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Estimation of CYP2D6*10 genotypes on citalopram disposition in Chinese subjects

by population pharmacokinetic assay

B. Chen*, Y. Xu™!, T. ]iangi’l, R. Feng§, J. Sun”, W. Zhang*, W. Yang*, J. Li*, O. Adeniyi§ and H. Chen*

*Department of Pharmacy, Ruijin Hospital, School of Medicine, Shanghai Jiaotong University, *Department of Technology and Development, Ruijin Hospital,
School of Medicine, Shanghai Jiaotong University, *Department of Clinical Pharmacology, School of Medicine, Shanghai Jiaotong University, Shanghai, China,
SDepartment of Pharmaceutical Sciences, University of Michigan, Ann Arbor, MI, USA, and "Department of Gastroenterology, Ruijin Hospital, School of

Medicine, Shanghai Jiaotong University, Shanghai, China

Received 13 June 2011, Accepted 25 October 2012

Keywords: citalopram, bioequivalence, non-compartment, population pharmacokinetic, CYP2C19, CYP2D6, genotype

SUMMARY

What is known and objective: There is great interindividual
variability in citalopram (CIT) pharmacokinetics. We attempted
to establish a population pharmacokinetic (PPK) model of CIT
in Chinese healthy subjects, to evaluate the effect of genetic
polymorphism on CIT pharmacokinetics and to compare the
PPK and non-compartmental (NCA) assays in the estimation of
CIT bioequivalence.

Methods: Blood samples of 23 healthy subjects were collected
after administration of CIT; plasma concentration of CIT was
analysed using LC/MS-MS. CYP2C19 and CYP2D6%10 geno-
types were determined. PPK model was established by using
nonlinear mixed-effect modelling (NONMEM). The model was
evaluated using goodness-of-fit plots and relative error mea-
surements. Bioequivalence of CIT was evaluated by both PPK
and NCA method.

Results and discussion: The estimated population absorption rate
constant (k,), clearance (CL/F) and volume of distribution (Vd/F)
in Chinese healthy subjects are 0.64 L/h, 12.7 L/h and 705 L,
respectively. Different CYP2C19 and CYP2D6 genotypes have
impacts on CIT pharmacokinetics. There is about 5.5% decrement
of CL/F for each CYP2C19*2 or CYP2D6*10 allele. The 90%
confidence interval of CIT bioavailability obtained from NCA
and PPK model were 96.4-105.4% and 92.5-103.4%, respectively.
What is new and conclusion: The PPK of CIT is best character-
ized by a one-compartment disposition model with first-order
absorption. CYP2C19 and CYP2D6 genotypes have impacts on
the CL/F of CIT. Bioequivalence of CIT can be estimated by both
NCA and PPK model.

WHAT IS KNOWN AND OBJECTIVE

Citalopram (CIT) is a selective serotonin reuptake inhibitor, which
is mainly used for the treatment of depression. After oral
administration, maximum plasma concentrations are seen 24 h
after dosing. The absolute bioavailability of an oral formulation is
about 80%.” There is great interindividual variability in CIT
pharmacokinetics. It was reported that there is a 7-fold variance in
apparent oral clearance (CL/F) in patients receiving CIT
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monotherapy.** Hepatic metabolism is one of the most important
causes for variability in CIT pharmacokinetics. CIT is converted
into its major metabolite demethylcitalopram (DCIT) through N-
demethylation, and a further demethylation at the same site results
in didesmethylcitalopram (DDCIT), a minor secondary metabolite.
The formation of these metabolites is catalysed by the CYP2C19,
CYP2D6 and CYP3A4 isozymes.”™® CYP3A4 is responsible for an
estimated 70% of the N-demethylation of CIT, whereas CYP2C19
contributes to about 7% of the catalysis.” CYP2D6 plays a still
minor role in the metabolism of CIT and DCIT.%”

Metabolic activity of CYP2C19 exhibits remarkable genetic
polymorphism. People can be grouped into CYP2C19 extensive
metabolizers (EMs) and poor metabolizers (PMs). The incidence of
PM in Chinese (13-23%) is much higher than in Caucasian (2-5%).°
CYP2C19*2 and CYP2C1973 alleles can explain nearly all Chinese
PMs. Genetic polymorphisms of CYP2C19 on the metabolism of
CIT have been widely studied. Homozygous CYP2C19 non-
functional allele carriers have an estimated 42% reduced clearance
as compared with homozygous wild-type carriers. Lower doses of
CIT in CYP2C19 PMs were recommended.”’ The frequencies of
CYP3A4 alleles (*4, *5, *6, *18A and *19) are all lower than 1% in
Chinese.""'? The importance of these alleles on CIT therapy is
limited. CYP2D6 also shows remarkable genetic polymorphism in
the Chinese population, and the frequency of the loss-of-function
CYP2D6*10 allele in Chinese is about 37-70%.'% "

Population pharmacokinetic (PPK) study provides a quantita-
tive estimation of the interpatient variability in pharmacokinetic
response, the intrapatient variability and the influence of demo-
graphic, clinical and genetic factors on the pharmacokinetics. PPK
is also suitable for modelling pharmacokinetic responses in a
relatively large group of subjects with only relatively sparse
samples for each subject. There are few studies of CIT PPKs
especially on the influence of CYP2D6 genetic polymorphism.

The main objective of this study was to establish a PPK model
for the Chinese population and to evaluate the effects of CYP2C19
and CYP2D6 polymorphisms on CIT pharmacokinetics. We also
aimed to use the PPK model constructed to evaluate the
bioequivalence of CIT formulations.

MATERIALS AND METHODS

Subjects

This study was conducted as a randomized, open-label, compar-
ative, cross-over bioequivalence study. The protocol was approved
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by the Ethics Committee of Ruijin Hospital. The trial was in
accordance with the principles of the Declaration of Helsinki and
the guidelines of Good Clinical Practice. All subjects gave written
informed consent prior to enrolment in the study. The CYP2C19
genotype of 42 candidates was determined by polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP)
assays. Subjects with CYP2C19 *1/*1, *1/*2 or *1/*3 alleles were
considered as EMs. Finally, 24 male Chinese Han volunteers (age,
25.0 & 2.9 years; weight, 65.2 £ 5.0 kg) of EM genotype were
enrolled. Each subject was physically normal and had no
antecedent history of significant medical illness or hypersensitivity
to any drugs. Their health status was judged to be normal based
on a physical examination with a screening of blood chemistry,
complete blood cell count, urinalysis and electrocardiogram before
the study. None of these subjects had taken any drugs for at least
2 weeks before the study.

Study protocol

All volunteers entered the study centre before 8:00 rm the day
before the study. After an overnight fast, they received a single
dose of 20-mg test or reference CIT tablets (reference formulation:
Ciprimil, 20-mg tablets, lot no. 2127701; H. Lundbeck A/S,
Copenhagen, Denmark; test formulation: Citalopram, 20-mg
tablets, lot no. 7B7471; Salutas Pharma GmbH, Barleben, Genr-
many) formulation with 240 mL of water at 8:00 am. No water
was allowed 1h prior to and 2 h after drug administration.
Standard meals were provided 4 and 10 h after dosing, respec-
tively. No other food was permitted during the ‘in-house” period.
Xanthine-containing drinks including tea, coffee or cola were
abandoned.

Two millilitres of blood samples was collected from an
indwelling catheter in the arm into sterile EDTA anticoagulated
tube before (0 h) and 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36, 48, 72, 96, 120
and 144 h after dosing. Systolic and diastolic arterial pressure and
heart rates were recorded at each sampling time. The blood
samples were centrifuged at 3000 g for 10 min, and plasma was
separated and stored at —70 °C until analysis.

Genotyping of CYP2C19 and CYP2D6

Leucocyte DNA was extracted from blood samples by a modified
phenol-chloroform extraction assay. The obtained DNA was
dissolved in TE buffer and stored at 4 °C. CYP2C19 genotyping
was conducted by the PCR-RFLP assay according to the previous
studies with minor revision. Fragments containing CYP2C19*2
and *3 alleles were amplified. The final 50 pL of PCR mixture
contained 50 ng of genomic DNA, 1x PCR buffer, 1.5 mm of
MgCl,, 02 mm of each dNTP, 0.4 pm of each primers (for
CYP2C19*%2, P1: TCA GAG GCT GCT TGA TAG AAA T, P2:
AGT CAA TGA ATC ACA AAT ACG C; for CYP2C19*3, P3:
TTC ATC CTG GGC TGT GCT, P4: AGG GCT TTG GAG TIT
AGT GG. The primers were synthesized by Invitrogen Co. Ltd,
Shanghai, China) and 2 U Taq DNA polymerase (Fermentas,
Ontario, Canada). The reaction was carried out according to the
following program: 7 min of initial denaturation at 94 °C;
followed by 30 cycles of 94 °C for 45 s, 55 °C for 45 s and
72 °C for 45 s; with a final extension at 72 °C for 7 min. PCR
products were analysed by electrophoresis with 2% agarose gels.
The amplified DNA fragments containing CYP2C19*2 and *3
allele were digested with Smal and BamHI (TaKaRa Biotech,
Dalian, China) respectively, at 37 °C for 16 h. The digested
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fragments were analysed by electrophoresis with 4% agarose
gels.

A tetra-primer method established in our laboratory was used to
determine the genotype of C100T (CYP2D6*10)."° Twenty-five
microlitres reaction system contained 50 ng DNA, 1x PCR buffer,
1.5 mm MgCl,, 0.2 mm dNTP, 0.4 pm for each of the outer and inner
primers (outerl: TCA ACA CAG CAG GTT CAC TCA CAG CA,
outer2: CTG TGG TTT CAC CCA CCA TCC AT, innerl: ACG CTG
GGC TGC ACG CTA CC, inner2: AGT GGC AGG GGG CCT GGT
GA), 0.04% Tween-20, 1.25 mm tetramethyl ammonium chloride
and 0.5 U Heat start Taq DNA polymerase (Bio Basic Co. Ltd,
Ontario, Canada). The reaction was performed according to the
following program: 15 min at 94 °C; followed by 33 cycles of 94 °C
for 30 s, 65 °C for 30 s and 72 °C for 45 s; with a final extension at
72 °C for 7 min. PCR products were analysed by electrophoresis
with 2% agarose gels.

Determination of CIT and DICT in plasma

Plasma CIT and DCIT concentrations were analysed using a high-
performance liquid chromatography tandem mass spectrometry
(LC-MS/MS) .16 Briefly, to 200 pL plasma sample, 600 pL of
methanol with internal standard (desipramine) was added to
precipitate plasma protein. After vortexing for 5 min, the samples
were centrifuged at 15 493 g for 10 min. Hundred microlitres of
supernatant was mixed with 100 pL water, and 10 pL mixture
was injected into the Angilent 1200 LC system and eluted with
acetonitrile and 0.25% formic acid (30 : 70, v/v) at a flow rate of
300 puL/min. The separation was carried out using a Zorbax XDB
C18 column (2.1 x 50 mm, 3.5 um; Agilent Technologies Inc.,
USA) with temperature of 35 °C. HPLC system was coupled to an
Agilent 6410 triple quadrupole mass spectrometer (Agilent
Technologies Inc., Santa Clara, CA, USA) with an electrospray
interface in positive ionization mode. Multiple reaction monitor-
ing was used to quantify CIT (m/z 325 [M + H]"—109), DCIT
(m/z 311 [M + H]*>109) and despramine (m/z 267 [M + H]"—
208). Linearity calibration range of CIT and DCIT was 0.2-100
and 0.25-50 ng/mL, respectively. The recovery of CIT and DCIT
was 105.3% and 99.7%, respectively. The relative standard
deviation of CIT and DCIT was lower than 11.4% and 8.3%,
respectively.

Pharmacokinetic analyses

Non-compartmental (NCA) pharmacokinetic analysis. Plasma concen-
trations of CIT and DCIT obtained from subjects were analysed
using NCA assay by WinNonlin 5.01 (Pharsight Corporation,
Mountain View, CA, USA). The C,,.x and the T,., were obtained
directly from the data. Area under concentration-time curve
(AUC) was estimated by means of trapezoidal method and
extrapolation of the area to infinite time.

Compartmental pharmacokinetic analysis. Structure model: Population
pharmacokinetic model of CIT was constructed using NONMEM
(Version 6; GloboMax, Hanover, MD, USA). One- and two-
compartment structure models were evaluated during model
construction. Concentration data of CIT were log-transformed to
ensure the random effects are sufficiently distributed around zero.
The first-order conditional estimation method was applied for the
modelling. Model selection was based on the objective function
value (OFV), parameter estimates and standard errors. OFV is
proportional to —2 log likelihood of the relevant models. Lower
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value indicates a better model. The distribution of empirical Bayes
estimates was also important factors for model selection.

Interindividual and residual error model: The interindividual
variability of the parameters was assessed using an exponential
function: P; = TV(P;) - e’

where P; was the individual value, TV(P;) was the population
value for the parameters described in the equation and n; was the
random deviation of P; from TV(P;). The values of m; were
assumed to be independently normally distributed with a mean of
0 and a variance of .

As the concentration data were log-transformed, an additive
model was used for residual error analysis of CIT as:
1ncob-s = lncpred + e

where Cgps is the observed concentration, Cp.eq is the predicted
concentration, and ¢ is a residual error with a mean of 0 and a
variance of ¢°.

Covariates: Subjects’ demographic data such as age, body
weight, physiological characteristics such as clearance of create-
nine (CLcr) and genetic polymorphisms were evaluated as the
possible covariates of CIT pharmacokinetic model. The influence
of continuous covariates on the pharmacokinetic parameter TV(P)
was modelled according to the following equations:

TV(P) = 0p x (covariate)
TV(P) = 0Op + Oc x (covariate)
TV(P) — BP x (ecovariatexﬁc)

TV(P) = 0p x (covariate/means of covariate)”*

For CYP2C19 and CYP2D6 genotypes, discrete numbers were
given to each index: 0 and 1 for CYP2C19 *1/*1 and *1/*2 (or *1/
*3) subjects, respectively; 0, 1, 2 for CYP2D6 *1/*1, *1/*10 and
*10/*10 subjects, respectively. We also considered the influence of
CYP2C19 and CYP2D6 genotype simultaneously: 0-5 was
assigned to 2C19*1/*1- 2D6*1*1, 2C19*1/*1- 2D6*1/*10,
2C19*1/*2- 2D6*1/*1, 2C19*1/*1- 2D6*10/*10, 2C19*1/*2-
2D6*1/*10 and 2C19*1/%2- 2D6*10/*10, respectively. Pharmaco-
kinetic parameter TV(P) was modelled according to the following
equations:

TV(P) = 0p + Oc x (covariate)
TV(P) — ()P X (ecovariatex()c)
TV(P) — QP % ecovariate
where TV(P) is the typical value of the pharmacokinetic param-
eters, 0p is the population estimation of the parameter, and 0. is the
factor contributed by the covariate.

Formulation factors on the pharmacokinetics of CIT were also
tested.'” The population values of pharmacokinetic parameters for
reference and test formulations are as follows:

kaT = Hka : kaR
ks = (1 — TRET) - kar + TRET - ko1
Fy = (1—-TRET) -1+ TRET - Fr

k,rand k,r are PPK values of absorption constant of test and reference
formulation. Fr is the relative bioavailability of test formulation of
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CIT. TRET is the formulation indicator variable, TRET = 0 indicated
reference product and TRET = 1 indicated test product.

A forward inclusion and backward elimination techniques were
used for the final regression model. Each candidate covariate was
screened in turn by adding it to the base model. Weighted
residuals and the change in the OFV were noted in the model-
building process. Changes in the OFV approximate the chi-square
distribution with the degrees of freedom (d.f.) equal to the number
of covariates introduced. A covariate was considered statistically
significant when the OFV decreased by 3.84 or greater (P < 0.05,
d.f. = 1) when added to the base model (forward inclusion). The
full model included all covariates that showed a significant
decrease in OFV. Hence, each covariate remaining in the model
was removed in turn by fixing its value to zero. This procedure
was repeated until the value of the objective function failed to
increase by more than the critical value of 6.63 (P < 0.01, d.f. = 1;
backward elimination). Individual pharmacokinetic parameters,
arithmetic means and standard deviations were calculated using
the NONMEM Bayesian estimates from POSTHOC output.

Model validation: As there are relatively few subjects in this
study, the data-splitting method was not used for model testing.
Instead, the stability and performance of final model were assessed
through an internal validation method that involved a nonpara-
metric bootstrap with resampling and replacement. In this study,
400 bootstrap samples were generated, and the PPK parameters
were estimated for each of the 400 samples using the final model.
The mean and standard error of parameter estimates from the
bootstrap analyses were then compared with the NONMEM
estimates from the final model.

Statistical analysis

Pharmacokinetic parameters of CIT were shown as means + stan-
dard deviations (SD). Kruskal-Wallis test was used to compare
Cmaxx AUC and Cl among different CYP2C19 and CYP2D6
genotype groups. Mann-Whitney U-test was used to compare
Cmax, AUC and Cl between two CYP2D6*10 genotype groups.
P < 0.05 was considered to be statistically significant.

Analysis of variance (aNova) was performed on the log-
transformed Cpax, AUC from NCA analysis. Two one-sided tests
were carried out for bioequivalence, and 90% confidence intervals
(CI) were calculated. Bioequivalence was determined, if the 90% CI
of the geometric mean was within 80-125%.

RESULTS AND DISCUSSION

Genetic polymorphism of CYP2C19 and CYP2D6 on CIT
pharmacokinetics

Twenty three of 24 subjects finished the study and one subject
discontinued for personal reason. 736 CIT plasma concentrations
were obtained. In 23 subjects, there are 9 *1/*1 and 14 *1/*2
subjects for CYP2C19. There is difference in the concentration time
curve of CIT among various CYP2C19 genotypes (Fig. 1). However
the difference of CL/F between different CYP2C19 genotype was
not statistically significant (P = 0-071; Fig. 2A). Studies have
shown that the disposition of CIT is associated with the polymor-
phism of CYP2C19°. Yu et al. '® suggested gene-dose effect in
CYP2C19 CIT N-demethylation. The t; ,, and CL/F of CIT, as well
as the AUC, Cpax and Tpax of DCIT in PMs were significantly
different from those in homozygous EMs (P < 0-05) and hetero-
zygous EMs (P < 0:05). Yin et al. '° used CYP2C19 genotypes as
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the covariate of CL/F in PPK modeling of CIT in 53 Chinese
patients. They found that CYP2C19 PM patient had a 42-9% and
33-3% lower CL/F than homozygous and heterozygous EM
patients, respectively. To minimize the influence of CYP2C19
genotypes on exposure to CIT, we excluded subjects carrying the
homozygous CYP2C19 mutant alleles from this study. It seemed
that the CL/F of CYP2C19 *1/*1 subjects is higher than that of *1/
*2 subjects.

There were 4 *1/*1, 7 *1/*10 and 12 *10/*10 subjects for
CYP2D6. CL/F in CYP2D6 *1/*1 group was significantly higher
than *1/*10 and *10/*10 groups (P < 0-05; Fig. 2B). When
different CYP2C19 and CYP2D6 genotypes were considered
simultaneously (2C19-2D6), the pharmacokinetic parameters are
summarized in Table 1. The ratio of Cp,.,, AUCy ., of 3 CYP2D6*10
groups with CYP2C19*1/*1 genotype was 1:123:1.15 and
1:1.22: 1.25, respectively; for CYP2C19*1/*2 group the ratios
were 1:1.18 : 1.24 and 1 : 1-48 : 1.93, respectively.

A previous study used human CYP3A4, CYP2C19 and CYP2D6
isozymes expressed by cDNA in the metabolism of CIT in vitro.
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The results showed that CYP2C19 and CYP3A4 had much higher
Ky values than CYP2D6 (166, 204 and 20 pmMm, respectively).
Nevertheless, the V. of CYP2C19 and CYP3AA4 is also 10 times
higher than that of CYP2D6. Thus, intrinsic clearance values
(Vinax/Kwm) of CIT was similar for the three isozymes7‘ CYP2D6
plays a minor role in the biotransformation of CIT due to its lower
expression level than CYP2C19 and CYP3A4. In vivo studies of
CYP2D6 polymorphism on CIT pharmacokinetics are scarce.
Sindrup et al. ¢ found that AUCy 150 n and 4 s> of CYP2D6 PM
seemed higher than those of EM subjects (5303-8 + 1962:3 vs.
4244-1 + 1021-6 nmol-h/L for AUC, 380 &+ 12-2 vs. 31-6 £ 6:2 h
for t1,,), but the difference was not statistically significant. On the
other hand, Herrlin et al. '* investigated the pharmacokinetics of
the CIT, DCIT and DDCIT enantiomers in Swedish subjects. The
results suggested that clearance of DCIT but not of CIT was
influenced by CYP2D6 phenotype. It our study it seemed there is a
gene dose effect of CIT pharmacokinetics among different
CYP2D6*10 genotypes and the effect is more significant in subjects
with CYP2C19*1/*2 genotype. It can be inferred that CYP2D6
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genetic polymorphism may play a more important role in CIT
metabolism in subjects with poor CYP2C19 and/or CYP3A4
metabolic activity.

PPK model of CIT and the influence of genetic polymorphism

Different structure models (1 and 2 compartment model, with or
without lag time) were tested. The best structural model consisted
of a 1-compartment model with a single first-absorption process
and first-order elimination process. The absorption rate constant
(k,) for the 23 healthy subjects was 0-64 + 0-081 L/h, but with
large inter-individual variation (62:2%). Tnax Obtained using NCA
method also showed great variability (Tmax: 212 h). Yin et al. 10
tested different k, (0-25-2-5 L/h), and found that 0-75 L/h was the
best, an estimate comparable to that obtained in our study.
Although CIT is completely absorbed in the intestine®, the
duration of absorption shows great inter-individual variability.
In previous studies, Bies et al. 2l and Friberg et al. 22 found great
inter-individual variability of k, (CV=45-1% and 51-0%, respec-
tively).

Since CIT was administered orally, the clearance (CL/F) and
distribution volume (Vd/F) included bioavailability (F). CL/F
(mean + SE) was estimated to be 12.7 £+ 0-49 L/h; the Vd/F was
705 + 19-3 L (Table 2). The Vd/F estimate in the present study is
lower than estimates reported by investigators in Denmark
(1310-2 + 165-66 L)?, Sweden (1364 + 155 L)*® and Australia
(1297 L)*?, but is comparable to that reported for Chinese subjects
(670 =+ 244 L)¥. There may be an ethnic difference in Vd/F of CIT
between Caucasian and Chinese subjects.

A previous study in Caucasians®! found that body weight and
age influence CL/F and Vd/F significantly. The CL/F increased
0-14 L/h for every kilogram of body weight and decreased
023 L/h for every year of age. The study of Yin et al. ° in
Hong-Kong Chinese patients also found that CL/F increased by an
estimated 0-11 L/h for every kilogram body weight. We tested
body weight, age and CLcr as covariates, but none neither of these
factors was significant. This may be due to that the subjects
included in this study being healthy with normal renal function
and similar body weight and age.

When CYP2C19 genotype was tested as a covariate, CL/F of
CYP2C19*1/%*2 subjects was about 14% lower than that of *1/*1
subjects. However, the OFV decreased by only about 4-0, CYP2C19
is not a significant covariate with CL/F. The result is consistent
with previous pharmacokinetic studies on CIT which showed that
CYP2C19 *1/*1 (homozygous EMs), *1/*2 or *1/*3 (heterozy-
gous EMs) can be categorized as one group.

We classified subjects according to both CYP2C19 and CYP2D6
genotype. 6 different genetic polymorphism groups, 0-5 could be
identified. The genotype was used as a covariate for CIT CL/F.
OFV decreased by 13-8, and inter-individual variability of CL/F
decreased from 23-0% to 18-0% (Table 2). Subjects with
CYP2D6*10/*10 and CYP2C19*1/*2 genotype had CL/F 27-4%
lower than subjects with CYP2D6*1/*1 and CYP2C19*1/*1
genotypes. The results suggest that CYP2D6*10 allele has an
impact on the pharmacokinetics of CIT, especially in subjects with
a CYP2C19 defective allele.

Model validation

The assessment of the predictive performance of the final model is
represented in scatter plots of observed CIT concentration (DV)
versus population predicted CIT concentrations (PRED, Fig. 3A)
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Table 2. The citalopram pharmacokinetic parameters obtained by nonlinear mixed-effect modelling
Basic model Final model
Mean (SE) 95% CI Mean (SE) 95% CI Bootstrap
Parameters (0)
CL/F (0,) (L/h) 12.7 (0.49) 12.5-12.9 15.6 (0.43) 154-15.8 16.0 (0.69)
Vd/F (0,) (L) 705 (19.3) 697.1-712.9 705 (19.2) 697.2-712.8 699 (18.8)
ka (03) (L/h) 0.64 (0.081) 0.61-0.67 0.63 (0.081) 0.60-0.66 0.61 (0.058)
Genotpe (6,) NA NA —0.054 (0.017) —0.061 to —0.047 —0.25 (0.034)
Inter-individual variability (n)
CL, % 23.0 (11.6) 18.3-27.7 18.0 (10.0) 13.9-22.1 14.8 (1.71)
Vd, % 8.89 (8.41) 55-12.3 9.29 (8.31) 59-12.7 10.7 (2.31)
ok, % 62.2 (32.2) 49.0-75.4 62.4 (32.4) 492-756 59.9 (5.5)
Residual error (g)
o, % 32.1 (15.0) 26.0-38.2 31.9 (14.1) 26.1-37.7 32.4 (3.35)
Objective function value —696.2 —710.0

As interindividual variability of Vd/F is lower than 0.01%, it was fixed to 0.
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Fig. 3. Goodness-of-fit of citalopram population pharmacokinetic model. (a) Population-predicted concentration (PRED) vs. observed
concentration (DV); (b) individual-predicted concentration (IPRE) vs. DV; (c) Weighted residual error (WRES) vs. PRED; (d) WRES vs. time.

and individual predicted CIT concentrations (IPRE, Fig. 3B);
weighted residual (WRES) vs. PRED (Fig. 3C) and time (Fig.
3D). Residuals of most concentration data were randomly distrib-
uted within 2 standard deviations (SD), which designated good
agreement. The average bias of CIT was 31-9% (95% confidence
interval (CI): 26-1-37-7%). Some lack of fit is evident in the plot.
Only 20 out of the 736 samples are out of 2 SD.

392 of the 400 bootstrap runs successfully, two runs terminated
with rounding errors, and the other six runs terminated without
covariate step. The bootstrap indicated good results with the
results obtained from final model. The results of k,, CL/F and Vd/
F calculated by NONMEM are in the center of histogram of 392
runs of bootstraps (Fig 4).

Bioequivalence analysis by NCA and PPK modeling

Although the most popular method for the assessment of
bioequivalence of different formulations is NCA, previous studies
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suggested that a PPK model may be better for studying drugs with
more complicated plasma concentration-time profiles and may be
useful for studying bioequivalence study in patients*’. With the
PPK method, a set of parameter estimates can be obtained. For
example, k, between different formulations can be compared using
the PPK approach. Besides, the C.x values obtained by PPK are
likely to be less biased than those observed using the NCA
method. With Bayesian methodology, bioequivalence can be
assessed 7 2%, In this study, NCA analysis showed the 90% CI
of the AUCy ., and C,,.x are within 80-125%, which indicated
bioequivalence of the test drug to the reference drug. Bioequiva-
lence estimation through PPK modeling assay showed similar
results. We obtained individual C,,,, and AUC of the reference
and test formulations of CIT using the Bayesian method. The 90%
ClIs of these parameters are similar to those obtained using NCA
(Table 3). Thax obtained using NCA and PPK method was
compared by Wilcoxon test, and both methods showed that there
was no difference between the reference formulation and the test
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Fig. 4. Histogram of k,, CL/F and Vd/F of citalopram from 392 bootstraps. Vertical line means the estimated parameters from population

pharmacokinetic model we established.

Table 3. The bioequivalence of citalopram obtained from non-compartmental and nonlinear mixed-effect modelling (NONMEM) assay

Non-compartment NONMEM

Test Reference BA (%) Test Reference BA (%)
Cimax (ng/mL) 323 £59 331 +74 92.5-103.6 262 +£25 264 + 3.0 92.9-101.1
AUC (ng h/mL) 1595 + 381 1648 + 504 96.4-105.4 1575 + 265 1616 + 363 92.5-103.4
Tmax (h) 3.22 +2.26 3.60 + 1.44 2.77 + 1.39 2.86 + 0.91
Oka 106.0% (84.8-127.2%)
Fr 99.1% (89.4-108.9%)

formulation. We also assessed the bioequivalence by introducing
the formulation factors. The ratio of k, between test and reference
formulation (6y,) and bioavailability (F1) of test drug was used to
assess potential differences between the 2 CIT formulations on the
extent of absorption and the exposure. The point estimate (with
90% CI) for 6y, and Fr were 106:0% (84-8-127-2%) and 99-1%
(89:4%108-9%). It can be inferred that test and reference formula-
tions had a similar rate of absorption and exposure.

WHAT IS NEW AND CONCLUSIONS

In this study, we studied the influence of CYP2C19 and
CYP2D6*10 genotypes on the pharmacokinetic characteristics
of CIT in healthy Chinese subjects by using PPK method for the

© 2013 John Wiley & Sons Ltd
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first time. We found pharmacokinetics of CIT in Chinese
subjects is best characterized by a one-compartment disposition
model with first-order absorption, CYP2C19 and CYP2D6*10
alleles play significant roles in the metabolism of CIT. CIT
pharmacokinetic parameter values (e.g. CL/F, Vd/F, AUC, etc.)
estimated using NONMEM are similar to those obtained with
NCA analysis. The PPK method could be used to assess the
bioequivalence of CIT.

ACKNOWLEDGEMENTS

This study was supported by the National Innovative Drug
Development Project from the Ministry of Science and Technology
of China (2012ZX09303-003, 20092X09103).

Journal of Clinical Pharmacy and Therapeutics, 2013, 38, 504-511



Estimation of CYP2D6*10 genotypes on citalopram disposition

B. Chen et al.

REFERENCES

1.

Baumann P, Rochat B. Comparative
pharmacokinetics of selective serotonin
reuptake inhibitors: a look behind the mir-
ror. Int Clin Psychopharmacol, 1995;10(Suppl

1):15-21.

. Joffe P, Larsen FS, Pedersen V, Ring-Larsen

H, Aaes-Jrgensen T, Sidhu J. Single-dose
pharmacokinetics of citalopram in patients
with moderate renal insufficiency or hepatic
cirrhosis compared with healthy subjects.
Eur ] Clin Pharmacol, 1998;54:237-242.

. Leinonen E, Lepola U, Koponen H, Kinn-

unen I The effect of age and concomitant
treatment with other psychoactive drugs on
serum concentrations of citalopram mea-
sured with a nonenantioselective method.
Ther Drug Monit, 1996;18:111-117.

. Fredricson Over K. Kinetics of citalopram in

man: plasma levels in patients. Prog Neuro-
psychopharmacol Biol Psychiatry, 1982;6:311—
318.

. Kobayashi K, Chiba K, Yagi T et al. Identi-

fication of cytochrome P450 isoforms
involved in citalopram N-demethylation
by human liver microsomes. | Pharmacol

Exp Ther, 1997;280:927-933.

. Sindrup SH, Brsen K, Hansen MG, Aaes-

Jrgensen T, Over KF, Gram LF. Pharmaco-
kinetics of citalopram in relation to the
sparteine and the mephenytoin oxidation
polymorphisms. Ther Drug Monit, 1993;
15:11-17.

. Rochat B, Amey M, Gillet M, Meyer UA,

Baumann P. Identification of three cyto-
chrome P450 isozymes involved in N-deme-
thylation of citalopram enantiomers in
human liver microsomes. Pharmacogenetics,
1997;7:1-10.

. Olesen OV, Linnet K. Studies on the stereo-

selective metabolism of citalopram by
cDNA-
expressed cytochrome P450 enzymes. Phar-
macology, 1999;59:298-309.

human liver microsomes and

© 2013 John Wiley & Sons Ltd

10.

11.

12.

13.

14.

15.

16.

17.

. de Morais SM, Wilkinson GR, Blaisdell ],

Nakamura K, Meyer UA, Goldstein JA. The
major genetic defect responsible for the
polymorphism of S-mephenytoin metabo-
lism in humans. | Biol Chem, 1994;269:15419
—15422.

Yin OQ, Wing YK, Cheung Y, Wang ZJ,
Lam SL, Chiu HF, Chow MS. Phenotype-
genotype relationship and clinical effects of
citalopram in Chinese patients. | Clin Psy-
chopharmacol, 2006;26:367-372.

Dai D, Tang J, Rose R, Hodgson E, Bien-
stock R], Mohrenweiser HW, Goldstein JA.
Identification of variants of CYP3A4 and
characterization of their abilities to metab-
olize testosterone and chlorpyrifos. Biochem
Pharmacol, 1992;43:2201-2208.

Hsieh KP, Lin YY, Cheng CL, Lai ML, Lin
MS, Siest JP, Huang JD. Novel mutations of
CYP3A4 in Chinese. Drug Metab Dispos,
2001;29:268-273.

Garcia-Barcelo M, Chow LY, Chiu HF,
Wing YK, Lee DT, Lam KL, Waye MM.
Genetic analysis of the CYP2D6 locus in a
Hong Kong Chinese population. Clin Chem,
2000;46:18-23.

Lee EJ, Jeyaseelan K. Frequency of human
CYP2D6 mutant alleles in a normal Chinese
population. Br ] Clin Pharmacol, 1994;37:605—
607.

Cai WM, Chen B, Zhang WX. Frequency of
CYP2D6 *10 and *14 alleles and their
influence on the metabolic activity of
CYP2D6 in a healthy Chinese population.
Clin Pharmacol Ther, 2007;81:95-98.

Jiang T, Rong Z, Peng L et al. Simultaneous
determination of citalopram and its metab-
olite in human plasma by LC-MS/MS
applied to pharmacokinetic study. | Chro-
matogr B Analyt Technol Biomed Life Sci,
2010;878:615-619.

Pentikis HS, Henderson JD, Tran NL, Lud-
den TM. Bioequivalence: individual and
population compartmental modeling com-

18.

19.

20.

21.

22.

23.

24.

25.

pared to the noncompartmental approach.
Pharm Res, 1996;13:1116-1121.
Kragh-Srensen P, Over KF, Petersen OL,
Jensen K, Parnas W. The kinetics of citalop-
ram: single and multiple dose studies in
man. Acta  Pharmacol Toxicol (Copenh),
1981;48:53-60.

Bies RR, Feng Y, Lotrich FE, Kirshner MA,
Roose S, Kupfer DJ, Pollock BG. Utility of
sparse concentration sampling for citalop-
ram in elderly clinical trial subjects. | Clin
Pharmacol, 2004;44:1352-1359.

Friberg LE, Isbister GK, Hackett LP, Duffull
SB. The population pharmacokinetics of
citalopram after deliberate self-poisoning: a
Bayesian approach. | Pharmacokinet Phar-
macodyn, 2005;32:571-605.

Spigset O, Hagg S, Stegmayr B, Dahlqvist R.
Citalopram pharmacokinetics in patients
with chronic renal failure and the effect of
haemodialysis. Eur ] Clin Pharmacol,
2000;56:699-703.

Yu BN, Chen GL, He N, Ouyang DS, Chen
XP, Liu ZQ, Zhou HH. Pharmacokinetics of
citalopram in relation to genetic polymor-
phism of CYP2C19. Drug Metab Dispos,
2003;31:1255-1259.

Herrlin K, Yasui-Furukori N, Tybring G,
Widén ], Gustafsson LL, Bertilsson L.
Metabolism of citalopram enantiomers in
CYP2C19/CYP2D6 phenotyped panels of
healthy Swedes. Br | Clin Pharmacol,
2003;56:415-421.

Fradette C, Lavigne J, Waters D, Ducharme
MP. The utility of the population approach
applied to bioequivalence in patients. Ther
Drug Monit, 2005;27:592-600.

Maier GA, Lockwood GF, Oppermann JA,
Wei G, Bauer P, Fedler-Kelly J, Grasela T.
Characterization of the highly variable bio-
availability of tiludronate in normal volun-
teers using population pharmacokinetic
methodologies. Eur | Drug Metab Pharmaco-
kinet, 1999;24:249-254.

Journal of Clinical Pharmacy and Therapeutics, 2013, 38, 504-511

511



