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Abstract

Background

Chronic psychological stress is associated with increased intestinal epithelial permeability and
visceral hyperalgesia. Lubiprostone, an agonist for chloride cha)mebmotes secretion and
acceleratesrestoration of injury-induced epithelial barrier dysunction. The mechanisms
underlyinghow'lubiprostoneregulatescolon epithelial barriefunctionand viscerahyperalgesia

in chronic stress rematmknown.
Methods

Male rats werersubjectdd water avoidancstress for 10 consecutive days. Lubiprostone was
administered.daily during the stress phase. Visceromotor response to coloreetsiatistvas
measured. Human colon crypts and cell lines were treated with catiddlubiprostoneThe
transepithelialélectrical resistance andrITC-dextran permeability were assayed. Chromatin
immunoprecipitation was conducted to assess glucocorticoid receptor bindight gtinction

gene promoters.
Key Results

Lubiprostonessignificantly decreased ehic stressnduced visceral hyperalgesia in the rat
(P<0.05=n=6)=WA stress decreased occludin and cldudimd increased claudiin rat colon
crypts, which was prevented by lubiprostone. Cortisol treatment induced simitatiafie of
tight junction protein expression in Ca2BBE cells (P<0.05) and significantly changed
paracellulapermeability in monolayeré<0.0). These changes were blocked by lubiprostone.
Glucocorticoid receptoand its binding at occludin promoter region wdeereased in cortisol
treated cells and human colon crypts, which was largely reversed by lubipréstoatecolonic
cells ducocorticoid receptor and its -@haperon proteins were dowegulated after

corticosterone treatment and lubiprostone revettsese changes.
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Conclusions & | nferences

Lubiprostone preferentially prevents chronic stiesiced alterations of intestinal epithelial
tight junctions, barriefunction and visceral hyperalgesia that was associatedwathulation of

glucocorticeid.receptaexpression and function.

Keywords. Chronic stress; Visceral hyperalgesia, Lubiprostone, Tight junction, Glucmmdrti

receptor, Intestingdermeability

Key Points

e Chroniesstress is associated with increases intestinal epithelial permeability and visceral
hyperalgesia. Lubiprostone accelerates intestinal epithelial répaiunknown how

lubiprostone regulates colon epithelial barrier function and visceralrpaeimonic stress.

e lwubiprostone prevented chromstress induces differential alterations of epithelial tight
junction proteins, down-regulation of glucocorticoid receptor and its chaperonssecrea

in paracellular permeability and visceral pain in theerdacand human.

e Our findings support a novel mechanism for lubiprostone to regulate intestinal

permeability and visceral pain.
Introduction

Irritable.bowel syndrome (IBS) is@mmonfunctional gastrointestinal disorder characterized by
abdominaldiséemfort or pain and changes in bowel h&Bitncreasingevidencesuggestghat
disturbance of the intestinal epithelial barrier function contribtwediarrhea-proniBS related
symptoms" ° For example,he enhancegaracellular permeability is positively correlated with

abdominal pairin IBS patient$ Recently, enhanced stresffects on gut barrier functiomave
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been implicated as a potential mechanism contributing to the pathophysiology ‘of B®onic
stress has significant effects on gut physiology pathophysiology including alterations in
gastrointestinal motility enhanced visceral pain perception (hyperalgesed impaired

intestinal barrier function in animal modef§ andIBS patients™ *?

Thecorticoid receptors one ofthe major playexin mediating many physiological events
in responseto actite and chronic stfésé The glucocorticoid receptor (GR), a ligaadtivated
transcriptia factor, depends on molecular chaperonefaivo function After ligand binding,
GRis translocate to the nucleuandbinds to DNA on glucocorticdiresponse elements (GRES),
recruiting transcriptional machinery and various coactivators and corepressors to positively or
negatively regulatgenetranscription GR translocation is mediated by thedwperone protein
FK506 binding protein 5 (FKBP5) weh is associated with the chaperone heat shock protein 90
(Hsp90) to_form a chaperon compféx!’ The Hsp90-GR complex, in its AThound form, is
stabilized doy“Cechaperon p23, whereas heat shock proteinH&p70) mediates GR complex
assembly“and~aeity.’> '® The importance of these chaperons has bestablishedin the
pathogenésis and therapy of stress and mental disofders?In humancolon epithelial cells
induction ofHsp70 expression displays a protective role in the epithelial barrier intedpiti
resultsin a deéerease in paracellular permeabffitfhe augmentation of heat shock proteins
reduced’barrier: integrity have been reported in colon tissuas dcute stress animal modél.
The mechanismunderlying how GR and its chaperons regulates intestinal paracellular

permeabilityin‘chronic stresbas not been determined.

Lubiprostone a bicyclic fatty acid derived from prostaglandin E1 (PGEL}jivates
chloride channel typ€ (CIC-2) in the apical membrane of epithelial céflnd promotes the
passage“of ‘water into the luminal space and bowel movements which can improve symptoms
associated witltonstipatiorf> % CIC-2 channebplays an important role in the modulation of
tight junctions /by influencing caveolar trafficking of the tight junction protein odcltrd
Targeted activation of ©-2 chloride channels with lubiprostone stimulates repair of intestinal
barrier function in theischemiainjured porcine ileum and colowhich is associated with
impaired expression and functigntight junctionproteins resultig in increased permeability
However, it is unknownwhether lubiprostoneéhas a preventative effect die increased

permeabilityand enhanced visceral paim anmal models of chronic stress. The goal of the
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present study wa® examine the hypothesis that lubiprostone prev@Rmediateddisruption

of colon epithelial tight junction protesnincrease oparacellulapermeabilityand visceral pain

Materials and Methods

Animals and water avoidance (WA) stress

Male Spragudawley rats (weighting 16080 g) were obtained from Charles River
Laboratories(Wilmington, MA). Animals were housed in the animal facility that was maintained
at 22°C with an automatic alight/dark cycle. The animals received a standard laboratory diet
and tap waterad libitum. All experiments were approved by the University of Michigan

Committeeson:Use and Care of Animals according to National Institutes dhidgeadelines.

The animaktudy was conducted as shoinrthe following experimental scheme. Briefly,
youngadult*male ratsvere adaptedin the animal facility for 3 days and then randomly
grouped andsubjected to-tidly WA stressis described previousfy The rats were placed on a
glass platform in the middle of a tank filled with water (22 °C) to 1 cm below the heidfin of
platform. The animals were maintathon the tank for b in the morning (8AM- 10AM) daily
for 10 conseeutive days. Lubiprostone (Takeda Pharmaceutical North America, Deerfield, IL,
USA) was.delivered orally instead of gavage to rats, to avoid distress or irritation, twice daily
with 500 pl medium chain triglycerides (MCT) as described?® A dose of 10 ug/kg body weight
was suggested by the manufacture and proved effective by a serial dose rgmmense
experiments. Rats were weighed each day for determination of the amount of lubiprostone
delivered. All animalsvere treated with lubiprostone prior to stress procedure each day for a
period of 10 days during the WA stress ph@&@&+Lub group) MCT, the delivery medium for
lubiprostonewas administrated similatty the SHAM control MCT-CT) ratsand WA stress
(MCT-WA)rats. The MCTCT ratswere placed similarly for h daily for 10 days in a tank
without water.The number of fecal output was recorded daily for each rat aftefMA or
SHAM stress. Behavioral assaesens were conductedn the next day after completing the- 10
day stress procedur8eparate groups of animals without behavioral measurementsigest®
harvestcolon crypts from the distal colon, the same segment for balloon distamvisceral

pain measurementThe aliquots of isolatedcolon crypts were used for biochemical and
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molecular characterizatioithe experimenter was blinded to animal treatment during behavioral

experiments.

| - adaptation — | = 10-day stress — |

(3=5-days) 24 h after stress

MCT-CT (SHAM) ——

r
MCT-WA stress ——[

rats(160-180¢9) L WA stress + Lub ——

pain assessment

colon crypts isolation

Visceral metor response (VMR) to colorectal distention (CRD)

Visceral paifi'fieasurememasconducted as previously describ€d?® Briefly, rats were deeply
anaesthetized with subcutaneous injection of a mixture of ketamine (60 mg/kg) andex{faz
mg/kg). An incision was made in the skin of the lower abdomen, and two perfluoroaidated,
32-gauge stainless steel wires were itest into the external oblique pelvic muscles superior to
the inguinal ligament. Animals were injected with 500 pL of 0.9% saline and artificial tears eye
ointment was placed onto their eyes. The animals were then allowed to recovBrday$S prior

to the VMR.measurement.

Measurement of the VMR to CRD was conductedwake animals on day 11, next day
after the completion of 1@lay WA stress procedure. The VMR was quantified by measuring
activity of @lectromyography (EMG) in the external oblique muscuéatn the awake animals.
CRD was conducted to constant pressures of 10, 20, 40, and 60 mmHg by amasg®m
distension control device. The responses were considered stable if there was less than 20%
variability poetween 2 consecutive trials of CRD at 60 mm Hg. The increase in the area under
curve (AUC)mwhich is the sum of all recorded data points multiplied by the sample interval (in
seconds) after‘baseline subtraction, was presented as the overall response during the course of
the CRD.test.

Cdll culture and treatment
The Cace2/BBE colonic epithelial cell line, originally derived from a human adenotara,

was obtained from David E Smith (University of Michigan, Ann Arbor, MI). Cellsewer
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maintainedat 50% densityin DMEM containing 25mM glucose,3.7g/l NaHCG;, 4mM L-
glutamine, 1% nonessential amino acids, WAOpenicillin/streptomycin (complete medium),
supplemented with 10% hemtactivated FBS (Sigmaldrich) at 37 °C in 10% CO2. For
differentiation cells were seeded on Transwell filterg, thm diameter, 0.4 pm pore diameter
(Corning Ine=Lowell, MA) at a density of 3.5 x “1€ells/cnf in complete medium for two days

to allow the formation of a confluent cell monolayer. From day 3 after seeding, cedl&eynn

the same 'medium in both compartments (10% FBS Symmetric) and allowed to differentiate for

21 days with*fegular medium chasgéree times a weeR.

Rat colontepithelial FRC/TEX cell lines used in this study was a generous gift from Dr.
Kimberly RiegefChrist Sophia Gordon Cancer Center, Burlington, MA. These cells consist of
two mycoplasmanegative rat colonic epithelial cell lines and the immortalizedtoororigenic

cell line® The derivative transformed FRTEX cells were cultured in Dulbecco's modified
Eagle's mediun{D-MEM) supplemented with 10% fetal bovine serum (FBS), hydrocortisone
(0.02 g/mi);“insulin (0.25ug/ml), tranferrin (0.12ug/ml), glucose (67.5ug/ml) and paicillin-
streptomycin (50 U/mL) in a humidified environment at 37°C in the presence of 10% €6r
treatmentFRC/TEX and Cac@/BBE Cells werencubatedwvith GR agonist corticosterone (500
nM) for 24 h'with/without lubiprostone (100 nM; dissolved in DMP®MSO at the final0.01%
(v/v) concentratiorwas used as theehiclecontrol. The cortisoldose at 500 nM was determined

to mimic theserumlevel in the stressed rats after-d@y chronic WA stress as described
previously? Treated ells were then harvested for immunofluorescence staiaimd)\Western

Blot analysis

Human colon crypts culture and treatment

Human e6lon-€rypts culture was conducted as described previdwitiefly, colon biopsies

were collectedrom healthy control patienia cold Dulbecco’s minimal essential medium (Life
Technologies, Carlsbad, CA, USA), supplemented witt2 GlutaMax (Life Technologies), 50

pg/ml gentamicin (Life Technologies), 100 pg/ml normocin (InvivoGen, San Diego, CA, USA)
and 2.5 pg/mk amphotericin (Life Technologies) at the University of Michigan Haspital
according to the procedures approved by the Institutional Review Board (IRB). The
mucosa/submucosa was surgically separated from the muscularis propria and incubated in

Dulbecco’s phosphateuffered saline (DPBS; Life Technologies) supplemented with the above
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antimicrobiaé for 15 min The tissues were then incubated in 10 mM dithiothreitol (DTT;
SigmaAldrich, St Louis, MO, USA) for 15 min, followed by treatment with 8 mM
ethylenediaminetetraacetic acid (EDTA; Sigaldrich) for 75 min. Crypts were isolated and
washed withcold keratinocyte growth medium gold (KGMG) and cultuiedKGMG with
Matrigel (BD.Biosciences, San Jose, CA, USA) at a crypt density e75%@rypts/50 ul
Matrigel/2.cnf well. After cultured for 3h, crypts were treated with cortisol (500 nM)
with/withoutlubiprostone (100 nM) for 2A. DMSO (0.01% v/v) was used as thehiclecontrol.

Measurement ofitransepithelial electrical resistance (TEER) and FITC-Dextran permeability

The TEER"assay was used to measure the effect of treatments on the integrity of the tight
junctions between Cae2/BBE cells as a model of human intestinal epitheli@acc2/BBE

cells weresseeded @4-well 12 mm polyestemranswell filters(Corning, Coring, NY, U.S.A.)

with 0.4 umeporé size at a concentration of 2 x 16ells/Transwell. Cells were grown in DMEM
suppled with 0.01 mg/ml human transferrin, 10 % FBS and pen/strep for 21 days until they
formed a differentiated monolayétor treatment, corted (500 nM) was added to the apical site
(upper chamber) of the transwell cultures since the expression of GR receptors is dominant at the
apical epitheliak cells in human colon cryptdlo determine the effect abrtisol the TEER was
measuredbefore and after cortistdeatmenfor 24 h in the presence and absence of lubiprostone
(100 nm; inner/upper chambeoy DMSO (0.01% v/v) vehiclaisingan EVOM2 epithelial
voltage meter (World Precision Instruments, Sarasota, A&fter washing the cells, IMEM was
dispensed Into each t#r in the apical and basolateral chamber; electrical probes were then
immersed in the apical and basolateral chambers to measure the resistance of the monolayer.
TEER waswealculated after subtraction of the intrinsic resistance of thé&eeelffilter. To
measure.dexiran permeability, fluoroscein isothiocyanate (File&iran (4 kDa; 3 mg/mwere

added to"the"tpper chamber without medium change. Aliquots were withdrawn from the lowe

chambers aftet:h and assayed for fluorescence at 515 nm with excitation at 492 nm.

Western blet'analysis

Colon tissuessrats that had not undergone surgeryisceral paimmeasurerant were dissected

out next day after completing the-tlay WA stresgprocedure.The dissected colon segments
were reversed insideut and washed with 2 mM DTT in cold PBS. Then tissues were incubated

with 4 mM EDTA in cold PBS for 5 min with shaking. The epithelium layers were gently
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scrapped off with a forceps and collected in PBS, followed by centrifugation gt 80® min.
The cryptsaliquots containing epithelium were stored &0°C for later use or immediately
homogenized in iceold lysis buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM
EGTA, 50 mM NaF, 1.5 mM MgG| 10% v/v glycerol, 1% v/v Triton X200, 1 mM
phenylmethylsulfonyl fluoride, 1 mM N&O,, and Complete Protease Inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN)n separate studies, rat FRC/TEX and human 4BBE cells
were collected”and homogenized using the same lysis biffeteins were separated and
transblotted“to“polyvinylidene difluoride membranBso{Rad, Hercules, CA The membranes
were blocked and incubated wighimary antibodies for GR (Cell Signaling, Danvers, MA
mineralocarticaidreceptor KR; Santa Cruz Biotechnology, Santa Cruz,)CRKPB5 (Cell
Signaling),*F$p0 (Cell Signaling); Hp70 (Cayman Chemical, Ann Arbor, MI),sf23 (p23;
Cayman Chemicalxlaudind & claudin2 (Invitrogen Corp., Camarillo, CA), occludilbcam,
Cambridge,. MA), andB-actin (SigmaAldrich) at 4°C, overnight, and subsequently with
secondarysantibodies (1:5,000gll Signaling for 1 h at room temperatureThe Xray films
were developed using SuperSignal West Dura Chemiluminescent Substrafadfing Fisher
Scientific, Roekford, IL).

Quantitative PCR (gPCR)

Total RNA fromrat colon cryptaliquos was isolated using the Trizol (Life Technologies, Grand
Island, NY, US) and RNeasy kit (Qiagen, Hilden, Germany). gPCR was performed using the
Bio-Rad iScript OnéStep Revers@ranscription PCR Kit with SYBR Green (BRad, Hercules,
CA, US) using the filowing specific primers from Integrated DNA Technologies (Coralville, 1A,
us): claudin-l: forward ATGACCCCTATCAATGCCAG reverse
TGGTGTTGGGTAAGAGGTTG  claudin2:  forward CAGCTCCGTTTTCTAGATGCC,
reverseTGCGGCTCTTGTTTCTTGGA occludin: forwardc AAAGCAGGGAAGGCGAAG,
reverseTGTTGATCTGAAGTGATAGGTGG; GR: forward
GCGTCAAGTGATTGCAGCAGTGAA, revers&CAAAGCAGAGCAGGTTTCCACTT;
GAPDH:iorward TGTGAACGGATTTGGCCGTA reverseTGAACTTGCCGTGGGTAGAG

Chromatin I mmunoprecipitation (ChlP)
Chromatin immunoprecipitation was parited using a chromatin immunoprecipitation kit

(EMD Millipore, Billerica, MA). Briefly, the colon grpt aliquotsor Cace2/BBE celk were

This article is protected by copyright. All rights reserved



crosslinked using 1% formaldehyde and terminated by incubation with 0.125 M glycine for 5
min. The cell lysate was incubated for 10 min at 4°C and the crude nuclear extraotleasc

by centrifugation at 600xg for 5 min at 4°C. The DNA was sonicated to random fragments
between 200 bp to 500 bp. The chromatin was subjected to immunoprecipitation using the
following antibodies: GR (#3660; Cell Signaling Technology, Danvers, MA, US). Norimkit ra

lgG was used.as the control. DNA was eluted in @ubuffer and used for PCR amplification.
Primers® for~rat occludin promoter (forwa@ATTTAATCAAACCTGGCAGC, reverse
CCTGGAGCTAGCAGAGTTAAAAGG) and for human occludin promoter(forward
CGACACACCACACCTACACT,reverse ATGCGCACCAACGTGGAA were obtained from

Life Techpolagies (Grand Island, NY, US). PCR was performed usingr&ioiScript™ One

Step RTPCR Kit with SYBR® Green (BidRad, Hercules, CA, US).

I mmunofluoresecence

FRC/TEXeells*cultured on cover glasses wéred for 30 minin 4% paraformaldehyde inD
M phosphate“bufferCells were then permeabilized with 0.3% Triton -£00 for1 h, and then
blocked with 10% normal goat serum in PBS with 0.3% TritordOR for 4 h at room
temperature. Primary antibodies used for overnight incubation werecahidin (1:1000) and
anti-ZO1 (1:5000). Secondary antibodies Alexa Fluor 4880@) and Alexa Fluor 594 (1:500)

from Malecular-Probes (Life Technologies) were used for incub&tioah.

Statistical analysis

To examine“the VMR in response to CRD pressures,EM& amplitudes, represented by
calculatingathe AUC, were normalized as percentage of baseline response for the highest
pressure (60 mm Hg) for each rat and then averaged for each group of rats. The effects of stress
and/or lubiproston&reatment on the VMR to CRD was analyzed using a repea¢egures two

way ANOVA followed by Bonferroni postest comparisons. Unpaired Student t test was used to
examine the data for protein, TEERITC-dextranand ChIP assay&esults were expressed as

means 1ISEMyP < 0.05 was considered statistically significant.

Results

Lubiprostone prevented chronic stress-induced visceral hyperalgesiain therat
In our previous studies we demonstrated that chronic WA stress induced visceralgegie

which was &rgely blocked by GR receptor antagonist-&&62" * It is unknown whether
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lubiprostone will have areventativeeffect on chronic stressssociated visceral pain perception.

In this study, we measured body weight gain, fecal pellet output and visceral pénstiessed

rats treated with lubiprostone or MCT vehicléntermittent 10-day WA stress induced a
significantreduction in body weight gain in MGWA stress rat(29.0+2.2 g)during this 1eday
stresgperiodeompared to MCICT rats (43.5+2.8 g) as shown in Figure 1A (P < 0.001:8)=6
Lubiprostone_treatment prevented streshkiced reduction in body weight gain. The average
number-offecal”pellet output during-h stresseach daywas0.78+0.19in MCT-CT rats and it
significantly“increased to 4.1+0.3 in M@WA rats (P < 01). Lubiprostone treatment did not
affect the fecal pellet output compared to M@/RA rats (Figure 1B).In MCT-WA rats,VMR in
response to CB, expressed aBMG activity, increased significantly tb11.6+13.86 from the
control level 64.9+11.96) of MCT-CT ratsat 40 mmHg pressure (P < @;0n=6-8), and
244.3+23.%6 from theMCT-CT level (1000£9.26) at 60 mmHg pressure (P < 0.001; +8)6
respectivelyln WA+Lub rats, VMR was significantly decreasedn®.8+7.3% andl55.6+38.%

at the distention mssures of 40 and 60 mmHgspectively when compared tMCT-WA rat
groups (P s<¢0:05). No differences in VMR to 10 and 20 mmHg distention pressures were
observed in these three animal grogipgure 1C) MCT vehicle did not significantly influence
VMR to CRD at any distention pressure when EMG amplitudes were compared between MCT

CT rats_and“healthy control rats without any treatment (data not shown).

Lubiprostone blocked chronic stress-induced alterations of intestinal epithelial tight junction
proteinsin the rat colon

To testwhether lubiprostondreatment affectsntestinal epithelial tight junctions in chronic
stress we performed quantitative PCR and immunoblot using the acutely harvested rat colon
crypts As:shewn in FigureA, chronic WA stress significantly decreased mRNA levels of
claudind; occludin and GR receptor in the coloyptsin MCT-WA rats compared to MGTCT

rats (P < 0.05); while claudi2 mMRNA was significantly increased (P < 0.05). Lubiprostone
treatment during the stress phagm#icantly increased mRNA levels of occludin and clat@lin

in this WA+Lub rat group compared to MBWVA rats(P < 0.01), to thaimilar levels ofMCT-

CT rats whereas it had modest effects on claudiend GR receptori-urthermore, Western blot
showed thaa WA stressinduced 49.0+11.9% decrease in claudin(P < 0.05), 738+5.8%
decrease in occludi(P < 0.01)and 372+6.3% increase in claudid protein(P < 0.05)in the
MCT-WA rat colon cryptomparedo MCT-CT rats respectively. Treatment witlabiprostone
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significantly prevented the decreases of occlualih not claudinl and increase of claudia
protein in the rat colanThe levels of occludin and clauelhin colon cryptsin WA+Lub rats
were reversed to 84.3:1896 (P < 0.05) and 61.9+6.5% < 0.01)of their corresponding levels
(100%) of MCT-CT rats respectively after lubiprostone treatmeas shown in Figur@B&C.
Consistent.with the quantitative PCR result for claudidubiprostone had a modest reversal

effect on chronic stresaduced down-regulation of claudin-

Effects of lubiprostone on cortisol-induced changes in tight junctions in human colon crypts
and Caco-2/BBE cdlls

To test whether disruption of tight junctions observed in chronically stresdéedcan be
reproduced jin human cells, differentiated Ga@#BBE cells and human colon crypterived
from healthy=gontrols were treated with cortisbhe optinal dose for cortisol treatment was
determinedsby-treating cells with serial concentrations cortisol fér. 26 shown in Figure 3A,
occludin protein decreaséd a dose dependent manimethese cells after cortisol treatment and
the dose of 500.nM cortisol was used for the subsequent experiments. As shown iBB8dLiye
cortisol treatmentinduced53.8+7.5% decrease in claudinP < 0.05), 4%+9.4% decrease in
occludin(P-<:0:05and ncrease 171.3+24.3% in clauef{P < 0.01) compared with the control
groups,respectively in differentiated Cac@/BBE cells after cortisol treatmentubiprostone
significantly “preventedhese changes caused by cortisbhe protein levels of claudinl,
occludinand claudin2 were 125.5+3%, 92.@&5.3%and 191.3+32%, respectively, in cortisel
treatedcells in the presence of lubiprostone compared to their corresponding coretsl Tehe
differences betweenortisol{reatedcells with and withoutlubiprostonewere significant(P <
0.05). As shewn in Figure3D&E, human colon crypts demonstrated 55.7+4.4% decrease in
claudin:L(P=<+0.01), 33.7x9% decrease imccludin (P < 0.05pnd increase 70+13.5% in
claudin-2(P"<"0.01) respectivelyafter catisol treatmentompared with the control grougSo-
treatment witHubiprostone significantly prevented the decreases of cldydiecludin and the
increase of claudi?. The levels of claudid, occludin and claudi2 in lubiprostone and
cortisoltreaed were 73.8+13.1%, 817.04% and 147+8.6% of their corresponding control
levels respectively (R 0.05).

Effects of lubiprostone on paracellular permeability in Caco-2/BBE cells
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In differentiated Cac@/BBE cell monolayers, TEER was measured before and after treatment
with cortisol in the presence and absence of lubiprostone, while-#¢Xan leakiness was
measured after cortisol treatmeavith/withoutlubiprostone. As shown in Figure 4A change of
TEER decreased 24.9+5Q-cnf in Cace2/BBE monolayers after cortisol treatment for 124
whereas itsinreasedl4.8+7.1Q-cnf in the vehicle controls. The difference between these two
groups wasssignificantP < 0.01; n=18 In the presence of lubiproston®,change of TEER
increase®8.4+9.4Q)- cnt in cortisokreated cells, which was significantly different compared to
those without, lubiprostone doeatment (P < 0.001; n=1B Moreover, FITC-dextran
measurementgin the differentiated C&/BBE monolayershowed 40.7+2% increase in the
intensity of4 kDa FITGdextranin the lower chamber of the Transwedlll culturescompared to

the controls (P < 0.01; n=12). Theehancemenwas reducedignificantly t0122.7+4.8% of the
controlby treatment with lubiprostone (P < 0.01; Figure 4B).

L ubiprostone prevented cortisol-induced down-regulation of GR in human samples

We reportedspreviously that GR was dewegulated after cortisol treatment in CE&8BE
cells3* Here'we examined whether lubiprostone treatment altered GR expression. Asishow
Figure 'BA, he proteinlevel of GR in differentiated Cace2/BBE cells was significantly
decreasedio™36.6+4.7% after cortisol treatment for 24 (P < 0.01). Administration of
lubiprostone during cortisol treatment reversed GR expression to 52.6x£7.5% of the untreated
level (P <.0.05). Similarly, GR protein expression decreased 64.1+5.3%utely harested
human colenscryis after cortisol treatment for 2& (P < 0.01)as shown in Figure 5B
Lubiprostone._significantly reversed GR protein level to 113.5+10.9% of the wureantrol (P

< 0.01). In addition, we examined GR protein levels in colon crypta rats subjected to 10
day WA stress withwithout lubiprostone. As shown in Figure 5C, GR protein was significantly
decreased in_colon crypts in M&VA rats compared to MGCT rats (P < 0.001; n=5).
Lubiprostone treatment partially reservé® proteinlevel (to 70.6+21.5%in WA+Lub group
compared_tahe level 0f40.1+14.4% in MCTWA group. The difference between these two

groups wassnot significant (P = 0.137; n=5).

L ubiprostone reversed cortisol-induced down-regulation of GR co-chaperons
We examined GR chaperon proteins in differentiated QABBE cells to test the hypothesis

that GR functioncan beregulated by lubiprostone. As shown in Figure 6, both cortisol and
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lubiprostone did not alter the levels of GR chaperon proteins Hsp90 and Hsp70. In contrast, GR
co-chaperon proteing23 and FKBP5 were significantly decreased to 40.7+6.6% (P < 0.01) and
79.8+10.5% (P < 0.05) of the control levels, respectively, in €acells treated by cortisol.
Lubiprostone cdreatment significantly blocked cortisimiduced dowrregulation of p23 and

FKBP5, suggesting the regulatory effect of lubiprostone on GR expression and function.

L ubiprostoneinhibited cortisol-induced decrease in GR binding to occludin gene promoter

Next, wentested whether the binding of GR, as a positive transcription faztocGcludin
promoter regiens was affected by cortisol and lubiprestéds shown inFigure 7A, ChIP
analysis revealethat thebinding of GR proteinto occludingenepromoter regiorwas decreased
in colon cryptan MCT-WA ratscomparedo MCT-CT rats Treatment withuibiprostone during
the stress_phase prevented the decreaseRobinding to the occludin promoter, which is
consistent with/the effect of lubiprostone on chronic stresisced dowrregulation of occludin
protein expression in the rat coldn.differentided Cace2/BBE cells, the relative amount of GR
binding to"occludin promoter decreased substantially treated by cortisol comprednirols.
Lubiprostane treatment prevented the decrease of GR binding to the occludin proansesd

by cortisol administration as shown in Figui. 7

L ubiprostene prevented corticosterone-induced alterations of GR chaperon protein in the rat
colonic cells

In rat colonic FRC/TEX cells, occludin expression and localization was sigmiiycdisrupted

after corticosteron&reatment and this change was prevented by lubiprostone treatment (Figure
8A). In contrast, ZGL expression and localization were not altered by cortisol treatent.
shown in(Figure8B, GR protein level was decreased in corticostetoreted FRC/TEX dbs

which was largely reversed by lubiprostpmenereasVIR was not affected by corticosterone
Corticosterone.had no significant effect on GR chaperon protgiB0B, but decreased protein
levels of GRco-chaperon protesp23 and FKBP5. Lubiprostone treatment malized the

down-regulation of p23 and FKBP5 in these cells.

Discussion
In this study werevealeda novel role for lubiprostont ameliorate stressiduceddisruption of
intestinal epithelial tight junction protein expression and function inddlent and human colon
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that was associated withegulation of GR receptor expression and functionOur data
demonstratehat lubiprostone prevenichronicWA stressinduced down-gulation ofoccludin

and upregulation ofclaudin?2 in rat colon cryptsind significantly reducedisceral hyperalgesia
observedn thestressed rats. Stregslucedalterations otlaudin-1, claudin-2 and occludivere
reproducedn.Cace2/BBE cellsandcontrol human colon crypts treated with cortjsol agonist

for GR receptarLubiprostone blocked these changes and prevented contkaled epithelial
barrier dysfunction in Cac@/BBE monolayersFurthermore GR expression was decreased in
cortisoltreated“Cac@/BBE cells and human colon crypts, which was largely reversed by
lubiprostone. ChiRjPCRassay revealethat lubiprostone normalized decreasé® binding at
occludin prometer regionnder stress conditions addition,GR and its cechaperon proteins
p23 and FKBP5 were dowmegulated after corticosterone treatment in rat colonic cells and

lubiprostone preventdtiese changes.

Intestinal epithelial tight junction protein claudins have two different functional
subcategorigaffecting paracellular permeabilit®ne type of claudins, such as claudimact as
“sealing” molecules which tighten the paracellular pathway against ions and larger solutes and
maintain_the_integrity of the paracellular tight junctiomish other tigh junction proteins, i.e.
occludin Disruption of these claudirend occludinexpressiordecreases transepithelial electric
resistanc FEER) and increases paracellular permeability. The other type of claudins, such as
claudin2, function as “pordorming” molecules which enhance paracellular permeability in a
chargeseleétive fashiof> *” For example, claudit contributes to maintaining a high TEER in
cell culturé models and isdispensable for creating and maintaining the epidermal b&triér.

In contrast, oveexpression of claudi@ induces lower transepithelial resistance in kidoels

and increases paracellular permeabffity’ In our study, we observed that chronic WA stress
inducedsthe=reduction the protein levels of clautliand occludin and increase in the protein
level of claudn-2 in colonic epithelium in rats. This is consistent with our previous report that
corticosterone induced dowegulation of tight junction proteins and increase in colon epithelial
permeability|in the ral and that chronic stress resulted in impairment of intestinal barrier
function and Visceral hyperalgesia’ It has been reported that claudinwhich is sensitive to
stressful conditions, is involved in paracellular water transport and coesil2880% of the
total water transport in proximal kidney tubufés’® The expression of poferming claudin2

could be induced byumor necrosis factemeuropeptide Y“crosstalk” in vitro which was
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associated with increased epithelial peaility in inflammation?* In normal colon, claudi? is
highly expresad in the crypt bottom containing the undifferentiated and proliferative
colonocytes® However, the detailed function of claueinin the colon is largely umown,
particularly under chronic stress conditions. We hypothesize that chronic-isthesed up
regulation _of,claudi¥?2 in the colon can lead to increased water secretion and epithelial
permeabilityand that prevention of claudihincrease by lubiprostone can normalize chronic
stressinduceddisruption ofintestinal barrier function.Ilt has been reported thaiaadin-2 is
increased“if"the jejunum in IBS with diarrf®asupportingan important role of this tight

junction protein‘in regulation aftestinalbarrier function.

In our previous study, we observed significaiecreasen GR receptor expressiom
colon epithelial cells in the stressed and corticostet@ated ratswhichwaslargely blocked by
corticoid receptor antagonist R&86° In this study, we further demonstrated that GR protein
was downrregulated in differentiated Ca@BBE cells and normal human colon crypts after
cortisol treatmenthatwas associated with increased pattatar permeability, suggesting a role
for GR in modulation of tight junction protein expression and function. These reselts ar
consistent with other studies usingviitro cell lines?” * Our ChIRqPCR analysis showed that
GR could direetly bind to occludin promoter and this GR binding was decreased indhe col
crypts in-WAsstressed rats, indicating a direct regulatory role of GR, as a positigeription
factor, for occludin transcription and expressiBestoration of GR protein by lubiprostone thus
reserved the"decrease in GR transcriptional binding to occludin promoteedhdy chronic
stressincreased occludin transcription and exprassand subsequently normalizpdracellular
permeability.Similar regulatory role of GR for claudih was reported in our recent stuly.
Interestingly,chronic stressnduced decrease in GR expression was prevented by lubiprastone
Caco2/BBE=cells and human colon crypts, but not in chronic WA stressnoatel which
showed a modest effe@ne possible explanation is the complexityirolivo rat stress model
compared tdhe relatively simplen vitro model usingculturedcells/crypts Adrenocorticotropic
hormone; at systemic level, and several neuropeptides, at local level, can be released in the
animal model under chronic stress conditions, which maglulate GR transcriptional binding
to occludin anctlaudind promoter egionsin the presence of lubiprostone. Second, we observed
large variability in dowrregulation of GR protein in stressed rats and in stressed rats treated

with lubiprostone. The difference in baseline levels of GR recetgbtt, junction proteins and
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their epigenetic regulatory status in healthy control rats, including DNA meibtylat gene
promoter regions, may contribute to the differential effects observediimals subjected to
chronic stress and lubiprostone treatmédnirther studies are needed to dissect the detailed
regulatory_pathways in stress atimt are involved in radation of differential restoration of

disrupted epithelial tight junction proteins by lubiprostone.

Like'many“signaling proteins, the function of GR depends on the coordination of Hsp90
and Hsp70 chaperone cycles. Full recovery of ligand binir@gR requires ATP hydrolysis on
Hsp90 andsthe Hop and p23-cbaperone$’ In our study, both Hsp90 and Hsp70 were not
affected by.GR agonist, cortisol/corticosterone, in CABBE and FRC/TEX cells. However,
p23 expression was significantly dowegulated in the colon epithelial cells in stressed rats and
colonic cell lines trated with glucocorticoids, suggesting the recovery of GR ligand binding was
significantly_incapacitated under chronic stress condititmsaddition, FKBP5, a Hsp90 €o
chaperon gthat“tegulates GR functf@nyas decreased in glucocorticdieatedcolonic cells
This resultis“consistent with the previous report that FKBP5 links to the development of
posttraumatic stress disorder (EY)Sand was found to be less expressed in PT¥SIhese data
strongly_suppora function of FKBP5 as a modulator of the response to stressful life evesats. It i
very likely that, FKBP5 functions in chronic stress through its action in régstance and
translocatiodt"~Accordingly, downrregulation of GRalteredthe transcription and expression of
epithelial tight junction proteinand disrupted barrier function under chronic stress conditions
and subsequently induced visceral hyperalgesia in stressed animals. However, the exac
mechanism underlyingow these c@haperones modulatéR ligand binding and translocation

to the nucleusn colon epithelial cellg chronic stressemains to be elucidated.

It"has'been reported that lubiprostongraficantly improves symptoms in patients with
chronic constipatiott and is more effective than placebo in improving abdominal pain or
bloating in IBS patientsiith constipatiorr® The signal transduction pathway includes activation
of CIC-2 channels resulting in a chloridieh fluid secretion, activation girostaglandin E type
receptorsmwith increase in mucus/fluid secretion, and restitution of epithelial cell barrier
properties™ % *! The currenstudy demonstratehatlubiprostonesignificantly reduced chronic
stressinduced visceral hypalgesia in the ratwhich is consistent with the effects reported in

IBS patients>® This beneficial effect of lubiprésne most likely contributes to the prevention of
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chronic stresénduced changes in epithelial tight junction proteins including claigahaudin2

and occludin, and subsequent recovery of paracellular permeability innbatto andin vitro
models.Importantly, our study further demonstrated a novel role for lubiprostone to regulate
epithelial barrier function through modulation of GRpression and functiorLubiprostone
significantlypreventeddownregulated of GR cahaperones including p23 and FKBP5 induced

by chroni¢,stress, suggesting a signaling modulation through GR ligand binding recovery and
nucleus‘translocation. The prevention of denegulation in GR results in reconstitution of GR
binding to*tight‘junction gene promoter regions and increapéhbelial celltight junction gene
transcription, protein expression, ahérebyrestorespithelialcell barrier integrity and function.

On the othershand, heat shock proteivere beenrepoted to regulate chloride channel
expressionvand functioti.Recovery of p23 and FKBP5 by lubiprostone may, theegfead to
enhancement of chloride channel activity and fluid secretion to reduce chrosgirsiteed
symptoms.In_our study, we cannot exclude the possibility that lubiprostone may also directly
activate CIG2 chloride channefd >*since lubiprostone was gavadelivered in rat models and
administrated=in the inner chamber of transwell cultures of -Qaw#ls.However, the fact that
lubiprostone ‘does not affect fecal lpeloutput in stressed rates not suppothe involvement

of direct agctivation of CI€ channelsn this animal model It is notevorthy that GR ce
chaperonep23 is also identified as prostaglandin E synthase 3, a cytosolic prastagia
synthase. The recovery of the expression and function of this prostaglandin E synthase may
increase the production of prostaglandin E2, activate prostaglandin EP reaaplodown

stream signaling pathways that promioitestinal epithél restoratiorr”

In summary, our results support the novel condegit lubiprostone has a protective role
in chronic stresgnducedimpairmentin intestinal epithelial cell tight junction protein expression
and function=resulting in visceral hyperalgesia. These actions of lubiprostonarafpéde
attributable tothe preventiorof stressinduced disruption ointestinal epithelial tight junction
protein expression and maintenance of intestinal barrier funatisociated wittmodulation of
GR receptorexpression and functio®R, acting as a positive transcription tactor claudinl
and occludin, regulates tight junctigenetranscription and expression. Chronic stieskiced
down+egulation of GR receptor, therefoleads toGR-mediateddecreases itight junction
proteins claudifl and occludinand increase in aldin2, resulting inincreased paracellular

permeability in animal models and cell lines. Lubiprostone treatment significantly prevents

This article is protected by copyright. All rights reserved



stressinduced dowrregulation of GR receptor and its chaperone proteins, wirnaimotes the
recovery of GRmediated rgulation of tight junction protein expressipnparacellular
permeability and visceral pain perceptiofhese observations may help guide future drug
development in this area by providing a rationale to target pathways that prtheent

impairment.and/or promote restoration in intestinal epithelial cell tight junction protein

expressiomand functiorAcknowledgments

This study,was supported by grants RO1 DK098203WW and R21 AT009253% JWW and

SH from the "National Institutes of Healtthy Takeda Pharmaceutical Co., Ltd., and by
Pilot/Feasibility grant to SH from the University of Michigan Center for Gastrointestinal
Researchl{NIH grant P30 DK34933).

Author Contributions

Ye Zong and=-Shuangsong Hong planned and designed the study; Shutian Zhang and John W
Wiley provided assistance for experiment planning @ai# interpretationYe Zong, Shengtao
Zhu and-Gen Zheng conducted experiments; Ye Zong and Shuangsongrtdatyrgd the data,

wrote and.revised the article, and all authors contributed to review of the mpnuscr

CompetingTnterests: the authors have no competing interests

Abbreviations:

ChIP: chromatin immunoprecipitation; G chloride channel type 2; CRD: colorectal
distention; EMG:electromyography; FITC: Fluorescein isothiocyanate; FKBP5: FK506 binding
protein 5; GRisglucocorticoid receptor; GRE: glucocorticoid response eleriisutsheat shock
protein; I1BS: irritable bowel syndrome; Lub: lubiprostoM@R: mineralaorticoid receptor;
TEER: transepithelial electrical resistance; VMR: visceral motor response; WA: waittarasa

Z0O-1: Zonula occludens-1.

References

This article is protected by copyright. All rights reserved



10.

11.

12.

Lovell RM, Ford AC. Global prevalence of and risk factors for irritable bowel syndrome: a
meta-analysis. Clin Gastroenterol Hepatol 2012;10:712-721 e4.

Aziz |, Tornblom H, Palsson OS, et al. How the Change in IBS Criteria From Rome Il to
Rome IV Impacts on Clinical Characteristics and Key Pathophysiological Factors. Am J
Gastroenterol 2018.

Lacy BE, Patel NK. Rome Criteria and a Diagnostic Approach to Irritable Bowel
Syndrome. J Clin Med 2017;6.

Vivinus-Nebot M, Dainese R, Anty R, et al. Combination of allergic factors can worsen
diarrheig, irritable bowel syndrome: role of barrier defects and mast cells. Am J
Gastroenterol 2012;107:75-81.

Zhou @,"Zhang B, Verne GN. Intestinal membrane permeability and hypersensitivity in
the irritable bowel syndrome. Pain 2009;146:41-6.

Piche T, Barbara G, Aubert P, et al. Impaired intestinal barrier integrity in the colon of
patients with irritable bowel syndrome: involvement of soluble mediators. Gut
2009;58:196-201.

Chang L.sThe role of stress on physiologic responses and clinical symptoms in irritable
bowel'syndrome. Gastroenterology 2011;140:761-5.

Kelly-dRs=Kennedy PJ, Cryan JF, et al. Breaking down the barriers: the gut microbiome,
intestinaly permeability and stress-related psychiatric disorders. Front Cell Neurosci
2015;9:392.

Zheng G, Wu SP, Hu Y, et al. Corticosterone mediates stress-related increased
intestinals permeability in a region-specific manner. Neurogastroenterol. Motil
2013;25:¢127-e139.

Xu DyGao J, Gillilland M, 3rd, et al. Rifaximin alters intestinal bacteria and prevents
stress-induced gut inflammation and visceral hyperalgesia in rats. Gastroenterology
2014;146:484-96 e4.

Langhorst J, Junge A, Rueffer A, et al. Elevated human beta-defensin-2 levels indicate
an activation of the innate immune system in patients with irritable bowel syndrome. Am
J Gastroenterol 2009;104:404-10.

Dunlop SP, Hebden J, Campbell E, et al. Abnormal intestinal permeability in subgroups
of diarrhea-predominant irritable bowel syndromes. Am J Gastroenterol 2006;101:1288-
94.

This article is protected by copyright. All rights reserved



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wiley JW, Higgins GA, Athey BD. Stress and glucocorticoid receptor transcriptional
programming in time and space: Implications for the brain-gut axis. Neurogastroenterol
Motil 2016;28:12-25.

Cattaneo A, Riva MA. Stress-induced mechanisms in mental illness: A role for
glucocorticoid signalling. J Steroid Biochem Mol Biol 2015.

Kirschke E, Goswami D, Southworth D, et al. Glucocorticoid receptor function regulated
by coordinated action of the Hsp90 and Hsp70 chaperone cycles. Cell 2014;157:1685-
97.

Pratt, WB, Morishima Y, Murphy M, et al. Chaperoning of glucocorticoid receptors.
Handb Exp Pharmacol 2006:111-38.

Binder/EB. The role of FKBP5, a co-chaperone of the glucocorticoid receptor in the
pathegenesis and therapy of affective and anxiety disorders. Psychoneuroendocrinology
2009;34 Suppl 1:5S186-95.

Grad I, Picard D. The glucocorticoid responses are shaped by molecular chaperones.
Mol Cell Endocrinol 2007;275:2-12.

Blair_LJ, sSabbagh JJ, Dickey CA. Targeting Hsp90 and its co-chaperones to treat
Alzheimer's disease. Expert Opin Ther Targets 2014;18:1219-32.

Liu=TS;=Musch MW, Sugi K, et al. Protective role of HSP72 against Clostridium difficile
toxin Asinduced intestinal epithelial cell dysfunction. Am J Physiol Cell Physiol
20083;284:C1073-82.

Matsuo K, Zhang X, Ono Y, et al. Acute stress-induced colonic tissue HSP70 expression
requiress=commensal bacterial components and intrinsic glucocorticoid. Brain Behav
Immun 2009;23:108-15.

BaoHFyLiu L, Self J, et al. A synthetic prostone activates apical chloride channels in A6
epithelial cells. Am J Physiol Gastrointest Liver Physiol 2008;295:G234-51.

Lacy BE, Chey WD. Lubiprostone: chronic constipation and irritable bowel syndrome
with constipation. Expert Opin Pharmacother 2009;10:143-52.

Simren M, Tack J. New treatments and therapeutic targets for IBS and other functional
bowel disorders. Nat Rev Gastroenterol Hepatol 2018.

Nighot PK, Blikslager AT. Chloride channel CIC-2 modulates tight junction barrier
function “via intracellular trafficking of occludin. Am J Physiol Cell Physiol
2012;302:C178-87.

This article is protected by copyright. All rights reserved



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Moeser AJ, Nighot PK, Engelke KJ, et al. Recovery of mucosal barrier function in
ischemic porcine ileum and colon is stimulated by a novel agonist of the CIC-2 chloride
channel, lubiprostone. Am J Physiol Gastrointest Liver Physiol 2007;292:G647-56.

Hong S, Fan J, Kemmerer ES, et al. Reciprocal changes in vanilloid (TRPV1) and
endocannabinoid (CB1) receptors contribute to visceral hyperalgesia in the water
avoidance stressed rat. Gut 2009;58:202-210.

Hayashi S, Kurata N, Yamaguchi A, et al. Lubiprostone prevents nonsteroidal anti-
inflammatory drug-induced small intestinal damage by suppressing the expression of
inflammatory mediators via EP4 receptors. J Pharmacol Exp Ther 2014;349:470-9.

Hong S,/ Zheng G, Wiley JW. Epigenetic regulation of genes that modulate chronic
stress-induced visceral pain in the peripheral nervous system. Gastroenterology
2015;148:148-157 e7.

Ferruzza'S, Rossi C, Scarino ML, et al. A protocol for differentiation of human intestinal
Caco-2 cells in asymmetric serum-containing medium. Toxicol In Vitro 2012;26:1252-5.
Pories SE, Weber TK, Simpson H, et al. Immortalization and neoplastic transformation of
normal_rat colon epithelium: an in vitro model of colonic neoplastic progression.
Gastroenterology 1993;104:1346-55.

Cha=MGCs:Lin A, Meckling KA. Low dose docosahexaenoic acid protects normal colonic
epithelialcells from araC toxicity. BMC Pharmacol 2005;5:7.

Dame:MK, Jiang Y, Appelman HD, et al. Human colonic crypts in culture: segregation of
immunochemical markers in normal versus adenoma-derived. Lab Invest 2014;94:222-
34.

Zheng G, Victor Fon G, Meixner W, et al. Chronic stress and intestinal barrier
dysfunction: Glucocorticoid receptor and transcription repressor HES1 regulate tight
junction protein Claudin-1 promoter. Sci Rep 2017;7:4502.

Hong S, Zheng G, Wu X, et al. Corticosterone Mediates Reciprocal Changes in CB 1
and TRPV1 Receptors in Primary Sensory Neurons in the Chronically Stressed Rat.
Gastroenterology 2011;140:627-637.

Overgaard CE, Daugherty BL, Mitchell LA, et al. Claudins: control of barrier function and
regulation in response to oxidant stress. Antioxid Redox Signal 2011;15:1179-93.

Jin Y, Blikslager AT. CIC-2 regulation of intestinal barrier function: Translation of basic
science to therapeutic target. Tissue Barriers 2015;3:e1105906.

Oliveira SS, Morgado-Diaz JA. Claudins: multifunctional players in epithelial tight
junctions and their role in cancer. Cell Mol Life Sci 2007;64:17-28.

This article is protected by copyright. All rights reserved



39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

Inai T, Kobayashi J, Shibata Y. Claudin-1 contributes to the epithelial barrier function in
MDCK cells. Eur J Cell Biol 1999;78:849-55.

Gunzel D, Fromm M. Claudins and other tight junction proteins. Compr Physiol
2012;2:1819-52.

Furuse M, Furuse K, Sasaki H, et al. Conversion of zonulae occludentes from tight to
leaky strand type by introducing claudin-2 into Madin-Darby canine kidney | cells. J Cell
Biol 2001;153:263-72.

Wilmes A, Aschauer L, Limonciel A, et al. Evidence for a role of claudin 2 as a proximal
tubular stress responsive paracellular water channel. Toxicol Appl Pharmacol
2014;279:163-72.

Rosenthal R, Gunzel D, Theune D, et al. Water channels and barriers formed by
claudins®Ann N Y Acad Sci 2017;1397:100-109.

Chandrasekharan B, Jeppsson S, Pienkowski S, et al. Tumor necrosis factor-
neuropeptide Y cross talk regulates inflammation, epithelial barrier functions, and colonic
motility. Inflamm Bowel Dis 2013;19:2535-46.

Ahmad R; Kumar B, Pan K, et al. HDAC-4 regulates claudin-2 expression in EGFR-
ERK1/2 dependent manner to regulate colonic epithelial cell differentiation. Oncotarget
2017;8:87718-87736.

Martinez»C, Rodino-Janeiro BK, Lobo B, et al. miR-16 and miR-125b are involved in
barrierssfunction dysregulation through the modulation of claudin-2 and cingulin
expression in the jejunum in IBS with diarrhoea. Gut 2017;66:1537-1538.

Kelly»=SP, Chasiotis H. Glucocorticoid and mineralocorticoid receptors regulate
paracellular permeability in a primary cultured gill epithelium. J Exp Biol 2011;214:2308-
18.

Felinski EA, Cox AE, Phillips BE, et al. Glucocorticoids induce transactivation of tight
junction genes occludin and claudin-5 in retinal endothelial cells via a novel cis-element.
Exp Eye Res 2008;86:867-78.

Wochnik GM, Ruegg J, Abel GA, et al. FK506-binding proteins 51 and 52 differentially
regulate.dynein interaction and nuclear translocation of the glucocorticoid receptor in
mammalian cells. J Biol Chem 2005;280:4609-16.

Yehuda R, Cai G, Golier JA, et al. Gene expression patterns associated with
posttraumatic stress disorder following exposure to the World Trade Center attacks. Biol
Psychiatry 2009;66:708-11.

This article is protected by copyright. All rights reserved



51. Johanson JF, Morton D, Geenen J, et al. Multicenter, 4-week, double-blind, randomized,
placebo-controlled trial of lubiprostone, a locally-acting type-2 chloride channel activator,
in patients with chronic constipation. Am J Gastroenterol 2008;103:170-7.

52. Chang L, Chey WD, Drossman D, et al. Effects of baseline abdominal pain and bloating
on response to lubiprostone in patients with irritable bowel syndrome with constipation.
Aliment Bharmacol Ther 2016;44:1114-1122.

583. Peng YJ, Huang JJ, Wu HH, et al. Regulation of CLC-1 chloride channel biosynthesis by
FKBP8 and Hsp90beta. Sci Rep 2016;6:32444.

54. Cuppoletti J, Blikslager AT, Chakrabarti J, et al. Contrasting effects of linaclotide and
lubiprostone on restitution of epithelial cell barrier properties and cellular homeostasis
after'exposure to cell stressors. BMC Pharmacol 2012;12:3.

55. MiyoshiH, VanDussen KL, Malvin NP, et al. Prostaglandin E2 promotes intestinal repair
through an adaptive cellular response of the epithelium. EMBO J 2017;36:5-24.

Figure Legends

Figure 1. Effectsof lubiprostone (Lub) on chronic WA stress-induced visceral hyperalgesia

in the rate=(A)=Body weight gain after Hday WA or SHAM stress in rats treated with
lubiprostoneor MCT vehicle (B) Averaged number of fecal pellet output durindy WA or

SHAM stress period in MGCT, MCT-WA and WA+Lub rat group(C) EMG amplitude,
expressed a&UC of the VMR to CRD, was significantly increased followingd&y WA stress
compared_with, the controls. Lubiprostone treatment largely prevented WA -isulessd
increase.in, VMR to CRD at 40 and 60 mmHg pressures. Data are expressed as mean + SEM, n =
6-8 in each=group. **, P < 0.01; ***, P < 0.001 ICT-WA rats compared to ttdCT-CT rats.

#, P <0.05 for lubiprostondreated stressed raid/A+Lub) compared toMCT-WA rats without
lubiprostone treatment.

Figure 2. Lubiprostone treatment differentially altered epithelial tight junction protein
expression in the rat colon in chronic stress. (A) Quantitative PCR analysis of the expression

levels of tight junction genes including claudinclaudin2 and occludin and the expression of
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GR receptor in colon crypts ®iCT-WA rats compared to MGTT rats in the presence and
absence of lubiproston€éB) Immunoblot for detection of claudih, claudin2 and occludin
proteins in the colon crypisa MCT-CT, MCT-WA and WA+Lub rats. (C) Bar graph depicting
the relative protein levels of claudin claudin2 and occludin inWA+Lub rats compared to
MCT-WA rats.andMCT-CT rats n = 46 of each group. *, P <0.05; **, P < 0.01 ddCT-WA
rats comparedto MGTT rats #, P <0.05; ##, P < 0.01 foYA+Lub rats compared tMCT-

WA rats'without lubiprostone treatment.

Figure 3. Differential effects of cortisol and lubiprostone on tight junction proteins in
differentiated.«Caco-2/BBE cells and acutely harvested human colon crypts. (A) Dose
response effect of cortisol treatment1(@0 nM; 24h) on occludin expression in Ca2éBBE

cells. (B) Differential changes of clauiid claudin2 and occludin in Cae@/BBE cells treated

by 500 nM _cortisol for 24 in the presence and absence of lubiprostone (100 nM). (C) Statistical
analysis of“tight junwon protein levels in Cac@/BBE cells after cortisol and lubiprostone
treatment™(D)Immunoblots for tight junction proteins in acutely harvested colon crypts from
healthy cantrol patients after treatment with cortisol (500 nM) and/or lubiprostone (100 nM) for
24 h (E). Statistical analysis showed differential effects of cortisol on clalidataudin2 and
occludin protein expression in human colon crypts with/without lubiprostone treatment4n = 3
* P < 0:05;**:P < 0.01 for cortisol treatment compared to the controls. #, P <0.05; ##, P < 0.01

for cortisol and lubiprostontreated cells compared to the cortis@lated cells.

Figure 4. “Paracellular permeability measurements in differentiated Caco-2/BBE
monolayers in the presence and absence of cortisol and lubiprostone. (A) The A changes of
transepithelial_electrical resistance (TEER) before and after treatment with cortisol (500 nM
and/or lubiprestone (100 nM) for 24in Cace2/BBE cellscultured in Transwells for 21 days

= 18.(B) FITC=dextran(4 kDa) permeability measurement in-@4y cultured Cac@/BBE cells

after 500.nM cortisol treatment for 24n the presence and absence of lubiprostone (100 nM).
=12. ** P <01 for cortiselreated cells compared to the controls. #, P <0.05; B#40.001

for cortisol and lubiprostonreated cells compared to the cortiselated cells.
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Figure 5. Effects of lubiprostone on GR receptor protein expression in differentiated Caco-
2/BBE cells, human colon crypts and stressed rats. (A) Protein expression of GR receptor in
21-day cultured Cac@/BBE cells treated by cortisol (500 nM) and lubiprostone (100 nM) for 24
h. (B) Cortisol treatment (500 nM; 29 significantly decreased GR protein level in human colon
crypts. Lubiprostone (100 nM) prevented cortismuced dowrregulation of GR receptofC)

GR protein_expression in colon crypts isolated from MCTI, MCT-WA and WA+Lub rat
groups.n =35:** P < 0.01 for cortisetreated group compared to the controls. ***, P < 0.01
for MCT-WA"rats compared to MCICT rask. #, P <0.05; ##, P < 0.01 for cortisol and

lubiprostone-treated group compared to the cortisol-treated group.

Figure 6. Differential effects of cortisol and lubiprostone on the alterations of GR chaperon
proteins in differentiated Caco-2/BBE cells. (A) Immunoblots for probing the express levels of
GR chaperon and echaperon proteins including Hsp90, Hsp70, p23, and FKBP5 -dag1
cultured Cace2/BBE cells in the presence and absence of cortisol (500 nMh)24nd
lubiprostone (100 nM; 24). (B) Statistical bar graph showed that cortisol treatment decreased
p23 and FKBP5 in Cae®/BBE cells and lubiprostone treatment largely blocked down
regulation of+p23 and FKBP5 induced by cortisol. n = 3. * P < 0.05; **, P < 0.01 for certisol
treated cells compared to the controls. #, P <0.05; ##, P < 0.01 for cortisol and lubiprostone

treated group compared to the cortisol-treated group.

Figure 7..Chromatin immunoprecipitation (ChIP) followed by PCR analysis for
transcription.factor GR binding to occludin promoter regions in rat colon crypts and
differentiated“Caco-2/BBE cells. (A) ChIP using antiGR antibody followed by PCR for
occludin promaoter in colon cryptsolatedfrom MCT-CT, MCT-WA, WA+Lub rats PCR neg:

no input DNA; ChIP neg: ChIP with normal rabbit 1gG. Input: 4% input DNA from relevant rat
crypt samples for normalization. (B) ChIP and PCR analysis of GR binding to occladiotpr
region in differentiated Cae®/BBE cells treated by cortisol (500 nNbr 24 hin the presence

and absence of lubiprostone (100 nM).
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Figure 8. Effects of corticosterone (CORT) and lubiprostone on occludin, GR and GR
chaperon proteinsin rat colonic FRC/TEX célls. (A) Immunofluorescence for occludin and
Z0O-1 expression in FRC/TEX cells treated by corticosterone (500 nM) farik4he presence

and absence of lubiprostone (100 nM). The expression and localization of occludin B0t hot

was significantly disrupted inocticosterondreated cells compared to the controls. Lubiprostone
largely reversed this change. (B) Immunoblots for GR, MR and GR chaperon proteins Hsp90,
p23 and 'FKBP5 in 500 nM corticosteremmeated FRC/TEX cells for 24 with/without
lubiprostone{(100 nM). n = 3.
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