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Abstract

Sertraline is a commonly used SSRI antidepressant drug, metabolized by
CYP2C19 and CYP2B6, that exhibits a substantial interindividual variation in
clinical response, of which only a part can be attributed to known genetic vari-
ants. In the current study we have examined the role of a newly discovered ul-
trarapid CYP2C:TG haplotype and CYP2B6 variants in order to identify the
possible missing heritability for such variation in sertraline response in a large
patient population (n = 840). Compared to the reference group (CYP2C19*1/%1,
n = 160), sertraline exposure was increased by 128% in CYP2C19 PMs (n = 29,
p<0.001) and decreased by about 20% in CYP2C19 ultrarapid metabolizers (UMs)
(homozygous carriers of CYP2C19#17 and/or CYP2C:TG haplotype) with the
diplotypes CYP2C19*17/%17, CYP2C:TG/TG, or CYP2C19*17/CYP2C:TG (n = 135,
p<0.003, p = 0.022, p<0.003, respectively). Interestingly, in patients carrying
the increased function CYP2B6*4 allele, and also carrying the CYP2C19*17 and
CYP2C:TG alleles (n = 10), sertraline exposure was 35.4% lower compared to the
reference group, whereas in subjects being poor metabolizers (PM) in both the
CYP2C19 and CYP2B6 gene, the sertraline concentrations were raised by 189%.
In summary, the CYP2C19 variants including the CYP2C:TG haplotype had a sig-
nificant impact on sertraline metabolism, as well as the CYP2B6*4, *6, and *9
alleles. Knowing the CYP2B6 and CYP2C19 genotype, including the CYP2C:TG
haplotype status, can prospectively be useful to clinicians in making more appro-
priate sertraline dosing decisions.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Sertraline is a commonly used antidepressant subjected to metabolism by multi-
ple enzymes with CYP2C19 playing a key role along with CYP2B6 and CYP3A4.
Previous pharmacogenetic studies have reported significant effects of CYP2C19
and CYP2B6 genotypes on sertraline concentration, but with inconsistent find-
ings probably reflecting that the concurrent effects of the genotypes have not

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.

Clin Transl Sci. 2022;15:2135-2145.

www.cts-journal.com 2135


http://www.cts-journal.com
https://doi.org/10.1111/cts.13347
mailto:﻿
https://orcid.org/0000-0001-6887-1986
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:line.braten@diakonsyk.no

2136 |

BRATEN ET AL.

ASCPT

been investigated in a large patient population. Furthermore, the studies have
not accounted for the recently discovered CYP2C:TG haplotype associated with
increased CYP2C19-mediated metabolism.

WHAT QUESTION DID THIS STUDY ADDRESS?

Our study investigated the impact of the novel CYP2C:TG haplotype on sertraline
serum concentration in a large population genotyped for CYP2C19 (variants *2,
*3, #4, and *17) and CYP2B6 (variants *4, *6, and *9).

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study demonstrates that the novel CYP2C haplotype (CYP2C:TG) is asso-
ciated with increased rate of CYP2C19 metabolism of sertraline, as previously
shown for escitalopram. In addition, patients carrying both the CYP2B6*4 vari-
ant and CYP2C19 genotypes encoding ultrarapid CYP2C19 metabolism are at
increased risk of underexposure and therapeutic failure when treated with stand-
ard recommended doses of sertraline, whereas patients with only inactive or
decreased function alleles of both CYP2C19 and CYP2B6 have a lower capacity
for sertraline metabolism than CYP2C19 poor metabolizers carrying functional
CYP2Bé6 alleles.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Preemptive genotyping of sertraline patients would include CYP2C:TG, CYP2C19,
and CYP2B6 variants to increase the dose precision of the drug in patients suffer-

INTRODUCTION

Sertraline is a selective serotonin reuptake inhibi-
tor (SSRI), used in the treatment of major depressive,
obsessive-compulsive, panic, post-traumatic stress, and
social anxiety disorders.' There is an extensive interindi-
vidual variability in the pharmacokinetics of sertraline.
The individual variability in sertraline pharmacokinet-
ics could relate to differences in activity of the drug-
metabolizing enzymes involved in sertraline metabolism,
where the polymorphic enzymes CYP2C19 and CYP2B6
are of predominant importance; however, sertraline is
also a substrate of CYP2C9, CYP2D6, and CYP3A4.%?
Significant effects of CYP2C19 variants on sertraline me-
tabolism have already been observed by several studies,
whereas there are no studies of CYP2B6 and sertraline in
a large patient population.””® By contrast, CYP2D6 and
CYP2(C9 variants are not predictors of sertraline metab-
olism, as shown by Braten et al.” Regarding CYP3A4, a
study with grapefruit juice,” which is a potent inhibitor,
reported a 1.5-fold increase in sertraline exposure dur-
ing juice consumption, suggesting a relevant impact of
CYP3A4 on sertraline metabolism alongside CYP2C19
and CYP2B6.”

CYP2C19 and CYP2B6 are highly polymorphic which
influences the metabolism of clinically relevant drugs.
The major CYP2CI9 variants are the non-functional
alleles CYP2C19*2, *3, *4, and CYP2CI19*17, which

ing from depression and/or anxiety.

causes increased enzyme expression.®™2 Among import-
ant CYP2B6 allelic variants are CYP2B6*6 (rs3745274,
c.516G>T and rs2279343, c.785A>G) and CYP2B6*9
(rs3745274, ¢.516G>T) associated with decreased en-
zyme activity and increased exposure of different CYP2B6
substrates,'> "> while the CYP2B6*4 variant (rs2279343,
c.785A > G) has been associated with increased enzyme
activity primarily based on in vitro studies.’® Currently,
homozygous carriers of CYP2B6*6 and/or *9 are classi-
fied by the CPIC guidelines as PMs, while homozygous
carriers of the CYP2B6*4 allele are assigned as UMs by
PharmGKB and the CPIC guidelines.'®*®

A previous study from our research group on 1200
Scandinavian patients demonstrated a significant in-
crease in sertraline concentration in CYP2C19 intermedi-
ate metabolizers (IMs) and poor metabolizers (PMs).”> In
that study, however, only a marginally decreased serum
concentration of sertraline was observed in CYP2C19
ultrarapid metabolizers (UMs) (patients homozygous
for CYP2C19%#17) in comparison to normal metabolizers
(NMs). Interestingly, a large proportion of the patients
defined as CYP2C19 NMs was underexposed to sertraline
and required doses above the recommended 50 mg/day,
potentially indicating the presence of unknown genetic
variants causing increased sertraline metabolism among
NMs.

Recently, we discovered a novel common CYP2C-
haplotype defined by the co-occurrence of rs2860840T
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and rs11188059G (CYP2C:TG), which was significantly
associated with reduced exposure of the CYP2C19 sub-
strate escitalopram.'® In patients, the presence of the
CYP2C:TG haplotype was associated with even lower
escitalopram levels as compared to subjects carrying
the CYP2C19#17 allele. In the present study we aimed
to examine the genetic basis for prediction of sertraline
metabolism by investigating both the novel CYP2C:TG
haplotype and CYP2B6 alleles in a large patient
population.

METHODS

The study encompassed patients who had been CYP-
genotyped between January 1, 2017 and December 31,
2020 and for which the therapeutic drug monitoring
(TDM) database at the Center for Psychopharmacology,
Diakonhjemmet Hospital contained data on serum con-
centration of sertraline and metabolites. The patient
population included from the TDM database represents
individuals treated in primary practice and secondary
health care units from all over Norway. The specific diag-
noses of the patients are unknown.

The included patients had at least one sertraline con-
centration measurement at steady state (trough level),
i.e., >4 days/dose intervals, with blood sample collection
10-30h after the last dose intake. Exclusion criteria were:
(i) comedication with the potent CYP inducers phenobar-
bital, phenytoin, and carbamazepine; (ii) comedication
with the CYP2C19 inhibitors omeprazole, esomeprazole,
lansoprazole, pantoprazole, fluoxetine, and fluvoxamine;
(iii) measured serum concentration of sertraline and/or
the metabolite N-desmethylsertraline below the lower
limit of quantification; and (iv) patient aged below 18 or
above 90years.

Information about sampling time and prescribed daily
dose, time of last dose intake, as well as comedications,
were retrieved from the requisition forms. The informa-
tion about comedicated drugs was limited to the list writ-
ten by the physician on the TDM requisition form, which
is usually complete for psychotropic and other centrally
acting central nervous system (CNS) drugs, while infor-
mation on somatic drugs may be incomplete.

The study was approved by the Norwegian Regional
Committee for Medical and Health Research Ethics
(#2018/1848) and the Investigational Review board at
Diakonhjemmet Hospital. All participants selected from
the TDM database at the Center for Psychopharmacology
were informed about the project and their right to with-
draw from the study and the use of their biobanked blood
sample for research purposes.

ASCPT

Serum concentration analysis of sertraline

Serum concentration analysis of sertraline was carried
out at the Center for Psychopharmacology. In addition,
determination of N-desmethylsertraline concentration is
part of the routine TDM assay. However, as this metabo-
lite is mainly formed by CYP3A4,” and to a limited extent
by CYP2C19,” N-desmethylsertraline concentrations were
not focused on in the present study.

During the inclusion period two different liquid
chromatography-mass spectrometry (LC-MS) methods
were used for routine TDM analysis. The methods were
similar in terms of sample preparation (protein precipi-
tation), chromatographic conditions, and type of internal
standard. The most recent method was based on ultrahigh-
performance LC (UHPLC) with a high-resolution accurate
mass (HRAM) spectrometry system.

Briefly, serum samples were purified by protein pre-
cipitation mixing 200pl serum with 400pl acetonitrile-
methanol (90/10 vol/vol), which included the internal
standard (13Cé6-sertraline and 13C6-desmethylsertraline),
followed by centrifugation for 10 min (3100g at 4°C).
Subsequently, 4 pl of purified sample were then injected
into a Vanquish Binary UHPLC system coupled to a
Q Exactive Orbitrap HRAM MS with electrospray ion-
ization operated in positive ionization mode (Thermo
Scientific, Waltham, MA, USA). Chromatographic sep-
aration was performed on a XBridge BEH C18 column
(2.5 pm, 2.1 X 75mm; Waters). The mobile phase gradient
comprised a mixture of acetonitrile and ammonium ace-
tate buffer (pH 4.8). Limits of detection for sertraline and
N-desmethylsertraline were 4 and 8 nmol/L, respectively.

TaqMan real-time PCR analysis

Genotyping of CYP2C19 had previously been per-
formed with TagMan genotyping assays (Thermo Fisher
Scientific) using real-time polymerase chain reaction
(PCR) implemented for routine pharmacogenetic analy-
sis at the Center for Psychopharmacology. In addition
to CYP2C19 genotypes, CYP2C9 and CYP2D6 genotypes
were also available in the routine laboratory database for
the majority of the patients, as these genes are usually or-
dered together by the physicians.

The panel for CYP2C19 genotyping included the non-
functional alleles CYP2C19*2 (rs4244285), CYP2C19*3
(rs4986893), and CYP2C19*4 (rs28399504), and the
increased function allele CYP2C19*17 (rs12248560).
Routine genotyping of CYP2C9 included the decreased
function alleles CYP2C9*2 (rs1799853) and CYP2C9*3
(rs1057910), while routine CYP2D6 genotyping included
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the no function alleles CYP2D6*3 (rs35742686), CYP2D6*4
(rs3892097), CYP2D6*5 (gene deletion), and CYP2D6*6
(rs5030655), the decreased function alleles CYP2D6*9
(rs5030656), CYP2D6*10 (rs1065852), and CYP2D6*41
(rs28371725), as well as copy number analysis to identify
multiplication of the CYP2D6 gene giving rise to ultrara-
pid metabolism.

Genotyping of the novel CYP2C-haplotype (rs2860840T
and rs11188059G) was performed using predesigned
TagMan-based real-time PCR assays (Thermo Fisher
Scientific).

Genotyping of CYP2B6 included two CYP2B6 vari-
ants 183745274, c.516G>T and 1rs2279343, c.785A>G
determining three different haplotypes: CYP2B6*4
(c.516G+c.785G), CYP2B6*6 (c.516T+c.785G), and
CYP2B6*9 (¢.516T+c.785A). Absence of any of these two
variants was assigned as CYP2B6*1 (c.516G+c.785A).

Statistics

Impact of the tested CYP2C19 and CYP2B6 genetic variants
on sertraline serum concentration was investigated using a
multivariate-linear mixed model. First, the different geno-
types of CYP2C19 and CYP2B6 were investigated for their
quantitative impact on sertraline serum concentration.
Second, patients were divided into genotype-predicted
phenotype subgroups and the impact of the respective phe-
notype subgroups on sertraline serum concentration were
investigated. To account for the variable number of serum
concentration measurements per patient, the quantitative
effects of the genotypes and genotype predicted phenotypes
were estimated using multivariate linear mixed-model
analysis, as this allows for inclusion of multiple measure-
ments per patient. In the two mixed-model analyses, dose-
adjusted serum concentrations of sertraline were used as
the dependent variable, with the patient as the mixed effect
(random) variable and genotype, sex, and time between
last dose administration and blood sampling as fixed ef-
fect variables. When accounting for covariates, the mixed-
model analysis estimated the effects of having any other
genotype or phenotype than *1/#*1 or NM, respectively.
Covariates that differed significantly between the genotype
subgroups were added to the mixed-model analysis if the
significance reached p <0.05. Samples with a harmonized
serum concentration of sertraline outside the 95% percen-
tile were not included in the analysis.

To restore normality of dose-adjusted serum con-
centrations of sertraline, these measurements were In-
transformed prior to linear mixed-model analysis. The
natural logarithm of the normalized sertraline concentra-
tion levels (c¢) was used because of its linear dependence
on the time between the drug intake and blood sampling

(#) and the elimination rate constant (X,) according to the
equation Aln(c) = K.,.

In the mixed-model analysis of genotype-predicted
CYP2B6 phenotype subgroups, homozygote and hetero-
zygote carriers of CYP2B6*4 were categorized as ultr-
arapid metabolizers (UMs), non-carriers (CYP2B6*1/*1)
were set as normal metabolizer (NM), heterozygote carri-
ers of CYP2B6*6 or *9, in combination with *1 or *4, were
set as intermediate metabolizers (IM), and homozygote
carriers of CYP2B6*6 or *9 as poor metabolizers (PMs).
For CYP2C19, heterozygote carriers of non-functional
alleles were defined as intermediate metabolizers
(IMs), while homozygote carriers of non-functional al-
leles were defined as PMs. Since the novel CYP2C:TG-
haplotype was associated with increased metabolism of
the CYP2C19 substrate escitalopram to a similar extent as
CYP2C19*17," carriers of CYP2C19*17 and CYP2C:TG,
in any combination, were defined as UMs. Patients car-
rying CYP2C19*17 or CYP2C:TG in combination with
CYP2C19*1 were defined as rapid metabolisers (RMs)
and CYP2C19*1/*1 as NMs. Genotypes and their assigned
phenotype subgroup are provided in Table 1.

Mixed-model estimates are presented as fold-changes
in sertraline concentration (nM per 100 mg/day), which
appear when back-transforming the beta values for each
of the fixed effects (genotypes). After estimating the effects
of the various genotypes, these were applied to predict the
mean values of the dose-adjusted serum concentration for
each genotype, using the mixed-model algorithm adjusted
by mean values of the covariates (sampling time set to 20 h
and age <65years).

Statistical analysis was performed using R, version
4.0.3 and RStudio.*®*' A p-value of 0.05 was considered to
be statistically significant.

RESULTS

In total, 840 patients, with an overall number of 1482 valid
TDM measurements, met the inclusion criteria. Patient
characteristics and genotype frequencies of CYP2CI9,
CYP2C:TG, and CYP2B6 are presented in Table 1. All
investigated variants (single nucleotide polymorphisms,
SNPs) were in Hardy Weinberg equilibrium and the fre-
quencies were in concordance with frequencies observed
in Europeans in general.*

Effect of CYP2C19 genotypes on the
sertraline concentration

The impact of the CYP2C:TG haplotype and CYP2C19 var-
iants on sertraline serum concentration was investigated
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using multivariate linear mixed-model analysis, adjusting
for CYP2B6 genotype, age, sex, and time between last dose
and blood sampling. CYP2D6 and CYP2C9 genotypes had
no significant impact on the dose-adjusted serum concen-
trations of sertraline (p > 0.1) and were therefore excluded
from the statistical analysis.

Results of the mixed-model analysis estimating the
quantitative effect of the CYP2C:TG haplotype and
CYP2C19 variants on sertraline concentration are pre-
sented in Table 2 and Figure 1. Compared with the ref-
erence group (CYP2C19*1/*1), a lower sertraline serum
concentration was observed in CYP2C19*17/*17 (21.6%
decrease, n = 44, p = 0.003), CYP2C:TG/CYP2C:TG
(21.2% decrease, n = 26, p = 0.022), CYP2C19*17/
CYP2C:TG (20.0% decrease, n = 65, p = 0.003), and
CYP2C19*1/#17 (17.0% decrease, n = 150, p<0.001)
patients, while no significant impact of CYP2C19*1/
CYP2C:TG genotype was detected in this patient popu-
lation (n = 142, p>0.1).

Compared to the reference group (CYP2C19*1/*1), pa-
tients homozygous for the non-functional CYP2C19 alleles
(*2, *3, or *4) had a 2.3-fold (n = 29, p<0.001) increase in
serum concentrations of sertraline (Table 2). Compared
to the reference group, patients heterozygous for the non-
functional alleles of CYP2C19 in combination with either
CYP2C:TG or CYP2C19*17 had 1.21-fold (n = 61, p = 0.01)
and 1.37-fold (n = 55, p<0.001) increased sertraline con-
centration, respectively (Table 2).

Effect of CYP2B6 genotypes on the
sertraline concentration

The impact of the CYP2B6 variants on sertraline serum
concentration was investigated using multivariate lin-
ear mixed-model analysis, adjusting for CYP2C:TG,
CYP2C19 genotype, age, sex, and time between last dose
and blood sampling. Compared with the reference group

TABLE 2 Impactof CYP2CI9 and CYP2B6 genotype on sertraline concentration estimated in the fixed effect mixed-model analysis

Sertraline

Predicted mean

Patients, Samples, serum concentration, Fold difference
Phenotype Genotype n (%) n nM/100 mg day (95% CI) (95% CI) p-Value
CYP2C19

NM CYP2C19*1/*1 (Ref.) 160(19.1) 288 71.6 (62.5-82.13) - -

UM CYP2C19*17/CYP2C19*17 44 (5.2) 89 56.2 (47.8-66.0) 0.78 (0.67-0.92) 0.003
CYP2C:TG/CYP2C:TG 26 (3.1) 34 56.5 (46.1-69.2) 0.79 (0.64-0.97) 0.022
CYP2C:TG/CYP2C19*17 65 (7.7) 108 57.3 (49.4-66.4) 0.80 (0.69-0.93) 0.003

RM CYP2C19*1/CYP2C19*17 150 (17.9) 286 59.5(53.3-66.4) 0.83(0.74-0.93) <0.001
CYP2C19%1/ CYP2C:TG 142 (16.9) 222 72.2 (64.5-80.8) 1.01 (0.90-1.13) 0.893

M CYP2C19*17/CYP2C19 Null 55(6.6) 93 74.1 (63.8-86.1) 1.03 (0.89-1.20) 0.661
CYP2C:TG/CYP2C19 Null 61(7.3) 120 86.6 (75.0-100.0) 1.21 (1.05-1.40) 0.010
CYP2C19*1/CYP2C19 Null 108 (12.9) 167 97.8 (86.8-110.3) 1.37(1.21-1.54) <0.001

PM CYP2CI19Null/CYP2C19 29 (3.5) 75 163.3 (134.6-198.1) 2.28(1.88-2.77)  <0.001

Null
CYP2B6

NM CYP2B6*1/*1 (Ref.) 454 (57.3) 848 71.6 (62.5-82.1) . =

UM CYP2B6 (*1/*4, *4/*4) 37 (4.7) 70 59.2 (50.2-69.7) 0.83(0.70-0.97) 0.022

M CYP2B6 (¥1/%6, *1/%9, *4/*6) 261 (33.0) 403 82.3 (76.5-88.5) 1.15(1.07-1.24)  <0.001

PM CYP2B6 (*6/*6, ¥9/*9) 40 (5.1) 48 89.4 (75.9-105.3) 1.25 (1.06-1.47) 0.008

Note: A 1.9-fold difference (p = 0.019) and a 1.18-fold difference (p <0.001) in sertraline concentration were observed for women and patients aged >65years,

respectively.Null = no function allele (i.e. the presence of CYP2C19*2, CYP2C19*3, or CYP2C19*4).
Ref. = reference genotype.

Genotype is used as fixed effects in the mixed model. The sertraline concentration of patients not carrying any of the analyzed variants of CYP2C19 or CYP2B6

were set as the reference group. Fold difference represents the estimated relative impact of the occurrence of the genotype on sertraline concentration, as

compared with the reference group. Serum concentrations are predicted from the mixed-model analysis, with age <65years and sampling time 20h as model

determined covariate values.

Abbreviations: CI, confidence interval; IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid

metabolizer.
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FIGURE 1 Sertraline serum concentration measurements in patient subgroups carrying different CYP2C19 genotypes in combination
with CYP2C:TG, where the crossbar indicates the predicted mean serum concentration for each diplotype. Sertraline serum concentrations
were normalized to the dosage of 100 mg/day. The predicted mean serum concentration is based on mixed-model analyses of the different
CYP2C19 genotypes and is presented as crossbar for each CYP2C19 diplotype. Patients with a CYP2C19*1/*1 genotype were used as
reference in the mixed-model analysis. Null = no function allele (i.e., presence of CYP2C19*2, CYP2C19*3, or CYP2C19*4). The dotted line

indicates the therapeutic reference range (30-250 nM).

(CYP2B6*1/*1, n = 454), patients carrying the CYP2B6*4
allele had a 17.4% (n = 37, p = 0.022) reduced serum
concentration of sertraline (Table 2). On the contrary,
compared to the reference group, patients homozygous
or heterozygous for the CYP2B6*6 or *9 allele had a
25% (n = 40, p = 0.008) and 15% (n = 261, p<0.001) in-
creased serum concentration of sertraline, respectively
(Table 2).

In addition, a significant impact of sex and age on
sertraline serum concentration was found in the patient
population, where a 11% (p<0.001) and 18% (p <0.001)
increased serum concentration of sertraline was found for
women and patients >65years (n = 176), respectively.

Effect of genotype-predicted phenotype
subgroups on sertraline exposure

Patients were further divided into genotype-predicted
phenotype subgroups to investigate the combined effect

of CYP2C19 and CYP2B6 phenotypes on the sertraline
serum concentration which was investigated using a mul-
tivariate linear mixed model, adjusting for age, sex, and
time between last dose and blood sampling. Patients with
a normal metabolizer phenotype of both CYP2C19 and
CYP2B6 were used as reference. Results of the mixed-
model analysis based on genotype-predicted phenotype
subgroups is presented in Table S1.

Predicted mean serum concentration of sertraline
for the different combinations of CYP2C19 and CYP2B6
phenotypes were calculated using the estimates from the
phenotype model, and the results are presented in Table 3
and Figure 2. Most notably, the predicted sertraline serum
concentration in patients with a combined ultrarapid me-
tabolizer (CYP2C19 UM+ CYP2B6 UM) phenotype was
reduced by 35.4%, compared with the reference group
(CYP2B6 NM and CYP2C19 NM). Patients with a com-
bined poor metabolizer (CYP2C19 PM+ CYP2B6 PM)
phenotype had a 2.89-fold increased predicted mean
serum concentration, compared to the reference group.
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TABLE 3 Predicted mean serum concentration of sertraline in combined genotype-predicted phenotype groups of CYP2B6 and

CYP2C19

Phenotype

CYP2B6 CYP2C19 Patients, n Samples, n
UM UM 10 22
UM RM 6 7
UM NM 9 19
UM M 9 17
UM PM 1 1
NM UM 67 123
NM RM 156 281
NM NM 90 155
NM M 119 224
NM PM 14 52
M UM 40 60
M RM 93 144
M NM 43 72
M M 73 110
M PM 10 15
PM UM 6 7
PM RM 14 18
PM NM 5 6
PM M 10 10
PM PM 2 2

Sertraline

Predicted mean serum concentration,
nM/100 mgday (95% CI)

46.31 (35.0-61.3)
53.17 (40.9-69.1)
58.52 (49.6-69.1)
72.19 (55.3-94.2)
133.28 (92.9-191.2)
56.71 (50.5-63.6)
65.11 (59.1-71.7)
71.66 (62.4-82.3)
88.4 (79.9-97.8)
163.21 (121.7-198.5)
65.64 (54.4-79.2)
75.37 (63.6-89.3)
82.95 (77.1-89.3)
102.33 (86.0-121.8)
188.92 (144.4-247.2)
71.99 (54.4-95.3)
82.65 (63.6-107.4)
90.96 (77.1-107.3)
112.22 (86.1-146.3)
207.18 (144.5-297.1)

Fold difference
(95% CI)

0.65 (0.49-0.86)
0.74 (0.57-0.96)
0.82 (0.69-0.96)
1.01 (0.77-1.32)
1.86 (1.30-2.67)
0.79 (0.71-0.89)
0.91 (0.83-1.00)
1.23 (1.12-1.36)
2.28 (1.87-2.77)
0.92 (0.76-1.11)
1.05 (0.89-1.25)
1.16 (1.08-1.25)
1.43 (1.20-1.70)
2.64 (2.01-3.45)
1.01 (0.76-1.33)
1.15 (0.89-1.50)
1.27 (1.08-1.50)
1.57 (1.20-2.04)
2.89 (2.02-4.15)

Note: Patients with a CYP2B6 NM and CYP2C19 NM phenotype were set as the reference group. Fold difference represents the estimated relative impact of the
occurrence of the combination of phenotype on sertraline serum concentration, as compared with the reference group.

Abbreviations: CI, confidence interval; IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid

metabolizer.

Formation of N-desmethylsertraline in
relation to CYP2C19 and CYP2B6 genotypes

In addition to sertraline exposure, the formation of the inac-
tive metabolite N-desmethylsertraline, in relation to CYP2C19
and CYP2B6 genotypes, was also analyzed (Table S2). The
metabolite was previously reported to be formed by CYP2C19
and CYP2B6 to a limited extent,>** which was supported by
the only 1.2-fold higher N-desmethylsertraline-to-sertraline
metabolic ratio(MR)in CYP2C19 PMs versus NMs (Table S3).
For CYP2B6, IMs and PMs had similar MR as NMs (Table S3).
The lack of effect of CYP2C19 and CYP2B6 genotypes on the
rate of formation of N-desmethylsertraline reflects the fact
that the levels of this metabolite were directly proportional to
sertraline exposure, that is, enzymatic access of the substrate
sertraline in relation to the respective genotypes (Table S2),
and indicates that enzymes other than CYP2C19 and CYP2B6
are responsible for the N-desmethylsertraline formation, pre-
sumably CYP3A4.”

DISCUSSION

In this study we have investigated the impact of
CYP2C19 and CYP2B6 variants on sertraline serum
levels, with the emphasis on the novel CYP2C:TG hap-
lotype (rs2860840T and rs11188059G), in a large popu-
lation of psychiatric patients. The results demonstrate
that patients carrying the CYP2C:TG haplotype, which
was previously suggested to encode increased CYP2C19
metabolic capacity,'® had a lower serum concentration
of sertraline, and that the decrease was similar as in the
patients carrying the validated increased expression al-
lele CYP2C19*17. These findings are in line with those
recently reported based on another CYP2C19 substrate,
escitalopram,” and hence these data together support
the hypothesis that the CYP2C:TG haplotype is indeed
associated with ultrarapid CYP2C19 metabolism. With
a total population frequency of 10% for CYP2C:TG/
CYP2C:TG and CYP2C:TG /CYP2C19*17, our discovery
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FIGURE 2 Sertraline serum concentration measurements in different phenotype subgroups of CYP2C19 and CYP2B6. The sertraline
serum concentrations were normalized to the dosage of 100 mg/day and analyzed in the natural logarithmic scale. Predicted serum
concentration is based on mixed-model analyses of the different CYP2C19 and CYP2B6 phenotype subgroups and is presented as error bars
for each phenotype combination. The dotted line indicates the therapeutic reference range (30-250 nM).

of CYP2C:TG may be of substantial clinical importance
for the treatment of sertraline and potentially additional
CYP2C19 substrates.

These results together imply that patients homozygous
for either CYP2C19*17 or CYP2C:TG or a combination
of both generally would require higher sertraline dosing
than CYP2C19*1/*1 carriers to reach therapeutic concen-
trations. Furthermore, this study indicated that CYP2B6
genotype also significantly contributed to the individual
variability in exposure and metabolism of sertraline, al-
beit at a lower extent as compared to variants encoding
non-functional CYP2C19 allelic variants. Regarding clini-
cally personalized sertraline dosing, preemptive genotyp-
ing of CYP2C19, the CYP2C:TG haplotype, and CYP2B6
in sertraline-treated patients may be more informative.
Most notably, a group which may be of particular risk of
sertraline underexposure and treatment failure are the
patients with genotypes predicting UM phenotypes of
both CYP2C19 and CYP2B6; 1.2% of the European pop-
ulation fall into this category associated with extremely
fast sertraline clearance. Based on the results of the pres-
ent study, such patients would require higher doses than
recommended to ascertain optimal sertraline exposure.
However, further studies are necessary to provide evi-
dence for the clinical relevance of this pharmacokinetic/
pharmacogenetic interpretation.

In a previous study, we observed a minor, but statisti-
cally significant lower serum concentration of sertraline of
8% in patients carrying the CYP2C19*17 allele compared
with the reference group.” However, the reference group

(CYP2C19*1/*1) in the previous study was in fact a mixture
of NMs and the, at that time, unknown RMs (CYP2C19*1/
CYP2C:TG) and UMs (CYP2C:TG/CYP2C:TG). Therefore,
in the present study, where the CYP2C:TG haplotype was
considered and when the reference group contained only
prototypical CYP2C19*1/*1 NMs, the mentioned differ-
ence in sertraline exposure between CYP2C19 NM and
UM increased to 22%. Accordingly, the CYP2C:TG haplo-
type identified among CYP2C19*1/#1 patients' may ex-
plain the previously observed underexposure of sertraline
in CYP2C19 NMs, in a similar pattern as for the underex-
posure of escitalopram described for a substantial number
of CYP2C19*1/*1 carriers reported by Jukic et al.'

The molecular mechanism underlying the increased
metabolism of CYP2C19 substrates caused by CYP2C:TG
is unclear. Since CYP2C19 also metabolizes a multitude of
other types of drugs such as proton pump inhibitors, di-
azepam, clopidogrel, voriconazole, diazepam, proguanil,
and many others it appears of importance to consider the
CYP2C:TG haplotype when conducting genotype pheno-
type linkage analyses for all these drugs.

In addition, the significant effect of CYP2B6 geno-
type on the serum concentration of sertraline shown in
this study may have clinical relevance. Patients carrying
the CYP2B6*4 allele exhibited a 17% reduced sertraline
concentration, which is similar to the effect observed in
CYP2C19 UM patients. There is a lack of in vivo data
on the effect of CYP2B6*4 on sertraline metabolism, but
studies investigating the effect of this variant on other
CYP2B6 substrates have already indicated that it causes
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increased enzyme activity.'* Regarding the effects of
CYP2B6*6 or *9 alleles on sertraline metabolism, pa-
tients who were homo- or heterozygous carriers exhib-
ited a 1.15-1.30-fold increased serum concentration of
sertraline, respectively. Regarding increased risk of over-
exposure and adverse effects, these differences alone
are unlikely to be of major clinical relevance; however,
combined with the presence of CYP2C19 PM genotypes,
the impact of CYP2B6*6 or *9 may be relevant for ser-
traline dosing decisions.” For example, patients with a
combined poor metabolizer (CYP2C19 PM + CYP2B6
PM) phenotype had a 2.89-fold increased serum con-
centration, compared to the reference group. Overall,
the present study confirms that CYP2B6 phenotype is
an important determinant for the serum concentration
and dose requirement of sertraline and that it should
not be neglected as it currently is. Thus, individualized
sertraline dosing based on preemptive genotyping of
CYP2C19/CYP2B6 and/or TDM can be used to minimize
the over- and under-exposure of sertraline.

This study has some inherent limitations associated
with the retrospective use of the TDM data. One is that
information about comedication relies on the informa-
tion provided by the physicians on the requisition form.
The potential comedication with CYP2C19 inhibitors
could be missed, although concurrent use of enzyme-
inducing anti-epileptics, which were excluded from the
study, is often specified on the requisition form. This
represents a potential non-pharmacogenetic source of
variability in this patient population. Only common
CYP2Bé6 allelic variants were investigated in this study;
further studies investigating the effect of CYP2B6 vari-
ants on sertraline metabolism might also include other
rare CYP2B6 variants in order to increase the resolution
of the influence of CYP2B6 genotypes. This study did
not include CYP3A4, whereas consideration of CYP3A4
may be relevant to sertraline dosing. Further, other fac-
tors possibly affecting the serum concentration of ser-
traline (e.g., body weight, renal function, liver function,
inflammatory state, somatic diseases, and/or partial
nonadherence) could not be controlled for. However,
the potential interference of these confounding factors
is likely outweighed by the large number of included
patients.

CONCLUSIONS

Patients carrying the CYP2C:TG-haplotype demonstrate
similar reduced exposure of sertraline as the increased
expression allele CYP2C19*17, that is, about 20% in ho-
mozygous carriers, respectively. These patients will
generally require a 25% higher dose to obtain the full

potential effect of sertraline. Furthermore, the study also
reveals a significant impact of CYP2B6 genotype on ser-
traline exposure. Consequently, patients with a combined
homozygous presence of CYP2C19*17 and CYP2C:TG
haplotype as well as CYP2B6*4 are expected to require
a 50% increased dose to reach target concentration lev-
els. Based on the relative differences in serum concen-
trations compared to NMs, dose reductions of 65% and
30% should be considered in patients with a combined
PM/PM and IM/IM phenotype, respectively, to reduce
the risk of sertraline overexposure in these patients. The
significant impact of combined genotype-predicted phe-
notypes of CYP2B6 and CYP2C19, including the novel
CYP2C-haplotype, on sertraline concentration suggests
that genotyping of both the CYP2C:TG and CYP2B6 (*4,
*6, and *9) should be included in genotyping panels for
sertraline metabolism, in addition to CYP2CI9 genotyp-
ing. Further studies are necessary to elucidate the clinical
implications of the novel CYP2C-haplotype for the treat-
ment of >20 drugs having pharmacogenomic labels for
CYP2C19 variants, including substrates like omeprazole,
voriconazole, and clopidogrel.
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