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Nonstandard abbreviations used:  

AUC, area under the curve; AUCROC, area under the ROC curve; Cmax, maximum concentration; 

DDI, drug-drug interaction;  DE, dabigatran etexilate;  EMA, European Medical Agency; ER, 

efflux ratio;  FDA, Food and Drug Administration; FN, false negatives; FP, false positives; FPR, 

false positive rate; [I1], maximum concentration of inhibitor at steady state; [I1u], unbound [I1]; 

[I2], concentration of inhibitor in the gastrointestinal tract based on highest approved dose 

dissolved by 250 ml; IC50, half-maximal inhibitory concentration;  LLC-PK1-MDR1, Lilly 

Laboratories Cell Porcine Kidney 1 cells overexpressing MDR1; MDR1, multidrug resistance 

protein 1; NME, new molecular entity; Papp, apparent permeability; P-gp, P-glycoprotein; PK, 

pharmacokinetic; ROC, receiver operating characteristic; TN, true negatives; TP, true positives; 

TPR, true positive rate.  
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Abstract  

The multidrug resistance protein 1 (MDR1) P-glycoprotein (P-gp) is a clinically important 

transporter.  In vitro P-gp inhibition assays have been routinely conducted to predict the potential 

for clinical drug-drug interactions (DDIs) mediated by P-gp. However, high inter- laboratory and 

inter-system variability of P-gp IC50 data limits accurate prediction of DDIs using static models 

and decision criteria recommended by regulatory agencies.  In this study, we calibrated two in 

vitro P-gp inhibition models: vesicular uptake of N-methyl-quinidine (NMQ) in MDR1 vesicles 

and bidirectional transport (BDT) of digoxin in Lilly Laboratories Cell Porcine Kidney 1 cells 

overexpressing MDR1 (LLC-MDR1) using a total of 48 P-gp inhibitor and non-inhibitor drugs, 

and digoxin DDI data from 70 clinical studies. Refined thresholds were derived using receiver 

operating characteristic (ROC) analysis and their predictive performance was compared with the 

decision frameworks proposed by regulatory agencies and selected reference.  Furthermore, the 

impact of various IC50 calculation methods and non-specific binding of drugs on DDI prediction 

was evaluated.   Our studies suggest that the concentration of inhibitor based on highest 

approved dose dissolved in 250 ml divided by IC50(I2/IC50) is sufficient to predict P-gp related 

intestinal DDIs. IC50 obtained from vesicular inhibition assay with a refined threshold of I2/IC50 ≥ 

25.9 provides comparable predictive power than those measured by net secretory flux and efflux 

ratio in LLC-MDR1 cells.   We therefore recommend vesicular P-gp inhibition as our preferred 

method given its simplicity, lower variability, higher assay throughput, and more direct 

estimation of in vitro kinetic parameters than BDT assay.   
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Significance Statement  

We have conducted comprehensive calibration of two in vitro P-gp inhibition models: uptake in 

MDR1 vesicles and bidirectional transport in LLC-MDR1 cell monolayers to predict DDIs.   Our 

studies suggest that IC50s obtained from vesicular inhibition with a refined threshold of I2/IC50 ≥ 

25.9 provide comparable predictive power than those in LLC-MDR1 cells.   We therefore 

recommend vesicular P-gp inhibition as preferred method given its simplicity, lower variability, 

higher assay throughput, and more direct estimation of in vitro kinetic parameters.    
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Introduction  

Multidrug resistance protein 1 (MDR1) P-glycoprotein (P-gp) is a clinically important 

transporter (International Transporter et al., 2010; Lee et al., 2010).  Inhibition of P-gp can cause 

drug–drug interactions (DDIs), in which, inhibition of intestinal P-gp appears to have the most 

significant impact (Fenner et al., 2009; International Transporter et al., 2010; Zhang et al., 2018).  

Thus, the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) 

have requested evaluating the potential of a new molecular entity (NME) to inhibit P-gp in vitro 

and recommended a decision framework to determine the need for conducting clinical DDI 

studies with P-gp probe substrates, such as digoxin and dabigatran etexilate (DE) (EMA, 2012; 

FDA, 2020).   

 

In vitro P-gp inhibition studies are routinely conducted in the pharmaceutical industry to evaluate 

the potential of NMEs as in vivo inhibitors of P-gp based on the recommendations from 

regulatory agencies.  To assess their predictability for digoxin DDIs, a P-gp IC50 working group 

measured in vitro P-gp IC50 values for 15 compounds in 23 laboratories using their own assays 

and protocols.  Substantial inter-laboratory variability for IC50 values was reported (Bentz et al., 

2013).    A receiver operating characteristic (ROC) analysis was conducted by this group and 

refined cut-off values were proposed, which accounted for inter-laboratory variability for IC50 

values (Ellens et al., 2013).  Currently, P-gp IC50 variability is still a major concern which 

precludes accurate DDI prediction.  As such, EMA has recommended to assess P-gp inhibition 

using two separate in vitro systems.   A systemic calibration of in vitro assays in each individual 

laboratory may help to address this issue before the standardized model and assay protocol are 
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established and employed.   For instance, Cook et al (Cook et al., 2010), Sugimoto et al 

(Sugimoto et al., 2011), and Poirier et al (Poirier et al., 2014) calibrated their P-gp inhibition 

assays in Caco-2 cells (human colon adenocarcinoma cells expressing endogenous P-gp) and 

LLC-MDR1 cells (Lilly Laboratories Cell Porcine Kidney 1 cells overexpressing MDR1)  using 

26 to 68 clinical digoxin DDI data and defined their cut-off criteria accordingly.  

 

In vitro P-gp inhibition is most frequently evaluated in P-gp transfected cells and Caco-2 cells.  

These polarized cells form a tight monolayer and therefore can be used to determine the 

inhibitory effect of a test compound on bidirectional transport (BDT) of a P-gp probe substrate, 

e.g., digoxin, from basolateral to apical (B to A) and from apical to basolateral (A to B) 

(Brouwer et al., 2013).   However, this assay requires culturing cells for multiple days to form 

monolayers.  Digoxin transcellular flux is not only mediated by P-gp and passive diffusion, but 

also by endogenous uptake transporter(s) (Taub et al., 2011; Lee et al., 2014).    Varying 

expression of P-gp and endogenous transporters in different cell lines under different assay 

conditions may be one of primary contributing factors to high inter-laboratory variability.  

Furthermore, kinetic analysis of intrinsic inhibitory potency of NMEs on transcellular flux of 

digoxin by P-gp is complex.  Thus, apparent IC50 values obtained from conventional analysis 

may not represent true P-gp inhibitory potency (Zamek-Gliszczynski et al., 2013; Jani and 

Krajcsi, 2014; Volpe et al., 2014). Alternatively, a vesicular uptake assay is a simpler non-cell-

based assay to study P-gp inhibition.  The inhibitory effect of a test compound on ATP-

dependent uptake of P-gp probe substrate, e.g. N-methyl-quinidine (NMQ), can be measured in 

MDR1 vesicles (Heredi-Szabo et al., 2013).   Unlike the BDT assay, membrane vesicles can be 
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stored in large quantitate to ensure consistent transporter expression/activity.  As inside-out 

vesicles have direct access to P-gp binding sites, inhibition kinetics follows enzymatic principles.  

However, vesicular P-gp inhibition can only use the probe substrates with low permeability, e.g., 

NMQ.  This can be a concern when extrapolating inhibition data to digoxin or other P-gp 

substrates, as P-gp has multiple binding sites (Lee et al., 2010; Sziraki et al., 2011).  Currently, 

calibration of P-gp vesicular inhibition assay, their predictive performance, and inter-laboratory 

variability is still limited (Ellens et al., 2013; Heredi-Szabo et al., 2013; Fekete et al., 2015).   

In this study, we systemically evaluated the predictive performance of two in vitro P-gp 

inhibition models: vesicular uptake in MDR1 vesicles and BDT in LLC-MDR1 cells using a total 

of 48 drugs, and digoxin DDI data from 70 clinical studies. A refined cut-off values using ROC 

analysis were derived for respective in vitro models and compared with the decision frameworks 

proposed by FDA, EMA and Ellens et al (Ellens et al., 2013).  Furthermore, the impact of 

various IC50 calculation methods, and non-specific binding of inhibitor drugs on DDI prediction 

was evaluated.    
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Materials and Methods 

Chemicals and Reagents  

Chemicals 

[
3
H]digoxin (30-40 Ci/mmol) was purchased from Perkin Elmer (Boston, MA).  [

3
H] NMQ (L-

000543643-002R001, 73 Ci/mmol) was synthesized by the Labeled Compound Synthesis 

Department, Merck & Co., Inc., Kenilworth, NJ, USA. Sixty compounds evaluated in P-gp 

inhibition assays (48 compounds for training set and 12 compounds for test set) were obtained 

from Sigma (St. Louis, MO), Selleck Chemicals (Pittsburgh, PA), or Cayman Chemical (Ann 

Arbor, MI).  All other reagents were commercially obtained at the highest analytical purity 

grade. 

Cells and membrane vesicles 

LLC-PK1 cells and LLC-PK1 cells stably expressing human MDR1 P-gp (LLC-MDR1 cells) 

were obtained from BD Gentest (Woburn, MA).  LLC-MDR1 and LLC-PK1 cells obtained from 

Netherlands Cancer Institute (Amsterdam, Netherlands) were also used to measure in vitro IC50 

values for several compounds in the training and test sets.  Based on our internal validation, IC50 

values measured using these two orthogonal cell lines show good correlation (data not shown). 

The cells were cultured in medium 199 supplemented with 10% fetal bovine serum, 2 mM L-

glutamine, 50 U/ml penicillin and 50 μg/ml streptomycin. All cells were maintained at 37°C in 

an atmosphere of 95% air, 5% CO2 and 90% relative humidity.  Membrane vesicle (lot 

EUD8G26 and IKATG03) isolated from baculovirus infected Spodoptera frugiperda (Sf9) cells 

containing MDR1 P-gp were obtained from Thermo Fisher Scientific (Waltham, MA).   Similar 

time- and ATP-dependent uptake of [
3
H] NMQ (0.1 µM) were observed in these two lots of 
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vesicles (data not shown).  The sideness of the vesicles were not measured.  As nitrogen 

cavitation method was used to prepare membrane vesicles, we assumed that the vesicles consist 

of the mixture of equal portion of inside-out and right-side out vesicles (Saito et al., 2009).  

In vitro P-gp inhibition assays  

BDT inhibition assay in LLC-MDR1 and LLC-PK1 cells 

The effects of test compounds on human MDR1 P-gp-mediated efflux transport of digoxin were 

evaluated using the BDT studies in the LLC-MDR1 and LLC-PK1 cell lines as previously 

described (Chan et al., 2019).  Briefly, cells were cultured in 96-well multiwell insert plates 

(Millicell®-96, Millipore, Billerica, MA) at 85,000 cells/well and cultured for four days before 

the study. The compound was tested at seven concentrations in LLC-MDR1 cells as indicated. 

Cyclosporin A (CsA) (10 µM) was used as a positive control inhibitor. The test compounds or 

positive control inhibitor at the concentrations indicated were added into both apical (A) and 

basolateral (B) sides of cell monolayers.  Transport buffer was Hanks Balanced Salt Solution 

(HBSS) with 10 mM (N-[2-Hydroxyethyl] piperazine-N’-[2-ethanesulfonic acid (HEPES), pH 

7.4.  Transport of digoxin was measured in both absorptive and secretory directions.  For 

absorptive (A to B) transport, the donor dosing solution was added to the apical compartment 

and for secretory (B to A) transport, donor dosing solution was added to the basolateral 

compartment.   Receiver solution was prepared by adding aliquots of the stock solution of test 

compound or positive control inhibitor to transport buffer with a final organic solvent 

concentration of ≤ 1%. Donor dosing solution was prepared by diluting aliquots of radiolabeled 

and non-radiolabeled [
3
H]digoxin (final concentration 0.1 µM), and, if applicable, aliquots of test 

compound or positive control inhibitor stock solutions, into transport buffer at designated 
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concentrations with a final organic solvent concentration of ≤ 1%. BDT of digoxin without 

inhibitor was tested in both LLC-MDR1 and LLC-PK1 cells to confirm P-gp-mediated digoxin 

efflux transport and a sufficient signal-to-noise ratio (efflux ratios (ER, B to A / A to B of 

apparent passive permeability (Papp)) in LLC-MDR1 cells/ ER in LLC-PK1 cells ≥ 3).  Prior to 

the transport experiment, cells were washed three times with transport buffer. Donor dosing 

solution (150 µL) was added to either the apical or basolateral compartment, with receiver 

solution (150 µL) added to the opposite compartment. At 90 minutes, (50 µL) samples were 

taken from both sides and scintillant (Ultima Gold, Perkin Elmer, Boston, MA) was added. 

Radioactivity was determined by liquid scintillation counting in a 2450 MicroBeta2 counter 

(Perkin Elmer, Waltham, MA). Dextran Texas Red or Lucifer Yellow was used as the markers to 

test the monolayer integrity. At the end of the incubation, if Dextran Texas Red or Lucifer Yellow 

in the receiver well was > 6% or >2% of the total concentration, respectively, data were excluded 

due to poor monolayer integrity. The experiments were performed in triplicate. 

 

Vesicular transport inhibition assay in MDR1 P-gp containing membrane vesicles 

The inhibitory effect of test compounds on ATP-dependent [
3
H]NMQ (0.1 μM) uptake was 

measured in membrane vesicles containing human MDR1 P-gp. The positive control inhibitor 

(CsA 10 µM) was tested in each assay to confirm the functionality of MDR1 P-gp.  Briefly, 19 μl 

of [
3
H]NMQ, dissolved in transport buffer (0.25 M sucrose, 10 mM MgCl2, 10 mM Tris-HCl 

buffer, pH 7.4), were added to 10 μl of MDR1 P-gp containing vesicles (2.5 mg/ml) in a 96-well 

glass coated plate (Analytical Sales & Services, Flanders, NJ). Then, 1uL of various 

concentrations of test compounds or CsA (10 μM) were added to each corresponding well. The 
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incubation plate was preincubated in a water bath for 3 min at 37°C. Uptake was initiated by the 

addition of 20 μl ATP or AMP containing solution (final concentration of 5 mM ATP or AMP, 

10 mM creatine phosphate, and 100 μg/ml creatine phosphokinase in transport buffer), followed 

by incubation at 37°C for 5 min. Uptake was stopped by the addition of 200 μl ice-cold stop 

buffer (0.25 M sucrose, 0.1 M NaCl, 10 mM Tris-HCl buffer,  pH 7.4), followed by transfer of 

the reaction mixture to a prewetted 96-well glass fiber filter plate (1.0 μm) (Millipore, Billerica, 

MA) and application of vacuum. Filters containing the membrane vesicles were washed with 200 

μl ice-cold stop buffer five times. The filter plate was dried at room temperature, and 100 μl 

scintillation fluid (OptiPhase HiSafe3; PerkinElmer, Boston, MA) was added. Radioactivity was 

determined by liquid scintillation counting. The experiments were performed in triplicate. 

Quantification of test compounds via LC/MS/MS analysis 

All analyses were performed on a Sciex 4500 triple quadrople mass spectrometer (Toronto, ON, 

Canada) equipped with electrospray source using multiple reaction monitoring and controlled by 

Analyst 1.6.2 software. The sample was loaded onto an Acquity UPLC C18 HSS T3, 1.8 µM, 2.1 

x 30 mm, 1.8 micron column (Waters, Milford, MA) by means of a Thermo Scientific LX-2 

System (Leap Autosampler with Dionex Ultimate 3000 RS Pumps) autosampler controlled by 

Aria 1.7 software. Chromatography was performed using water, 0.1% formic acid as mobile 

phase A and acetonitrile, 0.1% formic acid as mobile phase B. The fast gradient profile was 0 to 

15 seconds 5% (v/v) B at 0.8 mL/min; 30 seconds ramp to 95% (v/v) B at 1.0 mL/min; 30 

seconds to 5% (v/v) B at 0.8 mL/min. Polarity was selected for optimum sensitivity and 

detection by tandem mass spectrometry was based on precursor ion transitions to the strongest 

intensity product ions. Samples, standards, and controls were processed with labetalol as the 
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internal standards. Typical standard curve range was from 7.82 to 2000 nM. LC/MS/MS 

parameters was shown in Supplemental Table 1. Data processing was done using IndigoBio 

Ascent (Indigo BioAutomation, Carmel, IN). 

 

Clinical DDI data with digoxin and other P-gp probe substrates  

Clinical data for 70 DDI studies using digoxin as a probe drug (Table 1, training set) and 18 

and 6 studies using DE and fexofenadine as probe drugs, respectively (Table 2) were collected 

from the University of Washington DDI database (https://www.druginteractionsolutions.org). 

A diverse compound set were categorized according to the Provisional Biopharmaceutical 

Classification System (BCS) obtained from the literature (Wu and Benet, 2005; Benet, 2013; 

Papich and Martinez, 2015), University of Washington DDI database, and Pharmapendium 

(https://www.pharmapendium.com).  The magnitude of clinical DDIs expressed as AUCR, the 

ratio of area under the curve (AUC) or CmaxR, the ratio of maximum concentration in plasma 

(Cmax) (pharmacokinetic (PK) ratios) with and without inhibitor drugs were collated. A PK 

ratio of a probe drug ≥1.25 was considered a positive clinical DDI, while a PK ratio <1.25 was 

defined as a negative outcome. I1, the mean steady-state total (free and bound) Cmax, and the 

fraction unbound in plasma (fu) for test compounds were collected from the University of 

Washington DDI database.  Extrapolated I1 values were used, assuming the linear PK, if the 

values at indicated inhibitor doses were not reported.  I1u is the unbound I1; fu of 0.01 was used 

in DDI risk assessment as the worst-case scenario if reported fu <0.01. I2, the concentration of 

drug in the gastrointestinal tract at the given inhibitor dose dissolved in 250 ml was calculated. 

In addition, a test set of 12 compounds was assembled to evaluate performance of DDI 
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prediction, and related clinical DDI data of the compounds in test set with orally administered 

digoxin was collected as indicated above and shown in Supplemental Table 2.   

 

Data analysis 

IC50 calculation  

BDT inhibition assay  

IC50 values for inhibiting digoxin BDT in LLC-MDR1 cells were obtained by fitting the data to 

equation 1 by nonlinear regression analysis using Graphpad prism (San Diego, CA).  

% Control = 100 / (1 + I
s
 / IC50

s
)                                                              Eq. (1) 

Where I is the inhibitor concentration (µM), and s is the Hill slope.  

Percent control was calculated according to equation 2: 

% Control = (TI / To) x 100                                                                        Eq. (2) 

Where TI represents net transport of digoxin measured in the presence of various concentrations 

of the inhibitor; To represents the net transport of digoxin in the absence of the inhibitor. 

Three methods were commonly used to calculate the net transport of digoxin in LLC-MDR1 

cells: 1) net secretory flux (NSF), 2) efflux ratio (ER), and 3) unidirectional flux (UDF) 

(Balimane et al., 2008; Cook et al., 2010; O'Connor et al., 2015).  The NSF evaluates net digoxin 

transport activity in both absorptive and secretory directions. The ER describes the ratio of Papp 

in secretory (Papp B to A) over the absorptive direction (Papp A to B).  The UDF (B to A) 

describes transport activity of digoxin in the secretory direction (basolateral to apical: B to A).  
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NSF in LLC-MDR1 cells was calculated according to equation 3: 

NSF = (%Transport B to A) - (%Transport A to B)                                                     Eq. (3) 

 %Transport was calculated by dividing the amount of digoxin measured in the receiver 

compartment by the sum of digoxin measured in both receiver and donor compartments.  

ER in LLC-MDR1 cells was calculated via Eq. (4)  

ER = Papp (B to A)/ Papp (A to B)  Eq. (4) 

Papp is calculated by Eq (5): 

Papp = (Volume of receiver chamber) / (A x Co) x  Δ Conc / Δt    Eq. (5) 

The volume of receiver chamber is 0.15mL; transwell membrane area (A) is 0.11cm
2
; Co is the 

sum of the probe substrate concentration (digoxin) measured in the donor plus receiver 

compartments at 1.5 hr; Δ in concentration is the concentration in the receiver compartment at 

1.5 hr; and Δ in Time is the incubation time (1.5 x 60 x 60 = 5400s).  Papp is expressed as 10
-6

 

cm/s. 

 

UDF (B to A) in LLC-MDR1 cells was calculated by Eq. (6) 

UDF (B to A)= (Papp BAi- Papp BAp )/ (Papp BAo – Papp BAp)   Eq. (6) 

Where Papp BAi represents Papp receiver B to A with inhibitor; PappBAo, B to A receiver without 

inhibitor, Papp BAp, B to A receiver with positive control inhibitor (CsA, 10 µM). 

Considering potential non-specific binding of inhibitor compounds to assay plates and cells, a 

separate set of IC50 analysis was performed by correcting IC50 values obtained from the nominal 

inhibitor concentrations based on the recovery of inhibitor drugs measured in the incubation.  
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The recovery of the inhibitor drugs (Ri) was measured in well via LC/MS/MS analysis under the 

BDT assay conditions as described above.   Ri was calculated by dividing the sum of the 

inhibitor concentration measured in the donor (Cdonor) and receiver (Creceiver) compartments at the 

end of the incubation divided by Cdose, the concentration of test compound in dosing solution at 

time zero. The concentrations of the inhibitor drugs remained in the cells were not measured.   

Ri  = [(Cdonor  + Creceiver) / Cdose] Eq. (7) 

As the recovery of the test compound was calculated only based on the concentration of the test 

compound in apical and basolateral chambers, lower recovery suggested possible non-specific 

binding of the test compound to cell monolayers and /or the assay plates.    If Ri was < 0.7, in 

vitro IC50 values measured based on nominal inhibitor concentrations were corrected based on 

Eqs (8-10), respectively.  If Ri was ≥ 0.7, the IC50 values were not corrected. 

IC50(NSFc) = IC50(NSF)  x Ri   Eq. (8) 

IC50(ERc)= IC50(ER)  x Ri   Eq. (9) 

IC50(UDFc) = IC50(UDF) x Ri  Eq. (10) 

Where IC50(NSF), IC50(ER), and IC50(UDF) represent IC50 values estimated by calculating 

digoxin net transport using NSF, ER, and UDF, respectively.    IC50(NSFc), IC50(ERc) and 

IC50(UDFc), represent corrected IC50 values based on the recovery of test compounds.  

Vesicular Inhibition Assay  

MDR1 P-gp-mediated NMQ transport was estimated based on ATP-dependent [
3
H] NMQ 

uptake in MDR1 vesicles calculated by subtracting uptake of [
3
H] NMQ in presence of AMP 
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from uptake in presence of ATP. Percent control in vesicular inhibition assay is calculated 

according to equation 11: 

% Control = (VI / Vo) x 100                                                                         Eq. (11) 

where VI represents ATP-dependent uptake rate of NMQ measured in the presence of various 

concentrations of the test compound; Vo represents ATP-dependent uptake rate in the absence of 

the test compound. As [
3
H] NMQ exhibited minimal active uptake in control vesicles and in 

MDR1 vesicles in the presence of ATP and positive control inhibitor (10 µM CsA) 

(Supplemental Figure S1), no control vesicles or positive control inhibitor were used to correct 

P-gp-mediated NMQ transport rate.   

 The IC50 for inhibition of MDR1 P-gp-mediated NMQ vesicular transport, IC50(V), was 

obtained by fitting the data to equation (1).  

Inhibitor drugs may have non-specific binding to the assay plates and vesicles.  As our vesicular 

inhibition assay was conducted in glass-coated plates and the surface area as well as the volume 

of vesicles are small (Nervi et al., 2010) at the given vesicle amount (25 µg) in this assay, non-

specific binding of inhibitor drugs may have negligible impact on inhibitor concentrations in the 

incubation (nominal extravesicular concentration).  This was confirmed by our pilot studies for 

several highly bound inhibitor drugs following the measurement of the binding of inhibitor drugs 

to vesicles using ultracentrifugation method (unpublished observations).   Therefore, in this 

study, IC50 estimated based on nominal inhibitor concentrations was used for vesicular inhibition 

assay without the correction for non-specific binding.  

Statistical methods and the criteria to define optimized cut-off values 
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A binary classification analysis was conducted on clinical digoxin DDI studies for the 

compounds in the training set (Table 1) to derive the optimal cut-off values to predict digoxin 

DDIs based on three static models:  1) I2/IC50(FDA, 2020); 2) I1/IC50 or I2/IC50(Agarwal et al., 

2013); and 3) I1u/IC50, or I2/IC50(EMA, 2012).   

IC50 values measured in the BDT and vesicular inhibition assays and calculated using various 

methods (IC50(NSF), IC50(NSFc), IC50(ER), IC50(ERc), IC50(UDF), IC50(UDFc) and IC50(V)) 

were used in this analysis, and the predictive performances were compared.    

 

The possible outcomes were: 1) true positive (TP),  in vitro data predicts a positive digoxin DDI 

and the prediction is in agreement with a positive clinical DDI (AUCR ≥1.25 or CmaxR ≥ 1.25); 

2) false negative (FN), in vitro data predict a negative digoxin DDI, but the prediction is not in 

agreement with positive clinical data;  3) true negative (TN), in vitro data predict a negative DDI 

and the prediction is in agreement with a negative clinical DDI (AUCR <1.25 and CmaxR < 1.25); 

and 4) false positive (FP), in vitro data predict a positive DDI, but it is not observed in clinic.   

Performance metrics used in the analyses are defined and calculated as below:  

Sensitivity = True positive rate =TP/P    Eq(12) 

Specificity = True negative rate =TN/N   Eq(13) 

Overall accuracy = (TP +TN)/S   Eq(14) 

Average accuracy=(Sensitivity+Specificity)/2  Eq(15) 

False negative rate =FN/P    Eq(16) 

False positive rate = 1-Specificity   Eq(17) 
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S is the total number of digoxin DDI studies, P the number of positive clinical DDI studies 

(AUCR ≥1.25 or CmaxR ≥ 1.25), and N is the number of negative studies (AUCR <1.25 and 

CmaxR < 1.25). 

The Receiver Operating Characteristics (ROC) curve, which is a plot with the sensitivity versus 

false positive rate (1-specificity) at various cutoffs, is used to check and visualize the overall 

performance of a binary classifier. The AUC of a ROC curve (AUCROC) is one of the most 

important evaluation metrics.  An AUCROC =1 indicates a perfect separation of the two classes 

(positive or negative), and an AUCROC =0.5 means that the classifier is the same as randomly 

splitting the outcomes. We first apply ROC analysis on the one-dimensional classifiers: the static 

models of I2/IC50(model1). The ROC curve is generalized to the two-dimensional classifiers for 

static model I1/IC50 or I2/IC50(model 2) and I1u/IC50 or I2/IC50(model 3), respectively, by plotting 

the sensitivity versus the sorted false positive rate after pooling all the possible two-dimensional 

cutoffs.  

In the analysis, the AUCROCs (Hanley and McNeil, 1982; Robin et al., 2011) and their 95% 

confidence intervals (Hanley and McNeil, 1982) were used to evaluate and compare the overall 

classification power of proposed classifiers/tests. The classifier with best AUCROC was selected. 

The computation was conducted using open-source programming language R (http://www.R-

project.org).  

A cutoff is one or a set of values that defines a positive or negative outcome in a binary 

classifier. Therefore, the cutoff also defines the performance metrics.   ROC analysis uses these 

metrics to determine the optimal cutoff.  For a chosen classifier, the following method was used 

to find the optimal cutoffs (C): 
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𝐶 = 𝑎𝑟𝑔𝑚𝑎𝑥𝑐∈{𝜃:𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝜃)≥0.75} 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 (𝑐)   Eq(18) 

Where “argmax” is an operation that finds the argument that gives the maximum value from a 

target function.  𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑐) and 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 (𝑐) are defined for a given cutoff c. This 

method maximizes Specificity by searching in the cutoff space, where a Sensitivity of ≥ 0.75 is 

guaranteed.       

The predictive performance using derived cut-offs based on ROC analysis was compared with 

the following static models and recommended cut-off values by regulatory agencies and Ellens et 

al (Ellens et al., 2013): 1) I2/IC50 ≥ 10 (FDA, 2020); 2) I2/IC50 ≥ 45 (Ellens et al., 2013); 3) 

I1/IC50 ≥ 0.1 or I2/IC50 ≥ 10 (Agarwal et al., 2013); 4) I1/IC50 ≥ 0.03 or I2/IC50 ≥ 45 (Ellens et al., 

2013); and 5) I1u/IC50 ≥ 0.02  or I2/IC50 ≥ 10 (EMA, 2012).  The cut-offs recommended by FDA 

and EMA were empirical values, while the cut-off proposed by Ellens et al. was derived based 

on ROC analysis of P-gp IC50 data for 15 compounds generated by 23 laboratories using four in 

vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles 

(Ellens et al., 2013).  After optimizing the cut-off values for different models using the data from 

the training set, the performance of selected models and optimized cut-offs were further verified 

on a test set with 12 compounds not included in the training set.  
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Results  

Comparison of in vitro P-gp IC50 values measured in the BDT and vesicular inhibition 

assays 

In vitro IC50 values of 48 compounds in the training set measured in BDT and vesicular 

inhibition assays are summarized in Table 3, and IC50 plots of all test compounds measured in 

BDT assay using NSF, ER and MDR1 vesicular inhibition assay are shown in Supplemental 

Figure S2-1 and S2-2.  For the BDT assay, IC50 values were calculated using NSF, ER, and 

UDF, with and without correction for non-specific binding. Obtained IC50 data (IC50(NSF), 

IC50(NSFc), IC50(ER), IC50(ERc), IC50(UDF), and IC50(UDFc)) were compared with IC50 values 

from vesicular inhibition assay (IC50(V)), respectively (Figure 1).  In cases where the IC50 values 

could not be determined due to the lack of more than 50% inhibition (not an inhibitor at highest 

tested concentration or the solubility limit), the highest inhibitor concentrations tested were used 

as surrogate IC50 values for the purpose of comparison across different assays and methods.  

The variability of vesicular vs. BDT inhibition assay was evaluated.   Supplemental Table 3 

compared the variability the IC50 values for verapamil and quinidine conducted in three 

independent studies in both MDR1 vesicles and LLC-MDR1 cells (IC50(V) vs. IC50(NSF)).  

Based on this limited dataset, IC50 values measured in MDR1 vesicles were less variable (lower 

CV%) than in BDT assay.  This is also supported by the data collected in the literature when the 

same assay systems and probe substrates were used.  we have also compared IC50(V) values 

generated in this study with those reported in the literature using MDR1 vesicles.  The results 

were summarized in Supplementary Table 4.   The IC50 values reported in literature using 

MDR1 vesicles are still limited (25 out of 48 compounds have IC50 data reported in the 
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literature).  Nevertheless, 6 out of 25 compounds showed >10-fold difference (10.8-22-fold) on 

IC50(V)s compared to those reported values.  Despite that, such inter-laboratory variability is 

lower than reported by others in BDT assays using different P-gp transfected cells and Caco-2 

cells (Bentz et al., 2013).  Further studies are needed to confirm this observation.   

To compare IC50(NSF) with IC50(V) (Figure 1A-1), the IC50(NSF) values for 14 out of 48 

compounds were 5-fold higher than the IC50(V), in which 10 compounds had at least 10-fold 

higher IC50(NSF) than IC50(V) ranging from 10.2-fold for velpatasvir to 224-fold for 

fidaxomicin. In contrast, IC50(V) values for only 3 compounds were 5-fold higher than 

IC50(NSF), ranging from 7.2-fold for felodipine to 10-fold for alogliptin. The difference for 

alogliptin was attributed to the difference of the highest concentrations tested, as no inhibition 

was observed in both assays at the highest concentrations tested.  As shown in Figure 1C-1, 

IC50(ER) for 12 compounds were more than 5-fold lower than IC50(V) (ranging from 6- to 24-

fold), whereas IC50(ER) values of 9 compounds were at least 5-fold higher than IC50(V) (ranging 

from 5 to 224-fold (fidaxomicin)). IC50(UDF) values of 15 compounds were at least 5-fold 

higher than IC50(V), while only 3 compounds had 5-fold lower IC50(UDF) than IC50(V) (Figure 

1 E-1). Overall, there is a poor correlation between IC50(NSF) and IC50(V) (Figure 1 A-2), 

IC50(ER) and IC50(V) (Figure 1 C-2), as well as IC50(UDF) and IC50(V) (Figure 1 E-2).  The 

correlation was improved, when alogliptin and maraviroc were excluded from the analysis 

(Figure 1 A-3, C-3, E-3).        

In the BDT assays, the IC50 values obtained after correction for non-specific binding of inhibitor 

compounds (IC50(NSFc), IC50(ERc), and IC50(UDFc)) were compared with IC50(V), respectively, 

and the results are shown in Table 3 and Figure 1B-1, 1D-1, and 1F-1.  As described in the 
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method section, non-specific binding of inhibitor drugs was not corrected for IC50(V). The IC50 

values corrected for non-specific binding were generally lower for the compounds which had 

high non-specific binding to the assay plates and /or cells as evidenced by low recovery in the 

incubation.  The stability of test compound during incubation was confirmed (data not shown).  

IC50(NSFc) for 15 compounds were 5-fold lower than IC50(V).   On the contrary, IC50(NSFc) 

values for 10 compounds were 5-fold higher than IC50(V), in which 6 compounds had 10-fold 

higher IC50(NSFc) than IC50(V) (Table 3, Figure 1B-1).  Compared to IC50(ER), IC50(ERc) 

values trended towards lower than IC50(V): IC50(ERc) of 23 compounds were more than 5-fold 

lower than IC50(V), where 18 out of 23 compounds showed at least 10-fold lower IC50(ERc) than 

IC50(V).  In contrast, only 7 compounds showed 5-fold higher IC50(ERc) than IC50(V). Similarly, 

IC50(UDFc) for 15 compounds were more than 5-fold lower than IC50(V), whereas IC50(UDFc) of 

10 compounds were more than 5-fold higher than IC50(V).  Overall, the correction for non-

specific binding did not improve, but rather reduced the correlation between the IC50 values 

measured by the BDT and vesicular inhibition assays. There was no correlation between 

IC50(NSFc) and IC50(V) (Figure 1, B-2; R
2
=0.027, P>0.05); IC50(ERc) and IC50(V) (Figure 1, D-

2; R
2
=0.032, P>0.05), as well as IC50(UDFc) and IC50(V) (Figure 1 F-2, R

2
=0.053, P>0.05).  

Excluding alogliptin, maraviroc, and captopril resulted in an improved, but yet poor correlation 

(Figure 1, B-3; R
2
=0.277, P<0.001; D-3, R

2
=0.299, P<0.001; F-3, R

2
=0.324, P<0.001). Among 

the 48 compounds tested, the difference in observed IC50 values using the BDT and vesicular 

assays for BCS I and III compounds appeared to be less than those for BCS II and IV 

compounds, despite the lack of a clear trend and a limited dataset.     

Comparison of IC50 values in the BDT assays using different IC50 calculation methods 
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Figure 2 showed IC50 values measured in the BDT assays calculated by NSF, ER, and UDF. 

IC50(NSF) of all test compounds were comparable to those of IC50(UDF) with the difference less 

than 3- to 5-fold, except for one outlier, vemurafenib (BCS IV compound): whose IC50(NSF) 

was 35-fold higher than IC50(UDF) (Figure 2A-1, Table 3).  IC50(ER) exhibited a trend of lower 

than IC50(NSF) (Figure 2B-1, Table 3): IC50(ER) values of 11 compounds were more than 5-

fold lower than IC50(NSF), in which 6 compounds were more than 10-fold lower than those of 

IC50(NSF) (Figure 2B-1, Table 3).  Likewise, IC50(ER) values also trended towards lower than 

IC50(UDF), except vemurafenib’s IC50(ER), which was 20-fold higher than IC50(UDF).  

IC50(UDF) of 12 compounds were more than 5-fold higher than IC50(ER), where 10 out of 12 

compounds had more than 10-fold higher IC50(UDF) (Figure 2C-1).   In general, there is a good 

correlation when IC50(NSF) vs. IC50(UDF), IC50(NSF) vs. IC50(ER), and IC50(UDF) vs. IC50(ER) 

were compared.  Excluding captopril and maraviroc, two compounds with IC50 values 

(IC50(NSF), IC50(ER), IC50(UDF)) greater than 1000 µM, there was still a good correlation 

between IC50(NSF) and IC50(ER) (R
2
=0.875, P<0.0001), followed by IC50(NSF) vs. IC50(UDF) 

(R
2
= 0.676, P<0.001), and IC50(UDF) vs. IC50(ER) (R

2
=0.513, P<0.0001) (Figure 2, A-3, B-3, 

and C-3).     

Clinical Digoxin DDI data for ROC analysis training and test sets  

Table 1 summarized 70 clinical digoxin DDI studies, I1, I2, fu, AUCR and CmaxR for 48 

compounds with measured in vitro P-gp IC50 values (Table 3). These data were used as the 

training set for ROC analysis. Only clinical DDI data with orally administered digoxin were 

collected.  For certain compounds, multiple clinical DDI datasets at different perpetrator dose 

regimen and study design were included.  In this dataset, 48 clinical DDIs were positive (AUCR 

and/or CmaxR ≥ 1.25) and 22 DDI data were negative (AUCR and CmaxR <1.25).  For 48 
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compounds tested, 6, 23, 6, and 9 compounds were classified as BCS Class I, II, III, and IV, 

respectively.  Due to inconsistent information from BCS classification database and literature, 2 

compounds were classified as BCS Class I or II, and another 2 compounds were classified as 

BCS Class II or IV.   We also conducted in vitro P-gp inhibition studies for additional 12 

compounds as the test set.  In vitro IC50 values obtained (IC50(V), IC50(ER), IC50(NSF)) were 

shown in Supplemental Table 5 and related clinical digoxin DDI data (8 positive and 4 

negative) are summarized in Supplemental Table 2.  These data were used as the test set to 

assess the predictive performance of the models and the cut-off values derived by ROC analysis. 

Comparison of ROC analysis using various static P-gp DDI prediction models and IC50 

measurement  

To select the optimal model and IC50 assay to predict digoxin DDIs, ROC analysis was 

conducted with three P-gp DDI prediction models: 1) I2/IC50; 2) I1/IC50 or I2/IC50; and 3) I1u/IC50, 

or I2/IC50 using IC50 values (IC50(V), IC50(NSF), IC50(NSFc), IC50(ER), IC50(ERc), IC50(UDF), 

and IC50(UDFc)) obtained from various assays and calculation methods.  AUCROC values and 

respective ROC curves obtained from this analysis were shown in Figure 3 and Figure 4, 

respectively.  Despite the lack of statistical significance (possibly due to the relatively small 

sample sizes), model 1 (I2/IC50) with IC50(V) demonstrated a trend of highest AUCROC, followed 

by IC50(ER), IC50(NSF), and IC50(UDF).  Similar observations were also found in model 2 

(I1/IC50, or I2/IC50), and model 3 (I1u/IC50, or I2/IC50) (Figure 3). In all three models, IC50 

measurement in the BDT assay after the correction of non-specific binding of inhibitor drugs 

(IC50(ERc), IC50(NSFc), and IC50(UDFc)) showed a trend of lower AUCROC than respective IC50 

measurement without the correction of nonspecific binding ((IC50(ER), IC50(NSF), and 
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IC50(UDF)). As shown in Figure 4, the ROC curve was well-defined for one dimensional binary 

classifier (model 1: I2/IC50), but not for two dimensional classifiers (models 2 and 3: I1/IC50 or 

I2/IC50; I1u/IC50 or I2/IC50), as their true positive rate and true negative rate were not 

monotonically related.     

Based on ROC analysis, optimal discrimination thresholds that achieve the highest specificity 

constrained to a minimal sensitivity of 0.75 was obtained for these models, and their predictive 

performance were summarized in Table 4.   Only IC50(V), IC50(ER), and IC50(NSF) values were 

used in this analysis, as they had relatively higher AUCROC values.  The predictive performance 

of each models with optimal thresholds derived from the ROC analysis was compared with 

respective models and the cut-off values recommended by regulatory agencies (EMA, 2012; 

Agarwal et al., 2013; FDA, 2020)  and Ellens et al (Ellens et al., 2013) (Table 4).   

In model 1 (I2/IC50), the cut-off value for I2/IC50 using IC50(V) was 25.9 with the percentage of 

TP, TN, FP, and FN of 75%, 59.1%, 40.9%, and 25%, respectively, and the average and overall 

accuracy of 0.67 and 0.7 (Table 4-1).  Using the same data set, the cut-off values recommended 

by FDA (I2/IC50 ≥10) resulted in lower FN% (16.7%) but higher FP% (54.5%), while the cut-off 

by Ellens et al (I2/IC50 ≥ 45) showed higher FN% (31.3%).  Using IC50(ER), the obtained cut-off 

value of 13.7 yielded the percentage of TP, TN, FP, and FN of 83.3%, 50%, 50%, and 16.7%, 

respectively, and the average and overall accuracy of 0.667 and 0.729, respectively.  These 

results were generally comparable to those using FDA cut-off value (I2/IC50 ≥10), while the cut-

off value by Ellens et al resulted in a higher FN% (35.4%), despite a relatively lower FP% 

(36.4%).  Likewise, the cut-off value derived based on IC50(NSF) (I2/IC50 ≥ 9.3) is comparable to 

the one from FDA (I2/IC50 ≥ 10) with similar accuracy, and the percentage of TP, TN, FP, and 
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FN, while the cut-off value by Ellens et al (I2/IC50 ≥ 45) resulted in lower accuracy, and higher 

FN%. 

In model 2 (I1/IC50, or I2/IC50), the cut-off values obtained with IC50(V), IC50(ER), and 

IC50(NSF) was (0.032, 40), (0.081, 26.7), and (0.026, 10), respectively (Table 4-2). The 

accuracy with IC50(V) and IC50(NSF) was the same, while the accuracy of IC50(ER) was lower 

with higher FP% (50%).  Using the cut-off value of I1/IC50 ≥ 0.1, or I2/IC50≥ 10, all three IC50 

dataset had similar accuracy with lower FN% for IC50(V) and IC50(ER).  Using the cut-off value 

of I1/IC50 ≥ 0.03, or I2/IC50 ≥ 45 by Ellens et al, IC50(V) had the same FP% and FN% as the cut-

off derived from ROC analysis, but IC50(ER) and IC50(NSF) resulted in lower accuracy and 

higher FN%. In addition, we have further compared the cut-off values and predictive 

performance derived from our ROC analysis using IC50(V) data with those reported by Ellens et 

al.(Ellens et al., 2013) using only MDR1 vesicular IC50 dataset for 15 compounds generated in 

five laboratories using either NMQ or vinblastine as in vitro probes (data shown in Supplemental 

Table 2 of Ellens et al.).  In addition, the cut-off and predictive performance using vesicular IC50 

data generated in a single lab (lab 20, Supplemental Table 2 of Ellens et al.) was compared.  In 

brief, the cut-off value (I1/IC50 ≥ 0.08, I2/IC50 ≥ 501) derived from all MDR1 vesicular IC50 data 

by Ellens et al. resulted in a FN% and FP% of 33% and 8%, respectively (FN% and FP % of 

36% and 33%, respectively in a test set).  The cut-off value (I1/IC50 ≥ 0.01, I2/IC50 ≥ 89) derived 

from vesicular IC50 data in a single lab (lab 20) showed a FN % and FP % of 36% and 18%, 

respectively.  In contrast, the cut-off value derived from our vesicular data (I1/IC50 ≥ 0.032, 

I2/IC50 ≥ 40; Table 4-2) showed lower FN% (25%), but higher FP% (36.4%).  The difference in 

the cut-off values derived from different laboratories may be attributed to inter-laboratory 

variability of IC50 data measured with MDR1 vesicles and different set of training compounds 
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used in the calibration.  This highlights the need to calibrate MDR1 vesicular assays for P-gp 

DDI prediction. The difference in probe substrates (NMQ vs. vinblastine), the source of 

membrane vesicles (P-gp expression levels, the ratio of inside-out to right-side-out vesicles), and 

assay conditions may contribute to such inter-laboratory variability.  

In model 3 (I1u/IC50, I2/IC50), the cut-off values derived based on IC50(V), IC50(ER), and 

IC50(NSF) was (0.00141, 3334), (0.00177, 62), and (0.00052, 94), respectively, which was 

approximately 12-38 lower in I1u/IC50, but 6-333-fold higher in I2/IC50 than the threshold 

recommended by EMA (I1u/IC50 ≥ 0.02 or I2/IC50 ≥ 10) (EMA, 2012).  Under the pre-defined 

sensitivity of 0.75 (FN% 25%), ROC refined cut-off value with IC50(V) resulted in lowest FP% 

(18.2%) comparing to that of IC50(ER) (45.5%) and IC50(NSF) (31.8%).  EMA cut-off value 

generally resulted in lower FN% (14.6-25%), but higher FP% (36.4-54.5%).  The list of FN and 

FP compounds in this training set under different models and cut-off values was summarized in 

Supplemental Table 5.   

A total of 12 compounds were selected as an independent test set to evaluate the performance of 

ROC refined cut-offs using IC50(V), IC50(ER), and IC50(NSF) (Supplemental Table 6) and 

clinical digoxin (oral dose only) DDI data (Supplemental Table 2; 8 positive, 4 negative DDIs).  

The predictive performance of the test set was summarized in Supplemental Table 7.  Within 

this limited data set, for I2/IC50 model, ROC derived cut-off values for both IC50(V), and 

IC50(NSF) resulted in no FN, while IC50(ER) showed 12.5% FN.  The cut-off values by FDA and 

Ellens et al. provided reasonably good performance but higher FN% for the cut-off by Ellens et 

al.  Similar results were shown for model 2 (I1/IC50 or I2/IC50): IC50(V) and IC50(NSF) did not 

show FN, while IC50(ER) had FN% of 12.5. For model 3 (I1u/IC50, I2/IC50), a higher FN% for 
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ROC derived cut-offs than the one recommended by EMA was observed for IC50(V), IC50(ER) 

and IC50(NSF).   The list of FN and FP prediction of the compounds in the test set was 

summarized in Supplemental Table 8.   

Prediction of P-gp-mediated DDIs for selected compounds using DE and fexofenadine as 

clinical probe drugs  

To understand whether in vitro P-gp IC50 values measured using digoxin and NMQ as probes and 

the cut-off values derived from digoxin clinical DDI data can be used to predict DDIs for other 

P-gp probe substrates, we extended our analysis by evaluating predictive performance of 23 P-gp 

related clinical DDI data using DE (17) and fexofenadine (6) as probes (Table 2, 19 positive 4 

negative DDIs, respectively) for 15 inhibitor drugs with IC50 values measured in our studies 

(Table 3). Only the performance of model 1 (I2/IC50) was evaluated, as gut P-gp is the major site 

for P-gp related DDIs with DE and fexofenadine (Chu et al., 2018a; Chu et al., 2018b; Li et al., 

2017; Lappin et al., 2010).  In this limited dataset, applying the cut-off values derived from ROC 

analysis based on clinical digoxin DDI data, the FN% of DDI prediction for DE and 

fexofenadine using IC50(V), IC50(ER), and IC50(NSF) was 15.8%, 10.5%, and 0%, respectively, 

while the FP% was 50%, 50%, and 75%, respectively (Table 5).   Likewise, FDA cut-off value 

resulted in low FN%, but high FP%.   The cut-off value by Ellens et al using IC50(V) and 

IC50(ER) showed FN% of 21.1% and 26.3%, and FP% of 25% and 25%, respectively, whereas 

IC50(NSF) data resulted in high FN% (52.6%).  The list of compounds with FN and FP 

prediction in this dataset was summarized in Supplemental Table 9.  In model 1, three FN 

predictions were observed using IC50(V).  However, the magnitude of clinical DDIs ranged only 

1.26- to 1.68-fold, indicating weak to moderate DDIs.  Two FP predictions using IC50(V) were 
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atorvastatin and ritonavir, BCS Class II and IV compound, respectively, which is likely caused 

by lower inhibitor concentration in the gut due to low solubility.      
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Discussion  

To improve the prediction of P-gp related DDIs, we have systemically calibrated our P-gp 

inhibition assays (LLC-MDR1 cells and MDR1 vesicles).   This is for the first time a side-by-

side comparison of two P-gp inhibition assays conducted in the same laboratory.  To our 

knowledge, the numbers of compounds calibrated in MDR1 vesicles in this study are larger than 

those reported in the literature to date (Ellens et al., 2013; Heredi-Szabo et al., 2013; Fekete et 

al., 2015).  

There is a system-dependent difference of IC50 values between BDT and vesicular inhibition 

assays. Despite a limited dataset, it appears that more difference in IC50s was observed for BCS 

class II and IV compounds.   For instance, IC50(NSF), IC50(ER), and IC50(UDF) of velpatasvir 

and daclatasvir were more than 10- and 20-fold higher than IC50(V) and resulted in false negative 

DDI predictions.  IC50(V) of fidaxomicin was at least 224-fold lower than IC50(NSF), IC50(ER), 

and IC50(UDF).  The correction for nonspecific binding in BDT assay did not reduce such 

difference.  In contrast, a FP prediction was observed for fidaxomicin using IC50(V). The 

mechanisms for such difference are not known, likely caused by substrate-dependent inhibition 

(digoxin vs. NMQ).  Furthermore, in inside-out membrane vesicles, inhibitor drugs have direct 

access to P-gp binding sites, while in BDT assay, inhibitors need to permeate across the lipid 

bilayers to access P-gp binding sites located in the cytosolic leaflet of the plasma membrane.  

This could yield a difference of apparent IC50 values for a poorly permeable inhibitor drug, like 

fidaxomicin.  For BDT assay, there were also some differences in IC50 values generated by 

different calculation methods (ER, NSF, and UDF) even if the same dataset was used.  However, 

such difference was generally less profound than those between BDT and vesicular inhibition 
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assay.  Currently, there is no consensus on the optimal method to calculate P-gp IC50 in BDT 

assay.   The model-based approach may provide a more mechanistic and accurate estimation of 

IC50 and Ki values (Kishimoto et al., 2016).    

The predictive performances of various static models, IC50 measurement and calculation methods 

were compared.  Among 3 static models evaluated, inclusion of I1/IC50(model 2) or 

I1u/IC50(model 3) did not provide superior predictive performance than model 1(I2/IC50 only) 

based on ROCAUC, FN%, FP% and the accuracy of DDI prediction.  Furthermore, different from 

model 1, 2D ROC curves in models 2 and 3 were in zig-zig shape, suggesting that the standard 

ROC analysis for 2D classifiers was not well-defined and might need further statistical modeling 

of the 2D predictors to follow suit. This may also be attributed to the fact that only orally 

administered digoxin clinical DDI data were collected in this analysis.  This observation, similar 

to others (Poirier et al., 2014; Zhou et al., 2019), suggested that inhibition of intestinal, but not 

renal P-gp is the major DDI mechanism for orally administered digoxin. Therefore, model 1 

(I2/IC50) is sufficient to predict DDIs for orally administered P-gp substrates for a simplistic and 

practical considerations, whereas models 2 and 3 did not improve prediction accuracy, but rather 

add uncertainty for highly bound inhibitor drugs when fu cannot be accurately measured.    

Based on AUCROC, IC50(V) appeared to show the trend of better predictive performance, 

followed by IC50(ER), IC50(NSF), and IC50(UDF) across all 3 static models evaluated, despite the 

lack of statistical significance, due to the limited sample sizes. Overall, the optimal 

discrimination thresholds derived from this training set for respective in vitro IC50 data had a 

minimal sensitivity of 0.75, and highest specificity.  For example, in model 1 (I2/IC50), IC50(V), 

IC50(ER) and IC50(NSF) had similar accuracy values.  IC50(ER) demonstrated lowest FN%, but 
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highest FP%, while IC50(V) and IC50(NSF) showed comparable FN% and FP%. Compared to the 

cut-off values recommended by FDA and Ellens et al., the cut-offs derived from our ROC 

analysis exhibited better or comparable predictive performance, which highlighted the need to 

calibrate in vitro systems to provide more accurate DDI prediction. The static models and ROC 

derived cut-off values were further validated with an independent test set of 12 compounds, 

confirming a good predictive performance.  

In training set, there were a total of 12 FN prediction for IC50(V) using optimized I2/IC50 cut off 

value (25.9).  For these FN predictions, 5 out of 12 had AUCR or CmaxR <1.5, suggesting weak 

DDIs, while 7 out of 12 had AUCR or CmaxR ranged 1.5-2.  For these 7 studies, the mechanisms 

of underprediction were not well understood.  For captopril, FN prediction was observed in all 

models and assays using either optimized cut-offs or values recommended by FDA, EMA, and 

Ellens et al.  Carvedilol underprediction was only observed in DDI studies with female subjects. 

Underprediction of flibanserin DDIs could be attributed to substrate- and/or system- dependent 

difference of IC50 measurement, as FN prediction was not shown using IC50(NSF) and IC50(ER).   

As digoxin is neither a specific nor sensitive P-gp probe (Taub et al., 2011; Lee et al., 2014),  DE 

has been recommended by regulatory agencies as an alternative clinical probe for gut P-gp 

inhibition (EMA, 2012; FDA, 2020).  However, DE was neither stable in cell-based assays (Chu 

et al., 2018a), nor showing robust transport in MDR1 vesicles (unpublished observations) likely 

due to higher Papp and non-specific binding. This has precluded the use of DE as an in vitro probe 

for P-gp inhibition.  In this study, we explored the feasibility of using NMQ and digoxin and the 

cut-offs derived from digoxin clinical DDI studies (model 1) to predict P-gp related DDIs for DE 

and fexofenadine, another P-gp substrate (Chu et al., 2018b).  Due to limited in vitro and clinical 
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data, only 23 clinical studies were selected in this analysis.   Overall, a lower FN% was observed 

for IC50(V) and IC50(ER) with higher FP%.  As only a total of 4 negative DDI data were 

available in this dataset, it may not be feasible to accurately assess the predictive performance, 

especially for specificity.  More compounds should be included in future studies.  

Beyond high IC50 variability, there are several issues and knowledge gaps for P-gp DDI 

prediction.  1) Prediction of DDIs for perpetrators with low solubility.  For class II /IV 

compounds, the solubility of inhibitor drugs can be much lower than I2.  I2/IC50 model may not 

be feasible to derisk DDIs due to the inability to test the inhibitor concentration beyond the 

solubility limit. In this case, we assumed the highest concentrations tested as surrogate IC50. 

Such estimation may introduce additional variability, if different highest inhibitor concentrations 

are tested. It also cannot differentiate non vs. weak inhibition and makes the prediction not 

definitive.  Furthermore, DDIs may be overestimated if the inhibitor concentration in gut is lower 

than I2.  This is consistent with our observations that 11 out of 15 FP prediction (model 1) are for 

class II or IV compounds (Supplemental Table 5). In the future, prediction of inhibitor 

concentration in gut using mechanistic modeling may improve the accuracy of DDI prediction.  

2) Relevant inhibitor concentrations for IC50 measurement may be different from nominal 

concentrations.  However, correction of nonspecific binding of inhibitor drugs in BDT assay did 

not improve the predictive performance. It is possible that unbound inhibitor concentrations 

measured in the incubation medium are not relevant concentrations for P-gp inhibition, as 

substrate binding sites of P-gp are localized intracellularly.   Therefore, measuring intracellular 

unbound inhibitor concentrations and developing in vitro mechanistic modeling to determine true 

Ki values may improve the prediction of DDIs.  3)  Mechanisms for P-gp inhibition have not 

been well characterized.  It is not clear whether it is driven by cis- and /or trans-inhibition.  
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Understanding such mechanisms will help to improve in vitro to in vivo extrapolation.  4) It is 

worth noting that possible involvement of other mechanisms for the disposition of P-gp probe 

drugs, e.g., digoxin, DE and fexofenadine (Taub et al., 2011;  Shimizu et al., 2005; Chu et al., 

2018a; Medwid et al., 2019; Shen et al., 2019), may confound the DDI prediction, as they are not 

captured in such simplified P-gp inhibition models.    

In conclusion, our studies confirmed that model 1 (I2/IC50) is sufficient to predict P-gp mediated 

intestinal DDIs.  In evaluation of 7 P-gp IC50 measurement /calculation methods, IC50(V), 

IC50(NSF), and IC50(ER) provided better predictive performance than others.  Further analysis 

indicated that IC50(V) obtained from MDR1 vesicles with refined threshold of I2/IC50 ≥ 25.9 

provided comparable predictive power than BDT assays in LLC-MDR1 cells with IC50(NSF) and 

IC50(ER) at the threshold of I2/IC50 ≥ 9.3 and 13.7, respectively.    These IC50 assays and cut-off 

values could also be used to predict P-gp mediated intestinal DDIs for DE and fexofenadine, 

despite additional data are needed for further validation.  Through comprehensive calibration, 

our studies demonstrate that IC50 data generated from vesicular inhibition assay using NMQ as 

probe substrate are predictive for P-gp related intestinal DDIs with digoxin. We therefore 

recommend vesicular inhibition assay as our preferred method to study P-gp-mediated intestinal 

DDIs for digoxin (Figure 5), due to its simplicity, lower variability, higher assay throughput, and 

more direct estimation of kinetic parameters than BDT assays.  This assay also offers the 

potential to predict DDIs for other P-gp probe substrates provided confirmatory validation is 

conducted. 
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Figure Legends 

Figure 1: Comparison of in vitro IC50 values of 48 compounds measured in bidirectional 

and vesicular transport inhibition assays. Panel A: IC50(NSF) vs. IC50(V); Panel B: 

IC50(NSFc) vs. IC50(V); C; IC50(ER) vs. IC50(V); D: IC50(ERc) vs. IC50(V); E: IC50(UDF) vs. 

IC50(V); F: IC50(UDFc) vs. IC50(V).  The symbols in red, blue, green and black circle represent 

the compounds classified as BCS I, II, III, and IV compounds, respectively; while the symbols in 

opened diamond and square represent the compounds that are classified as either BCS I or II, and 

BCS II or IV, respectively.  In Panels A-1, B-1, C-1, D-1, E-1, and F-1, the solid, dotted, and 

dashed lines represent the line of unity and 3-fold, and 5-fold differences, respectively. Panels A-

2, B-2, C-2, D-2, E-2, and F-2 are correlation plots of respective data.  Panels A-3, B-3, C-3, D-

3, E-3, and F-3 are the correlation plots excluding the compounds in red circles (alogliptin and 

maraviroc in all figures (A-2 to F-2), and captopril in B-2, D-2, and F-2.  In all correlation plots, 

solid and dotted lines represent the regression line and its 95% confidence interval, respectively. 

All IC50 values (mean ± SD) were shown in Table 3. 

Figure 2: Comparison of IC50 values measured in bidirectional transport assays using 

different calculation methods. Panel A: IC50(NSF) vs. IC50(UDF); Panel B: IC50(NSF) vs. 

IC50(ER); Panel C: IC50(UDF) vs. IC50(ER). The symbols in red, blue, green and black circle 

represent the compounds classified as BCS I, II, III, and IV compounds, respectively; while the 

symbols in opened diamond and square represent the compounds that are classified as either 

BCS I or II, and BCS II or IV, respectively.  In Panels A-1, B-1, C-1, the solid, dotted, and 

dashed lines represent the line of unity and 3-fold, and 5-fold differences, respectively. Panels A-

2, B-2, and C-2 are correlation plots of respective data.  Panels A-3, B-3, and C-3 are the 
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correlation plots excluding the compounds in red circles (captopril and maraviroc).  In all 

correlation plots, solid and dotted lines represent the regression line and its 95% confidence 

interval, respectively. All IC50 values (mean ± SD) were shown in Table 3. 

Figure 3: The AUCROC values obtained from ROC analysis of different static models using 

various IC50 measurement.  Estimated AUCROC values and their 95% confidence intervals of 

various static models were shown in panel A (I2/IC50), panel B (I1/IC50, or I2/IC50), and panel C 

(I1u/IC50, or I2/IC50).  In vitro IC50 values (IC50(V), IC50(ER), IC50(NSF), IC50(UDF), IC50(ERc), 

IC50(NSFc), IC50(UDFc) were measured as described in the Methods and Materials section.   

Figure 4: ROC curves of various static models using different IC50 estimation methods.  

ROC curves with different IC50 measurement and calculation methods were shown in panel A 

(model 1: I2/IC50), panel B (model 2: I1/IC50, or I2/IC50), and panel C (model 3: I1u/IC50, or 

I2/IC50).   

Figure 5: Recommended workflow to evaluate intestinal P-gp inhibition.  This workflow is 

only suitable when orally administered digoxin is used as a clinical P-gp probe.  Additional 

calibration will be needed for dabigatran etexilate and other orally administered P-gp probe 

substrates.  If digoxin is a co-medication, IC50(NSF) or IC50(ER) measured by BDT assay using 

digoxin as a probe substrate may be helpful in clinical study design and data interpretation.  

a
:The threshold of 25.9 is obtained based on calibration of vesicular P-gp inhibition assay using 

ROC analysis shown in this paper.  The calibration of your own assay using similar approach is 

recommended. 
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Table 1. Clinical digoxin DDI data used in ROC analysis
a
 

Inhibitor BCSb 

Dose          

(mg) 

I1
  

(µM) c
 fu

d 

I2 

(µM) AUCR 

CmaxR 

 

Clinical 

DDIs 

Y/Ne 

 

Alogliptin 

 

III 

 

25 

 

0.44 

 

0.80 

 

295 

 

1.00 

 

0.94 

 

N 

 

 

 

Amiodarone 

 

 

 

 

 

II 

 

 

 

400 

 

3.5 

 

0.0002 

 

2479 

 

1.63 

 

1.72 

 

Y 

 

600 

 

5.3 

 

0.0002 

 

3719 

 

1.69 

 

1.75 

 

Y 

 

800 

 

7.0 

 

0.0002 

 

4960 

 

1.68 

 

1.84 

 

Y 

 

Apixiban 

 

III 

 

20 

 

0.94 

 

0.13 

 

174 

 

0.90 

 

0.92 

 

N 

Asunaprevir II 200 0.49 0.03 1069 1.30 1.09 Y 

Atorvastatin 

 

II 

 

10 0.013 0.02 72 1.00 1.10 N 

80 0.12 0.02 573 1.10 1.20 N 

Azilsartan IV 80 9.24 0.01 563 1.03 0.94 N 

Bosentan II 500 5.90 0.02 3626 0.87 0.94 N 

 

Canagliflozin 

 

IV 

 

300 

 

7.60 

 

0.0125 

 

2597 

 

1.20 

 

1.36 

 

Y 

 

Captopril 

 

III 

 

12.5 

 

0.50 0.75 230 1.39 1.59 Y 

 

Carvedilol (Male*) 

 

II 

 

6.5 

 

0.13 

 

0.05 

 

62 

 

1.24 

 

1.00 

 

N 

 

Carvedilol 

(Female*) 

 

II 

 

6.5 

 

0.13 

 

0.05 

 

62 

 

1.56 

 

1.38 

 

Y 

 

Clarithromycin II 500 3.20 0.54 2674 1.46 1.75 Y 

Clopidogrel II 75 0.012 0.02 932 1.02 1.10 N 

Daclatasvir II 60 2.34 0.01 325 1.27 1.65 Y 

 

 

 

Diltiazem 

 

 

 

 

 

 

I 

 

 

 

 

60 

 

0.17 

 

0.22 

 

579 

 

1.51 

 

1.37 

 

Y 

 

90 

 

0.49 

 

0.22 

 

868 

 

1.40 

 

1.38 

 

Y 

 

180 

 

0.20 

 

0.22 

 

1737 

 

 

1.50 

 

1.37 

 

Y 

Dronedarone II 400 0.19 0.02 2874 2.57 1.75 Y 

 

Elagolix 

 

III 

 

200 

 

1.23 

 

0.2 

 

1267 

 

1.26 

 

1.71 

 

Y 

 

Elbasvir 

 

IV 

 

50 

 

0.14 

 

0.001 

 

227 

 

1.11 

 

1.47 

 

Y 

 

 

Eliglustat 

 

 

 

I 

 

 

100 

 

0.18 

 

0.38 

 

989 

 

1.37 

 

1.68 

 

Y 

 

150 

 

0.27 

 

0.38 

 

1479 

 

1.41 

 

1.64 

 

Y 

 

Etravirine 

 

IV 

 

200 

 

2.20 

 

0.01 

 

1838 

 

1.18 

 

1.19 

 

N 
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Felodipine 

 

 

 

 

II 

 

 

 

2.5 

 

0.007 

 

0.004 

 

26 

 

1.49 

 

1.35 

 

Y 

 

5 

 

0.013 

 

0.004 

 

52 

 

1.11 

 

1.38 

 

Y 

 

10 

 

0.034 

 

0.004 

 

104 

 

1.16 

 

1.39 

 

Y 

 

Fidaxomicin IV 

 

200 

 

0.005 

 

0.022 

 

756 

 

1.12 

 

1.18 

 

N 

 

Flibanserin 

 

II 

 

100 

 

1.07 

 

0.02 

 

1025 

 

1.93 

 

1.46 

 

Y 

Isradipine II, IV 5 0.03 0.03 54 1.11 1.26 Y 

 

Itraconazole 

 

II 

 

200 

 

0.90 

 

0.002 

 

1134 

 

1.68 

 

1.34 

 

Y 

Ivacaftor II, IV 150 13.90 0.02 1529 1.32 1.23 Y 

Maraviroc III 300 0.52 0.24 2336 1.02 1.09 N 

 

 

Mibefradil 

 

 

 

II 

 

50 0.92 0.004 404 1.08 1.22 N 

100 1.85 0.004 807 1.07 1.25 Y 

150 2.77 0.004 1211 1.31 1.41 Y 

Mirabegron III 100 1.00 0.29 1009 1.27 1.29 Y 

Nelfinavir II 1250 7.04 0.015 8806 1.35 1.34 Y 

Nicardipine 

 

I 

 

20 0.11 0.0125 167 1.07 NA N 

30 0.17 0.0125 250 0.96 0.90 N 

 

 

Nifedipine 

 

 

 

I, II 

 

5 0.12 0.04 58 1.21 1.01 N 

10 0.23 0.04 115 1.23 1.06 N 

20 0.46 0.04 231 1.18 1.08 N 

 

Nitrendipine 

 

 

II 

 

10 0.01 0.02 111 1.09 1.22 N 

20 0.02 0.02 222 1.15 1.57 Y 

Paroxetine I 30 0.18 0.05 364 0.85 0.90 N 

 

 

Quinidine 

 

 

 

I 

 

200 2.00 0.13 2466 NA 1.42 Y 

250 2.50 0.13 3082 NA 2.18 Y 

600 6.00 0.13 7398 2.65 NA Y 

 

 

Ranolazine 

 

 

 

II 

 

 

400 

 

3.36 

 

0.38 

 

3742 

 

1.39 

 

2.30 

 

Y 

 

750 

 

6.68 

 

0.38 

 

7017 

 

1.88 

 

1.68 

 

Y 

 

1000 

 

8.40 

 

0.38 

 

9356 

 

1.60 

 

1.46 

 

Y 

 

 

Ritonavir 

 

 

 

 

II 

 

 

 

200 

 

5.00 

 

0.015 

 

1110 

 

1.22 

 

1.26 

 

Y 

 

400 

 

10.00 

 

0.015 

 

2219 

 

1.39 

 

1.25 

 

Y 

 

Rolapitant 

 

II 

 

180 

 

1.93 

0 

.002 

 

1439 

 

1.30 

 

1.71 

 

Y 

 

Rosuvastatin 

 

II 

 

40 

 

0.02 

 

0.12 

 

332 

 

1.04 

 

1.01 

 

N 

 

Sertraline I, II 200 0.41 0.015 2612 1.10 1.05 N 

 

 

Telaprevir 

 

 

II 

 

 

750 

 

5.24 

 

0.325 

 

4413 

 

1.85 

 

1.50 

 

 

Y 
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Telmisartan 

 

II 

 

120 

 

1.12 

 

0.005 

 

933 

 

1.22 

 

1.50 

 

Y 

Ticagrelor IV 400 6.99 0.02 3062 1.28 1.75 Y 

Troglitazone II 400 3.00 0.01 3624 1.04 1.05 N 

 

Valspodar 

 

 

IV 

 

200 1.49 0.025 659 3.05 2.44 Y 

400 1.56 0.025 1317 1.74 1.72 Y 

Vandetanib II 300 3.32 0.06 2524 1.23 1.29 Y 

Velpatasvir IV 100 0.70 0.005 453 1.27 1.87 Y 

Vemurafenib IV 960 125.30 0.01 7838 1.91 1.42 Y 

 

Verapamil 

 

 

I 

 

80 0.37 0.1 704 1.50 1.44 Y 

120 0.55 0.1 1056 NA 1.61 Y 

AUC, area under the concentration-time curve; BCS, biopharmaceutics classification; DDI, drug-drug interaction; IC50, half 

maximal inhibitory concentration; I1, maximum plasma concentration (Cmax) of inhibitor drug following administration of clinical 

dose indicated; fu, the fraction unbound in plasma; I1,u,  the unbound I1; I2,  the concentration of inhibitor drug in the 

gastrointestinal tract at indicated dose dissolved in 250 ml; NA, Not available.   

a All clinical data in this table were used for ROC analysis as training set.  bBCS classification of inhibitor drugs was obtained 

from the University of Washington DDI database (https://www.druginteractionsolutions.org), https://www.pharmapendium.com, 

and the literature (Wu and Benet, 2005; Benet, 2013; Papich and Martinez, 2015). c Clinical DDI data, I1, and fu values were 

collected from the University of Washington DDI database (https://www.druginteractionsolutions.org); I1 reported from clinical 

DDI studies was used.  Otherwise, I1 at same or similar inhibitor dose regimen was collected. In the cases that I1 at indicated 

inhibitor doses was not reported, extrapolated I1 was used, assuming the linear PK. d Either AUCR and/or CmaxR 

(pharmacokinetic (PK) ratios) greater or equal to 1.25 was considered a positive clinical DDI.  

d If fu measured < 0.01, fu value of 0.01 was used for DDI prediction.  

e Yes (Y) indicates AUCR or CmaxR ≥1.25; No (N) indicates AUCR and CmaxR <1.25  

*Male and female cohort tested. 
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Table 2: Selected clinical P-gp DDI data using dabigatran etexilate and fexofenadine as probe 

drugs
a
   

Inhibitor  BCSb 

Inhibitor 

dose 

(mg) 

I1 

(µM)c 

I2 

(µM) 
fu

c 
Clinical 

probed 

Probe 

drug 

dose 

(mg) 

AUCRc  CmaxR
c  

Clinical 

DDIs  

(Y/N)e 

Amiodarone  II 600 2.43 3720 0.002 DE 150 1.6 1.5 Y 

Atorvastatin II 80 0.12 573 0.026 DE 150  0.82 0.8 N 

Clarithromycin III 500 0.002 2674 0.5 DE 150 1.6 1.49 Y 

Clarithromycin III 500 3.2 2674 0.5 DE  0.375 4.22 4.58 Y 

Clopidogrel  II 75 0.008 932 0.02 DE 150  0.92 0.95 N 

Clopidogrel II 300 0.055 3729 0.02 DE 150  1.36 1.68 Y 

Clopidogrel II 600 0.055 7458 0.02 DE 150  1.32 1.43 Y 

Cobicistat II 150 0.0015 773 0.053 DE 150 2.4 2.33 Y 

Dronedarone II 400 0.2 2874 0.02 DE 150 2.36 2.25 Y 

Itraconazole II 200 0.75 1134 0.002 DE 0.375 7.4 6.42 Y 

Quinidine  I 200 0.56 2466 0.13 DE 150 1.53 1.56 Y 

Rifampin II 600 18.96 2916 0.4 DE 0.375 2.38 1.78 Y 

Ritonavir IV 100 2 555 0.31 DE  150 1.11 1.13 N 

Ticagrelor IV 90 0.899 689 0.016 DE 150 1.56 1.46 Y 

Ticagrelor IV 180 2.76 1378 0.016 DE 150 1.73 1.95 Y 

Verapamil II 120* 0.13 1056 0.225 DE 150 
1.39, 

2.08f 

1.33, 

2.29f 
Y 

Verapamil II 240 0.26 2112 0.225 DE 150 1.71 1.91 Y 

Alogliptin III 100 2.058 1179 0.694 fexofenadine 80 1.26 1.07 Y 

Itraconazole II 200 0.483 1134 0.002 fexofenadine 180 2.29 2.69 Y 

Paroxetine I 20 0.02 4000 0.05 fexofenadine 60 1.38 1.33 Y 

Quinidine I 200 NA 2466 0.13 fexofenadine 25 2.14 2.39 Y 

Sertraline I 50 NA 653 0.01 fexofenadine 50 0.84 0.86 N 

Verapamil II 240 NA 2112 0.225 fexofenadine 120 1.46, 2.5f 1.3, 2.9f Y 
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AUC, area under the concentration-time curve; BCS, biopharmaceutics classification; DDI, drug-drug interaction; DE, dabigatran 

etexilate; I1, maximum plasma concentration (Cmax) of inhibitor drug following administration of clinical dose indicated; fu, the 

fraction unbound in plasma; I2, the concentration of inhibitor drug in the gastrointestinal tract at indicated dose dissolved in 250 

ml.   

a Only clinical DDI data with inhibitor drug IC50 data shown in Table 1 were collected.    

bBCS classification of inhibitor drugs was obtained from the University of Washington DDI database 

(https://www.druginteractionsolutions.org), https://www.pharmapendium.com, and the literature (Wu and Benet, 2005; Benet, 

2013; Papich and Martinez, 2015).  

c Clinical DDI data, I1, and fu values were collected from the University of Washington DDI database 

(https://www.druginteractionsolutions.org); I1 reported from clinical DDI studies was used.  Otherwise, I1 at same or similar 

inhibitor dose regimen was collected. In the cases that I1 at indicated inhibitor doses was not reported, extrapolated I1 was used, 

assuming the linear PK. If fu measured < 0.01, fu value of 0.01 was used for DDI prediction.  

DE, the prodrug of dabigatran was administered for dabigatran DDI studies.   

eEither AUCR and/or CmaxR (pharmacokinetic (PK) ratios) greater or equal to 1.25 was considered a positive clinical DDI; Yes 

(Y) indicates AUCR or CmaxR ≥1.25; No (N) indicates AUCR and CmaxR <1.25.   

f Multiple clinical DDI data reported.   
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Table 3: In vitro IC50 values of 48 compounds measured in P-gp bidirectional and vesicular transport  

inhibition assays
a
 

Compounds 
IC50(NSF) IC50(NSFc) IC50(ER) IC50(ERc) IC50(UDF) IC50(UDFc) IC50(V) 

M) 

Alogliptin >100  >100  >100  >100  ~ 207.0 ± 91.0 ~ 207.0 ± 91.0 >1000 

Amiodarone  21.9 ± 2.6  0.6 ± 0.1  8.3 ± 2.6  0.2± 0.1  10.6 ± 0.6  0.3 ± 0.02   14.8 ± 0.7 

Apixaban >150 >150 >150 >150 >150 >150 >150 

Asunaprevir  21.2 ± 2.0  21.2 ± 2.2  17.3 ± 2.7  17.3± 2.7  23.7 ± 3.0  23.7 ± 3.0  3.2 ± 0.2 

Atorvastatin >100  >100  >100  >100  >100  >100   17.0 ± 1.7 

Azilsartan   13.2 ± 2.7  2.6 ± 0.5  4.3 ± 0.3  0.8 ± 0.1  20.9 ± 2.5 4.2 ± 0.5 8.2 ± 0.7 

Bosentan >15 >15 >15 >15 >15 >15 >15 

Canagliflozin  59.0 ± 10.2 2.9 ± 0.5  39.9 ± 9.0  2.0 ± 0.5 >100   > 5   >100   

Captopril >1000   >67   >1000   >67   >1000   >67   >1000   

Carvedilol 19.1 ± 1.9  11.0 ± 0.9  1.6 ± 0.1  0.5 ± 0.04  16.4 ± 2.4  5.5 ± 0.8  4.1 ± 0.3 

Clarithromycin ~145.7 ± 26.6 ~145.7 ± 26.6 >100   >100   >100   >100    10.9 ± 2.4 

Clopidogrel >100   >36    132.8 ± 50.0  48.4 ± 18.3 >100   >36  157.4 ± 15.1 

Daclatasvir >100   >5    35.5 ± 6.9 1.8 ± 0.3  >100   >5    1.6 ± 0.1 

Diltiazem 83.2 ± 14.8 83.2 ± 14.8  62.7 ± 11.6  62.7 ± 11.6  23.7 ± 7.2  23.7 ± 7.2  30.5 ± 2.8 

Dronedarone  82.0 ± 29.0  3.1 ± 1.1  7.1 ± 1.6  0.3± 0.1 >300   >11  4.9 ± 0.5 

Elagolix ~168.7 ± 51.4 ~ 168.7 ± 51.4  100.5 ± 31.0  100.5 ± 31.0 >150 >150  24.8 ± 0.8 

Elbasvir >0.5   >0.5   >0.5   >0.5   >0.5   >0.5    0.3 ± 0.02 

Eliglustat  >100   >100   43.7 ± 12.4 43.7 ± 12.4 >100   >100    65.4 ± 2.1 

Etravirine >10 >2.1 >10 >2.1 >10 >2.1 >30 

Felodipine  11.4 ± 0.9  3.6 ± 0.2  3.8 ± 0.6  0.8 ± 0.01 >50   >10.5    81.8 ± 5.1 

Fidaxomicin >100   >100   >100   >100   >100   >100    0.4 ± 0.05 

Flibanserin  51.4 ± 5.7  51.4 ± 5.7  8.8 ± 0.7  8.8 ± 0.7 ~141.3 ± 76.3  ~141.3 ± 76.3 >120   

Isradipine  29.5 ± 1.7  29.5 ± 1.7  6.1 ± 0.3  6.1 ± 0.3  62.8 ± 16.6  62.8 ± 16.6  53.7 ± 2.4 

Itraconazole  6.9 ± 0.7  1.2 ± 0.1  1.1 ± 0.3  0.2 ± 0.04  2.4 ± 0.2  0.4 ± 0.04  0.34 ± 0.13 

Ivacaftor  1.8 ± 0.6  0.3 ± 0.1  2.1 ± 1.0  0.4 ± 0.2  0.6 ± 0.1  0.1 ± 0.04 > 1.0   

Maraviroc >1000 >1000 >1000 >1000 >1000 >1000 162.6 ± 8.5 

Mibefradil 7.8 ± 1.8  1.9 ± 0.4  5.2 ± 0.4  1.3 ± 0.1  14.0 ± 5.2  3.4 ± 1.3  10.0 ± 1.6  

Mirabegron >300   >300   >300   >300   >300   >300    148.9 ± 21.8 

Nelfinavir  14.8 ± 3.0  2.7 ± 0.5  1.3 ± 0.2  0.3 ± 0.03  7.3 ± 1.3  1.4 ± 0.2  20.3 ± 1.6 

Nicardipine  5.3 ± 0.6  1.5 ± 0.2  0.8 ± 0.1  0.2 ± 0.02  4.1 ± 1.6  1.2 ± 0.5  6.4 ± 1.7 

Nifedipine  83.8 ± 9.8  14.2 ± 2.6  18.3 ± 0.8  3.1 ± 0.1  58.9 ± 19.0  10.0 ± 3.2  115.6 ± 6.4 

Nitrendipine  20.0 ± 4.1  20.0 ± 4.1  3.1 ± 0.1  3.1 ± 0.1 >100   > 100    76.0 ± 1.4 

Paroxetine >100   > 21.5    9.3 ± 0.9  2.0 ± 0.3 >100   > 21.5    122.2 ± 15.3 

Quinidine  56.0 ± 9.5  56.0 ± 9.5  12.5 ± 2.2  12.5 ± 2.2  59.0 ± 12.8 59.0 ± 12.8  14.5 ± 1.9 

Ranolazine  74.5 ± 9.6  74.5 ± 9.6  13.2 ± 0.7  13.2 ± 0.7  215.6 ± 62.0  215.6 ± 62.0  64.1 ± 4.1 

Ritonavir  18.9 ± 1.0  18.9 ± 1.0  14.7 ± 0.6  14.7 ± 0.6 > 15   >15    0.3 ± 0.03 

Rolapitant  22.2 ± 6.3  5.6 ± 0.4  6.7 ± 0.5  1.6 ± 0.1  34.9 ± 15.6  8.4 ± 3.7 >30   

Rosuvastatin >300 >300 >300 >300 >300 >300 >300 

Sertraline  30.6 ± 12.8  7.7 ± 3.2  6.3 ± 1.0  1.6 ± 0.2  6.5 ± 0.8  1.7 ± 0.2   39.4 ± 2.8 

Telaprevir >200   >200   >200   >200   >200   >200    4.1 ± 0.5 

Telmisartan  20.3 ± 2.8  20.3 ± 2.8  1.6 ± 0.2  1.6 ± 0.2  25.9 ± 8.9   25.9 ± 8.9  0.8 ± 0.1 

Ticagrelor ~ 11.2 ± 3.1  ~0.8 ± 0.3  3.7 ± 0.01  0.9 ± 0.002 ~12.0 ± 6.1  ~3.0 ± 1.5 >30   

Troglitazone  17.1 ± 1.1 3.1 ± 0.2  9.3 ± 1.7  1.7 ± 0.3 13.5 ± 1.1  2.4 ± 0.2  19.4 ± 1.3 

Valspodar  0.7 ± 0.1 0.1 ± 0.003 0.4 ± 0.1 0.04 ± 0.01 1.2 ± 0.3 0.05 ± 0.004 0.2 ± 0.01 

Vandetanib >10   >0.2    5.9 ± 0.9  0.1 ± 0.02 >10   >0.2    96.1 ± 9.1 

Velpatasvir >50   >2.5   >50   >2.5   >50   >2.5    4.9 ± 0.7 

Vemurafenib  60.2 ± 25.0 8.8 ± 6.0 34.0 ± 15.0 5.3 ± 2.0  1.7 ± 0.9  0.3 ± 0.2 >30   

Verapamil  39.6 ± 3.9  39.6 ± 3.9  3.2 ± 0.2  3.2 ± 0.2  52.9 ± 11.1  52.9 ± 11.1  2.8 ± 0.3 
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IC50(NSF), IC50(ER), and IC50(UDF) represent IC50 values measured in bidirectional transport (BDT) assay estimated by calculating digoxin net 

transport using net secretory flux, efflux ratio, unidirectional flux, respectively.    IC50(NSFc), IC50(ERc), and IC50(UDFc), represent corrected IC50 

values based on the recovery of inhibitor drugs measured in BDT assays. IC50(V) represent IC50 values measured for inhibition of ATP-dependent 

NMQ vesicular transport. ~ (tilde operator) indicates approximation of IC50 extrapolated beyond maximum concentration tested.  Data were 

reported as mean ± SD for triplicate measurement.  

a: All data shown in this table were used as training set for ROC analysis. 
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Table 4. Summary of the cut-off values obtained from ROC analysis based on static P-gp DDI prediction 

models using various P-gp IC50 methods and the comparison of predictive performance with other cut-off 

criteria 
 

Table 4-1: Model 1 (I2/IC50) 

 
        

Model 1 (I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

Cut-off values 25.9 10 45 13.7 10 45 9.3 10 45 

TP % (sensitivity) 75 (36/48) 83.3 (40/48) 68.8 (33/48) 83.3 (40/48) 85.4 (41/48) 64.6 (31/48) 77.1 (37/48) 75 (36/48) 52.1 (25/48) 

TN % (specificity) 59.1 (13/22) 45.5 (10/22) 72.7 (16/22) 50 (11/22) 45.5 (10/22) 63.6 (14/22) 63.6 (14/22) 63.6 (14/22) 72.7 (16/22) 

FP % 40.9 (9/22) 54.5 (12/22) 27.3 (6/22) 50 (11/22) 54.5 (12/22) 36.4 (8/22) 36.4 (8/22) 36.4 (8/22) 27.3 (6/22) 

FN % 25 (12/48) 16.7 (8/48) 31.3 (15/48) 16.7 (8/48) 14.6 (7/48) 35.4 (17/48) 22.9 (11/48) 25 (12/48) 47.9 (23/48) 

Average Accuracy 0.67 0.644 0.707 0.667 0.654 0.641 0.704 0.693 0.624 

Overall Accuracy 0.7 0.714 0.7 0.729 0.729 0.643 0.729 0.714 0.586 

 

Table 4-2: Model 2 (I1/IC50 or I2/IC50) 

 
   

   

Model 2 (I1/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

Cut-off values (0.032, 40) (0.1, 10) (0.03, 45) (0.081, 26.7) (0.1, 10) (0.03, 45) (0.026, 10) (0.1, 10) (0.03, 45) 

TP % (sensitivity) 75 (36/48) 83.3 (40/48) 75 (36/48) 75 (36/48) 85.4 (41/48) 70.8 (34/48) 75 (36/48) 75 (36/48) 54.2 (26/48) 

TN % (specificity) 63.6 (14/22) 45.5 (10/22) 63.6 (14/22) 50 (11/22) 45.5 (10/22) 59.1 (13/22) 63.6 (14/22) 63.6 (14/22) 68.2 (15/22) 

FP % 36.4 (8/22) 54.5 (12/22) 36.4 (8/22) 50 (11/22) 54.5 (12/22) 40.9 (9/22) 36.4 (8/22) 36.4 (8/22) 31.8 (7/22) 

FN % 25 (12/48) 16.7 (8/48) 25 (12/48) 25 (12/48) 14.6 (7/48) 29.2 (14/48) 25 (12/48) 25 (12/48) 45.8 (22/48) 

Average Accuracy 0.693 0.644 0.693 0.625 0.654 0.65 0.693 0.693 0.612 

Overall Accuracy 0.714 0.714 0.714 0.671 0.729 0.671 0.714 0.714 0.586 

 

Table 4-3: Model 3 (I1u/IC50 or I2/IC50) 

 
  

     

Model 3 (I1u/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

   ROC 

Analysis 
EMA 2012e  

ROC 

Analysis 
EMA 2012e 

ROC 

Analysis 
EMA 2012e 

   
Cut-off values (0.00141, 3334) (0.02,10) (0.00177,62) (0.02,10) (0.00052,94) (0.02,10) 

   
TP % (sensitivity) 75 (36/48) 83.3 (40/48) 75 (36/48) 85.4 (41/48) 75 (36/48) 75 (36/48) 

   
TN % (specificity) 81.8 (18/22) 45.5  (10/22) 54.5 (12/22) 45.5 (10/22) 68.2  (15/22) 63.6 (14/22) 

   
FP % 18.2 (4/22) 54.5 (12/22) 45.5 (10/22) 54.5 (12/22) 31.8 (7/2+2) 36.4 (8/22) 

   
FN % 25 (12/48) 16.7  (8/48) 25 (12/48) 14.6 (7/48) 25 (12/48) 25 (12/48) 

   
Average Accuracy 0.784 0.644 0.648 0.654 0.716 0.693 

   
Overall Accuracy 0.771 0.714 0.686 0.729 0.729 0.714 

    

EMA, European Medicines Agency; FDA, US Food and Drug Administration; TN, true negative; TP, true positive; FN, false 
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negative; FP, false positive; IC50, half-maximal inhibitory concentration; I1, the mean steady-state total (free and bound) maximum 

plasma concentration (Cmax) of inhibitor following administration of the highest proposed clinical dose; I1,u,  unbound I1; I2,  the 

concentration of inhibitor in the gastrointestinal tract based on highest approved dose dissolved in 250 ml. 

 a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and 

IC50(NSF) were determined as described in Materials and Methods section and shown in Table 3.    

b: The cut-off value was obtained from FDA final DDI guidance (FDA 2020). 

c: The cut-off value was obtained from Ellens et al (2013) based on ROC analysis of P-gp IC50 data for 15 compounds generated 

by 23 laboratories using four in vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles.   

d: The cut-off value was obtained from FDA DDI draft guidance (Agarwal et al., 2013).  

e: The cut-off value was obtained from EMA DDI guidance (EMA 2012). 
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Table 5. Summary of predictive performance of selected P-gp clinical inhibition studies using dabigatran etexilate and 

fexofenadine as in vivo probes and the cut-off values derived from ROC analysis based on digoxin clinical DDI data and 

the comparison with other cut-off criteria  

 

         

Model 1 

(I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

Cut-off values 25.9 10.0 45.0 13.7 10.0 45.0 9.3 10.0 45.0 

TP % 

(sensitivity) 
84.2 (16/19) 94.7 (18/19) 78.9 (15/19) 89.5 (17/19) 94.7 (18/19) 73.7 (14/19) 100 (19/19) 100 (19/19) 47.4 (9/19) 

TN % 

(specificity) 
50 (2/4) 25 (1/4) 75 (3/4) 50 (2/4) 50 (2/4) 75 (3/4) 25 (1/4) 50 (2/4) 100 (4/4) 

FP % 50 (2/4) 75 (3/4) 25 (1/4) 50 (2/4) 50 (2/4) 25 (1/4) 75 (3/4) 50 (2/4) 0 (0/4) 

FN % 15.8 (3/19) 5.3 (1/19) 21.1 (4/19) 10.5 (2/19) 5.3(1/19) 26.3 (5/19) 0 (0/19) 0 (0/19) 52.6 (10/19) 

Average 

Accuracy 
0.783 0.826 0.783 0.826 0.870 0.739 0.870 0.913 0.565 

Overall 

Accuracy 
0.671 0.599 0.770 0.697 0.724 0.743 0.625 0.750 0.737 

 

FDA, US Food and Drug Administration; TN, true negative; TP, true positive; FN, false negative; FP, false positive; IC50, half-

maximal inhibitory concentration; I2, the concentration of inhibitor in the gastrointestinal tract based on highest approved dose 

dissolved in 250 ml. 

 a: IC50(NSF), IC50(ER), and IC50(V) were used in the static models for DDI prediction, respectively. IC50(NSF), IC50(ER), and 

IC50(V) of respective inhibitor drugs were shown in Table 3.   

b: Cut-off values derived from ROC analysis based on digoxin clinical DDI data in Table 1 and IC50 data in Table 3.  

c: The cut-off value was obtained from FDA final DDI guidance (FDA 2020). 

d: The cut-off value was obtained from Ellens et al (2013) based on ROC analysis of P-gp IC50 data for 15 compounds generated 

by 23 laboratories using four in vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles.   
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[I2], concentration of inhibitor in the gastrointestinal tract based on highest approved dose 
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Laboratories Cell Porcine Kidney 1 cells overexpressing MDR1; MDR1, multidrug resistance 

protein 1; NME, new molecular entity; Papp, apparent permeability; P-gp, P-glycoprotein; PK, 
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Abstract  

The multidrug resistance protein 1 (MDR1) P-glycoprotein (P-gp) is a clinically important 

transporter.  In vitro P-gp inhibition assays have been routinely conducted to predict the potential 

for clinical drug-drug interactions (DDIs) mediated by P-gp. However, high inter- laboratory and 

inter-system variability of P-gp IC50 data limits accurate prediction of DDIs using static models 

and decision criteria recommended by regulatory agencies.  In this study, we calibrated two in 

vitro P-gp inhibition models: vesicular uptake of N-methyl-quinidine (NMQ) in MDR1 vesicles 

and bidirectional transport (BDT) of digoxin in Lilly Laboratories Cell Porcine Kidney 1 cells 

overexpressing MDR1 (LLC-MDR1) using a total of 48 P-gp inhibitor and non-inhibitor drugs, 

and digoxin DDI data from 70 clinical studies. Refined thresholds were derived using receiver 

operating characteristic (ROC) analysis and their predictive performance was compared with the 

decision frameworks proposed by regulatory agencies and selected reference.  Furthermore, the 

impact of various IC50 calculation methods and non-specific binding of drugs on DDI prediction 

was evaluated.   Our studies suggest that the concentration of inhibitor based on highest 

approved dose dissolved in 250 ml divided by IC50(I2/IC50) is sufficient to predict P-gp related 

intestinal DDIs. IC50 obtained from vesicular inhibition assay with a refined threshold of I2/IC50 ≥ 

25.9 provides comparable predictive power than those measured by net secretory flux and efflux 

ratio in LLC-MDR1 cells.   We therefore recommend vesicular P-gp inhibition as our preferred 

method given its simplicity, lower variability, higher assay throughput, and more direct 

estimation of in vitro kinetic parameters than BDT assay.   

 

 



5 
 
 

Significance Statement  

We have conducted comprehensive calibration of two in vitro P-gp inhibition models: uptake in 

MDR1 vesicles and bidirectional transport in LLC-MDR1 cell monolayers to predict DDIs.   Our 

studies suggest that IC50s obtained from vesicular inhibition with a refined threshold of I2/IC50 ≥ 

25.9 provide comparable predictive power than those in LLC-MDR1 cells.   We therefore 

recommend vesicular P-gp inhibition as preferred method given its simplicity, lower variability, 

higher assay throughput, and more direct estimation of in vitro kinetic parameters.    



6 
 
 

Introduction  

Multidrug resistance protein 1 (MDR1) P-glycoprotein (P-gp) is a clinically important 

transporter (International Transporter et al., 2010; Lee et al., 2010).  Inhibition of P-gp can cause 

drug–drug interactions (DDIs), in which, inhibition of intestinal P-gp appears to have the most 

significant impact (Fenner et al., 2009; International Transporter et al., 2010; Zhang et al., 2018).  

Thus, the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) 

have requested evaluating the potential of a new molecular entity (NME) to inhibit P-gp in vitro 

and recommended a decision framework to determine the need for conducting clinical DDI 

studies with P-gp probe substrates, such as digoxin and dabigatran etexilate (DE) (EMA, 2012; 

FDA, 2020).   

 

In vitro P-gp inhibition studies are routinely conducted in the pharmaceutical industry to evaluate 

the potential of NMEs as in vivo inhibitors of P-gp based on the recommendations from 

regulatory agencies.  To assess their predictability for digoxin DDIs, a P-gp IC50 working group 

measured in vitro P-gp IC50 values for 15 compounds in 23 laboratories using their own assays 

and protocols.  Substantial inter-laboratory variability for IC50 values was reported (Bentz et al., 

2013).    A receiver operating characteristic (ROC) analysis was conducted by this group and 

refined cut-off values were proposed, which accounted for inter-laboratory variability for IC50 

values (Ellens et al., 2013).  Currently, P-gp IC50 variability is still a major concern which 

precludes accurate DDI prediction.  As such, EMA has recommended to assess P-gp inhibition 

using two separate in vitro systems.   A systemic calibration of in vitro assays in each individual 

laboratory may help to address this issue before the standardized model and assay protocol are 
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established and employed.   For instance, Cook et al (Cook et al., 2010), Sugimoto et al 

(Sugimoto et al., 2011), and Poirier et al (Poirier et al., 2014) calibrated their P-gp inhibition 

assays in Caco-2 cells (human colon adenocarcinoma cells expressing endogenous P-gp) and 

LLC-MDR1 cells (Lilly Laboratories Cell Porcine Kidney 1 cells overexpressing MDR1)  using 

26 to 68 clinical digoxin DDI data and defined their cut-off criteria accordingly.  

 

In vitro P-gp inhibition is most frequently evaluated in P-gp transfected cells and Caco-2 cells.  

These polarized cells form a tight monolayer and therefore can be used to determine the 

inhibitory effect of a test compound on bidirectional transport (BDT) of a P-gp probe substrate, 

e.g., digoxin, from basolateral to apical (B to A) and from apical to basolateral (A to B) 

(Brouwer et al., 2013).   However, this assay requires culturing cells for multiple days to form 

monolayers.  Digoxin transcellular flux is not only mediated by P-gp and passive diffusion, but 

also by endogenous uptake transporter(s) (Taub et al., 2011; Lee et al., 2014).    Varying 

expression of P-gp and endogenous transporters in different cell lines under different assay 

conditions may be one of primary contributing factors to high inter-laboratory variability.  

Furthermore, kinetic analysis of intrinsic inhibitory potency of NMEs on transcellular flux of 

digoxin by P-gp is complex.  Thus, apparent IC50 values obtained from conventional analysis 

may not represent true P-gp inhibitory potency (Zamek-Gliszczynski et al., 2013; Jani and 

Krajcsi, 2014; Volpe et al., 2014). Alternatively, a vesicular uptake assay is a simpler non-cell-

based assay to study P-gp inhibition.  The inhibitory effect of a test compound on ATP-

dependent uptake of P-gp probe substrate, e.g. N-methyl-quinidine (NMQ), can be measured in 

MDR1 vesicles (Heredi-Szabo et al., 2013).   Unlike the BDT assay, membrane vesicles can be 
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stored in large quantitate to ensure consistent transporter expression/activity.  As inside-out 

vesicles have direct access to P-gp binding sites, inhibition kinetics follows enzymatic principles.  

However, vesicular P-gp inhibition can only use the probe substrates with low permeability, e.g., 

NMQ.  This can be a concern when extrapolating inhibition data to digoxin or other P-gp 

substrates, as P-gp has multiple binding sites (Lee et al., 2010; Sziraki et al., 2011).  Currently, 

calibration of P-gp vesicular inhibition assay, their predictive performance, and inter-laboratory 

variability is still limited (Ellens et al., 2013; Heredi-Szabo et al., 2013; Fekete et al., 2015).   

In this study, we systemically evaluated the predictive performance of two in vitro P-gp 

inhibition models: vesicular uptake in MDR1 vesicles and BDT in LLC-MDR1 cells using a total 

of 48 drugs, and digoxin DDI data from 70 clinical studies. A refined cut-off values using ROC 

analysis were derived for respective in vitro models and compared with the decision frameworks 

proposed by FDA, EMA and Ellens et al (Ellens et al., 2013).  Furthermore, the impact of 

various IC50 calculation methods, and non-specific binding of inhibitor drugs on DDI prediction 

was evaluated.    
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Materials and Methods 

Chemicals and Reagents  

Chemicals 

[
3
H]digoxin (30-40 Ci/mmol) was purchased from Perkin Elmer (Boston, MA).  [

3
H] NMQ (L-

000543643-002R001, 73 Ci/mmol) was synthesized by the Labeled Compound Synthesis 

Department, Merck & Co., Inc., Kenilworth, NJ, USA. Sixty compounds evaluated in P-gp 

inhibition assays (48 compounds for training set and 12 compounds for test set) were obtained 

from Sigma (St. Louis, MO), Selleck Chemicals (Pittsburgh, PA), or Cayman Chemical (Ann 

Arbor, MI).  All other reagents were commercially obtained at the highest analytical purity 

grade. 

Cells and membrane vesicles 

LLC-PK1 cells and LLC-PK1 cells stably expressing human MDR1 P-gp (LLC-MDR1 cells) 

were obtained from BD Gentest (Woburn, MA).  LLC-MDR1 and LLC-PK1 cells obtained from 

Netherlands Cancer Institute (Amsterdam, Netherlands) were also used to measure in vitro IC50 

values for several compounds in the training and test sets.  Based on our internal validation, IC50 

values measured using these two orthogonal cell lines show good correlation (data not shown). 

The cells were cultured in medium 199 supplemented with 10% fetal bovine serum, 2 mM L-

glutamine, 50 U/ml penicillin and 50 μg/ml streptomycin. All cells were maintained at 37°C in 

an atmosphere of 95% air, 5% CO2 and 90% relative humidity.  Membrane vesicle (lot 

EUD8G26 and IKATG03) isolated from baculovirus infected Spodoptera frugiperda (Sf9) cells 

containing MDR1 P-gp were obtained from Thermo Fisher Scientific (Waltham, MA).   Similar 

time- and ATP-dependent uptake of [
3
H] NMQ (0.1 µM) were observed in these two lots of 
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vesicles (data not shown).  The sideness of the vesicles were not measured.  As nitrogen 

cavitation method was used to prepare membrane vesicles, we assumed that the vesicles consist 

of the mixture of equal portion of inside-out and right-side out vesicles (Saito et al., 2009).  

In vitro P-gp inhibition assays  

BDT inhibition assay in LLC-MDR1 and LLC-PK1 cells 

The effects of test compounds on human MDR1 P-gp-mediated efflux transport of digoxin were 

evaluated using the BDT studies in the LLC-MDR1 and LLC-PK1 cell lines as previously 

described (Chan et al., 2019).  Briefly, cells were cultured in 96-well multiwell insert plates 

(Millicell®-96, Millipore, Billerica, MA) at 85,000 cells/well and cultured for four days before 

the study. The compound was tested at seven concentrations in LLC-MDR1 cells as indicated. 

Cyclosporin A (CsA) (10 µM) was used as a positive control inhibitor. The test compounds or 

positive control inhibitor at the concentrations indicated were added into both apical (A) and 

basolateral (B) sides of cell monolayers.  Transport buffer was Hanks Balanced Salt Solution 

(HBSS) with 10 mM (N-[2-Hydroxyethyl] piperazine-N’-[2-ethanesulfonic acid (HEPES), pH 

7.4.  Transport of digoxin was measured in both absorptive and secretory directions.  For 

absorptive (A to B) transport, the donor dosing solution was added to the apical compartment 

and for secretory (B to A) transport, donor dosing solution was added to the basolateral 

compartment.   Receiver solution was prepared by adding aliquots of the stock solution of test 

compound or positive control inhibitor to transport buffer with a final organic solvent 

concentration of ≤ 1%. Donor dosing solution was prepared by diluting aliquots of radiolabeled 

and non-radiolabeled [
3
H]digoxin (final concentration 0.1 µM), and, if applicable, aliquots of test 

compound or positive control inhibitor stock solutions, into transport buffer at designated 
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concentrations with a final organic solvent concentration of ≤ 1%. BDT of digoxin without 

inhibitor was tested in both LLC-MDR1 and LLC-PK1 cells to confirm P-gp-mediated digoxin 

efflux transport and a sufficient signal-to-noise ratio (efflux ratios (ER, B to A / A to B of 

apparent passive permeability (Papp)) in LLC-MDR1 cells/ ER in LLC-PK1 cells ≥ 3).  Prior to 

the transport experiment, cells were washed three times with transport buffer. Donor dosing 

solution (150 µL) was added to either the apical or basolateral compartment, with receiver 

solution (150 µL) added to the opposite compartment. At 90 minutes, (50 µL) samples were 

taken from both sides and scintillant (Ultima Gold, Perkin Elmer, Boston, MA) was added. 

Radioactivity was determined by liquid scintillation counting in a 2450 MicroBeta2 counter 

(Perkin Elmer, Waltham, MA). Dextran Texas Red or Lucifer Yellow was used as the markers to 

test the monolayer integrity. At the end of the incubation, if Dextran Texas Red or Lucifer Yellow 

in the receiver well was > 6% or >2% of the total concentration, respectively, data were excluded 

due to poor monolayer integrity. The experiments were performed in triplicate. 

 

Vesicular transport inhibition assay in MDR1 P-gp containing membrane vesicles 

The inhibitory effect of test compounds on ATP-dependent [
3
H]NMQ (0.1 μM) uptake was 

measured in membrane vesicles containing human MDR1 P-gp. The positive control inhibitor 

(CsA 10 µM) was tested in each assay to confirm the functionality of MDR1 P-gp.  Briefly, 19 μl 

of [
3
H]NMQ, dissolved in transport buffer (0.25 M sucrose, 10 mM MgCl2, 10 mM Tris-HCl 

buffer, pH 7.4), were added to 10 μl of MDR1 P-gp containing vesicles (2.5 mg/ml) in a 96-well 

glass coated plate (Analytical Sales & Services, Flanders, NJ). Then, 1uL of various 

concentrations of test compounds or CsA (10 μM) were added to each corresponding well. The 
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incubation plate was preincubated in a water bath for 3 min at 37°C. Uptake was initiated by the 

addition of 20 μl ATP or AMP containing solution (final concentration of 5 mM ATP or AMP, 

10 mM creatine phosphate, and 100 μg/ml creatine phosphokinase in transport buffer), followed 

by incubation at 37°C for 5 min. Uptake was stopped by the addition of 200 μl ice-cold stop 

buffer (0.25 M sucrose, 0.1 M NaCl, 10 mM Tris-HCl buffer,  pH 7.4), followed by transfer of 

the reaction mixture to a prewetted 96-well glass fiber filter plate (1.0 μm) (Millipore, Billerica, 

MA) and application of vacuum. Filters containing the membrane vesicles were washed with 200 

μl ice-cold stop buffer five times. The filter plate was dried at room temperature, and 100 μl 

scintillation fluid (OptiPhase HiSafe3; PerkinElmer, Boston, MA) was added. Radioactivity was 

determined by liquid scintillation counting. The experiments were performed in triplicate. 

Quantification of test compounds via LC/MS/MS analysis 

All analyses were performed on a Sciex 4500 triple quadrople mass spectrometer (Toronto, ON, 

Canada) equipped with electrospray source using multiple reaction monitoring and controlled by 

Analyst 1.6.2 software. The sample was loaded onto an Acquity UPLC C18 HSS T3, 1.8 µM, 2.1 

x 30 mm, 1.8 micron column (Waters, Milford, MA) by means of a Thermo Scientific LX-2 

System (Leap Autosampler with Dionex Ultimate 3000 RS Pumps) autosampler controlled by 

Aria 1.7 software. Chromatography was performed using water, 0.1% formic acid as mobile 

phase A and acetonitrile, 0.1% formic acid as mobile phase B. The fast gradient profile was 0 to 

15 seconds 5% (v/v) B at 0.8 mL/min; 30 seconds ramp to 95% (v/v) B at 1.0 mL/min; 30 

seconds to 5% (v/v) B at 0.8 mL/min. Polarity was selected for optimum sensitivity and 

detection by tandem mass spectrometry was based on precursor ion transitions to the strongest 

intensity product ions. Samples, standards, and controls were processed with labetalol as the 
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internal standards. Typical standard curve range was from 7.82 to 2000 nM. LC/MS/MS 

parameters was shown in Supplemental Table 1. Data processing was done using IndigoBio 

Ascent (Indigo BioAutomation, Carmel, IN). 

 

Clinical DDI data with digoxin and other P-gp probe substrates  

Clinical data for 70 DDI studies using digoxin as a probe drug (Table 1, training set) and 18 

and 6 studies using DE and fexofenadine as probe drugs, respectively (Table 2) were collected 

from the University of Washington DDI database (https://www.druginteractionsolutions.org). 

A diverse compound set were categorized according to the Provisional Biopharmaceutical 

Classification System (BCS) obtained from the literature (Wu and Benet, 2005; Benet, 2013; 

Papich and Martinez, 2015), University of Washington DDI database, and Pharmapendium 

(https://www.pharmapendium.com).  The magnitude of clinical DDIs expressed as AUCR, the 

ratio of area under the curve (AUC) or CmaxR, the ratio of maximum concentration in plasma 

(Cmax) (pharmacokinetic (PK) ratios) with and without inhibitor drugs were collated. A PK 

ratio of a probe drug ≥1.25 was considered a positive clinical DDI, while a PK ratio <1.25 was 

defined as a negative outcome. I1, the mean steady-state total (free and bound) Cmax, and the 

fraction unbound in plasma (fu) for test compounds were collected from the University of 

Washington DDI database.  Extrapolated I1 values were used, assuming the linear PK, if the 

values at indicated inhibitor doses were not reported.  I1u is the unbound I1; fu of 0.01 was used 

in DDI risk assessment as the worst-case scenario if reported fu <0.01. I2, the concentration of 

drug in the gastrointestinal tract at the given inhibitor dose dissolved in 250 ml was calculated. 

In addition, a test set of 12 compounds was assembled to evaluate performance of DDI 



14 
 
 

prediction, and related clinical DDI data of the compounds in test set with orally administered 

digoxin was collected as indicated above and shown in Supplemental Table 2.   

 

Data analysis 

IC50 calculation  

BDT inhibition assay  

IC50 values for inhibiting digoxin BDT in LLC-MDR1 cells were obtained by fitting the data to 

equation 1 by nonlinear regression analysis using Graphpad prism (San Diego, CA).  

% Control = 100 / (1 + I
s
 / IC50

s
)                                                              Eq. (1) 

Where I is the inhibitor concentration (µM), and s is the Hill slope.  

Percent control was calculated according to equation 2: 

% Control = (TI / To) x 100                                                                        Eq. (2) 

Where TI represents net transport of digoxin measured in the presence of various concentrations 

of the inhibitor; To represents the net transport of digoxin in the absence of the inhibitor. 

Three methods were commonly used to calculate the net transport of digoxin in LLC-MDR1 

cells: 1) net secretory flux (NSF), 2) efflux ratio (ER), and 3) unidirectional flux (UDF) 

(Balimane et al., 2008; Cook et al., 2010; O'Connor et al., 2015).  The NSF evaluates net digoxin 

transport activity in both absorptive and secretory directions. The ER describes the ratio of Papp 

in secretory (Papp B to A) over the absorptive direction (Papp A to B).  The UDF (B to A) 

describes transport activity of digoxin in the secretory direction (basolateral to apical: B to A).  
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NSF in LLC-MDR1 cells was calculated according to equation 3: 

NSF = (%Transport B to A) - (%Transport A to B)                                                     Eq. (3) 

 %Transport was calculated by dividing the amount of digoxin measured in the receiver 

compartment by the sum of digoxin measured in both receiver and donor compartments.  

ER in LLC-MDR1 cells was calculated via Eq. (4)  

ER = Papp (B to A)/ Papp (A to B)  Eq. (4) 

Papp is calculated by Eq (5): 

Papp = (Volume of receiver chamber) / (A x Co) x  Δ Conc / Δt    Eq. (5) 

The volume of receiver chamber is 0.15mL; transwell membrane area (A) is 0.11cm
2
; Co is the 

sum of the probe substrate concentration (digoxin) measured in the donor plus receiver 

compartments at 1.5 hr; Δ in concentration is the concentration in the receiver compartment at 

1.5 hr; and Δ in Time is the incubation time (1.5 x 60 x 60 = 5400s).  Papp is expressed as 10
-6

 

cm/s. 

 

UDF (B to A) in LLC-MDR1 cells was calculated by Eq. (6) 

UDF (B to A)= (Papp BAi- Papp BAp )/ (Papp BAo – Papp BAp)   Eq. (6) 

Where Papp BAi represents Papp receiver B to A with inhibitor; PappBAo, B to A receiver without 

inhibitor, Papp BAp, B to A receiver with positive control inhibitor (CsA, 10 µM). 

Considering potential non-specific binding of inhibitor compounds to assay plates and cells, a 

separate set of IC50 analysis was performed by correcting IC50 values obtained from the nominal 

inhibitor concentrations based on the recovery of inhibitor drugs measured in the incubation.  
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The recovery of the inhibitor drugs (Ri) was measured in well via LC/MS/MS analysis under the 

BDT assay conditions as described above.   Ri was calculated by dividing the sum of the 

inhibitor concentration measured in the donor (Cdonor) and receiver (Creceiver) compartments at the 

end of the incubation divided by Cdose, the concentration of test compound in dosing solution at 

time zero. The concentrations of the inhibitor drugs remained in the cells were not measured.   

Ri  = [(Cdonor  + Creceiver) / Cdose] Eq. (7) 

As the recovery of the test compound was calculated only based on the concentration of the test 

compound in apical and basolateral chambers, lower recovery suggested possible non-specific 

binding of the test compound to cell monolayers and /or the assay plates.    If Ri was < 0.7, in 

vitro IC50 values measured based on nominal inhibitor concentrations were corrected based on 

Eqs (8-10), respectively.  If Ri was ≥ 0.7, the IC50 values were not corrected. 

IC50(NSFc) = IC50(NSF)  x Ri   Eq. (8) 

IC50(ERc)= IC50(ER)  x Ri   Eq. (9) 

IC50(UDFc) = IC50(UDF) x Ri  Eq. (10) 

Where IC50(NSF), IC50(ER), and IC50(UDF) represent IC50 values estimated by calculating 

digoxin net transport using NSF, ER, and UDF, respectively.    IC50(NSFc), IC50(ERc) and 

IC50(UDFc), represent corrected IC50 values based on the recovery of test compounds.  

Vesicular Inhibition Assay  

MDR1 P-gp-mediated NMQ transport was estimated based on ATP-dependent [
3
H] NMQ 

uptake in MDR1 vesicles calculated by subtracting uptake of [
3
H] NMQ in presence of AMP 
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from uptake in presence of ATP. Percent control in vesicular inhibition assay is calculated 

according to equation 11: 

% Control = (VI / Vo) x 100                                                                         Eq. (11) 

where VI represents ATP-dependent uptake rate of NMQ measured in the presence of various 

concentrations of the test compound; Vo represents ATP-dependent uptake rate in the absence of 

the test compound. As [
3
H] NMQ exhibited minimal active uptake in control vesicles and in 

MDR1 vesicles in the presence of ATP and positive control inhibitor (10 µM CsA) 

(Supplemental Figure S1), no control vesicles or positive control inhibitor were used to correct 

P-gp-mediated NMQ transport rate.   

 The IC50 for inhibition of MDR1 P-gp-mediated NMQ vesicular transport, IC50(V), was 

obtained by fitting the data to equation (1).  

Inhibitor drugs may have non-specific binding to the assay plates and vesicles.  As our vesicular 

inhibition assay was conducted in glass-coated plates and the surface area as well as the volume 

of vesicles are small (Nervi et al., 2010) at the given vesicle amount (25 µg) in this assay, non-

specific binding of inhibitor drugs may have negligible impact on inhibitor concentrations in the 

incubation (nominal extravesicular concentration).  This was confirmed by our pilot studies for 

several highly bound inhibitor drugs following the measurement of the binding of inhibitor drugs 

to vesicles using ultracentrifugation method (unpublished observations).   Therefore, in this 

study, IC50 estimated based on nominal inhibitor concentrations was used for vesicular inhibition 

assay without the correction for non-specific binding.  

Statistical methods and the criteria to define optimized cut-off values 
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A binary classification analysis was conducted on clinical digoxin DDI studies for the 

compounds in the training set (Table 1) to derive the optimal cut-off values to predict digoxin 

DDIs based on three static models:  1) I2/IC50(FDA, 2020); 2) I1/IC50 or I2/IC50(Agarwal et al., 

2013); and 3) I1u/IC50, or I2/IC50(EMA, 2012).   

IC50 values measured in the BDT and vesicular inhibition assays and calculated using various 

methods (IC50(NSF), IC50(NSFc), IC50(ER), IC50(ERc), IC50(UDF), IC50(UDFc) and IC50(V)) 

were used in this analysis, and the predictive performances were compared.    

 

The possible outcomes were: 1) true positive (TP),  in vitro data predicts a positive digoxin DDI 

and the prediction is in agreement with a positive clinical DDI (AUCR ≥1.25 or CmaxR ≥ 1.25); 

2) false negative (FN), in vitro data predict a negative digoxin DDI, but the prediction is not in 

agreement with positive clinical data;  3) true negative (TN), in vitro data predict a negative DDI 

and the prediction is in agreement with a negative clinical DDI (AUCR <1.25 and CmaxR < 1.25); 

and 4) false positive (FP), in vitro data predict a positive DDI, but it is not observed in clinic.   

Performance metrics used in the analyses are defined and calculated as below:  

Sensitivity = True positive rate =TP/P    Eq(12) 

Specificity = True negative rate =TN/N   Eq(13) 

Overall accuracy = (TP +TN)/S   Eq(14) 

Average accuracy=(Sensitivity+Specificity)/2  Eq(15) 

False negative rate =FN/P    Eq(16) 

False positive rate = 1-Specificity   Eq(17) 
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S is the total number of digoxin DDI studies, P the number of positive clinical DDI studies 

(AUCR ≥1.25 or CmaxR ≥ 1.25), and N is the number of negative studies (AUCR <1.25 and 

CmaxR < 1.25). 

The Receiver Operating Characteristics (ROC) curve, which is a plot with the sensitivity versus 

false positive rate (1-specificity) at various cutoffs, is used to check and visualize the overall 

performance of a binary classifier. The AUC of a ROC curve (AUCROC) is one of the most 

important evaluation metrics.  An AUCROC =1 indicates a perfect separation of the two classes 

(positive or negative), and an AUCROC =0.5 means that the classifier is the same as randomly 

splitting the outcomes. We first apply ROC analysis on the one-dimensional classifiers: the static 

models of I2/IC50(model1). The ROC curve is generalized to the two-dimensional classifiers for 

static model I1/IC50 or I2/IC50(model 2) and I1u/IC50 or I2/IC50(model 3), respectively, by plotting 

the sensitivity versus the sorted false positive rate after pooling all the possible two-dimensional 

cutoffs.  

In the analysis, the AUCROCs (Hanley and McNeil, 1982; Robin et al., 2011) and their 95% 

confidence intervals (Hanley and McNeil, 1982) were used to evaluate and compare the overall 

classification power of proposed classifiers/tests. The classifier with best AUCROC was selected. 

The computation was conducted using open-source programming language R (http://www.R-

project.org).  

A cutoff is one or a set of values that defines a positive or negative outcome in a binary 

classifier. Therefore, the cutoff also defines the performance metrics.   ROC analysis uses these 

metrics to determine the optimal cutoff.  For a chosen classifier, the following method was used 

to find the optimal cutoffs (C): 

http://www.r-project.org/
http://www.r-project.org/
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𝐶 = 𝑎𝑟𝑔𝑚𝑎𝑥𝑐∈{𝜃:𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝜃)≥0.75} 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 (𝑐)   Eq(18) 

Where “argmax” is an operation that finds the argument that gives the maximum value from a 

target function.  𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑐) and 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 (𝑐) are defined for a given cutoff c. This 

method maximizes Specificity by searching in the cutoff space, where a Sensitivity of ≥ 0.75 is 

guaranteed.       

The predictive performance using derived cut-offs based on ROC analysis was compared with 

the following static models and recommended cut-off values by regulatory agencies and Ellens et 

al (Ellens et al., 2013): 1) I2/IC50 ≥ 10 (FDA, 2020); 2) I2/IC50 ≥ 45 (Ellens et al., 2013); 3) 

I1/IC50 ≥ 0.1 or I2/IC50 ≥ 10 (Agarwal et al., 2013); 4) I1/IC50 ≥ 0.03 or I2/IC50 ≥ 45 (Ellens et al., 

2013); and 5) I1u/IC50 ≥ 0.02  or I2/IC50 ≥ 10 (EMA, 2012).  The cut-offs recommended by FDA 

and EMA were empirical values, while the cut-off proposed by Ellens et al. was derived based 

on ROC analysis of P-gp IC50 data for 15 compounds generated by 23 laboratories using four in 

vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles 

(Ellens et al., 2013).  After optimizing the cut-off values for different models using the data from 

the training set, the performance of selected models and optimized cut-offs were further verified 

on a test set with 12 compounds not included in the training set.  
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Results  

Comparison of in vitro P-gp IC50 values measured in the BDT and vesicular inhibition 

assays 

In vitro IC50 values of 48 compounds in the training set measured in BDT and vesicular 

inhibition assays are summarized in Table 3, and IC50 plots of all test compounds measured in 

BDT assay using NSF, ER and MDR1 vesicular inhibition assay are shown in Supplemental 

Figure S2-1 and S2-2.  For the BDT assay, IC50 values were calculated using NSF, ER, and 

UDF, with and without correction for non-specific binding. Obtained IC50 data (IC50(NSF), 

IC50(NSFc), IC50(ER), IC50(ERc), IC50(UDF), and IC50(UDFc)) were compared with IC50 values 

from vesicular inhibition assay (IC50(V)), respectively (Figure 1).  In cases where the IC50 values 

could not be determined due to the lack of more than 50% inhibition (not an inhibitor at highest 

tested concentration or the solubility limit), the highest inhibitor concentrations tested were used 

as surrogate IC50 values for the purpose of comparison across different assays and methods.  

The variability of vesicular vs. BDT inhibition assay was evaluated.   Supplemental Table 3 

compared the variability the IC50 values for verapamil and quinidine conducted in three 

independent studies in both MDR1 vesicles and LLC-MDR1 cells (IC50(V) vs. IC50(NSF)).  

Based on this limited dataset, IC50 values measured in MDR1 vesicles were less variable (lower 

CV%) than in BDT assay.  This is also supported by the data collected in the literature when the 

same assay systems and probe substrates were used.  we have also compared IC50(V) values 

generated in this study with those reported in the literature using MDR1 vesicles.  The results 

were summarized in Supplementary Table 4.   The IC50 values reported in literature using 

MDR1 vesicles are still limited (25 out of 48 compounds have IC50 data reported in the 
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literature).  Nevertheless, 6 out of 25 compounds showed >10-fold difference (10.8-22-fold) on 

IC50(V)s compared to those reported values.  Despite that, such inter-laboratory variability is 

lower than reported by others in BDT assays using different P-gp transfected cells and Caco-2 

cells (Bentz et al., 2013).  Further studies are needed to confirm this observation.   

To compare IC50(NSF) with IC50(V) (Figure 1A-1), the IC50(NSF) values for 14 out of 48 

compounds were 5-fold higher than the IC50(V), in which 10 compounds had at least 10-fold 

higher IC50(NSF) than IC50(V) ranging from 10.2-fold for velpatasvir to 224-fold for 

fidaxomicin. In contrast, IC50(V) values for only 3 compounds were 5-fold higher than 

IC50(NSF), ranging from 7.2-fold for felodipine to 10-fold for alogliptin. The difference for 

alogliptin was attributed to the difference of the highest concentrations tested, as no inhibition 

was observed in both assays at the highest concentrations tested.  As shown in Figure 1C-1, 

IC50(ER) for 12 compounds were more than 5-fold lower than IC50(V) (ranging from 6- to 24-

fold), whereas IC50(ER) values of 9 compounds were at least 5-fold higher than IC50(V) (ranging 

from 5 to 224-fold (fidaxomicin)). IC50(UDF) values of 15 compounds were at least 5-fold 

higher than IC50(V), while only 3 compounds had 5-fold lower IC50(UDF) than IC50(V) (Figure 

1 E-1). Overall, there is a poor correlation between IC50(NSF) and IC50(V) (Figure 1 A-2), 

IC50(ER) and IC50(V) (Figure 1 C-2), as well as IC50(UDF) and IC50(V) (Figure 1 E-2).  The 

correlation was improved, when alogliptin and maraviroc were excluded from the analysis 

(Figure 1 A-3, C-3, E-3).        

In the BDT assays, the IC50 values obtained after correction for non-specific binding of inhibitor 

compounds (IC50(NSFc), IC50(ERc), and IC50(UDFc)) were compared with IC50(V), respectively, 

and the results are shown in Table 3 and Figure 1B-1, 1D-1, and 1F-1.  As described in the 
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method section, non-specific binding of inhibitor drugs was not corrected for IC50(V). The IC50 

values corrected for non-specific binding were generally lower for the compounds which had 

high non-specific binding to the assay plates and /or cells as evidenced by low recovery in the 

incubation.  The stability of test compound during incubation was confirmed (data not shown).  

IC50(NSFc) for 15 compounds were 5-fold lower than IC50(V).   On the contrary, IC50(NSFc) 

values for 10 compounds were 5-fold higher than IC50(V), in which 6 compounds had 10-fold 

higher IC50(NSFc) than IC50(V) (Table 3, Figure 1B-1).  Compared to IC50(ER), IC50(ERc) 

values trended towards lower than IC50(V): IC50(ERc) of 23 compounds were more than 5-fold 

lower than IC50(V), where 18 out of 23 compounds showed at least 10-fold lower IC50(ERc) than 

IC50(V).  In contrast, only 7 compounds showed 5-fold higher IC50(ERc) than IC50(V). Similarly, 

IC50(UDFc) for 15 compounds were more than 5-fold lower than IC50(V), whereas IC50(UDFc) of 

10 compounds were more than 5-fold higher than IC50(V).  Overall, the correction for non-

specific binding did not improve, but rather reduced the correlation between the IC50 values 

measured by the BDT and vesicular inhibition assays. There was no correlation between 

IC50(NSFc) and IC50(V) (Figure 1, B-2; R
2
=0.027, P>0.05); IC50(ERc) and IC50(V) (Figure 1, D-

2; R
2
=0.032, P>0.05), as well as IC50(UDFc) and IC50(V) (Figure 1 F-2, R

2
=0.053, P>0.05).  

Excluding alogliptin, maraviroc, and captopril resulted in an improved, but yet poor correlation 

(Figure 1, B-3; R
2
=0.277, P<0.001; D-3, R

2
=0.299, P<0.001; F-3, R

2
=0.324, P<0.001). Among 

the 48 compounds tested, the difference in observed IC50 values using the BDT and vesicular 

assays for BCS I and III compounds appeared to be less than those for BCS II and IV 

compounds, despite the lack of a clear trend and a limited dataset.     

Comparison of IC50 values in the BDT assays using different IC50 calculation methods 
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Figure 2 showed IC50 values measured in the BDT assays calculated by NSF, ER, and UDF. 

IC50(NSF) of all test compounds were comparable to those of IC50(UDF) with the difference less 

than 3- to 5-fold, except for one outlier, vemurafenib (BCS IV compound): whose IC50(NSF) 

was 35-fold higher than IC50(UDF) (Figure 2A-1, Table 3).  IC50(ER) exhibited a trend of lower 

than IC50(NSF) (Figure 2B-1, Table 3): IC50(ER) values of 11 compounds were more than 5-

fold lower than IC50(NSF), in which 6 compounds were more than 10-fold lower than those of 

IC50(NSF) (Figure 2B-1, Table 3).  Likewise, IC50(ER) values also trended towards lower than 

IC50(UDF), except vemurafenib’s IC50(ER), which was 20-fold higher than IC50(UDF).  

IC50(UDF) of 12 compounds were more than 5-fold higher than IC50(ER), where 10 out of 12 

compounds had more than 10-fold higher IC50(UDF) (Figure 2C-1).   In general, there is a good 

correlation when IC50(NSF) vs. IC50(UDF), IC50(NSF) vs. IC50(ER), and IC50(UDF) vs. IC50(ER) 

were compared.  Excluding captopril and maraviroc, two compounds with IC50 values 

(IC50(NSF), IC50(ER), IC50(UDF)) greater than 1000 µM, there was still a good correlation 

between IC50(NSF) and IC50(ER) (R
2
=0.875, P<0.0001), followed by IC50(NSF) vs. IC50(UDF) 

(R
2
= 0.676, P<0.001), and IC50(UDF) vs. IC50(ER) (R

2
=0.513, P<0.0001) (Figure 2, A-3, B-3, 

and C-3).     

Clinical Digoxin DDI data for ROC analysis training and test sets  

Table 1 summarized 70 clinical digoxin DDI studies, I1, I2, fu, AUCR and CmaxR for 48 

compounds with measured in vitro P-gp IC50 values (Table 3). These data were used as the 

training set for ROC analysis. Only clinical DDI data with orally administered digoxin were 

collected.  For certain compounds, multiple clinical DDI datasets at different perpetrator dose 

regimen and study design were included.  In this dataset, 48 clinical DDIs were positive (AUCR 

and/or CmaxR ≥ 1.25) and 22 DDI data were negative (AUCR and CmaxR <1.25).  For 48 



25 
 
 

compounds tested, 6, 23, 6, and 9 compounds were classified as BCS Class I, II, III, and IV, 

respectively.  Due to inconsistent information from BCS classification database and literature, 2 

compounds were classified as BCS Class I or II, and another 2 compounds were classified as 

BCS Class II or IV.   We also conducted in vitro P-gp inhibition studies for additional 12 

compounds as the test set.  In vitro IC50 values obtained (IC50(V), IC50(ER), IC50(NSF)) were 

shown in Supplemental Table 5 and related clinical digoxin DDI data (8 positive and 4 

negative) are summarized in Supplemental Table 2.  These data were used as the test set to 

assess the predictive performance of the models and the cut-off values derived by ROC analysis. 

Comparison of ROC analysis using various static P-gp DDI prediction models and IC50 

measurement  

To select the optimal model and IC50 assay to predict digoxin DDIs, ROC analysis was 

conducted with three P-gp DDI prediction models: 1) I2/IC50;  2) I1/IC50 or I2/IC50; and 3) 

I1u/IC50, or I2/IC50 using IC50 values (IC50(V), IC50(NSF), IC50(NSFc), IC50(ER), IC50(ERc), 

IC50(UDF), and IC50(UDFc)) obtained from various assays and calculation methods.  AUCROC 

values and respective ROC curves obtained from this analysis were shown in Figure 3 and 

Figure 4, respectively.  Despite the lack of statistical significance (possibly due to the relatively 

small sample sizes), model 1 (I2/IC50) with IC50(V) demonstrated a trend of highest AUCROC, 

followed by IC50(ER), IC50(NSF), and IC50(UDF).  Similar observations were also found in 

model 2 (I1/IC50, or I2/IC50), and model 3 (I1u/IC50, or I2/IC50) (Figure 3). In all three models, 

IC50 measurement in the BDT assay after the correction of non-specific binding of inhibitor 

drugs (IC50(ERc), IC50(NSFc), and IC50(UDFc)) showed a trend of lower AUCROC than respective 

IC50 measurement without the correction of nonspecific binding ((IC50(ER), IC50(NSF), and 
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IC50(UDF)). As shown in Figure 4, the ROC curve was well-defined for one dimensional binary 

classifier (model 1: I2/IC50), but not for two dimensional classifiers (models 2 and 3: I1/IC50 or 

I2/IC50; I1u/IC50 or I2/IC50), as their true positive rate and true negative rate were not 

monotonically related.     

Based on ROC analysis, optimal discrimination thresholds that achieve the highest specificity 

constrained to a minimal sensitivity of 0.75 was obtained for these models, and their predictive 

performance were summarized in Table 4.   Only IC50(V), IC50(ER), and IC50(NSF) values were 

used in this analysis, as they had relatively higher AUCROC values.  The predictive performance 

of each models with optimal thresholds derived from the ROC analysis was compared with 

respective models and the cut-off values recommended by regulatory agencies (EMA, 2012; 

Agarwal et al., 2013; FDA, 2020)  and Ellens et al (Ellens et al., 2013) (Table 4).   

In model 1 (I2/IC50), the cut-off value for I2/IC50 using IC50(V) was 25.9 with the percentage of 

TP, TN, FP, and FN of 75%, 59.1%, 40.9%, and 25%, respectively, and the average and overall 

accuracy of 0.67 and 0.7 (Table 4-1).  Using the same data set, the cut-off values recommended 

by FDA (I2/IC50 ≥10) resulted in lower FN% (16.7%) but higher FP% (54.5%), while the cut-off 

by Ellens et al (I2/IC50 ≥ 45) showed higher FN% (31.3%).  Using IC50(ER), the obtained cut-off 

value of 13.7 yielded the percentage of TP, TN, FP, and FN of 83.3%, 50%, 50%, and 16.7%, 

respectively, and the average and overall accuracy of 0.667 and 0.729, respectively.  These 

results were generally comparable to those using FDA cut-off value (I2/IC50 ≥10), while the cut-

off value by Ellens et al resulted in a higher FN% (35.4%), despite a relatively lower FP% 

(36.4%).  Likewise, the cut-off value derived based on IC50(NSF) (I2/IC50 ≥ 9.3) is comparable to 

the one from FDA (I2/IC50 ≥ 10) with similar accuracy, and the percentage of TP, TN, FP, and 
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FN, while the cut-off value by Ellens et al (I2/IC50 ≥ 45) resulted in lower accuracy, and higher 

FN%. 

In model 2 (I1/IC50, or I2/IC50), the cut-off values obtained with IC50(V), IC50(ER), and 

IC50(NSF) was (0.032, 40), (0.081, 26.7), and (0.026, 10), respectively (Table 4-2). The 

accuracy with IC50(V) and IC50(NSF) was the same, while the accuracy of IC50(ER) was lower 

with higher FP% (50%).  Using the cut-off value of I1/IC50 ≥ 0.1, or I2/IC50≥ 10, all three IC50 

dataset had similar accuracy with lower FN% for IC50(V) and IC50(ER).  Using the cut-off value 

of I1/IC50 ≥ 0.03, or I2/IC50 ≥ 45 by Ellens et al, IC50(V) had the same FP% and FN% as the cut-

off derived from ROC analysis, but IC50(ER) and IC50(NSF) resulted in lower accuracy and 

higher FN%. In addition, we have further compared the cut-off values and predictive 

performance derived from our ROC analysis using IC50(V) data with those reported by Ellens et 

al.(Ellens et al., 2013) using only MDR1 vesicular IC50 dataset for 15 compounds generated in 

five laboratories using either NMQ or vinblastine as in vitro probes (data shown in Supplemental 

Table 2 of Ellens et al.).  In addition, the cut-off and predictive performance using vesicular IC50 

data generated in a single lab (lab 20, Supplemental Table 2 of Ellens et al.) was compared.  In 

brief, the cut-off value (I1/IC50 ≥ 0.08, I2/IC50 ≥ 501) derived from all MDR1 vesicular IC50 data 

by Ellens et al. resulted in a FN% and FP% of 33% and 8%, respectively (FN% and FP % of 

36% and 33%, respectively in a test set).  The cut-off value (I1/IC50 ≥ 0.01, I2/IC50 ≥ 89) derived 

from vesicular IC50 data in a single lab (lab 20) showed a FN % and FP % of 36% and 18%, 

respectively.  In contrast, the cut-off value derived from our vesicular data (I1/IC50 ≥ 0.032, 

I2/IC50 ≥ 40; Table 4-2) showed lower FN% (25%), but higher FP% (36.4%).  The difference in 

the cut-off values derived from different laboratories may be attributed to inter-laboratory 

variability of IC50 data measured with MDR1 vesicles and different set of training compounds 
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used in the calibration.  This highlights the need to calibrate MDR1 vesicular assays for P-gp 

DDI prediction. The difference in probe substrates (NMQ vs. vinblastine), the source of 

membrane vesicles (P-gp expression levels, the ratio of inside-out to right-side-out vesicles), and 

assay conditions may contribute to such inter-laboratory variability.  

In model 3 (I1u/IC50, I2/IC50), the cut-off values derived based on IC50(V), IC50(ER), and 

IC50(NSF) was (0.00141, 3334), (0.00177, 62), and (0.00052, 94), respectively, which was 

approximately 12-38 lower in I1u/IC50, but 6-333-fold higher in I2/IC50 than the threshold 

recommended by EMA (I1u/IC50 ≥ 0.02 or I2/IC50 ≥ 10) (EMA, 2012).  Under the pre-defined 

sensitivity of 0.75 (FN% 25%), ROC refined cut-off value with IC50(V) resulted in lowest FP% 

(18.2%) comparing to that of IC50(ER) (45.5%) and IC50(NSF) (31.8%).  EMA cut-off value 

generally resulted in lower FN% (14.6-25%), but higher FP% (36.4-54.5%).  The list of FN and 

FP compounds in this training set under different models and cut-off values was summarized in 

Supplemental Table 5.   

A total of 12 compounds were selected as an independent test set to evaluate the performance of 

ROC refined cut-offs using IC50(V), IC50(ER), and IC50(NSF) (Supplemental Table 6) and 

clinical digoxin (oral dose only) DDI data (Supplemental Table 2; 8 positive, 4 negative DDIs).  

The predictive performance of the test set was summarized in Supplemental Table 7.  Within 

this limited data set, for I2/IC50 model, ROC derived cut-off values for both IC50(V), and 

IC50(NSF) resulted in no FN, while IC50(ER) showed 12.5% FN.  The cut-off values by FDA and 

Ellens et al. provided reasonably good performance but higher FN% for the cut-off by Ellens et 

al.  Similar results were shown for model 2 (I1/IC50 or I2/IC50): IC50(V) and IC50(NSF) did not 

show FN, while IC50(ER) had FN% of 12.5. For model 3 (I1u/IC50, I2/IC50), a higher FN% for 
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ROC derived cut-offs than the one recommended by EMA was observed for IC50(V), IC50(ER) 

and IC50(NSF).   The list of FN and FP prediction of the compounds in the test set was 

summarized in Supplemental Table 8.   

Prediction of P-gp-mediated DDIs for selected compounds using DE and fexofenadine as 

clinical probe drugs  

To understand whether in vitro P-gp IC50 values measured using digoxin and NMQ as probes and 

the cut-off values derived from digoxin clinical DDI data can be used to predict DDIs for other 

P-gp probe substrates, we extended our analysis by evaluating predictive performance of 23 P-gp 

related clinical DDI data using DE (17) and fexofenadine (6) as probes (Table 2, 19 positive 4 

negative DDIs, respectively) for 15 inhibitor drugs with IC50 values measured in our studies 

(Table 3). Only the performance of model 1 (I2/IC50) was evaluated, as gut P-gp is the major site 

for P-gp related DDIs with DE and fexofenadine (Chu et al., 2018a; Chu et al., 2018b; Li et al., 

2017; Lappin et al., 2010).  In this limited dataset, applying the cut-off values derived from ROC 

analysis based on clinical digoxin DDI data, the FN% of DDI prediction for DE and 

fexofenadine using IC50(V), IC50(ER), and IC50(NSF) was 15.8%, 10.5%, and 0%, respectively, 

while the FP% was 50%, 50%, and 75%, respectively (Table 5).   Likewise, FDA cut-off value 

resulted in low FN%, but high FP%.   The cut-off value by Ellens et al using IC50(V) and 

IC50(ER) showed FN% of 21.1% and 26.3%, and FP% of 25% and 25%, respectively, whereas 

IC50(NSF) data resulted in high FN% (52.6%).  The list of compounds with FN and FP 

prediction in this dataset was summarized in Supplemental Table 9.  In model 1, three FN 

predictions were observed using IC50(V).  However, the magnitude of clinical DDIs ranged only 

1.26- to 1.68-fold, indicating weak to moderate DDIs.  Two FP predictions using IC50(V) were 
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atorvastatin and ritonavir, BCS Class II and IV compound, respectively, which is likely caused 

by lower inhibitor concentration in the gut due to low solubility.      
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Discussion  

To improve the prediction of P-gp related DDIs, we have systemically calibrated our P-gp 

inhibition assays (LLC-MDR1 cells and MDR1 vesicles).   This is for the first time a side-by-

side comparison of two P-gp inhibition assays conducted in the same laboratory.  To our 

knowledge, the numbers of compounds calibrated in MDR1 vesicles in this study are larger than 

those reported in the literature to date (Ellens et al., 2013; Heredi-Szabo et al., 2013; Fekete et 

al., 2015).  

There is a system-dependent difference of IC50 values between BDT and vesicular inhibition 

assays. Despite a limited dataset, it appears that more difference in IC50s was observed for BCS 

class II and IV compounds.   For instance, IC50(NSF), IC50(ER), and IC50(UDF) of velpatasvir 

and daclatasvir were more than 10- and 20-fold higher than IC50(V) and resulted in false negative 

DDI predictions.  IC50(V) of fidaxomicin was at least 224-fold lower than IC50(NSF), IC50(ER), 

and IC50(UDF).  The correction for nonspecific binding in BDT assay did not reduce such 

difference.  In contrast, a FP prediction was observed for fidaxomicin using IC50(V). The 

mechanisms for such difference are not known, likely caused by substrate-dependent inhibition 

(digoxin vs. NMQ).  Furthermore, in inside-out membrane vesicles, inhibitor drugs have direct 

access to P-gp binding sites, while in BDT assay, inhibitors need to permeate across the lipid 

bilayers to access P-gp binding sites located in the cytosolic leaflet of the plasma membrane.  

This could yield a difference of apparent IC50 values for a poorly permeable inhibitor drug, like 

fidaxomicin.  For BDT assay, there were also some differences in IC50 values generated by 

different calculation methods (ER, NSF, and UDF) even if the same dataset was used.  However, 

such difference was generally less profound than those between BDT and vesicular inhibition 



32 
 
 

assay.  Currently, there is no consensus on the optimal method to calculate P-gp IC50 in BDT 

assay.   The model-based approach may provide a more mechanistic and accurate estimation of 

IC50 and Ki values (Kishimoto et al., 2016).    

The predictive performances of various static models, IC50 measurement and calculation methods 

were compared.  Among 3 static models evaluated, inclusion of I1/IC50(model 2) or 

I1u/IC50(model 3) did not provide superior predictive performance than model 1(I2/IC50 only) 

based on ROCAUC, FN%, FP% and the accuracy of DDI prediction.  Furthermore, different from 

model 1, 2D ROC curves in models 2 and 3 were in zig-zig shape, suggesting that the standard 

ROC analysis for 2D classifiers was not well-defined and might need further statistical modeling 

of the 2D predictors to follow suit. This may also be attributed to the fact that only orally 

administered digoxin clinical DDI data were collected in this analysis.  This observation, similar 

to others (Poirier et al., 2014; Zhou et al., 2019), suggested that inhibition of intestinal, but not 

renal P-gp is the major DDI mechanism for orally administered digoxin. Therefore, model 1 

(I2/IC50) is sufficient to predict DDIs for orally administered P-gp substrates for a simplistic and 

practical considerations, whereas models 2 and 3 did not improve prediction accuracy, but rather 

add uncertainty for highly bound inhibitor drugs when fu cannot be accurately measured.    

Based on AUCROC, IC50(V) appeared to show the trend of better predictive performance, 

followed by IC50(ER), IC50(NSF), and IC50(UDF) across all 3 static models evaluated, despite the 

lack of statistical significance, due to the limited sample sizes. Overall, the optimal 

discrimination thresholds derived from this training set for respective in vitro IC50 data had a 

minimal sensitivity of 0.75, and highest specificity.  For example, in model 1 (I2/IC50), IC50(V), 

IC50(ER) and IC50(NSF) had similar accuracy values.  IC50(ER) demonstrated lowest FN%, but 
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highest FP%, while IC50(V) and IC50(NSF) showed comparable FN% and FP%. Compared to the 

cut-off values recommended by FDA and Ellens et al., the cut-offs derived from our ROC 

analysis exhibited better or comparable predictive performance, which highlighted the need to 

calibrate in vitro systems to provide more accurate DDI prediction. The static models and ROC 

derived cut-off values were further validated with an independent test set of 12 compounds, 

confirming a good predictive performance.  

In training set, there were a total of 12 FN prediction for IC50(V) using optimized I2/IC50 cut off 

value (25.9).  For these FN predictions, 5 out of 12 had AUCR or CmaxR <1.5, suggesting weak 

DDIs, while 7 out of 12 had AUCR or CmaxR ranged 1.5-2.  For these 7 studies, the mechanisms 

of underprediction were not well understood.  For captopril, FN prediction was observed in all 

models and assays using either optimized cut-offs or values recommended by FDA, EMA, and 

Ellens et al.  Carvedilol underprediction was only observed in DDI studies with female subjects. 

Underprediction of flibanserin DDIs could be attributed to substrate- and/or system- dependent 

difference of IC50 measurement, as FN prediction was not shown using IC50(NSF) and IC50(ER).   

As digoxin is neither a specific nor sensitive P-gp probe (Taub et al., 2011; Lee et al., 2014),  DE 

has been recommended by regulatory agencies as an alternative clinical probe for gut P-gp 

inhibition (EMA, 2012; FDA, 2020).  However, DE was neither stable in cell-based assays (Chu 

et al., 2018a), nor showing robust transport in MDR1 vesicles (unpublished observations) likely 

due to higher Papp and non-specific binding. This has precluded the use of DE as an in vitro probe 

for P-gp inhibition.  In this study, we explored the feasibility of using NMQ and digoxin and the 

cut-offs derived from digoxin clinical DDI studies (model 1) to predict P-gp related DDIs for DE 

and fexofenadine, another P-gp substrate (Chu et al., 2018b).  Due to limited in vitro and clinical 
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data, only 23 clinical studies were selected in this analysis.   Overall, a lower FN% was observed 

for IC50(V) and IC50(ER) with higher FP%.  As only a total of 4 negative DDI data were 

available in this dataset, it may not be feasible to accurately assess the predictive performance, 

especially for specificity.  More compounds should be included in future studies.  

Beyond high IC50 variability, there are several issues and knowledge gaps for P-gp DDI 

prediction.  1) Prediction of DDIs for perpetrators with low solubility.  For class II /IV 

compounds, the solubility of inhibitor drugs can be much lower than I2.  I2/IC50 model may not 

be feasible to derisk DDIs due to the inability to test the inhibitor concentration beyond the 

solubility limit. In this case, we assumed the highest concentrations tested as surrogate IC50. 

Such estimation may introduce additional variability, if different highest inhibitor concentrations 

are tested. It also cannot differentiate non vs. weak inhibition and makes the prediction not 

definitive.  Furthermore, DDIs may be overestimated if the inhibitor concentration in gut is lower 

than I2.  This is consistent with our observations that 11 out of 15 FP prediction (model 1) are for 

class II or IV compounds (Supplemental Table 5). In the future, prediction of inhibitor 

concentration in gut using mechanistic modeling may improve the accuracy of DDI prediction.  

2) Relevant inhibitor concentrations for IC50 measurement may be different from nominal 

concentrations.  However, correction of nonspecific binding of inhibitor drugs in BDT assay did 

not improve the predictive performance. It is possible that unbound inhibitor concentrations 

measured in the incubation medium are not relevant concentrations for P-gp inhibition, as 

substrate binding sites of P-gp are localized intracellularly.   Therefore, measuring intracellular 

unbound inhibitor concentrations and developing in vitro mechanistic modeling to determine true 

Ki values may improve the prediction of DDIs.  3)  Mechanisms for P-gp inhibition have not 

been well characterized.  It is not clear whether it is driven by cis- and /or trans-inhibition.  
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Understanding such mechanisms will help to improve in vitro to in vivo extrapolation.  4) It is 

worth noting that possible involvement of other mechanisms for the disposition of P-gp probe 

drugs, e.g., digoxin, DE and fexofenadine (Taub et al., 2011;  Shimizu et al., 2005; Chu et al., 

2018a; Medwid et al., 2019; Shen et al., 2019), may confound the DDI prediction, as they are not 

captured in such simplified P-gp inhibition models.    

In conclusion, our studies confirmed that model 1 (I2/IC50) is sufficient to predict P-gp mediated 

intestinal DDIs.  In evaluation of 7 P-gp IC50 measurement /calculation methods, IC50(V), 

IC50(NSF), and IC50(ER) provided better predictive performance than others.  Further analysis 

indicated that IC50(V) obtained from MDR1 vesicles with refined threshold of I2/IC50 ≥ 25.9 

provided comparable predictive power than BDT assays in LLC-MDR1 cells with IC50(NSF) and 

IC50(ER) at the threshold of I2/IC50 ≥ 9.3 and 13.7, respectively.    These IC50 assays and cut-off 

values could also be used to predict P-gp mediated intestinal DDIs for DE and fexofenadine, 

despite additional data are needed for further validation.  Through comprehensive calibration, 

our studies demonstrate that IC50 data generated from vesicular inhibition assay using NMQ as 

probe substrate are predictive for P-gp related intestinal DDIs with digoxin. We therefore 

recommend vesicular inhibition assay as our preferred method to study P-gp-mediated intestinal 

DDIs for digoxin (Figure 5), due to its simplicity, lower variability, higher assay throughput, and 

more direct estimation of kinetic parameters than BDT assays.  This assay also offers the 

potential to predict DDIs for other P-gp probe substrates provided confirmatory validation is 

conducted. 
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Figure Legends 

Figure 1: Comparison of in vitro IC50 values of 48 compounds measured in bidirectional 

and vesicular transport inhibition assays. Panel A: IC50(NSF) vs. IC50(V); Panel B: 

IC50(NSFc) vs. IC50(V); C; IC50(ER) vs. IC50(V); D: IC50(ERc) vs. IC50(V); E: IC50(UDF) vs. 

IC50(V); F: IC50(UDFc) vs. IC50(V).  The symbols in red, blue, green and black circle represent 

the compounds classified as BCS I, II, III, and IV compounds, respectively; while the symbols in 

opened diamond and square represent the compounds that are classified as either BCS I or II, and 

BCS II or IV, respectively.  In Panels A-1, B-1, C-1, D-1, E-1, and F-1, the solid, dotted, and 

dashed lines represent the line of unity and 3-fold, and 5-fold differences, respectively. Panels A-

2, B-2, C-2, D-2, E-2, and F-2 are correlation plots of respective data.  Panels A-3, B-3, C-3, D-

3, E-3, and F-3 are the correlation plots excluding the compounds in red circles (alogliptin and 

maraviroc in all figures (A-2 to F-2), and captopril in B-2, D-2, and F-2.  In all correlation plots, 

solid and dotted lines represent the regression line and its 95% confidence interval, respectively. 

All IC50 values (mean ± SD) were shown in Table 3. 

Figure 2: Comparison of IC50 values measured in bidirectional transport assays using 

different calculation methods. Panel A: IC50(NSF) vs. IC50(UDF); Panel B: IC50(NSF) vs. 

IC50(ER); Panel C: IC50(UDF) vs. IC50(ER). The symbols in red, blue, green and black circle 

represent the compounds classified as BCS I, II, III, and IV compounds, respectively; while the 

symbols in opened diamond and square represent the compounds that are classified as either 

BCS I or II, and BCS II or IV, respectively.  In Panels A-1, B-1, C-1, the solid, dotted, and 

dashed lines represent the line of unity and 3-fold, and 5-fold differences, respectively. Panels A-

2, B-2, and C-2 are correlation plots of respective data.  Panels A-3, B-3, and C-3 are the 
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correlation plots excluding the compounds in red circles (captopril and maraviroc).  In all 

correlation plots, solid and dotted lines represent the regression line and its 95% confidence 

interval, respectively. All IC50 values (mean ± SD) were shown in Table 3. 

Figure 3: The AUCROC values obtained from ROC analysis of different static models using 

various IC50 measurement.  Estimated AUCROC values and their 95% confidence intervals of 

various static models were shown in panel A (I2/IC50), panel B (I1/IC50, or I2/IC50), and panel C 

(I1u/IC50, or I2/IC50).  In vitro IC50 values (IC50(V), IC50(ER), IC50(NSF), IC50(UDF), IC50(ERc), 

IC50(NSFc), IC50(UDFc) were measured as described in the Methods and Materials section.   

Figure 4: ROC curves of various static models using different IC50 estimation methods.  

ROC curves with different IC50 measurement and calculation methods were shown in panel A 

(model 1: I2/IC50), panel B (model 2: I1/IC50, or I2/IC50), and panel C (model 3: I1u/IC50, or 

I2/IC50).   

Figure 5: Recommended workflow to evaluate intestinal P-gp inhibition.  This workflow is 

only suitable when orally administered digoxin is used as a clinical P-gp probe.  Additional 

calibration will be needed for dabigatran etexilate and other orally administered P-gp probe 

substrates.  If digoxin is a co-medication, IC50(NSF) or IC50(ER) measured by BDT assay using 

digoxin as a probe substrate may be helpful in clinical study design and data interpretation.  

a
:The threshold of 25.9 is obtained based on calibration of vesicular P-gp inhibition assay using 

ROC analysis shown in this paper.  The calibration of your own assay using similar approach is 

recommended. 
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Table 1. Clinical digoxin DDI data used in ROC analysis
a
 

Inhibitor BCSb 

Dose          

(mg) 

I1
  

(µM) c
 fu

d 

I2 

(µM) AUCR 

CmaxR 

 

Clinical 

DDIs 

Y/Ne 

 

Alogliptin 

 

III 

 

25 

 

0.44 

 

0.80 

 

295 

 

1.00 

 

0.94 

 

N 

 

 

 

Amiodarone 

 

 

 

 

 

II 

 

 

 

400 

 

3.5 

 

0.0002 

 

2479 

 

1.63 

 

1.72 

 

Y 

 

600 

 

5.3 

 

0.0002 

 

3719 

 

1.69 

 

1.75 

 

Y 

 

800 

 

7.0 

 

0.0002 

 

4960 

 

1.68 

 

1.84 

 

Y 

 

Apixiban 

 

III 

 

20 

 

0.94 

 

0.13 

 

174 

 

0.90 

 

0.92 

 

N 

Asunaprevir II 200 0.49 0.03 1069 1.30 1.09 Y 

Atorvastatin 

 

II 

 

10 0.013 0.02 72 1.00 1.10 N 

80 0.12 0.02 573 1.10 1.20 N 

Azilsartan IV 80 9.24 0.01 563 1.03 0.94 N 

Bosentan II 500 5.90 0.02 3626 0.87 0.94 N 

 

Canagliflozin 

 

IV 

 

300 

 

7.60 

 

0.0125 

 

2597 

 

1.20 

 

1.36 

 

Y 

 

Captopril 

 

III 

 

12.5 

 

0.50 0.75 230 1.39 1.59 Y 

 

Carvedilol (Male*) 

 

II 

 

6.5 

 

0.13 

 

0.05 

 

62 

 

1.24 

 

1.00 

 

N 

 

Carvedilol 

(Female*) 

 

II 

 

6.5 

 

0.13 

 

0.05 

 

62 

 

1.56 

 

1.38 

 

Y 

 

Clarithromycin II 500 3.20 0.54 2674 1.46 1.75 Y 

Clopidogrel II 75 0.012 0.02 932 1.02 1.10 N 

Daclatasvir II 60 2.34 0.01 325 1.27 1.65 Y 

 

 

 

Diltiazem 

 

 

 

 

 

 

I 

 

 

 

 

60 

 

0.17 

 

0.22 

 

579 

 

1.51 

 

1.37 

 

Y 

 

90 

 

0.49 

 

0.22 

 

868 

 

1.40 

 

1.38 

 

Y 

 

180 

 

0.20 

 

0.22 

 

1737 

 

 

1.50 

 

1.37 

 

Y 

Dronedarone II 400 0.19 0.02 2874 2.57 1.75 Y 

 

Elagolix 

 

III 

 

200 

 

1.23 

 

0.2 

 

1267 

 

1.26 

 

1.71 

 

Y 

 

Elbasvir 

 

IV 

 

50 

 

0.14 

 

0.001 

 

227 

 

1.11 

 

1.47 

 

Y 

 

 

Eliglustat 

 

 

 

I 

 

 

100 

 

0.18 

 

0.38 

 

989 

 

1.37 

 

1.68 

 

Y 

 

150 

 

0.27 

 

0.38 

 

1479 

 

1.41 

 

1.64 

 

Y 

 

Etravirine 

 

IV 

 

200 

 

2.20 

 

0.01 

 

1838 

 

1.18 

 

1.19 

 

N 
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Felodipine 

 

 

 

 

II 

 

 

 

2.5 

 

0.007 

 

0.004 

 

26 

 

1.49 

 

1.35 

 

Y 

 

5 

 

0.013 

 

0.004 

 

52 

 

1.11 

 

1.38 

 

Y 

 

10 

 

0.034 

 

0.004 

 

104 

 

1.16 

 

1.39 

 

Y 

 

Fidaxomicin IV 

 

200 

 

0.005 

 

0.022 

 

756 

 

1.12 

 

1.18 

 

N 

 

Flibanserin 

 

II 

 

100 

 

1.07 

 

0.02 

 

1025 

 

1.93 

 

1.46 

 

Y 

Isradipine II, IV 5 0.03 0.03 54 1.11 1.26 Y 

 

Itraconazole 

 

II 

 

200 

 

0.90 

 

0.002 

 

1134 

 

1.68 

 

1.34 

 

Y 

Ivacaftor II, IV 150 13.90 0.02 1529 1.32 1.23 Y 

Maraviroc III 300 0.52 0.24 2336 1.02 1.09 N 

 

 

Mibefradil 

 

 

 

II 

 

50 0.92 0.004 404 1.08 1.22 N 

100 1.85 0.004 807 1.07 1.25 Y 

150 2.77 0.004 1211 1.31 1.41 Y 

Mirabegron III 100 1.00 0.29 1009 1.27 1.29 Y 

Nelfinavir II 1250 7.04 0.015 8806 1.35 1.34 Y 

Nicardipine 

 

I 

 

20 0.11 0.0125 167 1.07 NA N 

30 0.17 0.0125 250 0.96 0.90 N 

 

 

Nifedipine 

 

 

 

I, II 

 

5 0.12 0.04 58 1.21 1.01 N 

10 0.23 0.04 115 1.23 1.06 N 

20 0.46 0.04 231 1.18 1.08 N 

 

Nitrendipine 

 

 

II 

 

10 0.01 0.02 111 1.09 1.22 N 

20 0.02 0.02 222 1.15 1.57 Y 

Paroxetine I 30 0.18 0.05 364 0.85 0.90 N 

 

 

Quinidine 

 

 

 

I 

 

200 2.00 0.13 2466 NA 1.42 Y 

250 2.50 0.13 3082 NA 2.18 Y 

600 6.00 0.13 7398 2.65 NA Y 

 

 

Ranolazine 

 

 

 

II 

 

 

400 

 

3.36 

 

0.38 

 

3742 

 

1.39 

 

2.30 

 

Y 

 

750 

 

6.68 

 

0.38 

 

7017 

 

1.88 

 

1.68 

 

Y 

 

1000 

 

8.40 

 

0.38 

 

9356 

 

1.60 

 

1.46 

 

Y 

 

 

Ritonavir 

 

 

 

 

II 

 

 

 

200 

 

5.00 

 

0.015 

 

1110 

 

1.22 

 

1.26 

 

Y 

 

400 

 

10.00 

 

0.015 

 

2219 

 

1.39 

 

1.25 

 

Y 

 

Rolapitant 

 

II 

 

180 

 

1.93 

0 

.002 

 

1439 

 

1.30 

 

1.71 

 

Y 

 

Rosuvastatin 

 

II 

 

40 

 

0.02 

 

0.12 

 

332 

 

1.04 

 

1.01 

 

N 

 

Sertraline I, II 200 0.41 0.015 2612 1.10 1.05 N 

 

 

Telaprevir 

 

 

II 

 

 

750 

 

5.24 

 

0.325 

 

4413 

 

1.85 

 

1.50 

 

 

Y 
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Telmisartan 

 

II 

 

120 

 

1.12 

 

0.005 

 

933 

 

1.22 

 

1.50 

 

Y 

Ticagrelor IV 400 6.99 0.02 3062 1.28 1.75 Y 

Troglitazone II 400 3.00 0.01 3624 1.04 1.05 N 

 

Valspodar 

 

 

IV 

 

200 1.49 0.025 659 3.05 2.44 Y 

400 1.56 0.025 1317 1.74 1.72 Y 

Vandetanib II 300 3.32 0.06 2524 1.23 1.29 Y 

Velpatasvir IV 100 0.70 0.005 453 1.27 1.87 Y 

Vemurafenib IV 960 125.30 0.01 7838 1.91 1.42 Y 

 

Verapamil 

 

 

I 

 

80 0.37 0.1 704 1.50 1.44 Y 

120 0.55 0.1 1056 NA 1.61 Y 

AUC, area under the concentration-time curve; BCS, biopharmaceutics classification; DDI, drug-drug interaction; IC50, half 

maximal inhibitory concentration; I1, maximum plasma concentration (Cmax) of inhibitor drug following administration of clinical 

dose indicated; fu, the fraction unbound in plasma; I1,u,  the unbound I1; I2,  the concentration of inhibitor drug in the 

gastrointestinal tract at indicated dose dissolved in 250 ml; NA, Not available.   

a All clinical data in this table were used for ROC analysis as training set.  bBCS classification of inhibitor drugs was obtained 

from the University of Washington DDI database (https://www.druginteractionsolutions.org), https://www.pharmapendium.com, 

and the literature (Wu and Benet, 2005; Benet, 2013; Papich and Martinez, 2015). c Clinical DDI data, I1, and fu values were 

collected from the University of Washington DDI database (https://www.druginteractionsolutions.org); I1 reported from clinical 

DDI studies was used.  Otherwise, I1 at same or similar inhibitor dose regimen was collected. In the cases that I1 at indicated 

inhibitor doses was not reported, extrapolated I1 was used, assuming the linear PK. d Either AUCR and/or CmaxR 

(pharmacokinetic (PK) ratios) greater or equal to 1.25 was considered a positive clinical DDI.  

d If fu measured < 0.01, fu value of 0.01 was used for DDI prediction.  

e Yes (Y) indicates AUCR or CmaxR ≥1.25; No (N) indicates AUCR and CmaxR <1.25  

*Male and female cohort tested. 

  

https://www.druginteractioninfo.org/
https://www.druginteractioninfo.org/
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Table 2: Selected clinical P-gp DDI data using dabigatran etexilate and fexofenadine as probe 

drugs
a
   

Inhibitor  BCSb 

Inhibitor 

dose 

(mg) 

I1 

(µM)c 

I2 

(µM) 
fu

c 
Clinical 

probed 

Probe 

drug 

dose 

(mg) 

AUCRc  CmaxR
c  

Clinical 

DDIs  

(Y/N)e 

Amiodarone  II 600 2.43 3720 0.002 DE 150 1.6 1.5 Y 

Atorvastatin II 80 0.12 573 0.026 DE 150  0.82 0.8 N 

Clarithromycin III 500 0.002 2674 0.5 DE 150 1.6 1.49 Y 

Clarithromycin III 500 3.2 2674 0.5 DE  0.375 4.22 4.58 Y 

Clopidogrel  II 75 0.008 932 0.02 DE 150  0.92 0.95 N 

Clopidogrel II 300 0.055 3729 0.02 DE 150  1.36 1.68 Y 

Clopidogrel II 600 0.055 7458 0.02 DE 150  1.32 1.43 Y 

Cobicistat II 150 0.0015 773 0.053 DE 150 2.4 2.33 Y 

Dronedarone II 400 0.2 2874 0.02 DE 150 2.36 2.25 Y 

Itraconazole II 200 0.75 1134 0.002 DE 0.375 7.4 6.42 Y 

Quinidine  I 200 0.56 2466 0.13 DE 150 1.53 1.56 Y 

Rifampin II 600 18.96 2916 0.4 DE 0.375 2.38 1.78 Y 

Ritonavir IV 100 2 555 0.31 DE  150 1.11 1.13 N 

Ticagrelor IV 90 0.899 689 0.016 DE 150 1.56 1.46 Y 

Ticagrelor IV 180 2.76 1378 0.016 DE 150 1.73 1.95 Y 

Verapamil II 120* 0.13 1056 0.225 DE 150 
1.39, 

2.08f 

1.33, 

2.29f 
Y 

Verapamil II 240 0.26 2112 0.225 DE 150 1.71 1.91 Y 

Alogliptin III 100 2.058 1179 0.694 fexofenadine 80 1.26 1.07 Y 

Itraconazole II 200 0.483 1134 0.002 fexofenadine 180 2.29 2.69 Y 

Paroxetine I 20 0.02 4000 0.05 fexofenadine 60 1.38 1.33 Y 

Quinidine I 200 NA 2466 0.13 fexofenadine 25 2.14 2.39 Y 

Sertraline I 50 NA 653 0.01 fexofenadine 50 0.84 0.86 N 

Verapamil II 240 NA 2112 0.225 fexofenadine 120 1.46, 2.5f 1.3, 2.9f Y 
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AUC, area under the concentration-time curve; BCS, biopharmaceutics classification; DDI, drug-drug interaction; DE, dabigatran 

etexilate; I1, maximum plasma concentration (Cmax) of inhibitor drug following administration of clinical dose indicated; fu, the 

fraction unbound in plasma; I2, the concentration of inhibitor drug in the gastrointestinal tract at indicated dose dissolved in 250 

ml.   

a Only clinical DDI data with inhibitor drug IC50 data shown in Table 1 were collected.    

bBCS classification of inhibitor drugs was obtained from the University of Washington DDI database 

(https://www.druginteractionsolutions.org), https://www.pharmapendium.com, and the literature (Wu and Benet, 2005; Benet, 

2013; Papich and Martinez, 2015).  

c Clinical DDI data, I1, and fu values were collected from the University of Washington DDI database 

(https://www.druginteractionsolutions.org); I1 reported from clinical DDI studies was used.  Otherwise, I1 at same or similar 

inhibitor dose regimen was collected. In the cases that I1 at indicated inhibitor doses was not reported, extrapolated I1 was used, 

assuming the linear PK. If fu measured < 0.01, fu value of 0.01 was used for DDI prediction.  

DE, the prodrug of dabigatran was administered for dabigatran DDI studies.   

eEither AUCR and/or CmaxR (pharmacokinetic (PK) ratios) greater or equal to 1.25 was considered a positive clinical DDI; Yes 

(Y) indicates AUCR or CmaxR ≥1.25; No (N) indicates AUCR and CmaxR <1.25.   

f Multiple clinical DDI data reported.   
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Table 3: In vitro IC50 values of 48 compounds measured in P-gp bidirectional and vesicular transport  

inhibition assays
a
 

Compounds 
IC50(NSF) IC50(NSFc) IC50(ER) IC50(ERc) IC50(UDF) IC50(UDFc) IC50(V) 

M) 

Alogliptin >100  >100  >100  >100  ~ 207.0 ± 91.0 ~ 207.0 ± 91.0 >1000 

Amiodarone  21.9 ± 2.6  0.6 ± 0.1  8.3 ± 2.6  0.2± 0.1  10.6 ± 0.6  0.3 ± 0.02   14.8 ± 0.7 

Apixaban >150 >150 >150 >150 >150 >150 >150 

Asunaprevir  21.2 ± 2.0  21.2 ± 2.2  17.3 ± 2.7  17.3± 2.7  23.7 ± 3.0  23.7 ± 3.0  3.2 ± 0.2 

Atorvastatin >100  >100  >100  >100  >100  >100   17.0 ± 1.7 

Azilsartan   13.2 ± 2.7  2.6 ± 0.5  4.3 ± 0.3  0.8 ± 0.1  20.9 ± 2.5 4.2 ± 0.5 8.2 ± 0.7 

Bosentan >15 >15 >15 >15 >15 >15 >15 

Canagliflozin  59.0 ± 10.2 2.9 ± 0.5  39.9 ± 9.0  2.0 ± 0.5 >100   > 5   >100   

Captopril >1000   >67   >1000   >67   >1000   >67   >1000   

Carvedilol 19.1 ± 1.9  11.0 ± 0.9  1.6 ± 0.1  0.5 ± 0.04  16.4 ± 2.4  5.5 ± 0.8  4.1 ± 0.3 

Clarithromycin ~145.7 ± 26.6 ~145.7 ± 26.6 >100   >100   >100   >100    10.9 ± 2.4 

Clopidogrel >100   >36    132.8 ± 50.0  48.4 ± 18.3 >100   >36  157.4 ± 15.1 

Daclatasvir >100   >5    35.5 ± 6.9 1.8 ± 0.3  >100   >5    1.6 ± 0.1 

Diltiazem 83.2 ± 14.8 83.2 ± 14.8  62.7 ± 11.6  62.7 ± 11.6  23.7 ± 7.2  23.7 ± 7.2  30.5 ± 2.8 

Dronedarone  82.0 ± 29.0  3.1 ± 1.1  7.1 ± 1.6  0.3± 0.1 >300   >11  4.9 ± 0.5 

Elagolix ~168.7 ± 51.4 ~ 168.7 ± 51.4  100.5 ± 31.0  100.5 ± 31.0 >150 >150  24.8 ± 0.8 

Elbasvir >0.5   >0.5   >0.5   >0.5   >0.5   >0.5    0.3 ± 0.02 

Eliglustat  >100   >100   43.7 ± 12.4 43.7 ± 12.4 >100   >100    65.4 ± 2.1 

Etravirine >10 >2.1 >10 >2.1 >10 >2.1 >30 

Felodipine  11.4 ± 0.9  3.6 ± 0.2  3.8 ± 0.6  0.8 ± 0.01 >50   >10.5    81.8 ± 5.1 

Fidaxomicin >100   >100   >100   >100   >100   >100    0.4 ± 0.05 

Flibanserin  51.4 ± 5.7  51.4 ± 5.7  8.8 ± 0.7  8.8 ± 0.7 ~141.3 ± 76.3  ~141.3 ± 76.3 >120   

Isradipine  29.5 ± 1.7  29.5 ± 1.7  6.1 ± 0.3  6.1 ± 0.3  62.8 ± 16.6  62.8 ± 16.6  53.7 ± 2.4 

Itraconazole  6.9 ± 0.7  1.2 ± 0.1  1.1 ± 0.3  0.2 ± 0.04  2.4 ± 0.2  0.4 ± 0.04  0.34 ± 0.13 

Ivacaftor  1.8 ± 0.6  0.3 ± 0.1  2.1 ± 1.0  0.4 ± 0.2  0.6 ± 0.1  0.1 ± 0.04 > 1.0   

Maraviroc >1000 >1000 >1000 >1000 >1000 >1000 162.6 ± 8.5 

Mibefradil 7.8 ± 1.8  1.9 ± 0.4  5.2 ± 0.4  1.3 ± 0.1  14.0 ± 5.2  3.4 ± 1.3  10.0 ± 1.6  

Mirabegron >300   >300   >300   >300   >300   >300    148.9 ± 21.8 

Nelfinavir  14.8 ± 3.0  2.7 ± 0.5  1.3 ± 0.2  0.3 ± 0.03  7.3 ± 1.3  1.4 ± 0.2  20.3 ± 1.6 

Nicardipine  5.3 ± 0.6  1.5 ± 0.2  0.8 ± 0.1  0.2 ± 0.02  4.1 ± 1.6  1.2 ± 0.5  6.4 ± 1.7 

Nifedipine  83.8 ± 9.8  14.2 ± 2.6  18.3 ± 0.8  3.1 ± 0.1  58.9 ± 19.0  10.0 ± 3.2  115.6 ± 6.4 

Nitrendipine  20.0 ± 4.1  20.0 ± 4.1  3.1 ± 0.1  3.1 ± 0.1 >100   > 100    76.0 ± 1.4 

Paroxetine >100   > 21.5    9.3 ± 0.9  2.0 ± 0.3 >100   > 21.5    122.2 ± 15.3 

Quinidine  56.0 ± 9.5  56.0 ± 9.5  12.5 ± 2.2  12.5 ± 2.2  59.0 ± 12.8 59.0 ± 12.8  14.5 ± 1.9 

Ranolazine  74.5 ± 9.6  74.5 ± 9.6  13.2 ± 0.7  13.2 ± 0.7  215.6 ± 62.0  215.6 ± 62.0  64.1 ± 4.1 

Ritonavir  18.9 ± 1.0  18.9 ± 1.0  14.7 ± 0.6  14.7 ± 0.6 > 15   >15    0.3 ± 0.03 

Rolapitant  22.2 ± 6.3  5.6 ± 0.4  6.7 ± 0.5  1.6 ± 0.1  34.9 ± 15.6  8.4 ± 3.7 >30   

Rosuvastatin >300 >300 >300 >300 >300 >300 >300 

Sertraline  30.6 ± 12.8  7.7 ± 3.2  6.3 ± 1.0  1.6 ± 0.2  6.5 ± 0.8  1.7 ± 0.2   39.4 ± 2.8 

Telaprevir >200   >200   >200   >200   >200   >200    4.1 ± 0.5 

Telmisartan  20.3 ± 2.8  20.3 ± 2.8  1.6 ± 0.2  1.6 ± 0.2  25.9 ± 8.9   25.9 ± 8.9  0.8 ± 0.1 

Ticagrelor ~ 11.2 ± 3.1  ~0.8 ± 0.3  3.7 ± 0.01  0.9 ± 0.002 ~12.0 ± 6.1  ~3.0 ± 1.5 >30   

Troglitazone  17.1 ± 1.1 3.1 ± 0.2  9.3 ± 1.7  1.7 ± 0.3 13.5 ± 1.1  2.4 ± 0.2  19.4 ± 1.3 

Valspodar  0.7 ± 0.1 0.1 ± 0.003 0.4 ± 0.1 0.04 ± 0.01 1.2 ± 0.3 0.05 ± 0.004 0.2 ± 0.01 

Vandetanib >10   >0.2    5.9 ± 0.9  0.1 ± 0.02 >10   >0.2    96.1 ± 9.1 

Velpatasvir >50   >2.5   >50   >2.5   >50   >2.5    4.9 ± 0.7 

Vemurafenib  60.2 ± 25.0 8.8 ± 6.0 34.0 ± 15.0 5.3 ± 2.0  1.7 ± 0.9  0.3 ± 0.2 >30   

Verapamil  39.6 ± 3.9  39.6 ± 3.9  3.2 ± 0.2  3.2 ± 0.2  52.9 ± 11.1  52.9 ± 11.1  2.8 ± 0.3 
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IC50(NSF), IC50(ER), and IC50(UDF) represent IC50 values measured in bidirectional transport (BDT) assay estimated by calculating digoxin net 

transport using net secretory flux, efflux ratio, unidirectional flux, respectively.    IC50(NSFc), IC50(ERc), and IC50(UDFc), represent corrected IC50 

values based on the recovery of inhibitor drugs measured in BDT assays. IC50(V) represent IC50 values measured for inhibition of ATP-dependent 

NMQ vesicular transport. ~ (tilde operator) indicates approximation of IC50 extrapolated beyond maximum concentration tested.  Data were 

reported as mean ± SD for triplicate measurement.  

a: All data shown in this table were used as training set for ROC analysis. 
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Table 4. Summary of the cut-off values obtained from ROC analysis based on static P-gp DDI prediction 

models using various P-gp IC50 methods and the comparison of predictive performance with other cut-off 

criteria 
 

Table 4-1: Model 1 (I2/IC50) 

 
        

Model 1 (I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

Cut-off values 25.9 10 45 13.7 10 45 9.3 10 45 

TP % (sensitivity) 75 (36/48) 83.3 (40/48) 68.8 (33/48) 83.3 (40/48) 85.4 (41/48) 64.6 (31/48) 77.1 (37/48) 75 (36/48) 52.1 (25/48) 

TN % (specificity) 59.1 (13/22) 45.5 (10/22) 72.7 (16/22) 50 (11/22) 45.5 (10/22) 63.6 (14/22) 63.6 (14/22) 63.6 (14/22) 72.7 (16/22) 

FP % 40.9 (9/22) 54.5 (12/22) 27.3 (6/22) 50 (11/22) 54.5 (12/22) 36.4 (8/22) 36.4 (8/22) 36.4 (8/22) 27.3 (6/22) 

FN % 25 (12/48) 16.7 (8/48) 31.3 (15/48) 16.7 (8/48) 14.6 (7/48) 35.4 (17/48) 22.9 (11/48) 25 (12/48) 47.9 (23/48) 

Average Accuracy 0.67 0.644 0.707 0.667 0.654 0.641 0.704 0.693 0.624 

Overall Accuracy 0.7 0.714 0.7 0.729 0.729 0.643 0.729 0.714 0.586 

 

Table 4-2: Model 2 (I1/IC50 or I2/IC50) 

 
   

   

Model 2 (I1/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al.  

2013d 

Ellens et 

al. 2013c 

Cut-off values (0.032, 40) (0.1, 10) (0.03, 45) (0.081, 26.7) (0.1, 10) (0.03, 45) (0.026, 10) (0.1, 10) (0.03, 45) 

TP % (sensitivity) 75 (36/48) 83.3 (40/48) 75 (36/48) 75 (36/48) 85.4 (41/48) 70.8 (34/48) 75 (36/48) 75 (36/48) 54.2 (26/48) 

TN % (specificity) 63.6 (14/22) 45.5 (10/22) 63.6 (14/22) 50 (11/22) 45.5 (10/22) 59.1 (13/22) 63.6 (14/22) 63.6 (14/22) 68.2 (15/22) 

FP % 36.4 (8/22) 54.5 (12/22) 36.4 (8/22) 50 (11/22) 54.5 (12/22) 40.9 (9/22) 36.4 (8/22) 36.4 (8/22) 31.8 (7/22) 

FN % 25 (12/48) 16.7 (8/48) 25 (12/48) 25 (12/48) 14.6 (7/48) 29.2 (14/48) 25 (12/48) 25 (12/48) 45.8 (22/48) 

Average Accuracy 0.693 0.644 0.693 0.625 0.654 0.65 0.693 0.693 0.612 

Overall Accuracy 0.714 0.714 0.714 0.671 0.729 0.671 0.714 0.714 0.586 

 

Table 4-3: Model 3 (I1u/IC50 or I2/IC50) 

 
  

     

Model 3 (I1u/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

   ROC 

Analysis 
EMA 2012e  

ROC 

Analysis 
EMA 2012e 

ROC 

Analysis 
EMA 2012e 

   
Cut-off values (0.00141, 3334) (0.02,10) (0.00177,62) (0.02,10) (0.00052,94) (0.02,10) 

   
TP % (sensitivity) 75 (36/48) 83.3 (40/48) 75 (36/48) 85.4 (41/48) 75 (36/48) 75 (36/48) 

   
TN % (specificity) 81.8 (18/22) 45.5  (10/22) 54.5 (12/22) 45.5 (10/22) 68.2  (15/22) 63.6 (14/22) 

   
FP % 18.2 (4/22) 54.5 (12/22) 45.5 (10/22) 54.5 (12/22) 31.8 (7/2+2) 36.4 (8/22) 

   
FN % 25 (12/48) 16.7  (8/48) 25 (12/48) 14.6 (7/48) 25 (12/48) 25 (12/48) 

   
Average Accuracy 0.784 0.644 0.648 0.654 0.716 0.693 

   
Overall Accuracy 0.771 0.714 0.686 0.729 0.729 0.714 

    

EMA, European Medicines Agency; FDA, US Food and Drug Administration; TN, true negative; TP, true positive; FN, false 
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negative; FP, false positive; IC50, half-maximal inhibitory concentration; I1, the mean steady-state total (free and bound) maximum 

plasma concentration (Cmax) of inhibitor following administration of the highest proposed clinical dose; I1,u,  unbound I1; I2,  the 

concentration of inhibitor in the gastrointestinal tract based on highest approved dose dissolved in 250 ml. 

 a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and 

IC50(NSF) were determined as described in Materials and Methods section and shown in Table 3.    

b: The cut-off value was obtained from FDA final DDI guidance (FDA 2020). 

c: The cut-off value was obtained from Ellens et al (2013) based on ROC analysis of P-gp IC50 data for 15 compounds generated 

by 23 laboratories using four in vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles.   

d: The cut-off value was obtained from FDA DDI draft guidance (Agarwal et al., 2013).  

e: The cut-off value was obtained from EMA DDI guidance (EMA 2012). 
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Table 5. Summary of predictive performance of selected P-gp clinical inhibition studies using dabigatran etexilate and 

fexofenadine as in vivo probes and the cut-off values derived from ROC analysis based on digoxin clinical DDI data and 

the comparison with other cut-off criteria  

 

         

Model 1 

(I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

ROC 

Analysisb 
FDA  2000c 

Ellens et 

al. 2013d 

Cut-off values 25.9 10.0 45.0 13.7 10.0 45.0 9.3 10.0 45.0 

TP % 

(sensitivity) 
84.2 (16/19) 94.7 (18/19) 78.9 (15/19) 89.5 (17/19) 94.7 (18/19) 73.7 (14/19) 100 (19/19) 100 (19/19) 47.4 (9/19) 

TN % 

(specificity) 
50 (2/4) 25 (1/4) 75 (3/4) 50 (2/4) 50 (2/4) 75 (3/4) 25 (1/4) 50 (2/4) 100 (4/4) 

FP % 50 (2/4) 75 (3/4) 25 (1/4) 50 (2/4) 50 (2/4) 25 (1/4) 75 (3/4) 50 (2/4) 0 (0/4) 

FN % 15.8 (3/19) 5.3 (1/19) 21.1 (4/19) 10.5 (2/19) 5.3(1/19) 26.3 (5/19) 0 (0/19) 0 (0/19) 52.6 (10/19) 

Average 

Accuracy 
0.783 0.826 0.783 0.826 0.870 0.739 0.870 0.913 0.565 

Overall 

Accuracy 
0.671 0.599 0.770 0.697 0.724 0.743 0.625 0.750 0.737 

 

FDA, US Food and Drug Administration; TN, true negative; TP, true positive; FN, false negative; FP, false positive; IC50, half-

maximal inhibitory concentration; I2, the concentration of inhibitor in the gastrointestinal tract based on highest approved dose 

dissolved in 250 ml. 

 a: IC50(NSF), IC50(ER), and IC50(V) were used in the static models for DDI prediction, respectively. IC50(NSF), IC50(ER), and 

IC50(V) of respective inhibitor drugs were shown in Table 3.   

b: Cut-off values derived from ROC analysis based on digoxin clinical DDI data in Table 1 and IC50 data in Table 3.  

c: The cut-off value was obtained from FDA final DDI guidance (FDA 2020). 

d: The cut-off value was obtained from Ellens et al (2013) based on ROC analysis of P-gp IC50 data for 15 compounds generated 

by 23 laboratories using four in vitro systems: Caco-2 cells, LLCPK1-MDR1, MDCKII-MDR1, and MDR1 vesicles.  P-gp probe 

substrates were digoxin for polarized cell-lines and NMQ or vinblastine for MDR1 vesicles.   
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Supplemental Table 1. LC/MS/MS Parameters 

  MS Parametersa 

Compound Q1 Q3 CE DP 

Alogliptin 340.2 116 38 105 

Amiodarone 646.3 71.9 70 50 

Apixaban 460.1 281.93 45 125 

Asunaprevir 748.4 648.2 40 90 

Atorvastatin 559.4 440.3 30 146 

Azilsartan  569.3 233.1 55 90 

Bosentan 552.3 202.1 60 115 

Canagliflozin 445.3 267.2 25 65 

Captopril 218.3 116 20 38 

Carvedilol 407.5 224.1 30 100 

Clarithromycin 748.6 158.2 50 53 

Clopidogrel 322.1 155.1 45 45 

Daclatasvir 739.5 565.2 55 200 

Diltiazem 415 108.9 70 106 

Dronedarone 646.3 58.1 70 50 

Elagolix 632.3 529.3 65 160 

Elbasvir 882.5 708.4 67 200 

Eliglustat  405.3 149.1 15 135 

Etravirine 435 303.8 52 200 

Felodipine 384.2 338 24 65 

Fidaxomicin 1055.7 231.1 -47 -100 

Flibanserin 391.3 133.1 25 110 

Isradipine 370.2 328.2 28 105 

Itraconazole 705.5 392.2 50 56 

Ivacaftor 393.3 115.9 100 64 

Maraviroc 514.2 116.96 90 40 

Mibefradil 496.4 202.1 65 89 

Mirabegron 397.2 102.9 80 85 

Nelfinavir 568.5 134.9 50 52 

Nicardipine 480.3 315.1 50 90 

Nifedipine 338.1 172.8 73 200 
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Nitrendipine 359.3 121.9 -20 -80 

Paroxetine 329.8 70.1 110 45 

Quinidine 325.2 307.1 70 30 

Ranolazine 428.2 98.1 40 110 

Ritonavir 721.5 296.2 25 85 

Rolapitant 501.3 198.1 75 35 

Rosuvastatin 482.4 270.19 52 120 

Sertraline 306.1 158.9 90 35 

Telaprevir 680.6 322.4 40 47 

Telmisartan 515.6 305.2 30 131 

Ticagrelor 523.3 153.1 55 120 

Troglitazone 442.2 165.1 52 180 

Valspodar  1215.7 425.3 59 90 

Vandetanib 475.3 112.1 24 130 

Velpatasvir 881.7 849.7 -30 -91 

Vemurafenib 490.2 383.1 35 140 

Verapamil 883.6 851.5 55 200 

   aThe optimal MS parameters used for LC-MS/MS analysis  
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Supplemental Table 2: Clinical DDI data of test set compounds with orally administered digoxin  

Inhibitor 

drugs 
BCS a Dose (mg) 

I1
b 

(M) 
I2 (M) fu

b, d 
AUC  

Ratiob 

Cmax 

Ratiob 

Clinical 

DDI 

Y/Nc 

Cobicistat II 150 2.34 773 0.03 1.09 1.47 Y 

Dapagliflozin III 10 0.35 98 0.09 1.00 0.99 N 

 

Lapatinib IV 
1500 5.04 10326 0.01 1.63 2.09 Y 

 

Linagliptin 
III 5 0.01 42 0.11 1.01 0.94 N 

 

Lurasidone 
II 120 0.24 974 0.01 1.11 1.09 N 

Neratanib IV 240 0.13 1723 0.01 1.32 1.54 Y 

 

Rifampin 
II 600 8.00 2916 0.25 1.46 1.49 Y 

Simeprevir IV 150 10.88 800 0.001 1.39 1.31 Y 

Tetrabenazine III, IV 25 0.001 315 0.17 1.02 1.12 N 

 

Tolvaptan 
II, IV 60 0.96 535 0.02 1.18 1.27 Y 

 

Valbenazine 
I, III 80 2.19 765 0.01 1.33 1.87 Y 

Vorapaxar II 40 0.92 325 0.002 1.05 1.54 Y 
AUC, area under the curve; BCS, biopharmaceutics classification; DDI, drug-drug interaction; I1, maximum plasma 

concentration (Cmax) of inhibitor drug following administration of clinical dose indicated; I2, the concentration of inhibitor drug in 

the gastrointestinal tract at indicated dose dissolved in 250 ml; fu, the fraction unbound in plasma. 
a BCS classification of inhibitor drugs was obtained from the University of Washington DDI database, 

https://www.druginteractionsolutions.org, https://www.pharmapendium.com  and the literature (Wu and Benet, 2005; Benet, 

2013; Papich and Martinez, 2015). b Clinical DDI data, I1, and fu values were collected from the University of Washington DDI 

database (https://www.druginteractionsolutions.org).  I1 reported from clinical DDI studies was used.  Otherwise, I1 at same or 

similar inhibitor dose regimen was collected. In the cases that I1 at indicated inhibitor doses was not reported, extrapolated I1 was 

used, assuming the linear PK. c Either AUC and/or Cmax ratios (pharmacokinetic (PK) ratios) greater or equal to 1.25 was 

considered a positive clinical DDI. Yes (Y) indicates AUC or Cmax Ratio ≥1.25; No (N) indicates AUC and Cmax Ratio <1.25; dIf 

fu measured < 0.01, fu value of 0.01 was used for DDI prediction.  
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Supplemental Table 3: In vitro P-gp IC50 variability for verapamil and quinidine measured in MDR1 

vesicles and bidirectional transport (BDT) inhibition assays  

Inhibitor 

drugs Vesicular assay (MDR1 vesicles) BDT assay (LLC-MDR1 cells) 

    

IC50(V) 

(µM)a 

IC50(µ

M) 

(Mean 

± SD)   

CV

% 

IC50(µM) 

reported 

in the 

literatureb   

IC50(NSF)

(µM)c 

IC50(µ

M) 

(Mean 

± SD)   

CV

% 

IC50(µM) 

reported in 

the 

literatured 

Verapamil 

Study 1 3.2 ± 0.42 

3.9 ± 

0.7 18.2 1.2-3.3 

Study 1 36.5 ± 5.0 

45.5 ± 

12.2 26.9 8.5-57 

Study 2 3.8 ± 0.17 Study 2 40.5 ± 3.5 

Study 3 4.6 ± 0.48 Study 3 59.4 ± 7.7 

Quinidine 

Study 1 6.4 ± 0.42 

7.1 ± 

0.6 8.9 1.0-9.8 

Study 1 53.6 ± 3.5 

48.0 ± 

6.5 13.5 1.0-56 

Study 2 7.5 ± 0.62 Study 2 40.9 ± 4.4 

Study 3 7.5 ± 0.15 Study 3 49.5 ± 3.0 
a: IC50(V) was measured in MDR1 vesicles using [3H]NMQ as an in vitro probe as described in the Materials and Methods. 
b: IC50 values measured in MDR1 vesicles were collected from Ellens et al. (2013) using NMQ and /or vinblastine as in vitro 

probes and the University of Washington DDI database (https://www.druginteractionsolutions.org) using NMQ as an in vitro 

probe.  

c: IC50(NSF) was measured in LLCPK1-MDR1 cells using [3H] digoxin as an in vitro probe as described in the Materials and 

Methods.  
b: IC50 values measured in LLC-MDR1 cells were collected from Ellens et al. (2013) and the University of Washington DDI 

database (https://www.druginteractionsolutions.org) using digoxin as an in vitro probe.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.druginteractioninfo.org/
https://www.druginteractioninfo.org/
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Supplemental Table 4. Comparison of In vitro IC50(V) values with those reported in the literature 

using MDR1 vesicular inhibition assays 

  Reported in Literature 

Inhibitor 

IC50(V) 

(µM)a 

IC50(V) 

(µM)b In Vitro Probe Source  

Alogliptin 
>1000 NR      

 

Amiodarone 
 14.8 ± 0.7 1.6-9.3 NMQ/VB UWDIDB; Ellens et al., 2013; Fekete et al., 2015  

 

Apixaban 
>150 NR      

 

Asunaprevir 
3.2 ± 0.2 NR      

 

Atorvastatin 
17.0 ± 1.7 23.7 NMQ UWDIDB; Safar et al., 2018  

 

Azilsartan  
8.2 ± 0.7  NR     

 

Bosentan 
>15  NR     

 

Canagliflozin 
>100    NR     

 

Captopril 
>1000   >1000 NMQ/VB Bentz et al., 2013 

 

Carvedilol 
 4.1 ± 0.3 0.6-3.4 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Clarithromycin 
10.9 ± 2.4 8.9 NMQ UWDIDB; Vermeer et al., 2016 

 

Clopidogrel  157.4 ± 

15.1 NR      
 

Daclatasvir 
 1.6 ± 0.1  NR     

 

Diltiazem 
 30.5 ± 2.8 12.0-53.8 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Dronedarone 
 4.9 ± 0.5  NR     

 

Elagolix 
24.8 ± 0.8 NR      

 

Elbasvir 
 0.3 ± 0.02 0.32 NMQ UWDIDB; NDA 208261 

 

Eliglustat  
 65.4 ± 2.1  NR     

 

Etravirine 
>30  NR     

 

Felodipine 
 81.8 ± 5.1 5.4-24.1 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Fidaxomicin 
0.4 ± 0.05 NR      

 

Flibanserin 
>120    NR     

 

Isradipine 
 53.7 ± 2.4 4.6-16.4 NMQ/VB UWDIDB; Ellens et al., 2013 
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Itraconazole 
0.34 ± 0.13 0.048-2 NMQ UWDIDB; Vermeer et al., 2016; Lempers et al., 2016 

 

Ivacaftor 
> 1.0    NR     

 

Maraviroc 
162.6 ± 8.5 NR      

 

Mibefradil 
 10.0 ± 1.6  3.2-9.5 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Mirabegron  148.9 ± 

21.8  NR     
 

Nelfinavir 
 20.3 ± 1.6 2.72 NMQ UWDIDB; Heredi-Szabo et al., 2013 

 

Nicardipine 
6.4 ± 1.7 0.7-3.7 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Nifedipine 
115.6 ± 6.4 10.7-54.7 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Nitrendipine 
76.0 ± 1.4 6.5-28.1 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Paroxetine  122.2 ± 

15.3 NR      
 

Quinidine 
 14.5 ± 1.9 1.0-9.8 NMQ/VB 

UWDIDB; Ellens et al., 2013; Horio et al., 1988; Fekete et 

al., 2015  
 

Ranolazine 
 64.1 ± 4.1 2.9-85.5 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Ritonavir 
 0.3 ± 0.03 0.24-0.33 NMQ UWDIDB; Heredi-Szabo et al., 2013; Vermeer et al., 2016 

 

Rolapitant 
>30    NR     

 

Rosuvastatin 
>300 >300 NMQ UWDIDB; Safar et al., 2018 

 

Sertraline 
 39.4 ± 2.8 6.0-50.9 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Telaprevir 
 4.1 ± 0.5 7 VC UWDIDB; Fujita et al., 2013 

 

Telmisartan 
 0.8 ± 0.1 0.1-3.6 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Ticagrelor 
>30    NR     

 

Troglitazone 
19.4 ± 1.3 5.4-12.4 NMQ/VB UWDIDB; Ellens et al., 2013 

 

Valspodar  
0.2 ± 0.01 0.031 NMQ UWDIDB; Heredi-Szabo et al., 2013 

 

Vandetanib 
 96.1 ± 9.1  NR     

 

Velpatasvir 
4.9 ± 0.7  NR     

 

Vemurafenib 
>30    NR     

 

Verapamil 
 2.8 ± 0.3 1.2-59 NMQ/VB/VC 

UWDIDB; Ellens et al., 2013; Horio et al., 1988; Schaefer 

et al., 2006  
 

UWDIDB: University of Washington DDI database (https://www.druginteractionsolutions.org); NR, not reported; NMQ, N-

methyl-quinidine; VB, vinblastine; VC, vincristine. 
a: IC50(V) was measured in MDR1 vesicles using [3H] NMQ as an in vitro probe as described in the Materials and Methods. 
b: IC50(V) values measured in MDR1 vesicles were collected from the University of Washington DDI database 

(https://www.druginteractionsolutions.org) and selected references using in vitro probe substrate(s) as indicated.  

https://www.druginteractioninfo.org/
https://www.druginteractioninfo.org/
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Supplemental Table 5. List of false negative and false positive prediction of digoxin clinical DDIs for training 

set compounds   

 
  Model 1 (I2/IC50) Model 2 (I1/IC50 or I2/IC50) Model 3 (I1u/IC50 or I2/IC50) 

 

 

IC50(V)a IC50(ER)a IC50(NSF)a IC50(V)a IC50(ER)a IC50(NSF)a IC50(V)a IC50(ER)a IC50(NSF)a 
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Asunaprevir, BCS II                     √    

Canagliflozin, BCS 
IV 

  √                √      

Captopril, BCS III √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Carvedilol, female, 
BCS II 

√  √   √ √ √ √       √ √ √     √ √ 

Clarithromycin, BCS 
II 

     √   √         √       

Daclatasvir, BCS II    √ √ √ √ √ √    √ √  √ √ √   √ √ √ √ 

Diltiazem 180mg, 
BCS I 

     √   √      √   √   √    

Diltiazem 60mg, 
BCS I 

√  √ √ √ √ √ √ √ √  √ √ √ √ √ √ √   √ √  √ 

Diltiazem 90mg, 
BCS I 

  √   √   √ √  √ √  √   √   √    

Dronedarone, BCS 
II 

        √         √ √    √  

Elagolix, BCS III    √  √ √ √ √    √  √ √ √ √      √ 

Eliglustat Tartrate 
100mg, BCS I 

√  √   √  √ √ √  √ √  √ √ √ √ √  √   √ 

Eliglustat Tartrate, 
150mg, BCS I 

√  √   √   √ √  √   √   √       

Felodipine  5mg, 
BCS II 

√ √ √   √ √ √ √ √ √ √ √  √ √ √ √ √ √ √  √ √ 

Felodipine 10mg, 
BCS II 

√ √ √   √ √ √ √ √ √ √   √ √ √ √ √ √ √  √ √ 

Felodipine 2.5mg, 
BCS II 

√ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Flibanserin, BCS II √ √ √      √ √ √ √      √ √ √   √  

Isradipine, BCS II, 
IV 

√ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Mirabegron, BCS III √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √  √ √ √  √ 

Nitrendipine 20mg, 
BCS II 

√ √ √      √ √ √ √      √ √ √   √  

Quinidine 200mg, 
BCS I 

        √                

Rolapitant, BCS II                   √      

Telaprevir, BCS II      √   √    √  √   √       

Vandetanib, BCS II   √                      

Velpatasvir, BCS IV    √ √ √ √ √ √    √ √ √ √ √ √   √ √ √ √ 
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Verapamil 120mg, 
BCS I 

        √         √       

Verapamil 80mg, 
BCS I 

        √         √       

Fa
ls

e 
p

o
si

ti
ve

 

Alogliptin, BCS III                     √  √  

Apixiban, BCS III                       √  

Atorvastatin 80mg, 
BCS II 

√ √         √         √     

Azilsartan 
kamedoxomil,  BCS 

IV 
√ √ √ √ √ √ √ √  √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Bosentan, BCS II √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Carvedilol, male, 
BCS II 

 √  √ √     √ √ √ √ √     √ √ √ √   

Etravirine, BCS IV √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √  √ √ √ √ √ 

Fidaxomicin, BCS IV √ √ √       √ √ √        √     

Maraviroc, BCS III  √         √         √     

Mibefradil 50mg, 
BCS II 

√ √  √ √ √ √ √ √ √ √  √ √ √ √ √ √  √ √ √ √ √ 

Nicardipine 20mg, 
BCS I 

√ √  √ √ √ √ √   √  √ √ √ √ √   √ √ √  √ 

Nicardipine 30mg, 
BCS I 

√ √  √ √ √ √ √ √  √  √ √ √ √ √ √  √ √ √  √ 

Nifedipine 20mg, 
BCS I, II 

    √         √        √   

Nitrendipine 10mg, 
BCS II 

   √ √        √ √        √   

Paroxetine, BCS I    √ √        √ √        √   

Sertraline, BCS I, II √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √  √ √ √ √ √ 

Troglitazone, BCS II √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

 

 
a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and IC50(NSF) was 

determined as described in the Materials and Methods.    
b: The cut-off value was obtained from FDA final DDI guidance (FDA, 2020) 
c: The cut-off value was obtained from Ellens et al (2013). 
d: The cut-off value was obtained from (Agarwal et al., 2013) 
e: The cut-off value was obtained from EMA DDI guidance (EMA, 2012) 
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Supplemental Table 6: In vitro IC50 values of test set compounds measured in bidirectional and vesicular 

transport inhibition assays 

Inhibitor drugs 

IC50(NSF)a 

(µM)  

IC50(ER)a 

(µM) 

IC50(V)b 

(µM) 

Cobicistat 47.0 ± 11.1 >100 0.3±0.01 

Dapagliflozin >100 >100 >100 

Lapatinib 41.5 ± 8.5 17.2±4.7 >3 

Linagliptin >100 >100 62.7±7.6 

Lurasidone 3.7 ± 0.5 1.9±0.6 3.2±0.6 

Neratanib 31.1 ± 14.0 1.4±0.2 3.1±0.2 

Rifampin >30 >30 27.8±2.3 

Simeprevir 5.6±0.4 5.1±0.4 5.9±0.5 

Tetrabenazine >100 37.0±15.2 >100 

Tolvaptan 38.9 ± 2.2 17±5.2 18.8±1.3 

Valbenazine 14.3± 1.7 3.7±0.3 8.4±0.6 

Vorapaxar 5.9 ±0.8 2.7±0.3 7.6±0.6 
aIC50(NSF) and IC50(ER) represent IC50 values estimated by calculating digoxin net transport using net secretory flux and efflux 

ratio, respectively.  bIC50(V) represent IC50 values measured for inhibition of ATP-dependent NMQ vesicular uptake. Data were 

reported as mean ± SD (n=3). 
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Supplemental Table 7. Summary of predictive performance of test set compounds using the cut-off values 

derived from ROC analysis and the comparison with other recommended cut-off criteria  

Sup. Table 7-1: Model 1 (I2/IC50) 

Model 1 (I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

FDA  

2020d 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2020d 

Ellens et 

al. 2013c 

ROC 

Analysis 

FDA  

2000b 

Ellens et 

al. 2013c 

Cut-off values 25.9 10 45 13.7 10 45 9.3 10 45 

TP % (sensitivity) 100 (8/8) 100 (8/8) 75 (6/8) 87.5 (7/8) 87.5 (7/8) 75 (6/8) 100 (8/8) 100 (8/8) 75 (6/8) 

TN % (specificity) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 

FP % 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 

FN % 0 (0/8) 0 (0/8) 25 (2/8) 12.5 (1/8) 12.5 (1/8) 25 (2/8) 0 (0/8) 0 (0/8) 25 (2/8) 

Average Accuracy 0.917 0.917 0.75 0.833 0.833 0.75 0.917 0.917 0.75 

Overall Accuracy 0.875 0.875 0.75 0.812 0.812 0.75 0.875 0.875 0.75 

Sup. Table 7-2: Model 2 (I1/IC50 or I2/IC50) 

Model 2 (I1/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 

ROC 

Analysis 

Agarwal 

et al  

2013b 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al  

2013b 

Ellens et 

al. 2013c 

ROC 

Analysis 

Agarwal 

et al  

2013b 

Ellens et 

al. 2013c 

Cut-off values (0.032,40) (0.1,10) (0.03,45) (0.081,26.7) (0.1,10) (0.03,45) (0.026,10) (0.1,10) (0.03,45) 

TP % (sensitivity) 100 (8/8) 100 (8/8) 100 (8/8) 87.5 (7/8) 87.5 (7/8) 87.5 (7/8) 100 (8/8) 100 (8/8) 87.5 (7/8) 

TN % (specificity) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 75 (3/4) 

FP % 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 25 (1/4) 

FN % 0 (0/8) 0 (0/8) 0 (0/8) 12.5 (1/8) 12.5 (1/8) 12.5 (1/8) 0 (0/8) 0 (0/8) 12.5 (1/8) 

Average Accuracy 0.917 0.917 0.917 0.833 0.833 0.833 0.917 0.917 0.833 

Overall Accuracy 0.875 0.875 0.875 0.812 0.812 0.812 0.875 0.875 0.812 

Sup. Table 7-3: Model 3 (I1u/IC50 or I2/IC50) 
   

Model 3 (I1u/IC50 

or I2/IC50) 

IC50(V)a IC50(ER)a IC50(NSF)a 
   

ROC 

Analysis 
EMA 2012e  

ROC 

Analysis 
EMA 2012e 

ROC 

Analysis 
EMA 2012e 

   

Cut-off values (0.00141,3334) (0.02,10) (0.00177,62) (0.02,10) (0.00052,94) (0.02,10)     

TP % (sensitivity) 62.5 (5/8) 100 (8/8) 75 (6/8 87.5 (7/8 75 (6/8 100 (8/8)     

TN % (specificity) 100 (4/4) 75 (3/4) 75 (3/4 75 (3/4 75 (3/4 75 (3/4)     

FP % 0 (0/4) 25 (1/4) 25 (1/4 25 (1/4 25 (1/4 25 (1/4)     

FN % 37.5 (3/8) 0 (0/8) 25 (2/8 12.5 (1/8 25 (2/8 0 (0/8)     

Average Accuracy 0.75 0.917 0.75 0.833 0.75 0.917     

Overall Accuracy 0.812 0.875 0.75 0.812 0.75 0.875     
EMA, European Medicines Agency; FDA, US Food and Drug Administration; TN, true negative; TP, true positive; FN, false negative; FP, false 

positive; IC50, half-maximal inhibitory concentration; I1,  the mean steady-state total (free and bound) maximum plasma concentration (Cmax) of 
inhibitor following administration of the highest proposed clinical dose; I1,u,  unbound I1; I2,  the concentration of inhibitor in the gastrointestinal 

tract based on highest approved dose dissolved in 250 ml. 

 a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and IC50(NSF) was 

determined as described in the Materials and Methods.    
b: The cut-off value was obtained from FDA final DDI guidance (FDA, 2020) 
c: The cut-off value was obtained from Ellens et al (2013). 
d: The cut-off value was obtained from (Agarwal et al., 2013) 
e: The cut-off value was obtained from EMA DDI guidance (EMA, 2012) 
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Supplemental Table 8. List of false negative and false positive prediction of digoxin clinical DDIs for test set 

compounds   

 

 

  Model 1 (I2/IC50) Model 2 (I1/IC50 or I2/IC50) Model 3 (I1u/IC50 or I2/IC50) 
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 Cobicistat       √ √ √     √       √ √ √           √ √     

Tolvaptan     √     √                       √ √   √   √   

Vorapaxar     √                               √           

Neratinib                                     √       √   

Fa
ls

e 
p

o
si

ti
ve

 

Lurasidone √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √   √ √ √ √ √ 

 

a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and IC50(NSF) was 

determined as described in the Materials and Methods.    

b: The cut-off value was obtained from FDA final DDI guidance (FDA, 2020) 
c: The cut-off value was obtained from Ellens et al (2013). 
d: The cut-off value was obtained from (Agarwal et al., 2013) 
e: The cut-off value was obtained from EMA DDI guidance (EMA, 2012) 
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Supplemental Table 9. List of false negative and false positive prediction of clinical DDIs using dabigatran 

etexilate and fexofenadine as P-gp probe drugs   

  Model 1 (I2/IC50) 

 

  

IC50(V)a IC50(ER)a IC50(NSF)a 

 

R
O

C
 

A
n

a
ly

si
s 

F
D

A
  

2
0
0
0

b
 

E
ll

e
n

s 
e
t 

a
l.

 2
0
1

3
c  

R
O

C
 

A
n

a
ly

si
s 

F
D

A
  

2
0
0
0

b
 

E
ll

e
n

s 
e
t 

a
l.

 2
0
1

3
c  

R
O

C
 

A
n

a
ly

si
s 

F
D

A
  

2
0
0
0

b
 

E
ll

e
n

s 
e
t 

a
l.

 2
0
1

3
c  

 cut-off 

2
5

.9
 

1
0

 

4
5

 

1
3

.7
 

1
0

 

4
5

 

9
.3

 

1
0

 

4
5

 

Fa
ls

e 
n

e
ga

ti
ve

 

Clarithromycin 500mg, BCS III, Dabigatran 
150mg 

          √     √ 

Clarithromycin 500mg, BCS III, Dabigatran 
0.375mg 

  
  

  
    

√     √ 

Clopidogrel 300mg, BCS II, Dabigatran 150mg 
BID 

√ 
  

√ 
    

√ 
    

√ 

Cobicistat, BCS II, Dabigatran 150mg       √ √ √     √ 

Dronedarone, BCS II, Dabigatran 150mg                 √ 

Quinidine, BCS I, Dabigatran 150mg                 √ 

ticagrelor 90mg, BCS IV, Dabigatran 150mg √   √             

Verapamil 120mg, BCSII, Dabigatran 150mg                 √ 

Alogliptin, BCS III, fexofenadine 80mg √ √ √ √   √     √ 

Itraconazole, BCS II, Fexofenadine 180mg                 √ 

Paroxetine, BCS I, Fexofenadine 60mg     √           √ 

Quinidine, BCS I, Fexofenadine 25mg                 √ 

Fa
ls

e 

p
o

si
ti

ve
 Atorvastatin, BCS II, Dabigatran 150mg BID √   √             

Clopidogrel 75mg, BCS II, Dabigatran 150mg             √     

Ritonavir, BCS IV, Dabigatran 150mg √ √ √ √ √   √ √   

Sertraline, BCS I, Fexofenadine 50mg     √ √ √ √ √ √   
a: IC50(V), IC50(ER), and IC50(NSF) were used in the static models for DDI prediction, respectively. IC50(V), IC50(ER), and IC50(NSF) was 

determined as described in the Materials and Methods.    
b: The cut-off value was obtained from FDA final DDI guidance (FDA, 2020) 
c: The cut-off value was obtained from Ellens et al (2013). 
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