
ORIGINAL RESEARCH ARTICLE

Differences in Cytochrome P450-Mediated Pharmacokinetics
Between Chinese and Caucasian Populations Predicted
by Mechanistic Physiologically Based Pharmacokinetic Modelling

Zoe E. Barter • Geoffrey T. Tucker •

Karen Rowland-Yeo

Published online: 2 July 2013

� Springer International Publishing Switzerland 2013

Abstract

Background International Conference on Harmonization

of Technical Requirements for Registration of Pharma-

ceuticals for Human Use (ICH) guidelines emphasize the

need for better understanding of the influence of ethnicity

on drug response to minimize duplication of clinical

studies, thereby expediting drug approval.

Objectives We have developed a Chinese database for the

prediction of differences in the population kinetics of drugs

mainly metabolized by cytochromes P450 (CYPs) relative

to Caucasian populations. Such predictions should help to

inform the need for duplication of in vivo pharmacokinetic

studies in the two ethnic groups and the design of such

studies.

Methods Demographic and physiological data for Chinese,

along with information on CYP abundances and the fre-

quencies of associated genetic polymorphisms in Chinese,

were collated from literature sources and incorporated within

the Simcyp Population-based Simulator� (v11.1). Default

Simcyp parameter values for a virtual Caucasian population

and for model compounds metabolized principally by spe-

cific CYPs were used as the point of reference. The drugs and

the main CYPs involved in their metabolism were phenac-

etin (CYP1A2), desipramine (CYP2D6), tolbutamide

(CYP2C9), omeprazole (CYP2C19), and alprazolam and

midazolam (CYP3A). Hydroxy bupropion formation was

used as a more sensitive marker of CYP2B6 activity than

bupropion kinetics. Observed plasma drug concentration–

time profiles and pharmacokinetic parameters after oral and,

where possible, intravenous dosing were obtained from

published in vivo studies in both Chinese and Caucasian

subjects. Virtual subjects generated within Simcyp were

matched to the subjects used in the in vivo studies with

respect to age, sex, dosage and, where possible, CYP phe-

notype frequency. Predicted and observed plasma drug

concentrations and weight-normalized clearances were

compared between the ethnic groups.

Results Significant differences were identified between

Chinese and Caucasian populations in the frequency of

CYP2C19 poor metabolizers (PMs) [Chinese 13 %; Cau-

casian 2.4 %], CYP2D6 PMs and intermediate metabo-

lizers (IMs) [Chinese PMs 0.3 %, IMs 39 %; Caucasian

PMs 8 %, IMs\1 %], the hepatic abundance of CYP2C19

(mean values: Chinese 8 pmol/mg; Caucasian 14 pmol/mg)

and liver weight (mean values: Chinese 1198 g; Caucasian

1603 g). The observed plasma drug concentration–time

profiles and weight-normalized clearances were predicted

with reasonable accuracy (100 % within twofold; 89 %

within 1.5-fold) in both ethnic groups. The predicted

phenacetin, tolbutamide, omeprazole, desipramine, midaz-

olam (intravenous), midazolam (oral), alprazolam (intrave-

nous) and alprazolam (oral) clearances were 36, 25, 51, 43,

24, 17, 21 and 22 % lower, respectively, in Chinese than in

Caucasians; the observed clearances were 28, 2, 75, 42, 19,

62, 20 and 21 % lower, respectively. Predicted and

observed formation of hydroxy bupropion was lower in

Caucasians than in Chinese (6 and 20 %, respectively).

Differences between ethnic groups were less after normal-

ization for body weight.
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Conclusion The results of this study indicate the value of

simulation based on mechanistic physiologically based

pharmacokinetic modelling (PBPK) in anticipating the

likely extent of any differences in the kinetics of CYP

substrates in Chinese and Caucasian populations arising

from demographic, physiological and genetic differences.

1 Introduction

The number of clinical drug trials conducted in China dou-

bled between 2000 and 2007 [1], and this country is poised to

become the world’s third largest market for pharmaceuticals

[2]. However, a lack of harmonization in legislation between

regulatory bodies in the USA, Europe and Asia often results

in duplication of studies, resulting in lengthy approval times

and delayed access to new medicines. A major reason for this

delay is concern that there may be significant ethnic differ-

ences in pharmacokinetics and pharmacodynamics affecting

safety, efficacy and, therefore, dosage [3], resulting in

requests for duplication of all or many of the foreign data in

populations different from those where the primary clinical

development has taken place. With regard to potential

pharmacokinetic differences, one way forward is to assess

the ability to predict such differences in virtual populations

from prior demographic, physiological, genetic and envi-

ronmental information, using mechanistic physiologically

based pharmacokinetic modelling (PBPK), thereby inform-

ing the need for and design of real studies [4, 5], While

several studies have documented differences in the kinetics

of individual drugs between Caucasian and Asian [6] sub-

jects, and in vitro–in vivo extrapolation has been used to

predict differences in the clearance of drugs predominantly

metabolized by cytochromes P450 (CYPs) between Cauca-

sians and Japanese populations [7], systematic attempts to

predict inter-ethnic differences in full plasma drug concen-

tration–time profiles, using PBPK modelling, are lacking.

The aim of this study was to determine whether this approach

is able to capture any significant differences between Chi-

nese and Caucasians with respect to the pharmacokinetics of

model substrates of each of the major human CYPs, namely

phenacetin (CYP1A2), bupropion (CYP2B6), tolbutamide

(CYP2C9), omeprazole (CYP2C19), desipramine (CYP2

D6) and alprazolam and midazolam (CYP3A).

2 Methods

2.1 Model Development

Plasma drug concentration–time profiles in virtual Cauca-

sian and Chinese populations were predicted using the

Simcyp Population-based Simulator� (version 11.1), which

estimates drug clearance from in vitro data (in vitro–in vivo

extrapolation) and distribution from physico-chemical

properties and tissue composition, using correlated Monte

Carlo methods and a PBPK model [8]. Differential equa-

tions describing the kinetics of substrates have been

described previously [9]. Although the program allows for

a full PBPK model of drug disposition, all organs except

for the liver were lumped in the current analysis. Where the

drugs investigated were known to undergo complete

release from a solid formulation and rapid dissolution

following oral dosing, a simple first-order absorption

model was used. To estimate intestinal availability (FG), a

model of ‘first-pass’ metabolism similar to the ‘well-stirred

liver’ [10] was used for CYP2C9, 2C19, 2D6 and 3A

substrates (Eq. 1):

FG ¼
Qgut

Qgut þ fugut � CLuG;int

ð1Þ

where CLuG,int is unbound gut intrinsic clearance. In con-

trast to the liver model case, the flow term (Qgut) represents

nominal blood flow and is a hybrid parameter reflecting the

drug absorption rate from the gut lumen, removal of drug

from the enterocyte by its blood supply and the volume of

enterocytes. The free fraction of drug within the enterocyte

is represented by the fugut term, which was assumed to be 1

for all drugs in the current analysis.

For the modelling of drugs dosed in an enteric-coated

formulation (omeprazole), the segmental advanced disso-

lution absorption metabolism (ADAM) model [11] within

the Simcyp Simulator� was used. Drug absorption from

each segment is described as a function of release from the

formulation, dissolution, precipitation, luminal degrada-

tion, permeability, metabolism, transport and transit from

one segment to the next.

2.1.1 Population Parameters

Based on extensive demographic, physiological and

genetic information, the Simcyp Population-based Simu-

lator� allows prediction of pharmacokinetics in North

European Caucasian and Japanese populations. Corre-

sponding databases were constructed to extend simulation

to Chinese populations. As a basic assumption, the intrinsic

catalytic activity per unit amount of enzyme variant was

assumed to be the same in Chinese and Caucasians, as was

tissue composition. Differences in pharmacokinetics were

assumed to manifest through differences in organ size and

blood flow (in proportion to body size) and any variability

in the abundance of enzymes and the expression of genetic

variants. Wherever possible, data from Han Chinese indi-

viduals, who constitute about 92 % of the total Chinese

population, were used in development of the database. In

the absence of Chinese-specific data for a parameter,
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Japanese data were the primary default. Where Japanese

data were not available, data from North European Cau-

casian individuals were used. The variables and procedures

considered in modifying the Caucasian default population

to represent the Chinese population were as follows.

2.1.2 Demographics

Data on age, sex, height and weight for 8118 Han Chinese

were taken from The China Health and Nutrition Survey

2006 [12], and for 594 healthy Chinese from a volunteer

database kindly provided by Pfizer Ltd (Sandwich, UK).

The two data sets were analysed separately. The mean ages

and weights of the general population were 47 years and

61 kg, respectively, and those of the healthy volunteers

were 31 years and 68 kg, respectively; males and females

were equally represented in the former, whereas the latter

comprised 95 % males. As the female healthy volunteer

data set comprised only 31 individuals, a uniform age

distribution was assumed. All of the other age distributions

were fitted by Weibull functions, and relationships between

age, weight and height were sought using both linear and

non-linear regression analysis. Yu et al. [13] showed that

measured body surface area (BSA) in Chinese adults is

compatible with that predicted using the DuBois and

DuBois equation [14], which provides the default rela-

tionship between height and weight in the Simcyp Simu-

lator�. The average values of BSA of the general Chinese

population were 1.73 and 1.55 m2 for males and females,

respectively. The average values of BSA of the volunteer

Chinese population were 1.79 and 1.56 m2 for males and

females, respectively. These values compare with BSA

values of 1.95 and 1.75 m2 in healthy male and female

Caucasians. Equations used within the Simulator relating

height with age, weight with height, and BSA with height

and weight have been described previously [15, 16].

2.1.3 Liver Weight

An equation linking liver volume to BSA (liver volume

(L/m2) = 0.722 9 BSA1.176), developed using data from

both Caucasian and Japanese children and adults [17], is

incorporated into the Simcyp Simulator� with conversion

of liver weight by liver density (1.08 g/L [18]). However,

extensive data from the literature indicate that Chinese

have significantly smaller livers than Caucasians and Jap-

anese (Fig. 1) [19–22], such that liver weights simulated

using the Johnson et al. equation [17] were about 15 %

lower than observed values. Therefore, in simulating Chi-

nese populations, a scalar of 0.85 was used for liver vol-

ume. Computed tomography was used to measure liver

volume in all of the Chinese studies that were identified.

These studies were done in equal numbers of males and

females. Caucasian and Japanese liver weights were

determined at autopsy, using computed tomography or

ultrasound techniques. Previous reports have indicated that

the measurement of liver volume by ultrasound or com-

puted tomography correlates well with measurements taken

at autopsy or after transplantation [17].

2.1.4 Hepatic Blood Flow

Blood flow to individual organs is calculated within the

Simcyp Simulator� as a percentage of cardiac output

which, in turn, is based upon BSA and age. Portal vein

blood flow, measured using either duplex ultrasound or

computed tomography, is not significantly different in

Chinese and Caucasians [23, 24]. Therefore, Caucasian

values of hepatic blood flow expressed as a percentage of

cardiac output were assumed in the Chinese population

(19 % portal vein, 5.5 % hepatic artery). This resulted in

simulated hepatic blood flows that were about 16 % lower

in Chinese compared with Caucasians, reflecting the lower

BSA in Chinese.

2.1.5 Microsomal Protein

There are currently no data for milligrams of microsomal

protein per gram of liver (MPPGL) and milligrams of

microsomal protein per intestine (MPPI) and their vari-

ability in either Chinese or Japanese. Therefore, age-related

values of MPPGL were generated using the relationships

determined previously from Caucasian data [25, 26]. MPPI

values determined for Caucasians [27] were assumed.

Fig. 1 Comparison of observed mean (± standard deviation) liver

volumes in Caucasian, Japanese and Chinese individuals. The

Caucasian data are from 2858 individuals [17], the Japanese data

are from 1456 individuals [17] and the Chinese data are from 342

individuals [19–22]
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2.1.6 CYP Abundances

Hepatic abundance values and their variances for specific

CYPs in Caucasian and Chinese populations are summa-

rized in Fig. 2a (supplementary data are shown in Table 1

in the Electronic Supplementary Material). The data for

Caucasians were compiled by Rowland Yeo et al. [28] and

Cubitt et al. [29], and are incorporated into the Simcyp

Simulator�. Limited abundance data for Chinese are

available for CYPs 1A2, 2C9, 2C19 and 3A4 from Shu

et al. [30, 31]. The value for CYP2B6 was assumed to be

the same as that in Caucasians, based on the observation of

no significant difference in formation of hydroxy bupro-

pion from bupropion by microsomes prepared from 30

Caucasian and 30 Chinese livers [32]. The study by Yang

et al. [32] also reported no significant difference in the

formation of dextrorphan from the CYP2D6 probe sub-

strate dextromethorphan in the same liver microsomal

samples. However, lower CYP2D6 expression in Japanese

[33] and decreased in vivo conversion of morphine to

codeine in Chinese compared with Caucasians [34] have

been reported. Due to uncertainty in this parameter, the

following assumptions were investigated: (a) CYP2D6

abundance in Chinese is 70 % of that in Caucasians; and

(b) CYP2D6 abundance in Chinese is the same as that in

Caucasians. The relationship between hepatic CYP3A4 and

CYP3A5 expression reported previously for Caucasians

[35] was used to generate values of CYP3A5 abundance in

the Chinese populations. No data are available regarding

intestinal CYP abundances in Chinese. Therefore, the

relationship between Caucasian and Chinese hepatic CYP

abundances was applied to reported Caucasian intestinal

CYP abundances [27, 36] to estimate those in Chinese

(Fig. 2b; see also the supplementary data in Table 2 in the

Electronic Supplementary Material). Variability in Chinese

intestinal CYP abundance was assumed to be the same as

that in Caucasian individuals (CV 60 %).

2.1.7 CYP Phenotype Frequencies

Frequencies of genetic variants of CYP2B6, CYP2C9,

CYP2C19, CYP2D6 and CYP3A5 in Caucasians were

Fig. 2 Comparison of mean a hepatic and b gut cytochrome P450

(CYP) abundance values in Caucasian individuals (black bars) and in

Chinese individuals (grey bars). With the exception of CYP2D6

levels (indicated by a triangle) and CYP2B6 levels in Chinese

(indicated by an asterisk), which were estimated from relative in vitro

and in vivo CYP activity in Caucasian and Chinese individuals, all

hepatic abundance values were determined by Western blotting.

Uncertainty in the values of hepatic CYP2D6 abundance resulted in

the investigation of two values. Caucasian gut abundance values were

also determined by Western blotting. Owing to a lack of experimental

data, Chinese gut abundances were estimated as described in Sect.

2.1. A full bibliography of the studies used to compile the abundance

data is provided in Tables 1 and 2 in the Electronic Supplementary

Material
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provided in the Simcyp Simulator� as documented from

Lamba et al. [37], Scordo et al. [38], Zackrisson et al. [39]

and Lin et al. [40]. These values are summarized in Fig. 3

(supplementary data are shown in Table 3 in the Electronic

Supplementary Material), along with Chinese values

obtained by meta-analysis of literature data.

Common genotypes for CYP2B6, 2C9, 2C19, 2D6 and

3A5 were assigned to poor metabolizer (PM), intermediate

metabolizer (IM) or ultra-rapid metabolizer (UM) pheno-

types in both populations. PM phenotypes were assigned as

follows: CYP2B6 *5/*5, *5/*6 and *6/*6; CYP2C9 and

CYP2C19 *2/*2, *2/*3 and *3/*3; any CYP2D6 genotype

containing a *3, *4, *5, *6, *7, *8, *11, *14, *15, *19 or

*20 allele; and CYP3A5 *3/*3. Individuals having CYP2D6

*9, *10, *17, *29, *36 or *41 alleles were assigned as IM

phenotype. Individuals with duplicate CYP2D6 EM alleles

were assigned a UM phenotype. All remaining genotypes

were assumed to translate to an extensive metabolizer

(EM) phenotype.

2.1.8 Plasma Proteins

The ratio of mean plasma a1-acid glycoprotein (AAG)

concentrations in Chinese and Caucasian males, reported

by Zhou et al. [41] (0.62:0.77 g/L), was applied to male

Caucasian values of AAG concentrations (mean 0.811 g/L)

within the Simcyp Simulator� to provide Chinese values.

Female Chinese values were estimated using the previ-

ously established relationship in Caucasians (females

having a 2.5 % lower AAG concentration than males). As

the variability in AAG reported by Zhou et al. [41] was

the same for Chinese and Caucasians, the coefficient of

variation (CV) of 15 % for males and 13 % for females,

previously applied in the Caucasian database, was also

applied in the Chinese database. Since Zhou et al. [41]

found no differences in serum albumin levels between

Chinese and Caucasians, the Caucasian values were used

by default.

2.1.9 Haematocrit

A study by Miao et al. [42] of different Chinese popula-

tions reported haematocrit values of 45 and 41 % in males

and females from the northern (Beijing) area of China.

These values are similar to the values of 43 and 38 % for

male and female Caucasian individuals, respectively.

2.1.10 Renal Function

The glomerular filtration rate is calculated within the

Simcyp Simulator� from age, weight and serum creati-

nine levels, either using the Cockcroft–Gault equation or

the modified diet in renal disease (MDRD) equation [43,

44]. The length of the kidney has been reported to be

similar in Chinese and Caucasians [45]. In addition, Yue

et al. [34] showed no significant differences in the weight-

normalized renal clearances of codeine and its metabolites

in healthy Chinese and Caucasians. Therefore, Caucasian

values for the simulation of population renal clearances

were applied to the Chinese population. This resulted in

simulated glomerular filtration rates 12 % lower in Chi-

nese than in Caucasians, reflecting the lower body weight

of Chinese.

Fig. 3 Comparison of cytochrome P450 (CYP) polymorphism

frequencies in Caucasians and Chinese. Phenotype frequencies

[purple: ultra-rapid metabolizer (UM); green: extensive metabolizer

(EM); red: intermediate metabolizer (IM); blue: poor metabolizer

(PM)] are expressed as percentages. A full bibliography of the studies

used to compile the data is provided in Table 3 in the Electronic

Supplementary Material
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2.2 Model Application

2.2.1 Prediction of Plasma Drug Concentration–Time

Profiles

The model was tested using drugs metabolized predomi-

nantly by specific CYPs with minimal impact of trans-

porters and low biliary and renal clearances [phenacetin

(CYP1A2); bupropion (CYP2B6); tolbutamide (CYP2C9);

omeprazole (CYP2C19); desipramine (CYP2D6), alprazo-

lam and midazolam (CYP3A)] and for which predictions

could be compared against available in vivo data obtained

following either intravenous and/or oral administration in

both Caucasian and Chinese subjects. Observed pharma-

cokinetic data were selected using the PubMed online

database. The initial criteria for selection included only

studies performed in both Caucasian and Chinese healthy

volunteer subjects. However, due to a scarcity of studies,

the inclusion criteria were widened to include comparison

of data from unmatched studies. Compound files estab-

lished within the Simcyp Simulator� (v.11.1) verified to

simulate the kinetics of phenacetin, tolbutamide, omepra-

zole, alprazolam and midazolam in Caucasian populations

were used. The main CYP enzyme and its contribution to

the clearance of each model substrate is listed in Table 1.

Modifications were made to the Simcyp compound file

for bupropion in order to accommodate administration of a

sustained-release formulation and modelling of its hydroxy

metabolite (produced mainly by CYP2B6) [46, 47]. An

additional sulphation pathway for desipramine was incor-

porated into the file for this compound [48, 49]. The use of

in vitro metabolism data has been shown previously to

result in significant overprediction of the observed clear-

ance of alprazolam [29]. Therefore, a top-down approach

involving estimation of CYP3A4 intrinsic clearance from

in vivo clearance data [50–52] was applied. For midazo-

lam, the single adjusting compartment (SAC) in the Sim-

cyp Simulator� was included in the PBPK model in order

to improve recovery of the plasma drug concentration–time

profile. Details of the modified metabolic parameters for

hydroxy bupropion, desipramine and alprazolam and

modified distribution parameters for midazolam used in the

models are shown in Table 4 in the Electronic Supple-

mentary Material. Simulations in Chinese and Caucasian

individuals differed with respect to system parameters

only, as described in Sect. 2.1; drug data within the com-

pound files were identical for both sets of simulations.

Simulations were run in Chinese and Caucasian healthy

volunteers matched to those used in the in vivo studies with

respect to the numbers of subjects, age range and sex.

Where information on the CYP genotype or phenotype of

individuals was available, the frequencies were used in the

simulations. In those cases where information on CYP

genetic polymorphism frequency was lacking, population

frequencies (shown in Table 3 in the Electronic Supple-

mentary Material) were used. Details of the number of

subjects, age range, sex, weight, dose and dosage route for

each in vivo study are shown in Table 5 in the Electronic

Supplementary Material. For each simulation, ten separate

trials were generated to assess variability across groups.

The outcomes of simulations of the kinetics of midaz-

olam and omeprazole were compared for the general Chi-

nese population and the healthy Chinese volunteer group.

For the general Chinese population, two thousand male

subjects, ranging in age from 20 to 70 years, were simu-

lated. All subjects were EMs of CYP2C19, and 39 % were

EMs of CYP3A5.

2.2.2 Phenacetin

Simulated plasma drug concentration–time profiles were

compared with those reported from an in vivo study of 20

Chinese (8 female; 26 ± 5 years) and 20 Caucasians

(6 female; 25 ± 4 years) [53].

2.2.3 Bupropion

Simulated plasma bupropion and hydroxy bupropion area

under the plasma concentration–time curve (AUC) and

maximum concentration (Cmax) values were compared with

those from an in vivo study of 9 Chinese (20–32 years) and

9 Caucasian males (19–23 years) [54]. All individuals in

the in vivo study had CYP2B6 genotypes associated with

an EM phenotype.

2.2.4 Tolbutamide

No studies were identified in the literature that directly

compared the kinetics of tolbutamide in Chinese and

Caucasians. Therefore, simulated plasma drug concentra-

tion–time profiles were compared with those reported

separately for 10 Chinese CYP2C9*1*1 (EMs; 3 female;

35 ± 4 years) [55] and 14 Caucasian males (21–30 years)

Table 1 Cytochrome P450 (CYP) model substrates and the fraction

of the dose metabolized by the enzyme that they mark (fm)

CYP Substrate fm

1A2 Phenacetin 0.71

2B6 Bupropion 0.60

2C9 Tolbutamide 1.00

2C19 Omeprazole 0.76

2D6 Desipramine 0.91

3A4/5 Midazolam 0.87/0.1

3A4/5 Alprazolam 0.95/0.05
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of unknown CYP2C9 geno/phenotype [56]. The CYP2C9

PM and EM frequencies for Caucasians within the Simcyp

Population Library were assumed (see Table 3 in the

Electronic Supplementary Material).

2.2.5 Omeprazole

No suitable studies were identified in the literature that

directly compared the kinetics of omeprazole in Chinese

and Caucasians. Therefore, simulated plasma drug con-

centration–time profiles were compared with those repor-

ted separately for 12 Chinese (23 ± 2 years) [57] and 12

Caucasian males (22–32 years) [58]. Both of these studies

recruited healthy EMs of CYP2C19.

2.2.6 Desipramine

Simulated plasma drug concentration–time profiles were

compared with those reported for an in vivo study with 14

Chinese (7 female; 19–55 years) and 16 Caucasians

(8 female; 22–58 years) [59]. All individuals in this study

showed a level of desipramine hydroxylation. Therefore, it

was assumed that no CYP2D6 PMs were included in the

study. CYP2D6 IM, EM and UM frequencies of 0.28, 0.72

and 0, respectively, in virtual Chinese subjects and 0, 0.75

and 0.25, respectively, in virtual Caucasian subjects were

assigned based on the trimodal distribution of desipramine

clearance reported in the study. For CYP2D6 abundance,

two assumptions were investigated: (a) CYP2D6 abun-

dance in Chinese is 70 % that in Caucasians; and

(b) CYP2D6 abundance in Chinese is the same as that in

Caucasians (Fig. 2).

2.2.7 Alprazolam

Simulated plasma concentration–time profiles of alprazo-

lam were compared with those reported for an in vivo study

with 10 Chinese, 3 Filipino and 1 Japanese individual

(25–35 years) and 14 Caucasian males (20–30 years) [50].

The CYP3A5 PM and EM frequencies for Caucasians and

Chinese within the Simcyp Population Library were

assumed.

2.2.8 Midazolam

No studies were identified in the literature that directly

compared the kinetics of midazolam in Chinese and Cau-

casians. However, separate reports of midazolam kinetics

in Chinese and Caucasian following intravenous and oral

dosing were collated from the literature. Simulated dose-

normalized plasma drug concentration–time profiles fol-

lowing intravenous dosing of midazolam were compared

with those reported separately for 22 Chinese males (age

20–28 years; 27 % CYP3A5 EMs) [60] and 39 Cauca-

sians (12 female; age 19–41 years; unknown CYP3A5

geno/phenotypes) [61–64]. The CYP3A5 PM and EM

frequencies for Caucasians within the Simcyp Population

Library were assumed.

Simulated dose-normalized plasma drug concentration–

time profiles following oral dosing of midazolam were

compared with those reported separately for 76 Chinese

males (age 19–31 years; 39 % CYP3A5 EMs) [60, 65–67]

and 65 Caucasians (24 female; age 18–41 years; unknown

CYP3A5 geno/phenotypes) [61–64, 68–70]. The CYP3A5

PM and EM frequencies for Caucasians within the Simcyp

Population Library were assumed.

2.3 Statistical Analysis

Clearance data were analysed with and without correction

for body weight. The frequency distributions of simulated

clearance values were consistent with a log-normal (Ln)

distribution. Hence, values of geometric mean (GM)

clearance (CL) and 95 % confidence intervals (CIs) were

calculated from the log-transformed data [population mean

of l and standard deviation (SD) of r].

Two of the clinical studies also reported data in terms of

the GM and CI. For comparison purposes, data published

as mean values and SDs were transformed into GMs and

95 % CIs, using Eqs. 2–5.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lnð1þ CV2Þ
q

ð2Þ

l ¼ ðLnðMeanÞ � 0:5� r2Þ ð3Þ
GM ¼ expl ð4Þ

Confidence interval ¼ exp
l�1:96�r
ffiffiffiffiffi

n�1
p

� �

ð5Þ

Ratios (± SDs) of drug clearance in Caucasians relative

to Chinese were defined by Eq. 6.

Ratio� SD ¼ GM CL Caucasian

GM CL Chinese
� GM CL Caucasian

GM CL Chinese

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCVCaucasianÞ2 þ ðCVChineseÞ2
q

�

ð6Þ

where the CV is calculated by Eq. 7.

CV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðexpr2 � 1Þ
q

ð7Þ

90 % CIs for the ratios were calculated using Eq. 8.

Confidence interval ¼ Ratio� 1:64� SD
ffiffiffi

n
p

� �

ð8Þ

Differences between ethnic groups were deemed significant

if the 90 % CI of the ratio data did not include unity.
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3 Results

3.1 Demography

The demography of simulated individuals was consistent

with observed data for both male healthy volunteers and

the general male and female Chinese populations (Figs. 4,

5). Although the size of the female healthy volunteer

cohort (n = 31) precluded a robust assessment of model

performance, the age range of virtual healthy female

individuals was in agreement with the observed data.

Height and weight relationships generated using the Sim-

cyp models were also in line with the observed data.

3.2 Simulation of Plasma Drug Concentration–Time

Profiles

Simulated and observed plasma concentration–time pro-

files are shown in Figs. 6, 7 and 8.

Use of the Simcyp dynamic minimal PBPK model

resulted in reasonable recovery of reported plasma con-

centration–time profiles for phenacetin, tolbutamide,

Fig. 4 Simulated age distributions (black bars) [n = 1000] and

observed age distributions (grey bars) [n = 8118] in a general

Chinese population (a male, b female), and simulated relationships

(circle symbols) and observed relationships (cross symbols) between

height and age (male c, female d) and between weight and height

(male e, female f)
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omeprazole, desipramine and midazolam in both Caucasian

and Chinese healthy volunteer subjects. The Cmax of

alprazolam after oral administration was under-predicted,

but its AUC values following both intravenous and oral

dosing were recovered accurately. Plasma hydroxy bupro-

pion concentration–time profiles were not reported in the

study by Loboz et al. [54]. However, the simulated GM

hydroxy bupropion AUC from time zero to infinity

(AUC?) values of 13.2 and 12.4 lg�h/mL for Chinese and

Caucasian individuals, respectively, were in good agree-

ment with the reported values of 15.2 and 12.7 lg�h/mL,

respectively [54]. The predicted Cmax values of hydroxy

bupropion were 304 and 235 ng/mL for Chinese and

Caucasians, respectively, compared with observed values

of 400 and 354 ng/mL, respectively.

3.3 Prediction of Clearance

With the exception of the predicted oral clearances of

omeprazole and midazolam in Chinese healthy volunteers

(2.1- and 2.0-fold over-prediction, respectively), the pre-

dicted values of clearance (or AUC in the case of hydroxy

bupropion) were within 1.5-fold of observed values for all

of the other model CYP substrates (see Table 5 in the

Fig. 5 Simulated age distributions (black bars) and observed age

distributions (grey bars) [n = 594] in a cohort of healthy Chinese

volunteers (a male, b female), and simulated relationships (circle

symbols) and observed relationships (cross symbols) between height

and age (male c, female d) and between weight and height (male e,

female f)
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Fig. 6 Simulated mean plasma

concentration–time profiles

(data lines) and observed mean

plasma concentration–time

profiles (data points) of

phenacetin, tolbutamide,

omeprazole and desipramine in

healthy Caucasian and Chinese

individuals after oral dosage.

The grey lines represent

simulations of individual trials

(10 9 study number). The

dotted lines represent the 5th

and 95th percentiles for the total

virtual population. The observed

data are from Bartoli et al. [53]

(phenacetin); Madsen et al. [56]

and Chen et al. [55]

(tolbutamide); Andersson et al.

[58] and Hu et al. [57]

(omeprazole); and Rudorfer

et al. [59] (desipramine). CYP

cytochrome P450, EM extensive

metabolizer, IM intermediate

metabolizer, PM poor

metabolizer, UM ultra-rapid

metabolizer
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Electronic Supplementary Material) in both populations.

Use of a CYP2D6 abundance value of 8 pmol per mg in

Chinese (the same value used for the Caucasian popula-

tion) resulted in a more accurate prediction of desipramine

clearance compared with predictions made using the lower

value of 5.5 pmol per mg. After normalization for body

weight, all predicted clearances were within 2-fold of the

observed values and 89 % of the predictions were within

1.5-fold.

3.4 Caucasian:Chinese Clearance Ratios

Simulated and observed GM ratios of Caucasian and Chi-

nese plasma clearances (and the ratio for the AUC of

hydroxy bupropion) are shown in Fig. 9.

With the exception of the observed and predicted ratios

for hydroxy bupropion, tolbutamide and alprazolam

(intravenous) and the predicted ratio for alprazolam (oral),

values significantly greater than 1 were observed. Follow-

ing correction for body weight, only differences in the

ratios for omeprazole (observed and predicted) and oral

midazolam (observed) remained significantly different

from 1. With the exception of omeprazole, hydroxy bu-

propion, tolbutamide and orally dosed midazolam (1.5-fold

under-prediction, 3.1-fold under-prediction, 11.6-fold over-

prediction and 3.7-fold over-prediction, respectively), the

predicted percentage differences in clearance (or AUC in

the case of hydroxy bupropion) between Chinese and

Caucasians were within 1.5-fold of observed values for all

of the other model CYP substrates (Table 2). The corre-

sponding weight-normalized values of differences in

clearance are also provided in Table 2. The observed and

predicted variances in the ratios were generally similar.

Although the predicted geometric mean oral clearances

of midazolam and omeprazole were similar in the general

virtual Chinese population compared with those in the

Fig. 7 Simulated dose-normalized mean plasma concentration–time

profiles (data lines) and observed dose-normalized mean plasma

concentration–time profiles (data points) of alprazolam in healthy

Caucasian subjects (a, c) and in Chinese subjects (b, d) after

intravenous dosing (a, b) and after oral dosing (c, d). The grey lines

represent simulations of individual trials (10 9 study number). The

dotted lines represent the 5th and 95th percentiles for the total virtual

population. The observed data are from Lin et al. [50]. CYP

cytochrome P450, PM poor metabolizer
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healthy Chinese volunteer virtual population [65 (95 % CI

8–1026) vs. 81 (95 % CI 10–450) L/h and 25 (95 % CI

6–118) vs. 29 (95 % CI 8–100) L/h, respectively], they

were significantly different by t test (p = 0.007 and 0.003,

respectively) (Fig. 10).

4 Discussion and Conclusion

Studies exploring ethnic differences in pharmacokinetics

often fail to consider Japanese, Korean and Chinese indi-

viduals as distinct ethnic groups, instead combining data

and reporting results for an ‘Asian’ population. The current

study focussed on the development of a specific Chinese

population database. Key differences identified between

Chinese and Caucasians were those in liver size, the fre-

quency of allelic variants of CYPs 2D6 and 2C19 and the

hepatic abundance of CYP2C19. The available data also

indicated that Chinese individuals have smaller liver vol-

umes than Japanese individuals. Across the compounds

chosen to mark each main individual CYP, the predicted

mean percentage difference in clearance (uncorrected for

body weight) was 26 % (range -6 to 51 %) compared with

a value of 28 % (range -20 to 75 %) for observed data.

Data collation focussed on parameters required for the

prediction of clearance and, although the model recovered

the mean percentage difference in clearance, some devia-

tions from the observed plasma concentration–time profiles

in Chinese and hence percentage differences in clearance

were noted, particularly for tolbutamide, omeprazole and

orally dosed midazolam. Differences in absorption and

distribution parameters in the Chinese population were

assumed to manifest through differences in organ size and

blood flow (in proportion to body size). Other potential

differences that may influence absorption and distribution

parameters such as the intestinal transit time, stomach

Fig. 8 Simulated dose-normalized mean plasma concentration–time

profiles (data lines) and observed dose-normalized mean plasma

concentration–time profiles (data points) of midazolam in healthy

Caucasian subjects (a, c) and in Chinese subjects (b, d) after

intravenous dosing (a, b) and after oral dosing (c, d). The grey lines

represent simulations of individual trials (10 9 study number). The

dotted lines represent the 5th and 95th percentiles for the total virtual

population. The observed data are from Kharasch et al. [61],

Kupferschmidt et al. [62], Tsunoda et al. [63], Mandema et al. [64],

Backman et al. [68], Fayer et al. [69] and Olkkola et al. [70] (a, c);

and from Yang et al. [60], Guo et al. [65], Shih and Huang [66] and

Duan et al. [67] (b, d). CYP cytochrome P450, PM poor metabolizer
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emptying time, formulation differences and non-body-

size–related variation in organ size and blood flow were not

considered in the model and may explain differences

between simulated and observed values of Cmax and time to

reach Cmax (tmax).

Consistent with reportedly lower hepatic CYP2C9

abundance [31], in vitro activity [32] and liver size, the

Simcyp model predicted a 25 % lower tolbutamide clear-

ance in Chinese relative to Caucasians. Although observed

tolbutamide data reported by Chen et al. [55] and phenyt-

oin data (not shown) indicate comparable in vivo clearance

in Chinese and Caucasians, a study by Gross et al. [71],

involving ethnic Chinese individuals living in Australia,

reported a 29 % lower tolbutamide clearance in Chinese

relative to Caucasians. Based on data from Andersson et al.

[58] and Hu et al. [57], the model underestimated

differences in omeprazole clearance between Chinese and

Caucasians. However, smaller differences (1.4-fold lower)

have been reported by Caraco et al. [72] and Zhang et al.

[73] for the CYP2C19 substrates omeprazole and diaze-

pam. Clinical studies aimed at comparing the kinetics of

CYP3A4 substrates such as alprazolam [50], adinazolam

[74], reboxetine [75], nifedipine and erythromycin [76]

have reported variable results ranging from no significant

ethnic difference to 65 % higher clearances in Caucasians

than in Chinese. Generally, smaller differences have been

observed following intravenous administration compared

with oral dosing, and larger differences with increasing

CYP3A clearance and thus gut first-pass metabolism

(nifedipine and erythromycin [ alprazolam and reboxe-

tine). Given the knowledge gaps in Chinese gut physiology

and enzymology highlighted previously, it is perhaps not

Fig. 9 Simulated geometric mean (GM) fold differences (white data

points) and observed GM fold differences (black data points) in

a clearance (CL) and b weight-normalized CL between healthy

Caucasian and Chinese subjects ±90 % confidence intervals (CIs).

Those ratios where the 90 % CIs do not include 1 are indicated by an

asterisk. Further details of the data are given in Table 5 in the

Electronic Supplementary Material. i.v. intravenous, p.o. oral

Table 2 Predicted (Pred) and observed (Obs) percentage lower clearance in Chinese subjects relative to Caucasian subjects for each of the

cytochrome P450 (CYP) enzymes investigated

CYP Substrate Route of

administration

Weight-normalized Non-weight-normalized

Obs Pred Obs Pred Ratio Pred/Obs

1A2 Phenacetin p.o. 20 25 28 36 1.32

2B6 Bupropion p.o. -4 -24 -20 -6 0.32

2C9 Tolbutamide p.o. -23 9 2 25 11.6

2C19 Omeprazole p.o. 68 42 75 51 0.67

2D6 Desipramine p.o. 26 33 42 43 1.02

3A4/5 Midazolam i.v. 11 12 19 24 1.22

3A4/5 Midazolam p.o. 59 7 62 17 0.27

3A4/5 Alprazolam i.v. 10 7 20 21 1.04

3A4/5 Alprazolam p.o. 12 10 21 22 1.04

i.v. intravenous, p.o. oral
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surprising that the model appears to more accurately pre-

dict the pharmacokinetics of a low-clearance CYP3A

substrate (alprazolam) than that of a higher-clearance

substrate (midazolam) after oral dosing.

In addition to the limited size of studies documenting

hepatic enzyme abundance in Chinese, other limitations

associated with the predictions include incomplete infor-

mation on the abundances of all of the enzymes in Chinese,

the fact that there are relatively few published reports

comparing the kinetics of the model drugs in both Chinese

and Caucasians within the same study, the inability to

separate Chinese individuals from individuals of other

Asian origin in some studies [51] and appreciable inter-

study variability in the outcome of some of the real studies

(especially those with midazolam in Chinese). Neverthe-

less, the analysis provides some expectation that the pre-

diction of any significant pharmacokinetic differences

between Chinese and Caucasians for other drugs (including

new compounds) metabolized by a mix of the various CYPs

can usefully inform the need for and design of real phar-

macokinetic bridging studies. In extending the current

study, it will be important to consider differences in drug

metabolism by phase II enzymes, differences in the abun-

dances and activity of drug transporters, and the impact of

differences in diet and exposure to herbal and other tradi-

tional Chinese medicines. Further evaluation of the signif-

icance of possible differences in tissue composition and in

the physiology of the gastrointestinal tract is also indicated.
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