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Abstract

AIM: To investigate the influence of experimental ob-
structive jaundice and exogenous bombesin (BBS) and
neurotensin (NT) administration on the expression of the
tight junction (TJ)-protein claudin-4 in intestinal epithe-
lium of rats.

METHODS: Forty male Wistar rats were randomly divid-
ed into five groups: I = controls, II = sham operated, III
= bile duct ligation (BDL), IV = BDL+BBS (30 pg/kg per
d), V = BDL+NT (300 ug/kg per d). At the end of the
experiment on d 10, endotoxin was measured in portal
and aortic blood. Tissue sections of the terminal ileum
were examined histologically and immunohistochemically
for evaluation of claudin-4 expression in intestinal epi-
thelium.

RESULTS: Obstructive jaundice led to intestinal bar-
rier failure demonstrated by significant portal and aortic
endotoxemia. Claudin-4 expression was significantly
increased in the upper third of the villi in jaundiced rats
and an upregulation of its lateral distribution was noted.
Administration of BBS or NT restored claudin-4 expres-
sion to the control state and significantly reduced portal
and aortic endotoxemia.

CONCLUSION: Experimental obstructive jaundice in-
creases claudin-4 expression in intestinal epithelium,
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which may be a key factor contributing to the disruption
of the mucosal barrier. Gut regulatory peptides BBS and
NT can prevent this alteration and reduce portal and sys-
temic endotoxemia.
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INTRODUCTION

Patients with obstructive jaundice, especially when exposed
to the additional stress of an invasive diagnostic or
therapeutic procedure, are prone to septic complications
and renal dysfunction contributing to high morbidity and
mortality rates'. Systemic endotoxemia appears to play
a key role in the development of these complications',
Experimental and clinical studies have shown that
obstructive jaundice increases intestinal permeability
permitting the escape of endotoxin from the gut lumen[3’4l;
however, little is known of the molecular events leading to
intestinal permeability alterations.

Tight junctions (I]s) are located at the apical part of
lateral membranes of polarized epithelial and endothelial
cells forming a barrier that regulates the permeability of
ions, macromolecules and cells through the paracellular
pathway[s’()]. Up to now, three groups of macromolecules
are considered as bona fide integral components of
the tight junction: occludin, claudins and junctional
adhesion molecule'. We have recently demonstrated
using immunohistochemistry that intestinal mucosal
barrier dysfunction in obstructive jaundice is associated
with regional loss of occludin expression in the intestinal
epithelium, observed mainly in the upper part of the
villi”, Our findings were recently confirmed by other
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investigators using immunoblotting,

Claudins comprise a multigene family consisting of
24 members believed to be major functional elements of
TJ". T strands are copolymers of heterogeneous claudin
species and occludin, and heterogeneous claudin species
constitute the backbone of T7 strands 7 sitd"". The local-
ization and contribution to bartier function of each mem-
ber of the claudin family vary among tissues. Claudin-4
is highly expressed in rat intestine!'"’, with a preferential
localization in the epithelium ovetlying the tips of intesti-
nal villi and the follicle associated epithelium (FAE) of gut
associated lymphoid tissue (GALT)"?, We focused on this
molecule because in obstructive jaundice loss of occludin
expression was observed mainly at the upper part of the
villi where claudin-4 is preferentially expressed.

Regulatory peptides bombesin (BBS) and neurotensin
(NT), with a wide spectrum of biological actions on gas-
trointestinal tissues (influencing intestinal growth and ad-
aptation, intestinal motility, blood flow, secretion, nutrient
absorption and immune response), exert a protective role
in preserving gut barrier integrity after various injurious
insults'>"¥, Beyond their potent enterotrophic action we
have shown that BBS and NT fully restored intestinal oc-
cludin expression in bile duct ligated rats, thus preventing
endotoxin translocation. It suggests a role of these pep-
tides as molecular modulators of T7Js!”.

The present study was undertaken to investigate the
effect of experimental obstructive jaundice on intestinal
claudin-4 expression and examine the potential effect
of BBS and NT on this parameter of intestinal mucosal
barrier.

MATERIALS AND METHODS

Animals
Forty male albino Wistar rats, weighing 250-320 g, were
used in the study. They were housed in stainless-steel cages,
three rats per cage, under controlled temperature (23°C)
and humidity conditions, with 12-h dark/light cycles, and
maintained on standard laboratory diet with tap water ad
libitum throughout the experiment, except for an overnight
fast before surgery.

The experiments were carried out according to the
guidelines set forth by the Ethics Committee of Patras
University Hospital, Patras, Greece.

Experimental design
Animals were randomly divided into five groups: I (# =
8), controls; II (# = 8), sham operated; 111 (# = 8), bile
duct ligation (BDL); IV (» = 8), BDL and BBS treatment
and V (# = 8), BDL and NT administration. All surgical
procedures were performed under strict sterile conditions,
and light ether anesthesia. Rats from groups 1II, III, IV and
V underwent laparotomy on d 0. 7z a 1 cm upper midline
incision, the gastroduodenal ligament was isolated and the
common bile duct was mobilized. In groups III, IV and
V, the common bile duct was further doubly ligated in
its middle third with a 4-0 silk suture and was transected
between the two ligatures. The abdominal incision was
closed in two layers with chromic 4-0 cat gut and 4-0 silk.
For the 10 subsequent days, the animals of groups

IV and V were treated daily with BBS (10 pg/kg,
subcutaneously, three times a day) and NT (300 pg/kg,
intraperitoneally, once a day) respectively, while the animals
of groups I, II, and III were divided to receive daily either
three subcutaneous or one intraperitoneal injection of 0.5
mlL normal saline. All injections were given after topical
application of an antiseptic solution of povidone iodine
10%. Previous studies have shown that the way of saline
administration does not affect the results’”. On the 10th d,
all animals were operated (group 1) or reoperated (groups
I1, 111, IV and V). Samples were obtained according to the
experimental protocol, after which the rats were sacrificed
by exsanguination.

Peptides preparation

Bombesin: A stock solution of BBS (Sigma Chemical
Co, St. Louis, Missouri, USA) was prepared by first
dissolving the amount of peptide needed for the study in
1 mL sterile water containing 0.1% (w/v) bovine serum
albumin and then diluted with normal saline containing
1% (w/v) bovine serum albumin, so that the amount of
BBS needed for each injection to be contained in a volume
of 0.1 mL. The solution was divided into equal aliquots
of 0.1 mL which wete stored in plastic tubes at -20°C. At
the time of administration, in order to prolong absorption,
cach aliquot was mixed with 0.4 mL of a solution 8%
(w/v) hydrolyzed gelatin (Sigma Chemical Co, St. Louis,
Missouri, USA). A final volume of 0.5 ml, containing 10
ug BBS/kg body weight, was injected subcutaneously three
times daily. Selection of dose and route of administration
was based on previous reportsm.

Neurotensin: A stock solution of NT (Sigma Chemical
Co, St. Louis, Missouri, USA) was prepared by first
dissolving the amount of peptide needed for the study in
1 mL sterile water containing 0.1% (w/v) bovine serum
albumin and then diluted with normal saline containing 0.1%
(w/v) bovine serum albumin, so that the amount of BBS
needed for each injection to be contained in a volume of
0.1 mI.. The solution was divided into equal aliquots of 0.1
mL which wete stored in glass vials at -20 ‘C. At the time
of administration, each aliquot was further diluted with 0.4
mL sterile saline to a final volume of 0.5 mL and was given
intraperitoneally through a bolus injection containing 300
ug NT/kg body weight. Selection of dose and route of

administration was based on previous reports'”.

Bilirubin and endotoxin measurements

For the determination of total bilirubin, 0.5 mL of
blood was collected from all animals, by transecting the
tip of their tail. Then a laparotomy was performed and
in all groups, the portal vein and the abdominal aorta
were punctured and samples of 1 and 2 mL of blood,
respectively, were obtained for estimation of endotoxin.
Bilirubin concentrations were assayed using a standard
biochemical technique and expressed in mg/dl. Endotoxin
concentration was determined by the quantitative
chromogenic Limulus Amebocyte Lysate test (QCL-1000,
BioWhittaker, Walkersville, USA) and expressed in
EU/mL. Samples were processed according to the
manufacturer’s instructions. By this test it is possible to
measure concentrations of endotoxin = 0.01 EU/mL.
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Immunohistochemistry for claudin-4

In tissue sections of the terminal ileum from all rats a
standard immunohistochemical technique was applied
to detect claudin-4. Deparaffinization, rehydration and
microwave antigen retrieval were performed in Trilogy™
solution (Cell Marque, Hot Springs, AK). Then slides were
incubated for 1 h at room temperature with a commercially
available mouse monoclonal anti-claudin-4 antibody (1:40,
ZYMED Laboratoties, San Francisco, CA), followed by
antigen-antibody detection using the DAKO ChemMate
EnVision detection kit (DAKO A/S, Glostrup, Denmark).
Colour was developed with diaminobenzidine (Sigma Fast
DAB tablets, D-4293, St. Louis, Mo) and counterstained
with Harris hematoxylin. All procedures took place at
room temperature and between steps sections were
washed in TBS. In negative control slides, the primary an-
tibody was substituted by mouse serum. Twenty randomly
selected adjacent perpendicularly sectioned villi from each
case (# = 8 cases per group) were evaluated. The frequency
of claudin-4 immunohistochemical expression in the up-
per third of the villi was recorded by dividing the number
of claudin-4 positive enterocytes by the total number of
enterocytes in the upper third of each villous.

Statistical analysis

The results are expressed as mean (SD). Comparisons
among multiple groups were performed using the one-
way ANOVA, followed by Dunnette’s T3 post hoc test.
Variance equality was tested by Levene statistical analysis.
Differences were considered significant when P < 0.05.

RESULTS

Animal outcomes

All animals survived and were in good health throughout
the experiment. Bile duct ligated rats were clinically
jaundiced within three days. At reoperation on d 10 it was
found that the ligation and division of the common bile
duct in groups III, IV and V had been successful in all
cases and resulted in dilatation of the common bile duct
remnant proximal to the ligature without signs of bile

leakage.

Bilirubin and endotoxin concentrations

Bile duct ligation led to significantly raised total bilirubin
levels in groups III, IV and V compared with control and
sham groups (P < 0.001). Figure 1 demonstrates endotoxin
values, measured in blood collected from portal vein and
aorta. Jaundiced animals (group 11I) presented significantly
elevated endotoxin concentrations in portal and aortic
blood compared with groups I and II (P < 0.001). When
ligation of common bile duct was followed by either BBS
or NT treatment, endotoxin values were significantly
reduced both in portal vein (P < 0.001, respectively) and
aorta (P < 0.001, respectively).

Evaluation of histology and claudin-4 immunostaining

Overall, the ileal architecture remained intact and epithelial
continuity was retained, in all specimens studied, while no
significant pathology was observed. Obvious alterations of
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Figure 1 Portal and aortic endotoxin concentrations. Values are mean * SD, °P
< 0.001 vs sham; “P < 0.001 vs BDL. BDL, bile duct ligation; BBS, bombesin; NT,
neurotensin.

claudin-4 immunohistochemical expression in the intesti-
nal epithelium were observed among experimental groups.
In control and sham operated rats claudin-4 was expressed
in a few villous surface epithelial cells (Figure 2A), while
occasionally unstained villi were observed. Claudin-4 was
detected as membranous immunostaining, stronger on the
basolateral sides than on the apical sides, with weak cyto-
plasmic staining (Figure 2A). In jaundiced rats, claudin-4
was expressed in most epithelial cells lining throughout
the upper third of the villi, and this staining was observed
in every villous (Figure 2B). Also the lateral expression of
claudin-4 was upregulated in jaundiced rats (Figure 2D). In
BBS or NT-treated rats claudin-4 expression was restored
to the control state (Figure 2C). The frequency of claudin-
4-positive cells in the upper third of the villi was signifi-
cantly increased in jaundiced rats as compared with control
and sham operated (P < 0.001), whereas it was reduced in
rats administered BBS or NT (P < 0.001 as compared to
BDL) (Figure 3).

DISCUSSION

Increased intestinal permeability has been postulated to be
a key factor contributing to bacterial and endotoxin trans-
location and the pathogenesis of the so called “gut detived
sepsis”™. In obstructive jaundice, increased intestinal
permeability has been demonstrated not only in animal
models but in patients as well and has been positively cot-
related with severity of biliary obstruction™, The present
study, using an experimental model of biliary obstruction
for 10 d in rats, demonstrated significant portal and aortic
endotoxemia, a clinically important marker of ineffective
intestinal barrier, accompanied by altered immunohisto-
chemical expression of the TJ-protein claudin-4 in intesti-
nal epithelium.

The molecular mechanisms responsible for perme-
ability alterations in obstructive jaundice have not been
adequately investigated until now. Previously we had
shown for the first time that intestinal mucosal barrier
dysfunction in obstructive jaundice is associated with re-
gional loss of expression of the TJ-protein occludin in the
intestinal epithelium, observed mainly at the upper part of
the villi'”. Our immunohistochemical observations were
confirmed with immunoblotting method by other investi-



Assimakopoulos SF et a/. Intestinal claudin-4 in jaundice

3413

Figure 2 Immunohistochemical expression of claudin-4 in the mucosa of terminal ileum: In control and sham operated rats claudin-4 is expressed on the basolateral sides
of a few villous surface epithelial cells (A: original magnification x 400). In obstructive jaundice, immunoreactivity for claudin-4 is stronger and this molecule is expressed by
most epithelial cells lining throughout the upper third of the villi and not only in the tip (B: original magnification x 400). At higher magnification we can see the enhancement
of the lateral distribution of claudin-4 in obstructive jaundice (D: original magnification x 1000). In bombesin or neurotensin-treated rats claudin-4 expression is restored to
the control level (C: original magnification x400). Substituting anti-claudin-4 antibody by mouse serum no staining is observed (E: original magnification x 200).
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Figure 3 Frequency of claudin-4 (+) enterocuytes in the upper third of the villi.
Values are mean + SD, °P < 0.001 vs sham; °P < 0.001 vs BDL. BDL, bile duct
ligation; BBS, bombesin; NT, neurotensin.

gators, who additionally showed that obstructive jaundice
led to decteased mucosal expression of the TJ-associated
protein zonulin-1 as well”, The present study offered fur-
ther insight into T/s alterations in the intestinal mucosa in
obstructive jaundice, demonstrating upregulation of clau-
din-4 expression in the upper part of the villi.

The results obtained by the present study may initially
seem paradoxical and a question raised is how increased
expression of a TJ-protein may lead to increased perme-
ability. Claudins are the only known variable elements in
TJs and different expression, combination and mixing
ratios of various members of the claudin family are es-
sential in the regulation of barrier properties of TJs"”.
Ovetexpression of some claudins is often associated with
the expected reduction of permeability, e.g. claudin-1 over-

expression in Madin-Darby canine kidney (MDCK) cells
increases transepithelial resistance”™!. On the other hand,
increased blood-brain barrier permeability in inflammatory
pain is associated with significant increase of claudin-3 and
-5 expression, while occludin expression is decreased™.
Regarding the functional role of claudin-4 in the intestinal
epithelium, it may be associated with loosening of intercel-
lular junctions and opening of the paracellular route, as
indicated by findings of previous studies'”. For instance,
it has been shown that there is a close association between
the locations of claudin-4 and TUNEL-positive apoptotic
cells in intestinal villi and the FAE of GALT, suggesting
that claudin-4 may be involved in the process of peeling
off epithelial sheets of apoptotic enterocytes. In addition,
claudin-4 is preferentially expressed at the apices of intes-
tinal villi and the FAE, which represent important antigen-
sampling sites. Given that both apoptosis and antigen
capturing are associated with looseness of intercellular
junctions, Tamagawa e a/ suggested that claudin-4 expres-
sion contributes to the formation of relatively loose inter-
cellular junctions'?. The present study provides support
to the above proposal. Furthermore, taking into consider-
ation our recent findings of decreased intestinal occludin
expression in obstructive jaundice'” and the results of the
present study showing increased intestinal claudin-4 ex-
pression, one could hypothesize the existence of a novel
“switch mechanism” by which claudin-4 may replace oc-
cludin and lead to increased permeability of tight junc-
tions. The key role of claudin-4 and occludin in obstruc-
tive jaundice-associated intestinal permeability alterations is
further evidenced by improvement of gut mucosal barrier
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after restoration of their expression by regulatory peptides
administration.

Which is the critical factor inducing these alterations in
obstructive jaundice? The present study cannot answer this
question due to the interplay of several factors in the intact
organism. However, a recent iz vitro study has shown that
bile is crucial for maintenance of intestinal TJs integrity'.
Beyond absence of intraluminal bile other factors such as
systemic endotoxemia, cytokinemia and intestinal oxidative
stress may contribute to intestinal barrier failure in ob-
structive jaundice® ™!, Oxidative stress, attracting a grow-
ing reseatrch interest, has been recognized as an important
modulator of TJs. It has been shown that oxidative stress
increases epithelial permeability through modulation of
the assembly, localization, expression and function of the
molecular components of the T] structural complex™, We
have recently shown that experimental obstructive jaundice
induces intestinal oxidative stress, demonstrated by in-
creased lipid peroxidation, protein oxidation and oxidation
of non-protein and protein thiols””. Therefore, oxidative
stress may be implicated in altered occludin and claudin-4
expression in the intestinal mucosa of jaundiced rats.

The present study also showed that when jaundiced
rats were treated with either BBS or NT, claudin-4 expres-
sion in the intestinal epithelium was restored to the control
state and endotoxin levels in portal and aortic blood were
significantly reduced. These regulatory peptides may have
restored claudin-4 expression via a direct receptor-medi-
ated mechanism. Animal studies provide evidence for the
presence of BBS and NT receptors in intestinal epithelial
cells***, Binding to peptides’ specific G protein-coupled
receptors activates multiple intracellular signals including
protein phosphorylation pathways, accumulation of cyclic-
adenosine monophosphate and mobilization of intracel-
lular Ca™"™, which may account for the maintenance of
structurally and functionally effective TJs'**. A potential
molecular mechanism mediating the effect of BBS and
NT on claudin-4 expression is activation of protein ki-
nase C (PKC). PKC plays a central role in transducing
neuropeptides’ signals” and recent studies have shown
that PKC activity is required for normal claudin assembly
and the integrity of the intestinal epithelial barrier™. Also
the antiapoptotic effect of BBS and NT on the intestinal
epithelium of jaundiced rats™ may be related to their
modulating action on the expression of claudin-4, since
there is evidence that intestinal apoptosis and claudin-4
expression may be interconnected''”. Additionally, indirect
mechanisms such as reduction of systemic endotoxemia,
improvement of energy supply to enterocytes through
splachnic vasodilatation™ " and reduction of intestinal
oxidative stress” may contribute to the regulatory action
of BBS and NT on the TJ structure and function.

In conclusion, our results show that enhanced
claudin-4 expression in the upper part of the intestinal
villi represents an important molecular mechanism for
increased intestinal mucosal permeability in obstructive
jaundice. Gut regulatory peptides BBS and NT, acting as
molecular modulators of TJs, totally restored this altera-
tion thus preventing endotoxin translocation from the gut
lumen. These findings offer further insight into the patho-
physiology of gut barrier failure in obstructive jaundice
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and suggest the potential therapeutic efficacy of regulatory
peptides. However, further investigations to elucidate the
details of the functional mechanisms and possible side
effects of BBS and NT are needed before their clinical
application.
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