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Abstract

AIM: To investigate the mechanisms of Lactobacillus
plantarum (L. plantarum) action on gut barrier in pre-
operative and postoperative experimental obstructive
jaundice in rats.

METHODS: Forty rats were randomly divided into
groups of sham-operation, bile duct ligation (BDL), BDL
+ L. plantarum, BDL + internal biliary drainage (IBD),
and BDL + IBD + L. plantarum. Ten days after L. plan-
tarum administration, blood and ileal samples were
collected from the rats for morphological examination,
and intestinal barrier function, liver function, intestinal
oxidative stress and protein kinase C (PKC) activity
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measurement. The distribution and expression of the
PKC and tight junction (TJ) proteins, such as occludin,
zonula occludens-1, claudin-1, claudin-4, junction adhe-
sion molecule-A and F-actin, were examined by confo-
cal laser scanning microscopy, immunohistochemistry,
Western blotting, real-time fluorescent quantitative
polymerase chain reaction assay.

RESULTS: L. plantarum administration substantially
restored gut barrier, decreased enterocyte apoptosis,
improved intestinal oxidative stress, promoted the ac-
tivity and expression of protein kinase (BDL vs BDL + L.
plantarum, 0.295 £ 0.007 vs 0.349 + 0.003, P < 0.05;
BDL + IBD vs BDL + IBD + L. plantarum, 0.407 + 0.046
vs 0.465 = 0.135, P < 0.05), and particularly enhanced
the expression and phosphorylation of TJ proteins in
the experimental obstructive jaundice (BDL vs BDL + L.
plantarum, 0.266 £ 0.118 vs 0.326 + 0.009, P < 0.05).
The protective effect of L. plantarum was more promi-
nent after internal biliary drainage ( BDL + IBD vs BDL
+ IBD + L. plantarum, 0.415 £ 0.105 vs 0.494 + 0.145,
P < 0.05).

CONCLUSION: L. plantarum can decrease intestinal
epithelial cell apoptosis, reduce oxidative stress, and
prevent TJ disruption in biliary obstruction by activating
the PKC pathway.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Biliary tract surgery in patients with obstructive jaundice
is associated with high a morbidity and mortality rate'".
Evidence accumulated over the past several years indi-
cates that the absence of bile in the gastrointestinal tract
promotes bacterial overgrowth and increases intestinal
permeability, leading to significant translocation of bacte-
ria and endotoxin following bile duct obstruction™. The
mechanism underlying the increased intestinal permeabil-
ity in obstructive jaundice has been obscure. However,
recent experimental studies have shown that the regional
decrease in tight junction (T}])-associated protein levels in
the intestinal epithelium'”
cytes in intestinal crypts'”, and intestinal oxidative stress
are the key factors in the pathogenesis of hepatic and
intestinal injury in obstructive jaundice .

, increased apoptosis of entero-
6]

Probiotic bacteria have been shown to have beneficial
effects in the intestinal barrier function. For example,
live Bifidobacterium lactis has been shown to inhibit toxic
effects in epithelial cell culture”. Lactobacillus Pplantarum
(L. plantarnm) has been found to inhibit epithelial barrier
dysfunction and interleukin-8 secretion induced by tumor
necrosis factor-o” and prevent cytokine-induced apop-
tosis in intestinal epithelial cells"”. L. plantarum stabilizes
the cellular T, thereby preventing enteropathogenic Esch-
erichia coli-induced redistribution of integral T] proteins' .
Based on the excretion of orally administered "C, White
et al"” demonstrated that enteral administration of the
probiotic bactetium L. plantarum 299 reduced intestinal
hyperpermeability associated with experimental biliary
obstruction. However, these authors did not clarify the
mechanism for the protective effect of the probiotics
on the intestinal barrier in obstructive jaundice. A recent
clinical study reported that preoperative oral administra-
tion of synbiotics could enhance immune responses, at-
tenuate systemic post-operative inflammatory responses,
and improve the intestinal microbial environment after
hepatobiliary surgery for obstructive jaundice!”,

TJs, which represent the uppermost basolateral con-
nection between neighboring enterocytes, are important
components of the epithelial barrier . T] assembly and
paracellular permeability are regulated by a network of
signaling pathways that involves different protein kinase
C (PKC) isoforms'”. A substantial body of experimental
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data indicates that PKC regulates paracellular perme-
ability of the epithelial barrier"*'”. PKC regulates the
assembly of TJ proteins through phosphorylation of
zonula occludens-1 (ZO-1)", Seth ¢ a/™” suggested that
PKCPI activation may be one of the initial events in the
probiotic-mediated protection of TJs. PKCe may play a
role in the downstream events of the signaling pathway
involved in this process. These data suggest that PKC
plays a crucial role in the mediation of intestinal epithelial
T] proteins.

This study aims to investigate the effects of L. plan-
tarum on the intestinal mucosal batrier, oxidative stress,
epithelial TJ-protein structure and phosphorylation, espe-
cially its impact on the expression and activity of PIKC.

MATERIALS AND METHODS

Reagents

Rabbit polyclonal anti-occludin, rabbit polyclonal anti-
junction adhesion molecule (JAM)-A, rabbit polyclonal
anti-claudin-1, mouse monoclonal anti-claudin-4, and
rabbit polyclonal anti-phosphoserine antibodies were
supplied by Zymed (Invitrogen, Carlsbad, CA, United
States). Rabbit polyclonal anti-ZO-1 and rabbit poly-
clonal anti-PKC were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, United States). Fluorescein iso-
thiocyanate (FITC)-phalloidin was obtained from Sigma
(St. Louis, United States). FITC-conjugated secondary
antibodies were supplied by Zymed (Invitrogen). Biotin-
labeled goat anti-rabbit immunoglobulin G (IgG) and
horseradish peroxidase (HRP)-labeled streptavidin were
supplied by DAKO (Glostrup, Denmark). All other re-
agents of analytical grade were purchased from Sigma (St.
Louis, United States).

L. plantarum

The L. plantarum (strain CGMCC No. 1258) used in this
study was a gift from Dr. Xiao-Ming Hang (Onlly In-
stitute of Biomedicine, Shanghai Jiao Tong University,
Shanghai, China). L. plantarum cultures were prepared ex-
actly as described previously[“].

Animals

Forty male albino Wistar rats weighing 250-320 g were
purchased from Fudan University Medical Animal Center
(Shanghai, China). They were housed in stainless-steel
cages, three rats per cage, at controlled temperature (23 C)
and humidity and with a 12 h/12 h dark/light cycle. They
were maintained on a standard laboratory diet with tap
water ad libitum, except for an overnight fast before sur-
gery. The study was conducted according to the Guide
for the Care and Use of Laboratory Animals published
by the National Institutes of Health, and it was approved
by the Ethics and Research Committee of Shanghai Sixth
People’s Hospital, Shanghai, China.

Experimental design

Animals were randomly divided into five groups of eight
rats each as described below.
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Group I, sham-operation: A 2.0-cm upper midline ab-
dominal incision was made, and the common bile duct
(CBD) was freed from the surrounding tissues without
ligation or transection.

Group II, bile duct ligation: The CBD was double ligat-
ed in its middle third with a 4-0 silk suture and transected
between the two ligatures.

Group [II, bile duct ligation + L. plantarum: After bile
duct ligation (BDL), a volume of 10 mL live L. plantarum
(activity, 2 X 10° CFU/mL) divided into two equal doses
was administrated daily to the rats by gavage for 10 d.
After 10 d, the animals were sacrificed under ketamine
anesthesia.

Group IV, BDL + IBD: The CBDs of animals were
ligated and isolated. A polyethylene tube PE-10 (Ameri-
can Health and Medical Supply International Corp. Co.,
Ltd., Scarsdale, New York, United States) was inserted
into the proximal CBD in a cephalad direction and fixed.
The drainage end was tied and positioned in the right
hepatorenal recess. After 5 d of obstructive jaundice, the
abdomen was reopened through the previous incision.
After releasing the biliary obstruction by transecting the
tube, a distal 3-cm segment of the catheter was inserted
into the duodenum for internal biliary drainage. The ani-
mals were sacrificed after another 5 d.

Group V, BDL + IBD + L. plantarum: Ten days after
BDL, live L. plantarnm was infused as described for Group
1II.

All non-L. plantarum control groups, including sham-
operation (SHAM), were gavaged with the same volume
of the same vehicle (Dulbecco’ phosphate buffered sa-
line) used for the L. plantarum groups. The animals were
sacrificed after 10 d.

All surgical procedures were performed under strict
sterile conditions and ketamine anesthesia. At the end of
the experiment on day 10, 4-5 mL blood sample was col-
lected from each animal by puncturing the portal vein.

Serum total bilirubin and alanine aminotransferase
measurement

The serum total bilirubin and alanine aminotransferase
(ALT) levels were determined using a kit (Jiancheng Bio-
logical Co., Ltd., Nanjing, China) and a Hitachi Model
7600 series automatic analyzer (Hitachi Co., Tokyo, Japan).

Plasma endotoxin measurement

Endotoxin concentrations were determined using a quan-
titative chromogenic Limulus Amebocyte Lysate test kit
(Shanghai Med. and Chem. Institute, Shanghai, China).
Samples were processed according to the manufacturer’s
instructions'”.

Plasma D-lactate and plasma diamine oxidase measurement
Plasma D-lactate levels were measured by an enzymatic
spectrophotomettic assaylzn] using a serum D-lactate quan-
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titative colorimetric detection kit according to the manu-
facturer’s instructions (GMS19038.6, Genmed, Boston,
MA, United States). Results were expressed as mol/mL.
Plasma diamine oxidase (DAQO) activities were determined
with an enzymatic spectrophotometric assay"”"! using a
Serum DAO detection kit according to the manufacturer’s
instructions (Jiancheng Biological Co., Ltd., Nanjing,
China). Results were expressed as U/L.

Plasma reduced glutathione/oxidized glutathione
measurement

Plasma glutathione (GSH) and glutathione (GSSG) were
determined by an enzymatic spectrophotometric assay”
using the GSH and GSSG detection kits according to
the manufacturer’s instructions (Jiancheng Biological Co.,
Ltd.). Results were expressed as mol/mL.

Detection of superoxide dismutase and malondialde-
hyde in the ileum

Superoxide dismutase (SOD) activity was detected using
Sun ¢ a/s™) nitroblue tetrazolium method. Malondialde-
hyde (MDA) levels were measured using the thiobarbitu-
ric acid test according to Ohkawa e7 al’. Intestinal tissue
samples were thawed, weighed, and homogenized 1:9
(w/v) in 0.9% saline. The homogenates were centrifuged
at 3000 X g for 10 min at 4 C, and the supernatant was
removed for the measurement of MDA content, SOD
activity, and total protein. Total intestinal protein con-
centration was determined by a Coomassie blue method,
with bovine serum albumin (BSA) as a standard. SOD
activity and MDA levels were detected with kits according
to the manufacturer’s instructions (Jiancheng Bioengi-
neering Ltd., Nanjing, China). Results were expressed as
U/myg protein and nmol/mg protein.

Light microscopy

Samples 1 cm in length were collected from the terminal
leum. To avoid mucosal damage, the intestinal lumen was
catefully cannulated and gently washed with normal sa-
line before sampling. Specimens were fixed by immersion
in 10% buffered formaldehyde solution and embedded in
paraffin. Sections (5 um thick) were cut and stained for
routine light microscopy using HE.

Transmission electron microscopy

Samples 3-4 mm in length were collected from the tet-
minal ileum. These samples were longitudinally cut and
immersed in 2.5% phosphate-buffered glutaraldehyde so-
lution for 24 h at 4 ‘C. Specimens were then washed with
phosphate-buffered solution (PBS), fixed in 1% osmium
tetroxide for 2 h at 4 'C, dehydrated in ethanol and pro-
pylene oxide, and embedded in Epon 812 for 48 h. Sec-
tions (1 um thick) were cut and stained with methylene
blue. Ultrathin sections were then cut with a diamond
knife, stained with uranyl acetate and lead citrate, and ob-
served under transmission electron microscopy (TEM).

Terminal deoxyuridine nick-end labeling assay
Four-um thick sections were collected on poly-L-lysine-
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coated glass slides. The nuclear DNA fragmentation of
apoptotic cells was labeled 77 sitn by the terminal deoxy-
uridine nick-end labeling immunohistochemical meth-
od™ using an ApopTag® Plus Peroxidase In Situ Apop-
tosis Detection Kit (CHEMICON, Billerica, MA, United
States) according to the manufacturer’s instructions.

Immunofiuorescence microscopy

Terminal ileum tissues were fixed in 3% paraformalde-
hyde for 3 h, washed with PBS, and embedded in paraf-
fin. Sections (5 um thick) were cut and attached to glass
slides. After deparaffinization and rehydration, sections
were permeabilized with 0.2% Triton X-100 in PBS for
20 min. Slides were washed with PBS extensively and
blocked with 5% normal goat serum PBS containing
0.05% Tween-20 and 0.1% BSA for 20 min at room tem-
perature. Primary antibodies were added to the slides and
incubated overnight at 4 ‘C in a humidity chamber. After
washing, sections were incubated with FITC-conjugated
specific secondary antibody (Sigma) at room temperature
for 2 h in the dark. The slides were again washed exten-
sively and then mounted with Vectashield mounting me-
dium (Vector Laboratories, Inc., Burlingame, CA, United
States). Sections were observed under a confocal laser
microscope (LSM 510, Zeiss, Jena, Germany).

Expression of PKC by immunocytochemical staining
using labelled streptavidin biotin method

After the rats were sacrificed, terminal ileum tissues were
excised and fixed in Bouin’s solution and embedded in
paraffin. Immunohistochemistry was performed on 5-um
thick paraffin sections. After deparaffinization and de-
hydration, endogenous peroxidase was blocked with 30
mL/L HO; for 15 min. After blocking of nonspecific
binding sites with 5% normal goat serum, slides were in-
cubated with specific primary antibody overnight at 4 C.
Primary antibodies were diluted 1:50 (rabbit polyclonal
anti-human PKC, Santa Cruz Biotechnology, Inc., United
States) in PBS. Next, the slides were washed three times
for 5 min each with PBS and incubated with biotinylated
goat anti-rabbit IgG at 37 'C for 30 min, washed as be-
fore, and developed with HRP-labeled streptavidin. The
incubation and the subsequent washing were exactly the
same as done before. Finally, diaminobenzidine chromo-
gen, a peroxidase substrate, was added for color develop-
ment. The reaction was stopped with a tap water rinse.
The sections were counterstained with hematoxylin and
mounted for examination.

Western blotting analysis

Terminal ileum samples were homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) buffer [150
mmol NaCl, 50 mmol Tris ‘HCI (pH 7.4), 0.5 mmol
phenylmethylsulfonyl fluoride, 2.4 mmol EDTA, and 1
mmol sodium orthovanadate with 1% nonidet-40 (NP-40)
and Sigma protease inhibitor cocktail (1:100)] for 30 min
at 4 'C. After centrifugation at 10 000 X g for 10 min
at 4 C, the protein concentration of each sample was
quantified by the Bradford method. An equal amount of
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total protein was separated on 10% sodium dodecyl sul-
fate (SDS)-polyacrylamide gels and then transferred to a
nitrocellulose membrane. After blocked overnight in tris-
buffered saline (TBS) containing 0.05% tween (ITBS-T)
and 5% dry powdered milk, membranes were washed
three times for 5 min each with TBS-T and incubated
for 2 h at room temperature in primary antibody (rabbit
anti-claudin-1, rabbit anti-occludin, rabbit anti-JAM-A,
or rabbit anti-ZO-1). After three washes with TBS-T, the
membranes were incubated for 1 h with HRP-conjugated
secondary antibody. Following two washes with TBS-T
and one wash with TBS, the membranes were prepared
for visualization of protein by the addition of enhanced
chemiluminescence (ECL) reagent (Amersham, Princ-
eton, NJ, United States). Densitometric analysis was pet-
formed using an Alpha Imager 1220 system (Alphainotech
Co., San Leandro, CA, United States).

Real-time reverse transcription-PCR
The levels of occludin, ZO-1, claudin-1, claudin-4, JAM-A
and UGT1A mRNA were measured by real-time reverse
transcription-PCR (RT-PCR) using SYBR1 greenm. To-
tal RNA was isolated from terminal ileum samples with
the TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocol. Real-time RT-PCR was performed
with an ABI prism 7000 Real-Time PCR System (Applied
Biosystems, Foster City, CA, United States). The primers
were designed using the Primer Express® Program (Ap-
plied Biosystems). Their sequences are shown in Table 1.
The following procedure used 2 pg of RNA. In a sterile
RNase-free microcentrifuge tube, 1 puL. of 20 um oligo
(dT) 15 primer was added to a total volume of 15 pL wa-
tet. The tubes were heated to 70 °C for 5 min, cooled im-
mediately on ice, and spun briefly. The following reagents
were added to the annealed primer/template: 5 ul. of 5
X M-MLYV reaction buffer, 1.25 pL. of 10 mmol dNTPs
and 25 units of RNasin RNase inhibitor, and 200 units
of M-MLVRT RNAse H were added to the reagent to
yield a 25 pl. total reaction volume. All were mixed gently
and then incubated for 60 min at 42 ‘C before the reac-
tion was terminated at -20 C.
Glyceraldehyde-3-phosphate dehydrogenase (G.4APDH)
gene expression was used as a house-keeping gene con-
trol. Separate PCR reactions (25 uL) were conducted for
each transcript and contained 2.0 pul. cDNA, 12.5 pL
of 2 X SYBR Premix Ex Taq™ (TaKaRa, Ltd., Shiga,
Japan), and 0.5 pL each of 10 umol/L gene-specific
forward and reverse primers. PCR conditions were opti-
mized to 95 'C (30 s), followed by 40 cycles (45 s each)
at 95°C, 60 'C (5 s), and 72 'C (30 s), and the reaction
was completed at 37 C for 30 s. Five serial dilutions of
cDNA were analyzed for each target gene and used to
construct linear standard cutrves. To compensate for vari-
ations in the RNA input and in the efficiency of the real-
time RT-PCR, we used a normalization strategy based on
the house-keeping gene GAPDH.

Immunoprecipitation and immunoblotting assays
The terminal ileum tissues were homogenized and ex-
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Gene target Genbank number (mRNA)

Oligonucleotide' (5'- to 3'-)

Annealing temperature (‘C)  Product size (bp)

F: GCTCAGGGAATATCCACCTATC 60 344

R: TTCTCCAGCAACCAGCATC

F: CCACAGACATCCAACCAGC 60 247

R: AGCCCAAAGAACAGAAGACC

F: GCCTCCAATGCCGTTCT 60 317

R: TGCCTGCGTCCCTCTTG

F: GTTCCCGCCAGCAACTATG 60 282

R: CCTTCAGCCCCGTATCCA

F: CCTCCATCCAAGCCGACA 60 211

R: CAAAGACCAAATCCCCTGAC

F: GATGGACGGGGTCACGA 60 165

R: CGCTTGGCAGGGTGTTT

Occludin NM-031329
Z0-1 NM-001106266
Claudin-1 NM-031699
Claudin-4 NM-001012022
JAM-A NM-053796
prkC NM-001105713
B-actin NM-031144

F: CAGGTCATCACTATCGGCAAT 60 144

R: GAGGTCTTTACGGATGTCAAC

'Primers were designed based on sequences of rat-corresponding genes from the GenBank database. JAM-A: Junction adhesion molecule-A; ZO-1: Zonula

occludens-1.

tracted with the buffer used for Western blotting assays
for 30 min at 4 ‘C. After centrifugation at 10 000 X g for
10 min at 4 C, the protein concentration of each sample
was quantified by the Bradford method. The supernatant
was treated with protein G plus protein A agarose beads
(Sigma) and incubated overnight at 4 ‘C with rabbit anti-
occludin antibody (Zymed) and protein G + protein A
agarose beads. The beads were washed with PBS and ice-
cold RIPA buffer, and immunoprecipitated proteins were
separated on 10% SDS-polyacrylamide gel electropho-
resis gels and transferred onto nitrocellulose membranes
(Invitrogen). The membranes were blocked with 1% BSA
in PBS overnight at 4 ‘C and then incubated with rabbit
anti-phosphoserine antibodies (Zymed) for 2 h at room
temperature, followed by HRP-conjugated secondary
antibody (Santa Cruz Biotechnology, Inc., United States).
The reaction was visualized by an enzyme chemilumi-
nescence kit from Pierce (Rockford, IL, United States).
Western blotting was performed with an anti-occludin
rabbit polyclonal antibody (Zymed) followed by an anti-
rabbit secondary antibody coupled with peroxidase (Santa
Cruz Biotechnology, Inc.) and ECL. For Western blotting
of ZO-1, the same protocol was used with the rabbit
polyclonal anti-ZO-1 antibody and a rabbit anti-B-actin
antibody (both from Santa Cruz Biotechnology, Inc.).

PKC activity assay

The PKC activity assay was conducted according to the
instructions of the PepTag non-radioactive PKC assay kit
(Promega, Madison, W1, United States). Briefly, terminal
ileum tissues were homogenized and lysed in cold lysis
buffer, containing 20 mmol/L tris-HCl, 0.5 mmol/L eth-
ylene glycol tetraacetic acid, 2 mmol/L ethylenediamine-
tetraacetic acid, 2 mmol/L phenylmethanesulfonyl fluo-
tide, and 10 mg/L leupeptin (pH 7.5). Assays wete then
performed at 30 C in a total volume of 25 pul. containing
5 puL. PKC reaction 5 X buffer, 5 ul. PLSRTLSVAAK
peptide, 5 ul. PKC activator, 1 uL. peptide protection
solution, and 9 pL. sample. Reactions were initiated by the
addition of the 9 pl. sample and terminated after 30 min
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by incubation of the reaction mixture at 95 ‘C for 10 min.
After added with 1 plL of 80% glycerol, each sample was
separated by 0.8% agarose gel electrophoresis at 100 V
for 15 min. The intensity of fluorescence of phosphory-
lated peptides reflected the activity of PKC. All experi-
ments were carried out in triplicate, with each data point
representing the results from a separate culture.

Image analysis

Quantification of the immunohistochemical and immuno-
fluorescence staining was petformed on stored images of
completely scanned tissue sections. Images were acquired
with an AxioCam MRc (Catl Zeiss, Jena, Germany) con-
nected to an Axioplan 2 fluorescence microscope (Carl
Zeiss), at X 40 magnification. Each microscopic field was
individually autofocused before acquisition. Five fields
were selected from each slide and a total of five slides per
group were examined. All image acquisition and process-
ing were done using custom-written macros in KS400
image analysis software (version 3.0, Carl Zeiss).

Statistical analysis

Results were presented as mean = SD of three experi-
ments. The data were analyzed using GraphPad PRISM
(GraphPad Software Inc., San Diego, CA, United States)
and SPSS 11.0 (SPSS Inc., Chicago, 1L, United States).
All data were analyzed using one-way analysis of variance
with Bonferroni/Dunnett T3 post-hoc test for multiple
comparisons to determine differences between two ex-
perimental groups. P values < 0.05 were considered to be
significant.

RESULTS

General observations

All animals survived throughout the experiment. Bile
duct ligated rats were clinically jaundiced within 3 d. At
reoperation on day 3, the ligation and division of the
CBD were successful in all cases and resulted in signifi-
cant dilatation of the CBD remnant proximal to the liga-
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Figure 1 Images of experimental obstructive jaundice and internal biliary drainage. A: Dissection revealing the common bile duct; B: Reoperation after 3 d
of common bile duct ligation. Light yellow abdominal ascites were present in the right side of the abdominal cavity; C: The proximal bile duct showed a remarkable
expansion (dark blue color) after 3 d of common bile duct ligation; D: The PE-10 polyethylene tube was positioned with the end tied in the right hepatorenal recess; E:

Brown bile flowed out while the catheter end was open; F: The distal 3 cm segment of the catheter was inserted into the duodenum for internal biliary drainage.

Table 2 Levels of endotoxin, total bilirubin, alanine transaminase and aspartate transaminase (mean + SD)

Group 1 Group II Group II Group IV Group V
Endotoxin (ng/mL) 0.58 + 0.09 17.12 £1.09° 14.25 + 0.68 3.05+0.78° 191 +£0.54
TBIL (umol /L) 3.0+£1.63 153.83 + 25.73% 132.0 £ 23.09 23.75 £ 5.42° 9.0+£1.87
ALT (U/L) 60.8 +£5.69 543.83 + 184.09" 218.38 £ 91.09 118.63 +19.72° 97.0 £10.37
AST (U/L) 130.9 £ 27.42 980.5 + 663.25" 512.75 + 156.76 437.88 +42.41° 271.0 £ 28.93

‘P < 0.05 vs Group III; “P < 0.05 vs Group V. Group [ : Sham-operation; Group II: Bile duct ligation (BDL); Group IIl: BDL + L. plantarum; Group IV: BDL +
internal biliary drainage (IBD); Group V: BDL + IBD + L. plantarum. TBIL: Total bilirubin; ALT: Alanine transaminase; AST: Aspartate transaminase.

ture with obvious cholestatic appearance of the liver. At
reoperation on day 10, the CBD diameter had returned
to a normal size in the BDL + IBD group, and the chole-
static livers also appeatred improved visually (Figure 1).

Serum total bilirubin and ALT levels

Obstructive jaundice led to significantly elevated serum
levels of total bilirubin [153.73 mmol/L »s 3.0 + 1.63
mmol/L] and ALT [543.83 U/L »s 60.8 £ 5.69 U/L, P
< 0.05]. Administration of L. plantarum significantly re-
duced levels of total bilitubin (132 + 23.9 mmol/L 25 9.0
+ 1.87 mmol/L) and ALT (218.38 £ 91.09 U/L »s 97 £
10.37 U/L) in the portal serum (Table 2).

Portal endotoxin concentrations

Group I ( BDL + L. plantarum) animals presented with
significantly elevated endotoxin concentrations in portal
blood compared with those in Group I (SHAM ) (P <
0.05). Treatment with L. plantarum in the BDL + L. plan-
tarum and BDL + 1BD + L. plantarnm groups significantly
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reduced endotoxin levels in the portal serum (Table 2).

Plasma D-lactate and plasma DAO measurement

Plasma D-lactate levels increased significantly in the BDL
group compared with the SHAM group. Administra-
tion of L. plantarnm significantly decreased the plasma
D-lactate levels in the BDL + L. plantarum and 1BD + L.
plantarum groups (Table 3).

DAO activity in the BDL group was significantly higher
than that in the SHAM group. Plasma DAO activity became
significantly lower after the use of probiotics in the BDL + L.
plantarum and IBD + L. plantarum groups (Table 3).

Glutathione redox state

Plasma GSH was significantly reduced in Group II (BDL)
animals compared with those in Group 1 (P < 0.05).
Administration of L. plantarum significantly increased the
levels of GSH in the Group IV (BDL + IBD) animals,
whereas GSSG was found to be significantly increased in
BDL animals. Administration of L. plantarum significantly
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Table 3 Levels of D-lactate, diamine oxidase, superoxide dismutase, malondialdehyde, glutathione and glutathione

Group [ Group II Group I Group IV Group V
D-lactate (mmol/L) 1.723 +£0.106" 4.236 + 0.050° 3.599 +0.181 3.152 +0.123° 2.800 + 0.129
DAO (U/L) 2.829 +0.438" 18.925 + 1.485° 12.928 +1.544 10.198 + 0.584° 7.109 + 0.590
SOD (U/mg protein) 65.002 + 4.397° 26.782 +1.979° 35.396 + 1.328 43.916 £ 1.720° 53.066 + 3.203
MDA (nmol/mg protein) 0.408 + 0.054" 1.253 +0.154° 0.914 + 0.108 0.672 + 0.054° 0.540 + 0.029
GSH (umol/L) 21.091 + 0.452" 7.235 +0.479° 8.431 + 0.537 10.504 + 0.481° 19.082 + 0.455
GSSG (umol/L) 2.974 + 0.260" 23.753 + 2.895° 12.795 + 1.360 4.944 +0.207° 3.537 + 0.343

*P < 0.05 vs Group 1II; °P < 0.05 vs Group III; °P < 0.05 vs Group V. Group I : Sham-operation; Group II': Bile duct ligation (BDL); Group IIl: BDL + L. plan-
tarum; Group IV: BDL + internal biliary drainage ( IBD); Group V: BDL + IBD + L. plantarum. DAO: Diamine oxidase; SOD: Superoxide dismutase; MDA:

Malondialdehyde; GSH: Glutathione; GSSG: Glutathione.

Figure 2 Light microscopic micrographs of samples stained with haematoxylin and eosin. A: Normal structure of villi (two-way arrow); B: Blunting of villi (short
arrow); C: Existing subepithelial edema (longf arrow) and the lymphocyte and plasma cell infiltration (L). Images shown represent at least three regions observed on
the same slide.

reduced the levels of GSSG in the BDL + IBD group
(Table 3).

Intestinal mucosal SOD and MDA

Ileum mucosal MDA was significantly increased in BDL
group compared with SHAM. Administration of L. planta-
rum significantly decreased the levels of MDA in the BDL +
IBD group. The trend in ileum mucosal SOD levels among
the groups was opposite to the results of MDA (Table 3).

Morphological studies

Specimens collected from the terminal ileum in the BDL
group showed subepithelial edema and blunting of the
villi, mostly located at the tip of the villi, with a large
number of lymphocytes and plasma cells infiltrated in the
intestinal mucosa (Figure 2). Under TEM, cell ultrastruc-
ture was disordered, with loss or disruption of microvilli
and large dense secondary lysosomes that resembled pat-
tially degraded bacteria within the enterocyte cytoplasm.
Inflated vacuolization of the cells, swollen mitochondria
with partial or complete absence of intetior cristae, dis-
ruption of desmosomes and formation of oedematous
spaces, and expansion of endoplasmic reticulum were ob-
served. Cells often showed serious damage to the plasma
membrane and complete loss of junctional specialization
between adjacent cells. Additionally, spherical and rod-
shaped bacteria in the ileum were seen near enterocytes.
These features are typical of prenecrotic and necrotic
injury of the intestinal mucosa. However, in the BDL +
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L. plantarum group, cells were aligned regularly, with less
swelling of mitochondria, no expansion of the endoplas-
mic reticulum, while the morphology was nearly normal
in the IBD + L. plantarum group (Figure 3).

Apoptosis in the intestinal mucosal epithelium

Apoptotic nuclei were significantly more abundant in
the markedly atrophic villi in the BDL group than in the
SHAM group. The apoptotic nuclei were mostly distrib-
uted at the top of villi (Figure 4A). Administration of L.
plantarum significantly decreased the number of apoptotic
nuclei in the BDL + IBD + L. plantarum group (Figure 4B).

Expression of PKC illustrated by immunocytochemistry
PKC appeared as brown spots in the perinuclear structure.
Its expression was decreased in the BDL group compared
with the SHAM group. Administration of L. plantarum
significantly enhanced the expression of PKC in the BDL
+ L. plantarum and 1BD + L. plantarum groups (Figure 5).

Effects of L. plantarum on TJ protein localization (fluo-
rescence microscopy)

Confocal imaging was performed to assess the distribu-
tion of the TJs in each group. TJ-associated proteins were
continuously distributed in bright green or red color along
the membrane of the cells. The F-actin staining showed a
continuous line at the cell borders and along the cytoskel-
eton. Their borders were very clear in the SHAM group,
where TJ-associated proteins wetre present at the apical

August 14, 2012 | Volume 18 | Issue 30 |



Zhou YK et al. Lactobacillus plantarum protects gut barrier function

Figure 3 Ultrastructural assessment of enterocytes in the terminal ileum. A: Normal cell ultrastructure; B: The positions of tight junctions (arrow) and desmo-
somes; C: Enterocytes showed vacuolar degeneration (short arrow) and mitochondrial swelling, disruption of their microvilli (arrowhead), large dense secondary
lysosomes, complete loss of the junctional specialization between adjacent cells (long arrow), and karyopyknosis (N); D: Expansion of the endoplasmic reticulum
(arrow). Images shown represent at least three regions observed on the same slide. Group I : Sham-operation; Group 1I : Bile duct ligation (BDL); Group III: BDL +
Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary drainage (IBD); Group V: BDL + IBD + L. plantarum.

intercellular borders in a belt-like manner, encircling the
cells and delineating the cellular borders. In the BDL
group, the fluorescence was dispersed and even became
punctate, with loss of membrane fluorescence as against
the uniform membrane staining in controls. Adminis-
tration of L. plantarnm enhanced the expression of TJ-
associated proteins in the BDL + L. plantarum and 1BD +
L. plantarum groups (Figure 6).

Effects of L. plantarum on TJ and PKC protein levels
(Western blotting)

Western blotting analyses were performed to determine
the relative protein levels of the target proteins occlu-
din, claudin-1, claudin-4, JAM-A, ZO-1 and PKC in the
terminal ileum. The intensity of the whole-cell proteins
was determined from ratios of the integrated intensity
of the target protein bands to the integrated intensities
of the B-actin bands in the same sample. Compared with
samples obtained from rats in the SHAM group, levels of
target proteins were decreased in protein extracts from
ileal mucosal scrapings of rats subjected to BDL. Admin-
istration of L. plantarum significantly enhanced the expres-
sion of TJ-associated proteins in the BDL + L. plantarum
and IBD + L. plantarnm groups (Figure 7).

Levels of mRNA in TJ and PKC determined by real-time
PCR assays

Intragastric administration of L. plantarum resulted in
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changes in the levels of occludin, ZO-1, claudin-1, clau-
din-4, JAM-A and PKC. This result raised the question
whether these altered protein levels were a consequence
of changes in mRNA levels. We, therefore, used real-time
RT-PCR to determine the levels of mRNA in the termi-
nal ileum in each group. The levels of mRNA of occlu-
din, ZO-1, claudin-1, claudin-4, JAM-A, PKC and UG-
T1A1 were found significantly lower in the BDL group
than in the SHAM group. Administration of L. plantarum
significantly increased the mRNA levels of target proteins
in both the BDL + L. plantarum and 1BD + L. plantarum
groups (Table 4).

Phosphorylation of occludin and ZO-1

We examined the phosphorylation status of occludin and
Z0-1 using immunoprecipitation and immunoblotting
assays. Occludin and ZO-1 were phosphorylated at serine
residues. BDL lowered p-occludin and p-ZO-1 proteins
levels compared with the SHAM group. Administration
of L. plantarnm improved the expression of the p-oc-
cludin and p-ZO-1 proteins from the terminal ileum in
the BDL + L. plantarum and BDL + IBD + L. plantarum

groups (Figure 8).

Effects of L. plantarum on PKC activity

As shown in Figure 9, PKC activity was significantly de-
creased in the BDL group compared with SHAM group.
Intragastric administration of L. plantarum partly restored
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Figure 4 Effects of Lactobacillus plantarum on the apoptosis in the intestinal mucosal epithelium. A: lleum sections from each group stained using the ter-
minal deoxyuridine nick-end labeling (TUNEL) method. TUNEL-positive cells were stained dark brown. A significantly higher number of TUNEL-positive cells was
detected in tissues from group II animals compared with group III; and the number of TUNEL-positive cells in group IV was higher than in group V. Images shown
represent at least three regions observed on the same slide; B: Statistical evaluation of effects of Lactobacillus plantarum (L. plantarum) on the apoptosis in the intes-
tinal mucosal epithelium. Data in the bar graph represent mean + SD of a minimum of three slides per group. *P < 0.05 Group 1 vs Group II'; °P < 0.05 Group 1I vs
Group IIT; °P < 0.05 Group IV vs Group V. Group I : Sham-operation; Group II : Bile duct ligation (BDL); Group IIT: BDL + L. plantarum; Group IV: BDL + internal
biliary drainage (IBD); Group V: BDL + IBD + L. plantarum.

Table 4 Expression (mRNA) ratio (studied genes/B-actin) for tight junction and protein kinase C in terminal ileum tissues of each

experimental group (mean + SD)

Genes Group 1 Group 1I Group I Group IV Group V

Occludin 2.5458 + 0.2260 0.4881 + 0.0426" 0.9792 + 0.2066 1.4902 + 0.0720° 1.8976 + 0.1049
Z0-1 7.2420 + 0.4025 0.9541 + 0.1629" 1.4064 + 0.1632 2.8843 +0.1641° 4.0727 +0.2059
Claudin-1 1.9751 £ 0.0615 0.0546 + 0.0336" 0.4741 + 0.0897 0.9092 + 0.1295° 1.4793 £ 0.2119
Claudin-4 42.8680 + 7.5291 0.3546 + 0.0916" 5.3245 +1.1801 8.7719 £ 1.4659° 15.9592 + 2.8815
JAM-A 3..3259 + 0.3704 0.4712 £ 0.1107° 0.9456 + 0.1101 1.6270 £ 0.2153° 2.1006 + 0.1534
PKC 6.6958 + 0.9349 1.7959 + 0.2992° 2.8281 +0.3287 3.7178 £ 0.5110° 4.7235 +0.4958

P < 0.05 vs Group III; °P < 0.05 vs Group V. Group I : Sham-operation; Group II : Bile duct ligation (BDL); Group IIl: BDL + L. plantarum; Group IV: BDL +
internal biliary drainage (IBD); Group V: BDL + IBD + L. plantarum. JAM-A: Junction adhesion molecule-A; PKC: Protein kinase C.
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Figure 5 Effects of probiotics on the expression of protein kinase C in the mucosa of the terminal ileum. A: Probiotics effects on biliary obstruction-induced
expression of protein kinase C (PKC) as determined by immunohistochemistry. Images shown are representative of at least three regions observed on the same slide;
B: Statistical evaluation of effects of addition of probiotics (Lactobacillus plantarum) on the expression of PKC in the intestinal mucosal epithelium. Data in the bar
graph represent mean + SD of the three separate experiments. °P < 0.05 Group I vs Group I ; °P < 0.05Group 1I vs Group III; °P < 0.05 Group IV vs Group V.
Group I : Sham-operation; Group 11 : Bile duct ligation (BDL); Group III: BDL + Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary drainage (IBD);

Group V =BDL +IBD + L. plantarum.

PKC activity in both the BDL + L. plantarum and BDL +
IBD + L. plantarum groups.

DISCUSSION

The present study demonstrated that oral administration
of L. plantarum significantly reduced bilirubin, ALT and
endotoxin levels in the systemic circulation in an experi-
mental obstructive jaundice animal model with internal
biliary drainage for 10 d. Moreover, oral L. plantarum ad-
ministration to the rats in the BDL + L. plantarum group
and the BDL + IBD + L. plantarum group not only re-
duced the serum endotoxin levels, but also substantially
improved liver function. This result is consistent with the
conclusions reported in previous literature!”

In our study, oral L. plantarum administration also
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significantly decreased the serum DAO activity and D-
lactate level in both the BDL + L. plantarum group and
the BDL + IBD + L. plantarum group. These findings
indicate that L. plantarum plays an important role in in-
testinal integrity. Previous 7z vifro studies have confirmed
that probiotics exert direct protective effects in intestinal
epithelial cell T|s via a PKC-kinase-dependent mecha-
nism and inhibiting epithelial cell apoptosis in cell culture
experiments' """, The current experiments focused on
L. plantarum effects, while several previous studies have
reported the protective effects of other lactobacilli and
probiotics. For example, Moorthy e a/”" teported that
pretreatment with a combination of Lactobacillus rhammnosus
(L. rhamnosus) and Lactobacillus acidophilus had a significant
protective effect on T] proteins (claudin-1 and occludin)
in a Shigella dysenteriae 1 infection rat model. Khailova
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Figure 6 Immunofluorescence expression of claudin-1, claudin-4 and junction adhesion molecule-A (A) and occludin, ZO-1 and F-actin (B) in the mucosa
of the terminal ileum. Images shown are representative of at least three regions observed on the same slide. Group I : Sham-operation; Group I : Bile duct ligation

(BDL); Group III: BDL + Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary drainage (IBD); Group V =BDL + IBD + L. plantarum. JAM-A: Junc-
tion adhesion molecule-A.

et al™® reported that Bifidobacterinm bifidum improved intes- Mennigen ez al” found that the probiotic mixture VSL#3
tinal integrity [composition of T] and adherens junction protected the epithelial barrier by maintaining T] protein
(A)) proteins] in a rat model of necrotizing enterocolitis. expression and preventing apoptosis in a murine model of
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Figure 7 Effects of probiotics on the levels of tight junction proteins and protein kinase C proteins in the mucosa of the terminal ileum. A: Western blotting
analysis of occludin, ZO-1, claudin-1, claudin-4, junction adhesion molecule (JAM)-A, and protein kinase C (PKC) proteins; B: Statistical evaluation of densitometric
data that represent protein levels from the three separate experiments. °P < 0.05 vs Group IIT; °P < 0.05 vs Group V. Data are presented as relative band density +
SD. Group 1 : Sham-operation; Group 11 : Bile duct ligation (BDL); Group III: BDL + Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary drainage
(IBD); Group V =BDL + IBD + L. plantarum.
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Figure 8 Serine phosphorylation of occludin, zonula occludens-1 in the terminal ileum. Tissue lysates were subjected to immunoprecipitation with the anti-
occludin or zonula occludens-1 (ZO-1) antibody, followed by Western blotting analysis with antibodies against phosphoserine. A: p-Occludin and p-ZO-1 protein levels
compared with untreated cells; B: Effects of addition of Lactobacillus plantarum on the expression of the p-occludin and p-ZO-1 proteins as shown by relative band
density. Data in the bar graph represent mean + SD of the three separate experiments. °P < 0.05 Group II vs Group IIT; °P < 0.05 Group IV vs Group V. Group I :
Sham-operation; Group 11 : Bile duct ligation (BDL); Group III: BDL + Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary drainage (IBD); Group V:
BDL + IBD + L. plantarum.
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Figure 9 Effect of obstructive jaundice and probiotics on the activity of protein kinase C in the terminal ileum. A: A representative electrophoresis gel from
the protein kinase C (PKC) activity assay; B: The averaged figures in each group of terminal ileum from the three separate experiments. °P < 0.05 vs each of the other
four groups. Group I : Sham-operation; Group II : Bile duct ligation (BDL); Group III: BDL + Lactobacillus plantarum (L. plantarum); Group IV: BDL + internal biliary
drainage (IBD); Group V: BDL + IBD + L. plantarum.
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colitis. These studies support the findings that a number
of probiotic agents have the protective effects in gastroin-
testinal tract as described in the current work.

Previous studies, including experimental models and
clinical cases of biliary obstruction, have shown that dis-
ruption of intestinal barrier integrity in obstructive jaun-
dice is associated with high intestinal oxidative stress, as
evidenced by increased lipid peroxidation and oxidation
of proteins, non-protein, and protein thiols”. Increased
intestinal oxidative stress, a factor in cellular injury, may
also play a critical role in regulating important cellular al-
terations of the intestinal mucosa in obstructive jaundice,
such as increased apoptosis and altered T| expression’™!,
The results of this study strongly suggest that obstructive
jaundice induces oxidative stress in the intestine.

We also found that apoptotic nuclei were significantly
more abundant in markedly atrophic villi in the BDL
group. Administration of L. plantarum significantly de-
creased apoptosis of the terminal ileum and improved
the histology of the terminal ileum, which also was af-
fected by obstructive jaundice. The protective effect of
L. plantarum may be related to amelioration of oxidative
stress. Previous studies of L. rhammnosus GG, a member of
the same genus as L. plantarum, showed that this bacte-
rium attenuated the H2O2-induced disruption of barrier
function"”. Our studies also revealed that administration
of L. plantarum significantly reduced the levels of GSSG,
MDA and SOD in rats of the BDL + L. plantarum group
and the BDL + IBD + L. plantarum group.

Intestinal epithelial TJs prevent diffusion of potential
injurious factors from the gastrointestinal lumen into
the tissue. T]s located at the subapical aspect of the lat-
eral membranes contain a large number of membrane-
associated proteins, including occludin, JAM and clau-
dins, which are responsible for forming the physical
connections between cells that confer the basic barrier
properties. Using immunohistochemistry and immunob-
lotting, previous studies have demonstrated that intestinal
mucosal barrier dysfunction in obstructive jaundice is
associated with a regional loss of occludin expression in
the intestinal epithelium™", Similarly, our study showed
that levels of TJ-associated proteins such as occludin,
Z0-1, claudin-1, claudin-4 and JAM-A were reduced in
the intestinal epithelium, especially at the upper part of
villi. These data support the conclusion that oral L. plan-
tarnz administration can enhance the expression of TJ-
assoclated proteins.

A significant body of evidence indicates that PKC
is involved in the regulation of the integrity of TJs and
AJs. Recent studies have shown differences between Tyt-
phosphorylation and Ser/Thr-phosphorylation of occlu-
din. Tyr-phosphorylation of occludin is cleatly associated
with the distuption of TJs. Set/Thr-phosphorylation may
be required for the assembly of occludin into the TJs.
PKC-{ prevents oxidant-induced iNOS upregulation and
protects microtubules and gut barrier integrity”™. Thus,
PKC-( appears to be an endogenous stabilizer of the mi-
crotubule cytoskeleton and of intestinal barrier function
against oxidative injury[33].
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The probiotic bactetium L. plantarum has been shown
to improve intestinal barrier function in a range of ex-
perimental models of colitis, pancreatitis, liver injury
and biliary obstruction™*””, Recent studies have shed
some light on the mechanisms involved in the beneficial
effects of probiotics in the gastrointestinal tract. PKC
activity may be involved in epidermal growth factor-
mediated protection of the intestinal epithelial barrier
function against oxidative stress”. Seth ez al"” suggested
that PKCBI activation may be one of the initial events in
the probiotic-mediated protection of TJs and AJs. PKCe
may play a role in the downstream events of the signaling
pathway involved in this process. T]-protein phosphory-
lation mediated by PKC may be related to the mechanism
of protection by L. plantarum in obstructive jaundice.
Previous studies have shown that phosphorylation is a
key mechanism for regulating the biological function of
T] proteins. Highly phosphorylated occludin molecules
are selectively concentrated at TJs, whereas non- or less
phosphorylated occludin molecules are localized in the
cytoplasm[”J

To determine whether PKC mediates the disruption
of the intestinal barrier in obstructive jaundice, we exam-
ined the phosphorylation status of occludin and ZO-1
using Western blotting analysis with antibodies against
phosphoserine. We found that obstructive jaundice de-
creased p-occludin and p-ZO-1 protein levels compared
with sham-operation. Our study also demonstrated that
obstructive jaundice resulted in a significant decrease
in PKC activity. Co-incubation with L. plantarum partly
restored PKC activity and increased phosphorylation of
serine residues on T proteins in both the BDL + L. plan-
tarum group and the BDL + IBD + L. plantarum group.
Phosphorylation of these proteins occurred on Ser
residues that have been described as substrates for PKC
activity™ ™. Our results suggest that the PKC pathway is
involved in the process of L. plantarum-induced T] redis-
tribution.

In conclusion, administration of probiotics before
and after operation in rats with experimental obstructive
jaundice can substantially protect the gut barrier. The
protective mechanisms of probiotics are associated with
decreased intestinal epithelial cell apoptosis, reduction of
oxidative stress, and protection of intestinal mucosal TJs.
L. plantarnm can prevent T] disruption in biliary obstruc-
tion by activating the PKC pathway.

COMMENTS

Background

Biliary tract surgery in patients with obstructive jaundice is associated with a
high morbidity and mortality rate, and obstructive jaundice increased gut per-
meability and bacterial translocation. Lactobacillus plantarum (L. plantarum)
has been shown to have beneficial effects on intestinal barrier function. Protein
kinase C (PKC) plays a crucial role in the mediation of intestinal epithelial tight
junction (TJ) proteins, and L. plantarum may prevent TJ disruption in biliary
obstruction by activating the PKC pathway. However, there had been few stud-
ies about the mechanism for the protective effect of probiotics on the intestinal
barrier in obstructive jaundice. This study focused on the effects of L. plantarum
on the intestinal mucosal barrier, oxidative stress, epithelial TJ-protein structure
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and phosphorylation, especially its impact on the expression and activity of
PKC.

Research frontiers

Previous in vitro studies have confirmed that probiotics could protect intestinal
epithelial cell TJs via a PKC-kinase-dependent mechanism and inhibit epithelial
cell apoptosis in cell culture experiments. TJ-protein phosphorylation mediated
by PKC may be related to the protective effects of L. plantarum in obstructive
jaundice.

Innovations and breakthroughs

The administration of L. plantarum before and after operation in rats with experi-
mental obstructive jaundice could substantially protect the gut barrier. Protective
mechanisms of L. plantarum are associated with decreased intestinal epithelial
cell apoptosis, reduction of oxidative stress, and protection of intestinal mucosal
TJs. L. plantarum can prevent TJ disruption in biliary obstruction by activating
the PKC pathway.

Applications

By understanding the mechanism and effects of L. plantarum on the intestinal
mucosal barrier, this study may represent a future strategy in the treatment of
patients with obstructive jaundice.

Peer review

This is a very well done experimental study for evaluating the effect of L. plan-
tarum on the intestinal mucosal barrier, oxidative stress, epithelial TJ protein
structure and phosphorylation, with special regard to its impact on the expres-
sion and activity of PKC in experimental obstructive jaundice.
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