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ABSTRACT

Preincubation of a drug transporter with its inhibitor in a cell-based
assay may result in the apparent enhancement of the inhibitory
potency. Currently, limited data are available on potentiation
of transporter inhibition by preincubation (PTIP) for clinically
relevant solute-carrier transporters other than OATP1B1 and
OATP1B3. Therefore, PTIP was examined systematically us-
ing OATP1B1, OATP1B3, OAT1, OAT3, OCT1, OCT2, MATE1, and
MATE2-K cell lines. IC50 valuesof30 inhibitorsweredeterminedwithor
without 3 hours of preincubation, and compounds with a PTIP ‡2.53
were further characterized by assessing the time course of transport
inhibition potency and cellular concentration. For each compound,
correlations were calculated between highest observed PTIP and
physicochemical properties. PTIP was prevalent among organic cation
transporters (OCTs) and organic anion–transporting polypeptides
(OATPs) but not among organic anion transporters (OATs) or multidrug
and toxin extrusion transporters (MATEs), and most instances of PTIP
persisted after controlling for toxicity and nonspecific binding. Occa-
sionally, preincubation in excess of 2 hours was required to attain full
inhibitory potency. For four drugs examined, preincubation had the
potential to change the in vitro drug-drug interaction risk prediction

from “no risk” to “risk” on the basis of current regulatory criteria.
Molecular weight and LogD7.4, as well as the ratio of passive cellular
accumulation and cellular uptake rate correlated with PTIP; thus, low
cellular permeation and a slow build-up of unbound intracellular
inhibitor concentration may contribute to PTIP. Taken together, our
data suggest that PTIP is partly determined by the physicochemical
properties of the perpetrator drug, and preincubation may affect the
in vitro predicted drug-drug interaction risk for OCTs aswell as OATPs.

SIGNIFICANCE STATEMENT

During the development of a novel pharmaceutical drug, in vitro
studies are conducted to assess the risk of potential adverse
interactions between existing medications a patient may already be
taking and the novel compound. The exact way these in vitro assays
are performed may influence the outcome of risk assessment. Here
we suggest that the interaction risk may be underestimated unless
specific assay protocols are modified to include an additional
incubation step that allows the test drug to accumulate inside the
cells, and demonstrate that adding this step is particularly important
for large and hydrophobic drug molecules.

Introduction

Uptake transporters involved in drug clearance accept a broad
spectrum of substrates, and their contribution to cellular uptake
is especially important for low-permeability compounds. When-
ever transporter-mediated uptake becomes the rate-limiting step in
drug clearance, inhibition of transport may lead to clinically relevant
exposure increases (Lee et al., 2017). Therefore, health authori-
ties recommend the routine investigation of new drug candidates
as transport inhibitors at various stages of clinical development
(EMA, 2012; FDA, 2017; PMDA, 2018). A classic example of
transporter-mediated drug-drug interaction (DDI) is the interference

of cyclosporin A (CsA) with the OATP-mediated uptake of statins
into hepatocytes (Hirano et al., 2006). By inhibiting the active
cellular uptake of statins, CsA restrains their access to their hepatic
target and increases exposure of peripheral tissues; thus, it simul-
taneously limits the efficacy of statins and increases the potential
for adverse effects (Neuvonen et al., 2006).
In vitro uptake inhibition assays are highly instrumental in

predicting transporter-based DDIs; however, to yield physiologi-
cally relevant predictions, these models should mimic real-life drug
exposure patterns. A putative perpetrator may be administered in the
clinic for prolonged periods and attain steady-state concentrations
in all accessible tissues before a victim drug is taken. In contrast,
traditional in vitro assays comprise only a simultaneous incuba-
tion of the transporter with a probe substrate and the test drug.
Coincubation allows only for immediate and direct interaction of the

https://doi.org/10.1124/dmd.118.085993.
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ABBREVIATIONS: BSA, bovine serum albumin; CsA, cyclosporin A; DDI, drug-drug interaction; DMEM, Dulbecco’s modified Eagle’s medium;
DMSO, dimethyl sulfoxide; DS, dosing solution; EMA, European Medicines Agency; FBS, fetal bovine serum; FDA, Food and Drug Administration;
HBSS, Hanks’ balanced salt solution; HEK, human embryonic kidney; Inh, inhibitor; LC-MS, liquid chromatography–mass spectrometry; MATE,
multidrug and toxin extrusion; MDCK, Madin-Darby canine kidney; MDCK-LE, MDCK-low efflux; MW, molecular weight; NSB, nonspecific binding;
OAT, organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic cation transporter; Papp, passive permeability; PBPK,
physiology-based pharmacokinetic; PMDA, Pharmaceuticals and Medical Devices Agency; PTIP, potentiation of transporter inhibition by
preincubation; ROC, receiver operating characteristic; SFM, serum-free medium; tPSA, topological polar surface area; TTSS, time to steady state.
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test drug with the transporter binding site and may hence un-
derestimate DDI risk. Early evidence for this came from studies
in which the inhibitory effect of a single dose of CsA on the hepatic
clearance of bromsulphthalein persisted for at least 3 days in rats
(Shitara et al., 2009), and preincubation before coincubation of
OATP1B1 with CsA, compared with coincubation only, resulted in
up to a 20-fold reduction in the measured IC50 values (Amundsen
et al., 2010; Shitara et al., 2012). Recent literature indicates that
additional compounds, including ritonavir, saquinavir, and anthra-
quinones, can exert a more potent inhibition of uptake transport
activity upon preincubation (Amundsen et al., 2010; Shitara et al.,
2013; Ma et al., 2015; Shitara and Sugiyama, 2017).
Although this potentiation of transport inhibition by preincuba-

tion (PTIP) may at first seem to be analogous to the time-dependent
inhibition of drug-metabolizing enzymes, its mechanism would
probably be different. It is hypothesized that such inhibitors
can interact with the transporter on both the extracellular side
(cis) and the cytosolic side (trans). PTIP is thought to arise when
trans-inhibition is more potent than cis-inhibition, and intracellular
accumulation of the inhibitor is slow (Shitara and Sugiyama, 2017).
The time requirement of maximum inhibition is compound-specific
and probably correlates with the membrane permeability of the
inhibitor. Another potential source of apparent PTIP in in vitro assays
may be nonspecific binding (NSB) of the inhibitor to plasticware and/
or cells during preincubation. Lipophilic compounds like saquinavir,
ritonavir, or CsA may saturate available nonspecific binding sites
during the preincubation period, and no additional amounts of these
inhibitors would be irreversibly lost during the transport step of the
uptake assay.
Currently, inhibition assays for clinically relevant drug transporters

other than OATPs are conducted without a preincubation step. The
omission of this step can be considered a shortfall when attempting
to mimic in vivo conditions in which an inhibitor is allowed to attain
steady-state tissue concentrations prior to the administration of
the test substrate. Most studies concerning PTIP have focused on
OATPs, prompting regulatory agencies to recommend the inclusion
of a preincubation step when OATP transport inhibition is being
examined. Although sporadic studies have addressed the effect of
preincubation on OATs (Ma et al., 2015) and OCTs (Arakawa et al.,
2017), the lack of a systematic examination of non-OATP trans-
porters has limited our knowledge of whether such mechanisms may
be of additional clinical relevance.
In this study, the preincubation effect of 30 compounds was

investigated on OATP1B1, OATP1B3, OAT1, OAT3, OCT1, OCT2,
as well as multidrug and toxin extrusion (MATE) 1 and MATE2-K
operated in inverse (uptake) mode, and the potential impact of PTIP
on transporter-based DDI risk prediction was assessed. The contri-
bution of nonspecific binding and inhibitor toxicity to PTIP was
interrogated through recovery and cell viability experiments.
Correlations were sought between PTIP and such physicochemical
descriptors of inhibitors as molecular weight, topological polar
surface area (tPSA), cLogP, LogD7.4, and passive permeability
(Papp) to establish if any of these parameters is predictive of the PTIP
behavior of a drug. Finally, cellular accumulation and inhibitory
potency of selected compounds were monitored over time to see
whether the extent of PTIP correlates with intracellular unbound
inhibitor concentration.

Materials and Methods

Transporter Cell Lines. Human embryonic kidney 293 (HEK293) cell
lines overexpressing the human uptake transporters OATP1B1, OATP1B3,
OAT1, OAT3, OCT1, and OCT2, as well as Madin-Darby canine kidney II

(MDCKII) cell lines overexpressing MATE1 and MATE2-K were created by
lentiviral transduction. cDNAs were synthesized and cloned by GenScript
(Piscataway, NJ), and lentiviral particles were generated in HEK293FT
cells (Invitrogen/ThermoFisher, Waltham, MA). Transduced and antibiotic-
selected cells were subjected to single-cell cloning, and amplified clones
were functionally tested for transporter-specific uptake activity and stability
of expression. Cell cultures were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), 4500 mg/l of glucose, supplemented with GlutaMAX,
10% v/v fetal bovine serum (FBS) and 1% v/v penicillin-streptomycin (all
from Gibco/ThermoFisher).

Test Compounds. Thirty transport inhibitors (Table 1) were selected
to represent a broad range of molecular properties, including inhibitory
potencies (Drug Interaction Database, University of Washington), physico-
chemical characteristics, and MDCK (low efflux) permeability (for mea-
surement and calculation methods see Physicochemical Parameters of Test
Compounds). Atorvastatin and pravastatin were purchased from Sequoia
Research Products (Pangbourne, UK); daclatasvir, dolutegravir, isavucona-
zole, and ledipasvir were purchased from MedChem Express (Sollentuna,
Sweden); ranitidine was purchased from abcr (Zug, Switzerland); all other
inhibitors were purchased from Sigma-Aldrich (St. Louis, MO).

Physicochemical Parameters of Test Compounds. For the determination of
apparent Papp, MDCK (low efflux) cells (MDCK-LE, cat. no. 8412903, selected
clone with low efflux activity; Sigma) were seeded on Transwell 96-well plate
inserts (Corning, Tewksbury, MA) at a density of 2.6 � 105 cells/cm2 in high
glucose DMEMwith GlutaMAX containing 10% v/v FBS and 1% v/v penicillin-
streptomycin (all from Gibco) and grown for 4 days at 37�C in an atmosphere
of 5% CO2 and 95% relative humidity. Stock solutions of the compounds were
prepared in dimethyl sulfoxide (DMSO) (10 mM), and each compound was
dosed in triplicate at a final concentration of 10 mM in Hanks’ balanced salt
solution (HBSS) at pH 7.4 containing 10 mM HEPES and 0.02% w/v bovine
serum albumin (BSA). Cells were incubated with the compounds for 2 hours
at 37�C, and flux was measured in the apical-to-basolateral direction. Dosing
solutions as well as the calibration solutions were centrifuged for 10 minutes
at 1000g. Drug concentrations in the donor and acceptor compartments were
measured by liquid chromatography–mass spectrometry (LC-MS), as de-
scribed in LC-MS Sample Preparation and Analytics, using a six-point
calibration curve, glyburide as an analytical internal standard, and the settings
listed in Supplemental Table 1.

LogD7.4 values were determined as described by Low et al. (2016).
Topological polar surface area was calculated as described by Ertl et al.
(2000). ClogP values were computed using CLOGP Daylight Version 4.9
(http://www.daylight.com/dayhtml/doc/clogp/; BioByte, Claremont, CA).
Cellular Kp was predicted using the method described by Yabe et al. (2011)
on the basis of logD7.4:

Eq:1Kp;pred ¼ 1
fu;cell

¼ 1

10^ ð20:91612 0:2567*logD7:4Þ ð1Þ

Investigation of Nonspecific Binding. A subset of test compounds was
investigated for nonspecific binding to plasticware. Polypropylene deep-
well plates were precoated for 2 hours at 37�C with 200 ml/well HBSS buffer
containing 20% v/v FBS and 2% w/v BSA. The coating solution was
aspirated, and the plates were dried by nitrogen flow. Dosing solutions
containing CsA, saquinavir, venetoclax, and ledipasvir were prepared at
0.1 and 1 mM in protein-free DMEM medium and dispensed into noncoated
or precoated plates. Recovery after 0, 15, 30, 60, 120, and 180 minutes of
incubation was measured by LC-MS as described below.

Uptake Inhibition Assays with Transporter Cell Lines. Transporter-
expressing cells and corresponding mock-transduced controls were seeded
on untreated (if MDCKII-derived) or poly-D-lysine-treated (if HEK293-
derived) 96-well tissue culture plates at a density of 1 � 105 cells/well.
Sixteen to twenty hours after seeding, cells were rinsed twice with serum-free
medium (SFM), then preincubated for 3 hours in the CO2 incubator with 1)
SFM + DMSO or 2) dosing solutions containing serial dilutions of the test
compound in SFM. For all conditions, the final DMSO concentration was
adjusted to 1% v/v.

Following preincubation, cells were rinsed twice with assay buffer, and
coincubation was started with a suitable radiolabeled probe and the dilution series
of the inhibitor. A reference inhibitor instead of the test inhibitor was added to
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control wells to determine uptake in the absence of active transport. Assay
conditions and specific reagents are summarized in Supplemental Table 2. Uptake
was terminated by rinsing twice with ice-cold assay buffer, and cells were lysed
with 0.1 M NaOH. Radioactivity in cell lysates mixed with liquid scintillation
cocktail (Ultima Gold XR; PerkinElmer, Waltham, MA) was measured with
a MicroBeta2 microplate counter (PerkinElmer).

In a first series of experiments, dosing solutions and assay reaction mixtures
were kept in untreated 96-well cell culture plates (called auxiliary plates) for the
duration of preincubation. In a second series, auxiliary plates were precoated as
described in Investigation of Nonspecific Binding.

Determination of IC50 and PTIP Values. Percent of control transport values
were plotted against the logarithm of test inhibitor concentration, and IC50

values were calculated using a Log(inhibitor) versus normalized-response
nonlinear regression model according to eq. 2, where HillSlope is a di-
mensionless curve fitting parameter:

Eq:2Transport% ¼ 100

1þ 10ðLogðIC50Þ2LogðdrugconcentrationÞÞ*HillSlope ð2Þ

PTIP was defined as the fold difference between IC50 values obtained without
versus with a 3-hour preincubation. PTIP values$2.5 (i.e., preincubation caused
a 2.5-fold or greater decrease in IC50) were considered potentially relevant, and
transporter/test inhibitor pairs with PTIP $2.5 were taken forward for further
investigation.

Cell Viability Assays and Estimation of Toxicity-Related IC50 Change. In
single-point toxicity assays, cell viability was determined using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, WI) according to the
manufacturer’s instructions. Compounds that caused $10% loss of viability
upon 3 hours of incubation were further tested in serial dilutions, and cell
viability after 3 hours of treatment was measured by resazurin assay. Briefly,
following the treatment cells were rinsed and incubated for additional 1 hour
with 70 mM resazurin in SFM. Resorufin formation was quantified at 544 nm

(ex)/620 nm (em) using a FluoStar Omega microplate reader (BMG Labtech,
Ortenberg, Germany). The potential effect of toxicity on IC50 was estimated
bymultiplying percent transport values measured in the no-preincubation setting with
percent viability at each compound concentration. An inhibition curve was fitted
on the viability-modulated percent transport values according to eq. 2, IC50 was
computed, and the fold change in IC50 potentially caused by toxicity was calculated.

DDI Risk Prediction on the Basis of In Vitro Results. Guidelines issued by
the U.S. Food and Drug Administration (FDA), the European Medicines Agency
(EMA), and the Japanese Pharmaceuticals andMedical Devices Agency (PMDA)
recommend the in vitro determination of IC50 or Ki for each novel drug
candidate, and define formulas for the estimation of DDI risk on the basis of
the relationship of IC50 or Ki to the unbound maximum plasma concentration
in the systemic circulation or at the hepatic inlet (Supplemental Table 3). Owing to
the uncertainties inherent to the calculation of maximum hepatic inlet concentra-
tion, we have chosen to estimate DDI risk for each transporter (including hepatic
transporters) on the basis of Cmax,u,ss/IC50, where Cmax,u,ss was calculated as
Cmax,ss, the maximum plasma concentration at steady state, multiplied by fu, the
unbound fraction. Cmax,ss and fu were taken from the literature or the respective
product labels (for references see Table 4), and fu values were replaced with 0.01
whenever the experimentally determined value was lower than 0.01.

Time Course of PTIP. Transporter-expressing cells were preincubated
for 15, 30, 60, 90, 120, and 180 minutes with test inhibitors previously shown
to exhibit PTIP $2.5 upon 3 hours of preincubation. For each group, the total
preincubation time of 180 minutes was split into a DMSO-only and an inhibitor
interval (e.g., the 30-minute groupwas first incubatedwithDMSO for 150minutes
and then with inhibitor for 30 minutes). The control group was preincubated for
180 minutes with 1% v/v DMSO. After 180 minutes, an uptake assay was
performed as described in Uptake Inhibition Assays with Transporter Cell Lines.

Time Course of Cellular Inhibitor Concentration. Transporter-expressing
cells were seeded at a density of 5� 105 cells/well in poly-D-lysine-coated 24-well
plates and grown for 16–18 hours. Before the experiment, a dosing solution (DS)

TABLE 1

Physicochemical parameters vs. highest confirmed PTIP values of all test compounds used

Molecular properties were measured (LogD7.4, MDCK-LE Papp) or calculated (tPSA, cLogP, Kp,pred) as described in Materials and Methods. Highest PTIP values
for each inhibitor are extracted from Table 2; where available, PTIP determined under “NSB block +” conditions was considered as confirmed. The respective
transporter is noted in brackets. PTIP values $2.5x are highlighted in bold.

Compound Molecular Weight tPSA cLogP LogD7.4 MDCK-LE Papp Kp, pred Kp, pred/MDCK-LE Papp Highest Confirmed PTIP

g/mol Å 1026 cm/s

Abacavir 286.3 104 1.2 1.2 12.6 16.4 1.30 0.892 (OCT1)
Amisulpride 369.5 102 1.3 20.3 1.6 6.72 4.20 1.61 (OCT1)
Atorvastatin 558.7 114 4.4 1.2 3.73 16.7 4.48 2.26 (OATP1B3)
Benzbromarone 424.1 50.4 6 3.4 4.2 61.9 14.7 1.51 (OAT3)
Bumetanide 364.4 119 3.4 0.03 1.13 8.4 7.43 1.32 (OAT3)
Cetirizine 388.9 53 2.1 1.3 4.64 17.8 3.84 1.78 (OCT1)
Cimetidine 252.3 88.9 0.3 0.3 1.5 9.63 6.42 1.71 (OCT1)
Cyclosporin A 1202.6 279 14.0 4.0 3.71 87.7 23.6 6.78 (OATP1B1)
Daclatasvir 738.9 174.6 4.7 4.5 3.72 116 31.2 34.2 (OCT2)
Diclofenac 296.2 49.3 4.7 1.2 16.7 16.8 1.01 1.25 (OAT1)
Dolutegravir 419.4 101 20.4 2.1 9.51 28.5 3.00 11.3 (OCT2)
Famotidine 337.5 176 20.6 20.4 0.87 6.51 7.48 1.73 (MATE2-K)
Furosemide 330.7 123 1.9 21.2 1.1 4.01 3.65 1.44 (OAT1)
Gemfibrozil 250.3 46.5 3.9 2.1 12.3 28.5 2.32 1.21 (OAT3)
Irinotecan 586.7 116.7 2.7 1.3 1.9 17.5 9.21 5.43 (OCT1)
Isavuconazole 437.5 87.6 2.7 3.4 6.17 60.8 9.85 13.2 (OCT2)
Ledipasvir 889 175 6.7 .4.7 0.012 132.6 11,050 >255 (OCT1)
Ondansetron 293.4 44.8 2.1 1.6 16.9 21.2 1.25 1.57 (MATE1)
Pravastatin 424.5 124 2.0 20.75 0.56 5.3 9.45 — (OAT1)a

Probenecid 285.4 74.7 3.4 20.7 7.31 5.45 0.75 1.58 (OAT3)
Pyrimethamine 248.7 77.8 2.4 2.2 11.7 30.3 2.59 2.09 (MATE2-K)
Ranitidine 314.4 86.3 0.7 20.6 1.3 5.7 4.38 0.668 (MATE1)
Ranolazine 427.5 74.3 1.0 0.9 16.8 14.1 0.84 1.35 (OCT1)
Rifampicin 823 220 1.5 1.1 1.44 16.3 11.3 1.72 (OATP1B3)
Saquinavir 670.9 167 4.7 4.0 2.5 87.7 35.08 4.09 (OCT1)
Trimethoprim 290.3 106 0.98 0.6 10.3 11.7 1.14 1.75 (MATE1)
Valsartan 435.5 112 4.9 20.6 0.66 5.78 8.76 1.58 (OAT3)
Vandetanib 475.4 59.5 3.7 2.6 8.45 39.4 4.66 4.19 (OCT2)
Venetoclax 868.5 174.7 10.0 .4.7 0.15 132.6 884.0 >258 (OATP1B1)
Verapamil 454.6 64 1.5 2.5 14.5 36.1 2.49 3.06 (OCT1)

aPTIP of pravastatin is missing as IC50 values could not be determined.
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containing the test compound was prepared in SFM, and the reference inhibitor of
the transporter was added to an aliquot of the dosing solution (DS+Inh). An
auxiliary 24-well plate used to contain DS and DS+Inh was precoated with 20%
FBS/2% BSA to decrease nonspecific plastic binding of the test compound.

Treatment groups were incubated with DS for 1, 3, 5, 15, 30, 60, 90, 120, and
180 minutes, or with DS+Inh for 60 minutes and 180 minutes. The control
group was incubated with SFM + DMSO for 180 minutes. Treatment groups
incubated with DS+Inh, where the respective transporter was blocked, were
included to assess the relative contribution of transporter-mediated uptake.
For each group, the total preincubation time of 180 minutes was split into
a DMSO-only and an inhibitor interval. Dosing solutions DS and DS+Inh
were sampled at each dosing time point. At the endpoint (180 minutes), all
supernatants were sampled, plates were placed on ice, cells were washed
twice with ice-cold HBSS and extracted for 5 minutes with a 2:1 mixture of
acetonitrile and deionized water. Collected samples of dosing solutions and
supernatants were mixed 1:1 with acetonitrile.

LC-MS Sample Preparation and Analytics. Cell extracts as well as dosing
solution and supernatant samples were diluted as necessary and injected
to LC-MS after addition of 0.5 mM glyburide as internal standard. The
compounds were separated on a Phenomenex Synergi RP Polar column (2.5
mM, 30 � 2.1 mm; Phenomenex, Aschaffenburg, Germany) using water and
acetonitrile including 0.1% formic acid (v/v) as mobile phases in gradient
modes. The HPLC system was coupled to a QTRAP5500 mass spectrometer
(AB Sciex LLC, Framingham, MA) using an electrospray interface. The
mass spectrometer was operated in multiple reaction monitoring mode using
the transitions shown in Supplemental Table 1. Data analysis was done with
DiscoveryQuant and MultiQuant software (AB Sciex LLC).

Calculation of Cellular Uptake Parameters. The cellular uptake was
expressed as a clearance (PSinf; microliters per minute per 106 cells)
calculated from the slope of the initial linear uptake phase normalized for
the cell number (Vinf; picomoles per minute per 106 cells) and the applied
concentration at time zero (C0; micromolars):

Eq:3PSinf ¼ Vinf

C0
ð3Þ

Kp describes the steady-state distribution of a compound between the cell and the
medium and is calculated as the ratio of cellular and medium concentration at
steady state (Ccell,ss/Cmedium,ss). When excluding active transport processes by the
addition of an appropriate transporter inhibitor and assuming an unbound fraction
(fu) of 1 in the protein-free medium, the unbound cellular fraction (fu,cell) can be
derived as the reciprocal of Kp. Ccell,ss was calculated on the basis of the total cell
number (5 � 105/well) and a cell volume of 0.8 ml/106 cells.

Eq:4Kp ¼ Ccell;ss

Cmedium;ss
¼ 1

fu;cell
ð4Þ

Kp,uu is defined as the ratio of the unbound cellular concentration and the unbound
medium concentration at steady state. Kp,uu can be calculated as the ratio of Kp

values determined in the absence and presence of a reference inhibitor, assuming
active transport was completely inhibited in the latter condition.

Eq:5Kp;uu ¼ Kpð2 inhibitorÞ
KpðþinhibitorÞ ð5Þ

Statistical Analysis. GraphPad Prism 7.03 (GraphPad Software, La Jolla, CA)
was used to perform nonlinear regression, Receiver Operating Characteristic (ROC)
analysis, as well as to calculate Spearman’s rank correlations. PTIP-positive or PTIP-
negative status was assigned to each inhibitor depending on whether it displayed
PTIP $2.5 in any assay, and ROC analysis was used to find cut-off values of
physicochemical parameters that predict PTIP status with high sensitivity and
specificity. Fisher’s exact test of contingency tables was done using VassarStats
(http://vassarstats.net/). P values ,0.05 were considered as significant.

Results

Occurrence of PTIP among Inhibitors of OATPs, OATs, OCTs,
and MATEs. Uptake inhibition assays were performed using HEK-
OATP1B1, HEK-OATP1B3, HEK-OAT1, HEK-OAT3, HEK-OCT1,

HEK-OCT2, MDCKII-MATE1, and MDCKII-MATE2-K cell lines
with or without a 3-hour preincubation step. Since the phenomenon of
PTIP has been most extensively studied on OATPs, only six compounds
including the model time-dependent inhibitor CsA were examined
in this set of studies. PTIP mediated by OATs, OCTs, and MATEs
was examined with 10, 14, and 8 inhibitors, respectively. Seventy-six
transporter/inhibitor combinations were analyzed in total. On the basis of
the analysis of all PTIP values, including expected positives and
negatives, the threshold for positive PTIP was set to 2.5-fold difference
between IC50 values obtained without versus with preincubation.
Initially, dosing solutions and assay reaction mixtures were prepared

in untreated 96-well cell culture plates (called auxiliary plates) and
kept there for the duration of preincubation. Subsequently, assays
with a positive PTIP result were repeated (N = 2) using auxiliary
plates precoated with 20% v/v FBS and 2% w/v BSA. This surface
treatment was shown to effectively reduce time-dependent non-
specific binding of four notoriously plastic-adherent compounds,
saquinavir, CsA, venetoclax, and ledipasvir (Supplemental Fig. 1).
PTIP values from the initial series of experiments performed in

uncoated plates (“NSB block 2”) as well as from confirmatory
experiments using precoated plates (“NSB block +”) are shown in
Table 2. All corresponding IC50 values are listed in Supplemental
Table 4. In the “NSB block 2” experiments, three out of six OATP
inhibitors, 1 out of 10 OAT inhibitors, 9 out of 14 OCT inhibitors,
and 2 out of 8 MATE inhibitors were found to exhibit PTIP on at
least one member of the respective transporter family. The most
pronounced preincubation effect was observed with ledipasvir on
HEK-OCT1 cells and venetoclax on HEK-OATP1B1 cells (Fig. 1, A
and D). Ledipasvir had a similar, albeit smaller, effect on OCT2
transport activity when this transporter was expressed in HEK293 or
MDCKII cells, suggesting that the inhibition specifically targets
OCT activity and is not an artifact owing to the use of a particular
host cell line (Fig. 1, B and C). Some inhibitors showed PTIP on
multiple transporter families (saquinavir on OATP1Bs and OCT1;
isavuconazole and vandetanib on OCTs and MATE2-K). Taking
these overlaps into account, 12 out of 30 (40%) inhibitors showed
PTIP on at least one transporter.
Experiments repeated with precoated auxiliary plates verified the

PTIP-positive status of 10 inhibitors. Initial positive results were not
confirmed for benzbromarone and cetirizine. Additionally, isavu-
conazole turned out to be PTIP-negative on MATE2-K but remained
PTIP-positive on both OCTs. Venetoclax/OATP1B1 and ledipasvir/
OCT1 experiments were also repeated with 1% w/v BSA present
throughout all steps including washes, preincubation, and coincu-
bation. Although the addition of BSA changed the apparent IC50

values and reduced the difference between the no-preincubation and
preincubation conditions, PTIP with BSA remained 25-fold higher
or more for both compounds (Supplemental Fig. 2).
The Effect of PTIP-Positive Inhibitors on Cell Viability. A 3-hour

treatment with a single high dose of confirmed PTIP-positive inhibitors
has indicated no toxicity (cell viability $90%) for CsA, daclatasvir,
dolutegravir, irinotecan, or ledipasvir (Supplemental Table 5). Isavuco-
nazole at 300 mM was selectively toxic to HEK-OCT2 cells, whereas
saquinavir at 100 mM impaired the viability of HEK-OATP1B1 and
HEK-OATP1B3 but not of HEK-OCT1. Venetoclax at 100 mM was
moderately toxic to both HEK-OATP1B1 and HEK-OATP1B3, and
verapamil at 100 mMmildly affected HEK-OCT1 viability. Vandetanib
had the most severe effect on all treated cell lines as it caused complete
cell detachment when applied at 300 mM.
Compounds that reduced cell viability by $10% at high doses

were further tested in serial dilutions using the resazurin viabil-
ity assay. Modeled inhibition curves reflecting the toxic effect of
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preincubation superimposed on transporter inhibition without
preincubation were overlaid on the actual inhibition curves mea-
sured without and with preincubation (Supplemental Fig. 3), and
corresponding IC50 values were calculated. Table 3 displays
preincubation-related IC50 changes with and without correction
for reduced viability. For inhibitors with no apparent toxicity, the
latter value was postulated to be 1.0. Although the toxic effects of
isavuconazole, vandetanib, and venetoclax were sufficient to alter
IC50 measurements (toxicity caused an estimated 1.4-, 1.5-, and
4.8-fold decrease in IC50, respectively), all 10 inhibitors remained
PTIP-positive after this correction.
The Effect of Assay Duration on the Magnitude of PTIP. For

PTIP-positive inhibitors (excluding venetoclax and ledipasvir for which
no definite values for PTIP could be determined), the magnitude of PTIP

generally decreased with longer assay incubation times. PTIP was, on
average, 13.0 6 12.7-fold in 1-minute assays (OCT2, N = 5), 4.28 6
1.70-fold in 3-minute assays (OATP1B1/3, N = 4), 3.98 6 1.30-fold in
5-minute assays (OCT1, N = 6), and 1.93 6 0.74-fold in 15-minute
assays (MATE1/2-K, N = 4). In particular, daclatasvir PTIP was 34.2
(OCT2) versus 5.65 (OCT1), isavuconazole PTIP was 13.2 (OCT2)
versus 3.15 (OCT1) versus 1.53/1.59 (MATE1/2-K), and vandetanib
PTIP was 4.19 (OCT2) versus 2.69 (OCT1) versus 1.81/3.00
(MATE1/2-K) (Fig. 2). In line with this notion, when OATP1B1/
CsA inhibition assay was performed with no preincubation but for
multiple assay duration times (1, 2, 5, 10, and 15 minutes), IC50 fell
7.91-fold from 0.878 mM at 1 minute to 0.111 mM at 15 minutes
(Supplemental Fig. 4), suggesting that, depending on the kinetics of
inhibition, an extended coincubation may leave less or no room for
preincubation to make a difference.
The Relevance of PTIP to In Vitro DDI Risk Assessment. Using

IC50 data of confirmed PTIP-positive clinical compounds from the
second set of experiments (“NSB block +”), we projected the impact of
preincubation on the outcome of DDI risk prediction. Cmax,u,ss/IC50

values were calculated from IC50 values without versus with preincu-
bation and compared against cut-off values recommended by FDA,
PMDA, and EMA (see Supplemental Table 3). For each drug, the
outcome of in vitro DDI risk prediction was “risk” if Cmax,u,ss/IC50

exceeded the respective cut-off value in any of the assays performed
with that compound, and “no risk” otherwise. As shown in Table 4,
preincubation did not affect the outcome for CsA, daclatasvir, saquina-
vir, ledipasvir, or venetoclax. For dolutegravir, Cmax,u,ss/IC50 with
preincubation exceeded the EMA cut-off but not the FDA/PMDA cut-
off; thus, the outcome changed to “risk” according to the EMA criteria
only. Finally, in the case of irinotecan, isavuconazole and vandetanib
if only the recommended OCT2 assay was considered, preincubation
changed the EMA outcome from “no risk” to “risk,” while the OCT1
and/or MATE assays (which are optional according to EMA guidelines)
predicted “risk” even without preincubation. Hence, whether preincu-
bation changed the EMA outcome for isavuconazole, irinotecan and
vandetanib depended on the panel of assays considered.
Correlation of PTIP with Physicochemical Descriptors of the

Test Inhibitors. Table 1 lists the physicochemical parameters and
highest observed PTIP values (except for pravastatin for which no IC50

value could be determined) for all test compounds. Molecular weight
(MW), tPSA, cLogP, LogD7.4, MDCK-LE Papp, Kp predicted from
LogD7.4 (Kp, pred), as well as the ratio Kp, pred/MDCK-LE Papp were
plotted against PTIP (Fig. 3). Spearman’s rank correlations were
calculated between PTIP and each physicochemical descriptor.
Of the seven parameters considered, MW, LogD7.4, Kp, pred, and

Kp, pred/MDCK-LE Papp showed significant correlation with PTIP
(Spearman’s rho rSp = 0.68, 0.67, 0.67, and 0.58, respectively). On the
other hand, tPSA, cLogP, and MDCK-LE Papp alone showed only weak
or no correlation with PTIP. The descriptors were also found to be
intercorrelated (for the correlationmatrix see Supplemental Table 6; note
that Kp, pred was calculated from LogD7.4, hence the rSp of 1.0).
To assess the predictive value of MW, LogD7.4, Kp, pred, and Kp, pred/

MDCK-LE Papp with regard to PTIP status, ROC analysis was
performed to find cut-off values with best sensitivity and specificity.
MW .437 g/mol was the best single predictor of PTIP+ status
(sensitivity: 0.90/specificity: 0.89, Fisher’s exact test: P = 0.00007),
followed by LogD7.4 .1.85 or, equivalently, Kp, pred .24.85 (sensitiv-
ity: 0.90/specificity: 0.83, P = 0.00027, for both). Kp, pred/MDCK-LE
Papp values greater than nine predicted positive PTIP with a sensitivity of
0.70 and a specificity of 0.89 (P = 0.0028).
Cellular Uptake of Inhibitors and PTIP: Time-Course Experi-

ments. Cellular uptake over time was investigated for the PTIP-positive

TABLE 2

The preincubation effect of selected inhibitors on OATP1B1, OATP1B3, OAT1,
OAT3, OCT1, OCT2, MATE1, and MATE2-K

IC50 was measured after a 3-h preincubation with vehicle only or inhibitor, and PTIP was
calculated as the fold decrease in IC50 caused by preincubation. Experiments were performed
using untreated plasticware (“NSB block 2,” N = 1) or plasticware precoated against nonspecific
binding (“NSB block +,” N = 2). In the case of replicate experiments, PTIP was calculated as the
ratio of the means of N = 2 IC50 values corresponding to vehicle and inhibitor preincubation
conditions. For raw IC50 data see Supplemental Table 4. PTIP values highlighted in bold are equal
to or greater than the threshold of 2.5x.

Inhibitor
PTIP (Fold Potentiation)

NSB Block 2 NSB Block + NSB Block 2 NSB Block +

OATP1B1 OATP1B3

Venetoclax 203 >258 >13.2 >8.70
Cyclosporin A 5.88 6.78 3.75 3.02
Saquinavir 3.17 3.54 4.60 3.78
Atorvastatin 1.88 2.26
Rifampicin 1.47 1.72
Gemfibrozil 0.976 0.672

OAT1 OAT3

Benzbromarone 1.82 4.96 1.51
Furosemide 1.44 0.723
Valsartan 1.40 1.58
Probenecid 1.37 1.58
Diclofenac 1.25 0.428
Bumetanide 1.19 1.32
Gemfibrozil 0.514 1.21
Rifampicin N/D N/D
Saquinavir N/D N/D
Pravastatin N/D N/D

OCT1 OCT2

Ledipasvir >594 >255 >4.04 >8.73
Irinotecan 17.3 5.43 2.12
Saquinavir 7.81 4.09 N/D
Daclatasvir 3.42 5.65 156 34.2
Verapamil 3.36 3.06 1.86
Vandetanib 3.14 2.69 5.36 4.19
Cetirizine 3.12 1.78 3.35 1.55
Isavuconazole 3.00 2.98 5.52 13.2
Cimetidine 1.71 N/D
Amisulpride 1.61 1.18
Ranolazine 1.35 1.08
Trimethoprim 1.35 1.28
Abacavir 0.892 N/D
Dolutegravir N/D 6.20 11.3

MATE1 MATE2-K

Pyrimethamine 1.88 2.09
Vandetanib 1.81 2.54 3.00
Trimethoprim 1.75 1.07
Ondansetron 1.57 1.04
Isavuconazole 1.53 2.46 1.38
Cimetidine 1.27 0.747
Famotidine 1.12 1.73
Ranitidine 0.668 0.438

N/D, not determined due to weak inhibition.

772 Tátrai et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085993/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085993/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085993/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085993/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085993/-/DC1
http://dmd.aspetjournals.org/


inhibitors ledipasvir, venetoclax, CsA, and saquinavir, the PTIP-
negative inhibitors valsartan and trimethoprim, as well as for benz-
bromarone that was PTIP-positive when using untreated auxiliary
plates but turned negative upon plate precoating. Compounds were
applied at concentrations close to the IC50 value with preincubation.
Cellular uptake parameters are shown in Table 5; for comparability
across PTIP-positive and PTIP-negative compounds, “NSB block 2”

PTIP values were used in calculations.
Cell concentration time profiles are shown in Fig. 4 together with

the degree of transport inhibition that was determined in indepen-
dent experiments. Cellular concentrations did not reach steady-state
over the 180-minute interval for ledipasvir and venetoclax, and
for both compounds the degree of transport inhibition reached
its maximum after a 120-minute preincubation. Time to cellular

steady-state concentration was approx. 120 minutes for CsA and
60 minutes for saquinavir. With CsA, transport inhibition peaked
after 90–120 minutes of preincubation; likewise, saquinavir reached
maximum inhibition at 120 minutes. Cellular concentrations of
benzbromarone reached steady-state after 60 minutes in OAT3 and
15 minutes in OAT1, but the degree of OAT3 inhibition was hardly
affected by the duration of preincubation, which may explain the
lack of observed PTIP. The PTIP-negative inhibitors valsartan and
trimethoprim were identified as substrates of their respective trans-
porters by Kp,uu values .1, and their cellular concentrations
equilibrated rapidly with the medium (3 minutes and 1 minute to
steady-state, respectively).
When looking for associations between 3-hour PTIP and cellular

uptake parameters (Fig. 5), strong positive rank correlation was

TABLE 3

The estimated contribution of toxicity to PTIP

To estimate fold IC50 change caused by the occasional toxicity of a test inhibitor, percent transport values measured without preincubation at each concentration of
the compound were multiplied by percent viability values determined after a 3-h preincubation with the same concentration. Fold IC50 change owing to toxicity was
either postulated to be 1.0 when the inhibitor did not impair viability by more than 10% even at the highest applied concentration, or estimated as (IC50 without
toxicity)/(IC50 with toxicity). For more details please refer to the main text and Supplemental Fig.3.

Inhibitor Cell Line
A Fold IC50 Change

owing to Preincubation
(= PTIP)

B Fold IC50 Change
owing to Toxicity

(Estimated or *Postulated)

A/B Fold IC50 Change Corrected for
Toxicity (Calculated)

Cyclosporin A HEK-OATP1B1 6.78 1.0* 6.78
HEK-OATP1B3 3.02 1.0* 3.02

Daclatasvir HEK-OCT1 5.65 1.0* 5.65
HEK-OCT2 34.2 1.0* 34.2

Dolutegravir HEK-OCT2 11.3 1.0* 11.3
Irinotecan HEK-OCT1 5.43 1.0* 5.43
Isavuconazole HEK-OCT1 2.98 1.0* 2.98

HEK-OCT2 13.2 1.4 9.43
Ledipasvir HEK-OCT1 .255 1.0* .255

HEK-OCT2 .8.73 1.0* .8.73
Saquinavir HEK-OATP1B1 3.54 1.0 3.54

HEK-OATP1B3 3.78 0.91 4.15
HEK-OCT1 4.09 1.0* 4.09

Vandetanib HEK-OCT1 2.69 1.4 1.92
HEK-OCT2 4.19 1.4 2.99
MDCKII-MATE2-K 3.00 1.5 2.00

Venetoclax HEK-OATP1B1 .258 1.1 .235
HEK-OATP1B3 .8.70 4.8 .1.81

Verapamil HEK-OCT1 3.06 1 3.06

Fig. 1. The preincubation effect of ledipasvir (A, B, C) and venetoclax
(D) on OCTs and OATP1B1, respectively. IC50 values without
preincubation could not be determined owing to weak inhibition.
Each measurement point represents N = 3 replicates from a single
experiment.
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found between PTIP and time to steady-state (TTSS) (rSp = 0.99,
P = 0.0002), as well as between PTIP and the ratio composed of
passive cellular accumulation over initial influx, Kp,passive/PSinf (rSp
= 0.98, P = 0.0004). Moreover, Kp,passive/PSinf and TTSS were
positively intercorrelated (rSp = 0.96, P = 0.0006), whereas the
negative correlation between PSinf alone and TTSS fell short of
being significant (rSp = 20.70, P = 0.06).

Discussion

Recent FDA guidance recommends a 30-minute preincubation
when investigating the inhibitory potential of a test article against
OATP1B1 and OATP1B3 (FDA, 2017). Little is known about the
effect of preincubation on other transporters, or the molecular
properties that predispose some compounds to PTIP.
Here we investigated the preincubation effect of 30 miscellaneous

compounds on OATP1B1, OATP1B3, OAT1, OAT3, OCT1 OCT2,
MATE1, and MATE2-K. A prolonged preincubation of 3 hours
was chosen to allow for the equilibration of compounds with low
permeability between the extracellular and intracellular compart-
ments. Preincubation caused a shift toward lower IC50 values for the
majority of compounds, and for 10 inhibitors the apparent potenti-
ation was$2.5-fold (Table 2). A PTIP effect$2.5-fold was seen for
half of OATP1B inhibitors and also more than half of OCT
inhibitors, but not confirmed for OATs or MATEs.
A possible explanation for the higher frequency of PTIP among

OCTs versus MATEs is the longer incubation time in MATE assays.
PTIP $2.5-fold was mostly observed for OATP1Bs and OCTs with
assay times between 1 and 5 minutes, whereas in MATE assays
a 15-minute coincubation may have allowed inhibitors to equilibrate
between the medium and intracellular space. The following findings
support the notion that the preincubation effect is more pronounced
when the subsequent coincubation is brief: 1) Assays with shorter
incubation time were generally associated with higher PTIP values,
2) the PTIP effect of daclatasvir and isavuconazole was inversely
related to assay duration (Fig. 2), and 3) prolonged coincubation

TABLE 4

The effect of preincubation on the outcome of in vitro DDI risk assessment

Maximum steady-state total plasma concentration (Cmax,ss) and unbound fraction (fu) values were taken from the sources referenced below the table. Maximum steady-state unbound plasma
concentrations (Cmax,u,ss) were calculated as Cmax,ss * fu, and IC50 values are means from N = 2 “NSB block +” experiments (see Supplemental Table 4).

Inhibitor
Cmax,ss

(mM)
fu Transporter Cmax,u,ss/IC50 –pre Cmax,u,ss/IC50 +pre

Predicted DDI Risk
w/o Preincubation

Predicted DDI Risk
w/Preincubation

Outcome w/o –. w/Preincubation

FDA/PMDA EMA FDA/PMDA EMA FDA/PMDA EMA

Cyclosporin Aa 1.83 0.1 OATP1B1 0.2744 1.8626 Y Y Y Y Risk –. risk Risk –. risk
OATP1B3 0.3624 1.0958 Y Y Y Y

Daclatasvirb 2.34 0.01 OCT2 0.0003 0.0118 N N N N No risk –. no risk Risk?c –. risk?c

OCT1 0.0439 0.2481 — Y — Y
Dolutegravird 9.9 0.011 OCT2 0.0068 0.0772 N N N Y No risk –. no risk No risk –. risk
Isavuconazolee 17.1 0.01 OCT2 0.0102 0.1352 N N Y Y Risk –. risk Risk?c –. risk

MATE1 0.0239 0.0366 Y Y Y Y
MATE2-K 0.0082 0.0114 N N N N
OCT1 0.0328 0.0980 — Y — Y

Irinotecanf 2.5 0.32 OCT2 0.0140 0.0296 N N N Y No risk –. no risk Risk?c –. risk
OCT1 6.6390 35.8744 — Y — Y

Ledipasvirg 0.363 ,0.01 OCT2 ,0.0001 0.0002 N N N N No risk –. no risk No risk –. no risk
OCT1 ,0.0001 0.0186 N N N N

Saquinavirf 1.41 0.02 OATP1B1 0.0077 0.0275 N N N N No risk –. no risk No risk –. no risk
OATP1B3 0.0026 0.0097 N N N N
OCT1 0.0015 0.0063 — N — N

Vandetanibh 3.32 0.06 OCT2 0.0101 0.0422 N N N Y Risk –. risk Risk?c–. risk
MATE1 0.2509 0.4548 Y Y Y Y
MATE2-K 0.2264 0.6799 Y Y Y Y
OCT1 0.0382 0.1027 — Y — Y

Venetoclaxi 2.42 ,0.01 OATP1B1 0.0006 0.0365 N N N N No risk –. no risk No risk –. no risk
OATP1B3 ,0.0001 0.0007 N N N N

—, not determined.
aVaidyanathan et al. (2016).
bhttps://www.accessdata.fda.gov/drugsatfda_docs/label/2017/206843s006lbl.pdf.
cThe outcome of risk assessment depended on the set of assays considered (recommended only: OCT2, or recommended plus optional: OCT2 plus OCT1, MATE1, and MATE2-K).
dhttps://www.accessdata.fda.gov/drugsatfda_docs/label/2013/204790lbl.pdf.
ehttps://www.accessdata.fda.gov/drugsatfda_docs/label/2015/207500Orig1s000lbl.pdf.
fGoodman et al. (2001).
ghttps://www.accessdata.fda.gov/drugsatfda_docs/label/2014/205834s000lbl.pdf.
hTamura et al. (2006).
iEmami Riedmaier et al. (2018).

Fig. 2. PTIP and assay duration. On average, higher PTIP values were observed
in shorter assays, and inhibitors applied in multiple assays (e.g., daclatasvir,
isavuconazole) tended to display higher PTIP in assays with shorter coincubation
time.
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markedly decreased IC50 of CsA on OATP1B1 (Supplemental
Fig. 4).
This argument, however, fails to explain why no PTIP was

observed for OAT assays with short incubation times (1 or 2 minutes).
Although most investigated OAT inhibitors either had a compara-
tively high passive permeability (.3� 1026 cm/s) or were reported to
be OAT substrates, bumetanide was also PTIP-negative despite a low
MDCK-LE Papp (1.13 � 1026 cm/s). The possible OAT-mediated
bumetanide transport was not investigated in this study.

In general, we cannot exclude that other compounds not tested herein or
the same compounds under different conditions may exhibit PTIP on OATs
or MATEs. Published data on OAT-based preincubation effects exist
(Ma et al., 2015), and the PTIP liability of MATEs cannot be dismissed
solely on the basis of our results. Ultimately, it can also be speculated that
some transporter families may be more prone to PTIP than others owing to
inherent differences in protein structure or mechanism of transport.
Upon confirmation of the novel PTIP-positive inhibitors toward

OATP1Bs and OCTs, additional investigations were done to verify the

Fig. 3. Correlation of PTIP with physicochemical descriptors. PTIP showed significant nonparametric (Spearman’s) correlation with molecular weight (A), LogD7.4

(B), Kp,pred (C), and Kp,pred/MDCD-LE Papp (D), but not with tPSA (E), cLogP (F), or MDCK-LE Papp alone (G). Black dotted vertical lines indicate the PTIP threshold of
2.5; red dotted horizontal lines indicate the cut-off values determined by ROC analysis and used for the calculation of specificity/sensitivity. Instead of the indeterminate
PTIP ranges of ledipasvir and venetoclax (.255 and .258) the respective minima were used (= 255 and = 258; red symbols).

TABLE 5

PTIP values and cellular uptake parameters of selected transporter/inhibitor pairs

For comparability across PTIP-positive and PTIP-negative transporter/inhibitor combinations, “NSB block 2” PTIP values are shown in each case. When determined in the presence of a specific
and potent inhibitor, Kp reflects passive equilibration. Kp,uu values .1 indicate active accumulation. For calculations see Materials and Methods.

Transporter Inhibitor PTIP

Cellular Uptake Parameters

Time to Steady State PSinf
a Kp w/o Inhibitor:

Passive and Active
Kp with Inhibitor:
Passive Only

fu,cell Kp,uu

Fold min ml/min per 106 cells

OCT1 Ledipasvir .594 .180b 0.171 155 123 0.00816 1.27
OATP1B1 Venetoclax 203 .180b 0.92 266 263 0.0038 1.01
OATP1B1 Cyclosporin A 5.88 120 0.92 310 259 0.00387 1.20
OATP1B1 Saquinavir 3.17 60 10.4 729 416 0.00256 1.75
OAT3 Benzbromarone 4.96 60 8.29 333 333 0.003 1.00
OAT1 Benzbromarone 1.82 15 11.1 486 396 0.00253 1.23
OAT3 Valsartan 1.40 3 5.59 17.8 1.33 0.752 13.3
OCT2 Trimethoprim 1.28 1 9.2 13.3 4.85 0.151 2.73

fu,cell, unbound fraction in the cell; Kp, ratio of steady-state total concentrations measured in the cells versus medium; Kp,uu, ratio of steady-state unbound concentrations in the cells versus medium;
PSinf, cellular uptake clearance normalized to cell number.

aTime points used for the calculation of the initial slope: ledipasvir: 1–30 min; venetoclax: 1–90 min; cyclosporine A: 15–120 min; saquinavir: 1–5 min; benzbromarone (OAT1 and OAT3): 1–
5 min; valsartan: 0 to 1 min; trimethoprim: 0 to 1 min.

bKp values of ledipasvir and venetoclax were calculated with an approximation assuming steady state was reached at 180 min.
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mechanism behind this phenomenon. Some PTIP-positive compounds
were known to exhibit strong NSB, and the preincubation effect could
have beenmimicked by time-dependent adsorption of test compounds to
the transport apparatus. Although this issue was not addressed in our first
series of experiments, on repeating the PTIP-positive assays we used
precoated plates in an attempt to minimize NSB. Reassuringly, the
preincubation effect was confirmed in 19 out of 23 instances. Addition-
ally, we re-examined the most distinct cases of PTIP (venetoclax/
OATP1B1 and ledipasvir/OCT1) in the presence of 1% w/v BSA that
was expected to limit the nonspecific binding (Supplemental Fig. 2). As
PTIP was not eliminated by the addition of BSA, a major role of NSB in
the preincubation effect seemed improbable.
Cytotoxicity of the test compounds was considered as another

potential confounding factor. Toxicity of an inhibitor is barely of
concern in a conventional assay containing a short coincubation only,

but a 3-hour preincubation with the same compound may severely
compromise cell viability and/or attachment. Unless substrate uptake
is normalized for total cellular protein content, cell loss or impaired
viability may be mistaken for transport inhibition. Five out of ten
PTIP-positive compounds caused marked cell death; however, toxic
concentration ranges were typically 10- to 100-fold higher than the
respective IC50 values. Thus, except for a single case (venetoclax on
HEK-OATP1B3), toxicity had minor or no contribution to the
preincubation effect.
Taken together, these experiments highlighted OCTs as a new

family of uptake transporters sensitive to preincubation and
confirmed PTIP as a true effect not caused by NSB and/or toxicity.
Experiments proving ledipasvir PTIP in MDCKII-OCT2 cells
(Fig. 1) raised confidence that our findings were not exclusive to
HEK293 cells.

Fig. 5. Associations between PTIP and cellular uptake para-
meters. Correlations were calculated from data shown in
Table 5. Positive association was found between PTIP and
TTSS, as well as PTIP and Kp,passive/PSinf (A and B). The
latter parameter was also positively correlated with TTSS
(C), whereas no significant correlation was found between
PSinf and TTSS (D). Instead of the indeterminate PTIP and/or
TTSS ranges of ledipasvir and venetoclax, the respective minimum
values are shown (red symbols). NS, not significant.

Fig. 4. Cellular concentration and inhibition potency of selected inhibitors over time. Cellular concentration (green) was measured at multiple time points between 1 and
180 minutes; also, in the case of PTIP-positive inhibitors, inhibition potency (red) was determined at multiple preincubation durations ranging between 15 and 180 minutes.
Dotted vertical lines indicate the time required to reach steady-state cellular concentration. Each point represents the mean 6 S.D. of N = 3 replicates. For benzbromarone
(OAT1), valsartan, and trimethoprim, no potency time profiles were recorded as no PTIP effect was observed, which is in line with steady-state concentrations being reached
within a few minutes.
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Importantly, by calculating Cmax,u,ss/IC50 values without and with
preincubation we have shown that preincubation may alter the
outcome of in vitro DDI risk assessment. In our experiments,
preincubation changed the DDI prediction from “no risk” to “risk”
for dolutegravir, isavuconazole, irinotecan, and vandetanib accord-
ing to the EMA guidelines. Clinical data have confirmed vandetanib
and dolutegravir as perpetrators of transporter-based DDI (Reese
et al., 2013; Johansson et al., 2014). Of note, preincubation did not
change the predicted DDI risk of ledipasvir and venetoclax despite
their robust PTIP effects. This is because both drugs have extremely
low measured plasma fu values (,0.002 for ledipasvir, 0.000013
for venetoclax) (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2014/205834s000lbl.pdf; Emami Riedmaier et al., 2018). Even
if fu is set to 0.01 as a “worst-case” assessment, the Cmax,u,ss/IC50 ratio
remains below the cut-off.
To elucidate the possible mechanism of the preincubation effect

we measured the time profiles of cellular concentration and trans-
port inhibition. For ledipasvir, venetoclax, and CsA, cellular
concentration and inhibitory potency followed remarkably similar
time courses (Fig. 4). Although the measured PSinf values did
not correlate significantly with TTSS, the correlation could be
greatly improved by dividing Kp,passive by PSinf (Fig. 5). The latter
describes the steady-state passive distribution of a compound
between the cells and the medium, and in a protein-free medium
high Kp,passive values indicate substantial cellular binding. Low
passive permeation combined with high cellular binding results in
a slow build-up of intracellular unbound drug concentration. Our
data support a conclusion that intracellular unbound perpetrator
concentration is a major determinant of inhibitory potency, and,
consequently, the magnitude of PTIP depends on the equilibration
time.
To explore whether PTIP can be predicted from a priori physico-

chemical parameters, we correlated PTIP with MDCK-LE permeability
and molecular properties. Unlike tPSA, cLogP, or MDCK-LE Papp,
physicochemical descriptors including MW, LogD7.4- and the LogD7.4-
derived Kp,pred, as well as Kp,pred/MDCK-LE correlated with the
preincubation effect (Fig. 3). High (.ca. 440 Da) MW was the most
reliable predictor of PTIP-positive behavior. Although the data plots
were suggestive of a linear relationship between Log(PTIP) and Kp,pred,
as well as Log(PTIP) and Kp,pred/MDCK-LE Papp, these data series were
skewed by the few high-PTIP inhibitors such as venetoclax and
ledipasvir. Therefore, an attempt to quantitatively predict PTIP on the
basis of these two parameters would be too ambitious until more data has
been collected.
It remains to be seen whether in vitro assays with preincubation

produce more physiologically relevant data for physiology-based
pharmacokinetic (PBPK) models. Underestimated inhibitory po-
tency is among the many reasons why in vitro data-fed PBPKmodels
perform poorly at predicting transporter-based DDI (Jamei et al.,
2014; Pan et al., 2016). Preincubation improved the predictivity of
a PBPK model describing the interaction of CsA with OATP1B1
(Shitara and Sugiyama, 2017). It will also need to be tested if
preincubation can help decrease high interlaboratory variation in
transporter inhibition data. Reported IC50 or Ki values of OATP1B1
inhibitors sometimes vary across several orders of magnitude
(Vaidyanathan et al., 2016). Here we also showed that without
preincubation, extending assay duration from 1 to 15 minutes caused
an almost 8-fold decrease in IC50 (Supplemental Fig. 4).
In summary, we demonstrate that PTIP in vitro affects transport

activity of OCTs as well as of OATP1Bs. Our data demonstrate that
the inclusion of appropriate control experiments is crucial before
concluding that true PTIP was observed. Most notably, control

experiments to exclude effects of nonspecific binding and cellular
toxicity as confounding factors should be performed. Since PTIP
results in reduced IC50 values, the number of positive in vitro DDI
risk predictions is generally expected to increase, unless I/IC50 cut-
off values in guidelines are adjusted accordingly. The propensity of
an inhibitor for PTIP depends on molecular properties such as high
molecular weight and hydrophobicity, and a slow build-up of the
unbound intracellular perpetrator drug concentration is a prerequi-
site for the preincubation effect.
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Supplemental Data to Tátrai et al.: A systematic in vitro investigation of the inhibitor 
preincubation effect on multiple classes of clinically relevant transporters. Drug Metabolism 
and Disposition. 
 

 

Supplementary Figure 1. The effect of plastic pre-treatment on the recovery of 

saquinavir, ledipasvir, venetoclax, and CsA. Each compound was incubated in plastic 

containers that were either untreated or pre-treated with 20% v/v FBS and 2% w/v BSA in 

HBSS. Percent recovery values of 1 µM and 0.1 µM solutions after 15, 30, 60, 120, and 

180 min indicate that pre-coating substantially reduces nonspecific binding to plastic. 
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Supplementary Figure 2. The preincubation effect persists in the presence of 1% w/v 

BSA. Although the fold difference in IC50 caused by preincubation was reduced, the addition 

of BSA did not eliminate the pronounced preincubation effect of venetoclax (A) or ledipasvir 

(B). Each point represents the mean ± SD of N=3 replicates from a single experiment. 
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Supplementary Figure 3. Estimating the contribution of toxicity to PTIP. For cell line / 

inhibitor pairs where a 3-hour incubation with a single high concentration of the inhibitor 

caused ≥10% loss of cell viability, LC50 curves were established (upper graphs in each panel 

with black symbols/line), and percent transport values measured without preincubation (blue 

symbols) were multiplied by the corresponding percent viability values measured with 

resazurin assay. The resulting curves (green) represent the estimated effect of toxicity; red 

symbols/lines show the actual inhibition curves measured with preincubation. Each point 

represents the mean ± SD of N=3 replicates from a single experiment. For more explanation 

see main text and Table 3. 
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Supplementary Figure 4. The impact of assay duration on IC50 in the absence of 

preincubation. By increasing coincubation time from 1 min to 15 min, the IC50 of CsA on E2-

17βDG transport of OATP1B1 decreased from 0.878 to 0.111. Each measurement point 

represents N=3 replicates from a single experiment. 
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Supplementary Table 1. LC/MS settings used for the quantification of test compounds 

in media and cell extracts 

Compound 
Parent 

mass m/z 
Product 

mass m/z Polarity 
Declustering 
potential, V 

Collision 
energy, 

V 

abacavir 287.2 191.1 positive 80 25 

amisulpride 370.1 241.8 Positive 1 35 

atorvastatin 559.3 292.1 positive 60 45 

benzbromarone 422.9 276.8 positive 1 35 

bumetanide 365.2 240.0 positive 65 25 

cetirizine 390.2 202.1 positive 65 25 

cimetidine 253.3 95.1 positive 55 35 

cyclosporine 602.2 545.4 positive 60 25 

daclatasvir 739.4 565.3 positive 100 55 

diclofenac 294 250.0 negative -30 -15 

dolutegravir 420.2 277.0 positive 90 35 

famotidine 338.3 188.9 positive 50 25 

furosemide 330 286.0 negative -50 -25 

gemfibrozil 251.3 223.9 positive 40 25 

irinotecan 587.3 502.2 positive 140 45 

isavuconazole 438.2 224.0 positive 1 25 

ledipasvir 889.5 732.4 positive 1 55 

ondansetron 294.2 170.1 positive 1 35 

pravastatin 425.4 207.0 positive 70 35 

probenecid 284.1 240.0 negative -55 -25 

pyrimethamine 249.4 177.1 positive 1 45 

ranitidine 315.2 176.1 positive 100 25 

ranolazine 428.3 98 positive 25 50 

rifampicin 821.2 397.3 negative -190 -55 

saquinavir 671.1 570.3 positive 1 45 

trimethoprim 291 230.1 positive 40 40 

valsartan 463.3 235.1 positive 50 25 

vandetanib 475.1 111.9 positive 70 15 

venetoclax 868.3 321.1 positive 1 45 

verapamil 455.5 165.0 positive 90 35 
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Supplementary Table 2. Reagents and conditions used in uptake inhibition assays 

Transporter Substrate  
Radiolabeled 

tracera 

Total 
substrate 

conc. in the 
assay (µM) 

Radioactive 
conc. of 
tracer in 

the assay 
(µCi/mL) 

Assay 
bufferb 

Assay 
duration 

(min) 

Reference inhibitor 
(µM) 

OATP1B1 β-Estradiol 17-(β-
D-glucuronide) 

PerkinElmer 
NET1106250UC 
(3H) 

1 2 HBSS 3 rifampicin (50) 

OATP1B3 1 2 HBSS 3 rifampicin (50) 

OAT1 
p-Aminohippuric 
acid 

PerkinElmer 
NET053001MC (3H) 

5 2 HBSS 2 benzbromarone (300) 

OAT3 Estrone 3-sulfate 
BRC Radiolab BL-
104 (3H) 

1 2 HBSS 1 probenecid (500) 

OCT1 

Metformin 
Moravek MC2043 
(14C) 

10 0.4 HBSS 5 verapamil (200) 

OCT2 10 0.4 HBSS 1 verapamil (200) 

MATE1 10 0.2 KH 15 pyrimethamine (1) 

MATE2-K 10 0.2 KH 15 pyrimethamine (10) 

 

a PerkinElmer, Waltham, MA; BRC Radiolab: Radiochemistry Lab of the Biological Research 

Center, Szeged, Hungary; Moravek, Brea, CA 

b HBSS: Hanks’ Balanced Salt Solution, pH 7.4 (ThermoFisher, Waltham, MA); KH: Krebs-

Henseleit buffer (23.8 mM NaHCO3, 4.8 mM KCl, 0.96 mM K2HPO4, 1.2 mM MgSO4, 12.6 mM 

HEPES, 5 mM glucose, 1.5 mM CaCl2, 142 mM NaCl), pH 8.0 
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Supplementary Table 3. Health authority guideline recommendations on transporter-

based DDI risk assessment in vitro. Iinlet,max,u: maximum unbound plasma concentration at 

the liver inlet, calculated as fu * (Cmax + FaFg*ka*Dose / Qh * RB), where fu is the unbound 

fraction, Cmax is maximum plasma concentration, Fa is the fraction absorbed, Fg is the intestinal 

availability, ka is the absorption rate constant, Qh is the hepatic flow rate (taken to be 1450 

mL/min), and RB is the blood-to-plasma concentration ratio (taken to be 1). If unknown, FaFg=1 

and ka=0.1/min are used. The unbound fraction fu should be set to 0.01 if the experimentally 

determined value is lower. 

  FDA and PMDA EMA 

  Recommendation Risk calculation Recommendation Risk calculation 

OATP1B1/3 recommended  Iinlet,max,u/IC50 ≥ 0.1 recommended  Iinlet,max,u/IC50 ≥ 0.04 

OAT1/3, OCT2 recommended Imax,u/IC50 ≥ 0.1 recommended Imax,u/IC50 ≥ 0.02 

MATE1/2-K recommended Imax,u/IC50 ≥ 0.02 to be considered Imax,u/IC50 ≥ 0.02 

OCT1 
no 

recommendation 
- to be considered  Iinlet,max,u/IC50 ≥ 0.04 
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Supplementary Table 4. The preincubation effect of selected inhibitors on OATP1B1, 

OATP1B3, OAT1, OAT3, OCT1, OCT2, MATE1, and MATE2-K: extended data. The table 

shows the effect of a 3-hour preincubation on IC50, where ‘-pre’ indicates IC50 without 

preincubation (vehicle control), ‘+pre’ indicates IC50 with inhibitor preincubation, and PTIP is 

the fold decrease in IC50 caused by preincubation. Initial IC50 measurements with untreated 

auxiliary plates (‘NSB block -’) were performed once. Confirmatory measurements with pre-

coated plates (‘NSB block +’) were done twice, and PTIP was calculated from the means of 

N=2 IC50 values. Mean IC50 values and PTIP calculated from means are shown in italic. PTIP 

≥ 2.5 is highlighted in bold. N/D, not determined due to weak or no inhibition. 

  NSB block - NSB block + NSB block - NSB block + 

Inhibitor 

IC50, µM 

PTIP 

IC50, µM 

PTIP 

IC50, µM 

PTIP 

IC50, µM PTIP 

-pre +pre -pre +pre -pre +pre -pre +pre 
 

  OATP1B1 OATP1B3 

venetoclax 
  

>300 0.983 

  
  

>300 57.2 

  41.3 0.342 >300 11.8 

231 1.14 203 >171 0.663 >258 >300 22.7 >13.2 >300 34.5 >8.70 

cyclosporin A 
  

0.799 0.112 

  
  

0.360 0.118 

  0.535 0.0845 0.650 0.216 

0.717 0.122 5.88 0.667 0.0983 6.78 0.612 0.163 3.75 0.505 0.167 3.02 

saquinavir 
  

5.22 1.35 

  
  

12.3 3.02 

  2.08 0.703 9.79 2.79 

3.23 1.02 3.17 3.65 1.03 3.54 7.86 1.71 4.60 11.0 2.91 3.78 

atorvastatin 1.68 0.892 1.88 

  

0.710 0.314 2.26 

  

rifampicin 1.20 0.818 1.47 3.67 2.13 1.72 

gemfibrozil 32.9 33.7 0.976 246 366 0.672 

  OAT1 OAT3 

benzbromarone 
  

  

  
6.20 3.25 

  5.31 4.39 

2.68 1.47 1.82 1.37 0.276 4.96 5.76 3.82 1.51 

furosemide 45.5 31.7 1.44 5.98 8.28 0.723 

  

valsartan 22.7 16.2 1.40 3.57 2.26 1.58 

probenecid 14.4 10.5 1.37 3.01 1.91 1.58 

diclofenac 8.64 6.89 1.25 3.10 7.24 0.428 

bumetanide 50.8 42.6 1.19 3.35 2.53 1.32 

gemfibrozil 12.7 24.7 0.514 7.46 6.14 1.21 

rifampicin >100 >100 N/D >100 >100 N/D 

saquinavir >100 >100 N/D >100 >100 N/D 

pravastatin >300 >300 N/D >300 >300 N/D 
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  OCT1 OCT2 

ledipasvir 
  

>50 0.251 

  
  

>300 39.0 

  >50 0.140 >100 6.75 

>300 0.505 >594 >50 0.196 >255 >300 74.3 >4.04 >200 22.9 >8.73 

irinotecan 
  

0.104 0.0191 

  
  

  

0.137 0.0255 

1.24 0.0717 17.3 0.121 0.0223 5.43 57.3 27.0 2.12 

saquinavir 
  

22.6 6.58 

  
  

13.8 2.31 

78.1 10.00 7.81 18.2 4.45 4.09 >100 >100 N/D 

daclatasvir 
  

0.533 0.120 

  
  

89.7 2.26 

  0.532 0.0686 45.9 1.69 

0.574 0.168 3.42 0.533 0.0943 5.65 215 1.38 156 67.8 1.98 34.2 

verapamil 
  

0.608 0.207 

  
  

  

0.310 0.0938 

1.70 0.505 3.36 0.459 0.150 3.06 36.2 19.5 1.86 

vandetanib 
  

4.80 1.84 

  
  

14.3 3.37 

  5.64 2.04 25.3 6.07 

7.86 2.50 3.14 5.22 1.94 2.69 27.9 5.21 5.36 19.8 4.72 4.19 

cetirizine 
  

101 49.7 

  
  

91.0 57.2 

  81.9 52.8 134 88.9 

101 32.4 3.12 91.5 51.3 1.78 191 57.0 3.35 113 73.1 1.55 

isavuconazole 
  

6.20 1.97 

  
  

11.4 0.960 

  4.22 1.52 22.1 1.57 

6.07 2.02 3.00 5.21 1.75 2.98 6.29 1.14 5.52 16.8 1.27 13.2 

cimetidine 150 87.6 1.71 

  

>300 >300 N/D 

  

amisulpride 25.3 15.7 1.61 150 127 1.18 

ranolazine 66.9 49.5 1.35 235 218 1.08 

trimethoprim 27.8 20.6 1.35 98.3 77.0 1.28 

abacavir 99.9 112 0.892 >300 >300 N/D 

dolutegravir 
    

27.0 2.43 

  4.81 0.390 

>300 >300 N/D 23.0 3.71 6.20 15.9 1.41 11.3 

  MATE1 MATE2-K 

pyrimethamine 0.03614 0.01927 1.88 

  

0.106 0.0507 2.09   

vandetanib 
    

0.800 0.324 

  0.960 0.262 

0.794 0.438 1.81 0.875 0.344 2.54 0.880 0.293 3.00 

trimethoprim 14.1 8.05 1.75 1.13 1.06 1.07 

  ondansetron 0.0913 0.0580 1.57 0.354 0.342 1.04 

isavuconazole 
    

17.0 12.2 

  24.6 17.9 

7.16 4.67 1.53 41.1 16.7 2.46 20.8 15.1 1.38 

cimetidine 4.32 3.41 1.27 7.54 10.1 0.747 

  famotidine 1.63 1.45 1.12 54.1 31.2 1.73 
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ranitidine 13.1 19.6 0.668 18.8 42.9 0.438 
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Supplementary Table 5. Single-point toxicity assessment of PTIP-positive inhibitors. 

Cell cultures were incubated with each compound at the indicated concentration for 3 hours, 

and cell viability was determined using CellTiter-Glo™ ATP quantification. Results showing 

toxicity ≥10% are highlighted in bold. 

Inhibitor Cell line 

Conc. 

(µM) 

Viability  

(% of 

control) 

cyclosporin A 
HEK-OATP1B1 10 96.6 ± 4.8 

HEK-OATP1B3 10 102.2 ± 3.6 

daclatasvir 
HEK-OCT1 50 106.3 ± 6.5 

HEK-OCT2 50 96.2 ± 4.6 

dolutegravir HEK-OCT2 300 103.2 ± 4.3 

irinotecan HEK-OCT1 50 102.8 ± 3.3 

isavuconazole 
HEK-OCT1 300 95.0 ± 6.7 

HEK-OCT2 300 32.2 ± 2.8 

ledipasvir 
HEK-OCT1 300 110.2 ± 8.3 

HEK-OCT2 300 111.1 ± 7.3 

saquinavir 

HEK-OATP1B1 100 55.2 ± 11.9 

HEK-OATP1B3 100 64.3 ± 6.3 

HEK-OCT1 100 96.5 ± 7.8 

vandetanib 

HEK-OCT1 300 0.1 ± 0.1 

HEK-OCT2 300 0.2 ± 0.1 

MDCKII-MATE2-

K 
300 0.4 ± 0.1 

venetoclax 
HEK-OATP1B1 100 89.6 ± 4.1 

HEK-OATP1B3 100 60.2 ± 4.1 

verapamil HEK-OCT1 100 88.7 ± 5.8 

 

  

12



Supplemental Data to Tátrai et al.: A systematic in vitro investigation of the inhibitor 
preincubation effect on multiple classes of clinically relevant transporters. Drug Metabolism 
and Disposition. 
 
Supplementary Table 6. Matrix showing correlations between the physicochemical 

properties of test compounds. Spearman’s rho (rSp) correlation coefficients were calculated 

for the physicochemical properties listed in Table 1. Asterisks indicate the level of significance; 

ns, not significant. 

Nonparametric 

correlations (rSp) 

MW 

(g/mol) PSA (Å) cLogP LogD7.4 

MDCK-LE 

Papp 

(10-6 cm/s) Kp, pred 

Kp, pred /  

MDCK-LE 

Papp 

MW (g/mol)   0.56** 0.50** 0.55** -0.40* 0.55** 0.74*** 

PSA (Å) 0.56**   0.14ns 0.05ns -0.72*** 0.04ns 0.66*** 

cLogP 0.50** 0.14ns   0.56** -0.19ns 0.57** 0.50** 

LogD7.4 0.55** 0.05ns 0.56**   0.14ns 1.00*** 0.50** 

MDCK-LE Papp (10-6 

cm/s) 
-0.40* -0.72*** -0.19ns 0.14ns   0.14ns -0.72*** 

Kp, pred 0.55** 0.04ns 0.57** 1.00*** 0.14ns   0.49** 

Kp, pred / MDCK-LE Papp 0.74*** 0.66*** 0.50** 0.50** -0.72*** 0.49**   
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