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Oestradiol decreases colonic permeability through
oestrogen receptor g-mediated up-regulation of occludin
and junctional adhesion molecule-A in epithelial cells

Viorica Braniste, Mathilde Leveque, Claire Buisson-Brenac, Lionel Bueno, Jean Fioramonti
and Eric Houdeau

Unité de Neuro-Gastroentérologie & Nutrition, UMRI1054, INRA, Toulouse, France

Oestradiol modulates paracellular permeability and tight junction (T]) function in endothelia
and reproductive tissues, but whether the ovarian hormones and cycle affect the paracellular
pathway in the intestinal epithelium remains unclear. Oestrogen receptors (ERs) are expressed in
intestinal epithelial cells, and oestradiol regulates epithelium formation. We examined the effects
of oestrous cycle stage, oestradiol benzoate (EB), and progesterone (P) on colonic paracellular
permeability (CPP) in the female rat, and whether EB affects expression of the TJ proteins in
the rat colon and the human colon cell line Caco-2. In cyclic rats, CPP was determined through
lumen-to-blood >! Cr-labelled EDTA clearance, and in Ussing chambers for dextran permeability.
CPP was also examined in ovariectomized (OVX) rats treated with P or EB, with and without
the ER antagonist ICI 182,780, or with the selective agonists for ERa (propyl pyrazole triol;
PPT) or ERf (diarylpropionitrile; DPN). In oestrus rats, CPP was reduced (P < 0.01) relative
to dioestrus. In OVX rats, EB dose-dependently decreased CPP, an effect mimicked by DPN
and blocked by ICI 182,780, whereas P had no effect. Oestradiol increased occludin mRNA and
protein in the colon (P < 0.05), but not zona occludens (ZO)-1. Further, EB and DPN enhanced
occludin and junctional adhesion molecule (JAM)-A expression in Caco-2 cells without change
in ZO-1, an effect blocked by ICI 182,780. These data show that oestrogen reinforces intestinal
epithelial barrier through ER 8-mediated up-regulation of the transmembrane proteins occludin
and JAM-A determining paracellular spaces. These findings highlight the importance of the ER 8
pathway in the control of colonic paracellular transport and mucosal homeostasis.
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Abbreviations CPP, colonic paracellular permeability; DPN, diarylpropionitrile; EB, oestradiol benzoate; ER, oestrogen
receptor; JAM-A, junctional adhesion molecule-A; OVX, ovariectomized; P, progesterone; PPT, propyl pyrazole triol;
T7J, tight junction; ZO-1, zona occludens.

One critical function of intestinal epithelium is to provide
a protective barrier of the internal milieu against adverse
luminal factors. This physical barrier is restricted by
the integrity of the apical intercellular tight junctions
(TJs) sealing paracellular spaces between epithelial cells
(Turner, 2006). Increased paracellular permeability has
been implicated in the pathogenesis of chronic mucosal
inflammation in animals and humans (Meddings, 1997;
Cenac et al. 2004; Resta-Lenert et al. 2005; Shen
& Turner, 2006; Moriez et al. 2007). However, the
intestinal epithelial barrier is not impermeable in normal
conditions, permitting fluid transport (Masyuk et al. 2002)
and communication between the mucosal immune system
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and the commensal flora, the latter playing a major role in
antigen sampling and the development of tolerance (Artis,
2008). Although there is growing evidence that oestrogens
play a role in the architectural maintenance of intestinal
epithelium, driving cell differentiation and proliferation
(Wada-Hiraike et al. 20064), the influence of the changing
hormonal milieu during the ovarian cycle on paracellular
permeability has received no attention. Of note, Homma
et al. (2005) pointed out an improved epithelial barrier
function in pro-oestrus rats compared with males, and
a decreased intestinal permeability in males following
oestradiol supplementation. This suggested a mechanistic
link between the absolute levels of plasma oestrogens and
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the regulation of paracellular spaces, which remains to be
explored.

Both ER & and § are expressed in the gastrointestinal
tract (Enmark et al. 1997; Campbell-Thompson et al.
2001; Konstantinopoulos et al. 2003; Kawano et al. 2004),
with ERf as the predominant ER in the colon, mainly
located in epithelial cells (Konstantinopoulos et al. 2003).
Recent studies in ERB—/— mice showed an irregular and
abnormal shape of the lateral surface contacts between
colonic epithelial cells, underlying changes in the standard
features of TJs (Wada-Hiraike et al. 2006a,b). These
results suggest that oestrogen affects colonic permeability
through regulation of TJ integrity. Tight junctions are
composed of transmembrane proteins, claudins, occludin
and junctional adhesion molecules (JAMs), interacting
with cytoplasmic proteins such as ZO-1 to maintain
dynamic structures with the cell cytoskeleton, thus
determining paracellular spaces. In human endothelial
and ectocervical epithelial cells, oestradiol has been shown
to regulate paracellular permeability through modulation
of occludin expression (Ye et al. 2003; Kang et al. 2006;
Gorodeski, 2007). In the colon, no information is available
about the interactions between oestrogens and T proteins
in regulating the epithelial barrier permeability.

The present in vivo and in vitro studies were designed
to investigate the influence of the oestrous cycle on
basal paracellular permeability in the rat colon. We also
examined the effects of oestradiol and progesterone, an
ER antagonist and stimulation by specific ERa and B
agonists on colonic paracellular permeability (CPP) in
ovariectomized (OVX) rats. We show that CPP varied
during the sexual cycle, decreasing under plasma oestrogen
dominance in the follicular phase, an effect mimicked
by ERB agonist in OVX rats. To address the question of
whether oestrogens affect expression of key TJs proteins,
we examined occludin and ZO-1 expression in the
colon of oestradiol-treated OVX rats. We demonstrated
a link between oestrogen-mediated decrease in CPP and
modulation of occludin mRNA and protein in the colon.
In further support of the notion that epithelial cells are
targeted by oestradiol, we found that ERB stimulation
of the human cell line Caco-2 cells up-regulated the
transmembrane proteins occludin and JAM-A, both
have pivotal functions in the control of paracellular
permeability.

Methods
Animals and treatments

Adult female Wistar rats (Janvier, Le Genest St Isle, France)
were housed in cages with free access to food and water
under a 12:12h light-dark cycle. All protocols were
approved by the local Institutional Animal Care and Use
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Committee in compliance with the European laws on the
protection of animals (86/609/EEC).

Ina first series of experiments, oestrous cycle stages were
assessed through daily vaginal smears. Two groups of rats
were used for in vivo comparison of CPP for 24 h during
the follicular and the luteal phase of the sexual cycle, that is,
from pro-oestrus to oestrus (n = 14), and from metoestrus
to dioestrus (n = 11), respectively. Two other groups of rats
were killed by decapitation in oestrus (n = 13) or dioestrus
(n=29), and used for in vitro evaluation of CPP in Ussing
chambers.

In a second series of experiments, bilateral
ovariectomies (OVX) or sham operations were performed
on rats anaesthetized with a single intraperitoneal
bolus dose of ketamine hydrochloride (150 mgkg™',
Imalgene 500, Rhone Mérieux, Lyon, France). After
a 6day recovery period for complete depletion
of endogenous sex hormones, OVX rats were
re-anaesthetized and Silastic implants (medical grade
tubing; Dow Corning, Midland, MI, USA) filled
with oestradiol benzoate (EB) (1,3,5[10]-estratriene-3,
17B-diol-3-benzoate; Sigma, St Louis, MO, USA),
progesterone (P) (4-pregnen-3,20-dione; Sigma) or empty
implants (controls) were positioned under the skin of the
neck for 5 days as already described (Houdeau et al. 2007).
According to Vongher and Frye (1999), the wall thickness
and length of the implants (EB: 1.57 mm 1.D./3.18 mm
0O.D,, 24 mm; P: 3.36 mm 1.D./4.65mm O.D., 10 mm)
determined physiological plasma levels of oestradiol and
progesterone. Animals were assigned to the following
groups: (1) untreated sham operated females killed in
oestrus (sham oestrus, n=3), (2) control OVX with
empty implants (OVX, n=16), (3) OVX rats with EB
implants (OVX+EB, n=14), (4) OVX rats with P
implants (OVX+P, n=14), and (5) OVX rats with
EB implants receiving daily subcutaneous injections of
the pure ER antagonist ICI 182,780 (2mg(kg body
weight (BW))~!/day in olive oil; Tocris, Bristol, England)
(OVX+4+EB+ICI, n=5). At the end of treatment, rats were
killed by decapitation, and distal colons were dissected,
washed in Krebs—Henseleit solution (Sigma) and used for
CPP measurements in Ussing chambers. Additional tissue
segments were simultaneously frozen in liquid nitrogen
until protein extraction for Western blot analyses.

In a dose-dependent experiment, OVX rats were
given daily for 5 days a subcutaneous (s.C.) injection of
EB (0.001, 0.005, 0.05, 0.5, or 5mg (kg BW) ! day™')
dissolved in olive oil (n=5-8 per group) for CPP
measurements in Ussing chambers. For the effects of
ER selective agonists, 21 OVX rats were divided into
three groups, and used for CPP measurements in Ussing
chambers: each group was s.c. treated for 5 days with
10% DMSO in olive oil (vehicle), propylpyrazole triol
(PPT, an ERa-specific agonist; 4 mg (kg BW) ™! day™;
Tocris), or diarylpropionitrile (DPN, an ERpS-specific
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agonist; 4 mg (kg BW)!day™!; Tocris). The selective
ligand activity of these compounds has been previously
described using competitive binding and transcription
assays (Stauffer e al. 2000; Meyers et al. 2001). The dose
used herein for PPT was as effective as EB stimulation
to elicit a full uterotrophic response as already reported
(Harris et al. 2002; Frasor et al. 2003), while DPN at
the daily dose used was appropriate to investigate ERS
activities in vivo (Lee et al. 2005; Weiser et al. 2009),
and did not evoke uterotrophic activity in the present
study. Additionally, to determine a genomic activity for
EB, a last group of OVX rats received a single injection
of EB (5mg(kgBW)™!, s.c.; n=6), with or without
ICI 182,780 (2 mg (kg BW)™!, s.c.; n=15). Control rats
received the vehicle, olive oil (Ve, n = 6). Eight hours after
treatment, rats were killed, and colons subjected to RNA
extraction.

In vivo measurement of colonic paracellular
permeability

Lumen to blood clearance for 24h of >'Cr-labelled
ethylenediamine tetra-acetic acid (*'Cr-EDTA; Perkin
Elmer Life Sciences, Paris, France) was used to assess
CPP during the sexual cycle. Animals were anaesthetized
as above, and surgically equipped with an intracolonic
catheter 1 week before experimentation, as previously
described (Ait-Belgnaoui et al. 2005), then placed in
individual metabolic cages 24h before intracolonic
injection of > Cr-EDTA (0.7 1 Ci) diluted in 250 ul saline.
Faeces and urine were collected separately for 24 h, and
total radioactivity found in urine was measured with a
gamma counter (Cobra II, Packard, Meriden, CT, USA).
Colonic permeability to °'Cr-EDTA was expressed as the
percentage of total administered radioactivity recovered
in urine.

Ussing chamber experiments

Immediately after killing, distal colons were removed
and cut along the mesenteric border, and three colonic
strips from each rat were mounted in Ussing chambers
(Easymount, Hamden, CT, USA) having a flux area
of 0.5cm?. Both sides of each colonic sheet were
bathed in 5 ml of circulating oxygenated Krebs—Henseleit
solution (Sigma), and maintained at 37°C. Colonic
paracellular permeability was assessed by measuring
mucosal-to-serosal flux of fluorescein isothiocyanate
(FITC)-labelled 4 kDa dextran (Sigma) across the colonic
strip. In brief, after a 20 min equilibrium period, 500 ul
of buffer solution on the mucosal side was replaced by
500 ul solution of FITC-dextran (2.2mgml™' as final
concentration). After 1h, fluorescence was measured in
the serosal buffer with a fluorimeter (Tecan Infinite
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M200, Austria). Results were expressed as the flux of
FITC-dextran crossing 1cm? of epithelium per hour
(nmolcm™2h™!), and are the means of measurements
done in triplicates. Trans-epithelial resistance (TER), an
indicator of tissue viability and paracellular ion exchange,
was expressed as Ohm cm?.

Cell culture and treatments

Caco-2 cells were grown at 37°C in 5% CO, humidified
atmosphere in phenol-red free Dulbecco’s modified
Eagle’s medium (DMEM; MidiMed, Boussens, France),
with 100 U ml™! penicillin, 100 £g ml~! streptomycin and
non-essential amino acids (MidiMed), and augmented
with 10% fetal bovine calf serum (FCS; MidiMed)
pretreated with dextran coated charcoal. Charcoal stripped
FCS was prepared by mixing 500ml FCS with 10g
activated charcoal (Sigma) overnight at 4°C. Following
centrifugation to remove charcoal, the FCS was filtered at
0.22 pum, then added to the DMEM. Cells were plated in
a 24-well plate coated with collagen type 1 (5 ug cm?; BD
Biosciences, Le Pont de Claix, France) or on collagen type
1-coated round glass coverslips at a density of 5 x 10* cells
per cm? for 3 days, then exposed in triplicate to EB (10 nm),
PPT (100 nM) and DPN (100nM) for 8h in charcoal
stripped FCS. For treatment with the ER antagonist, ICI
182,780 (10 uM) was added in the medium 1h before
EB or DPN treatment. All chemicals were pre-dissolved
in 100% ethanol at a concentration of 10 uM, then
diluted with the medium to bring the final concentration,
while control cells were exposed to vehicle ethanol (final
dilution < 0.1%).

Immunofluorescence labelling

Caco-2 monolayers on coverslips were fixed and
permeabilized in methanol-acetic acid (95/5%) for
20min at —20°C, then blocked for 30min with
phosphate-buffered saline (PBS)-0.1% bovine serum
albumin (BSA) at room temperature (RT). Cells were
incubated overnight at 4°C with rabbit anti-occludin
polyclonal antibody (Zymed Laboratories, South San
Francisco, CA, USA), diluted 1:100 in PBS, or rabbit
anti-JAM-A (Zymed Laboratories), diluted 1:25 in
PBS. After washing, secondary detection was performed
using Alexa fluor 488-conjugated IgG donkey anti-rabbit
(1:2000 in PBS; Molecular Probes/Invitrogen, Cergy
Pontoise, France) for 30 min. Caco-2 monolayers were
washed and mounted in Prolong mounting medium
(Invitrogen), and the labelling was examined under a
Nikon 90i fluorescence microscope. The z-axial images
were collected using an Olympus FV5-101 confocal laser
scanning, and Fluoview software (Olympus).
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Protein extraction and Western blot

Total proteins were extracted from colons and Caco-2 cells
in RIPA buffer containing 1% Igepal, 0.5% deoxycholic
acid, 0.1% sodium dodecyl sulphate in Tris-buffered
saline (TBS) 1x, and a complete protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany),
before clarification at 10 000 g for 10 min (4°C). Protein
concentrations were measured using the BC Assay Uptima
kit (Interchim, France). Equal amounts of protein per
lane were separated by SDS-PAGE, then transferred
onto nitrocellulose membranes (Optitran, Schleicher
1 Schuell Biosciences, Dassel, Germany). Membranes
were blocked with 5% dry milk in 0.1% tween in
TBS (TBST) for 2h at RT, and then incubated over-
night at 4°C with primary antibodies. Immunoblotting
was performed using polyclonal rabbit anti-occludin
antibody (Zymed Laboratories) diluted 1:500 in 5% dry
milk in TBST, and polyclonal rabbit anti-ZO-1 (Zymed
Laboratories) or anti-JAM-A (Abcam, Cambridge, UK)
diluted 1:1000 and 1:500 in 3% BSA in TBST,
respectively. After washing in TBST-milk, membranes
were incubated for 1h at RT with horseradish
peroxidase-conjugated secondary antibody (Visualizer
Detection Kit, Upstate, Lake Placid, NY, USA) diluted
1:20000 in TBST, and washed. Bands were identified
using SuperSignal West Femto (Thermo Scientific,
Rockford, IL, USA). Relative values of the band density
were estimated using Image] software (NIH, Bethesda,
MD, USA), and are presented as the mean of blot
determination in 5 to 7 animals.

RNA extraction and RT-PCR

Total RNA was prepared from colons or Caco-2 cells
with QIAzol (Qiagen, Courtaboeuf France) by standard
isopropanol—chloroform precipitation. The resulting RNA
pellets were washed with 75% ethanol and resuspended
in RNase free water. RNA quality was confirmed by
analysis of the 260:280nm absorbance ratio. cDNA
was synthesized from 1 pg RNA using an Omniscript
RT kit (Qiagen) and 5pumoll™' random primers
(Invitrogen, France) according to the manufacturer’s
instructions on an automated Applied Biosystems 9700
PCR System. cDNA was diluted 5 times before PCR
amplification. Primer sets were as follows: for rat occludin
(forward 5 GCT-CAG-GGA-ATA-TCC-ACC-TAT-CA3/,
reverse 5’CAC-AAA-GTT-TTA-ACT-TCC-CAG-ACG3'),
annealing temperature 62°C; human occludin (forward
5'TCA-GGG-AAT-ATC-CAC-CTA-TCA-CTT-CAG3/,

reverse  5'CAT-CAG-CAG-CAG-CCA-TGT-ACT-CTT-
CAC3’), annealing temperature 53°C; rat ZO-1 (forward
5 CGG-AAC-TAT-GAC-CAT-CGC-CAT-C3/, reverse
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5'GCC-TGT-ACC-TGT-TGT-GCA-CC3'), annealing
temperature 62°C; human ZO-1 (forward 5 CGG-
TCC-TCT-GAG-CCT-GTA-AG3/, reverse 5 GGA-TCT-
ACA-TGC-GAC-GAC-AA3’), annealing temperature
46°C; human JAM-A (forward 5 GGT-CAA-GGT-
CAA-GCT-CAT?3, reverse 5’CTG-AGT-AAG-GCA-AAT-
GCA-G3’), annealing temperature 48°C; rat GAPDH

(forward 5'ATC-ACC-ATC-TTC-CAG-GAG-CG3/,
reverse 5TTC-TGA-GTG-GCA-GTG-AGG-GC3'),
annealing temperature 50°C; human GAPDH
(forward 5 TTC-ATT-GAC-CTC-AAC-TAC-AT3,
reverse 5 GTG-GCA-GTG-ATG-GCA-AGG-AC3?),

annealing temperature 48°C. The 50 ul PCR reaction
mixtures contained 2.5 units of HotStarTaq DNA poly-
merase (QIAgen), 0.2 uM of each primer, 200 uM of each
dNTP and cDNA corresponding to 1 ug of total RNA.
The PCR products (10 ul of each PCR reaction) were
separated on a 2% agarose gel and were visualized by
SYBR Gold staining under UV light. Control experiments
were also performed in which RNA was omitted from the
reverse transcription reactions. Under these conditions,
no bands were seen on agarose gels for any of the genes
studied (data not shown).

Statistical analysis

All data are presented as means 4 S.E.M. Statistical
significance was assessed by Student’s t-test or one-way
ANOVA followed by Bonferroni’s post hoc test for multiple
comparisons where appropriate. Analyses were performed
by running Prism 4 software (GraphPad, San Diego, CA,
USA). P < 0.05 was considered significant.

Results

Oestrous cycle-dependent variations of colonic
paracellular permeability

The initial study focused on determining the in vivo
parameters of CPP to intracolonic *'Cr-EDTA in cyclic
rats. In animals in follicular phase, CPP, expressed as the
percentage of °' Cr-EDTA that crosses the colonic barrier,
showed a significant decrease compared with rats in luteal
phase (—44%, 1.0 £ 0.1 vs. 1.8 = 0.2% of total >' Cr-EDTA
recovered in urine, respectively; P <0.01) (Fig.1A).
Similar differences in paracellular fluxes were observed
in Ussing chambers, as assessed by a decreased CPP
to FITC-dextran in colonic segments from oestrus rats
compared with those of dioestrus rats (—38%, 1.0 £ 0.1
vs. 1.6+0.1nmolcm >h™!, respectively; P < 0.001)
(Fig. 1B), associated with an increased baseline TER
(Table 1).
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Table 1. Colonic trans-epithelial resistance (TER) in cyclic rats, and
OVX rats with or without oestradiol benzoate, progesterone and
ICI 182,780

Animals TER (2 cm?) n
Cyclic
Dioestrus 84.5+5.5 4
Oestrus
114.0 + 10.9* 4
ovX
Ve 90.3+2.8 9
EB 109.3 £5.52 10
P 75.6 £ 4.7 5
EB+ICI 95.6 +9.6™ 5

Data are means 4 s.e.M. of triplicate measurements in Ussing
chambers. *P < 0.05 vs. dioestrus rats; 2P < 0.05, and ns (not
significant) vs. control Ve.

Effects of ovariectomy, progesterone, oestradiol
and ER specific ligands on colonic paracellular
permeability

Compared to sham oestrus rats, bilateral ovariectomy
induced a marked increase in CPP monitored in Ussing
chambers (0.36+0.05 vs. 0.64+0.02nmolcm™2h~},
respectively; P < 0.01) (Fig. 2). Treatment with P did
not change CPP and TER (Fig. 2 and Table 1).
In contrast, EB replacement elicited a 49% decrease
of FITC-dextran fluxes compared to OVX controls
(0.33 4 0.03 vs. 0.64 £ 0.02 nmol cm~2 h™!, respectively;
P <0.001) (Fig. 2), correlated with a significant increase
in TER (P <0.05), reaching baseline values observed
in oestrus rats (Table 1). When the ER antagonist, ICI
182,780, was co-administered with EB in OVX rats, both
CPP and TER returned to baseline values similar to those
observed in OVX controls (Fig. 2 and Table 1). We also
examined the effects of various doses of EB injected daily

A P<0.01
2.0+ ! _ 2.0+ P<0.001
< =
o L]
1.5 = 1.54
0 §
5 ]
S 404 - E 104 T~
S <
= S
= =
3 054 £ 0.5-
[=} -
& g
0.0- 0.0-

follicular  luteal oestrus  dioestrus

Figure 1. Effect of oestrous cycle on paracellular permeability
A, in vivo >'Cr-EDTA recovery in urine 24 h after injection into the
colon of rats in follicular and luteal phase. B, in vitro paracellular
FITC-dextran flux measured for 1 h in Ussing chambers in colon
segments from oestrus and dioestrus rats. Bars are means =+ s.e.M.
Statistical significance was assessed by Student’s t-test.
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for 5days (10 ug to 5mg (kg BW) ' day™') on CPP to
FITC-dextran. As shown in Fig.3A, a dose-dependent
decrease of dextran flux throughout colonic strips was
observed (P < 0.05), with a median effective dose (EDs)
of 72 ug (kg BW) ! day!, and maximal inhibition at
5mg (kg BW) ! day .

To determine the ER subtype mediating oestradiol
regulation of CPP, OVX rats were treated with DPN (a
selective ERB agonist), PPT (a selective ERx agonist)
or vehicle (controls) for 5days. In Ussing chambers,
the flux of FITC-dextran was reduced by 36% in
DPN treated rats compared with controls (0.47 £ 0.03
vs. 0.734+0.06 nmolcm™2h™!, respectively; P < 0.05),
whereas no significant changes were observed following
PPT stimulation (Fig. 3B).

Oestradiol stimulates occludin expression but not
Z0-1 in the rat colon

We further analysed whether oestradiol-induced decrease
in CPP resulted from changes in the in vivo expression of
the tight junction proteins, occludin and ZO-1. OVX rats
were treated for 5 days with either vehicle (olive oil) or EB
at the dose (5 mg (kg BW)~! day™!) producing maximal
inhibition on CPP as observed in the prior dose-response
study. As shown in Fig.4A, there was no significant

0.8+

ns

0.6+
0.4—- T :
0.D-

Y
=}‘~‘}% 0-@‘ < +:3 +x<$> o ©
& 8) 4 <&

£ o
& 6]

dextran flux (nmol.cm2.h")

Figure 2. Effect of ovariectomy, progesterone, oestradiol and
1CI 182,780 on paracellular permeability

FITC-dextran flux measurements for 1 h in Ussing chambers in colon
segments from sham operated rats (sham oestrus), and
ovariectomized rats treated for 5 days with empty s.c. implants (OVX)
or with implants filled with P (OVX+P) or EB (OVX+EB) or EB with daily
s.c. injection of the ER antagonist ICI 182,780 (2 mg (kg BW)~" day~")
(OVX4EB-ICI). Bars are means + s.e.M. P < 0.001, ANOVA;

*P < 0.05, **P < 0.01 vs. sham oestrus, P < 0.001 vs. OVX or P
group of rats; ns: not significant (Bonferroni post hoc test).
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difference in the ZO-1 protein expression compared to
control OVX, whereas EB treatment induced a sharp
increase in occludin protein expression (4+49%, P < 0.05).
To further examine the signalling mechanisms by which
EB increases occludin amount, OVX rats were treated
with a single injection of EB (5 mg (kg BW) ! day ') and
killed at 8 h after treatment, a time point compatible with
a genomic effect of EB on occludin expression in other
epithelia (Kang et al. 2006). Colons from animals treated
with EB alone exhibited a marked increase in occludin
mRNA, blocked by ICI 182,780, whereas no change was
observed for ZO-1 mRNA (Fig. 4B).

I

1004

80—

60+ i
40 E

dextran flux (% of basal)

20~
T T T T T 1
4 3 2 41 0 1
log [EB] (mg/kg/d)
B
0.8+
—|— ns
t'“E 0.6
L&} *#
°
£ 044
2
§ 0.2-
=
]
0.0-

Ve PPT DPN

Figure 3. Dose effect of oestradiol on paracellular permeability
in OVX rats and involvement of ERx and ERfB

A, dose-response study of oestradiol benzoate (EB, 1 ug to

5 mg (kg BW)~" day~" for 5 days, s.c.) on paracellular FITC-dextran
flux measured for 1 h in colon segments mounted in Ussing chambers.
Values are means = s.t.m. of triplicate measurements in 5-8 rats per
group (P < 0.05, ANOVA). B, effects of a 5 day treatment with the
selective ligand agonist for ERa (PPT, 4 mg (kg BW)~! day~', s.c.), ERB
(DPN, 4 mg (kg BW)~" day~", s.c.) on colonic paracellular permeability
in Ussing chambers. OVX rats treated with vehicle DMSO in olive oil
(Ve) were used as controls. Values are means =+ s.e.M. of triplicate
measurements in 7 rats per group. **P < 0.01 and ns (not significant)
vs. Ve.
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Effects of oestradiol, PPT and DPN on occludin, JAM-A
and ZO-1 expression in Caco-2 cells

To evaluate whether the EB-mediated increase in
occludin expression specifically involved ERB expressed
by epithelial cells, and whether it could affect other
transmembrane proteins involved in TJ] function, we
assessed occludin and JAM-A mRNA and protein levels
in human Caco-2 cell line stimulated with EB, PPT
or DPN, with or without the ER antagonist ICI
182,780. We found that DPN, like EB, up-regulated
occludin (4+43%; P < 0.05) and JAM-A (4+58%; P < 0.05)
protein expression by Caco-2 cells, while PPT had no
significant effect (Fig. 5A and B). Pre-treatment of EB- or
DPN-stimulated Caco-2 cells with ICI 182,780 resulted in
reducing occludin as well as JAM-A protein amount to an
extent comparable to that observed in controls (Fig. 5A
and B). At the transcription level, Caco-2 cells showed a
significant increase in occludin mRNA when treated with
EB (P < 0.01) or DPN (P < 0.05), and these effects were
blocked by the pre-treatment with ICI 182,780 (Fig. 5A).
Similar EB and DPN effects were found for JAM-A mRNA
(Fig. 5B). Compared to control cells, no significant change
in both occludin and JAM-A mRNA levels was observed
following PPT stimulation (Fig.5A and B). Further, as
observed in the rat colon (Fig. 4), no EB-related changes
could be discerned on mRNA and protein level of ZO-1
(Fig. 5C).

To test whether EB and DPN affect the architecture
of TJs, Caco-2 monolayers were immunostained by
fluorescent antibodies to occludin and JAM-A. In control
cells, occludin and JAM-A immunofluorescence were
distributed as distinct continuous bands along the cell
borders, and cell morphology did not differ among
treatment groups (Fig. 6). In EB- and DPN-treated
monolayers, immunostaining for occludin was markedly
increased at the TJ level, whereas no change was detected
after PPT treatment compared to control cells (Fig. 6A).
Similar DPN effect was observed for JAM-A staining at
the apical cell-to-cell contact (Fig.6B), while PPT had
no effect (not shown). Pretreatment with ICI 182,780
prevented the DPN-induced increase in occludin and
JAM-A immunostaining (Fig. 6).

Discussion

A major route of transport in gut epithelia is the
paracellular pathway, regulated by TJs that form part
of the apical junctional complex between epithelial
cells (Turner, 2006). In the absence of pathological
disorders, epithelial cells are not totally sealed and allow
transport of water and solutes, as well as microbial
sampling for maintaining intestinal immune hoemostasis
(Masyuk et al. 2002; Shen & Turner, 2006; Artis,
2008). The present study in female rats shows that
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colonic paracellular permeability was not static in basal
conditions, but fluctuated depending on stages of the
oestrous cycle. Here we present evidence of a physiological
link between cycle-dependent permeability changes,
circulating oestrogens and ERB-mediated increase in
expression of occludin and JAM-A, two TJ transmembrane
proteins with pivotal functions in the maintenance of
epithelial intercellular spaces.

There is growing evidence that sex steroids influence gut
physiology. Both oestrogen and progesterone receptors are
expressed in the GI tract under normal conditions (i.e.
without tumour formation or developing inflammation)
(Enmark et al. 1997; Campbell-Thompson et al. 2001;
Konstantinopoulos et al. 2003; Kawano et al. 2004; Xiao
et al. 2005), and sex steroids have been shown to influence
gastric motility (Giinal ef al. 2004), colonic transit time
(Xiao et al. 2005; Cong et al. 2007), chloride ion secretion
(Condliffe et al. 2001; O’Mahony et al. 2007), and
epithelium formation (Wada-Hiraike et al. 2006a). In
contrast, the literature is less abundant regarding influence
of the natural cyclic shift from oestrogen to progesterone
plasma dominance on gut function. Our data in cyclic
rats show, first, that paracellular permeability was lower
in oestrus (i.e. oestrogen dominance) than in dioestrus
(progesterone dominance); second, that the decrease of
paracellular permeability under oestrogen dominance
appeared concomitant to an increase in TER, suggesting
the reinforcement of TJ function during the follicular
phase, an effect which is lost in the subsequent luteal
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phase. Our statement that these variations occurred in
relation to changes in plasma oestrogen is supported by the
following findings. First, progesterone did not influence
epithelial permeability in OVX rats, while oestradiol
evoked an increase in TER, and a dose-related decrease
in paracellular flux. Similarly, Mullick et al. (2001) also
documented a reduced permeability following oestradiol
treatment, but not progesterone, in rat carotid arteries.
Second, the oestradiol effects on colonic paracellular
flux and TER were blocked by the ER antagonist ICI
182,780, demonstrating that these responses are mediated
by ERs. These findings reinforce the hypothesis that
oestradiol is able to limit T] opening in the colon during
the reproductive cycle, thus able to limit the passage
of potentially harmful luminal components. Consistent
with this suggestion, Homma et al. (2005) demonstrated
sexual dimorphism in rat ileal permeability, with a female
gut in pro-oestrus stage (i.e. oestrogen peak) better
preserved than the male intestine under hypoxia and
acidosis, a sex difference abrogated by oestradiol
pretreatment in males. A protective role of oestradiol in
decreasing paracellular permeability enlarges its beneficial
effects on intestinal barrier function, since oestradiol was
thought to have primarily anti-inflammatory activities in
the gut, by decreasing neutrophil infiltration and cytokine
production in colitis (Verdu et al. 2002; Giinal et al. 2003;
Harnish et al. 2004; Houdeau et al. 2007).

Gut epithelial cells contain functional ERs (Thomas
et al. 1993), and oestrous cycle-related changes in
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Figure 4. Effects of oestradiol on occludin and ZO-1 expression in the colon of OVX rats

A, representative Western blot lanes for occludin and ZO-1 from the same protein extract, and quantitative
representation of corresponding protein contents from 7 independent experiments. Note that EB significantly
increased occludin protein without change in ZO-1 amount. B, RT-PCR results for occludin, ZO-1, and GAPDH
mRNA using total RNA from colon lysates of 6 independent experiments. In OVX rats 8 h after a single EB injection
(5 mg kg™"), EB significantly increased occludin mRNA, blocked by ICI 182,780 (EB+ICI), without change in the
expression of mRNA for ZO-1. Values are means =+ s.e.m. Ve: control vehicle. *P < 0.05 vs. corresponding control

(Ve).
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ER expression have been reported in the mouse
intestine (Kawano et al. 2004). Our findings emphasize
a multifaceted role of oestrogen in the physiological
control of intestinal epithelium. For instance, oestradiol
appeared to inhibit chloride ion exchange in distal
colonic cells, an anti-secretory response also found to be
oestrous cycle-dependent (O’Mahony & Harvey, 2008).
These authors postulated that the anti-secretory effect
of oestradiol may enhance salt and water retention in
females, as commonly observed in oral contraceptive users
with high oestrogen dosage, or during natural periods
of elevated plasma oestrogen (Oelkers, 1996; Fruzzetti
et al. 2007). Because water molecules can be driven
passively by paracellular flux additional to the transcellular
pathway (Masyuk et al. 2002), our data support the
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hypothesis that the oestrogen-mediated decrease of
paracellular permeability may act in combination with
inhibition of chloride ion channels to modulate fluid
movement throughout the intestinal epithelium. Such a
mechanism may compensate the natriuretic and blood
pressure lowering effect of endogenous progesterone
during the luteal phase, thus contributing to body water
homeostasis throughout the menstrual cycle (Oelkers,
1996). According to O’Mahony & Harvey (2008), the
body fluid-retaining effects of oestrogen during the
reproductive cycle may allow for volume expansion of
the uterus in preparation for embryo implantation, a
water transport also leading to reduction in viscosity of
the uterine luminal fluid (Jablonski et al. 2003; Richard
et al. 2003).
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Figure 5. Effects of oestradiol, ERe and B agonists, and IClI 182,780 on occludin, JAM-A and ZO-1

expression in Caco-2 cells

The expression of occludin (A), JAM-A (B), and ZO-1 (C) proteins and mRNA were examined by Western blotting
(upper panels) and RT-PCR (lower panels), with representative band images and corresponding densitometric
analysis. Caco-2 cells were treated for 8 h with ethanol vehicle (C), or with EB (10 nm), DPN (100 nm) or PPT
(100 nm), in the presence or absence of ER antagonist ICl 182,780 (ICl, 10 um). Note that EB like DPN, but not PPT,
significantly increased mRNA and protein levels of occludin (A) and JAM-A (B), without effect on ZO-1 expression
(C). Both EB and DPN effects on occludin and JAM-A expression were blocked by ICI. Each bar represents
mean =+ s.e.M. from 6 to 7 independent experiments. P =0.01, ANOVA; **P < 0.001, *P < 0.05, and ns (not

significant) (Bonferroni post hoc test) vs. control cells (C).
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Oestrogens interact with at least two receptors ERa
and ERB (Heldring et al. 2007). Herein we report that
the EB-mediated decrease in epithelial permeability was
mimicked by the ERB agonist DPN, but not by the
ERo agonist PPT. Although both ERs were expressed in
the colon, ERB predominates in normal colonic mucosa
(Campbell-Thompson et al. 2001), consistent with the
effect observed only through DPN stimulation in the
present study. It is of note that DPN acts as an agonist
on both ERs, but in support of the present data, DPN has

Oestradiol and intestinal permeability
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a 70-fold higher binding affinity and a 170-fold higher
potency in transcription assays with ERS than with ER«
(Meyers et al. 2001), and appeared as effective as EB
stimulation to decrease intestinal permeability in our
study, in contrast to PPT, thus confirming this effect only
attributed to ER B activation. In the colon, ERS was mainly
found in epithelial cells (Konstantinopoulos ef al. 2003),
suggesting that these cells are the main targets for the
oestrogen-induced decrease in paracellular permeability.
To address this question, we compared the effect of

Figure 6. Immunofluorescence detection of occludin and JAM-A in Caco-2 cells

Cell monolayers were exposed for 8 h to ethanol vehicle (Control), EB (10 nm), DPN (100 nm), or PPT (100 nwm), in
the presence or absence of ER antagonist ICI 182,780 (ICl, 10 uM). A, occludin: note that DPN like EB, but not PPT,
increases occludin staining at the level of epithelial cell membranes, and ICl added 1 h before EB or DPN treatment
blocked this effect. In confocal images in the x-z plane, note that DPN enhances occludin immunostaining at
the apical cell-to-cell contact of epithelial cells compared to control cells, and this effect was abrogated in the
presence of ICl 182,780. B, JAM-A, representative images of immunostaining with or without DPN treatment and
IC1 182,780, and x—z plane confocal images showing modulation of epithelial JAM-A staining at apical sites. Scale

bars = 25 um.
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oestradiol in the rat colon and in a human intestinal
cell line on the expression of T] proteins that control the
intercellular spaces. Tight junction proteins are composed
of cytoplasmic and transmembrane proteins. Among
them, occludin and ZO-1 contribute to the rate-limiting
step for paracellular passage in intestinal epithelium
(Turner, 2006). In human endothelial cell lines, it has been
shown that the amount of occludin is inversely correlated
to paracellular permeability, the latter being decreased
when occludin expression is increased, a modulation
mediated by oestradiol (Ye et al. 2003; Kang et al. 2006;
Sumanasekera et al. 2007). In the rat colon, we report
here that EB stimulation is associated with an increase
of occludin protein, without changes in the amount of
ZO-1. In addition, consistent with a transcription activity,
the mechanisms involved an increase in occludin mRNA,
an effect blocked by the ER antagonist ICI 182,780. A
similar activation of occludin by oestradiol has been
described in the mouse brain, where oestrogens also
participate in the control of paracellular diffusion in the
blood-brain barrier (Kang et al. 2006). Furthermore,
the effect of EB was reproduced on cultured Caco2
cells in the present study, demonstrating that EB acts
directly on epithelial cells to enhance occludin protein
and mRNA. As reported in the colon, ERx and 8 were
co-expressed in the human cell line Caco-2, with ERS the
predominant subtype (Campbell-Thompson et al. 2001),
and our data using the selective agonist DPN confirm that
the ERB pathway is the intrinsic mechanism regulating
occludin expression in colonic epithelial cells. To further
explore the effects of oestradiol and DPN on Caco-2 cells,
we also found increased expression levels of JAM-A, a
transmembrane protein apically positioned at TJs with
occludin in the colon (Vetrano et al. 2008). Several
studies have implicated JAM-A in the regulation of
intestinal barrier function. For instance, JAM-A deficiency
in mice resulted in enhanced intestinal permeability to
FITC-dextran and decreased TER (Laukoetter et al. 2007),
and silencing of JAM-A in Caco-2 cells also resulted in
increased epithelial permeability (Vetrano et al. 2008).
Consistently, Vetrano et al. (2008) showed a dramatic loss
of epithelial JAM-A that correlates with epithelial barrier
defect in Crohn’s disease and ulcerative colitis, the two
major forms of inflammatory bowel disorders in humans.
Interestingly, it has been proposed that JAM-A plays a
pivotal role in the assembly of the TJ protein complex,
by interacting with ZO-1 and stabilizing occludin at the
junctions (Bazzoni et al. 2000). Hence, it is likely that
an increased amount of epithelial JAM-A together with
occludin ameliorates TJ integrity, thus improving the
epithelial barrier function under oestrogen dominance.
However, we cannot exclude that oestradiol may also target
other proteins involved in the epithelial T] complex, and
not investigated in the present study, mainly the claudins, a
large family of intercellular adhesion molecules (Van Itallie
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& Anderson, 2006), of which up-regulation by various
factors, for instance solutes and nutrients, has been shown
to enhance paracellular sealing in the colon (Li et al. 2004;
Amasheh et al. 2009; Suzuki & Hara, 2009).

In conclusion, the ERB-mediated increase of occludin
and JAM-A expression in epithelial cells has been
identified as the molecular mechanism for the oestrogen
modulation of paracellular permeability in the colon. This
is in support of the hypothesis that high plasma oestrogen
level during the follicular phase of the reproductive
cycle limits TJ opening in the normal colon, through
up-regulation of transmembrane proteins leading to the
reinforcement of the structural integrity of TJs, an effect
suppressed during the luteal phase. Because impaired
paracellular permeability is a trigger for inflammatory
bowel disorders and chronic inflammation in humans
(Meddings, 1997; Shen & Turner, 2006), the ERS pathway
may represent a novel target to prevent or limit the
epithelial barrier defect in these diseases.
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