
Differences in CYP2C9 Genotype and Enzyme
Activity Between Swedes and Koreans

of Relevance for Personalized Medicine:
Role of Ethnicity, Genotype,

Smoking, Age, and Sex

Fazleen H.M. Hatta,1,2* Mia Lundblad,1* Margareta Ramsjo,1* Ju-Hee Kang,3

Hyung-Keun Roh,4 Leif Bertilsson,1 Erik Eliasson,1 and Eleni Aklillu1

Abstract

Global personalized medicine demands the characterization of person-to-person and between-population differ-
ences in drug pharmacokinetics and pharmacodynamics. CYP2C9 pharmacokinetic pathway is subject to mod-
ulation by both genetic and environmental factors. CYP2C9 genotype-based dose recommendations (e.g., for
warfarin) is advocated. However, the overall contribution of genotype for variation in enzyme activity may differ
between populations. We evaluated the importance of ethnicity, genotype, smoking, body weight, age, and sex for
CYP2C9 enzyme activity. CYP2C9 genotype and phenotype was determined in 148 Swedes and 146 Koreans
using losartan as a probe. CYP2C9 enzyme activity was assed using urinary losartan/metabolite E-3174 ratio. The
frequency of CYP2C9 defective variant alleles (*2 and *3) was significantly higher in Swedes (10.8% and 12.5%)
than in Koreans (0% and 5.8%). In matched genotypes, CYP2C9 enzyme activity was significantly lower in
Swedes compared to Koreans ( p < 0.0001). In a univariate analysis, age, weight, ethnicity, genotype, and smoking
were significant predictors of CYP2C9 phenotype. A stepwise multivariate analysis indicated ethnicity, genotype,
and smoking remained as significant predictors of CYP2C9 enzyme activity, accounting for 50% of the total
variance. In both study populations, CYP2C9 genotype was a significant predictor of CYP2C9 enzyme activity,
but its contribution in explaining the total variance was lower in Koreans (26.6%) than Swedes (40%). In
conclusion, we report significantly lower CYP2C9 enzyme activity in Swedes compared to Koreans, partly but not
exclusively due to CYP2C9 pharmacogenetic variations. Ethnicity and environment factors need to be considered
together with genotype for population-specific dose optimization and global personalized medicine.

Introduction

The cytochrome P450 isoenzyme CYP2C9, one of the
most abundant CYP enzymes in the liver, plays important

roles in the metabolism of many therapeutically important
drugs, including nonsteroidal anti-inflammatories, oral anti-
coagulants, and oral hypoglycemics (He et al., 2011; Rettie
and Jones, 2005). CYP2C9 is genetically polymorphic and
displays wide between-patient differences in its metabolic
activity, which can result in difficulties for rational dosing,

inadequate therapeutic effect, or toxicity (Ninomiya et al.,
2000; Wadelius et al., 2004). Induction and/or inhibition of
CYP enzymes are the usual mechanisms by which concomi-
tant medications can cause variations between patients in drug
elimination capacity. Interactions between the genetic, envi-
ronmental (e.g., dietary, lifestyle, socio-culture background)
and biological (e.g., gender, age) factors add up to the com-
plexity of this variation and may explain why a group of people
from a certain population or ethnic background have different
metabolic or adverse event profiles compared to others.
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Pharmacogenomics is the study of the role of genomics
differences for drug safety and efficacy. Recent efforts for
global characterization of human genetic variation and phar-
macogenomics variability worldwide attest to the growing
importance placed on drug-by-gene interactions and capacity
building for rational therapeutics in both developed and de-
veloping countries (Dandara et al., 2014). Indeed, population
and ethnic variation is associated with different distribution
of functional variant alleles between populations, and hence
variability in drug plasma exposure. The distribution of
CYP2C9 defective variant alleles displays wide inter-ethnic
variation. CYP2C9*2 (Arg144Cys) and CYP2C9*3 (Ile359-
Leu) alleles are most commonly present in Caucasians and
Africans, while CYP2C9*2 appears to be absent in Asians
(Dickmann et al., 2001; Lee et al., 2003; Scordo et al., 2001;
Wang et al., 2014; Yasar et al., 2002a). The CYP2C9*4
(Ile359Thr) allele occurs exclusively in Japanese individuals
(Imai et al., 2000), but is absent in Koreans (Bae et al., 2005),
whereas CYP2C9*5 and CYP2C9*6 alleles occur specifically
in black populations (Dickmann et al., 2001; Kidd et al., 2001;
Yasar et al., 2002a).

To avoid toxicity or treatment failure, population-based
dose recommendations for drugs metabolized by CYP2C9,
particularly warfarin is suggested (Giri et al., 2014; Wade-
lius, 2014). Most of these recommendations and dose algo-
rithms are based on genotype. However, the extent of
correlation between CYP2C9 genotype and phenotype varies
between populations mainly due to the contribution of socio-
demographic, epigenetic, or environmental factors, such as
diet. Numerous factors affecting CYP2C9 enzyme activity
have been described, including genotype, gender, age, ciga-
rette smoking, oral contraceptives, and food constituents
(Bazan et al., 2014; Giri et al., 2014; Hidaka et al., 2008;
Sandberg et al., 2004). These factors might be important to
consider for dose modifications (Bazan et al., 2014; Lee et al.,
2005). But since these findings have not always been con-
sistent, further investigations are warranted.

Effects of herbal medicine and food–drug interactions in-
volving CYP2C9 enzyme inhibition and/or induction is in-
creasingly recognized (Hidaka et al., 2008; Kimura et al.,
2010; Srinivas, 2013). The likelihood of such interactions is
theoretically higher than drug–drug interactions, as drugs
usually contain single chemical entities whereas the herbs
and food contains mixtures (Izzo, 2005). Hence, geographic
and dietary differences between ethnic groups may contribute
for variation in CYP2C9 metabolic profile. Although allele
frequency distribution between populations provide indica-
tion about metabolic capacity of a give population, more
comprehensive information relevant for population-specific
dosage recommendation would be obtained by considering
also the phenotypic profile, which reflects the influence of
both genetic and environmental factors.

Previously we evaluated the importance of ethnicity, ge-
netic, and environmental factors for between population
variability in CYP3A (Diczfalusy et al., 2008), CYP2D6
(Aklillu et al., 2002), CYP2C19 (Ramsjo et al., 2010),
CYP1A2 (Ghotbi et al., 2007), CYP2A6 (Djordjevic et al.,
2013), NAT2 (Djordjevic et al., 2012), and CYP2B6 (Ngai-
misi et al., 2013) enzyme activity among Caucasians, Asians,
and black populations. In the present study, we investigated
the relative importance of ethnicity, genotype, age, weight,
sex differences, and smoking on CYP2C9 enzyme activity in

Swedes and Koreans. Our results show lower CYP2C9 en-
zyme activity in Swedes compared to Koreans, regardless of
genotype, indicating the importance of ethnicity, environ-
mental, or epigenetic factors.

Materials and Methods

Subjects

The study population consisted of 148 healthy Swedish
volunteers from Karolinska University Hospital, Huddinge,
Sweden, and 146 healthy Korean volunteers from Inha Uni-
versity Hospital, Incheon, Korea. In the present study, oral
contraceptive (OC) users were excluded because it inhibits
CYP2C9 enzyme activity (Sandberg et al., 2004). The study
was approved by the local ethics committee at Karolinska
Institutet, Stockholm, Sweden, and Inha University Hospital,
Incheon, Korea, and was performed in accordance with the
Helsinki Declaration and The International Conference on
Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) Guideline for Good
Clinical Practice. After receiving written and oral informa-
tion about the study, subjects were interviewed concerning
their medical history and screened with general clinical lab-
oratory tests. Subjects were requested to refrain from taking
other medications for one week and from consuming alcohol,
caffeinated products, and grapefruit juice for 2 days before
the study started.

CYP2C9 phenotyping

The subjects received the Karolinska cocktail that included
five probe drugs (omeprazole, caffeine, quinine, debriso-
quine, and losartan) and the drugs were given at different
time-points to overcome the interaction risks (Christensen
et al., 2003). The active metabolite of losartan, E-3174,
is formed mainly by CYP2C9 and to a minor extent by
CYP3A4. After an overnight fast, losartan 50 mg (Cozaar;
Merck, Darmstadt Germany) was given in the morning as a
single oral dose. Urine was collected during 8 hours after
drug intake and 10 mL aliquots was stored at - 20�C until
HPLC analyses of losartan and E-3174 were performed as
described previously (Yasar et al., 2002b).

CYP2C9 genotyping

Blood samples were collected in EDTA tubes and stored
at - 20�C. The samples from Korea were packed in dry ice
and sent to Sweden for analyses. Genomic DNA was ex-
tracted from the leukocytes using QiAmp DNA Blood Kit
(Qiagen, Hilden, Germany). Genotyping for CYP2C9*2 and
CYP2C9*3 was done using Taqman assays (Sandberg et al.,
2004). In addition, genotyping for CYP2C9*13 was done in
Koreans by a PCR-restriction fragment length polymorphism
(RFLP) method using the restriction enzyme PspGI (Bae
et al., 2005).

Statistical analysis

Chi square test was used to compare the observed and ex-
pected allele frequencies according to the Hardy–Weinberg
equilibrium. The metabolic ratio (MR) was determined by
dividing the molar concentration of losartan/metabolite
E-3174. CYP2C9 MR data were log-transformed before
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application of statistical analysis. Distribution of log
CYP2C9 MR between Swedes and Koreans is presented in
histograms. Independent tests were done to compare log
CYP2C9 MR between the two study populations and strati-
fied by CYP2C9 genotype. In cases where Levene’s test
for variance was greater than 0.05, equal variance was as-
sumed, otherwise unequal variance was assumed. Analysis of
variance was used to evaluate the effect of genotype on
MR. Univariate linear regression analyses were used to
identify the individual effect of age, gender, weight, geno-
type, smoking habit and ethnicity on CYP2C9 MR. Predictor
variables that resulted in p-value < 0.2 were entered into a
stepwise multivariate regression analysis to identify signifi-
cant predictors in the final model. Graphical representation
and statistical analyses were performed using Statistica,
version 12 (StatSoft Inc, Tulsa, OK, USA) and SPSS Statis-
tics (IBM Corporation, Somers, NY) software, version 22.0
respectively. P values < 0.05 were considered to be statisti-
cally significant.

Results

Among the Swedish subjects there were 85 males and 63
females. The mean age for Swedes was 31 – SD 9 years. The
mean weight was 72 – SD 12 kg. Twenty-nine subjects were
classified as daily smokers. Among the Korean subjects, the
mean age was 25 – SD 4 years and the mean weight was
62 – SD 12 kg. There were 74 male and 72 female partici-
pants in the study, with 27 subjects classified as daily
smokers. In one subject, no data on smoking habit was
available.

Comparison of CYP2C9 genotypes between Swedes
and Koreans

The observed CYP2C9 genotype and allele frequency
between Swedes and Koreans is presented in Table 1. The
frequency of CYP2C9 defective variant alleles (*2 and *3)
was significantly higher in Swedes than Koreans. One Korean
subject was genotyped as CYP2C9*1/*13. The Swedes were
not screened for CYP2C9*13 as it is mainly reported in Asian
populations. Previously we found a significant relationship

between an intronic SNP IVS8-109A > T with a lower
CYP2C9 activity in Swedes (Hatta et al., 2012). In the present
study, we extended the investigation by screening for this
mutation in individuals with CYP2C9 alleles *2 and *3. Our
result showed that IVS8-109A > T was not linked to CYP2C9
alleles *2 or *3 in the Swedish subjects.

The frequency distribution of genotype-deduced CYP2C9
phenotype was significantly different between the two pop-
ulations (Chi square p < 0.001). The frequency of CYP2C9
extensive (*1/*1), intermediate (heterozygous *2 or*3), and
poor metabolizers (homozygous for defective variant alleles)
in Swedes was 59%, 36%, and 5%, respectively; whereas the
corresponding frequency in Koreans was 88%, 12%, and 0%,
respectively.

Comparison of CYP2C9 phenotype between
Swedes and Koreans

Frequency distribution of log CYP2C9 MR (losartan/
E-3174) between Swedes and Koreans is presented in Figure 1.
The median CYP2C9 MR was significantly higher in Swedes
as compared to the Koreans (1.02 vs. 0.57, Mann-Whitney;
p < 0.0001). The mean log CYP2C9 MR was significantly
higher in Swedes than Koreans (independent t-test, p < 0.0001;
mean difference = - 0.28, SE for differences = 0.03, 95%
Confidence Interval of the mean difference = - 0.34 to - 0.21,
not assuming equal variances, Levene’s test for equality of
variances p = < 0.05). Having the same CYP2C9 genotype,
Swedes displayed significantly higher CYP2C9 MR than
Koreans (Fig. 2). Considering CYP2C9*1/*1 genotypes only,
the mean log CYP2C9 MR remained significantly higher in
Swedes than Koreans (independent t-test p < 0.0001; mean
difference = - 0.18, SD for differences = 0.03, 95% Con-
fidence Interval of the mean difference = - 0.24 to - 0.12).

Effect of CYP3A4 on the production of losartan
metabolite E-3174

Both the Koreans and Swedish study participants were
previously phenotyped for CYP3A4 enzyme activity using
quinine as probe drug and 4 beta-hydroxycholesterol as en-
dogenous marker for CYP3A4 activity (Diczfalusy et al.,

Table 1. Comparisons of CYP2C9 Genotype and Allele Frequencies (%)

Between Swedes and Korean Populations

Swedish (n = 148) Koreans (n = 146)

CYP2C9 Genotype Observed frequency 95% Confidence Interval Observed frequency 95% Confidence Interval

*1/*1 0.588 (87/148) 0.509, 0.666 0.877 (128/146) 0.823, 0.930
*1/*2 0.162 (24/148) 0.103, 0.222 0 –
*1/*3 0.196 (29/148) 0.132, 0.260 0.116 (17/146) 0.064, 0.168
*1/*13 n.d – 0.007 (1/146) 0, 0.169
*2/*2 0.012 (2/148) 0.005, 0.032 0 –
*2/*3 0.027 (4/148) 0.001, 0.053 0 –
*3/*3 0.014 (2/148) 0.005, 0.032 0 –

CYP2C9 allele
CYP2C9*1 0.767 0.719, 0.815 0.938 0.911, 0.966
CYP2C9*2 0.108 0.073, 0.244 0 n.d
CYP2C9*3 0.125 0.087, 0.163 0.582 0.031, 0.083
CYP2C9*13 n.d 0.34 0, 0.101

*n.d, not determined.
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2008). A previous study in human liver microsomes indicated
contribution of CYP3A4, in addition to CYP2C9, for the
formation of E-3174 from losartan (Stearns et al., 1995).
However an in vivo study showed that ketoconazole, an in-
hibitor of CYP3A4, has no effect on the metabolism of lo-
sartan to E-3174 (McCrea et al., 1996). Likewise we found
no significant correlations between log plasma losartan/E-

3174 ratio and log plasma quinine/3-hydroxyquinine ratio in
both Swedes (Spearman’s correlations two-tailed, p = 0.61)
and Koreans ( p = 0.87). Similarly no correlation between
losartan/E-3174 ratio and 4 beta-hydroxycholesterol was
found in Swedes ( p = 0.56) and Koreans ( p = 0.93).

Factors predicting variation in CYP2C9 enzyme activity

Data from the two study populations were merged for
statistical analysis and linear regression analysis was applied
to identify significant predictors of CYP2C9 phenotype
(Table 2). Univariate regression analysis was first performed
to identify individual effect of the predicting variables on
CYP2C9 MR. Ethnicity was a significant predictor of var-
iation in CYP2C9 MR ( p < 0.0001). Similarly, CYP2C9
genotype was a strong significant predictor of CYP2C9
enzyme activity in overall study population ( p < 0.0001).
Smoking was a significant predictor for log CYP2C9 MR
( p = 0.009). The enzyme activity was higher in smokers
than non-smokers both in Koreans ( p = 0.003) and Swedes
( p = 0.057) (Fig. 3). Significant positive correlation of weight
and age with log CYP2C9 MR was also observed in the overall
study population.

A multivariate stepwise discriminant regression analysis
was performed to identify independent predicting factors
while controlling for the effect of all variables. All predicting
variables with p < 0.2 in the univariate analysis were included
in the multivariate analysis. Stepwise multivariate regression
analysis indicated that CYP2C9 genotype, ethnicity, and
smoking as significant predictors of CYP2C9 MR, accounted
together for 50% of the variance ( p = 0.004). CYP2C9 ge-
notype alone explained 40% (step 1) and CYP2C9 genotype
together with ethnicity explained 48% (step 2) of between
subject variability in CYP2C9 enzyme activity. The effect of
smoking was minor but significant to be retained in the
model. Both age and weight were not significant predictors of
CYP2C9 enzyme activity in the final multivariate model.

We also performed univariate and multivariate analysis in
each study population separately. In Koreans, CYP2C9 ge-
notype ( p < 0.0001) and smoking ( p = 0.003) were significant
predictors in a univariate analysis, whereas sex ( p = 0.08) and
weight ( p = 0.14) had marginal effect. In a stepwise multi-
variate analysis only CYP2C9 genotype and smoking were
significant predictors of CYP2C9 MR explaining 31.0% of all
the variance. CYP2C9 genotype alone accounted for 26.6%
of the variance in CYP2C9 MR among Koreans.

In Swedes, CYP2C9 genotype ( p < 0.0001) was the only
significant predictor of CYP2C9 MR, whereas sex ( p = 0.08)
and smoking ( p = 0.057) had marginal effect in a univariate
analysis. But in a stepwise multivariate analysis, CYP2C9
genotype was found to be the only significant predictor of
CYP2C9 MR explaining 39.6% of the total variance.

Discussion

We investigated the relative importance of ethnicity for
CYP2C9 enzyme activity, considering the effect of other
confounding factors such as genotype, age, gender and cig-
arette smoking. Our result indicates that overall Swedes
display lower CYP2C9 enzyme activity compared to Kore-
ans, which remained significant even after controlling for the
effect of genotype. In both populations, CYP2C9 genotype is
the most significant predictor of CYP2C9 enzyme activity but

FIG. 1. Comparisons of frequency distribution of log lo-
sartan/E-3174 between 148 Swedish and 146 Korean sub-
jects participating in this study. MR = metabolic ratio;
MR = 1 is indicated as an arbitral vertical line.

FIG. 2. Comparisons of frequency distribution of log lo-
sartan/E-3174 ratio between Swedes and Koreans stratified
by CYP2C9 genotype. CYP2C9*2 was not detected in
Koreans. MR = 1 is indicated as an arbitral vertical line.
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its contribution in explaining the total variance in enzyme
activity is much lower in Koreans (27%) than Swedes, where
it accounts for *40% of the variance. Our result indicates
that apart from genotype, ethnicity and environmental fac-
tors such as smoking are relevant for CYP2C9 enzyme ac-
tivity. The frequency of CYP2C9 defective variant alleles is
significantly higher in Swedes than Koreans. Hence, it is
anticipated that CYP2C9 enzyme activity would be much
lower in Swedes than Koreans and the observed significant
variation in CYP2C9 enzyme activity between the two
populations could be due to pharmacogenetic variation be-
tween the two populations. However, in both CYP2C9 *1/*1
and *1/*3 genotype groups, Swedes still displayed signifi-
cantly lower enzyme activity than Koreans (Fig. 2). This
indicates that CYP2C9 genetic polymorphisms significantly
contribute to, but not fully explain, the observed inter-ethnic
variability in CYP2C9 enzyme activity.

The finding of higher CYP2C9 enzyme activity in Koreans
compared to Swedes, regardless of CYP2C9 genotype, might
be due to un-identified genetic, epigenetic, or environmental
factors such as differences in dietary habits between the two
populations. Inhibition of CYP3A4 or CYP2C9 enzymes
activity by spices, beverages, including grapefruit, pome-
granate, cranberry and pineapple juice, and flavonoids is

documented (Hidaka et al., 2008; Kimura et al., 2010; Si
et al., 2009; Srinivas, 2013). However based on our result, it
is plausible to assume that CYP2C9 enzyme in Koreans is
rather induced by regular dietary constituents present in
Korean food that are not commonly consumed in Sweden.
Actually a recent study from Korea reported that capsaicin,
the principal pungent ingredient in hot red and chili peppers,
induces CYP3A4 expression both in vitro and in vivo via
human pregnane X receptor (hPXR) and C/EBPb activation
(Han et al., 2012). Another study from Japan also reported the
induction of p-glycoprotein (P-gp) by capsaicin (Okura et al.,
2010). The authors concluded that regular exposure to dietary
ingredient containing capsaicin increases the metabolism
of CYP3A4 substrate and P-gp potentially to cause food–
drug interactions ( Han et al., 2012; Okura et al., 2010). Hot
red and chili peppers are common spices in regular Korean,
Indian, Thai, and Ethiopian food.

Interestingly, we previously reported high CYP3A4 en-
zyme activity in Koreans (Diczfalusy et al., 2008) and
Ethiopians (Gebeyehu et al., 2011) as compared to Swedes.
We found that the contribution of CYP3A4 compared to
CYP2C9 to the formation of E-3174 is negligible. This
finding is also supported by a previous study reporting no
significant effect of CYP3A4 for the systemic conversion of
losartan to E-3174 (McCrea et al., 1996). Lack of correla-
tion between the losartan/E-3174 and quinine MR or 4 beta-
hydroxycholesterol confirms that plasma losartan/E-3174
ratio is a specific marker for CYP2C9 enzyme activity and it
does not reflect CYP3A4 enzyme activity in human.
Therefore the differences in plasma losartan/E-3174 ratio
between the two study populations reflects differences in
CYP2C9 enzyme activity but not differences in CYP3A
enzyme activity.

Since induction of both CYP2C9 and CYP3A enzymes by
drugs such as rifampicin, hyperforin (found in St. John’s
wort), and phenobarbital is mediated via activation of
hPXR (Chen et al., 2004), it is highly likely that regular
dietary components such as capsaicin, which also is a ligand
for hPXR (Han et al., 2012), induce CYP2C9 enzyme (in
Koreans), but this needs further investigation. One limitation
of this study is the lack of further information on the daily
basic diet consumed by the Koreans and Swedes. Presumably
the Swedish and Korean subjects are accustomed to locally
available foods in their respective countries.

Compared to ethnicity and genotype, the contribution of
smoking on CYP2C9 enzyme activity is minor but significant.

Table 2. Univariate and Stepwise Multivariate Linear Regression Analysis to Identify Factors

That Predict Log CYP2C9 Metabolic Ratio in Swedes and Koreans

Univariate analysis Multivariate analysis

Predictor variable Beta(SE of beta) p-value Beta(SE of beta) p-value

Age 0.007 (0.002) 0.005 0.007 (0.002)
Weight 0,003 (0.001) 0.019 0,003 (0.001)
Ethnicity 0.28 (0.032) < 0.0001 0.18 (0.027) < 0.0001
Sex 0.044 (0.036) 0.23 0.044 (0.036)
Smoking - 0.12 (0.046) 0.009 - 0.096 (0.033) 0.004
CYP2C9 genotype 0.21 (0.015) < 0.0001 0.18 (0.014) < 0.0001

Data from the two study population were merged for the analysis and variables with p value < 0.2 in the univariate analysis were added in
the multivariate analysis.

FIG. 3. Comparisons log losartan/E-3174 ratio between
smokers and non-smokers in Koreans and Swedes using
independent t-test.
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The impact of smoking on CYP2C9 MR was significant,
particularly in Koreans, but its effect in Swedes was mar-
ginal. Polycyclic aromatic hydrocarbon (PAH) from cigarette
smoke activates CYP3A4 trough PXR (Luckert et al., 2013),
which is also a regulator for CYP2C9 (Chen et al., 2004). A
previous study demonstrated the effect of PAHs on the ac-
tivation of CYP2C enzymes (Degawa et al., 1994). In
bronchial biopsies of smokers, CYP2C9 is significantly in-
duced compared to non-smokers (Thum et al., 2006).
However, the effect of smoking on CYP2C9 enzyme ac-
tivity is inconsistent (Kim et al., 2006; Llerena et al., 2014).
Although age and body weight were significant predictors of
CYP2C9 enzyme activity in a univariate analysis, the con-
tribution of these variables did not reach significance in the
multivariate analysis. The effect of sex on CYP2C9 enzyme
activity was also not significant. It is well known that oral
contraceptives inhibit CYP2C9 enzyme activity (Sandberg
et al., 2004). Thus in the present study women on OC use
were excluded. Similar to our finding, no significant effect
of sex on CYP2C9 enzyme activity and losartan pharma-
cokinetics is reported (Cabaleiro et al., 2013; Sica et al.,
2005). A recent study highlighted the role of sex for the
activity of CYP2C9, but the authors described the lack of
information about the females’ consumption of oral con-
traceptives as limitation of their findings (Llerena et al.,
2014). The existing inconsistent findings about the rele-
vance of age, smoking, and sex on CYP2C9 enzyme activity
warrants further well-controlled studies.

Our study may have clinical relevance since the observed
ethnic differences in CYP2C9 enzyme activity may possibly
result in between population variability in clinical outcome
and treatment safety profile. The optimal dose of warfarin,
the most widely used oral anticoagulant metabolized by
CYP2C9, varies among individuals, and the prediction of a
maintenance dose is difficult (Dang et al., 2005). There have
been extensive studies on the difference of prescribing dos-
age of warfarin among Asians and Caucasians. Contrary to
what is expected from our findings, studies on warfarin show
that maintenance doses in Asians are 30%–50% lower than in
Caucasians (Takahashi et al., 2006; Tatsuno & Tatsuno,
2014). However, it is well known that the warfarin mainte-
nance dose is also dependent on the activity of another ge-
netically polymorphic gene that encodes for vitamin K
epoxide reductase complex subunit-1, VKORC1 and other
factors such as age, co-morbidity, concurrent medication, and
diet (Takahashi et al., 2006). A study by Teh et al., showed
that age and genetic variants of CYP2C9 and VKORC1 ac-
count for nearly 37% of the variability in warfarin dose in
Malaysian subjects (Teh et al., 2012).

A CYP2C9 and VKORC1 pharmacogenetic-based warfarin
dosage recommendation is developed and genotyping before
using warfarin is thought to be promising to optimize war-
farin dosing. However warfarin dose requirements vary
across ethnic groups even after being adjusted for con-
founding genetic factors, indicating the relevance of envi-
ronmental factors (Kimmel et al., 2013; Stergiopoulos and
Brown, 2014; Tatsuno and Tatsuno, 2014). Pharmacogenetic
dosing algorithms incorporating the CYP2C9 and VKORC1
genotype account for at least * 40% of the variability in
warfarin dose in Caucasians, whereas they only explain
*20% in people of African descent, largely due to the lower
frequencies of these alleles in the latter population (Wadelius,

2014). Similarly we found that the relative importance of
CYP2C9 genotype in explaining variations in enzyme ac-
tivity is much lower in Koreans than Swedes. Thus, the rel-
evance of environmental factors for enzyme activity and dose
recommendations may be higher in populations where the
defective variant allele frequency is lower. In these popula-
tions, environmental factors such as dietary habits are equally
important to consider and a universal genotype-based dosing
algorithm may not be applicable to all populations. Indeed, a
possible role of dietary factors and herbal medicines for in-
stability of anticoagulation in warfarin-treated patients is
well described (Greenblatt and von Moltke, 2005; Srinivas,
2013; Wells et al, 1994).

Ethnic differences in drug metabolizing enzyme activity
may result in variation in treatment outcome, type, and se-
verity of adverse event between populations receiving the
same treatment (Ngaimisi et al., 2013). Importance of eth-
nicity for the activity of major drug metabolizing enzymes is
well documented. Previously we reported higher CYP2A6
(Djordjevic et al., 2013), CYP1A2 (Ghotbi et al., 2007), and
CYP2C19 (Ghotbi et al., 2007) enzyme activity in Swedes
compared to Koreans. In contrast, Koreans display higher
CYP3A (Diczfalusy et al., 2008) and NAT2 enzyme activity
than Swedes (Djordjevic et al., 2012). By comparing the
same population living in different geographical locations,
it was reported that CYP2D6 (Aklillu et al., 2002) and
xanthine oxidase (Aklillu et al., 2003) activities are signif-
icantly influenced by environmental factors, but no such
effect was found for CYP2C19 or CYP2A6 (Aklillu et al.,
2014).

To our knowledge there is only one study that compared
CYP2C9 phenotype between populations using the same
study design, in Hispanics, where the Cuban Mestizos
showed a lower metabolic activity compared to other Latin
American populations (Llerena et al., 2014). Apart from
warfarin, yet little information is available regarding clini-
cal importance of ethnicity for other CYP2C9 substrate
drugs. One previous study found no significant difference
in tolbutamide dosage requirement between Japanese and
Caucasian Americans (Gross et al., 1999). However, future
comparative studies are required to elucidate the impact
of ethnicity on between population differences in dosage
requirement for other CYP2C9 substrate drugs such as
phenytoin.

Conclusion

In summary, we report significant ethnic differences in
CYP2C9 enzyme activity between Swedes and Koreans,
mainly but not entirely due CYP2C9 pharmacogenetic vari-
ations between the two populations. The genetic, epigenetic,
or environmental basis for this difference remains to be
identified. CYP2C9 genotype, ethnicity, and smoking are
major determinants of CYP2C9 enzyme activity. We em-
phasize the importance of ethnicity, genotype, and smoking
to be considered for population-specific dosage recommen-
dations of narrow therapeutic index drugs metabolized by
CYP2C9, such as warfarin.
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