
L
M
I

S
V
L

*
§

B
c
t
t
d
t
k
i
c
t
i
m
s
M
h
c
t
r
o
c
t
a
s
P
d
i
P
a
(
m
p
d
T
H
P
l

T
t
a

B
A

SIC
–

A
LIM

EN
TA

R
Y

TR
A

C
T

GASTROENTEROLOGY 2008;135:1216–1227
actobacillus crispatus M247-Derived H2O2 Acts as a Signal Transducing
olecule Activating Peroxisome Proliferator Activated Receptor-� in the

ntestinal Mucosa
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ackground & Aims: Accumulating evidence indi-
ates that the peroxisome proliferator activated recep-
or (PPAR)-� is a major player in maintaining intes-
inal mucosa homeostasis, but whether PPAR-� is
irectly involved in probiotic-mediated effects and

he molecular events involved in its activation are not
nown. Methods: We investigated the role of PPAR-�

n the immunomodulatory effects of Lactobacillus
rispatus M247 on intestinal epithelial cells (IEC) and
he role of probiotic-derived H2O2 on PPAR-� activ-
ty. Results: L crispatus M247 supplementation in

ice significantly increased PPAR-� levels and tran-
criptional activity in the colonic mucosa. L crispatus

247 induced PPAR-� nuclear translocation and en-
anced transcriptional activity in epithelial (CMT-93)
ells, as demonstrated by the increased luciferase ac-
ivity of a PPAR-�–responsive element, PPAR-�–
esponsive gene up-regulation, and reduced activity
f an nuclear factor-�B–responsive element. Pharma-
ologic PPAR-� inhibition or silencing by small in-
erfering RNA cancelled the L crispatus M247–medi-
ted effects in CMT-93 cells. Because Lactobacillus
trains producing little H2O2 failed to activate
PAR-�, we investigated the role of L crispatus M247–
erived H2O2 in PPAR-� activation. L crispatus M247

nduced a transient rise in intracellular H2O2 and
PAR-� transcriptional activity was cancelled by
ntioxidant or H2O2 scavenger. Toll-like receptor
TLR)-2 was not required for PPAR-� up-regulation

ediated by L crispatus M247 in mice, although the
rotective effects of L crispatus M247 on dextran so-
ium sulfate-induced colitis were less pronounced in
LR-2�/� mice. Conclusions: L crispatus M247 uses
2O2 as a signal transducing molecule to induce
PAR-� activation in IEC, directly modulating epithe-

ial cell responsiveness to inflammatory stimuli.

he �400 bacterial species populating the gastroin-
testinal tract are instrumental to the development of

he mucosa-associated immune system, but inappropri-

te responses to intestinal microbiota can trigger chronic
nflammatory disorders.1 Because luminal bacteria con-
ribute to maintaining immune homeostasis, and be-
ause the intestinal microbiota of inflammatory bowel
isease patients differ significantly from the situation in
ealthy individuals, how manipulating the intestinal
ora affects the host’s health has been extensively ex-
lored.2 The immunomodulatory effects of commensal
nd probiotic bacteria seem to rely on intimate contact
etween viable bacteria and the host’s intestinal epithelial
ells (IEC).3 By recognizing conserved microbial struc-
ures, toll-like receptors (TLR) and nucleotide-binding
ligomerization domain isoforms expressed in the epi-
helial cells activate complex intracellular signal cascades
o trigger innate responses.4 Because commensal bacteria
iffer in their ability to stimulate TLRs, the pattern of
ytokines released varies significantly and bacteria can
romote different inflammatory or anti-inflammatory re-
ponses.5 TLR-4 stimulation by lipopolysaccharide medi-
tes Th1-type cytokine secretion, whereas TLR-2 stimu-
ation enhances intestinal epithelial barrier function and
h2-type cytokine release. Mucosal TLR-4 up-regulation

n inflammatory bowel disease patients therefore in-
reases their sensitivity to bacterial endotoxins, whereas
LR-2 ligands have a protective effect.6 – 8

Peroxisome proliferator-activated receptors (PPARs)
�, -�, and -� are members of the nuclear hormone re-
eptor family and act as ligand-activated transcription
actors, regulating gene expression in several physiologic
ctivities.9 PPAR-� is an endogenous regulator of intes-

Abbreviations used in this paper: AFM, antibiotic-free medium; CFU,
olony-forming units; CM, complete medium; DCF, dichlorofluorescein;
PI, diphenyliodonium; DSS, dextran sodium sulfate; GSH, reduced
lutathione (L-gamma-glutamyl-L-cysteinyl glycine); H2DCFDA, 2=,7=-
ichlorofluorescein diacetate; LPL, lipoprotein lipase; MRS, DeMan-
ogosa-Sharpe medium; PBS, phosphate-buffered saline; PMA, phor-
ol 12-myristate 13-acetate; PPAR, peroxisome proliferator-activated
eceptors; PRR, pattern recognition receptor; ROS, reactive oxygen
pecies; SEM, standard error of the mean; TLR, Toll-like receptors; WB,
estern blot.

© 2008 by the AGA Institute
0016-5085/08/$34.00
doi:10.1053/j.gastro.2008.07.007
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October 2008 ACTIVATING PPAR-� IN INTESTINAL MUCOSA 1217
inal inflammation; its activation prevents inflammatory
amage in colitis, whereas low PPAR-� levels are associ-
ted with chronic inflammation and a greater suscepti-
ility to tissue damage.10 –12 Because PPAR-� ligands have
o protective effects if they are administered after the
nset of experimental colitis, PPAR-� seems to help
aintain gut homeostasis rather than having any direct

nti-inflammatory role.13 In addition to specific ligands,
ommensal intestinal microbes can also regulate PPAR-�
xpression and activity in colonic epithelial cells.3,14

We recently observed that administering Lactobacillus
rispatus M247 (a probiotic strain) modified mucosal lev-
ls of TLRs, but only reduced the severity of dextran
odium sulfate (DSS)-related colitis if administered
efore inflammation developed, suggesting an anti-in-
ammatory effect due to changes in intestinal mucosa
ensitivity to bacterial products.7,15 Because certain Lac-
obacillus spp are known to produce H2O2 and PPAR-� can
e activated directly or indirectly by H2O2, we speculated
hat probiotics capable of intimate contact with IEC can
se H2O2 as a signal transducing molecule to induce
PAR-� activation in epithelial cells. In turn, PPAR-�
ould contribute to regulate pattern recognition recep-

ors (PRRs) expression and therefore influence mucosal
esponsiveness to inflammatory stimuli.16 –18

Methods
Plasmids
The PPAR-�–responsive luciferase gene reporter

PPRE-Luc; a gift from Prof A. Galli) is described else-
here.19 An nuclear factor (NF)-�B–responsive luciferase
ene reporter construct was generated by subcloning an
F-�B–responsive sequence (NF-�B-luc) into the pGL3-

uc vector. Cytomegalovirus �-galactose (CMV-�-Gal)
as purchased from Promega (Madison, WI).

Bacterial Strains
L crispatus M247, isolated from a healthy weaning

aby, and its spontaneous mutant named MU5, were
ultured for 18 hours in DeMan–Rogosa–Sharpe me-
ium (MRS) broth (Difco, Angus, Ontario, Canada) at
7°C under micro-aerophilic conditions. Cells were then
ollected by centrifugation and resuspended in fresh

RS (109/bacteria mL). The MU5 strain was selected
rom wild-type L crispatus M247 with no chemical or
hysical mutagenic treatments. It was isolated in a par-
ition experiment after migration into hexadecane as
pposed to the wild-type strain. After culture in liquid
RS broth, M247 generates visible clamps, whereas MU5

oes not. L johnsonii, L gasseri DSM, L fermentum DSM, L
lantarum, and L paracasei (from ATCC) were cultured in
RS, at 37°C under micro-aerophilic conditions.7

Animal Studies
Male C57/Bl6 and TLR-2�/� (Tlr2tm1Kir on a
57BL/6 background) mice (8 –12 weeks old) were pur- �
hased from Charles River Laboratories (Lecco; Wilming-
on, MA) and housed under standard conditions. The
nimal studies were approved by the Animal Care and
se Committee of the University of Padua. Mice were

andomly allocated to experimental groups (8 –12 each)
iven either L crispatus (108 colony-forming units [CFUs])
r vehicle (10% skim milk) intragastrically every day.
fter 15 days, the animals were killed and samples of
olonic mucosa were frozen in liquid nitrogen and fixed
n 4% paraformaldehyde or placed in cryo-embedding

atrix. In different experiments, wild-type and TLR-2�/�

ice received daily L crispatus (108 CFUs ) or vehicle (10%
kim milk) and, after 3 days, their drinking water was
upplemented with 4% (wt/vol) DSS (TDB Consultancy,
ppsala, Sweden) to induce colitis. The animals were
illed after 7 days of exposure to DSS and the severity of
olitis was determined as described elsewhere.15

Cell Culture
The mouse colonic epithelial cell line CMT-93

European Collection of Cell Cultures, Porton Down,
K) was maintained in Dulbecco’s modified Eagle me-
ium supplemented with 10% heat-inactivated fetal calf
erum (Gibco, Grand Island, NY), 100 U/mL penicillin
nd 100 �g/mL streptomycin (complete medium [CM]).7

ells were seeded (1 � 106 cells/mL) in 6-well plates and,
fter reaching confluence, they were washed and incu-
ated in antibiotic-free medium (AFM) or supplemented
ith 108 CFUs of the proper Lactobacillus strain (MOI
1:50). After 1 hour, cells were washed and incubated in
M for 4 –24 hours, before RNA or protein extraction.
hen indicated, monolayers were incubated for 30 min-

tes with 100 nmol/L prostaglandin F2�, 2 �mol/L L-
lutathione reduced (GSH), 1000 U/mL catalase or di-
henyliodonium (DPI; Sigma, St Louis, MO) before
xposure to Lactobacillus.

Cell Viability
To exclude cytotoxic effects due to L crispatus and

pithelial cell coculture, we conducted flow cytometry
nalysis on the CMT-93 cycle dynamics and evaluated
poptosis by annexin V staining after 4 –24 hours of
xposure to bacteria.20

Transfection Assays
CMT-93 (1 � 105/well) were seeded in 12-well

lates and transfected 24 hours later with the specified
lasmids using Lipofectamine 2000 (Promega). After
4 – 48 hours, cells were washed, incubated in AFM, and
ubjected to the suitable treatment. After another 6
ours, the cells were harvested, washed with phosphate-
uffered saline (PBS) and lysed to quantify luciferase
ctivity,19 which was normalized using an internal CMV-

-Gal control plasmid.21
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RNA Extraction and Quantitative Real-Time
Reverse Transcriptase Polymerase
Chain Reaction
The SV total RNA isolation system (Promega)

as used to extract total RNA from CMT-93 and co-
onic samples according to the manufacturer’s proto-
ol. Tissues were homogenized in lysis buffer using a
etsch MM300 (Qiagen, Valenica, CA). Contaminating
NA was removed by DNase I treatment (Promega).
otal RNA (3 �g) was reverse transcribed to cDNA
sing random primers and MuLV reverse transcriptase

Applied Biosystems, Foster City, CA). Real-time quan-
itative polymerase chain reaction (qPCR) was per-
ormed on an ABI PRISM 7700 Sequence Detection
ystem (Perkin Elmer, Norwalk, CT) using SYBR Green

igure 1. L crispatus modifies PPAR-� levels in the colonic mucosa.
rispatus M247, or MU5 daily for 2 weeks. (A) PPAR-� and LPL mRNA
arget gene normalized to copies of glyceraldehyde 3-phosphate dehyd
f colon sections of vehicle and L crispatus M247-supplemented mice
sing FITC-labeled secondary antibody (�63 objective). To exclude no

gG. (C) Representative WB analysis of total mucosal protein extracts p

zed mean of PPAR-� relative band density, with the density of the band from
s dsDNA-specific binding dye.7 Oligonucleotide
rimer sequences and amplification conditions are re-
orted in the supporting document (see Supplemen-
ary material online at www.gastrojournal.org). For
ach sample, the amounts of the targets and endoge-
ous reference (glyceraldehyde 3-phosphate dehydro-
enase) were extrapolated from a standard curve pre-
ared using serially-diluted correspondent cDNAs
ubcloned into the pGEM-T vector (Promega).

Immunohistochemistry
Immunohistochemistry for PPAR-� on frozen co-

onic sections was performed as previously described.7

mmunocomplexes were detected using a rabbit Alexa
luo 488 anti-goat immunoglobulin (Ig)G (Invitrogen

/Bl6 mice (n � 6–9 per group) received either skim milk, 108 CFU L
determined by qRT-PCR. Values are expressed as mean copies of the
ase � SEM. *P � .01 versus control. (B) Immunofluorescence analysis
d with goat anti–PPAR-� antibody. Immunocomplexes were detected
cific immunoreactivity, sections were incubated with nonimmune goat

with anti–PPAR-� antibody. �-Tubulin: internal standard. (D) Normal-
C57
level
rogen
probe
nspe
robed
control mice set to 1.0 (densitometric analysis of 3 experiments).

http://www.gastrojournal.org


C
u
m
p

p
o
i
t
S
d
a
d
b
s

M
S
�
b
a
t
t
L
R
u
c
N
c
a
a
b
a
h

t

w
P
5
1
c
w
H
4
a
m
t

d
p
(
a
u
1
w
m
T
r
l
w
5
K

o
u
S

F
C
c
w
d
S
t

B
A

SI
C
–

A
LI

M
EN

TA
R
Y

TR
A

C
T

October 2008 ACTIVATING PPAR-� IN INTESTINAL MUCOSA 1219
orporation, Milan, Italy) and sections were analyzed
sing a Leica TCSNT/SP2 confocal microscope (original
agnification, �63). Images were stored digitally and

rocessed with graphic software (Adobe, San Jose, CA).

Western Blot Analysis

Western blot (WB) was performed using standard
rocedures on total proteins extracted from CMT-93 cells
r colonic mucosa of mice lysed in nondenaturing radio-

mmunoprecipitation buffer.7 Bound anti–PPAR-� or an-
i–�-cadherin antibodies (Santa Cruz Biotechnology,
anta Cruz, CA) were detected using an HRP-conjugated
onkey anti-goat IgG (Molecular Probes, Eugene, OR)
nd displayed using the enhanced chemiluminescence
etection reagents (Santa Cruz Biotechnology). Mem-
ranes were photographed using a VersaDoc imaging
ystem (Bio-Rad, Hercules, CA).

Transfection of Stealth RNA BLOCK-iT

Specific (PPAR-� Stealth Select 3 RNAI, number
SS207863, MSS207864, MSS207865) and negative

tealth RNAs were purchased from Invitrogen and 20
mol/L stock solutions were prepared in diethyl pyrocar-
onate water. None of the BLOCK-iT Fluorescent Oligo
nd negative Stealth RNA have any significant homology
o mouse genes (Invitrogen-held data). Stealth RNA was
ransfected when CMT-93 cells reached 50% confluence.
ipofectamine 2000 (1 �g/mL) and PPAR-�–Stealth
NAi (80 nmol/L) were used in a total transfection vol-
me of 2 mL/well. After 8 hours, 2 mL of culture medium
ontaining 10% fetal calf serum were added to each well.
egative controls, including nontransfected CMT-93

ells and cells incubated with either Lipofectamine 2000
lone or negative Stealth RNAi, were established in par-
llel. CMT-93 cells were cultured for an additional 2 days
efore performing the experiments. RNAi MSS207863
nd MSS207864 reduced PPAR-� levels by �90% after 48
ours, whereas PPAR-� Stealth MSS207865 was ineffec-

ive.

H2O2 Assay

Bacterial strains were cultured in MRS then cells
ere collected by centrifugation, washed twice in ice-cold
BS (pH 6.5) and resuspended in PBS supplemented with
mmol/L glucose. Bacterial cultures were incubated for

– 8 hours at 37°C to mimic the duration and thermal
onditions of bacteria in transit through the gut. Bacteria
ere then removed by centrifugation and the amount of
2O2 released was quantified by absorbance reading at

00 nm, after colorimetric dosage with O-dianisine (Sigma)
nd peroxidase (Horseradish Type VI-A; Sigma).22,23 Deci-
al counts in sterile saline were taken at each time point
o correlate bacterial CFUs with H2O2 release. b
Reactive Oxygen Species Measurement in
CMT-93

Reactive oxygen species (ROS) were measured as
escribed elsewhere.24 CMT-93 cells were seeded in 6-well
lates, then 2=,7=-dihydrodichlorofluorescein diacetate

H2DCFDA), 10 �mol/L (Molecular Probes) was added
nd the cells were incubated in the dark (37°C, 30 min-
tes), then exposed to L crispatus or 20 �mol/L phorbol
2-myristate 13-acetate (PMA; positive control). Cells
ere finally washed, fixed in 4% paraformaldehyde,
ounted, analyzed, and photographed using a Leica
CSNT/SP2 confocal microscope. To quantify dichlo-

ofluorescein (DCF) fluorescence intensity, cells were
ysed and fluorescence in the supernatant was measured
ith an excitation wavelength of 485 nm and emission of
30 nm (Hitachi F2000 Fluorescence Spectrophotometer,
yoto, Japan).

Statistical Analysis

Data are expressed as mean values � standard error
f the mean (SEM). Statistical analyses were performed
sing the nonparametric Kruskal–Wallis 1-way ANOVA.
tatistical significance was considered when P � .05.

igure 2. L crispatus M247 modulates PPAR-� level in CMT-93 cells.
MT-93 monolayers were incubated for 1 hour with AFM alone or
ontaining 108 CFU/ml L crispatus M247 or MU5, then cells were
ashed and cultured for 0–24 hours in CM. (A) PPAR-� mRNA level
etermined by qRT-PCR (n � 9). Values are expressed as means �
EM. *P � .01 versus control and MU5-treated cells. (B) WB analysis of

otal cellular protein extracts probed with anti–PPAR-� antibody. �-Tu-

ulin: internal standard.
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Results
L crispatus M247 Modulates Cytokines and
PPAR-� Expression In Vivo and In Vitro
Dietary supplementation with L crispatus M247,

ut not with the MU5 mutant devoid of any anti-inflam-
atory activity, induced a significant increase in steady-

tate PPAR-� mRNA and protein in the colonic mucosa
Figure 1).22 Indeed, transcriptional activities consistent
ith PPAR-� activation were evident after L crispatus
247 supplementation, as shown by the increase in li-

oprotein lipase (LPL) mRNA (a PPAR-� target gene) in
he colonic mucosa (Figure 1).25 In an in vitro coculture
ssay, L crispatus M247 increased PPAR-� mRNA and
rotein level in CMT-93 cells in a time-dependent fashion

Figure 2).

L crispatus M247 Modulates PPAR-�
Expression and Transcriptional Activity
Because L crispatus M247 modulated PPAR-� ex-

ression in colonic epithelial cells, we went on to deter-
ine the effect of L crispatus M247 on PPAR-� transcrip-

ional activity. After coculture with L crispatus M247, the
ranscriptional activity of a luciferase construct under the
ranscriptional control of a PPAR-�–responsive element
as significantly enhanced in the CMT-93 cells (Figure 3).

n addition, �-cadherin mRNA (a gene under PPAR-�
ranscriptional control26) increased after coculture of
MT-93 cells with L crispatus M247. Finally, the interleu-
in(IL)-1�–induced increase in luciferase activity in

igure 3. L crispatus M247 modulates PPAR-� activity. (A) CMT-93 ce
MV-�Gal. After 24 hours, cells were treated with vehicle, PPAR-� ligan
247 placed in the upper compartment of a 2-chamber culture system.

xpressed as mean values � SEM (n � 8). *P � .01 versus control. (B
r supplemented with L crispatus MU5, L crispatus M247, or placing
ystem. Then cells were washed and, after 4-hour incubation, �-cad
xpressed as means � SEM. *P � .01 versus control. (C) CMT-93 cells w
reated with vehicle, IL-1� (10 ng/mL), IL-1� plus L crispatus MU5, IL-1
ompartment of a 2-chamber culture system. After 6 hours of incubat

alues � SEM (n � 9). *P � .01 versus control; °P � .01 versus IL-1�.
MT-93 cells transfected with a luciferase construct carry-
ng an NF-�B–responsive element was significantly reduced
n the cells exposed to L crispatus M247 (Figure 3). Overall,
he transcriptional profile and the decrease in NF-�B activ-
ty were consistent with PPAR-� activation in the cells ex-
osed to L crispatus M247. Avoiding L crispatus M247 adhe-
ion to CMT-93 cells by using a 2 coculture chamber
ystem, PPAR-� nuclear shuttling, �-cadherin up-regulation,
nd the effects on NF-�B activity were abolished.

PPAR-� Signaling Is Involved in L crispatus
M247 Immunomodulatory Effects
To substantiate the role of PPAR-� activity in the

mmunomodulatory effects of L crispatus M247, we evalu-
ted PPAR-� transcriptional activity in CMT-93 cells pre-
reated with a specific PPAR-� inhibitor, prostaglandin F2�,
r in cells transfected with Stealth RNA. As shown in Figure
, prostaglandin F2� and siRNA cancelled the L crispatus
247–mediated �-cadherin mRNA and protein up-regula-

ion. Negligible effects were documented in CMT-93 treated
ith control Stealth RNA constructs.

L crispatus M247 Produces H2O2 and
Increases Intracellular Levels of Free Radicals
Because several Lactobacillus spp are H2O2 produc-

rs and recent evidence indicates that ROS can affect
PAR-� expression and activity, we tested whether L

rispatus produces H2O2 and whether L crispatus-derived
2O2 can affect intracellular ROS.17,18 As shown in Fig-
re 5A, L crispatus M247 showed a sustained H2O2 pro-

re cotransfected with the reporter PPRE-Luc and the expression vector
litazone 10 �mol/L), L crispatus M247, L crispatus MU5, or L crispatus
another 6 hours, luciferase and �-Gal activity were quantified. Data are
-93 monolayers were washed and incubated for 1 hour in AFM alone
crispatus M247 in the upper compartment of a 2 coculture chamber
mRNA was quantified by qRT-PCR (n � 9 conditions). Values are
otransfected with NF-�B-luc and CMV-�Gal. After 48 hours, cells were
L crispatus M247, or IL-1� plus L crispatus M247 placed in the upper
ciferase and �-Gal activity were quantified. Data expressed as mean
lls we
d (trog
After
) CMT
the L
herin
ere c

� plus
ion, lu
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uction for up to 8 hours, whereas MU5 showed a sig-
ificant H2O2 release only during the first 3 hours of
ulture. L crispatus M247 induced a time-dependent in-
rease in the oxidation of nonfluorescent H2DCFDA to
uorescent DCF in cocultured CMT-93 cells, whereas no
ffect was observed when contact between L crispatus

247 and CMT-93 was prevented by incubating epithe-
ial cells with heat-killed bacteria or by coculturing epi-
helial cells with L crispatus MU5. Indeed, the coculture of

crispatus M247 with CMT-93 did not affect cell viability
s assessed by cell cycle flow cytometry, and apoptosis as
easured by annexin V staining (see supporting mate-

ial). As expected, coculture of CMT-93 cells with Lacto-
acillus spp incapable of producing significant amounts of

2O2 (L fermentum, L plantarum, and L paracasei) failed to
odify the intracellular ROS, whereas H2O2-producers (L

igure 4. PPAR-� is involved in L crispatus M247 immunomodulatory
mol/L prostaglandin F2� before exposure to 108/mL CFUs L crispat
-cadherin mRNA was determined by qRT-PCR (n � 9). Values are expr
247. (B–E) siRNA transfection with Lipofectamine 2000 alone or toge
8 hours, total proteins were extracted and PPAR-� levels were determ
ith L crispatus M247, and �-cadherin levels were determined after 4 ho
crispatus M247 alone) or WB. (D) Representative WB. (E) Normalized m
et to 1.0 (densitometric analysis of 3 experiments). �-Tubulin: internal
ohnsonii and L gasseri) enhanced intracellular fluorescent t
CF, albeit to a lesser degree than L crispatus M247.
ndeed, L crispatus M247 adhered more effectively to the
pithelial monolayer than L johnsonii or L gasseri, whereas

crispatus MU5 failed to do so at all (see supporting
aterial). In addition, inhibiting intracellular ROS gen-

ration by DPI treatment did not affect L crispatus M247–
ediated H2DCFDA oxidation (Figure 5). Overall, these

ata indicate that intimate contact is needed between
2O2-producing Lactobacillus spp and epithelial cells to

nable the small amount of H2O2 produced by the bac-
eria to spread into the epithelial cells.

ROS Are Needed to Induce
Immunomodulatory Effects in CMT-93 Cells
To test the role of H2O2 in L crispatus M247-medi-

ted PPAR-� activation and transcription activity, we pre-

s. (A) CMT-93 were incubated for 30 minutes in AFM or containing 100
47. Then cells were washed and, after 4 hours of incubation in CM,
as means � SEM. *P � .01 versus control; °P � .01 versus L crispatus
ith negative Stealth RNAi or PPAR-� Stealth RNAi MSS207863. After

by WB (B), or the cells were incubated in AFM alone or supplemented
y qRT-PCR (C: *P � .01 and §P � .05 versus control; ^P � .01 versus
of �-cadherin relative band density, with the density of the control band
ard.
effect
us M2
essed
ther w
ined
urs b
ean
reated CMT-93 cells with glutathione (a specific antioxi-
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ant agent) or catalase (an H2O2 scavenger; Figure 6). The
resence of glutathione or catalase significantly inhibited
he L crispatus M247-induced activation of a PPAR-�–
esponsive element transfected into CMT-93 cells and
PAR-� transcriptional activities were almost completely

igure 5. L crispatus M247 increases the ROS in colonic epithelial cells
or 1–8 hours at 37°C under 5% CO2 in air. (B) ROS-induced H2DCFDA
MA (positive control), L crispatus M247 or MU5 assessed by confo
uantified by fluorescence spectrophotometry in cells incubated 30 min
ere washed and incubated with the specified stimulus for 10–30 minu
pper compartment of a 2 coculture chamber system. Values are expres
01 and °P � .05 versus control.
bolished, as shown by qRT-PCR and WB analysis for P
-cadherin and PPAR-� (data not shown). Furthermore, L
lantarum producing little H2O2 failed to up-regulate
PAR-� expression or induce the nuclear-cytoplasmic
huttling after coculture with CMT-93 cells, unlike the

2O2 producers L johnsonii and L gasseri, which enhanced

uantification of H2O2 production by Lactobacillus spp (n � 6) incubated
scence in CMT-93 cells incubated in AFM alone or supplemented with
icroscopy (�63 magnification). (C, D) Intracellular fluorescence was
in the dark with H2DCFDA with or without DPI (10 �mol/L). Then cells

HK, heat-killed; NA, not adhering. L crispatus M247 was placed in the
s arbitrary fluorescence units and represent mean � SEM (n � 7). *P �
. (A) Q
fluore
cal m
utes
tes.
sed a
PAR-� activity (Figure 5, some data not shown).
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L crispatus M247–Mediated Protective
Effects in Colitis Involve PPAR-� Activity
PPAR-� and TLR-2 ligands reduce the severity of

olitis and L crispatus M247 supplementation up-regu-
ates TLR-2 in the colonic mucosa, so we aimed to estab-
ish whether TLR-2 is necessary for L crispatus M247–

ediated effects in vivo.7,8,10 After L crispatus M247
upplementation in wild-type and TLR-2�/� mice, the
ffects on the immunomodulatory cytokines (IL-1� and
L-10; data not shown) and PPAR-� target genes, such as
PL and PPAR-� itself, in the colonic mucosa were com-
arable (Figure 7), suggesting that TLR-2 stimulation is
ot essential to PPAR-� expression in the colonic mu-
osa. Indeed, L crispatus M247–induced TLR-2 up-regula-
ion in the CMT-93 cells was completely abolished by
harmacologic PPAR-� inhibition or H2O2 neutralization

Figure 7).
Finally, we assessed the effect of L crispatus M247 sup-

lementation on DSS colitis in TLR-2�/� mice. Colitis
as slightly more severe in the TLR-2�/� mice than in the
ild-type animals (Figure 8). L crispatus M247 supplemen-

ation significantly reduced the severity of colitis in C57/
l6 mice, but was less influential on colitis outcome in
SS-treated TLR-2�/� mice (Figure 8).15 In fact, supple-
entation with L crispatus MU5 had no effect at all in
SS-treated wild-type or TLR-2�/� mice (Figure 8).

Discussion
We report on a novel strategy used by Lactobacillus

igure 6. H2O2 is needed for L crispa-
us M247-mediated effects in epithelial
ells. (A) CMT-93 were cotransfected
ith PPRE-Luc and CMV-�Gal. After
4 hours, cells were washed and incu-
ated for 30 minutes in AFM alone or
ontaining GSH or catalase before
xposure to L crispatus M247 or H2O2

10 �mol/L). After 1 hour, cells were
ashed and, after 6-hour culture in CM,

uciferase and �-Gal activity were quan-
ified. Data are expressed as mean val-
es � SEM (n � 8). *P � .01 versus
ontrol and °P � .01 versus L crispatus
247. (B, C, D) CMT-93 monolayers
ere incubated in AFM alone or con-

aining either GSH or catalase. After L
rispatus M247 coculture for 1 hour,
pithelial cells were washed and cul-
ured for another 4 hours in CM before
-cadherin mRNA level was determined
y qRT-PCR (B) or WB (C). (D) Normal-

zed mean of �-cadherin relative band
ensity, with the density of the control
and set to 1.0 (densitometric analysis
f 4 experiments). �-Tubulin: internal
tandard.
rispatus M247 (a probiotic strain) to modulate PPAR-� g
xpression and activity after adhesion to the IEC through
he release of H2O2.7 Lactobacillus crispatus M247-derived

2O2 acts as a signal transducing molecule that activates
PAR-�, enabling it to pin down NF-�B signal transduc-
ion pathways and to express PRRs in colonic epithelial
ells.

PPAR-� is a key transcriptional regulator needed to
reserve mucosal homeostasis.12–14 Regulating PPAR-�
ctivity proved effective in treating inflammatory disor-
ers because PPAR-� interferes with the activity of proin-
ammatory transcription factors and kinases to inhibit
ytokine, chemokine and adhesion molecule produc-
ion.27–29 Because commensal gut bacteria can enhance
PAR-� activity in IEC, it is reasonable to suppose that
anipulating the intestinal microflora might affect

PAR-� expression and activity in the colonic mucosa.3

e show that L crispatus M247 directly increased PPAR-�
ranscriptional activity in IEC in vitro and in vivo, result-
ng in a greater expression of PPAR-�-target genes, in-
luding �-cadherin, LPL, and PPAR-� itself.25,26 We also
how that the immunomodulatory effect of L crispatus

247 in IEC was lost when PPAR-� was inhibited either
harmacologically or genetically. These results indicate
hat the PPAR-�– dependent pathway plays a prominent
ole in L crispatus M247-mediated responses.

PPAR-� is a modestly inducible receptor and the cel-
ular environment has an important influence on the
xpression of this transcription factor, which is classically
egulated by diet, hormones, and specific PPAR-� li-

ands.14 Luminal bacteria, possibly through signal trans-
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uction pathways involving pattern recognition recep-
ors, can induce PPAR-� expression in IEC in vivo.11

oluble factors derived from microbe metabolism are
lso known to influence a variety of physiologic activities,
owever, including PPAR-�.30 –32 Among the variety of
olecules capable of affecting pathogen growth and

ntestinal mucosa function33, the probiotic strains also
roduce H2O2, which can affect PPAR-� expression and
ctivity.17,18 We demonstrated that L crispatus M247 pro-
uces significant amounts of H2O2 that causes a tran-
ient but nontoxic rise in intracellular ROS and induces
PAR-� nuclear translocation and transcription activities
fter the adhesion of bacteria to IECs. Furthermore,
eutralizing L crispatus M247– derived H2O2 abolished
his L crispatus M247–mediated PPAR-� activation in
pithelial cells. The list of bacteria-derived products
apable of influencing the gene expression profile in
pithelial cells is therefore more complex than cur-
ently believed and should also include H2O2 generated
y adhering Lactobacilli that may act as a signal trans-
ucing molecule.
The ability to produce H2O2 is a well characterized

roperty of several Lactobacillus spp and the amounts of

igure 7. TLR-2 is not needed for L crispatus M247–mediated immun
ice received L crispatus M247 or vehicle for 2 weeks (n � 6–8 conditi

nd LPL mRNA levels were determined by qRT-PCR or WB, respectiv
ene and were normalized to number of copies of glyceraldehyde 3-pho
f PPAR-� relative band density, with the density of the band from w
-Tubulin: internal standard. (D) CMT-93 monolayers were washed and
pithelial cells were cocultured with L crispatus M247 for 1 hour and
onditions). Values are expressed as means � SEM. *P � .01 versus L
2O2 we measured are comparable with those of previous b
eports on the ability of L crispatus to produce consider-
ble quantities of H2O2.34 It is intriguing that L crispatus
U5, which has no protective effects in vivo and is

ncapable of inducing PPAR-� activation, revealed differ-
nt H2O2 production dynamics. Probiotic-derived H2O2

as long been considered only as an antagonistic for
ontrolling the microbial ecosystem associated with the
ucosa; a lack of H2O2-generating Lactobacillus strains is

ssociated with a higher incidence of vaginal infections.35

transient increase in intracellular concentrations of
2O2 and other ROS are now emerging, however, as key

ntracellular signal transducing mechanisms.36,37 Indeed,
gents such as CO (which has a protective effect in
nflammatory models) stimulate a transient oxidative
urst, generating ROS that are involved in the subse-
uent induction of PPAR-� and anti-inflammatory activ-

ty.18 To assess whether L crispatus-derived H2O2 might
egulate PPAR-� activation, we transiently transfected a
eporter plasmid containing the luciferase gene regulated
y 6 PPAR-� DNA binding elements, observing an in-
rease in luciferase activity after exposure to known
PAR-� ligands, such as troglitazone, but also after ex-
osure to L crispatus M247. These effects were abolished

dulatory effects in the colonic mucosa. (A–C) Wild-type and TLR-2�/�

Then total mucosal RNA (A) or proteins (B) were extracted and PPAR-�
RT-PCR values were expressed as number of mRNA copies of target
te dehydrogenase (*P � .01 versus control mice). (C) Normalized mean
pe control mice set to 1.0 (densitometric analysis of 4 experiments).
ated in AFM alone or containing prostaglandin F2�, GSH, or catalase.

-2 mRNA levels were determined by qRT-PCR after 4 hours (n � 6
patus M247.
omo
ons).
ely. q
spha
ild-ty
incub
TLR
y ROS neutralization, however. We conclude from these
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xperiments that L crispatus-derived H2O2 enhances
PAR-� expression and activity.
The ROS burst in epithelial cells in response to L

rispatus M247 can induce PPAR-� up-regulation via sev-
ral mechanisms. We speculate that either a ROS-sensi-
ive intermediary is involved, or that PPAR-� itself is
egulated directly by ROS. Potential targets for ROS-

ediated PPAR-� up-regulation might include protein
hosphatase modulation, a reduced PPAR-� degradation,
differential regulation of scaffold regulatory proteins,

r phosphorylation by mitogen-activated protein ki-
ases.38,39 An independent kinase-driven signaling
ascade leading to PPAR-� activation may include
OS-mediated epidermal growth factor receptor trans-
ctivation.40 Indeed, epidermal growth factor receptor
eems to be involved in the protective effects induced by
arious probiotic strains.40,41

Our results also establish a hierarchy in L crispatus
247-mediated immunomodulatory effects in vivo.

RRs have a key role in recognizing repetitive structures
f nonpathogenic gram-positive and gram-negative mi-
robes, because PRR-derived signals influence a variety of
ellular activities. TLR signaling is carefully regulated in
he healthy gut, because excessive TLR stimulation can
ave deleterious effects.42 Here, we show that adminis-
ering L crispatus M247 modifies PPAR-� and LPL levels in
he colonic mucosa in wild-type and also in Tlr2tm1Kir

ice. In the colonic mucosa of UC patients, PPAR-�

igure 8. L crispatus supplementation partially reduces the severity of
crispatus M247, L crispatus MU5 or vehicle (n � 6 groups) daily, and af

% changes) was measured daily for 7 days (A). Myeloperoxidase activit
olon. *P � .01 versus control; °P � .01 versus DSS alone.
xpression is impaired, although TLR-4 is up-regulated; i
he colonic flora shows significant differences by compar-
son with healthy subjects.11,43 The limited ability of L
rispatus M247 to reduce the severity of DSS colitis in
lr2tm1Kir mice supports the view that probiotic bacteria
odulating PPAR-� expression/signaling can in turn in-

uence the sensitivity of the mucosa-associated immune
ystem to bacteria-derived immunomodulatory substan-
es.44 By activating regulatory proteins like PPAR-� in
pithelial cells, probiotics thus contribute to maintaining
ucosal homeostasis, uncoupling NF-�B– dependent tar-

et genes relevant to inflammatory responses and regu-
ating TLR expression in epithelial cells, thereby modify-
ng the enterocytes’ relationship with the surrounding
nvironment.7,12 Indeed, analyzing the promoter region
n the mouse genome (Gene Bank accession number
F395910) revealed 3 putative PPAR-� binding sequences

n the regulatory region of the TLR-2 gene that are now
ndergoing functional analysis.
In conclusion, our study identified a previously un-

nown probiotic-induced anti-inflammatory mechanism
nvolving PPAR-� activation and provides new insight
nto early molecular mechanisms involved in the cross-
alk between epithelial cells and commensal flora. Our
ndings also extend our understanding of the mecha-
ism of action of commensal bacteria on the mucosal
urfaces and emphasize the possibility of identifying bac-
eria-derived bioactive molecules with immunomodulat-

colitis in TLR-2�/� mice. Wild-type and TLR-2�/� mice received either
days their drinking water was supplemented with 4% DSS. Body weight
nd histology (C and D) were analyzed on specimens from the proximal
DSS
ter 3
y (B) a
ng activities and selecting useful probiotic strains.33
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Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2008.07.007.
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