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kinase inhibitors.
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ABSTRACT 

Quantitative assessment of drug-drug interactions (DDIs) via organic anion transporting 

polypeptide 1B1 (OATP1B1) is one of the key issues in drug development. Although 

OATP1B1 inhibition exhibits unique characteristics including 

preincubation-dependence for some inhibitors, a limited approach has been attempted 

based on the static model considering such preincubation dependence in the prediction 

of DDIs via OATP1B1. The present study aimed to establish the prediction of DDIs via 

OATP1B1 using preincubation-dependent inhibitors based on the static model, 

incorporating both inactivation and recovery of OATP1B1 activity. Cyclosporine A 

(CsA) was selected as a preincubation-dependent inhibitor, as well as five substrates 

that include probes and pharmaceuticals. The inhibition ratio (R value) calculated on the 

basis of a conventional static model, considering inhibition of OATP1B1 and 

contribution ratio of OATP1B1 to the overall hepatic uptake, was much lower than the 

reported AUC ratio even when IC50 values were estimated after preincubation 

conditions. Conversely, the R value, estimated by considering inactivation and recovery 

parameters, was closer to the AUC ratio. The R value calculated assuming the complete 

contribution of OATP1B1 was much higher than the AUC ratio, avoiding false negative 

prediction. The R value estimated by considering inactivation and recovery for another 

combination of a preincubation-dependent inhibitor asunaprevir and substrate drug 

rosuvastatin was also closer to the AUC ratio. Thus, R values calculated based on such 

OATP1B1 kinetics would be potential alternative indexes for the quantitative prediction 
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of OATP1B1-mediated DDIs using preincubation-dependent inhibitors, although this 

prediction is affected by estimation of contribution ratio of substrates. 

 

Significance Statement 

Static model-based quantitative prediction of OATP1B1-mediated DDIs induced by 

preincubation-dependent inhibitors was newly proposed to avoid false-negative 

prediction.
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Introduction 

In the pharmaceutical industry, drug-drug interactions (DDIs) are a major 

concern during drug development. DDIs alter systemic exposure of the victim drug, 

resulting in unwanted clinical outcomes, such as severe side effects and a decrease in 

therapeutic efficacy. Therefore, it is important to evaluate potential DDIs for new 

chemical entities (NCEs). During the early drug developmental stage, this evaluation is 

often performed based on the so-called static model, which principally incorporates 

inhibition potential to target enzymes of NCEs designated as IC50 values and the 

maximum unbound NCE concentration plausibly exposed to humans. This approach 

could be valuable to avoid false negative predictions of DDIs induced by competitive 

inhibition of drug-metabolizing enzymes and transporters. However, its application to 

the perpetrator drugs, which may potentially exhibit time-dependent enzyme inhibition, 

should be carefully examined. 

Organic anion transporting polypeptide 1B1 (OATP1B1) is expressed on 

sinusoidal membranes in the liver (Kalliokoski and Niemi, 2009). OATP1B1 plays an 

important role in the hepatic uptake of endogenous and many therapeutic agents, 

determining their elimination rate from the liver (Maeda, 2015). Inhibition and/or 

reduction of OATP1B1 activity can reduce the uptake of drugs by hepatocytes, thereby 
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increasing the drug concentration in the systemic circulation. In clinical settings, the 

plasma concentration of OATP substrates is altered by coadministration with its 

inhibitor drugs (Yoshida et al., 2012). Therefore, the prediction of OATP1B1-mediated 

DDIs is a key issue for patient safety in drug development. 

To evaluate OATP1B1-mediated DDIs induced by competitive inhibition, the 

inhibition ratios (R value) have been estimated based on the IC50 values and 

theoretically maximum unbound concentration of perpetrators in the inlet of the liver 

(Iu,inlet,max). Nevertheless, false negative predictions for DDIs cannot be avoided via this 

transporter even when using such a conservative method (Vaidyanathan et al., 2016). 

Although exact reasons for such a discrepancy remain unknown, unique features of 

OATP1B1, such as preincubation-dependent, long-lasting, and substrate-dependent 

inhibition, have been previously reported (Izumi et al., 2015; Shitara et al., 2017), and 

these may be relevant to the obstacles in predicting DDIs based on in vitro studies. 

Previously, cyclosporine A (CsA), HIV protease inhibitors, direct-acting anti-hepatitis C 

virus (HCV) agents, and tyrosine kinase inhibitors (TKIs) have exhibited the 

preincubation-dependent inhibition of OATP1B1 (Furihata et al., 2014; Pahwa et al., 

2017; Shitara et al., 2013; Taguchi at al., 2019). Furthermore, CsA, HCV agents, and 

pazopanib have also been reported as long- or short-lasting inhibitors (Furihata et al., 
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2014; Shitara et al., 2013; Taguchi at al., 2019). Although the so-called dynamic model 

has been recently proposed for the long-lasting inhibition of OATP1B1 by CsA (Shitara 

and Sugiyama 2017), direct inhibition based conventional static model is recommended 

to be considered in the prediction of DDIs via OATP1B1. Moreover, a systematic 

assessment of the interaction between CsA and the OATP substrate pravastatin has been 

performed in rats, revealing that this interaction appears long-lasting and can be 

described by the static model with the apparent IC50 value for unbound CsA more than 

1,000 times lower than that experimentally measured in vitro in isolated rat hepatocytes 

(Taguchi et al., 2016). Thus, the prediction based on a simple static model incorporating 

direct inhibition alone is not applicable for DDIs mediated by OATP1B1 inhibition by 

preincubation-dependent inhibitors.  

In the present study, we attempted to investigate another approach for the 

prediction of OATP1B1-mediated DDIs with preincubation-dependent inhibitors:. 

Physiologically based pharmacokinetic (PBPK) model analysis is useful for the 

quantitative prediction of DDIs, while it is sometimes complex and takes longer time 

compared to static model-based analysis. Therefore, we focused on static model-based 

approach. We proposed R values that not only consider IC50 and Iu,inlet,max values, but 

also the inactivation and recovery kinetics of OATP1B1 activity, and contribution ratio 
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of OATP1B1 to the overall hepatic uptake of the victim drugs. As a perpetrator drug, 

cyclosporine A was first selected since abundant in vitro information is available 

demonstrating its long-lasting inhibition, as well as clinical data regarding DDIs via 

OATP1B1 induced by this drug. In the present study, the original concept of the 

prediction strategy was deduced from the kinetic analysis of time-dependent inhibition 

of the metabolic enzyme; to the best of our knowledge, there has been no report on its 

application to OATP1B1. Here, typical OATP1B1 substrates were used as victim drugs 

to validate the approach because substrate-dependent OATP1B1 inhibition has been 

reported (Izumi et al., 2015). Furthermore, the inhibition potential of other 

preincubation-dependent inhibitor drugs of OATP1B1, such as anti-HCV agents and 

TKIs, was also examined.
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Materials and Methods 

Materials 

CsA and atorvastatin calcium trihydrate were purchased from FUJIFILM Wako 

Pure Chemical (Tokyo, Japan).  Asunaprevir was procured from Santa Cruz 

Biotechnology (Dallas, TX), nilotinib was from ChemScene, LLC (Monmouth Junction, 

NJ), regorafenib was from Toronto Research Chemicals (North York, ON), pazopanib 

was from Synkinase Pvt Ltd (Victoria, Australia), pitavastatin calcium was from 

Avachem Scientific (San Antonio, TX), and rosuvastatin calcium was from AK 

Scientific (Union City, CA). [
3
H]estrone 3-sulfate (E1S) and 

[
3
H]estradiol-17β-glucuronide (E2G) were obtained from PerkinElmer (Waltham, MA). 

All other reagents were of analytical grade. 

 

Cell Culture 

HEK293 cells stably expressing OATP1B1 (HEK293/OATP1B1 cells) and the 

vector alone (HEK293/mock) were constructed as previously described (Fujita et al., 

2014). HEK293/OATP1B1 cells were routinely grown in the culture medium consisting 

of Dulbecco’s modified Eagle’s medium (high glucose) without L-glutamine and phenol 

red (FUJIFILM Wako Pure Chemical) and containing 10% fetal bovine serum, 
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penicillin, streptomycin, and 1 mg/mL G418, in a humidified incubator at 37°C and 5% 

CO2. For the transport studies, HEK293/OATP1B1 and HEK293/mock cells were 

seeded in 24-well plates (Becton Dickinson, Franklin Lakes, NJ) coated with 

poly-D-lysine (R&D Systems, Minneapolis MN) at a density of 1.0×10
5
 cells/well, and 

cultured in the culture medium. After 2 days, 5 μL of 500 mM sodium butyrate was 

added to the medium for the induction of OATP1B1 expression to obtain a final 

concentration of 5 mM. The following preincubation-dependent inhibition, inactivation, 

and recovery studies were started on 1 day after the addition of butylate. 

 

Preincubation-dependent inhibition study 

The cells were twice washed with the transport buffer (125 mM NaCl, 4.8 mM 

KCl, 1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 35 mM HEPES, and 5.6 mM 

D-glucose, pH 7.4) prewarmed at 37°C, and pretreated for 5 min with the transport 

buffer without substrates or inhibitors. The medium was then replaced with the transport 

buffer containing the vehicle alone (1% dimethyl sulfoxide) or inhibitors at various 

concentrations, and cells were further preincubated for the designated period at 37°C. 

After preincubation, the transport buffer containing the vehicle alone or inhibitors was 

removed, and the reaction was then started by applying prewarmed fresh transport 
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buffer containing each OATP1B1 substrate and inhibitor to the cells. At 0.5 min 

([
3
H]E1S and [

3
H]E2G) or 1 min (atorvastatin, pitavastatin, and rosuvastatin), the 

reaction solution was removed by aspiration, and cells were washed twice with ice-cold 

transport buffer. 

 

Inactivation study for OATP1B1 activity  

The cells were twice washed with the prewarmed transport buffer at 37°C. 

After pretreatment for 5 min with the transporter buffer alone, HEK293/OATP1B1 cells 

were preincubated with the transport buffer containing the vehicle control (1% dimethyl 

sulfoxide) or inhibitors at the designated concentrations (CsA; 0.05–0.5 μM, 

asunaprevir; 0.05–1 μM, nilotinib; 0.2–5 μM, regorafenib; 1–10 μM, pazopanib; 0.1–2 

μM) for the designated period (CsA; 20 sec–3 min, asunaprevir; 1–5 min, nilotinib; 1–5 

min, regorafenib; 5–30 min, pazopanib; 0.5–2 min) at 37°C. This period was designed 

as an appropriate one to chase OATP1B1 inactivation by each compound. After 

preincubation, the cells were once washed with the prewarmed transport buffer without 

inhibitors to minimize the effect of inhibitors remaining in the reaction solution; the 

prewarmed transport buffer containing OATP1B1 substrates without inhibitors was then 

immediately applied. At 0.5 or 1 min, the reaction solution was removed by aspiration, 
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and cells were twice washed with ice-cold transport buffer. 

Recovery study for OATP1B1 activity  

The medium was replaced with fresh culture medium containing the inhibitors, 

followed by preincubation with the inhibitors for 30 (CsA) or 60 (asunaprevir, nilotinib, 

regorafenib, and pazopanib) min. Next, the medium was again replaced with the culture 

medium without inhibitors, and the cells were cultured for the designated period (0–2 h 

for CsA and 0–15 min for asunaprevir, nilotinib, regorafenib, and pazopanib) to recover 

OATP1B1 activity. This period was designed as an appropriate one to chase recovery of 

OATP1B1 activity after preincubation with each compound. Notably, the culture 

medium, not the transport buffer, was used in the preincubation and recovery phase 

because of the prolonged incubation period (~2.5 h). Then, the cells were washed once 

with the prewarmed transport buffer, and the uptake study was immediately started by 

replacing the medium with the transport buffer containing each OATP1B1 substrate 

alone. At 0.5 or 1 min, cells were washed twice with the ice-cold transport buffer. 

 

Determination of cell-associated radioactivity 

The cells were solubilized with 0.2 mL of 0.2 N NaOH overnight, followed by 

neutralization with HCl. Cell lysates and the reaction solution were then mixed with a 
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scintillation fluid, and radioactivity was measured with a liquid scintillation analyzer 

(Tricarb 4910TR, PerkinElmer). The cellular protein content was determined according 

to the Bradford method using a protein assay kit (Bio-Rad Laboratories, Hercules, CA), 

with bovine serum albumin as the standard. 

 

Estimation of the unbound fraction in plasma (fu,p) 

Human plasma was obtained from 8 volunteers in accordance with the 

Declaration of Helsinki and approval from the Kaken Research Ethics Committee, and a 

mixture of their plasma was used. The unbound fraction (fu,p) of CsA in human plasma 

was determined by the equilibrium dialysis method. Dialysis membranes (5 nm pore 

diameter, 14,000 Da molecular mass cut off) were soaked for 1 h in distilled water and 

set to the equilibrium dialysis device（Sekisui medical, Tokyo, Japan）. A 750 μL aliquot 

of the plasma and buffer samples were placed in the opposing reservoirs separated by a 

dialysis membrane and dialyzed at 37°C for 20 h. The concentrations of CsA in the 

dialysates were determined using liquid chromatography-mass spectrometry (LC-MS).  

 

LC-MS/MS analysis 

To analyze the cell-associated amount of the unlabeled compound (atorvastatin, 
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pitavastatin, and rosuvastatin), the cells were recovered by cell scraper and disrupted in 

distilled water with a sonicator. The pretreatment of this sample and dialysates obtained 

in equilibrium dialysis was performed as described previously (Yoshimatsu et al., 2016). 

Quantification of CsA, atorvastatin, pitavastatin, and rosuvastatin was performed using 

TSQ QUANTUM Vantage mass spectrometer (ThermoFisher Scientific), coupled to a 

liquid chromatography system (NANOAPACE NASCA2 5200) (Shiseido, Tokyo, 

Japan). LC conditions for CsA were as follows: Capcell Pak C18 (3-µm particle size, 

1.5 mm I.D. × 35 mm; Shiseido); column temperature, 40°C; step-gradient elution 

[0–0.6 min, 85% A/15% B; 0.6–2.8 min, 5% A/95% B; 2.8–4.6 min, 0% A/100% B; 

4.6–7.5 min, 85% A/15% B (A, 1 mM ammonium acetate; B, acetonitrile)]; flow rate 

(0–3.7 min, 0.4 mL/min; 3.7–4.6 min, 0.6 mL/min; 4.6–7.5 min, 0.4 mL/min), and 

injection volume, 10 µL. LC conditions for atorvastatin, pitavastatin, and fluvastatin 

were as follows: YMC-Triart C18 (5-µm particle size, 2.0 mm I.D. × 50 mm; YMC, 

Kyoto); column temperature, 40°C; step-gradient elution [0–0.6 min, 85% A/15% B; 

0.6–2.8 min, 5% A/95% B; 2.8–4.6 min, 0% A/100% B; 4.6–7.5 min, 85% A/15% B (A, 

0.1% formic acid; B, methanol)]; flow rate (0–3.7 min, 0.4 mL/min; 3.7–4.6 min, 0.6 

mL/min; 4.6–7.5 min, 0.4 mL/min), and injection volume, 10 µL. The parameters for 

the mass spectrometer were as follows: electrospray ionization; spray voltage, 3500 V; 
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capillary temperature, 330°C; multiple reaction monitoring method with transitions of 

m/z 1202.9 → 425.3 for CsA, m/z 422.3 → 274.1 for pitavastatin and m/z 531.2 → 

243.9 for ketoconazole (internal standard) in the positive ion mode, and m/z 557.3 → 

278.2 for atorvastatin, and m/z 480.2 → 418.2 for rosuvastatin in the negative ion 

mode. Validation of the bioanalytical methods was shown in Supplemental Table 1. 

 

Data analysis 

OATP1B1-mediated uptake was calculated by subtraction of the uptake 

observed in HEK293/mock cells from that in HEK293/OATP1B1 cells. 

Concentration-dependent inhibition of uptake was fitted to the following equation to 

estimate the IC50 values: 

Vcontrol / Vinhibitor = IC50
γ
 / (I

γ
 + IC50

γ
)   (1) 

where Vcontrol and Vinhibitor are the uptake of the substrate in the absence and presence of 

inhibitor, respectively, I is the inhibitor concentration, and  is Hill’s coefficient. 

In the inactivation study, the natural logarithm of % remaining activity was 

plotted against the preincubation period for each inhibitor concentration. The slope from 

the linear regression analysis presented the apparent first-order inactivation rate constant 

(kobs,app) for each concentration. Then, kobs,app and I were fitted to the following equation 
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to estimate the kinact and KI values: 

kobs,app = kinact×I / (KI + I)     (2) 

where kinact is the maximal inactivation rate constant, whereas KI is the inhibitor 

concentration causing half-maximal inactivation. The Damping Gauss-Newton Method 

algorithm was used with a MULTI program to perform nonlinear least-squares data 

fitting (Yamaoka et al., 1981). 

 

Estimation of R values 

The inhibitory potential of a perpetrator drug on OATP1B1 activity was first 

calculated by estimating the R0 value as follows: 

R0 = 1 / ((1 / R0' ) • f + (1 - f))     (3) 

R0' = 1 + Iu,inlet,max / Ki      (4) 

where f represents the contribution ratio of OATP1B1-mediated uptake to overall 

hepatic uptake of victim drug. Ki represents the inhibition constant and was assumed to 

be equal to IC50 values because the concentration of the substrate was much lower than 

the relevant Km value (see Supplemental Table 2). These IC50 values were estimated 

without preincubation. Iu,inlet,max was calculated using the following equation (Ito et al., 

1998): 
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 Iu,inlet,max = fu,p×(Imax + (ka×FaFg × Dose) / Qh / RB)   (5) 

where Imax is the maximum systemic plasma concentration, ka is the absorption rate 

constant, FaFg is the fraction of the dose which is absorbed, Dose is the dose of the 

perpetrator, Qh is hepatic blood flow, and RB is the blood-to-plasma concentration ratio. 

Thus, the estimation of R0 values was based on the static model considering maximum 

competitive/non-competitive inhibition potential without preincubation. 

 To predict the OATP1B1-mediated DDIs by preincubation-dependent inhibitors, 

the IC50 values experimentally estimated after preincubation with the inhibitor were 

used to estimate the R values based on Eqs. (3) and (4). These R values were designated 

as R1 and R1' values. Then, the following R2 and R3 values were also proposed in the 

present study: 

R2 = 1 / ((1 / R2') • f + (1 - f))     (6) 

R2' = (kobs + krecovery) / krecovery     (7) 

kobs = kinact × Iu,inlet,max / (KI + Iu,inlet,max)    (8) 

where kobs is the inactivation rate constant, and krecovery is apparent first-order recovery 

rate constant. Estimation of the R2 value considered inactivation and recovery of 

OATP1B1 activity and was based on kinetic analysis of time-dependent inhibition 

(Mayhew et al., 2000).  
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R3 = 1 / (Ah×Bh×f + (1-f))     (9) 

Ah = 1 / (1 + Iu,inlet,max/IC50,pre(-))     (10) 

Bh = krecovery / (kobs + krecovery)     (11) 

where Ah and Bh denotes direct (competitive or non-competitive) inhibition and 

preincubation-dependent inactivation, respectively, and IC50,pre(-) is IC50 estimated 

without preincubation with perpetrators. Thus, R3 includes both direct and 

preincubation-dependent inhibition (Fahmi et al., 2009). The R1', R2', and R3' values 

were thus R1, R2, and R3 values when the f value was assumed to be unity (OATP1B1 

solely contributes to hepatic uptake of victim drug) where: 

R3' = 1 / (Ah×Bh)      (12) 

The R values, and mean and S.E. values were calculated using Microsoft
®

 Excel
®

 2013. 
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Results 

Preincubation-dependent inhibition by CsA of OATP1B1-mediated uptake of 

various substrates 

The preincubation period with CsA was first fixed as 30 min because in our 

previous studies this period was sufficient to investigate potential 

preincubation-dependent OATP1B1 inhibition by this compound using [
3
H]E1S as an 

OATP1B1 substrate (Taguchi et al., 2019). The OATP1B1-mediated uptake of five 

substrates was examined and was reduced after preincubation with CsA for 30 min 

when compared with the no preincubation condition (Fig. 1). The IC50 values of CsA 

after 30 min preincubation were 4.7- to 11-fold lower than those without preincubation 

and were comparable among the five substrates examined (0.02–0.05 µM, Table 1). The 

IC50 values and fold change were comparable with the previously reported values for 

CsA after preincubation for 1 h (0.01–0.07 μM and 4.5- to 9.6-fold, respectively) when 

E1S, E2G, atorvastatin, and pitavastatin were used as substrates (Izumi et al. 2015).  

   

Inactivation profile of OATP1B1 activity by preincubation with CsA 

Next, OATP1B1 activity remaining after preincubation with CsA was assessed 

using the uptake study of each OATP1B1 substrate. OATP1B1 activity assessed as the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 2, 2020 as DOI: 10.1124/dmd.120.000020

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

 21 

uptake of all the five substrates examined was reduced by preincubation with CsA in a 

concentration-dependent manner (Fig. 2). In the case of uptake of [
3
H]E1S, [

3
H]E2G, 

pitavastatin, and rosuvastatin, the OATP1B1 activity rapidly declined during 

preincubation with CsA for 20 sec and did not linearly decline up to 1 min (Fig. 2A, B, 

D, and E). Conversely, the OATP1B1 activity assessed as the uptake of atorvastatin 

almost linearly declined with up to 3 min of the preincubation at least at lower 

concentration of CsA (Fig. 2 C). Based on these kinetics of OATP1B1 activity 

inactivation, the kobs,app values were then estimated from the slope of the remaining 

OATP1B1 activity (Fig. 2). Due to difficulty in preincubating for a period shorter than 

20 sec, the kobs,app was calculated from the slope of the remaining OATP1B1 activity at 

0 and 20 sec in case of the uptake of [
3
H]E1S, [

3
H]E2G, pitavastatin, and rosuvastatin. 

The kobs,app for atorvastatin uptake was calculated as the slope from the linear regression 

analysis until 3 min. The observed kobs,app values were plotted versus the concentration 

of CsA preincubated (Fig. 3), and both kinact and KI values were calculated based on Eq. 

2 (Table 1). 

 

Recovery of OATP1B1 activity after preincubation with CsA  

After preincubation with CsA for 30 min, HEK293/OATP1B1 cells were 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 2, 2020 as DOI: 10.1124/dmd.120.000020

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

 22 

washed and cultured for the designated period without CsA or substrates, and the uptake 

of OATP1B1 substrates was then examined in the absence of the inhibitor. Immediately 

after preincubation with 0.3 μM CsA, OATP1B1-mediated uptake of [
3
H]E1S, [

3
H]E2G, 

atorvastatin, pitavastatin, and rosuvastatin was reduced to 26, 29, 18, 36, and 57% of the 

control, respectively (Fig. 4). The reduced OATP1B1 activity was recovered in a culture 

period-dependent manner (Fig. 4), and the krecovery value was calculated using linear 

regression analysis (Table 1). 

 

Assessment of OATP1B1-mediated DDI potential with CsA based on the static 

model incorporating inactivation and recovery of OATP1B1 activity 

Static model-based assessment of OATP1B1-mediated DDI potential was next 

performed for three OATP1B1 substrates, for which the AUC ratio with or without the 

coadministration of CsA was clinically reported. First, the fu,p value (0.0107) of CsA 

was evaluated by equilibrium dialysis in house, whereas the Iu,inlet,max value of CsA was 

calculated by Eq. 5 using pharmacokinetic parameters summarized in Supplemental 

Table 3 (Table 1). Contribution ratio (f value) of OATP1B1-mediated uptake to overall 

uptake of the three OATP1B1 substrates in human hepatocytes was estimated as the 

average of previously reported values (Kunze et al., 2014; Izumi et al., 2018; Zhang et 
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al., 2019) (Table 1). The R0 values of CsA without consideration of the preincubation 

effect were first calculated by Eq. 3 for the five OATP1B1 substrates and were close to 

unity (Table 1), suggesting that direct inhibition of OATP1B1 by CsA does not present a 

clinical impact. Then, R1 values were next calculated using IC50 values estimated after 

30 min preincubation with CsA and were higher than R0 values (Table 1). However, the 

R1 values calculated for the three OATP1B1 substrate drugs remained considerably 

lower than the observed AUC ratio (Table 1). In contrast, the R2 and R3 values 

calculated by Eqs. 6 and 9, respectively, were higher than the R1 values and closer to the 

observed AUC ratio (Table 1). To estimate the maximum potential of 

OATP1B1-mediated DDI, the R' values were also estimated when OATP1B1 alone was 

assumed to contribute to the overall hepatic uptake of each substrate (the f value was 

considered to be unity). The R1' values thus estimated were comparable with the R1 

values and lower than the AUC ratios. On the other hand, R2' and R3' values were 

markedly higher than the R2 and R3 values and the AUC ratio clinically reported (Table 

1). 

 

Estimation of OATP1B1-mediated DDI potential by preincubation-dependent 

inhibitors other than CsA 
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It was previously reported that the inhibition of OATP1B1 by compounds other 

than CsA, including simeprevir, asunaprevir, and ritonavir, was increased by 

preincubation with the respective compounds (Furihata et al., 2014; Shitara et al., 2013), 

although the enhanced OATP1B1 inhibition was not remarkable when compared with 

CsA. Furthermore, many TKIs strongly inhibit OATP1B1 after preincubation for 15 min 

(Sprowl et al., 2016), with details regarding the effects of such preincubation on their 

inhibitory potential not presented in the report. To investigate the potential 

preincubation-dependent OATP1B1 inhibition by these compounds, inhibition studies 

were conducted with or without preincubation with the compounds in the present study. 

Preincubation for 30 min with all investigated inhibitors reduced the 

OATP1B1-mediated uptake of [
3
H]E1S when compared to that observed without 

preincubation (Fig. 5). Among the inhibitors, asunaprevir, regorafenib, nilotinib, and 

pazopanib were selected for further evaluation of their potential for OATP1B1-mediated 

DDI. Inhibition, inactivation, and recovery after preincubation with these compounds 

was then examined with CsA (Supplemental Figs. 1-3). In the case of asunaprevir, 

OATP1B1-mediated uptake was decreased in a concentration-dependent manner with 

and without preincubation, the inhibition being more potent after preincubation for 

longer than 30 min (Supplemental Fig. 1). In contrast, the inhibition of 
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OATP1B1-mediated uptake by regorafenib and nilotinib without preincubation was only 

minimal (25 and 17 % of control, respectively) even at 10 μM (Supplemental Fig. 1), 

whereas inhibition was evident when the cells were preincubated with these compounds 

(Supplemental Fig. 1). The IC50 values of regorafenib and nilotinib can be estimated 

only with preincubation longer than 30 and 1 min, respectively (Supplemental Table 4).  

 The pharmacokinetic parameters of these inhibitors obtained from the literature 

(Supplemental Table 3) were used to estimate the R values based on inactivation and 

recovery kinetics of OATP1B1 activity examined in the present study. The R0' values 

were close to unity, whereas the R1', R2', and R3' values of regorafenib and nilotinib 

were at most 1.2 ~ 1.3. The R2' and R3' values of pazopanib were approximately 2 

(Table 2). In the case of asunaprevir, a clinical DDI study with rosuvastatin was 

previously conducted, and the R value was calculated using the contribution ratio of 

OATP1B1 to overall hepatic uptake for rosuvastatin (Table 1). In this combination, the 

R0 and R1 values were lower, but the R2 and R3 values were close to the observed AUC 

ratio (Table 2).
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Discussion 

 The avoidance of false negative predictions in the case of DDIs via OATP1B1 

is one of the most critical standpoints in patient safety during drug development. 

Inhibition of OATP1B1 by several drugs exhibits preincubation-dependence, which 

could potentially lead to the false negative prediction of their DDI potential. Here, we 

attempted to construct a static model for the prediction of OATP1B1-mediated DDIs 

induced by preincubation-dependent inhibitors by considering not only IC50 values and 

Iu,inlet,max of perpetrators, but also the inactivation and recovery kinetics of OATP1B1 

activity. The rationale of this proposal could be explained by the R1 values of CsA and 

asunaprevir calculated using IC50 values estimated after preincubation were lower than 

the observed AUC ratios (Tables 1, 2), indicating that the false negative prediction of 

DDI potential cannot be avoided even when we performed preincubation using in vitro 

transport studies to estimate the IC50 values. 

 CsA is a preincubation-dependent OATP1B1 inhibitor with the abundant 

clinical DDI information. Therefore, the inhibition, inactivation, and recovery studies 

using CsA as a typical inhibitor were first conducted to validate the approach in the 

present study. The R1 values of CsA for the three OATP1B1 substrates were much lower 

than the observed AUC ratios, whereas the R2 and R3 values for the three OATP1B1 
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substrates were closer to the observed AUC ratios (Table 1). A similar tendency was 

also observed for the R1, R2, and R3 values for another combination of DDI (asunaprevir 

vs rosuvastatin, Table 2), suggesting that the R2 and R3 values were better indexes for 

the quantitative prediction of OATP1B1-mediated DDI. Since the R2 and R3 values 

consider inactivation and recovery kinetics of OATP1B1 activity during preincubation 

with the inhibitors, these results suggest the utility of the static model incorporating 

such OATP1B1 kinetics for predicting DDIs induced by preincubation-dependent 

inhibitors. It should be noted, however, that precise estimation of the inactivation and 

recovery kinetics with sufficient amount of data would be critical for the DDIs 

prediction in this strategy. 

 However, the R2 and R3 values for CsA and the three OATP1B1 substrates 

were lower than the observed AUC ratio (Table 1), demonstrating the underprediction of 

DDIs. The static model proposed in the present study only considered 

OATP1B1-mediated DDI whereas clinical DDIs with CsA may involve inhibition of not 

only OATP1B1, but also other metabolizing enzymes and/or transporters. Then, one of 

the possible reasons could be the inhibition by CsA of other metabolic pathways and/or 

transporters rather than OATP1B1. Actually, CsA is an inhibitor of OATP1B3, breast 

cancer resistance protein (BCRP), and CYP3A4 (Duan et al 2017). Another possible 
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reason for the lower R2 and R3 values when compared with the AUC ratio would be the 

estimation of the f value. The estimation of the R values (R1, R2, and R3) is affected by 

the f values (Eqs. 3, 6, and 9), and the f values used in the present study represented the 

average of reported values and may exhibit experimental/interindividual variability, 

which may affect the accuracy of the R values. From this perspective, another type of R 

values (R1', R2', and R3') were also estimated by assuming an f value of unity in the 

present study. These R values may be valid to avoid false negative DDI predictions 

since OATP1B1 alone was assumed to be involved in the hepatic uptake of each 

substrate. R2' and R3' values were higher than the observed AUC ratio (Tables 1, 2), 

showing overestimation, but no false negative DDI predictions. This would be 

beneficial in terms of the maximum DDI potential via OATP1B1 through the inhibitor 

compounds examined. Therefore, the present strategy using the R2'/R3' values may be 

valuable when the maximum DDI potential for candidate compounds is estimated in the 

preclinical stage of drug development. However, it should be noted that the difference 

between the R2'/R3' values and the observed AUC ratio was substantial especially for the 

combination of CsA vs pitavastatin and rosuvastatin (Table 1). Higher kinact and lower 

krecovery values were observed for these two substrates (Table 1), indicating larger 

inactivation with slower recovery of OATP1B1 activity. Thus, the precise estimation of 
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DDI potential for the inhibitors showing such a remarkable effect on the turnover of 

OATP1B1 activity could be hindered by the estimation of the f values. 

 The approach proposed in the present study has mainly focused on avoidance 

of false negative prediction, but it should be noted that this may concomitantly increase 

false positive rate. Therefore, avoidance of false negative prediction of DDIs should 

also be achieved by building the necessary margins and/or simulating the worst case 

scenarios by construction of dynamic model such as PBPK model.  

In the present study, various inhibitors other than CsA were found to exhibit the 

preincubation-dependent inhibition of OATP1B1 (Fig. 5). Therefore, the kinetics of 

inactivation and recovery of OATP1B1 activity was also examined for some of these 

inhibitors. Notably, the inhibition of OATP1B1 by regorafenib and nilotinib was 

apparent only when the HEK293/OATP1B1 cells were preincubated with these 

compounds (Supplemental Fig. 1), indicating the importance of the preincubation step 

in the estimation of the maximum inhibition potential for specific types of OATP1B1 

inhibitors. However, the R' values for these two compounds were at most 1.2 - 1.3 

(Table 2), suggesting their limited OATP1B1-mediated DDI potential even when 

inactivation and recovery kinetics were considered. On the other hand, pazopanib 

exhibited larger R2 and R3 values due to its higher kobs value (Table 2). Although 
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coadministration of pazopanib was reported to increase the AUC of the OATP1B1 

substrate SN-38 (Bennouna et al., 2015), this interaction was proposed to be accounted 

for primarily through the inhibition of glucuronidation of SN-38 by pazopanib (Iwase et 

al., 2019). Regarding asunaprevir, Eley et al. (2015) have proposed that this compound 

is a weak OATP inhibitor, showing a 1.41-fold increase in the AUC of rosuvastatin, 

which seemed comparable with the R2 and R3 values estimated in the present study 

(Table 2).  

Izumi et al. (2015) have reported that, following 1 h of preincubation, the IC50 

values of CsA reported approximately a 6-fold difference among the five OATP1B1 

substrates examined (Izumi et al., 2015). In the present study, the kinetics of 

inactivation and recovery of OATP1B1 activity induced by CsA was further evaluated 

for several OATP1B1 substrates and was found to also be substrate-dependent (Figs 2, 3, 

and 4): Both kinact and krecovery values of CsA were found to exhibit a 3–7 times 

difference among the substrates (Table 1). Therefore, to predict the DDI potential based 

on the static model proposed in the present study, selection of the OATP1B1 substrates 

for the in vitro studies could be critical, and it would be preferable to select substrates 

which will concomitantly be used in clinical situations with the inhibitors examined. 

Additionally, E2G exhibited higher values of R2 and R3 when compared with E1S (Table 
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1), suggesting that E2G would be a superior substrate to avoid false negative predictions 

among these two OATP1B1 substrates although it should be noted that selection of the 

most sensitive substrate like E2G may increase false positive rate. The expression level 

of OATP1B1 was not affected by incubation with CsA, with no obvious change 

observed in its subcellular localization (Shitara et al., 2012), whereas the combination of 

cis- and trans-inhibition of OATP1B1 by CsA has been proposed to explain such 

preincubation-dependent inhibition (Shitara and Sugiyama 2017).  

 In the present study, IC50 values, but not inhibition constant (Ki), were 

estimated for calculating the R values. Here, the IC50 values were assumed to be equal 

to Ki values as the substrate concentration used was much lower than the Km values. 

This assumption is true in the case of competitive or non-competitive inhibition, 

whereas CsA exhibits preincubation-dependent inhibition, and therefore, the IC50 values 

may not be equal to the Ki values even when the initial phase of substrate uptake was 

examined. Furthermore, inactivation of OATP1B1 activity induced by CsA was rapid 

(Fig. 2), and this may hinder the accurate estimation of kinact, especially at higher 

inhibitor concentrations. Thus, the static model proposed in the present study should be 

further validated and improved by focusing on other combinations of 

preincubation-dependent inhibitors and substrates.  
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 In conclusion, the static model incorporating both inactivation and recovery 

kinetics of OATP1B1 activity has been proposed to predict OATP1B1-mediated DDI 

potential for preincubation-dependent inhibitors. This approach would be beneficial for 

the quantitative prediction of DDIs when compared to the current basic model approach 

and to avoid false negative predictions of the DDIs. However, the limitation of this 

approach regarding the precise estimation of DDI potential should be considered, 

especially in potent preincubation-dependent inhibition cases.         
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Footnotes 

This work was financed by Kaken Pharmaceutical Co., Ltd. 
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Legends for Figures 

Fig. 1. Inhibition of OATP1B1-mediated uptake of [
3
H]E1S (A), [

3
H]E2G (B), 

atorvastatin (C), pitavastatin (D), and rosuvastatin (E) after preincubation with 

CsA 

The cells were washed with transport buffer prewarmed at 37°C, then pretreated for 5 

min with the transport buffer without substrates or inhibitors. The medium was then 

replaced with the transport buffer containing inhibitors at the various concentrations of 

CsA, and cells were further preincubated for 0 or 30 min at 37°C. After the 

preincubation, the transport buffer containing inhibitors was removed, and the reaction 

was then started by applying prewarmed fresh transport buffer containing [
3
H]E1S, 

[
3
H]E2G, atorvastatin (0.3 μM), pitavastatin (0.5 μM), or rosuvastatin (3 μM) and the 

inhibitors to the cells. At 0.5 min ([
3
H]E1S and [

3
H]E2G) or 1 min (atorvastatin, 

pitavastatin, and rosuvastatin), the reaction solution was removed by aspiration, and 

cells were washed with ice-cold transport buffer. The OATP1B1-mediated uptake was 

obtained by subtracting the uptake in HEK293/mock cells from that in 

HEK293/OATP1B1 cells. Data are shown as percentage mean uptake volume values ± 

S.E. of 3 to 6 wells in 1–2 independent experiments compared with those of the control. 
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Fig. 2. Inactivation of OATP1B1-mediated uptake of [
3
H]E1S (A), [

3
H]E2G (B), 

atorvastatin (C), pitavastatin (D), and rosuvastatin (E) after preincubation with 

CsA 

HEK293/OATP1B1 cells were preincubated with CsA at 0 (〇, black), 0.02 (△, blue), 

0.05 (□, green), 0.1 (●, orange), 0.2 (▲, red), and 0.5 μM (■, purple) for [
3
H]E1S and 

[
3
H]E2G, 0 (〇, black), 0.005 (△, blue), 0.01(□, green), 0.02 (●, orange), 0.05 (▲, red), 

and 0.1 μM (■, purple) for atorvastatin, pitavastatin, and rosuvastatin for designated 

period. After preincubation, the cells were once washed with prewarmed transport 

buffer and incubated with each substrate. At 0.5 ([
3
H]E1S and [

3
H]E2G) or 1 min 

(atorvastatin, pitavastatin, and rosuvastatin), the reaction solution was aspirated, and the 

cells were twice washed with ice-cold transport buffer, followed by determination of 

their uptake. Uptake values are represented as the percentage of the activity obtained in 

the vehicle control samples and are plotted versus the preincubation period. Each 

symbol represents the mean ± S.E. of 3 wells in a single experiment. 

 

Fig. 3. Observed kobs,app values of OATP1B1-mediated uptake of [
3
H]E1S (A), 

[
3
H]E2G (B), atorvastatin (C), pitavastatin (D), and rosuvastatin (E) versus CsA 

concentration 
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The kobs,app values were determined as the negative slopes of the natural logarithm (0 to 

20 sec for [
3
H]E1S, [

3
H]E2G, pitavastatin, and rosuvastatin; 0 to 3 min for atorvastatin) 

shown in Fig. 2. Solid lines represent the fitting curves of the observed kobs,app versus 

CsA concentration by nonlinear regression analysis based on Eq. 2. Each symbol 

represents the mean ± S.E. of 3 wells in a single experiment. CsA, Cyclosporine A. 

 

Fig. 4. Recovery of OATP1B1 activity after preincubation with CsA 

HEK293/OATP1B1 cells were preincubated with culture medium containing CsA (0.3 

μM) for 30 min. The medium was replaced with fresh culture medium and further 

incubated in the absence of CsA for designated periods. The cells were then washed 

with prewarmed transport buffer once, and the transport buffer, including [
3
H]E1S (〇), 

[
3
H]E2G (△), atorvastatin (●), pitavastatin (▲), and rosuvastatin (■), was added, 

followed by determination of their uptake. Data are normalized with the control value 

obtained without the inhibitor and are shown as mean ± S.E. of 3 wells in a single 

experiment. CsA, Cyclosporine A. 

 

Fig. 5. Screening of preincubation-dependent OATP1B1 inhibitors 

HEK293/OATP1B1 and HEK293/mock cells were first preincubated with each 
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compound at 1 µM for 30 min (closed column) or subjected to no preincubation (open 

column). Cells were then incubated with [
3
H]E1S and each compound for 0.5 min, 

followed by determination of OATP1B1-mediated uptake. Data are shown as the 

percentage of OATP1B1-mediated uptake obtained in the vehicle control samples of 3 

wells in a single experiment.
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Table 1 

Kinetic parameters for inhibition, inactivation, and recovery of OATP1B1 activity, and estimation of DDIs potential of CsA 

Substrates 
IC50 (μM) kinact

c
 kI

c
 kobs

d
 krecovery

e
 fu,p Iu,inlet,max

f
 f

 g
 R0

h
 R1

h
 R2

h
 R3

h
 

Observed 

AUC 

ratio Pre(-)
a
 Pre(+)

b
 min

-1
 μM min

-1
 min

-1
 (CsA) μM 

 
(R0')

g
 (R1')

g
 (R2')

g
 (R3')

g
 

E1S 0.169 0.0354 2.47 0.145 0.369 0.0122 

0.0107 0.0117 

0.77 1.11 1.48 3.93 3.98 
- 

(1) (1.15) (1.72) (31.2) (36.0) 

E2G 0.319 0.0548 2.53 0.126 0.426 0.00798 
1 1.08 1.47 54.4 58.7 

- 
(1) (1.08) (1.47) (54.4) (58.7) 

Atorvastatin 0.351 0.0319 0.734 0.0297 0.339 0.0161 
0.8 1.06 1.55 4.23 4.28 

9.0, 15
hi

 
(1) (1.07) (1.80) (22.1) (23.7) 

Pitavastatin 0.119 0.0239 1.3 0.0282 0.617 0.00702 
0.43 1.08 1.29 1.74 1.74 

4.6
hi

 
(1) (1.21) (2.07) (88.9) (108) 

Rosuvastatin 0.193 0.0312 1.64 0.0309 0.74 0.00227 
0.82 1.10 1.59 5.48 5.49 

7.1
hi

 
(1) (1.13) (1.82) (327) (371) 

a
 IC50 values estimated without preincubation. 

b
 IC50 values estimated after 30 min preincubation with CsA. 

c
 Calculated using Eq. 2, based on the data shown in Fig. 3. 

d
 Calculated using Eq. 8. 

e
 Calculated using replotting the data shown in Fig. 4 into sigma-minus plot in logarithmic scale, followed by linear regression analysis. 

f 
Calculated by Eq. 5 based on the data shown in Supplemental Table 3. 

g 
R0', R1', R2', and R3' values were calculated by assuming f value as unity.

 

h
 R0 (R0') and R1 (R1') values were estimated based on direct inhibition, R2 (R2') values were estimated based on inactivation/recovery 

kinetics, and R3 (R3') values were estimated based on both direct inhibition and inactivation/recovery kinetics. 
i
 Yoshida et al., 2012. 
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Table 2  

Kinetic parameters for inhibition, inactivation, and recovery of OATP1B1 activity, and estimation of DDIs potential of 

preincubation-dependent inhibitors 

Inhibitors 
IC50 values (μM) kinact

d kI
d kobs

e krecovery
f Iu,inlex,max

g R0
h
 R1

h
 R2

h
 R3

h
 Observed 

AUC ratio Pre(-)a Pre(+)c min-1 μM min-1 min-1 μM (R0')
h
 (R1')

h
 (R2')

h
 (R3')

h
 

Regorafenib >10 0.403 0.322 5.44 0.00757 0.0378 0.0769 (1.01) (1.19) (1.12) (1.13)j NA
k
 

Nilotinib >10 0.235 0.411 2.05 0.0154 0.0627 0.0797 (1.01) (1.34) (1.25) (1.26)j NA
k
 

Pazopanib 1.42b 0.314b 1.03 0.261 0.0422 0.0416 0.0272 (1.02) (1.09)
b
 (3.34) (3.40) 1.26l, 1.89m 

Asunaprevir 0.17 0.0349 3.51 0.639 0.00565 0.289 0.00994 
1.06

i
 

(1.05) 

1.22
i
 

(1.28) 

1.43
i
 

(1.58) 

1.49
i
 

(1.67) 
1.41

n
 

a
 IC50 values estimated without preincubation. 

b
 Cited from Taguchi et al., 2019. 

c
 The lowest IC50 values shown in Supplemental Table 4. 

d
 Calculated using Eq. 2 based on the data shown in Supplemental Fig. 2. 

e
 Calculated using Eq. 8.  

f 
Calculated using replotting the data shown in Supplemental Fig. 3 into sigma-minus plot in logarithmic scale, followed by linear 

regression analysis. 
g
 Calculated using Eq. 5 based on the data shown in Supplemental Table 3. 

h
 R0 (R0') and R1 (R1') values were estimated based on direct inhibition, R2 (R2') values were estimated based on inactivation/recovery 

kinetics, and R3 (R3') values were estimated based on both direct inhibition and inactivation/recovery kinetics. 
i
 f = 0.82 (Rosuvastatin) 

j IC50,pre(-) is assumed to be 10 μM since inhibition did not reach 50% at maximum inhibitor concentration (10 μM). 
k 
Not applicable. 

l Hamberg et al., 2015. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 2, 2020 as DOI: 10.1124/dmd.120.000020

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

 47 

m 
Calculated based on AUC of SN-38 after administration of irinotecan (Bennouna et al., 2015). 

n 
Calculated based on AUC of rosuvastatin (Eley et al., 2015). 
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Figure 1
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D  Pitavastatin

E  Rosuvastatin
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