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ABSTRACT

Organic anion–transporting polypeptide (OATP) 1B1/3–mediated
drug-drug interaction (DDI) potential is evaluated in vivo with
rosuvastatin (RST) as a probe substrate in clinical studies. We
calibrated our assay with RST and estradiol 17-b-D-glucuronide
(E217bG)/cholecystokinin-8 (CCK8) as in vitro probes for qualitative
and quantitative prediction of OATP1B-mediated DDI potential for
RST. In vitro OATP1B1/1B3 inhibition using E217bG and CCK8
yielded higher area under the curve (AUC) ratio (AUCR) values
numerically with the static model, but all probes performed similarly
from a qualitative cutoff-based prediction, as described in regula-
tory guidances. However, the magnitudes of DDI were not captured
satisfactorily. Considering that clearance of RST is alsomediated by
gut breast cancer resistance protein (BCRP), inhibition of BCRPwas
also incorporated in the DDI prediction if the gut inhibitor concen-
trations were 10 3 IC50 for BCRP inhibition. This combined static
model closely predicted the magnitude of RST DDI with root-mean-
square error values of 0.767–0.812 and 1.24–1.31 with and without
BCRP inhibition, respectively, for in vitro–in vivo correlation of DDI.
Physiologically based pharmacokinetic (PBPK) modeling was also
used to simulate DDI between RST and rifampicin, asunaprevir, and

velpatasvir. Predicted AUCR for rifampicin and asunaprevir was
within 1.5-fold of that observed, whereas that for velpatasvir showed
a 2-fold underprediction. Overall, the combined static model in-
corporating both OATP1B and BCRP inhibition provides a quick and
simple mathematical approach to quantitatively predict the magni-
tude of transporter-mediated DDI for RST for routine application.
PBPK complements the static model and provides a framework
for studying molecules when a dynamic model is needed.

SIGNIFICANCE STATEMENT

Using22drugs,weshowthat astaticmodel fororganicanion–transporting
polypeptide (OATP) 1B1/1B3 inhibition can qualitatively predict po-
tential for drug-drug interaction (DDI) using a cutoff-based approach,
as in regulatory guidances. However, consideration of bothOATP1B1/
3 and gut breast cancer resistance protein inhibition provided a better
prediction of the magnitude of the transporter-mediated DDI of these
inhibitors with rosuvastatin. Based on these results, we have pro-
posed an empirical mechanistic-static approach for a more reliable
prediction of transporter-mediated DDI liability with rosuvastatin that
drug development teams can leverage.

Introduction

Organic anion–transporting polypeptides (OATPs) 1B1/3, which are
mainly expressed in the liver, are clinically important transporters for
drug-drug interactions (DDIs) (https://www.ema.europa.eu/documents/
scientific-guideline/guideline-investigation-drug-interactions_en.pdf;
https://www.pmda.go.jp/files/000228122.pdf; https://www.fda.gov/
media/134582/download). During drug development, the in vivo
OATP1B-mediated DDI liability of an investigational drug is often
assessed using in vitro inhibition assays, and the in vitro inhibition data
are used to predict the potential to inhibit these transporters in vivo.
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drug-drug interaction; E217bG, estradiol 17-b-D-glucuronide; FN, false negative; FP, false positive; HEK293, human embryonic kidney 293; Igut,
intestinal luminal concentration of the inhibitor; MRM, Multiple Reaction Monitoring; NPV, negative predictive value; NTCP, sodium-taurocholate
cotransporting polypeptide; OATP, organic anion–transporting polypeptide; PBPK, physiologically based pharmacokinetic; PPV, positive
predictive value; RMSE, root-mean-square error; RST, rosuvastatin; TN, true negative; TP, true positive.

1264

http://dmd.aspetjournals.org/content/suppl/2020/10/09/dmd.120.000149.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on A
pril 9, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

https://doi.org/10.1124/dmd.120.000149
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5541-3617
https://orcid.org/0000-0002-6476-7919
https://www.ema.europa.eu/documents/scientific-guideline/guideline-investigation-drug-interactions_en.pdf
https://www.ema.europa.eu/documents/scientific-guideline/guideline-investigation-drug-interactions_en.pdf
https://www.pmda.go.jp/files/000228122.pdf
https://www.fda.gov/media/134582/download
https://www.fda.gov/media/134582/download
https://doi.org/10.1124/dmd.120.000149
http://dmd.aspetjournals.org
http://dmd.aspetjournals.org/content/suppl/2020/10/09/dmd.120.000149.DC1
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/


Since inhibition can be substrate-dependent, careful choice of in vitro
probes is an essential first step to minimize false negative (FN) as well
as false positive (FP) predictions (Izumi et al., 2015; https://www.fda.
gov/media/134582/download). Prototypical in vitro probe substrates
for OATP1B1 and OATP1B3 include estradiol 17-b-D-glucuronide
(E217bG) and cholecystokinin-8 (CCK8) (Izumi et al., 2015). One of
the frequently used in vivo probe substrates of OATP1B1/3 DDI
studies is rosuvastatin (RST) (Izumi et al., 2015; https://www.fda.gov/
drugs/drug-interactions-labeling/drug-development-and-drug-interactions-
table-substrates-inhibitors-and-inducers).
The science of in vitro to in vivo extrapolation for transporter-related

DDI encompasses several perspectives and considerations. For instance,
for a qualitative prediction of whether an in vitro inhibitor of OATP1B1/
3 is likely to inhibit these transporters in vivo, the regulatory guidances
have recommended cutoff values for R (the predicted ratio of the area
under the curve in the presence and absence of the investigational drug
as an inhibitor) based on a basic model (https://www.ema.europa.eu/
documents/scientific-guideline/guideline-investigation-drug-interactions_en.
pdf; https://www.pmda.go.jp/files/000228122.pdf; https://www.fda.
gov/media/134582/download). These DDI guidances highlight the
need to eliminate false negatives and propose an empirical qualitative
cutoff value–based assessment to determine whether in vivo DDI is
likely. From a clinical pharmacology perspective, a quantitative
prediction is of high relevance to understand clinical impact of
a DDI. To that end, mechanistic models have been applied for DDI
prediction.
For success of either a cutoff-based approach or a mechanistic

model–based prediction, appropriate in vitro data that give the most
accurate predictions are vital to provide optimal guidance to the drug
development teams as well as patients enrolled in the studies. We
evaluated the predictive performance of RST versus E217bG and CCK8
in our in vitro inhibition assay for qualitative R-value cutoff–based
prediction as well as quantitative prediction of DDI using 22 com-
pounds. We further attempted to holistically approach transporter DDI
prediction for these 22 compounds by using a combined static
mechanistic model that takes into consideration in vitro inhibition of
OATP1B1/3 and breast cancer resistance protein (BCRP), based on the
mechanistic information about RST that its clearance is mediated by
both OATP1B1/3 and gut BCRP. Lastly, we also used physiologically
based pharmacokinetic (PBPK) modeling to simulate the DDI between
RST and 3 of the 22 studied drugs, rifampicin, asunaprevir, and
velpatasvir, to evaluate the DDI potential of these drugs using the
dynamic method to evaluate whether PBPK would further refine the
predictions beyond the other approaches.

Materials and Methods

Source of Substrates and Inhibitors

RST, E217bG, and CCK8 (Sigma) were used as substrates in this study. For
radiolabeled tracing, [3H]-E217bG and [3H]-CCK8 were used, which were both
purchased from PerkinElmer Life and Analytical Sciences. OATP1B inhibitory
potential of 22 drugs was investigated. Sixteen of these 22 drugs (i.e., baicalin,
cyclosporine A, darunavir, digoxin, erythromycin, ezetimibe, fluconazole,
gemfibrozil, grazoprevir, ketoconazole, lopinavir, metformin, rifampicin, ritona-
vir, telmisartan, and valsartan) were purchased from Sigma; three (i.e., atazanavir,
fimasartan, and velpatasvir) were purchased from Selleckchem; and asunaprevir,
eltrombopag, and eluxadoline were purchased from Carbosynth, SeqChem, and
Toronto Research Chemicals, respectively.

Identification of Drugs that Have Been Studied in Clinical DDI Studies with
RST

Using the University of Washington DDI Database (https://www.
druginteractioninfo.org), 22 drugs that were previously investigated and

coadministered with RST in clinical DDI studies were identified (Supplemental
Table 1). Here, we defined a drug to be an inhibitor of OATP1B if the observed
area under the curve ratio (AUCR) of the substrate was $1.25, which was
consistent with the definition in previous studies (Yoshida et al., 2012;
Vaidyanathan et al., 2016). Twelve of these 22 drugs (asunaprevir, eltrombopag,
grazoprevir, lopinavir, ritonavir, velpatasvir, atazanavir, cyclosporine, darunavir,
eluxadoline, gemfibrozil, and rifampicin) showed observedAUCR$1.25, and 10
of them (baicalin, ezetimibe, ketoconazole, telmisartan, digoxin, erythromycin,
fimasartan, fluconazole, metformin, and valsartan) had observed AUCR ,1.25
(Supplemental Table 1). OATP inhibition of these 22 drugs was assessed in vitro
using E217bG (for OATP1B1), CCK8 (for OATP1B3), and RST (for both
OATP1B1 and OATP1B3) as probe substrates (Supplemental Table 1).

Cell System and Transporter Inhibition Assay for OATP1B1/3

Transporter inhibition assay was conducted as follows. Briefly, human
embryonic kidney 293 (HEK293) cells overexpressing OATP1B1 or OATP1B3
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 U/ml penicillin, 100U/ml streptomycin, and 100mg/ml
hygromycin B. Cells were seeded at a density of 100,000 cells per well in poly-
D-lysine–coated 96-well plates 12–18 hours before the inhibition experiments.
Cells were first preincubated for 30 minutes in Hank’s balanced salt solution
(HBSS) containing 1 of the 22 tested drugs at increasing concentration, and this
was followed by coincubation with the same inhibitor and RST (0.1 and 1 mM for
OATP1B1 and OATP1B3, respectively) for 1 minute. In the case of 3H-E217bG
and 3H-CCK8, 1 mM for 3 minutes and 1 mM for 2 minutes were used,
respectively, traced with radioactive substrate. In the case of 3H-E217bG and
3H-CCK8 measurements, cells were lysed with 0.1 M NaOH and then analyzed
by liquid scintillation. For the samples analyzed by mass spectrometry (RST),
cells were washed twice with ice-cold HBSS and then lysed with 35% methanol/
25% acetonitrile containing 20 nM RST-d6 internal standard. This analysis was
carried out with a Shimadzu Nexera UPLC system coupled to a QTRAP 5500
AB Sciex in positive ion mode. Mobile phase A was water with 0.1% formic
acid, and B was acetonitrile with 0.1% formic acid. The chromatography was
performed on a Phenomenex Kinetex column 2.6 mm XB-C18 50 � 2.1 mm
(Torrance, CA). The gradient was started with 10% B and then increased to
90% B in 0.6 minutes and maintained at 90% B for another 0.2 minutes,
decreased to 10% B within 0.01 minutes, and maintained at 10% B for
another 0.2 minutes. The flow rate was 1.2 ml/min, and the cycle time
(injection to injection including instrument delays) was approximately 1.0
minute. The sample injection volume was 3 ml. Multiple Reaction
Monitoring transition was 482.091 → 258/2 for RST and 488.2 → 258.2
for the RST-d6 as the internal standard. IC50 values were then estimated.

Vesicular Transport Assay for BCRP Inhibition

BCRP inhibition data of the investigated drugs were collected from literature if
available, as shown in Supplemental Table 2. In all other cases, the inhibitory
effects of the perpetrators on transport of RST in membrane vesicles from
HEK293 cells overexpressing human BCRP were investigated with rapid
filtration techniques, as described previously (Heredi-Szabo et al., 2012). All
experiments were performed in triplicate. IC50 values were then calculated using
the specific transport data, which were acquired by subtracting transport measured
in the absence of ATP, from transport measured in presence of ATP.

After the vesicular transport assay, the vesicles containing the RST on
a filter plate were lysed with 67% methanol/33% water solution and filtered by
centrifugation at 3700 rpm. The bioanalysis was carried out with a Thermo
Scientific Dionex UltiMate 3000 series UHPLC coupled to a Thermo Scientific
TSQ Quantum Access Max Mass Spectrometer in positive ion mode. Mobile
phase A was water with 0.1% formic acid, and B was acetonitrile with
0.1% formic acid. The chromatography was performed on a Poroshell
120 EC-C18 3.0 � 50 mm 2.7 mm (Agilent Technologies, CA). The gradient
was started with 40% B until 0.2 minutes and then increased to 95% B within
0.01 minutes and maintained at 95% B for another 0.59 minutes, decreased to
40% B within 0.01 minutes, and maintained at 40% B for another 1.19 minutes.
The flow rate was 0.5 ml/min, and the cycle time (injection to injection,
including instrument delays) was approximately 3.2 minutes. Multiple
Reaction Monitoring transition was 482.207 → 258.180 for RST. IC50 values
were then estimated.

Transporter-Mediated Rosuvastatin DDI Prediction 1265
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R-Value Calculations Using Basic Model

AUCR estimated by basic model was calculated using the following equation
(https://www.fda.gov/media/134582/download):

R ¼ 1þ Iu;in;max
IC50

;   where  Iu;in;max

¼ fu;p � ððCmax þ ðka � Dose� FaFgÞÞ=Qh=RBÞ ð1Þ

Iu,in,max is the estimated maximum unbound plasma inhibitor concentration at the
inlet to the liver.

fu,p is the unbound fraction in plasma; for highly bound drugs, the fu,p were
rounded up to 0.01 for this part of the calculation. (Supplemental Table 1) Cmax is
the maximal plasma concentration.

Fa is the fraction absorbed. Fa = 1 was used as the worst-case estimate.
Fg is the intestinal availability. Fg = 1 was used as the worst-case estimate.
ka is the absorption rate constant. ka = 0.1/min was used as the worst-case

estimate.
Qh is the hepatic blood flow rate. Qh = 1500 ml/min.
RB is the blood-to-plasma concentration ratio.
RB was assumed to be 1.

Static Models for DDI Predictions

The in vivo OATP1B1/3-mediated DDI magnitude with RST was quantita-
tively predicted using the following basic static model equation:

AUCR predicted by static model ¼
0
@ 1

+ fe;OATP1B

1þ ½Iin;u;max�
IC50

þ ð12+ fe;OATP1BÞ

1
A ð2Þ

in which fe,OATP1B is the fraction of systemic clearance of RST that was mediated
by OATP1B1 and 1B3.

Iu,in,max is the estimated maximum unbound plasma inhibitor concentration at
the inlet to the liver.

Since hepatic clearance contributes to 72% of the total body rosuvastatin
clearance, and the relative contributions of OATP1B1, OATP1B3, and sodium-
taurocholate cotransporting polypeptide (NTCP) to the overall hepatic
uptake of RST have been estimated to be 70%, 20%, and 10%, respectively
(Elsby et al., 2012; Wang et al., 2017), the fe,OATP1B1 equals 0.504, and
fe,OATP1B3 is approximately 0.144.

For those studied drugs that had the potential to inhibit intestinal BCRP in vivo
as determined by the criteria of Igut/IC50 $10, in which Igut = dose of studied
drug/250 ml (https://www.fda.gov/media/134582/download), eq. 2 was
modified to predict the overall AUCR caused by both gut BCRP and
OATP1B1/3 inhibition (combined static model):

AUCR predicted by combined static model = AUCR caused by inhibition
of BCRP in gut � AUCR caused by OATP1B1/3 inhibition

¼

0
B@ 1

fe;BCRP

1þ ½Ig;max�
IC50

þ ð12 fe;BCRPÞ

1
CA�

0
@ 1

+ fe;OATP1B

1þ ½Iin;u;max �
IC50

þ ð12+ fe;OATP1BÞ

1
A ð3Þ

in which Igut is the intestinal luminal concentration of the inhibitor, fe,BCRP is the
fraction excreted by BCRP in the gut, which is 0.5 (Elsby et al., 2016)(), and
fe,OATP1B is the fraction of systemic clearance of RST that was mediated by
OATP1B1 and OATP1B3.

Model Performance Assessment for Static and Combined Static Model

In addition to the U.S. Food and Drug Administration–recommended cutoff
values of R$ 1.1, the cutoff recommended by EuropeanMedicines Agency (R$

1.04) was also used to calibrate the in vitro system (https://www.ema.europa.eu/
documents/scientific-guideline/guideline-investigation-drug-interactions_en.pdf;
https://www.fda.gov/media/134582/download).

To qualitatively assess the predictive performance of RST and E217bG/
CCK8 using cutoff-based approach, the number of true positive (TP), true
negative (TN), FP, and FN were first tallied. The negative predictive value
(NPV) and the positive predictive value (PPV) were calculated to evaluate

the accuracy of the transporter-mediated DDI prediction with the studied
probes:

NPV ¼ TN=ðTNþ FNÞ ð4Þ
PPV ¼ TP=ðTPþ FPÞ ð5Þ

To quantitatively assess the predictive performance of RST and E217bG/
CCK8, the root-mean-square error (RMSE) was calculated using the following
equation:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
+ðPredicted2ObservedÞ2

r
ð6Þ

Retrospective Prediction of Clinical DDI with PBPK Modeling

DDI simulation with RST using PBPK approach was performed for 3 of the
22 drugs. These three drugs were selected based on their OAT1B and intestinal
BCRP inhibitory potencies: Rifampicin is a well-known strong OATP1B
inhibitor, velpatasvir is a moderate OATP1B inhibitor, and asunaprevir is a weak
OATP1B inhibitor.

Drug PBPK Model Establishment. All model files were established using
SimCYP Simulator (v18; Certara Company, Sheffield, UK). The RST model was
established based on the model by Wang et al. (2017) with slight modification in
the Caco-2 permeability and the Kp (tissue: plasma partition coefficient) scalar
used in distribution, as described in Supplemental Table 3. The drug-dependent
parameters for rifampicin, velpatasvir, and asunaprevir were taken from the
literature (Supplemental Table 4). To verify the individual drug models, visual
check of the simulated concentration-time profiles and the predicted Cmax and
AUCwere compared with the observed data gathered from published studies. The
model was considered acceptable if the observed profile was largely contained
within the 5th and the 95th percentile of the predicted profile and the overall shape
of the predicted pharmacokinetic (PK) profile was similar to that of the observed
profile. For rosuvastatin PK in presence of inhibitors, if only AUC and Cmax

changes are reported in the literature, then only those values were compared
(Supplemental Figs. 1 and 2).

DDI Simulations. Clinical DDIs between the three drugs (rifampicin,
asunaprevir, and velpatasvir) and RST were predicted using the established
models. The model parameters are provided in Supplemental Table 5. Based on
other published articles, it was expected that the IC50 values of the three drugs
would need to be adjusted using a scaling factor to closely predict the observed
clinical DDIs (Chen et al., 2018; Yoshida et al., 2018). The optimization of this
scaling factor was an iterative “top-down” process during which various
incremental scaling factors (10�, 100�, 200�) were used, and substrate-
specific optimal scaling factor that was predictive of the DDI for all three
inhibitors for the given substrates was selected. The simulated AUCRs were
comparedwith those reported in clinical DDI studies (Prueksaritanont et al., 2014,
2017; Eley et al., 2015; Lai et al., 2016; Mogalian et al., 2016; Shen et al., 2017;
Takehara et al., 2018).

Software. IC50 calculation and graphical exploration were performed using
GraphPad Prism software (v8.1.1; La Jolla, CA). SimCYP Simulator v.18
(Certara Company) was used for all the PBPK modeling and simulation. All the
PBPK simulations were performed with virtual adult populations of 100 virtual
subjects.

Results

IC50 Values Measured and AUCR Estimated by Basic Model.
IC50 values of the 22 studied drugs measured in the in vitro inhibition
assay are reported in Supplemental Table 1. In general, the IC50 values
for OATP1B1 and OATP1B3 when RST was used as in vitro probe
substrate were higher than those for E217bG and CCK8.
Subsequently, in vitro assays using E217bG/CCK8 as in vitro probe

substrates generally yielded higher R values for majority of the 22 drugs
tested than those using RST as in vitro probe substrate (Fig. 1;
Supplemental Table 1). Exceptions include gemfibrozil (2.09 vs.
1.25), darunavir (1.68 vs. 1.37), and eluxadoline (1.27 vs. 1.05) for
E217bG versus RST, respectively, for OATP1B1 and atazanavir (3.5 vs.
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2.10), cyclosporine (10.2 vs. 3.84), and velpatasvir (1.65 vs. 1.12) for
CCK-8 versus RST, respectively, for OATP1B3.
Qualitative Cutoff-Based Assessment on DDI Predictions Using

the Static Model. The static models used in this analysis took into
account the fraction of systemic clearance of RST mediated by
OATP1B1/3 alone. With a cutoff of $1.1 for predicted AUCR, the
PPV and NPV for using either RST or E217bG/CCK8 as probe
substrates were comparable; the PPV are 0.875 and 0.889 for RST
and E217bG/CCK8, respectively (Supplemental Table 2; Table 1).
NPV was 0.692 when RST was used as probe, whereas that with
E217bG/CCK8 was 0.750. The cutoff of$1.04 for predicted AUCR
was also assessed for the predictive performance (Table 1). When
only OATP1B1/3 inhibition was considered, the PPVs for RST and
E217bG/CCK8 were lower than those using the cutoff of $1.1. NPV
increased to 0.857 and 0.714, respectively, for RST and E217bG/CCK8.
Qualitative Cutoff-Based Assessment on DDI Predictions Using

the Combined Static Model. The combined static model used in this
analysis took into account the fraction of systemic clearance of RST
mediated by OATP1B1/3 together with gut BCRP for drugs with Igut/
IC50 $10 for BCRP inhibition. When both OATP1B1/3 and gut BCRP
inhibitions were considered, the PPV was 0.688 and 0.667 (for RST and
E217bG/CCK8, respectively), and the number of FN prediction
improved, with NPV being 1 (i.e., no false negatives) for RST and
0.833 for E217bG/CCK8 (Fig. 2; Supplemental Table 2; Table 1). With
a cutoff value of 1.04, PPVs were slightly lower than that using the
cutoff of $1.1 (0.647 and 0.556 for RST and E217bG/CCK8,
respectively). For RST, the NPV was the same as that using the cutoff
of $1.1, and for E217bG/CCK8 the NPV was 0.667.
Quantitative Assessment on DDI Predictions Using the Static

Model and the Combined Static Model. The RMSEs of predictions
using the static model were 1.31 and 1.24 for RST and E217bG/CCK8,
respectively (Fig. 2; Supplemental Table 2; Table 1). The RMSEs of
predictions using the combined static model when intestinal BCRP
inhibition was also taken into account in addition to OATP1B1/3
inhibition were 0.767 and 0.812 for RST and E217bG/CCK8, re-
spectively (Fig. 2; Supplemental Table 2; Table 1).
DDI Simulations between RST and Rifampicin, Velpatasvir, and

Asunaprevir Using PBPK Modeling. PBPK models were constructed
to retrospectively predict DDI of rifampicin, asunaprevir, and velpa-
tasvir with RST. To sufficiently describe the observed AUCR, a scaling
factor was applied to the experimental IC50 before incorporating into the
PBPK model. This scaling factor was found to be substrate-dependent;
for IC50 obtained from inhibitory assays with RST as substrate, a factor

of 200 was applied, and a factor of 100 was applied to those obtained
from assay using E217bG/CCK8 as substrates (Supplemental Table 4).
Similar scaling factors were applied in other reported studies (Chen
et al., 2018; Yoshida et al., 2018). The PBPK models reasonably
predicted the magnitude of DDI between RST and rifampicin and
asunaprevir with the predicted AUCR ,1.5-fold difference com-
pared with the observed AUCR (Fig. 3) (Prueksaritanont et al., 2014,
2017; Eley et al., 2015; Lai et al., 2016; Shen et al., 2017; Takehara
et al., 2018). The DDI simulation between RST and velpatasvir was
underpredicted with a 2-fold difference compared with the observed
AUCR (Mogalian et al., 2016).

Discussion

In this study, we evaluated the suitability of AUCR (predicted AUC
ratio due toDDI) cutoff values suggested by the regulatory agencies with
the aim of calibrating our internal in vitro assay system for OATP1B1/
1B3 inhibition for qualitative as well as quantitative DDI predictions
(https://www.ema.europa.eu/documents/scientific-guideline/guideline-
investigation-drug-interactions_en.pdf; https://www.pmda.go.jp/files/
000228122.pdf; https://www.fda.gov/media/134582/download). Using
either RST or E217bG/CCK8 as probe substrates, the in vitro DDI
potential of 22 selected drugs, which have previously been studied in
clinical DDI studies with RST, was evaluated using the basic model,
and the predicted DDI magnitude was compared with the observed DDI
in vivo. Substrate-dependent inhibition of OATP1B1/1B3 is well
documented (Izumi et al., 2015), and we corroborated the observation
that the in vitro assays using E217bG/CCK8 as probes yield higher R
values (more potent IC50 values) than those using RST as a probe
substrate (Izumi et al., 2015).
For a qualitative analysis, a true or FP or FN prediction was made

using the IC50 values to predict magnitude of in vivo DDI for RST using
static models (https://www.ema.europa.eu/documents/scientific-guideline/
guideline-investigation-drug-interactions_en.pdf; https://www.pmda.go.jp/
files/000228122.pdf; https://www.fda.gov/media/134582/download). In
the context of cutoff values in regulatory guidances, a model-predicted
1.1- or 1.04-fold increase (R value) in probe substrate AUC was compared
with AUC increase observed in vivo, with $1.25-fold reported AUC
increase considered as a true positive DDI outcome in vivo (https://www.
ema.europa.eu/documents/scientific-guideline/guideline-investigation-
drug-interactions_en.pdf; https://www.pmda.go.jp/files/000228122.pdf;
https://www.fda.gov/media/134582/download). When clinical relevance
of these AUCR predictions was considered, the NPV and PPV of these
predictions using static model were comparable for all the probe substrates
tested.
To translate the inhibitory potency from in vitro inhibition assays to

more accurate quantitative prediction, approaches with mechanistic
understanding are needed, such as a static mechanistic model that
combines inhibition of multiple clearance pathways or even a more
comprehensive, dynamic PBPKmodel. To use these models, a thorough
understanding of the disposition pathway of the clinical probe substrate
(i.e., RST) is essential. For instance, although OATP1B1 and OATP1B3
are identified as the key players in the hepatic uptake of RST, the
involvement of the BCRP also needs careful consideration because it
governs the absorption of the RST from the intestine (Elsby et al., 2012,
2016; Hua et al., 2012; Bae et al., 2018). Studies have found BCRP is
responsible for as much as 50% of drug efflux from gut enterocyte.
Similarly, NTCP also participates in the transport of RST in the liver.
Based on in vitro data, the relative contributions of OATP1B1,
OATP1B3, and NTCP to the overall hepatic uptake of RST have been
estimated to be 70%, 20%, and 10%, respectively (Wang et al., 2017).
The hepatic clearance of RST was reported to be approximately 72% of

Fig. 1. Comparison of RST AUCR for 22 drugs calculated by basic model using
IC50 values with probe substrates (A) E217bG vs. RST for OATP1B1 inhibition
and (B) CCK8 vs. RST for OATP1B3 in HEK293 cells overexpressing these
transporters.
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the total plasma clearance (Martin et al., 2003a,b). Hence, the fractional
contribution of transporters toward the clearance of RST can be
estimated to be 0.504, 0.144, and 0.072 for OATP1B1, OATP1B3,
and NTCP, respectively. Other studies report somewhat higher contri-
bution of OATP1B3, OATP2B1 and NTCP at 10%–35% toward RST
clearance (Ho et al., 2006; Bi et al., 2013;Wang et al., 2017; Zhang et al.,
2019). Given the difficulties in accurate estimation of contribution by
each transporter in RST clearance, in this study we considered only
the roles of BCRP and OATP1B1/3 in RST disposition, since together
these account for a majority of RST clearance. In addition, our focus
was to determine the most reliable evaluation of in vitro data
requested by regulatory agencies to better predict RST DDI. This
allowed for a reasonable prediction of the AUCR while maintaining
a simple model.
Generally, there is also a concern about accurate DDI prediction for

highly protein-bound drugs (.99%) for OATP1B1/1B3. In our assess-
ments, almost all the drugs reported in the University of Washington
DDI Database, including the ones used in our study, which had both
a DDI with rosuvastatin (in vivo AUCR . 1.25) and were highly
protein-bound (.99% bound), also inhibited BCRP in vitro (list
provided in Supplemental Table 6). Since prediction of gut BCRP
inhibition takes into account the total gut concentrations of the inhibitor,

the impact of protein-binding value used in overall predictions for these
drugs (i.e., actual ,1% value vs. rounded up to 1% unbound as
recommended in the regulatory guidances) did not significantly impact
the predictions.
Using DDI guidance cutoff values, the two static models were

compared for their qualitative predictive performance. For a quantitative
analysis, the magnitude of the predicted DDI using static model of
OATP1B1/1B3 inhibition was modified to incorporate the gut BCRP
inhibition, and the predictions with the combined static model were
comparatively better than with the static model using OATP1B1/1B3
inhibition alone.
From a qualitative point of view, as described before, despite the

substrate-dependent differences in the IC50 potencies for either RST or
E217bG/CCK8 as in vitro probe substrates, the PPV and NPV metrics
were fairly comparable when only OATP1B1 and OATP1B3 were
considered as clearance mechanisms for RST. Although PPV and NPV
were high, there were four FNs and one FP. However, it is noteworthy
that except for velpatasvir, which has a complex disposition, all the other
FNs appeared to cause only a mild DDI with ,1.6-fold increase in
RST AUC observed in vivo (Mogalian et al., 2017). Therefore, this
calibration analysis suggests that the cutoff of 1.1 is reasonable and
adequate for the in vitro systems tested here to capture clinically
meaningful DDI of $1.6-fold.
From a quantitative point of view, the static model that only considers

OATP1B1/1B3 slightly underpredicted the magnitude of the interaction
(Fig. 2A). Inclusion of BCRP inhibition in both static mechanistic model

TABLE 1

PPVs and NPVs when 1.1 or 1.04 as the AUCR cutoff criteria for DDI prediction using either OATP1B1 + OATP1B3 inhibition alone (static model) or in combination with
BCRP inhibition (combined static model)

Either E217b/CCK8 or RST were used as in vitro probes for OATP1B inhibition.

AUCR (Only OATP1B1 and OATP1B3) AUCR (OATP1B1, OATP1B3, and BCRP for Igut/IC50 . 10)

Cutoff criteria AUCR $ 1.04 AUCR $ 1.1 AUCR $ 1.04 AUCR $ 1.1

In vitro substrate RST E217bG/CCK8 RST E217bG/CCK8 RST E217bG/CCK8 RST E217bG/CCK8
PPV 0.714 0.643 0.875 0.889 0.647 0.556 0.688 0.667
Number of TP/number of TP + FP 10/14 9/14 7/8 8/9 11/17 10/18 11/16 10/15
NPV 0.857 0.714 0.692 0.750 1 0.667 1 0.833
Number of TN/number of TN + FN 6/7 5/7 9/13 9/12 4/4 2/3 5/5 5/6
RMSE 1.31 (RST as probe); 1.24 (E217bG/CCK8 as probes) 0.767 (RST as probe); 0.812 (E217bG/CCK8 as probes)

Fig. 2. Quantitative predictions of AUCR for RST mediated by 22 studied drugs
using (A) static model, which only considered OATP1B1/3 inhibition, and (B)
combined static model, which took into account intestinal BCRP inhibition in
addition to OATP1B1/3 inhibition.

Fig. 3. DDI simulations between RST and rifampicin, velpatasvir, and asunaprevir
using PBPK modeling. For rifampicin, the error bars represent the range of AUCRs
reported from three studies (Prueksaritanont et al., 2014; Lai et al., 2016; Shen et al.,
2017). For asuanprevir and velpatasvir, the error bars represent the 90% confidence
interval as reported in the respective studies (Eley et al., 2015; Mogalian et al., 2016).
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and PBPK for DDI prediction is crucial for some inhibitors that may inhibit
BCRP in addition to OATP1B1/1B3. We used the criteria recommended
by regulatory agencies to estimate whether an investigational drug has
a potential to inhibit gut BCRP efflux of RST: Igut/IC50 $ 10, in which
Igut = dose of inhibitor/250 ml (https://www.ema.europa.eu/documents/
scientific-guideline/guideline-investigation-drug-interactions_en.pdf;
https://www.pmda.go.jp/files/000228122.pdf; https://www.fda.gov/
media/134582/download). With the combined static model, which
incorporated both inhibition of OATP1B1/1B3 and BCRP when
relevant, the quantitative prediction improved as compared with
OATP1B1/1B3 alone (Fig. 2B). The success of this approach for
a broad range of compounds studied here corroborates the understand-
ing that gut BCRP plays a significant role in RST disposition (Elsby
et al., 2012, 2016). The qualitative metric NPV improved with this
model with no FNs, but the PPV decreased slightly because of an
increase in FPs (Supplemental Table 2). Two potential reasons could
be the overestimation of the in vitro inhibitory potential in vesicular
transport assay because of the lack of protein binding as well as
easier access to transporter in inside-out vesicles and overprediction
of the drug concentration in the gut enterocytes leading to over-
estimation of DDI at the enterocyte level in this empirical, static
approach. As such, the in vitro to in vivo translation of gut BCRP
inhibition from in vitro assays may need further tuning to reduce the
FP cases.
To overcome the limitation of empirical estimation of static gut

and liver concentrations, PBPK modeling was conducted for 3 of the
22 drugs tested. This dynamic mechanistic approach retrospectively
complemented the findings of the static model for DDI. PBPK
models reasonably predicted the DDI observed with rifampicin and
asunaprevir. The model underpredicted the DDI with velpatasvir,
however, within 2-fold of the observed AUCR. Velpatasvir is
a Biopharmaceutics Classification System class IV drug with low
permeability and low solubility, making it challenging to predict the
enterocyte concentration, which may result in underprediction of
DDI (https://www.ema.europa.eu/en/documents/assessment-report/
epclusa-epar-public-assessment-report_en.pdf). Substrate-specific
scaling factors, which are in line with those used in Wang et al.
(2017), were used in this study to describe the clinical PK. These
scaling factors can be applied to other drugs and their in vitro IC50

values obtained using the same experimental system for more
reliable predictions using PBPK modeling in the future. This
approach is particularly useful for circumstances that the static
model cannot incorporate, such as physiologic changes due to
disease state and physiologic differences.
Using the approach described herein, we retrospectively predicted the

magnitude of DDI for fenebrutinib and compared it with the recently
reported clinical DDI data with RST, wherein a 2.63-fold increase in
AUC was seen for RST when coadministered with fenebrutinib (Jones
et al., 2020). The predicted AUCRs using the static model for OATP1B1
and OATP1B3 are 1.2 and 1.5, respectively. Since the Igut/IC50 for
BCRP was 128—that is, greater than 10—incorporation of BCRP is
important for more accurate DDI prediction for fenebrutinib. By using
the combined static model incorporating both OATP1B and BCRP, the
AUCR was predicted to be 2.15, which is closer to the observed AUCR
than with using OATP1B1/1B3 alone (Jones et al., 2020). This example
illustrates the advantage of using combined static model to provide
a more accurate quantitative prediction. Such an approach can be
employed to systematically investigate and then predict DDI involving
multiple transporters with other probes of interest, such as pitavastatin or
pravastatin.
Overall, our results highlighted that: 1) from a qualitative perspective,

the current R value cutoff criteria recommended by the U.S. Food and

Drug Administration and the Pharmaceuticals and Medical Devices
Agency in Japan (R . 1.1) appears to be reasonable for the in vitro
system tested in our laboratories to capture potential to cause
a clinically relevant DDI, and 2) from a quantitative perspective,
combined static model that takes into OATP1B1/1B3 and BCRP
inhibition by perpetrators provides a more mechanistic and accurate
approach to predict extent of transporter-mediated DDI with RST.
Dynamic modeling also performed reasonably well and has greater
utility in cases wherein static models are inadequate to capture the
overall DDI liability.
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Supplemental Table 1. Summary of IC50 and AUCR values predicted using the basic model for 22 studied drugs.  

    IC50 (μM) AUCR predicted by basic modela 
 Observed 

AUCRb 

Fraction 

unbound in 

plasma 

RST as probe 

(OATP1B1) 

RST as 

probe 

(OATP1B3) 

E217βG as 

probe 

CCK8 as 

probe 

RST as 

probe 

(OATP1B1) 

RST as probe 

(OATP1B3) 

E217βG 

as probe 

CCK8 as 

probe 

 Perpetrators with observed AUCR ≥ 1.25c 

Asunaprevir 1.41 0.005 1.78 0.739 0.124 0.336 1.10 1.24 2.44 1.53 

Eltrombopag 1.55 0.001 12.6 3.98 3.06 2.67 1.02 1.07 1.09 1.10 

Grazoprevir 1.59 0.01 1.67 2.91 0.322 0.574 1.13 1.01 1.67 1.38 

Lopinavir/ 

ritoanavire 
2.1 

Lopinavir: 

0.01; 

ritonavir: 

0.01 

2.36/1.38 7.93/4.23 
0.125/0.56

2 
3.76/1.58 

1.49/1.17 

= 1.66 

1.15/1.06 = 

1.20 

10.3/1.

42 = 

10.7 

1.31/1.1

5 = 1.46 

Velpatasvir 2.69 0.01 2.51 0.127 1.80 0.682 1.03 1.65 1.05 1.12 

Atazanavir/ 

ritonavire 
3.1 

Atazanavir

: 0.14 
1.92/1.38 1.91/4.23 1.59/0.562 4.34/1.58 

3.48/1.17 

= 3.57 

3.50/1.06 = 

3.53 

4.00/1.

42 = 

4.21 

2.10/1.1

5 = 2.17 

Cyclosporine 7.1 0.1 0.249 0.141 0.103 0.456 6.20 10.2 13.5 3.84 

Darunavir/ 

ritonavire 
1.5 

Darunavir: 

0.05 
5.85/1.38 286/4.23 10.9/0.562 30.2/1.58 

1.68/1.17 

= 1.77 

1.01/1.06 = 

1.04 

1.37/1.

42 = 

1.58 

1.13/1.1

5 = 1.21 

Eluxadoline 1.4 0.19 8.15 60.6 45.9 57.5 1.27 1.04 1.05 1.04 

Gemfibrozil 1.9 0.05 11.3 196 49.7 113 2.09 1.06 1.25 1.11 

Rifampicin 4.05 0.15 2.31 4.58 0.538 1.41 5.37 3.20 19.7 8.16 

 Perpetrators with observed AUCR < 1.25d 

Baicalin 0.769 0.1 28.8 101 85.4 157 1.03 1.01 1.01 1.01 

Ezetimibe 1.04 0.002 8.28 2.46 4.20 1.90 1.00 1.01 1.00 1.01 

Ketoconazole 1.01 0.1 7.75 5.93 2.68 12.1 1.04 1.06 1.12 1.03 

Telmisartan 1.12 0.005 1.35 12.8 0.783 1.12 1.09 1.01 1.16 1.11 

Digoxin 1.005 0.75 42.5 47.4 61.1 61.9 1.00 1.00 1.00 1.00 

Erythromycin 0.8 0.16 15.2 425 15.5 103 1.52 1.02 1.51 1.08 
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aFor fu < 0.01, AUCR was predicted by rounding fu to 0.01 per FDA and EMA guidance (EMA, 2012; FDA, 2020) 

b Literature curated in UW DIDB.  

c Perpetrators with observed RST AUCR ≥ 1.25 was defined as positive DDI in vivo 

d Perpetrators with observed RST AUCR < 1.25 was defined as negative DDI in vivo 

e For the three protease inhibitors, lopinavir, atazanavir and darunavir, since they are clinically used as combination with the booster, 

ritonavir, the R-values reported in the table reflected the combined potential of the protease inhibitors and ritonavir to interact with 

RST in order to compare to that observed AUCR. 

f No inhibition at highest concentration tested  

RST, rosuvastatin; E217βG, estradiol 17-β-D-glucuronide; CCK8, cholecystokinin-8; AUCR, AUC ratio; IC50, half-maximal inhibitory 

concentration 

   

Fimasartan 0.953 0.04 6.99 36.5 6.03 10.4 1.08 1.02 1.09 1.05 

Fluconazole 1.14 0.89 >1000f 2830 303 200 1.00 1.01 1.12 1.17 

Metformin 1.09 1 5860 1140 >1000f >1000f 1.05 1.27 1.31 1.31 

Valsartan 0.93 0.05 238 >100f 18.4 67.6 1.01 1.02 1.07 1.02 
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Supplemental Table 2. AUCR as predicted using static and combined static model for DDI predictions for 22 studied drugs. The 

cutoff criteria of R ≥ 1.1 was applied here.  

    AUCR (only 1B1/3; static model)a AUCR (1B1/3, BCRP for Igut/IC50 ≥ 10;  

combined static model)a 

  Observed 

AUCRb 

RST as 

probe (Fold 

differencec) 

  E217βG/CCK8 

as probes (Fold 

differencec) 

  BCRP IC50 

(µM) 

RST as 

probe (Fold 

differencec) 

  E217βG/CCK

8 as probes 

(Fold 

differencec) 

  

  Perpetrators with observed AUCR ≥ 1.25d 

Asunaprevir 1.41 1.04 (0.74) FN 1.32 (0.94) TP 

50.0 (PMDA, 

2014; AGHS, 

2015a) 

1.53 (1.09) TP 1.94 (1.37) TP 

Eltrombopag 1.55 1.00 (0.65) FN 1.01 (0.65) FN 
2.10 (Elsby et 

al., 2016) 
1.88 (1.21) TP 1.89 (1.22) TP 

Grazoprevir 1.59 1.06 (0.67) FN 1.32 (0.83) TP 12.5 1.91 (1.19) TP 2.34 (1.47) TP 

Lopinavir/ 

ritoanavir 
2.1 1.16 (0.55) TP 1.80 (0.86) TP 

7.66/6.60 

(Weiss et al., 

2007; Vermeer 

et al., 2016) 

2.28 (1.08) TP 3.53 (1.68) TP 

Velpatasvir 2.69 1.08 (0.40) FN 1.04 (0.39) FN 
0.260 (FDA, 

2017a) 
2.14 (0.80) TP 2.06 (0.77) TP 

Atazanavir/ 

ritonavir 
3.1 1.87 (0.60) TP 1.86 (0.60) TP 

69.1/6.60 

(Weiss et al., 

2007; Vermeer 

et al., 2016) 

3.41 (1.10) TP 3.38 (1.09) TP 

Cyclosporine 7.1 2.24 (0.32) TP 2.34 (0.34) TP 
1.6 (Elsby et 

al., 2016) 
4.35 (0.61) TP 4.56 (0.64) TP 

Darunavir 

/ritonavir 
1.5 1.29 (0.86) TP 1.26 (0.84) TP 

75/6.60 (Elsby 

et al., 2016; 
2.39 (1.60) TP 2.35 (1.56) TP 
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Vermeer et al., 

2016) 

Eluxadoline 1.4 1.13 (0.81) TP 1.03 (0.74) FN NIf 1.13 (0.81) TP 1.03 (0.74) FN 

Gemfibrozil 1.9 1.37 (0.72) TP 1.13 (0.59) TP 295 2.16 (1.14) TP 1.78 (0.94) TP 

Rifampicin 4.46g 2.04 (0.48) TP 2.53 (0.57) TP 

14 

(Prueksaritano

nt et al., 2014) 

3.86 (0.87) TP 4.80 (1.08) TP 

  Perpetrators with observed AUCR < 1.25e 

Baicalin 0.769 1.02 (1.33) TN 1.01 (1.31) TN 

3.41 (Kalapos-

Kovacs et al., 

2015) 

1.88 (2.44) FP 1.86 (2.42) FP 

Ezetimibe 1.04 1.00 (0.96) TN 1.00 (0.97) TN 
2.90 (Elsby et 

al., 2016)  
1.58 (1.52) FP 1.59 (1.53) FP 

Ketoconazole 1.01 1.03 (1.02) TN 1.06 (1.05) TN NIf 1.03 (1.02) TN 1.06 (1.05) TN 

Telmisartan 1.12 1.02 (0.94) TN 1.05 (0.9703) TN 0.62 2.02 (1.81) FP 2.07 (1.85) FP 

Digoxin 1.005 1.00 (1.00) TN 1.00 (1.00) TN NIf 1.00 (1.00) TN 1.00 (1.00) TN 

Erythromycin 0.8 1.21 (1.51) FP 1.22 (1.53) FP NIf 1.21 (1.51) FP 1.22 (1.53) FP 

Fimasartan 0.953 1.04 (1.09) TN 1.05 (1.10) TN 48.6 1.51 (1.58) FP 1.53 (1.60) FP 

Fluconazole 1.14 1.00 (0.88) TN 1.08 (0.95) TN NIf 1.00 (0.88) TN 1.08 (0.95) TN 

Metformin 1.09 1.06 (0.97) TN < 1.18 (1.08) TN NIf 1.06 (0.97) TN < 1.18 (1.08) TN 

Valsartan 0.93 1.01 (1.09) TN 1.04 (1.12) TN NIf 1.01 (1.09) TN 1.04 (1.12) TN 

RMSE   1.31   1.24     0.767   0.812   

PPV (TP/TP + FP) 0.875 (7/8)   0.889 (8/9)     
0.688 

(11/16) 
  0.667 (10/15)   

NPV (TN/ TN + FN) 0.692 (9/13)   0.750 (9/12)     1 (5/5)   0.833 (5/6)   
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Sensitivity (TP/ TP+FN) 0.636 (7/11)   0.727 (8/11)     1 (11/11)   0.909 (10/11)   

Specificity (TN/TN+FP) 0.9 (9/10)   0.9 (9/10)     0.5 (5/10)   0.5 (5/10)   

TP, True positive; TN, True negative; FP, False positive; FN, False negative; NI, No inhibition; AUCR, AUC ratio; RST, rosuvastatin; 

CCK8, cholecystokinin-8; E217βG, estradiol 17-β-D-glucuronide   

a Actual protein binding values were used in this calculation, including those with fu < 0.01  

b Literature curated in UW DIDB.  

c Fold difference = AUCR predicted using the static or combined static model for DDI predictions divided by observed AUCR  

d Perpetrators with observed RST AUCR ≥ 1.25 were defined as positive DDI in vivo.  

e Perpetrators with observed RST AUCR < 1.25 were defined as negative DDI in vivo. 

f No inhibition at the highest concentrations tested (Eluxadoline: 300 µM Ketoconazole: 200 µM, Digoxin: 100 µM; Erythromycin: 

300 µM; Fluconazole: 100 µM; Metformin: 1000 µM; Valsartan: 200 µM).   

g Mean AUCR from three studies (Prueksaritanont et al., 2014; Lai et al., 2016; Shen et al., 2017) 
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Supplemental Table 3. Drug-dependent parameters for rosuvastatin PBPK model development 

(Wang et al., 2017) 

 Rosuvastatin Reference  Notes  

Phys Chem and Blood Binding  

Molecular Weight (g/mol)  481.54  SimCYP library, (Jamei et al., 2014)   

LogPo:w 2.4  SimCYP library, (Jamei et al., 2014)   

Compound type  Monoprotic 

acid  

SimCYP library, (Jamei et al., 2014)   

pKa 4.27  SimCYP library, (Jamei et al., 2014)   

Blood/Plasma ratio  0.625  SimCYP library, (Jamei et al., 2014)   

Fraction unbound in plasma  0.107 SimCYP library, (Jamei et al., 2014)   

 

Absorption  

Model used  ADAM model   

Caco-2 (10-6 cm/s)  3.395 SimCYP library, (Jamei et al., 2014)  

Predicted Peff,man (10-4
 cm/s) 0.855  Predicted Human jejunum 

effective 

permeability 

fu,gut  1 User input  

 

Distribution  

Run Simulation using  Full PBPK 

model  

  

Vss Prediction Method  Method 2   Rodgers and 

Rowland method  

Predicted Vss 0.256 Predicted   

Kp scalar  3   

 

Elimination  

Enzyme kinetics     

Additional Clearance – liver 

CLint (HLM) (µL/min/mg 

protein)  

17  (Jamei et al., 2014; Wang et al., 

2017)  
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Percentage available for  

re-absorption (%)  

100  (Jamei et al., 2014)   

 

Transport 

Intestinal apical  

BCRP     

Jmax 380 Model fit in (Wang et al., 2017)   

Km  10.4 (Huang et al., 2006)   

fu,inc  1   

REF  1   

Apical uptake CLint,T 

(µL/min)  

0.0015  Model fit in (Wang et al., 2017)   

Hepatic transport – Permeability limited liver model  

CLPD (mL/min/million 

hepatocytes)  

0.0025 (Jamei et al., 2014)  Sinusoidal 

passive 

permeability  

Sinusoidal transporters     

OATP1B1     

CLint,T (µL/min/million 

hepatocytes) 

155 (Wang et al., 2017) Estimated based 

on fe,t 

fu,inc 1   

REF 1   

OATP1B3     

CLint, T (µL/min/million 

hepatocytes) 

43    

   fu,inc 1   

   REF  1   

NTCP     

CLint, T(µL/min/million 

hepatocytes) 

24  (Wang et al., 2017)  Estimated based 

on fe,t 

   fu,inc 1   

   REF  1   

MRP4     
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CLint, T (µL/min/million 

hepatocytes) 

12  (Wang et al., 2017)  Model fit  

   fu,inc 1   

   REF  1   

Canalicular transporters 

BCRP    

CLint, T (µL/min/million 

hepatocytes) 

3.8  (Wang et al., 2017) Estimated based 

on fe,t 

   fu,inc 1   

   REF  1   

Renal Transport 

OAT3     

CLint, T (µL/min/million 

cells) 

150  (Wang et al., 2017) Estimated 

   REF  1   

BCRP    

CLint, T (µL/min/million 

cells) 

150  (Wang et al., 2017) Estimated 

   REF  1   

    

PBPK, Physiologically-based pharmacokinetic; CL, clearance   
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Supplemental Table 4. Drug-dependent parameters for rifampicin, velpatasvir and asunaprevir 

 Rifampicin  Velpatasvir Asunaprevir  

Phys Chem and Blood Binding  

Molecular Weight (g/mol)  823.0 (Jamei et al., 2014)  883.0 (DrugBank) 748.3 (DrugBank)  

LogPo:w 4.01(Jamei et al., 2014)  6.31 (McKelvey and 

Kesisoglou, 2019) 

3.12 (DrugBank) 

Compound type  Ampholyte (Jamei et al., 

2014)  

Diprotic Base Monoprotic acid  

pKa 1 1.7 (Jamei et al., 2014)  3.2 (McKelvey and 

Kesisoglou, 2019)  

4.85 (AGHS, 2015b)  

pKa 2 7.9 (Jamei et al., 2014)  4.6 (McKelvey and 

Kesisoglou, 2019)  

- 

Blood/Plasma ratio  0.9 (Jamei et al., 2014)  0.6 (FDA, 2018)  0.55 (AGHS, 2015a)  

Fraction unbound in 

plasma  

0.116 (Jamei et al., 2014)  0.003 (Mogalian et al., 

2017)  

0.005 (Eley et al., 

2015b)  

 

Absorption  

Model used  ADAM  First-order First-order (Zhu et al., 

2018)  

Fa - 0.7 (optimized) 0.0998 (optimized) 

Ka (1/h) - 0.78 (FDA, 2016)  0.5 (Zhu et al., 2018)  

Lag time (h)  - 0.5 (optimized) 0 

Caco-2 (10-6 cm/s)  15 (Wang et al., 2017; 

Marsousi et al., 2018)  

2.1 (Mogalian et al., 

2017)  

- 

PAMPA (10-6 cm/s) - - 50 (McPhee et al., 

2012)  

Predicted Peff,man  2.15 0.581 9.16 

fu,gut  1(Wang et al., 2017; 

Marsousi et al., 2018)  

1  0.48 (predicted)  

 

Distribution  

Run Simulation using  Minimal PBPK model  Minimal PBPK model Minimal PBPK model  
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Vss Prediction Method  Method 2  Method 2   

Vss (L/kg) 0.407 0.912 2.66 (DrugBank) 

Single Adjusting 

Compartment Kin 

- - 2E-5 (optimized) 

Single Adjusting 

Compartment Kout 

- - 23.82 (optimized) 

Kp scalar  0.094 (optimized)  0.002 (optimized) - 

Liver:plasma partition 

coefficient 

- 
- 

100 (Eley et al., 

2015a)  

 

Elimination  

In vivo clearance  -   

CLpo (L/h) - 28.9 (FDA, 2016) 511 (Eley et al., 2013)  

CV (%)  30 36 (Eley et al., 2013)  

Enzyme kinetics   - 

Additional HLM CLint 

(µL/min/ mg protein) 

14.37 (Wang et al., 2017)   - 

Biliary Clearance CLint 

(µL/min/106) 

0.24 (Wang et al., 2017)   - 

Active uptake into 

hepatocyte  

1 1 - 

Percentage available for 

re-absorption (%)  

100  - 

CLR (Typical renal 

clearance for a 20-30 y/o 

healthy male (L/h) 

1.26 (Almond et al., 2016; 

Wang et al., 2017)  

0.1 (estimated based on 

(FDA, 2016)) 

1 (estimated based on 

(Eley et al., 2013; Eley 

et al., 2015a))  

  

    

Interaction    

Transporter    

Gut BCRP Ki (μM)  1.4 (scaling factor of 10 

applied to experimental 

IC50 of 14) 

(Prueksaritanont et al., 

2014; Wang et al., 2017)  

0.03 (scaling factor of 

10 applied to 

experimental IC50 of 

0.3 (FDA, 2017a)  

5 (scaling factor of 10 

applied to 

experimental IC50 

of >50 μM) (PMDA, 

2014)  
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OATP1B1 Ki (μM)     

RST as probe (from in 

vitro experiment)  

0.0115 (scaling factor of 

200 applied to 

experimental IC50 of 

2.305)  

0.0126 (scaling factor 

of 200 applied to 

experimental IC50 of 

2.51) 

0.0089 (scaling factor 

of 200 applied to 

experimental IC50 of 

1.78) 

E217βG as probe (from in 

vitro experiment)  

0.00538 (scaling factor of 

100 applied to 

experimental IC50 of 

0.538) 

0.018 (scaling factor of 

100 applied to 

experimental IC50 of 

1.80) 

0.00124 (scaling factor 

of 199 applied to 

experimental IC50 of 

0.124) 

OATP1B3 Ki (μM)    

RST as probe 0.0229 (scaling factor of 

200 applied to 

experimental IC50 of 

4.583)  

0.000636 (scaling 

factor of 200 applied to 

experimental IC50 of 

0.127) 

0.0037 (scaling factor 

of 200 applied to 

experimental IC50 of 

0.7392) 

CCK-8 as probe  0.01408 (scaling factor of 

100 applied to 

experimental IC50 of 

1.408) 

0.00682 (scaling factor 

of 100 applied to 

experimental IC50 of 

0.682) 

0.00336 (scaling factor 

of 100 applied to 

experimental IC50 of 

0.336)  

 

 

RST, rosuvastatin; CCK8, cholecystokinin-8; E217βG, estradiol 17-β-D-glucuronide; IC50, half-

maximal inhibitory concentration; ADAM, advanced dissolution, absorption and metabolism; 

HLM, human liver microsomes 
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Supplemental Table 5. Summary of population and dosing characteristics of DDI trial designs  

DDI study Rifampicin/RST Velpatasvir/RST Asunaprevir/RST 

Population  10 trials x 10 subjects 

Female (%) 50 40.8 5 

Age  20-50 18-45 18-45 

Dosing and duration of 

RST 

5 mg PO x 1 10 mg PO x 1 on Day 

4 

10 mg PO x 1 on Day 

11 

Dosing and duration of 

perpetrator 

600 mg PO x 1 100 mg PO QD x 6 

days 

200 mg PO BID x 11 

days 

For rifampicin, the dosing and duration information matched the observed DDI studies 

(Prueksaritanont et al., 2014; Lai et al., 2016; Shen et al., 2017). For velpatasvir/RST and 

asunaprevir/RST DDI simulation, proportion of females, age, dosing and duration information 

matched the observed DDI clinical DDI studies (Eley et al., 2015b; Mogalian et al., 2016). 

DDI, drug-drug interaction; RST, rosuvastatin, PO, per oral; BID, bis in die 
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Supplemental Table 6. List of drugs with unbound fraction < 0.01 and in vivo AUCR > 1.25 

with rosuvastatin. These molecules also inhibit OATP1B1/3 and BCRP (University of 

Washington DDI database; date of access Aug 24, 2020) 

Molecules  Unbound fraction in 

plasma 

In vivo AUCR*  

 

BCRP inhibitors 

Faldaprevir 0.09% (Huang et al., 2015) 14.7 Yes (Sane et al., 2014) 

Darolutamide 

(Nubeqa USPI) 

8% (darolutamide) 

0.2% (keto-darolutamide; 

active metabolite)  (FDA, 

2019) 

5.18 Yes (FDA, 2019)  

Regorafenib 

(Stivarga USPI) 

0.5% (FDA, 2012)  3.80 Yes (FDA, 2012) 

Simeprevir  

(Olysio USPI) 

<0.01% (FDA, 2013)  2.81 Yes (Ouwerkerk-

Mahadevan et al., 2016) 

Pibrentasvir 

(Mavyret USPI) 

<0.01% (FDA, 2017b)  2.15 Yes (FDA, 2017b) 

Itraconazole 0.15% (Di et al., 2017)  1.26 – 1.78 Yes (Prueksaritanont et 

al., 2017) 

Daclatasvir 

(Daklinza USPI) 

1% (FDA, 2015)  1.47 Yes (FDA, 2015) 

Tipranavir 

(Aptivus USPI) 

0.015% (Ingelheim, 2005)  1.37 Yes (Pham et al., 2009) 

* Literature curated in UW DIDB 

Note: For lomitapide, the AUCR was 1.33; however, the OAT1B1/3 inhibition potential was not 

reported. 
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Supplemental Figure 1. Observed and simulated plasma concentration-time profiles of 

rosuvastatin (A), rifampicin (B), velpatasvir (C) and asunaprevir (D) 

Black lines represent the simulated mean profiles. The dotted lines represent the 5th to 95th 

percentiles of the population simulations. The different symbols represent the observed data from 

various studies. (A) hows the simulated and observed plasma concentration-time profile of 5 mg 

oral dose of rosuvastatin. Circles and triangles represent observed data from (Prueksaritanont et 

al., 2014; Lai et al., 2016), respectively. (B) shows the simulated and observed plasma 

concentration-time profile of 600 mg oral dose of rifampicin. Red triangles, green squares, blue 

circles, pink rhombus and purple hexagon represent the observed data from (Prueksaritanont et 

al., 2014), (Acocella, 1978), (Furesz et al., 1967), (Acocella et al., 1971), and (Peloquin et al., 

1997), respectively. (C) shows the simulated and observed plasma concentration-time profile of 

150 mg oral dose of velpatasvir. The triangles represent the observed data from (Mogalian et al., 

2017). (D) shows the simulated and observed plasma concentration-time profile of 200 mg oral 

dose of asunaprevir. The circles and squares represent the observed data from (Eley et al., 2013; 

Eley et al., 2015a), respectively.    
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Supplemental Figure 2. Simulated plasma concentration-time profiles of rosuvastatin in the 

presence and absence of rifampicin (A and B), velpatasvir (C and D) and asunaprevir (E 

and F) 

 

Black and red lines represent the plasma concentration-time of RST when administered in the 

absence and presence of the perpetrators, respectively. Dotted lines represent the 5th and 95th 

percentiles of the population simulations. Symbols in black and red represent the observed data 

in the absence and presence of the perpetrators, respectively. Panels A, C and E represent DDI 

simulations based on the respective IC50 values that were obtained from the in vitro experiment 

with RST as probe substrates. Panels B, D, and F represent DDI simulations based on the 

respective IC50 values that were obtained from the in vitro experiment with E217βG and CCK8 

as probe substrates. For panels A and B, the circles and squares represent the observed data from 

(Lai et al., 2016; Prueksaritanon et al., 2014) respectively. For panels C and D, since the 

observed profiles of RST in the absence and presence of VEL were not published, the observed 

Cmax reported in (Mogalian et al, 2016) was plotted instead. For panels E and F, the squares 

represent the observed data from (Eley et al., 2015b).   
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