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Introduction 1





Variability in drug response
In the time when physicians prepared their medicines themselves, Voltaire (1694-1778) remarked
that ‘doctors pour drugs of which they know little, to cure diseases of which they know less, into
patients of whom they know nothing’. Although we have entered the 21th century this quote still
is a, to some extent, valid illustration of the lack of knowledge of present biomedical science to
explain the highly variable response of the human biosystem to the administration of drugs.1 It
has been suggested that on average only 30% of all patients respond satisfactorily to drug
treatment, 30% of all patients do not show efficacy, 10% only show adverse effects and 30% is
non-compliant.2 Furthermore, a meta-analysis suggested that 106,000 patients die and 2.2 million
are injured each year by adverse effects of prescribed drugs in hospitalised patients in the United
States3 and recently, it has been shown that 5.6% of all hospital admissions in the Netherlands
are drug related.4 These figures show the importance of research aimed at identifying patient and
drug related factors that predict and explain treatment failure or unacceptable adverse effects in
the individual patient. Age, sex, smoking behaviour, renal and liver function are examples of
such prognostic patient factors (Figure 1). In addition, evidence is evolving rapidly that also
genetic make-up may be an important patient factor in this respect.

Already in the early 1900s it was suggested by Archibald Garrod that enzyme activity was
governed by specific genes. During World War II, American physicians noticed that especially
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African American soldiers suffered from primaquine-induced hemolysis. It was discovered that
this adverse drug reaction was caused by genetic variability in the gene for glucose-6-phosphate
dehydrogenase. In the 1950s it was, among others, found that slow acetylators of the
antituberculosis drug isoniazid have an increased risk of peripheral neuropathy and the
psychiatrist Donald Gunn found that patients differed in the duration of apnea after the
administration of succinylcholine for electroconvulsive therapy. All these adverse effects were
recognised as caused by genetic variability and interest in this domain of research was growing.
In 1959, Friederich Vogel was the first to coin the term pharmacogenetics.5,6 Pharmacogenetics
has been defined as the research area investigating whether and to what extent genetic variation
can explain and predict the response to drugs of individual patients. Recently, in november 2006,
the European Medicines Evaluation Agency (EMEA) suggested to define pharmacogenetics as the
influence of variations in DNA sequence on drug response.6,7 It has been suggested that
pharmacogenetics can provide large benefits to public health and holds the promise of ‘tailor-
made’ or ‘personalised’ medicine where one drug does not fit all patients.6-11

Genetic variations with a prevalence of more than 1% in a general population are defined as
genetic polymorphisms. In pharmacogenetic research, genetic polymorphisms are often divided
into two separate kinds of polymorphisms i.e. pharmacokinetic polymorphisms and
pharmacodynamic polymorphisms. Pharmacokinetic polymorphisms relate to the genetic
variation in genes coding for drug metabolising enzymes with the objective to establish genetic
determinants that contribute to the variability in the capacity to metabolise individual drugs in
individual patients, and thereby influence the height of the plasma concentration. The rationale
behind the clinical relevance of these polymorphisms is a plasma concentration dependent
likelihood of response and adverse effects. Pharmacokinetic polymorphisms especially holds the
promise of predicting plasma concentration (dose) dependent adverse drug reactions i.e. the so
called type A adverse drug reactions.12 Examples of pharmacokinetic polymorphisms are the
genetic polymorphisms of the drug-metabolising enzymes cytochrome P450 2D6 (CYP2D6)
responsible for the metabolism of many antidepressant and antipsychotic drugs13,14, cytochrome
P450 2C9 responsible for the metabolism of among others cumarines15 and thiopurine
methyltransferase (TPMT) responsible for the metabolism of the antitumour agent
6-mercaptopurine.16 Pharmacodynamic polymorphisms relate to the genetic variation in drug-
targeted receptors and transporters in order to explain variability in the efficacy of drugs as well
as the risk of adverse drug reactions (mainly idiosyncratic, type B reactions).12 Examples of
pharmacodynamic polymorphisms are the genetic polymorphisms in the serotonin 2C (5-HT2C)
receptor involved in the therapeutic response of antipsychotic drugs17,18 and the regulation of
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body weight in patients using antipsychotics18 and the serotonin 2A (5-HT2A) receptor involved
in the therapeutic response and the prevalence of adverse effects of both antidepressant and
antipsychotic drugs.19-21

Pharmacogenetics and psychiatric practice
Psychiatric practice is suggested to be one of the first disciplines of medicine for the clinical use
of pharmacogenetic testing.22 Antipsychotic and antidepressant drugs are used by the majority of
psychiatric patients. The response to these drugs is variable: approximately 20-40% of the
psychiatric patients do not respond satisfactorily to pharmacotherapy.23,24 In psychiatric
pharmacotherapy there usually is a lag time of several weeks before the balance between the
therapeutic response and the prevalence of adverse events can be evaluated. This lag time
together with the high prevalence of clinically relevant adverse events during treatment with
antipsychotic drugs (extrapyramidal syndromes, weight gain, lipid abnormalities, disturbed
glucose homeostasis) and antidepressant drugs (sexual dysfunction, bleeding, sedation,
gastrointestinal complaints) put psychiatric patients at risk of discontinuing pharmacotherapy due
to unsatisfactory response.25-28 These complications make pharmacogenetics a promising
pharmacological tool in optimising psychiatric pharmacotherapy by genotyping psychiatric
patients before starting pharmacotherapy. If genotype information of clinical relevant
polymorphisms were available before starting pharmacotherapy, an individualised advice for the
choice of drug and dosage might be possible. This information could improve the response to
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antidepressant and antipsychotic drugs and prevent the occurrence of unacceptable adverse
effects. In this thesis two polymorphisms that might be used for preventive genotyping in the
future will be described: CYP2D6 polymorphisms (pharmacokinetic) and HTR2C polymorphisms
(pharmacodynamic).

CYP2D6 polymorphisms and psychiatry
At this moment, CYP2D6 genotyping is probably the most widely accepted application of
pharmacogenetic testing in psychiatric practice.29 The CYP2D6 polymorphism was first called the
‘debrisoquine polymorphism’ because the antihypertensive drug debrisoquine was metabolised
by CYP2D6. In 1975, Bob Smith was a researcher who experimented on himself. He took 40 mg
of debrisoquine and suffered from severe hypotension. This event generated the hypothesis that
some individuals are not able to metabolise certain drugs. A subsequent study confirmed this
hypothesis with the identification of two phenotypes (extensive (normal) and poor metabolism).
Bob Smith appeared to be a poor metaboliser for CYP2D6.30

Approximately 5-10% of the Caucasian population can be classified as poor metaboliser (PM) by
lacking CYP2D6 activity and 1-10 % as ultrarapid metaboliser (UM) by gene duplication resulting
in high enzyme activity. Subjects with two active alleles are classified as extensive metaboliser
(EM) and carriers of one active and one deficient allele are sometimes classified as intermediate
metabolisers (IM). This group of IMs is expected to have a subpopulation-specific clearance
between EMs and PMs.22,30,31 As most antipsychotic and antidepressant drugs are at least partly
metabolised by CYP2D6 this might implicate a high risk of unsatisfactory response to these drugs
in up to 20% of psychiatric patients.14,31

The influence of CYP2D6 polymorphisms on the pharmacokinetics of antidepressants and
antipsychotics is well established. Figure 2 presents a classic example of the association between
CYP2D6 genotype and dosage requirements of the antidepressant drug nortriptyline.32,33 The
figure shows that most patients (EMs for CYP2D6) need a dosage of 100-300 mg of nortriptyline
for a plasma concentration within the therapeutic range. However, PMs for CYP2D6 only need
20-30 mg and UMs for CYP2D6 300-500 mg of nortriptyline in order to achieve a plasma
concentration within the therapeutic range. Without knowledge of the CYP2D6 genotype, PMs
for CYP2D6 will easily be overdosed (increased risk of adverse effects) and UMs for CYP2D6
will easily be underdosed (increased risk of nonresponse). Together with PMs for CYP2D6, IMs
for CYP2D6 might need a lower dose compared to EMs for CYP2D6 as well, as shown in Figure 2
as the group of patients requiring approximately 75-100mg nortriptyline for an adequate plasma
concentration.
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Next to nortriptyline, dosing advices in relation to CYP2D6 genotype have been proposed for
most antidepressant and antipsychotic drugs.13,14 However, the effect of CYP2D6 polymorphism
on the effectiveness of pharmacotherapy in daily clinical practice is relatively unknown. In
general, at this moment prescribers do not have information on the CYP2D6 genotype of their
patients and drug prescriptions are therefore not individualised to the patient with respect to their
CYP2D6 genotype. It is therefore likely that PMs and UMs more frequently show unsatisfactory
response to psychiatric drugs metabolised by CYP2D6. Studies are warranted to investigate this
hypothesis.

HTR2C polymorphisms and psychiatry
Chlorpromazine was the first antipsychotic drug available for the treatment of schizophrenic
patients. The main mechanism of chlorpromazine and other ‘classical’ antipsychotics was
antagonism of dopamine (D2) receptors. A major limitation of these ‘classical’ antipsychotics
was the occurrence of extrapyramidal syndromes. It has been suggested that these extrapyramidal
syndromes occur less frequently in users of the so-called atypical antipsychotics.34 Compared to
classical antipsychotics these atypical antipsychotics have a high affinity for one or more serotonin
(5-HT) receptors and induce less frequently dopamine antagonism related adverse effects like
extrapyramidal syndromes. However, soon it became clear that these atypical antipsychotics
were associated with metabolic side effects more frequently compared to the classical
antipsychotics.35 Metabolic side effects of antipsychotic drugs including lipid abnormalities,
disturbed glucose homeostasis and weight gain, can have a major impact on the treatment of
psychiatric patients.36-39 Patients with metabolic abnormalities have, among others, an increased
risk of diabetes mellitus, hypertension and cardiovascular disease and subsequently a higher risk
of mortality.40,41 In addition, psychiatric patients themselves consider weight gain as one of the
most disturbing adverse events;42 it is an important reason for non-compliance and for switching
atypical antipsychotics in daily psychiatric practice.26

These considerations make it important to search for etiologic and prognostic factors of
antipsychotic-induced metabolic abnormalities before the initiation of antipsychotic drugs. One
of the potential genetic determinants is genetic variation in the serotonin 2C (5-HT2C) receptor
encoded by the HTR2C gene. The HTR2C gene is a candidate gene for several reasons.18,43 First,
HTR2C knockout mice display increased feeding behaviour and develop obesity at an early age.
Second, 5-HT2c agonists decrease weight and food intake in humans. Third, HTR2C
polymorphisms are associated with Body Mass Index (BMI) in patients without psychiatric
disorders.44,45 Fourth, the risk of antipsychotic-induced weight gain is particularly increased for
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patients using clozapine and olanzapine and both of these antipsychotics have high affinity for
the 5-HT2c receptor.18,46-48 Finally, several authors found associations between HTR2C
polymorphisms and antipsychotic-induced weight gain although not all studies could confirm
the association.46-54 Because of the possible high impact of these findings for the treatment with
antipsychotic drugs, more studies are warranted to investigate the association between HTR2C
polymorphisms and antipsychotic-included metabolic abnormalities.

Objective of the thesis
The main objective of this thesis is to elucidate whether polymorphisms in the gene for CYP2D6
and the 5HT2C receptor are associated with unsatisfactory response in daily psychiatric
pharmacotherapy. Unsatisfactory response encompasses both failure of treatment success and
unacceptable adverse events.

Outline of the thesis
The thesis consists of two parts. The first part describes the association between CYP2D6 genotype
(a pharmacokinetic polymorphism) and unsatisfactory response to antidepressant as well as
antipsychotic drugs in daily psychiatric practice. In chapter 2.1 the prevalence of patients using
at least one drug metabolised by CYP2D6 was investigated in order to identify whether CYP2D6
is an important metabolising enzyme in specific patient populations in daily clinical practice. In
chapter 2.2 the impact of CYP2D6 genotype on the use and interpretation of therapeutic drug
monitoring in psychiatric long-stay patients treated with antidepressant and antipsychotic drugs
in daily psychiatric practice was investigated. Chapter 2.3 and 2.4 use prescription patterns to
identify unsatisfactory response. Frequent switching to other drugs and dose changes are global
expressions of unsatisfactory response to treatment including treatment failure and unacceptable
adverse effects. In chapter 2.3 the association between CYP2D6 genotype and switching or
dosage changes of both antidepressant and antipsychotic drugs was investigated. Chapter 2.4
describes whether PMs for CYP2D6 are more frequently treated with antiparkinsonian drugs
compared to EMs for CYP2D6. In psychiatric patients, antiparkinsonian drugs are almost
exclusively used for the treatment of Extra Pyramidal Syndromes (EPS) (parkinsonism, akathisia
and dystonia but not tardive dyskinesia) and can therefore be considered a valid marker of EPS.

The second part of this thesis describes the association between HTR2C genotypes (a
pharmacodynamic polymorphism) and metabolic abnormalities in patients using antipsychotic
drugs. In chapter 3.1 the association between HTR2C genotypes and obesity is evaluated. In
chapter 3.2 the association between HTR2C genotypes and the metabolic syndromes was
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investigated to determine whether other items of the metabolic syndrome were associated with
HTR2C genotypes as well. Chapter 3.3 contains a replication study of chapter 3.2 performed in
an independent sample of patients.

Finally, in chapter 4 the results of the individual studies are summarized and put into a broader
perspective with a view to the near future of pharmacogenetics in daily psychiatric practice.
Implications and considerations for the pharmacy profession will be discussed as well.
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Prevalence of patients using drugs metabolised by cytochrome
P450-2D6 in different patient populations: a cross-sectional study



Abstract

Background
Despite a large number of studies investigating the potential clinical relevance of CYP2D6
genotyping in preventing treatment failure (e.g. insufficient efficacy and/or unacceptable adverse
effects), the prevalence of patients using drugs metabolised by CYP2D6 is relatively unknown.

Objective
To investigate the prevalence of patients using drugs metabolised by CYP2D6 in different patient
populations.

Methods
In this cross-sectional study six different patient populations were investigated: general
population, general hospital, geriatric, psychogeriatric, psychiatric and mentally retarded patients.
From every population, 150 adult patients using at least one drug were randomly selected.
Primary outcome was the prevalence of patients using at least one drug metabolised by CYP2D6.
The prevalence of patients using at least one CYP2D6 substrate in different populations was
compared with the general population using chi-square statistics. Data were expressed as a
relative risk (RR) together with a 95% confidence interval (95%CI).

Results
Patients from the general hospital (RR 1.81; 95%CI 1.26-2.62), geriatric patients
(RR 2.16; 95%CI 1.26-2.62), psychogeriatric patients (RR 2.31; 95%CI 1.63-3.27) and psychiatric
patients (RR 2.44; 95%CI 1.73-3.44) were treated more frequently with at least one drug
metabolised by CYP2D6 compared to patients in the general population. Approximately 50% of
psychiatric (52%), psychogeriatric (49%) and geriatric (46%) patients used at least one drug
metabolised by CYP2D6. In total, 416 drugs metabolised by CYP2D6 were prescribed with 257
(62%) classified as antidepressant (ATC N06A) or antipsychotic (ATC N05A) drug.

Conclusions
Several patient populations (psychiatric, psychogeriatric, geriatric) have a high prevalence of
patients treated with at least one drug metabolised by CYP2D6. Drugs metabolised by CYP2D6
were mainly antidepressant or antipsychotic drugs (62%) suggesting that populations treated with
these drugs may benefit most from implementation of CYP2D6 genotyping.
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Introduction
Genotyping of cytochrome P450-2D6 (CYP2D6) has been mentioned as one of the first
pharmacogenetic tests to be implemented in daily clinical practice in order to improve the
outcomes of pharmacotherapy.1,2 The suggested high clinical relevance of CYP2D6 genotyping
originates, among other reasons, from a relatively high prevalence of variant alleles in Caucasians
as well as the expected high prevalence of use of drugs metabolised by CYP2D6. Approximately
5-10% of Caucasians can be classified as poor metaboliser (PM) by lacking CYP2D6 activity and
1-10 % as ultrarapid metaboliser (UM) by gene duplication resulting in high enzyme activity.3

Furthermore, several reports have suggested that CYP2D6 is involved in the metabolism of
approximately 20-30% of all available drugs.4,5 Therefore, in Caucasian populations several
millions of people are potentially at risk for compromised metabolism and the associated clinical
complications associated therewith. The prevalence of variant alleles among Caucasian
populations is high enough (10-20%) to suggest preventive CYP2D6 genotyping in daily clinical
practice. However, to be cost-effective, a high prevalence of patients using drugs metabolised by
CYP2D6 is essential together with clinical relevancy in daily clinical practice. Despite large
numbers of studies investigating the clinical relevance of CYP2D6 genotyping, the prevalence of
drugs metabolised by CYP2D6 in different patient populations is relatively unknown.6,7 Many
drugs metabolised by CYP2D6 are antidepressant or antipsychotic drugs making CYP2D6 a
potentially important metabolising enzyme in psychiatric practice. However, the importance of
CYP2D6 might be overestimated because many of the recently introduced antidepressant (e.g.
citalopram, sertraline) and antipsychotic (e.g. olanzapine, quetiapine) drugs are not primarily
metabolised by CYP2D6.8 If the prevalence of drugs metabolised by CYP2D6 is not as high as
expected this would reduce the likelihood of CYP2D6 genotyping being cost-effective in daily
clinical practice. The objective of this study is to investigate the prevalence of patients using
drugs metabolised by CYP2D6 in different patient populations.

Materials and Methods

Design and survey population
A cross-sectional design was used to assess the prevalence of patients using CYP2D6 substrates
in different populations. The study was conducted in the department of clinical pharmacy of the
Wilhelmina Hospital Assen located in the Northern part of The Netherlands. This pharmacy is
responsible for the pharmaceutical care of approximately 3000 patients admitted to 15 health care
institutions. Data from the general population were retrieved from the Kring community pharmacy
Zuidlaren also located in the Northern part of The Netherlands.
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Six different populations were investigated based upon the institution or ward where they were
hospitalised:

� Patients from the general population: patients were identified by their prescription record as
present in the drug dispensing database of a community pharmacy without knowledge of
their diagnosis;

� Patients hospitalised in a general hospital: patients admitted to wards for internal medicine,
neurology, pulmonary disease and cardiology;

� Geriatric patients: patients admitted to a nursing home with a somatic diagnosis;

� Psychogeriatric patients: patients admitted to a general psychiatric hospital on wards for
older patients with chronic mental disorders according to DSM-IV;

� Psychiatric patients: patients admitted to a general psychiatric hospital on wards for patients
with chronic mental disorders according to DSM-IV;

� Mentally retarded patients: patients admitted to a nursing home for mentally retarded
patients.

To be included, patients had to use at least one drug and had to be older than 18 years. Patients
had to use at least one drug because in the general population a substantial number of patients
did not use any drug compared to the number of patients not using any drug in other populations.
Inclusion of these patients would have resulted in a deflated prevalence of patients using at least
one drug metabolised by CYP2D6 in the general population compared to the other populations.
In all populations, 150 patients were randomly selected. The study was performed in compliance
with the requirements of the human research committee of the institutions regarding non-
interventional studies with anonymised patient data. Prescription data for all patients were
collected in June 2006 and present information on the current use of prescribed medications at
the moment of analysis.

Outcome measures
Primary end point was the point prevalence of use of at least one drug metabolised by CYP2D6.
Secondary end point was the association between the point prevalence of CYP2D6 substrates and
the age of the selected patients. From the information in the prescription file, a case record form
was completed for each patient. Recorded were institution, year of birth, gender, amount of drugs,
number of CYP2D6 substrates and the name of the CYP2D6 substrates together with the first four
characters of the Anatomical Therapeutic Chemical (ATC) classification (for example N06A for
antidepressant drugs).

A drug was classified as a substrate of CYP2D6 when it was listed in the so called ‘Flockhart’ CYP
drug-interaction table, published by the Indiana University Department of Medicine, consulted
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in May 2006 (http://medicine.iupui.edu/flockhart/table.htm). This table is updated monthly and
drugs are included herein if there is published evidence of metabolism, at least partly, by
CYP2D6. To calculate the total proportion of CYP2D6 substrates we included all oral and
parenteral drugs approved by the Dutch Medicines Evaluation Board or the European Medicines
Evaluation Authority (EMEA). Dermatologic preparations, stomatological preparations,
oromucosal preparations, indifferent oropharyngeal, nasal and ocular preparations were excluded
because of their limited systemic absorption. Depot injections and drugs prescribed ‘as needed’
were considered as currently prescribed drugs.

Data analysis
The prevalence of patients using at least one CYP2D6 substrate in different populations was
compared with the general population (reference) using chi-square statistics. The risk of being
treated with at least one drug metabolised by CYP2D6 in a specific patient population compared
to the general population was expressed as a relative risk (RR) together with a 95% confidence
interval (95%CI). The association between treatment with at least one drug metabolised by
CYP2D6 and age was addressed similarly by comparing age groups using patients with an age
below 30 as the reference group. A P value of 0.05 or less was regarded as significant. Data were
analysed using SPSS 11.0. In the geographical region of this study we found prevalences of PMs
and UMs of 11% and 4%, respectively.9 Together with the prevalence of patients using at least
one CYP2D6 substrate in different populations it is possible to calculate a parameter in analogy
to the parameter Number Needed to Treat. We termed this parameter: Number Needed to
Genotype (NNG) to find a patient with compromised metabolism by CYP2D6 (PM or UM) who
is treated with at least one drug metabolised by CYP2D6.10 In total, 15% of the selected patients
(11% PM + 4% UM) are expected to have compromised metabolism by CYP2D6. The NNG to
find one patient with compromised metabolism by CYP2D6 is 6.7 (one divided by 0.15). Further,
not all patients with compromised metabolism by CYP2D6 will be treated with a drug
metabolised by CYP2D6. Therefore the NNG to find one patient with compromised metabolism
by CYP2D6 who is treated with at least one drug metabolised by CYP2D6 can be calculated by
dividing 6.7 by the determined prevalence.

Results
In total, we analysed the drug use profiles of 900 patients divided over six different patient
populations. Geriatric patients used the largest number of drugs per patient (7.6) and patients
from the general population used the smallest number of drugs per patient (3.0). Table 1 shows
that patients from the general hospital (RR 1.81; 95%CI 1.26-2.62), geriatric patients
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(RR 2.16; 95%CI 1.26-2.62), psychogeriatric patients (RR 2.31; 95%CI 1.63-3.27) and psychiatric
patients (RR 2.44; 95%CI 1.73-3.44) were treated more frequently with at least one drug
metabolised by CYP2D6 compared to the general population (Table 1).

Approximately 50% of psychiatric (52%), psychogeriatric (49%) and geriatric (46%) patients used
at least one drug metabolised by CYP2D6. The NNG to find a patient with compromised
metabolism by CYP2D6 who is treated with at least one drug metabolised by CYP2D6 is thirteen
for psychiatric, psychogeriatric and geriatric patients given that approximately 50% of all patients
are currently treated with at least one drug metabolised by CYP2D6 (1/(0.15*0.50) = 13).
Including the intermediate phenotype (patients with one mutant allele; prevalence approximately
33%), the NNG is four for psychiatric, psychogeriatric and geriatric patients
(1/(0.15+0.33)*0.50).11

Table 2 shows that the age of patients was not associated with the risk of being treated with at
least one drug metabolised by CYP2D6.

Figure 1 provides an overview of the different CYP2D6 substrates (total numbers) prescribed in
the different patient populations. In total, 416 different drugs metabolised by CYP2D6 were
prescribed of which 257 (62%) were classified as antidepressant (ATC N06A) or antipsychotic
(ATC N05A) drug. Particularly in psychiatric, psychogeriatric and geriatric patients, drugs
metabolised by CYP2D6 most frequently were antidepressant (ATC N06A) or antipsychotic (ATC
N05A) drugs. Betablockers (ATC C07A) were the most frequently used drugs metabolised by
CYP2D6 in geriatric patients and patients from the general population. The overall proportion of
drugs metabolised by CYP2D6 in the six different patient populations (general population (7.0%),
general hospital (7.0%), geriatric (7.8%), mentally retarded (7.9%), psychogeriatric (8.6%) and
psychiatric (11.8%)) was not as high (20-30%) as suggested in literature.4,5

Discussion
In this cross-sectional study we found that the prevalence of patients treated with at least one drug
metabolised by CYP2D6 was high in psychiatric patients (52%), psychogeriatric patients (49%)
and geriatric patients (46%) compared to the prevalence in the general population (21%).
Psychiatric, psychogeriatric, geriatric patients and patients from the general hospital were treated
with drugs metabolised by CYP2D6 significantly more often compared to the general population.
The prevalence of patients using drugs metabolised by CYP2D6 was not associated with age.
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There are some issues that have to be addressed in order to interpret the results properly. First,
we used the Flockhart table as a reference for determining whether drugs are a substrate of
CYP2D6. We compared the Flockhart table with three other references for CYP2D6 substrates.12-14

This comparison resulted in five discrepancies with possible implications for the presented results
in relation to the drugs mentioned in Figure 1: metoclopramide, promethazine mirtazapine,
tolterodine and zuclopenthixol. Zuclopenthixol, tolterodine and mirtazapine are not present in
the Flockhart table despite the available evidence on metabolism by CYP2D6 and promethazine
and metoclopramide are part of the table although there is only in vivo evidence for metabolism
by CYP2D6.15-20 Unfortunately, there is no clear cut definition of the classification primary
CYP2D6 substrate and evidence for metabolism by CYP2D6 is evolving rapidly for many drugs.
The Flockhart table is updated every month and presents free transparent information of the
included drugs by linking to Pubmed. Therefore, we believe the Flockhart table presents an
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Institution
(all n=150)

Mean age
(range)

Sex male Mean amount of
drugs (range)

% treated
≥ 1 CYP2D6

RR (95%CI)
CYP2D6

General population 55 (18-87) 34% 3.0 (1-10) 21% (32/118) a Reference

General hospital 69 (20-95) 50% 6.7 (1-20) 39% (58/ 92) 1.81 (1.26-2.62)

Geriatric 77 (32-98) 39% 7.6 (1-20) 46% (69/ 81) 2.16 (1.26-2.62)

Psychogeriatric 69 (41-91) 38% 7.2 (1-24) 49% (74/ 76) 2.31 (1.63-3.27)

Psychiatric 47 (21-75) 61% 5.5 (1-15) 52% (78/ 72) 2.44 (1.73-3.44)

Mentally retarded 48 (20-84) 59% 3.4 (1- 9) 22% (33/117) 1.03 (0.67-1.59)

a. Number of patients with at least one drug metabolised by CYP2D6 / number of patients without at least one drug
metabolised by CYP2D6.

Table 1. Patient characteristics

Age % of patients treated with ≥
CYP2D6 substrate

RR (95%CI) treatment with
substrate CYP2D6

< 30 years (n = 52) 37% (19 / 33) a 1 (reference)

30-40 years (n = 84) 36% (30 / 54) 0.98 (0.62-1.55)

40-50 years (n = 103) 31% (32 / 71) 0.85 (0.54-1.35)

50-60 years (n = 208) 38% (78 /130) 1.03 (0.69-1.53)

>60 years (n = 453) 41% (185 /268) 1.12 (0.77-1.63)

Table 2. Relative risk of treatment with drugs metabolised by CYP2D6 in different age groups

a. Number of patients with at least one drug metabolised by CYP2D6/ number of patients without at least one drug
metabolised by CYP2D6.



appropriate information source for our objective. Second, it should be considered that we
analysed prescription data from patients in the same geographical region. The choice of drugs
may be regionally determined and therefore, these data have to be extrapolated to other regions
carefully. However, the drugs were prescribed in different institutions by a substantial number of
prescribers (> 40) not participating in the same pharmacotherapy audit meetings. Therefore, we
believe the presented results will not be substantially different in other regions in at least The
Netherlands but probably also in other countries with comparable healthcare settings. Finally, we
investigated several patient populations based upon the institution or ward where patients were
hospitalised. These criteria resulted in the inclusion of patients younger than 65 years in the
geriatric (n=23 with 8 of these 23 patients between 60 and 65 years) and psychogeriatric (n=47
with 27 of these 47 patients between 60 and 65 years) population. We have chosen these criteria
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Figure 1. Amount (absolute numbers) of drugs metabolised by CYP2D6 classified by Anatomical
Therapeutic Classification in different populations

N06A: amitriptyline (34a), clomipramine (19), fluoxetine (11), fluvoxamine (8), imipramine (1), nortriptyline (11), paroxetine
(38), venlafaxine (21); N05A: aripiprazole (3), haloperidol (39), perphenazine (1), risperidone (70); C07A: carvedilol (9),
metoprolol (47), nebivolol (1), propranolol (9); A03F: metoclopramide (21); N02A: tramadol (26); Other: codeine (R05D)(16),
flecainide (C01B)(4), tamoxifen (L02B)(7), timolol (S01E)(6), promethazine (R06A)(14).

a Total number of prescriptions in the total population (n=900).



because we wanted to analyse complete patient settings (general population, ward, institution)
in order to identify target populations in which the introduction of CYP2D6 genotyping is most
likely to be cost-effective. Analysis of psychogeriatric and geriatric patients without patients
younger than 65 showed results similar to those presented.

Knowledge about the proportion of drugs metabolised by CYP2D6 is important for
implementation of CYP2D6 genotyping in clinical practice. It is suggested that 20-30% of all
drugs are metabolised by CYP2D6.4,5 We found a lower proportion of the use of drugs
metabolised by CYP2D6 in all patient populations with the lowest proportion (7.0%) in the
general hospital and the general population and the highest proportion (11.8%) in psychiatric
patients. However, if we look at the prevalence of patients treated with at least one drug
metabolised by CYP2D6 we found a high prevalence in several populations. Especially
psychiatric, psychogeriatric and geriatric patients were at risk for treatment with at least one drug
metabolised by CYP2D6 with a prevalence of approximately 50%. The NNG to find one patient
with compromised metabolism by CYP2D6 who uses a drug metabolised by CYP2D6 at a specific
moment was only 13. Probably, the NNG will be much lower if we could establish the lifetime
risk, or even the one year risk, of these patients for treatment with a drug metabolised by CYP2D6.
We expected that mentally retarded patients and older patients would be treated frequently, with
drugs metabolised by CYP2D6 as well but we could not back up this hypothesis with our data.
Apparently, specific patient populations admitted at particular institutions or wards are at risk for
treatment with drugs metabolised by CYP2D6. Our study was not intended to provide evidence
regarding the clinical relevance of CYP2D6 genotyping but it merely shows that if CYP2D6
genotyping is relevant for patient care, the highest probability of cost-effectiveness will most likely
be in these specific patient populations (psychiatric, psychogeriatric and geriatric).

Drugs metabolised by CYP2D6 prescribed in different populations were most frequently
antidepressant (ATC N06A) and antipsychotic (ATC N05A) drugs (62%). Some recently
introduced psychotropic drugs are drugs not primarily metabolised by CYP2D6 (e.g. citalopram,
sertraline, olanzapine, quetiapine). However, these data show that, despite the introduction of
these recently introduced drugs, CYP2D6 remains an important metabolising enzyme in daily
clinical practice. Additionally, it has been suggested that pharmaceutical industries are reluctant
about the introduction of primary substrates for CYP2D6 because of proposed problems with
drug interactions and polymorphic metabolism.4,21 Many companies will not continue developing
drug candidates metabolised by CYP2D6 unless they offer unique properties. This can result in
a decreased influence of CYP2D6 in the metabolism of drugs in the near future but also the
possible denial of potential effective drugs to patients.22 However, although we do not know how
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many CYP2D6 substrates were withdrawn by pharmaceutical industries before they reached the
market, in 2005 and 2006 several psychotropic drugs that are substrates for CYP2D6
(aripiprazole, duloxetine, atomoxetine) were introduced on the market suggesting that CYP2D6
will remain an important metabolising enzyme in the near future.23-25

In conclusion, several patient populations (psychiatric (52%), psychogeriatric (49%), geriatric
(46%) have a high prevalence of patients treated with at least one drug metabolised by CYP2D6.
Drugs metabolised by CYP2D6 were mainly antidepressant or antipsychotic drugs (62%)
suggesting that populations treated with these drugs may benefit most from implementation of
CYP2D6 genotyping.
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Abstract

Background
Most psychotropic drugs are at least partly metabolised by cytochrome P450-2D6 (CYP2D6).
Approximately 8% of the Caucasian population can be classified as poor metaboliser (PM; two
deficient alleles in the CYP2D6 gene) and 30-40% as intermediate metaboliser (IM; one deficient
allele). Therefore psychiatric patients are theoretically at risk for higher plasma concentrations.

Objective
This retrospective follow-up study investigates whether CYP2D6 genotype explains variability in
plasma concentrations of psychotropic drugs in daily psychiatric practice.

Methods
The study population consisted of 62 hospitalised psychiatric patients genotyped for CYP2D6.
Primary end point was the normalised plasma concentration ratio which was defined as the
[measured concentration] / [mean therapeutic concentration] allowing comparison of plasma
concentrations of different substrates. Secondary end point was a plasma concentration above the
therapeutic range. The determinant was CYP2D6 genotype classified as ultrarapid metaboliser
(UM), extensive metaboliser (EM), IM, or PM. The relation between CYP2D6 genotype and the
normalised plasma concentration ratio was assessed with a linear mixed-effects model after
adjustment for the Prescribed Daily Dose (PDD). The risk of having a plasma concentration above
the therapeutic range was assessed with a logistic mixed-effects model.

Results
For antidepressants, CYP2D6 genotype PM (1.68; 95%CI 1.01-2.28) and
IM (1.09; 95%CI 0.77-1.29) were associated with higher normalised plasma concentration ratios
of antidepressants compared to EMs (0.56; 95%CI 0.26-0.74). In addition, the risk of a plasma
concentration above the therapeutic range was increased for PMs (OR 33.1; 95CI% 2.0-544.6)
and IMs (OR 8.2; 95%CI 1.1-60.3) relative to EMs using antidepressants. CYP2D6 genotype could
not clearly explain variability in plasma concentrations of antipsychotics possibly due to a low
frequency of TDM in antipsychotics primarily metabolised by CYP2D6 in daily psychiatric
practice.

Conclusions
CYP2D6 genotype contributes to clinically relevant variability in plasma concentrations of
antidepressants but probably not antipsychotics in daily clinical practice.



Introduction
Therapeutic drug monitoring (TDM) is a tool to optimise the probability of therapeutic response
and to minimise the risk of adverse effects in psychiatric patients using antidepressant and
antipsychotic drugs.1-7 The rationale for TDM is a plasma concentration dependent likelihood of
response relationship and a high inter- and intra-individual variability in pharmacokinetics.
Plasma concentrations are influenced by many factors including dosage, concomitantly used
medication, adherence, smoking and genetics. One of the important genetic factors in psychiatric
patients is polymorphism of cytochrome P450-2D6 (CYP2D6). Approximately 5-10% of
Caucasian patients can be classified as poor metabolisers (PM) based on lacking CYP2D6 activity
caused by two deficient alleles in the CYP2D6 gene. Gene duplications resulting in high enzyme
activity (ultrarapid metabolisers (UM)) are present in 1-10% of Caucasian patients. Subjects with
two active alleles are classified as extensive metaboliser (EM) and carriers of one active and one
deficient allele are sometimes classified as intermediate metabolisers (IM). This group of IMs is
expected to have subpopulation-specific clearance between EMs and PMs.4,8-11 Since most
antipsychotic and antidepressant drugs are at least partly metabolised by CYP2D6, this may
implicate a higher risk of plasma concentrations outside the presumed therapeutic range in a
significant proportion of patients treated in psychiatric practice when CYP2D6 genotype is not
taken into account.

The relation between CYP2D6 genotype and pharmacokinetics is well established for several
antidepressant and antipsychotic drugs. In most of these studies, however, the relationship
between CYP2D6 and pharmacokinetics has been investigated for a specific antidepressant or
antipsychotic in a small group of highly selected healthy volunteers or patients. The impact of
CYP2D6 genotype on the use and interpretation of TDM of antidepressant and antipsychotic
drugs in daily psychiatric practice with more complex patients and more complex treatment
patterns is relatively unknown.2,4,12-19

This study investigates retrospectively whether CYP2D6 genotype can explain variability in
plasma concentrations of antidepressant and antipsychotic drugs in daily psychiatric practice.

Methods

Setting
The study was conducted in two psychiatric hospitals of approximately 700 beds in total, offering
in- and out-patient psychiatric services covering a population of approximately 200,000 persons.
Approximately 450 beds are used for long-stay patients with chronic psychiatric disorders. The
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hospitals are located in the cities of Assen and Beilen in the Northern part of The Netherlands.
The department of clinical pharmacy of the Wilhelmina Hospital Assen, The Netherlands,
provides drugs to all in-patients of the two psychiatric hospitals. For each patient a prescription
drug history is available listing patient details (age, date of birth, identification, and ward), drug
details (name of drug and dosage regimen, start and stop date) and prescriber details. In the
majority of departments where patients were included the intake of drugs was observed directly.

Plasma concentrations of antidepressants and antipsychotics are measured by the department of
clinical chemistry of the psychiatric hospital. For each patient TDM details (date of sampling and
the measured plasma concentration of parent compound and relevant metabolites) are available.

The study protocol was in accordance with the declaration of Helsinki and was reviewed and
approved by an independent medical ethical committee (TPWO, Arnhem, The Netherlands).

Design and patients
A retrospective follow-up design was used to assess the relationship between CYP2D6 genotype
and plasma concentrations of antidepressant and antipsychotic drugs. The potential study
population consisted of 138 long-stay patients of whom CYP2D6 genotype was determined in a
previous study.20 Inclusion criteria of the previous study were informed consent and availability
of at least 180 days of prescription data.

Patients were eligible for the present study if at least one plasma concentration was determined
of an antidepressant or antipsychotic drug. This resulted in inclusion of 62 patients. From these
patients, prescription and TDM data were collected from January 1998 until June 2003.

Outcome measures
Primary end point was the normalised plasma concentration ratio. The measured plasma
concentration was transformed to a normalised plasma concentration ratio allowing comparison
of plasma concentrations of different drugs. The normalised plasma concentration ratio was
defined as the measured plasma concentration divided by the mean therapeutic plasma
concentration. For example, nortriptyline has a therapeutic plasma concentration (therapeutic
range) of 75-150 µg/l and therefore a mean therapeutic plasma concentration of 112.5 µg/l. For
a patient with a plasma concentration of 225 µg/l the normalised plasma concentration ratio
therefore, would be 2 (225 µg/l / 112.5 µg/l).

Secondary end point was a plasma concentration above the presumed upper limit of the
therapeutic range. Reference values for the presumed therapeutic range were those as used during
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daily clinical practice in the psychiatric hospitals where the study was conducted (see Table 2 and
3). Although there is debate about the therapeutic range for several psychotropic drugs, especially
antipsychotics, we chose to use the range as used during daily clinical practice since this is the
range the treating psychiatrists use for treatment decisions.

Determinants
Primary determinant was the CYP2D6 genotype. The CYP2D6 genotype was determined by
Polymerase Chain Reaction (PCR)-RFLP. Genomic DNA was isolated from EDTA-anticoagulated
blood using standard methods. The non-coding alleles CYP2D6*3(A), *4(B), *6(T), *7(E) and *8(G)
were investigated using a long-distance and multiplex-PCR as described by Stuven et al.21 These
variants allow identification of approximately 98.7% of the PMs in a Caucasian population.22

The presence of gene duplication that may lead to ultrarapid metabolism was analysed by an
allele-specific PCR and was performed as described by Lovlie et al.23 Only samples with at least
one wild-type allele were analysed for CYP2D6 gene duplication. In all experiments positive
control samples (DNA samples with known CYP2D6 genotype (*5/*6 and wt/*7) and negative
control samples (water) were included. DNA-isolation and genotype procedures were performed
under the responsibility of Pharma BioResearch Zuidlaren, The Netherlands. Patients were
defined as PM if they were homozygous for non-coding alleles. Patients were defined as UM if
gene duplication was detected and mutant alleles were absent. Patients were identified as IM if
they were heterozygous with one coding allele and one non-coding allele. All other patients
(homozygous for coding alleles) were classified as EM. Another technician checked all obtained
results and the interpretation of the results. The CYP2D6 genotyping results were blinded to the
researcher and the treating psychiatrist until data analysis.

Data analysis
Pharmacy records and TDM records of antidepressant and antipsychotic drugs were transferred
to a database (MS Access) for analysis. Antidepressant and antipsychotic drugs are sometimes
metabolised to active metabolites. In that case, plasma concentrations of the active metabolites
were added to the parent compound. When plasma concentrations of active metabolites had not
been measured those TDM measurements were excluded from the analysis. The main protocol
for collecting EDTA-anticoagulated blood samples for therapeutic drug monitoring refers to blood
sampling as trough levels. However, the exact time of collecting the blood sample was not
available. Overall, only five measurements of TDM were not taken at steady state concentrations.
Exclusion of these measurements did not change the obtained results. Plasma concentrations of
antidepressants and antipsychotics were analysed using validated high-performance liquid
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chromatography analyses. Standard procedures including internal end external quality controls
were used for all TDM measurements.

The Anatomical Therapeutic Chemical (ATC) classification was used to identify antipsychotic
(ATC N05A) and antidepressant (ATC N06A) drugs. Lithium was excluded from the analysis. The
Prescribed Daily Dose (PDD) was defined as the administered dosage divided by the Defined
Daily Dose (DDD) (PDD = dosage / DDD) according to the WHO guidelines.24 The CYP2D6
metabolic pathway was classified for each antidepressant and antipsychotic drug according to the
available evidence. Drugs for which an in vivo relationship between CYP2D6 genotype and
pharmacokinetic properties has been documented were classified as primarily metabolised by
CYP2D6 (primary). Other classifications were drugs in vitro at least partly metabolised by
CYP2D6 (partly), drugs not metabolised by CYP2D6 (no metabolism by CYP2D6) and drugs
without available data on metabolism by CYP2D6 (unknown).4 All determined plasma
concentrations of antidepressants and antipsychotics were taken into account.

The association between CYP2D6 genotype and the normalised plasma concentration ratio was
assessed with a linear mixed-effects model after adjustment for differences in PDD. Results were
expressed as a mean normalised plasma concentration ratio together with a 95% confidence
interval (95%CI). The simultaneous two-sided 95% bootstrap percentile confidence intervals for
the mean normalised plasma concentration ratios were computed using 200 replications.
Bootstrap samples were obtained by random sampling patients (with replacement) from the
population. The relative risk of a plasma concentration above the therapeutic range was estimated
with a logistic mixed-effects model and expressed as an odds ratio (OR) with a 95%CI using EM
as the reference group. The mixed-effects models were used because in some patients there were
more than one plasma concentration available and therefore the data were not independent.
Mixed-effects models make adjustments for multiple measurements in the same subject.
A P value of 0.05 or less was regarded as significant. Data were analysed separately for
antidepressants and antipsychotics. Data were analysed using S-plus 6.2 (“correlatedData”
library).25,26

Results
In our study population (n=62) we found extensive, intermediate, poor and ultrarapid metabolism
for CYP2D6 in 51.6%, 33.9%, 11.3% and 3.2% respectively of the included patients. These
frequencies are as expected in a Caucasian population.10 The characteristics of the included
patients are summarised in Table 1.
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Characteristic a N

Age, mean (SD) 53.0 (15)

Gender (%)
Male
Female

25.0(40.3)
37.0(59.7)

Ethnicity (%)
Caucasian
Asian
Middle Eastern
African

59.0(95.2)
1.0 (1.6)
1.0 (1.6)
1.0 (1.6)

Observation Period, mean in years (SD) 3.7 (1.3)

Genotype (%)
Extensive Metaboliser
Intermediate Metaboliser
Poor Metaboliser
Ultrarapid Metaboliser

32.0(51.6)
21.0(33.9)
7.0 (11.3)
2.0 (3.2)

a. Information on age and follow-up was determined from the prescription files; information on ethnicity was determined by
interviewing the assistant nurse of the patient; information on genotype was determined by Polymerase Chain Reaction
(PCR)-restriction fragment length polymorphism.

Table 1. Baseline characteristics of the study population (n=62)

Drug a Range µg/L
(mean) b

CYP2D6 c Number of determined plasma
concentrations (number of patients)

UM d (n) EM (n) IM (n) PM (n)

Amitriptyline + Notriptyline 100 - 250 (175) Primary - 1 (1) 1 (1) -

Clomipramine + Desmethylclomipramine 150 - 300 (225) Primary 1 (1) 15 (5) 31 (8) 96

Doxepin + Nordoxepin 200 - 350 (275) Primary - 6 (1) - -

Fluvoxamine 50 - 250 (150) Primary 1 (1) 15 (4) 4 (3) -

Nortriptyline 75 - 150 (113) Primary 1 (1) 11 (2)

Paroxetine 10 - 75 (43) Primary - 1 (1) - -

Venlafaxine + Desmethylvenlafaxine 250 - 750 (500) Primary - 1 (1) - -

Total antidepressants - - 2 40 36 12

Total patients 2 14 12 3

a. Parent compound and determined active metabolites. Other active metabolites were not determined.
b. Range: therapeutic range as used during daily clinical practice.
c. CYP2D6 primary: drugs for which an in vivo relationship between CYP2D6 genotype and pharmacokinetic parameters
has been documented.

d. UM, ultrarapid metaboliser; EM, extensive metaboliser; IM, intermediate metaboliser; PM, poor metaboliser.

Table 2. Determined plasma concentrations of antidepressants per genotype
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In the 62 included patients, 530 plasma concentrations of antidepressant (n=90) and antipsychotic
drugs (n=440) had been measured. The plasma concentration of the active metabolite of
risperidone was not available in one patient and that measurement was therefore excluded from
the analysis. Clomipramine, fluvoxamine and nortriptyline were the most frequently determined
antidepressants. Clozapine, zuclopenthixol and olanzapine were the most frequently determined
antipsychotics. All TDMmeasurements of antidepressants, but only 8.6% of TDMmeasurements
of antipsychotics were from drugs for which an in vivo relationship between CYP2D6 genotype
and pharmacokinetic parameters has been documented. TDM was not performed more often in
PMs, IMs or UMs compared to EMs. An overview of the number of determined plasma
concentrations in antidepressants and antipsychotics per genotype is shown in Tables 2 and 3.

Figure 1A shows that for antidepressants CYP2D6 genotype PM (1.68; 95%CI 1.01-2.28) as well
as CYP2D6 genotype IM (1.09; 95%CI 0.77-1.29) were associated with significantly higher dosage
adjusted normalised plasma concentration ratios compared to EMs (0.56; 95%CI 0.26-0.74). Figure
1B shows that for antipsychotics CYP2D6 genotype PM (1.74; 95%CI 0.64-2.43) and

Drug a Range µg/L
(mean) b

CYP2D6 c Number of determined plasma
concentrations (number of patients)

UM d (n) EM (n) IM (n) PM (n)

Clozapine 200 - 600 (400.0) Partly - 244 (11) 141 (9) 2 (1)

Fluphenazine 1 - 20 (10.5) Unknown - - 1 (1) -

Haloperidol 5 - 40 (22.5) Primary 2 (1) 3 (3) 4 (2) -

Olanzapine 10 - 50 (30.0) Partly - 3 (2) 1 (1) 7 (2)

Risperidone + 9-OH-risperidone 10 - 95 (52.5) Primary 3 (2) 1 (1) 1 (1)

Perphenazine 1 - 20 (10.5) Primary - 2 (1) - -

Periciazine 5 - 30 (17.5) Unknown - 1 (1) - -

Quetiapine 50 - 500 (275.0) Partly - 2 (1) - -

Zuclopentixol 2 - 15 (8.5) Primary - 12 (4) 10 (2) -

Total antipsychotics - - 2 270 158 10

Total patients 1 25 16 4

a Parent compound and determined active metabolites. Other active metabolites were not determined.
b Range: therapeutic range as used during daily clinical practice.
c CYP2D6 Primary, drugs for which an in vivo relationship between CYP2D6 genotype and pharmacokinetic properties has
been documented; partly, at least in vitro partly metabolised by CYP2D6; unknown, metabolism unknown.

d UM, ultrarapid metaboliser; EM, extensive metaboliser; IM, intermediate metaboliser; PM, poor metaboliser.

Table 3. Determined plasma concentrations of antipsychotic drugs per genotype



IM (1.09; (95%CI 0.68-1.46) were not clearly associated with higher dosage adjusted normalised
plasma concentration ratios compared to EMs (1.02; 95%CI 0.70-1.37). CYP2D6 genotype UM
was not associated with decreased plasma concentration ratios of antidepressants
(0.43; 95%CI 0.26-1.28) or antipsychotics (0.78; (95%CI 0.71-0.84).

Table 4 shows that for antidepressants, CYP2D6 genotype PM (OR 33.1; 95%CI 2.0-544.6) and
IM (OR 8.2; 95%CI 1.1-60.3) were associated with an increased risk of plasma concentrations
above the therapeutic range compared to EMs. For antipsychotics CYP2D6 genotype
PM (OR 12.2; 95%CI 1.1-134.3) but not IM (OR 0.8; 95%CI 0.2-3.3) was associated with an
increased risk of plasma concentrations above the therapeutic range compared to EMs. In total,
plasma concentrations above the therapeutic range were found in 8% (3/40), respectively 39%
(14/36) and 50% (6/12) of measurements of antidepressants in EMs, IMs and PMs and in 13%
(35/270), respectively 10% (15/158) and 70% (7/10) of measurements of antipsychotics in EMs,
IMs and PMs. Plasma concentrations above the therapeutic range were not found for UMs (three
plasma concentrations were within the therapeutic range and one plasma concentration was
below the therapeutic range).

CYP2D6 genotype and Therapeutic Drug Monitoring 41

OR a (95%CI b)
above therapeutic range

Antidepressants
Extensive Metaboliser
Intermediate Metaboliser
Poor Metaboliser
Ultrarapid Metaboliser

N = 23 (25.6% of all measurements)
1 (reference)
8.2 (1.1- 60.3)
33.1 (2.0-544.6)
NE c

Antipsychotics
Extensive Metaboliser
Intermediate Metaboliser
Poor Metaboliser
Ultrarapid Metaboliser

N = 57 (13.0% of all measurements)
1 (reference)
0.8 (0.2- 3.3)
12.2 (1.1-134.3)
NE

Table 4. Relative risk of plasma concentrations above the therapeutic range

a. OR, odds ratio.
b. CI, confidence interval.
c. NE, not estimable.



Discussion
In this retrospective follow-up study, we found that in daily clinical psychiatric practice for
antidepressants, PMs and IMs for CYP2D6 have higher plasma concentrations and an increased
risk of plasma concentrations above the therapeutic range compared with EMs. In contrast,
CYP2D6 genotype could not clearly explain variability in plasma concentrations of
antipsychotics.

There are some limitations to these results. First, the number of patients with extreme rates of
metabolism and the number of measured plasma concentrations were relatively small. TDM
measurements were gathered during a period of five years. This means that the treating
psychiatrists in our setting did not use TDM frequently. Furthermore, we could only study two
UMs with four measurements of TDM and seven PMs with 22 measurements of TDM. Despite
these low numbers significant results were obtained for PMs, but this needs confirmation in a
larger number of patients. The number of UMs and the corresponding records of TDM were too
low to allow any conclusion. Therefore, the results of the UMs are not taken into account in this
discussion. Second, apart from genotype several other variables can contribute to changes in
plasma concentration of psychotropic drugs. For example liver and kidney function and
concomitantly used medication were not taken into account. Furthermore, plasma concentrations
of antidepressants and antipsychotics were collected retrospectively and therefore bloodsamples
were not taken at the same interval after starting a drug or changing a dosage regimen; also TDM
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the upper and lower limits of the mean therapeutic range. A: Antidepressants B: Antipsychotics



was performed in different substrates and linear dose concentration relations are not established
in all of these substrates (for example clomipramine and fluvoxamine).8 Finally, increased plasma
concentrations do not necessarily reflect an increased risk of adverse events or treatment failure
because of pharmacodynamic variability, for example in receptors. However, analysis without
these variables probably does not influence the obtained results because differences in these
variables most likely influence different genotype groups in a comparable way. Third, we
compared plasma concentrations of different psychotropic drugs by using a normalised plasma
concentration ratio. To our knowledge this ratio has not been used before and therefore these
results have to be interpreted carefully. The therapeutic range of individual psychotropics might
manipulate the mean normalised plasma concentration ratio of antidepressants and antipsychotics
apart from CYP2D6 genotype. To analyse whether this problem occurs we calculated the mean
normalised plasma concentration ratio with and without individual psychotropics. The trend for
the mean normalised concentration ratios of PMs and IMs compared with EMs was consistent in
these analyses and in general the measurements of TDM in individual patients showed the same
consistent trend for PMs and IMs compared with EMs as well. Based on these observations we
believe that the normalised concentration ratio can be used in this analysis. Finally, there is
debate for several psychotropic drugs, especially atypical antipsychotics, about the therapeutic
range. We have chosen to use the range as used during daily clinical practice in the institutions
where the study was conducted, since this is the range the treating psychiatrists use for treatment
decisions. However, different therapeutic ranges are reported, especially for antipsychotics, and
these ranges can change the obtained result as shown in the next part of this discussion.27

The lack of association between CYP2D6 genotype and plasma concentrations of antipsychotics
may be explained by the antipsychotics most frequently determined in daily clinical practice.
Only 38 (8.6%) of 440 measurements of TDM of antipsychotics were determined in
antipsychotics for which an in vivo relationship between CYP2D6 genotype and pharmacokinetic
parameters has been documented. Furthermore, 387 (88%) of 440 measurements of TDM were
determined in patients using clozapine. The impact of CYP2D6 genotype on plasma
concentrations of clozapine is minor.4 Apparently, TDM was not used frequently for
antipsychotics primarily metabolised by CYP2D6. Metabolism of antipsychotics partly
metabolised by CYP2D6 is possibly compensated by other enzymatic pathways resulting in
plasma concentrations comparable to EMs. Analysis of plasma concentrations of antipsychotics
primarily metabolised by CYP2D6 was not possible due to low numbers of plasma concentrations
in this group of antipsychotics. The increased risk of a plasma concentration above the therapeutic
range for antipsychotics is caused by the narrow therapeutic range for olanzapine (10-50 µg/L)
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as used as the reference value in the psychiatric hospitals. A recent review suggests a therapeutic
range for olanzapine from 20-80 µg/L.27 The risk of a plasma concentration above the therapeutic
range for antipsychotics is not significantly increased when we use this therapeutic range. Taken
together, we conclude that in this population CYP2D6 genotype could not clearly explain
variability of plasma concentrations of antipsychotic drugs.

In our study the treating psychiatrists were not aware of the CYP2D6 genotype of their patients
and therefore the choice of drug and the dosage of these drugs were not individualised according
to the CYP2D6 metabolic status. TDM could not prevent the increased risk of elevated plasma
concentrations and TDM was not performed more often in UMs, IMs and PMs. We expected that
TDM was performed more often in IMs and PMs because of their increased risk of plasma
concentrations above the therapeutic range. We assumed that the treating psychiatrists would
adjust their treatment on the basis of these increased plasma concentrations in order to prevent
concentration-dependent adverse events. It seems reasonable to expect follow up of these
adjustments by another request for TDM but apparently this did not occur. Unfortunately, we
did not know whether the increased plasma concentrations of antidepressants were associated
with more adverse events or treatment failure because this information was not available.
Therefore, it is difficult to extrapolate these results to the actual clinical impact for psychiatric
patients, but these data suggest that the treating psychiatrists had at least problems to trace back
abnormal results of TDM to patients with pharmacokinetic disturbances. Genotyping for CYP2D6
before starting pharmacotherapy makes it possible to identify patients with an increased risk of
increased plasma concentrations of antidepressants. Patients classified as IM or PM can be
supported by more frequent measurements of TDM in drugs primarily metabolised by CYP2D6.
Future studies have to determine whether this approach can prevent concentration-dependent
adverse events.

The influence of CYP2D6 genotype IM on plasma concentrations is relatively unknown. This
study suggests that IMs for CYP2D6 also have increased plasma concentrations of antidepressants
and an increased risk of plasma concentrations above the therapeutic range. Therefore, the
obtained result suggests that the possible target population of CYP2D6 genotyping becomes much
larger in patients using antidepressants.

In conclusion, CYP2D6 genotype is associated with increased plasma concentrations and an
increased risk of plasma concentrations above the therapeutic range in patients using
antidepressants. In daily clinical practice, CYP2D6 genotype can not explain clearly the variability
in plasma concentrations of antipsychotic drugs because TDM was not used frequently in
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antipsychotics primarily metabolised by CYP2D6. In patients using antidepressants, dose
adjustments and choice of drug according to CYP2D6 genotype could possibly prevent increased
plasma concentrations and concentration-dependent adverse events. Prospective trials are
necessary to establish the clinical value of genotyping CYP2D6 before starting pharmacotherapy
in specific patients and psychiatric patients in general.

Acknowledgement
This study was kindly supported financially by the Mental Health Services Drenthe, The
Netherlands.

References

1. Brockmoller J, Kirchheiner J, Schmider J, Walter S, Sachse C, Muller-Oerlinghausen B et al. The impact

of the CYP2D6 polymorphism on haloperidol pharmacokinetics and on the outcome of haloperidol

treatment. Clin Pharmacol Ther 2002;72(4):438-452.

2. Dahl ML, Sjoqvist F. Pharmacogenetic methods as a complement to therapeutic monitoring of

antidepressants and neuroleptics. Ther Drug Monit 2000;22(1):114-117.

3. Jaanson P, Marandi T, Kiivet RA, Vasar V, Vaan S, Svensson JO et al. Maintenance therapy with

zuclopenthixol decanoate: associations between plasma concentrations, neurological side effects and

CYP2D6 genotype. Psychopharmacology (Berl) 2002;162(1):67-73.

4. Kirchheiner J, Nickchen K, Bauer M, Wong ML, Licinio J, Roots I et al. Pharmacogenetics of

antidepressants and antipsychotics: the contribution of allelic variations to the phenotype of drug

response. Mol Psychiatry 2004;9(5):442-473.

5. Muller MJ, Dragicevic A, Fric M, Gaertner I, Grasmader K, Hartter S et al. Therapeutic drug monitoring

of tricyclic antidepressants: how does it work under clinical conditions? Pharmacopsychiatry

2003;36(3):98-104.

6. Otani K, Aoshima T. Pharmacogenetics of classical and new antipsychotic drugs. Ther Drug Monit 2000;

22(1):118-121.

7. Spina E, Gitto C, Avenoso A, Campo GM, Caputi AP, Perucca E. Relationship between plasma

desipramine levels, CYP2D6 phenotype and clinical response to desipramine: a prospective study. Eur

J Clin Pharmacol 1997;51(5):395-398.

8. Meyer UA. Pharmacogenetics and adverse drug reactions. Lancet 2000;356(9242):1667-1671.

9. Tamminga WJ, Wemer J, Oosterhuis B, De Zeeuw RA, De Leij LF, Jonkman JH. The prevalence of

CYP2D6 and CYP2C19 genotypes in a population of healthy Dutch volunteers. Eur J Clin Pharmacol

2001;57(10):717-722.

CYP2D6 genotype and Therapeutic Drug Monitoring 45



10. Tamminga WJ, Wemer J, Oosterhuis B, De Boer A, Vranckx S, Drenth BF et al. Polymorphic drug

metabolism (CYP2D6) and utilisation of psychotropic drugs in hospitalised psychiatric patients: a

retrospective study. Eur J Clin Pharmacol 2003;59(1):57-64.

11. Wolf CR, Smith G, Smith RL. Science, medicine, and the future: Pharmacogenetics. BMJ

2000;320(7240):987-990.

12. Berecz R, De la RA, Dorado P, Fernandez-Salguero P, Dahl ML, Llerena A. Thioridazine steady-state

plasma concentrations are influenced by tobacco smoking and CYP2D6, but not by the CYP2C9

genotype. Eur J Clin Pharmacol 2003;59(1):45-50.

13. Dahl ML. Cytochrome p450 phenotyping/genotyping in patients receiving antipsychotics: useful aid to

prescribing? Clin Pharmacokinet 2002;41(7):453-470.

14. Grasmader K, Verwohlt PL, Rietschel M, Dragicevic A, Muller M, Hiemke C et al. Impact of

polymorphisms of cytochrome-P450 isoenzymes 2C9, 2C19 and 2D6 on plasma concentrations and

clinical effects of antidepressants in a naturalistic clinical setting. Eur J Clin Pharmacol 2004;60(5):329-

336.

15. Guzey C, Norstrom A, Spigset O. Change from the CYP2D6 extensive metabolizer to the poor

metabolizer phenotype during treatment with bupropion. Ther Drug Monit 2002;24(3):436-437.

16. Kirchheiner J, Brosen K, Dahl ML, Gram LF, Kasper S, Roots I et al. CYP2D6 and CYP2C19 genotype-

based dose recommendations for antidepressants: a first step towards subpopulation-specific dosages.

Acta Psychiatr Scand 2001;104(3):173-192.

17. Kohnke MD, Griese EU, Stosser D, Gaertner I, Barth G. Cytochrome P450 2D6 deficiency and its clinical

relevance in a patient treated with risperidone. Pharmacopsychiatry 2002;35(3):116-118.

18. Pan L, Stichele van der R, Rosseel MT, Berlo JA, Schepper de N, Belpaire FM. Effects of smoking,

CYP2D6 genotype, and concomitant drug intake on the steady state plasma concentration of haloperidol

and reduced haloperidol in schizophrenic inpatients. Ther Drug Monit;21(5):489-497.

19. Ono S, Mihara K, Suzuki A, Kondo T, Yasui-Furukori N, Furukori H et al. Significant pharmacokinetic

interaction between risperidone and carbamazepine: its relationship with CYP2D6 genotypes.

Psychopharmacology (Berl) 2002;162(1):50-54.

20. Mulder H, Wilmink FW, Beumer TL, Tamminga WJ, Jedema JN, Egberts AC. The association between

cytochrome P450 2D6 genotype and prescription patterns of antipsychotic and antidepressant drugs in

hospitalised psychiatric patients: a retrospective follow-up study. J Clin Psychopharmacol

2005;25(2):188-191.

21. Stuven T, Griese EU, Kroemer HK, Eichelbaum M, Zanger UM. Rapid detection of CYP2D6 null alleles

by long distance- and multiplex-Polymerase Chain Reaction. Pharmacogenetics 1996;6(5):417-421.

22. Tamminga WJ, Wemer J, Oosterhuis B, Weiling J, Wilffert B, De Leij LF et al. CYP2D6 and CYP2C19

activity in a large population of Dutch healthy volunteers: indications for oral contraceptive-related sex

differences. Eur J Clin Pharmacol 1999;55(3):177-184.

Chapter 2.246



23. Lovlie R, Daly AK, Molven A, Idle JR, Steen VM. Ultrarapid metabolizers of debrisoquine:

characterization and Polymerase Chain Reaction-based detection of alleles with duplication of the

CYP2D6 gene. FEBS Lett 1996;392(1):30-34.

24. Anonymous. Anatomical Therapeutic Chemical (ATC) Classification Index: including defined daily doses

(DDDs) for plain substances.Oslo, Norway: World Health Organization. 1997.

25. Pinheiro JC, Bates DM. Mixed-effects models in S and S-plus. 2000.

26. Shao J, Tu D. The Jackknife and bootstrap. 1995.

27. Hiemke C, Dragicevic A, Grunder G, Hatter S, Sachse J, Vernaleken I et al. Therapeutic monitoring of

new antipsychotic drugs. Ther Drug Monit 2004;26(2):156-160.

CYP2D6 genotype and Therapeutic Drug Monitoring 47





Journal of Clinical Psychopharmacology 2005;25:188-191

1 Division of Pharmacoepidemiology and Pharmacotherapy, Utrecht Institute for
Pharmaceutical Sciences (UIPS), Faculty of Science, Utrecht University, The
Netherlands

2 Department of Clinical Pharmacy, Wilhelmina Hospital Assen, The Netherlands
3 Mental Health Services Drenthe, The Netherlands
4 Pharma BioResearch Group BV, The Netherlands
5 Department of Clinical Pharmacy, University Medical Centre Utrecht, The Netherlands

Hans Mulder1,2, Frederik W. Wilmink3, Tim L. Beumer4, Wim J. Tamminga4,
Jaap N. Jedema2, Toine C.G. Egberts1,5

Chapter 2.3

The association between cytochrome P450-2D6 genotype
and prescription patterns of antipsychotic and antidepressant
drugs in hospitalised psychiatric patients: a retrospective
follow-up study



Abstract

Background
Most antipsychotic and antidepressant drugs are at least partly metabolised by cytochrome P450-
2D6 (CYP2D6). Approximately 5-10% of the Caucasian population can be classified as poor
metaboliser (PM) by lacking CYP2D6 activity and 1-10% as ultrarapid metaboliser (UM) by gene
duplication. Taken together this implicates a high risk of unsatisfactory response to these drugs
in psychiatric patients.

Objective
To determine whether CYP2D6 genotype contributes to unsatisfactory response in psychiatric
patients treated with antipsychotics or antidepressants.

Methods
Patients were eligible for inclusion in this retrospective follow-up study if they were hospitalised
and ≥ 180 days of medication history was available. Primary end point was the frequency of
switching to another drug within the same therapeutic group. Secondary end point was the
frequency of switching of dosage regimen. Only drugs for which an in vivo relationship between
CYP2D6 genotype and pharmacokinetic properties has been documented were taken into
account. The determinant was the CYP2D6 genotype classified as UM, extensive metaboliser
(EM), or PM. The incidence of drug switches for PMs and UMs relative to EMs was estimated as
a hazard ratio (HR) using Cox proportional hazard analysis. The incidence of changes in dosage
regimen for PMs and UMs relative to EMs was estimated as an incidence density ratio (IDR) using
Poisson regression analysis. The HR and the IDR can be interpreted as a relative risk (RR), and
results were therefore expressed as a RR with a 95%CI.

Results
In total 132 patients gave informed consent to determine the CYP2D6 genotype. The genotype PM
and UM was observed in 10.7% (n=14) and 3.8% (n=5), respectively. For antidepressant drugs,
CYP2D6 genotype PM was associated with more frequent switching (RR 3.50; 95%CI 1.52 – 8.10)
and with more dosage regimen changes (RR 2.18; 95%CI 1.36-3.49). For antipsychotic drugs, an
association was found between CYP2D6 genotype PM and changes in dosage regimen
(RR 2.18; 95%CI 1.61-2.95) but not for switching.

Conclusions
CYP2D6 genotype can in some patients explain unsatisfactory response to treatment with
antidepressants and antipsychotics.
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Introduction
The response to antipsychotic and antidepressant drugs is variable: approximately 20-40% of the
psychiatric patients do not respond satisfactorily to pharmacotherapy.1,2 This variability in
response can be attributed to causes like genetics and disease. One of the genetic factors is
polymorphism of the gene locus for cytochrome P450-2D6 (CYP2D6). Approximately 5-10% of
the Caucasian population can be classified as poor metaboliser (PM) by lacking CYP2D6 activity
and 1-10% as ultrarapid metaboliser (UM) by gene duplication resulting in high enzyme activity.3-6

As most antipsychotic and antidepressant drugs are at least partly metabolised by CYP2D6, this
might implicate a high risk of unsatisfactory response to these drugs in up to 20% of psychiatric
patients. Switching to other drugs and changes of dosage regimen are an overall expression of
unsatisfactory response to treatment.2,7,8 This retrospective follow-up study investigates whether
hospitalised psychiatric patients classified as PM or UM for CYP2D6 show more frequent
unsatisfactory response (as measured by more frequent switching of drug and dosage regimen)
to treatment with antipsychotic and antidepressant drugs compared to patients classified as
extensive metaboliser (EM) for CYP2D6.

Methods
The study was conducted in two psychiatric hospitals with approximately 450 beds for long-stay
patients with chronic psychiatric disorders. Hospitalised patients treated with antipsychotic or
antidepressant drugs were identified by using prescription data from pharmacy records as
available from the department of clinical pharmacy of the Wilhelmina Hospital Assen, The
Netherlands. The study protocol was reviewed and approved by an independent medical ethical
committee.

Patients were eligible if they were hospitalised and at least 180 days of prescription data were
available. At least one antipsychotic or antidepressant drug primarily metabolised by CYP2D6 had
to be started at least 30 days after the start of the observation period and at least 90 days before
the end of the observation period. These criteria were chosen because it was expected that
unsatisfactory response occurs during the first 90 days of a drug episode. The observation period
was defined as the period in which prescription data were available. A drug episode was defined
as the duration between the start of an antipsychotic or antidepressant drug and the first switch
or discontinuation of that drug, or the end of the observation period, whichever came first.
Prescription data were collected from April 1988 until November 2002. Patients were genotyped
after the end of the observation period. No further inclusion or exclusion criteria were applied
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apart from written informed consent before entry in the study. All patients were included between
March 2002 and October 2002.

Primary end point of this study was the frequency of switching. A switch was defined as a switch
to another drug within the same therapeutic group (i.e. from one antidepressant to another
antidepressant or from one antipsychotic to another antipsychotic) within four weeks after or
during tapering the previous drug. Secondary end point was the frequency of switching of dosage
regimen. A switch of dosage regimen was defined as a change of the prescribed daily dose of the
same drug. In case the patient restarted the drug after previous discontinuation of the same drug,
only the first episode was taken into account.

Primary determinant was the CYP2D6 genotype. The CYP2D6 genotype was determined by
Polymerase Chain Reaction (PCR)-restriction fragment length polymorphism. CYP2D6*3(A),
*4(B), *6(T), *7(E) and *8(G) were investigated using a long-distance and multiplex-PCR as
described by Stuven et al.9 These variants allow identification of approximately 98.7% of the
PMs in a Caucasian population.4 The presence of gene duplication that may lead to ultrarapid
metabolism was analysed by an allele-specific PCR and was performed as described by Lovlie et
al.6 Patients were defined as PM if they were homozygous or heterozygous for non-coding alleles.
Patients were defined as UM if gene duplication was detected and mutant alleles were absent.
All other patients were classified as EM.

We classified the CYP2D6 metabolic pathway of each antidepressant and antipsychotic drug
according to the available evidence. Drugs for which an in vivo relationship between CYP2D6
genotype and pharmacokinetic properties has been documented were taken into account in the
present analysis (antidepressants: amitriptyline, clomipramine, desipramine, fluvoxamine,
fluoxetine, imipramine, maprotiline, mianserine, nortriptyline, paroxetine, and venlafaxine;
antipsychotics: haloperidol, perphenazine, risperidone, sertindol, thioridazine, and
zuclopenthixol).

The incidences of switches of drug and changes of dosage regimen were assessed for EMs, PMs
and UMs. The incidence of drug switches for PMs and UMs relative to EMs was estimated as a
hazard ratio (HR) together with a 95% confidence interval (95%CI) using Cox proportional hazard
analysis. The incidence of changes in dosage regimen for PMs and UMs relative to EMs was
estimated as an incidence density ratio (IDR) together with a 95%CI using Poisson regression
analysis. The HR and the IDR can be interpreted as a relative risk (RR), and results were therefore
expressed as a RR with a 95%CI.10



Results
The potential study population consisted of 435 hospitalised psychiatric patients with chronic
psychiatric disorders. A total of 220 patients complied with the inclusion criteria. Informed
consent was given by 132 (60%) of the patients. For one sample no result could be obtained
because of poor DNA amplification. Therefore, the study population existed of 131, mainly
Caucasian (>95%), patients with a mean age of 54 (SD 16.2) and 46.6% (n=61) men. We found
poor or ultrarapid metabolism in 14.5% of the included patients (10.7% PM (n=14) and 3.8% UM
(n=5)). This frequency is as expected in a Caucasian population (6 – 20%).3-6 The prevalence of
PMs (10.7%) is high compared with the prevalence in other Caucasian populations but is not
significantly different. Overall, there were 254 episodes of antidepressant and antipsychotic drugs
during the observation period (mean observation period 4.39 years (SD 2.46). Antidepressant
drugs accounted for 43.3%, and antipsychotic drugs accounted for 56.7% of all episodes.
Antidepressant drugs were used by 64 EMs, ten PMs and three UMs and antipsychotic drugs were
used by 89 EMs, twelve PMs and five UMs. Overall, of all drug episodes 88 (35%) ended with a
switch. There were 542 changes of dosage regimen.

Table 1 shows that for antidepressant drugs, CYP2D6 genotype PM was associated with more
frequent switching (RR 3.50; 95%CI 1.52 – 8.10) and with more dosage regimen changes (RR
2.18; 95%CI 1.36-3.49). For antidepressant drugs, CYP2D6 genotype UM was also associated
with fewer dosage regimen changes (RR 0.11; 95%CI 0.02-0.43), but not with switches. For
antipsychotic drugs, an association was found between CYP2D6 genotype PM and changes in
dosage regimen (RR 2.18; 95%CI 1.61-2.95) but not for switching. For antipsychotic drugs, no
association was found with CYP2D6 genotype UM.
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Table 1. CYP2D6 genotype and relative risk (RR) of switching of drug and dosage regimen changes
Switch of drug RR (95%CI) Dosage regimen changes RR (95%CI)

Antidepressants
EM
PM
UM

N = 110
1.(reference)
3.50 (1.52 – 8.10)
0.46 (0.06 – 3.41)

N = 110
1 (reference)
2.18 (1.36 – 3.49)
0.11 (0.02 – 0.43)

Antipsychotics
EM
PM
UM

N = 144
1 (reference)
1.38 (0.58 – 3.27)
1.01 (0.25 – 4.20)

N = 144
1 (reference)
2.18 (1.61 – 2.95)
1.27 (0.76 – 2.14)

N indicates number of observed drug episodes
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Discussion
There are some limitations to our findings. First, the reasons for switching were not recorded.
Therefore, it is not possible to determine whether the increased RR of switching and changes of
dosage regimen was the result of treatment failure, adverse effects, or other reasons. However,
the main purpose of this study was to determine whether PMs and UMs had, overall, a more
frequent unsatisfactory response compared to EMs, that is, to investigate whether psychiatrists
have more problems in finding the optimum pharmacotherapy for PMs and UMs. The reason of
unsatisfactory response as well as the diagnosis of the included patient is irrelevant for this
hypothesis. Second, our results may be biased. Selection bias may have occurred because at least
one antidepressant or antipsychotic drug had to be started at least 30 days after the start of the
observation period. Therefore, the included patients may represent a population of unstable
patients more likely to start with antidepressant and antipsychotic drugs. The high prevalence of
PMs can possibly be explained by this selection bias. Third, we could only study five patients
classified as UM and 14 patients classified as PM for CYP2D6. Despite this, we found significant
results, but our findings need confirmation in a larger number of, especially UM, patients.

Frequent switching from drug or dosage can be seen as an overall expression of unsatisfactory
response to treatment including both treatment failure and unacceptable adverse effects.
Differences in response can be adjusted for by switching dosage regimen or switching one drug
to another.2,7,8 Our results suggest that problems arise while finding the optimum
pharmacotherapy regarding antidepressant drugs in PMs for CYP2D6. The lack of association
between CYP2D6 genotype PM and switching for antipsychotic drugs may be explained by
several reasons. One explanation could be that the acceptation of adverse effects during treatment
with antipsychotic drugs is higher compared to treatment with antidepressants, and during
treatment with antipsychotic drugs, it is possible to treat adverse effects with antiparkinsonian
drugs. Schillevoort et al. showed a higher prescription rate for antiparkinsonian drugs in PMs
compared to EMs.11 Although the increased risk for switching one antipsychotic to another was
not found, the risk of switching dosage was significantly increased. The treating psychiatrist
possibly recognises the problems in finding the optimum pharmacotherapy but tries to change the
dosage instead of switching the drug. Furthermore, during treatment with antidepressants it takes
several weeks before the onset of response. During these first weeks, the adverse effects are
present, and therefore the psychiatrist and the patient possibly switch to another drug more easily
compared to treatment with antipsychotics where the onset of response is more rapid. The
significant result for CYP2D6 genotype UM and switching dosage of antidepressant drugs may
be explained by the lack of response during the first weeks as well. During these first weeks the
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adverse effects are absent, and the psychiatrist possibly changes the dosage more easily instead
of switching to another drug.

Genotyping psychiatric patients for CYP2D6 before starting pharmacotherapy may prevent
unsatisfactory response. If CYP2D6 genotype information is available, before starting
pharmacotherapy, an individualised advice for the choice of drug and dosage is possible. This
information could improve the response to antidepressant and antipsychotic drugs as measured
by less switching of drug and dosage. Furthermore, Chou et al. suggested that the cost of treating
PMs was greater than the cost of treating EMs.12 Genotyping before starting pharmacotherapy
possibly can prevent these increased costs. In our cohort, hospitalised psychiatric patients who
started with an antidepressant drug primarily metabolised by CYP2D6 were most likely to profit
from genotyping CYP2D6. Prospective trials are necessary to establish the clinical value of
genotyping CYP2D6 before starting pharmacotherapy in specific patients and psychiatric patients
in general.

In conclusion, CYP2D6 genotype is associated with increased switching and dosage regimen
changes in users of antidepressant drugs and with more frequent changes of dosage regimen in
users of antipsychotics. These results suggest that genotyping of CYP2D6 may identify patients
who are prone to unsatisfactory response to pharmacotherapy in hospitalised psychiatric patients.

References

1. Hirschfeld RM, Montgomery SA, Aguglia E, Amore M, Delgado PL, Gastpar M et al. Partial response and

nonresponse to antidepressant therapy: current approaches and treatment options. J Clin Psychiatry

2002;63(9):826-837.

2. Fava M. Management of nonresponse and intolerance: switching strategies. J Clin Psychiatry 2000;61

Suppl 2:10-12.

3. Meyer UA. Pharmacogenetics and adverse drug reactions. Lancet 2000;356(9242):1667-1671.

4. Tamminga WJ, Wemer J, Oosterhuis B, Weiling J, Wilffert B, Leij de LF et al. CYP2D6 and CYP2C19

activity in a large population of Dutch healthy volunteers: indications for oral contraceptive-related sex

differences. Eur J Clin Pharmacol 1999;55(3):177-184.

5. Tamminga WJ, Wemer J, Oosterhuis B, Zeeuw de RA, Leij de LF, Jonkman JH. The prevalence of

CYP2D6 and CYP2C19 genotypes in a population of healthy Dutch volunteers. Eur J Clin Pharmacol

2001;57(10):717-722.

6. Lovlie R, Daly AK, Molven A, Idle JR, Steen VM. Ultrarapid metabolizers of debrisoquine:

characterization and Polymerase Chain Reaction-based detection of alleles with duplication of the

CYP2D6 gene. FEBS Lett 1996;392(1):30-34.

CYP2D6 genotype and prescription patterns 55



Chapter 2.356

7. Weiden PJ, Aquila R, Dalheim L, Standard JM. Switching antipsychotic medications. J Clin Psychiatry

1997;58 Suppl 10:63-72.

8. Bull SA, Hunkeler EM, Lee JY, Rowland CR, Williamson TE, Schwab JR et al. Discontinuing or switching

selective serotonin-reuptake inhibitors. Ann Pharmacother 2002;36(4):578-584.

9. Stuven T, Griese EU, Kroemer HK, Eichelbaum M, Zanger UM. Rapid detection of CYP2D6 null alleles

by long distance- and multiplex-Polymerase Chain Reaction. Pharmacogenetics 1996;6(5):417-421.

10. Clayton D HM. Statistical models in epidemiology. 1995. New York: Oxford University Press.

11. Schillevoort I, Boer de A, Weide van der WJ, Steijns LS, Roos RA, Jansen PA et al. Antipsychotic-induced

extrapyramidal syndromes and cytochrome P450 2D6 genotype: a case-control study. Pharmacogenetics

2002;12(3):235-240.

12. Chou WH, Yan FX, Leon de J, Barnhill J, Rogers T, Cronin M et al. Extension of a pilot study: impact from

the cytochrome P450 2D6 polymorphism on outcome and costs associated with severe mental illness.

J Clin Psychopharmacol 2000;20(2):246-251.



Journal of Clinical Psychopharmacology 2006;26:212-215

1Division of Pharmacoepidemiology and Pharmacotherapy, Utrecht
Institute for Pharmaceutical Sciences (UIPS), Faculty of Science, Utrecht University,
The Netherlands

2Department of Clinical Pharmacy, Wilhelmina Hospital Assen, The Netherlands
3Mental Health Services Drenthe, The Netherlands
4Department of Clinical Pharmacy, University Medical Centre Utrecht, The Netherlands

Hans Mulder1,2, Frederik W. Wilmink3, Svetlana V. Belitser1, Toine C.G. Egberts1,4

Chapter 2.4

The association between cytochrome P450-2D6 genotype and
prescription of antiparkinsonian drugs in hospitalised psychiatric
patients using antipsychotics: a retrospective follow-up study



Abstract

Background
Approximately 5-10% of the Caucasian population can be classified as poor metabolisers (PM)
by diminished CYP2D6 activity. These patients may be at higher risk of extrapyramidal syndromes
(EPS) because most antipsychotic drugs are at least partly metabolised by CYP2D6.

Objective
To investigate whether, in a group of antipsychotic users, PMs for CYP2D6 are more frequently
treated with antiparkinsonian drugs compared with extensive metabolisers (EM) for CYP2D6. In
psychiatric patients, antiparkinsonian drugs are almost exclusively used for the treatment of EPS
(parkinsonism, akathisia and dystonia but not tardive dyskinesia) and can therefore be considered
a valid marker of EPS.

Methods
This retrospecive follow-up study consisted of 129 patients genotyped for CYP2D6, who at least
used one antipsychotic drug metabolised by CYP2D6. Primary end point was the start of an
anticholinergic antiparkinsonian drug (either biperidene or trihexyphenidyl) at least seven days
after the start of an antipsychotic drug at least partly metabolised by CYP2D6. Primary determinant
was the CYP2D6 genotype classified as EM or PM. The relative risk of treatment with biperidene
or trihexyphenidyl was estimated with a logistic mixed-effects model and expressed as an odds
ratio (OR) with a 95% confidence interval (CI) using EM as the reference group.

Results
We found poor metabolism in 10.1% (n=13) of the included patients (n=129). In total, there were
164 drug episodes of antipsychotic drugs at least partly metabolised by CYP2D6 during the
observation period and antiparkinsonian drugs were started in 32 (20%) of these drug episodes.
For antipsychotic drugs, CYP2D6 genotype PM was associated with a more frequent prescription
of antiparkinsonian drugs (OR 3.68; 95%CI 1.40-9.65) in patients treated with antipsychotics
primarily or partly metabolised by CYP2D6. Analysis restricted to antipsychotics primarily
metabolised by CYP2D6 showed a non-significant association with more frequent prescription
of antiparkinsonian drugs (OR 2.38; 95%CI 0.69-8.28).

Conclusions
CYP2D6 genotype PM is associated with an increased risk of EPS as measured by a more frequent
prescription of antiparkinsonian drugs compared to EMs for CYP2D6.
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Introduction
Cytochrome P450-2D6 (CYP2D6) genotype may be associated with several adverse effects of
antipsychotic drugs. Approximately 5 to 10% of the Caucasian population can be classified as
poor metaboliser (PM) by diminished CYP2D6 activity. These patients may be at higher risk of
dose-dependent adverse effects because most antipsychotic drugs are at least partly metabolised
by CYP2D6.1 One of the most frequently occurring dose-dependent adverse effects in users of
antipsychotic drugs are some of the extrapyramidal syndromes (EPS) (i.e. parkinsonism, akathisia,
dystonia). In several studies, an association between CYP2D6 genotype and EPS has been
established, although results are conflicting.1 When a patient experiences EPS, the treating
psychiatrist can decide to switch to another antipsychotic drug. However, in a previous study
published in this journal, we did not find an association between CYP2D6 genotype PM and
more frequent switching of antipsychotic drugs compared with extensive metabolisers (EM) for
CYP2D6. As a possible explanation, we suggested that psychiatrists prefer to treat EPS
(parkinsonism, akathisia and dystonia but not tardive dyskinesia) with antiparkinsonian drugs
rather than to switch to another drug.2 The objective of this study is to test this hypothesis by
investigating whether in a group of antipsychotic users, PMs for CYP2D6 are more frequently
treated with antiparkinsonian drugs compared with EMs for CYP2D6.

Methods
The study was conducted in two psychiatric hospitals with approximately 450 beds for long-stay
patients with chronic psychiatric disorders. The study protocol was reviewed and approved by
an independent medical ethical committee (TPWO, Arnhem, The Netherlands).

A retrospective follow-up design was used to assess the association between CYP2D6 genotype
and EPS as an adverse effect of antipsychotic drugs. The potential study population consisted of
138 long-stay patients of whom the CYP2D6 genotype was determined in a previous study.2

Patients were eligible for the present study if at least one antipsychotic drug metabolised by
CYP2D6 was started at least 30 days after the start of the observation period and at least 90 days
before the end of the observation period. This resulted in the inclusion of 129 patients.
Prescription data were collected from April 1988 until February 2005. Primary end point of this
study was the start of an anticholinergic antiparkinsonian drug (either biperidene or
trihexyphenidyl) at least seven days after the start of a drug episode of an antipsychotic drug at
least partly metabolised by CYP2D6. Biperidene and trihexyphenidyl are indicated for the
treatment of EPS caused by antipsychotic drugs. The interval of seven days was chosen to prevent
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inclusion of prescriptions of antiparkinsonian drugs for prophylactic use. Antipsychotic drug
episodes during which antiparkinsonian drugs were started within seven days after the start of the
antipsychotic drug were excluded from analysis. In case of treatment with two or more
antipsychotic drugs at the same time, only the drug episode with a starting date closest to the start
of biperidene or trihexyphenidyl was taken into account.

We classified the CYP2D6 metabolic pathway of each prescribed antipsychotic drug according
to the available published evidence up to April 2005. Antipsychotic drugs for which an in vivo
relationship between CYP2D6 genotype and pharmacokinetic properties has been documented
were classified as primary CYP2D6 drugs (haloperidol, perphenazine, risperidone, sertindol,
thioridazine, zuclopenthixol). Antipsychotic drugs for which either in vivo evidence exists that
these are partly metabolised by CYP2D6 or in vitro evidence of metabolism by CYP2D6 was
available, were classified as partly CYP2D6 drugs (chlorpromazine, clozapine, pimozide,
olanzapine, quetiapine). Episodes of other antipsychotic drugs were not included.

Primary determinant was the CYP2D6 genotype. The CYP2D6 genotype was determined by
Polymerase Chain Reaction (PCR)- restriction fragment length polymorphism. CYP2D6*3(A),
*4(B), *6(T), *7(E) and *8(G) were investigated using a long-distance and multiplex-PCR as
described by Stuven et al.3 The presence of gene duplication that may lead to ultrarapid
metabolism was analysed by an allele-specific PCR and was performed as described by Lovlie et
al.4 Patients were defined as PM if they were homozygous or heterozygous for non-coding alleles.
Patients were defined as Ultrarapid Metaboliser (UM) if gene duplication was detected and mutant
alleles were absent. All other patients were classified as EM.

The relative risk of treatment with biperidene or trihexyphenidyl was estimated with a logistic
mixed-effects model and expressed as an odds ratio (OR) with a 95% confidence interval (CI)
using EM as the reference group. The mixed-effects model was used because there were more
than one drug episode per patient, and therefore, the data were not independent. Mixed-effects
models make adjustments for multiple measurements in the same subject. Data were analysed
for all included episodes of antipsychotic drug treatment (primary CYP2D6 drugs together with
partly CYP2D6 drugs) and separately for antipsychotics primarily metabolised by CYP2D6.
Finally, data were investigated for the potential confounders age, sex and prescribed daily dose
(PDD). A P value of 0.05 or less was regarded as significant. Data were analysed using S-plus 6.2
CorrelatedData Library (insightful), www.insightful.com.5,6
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Results
In our study population (n=129) we found poor or ultrarapid metabolism in 12.4% of the included
patients (10.1% PM, n=13 and 2.3% UM, n=3). The included patients were mainly Caucasian
(>95%), with a mean age of 54 years (SD 16.3), and 46.5% (n=60) were men. In total, there were
267 drug episodes of antipsychotic drugs at least partly metabolised by CYP2D6 during the
observation period. After exclusion of drug episodes with prophylactic use, 164 drug episodes
were available for analysis. Antiparkinsonian drugs were started in 32 (20%) drug episodes of
antipsychotic drugs (primary CYP2D6 drugs: 69% (n=22), partly CYP2D6 drugs: 31% (n=10)).
Furthermore, antiparkinsonian drugs were started in 41% (9/22), 16% (22/139) and 33% (1/3) of
the observed drug episodes in PMs, EMs and UMs, respectively.

Table 1 shows that for antipsychotic drugs, CYP2D6 genotype PM was associated with a more
frequent prescription of antiparkinsonian drugs (OR 3.68; 95%CI 1.40-9.65) in patients treated
with antipsychotics primarily or partly metabolised by CYP2D6. Analysis restricted to
antipsychotics primarily metabolised by CYP2D6 showed a nonsignificant association with more
frequent prescription of antiparkinsonian drugs (OR 2.38; 95%CI 0.69-8.28). The number of drug
episodes in patients with CYP2D6 genotype UM was inadequate to allow analysis. Adjustments
for age, sex and PDD did not change the results obtained.

Discussion
In this retrospective follow-up study, we found that in daily clinical practice, PMs for CYP2D6
treated with antipsychotics use antiparkinsonian drugs more frequently compared with EMs for
CYP2D6. In psychiatric patients, antiparkinsonian drugs are almost exclusively used for the
treatment of EPS (parkinsonism, akathisia and dystonia but not tardive dyskinesia) and can
therefore be considered a valid marker of EPS.

There are limitations to our findings. First, we could only study three patients classified as UM
and thirteen patients classified as PM for CYP2D6. Despite these low numbers, significant results
were obtained for PMs, but this needs confirmation in a larger number of patients. The number of

Antipsychotics Drug episodes with start of
antiparkinsonian drug treatment (%)

OR (95%CI) of treatment with
antiparkinsonian drugs

Extensive Metaboliser
Poor Metaboliser

16% (22 out of 139)
41% (9 out of 22)

1 (reference)
3.68 (1.57 - 8.65)

Table 1. Relative risk for treatment with antiparkinsonian drugs in users of antipsychotics



UMs and the corresponding records of antiparkinsonian drugs were too low to allow formulation
of any conclusions. Second, the reason for prescribing antiparkinsonian drugs was not recorded.
Antiparkinsonian drugs can be prescribed for prophylactic use after prescription of antipsychotic
drugs with a high potential of EPS. We prevented the inclusion of prophylactic use of
antiparkinsonian drugs in the analysis by exclusion of drug episodes of antiparkinsonian drugs
within seven days after starting an antipsychotic drug. Third, we could only find a significant
association between CYP2D6 genotype and prescription of antiparkinsonian drugs in patients
using antipsychotics primarily or partly metabolised by CYP2D6. The analysis that was restricted
to antipsychotics primarily metabolised by CYP2D6 only, showed the same elevated risk, but did
not have sufficient power to find a significant association. Future studies should include more
patients (~250-300) to allow adequate analysis of data that are restricted to antipsychotics primarily
metabolised by CYP2D6.

The findings of previous studies investigating the association between CYP2D6 genotype and
EPS are inconsistent. Several studies found a statistically significant association,1,7,8 but other
studies could not replicate these results.1,9,9,10 Schillevoort et al. found an association between
antiparkinsonian drugs and CYP2D6 genotype only in patients using antipsychotics primarily
metabolised by CYP2D6.8 However, this result was established in a population screened for
CYP2D6 upon admission, and therefore, the treating psychiatrist could consider this information.
In that study it was possible that the treating psychiatrist chose to treat EPS with antiparkinsonian
drugs in PMs in the case of antipsychotics primarily metabolised by CYP2D6, but to switch to
another antipsychotic in case of antipsychotics not primarily metabolised by CYP2D6 because
the cause of EPS is less likely, thereby underestimating the real risk in PMs. In our population, the
CYP2D6 genotype was unknown to the treating psychiatrist.

The increased prescription rates of antiparkinsonian drugs in PMs for CYP2D6 can be seen as a
determinant for unsatisfactory response in these patients. In an earlier study, we investigated
whether PMs for CYP2D6 switched more often to other antidepressant drugs or antipsychotic
drugs compared with EMs for CYP2D6. We found an association between CYP2D6 genotype
PM and more frequent switching of antidepressants, but we could not find this association for
switching of antipsychotic drugs.2 These results suggested that the treating psychiatrist probably
chose to treat EPS with antiparkinsonian drugs, instead of switching to another drug in patients
using antipsychotic drugs.

Taken together, CYP2D6 genotype PM is associated with an increased risk of EPS as measured
by a more frequent prescription of antiparkinsonian drugs compared to EMs for CYP2D6.
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Genotyping psychiatric patients for CYP2D6 before starting pharmacotherapy may identify
patients at higher risk for dose-dependent adverse events. If CYP2D6 genotype information is
available before starting pharmacotherapy, an individualised advice for the choice of drug and
dosage is possible, thereby reducing the risk of EPS and the treatment of antiparkinsonian drugs
thereof.
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The association between HTR2C polymorphisms and obesity in
psychiatric patients using antipsychotics: a cross-sectional study



Abstract

Background
The use of antipsychotics is associated with an increased risk of obesity. This consideration makes
it important to search for determinants that can predict the risk for antipsychotic-induced obesity.

Objective
To investigate whether polymorphisms in the HTR2C gene are associated with obesity (Body
Mass Index (BMI)>30 kg/m2) in patients using antipsychotics.

Methods
In this cross-sectional study, patients using antipsychotic drugs were identified from a
schizophrenia disease management programme. Patients were eligible if the antipsychotic drug
used during the first evaluation of the patient was started at least three months before this
evaluation. Primary end point was the presence of obesity (BMI > 30 kg/m2). Primary determinants
were polymorphisms in the promoter region of the HTR2C gene ((HTR2C:c.1-142948(GT)n,
rs3813928 (-997 G/A), rs3813929 (-759 C/T), rs518147 (-697 G/C)) and an intragenic
polymorphism (rs1414334:C>G). The risk of being obese was assessed with logistic regression.
Results were expressed as an adjusted odds ratio (OR) together with a 95% confidence interval
(95%CI) for carriers of the variant allele compared to patients with the common genotype.

Results
In total, 127 patients mainly diagnosed with schizophrenia or schizoaffective disorder (89%)
were included. The rs1414334 HTR2C polymorphism was associated with obesity (OR 2.80;
95%CI 1.03-7.62). There was no association between the rs3813929 (-759 C/T) polymorphism
and obesity (OR 0.86; 95%CI 0.31-2.40). The combined genotype carrying the variant
HTR2C:c.1-142948(GT)n 13 repeat allele, the common allele rs3813929 (-759) C, the variant
allele rs518147 (-697) C and the variant allele rs1414334 C was significantly associated with an
increased risk of obesity (OR 3.71; 95%CI 1.24-11.12) compared to the combined genotype
without variant alleles.

Conclusions
Genotypes of HTR2C polymorphisms are associated with the occurrence of obesity in psychiatric
patients using antipsychotics. This association appears to be particularly strong in combined
genotypes including the variant allele of the intragenic polymorphism rs1414334.
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Introduction
Obesity, as the result of antipsychotic-induced weight gain, is an important adverse effect of
antipsychotic drugs.1 Patients with overweight have, among others, an increased risk of diabetes
mellitus, hypertension and cardiovascular disease and subsequently a higher risk of mortality.2,3

In addition, psychiatric patients themselves consider weight gain as one of the most disturbing
adverse events: it is an important reason for non-compliance4 and for switching atypical
antipsychotics in daily psychiatric practice.5 The risk of antipsychotic-induced weight gain and
obesity appears to be high for atypical antipsychotics, especially clozapine and olanzapine.1 The
mechanism behind antipsychotic-induced weight gain is not entirely clear. The high
interindividual variability suggests that genetic make-up is a modulating factor. One of the
potential genetic determinants of antipsychotic-induced weight gain and obesity is the genetic
variation in the serotonin 2C (5-HT2C) receptor encoded by the HTR2C gene.

Yuan et al. found that several polymorphisms in the promoter region of the HTR2C gene were
associated with an increased risk of diabetes and obesity in patients without psychiatric disorders.6

Subsequent studies into the association between antipsychotic-induced weight gain or obesity and
HTR2C genotype for one of these polymorphisms (-759 C/T; a single nucleotide polymorphism
(SNP) with dbSNP database (www.ncbi.nlm.nih.gov/SNP) identifier rs3813929) reported
conflicting results.7-16 Reynolds et al.7-9 and Ellingrod et al.10,11 found a positive association
between the HTR2C rs3813929:C>T (-759 C/T) genotype and antipsychotic-induced weight gain
and Pooley et al. found a positive association with obesity in females without psychiatric
disorders.17 Other studies could, however, not confirm the association.12,14,15,18 Furthermore, one
of these studies could not find the association between the rs3813929: C>T genotype and obesity,
but did find an association between a promoter haplotype and obesity in a population without
psychiatric disorders.18 The objective of this cross-sectional study was to evaluate whether
polymorphisms in the promoter region of the HTR2C gene (HTR2C:c.1-142948(GT)n, rs3813928
(-997 G/A), rs3813929 (-759 C/T), rs518147 (-697 G/C)) and an intragenic polymorphism
(rs1414334:C>G) in intron 5 close to the HTR2C 3’ untranslated region (UTR) that has never
been studied before in this context, are associated with obesity in psychiatric patients using
antipsychotics.

Materials and methods

Setting
Patients were recruited from the Department of Psychotic Disorders of the Mental Health Services
Drenthe in the Northern part of the Netherlands. The department consists of several psychiatric
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services and treats in- and outpatients with schizophrenia and schizoaffective disorder covering
a population of approximately 200,000 persons. Patients were identified from a schizophrenia
disease management programme developed by the department. Patients taking part in this
programme are followed in time by regular standardised evaluation of the patient and
measurements of, among others, Body Mass Index (BMI). All patients treated by services of the
department enter the disease management programme sooner or later. For each patient, a
prescription file is available listing patient details (age, date of birth, identification), drug details
(name of drug and dosage regimen, start and stop date) and treatment details (diagnosis,
compliance and adverse events). The study protocol was reviewed and approved by an
independent medical ethics committee (METIGG, Utrecht, The Netherlands).

Design and patients
A cross-sectional design was used to assess the relationship between HTR2C variants and obesity
in psychiatric patients using antipsychotics. Patients were eligible if they participated in the
disease management programme. The antipsychotic drug used during the first evaluation of the
patient had to be started at least three months before this evaluation. This inclusion criterion was
used because weight gain occurs mainly during the first three months after the first prescription
of the drug.19 We used this criterion to exclude patients in which antipsychotic-induced weight
gain had not yet occurred. After complete description of the study to the patients, written informed
consent was obtained. All patients were included between August 2004 and April 2005.

Outcome measures
Primary end point was the BMI. BMI was calculated as body weight in kilograms divided by the
square of the height in metres (kg/m2). Presence of obesity (BMI > 30 kg/m2) was the other primary
end point.

Determinants
Primary determinants were genotypes of polymorphisms flanking, or within, the X-linked HTR2C
gene. The following polymorphisms in the promoter region were investigated: rs3813928:G>A
(-997 G/A), rs3813929:C>T (-759 C/T), rs518147:G>C (-697 G/C) and a (GT)n dinucleotide repeat
polymorphism 30 nucleotides further upstream of rs3813928. This dinucleotide polymorphism
has no officially designated symbol in variation databases, and will be referred to in this paper
as HTR2C: c.1-142948(GT)n. In addition, a frequent SNP in intron 5 of the HTR2C gene close to
the 3’UTR was investigated (rs1414334:C>G). With regard to HTR2C polymorphism
nomenclature it should be noted that, for reasons of clarity, we use the nomenclature and
nucleotide numbering at the genomic level according to the guidelines of the Human Genome
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Variation Society (HGVS; www.hgvs.org) as well as the ‘traditional’ nomenclature and numbering
used in previous publications. An overview of the polymorphisms indicating their nucleotide
numbering according to HGVS guidelines and their numbering used in previous publications is
given in Table 1. Furthermore, in Table 1 the available evidence of the association between the
different HTR2C genes and weight gain or obesity is summarised. It should also be noted that in
previous publications the rs3813928:G>A SNP has been erroneously referred to as -995 G/A,
instead of -997 G/A (Tables 1-6).

DNA isolation and genotyping by pyrosequencing
Genomic DNA was isolated from EDTA-anticoagulated peripheral blood using standard methods.
The HTR2C genotypes were determined by pyrosequencing20 except for the HTR2C:c.1-
142948(GT)n polymorphism.21 The dinucleotide repeat polymorphism was determined by
polymerase chain reaction (PCR) and subsequent determination of the length of the alleles by
direct analysis on an automated capillary sequencer (ABI3730, Applied Biosystems, Nieuwekerk
a/d IJssel, The Netherlands) using standard conditions.

Each PCR amplification mixture of 50 µl contained 1 × PCR buffer (made in house), 2 mMMgCl2,
0.1 mM of each dNTP, 0.2 µM PCR primers (Table 2), 2 U Taq DNA polymerase, and 250 ng
genomic DNA. The PCR products were biotinylated through the use of a three-primer system
during PCR including a universal biotinylated primer.21 PCR reaction started with a 95°C
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Traditional
Nomeclature a Official Nomenclature b,c Obesity or weight gain in

psychiatric patients d
Obesity or weight gain in
non-psychiatric patients e

-1027(GT)n HTR2C:c.1-142948(GT)n
c No evidence Published evidence

-997 G/A f rs3813928:G>A b No evidence Published evidence

-759 C/T rs3813929:C>T b Published evidence Published evidence

-697 G/C rs518147:G>C b No evidence Published evidence

Not Applicable rs1414334:C>G b No evidence No evidence

Table 1. HTR2C Polymorphisms; nomenclature and published evidence

a Nomenclature of HTR2C polymorphisms in most of the previous publications.
b dbSNP database (www.ncbi.nlm.nih.gov/SNP): nomenclature and nucleotide numbering at the genomic level according

to guidelines of the Human Genome Variation Society.
c Name referring to position of closest nucleotide in coding sequence.
d Review of published evidence in: Reynolds et al. Prog Neuropsychopharmacol Biol Psychiatry 2005;

29(6):1021-1028.
e Yuan et al. Diabetologia 2000; 43(3):373-376, McCarthy et al. Hum Genet 2005;117:545-557.
f This SNP has erroneously been referred to as –995 G/A in some earlier publications.
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denaturation for five minutes. This was followed by a 40-cycle thermal cycling. Cycling
conditions were 30 seconds denaturation at 95°C, 60 seconds annealing at 55°C, and a ten
seconds final extension at 72°C. Single-strand biotinylated PCR products were prepared for
pyrosequencing. Genotyping was performed in a PSQ96 pyrosequencer according to a protocol
of the manufacturer (PyrosequencingAB, Applied Biosystems, Nieuwekerk a/d IJssel, The
Netherlands). Pyrosequencing data output was quantified using Peak Height Determination
Software v1.1 (PyrosequencingAB). The genotyping results were blinded to the researcher and
were not available to the treating psychiatrist prior to data analysis.

Data analyses and statistics
Pharmacy records and other patient information were transferred to a database (MS Access) for
analysis. The Anatomical Therapeutic Chemical (ATC) classification was used to identify
antipsychotic (ATC N05A) drugs. The Prescribed Daily Dose (PDD) was defined as the

Primer Fragment Label a Method b F/R c Sequence

7006 rs3813929 /rs518147 - PCR F gatctccaccatggggtctcgc

7007 rs3813929 /rs518147 - PCR R gcgctgctccggttcatagattcaatctagccgctccaaagg

7008 rs518147 - PSQ F cgctctggtgcttgc

7009 rs3813929 - PSQ F ggctcctcccctc

7010 HTR2C:c.1-142948(GT)n - PCR F gacgggacaccgctgatcgtttacttgaagggagtttcaaagc

7011 HTR2C:c.1-142948(GT)n - PCR R ccggtctcttagtgcatctg

7012 rs1414334 - PCR F cagggataaaattggcctca

7013 rs1414334 - PCR R agcgctgctccggttcatagattccagagtaatgttagctcgcttc

7014 rs1414334 - PSQ F cagtgactttgctaccct

7114 rs3813928 - PCR F aggctttctcaagaatgt

7235 rs3813928 - PCR R gtttcttccggtctcttagtgcatctg

1111 Universal 6FAM PCR R gggacaccgctgatcgttta

4205 Universal Biotin PCR R gctgctccggttcatagatt

Table 2. Primer sequences for amplification, pyrosequencing and sequencing

a 6FAM: 6FAM-labelled universal PCR primer sequence used to generate DNA fragments detectable by a charge coupled
device camera during length analysis on a capillary sequencer (ABI3730) subsequent to PCR. Universal sequence in
other primer sequences is indicated in bold, Biotin: Biotin-labelled universal PCR primer sequence used to generate DNA
fragments for pyrosequencing subsequent to PCR. Universal sequence in other primers is underlined.

b PCR: Polymerase Chain Reaction, PSQ: Pyrosequencing.
c F: Forward Primer, R: Reverse Primer.
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administered dosage divided by the Defined Daily Dose (DDD) (PDD = dosage / DDD) according
to the WHO guidelines.22 Concomitantly used medication was assessed as being potentially
weight-gain inducing, as weight-loss inducing or as having no influence on weight according to
the evidence published.23 Insulins and drugs used to treat diabetes type II were classified as
glucose-lowering drugs.24 For all variants, Hardy-Weinberg-Equilibrium testing was performed.
Pairwise linkage disequilibrium was analysed using the software program Haploview (version
3.31).25

The association between BMI and HTR2C genotypes (presence or absence of the variant HTR2C
allele) was investigated with univariate analysis of variance (ANOVA). Results were expressed as
the mean BMI together with a 95% confidence interval (95%CI). The risk of being obese was
assessed with logistic regression. Results were expressed as an odds ratio (OR) together with a
95%CI for carriers of the variant allele compared to the patients with the common allele. Data
were investigated for potential confounding effects of age, sex, type and dosage of the
antipsychotic drugs used, polypharmacy (more than one antipsychotic drug at the same moment),
weight-influencing drugs, glucose-lowering drugs and whether the patient was hospitalised or
not. We selected a variable if it was univariately associated with obesity at a significance level
of p<0.20.26 Unless stated otherwise, results are expressed as adjusted ORs. Data were
investigated for interaction between carriership of variant alleles and sex. Finally, a combined
genotype analysis was performed. In females, combined genotypes were defined as the
combinations of individual HTR2C polymorphism genotypes. In men, these co-segregating alleles
for the individual polymorphisms are in fact haplotypes. A P value of 0.05 or less was regarded
as significant. No correction for multiple testing was applied. Data were analysed using SPSS 11.0.

Results
In total, 138 hospitalised (n=36) and non-hospitalised (n=102) psychiatric patients with chronic
psychiatric disorders gave informed consent for participation in this study. BMI or other relevant
information was not available for 11 patients. Therefore, the study population consisted of 127,
mainly, Caucasian (>95%) patients with a mean age of 37 (SD 11). Sixty-three percent (n=80) was
male. The included patients were diagnosed with schizophrenia or schizoaffective disorder in
62% (n=79) and 26% (n=33), respectively.

The most frequently used antipsychotics were clozapine (n=44 (35%)), olanzapine (n=40 (32%))
and risperidone (n=26 (21%)). Other antipsychotics used were aripiprazole (n=1), bromperidol
(n=2), flupenthixol (n=2), haloperidol (n=3), perphenazine (n=1), pimozide (n=1), quetiapine
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(n=3), thioridazine (n=1) and zuclopenthixol (n=2). Polypharmacy was present in 19 (15%) of the
included patients.

Genotype distribution of the polymorphisms analysed in this study did not deviate significantly
from Hardy-Weinberg-equilibrium (HWE) (HTR2C:c.1-142948(GT)n (p>0.1), rs3813928 (-997
G/A) = rs3813929 (-759 C/T) (p=0.1888), rs518147 (-697 G/C) (p=1.0) and rs1414334:C>G
(p=1.0)).

The complete linkage disequilibrium (r2=1) between the rs3813928 (-997) A allele and the
rs3813929 (-759) T allele as described previously6 was confirmed in this study. The rs518147 C
allele and the HTR2C:c.1-142948(GT)n 13 repeat allele were in complete linkage disequilibrium
as well. Linkage disequilibrium (r2) for other SNP pairs is shown in Table 3. For the rs1414334
polymorphism allele C, is described as the ancestral allele (dbSNP database;
www.ncbi.nlm.nih.gov/SNP). However, in Western and Northern Europeans, allele G appears to
be the major allele, which is confirmed in this study. In the analysis, we therefore considered the
allele C as the variant allele. For the HTR2C:c.1-142948(GT)n repeat polymorphism, five alleles
were detected with 13, 15, 16, 17 and 19 repeats, respectively. Genotypes with the alleles 15,
17 and 19 repeats were rare (n=8 (6%)). Therefore, the outcome measures were calculated only
for carriers of the alleles with 13 and 16 repeats (n=119 (94%)), with the 13 repeat allele defined
as the variant allele. Because of the differences in number of patients the results of the HTR2C:c.1-
142948(GT)n and the rs518147 (-697 G/C) polymorphism are presented separately. The
characteristics of the included patients are summarised in Table 4.
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Table 3. Linkage disequilibrium (r2) between SNPs a

HTR2C:c.1-
142948(GT)n

rs3813928
(-997 G/A)

rs3813929
(-759 C/T)

rs518147
(-697 G/C)

rs1414334:
C>G

HTR2C:c.1-142948(GT)n
b 1 - - - -

rs3813928 (-997 G/A) 0.38 1 - - -

rs3813929 (-759 C/T) 0.38 1 1 - -

rs518147 (-697 G/C) 1 0.40 0.40 1 -

rs1414334:C>G 0.33 0.03 0.03 0.34 1

a Pairwise linkage disequilibrium was analysed using the software program Haploview (version 3.31) (ref 26).
b Linkage disequilibrium with other SNPs were determined for the 13 and 16 repeat allele.



The mean BMI was 27.06 (SD 3.96) for men and 30.66 (SD 6.37) for females. The total mean BMI
was 28.39 (SD 5.26). There was a trend towards an increased risk of obesity in patients using
clozapine (OR 3.54; 95%CI 0.92-13.71) compared to patients using risperidone.

There was no association between obesity (p>0.20) and the covariates type of antipsychotic drugs
used, dosage (PDD) of the antipsychotic drugs used, use of weight-reducing drugs and whether
the patient was hospitalised or not. Accordingly, the obtained results were adjusted for age, sex,
polypharmacy, use of weight gain-inducing drugs and use of glucose-lowering drugs. The
interaction term for carriership of a variant HTR2C allele and sex was not significant (p>0.50).

Figure 1 shows that the association between HTR2C genotypes and BMI was not significant.
However, a trend towards increased BMI was seen for carriers of the variant rs1414334 allele C
in intron 5 of the HTR2C gene compared to patients with the common genotype.

Table 5 shows that HTR2C polymorphisms are associated with obesity in carriers of the variant
alleles HTR2C:c.1-142948(GT)n 13 repeats (OR 2.30; 95%CI 0.92-5.78), rs518147 (-697) C
(OR 2.20; 95%CI 0.91-5.38) and rs1414334 C (OR 2.80; 95%CI 1.03-7.62), although only the
last one reached statistical significance. There was no association between obesity and carriers
of the variant rs3813928 (-997) A and rs3813929 (-759) T alleles (OR 0.86; 95%CI 0.31-2.40).
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Table 4. Patient characteristics

a Diagnosis according to DSM-IV.
b Schizophreniforme disorder (n=2), psychotic disorder (n=3), bipolar disorder (n=1), other (n=9).
c Only the genotypes with 16 repeats (R), 16R/16R (n=66) and 13R, 13R/13R, 16R/13R (n=53) were taken into account in
this table.

Characteristic N

Age, mean (SD) 37 (11)

Sex (%)
Male
Female

80 (63%)
47 (37%)

Diagnosis a (%)
Schizophrenia
Schizoaffective disorder
Other b

79 (62%)
3 (26%)
15 (12%)

Prevalence variant alleles (%)
HTR2C:c.1-142948(GT)n 13 repeats c

rs3813929:T / rs3813928:A
rs518147:C
rs1414334:C

53 (45%)
28 (22%)
56 (44%)
26 (21%)



Table 6 shows that the combined genotype carrying the variant HTR2C:c.1-142948(GT)n 13
repeat allele, the common allele rs3813929 (-759) C, the variant allele rs518147 (-697) C and the
variant allele rs1414334 C was significantly associated with an increased risk of obesity
(OR 3.71; 95%CI 1.24-11.12) compared to the combined genotype without variant alleles.
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Genotype a Patients Patients
obesity (%)

Crude OR
Obesity (95%CI)

Adjusted b OR
Obesity (95%CI)

All Patients 127 39 (31%)

HTR2C:c.1-142948(GT)n13R
c 53 22 (42%) 2.41 (1.09-5.34) 2.30 (0.92-5.78)

rs3813929 T/ rs3813928 A 28 9 (32%) 1.09 (0.44-2.68) 0.86 (0.31-2.40)

rs518147 C 55 22 (40%) 2.40 (1.11-5.18) 2.20 (0.91-5.38)

rs1414334 C 26 13 (50%) 2.89 (1.19-7.02) 2.80 (1.03-7.62)

Table 5. Relative risk of obesity (BMI > 30 kg/m2)

a Data for all polymorphisms were analysed with the common genotype as the reference.
b Data were adjusted for age, sex, polypharmacy, use of weight gain-inducing drugs and use of glucose-lowering drugs.
c The (GT)n repeat was analysed for the most frequent alleles 16 repeat (R) and 13R (total number of patients n=119) with
16R as the reference.

28.2
28.6

28.2 28.0
28.7

28.8

27.9

29.9

25.0

27.5

30.0

32.5

HTR2C:c.1-
142948(GT)n

rs3813929:C>T rs518147:G>C rs1414334:C>G

Genotype

BMI
common

variant

Figure 1. Adjusted mean BMI with 95% CI according to HTR2C genotypes (variant means HTR2C:c.1-
142948(GT)n 13 repeats, rs3813929 T, rs518147 C and rs1414334 C)



Discussion
In this cross-sectional study, the rs1414334:C>G polymorphism in intron 5 of the HTR2C gene
and the combined genotype of the variant 13 repeat allele for HTR2C:c.1-142948(GT)n, the
common allele rs3813929 (-759) C, the variant allele rs518147 (-697) C and the variant allele
rs1414334 C were found to be associated with an increased risk of obesity in patients using
antipsychotics.

There are some limitations to these results. First, we recognise that the power of our study was
limited. The small sample size may have limited the power to detect differences between groups
that are only moderate in size. We did not adjust the P value to the number of tests owing to
power considerations, because this could increase the type II error rate too much. The limited
sample size resulted in several non-significant point estimates in the adjusted analyses although
the point estimates of the, quite conservatively, adjusted analyses remained in the same order of
magnitude compared to the univariate analyses making a type I error highly unlikely.27 However,
in answer to these limitations, it is important that these results are confirmed in a larger sample
of patients. Second, data on BMI of the patients at the initiation of antipsychotic drug treatment
were not available to us. Therefore, it was not possible to analyse data for changes in weight
over time related to the use of antipsychotic drugs. This limitation makes it difficult to compare
our results to other studies that investigated the association between weight gain and the HTR2C
rs3813929:C>T (-759 C/T) polymorphism in psychiatric patients using antipsychotics. It is
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Genotype a, b, c

N Obese (GT)n
d -997 /-759 - 697 3’UTR Crude OR

obesity (95%CI)
Adjusted e OR
obesity (95%CI)

66 15 (23%) common common common common 1.00 (reference) 1.00 (reference)

25 7 (28%) variant variant variant common 1.32 (0.47-3.76) 1.38 (0.44-4.33)

23 11 (48%) variant common variant variant 3.12 (1.15-8.48) 3.71 (1.24-11.12)

Table 6. Combined genotype analysis

a Common means absence of variant alleles and variant means presence of the variant allele.
b (GT)n: HTR2C:c.1-142948(GT)n, -997/-759: rs3813928/rs3813929, 697: rs518147, ‘3 UTR: rs1414334
c In females, combined genotypes were defined as the combinations of individual HTR2C polymorphism genotypes.
Females carrying at least one variant allele were classified as ‘variant’.

d 16 and 13 repeats were the most frequent alleles of the (GT)n polymorphism. In this table the 13 repeat allele is
considered the variant allele.

e Data were adjusted for age, sex, polypharmacy, use of weight gain-inducing drugs and use of glucose-lowering drugs.
f In total, 13 combinations of genotypes were found only once and were therefore not taken into account in the analysis.
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possible that we did not find significant results for the HTR2C rs3813929:C>T (-759 C/T)
polymorphism due to this limitation. Third, apart from genotype several other variables can
contribute to the risk of weight gain and obesity. For example, smoking behaviour, diet and
exercise were not taken into account. However, these variables probably do not influence the
results because these variables most likely have the same distribution in different genotype groups.

To our knowledge, this is the first study that investigated the association between obesity in
psychiatric patients using antipsychotics and the HTR2C:c.1-142948 (GT)n dinucleotide
polymorphism and the rs518147:G>C (-697 G/C) SNP, both located in the HTR2C promoter
region, and the intragenic SNP rs1414334:C>G in intron 5 of the HTR2C gene close to the 3’
UTR. The association between HTR2C genotype and diabetes and obesity in Japanese men
without psychiatric disorders by Yuan et al.6 was the starting point for several studies investigating
the association between HTR2C genotype in patients using antipsychotics. Yuan et al. showed
significant associations between obesity and type II diabetes and the linked rs3813928:G>A (-997
G/A) and rs3813929:C>T (-759 C/T) polymorphisms but these associations were found for the
HTR2C:c.1-142948(GT)n repeat and the rs518147:G>C (-697 G/C) polymorphisms as well. The
association between obesity and the rs3813928: G>A polymorphism was confirmed in female
patients without psychiatric disorders, but another study could only find a positive association
between obesity and a promoter haplotype also in patients without psychiatric disorders.17,18

Reynolds et al. were the first to report a positive association between rs3813929:C>T (-759 C/T)
genotype and weight gain in Chinese Han patients using different kinds of antipsychotics but
also in patients using clozapine,7,8 but they did not investigated the other polymorphisms (HTR2C:
c.1-142948(GT)n, rs3813928:G>A (-997 G/A) and rs518147:G>C (-697 G/C)) reported by Yuan
et al. The possible high impact of these data for psychiatric practice resulted in several
publications trying to replicate these results.7-16 The results of Reynolds et al. were confirmed in
several studies9-11 but other studies could not confirm these findings.12,14,15 This was suggested to
be due to linkage disequilibrium with another (causative) variant that might co-segregate
differently in different ethnic groups. The confusion regarding the association of different promoter
polymorphisms and the possible impact of findings for psychiatric patients taking antipsychotics
made us to decide to analyse all the promoter polymorphisms reported by Yuan et al., and
furthermore to study an additional frequent intragenic SNP within intron 5 of the HTR2C gene,
close to the 3’UTR. We could confirm that also in a European Caucasian population the
rs3813928 (-997) A allele and the rs3813929 (-759) T allele are in complete linkage
disequilibrium. We could not confirm the association of carriership of the 13 repeat allele of the
HTR2C:c.1-142948(GT)n repeat polymorphism or the variant alleles rs3813928 (-997) A,
rs3813929 (-759) T, and rs518147 (-697) C with a BMI below 28 kg/m2 found by Yuan et al6. We
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found results in the opposite direction with an increased risk of obesity (BMI > 30 kg/m2) in
patients carrying the variant alleles (results did not change significantly when the cut-off point for
BMI was chosen at 28 kg/m2).

The association between obesity and HTR2C genotype looks particularly strong for the intragenic
SNP rs1414334 not reported previously. Discordance of observed associations between HTR2C
promoter polymorphisms and obesity compared to the association between a polymorphism
within the HTR2C gene and obesity is not surprising. The substantial genomic distance between
the studied promoter polymorphisms and the intragenic SNP (over 300 kilobases), and the
observed incomplete linkage disequilibrium across the genomic region flanking and within the
HTR2C gene18 can possibly explain the strength and/or nature of the associations identified.
Different factors influencing HTR2C expression, RNA stability or function may have been
identified by the intronic SNP compared to those identified by the promoter polymorphisms,
which may result in the observation of a different or mixed association pattern. However, as the
rs1414334 polymorphism itself does not have an obvious function within the HTR2C gene, other
variants in LD with this one should also be investigated. Another explanation for the discordant
results could be the possible inverse association between baseline BMI of a patient during
initiation of antipsychotic treatment and antipsychotic-induced weight gain.19 Possibly the variant
alleles protect against obesity in subjects without psychiatric disorders but makes them vulnerable
to antipsychotic-induced obesity.

Psychiatric patients consider weight gain and the resulting overweight or obesity as one of the
most disturbing adverse events and one of the important reasons to become noncompliant.4

Furthermore, weight gain is one of the important reasons for switching atypical antipsychotics in
daily psychiatric practice.5 These considerations make it important to search for determinants
that can predict the risk for antipsychotic-induced obesity before the initiation of antipsychotic
drugs. Genotypes of the 5-HT2C receptor determined before starting pharmacotherapy with
antipsychotic drugs possibly are one of these determinants. Patients with an increased risk of
obesity are preferably not treated with clozapine or olanzapine. These patients can be treated with
antipsychotic drugs with a more favourable weight gain profile. Next to the choice of drug,
patients with the ‘increased risk genotype’ can be stimulated more directly to take part in weight-
reducing programmes. Prospective trials are necessary to establish whether HTR2C genotyping
results in less weight gain and therefore a reduced risk of becoming obese. Finally, these studies
should investigate whether genotyped patients are more compliant to their medication resulting
in a lower risk of relapse.
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In conclusion, genotypes of HTR2C polymorphisms are associated with the occurrence of obesity
in psychiatric patients using antipsychotics. This association appears to be particularly strong in
combined genotypes including the variant allele of the intragenic SNP rs1414334. In patients
using antipsychotics, choice of drug according to HTR2C genotype could possibly reduce the risk
of obesity. Prospective trials are warranted to investigate the clinical value of genotyping the
HTR2C polymorphisms before starting antipsychotic drugs in psychiatric patients.
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The association between HTR2C gene polymorphisms and the
metabolic syndrome in patients with schizophrenia



Abstract

Background
The use of antipsychotics is associated with metabolic side effects, which puts patients with
schizophrenia or related disorders at risk for cardiovascular morbidity. The high interindividual
variability in antipsychotic-induced metabolic abnormalities suggests that genetic make-up is a
possible determinant.

Objective
To investigate whether genotypes of the HTR2C receptor are associated with the metabolic
syndrome in patients using antipsychotics.

Methods
In this cross-sectional study, patients using antipsychotic drugs were identified from a
schizophrenia disease management programme. In this programme patients blood pressure,
triglycerides, HDL-cholesterol and waist circumference are measured regularly during follow-
up. Primary end point was the prevalence of the metabolic syndrome as classified by a modified
version of the National Cholesterol Education Program’s Adult Treatment Panel III (NCEP: ATP III).
Primary determinants were polymorphisms in the HTR2C receptor gene
(HTR2C:c.1-142948(GT)n, rs3813928 (-997 G/A), rs3813929 (-759 C/T), rs518147 (-697 G/C),
and rs1414334 (C>G)).

Results
In total, 112 patients mainly diagnosed with schizophrenia or schizoaffective disorder (88%)
were included. The included patients mainly (>80%) used atypical antipsychotics (clozapine,
olanzapine and risperidone). Carriership of the variant alleles of the HTR2C polymorphisms
rs518147, rs1414334 and HTR2C:c.1-142948(GT)n was associated with an increased risk of the
metabolic syndrome (adjusted odds ratio (OR) 2.62; 95%CI 1.00-6.85, OR 4.09; 95%CI 1.41-11.89
and OR 3.12; 95%CI 1.13-8.16, respectively).

Conclusions
Our findings suggest that HTR2C genotypes are associated with an increased risk of the metabolic
syndrome in patients taking antipsychotics.
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Introduction
Metabolic side effects of antipsychotic drugs including lipid abnormalities, disturbed glucose
metabolism and weight gain can have a major impact on the treatment of psychiatric patients.1-4

These metabolic side effects are part of the metabolic syndrome that is increasingly recognised
as an independent risk factor for diabetes type 2 and cardiovascular outcomes.5-7 Although
controversy exists about the causal mechanisms, the metabolic syndrome appears to be more
prevalent among psychiatric patients treated with antipsychotic drugs compared to the general
population.8,9 The mechanism behind antipsychotic-induced metabolic abnormalities is not
entirely clear. The high interindividual differences suggest that genetic make-up is a modulating
factor. One of the potential genetic determinants is genetic variation in the serotonin 2C (5-HT2C)
receptor encoded by the HTR2C gene. The 5-HT2C receptor is of interest due to the increased
feeding behaviour and obesity observed in 5-HT2C knockout mice and studies in humans
showing genetic association with obesity and some eating disorders.10-12 Furthermore, the
antipsychotics that have been associated with the largest risk of weight gain, lipid abnormalities
and glucose intolerance (clozapine, olanzapine) have a relatively high affinity for the 5-HT2C
receptor when compared to other antipsychotics.13

Yuan et al. found that several polymorphisms in the promoter region of the HTR2C gene were
associated with an increased risk of diabetes and obesity in patients without psychiatric
disorders.14 These findings resulted in several studies investigating the association between
antipsychotic-induced weight gain in one of these polymorphisms (-759 C/T; a single nucleotide
polymorphism (SNP) with dbSNP database (www.ncbi.nlm.nih.gov/SNP) identifier rs3813929).
Reynolds et al. and others found a positive association between the HTR2C rs3813929 (-759
C/T) polymorphism and antipsychotic-induced weight gain.15-20 However, other studies could
not confirm the association.21-23 To our knowledge there are no studies available in which the
association between polymorphisms in the HTR2C gene and the metabolic syndrome were
investigated. The objective of this cross-sectional study was to evaluate whether polymorphisms
in the HTR2C gene are associated with the metabolic syndrome in psychiatric patients using
antipsychotics.

Materials and methods

Setting
Patients were recruited from the Department of Psychotic Disorders of the Mental Health Services
Drenthe in the Northern part of the Netherlands. The department houses several psychiatric

HTR2C polymorphisms and the metabolic syndrome



services and treats in- and outpatients with schizophrenia and schizoaffective disorder covering
a population of approximately 200,000 persons. Patients were identified from a schizophrenia
disease management programme developed by the department. Patients taking part in this
programme are followed over time by regular standardised evaluation of the patient and
measurements of blood pressure, Body Mass Index (BMI), triglycerides, HDL-cholesterol and
waist circumference. For each patient a prescription file is available listing patient details (age,
date of birth, identification), drug details (name of drug and dosage regimen, start and stop date)
and treatment details (diagnosis, compliance and adverse events). The study protocol was
reviewed and approved by an independent medical ethical committee (METIGG, Utrecht, The
Netherlands).

Design and patients
A cross-sectional design was used to assess the relationship between HTR2C variants and the
metabolic syndrome in psychiatric patients using antipsychotics. Patients were eligible if they
participated in the disease management programme. The antipsychotic drug used during the first
evaluation of the patient had to have been started at least three months before this evaluation. This
inclusion criterion was used because weight gain occurs mainly during the first three months
after the first prescription of the drug.24 We used this criterion to exclude patients in which
antipsychotic-induced weight gain did not yet occur. After complete description of the study to
the patients, written informed consent was obtained. Patients were included between August
2004 and April 2005.

Outcome measures
Primary end point of the study was the presence of the metabolic syndrome. The metabolic
syndrome was defined according to a modified version of the definition of the National
Cholesterol Education Program’s Adult Treatment Panel III (NCEP: ATPIII).5 A patient was
classified as having the metabolic syndrome if three or more of the following four metabolic
parameters were out of the specified range: waist circumference >102 cm (male) or >88 cm
(female), triglycerides ≥1.7 mmol/l, HDL cholesterol <1.0 mmol/l (male) or <1.3 mmol/l (female)
and blood pressure ≥ 135/85 Hg or use of antihypertensive medication. Although the
NCEP: ATPIII definition specifies a fifth metabolic parameter, namely fasting plasma glucose ≥
6.1 mmol/l, this parameter was not measured in the disease management programme. Therefore,
the modified definition has a greater emphasis on cardiovascular risk rather than diabetic risk
because of the absence of glucose measurements. Secondary end points were the separate
metabolic parameters as mentioned above.
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Determinants
Primary determinants were genotypes of polymorphisms flanking, or within, the X-linked HTR2C
gene (genomic structure can be found at www.ensembl.org). In light of the possible impact of
findings for psychiatric patients taking antipsychotics and the conflicting results published so far,
we decided to genotype all the promoter polymorphisms published by Yuan et al.14 The following
polymorphisms in the promoter region were investigated: rs3813928 (-997 G/A), rs3813929 (-759
C/T), rs518147 (-697 G/C) and a (GT)n dinucleotide repeat polymorphism 30 nucleotides
upstream of rs3813928.14 This dinucleotide polymorphism has no official symbol in genomic
variation databases, and will be referred to in this paper as HTR2C: c.1-142948(GT)n. In addition,
a frequent SNP in intron 5 of the HTR2C gene close to the ‘3 UTR was investigated
(rs1414334:C>G). No other genes or genetic variants were investigated in the cohort. With regard
to HTR2C polymorphism nomenclature, we use the nomenclature and nucleotide numbering at
the genomic level according to the guidelines of the Human Genome Variation Society (HGVS;
www.hgvs.org) as well as the ‘traditional’ nomenclature and numbering used in previous
publications, for reasons of clarity.

DNA isolation and genotyping by pyrosequencing
Genomic DNA was isolated from EDTA-anticoagulated peripheral blood using standard methods.
The HTR2C genotypes were determined by pyrosequencing, except for the HTR2C:c.1-
142948(GT)n repeat polymorphism.25,26 The dinucleotide repeat polymorphism was determined
by Polymerase Chain Reaction (PCR) and subsequent determination of the length of the alleles
by direct analysis on an automated capillary sequencer (ABI3730, Applied Biosystems) using
standard conditions. Detailed information on genotyping procedures, including primer sequences
and reaction conditions is available upon request. The researcher was blinded to the genotyping
results and results were not available to the treating psychiatrist prior to data analysis.

Data analyses and statistics
Pharmacy records and other patient information were transferred to a database (MS Access) for
analysis. The Prescribed Daily Dose (PDD) was defined as the administered dosage divided by
the Defined Daily Dose (DDD) (PDD = dosage / DDD) according to the WHO guidelines.
Concomitantly used medication that influence weight, lipid levels or glucose measurements of
the included patients were assessed according to available evidence.1,27

For all variants, Hardy-Weinberg-Equilibrium testing was performed. Pairwise linkage
disequilibrium was analysed using the software program Haploview (version 3.31).28 The
association between the metabolic syndrome and HTR2C genotypes (presence or absence of the
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variant HTR2C allele) was investigated with logistic regression. The individual metabolic
parameters were investigated with logistic regression as well. The strength of the associations
was expressed as odds ratios (OR) together with a 95% confidence interval (95%CI) using the
genotype with absence of the variant allele as a reference. Data were investigated for potential
confounding effects of age, sex, type and dosage of the antipsychotic drugs used, polypharmacy
(more than one antipsychotic drug at the same moment), weight-influencing drugs, lipid-
influencing drugs, glucose-metabolism influencing drugs and whether the patient was hospitalised
or not. We included the variable in the multivariate model if it was univariately associated with
the metabolic syndrome at a significance level of p<0.20.29 Unless stated otherwise, results are
expressed as adjusted ORs. Data were investigated for interaction between carriership of variant
alleles and sex. Finally, a combined genotype analysis was performed. In females, combined
genotypes were classified as the combinations of individual HTR2C polymorphism genotypes. In
men, these co-segregating alleles for the individual polymorphisms are in fact haplotypes.
A P value of 0.05 or less was regarded as significant. A Bonferroni correction was applied for the
analyses of the primary outcome measure (presence of the metabolic syndrome) regarding the
individual polymorphisms.30 Data were analysed using SPSS 11.0.

Results
In total, 112 hospitalised (n=27) and non-hospitalised (n=85) psychiatric patients with a chronic
psychiatric disorder (mainly schizophrenia (n=70 (63%)) or schizoaffective disorder (n=28 (25%)))
gave informed consent for participation in this study. The included patients were mainly
Caucasian (>95%) patients with a mean age of 36 (SD 10) and 66% (n=74) was male.

The most frequently used antipsychotics were clozapine (n=41(37%)), olanzapine (n=36 (32%))
and risperidone (n=24 (21%)). Other antipsychotics used were bromperidol (n=2), flupenthixol
(n=2), haloperidol (n=2), perphenazine (n=1), pimozide (n=1), quetiapine (n=1) and
zuclopenthixol (n=2). Polypharmacy was present in 16 (14%) of the included patients.
Polypharmacy was associated with an increased risk of the metabolic syndrome
(OR 3.40 (95%CI 1.03-11.24)) compared to patients without polypharmacy.

Genotype distribution of the polymorphisms analysed in this study did not deviate significantly
from Hardy-Weinberg-equilibrium (HWE) (HTR2C:c.1-142948(GT)n (p>0.1), rs3813928 (-997
G/A) = rs3813929 (-759 C/T) (p>0.1), rs518147 (-697 G/C) (p=1.0) and rs1414334:C>G (p=1.0)).

The complete linkage disequilibrium (r2=1) between the rs3813928 (-997) A allele and the
rs3813929 (-759) T allele as described previously was confirmed in this study.14 The rs518147 C
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allele and the HTR2C:c.1-142948(GT)n 13 repeat allele were in complete linkage disequilibrium
as well. Linkage disequilibrium r2 for other SNP pairs were all less than 0.4. The rs1414334
polymorphism allele C is described as the ancestral allele (dbSNP database;
www.ncbi.nlm.nih.gov/SNP). However, in Western and Northern Europeans, allele G appears to
be the major allele, which is confirmed in this study. In the analysis we therefore considered the
allele C as the variant allele (prevalence rs1414334 C allele: 19% (n=21)). For the
HTR2C:c.1-142948(GT)n repeat polymorphism five alleles were detected with 13, 15, 16, 17
and 19 repeats, respectively. Genotypes with the alleles 15, 17 and 19 repeats were rare (n=8
(7%)). Therefore, the outcome measures were calculated only for carriers of the alleles with 13
and 16 repeats (n=104 (93%)) with the 13 repeat allele defined as the variant allele (n=45(40%)).
Because of the differences in number of patients the results of the HTR2C:c.1-142948(GT)n and
the rs518147 (-697 G/C) polymorphism are presented separately. The prevalence of the
rs3813928 (-997) A / rs3813929 (-759) T allele and the rs518147 (-697) C allele was 23% (n=26)
and 43% (n=48), respectively.

The metabolic syndrome was present in 28 (25%) patients. There was no association between the
metabolic syndrome (p>0.20) and the covariates age, sex, type and dosage of antipsychotic drugs
used, use of weight-influencing drugs and whether the patient was hospitalised or not.
Accordingly, the obtained results were adjusted for polypharmacy, use of glucose-lowering
comedication and use of lipid-lowering drugs. The interaction term for HTR2C genotype and sex
was not significant (p=0.11).

Table 1 shows that HTR2C polymorphisms are associated with the metabolic syndrome in carriers
of the variant alleles rs518147 (-697) C (OR 2.62; 95%CI 1.00-6.85), rs1414334 C
(OR 4.09; 95%CI 1.41-11.89) and the HTR2C:c.1-142948(GT)n 13 repeat allele
(OR 3.12; 95%CI 1.13-8.16). There was no association between the metabolic syndrome and
carriers of the variant rs3813928 (-997) A and rs3813929 (-759) T alleles
(OR 1.18; 95%CI 0.40-3.47). Table 1 shows that the combined genotype with carriers of the
common allele rs3813929 (-759) C and the variant alleles rs518147 (-697) C, rs1414334 C and
the HTR2C:c.1-142948(GT)n 13 repeat allele, which is present in 18% of the patients, is
associated with an increased risk (44% vs 17%) of the metabolic syndrome
(OR 4.69; 95%CI 1.34-16.45) compared to the combined genotype with the common alleles.

The association between the metabolic syndrome and the combined genotype with carriers of the
common allele rs3813929 (-759) C and the variant alleles rs518147 (-697) C, rs1414334 C and
the HTR2C:c.1-142948(GT)n 13 repeat allele for men (OR 9.84; 95%CI 1.95-49.68) compared
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to females (OR 0.83; 95%CI 0.06-11.28) suggest differential effects for men and females although
the sex by genotype interaction was not significant.

Table 2 shows the associations between the individual items of the NCEP: ATP III classification
for the metabolic syndrome and HTR2C polymorphisms. HTR2C polymorphisms are associated
with a waist circumference >102 cm (male) or >88 cm (female) in carriers of the variant alleles
rs518147 (-697) C (OR 2.24; 95%CI 1.03-4.88), rs1414334 C (OR 3.76; 95%CI 1.25-11.29) and
the HTR2C:c.1-142948(GT)n 13 repeat allele (OR 2.57; 95%CI 1.16-5.73). There was no
association between waist circumference >102 cm (male) or >88 cm (female) and carriership of
the variant alleles rs3813928 (-997) A and rs3813929 (-759) T (OR 1.12; 95%CI 0.46-2.75).
Other metabolic determinants for the metabolic syndrome were not significantly associated with
HTR2C polymorphisms.
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Table 1. Primary end point: relative risk of metabolic syndrome

Genotype Patients Metabolic Syndrome Crude OR (95%CI) Adjusted c OR (95%CI)

Genotype analysis a 112 28 (25%)

rs3813928 A/ rs3813929 T 26 7 (27%) 1.14 (0.42- 3.09) 1.18 (0.40- 3.47)

rs518147 C 48 16 (33%) 2.17 (0.91- 5.16) 2.62 (1.00- 6.85)

rs1414334 C b 21 10 (48%) 3.69 (1.36-10.02) 4.09 (1.41-11.89)

HTR2C:c.1-142948(GT)n13R d 45 16 (36%) 2.45 (0.99- 6.07) 3.12 (1.13- 8.16)

Combined genotype analysis e

Combined genotype 1 f 59 10 (17%) 1.00 (reference) 1.00 (reference)

Combined genotype 2 23 6 (26%) 1.73 (0.55- 5.48) 2.06 (0.58- 7.35)

Combined genotype 3 18 8 (44%) 3.92 (1.24-12.40) 4.69 (1.34-16.45)

a Data were analysed with the common genotype as the reference for all polymorphisms.
b The Bonferroni correction was applied for the analyses of the individual polymorphisms (4 tests). The result of the

rs1414334 C allele remained significant after the correction (p=0.042).
c Data were adjusted for polypharmacy, glucose-lowering co-medication and lipid-lowering drugs.
d HTR2C:c.1-142948(GT)n was analysed for the most frequent alleles 16 repeat (R) and 13R (total number of patients

n=104) with 16R as the reference.
e In total, 12 combined genotypes were found only once and are therefore not taken into account in the analysis.
f Combined genotype 1 (absence of variant alleles rs3813929 T, rs518147 C, rs1414334 C and HTR2C:c.1-

142948(GT)n13R), Combined genotype 2 (presence of rs3813929 T, rs518147 C and HTR2C:c.1-142948(GT)n13R allele
and absence of rs1414334 C allel), Combined genotype 3 (absence of variant rs3813929 T allele and presence of
rs518147 C, rs1414334 C and HTR2C:c.1-142948(GT)n13R allele).



Discussion
In this study we found that several polymorphisms (HTR2C:c.1-142948(GT)n, rs518147 (-697
G/C) and rs1414334), flanking or within the gene for the 5HT2C receptor were associated with
an increased risk for the metabolic syndrome in patients using antipsychotics. The HTR2C
polymorphisms rs3813928 (-997 G/A) and rs3813929 (-759 C/T) were not associated with the
presence of the metabolic syndrome.

There are some limitations to these results. Firstly, we recognise that the power of our study was
limited. The small sample size may have limited the power to detect differences between groups
that are only moderate in size. Furthermore, the sample size was too small to investigate the
association between HTR2C polymorphisms and the metabolic syndrome in patients taking
specific antipsychotic drugs. However, although the sample size was limited, significance
remained in the, quite conservatively, adjusted analyses making a type I error highly unlikely.
Correction for multiple testing was applied for the analysis of the primary outcome measure
regarding the individual polymorphisms. The association with the metabolic syndrome in carriers
of the variant rs1414334 C allele remained significant after correction for multiple testing. We did
not adjust the other results because we believe this would increase the type II error rate too much
and the association with individual parameters of the metabolic syndrome are regarded as
explorative.31 In answer to these limitations it is important that these results have to be confirmed
in a larger sample of patients. Secondly, data on metabolic parameters of the patients at the
initiation of antipsychotic drug treatment were not available to us. Therefore it was not possible
to analyse data for changes in these parameters over time related to the use of antipsychotic
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Genotype a,b,c

Determinant d,e -997 A / -759 T -697 C ‘3 UTR C (GT)n 13R

HDL 2.00 (0.80-5.02) 2.06 (0.91-4.68) 1.72 (0.63-4.70) 2.02 (0.86-4.76)

TG 0.94 (0.38-2.34) 1.54 (0.70-3.41) 2.11 (0.73-6.05) 1.92 (0.84-4.37)

Waist 1.12 (0.46-2.75) 2.24 (1.03-4.88) 3.76 (1.25-11.29) 2.57 (1.16-5.73)

Hypertension 1.02 (0.40-2.62) 0.94 (0.42-2.09) 1.12 (0.41-3.06) 0.92 (0.40-2.10)

Table 2. Individual metabolic determinants and HTR2C polymorphisms

a Data were analysed with the common genotype as the reference for all polymorphisms
b -997/-759: rs3813928/rs3813929, -697: rs518147, ‘3 UTR: rs1414334, (GT)n: HTR2C:c.1-142948(GT)n.
c Data were adjusted for polypharmacy, use of glucose-lowering comedication and lipid-lowering drugs.
d HDL=HDL-cholesterol < 1.0 mmol/L (male) or <1.3 mmol/L (female), TG=triglycerides ≥ 1.7 mmol/l, Waist=Waist

circumference >102 cm (male) or >88 cm (female) and blood pressure ≥ 135/85 Hg or antihypertensive medication.
e All analyses were performed with 112 patients except the HTR2C:c.1-142948(GT)n polymorphism that was analysed for

the most frequent alleles 16 repeat (R) and 13R (total number of patients n=104) with 16R as the reference.



drugs. Thirdly, we have used a modified version of the NCEP: ATP III classification of the
metabolic syndrome because we were not able to gather data on glucose measurements.
Therefore, the increased risk of the metabolic syndrome for specific HTR2C genotypes is
associated with an increased cardiovascular risk profile rather than an increased diabetic risk
profile. Finally, apart from genotype several other variables can contribute to the risk of the
metabolic syndrome. For example smoking behaviour, diet and exercise were not taken into
account. Ideally, future studies should contain these variables in order to investigate whether
these variables are confounding factors in the association between HTR2C genotypes and
metabolic abnormalities.

The increased risk of the metabolic syndrome is mainly the result of the association between
HTR2C genotypes and waist circumference. Waist circumference is one of the strongest
determinants for insulin resistance and cardiovascular morbidity in the definition of the metabolic
syndrome NCEP: ATPIII.32,33 We could not find clear associations between HTR2C genotypes
and other metabolic determinants. However, there were trends towards increased point estimates
for the association between HTR2C genotypes and levels of HDL and triglycerides. The power
of the analysis with HDL and triglycerides was possibly too low to find significant associations.
Pooley et al. found that heterozygosity for the rs3813929 (-759 C/T) polymorphism was associated
with increased levels of triglycerides in obese women without psychiatric disorders.34 We could
not find other studies investigating the association between HTR2C genotypes and levels of HDL
and triglycerides. These data suggest that future research with HTR2C genotypes should include
levels of HDL and triglycerides next to body mass index or waist circumference as well.

The association between HTR2C genotype the metabolic syndrome looks particularly strong for
the intragenic SNP rs1414334. As shown by McCarthy et al. the linkage disequilibrium pattern
between the promoter SNPs rs3813928 (-997 G/A) and rs3813929 (-759 C/T) and the intragenic
region of HTR2C is disturbed due to gene conversion (within the promoter) and recombination
(between promoter and intragenic region) events.35 Probably, HTR2C promoter activity does not
entirely determine the association between HTR2C genotypes and the presence of the metabolic
syndrome or weight gain, but it may well be that a more downstream alteration affecting HTR2C
stability, expression, or even function is equally or even more important.

Recently, McEvoy et al. found that the prevalence of the metabolic syndrome was significantly
increased in schizophrenic patients compared to the general population.9 This study showed that
all items of the NCEP: ATPIII definition of the metabolic syndrome (waist circumference, HDL,
triglycerides, blood pressure, fasting glucose) exceeded the specified range significantly more
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often in schizophrenic patients compared to the general population except for the glucose
criterion. We found an increased risk for the metabolic syndrome in psychiatric patients taking
antipsychotic drugs for certain genotypes. If confirmed, this may help to identify psychiatric
patients at risk for the metabolic syndrome.

Zipursky et al. showed that weight gain due to antipsychotic drugs will be highest in the first 20
weeks of treatment before reaching a plateau after about 30-50 weeks of treatment.4 Identifying
‘high-risk’ patients before or just after starting pharmacotherapy can be important for the treatment
to be successful. Fast increase in weight will be noticed by the patient and the risk of non-
compliance will be increased. Psychiatric patients consider weight gain as one of the most
disturbing adverse events and one of the important reasons to become noncompliant. Preventive
genotyping of HTR2C polymorphisms can possible identify some of these high-risk patients.

In conclusion, genotypes of HTR2C polymorphisms are associated with the metabolic syndrome
in psychiatric patients using antipsychotics. The increased risk of the metabolic syndrome is
mainly the result of the association between HTR2C polymorphisms and waist circumference.
Replication of these results in another sample of patients can have major impact on the treatment
of schizophrenic patients.
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Abstract

Background
In a previous study we found a positive association between HTR2C polymorphisms and the
occurrence of the metabolic syndrome in patients using antipsychotics.

Objective
To investigate whether we can replicate the association between HTR2C polymorphisms and the
metabolic syndrome in another sample of patients using antipsychotics and to quantitatively
summarize the strength of this association in a pooled analysis of both studies.

Methods
Data for this cross-sectional study came from two different samples, the one in which the
association was found earlier (n=112) and a replication sample (n=164). Primary end point was
the prevalence of the metabolic syndrome as classified by a modified version of the National
Cholesterol Education Program’s Adult Treatment Panel III (NCEP: ATP III). Primary determinants
were polymorphisms in the promoter region of the HTR2C gene ((HTR2C:c.1-142948(GT)n,
rs3813929 (-759 C/T), rs518147 (-697 G/C)) and an intragenic polymorphism (rs1414334:C>G).
The strength of the association between HTR2C genotypes and (individual items of) the metabolic
syndrome was evaluated with logistic regression and expressed as adjusted odds ratios (OR) with
95% confidence intervals (95%CI).

Results
The variants HTR2C:c.1-142948(GT)n 13 repeat allele (OR 1.69; 95%CI 0.75-3.81) and the
rs1414334 callele (OR 2.35; 95%CI 0.96-5.77) were not significantly associated with the
metabolic syndrome in the replication sample, but did show significance in the pooled analysis
(OR 2.09; 95%CI 1.12-3.91 and OR 2.35; 95% CI 1.19-4.62, respectively). Interestingly, the
variant rs1414334 callele was specifically associated with the metabolic syndrome in patients
using clozapine (OR 9.20; 95%CI 1.95-43.45) and risperidone (OR 5.35; 95%CI 1.26-22.83), but
clearly not in patients using classical antipsychotics (OR 1.31; 95%CI 0.27-4.07).

Conclusions
This study extends previous findings regarding the association of HTR2C polymorphisms with
the metabolic syndrome to a larger sample of patients and implicates specific antipsychotic drugs.
The increased risk for the metabolic syndrome, especially an increased waist circumference, is
particularly strong in carriers of the rs1414334 C allele using clozapine or risperidone.



Introduction
The metabolic syndrome is widely prevalent in the general population. Depending on the
definition of the syndrome, the living region, sex, age and other characteristics of the study
population, estimates of its prevalence vary between 8% and 55%.1 The metabolic syndrome
has been shown to be more prevalent in patients with schizophrenia compared with the general
population in the USA2,3 Belgium4, Canada5, Finland6 and Italy.7 The mechanism behind the
metabolic abnormalities is not entirely clear. The highly divergent prevalence in different
populations suggests that genetic make-up is a modulating factor. In a previous study with 112
schizophrenic inpatients using antipsychotic drugs we investigated the association of the
metabolic syndrome with several polymorphisms in the X-chromosomal HTR2C gene
((HTR2C:c.1-142948(GT)n, rs3813928 (-997 G/A), rs3813929 (-759 C/T), rs518147 (-697 G/C)
in the promoter region and the intragenic rs1414334:C>G). In this study we found HTR2C
genotypes carrying the HTR2C:c.1-142948(GT)n 13 repeat allele (adjusted odds ratio
(OR) 3.32; 95%CI 1.20-9.22), the variant C allele of rs518147 (OR 2.66; 95%CI 1.02-6.94) or the
variant C allele of rs1414334 (OR 4.09; 95%CI 1.41-11.89) to be associated with an increased
risk of the metabolic syndrome (data submitted). In the same study population we found an
increased risk of obesity in patients carrying the variant C allele of rs1414334
(OR 2.80; 95% CI 1.03-7.62).8 A limitation of these studies was the limited sample size. This
may have limited the power to detect moderate differences in effect-size. Therefore, the primary
objective of the current study is to attempt a replication of the association between HTR2C
polymorphisms and the metabolic syndrome in an independent sample of patients using
antipsychotics. Secondary objective was to investigate the association between HTR2C
polymorphisms and the metabolic syndrome using a pooled analysis of both patient samples.
Finally, in the pooled sample, analyses of the association of HTR2C polymorphisms with
individual items of the metabolic syndrome and a stratified analysis for specific antipsychotic
drugs became feasible.

Materials and Methods

Setting
Data for the replication sample were gathered from a more comprehensive study on the
prevalence of abnormalities in glucose metabolism among antipsychotic-treated patients with
schizophrenia or schizoaffective disorder. The study design has been described in detail
elsewhere.9 In brief, participants in this study were between the age of 18 and 65 years and were
recruited from two mental health care institutions in the Western part of The Netherlands and

HTR2C polymorphisms and the metabolic syndrome: a replication study 99



from Anoiksis, the Dutch organization for patients with schizophrenia. Data were available from
all participants on among others, measurements of fasting plasma glucose, blood pressure, Body
Mass Index (BMI), triglycerides, HDL-cholesterol and waist circumference. For each patient a
prescription file was available listing patient details (age, date of birth, identification), drug details
(name of drug and dosage regimen, start and stop date at the moment of evaluation) and treatment
details (diagnosis). The original study population, in which the association between HTR2C
polymorphisms and the metabolic syndrome and obesity was investigated, consisted of 112
mainly schizophrenic patients using antipsychotics from the northern part of The Netherlands.
This population and results regarding the association between HTR2C polymorphisms and
metabolic determinants are described elsewhere more extensively (data submitted).8 The study
protocols for the inclusion of both the original study sample and the replication sample were
reviewed and approved by independent medical ethics review boards (METIGG (Utrecht, The
Netherlands) and Utrecht University (Utrecht, The Netherlands), respectively).

Design and patients
A cross-sectional design was used to assess the relationship between HTR2C variants and the
metabolic syndrome in patients with schizophrenia, schizoaffective or another psychotic disorder.
After complete description of the study to the patients, written informed consent was obtained.
Patients were eligible if they used at least one antipsychotic drug. The antipsychotic drug used
during evaluation of the patient had to have been started at least three months before this
evaluation since weight gain occurs mainly during the first three months after the first prescription
of the drug.10 We used this criterion to exclude patients in which antipsychotic-induced weight
gain did not yet occur. Inclusion criteria for participation in the replication study were similar to
the ones in the original study population.

Outcome measures
Primary end point of the study was the presence of the metabolic syndrome. The metabolic
syndrome was defined according to a modified definition of the National Cholesterol Education
Program’s Adult Treatment panel III (NCEP:ATP III).1 Because data on fasting plasma glucose
were not available in the original study sample, the metabolic syndrome was diagnosed in all
patients when three or more of the following four metabolic criteria were met: waist
circumference >102 cm (male) or >88 cm (female), triglycerides ≥1.7 mmol/l, HDL cholesterol
<1.0 mmol/l (male) or <1.3 mmol/l (female) and blood pressure ≥135/85 Hg or use of
antihypertensive medication. Measurements of fasting plasma glucose as available only in the
replication study sample were disregarded in the primary analysis. Secondary end points were the
separate metabolic parameters as mentioned above and a fasting plasma glucose ≥6.1 mmol/l.
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Determinants
Primary determinants were genotypes of polymorphisms flanking, or within, the X-linked HTR2C
gene. With regard to HTR2C polymorphism nomenclature, we use the nomenclature and
nucleotide numbering at the genomic level according to the guidelines of the Human Genome
Variation Society (HGVS; www.hgvs.org) as well as the ‘traditional’ nomenclature and numbering
used in previous publications, for reasons of clarity. The following polymorphisms in the promoter
region were investigated: rs3813928 (-997 G/A), rs3813929 (-759 C/T), rs518147 (-697 G/C) and
a (GT)n dinucleotide repeat polymorphism 30 nucleotides upstream of rs3813928. This
dinucleotide repeat has no official symbol in genomic variation databases, and will be referred
to as HTR2C: c.1-142948(GT)n in this paper. In addition to the promoter variants, a single
nucleotide polymorphism (SNP) in intron 5 of the HTR2C gene close to the ‘3 UTR was
investigated (rs1414334:C>G). The promoter variant rs3813928 (-997 G/A) that had been
genotyped in the original study sample was not included in this study due to the strong linkage
disequilibrium (LD) with rs3813929 (-759 C/T).8 No other genes or genetic variants were
investigated.

DNA isolation and genotyping by pyrosequencing
Genomic DNA was isolated from EDTA-anticoagulated peripheral blood using standard methods.
The HTR2C genotypes were determined by pyrosequencing,11 except for the HTR2C:c.1-
142948(GT)n repeat polymorphism.12 This repeat polymorphism was determined by Polymerase
Chain Reaction (PCR) and subsequent determination of the length of the alleles by direct analysis
on an automated capillary sequencer (ABI3730, Applied Biosystems) using standard conditions.
Detailed information on genotyping procedures, including primer sequences and reaction
conditions is available upon request. The researcher was blinded to the genotyping results and
results were not available to the treating psychiatrist prior to data analysis.

Data analyses and statistics
The association between the metabolic syndrome and the individual metabolic parameters and
HTR2C genotypes (presence or absence of the variant HTR2C allele) was investigated with logistic
regression. The strength of the associations was expressed as odds ratios (OR) together with a
95% confidence interval (95%CI) using the genotype with absence of the variant allele as a
reference. Concomitantly used medication was assessed as potentially weight-, lipid level-, or
glucose- homeostasis influencing according to available evidence.13,14 Data were investigated
for potential confounding effects of age, ethnicity, DSM-IV diagnosis, sex, prescribed
antipsychotic drugs, polypharmacy, weight-influencing drugs, lipid-influencing drugs, glucose-
homeostasis influencing drugs, physical activity and hospitalisation. We included these variables
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in the multivariate model if they were univariately associated with the primary end point
metabolic syndrome at a significance level of p<0.20.15 Unless stated otherwise, results are
expressed as adjusted ORs. Data were investigated for interaction between carriership of variant
alleles and sex. A combined genotype analysis was performed. In females, these combined
genotypes were classified as the combinations of individual HTR2C polymorphism genotypes. In
men, these co-segregating alleles for the individual polymorphisms are in fact haplotypes. The
outcome measures were investigated separately for the replication study sample and together
with the original study sample in a pooled analysis. For reasons of clarity, the multivariate model
of the pooled analysis contained the same variables as the analysis of the replication study sample.
Patient characteristics of the replication study population and the original study population were
compared using chi-square statistics. Finally, a stratified analysis for individual antipsychotic
drugs used at the moment of evaluation was performed in the pooled study sample. A P value of
0.05 or less was regarded as significant. No correction for multiple testing was applied.16 Data
were analysed using SPSS 11.0.

Results
A total of 200 participants were recruited for the replication study population, most originating
from the semi rural part of the Dutch county Zuid-Holland. There were no antipsychotic drugs
taken by twelve patients at the moment of evaluation and 16 patients used their antipsychotic
drugs less than three months at the moment of evaluation. Together with the failure of obtaining
reliable genotyping results in eight patients, the total number of patients in the replication study
sample was 164 (82%). In total, 88% of the study sample was of Caucasian origin, with the
remaining 12% equally divided between the Asian, African, Mediterranean, and Hindustan origin.
Nearly two-thirds (65%) of the participants were outpatients; the remaining 35% was equally
divided over the different forms of more intensive psychiatric care: supported living (13%),
sheltered living (12%), and inpatients (10%). Other patient characteristics of the replication study
sample together with characteristics of the original study sample are summarised in Table 1.8

In the replication study sample, risperidone (n=39 (24%)), clozapine (n=37 (23%)) and olanzapine
(n=35 (21%)) were the most frequently prescribed atypical antipsychotic drugs. Due to the low
prevalence of prescription of quetiapine (n=4)), no separate analyses with this antipsychotic agent
were performed. The remaining 31% of the patients used typical antipsychotic drugs (n=53 (31%).
There were no significant differences in the prevalence of the metabolic syndrome between
individual drugs. The use of the atypical antipsychotics clozapine and olanzapine was higher in
the original study sample compared to the replication study sample.
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Genotype distribution of the polymorphisms analysed in the replication study sample did not
deviate significantly from Hardy-Weinberg-equilibrium (HWE) (HTR2C:c.1-142948(GT)n (p>0.1),
rs3813929 (-759 C/T) (p>0.1), rs518147 (-697 G/C) (p>0.1) and rs1414334:C>G (p=1.0)). The
complete linkage disequilibrium (r2=1) between the rs518147 C allele and the HTR2C:c.1-
142948(GT)n 13 repeat allele as described in the original study sample was confirmed in this
study.8 Linkage disequilibria (LD; r2 and D’) for pairs of polymorphisms are shown in Table 2. In
the analysis we considered the rs1414334 C allele as the variant allele because in Western and
Northern Europeans allele G appears to be the major allele, which is confirmed in this study. For
the HTR2C:c.1-142948(GT)n repeat polymorphism five alleles were detected with 13, 15, 16, 17
and 19 repeats, respectively. Genotypes with the alleles 15, 17 and 19 were rare (n=22 (13%)).
Therefore, the outcome measures were calculated only for carriers of the alleles with 13 and 16
repeats (n=140 (87%)), with the 13 repeat allele defined as the variant allele. Because of the
differences in the number of patients included in the data analysis, the results of the HTR2C:c.1-
142948(GT)n and the rs518147 (-697 G/C) polymorphisms are presented separately, in spite of
the strong LD.

HTR2C polymorphisms and the metabolic syndrome: a replication study 103

Characteristic a Replication
N=164

Original
N=112

Age, mean (SD) b 42 (10) 36 (10)

Sex (%)
Male
Female

114 (70%)
50 (30%)

74 (66%)
38 (34%)

Diagnosis c,d (%)
Schizophrenia
Schizoaffective disorder
Other psychotic disorders

129 (79%)
23 (14%)
12 (7%)

70 (63%)
28 (25%)
14 (12%)

Presence of metabolic syndrome (%) 60 (37%) 28 (25%)

Prevalence variant alleles (%)
HTR2C:c.1-142948(GT)n 13 repeat e

rs3813929 (-759) T
rs518147 (-697) C
rs1414334 C

67 (43%)
41 (25%)
73 (45%)
31 (19%)

45 (43%)
26 (23%)
48 (43%)
21 (19%)

Table 1. Patient characteristics of replication sample (n=164) and original sample (n=112)

a Data from two independent samples are presented: replication study (n=164) and the original study (n=112).
b Patients in the replication study sample were significantly older compared to the original study population (p<0.05).
c Diagnosis according to DSM-IV.
d More patients were diagnosed with schizophrenia in the replication study sample (p<0.05). In both populations about

85% were diagnosed with schizophrenia or schizoaffective disorder.
e Metabolic syndrome according to a modified version of NCEP:ATPIII. The metabolic syndrome was more prevalent in the

replication study sample (p<0.05).
f Only the genotypes 16R/16R (n=73) and 16R/13R or 13R/13R (n=67) were taken into account in this table (n=140).



The metabolic syndrome was present in 60 (37%) patients of the replication study sample. There
was no association between the metabolic syndrome (p>0.20) and the covariates diagnosis,
prescribed antipsychotic drug, polypharmacy, physical activity, whether the patient was
hospitalised or not, use of weight-influencing drugs and the use of lipid-lowering drugs.

Accordingly, the obtained results were adjusted for age, sex, ethnicity, glucose-lowering drugs
and glucose-increasing comedication. The interaction term for HTR2C genotype and sex was not
significant (p=0.30).

Table 3 shows that in the replication study sample, the HTR2C polymorphism rs1414334 C allele
was associated with a non significant increased risk estimate for the occurrence of the metabolic
syndrome (OR 2.35; 95%CI 0.96-5.77). Table 3 also shows that in the pooled analysis carriership
of the rs1414334 C allele (OR 2.35; 95%CI 1.19-4.62) and carriership of the HTR2C:c.1-
142948(GT)n 13 repeat allele (OR 2.09; 95%CI 1.12-3.91) was significantly associated with the
metabolic syndrome. The rs3813929 (-759 C/T) polymorphism was not associated with the
metabolic syndrome in both the replication study sample and the pooled analysis. Table 4 shows
that the combined genotype carrying the HTR2C:c.1-142948(GT)n 13 repeat allele, the common
C allele of rs3813929, the variant C allele of rs518147, and the variant C allele of rs1414334 was
associated with the metabolic syndrome in the pooled analysis (OR 3.08; 95%CI 1.40-6.78).

Table 5 shows the associations between the individual items of the NCEP: ATP III classification
for the metabolic syndrome and HTR2C polymorphisms for the pooled analysis. HTR2C
polymorphisms are associated with a waist circumference >102 cm (male) or >88 cm (female)
(OR 2.16; 95%CI 1.05-4.42) and triglycerides levels ≥1.7 mmol/l (OR 1.71; 95%CI 0.90-3.26)
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HTR2C:c.1-
142948(GT)n

rs3813929 (-759 C/T) Rs518147 (-697 G/C) rs1414334: C>G

HTR2C:c.1-142948(GT)n
c 1 1 1 1

rs3813929 (-759 C/T) 0.44 1 1 1

rs518147 (-697 G/C) 1 0.46 1 0.95

rs1414334:C>G 0.25 0.04 0.25 1

Table 2. Pairwise linkage disequilibrium a for HTR2C polymorphisms in the replication sample (n=164) b

a Pairwise linkage disequilibrium was analysed using the software program Haploview (version 3.31). The cells above the
diagonal (in italics) indicate D’ values, under the diagonal r2 values are given.

b LD of HTR2C polymorphisms in original study sample can be found elsewhere.8

c Linkage disequilibrium with other SNPs was determined for the 13 and 16 repeat allele (n=140).



in carriers of the variant rs1414334 C allele although the association with triglycerides did not
reach statistical significance. In Table 6 the results of the stratified analysis for individual
antipsychotic drugs are shown for the HTR2C rs1414334 polymorphism. The variant rs1414334
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Genotype a Patients Metabolic Syndrome Crude OR (95%CI) Adjusted b OR (95%CI)

Replication population 164 52 (31.7%)

HTR2C:c.1-142948(GT)n13R c

rs3813929 T
rs518147 C
s1414334 C

67
41
73
31

24 (35.8%)
13 (31.7%)
25 (34.2%)
13 (41.9%)

1.59 (0.77-3.27)
1.00 (0.47-2.14)
1.24 (0.64-2.39)
1.74 (0.78-3.89)

1.69 (0.75-3.81)
0.70 (0.29-1.68)
1.25 (0.60-2.60)
2.35 (0.96-5.77)

Pooled analysis all patients 276 88 (32%)

HTR2C:c.1-142948(GT)n13R c

rs3813929 T
rs518147 C
rs1414334 C

112
67
121
52

42 (38%)
21 (31%)
43 (36%)
24 (46%)

1.80 (1.04-3.12)
0.97 (0.54-1.75)
1.35 (0.81-2.24)
2.14 (1.16-3.97)

2.09 (1.12-3.91)
0.94 (0.49-1.81)
1.50 (0.85-2.65)
2.35 (1.19-4.62)

Table 3. HTR2C polymorphisms and metabolic syndrome

a Data were analysed with the common genotype as the reference for all polymorphisms.
b Data were adjusted for age, ethnicity, sex, glucose-lowering drugs and glucose-increasing comedication.
c HTR2C:c.1-142948(GT)n was analysed for the most frequent alleles 16 repeat (R) and 13R (total number of patients

n=140) with 16R as the reference.

a ‘common’ describes the absence of variant alleles, ‘variant’ stands for the presence of at least one variant allele.
b (GT)n: HTR2C:c.1-142948(GT)n, -795: rs3813929, -697: rs518147, 3’UTR: rs1414334.
c HTR2C:c.1-142948(GT)n was analysed for the most frequent alleles 16 repeat (R) and 13R. The allele 16R is classified

as the reference.
d Data were adjusted for age, ethnicity, sex, glucose-lowering drugs and glucose-increasing comedication.
e In total, 12 combined genotypes were found only once and were therefore not taken into account in the analysis.

Genotype a,b,e

N Metabolic
syndr

(GT)n
c -759 -697 3’UTR Crude OR

(95%CI)
Adjusted d OR
(95%CI)

Replication population

72
37
26

18 (25%)
12 (32%)
10 (39%)

common
variant
variant

common
variant
common

common
variant
variant

common
common
variant

1.00 (ref)
1.44 (0.60-3.44)
1.88 (0.72-4.86)

1.00 (ref)
1.33 (0.49-3.63)
2.31 (0.80-6.67)

Pooled analysis all patients

131
60
45

32 (24%)
19 (32%)
20 (44%)

common
variant
variant

common
variant
common

common
variant
variant

common
common
variant

1.00 (ref)
1.58 (0.79-3.15)
2.69 (1.30-5.55)

1.00 (ref)
1.88 (0.88-4.02)
3.08 (1.40-6.78)

Table 4. Combined HTR2C genotypes and metabolic syndrome



C allele was significantly associated with the metabolic syndrome in patients using clozapine
(OR 9.20; 95%CI 1.95-43.45) and risperidone (OR 5.35; 95%CI 1.26-22.83) but not in patients
using classical antipsychotics (OR 1.31; 95%CI 0.27-4.07) or olanzapine
(OR 2.63; 95%CI 0.50-13.74). The variant rs1414334 C allele was also associated with
triglycerides levels ≥1.7 mmol/l in patients using clozapine (OR 16.38; 95%CI 2.4-112).
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Genotype a,b,c

Determinant d (GT)n
e 13R -759 T -697 C 3’UTR C

HDL 1.48 (0.87-2.53) 1.24 (0.68-2.26) 1.26 (0.76-2.11) 1.34 (0.70-2.55)

TG 1.15 (0.67-1.97) 0.79 (0.43-1.44) 1.08 (0.65-1.81) 1.71 (0.90-3.26)

Waist 1.49 (0.83-2.66) 0.84 (0.44-1.61) 1.18 (0.68-2.05) 2.16 (1.05-4.42)

Hypertension 1.28 (0.79-2.21) 1.12 (0.61-2.05) 1.12 (0.67-1.89) 1.13 (0.59-2.15)

Glucose f 1.56 (0.39-6.23) 1.14 (0.27-4.80) 0.98 (0.29-3.34) 1.03 (0.26-4.14)

Table 5. HTR2C polymorphisms and individual parameters: pooled analysis

a Data were analysed with the common genotype as the reference for all polymorphisms
b -759: rs3813929, -697: rs518147, 3’UTR: rs1414334, (GT)n: HTR2C:c.1-142948(GT)n
c Data were adjusted for age, ethnicity, sex, glucose-lowering drugs and glucose-increasing comedication.
d HDL=HDL-cholesterol <1.0 mmol/L (male) or <1.3 mmol/L (female), TG=triglycerides ≥1.7 mmol/l, Waist=Waist

circumference >102 cm (male) or >88 cm (female), blood pressure ≥135/85 Hg or antihypertensive medication and
fasting plasma glucose ≥6.1 mmol/l

e HTR2C:c.1-142948(GT)n was analysed for the most frequent alleles 16 repeat (R) and 13R (total number of patients
n=140) with 16R as the reference

f Glucose measurements were only available in the replication study sample (n=164)

a Data were analysed with the common genotype as the reference
b Data were adjusted for age, ethnicity, sex, glucose-lowering drugs and glucose-increasing comedication.
c TG: triglycerides ≥1.7 mmol/l
d Waist: Waist circumference >102 cm (male) or >88 cm (female)
e Other: all classical antipsychotics

Genotype a,b N Metabolic Syndr (%) Metabolic Syndr
OR (95%CI)

TG c OR (95%CI) Waist d OR (95%CI)

Clozapine 78 27 (34.6%) 9.20 (1.95-43.45) 16.38 (2.4-112) 13.44 (1.4-125.)

Olanzapine 71 17 (23.9%) 2.63 (0.50-13.74) 1.13 (0.2-15.8) 1.80 (0.35-9.36)

Risperidone 63 14 (22%) 5.35 (1.26-22.83) 2.80 (0.8-10.6) 3.16 (0.75-13.46)

Other e 59 21 (35.6%) 1.31 (0.27- 4.07) 1.08 (0.27-4.4) 1.68 (0.30-9.35)

Table 6. HTR2C rs1414334 allele C and metabolic syndrome in different antipsychotic drugs



Discussion
In this extension of an earlier study we confirmed the previously reported association between
polymorphisms in the X-chromosomal HTR2C gene and the occurrence of the metabolic syndrome
in antipsychotic-medicated psychiatric patients. The variant C allele of the HTR2C rs1414334
polymorphism was associated with the metabolic syndrome (OR 2.35; 95%CI 0.96-5.77) in an
independent replication sample, although the results did not reach statistical significance.
However, the pooled analysis of the replication study sample together with the original study
sample showed that carriers of the rs1414334 C allele (OR 2.35; 95%CI 1.19-4.62) and the
HTR2C:c.1-142948(GT)n 13 repeat allele (OR 2.09; 95%CI 1.12-3.91) as well as a combined
genotype of the HTR2C:c.1-142948(GT)n 13 repeat allele, the common C allele of rs3813929,
the variant C allele of rs518147 and the variant C allele of rs1414334 (OR 3.08; 95%CI 1.40-6.78)
were significantly associated with the metabolic syndrome. Furthermore, stratified analysis
showed that the association was particularly strong in patients who were carrier of the rs1414334
C allele (OR 9.20; 95%CI 1.95-43.45) and used clozapine.

There are some limitations to these results. First, the sample size of the replication study
population was relatively small. The small sample size may have limited the power to detect
differences between groups that are only moderate in size resulting in nonsignificant trends. We
did not adjust the P value to the number of tests due to power considerations because this could
increase the type II error rate too much. Second, we recognize that the cross-sectional design is
limited because data on metabolic parameters of the patients at the initiation of antipsychotic drug
treatment were not available to us. Therefore, we were unable to analyse data for changes in
these parameters over time, related to the use of antipsychotic drugs. This limitation makes it
difficult to compare our results to other studies that investigated the association between the
HTR2C rs3813929:C>T (-759 C/T) polymorphism and metabolic abnormalities (weight gain) in
psychiatric patients using antipsychotics.17,18 It is possible that we did not find significant results
for the HTR2C rs3813929:C>T (-759 C/T) polymorphism due to this limitation. Third, to compare
the replication study sample with the original study sample the primary end point was analysed
without the measurements of fasting plasma glucose as available in the replication study sample.
However, we believe the lack of data on glucose metabolism did not influence our results
because the analysis of the association between HTR2C polymorphisms and glucose
measurements in the replication study sample did not show significant results or a trend towards
a positive association. Furthermore, the analysis of the primary end point, with the glucose
measurements included, for the HTR2C rs1414334 polymorphism in the replication study sample
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(OR 1.85; 95%CI 0.75-4.55) was not significantly different compared to the presented analysis
without the glucose measurements (OR 2.35; 95%CI 0.96-5.77).

Small sample sizes of pharmacogenetic studies are one of the main limitations of
pharmacogenetic research. Small sample size increases the risk of a type I error with false positive
findings. Therefore, replication of study results is essential in order to confirm associations
between certain polymorphisms and outcome measures and to reduce the risk of a type I error.19

Because of the possible clinical relevance of previous results we attempted to replicate our results
in an independent sample of patients. The main question regarding the presented replication
study is: did we replicate? If we examine the statistical significance of the replication study
population only, we were not able to replicate the association between several HTR2C
polymorphisms (HTR2C:c.1-142948(GT)n, rs518147 (-697 G/C) and rs1414334) and the
metabolic syndrome. However, two points have to be considered. First, the results for the
rs1414334 polymorphism were very close to significance (OR 2.35; 95%CI 0.96-5.77). Second,
the pooled analysis showed significant association between the metabolic syndrome and the
variant alleles of two individual HTR2C polymorphisms (HTR2C:c.1-142948(GT)n and
rs1414334) and a combined genotype containing both these variants. Therefore, we believe that
the association between HTR2C genotypes and the metabolic syndrome is not the result of a type
I error and, most likely, presents a true association.

The suggestion that the association is particularly strong for the rs1414334 polymorphisms was
replicated in the replication study sample and the pooled patient sample. Also, in both the
replication study sample and the pooled patient sample we could not find an association between
the rs3813929 (-759 C/T) polymorphism and the metabolic syndrome. These findings suggest
that the (intragenic) rs1414334 polymorphism is the most informative polymorphism in assessing
the risk of the occurrence of the metabolic syndrome in patients using antipsychotics. We do not
have information regarding the impact of the rs1414334 polymorphism on antipsychotic-induced
weight gain. Several studies showed a significant association between the rs3813929 (-759 C/T)
polymorphism and antipsychotic-induced weight gain.17,18,20-24 Studies are warranted to
investigate the association between the rs1414334 polymorphism and antipsychotic-induced
weight gain. Possibly, the rs1414334 polymorphism is also more informative in predicting
antipsychotic-induced weight gain compared to the rs3813929 (-759 C/T) polymorphism.

Waist circumference is one of the strongest determinants for insulin resistance and cardiovascular
morbidity in the definition of the metabolic syndrome according to NCEP: ATPIII.25,26 Also,
recently it was found that an increased waist circumference was associated with a decreased
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quality of life in patients with schizophrenia.27 The association between individual parameters of
the metabolic syndrome and HTR2C polymorphisms was particularly strong for an increased
waist circumference and carriership of the rs1414334 C allele. This is in agreement with the
results from the original study sample. The significant association between the
HTR2C:c.1-142948(GT)n 13 repeat allele and the rs518147 C allele, as found in the original
study sample, was not confirmed. The associations between HTR2C polymorphisms and other
parameters of the metabolic syndrome were not significant although an association with
triglycerides and HDL can still not be ruled out.

The stratified analysis showed that the association between the rs1414334 C allele and the risk
of the metabolic syndrome was particularly strong for patients using clozapine or risperidone.
Clozapine and risperidone both have high affinity for the 5-HT2c receptor compared to classical
antipsychotics suggesting a direct modifying effect of antagonism of the 5-HT2c receptor.
However, the results of olanzapine, showing no association with an increased risk of the
metabolic syndrome in carriers of the rs1414334 C allele are rather unexpected in this case. We
would have expected that patients using olanzapine would also show an increased risk of the
metabolic syndrome in the presence of the variant rs1414334 C allele because of the high affinity
for the 5-HT2c receptor and previous reports associating the rs3813929 (-759 C/T) polymorphism
with olanzapine-induced weight gain.22,23 A possible explanation could be that the functional
effects of the HTR2C polymorphism involve additional mechanisms to a modifying effect of 5-
HT2c antagonism only.18,22 One of the suggested mechanisms is an interaction with the leptin
system.18

In conclusion, this study provides further evidence for the association between HTR2C
polymorphisms and the occurrence of the metabolic syndrome, confirming previous findings and
extending the results to individual antipsychotic drugs. The risk of the metabolic syndrome,
especially an increased waist circumference, is particularly strong in patients using clozapine or
risperidone who are carrier of the rs1414334 C allele. Further studies are necessary to elucidate
whether genotyping of the HTR2C rs1414334 polymorphism together with genotype-adjusted
pharmacotherapy can reduce the occurrence of the metabolic syndrome in patients using
antipsychotics. In addition, further study of the molecular cause of the observed association is also
warranted, to identify possible qualitative or quantitative molecular alterations of the HTR2C
gene product at the transcript or protein level. This may provide insight in the underlying
mechanism and could potentially provide a more accurate pharmacogenetic test at the DNA
level.
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Introduction
Psychiatry is considered to be one of the first medical disciplines that will implement
pharmacogenetic testing in daily clinical practice. The first pharmacogenetic studies with
psychotropic drugs investigated the association between genetically determined variation in the
activity of drug metabolising enzymes and proxies for clinical outcomes.1,2 It was suggested that
genetically determined alterations in drug metabolism could partly explain and predict the
variability in drug serum concentrations and thereby variation in drug response. Several
polymorphisms in genes coding for cytochrome P450 (CYP P450) enzymes were investigated
and one of the most relevant polymorphic CYP P450 enzymes appeared to be CYP P450 2D6
(CYP2D6).3,4 The influence of CYP2D6 polymorphisms on pharmacokinetic properties of
antidepressant and antipsychotic drugs has been well established. However, the impact of
CYP2D6 polymorphisms on the effectiveness of psychotropic drugs in daily clinical practice is
still relatively unknown.5

Besides genetically determined differences in pharmacokinetics, the variability in drug response
can also be attributed to genetic variability in factors influencing drug action, for example, the
drug receptor. Therefore, research expanded to studies investigating the association between
drug-targeted neurotransmitter receptors and the therapeutic treatment success of psychotropic
drugs (pharmacodynamics).6 In psychiatric pharmacotherapy at least two subtypes of the
serotonin (5-HT) receptor have shown to be important: the 5-HT2A and the 5-HT2C receptor.7-9

Polymorphisms in the HTR2C gene coding for the 5-HT2C receptor are of interest because of the
association between HTR2C polymorphisms and the response of antipsychotic drugs10 but also
because of the association between HTR2C polymorphisms and antipsychotic-induced weight
gain. Several studies found an association between HTR2C polymorphisms and antipsychotic-
induced weight gain but results are conflicting.7,9 In general, more studies are warranted to
determine the possible value of genotyping pharmacodynamic polymorphisms in daily clinical
practice.

In this thesis several studies have been presented providing information on the association
between CYP2D6 and HTR2C polymorphisms and variability between patients in response to
antidepressant and antipsychotic drugs (e.g. changes in treatment patterns (stop, switch, dosage),
serum concentrations of antidepressant and antipsychotic drugs, incident use of antiparkinsonian
drugs as a marker for the occurrence of extrapyramidal syndromes (EPS), presence of obesity,
and presence of the metabolic syndrome). In this final chapter the results of the individual studies
will be put into a broader perspective by discussing four topics that were relevant in one or more
of the individual chapters:



• Genetic pharmacoepidemiology
• Translation of genotype to clinical phenotype
• Application of CYP2D6 and HTR2C genotyping results in daily practice
• Perspectives for research and implementation in daily psychiatric practice

Genetic pharmacoepidemiology
The objective of genetic pharmacoepidemiology is to understand the contribution of variation in
the patient’s genetic make-up (relative to non-genetic determinants) in explaining and predicting
variability in drug response.11 Traditional epidemiological study designs (e.g. case-control, cross-
sectional and follow-up studies) can also be applied to research questions in genetic
pharmacoepidemiology.12 In either one of these designs a significant difference between carriers
of variant alleles and carriers of the common allele of a specific genetic polymorphism is
consistent with an association between this polymorphism and the investigated outcome measure.
However, some specific methodological issues (determinant, study design, data analysis) should
be considered when designing genetic pharmacoepidemiology studies.

Determinant: candidate gene approach versus genome-wide screening
In genetic pharmacoepidemiology the determinant of interest, by definition, is variation in one
or more genes. The genetic variation can either be determined in one or more ‘a priori’ selected
candidate genes or in a large part of the human genome (i.e. genome-wide screening).6,13,14 Genes
that, as a result of knowledge of the biological and pharmacological mechanisms of specific
drugs and diseases, may determine the probability of treatment success or the occurrence of
adverse events for specific drugs are termed candidate genes. The candidate gene approach in
genetic association studies can therefore be considered a hypothesis driven approach. Candidate
genes will be investigated for genetic variation and these variations will be investigated for
associations with drug response in order to determine their clinical relevance. Historically, the
candidate gene approach has most frequently been used because, among others, the technology
for genome-wide screening was until recently not widely available.15,16

There is one main limitation of the candidate gene approach. The mechanisms of action of
psychotropic drugs as well as the etiology of the disease where these drugs are intended for are
complicated and still largely unknown. Several candidate genes will be involved in these
mechanisms. Therefore, investigating only one Single Nucleotide Polymorphism (SNP) or several
SNPs in one single candidate gene will have a low probability of finding an association that
strongly predicts a clinically relevant response to psychotropic drugs. For example, the occurrence
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of obesity and the metabolic syndrome in patients using antipsychotics are complex syndromes.
The human biosystem has several regulatory mechanisms in order to control feeding behaviour
and other metabolic processes like glucose homeostasis. These multiple regulatory mechanisms
are essential in order to prevent extinction as a species during evolution. Therefore, it is likely that
HTR2C polymorphisms, as presented in chapter 3 of this thesis, will only partly explain the
variability in the occurrence of weight gain and other metabolic abnormalities.17,18

Furthermore, the candidate gene approach does not involve genes for which it is unknown
whether these genes are involved in the mechanism of action of specific drugs or etiology of the
investigated disease. The pharmacological effects in patients of most antipsychotic and
antidepressant drugs are well known but the biological mechanisms of these effects are relatively
unknown. Therefore, in a candidate gene approach it is very likely that a relevant number of
candidate genes are not investigated. This limitation of the candidate gene approach is especially
important for drugs with poorly understood mechanisms like psychotropic drugs.4,6

Despite this limitation, the candidate gene approach has resulted in several promising
applications for pharmacogenetics in daily clinical practice (CYP2D6, TPMT) and this approach
was of great importance for providing the ‘proof of concept’ for pharmacogenetics.5,19 However,
it is unlikely that the promise of tailormade pharmacotherapy will be fulfilled without studies
investigating large numbers of candidate genes or even genome-wide screening. With the recent
advance of high-throughput genotyping methods it will be possible to perform genome-wide
association studies. This approach has already been used to identify new disease susceptibility
genes and pathways.6 However, if only a fraction of the approximately 30000-40000 genes is
responsible for the drug mechanism of psychotropic drug, a genome-wide screening will result
in an extremely large number of candidate genes and an even larger number of genetic variation
in these genes.11 A consequent limitation of screening large numbers of genes or genome-wide
screening is the large amount of false-positive results.20 Therefore, genome-wide screening can
be considered a hypothesis generating method. Finally, it has been suggested that tailormade
pharmacotherapy may benefit more from differences in protein expression (pharmaco-
proteomics) rather than genetic polymorphisms (pharmacogenetics).21 In conclusion, studies
investigating more candidate genes (with pharmacokinetic and pharmacodynamic
polymorphisms) simultaneously or even a genome-wide screening are warranted. However, the
generated hypotheses (potential candidate genes) as found in genome-wide screening studies
will subsequently have to be investigated in studies using the candidate gene approach before the
clinical value of initial results can be evaluated.
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Study design12

All traditional epidemiological study designs (e.g. cross-sectional, case-control and follow-up
studies) can be applied to genetic pharmacoepidemiology studies. In a cross-sectional design the
outcome measure (e.g. chapter 3: presence of antipsychotic-induced obesity or the metabolic
syndrome) is measured at only one moment in time and simultaneously with the determinant of
interest. This design is not a limiting factor for the determinant because genetic polymorphisms
are stable over time within persons. However, this design is vulnerable to bias because the
duration of exposure (e.g. chapter 3: treatment with antipsychotic drugs) of the included patients
may be different. In order to use this design appropriately it is essential to define a minimal time
period during which the exposure can result in the outcome of interest (e.g. chapter 3:
antipsychotics had to be used at least three months at the moment the patient was evaluated for
the presence of obesity or the metabolic syndrome). A limitation of the minimal time period is
the possible deletion of susceptibles (e.g. chapter 3: rapid weight gainers might discontinue
pharmacotherapy before three months). Finally, in a cross-sectional design it is not possible to
investigate changes in continuous outcome measures over time (e.g. chapter 3: we were not able
to study antipsychotic-induced weight gain making it difficult to compare our results with other
reports that investigated the association between HTR2C polymorphisms and antipsychotic-
induced weight gain (instead of the occurrence of overweight)).

In a follow-up design, patients are followed over time (e.g. chapter 2: retrospective follow-up).
During exposure time these patients are followed for the occurrence of the outcome of interest
(e.g. chapter 2: switching of drug or dosage regimen). At the moment of inclusion the patients
have to be free of the outcome measure (e.g. chapter 2: at least one antipsychotic or
antidepressant drug had to be started at least 30 days after the start of the observation period). The
follow-up as well as the cross-sectional design have in common that they usually require a larger
study population compared to the case-control design.

Genetic variations are defined as polymorphisms when the prevalence of this variation exceeds
1% in a general population.11 This definition implies that the prevalence of most polymorphisms
can be low (<10%) and by definition can not exceed 50%. For example, the most relevant variant
alleles of the polymorphisms studied in this thesis (chapter 2 and 3) had a prevalence of
approximately 20% (CYP2D6 *3 and *4 and the rs1414334 C allele). These numbers show that
the number needed to genotype (NNG) to find at least one patient carrier of the variant CYP2D6
allele *3 or *4 or the variant HTR2C rs1414334 C allele is five. Furthermore, in psychiatry,
approximately 20-40% of psychiatric patients do not respond to drugs.22,23 This implicates that,
overall, only 20-40% of these patients can be regarded as ‘cases’ in genetic
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pharmacoepidemiology studies. These considerations suggest that substantial patient populations
are necessary in order to include an appropriate number of patients. Especially, studies
investigating genetic polymorphisms with a low variant allele frequency (<10%) and small effect
sizes (allelic odds ratios <2.0) have to include thousands of patients in order to find true significant
associations. Approximate sample sizes are suggested to find significant associations by effect
size and allele frequencies of predisposing alleles.14 The most efficient study design in terms of
number of patients is probably the case-control design. In this design, cases with an outcome
measure are defined and compared to control patients without the outcome measure. In this
thesis, the case-control design was not used although this would have been an appropriate design
as well. The case-only study design presents a final study approach that has to be mentioned in
relation to genetic pharmacoepidemiology. In case of rare polymorphisms the sample size
necessary for the inclusion of an appropriate number of cases and control patients might be too
large. By using a case-only design only cases (for example patients with the metabolic syndrome)
are analysed in order to investigate the association between an exposure (for example treatment
with an antipsychotic drug) and a genetic polymorphism (HTR2C polymorphisms).

Data analysis
Methodology for data analysis in genetic pharmacoepidemiology and bio-informatics in general
is still evolving and among experts there is little consensus. One of the main reasons for this lack
of consensus is the low frequency in which initial positive results are confirmed in replication
studies.14,24 This presumed unreliability of genetic (pharmaco)epidemiology studies has generated
discussion regarding, among others, the accepted magnitude of the type I error. Significance
levels of p<0.05 are frequently used to reject a null hypothesis that the susceptibility of the
outcome measure under study is equal for patients with variant alleles compared to patients with
the common genotype. However, genetic pharmacoepidemiology studies often investigate
polymorphisms in several candidate genes and studies investigating >100 polymorphisms in
different genes are likely to become predominant in the near future. The probability of a type I
error (false positive) increases with increasing numbers of polymorphisms evaluated in a study.
The type I error can be reduced by adjusting for multiple testing for example with the Bonferroni
correction.14,20,25 The P value for significant results when testing, for example, ten genetic
polymorphisms is in that case set at 0.05 divided by ten. The sample size necessary for finding
significant results with these P values are substantial and increase the risk for a type II error (false
negative).14 Especially for tightly linked polymorphisms the Bonferroni correction is very
conservative and several other methods like a permutation procedure or monitoring the false
discovery rate have been suggested.20,26 Stringent criteria regarding significance levels could



paralyse pharmacogenetic research and will limit publications to very large scale studies.14,20

These criteria will result in publication bias in which small possible well-designed studies will not
be available for a good overview of all the data because these small studies can not establish
significant results due to the stringent significance levels. Furthermore, adjustments for multiple
testing might discourage investigators to analyse or report all the analyses performed during the
data analysis. Complete statements of all the analyses performed in the results section of
publications enable the reader to make their own conclusions. Well-designed studies will
advance knowledge regardless of the significance levels of the outcome measures.26 Finally,
positive results of small studies should be interpreted carefully and have to be replicated in other
samples of patients before the clinical relevancy can be evaluated.14,24

In this thesis we have analysed data from three different patient populations. The CYP2D6
population comprised 138 genotyped patients from daily clinical practice. This population is
rather large for studies investigating CYP2D6 polymorphisms. Three different outcomes were
investigated within this population: switching patterns, plasma concentrations of antidepressant
and antipsychotic drugs and incident use of antiparkinsonian drugs in patients using antipsychotic
drugs. Positive associations between CYP2D6 genotype and all three outcomes were established.
Therefore, we could replicate the association between CYP2D6 genotype and unsatisfactory
response with three different end points. However, these end points were investigated in the
same population and replication in another sample of patients is warranted. The HTR2C
polymorphisms were investigated in two independent patient samples both with approximately
125 patients from daily clinical practice. All studies presented in chapter 3 show similar results
and therefore we believe that the association between HTR2C genotypes and the metabolic
syndrome/obesity is not the result of a type I error and presents a true association.

Translation of genotype to clinical phenotype
A genotype is the genetic make-up of an individual patient as found in the DNA. The genotype
of individual patients can be determined by several methods like RT-PCR, pyrosequencing or
gene chip technology.27-29 A patient’s genotype partly determines the clinical phenotype of a
patient. The clinical phenotype of an individual patient is a combination of genetic predisposition
and environmental factors. The clinical phenotypes studied in this thesis were for example
increased drug serum concentrations, extrapyramidal symptoms, obesity and the metabolic
syndrome.

Chapter 4120



Phenotype versus genotype
Initial pharmacogenetic studies on genetic variability in drug metabolising enzymes relied on
phenotyping techniques because genotyping techniques were not available or very expensive.
Phenotyping of drug metabolising enzymes was performed with enzyme specific probe drugs, i.e.
compounds that are predominantly metabolised by the enzyme of interest without induction or
inhibition of this enzyme. The probe drug was administered and the serum or urine
concentrations of the probe drug and its metabolite were measured in time. The activity of the
metabolic enzyme was expressed with the metabolic ratio (MR): the ratio of the concentration of
the probe drug to that of the metabolite. Examples of probe drugs are debrisoquine and
dextromethorphan for CYP2D6 and caffeine for CYP1A2.30 At this moment, phenotyping of
individual patients is not common practice anymore due to several disadvantages of the
procedure. First, the phenotyping procedure often demands that patients are sampled for urine
or plasma several times. Frequent sampling of patients is a major limitation in psychiatric patients.
Second, phenotyping determines the capacity to metabolise drugs at the moment of this
procedure. The phenotype is the combination of both genetic and environmental factors.
Therefore, a phenotyping procedure can predict a poor metaboliser phenotype as the result of
environmental factors. For example, when a patient is phenotyped for CYP2D6 and this patient
uses paroxetine at the moment of the procedure, a low capacity for metabolism by CYP2D6
might be predicted due to inhibition of CYP2D6 by paroxetine and not because of the patients’
genotype. In contrast, genotyping determines the genetic constitution of an individual patient
and therefore presents valuable lifelong information. Third, phenotyping procedures take a
considerable amount of time and are expensive. At this moment, genotyping procedures are
rapidly becoming less expansive and time consuming. For example, a CYP2D6 genotype can be
determined within four hours and for less than € 100,-. On the other hand, a limitation of
genotyping is that the genotype does not necessarily enable accurate prediction of the phenotype.
This limitation and the possible consequences will be discussed for CYP2D6 genotypes and
HTR2C genotypes.

CYP2D6 genotype
CYP2D6 genotype is one of the examples that illustrate the confusion between genotypes and
phenotypes. At first glance, it seems reasonable that we would like to know the exact CYP2D6
genotype of an individual patient. However, more than 50 mutations have been described in the
gene coding for CYP2D6. An important question one may ask is how many mutations have to be
determined in a CYP2D6 genotyping procedure in order to adequately predict the clinical
phenotype. It is, for example, possible to determine 29 mutations with the microarray-based gene
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chip technology approved by the FDA for clinical use (Amplichip®). The determination of these
29 mutations makes it possible to genotype the world’s population accurately for over 99%.31 The
disadvantage of this chip is, among others, the high costs that accompany the use of this chip.
These high costs (€ 600 per sample) limit cost-effectiveness and thus the implementation of
CYP2D6 genotyping in daily clinical practice.32 Is it necessary to genotype so many mutations for
a proper prediction of a patients’ clinical phenotype? It has been shown that determination of five
of these 29 CYP2D6 mutations (*3,*4,*6,*7,*8) as well as the presence of duplication determines
98.5% of all phenotypes correctly in a Caucasian population.33 Inclusion of the rather frequent
*5 (frequency 2-7%) and *41(frequency 8-20%) mutation will probably increase the reliability to
over 99%.34-37 Since the mutations *7 and *8 have a low frequency of occurrence, the
determination of a limited set of mutations (*3,*4,*5,*6,*41) at less than € 100,- is more likely to
be cost-effective in daily clinical practice. The disadvantage of this ‘Caucasian’ set of mutations
is the ethnic diversity in West European countries resulting in a lower prediction of the correct
phenotype when all patients would be genotyped with the ‘Caucasian’ set of mutations. The most
frequent alleles in a Caucasian population are the mutations *3 and *4 while the mutation *10
is more prevalent in Asian populations and the mutation *17 is more prevalent in Afro American
populations.35 Adding these two non-Caucasian mutations (*10,*17) will decrease the risk of
missing a mutation in a patient of Asian or African descent.34 In conclusion, we advice to test for
seven mutations (*3,*4,*5,*6,*10,*17,*41) and the presence of duplications in order to adequately
predict the correct phenotype in around 98-99% of all patients.28

Based upon chapter 2 of this thesis, approximately 5-10% of Caucasian patients can be classified
as poor metabolisers (PM) based on lacking CYP2D6 activity caused by two deficient alleles in
the CYP2D6 gene. Gene duplications resulting in high enzyme activity (ultrarapid metabolisers
(UM)) are present in 1-10% of Caucasian patients.35 Subjects with two active alleles are classified
as extensive metaboliser (EM). Next to these three phenotypes, carriers of one active and one
deficient allele are sometimes classified as intermediate metabolisers (IM). This group of IMs is
expected to have subpopulation-specific clearance between EMs and PMs.5 If we only classify the
phenotypes UM, PM and EM the distribution of the metabolic capacity of EMs varies between a
capacity almost equal to a PM and a capacity almost equal to a UM. The introduction of an
intermediate phenotype makes the large difference between EMs and PMs smaller. However, the
definition of an intermediate metaboliser is not clear. Is an IM a patient with one common allele
and one mutant allele with deficient activity as suggested by the key publication of Kirchheiner
et al. or is an IM a patient with two mutant alleles with reduced activity or with one mutant allele
with deficient activity and one mutant allele with a reduced activity as sugested by the
manufacturers of the Amplichip®.5,31 On the other side of the metabolic spectrum we find the
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ultrarapid phenotype. The variation in ultrarapid metabolisers varies between an ‘almost’
extensive metaboliser and an ultrarapid metaboliser with 13 copies of the gene for CYP2D6.38

Recently, Steimer et al. suggested to present the genotyping result as an ordinal scale
(Semiquantitative Gene Dose (SGD)) for the metabolic capacity of patients.39 The SGD for
functional alleles is 1 and the SGD for dysfunctional alleles is 0 and finally, the alleles with
reduced activity (*10,*17,*41) have an SGD of 0.5. Together with the determination of copy
numbers in case of duplications the SGD would make it possible to differentiate more specifically
between different genotypes.

In conclusion, the classification of a CYP2D6 clinical phenotype from CYP2D6 genotyping results
is not straightforward and guidance of treating physicians with the interpretation of genotyping
test results is therefore essential for a proper interpretation of CYP2D6 genotyping for patient
care. Pharmacists might carry out the guidance of treating physicians because they possess the
required pharmacological knowledge of drugs and they have a good overview of the medication
history of genotyped patients.40 The pharmacist and the treating physician can evaluate the
genotyping result together with other patients factors (environmental factors) like concomitantly
used medications and smoking behaviour. The genotyping result can only be interpreted together
with the environmental (patient) factors in order to interpret the clinical phenotype of an
individual patient. In order to facilitate the interpretation and application of genotyping results it
is desirable that genotyping results will become part of medication surveillance in daily
pharmaceutical practice.

HTR2C genotype
The translation to the corresponding clinical phenotype of pharmadynamic polymorphisms like
HTR2C is even more complex than the translation of pharmacokinetic polymorphisms like
CYP2D6. The consequences of pharmacokinetic polymorphisms can quite easily be measured
with standard pharmacokinetic parameters (surrogates) like the steady state concentration,
elimination half-live and the area under the curve (AUC) of administered drugs. The
consequences of pharmacodynamic polymorphisms are more difficult to measure because it is
complicated to measure, for example, the capabilities of drug targeting receptors.6 Therefore,
pharmacodynamic polymorphisms have to be translated to a clinical phenotype based upon the
expected function of the gene where the polymorphism is located. One of the limitations of this
approach is that the clinical phenotype as a result of gene expression is not well known for many
drug targeting receptors. The gene coding for the 5-HT2c receptor is an example of a drug
targeting receptor with a relatively unknown phenotype. One of the suggested clinical phenotypes
of the HTR2C gene is a function in food and weight regulation.7,9
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Reynolds et al were the first to report an association between the HTR2C -759 C/T polymorphism
and antipsychotic-induced weight gain.41,42 This study was initialised by the results of Yuan et al.
who found an association between HTR2C polymorphisms and the prevalence of diabetes in
patients without psychiatric disorders.43 More HTR2C polymorphisms were investigated in this
study compared to the polymorphism investigated by Reynolds et al. Because the initial report
could have had major implications for daily clinical practice, several other authors tried to
replicate this initial report. Several authors could replicate the findings but not all replication
studies could confirm the association.44,44-51 One of the possible explanations for these
discrepancies is a linkage disequilibrium (LD) with another variant that might be co-segregated
differently in different ethnic groups.45-47 Linkage disequilibrium is the term used for the non-
random association of alleles at two or more loci. Theoretically, it is possible that the 759 C/T
polymorphism is in LD with another variant in the HTR2C gene but it is even possible that it is
in LD with another variant coding for a completely different protein. The confusion regarding
the association of different promoter polymorphisms in different ethnic populations and the
possible impact of findings for psychiatric patients taking antipsychotics made us to decide to
analyse all the promoter polymorphisms reported by Yuan et al. and, furthermore, to study an
additional frequent intragenic polymorphism within the HTR2C gene. The complete LD between
the -759 C/T and -997 G/A polymorphisms as found by Yuan et al. was confirmed but in our
Caucasian sample we found complete LD between the -697 C allele and the Z-6 repeat allele as
well. Our findings show that, first, the LD patterns between HTR2C polymorphisms are different
in different ethnic populations. These differences in LD patterns were found in the study of
McCarthy et al. as well.52 Second, we found that the association between HTR2C polymorphisms
and obesity and the metabolic syndrome were particularly strong for the intragenic polymorphism
and not for the HTR2C 759 C/T polymorphism. Third, we could not replicate the results found
by Yuan et al. and, actually, we found results in the opposite direction with an increased risk of
obesity (BMI > 30 kg/m2) in patients carrying the variant alleles instead of in patients carrying the
common alleles.

The substantial genomic distance between the studied promoter polymorphisms and the
intragenic SNP (over 300 kilobases), and the observed incomplete linkage disequilibrium across
the genomic region flanking and within the HTR2C gene can possibly explain the strength and/or
nature of the associations identified.52 Different factors influencing HTR2C expression, RNA
stability or function may have been identified by the intronic SNP compared to those identified
by the promoter polymorphisms, which may result in the observation of a different or mixed
association pattern. Our findings, suggest that the intragenic polymorphism is the most informative
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polymorphism in assessing the risk for the occurrence of obesity and the metabolic syndrome in
patients using antipsychotics. We do not have information regarding the impact of the intragenic
polymorphism on antipsychotic-induced weight gain. It might be possible that the intragenic
polymorphism is more informative in predicting antipsychotic-induced weight gain compared
to the HTR2C -759 C/T polymorphism but it is also possible that the genetic control of
antipsychotic-induced weight gain (phenotype 1) differs from the genetic control of the
occurrence of obesity in patients with (phenotype 2) or without psychiatric disorders
(phenotype 3). Possibly the variant alleles protect against obesity in subjects without psychiatric
disorders but makes them vulnerable to antipsychotic-induced obesity.

The inconsistencies between different studies raise the question whether the HTR2C gene is the
right candidate gene for investigating antipsychotic-induced metabolic abnormalities. There are
several arguments to suggest that the association between 5-HT2c function and antipsychotic-
induced weight gain presents a true one. First, HTR2C knockout mice display increased feeding
behaviour and develop obesity at an early age.7,9 Second, 5-HT2c agonists decrease weight and
food intake in humans.7,9 Third, HTR2C polymorphisms are associated with Body Mass Index
(BMI) in patients without psychiatric disorders.43,53 Fourth, the risk of antipsychotic-induced
weight gain is particularly increased for patients using clozapine and olanzapine and both of
these antipsychotics have high affinity for the 5-HT2c receptor.9,42,44,49 These arguments show
that there is strong evidence for an association between HTR2C genotype and the clinical
phenotype of metabolic abnormalities. However, there are several arguments to believe that apart
from a modifying effect on 5-HT2c function there are additional mechanism (phenotypes)
involved when we evaluate the association between HTR2C polymorphisms and antipsychotic-
induced metabolic abnormalities.54 The association between HTR2C polymorphisms and
antipsychotic-induced weight gain was found for drugs with low affinity for the 5-HT2c receptor
(chlorpromazine).41 Also, several drugs with high affinity for the 5-HT2c receptor are not
associated with substantial weight gain. The main representatives of these drugs are ziprasidone
and aripiprazole. One of the explanations for the lack of association with weight gain could be
the high affinity of these drugs for the 5HT1a receptor.55 This hypothesis is supported by one
study showing that augmentation of ziprasidone to olanzapine could prevent olanzapine-induced
increased feeding behaviour in rats.7

In conclusion, it is obvious that the association between HTR2C genotype and metabolic
abnormalities in antipsychotic-medicated patients shows interesting results that hold promise for
a pharmacogenetic test that can be applied in daily clinical practice. However, more studies are
warranted to elucidate which HTR2C genotype (759 C/T, rs1414334 or other SNPs in the HTR2C
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gene) adequately predicts the clinical phenotype of different metabolic abnormalities. In addition,
further study is necessary to investigate the additional mechanisms (phenotypes) involved in the
functional effects of HTR2C polymorphisms. One of the suggested mechanisms is an interaction
with the leptin system.7

Application of CYP2D6 and HTR2C genotyping results in daily practice
The former paragraph of this general discussion described the predictive value of genotyping
results for the clinical phenotype of a patient and difficulties therewith. Once we have defined
that a certain genotype corresponds with a certain clinical phenotype (for example poor
metaboliser for CYP2D6) we have to decide how we will apply this in daily clinical practice.
Pharmacogenetic testing will only be valuable for daily clinical practice when it is possible to
predict more efficiently to which drug or which dosage regimen a patient will respond in
genotyped patients compared to non-genotyped patients. The application of genotyping results
in daily clinical practice will be discussed for CYP2D6 and HTR2C genotypes.

CYP2D6
CYP2D6 polymorphisms are pharmacokinetic polymorphisms. The interpretation of
pharmacokinetic polymorphisms looks relatively simple because we can measure kinetic
parameters like a serum drug concentration. However, it is quite difficult to decide for which
drugs a CYP2D6 genotyping result can be applied. Ideally, CYP2D6 genotyping will be applied
only to drugs and active moieties that are eliminated or formed primarily by CYP2D6 (no active
metabolites or enantiomers with varying activity or elimination route). However, what is primarily
metabolised by CYP2D6? To our knowledge, there is no clear cut definition for the classification
of a ‘primary CYP2D6 substrate’. In studies presented in chapter 2 we defined several levels of
evidence for metabolism by CYP2D6 of antidepressant and antipsychotic drugs.13,14 In these
studies, drugs for which an in vivo relationship between CYP2D6 genotype and pharmacokinetic
properties was documented, were classified as primarily metabolised by CYP2D6. In literature
and on the internet there are several tables available listing drugs that are proposed to be
metabolised by CYP2D6.56-58 However, these lists, most of the times, do not make a difference
between drugs primarily metabolised by CYP2D6 and drugs partly metabolised by CYP2D6.
Also, drugs can be part of these tables although there is only in vitro evidence for metabolism by
CYP2D6. In vitro evidence for metabolism by CYP2D6 is no guarantee that this drug will also be
a substrate for CYP2D6 in vivo.59 Therefore, debate will always remain regarding the question to
which drugs CYP2D6 genotyping has to be applied. In order to prevent these discussions it is
essential that evidence based recommendations for the choice of drug and dosage for different
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CYP2D6 genotypes become available. Therefore, in 2005 the Royal Dutch Association for the
Advancement of Pharmacy (KNMP) established the Pharmacogenetics Working Group. In this 15
member multidisciplinary working group (clinical) pharmacists, clinical pharmacologists, clinical
chemists and physicians are represented. The primary goal of this group is to develop
pharmacogenetics based therapeutic (dose) recommendations and to integrate those into
computerised systems for drug prescribing and automated medication surveillance. At this
moment, 21 drugs at least partly metabolised by CYP2D6 have been evaluated and therapeutic
(dose) recommendations have been specified for 71% (n=15) of these drugs. These
recommendations provide guidelines for the application of CYP2D6 genotyping to the
appropriate drugs and present a major step forward in the implementation of pharmacogenetics
testing in daily clinical practice. However, it is essential that these guidelines are implemented
by professionals with knowledge of CYP2D6 genotyping and the drugs mentioned in the
guidelines.

It has been suggested that pharmaceutical industries are reluctant about the introduction of
primary substrates for CYP2D6 because of proposed problems with drug interactions and the
polymorphic metabolism. Many companies will not continue developing drug candidates
metabolised by CYP2D6 unless they offer unique properties.60 This can result in a decreased
influence of CYP2D6 in the metabolism of drugs in the near future but also the possible denial
of potential effective drugs to patients. However, although we do not know how many CYP2D6
substrates were withdrawn by pharmaceutical industries before they reached the market, in 2005
and 2006 several psychotropic drugs that are substrates for CYP2D6 (aripiprazole, duloxetine,
atomoxetine) were introduced on the market suggesting that CYP2D6 will remain an important
metabolising enzyme in the near future.61-63

HTR2C genotype
In chapter 3 of this thesis we found that the association between HTR2C polymorphisms and
obesity and the metabolic syndrome were particularly strong for the intragenic polymorphism
(rs1414334:C>G). Patients who are carrier of the rs1414334 C allele are at risk for the occurrence
of obesity and the metabolic syndrome. The increased risk for the metabolic syndrome was
replicated in another sample of patients. These data provide promising results that could possibly
result into HTR2C genotype-adjusted pharmacotherapy. Further studies are necessary to elucidate
whether determining the HTR2C rs1414334 genotype before starting pharmacotherapy can
prevent the occurrence of the metabolic syndrome in patients using antipsychotics. However, it
is difficult to specify recommendations for the choice of drug and dosage or dosage regimen
according to the HTR2C genotype. It seems a logical option to discourage prescription of atypical
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antipsychotics, especially clozapine and olanzapine, to a patient carrier of the ‘increased risk’
genotype because of the association between most atypical antipsychotics and metabolic
abnormalities.64 However, in chapter 3.3 of this thesis we could only find associations between
the HTR2C rs1414334 polymorphism and treatment with clozapine or risperidone. We could
not find an association between the HTR2C rs1414334 genotype and the metabolic syndrome in
patients treated with olanzapine although other studies showed a significant association between
HTR2C 759 C/T polymorphism and olanzapine-induced weight gain.44,49 The most obvious
intervention for patients carriers of the rs1414334 C allele would be treatment with a classical
antipsychotic drug like haloperidol because of the suggested favourable profile for metabolic
adverse events compared to atypical antipsychotics.65,66 However, it is widely accepted in
literature that these drugs have an increased risk for extrapyramidal syndromes despite the fact
that this increased risk was predominantly found in studies that compared atypical antipsychotics
with non-equivalent higher dosages of haloperidol.67 Another intervention could be the treatment
with aripiprazole or ziprasidone because these drugs have, until now, not been associated with
weight gain.64,66,68 However, this intervention is rather difficult to explain because both of these
drugs have high affinity for the 5-HT2c receptor. Furthermore, clozapine is the only antipsychotic
drug in treatment resistant schizophrenia with an evidence based efficacy. Therefore, treatment
resistant patients can not easily be treated with another drug. In conclusion, more studies are
warranted to identify individual drugs that are associated with HTR2C polymorphisms and weight
gain and to identify drugs without the association before HTR2C genotype-adjusted treatment
recommendations can be proposed. In the mean time, weight gain reducing programmes are
necessary together with adequate monitoring in all patients in order to identify the early signs of
metabolic complications.66

Perspectives for research and implementation in daily psychiatric practice

Perspectives for research
At this moment, prospective studies investigating the (cost-)effectiveness of genotyping in daily
clinical practice are not available. The lack of such studies hampers the implementation of
pharmacogenetics in daily clinical practice.69 The proof of concept of pharmacogenetics has
been accepted for over 30 years. This proof of concept has generated hope that it will become
common practice to determine the choice of a drug or its dosage regimen according to a patient’s
genotype before starting pharmacotherapy. Prospective studies showing a clinically relevant
benefit of genotyping before starting pharmacotherapy are essential for making pharmacogenetics
more than a ‘proof of concept’. The design for such prospective, confirmative studies has been
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suggested by several reports70,71 and several are currently undertaken.32 The results from these
studies will determine whether CYP2D6 genotyping will become common practice within the
near future. In addition, pharmacoeconomic studies investigating the association between the
costs of genotyping in relation to potential improvements of pharmacotherapy are necessary as
well.72 How many costs do we accept for a better prediction of satisfactory response to drugs by
genotyping before starting pharmacotherapy? This question will be particularly important to
decide how many polymorphisms have to be financed in order to predict the response to drugs
in such a way that it is possible to select a drug based upon the patient’s genotype. Large scale
studies (with the inclusion of thousands rather than hundreds of patients) investigating at least
multiple candidate genes but possible the human genome will be necessary to fully elucidate
the association between genetic variability and the response to psychiatric drugs. It will be
impossible to find patient populations large enough in single patient settings. Therefore,
multicentre studies are necessary in which patients are included prospectively in a standardised
protocol that includes the collection of DNA. Ideally, the collected DNA has to be stored in
biobanks. These biobanks present a number of challenges for scientists because they must work
together to design, manage and exploit the gathered information.73 In The Netherlands, several
research groups are investigating the association between genetic variation and the response to
psychiatric pharmacotherapy.74 It might be desirable to harmonise, for example, study designs in
order to allow pooling of data across a number of studies. A challenge for the future might be to
establish a network like the Pharmacogenetics Research Network in the United States. The
Pharmacogenetics Working Group of the Royal Dutch Association for the Advancement of
Pharmacy (KNMP) could be a starting point for such a pharmacogenetics network in The
Netherlands.

This thesis presents a number of relatively small scale studies. Are these kinds of studies no longer
valuable in the near future? It is obvious that these studies are still warranted but the objective of
these studies will not be to determine whether preventive genotyping will improve the outcome
of pharmacotherapy. A number of research objectives can be investigated for CYP2D6
polymorphisms and HTR2C polymorphisms without needing very large sample sizes (>500).

CYP2D6 polymorphisms:
• The evidence for the influence of CYP2D6 genotype on pharmacokinetic properties of

individual drugs is still limited. Studies investigating the association between CYP2D6
genotype and pharmacokinetic properties of among others atomoxetine, aripiprazole and
duloxetine are warranted.

129General Discussion



• The association between CYP2D6 genotype and drug-drug interactions is unknown. It might
be possible that drug-drug interactions with inhibitors for CYP2D6 are more important in
IMs for CYP2D6 compared to EMs for CYP2D6. These studies will provide information
regarding the adequate translation of a patients’ genotype to the clinical phenotype.

• How can CYP2D6 genotyping be applied efficiently in daily clinical practice? For example,
is it necessary to genotype CYP2D6 with the Amplichip® or is it possible to genotype a
smaller amount of mutant alleles that is accompanied with substantial lower costs.
Furthermore, is it possible to overcome logistical problems accompanied with preventive
CYP2D6 genotyping.

• What kinds of interventions regarding pharmacotherapy are made after a patient is genotyped
for CYP2D6. How many patients have to be genotyped (Number Needed to Genotype) for
one CYP2D6 genotype-based intervention?

HTR2C polymorphisms:
• Studies investigating the molecular cause of the observed associations in chapter 3 are

warranted. These studies might identify molecular alterations of the HTR2C gene product at
the transcript or protein level. This may provide insight in the underlying mechanism at the
cell physiological level, and could potentially provide a more accurate pharmacogenetic
test at the DNA level. Ideally, these studies will provide information about the HTR2C
genotype that adequately predicts different metabolic abnormalities (clinical phenotype).

• The association between HTR2C polymorphisms (at least the HTR2C rs1414334 and -759
C/T polymorphism) and metabolic abnormalities of individual antipsychotic drugs (with low
and high affinity for the 5-HT2c receptor) have to be investigated.

• The association between HTR2C polymorphisms and weight gain of other drugs with high
affinity for the 5-HT2c receptor are unknown. If the association between HTR2C
polymorphisms and antipsychotic-induced weight gain is true this association can probably
be generalised to the weight gain observed in other drugs, for example mirtazapine, with
high affinities for the 5-HT2c receptor.

• The suggested interaction between HTR2C polymorphisms and the leptine system needs
further study.44

Future challenges of implementation of pharmacogenetic testing in psychiatric practice
There are several challenges for making the implementation of pharmacogenetic testing in
psychiatric practice a success. First, as described above, the need of prospective data showing
that pharmacogenetics testing will improve the outcome of pharmacotherapy in individual
patients. Without clear-cut studies showing clinical relevance of pharmacogenetic testing, the
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adaptation by the medical community will remain slow. Pharmacogenetic research has to shift
from descriptive studies to studies investigating the predicting value of pharmacogenetic testing
in preventing unsatisfactory response. However in psychiatry, the proof of concept for
pharmacokinetic polymorphisms is widely accepted.5 Therefore in The Netherlands, genotyping
of CYP2D6 and CYP2C19 is already implemented in daily psychiatric practice in several
institutions of mental health care. Genotyping of CYP2D6 and CYP2C19 is mainly used to
investigate patients with an expected compromised metabolism by one of these enzymes, for
example on the basis of unexpected results of therapeutic drug monitoring. To our knowledge
pharmacodynamic polymorphisms are not used in daily psychiatric clinical practice although
the proof of concept of these polymorphisms is widely accepted as well.5 Second, implementation
of CYP2D6 and CYP2C19 genotyping in daily psychiatric practice was complicated because
recommendations for the choice of drug and the dosage were not available. Recently, the
Pharmacogenetic Working Group of the Royal Dutch Association for the Advancement of
Pharmacy (KNMP) composed therapeutic (drug) recommendations for, among others, drugs
metabolised by CYP2D6.37 This working group will continue to compose treatment guidelines for
drugs metabolised by CYP2D6 but also by CYP2C19. These recommendations are a major step
forward for the implementation of pharmacogenetics testing in daily clinical practice: The
recommendations composed by the Pharmacogenetics Working Group can support the third
challenge for implementation of pharmacogenetics testing in daily clinical practice: knowledge
and education. Efforts should be made to educate medical communities to interpret and
understand the advantages and limitations of pharmacogenetic testing. A survey in US pharmacy
schools showed that the curricular emphasis on pharmacogenetics was very poor.40 Therapeutic
(dose) recommendations according to a patient’s genotype and even drug labels with
pharmacogenetics information are meaningless if we fail to educate and train medical
communities to interpret pharmacogenetics information appropriately. Pharmacists could become
a key player in recommending pharmacogenetic testing and interpreting pharmacogenetic testing
results. To make this happen it is essential that pharmacy schools start training future pharmacists
in the interpretation, management, application, and delivery of pharmacogenetics information.
These educational efforts can results in pharmacogenetics being the pharmaceutical care of the
future. Finally, interpreting pharmacogenetic results in daily clinical practice demands a
considerable amount of time. Especially due to the lack of knowledge of most physicians to apply
genotyping results to their patients appropriately, it is essential that prescriptions of drugs to
genotyped patients are guided by a person with extensive knowledge of pharmacogenetics. This
will become increasingly important as the field possibly expands to pharmacodynamic
polymorphisms of drug targeted receptors and drug transporters in addition to pharmacokinetic
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polymorphisms like CYP2D6. The amount of time needed for ‘pharmacogenetic counseling’
demands that the pharmacy profession has to decide whether these activities are considered a
primary ‘front office’ activity for the profession. This could implicate that other, more traditional,
activities like logistics and manufacturing are becoming less important. Furthermore, the KNMP
could make an effort in accomplishing a rate for a pharmacogenetics consult at insurance
companies in order to establish a financial basis for the investment in pharmacogenetic
knowledge.

Conclusion
In this final chapter the results of the individual studies have been put in a broader perspective.
Several items were discussed and we made some suggestions for future research. At this moment,
the promise of tailor made pharmacotherapy to individual patients by genotyping patients before
starting pharmacotherapy is not reality. There are many challenges in genetic
pharmacoepidemiology, genotype translation and application in daily clinical practice that has
to be overcome before the expectations of pharmacogenetics will become true. However,
potential solutions are evolving rapidly and hopefully these obstacles will be overcome and
pharmacogenetics will enter and improve the treatment of individual patients in the near future.
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Summary





Antipsychotic and antidepressant drugs are used by the majority of psychiatric patients. The
response to these drugs is variable: approximately 20-40% of the psychiatric patients do not
respond satisfactorily to pharmacotherapy. In psychiatric pharmacotherapy there usually is a lag
time of several weeks before the balance between the therapeutic response and adverse reactions
can be evaluated. This lag time together with the high incidence of clinically relevant adverse
reactions during treatment with antipsychotic and antidepressant drugs put psychiatric patients
at risk of discontinuing pharmacotherapy due to unsatisfactory response. These complications
make pharmacogenetics a potentially promising tool in individualising psychiatric
pharmacotherapy. Pharmacogenetics has been defined as the research area investigating whether
and to what extent genetic variation can explain and predict the response to drugs of individual
patients. Determining a patient’s genotype before initiating pharmacotherapy may prevent
unsatisfactory response because an individualised advice for the choice of drug and dosage is
possible. In this thesis two polymorphisms (CYP2D6 and HTR2C) that might be useful from this
perspective in the future will be described. The main objective of this thesis is to elucidate
whether polymorphisms in the gene coding for cytochrome P450 2D6 (CYP2D6) and the
serotonin 2C (HTR2C) receptor are associated with unsatisfactory response of pharmacotherapy
in daily psychiatric practice. Unsatisfactory response encompasses both failure of treatment
success and unacceptable adverse events. The first part (chapter 2) of this thesis describes the
association between CYP2D6 genotype (genetic variation in pharmacokinetics) and global
clinical response of both antidepressant and antipsychotic drugs in daily psychiatric practice.
The second part (chapter 3) of this thesis describes the association between HTR2C genotypes
(genetic variation in pharmacodynamics) and metabolic abnormalities in patients using
antipsychotic drugs.

Currently, CYP2D6 genotyping is probably the most widely accepted application of
pharmacogenetic testing in psychiatric practice. Approximately 5-10% of Caucasian patients can
be classified as poor metabolisers (PM) based on lacking CYP2D6 activity caused by two deficient
alleles in the CYP2D6 gene. Gene duplications resulting in high enzyme activity (ultrarapid
metabolisers (UM)) are present in 1-10% of Caucasian patients. Subjects with two active alleles
are classified as extensive metaboliser (EM) and carriers of one active and one deficient allele are
sometimes classified as intermediate metabolisers (IM). This group of IMs is expected to have a
subpopulation-specific clearance between EMs and PMs. As most antipsychotic and
antidepressant drugs are at least partly metabolised by CYP2D6 this might implicate a high risk
of unsatisfactory response to these drugs in up to 20% of psychiatric patients.
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Despite large numbers of studies investigating the clinical relevance of CYP2D6 genotyping, the
prevalence of drugs metabolised by CYP2D6 in different patient populations is relatively
unknown. In chapter 2.1 we investigated the prevalence of patients using at least one drug
primarily metabolised by CYP2D6 in six different patient populations (general population, general
hospital, geriatric, psychogeriatric, psychiatric and mentally retarded patients). In a cross-sectional
study we analysed the prescription files of 150 adult patients randomly selected from every
population. We found that patients from the general hospital (RR 1.81; 95%CI 1.26-2.62), geriatric
patients (RR 2.16; 95%CI 1.26-2.62), psychogeriatric patients (RR 2.31; 95%CI 1.63-3.27) and
psychiatric patients (RR 2.44; 95%CI 1.73-3.44) were treated more frequently with at least one
drug metabolised by CYP2D6 compared to patients in the general population. Approximately
50% of psychiatric (52%), psychogeriatric (49%) and geriatric (46%) patients used at least one
drug metabolised by CYP2D6. In total, 62% of the prescribed drugs that are metabolised by
CYP2D6 were classified as antidepressant or antipsychotic drugs suggesting that populations
treated with these drugs may benefit most from implementation of CYP2D6 genotyping.

Pharmacokinetic polymorphisms, like CYP2D6 polymorphisms, relate to the genetic variation in
genes coding for drug-metabolising enzymes. These polymorphisms especially hold the promise
of predicting plasma concentration (dose) dependent adverse drug reactions i.e. the so called
type A adverse drug reactions. In chapter 2.2 we investigated retrospectively whether CYP2D6
genotype can explain variability in plasma concentrations of antidepressant and antipsychotic
drugs in daily psychiatric practice. Plasma concentrations of antidepressant and antipsychotic
drugs were investigated for 62 patients genotyped for CYP2D6. For antidepressants we found
that, CYP2D6 genotype PM and IM were associated with higher plasma concentrations compared
to EMs. In addition, the risk of a plasma concentration above the therapeutic range was increased
for PMs (OR 33.1; 95CI% 2.0-544.6) and IMs (OR 8.2; 95%CI 1.1-60.3) relative to EMs using
antidepressants. CYP2D6 genotype could not clearly explain variability in plasma concentrations
of antipsychotics. These data suggest that the treating psychiatrists had at least problems to trace
back abnormal results of Therapeutic Drug Monitoring (TDM) to patients with pharmacokinetic
disturbances. CYP2D6 genotyping before starting pharmacotherapy enables identification of
patients with an increased risk of increased plasma concentrations of antidepressants. Patients
classified as IM or PM can be supported by more frequent measurements of TDM in drugs
primarily metabolised by CYP2D6. Future studies should determine whether this approach can
indeed prevent concentration-dependent adverse reactions.

In chapter 2.3 we investigated whether hospitalised psychiatric patients classified as PM or UM
for CYP2D6 show more frequent unsatisfactory response to treatment with antipsychotic and
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antidepressant drugs compared to patients classified as EM. Switching to other drugs and dose
changes are overall expressions of unsatisfactory response to treatment including treatment failure
and unacceptable adverse reactions. In a retrospective follow-up study we analysed the
prescription patterns of 138 patients genotyped for CYP2D6. We classified the CYP2D6 metabolic
pathway of each antidepressant and antipsychotic drug according to the available evidence. Only
drugs for which an in vivo relationship between CYP2D6 genotype and pharmacokinetic
properties has been documented were taken into account. We found that for antidepressant drugs
CYP2D6 genotype PM was associated with more frequent switching (RR 3.50; 95%CI 1.52 –
8.10) and with more dosage regimen changes (RR 2.18; 95%CI 1.36-3.49). For antidepressant
drugs CYP2D6 genotype UM was also associated with fewer dosage regimen changes (RR 0.18;
95%CI 0.08-0.45), but not with switches. For antipsychotic drugs an association was found
between CYP2D6 genotype PM and changes in dosage regimen (RR 2.18; 95%CI 1.61-2.95) but
not for switching.

In the study described in chapter 2.3 we did not find an association between CYP2D6 genotype
PM and more frequent switching of antipsychotic drugs compared to EMs for CYP2D6. As a
possible explanation, we suggested that psychiatrists prefer to treat Extrapyramidal Syndromes
(EPS) (parkinsonism, akathisia and dystonia) with antiparkinsonian drugs rather than to switch to
another drug. In chapter 2.4 we tested this hypothesis by investigating whether PMs for CYP2D6
using antipsychotics are more frequently treated with antiparkinsonian drugs compared to EMs
for CYP2D6. We investigated this hypothesis in the same study population as presented in chapter
2.3. We found that CYP2D6 genotype PM was associated with more frequent prescription of
antiparkinsonian drugs (OR 3.68; 95%CI 1.40-9.65) in patients treated with antipsychotics
primarily or partly metabolised by CYP2D6 Analysis restricted to antipsychotics primarily
metabolised by CYP2D6 showed a nonsignificant association with more frequent prescription of
antiparkinsonian drugs (OR 2.38; 95%CI 0.69-8.28). In psychiatric patients, antiparkinsonian
drugs are almost exclusively used for the treatment of EPS and can therefore be considered a
valid marker of EPS. The increased prescription rates of antiparkinsonian drugs in PMs for
CYP2D6 can therefore be seen as a determinant for EPS and unsatisfactory response in these
patients. These results suggest that the treating psychiatrist probably indeed chooses to treat EPS
with antiparkinsonian drugs instead of switching to another drug in patients using antipsychotic
drugs. Overall, the results from chapter 2.2, 2.3 and 2.4 suggest that genotyping of CYP2D6 may
identify patients who are prone to unsatisfactory response to treatment with both antidepressant
and antipsychotic drugs in (hospitalised) psychiatric patients.
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Besides genetically determined differences in pharmacokinetics, the variability in drug response
can also be attributed to genetic variability in factors influencing drug action, for example, the
drug receptor. In psychiatric pharmacotherapy at least two subtypes of the serotonin (5-HT)
receptor have shown to be important: the 5-HT2A and the 5-HT2C receptor. Polymorphisms in
the HTR2C gene coding for the 5-HT2C receptor are of interest because of the association
between HTR2C polymorphisms and the response of antipsychotic drugs but also because of the
association between HTR2C polymorphisms and antipsychotic-induced weight gain and
metabolic abnormalities. Several studies found an association between HTR2C polymorphisms
and antipsychotic-induced weight gain but results are conflicting. In general, more studies are
warranted to determine the possible value of genotyping pharmacodynamic polymorphisms in
daily clinical practice.

The objective of chapter 3.1 was to investigate whether polymorphisms in the HTR2C gene
(polymorphisms in promoter region: HTR2C:c.1-142948(GT)n, rs3813928 (-997 G/A), rs3813929
(-759 C/T), rs518147 (-697 G/C) and an intragenic polymorphism (rs1414334:C>G)) are
associated with obesity (Body Mass Index (BMI)>30 kg/m2) in patients using antipsychotics. In a
cross-sectional study we analysed 127 antipsychotic-medicated patients mainly diagnosed with
schizophrenia or schizoaffective disorder (89%). We found that the rs1414334 HTR2C C-allele
was associated with obesity (OR 2.80; 95%CI 1.03-7.62). There was no association between the
rs3813929 (-759 C/T) polymorphism and obesity (OR 0.86; 95%CI 0.31-2.40). The combined
genotype carrying the variant HTR2C:c.1-142948(GT)n 13 repeat allele, the common allele
rs3813929 (-759) C, the variant allele rs518147 (-697) C and the variant allele rs1414334 C was
significantly associated with an increased risk of obesity (OR 3.71; 95%CI 1.24-11.12) compared
to the combined genotype without variant alleles. These results suggest that genotypes of HTR2C
polymorphisms are associated with the occurrence of obesity in psychiatric patients using
antipsychotics. This association appears to be particularly strong in combined genotypes
including the variant allele of the intragenic polymorphism rs1414334.

An increased waist circumference as the result of overweight or obesity is one of the items of the
definition for the metabolic syndrome as classified by the National Cholesterol Education
Program’s Adult Treatment Panel III (NCEP: ATP III). To our knowledge there are no studies
available in which the association between polymorphisms in the HTR2C gene and the metabolic
syndrome were investigated. In chapter 3.2 we investigated whether polymorphisms in the
HTR2C gene (see chapter 3.1 for description of polymorphisms) were associated with the
metabolic syndrome in patients using antipsychotics. The metabolic syndrome was classified by
a modified version of NCEP: ATP III. Three or more of the following four metabolic parameters
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had to be out of the specified range: waist circumference >102 cm (male) or >88 cm (female),
triglycerides ≥1.7 mmol/l, HDL cholesterol <1.0 mmol/l (male) or <1.3 mmol/l (female) and blood
pressure ≥ 135/85 Hg or use of antihypertensive medication. Data on fasting plasma glucose
were not available. This study was performed in the same study population as presented in
chapter 3.1. In total, 112 patients mainly diagnosed with schizophrenia or schizoaffective disorder
(88%) were included. The included patients mainly (>80%) used atypical antipsychotics
(clozapine, olanzapine and risperidone). Carriership of the variant alleles of the HTR2C
polymorphisms rs518147, rs1414334 and HTR2C:c.1-142948(GT)n was associated with an
increased risk of the metabolic syndrome (adjusted odds ratio(OR) 2.62; 95% CI:1.00-6.85, OR
4.09; 95%CI 1.41-11.89 and OR 3.12; 95%CI 1.13-8.16, respectively). Analysis of the individual
items of the definition for the metabolic syndrome showed that the increased risk of the metabolic
syndrome is mainly the result of the association between HTR2C polymorphisms and waist
circumference (rs518147 (-697) C (OR 2.24; 95%CI 1.03-4.88), rs1414334 C (OR 3.76; 95%CI
1.25-11.29) and the HTR2C:c.1-142948(GT)n 13 repeat allele (OR 2.57; 95%CI 1.16-5.73).

A limitation of chapter 3.1 and 3.2 was the limited sample size. The small sample size may have
limited the power to detect differences between groups that are only moderate in size. In answer
to these limitations it is important that the results were confirmed in a larger sample of patients.
Therefore, in chapter 3.3 we attempted a replication of the association between HTR2C
polymorphisms and the metabolic syndrome in an independent sample of patients using
antipsychotics. We found that the variant HTR2C:c.1-142948(GT)n 13 repeat allele (OR 1.69;
95%CI 0.75-3.81) and rs1414334 C allele (OR 2.35; 95%CI 0.96-5.77) were not significantly
associated with the metabolic syndrome in the replication sample, but did show significance in
the pooled analysis with data as presented in chapter 3.2 (OR 2.09; 95%CI 1.12-3.91 and
OR 2.35; 95% CI 1.19-4.62, respectively). Interestingly, the pooled analysis showed that
the variant rs1414334 C allele was specifically associated with the metabolic syndrome
in patients using clozapine (OR 9.20; 95%CI 1.95-43.45) and risperidone
(OR 5.35; 95%CI 1.26-22.83), but clearly not in patients using classical antipsychotics
(OR 1.31; 95%CI 0.27-4.07). The replication study extends previous findings regarding the

association of HTR2C polymorphisms with the metabolic syndrome to a larger sample of patients
and implicates specific antipsychotic drugs. The increased risk for the metabolic syndrome,
especially an increased waist circumference, is particularly strong in carriers of the rs1414334 C
allele using clozapine or risperidone. Further studies are necessary to elucidate whether
genotyping of the HTR2C rs1414334 polymorphism together with genotype-adjusted
pharmacotherapy can reduce the occurrence of the metabolic syndrome in patients using
antipsychotics. In addition, further study of the molecular cause of the observed association is also
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warranted, to identify possible qualitative or quantitative molecular alterations of the HTR2C
gene product at the transcript or protein level.

Finally, in chapter 4 we discussed four topics that were relevant in one or more of the individual
chapters of this thesis, namely genetic pharmacoepidemiology, translation of genotype to clinical
phenotype, application of CYP2D6 and HTR2C genotyping results in daily practice and
perspectives for research and implementation in daily psychiatric practice

At this moment, the promise of tailor made pharmacotherapy to individual patients by genotyping
patients before starting pharmacotherapy is not reality yet. There are many challenges in genetic
pharmacoepidemiology, genotype translation and application in daily clinical practice that have
to be overcome before the expectations of pharmacogenetics will become true. However,
potential solutions are evolving rapidly and hopefully these obstacles will be overcome and
pharmacogenetics will enter and improve the treatment of individual patients in the near future.
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Psychiatrische patiënten gebruiken vaak één of meer psychofarmaca, zoals antidepressiva of
antipsychotica. De respons op de toediening van deze geneesmiddelen is variabel; ongeveer 20-
40% van de psychiatrische patiënten reageert niet toereikend op de ingestelde behandeling. Bij
de behandeling met psychofarmaca duurt het in veel gevallen enige weken voordat de balans
tussen werking en bijwerkingen kan worden geëvalueerd. Deze periode zorgt ervoor dat, samen
met een hoge incidentie van klinisch relevante bijwerkingen, psychiatrische patiënten een hoog
risico lopen om te stoppen met het innemen van hun voorgeschreven antidepressivum of
antipsychoticum. Deze complicaties suggereren dat farmacogenetica een belangrijk instrument
zou kunnen zijn om de psychiatrische farmacotherapie te individualiseren.

Farmacogenetica wordt gedefinieerd als het onderzoeksgebied dat zich richt op de vraag of, en
in welke mate, genetische variatie de respons op geneesmiddelen kan verklaren en voorspellen
bij individuele patiënten. Genetische variatie wordt gedefinieerd als een polymorfisme, indien
deze variatie voorkomt bij meer dan 1% van de totale populatie. Genetische polymorfismen
kunnen vastgesteld met een genotypering, waarbij het DNA van een persoon wordt onderzocht
op de aanwezigheid van specifieke genetische variaties. Het vaststellen van relevante genotypes
vóór het starten met een farmacotherapeutische behandeling zou het mogelijk maken om een
advies op maat te geven voor de keuze van het geneesmiddel en de bijpassende dosering.

In dit proefschrift worden twee polymorfismen (CYP2D6 en HTR2C) beschreven die, in de nabije
toekomst, mogelijk toegepast zullen worden bij het individualiseren van de farmacotherapie. Het
belangrijkste doel van dit proefschrift is om te onderzoeken of polymorfismen in het gen voor
cytochroom P450 2D6 (CYP2D6) en de serotonine 2C receptor (HTR2C) geassocieerd zijn met
een ontoereikende respons (onvoldoende respons, teveel bijwerkingen) op farmacotherapie in de
dagelijkse psychiatrische praktijk. Het eerste gedeelte (hoofdstuk 2) beschrijft de associatie tussen
het CYP2D6 genotype (genetische variatie in farmacokinetiek) en de globale klinische respons op
zowel antidepressiva als antipsychotica in de dagelijkse psychiatrische praktijk. Het tweede
gedeelte (hoofdstuk 3) beschrijft de associatie tussen HTR2C genotypes (genetische variatie in
farmacodynamie) en metabole stoornissen bij patiënten die antipsychotica gebruiken.

Op dit moment is CYP2D6 genotypering waarschijnlijk de meest bekende farmacogenetische
toepassing in de psychiatrische praktijk. CYP2D6 polymorfismen verdelen een normale populatie
in een aantal fenotypische categorieën. In de eerste plaats is er een groep met normaal
metabolisme: dit zijn de zogenaamde Extensive Metabolisers (EM), waarbij sprake is van een
normale afbraakcapaciteit. In de tweede plaats is er een groep met vertraagd metabolisme,
waarbij sprake is van een genotype met twee mutante allelen coderend voor een niet-
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functionerend enzym: dit zijn de Poor Metabolisers (PM). In een Kaukasische populatie is
ongeveer 5-10% PM. Tenslotte is er bij metabolisme via CYP2D6 een groep waarbij het
metabolisme is versneld door duplicatie van het gen voor CYP2D6: dit zijn de zogenaamde
Ultrarapid Metabolisers (UM). In een Kaukasische populatie is ongeveer 1-10% UM. Het
metabolisme van een EM vertoont grote spreiding, waarbij soms nog de categorie van
intermediaire metaboliseerders (intermediate metabolisers, IM) benoemd wordt. Een IM heeft
een afbraakcapaciteit die ligt tussen die van een EM en een PM. Omdat een groot gedeelte van
alle antipsychotica en antidepressiva in ieder geval gedeeltelijk wordt afgebroken door CYP2D6,
zou dit kunnen betekenen dat 20% van de psychiatrische patiënten een verhoogd risico heeft om
niet toereikend te reageren op de voorgeschreven antidepressiva en/of antipsychotica.

Ondanks de grote aantallen onderzoeken waarin de klinische relevantie van CYP2D6
genotypering is onderzocht, is de prevalentie van geneesmiddelen die worden afgebroken door
CYP2D6 in verschillende patiëntenpopulaties relatief onduidelijk. In hoofdstuk 2.1 hebben we
de prevalentie onderzocht van patiënten in zes verschillende patiëntenpopulaties (algemene
populatie (1e lijn), perifeer ziekenhuis, geriatrie, psychogeriatrie, psychiatrie en geestelijke
gehandicapt) die minimaal één substraat gebruikten dat primair door CYP2D6 wordt afgebroken.
In een dwarsdoorsnede onderzoek hebben we willekeurig geselecteerde medicatiehistories van
150 volwassen patiënten uit iedere patiëntenpopulatie geanalyseerd. We vonden dat patiënten
opgenomen in een perifeer ziekenhuis (RR 1.81; 95%BI 1.26-2.62), geriatrische patiënten
(RR 2.16; 95%BI 1.26-2.62), psychogeriatrische patiënten (RR 2.31; 95%BI 1.63-3.27) en
psychiatrische patiënten (RR 2.44; 95%BI 1.73-3.44) vaker behandeld werden met minimaal één
geneesmiddel dat primair door CYP2D6 werd afgebroken in vergelijking met de algemene
populatie. Ongeveer 50% van de psychiatrische (52%), psychogeriatrische (49%) en geriatrische
(46%) patiënten gebruikte minimaal één geneesmiddel dat primair door CYP2D6 werd
afgebroken. In totaal was 62% van alle geneesmiddelen die werden afgebroken door CYP2D6
een antidepressivum of een antipsychoticum. Dit suggereert dat populaties die behandeld worden
met antidepressiva en/of antipsychotica waarschijnlijk het meest profiteren van de implementatie
van CYP2D6 genotypering.

Farmacokinetische polymorfismen, zoals CYP2D6, zijn gerelateerd aan variatie in genen die
coderen voor enzymen die geneesmiddelen afbreken. Deze polymorfismen dragen met name
de belofte met zich mee dat ze plasmaconcentratie (dosis) afhankelijke bijwerkingen (type A
bijwerkingen) kunnen voorspellen. In hoofdstuk 2.2 hebben we in een retrospectief onderzoek
onderzocht of het CYP2D6 genotype de variatie in plasmaconcentraties van antidepressiva en
antipsychotica kan voorspellen in de dagelijkse psychiatrische praktijk. Plasmaconcentraties van
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antidepressiva en antipsychotica zijn onderzocht bij 62 gehospitaliseerde patiënten met een
bekend CYP2D6 genotype. Voor antidepressiva vonden we dat het CYP2D6 genotype PM en IM
was geassocieerd met hogere plasmaconcentraties in vergelijking met EMs. Daarnaast was het
risico op een plasmaconcentratie buiten het therapeutisch venster verhoogd voor PMs
(OR 33.1; 95BI% 2.0-544.6) en IMs (OR 8.2; 95%BI 1.1-60.3) in vergelijking met EMs. Er werd
geen duidelijke associatie gevonden tussen het CYP2D6 genotype en plasmaconcentraties van
antipsychotica. De gevonden resultaten suggereren op zijn minst dat behandelende psychiaters
problemen hebben bij het herleiden van afwijkende resultaten van Therapeutic Drug Monitoring
(TDM) naar patiënten met farmacokinetische problemen. CYP2D6 genotypering voorafgaand
aan de instelling op farmacotherapie zou het mogelijk maken om patiënten met een verhoogd
risico op te hoge plasmaconcentraties te identificeren. Patiënten die geclassificeerd worden als
IM of PM kunnen vervolgens frequenter ondersteund worden met TDM bij geneesmiddelen die
primair door CYP2D6 worden afgebroken. Toekomstig onderzoek zou moeten uitwijzen of deze
benadering in staat is om plasmaconcentratie afhankelijke bijwerkingen te voorkomen.

In hoofdstuk 2.3 hebben we onderzocht of gehospitaliseerde psychiatrische patiënten met
CYP2D6 genotype PM of UM frequenter ontoereikend reageren op de behandeling met
antipsychotica en antidepressiva, in vergelijking met patiënten met CYP2D6 genotype EM.
Switchen naar een ander geneesmiddel en het veranderen van de dosering zijn uitingen van een
ontoereikende respons (onvoldoende respons of teveel bijwerkingen) op de behandeling. In een
retrospectief follow-up onderzoek hebben we de medicatiehistories onderzocht van 138
patiënten die we hebben gegenotypeerd voor CYP2D6. De gebruikte antidepressiva en
antipsychotica werden geclassificeerd als substraat voor CYP2D6 op basis van het beschikbare
bewijs in de literatuur. In de analyse zijn alleen geneesmiddelen meegenomen waarvan een
positieve in vivo relatie met het CYP2D6 genotype en farmacokinetische parameters is
beschreven. We vonden dat het CYP2D6 genotype PM was geassocieerd met frequenter switchen
(RR 3.50; 95%BI 1.52 – 8.10) en meer doseerwijzingen (RR 2.18; 95%BI 1.36-3.49) van
antidepressiva in vergelijking met EMs. Het genotype UM was geassocieerd met minder
doseerwijzigingen van antidepressiva (RR 0.18; 95%BI 0.08-0.45) maar niet met de frequentie
van switchen. Voor antipsychotica-gebruikers werd een associatie gevonden tussen het CYP2D6
genotype PM (RR 2.18; 95%BI 1.61-2.95) en doseerwijzigingen, maar geen associatie met de
frequentie van switchen.

Het onderzoek uit hoofdstuk 2.3 toonde geen associatie aan tussen het CYP2D6 genotype PM en
een hogere frequentie van switchen van antipsychotica in vergelijking met EMs voor CYP2D6.
Een mogelijke verklaring voor dit resultaat zou kunnen zijn dat psychiaters ervoor kiezen om
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extrapiramidale stoornissen (EPS: parkinsonisme, akathesie, dystonie) te behandelen met
anticholinergica in plaats van te switchen naar een ander antipsychoticum. In hoofdstuk 2.4
hebben we deze hypothese onderzocht door te beoordelen of PMs voor CYP2D6 die
antipsychotica gebruiken vaker behandeld worden met anticholinergica in vergelijking met EMs.
Deze hypothese werd onderzocht in de populatie die is beschreven in hoofdstuk 2.3. We vonden
dat het CYP2D6 genotype PM was geassocieerd met frequentere behandeling met
anticholinergica (OR 3.68; 95%BI 1.40-9.65), bij patiënten die behandeld werden met
antipsychotica die primair of gedeeltelijk via CYP2D6 worden afgebroken. Indien we de analyse
beperkten tot antipsychotica die primair door CYP2D6 worden afgebroken, vonden we een niet
significante associatie met een hogere frequentie van behandelingen met anticholinergica
(OR 2.38; 95%BI 0.69-8.28). Bij psychiatrische patiënten worden anticholinergica bijna
uitsluitend toegepast voor de behandeling van EPS. Behandeling met anticholinergica kan dan
ook worden geïnterpreteerd als een valide marker voor EPS. De gevonden resultaten suggereren
dat de behandelende psychiater inderdaad prefereert om bij EPS te starten met anticholinergica
in plaats van te switchen naar een ander antipsychoticum. De resultaten van hoofdstuk 2.2, 2.3
en 2.4 suggereren dat CYP2D6 genotypering in staat kan zijn om gehospitaliseerde patiënten te
identificeren die een verhoogd risico hebben op een ontoereikende respons op zowel
antidepressiva als antipsychotica.

Naast genetisch bepaalde verschillen in farmacokinetiek, kan variabiliteit in de respons op
geneesmiddelen ook verklaard worden door genetische variatie in factoren die van invloed zijn
op de farmacodynamie van een geneesmiddel, zoals de receptoren waarop een geneesmiddel
aangrijpt. In psychiatrische farmacotherapie zijn twee subtypes van de serotonine (5-HT) receptor
belangrijk: de 5-HT2a en de 5-HT2c receptor. Polymorfismen in het HTR2C gen, dat codeert
voor de 5-HT2c receptor, zijn interessant omdat ze geassocieerd zijn met zowel de respons op
antipsychotica, als met antipsychotica geïnduceerde gewichtstoename en metabole stoornissen.
Meerdere onderzoeken hebben associaties aangetoond tussen HTR2C polymorfismen en
antipsychotica geïnduceerde gewichtstoename, maar niet alle onderzoeken konden de initieel
positieve resultaten bevestigen. In het algemeen kan worden gesteld dat meer onderzoek nodig
is om de klinische relevantie van farmacodynamische polymorfismen voor de dagelijkse praktijk
vast te stellen.

Het doel van hoofdstuk 3.1 was om te onderzoeken of polymorfismen in het HTR2C gen
(polymorfismen in de promotor regio HTR2C:c.1-142948(GT)n, rs3813928 (-997 G/A),
rs3813929 (-759 C/T), rs518147 (-697 G/C) alsmede een intrageen polymorfisme
(rs1414334:C>G)) geassocieerd zijn met obesitas (Body Mass Index (BMI)>30 kg/m2) bij patiënten
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die antipsychotica gebruiken. In een dwarsdoorsnede onderzoek hebben we 127
antipsychoticagebruikers (belangrijkste diagnose schizofrenie en schizoaffectieve stoornis)
geanalyseerd. We vonden dat het rs1414334 HTR2C C-allel geassocieerd was met obesitas
(OR 2.80; 95%BI 1.03-7.62). Dit verband werd niet gevonden voor het rs3813929 (-759 C/T)
polymorfisme en obesitas (OR 0.86; 95%BI 0.31-2.40). Het gecombineerde genotype met het
variant HTR2C:c.1-142948(GT)n 13 repeat allel, het common allele rs3813929 (-759) C, het
variant allel rs518147 (-697) C en het variant allel rs1414334 C was significant geassocieerd met
een verhoogd risico op obesitas (OR 3.71; 95%BI 1.24-11.12), in vergelijking met het
gecombineerde genotype zonder variante allelen. De resultaten suggereren dat HTR2C
polymorfismen geassocieerd zijn met de kans op obesitas bij psychiatrische patiënten die
antipsychotica gebruiken. De associatie lijkt met name sterk voor gecombineerde genotypes met
het variante intragene rs1414334 C-allel.

Een vergrote buikomvang als gevolg van overgewicht of obesitas is één van de items van de
definitie voor het metabool syndroom, zoals deze is vastgesteld door het ‘National Cholesterol
Education Program’s Adult Treatment Panel III (NCEP: ATP III)’. Zover bekend, zijn er geen
onderzoeksresultaten beschikbaar waarin de associatie tussen HTR2C polymorfismen en het
metabool syndroom werd onderzocht. In hoofdstuk 3.2 hebben we onderzocht of HTR2C
polymorfismen (zie hoofdstuk 3.1 voor een beschrijving van de onderzochte polymorfismen)
geassocieerd zijn met het metabool syndroom bij patiënten die antipsychotica gebruiken. Het
metabool syndroom werd geclassificeerd conform een aangepaste versie van de definitie van
NCEP: ATP III. Drie of meer van de volgende vier metabole parameters moesten buiten de
gespecificeerde grenzen vallen: buikomvang >102 cm (man) of >88 cm (vrouw), triglycerides
≥1.7 mmol/l, HDL cholesterol <1.0 mmol/l (man) of <1.3 mmol/l (vrouw) en bloeddruk ≥ 135/85
mm Hg of het gebruik van antihypertensiva. Gegevens over nuchtere plasmaglucosewaarden
waren niet beschikbaar. Het onderzoek is uitgevoerd in dezelfde populatie als in hoofdstuk 3.1.
In totaal zijn 112 patiënten (schizofrenie of schizoaffectieve stoornis) geïncludeerd. De
geïncludeerde patiënten gebruikten voornamelijk (>80%) atypische antipsychotica (clozapine,
olanzapine en risperidon). Dragerschap van de variante allelen van de HTR2C polymorfismen
rs518147, rs1414334 en HTR2C:c.1-142948(GT)n was geassocieerd met een verhoogd risico op
het metabool syndroom (OR 2.62; 95% BI:1.00-6.85, OR 4.09; 95%BI 1.41-11.89 and
OR 3.12; 95%BI 1.13-8.16, respectievelijk). Analyse van de individuele items van het metabool
syndroom toonde aan dat het verhoogde risico op het metabool syndroom met name werd
veroorzaakt door de associatie tussen HTR2C polymorfismen en een vergrote buikomvang
(rs518147 (-697) C (OR 2.24; 95%BI 1.03-4.88), rs1414334 C (OR 3.76; 95%BI 1.25-11.29) en
het HTR2C:c.1-142948(GT)n 13 repeat allel (OR 2.57; 95%BI 1.16-5.73).
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Een beperking van hoofdstuk 3.1 en 3.2 was het geringe aantal geïncludeerde patiënten. Het
aantal geïncludeerde patiënten kan het statistisch vermogen om kleine verschillen aan te tonen
tussen verschillende genotypes verkleind hebben. Om deze beperking te weerleggen, is het
belangrijk dat de resultaten worden bevestigd in een andere, onafhankelijke patiëntenpopulatie.
In hoofdstuk 3.3 is gepoogd een replicatie van de associatie tussen HTR2C polymorfismen en het
metabool syndroom te bewerkstelligen, in een onafhankelijke populatie van patiënten die
antipsychotica gebruiken. We vonden dat het variant HTR2C:c.1-142948(GT)n 13 repeat allel
(OR 1.69; 95%BI 0.75-3.81) en het rs1414334 C allel (OR 2.35; 95%BI 0.96-5.77) niet significant
geassocieerd waren met het metabool syndroom indien we alleen de replicatie populatie
analyseerden, maar er werd wel een significante associatie gevonden indien we een gepoolde
analyse met de data uit hoofdstuk 3.2 uitvoerden (OR 2.09; 95%BI 1.12-3.91 and OR 2.35; 95%
BI 1.19-4.62, respectievelijk). De gepoolde analyse liet bovendien zien dat het rs1414334 C allel
met name geassocieerd was met het metabool syndroom bij patiënten die clozapine
(OR 9.20; 95%BI 1.95-43.45) of risperidon (OR 5.35; 95%BI 1.26-22.83) gebruikten. Er werd
geen associatie gevonden voor patiënten die klassieke antipsychotica gebruikten
(OR 1.31; 95%BI 0.27-4.07). Het replicatie onderzoek breidt de informatie met betrekking tot de
associatie tussen HTR2C polymorfismen en het metabool syndroom uit tot een grotere
patiëntenpopulatie en specifieke antipsychotica. Het verhoogde risico op het metabool syndroom,
specifiek een vergrote buikomvang, is met name geassocieerd met dragers van het rs1414334 C-
allel die clozapine of risperidon gebruiken. Aanvullend onderzoek is noodzakelijk om te
onderzoeken of HTR2C genotypering, voorafgaand aan de instelling op antipsychotica, het risico
op het ontwikkelen van het metabool syndroom kan verkleinen. Daarnaast is aanvullend
onderzoek nodig naar de moleculaire oorzaak van de gevonden associaties. Dit onderzoek zou
mogelijk kwalitatieve en kwantitatieve veranderingen van het product van het HTR2C gen kunnen
identificeren op het transcript- of eiwitniveau.

Tenslotte worden in hoofdstuk 4 vier onderwerpen beschreven, die relevant waren in één of meer
van de afzonderlijke hoofdstukken (genetische farmaco-epidemiologie, vertaling van een
genotype naar een klinisch fenotype, toepassing van CYP2D6 en HTR2C genotypering in de
dagelijkse praktijk en perspectieven voor onderzoek en implementatie in de dagelijkse
psychiatrische praktijk). Op dit moment is de belofte van geïndividualiseerde farmacotherapie
door het genotyperen van patiënten voorafgaand aan de instelling op farmacotherapie nog geen
realiteit. Er zijn meerdere uitdagingen, op het gebied van genetische farmaco-epidemiologie,
vertaling van genotypes naar een klinisch fenotype en de implementatie in de dagelijkse klinische
praktijk, die moeten worden overwonnen, voordat de hoopvolle verwachtingen van de
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farmacogenetica kunnen worden ingelost. Potentiële oplossingen komen in toenemende mate
beschikbaar en hopelijk kunnen de obstakels worden overwonnen, zodat farmacogenetica de
dagelijkse praktijk kan betreden en de behandeling van de individuele patiënt in de nabije
toekomst kan verbeteren.
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Dankwoord





En dan nu het best gelezen hoofdstuk van ieder proefschrift: het dankwoord. Toen ik in 2002
begon met het onderzoek wat heeft geleid tot dit proefschrift had ik niet gedacht dat ik onderweg
zoveel leuke en interessante mensen zou ontmoeten. Een aantal van deze mensen wil ik graag
bedanken.

Allereerst mijn promotor, Toine Egberts. Al vanaf het eerste gesprek dat we hebben gevoerd in
2002 voelt het goed om met jou te werken aan dit project. Ik heb me altijd verbaasd over de
frisheid waarmee je mij gedurende deze gehele periode hebt begeleid. Je bent in staat om mij op
de juiste momenten op een positieve wijze te stimuleren. Manuscripten werden van scherp en
goed commentaar voorzien. Ondanks het feit dat ik op afstand mijn onderzoek deed, wist je
altijd precies waar ik mee bezig was. Ik ben begonnen met dit onderzoek om ‘te leren onderzoek
te doen’ en ik vond het een voorrecht dit leerproces te mogen doormaken onder jouw
begeleiding. Ik hoop dat we nog vele jaren samen mogen werken aan nieuwe projecten. Het
zou mooi zijn als we het uitvoeren van farmacogenetisch onderzoek kunnen verankeren in de
dagelijkse praktijk van het Wilhelmina Ziekenhuis Assen en de GGZ Drenthe.

Erik Wilmink, co-promotor. In eerste instantie leek het mij en mijn opleider voor de opleiding tot
ziekenhuisapotheker, Jaap Jedema, handig als we een psychiater van de GGZ Drenthe konden
betrekken bij mijn registratieonderzoek. Vanaf het eerste moment was je enthousiast om mee te
werken en toen dit onderzoek een promotieonderzoek werd, was de stap snel gezet om jou als
co-promotor te vragen. Naast je ‘klinische blik’ als dokter heb je een grote bijdrage geleverd aan
mijn kijk op de statistiek en de wijze waarop je een onderzoek moet ontwerpen en uitvoeren. We
waren het lang niet altijd eens over het plan van aanpak voor het ontwerp en de analyse van ons
onderzoek. Ik was vaak voorstander van snelle en praktische stappen, terwijl jij graag in detail
wilde weten waarom bepaalde keuzes waren gemaakt. Onze ‘woensdagochtend’ gesprekken
waren daardoor altijd levendig en inspirerend. Ik heb altijd genoten van deze gesprekken. Ik
hoop dat het ons zal lukken om onderzoek structureel onderdeel te laten worden van de opleiding
tot psychiater, waarbij we aankomende psychiaters enthousiast kunnen maken voor het uitvoeren
van wetenschappelijk onderzoek.

Wobbe Hospes, gevestigd ziekenhuisapotheker van het Wilhelmina Ziekenhuis Assen. Dit
onderzoek was niet mogelijk geweest zonder de steun en vrijheid die ik heb gekregen van de
apotheek van het Wilhelmina Ziekenhuis Assen. Jij was enthousiast over mijn onderzoek en hebt
altijd het belang van dit onderzoek onderstreept voor de positie van de apotheek binnen de
instellingen en het ziekenhuis. Daarnaast ben je een erg fijne collega met wie het prettig
samenwerken is. Ik vind het dan ook jammer dat je het WZA verlaat voor een nieuwe uitdaging
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in Zwolle. Ik wil je daarbij veel succes toewensen en zeggen dat ik bewondering heb voor het
feit dat je niet kiest voor de veilige weg om in Assen te blijven. Een dergelijke beslissing vraagt
een hoop moed. Ik ben er trots op dat je mijn paranimf wilt zijn.

Naast Wobbe wil ik ook de andere (ziekenhuis)apothekers: Elsbeth, Jaap, Lous, Mariët en Yvonne
bedanken voor de gezelligheid, vriendschap en professionaliteit waarmee we naar mijn mening
één van de mooiste apotheken van dit land aan het neerzetten zijn. Ik prijs me erg gelukkig met
het feit dat ik in een organisatie werk waar ik niet op ‘mijn rug’ hoef te letten. Naast de huidige
collega’s wil ik ook Karen van Dijk en Marjan Bouma bedanken voor de periode waarin ze deel
hebben uitgemaakt van het team apothekers van het WZA.

Plezier in je werk is voor mij altijd vanzelfsprekend geweest vanaf de eerste dag dat ik in het
WZA begon te werken. Een belangrijke factor in deze zijn de medewerkers van de apotheek/CSA.
Mijn onderzoek heeft zich een beetje buiten het gezichtsveld van de organisatie afgespeeld, maar
ik vond het altijd prettig dat een groot aantal personen veel belangstelling had voor mijn
onderzoek. Ondanks het feit dat het aantal medewerkers ieder jaar groter wordt, is het belangrijk
ervoor te zorgen dat het ‘wij’-gevoel intact blijft. In het bijzonder wil ik René Schutte noemen.
Ik ben blij dat jij de uitdaging hebt geaccepteerd om binnen de apotheek een genetische unit op
te zetten, samen met Elsbeth Nijenhuis van de afdeling Klinische Chemie. Ik hoop van harte dat
we nog mooie genetische jaren voor de boeg hebben.

Ik heb vanaf het begin gekozen om mijn promotieonderzoek zoveel mogelijk in mijn thuissituatie
of in de apotheek uit te voeren. Het gevolg van deze keuze was dat ik niet zo heel vaak aanwezig
ben geweest op de afdeling Farmacoepidemiologie en Farmacotherapie. Als ik wel aanwezig
was, werd voor mij vaak bevestigd dat het een goede keuze was om ‘thuis’ te promoveren, want
vermoedelijk was ik anders door de gezelligheid nog niet klaar geweest met mijn promotie. Het
secretariaat wil ik bedanken voor het beantwoorden van mijn vragen, Svetlana Belitser voor de
statistische hulp bij verschillende hoofdstukken van dit proefschrift en Rob Heerdink voor zijn
bijdrage aan hoofdstuk 2.1.

De onderzoeksdagen thuis waren niet mogelijk geweest zonder mijn moeder. Toen Lennart een
meer dan gezonde belangstelling begon te ontwikkelen voor mijn toetsenbord, heb jij mij een
lange periode geholpen door op mijn ‘onderzoeksmaandag’ op de kinderen te passen. Op dit
moment kan ik me echter niet meer voorstellen dat ik mijn ‘papadag’ niet meer zou hebben en
is onderzoek op deze dag ondergeschikt aan zandgebakjes bakken en boekjes voorlezen. Linda
en ik genieten wekelijks van jou en papa, zoals jullie omgaan met de kinderen op jullie oppasdag.
Dit geldt ook voor mijn schoonouders. Wij beseffen maar al te goed hoe fijn het is om zulke
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lieve en warme (schoon)ouders te hebben die graag op de kinderen passen en ook nog steeds een
beetje voor ons zorgen.

Dit onderzoek was onmogelijk geweest zonder de medewerking van talloze mensen binnen de
GGZ Drenthe. In de beginfase van mijn onderzoek had ik nog de illusie dat het mogelijk zou zijn
om alle patiënten zelf te includeren. Al snel bleek dit een onmogelijke opgave, vanwege
tijdgebrek, maar met name omdat ik geen directe patiëntenrelatie had met de patiënten die ik
graag wilde includeren. Vele persoonlijke begeleiders en voorschrijvers hebben patiënten
gevraagd om mee te doen aan zowel het CYP2D6 onderzoek als het HTR2C onderzoek. Zonder
deze inspanningen was dit boekje niet tot stand gekomen. Een aantal personen van de GGZ
Drenthe wil ik speciaal bedanken. Allereerst Johan Arends en Annet Derks. Ik krijg van vele
mensen vaak het predicaat ‘enthousiast’ opgeplakt. Dit predicaat past jullie ook uitermate goed,
want mede dankzij jullie enthousiasme is het HTR2C project het succes geworden wat is te lezen
in dit proefschrift. Naast het onderzoek hebben we ook mooie resultaten bereikt met het
psychiatrisch geneesmiddelenformularium en het voorschrijversoverleg binnen de verschillende
divisies van de GGZ Drenthe. Ik kijk ernaar uit om in de toekomst verder te gaan met het
verankeren van onderzoek en rationele farmacotherapie binnen de GGZ Drenthe. Naast deze
twee specifieke personen wil ik ook Jenneken Kappert, Wim van Oven, Cees Slooff en de
psychiaters in opleiding noemen als motiverende mensen met wie ik graag samenwerk.

Anita Herder en Annemarie van der Aart-van der Beek wil ik bedanken voor het uitvoeren van
hun registratieonderzoek voor de opleiding tot ziekenhuisapotheker in het kader van mijn
promotieonderzoek. Hoofdstuk 2.2 en hoofdstuk 3.1 en 3.3 waren niet mogelijk geweest zonder
jullie bijdrage.

Wim Tamminga wil ik bedanken voor zijn bijdrage aan het CYP2D6-project. Dankzij jouw
enthousiasme werd het mogelijk gemaakt om de CYP2D6 genotyperingen te laten uitvoeren door
het toenmalige Pharma Bio-Research (sinds 2006 PRA International).

Hans Scheffer en Barbara Franke wil ik bedanken voor de genetische kennis die zij hebben
ingebracht in het HTR2C-project. Apothekers krijgen nog steeds weinig scholing met betrekking
tot genetica. Ik ben dan ook blij dat ik, via Wim van Oven en Cees Slooff, in contact ben gekomen
met jullie. Een zeer belangrijke bijdrage van jullie is het toevoegen van het intragene
polymorfisme (rs1414334) in het HTR2C-project. Deze toevoeging leidt mogelijk tot een andere
richting in het internationale onderzoek naar de associatie tussen HTR2C polymorfismen en
metabole stoornissen als gevolg van antipsychotica. Barbara, jou wil ik met name bedanken voor
het zeer goede commentaar op alle manuscripten die we samen hebben geschreven.
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Dan Cohen wil ik bedanken voor de samenwerking ten aanzien van het replicatieonderzoek met
de HTR2C polymorfismen. Dankzij de gegevens uit jouw onderzoek was het mogelijk om onze
initiële resultaten bij patiënten uit GGZ Drenthe te repliceren in een andere, onafhankelijke
patiëntenpopulatie. Ik hoop dat we in de nabije toekomst ook de associatie tussen HTR2C
genotypes en het leptinesysteem kunnen gaan onderzoeken.

Alle leden van de leescommissie (Prof.dr. R.A. Adan, Prof.dr. A. de Boer, Prof.dr. H.J. Guchelaar,
Prof.dr. A.J. Loonen en Prof.dr. B. Olivier) wil ik hartelijk danken voor de snelle beoordeling van
mijn manuscript.

Martijn Pieck van de dienst grafische vormgeving wil ik bedanken voor het ontwerpen van de
figuren en de voorkant van dit proefschrift. Astrid en Marije Appelhof wil ik bedanken voor het
lay-outen van het proefschrift en het meedenken over de voorkant. Het is erg mooi geworden en
ik vond het leuk om dit samen met jullie te doen.

Tot slot wil ik mijn familie, vrienden en vriendinnen bedanken voor de vriendschap van de
afgelopen jaren. Specifiek wil ik René van Hulst bedanken voor het feit dat hij mijn paranimf wil
zijn. Wie had in 1991 bij de start van onze studie Farmacie gedacht dat we in 2007 allebei
zouden gaan promoveren. Ik vind het inspirerend om met je te discussiëren over onze
onderzoeken. Ik ben benieuwd wat de komende jaren ons gaat brengen.

Lieve Lennart en Kilian, ik geniet iedere dag intens van jullie. Ik ben zo ontzettend nieuwsgierig
wat voor mannetjes jullie gaan worden. Het vaderschap is een zoveel mooiere titel dan die van
doctor in de wetenschap! Tenslotte, als laatste de meest belangrijke persoon in mijn leven. Lieve
Linda, je wordt er altijd verlegen van maar, echt, ik had dit niet gekund zonder jou. Ons leventje
samen met de kinderen is iedere dag weer een mooie droom.
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