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Abstract
Quantitative assessment of drug- drug interactions (DDIs) involving breast cancer re-
sistance protein (BCRP) inhibition is challenged by overlapping substrate/inhibitor 
specificity. This study used physiologically- based pharmacokinetic (PBPK) mod-
eling to delineate the effects of inhibitor drugs on BCRP-  and organic anion trans-
porting polypeptide (OATP)1B- mediated disposition of rosuvastatin, which is a 
recommended BCRP clinical probe. Initial static model analysis using in vitro inhi-
bition data suggested BCRP/OATP1B DDI risk while considering regulatory cutoff 
criteria for a majority of inhibitors assessed (25 of 27), which increased rosuvastatin 
plasma exposure to varying degree (~ 0– 600%). However, rosuvastatin area under 
plasma concentration- time curve (AUC) was minimally impacted by BCRP inhibitors 
with calculated G- value (= gut concentration/inhibition potency) below 100. A com-
prehensive PBPK model accounting for intestinal (OATP2B1 and BCRP), hepatic 
(OATP1B, BCRP, and MRP4), and renal (OAT3) transport mechanisms was devel-
oped for rosuvastatin. Adopting in vitro inhibition data, rosuvastatin plasma AUC 
changes were predicted within 25% error for 9 of 12 inhibitors evaluated via PBPK 
modeling. This study illustrates the adequacy and utility of a mechanistic model- 
informed approach in quantitatively assessing BCRP- mediated DDIs.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
BCRP- mediated intestinal efflux was shown to impact oral absorption of drugs; and 
thus, modulation of BCRP can lead to significant drug- drug interactions (DDIs). 
Rosuvastatin is a recommended probe drug to assess BCRP- mediated DDIs in clinic. 
However, the quantitative understanding and prospective prediction of such interac-
tions has been a challenge in drug development. 
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INTRODUCTION

Breast cancer resistance protein (BCRP; ABCG2) is an 
ATP- binding cassette efflux transporter expressed in the 
apical membrane of the small intestine and liver canalicular 
membrane and plays a key role in the oral absorption and 
hepatic elimination of substrate drugs. Additionally, BCRP 
is also expressed in the blood- brain barrier, testis, placenta, 
and mammary glands, and may functionally limit organ ex-
posure of drugs and metabolites.1 Pharmacogenetic studies 
demonstrated the clinical relevance of BCRP in pharmacoki-
netics (PKs) of substrate drugs.2,3 Several marketed drugs, 
including rosuvastatin, sulfasalazine, and atorvastatin, show 
increased systemic exposure due to impaired BCRP activity 
in carriers of ABCG2 c.421C>A genetic polymorphism.3 For 
example, rosuvastatin demonstrated 2.4- fold higher exposure 
in homozygous BCRP c.421A/A individuals compared with 
wild- type c.421C/C individuals.4 Homozygous carriers of the 
variant allele (c.421A/A) showed up to a 3.5- fold increase in 
sulfasalazine oral exposure compared with the carriers of the 
reference allele (c.421C/C).5

Furthermore, BCRP was suggested to be an import-
ant loci of drug- drug interactions (DDIs) in humans.6 
Regulatory guidance from agencies, including the European 
Medical Agency (EMA), the Pharmaceuticals and Medical 
Devices Agency (PMDA, Japan), and US Food and Drug 
Administration (FDA), now recommend appropriate in vitro 
and/or in vivo assessment of investigational drugs for poten-
tial to inhibit several drug transporters, including BCRP.7– 9 
According to the recent FDA guidance, a new molecular 
entity (NME) with a potential to inhibit BCRP –  where the 
gut concentration (Igut = dose/250 ml) at the clinical dose is 
more than 10 times the in vitro measured inhibition potency 

(half- maximal inhibitory concentration [IC50] or inhibition 
constant [Ki]) (i.e., G value [= Igut/IC50] >10) –  is likely to in-
crease systemic exposure of substrate drugs (e.g., rosuvasta-
tin and sulfasalazine).8 Likewise, organic anion transporting 
polypeptide (OATP)1B1/1B3 inhibitor drugs with unbound 
maximum plasma liver inlet concentration (Iin,max,u) more 
than 10% of IC50 values [i.e., R value [= 1 + Iin,max,u/IC50] 
>1.1] are likely to increase systemic exposure of OATP1B 
substrate drugs (e.g., statins, sartans, and glinides).8

Many drugs from various therapeutic areas have been 
identified as inhibitors of BCRP in vitro, yet, clinical DDIs 
attributed directly and specifically to BCRP are limited due 
to overlapping substrate activity of clinical probes (e.g., ro-
suvastatin and sulfasalazine) with other transporters and/
or enzymes.6,10 For example, a 5– 7- fold increase in rosu-
vastatin exposure during cyclosporine coadministration 
was attributed mechanistically to inhibition of BCRP and 
OATP1B1/1B311; however, quantification of the relative 
contribution of each of these pathways to the overall DDI 
is challenging. In spite of these limitations, rosuvastatin is a 
preferred probe drug to clinically assess BCRP modulation 
by investigational drugs. To this end, rosuvastatin clinical 
DDI studies are abundantly run with data available in pub-
lic domain for more than 80 unique drugs/NMEs (University 
of Washington -  Drug Interaction Database, www.drugi ntera 
ction solut ions.org). In comparison, DDI data are limited to 
only about five drugs using sulfasalazine, an alternate in vivo 
BCRP probe. Establishing a reliable physiologically- based 
pharmacokinetic (PBPK) modeling approach can enable 
delineation of BCRP inhibition from other mechanisms and 
allow for quantitative DDI predictions.

Here, we evaluated rosuvastatin DDIs for a set of 27 in-
hibitor drugs using basic static model analysis as suggested 

WHAT QUESTION DID THIS STUDY ADDRESS?
Can multiple disposition mechanisms (OATPs/BCRP) of rosuvastatin be delineated 
using in vitro data informed mechanistic modeling, in order to quantitate BCRP- 
mediated DDIs?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
In vitro data- informed physiologically- based pharmacokinetic (PBPK) approach can 
enable quantitative prediction of BCRP- mediated DDIs. The PBPK analysis sug-
gests that BCRP inhibition alone could increase rosuvastatin exposure by more than 
5 times, and therefore needs to be carefully assessed. A DDI risk assessment strategy 
was defined based on the static and PBPK models.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/
OR THERAPEUTICS?
Quantitative understanding of the effect of BCRP inhibition on pharmacokinetics 
(PKs) of victim drugs is important to inform the need to conduct clinical PK studies, 
and/or inform product label on drug interactions. A mechanistic PBPK modeling ap-
proach can be adequately used to predict or assess BCRP- mediated DDI risk in drug 
development.

[Corrections added on 17 September 
2021, after first online publication: 
Supporting information has been updated 
in this version.]  
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in the regulatory guidance (FDA),8 and followed up with 
comprehensive PBPK modeling and simulations for a rep-
resentative set of 12 inhibitor drugs. Selection criteria from 
the inhibitors included availability of clinical DDI data with 
rosuvastatin as the probe drug, compound accessibility for 
in vitro studies, and the availability of clinical input param-
eters for R value calculations or PBPK modeling. In vitro 
IC50 data against BCRP and OATP1B1/1B3 were generated 
using membrane vesicular and transfected cell systems, re-
spectively. A rosuvastatin PBPK model accounting for its 
multiple transporter- mediated disposition mechanisms was 
developed based on in- house transport kinetics data, and pre-
viously established scalars. Subsequently, rosuvastatin DDIs 
with 12 inhibitors were simulated; and a strategy to enable 
DDI risk assessment in drug development is discussed.

METHODS

In vitro BCRP inhibition studies

BCRP inhibition was measured using membrane vesicles 
and rosuvastatin as probe substrate (Table 1). Concentration 
of rosuvastatin (0.2 µM) used in these studies are below its 
BCRP substrate affinity constant (Km; 3.2  µM). Detailed 
procedure is provided in Supplementary Methods.

In vitro OATP1B1 and OATP1B3 
inhibition studies

Transporter- transfected HEK293 cells were used to measure 
the OATP1B1 and OATP1B3 inhibition (Table 1). A 30- min 
pre- incubation with test compound or control inhibitor at 
37°C, 5% CO2, and 90% relative humidity was done prior to 
the assay incubation. Rosuvastatin was used as the probe sub-
strate, at a concentration (0.3 µM) below its OATP1B1 Km 
(3.8 µM) and OATP1B3 Km (28.3 µM). Detailed procedure 
is provided in Supplementary Methods.

PBPK modeling and simulations

Whole- body PBPK modeling and simulations were per-
formed using population- based absorption, distribution, me-
tabolism, and excretion (ADME) simulator, Simcyp (version 
19.0; Certara, Sheffield, UK). Unless mentioned otherwise, 
the virtual populations of healthy subjects had a body weight 
of about 80 kg, with age ranging from 18 to 65 years, and 
included both sexes. Dosage regimen was matched to the 
clinical study design. Model for substrate compound, rosu-
vastatin, was built by adopting a similar approach described 
elsewhere.12– 17 Briefly, an initial model was developed 

using the physicochemical properties and the data from in 
vitro studies (Table 2). Advanced dissolution absorption and 
metabolism (ADAM) model was used to predict the oral ab-
sorption based on Caco- 2 permeability data. BCRP Km was 
obtained using membrane vesicle studies. Concentration- 
dependent Caco- 2 studies did not yield adequate saturation 
kinetics likely due to competing OATP2B1 and BCRP kinet-
ics (data not shown). Consequently, BCRP maximum flux 
(Jmax) and OATP2B1 uptake clearance (CLint) were opti-
mized to recover ~ 40% Fa. The Roger and Rowland method 
(Method 2)16,18 was used to capture the distribution of rosu-
vastatin assuming rapid equilibrium between blood and all 
organs, except the liver and kidneys.

Permeability- limited hepatic disposition of rosuvastatin 
was considered, for which, sinusoidal active and passive up-
take and canalicular active efflux obtained from our sand-
wich culture human hepatocyte (SCHH) transport studies 
were incorporated. Recent SCHH studies suggest intrinsic 
biliary and basolateral (MRP4) efflux are similar, so ba-
solateral efflux was accounted with CLint assuming to be 
similar to BCRP- mediated biliary clearance obtained from 
SCHH studies.19 The geometric mean relative activity factor 
(RAF) for OATP1B (RAFOATP) of 10.6, previously estab-
lished utilizing SCHH (3 hepatocyte lots) from 10 different 
OATP1B substrates, was initially applied.20 RAFOATP was 
further refined to a value of about 20 to better recover both 
the plasma concentration- time profiles and urinary excretion 
data (~ 25% dose) from the intravenous study. Contribution 
from specific uptake transporters (OATP1B1, OATP1B3, 
OATP2B1, and NTCP) to the overall hepatic uptake were 
measured using “SLC- phenotyping” methodology recently 
reported,21 which showed ~ 95% of active uptake is driven 
by OATP1B1, OATP1B3, and OATP2B1. Rosuvastatin met-
abolic clearance was assumed to be negligible based on its 
general enzymatic stability.

Transporter- mediated renal secretion was built into the 
PBPK model. Uptake clearance via OAT3 was obtained from 
the rate studies using HEK293- OATs cells, as previously 
described.22 RAFOAT3 of ~ 4.1, which we previously estab-
lished based on the in vitro– in vivo extrapolation of OAT3- 
mediated transport using static model,22 was initially applied. 
This value was further refined (final RAFOAT3 = 2.7) to re-
cover the observed renal clearance. We assumed an apical 
efflux transporter on the proximal tubule cells mediate secre-
tion from cells to urine compartment with similar transporter 
kinetics and RAF. Passive transport clearance was estimated 
from uptake rates in HEK293 wild type cells.

Model input parameters for 12 inhibitor drugs used in the 
PBPK evaluation, and their simulated plasma concentration- time 
profiles are presented in Supplementary Material (Tables  S2– 
S11, Figures S6– S11). Models were additionally verified for Fa, 
or F when possible. Inhibitors models for capmatinib, darolut-
amide, fostamatinib/metabolite- R406, fenebrutinib, elbasvir, and 
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T A B L E  1  Summary of static DDI risk assessment of 27 BCRP and/or OATP1B inhibitor drugs

Inhibitor Code
BCRP 
IC50 (µM)a 

OATP1B1 
IC50 (µM)b 

OATP1B3 
IC50 (µM)b 

BCRP 
G- valuec 

1B1 R- 
Valuec 

1B3 
R- Valuec 

Rosuvastatin 
AUC ratiod 

Atorvastatin Ato 8.6 0.533 1 8 1.01 1.00 0.93

Brexpiprazole Bre 100 13.21 - 1 1.00 - 1.12

Capmatinib Cap 0.69 3.3 14.5 5628 1.35 1.08 2.03

Clarithromcyin Cla 411 3.5 9.8 6 1.99 1.35 1.58

Cyclosporine Csa 3.3 0.01445 0.062 202 9.71 2.97 6.20

Daclatasvir Dac 1.1 1.546 3.346 295 1.18 1.08 1.47

Darolutamidee Dar 0.09 3.8 20.2 66834 1.09 1.02 5.50

Keto- darolutamidee - 0.56 >10 >10 - - - - 

Elbasvir Elb 0.14 7.8 >10 1620 1.00 1.00 1.42

Eltrombopag Elt 0.95 27.3 3 714 1.01 1.10 1.55

Enobosarm Eno 1.1 NI - 28 1.00 - 1.18

Fenebrutinib Fen 0.63 6.8 1.1 1910 1.46 3.86 2.48

Fostamatinibe Fos 2 0.89 7.4 345 - - 1.95

R406e - 0.065 >50 >50 10606 1.00 1.00 - 

Gemfibrozile Gem 295 2.52 10 33 2.60 1.15 1.88

Gemfibrozil 1- O- b- 
glucuronidee 

- - 7.9 - - - - - 

Grazoprevir Gra 4.03 0.18 0.61 259 1.24 1.07 1.59

Grazoprevir + 
Elbasvire 

Zep - - - 1879 1.24 1.07 2.26

GSK1292263 GSK 3.0 >30 - 876 1.03 - 1.39

Idelalisib Ide 54.4 3.13 7 27 1.19 - 1.11

Itraconazolee Itr 3.2 12.9 >20 354 1.01 1.00 1.26

Hydroxy- 
itraconazolee 

- - 1.4 - - - - - 

Obeticholic acid Obe 4.1 1.96 2.15 46 1.02 1.02 1.25

Pantoprazole Pan 6.1 >500 NI 68 1.01 - 1.03

Pradigastat Pra 0.71 1.48 3.3447 495 1.03 1.01 0.96

Probenecid Pro 216 38.1 339 65 1.99 1.11 2.20

Rifampicin Rif 14.9 0.29 0.73 196 10.20 4.65 4.60

Rifampicin IVf RifIV 14.9 0.29 0.73 1 7.29 3.50 3.36

Telmisartan Tel 0.61 3.06 0.9548 510 1.01 1.03 1.20

Velpatasvir Vel 0.09 1.349 0.2349 5033 1.00 1.02 2.59

Vercirnon Ver 3.3 2.1 - 1362 2.02 - 0.99
a BCRP IC50 values are measured using membrane vesicle system with rosuvastatin as probe substrate (concentration below its Km, therefore, IC50 and Ki can be 
considered equal).
b OATP IC50 values are measured using single- transfected HEK293 cells with rosuvastatin as probe substrate (concentration below its Km, therefore, IC50 and Ki can 
be considered equal for static analysis). In few cases, IC50 data were taken from literature (references cited in those cases). NI, no inhibition.
c Gut concentration (Igut), unbound maximum plasma concentration (Imax,u) and unbound liver inlet maximum concentration (Iin,max,u) used for R- value calculations, and 
the corresponding input parameters are shown in Table S1.
d References for observed rosuvastatin AUC ratio are provided in Table S1.
e In case of darolutamide, fostamatinib, gemfibrozil, itraconazole and elbasvir + grazoprevir, metabolites or combination drug was accounted for in vivo inhibition 
potency assuming additive effect (e.g., R- value = 1 + Parent Iin,max,u/IC50 + Metabolite Imax,u/IC50). OATP1B1 Ki for gemfibrozil and its glucuronide and their 
unbound Cmax were taken from Varma et al.43

f IV represent intravenous administration of inhibitor drug. G- value was assumed to be 1.00, and R- value is calculated using Imax,u in this case. All other inhibitors are 
dosed oral.
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grazoprevir were developed and verified as part of the current 
work. Cyclosporine PBPK model, previously developed and 
verified with several known OATP probe drugs, was applied 
without any modification.12,13 Rifampicin, gemfibrozil/glucuro-
nide parent- metabolite pair, and itraconazole simulator default 
models are adopted with minor changes. Fenebrutinib and velpa-
tasvir Simcyp models were previously described, and used here 
after minor modifications.23,24 Inhibition potency against BCRP 
and OATP1B1/1B3 generated in the current study were used for 
all models. Rosuvastatin concentration used to measure BCRP 
IC50 and OATP1B1/1B3 IC50 is well below its corresponding 
Km. Therefore, IC50 and Ki values are assumed same for BCRP. 
However, Ki was assumed to be IC50/2 for OATP1B inhibition as 
a conservative measure. It is noteworthy that majority of inhibitor 
drugs (except rifampicin, cyclosporine, and gemfibrozil) did not 
inhibit OATPs at the clinically relevant concentrations.

Finally, PBPK model performance was evaluated by the 
ratio of predicted and observed area under the concentration- 
time curve ratio (AUCR) values, and presented as Rpred/obs. 
An Rpred/obs value between 0.8 and 1.25 was assumed as 
acceptable model performance.25

RESULTS

Basic static DDI risk assessment

For a representative set of 27 drugs, with rosuvastatin clini-
cal DDI data available in the public domain, in vitro inhibi-
tion potency (IC50) against BCRP and OATP1B1/1B3 were 
experimentally measured using membrane vesicle system and 
transporter- transfected cells, respectively (Table  1). Static 
assessment based on IC50 values and unbound hepatic inlet 
concentration following oral dose (Iin,max,u) for OATP1B1 
interactions, or gut concentration (Igut  =  dose/250  ml) for 
BCRP interactions, was conducted according to recent 
regulatory guidance.8 Considering the FDA cutoff criteria  
(G value [= Igut/IC50] >10), about 88% drugs (n  =  23) 
showed potential for BCRP inhibition in vivo (Figure 1). In 
case of OATP1B1 inhibition, 13 drugs exceeded the R value  
(= 1 + Iin,max,u/IC50) cutoff of 1.1, implying in vivo inhibi-
tion risk. Consequently, a total of 25 drugs (92%) exceeded 
either the OATP1B1 or BCRP cutoff criteria, suggesting that 
a majority can potentially elevate rosuvastatin area under the 

F I G U R E  1  Static risk assessment of BCRP and OATP1B1 inhibition in vivo, and the observed effect on rosuvastatin pharmacokinetics. 
Rosuvastatin area under plasma concentration- time curve (AUC) change when administered with these inhibitor drugs was binned as 1.25– 2.0 
(weak, green data points), 2.0– 5.0 (moderate, orange datapoints) and greater than fivefold (high, red datapoints) drug- drug interaction (DDI) 
categories. Size of each datapoint also depict magnitude of rosuvastatin AUC ratio (~ 1.26– 7.1). Vertical and horizontal lines represent the 
US Food and Drug Administration (FDA) recommended cutoffs (G value >10, R value >1.1) or arbitrary cutoffs derived based on the current 
dataset (G value >100, R value >1.5). *IV represent intravenous administration of inhibitor drug. G- value was assumed to be 1.00, and R value is 
calculated using Imax,u in this case. All other inhibitors are dosed oral
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plasma concentration- time curve (AUC) according to current 
regulatory guidance.

We further analyzed the static model output while bin-
ning rosuvastatin DDIs based on the magnitude of AUC 
change when co- administered with inhibitor drugs (i.e., no 
DDI [AUCR <1.25, n = 9), weak (1.25– 2.0, n = 9), moder-
ate (2.0– 5.0, n = 7), and strong DDI (>5.0, n = 2)]. Based 
on this dataset, BCRP- mediated interactions are apparent 
only when the G value is considerably above 100, whereas 
moderate and strong DDI risk is seen for inhibitors with G 
values above 1000 (Figure 1). On the other hand, OATP1B1 

interactions are more apparent when the R value greater than 
1.5. It is noteworthy that darolutamide, which showed potent 
BCRP inhibition but minimal OATP1B1 inhibition (G value 
~ 67,000; R value <1.1) produced a strong DDI (AUCR >5). 
Oral rifampicin and cyclosporine inhibited both BCRP and 
OATP1B1 and clearly elicited a moderate- to- strong effect on 
rosuvastatin PK (AUCR >2). Finally, vercirnon is a notable 
false positive with no change in rosuvastatin AUC in spite of 
the inhibition of both transporters (G value ~ 1400; R value 
~2.0). Overall, rosuvastatin DDI risk is likely for BCRP and/
or OATP1B1 inhibitors with G value greater than 100 and/or 

T A B L E  2  Model input parameters for the full- PBPK model of rosuvastatin, a probe substrate drug

Model input parameters Values Source

Mol Weight (g/mol) 481.5 - 

log P 2.4 - a 

pKa 1 (Monoprotic acid) 4.33 Measured

Blood- to- plasma ratio 0.63 - a 

Fraction unbound in plasma 0.12 (Binding to HSA) In vitro data

Absorption Model ADAM

Unbound fraction in gut 1.00 - a 

Caco−2 permeability (10−6 cm/s) 1.20 In vitro data

Permeability Scalar 1.87 Estimated (using multiple permeability calibrators in the 
same assay)

Colon absorption/basolateral scalar 0.08 Optimized to recover observed Fa

Intestinal OATP2B1 CLint,T (µl/min) 0.002 Estimated

Intestinal BCRP Jmax (pmol/min) 380 Estimated

BCRP Km (µM) 10.8 From membrane vesicle assay50

Distribution Model Full PBPK Model (Method 2)

Steady- state volume of distribution (L/kg) 0.121 Method 2 predicted

fu Kidney Cell/Urine 0.98/1.0 Model predicted

OAT3 CLint,T (µl/min/106cells) 28 (RAF = 2.7) RAF (=4.1) from Mathialagan et al.22 adjusted to 
recover observed renal clearanceb 

Renal MRP4 CLint,T (µl/min/106cells) 28 (RAF = 2.7) Assumed to be same as renal uptake clearance

CLPD basal (hepatic and renal) (µl/min/106) 1.1 Measured using SCHH

Hepatocyte fuIW/ fuEW 0.96/0.21 Model predicted

Hepatic OATP2B1 CLint,T (µl/min/million cells) 0.6 (RAF = 20)

OATP1B1 CLint,T (µl/min/million cells) 8.60 (RAF = 20) RAF (=10.6) from Varma et al.20 was initially used. 
Value adjusted to recover IV clearanceb 

OATP1B3 CLint,T (µl/min/million cells) 1.10 (RAF =20) Contribution of individual transporters was assigned 
based on ‘SLC- phenotyping’ assay21

Hepatic BCRP CLint,T (µl/min/million cells) 3.10 (RAF =1) SCHH biliary clearance data (RAF)51

Hepatic MRP4 CLint,T (µl/min/million cells) 3.10 (RAF =1) Assumed to be same as BCRP CLint,T, as suggested by 
in vitro studies.

Abbreviations: ADAM, advanced dissolution absorption and metabolism gut model; CLint,T, intrinsic transport clearance; CLPD, passive transport clearance; fu, 
fraction unbound; fuIW/ fuEW, fraction unbound in the intracellular and extracellular water; RAF, relative activity factor; SCHH, sandwich culture human hepatocytes.
a Values similar to Simcyp V19 default file; all other parameters are derived based on inhouse data.
b RAF values of hepatic active uptake and renal OAT3 are simultaneously refined to recover both observed plasma concentration- time profiles and percent amount 
excretion (~25%) in urine data following IV dose.26
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R value greater than 1.5; and simultaneous visualization of 
G value and R value (Figure 1) may enable approximation of 
DDI risk category (i.e., weak, moderate, and strong).

Rosuvastatin PBPK model development and 
verification

A full PBPK model for rosuvastatin— informed with in vitro 
and intravenous PK data— was developed in Simcyp version 
19 (Certara, UK). The model accounts for transporter- mediated 

intestinal (OATP2B1 and BCRP), hepatic (OATP1B, BCRP, 
multidrug resistance- associated protein [MRP]4) and renal 
(OAT3) disposition mechanisms, with initial inputs obtained 
from in vitro transport studies conducted in our laboratory 
(Table  2). The model adequately described rosuvastatin 
plasma concentration- time profiles across a range of oral doses 
(10– 80 mg) from about 20 separate clinical studies (Figure 2). 
Fraction absorbed (Fa) was predicted to be about 0.4, which is in 
the range estimated using intravenous/oral PK.26 Rosuvastatin 
renal elimination, parameterized based on OAT3- mediated se-
cretion and glomerular filtration, showed about 25% dose in 

F I G U R E  2  (a) A physiologically- based pharmacokinetic (PBPK) model simulations of rosuvastatin plasma concentration- time profiles following 
escalating oral doses. Data points represent observed plasma concentrations, and solid curves and dotted curves represent mean and individual trials of 
the model predictions. Observed datapoints are mean values from about 20 separate studies in White patients. (b) Parameter sensitivity analysis on the 
final rosuvastatin PBPK model, while assessing effect of “knocking- out” individual disposition mechanisms on its area under plasma concentration- 
time curve (AUC) and maximum plasma concentration (Cmax) following 10 mg oral dose. Mean with 95% confidence intervals (CIs) are presented for 
each scenario. Observed values from multiple clinical studies (10 mg dose) were also shown (tringles). (c) Observed and model predicted mean (± 
95% CI or SD) values of rosuvastatin AUC and Cmax in carriers of ABCG2 c.421CC and c.421AA subjects. (d) Observed and model predicted mean (± 
95% CI or SD) values of rosuvastatin AUC and Cmax in carriers of SLCO1B1 c.521TT and c.421CC subjects
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F I G U R E  3  Physiologically- based pharmacokinetic (PBPK) model simulations of rosuvastatin plasma concentration- time profiles 
following oral dose without or with inhibitor drugs. Data points represent observed plasma concentrations in control (triangles) and treatment 
(circles) groups. Solid curves and dotted curves represent model predictions of mean rosuvastatin plasma concentrations of the when dosed 
alone or with inhibitor drugs. Shaded areas depict 95% confidence intervals (CIs) of model predictions. *Observed pharmacokinetic (PK) 
profiles not shown– for unknown reason, observed plasma exposure of rosuvastatin in this study is only about a third of the exposures reported in 
other clinical studies at this dose
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urine following i.v. dosing (and ~ 5% of oral dose), which is 
also consistent with clinical observations.26 Parameter sensi-
tivity analyses of individual transport mechanisms suggested 
that abolishing intestinal OATP2B1 reduce rosuvastatin expo-
sure by about fivefold. Assuming complete knockout of BCRP 
activity at intestine or liver elevated model simulated rosuvas-
tatin exposure by about sixfold. Similar changes were noted 
with OATP1B activity in the liver. Rosuvastatin AUC is also 
sensitive to basolateral efflux transporter, MRP4. Although 
renal clearance accounts for ~ 25% of i.v. clearance, eliminat-
ing OAT3- mediated renal secretion had only a marginal effect 
on rosuvastatin oral exposure as only ~ 5% oral dose is elimi-
nated in urine.

Single- nucleotide polymorphism (SNP) in ABCG2 
(c.421C>A) and SLCO1B1 (c.521T>A) were shown to effect 
rosuvastatin PKs.2,3 Carriers of ABCG2 c.421AA genotype 
show about 130– 140% greater rosuvastatin AUC and Cmax 
than in those with the c.421CC genotype.4 The current PBPK 
model well recovered the observed impact of this ABCG2 
polymorphism on rosuvastatin PK (Figure 2c). It is notewor-
thy that apparent Fa increased by about 110%, from 0.36 in 
c.421CC to 0.75 in c.421AA carriers. Similarly, the model 
also recovered a relatively smaller impact of SLCO1B1 
c.521T>C polymorphism (Figure 2d).

PBPK modeling simulations of BCRP/
OATP1B1 DDIs

The verified rosuvastatin model was further used to quanti-
tively evaluate its clinical drug interactions with 12 inhibitors 

representing varying degrees of BCRP and/or OATP1B1 in-
hibition based on the basic static assessment. PBPK models 
with oral absorption predicted using an ADAM model were 
developed or adopted from previous reports. In vitro IC50 
values experimentally measured using membrane vesicles 
were directly input for BCRP inhibition (i.e., Ki = IC50). In 
the case of OATP1B1/1B3 inhibition, Ki was assumed to be 
half the in vitro IC50 value (i.e., Ki = IC50/2), with the excep-
tion of cyclosporine and gemfibrozil, where previously veri-
fied PBPK models were adopted as is (see methods).12,13,27

Rosuvastatin DDIs primarily involving OATP1B inhi-
bition were first evaluated using inhibitor drugs, including 
cyclosporine gemfibrozil and rifampicin (intravenous and 
oral; Figure 3). The increase in rosuvastatin exposure by up 
to twofold when co- administered with gemfibrozil can be 
quantitatively recovered by OATP1B1 inhibition alone, while 
gemfibrozil did not meaningfully modulate other disposition 
mechanisms of rosuvastatin (e.g., oral absorption and renal 
clearance). Consistent to the clinical observations, the model 
predicted that a single dose intravenous rifampicin (600 mg) 
and oral rifampicin (600 mg) increase rosuvastatin oral ex-
posure by about 3.2 and 4.2- fold, respectively (Figure  3, 
Table  3). Rosuvastatin- cyclosporine interaction was under-
predicted, although the predicted AUC ratio is within two-
fold of observed value (3.85 vs. 7.10). A change in Fa was 
predicted to be minimal for oral rifampicin and cyclosporine. 
Collectively, rosuvastatin DDIs with these inhibitor drugs 
verify the PBPK model performance specifically involving 
OATP1B activity.

Inhibitor drugs, including itraconazole and velpatasvir, 
with potent gut BCRP inhibition (i.e., G value >100) and 

T A B L E  3  Simulated and observed rosuvastatin DDIs with BCRP and OATP1B inhibitors

Inhibitor drugs
Rosuvastatin 
oral dose

AUC ratio Cmax ratio

Predicted Observed Rpred/obs Predicted Observed Rpred/obs

Rifampicin IV infusion (600 mg 
s.d., 30 min)

5/20 mg 3.24 3.03, 3.37 0.96– 1.07 4.70 5.40, 8.50 0.55– 0.87

Rifampicin oral (600 mg s.d.) 5/10 mg 4.18 3.48, 4.60, 4.67 0.89– 1.20 7.11 9.40, 11.25, 11.50 0.62– 0.76
Cyclosporine (200 mg b.i.d.) 10 mg 3.85 5.3, 7.1 0.73– 0.55 5.40 9.1, 10.6 0.50– 0.59
Gemfibrozil (600 mg b.i.d.) 80 mg 2.00 1.88 1.06 2.56 2.21 1.16
Fenebrutinib (200 mg b.i.d.) 20 mg 2.01 2.48 0.81 4.71 4.74 0.91
Fostamatinib (100 mg b.i.d.) 20 mg 3.70 1.95 1.90 5.54 1.90 2.99
Capmatinib (400 mg b.i.d.) 10 mg 2.13 2.03 1.05 4.49 3.05 1.47
Grazoprevir (200 mg q.d.) 10 mg 1.26 1.59 0.79 1.54 4.25 0.36
Grazoprevir (200 mg) + elbasvir 

(50 mg q.d.)
10 mg 2.08 2.26 0.92 3.04 5.51 0.56

Darolutamide (600 mg b.i.d.) 5 mg 14.80 5.50 2.70 12.90 5.50 2.35
Velpatasvir (100 mg q.d.) 10 mg 2.74 2.59 1.05 3.88 2.50 1.55
Itraconazole (200 mg q.d.) 10 mg 1.14 1.26 0.90 1.12 1.38 0.81

Note: All dose administration followed oral route unless mentioned otherwise. References for observed rosuvastatin AUC ratio and Cmax ratio are provided in Table S1.
Abbreviations: AUC, area under plasma concentration- time curve; Cmax, maximum plasma concentration; DDI, drug- drug interaction.
b.i.d., twice daily; q.d., once daily; s.d., single does.
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no OATP1B1 inhibition (R value <1.1) showed rosuvastatin 
AUCRs in the range of ~1.25 and 2.5. These DDIs are well 
predicted by the developed PBPK models and the measured 
in vitro IC50 values (Figure 3, Table 3).

Rosuvastatin AUC changes with capmatinib, fenebrutinib, 
grazoprevir, and elbasvir/grazoprevir combination (Zepatier) 
were also well recovered with predicted- to- observed ratio 
(Rpred/obs) of AUC ratio in the 0.8– 1.25 limits (Figure  3, 
Table  3). In addition to the G value being well above 10, 
these inhibitors showed OATP1B1 R value marginally above 
the regulatory cutoff (R value ~  1.1– 1.5). However, PBPK 
simulations suggested that their DDIs are driven largely by 
BCRP inhibition in the gut (Figure S2). No change in rosu-
vastatin intrinsic uptake activity was noted when dosed with 
these four inhibitors (Figure  S3). Nevertheless, consistent 
with their significant Cmax/IC50 values (Table 1) model sim-
ulations showed considerable effect on biliary clearance of 
rosuvastatin (Figure  S4). That is, change in Fa and biliary 
clearance contributed to the predicted increase in rosuvasta-
tin plasma exposure.

Finally, darolutamide with BCRP IC50 of 0.09 µM knocked 
down intestinal and biliary efflux activity of rosuvastatin by 
more than 80%, resulting in a large interaction. In this case, 
the model overpredicted AUC and Cmax changes. Of all the 
inhibitors modeled, only rifampicin, cyclosporine, and gem-
fibrozil showed meaningful inhibition (>20%) of rosuvasta-
tin OATP1B- mediated hepatic uptake (Figure S3), whereas 
BCRP inhibition is the primary interaction mechanism for 
the remaining inhibitors.

Overall, the developed PBPK approach predicted 9 of 
12 DDIs involving BCRP and/or OATP1B1 within the set 
criteria (Rpred/obs 0.8– 1.25) for rosuvastatin AUC change 
(Table  3, Figure  S5). In two cases (fostamatinib and 
darolutamide) there was a two-  to threefold overprediction; 
whereas only cyclosporine was underpredicted and fell 
outside the predictive success criteria for AUCR (Rpred/obs 
= 0.8– 1.25).

DISCUSSION

Rosuvastatin is a widely prescribed drug and is also a recom-
mended substrate drug to probe BCRP inhibition by investi-
gational drugs.6,8 Clinical PKs of rosuvastatin is determined 
by multiple disposition mechanisms involving various drug 
transporters (OATP2B1/BCRP/OATP1B/MRPs/OAT3) in 
the gut- liver- kidney axis. Here, we attempted to rational-
ize a wide array of its DDIs using basic static analysis and 
mechanistic PBPK modeling and simulations, so as to (i) 
understand the quantitative role of the gut/hepatic BCRP 
versus hepatic OATPs versus renal OAT3 in determining 
the magnitude of rosuvastatin DDIs, and (ii) implement the 
learnings for the prospective prediction of BCRP- mediated 
DDIs early in the drug development. To our knowledge, this 
is the first comprehensive study demonstrating the adequacy 
of mechanistic PBPK modeling and simulations to quantita-
tively predict DDIs involving BCRP inhibition while adopt-
ing inhibition potency data (IC50 or Ki) obtained from in 
vitro studies.

Leveraging the collective learnings from the static analy-
sis and PBPK modeling and simulations, we have articulated 
a strategy that could be used in BCRP DDI risk assessment in 
drug development (Figure 4). Based on the static analysis of 
27 inhibitor drugs, we have defined arbitrary cutoff criteria 
for BCRP inhibition potential (G value > 100). Below this 
value, no meaningful change in rosuvastatin exposure was 
seen (AUCR <  1.25). From a drug development perspec-
tive, the proposed cutoff is still conservative as meaningful 
change in rosuvastatin AUC (>2- fold), which may impact its 
dosing recommendations, is noted only for inhibitors with 
the G value well above 1000 (Figure 1). This cutoff differs 
from the current regulatory guidance, which is set as G value 
greater than 10.7,8 Rosuvastatin product label (Crestor, FDA) 
recommend limiting dose to 5  mg or 10  mg once daily to 
mitigate its skeletal muscle effects (i.e., myopathy, which can 
progress to life- threatening rhabdomyolysis) when combined 

F I G U R E  4  A schematic of BCRP DDI risk assessment based on the current learning from static and PBPK analyses. *Consider PBPK 
modeling and simulations when there is potential for multiple interaction mechanisms (e.g., OATP1B1 inhibition). AUC, area under plasma 
concentration- time curve; DDI, drug- drug interaction; IC50, half- maximal inhibitory concentration; M&S, modeling and simulation; OR, odds ratio; 
PBPK, physiologically- based pharmacokinetic
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with inhibitors, such as cyclosporine, gemfibrozil, and HIV 
drugs. Considerable interest is placed on understanding and 
appropriately managing BCRP/OATP1B in vivo inhibition 
risk in the drug development. In the absence of a reliable 
mechanistic model, deconvolution of gut versus systemic 
BCRP inhibition effects may require an elaborate clinical 
study, preferably a cross- over design, including intravenous 
and oral arms for rosuvastatin without (control) and with the 
investigational drug.6 Additionally, intersubject variability in 
rosuvastatin PK due to ABCG2 (c.421C > A) and SLCO1B1 
(c.521T  >  A) genetic polymorphisms should be carefully 
isolated. A translational PBPK model, such as the one pre-
sented here, can not only enable prospective predictions but 
offer insight into the contribution of individual mechanisms 
to the overall effect. Appropriate sensitivity analysis for the 
key input parameters (Ki) may be considered for prospective 
predictions. Finally, the “intended use” of this model is to 
predict the effect on rosuvastatin plasma exposure, but not to 
simulate or predict tissue exposure changes (e.g., the liver) as 
more work is needed to verify the later readouts.

A rosuvastatin PBPK model was developed primarily 
using our in vitro transport data (obtained from established 
assays based on primary human hepatocytes, Caco- 2 stud-
ies and transfected cell lines)21,22,28 and previously derived 
empirical scalars for hepatic and renal transport.20,22 These 
scalars were optimized within a range (± 2 times) to best 
recover i.v./oral PK of rosuvastatin, and its Fa, bioavailabil-
ity (F), fraction excreted in urine (Fe) and renal clearance 
(Table  2).26 The final “middle- out” model well- described 
plasma concentration- time profiles across a dose range of 
10– 80  mg primarily in the White population, and the ef-
fects of SLCO1B1 and ABCG2 functional polymorphisms 
(Figure 2). It is noteworthy that the clinical PK (plasma expo-
sure) of rosuvastatin is highly variable across different stud-
ies in the White population (coefficient of variation [CV] of 
~ 50%),29 and the PBPK simulated mean values may deviate 
from the observed mean data in a few cases (Figure 3). In 
addition, for reasons not completely understood, rosuvastatin 
oral clearance in the White population was shown to be about 
two times higher than in the Asian population,29,30 therefore, 
DDI studies conducted in Asian population were excluded in 
this PBPK analysis.

Bowman et al. recently summarized the rosuvastatin 
PBPK models reported in the literature and reviewed the 
current gaps.31 These earlier studies evaluating rosuvastatin 
DDIs via PBPK primarily focused on hepatic OAT1B- based 
interactions with inhibitors, such as rifampicin and cyclo-
sporine31,32; and we are not aware of any reports describ-
ing PBPK model performance for BCRP- based interactions 
extensively. The rosuvastatin DDIs assessed here primarily 
involve BCRP inhibition (capmatinib, darolutamide, fenebru-
tinib, fostamatinib, elbasvir/grazoprevir, and velpatasvir). In 
this study, we adopted BCRP IC50 obtained using membrane 

vesicles as is, assuming nominal concentration in the in 
vitro assay represent the concentration at the site of interac-
tion. The majority of in vitro IC50 values used in the current 
PBPK models are within the range of previously reported 
values (summarized in Table S12). Absorption of inhibitor 
drugs was modeled with ADAM model while using avail-
able permeability- solubility information as inputs. Inhibitor 
gut concentrations cannot be verified, as such data is rarely 
available, but models were adequately verified with plasma 
concentration- time profile data and other data, such as Fa and 
bioavailability where possible (Supplementary Material). 
This PBPK approach well described rosuvastatin oral PK in 
the absence and presence of several BCRP and/or OATP1B 
inhibitors, with AUCRs in 9 of 12 cases recovered within the 
set criteria (Rpred/obs = 0.8– 1.2), and thus, showing promise in 
quantitative risk assessment.

Hepatic uptake is generally considered as the rate- 
determining step in the hepatic clearance of drugs that 
predominantly rely on OATP1B- mediated transport into 
the liver prior to biliary excretion via efflux pumps such 
as BCRP (i.e., ECCS class 3B drugs).33,34 However, when 
basolateral efflux mechanism is significant, attenuation of 
biliary efflux by inhibitors (or genetic polymorphism) can 
lead to increased systemic exposure of the substrate drugs.35 
Previous in vitro studies using cultured human hepatocytes 
provided evidence for MRP4- mediated basolateral efflux of 
rosuvastatin, which indeed was quantified to be operational 
at a rate similar to the biliary clearance rate.19 Accordingly, 
we captured this mechanistic disposition component in the 
rosuvastatin PBPK model. Therefore, the systemic clearance 
of rosuvastatin may decrease by inhibiting active uptake or 
biliary efflux, with a much larger impact caused by simulta-
neous inhibition of both processes. Although several inhibi-
tor drugs modeled via the PBPK approach could not produce 
relevant systemic unbound concentrations at the given dose 
to inhibit hepatic BCRP, a few did show a considerable in-
hibition of biliary efflux (Figure  S4). PBPK simulations 
suggested that hepatic BCRP inhibition contribute signifi-
cantly to the observed rosuvastatin systemic AUC increase 
when co- administered with capmatinib, darolutamide, fen-
ebrutinib, fostamatinib, and rifampicin. Notably, effect size 
was largest with darolutamide, wherein greater than 80% 
biliary efflux activity was inhibited during a large portion 
of the dosing interval. Although the PBPK model overpre-
dicted rosuvastatin- darolutamide interaction (Rpred/obs ~ 2.7), 
a fivefold increase in rosuvastatin AUC by darolutamide in a 
clinical DDI study confers to the significant contribution of 
hepatic BCRP inhibition to this interaction.36 Given rosuvas-
tatin apparent Fa is about 40%, large increase in its plasma 
exposure cannot be explained by absorption enhancement 
alone. In case of hepatic mechanisms, conservative static as-
sessment indicates that darolutamide strongly inhibit hepatic 
BCRP with high unbound Cmax/IC50 value (~ 3.6), but has a 
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negligible effect on OATP1B1 (R value < 1.1; Table 1). For 
the other inhibitors (i.e., capmatinib, fenebrutinib, and fos-
tamatinib), hepatic BCRP inhibition contributed to only less 
than 30% of the change noted in rosuvastatin systemic expo-
sure. Overall, this study indicates rosuvastatin as a suitable 
probe drug to assess both gut and hepatic BCRP inhibition, 
and that potent inhibitors of BCRP alone can produce strong 
DDIs with drugs like rosuvastatin.

Although OATP1B1 R values are above the regulatory 
cutoff (>1.1) for fenebrutinib, capmatinib, and grazoprevir/
elbasvir, PBPK modeling implied negligible effect on ro-
suvastatin uptake clearance (Figure S3). Lack of OATP1B1 
inhibition in vivo can be substantiated by clinical obser-
vations. For instance, grazoprevir do not alter clinical PK 
of pitavastatin, which is an OATP1B1 probe substrate.37 
Similarly, in the study where fenebrutinib increased rosu-
vastatin AUC by ~ 150%, no change was noted in the plasma 
exposure of a well- established OATP1B1 biomarker, co-
proporphyrin I.38 In the absence of suitable BCRP bio-
markers, it is envisioned that a rosuvastatin PBPK model 
like the one described can be used jointly with OATP1B1/3 
(e.g., coproporphyrin I) and OAT3 (e.g., pyridoxic acid) 
biomarkers to deconvolute the role of BCRP in driving 
AUCRs greater than 1.25.

Rosuvastatin renal clearance (~ 2.6 ml/min/kg) is more 
than 10- fold higher than its glomerular filtration rate 
(~  0.22  ml/min/kg), suggesting OAT3- medated active se-
cretion contribute to greater than 90% of its renal clear-
ance.22,39 OAT1/3 index inhibitor, probenecid (1000  mg), 
reduce renal clearance of rosuvastatin by almost 80%.40 
Similarly, probenecid also decrease renal clearance of 
OAT1/3 probe substrate, furosemide, to the same degree.40 
Collectively, rosuvastatin renal clearance can be used as 
a sensitive end point to assess OAT3 inhibition in vivo. 
However, inhibition of renal secretion alone has a limited 
effect on its plasma exposure due to the minor contribution 
of renal clearance to the overall clearance following oral 
dosing (Figure 2b). It should be noted that only ~ 5% of oral 
dose is recovered as intact drug in the urine due to extensive 
presystemic disposition (oral bioavailability ~ 20%), which 
suggests that the maximum AUC increase is capped at only 
~ 25% (Figure 2b). Therefore, rosuvastatin AUC increase 
(~ 2- fold) with perpetrators, such as gemfibrozil and pro-
benecid, is predominantly driven by OATP1B/BCRP in-
hibition with minimal contribution from OAT3 inhibition. 
This is corroborated by our previous observations based on 
rosuvastatin- probenecid DDI in the cynomolgus monkey41; 
and a recent report demonstrating probenecid- induced in-
crease in systemic exposure of an OATP1B biomarker (co-
proporphyrin I) in humans.42

Parent- metabolite pairs have been considered in the PBPK 
modeling (as well as static analysis) for itraconazole, gemfi-
brozil, and darolutamide. Only in case of gemfibrozil, major 

circulating metabolite (1- O- β- glucuronide) had a meaning-
ful effect in recovering observed DDI.43 On the other hand, 
fostamatinib is an oral phosphate prodrug that is cleaved by 
alkaline phosphatases on the apical brush- boarder mem-
branes of enterocytes to produce active metabolite (R406), 
which eventually permeate through the enterocytes and 
reach systemic circulation.44 Given the complexity in mod-
eling intestinal dephosphorylation, we assumed fostamatinib 
is readily converted to R406, and thus dosed R406 directly 
for modeling purposes. R406 inhibits BCRP with 30 times 
more potency than the prodrug, whereas OATP1B inhibition 
is insignificant for both prodrug and active moiety (R value 
~ 1.01). With these considerations, the PBPK approach over-
predicted rosuvastatin AUC and Cmax changes (Rpred/obs ~ 2). 
Further studies and case examples are needed to better under-
stand the concentration profiles of prodrug- active species at 
the interaction site in the gut, which play an important role in 
determining the magnitude of a DDI.

CONCLUSIONS

In summary, we mechanistically evaluated rosuvastatin DDIs 
with a wide range of inhibitor drugs to quantify the contribu-
tion of BCRP inhibition to the overall observed effect. Based 
on static analysis, the risk of gut BCRP inhibition can be 
considered for inhibitors with a G value greater than 100. 
PBPK modeling and simulations suggest that potent BCRP 
inhibitors can modulate intestinal efflux and biliary secretion 
leading to increased oral absorption as well as decreased sys-
temic clearance for drugs like rosuvastatin. Finally, this study 
demonstrates the utility of a mechanistic PBPK approach to 
predict complex drug interactions involving interplay of mul-
tiple disposition mechanisms.
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