Figure 4. Anti-inflammatory actions of Lactobacillus casei Shirota (LcS) or polysaccharide–peptidoglycan complex (PSPG)-I-negative L. casei

strains in an ileitis model. (a) Histological ileitis score and (b) quantitative reverse transcription–polymerase chain reaction (RT-PCR) analysis of

interleukin-6 (IL-6) and suppressor of cytokine signaling 3 (SOCS3) mRNA expression in ileal tissues in severe combined immunodeficient

(SCID) mutant mice with induced ileitis. The data were calculated in relation to the housekeeping gene GAPDH. (c) Ileitis was induced in C3H

severe combined immunodeficiency (SCID) mice by injection with CD4+ T cells isolated from SAMP1/Yit mice (n = 6 in each group). During

the induction of ileitis in SCID mice, the mice were treated with LcS, PSPG-I-negative L. casei strains, or phosphate-buffered saline (PBS) for

5 days per week. After 8 weeks, the mice were killed and the severity of ileitis was compared. Confocal analysis of the infiltration of CD4+ T cells

(red), and the expression of class II major histocompatibility complex (MHC, green) and of SOCS3 proteins in ileitis-induced SCID in mice trea-

ted with LcS, PSPG-I negative L. casei strains, or PBS was analyzed. Original magnification: 100·. (d) Western blot analysis of phospho-STAT3

and phospho-STAT1 expression in ileal tissues in ileitis-induced SCID mice treated with LcS, PSPG-I-negative L. casei strains, or PBS. Similar

results were obtained from two independent experiments. Values (*P < 0�05, **P < 0�01) differed significantly among each experimental group.
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derived DNA was able to repress IL-8 production in

intestinal epithelial cells in the presence of pro-inflam-

matory stimuli.30 Among the probiotic strains, the anti-

inflammatory actions of L. casei strains have been well

documented by several investigators, including our

reports. One strain of L. casei, L. casei DN-114 001,

inhibited IL-6 and TNF-a synthesis in co-culture with

ileal tissues isolated from CD patients.31 Tien et al. sug-

gested that this L. casei strain inhibited the synthesis of

pro-inflammatory cytokines in invasive Shigella flexneri-

stimulated cultured Caco2 cells.32 In that report, he

suggested that L. casei stabilized IjB by manipulation of

the ubiquitin/proteasome pathway and inhibited NF-jB

activation. These characteristics of L. casei DN-114 001

are very similar to those of LcS that we have observed

previously, and in the present study.18 We showed

herein that phosphorylation of IjB kinase is inhibited

by the presence of PSPG-I in LPS-stimulated RAW

cells. The composition of the sugar of PSPG-I and

PSPG-II in LcS were previously reported by Nagaoka

et al.24 According to that report, PSPG-I contains large

amounts of glucose and rhamnose and small amounts

of galactose and glucosamine. On the contrary, PSPG-II

consists of large amounts of rhamnose, glucose,

glucosamine and galactosamine. There may be other

similarities in the form of the exo-polysaccharide chains

of PSPG components or other characteristics between

LcS and L. casei DN-114 001. Further studies should

clarify this interesting issue.

It is well established that IL-6/STAT3 signaling is

important for the pathogenesis of IBD as well as for

CAC.10,11 Moreover, recent reports state that the IL-6

signaling is important in breast and lung cancer develop-

ment.33,34 It is well established that various tumour

tissues produce IL-6. Sansone et al. described that the

conversion of mammary stem cells produced IL-6 and

induced Notch3 ligand Jaggled-1 expression, which

triggered the up-regulation of hypoxia-resistant protein,

carbonic anhydrase IX, to promote the tumour

malignancy.33 We had discovered that inflammatory

macrophages are a major cell source of IL-6 and modu-

lated colon tumorigenesis in a mouse model of CAC.

Indeed, treatment with sgp130–Fc fusion protein

suppressed colon tumorigenesis11 (S. Matsumoto, T.

Hara, K. Mituyama, S. Rose-John, M. Yamamoto, unpub-

lished data). Therefore, the IL-6 signal is one of the most

appropriate targets for intestinal inflammation and cancer

treatment. We showed here that PSPG-I down-regulated
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Figure 5. Anti-inflammation-based colon cancer action of Lacto-

bacillus casei Shirota (LcS) was dependent on the presence of the

polysaccharide–peptidoglycan complex (PSPG)-I component. (a)

Colitis-associated cancer (CAC) was induced in BALB/c mice with

repeated administration of dextran sodium sulphate (DSS) (n = 10

in each group). During CAC induction, the mice were treated with

LcS or PSPG-I-negative LcS, orally, 5 days per week. After 20 weeks,

the mice were killed, and the incidence and number of tumours were

analyzed. (b) Quantitative reverse transcription–polymerase chain

reaction (RT-PCR) analysis of interleukin-6 (IL-6), suppressor of

cytokine signaling 3 (SOCS3) and tumour necrosis factor-a (TNF-a)

mRNA expression in colonic tissues in CAC-induced BALB/c mice

treated with LcS, PSPG-I-negative L. casei strains, or phosphate-

buffered saline (PBS). The data were calculated in relation to the

housekeeping gene GAPDH. Data represent the mean ± standard

deviation (SD). Similar results were obtained from three independent

experiments. Values (*P < 0�05, **P < 0�01) differ significantly

among each experimental group.
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Figure 6. Quantitative reverse transcription–polymerase chain reac-

tion (RT-PCR) analysis of Nod2 mRNA expression in RAW264.7

cells treated with Lactobacillus casei Shirota (LcS), polysaccharide–

peptidoglycan complex (PSPG)-I negative L. casei strains, or L. casei

ATCC 334. RAW cells (1�0 · 106 cells/well in 48-well culture plates)

were incubated with lipopolysaccharide (LPS) (100 ng/ml) or

heat-killed strains of lactobacilli (5 lg/ml). After 2, 4 or 8 hr of

incubation, the cells were harvested and total RNA was purified.

Quantitative RT-PCR of Nod2 was performed using an ABI-7500.

All the data were calculated in relation to the housekeeping gene

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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IL-6 production in inflammatory macrophages in vitro

and the PSPG-I-positive L. casei strain suppressed IBD as

well as CAC development. However, we could not

exclude PSPG-I interference with NF-jB activation in

inflammatory macrophages. We had already described

that TLR2 and TLR4 are not involved in the anti-IL-6

action of LcS.18 Several negative regulatory signals for the

TLR signaling pathway, such as A20, IjB NS, SOCS1, or

SOCS3, have already been reported.35–38 It is possible that

PSPG-I up-regulates these negative regulators that

interfere in the activation of the NF-jB signaling path-

way. It was interesting that not only the soluble form of

PSPG-I but also immobilized PSPG-I could interfere with

LPS-induced IL-6 production in RAW cells. The binding

of pathogenic bacteria to a human epithelial cell line

induced the ubiquitinization of IjBa protein and inhib-

ited the NF-jB signaling pathway.39 It is well known that

a myeloid inhibitory C-type lectin-like receptor (MICL)

containing immunoreceptor tyrosine-based inhibitory

motifs (ITIMs) expressed on the monocytes and its ligand

inhibited zymosan-induced TNF-a synthesis.40 Other

ITIM-containing inhibitory receptors, such as Siglec, were

reported by many investigators. Therefore, we speculated

that a certain receptor for PSPG-I on inflammatory

macrophages may contribute to the anti-IL-6 action of

the LcS strain. Further analysis of the ligand for PSPG-I

should clarify this important issue.

We investigated the induction of Nod2 in macrophages

stimulated with LcS. This is important because studies

have shown that stimulation of Nod2 with MDP signifi-

cantly decreased pro-inflammatory production in

activated macrophages.29 In this study, we observed a

marked induction of Nod2 mRNA in RAW cells by LcS

but not by the control L. casei strain. Nod2 has been

shown to recognize MDP, a component of peptidoglycan

in the bacterial cell wall.41 Polymorphisms in Nod2 are

correlated with an increased incidence of the susceptibility

to Crohn’s disease.42 It is well known that Nod2-deficient

antigen-presenting cells manifest increased NF-jB

activation.43 Moreover, the stimulation of Nod2 by MDP

significantly decreased pro-inflammatory cytokine

production on TLR2 and TLR4 ligands.29 In fact, Nod2-

transgenic mice are resistant to colitis induced with 2,4,6-

trinitrobenzene sulphonic acid (TNBS).44 Therefore,

Nod2 induction by LcS may be important for the anti-

inflammatory and anti-cancer actions of LcS. The mecha-

nisms underlying the activation of Nod2 by LcS remain

unknown. Interestingly, Shida et al. reported that com-

pared with other lactobacillus strains, LcS is resistant to

intracellular digestion in macrophages.45 This evidence

may be a reason for the spontaneous activation of Nod2

in macrophages with LcS treatment in vitro.

In summary, we have shown that the anti-inflammatory

and anti-tumour action of a probiotic L. casei strain is reg-

ulated by IL-6 production, which was dependent on the

presence of PSPG-I on the probiotic L. casei strain. The

safety of this probiotic strain is well documented, and the

therapeutic efficiency of this strain in IBD had been con-

firmed in a pilot study.19,46 Thus, this probiotic strain is

useful in the treatment of intestinal inflammatory dis-

orders.

Acknowledgements

We thank Dr Yoshinori Umesaki and Dr Masanobu

Nannno for their valuable advice on this manuscript. We

also thank the staff at the animal facility of the Yakult

Central Institute.

References

1 Podolsky DK. Inflammatory bowel disease I. N Engl J Med 1991;

345:928–37.

2 Podolsky DK. Inflammatory bowel disease II. N Engl J Med

1991; 345:1008–16.

3 Duchmann R, Kaiser I, Hermann E, Mayet W, Ewe K, Meyer

zum Buschenfelde KH. Tolerance exists towards resident

intestinal flora but is broken in active inflammatory bowel

disease (IBD). Clin Exp Immunol 1995; 102:448–55.

4 Duchmann R, Schmitt E, Knolle P, Meyer zum Buschenfelde

KH, Neurath M. Tolerance towards resident intestinal flora in

mice is abrogated in experimental colitis and restored by

treatment with interleukin-10 or antibodies to interleukin-12.

Eur J Immunol 1996; 26:934–8.

5 Ehrhardt RO, Ludviksson BR, Gray B, Neurath M, Strober W.

Induction prevention of colonic inflammation in IL-2-deficient

mice. J Immunol 1997; 158:566–73.

6 Kawaguchi-Miyashita M, Shimada S, Kurosu H, Kato-Nagaoka

N, Matsuoka Y, Ohwaki M, Ishikawa H, Nanno M. An accessory

role of TCRgammadelta (+) cells in the exacerbation of inflam-

matory bowel disease in TCRalpha mutant mice. Eur J Immunol

2001; 31:980–8.

7 Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W,

Balish E, Rennick DM, Sartor RB. Resident enteric bacteria are

necessary for development of spontaneous colitis and immune

system activation in interleukin-10-deficient mice. Infect Immun

1998; 66:5224–31.

8 Matsuda T, Yamasaki K, Taga T, Hirano T, Kishimoto T. Current

concepts of B cell modulation. Int Rev Immunol 1989; 5:97–109.

9 Okada M, Kitahara M, Kishimoto S, Matsuda T, Hirano T,

Kishimoto T. IL-6/BSF-2 functions as a killer helper factor in

the in vitro induction of cytotoxic T cells. J Immunol 1988;

141:1543–9.

10 Mitsuyama K, Matsumoto S, Rose-John S et al. STAT3 activa-

tion via interleukin 6 trans-signalling contributes to ileitis in

SAMP1/Yit mice. Gut 2006; 55:1263–9.

11 Becker C, Fantini MC, Schramm C et al. TGF-beta suppresses

tumor progression in colon cancer by inhibition of IL-6 trans-

signaling. Immunity 2004; 21:491–501.

12 Matsumoto S, Watanabe N, Imaoka A, Okabe Y. Preventive

effects of Bifidobacterium- and Lactobacillus-fermented milk on

the development of inflammatory bowel disease in senescence-

accelerated mouse P1/Yit strain mice. Digestion 2001; 64:92–9.

e178 � 2008 Blackwell Publishing Ltd, Immunology, 128, e170–e180

S. Matsumoto et al.



13 Kato K, Mizuno S, Umesaki Y et al. Randomized placebo-con-

trolled trial assessing the effect of bifidobacteria-fermented milk

on active ulcerative colitis. Aliment Pharmacol Ther 2004;

20:1133–41.

14 Imaoka A, Shima T, Kato K, Mizuno S et al. Anti-inflammatory

activity of probiotic Bifidobacterium: Enhancement of IL-10

production in peripheral blood mononuclear cell from ulcerative

colitis patients and inhibition of IL-8 secretion in HT-29. World

J Gastorenterol 2008; 14:2511–16.

15 Kato I, Endo-Tanaka K, Yokokura T. Suppressive effects of the

oral administration of Lactobacillus casei on type II

collagen-induced arthritis in DBA/1 mice. Life Sci 1998; 63:635–

44.

16 Matsuzaki T, Nagata Y, Kado S, Uchida K, Kato I, Hashimoto S,

Yokokura T. Prevention of onset in an insulin-dependent dia-

betes mellitus model, NOD mice, by oral feeding of Lacto-

bacillus casei. Apmis 1997; 105:643–9.

17 Mike A, Nagaoka N, Tagami Y, Miyashita M, Shimada S,

Uchida K, Nanno M, Ohwaki M. Prevention of B220+ T cell

expansion and prolongation of lifespan induced by

Lactobacillus casei in MRL/lpr mice. Clin Exp Immunol 1999;

117:368–75.

18 Matsumoto S, Hara T, Hori T, Mitsuyama K, Nagaoka M, Tom-

iyasu N, Suzuki A, Sata M. Probiotic Lactobacillus-induced

improvement in murine chronic inflammatory bowel disease is

associated with the down-regulation of pro-inflammatory cyto-

kines in lamina propria mononuclear cells. Clin Exp Immunol

2005; 140:417–26.

19 Mitusymama K, Matsumoto S, Yamasaki H et al. Beneficial

effect of Lactobacillus casei in ulcerative colitis: a pilot study.

J Clin Biochem Nutri (in press).

20 Nomoto K, Nagaoka M, Yokokura T, Mutai M. Augmentation

of resistance of mice to bacterial infection by a polysaccharide-

peptidoglycan complex (PSPG) extracted from Lactobacillus

casei. Biotherapy 1989; 1:169–77.

21 Matsumoto S, Okabe Y, Setoyama H et al. Inflammatory bowel

disease-like enteritis and caecitis in a senescence accelerated

mouse P1/Yit strain. Gut 1998; 43:71–8.

22 Ohashi T, Minamishima Y, Yokokura T, Mutai M. Induction of

resistance in mice against murine cytomegalovirus by

cellular components of Lactobacillus casei. Biotherapy 1989;

1:89–95.

23 Kim YG, Ohta T, Takahashi T, Kushiro A et al. Probiotic Lacto-

bacillus casei activates innate immunity via NF-kappaB and p38

MAP kinase signaling pathways. Microbes Infect 2006; 8:994–

1005.

24 Nagaoka M, Muto M, Nomoto K, Matuzaki T, Watanabe T,

Yokokura T. Structure of polysaccharide-peptidoglycan complex

from the cell wall of Lactobacillus casei YIT9018. J Biochem

1990; 108:568–71.

25 Okayasu I, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y,

Nakaya R. A novel method in the induction of reliable experi-

mental acute and chronic ulcerative colitis in mice. Gastroenter-

ology 1990; 98:694–702.

26 Matsumoto S, Nagaoka M, Hara T, Kimura-Takagi I,

Mistuyama K, Ueyama S. Fucoidan derived from Cladosiphon

okamuranus Tokida ameliorates murine chronic

colitis through the down-regulation of interleukin-6 produc-

tion on colonic epithelial cells. Clin Exp Immunol 2004;

136:432–9.

27 Kosiewicz MM, Nast CC, Krishnan A, Rivera-Nieves J, Moskaluk

CA, Matsumoto S, Kozaiwa K, Cominelli F. Th1-type responses

mediate spontaneous ileitis in a novel murine model of Crohn’s

disease. J Clin Invest 2001; 107:695–702.

28 Okayasu I, Yamada M, Mikami T, Yoshida T, Kanno J, Ohkusa

T. Dysplasia and carcinoma development in a repeated dextran

sulfate sodium-induced colitis model. J Gastroenterol Hepatol

2002; 17:1078–83.

29 Hedl M, Li J, Cho JH, Abraham C. Chronic stimulation of

Nod2 mediates tolerance to bacterial products. Proc Natl Acad

Sci USA 2007; 104:19440–5.

30 Jijon H, Backer J, Diaz H et al. DNA from probiotic bacteria

modulates murine and human epithelial and immune function.

Gastroenterology 2004; 126:1358–73.

31 Carol M, Borruel N, Antolin M, Llopis M, Casellas F, Guarner

F, Malagelada JR. Modulation of apoptosis in intestinal lympho-

cytes by a probiotic bacteria in Crohn’s disease. J Leukoc Biol

2006; 79:917–22.

32 Tien MT, Girardin SE, Regnault B et al. Anti-inflammatory

effect of Lactobacillus casei on Shigella-infected human intestinal

epithelial cells. J Immunol 2006; 176:1228–37.

33 Sansone P, Storci G, Tavolari S et al. IL-6 triggers malignant

features in mammospheres from human ductal breast carcinoma

and normal mammary gland. J Clin Invest 2007; 117:3988–4002.

34 Gao SP, Mark KG, Leslie K et al. Mutations in the EGFR kinase

domain mediate STAT3 activation via IL-6 production in

human lung adenocarcinomas. J Clin Invest 2007; 117:3846–56.

35 Boone DL, Turer EE, Lee EG et al. The ubiquitin-modifying

enzyme A20 is required for termination of Toll-like receptor

responses. Nat Immunol 2004; 5:1052–60.

36 Hirotani T, Lee PY, Kuwata H, Yamamoto M, Matsumoto M,

Kawase I, Akira S, Takeda K. The nuclear IkappaB protein Ika-

ppaBNS selectively inhibits lipopolysaccharide-induced IL-6 pro-

duction in macrophages of the colonic lamina propria.

J Immunol 2005; 174:3650–7.

37 Kimura A, Naka T, Muta T, Takeuchi O, Akira S, Kawase I,

Kishimoto T. Suppressor of cytokine signaling-1 selectively

inhibits LPS-induced IL-6 production by regulating JAK-STAT.

Proc Natl Acad Sci USA 2005; 102:17089–94.

38 Yasukawa H, Ohishi M, Mori H et al. IL-6 induces an anti-

inflammatory response in the absence of SOCS3 in macrophag-

es. Nat Immunol 2003; 4:551–6.

39 Neish AS, Gewirtz AT, Zeng H, Young AN, Hobert ME, Karmali

V, Rao AS, Madara JL. Prokaryotic regulation of epithelial

responses by inhibition of IkappaB-alpha ubiquitination. Science

2000; 289:1560–3.

40 Marshall AS, Willment JA, Lin HH, Williams DL, Gordon S,

Brown GD. Identification and characterization of a novel human

myeloid inhibitory C-type lectin-like receptor (MICL) that is

predominantly expressed on granulocytes and monocytes. J Biol

Chem 2004; 279:14792–802.

41 Tanabe T, Chamaillard M, Ogura Y et al. Regulatory regions

and critical residues of NOD2 involved in muramyl dipeptide

recognition. EMBO J 2004; 23:1587–97.

42 Ogura Y, Bonen DK, Inohara N et al. A frameshift mutation in

NOD2 associated with susceptibility to Crohn’s disease. Nature

2001; 411:603–6.

43 Pauleau AL, Murray PJ. Role of nod2 in the response of macro-

phages to toll-like receptor agonists. Mol Cell Biol 2003;

23:7531–9.

� 2008 Blackwell Publishing Ltd, Immunology, 128, e170–e180 e179

Anti-inflammatory action of lactobacillus



44 Watanabe T, Asano N, Murray PJ, Ozato K, Tailor P, Fuss IJ,

Kitani A, Strober W. Muramyl dipeptide activation of nucleo-

tide-binding oligomerization domain 2 protects mice from

experimental colitis. J Clin Invest 2008; 118:545–59.

45 Shida K, Kiyoshima-Shibata J, Nagaoka M, Watanabe K, Nanno

M. Induction of interleukin-12 by lactobacillus strains having a

rigid cell wall resistant to intracellular digestion. J Dairy Sci

2006; 89:3306–17.

46 Aso Y, Akaza H, Kotake T, Tsukamoto T, Imai K, Naito S. Pre-

ventive effect of a Lactobacillus casei preparation on the recur-

rence of superficial bladder cancer in a double-blind trial. The

BLP Study Group. Eur Urol 1995; 27:104–9.

e180 � 2008 Blackwell Publishing Ltd, Immunology, 128, e170–e180

S. Matsumoto et al.


