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Physiologically based 
pharmacokinetic modelling of 
atomoxetine with regard to 
CYP2D6 genotypes
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Atomoxetine is a norepinephrine reuptake inhibitor indicated in the treatment of attention-
deficit/hyperactivity disorder. It is primarily metabolized by CYP2D6 to its equipotent metabolite, 
4-hydroxyatomoxetine, which promptly undergoes further glucuronidation to an inactive 4-HAT-
O-glucuronide. Clinical trials have shown that decreased CYP2D6 activity leads to substantially 
elevated atomoxetine exposure and increase in adverse reactions. The aim of this study was to to 
develop a pharmacologically based pharmacokinetic (PBPK) model of atomoxetine in different 
CYP2D6 genotypes. A single 20 mg dose of atomoxetine was given to 19 healthy Korean individuals 
with CYP2D6*wt/*wt (*wt = *1 or *2) or CYP2D6*10/*10 genotype. Based on the results of this 
pharmacokinetic study, a PBPK model for CYP2D6*wt/*wt individuals was developed. This model was 
scaled to those with CYP2D6*10/*10 genotype, as well as CYP2D6 poor metabolisers. We validated this 
model by comparing the predicted pharmacokinetic parameters with diverse results from the literature. 
The presented PBPK model describes the pharmacokinetics after single and repeated oral atomoxetine 
doses with regard to CYP2D6 genotype and phenotype. This model could be utilized for identification of 
appropriate dosages of atomoxetine in patients with reduced CYP2D6 activity to minimize the adverse 
events, and to enable personalised medicine.

Atomoxetine is the first non-stimulant medication approved for the treatment of attention-deficit/hyperactivity 
disorder (ADHD) in children, adolescents, and adults. It has a potent and selective inhibitory effect on norepi-
nephrine reuptake1,2. Guidelines from several organizations, including the American Academy of Pediatrics and 
the National Institute for Health and Care Excellence in the United Kingdom, recommend atomoxetine for the 
treatment of ADHD in patients of all ages.

One in vitro study found that the main metabolic pathway of atomoxetine is its oxidation to 
4-hydroxyatomoxetine (4-HAT) by CYP2D6. To a minor degree, CYP2C19 is responsible for the biotransforma-
tion of atomoxetine to N-desmethylatomoxetine (N-DAT)3. 4-HAT is equipotent to atomoxetine, but promptly 
undergoes further glucuronidation to 4-HAT-O-glucuronide and therefore circulates in the plasma at very low 
concentrations4. The same study also indicated the effect of the CYP2D6 phenotype on the pharmacokinetics 
of atomoxetine. CYP2D6 is a highly polymorphic enzyme with more than 113 known variants (https://www.
pharmvar.org/gene/CYP2D6). Among others, CYP2D6*3, *4, *5, and *6 are defective alleles that lack CYP2D6 
enzyme activity. These alleles occur in ~20% of Caucasians. Approximately 7% of Caucasians are known to be 
poor metabolizers (PMs) due to presence of two non-functional alleles5,6. Oral administration of atomoxetine 
resulted in prolonged half-life (t1/2) and 10-fold lower clearance (CL/F) in PMs compared to extensive metaboliz-
ers (EMs) with normal enzyme activity. These pharmacologic changes led to a 5.7-fold higher maximum plasma 
concentration (Cmax) of atomoxetine and 7.8-fold greater area under the curve (AUC) in PMs compared to that 
in EMs4. Interestingly, the Cmax of the equipotent 4-HAT was only ~1.3% of that of atomoxetine4. Therefore, the 
pharmacodynamic effects of atomoxetine are primarily due to the parent drug, and the contribution of the metab-
olite is exiguous. Higher exposure to atomoxetine is not only correlated with its efficacy, but also with higher 
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risk of adverse events, including tachycardia and elevated diastolic blood pressure7. The most common nonspe-
cific adverse reactions of atomoxetine in CYP2D6 PMs include dry mouth, depression, tremor and insomnia8. 
Therefore, these patients are recommended to take lower doses of atomoxetine than EMs. In East Asia, the fre-
quency of nonfunctional alleles is low. The most frequent variant in East Asians including Korean, Chinese, and 
Japanese populations is CYP2D6*10 (45%, 55%, and 38%, respectively)9–11. This allele is known to have decreased 
enzyme activity both in vitro and in vivo. Previous studies have demonstrated decreased biotransformation of ato-
moxetine in Chinese and Japanese patients with the CYP2D6*10/*10 genotype12,13. We also verified a significant 
influence of the CYP2D6*10 allele on the pharmacokinetic parameters of atomoxetine in a study with a larger 
sample size14. In that study, the Cmax and AUC from time 0 to infinity (AUCinf) of the CYP2D6*10/*10 genotype 
group were 1.7-fold and 3.4-fold higher, respectively, than those of EMs with the CYP2D6*wt/*wt (*wt = *1 or *2)  
genotype (P < 0.001 for both). The t1/2 and CL/F were also significantly different between the two groups 
(P < 0.001 for both). However, the increase in atomoxetine exposure in the CYP2D6*10/*10 group was not to the 
extent observed in the CYP2D6 PMs. Nevertheless, the risk of a higher incidence of concentration-related adverse 
events cannot be excluded in the CYP2D6*10/*10 group. Physiologically based pharmacokinetic (PBPK) model-
ling is a mechanistic approach to simulate the pharmacokinetics of xenobiotics based on their specific properties 
and mammalian physiology. A PBPK model is advantageous compared to conventional models because it con-
siders individual anatomical and physiological parameters, including enzyme expression, and physicochemical 
compound data15. Therefore, PBPK modelling can be used to individualise therapies for special patient groups 
(such as children and the elderly) and to predict drug-drug interactions16–18. A PBPK model can also be useful to 
predict the effects of genetic polymorphism on the pharmacokinetics of xenobiotics19. In this study, we aimed to 
develop a PBPK model to predict the pharmacokinetics of atomoxetine in the different CYP2D6 genotype groups. 
This model was intended to demonstrate the possibility of simulating the pharmacokinetics of atomoxetine, tak-
ing into account the factors that affect it, including demographic characteristics, and CYP2D6 genotype20.

Results
Pharmacokinetic study. The major alleles found in the 399 Korean subjects were CYP2D6*1 and *2 with 
normal enzyme activity and *10 with decreased enzyme activity (34.3%, 13.4%, and 47.3%, respectively). The 
frequency of the nonfunctional allele CYP2D6*5 was 3.5%. Fourteen different genotypes were detected. The 
frequency of CYP2D6*wt/*wt, heterozygous CYP2D6*10, and homozygous CYP2D6*10 carriers were 23.3%, 
45.1%, and 22.1%, respectively. There was only one PM with two defective alleles, while 15 subjects had the 
CYP2D6*5*/10 genotype. Among 19 healthy subjects enrolled in the pharmacokinetic study, 11 subjects had the 
CYP2D6*wt/*wt genotype (age range 19–25 years, BMI 18–26 kg/m2, weight 49–73 kg) and 8 subjects had the 
CYP2D6*10/*10 genotype (age range 19–25 years, BMI 18–23 kg/m2, weight 52–72 kg). The demographic charac-
teristics were not significantly different between the groups, and all participants completed the study. There were 
no reported adverse events during and up to 10 days after the study completion. The plasma concentration-time 
curves and pharmacokinetic parameters of atomoxetine are summarized in Fig. 1 and Table 1. The Cmax, AUC0–24, 
AUCinf, t1/2, and CL/F were all significantly different between those with CYP2D6*wt/*wt and CYP2D6*10/*10 
genotypes (P value < 0.0001 for all). Compared to individuals with CYP2D6*wt/*wt, those with CYP2D6*10/*10 
had 1.5-fold higher Cmax, 3.1-fold higher AUC0–24 and AUCinf, and 2.0-fold higher half-life. Oral clearance was 
3.0-fold lower in the group with homozygous CYP2D6*10 than in those with the wildtype alleles. The tmax was 
also significantly different between these groups (P value = 0.02).

Development of a PBPK model. Raw data from the pharmacokinetic study were used to develop the 
PBPK model. Values for physicochemical and pharmacokinetic (absorption, distribution, metabolism, excretion) 
parameters, both of which were used in the PBPK model, are listed in Table 2. Optimal value for absorption and 
distribution permeability was calculated by PK-Sim® based on physicochemical data and plasma concentra-
tion profile of atomoxetine. The procedures on which the calculation is based on, are described by Thelen et al. 
and Kawai et al.21–23. Initially, all of the data were entered as provided in the literature. Specific renal clearance 
was calculated by the software from plasma clearance as input value. For the paramerisation of clearance, the 

Figure 1. Plasma concentration-time profiles of atomoxetine in CYP2D6*wt/*wt (circles, n = 11) and 
CYP2D6*10/*10 (squares, n = 8) genotype groups after oral administration of 20 mg atomoxetine. Values 
represent mean ± SD.
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Levenberg-Marquardt algorithms in the Parameter Identification tool of PK-Sim® were used. The plama clear-
ance values were first inputted individually in order to obtain similar total plasma clearance results to those 
observed in our pharmacokinetic study, and for the final model, the mean value was used. According to the 
Pharmaceuticals and Medical Devices Agency in Japan, the dissolution rate of atomoxetine capsules over 30 min-
utes, which was determined using the paddle method (described in the Japan Pharmacopoeia), was 85% or 
more. Therefore, 30 minutes was set as the dissolution time24. The first simulation showed a slightly lower plasma 
concentration-time profile than was previously observed. We calculated the organ-plasma partition coefficient 
based on the method developed by Berezhkovskiy, which is also available in PK-Sim®25. This method calcu-
lates the organ-plasma coefficients using the volume fractions of the aqueous and organic subcompartments 
of the respective organ and plasma and peripheral drug eliminations are also considered. A sensitivity analysis 
for the parameters logP, fraction unbound, pKa, plasma clearance, amongst others, was also performed with 
the Sensitivity Analysis tool provided by the PK-Sim® software. The sensitivity was determined as the mean of 
several sensitivities based on different relative variations, which were defined by multiplication of the value used 
for the simulation with variation factors. Both Cmax and AUC of atomoxetine were identified to be significantly 
sensitive to logP. After performing the parameter identification as described above, it was adjusted appropri-
ately (logP = 3.8 instead of 3.9). The received curves reflected the observed data better after the adjustment, but 
they were shifted to the right. This was corrected by reducing the dissolution time to 15 minutes. Finally, the 
PBPK simulation data adequately fit the experimental data (Fig. 2). The visual comparison of the simulated and 
observed plasma concentration profiles demonstrated that the shape of the curves were similar. The simulated 
pharmacokinetic parameters AUC, Cmax and CL were also in accordance with the experimental results in Table 1. 
The absorption and distribution were in agreement with the literature. Atomoxetine is known to be well absorbed 
and the volume of distribution following oral administration is 2.33 L/kg4. In our simulation, the oral bioavaila-
bility was 96% and the volume of distribution at steady state (Vss) was 2.18 L/kg. Apparent volume of distribution 
Vd, which is calculated from the plasma curve according to Vd = CL/λ, where λ is the terminal elimination rate, 
was 3.21 L/kg. In the next step, the achieved model was scaled to CYP2D6*10/*10 individuals. In addition to the 
individual demographic data and plasma clearance value, we modified the in vitro metabolic rate of CYP2D6 
in the presence of liver microsomes. The value was reduced by around 90% of CYP2D6*1 activity as reported 

Parameter CYP2D6*wt/*wt CYP2D6*10/*10 P value

AUC0–24 [ng·hr/mL] 503.74 ± 122.60 1587.01 ± 341.03 <0.0001

AUC0-∞ [ng·hr/mL] 521.09 ± 130.88 1635.71 ± 362.15 <0.0001

Cmax [ng/mL] 159.73 ± 24.03 244.63 ± 36.54 <0.0001

CL/F [L/hr/kg] 0.64 ± 0.13 0.21 ± 0.05 <0.0001

tmax [hr] 0.50 (0.50–1.00) 1.00 (0.50–1.00) 0.02

t1/2 [hr] 2.24 ± 0.28 4.68 ± 0.55 <0.0001

Table 1. Pharmacokinetics of atomoxetine in different CYP2D6 genotype groups after 20 mg oral dose of 
atomoxetine. Data are expressed as mean ± SD, except for tmax, which is expressed as median (range).

Parameter Reference value Input value Reference/Comment

Basic Physicochemistry

Molecular weight 255.35 g/mol 255.35 g/mol PubChem

Lipophilicity (logP) 3.9 3.8 PubChem

Fraction unbound 1.2–1.4% 1.3% Chalon et al.31

pKa 9.23 9.23 MSDS Eli Lilly and Co.

Solubility 27.8 mg/mL 27.8 mg/mL Sauer et al.20

Absorption

Specific intestinal permeability 1.48E−3 cm/min Calculated by PK-Sim®

Distribution

Specific organ permeability 0.66 cm/min Calculated by PK-Sim®

Metabolism

Metabolic rate of CYP2D6 50 μL/min/mg 50 μL/min/mg Ring et al.3

Metabolic rate of CYP2C19 0.75 μL/min/mg 0.75 μL/min/mg Ring et al.3

Content of CYP2D6 in liver microsome 10 pmol/mg PK-Sim® default value

Content of CYP2C19 in liver microsome 19 pmol/mg PK-Sim® default value

Excretion

Plasma clearance 0.39 L/h/kg Calculated by PK-Sim®

Formulation

80% dissolution time <30 min 15 min Lilly24

Table 2. Atomoxetine parameters used for PBPK development in the CYP2D6*wt/*wt genotype group.
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previously26. The modified parameters used in the simulation of this genotype group are specified in Table 3. The 
plasma concentration-time profiles for CYP2D6*10/*10 are shown in Fig. 3. The observed and simulated phar-
macokinetic parameters of CYP2D6*wt/*wt and *10/*10 are compared in Fig. 4.

Validation of the PBPK model. From previous published reports, human clinical PK data for atomoxetine 
in genotype- or phenotype-charaterised subjects were collected and used to validate the developed PBPK model 
of atomoxetine. The pharmacokinetics were simulated with the created populations (CYP2D6*10/*10, CYP2D6 
EMs, PMs) and the adapted dosage regimens from each study. For the simulations of each genotype and pheno-
type group, only the in vitro metabolic rate was adjusted according to CYP2D6 genotype (Table 3). For the predic-
tion of CYP2D6 EM, plasma clearance of 0.25 L/h/kg was used, which is slightly lower than that in our simulation 

Figure 2. Comparison of simulated (lines) and observed (circles) plasma concentration-time profiles of 
atomoxetine of CYP2D6*wt/*wt individuals (n = 11). Experimented values represent mean ± SD.

Figure 3. Comparison of simulated (lines) and observed (circles) plasma concentration-time profiles of 
atomoxetine of CYP2D6*10/*10 individuals (n = 8). Experimented values represent mean ± SD.

Parameter Reference value Input value Reference/Comment

(A) CYP2D6*10/*10

Metabolic rate of CYP2D6 5 μL/min/mg Shen et al.26

Metabolic rate of CYP2C19 0.75 μL/min/mg 0.75 μL/min/mg Ring et al.3

Plasma clearance 0.17 L/hr/kg Calculated by PK-Sim

(B) CYP2D6 EM

Metabolic rate of CYP2D6 50 μL/min/mg 50 μL/min/mg Ring et al.3

Metabolic rate of CYP2C19 0.75 μL/min/mg 0.75 μL/min/mg Ring et al.3

Plasma clearance 0.25 L/hr/kg Calculated by PK-Sim

(C) CYP2D6 PM

Metabolic rate of CYP2D6 0.1 μL/min/mg 0.1 μL/min/mg Ring et al.3

Metabolic rate of CYP2C19 0.86 μL/min/mg 0.86 μL/min/mg Ring et al.3

Plasma clearance 0.030 L/h/kg Calculated by PK-Sim

Table 3. Modified atomoxetine parameters used in PBPK development for the CYP2D6*10/*10 genotype 
group and for CYP2D6 extensive and poor metabolisers.
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of CYP2D6*wt/*wt, because the CYP2D6 EM group in the trials incorporated not only CYP2D6*wt/*wt geno-
type but also those with one decreased or non-functional allele. Besides, values of 0.17 L/h/kg for CYP2D6*10/*10 
and 0.030 L/h/kg for PM simulations were inputted to obtain similar total plasma clearances to those reported 
in each literature. The demographic characteristics of the populations and all predicted Cmax, AUC values with 
prediction errors were listed with the observed values for comparison in Table 4. All the prediction errors of the 
simulations were within two-fold error range.

Discussion
Atomoxetine is mainly metabolised by CYP2D6 to 4-HAT, and its pharmacokinetics are strongly affected by 
CYP2D6 genotype. The Cmax and AUC were substantially increased in CYP2D6 PMs compared to those in EMs. 
The half-life was also prolonged by a factor of 3.7, and clearance was decreased by over 90% in PMs compared to 
EMs4,20. The efficacy and adverse events of a drug are both strongly dependent on drug exposure. In clinical trials, 
including open-label and long-term studies, PMs experienced more adverse events than EMs and subsequently 
had to discontinue the medication more frequently than those with adequate metabolism (11.2% of PMs vs. 6.3% 
of EMs)8. In contrast, more EMs (than PMs) stopped taking the drug because of lack of efficacy7. Therefore, in 
the United States and European countries, drug labels of atomoxetine recommend different dosage regimens 
based on CYP2D6 phenotype. In contrast, there is a low rate of CYP2D6 PMs in East Asian countries, and dos-
ing adjustment recommendations are not present on atomoxetine drug labels in Korea and Japan, for instance. 
Nevertheless, several studies have demonstrated the effect of the CYP2D6*10 allele, which is found mostly in East 
Asians, on the pharmacokinetics of atomoxetine12–14. The parameters of the pharmacokinetic study conducted 
in this study were considerably different in the two genotype groups, CYP2D6*wt/*wt and CYP2D6*10/*10. 
The Cmax and AUC of individuals homozygous for CYP2D6*10 were significantly higher (1.53-fold in Cmax 
and 3.14-fold in AUC) than those of the CYP2D6*wt/*wt genotype group (P < 0.001 for both). The oral clear-
ance was lower and the half-life was longer for those homozygous for CYP2D6*10 compared to those with the 
wildtype allele (P < 0.001 for both). While the Cmax and AUC increases in CYP2D6*10/*10 individuals were 
not to the extent of 5.7-fold and 7.8-fold respective increases observed in CYP2D6 PMs4, an increased risk of 
concentration-related adverse reactions in these individuals cannot be excluded. There were two other reports12,13 
comparing the pharmacokinetic parameters of atomoxetine in CYP2D6 EM and CYP2D6*10/*10, and their 
results also revelaled the significant increase in atomoxetine exposure in CYP2D6*10/*10 than in CYP2D6 EM 
although the differences in Cmax and AUC between two genotypes their studies were slightly less than those in 
this study12,13.

PBPK models can be used to predict adequate drug dosing in order to avoid excessive difference in drug expo-
sure: for instance, in individuals of different genotypes. Some previous studies have been conducted regarding the 
PBPK modelling of atomoxetine. Ball et al.27 reported a PBPK modelling approach to predict the unbound CNS 
drug concentration in rats during preclinical drug development. As this PBPK modelling was conducted in rats, it 
has a limited application in humans. Dinh et al.28 investigated the biotransformation of atomoxetine by CYP2D6 
and other CYP isoforms as a preparation for developing a paediatric PBPK model. However, a PBPK model of 
of atomoxetine in humans was not reported in their study. Recently, after the first submission of our manuscript, 
Huang et al. reported a human PBPK model of atomoxetine29. Their PBPK model was developed using datasets 
obtained from literature, including human clinical pharmacokinetic data. However, their PBPK model failed 
to predict atomoxetine disposition in 100% of East Asian populations with CYP2D6 EM or CYP2D6*10/*10 
genotypes or phenotypes, drug interaction studies, and specific population with renal disease or hepatic impair-
ment. They validated the PBPK model using drug-specific acceptance criteria but did not succeed in predicting 
atomoxetine disposition in 100% of East Asian populations with CYP2D6 EM or CYP2D6*10/*10 genotypes or 
phenotypes, even if they validated by applying two-fold error criteria. Since we carried out our own pharmacoki-
netic studies, and thus all individual raw data was available, it was possible, in contrast to Huang et al., to perform 
individual simulations for model development. Our simulation results are not only consistent with the data from 
our pharmacokinetic study, but also with the previously published pharmacokinetic studies (Table 4). Among the 
nearly 400 genotyped individuals recruited for this study, there was only one CYP2D6 PM with the presence of 
two nonfunctional alleles (i.e. CYP2D6*5/*5), and this individual gave up participation in the study. Because of 
the low frequency, it was not possible to recruit PM subjects for the pharmacokinetic study. Therefore, we were 
unable to perform simulations on PM individuals. Instead, population simulations were performed, and the data 
were compared to that from the literature4,30–32. The developed PBPK model of atomoxetine is not coupled with 

Figure 4. Observed and simulated (a) AUCinf, (b) Cmax, and (c) CL/F values after oral administration of 20 mg 
atomoxetine in relation to CYP2D6 genotype. Individual values are presented as circles, mean ± SD as lines.



www.nature.com/scientificreports/

6SCientifiC REPORtS |  (2018) 8:12405  | DOI:10.1038/s41598-018-30841-8

models of its metabolites. Since the equipotent 4-HAT is immediately metabolised to a glucuronide form, its 
exposure is expected to only exert a minor effect on ADHD therapy. We were able to develop a suitable model in 
relation to CYP2D6 genotype after several adjustments. Regardless, there are a few limitations that must be con-
sidered. Only few papers have genotyped the subjects on CYP2D6, in which would describe the enzyme activity 
more accurately, whereas the other papers have phenotyped them. Thus, a group of CYP2D6 EMs might include 
lots of different combinations of CYP2D6 alleles, including those with decreased enzyme activity. Therefore, 
the potential variability of a phenotyped group is larger than a genotype group. Nevertheless, simulations 
with a plasma clearance of 0.25 L/h/kg, which is smaller than the plasma clearance used for CYP2D6*wt/*wt, 
described the pharmacokinetics of EM patients accurately. Inter-individual variability in pharmacokinetics is 
not only dependent on pharmacogenetics. As shown in our study, plasma clearance and/or protein binding vary 
greatly between individuals. Both of these factors can affect the pharmacokinetic characteristics of atomoxetine. 
Individual clearance was considered in this study. For protein binding, we used the mean value from the litera-
ture. Therefore, our model will not necessarily be able to predict the pharmacokinetics of each individual exactly, 
but by using the mean values for all parameters, the results of all individuals were within the two-fold error range. 
Thus the model might be helpful to identify the appropriate doses at the start of therapy by simply inputting the 
demographics of the patient, which is a factor that influences the pharmacokinetics of atomoxetine, with the pre-
sumption that the genotype of the patient is known. The presented model can also be further adjusted to predict 
drug-drug interactions. Belle et al. found that the Cmax and AUC of atomoxetine in EM subjects increased by 
3.5-fold and 6.5-fold, respectively, after co-administration with paroxetine, a strong CYP2D6 inhibitor30. These 
increases are similar to those observed in PMs. Therefore, the dose adjustments in PM patients may also be simi-
larly applied to those with concomitant use of potent CYP2D6 inhibitors. Atomoxetine is a drug that is primarily 
administered to children and adolescents. Therefore, it is important that data are generalisable to this population. 
The prediction error of the simulation with paediatric patients was larger than for the other simulations, but still 
within the two-fold error range. But there was only one dataset in the literature which provided pharmacokinetics 
of paediatric patients in relation to CYP2D633. Further simulations are needed for validation. In conclusion, we 
have developed a PBPK model of atomoxetine, which predicts the plasma concentration-time profiles of CYP2D6 
EMs with CYP2D6*wt/*wt genotype and also of those with reduced enzyme activity due to CYP2D6*10 alleles 
and those with defective alleles. This model appropriately represents the pharmacokinetics of atomoxetine, con-
sidering the factors that affect the pharmacokinetics of atomoxetine, including demographic characteristics, and 
CYP2D6 genotype20 and therefore may serve as a basis for further model development, i.e. for the simulation of 
the drug’s pharmacokinetics in special patient groups, such as those with hepatic impairment, or for the predic-
tion of the effects of co-administered drugs.

Reference [Dose] Ethnity

CYP2D6 EM CYP2D6*10/*10 or PM

Parameter

CYP2D6 EM CYP2D6*10/*10 or PM

Age BMI Weight Age BMI Weight Observed Simulated PE (%) Observed Simulated
PE 
(%)

(A) Single administration

This study [20 mg] Korean 19–25 yr 18–26  
kg/m2 49–73 kg 19–25 yr 18–23  

kg/m2 52–72 kg
AUCinf [ng·hr/mL] 521.1 513.1 −1.5 1635.7a 1443.9 −11.7

Cmax [ng/mL] 159.7 177.5 11.1 244.6a 227.5 −7.0

Brown et al33. [10–40 mg] 
Multi populations 10–18 yr 16–38  

kg/m2 30–111 kg 13–17 yr 20–32  
kg/m2 57–102 kg

AUCinf [μM·hr/L] 3.5 3.2 −8.6 49.6 65.9 32.8

Cmax [μM/L] 0.7 1.0 42.8 2.5 1.7 −32.0

Matsui et al13. [10 mg] 
Japanese 20–31 yr 18–26  

kg/m2 50–83 kg 20–31 yr 18–26  
kg/m2 50–83 kg

AUCinf [ng·hr/mL] 331 372.2 12.4 727a 698.53 −3.9

Cmax [ng/mL] 86.5 85.7 −0.9 125.1a 98.69 −21.1

Chalon et al31. [20 mg] 
Caucasian & Asian 34–62 yr 22–31  

kg/m2 60–100 kg Not incorporated in the trial
AUCinf [ng·hr/mL] 692 575 −16.9

Cmax [ng/mL] 142.2 153 7.6

Cui et al12. [40 mg] 
Chinese 20–39 yr 21–24  

kg/m2 53–72 kg 20–39 yr 21–24  
kg/m2 53–72 kg

AUCinf [ng·hr/mL] 2242 1879.3 −16.2 4962a 3264.3 −34.2

Cmax [ng/mL] 360 357.4 −0.7 530a 408.7 −22.9

Matsui et al13. [120 mg] 
Japanese 20–31 yr 18–26  

kg/m2 50–83 kg 20–31 yr 18–26  
kg/m2 50–83 kg

AUCinf [ng·hr/mL] 4690 4466.6 −4.82 9830a 8382.4 −14.7

Cmax [ng/mL] 841.3 1028.4 22.2 1270.8a 1184.5 −6.8

(B) Multiple administrations

Belle et al30. [20 mg bid] 
No information 20-49 yr 23–25  

kg/m2 Not given Not incorporated in the trial
AUCt,SS [ng·hr/mL] 846 788.1 −6.8

Cmax,SS [ng/mL] 184 183.3 −0.4

Sauer et al4. [20 mg bid] 
No information 38–54 yr 21–25  

kg/m2 Not given 19–49 yr 22–26  
kg/m2 Not given

AUCt,SS [ng·hr/mL] 1080 832.9 −22.9 8440.0b 7531.0 −10.8

Cmax,SS [ng/mL] 159.7 179.2 12.2 914.7b 752.4 −17.7

Sauer et al32. [60 mg bid] 
Caucasian & African-
American

26–55 yr 19–30  
kg/m2 Not given 25–35 yr 18–25  

kg/m2 Not given
AUCt,SS [ng·hr/mL] 2690 2331.7 −13.3 24264b 23821.6 −1.8

Cmax,SS [ng/mL] 590.8 478.7 −19.0 2693.8b 2365.7 −12.2

Cui et al12. [80 mg] 
Chinese 20–39 yr 20.8–24  

kg/m2 53–72 kg 20–39 yr 20.8–
24  53–72 kg

AUCt,SS [ng·hr/mL] 4427 3773.7 −14.8 9693a 6586.0 −32.0

Cmax,SS [ng/mL] 815 729.3 −10.5 1199a 878.0 −26.8

Table 4. Demographic characteristics (range of age, BMI, weight) of the population and observed and 
simulated mean Cmax, AUC and prediction error (PE) of atomoxetine after (A) single administration and (B) 
at steady state after multiple oral administrations in relation to CYP2D6 genotype and phenotype. aClinically 
observed results of CYP2D6*10/*10. bClinically observed results of CYP2D6 PM.
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Methods
Subjects. A total of 399 healthy Koreans subjects were recruited, and their genomic DNA was extracted from 
10 mL whole blood samples using the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA). 
Isolated DNA was used to determine the CYP2D6 and CYP2C19 genotypes. Detection of CYP2D6*2, *5, *10, 
*XxN and CYP2C19*2, *3, *17 alleles were performed via polymerase chain reaction restriction fragment length 
polymorphism (PCR-RFLP) or long range PCR using previously described methods34. Nineteen healthy Korean 
subjects with CYP2D6*wt/*wt or CYP2D6*10/*10 genotype were randomly selected for the pharmacokinetic 
study of atomoxetine. None of them had a CYP2C19 PM (CYP2C19*2/*2, *2/*3, *3/*3) genotype. Subjects were 
healthy according to medical history, physical examination, and routine laboratory tests (blood chemistry, hema-
tology, and urine analysis). They were not permitted to use any medications, alcohol, or caffeine for 10 days prior 
to or during the pharmacokinetic study. All subjects provided verbal and written informed consent.

Study protocol. The study was carried out in accordance with the guidelines of the Declaration of Helsinki, 
and the research protocol was approved by the Institutional Review Board of Metro Hospital, Anyang, Republic of 
Korea. After overnight fasting, the subjects were administered a single oral dose of 20 mg atomoxetine (Strattera®, 
Eli Lilly and Co., Seoul, Republic of Korea) with 200 mL of water. Blood samples were collected before treatment 
and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, and 24 hours after treatment. The blood samples were promptly centri-
fuged after collection. Plasma samples were kept at −70 °C until analysis.

Determination of plasma concentration. Plasma concentrations of atomoxetine and its metabolites 
(4-HAT and N-DAT) were determined and validated using liquid chromatography/tandem mass spectrometry 
following a previously described protocol35,36. Briefly, after extraction with methyl t-butyl ether, analytes in human 
plasma were chromatographically separated using a Luna C18 column (2.0 mm × 100 mm, 3 μm, Phenomenex 
Inc., Torrance, CA, USA) with a 10:90 (v/v) mixture of 10 mM ammonium formate buffer (pH 3.5) and methanol. 
Analyte quantification was performed with ESI-MS/MS detection in positive ion mode using multiple reaction 
monitoring (MRM) mode. The calibration curves were linear over the range of 1–750 ng/mL for atomoxetine, 
0.05–20 ng/mL for 4-HAT, and 0.1–20 ng/mL for N-DAT.

Data and statistical analysis. The pharmacokinetic parameters of atomoxetine, 4-HAT, and N-DAT were 
calculated by performing non-compartmental analysis with BA calc 2007 (Ministry of Food and Drug Safety, 
Seoul, Republic of Korea). The Cmax values and time to reach Cmax (tmax) were derived from the experimentally 
measured values. Area under the curve was calculated using the log-linear trapezoidal approximation. AUCinf was 
extrapolated by adding Ct/ke to AUC0-t, where Ct is the last measured plasma concentration, and ke is the elimina-
tion rate constant. The elimination rate constant was estimated from the terminal phase using log-linear regres-
sion. The half-life was assessed using the formula t1/2 = ln 2/ke. The apparent oral clearance was calculated with 
the following formula: CL/F = dose/AUCinf. All data are presented as mean ± standard deviation (SD), except 
tmax, which is expressed as median and range. The differences in pharmacokinetic parameters between the two 
genotype groups were assessed using the Mann-Whitney rank sum test. SigmaPlot® version 12 (Systat Software, 
Chicago, IL, USA) was used for the statistical analysis. P values < 0.05 were considered statistically significant 
(α = 0.05). The power of the study was at least 80%. The sample size was estimated to be sufficient to detect 100% 
greater AUC of atomoxetine among the two genotype groups. The sample sizes were calculated with the Power 
and Sample Size Program, PS (version 3.0.17)37.

PBPK model development workflow. The modelling software PK-Sim® version 7.1.0 (Open Systems 
Pharmacology Suite) was used to develop this PBPK model. Demographic information on age, weight, and height 
were collected during the recruitment for the pharmacokinetic study. Compound specific physicochemical data 
were obtained from the literature and integrated into the simulation. Values describing the absorption, distribu-
tion, metabolism and excretion (ADME) were obtained from the literature or calculated in silico with PK-Sim®. 
All other parameters and settings were maintained at default values. If necessary, the input parameters were mod-
ified in the appropriate dimensions after performing a sensitivity analysis and parameter identification to better 
fit the simulated and experimented data. Once the PBPK model for the CYP2D6*wt/*wt genotype group was 
generated, the CYP2D6*10/*10 genotype model was scaled by adjusting the individual biometric data, the meta-
bolic enzyme activity, and the clearance value. Both simulations were validated with the experimental results from 
diverse studies. The populations (n = 10) were created using PK-Sim®. Different ethnic groups were addressed 
by selecting the ethnicity provided by the software. The demographic characteristics (age, BMI, weight) provided 
in the literature were set as upper and lower limits of the population. The proportion of female volunteers was 
defined equally to each study. The software then randomly selected parameters to be included. We included all 
observed data from the available literature, which included the pharmacokinetics of adult and paediatric CYP2D6 
EM, CYP2D6*10/*10 and CYP2D6 PM. The administration protocols were equally adapted. We created pop-
ulations of poor metabolisers with two defective CYP2D6 alleles as described above and similarly compared 
these data. Paediatric CYP2D6 EM and PM were simulated individually, as all demographic characteristics, their 
CYP2D6 genotype and administered dosage were known33. This model was evaluated by visual comparison and 
in terms of the prediction error (PE), calculated as PE = (simulated-observed)/observed × 100. A relative error 
smaller than a two-fold error was accepted, which is widely applied by the pharmaceutical industry in drug dis-
covery and development38. If necessary, model parameter was refined during model verification, as recommended 
by the United States Food and Drug Administration (FDA) guidance.

Data availability. The datasets generated and analysed in the current study are available from the corre-
sponding author on reasonable request.



www.nature.com/scientificreports/

8SCientifiC REPORtS |  (2018) 8:12405  | DOI:10.1038/s41598-018-30841-8

References
 1. Wong, D. T., Threlkeld, P. G., Best, K. L. & Bymaster, F. P. A new inhibitor of norepinephrine uptake devoid of affinity for receptors 

in rat brain. J Pharmacol Exp Ther 222, 61–65 (1982).
 2. Zerbe, R. L. et al. Clinical pharmacology of tomoxetine, a potential antidepressant. J Pharmacol Exp Ther 232, 139–143 (1985).
 3. Ring, B. J., Gillespie, J. S., Eckstein, J. A. & Wrighton, S. A. Identification of the human cytochromes P450 responsible for atomoxetine 

metabolism. Drug Metab Dispos 30, 319–323 (2002).
 4. Sauer, J. M. et al. Disposition and metabolic fate of atomoxetine hydrochloride: the role of CYP2D6 in human disposition and 

metabolism. Drug Metab Dispos 31, 98–107 (2003).
 5. Sachse, C., Brockmoller, J., Bauer, S. & Roots, I. Cytochrome P450 2D6 variants in a Caucasian population: allele frequencies and 

phenotypic consequences. Am J Hum Genet 60, 284–295 (1997).
 6. Menoyo, A., del Rio, E. & Baiget, M. Characterization of variant alleles of cytochrome CYP2D6 in a Spanish population. Cell 

Biochem Funct 24, 381–385 (2006).
 7. Michelson, D. et al. CYP2D6 and clinical response to atomoxetine in children and adolescents with ADHD. J Am Acad Child Adolesc 

Psychiatry 46, 242–251 (2007).
 8. Lilly. Strattera - U.S. Prescribing information, http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/021411s046lbl.pdf (2015).
 9. Lee, S. Y. et al. Sequence-based CYP2D6 genotyping in the Korean population. Ther Drug Monit 28, 382–387 (2006).
 10. Cai, W. M., Chen, B. & Zhang, W. X. Frequency of CYP2D6*10 and *14 alleles and their influence on the metabolic activity of 

CYP2D6 in a healthy Chinese population. Clin Pharmacol Ther 81, 95–98 (2007).
 11. Nishida, Y., Fukuda, T., Yamamoto, I. & Azuma, J. CYP2D6 genotypes in a Japanese population: low frequencies of CYP2D6 gene 

duplication but high frequency of CYP2D6*10. Pharmacogenetics 10, 567–570 (2000).
 12. Cui, Y. M. et al. Atomoxetine pharmacokinetics in healthy Chinese subjects and effect of the CYP2D6*10 allele. Br J Clin Pharmacol 

64, 445–449 (2007).
 13. Matsui, A. et al. Pharmacokinetics, safety, and tolerability of atomoxetine and effect of CYP2D6*10/*10 genotype in healthy 

Japanese men. J Clin Pharmacol 52, 388–403 (2012).
 14. Byeon, J. Y. et al. Effects of the CYP2D6*10 allele on the pharmacokinetics of atomoxetine and its metabolites. Arch Pharm Res 38, 

2083–2091 (2015).
 15. Willmann, S. et al. Development of a physiology-based whole-body population model for assessing the influence of individual 

variability on the pharmacokinetics of drugs. J Pharmacokinet Pharmacodyn 34, 401–431 (2007).
 16. Cordes, H. et al. A Physiologically Based Pharmacokinetic Model of Isoniazid and Its Application in Individualizing Tuberculosis 

Chemotherapy. Antimicrob Agents Chemother 60, 6134–6145 (2016).
 17. Diestelhorst, C. et al. Predictive performance of a physiologically based pharmacokinetic model of busulfan in children. Pediatr 

Hematol Oncol 31, 731–742 (2014).
 18. Schlender, J. F. et al. Development of a Whole-Body Physiologically Based Pharmacokinetic Approach to Assess the 

Pharmacokinetics of Drugs in Elderly Individuals. Clin Pharmacokinet 55, 1573–1589 (2016).
 19. Dickschen, K. et al. Physiologically Based Pharmacokinetic Modeling of Tamoxifen and its Metabolites in Women of Different 

CYP2D6 Phenotypes Provides New Insight into the Tamoxifen Mass Balance. Front Pharmacol 3, 92 (2012).
 20. Sauer, J. M., Ring, B. J. & Witcher, J. W. Clinical pharmacokinetics of atomoxetine. Clin Pharmacokinet 44, 571–590 (2005).
 21. Thelen, K. et al. Evolution of a detailed physiological model to simulate the gastrointestinal transit and absorption process in 

humans, part 1: oral solutions. J Pharm Sci 100, 5324–5345 (2011).
 22. Thelen, K., Coboeken, K., Willmann, S., Dressman, J. B. & Lippert, J. Evolution of a detailed physiological model to simulate the 

gastrointestinal transit and absorption process in humans, part II: extension to describe performance of solid dosage forms. J Pharm 
Sci 101, 1267–1280 (2012).

 23. Kawai, R. et al. Physiologically based pharmacokinetic study on a cyclosporin derivative, SDZ IMM 125. J Pharmacokinet Biopharm 
22, 327–365 (1994).

 24. Lilly. Strattera - PMDA drug interview form, http://www.info.pmda.go.jp/go/interview/1/530471_1179050M1023_1_12F_1F 
(2015).

 25. Berezhkovskiy, L. M. Volume of distribution at steady state for a linear pharmacokinetic system with peripheral elimination. J Pharm 
Sci 93, 1628–1640 (2004).

 26. Shen, H. et al. Comparative metabolic capabilities and inhibitory profiles of CYP2D6.1, CYP2D6.10, and CYP2D6.17. Drug Metab 
Dispos 35, 1292–1300 (2007).

 27. Ball, K., Bouzom, F., Scherrmann, J. M., Walther, B. & Decleves, X. A physiologically based modeling strategy during preclinical CNS 
drug development. Molecular pharmaceutics 11, 836–848 (2014).

 28. Dinh, J. C., Pearce, R. E., Van Haandel, L., Gaedigk, A. & Leeder, J. S. Characterization of atomoxetine biotransformation and 
implications for development of PBPK Models for dose individualization in children. Drug Metab Dispos 44, 1070–1079 (2016).

 29. Huang, W., Nakano, M., Sager, J., Ragueneau-Majlessi, I. & Isoherranen, N. Physiologically based pharmacokinetic model of the 
CYP2D6 probe atomoxetine: Extrapolation to special populations and drug-drug interactions. Drug Metab Dispos 45, 1156–1165 
(2017).

 30. Belle, D. J. et al. Effect of potent CYP2D6 inhibition by paroxetine on atomoxetine pharmacokinetics. Journal of Clinical 
Pharmacology 42, 1219–1227 (2002).

 31. Chalon, S. A. et al. Effect of hepatic impairment on the pharmacokinetics of atomoxetine and its metabolites. Clin Pharmacol Ther 
73, 178–191 (2003).

 32. Sauer, J. M. et al. Atomoxetine hydrochloride: clinical drug-drug interaction prediction and outcome. J Pharmacol Exp Ther 308, 
410–418 (2004).

 33. Brown, J. T. et al. Single dose, CYP2D6 genotype-stratified pharmacokinetic study of atomoxetine in children with ADHD. Clin 
Pharmacol Ther 99(6), 642–650 (2016).

 34. Choi, C. I. et al. Effects of CYP2C19 genetic polymorphisms on atomoxetine pharmacokinetics. J Clin Psychopharmacol 34, 139–142 
(2014).

 35. Choi, C. I. et al. Determination of atomoxetine metabolites in human plasma by liquid chromatography/tandem mass spectrometry 
and its application to a pharmacokinetic study. J Chromatogr B Analyt Technol Biomed Life Sci 885-886, 103–108 (2012).

 36. Choi, C. I., Jang, C. G., Bae, J. W. & Lee, S. Y. Validation of an analytical LC-MS/MS method in human plasma for the 
pharmacokinetic study of atomoxetine. J Anal Chem 68, 986–991 (2013).

 37. Dupont, W. D. & Plummer, W. D. Jr. Power and sample size calculations for studies involving linear regression. Control Clin Trials 
19, 589–601 (1998).

 38. Jones, H. M. et al. Application of PBPK modelling in drug discovery and development at Pfizer. Xenobiotica 42, 94–106 (2012).

Acknowledgements
This research was supported by the Basic Science Research Program through the National Research Foundation 
of Korea (NRF) funded by the Ministry of Science, ICT, & Future Planning (NRF-2016R1A2B4007381).

http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/021411s046lbl.pdf
http://www.info.pmda.go.jp/go/interview/1/530471_1179050M1023_1_12F_1F


www.nature.com/scientificreports/

9SCientifiC REPORtS |  (2018) 8:12405  | DOI:10.1038/s41598-018-30841-8

Author Contributions
S.-H. Kim, J.-Y. Byeon and S.-Y. Lee designed the study. S.-H. Kim, J.-Y. Byeon, C.-M. Lee, and Y.-H. Kim 
performed the genotyping and measured the atomoxetine plasma concentrations. S.-H. Kim developed the 
PBPK model and performed the simulations. S.-H. Kim, J.-Y. Byeon, Y.-J. Lee, C.-G. Jang, and S.-Y. Lee wrote the 
manuscript. S.-Y. Lee supervised the entire project. S.-H. Kim and J.-Y. Byeon contributed equally to this study. 
All authors discussed the results and reviewed and approved the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Physiologically based pharmacokinetic modelling of atomoxetine with regard to CYP2D6 genotypes
	Results
	Pharmacokinetic study. 
	Development of a PBPK model. 
	Validation of the PBPK model. 

	Discussion
	Methods
	Subjects. 
	Study protocol. 
	Determination of plasma concentration. 
	Data and statistical analysis. 
	PBPK model development workflow. 

	Acknowledgements
	Figure 1 Plasma concentration-time profiles of atomoxetine in CYP2D6*wt/*wt (circles, n = 11) and CYP2D6*10/*10 (squares, n = 8) genotype groups after oral administration of 20 mg atomoxetine.
	Figure 2 Comparison of simulated (lines) and observed (circles) plasma concentration-time profiles of atomoxetine of CYP2D6*wt/*wt individuals (n = 11).
	Figure 3 Comparison of simulated (lines) and observed (circles) plasma concentration-time profiles of atomoxetine of CYP2D6*10/*10 individuals (n = 8).
	Figure 4 Observed and simulated (a) AUCinf, (b) Cmax, and (c) CL/F values after oral administration of 20 mg atomoxetine in relation to CYP2D6 genotype.
	Table 1 Pharmacokinetics of atomoxetine in different CYP2D6 genotype groups after 20 mg oral dose of atomoxetine.
	Table 2 Atomoxetine parameters used for PBPK development in the CYP2D6*wt/*wt genotype group.
	Table 3 Modified atomoxetine parameters used in PBPK development for the CYP2D6*10/*10 genotype group and for CYP2D6 extensive and poor metabolisers.
	Table 4 Demographic characteristics (range of age, BMI, weight) of the population and observed and simulated mean Cmax, AUC and prediction error (PE) of atomoxetine after (A) single administration and (B) at steady state after multiple oral administration




