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Abstract

Background Ethnic variability in the pharmacokinetics of

organic anion transporting polypeptide (OATP) 1B1 sub-

strates has been observed, but its basis is unclear. A pre-

vious study hypothesizes that, without applying an intrinsic

ethnic variability in transporter activity, allele frequencies

of transporters cannot explain observed ethnic variability in

pharmacokinetics. However, this hypothesis contradicts the

data collected from compounds that are OATP1B1 sub-

strates but not breast cancer resistance protein (BCRP)

substrates.

Objective The objective of this study is to evaluate a

hypothesis that is physiologically reasonable and more

consistent with clinical observations.

Methods We evaluated if allele frequencies of two trans-

porters (OATP1B1 and BCRP) are key contributors to

ethnic variability. In this hypothesis, the same genotype

leads to the same activity independent of ethnicity, in

contrast to the previous hypothesis of intrinsic ethnic

variability in OATP1B1 activity. As a validation, we per-

form mechanistic pharmacokinetic modeling for SLCO1B1

(encoding OATP1B1) and ABCG2 (encoding BCRP)

genotyped pharmacokinetic data from 18 clinical studies

with healthy Caucasian and/or Asian subjects.

Results Simulations based on the current hypothesis rea-

sonably describe SLCO1B1 and ABCG2 genotyped phar-

macokinetic time course data for five transporter substrates

(atorvastatin, pitavastatin, pravastatin, repaglinide, and

rosuvastatin) in Caucasian and Asian populations.

Conclusion This hypothesis covers the observations that

can (e.g., ethnic differences in rosuvastatin pharmacoki-

netics) or cannot (e.g., lack of differences for pitavastatin

pharmacokinetics) be explained by the previous hypothe-

sis. It helps to characterize sources of ethnic variability and

provides a foundation for predicting ethnic variability in

transporter substrate pharmacokinetics.
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Key Points

Ethnic variability in the pharmacokinetics of organic

anion-transporting polypeptide (OATP) 1B1

substrates has been observed for some drugs, but the

basis of the differences has been unclear. A previous

hypothesis proposing intrinsic ethnic variability in

activity was inconsistent with data collected from

compounds that are OATP1B1 substrates but not

breast cancer resistance protein (BCRP) substrates

(e.g., pitavastatin and repaglinide).

We evaluated an alternative hypothesis for ethnic

variability in the pharmacokinetics of transporter

substrates based upon allelic frequencies of both

OATP1B1 and BCRP. Simulations based on this

hypothesis can reasonably describe OATP1B1 or

BCRP genotyped pharmacokinetic time course data

in Caucasian, Chinese, Japanese, and Korean

populations.

The hypothesis and mathematical model developed

in this study provide insights into the sources of

ethnic variability and provide a foundation for

prospectively predicting ethnic variability in the

pharmacokinetics of transporter substrates.

1 Introduction

Many efforts have been undertaken in the past decade to

understand the roles played by transporters in drug phar-

macokinetics, pharmacodynamics, and toxicity. Their

importance in drug absorption, disposition, and elimination

has been recognized by academia, industry, and regulatory

agencies. Among drug transporters, organic anion trans-

porting polypeptide (OATP) 1B1, a hepatic uptake trans-

porter encoded by gene SLCO1B1, has probably received

the most attention. Previous studies have shown that

SLCO1B1 genetic variations may lead to changes in

OATP1B1 activity in both in-vitro and clinical studies [1].

In addition, pharmacokinetic profiles of OATP1B1 sub-

strates differ among ethnic groups (particularly Asian and

Caucasian populations) [2]. These differences contribute to

the inter-individual variability in the clinical pharmacoki-

netics of drugs, raising questions of how these observations

may guide future clinical practice to achieve pharmaco-

logical effects while avoiding toxicological effects in each

patient. For example, should the dose be adjusted for ethnic

differences, genetic variations, or both? To answer these

questions, it is important first to understand the mechanism

governing the observations.

A previous report states that with the same genotype of

SLCO1B1, OATP1B1 activity in an Asian population is

about half of that in a Caucasian population, suggesting

that along with allele frequencies of transporter genes, an

intrinsic ethnic variability in activity could be an inde-

pendent source of pharmacokinetic variation [2]. This

conclusion is supported by the fact that the allele fre-

quencies of SLCO1B1 per se cannot describe the higher

plasma exposure of rosuvastatin, an OATP1B1 substrate, in

the Japanese population than that in the Caucasian popu-

lation [2]. However, it is hard to interpret physiologically

the source of the proposed intrinsic ethnic variability; given

that a recent study shows similar or slightly elevated hep-

atic expression levels of OATPs in Asians relative to

Caucasians [3]. In addition, when a unified intrinsic ratio

between Japanese and Caucasian populations is applied to

multiple compounds, improved agreement between

observed and predicted clearances is observed for some

compounds but not for others [2], suggesting the intrinsic

ethnic variability may be compound dependent. For certain

OATP1B1 substrates (e.g., repaglinide and pitavastatin),

Asian and Caucasian populations have similar pharma-

cokinetic profiles [4, 5]. Applying both the intrinsic ethnic

variability of OATP1B1 and the allele frequency-caused

variability will over-predict the clearance difference

between Asian and Caucasian groups for these compounds.

As a result, this hypothesis has been challenged [3]; thus,

we evaluate alternative proposals by a quantitative

approach.

For an improved understanding of the ethnic vari-

ability of the pharmacokinetics of transporter substrates,

we analyze OATP1B1-genotyped clinical pharmacoki-

netic data for atorvastatin, repaglinide, pitavastatin,

pravastatin, and rosuvastatin in Caucasians and three

Asian groups (i.e., Chinese, Japanese, and Korean) with

a physiologically based pharmacokinetic (PBPK) model.

We also include in the analysis the allele frequency of

breast cancer resistance protein (BCRP, i.e., ATP

Binding Cassette Protein G2) encoded by the ABCG2

gene. The BCRP polymorphism and its allele frequency

previously have been proposed as sources for the

observed ethnic variability [3]. Two extensively studied

transporter mutations SLCO1B1 c.521T[C and ABCG2

c.421C[A are included in the current study. We show

that a PBPK model can reasonably simulate the clinical

pharmacokinetic time course data for SLCO1B1

c.521TT, c.521CC, ABCG2 c.421CC, and c.421AA car-

riers in four ethnic groups, without assuming an intrinsic

ethnic variability.
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2 Methods

2.1 Constructing Physiologically Based

Pharmacokinetic Models to Analyze Genotyped

Pharmacokinetic Data

Time course pharmacokinetic data for OATP1B1 trans-

porter substrates available from healthy subjects in more

than one ethnic group are included in this analysis. A

previously published PBPK model structure incorporating

hepatic active uptake (CLact), passive diffusion (CLpass),

and biliary excretion (CLbile) or metabolism (CLmet) [6]

was used to analyze all the pharmacokinetic data in this

study. Briefly, all tissues were connected with circulating

blood. The compound distribution was perfusion limited in

all tissues except for the liver, which was modeled as

permeability limited with five sequential segments. Every

segment included one pair of extracellular and intracellular

sub-compartments with CLact, CLpass, and CLbile or CLmet

incorporated. Absorption was described empirically using

two sequential compartments with first-order absorption

rates (ka) and FaFg (i.e., the product of the fraction of a

dose absorbed and the fraction of a drug passing though the

gut wall without metabolism) in each compartment. The

parameter values are assumed the same for the two com-

partments. To simulate the enterohepatic recirculation,

there are five sequential compartments, with the same first-

order transit rate (kbile), between the liver intracellular

compartments and the first absorption compartment.

MATLAB was used for the modeling (Mathworks, Natick,

MA, USA). The schematic for the model structure is pro-

vided in Fig. S1 of the Electronic Supplementary Material

(ESM).

Assuming that OATP1B1 is the major transporter

responsible for CLact, in the model, SLCO1B1 c.521TT

carriers in different ethnic groups have the same CLact, as

do the c.521CC carriers. The impact of BCRP genetic

variation on the pharmacokinetics is reflected through the

empirical term, FaFg. To simplify the analysis, only wild-

type (SLCO1B1 c.521TT or ABCG2 c.421CC) and

homogenous mutation (SLCO1B1 c.521CC or ABCG2

c.421AA) data are included. To our knowledge, no phar-

macokinetic time course data have been published with

both SLCO1B1 and ABCG2 genotyped. As such, in mod-

eling SLCO1B1-genotyped data, we have to assume that

the allele frequencies of ABCG2 genotypes in these studies

are the same as previously published values (Table 1). A

similar approach is taken when modeling ABCG2 geno-

typed data, and making assumptions about SLCO1B1 fre-

quencies [7, 8].

2.2 The Model Parameterization

The values for physiological parameters (e.g., tissue

weights and blood flows, Table S1 of the ESM) have been

previously published [9]. The compound-specific values

(e.g., plasma and liver intracellular free fraction, blood-to-

plasma ratio, pKa, and LogD7.4) are provided in Table S2

of the ESM. For non-liver tissues, the compound partition

coefficients between tissue and blood are calculated using a

previously published approach [10]. The renal clearances

of pravastatin and rosuvastatin are fixed at 26.5 and

12.3 L h-1 [11, 12], and are assumed to be the same across

different populations according to a previous study [2].

The hepatic CLact values are shared by the carriers with

the same SLCO1B1 c.521T[C genotype, independent of

Table 1 Frequencies of BCRP

c.421CC, c.421CA, and

c.421AA, and OATP1B1

c.521TT, c.521TC, and

c.521CC in Caucasian, Chinese,

Japanese, and Korean

populations

Ethnicity BCRP Sample size References

c.421CC c.421CA c.421AA

Caucasian 0.82 0.17 0.01 982 [7, 33, 34]

Chinese 0.43 0.45 0.12 115 [33, 35]

Japanese 0.50 0.41 0.09 244 [36, 37]

Korean 0.52 0.40 0.08 250 [31]

Ethnicity OATP1B1 Sample size References

c.521TT c.521TC 521CC

Caucasian 0.64 0.32 0.04 468 [38]

Chinese 0.85 0.14 \0.01 128 [13, 38–41]

Japanese 0.69 0.30 0.01 120 [42]

Korean 0.78 0.21 0.01 200 [43]

BCRP breast cancer resistance protein, OATP organic anion transporting polypeptide
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ethnicity. Except for atorvastatin, FaFg values for each

compound are shared by the different ethnic groups with

the same ABCG2 c.421C[A genotype. BCRP activity may

also affect ka. However, except for rosuvastatin, all the

groups share ka values for each compound owing to limited

data in the absorption phase. All groups assumed the same

CLpass values for each compound. Compound-specific

CLmet, CLbile, and kbile have different values for different

ethnic groups, but are assumed the same within each ethnic

group independent of the SLCO1B1 or ABCG2 genotype.

The impact of the ABCG2 genotype on CLbile is considered

be minimal [7, 13].

Hepatic clearance processes, ka, and FaFg, are simulta-

neously estimated by fitting all genotyped data for a given

compound. Because all the genotyped pharmacokinetic

data included here are generated with oral dosing, it

becomes challenging to precisely estimate both clearance

and FaFg. As such, FaFg is estimated first for every com-

pound with its ungenotyped Caucasian pharmacokinetic

data following intravenous and oral dosing. To be specific,

for rosuvastatin, pitavastatin, and pravastatin for which

pharmacokinetic profiles are affected by biliary excretion

and enterohepatic recirculation of the parent drug,

ungenotyped FaFg is determined using the PBPK model

(Fig. S2 of the ESM); while for repaglinide for which

metabolism is the major elimination pathway, FaFg can be

estimated with empirical equations, i.e., bioavailability/

(1 - blood clearance/hepatic blood flow). No atorvastatin

(i.e., another compound with a metabolism-driven dispo-

sition) pharmacokinetic time course data following intra-

venous dosing are published; thus, FaFg is fixed at a

previously reported value of 0.24 [14]. The value of FaFg

in ungenotyped studies is assumed to be the same as the

value of FaFg in c.421CC groups because of the very low

frequency of c.421AA in the Caucasian population (about

1%, Table 1), and very similar pharmacokinetic profiles

between c.421CC and c.421CA carriers [7, 8]. Then, FaFg

values for the c.421CC groups are fixed when estimating

other parameters including FaFg values for the c.421AA

groups.

SLCO1B1 c.521T[C genotyped rosuvastatin data in

Caucasian, Chinese, and Korean populations, pitavastatin

data in the Korean population, pravastatin data in the

Caucasian population, atorvastatin data in Caucasian and

Korean populations, and repaglinide data in Caucasian and

Chinese populations are used in fitting. ABCG2 c.421C[A

genotyped rosuvastatin data in Caucasian and Chinese

populations, pravastatin data in a Caucasian population,

and atorvastatin data in a Caucasian population are also

used in fitting. Assuming linear kinetics, all data were

scaled to a 10-mg dosing amount. Clinical data were dig-

itized from published mean pharmacokinetic time courses,

with references provided in Table S4 of the ESM.

Given the complexity of the model structure and the

number of estimated parameters, a numerical global opti-

mization method (i.e., differential evolution) initially

optimized the parameter values. For a better understanding

of the uncertainty associated with parameter estimation, the

globally optimized values were fed into a Markov chain

Monte Carlo (MCMC) method [15] as the starting point to

approximate mean estimates and their 95% confidence

intervals. Table 2 and Table S3 of the ESM show the

parameter values and confidence intervals. Both differen-

tial evolution and MCMC methods have been previously

implemented in MATLAB with codes published online

(http://www1.icsi.berkeley.edu/*storn/code.html#matl;

http://helios.fmi.fi/*lainema/mcmc/#sec-4).

2.3 Simulating SLCO1B1 or ABCG2 Genotyped

Pharmacokinetics of Transporter Substrates

in Asian and Caucasian Populations

Time course pharmacokinetic profiles are simulated in

c.521TT-c.421CC, c.521TT-c.421AA, c.521CC-c.421CC,

and c.521CC-c.421AA groups in Caucasian, Chinese,

Japanese, and Korean populations. To simplify the mod-

eling, heterozygous mutations are not included in the cur-

rent analysis. In fitting SLCO1B1 genotyped but ABCG2

ungenotyped data, c.521TT pharmacokinetics is simulated

as an average of c.521TT-c.421CC and c.521TT-c.421AA

weighted by the frequencies of c.421CC and c.421AA in

four populations (Table 1). c.421CC and c.421CA carriers

have similar pharmacokinetic profiles [7, 8], hence

c.421CC frequencies in simulations are the sums of

reported c.421CC and c.421CA frequencies. ABCG2

c.421CC pharmacokinetics are simulated as an average of

c.521TT-c.421CC and c.521CC-c.421CC weighted by the

frequencies of c.521TT and c.521CC in different popula-

tions (Table 1). c.521CC frequencies in the simulations

include reported c.521CC and c.521TC frequencies,

assuming the pharmacokinetics of c.521CC are close to

those of c.521TC [16]. SLCO1B1 c.521CC and ABCG2

c.421AA pharmacokinetic profiles are simulated similarly.

To validate further the modeling, for pravastatin and

pitavastatin, we also prospectively predict ungenotyped

pharmacokinetics. Time courses for four genotyped groups

(i.e., c.521TT-c.421CC, c.521TT-c.421AA, c.521CC-

c.421CC, and c.521CC-c.421AA) are generated. As men-

tioned above, our hypothesis is that differences in phar-

macokinetics among different ethnic groups is the result of

different activity associated with each genotype and dif-

ferent allele frequencies in each ethnic group. Based on this

hypothesis, to simulate ungenotyped pharmacokinetics in

an ethnic population, we take the average pharmacokinet-

ics of four genotyped ‘ethnicity-independent’ groups, but

weighted by the allele frequencies of SLCO1B1c.521T[C
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and ABCG2 c.421C[A in that specific ethnic population.

Only if both pharmacokinetics and allele frequencies in the

four groups were right, could the model reproduce the

ungenotyped data, with the underlying assumption that

OATP1B1 and BCRP are the major determinants of

pharmacokinetics for the tested compounds.

3 Results

3.1 Analyzing Genotyped Rosuvastatin

Pharmacokinetic Data in Caucasian, Chinese,

and Korean Groups

Assuming the same SLCO1B1 genotypes have the same

hepatic uptake activity, and the same ABCG2 genotypes

have the same FaFg, independent of ethnicity, the model

can reasonably describe genotyped rosuvastatin pharma-

cokinetic time course data from Caucasian, Chinese, and

Korean groups (Fig. 1). c.421CC carriers have lower FaFg

values than c.421AA carriers (Table 2). Because the allele

frequency of ABCG2 c.421C[A is much higher in Asian

populations than that in Caucasian populations with the

same SLCO1B1 genotype, the average Asian exposure is

expected to be higher than the average Caucasian exposure.

c.421CC groups seem to have faster ka rates than c.421AA

groups, although the difference between c.421CC and

c.421AA is not statistically significant in Asian groups

(Table S3). In addition, with the same ABCG2 c.421C[A

genotypes, the Caucasian population has a slower ka rate

than Asian populations. Overall, the Caucasian population

also has a faster CLbile than the Asian groups. A brief

discussion about these differences is provided in Sect. 4.

The empirical bile transit rates (kbile, representing bile flow

from the liver to the gut) are similar across three

populations.

3.2 Analyzing Genotyped Atorvastatin

Pharmacokinetic Data in Caucasian and Korean

Groups

Genotyped atorvastatin pharmacokinetic data (i.e.,

SLCO1B1 genotyped atorvastatin data in Caucasian and

Korean populations, and ABCG2 genotyped atorvastatin

data in the Caucasian population) are analyzed similarly to

rosuvastatin data. Overall, the results (Fig. 2; Table 2) are

Table 2 Estimated values of

CLact and FaFg in Caucasian

and Asian populations

(presented as the mean and 95%

confidence intervals

approximated with the Markov

chain Monte Carlo method)

Compound Ethnics Parameter

CLact,521TT CLact,521CC FaFg,421CC
1 FaFg,421AA

L h−1

Atorvastatin
Caucasian

9590
(6900, 11000)

6110
(4200, 6700)

0.24
(Fixed)

0.314
(0.26, 0.37)

Korean 0.677
(0.54, 0.79)

0.893
(0.68, 0.99)

Pitavastatin Korean 6160
(5300, 7500)

3610
(3100, 4400)

0.858
(0.77, 0.95)

Pravastatin 2 Caucasian 68.2
(47, 190)

28.7
(14, 85)

0.284
(0.15, 0.55)

0.318
(0.21, 0.45)

Repaglinide
Caucasian

4380
(4200, 4700)

2660
(2500, 2800) 1 (Fixed)

Chinese

Rosuvastatin

Caucasian

960
(620, 1700)

600
(380, 1100)

0.392
(0.22, 0.64)

0.813
(0.73, 0.92)Chinese

Korean

BCRP breast cancer resistance protein, CLact hepatic active uptake, CLpass passive diffusion, FaFg the

product of the fraction of a dose absorbed and the fraction of a drug passing though the gut wall without

metabolism
a FaFg,421CC is determined using ungenotyped Caucasian data based on the facts that the BCRP c.421AA

frequency is very low in the Caucasian population, and that c.421CC and c.421CA carriers have similar

pharmacokinetic profiles. Other parameters are determined by fitting genotyped data with FaFg,421CC fixed

at its mean values
b In estimating parameter values for pravastatin, CLpass is fixed at an assumed value to avoid huge

uncertainty because of a correlation between CLact and CLpass. Details are given in the Electronic

Supplementary Material
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similar to those for rosuvastatin. Caucasian and Korean

populations require different FaFg values to describe ator-

vastatin data, which may be owing to the genetic variations

of intestinal metabolic enzymes. Because of the lack of

genotyped atorvastatin data in the absorption phase, we

reduced the number of fitted parameters with assumptions

that different populations share the same ka values. However,

the estimated ka is still associated with large uncertainty.

3.3 Analyzing Genotyped Repaglinide

Pharmacokinetic Data in Caucasian

and Chinese Groups

TheFaFg value for repaglinide is determined to be 1. As such,

its pharmacokinetics is unlikely to be affected by the BCRP

activity or the polymorphism of the ABCG2 gene. Not being

confounded by BCRP activity, the compound is chosen to

Fig. 1 SLCO1B1 c.521T[C

and ABCG2 c.421C[A

genotyped rosuvastatin

pharmacokinetic time courses in

Caucasian, Chinese, and Korean

populations. Blue circles and

lines represent data and

simulations for the wild type

(i.e., SLCO1B1 c.521TT or

ABCG2 c.421CC). Red

triangles and lines represent

data and simulations for

homogenous mutations (i.e.,

SLCO1B1 c.521CC or ABCG2

c.421AA). Shaded areas

indicate 95% confidence

intervals approximated with

parameter values generated in

Markov chain Monte Carlo

(confidence intervals presented

here are to visualize the

numerical uncertainty

associated with mean

simulations, but not inter-

individual or inter-study

variability. The same

implication applies to the

following figures)
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further validate our hypothesis: Asian and Caucasian partici-

pants with the same SLCO1B1 genotype have similar uptake

activity. The results are as expected, that both observations

and simulations have similar pharmacokinetic profiles

between Caucasian and Chinese groups (Fig. 3; Table 2).

3.4 Analyzing Genotyped Pitavastatin

Pharmacokinetic Data in the Korean Group

and Predicting Ungenotyped Pharmacokinetics

in the Caucasian Group

Clinical observations suggest that ABCG2 c.421C[A is not

associated with pitavastatin pharmacokinetic variability

[17, 18], consistent with in vitro observation that pitavastatin

may not be a BCRP substrate [19]. The model is trained only

with Asian SLCO1B1 c.521T[C data (Fig. 4a; Table 2), as

there is no genotyped Caucasian data available. To test our

hypothesis, we simulate pharmacokinetics in c.521TT and

c.521CC groups, and then prospectively predict ungeno-

typed plasma concentrations in the Caucasian population as

the average concentration of c.521TT and c.521CC groups

weighted by the Caucasian c.521T[C allele frequency, with

the underlying assumption that all parameter values (e.g.,

CLact,521TT, CLact,521CC, CLpass, ka, and other parameters

listed in Table 2; Table S3) are the same between Caucasian

and Korean populations. The prediction matches observed

pharmacokinetics in Caucasian individuals (Fig. 4b). The

ungenotyped Japanese pharmacokinetics is generated simi-

larly. Themodel successfully predicts that there is a minimal

difference in ungenotyped pharmacokinetics between Japa-

nese and Caucasian populations (Fig. 4c), as shown in a

previous study [5]. The difference between c.521TT and

c.521CC activity and the differences in allele frequencies

among populations are not enough to introduce an obvious

difference in simulated pharmacokinetics.

3.5 Analyzing Genotyped Pravastatin

Pharmacokinetic Data in Caucasian Groups

and Predicting Ungenotyped Pharmacokinetics

in Japanese Groups

Pravastatin was chosen to perform another prospective

prediction. Parameter values are estimated by fitting

genotyped Caucasian data (Fig. 5a–d). With estimated

parameter values (Table 2; Table S3), we simulate phar-

macokinetics in four groups: (1) c.521TT c.421CC, (2)

c.521TT c.421AA, (3) c.521CC c.421CC, and (4) c.521CC

c.421AA. The ungenotyped pharmacokinetics in the Japa-

nese population is prospectively predicted as the average

concentration of the four groups, with the same assumption

made for pitavastatin. The prediction matches observed

data in Japanese from two independent studies (Fig. 5e, f).

Fig. 2 SLCO1B1 c.521T[C and ABCG2 c.421C[A genotyped atorvas-

tatin pharmacokinetic time courses in Caucasian, Japanese, and Korean

populations. Blue circles and lines represent data and simulations for the

wild type (i.e., SLCO1B1 c.521TT or ABCG2 c.421CC). Red triangles and

lines represent data and simulations for homogenous mutations (i.e.,

SLCO1B1 c.521CC or ABCG2 c.421AA). Shaded areas indicate 95%

confidence intervals approximated with parameter values generated in

Markov chain Monte Carlo
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4 Discussion

In this study, by accounting for the allele frequencies of

both OATP1B1 and BCRP, we could reproduce the

observed pharmacokinetic time course data of five trans-

porter substrates in a Caucasian population and three Asian

populations. As such, the observed ethnic variability can be

explained with a more mechanistic approach, which not

only provides insight into the source of the ethnic vari-

ability, but also a foundation for predicting such pharma-

cokinetic variability of other transporter substrates and in

other populations.

Fig. 3 SLCO1B1 c.521T[C

genotyped repaglinide

pharmacokinetic time courses in

Caucasian and Chinese

populations. Blue circles and

lines represent data and

simulations for the wild type

(i.e., SLCO1B1 c.521TT). Red

triangles and lines represent

data and simulations for

homogenous mutations (i.e.,

SLCO1B1 c.521CC). Caucasian

data are from four independent

clinical studies. Shaded areas

indicate 95% confidence

intervals approximated with

parameter values generated in

Markov chain Monte Carlo
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In the pioneering work published by Tomita et al., the

authors proposed a hypothesis that both intrinsic ethnic

variability of OATP1B1 activity and allele frequencies of

OATP1B1 contribute to the observed ethnic variability [2].

With this hypothesis, the ethnic variability in the pharma-

cokinetics of rosuvastatin in Caucasian and Japanese pop-

ulations can be better described [2, 20]. However, the

hypothesis will over-predict the ethnic variability of the

pharmacokinetics of compounds minimally affected by

BCRP activity, for example, pitavastatin [5] and repaglin-

ide [4], which a recent study noted [3]. The inconsistency

between BCRP substrates and non-substrates leads to the

conclusion that the intrinsic variability may be an artifact

owing to an allele frequency of BCRP. The Tomita et al.

hypothesis rejects such an explanation because estimated

FaFg values of an individual compound (i.e., rosuvastatin)

are close between Caucasian and Japanese populations [2].

However, rosuvastatin is a compound whose exposure is

determined by multiple processes (absorption, hepatic

uptake, and biliary excretion). Even if FaFg values are

similar between Caucasian and Asian populations groups,

it does not necessarily prove that the difference in exposure

is the result of different OATP1B1 intrinsic activity (i.e.,

uptake). Essentially, in the analysis with PBPK, we find

that variability in biliary excretion can have a great influ-

ence on ethnic variability in rosuvastatin exposure,

although with the data available, we do not know the

source of the variability in biliary excretion.

In this study, only SLCO1B1 c.521C[T and ABCG2

c.421C[A allele frequencies are taken into consideration

because of limited data, although in reality, other mutations

of SLCO1B1 and ABCG2, as well as mutations of other

proteins may be involved in the pharmacokinetic vari-

ability. For example, with a quantitative proteomic

approach, Peng et al. reported somewhat elevated hepatic

expression levels of OATP1B1 in Asian individuals rela-

tive to Caucasian individuals [3]. Because SLCO1B1

c.388A[G leads to increased expression levels [3], the

result can be explained by the composition of SLCO1B1

c.388A[G in each population: AA:AG:GG is

0.38:0.45:0.17 in Caucasian samples, and 0.05:0.61:0.33 in

Asian samples. Genetic variations in multidrug resistance-

associated protein 2 are associated with pravastatin expo-

sure variability in the Caucasian population [21]. However,

these data are either only available for a single compound,

bFig. 4 a SLCO1B1 c.521T[C genotyped pitavastatin pharmacoki-

netic time courses in the Korean population. Blue circles and lines

represent data and simulations for the wild type (i.e., SLCO1B1

c.521TT). Red triangles and lines represent data and simulations for

homogenous mutations (i.e., SLCO1B1 c.521CC). Shaded areas

indicate 95% confidence intervals approximated with parameter

values generated in Markov chain Monte Carlo. b Prospectively

predicted ungenotyped pharmacokinetic time courses of pitavastatin

in Caucasian populations. Circles, line, and shaded area represent

observation, mean prediction, and confidence interval. c Predicted

ungenotyped pharmacokinetic time courses of pitavastatin in Cau-

casian (black) and Japanese (green) populations
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in a single population, or not presented as time course

pharmacokinetics [22], and hence excluded from this

analysis.

Owing to limited genotyped time course data for

transporter substrates, we did not extend the analysis to

other ethnic groups, but the approach may explain obser-

vations in these groups. Ho et al. reported that African

Americans have lower pravastatin exposure than European

Americans [23]. It is very likely because of a high

SLCO1B1 c.388A[G frequency combined with a low

c.521T[C frequency in African Americans [3, 23]. We

excluded heterozygous mutants to simplify the analysis,

with assumptions that activity of the ABCG2 c.421CA

carrier is similar to wild-type (c.421CC) activity, and that

Fig. 5 a–d SLCO1B1

c.521T[C and ABCG2

c.421C[A genotyped

pravastatin pharmacokinetic

time courses in the Caucasian

population. Blue circles and

lines represent data and

simulations for wild type (i.e.,

SLCO1B1 c.521TT or ABCG2

c.421CC). Red triangles and

lines represent data and

simulations for homogenous

mutations (i.e., SLCO1B1

c.521CC or ABCG2 c.421AA).

Shaded areas indicate 95%

confidence intervals

approximated with parameter

values generated in Markov

chain Monte Carlo. e,
f Prospectively predicted

ungenotyped pharmacokinetic

time courses of pitavastatin in

Japanese populations. Circles,

line, and shaded area represent

observation, mean prediction,

and confidence interval
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activity of the SLCO1B1 c.521TC carrier is similar to a

homozygous mutation (c.521TT). However, the activity of

a heterozygous mutant, particularly for SLCO1B1

c.521T[C, requires additional study because it is not

consistent across clinical studies (i.e., c.521TC activity can

be close to c.521CC, between c.521CC and c.521TT, or

below c.521CC [16, 24]).

It is interesting to see that the estimated ratio of CLact

between SLCO1B1 c.521CC and c.521TT groups is around

0.6 for all compounds except for pravastatin (*0.4). It is

unclear if this phenomenon is a coincidence, given the fact that

this ratio depends on both the fractional OATP1B1 contri-

bution to CLact, and the intrinsic activity difference between

the two genotypes. It is also worth noting that the c.521T[C

mutation does not necessarily reduce OATP1B1 activity,

which has been shown in in-vitro and in-vivo studies of flu-

vastatin [25–27]. Unlike the other compounds studied here,

atorvastatin requires different FaFg values for different ethnic

groups to describe the data. Atorvastatin undergoes extensive

gut metabolism [14]; hence, genetic variations of metabolic

enzymes [28, 29]may also be involved in its ethnic variability.

The impact of the BCRP polymorphism on renal

clearance and CLbile is ignored in this analysis based on

previous studies [7, 13], where area under the plasma

concentration–time curves and maximum plasma concen-

tration of atorvastatin and rosuvastatin but not their elim-

ination half-lives are affected by the ABCG2 genotype,

strongly suggesting that the BCRP function mainly affects

the absorption rather than biliary excretion. As such, when

data are available (i.e., rosuvastatin analysis), individual

CLbile values are assigned to different ethnic groups but not

different ABCG2 genotypes. The estimated CLbile is higher

in the Caucasian group than that in the Asian groups.

However, Caucasian individuals have a slower rate than

Asian individuals with the same ABCG2 c.421C[A geno-

type. The differences may be the result of factors other than

ABCG2 mutations (e.g., genetic variation of transporters

and their allele frequencies involved in biliary excretion).

For rosuvastatin, c.421CC groups seem to have faster ka
rates than c.421AA groups (Table S3), which although is

only a reflection of the trend in the data, may contradict a

general expectation that greater efflux activity in the

c.421CC group should lead to slower absorption. Although

both FaFg and ka are empirical parameters that lump mul-

tiple kinetic processes together, FaFg is a parameter

reflecting the overall absorption, while ka is used to

empirically describe longitudinal data (i.e., time course). It

is unclear how BCRP activity may affect ka values. It also

worth noting that the difference between c.421CC and

c.421AA groups is insignificant in the Asian groups. In the

Caucasian population, the difference is a result of fitting

mean data from a single clinical study; we cannot rule out

the possibility that this is an artifact in data averaging,

particularly for pharmacokinetic data in the absorption

phase. As to the other compounds we tested, such com-

parisons on absorption rates between c.421CC and

c.421AA groups are either not achievable owing to limited

data in absorption phase (i.e., atorvastatin and pravastatin),

or not worthwhile because compounds are not BCRP

substrates (i.e., repaglinide and pitavastatin). More data are

required to fully understand this phenomenon.

We note that polymorphisms of multiple transporters

are rarely sequenced in the same study. For a few studies

where more than one transporter is sequenced simulta-

neously [13, 17, 30], the results are presented as non-

compartmental parameters with analysis on one trans-

porter separated from analysis on the other transporter,

which is not helpful for further mechanistic analysis that

may be performed in the future. For instance, in this

study, we have to combine data from multiple indepen-

dent studies, and assume that the allele frequency esti-

mated from one study can be applied to another study.

This assumption is supported by previous reports that

allele frequencies estimated from different studies are

similar [31, 32].

For future clinical studies, it may be helpful to simul-

taneously sequence genes of several key transporters to

understand the combined effect from genetic variations of

multiple transporters, and to publish time course data to

facilitate a mechanistic analysis. By validating a more

mechanistic hypothesis, the current study may serve as a

starting point for prospectively predicting pharmacoki-

netics and guiding dose adjustment for different ethnic

groups in the future. Here, we return to the question asked

in Sect. 1: should we adjust dose based on ethnicity,

genotype, or both? For a given drug dosed to a given

patient, if the dominant transporters or metabolic enzymes

in absorption and elimination are identified and well

characterized, then mechanistic adjustment based on the

genotype is a superior approach. It is worth noting that for

a given drug, understanding of certain pharmacokinetic

processes (e.g., hepatic uptake) may be better than

understanding of other processes (e.g., biliary excretion).

As such, if both processes dramatically influence drug

exposure, it may be beneficial to combine mechanistic

adjustment based on the genotype for well understood

processes with empirical adjustment based on ethnicity

for less understood processes.

5 Conclusion

For compounds with transporter-mediated activity as dom-

inant pathways for absorption and disposition, we propose

that allele frequencies of genes ofmultiple transporters could

contribute significantly to the ethnic variability. Simulations
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based on this hypothesis can reasonably describe SLCO1B1

or ABCG2 genotyped pharmacokinetic time course data in

Caucasian, Chinese, Japanese, and Korean populations. By

eliminating the compound-dependent intrinsic ethnic vari-

ability, the work accomplished here can facilitate efforts to

predict prospectively ethnic variability in the pharmacoki-

netics of transporter substrates.
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