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ABSTRACT
Treatment response to clopidogrel is associated with CYP2C19 activity through 
the formation of the active H4 metabolite. The aims of this study were to develop 
a physiologically based pharmacokinetic (PBPK) model of clopidogrel and its me-
tabolites for populations of European ancestry, to predict the pharmacokinetics in 
the Japanese population by CYP2C19 phenotype, and to investigate the effect of 
clinical and demographic factors. A PBPK model was developed and verified to de-
scribe the two metabolic pathways of clopidogrel (H4 metabolite, acyl glucuronide 
metabolite) for a population of European ancestry using plasma data from published 
studies. Subsequently, model predictions in the Japanese population were evaluated. 
The effects of CYP2C19 activity, fluvoxamine coadministration (CYP2C19 inhibitor), 
and population-specific factors (age, sex, BMI, body weight, cancer, hepatic, and renal 
dysfunction) on the pharmacokinetics of clopidogrel and its metabolites were then 
characterized. The predicted/observed ratios for clopidogrel and metabolite exposure 
parameters were acceptable (twofold acceptance criteria). For all CYP2C19 pheno-
types, steady-state AUC0-τ of the H4 metabolite was lower for the Japanese (e.g., 
EM, 7.69 [6.26–9.45] ng·h/ml; geometric mean [95% CI]) than European (EM, 24.8 
[20.4–30.1] ng·h/ml, p < .001) population. In addition to CYP2C19-poor metabolizer 
phenotype, fluvoxamine coadministration, hepatic, and renal dysfunction were found 
to reduce H4 metabolite but not acyl glucuronide metabolite concentrations. This is 
the first PBPK model describing the two major metabolic pathways of clopidogrel, 
which can be applied to populations of European and Japanese ancestry by CYP2C19 
phenotype. The differences between the two populations appear to be determined 
primarily by the effect of varying CYP2C19 liver activity.
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1  |  INTRODUC TION

Ethnic diversity in drug exposure and response is an important con-
sideration in global drug development. One of the key sources of in-
trinsic pharmacokinetic variability is genetic polymorphisms of drug 
metabolizing enzymes and differences in the prevalence of variant 
alleles associated with altered enzyme function in different popu-
lations.1 Among the many drug metabolizing enzymes, inter-ethnic 
differences in the frequency of variant CYP2C19 alleles of functional 
consequence are well recognized.2

CYP2C19 is involved in the metabolism of a number of drugs used 
routinely in clinical practice including antidepressants (e.g., citalo-
pram), and protein pump inhibitors (e.g., omeprazole).3,4 CYP2C19*2 
and CYP2C19*3 are the most common alleles with decreased activ-
ity, while CYP2C19*17 is associated with increased CYP2C19 activ-
ity.5 The frequencies of the decreased activity CYP2C19 alleles are 
much lower in populations of European ancestry (14.7% and 0.2%, 
respectively) than East Asian populations (28.3% and 7.3%, respec-
tively). By contrast, the increased activity allele (CYP2C19*17) is 
more common in European (21.6%) than East Asian (2.1%) popula-
tions.6,7 Consequently, inter-ethnic differences in the pharmacoki-
netics of CYP2C19 substrates have been observed.4,8

Clopidogrel is an antiplatelet drug that is widely used to reduce 
the risk of thrombosis, myocardial infarction, and mortality in pa-
tients with acute coronary syndromes (ACS) and those undergoing 
percutaneous coronary intervention (PCI).9 Clopidogrel is a prodrug 
that is rapidly absorbed, with an absorption of at least 50% based on 
metabolite data in the urine.10 A large proportion of the absorbed 
drug is metabolized (about 85%) by carboxylesterase 1 (CES1) to 
form clopidogrel carboxylic acid, which is then glucuronidated via 
UGT2B7 to the inactive acyl glucuronide, a potent CYP2C8 inhibi-
tor.11 The remaining proportion of the drug (15%) is metabolized by 
CYP2C19, CYP2B6, and CYP1A2 to form 2-oxo-clopidogrel, which 
is further metabolized to the pharmacologically active thiol H4 me-
tabolite (Figure 1).12

Treatment response to clopidogrel is strongly associated with 
CYP2C19 activity through the formation of the H4  metabolite.9 
ACS patients with CYP2C19 decreased activity alleles have signifi-
cantly lower concentrations of the active H4  metabolite, dimin-
ished platelet inhibition, and a higher rate of adverse cardiovascular 
events indicating lesser efficacy.8,13 In 2010, the US Food and Drug 
Administration (FDA) added a boxed warning to the Product 
Information for clopidogrel on reduced antiplatelet effects in in-
dividuals with two loss-of-function CYP2C19 alleles (*2, *3).10,14,15 
Since there is a higher prevalence of CYP2C19 decreased activity 
alleles in populations of East Asian and Pacific Islander ancestry, this 
places these populations at a higher risk for lack of efficacy and car-
diovascular events at the currently recommended doses.

The use of newer antiplatelet drugs such as ticagrelor or prasu-
grel is recommended for subjects who carry the reduced function 
CYP2C19 alleles.15,16 In Japan, however, the use of clopidogrel is still 
recommended for preventing reinfarction following PCI in patients 
with ACS,17 even though about 75% of Japanese patients with ACS 
carry at least one CYP2C19 decreased activity allele.18 At present, 
the same dose of oral clopidogrel (ACS, 300 mg loading dose fol-
lowed by 75 mg once daily; recent myocardial infarction/stroke or 
established peripheral arterial disease, 75 mg once daily) is recom-
mended in the United States, Europe, and markets in East Asia, in-
cluding Japan.19

Physiologically based pharmacokinetic (PBPK) modelling is a key 
component of model-informed drug development (MIDD) and can 
be used to comprehensively investigate factors influencing drug 
exposure by considering the drug's physiochemical properties and 
human physiological variables (e.g., body weight, organ size, fre-
quency of drug metabolizing enzymes).20 PBPK models have been 
developed to describe the pharmacokinetics of clopidogrel and 
its metabolites in healthy populations of European ancestry.21-23 
However, it is unclear whether these PBPK models can predict the 
pharmacokinetics of clopidogrel and metabolites in the Japanese 
population. Therefore, the aims of this study were (i) to develop and 
verify a PBPK model including the two major metabolic pathways 
of clopidogrel in a population of European ancestry, (ii) to apply and 
evaluate the final PBPK model in a Japanese population, and (iii) to 
investigate the effect of CYP2C19 activity and various other intrin-
sic factors on the formation of active and inactive metabolites of 
clopidogrel.

2  |  METHODS

2.1  |  PBPK model development and evaluation

A minimal PBPK model for clopidogrel and its four metabo-
lites (carboxylic acid metabolite, acyl glucuronide metabolite, 
2-oxo-clopidogrel metabolite, and H4  metabolite) was developed 
using the Simcyp Simulator v18.2 (Simcyp Division, Certara UK 
Limited, Sheffield, UK). Figure 2 provides an overview of the model 
building strategy, which was developed in accordance with the rec-
ommended best practices for building, evaluating, and reporting 
PBPK models for regulatory submissions24-26 (see Supplementary 
Methods).

PBPK model performance was evaluated by comparing simu-
lated model-derived pharmacokinetic estimates (tmax, time to reach 
peak plasma concentration; Cmax, peak plasma concentration; AUC, 
area under plasma concentration–time curve) with observed phar-
macokinetic parameters.23,27-30  The predicted/observed ratio of 

K E Y W O R D S
clopidogrel, CYP2C19, inter-ethnic differences, metabolites, PBPK modelling
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pharmacokinetic parameters was calculated. An acceptance crite-
ria of 0.5- to 2.0-fold was applied indicating that predictions were 
within a twofold range of the observed values.24 The predictive per-
formance of the model was also assessed by visual inspection of the 
overlaid predicted and observed pharmacokinetic profiles (geomet-
ric mean, 90% prediction interval).

2.1.1  |  Clinical data

Mean concentration–time profiles of clopidogrel,23,28 the carbox-
ylic acid metabolite,19,28 the acyl glucuronide metabolite,23 and the 
H4 metabolite29,30 in subjects predominately of European ancestry 
were obtained from the literature to develop and verify the predic-
tive performance of the PBPK model (Table 1) using WebPlotDigitizer 
v4.1 (Automeris LLC. San Francisco, California, USA).31

The pharmacokinetics of the H4 metabolite by CYP2C19 phe-
notype for the extensive metabolizers (EMs; CYP2C19*1/*1), inter-
mediate metabolizers (IMs; CYP2C19*1/*2, CYP2C19*1/*3), and poor 
metabolizers (PMs; CYP2C19*2/*2, CYP2C19*2/*3, CYP2C19*3/*3) 
were evaluated in healthy subjects of European27 and Japanese 
ancestry.30 Simulations of the pharmacokinetics of clopidogrel 
and its metabolites for CYP2C19 UMs (UMs;CYP2C19*1/*17, 
CYP2C19*17/*17) were also conducted, but results could not be com-
pared against clinical data, as only data from subjects of European 
ancestry were available.8

2.1.2  |  The CES1 metabolic pathway

The CES1-mediated metabolic pathway was built using clopidogrel 
and carboxylic acid metabolite concentration–time data following an 

F I G U R E  1 The metabolic pathways of clopidogrel
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intravenous (IV) dose of clopidogrel.28 The data obtained from Cushing 
et al.28 were split into a training dataset (IV clopidogrel doses; 0.1, 1, 
30, and 300 mg) to develop the model and a verification dataset (IV 

clopidogrel doses; 10 mg and 100 mg) to evaluate the performance 
of the model. The initial estimate of CES1-mediated clearance was 
based on a previous study,32 and optimized using IV data.28 Additional 

F I G U R E  2 Workflow used for the PBPK model development and verification in populations of European ancestry, model application 
(extrapolation to a Japanese population) as well as simulations to investigate the effect of CYP2C19 activity, and other intrinsic factors on 
the pharmacokinetics of clopidogrel and its metabolites



    |  5 of 19DUONG et al.

TA
B

LE
 1
 
Su
m
m
ar
y 
of
 th
e 
cl
in
ic
al
 d
at
a 
in
 h
ea
lth
y 
su
bj
ec
ts
 fr
om
 th
e 
lit
er
at
ur
e 
us
ed
 to
 b
ui
ld
 a
nd
 v
er
ify
 th
e 
PB
PK
 m
od
el
 o
f c
lo
pi
do
gr
el
 a
nd
 it
s 
m
et
ab
ol
ite
s 
(th
e 
ca
rb
ox
yl
ic
 a
ci
d 
m
et
ab
ol
ite
, a
cy
l 

gl
uc
ur
on
id
e 
m
et
ab
ol
ite
, a
nd
 th
e 
H
4 
m
et
ab
ol
ite
)

Po
pu

la
tio

n
n

D
os

e 
an

d 
do

sa
ge

 fo
rm

Co
nc

en
tr

at
io

n-
tim

e 
da

ta
CY

P2
C1

9 
ph

en
ot

yp
e

D
at

a 
us

e
Re

fe
re

nc
e

96
%
 C
au
ca
si
an

4%
 A
fr
o-
C
ar
ib
be
an

18
O

ra
l: 

30
0 

m
g 

lo
ad

in
g 

th
en

 
75
 m
g 

on
ce

 
da

ily

H
4 
m
et
ab
ol
ite

N
ot
 re
po
rt
ed

M
od
el
 d
ev
el
op
m
en
t

Fa
rid

 e
t a

l.29

94
%
 C
au
ca
si
an
,

6%
 A
fr
ic
an

96
IV
 b
ol
us
: 0
.1
, 

1,
 3
0 
m
g

IV
 in
fu
si
on
: 

30
0 

m
ga

C
lo
pi
do
gr
el
, c
ar
bo
xy
lic
 a
ci
d 
m
et
ab
ol
ite

N
ot
 re
po
rt
ed

M
od
el
 d
ev
el
op
m
en
t

C
us

hi
ng

 e
t a

l.2
8

48
IV
 b
ol
us
: 

10
 m

g
IV
 in
fu
si
on
: 

10
0 

m
gb

C
lo
pi
do
gr
el
, c
ar
bo
xy
lic
 a
ci
d 
m
et
ab
ol
ite

N
ot
 re
po
rt
ed

M
od
el
 v
er
ifi
ca
tio
n

10
0%
 C
au
ca
si
an

9
O

ra
l: 

30
0 

m
g 

lo
ad

in
g 

th
en

 
75
 m
g 

on
ce

 
da

ily

C
lo
pi
do
gr
el
, a
cy
l g
lu
cu
ro
ni
de
 

m
et

ab
ol

ite
N
ot
 re
po
rt
ed

M
od
el
 d
ev
el
op
m
en
t a
nd
 v
er
ifi
ca
tio
n

To
rn

io
 e

t a
l.23

90
%
 C
au
ca
si
an
,

7%
 A
fr
ic
an
,

2%
 A
si
an
, 1
%
 

m
ix
ed

74
O

ra
l: 

30
0 

m
g

(s
in
gl
e 
do
se
)

H
4 
m
et
ab
ol
ite
 s
um
m
ar
yc

(C
m
ax
, A
U
C
0-
24
)

EM
 (*

1/
*1
) n

 =
 5
6

IM
 (*

1/
*2
) n

 =
 1
7

PM
 (*

2/
*2
) n

 =
 1

M
od
el
 v
er
ifi
ca
tio
n

Br
an
dt
 e
t a
l.2
7

10
0%
 J
ap
an
es
e

12
O
ra
l: 
75
 m
g

(s
in
gl
e 
do
se
)

C
ar
bo
xy
lic
 a
ci
d 
m
et
ab
ol
ite
s

N
ot
 re
po
rt
ed

M
od
el
 a
pp
lic
at
io
n

C
lo
pi
do
gr
el
 (P
la
vi
x)
 P
ro
du
ct
 In
fo
rm
at
io
n19

10
0%
 J
ap
an
es
e

27
O

ra
l: 

30
0 

m
g 

lo
ad

in
g 

th
en

 
75
 m
g 

on
ce

 
da

ily
O

ra
l: 

60
0 

m
g 

lo
ad

in
g 

th
en

 
15
0 
m
g 

on
ce

 
da

ily

H
4 
m
et
ab
ol
ite

EM
 (*

1/
*1
) n

 =
 9

IM
 (*

1/
*2
, *

1/
*3
) n

 =
 9

PM
 (*

2/
*2
, *

2/
*3
, *

3/
*3
) 

n 
=

 9

M
od
el
 a
pp
lic
at
io
n

Ko
ba
ya
sh
i e
t a
l.30

A
bb
re
vi
at
io
ns
: E
M
, e
xt
en
si
ve
 m
et
ab
ol
iz
er
; I
M
, i
nt
er
m
ed
ia
te
 m
et
ab
ol
iz
er
; P
M
, p
oo
r m
et
ab
ol
iz
er
.

a D
ur
at
io
n 
of
 in
fu
si
on
 w
as
 8
 m
in
.

b D
ur

at
io

n 
of

 in
fu

si
on

 w
as

 4
 m

in
.

c P
ha
rm
ac
ok
in
et
ic
 s
um
m
ar
ie
s 
fo
r t
he
 H
4 
m
et
ab
ol
ite
 w
er
e 
us
ed
 to
 c
om
pa
re
 o
bs
er
va
tio
ns
 b
y 
C
YP
2C
19
 p
he
no
ty
pe
.



6 of 19  |     DUONG et al.

elimination pathways of clopidogrel (P-glycoprotein) and carboxylic 
acid (UGTs) were investigated (see Supplementary Methods, Table S1).

2.1.3  |  The CYP450 pathways

CYP-mediated metabolism of clopidogrel was based on a previous 
PBPK model.21 As the 2-oxo-clopidogrel metabolite is also metabolized 
by CES1 (fm 50%), kinetic information was obtained from Zhu et al.32 
In addition, a sensitivity analysis was performed to confirm 50% me-
tabolism via the CES1 pathway in the population of European ancestry.

In Simcyp (v18.2), the mean CYP2C19 liver abundances for EM 
and PM individuals in the healthy European population (Sim-Healthy 
Volunteer) are 14 pmol/mg protein and 0 pmol/mg protein, respec-
tively. The mean CYP2C19  liver abundance for UM and IM indi-
viduals was set to 18 pmol/mg protein and 10 pmol/mg protein, as 
reported previously21 (see Table S2).

H4  metabolite pharmacokinetic data29 were used to optimize 
the H4 metabolite pharmacokinetic parameters. Results reported by 
Brandt et al.27 were used to verify the model predictions in subjects 
of European ancestry by CYP2C19 phenotype (EM, IM, and PM). Only 
H4 metabolite data were available to develop this pathway (Table S4).

2.2  |  Model application: Extrapolation to a 
Japanese population

The PBPK model was applied to a virtual Japanese population fol-
lowing a single oral dose of either 75 mg19 or 300/600  mg clopi-
dogrel to assess model performance for the prediction of carboxylic 
acid or the H4 metabolite,30 respectively.

The mean CYP2C19 liver abundance for EMs in the Sim-Japanese 
population was 4.1  pmol/mg protein (Simcyp v18.2). An approach 
used by Suzuki et al.,33 Zhou et al.,34 and Higashimori et al.35 to 
fit CYP2C19  substrates to Japanese data was to assume the same 
CYP2C19 liver abundance values for each CYP2C19 phenotype as the 
European population. This approach was used for the present analy-
sis to improve the pharmacokinetic predictions of the H4 metabolite 
in the Japanese population (see Table S2). The simulated clopidogrel 
and metabolite concentrations were compared with observed con-
centrations in Japanese subjects as published by Kobayashi et al.30

2.3  |  Simulations: Co-administration of 
clopidogrel and fluvoxamine in populations of 
European and Japanese ancestry

To investigate the contribution of CYP2C19 to the formation of the 
metabolites of clopidogrel, a drug–drug interaction (DDI) scenario 
was implemented with fluvoxamine.36 Fluvoxamine (Simcyp: SV-
Fluvoxamine) is a strong inhibitor of both CYP2C19 and CYP1A2 
and a moderate inhibitor of CYP3A and CYP2D6. The effect of 
coadministration of fluvoxamine (50  mg daily) with clopidogrel 

(300 mg loading dose followed by 75 mg daily) on the AUC for the 
dosing interval on Day 3 (AUC0-τ) was investigated by CYP2C19 
phenotype (EM, IM, and PM) in the general European (Simcyp: 
Sim-NEurCaucasian) and Japanese (Simcyp: Sim-Japanese) popu-
lations. Simulations were also performed for CYP2C19 UMs to 
compare the relative effect on the pharmacokinetics of clopi-
dogrel and its metabolites.

2.4  |  Simulation: Effect of intrinsic factors 
on the pharmacokinetics of clopidogrel, acyl 
glucuronide, and H4 metabolite

The effect of various intrinsic factors on the pharmacokinetics of 
clopidogrel and its metabolites was investigated using the Sim-
NEurCaucasian population as the comparator group (see Table S5). 
The population characteristics were 50% female, aged 20–50 years, 
BMI 18–29 kg/m2, renal function of eGFR > 90 ml/min, normal he-
patic function, and CYP2C19 PM frequency of 2.4%. The virtual pop-
ulation libraries in Simcyp (healthy geriatric population, Sim-Geriatric 
NEC; obese population, Sim-Obese; morbidly obese population, Sim-
Morbidly Obese; cancer population, Sim-Cancer; cirrhosis populations 
based on Child–Pugh scores for mild [Sim-CirrhosisCP-A], moderate 
[Sim-CirrhosisCP-B], and severe [Sim-CirrhosisCP-C] disease; renal 
impairment populations for moderate [Sim-RenalGFR_30-60] and 
severe [Sim-RenalGFR_less30] disease) were used to determine the 
steady-state AUC0-τ (Day 3) of clopidogrel, the acyl glucuronide me-
tabolite and the H4 metabolite in each population group following 
the standard dosage regimen (300 mg loading dose, 75 mg daily). The 
virtual population used to represent mild renal impairment (Stage 2 
renal function) was developed using the Sim-NEurCaucasian popula-
tion and modifying higher mean creatinine values (male, 114 µmol/L; 
female, 105 µmol/L to obtain a glomerular filtration rate (GFR) of 60–
90 ml/min/1.73 m2). The statistical analyses used to evaluate the ef-
fect of intrinsic factors are shown in the Supplementary methods.

2.5  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http://www.guide​topha​rmaco​logy.
org, the common portal for data from the IUPHAR/BPS Guide to 
PHARMACOLOGY,37 and are permanently archived in the Concise 
Guide to PHARMACOLOGY 2019/20.38

3  |  RESULTS

3.1  |  CES1 metabolic pathway

The final PBPK model parameter values are shown in Table 2 and 
a comparison of the present PBPK model with published PBPK 
models of clopidogrel is shown in Table  S3. The mean fraction of 

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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clopidogrel metabolized via each pathway (fm%) was 82% for CES1, 
3% for CYP1A2, 2% for CYP2B6, 2% for CYP2C19, and 11% for 
the additional pathway(s). Following a single IV clopidogrel dose of 
300 mg, the mean systemic plasma clearance of clopidogrel was 84 
L/h, which comprises a hepatic clearance of 61 L/h, metabolic renal 
clearance (renal CES1) of 13 L/h, and an additional clearance via 
other routes of 10 L/h.

The pharmacokinetic parameter values for the IV clopidogrel 
PBPK model were within the predefined acceptance criteria (Table 3). 
The observed concentration versus time profiles were within the 
90% prediction interval of the simulated profiles (Figure 3). Similarly, 
for the carboxylic acid metabolite, Cmax and AUC0-24 were within the 
acceptance criteria. In contrast, tmax was overpredicted for the 10 
and 100 mg doses (predicted/observed ratio of 2.28 and 2.63).

A first-order absorption model was used for the oral PBPK model 
of clopidogrel, with fa of 0.49 and ka of 1.0 L/h. Except for tmax, the 
predictions of the clopidogrel and the acyl glucuronide metabolite 
following a single oral dose of clopidogrel were within the accep-
tance criteria (Table 4).

3.2  |  CYP pathway

There were good predictions of H4 concentrations for the popu-
lation of European ancestry (Table 4). This CYP pathway was veri-
fied using a second dataset of European ancestry by predicting H4 
concentrations for each CYP2C19 phenotype.27  There was good 
agreement between the predicted concentrations for the European 
CYP2C19 EMs, IMs, and PMs and the concentrations observed 
by Brandt et al.27 (Table  4). The AUC0-τ of the H4 metabolite for 
CYP2C19 UMs was similar to that of the CYP2C19 EMs (Figure S1).

3.3  |  Predicting pharmacokinetics in Japanese

The observed and predicted tmax and Cmax of the carboxylic acid 
metabolite were highly variable and were underpredicted for the 
Japanese population19 (Table 5), although the predicted AUC0-48 val-
ues were within the acceptance criteria. Clopidogrel and other me-
tabolite concentrations were not reported for this study19 (Table S6).

There was good agreement between the observed and predicted 
concentrations of the H4  metabolite by CYP2C19 phenotype in 
Japanese subjects following oral doses of either 300 mg or 600 mg 
clopidogrel (Figure 4). The pharmacokinetic parameters were within 
a twofold range of the observed parameters (Table 6). The PM/EM 
AUC0-24 ratio of the H4 metabolite for the Japanese population was 
well predicted at both the 300  mg and 600  mg clopidogrel doses 
(observed: 0.40 vs. 0.37, respectively; predicted:0.38 vs. 0.40, 
respectively).

Despite accounting for CYP2C19 phenotype, the H4 metabolite 
AUC24 was significantly lower for the Japanese population (300 mg 
Day 1; CYP2C19 EM, 26 [22–32] ng·h/ml; geometric mean [95% CI]; 
Table  6) than for the European population of the same CYP2C19 

phenotype (73 [60–88] ng·h/ml; Table 4). In a sensitivity analysis for 
body weight (see Figure S2), the steady-state AUC0-τ of the H4 me-
tabolite was independent of body weight and was found to be lower 
than the European population for any of the CYP2C19 phenotypes.

3.4  |  Effect of CYP2C19 inhibitor fluvoxamine

Coadministration of fluvoxamine (50  mg daily) with clopidogrel 
(300 mg loading dose followed by 75 mg daily) reduced the steady-
state AUC0-τ of the active H4 metabolite but had no effect on the 
steady-state AUC0-τ of clopidogrel and the acyl glucuronide me-
tabolite (Figure  5). The geometric mean H4 AUC0-τ ratio (clopi-
dogrel + fluvoxamine)/(clopidogrel only) for populations of European 
ancestry was 0.20 (0.17–0.23, 95% CI), 0.31 (0.26–0.37), and 0.31 
(0.26, 0.37) for CYP2C19 EM, IM, and PM, respectively. Similarly, the 
H4 AUC0-τ ratio for the effect of fluvoxamine in the Japanese popu-
lation was 0.11 (0.09–0.13), 0.12 (0.10–0.14), and 0.18 (0.15–0.22) 
for CYP2C19 EM, IM, and PM, respectively. Therefore, CYP2C19 
inhibition is similar for both the Japanese and European populations 
of the same phenotype.

3.5  |  Effect of intrinsic factors on clopidogrel, acyl 
glucuronide, and H4 metabolite

The effects of intrinsic factors on the steady-state AUC0-τ of clopi-
dogrel, the acyl glucuronide metabolite, and the H4 metabolite are 
shown in Figures  6-8 respectively. For clopidogrel, older age (age 
65–92  years) was associated with a significantly higher exposure 
(p  <  .001) and there was a trend towards higher acyl glucuronide 
concentrations; however, this did not reach significance (Figure 6). 
Obesity (BMI >35 kg/m2) was associated with a lower clopidogrel 
AUC0-τ (p < .001) but was not associated with changes in acyl glucu-
ronide (Figure 7) and H4 metabolite concentrations (Figure 8) rela-
tive to the Sim-NEurCaucasian population. For clopidogrel, the acyl 
glucuronide metabolite, and the H4 metabolite, there were no dif-
ferences for the AUC0-τ estimates between the Sim-NEurCaucasian 
and the Cancer population, which describes those with altered 
metabolic and organ function due to neoplastic diseases. Hepatic 
dysfunction (Child–Pugh B and C) and renal dysfunction (Stage 3 and 
Stage 4/5) were associated with significantly lower H4 exposures 
(Figure 8). Lastly, none of the intrinsic factors evaluated influenced 
the AUC0-τ of the acyl glucuronide metabolite (Figure 7).

4  |  DISCUSSION

CYP2C19 genotyping is recommended to predict response to clopi-
dogrel, guide the selection of antiplatelet therapy, and improve 
patient outcomes following percutaneous coronary intervention 
(PCI).39,40  This is particularly important in East Asian populations 
due to the higher frequency of CYP2C19 decreased activity alleles 
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TA B L E  2 Physiochemical and in vitro ADME parameters used for clopidogrel and its metabolites (carboxylic acid metabolite, acyl 
glucuronide metabolite, 2-oxo-clopidogrel metabolite, H4 metabolite) in the PBPK model

Parameters Clopidogrel Carboxylic acid Acyl glucuronide 2-oxo-clopidogrel H4 metabolite

Physiochemical 
properties

MW (g/mol) 321.822,23 307.834 483.922,23 337.821 355.821

Log P 2.5822,23 3.5434 1.3522,23 2.9621 3.6021

Compound type Monoprotic base22,23 Monoprotic acid34 Ampholyte22,23 Monoprotic acid21 Diprotic acid21

pKa/pKb 4.621 1.8134 2.65, 4.2322,23 3.4121 3.2, 5.121

Blood/plasma ratio 0.7221 1c 122,23 121 0.8221

fup 0.0221 0.1d 0.122,23 0.03121 0.01821

Absorption Absorption model First order — — — —

fa 0.49a — — — —

ka (1/h) 1.0a — — — —

Peff,man (10
−4 cm/s) 7.26b — — — —

fugut 0.0221 — — — —

Distribution Distribution model Minimal PBPK Minimal PBPK Minimal PBPK Minimal PBPK Minimal PBPK

Vss (L/kg) 522,23 0.20d 0.2522,23 0.121 0.14g

SAC: CLin (L/h)
CLout (L/h)
Vsac (L/kg)

1522,23

6022,23

3.98a

26.6d

4.1d

0.1d

2.0e

0.00001e

0.167 e

—
—
—

—
—
—

Elimination Elimination type Enzyme kinetics Enzyme kinetics CL 10 L/h (60% 
CV)22,23

Enzyme kinetics CL 90 L/hg 
(60% CV)

Enzymes CES1, HLS9
CLint 50 000

a

Tissue scalar (liver/
kidney) 1.0/0.1

UGT2B711

Vmax 50.5, KM 20.9 
fumic 0.8

CYP2B621

Vmax 2.48, Km 
1.62 fumic 0.18

CYP1A221

Vmax 2.27, Km 1.58, 
fumic 0.015

UGT2B1711

Vmax 511, KM 181, 
fumic 0.8

CYP2C1921

Vmax 9.06, Km 
12.1, fumic 0.18

CYP2B621

Vmax 7.66, Km 2.08, 
fumic 0.015

CYP2C921

Vmax 0.855, Km 
18.1, fumic 0.18

CYP2C1921

Vmax 7.52, Km 1.12, 
fumic 0.015

CYP3A421

Vmax 3.63, Km 
27.8, fumic 0.18

CES121

Vmax 210f, Km 2.4, 
fumic 1

Hepatic uptake 
scalar = 1

Hepatic uptake 
scalar = 1

Hepatic uptake 
scalar = 522

Hepatic uptake 
scalar = 2

Hepatic uptake 
scalar = 1

Additional systemic 
CL (L/h)

10

Note: References/data sources indicated in superscript.
Abbreviations: CLin, clearance into compartment; CLint, intrinsic clearance (µl/min/mg protein); CLout, clearance out from compartment; CV, 
coefficient of variation; fa, fraction available from dosage; fugut, fraction unbound in enterocytes; fumic, fraction unbound in microsomes; fup, fraction 
unbound in plasma; HLS9, human liver S9 fractions; ka, absorption rate constant; Km, Michaelis–Menten constant (µM); Log P, logarithm of the 
octanol–water partition coefficient (lipophilicity); MW, molecular weight; Peff,man, effective permeability in man; pKa/pKb, negative logarithm of the 
acid or base dissociation constant; SAC, single adjusting compartment; Vmax, maximum reaction velocity (pmol/min per pmol); Vsac, volume of single 
adjusting compartment; Vss, volume of distribution at steady state.
aParameter estimated using the Simcyp parameter estimation module based on mean IV carboxylic acid data.28
bSimcyp predicted effective permeability (Peff,man) in humans using the built-in mechanistic permeability (MechPeff) model.
cAssumed blood/plasma ratio of 1.
dParameter estimated using the Simcyp parameter estimation module based on mean IV carboxylic acid data.28
eParameter estimated using the Simcyp parameter estimation module based on mean oral acyl glucuronide data.23

fSensitivity analysis to ensure 50% fraction metabolized via CES1 using oral H4 metabolite data.29

gParameter estimated using the Simcyp parameter estimation module based on mean oral H4 metabolite data.29
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(*2, *3) compared to populations of European ancestry. In this analy-
sis, a PBPK model for clopidogrel and its metabolites was developed 
that can be used to evaluate the impact of CYP2C19 activity and 
other intrinsic factors on the pharmacokinetics of clopidogrel and its 
metabolites in populations of European and Japanese ancestry. The 
modeling approach outlined here also illustrates how one can ad-
dress clinical and regulatory questions in global drug development.

4.1  |  Comparisons with other clopidogrel PBPK 
models evaluated in populations of European ancestry

The present PBPK model of clopidogrel is an improvement to pub-
lished PBPK models that only describe one of the major metabolic 
pathways of clopidogrel.21-23 The model proposed by Djebli et al.21 
considered CYP2C19 phenotype; however, this model was built 
using the data from Simon et al.,8 which consisted of European 
(72.5%), Chinese (20%), and Japanese (7.5%) subjects.8 Moreover, 

potential ethnic differences in pharmacokinetics were not consid-
ered in the model, and a higher total clearance was obtained for the 
H4 metabolite (i.e., 500 L/h vs. 90 L/h). The reproducibility of our 
results is reflected by previous findings based on data from healthy 
Amish Caucasian individuals (n = 605),41 which estimated a similar 
H4 metabolite clearance (93 L/h).

A recently published PBPK model for clopidogrel by Liu et al.42 
considered both major metabolic pathways. However, the CES1-
mediated metabolism of clopidogrel (CES1 CLint 300 µl/min/mg 
protein42) contributed to 5% of the overall metabolism of clopi-
dogrel, which is not plausible given that CES1 is the major met-
abolic pathway. Another PBPK-PD model also investigated the 
influence of CES1 and CYP2C19, CYP3A4 and CYP2C9 activity 
on the H4 metabolite concentrations.43 Nonetheless, these mod-
els did not investigate metabolites formed via the CES1-mediated 
pathway (carboxylic acid, acyl glucuronide) or explored the ef-
fect of other intrinsic factors (age, sex, body weight, and organ 
impairment).42,43

F I G U R E  3 Simulated and observed plasma concentration versus time profiles of clopidogrel and the primary carboxylic acid metabolite 
in healthy subjects of European ancestry (sim-Healthy Volunteer) following single IV doses of clopidogrel. Four dose levels were used to 
develop the model (0.1 mg, 1 mg, 30 mg, and 300 mg), whereas two dose levels were used for model verification (10 mg and 100 mg). The 
circles represent observed concentrations,28 the solid blue lines represent the geometric means for the total virtual populations and the 
shaded areas represent the 90% prediction intervals
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4.2  |  Extrapolation and prediction of the 
pharmacokinetics in a Japanese population

The pharmacokinetics of clopidogrel, the carboxylic acid as 
well as the acyl glucuronide and H4 metabolites were well pre-
dicted for populations of European ancestry. For the Japanese 
population, the pharmacokinetics of the H4 metabolite and the 
AUC0-48 of the carboxylic acid metabolite were within the accept-
ance criteria, although the tmax and Cmax of the carboxylic acid 
metabolite were underpredicted. Additionally, there was large 

inter-subject variability in the pharmacokinetics of the H4  me-
tabolite for both populations. Since CES1 is the major enzyme in-
volved in the metabolism of clopidogrel to the primary metabolite 
2-oxo-clopidogrel, and the metabolism of 2-oxo-clopidogrel,32,44 
CES1 activity may indirectly contribute to the pharmacokinetic 
variability observed in the H4 metabolite by affecting the concen-
trations of 2-oxo-clopidogrel. CES1 is highly abundant in the liver 
and there is significant interindividual variability in the expression 
and activity of CES1, related to genetic polymorphisms.45 The most 
clinically relevant CES1 variant is CES1 428G>A (rs71647871), a 

TA B L E  4 PBPK predictions versus observed pharmacokinetic parameters for clopidogrel and its acyl glucuronide metabolite and 
H4 metabolite following a 300-mg single oral dose of clopidogrel in a healthy population of European ancestry

CYP2C19 phenotype Parameter

Geometric mean (CV%) or geometric 
mean (95% CI)

Predicted/observed 
ratio ReferencePBPK predicted Observed

No CYP2C19 phenotype data Clopidogrel Tornio et al. 
(2014)23

(n = 9)
tmax

a (h) 0.45 (0.07, 2.05) 1.5 (0.92, 2.0) 0.30

Cmax (ng/ml) 3.4 (72) 2.9 (97) 1.17

AUC0-10 (ng·h/ml) 7.7 (67) 6.0 (89) 1.28

Acyl Glucuronide Metabolite

tmax
a (h) 1.42 (0.68, 5.94) 1.5 (0.92, 2.0) 0.95

Cmax (ng/ml) 1592 (62) 1957 (35) 0.81

AUC0-10 (ng·h/ml) 9165 (56) 7311 (48) 1.25

No CYP2C19 phenotype data H4 Metabolite Farid et al. (2007)
29

(n = 18)
Cmax (ng/ml) 38 (127) 66 (39.9) 0.58

AUC0-24 (ng·h/ml) 69 (123) 77 (30.7) 0.90

H4 Metabolite Brandt et al. 
(2007)27

(n = 74)
EM (n = 56) Cmax (ng/ml) 40 (33, 49) 58 (56, 61) 0.69

AUC0-24 (ng·h/ml) 73 (60, 88) 76 (71, 81) 0.96

IM (n = 17) Cmax (ng/ml) 33 (27, 40) 35 (33, 38) 0.94

AUC0-24 (ng·h/ml) 57 (47, 69) 42 (39, 44) 1.36

PM (n = 1) Cmax (ng/ml) 23 (19, 29) 28 (n = 1) 0.82

AUC0-24 (ng·h/ml) 41 (33, 50) 27 (n = 1) 1.52

Abbreviations: AUC0-10, area under the plasma concentration–time curve from time zero to 10 h; AUC0-24, area under the plasma concentration–
time curve from time zero to 24 h; Cmax, peak plasma concentration; EM, extensive metabolizer (CYP2C19*1/*1); IM, intermediate metabolizer 
(CYP2C19*1/*2); PMs, poor metabolizer (CYP2C19*2/*2); tmax, time to maximum plasma concentration.
atmax is shown as median (range).

Parameters

Mean ± SD
Predicted/observed 
ratioPBPK predicteda Observed (n = 12)

tmax
a

(h)
0.77 ± 0.53 1.9 ± 0.8 0.41

Cmax
(ng/ml)

772 ± 328 2290 ± 460 0.34

AUC0-48
(ng·h/ml)

8567 ± 4350 8460 ± 1360 1.01

Abbreviations: AUC0-48, area under the plasma concentration–time curve from time zero to 48 h; 
Cmax, peak plasma concentration; tmax, time to maximum plasma concentration.
atmax is shown as median (range).

TA B L E  5 Predictions of carboxylic acid 
metabolite pharmacokinetic parameters in 
Japanese subjects compared to observed 
values19 following a 75-mg single oral 
dose of clopidogrel
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loss-of-function single-nucleotide polymorphism, which has been 
associated with higher concentrations of the H4 metabolite and 
improved antiplatelet effects.41,46,47 However, the CES1 428G>A 
SNP is of low frequency (3.7% Europeans, 0% Asians)48 and 
will make very limited contribution to population differences in 
pharmacokinetics.

4.3  |  Effect of varying CYP2C19 activity

The predictions of H4 metabolite exposures were within the accept-
ance criteria for the Japanese population when applying the European 
CYP2C19 liver abundance values (see Table S2). This approach has 
been reported by three other recent PBPK analyses of CYP2C19 sub-
strates (lansoprazole, escitalopram, voriconazole, tofacitinib ome-
prazole33-35), which have also applied the European CYP2C19 liver 
abundance values to Japanese populations. Other PBPK models of 
CYP2C19 substrates have used different CYP2C19 liver abundance 
values (EMs, 4.7 pmol/mg protein,4 8 pmol/mg protein49) to obtain 
better pharmacokinetic predictions for the Japanese population. In 
Simcyp Version 18.2, the mean CYP2C19 liver abundance value for 
EMs in the Japanese population (4.1 pmol/mg protein) was based on 

data obtained from a small sample of livers (n = 29) of unspecified 
CYP2C19  genotype.50  This highlights the importance of obtaining 
reliable physiological parameter values for each population and the 
need for further studies to confirm the CYP2C19 liver abundance for 
the Japanese population by CYP2C19 genotype in order to improve 
predictions of the pharmacokinetics of CYP2C19 substrates.

The H4 metabolite concentrations were lower for the CYP2C19 
IM and PM phenotype groups compared to the CYP2C19 EM 
group in both European and Japanese populations. Regardless 
of CYP2C19 phenotype, the H4 metabolite concentrations were 
lower in the population of Japanese ancestry than the general 
population of European ancestry. The pharmacokinetics of H4 
was found to be similar across body weight groups (see Figure S2). 
Nevertheless, an antiplatelet effect of clopidogrel was still ob-
served in Japanese patients with ACS across all CYP2C19 pheno-
types, even though the effectiveness of clopidogrel was lower in 
the IM and PM groups.18,51

There was no effect of CYP2C19 phenotype on the pharmaco-
kinetics of the acyl glucuronide metabolite in both populations of 
European and Japanese ancestry. This is expected as CYP2C19-
mediated metabolism of clopidogrel is minor (about 5%) compared 
to CES1-mediated metabolism of clopidogrel (85–90%).9 Therefore, 

F I G U R E  4 Simulated and observed concentration versus time profiles of the H4 metabolite stratified by CYP2C19 phenotype in the 
Japanese population following a single oral dose of 300 mg and 600 mg clopidogrel. The circles represent observed concentrations,30 solid 
blue lines represent the geometric means for the total virtual population and the shaded areas represent the 90% prediction intervals
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there is no increased risk of clopidogrel DDIs with CYP2C8  sub-
strates in patients who are CYP2C19 PMs.

The pharmacokinetics of the H4 metabolite was only evaluated 
for three CYP2C19 phenotype groups (EM, IM, and PM) for the pop-
ulations of European27 and Japanese30 ancestry. With the identifi-
cation of the CYP2C19*17 allele, which is associated with increased 
CYP2C19 activity,5 the Clinical Pharmacogenetics Implementation 
Consortium (CPIC)16,52 has updated its guidelines to standardize in-
ferred CYP2C19 phenotype groups based on functional data and an 
individual's CYP2C19 genotype. The five phenotype groups include 
the ultrarapid (UR, CYP2C19*17/*17), rapid (RM, CYP2C19*1/*17), 
normal (NM, CYP2C19*1/*1), intermediate (IM) and poor (PM) me-
tabolizers of CYP2C19.16,52 In the study of Brandt et al.,27 subjects 
classified as CYP2C19 EM based on the absence of the decreased 
activity alleles (*2, *3) may have been CYP2C19 EMs, RMs, or UMs. 
However, in in the present analysis as well as previous reports,8 the 
H4 metabolite AUC was similar in the UMs and EMs. Furthermore, 
Lee et al.53 reported that the risk of atherothrombotic events was 
not significantly different between CYP2C19 UMs and CYP2C19 
EMs, indicating that the clinical utility of CYP2C19*17 to guide clopi-
dogrel antiplatelet therapy is limited.

4.4  |  Effect of other intrinsic factors

The simulations of clopidogrel and its metabolites in patient popu-
lations with defined demographics and concomitant diseases align 
with the observations and dosage recommendations in the product 
information for clopidogrel.10,19  The Product Information reports 
that the plasma concentrations of the main circulating metabo-
lite (carboxylic acid metabolite) are significantly higher in elderly 
(≥75  years) compared to young healthy volunteers.10  This is sup-
ported by the current simulations showing 30% higher carboxylic 
acid concentrations and a trend towards higher acyl glucuronide 
concentrations (1.2-fold) in the older patients (≥65 years) compared 
to the general population. Conversely, our simulations showed no 
effect of age on H4  metabolite concentrations, which supports 
the product information recommendation that no dosage adjust-
ment is needed for older patients (≥65 years) as no differences in 
platelet aggregation and bleeding time were observed.10 In addi-
tion, these findings (clopidogrel; 2.31 [2.07–2.58] ng.h/ml, mean 
[95% CI]; H4 metabolite, 21.6 [18.1–25.9] ng.h/ml) align with ob-
served steady-state AUC0-τ of clopidogrel (3.63  ±  3.23  ng/ml, 
mean ± SD) and H4 metabolite (19.5 ± 8.69 ng/ml) in older subjects 

TA B L E  6 Predictions of H4 metabolite pharmacokinetic parameters in Japanese subjects compared to observed values following 300 mg 
or 600 mg single oral doses of clopidogrel

Dose
CYP2C19 phenotype 
group Parameters

Geometric mean (95% CI)
Predicted/observed 
ratioPBPK predicted Observed30

300 mg H4 Metabolite

EM
(n = 9)

tmax
a (h) 0.56 (0.32, 1.15) 0.75 (0.5, 1.5) 0.75

Cmax (ng/ml) 15 (12, 18) 30 (22, 37) 0.50

AUC0-24 (ng·h/ml) 26 (22, 32) 40 (27, 53) 0.65

IM
(n = 9)

tmax
a (h) 0.55 (0.30, 1.10) 1.0 (0.75, 1.5) 0.55

Cmax (ng/ml) 12 (8.89, 13) 20 (16, 23) 0.60

AUC0-24 (ng·h/ml) 20 (16, 24) 26 (21, 30) 0.77

PM
(n = 9)

tmax
a (h) 0.56 (0.30, 1.10) 1.0 (0.50, 1.50) 0.56

Cmax (ng/ml) 6.0 (4.83, 7.51) 11 (8.13, 15) 0.55

AUC0-24 (ng·h/ml) 10 (8.26, 12.8) 16 (12, 20) 0.63

Ratio AUC Ratio: PM/EM 0.38 0.40 0.95

600 mg EM
(n = 9)

tmax
a (h) 0.56 (0.30, 1.15) 1.0 (0.75, 3.0) 0.56

Cmax (ng/ml) 28 (23, 34) 33 (17, 49) 0.85

AUC0-24 (ng·h/ml) 50 (41, 61) 61 (43, 79) 0.82

IM
(n = 9)

tmax
a (h) 0.56 (0.30, 1.10) 1.0 (0.75, 2.5) 0.56

Cmax (ng/ml) 22 (18, 28) 32 (18, 46) 0.69

AUC0-24 (ng·h/ml) 39 (31, 48) 51 (34, 67) 0.76

PM
(n = 9)

tmax
a (h) 0.57 (0.30, 1.10) 1.0 (0.50, 2.0) 0.57

Cmax (ng/ml) 12 (9.4, 15) 12 (8.7, 15) 1.0

AUC0-24 (ng·h/ml) 20 (16, 25) 23 (17, 28) 0.87

Ratio AUC Ratio: PM/EM 0.40 0.37 1.08

Abbreviations: AUC0-24, area under the plasma concentration–time curve from time zero to 24 h; Cmax, peak plasma concentration; EM, 
extensive metabolizer (CYP2C19*1/*1); IM, intermediate metabolizer (CYP2C19*1/*2); PMs, poor metabolizer (CYP2C19*2/*2, CYP2C19*2/*3 and 
CYP2C19*3/*3); tmax, time to maximum plasma concentration.
atmax is shown as median (range).
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of European ancestry (62.9 ± 8.3 years, n = 50) with the CYP2C19 
EM phenotype.54

Despite controlling for CYP2C19 phenotype and body weight, 
the H4 metabolite concentrations were lower in the populations 
of Japanese ancestry compared to those of European ancestry, 
indicating other population-specific factors also contribute to the 
difference observed. In fact, the current analyses also indicate 
that significantly lower H4 metabolite exposures are observed for 
populations with moderate (GFR 60–90 ml/min) to severe renal 
impairment (GFR < 30 ml/min) and in patients with hepatic impair-
ment relative to the general European population. Changes asso-
ciated with renal impairment are caused by the marked reduction 
in CYP expression due to the accumulation of uremic toxins, which 
can modulate CYP activity, particularly CYP2B6, CYP2C9, and 
CYP3A4.55 A large systematic analysis of the association between 
post-treatment platelet function and renal function reported that 
chronic kidney disease correlated with poor response to clopido-
grel treatment,56 which supports our findings in the population 
with severe renal impairment. In addition, the product information 

describes that lower plasma concentrations of the main circulat-
ing metabolite (carboxylic acid metabolite) were observed in pa-
tients with severe renal impairment and associated with lower 
ADP-induced platelet aggregation (25%) compared to healthy 
volunteers.10

In the population with hepatic impairment, altered pharmacoki-
netics is associated with a decreased functional liver size, reduced 
functional hepatocytes, altered hepatic blood flow, and a reduc-
tion in CYP expression.57 Yet, the pharmacokinetics of clopidogrel 
and carboxylic acid in patients with liver cirrhosis (n  =  12, Child–
Pugh Class A or B) were similar to patients without liver cirrhosis 
(n = 12),58 which supports our results. This is in agreement with pre-
vious reports showing comparable efficacy of clopidogrel, based on 
the inhibition of ADP-induced platelet aggregation in subjects with 
and without liver cirrhosis.10,58 The effect of liver cirrhosis on the 
pharmacokinetics of the H4 metabolite is not known and further 
studies are required to confirm these findings. Currently, clopidogrel 
should be used with caution in patients with severe renal or hepatic 
impairment.10

F I G U R E  5 Whisker-box plots of AUC0-τ at steady-state (Day 3, τ = 24 h) of clopidogrel, acyl glucuronide metabolite, and H4 metabolite 
in populations of European and Japanese ancestry following multiple doses of clopidogrel alone (300 mg loading dose, 75 mg daily) or 
coadministered with fluvoxamine (50 mg once daily) by CYP2C19 phenotype. The boxes represent the interquartile range with median 
shown as a solid line; whiskers represent the 10th and 90th percentiles
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4.5  |  Limitations

We acknowledge that there are some limitations to the current investiga-
tion, which may need to be carefully considered to allow broader generali-
zation of the findings. First, to optimize the pharmacokinetic parameters, 
individual data were not available. Instead, mean pharmacokinetic data 
were obtained from controlled clinical studies of small sample sizes, which 
may not capture all variability in larger populations and which have not 
reported concentrations of all four clopidogrel metabolites of interest.24 
In addition, inter-study variability in each ethnic group may arise from 
differences in study design and analytical methods used to quantify the 
concentrations of clopidogrel and its metabolites, leading to potential 
confounding or contributing lower precision of the parameter estimates.59

4.6  |  Potential applications

The US FDA10 and Japan PMDA19 product information for clopi-
dogrel both recommend alternative antiplatelet therapy for 
subjects considered CYP2C19 PMs, while the CPIC guidelines 
recommend alternative antiplatelet therapy also for CYP2C19 
IMs if there are no contraindications for other antiplatelet thera-
pies.16 In contrast, the Dutch Pharmacogenetics Working Group 
(DPWG) suggest doubling the dose of clopidogrel (600 mg load-
ing dose, 150 mg daily) for CYP2C19 IMs.60 As CYP2C19 PMs 
are not producing the H4  metabolite, doubling the dose of 
clopidogrel has limited benefits and does not improve platelet 
aggregation.61

F I G U R E  6 The effect of intrinsic factors on the steady-state AUC0-τ (Day 3, τ = 24 h) of clopidogrel (300 mg oral loading dose, 75 mg 
daily). The reference line indicates the mean clopidogrel AUC0-τ for the Sim-NEurCaucasian population, a general population of European 
ancestry (aged 20–50 years, 50% females. BMI 18–29 kg/m2, normal hepatic function and healthy renal function >90 ml/min, CYP2C19 
PM frequency = 2.4%). BMI, body mass index; GFR, glomerular filtration rate. Statistical significance compared to Sim-NEurCaucasian 
population at *p < .001
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Clinically significant differences in pharmacokinetics between pop-
ulations of East Asian and European ancestry are not common and, with 
the exception of antitumor drugs, characterization of the potential for 
inter-ethnic differences takes place during the late stages of drug devel-
opment.62 The availability of virtual populations including baseline de-
mographic, genetic, clinical, and ethnicity traits presents an opportunity 
for the prediction of the pharmacokinetics of a new drug in these ethnic 
groups early in development. However, the reliability of these predic-
tions will also require an understanding of the distribution of the import-
ant physiological parameters identified (e.g., drug metabolizing enzyme 
[DME] activity) across ethnic groups of interest. As the clopidogrel ex-
ample indicates, reliable information on the expression and activity of 
DMEs such as CYP2C19 in specific genotype/phenotype groups across 
ethnic groups is not currently available. Until further population profiling 

has been conducted to provide accurate information in specific ethnic 
groups, uncertainty will need to be factored into model predictions, tak-
ing into account historical data where appropriate. While pharmacoki-
netic variation across ethnic groups may often be explained by other 
factors than geographical ancestry or genetic factors, model predictions 
should be confirmed by prospective clinical pharmacokinetic data.

5  |  CONCLUSION

To our knowledge, this is the first time an integrated PBPK model 
including the two major metabolic pathways of clopidogrel has 
been developed and verified for populations of European ances-
try that could be used as a tool to support the extrapolation of 

F I G U R E  7 The effect of intrinsic factors on the steady-state AUC0-τ (Day 3, τ = 24 h) of the acyl glucuronide metabolite for a clopidogrel 
oral loading dose of 300 mg then 75 mg daily. The reference line indicates the mean acyl glucuronide AUC0-τ for the Sim-NEurCaucasian 
population, a general population of European ancestry (aged 20–50 years, 50% females, BMI 18–29 kg/m2, normal hepatic function and 
healthy renal function >90 ml/min, CYP2C19 PM frequency = 2.4%). BMI, body mass index; GFR, glomerular filtration rate. No groups were 
statistically different from the Sim-NEurCaucasian population
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pharmacokinetics to the Japanese population. Moreover, our anal-
ysis suggests that differences between the two populations appear 
to be determined primarily by the effect of varying CYP2C19 liver 
activity. These results also highlight the contribution of other 
intrinsic and extrinsic factors known to cause interindividual 
variability in systemic exposure. CYP2C19 PM phenotype, coad-
ministration with fluvoxamine as well as hepatic and renal impair-
ment were associated with lower H4 metabolite concentrations. 
These differences in exposure may have clinical implications, even 
though clopidogrel or acyl glucuronide concentrations are unlikely 
to be altered in these conditions. It is important to emphasize that 
increasing the dose of clopidogrel would not improve therapeutic 
response for CYP2C19 PMs and alternative antiplatelet therapy is 
therefore recommended.
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