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ARTICLE

PBPK Modeling of Coproporphyrin I as an Endogenous 
Biomarker for Drug Interactions Involving Inhibition of 
Hepatic OATP1B1 and OATP1B3

Takashi Yoshikado1,2, Kota Toshimoto2, Kazuya Maeda3, Hiroyuki Kusuhara3, Emi Kimoto4, A. David Rodrigues4, Koji Chiba1 and 
Yuichi Sugiyama2,*

The aim of the present study was to establish a physiologically based pharmacokinetic (PBPK) model for coproporphyrin I  
(CP- I), a biomarker supporting the prediction of drug- drug interactions (DDIs) involving hepatic organic anion transporting 
polypeptide 1B (OATP1B), using clinical DDI data with an OATP1B inhibitor rifampicin (300 and 600 mg, orally). The in vivo in-
hibition constants of rifampicin used as initial input parameters for OATP1Bs (Ki,u,OATP1Bs) and multidrug resistance- associated 
protein two- mediated biliary excretion were estimated as 0.23 and 0.87 μM, respectively, from previous reports. Sensitivity 
analysis demonstrated that the Ki,u,OATP1Bs and biosynthesis rate of CP- I affected the magnitude of the interaction. Ki,u,OATP1Bs 
values optimized by nonlinear least- squares fitting were ~0.5- fold of the initial value. It was determined that the blood 
concentration- time profiles of four statins were well- predicted using corrected individual Ki,u,OATP1B values (ratio of in vitro 
Ki,u(statin)/in vitro Ki,u(CP-I)). In conclusion, PBPK modeling of CP- I supports dynamic prediction of OATP1B- mediated DDIs.

CPT Pharmacometrics Syst. Pharmacol. (2018) 7, 739–747; doi:10.1002/psp4.12348; published online on 30 September 2018.

It has become widely accepted that the combinatorial use 
of drugs can give rise to clinically relevant drug- drug inter-
actions (DDIs), especially when the efficacy and safety pro-
file of the victim drug is impacted. Therefore, DDI screening, 
modeling, and prediction has become standard practice. 
Such efforts now include the organic anion transporting 
polypeptides 1B (OATP1B1 and OATP1B3), which are mul-
tispecific transporters mediating the sinusoidal uptake of 
various drugs into hepatocytes. The inhibition of OATP1Bs 
is an important DDI mechanism that often presents as a 

significant increase in the systemic exposure of OATP1Bs 
substrates (e.g., statins, sulfonylureas and meglitinides, 
and antihepatitis C virus drugs) following the concomi-
tant administration of OATP1B inhibitors, such as cyclo-
sporine A, rifampicin (RIF), and gemfibrozil.1–4 Typically, 
OATP1B in vitro inhibition data support DDI risk assess-
ment after following agency guidelines. Such an approach, 
however, based on a target threshold (e.g., R > 1.1; where 
R = 1 + [(fu,p·I)/half- maximal inhibitory concentration (IC50)]) 
that if triggered necessitates clinical follow- up, is known to 
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WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔ CP- I has been identified as an endogenous substrate 
for hepatic OATP1Bs and MRP2, and accumulates follow-
ing a single dose of rifampicin, an OATP1Bs/MRP2 inhibi-
tor, thereby presenting as a surrogate probe for DDI 
assessment.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ Does a PBPK model for CP- I, in which hepatic uptake 
and efflux processes are incorporated, enable us to de-
scribe its pharmacokinetics in the absence and presence 
of a perpetrator drug such as rifampicin?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔ The presented PBPK modeling approach enables a 
greater understanding of the mechanisms of CP- I 

pharmacokinetics and evaluation of the dose- dependent 
inhibitory effects of rifampicin.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, 
DEVELOPMENT, AND/OR THERAPEUTICS?
✔ A useful PBPK model for an important OATP1Bs/MRP2 
biomarker (CP- I) is described. The model can support the 
translation of the effect of a new chemical entity on CP- I 
pharmacokinetics to that on clinically used drugs (e.g., 
statins). In so doing, the model can complement existing 
OATP1B- mediated DDI risk assessment approaches 
based on agency guidelines.

Study Highlights
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yield relatively high false- positive rates.5 Therefore, various 
endogenous compounds have been proposed as surrogate 
probes to facilitate early clinical assessment of pharmaco-
kinetic DDIs, which could reduce the need for unnecessary 
DDI studies using established probe drugs.5

Probe candidates for hepatic OATP1Bs have been re-
ported, such as bilirubin and its glucuronides,6 bile acids, 
especially glucuronide and sulfate conjugates,7,8 glucuron-
ide and sulfate conjugates of steroids,9 fatty acid dicarbox-
ylates,10 and coproporphyrin I and III (CP- I and CP- III). Of 
these, CP- I and III, both the byproducts of heme synthesis, 
can support the evaluation of OATP1B- mediated DDIs be-
cause of their specificity for OATP1B1 and OATP1B3,11,12 
sensitivity,12 and the good association of the area under 
the plasma concentration- time curve (AUC) between CP- I 
and statins (pitavastatin, atorvastatin, and fluvastatin).13 
Importantly, both plasma CP forms present negligible di-
urnal variation, which is a desirable characteristic of a 
biomarker.12,13

Mechanistic physiologically based pharmacokinetic 
(PBPK) modeling has increasingly been used as a tool to 
predict DDIs in recent years by combining the PBPK models 
of both victim and perpetrator. In this study, we aimed to 
establish a PBPK model for CP- I in which hepatic uptake 
and efflux processes are considered. Followed by hepatic 
uptake, CP- I undergoes biliary excretion14 via multidrug 
resistance- associated protein 2 (MRP2).15 Clinical data, ob-
tained with the positron emission tomography probe [11C]- 
TIC- Me, has shown that MRP2- mediated biliary excretion16 
can be significantly inhibited by RIF at a clinically relevant 
dose (600 mg). Such data suggest the DDI potential of RIF 
against MRP2,17 but in vitro inhibition data can be problem-
atic because of the high variability in the reported values 
of in vitro inhibition constants (Ki) for MRP2 (7.9–83 μM, 
as listed in the University of Washington Metabolism and 
Transport Drug Interaction Database). Overall, it was con-
sidered important to account for the involvement of both he-
patic OATP1Bs and MRP2 in the interaction between CP- I 
and RIF. CP- I is also excreted into the urine, and its renal 
clearance is not significantly altered after the administration 
of RIF (600 mg).12

We previously presented a stepwise protocol to analyze 
multiple clinical cases of DDI involving drug transporters 
using a standardized PBPK model structure and unified 
model parameters for each victim or perpetrator drug.18 
Using this standardized protocol and a previously estab-
lished model for RIF,19 we constructed a PBPK model for 
CP- I and optimized parameters, including Ki for OATP1Bs, 
which could explain our clinical data showing a dose re-
sponse with oral RIF at 300 and 600 mg.13 Subsequently, we 
evaluated the predictability of the DDIs between statins and 
RIF in the same clinical dataset,13 taking into account the 
difference between the in vitro Ki of RIF for statins and CP- I. 
Accounting for intersubstrate differences in Ki is consistent 
with the recent report of Barnett et al.,20 who considered the 
IC50 values of RIF for both CP- I and rosuvastatin in vitro and 
conducted mixed model analysis of clinical interaction data. 
Such considerations enhance the value of a PBPK model 
used to translate CP- I interaction data to other OATP1B 
substrates.

METHODS
Overview of PBPK modeling and simulation strategy
We previously reported a framework for constructing PBPK 
models.18 A PBPK model for CP- I was constructed by in-
troducing a parameter for CP- I biosynthesis (vsyn) into our 
previously proposed PBPK model (Supplementary Text S1). 
The vsyn was incorporated in the liver compartment; CP- I and 
CP- III are spontaneously generated from coproporphyrino-
gen I and III, which are synthesized from uroporphyrinogen 
I and III by uroporphyrinogen decarboxylase expressed in 
both liver and erythrocytes. In patients of porphyria cutanea 
tarda caused by a deficient hepatic activity of uroporphy-
rinogen decarboxylase due to hepatitis,21 the urinary ratio 
of CPs to uroporphyrins (spontaneously generated from uro-
porphyrinogens) was decreased to 0.28, whereas the ratio 
was 4.2 in healthy volunteers,22 suggesting > 90% of CPs in 
humans in normal condition is synthesized in the liver. Thus, 
we regarded the liver as the major organ for CP- I biosyn-
thesis. The enterohepatic circulation (EHC) of CP- I was in-
corporated in the model according to a previous report of 
kinetic model analyses using the plasma concentration data 
and urinary and fecal excretion data of 14C- labeled CP- I and 
CP- III.23 Using the PBPK model and parameters for RIF re-
ported by Asaumi et al.,19 RIF- mediated inhibition of hepatic 
OATP1B and MRP2 was incorporated. Differential equations 
and other equation settings describing the PBPK model are 
presented in Supplementary Text S1. Finally, (i) simulation of 
blood concentration- time profiles of CP- I in the absence and 
presence of RIF, (ii) sensitivity analyses to examine the impact 
of change in each parameter on the simulation outcome, and 
(iii) parameter optimization by nonlinear least- squares fitting 
were performed.

Simulation designs for our clinical study13 (volunteers, drug 
administration, time course, and sampling) and model pa-
rameter settings are described in Supplementary Text S1. 
Details for uptake and efflux experiments using plated 
human hepatocytes (Figure S1) for the determination of he-
patic membrane permeation parameters for CP- I are also 
described in Supplementary Text S1.

Software
The nonlinear least- squares fitting software, Napp version 
2.31,24 was used in all the optimization and simulation pro-
cesses applied in the present study. The weight for the 
nonlinear least- squares calculation was set as the square 
root of the original value. The weighted sum of squares 
(WSS) and the Akaike’s information criteria (AIC) shown in 
Eqs. 1 and 2, respectively, were used to evaluate the fitting 
results. 

yi: ith observed value, y′
i
: ith predicted value. 

Model predictability
To quantitatively evaluate model predictability for blood 
concentration- time profiles, AUC ratio, and maximum 
blood concentration (Cmax) ratio, commonly used accuracy 

(1)WSS=

n∑

i=1

(yi−y
�

i
)2

yi
,

(2)AIC=n× lnWSS+2m.
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test criteria, the average fold errors (AFEs), were calculated, 
as shown in Eq. 3: 

 where n is the number of observations.

RESULTS
Simulation of blood and liver concentration- time 
profiles of RIF using the reported PBPK model
As shown in Figure 1, the observed blood concentration- time 
profiles of RIF administered orally at 300 and 600 mg13 were 
reproduced by the simulation with the comprehensive PBPK 
model and parameters reported previously.19 The unbound 
blood concentration of RIF reached maximum values of 0.43 
and 0.94 μM with 300 mg (Figure 1a) and 600 mg (Figure 1b) 
administration, respectively. The predicted intrahepatic un-
bound concentration reached maximum values of 1.0 and 
1.5 μM following 300 and 600 mg administration, respectively.

Setting of in vivo inhibition constants for OATP1Bs and 
MRP2 by RIF
To simulate the dynamic change in the blood concentra-
tion of CP- I caused by RIF, the in vivo Ki,u,OATP1Bs (0.23 μM)18 
was set initially. Our in vitro experiments using OATP1B- 
expressing cells (Figure S2) suggested that the calculated 
Ki for OATP1B1 (0.78 μM) and that for OATP1B3 (0.18 μM) 
using CP- I as a substrate tends to be lower than those using 
statins as substrates (1.1–2.8 μM for OATP1B1, 0.30–0.86 μM 
for OATP1B3; Table S2). Thus, we assumed some intersub-
strate differences in the inhibitory characteristics by RIF, as 
reported previously.25 As part of the PBPK- enabled modeling 
exercise, we considered a range of in vivo Ki,u,OATP1Bs values 
(between 0.33- fold and 3- fold of the initial value) to support 
parameter sensitivity (Figure S3) and optimization by fitting 

(Figure 2). In addition, the in vivo Ki,u,MRP2 (0.87 μM), calcu-
lated based on the change in the biliary clearance of [11C]- 
TIC- Me,17 was used (see details in Supplementary Text S1).

Sensitivity analyses of model parameters to 
demonstrate the effects on the blood concentration- 
time profiles of CP- I
The blood concentration- time profile of CP- I following RIF ad-
ministration was simulated (Figure S3) using the constructed 
PBPK model and parameters shown in Table 1 and Table S1. 
Sensitivity analyses of the hepatic overall intrinsic clearance, 
CLint,all (and correspondingly altered vsyn according to the the-
oretical equation shown in Supplementary Text S1) showed 
that these parameters could change the turnover of CP- I and 
the magnitude of the interaction with RIF. As the CLint,all and 
vsyn are increased, the RIF- mediated interaction is increased 
regardless of the different preset β values of 0.8 (Figure S3a), 
0.5 (Figure S3b), and 0.2 (Figure S3c). In addition, our sensi-
tivity analyses also showed that the OATP1B inhibitor potency, 
reflected by Ki,u,OATP1Bs (Figure S3d–f), was a determinant of 
the interaction between RIF and CP- I.

To evaluate the effects of Ki,u,MRP2 and other parameters 
relating to EHC (FaFg, ka, and ktransit), whose initial values 
were derived from the previous report,23 further sensitivity 
analyses were performed (Figure S3g–l). The Ki,u,MRP2 slightly 
affected the CP- I blood concentration when the β value was 
set at 0.5 and 0.2 (Figure S3h,i). As the FaFg is decreased, 
RIF- mediated interaction is increased (Figure S3j–l). Little 
change in the magnitude of the interaction was observed in 
sensitivity analyses of ka and ktransit (data not shown).

Previous evidences suggested that > 90% of CPs in hu-
mans in normal condition is synthesized in the liver.22 We 
performed sensitivity analyses setting the fraction of CP- I bio-
synthesis in the liver (fsyn) as 1, 0.9, and 0.8 (Figure S3m–o).  
Little change in the magnitude of the interaction was 

(3)AFE=10

∑n
i=1�log Predicted

Observed �
n ,

Figure 1 Simulation of the blood and liver concentration- time profiles of rifampicin (RIF). The circles represent the observed blood 
concentrations of RIF administered at (a) 300 mg and (b) 600 mg, orally (mean ± SD, n = 8).13 The solid line represents a simulated 
blood concentration- time profile using the physiologically based pharmacokinetic model and parameters reported previously.19 The 
dotted line represents a simulated blood unbound concentration- time profile. The broken line represents a simulated intrahepatic 
unbound concentration- time profile (the first hepatocyte compartment shown in Supplementary Text S1).
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observed with these different fsyn. Thus, we used fsyn = 1 in 
the following analyses.

Optimization of model parameters by fitting of the 
blood concentration- time profiles of CP- I
Because CLint,all (vsyn), Ki,u,OATP1Bs, and FaFg markedly af-
fected the magnitude of interaction between CP- I and 
RIF (Figure S3a–f,j–l), these parameters were opti-
mized by nonlinear least- square fitting to the CP- I blood 
concentration- time profiles in the absence and presence of 
RIF13 simultaneously. These parameters were moved freely 
between 0.33- fold and 3- fold in the initial values described 
in Table 1. We could obtain parameter sets that can explain 
the observed data (Figure 2a–c). The optimized CLint,all, 
vsyn, and FaFg were 35.1–43.1 l/h/kg, 0.212–0.442 nmol/h/
kg, and 0.256–0.318, respectively, depending on the setting 
of β values (Table 2). The optimized values of Ki,u,OATP1Bs 
ranged between 0.0824 and 0.106 μM, which were 0.36- 
fold to 0.46- fold of the initial value (0.23 μM).

Simulation of blood concentration- time profiles of 
CP- I using its optimized parameters and PBPK model 
incorporating the inhibition of OATP1Bs alone
To compare the contribution of OATP1Bs and MRP2 to the 
magnitude of the CP- I- RIF interaction, a simulation was 

performed using a PBPK model for CP- I, in which only the 
inhibition of hepatic OATP1Bs by RIF was incorporated. 
Using the parameters described in Table 2, with exclu-
sion of Ki,u,MRP2, the simulated CP- I blood concentrations 
(Figure S4a–c) were lower than those using the original 
PBPK model incorporating dual (OATP1Bs/MRP2) inhibition 
(Figure 2a–c). Such a model- dependent difference was 
more significant when the β value was set lower.

The observed and the simulated AUC0–24 h and Cmax of 
CP- I in the presence of RIF are summarized in Table 3. The 
simulated AUC and Cmax using the PBPK model with dual 
OATP1Bs/MRP2- inhibition were around 96% and 102–
108% of the observed values, respectively. In comparison, 
the simulated AUC and Cmax using the PBPK model with 
OATP1B inhibition only was 75–85% and 79–89% vs. the 
observed values, respectively.

Prediction of the effect of RIF on blood concentration- 
time profiles of statins using their PBPK models and 
parameters including substrate- dependent Ki,u,OATP1Bs
We evaluated the predictability of DDIs between four statins 
and RIF using our clinical data,13 as well as the Ki,u,OATP1Bs 
for CP- I optimized by PBPK modeling (Table 2) and the ratio 
of in vitro Ki for each statin to CP- I (Table S2). Previously 
reported PBPK models for pitavastatin, fluvastatin,18 

Figure 2 Simultaneously fitted blood concentration- time profiles of coproporphyrin (CP)- I in the absence and presence of rifampicin 
(RIF) after parameter optimization using the physiologically based pharmacokinetic (PBPK) model incorporating the inhibition of 
organic anion- transporting polypeptide (OATP)1Bs and multidrug resistance- associated protein 2 (MRP)2. The blue (control), green 
(300 mg RIF, orally), and red (600 mg RIF, orally) circles represent the observed blood concentrations of CP- I (mean ± SD, n = 8).13 The 
lines represent simultaneously fitted blood concentration–time profiles after optimization of parameters in the PBPK model, in which 
the inhibition of hepatic OATP1Bs and MRP2 by RIF are incorporated. The fixed and optimized parameters are shown in Tables 2 and 
S1A,B. The β values are set at 0.8 (a), 0.5 (b), and 0.2 (c).
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Table 1 Parameters used in the simulation of the blood concentration- time profiles of CP- I in the absence and presence of RIF (Figure S3)

ID

CLint,all
a vsyn

b βc Rdif 
d γd fbile e ktransit

e ka
e FaFg e Ki,u,OATP1Bs

f Ki,u,MRP2
g

l/h/kg nmol/h/kg – – – – h−1 h−1 – μM μM

A 33.3 0.153 0.8 0.035 0.020 0.84 5.2 3.0 0.66 0.23 0.87

B 33.3 0.125 0.5 0.035 0.020 0.84 5.2 3.0 0.66 0.23 0.87

C 33.3 0.105 0.2 0.035 0.020 0.84 5.2 3.0 0.66 0.23 0.87

β=CLint,all∕(PSact,inf+PSdif,inf),Rdif=PSdif,inf∕PSact,inf,γ =PSdif,inf∕PSdif,eff,fbile=CLint,bile∕(CLint,bile+CLint,met).

CP- I, coproporphyrin; RIF, rifampicin.
aCalculated from the reported CLint,all of 14C- CP- III administered intravenously to humans.23 bCalculated using the parameters including CLint,all and FaFg 
according to Eqs. S7–S10. See details in METHODS. cFixed to three different values indicating different conditions of the major rate- determining processes 
in the hepatic intrinsic clearance. dCalculated according to the in vitro data using plated human hepatocytes. See details in METHODS. eDerived from the 
previous multicompartment analyses using 14C- labeled coproporphyrins in humans.23 fThe in vivo Ki,u,OATP1Bs estimated from physiologically based pharma-
cokinetic analyses of the drug- drug interaction between pitavastatin and rifampicin.18 gCalculated based on the change in the in vivo biliary excretion clear-
ance reported in the previous clinical study using a positron emission tomography probe (11C- TIC- Me).17
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rosuvastatin,26 and a newly constructed PBPK model for 
atorvastatin, whose structure is the same as pitavastatin 
and fluvastatin, leveraged their basic physiological and 
pharmacokinetic parameters (Table S1A,C). After obtain-
ing some parameters by fitting to the control data alone  
(Table S1D), the blood concentration- time profile of each 
statin in the presence of RIF was simulated (Figure 3a–d) 
using substrate- dependent Ki,u,OATP1Bs, shown in Table 
S1D, calculated by multiplying the Ki,u,OATP1Bs for CP- I by 
the ratio of in vitro Ki for OATP1B1 (statin/CP- I). AFEs for 
concentration- time predictions in the presence of 300 
and 600 mg RIF were calculated to be 1.71/1.97, 1.87/2.42, 
1.50/1.56, and 1.43/1.73 for pitavastatin, rosuvastatin, ator-
vastatin, and fluvastatin, respectively. The predicted AUC 
and Cmax of statins were well- correlated with their observed 
AUC and Cmax (Figure 3e,f).

On the other hand, when the prediction was performed 
using the in vivo Ki,u,OATP1Bs for CP- I (0.1 μM) without any 
correction (Figure S5a–d), AFEs were calculated to be 
2.11/2.54, 1.92/2.53, 1.61/2.34, and 2.63/2.98 for pitavas-
tatin, rosuvastatin, atorvastatin, and fluvastatin with 300 and 
600 mg RIF, respectively. Therefore, the inhibitory effect of 
RIF was overestimated, except for rosuvastatin whose in 
vitro RIF Ki was not so different from CP- I. The predicted 
(without correcting Ki,u,OATP1Bs) vs. observed AUC and Cmax 
are shown in Figure S5e,f.

Finally, the AUC ratio and Cmax ratio were calculated, as 
shown in Figure S5g–j. In this instance, with correction of 

the in vivo Ki based on differences of in vitro Ki, the AFE for 
predicted vs. observed AUC ratio was 1.20, and that for the 
Cmax ratio was 1.36 (Figure S5g,h). Without correction of 
the in vivo Ki based on differences of in vitro Ki, AFE values 
for the AUC ratio and Cmax ratio were higher (1.74 and 1.39, 
respectively; Figure S5i,j).

DISCUSSION

In this study, a PBPK model for CP- I was constructed to 
provide mechanistic insight regarding the dose- dependent 
inhibition of OATP1B and MRP2 by RIF. Sensitivity analy-
ses demonstrated that model parameters including the in 
vivo Ki,u,OATP1Bs, vsyn, and CLint,all, could affect CP- I blood 
concentration- time profiles following RIF. After optimiza-
tion of these parameters by nonlinear least- squares fitting, 
blood concentration- time profiles of statins affected by RIF 
were well- predicted using substrate- dependent Ki values.

The initial value in our present analyses was based on the 
in vivo Ki,u,OATP1Bs values of RIF, which were estimated to be 
0.23 μM (vs. pitavastatin) and 0.19 μM (vs. pravastatin) in 
our previous PBPK- DDI analyses.18 Parameter optimization 
yielded 0.37- fold to 0.48- fold of the initial Ki,u,OATP1Bs (0.082–
0.11 μM in Table 2) to explain the CP- I blood concentration- 
time profiles with RIF (Figure 2). Some substrate- dependent 
differences in the sensitivity to OATP1B inhibitors in vitro, 
including RIF, have been reported.25 In order to support the 
intersubstrate difference suggested by the model- based 

Table 2 Parameters fixed and optimized in the fitting of the blood concentration- time profiles of CP- I in the absence and presence of RIF (Figure 2)

ID

CLint,all vsyn a β Rdif γ fbile ktransit ka FaFg Ki,u,OATP1Bs Ki,u,MRP2

l/h/kg nmol/h/kg – – – – h−1 h−1 – μM μM

Fixed Fixed Fixed Fixed Fixed Fixed Fixed SS AIC

A 35.1 ± 2.7 0.442 (0.345–0.567) 0.8 0.035 0.020 0.84 5.2 3.0 0.256 ± 0.067 0.0824 ± 0.0105 0.87 1.73 19.1

B 38.3 ± 2.4 0.264 (0.219–0.315) 0.5 0.035 0.020 0.84 5.2 3.0 0.309 ± 0.079 0.0965 ± 0.0123 0.87 1.75 19.5

C 43.1 ± 2.3 0.212 (0.182–0.245) 0.2 0.035 0.020 0.84 5.2 3.0 0.318 ± 0.087 0.106 ± 0.013 0.87 1.81 20.2

β=CLint,all∕(PSact,inf+PSdif,inf),Rdif=PSdif,inf∕PSact,inf,γ =PSdif,inf∕PSdif,eff,fbile=CLint,bile∕(CLint,bile+CLint,met)

AIC, Akaike information criterion; CP- I, coproporphyrin; RIF, rifampicin.
aCalculated using the parameters including CLint,all and FaFg according to Eqs. S7–S10. In the parentheses, the minimum and maximum values calculated 
using SDs of CLint,all and FaFg are described.

Table 3 The blood AUC and Cmax of CP- I estimated by PBPK modeling compared to the observation

AUC0–24h (nM h) Cmax (nM)

β RIF 300 mg RIF 600 mg RIF 300 mg RIF 600 mg

Observationa – 23.9 ± 4.8 36.3 ± 6.7 1.61 ± 0.38 2.30 ± 0.35

Inhibition of OATP1Bs and MRP2 
(Figure 2)

0.8 23.0 (96.2) 34.8 (95.9) 1.73 (108) 2.35 (102)

0.5 22.9 (95.8) 34.8 (95.9) 1.73 (108) 2.36 (103)

0.2 22.9 (95.8) 34.7 (95.6) 1.74 (108) 2.36 (103)

Inhibition of OATP1Bs (Figure S4) 0.8 20.3 (84.9) 29.0 (79.9) 1.43 (88.8) 1.87 (81.3)

0.5 19.3 (80.8) 27.5 (75.8) 1.35 (83.9) 1.79 (77.8)

0.2 19.0 (79.5) 27.3 (75.2) 1.35 (83.9) 1.80 (78.3)

In the parentheses, the estimation/observation ratios (%) are shown.
AUC, area under the plasma concentration- time curve; Cmax, peak plasma concentration; CP- I, coproporphyrin I; MRP2, multidrug resistance- associated 
protein 2; OATP, organic anion- transporting polypeptide; PBPK, physiologically based pharmacokinetic; RIF, rifampicin.
aData from the previous study.13
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analysis in this study, we compared the inhibition profiles 
of RIF between CP- I and the statins, by performing uptake 
experiments using OATP1B1/OATP1B3- expressing HEK293 
cells (Figure S2). The calculated Ki values for OATP1B1 and 
OATP1B3 were 1.5- fold to 3.6- fold and 1.6- fold to 4.8- fold 
lower using CP- I as a substrate than using statins (Table S2), 
which might support the lower estimated in vivo Ki,u,OATP1Bs 
for CP- I (Table 2) than for statins.18

By comparing the simulation results using the model in-
corporating dual OATP1B/MRP2 inhibition (Figure 2), to that 
incorporating OATP1B inhibition only (Figure S4), 75–85% 
of the observed AUC and 78–89% of the observed Cmax 
were explained by inhibition of OATP1Bs (Table 3), and 
the remaining by inhibition of MRP2. Thus, OATP1Bs had 
a major contribution to the magnitude of the CP- I- RIF inter-
action; however, the magnitude suggests that the influence 
of MRP2 inhibition on CP- I pharmacokinetics should not be 
ignored during the assessment of DDIs.

Using the first model with an initial parameter setting 
(Figure S3), sensitivity analysis of Ki,u,MRP2 from 0.33 to 3- 
fold of the initial value affected blood concentrations in the 
presence of RIF (especially when β = 0.8) less significantly 
than Ki,u,OATP1Bs. Actually, the contribution of RIF- mediated 
inhibition of MRP2 was estimated to be ~10% of the AUC 
increase at most (β = 0.5 and 0.2). The reduced impact of 
Ki,u,MRP2 on CP- I blood concentrations is expected because 
of (i) increased sinusoidal efflux of CP- I is offset by (ii) the 
decreased EHC (with FaFg of 0.66) of CP- I, both due to the 
inhibition of MRP2- mediated biliary excretion. On the other 
hand, the effect of MRP2- inhibition was more clearly ob-
served when using the final model with an optimized param-
eter setting (Figure 2), because (I) a larger vsyn setting led 
to the more significant effect of RIF, and (II) a smaller FaFg 
setting (0.26–0.32) led to less contribution of EHC.

For some time it has been known that the urinary CP- I/
(CP- I + CP- III) ratio is associated with ABCC2 mutations 
and it has been suggested that the ratio can serve as a 
MRP2 trait measure.27 The increase in CP- I/(CP- I + CP- III) 
ratio associated with Dubin–Johnson syndrome28,29 might 
result from increased plasma concentration and urinary ex-
cretion of CP- I due to the diminished MRP2- mediated bili-
ary excretion of CP- I. Although MRP2 is also expressed on 
human kidney proximal tubule epithelia,30 inhibition of renal 
MRP2 was not incorporated in our PBPK model because the 
renal clearance of CP- I is not affected by RIF.12

Yoshida et al.31 summarized the effects of Rotor Syndrome 
(RS) on the urinary excretion of CP- I from six previous ar-
ticles. It was concluded that the ratio of urinary excretion 
in healthy control (non- RS) subjects vs. patients with RS 
(non- RS/RS) was comparable across the various studies, 

ranging from 5–20% with the geometric mean of 9.8%. We 
simulated CP- I blood concentrations in RS subjects using 
our PBPK model, assuming that (i) PSact,inf mediated by 
OATP1B1 and OATP1B3 is decreased to zero and (ii) vsyn 
is unchanged in RS (Supplementary Text S1). The resul-
tant simulated steady- state CP- I blood concentration for RS 
subjects was approximately sevenfold higher than that re-
ported for reference (non- RS) subjects (3.2 nM vs. 0.46 nM, 
as shown in Table S1B). Assuming that renal clearance is 
unchanged in patients with RS, the ratio of urinary excretion 
(non- RS/RS) should be 14%, which is within the range that 
has been reported.

We predicted the blood concentration- time profiles of four 
statins in the presence of RIF (Figure 3a–d), using substrate- 
dependent Ki,u,OATP1Bs values (Table S1D) calculated by mul-
tiplying the Ki,u,OATP1Bs for CP- I (Table 2) by the ratio of in 
vitro Ki,u for each statin to CP- I (Table S2). The prediction 
accuracy (AFE) in the blood concentrations of statins in our 
clinical data13 was within 2, except for one case (600 mg RIF 
with rosuvastatin). In addition, the predicted AUC and Cmax 
of statins was well- correlated with the observed AUC and 
Cmax (Figure 3e,f). Furthermore, the AFE for predicted and 
observed AUC ratio is 1.20, and that for Cmax ratio is 1.36 
(Figure S5g,h). The differences between predicted and ob-
served AUC ratios for pitavastatin and fluvastatin were larger 
than those for other compounds (overestimation). This might 
be caused by nonobserved dose- dependence of RIF on the 
pharmacokinetics pitavastatin and fluvastatin in the clinical 
study by Takehara et al.13 For rosuvastatin and atorvastatin, 
the differences between the predicted and observed Cmax 
ratio were large (underestimation). The considerable reason 
for this is that RIF might affect the absorption process of 
these compounds by unknown mechanisms (e.g., increase 
in ka by intestinal efflux transporters, such as breast cancer 
resistance protein, MRP2, and P- glycoprotein). Overall, the 
results of the present study support the predictive perfor-
mance of our method for practical use in drug development.

Barnett et al.20 estimated in vivo Ki,u for the RIF- mediated 
inhibition of hepatic elimination clearance using empirical 
models for CP- I and rosuvastatin. They showed the differ-
ence of in vivo RIF Ki,u for the hepatic elimination of CP- I 
(0.13 μM) and rosuvastatin (0.25 μM). Yoshida et al.31 have 
also adopted an empirical model for CP- I. After estimating 
an in vivo RIF Ki,u for the hepatic elimination (0.02 μM), the 
clinical DDI between pravastatin and RIF was well predicted. 
Thus, in vivo Ki,u values estimated in these empirical mod-
els were sufficient for explanation of RIF- mediated change 
in the blood concentration- time profile of CP- I. However, 
we should keep in mind that the obtained in vivo Ki,u value 
is much lower compared with in vitro Ki,u and IC50 values 

Figure 3 Prediction of the effect of rifampicin (RIF) on blood concentration- time profiles of statins using their physiologically based 
pharmacokinetic (PBPK) models and parameters, including substrate- dependent Ki,u,OATP1Bs. (a–d) The blue (control), green (300 mg 
RIF, orally), and red (600 mg RIF, orally) circles represent the observed blood concentrations of statins (mean ± SD, n = 8).13 The 
blue solid lines (control) represent fitted blood concentration- time profiles of statins after optimization of parameters in their PBPK 
models. The green and red broken lines (+RIF) represent predicted blood concentration- time profiles of statins. (a) pitavastatin,  
(b) rosuvastatin, (c) atorvastatin, and (d) fluvastatin. The used parameters, including substrate- dependent Ki,u,OATP1Bs values are shown 
in Table S1A,C,D. (e, f) Comparison of the predicted and observed area under the plasma concentration- time curve (AUC) (e) and 
peak plasma concentration (Cmax) (f) of statins in the absence and presence of RIF. The AUC and Cmax of coproporphyrin (CP)- I are 
also shown. Dashed and dotted lines denote unity and threefold boundaries, respectively.
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for CP- I (0.18 and 0.78 μM in Table S2; 0.25 and 3.3 μM 
from the previous reports32,33) and those for statins as other 
OATP1B substrates (0.30–2.8 μM in Table S2; 0.30–5.7 μM 
in the Drug Interaction Database). In vivo Ki,u values esti-
mated using the empirical models should not be applied to 
other probes directly, because (i) the hepatic clearance used 
in the empirical models is a hybrid parameter containing the 
hepatic blood flow and intrinsic clearances (uptake, baso-
lateral efflux, metabolism, and biliary excretion) for CP- I. 
By not considering the site of inhibition by RIF, one could 
greatly impact the estimation of in vivo Ki,u; and (ii) the former 
studies did not consider the site of biosynthesis for CP- I. 
Actually, the liver is the major organ responsible for the bio-
synthesis of CP- I (see METHODS). Therefore, hepatic MRP2 
function as well as OATP1Bs should be important determi-
nants for CP- I blood concentration. This should also affect 
the estimation of in vivo Ki,u.

Thus, our PBPK modeling approach for CP- I has the 
advantage and advancement from the previous empirical 
modeling approach in terms of consideration of the site of 
biosynthesis, rate- determining process in the hepatic elim-
ination, and the inhibition mechanisms, which enables the 
prediction of complex DDI involving a new chemical en-
tity (NCE) via hepatic transport processes (OATP1Bs and 
MRP2) based on in vitro information, including substrate- 
dependent Ki, as we propose a workflow in Figure 4.  
(I) Concentration- time profiles of given NCE obtained in an 
exploratory, first- in- human study (phase- 0) or in a phase- 1 
study (dose escalation study) would provide an opportunity 
to construct a PBPK model, in which several parameters de-
termined in vitro and in silico are incorporated according to 
our previous standardized method.18 Using the NCE’s PBPK 
model and our PBPK model for CP- I, in vivo Ki,OATP1Bs for 
CP- I can be obtained by analyzing its concentration- time 
profiles in the absence and presence of the NCE. (II) In vitro 
Ki,OATP1B values for CP- I and for probe substrate drugs (e.g., 
statins) would be needed to calculate in vivo Ki,OATP1Bs for 
the drugs according to the equation shown in Figure 4. (III) 
Finally, using the calculated in vivo Ki,OATP1Bs for the probe 
substrate drugs, PBPK modeling and simulation would sup-
port the prediction of changes in substrate concentration- 
time profiles, AUC, and Cmax caused by the NCE. Although 
some problems ascribed to experimental techniques in vitro 
remain to be solved (i.e., difficulty in obtaining reliable in 
vitro Ki,u of highly lipophilic compounds due to nonspecific 
binding), translation of the effect of an NCE on CP- I phar-
macokinetics to effects on clinically used drugs is gradually 
becoming more accepted.5,7,12,20,34

In conclusion, the PBPK modeling approach presented 
herein provides a deeper understanding of the mechanisms 
governing CP- I pharmacokinetics and enables complex 
analyses of the dose- dependent inhibitory effects of RIF on 
the hepatic OATP1Bs/MRP2- mediated transport of CP- I. 
Based on the in vivo Ki for CP- I optimized by PBPK mod-
eling, and the ratio of in vitro Ki for each statin to CP- I, we 
showed that it is possible to accurately predict the blood 
concentration- time profiles of OATP1B probe drugs affected 
by RIF at two dose levels. Presently, the vision is to expand 
the use the model to include additional OATP1Bs inhibitors 
beyond RIF.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website. (www.psp-journal.com).

Figure S1. Uptake and efflux profiles of CP- I in plated human 
hepatocytes.
Figure S2. Saturation of CP- I uptake by OATP1B1, and inhibitory effects 
of RIF on OATP1B1- mediated and OATP1B3- mediated uptakes of CP- I 
and statins in vitro.
Figure S3. Sensitivity analyses of model parameters to examine ef-
fects on the blood concentration- time profiles of CP- I in the absence 
and presence of RIF using the PBPK model incorporating the inhibitions 
of OATP1Bs and MRP2.
Figure S4. Simulation of blood concentration–time profiles of CP- I in 
the absence and presence of RIF using parameters optimized as shown 
in Figure 2 and the PBPK model incorporating the inhibition of OATP1Bs 
alone.
Figure S5. Prediction of the effect of RIF on blood  
concentration–time profiles of statins using their PBPK models and pa-
rameters including substrate- dependent Ki,u,OATP1Bs (without correction of 
the in vivo Ki based on differences of in vitro Ki).
Table S1. Parameters used in the PBPK model for CP- I and statins.

Figure 4 Scheme of the workflow for predicting drug- drug 
interactions using coproporphyrin (CP)- I as an endogenous 
biomarker. (I) Concentration- time profiles of a new chemical 
entity (NCE) obtained in an exploratory, first- in- human study 
(phase- 0) or in a phase- 1 study (dose escalation study) will 
provide an opportunity to construct its physiologically based 
pharmacokinetic (PBPK) model, in which several parameters 
determined in vitro and in silico are incorporated according to 
our previous standardized method.18 Using PBPK models for 
the NCE and CP- I, in vivo Ki,OATP1Bs for CP- I can be obtained 
by analyzing its concentration- time profiles in the absence 
and presence of the NCE. (II) In vitro Ki,OATP1Bs values for CP- 
I and for probe substrate drugs (e.g., statins) will be needed 
to calculate in vivo Ki,OATP1Bs for the drugs. (III) Using the 
calculated in vivo Ki,OATP1Bs for the probe substrate drugs, PBPK 
modeling and simulation will enable us to predict changes 
in their concentration- time profiles, area under the plasma 
concentration- time curve (AUC) and peak plasma concentration 
(Cmax) caused by the NCE.

(I) Phase-1 dose escalation study for a new chemical entity (NCE) 

to obtain in vivo K i,OATP1Bs using CP-I as an endogenous probe 

(II) Calculation of in vivo K i,OATP1Bs for probe substrate drugs (e.g. 
statins) using in vivo K i,OATP1Bs for CP-I obtained in (I), and in vitro 

K i,OATP1B for CP-I and probe substrate drugs 

(III) Prediction of changes in concentration-time profiles, AUC and Cmax

of probe substrate drugs caused by a NCE by PBPK modeling and
simulation 

in vivo KiOATP1Bs(Drug) = in vivo KiOATP1Bs(CPI )

in vitro KiOATP1Bs(Drug)

in vitro KiOATP1Bs(CPI )
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Table S2. IC50 values by RIF determined from the uptake experiments 
using OATP1B1-  and OATP1B3- expressing HEK293 cells, and calcu-
lated Ki values.
Supplementary Text S1. Legends for the supplementary figures. 
Simulation design. PBPK model structure, parameters and equations. 
Material and methods for in vitro experiments.
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