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ABSTRACT

The aim of the present study was to quantitatively evaluate the drug-
drug interactions (DDIs) of maraviroc (MVC)with various perpetrator
drugs, including telaprevir (TVR), using an in vitro data-informed
physiologically based pharmacokinetic (PBPK) model. MVC showed
significant active uptake and biliary excretion in sandwich-cultured
human hepatocytes, and biphasic organic anion transporting poly-
peptide (OATP)1B1-mediated uptake kinetics in transfected cells
(high-affinity Km ∼5 mM). No measureable active uptake was noted
in OATP1B3- and OATP2B1-transfceted cells. TVR inhibited
OATP1B1-mediated MVC transport in vitro, and also exhibited
CYP3A time-dependent inhibition in human hepatocytes (inactivation
constant, KI = 2.24 mM, and maximum inactivation rate constant,
kinact = 0.0112 minute21). The inactivation efficiency (kinact/KI) was
approximately 34-fold lower in human hepatocytes compared with

livermicrosomes. A PBPKmodel accounting for interactions involving
CYP3A, P-glycoprotein (P-gp), andOATP1B1wasdevelopedbasedon
in vitro mechanistic data. MVC DDIs with ketoconazole (inhibition of
CYP3A and P-gp), ritonavir (inhibition of CYP3A and P-gp), efavirenz
(induction of CYP3A), rifampicin (induction of CYP3A and P-gp;
inhibition of OATP1B1), and TVR (inhibition of CYP3A, P-gp, and
OATP1B1) were well described by the PBPK model with optimized
transporter Ki values implying that OATP1B1-mediated uptake along
with CYP3A metabolism determines the hepatic clearance of MVC,
and P-gp–mediated efflux limits its intestinal absorption. In summary,
MVC disposition involves intestinal P-gp/CYP3A and hepatic
OATP1B1/CYP3A interplay, and TVR simultaneously inhibits
these multiple mechanisms leading to a strong DDI—about 9.5-
fold increase in MVC oral exposure.

Introduction

Drug-drug interactions (DDIs) involving drug-metabolizing enzymes
and membrane transporters can lead to changes in victim drug exposure,
which can result in adverse effects and impact efficacy. Therefore, it is
important to evaluate potential DDIs in drug discovery and during clinical
development, as reflected in the guidance documents provided by various
health authorities [for example, European Medicines Agency (http://www.
ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/
2012/2007/WC500129606.pdf); JapaneseMinistry ofHealth (https://www.
solvobiotech.com/documents/Japanese_DDI_guideline_(draft)_2014Jan.pdf);
and Center for Drug Evaluation and Research (http://www.fda.gov/
downloads/Drugs/Guidance-ComplianceRegulatoryInformation/Guidances/
ucm292362.pdf)]. While successful approaches have been developed
to predict DDIs involving cytochrome P450 enzyme inhibition or

induction in isolation, the optimal strategy to evaluate complex DDIs
such as mixed enzyme inhibition and induction, combined competitive
and time-dependent inhibition (TDI), or simultaneous transporter-enzyme
interactions continue to evolve (Fahmi et al., 2009; Vieira et al., 2014;
Varma et al., 2015; Wagner et al., 2015).
Maraviroc (MVC) is a selective C-C chemokine receptor type

5 antagonist approved for the treatment of human immunodeficiency
virus infection (Abel et al., 2009). MVC is primarily metabolized by
CYP3A with renal clearance accounting for about 23% of total clearance,
and it is a substrate of P-glycoprotein (P-gp) and organic anion transporting
polypeptide (OATP)1B1 (Walker et al., 2005; Hyland et al., 2008; Siccardi
et al., 2010). MVC exposure was shown to increase significantly when
coadministered with strong CYP3A/P-gp inhibitors in humans (Hyland
et al., 2008). Clinical studies have also indicated that the mean area
under the plasma concentration-time curve (AUC) of MVC increased
by approximately 9.5-fold when treated with telaprevir (TVR) (Vourvahis
et al., 2014). The magnitude of this interaction is much greater than that
observed with other strong CYP3A probe inhibitors (e.g., 2.5-fold with
ritonavir and 5-fold with ketoconazole) (Abel et al., 2008b; Vourvahis
et al., 2014). Earlier studies have shown an association between MVC
plasma trough concentrations and the SLCO1B1 521TC genotype
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in patients treated with 60 mg MVC plus etravirine or efavirenz
(Siccardi et al., 2010). More recent genotype-pharmacokinetic analyses
have shown that homozygous or heterozygous carriers of the SLCO1B1
521T.C allele are characterized by higher MVC exposure (AUC0–12,
Cmax, and Cmin) versus reference TT homozygote subjects (Vourvahis
et al., 2011). These clinical findings indicate that OATP1B1 plays a
significant role in the hepatic clearance of MVC. Human immunode-
ficiency virus–infected patients are likely to be at risk for other infectious
pathogens, including hepatitis B or C virus. For example, the results of a
recent meta-analysis study indicated more than 2 million people are
coinfected with human immunodeficiency virus and hepatitis C virus
globally (Platt et al., 2016). Although use of TVR, a direct-acting
antiviral for the treatment of genotype 1 chronic hepatitis C virus
patients, has been discontinued, a number of DDIs were reported that
may involve inhibition of not only CYP3A but also P-gp and OATP1B1.
The aim of this study was to quantitatively evaluate MVC pharma-

cokinetic interactions based on mechanistic in vitro studies and
physiologically based pharmacokinetic (PBPK) modeling and simula-
tions. First, transporter-mediated disposition of MVC was characterized
in vitro using transfected cells and primary human hepatocytes. Second,
a permeability-limited hepatic disposition model was considered in the
PBPK analyses and verified using a range of available clinical DDI data
with various perpetrator drugs including ketoconazole, ritonavir, efavirenz,
and rifampicin, as well as TVR, which caused up to 9.5-fold increase in
MVC plasma exposure. Prior to this, the TVR perpetrator model was
verified using DDI data with probe substrate drugs: midazolam
(CYP3A), digoxin (P-gp), and atorvastatin (CYP3A/P-gp/OATP1B1).

Materials and Methods

Materials and Reagents. In VitroGro-HT (thawing), In VitroGro-CP (plating),
and In VitroGro-HI (incubation) hepatocyte media were purchased from Celsis
In Vitro Technologies Inc. (Baltimore, MD). Hanks’ balanced salt solution (HBSS)
containing Ca2+/Mg2+ (standard) was purchased from Lonza (Walkersville, MD),
and HBSS (Ca2+/Mg2+-free) and William’s medium E were purchased from
Gibco (Grand Island, NY). BioCoat 24-well plates and Matrigel were purchased
from Corning (Kennebunk, ME). The BCA Protein Assay Kit was purchased
from PierceBiotechnology (Rockford, IL). High-performance liquid chromatog-
raphy grademethanol, acetonitrile, andwater were obtained fromFisher Chemical
(Fair Lawn, NJ). TVR was purchased from Toronto Research Chemicals Inc.
(Ontario, Canada). Midazolam was purchased from United States Pharmacopeia
(Rockville, MD), and 19-hydroxymidazolam and D4-19-hydroxymidazolam were
synthesized at Pfizer Inc. MVC, formic acid, Dulbecco’s PBS, Krebs-Henseleit
buffer, monobasic and dibasic potassium phosphate buffer, magnesium chloride,
HEPES, reduced NADPH, and all other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO). Cryopreserved human hepatocyte lot HU4241 (male,
Caucasian, age 53) was purchased from Invitrogen (Waltham, MA) and HH1025
(female, Caucasian, age 59) was purchased from In Vitro ADMET (Columbia, MD).
Pooled male and female human liver microsomes (HLM) (n = 50 donors) were
purchased from Sekisui Xenotech (Kansas City, KS), and pooled male and
female hepatocytes (n = 10 donors) were purchased from Bioreclamation IVT
(Baltimore, MD).

Transport Studies in Sandwich-Cultured Human Hepatocytes. Plateable
cryopreserved hepatocytes were thawed and plated as described previously
(Kimoto et al., 2015). Briefly, hepatocytes were thawed in a water bath at 37�C
and placed on ice. The cells were then poured into In VitroGro-HT medium at
37�C at a ratio of one vial/50 ml in a conical tube. The cells were centrifuged at
50g for 3 minutes and resuspended at 0.75 � 106 cells/ml in In VitroGro-CP
medium. Cell viability was determined by trypan blue exclusion and exceeded
85%. On day 1, hepatocyte suspensions were plated in collagen-coated 24-well
plates at a density of 0.375 � 106 cells/well in a volume of 0.5 ml/well. After
18–24 hours of incubation at 37�C, cells were overlaid with ice-cold 0.25 mg/ml
Matrigel in In VitroGro-HI medium at 0.5 ml/well. Cultures were maintained in
In VitroGro-HI medium that was refreshed every 24 hours. On day 5, the
sandwich-cultured human hepatocytes (SCHH) were first rinsed twice with

HBSS containing Ca2+/Mg2+ (standard) or Ca2+/Mg2+-free HBSS, and then
preincubated for 10 minutes with standard or Ca2+/Mg2+-free HBSS in the
absence or presence of inhibitors at 37�C or 4�C. After aspirating the
preincubation buffer, 0.5 ml of incubation buffer containing substrate was
added in the absence or presence of inhibitors at 37�C or 4�C. The uptake
was terminated at a designated time (0.5, 1, 2, 5, 10, and 15 minutes) by
adding 0.5 ml of ice-cold standard HBSS after removal of the incubation
buffer. Cells were then washed three times with 0.5 ml of ice-cold standard
HBSS. The hepatocytes were lysedwithmethanol containing the internal standard
for liquid chromatography–tandem mass spectrometry (LC-MS/MS) quantifica-
tion (Supplemental Material).

Transport Studies in Suspended Human Hepatocytes. Uptake of MVC
was measured using suspended human hepatocytes as described previously
(Kimoto et al., 2011; Bi et al., 2013). Briefly, cryopreserved hepatocytes were
thawed at 37�C and then immediately suspended in In VitroGro-HT medium.
The hepatocytes were centrifuged at 50g for 3 minutes at room temperature,
and the cells were resuspended in Krebs-Henseleit buffer. Cell viability was
determined by trypan blue exclusion and exceeded 85%. The hepatocytes
were diluted to 2 � 106 cells/ml. An aliquot of cells (200 ml) was placed in
test tubes and prewarmed in a slow-motion 37�C water bath or ice-cold bath
for 3 minutes. Uptake incubations were initiated by the addition of 200 ml of
MVC (2 mM) prewarmed (37�C) or ice-cold, which resulted in a final
substrate concentration of 1 mM and a cell density of 1 � 106 cells/ml in a
400 ml incubation volume. The incubations were terminated at 0.5, 1, and
1.5 minutes by collection of 100 ml of incubation mixture into a centrifuge
tube that was previously prepared with two layers: a bottom layer of 50 ml of
2 N NaOH and an upper layer of 100 ml oil (density = 1.015; a mixture of
silicone oil and mineral oil). The tube was immediately centrifuged at
16,000g for 10 seconds (Microfuge E; Beckman Coulter, Fullerton, CA).
The centrifuge tubes were cut at the middle of the oil layer to separate the
bottom layer containing cells. Ammonium acetate in the bottom layer was
aspirated and the cell pellets were transferred to a 96-well plate after resuspending
with 50 ml of water. The cells were lysed with 100 ml of methanol containing
internal standard. The concentrations of analytes were determined by LC-MS/MS
in Supplemental Material.

Transport Studies in Transfected Human Embryonic Kidney 293 Cells.
OATP1B1, OATP1B3, and OATP2B1 specific transport was assessed in stably
transfected human embryonic kidney (HEK) 293 cells. Transporter-transfected
andwild-type HEK293 cells were seeded onto 24-, 48-, or 98-well poly-D-lysine-
coated plates at a density of 2� 105 cells (24-well plate) per well in a total volume
of 0.5 ml per well, 1.125� 105 cells (48-well plate) per well in a total volume of
0.25 ml per well, or 2.5–5� 104 cells per well in a total volume of 0.1 ml per well
(96-well plate). OATP-transfected cells were cultured for 48–72 hours in the
presence of Dulbecco’s modified Eagle’s medium, 10% heat-inactivated FBS,
and 5 mg/ml blasticidin. After the cells reached confluency, they were washed
two times with uptake buffer [HBSS with 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4]. The transport study was initiated by
incubating the cells with incubation buffer containing each test compound at 37�C
in triplicate. At the completion of the incubation, cells were quickly washed three
times with ice-cold buffer. The cells were then lysed with methanol containing the
internal standard for LC-MS/MS quantification (Supplemental Material). The
uptake of compounds was normalized by total cell protein using the BCA Protein
Assay Kit following the manufacturer’s protocol.

Time-Dependent Inhibition Study in Human Liver Microsomes and
Human Hepatocytes. The TDI of CYP3A in HLM was measured in pooled
HLM (0.3 mg/ml) in the presence of MgCl2 (3.3 mM) and NADPH (1.3 mM) in
potassium phosphate buffer (100 mM, pH 7.4). TVR stock solutions, prepared at
100 times the incubation concentration in 90% acetonitrile and 10% water, were
added to this incubation mixture to initiate the reaction. The final incubation
concentration range was 0.03–30 mM. At various time points (1, 2, 4, 9, 14, 21,
and 30minutes) an aliquot of this mixture was transferred to an activity incubation
mixture consisting of midazolam (20.9 mM, which is approximately 10-fold the
Km value in HLM), MgCl2 (3.3 mM), and NADPH (1.3 mM) in potassium
phosphate buffer (100 mM, pH 7.4), resulting in 20-fold dilution. The TDI of
CYP3A in human hepatocytes was measured in pooled human hepatocytes
(0.45 � 106 cells/ml) suspended in William’s medium E supplemented with
L-glutamine andHEPES. TVR stock solutions prepared at 10 times the incubation
concentration in 90% media, 9% acetonitrile, and 1% water were added to this
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incubation mixture to initiate the reaction. The final incubation concentration
range was 0.1–30 mM in a volume of 50 ml. At various time points (1, 8, 18, 30,
60, and 90 minutes), a 200 ml aliquot of activity incubation mixture consisting of
midazolam (final concentration 80 mM, which is approximately 5-fold the Km

value in human hepatocytes) in media was added to incubation wells, resulting in
5-fold dilution. All reactions were conducted in duplicate at 37�C with a final
volume of 200ml (HLM) or 250ml (hepatocytes). After incubation (6 minutes for
HLMand 20minutes for human hepatocytes), the activity reaction was terminated
by the addition of two volumes of acetonitrile containing internal standard
(100 ng/ml of D4-19-hydroxymidazolam). Samples were vortexed and centri-
fuged for 5 minutes at approximately 2300g at room temperature. Supernatant
was mixed with an equal volume of water containing 0.2% formic acid and
analyzed directly by LC-MS/MS (Supplemental Material). For estimation of
kinetic constants, data analysis methods were used as previously described
(Yates et al., 2012).

PBPK Modeling and Simulations. Whole-body PBPK modeling and
simulations were performed using the population-based absorption, distribution,
metabolism, and excretion simulator, Simcyp (version 15; Certara, Sheffield, UK).
Each simulation was performed for 50 subjects (5 trials � 10 subjects) in the
software’s built-in healthy volunteer virtual population. Dose, dosing interval, and
dosing duration of substrate and perpetrator drugs were similar to that used in the
reported clinical studies.

MVC PBPK Model Development. The physicochemical and pharmacoki-
netic parameters of MVC used for the present PBPK model are summarized in
Table 1. The advanced dissolution, absorption, and metabolism model and the
permeability-limited liver distribution model were used to parameterize drug
absorption and liver disposition, respectively. The effective permeability in
human was predicted using the apparent permeability in the Caco-2 system
(calibrated by propranolol as the permeability marker: 23 � 1026 cm/s, in-house
data) (Walker et al., 2005). Colonic absorption of MVC was assumed to be
negligible (regional permeability of colon in the advanced dissolution, absorption,
andmetabolismmodel = 0.01� 1024 cm/s). The full PBPKmodel was adopted to
obtain the distribution of MVC into all organs except liver using the method
developed by Rodgers et al. (2005) and Rodgers and Rowland (2006) and
considering rapid equilibrium between blood and tissues with tissue-to-plasma
partitioning coefficients (Kp). The observed mean pharmacokinetic data of MVC
in healthy subjects receiving 3, 10, and 30 mg MVC via intravenous infusion or
150 mg oral dose were used to refine the absorption and distribution parameters
(Abel et al., 2008c; Vourvahis et al., 2014). TheKp scalar value of 1.7 was needed
to recover in vivo observed plasma concentration-time profiles. Permeability-
limiting disposition was considered for liver. Intrinsic active uptake clearance and
passive diffusion across the sinusoidal membrane and intrinsic efflux clearance on
the canalicular membrane, obtained from SCHH studies, were used to capture
hepatobiliary disposition. The active hepatic uptake clearance was attributed to
OATP1B1-mediated transport based on our presented data (see Results). On the
other hand, P-gp was assumed to impact the MVC absorption/canalicular efflux
(Walker et al., 2005). Intrinsic metabolic clearance of MVC was obtained using
substrate depletion inHLM incubations (Tseng et al., 2018). Themodel with these
initial input parameters (transport-metabolism interplay) resulted in underprediction
of hepatic clearance. Therefore, an empirical scaling factor for the hepatic
sinusoidal active uptake of 10 (estimated by top-down model fitting of the
intravenous data) was applied. This scaling factor for the hepatic sinusoidal active
uptake is in line with our previously reported value (Varma et al., 2014). To
simulate the effect of inhibitors and inducers on the MVC pharmacokinetic
profile, the models for ketoconazole, efavirenz, rifampicin, and ritonavir were
adopted directly from the default compound library with certain modifications.
The P-gp inhibition constant (Ki) of 0.4mMwas added to the ketoconazole model.
The Ki,P-gp value for ritonavir was also modified to 0.4 mM, instead of a default
value of 0.03 mM, which is significantly lower than the reported IC50,P-gp range
from 1.5 to 28 mM in Caco-2 cells (Gnoth et al., 2011; Kishimoto et al., 2014). In
terms of P-gp induction in gut, rifampicin was assumed to increase intestinal P-gp
abundances. Intestinal P-gp expression levels were shown to increase by about
3.5-fold following multiple-dose rifampin treatment, which is similar to the
increase in the intestinal CYP3A4 level of 4.4-fold (Greiner et al., 1999).
Therefore, the intestinal P-gp maximum transport rate (Jmax) value of MVC was
assumed to be 3.5-fold higher when simulating multiple-dose rifampicin
interactions. The Ki,OATP1B1, CYP3A4 Emax, and CYP3A4 EC50 values of
rifampicin were obtained from a previous report to consider the impact of

rifampicin on CYP3A4 (both inhibition and induction) as well as inhibition of
OATP1B1 at a concomitant dose with MVC and rifampicin (Varma et al., 2013).

TVR and R-Diastereomer PBPK Model Development. The physico-
chemical and pharmacokinetic parameters of TVR and its R-diastereomer
[VRT-127394 (M0)] used in the present PBPK model are summarized in
Table 1. The observed mean pharmacokinetic data of TVR and M0 in healthy
subjects receiving a 750 mg oral single dose and multiple doses were used to
refine the input parameters for absorption, distribution, and elimination
[INCIVEK (telaprevir); https://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/
201917Orig1s000TOC.cfm]. The absorption of TVR was described with the first-
order model and distribution was described using the minimal PBPK distribution
model. The formation of M0 was assumed as a result of TVR metabolism
generated by the non-CYP3A pathway. The distribution of M0 was described
with a minimal PBPK model, and the clearance was assumed to be driven by
further metabolism. The following interaction parameters of TVR were used;
Ki,CYP3A for testosterone (18.6mM),KI,CYP3A, and kinact,CYP3A in hepatocytes (see
Results), Ki,P-gp (0.48 mM), and Ki,OATP1B1 (0.11 mM). To verify the TVR model
and determine the in vivoKi values based on clinical DDI data, default compound
files of midazolam and digoxin were used as is, and the atorvastatin PBPKmodel
was adopted from a published report (Zhang, 2015). The performance of the
PBPK model predictions was evaluated by the ratio of predicted and observed
values (Rpred/obs). For Rpred/obs, a value between 0.8 and 1.25 was used to assess
model performance.

Results

In Vitro Transport of MVC. The time-course profiles of MVC
uptake in SCHH and suspended hepatocytes are shown in Fig. 1. MVC
showed temperature-dependent uptake in both systems with ;95%
reduction in uptake at 4�C compared with 37�C, implying active
transport. In contrast, 30 and 100 mM rifamycin SV enhanced MVC
accumulation in SCHH. Significant biliary excretion was noted in
SCHH when incubated with and without Ca2+/Mg2+. Overall, the
results of in vitro studies employing SCHH suggested active uptake
and biliary excretion of MVC. Additionally, temperature-dependent
transport was also noted in suspended human hepatocytes. In the
uptake studies using transporter-transfected HEK293 cells, MVC was
transported by OATP1B1, but not by OATP1B3 and OATP2B1
(Table 2). Moreover, OATP1B1-specific uptake displayed concentra-
tion dependency with a biphasic saturation profile (Fig. 2A). Within the
concentration range of 2.0–31.2 mM, MVC transport conformed to
Michaelis-Menten kinetics andwas characterized by aKm value of 5mM
and Vmax value of 6.25 pmol/min per milligram (Fig. 2B). The former is
lower than the Km value (34 mM) reported using OATP1B1-transfected
oocytes (Siccardi et al., 2010). Similar to the stimulatory effect of
rifamycin SV noted in SCHH, OATP1B1-mediated uptake of MVC also
increased with 100mMrifamycin SV in transfected HEK293 cells; on the
other hand, MVC uptake was inhibited by 100 mM TVR (Fig. 2C).
In Vitro CYP3A TDI of TVR. The TDI kinetic parameters of

TVR for CYP3A were determined with HLM and human hepato-
cytes using midazolam as a CYP3A probe substrate (Fig. 3; Supple-
mental Fig. 1). The estimated KI and kinact values in HLM were
0.644 mM and 0.108 minute21, respectively. These values are close to
those previously reported by two independent studies: 1.5 mM and
0.065 minute21 and 0.511 mM and 0.113 minute21, respectively
[INCIVEK (telaprevir); https://www.accessdata.fda.gov/drugsatfda_docs/
nda/2011/201917Orig201911s201000ClinPharmR.pdf] (Oda andYamano,
2014). The TDI kinetic parameters obtained with human hepatocytes
were determined to be a KI value of 2.24 mM and kinact value of
0.0112minute21. Thus, theKI value in human hepatocytes is approximately
3.5-fold higher versus HLM, whereas the kinact value in human hepatocytes
is approximately 10-fold lower than that obtainedwithHLM, resulting in the
33.6-fold difference in the inactivation efficiency (kinact/KI) between the two
systems. The KI and kinact values obtained with human hepatocytes were
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used for DDI prediction and were compared with predictions based on
HLM-derived parameters.
PBPK Modeling and Simulations of MVC. A PBPK model for

MVC, incorporating transporter function for P-gp and OATP1B1, was
developed. The simulated MVC plasma concentration-time profiles and
pharmacokinetic parameters were in good agreement with the observed
clinical data (Supplemental Fig. 2A; Table 3). Also, the predicted MVC
bioavailability (F) of ;17%—estimated based on the simulated the
AUC extrapolated to infinity following intravenous (30 mg) and oral

(100 mg) doses—agreed with the clinical observation of ;23% at the
same oral dose. The fraction of the dose absorbed from gastrointestinal
tract � fraction of the dose that escapes intestinal first-pass metabolism
was calculated to be 0.44, which is an underprediction with the observed
fraction of the dose absorbed � fraction of the dose that escapes
intestinal first-pass metabolism of 0.71 estimated from the clinical
pharmacokinetics. This difference might be due to notable variability in
pharmacokinetics across studies. The MVC model predicted the
fractions of dose eliminated via renal and hepatic clearance as 0.3 and

TABLE 1

Summary of input parameters for PBPK models of MVC, TVR, and M0

Parameter (U)
MVC TVR (S-configuration) M0 (R-diastereomer)

Input Value Source/Comment Input Value Source/Comment Input Value Source/Comment

Physicochemical property
Molecular weight (g/mol) 513.7 Hyland et al. (2008) 679.85 INCIVEK (telaprevir) 679.85 Same as TVR
Log P 2.4 Hyland et al. (2008) 4 INCIVEK (telaprevir) 4 Same as TVR
Compound type Monoprotic basic Hyland et al. (2008) Neutral INCIVEK (telaprevir) Neutral Same as TVR
pKa 7.3 Hyland et al. (2008)
Plasma fraction unbound 0.25 Hyland et al. (2008) 0.41 INCIVEK (telaprevir) 0.41 Same as TVR
Blood/plasma ratio 0.59 Hyland et al. (2008) 0.65 INCIVEK (telaprevir) 0.65 Same as TVR

Absorption
Absorption type ADAMa First order —

Caco-2 permeability (�1026 cm/s) 2.7 Measured — —

Permeability calibrator, propranolol
(�1026 cm/s)

23 Measured — —

First-order absorption arte constant
(1/h)

— 0.8 Optimized according
to clinical data

—

Lag time (h) — 2 Optimized according
to clinical data

—

Unbound fraction in gut 0.72 Assumed 1 Optimized according
to clinical data

1 Same as TVR

Nominal flow in gut model (l/h) — 10 Optimized according
to clinical data

—

Distribution
Distribution model Full PBPK Method 2 Minimal PBPK Minimal PBPK Same as TVR
Predicted Vdss (l/kg) 2.5 Hyland et al. (2008) 2 Optimized according

to clinical data
2 Same as TVR

Kp scalar 1.7 Adjusted to recover
observed Vdss

— —

Elimination
CYP3A4/5 CLint,met

(ml/min per picomoles)
44.6 Tseng et al. (2018) 0.249 Optimized according

to clinical data
—

Another CLint,met

(ml/min per picomoles)
— 0.536 Optimized according

to clinical data
—

CLint,HLM — — — 33 Optimized according
to clinical data

Microsomal protein binding 0.72 Hyland et al. (2008) 1 Assumed 1 Assumed
Renal CL (l/h) 12 Hyland et al. (2008) — —

Enterohepatic circulation (%) 100 Assumed — —

Transport (intestine)
Km P-gp (mM) 37 Walker et al. (2005) — —

Jmax,P-gp (pmol/min) 104 Measured — —

Scaling factor 5 Optimized based on
oral PK

— —

Transport (liver)
PSpd (ml/min per 106 cells) 0.02 Measured — —

CLint, OATP1B1 (ml/m per 106) 3.96 Measured — —

Scaling factor 10 Kimoto et al.
(2017)

— —

CLint, bile (P-gp) (ml/m per 106) 2.4 Measured — —

Interaction (enzymes)
CYP3A4 Ki (mM) — 18.6 INCIVEK (telaprevir) 5.18 INCIVEK (telaprevir)
CYP3A4 KI (mM) — 2.24 Measured — —

CYP3A4 kinact (1/h) — 0.672 Measured — —

Interaction (transporters)
P-gp Ki (mM) — 0.48b Optimized 0.48b Same as TVR
OATP1B1 Ki (mM) — 0.11c Optimized 0.11c Same as TVR

ADAM, advanced dissolution, absorption, and metabolism; CL, clearance; Vdss, volume of distribution at steady state; Jmax, maximum transport rate; PSpd, passive diffusion clearance; -, not
applicable.

aColonic absorption of MVC was assumed to be negligible (regional permeability of colon set as 0.01 � 1024 cm/s).
bThe Ki value on P-gp was optimized to recover the TVR interactions with digoxin. This value is 10-fold lower than in vitro Ki (4.8 mM) (Fujita et al., 2013).
cKi value on OATP1B1 was optimized to recover the TVR interactions with atorvastatin. This value is about 10-fold lower than the in vitro Ki (Ki = IC50/2 = 1.1 mM) (Kunze et al., 2012).

496 Kimoto et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.085241/-/DC1
http://dmd.aspetjournals.org/


0.7, respectively, which are in line with a clinical mass balance study
(0.25 of renal clearance and 0.75 of hepatic clearance) (Abel et al., 2008c).
The model was further used to quantitatively evaluate the observed
clinical DDI between MVC and inhibitors/inducers.
Determination of the Ki Value of TVR for Transporters. APBPK

model for TVR including its R-diastereomer, M0, was developed using
physicochemical and in vitro parameters. The simulated TVR plasma
concentration-time profiles and pharmacokinetic parameters were in
good agreement with the observed clinical data (Supplemental Fig. 2B;
Table 3). The in vivo Ki values for CYP3A, P-gp, and OATP1B1 were
determined based on clinical DDI data obtained with the corresponding
probe substrates midazolam (CYP3A), digoxin (P-gp), and atorvastatin

(CYP3A and OATP1B1). The predicted AUC ratios (AUCRs) of these
substrates are summarized in Table 4. The HLM-derived TDI parameters
for TVR overpredicted (3.4- to 3.7-fold) the AUCRs of midazolam
compared with the clinically observed AUCR. In contrast, the human
hepatocyte-based TDI parameters rendered improved predictions of the
midazolam AUCR (i.e., Rpred/obs value of 1.1–1.3), in which the model
performance was within the range, except for the atorvastatin-TVR DDI.
The in vivo Ki values for P-gp and OATP1B1 inhibition needed to recover
the TVR interactions with digoxin and atorvastatin were about 10-fold
lower than the reported IC50 values (4.8 and 1.1 mM, respectively)
obtained in vitro (Kunze et al., 2012; Fujita et al., 2013). The same
in vivo Ki values for P-gp and OATP1B1 were assumed for M0.
DDI Prediction of MVC. The predicted MVC plasma exposure

changes (AUC) in the presence of several inhibitors or inducers are
summarized in Table 5. An increase in MVC exposure with TVR can be
well recovered by considering CYP3A and transporter (P-gp and
OATP1B1) inhibition using the in vivo Ki values for TVR (Fig. 4A).
Based on the sensitivity analysis, use of the in vitro Ki values for P-gp
and OATP1B1 resulted in a predicted AUCR of ;5; however, the
optimized Ki values (estimated via PBPK modeling of probe substrates)
recovered the MVC AUCR well (Supplemental Fig. 3).
Further sensitivity analysis of the MVC-TVR interaction (AUCR and

Cmax ratio) indicated that inhibition of P-gp, CYP3A, or OATP1B1
alone results in about a 2-fold increase, and inhibition of CYP3A and
either transporter results in a ;4- to 5-fold increase, while inhibition of
all three mechanisms (P-gp, CYP3A, and OATP1B1) yields about an
8-fold increase in the AUCR (Fig. 4, B and C). Ketoconazole, a CYP3A
inhibitor, and ritonavir, a CYP3A inhibitor and inducer, were predicted

Fig. 1. Hepatic transport of MVC measured using SCHH and suspended human hepatocytes. The time course of MVC uptake by SCHH (A) and hepatocyte suspension (B) was
investigated at 1 mM at 37�C (d) or 4�C (u) with standard HBSS in the presence or absence of 100 mM rifamycin SV (n) or Ca2+/Mg2+-free HBSS (s). Each point represents the
mean6 S.D. of 4–12 measurements from one to three studies (A) and triplicate from one study (B). Effect of rifamycin SV on MVC uptake (1 mM) in SCHH (C) was investigated
at 37�C for 5 minutes in the presence or absence of rifamycin SV at 1, 3, 10, 30, and 100 mM. Each point represents the mean 6 S.D. (n = 4) from one study.

TABLE 2

Uptake of MVC, pravastatin, rosuvastatin, and propranolol by OATPs in
transfected HEK293 cells

The values are presented as uptake ratio (uptake by transfected cells over uptake by wild-type
cells). The positive control substrates (pravastatin and rosuvastatin) and negative control
(propranolol) exhibited uptake ratios of OATPs within the expected ranges. The uptake study was
conducted with a substrate for 3 min. The values represent the mean 6 S.D. (n = 3).

Compound Concentration
Uptake Ratio

OATP1B1 OATP1B3 OATP2B1

mM

MVC 0.1 3.1 6 0.1 1.3 6 0.1 1.2 6 0.1
1 2.5 6 0.1 1.1 6 0.0 1.0 6 0.0

10 2.2 6 0.1 0.82 6 0.02 0.81 6 0.02
Pravastatin 1 64 6 2 23 6 1 2.1 6 0.4
Rosuvastatin 1 95 6 10 31 6 2 19 6 1
Propranolol 1 1.0 6 0.1 0.64 6 0.03 0.91 6 0.04
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to cause an increase in MVC exposure when incorporating P-gp
inhibition, while efavirenz and rifampicin, which are inducers of
CYP3A, were predicted to reduce the MVC AUCR. When MVC
DDIs were predicted by using default models of ketoconazole and
ritonavir, which meant the Ki,P-gp value of ketoconazole was not
included and that of ritonavir was 0.03, the AUCR with ketoconazole
was underpredicted and that with ritonavir was overpredicted (Rpred/obs

value of 0.53 and 1.6, respectively). The reported P-gp IC50 ranges of
ketoconazole and ritonavir using Caco-2 cells were approximately

0.24–3.4 and 1.5–28 mM, respectively (Gnoth et al., 2011; Kishimoto
et al., 2014; Mikkaichi et al., 2014). Therefore, the prediction of the
AUCR using the Ki,P-gp value of ketoconazole and ritonavir set at
0.4 mM, improved the Rpred/obs values to 0.81 and 1.1, respectively.
The MVC DDI with rifampicin was also predicted using a PBPK
model assuming an increased intestinal P-gp Jmax value (i.e., a 4-fold
increase corresponding to the P-gp expression change in intestine on
rifampicin treatment) and OATP1B1 inhibition. Accounting for
intestinal P-gp induction along with hepatic OATP1B1 inhibition

Fig. 2. OATP1B1-mediated uptake of MVC measured in transfected HEK293 cells. Uptake rate was measured at a MVC concentration range of 1.95–1000 mM (A) and low
Km was determined in the range of 1.95–31 mM (B) at 37�C. The inset shows an Eadie-Hofstee plot of MVC uptake. The accumulation of MVC (1 mM) was investigated at
37�C in the presence or absence of 100 mM rifamycin SV or 100 mM TVR (C). In (C), data points represent the observed data in OATP1B1-HEK without rifamycin SV (d),
with rifamycin SV (n) or TVR (◊), and wild-type HEK (s). Each point represents the mean 6 S.D. (n = 3–6) from one study.

Fig. 3. Time-dependent inhibition by TVR for CYP3A in human hepatocytes (A) and HLM (B). Data points are the mean of duplicate measurements from one study. The solid
line represents the fitting curve to estimate inactivation kinetics—shown in the insets (mean 6 S.E.). Inactivation plots to determine Kobs are shown in Supplemental Fig. 1.
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resulted in a predicted AUCR of 0.37, which is in line with the observed
AUCR of 0.33.

Discussion

Our findings from in vitro mechanistic studies along with the
comprehensive PBPK modeling and simulations, verified with a range
of clinical DDI data, provide evidence for the involvement of CYP3A,
P-gp, and OATP1B1 in determining the pharmacokinetics and drug
interactions of MVC (Fig. 5).
We characterized the hepatic transporter-mediated disposition of

MVC using transfected HEK293 cells and cryopreserved human
primary hepatocytes. The present study provided additional in vitro
data in support of OATP substrate activity. First, uptake by OATP1B1-
transfected (vs. mock-transfected HEK293) cells was evident (uptake

ratio of ;3), which exhibited biphasic kinetics (Fig. 2A; Table 2).
Second, temperature-dependent uptake of MVCwas observed in human
hepatocyte systems (Fig. 1, A and B). However, unexpectedly, 100 mM
rifamycin SV (a pan-OATP inhibitor) stimulated MVC uptake in both
OATP1B1-transfected cells and SCHH (Figs. 1, A and C and 2C).
Stimulation of uptake for several OATP substrates in the presence of
inhibitors is well documented, and may involve mechanisms such as
cis and/or trans stimulation and allosterism (Wang et al., 2005;
Kimoto et al., 2011; Roth et al., 2011; Wlcek et al., 2013; Varma
et al., 2017). Since this phenomenon was observed in both transfected
cells and human hepatocytes, potential inhibition of metabolism or
basolateral efflux transporters by rifamycin SV can be ruled out.
Nevertheless, our studies with transfected cells indicated inhibition
of MVC uptake by TVR (Fig. 2C), which has been previously shown
to be an OATP inhibitor (Kunze et al., 2012; Chu et al., 2013;

TABLE 3

PBPK model predictions of MVC pharmacokinetics

Dose Monitored PK Parameter Predicted Observed Rpred/obs References for Observed

MVC
Intravenous 3 mg MVC AUCt (ng/ml per hour) 58.2 57.6 1.0 Abel et al. (2008c)

Cmax (ng/ml) 34.3 36.9 0.94
CL (l/h) 42.5 NC —

Intravenous 10 mg MVC AUCt (ng/ml per hour) 230 201 1.1 Abel et al. (2008c)
Cmax (ng/ml) 114 122 0.93
CL (l/h) 42.5 NC —

Intravenous 30 mg MVC AUCt (ng/ml per hour) 706 670 1.1 Abel et al. (2008c)
AUCinf (ng/ml per hour) 717 687 1.0
Cmax (ng/ml) 343 397 0.86
CL (l/h) 42.5 44.0 0.97

Oral 150 mg (twice a day) MVC AUCt or AUCinf (ng/ml per hour) 542 599 0.90 Vourvahis et al. (2014)
Cmax (ng/ml) 103 111 0.93
F (oral 100 mg)a 0.17 0.23 0.72 Abel et al. (2008c)
Fa � Fg

b 0.44 0.71 0.61
Fh (intravenous 30 mg)c 0.38 0.32 1.2

TVR
Oral 750 mg single TVR AUCt (ng/ml per hour) 19,421 11,102–14,930 1.3–1.7 INCIVEK (telaprevir)

Cmax (ng/ml) 1861 1741–2217 0.84–1.1
Tmax (h) 4.88 4.0–5.0 0.98–1.2

Oral 750 mg (three times a day) TVR AUCt (ng/ml per hour) 26,021 18,850–20,810 1.3–1.4
Cmax (ng/ml) 3888 3104–3338 1.2–1.3
Tmax (h) 4.0 2.7–3.5 1.1–1.5

M0 AUCt (ng/ml per hour) 15,343 12,320–14,143 1.1–1.2
Cmax (ng/ml) 2099 1804–2076 1.0–1.2
Tmax (h) 4.57 2.7–4.0 1.1–1.7

Oral 750 mg (three times a day) TVR AUCt (ng/ml per hour) 20,613 20,013–21,980 0.94–1.0 Vourvahis et al. (2014)
Cmax (ng/ml) 3236 3250–3533 0.92–1.0
Tmax (h) 4.0 4.0 1.0

AUCinf, AUC extrapolated to infinity; AUCt, AUC to the last measurable concentration at time t; CL, clearance; F, oral bioavailability; Fa, fraction of the dose absorbed from the gastrointestinal
tract; Fg, fraction of the dose that escapes intestinal first-pass metabolism; Fh, fraction of the dose that escapes hepatic first-pass metabolism; NC, not calculated; PK, pharmacokinetic; Tmax, time to
reach maximum concentration; -, not applicable.

aThe Predicted F value was calculated by the predicted AUCinf intravenous 30 mg and oral 100 mg doses.
bThe Fa � Fg value was calculated from F and intravenous CL (assumed to be hepatic CL), using the following equation: F = Fa � Fg � Fh.
cThe Fh value was calculated from the hepatic CL (CLh), using Fh = 12 CLh/Qh; where Qh is the hepatic blood flow. Nonrenal CL = 33.8 l/h at intravenous 30 mg from reference Abel et al. (2008c)

was used as CLh.

TABLE 4

DDI predictions of probe substrates with TVR

The reference for the observed AUCR was INCIVEK (telaprevir) (https://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/201917Orig201911s201000ClinPharmR.pdf). Simcyp default files for
the substrates were used (Sim-Midazolam and SV-Digoxin).

DDI with TVR Elimination in Model
Predicted AUCR by

HHEP-TDI
Predicted AUCR by

HLM-TDI
Observed AUCR

(90% CI)
Rpred/obs by
HHEP-TDI

Rpred/obs by
HLM-TDI

Midazolam, intravenous 0.5 mg CYP3A4, 3A5 4.55 12.6 3.4 (3.04, 3.79) 1.3 3.7
Midazolam, oral 2 mg CYP3A4, 3A5 9.83 30.2 8.96 (7.75, 10.4) 1.1 3.4
Digoxin, oral 0.5 mg P-gp (intestine, biliary) 2.14 — 1.85 (1.70, 2.00) 1.2 —

Atorvastatin, oral 20 mg CYP3A (inhibitor, TDI),
OATP1B1, P-gp

14.0 29.0 7.88 (6.84, 9.07) 1.8 3.7

CI, confidence interval; HHEP, human hepatocytes; -, not applicable.
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Furihata et al., 2014). It is, therefore, important to consider other
experimental conditions (e.g., additional OATP inhibitors and
incubation at 4�C) in the process of evaluating the role for hepatic
uptake in the clearance of drugs, particularly when stimulation of
activity is noted in vitro.

Although the high-resolution structure of OATP1B1 has not been
solved, numerous groups have reported that substrates such as estrone-
3-sulfate present multiphasic uptake kinetics plausibly due to more than
one substrate binding site (Tamai et al., 2001; Noé et al., 2007; Gui
and Hagenbuch, 2009). Further evidence for the presence of multiple

TABLE 5

DDI predictions of MVC with inhibitors and inducers

Simcyp default files for inhibitors were used (Sim-Ketoconazole-400 mg QD, SV-Ritonavir, SV-Efavirenz, and SV-Rifampicin-MD).

MVC DDI with Interactions in Model Predicted AUCR Observed AUCR (90% CI) Rpred/obs References for Observed

TVR 750 mg (three times a day) CYP3A (inh, TDI), OATP1B1, P-gp 7.90 9.49 (7.94, 11.34) 0.83 Vourvahis et al. (2014)
Ketoconazole 450 mg (once a day) CYP3A (inh), P-gp 4.04 5.01 (3.98, 6.29) 0.81 Abel et al. (2008b)
Ritonavir 100 mg (twice a day) CYP3A (TDI, ind), P-gp 3.10 2.61 (1.92, 3.56) 1.1 Abel et al. (2008b)
Efavirenz 600 mg (once a day) CYP3A (ind) 0.71 0.49 (0.41, 0.57) 1.4 Abel et al. (2008a)
Rifampicin 600 mg (once a day)a CYP3A (inh, ind), OATP1B1, P-gp (ind) 0.37 0.33 (0.28, 0.38) 1.1 Abel et al. (2008a)

CI, confidence interval; ind, induction; inh, inhibition.
aThe scaling factor for intestinal P-gp (�4) was assumed to induce P-gp in gut. The Ki,OATP1B1, CYP3A Emax, and CYP3A EC50 values were used from a previous report (Varma et al., 2013).

Fig. 4. (A) PBPK model–based prediction of the concentration-time profile of MVC in the presence or absence of TVR. Simulations were based on the dosage regimen used
in the clinical study (Vourvahis et al., 2014). In treatment 1, MVC 150 mg (twice a day) was administered for 5 days; and in treatment 2, MVC 150 mg (twice a day) plus
TVR 750 mg (three times a day) was administered for 10 days. Solid lines and circles represent simulated and observed data, respectively. Blue and pink shaded areas
represent 95% confidence interval (CI) of MVC simulated plasma concentration when dosed alone or with TVR, respectively. (B and C) Predicted effect of TVR on MVC
AUCR and Cmax ratio (CmaxR), assuming P-gp inhibition alone, CYP3A inhibition alone, OATP1B1 inhibition alone, inhibition of both CYP3A and OATP1B1, and
inhibition of all mechanisms. Horizontal line with shaded area represents mean and 95% CI of observed AUCR or CmaxR. In (B and C) circles represent simulated individual
values (population size of 50). Lines and error bars denote mean and S.D.
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binding sites comes from the observed stimulation of transport of some
substrates by knownOATP inhibitors (Wang et al., 2005;Wlcek et al., 2013).
Earlier studies using cysteine scanning mutagenesis suggested that
a set of common but not identical amino acids on a transmembrane
domain 10 of OATP1B1 is involved in the substrate binding sites/
translocation pathways for the different substrates, and that certain
translocation pathways are stimulated while others are inhibited by
the same inhibitor (Ohnishi et al., 2014). Our in vitro studies
showed that: 1) the uptake of MVC was biphasic in the OATP1B1-
expressed HEK293 cells and 2) there was notable stimulation of
MVC uptake by rifamycin SV (Figs. 1, A and C and 2C) and
cyclosporin A (data not shown, 160% of control) but inhibition by TVR
(Fig. 2C). Taken together, our results suggest different binding sites on
OATP1B1 and that possibly MVC and TVR are competing for the same
binding pocket.
The DDI predictions for the CYP3A probe substrate (intravenous and

oral midazolam) using TVR TDI parameters obtained from human
hepatocytes were in good agreement with the observed data, while those
estimated using HLM considerably overpredicted (Table 4). Consistent
with our results, certain CYP3A inhibitors were also presented with
higher inactivation potency in HLM, and the TDI parameters obtained
using human hepatocytes better recovered clinical DDIs (Xu et al., 2009;
Chen et al., 2011; Mao et al., 2013, 2016). System-dependent apparent
differences in the KI value may be attributed to the lower intracellular
concentrations of the inhibitor at the site of the enzyme (hepatocytes vs.
HLM). It should be noted that many of these drugs including TVR are
P-gp substrates in vitro and could be subjected to efflux in hepatocytes

[INCIVEK (telaprevir); https://www.accessdata.fda.gov/drugsatfda_docs/
nda/2011/201917Orig201911s201000ClinPharmR.pdf] (White et al., 2010;
Weiss et al., 2014). On the other hand, the lower kinact value in human
hepatocytes may be driven by the differences in enzyme expression,
sequential metabolism including intermediate complexes, or the
concentration of inhibitor and/or metabolite(s) in cells. The estimated
inactivation parameters (kinact and KI) in human hepatocytes can be
considered as apparent hybrid parameters between the rate of diffu-
sion through the cell membrane, the total metabolic consumption rate
(including sequential metabolism), and the intrinsic enzyme inactivation
rate. Further mechanistic studies are warranted to understand the notable
differences between human hepatocytes and HLM. Nevertheless, the
current study suggests that human hepatocytes, which are physiologically
relevant and closer to in vivo, should be considered when prospectively
modeling DDIs involving TDI of CYP3A.
A full PBPKmodel was developed for MVC, assuming permeability-

limited hepatic disposition (OATP1B1-CYP3A interplay) to quantita-
tively rationalize clinical DDIs ofMVC as a victim drug (Fig. 5). A TVR
PBPK model including its R-diastereomer, M0, was also developed,
wherein transporter- and enzyme-based interactions are captured. The
hepatocyte-to-plasma unbound ratio of TVR and M0 was assumed to be
1 in the model. M0was found to be at equivalent levels to TVR in plasma
at steady state [INCIVEK (telaprevir); https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2011/201917Orig201911s201000ClinPharmR.pdf].
We, therefore, developed a model for the metabolite and assumed that
the inhibitory potency of M0 against P-gp and OATP1B1 is similar to
TVR. The inhibition potency of TVR including M0 in the model was

Fig. 5. A schematic of MVC disposition and DDI mechanisms is illustrated. MVC is taken up into hepatocytes across the sinusoidal membrane by passive and
active uptake via OATP1B1, and is subjected to efflux into bile across the canalicular membrane via P-gp. MVC is primarily metabolized by CYP3A in gut and
liver. Intestinal P-gp–mediated efflux influences MVC absorption. Renal clearance of MVC is about 23% of total clearance. EFV, efavirenz; KET, ketoconazole;
RIF, rifampicin; RVR, ritonavir.
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refined and verified based on its clinical interactions with probe
substrates: midazolam for CYP3A, digoxin for P-gp, and atorvastatin for
CYP3A, OATP1B1, and P-gp. Collectively, the modeling and
simulations suggested that TVR clinical DDIs with probe substrates
for CYP3A, P-gp, and OATP1B1 are well described when consid-
ering: 1) in vitro CYP3A reversible inhibition of TVR and M0, 2)
in vitro KI and kinact values of TVR obtained from human hepato-
cytes, and 3) P-gp and OATP1B1 reversible inhibition by TVR and
M0 with ;10-fold lower (optimized) Ki value than noted in the
in vitro inhibition values. Previous studies from our group and others
have highlighted the need for transporter Ki values to be lower than
those observed in vitro to recover clinical DDIs (Varma et al., 2012;
Yoshikado et al., 2016; Shebley et al., 2017; Barnett et al., 2018). The
empirical correction of the in vitro transporter Ki value may add some
degree of uncertainty to the interpretation of quantitative contribution
of the individual mechanisms to the noted DDIs. The potential TDI
for transporters, such as cyclosporin A, could be one possibility
(Takahashi et al., 2016; Shitara and Sugiyama, 2017). Nevertheless,
our crossvalidation approach to verify individual interaction mecha-
nisms of TVR using clinical data from probe substrates (e.g., midazolam
for CYP3A, digoxin for P-gp, and atorvastatin for OATP1B1) provided
rationale for such empirical corrections to the less understood in vitro-in
vivo disconnect in transporter inhibition potency.
Ketoconazole is often used as a CYP3A probe inhibitor in clinical

DDI studies; however, it can inhibit intestinal P-gp (IC50 range of
0.42–3.4 mM) (Kishimoto et al., 2014; Mikkaichi et al., 2014). In
this regard, clinical studies have demonstrated a significant in-
crease in plasma exposure of metabolically stable drugs such as
fexofenadine (P-gp substrate) by ketoconazole [fexofenadine hydro-
chloride (https://www.accessdata.fda.gov/drugsatfda_docs/label/
2003/20786se8-014,20872se8-011,20625se8-012_allegra_lbl.pdf)].
Moreover, no change was observed in monkeys after intravenous
administration of fexofenadine with ketoconazole, while its oral bio-
availability increased approximately 2-fold (Ogasawara et al., 2007).
Similarly, ritonavir inhibits CYP3A along with P-gp. Clinical evidence
implies an increase in plasma exposure of digoxin by ritonavir due to
P-gp inhibition (Penzak et al., 2004; Kirby et al., 2012). In line with
these observations, PBPK modeling of ketoconazole and ritonavir
interactions with probe substrates and MVC using an in vivo Ki,P-gp

value of 0.4 mM supported the role of P-gp in limiting the intestinal
absorption of MVC. Consequently, inhibition of intestinal P-gp likely
contributes to the observed strong interaction between MVC and TVR.
Rifampicin induces not only CYP3A but also P-gp at the intestine

(Chen and Raymond, 2006). Greiner et al. (1999) reported that oral
exposure of digoxin is reduced by about 2-fold with multidose rifampicin
treatment, although intravenous exposure of digoxin is less affected.
The same study also showed about 4-fold increase in intestinal P-gp
expression levels in the rifampicin-treatment group, suggesting that
increased efflux further limited digoxin absorption. Since MVC is a
dual substrate for CYP3A and P-gp, the decrease in MVC exposure by
rifampicin could be explained by induction of both CYP3A and P-gp
in the gut. In addition, a model-based analysis has suggested that a
concomitant dose of rifampicin following chronic treatment imposes
dual effects of CYP3A induction and OATP1B1 inhibition (Varma
et al., 2013). Consistently, PBPK simulations of MVC-rifampicin
DDIs were in good agreement with the observed data when assuming
4-fold induction of intestinal P-gp and simultaneous inhibition of
OATP1B1-mediated hepatic uptake in addition to CYP3A induction.
Efavirenz (a moderate CYP3A inducer) does not induce intestinal
P-gp expression in humans (Mouly et al., 2002; Oswald et al., 2012),
and is not an OATP1B1 inhibitor at clinically relevant concentrations
(Karlgren et al., 2012). Therefore, the MVC-efavirenz interaction

could be well described by considering CYP3A induction only. The
prediction results of MVCDDIs with ketoconazole, ritonavir, efavirenz,
and rifampicin suggested that MVC oral clearance is determined by
not only CYP3A4-mediated metabolism but also by P-gp-mediated
intestinal efflux. Overall, this study emphasizes the need to capture
intestinal P-gp when rationalizing or prospectively predicting inter-
actions with perpetrator drugs like ketoconazole (CYP3A inhibitor)
and rifampicin (CYP3A inducer).
In summary, our in vitro mechanistic studies and PBPK modeling

and simulations suggest that: 1) OATP1B1-mediated uptake along with
CYP3A determine the hepatic clearance of MVC, and thus contribute to
the interaction with TVR; 2) the CYP3A inactivation parameters of TVR
from human hepatocytes well predict the clinical interactions with probe
substrates; and 3) P-gp–mediated intestinal efflux limits the intestinal
absorption of MVC, and drugs such as TVR, ketoconazole, and
rifampicin effect its oral exposure by modulating the P-gp function/
expression. Finally, this study presents a comprehensive case example
for quantitative deconvolution of multiple mechanisms including complex
scenarios, such as transporter-enzyme interplay, metabolite contribution,
and combined intestinal-liver disposition often involved in clinical DDIs.
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