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ABC transporters, such as P-gp and BCRP, are involved in rivaroxaban pharmacokinetics and can lead to drug-drug interactions (DDIs). Investigations of the victim role for rivaroxaban and transporter-mediated DDI are commonly performed using in vitro models. However, interpretation of rivaroxaban efflux transport and DDI studies in cell models may be influenced by P-gp and BCRP transporter abundance. This study aimed to develop an LC-MS/MS quantification method for assessing the relationship between transporter expression and functionality in Caco-2ATCC, Caco-2ECACC, MDCK-MDR1, MDCK-BCRP cell models.

First, the relative and absolute quantities of the transporters were determined by LC-MS/MS. P-gp and BCRP expression was then confirmed by western blotting and immunofluorescence staining. Finally, P-gp and BCRP functional activities and half-inhibitory concentrations (IC50s) of two specific inhibitors (verapamil and ko143) were determined by bidirectional transport experiments. P-gp and BCRP protein expression was detected at the cell membrane and was greater in the respective transfected models. Efflux ratios were correlated with P-gp and BCRP quantities. The lowest IC50s were obtained in the MDCK-MDR1 and MDCK-BCRP models for verapamil and ko143, respectively. In conclusion, this study demonstrated that LC-MS/MS can accurately quantify P-gp and BCRP efflux transporters and thereby improve the interpretation of transport data and in vitro-in vivo correlations.

Introduction

Rivaroxaban, a direct oral anticoagulant (DOAC), is a well-known substrate of efflux transporters, such as P-glycoprotein (P-gp) and Breast Cancer Resistance Protein (BCRP) [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF][START_REF] Gnoth | In Vitro and In Vivo P-Glycoprotein Transport Characteristics of Rivaroxaban[END_REF][START_REF] Gong | Absence of both MDR1 (ABCB1) and Breast Cancer Resistance Protein (ABCG2) Transporters Significantly Alters Rivaroxaban Disposition and Central Nervous System Entry[END_REF], which are particularly involved in its intestinal absorption and biliary and renal elimination. Significant in vivo pharmacokinetic DDIs have been reported when cytochromes P450 (CYP), particularly CYP3A4, and efflux transporters are strongly inhibited by other drugs (such as verapamil, ketoconazole or ritonavir), leading to increased exposure to rivaroxaban [START_REF] Mueck | Co-administration of rivaroxaban with drugs that share its elimination pathways: pharmacokinetic effects in healthy subjects: Drug interactions with rivaroxaban[END_REF][START_REF] Brings | Perpetrator effects of ciclosporin (P-glycoprotein inhibitor) and its combination with fluconazole (CYP3A inhibitor) on the pharmacokinetics of rivaroxaban in healthy volunteers[END_REF][START_REF] Gouin-Thibault | Interindividual variability in dabigatran and rivaroxaban exposure: contribution of ABCB1 genetic polymorphisms and interaction with clarithromycin[END_REF]. ATP-Binding Cassette (ABC) transporters, such as P-gp and BCRP, are well known to be involved in drug pharmacokinetics [START_REF] Giacomini | Membrane transporters in drug development[END_REF]. These proteins are located on the cell membrane at various tissue interfaces, such as the intestinal, hepatic, renal, placental and brain barriers, and act as efflux transporters, thereby limiting the intestinal absorption and promoting the urinary or biliary elimination of many drugs [START_REF] Giacomini | Membrane transporters in drug development[END_REF]. Thus, co-administration of substrates and inhibitors or inducers of these transporters may result in clinically relevant drug-drug interactions (DDIs) [START_REF] Margelidon-Cozzolino | In Vitro Assessment of Pharmacokinetic Drug-Drug Interactions of Direct Oral Anticoagulants: Type 5-Phosphodiesterase Inhibitors Are Inhibitors of Rivaroxaban and Apixaban Efflux by P-Glycoprotein[END_REF][START_REF] Aszalos | Drug-drug interactions affected by the transporter protein, P-glycoprotein (ABCB1, MDR1)[END_REF].

To study the involvement of the P-gp and BCRP transporters in drug pharmacokinetics, the US Food and Drug Administration (FDA) recommends the use of various in vitro systems, including cell models [START_REF]Food and Drug Administration, In Vitro Metabolism-and Transporter-Mediated Drug-Drug Interaction Studies Guidance for Industry[END_REF]. The Caco-2 cell model has been widely used as an in vitro model of the human intestinal mucosa [START_REF] Artursson | Caco-2 monolayers in experimental and theoretical predictions of drug transport[END_REF]. As the permeation of drugs across Caco-2 cell monolayers correlates with their human intestinal permeation, this cell line has been used as a reference for drug intestinal absorption studies. Use of the Madin-Darby canine kidney (MDCK) cell line has also been reported in drug absorption studies. This cell line is increasingly employed as it grows faster than the Caco-2 cell line, and MDCK and Caco-2 cells have been reported to share common epithelial cell characteristics [START_REF] Irvine | MDCK (Madin-Darby Canine Kidney) Cells: A Tool for Membrane Permeability Screening[END_REF]. Modified MDCK cell lines, such as MDCK-MDR1 and MDCK-BCRP, have been generated by transfecting the human ABCB1 or ABCG2 gene into MDCK cells. These transfected cell models, specifically overexpressing a single transporter, facilitate the design of studies to elucidate the involvement of individual transporters in drug disposition. However, the Caco-2 and MDCK models display different barrier properties, as illustrated by their transepithelial electrical resistance (TEER) values: about 600 ohm.cm 2 for Caco-2 cells compared to only 100 ohm.cm 2 for MDCK cells. Moreover, these models have different characteristics in terms of protein expression [START_REF] Tang | Are MDCK Cells Transfected with the Human MDR1 Gene a Good Model of the Human Intestinal Mucosa?[END_REF][START_REF] Tang | Are MDCK Cells Transfected with the Human MRP2 Gene a Good Model of the Human Intestinal Mucosa?[END_REF]. Transfected-MDCK cells overexpress transporters compared to native and Caco-2 cells and the expression and localization of transporters depend on the source of the cell lines used. Caco-2 cells can be obtained either from the American Type Culture Collection (ATCC) or from the European Collection of Authenticated Cell Cultures (ECACC), and expression of the mRNA of proteins such as ABC and SLC transporters differs depending on source selected [START_REF] Maubon | Analysis of drug transporter expression in human intestinal Caco-2 cells by real-time PCR[END_REF]. An in vitro-in vivo correlation (IVIVC) has been established for absorption studies using Caco-2 and MDCK cells, particularly for passive drug absorption, but there is no well-established IVIVC for predicting in vivo transporter-mediated DDIs from the results obtained in in vitro models [START_REF] Del Amo | In vitro-in vivo correlation in pglycoprotein mediated transport in intestinal absorption[END_REF][START_REF] Fenner | Drug-Drug Interactions Mediated Through P-Glycoprotein: Clinical Relevance and In Vitro-In Vivo Correlation Using Digoxin as a Probe Drug[END_REF][START_REF] Wagner | Application of Physiologically Based Pharmacokinetic (PBPK) Modeling to Support Dose Selection: Report of an FDA Public Workshop on PBPK: Physiologically Based Pharmacokinetic Modeling to Support Dose Selection, CPT Pharmacomet[END_REF]. Further investigative analyses concerning the experimental protocols used in in vitro assays are therefore needed to establish better IVIVCs for transporter-mediated DDIs. According to FDA [START_REF]Food and Drug Administration, In Vitro Metabolism-and Transporter-Mediated Drug-Drug Interaction Studies Guidance for Industry[END_REF], the [I]/IC50 > 0.1 or [I2]/IC50 > 10 ratio (based on IC50 derived from in vitro studies) can be used as a metric for establishing the IVIVC for DDIs. However, analysis of published IC50s for several P-gp inhibitors revealed large interlaboratory variations for the same substrate that limit clear establishment of an IVIVC [START_REF] Taub | Functional Assessment of Multiple P-Glycoprotein (p-Gp) Probe Substrates: Influence of Cell Line and Modulator Concentration on P-Gp Activity[END_REF][START_REF] Keogh | Development, validation and utility of an in vitro technique for assessment of potential clinical drug-drug interactions involving P-glycoprotein[END_REF][START_REF] Perloff | Rapid Assessment of P-Glycoprotein Inhibition and Induction in Vitro[END_REF]. This could be partly explained by a variability in the expression of membrane transporters depending on many factors, such as culture conditions or passage number (the higher the number of passages, the greater the expression of transporter) [START_REF] Anderle | P-Glycoprotein (P-gp) Mediated Efflux in Caco-2 Cell Monolayers: The Influence of Culturing Conditions and Drug Exposure on P-gp Expression Levels[END_REF][START_REF] Ganga Senarathna | The influence of passage number for Caco2 cell models when evaluating P-gp mediated drug transport[END_REF], but this variability seems to be more likely due to the use of different test systems.

Accurate quantitative information on expression of ABC transporters in these cell models would therefore be of value for correctly interpreting the experimental data generated in drug permeability and drug-drug interaction studies. Several techniques can be used to evaluate protein expression at the cell level. Recently, liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) has been increasingly used for the evaluation and quantification of membrane transporters in various samples [START_REF] Uchida | Quantitative targeted absolute proteomics for 28 human transporters in plasma membrane of Caco-2 cell monolayer cultured for 2, 3, and 4 weeks[END_REF][START_REF] Gomez-Zepeda | LC-MS/MS-based quantification of efflux transporter proteins at the BBB[END_REF][START_REF] Gröer | LC-MS/MS-based quantification of clinically relevant intestinal uptake and efflux transporter proteins[END_REF]. This technology is becoming more and more accessible for laboratories and enables quantification of many proteins on a routine basis.

The aim of this study was to assess the influence of P-gp and BCRP expression levels on the capacity of in vitro cell models to predict rivaroxaban pharmacokinetics and transporter-mediated DDIs, by developing and validating a reliable quantification method by LC-MS/MS in accordance with FDA guidelines.

Materials and Methods

Chemicals and reagents

Methanol, water, acetonitrile (ACN), trifluoroacetic acid (TFA) and formic acid (FA) were purchased from Carlo Erba Reagents (Milan, Italy). All solvents were LC-MS grade.

Rivaroxaban and [ 13 C6]-rivaroxaban were obtained from Alsachim (Illkirch, France). Bovine serum albumin (BSA), AQUA peptides, Micro BCA assay kit, Mem-PER Plus membrane protein extraction kit, Mass Spec sample prep kit (including Lys-C) and Pierce Peptide desalting spin column were purchased from ThermoFisher Scientific (Massachusetts, USA).

Crude heavy-labeled standard peptides were obtained from JPT Peptides Technologies (Berlin, Germany). Dulbecco's modified Eagle's medium (DMEM), Hank's balanced salt solution (HBSS), Dulbecco's phosphate buffered saline without sodium and magnesium (DPBS), HEPES buffer, heat-inactivated fetal bovine serum (FBS), trypsin, nonessential amino acids, penicillin, amphotericin B, streptomycin, dimethyl sulfoxide (DMSO), verapamil, ko143 and cyclosporine A were purchased from Sigma (Saint-Quentin-Fallavier, France). Eagle's Minimum Essential Medium (EMEM) was purchased from the American Type Culture Collection (ATCC) (Rockville, MD, USA).

Cell culture

MDCK II, MDCK-MDR1 and MDCK-BCRP cells were gifts from Prof. Piet Borst (The Netherlands Cancer Institute, Amsterdam, The Netherlands). Caco-2ATCC cells (HTB-37)

were purchased from the ATCC (Rockville, MD, USA) and Caco-2ECACC cells (ECACC 86010202) were purchased from the European Collection of Authenticated Cell Cultures (Salisbury, UK). The cells were maintained in culture medium consisting of EMEM for Caco-2ECACC and DMEM for the other cells, supplemented with 10% FBS, 1% nonessential amino acids, 100 U/mL penicillin G, 100 µg/mL streptomycin and 250 ng/mL amphotericin B at 37°C, 95% relative humidity and 5% CO2. For the transport assays, cells were seeded onto insert filters (Falcon ® , translucent PET membrane, surface area of 0.3 cm 2 , 0.4 μm pore size, high-density) in 24-well companion plates (Dominique Dutscher, Strasbourg, France). MDCK II, MDCK-MDR1 and MDCK-BCRP cells were seeded at a density of 1×10 5 to 1.5×10 5 cells/insert and cultured for 5 days. The culture medium was changed once every day. Caco-2 cells were seeded at a density of 1×10 4 to 1.5×10 4 cells/insert and cultured for 21 days. The culture medium was changed once every 2-3 days.

To confirm cell monolayer confluence, TEER was measured in each well before and after transport assay using an EVOM resistance meter (World Precision Instruments, Sarasota, USA). The permeability assay was performed only on inserts with TEER values above 150 ohm.cm 2 for Caco-2 cells and above 40 ohm.cm 2 for MDCK II, MDCK-MDR1 and MDCK-BCRP cells.

Expression and quantification of ABC transporters 2.3.1. Western blotting

Confluent cell monolayers were collected and lysed in freshly prepared RIPA lysis buffer. The total cell protein content was quantified using the BCA assay kit. Aliquots of 50 µg of protein were size-fractionated in a 4-12% Tris glycine acrylamide gel in MOPS buffer.

Proteins were then transferred onto 0.45 µm nitrocellulose membranes. The membranes were incubated with primary antibodies diluted 1/100 for P-gp (monoclonal antibody sc-55510; Santa Cruz Biotechnology), 1/250 for BCRP (monoclonal antibody BXP-21; Santa Cruz Biotechnology) and 1/400 for β-actin (monoclonal antibody sc-47778; Santa Cruz Biotechnology) in the blocking buffer overnight at 4°C, and then probed for 1.5 h with horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology) diluted 1/5000 in the blocking buffer. Proteins were detected using the electrochemiluminescence method according to the manufacturer's protocol.

Immunofluorescence

ZO-1, P-gp and BCRP were localized by immunofluorescence studies in all cell models. Briefly, cells were fixed in 3.7% paraformaldehyde (PAF) or methanol for 30 min and permeabilized with 0.2% Triton-X100. Non-specific binding sites were blocked by incubating the cells in complete medium containing 10% FBS for 30 min. The inserts membranes were then cut up and incubated with the primary antibodies (sc-55510 for P-gp and BXP-21 for BCRP) diluted 1/100 in the blocking buffer for 1 h. The secondary antibodies were diluted 1/200 in the blocking buffer and incubated for 1 h, the nuclei then being counterstained with DAPI diluted 1/1000 in the blocking buffer. All biomarkers were imaged using an inverted epifluorescence microscope IX81 (Olympus, Tokyo, Japan) equipped with CellSens imaging software (Olympus, Munster, Germany).

Quantification by liquid chromatography -high resolution mass spectrometry 2.3.3.1. Sample preparation

Samples were prepared as previously described [START_REF] Mercier | Pharmacological characterization of the 3D MucilAir TM nasal model[END_REF]. Briefly, the membrane protein fraction was extracted using the Mem-PER Plus membrane protein extraction kit according to the manufacturer's protocol. Protein concentration was measured using the Micro BCA protein assay kit. In-solution tryptic digestion was performed using the Pierce Mass Spec sample prep kit. Briefly, 100 µg of membrane protein fraction were reduced with 10 mM dithiothreitol (DTT) for 45 min at 50°C, then alkylated with 50 mM iodoacetamide (IAA) for 20 min at room temperature protected from light. The proteins were digested with Lys-C (1:100) at 37°C for 2 h then with trypsin (1:50) for 16 h at 37°C according to the manufacturer's instructions. Each sample was desalted using the Pierce Peptide desalting spin column according to the manufacturer's protocol.

Relative quantification

Relative quantification was performed as previously described [START_REF] Mercier | Pharmacological characterization of the 3D MucilAir TM nasal model[END_REF]. The samples were analysed using an Ultimate U3000 liquid chromatography system (Dionex, California, USA) on an Easy-spray C18 column (2 µm fully porous particles, 0.075 mm ID × 500 mm) (ThermoFisher Scientific, USA) with a 150 min gradient at a flow rate of 300 nL/min. The column temperature was 35C° and the injection volume was 1µL. Mobile phase A comprised water with 0.1% formic acid, and mobile phase B was 80% acetonitrile with 0.08% formic acid. Peptides were eluted by a gradient from 2.5% to 40% of mobile phase B over 123 min, followed by a short wash in 90% mobile phase B before return to the starting conditions. A precursor scan of intact peptides was recorded in the orbitrap (D30 Orbitrap, 5 kV central electrode voltage) by scanning from m/z 375-1500 (with a resolution of 70,000) and the 10 most intense multi-charged precursors were selected for higher-energy collision dissociation (HCD) analysis in the C-trap. To avoid repeated selection of peptides for MS/MS the program used a 30 s dynamic exclusion window.

Absolute quantification

Chromatography was performed using an Ultimate U3000 liquid chromatography system (Dionex, California, USA) at a flow rate of 300 nL/min. Peptides were first loaded onto an Acclaim PepMap 100 C18 trap column (100 μm×2 cm, C18, 5 μm, 100A) at 20 µL/min with water containing 2% acetonitrile and 0.1% TFA. They were then separated on an Easy-spray C18 column (2 µm fully porous particles, 0.075 mm ID x 150 mm) (ThermoFisher Scientific, Massachusetts, USA) with a 45 min gradient. Mobile phase A comprised water with 0.1% formic acid (FA), and mobile phase B was 80% acetonitrile with 0.08% FA. Peptides were eluted by the following gradient: 0-30 min: linear from 5% to 45% B; 30-31 min: linear from 45% to 90% B; 31-38 min: 90% B; 38.5 min return to the initial conditions up to 45 min.

Peptides were quantified by parallel reaction monitoring (PRM)-based targeted mass spectrometry in electrospray positive mode. For each peptide, the three most intense fragments were retained. The acquisition method combined a full-scan method with a timescheduled multiplexed PRM method. The full-scan method was performed with a resolution of 17 500, an AGC target value of 3×10 6 , a maximum injection time of 200 ms and a scan range from 400 to 1200 m/z. The PRM method parameters were: a resolution of 35 000 (at m/z 200), an AGC target value of 2×10 5 , a maximum injection time of 200 ms and an isolation window of 0.7 m/z. HCD fragmentation was performed with a normalized collision energy of 27.

The method was validated according to the FDA recommendations for bioanalytical method validation [START_REF]Food and Drug Administration, Bioanalytical Method Validation Guidance for Industry[END_REF]. For each protein, three proteotypic peptides were selected. The two most intense were selected as quantification peptides, the third peptide serving as a confirmation peptide. The quantification peptides for P-gp and BCRP were FDTLVGER (shared by canine and human P-gp) and FYDPLAGK (specific to human P-gp), and SSLLDVLAAR (shared by canine and human BCRP) and VIQELGLDK (specific to human BCRP), respectively. For each peptide, the three most intense fragments were selected and used for quantification. Calibration standards and QC levels for each peptide are summarized in Table 1. Additional information on method validation is available in the Supplementary information.

Bidirectional transport assay

Four cell models were used to investigate the bidirectional permeabilities of rivaroxaban. We used 10 µM concentration for rivaroxaban because it is close to plasma concentration and has been used in previous transport studies on these cell models [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF][START_REF] Gnoth | In Vitro and In Vivo P-Glycoprotein Transport Characteristics of Rivaroxaban[END_REF][START_REF] Margelidon-Cozzolino | In Vitro Assessment of Pharmacokinetic Drug-Drug Interactions of Direct Oral Anticoagulants: Type 5-Phosphodiesterase Inhibitors Are Inhibitors of Rivaroxaban and Apixaban Efflux by P-Glycoprotein[END_REF].

The transport studies were performed on inserts consisting of two compartments (apical and basolateral), separated by a cell monolayer cultured on a porous filter, as described previously [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF]. The assays were conducted in HBSS transport buffer supplemented with 10 mM HEPES and 1% DMSO (pH 7.4). Bidirectional apparent permeabilities were computed according to the following equation:

P = 0 × × ( 2 ) (1) 
where V is the volume of the receiver compartment, [C0] is the initial concentration of the compound, S is the area of the cell monolayer, [C2] is the final concentration of the compound in the receiver compartment, and t is the incubation time.

Efflux ratios (ER = Papp (B→A) / Papp (A→B)) were then computed to assess the activity of transporters on drug kinetics across the model, the standard deviation of the efflux ratio being calculated according to the formula proposed by Gnoth et al. [START_REF] Gnoth | In Vitro and In Vivo P-Glycoprotein Transport Characteristics of Rivaroxaban[END_REF]. According to FDA guidelines [START_REF]Food and Drug Administration, In Vitro Metabolism-and Transporter-Mediated Drug-Drug Interaction Studies Guidance for Industry[END_REF], an ER above 2 indicates that the drug is an efflux transporter substrate. All the available samples in the receiver compartments were analyzed by LC-MS/MS as previously described [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF].

Determination of half-maximal inhibitory concentration

The half-maximal inhibitory concentration (IC50) is used as a measure of inhibitory drug potency. The IC50 was determined using concentrations ranging from 0.1 to 1000 µM and 0.001 to 25 µM for verapamil and ko143, respectively. The concentration of rivaroxaban was 10 µM. To calculate IC50 values, curves were fitted to data by unweighted, nonlinear, least-squares regression modelling of the Efflux Ratio with the nls() function in R software.

Calculation was performed by a sigmoid model using the following equation:

= + ( ) !" # #$% & ' (2)
where ER is the observed efflux ratio, [I] is the inhibitor concentration, h is the Hill coefficient of the sigmoid model, I0 is the initial effect without inhibitor and Imax is the maximal effect of the model.

Data analysis

Data acquisition and analysis were performed using TraceFinder ® Clinical software 4.1 (ThermoFisher Scientific) for precise quantification and ProteomeDiscoverer ® 2.2 (ThermoFisher Scientific) software for relative quantification. R software was used for statistical analysis and graphic outputs (R Foundation for Statistical Computing, Vienna, Austria, URL https://www.R-project.org/).

Results

Expression of junction proteins and phenotypic markers

Expression of the tight junction protein zonula occludens 1 (ZO-1) was investigated by immunofluorescence staining (Fig. 1) to check the tightness of the monolayer. A bright and homogeneous signal of ZO-1 was localized at the cell membrane at the junction between cells in all models. Protein mass spectrometry analysis was used to assess the relative expression of six junction proteins (Fig. 2) in Caco-2ATCC, Caco-2ECACC, MDCK II, MDCK-MDR1 and MDCK-BCRP cells. Occludin showed a 10 to 100-fold greater abundance in Caco-2 models compared to MDCK cells, in relation to a higher TEER. The abundance of ZO-1 and ZO-2 proteins was higher in MDCK models than in Caco-2 cells while ZO-3 showed a closely similar abundance in all models. Among MDCK models, the highest abundance for occludin was observed in MDCK-BCRP cells. Cadherin-1 and 17 exhibited a 5 to 10-fold greater abundance in Caco-2 cells compared to MDCK II and MDCK-BCRP cells, being detected to a slightly lower extent in MDCK-MDR1 cells.

A phenotypic marker was used for each cell model. Dipeptidyl peptidase-4 was selected as a specific intestinal marker for Caco-2 cells [START_REF] Nicholson | The subcellular localization of peptidase activity in the human jejunum[END_REF] and V-type proton ATPase was selected as a specific renal marker for MDCK cells [START_REF] Hennings | A mouse model for distal renal tubular acidosis reveals a previously unrecognized role of the V-ATPase a4 subunit in the proximal tubule[END_REF]. The abundance of dipeptidyl peptidase-4 was 10-fold greater in Caco-2 models than in MDCK models while V-type proton ATPase showed a higher abundance in MDCK cells (Fig. 3). These positive controls confirmed the relevance of the label-free proteomic analysis used for relative quantification.

Expression and quantification of P-gp and BCRP efflux transporters

Expression of ABC transporters was first investigated by mass spectrometry. Absolute quantification by LC-MS/MS was performed to assess the precise amount of P-gp and BCRP in the five models, using two quantification peptides for each protein. For method validation, linearity, accuracy and precision were proven by analysing calibration curves for each of the four peptides (Fig. S1). All calibration curves gave R 2 values above 0.98. The FYDPLAGK and VIQELGLDK peptides had the lowest LLOQ (74.25 pM), SSLLDVLAAR having the highest LLOQ (247.5 pM). The LLOQ value for FDTLVGER was 148.5 pM. Precision was always better than 15% and accuracy was always ± 15% of the nominal concentration (Table S1). As expected, the two peptides specific to human P-gp and BCRP were not observed in MDCK models, except in the transfected models MDCK-MDR1 and MDCK-BCRP, respectively (Table 2). Transfected MDCK-MDR1 cells showed a P-gp expression about 5fold higher than that observed in the Caco-2 models. The expression level of BCRP was under the LLOQ for MDCK II and MDCK-MDR1 cells. Both Caco-2 models showed a 2-fold lower amount of BCRP than that determined in transfected MDCK-BCRP cells. Interestingly, Caco-2ECACC cells exhibited a 1.5-fold greater amount of P-gp than that seen Caco-2ATCC cells, whereas the amount of BCRP was closely similar in the two Caco-2 models. These results were confirmed by LC-MS/MS relative quantification. P-gp, BCRP, MRP1, MRP2, MRP3 and MRP4 were detected in proteomic analyses with differing abundance levels (Fig. 4). P-gp exhibited a 10-fold higher abundance in MDCK-MDR1 cells compared to Caco-2 cells, whereas MDCK II and MDCK-BCRP cells showed a low abundance of P-gp. A difference in the abundance of P-gp was also observed between the two Caco-2 models, with a greater abundance in Caco-2ECACC cells. BCRP showed a closely similar abundance in Caco-2 and MDCK II cells. The greatest BCRP abundance was observed in MDCK-BCRP cells, while the lowest abundance was found in MDCK-MDR1 cells. The lowest abundance for MRP1 was observed in MDCK II cells. MRP1 showed a similar abundance in Caco-2ECACC, MDCK-MDR1 and MDCK-BCRP models. MRP1 was detected to a slightly greater extent in Caco-2ATCC cells. The greatest abundance of MRP2 was detected in the two Caco-2 models (more than 10-fold higher than in the MDCKs models).

Caco-2ECACC cells showed a greater abundance of MRP2 than Caco-2ATCC cells. The abundance of MRP3 and MRP4 was 10-fold higher in MDCK models than in Caco-2 models.

The expression of P-gp and BCRP was then confirmed by western blotting (Fig. 5).

Regarding P-gp expression, the western blot data showed a more intense signal in MDCK-MDR1 cells than in Caco-2 cells at a molecular weight of approximately 170 kDa (Fig. 5A).

No bands were detected in the MDCK-BCRP and MDCK II models. The band detected in Caco-2ECACC cells was slightly more intense than that seen in Caco-2ATCC cells. BCRP expression was observed on MDCK-BCRP and Caco-2 cells (Fig. 5B). The bands were detected at a high molecular weight, suggesting that we detected the BCRP dimer as the assay was not conducted under reducing conditions. The most intense signal was detected in the MDCK-BCRP cells, whereas the signal intensity was similar in both Caco-2ATCC and Caco-2ECACC cells.

Finally, immunofluorescence staining showed a membrane localization for P-gp in the two Caco-2 models and in the MDCK-MDR1 model (Fig. 6). In MDCK-MDR1 cells (Fig. 6B), P-gp was stained strongly and homogeneously over the whole surface, with an expression characterized by bright multiple fluorescents spots covering the whole apical membrane of most cells. Caco-2 cells showed a more heterogeneous signal localized at the cell membrane at the junction between cells and an apical expression characterized by bright multiple fluorescent spots over some cells (Fig. 6D and6E). No specific signal was observed at the cell membrane of MDCK II and MDCK-BCRP cells (Fig. 6A and6C). BCRP was also localized at the cell membrane in all the cell models (Fig. 7). BCRP exhibited a homogeneous expression characterized by thin and continuous apicolateral membrane staining, with a greater immunofluorescence in the MDCK-BCRP model than in the other models.

Functionality of P-gp and BCRP efflux transporters

Bidirectional transport assays were performed to study the transport of rivaroxaban, incubated at the apical or basolateral side of the cell monolayer at a constant concentration of 10 µM, in the presence of increasing concentrations of two specific inhibitors of P-gp and BCRP (verapamil and ko143, respectively). Permeability values of rivaroxaban across all cell models are summarized in Table S2. Efflux ratios of rivaroxaban without an inhibitor were 3.13, 5.75, 11.5 and 7.22 across Caco-2ATCC, Caco-2ECACC, MDCK-MDR1 and MDCK-BCRP cells respectively (Fig. 8 and9). Bidirectional permeability values of rivaroxaban were significantly modified by increasing concentrations of verapamil or ko143 across all models.

Apparent apical-to-basolateral permeabilities started to increase when apparent basolateral-toapical permeabilities began to decrease, resulting in decreased efflux ratios (Fig. 8 and9). Modelling of efflux ratios was performed for determination of IC50 values of verapamil (Fig. 8) and ko143 (Fig. 9) for P-gp and BCRP-mediated transport of rivaroxaban respectively, across the four cell models. For verapamil, the lowest IC50 was obtained across the MDCK-MDR1 model (6.94 µM for MDCK-MDR1 versus 21.2, 24.8 and 137.8 µM for Caco-2ATCC, Caco-2ECACC and MDCK-BCRP, respectively). The IC50 values were similar in the two Caco-2 models despite the higher efflux ratio without inhibitor observed in Caco-2ECACC cells. At the highest concentrations of verapamil, the inhibition of efflux was complete across all models. With regard to the ko143 inhibitor, the inhibition of efflux was complete at the highest concentrations except in the Caco-2ECACC model (Fig. 9). The lowest IC50 was obtained in the MDCK-BCRP cells (0.026 µM for MDCK-BCRP versus 0.52, 0.18 and 7.44 for Caco-2ATCC, Caco-2ECACC and MDCK-MDR1, respectively). Overall, the IC50 values were considerably lower for ko143 than verapamil, in line with a more potent inhibitory effect of ko143 on the P-gp and BCRP transporters.

Discussion

The ABC transporters P-gp and BCRP are well known to be involved in the pharmacokinetics of rivaroxaban [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF][START_REF] Gnoth | In Vitro and In Vivo P-Glycoprotein Transport Characteristics of Rivaroxaban[END_REF][START_REF] Gong | Absence of both MDR1 (ABCB1) and Breast Cancer Resistance Protein (ABCG2) Transporters Significantly Alters Rivaroxaban Disposition and Central Nervous System Entry[END_REF]. Modulation of these transporters by concurrent medications could modify systemic exposure to rivaroxaban, particularly by decreasing its excretion, exposing patients to a potential bioaccumulation and consequently a higher risk of bleeding [START_REF] Chang | Association Between Use of Non-Vitamin K Oral Anticoagulants With and Without Concurrent Medications and Risk of Major Bleeding in Nonvalvular Atrial Fibrillation[END_REF]. Several in vitro systems, including the Caco-2 and MDCK cell models, have been widely used to assess the role of ABC transporters in the pharmacokinetics of rivaroxaban [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF][START_REF] Gnoth | In Vitro and In Vivo P-Glycoprotein Transport Characteristics of Rivaroxaban[END_REF][START_REF] Margelidon-Cozzolino | In Vitro Assessment of Pharmacokinetic Drug-Drug Interactions of Direct Oral Anticoagulants: Type 5-Phosphodiesterase Inhibitors Are Inhibitors of Rivaroxaban and Apixaban Efflux by P-Glycoprotein[END_REF]. However, these models display different characteristics and the interpretation of the results of transport studies may vary depending on the type of cells used.

Our study focused on the impact of ABC transporter expression levels on the assessment of in vitro rivaroxaban DDIs related to P-gp and BCRP in cell models recommended by FDA for drug transport assay, such as Caco-2ECACC, Caco-2ATCC, MDCK II, MDCK-MDR1 and MDCK-BCRP. The originality of this work consists in the use of complementary techniques, such as proteomic mass spectrometry for absolute and relative quantification, western blotting, immunofluorescence staining and bidirectional transport experiments, to illustrate the value of quantifying ABC transporters to explain the variability of in vitro study results.

Previous studies have evaluated the quantity of transporters in different cell models by mass spectrometry [START_REF] Uchida | Quantitative targeted absolute proteomics for 28 human transporters in plasma membrane of Caco-2 cell monolayer cultured for 2, 3, and 4 weeks[END_REF][START_REF] Zhang | Liquid chromatography/tandem mass spectrometry based targeted proteomics quantification of P-glycoprotein in various biological samples[END_REF][START_REF] Ölander | The Proteome of Filter-Grown Caco-2 Cells With a Focus on Proteins Involved in Drug Disposition[END_REF], but no other study has investigated the correlation between the variability in transporter expression and the variability in their functionality between cell models.

As rivaroxaban is a substrate for both P-gp and BCRP, we determined the IC50s of verapamil and ko143, P-gp and BCRP inhibitors respectively, on four cell models commonly used for bidirectional transport studies. The efflux ratios of 10 µM rivaroxaban in MDCK-MDR1 and MDCK-BCRP cells were higher than those determined in Caco-2 cells (11.5 and 7.22 versus 3.13 and 5.75, respectively). The IC50 of verapamil was 20-fold lower in MDCK-MDR1 cells than in MDCK-BCRP cells (6.94 µM vs 137.8 µM, respectively), suggesting that verapamil predominantly inhibits P-gp at concentrations under 100 µM. The IC50s of verapamil in Caco-2 models were slightly higher than those determined in MDCK-MDR1 cells (21.2 µM and 24.8 µM for Caco-2ATCC and Caco-2ECACC, respectively), partly because Caco-2 cells express other ABC transporters involved in rivaroxaban disposition, such as BCRP, which can take over from P-gp [START_REF] Hodin | In Vitro Comparison of the Role of P-Glycoprotein and Breast Cancer Resistance Protein on Direct Oral Anticoagulants Disposition[END_REF]. The IC50 of ko143 was 286-fold lower in MDCK-BCRP cells than in MDCK-MDR1 cells (0.026 µM vs 7.44 µM). As regards Caco-2 cells, the IC50s were respectively 7-fold and 20-fold higher in Caco-2ECACC and Caco-2ATCC cells than in MDCK-BCRP cells. This low IC50 value determined in MDCK-BCRP cells confirms that ko143 is a highly potent BCRP inhibitor [START_REF] Allen | Potent and Specific Inhibition of the Breast Cancer Resistance Protein Multidrug Transporter in Vitro and in Mouse Intestine by a Novel Analogue of Fumitremorgin C[END_REF]. Furthermore, its IC50 in MDCK-MDR1 cells was comparable to that of verapamil, indicating that although ko143 effectively inhibits BCRP at nanomolar concentrations, it also has an effect on P-gp at higher micromolar concentrations, as reported in a few studies [START_REF] Matsson | Identification of Novel Specific and General Inhibitors of the Three Major Human ATP-Binding Cassette Transporters P-gp, BCRP and MRP2 Among Registered Drugs[END_REF][START_REF] Szolomajer-Csikos | Synthesis and ABCG2 Inhibitory Activity of Novel Fumitremorgin C Analogs -Specificity and Structure Activity Correlations[END_REF][START_REF] Weidner | The Inhibitor Ko143 Is Not Specific for ABCG2[END_REF]. The adjustment of inhibitor concentrations based on the cell model appears to be an important parameter when determining whether a drug is a substrate of ABC transporters.

To detect a potential clinically relevant DDI for orally administered drugs, such as rivaroxaban, FDA recommends the use of a validated predictor, the [I2]/IC50 ratio (based on the IC50 derived from in vitro studies) [START_REF]Food and Drug Administration, In Vitro Metabolism-and Transporter-Mediated Drug-Drug Interaction Studies Guidance for Industry[END_REF]. Fenner et al. [START_REF] Fenner | Drug-Drug Interactions Mediated Through P-Glycoprotein: Clinical Relevance and In Vitro-In Vivo Correlation Using Digoxin as a Probe Drug[END_REF] assessed the relevance of this ratio by considering the case of digoxin. To avoid the bias of interlaboratory variations, 19 compounds that could modify the P-gp-mediated transport of digoxin were evaluated in Caco-2 cells in the same laboratory. An [I2]/IC50 ratio < 10 seemed to be predictive of negative clinical DDIs. However, the percentage of false-positives observed (∼ 40%) was of concern and limited the establishment of a good IVIVC [START_REF] Fenner | Drug-Drug Interactions Mediated Through P-Glycoprotein: Clinical Relevance and In Vitro-In Vivo Correlation Using Digoxin as a Probe Drug[END_REF]. Since IC50s are derived from in vitro data, this problem is of a particular concern when considering inter-and intralaboratory variability partly due to differences in cell model characteristics. Regarding rivaroxaban, our study revealed very different IC50 values for specific inhibitors, depending on the cell model used. For verapamil, the [I2]/IC50 ratio was < 10 when IC50 was determined in Caco-2 models (8.7 and 7.4 in Caco-2ATCC and Caco-2ECACC cells respectively), suggesting no need for further in vivo studies, whereas the [I2]/IC50 ratio was > 10 (26.5) in MDCK-MDR1 cells, suggesting that it would be worth conducting clinical studies. These results illustrate the heterogeneity of the cell models used in drug transport studies. This heterogeneity was expected since the cell lines were of different origins (intestinal for Caco-2 and renal for MDCK) and displayed different phenotypes, as illustrated by the relative quantification of the phenotypic markers. The barrier properties of these models also differed. Expression of the tight junction protein occludin and the adherens proteins cadherin-1 and cadherin-17 was respectively 10 to 100-fold lower and 5 to 10-fold lower in MDCK cells than in Caco-2 cells.

The expression pattern of the junction proteins was consistent with the lower TEER values observed for MDCK cells (approximately 80 ohm.cm 2 versus 600 ohm.cm 2 for Caco-2 cells).

In addition to their different barrier properties, these cell models are also characterized by differing expression of ABC transporters which could interfere with determination of IC50.

Ability to precisely quantify the expression levels of transporters in each cell type is therefore essential.

To this end, mass spectrometry could be used as a reference technique. A wide range of new mass spectrometry-based analytical platforms and experimental strategies have emerged in recent years and have made this technology increasingly accessible for routine protein quantification. Mass spectrometry can simultaneously and accurately quantify several transporters of interest in various biological samples, such as cells, membrane vesicles and animal or human tissues [START_REF] Ohtsuki | Quantitative Targeted Absolute Proteomic Analysis of Transporters, Receptors and Junction Proteins for Validation of Human Cerebral Microvascular Endothelial Cell Line hCMEC/D3 as a Human Blood-Brain Barrier Model[END_REF][START_REF] Basit | Kidney cortical transporter expression across species using quantitative proteomics[END_REF][START_REF] Ohtsuki | Simultaneous Absolute Protein Quantification of Transporters, Cytochromes P450, and UDP-Glucuronosyltransferases as a Novel Approach for the Characterization of Individual Human Liver: Comparison with mRNA Levels and Activities[END_REF]. First, we developed and validated a LC-MS/MS method for absolute quantification of P-gp and BCRP, in accordance with FDA guidelines [START_REF]Food and Drug Administration, Bioanalytical Method Validation Guidance for Industry[END_REF]. As expected, P-gp and BCRP were more highly expressed in their respective transfected-MDCK models than in the Caco-2 models, as previously reported [START_REF] Tang | Are MDCK Cells Transfected with the Human MDR1 Gene a Good Model of the Human Intestinal Mucosa?[END_REF][START_REF] Taub | Functional Assessment of Multiple P-Glycoprotein (p-Gp) Probe Substrates: Influence of Cell Line and Modulator Concentration on P-Gp Activity[END_REF]. P-gp expression was up to 7.5-fold higher in MDCK-MDR1 cells and BCRP expression was ~2.3-fold higher in MDCK-BCRP cells, related to higher efflux ratios of rivaroxaban in these models. Interestingly, a 1.7fold higher expression of P-gp was observed in Caco-2ECACC compared to Caco-2ATCC cells, perfectly correlated with a 1.8-fold higher efflux ratio of rivaroxaban in Caco-2ECACC cells than in Caco-2ATCC cells. These results revealed a link between the expression level of transporter and the level of the efflux ratio determined without inhibitor in the four cell lines, but we did not determine the link with the IC50 values. This would require additional studies with more data to establish a precise correlation between transporter expression and IC50 values. The P-gp level determined in Caco-2ECACC cells was 10-fold lower than that reported by Uchida et al. [START_REF] Uchida | Quantitative targeted absolute proteomics for 28 human transporters in plasma membrane of Caco-2 cell monolayer cultured for 2, 3, and 4 weeks[END_REF]. This may be related to our use of two peptides to quantify the protein whereas Uchida et al. quantified only one peptide, as reported in most studies [START_REF] Uchida | Quantitative targeted absolute proteomics for 28 human transporters in plasma membrane of Caco-2 cell monolayer cultured for 2, 3, and 4 weeks[END_REF][START_REF] Gröer | LC-MS/MS-based quantification of clinically relevant intestinal uptake and efflux transporter proteins[END_REF][START_REF] Zhang | Liquid chromatography/tandem mass spectrometry based targeted proteomics quantification of P-glycoprotein in various biological samples[END_REF]. As observed for BCRP in our study, the concentrations of the different peptides of a protein are not equal. In particular, we detected a 1.8-fold higher level of the SSLLDVLAAR peptide compared to that of the VIQELGLDK peptide. Conversely, we found a greater amount of Pgp than that reported by Zhang et al. [START_REF] Zhang | Liquid chromatography/tandem mass spectrometry based targeted proteomics quantification of P-glycoprotein in various biological samples[END_REF] in MDCK-MDR1 cells, with quantification of the same peptide as in the study by Uchida et al. Differing selection of the quantification peptides is not sufficient to explain these differences in quantification. Other parameters, such as cell culture conditions, different sample preparations and mass spectrometry techniques may affect the quantification of transporters in these cell models [START_REF] Volpe | Variability in Caco-2 and MDCK cell-based intestinal permeability assays[END_REF][START_REF] Sambuy | The Caco-2 cell line as a model of the intestinal barrier: influence of cell and culture-related factors on Caco-2 cell functional characteristics[END_REF][START_REF] Wegler | Variability in Mass Spectrometrybased Quantification of Clinically Relevant Drug Transporters and Drug Metabolizing Enzymes[END_REF]. FDA provides guidance only on acceptance criteria for the quantification of either small molecules by LC-MS/MS or proteins by ligand-binding assays [START_REF]Food and Drug Administration, Bioanalytical Method Validation Guidance for Industry[END_REF]. Currently, no official guidance is available for the quantification of proteins by LC-MS/MS, but some good practice recommendations according to the type of analysis to be performed have been proposed by Carr et al. [START_REF] Carr | Targeted Peptide Measurements in Biology and Medicine: Best Practices for Mass Spectrometry-based Assay Development Using a Fit-for-Purpose Approach[END_REF].

However, these recommendations do not specify the minimum conditions required to obtain a reliable protein quantification.

To confirm our results obtained by absolute quantification, we performed a relative quantification of various ABC transporters by mass spectrometry. The results for P-gp and BCRP were consistent with those of absolute quantification. This relative quantification by data dependent acquisition also provided additional information regarding the other ABC transporters. The expression of MRP1 was similar in all cell models, except for MDCK II which showed a 5 to 10-fold lower expression. Caco-2 cells exhibited a 10-fold higher expression of MRP2 than MDCK cells. The expression of MRP3 and MRP4 was 10-fold lower in Caco-2 cells than in MDCK cells. Our results concerning the relative quantification of ABC transporters are consistent with those of Maubon et al. [START_REF] Maubon | Analysis of drug transporter expression in human intestinal Caco-2 cells by real-time PCR[END_REF]. These authors reported a 5-fold higher quantity of P-gp mRNA in Caco-2ECACC cells than in Caco-2ATCC cells. They also reported a 4.5-fold higher amount of MRP2 mRNA in Caco-2ECACC cells and a similar expression of BCRP and MRP4 mRNA in both Caco-2 models. A confirmation technique, specifically western blotting, highlighted the presence of P-gp and BCRP in the two Caco-2 models and in MDCK-MDR1 and MDCK-BCRP cells, respectively. Moreover, immunofluorescence staining revealed the expression and localization of a tight junction protein ZO-1, and two ABC transporters, P-gp and BCRP. Concerning ABC transporters, BCRP was detected at the apicolateral side in all cell models as previously reported [START_REF] Xia | Expression, Localization and Functional Characteristics of Breast Cancer Resistance Protein in Caco-2 Cells[END_REF], with a more intense signal in the Caco-2 and MDCK-BCRP models. P-gp was highly expressed in MDCK-MDR1 and Caco-2 cells with an apical localization as previously reported [START_REF] Hämmerle | P-Glycoprotein in cell cultures: a combined approach to study expression, localisation, and functionality in the confocal microscope[END_REF][START_REF] Belliard | Effect of tumor necrosis factor-α and interferon-γ on intestinal P-glycoprotein expression, activity, and localization in Caco-2 cells[END_REF].

Taken together, all these results matched and clearly demonstrated a significant variability in transporter expression between the different cell models.

Conclusion

This original work highlighted the relationship between the abundance of ABC transporters in the cell models employed and the extent of rivaroxaban efflux transport. We showed that the choice of cell model for conducting transport studies had an influence on the IC50 values for well-known P-gp and BCRP inhibitors, and that this variability in IC50 was partly due to a difference in the expression pattern of ABC transporters within these models. Proteomic analysis by mass spectrometry provided accurate quantification of P-gp and BCRP transporters, in accordance with FDA guidelines, and revealed that a higher level of ABC transporter expression in the cell models was correlated with correspondingly greater rivaroxaban efflux transport. The quantity of transporter determined by mass spectrometry could be used to standardize the expression of IC50 determined on cell models (and thus limit interlaboratory variations, for example). This quantity of transporter expressed by cells in vitro and by tissues in vivo may be integrated into PBPK models to improve the interpretation of pharmacokinetic results and their extrapolation from preclinical to clinical studies. Inhibitor Concentration (µM)

Efflux Ratio MDCK-BCRP D iodoacetamide (IAA) for 20 min at room temperature. Proteins were precipitated with acetone and resuspended in digestion buffer. Digestion was performed with Lys-C (1:100) at 37°C for 2 h, then with trypsin (1:50) for 16 h at 37°C. Each sample was desalted using the Pierce Peptide desalting spin column according to the manufacturer's protocol.

Method validation 2.1 Calibration standards and quality control samples

Calibration curve standards and quality control (QC) samples were prepared in digested BSA.

Calibration and QC samples were prepared from separated working solutions. Crude heavy-labeled peptides were used as internal standards (IS) and added at a final concentration of 500 pM in each sample.

Limit of detection and quantification

Lower limit of detection (LLOD) and lower limit of quantification (LLOQ) were determined by injection of decreasing quantities of each peptide in digested BSA and were calculated as the concentration giving a signal-to-noise ratio of 3 and 10, respectively. Regarding LLOQ, precision should be better than 20% and accuracy should be ± 20% of the nominal concentration.

Determination of linearity, accuracy and precision

Linearity, accuracy and precision were determined using calibration standards and QC levels.

The calibration curves were generated by plotting the sum of peak area ratios of the three fragments of each peptide and IS versus the concentration of peptide. Accuracy and precision of the calibration curves were determined by analysing in duplicate the six non-zero calibrator levels. Within-run accuracy and precision were assessed by analysing five replicates of the four levels of QC samples.

Between-run accuracy and precision were assessed by analyzing three runs on three different days of calibration and QC samples. Accuracy was calculated using the following formula:

DEV(%) = ((theoretical concentration -calculated concentration) / theoretical concentration)*100.

Carry over

The impact of carry over on the accuracy was assessed by analyzing a blank sample injected after calibration standards. The carry over value should not exceed 20% of LLOQ. 

Figure 1 .

 1 Figure 1. Expression of ZO-1 by epifluorescence microscopy in MDCK II (A), MDCK-MDR1 (B), MDCK-BCRP (C), Caco-2ATCC (D) and Caco-2ECACC (E) cells. Scale bar=20µm.

Figure 2 .Figure 3 .Figure 4 .Figure 5 .

 2345 Figure 2. Label-free relative quantification of junction proteins in the Caco-2ATCC (CA), Caco-2ECACC (CE), MDCK II (M), MDCK-BCRP (MB) and MDCK-MDR1 (MP) models. Whiskers indicate the first and third quartiles of the data, the horizontal bar within each box indicating the median value. Three biological replicates were examined for each model, each biological replicate being analyzed three times.

Figure 6 .

 6 Figure 6. Expression of P-gp by epifluorescence microscopy in MDCK II (A), MDCK-MDR1 (B), MDCK-BCRP (C), Caco-2ATCC (D) and Caco-2ECACC (E) cells. Scale bar=20µm.

Figure 7 .

 7 Figure 7. Expression of BCRP by epifluorescence microscopy in MDCK II (A), MDCK-MDR1 (B), MDCK-BCRP (C), Caco-2ATCC (D) and Caco-2ECACC (E) cells. Scale bar=20µm.

Figure 8 .Figure 9 .

 89 Figure 8. Efflux ratios of rivaroxaban (10 µM) across Caco-2ATCC (A), Caco-2ECACC (B), MDCK-MDR1 (C) and MDCK-BCRP (D) cells, without and with verapamil at increasing concentrations (0.1, 1, 10, 100, 500, 1000 µM) after 2 h incubation. Experimental data (n=3) are represented by circles indicating mean values with their standard deviations. Lines represent the corresponding sigmoid models obtained with an unweighted nonlinear least squares regression algorithm. IC50s are shown for each cell model.

Figure S3 .

 S3 Figure S3. Calibration curves for the two P-gp peptides FYDPLAGK and FDTLVGER and the two BCRP peptides VIQELGLDK and SSLLDVLAAR. (n=2 for each calibration level)

  

Table 1 .

 1 Calibration standards and QC levels for quantification of P-gp and BCRP.

	1				
			Peptide Concentrations (pM)	
		FYDPLAGK FDTLVGER VIQELGLDK SSLLDVLAAR
	Calibration standards				
	Cal 1 (LLOQ)	74.25	148.5	74.25	247.5
	Cal 2	148.5	247.5	148.5	371.3
	Cal 3	247.5	495.0	247.5	495.0
	Cal 4	495.0	742.6	495.0	742.6
	Cal 5	990.0	990.0	990.0	990.0
	Cal 6	2475.0	2475.0	2475.0	2475.0
	QC samples				
	QC 1 (LLOQ)	74.25	148.5	74.25	247.5
	QC 2	222.8	445.5	222.8	445.5
	QC 3	742.6	643.6	742.6	792.0
	QC 4	1485.0	1485.0	1485.0	1485.0
	2				

Table 2 .

 2 Absolute expression levels of P-gp and BCRP in plasma membrane fractions of Caco-2 and MDCK cells. Absolute amounts (fmol) were calculated from the calibration curves for each peptide. Protein expression levels (fmol/µg protein) were calculated by dividing the absolute amounts of the targeted peptides by the total quantity of protein (in µg)

	in the membrane protein fractions analyzed. Each value represents the mean ± standard
	deviation (n=3).					
				Protein expression level (fmol/µg protein)	
	Protein	Peptide	Caco-2	Caco-2			
					MDCK II	MDCK-BCRP	MDCK-MDR1
			ATCC	ECACC			
	P-gp	FDTLVGER FYDPLAGK	0,340 ± 0,013 0,359 ± 0,002	0,639 ± 0,019 0,552 ± 0,009	0,321 ± 0,003 < LLOQ	0,241 ± 0,019 < LLOQ	2,847 ± 0,081 2,394 ± 0,023
	BCRP	SSLLDVLAAR 1,046 ± 0,020 VIQELGLDK 0,553 ± 0,036	1,082 ± 0,011 0,604 ± 0,054	< LLOQ < LLOQ	2,302 ± 0,030 1,317 ± 0,013	< LLOQ < LLOQ

Table S1 .

 S1 Intra and inter-day validation of P-gp and BCRP quantification peptides (n=5 for each run).

				FDTLVGER			FYDPLAGK			VIQELGLDK			SSLLDVLAAR	
	Intra-day																
	validation	CQ 1	CQ 2	CQ 3	CQ 4	CQ 1	CQ 2	CQ 3	CQ 4	CQ 1	CQ 2	CQ 3	CQ 4	CQ 1	CQ 2	CQ 3	CQ 4
		Run 1	6.55	2.00	3.16	3.20	3.30	2.77	2.02	2.63	8.78	2.67	4.00	4.48	7.94	5.33	4.37	3.62
	Intra-day CV(%)	Run 2	3.77	5.26	3.04	5.00	8.41	4.40	2.51	3.39	5.39	6.31	1.34	1.89	21.92	8.44	7.87	4.55
		Run 3	1.62	2.16	3.11	5.42	6.09	2.03	2.09	2.91	11.81	4.22	1.59	6.20	2.79	3.12	3.61	4.64
		Run 1	14.41	-5.84	-8.22	0,24	15,30	-11.19	1,97	-0.91	7,79	-3.80	-1.05	3,76	-6.25	-1.16	-8.06	-2.92
	Intra-day DEV(%)	Run 2	13.36	-6.11	-9.61	-0.46	10,73	-11.48	-3.20	-2.22	13,35	-4.08	-2.05	1,34	-11.88	5,33	-6.02	7,97
		Run 3	6.14	-8.62	-3.22	1,88	4,40	-12.76	3,96	1,51	7,15	-3.12	-1.12	-1.04	7,99	0,00	-12.91	-6.40
	Inter-day																
	validation																
	Inter-day CV(%)		3.98	3.14	3.10	4.54	5.93	3.07	2.21	2.98	8.66	4.40	2.31	4.19	10.88	5.63	5.28	4.27
	Inter-day DEV(%)		11.30	-6.86	-7.02	0,55	10,14	-11.81	0,91	-0.54	9.43	-3.67	-1.41	1.35	-3.38	1.39	-9.00	0.45
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Supplementary Materials and Methods

Sample preparation for LC-MS/MS analysis

Samples were prepared as previously described [START_REF] Mercier | Pharmacological characterization of the 3D MucilAir TM nasal model[END_REF]. The membrane protein fraction was extracted using the Mem-PER Plus membrane protein extraction kit according to the manufacturer's protocol. Briefly, cell pellets were washed in the cell wash solution and re-suspended in the permeabilization buffer. After 10 min incubation, the cell lysates were centrifuged for 15 min at 16,000 g. Supernatant containing cytosolic proteins was removed and cell pellets were re-suspended in the solubilization buffer. The homogenate was incubated for 30 min and then centrifuged for 15 min at 16,000 g. Supernatant containing the membrane protein fraction was collected. Protein concentration