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Screening novel CNS drug candidates for P-glycoprotein interactions using 
the cell line iP-gp: In vitro efflux ratios from iP-gp and MDCK-MDR1 
monolayers compared to brain distribution data from mice 
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A B S T R A C T   

Drug efflux by P-glycoprotein (P-gp, ABCB1) is considered as a major obstacle for brain drug delivery for small 
molecules. P-gp-expressing cell monolayers are used for screening of new drug candidates during early states of 
drug development. It is, however, uncertain how well the in vitro studies can predict the in vivo P-gp mediated 
efflux at the blood–brain barrier (BBB). We previously developed a novel cell line of porcine origin, the iP-gp cell 
line, with high transepithelial resistance and functional expression of human P-gp. The aim of the present study 
was to evaluate the applicability of the cell line for screening of P-gp interactions of novel drug candidates. For 
this purpose, bidirectional fluxes of 14 drug candidates were measured in iP-gp cells and in MDCK-MDR1 cells, 
and compared with pharmacokinetic data obtained in male C57BL/6 mice. The iP-gp cells formed extremely 
tight monolayers (>15 000 Ω∙cm2) as compared to the MDCK- MDR1 cells (>250 Ω∙cm2) and displayed lower 
Papp,a-b values. The efflux ratios obtained with iP-gp and MDCK-MDR1 monolayers correlated with Kp,uu,brain 
values from the in vivo studies, where compounds with the lowest Kp,uu,brain generally displayed the highest efflux 
ratios. 12 of the tested compounds displayed a poor BBB penetration in mice as judged by Kp,uu less than 1. Of 
these compounds, nine compounds were categorized as P-gp substrates in the iP-gp screening, whereas analysis 
of data estimated in MDCK-MDR1 cells indicated four compounds as potential substrates. The results suggest that 
the iP-gp cell model may be a sensitive and useful screening tool for drug screening purposes to identify possible 
substrates of human P-glycoprotein.   

1. Introduction 

The presence of P-glycoprotein (P-gp, ABCB1, MDR1) and other 
efflux transporters in the blood–brain barrier, represents a major 
obstacle for delivery of small molecule drug compounds to the brain 
parenchyma [1]. Evaluation of interactions between novel drug candi-
dates and P-gp is therefore an important step in preclinical character-
ization of compounds developed for disorders in the central nervous 
system (CNS) [2]. 

Cell models expressing human P-gp are often used for screening new 
drug candidates for P-gp interaction. These can be human cell lines with 

intrinsic P-gp expression, such as the human colonic adenocarcinoma 
cell line Caco-2 [3], or cell lines of varying genetic background, trans-
fected with the human MDR1 gene. Examples of these are the MDR1 
transfected Madin-Darby canine kidney type I and type II cell lines, 
MDCK-MDR1, and the MDR1 transfected Lilly Laboratories Cell Porcine 
Kidney cell line, LLC-PK1 MDR1 [4–5]. The cell lines form polarized 
confluent monolayers, when they are cultured on permeable supports, 
and express human P-gp in the apical membrane and can be used to 
perform vectorial transport studies since P-gp substrates will display a 
net transport from the basolateral to the apical compartment [6–7]. The 
mentioned cell lines do, however, also express other endogenous ABC 
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transporters, such as the canine and porcine isoforms of P-gp in MDCK- 
MDR1 and LLC-PK1 cells [8–10], and breast cancer resistance protein 
(BCRP) and multidrug resistance related proteins (MRPs) in the Caco-2 
cells [3,11–12]. The human MDR1 transfected porcine epithelial cell 
line, iP-gp, is a newly developed tool for studying human P-gp [13]. The 
cell line exhibits a very low expression of endogenous porcine ABC- 
family efflux transporters, while displaying a high expression of func-
tional human P-gp. Additionally, the iP-gp cell line forms extremely 
tight cell monolayer upon culture on permeable filter supports, making 
the cell line suitable for studies on human P-gp [13–14]. 

In addition to the cell models, animal models have also been widely 
utilized for evaluating the impact of P-gp on brain distribution of new 
investigational drug candidates, where wild-type rodents and rodents 
deficient in mdr1a and/or mdr1b genes are commonly used. The ratio 
between the unbound drug concentration in the brain and in the plasma 
(Kp,uu,brain) has routinely been used as a descriptor for determining the 
impact of efflux transporters at the BBB on the brain disposition of drug 
compounds [2]. Kp,uu,brain is experimentally determined in preclinical 
species after drug administration by measuring the drug concentrations 
in brain and plasma, and correcting for the unbound drug fractions in 
brain and plasma, which are typically estimated in vitro using equilib-
rium dialysis [15–16]. A Kp,uu,brain equal to or higher than 1 is prefer-
ential for drug candidates for CNS disorders, while a Kp,uu,brain below 1 
indicates a potential liability to efflux transporters. However, differences 
in substrate affinities for isoforms of P-gp originating from different 
species may complicate analysis of transport data. Thus, the combina-
tion of in vivo data and in vitro data can be necessary to assess the liability 
of drug candidates for human P-gp. 

The aim of the present study was to evaluate whether the iP-gp cell 
line could serve as a screening model for evaluating P-gp interactions. 
For this purpose, the bidirectional transport of 14 novel drug candidates 
developed for CNS disorders was measured, and efflux ratios were 
calculated and compared with data on efflux ratios from a similar type of 
studies in MDCK-MDR1 cells and with Kp,uu,brain values from pharma-
cokinetic studies in wild-type C57BL/6 mice. 

The iP-gp cells formed markedly tighter cell monolayer than MDCK- 
MDR1 cells, resulting in a more restrictive paracellular pathway and 
thus lower paracellular transport. Both cell models could discriminate 
between compounds with low and high permeation. Experimental data 
from the iP-gp cell model indicated that nine compounds were P-gp 
substrates, whereas four compounds behaved as P-gp substrates in 
MDCK-MDR1 cells, as judged by a strict efflux ratio threshold value of 
1.5. This suggests that the iP-gp cell model displays at least equal 
sensitivity for screening of drug candidates for interaction with human 
P-gp compared to MDCK-MDR1 cells, and the cell line is well-suited as a 
screening tool in drug development studies. 

2. Materials and methods 

2.1. Materials 

Hank’s balanced salt solution (HBSS) was purchased from Life 
Technologies (#14065049, Taastrup, Denmark), and 2-[4-(2-hydrox-
yethyl)-piperazin-1-yl] ethanesulfonic acid (HEPES) was from Appli-
chem GmbH (#A3724, Darmstadt, Germany). Fetal bovine serum (FBS, 
#Paa-A15-101) and Minimum Essential Medium Eagle - Alpha Modifi-
cation media (α-MEM, #22561) were purchased from Gibco, Fischer 
Scientific (Slangerup, Denmark). T-75 culture flasks (#CLS430641) and 
Transwell Permeable supports (1.12 cm2, 0.4 µm pore size, #CLS3401) 
were purchased from Corning, Fischer Scientific (Slangerup, Denmark). 
The radiolabeled isotope [14C]-mannitol (specific activity 57.2 mCi⋅m-
mol.1, NEC852250UC), as well as Ultima Gold scintillation fluid 
(#6013327) were purchased from Perkin Elmer Life and Analytical 
(Boston, MA, USA). Unless otherwise stated, all other compounds and 
reagents were from Sigma-Aldrich (Brøndby, Denmark). 

The drug compounds used in this study were obtained from H. 

Lundbeck A/S (Valby, Denmark (Physicochemical properties in Sup-
plementary Materials Table S1). The compounds were supplied as 10 
mM stock solutions in DMSO (#D8418). 

3. Cell culture 

3.1. iP-gp cell culture 

The iP-gp cells were maintained in T-75 culture flasks and split once 
a week (used from passage 4–13). The cells were seeded on collagen type 
I-coated (3.39 µg⋅cm− 2, #C9791) Transwell® polycarbonate membrane 
filter inserts (12-well, surface area 1.12 cm2, pore size 0.4 µM) with a 
seeding density of 4x104 cells per insert, and cultured for 16–18 days 
(95% relative humidity, 95% atmospheric air, 5% CO2, 37 ◦C). The cell 
medium was Dulbecco’s modified eagle’s medium- (DMEM, #D0819) 
supplemented with 10% FBS, 10 µL⋅mL− 1 nonessential amino acids 
(x100, #M7145), 100 U⋅mL− 1 to 100 µg⋅mL− 1 penicillin–streptomycin 
solution (P0781), 0.8 mg⋅mL− 1 Geniticin (10131027), and 2 µg⋅mL− 1 

puromycin (A1113802). The culture medium was changed three times 
per week. 

3.2. MDCK MDR1 cell culture 

MDCK cells transfected with human MDR1 were obtained from Piet 
Borst at the Netherlands Cancer Institute [6]. MDCK-MDR1 cells were 
maintained in α-MEM with 10% FBS, 1% Penicillin-Streptomycin, and 
cultured in 5% CO2 at 37℃, 95% relative humidity. The cells were 
grown to 80 to 90% confluency in the cell flask and seeded to the insert 
plate. MDCK-MDR1 cells were seeded onto polyethylene membranes 
(PET, #351130, BD Falcons) in 96-well insert systems at a density of 2 ×
105 cells/cm2 until to 4–7 days for confluent cell monolayer formation. 
The culture medium was changed every other day. 

3.3. Transepithelial electrical resistance measurements 

TEER across the iP-gp cells cultured on the permeable supports were 
monitored using an Endohm 12-cup electrode chamber (#ENDOHM- 
12G, World Precision Instruements Inc, Sarasota, Florida) connected to a 
volt meter (EVOM, #300523, World Precision Instruments Inc, Sarasota, 
Florida) after equilibration to room temperature prior to each transport 
experiment. The mean resistance of empty permeable supports was 15 
Ω⋅cm2. The monolayer integrity of MDCK MDR1 cells were measured 
before and after transport study, and pre-transport and post-transport 
TEER was not less than 50 Ω⋅cm2. 

3.4. Transepithelial transport experiments 

Transepithelial transport experiments with iP-gp cells were per-
formed after 16–18 days of culture on the collagen type I pre-coated 
filter supports (area = 1.12 cm2). The transport buffer was HBSS (pH 
7.4) supplemented with 10 mM HEPES, 0.05% bovine serum albumin 
(BSA, #A7906-100) 0.375% sodium carbonate (#1603101000) and 
0.5% DMSO (#D8418), abbreviated HBSS+ from now. Cell monolayers 
were washed twice with transport buffer (HBSS+), followed by an 
equilibration period in the transport buffer on a temperature-controlled 
shaking table (#542-10020-00, Unimax 2010 Shaker, Heidolph, 
Schwabach, Germany) with a circular rotation of 90 rpm for 15 min at 
37 ◦C. After equilibration, the transport experiments were initiated by 
replacing the existing transport buffer with the transport buffer con-
taining the respective test compound(s), either in the apical chamber for 
apical to basolateral (A-B) transport or in the basolateral chamber for 
basolateral to apical (B-A) transport. The donor concentration of the 
drug candidates was 1 µM. All transport experiments were performed at 
a temperature of 37 ◦C under circular rotation (90 rpm) for a time course 
of 120 min. Samples were taken from the receiver compartments (50 μL 
from the apical compartment or 100 μL from the basolateral 
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compartment) after 15, 30, 45, 60, 90, and 120 min. The volume of the 
withdrawn samples was replaced with preheated blank transport buffer 
(37 ◦C). Donor samples were taken at the beginning and at the end of 
each experiment to make sure that steady-state conditions (<10–20% of 
the total amount of compound was transported) were maintained 
throughout the experiment. Monolayer integrity of the iP-gp cells was 
investigated by measuring the A-B directional transepithelial transport 
of 17.5 nM [14C]-labeled mannitol (1 μCi⋅mL− 1) in the presence of 1 µM 
of the respective drug candidates, and blank HBSS + was used as 
negative control. The samples (the sample volume was 50 µL if samples 
were taken from the apical compartment and 100 µL if they were taken 
from the basolateral compartment, and the volume of samples taken 
directly from the donor chamber was 20 µL) and filters with radiolabeled 
compounds were transferred to scintillation vials, and 2 mL scintillation 
fluid was added. The samples were subjected to a liquid scintillation 
analyzer (Packard Tri-Carb 2100 TR; Canberra, Dreich, Germany) for 
quantification of the amount of radioactivity. 

Transepithelial transport with MDR1-MDCK cells were performed by 
H. Lundbeck A/S as described previously [17]. In brief, test compounds 
were applied to the apical or basolateral side of the cell monolayer at a 
concentration of 0.5 µM or 2 µM (See Table S3 in supplementary ma-
terials). The transport buffer was HBSS buffer supplemented with 1% 
BSA. The final DMSO concentration was 0.4% v/v for each test com-
pound. Transepithelial permeation of test was determined in triplicate 
over a 60-min or 150-min (See Table S3 in supplementary materials) 
incubation at 37 ◦C and 5% CO2 with a relative humidity of 95%. 

3.5. In vivo pharmacokinetic experiments 

In vivo experiments were carried out by H. Lundbeck A/S, in male 
C57BL/6 mice. Mice (n = 102 in total, and n = 84 for the presented data) 
were purchased from B&K laboratory animal CO.LTD (Shanghai, China), 
and were individually housed in a temperature of 20–26 ◦C, relative 
humidity of 30–70% and with lightning maintained under a 12 h 
light–dark cycle. Certified Rodent Diet (#144, Beijing Keao XIELI Feed 
CO.m Ltd. Beijing, P.R. China) and autoclaved water were available ad 
libitum. The Ethical permission for the procedures used in the in vivo 
study was granted by the Danish Animal Experiments Inspectorate. All 
the experiments were carried out in accordance with the European 
Communities Council Directive (86/609/EEC) for the care and use of 
laboratory animals and the Danish legislation regulating animal exper-
iments; Law and Order on Animal experiments; Act No. 474 of 15/05/ 
2014 and Order No. 12 of 07/01/2016, and with the specific license for 
this experiment issued by the National Authority. In addition, all pro-
cedures were carried out in compliance with the Association for the 
Assessment and Accreditation of Laboratory Animal Care International 
(AAALAC). 

Mice received a single oral dose of each compound at 10 mg/kg via 
oral gavage administration (three mice per compound). All dose for-
mulations were freshly prepared in different solutions, ranging from 
100% water to 100% PEG400 depending on the solubility of test com-
pounds. 30 min after drug administration, the mice were sacrificed using 
CO2 chamber, and brain and plasma samples were obtained. Brains were 
rapidly removed, and subsequently rinsed in ice-cold demineralized 
water twice, blotted on filter paper and then weighed. Brain homoge-
nates were prepared by homogenizing individual brain with 4 volumes 
(w/v) of cold homogenizing solution (70% v/v acetonitrile in water) 
using Homogenator (Polytron, Montreal, Canada) on wet ice (3 S or 
more, at maximum rpm, each 10 s). Homogenates were transferred to 
96- well plate, sealed and stored at − 80℃ until LC/MS/MS analysis. 
Blood samples were collected and transferred into polyethylene micro-
centrifuge tubes containing K3EDTA (the final concentration of K3EDTA 
w/w 1.6 mg/mL) as anti-coagulant and placed on wet ice. Blood samples 
were processed for plasma by centrifugation at 4 ℃, 3000g for 15 min. 
Plasma samples were stored in pre-labeled polypropylene tubes, and 
stored at – 80 ℃ until LC/MS/MS analysis. 

3.6. Sample preparation and quantification of unlabeled drug compounds 

The samples from the iP-gp transport studies containing unlabeled 
compounds were mixed with acetonitrile in the ratio of 1:2 to precipitate 
cell components and proteins. The samples were mixed thoroughly and 
centrifuged at 4 ◦C at 15 000g for 15 min. The supernatant was collected 
and stored at – 80 ◦C for later analysis. If necessary, the samples were 
diluted to a concentration between 10 and 2000 nM in HBSS without 
BSA. The quantification of the unlabeled compounds was performed on 
an Accela HPLC system (#60057-60020, Thermo Fischer Scientific, 
Hvidovre, Denmark) consisting of a pump (#60057-60010) with a build- 
in vacuum degasser assembly, a column compartment and autosampler. 
The system was coupled to an Orbitrap Mass Analyzer (Exactive, 
Thermo Fischer Scientific, Hvidovre, Denmark). The column was an 
ACQUITY UPLC HSS T3 (2.1x50 mm, 1.8 μm, #186004055) (Waters, 
Ireland), and the mobile phases were A) water/acetonitrile (95:5) and B) 
acetonitrile/water (95:5), both supplemented with 0.025% formic acid 
(#F0507) and 1 mM ammonium acetate (#73594). The analysis was run 
in gradient mode, and the mass spectrometer was operated in positive or 
negative using SIM mode for the ions (for details see Table S2 and 
Table S3 in supplementary materials). Data acquisition software was 
Thermo Xcalibur™ 3.0. 

Samples from MDCK-MDR1 studies were quenched with a stop so-
lution of Acetonitrile with 250 ng/mL of Tolbutamide as internal stan-
dard. The concentration of samples was expressed by the peak area ratio 
of Analyte versus Internal Standard (Analyte/IS) with no calibration 
curve. Brain homogenates and plasma samples were mixed with blank 
plasma matrix or blank brain homogenate matrix (1:1), respectively. 
The mixtures were protein precipitated with acetonitrile with internal 
standard(s) (labetalol, tolbutamide and diclofenac) at a volume ratio of 
1:8. The mixtures was vortex-mixed for 1 min, and centrifuged for 15 
min at 13.000 rpm at 20–25 ◦C. The quantification of the unlabeled 
compounds in MDCK-MDR1 cell and in vivo studies was performed on a 
HPLC system (Shimadzu LC-20AD series, Japan) consisting of a pump 
(Shimadzu LC-20AD, #228-45091-58), a vacuum degasser (Shimadzu 
DGU-20A3R, #228-45018-58), a column compartment and an Agilent 
autosampler (CTC Pal #MXY-01-00B, Switzerland) or a Gilson Auto-
sampler (#GU-25T121, 215 Liquid Handler/Injector, USA). The system 
was connected to an AB API 4000 MS instrument (#1034067F, AB Sciex, 
Foster City, CA, USA). The column was an ACQUITY UPLC BEH C18 
(2.1x50 mm, 1.7 μm) (#186002350, Waters, Ireland), an XSELECT CSH 
XP C18 (2.1 × 50 mm, 2.5 µm) (#176002595, Waters, Ireland) or an 
ACQUITY UPLC® BEH C8 (2.1 × 100 mm, 1.7 µm) (#186002878, 
Waters, Ireland). The mobile phases were water/acetonitrile (95:5) and 
acetonitrile/water (95:5), both supplemented with 0.025% formic acid 
and 1 mM ammonium acetate. The analysis was run in gradient mode, 
and the mass spectrometer was operated in positive or negative using 
SRM mode for the ions. Data acquisition software was Analyst 1.4.2 
Software (AB Sciex, Foster City, CA, USA) 

3.7. Cell viability assessment 

The viability of the iP-gp cell monolayers was investigated using the 
XTT assay. After transepithelial transport of radiolabeled mannitol in 
the presence of 10 µM of the respective drug candidates, HBSS+ (pH 7.4) 
was removed followed by addition of 350 µL XTT solution (240 µg/mL 
and 2.4 µg/mL in HBSS) and 1000 µL HBSS to the apical and basolateral 
compartments, respectively. As control, pure HBSS+ was applied. Cells 
were incubated for one hour at 37 ◦C under circular rotation (90 rpm). 
Samples were withdrawn from each well, and absorbance was measured 
at 450 nm using a FLUOstar OPTIMA plate reader. Data are shown in 
Figure S1. 

3.8. Dialysis experiments and determination of Kpuu 

Free brain fractions (Fu,brain) and free plasma fractions (Fu,plasma) 
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were estimated using 96-well equilibrium dialysis plate (Model HTD 
96b, #1006, HT Dialysis LLC, Gales Ferry, CT, USA). Frozen plasma and 
brain homogenate were thawed from three individual samples. The 
brain homogenate was warmed in water batch for 10–20 min, and 
plasma samples were centrifuged at 13000 rpm for 15 min at 4 ◦C to 
remove clots. Dialysis membranes (molecular weight cut off 12–14 KDa, 
#1101, HT Dialysis LLC) were pretreated according to the manufac-
turer’s instructions. Briefly, the membrane was soaked in ultrapure 
water for 60 min and strip separated, and then soaked in 20% ethanol for 
20 min, finally in ultrapure water again for 20 min. Brain homogenate or 
plasma was added to the donor compartment and spiked with the test 
compound to a final concentration of 1 µM. The final organic solvent 
(DMSO) concentration was 0.4%. The receiver compartment contained 
phosphate buffer (pH 7.4). The plate was placed onto an oscillating 
shaker rotating at 100 rpm at 37 ◦C with 5% CO2 in a humidified 
incubator, and equilibrium dialysis was performed by incubating for 5 h. 
The compound concentration was quantified in the buffer phase using 
LC-MS, as described for samples in MDCK-MDR1 cells and in vivo studies. 
Free brain fractions (Fu,brain) and free plasma fractions (Fu,plasma) were 
calculated according to Kalvass and Maurer (2002). The unbound frac-
tions in plasma and brain were determined as the ratio of concentration 
in the buffer phase and drug concentration in the donor compartment 
(plasma or brain homogenate): 

Fu =
Cbuffer

Cdonor
(1) 

The unbound fraction in brain (Fu,brain) was calculated by correcting 
for the dilution factor: 

Fu,brain =
1
D

1
Fu1

− 1 + 1
D

(2)  

where Fu1 is the unbound fraction measured directly in the diluted brain 
homogenate, and D represents the dilution factors, which was deter-
mined as 4. Total brain to plasma concentration ratio (in vivo B/P) was 
calculated using following equation (3): 

Invivo
B
P
=

Ctotal,brain

Ctotal,plasma
(3)  

where Ctotal,brain and Ctotal,plasma represent the total compound concen-
trations in the brain homogenate and plasma after 30 min upon oral 
administration. The unbound brain to plasma ratio, Kp,uu,brain was 
calculated by correcting the in vivo B/P values for the unbound fractions 
in brain and plasma: 

Kp,uu,brain = invivo
B
P
×

Fu,brain

Fu,plasma
(4)  

4. Data treatment 

Measured TEER were standardized by multiplying with the cross- 
sectional area of the permeable filter supports to achieve TEER as Ω⋅cm2. 

The apparent permeability coefficients, Papp, of the test compounds 
and [14C]-mannitol were calculated from the steady state fluxes using 
following equation (5): 

Papp =
J

C0
=

Qt

C0Â⋅A
(5)  

where J is the steady state flux (nmol cm− 2 min− 1), C0 represents the 
initial concentration in the donor compartment, Qt is the accumulated 
amount of test compound in the receiver compartment at time, t (mi-
nutes), and A is the area of the permeable filter supports (1.12 cm2). The 
fluxes of the compounds were simply calculated as the slope of the linear 
part of the plot of Qt (nmol⋅cm− 2) as function of time (minutes), and 
were corrected for lag time effects. Efflux ratios (ER) were calculated as 
the ratio between the Papp for B-A transport (PB-A) and A-B transport (PA- 

B) using equation (6). 

ER =
PB− A

PA− B
(6) 

A strict efflux cut-off of 1.5 has earlier been described as an indicator 
for involvement of a P-gp-mediated efflux mechanism [18]. The use of 
this strict cut-off value served to identify weak substrates as well in the 
present study. Thus, compounds displaying efflux ratio higher than 1.5 
were categorized as P-gp substrates. 

The percentage of viability relative to control was calculated by 
following equation (7): 

Viability (% relative to control) =
Asample − Acontrol

Abuffer − Acontrol
∙100%  

where Asample represents the sample absorbance, Acontrol is blank XTT 
solution absorbance corresponding to 0% viability, while Abuffer is the 
absorbance of an assigned control (untreated cells) corresponding to 
100% cell viability. 

Data are presented as means ± standard error of the mean (SEM), 
unless otherwise stated. Statistics were performed by comparing 
permeability coefficients and efflux ratios using Student’s t-test to 
investigate for significance between populations or a one-way ANOVA 
analysis followed by Tukey’s multiple comparison test. The level of 
significance was p > 0.05, two tailed. 

5. Results 

The cell line iP-gp, a porcine intestinal cell line transfected with 
human P-gp (ABCB1), has been demonstrated to have functional apical 
expression of P-gp, high barrier tightness (>15000 Ω∙cm2) and vectorial 
transport of a number of known P-gp substrates [13–14]. The overall 
aim of the present study was to investigate if the cell line iP-gp was 
capable of identifying P-gp substrates in a set of novel drug candidate 
compounds to the same extent as the established screening cell line 
MDCK-MDR1. 

5.1. Estimation of efflux transporter interactions in vitro in MDCK-MDR1 
cells and in vivo in mice 

A series of 14 novel drug candidates from the company H. Lundbeck 
A/S were investigated. The in vivo brain distribution parameters of the 
14 compounds were measured using wildtype C57BL/6 mice as 
described in “Methods: In vivo pharmacokinetic experiments”. The free 
fractions of the compounds in the plasma and brain were estimated in 
vitro using equilibrium dialysis, and combined with the estimated total 
plasma and brain concentrations at steady state to estimate the unbound 
brain-to-plasma ratio, Kp,uu (Table 1). The compounds were selected 
from a larger dataset, due to their potential in vivo interaction with 
mouse brain endothelial efflux transporters, as judged from their Kp,uu 
values below 1 (Table 1). Two compounds, which were not apparent 
efflux transporter substrates as judged from Kp,uu values (≥1), were 
included in the set (LU3 & LU10). 

Bidirectional transport studies were performed in vitro following 
standard company screening protocols, using the well-characterized 
MDCK-MDR1 cell line, cultured on permeable supports. The Papp 
values in both transport direction were estimated and the corresponding 
efflux ratios were calculated (Table 1). 

5.2. Correlation of in vitro permeability in iP-gp and MDCK-MDR1 cell 
models 

iP-gp monolayers were cultured on permeable supports in Transwell 
inserts, as described in the “Methods: iP-gp cell culture” section. 
Transepithelial transport experiments in the apical-to-basolateral (A-B) 
and in the basolateral-to-apical (B-A) direction were performed with 1 
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µM of the relevant compound in the donor compartment at time zero, 
sampling at various time points from the receiver compartment and 
subsequent analysis by LC-MS. 

Fig. 1 shows an example of the time dependent accumulation of a 
high- and a low-permeating drug candidate (LU3 and LU30, respec-
tively) in the receiver compartment during flux experiments. 

The transepithelial fluxes (represented by the slope of the linear 
accumulation plots) were constant for LU3 and LU30 in both direction 
during the time course of the experiments, indicating that steady-state 
conditions were maintained during the transport studies, which also 
applied for the other compounds (See supplementary materials Fig. S2). 
Papp values were calculated by relating the steady-state fluxes to donor 
concentrations, as described in the “Methods” section. Table 2 summa-
rizes the Papp values in both transport direction, and the corresponding 
efflux ratios for the 14 compounds across iP-gp cell monolayers. 

The compounds showed mean Papp, A-B values between 0.4 and 33.0 
× 10− 6 cm s− 1 with LU30 displaying the lowest Papp, A-B that were 
indicative of low to moderate permeability when compared to the mean 
Papp, A-B of 33.0 ± 11.3 × 10− 6 cm s− 1 for the fast-permeating control 
compound LU3. The Papp, B-A of the compounds ranged from 3.0 × 10− 6 

cm s− 1 to 38.1 × 10− 6 cm s− 1 with LU16 and LU3 exhibiting the lowest 
and highest Papp, B-A, respectively. The correlation between the in vitro 
Papp was investigated by plotting the Papp, A-B values from iP-gp cells 
against Papp,A-B values estimated in MDCK-MDR1 cells (Fig. 2A), and the 
Papp,B-A values determined in the cell models against each other 
(Fig. 2B). 

No correlation was observed for the Papp, B-A determined in the two 
cell models (r2 < 0.58), whereas a better correlation was observed in 
terms of the Papp, A-B values (r2 < 0.78). From the plots, it furthermore 
follows that the Papp,A-B values were generally lower (slope < 0.75) 
across iP-gp cell monolayers, while the MDCK-MDR1 cells displayed 
lower Papp values in the basolateral to apical direction compared to the 
iP-gp cells (slope < 1.20). The ratios between the highest (LU30) and the 
lowest (LU3) Papp, A-B values were 54.1 and 82.5 for MDCK-MDR1 cells 
and iP-gp cells, respectively. A plot of the efflux ratios for the 14 com-
pounds obtained with iP-gp cell monolayers against the efflux ratios 
obtained with monolayers of MDCK-MDR1 cells showed that efflux ra-
tios obtained with the iP-gp cell line were generally higher than the 
corresponding efflux ratios obtained with the MDCK-MDR1 line (Fig. 3). 

Table 1 
In vivo brain distribution studies in wild-type (WT) C57BL/6 mice and 
bidirectional transport data from MDCK-MDR1 cell studies. The compounds 
were according their Kp,uu (from highest to lowest).   

WT C57BL/6 mice MDCK-MDR1 

Compounds: In 
vivo 
B/P 

Fu, 

brain 

Fu, 

plasma 

Kp, 

uu 

Papp, A-B 

(x 10− 6 

cm/s) 

Papp, B-A 

(x 10− 6 

cm/s) 

ER 

LU3  4.9 21.6 56 1.9 43.3 ±
2.5 

33.2 ±
2.7 

0.8 

LU10  1.1 5.2 5.5 1 17.7 ±
4.1 

15 ± 2.1 0.8 

LU15  0.3 1 0.5 0.6 10.8 ±
0.7 

9.6 ± 0.2 0.9 

LU16  0.3 5.9 3.7 0.5 13.2 ±
1.9 

12.9 ±
0.9 

1 

LU4  5.8 0.2 3.8 0.4 9.6 ± 0.7 3.6 ± 0.4 0.4 
LU18  0.8 4.2 18.4 0.2 29.4 ±

0.9 
20.2 ±
1.0 

0.7 

LU20  0.4 0.2 0.5 0.2 2.3 ± 0.2 3.4 ± 0.1 1.5 
LU27  0.6 1.1 3.8 0.2 11.1 ±

1.0 
6.1 ± 0.2 0.5 

LU6  0.2 15.2 19.6 0.1 18.3 ±
1.4 

25.5 ±
0.8 

1.4 

LU9  0.4 0.3 1 0.1 23.8 ±
0.3 

17.8 ±
0.4 

0.7 

LU12  0.2 0.7 2.4 0.1 6.4 ± 0.2 7.4 ± 0.2 1.2 
LU28  0.2 11.1 45.4 0.1 8.3 ± 0.4 38.2 ±

7.7 
4.6 

LU14  0.05 9.1 16.6 0.03 4.6 ± 0.3 31.1 ±
4.9 

6.8 

LU30  0.02 3.5 2.5 0.03 0.8 ±
0.04 

15.3 ±
1.6 

19.1 

In vivo data represents mean values from three individual mice, and the Papp 
coefficients are shown as mean ± SD (n = 1, total N = 3). 

Fig. 1. The time-dependent accumulation of the drug candidates across iP-gp cell monolayers. The transepithelial transport of two compounds with different 
permeation properties, LU3 (Kpuu 1.9) and LU30 (Kpuu 0.03), was measured from the apical to the basolateral direction (●) and the basolateral to the apical 
direction (■), respectively. The transported amounts (nmol∙cm-2) are plotted as function of time (minutes). Values are means ± SEM of three individual cell passages 
with three individual permeable supports (n = 3, total N = 9). 

Table 2 
Bidirectional permeabilities and efflux ratios obtained in transepithelial 
transport studies on iP-gp monolayers. Mean apparent permeabililty co-
efficients measured in the apical to basolateral (Papp, A-B) and in basolateral to 
apical (Papp, B-A) direction, and the calculated efflux ratios (ER = Papp,B-A/Papp, A- 

B).   

iP-gp 

Compounds: Papp, A-B (x 10¡6 cm/s) Papp, B-A x 10¡6 cm/s ER 

LU3 33.0 ± 11.3 38.1 ± 13.6 1.2 
LU10 11.5 ± 2.2 29.5 ± 3.2 2.6 
LU15 6.1 ± 0.8 6.1 ± 0.7 1 
LU16 1.4 ± 0.4 3.0 ± 0.4 2.1 
LU4 2.7 ± 1.1 3.2 ± 0.8 1.2 
LU18 12.6 ± 0.03 18.3 ± 0.3 1.5 
LU20 2.1 ± 0.3 7.7 ± 1.4 3.7 
LU27 9.4 ± 0.8 7.8 ± 0.2 0.8 
LU6 14.1 ± 0.1 24.3 ± 2.5 1.7 
LU9 15.0 ± 0.5 16.0 ± 1.1 1.1 
LU12 5.1 ± 0.7 33.9 ± 0.2 6.6 
LU28 7.7 ± 1.2 63.2 ± 5.7 8.2 
LU14 3.3 ± 1.1 25.4 ± 0.9 7.7 
LU30 0.4 ± 0.01 4.5 ± 0.7 11.3 

Data are shown as mean ± SEM of three individual passages in three technical 
replicates (n = 3, total N = 9). 
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Transport experiments across iP-gp cell monolayer showed that 
seven compounds (LU10, LU12, LU14, LU16, LU20, LU28 and LU30) 
were identified as P-gp substrates, whereas only three compounds 
(LU14, LU28 and LU30) behaved as P-gp substrates in MDCK-MDR1 
cells as judged by the classical threshold efflux ratio of 2 (Table 3). 

Using a strict efflux threshold value of 1.5, the number of potential P-gp 
substrates suggested by iP-gp was nine, while four potential substrates 
were suggested in MDCK-MDR1 cells. In iP-gp cells LU6 and LU18 dis-
played efflux ratios of 1.7 and 1.5, respectively and the Papp,B-A values 
were significantly higher than Papp,A-B values for both compounds, 
indicating a polarized transport favoring the basolateral to apical di-
rection. In addition to LU14, LU28 and LU30, the drug candidate LU20 
was also suggested as a potential P-gp substrate in MDCK-MDR1 cells 
when using the strict efflux threshold value of 1.5. The Kp,uu was below 1 
for 12 of the tested drug candidates, indicating a poor brain penetration 
or potential interactions with mouse efflux transporters (Table 3). 

Fig. 2. Plots of in vitro permeability of the drug candidates determined across iP-gp and MDCK-MDR1 cell models. A) The apparent permeability in the apical 
to basolateral direction (Papp, A-B) across iP-gp cells is plotted against Papp, A-B determined across MDCK- MDR1 cells. B) The apparent permeability in the basolateral 
to apical direction (Papp, B-A) across iP-gp cells is plotted against Papp, B-A determined across MDCK- MDR1 cells. Data from iP-gp cell studies are shown as means ±
SEM of three individual cell passages with three individual permeable supports (n = 3, total N = 9), while data from MDCK-MDR1 cell studies are shown as mean ±
SD of one cell passage in triplicates (n = 1, total N = 3). 

Fig. 3. Plots of efflux ratios of the lead compounds determined in iP-gp 
and MDCK-MDR1 cell models. The efflux ratios in iP-gp cells is plotted 
against efflux ratios determined in MDCK-MDR1 cells. Red dotted lines indicate 
the efflux cut off value of two, while black dotted lines represent the stricter 
efflux cut off value of 1.5. Data are shown as means of three individual cell 
passages with three individual permeable supports (n = 3, total N = 9) in iP-gp 
cell model, and one cell passage in triplicates for MDCK-MDR1 cells. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 3 
Overview of potential efflux transporter substrates (þ) and non-substrates 
(÷). The table shows the total number of potential P-gp and efflux transporter 
substrates identified in the cell models and in mice, respectively. The substrates 
were suggested based on the efflux ratios and Kp,uu values. Compounds were 
categorized as P-gp substrates if the efflux ratio was above the strict threshold 
value of 1.5.  

Compounds; iP-gp MDCK-MDR1 Mice 

LU3 ÷ ÷ ÷

LU10 + ÷ ÷

LU15 ÷ ÷ +

LU16 + ÷ +

LU4 ÷ ÷ +

LU18 ÷/+ ÷ +

LU20 + ÷/+ +

LU27 ÷ ÷ +

LU6 ÷/+ ÷ +

LU9 ÷ ÷ +

LU12 + ÷ +

LU28 + + +

LU14 + + +

LU30 + + +

Total: 7 3 12  
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6. Discussion 

6.1. The iP-gp cell line prove useful for identifying P-gp substrates in CNS 
drug candidate libraries 

In the present study, we assessed the applicability of the iP-gp cell 
line as a tool for screening interactions between human P-gp and new 
drug candidates developed for CNS disorders. For this purpose, 14 new 
CNS drug candidates were evaluated for interactions with P-gp in bidi-
rectional transport assays using iP-gp cells and the MDCK-MDR1 cells 
line. Furthermore, brain distribution studies were carried out in wild-
type C57BL/6 mice to gain insights into the ability of the investigated 
drug candidates to overcome the murine BBB. Estimates of Kp,uu,brain 
were used to rank the impact of the efflux transporters on the brain 
distribution of the drug candidates using the classical cut-off value of 1 
[2,15]. Twelve of the investigated drug candidates displayed a Kp,uu,brain 
less than 1, indicative of low passive permeability or active efflux at the 
BBB. Nine of the tested compounds could be categorized as P-gp sub-
strates in iP-gp cell monolayers, while four of these compounds were 
categorized as substrates in the MDCK-MDR1 cell monolayers using an 
efflux threshold value of 1.5 (See Table 3). 

These results propose a more sensitive P-gp substrate recognition by 
the iP-gp cell monolayers when comparing the in vitro data from both 
cell models to the brain distribution data generated in wild-type mice. 
Judging from the Kp,uu value of 1.9, LU3 displayed the highest pene-
tration across the BBB in vivo, indicative of active influx into the brain, 
and correlated well with the efflux ratios and Papp values yielded in both 
in vitro models. Interestingly, LU14, LU28 and LU30 were the only 
compounds that behaved as P-gp or efflux transporter substrates in the 
two cell monolayer models and in vivo in mice, respectively. LU10 
exhibited a Kp,uu value of 1.0, suggesting a distribution equilibrium 
between the brain and plasma. In contrast, LU10 was recognized as a P- 
gp substrate in the iP-gp cell model, but not MDCK-MDR1 cell mono-
layers. LU6, LU12, LU16, LU18 and LU20 were characterized as low BBB 
penetrating compounds or potential substrates of efflux transporters in 
vivo, while these compounds displayed a polarized transport in the 
basolateral to apical direction in iP-gp cells but not in MDCK-MDR1 
cells. LU10, LU12 and LU20 exhibited a higher efflux transport (Papp,B- 

A) across iP-gp cell monolayers compared to MDCK-MDR1 cell mono-
layers, but contrarily a lower absorptive transport (Papp,A-B) of the 
compounds was observed in the iP-gp cells (See Tables 1 and 2). For 
LU6, LU16 and LU18, on the other hand, the Papp values in both di-
rections were markedly lower in the iP-gp cells than in MDCK-MDR1 
cells. Overall, higher in vitro efflux ratios were obtained in iP-gp cells 
as compared to the MDCK-MDR1 cells. The efflux ratio, calculated as the 
ratio between the Papp, B-A and the Papp,A-B, is very sensitive and even 
small changes of Papp, A-B or Papp, B-A may have a significant impact 
on the calculated efflux ratio, as shown with drug screening in iP-gp 
cells. The different experimental conditions in the iP-gp cell model 
and MDCK-MDR1 cell model could potentially also affect the sensitivity 
of the substrate recognition. While the donor concentration was fixed to 
1 µM in studies involving the iP-gp cells, the donor concentration was 
0.5 or 2 µM in transport studies using MDCK-MDR1 cells. However, 
taking the high expression of P-gp in both cell models into account it is 
not likely that P-gp is saturated at these concentrations. This presump-
tion is also supported by kinetic studies on P-gp substrates in transfected 
cell models expressing human P-gp, where high transporter capacity is 
reported [6,14,19–20]. 

The high efflux ratios yielded in the iP-gp cells compared to MDCK- 
MDR1 in the present study was in good agreement in our earlier com-
parison study on the iP-gp and MDCK-MDR cell models. In this study, we 
similarly observed that iP-gp cells yielded higher efflux ratios of the 
prototypical P-gp substrates, digoxin and rhodamine-123. This suggests 
that the tighter paracellular seal (>10000 Ω∙cm2 across iP-gp cells vs 75 
to 200 Ω∙cm2 across MDCK-MDR1 cells in the present study) combined 
with the high functional expression of human P-gp in the iP-gp cells 

make it easier to distinguish between carrier-mediated and passive 
transport for potential P-gp substrates compared to MDCK-MDR1 cells. 

6.2. In vitro cell models for P-gp interaction screening 

Finding a suitable in vitro model for screening and profiling drug 
candidates for P-gp activity and their ability to overcome the BBB is a 
challenge in the pharmaceutical industry. The bidirectional transport 
assays using immortalized epithelial cell lines with functional expres-
sion of human P-gp, such as Caco-2 and MDCK-MDR1, are frequently 
used as tools for predicting whether P-gp at the BBB can constitute a 
potential hindrance for efficient brain penetration for new CNS drug 
candidates. Several studies have indicated good correlation between the 
efflux ratios observed in bidirectional transport assays and those ach-
ieved in vivo [21–23]. A set of criteria for cell lines used in bidirectional 
transport is 1) the formation of a barrier with sufficient tightness, 2) a 
high functional and stable expression of human P-gp and lastly 3) the 
capability of discriminating between low and high permeating com-
pounds. Table 4 shows an overview of commonly used immortalized cell 
lines of different origin for screening and characterization of in-
teractions between drug candidates and P-gp in bidirectional transport 
experiments. 

Each of these cell lines have strengths and weakness as tools for 
bidirectional transport assays for screening interaction between drugs 
and P-gp. Common characteristics for the cell lines, listed in Table 4, are 
their ability to form confluent and polarized cell monolayers with 
polarized expression of human P-gp predominantly at the apical mem-
brane, when cultured on permeable supports, which enables assessment 
of P-gp mediated transport. A general limitation with cell lines MDCK- 
MDR1 (type I and II), LLC-PK1 MDR1 and Caco-2 is that these cell 
lines have shown to express endogenous isoform of P-gp and/or other 
efflux transporters in addition to human P-gp [6–9,26–27]. Substrate 
overlap between the different efflux transporters and interspecies dif-
ferences in substrate affinities for P-gp may potentially complicate 
analysis of transport data when these cell lines are used to identify and 
characterize P-gp mediated transport. The mentioned cell lines may 
however be favorable in terms of a broader screening where the in-
teractions between new drug candidates and other efflux transporters, in 
addition to P-gp, are investigated. Karlgren et al. described the devel-
opment and generation of a MDCK-MDR1 cell line that completely lacks 
expression of the endogenous canine P-gp, while overexpressing human 
P-gp, MDCK MDR1cMDR1− KO by deleting the canine ABCB1 gene using a 
CRISPR-CAS9 gene editing approach [28]. The MDCK- 
hMDR1(cMDR1− KO) and iP-gp cell lines therefore distinguish themselves 
from the other cell lines by only expressing the human isoform of P-gp as 
efflux transporter, making the two cell lines more favorable in terms of 
characterizing interactions between drug candidates and human P-gp. 
Another disadvantage of using the Caco-2 cell line is that the activity of 
P-gp in Caco-2 cells is generally low and variable in native culture, and 
the cells are therefore often cultured with a P-gp inducing compound 
such as vinblastine to maintain a high and steady functional expression 
of P-gp [29–30]. In addition, Caco-2 cells demand a long-term culture to 
form a differentiated monolayer upon seeding on permeable supports 
[4–5], which also applies to the iP-gp cell line [13–14]. The MDCK- 
MDR1 cell lines (type I and type II) and LLC-PK1 MDR1 cell line, on 
the other hand, require a shorter culture time period (<4 days and <7 
days, respectively) to form polarized cell monolayer with sufficient 
tightness to perform transport experiment [4–5,25]. Of the listed cell 
lines, the iP-gp cells are reported to exhibit the highest TEER of >15 000 
Ω∙cm2 [13–14], proving that the iP-gp cell model may be a sensitive 
screening tool for identifying P-gp substrates. 

6.3. Limitation of the use of pre-clinical mice studies for predicting human 
P-gp substrate interactions 

P-gp is the most abundantly expressed ABC-transporter at the murine 
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BBB and affinity for P-gp is thus considered to be the major determinant 
for the success or failure of CNS drug candidates [2,31–32]. However, 
several studies indicate that rodents have a tendency of underestimating 
the brain exposure of P-gp substrates in human [33–36]. This may partly 
be due to species-species differences in substrate affinities, and partly 
due to differences in expression levels of P-gp, as mice are reported to 
exhibit higher P-gp expression at the BBB than humans [32]. Thus, the in 
vivo data generated in wild-type mice might not necessarily provide 
definitive information on the contribution of P-gp in limiting the brain 
penetration of the investigated drug candidates, since other efflux 
transporters (such as BCRP or MRPs) or low passive permeability may 
result in low Kp,uu values. This can somehow also be seen in the corre-
lation of in vitro data with in vivo data on the following drug compounds: 
LU4, LU9, LU15 and LU27. These compounds displayed a Kp,uu lower 
than 1, indicating impaired BBB permeability in mice, and did contrarily 
not behave as P-gp substrates in the cell models. This indicate that these 
compounds are presumably subjected to other efflux transporters (such 
as BCRP or MRPs) which are not functionally present in the two cell 
models. Even though BCRP is not as highly expressed in the mouse BBB 
in vivo as it is in humans [32,37–39], BCRP expression has been reported 
to affect the in vivo brain distribution of several compounds in mice 
[40–42]. Drug interaction between drug candidates and BCRP is often 
not investigated in in vitro models and overlooked in CNS drug discovery 
programs. BCRP may similarly to P-gp have a more prominent role in 
limiting the brain penetration of small molecules into the brain in 
humans, suggesting the need of cell lines expressing BCRP. Giving that 
P-gp is higher expressed at the murine BBB as compared to the human 
BBB [32], data interpretation on brain distribution studies in rodents 
may lead to that the P-gp substrates are extruded to a higher extent at 
the murine BBB than the human BBB. This propensity has previously 
been shown by Syvänen et al., where they observed that the brain dis-
tribution of three P-gp substrates ([11C]-verapamil, [11C]-GR205171 
and [18F]-altanserin) was higher in humans compared to rats [33]. In 
support, several studies have reported the existence of interspecies dif-
ferences between the human (MDR1) and murine isoforms of P-gp 
(mdr1a) for some P-gp substrates, which consequently limits the use of 
mice models to study P-gp [7,43–44]. In contrast, Feng et al. have re-
ported that species differences between human and mouse P-gp are 
relatively rare on the basis of a correlation analysis of the efflux ratios of 
3300 compounds determined in bidirectional transport assay using a 
mdr1a- and MDR1 transfected MDCK cell lines [22]. 

Efforts have been made to generate a humanized mouse model that 
expresses functional human P-gp at the murine BBB [45–46]. Such 
models can be valuable in terms of evaluating species differences be-
tween the murine and human isoforms of P-gp and secondly the impact 
of human P-gp on the brain exposure of drug candidates in vivo. 

The combination of in vivo data in preclinical species and in vitro data 
using human P-gp expressing cells can be necessary for profiling 
investigational drug compounds for interactions with P-gp. 

7. Conclusions & perspectives 

The present study demonstrated that the novel P-gp expressing cell 
line iP-gp may serve as a tool to identify potential P-gp substrates in 
bidirectional transport studies to at least the same extent as the well- 
characterized MDCK-MDR1 cell model in a study of a set of novel CNS 
drug candidates. Change of the efflux ratio cutoff value to 1.5 increased 
the predictivity of the iPgp cell line. We observed that the efflux ratio of 
a given substrate was higher in the iP-gp cell model as compared to those 
obtained from MDCK-MDR1 monolayer experiements. This was due to 
higher B-A transport as well as low A-B transport, presumably due to a 
high functional expression of P-gp and low low paracellular perme-
ability/high TEER of the iP-gp cell line. We conclude that the iP-gp cell 
line may serve as a sensitive screening tool for identifying interaction of 
new drug compounds (TEER, higher) with human p-glycoprotein. 
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