Journal Pre-proof

P-glycoprotein activation by
1-(propan-2-ylamino)-4-propoxy-9H-thioxanthen-9-one (TX5) in
rat distal ileum: Ex vivo and in vivo studies

Carolina Rocha-Pereira, Carolina Inés Ghanem, Renata Silva,
Alfredo G. Casanova, Margarida Duarte-Aratjo, Salomé
Gongalves-Monteiro, Emilia Sousa, Maria de Lourdes Bastos,
Fernando Remiao

PII: S0041-008X(19)30440-5

DOI: https://doi.org/10.1016/j.taap.2019.114832
Reference: YTAAP 114832

To appear in: Toxicology and Applied Pharmacology
Received date: 4 September 2019

Revised date: 14 November 2019

Accepted date: 16 November 2019

Toxicology

and Applied
Pharmacology

Please cite this article as: C. Rocha-Pereira, C.I. Ghanem, R. Silva, et al., P-glycoprotein
activation by 1-(propan-2-ylamino)-4-propoxy-9H-thioxanthen-9-one (TXS) in rat distal
ileum: Ex vivo and in vivo studies, Toxicology and Applied Pharmacology (2019),

https://doi.org/10.1016/j.taap.2019.114832

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers

that apply to the journal pertain.

© 2019 Published by Elsevier.


https://doi.org/10.1016/j.taap.2019.114832
https://doi.org/10.1016/j.taap.2019.114832

P-GLYCOPROTEIN ACTIVATION BY 1-(PROPAN-2-YLAMINO)-4-PROPOXY-9H-THIOXANTHEN-9-
ONE (TX5) IN RAT DISTAL ILEUM: EX VIVO AND IN VIVO STUDIES

Carolina Rocha-Pereira®®, Carolina Inés Ghanem®, Renata Silva’, Alfredo G. Casanova‘,

Margarida Duarte-Araujod, Salomé Goncalves-Monteiro®, Emilia Sousa’, Maria de Lourdes

Bastos®, Fernando Remido®

Affiliations:

® UCIBIO/REQUIMTE, Laboratério de Toxicologia, Departamento de Ciéndas Bioldgicas, Faculdade de Farmdcia,
Universidade do Porto, Rua Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal. Carolina Rocha-Pereira
(mcamorim@ff.up.pt); Renata Silva (rsilva@ff.up.pt); Maria de Lourdes Bastos ,mlbastos @ff.up.pt); Fernando
Remido (remiao@ff.up.pt)

® Institutode Investigaciones Farmacoldgicas (ININFA) Facultad de Farme ¥ayF ioquimica. Universidad de Buenos
Aires. CONICET. Buenos Aires, Argentina. cghanem@ffyb.uba ..

“Unidad de Toxicologia, Departamento de Fisiologia y Farmacol~gia. Universidad de Salamanca. Instituto de
Investigacidén Biomédica de Salamanca (IBSAL), 37007 S.la nanca, Spain. alfredogcp@usal.es

d LAQV/REQUIMTE, De partamento de Imuno-Fisiol~ ... e F."macologia, Institutode Ciéncias Biomédicas de Abel
Salazar (ICBAS), Universidade do Porto, Rua 'orge Viterbo Ferreira, 228, 4050-313 Porto, Portugal.
mdcma@icbas.up.pt

¢ LAQV/REQUIMTE, Laboratériode Farmacolc 7ia, Departamento de Ciéncias do Medicamento, Faculdade de
Farmacia, Universidade do Pcrto, Rua Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal.
salomegmonteiro@hotmail.com

fCIIMAR, Laboratériode Qu‘ nica Irganica e Farmacéutica, Departamento de Ciéncias Quimicas, Faculdade de
Farmacia, Universidade do . ~rto, Rua Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal. esousa @ff.up.pt
@Corresponding Author: Carolina Rocha-Pereira (mcamorim@ff.up.pt)

UCIBIO/REQUIMTE, Laboratério de Toxicologia, Departamentode Ciéncias Bioldgicas, Faculdade de Farmacia,
Universidade do Porto, RuaJorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal. Telephone: +351 220 428 500
Abbreviations: ABC, ATP-binding cassette; AUC, area underthe curve; BBM, brushborder membranes; b.w., body
weight;ip, intraperitoneal; MDR-1, multidrug resistance protein-1; P-gp, P-glycoprotein; RHO 123, rhodamine 123;

TXs, thioxanthones; TX5, 1-(propan-2-ylamino)-4-prop oxy-9H-tioxanthen-9-one.

ABSTRACT



In vitro studies showed that 1-(propan-2-ylamino)-4-propoxy-9H-thioxanthen-9-one (TX5)
increases P-glycoprotein (P-gp) expression and activity in Caco-2 cells, preventing xenobiotic
toxicity. The present study aimed atinvestigating TX5 effects on P-gp expression/activity using
Wistar Han rats: a) in vivo, evaluating intestinal P-gp activity; b) ex vivo, evaluating P-gp
expression in ileum brush border membranes (BBM) and P-gp activity in everted intestinal
sacs; ¢) ex vivo, evaluating P-gp activity in everted intestinal sacs of the distal and proximal
ileum. TX5(30 mg/kg, b.w.), gavage, activated P-gp in vivo, given the significant decrease in the
AUC of digoxin (0.25 mg/kg, b.w.). The efflux of rhodamine 123290 uM), a P-gp fluorescent
substrate, significantly increased in TX5-treated everted sacs fro.~ “he distal portion of the rat
ileum, when P-gp activity was evaluated in the presence « ¢ TX5 (20 uM), an effect abolished by
the P-gpinhibitor verapamil (100 uM). Noincreases on 2-5p expression or activity were found
in TX5-treated BBM of the distal ileum and evert 2¢ distal sacs, respectively, 24 hours after TX5
(10 mg/kg, b.w.) administration. In vico, 10 Jifferences were found on digoxin portal
concentration between control (dig~xin 0.0.5 mg/kg, b.w., intraduodenal) and TX5-treated
(digoxin+TX520 uM, intraduodenai; rat:. The observed discrepanciesin digoxin results can be
related to differences in TX5 4o administered and used methodologies. Thus, the results
show that TX5 activates P-gp . * the distal portion of the rat ileum, and, at the higher dose

tested (30 mg/kg, b w., see ms to modulate in vivo the AUC of P-gp substrates.

Keywords: P-glycoprotein; inducers; activators; thioxanthones; in vivo; ex vivo.

INTRODUCTION



Permeability glycoprotein (P-glycoprotein; P-gp), encoded by the multidrug resistant gene 1
(MDR1 or ABCB1), is a carrier protein that belongs to the ATP-binding cassette (ABC)
superfamily of membrane transporters and which activity, against a concentration gradient,
dependson ATP hydrolysis (Gameiro etal., 2017). P-gp was originally identified in cancer cells
resistantto chemotherapeuticdrugs, reason by whichit is also known as multidrug resistance
protein-1 (MDR-1) (Juliano and Ling, 1976). P-gp promotes the efflux of both endo- and
xenobiotics, thus protecting cells against their biological effects, namely toxicity (Silvaetal.,
2015b). In fact, P-gp has a broad substrate specificity, being .“le to bind structural and
pharmacologically unrelated hydrophobic drugs, such as cardi.~ 5iycosides, calcium channel
blockers, anticancer and immunosuppressant agents ‘3ottesman et al., 2002; Silva et al.,
2015a).

P-gpis atransmembrane glycoprotein, showing a yc'arized expression in a variety of tissues
(including the intestine, liver, lungs, kid.ie,s) «~d body barriers (placenta, blood-brain and
blood-testis barriers), both in physinlogical und pathological conditions. Particularly, P-gp is
overexpressed in the blood-brain ha'r. >, gastrointestinal tract, kidneys, liver, pancreas and
cancerous cells (Gupta et al., 215). P-gp activity can be modulated by inhibitors, inducers
and/or activators, in order to increase or decrease, respectively, drugs intracellular
accumulation (Gameirc eta'., 2017).

Under the toxicological point of view, P-gp induction and/or activation could constitute an
effective therapeutic strategy to detoxify the body from harmful compounds. In fact, Dinis-
Oliveira and co-authors proposed P-gp induction in pneumocytes as a valuable therapeutic
approach to increase the efflux of paraquat, awell-known toxic P-gp substrate (Dinis-Oliveira
et al., 2006a; Dinis-Oliveira et al., 2006b). Additionally, several studies using in vitro models
were performed showing a protective effect resulting from the increase of the de novo
synthesis of P-gp, but also from the increase of its activity, which reduced the cytotoxicity

elicited by toxic substrates (Silva et al., 2011a; Silva et al., 2013; Silva et al., 2015a; Silva et al.,



2014b; Silva et al., 2011b; Vilas-Boas et al., 2013). Some of these studies used thioxanthones
(TXs), which are S-heterocycles with a dibenzo-y-thiopyrone scaffold and constitute a class of
compounds able to modulate P-gp activity (Limaetal., 2016; Paiva et al., 2013; Palmeira et al.,
2012). In our previous in vitro study (Silva et al., 2015a), it was demonstrated that the 1-
(propan-2-ylamino)-4-propoxy-9H-thioxanthen-9-one (TX5) can reduce paraquat-mediated
toxicity in Caco-2 cells as a consequence of P-gp induction (increased expression levels) and
activation (increased activity). Based on this promising result, we decided to continue the
study of TX5 by evaluatingits putative modulatory role over P-gp e. nression and activity, both
ex vivo and in vivo, focusing at the intestinal barrier. For th~t. .~ selected a 30 mg/kg (b.w.)
dose of the compound for a preliminary in vivo efficcy study, whose results are herein
presented. Given the motivating results obtained, we | "oc :eded to a safety assessment of the
compound (Rocha-Pereira et al., 2019), which le d s “o reduce the dose to 10 mg/kg (b.w.) to
be administered, by gavage, in the sub.eq 1en” ex vivo functional assays described in the
presentwork. Direct effects of TX5(22 uM) oiP-gp expressed inthe intestine, in ex vivo and in
vivo studies, were also assessed.

Our main goal is to find compo. nds capable of increasing P-gp activity and/or expression in
vivo. By studing P-gp inducers,'~ctivators as TX5, these ones can be used as xenobiotic safety
enhancers throughthe.-abi ity to decrease the absorption of potentially toxic compounds at

the intestinal barrier.



MATERIALS AND METHODS

Chemicals and drugs

Rhodamine 123 (RHO 123), digoxin, verapamil, sodium chloride, bovine serum albumin (BSA),
Tris hydrochloride, Tris base, phenylmethylsulfonyl fluoride (PMSF) and mannitol were
obtained from Sigma-Aldrich (Saint Louis, Missouri, USA). Meanwhile, cOmplete™ Protease
Inhibitor Tablets were purchased from Roche (Amadora, Portugal). Ethanol was obtained from
Aga (Prior Velho, Portugal) and Hepes from Fisher Scientific (C-al, Belgium). Ketamine and
xylazine were obtained from Novavet (Braganga, Portugal). | "ean ~hile, isoflurane (Isoflo®)
was purchased from Abbott (IL, USA) and lidocaine 25 mg ‘g - Pr.locaine 25 mg/g (EMLA®) was
acquired from AstraZeneca (London, UK). Heparir was acquired from Braun (Germany).
Dimethyl sulfoxide (DMSO), potassium chlorid_, sodium hydrogenocarbonate, potassium
dihydrogen phosphate, calcium chloride and g,.*cose were purchased from Merck (Darmstadt,
Germany). Magnesium sulfate heptahydi.*e was from Labkem (Barcelona, Spain). TX5 was
synthesized by the Organic and Ti.~rn.aceutical Chemistry Laboratory of the Faculty of
Pharmacy of University of Porto. acLording to described procedures (Palmeira et al., 2012). An
ethyl ethersolution was pre,~arc Ywith TX5 (purity > 95 %) and was cooled at - 4 °C. A solution
of hydrogen chloride 2 U v in diethyl ether solution (1 ml) was added. An orange precipitate
was formed anditwas p'aced at - 4 °C overnight. The solid thus obtained was filtered, washed
with 100 ml of diethyl ether, and dried in a desiccator containing phosphorus pentoxide
furnishing 1-(propan-2-ylamino)-4-propoxy-9H-thioxanthen-9-one hydrochloride (TX5.HCI).
Stock solutions were made up in ultrapure water or DMSO and diluted in Krebs-Henseleit
bufferorsaline solution (0.9% NaCl) immediately before use. DMSO was added to the Krebs-
Henseleit solution in parallel control experiments. All the reagents used were of analytical

grade or from the highest available grade.



Animals

Adult male Wistar Han rats (12-16-week-old) were purchased from Charles River Laboratories
(Barcelona, Spain). Animals were kept under standard laboratory conditions (12/12 h
light/dark cycles, 22+ 2 °C room temperature, 50— 60 % humidity) foran acclimation period of
at least 1 week before starting experiments. During this period, animals had free access to tap
water and rat chow ad libitum. Animal experiments were approved by the Organismo
Responsdvel pelo Bem-Estar Animal (ORBEA; protocol number 250/2018) from the Institute of
Biomedical Sciences Abel Salazar of University of Porto (ICBAS-/.r ; Huusing and experimental
treatment of the animals were in accordance with the gt (dei nes defined by the European
Council Directive for animal experiments (2010/63’/Z'l) ~nd the current Portuguese Law

(Decreto-Lei no. 113/2013, de 7 de Agosto).

Experimental protocol

Assessment of P-glycoprotein trc..~ou . activity in vivo after administration of TX5 by gavage

To assess P-gp activity in vi.2, /e started by carrying out a first assay in which a 30 mg/kg
(b.w.) dose of TX5 hyJrochloride was tested. The selection of this dose was based on a
previous in vivo study n cently reported by Lima and colleagues (Lima et al., 2018) in which
increasing doses of a TX5-like compound, TXA1, administered subcutaneously, three times per
week, fortwo weeks, did not cause evident signs of rat discomfort until the dose of 50 mg/kg.
Animals were keptin standard cages and groups allowing social interactions. Eighteen animals
were fasted for 12 h prior administration, by gavage, of digoxin (0.25 mg/kg b.w.), a well-
known P-gp substrate, or digoxin+TX5 hydrochloride (0.25 mg/kg b.w. + 30 mg/kg b.w.).
Immediately before the administration of the compound(s) by gavage, each animal was

subjectedtoa briefinhalational anesthesia with isoflurane to reduce the discomfort associated



to the administration (Murphy et al., 2001). Each animal was locally anesthetized with a
mixture of lidocaine (2.5 %) and prilocaine (2.5 %) (EMLA® cream), applied in the rat tail 30
minutes prior blood collection (Flecknell et al., 1990). Blood was collected from caudal vein at
different time points during seven hours and local anesthesia was reapplied between each
sampling. Blood was then centrifuged (1670 x g, 10 min, room temperature) and the obtained
plasma samples were stored at -20 °C until further analysis. Digoxin concentration in plasma
samples was measured on an AutoAnalyzer (PRESTIGE® 24i, PZ Cormay S.A.), using the

respective kit and following the manufacturer instructions.

P-glycoprotein expression assessment at the intestinal L : rrier

Distal ileum collection and brush border membrane p epu.ation

Animals were maintained in standard cage< a:.1 groups allowing social interactions. Animals
were fasted for 4 h before administratio. of TX5 hydrochloride (10 mg/kg, b.w.) or water
(vehicle), by gavage. Each animal we. _1b;_cted to a briefinhalatory anesthesia with isoflurane
to reduce the discomfort associz ceu “nthe administration. TX5 hydrochloride was prepared at
the day of use in ultrapure w ~te. A maximumvolume of 1mlwas administered per 200g b.w.
Control animals receiv:a .ltrapure water using equivalent administration volumes of TX5-
treated animals. Anin.ils were fasted for the last 12 h prior experiments, but water
supplemented with 1 % sugar was given ad libitum. Twenty-four hours after TX5 or water
administration, rats were anesthetized with a mixture of ketamine and xylazine (90/10 mg/kg
b.w., respectively, ip) and placed in decubito supino position. The abdomen was opened and
the distal portion of the ileum was selected as the last 20 cm close to the ileocecal valve. The
segments were gently rinsed with ice-cold saline solution (0.9 % NaCl) containing 0.4 % PMSF
40 pg/ml, and immediately used for the isolation of brush border membranes (BBM). To

obtain BBM, the mucosal tissue was obtained by hand scraping, homogenized and processed,



using the methodology described by Kessler and colleagues (Kessler et al., 1978) for the
preparation of brush border membranes from small intestine, with minor modifications
introduced and validated by Mottino and co-authors (Mottino et al., 2000). Briefly, the
intestinal segments were opened lengthwise, the mucus layer was carefully removed and the
mucosa was scraped from the wall. The tissue thus obtained was used for BBM preparation.
Mucosa samples were homogenized in buffer [buffer A: 50 mM mannitol, 2 mM Tris/HCI,
cOmplete™ Protease Inhibitor Tablets (one tablet per 25 ml buffer)] and BBM were prepared
from total homogenate by a divalent cation precipitation met!i. 1 followed by differential
centrifugation (21000 x g, 1 hour at 4 °C). The final pellet wa< r.~<uspended in buffer (buffer
B: 300 mM mannitol, 10 mM HEPES, 10 mM Tris base, cC-1ple.e™ Protease Inhibitor Tablets).
Aliquots of BBM preparations were used for Wester, bl ¢ analysis. Protein concentration in

membrane preparations was measured using B»A ac standard (Lowry et al., 1951).

Western blot analysis of P-glycopro’c.~

The western blot analysis of F-g,> expression was performed on BBM of the distal portion of
the ileum of control and TY 5-tr. 2ted rats obtained after exposure of animals to TX5 (10 mg/kg
b.w.) for 24 h. This 1o« = wi s selected after a preliminary safety assessment of TX5 (Rocha-
Pereira et al.,, 2019). etection of P-gp was performed using an anti-P-gp C219 mouse
monoclonal primary antibody from Calbiochem (Calbiochem®, Merck KGaA, Darmstadt,
Germany) validated for use in immunoblotting.

After assessment of the total protein content, using the Bio-Rad DC protein assay (Bio-Rad
Laboratories, Hercules, CA, USA) and BSA as standard, samples were diluted to equal protein
concentration, and 120 pL were mixed with 30 uL SDS-PAGE reducing buffer[11.5 % SDS (w/v),
62.5 mM Tris HCl (pH 6.8), 50 % glycerol (v/v), 1 % bromophenol blue (w/v) and 25 % B-

mercaptoethanol (v/v)]. Seventy micrograms of protein were loaded and separated in 7.5%



SDS/polyacrylamide gels, at a constant voltage of 150 mV, using a running buffer [25 mM Tris
Base, 192 mM glycine and 0.1 % SDS (w/v), pH 8.6]. Gels were allowed to equilibrate in
transferbuffer[20 % methanol (v/v) in 25 mM Tris Base and 192 mM glycine, pH 8.3] and then
transferred to nitrocellulose membranes (Hybond ECL, Amersham Pharmacia Biotech,
Buckinghamshine, United Kingdom), at a constant amperage of 290 mA, for 90 min.
Membranes were then rinsed in Tris-buffered saline solution with Tween 20 [TBS-T: 20 mM
Tris base, 300 mM NaCl and 5 % Tween 20 (v/v), pH 8.0], and nonspecific sites were blocked
for 1 h, at room temperature, in blocking buffer [5 % skim milk \.'/v) in TBS-T]. Membranes
were then incubated with primary antibodies (overnightat4 °C). ©719 mouse monoclonal anti-
P-gp (1:1000) and mouse polyclonal anti-tubulin (1:2500, ‘igma-Aldrich, Saint Louis, Missouri,
USA), preparedin 3 % skim milk (w/v) in TBS-T blockir; b..ffer. Tubulin was used as a protein
loading control. After washing three times (10 m’n 2ach) with TBS-T, the membranes were
incubated with the anti-mouse peroxidas’. st son'ary antibody (1:2000, Amersham Pharmacia
Biotech), prepared in 3 % skim milk (wy.) in TBS-T blocking buffer, for 2 h, at room
temperature, under mild shakin:. r.'iowing three washes (10 min each) with TBS-T,
immunoreactive bands were u. tected using the Clarity™ Western ECL Substrate (Bio-Rad
Laboratories), accordingto the <upplier’sinstructions, and digital images were acquired using
a Molecular Imager® (‘hen iDoc™ XRS + System (Bio-Rad Laboratories) and analyzed with

Imagelab™ 6.0 Software (Bio-Rad Laboratories, Berkeley, CA, USA).

Assessment of P-glycoprotein transport activity in everted intestinal sacs

The TX5 effect on P-gp activity was evaluated, ex vivo, by using two distinct protocols, i.e.,
either24 h after TX5 hydrochloride administration (10mg/kg b.w., by gavage) orafteran acute

and direct contact with TX5 (20 uM), using everted intestinal sacs and rhodamine 123 (RHO

123) as a P-gp fluorescent substrate.



Assessment of P-glycoprotein transport activity in everted intestinal sacs of Wistar Han rats

pre-exposed to TX5 for 24 h

Animals were maintained in standard cages and groups allowing social interactions. Animals
were fasted for 4 h before administration of TX5 hydrochloride (10 mg/kg, b.w.) or water
(vehicle), by gavage. Each animal was subjected to a briefinhalatory anesthesia with isoflurane
to reduce the discomfort associated to the administration. TX5 hydrochloride was prepared at
the day of use in ultrapure water. A maximum volume of 1 ml was administered per 200 g b.w.
Control animals received ultrapure water using equivalent az:. ‘nistration volumes of TX5-
treated animals. Animals were fasted for the last 12 h L-ior experiments, but water
supplemented with 1 % sugar was given ad libitum Twe~ty-four hours after TX5 or water
administration, rats were anesthetized with a mixture ot ..~tamine and xylazine (90/10 mg/kg
b.w., respectively, ip) and placed in decubito s p.~~ position. The abdomen was opened, the
ileocecal valve was identified and thc diccal portion of the ileum was removed (20 cm
approximately). The segments were ge .~ tly rinsed with ice-cold saline solution (0.9% NaCl) and
immediately used to prepare evertec in.estinal sacs using anice-cold plate. Each intestinal sac
(10 cm approximately) was aceu in a chamber containing Krebs-Henseleit buffer (40 mM
glucose, pH 7.4), continuo.<ly aerated (95 % O, — 5 % CO,) and at 37 °C, in the presence, or
absence, of verapa.ni. 110 uM), a P-gpinhibitor. Aftera 10-min equilibration period, everted
sacs were filled (serosal side) with 1 ml of the same buffer containing RHO 123 (300 uM). The
serosal (basal) to mucosal (apical) transport of RHO 123 was evaluated by sampling aliquots of
100 uL of the buffer every 5 min for a 45-min period. The volume collected at each sampling
moment was replaced by an equal volume of buffer solution, atthe same temperature. At the
end, the sacs were gently dried and weighted. Rhodamine 123 concentration was determined
by spectrofluorometry (excitation/emission wavelength = 485/528 nm) in samples of mucosal
medium, usinga RHO 123 standard curve prepared in the same buffer solution. The excreted

amounts of RHO 123 into the mucosal side were plotted against the incubation time and the
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mucosal efflux rates were estimated from the slope (m) of the linearregression, and expressed

in pmol of RHO 123 transported per mg of tissue.

Assessment of P-glycoprotein transport activity in everted intestinal sacs in the presence of TX5

The procedure was the same as described before, with minor alterations. Briefly, a set of 12
hour-fasted Wistar Han rats was used. After anesthesia with a mixture of ketamine and
xylazine (90/10mg/kgb.w., respectively, ip), rats were placed in “ecubito supino position and
the abdomen was opened. The duodenum or the ileoceca. valve was identified and the
proximal orthe distal portion of the ileum was removed (20 ~m approximately), gently rinsed
withice-coldsalinesolution (0.9% NaCl) and immedi-tely used to prepare everted intestinal
sacs using an ice-cold plate. The everted intestir... sacs were placed in a chamber containing
Krebs-Henseleit buffer (40mM glucose, pH 7.4, continuously aerated (95 % O, —5 % CO,) and
at 37 °C. Some sacs (mucosal side) were ex;. "sed to TX5(20 uM), while controls were exposed
to 0.4 % DMSO (vehicle), both witk ¢ without the addition of verapamil (100 uM). Everted
sacs were allowed to equilibrute ond then filled (serosal side) with 1 ml of the buffer
containing RHO 123 (300 p. M. .\ direct contact between the drugs and the intestinal sac
occurred throughoutth 2 ex rerimental period. The serosal (basal) to mucosal (apical) transport
of the fluorescent substi ate was evaluated by sampling aliquots of 100 ulL of the bufferevery 5
minfor a 45-min period. Atthe end, the sacs were gently dried and weighted. Rhodamine 123
concentration was determined by spectrofluorometry (excitation/emission wavelength =
485/528 nm) insamples of mucosal medium, using a RHO 123 standard curve prepared in the
same buffer solution. The excreted amounts of RHO 123 into the mucosal side were plotted
againstthe incubation time and the mucosal effluxrates were estimated from the slope (m) of

the linear regression, and expressed in pmol of RHO 123 transported per mg of tissue.
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Assessment of P-glycoprotein transport activity in vivo after intraduodenal administration of

X5

After the ex vivo experiments, we assessed P-gp activity in vivo after intraduodenal
administration of TX5. Forthat purpose, we used digoxin as a P-gp substrate and evaluated its
intestinal absorption in the presence or absence of TX5. After anesthesia with a mixture of
ketamine and xylazine (90/10mg/kg b.w., respectively, ip), the abdomen of the 12 hour-fasted
rats was opened, the choledochal was blocked and both the driodenum and the portal vein
were cannulated (Ghanem et al., 2011). Drugs (digoxin 0.025 ...=-/kg b.w. or digoxin+TX5 20
uM) were given intraduodenally in a final volume of & ml saline solution. The rat body
temperature was controlled throughout the experimer..>! poriod (37 °C). To quantify the portal
content of digoxin, 400 uL of blood was sampled :ver, 10 min for a 60-min period after
digoxin administration. After each sampling, a1, ~74ual volume of saline was administered.
Blood was centrifuged (10 000 x g, 15 . 'n, room temperature) and the obtained plasma was

usedto determine digoxin concentratic.> usinga COBAS INTEGRA system (Roche Diagnostics).

Statistical analysis

Areaunderthe curve .\ UL) was calculated using the Phoenix” WinNonlin® software (Certara’,
Princeton, USA). Statistical analysis was performed with the GraphPad Prism software program
version 6 (San Diego, California, USA) and data presented as the means + standard error of the
mean (SEM). Outliers were identified using the ROUT test. The Shapiro—Wilk normality test
was conducted before group comparison. Statistical comparison between groups was
estimated using the parametric Student t-test, the non-parametric Mann-Whitney test or the
two-way ANOVA parametric method followed by the Holm-Sidak or Tukey’s multiple
comparisons post hoc test. A p value lower than 0.05 was considered to denote statistically

significant differences.
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RESULTS

P-gp was activated in vivo after TX5 administration by gavage

We started the study by assessing the effect of TX5 over P-gp activity in vivo in a preliminary
study. For this, a dose of 30 mg/kg, b.w., of TX5 hydrochloride associated to the prototypical P-
gp substrate digoxin (0.25mg/kg, b.w.) was administered, by gavage, to Wistar Han rats. In this
experimental approach, blood collected from the caudal vein at eight distinct time points for a
seven-hour-period was used to quantify digoxin. Significant diffe. - nces were found in digoxin
plasma concentrations between TX5-treated and control ra.s (Fizure 1), as showed by the
significantly lower area underthe curve (AUC) of digoxin 'n TXF -treated rats, when compared

to controls (1463 + 467 ng.min/ml versus 2238 + 224.~ ng.1\in/ml, respectively).

TX5 did not induce P-gp expression in th. 9 'stal ileum of the rat intestine

Since P-gp expression varies alongt!.e ~testine, being the highest in the distal portion of the
ileum (Doherty and Charman, '00z, Ghanem et al., 2011), we evaluated the effect of TX5
hydrochloride (10 mg/kg b.v. ) 1 P-gp expression levels in this portion of the ratileum, 24
hours afterits administ ‘ati. 1 by gavage. As can be observed in Figure 2, no differences on P-gp
expression were found between BBM isolated from the distal portion of the intestine of

control and TX5-exposed rats, 24 hours after TX5 administration.
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P-gp activity was not altered 24 h after TX5 administration in the distal ileum of the rat

intestine

After assessing the effect of TX5 over P-gp expression levels in the distal portion of the rat
ileum, we studied the putative effect of TX5 over P-gp activity in the same conditions, i.e., 24
hours after the administration of TX5 hydrochloride (10 mg/kg b.w.) by gavage. For that
purpose, the rat everted intestinal sac was used as a reliable ex vivo model. The secretion of
RHO 123, a typical P-gp fluorescent substrate, into the mucosal compartment of intestinal
sacs, was evaluated at different time points. According to the o', ‘ned results, P-gp transport

activity was unaffected in the distal ileum of rats pre-expcisea to TX5 (Figure 3).

TX5 increased P-gp activity in the distal ileum ~f.er a direct contact, but this effect was not

observed in the proximal ileum

To study whether TX5 was able to cau.~ functional alterations in P-gp activity after a short-
term contact, we used everted in*~sti.>wl sacs prepared from the distal ileum and a direct and
immediate contact with TX5 ‘20 uM) took place by adding the compound directly to the
buffer-containing chambar. 2. ce an activating effect was observed and because several other
efflux carriers are kno. 'nto existin the ileum, the experiment was carried out in the presence
and in the absence of verapamil, a P-gp inhibitor. As can be observed in Figure 4, TX5
hydrochloride caused an almost two fold more increase in the efflux of RHO 123 (68.9+10.1;
90.9+14.4; 106.9+17.2; 125.1+21.0 pmol/mg of tissue) when comparing with control sacs
(39.545.3; 50.3%7.3; 60.748.7; 72.719.9 pmol/mg of tissue), effect that occurred from minute

30 on and that was inhibited by verapamil.
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In order to verify if the activating effect observed in the distal portion of the ratileum also
occurred in the proximal portion, the same experimental approach was carried out by using
evertedintestinal sacs prepared from the proximal portion of the small intestine. The results
obtained show that TX5 did not cause P-gp activation in the proximal portion (Figure 5A) and
that the overall efflux of RHO 123 was significantly lowerin this portion when comparedtothe

distal portion (Figure 5B).

P-gp was not activated in vivo after the intraduodenal admin stra ion of TX5

To determine if the TX5-mediated activating effect obser\ ~d ex vivo in the distal portion of the
ileum canelicit consequences in the bioavailability of a\ s or other xenobiotics that are P-gp
substrates, the time-course changes in porte' 4igoxin concentration was assessed after
intraduodenal administration of a TX5 br.ius However, in vivo, no differences were found in

digoxin plasma concentrations betw ~>aen control and TX5-treated rats (Figure 6).
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DISCUSSION

In recent years, our research group has being dedicated to disclose new compounds able to
induce and/oractivate P-gp inimportant barriertissues, in order to find enhancers of safety of
xenobiotics with potential to be used in intoxication scenarios. In fact, P-gp presents a wide
range of structurally unrelated substrates and has a privileged locationin crucial tissues, which
underliesitsinvolvementin the modulation of pharmaco(toxico)kinetic processes. As such, P-
gp often limits drug absorption and penetration into crucially important organs, such as the
brain (Gameiroetal., 2017; Silvaetal., 2015b). For thisreason, ... Yer the toxicological point of
view, ABC efflux transporters, namely P-gp, are relevan’ toc's to take potentially harmful
xenobiotics out of the cells, consequently reducing the’: to.'city (Gameiro et al., 2017). In this
regard, we recently demonstrated the ability of some (thi>Yxanthonic compounds to increase
both the expression levels and the activity of ?-,~ .1 the Caco-2 cell line, a human epithelial
colorectal adenocarcinoma line that ks Feen widely used as a model of the intestinal
epithelial barrier, since it presents mai. ' broperties typical of absorptive enterocytes (Sambuy
et al., 2005).

Five thioxanthones (TX1-5) ar-1five dihydroxylated xanthones (X1-5) were shown to be, in the
Caco-2 cell model, P-gp inu 'cers and activators (Silva et al., 2015a; Silva et al., 2014b; Silva et
al., 2015b). Particuia.'v, Ziiva and colleagues showed that TX1-5 can promote the de novo
synthesis of P-gp, as well as increase its efflux function, reducing, in consequence, the
cytotoxicity of the harmful substrate, paraquat, towards Caco-2 cells (Silva et al., 2015a). It is
known, however, that P-gp induction and activation not always occur simultaneously and that
anincrease in P-gp expressionis not necessarily accompanied by a proportional increase in the
pump activity. Thisindependence was shown, for example, for colchicine (Silva et al., 2014a)
and nonsteroidal anti-inflammatory drugs (Takara et al., 2009) in the Caco-2 cell model.
Similarly, it is also possible the existence of an activating effect without any changes in the
expression pattern of the protein. In fact, inducers enhance the transporter expression levels,
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while activators enhance the transporter activity, although one compound can have
overlapping mechanisms of action (Gameiro et al., 2017; Wessler et al., 2013).

Considering the promising results obtained with TX5 (Silva et al., 2015a), which proved to be
able to increase, in Caco-2cells, P-gp expression by 208 % and activity by 198 %, as revealed by
flow cytometry, we decided to further study the effects of this compound both ex vivo and in
vivo. Furthermore, arelationship between expression and activity was shown to occur since
the activity of P-gp was increased by 156 % in cells pre-exposed to TX5for 24 h (Silva et al.,
2015a).

The evaluation of the potential of a new compound to medu!~*s P-gp activity in vivo is an
integral part of drug development and is recommende. by regulatory agencies (Zhou et al.,
2019). Thus, we first conducted a preliminary in vi.2 <cudy to assess the efficacy of TX5
hydrochloride by administering, by gavage, a ‘inzle high dose of the compound (30 mg/kg
b.w.) to Wistar Han rats, evaluatingits eff :c.. or *he pharmacokinetics of digoxin (0.25 mg/kg
b.w.). In fact, digoxin is a well-known F-3p substrate, which pharmacokinetics is well
established, and thus has been be’nf, v *Jely used in in vivo experiments (Bai et al., 2019; de
Lannoy and Silverman, 1992; F, -mm et al., 1999; Li et al., 2014; Oda and Murakami, 2017,
Yang et al., 2016). Our in vivo ~tudy suggested a P-gp activator effect mediated by TX5, since
the AUC of digoxin wis significantly lower in TX5-treated rats when comparing to controls
(1463 +467 ng.min/mlv 2rsus 2238 + 224.5 ng.min/ml, respectively). The lower AUC of digoxin
found in the plasma of rats administered with TX5 suggests a higher efflux of digoxin at the
intestinal barrier afterits administration by gavage. This effect might be related with a higher
activity of P-gp expressed in the intestine as consequence of adirect and immediate activation
of the efflux protein by TX5. Overall, this effect was translated in a significantly lower AUC of

digoxin in TX5-treated animals when compared to control animals.
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Given the in vivo confirmation of the TX5-mediated P-gp activating effect previously observed
in vitro (Silvaetal., 2015a), we proceededto a preliminary safety assessment of the compound
(Rocha-Pereira et al., 2019).

Despite the absence of apparent signs of discomfort ortoxicity, we found TX5 (30 mg/kg b.w.)
to cause relevant toxicity after a complete histopathological analysis. An extensive hepatic
necrosis, splenic parenchyma hyperemia, signs of red pulp hemorrhage, slight myocardium
hyperemia, smallintestine inflammation, as well as renal tubular edema and slight hyperemia
were observed (Rocha-Pereiraetal., 2019). These findings led to 4 .'nse reduction of TX5 to be
used in subsequent safety assessment assays. This selected lo. ‘=t dose (10 mg/kg b.w.) did
not induce considerable toxicity in the biological matrice: stuaied (Rocha-Pereira et al., 2019),
which justified its use in the functional studies descri>ar in the present study.

It should be noted that the initial evaluation of t' e :f*ect of the compound invivo, usingthe 30
mg/kg dose described in this study, occur’ eu imi.>ediately after administration, by gavage, of
TX5 or TX5 plus digoxin, and lasted for 12 heurs. As such, the activation effect was observed
shortly after administration and, the ~fore, unaffected by the potential toxicity of the
compound at this dose (30 mg/n~ b.w.) (Rocha-Pereira et al., 2019).

It isknown that there is a regic nai difference of P-gp activity in the intestinal tract and that the
expression levels of P-g 1 gre atly vary along the small intestine, being the highest in the distal
ileumandthe lowest in * he proximal portion (Doherty and Charman, 2002; lida et al., 2005; Li
et al., 2015). For that reason, we decided to start the study of the effects of TX5 on P-gp
expression levels using the portion of the ileum where the expression pattern of the
transporteristhe most expressive. In the present study, we did not observe any effect of the
compoundonthe carrierexpression levels. This effect was evaluated by western blot in BBM
of the rat distal ileum, 24 hours after the administration, by gavage, of TX5 hydrochloride (10

mg/kg b.w.). In contrast, a considerable inducing effect of P-gp expression was previously
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found in vitro, 24 hours after exposure to TX5, an effect observed by flow cytometry and
subsequently corroborated by western blot (Silva et al., 2015a).

Although the mechanism of action of P-gp inducers remains unclear, it is known that P-gp
inductionis complex and regulated by distinct nuclear factors. Some of them are the pregnane
X receptor (PXR), constitutive androstane receptor (CAR), nuclear factor erythroid-derived 2-
related factor (Nrf2), Y-box binding protein-1 (YB-1), nuclear factor Y (NF-Y), nuclear factor-kB
(NF-kB), liver X receptor (LXR), farnesoid X receptor (FXR) and peroxisome proliferator-
activatedreceptors a andy (PPARa and PPARy) (Gameiroetal., 2u.7). Possibly, atime-point of
24-hours after TX5 hydrochloride administration may not he - /ficient to observe in vivo
changesinthe P-gp expression pattern. The choice of thi: time-point was based in the results
obtained invitro, for which a prominentinducing P-gp ~ffect was observed (Silvaet al., 2015a).
In fact, 24 hours of incubation of cells were neec er tc observe a potent in vitro TX5-mediated
inducing effect (Silva et al., 2015a). Howzv. r, 1. will be legitimate to expect the need fora
longer period to observe this induction eftcct, in vivo. Accordingly, the study performed by
Martignoni et al. showed that the 2xp, ~3sion of cytochrome P450 enzymes can be similarly
induced both in vitro and in v.’o, although a greater time of exposure to the inducer is
required whenthe effectis se.n invivo (6 to 24 hours versus 3 days, respectively) (Martignoni
et al., 2004). Additiona 'y, it sknownthatthere are interspecies differencesin P-gp expression
levels (Han et al., 2018 Myllynen et al., 2010). As such, we can consider the existence of
putative differencesinthe pattern of expression of P-gp between the human Caco-2 cell model
and the rat everted intestinal sac that could ultimately explain our results. Nevertheless, the
results of the expression herein presented were in agreement with the results obtained in
BBM, 24 hours after exposure of the animals to TX5 hydrochloride (10 mg/kg b.w., gavage).
The absence of inducing effectsinthe BBM prepared from the distal portion of the ileum was
accompanied by a corresponding absence of functional alterations at the level of the

transporter activity in that same ileum portion. Indeed, no differences on the serosal to
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mucosal cumulative efflux of RHO 123 were registered between TX5-treated and control
everted intestinalsacs. In fact, changesin carrieractivity due to expression levels changes are
expected to occur, although, as previously mentioned, a causal relationship between both
might not exist. The study performed by Ghanem et al. described an increased P-gp
functionalityin the distalileum in responseto aninducing effect advocated by acetaminophen
(Ghanem et al., 2011). Accordingly, the study carried out by Silva and co-authors also
demonstrated the influence of a previous increase of P-gp expression on the activity of the
transporter. These TX5-triggered effects therefore resulted .~ less paraquat-mediated
cytotoxicity in Caco-2 cells (Silva et al., 2015a). However th. rzsults of the study herein
presented, while consistent, indicate the absence of TX5-induced changes in both P-gp
expression and activity, 24 hours after exposure to the ~o:npound. Considering that inducers
and activators act by distinct mechanisms of actir.n, the absence of inducing effects of P-gp
expression observed in the present stuc'y «.'d .ot exclude the possibility of a TX5-mediated
activating effect. As previously stated. the regulation of the expression of a given proteinis a
very complex process, while the ac iva..~n implies the binding of a compound to the carrier,
enabling the binding of the su.'strate to another site and promoting, in consequence, its
transport across the membra~e (Gameiro et al., 2017). This is, apparently, a much simpler
process that involves 11e n icleotide binding domains, not implying the participation of any
nuclear factor.

Thus, we used the same experimental ex vivo approach to study the putative TX5-mediated P-
gp activating effect both in the distal and the proximal portions of the rat ileum, after a short-
term and direct contact between the compound and the everted intestinal sac. Again, we
started by testingthe effect of TX5in the distal portion of the rat ileum, where P-gp expression
levels are highest. We intended to evaluate the immediate modulatory effect of TX5in the
activity of P-gp expressed at the apical membrane of rat ileum enterocytes, using everted

intestinal sacs as an ex vivo model (Tian et al., 2019; Yigitaslan et al., 2016). Since a direct
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contact between the compound and the intestinal sacwas desired, the same concentration of
TX5 tested in vitro (20 uM) was chosen (Silva et al., 2015a). Very importantly, and in
accordance with our previous in vitro data, TX5 (20 uM) caused a significantly higher serosal to
mucosal secretion of RHO 123 in the distal portion of the rat ileum, as a result of a direct P-gp
activation. This effect was completely abolished by the P-gp inhibitor verapamil (100 uM).
However, thisincreased transport activity was time-dependent since it became apparent only
from minute 30 on. This fact suggests the need for a certain time of contact with the activator
before the effect becomes measurable. A similar observation ccok place in another study,
where the acetaminophen-mediated P-gp activating eff~~t i~ the rat distal ileum was
registered 20 min after filling the sacs with RHO 123 (Gh.nem et al., 2011).

In the presentstudy, and in opposition to the distal poi.'~:i, no TX5activating effects occurred
inthe proximal portion. This finding highlights t = ;0. sibility for a differential activating effect
mediated by the compound in the two ',ori'ons of the ileum. Furthermore, considering the
overall smaller efflux of RHO 123 ir the pro«imal portion of the intestine, it becomes more
difficult to see potential differencc s :1...ited by TX5 as consequence of its activating effect.
Given the P-gp activating eff=c. triggered by TX5 in the distal portion of the rat ileum, we
decided to go further by stua,ing the putative effect of the compound over P-gp activity in
vivo.Indeed, giventhe elevance of P-gp at the intestine, where it limits drug absorption, we
hypothesized that its ~.irect activation at the intestinal barrier in vivo could constitute a
valuable therapeuticapproachtoreduce xenobiotics absorption, namely those with relevant
toxicity. However, our expectations were not confirmed since no differences in the
concentrations of digoxin in the portal vein plasma were found between anesthetized rats
administered only with digoxin and those where digoxin and TX5 hydrochloride were co-
administered directly in the duodenum. This methodology was previously used by Ghanem
and colleagues, allowing the detection of differences in digoxin plasma concentration in

response to the treatment with acetaminophen, as soon as 5 min after its intraduodenal
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administration (Ghanem etal., 2011). This effect was justified by the acetaminophen-mediated
inducing effect of P-gp expression on both intestinal portions, although particularly prominent
inthe proximal region. Likewise, and despite the absence of P-gp inducing effects triggered by
TX5 inour experimental conditions, we may considerthatthe lack of functional effectson P-gp
activity in vivo is closely related to the heterogeneity of the intestine with respect to P-gp
expression (Li etal., 2017). Infact, we should considerthe possibility that the observed effect
isexclusively aconsequence of exchangesin the proximal portion of the small intestine, where
basal P-gp expression levels are the lowest and where no induci« or activating effects were
observed. Alternatively, the differentiated modulation mediate. », TX5 observed ex vivo may
mask some activating effect in vivo. These hypotheses re ~uire rurther research. Nevertheless,
itisimportantto emphasize thatthe conditions used 1. th.s in vivo study were different from
that used in the in vivo preliminary study, narie'y *he methodology used, the time points
considered and the dose of the compounr’ ce ‘teu All these factors may be contributing to the
differences found.

Taken together, our data mightincic.i.. a1 TX5-mediated activation effect only observable in
the distal portion of the ratileu. » ana when a direct contact between the compound and the
everted intestinal sac takes .'ace. The translation of this finding to humans will, however,
require further invest gation since it is known that there are species differences in P-gp
abundance, already derionstrated for humans and rats (Li et al., 2017). Additionally, it is
known that the absorption of the majority of drugsisinitiated in the duodenum (Shugarts and
Benet, 2009), which may condition the impact of the activating effect observed in the most
distal portion of the ileum. Nevertheless, our findings i) suggest that TX5 can differently
modulate P-gp activity in the rat intestinal barrier; ii) demonstrate that TX5 can differently
modulate P-gp activity in distinct portions of the rat ileum ex vivo; iii) support a greater P-gp
activity underTX5 stimulation in the distal portion of the rat ileum. These findings may open

new perspectives for the exploration of this particular territory in the context of the
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development of new antidotal strategies or therapeutic adjuvants in the pharmacological

approach to intoxications caused by P-gp substrates.
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Figure 1 — Digoxin plasma concentration in control and TX5-tre .te.' r>.s. Animals were administered, by
gavage, with digoxin (0.25 mg/kg) or digoxin (0.25 mg/k:) + X5 hydrochloride (30 mg/kg). Digoxin
concentration in different time points was quantified in olasma samples obtained from blood collected

from the caudal vein, using an AutoAnalyzer (PRLSTICZ” 24i, PZ Cormay S.A.). Data are presented as
means * SEM of five rats per group. Stati.*ice. comparisons were made using the two-way ANOVA

followed by the Holm-Sidak multiple coi. narisons test (*** p< 0.001; **** p< 0.0001 for TX5-treated

versus control animals).
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Figure 2. Western blot analysis of P-gp expression levels in the brush border membranes (BBM) of the
distal ileum of rats orally exposed to TX5 hydrochloride (10 mg/kg) for 24 h. Western blot study of P-gp

was performed using BBM prepared from 20-cm segments of the distal ileum of control and TX5-
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exposed rats. Representative images of Western blot analysis of P-gp (170 kDa) immunocontent (A) and
respective densitometric analysis (B) are shown. Densitometric analysis are expressed as percentage of

control and presented as means + SEM of at least four rats per condition. Statistical comparisons were

made using the non-parametric Mann-Whitney test.
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Figure 3. Effect of TX5 on P-gp activity 24 . af’er administration. P-gp-mediated RHO 123 efflux was
measured ex vivo using 10-cm everted s« s from distal ileum of control and TX5-exposed (10 mg/kg
b.w.) rats (24 h). The sacs were filled w th RHO 123 (300 uM; serosal side). The dye secreted into the
outsidecompartment (mucosal si de) . 'as assessed every 5 min for 45 min. Data are presented as means
+ SEM of at least ten rats per gr. "tp. The excreted amounts of RHO 123 into the mucosal side were
plotted against the incub tion time and the mucosal efflux rates were estimated from the slope (m) of
the linear regression, anc expressed in pmol of RHO 123 transported per mg of tissue. Statistical

comparisons were made using the two-way ANOVA parametric method followed by the Tukey’s

multiple comparisons post hoc test.
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Figure 4. Short-term and direct effect of TX5 on P-gp activity in rat distal ileum. P-gp-mediated RHO 123
efflux was measured ex vivo using 10-cm everted sacs from the distal ;.. 1m >f rats. The sacs were filled
with RHO 123 (300 uM; serosal side). The dye secreted into the ou.~ide compartment (mucosal side)
was assessed every 5 min up to 45 min, in the presence or aL. =nce of TX5 (20 uM) and VER (100 pum).
Data are presented as means + SEM of six to eleven rats pe. = oup. The excreted amounts of RHO 123
into the mucosal side were plotted against the in uFaton time and the mucosal efflux rates were
estimated from the slope (m) of the linear res . sic.> and expressed in pmol of RHO 123 transported
per mg of tissue. Statistical comparisons we: °~ made using the two-way ANOVA parametric method
followed by the Tukey’s multiple comp~.isoi.c post hoc test. VER - verapamil. *p <0.05; **p <0.01; ***p

<0.001; *Mp <0.0001 versus control- M, <L.JI1; mp <0.0001 versus TX5 + VER.
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Figure 5. Short-term and direct effect of TX5 on P-gp activity in rat proximal ileum (A) and the overall
efflux of RHO 123 in the distal and proximal portions of the rat ileum in the absence of TX5 (B). P-gp-
mediated RHO 123 efflux was measured ex vivo using 10-cm everted sacs from the proximal (A) and
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distal (B) ileum of rats. The sacs were filled with RHO 123 (300 uM; serosal side). The dye secreted into
the outside compartment (mucosal side) was assessed every 5 min for 45 min, in the presence or
absence of TX5 (20 uM) (A). Data are presented as means + SEM of seven to ten rats per group. The
excreted amounts of RHO 123 into the mucosal side were plotted against the incubation time and the
mucosal efflux rates were estimated from the slope (m) of the linear regression, and expressed in pmol
of RHO 123 transported per mg of tissue. Statistical comparisons were made using the two-way ANOVA

parametric method followed by the Tukey’s or Sidak's multiple comparisons post hoc test.
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Figure 6. Effect of TX5 on digox.n absorption. Net intestinal absorption of digoxin was indirectly

determined by changesinpori.' »'asma concentrations over 60 min after intraduodenal administration
of digoxininanesthe?.z. 1 c. ~%rol (digoxin 0.025 mg/kg) and TX5-treated rats (digoxin 0.025 mg/kg + TX5
20 puM). Data are presented as means + SEM of eight to nine rats per group. Statistical comparisons

were made using the two-way ANOVA parametric method followed by the Holm-Sidak multiple

comparisons post hoc test.
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P-GLYCOPROTEIN ACTIVATION BY 1-(PROPAN-2-YLAMINO)-4-PROPOXY-9H-THIOXANTHEN-9-
ONE (TX5) IN RAT DISTAL ILEUM: EX VIVO AND IN VIVO STUDIES
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P-glycoprotein (P-gp) is a carrier efflux protein.
TX5 increases P-gp expression and activity in vitro.
TX5 activates P-gp only at the distal portion of the rat ileum, ex vivo.

TX5 seems to modulate, in vivo, the AUC of P-gp substrates.
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