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Introduction

This thesis is about the role of CYP2D6, a drug-metabolizing enzyme, in today’s pharmaco-

therapy. Cytochrome P450 2D6 (CYP2D6) is an important member of a large family of enzymes 

with the name cytochrome P450 which is abundantly present in most non-monocellular living 

organisms. Its history probably goes back for millions of years, when animals developed de-

toxifying enzymes as a defence mechanism against plant stress metabolites. Evolutionary pres-

sure led to more and more diversity in these P450 genes. Nowadays, this genetic variation in 

CYP2D6 plays an important role in explaining variability in drug response. In this introduction, 

the variability in drug response will be discussed, followed by genetic variation, pharmacoki-

netics and pharmacodynamics, the cytochrome P450 enzyme family, the possible infl uence of 

CYP2D6 on drug response and adverse reactions to drugs, disease susceptibility, and aims and 

scope of this thesis.

Variability in drug response

Patients differ in their response to drugs. On average only 40% of all patients will benefi t from 

a particular drug [1]. Some patients will experience adverse drug reactions, while others will 

not. Although variability in drug response can be explained by age, gender, renal and liver 

function, underlying disease or drug interactions, genetic factors also contribute to differences 

in drug response [2]. 

Pharmacogenetics is the study of how genetic differences infl uence variability in patients’ 

responses to drugs [3]. The history of pharmacogenetics goes back as far as 510 b.c. when 

Pythagoras noted that ingestion of fava beans resulted in hemolytic anemia in some individuals 

in southern Italy. This potentially fatal reaction following the intake of fava beans is provoked 

by an enzyme defi ciency, glucose-6-phosphate dehydrogenase (G6PD), an X chromosome 

linked trait occurring in approximately 30% of the population around the Mediterranean [4]. 

Nevertheless, the idea that genes explain variability in drug response was suggested as late as 

in the 1950s [5,6], when a prolonged muscle relaxing effect of succinylcholine during anes-

thesia was found in patients with a genetic lack of butyrylcholinesterase. One year later, it was 

described that genetic variation in N-acetyltransferase could lead to peripheral neuropathy in 

patients using the antituberculosis drug isoniazid [7]. The early studies concentrated mostly 

on genetic variation in drug metabolism (pharmacokinetics). Nowadays, genetic variation in 

drug targets (pharmacodynamics) and multifactorial infl uences on drug response are more and 

more investigated. Most differences are not predicted by mutations in a single gene, but by the 

altered function of several genes or by interaction between genes and environment. This has 

led to the movement of the fi eld of pharmacogenetics to pharmacogenomics, a broader term 

for the research area studying infl uence of genetic variation on drug response in the treatment 

of complex diseases. 



C
ha

pt
er

 1

10

Currently, many drugs are still prescribed according to the model that ‘one dose fi ts all’, al-

though we know that some patients may not benefi t from the drug or experience adverse drug 

reactions. This thesis focuses on the infl uence of genetic variation in CYP2D6 on drug response 

and disease susceptibility. 

Genetic variation

Between two unrelated persons, 99.9% of the human genome is identical. Genetic variability 

exists in only 0.1% of 3.3 billion base pairs (on average one variant per 100-300 base pairs). 

DNA consists of two long polymers of nucleotides forming a double-helix. The bases in this 

nucleotide structure of DNA are made up of adenine (A), cytosine (C), guanine (G) and thymine 

(T), attached to sugar/phosphate to form the complete nucleotide. A gene is a sequence of 

DNA that contains introns and exons, the latter with genetic information for the synthesis 

of a particular protein. Transcription of DNA into messenger RNA (mRNA) takes place in the 

cell nucleus. Subsequently, mRNA is translated into amino acids on the basis of base triplets 

in cytoplasmic ribosomes where ultimately the protein structure is defi ned. The process of 

transcription and translation is depicted in fi gure 1. 

Figure 1. From genome to protein [adapted from www.genome.gov]
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Proteins form the basis of almost all enzymes, cell and tissue structures. They also control 

chemical reactions and carry signals between cells. If there is a mutation in the nucleotide 

sequence of DNA, an abnormal protein might be produced, potentially leading to a change in 

biological function and processes. 

The human genome is diploid (one paternal and one maternal allele of each chromosome).

The most common type of variant is a single nucleotide polymorphism (SNP), a single-base 

difference in the DNA sequence that can be observed between individuals in the population. 

A genetic polymorphism has been defi ned as the minor allele occurring in more than 1% of 

the population, whereas mutations are those with a lower frequency [8]. Many mutations have 

been discovered in coding sequences of genes causing rare inherited diseases. When a SNP 

occurs at a coding region, it may have no infl uence on the amino acid sequence of the protein 

that is produced (synonymous SNP or silent mutation) or it may result in the synthesis of a new 

amino acid sequence leading to an altered protein function (non-synonymous SNP). SNPs that 

are not in protein-coding regions may still have consequences for gene splicing, transcription 

factor binding, or the sequence of non-coding RNA. A SNP can be present on 0, 1 or 2 alleles. 

If an individual has no polymorphism on both alleles, this individual is called homozygous wild 

type. One speaks of homozygous variant if both alleles are affected. An individual with one 

wild type and one variant allele is heterozygous.

Duplication or multiplication (copy number variations) of a DNA sequence also occur and 

can result in increased or decreased protein product or altered disease susceptibility. Other 

types of genetic variation are deletion, insertion, translocations and tandem repeats, but are 

not discussed in detail.

Pharmacokinetics and pharmacodynamics

When a drug is administered, it is absorbed from the gastrointestinal tract into the blood 

circulation and transported through the liver to the site of action (target, receptor). In the liver, 

drugs can be further metabolized to water soluble substances that are easily excreted [9]. Drug 

metabolism can be classifi ed into two pathways. Phase 1 reactions may occur by oxidation, re-

duction or hydrolysis to convert drugs into more polar water soluble metabolites. Cytochrome 

P450 enzymes are typically involved in oxidation reactions. In phase 2 reactions, drugs are 

conjugated (acetylation, glucuronidation, sulfation or methylation) leading to inactivation and 

increased molecular weight of the drug. In case of so-called prodrugs, an inactive substance 

is metabolized into an active metabolite. Genetic variation may affect pharmacokinetics as 

well as pharmacodynamics. In pharmacokinetics, variation in genes encoding drug metaboliz-

ing enzymes or drug transporters may have consequences for the absorption, distribution, 

metabolism and elimination of a drug. In pharmacodynamics, the pharmacological effect of a 

drug at the site of action (target, receptor) may be modifi ed by genetic variation. 
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CYP450

The cytochrome P450 enzymes are a family of drug-metabolizing enzymes that catalyze phase 

1 drug metabolism (i.e. oxidation, reduction and hydrolysis). Drug-metabolizing enzymes are 

responsible for the detoxifi cation and excretion of foreign chemicals (xenobiotics) such as 

drugs, plant metabolites and environmental pollutants. Following the evolution of the CYP450 

superfamily, a lot of new genes developed during the past 400 million years, probably as a 

result of ingestion of plants by animals. As a defence mechanism, plants developed stress 

metabolites (phytoalexins) to make them less attractive for consumption. Evolutionary pressure 

favoured the survival of animals with a more elaborate system of detoxifying enzymes, such as 

the CYP450 family [10]. In this way both plants and animals came to more and more diversity 

in mutual defence mechanism.

Cytochrome P450 enzymes are classifi ed by their amino acid similarities and are assigned a 

family number (e.g., CYP1, CYP2), a subfamily letter (e.g., CYP3A, CYP3C) and a number for 

the individual enzyme within the subfamily. Cytochrome P450 2D6 (CYP2D6) is an important 

member of the cytochrome P450 family, and is responsible for the metabolism of approximate-

ly 25% of all drugs metabolized by CYPs [11]. CYP2D6 is predominately expressed in the liver, 

but can also be found in the central nervous system, intestines and skin [12-14]. The amount 

of CYP2D6 enzyme in the liver is relatively small (about 2%) compared to other important CYP 

enzymes such as CYP3A (about 30%), CYP2C (about 20%) and CYP1A2 (about 13%) [15]. 

The expression of cytochrome P450 enzymes can be infl uenced by a large number of induc-

ing and inhibiting factors including genetic variation and drug-drug interactions. CYP2D6 is 

not inducible, but several drugs are known to inhibit enzyme activity (fl uoxetine, paroxetine, 

bupropion, quinidine, sertraline, duloxetine, cimetidine, terbinafi ne, amiodaron) [16].

The CYP2D6 gene is highly polymorphic with more than 70 variant alleles [17]. Each genetic 

variant allele is defi ned by an asterisk followed by a number. Several of these variants encode 

an inactive protein or absence of an enzyme product (e.g., CYP2D6*3, *4, *5, *6). Individuals 

carrying two of these non-functional alleles completely lack CYP2D6 enzyme activity and are 

classifi ed as ‘poor metabolizers’ (PMs). This PM phenotype occurs in 5-10% of the Caucasian 

population. Individuals carrying two functional CYP2D6 alleles (*1, *2) have ‘normal’ enzyme 

activity and are classifi ed as ‘extensive metabolizers’ (EMs) [18]. Subjects with one non-

functional and one functional allele can be considered as ‘intermediate metabolizers’ (IMs), 

although this term also refers to a subject with one non-functional allele and one decreased 

activity allele or two decreased activity alleles (e.g. *10, *41). The clinical impact of the IM phe-

notype is unclear, probably as a result of diversity in genotypes and may depend on the drug 

used [19]. Ultrarapid metabolizers have ≥2 functional copies of the CYP2D6 gene – so-called 

copy number variation - and exhibit extremely high enzyme activity [20]. Individuals carrying 

this genotype are found in 1-2% of the Caucasian population. The different phenotypes of 

CYP2D6 in the population are schematically presented in fi gure 2.
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CYP2D6*4 (1846 G>A) is the most common variant allele (allele frequency of 20%) in Cauca-

sians and is the most frequent nonfunctional allele in the PM phenotype; over 75% of the PMs 

are carriers of this polymorphism [21]. The frequencies of variant alleles highly depend on eth-

nicity. Although the frequency of CYP2D6*4 is high in Caucasians, the *4 allele is rare in Chinese 

and Japanese people (<1%). On the other hand, CYP2D6*10 allele has a frequency of <2% 

in European populations, but in Asians its frequency ranges from 38-71%. The CYP2D6*17 

variant is predominantly found in Africans or African Americans and their descendants [21]. 

Ethnic differences in allele frequencies may be the result of differences in diet over hundreds of 

thousand years [10].

The correlation between CYP2D6 genotype and phenotype is high. Genotyping for 12 SNPs 

in the CYP2D6 gene could predict phenotype with an accuracy of about 90-95% [22, 23].

Drug response and adverse drug reactions

As already mentioned above, in current pharmacotherapy the ‘one size fi ts all’ approach pre-

vails. Patients with a certain disease are more or less treated in the same way: with a standard 

drug in a fi xed dose according to drug label or guidelines. Some patients do not respond to 

Figure 2. Diff erent phenotypes of CYP2D6



C
ha

pt
er

 1

14

the drug, while others experience adverse drug reactions. On average only 40% of all patients 

will benefi t from a particular drug [1].

Due to absent enzyme activity in CYP2D6 PMs, plasma concentrations and total exposure to 

drugs metabolized by CYP2D6 are higher than in EMs (fi gure 3), and PMs are therefore more 

likely to suffer from dose-dependent adverse drug reactions (ADRs) requiring dose reductions 

or discontinuation of the drug.

Indeed, in a study of Rau et al. an increased frequency of CYP2D6 poor metabolizers (29%) 

among patients experiencing adverse effects during treatment with antidepressants was found 

[24]. Table 1 lists commonly used drugs (partially) metabolized by CYP2D6 [16, 25].

In case of pro-drugs where CYP2D6 is involved in the activation of the drug, CYP2D6 

PMs have low plasma concentrations of the active metabolite, leading to impaired treatment 

response. For example, several studies found that patients with decreased CYP2D6 enzyme 

activity had a diminished response to tramadol analgesia [26, 27]. CYP2D6 is also involved in 

the formation of endoxifen, the active metabolite of tamoxifen, one of the most widely used 

drugs for post-menopausal women with estrogen receptor-positive breast cancer.

Genotyping prior to the start of pharmacotherapy could identify patients who are at increased 

risk of developing adverse reactions, and are likely better off with a lower dose or another 

drug. On the other hand, pharmacogenetic testing before therapy with a pro-drug metabo-
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Figure 3. Potential impact of genetic variation in the CYP2D6 gene on plasma concentration and drug exposure after 
administration of a single dose, adapted from Evans et al. [2] WT= wild type, MU = mutant.
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lized by CYP2D6 (see table 1) could also identify individuals in whom the drug is less effi ca-

cious. These non-responders could still experience adverse reactions from the parent drug 

or other metabolites, and probably respond better to higher doses or another drug. In this 

manner, pharmacotherapy could be individualized. 

Disease susceptibility

Since cytochrome P450 enzymes metabolize not only drugs but also endogenous substances 

such as hormones, environmental chemicals and toxins, one might expect that variability in 

enzyme activity could result in an altered susceptibility to certain diseases, such as cancer [28]. 

Although it is believed that CYP2D6 plays a minor role in the metabolism of precarcinogens, 

several studies found an association between variability in CYP2D6 activity and cancer risk 

(lung, liver, basal cell carcinoma, bladder, thyroid, prostate) [29-34]. However, up till now no 

major conclusions can be drawn from these studies, because most studies have a limited 

sample size or small numbers of cases and yielded contradictory results. 

In the past, decreased CYP2D6 enzyme activity has been associated with an increased risk of 

Parkinson’s disease [35]. Parkinson’s disease is a common disabling disorder among elderly 

characterized by a progressive neuronal degeneration in the nigrostriatal system of the brain. 

CYP2D6 detoxifi es MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a neurotoxin known 

to cause Parkinson’s disease-like symptoms. Nowadays, it is suggested that the CYP2D6 PM 

phenotype interacts with certain environmental factors such as pesticide exposure or cigarette 

smoking, leading to an increased risk of Parkinson’s disease [36].

Table 1. Selection of drugs metabolized by CYP2D6 (substrates)

Antidepressants 
- Tricyclic antidepressants (TCAs): amitriptyline, clomipramine, doxepine, imipramine, maprotiline and nortriptyline 
- SSRIs: fl uoxetine, fl uvoxamine, paroxetine 
- Other: duloxetine, mianserine, mirtazapine, venlafaxine  

Antipsychotics 
- Aripiprazol, clozapine, haloperidol, perfenazine, risperidon, zuclopentixol  

β-Blockers 
- Alprenolol, carvedilol, metoprolol, nebivolol, propranolol, timolol  

Analgesics
- Codeine, dextromethorphan, tramadol 

Other 
- Atomoxetine, fl ecainide, propafenone, metoclopramide, ondansetron, tamoxifen 
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CYP2D6 main biological function is to metabolize xenobiotics, but it may have some endog-

enous substrates [11]. 5-methoxytryptamine (5-MT), a precursor of serotonin, is considered to 

be an endogenous substrate in vitro [37]. The neurotransmitter serotonin is involved in mood, 

agression, sleep, body temperature, sexuality and vomiting in the human body. Several studies 

investigated relationships between personality traits and CYP2D6, but an effect on personality 

has not consistently been found [38-42]. 

Furthermore, CYP2D6 may be involved in the formation of dopamine from tyramine and 

seems to be involved in the formation of epinephrine and norepinephrine from octapamine 

and synephrine [43]. However, the consequences of these in vitro fi ndings are still unknown, 

but polymorphisms in CYP2D6 might affect behaviour and the central nervous system through 

endogenous compounds.
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Aim and scopes of this thesis

The aim of this thesis was to study the infl uence of genetic variation in the CYP2D6 gene on 

drug response and disease susceptibility from an epidemiological perspective. All studies in this 

thesis are embedded in the Rotterdam Study, a population-based cohort study among 7983 

inhabitants of Ommoord, a district in Rotterdam, aged 55 years or over. Since the start of 

the study in 1990, follow-up examinations were conducted periodically. In addition, the total 

cohort is continuously monitored for major morbidity and mortality through linkage with the 

records of the patient’s general practitioner. Blood samples were obtained from which DNA 

was isolated and information on medication use for all participants is available. This cohort 

enables us to investigate the association between CYP2D6 genotype and drug response and 

disease susceptibility.

In chapter 2 the infl uence of CYP2D6 variant alleles on the response to antidepressants is de-

scribed as well as the association between CYP2D6 genotype and risk of depression. In patients 

with decreased CYP2D6 enzyme activity, plasma concentrations of some antidepressants are 

higher, which could lead to adverse drug reactions requiring dose reduction or discontinuation 

of the drug. Chapter 2.1 describes the infl uence of the CYP2D6*4 polymorphism on dose, 

switching and discontinuation of antidepressants. Chapter 2.2 focuses on the association be-

tween CYP2D6 genotype and serum sodium concentration in antidepressant users. In chapter 

2.3 the association between CYP2D6 genotype and risk of depression and anxiety is described.

Chapter 3 in this thesis reports the association between the CYP2D6*4 polymorphism and 

heart rate and blood pressure in β-blocker users.

In chapter 4 variation in the CYP2D6, CYP3A4/3A5 and UGT2B7 gene is studied in relation 

to co-prescription of other analgesics and switching to opioids in codeine users. The analgesic 

effect of codeine is mostly dependent on its metabolism to morphine by CYP2D6. Apart from 

CYP2D6, codeine is metabolized by CYP3A4 and UGT2B7.

In chapter 5 we investigated CYP2D6 genotype in relation to cancer. Chapter 5.1 de-

scribes the impact of impaired CYP2D6 metabolism on breast cancer survival in tamoxifen 

users. Chapter 5.2 focuses on the infl uence of CYP2D6 genotype on basal cell carcinoma 

(BCC) susceptibility and subsequent BCCs.

Finally, in chapter 6 we discuss the main fi ndings of this thesis and speculate on the imple-

mentation of pharmacogenetic testing in clinical practice.
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Abstract

Aim: To study the effect of CYP2D6*4 on antidepressant dose, switching and discontinuation 

of therapy.

Methods: The study consisted of all subjects in the Rotterdam Study, who received a fi rst 

antidepressant prescription between April 1st 1991 and July 1st 2005 and for whom data on 

CYP2D6 genotype were available. Binary logistic regression was performed to study the as-

sociation between CYP2D6*4 and switching to any other antidepressant or discontinuation of 

therapy within 45 days. The difference in mean antidepressant dose was compared between 

CYP2D6 genotypes using t-tests and repeated measurements analyses.

Results: In users of tricyclic antidepressants (TCAs) the risk of switching to another antide-

pressant was signifi cantly higher in poor metabolizers (PMs:*4/*4) compared to extensive 

metabolizers (EMs:*1/*1), with an adjusted OR of 5.77 (95% CI 1.59-21.03; p=0.01). In SSRI 

users there was no signifi cant difference (OR 0.91; 95% CI 0.20-4.15; p=0.90). Heterozygous 

patients did not have an increased risk of switching in both TCA and SSRI users. 

The mean TCA dose was signifi cantly lower in PMs than in EMs at the third and fourth prescrip-

tion (difference 0.11 DDD, p= 0.03). In SSRI users the difference in mean dose between PMs 

and EMs was signifi cant at the third prescription (0.17 DDD; p=0.02). 

Conclusion:The risk of switching to another antidepressant in TCA users is higher in PMs than 

in EMs. The maintenance doses of antidepressants were signifi cantly lower in PMs. However, 

the question whether genotyping prior to the start of antidepressant therapy contributes sub-

stantially to the optimization of pharmacotherapy, requires further study.
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Introduction

Depression constitutes a major health problem in the elderly. For the treatment of major depres-

sion tricyclic antidepressants (TCAs), selective serotonin reuptake inhibitors (SSRIs) and other 

antidepressants are widely prescribed. However, 50% of the patients will not respond ade-

quately to fi rst treatment [1]. This low response rate can be explained by a large interindividual 

variability in genetic, environmental and pathophysiological factors. In pharmacogenetics, the 

infl uence of genes on the pharmacokinetics and pharmacodynamics of drugs is investigated [2]. 

Most antidepressants are metabolized by cytochrome P450 2D6 (CYP2D6). CYP2D6 accounts 

for a small percentage of all hepatic CYPs, but is responsible for the metabolism of approximate-

ly 25% of all drugs metabolized by CYPs [3]. The CYP2D6 gene is highly polymorphic with more 

than 60 variant alleles [http://www.cypalleles.ki.se]. Several of these variants encode an inactive 

protein or no enzyme product (e.g.*3, *4,*5,*6). Subjects with two nonfunctional alleles are 

classifi ed as ‘poor metabolizer’ (PM), while carriers of one or two functional alleles (*1,*2) are 

classifi ed as ‘extensive metabolizer’ (EM). Approximately 5-10% of the Caucasian population 

are PM [4-6]. Subjects with one nonfunctional and one functional allele can also be considered 

as ‘intermediate metabolizer’ (IM), although this term also refers to a subject with one nonfunc-

tional allele and one decreased activity allele or two decreased activity alleles (e.g. *10,*41). The 

clinical impact of the IM phenotype is unclear, probably as a result of diversity in genotypes and 

may depend on the drug used. ‘Ultra-rapid metabolizers’ (UMs) have >2 functional copies of the 

CYP2D6 gene and exhibit extremely high enzyme activity. Many genotyping assays determine 

the duplication of any CYP2D6 gene, including nonfunctional genes, leading to false positive 

UM assignment. In this way, genotyping will only detect 10-30% of CYP2D6 UMs [7].

CYP2D6*4 is the most common variant allele (allele frequency of 20%) in Caucasians and is 

the most frequent nonfunctional allele in the PM phenotype; over 75% of the PMs are carriers 

of this polymorphism [4]. 

Due to absent CYP2D6-mediated metabolism, poor metabolizers have higher plasma concen-

trations of antidepressants metabolized by CYP2D6 than extensive metabolizers [8] and are 

therefore more likely to suffer from dose-dependent adverse drug reactions (ADRs). Especially 

in patients taking TCAs, PMs may experience cardiotoxicity and other severe ADRs, because 

TCAs have a narrow therapeutic range. Severe ADRs require dose reductions or discontinua-

tion of antidepressant therapy. In patients receiving a fi xed dose of amitriptyline 75 mg twice 

a day, patients with one nonfunctional CYP2D6 allele had a higher risk of adverse drug reac-

tions than patients with two functional alleles (76.5% versus 12.1%) [9]. Other studies showed 

an increased frequency of ADRs in CYP2D6 PMs using antidepressants primarily metabolized 

by CYP2D6, but these are of limited value due to the small number of patients [10, 11]. In 

contrast, CYP2D6 genotype had no effect on paroxetine and mirtazapine discontinuations and 

adverse events in an 8-week, double blind randomised study on antidepressant intolerance [12].
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Consequently, the actual infl uence of CYP2D6 polymorphisms on adverse events and clinical 

outcomes remains unclear. 

Therefore, we performed a population-based cohort study to examine the infl uence of the 

CYP2D6*4 polymorphism on intolerability of antidepressants by studying dose, frequency of 

switching to another antidepressant or discontinuation of therapy.

Methods

Setting

The Rotterdam Study is a prospective population-based cohort study that investigates the in-

cidence and risk factors of cardiovascular, neurodegenerative, locomotor and ophthalmologic 

diseases in the elderly. From 1990 –1993, all inhabitants of Ommoord, a district of the city of Rot-

terdam in the Netherlands, aged 55 years or over, were invited to participate. The rationale and 

design of this study have been described elsewhere [13]. The Medical Ethics Committee of the 

Erasmus Medical Center approved the study and written informed consent was obtained from all 

participants. The cohort encompasses 7983 individuals who were all interviewed and investigated 

at baseline. Since the start of the study, follow-up examinations were conducted periodically. In 

addition, the total cohort is continuously monitored for major morbidity and mortality through 

linkage with the records of the patient’s general practioner. More than 99% of the participants 

have their drug prescriptions fi lled at seven regional pharmacies, which are all fully computerised. 

Complete data on drug use are available as of January 1, 1991. The pharmacy data include the 

Anatomical Therapeutical Chemical (ATC)-code, the dispensing date, the total amount of drug 

units per prescription, the prescribed daily number of units, and product name of the drugs.

Cohort defi nition

The study cohort consisted of all subjects in the Rotterdam Study, who received a fi rst prescrip-

tion of an antidepressant between April 1st 1991 and July 1st 2005, and for whom there were 

data on CYP2D6 genotype available (n=1198). The start date of April 1, 1991 was chosen to 

exclude patients who were treated with antidepressants in the preceding 3 months. Subjects 

were followed until one of the outcomes, death or the end of study period on July 1st 2005, 

whichever came fi rst. 

Outcome defi nition

In this study three types of outcomes were used: switching, discontinuation and dose. Switch-

ing was defi ned as a switch to any other antidepressant, irrespective of class, within 45 days 

after the start of the fi rst prescription.
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A switch within 45 days is assumed to occur due to intolerance of the drug, since the effi cacy 

of an antidepressant can only be assessed after at least 6 weeks of therapy. Secondly, we 

looked at discontinuation of antidepressant therapy within 45 days. Discontinuation of therapy 

was defi ned as no further prescriptions for that particular drug after the initial 45 days. Thirdly, 

the infl uence of the CYP2D6 genotype on the mean antidepressant dose was analysed. To 

compare doses of different antidepressants between genotypes the prescribed daily dose (PDD) 

was divided by the defi ned daily dose (DDD), according to the World Health Organization. For 

each prescription the mean PDD/DDD ratio was calculated for the tricyclic antidepressants 

(TCAs) amitriptyline, nortriptyline, imipramine, clomipramine, opipramol, doxepin, dosulepin, 

maprotiline and for the selective serotonin reuptake inhibitors (SSRIs) fl uoxetine, paroxetine, 

fl uvoxamine, citalopram, escitalopram and sertraline. 

Covariates

The following baseline covariates were considered as potential confounders: age, gender, body 

mass index (BMI) and renal function. BMI was calculated by dividing weight (kg) by height 

(m2). Renal function was estimated using the formula of Cockroft and Gault. In addition, the 

starting dose of an antidepressant was considered a determinant affecting the risk of switching 

and discontinuation.

Genotyping

At the baseline examination of the Rotterdam Study, blood was taken from which DNA was 

isolated. The CYP2D6*4 (1846G>A) genotyping was done using Taqman allelic discrimina-

tion assays on the ABI Prism 9700 HT Sequence detection system. Primers and probes were 

designed by Applied Biosystems by their Assay-by-Design service. Polymerase chain reactions 

(PCR) were performed in a reaction volume of 2.0 μl, containing assay-specifi c primers, allele-

specifi c Taqman MGB probes, Abgene Absolute QPCR Rox Mix and genomic DNA (1 ng). The 

thermal profi le consists of an initial denaturation step at 95oC for 15 minutes, followed by 

40 cycles of denaturation at 92oC for 15 seconds and annealing and extension at 60oC for 1 

minute. Genotypes were scored by measuring allele-specifi c fl uorescence using the SDS 2.2.2 

software for allelic discrimination (Applied Biosystems).

Subjects were defi ned as PM if they were homozygous for the *4 allele. In case of heterozy-

gosity the subjects were defi ned as IM. When the *4 allele is absent, subject were classifi ed as 

EM. Our method is unable to discriminate between *4/*4 (PMs) and *4/*5 (PMs) individuals, 

since the gene deletion *5 will result in no PCR product. Likewise, *1/*5 individuals will be 

genotyped as *1/*1. However, this does not affect the distribution of poor metabolizers and 

non-poor metabolizers.
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Statistical analysis

Genotype frequency was tested for deviations from Hardy-Weinberg equilibrium by using 

a χ2 –test. Binary logistic regression analysis was used to analyze the association between 

CYP2D6 genotype and switching and the association between genotype and discontinuation 

of therapy. Confounders were defi ned as covariates associated with the outcome at a p-value 

of 0.1 in the univariate analysis and if they changed the point estimate by 10% or more in the 

multivariate model in addition to age and gender. Analyses were carried out in all antidepres-

sant users, and separately for the different antidepressants classes (TCAs and SSRIs).

To compare the mean PDD/DDD ratio between EM, IM and PM independent sample t-tests 

were used at consecutive prescriptions. In addition, repeated measurements analysis was per-

formed on the mean PDD/DDD ratio between EM, IM and PM in series of consecutive prescrip-

tions to adjust for dependency of observations within each patient and to adjust for potential 

confounders. Logistic regression analysis and t-tests were performed with SPSS for Windows, 

version 11.0. Repeated measurement analysis was performed with SAS, version 8.2, using the 

Proc Mixed program.

Results

The baseline characteristics of the study population are shown in table 1. The mean age was 

approximately 69 years and 68% were women. Eight hundred and seven patients used TCAs, 

833 used SSRIs and 213 patients used other antidepressants at any time during the study 

period. Of the TCAs amitriptyline was the most frequently used drug (68.3%), paroxetine 

was the most frequently used drug in the SSRI-group (46.8%) and mirtazapine was the most 

frequently used drug in the group of other antidepressants (34.3%). In table 2 the frequencies 

of antidepressants used and extent of CYP2D6 metabolism are given.

Table 1. Baseline characteristics of the study population

Variable Number of patients (%)
n=1198

Age, average (SD) 69.4 (8.2) years

Gender
   Male
   Female

378  (31.6)
820  (68.4)

BMI (SD) n=1155 26.5 (3.9) kg/m2

Serum creatinine (SD) n=921 82.2 (20.1) μmol/l

CYP2D6 genotype* 
   *1/*1
   *1/*4
   *4/*4

777  (64.9)
341  (28.5)
80    (6.7)

* Hardy Weinberg equilibrium; χ2 = 23.285 (p=0.00001)
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Genotype distributions of CYP2D6*4 are given in table 1. The allele frequency of the CYP2D6*4 

polymorphism in our population was 20.8%. We identifi ed 777 patients (64.9%) with the wild 

type genotype (EM), 341 patients (28.5%) were heterozygous (IM), and 80 patients (6.7%) 

were homozygous for the *4 allele (PM). Genotype frequencies signifi cantly deviated from 

Hardy-Weinberg equilibrium.

Only ~4% of the antidepressant users switched to another antidepressant within 45 days. 

Table 3 shows the association between CYP2D6 genotype and switching. Overall PMs had a 

higher risk of switching to another antidepressant than EMs, although this difference was not 

statistically signifi cant. In TCA users the risk of switching was signifi cantly higher in PMs com-

pared to EMs (OR= 5.77; 95% CI 1.59-21.03; p=0.01). This effect was not seen in SSRI users. 

An increased risk of discontinuation of therapy was seen in PMs compared to EMs (OR=1.45; 

95% CI 0.91-2.32; p=0.12), but this difference was not statistically signifi cant (table 4). This 

association was somewhat more explicit in TCA users (OR=1.62; 95% CI 0.84-3.12; p=0.15) 

than in SSRI users (OR = 1.20; 95% CI 0.56-2.57; p=0.65). 

Table 2. Frequencies and types of antidepressants used during the study period (1991-2005) and the extent of 
CYP2D6 metabolism for each antidepressant.

Antidepressant Number of patients (%)
n=1198

Extent of CYP2D6 metabolism*

TCA use†
   Amitriptyline
   Maprotiline
   Clomipramine
   Nortriptyline
   Imipramine
   Dosulepin 
   Doxepin 
   Opipramol

551  (45.9)
99    (8.2)
79    (6.6)
35    (2.9)
29    (2.4)
8      (0.7)
4      (0.3)
2      (0.2)

++
+++
++
+++
++
-
++
-

SSRI use†
   Paroxetine
   Fluvoxamine
   Fluoxetine
   Sertraline
   Citalopram 
   Escitalopram

390  (32.5)
161  (13.4)
139  (11.6)
87    (7.3)
55    (4.6)
1      (0.1)

+++
++
+++
-
-/+
-

Other†
   Mirtazapine 
   Mianserine
   Venlafaxine
   Trazodon
   Moclobemide
   Nefazodon

73   (6.1)
70   (5.8)
41   (3.4)
29   (2.4)
9     (0.8)
1     (0.1)

++
++
++
-
-
-

† Some patients used more than 1 antidepressant during the study period.  
* Extent of CYP2D6 metabolism [20, 22]. + minor metabolism route; ++ partly metabolized by CYP2D6; 
+++ major metabolism route; - no CYP2D6 metabolism
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The change in mean dose (PDD/DDD ratio) over time for TCAs is given in fi gure 1. The average 

TCA starting dose was 0.36 DDD. At the fi rst prescription the mean doses did not signifi cantly 

differ between CYP2D6 genotypes. For all genotypes the prescribed daily dose increased over 

the fi rst four prescriptions although this increase was smaller in PMs and IMs. At the third and 

Table 4. Association between CYP2D6 genotype and discontinuation of antidepressive therapy < 45 days

All antidepressants

CYP2D6 genotype Number of discontinuations ORadj
* discontinuation 

(CI 95%)
p-value

*1/*1 285 ref

*1/*4 135 1.13 (0.87-1.47) 0.36

*4/*4 36 1.45 (0.91-2.32) 0.12

TCAs

*1/*1 144 ref

*1/*4 74 1.33 (0.92-1.90) 0.13

*4/*4 19 1.62 (0.84-3.12) 0.15

SSRIs

*1/*1 118 ref

*1/*4 51 0.96 (0.63-1.45) 0.83

*4/*4 13 1.20 (0.56-2.57) 0.65

* Adjusted for age and gender.

Table 3. Association between CYP2D6 genotype and switching to any other antidepressant < 45 days

All antidepressants

CYP2D6 genotype Number of switchers ORadj
* switching 

(CI 95%)
p-value

*1/*1 33 ref

*1/*4 13 0.90 (0.47-1.73) 0.74

*4/*4 6 1.80 (0.72-4.48) 0.20

TCAs

*1/*1 11 ref

*1/*4 4 0.84 (0.26-2.70) 0.77

*4/*4 4 5.77 (1.59-21.03) 0.01

SSRIs

*1/*1 19 ref

*1/*4 9 1.09 (0.48-2.49) 0.84

*4/*4 2 0.91 (0.20-4.15) 0.90

* Adjusted for age and gender.
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fourth prescription the mean dose was signifi cantly lower in PMs than in EMs (difference 0.11 

DDD, p= 0.03). Additionally, we analysed the difference in TCA doses between genotypes with 

a repeated measurements analysis. In PMs the adjusted difference in PDD/DDD ratio was 0.05 

DDD compared to EMs (95% CI -0.07-0.16, p= 0.46). The mean dose of the intermediate me-

tabolizers was lower compared to EMs (difference 0.02 DDD, 95% CI –0.03- 0.08, p=0.43). In 

the repeated measurements analyses we adjusted for age, gender and starting dose. Adjusting 

for renal function and BMI did not signifi cantly affect the results.

For SSRIs the effect of CYP2D6 genotype on mean dose (PDD/DDD ratio) over time is given in 

fi gure 2. The average starting dose was 0.84 DDD. The starting doses of EM, IM or PM patients 

did not signifi cantly differ. In SSRI users the difference in mean dose between PMs and EMs 

was signifi cant at the third prescription (difference 0.17 DDD; p=0.02), but not signifi cant for 

the following prescriptions. The curve of the intermediate metabolizers overlapped the EM 

mean dose to a large extent. With repeated measurements analysis the adjusted difference 

was 0.08 DDD (95% CI -0.02-0.20; p=0.11) between PMs and EMs and 0.13 DDD (95% CI 

-0.01-0.24; p=0.04) between PMs and IMs.

Discussion

This study demonstrated that in users of TCA the risk of switching to any other antidepressant 

within 45 days is signifi cantly higher in PMs than in EMs. These fi ndings are in concordance 

with Mulder et al, who found a HR of 3.50 (1.52-8.10) for switching to another drug in the 

same therapeutic class in PMs versus EMs [15]. In their study switching could be seen as 

an overall expression of unsatisfactory response to treatment including ineffectiveness and 
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Figure 1. Change in mean tricyclic antidepressant dose over time per genotype.
^ For each prescription the mean prescribed daily dose (PDD) / defi ned daily dose (DDD) ratio was calculated.
⊥ 95% confi dence interval of the mean PDD/DDD ratio of CYP2D6 PMs.
* p-value < 0.05
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adverse drug reactions. We studied switching within 45 days of antidepressant use, since after 

a period of 6 weeks ineffectiveness could be the reason for switching instead of adverse drug 

reactions. The increased risk of switching to another antidepressant was not seen in SSRI users. 

Selection of SSRIs primarily metabolized by CYP2D6 (fl uoxetine, paroxetine, fl uvoxamine) did 

not alter these results. In contrast to TCAs, for which a narrow therapeutic range exists, no 

clear relationship between clinical effect and plasma concentration has been found for SSRIs. 

ADRs seemed not to be associated with high plasma concentrations of SSRIs [16]. Therefore, 

higher plasma concentrations of SSRIs in poor metabolizers would not lead to an increased 

frequency of switching. In intermediate metabolizers the risk of switching to any other antide-

pressant was not increased. Unlike PMs, in whom CYP2D6 enzyme activity is absent, patients 

heterozygous for the *4 allele have decreased enzyme activity. Plasma concentrations of an-

tidepressants in these IMs would be slightly higher compared to EMs, but apparently did not 

lead to more switching. The clinical relevance of this genotype was less important than PMs. 

The low frequency of switching in our study (~4%) may be the result of a carefully chosen low 

starting dose by general practioners and psychiatrists diminishing the occurrence of ADRs or 

adjusting the initial dose. In our study a large proportion of amitriptyline users started on a low 

dose, probably also because this drug is not only used as antidepressant, but is also prescribed 

for the treatment of neuropathic pain [17]. As information on the exact indication was not 

available we have included all amitriptyline users in the study. We have repeated the analysis 

after exclusion of low dose amitriptyline users (< 25 mg amitriptyline), but this did not alter our 

results. Due to the low frequency of switching in our cohort genotyping patients prior to the 

start of antidepressive therapy could only prevent a few patients from switching. 
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Figure 2. Change in mean SSRI dose over time per genotype.
^ For each prescription the mean prescribed daily dose (PDD) / defi ned daily dose (DDD) ratio was calculated.
⊥ 95% confi dence interval of the mean PDD/DDD ratio of CYP2D6 PMs.
* p-value < 0.05
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Discontinuation of antidepressant therapy was also studied, but was not associated with 

CYP2D6 genotype. Over thirty percent of our patients stopped their antidepressive medica-

tion within 45 days. Reasons for discontinuation of initial therapy are ADRs, non-compliance, 

lack of improvement and patient’s belief about depression and antidepressants, with non-

compliance being the most frequent reason [18]. 

After titrating the dose of an antidepressant to an optimal level of effectiveness with mini-

mum ADRs, the mean antidepressant dose was signifi cantly lower in PMs than in EMs. The 

absolute dose difference between PMs and EMs was smaller than 0.10 DDD, corresponding 

with 2-15 mg depending on the drug. This small difference in mean dose has limited impact 

on clinical outcome.

In TCA users with genotype *1/*4 (IM) the optimum dose lay between EMs and PMs, while 

the mean SSRI dose of heterozygous patients overlapped with EMs. This difference could be 

explained by the amount of drug metabolized by CYP2D6. CYP2D6 is not the only cytochrome 

P450 enzyme involved in the metabolism of antidepressants. CYP2C19 plays a role in the 

demethylation of amitriptyline, imipramine, clomipramine, sertraline and citalopram, CYP1A2 

and CYP3A4 contribute to a lesser extent [19, 20]. But, CYP2D6 exerts a higher infl uence 

on antidepressants metabolism than CYP2C19 [21]. Most tricyclic antidepressants are (partly) 

metabolized by CYP2D6, whereas some SSRIs are not metabolized by CYP2D6 (citalopram, 

escitalopram and sertraline). Our results indicate that the metabolism of TCAs depend more on 

CYP2D6 than SSRIs. Due to the low number of prescriptions of the newer SSRIs (non CYP2D6 

substrates) we did not separate the SSRI group in substrates and non-substrates in our analysis.

Some potential limitations of our cohort study should be considered. Selection bias was un-

likely because all antidepressant users were identifi ed in a population based cohort study and 

prescribing doctors were not aware of CYP2D6 status of their patients. Missing blood samples 

and diffi culties with genotyping (due to the suboptimal quality of long-term storage of DNA 

or a homozygous *5 subject) were probably not related to CYP2D6 genotype. The frequency 

of the CYP2D6*4 allele in our study (20.8%) was in accordance with the literature [4], but 

interestingly no Hardy-Weinberg equilibrium (HWE) was observed. The assay was validated 

by DNA sequencing, and thus seems not to be responsible for this discrepancy. However, 

our genotyping assay discriminated between the presence and absence of the CYP2D6*4 

allele, but was unable to distinguish *4/*5 from *4/*4 individuals, who will be classifi ed as 

CYP2D6*4/*4. This led to an overestimation of *4/*4 individuals in HWE. However, this does 

not affect phenotype classifi cation since both *4/*4 and *4/*5 are PMs. 

In this study we only determined CYP2D6*4, because this polymorphism is the most cost-

effective in this large number of subjects while cost-effectiveness is a consideration of increas-

ing importance in healthcare. High throughput assays are very expensive. Moreover determi-

nation of CYP2D6*4 in our population should predict >75% of PMs [4]. Taking into account 

other, less frequent genetic variants (*3, *5, *6, *7, *8, *10, *41), it can be calculated that 
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we missed approximately 209 IMs (17%), 10 PMs (0.8%) and 24 UMs (2%), which are now 

all included in the EM group. Nevertheless, we believe that these misclassifi cations would have 

led to an underestimation of our association. 

Information bias is not likely, since data on genotype and prescription data were collected 

prospectively without prior knowledge of the study hypothesis. We assessed potential con-

founding factors such as age, gender, BMI, renal function and starting dose in the multivariate 

analyses, but no association was found between CYP2D6 and BMI, renal function and start-

ing antidepressant dose. Elderly subjects frequently use multiple drugs, due to comorbidity. 

Potentially, this could lead to ADRs due to drug-drug interactions. However, we assumed that 

comedication of CYP2D6 inhibitors did not confound our results, because comedication is 

prescribed independent of CYP2D6 genotype.

Our observational study demonstrates that CYP2D6 PM genotype is associated with an in-

creased risk of switching to another antidepressant within the fi rst 6 weeks of TCA pharma-

cotherapy and showed that PMs required a lower maintenance dose compared to EMs. Our 

data show that starting doses of antidepressants prescribed to the elderly general population 

are carefully low and are titrated to the optimum dose, reducing the risk of adverse drug 

reactions. Therefore, although this study demonstrated that the CYP2D6 polymorphism is as-

sociated with antidepressant use, the question remains whether genotyping prior to the start 

of antidepressant therapy contributes substantially to the optimization of pharmacotherapy.
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Abstract

Background: Several antidepressants are metabolized by the polymorphic enzyme cytochrome 

P450 2D6 (CYP2D6). The variant allele CYP2D6*4 is the main polymorphism resulting in de-

creased enzyme activity in Caucasians. Decreased CYP2D6 enzyme activity potentially leads to 

higher plasma concentrations of antidepressants. Consequently, patients carrying the *4 allele 

are more likely to suffer from adverse drug reactions such as hyponatremia. 

Aim: To study the effect of the CYP2D6*4 polymorphism on serum sodium concentration in 

users of antidepressants (SSRIs and TCAs). 

Methods: In this population-based cohort study, all subjects in the Rotterdam Study were in-

cluded, who used an antidepressant at baseline and from whom a blood sample was available 

in which CYP2D6 genotype and serum sodium concentration could be determined (n=76). 

Multivariate linear regression was used to study the association between CYP2D6*4 and serum 

sodium concentration.

Results: CYP2D6 PMs (*4/*4) had a signifi cantly lower mean serum sodium concentration in 

comparison to CYP2D6 EMs (*1/*1) (difference -3.9 mmol/l; CI 95% -0.86;-7.03; p = 0.013). 

In CYP2D6*4 heterozygotes (*1/*4) serum sodium concentration was 1.7 mmol/l (CI 95% 

-3.48; 0.18) lower compared to CYP2D6 EMs, but this difference was not statistically signifi -

cant (p=0.077)

Conclusion: The serum sodium concentration in PMs was lower in users of an antidepressant, 

especially in TCA users. Therefore, CYP2D6 PMs might be at increased risk of developing 

symptoms of hyponatremia. 
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Introduction

Hyponatremia is the most common electrolyte disorder in ambulatory out patients, especially 

in the elderly [1]. Hyponatremia can be defi ned as a serum sodium concentration of less than 

136 mmol/l and the prevalence is estimated to vary between 5-10% in a healthy elderly popu-

lation to 30% in patients admitted to a hospital [1,2]. Predisposing factors for hyponatremia 

are an increasing age, female gender, usage of diuretics (especially thiazides), recent history of 

pneumonia, low Body Mass Index (BMI) and impaired renal function [3]. 

The use of tricyclic antidepressants (TCAs) and selective serotonin reuptake inhibitors (SSRIs) 

has also been reported as a cause of hyponatremia [3-10]. Although the precise mechanism 

is not known, antidepressants are thought to provoke the syndrome of inappropriate antidi-

uretic hormone release (SIADH) by direct or indirect stimulation of vasopressin release from 

the posterior pituitary gland. SIADH can lead to retention of water and to hyponatremia [4]. 

The occurrence of SIADH in patients using antidepressants (TCAs and SSRIs) was previously 

described in several case reports and a case series and is estimated to occur in 5 on every 1000 

patients treated per year [1,5,7,11,12]. 

Most antidepressants are metabolized by the hepatic enzyme cytochrome P450 2D6 

(CYP2D6), which is highly polymorphic with more than 60 variant alleles [http://www.cypal-

leles.ki.se]. Individuals carrying two functional CYP2D6 alleles (*1,*2) have ‘normal’ enzyme 

activity and are classifi ed as extensive metabolizers (EMs). However, 5-10% of the popula-

tion lack enzyme activity due to inheritance of two non-functional alleles (*3,*4,*5,*6) and 

form the so-called poor metabolizers (PMs). Heterozygous carriers of non-functional alleles 

exhibit decreased enzyme activity and are usually classifi ed as intermediate metabolizers (IMs). 

CYP2D6*4 is the most common variant allele in Caucasians (allele frequency of 20%) [13]. 

PMs have higher plasma concentrations of antidepressants metabolized by CYP2D6 and are 

therefore more likely to suffer from adverse drug events [14]. Hyponatremia or low serum 

sodium concentration may be one of these adverse events. In one study, it was found that 

SSRI-related hyponatremia is not related to CYP2D6 genotype, or excessive drug concentra-

tions, but the study population was small (n=20) and concerned only severe cases of hypona-

tremia (<130 mmol/l) [15]. It is unknown whether CYP2D6 genotype infl uences serum sodium 

concentration in users of antidepressants, especially in TCA users.

Therefore, the objective of this population-based cohort study was to examine the infl uence 

of the CYP2D6*4 polymorphism on serum sodium concentration in patients treated with a 

TCA or SSRI.
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Methods

Setting

This study is part of the Rotterdam Study, a prospective population based cohort study among 

inhabitants of Ommoord, a suburb of Rotterdam. Between 1990 and 1993, all 10,275 persons 

aged ≥ 55 years were invited to participate. The aims of the Rotterdam Study are to investigate 

incidence of, and risk factors for cardiovascular, neurodegenerative, locomotor and ophthal-

mologic diseases in the elderly [16,17]. The Medical Ethics Committee of the Erasmus Medical 

Centre approved the study and written informed consent was obtained from all participants. 

All drug prescriptions dispensed to participants were made available in computerized form as 

of January 1991.

The study population consisted of all subjects in the Rotterdam Study who used an antide-

pressant (TCA or SSRI) at baseline (n=139) and from whom a blood sample was available in 

which CYP2D6 genotype and serum sodium concentration could be determined (n=76). 

Genotyping

At the baseline examination of the Rotterdam Study, blood was obtained from which DNA 

was isolated. Genotyping for the CYP2D6*4 polymorphism (1846G>A) was performed using 

Taqman allelic discrimination assays as described earlier [14]. 

Exposure and outcome defi nition

Use of antidepressants was defi ned as current use of an antidepressant (N06AA/AC or N06AB/

AE) at the time of blood sampling for DNA genotyping and determination of the serum sodium 

levels. Serum sodium concentration in mmol/l was considered as the outcome of interest.

Statistical analysis

Genotype frequency was tested for deviation from Hardy-Weinberg equilibrium using a 

chi-square test. A multivariate linear regression model was used to assess the effect of the 

CYP2D6*4 polymorphism on serum sodium concentration. The model was adjusted for age 

and gender and additionally for covariates that changed the point estimate by more than 10%. 

The following covariates were considered as potential confounders: age, gender, use of diuret-

ics, Body Mass Index (BMI) in kg/m2, antidepressant dose and renal function [14].

Analyses were performed in the total cohort of antidepressant users and separately in TCA 

and SSRI users. All analyses were performed with SPSS software (version 15.0). 
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Results

The study population characteristics are shown in table 1. Information on CYP2D6 genotype 

and serum sodium concentration was available in 76 antidepressant users. The allele frequency 

of the CYP2D6*4 allele in our study population was 18.4%. The genotype distribution was in 

Hardy-Weinberg equilibrium. 

No association was demonstrated between CYP2D6 genotype and serum sodium concen-

tration among non-antidepressant users in the Rotterdam Study (p=0.146). The association 

between CYP2D6 genotype and serum sodium concentration in antidepressant users is given 

in table 2. CYP2D6 PMs (*4/*4) had a signifi cantly lower mean serum sodium concentra-

tion in comparison to CYP2D6 EMs (*1/*1) (difference -3.9 mmol/l; CI 95% -0.86;-7.03; p = 

0.013). In CYP2D6*4 heterozygotes (*1/*4) serum sodium concentration was 1.7 mmol/l (CI 

95% -3.48; 0.18) lower compared to CYP2D6 EMs, but this difference was not statistically 

signifi cant (p=0.077). 

Table 1. Baseline characteristics of the study population 

Variable Number of patients (%)

Mean age, years (SD) (n=76) 69.7 (8.5)

Gender 
 Female
 Male

57 (75%)
19  (25%)

CYP2D6 genotype* 
*1/*1 (EM)
*1/*4 (IM)
*4/*4 (PM)

53  (69.7%)
18  (23.7%)
 5  (6.6%)

Antidepressant Use 
 SSRI
 TCA

12  (15.8%)
64  (84.2%)

Mean dose in DDD (SD) 
 AD
 SSRI 
 TCA 

 0.8  (0.5)
 1.1   (0.7)
 0.5  (0.4)

Co-administration
            Diuretic Use 14  (18.4%)

Mean level of albumine (g/l) 42.8  (2.4) 

Body Mass Index kg/m2 (SD) 26.6  (3.6)

Glomerular fi ltration rate ml/min (SD) 69  (18.6)

* Hardy-Weinberg equilibrium, χ2 =3.42 (p=0.06)
EM = extensive metabolizer, PM = poor metabolizer, IM= intermediate metabolizer
AD= antidepressant, TCA= tricyclic antidepressant, SSRI= selective serotonine reuptake inhibitor
DDD= defi ned daily dose equivalents
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The analysis was repeated separately for participants using a TCA or SSRI. The association 

between CYP2D6 and serum sodium concentration in the subgroup analysis of TCA users was 

similar to the difference found in all antidepressant users and is given in table 2. The results of 

the analysis for SSRIs showed no statistically signifi cant difference in serum sodium concentra-

tion between the different CYP2D6 genotypes (table 2). 

Discussion

The main fi nding in this study is that antidepressant users homozygous for the CYP2D6*4 

allele had a signifi cantly lower serum sodium concentration than antidepressant users with 

the wildtype genotype. When the analyses were performed separately for TCAs and SSRIs, this 

association was still observed in users of TCAs but not in SSRI users. The last observation may 

be explained by the small number of SSRI users (n=12) and the observation that there was only 

one PM in this group. In addition, the amount of drug metabolized by CYP2D6 might explain 

the absence of association in SSRI users, since TCA metabolism seems more dependent on 

CYP2D6 enzyme activity than that of SSRIs [14,18]. 

Although the clinical relevance of severe hyponatremia (Na <118 mmol/L) is well recognized 

and leads to serious symptoms such as confusion, unconsciousness, grand mal seizures and 

even death, mild hyponatremia may cause important symptoms, with instability, delayed reac-

tion time and more mental errors in patients with a normal serum sodium concentration [19].

In this study, serum sodium concentration was examined as a continuous variable. The 

number of patients with a serum sodium concentration ≤ 136 mmol/l in our cohort was too 

small to assess the effect of CYP2D6 genotype, on hyponatremia.

Table 2. Association between CYP2D6 genotype and serum sodium concentration in users of antidepressants

CYP2D6 genotype Patients
(n=76)

Mean serum sodium conc 
in mmol/l*

Mean dif serum sodium 
conc (95% CI) in mmol/l*

All antidepressants (TCA or SSRI)

*1/*1 (EM)
*1/*4 (IM)
*4/*4 (PM)

53
18
5

140.3
138.6
136.4

Ref
-1.65 (-3.48; 0.18)
-3.94 (-0.86;-7.03)

TCA

*1/*1 (EM)
*1/*4 (IM)
*4/*4 (PM)

44
16
4

140.4
138.9
136.0

Ref
-1.37 (-3.39; 0.64)
-4.32 (-7.85; -0.79)

SSRI

*1/*1 (EM)
*1/*4 (IM)
*4/*4 (PM)

9
2
1

140.0
136.0
138.0

ref
5.38 (-11.76; 1.00)
1.07 (-9.57; 7.42)

Ref = reference group
* Adjusted for age and gender
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Besides SIADH as a cause of hyponatremia, excess of water intake or dietary sodium defi ciency 

could also result in hyponatremia. The lower serum sodium concentration of the PMs was 

probably not caused by excess water intake due to a dry mouth, compulsive water drinking or 

primary polydipsia because albumin concentrations in these subjects were within the normal 

range, which suggest, that the lower serum sodium is not a dilution of body water. 

Observational studies are prone to selection, information and confounding bias. Selection bias 

is unlikely since missing blood samples and or genotypes were not expected to be specifi cally 

related to CYP2D6 genotype. Information bias seems also unlikely as both CYP2D6 genotype 

and serum sodium concentration measurements were performed prior to formulation of the 

research question. In this study, only the CYP2D6*4 polymorphism was determined, since this 

is the most common polymorphism among PMs. The frequency of the *4 allele (18.5%) cor-

responded with the literature and the population was in Hardy-Weinberg equilibrium though 

borderline signifi cant (p=0.06) [13]. 

The genotyping assay was validated by DNA sequencing, but the assay was unable to deal 

with the gene deletion (*5). *4/*5 were classifi ed as CYP2D6 *4/*4 which may have lead to an 

overestimation of *4/*4 individuals in HWE. This did not affect a subjects phenotype, because 

both *4/*4 and *4/*5 were classifi ed as CYP2D6 PM. However, some misclassifi cation of PMs, 

IMs and ultra-rapid metabolizers in the reference group (EM) might have occurred. These 

misclassifi cations however, will lead to an underestimation of the association rather than an 

overestimation. 

Potential confounding by age, gender, BMI, glomerular fi ltration rate (GFR), antidepressant 

dose and use of diuretics was dealt with in the multivariate analyses. Bijl et al found an associa-

tion between CYP2D6 genotype and TCA maintenance dose [14]. In our study, antidepressant 

dose was not of any infl uence (data not shown).

In conclusion, the data in this study show that among users of antidepressants CYP2D6 PMs 

have a lower serum sodium concentration than EMs.
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Abstract

Background: 5-methoxytryptamine (5-MT), a precursor of serotonin, is considered to be an 

endogenous substrate of cytochrome P450 2D6 (CYP2D6). Homozygous carriers of the variant 

allele CYP2D6*4 lack CYP2D6 enzyme activity. Relative to extensive metabolizers (EMs), these 

poor metabolizers (PMs) may have lower baseline serotonin concentrations in various brain 

regions, and may be more prone to depression or anxiety. 

Aim: To test whether the CYP2D6 *4/*4 genotype is associated with a predisposition to de-

pression or anxiety disorders in the elderly.

Methods: We conducted a cross-sectional study within the Rotterdam Study, a population-

based cohort study, among persons, aged 55 years or over, who were screened for depression 

and anxiety disorders at two consecutive examination rounds. Logistic regression was used to 

analyze the association between the CYP2D6*4 polymorphism and the risk of depression or 

anxiety disorders.

Results: The risk of major depression in CYP2D6 *4/*4 was not signifi cantly different from 

extensive metabolizers (OR=0.85; 95%CI 0.36-2.00; p=0.72). Neither did we fi nd an associa-

tion between CYP2D6 genotype and minor depression (OR=1.56; 95%CI 0.69-3.52; p=0.28). 

No increased risk of anxiety disorders was found (OR=1.19; 95% CI 0.68-2.09; p=0.55).

Conclusion: Variation in the CYP2D6 gene is not related to a predisposition to depression or 

anxiety disorders in the elderly. 
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Introduction

Cytochrome P450 2D6 (CYP2D6) is predominantly expressed in the liver and is one of the 

most important enzymes in the metabolism of therapeutic drugs, including antidepressants, 

β-blockers, antiarrhythmics and antipsychotics [1]. CYP2D6 shows a large phenotypical vari-

ability, largely due to genetic polymorphisms. In Caucasians, 5-10% of the population lack 

CYP2D6 enzyme activity resulting from two non-functional alleles of the CYP2D6 gene. 

CYP2D6*4 is the most common variant allele (allele frequency of 20%) which leads to the 

poor metabolizer (PM) phenotype in Caucasians [2]. Subjects with two functional alleles 

have normal enzyme activity and are classifi ed as extensive metabolizer (EM). Individuals 

heterozygous for the CYP2D6*4 allele have slower rates of metabolism than EMs and are 

usually classifi ed as intermediate metabolizer, although translation from this genotype to 

phenotype is rather complex [3]. In addition, ultrarapid metabolizers (UMs) have multiple 

functional copies of the CYP2D6 gene and exhibit extremely high enzyme activity. This UM 

genotype was discovered in depressed patients who did not respond to normal doses of 

tricyclic antidepressants [4,5].

Besides the liver, CYP2D6 can also be found in small amounts in the brain [6]. It has been 

suggested that a precursor of serotonin is one of the CYP2D6 endogenous substrates [7]. 

The fi rst observations came from studies on CYP2D6 enzyme activity and variation in hu-

man personality [8,9]. Poor metabolizers of CYP2D6 had a higher frequency of extreme 

responses, including high vitality, alertness, lack of hesitation, effi ciency and ease of decision 

making than EMs in one study [8]. Confl icting results were reported from another study in 

which PMs were more anxiety prone and less successfully socialized than EMs [9]. Since these 

two studies, numerous studies on the relationship between personality and CYP2D6 have 

been performed, but an effect on personality has not consistently been found [10-12]. This 

inconsistency may be the result of small sample sizes, different personality questionnaires 

and interethnic differences. Anxiety and impulsive agressive behaviour are both related to 

low levels of serotonin [13]. Several personality traits are associated with depression, but the 

etiological role in depression is unclear [14].

In the search for possible endogenous substrates Yu et al. found that CYP2D6 was involved 

in the conversion of 5-methoxytryptamine (5-MT) to serotonin (fi gure 1). Serum serotonin 

level was about three-fold higher in transgenic mice, expressing CYP2D6, compared to wild 

type mice [15]. In another study signifi cantly higher baseline serotonin concentrations in 

platelets were detected in CYP2D6 UMs compared to EMs and PMs [16]. In one study it was 

hypothezised that CYP2D6 PMs have lower baseline serotonin concentration in various brain 

regions and are therefore more prone to depression or anxiety [13].
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Subsequently, several studies found an increased frequency of CYP2D6 PMs among psychiatric 

inpatients. In one study, the proportion of people with CYP2D6 defi ciency was two-fold higher 

(14%) than in the normal population [17]. This observation could be due to an association 

between CYP2D6 genotype and mental disease, or alternatively to selection bias, because the 

higher proportion of CYP2D6 PMs among patients admitted to psychiatric hospitals might be 

caused by higher failure rates of previous antidepressive pharmacotherapy in PMs. It has been 

shown that PMs are overrepresented in patients in whom antidepressive therapy is discontin-

ued as a result of adverse events [18]. 

As stated above the association between CYP2D6 genotype and mental disease is inconsis-

tent. The relation between the CYP2D6 gene and vulnerability to depression or anxiety disor-

ders is still unclear. To test whether CYP2D6 *4/*4 individuals have a predisposition to depres-

sion or anxiety disorders, we performed a cross-sectional study to investigate the association 

between the CYP2D6*4 polymorphism and the risk of depression or anxiety in the elderly.

Methods

Setting

This study was part of the Rotterdam Study, a prospective population-based cohort study on 

neurologic, cardiovascular, locomotor, ophthalmologic and psychiatric diseases in the elderly 

[19,20]. Between 1990 and 1993, all inhabitants of a particular district of Rotterdam, aged 

55 years or over, were invited to participate. Eventually, 7983 (78%) took part in the baseline 

examination, which consisted of an extensive home interview followed by two visits to the 

Melatonin 

5-methoxytryptamine (5-MT) 

arylacylamidase

Arylalkylamine N-acetyl transferase 

Serotonin

CYP2D6

Hydroxyindole O-methyltransferase 

N-acetylserotonin

Arylalkylamine N-acetyl transferase 

Hydroxyindole O-methyltransferase 

Figure 1. The Serotinin – Melatonin cycle
5-Methoxytryptamine (5-MT) is metabolized to serotonin by cytochrome P450 2D6 (CYP2D6). Serotonin can be 
N-acetylated to form N-acetylserotonin, which is converted into melatonin. The major metabolic pathway for 
melatonin is 6-hydroxylation (not shown), but deacetylation completes the cycle by the formation of 5-MT [15].
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research center. The Medical Ethics Committee of the Erasmus Medical Center approved the 

study. Follow-up examinations were conducted in 1993-1995, 1997-1999 and 2002-2004.

Depressive symptoms and disorders were assessed at the third and fourth examination 

(1997-1999 and 2002-2004), and anxiety disorders at the fourth examination. As of January 1, 

1991, all drug prescriptions dispensed to participants have been stored in a computer network. 

We conducted a cross-sectional study among persons who had been screened for depres-

sive symptoms at the third (n=4601) and fourth (n=3437) survey, and among persons in whom 

anxiety disorders had been assessed during the fourth examination round. 

Assessment of depression and anxiety

All participants were invited to fi ll out the Dutch version of the Center for Epidemiological Stud-

ies Depression Scale (CES-D), a 20-item questionnaire that measures depressive symptoms on 

a scale from 0-60 [21, 22]. A value of ≥ 16 is used as a cut-off value for depressive symptoms.

Persons with a positive value (≥ 16) underwent a psychiatric interview including the Dutch 

version of the Schedules for Clinical Assessment in Neuropsychiatry (formerly known as 

Present State Examination). The diagnoses were assigned according to the DSM-IV criteria 

to the following categories: 1) major depression and dysthymia, 2) minor depression and 3) 

no depression (all others, including negative CES-D score). Since impaired cognitive function 

can infl uence the diagnosis of depression, all subjects with dementia were excluded from the 

analyses. The diagnosis of dementia was made by a panel of neurologists in accordance with 

internationally accepted guidelines (DSM-III-R, NINCDS-ADRA and NINDS-AIREN).

Anxiety disorders were assessed at the fourth examination round using the Munich Com-

posite International Diagnostic Interview (M-CIDI), including generalized anxiety disorder, spe-

cifi c and social phobia, panic disorder and agoraphobia without panic disorder [23]. 

Genotyping

At the baseline examination of the Rotterdam Study, blood was taken from which DNA was 

isolated. Genotyping for the CYP2D6*4 polymorphism (1846G>A) was performed by using Taq-

man allelic discrimination assays as described previously [24]. In brief, polymerase chain reactions 

(PCR) were performed in a reaction volume of 2.0 μl containing 1 ng genomic DNA. The thermal 

profi le consists of an initial denaturation step at 95oC for 15 minutes, followed by 40 cycles of 

denaturation at 92oC for 15 seconds and by annealing and extension at 60oC for 1 minute. 

Homozygous subjects for the *4 allele were classifi ed as PM. Subjects were classifi ed as IM 

if they were heterozygous. Subjects in whom CYP2D6*4 was not detected were assumed to 

be extensive metabolizers (*1).
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Statistical analysis

Hardy-Weinberg equilibrium was determined by using a χ2 –test to compare genotype fre-

quencies with the expected values. Binary logistic regression analysis was used to study the 

association between CYP2D6 genotype and depression or anxiety disorders, separate analyses 

being performed for major and minor depression. In the model we adjusted for age and gen-

der. Antidepressant use at time of the interview was considered as potential confounder and/or 

effect modifi er. The study had 93% power to detect a relative difference of 1.5 in occurrence 

of depression between PMs and EMs. All analyses were performed with SPSS software (version 

11.0, Chicago, USA).

Results

Of the 4601 participants in the third examination round, 436 patients with a diagnosis of 

dementia were excluded. No blood sample was available from 283 subjects; in 68 subjects sub-

optimal blood samples (due to excessive storage times) had led to diffi culties with CYP2D6*4 

genotyping. Of the remaining 3814 subjects, 265 had a positive CES-D value (>16). The fourth 

examination round included 3437 subjects, of whom 447 participants were excluded (184 due 

to dementia, 211 due to lack of blood sample, and 52 participants due to genotyping diffi cul-

ties). Three hundred and seventy-fi ve subjects had a CES-D value ≥ 16. 

Table 1 shows the characteristics of the study population. In this study there were in total 

122 patients with major depression or dysthymia and 94 patients with a minor depression 

at the third or fourth examination round. The allele frequency of the CYP2D6*4 allele in 

this population was 20.8%. Genotype frequencies deviated signifi cantly from Hardy-Weinberg 

equilibrium (p<0.01). There was no statistically signifi cant difference in the percentage of 

CYP2D6 *4/*4 between subjects with a depressive disorder (6.6%) and subjects without de-

pressive disorders (5.7%). 

Table 2 shows the risk of minor and major depression by CYP2D6 genotype. The risk of major 

depression in CYP2D6 *4/*4 PMs was not signifi cantly different from EMs (OR=0.85; 95%CI 

0.36-2.00; p=0.72). There was no association between CYP2D6 *4/*4 genotype and minor 

depression (OR=1.56; 95%CI 0.69-3.52; p=0.28). Stratifi cation on antidepressant use did not 

infl uence the results.

At the fourth examination round, 225 patients had one or more anxiety disorders. Table 3 

shows the overall risk of an anxiety disorder. This risk was not higher in CYP2D6 PMs than in 

EMs. 
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Table 1. Characteristics of the study population

3rd examination round 4th examination round

n 3814 2990

Mean age, years (SD) 72.4 (7.1) 75.7 (6.3)

Gender
 female 2196 (57.6%) 1759 (58.8%)

CYP2D6 genotype
 *1/*1
 *1/*4
 *4/*4

2451 (64.3%)
1138 (29.8%)
225  (5.9%)

1921 (64.2%)
896 (30.0%)
173 (5.8%)

CES-D positive value (≥ 16) 265 375

Depression*
 major depression and dysthemia
 minor depression

54
48

78
50

Anxiety
 1 or more anxiety disorder
 generalized anxiety disorder
 specifi c phobia
 social phobia
 panic disorder
 agoraphobia without panic disorder

not assessed 225
63
47
21
9

112

Antidepressant use 100 118

*Some patients had depressive disorders at both examination rounds.
CYP2D6: Cytochrome P450 2D6; CES-D: Center for Epidemiological Studies Depression Scale

Table 2. Relationship between CYP2D6 genotype and depression in the Rotterdam Study 

Major depression Minor depression

CYP2D6 genotype Cases OR^ (95% CI) p-value Cases OR^ (95% CI) p-value

    *1/*1 79 1.00 (ref ) - 55 1.00 (ref ) -

    *1/*4 37 1.04 (0.70-1.56) 0.84 32 1.34 (0.85-2.11) 0.21

    *4/*4 6 0.85 (0.36-2.00) 0.72 7 1.56 (0.69-3.52) 0.28

^ Odds ratios calculated with logistic regression adjusted for age and gender

Table 3. Relationship between CYP2D6 genotype and anxiety disorder in the Rotterdam Study 

Anxiety disorder

CYP2D6 genotype Cases OR^ (95% CI) p-value

    *1/*1 140 1.00 (ref ) -

    *1/*4 70 1.04 (0.77-1.41) 0.78

    *4/*4 15 1.19 (0.68-2.09) 0.55

^ Odds ratios calculated with logistic regression adjusted for age and gender
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In CYP2D6 PMs the risk of generalized anxiety disorder, specifi c and social phobia, panic dis-

order or agoraphobia without panic disorder was not signifi cantly different from EMs or IMs 

(fi gure 2). 

Discussion

The present study showed that CYP2D6 *4/*4 individuals did not have a predisposition to-

wards developing depression or anxiety disorders compared to EMs. The impaired metabolism 

of 5-methoxytryptamine to serotonin in PMs did not increase the risk of depression or anxiety 

disorders. Several explanations for these fi ndings are conceivable. The fi rst explanation is that 

CYP2D6 polymorphisms may affect serotonin concentrations in the brain to such a small de-

gree that it has no clinical consequences. Yu et al. suggested that, in tissues where monoamine 

oxidase type A (MAO-A) is also expressed, deamination of 5-MT, a precursor of serotonin, by 

monoamine oxidase type A rather than demethylation by CYP2D6 probably dominates [15], 

meaning that the infl uence of CYP2D6 polymorphisms on serotonin concentrations in these 

tissues is only small. The second possible explanation is, that 5-MT itself has a high affi nity for 

serotonin receptors similar to that of serotonin [25]. The third possible explanation is that other 

neurochemical pathways (e.g. dopamine) could interact with low serotonin levels. Stimulation 

Anxiety disorder

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

generalized anxiety
disorder

social phobia specific phobia panic disorder agoraphobia without panic
disorder

O
dd

s 
ra

tio
 

 *1/*1 (EM)  *1/*4 (IM)  *4/*4 (PM)

Figure 2. Relationship between CYP2D6 genotype and anxiety disorders in the Rotterdam Study 
In CYP2D6 PMs the risk of generalized anxiety disorder, specifi c and social phobia, panic disorder or agoraphobia 
without panic disorder was not signifi cantly diff erent from EMs or IMs.
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of the serotonin receptors on the nigrostriatal pathway reduces dopamine release. Low levels 

of serotonin in CYP2D6 PMs may lead to increased dopamine levels in these individuals [13]. 

Although CYP2D6 is also involved in the conversion of tyrosine to dopamine, this has no large 

physiological impact [25, 26]. Homeostatic reactions could maintain a certain balance between 

serotonin and dopamine in the brain.

Some potential limitations of our study should be mentioned. In our study, we determined 

only the CYP2D6*4 polymorphism. In a Caucasian population CYP2D6*4 is the most fre-

quent non-functional allele leading to the PM phenotype (>75% of the PMs are carriers of 

this polymorphism [3]). Other less frequent genetic variants (*3,*5,*6,*8,*10, and *41) were 

not assessed, which led to the inclusion of some IMs, PMs, and UMs in the reference group 

(EMs). However, we believe that these misclassifi cations would have a minor infl uence on our 

risk estimates. The allele frequency of 20.8% was in accordance with the literature [3], but 

no Hardy-Weinberg equilibrium was observed. Our genotyping assay was validated by DNA 

sequencing, but the assay identifi ed individuals heterozygous for the gene deletion CYP2D6*5 

as homozygous: *4/*5 individuals (PMs) will be identifi ed as *4/*4 (PMs) and *1/*5 individuals 

as *1/*1 (EMs). Although this phenomenon led to an overestimation of the number of *4 

homozygous individuals in our population, this will have only minor effects on the outcome of 

the study, because these patients will be classifi ed PM in either way. 

This study determined only the participants’ genotype. The consequences for the expression 

of CYP2D6 in the human brain are questionable. 

Cross-sectional studies lack any information on timing of relationships between exposure and 

outcome. Since genotypes do not change over time, a cross-sectional design is suffi cient to ex-

amine the association between CYP2D6 genotype and predisposition to depression or anxiety. 

In a way we combined the data of the third and fourth examination round as a measure for 

cumulative depression. Depressive episodes often recur throughout a person’s life. If only in-

cident depression data were taken into account in this elderly population, we would probably 

exclude all subjects most vulnerable to depression, since they are likely to have experienced 

an earlier depressive episode [22]. Depressive disorders that occurred between the third and 

fourth examination round and were of short duration were missed in this study. 

It should be mentioned that the number of poor metabolizers that were diagnosed with 

depression or an anxiety disorder was small. The study had enough power (93%) to detect a 

relative difference of 1.5 in occurrence of depression between PMs and EMs, but the power 

was insuffi cient for the small differences we found.

In conclusion, our study suggests that there is no clinically relevant association between 

CYP2D6 genotype and depression or anxiety disorders in the elderly. Further research on en-

dogenous substrates and their impact on serotonergic neurophysiology is necessary as the 

exact mechanism of serotonin regeneration by CYP2D6 in human brain is unknown. 
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Abstract

Background: Several β-blockers are metabolized by the polymorphic enzyme cytochrome P450 

2D6 (CYP2D6). CYP2D6*4 is the main polymorphism leading to decreased enzyme activity. The 

clinical signifi cance of impaired elimination of β-blockers is controversial and most studies suf-

fer from small numbers of CYP2D6 poor metabolizers (PMs). The aim of this population-based 

cohort study was to examine the infl uence of the CYP2D6*4 polymorphism on heart rate and 

blood pressure in patients treated with β-blockers.

Methods: The study cohort consisted of all subjects in the Rotterdam Study, in whom blood 

pressure and ECG was recorded and for whom data on genotype were available (n=1533). Re-

peated measurement analysis was used to analyze the association between CYP2D6 genotype 

and blood pressure or heart rate in β-blocker users.

Results: In CYP2D6 *4/*4 PMs the adjusted heart rate in metoprolol users was 8.5 beats/min 

lower compared to *1/*1 extensive metabolizers (EMs) (p<0.001), leading to an increased risk 

of bradycardia in PMs (OR= 3.86; 95% CI 1.68-8.86; p=0.0014). The diastolic blood pressure 

in PMs was 5.4 mmHg lower in users of β-blockers metabolized by CYP2D6 (p=0.017) and 4.8 

mmHg lower in metoprolol users (p=0.045) compared to EMs. 

Conclusion: In users of β-blockers selectively metabolized by CYP2D6, including the widely 

prescribed β-blocker metoprolol, CYP2D6 PMs have a lower heart rate and diastolic blood 

pressure than EMs. 
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Introduction

β- Adrenoreceptor blockers are widely prescribed for the treatment of cardiovascular diseases, 

including hypertension, coronary heart disease and heart failure. Insight into the variability 

in pharmacokinetics can contribute to the understanding of interindividual variability in drug 

response and tolerability. Cytochrome P450 2D6 (CYP2D6) is involved in the hepatic elimina-

tion of several β-blockers. Among β-blockers metoprolol is most extensively metabolized by 

CYP2D6, accounting for 70-80% of its metabolism [1,2]. Carvedilol, nebivolol, propranolol, 

alprenolol are other substrates of the enzyme, but the contribution of CYP2D6 to their me-

tabolism is lower than for metoprolol [3,4]. Other β-blockers, like atenolol, are eliminated 

predominately unchanged by glomerular fi ltration and elimination is therefore independent of 

CYP2D6 activity [5].

In Caucasians, 5-10% of the population lack CYP2D6 enzyme activity due to inheritance of 

two non-functional alleles of the CYP2D6 gene (e.g. CYP2D6*3,*4,*5,*6). These individuals 

are classifi ed as poor metabolizers (PM) [6,7]. CYP2D6*4 is the most common variant allele 

(allele frequency of 20%) leading to the PM phenotype in Caucasians: >75% of PMs carry this 

polymorphism [7]. Other genetic variants occur less frequently. Subjects with two functional 

alleles (e.g. *1,*2) are classifi ed as extensive metabolizers (EMs), while heterozygous carriers of 

CYP2D6 polymorphisms show large variability in their phenotype [6]. Ultrarapid metabolizers 

(UMs) have more than 2 functional copies of the CYP2D6 gene and exhibit extremely high 

enzyme activity. 

The poor metabolizer phenotype is associated with an increased metoprolol plasma concentra-

tion and more intense and sustained receptor blockade [2,8]. If standard doses of metoprolol 

are used in poor metabolizers, these subjects may be susceptible to dose-dependent adverse 

drug reactions. Wuttke et al. found an increased frequency of CYP2D6 PMs in patients on 

metoprolol treatment with adverse drug reactions (ADRs): 9 out of 24 subjects with ADRs were 

PM (38%). In that study, the risk of bradycardia in PMs tended to be higher than in non-poor 

metabolizers [9]. However, the number of subjects in that study was small. Other studies 

showed no increased risk of adverse drug reactions or increased antihypertensive response 

to metoprolol [10-12]. Consequently, the clinical signifi cance of impaired elimination of beta-

blockers is controversial and most studies suffer from small number of CYP2D6 PMs.

Therefore, the objective of this population-based cohort study was to examine the infl uence 

of the CYP2D6*4 polymorphism on heart rate and blood pressure in patients treated with 

β-blockers.
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Methods

Setting

This study was embedded in The Rotterdam Study, a prospective population-based cohort 

study among inhabitants of Ommoord, a suburb of Rotterdam [13,14]. Between 1990 and 

1993, all 10275 persons aged 55 years or over were invited to participate. Of them, 7983 took 

part in the baseline examination, consisting of an extensive home interview followed by two 

visits to the research center. The Medical Ethics Committee of the Erasmus Medical Center ap-

proved the study and written informed consent was obtained from all participants. Follow-up 

examinations were conducted in 1993-1996, 1997-1999 and 2002-2004. In addition, the total 

cohort is continuously monitored for major morbidity and mortality through linkage with the 

records of the patient’s general practitioner. All drug prescriptions dispensed to participants 

are available in computerized form as of January 1, 1991. The pharmacy data include the 

Anatomical Therapeutical Chemical (ATC)-code, the dispensing date, the total amount of drug 

units per prescription, the prescribed daily number of units, and product name of the drugs.

Cohort defi nition

The study population consisted of all subjects in the Rotterdam Study for whom a blood 

sample was available and for whom the CYP2D6 genotype could be determined, and who had 

used a β-blocker on at least one out of 4 cross-sectional assessments: at baseline and three 

subsequent follow-up assessments. For every subject up to 4 ECG measurements and blood 

pressure measurements were available. Due to the suboptimal quality of long-term stored DNA 

samples, CYP2D6 genotype could not be assessed in a small number of patients. 

Outcome assessment

At every visit to the research center, systolic and diastolic blood pressure were measured twice 

with a random-zero sphygmomanometer after a 5-min rest in a sitting position, and these 

values were averaged. A 12-lead resting electrocardiogram (ECG) with an ACTA electrocardio-

graph (Eseaote, Florence, Italy) was also recorded. Heart rate was calculated from the mean 

RR-interval in the electrocardiogram, the time interval between consecutive heartbeats (calcu-

lated on an average of 10 consecutive heart beats). Bradycardia was defi ned as a heart rate 

lower than 60 beats/minute. 

Exposure defi nition

At the baseline examination of the Rotterdam Study, blood was taken from which DNA was 

isolated. Genotyping for the CYP2D6*4 polymorphism (1846G>A) was performed by using 
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Taqman allelic discrimination assays on the ABI Prism 9700 HT Sequence detection system, as 

described earlier [15]. In short, 1 ng of genomic DNA was amplifi ed in 40 cycles of denatur-

ation at 92oC for 15 seconds and annealing and extension at 60oC for 1 minute. 

Individuals were classifi ed as PM if they were homozygous for the *4 allele. Heterozygous individ-

uals were referred as *4 heterozygotes or *1/*4. All individuals without a *4 allele were considered 

to have the wild type allele (*1) and were subsequently classifi ed as extensive metabolizers (EMs).

Current use of β-blockers was defi ned as use at the time of ECG or blood pressure measurement.

Covariates

The following covariates were considered as potential confounders: age, gender and β-blocker 

dose. β-blocker dose was calculated as the prescribed daily dose divided by the defi ned daily 

dose, according to the World Health Organization. Because CYP2D6 genotype may be associ-

ated with the use of other antihypertensive drugs, we adjusted for the current use of miscel-

laneous antihypertensive drugs (ATC C02), diuretics (ATC C03), calcium channel blockers (ATC 

C08), ACE inhibitors and angiotensin II receptor antagonists (ATC C09). Co-administration 

of strong CYP2D6 inhibitors (fl uoxetine, paroxetine, bupropion, quinidine) or weak inhibitors 

(sertraline, duloxetine, terbinafi ne, cimetidine, amiodaron) at the time of ECG or blood pres-

sure measurement was considered as potential confounder or effect modifi er [3].

Statistical analysis

Genotype frequency was tested for deviations from Hardy-Weinberg equilibrium by using a χ2 –test. 

We used repeated measurements analysis (linear mixed model) to analyze the association between 

CYP2D6 genotype and heart rate, or blood pressure in β-blocker users. This model can adjust for 

the correlation between observations within the same person in addition to potential confounders. 

Bradycardia was analyzed likewise using the generalized estimating equation (GEE) method for 

discrete outcomes. Analyses were performed for β-blockers selectively metabolized by CYP2D6, 

β-blockers not selectively metabolized by CYP2D6, and separately for metoprolol and atenolol. 

The analyses mentioned above were repeated in a subgroup of patients in whom ECGs with 

atrial fi brillation were excluded, since this condition could infl uence heart rate.

We performed a second longitudinal analysis by examining the within person change in 

heart rate or blood pressure between two consecutive measurements (tx-1, tx) with repeated 

measurements analysis. The difference in heart rate or blood pressure between two subse-

quent measurements was calculated for each person and compared between persons who 

started a β-blocker (tx-1
 = 0, tx = 1) or discontinued a β-blocker (tx-1

 = 1, tx = 0) and those who 

were non-users at both measurements (tx-1
 = 0, tx = 0).

Repeated measurements analysis was performed with SAS, version 8.2, using the Proc 

Mixed and Proc Genmod program.
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Results

Characteristics of the study population are given in table 1. The percentage of β-blocker use at 

the time of blood pressure or ECG measurement changed over time from 10.5% at baseline 

to 23.6% in the last examination round. CYP2D6*4 genotype in combination with informa-

tion on heart rate and blood pressure was available in 1430 and 1533 subjects on β-blockers 

respectively. The most frequently used β-blockers were atenolol (n=625), metoprolol (n=513) 

and bisoprolol (n=156) during the total study period. The allele frequency of the CYP2D6*4 

allele was 20.7%. Genotype distributions signifi cantly deviated from Hardy-Weinberg equilib-

rium (p<0.01). 

Table 1. Characteristics of the study population

Baseline
(1990-1993)

1st follow-up
(1993-1996)

2nd follow-up
(1997-1999)

3rd follow-up
(2002-2004)

n 6348 5431 3874 2878

Mean age, years (SD) 69.5 (9.1) 70.4 (8.6) 72.8 (7.4) 75.6 (6.3)

Gender
 female 3763 (59.3%) 3190 (58.7%) 2241 (57.8%) 1670 (58.0%)

CYP2D6 genotype
 *1/*1
 *1/*4
 *4/*4

4082 (64.3%)
1897 (29.9%)
369  (5.9%)

3504 (64.5%)
1610 (29.6%)
317  (5.8%)

2499 (64.5%)
1152 (29.7%)
223  (5.8%)

1840 (63.9%)
869  (30.2%)
169  (5.9%)

β-blocker use (total)a,b

 atenolol
 metoprolol
 bisoprolol

667 (10.5%)
307 (4.8%)
199 (3.1%)
7    (0.1%)

735 (13.5%)
319 (5.9%)
243 (4.5%)
16  (0.3%)

661 (17.1%)
252 (6.5%)
205 (5.3%)
56  (1.4%)

680 (23.6%)
223 (7.7%)
196 (6.8%)
116 (4.0%)

Mean β-blocker dose, DDD (SD) 0.70 (0.4) 0.67 (0.4) 0.61 (0.4) 0.60 (0.4)

Co-administration of CYP2D6 inhibitorsd

 strong
 weak

1 (0.1%)
10 (1.5%)

5 (0.7%)
19 (2.6%)

4 (0.6%)
10 (1.5%)

8 (1.1%)
8 (1.1%)

Co-administrationc 
 diuretics
 calcium channel blockers
 ACE inhibitors/ AT-II 
 other antihypertensives

169 (25.3%)
93 (13.9%)
54 (8.1%)
13 (1.9%)

191 (26.0%)
126 (17.1%)
93 (12.7%)
15 (2.0%)

161 (24.4%)
118 (17.9%)
133 (20.1%)

8 (1.2%)

200 (29.4%)
141 (20.7%)
202 (29.7%)

13 (1.9%)

Mean blood pressure (SD)
 Diastolic BP (mmHg)
 Systolic BP (mmHg)

(n=6225)
73.7 (11.5)

139.3 (22.3)

(n=5037)
77.2 (11.8)

141.7 (22.2)

(n=3833)
75.3 (11.3)

143.5 (21.2)

(n=2864)
79.5 (11.5)

153.0 (21.8)

Mean heart rate (SD) (beats/min) (n=4716)
71.1 (12.6)

(n=4496)
69.5 (12.1)

(n=3491)
68.3 (11.8)

(n=2809)
68.4 (11.7)

The characteristics of all individuals with information on CYP2D6 genotype available. ACE, angiotensin-converting 
enzyme; AT-II, angiotensin II receptor antagonist; DDD, defi ned daily dose
a β-blocker use at the time of ECG or blood pressure measurement. In total 1533 subjects used a β-blocker at any 
time during the study period (1991-2004). b The absolute numbers of PMs using the frequently prescribed β-blockers 
atenolol and metoprolol at baseline ECG were 19 and 11, respectively; at 1st follow-up ECG 20 and 10, respectively; at 
2nd follow-up ECG 12 and 10, respectively; at 3rd follow-up ECG 9 and 9, respectively. c during β-blocker use
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Heart rate

There was no association between CYP2D6 genotype and heart rate among non-users 

(p=0.73). The association between CYP2D6 genotype and heart rate was most obvious in users 

of metoprolol and is given in fi gure 1a. CYP2D6 poor metabolizers (*4/*4) had a signifi cant 

lower heart rate than in EMs (*1/*1). In contrast, CYP2D6 genotype had no effect on heart 

rate in atenolol users (fi gure 1b). 

Using repeated measurements analysis, the adjusted heart rate in metoprolol users was 8.5 

beats/min lower in PMs than in EMs (p<0.0001). In *4 heterozygotes the heart rate was 2.5 

beats/min lower (p=0.013). The adjusted difference between PMs and EMs in atenolol users 

was 0.7 beats/min, but this difference was not statistically signifi cant (p=0.67). These results 

are given in table 2.

The mean β-blocker dose was signifi cantly lower in CYP2D6 PMs (0.38 DDD) than in EMs 

(0.48 DDD) in users of β-blockers selectively metabolized by CYP2D6 (p=0.03). The risk of 

bradycardia in metoprolol users was signifi cantly higher in PMs than in EMs (OR= 3.86; 95% 

CI 1.68-8.86; p=0.0014). An effect of CYP2D6 genotype in users of β-blockers selectively 

metabolized by CYP2D6 (metoprolol, carvedilol, nebivolol, propranolol and alprenolol) was 

also observed, but the difference of -6.7 beats/min in PMs compared to EMs can largely be 

explained by the large amount of metoprolol users. No effect of CYP2D6 genotype on heart 

rate was seen in users of β-blockers not selectively metabolized by CYP2D6 (oxprenolol, pin-

dolol, sotalol, penbutolol, atenolol, acebutolol, bevantolol, bisoprolol, celiprolol and labetalol).

Within person changes in heart rate between two consecutive ECGs are given in table 3. The 

within person change in heart rate was signifi cantly larger (7.3 beats/min; 95% CI 1.2 - 13.4; 

p=0.019) in CYP2D6 PMs compared to EMs in persons starting metoprolol. In individuals with 

the *1/*4 genotype starting metoprolol, the within person change was 2.8 beats/min (CI 95% 

5.8 - 0.11; p=0.06) lower than in EMs. No signifi cant increase in heart rate was observed in 

persons discontinuing metoprolol between the different CYP2D6 genotypes.
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Variable  

b) 

Figure 1. Association between CYP2D6 genotype and heart rate in users of (a) metoprolol and (b) atenolol. The data 
are adjusted for age, gender, b-blocker dose and use of other antihypertensives
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Table 2. Eff ect of CYP2D6 genotype on heart rate or blood pressure in users of b-blockers

Current use n Mean diff erence in
heart ratea (95% CI)

p-value n Mean
diff erence in DBPa

p-value

β-blockers 
selectively 
metabolized by 
CYP2D6b

 *1/*1 
 *1/*4
 *4/*4

515
282
43

ref
-2.40 (-4.17;-0.58)

-6.72 (-10.50;-2.94)
0.009
0.001

578
305
45

-0.27 (-2.29;1.76)
-5.39 (-9.90;-0.99)

0.796
0.017

Metoprolol
 *1/*1 
 *1/*4
 *4/*4

451
255
34

ref
-2.49 (-4.43;-0.55)

-8.53 (-12.77;-4.29)
0.012

<0.001

496
276
37

-0.37 (-2.50;1,75)
-4.77 (-9.43;-0.11)

0.730
0.045

β-blockers not 
metabolized by 
CYP2D6c

 *1/*1 
 *1/*4
 *4/*4

982
384
79

ref
-1.39 (-2.94;0.16)
-0.82 (-3.83;2.19)

0.079
0.594

1048
422
85

ref
0.11 (-1.32;1.55)
0.52 (-2.28;3.32)

0.880
0.716

Atenolol
 *1/*1 
 *1/*4
 *4/*4

680
270
53

ref
-1.50 (-3.17;0.18)
-0.71 (-3.98;2.57)

0.080
0.672

716
295
57

-0.49 (-2.18;1.20)
0.92 (-2.39;4.23)

0.567
0.586

The mean diff erence in heart rate (beats/min) or blood pressure (mmHg) is calculated by repeated measurements 
analysis.
DBP, diastolic blood pressure; ref, reference group
a adjusted for age, gender, β-blocker dose, use of diuretics, calcium channel  blockers, ACE inhibitors and angiotensin 
II receptor antagonists and other antihypertensive drugs.b β-blockers selectively metabolized by CYP2D6 are 
metoprolol, carvedilol, nebivolol, propranolol and alprenolol. c β-blockers not metabolized by CYP2D6 are oxprenolol, 
pindolol, sotalol, penbutolol, atenolol, acebutolol, bevantolol, bisoprolol, celiprolol and labetalol)

Table 3. Eff ect of CYP2D6 genotype on within person change in heart rate in persons starting or discontinuing 
metoprolol  

Start metoprolol therapy
(tx-1=0 and tx=1)

Discontinuation of metoprolol therapy
(tx-1=1 and tx=0)

n Diff erence in heart ratea

(beats/min)
p-value n Diff erence in heart ratea

(beats/min)
p-value

CYP2D6 genotype
*1/*1
*1/*4
*4/*4

172
72
12

ref
-2.84 (-5.80;0.12)

-7.32 (-13.43;-1.21)
0.06
0.02

91
49
7

1.71 (-6.35;9.78)
-3.08 (-6.74;0.57)

0.68
0.10

a adjusted for age and gender
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Subgroup analyses

We repeated the analyses after exclusion of subjects with atrial fi brillation. The exclusion of, in 

total 113 subjects using β-blockers, had only a minimal effect on the outcomes. After exclusion 

of the atrial fi brillation patients there were 406 EMs, 249 heterozygous patients and 29 PMs 

using metoprolol left. The adjusted heart rate in metoprolol users was 7.1 beats/min lower 

in PMs than in EMs (p<0.0014). In *4 heterozygotes the heart rate was 2.3 beats/min lower 

(p=0.017). PMs had an increased risk of bradycardia (OR= 2.94; p=0.013) compared to EMs. 

In users of β-blockers selectively metabolized by CYP2D6 the effect of CYP2D6 genotype on 

heart rate was also minimally infl uenced by the exclusion of atrial fi brillation (data not shown).

Blood pressure

There was no association between CYP2D6 genotype and systolic or diastolic blood pressure 

among non-users (p=0.73, and p=0.67 respectively). There was no infl uence of the CYP2D6*4 

polymorphism on systolic blood pressure, but the diastolic blood pressure in PMs was 4.8 

mmHg lower in metoprolol users (p=0.045) and 5.4 mmHg lower in users of β-blockers selec-

tively metabolized by CYP2D6 (p=0.017) than in EMs (table 2). The diastolic blood pressure 

in individuals with the *1/*4 genotype did not differ signifi cantly from EMs. No association 

between CYP2D6 genotype and blood pressure was observed in β-blockers not selectively 

metabolized by CYP2D6 including atenolol. 

In table 4 the within person change of diastolic blood pressure is presented. The within 

person change was 4.9 mmHg lower (CI 95% 10.7-0.9; p=0.10) in CYP2D6 PMs than EMs in 

persons starting metoprolol. 

Discussion

The main fi nding in this cohort study is that metoprolol users homozygous for the CYP2D6 

*4 allele had a signifi cantly lower heart rate and diastolic blood pressure than users with the 

wild type genotype. These effects were also observed for β-blockers selectively metabolized 

Table 4. Eff ect of CYP2D6 genotype on within person change in diastolic blood pressure (DBP) in persons starting or 
discontinuing metoprolol  

Start metoprolol therapy
(tx-1=0 and tx=1)

Discontinuation of metoprolol therapy
(tx-1=1 and tx=0)

n Diff erence in DBPa

(mmHg)
p-value n Diff erence in DBPa

(mmHg)
p-value

CYP2D6 genotype
*1/*1
*1/*4
*4/*4

211
92
14

ref
-0.91 (-3.60;1.79)

-4.87 (-10.68;0.95)
0.51
0.10

102
52
7

4.52 (-3.85;12.89)
-1.39 (-5.09;2.31)

0.29
0.46

a adjusted for age and gender
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by CYP2D6 (metoprolol, carvedilol, nebivolol, propranolol and alprenolol), but the differences 

can largely be explained by the large proportion of metoprolol users in this group. In users of 

atenolol and other β-blockers not metabolized by CYP2D6 no association between CYP2D6 

genotype and heart rate or blood pressure was observed. This was expected since atenolol is 

predominantly excreted by the kidneys. Our results correspond with those of Kirchheiner et 

al., in which a signifi cant effect on resting heart rate was found. However, no association of 

CYP2D6 genotype with systolic and diastolic blood pressure was found in that study [16]. 

In our study, the diastolic blood pressure in PMs was approximately 5 mmHg lower than in 

EMs using β-blockers selectively metabolized by CYP2D6. This difference in blood pressure 

was adjusted for β-blocker dose and use of other antihypertensive drugs. The clinical relevance 

of this result is unclear. In the estimation of the 10-year risk of fatal cardiovascular disease, 

the systolic blood pressure rather than the diastolic blood pressure is taken into account in 

addition to other predictors (cholesterol, age, gender) [17]. In a recent Cochrane review, β-

blockers were less effi cacious in lowering blood pressure than other blood pressure lowering 

drugs [18]. Reduction in heart rate is associated with a lower risk on cardiovascular morbidity 

and mortality [19]. Beta blockers reduce the risk on mortality partly due to their effect on 

heart rate. On the other hand, heart rate is strongly related to sudden cardiac death due to 

arrhythmias. In our study the risk of bradycardia in metoprolol users is almost 4-times higher 

in PMs than in EMs. Bradycardia is a known adverse drug reaction of β-blockers and is dose-

dependent. Bradycardia could be life-threatening and could be avoided in poor metabolizers 

by reducing the dose. Patients with the *1/*4 genotype did have a lower heart rate, but no 

increased risk of bradycardia. Heterozygous *4 individuals have in contrast to PMs, in which 

CYP2D6 enzyme activity is absent, decreased enzyme activity. The literature describes that 

plasma concentrations of metoprolol are somewhat higher in heterozygous persons than in 

EMs, suggesting an allele-dose effect [11,20]. In contrast to PMs, ultrarapid metabolizers may 

show limited response to β-blockers metabolized by CYP2D6. The clearance of metoprolol is 

increased, leading to lower plasma concentrations of metoprolol [16]. However, we did not 

determine multiple copies of functional alleles in our study, since the frequency of CYP2D6 

ultrarapid metabolizers is expected to be low (1-2%) in the Dutch population resulting in 

limited statistical power [7]. 

A PM genotype increases the possibility to develop adverse drug reactions. In our study sub-

jects who experienced severe adverse drug reactions and therefore immediately discontinued 

their pharmacotherapy were probably missed. Thus, our results are likely to be an underestima-

tion of the real effect. 

In population-based studies, bias may affect the results. Selection bias was probably negligible, 

because all β-blocker users at the time of ECG or blood pressure measurements were selected 

independently of CYP2D6 metabolizer status in a large cohort study. Information bias was un-

likely, since data on genotype, ECG, blood pressure and prescription data were gathered pro-
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spectively. We adjusted for the possible confounders age, gender, β-blocker dose, use of other 

antihypertensive drugs, diuretics, calcium channel blockers, ACE inhibitors and angiotensin II 

receptor antagonists in the repeated measurements analyses. The dose is titrated on antihyper-

tensive effect and is dependent on CYP2D6 genotype (PMs require lower doses). Apparently, in 

practice titrating is not performed properly, since PMs had a lower heart rate and an increased 

risk of bradycardia after adjusting for β-blocker dose. Use of other antihypertensive drugs due 

to a suboptimal antihypertensive effect is probably more likely in EMs. Co-administration of 

strong and weak CYP2D6 inhibitors did not infl uence our results, but concurrent use occurred 

sporadically. Compliance of β-blockers was assessed in the Rotterdam study. Cardiovascular 

drug use, as presented during patient interview, was compared with the computerized phar-

macy medication history. The highest agreement was observed in β-blockers (94%), especially 

for atenolol and metoprolol [21].

In our study, we only determined the CYP2D6*4 polymorphism, since this polymorphism 

should predict >75% of PMs in a Caucasian population [7]. Other less frequent genetic vari-

ants (*3,*5,*6,*8,*10,*41) were not assessed, which led to the inclusion of some intermedi-

ate metabolizers, poor metabolizers and ultrarapid metabolizers in the reference group (EM). 

However, we believe that these misclassifi cations would tend to underestimate, rather than 

infl ate our risk estimates. The frequency of the *4 allele (20.7%) corresponded with the lit-

erature [7], but our population was not in Hardy-Weinberg equilibrium. The genotyping assay 

was validated by DNA sequencing, but was unable to deal with the gene deletion CYP2D6*5: 

*4/*5 subjects were also classifi ed as CYP2D6*4/*4. Within a random sample of 500 partici-

pants CYP2D6*5 was determined in the *4/*4 individuals. When the results of *4 and *5 were 

combined, the genotype frequencies were in HWE. However, this did not affect a subject’s 

phenotype since both *4/*5 as *4/*4 are classifi ed as PMs. 

The strengths of this study are the high number of CYP2D6 PMs and the availability of up 

to four measurements per subject, allowing us to analyze between and within person changes 

in effi cacy. In cross-sectional studies the relationship between determinant and outcome are 

measured at the same point in time, whick makes it diffi cult to distinguish whether the de-

terminant preceded or followed the outcome diffi cult. To exclude this phenomenon we also 

conducted an analysis based on within person change.

In conclusion, this study is the fi rst large population-based study assessing the infl uence 

of the CYP2D6*4 polymorphism on heart rate and blood pressure in users of β-blockers. Our 

data demonstrate that CYP2D6 PMs have a lower heart rate and diastolic blood pressure when 

using metoprolol. These patients should be carefully monitored in clinical practice, since they 

have an increased risk of bradycardia. 
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Abstract

Background: It is widely accepted that the analgesic effect of codeine is mostly dependent 

on its metabolism to morphine by cytochrome P450 2D6 (CYP2D6). Besides metabolism by 

CYP2D6, codeine is metabolized by CYP3A4 to norcodeine or glucuronidated by UGT2B7. We 

studied the infl uence of the most common variant alleles in the CYP2D6, CYP3A4/3A5 and 

UGT2B7 gene on codeine effectiveness. 

Methods: The study cohort consisted of all incident codeine users in the Rotterdam Study, 

a population-based cohort study. Logistic regression analysis was performed to study the as-

sociation between the most common variant alleles in Caucasians CYP2D6*4, CYP3A4*1B, 

CYP3A5*3C, UGT2B7*2 and switching to an opioid within 90 days after start of codeine. We 

compared the number of prescriptions of other analgesics during this period per genotype 

using multivariate linear regression analysis.

Results:  There was no signifi cantly increased risk of switching to an opioid in individuals 

with the CYP2D6 *4/*4 genotype compared with the wild type (OR=1.44; CI 95% 0.53-

3.90;p=0.48). In individuals carrying a CYP3A4*1B allele the risk of switching was increased 

(OR=3.08; CI 95% 1.47-6.42;p=0.003), and these individuals required more co-prescription of 

other analgesics after start of codeine use than non-carriers.

Conclusion: Patients carrying a CYP3A4*1B allele more often switch to an opioid, and have 

more co-prescription of other analgesics than non-carriers. Interestingly, a decreased effec-

tiveness of codeine was not observed in patients with the CYP2D6*4/*4 genotype, while 

morphine concentrations are expected to be low in these subjects.
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Introduction

Codeine is a weak analgesic which is structurally related to morphine and is often used in the 

treatment of mild and moderate pain. It is widely accepted that the analgesic effect of codeine 

is mostly dependent on its metabolism to morphine, which has an affi nity to the μ-opioid 

receptor that is approximately 200 times greater than the parent compound [1,2]. However, 

some researchers argue that other metabolites may contribute to the analgesic properties of 

codeine as well [3,4], since only 5% of codeine is O-demethylated to morphine by CYP2D6 [5]. 

Codeine is mainly metabolized (~70-80%) to codeine-6-glucuronide by UGT2B7 [6], whereas 

15% is metabolized to norcodeine by CYP3A4 [7]. The metabolism of codeine is schematically 

represented in fi gure 1.

In CYP2D6 poor metabolizers, patients lacking CYP2D6 enzyme activity, serum concentrations 

of morphine and morphine-6-glucuronide were extremely low or below the limit of detection 

[8,9], leading to decreased effi cacy of codeine in experimental pain models [9,10]. Several case 

reports show severe opioid intoxication in ultra-rapid metabolizers of CYP2D6 after administra-

tion of codeine. In a 62-year-old man, coma and respiratory depression was seen after repeated 

small doses of codeine for the treatment of a cough. This patient was an ultra-rapid metabolizer 

of CYP2D6 and additionally had decreased CYP3A4 activity due to co-medication of a CYP3A4 

inhibitor, which augmented the morphine accumulation [11]. Ultra-rapid metabolizers have >2 

functional copies of the CYP2D6 gene and exhibit extremely high enzyme activity. Individuals car-

Morphine-6-glucuronide* 

Morphine-3-glucuronide 
Morphine*

UGT2B7 

Codeine-6-glucuronide CODEINE Norcodeine

Normorphine

CYP3A4

CYP3A4

CYP2D6

UGT2B7

Figure 1. The metabolism of codeine.
Codeine is mainly metabolized to codeine-6-glucuronide by glucuronidation (70-80%) (UGT2B7) and 15% is 
metabolized by CYP3A4 to norcodeine. Only 5-10% of codeine is converted to morphine by CYP2D6. Norcodeine is 
further glucuronidated to norcodeine-6-glucuronide. Morphine is further metabolized into morphine-6-glucuronide 
and morphine-3-glucuronide. *Metabolites considered to possess analgesic potency are morphine and morphine-6-
glucuronide.
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rying this genotype are found in 1-2% of the northern European population. In contrast, 5-10% 

of Caucasians lack CYP2D6 enzyme activity due to inheritance of two nonfunctional alleles of the 

CYP2D6 gene (e.g. CYP2D6*3, CYP2D6*4, CYP2D6*5, CYP2D6*6). These individuals are classi-

fi ed as poor metabolizers (PMs). CYP2D6*4 is the most common variant allele (allele frequency 

of 20%) leading to the PM phenotype in Caucasians; over 75% of the PMs are carriers of this 

polymorphism [12]. The phenotype of heterozygous carriers of CYP2D6 polymorphisms shows 

large variability and can be classifi ed as intermediate metabolizer (IM) or heterozygous EM [13].

CYP3A4 is responsible for most CYP3A-mediated drug metabolism, but CYP3A5, CYP3A7 and 

CYP3A43 also contribute to the total CYP3A activity [14,15]. CYP3A4 and CYP3A5 have overlap-

ping substrate specifi city. It is suggested that the metabolic activity of CYP3A5, when optimally 

expressed, is similar to that of CYP3A4 for many drugs [15]. High interindividual variability in 

CYP3A activity exists and can be the result of both genetic and environmental factors. Many poly-

morphisms in the CYP3A4 gene have been identifi ed, but the clinical impact on drug metabolism is 

unclear, mainly because of the very low frequency of these variant alleles. The CYP3A4*1B variant 

allele has been associated with a moderately increased CYP3A4 expression [16]. CYP3A5*3 is the 

most common nonfunctional allele in Caucasians (allele frequency of 90%) leading to decreased 

CYP3A5 activity [17]. In livers expressing CYP3A5, this isoform contributes at least 20% of the to-

tal CYP3A activity [14]. The CYP3A7 isoform is predominately found in fetal livers. The expression 

of CYP3A7 in adult livers is thought to be negligible in comparison to CYP3A4 and CYP3A5 con-

tent [15]. CYP3A43 expression in liver is also low. Both CYP3A7 and CYP3A43 are probably more 

interesting from the physiological point of view than for their infl uence on drug metabolism [14].

In the UGT2B7 gene a cytosine to thymine polymorphism (UGT2B7*2) at base pair 802 (802 

C>T) has been identifi ed [18]. This polymorphism leads to a histidine to tyrosine amino-acid 

substitution, but does not seem to infl uence UGT2B7 enzyme activity in vitro [19]. The clinical 

impact of the UGT2B7*2 polymorphism is still unclear. In a study of Sawyer et al. morphine-

6-glucuronide and morphine-3-glucuronide concentrations were signifi cantly lower in C/C 

patients compared with C/T and T/T patients combined [20]. In another study no variation 

in morphine-3-glucuronide/morphine-6-glucuronide, morphine-3-glucuronide/ morphine and 

morphine-6-glucuronide/ morphine ratios was found [21].

Most studies concentrated on CYP2D6 in relation to codeine effi cacy and adverse drug 

reactions [10,22,23], but these studies were based on a small number of CYP2D6 PMs. To our 

knowledge, no previous study examined genetic variation in the CYP2D6, CYP3A4/3A5 and 

UGT2B7 gene in relation to codeine effectiveness in a large population-based cohort study. 

Therefore, we investigated the infl uence of common genetic variation in these genes on 

codeine effectiveness by studying co-prescription and switching to other analgesics in a pop-

ulation-based cohort study.
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Methods

Setting

We conducted this study within the Rotterdam Study, a population-based cohort study among 

7,983 persons aged ≥ 55 years in Ommoord, a district of Rotterdam [24,25]. The Medical Ethics 

Committee of the Erasmus Medical Center approved the study and written informed consent 

was obtained from all participants. All participants were interviewed and investigated at base-

line. Blood samples were obtained from which DNA was isolated. Since the start of the study, 

participants have been re-examined periodically. In addition, the cohort is continuously moni-

tored for major morbidity and mortality through linkage with the medical records from general 

practioners. Information on medication use for all participants is available since January 1991. 

The seven computerized pharmacies cover the research area and provide information on the 

drug dispensed (Anatomical Therapeutical Chemical (ATC)-code), dispensing date, the total 

amount of drug units per prescription and the prescribed daily number of units of the drugs.

Cohort and outcome defi nition 

The study cohort consisted of all subjects in the Rotterdam Study, who received a fi rst prescription 

of codeine as analgesic formulation ‘paracetamol/codeine’ (N02AA59) between April 1st 1991 and 

December 31st 2007 and for whom a DNA sample for genotyping was available. Subjects who used 

codeine as antitussive (R05DA04, i.e. prescriptions without paracetamol) were not included. No other 

codeine-containing products were fi lled in the Rotterdam Study cohort during the study period.

In this study two different outcomes were studied. The fi rst outcome was switching, defi ned 

as a switch to an opioid (N02A), irrespective of class, within 90 days after the start of the 

fi rst prescription of codeine. A switch within 90 days is assumed to occur due to incomplete 

response to the drug, since prescription of a strong opioid is the next step on the pain relief 

ladder according to the World Health Organization. A 90-day period was chosen, since it is the 

maximum duration of a prescription in the Netherlands.

As a second outcome, we studied the number of prescriptions of other analgesics: NSAIDs 

(M01A), opioids (N02A) and other (N02B) in the 90-days period before and after the fi rst 

codeine prescription. Additionally, the infl uence on mean codeine dose was analyzed.

Covariates

As potential confounders we considered: age, gender and codeine dose. Codeine dose was 

calculated as the prescribed daily dose divided by the defi ned daily dose (DDD) representing the 

recommended daily dose for an adult of 70 kg for the main indication according to the World 

Health Organization [26]. Coadministration of strong CYP3A4 inhibitors (claritromycine, indi-

navir, itraconazol, nelfi navir, ritonavir, saquinavir), weak inhibitors (aprepitant, cimetidine, diltia-
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zem, erytromycine, fl uconazol and verapamil) or CYP3A4 inducers (rifampicine, carbamazepine) 

at the time of codeine use was considered as potential confounder or effect modifi er [27].

Genotyping

Genotyping of the CYP2D6*4, CYP3A4*1B and CYP3A5*3C polymorphisms was performed 

on an ABI Prism 9700 HT sequence detection system using Taqman allelic discrimination assays. 

Primers and probes were designed by Applied Biosystems by their Assay-by-Design service. 

Polymerase chain reactions (PCR) were performed in a reaction volume of 2.0 μl, containing 

assay-specifi c primers, allele-specifi c Taqman MGB probes, Abgene Absolute QPCR Rox Mix 

and genomic DNA (1 ng). The thermal profi le consists of an initial denaturation step at 95oC for 

15 minutes, followed by 40 cycles of denaturation at 92oC for 15 seconds and annealing and 

extension at 60oC for 1 minute. Genotypes were scored by measuring allele-specifi c fl uores-

cence using the SDS 2.2.2 software for allelic discrimination (Applied Biosystems). Patients in 

whom CYP2D6*4, CYP3A4*1B or CYP3A5*3 were absent, were regarded as wild type (*1/*1).

For determination of UGT2B7*2, microarray genotyping was performed in the entire 

original Rotterdam Study cohort with proper quality DNA samples using the Infi nium II Hu-

manHap550K Genotyping BeadChip® version 3 (Illumina, Inc, San Diego, CA). Genotyping 

procedures were followed according to Illumina manufacturer’s protocols. Microarray genotyp-

ing procedures in the Rotterdam Study haven been described previously [28]. All SNPs present 

within the UGT2B7 gene area (Chromosome 4; base pairs 69,997 to 70,013; +/- 20kb) were 

extracted (n=6). Markers were excluded if they deviated signifi cantly from Hardy – Weinberg 

equilibrium (p<1x10-4), if they had a minor allele frequency <5%, or if they had a SNP call rate 

<95% within the samples. SNPs rs 7662029 and rs 4274916 were in complete linkage disequi-

librium with UGT2B7*2 (r2=1.00, D’=1.00) in the HapMap central European reference popula-

tion (CEU-CEPH) [29]. For further analyses rs 4274916 was used as a proxy for UGT2B7*2.

Statistical analysis

Genotype frequency was tested for deviations from Hardy-Weinberg equilibrium by using a 

χ2 –test. Binary logistic regression analysis was used to analyze the association between geno-

type and switching to an opioid. A multivariate linear regression model was used to analyze 

the association between the mean number of prescriptions of other analgesics besides codeine 

and genetic variation in the CYP2D6, CYP3A4, CYP3A5 and UGT2B7 gene, and to analyze the 

difference in the number of prescriptions in the period of 90 days before and after codeine 

start between the different genotypes. To adjust for potential confounding, covariates were 

included in the model, in addition to age and gender, if they changed the point estimate by 

more than 5% upon inclusion in the model. To compare the mean codeine dose between 

the different genotypes, independent sample t-test were used at consecutive prescriptions. In 

case of missing genotypes due to genotyping diffi culties, analyses were run as complete case 
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analyses. We assessed the effect per genotype in the model. Effect modifi cation by genotype 

or cytochrome P450 3A4 enzyme inhibitors or inducers was studied with interaction terms and 

stratifi cation. Logistic regression analyses, multivariate regression analyses, χ2 –test and t-test 

were performed with SPSS for Windows, version 15.0. 

Results

The baseline characteristics of the study population are shown in table 1, including geno-

type distributions of CYP2D6*4, CYP3A4*1B, CYP3A5*3 and rs 4274916 (as a proxy for 

UGT2B7*2). The allele frequencies of CYP2D6*4, CYP3A4*1B, CYP3A5*3 and UGT2B7*2 

were 20.1%, 3.9%, 92.0% and 45.1% respectively. Genotype frequencies did not signifi cantly 

deviate from Hardy-Weinberg equilibrium, except for CYP2D6*4 (p=0.03). There were 432 

patients (65.2%) with the CYP2D6 *1/*1 genotype (EM), 195 patients (28.5%) were heterozy-

gous (IM), and 36 patients (5.4%) were homozygous for the *4 allele (PM).

There was no signifi cant association between codeine mean dose and CYP2D6, CYP3A4, 

CYP3A5 and UGT2B7 genotype at the fi rst ten consecutive prescriptions of codeine. Table 2 

Table 1. Characteristics of the study population

Variable
n 675
Age at start codeine use, mean (SD) 75.8 (7.8) years
Gender
   Male
   Female

223  (33.0 %)
452  (67.0 %)

Codeine starting dose, mean (SD) 27.0 (14.9) mg
CYP2D6 genotype* 
*1/*1
*1/*4
*4/*4

432  (65.2 %)
195  (29.4 %)
 36   (5.4 %)

CYP3A4 genotype*

*1A/*1A
*1A/*1B
*1B/*1B

599 (92.2 %) 
51 (7.8 %)
0

CYP3A5 genotype*

*1/*1
*1/*3C
*3C/*3C

2 (0.3 %) 
99 (15.4 %)
543 (84.3 %)

UGT2B7 genotype*

(rs 4274916)
CC
CT
TT

192 (30.4 %)
308 (48.8 %)
131 (20.8 %)

* Hardy Weinberg equilibrium for CYP2D6*4, CYP3A4*1B, CYP3A5*3 and UGT2B7*2 respectively; χ2 = 4.85 (p= 0.028), 
χ2 = 1.10 (p= 0.30), χ2 = 1.26 (p= 0.26) and χ2 = 0.08 (p= 0.78)
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shows the association between CYP2D6, CYP3A4/3A5 and UGT2B7 genotype and switching 

to an opioid. There was no increased risk of switching to an opioid within 90 days in CYP2D6 

PMs compared with EMs (OR=1.44; CI 95% 0.53-3.90). In heterozygous individuals carrying 

the CYP3A4*1B allele there was an increased risk with an odds ratio of 3.08 of switching to 

an opioid (CI 95% 1.47-6.42), while there were no homozygous study participants. CYP3A5*3 

had no infl uence on the risk of switching to an opioid in codeine users (p=0.22). There was also 

no association between rs 4274916 (UGT2B7*2) and switching to an opioid.

The infl uence of genetic variation on co-prescription of other analgesics is given in table 3. 

The mean number of prescriptions of other analgesics in the period of 90 days after starting 

codeine in CYP2D6 PMs was not signifi cantly different from EMs (1.54 versus 1.42; p=0.740). 

There was no difference in the number of prescriptions in the period of 90 days before and 

after codeine start between the different CYP2D6 genotypes.

In contrast, codeine users with the CYP3A4*1B allele had more prescriptions of other an-

algesics than non-carriers (2.32 versus 1.31; p=0.001) and the difference in the number of 

prescriptions in the period of 90 days before and after codeine start was signifi cantly higher 

in CYP3A4*1B carriers (p=0.004). In users with active CYP3A5 (CYP3A5*1/*3 plus *1/*1) the 

mean number of prescriptions was higher than in codeine users homozygous for the *3 allele 

(1.76 versus 1.32; p=0.051), but this difference was borderline signifi cant. The difference in 

prescriptions before and after the start of codeine was not statistically signifi cant between the 

different genotypes (p=0.12). No association was found between rs 4274916 (UGT2B7*2) and 

the number of prescriptions of other analgesics.

There was no signifi cant interaction between the CYP2D6, CYP3A4, CYP3A5 and UGT2B7 

genotypes. Co-administration of CYP3A4 inhibitors occurred infrequently: 14 patients used 

a strong CYP3A4 inhibitor (claritromycine) and 20 patients used a weak inhibitor (verapamil, 

diltiazem, cimetidine, fl uconazol and erytromycine). Only 7 patients used carbamazepine, an 

inducer of CYP3A4 activity. Neither use of CYP3A4 inhibitors nor inducers modifi ed the results, 

but the number of patients was small.

Discussion

The main fi nding of this population-based cohort study is that in patients carrying a CYP3A4*1B 

allele the risk of switching to an opioid is increased and CYP3A4*1B carriers required more 

co-prescription of other analgesics after start of codeine use. Interestingly, this decreased 

effectiveness of codeine was not observed in patients with the CYP2D6*4/*4 genotype, while 

morphine and morphine-6-glucuronide concentrations are expected to be low in these subjects.

The fi nding that codeine is less active in patients with enhanced CYP3A4 activity is supported 

by other studies. Rifampicin, a CYP3A4 inducer, enhanced N-demethylation in users of codeine, 
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Table 2. The association between CYP2D6, CYP3A4/3A5 and UGT2B7 genotype and switching to an opioid.

Genotype Number of switchers  ORadjusted
(95% CI)

Sign. (p)

CYP2D6
*1/*1
*1/*4
*4/*4

44
16
5

Reference
0.80 (0.44-1.48)
1.44 (0.53-3.90

0.47
0.48

CYP3A4
*1A/*1A
*1A/*1B
*1B/*1B

51
11
-

Reference
3.08 (1.47-6.42)

-
0.003

-

CYP3A5
*3/*3
*1/*3 + *1/*1

48
13

Reference
1.51 (0.79-2.92) 0.22

UGT2B7
rs4274916
CC
CT
TT

18
33
13

Reference
1.16 (0.63-2.13)
1.04 (0.49-2.21)

0.63
0.92

* Adjusted for age and gender.

Table 3. The association between CYP2D6, CYP3A4/3A5 and UGT2B7 genotype and 
co-prescription of other analgesics

Genotype Mean number of 
prescriptions*

Sign. (p) Diff erence in number of 
prescriptions^

Sign. (p)

CYP2D6
*1/*1
*1/*4
*4/*4

1.42
1.35
1.54

ref
0.703
0.740

ref
-0.125
0.429

0.516
0.266

CYP3A4
*1A/*1A
*1A/*1B
*1B/*1B

1.31
2.32

-

ref
0.001

-

ref
0.933

-
0.004

-

CYP3A5
*3/*3
*1/*3 + *1/*1

1.32
1.76

ref
0.051

ref
0.377 0.119

UGT2B7
rs4274916
CC
CT
TT

1.28
1.45
1.55

ref
0.401
0.275

ref
0.169
0.206

0.406
0.412

*  Mean number of prescriptions of analgesics in the period of 90 days after codeine start calculated with
   multivariate linear regression; adjusted for age and gender. 
^ Diff erence in the number of prescriptions in the period of 90 days before and after codeine start between the  
diff erent genotypes;  adjusted for age and gender.
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leading to lower plasma concentrations of codeine, codeine-6-glucuronide, morphine, mor-

phine-3-glucuronide and morphine-6-glucuronide [30]. In another study, coadministration of 

rifampicin led to a decreased analgesic effect of morphine [31]. 

The effect of the CYP3A4*1B polymorphism on CYP3A activity is controversial. Amirimani et al. 

found a 1.2 to 1.9-fold higher luciferase activity for the CYP3A4*1B construct in different cell lines 

than the CYP3A4 wild type promoter, suggesting that CYP3A4*1B is associated with enhanced 

CYP3A4 expression [16]. However, other studies claimed no or decreased CYP3A4 expression in re-

lation to this polymorphism [32,33]. Furthermore, no infl uence of CYP3A4*1B on the pharmacoki-

netics of dextromethorphan N-demethylation was found [32]. Although no clear effect on CYP3A4 

expression exists, clinical data indicate that there is an association between the CYP3A4*1B allele 

and treatment tolerability [15]. In contrast to CYP3A4, CYP3A5 is known to be expressed in only a 

small percentage of Caucasians due to the common CYP3A5*3 polymorphism, which leads to defi -

cient enzyme activity. The frequency of the CYP3A5*3 allele in our study (92.0%) was in accordance 

with the literature [17]. CYP3A4 is responsible for most CYP3A mediated drug metabolism, but the 

contribution of CYP3A5 to CYP3A activity is estimated to be at least 20% [14]. The infl uence of 

CYP3A5 genotype on the number of prescriptions of other analgesics was almost signifi cant. This 

could be due to a contribution of CYP3A5 to the metabolism of codeine or due to a linkage disequi-

librium between CYP3A4*1B and CYP3A5*1. Although a high linkage between CYP3A4*1B and 

CYP3A5*1 has been described in the literature [34], our data did not refl ect this (r2=0.30, D’=0.80). 

CYP3A enzyme activity can be infl uenced by a large number of inducing and inhibiting factors 

beside genetic variation. In our study, the use of CYP3A4 inhibitors and inducers was limited 

to approximately 5% and 1% of the patients respectively, and did not infl uence our results. 

In this study, we did not fi nd an association between rs 4274916 as a proxy for UGT2B7*2 

and codeine effectiveness. We were not surprised by this fi nding, since as mentioned in the 

introduction, UGT2B7*2 does not seem to infl uence enzyme activity in vitro, and moreover the 

clinical relevance is still unclear [18]. 

Experimental pain models (like the cold pressor test, heat pain thresholds and pressure pain 

thresholds) pain scores, and pupil diameter are often used in the assessment of opioid effi cacy. 

Unfortunately, we had no access to this kind of data. Alternatively, we studied switching to an 

opioid, the next step on the WHO pain ladder, within 90 days after codeine start. In addition, 

we looked at co-prescription of other analgesics. Although these outcomes have their limita-

tions, they refl ect the reality of daily practice and can be seen as proxy for codeine effective-

ness. No association between codeine dose and genotype was found, probably as a result of 

varying and imprecise dose regimen, since analgesics are usually dosed ‘as-needed’.

In the Netherlands, codeine is available as antitussive to reduce cough (codeine 10 or 20 

mg) or in a combination product with paracetamol (paracetamol/codeine 500/10 mg, 500/20 

mg or 500/50 mg) as analgesic. To exclude patients with a cough we selected patients who 

were prescribed paracetamol/codeine. As a result we probably miss patients with pain who 

were only prescribed codeine. However, selection bias is unlikely, since codeine users were 
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selected independently of CYP2D6 metabolizer status in a large population-based cohort study. 

Since we used pharmacy data registered prospectively without prior knowledge of the study 

hypothesis, information bias is improbable. Some random non-differential misclassifi cation may 

be present, because we limited ourselves to the most common polymorphisms in the CYP2D6, 

CYP3A4 and CYP3A5 genes. Nevertheless, we believe that these misclassifi cations will lead 

to a conservative estimate of the association. The frequency of the CYP2D6*4 allele in our 

study (20.8%) was in concordance with the literature [12], but appeared to be outside Hardy-

Weinberg equilibrium (HWE). All genotyping assays were validated by DNA sequencing, and 

seem not to be responsible for this discrepancy. However, the CYP2D6 genotyping assay will 

overestimate the frequency of the CYP2D6*4 allele, because of the existence of the CYP2D6 

gene deletion (*5): CYP2D6*4/*5 individuals will appear as CYP2D6*4/*4, who will be classi-

fi ed as CYP2D6*4/*4 (PMs). This may lead to an overestimation of *4/*4 individuals in HWE. 

However, this does not affect phenotype classifi cation since both *4/*4 and *4/*5 are PM. 

In conclusion, our study indicates that the analgesic effect of codeine is decreased in pa-

tients carrying a CYP3A4*1B or CYP3A5*1 allele by means of an increased risk of switching 

to an opioid and increased number of co-prescriptions of other analgesics. Interestingly, this 

decreased effi cacy of codeine was not observed in patients with the CYP2D6*4/*4 genotype, 

while morphine concentrations are expected to be low in these subjects.
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Abstract

Background: Tamoxifen is one of the most widely used drugs for the treatment of estrogen 

receptor-positive breast cancer in post-menopausal women. Cytochrome P450 2D6 (CYP2D6) 

plays an important role in the formation of endoxifen, the active metabolite of tamoxifen. 

Genetic variation in the CYP2D6 gene may lead to a decreased effi cacy of tamoxifen therapy. 

In this study the association between the most prevalent CYP2D6 null-allele in Caucasians 

(CYP2D6*4) and breast cancer mortality was examined among users of tamoxifen in a popu-

lation-based cohort study.

Methods: In the Rotterdam Study all incident tamoxifen users with CYP2D6 genotype available 

(n=85) were followed until death. The association between CYP2D6 genotype and all-cause 

mortality, cancer mortality and breast cancer mortality was examined using Cox proportional 

hazard models with drug use as time-dependent variable.

Results: Breast cancer mortality was signifi cantly increased in patients with the *4/*4 geno-

type (HR=4.1, CI 95% 1.1-15.9, p=0.041) compared to wild type patients. The breast cancer 

mortality increased with a hazard ratio of 2.0 (CI 95% 1.1-3.4, p=0.015) with each additional 

variant allele. 

No increased risk of all-cause mortality or all-cancer mortality was found in tamoxifen users 

carrying a CYP2D6*4 allele. 

Conclusion: The risk of breast cancer mortality is increased in tamoxifen users with decreased 

CYP2D6 activity, consistent with the model in which endoxifen formation is dependent on 

CYP2D6 activity. 



CYP2D6*4 affects breast cancer survival in tamoxifen users 93

Introduction

Breast cancer is a major public health problem. In the Netherlands the incidence of breast 

cancer increased from 85 per 100 000 person years in 1974 to almost 130 per 100 000 person 

years in 2004 [1]. Tamoxifen is one of the most widely used drugs for post-menopausal women 

with estrogen receptor-positive breast cancer. In metastatic breast cancer, about 30% of the 

women respond to tamoxifen therapy [2,3]. Women with estrogen receptor-positive breast 

cancer taking adjuvant tamoxifen for 5 years have a decreased risk of breast cancer recurrence 

and signifi cantly lower mortality rates compared to women not using tamoxifen [2,3] .

Tamoxifen undergoes extensive hepatic metabolism to more potent metabolites, includ-

ing 4-hydroxy-tamoxifen and endoxifen (4-hydroxy-N-desmethyl-tamoxifen). Endoxifen and 

4-hydroxy-tamoxifen have a 50-fold higher affi nity for the estrogen receptor than tamoxi-

fen. Plasma concentrations of endoxifen are on average 5-10 times higher than those of 

4-hydroxy-tamoxifen, making endoxifen the most active substance [4,5]. Cytochrome P450 

2D6 (CYP2D6) plays an important role in the formation of endoxifen from tamoxifen [6]. The 

activity of CYP2D6 is mainly determined by the presence of genetic polymorphisms, rather 

than by induction or inhibition of expression, giving rise to a 1,000-fold difference in CYP2D6 

metabolic capacity [7]. Individuals carrying two non-functional alleles of the CYP2D6 gene lack 

CYP2D6 enzyme activity and are therefore classifi ed as poor metabolizer (PM), whereas exten-

sive metabolizers (EMs) have 2 functional alleles and exhibit normal enzyme activity. Carriers of 

one functional and one non-functional allele are usually classifi ed as intermediate metabolizers 

(IMs) [8,9]. For CYP2D6, the CYP2D6*4 allele is the most common variant allele in Caucasians 

leading to the PM phenotype [9,10]. 

Homozygosity for CYP2D6 non-functional alleles has been associated with lower plasma 

concentrations of endoxifen [11,12]. Goetz et al. were the fi rst to describe that women using 

adjuvant tamoxifen had a higher risk of breast cancer recurrence and a lower incidence of 

hot fl ashes when they had the CYP2D6 *4/*4 genotype [13]. In another study patients with 

decreased CYP2D6 activity due to co-administration of CYP2D6 inhibitors or *4 carriership had 

a signifi cantly shorter time to breast cancer recurrence and shorter disease free survival, again 

illustrating the important role of CYP2D6 in tamoxifen therapy [14]. Recently, Schroth et al. 

confi rmed that patients with impaired CYP2D6 metabolism had an increased risk of breast can-

cer recurrence and worse event free survival rates [15]. In contrast, two other studies showed 

no association or a tendency towards a decreased recurrence rate in users of tamoxifen with 

the CYP2D6*4 variant allele [16-18]. In fact, Wegman et al. surprisingly found that patients 

carrying a CYP2D6*4 allele surprisingly had a signifi cantly better prognosis than wild type 

individuals [17,18]. A comparable, but not statistically signifi cant, result was found by Nowell 

et al. in which a hazard ratio of 0.67 (95% CI 0.33-1.35) on progression free survival was 

found in CYP2D6*4 carriers [16]. 
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The differences in the effect of the CYP2D6*4 polymorphism on breast cancer survival found 

among the different studies are as yet unresolved, and therefore additional studies are needed, 

as indicated by Lash et al [19].

The current study investigated the association between the CYP2D6*4 polymorphism and 

breast cancer mortality in incident tamoxifen users in a population-based cohort study.

Methods

Setting

Data were obtained from the Rotterdam Study, a population-based cohort study among 7983 

persons aged 55 years and older [20,21]. The Medical Ethics Committee of the Erasmus Medical 

Center approved the study and written informed consent was obtained from all participants. 

Baseline examination took place between 1990 and 1993 and consisted of a home interview 

followed by two visits to the research center. Blood samples were obtained from which DNA 

was isolated. Since the start of the study, participants have been re-examined periodically. To 

identify all mortality cases, the vital status of the participants was obtained regularly from the 

municipal population registry. The cause of death was established by information from the 

general practitioner, including medical history, and in case of hospitalization, discharge reports 

from medical specialists were obtained. Two research physicians coded all events indepen-

dently according to the International Classifi cation of Diseases-10th edition. Information on 

medication use for all participants was available since January 1991. The seven computerized 

pharmacies cover the research area and provide information on the drug dispensed (Anatomi-

cal Therapeutical Chemical (ATC)-code), dispensing date, the total amount of drug units per 

prescription and the prescribed daily number of units of the drugs.

Study design and outcomes

The study cohort consisted of all women in the Rotterdam Study, who received a fi rst prescrip-

tion of tamoxifen between April 1st 1991 and July 1st 2005. Subjects in whom no CYP2D6 

genotype was available and who received tamoxifen in the fi rst 3 months of available phar-

macy data were excluded from the analysis in order to have a complete medication survey 

and to include only incident users. Participants should at least have a follow-up of 180 days. 

Subjects were followed from their fi rst tamoxifen prescription until death or the end of the 

study period whichever came fi rst. Cancer mortality and breast cancer mortality were inde-

pendently assessed by two medical doctors on the basis of the medical record and pathology 

data according to the International Classifi cation of Diseases (ICD-10). In case of discrepancy, 

a cancer epidemiologist decided.
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Genotyping

All participants in the Rotterdam Study were genotyped for the CYP2D6*4 polymorphism 

(1846G>A) as described earlier [22]. Briefl y, 1 ng of genomic DNA was amplifi ed in 40 cycles of 

denaturation at 92oC for 15 seconds and annealing and extension at 60oC for 1 minute using 

Taqman assays (Applied Biosystems, Foster City, USA). 

Individuals were classifi ed as homozygous *4/*4 (PM), heterozygous *1/*4 (IM) or, in the 

absence of the 1846G>A SNP, as *1/*1 (EM). 

Statistical Analysis

The association between CYP2D6 genotype and mortality due to any cause, cancer mortality, 

or mortality due to breast cancer was examined using Cox proportional hazard models with 

drug exposure as time-dependent variable. In this model the mortality date was taken as the 

index date. To each mortality case, all persons using tamoxifen who were still alive on the index 

date of the case were matched on duration of use of tamoxifen. Analyses were adjusted for 

age at the index date, total tamoxifen duration, average tamoxifen dose and calendar time. 

Co-administration of strong CYP2D6 inhibitors (fl uoxetine, paroxetine, bupropion, quinidine) 

or weak inhibitors (sertraline, duloxetine, cimetidine, terbinafi ne, amiodaron) was considered 

as potential confounder or effect modifi er. Confounders were adjusted for in the analyses 

if they caused a change in the point estimate of more than 10 percent. The association be-

tween CYP2D6 and breast cancer mortality was studied with an allele-effect model (gene-dose 

effect), with a genotype-effect model (CYP2D6*1/*1, *1/*4, *4/*4 separately), and with a 

dominant/recessive model (*1/*4 and *4/*4 versus *1/*1 or *4/*4 versus *1/*4 and *1/*1).

In addition, we used all women in the Rotterdam Study, in whom information on CYP2D6 

genotype was available, to examine the association between CYP2D6 and breast cancer 

mortality in the whole population including non-users. Genotype frequencies were tested for 

Hardy Weinberg equilibrium using a Chi-square test. All analyses were performed using SPSS 

software (version 11.0, Chicago, USA).

Results

Of the 4878 women in the Rotterdam Study 108 patients used tamoxifen at any time dur-

ing the study period. CYP2D6 genotype was known in 85 of these patients. In the other 23 

patients there was no DNA sample available for genotyping. The characteristics of the study 

population are given in table 1. The allele frequency of the CYP2D6*4 allele was 21.8%. 

Genotype frequencies were in Hardy-Weinberg Equilibrium (χ2= 0.0003; p= 0.987).

The association between CYP2D6 genotype and mortality is shown in table 2. The risk of 

all-cause mortality did not signifi cantly differ between the different CYP2D6 genotypes in 
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tamoxifen users. There was also no increased risk of cancer mortality in PMs compared to EMs. 

However, in an allele-effect model there was a signifi cantly increased breast cancer mortality 

risk with a hazard ratio of 2.0 per additional variant allele (CI 95% 1.1-3.4, p=0.015). In a 

genotype-effect analysis, the risk of death due to breast cancer was signifi cantly increased 

in tamoxifen users with the CYP2D6 *4/*4 genotype (HR=4.1, CI 95% 1.1-15.9, p=0.041) 

compared to EMs. In IMs using tamoxifen there was a non-signifi cantly increased risk of breast 

cancer mortality (HR=1.9, CI 95% 0.9-3.9, p=0.075). 

Taking homozygous and heterozygous *4 individuals together in a dominant model, the breast 

cancer mortality risk was 2.1 (CI 95% 1.1-4.2, p=0.031). These results are graphically repre-

sented in fi gure 1. There was no increased mortality due to breast cancer among women with 

the CYP2D6 *4/*4 genotype in the whole population (HR=1.1; CI 95% 0.3-3.6, p=0.88).

Co-administration of CYP2D6 inhibitors (fl uoxetine, paroxetine, sertraline, cimetidine, 

amiodaron) occurred in 11 subjects (13%) taking tamoxifen. The duration of use varied from 

15 days – 1.7 year. Co-administration of any CYP2D6 inhibitor did not infl uence our model as a 

confounder or effect modifi er. In order to assess the potential effect of CYP2D6 co-medication, 

Table 1. Characteristics of the study population

Tamoxifen users

n 85

Mean age fi rst tamoxifen use, years (SD) 75.5 (8.8)

CYP2D6 genotype
 *1/*1
 *1/*4
    *4/*4

52 (61.2%)
29 (34.1%)

4 (4.7%)

CYP2D6 inhibitors
 strong (duration of use)
 weak (duration of use)

6 (20 – 608 days)
5 (15 – 235 days)

Mean tamoxifen duration, years (SD) 2.13 (1.8) 

Average tamoxifen dose, mg (SD) 33.7 (8.7)

Table 2. Association between CYP2D6*4 genotype and mortality risk.

All-cause mortality Cancer mortality Breast cancer mortality
 

cases HR* (95% CI) p-value cases HR* (95% CI) p-value cases HR* (95% CI) p-value

CYP2D6 
genotype
 *1/*1 (EM)
 *1/*4 (IM)
 *4/*4 (PM)

30
19
4

1.00 (ref )
1.5 (0.8-2.8)
1.9 (0.6-5.6)

0.164
0.261

20
15
3

1.00 (ref )
1.6 (0.8-3.2)

3.1 (0.8-11.4)
0.183
0.097

17
15
3

1.00 (ref )
1.9 (0.9-3.9)

4.1 (1.1-15.9)
0.075
0.041

* Hazard ratios (HR) were calculated using cox-propotional hazard models with time-dependent variables and were 
adjusted for age at the index date, total tamoxifen duration, average tamoxifen dose and calendar time
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we analyzed a CYP2D6*1/*1 person concurrently prescribed a CYP2D6 inhibitor as an interme-

diate metabolizer. Likewise, a heterozygous CYP2D6*1/*4 was analyzed as a poor metabolizer 

when taking CYP2D6 co-medication. In this way, the risk of breast cancer mortality in poor 

metabolizers was 4.0 instead of 4.1 (p=0.025).

Discussion

Our population-based study showed that tamoxifen users with a decreased CYP2D6 enzyme 

activity are at increased risk of breast cancer mortality. Per additional variant allele the hazard 

ratio of breast cancer mortality increased with a factor 2. These results support previous fi nd-

ings of Goetz et al. and Schroth et al [13-15], and are consistent with the model in which en-

doxifen formation, the most active substance of tamoxifen therapy, is dependent on CYP2D6 

activity. Interestingly, we found a statistical signifi cant effect despite the small group (n=4) of 

CYP2D6 PMs, indicating that the impact of this phenotype on breast cancer survival can be 

impressive. In our study intermediate metabolizers tended to have an increased risk of breast 

cancer mortality, suggesting an allele dose effect rather than a recessive model where the 

risk increase would be limited to *4/*4 homozygous individuals. Goetz et al. included the 

heterozygous *4 carriers (with or without potent CYP2D6 inhibitors) in the decreased enzyme 

activity group [14]. They found an increased risk of breast cancer recurrence in tamoxifen users 

with decreased CYP2D6 activity (HR=1.91) and worse relapse free survival (HR=1.74). IMs in 
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Figure 1. Kaplan Meier breast cancer survival curve for CYP2D6*4 genotype. 
Heterozygous and homozygous *4 allele carriers were combined. This fi gure 
was unadjusted for age, total tamoxifen duration, average tamoxifen dose and calendar time.
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that study did not have a shorter time to breast cancer recurrence, but tended to have worse 

relapse-free survival, albeit marginally non-signifi cant (p=0.07).

Co-administration of CYP2D6 inhibitors leads to lower endoxifen plasma concentrations [11, 

12] and Goetz et al. showed that in subjects taking CYP2D6 inhibitors tamoxifen presumably 

was less effective. In our study, the use of CYP2D6 co-medication was limited to approximately 

10% of the patients. When we took CYP2D6 co-medication into account, we found a com-

parable risk of breast cancer mortality in CYP2D6 PMs as to analysis with genotype alone, but 

concurrent use of CYP2D6 inhibitors was scarce and differed in duration of use. 

Potential biases of population-based studies are selection bias, information bias and confound-

ing. In our study selection bias probably did not occur, since all tamoxifen users were selected 

independently of CYP2D6 metabolizer status in a large cohort study. Patients for whom no 

blood sample was available were slightly younger (mean age of 74.7) and probably more 

diseased, but missing blood samples were not likely to be related to CYP2D6 genotype. Infor-

mation bias is unlikely as both information on exposure and disease were gathered prospec-

tively and without knowledge of the research hypothesis and genotype status. Some random 

misclassifi cation may have occurred, because only the *4 variant allele of the CYP2D6 gene 

was determined in our study. This variant is by far the most common polymorphism in Cauca-

sians and >75% of PMs can be identifi ed by genotyping this polymorphism [9,10]. Other less 

frequent CYP2D6 non-functional alleles like *3 and *6 were not determined, based on their 

low allele frequencies in Caucasians [10]. The CYP2D6*5 allele (gene deletion), which has an 

allele frequency of 5% was incorporated in our assay, because *4/*5 individuals will be scored 

as *4/*4, with the correct PM phenotype. In the heterozygous CYP2D6*1/*4 patients, no *5 

allele can be present. Only in the 52 individuals of the CYP2D6*1/*1 group, 5% (2-3 individu-

als) may have had a *1/*5 genotype which was missed, misclassifying these patients as EM 

instead of IM. However, this misclassifi cation would lead to a conservative estimation of the 

currently described association. We adjusted for age, total tamoxifen use, average tamoxifen 

dose and calendar time. Although we had no complete information on breast cancer stage, 

tumor size, nodal stage or estrogen receptor (ER) status, CYP2D6 genotype is not known as 

being associated with these parameters. Schroth et al. did not fi nd a correlation between 

genotype and tumor size, nodal stage, histologic grade or ER status [15]. From the information 

available, we deduced that approximately 25% of the women in our study received tamoxifen 

for metastatic breast cancer and in 56% of the patients tamoxifen was prescribed as adjuvant. 

Improved effi cacy of the aromatase inhibitor anastrozole compared to tamoxifen in metastatic 

breast cancer and as adjuvant treatment for breast cancer was reported in other studies [23, 

24]. The difference could be explained by a worse outcome in CYP2D6 PMs using tamoxifen. 

Modeling suggested that breast cancer survival outcomes in tamoxifen EMs are indeed similar 

or even superior to those in aromatase inhibitors [25].
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Our study demonstrated that the risk of breast cancer mortality is increased in patients carrying 

the CYP2D6*4 allele. These patients probably benefi t more from aromatase inhibitors, which 

activity is independent of CYP2D6 enzyme activity. Another option for these patients is to 

increase the dose of tamoxifen. In our study all *4/*4 individuals received tamoxifen 40 mg 

once daily and still had an increased risk of breast cancer mortality (after adjustment of dose).

Genotyping of the CYP2D6 gene before start of endocrine treatment in breast cancer 

could identify PMs who will better respond to aromatase inhibitors than to tamoxifen therapy. 

CYP2D6 EMs could be prescribed tamoxifen, since aromatase inhibitors are more expensive. 

Cost-effectiveness studies should be done in order to support the implementation of CYP2D6 

genotyping in clinical practice.

In conclusion, our population-based study does confi rm that tamoxifen users with decreased 

CYP2D6 activity have an increased risk of breast cancer mortality. Other drugs may have to be 

considered in these patients. 
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Abstract

Background: Genetic factors may contribute to the susceptibility of basal cell carcinoma (BCC) 

or modify the course and characteristics. Several studies described an association between 

CYP2D6 genotype, encoding an enzyme involved in drug metabolism, and multiple BCC. How-

ever, the role of CYP2D6 in the onset and number of basal cell carcinomas is still unclear and 

was investigated in only one study population.

Aim: To study the association between the CYP2D6*4 polymorphism and incident and mul-

tiple BCC. 

Methods: This study was embedded in the Rotterdam Study, a population-based cohort study 

among people aged 55 years and older. BCC cases were extracted from the nationwide net-

work and registry of histo- and cytopathology in the Netherlands (PALGA) gathered from gen-

eral practitioners and hospitals. The association between the CYP2D6*4 polymorphism and 

fi rst BCC was evaluated using a Cox’s proportional hazards model. The association between 

multiple BCC was analyzed with an Andersen-Gill’s model.

Results: In total, 369 (5.8%) of 6,382 patients developed a BCC and 128 patients multiple 

BCCs. In CYP2D6 *1/*1 (wild type), the risk of fi rst BCC was comparable to CYP2D6*4 carriers 

(HR=1.01; 95% CI 0.82-1.25; p=0.91). In a nested cohort of BCC patients, the adjusted HR of 

multiple BCC was 0.78 (CI 95% 0.58-1.05; p=0.10) in CYP2D6 wild type patients compared 

to patients with the *1/*4 or *4/*4 genotype. In men, the risk of multiple BCC was lower in 

persons with CYP2D6 *1/*1 than in those with one or two variant alleles (HR= 0.60; 95% CI 

0.41-0.90; p=0.013). This difference was not demonstrated in women.

Conclusion: In general, this study demonstrated that CYP2D6 genotype is not associated with 

fi rst occurrence of BCC. Possibly, males with the wild type genotype have a reduced risk of 

developing multiple BCC. 
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Introduction

Basal cell carcinoma (BCC) is the most common cancer in Caucasians and its incidence is in-

creasing [1]. In the Netherlands, approximately 30,000 people develop an incident BCC an-

nually and the incidence rate of BCC is around 500/100,000 person-years [2]. Multiple risk 

factors are associated and are likely to interact with BCC development including demographic 

characteristics such as age and gender, phenotypic factors (e.g. hair and eye colour and suscep-

tibility to sun burn) and environmental factors including UV exposure. Differences in known risk 

factor profi les do not fully explain interindividual susceptibility and variability in tumor numbers, 

site and accrual of tumors [3,4]. Genetic factors may contribute to the susceptibility of BCC 

or may be risk factors for specifi c tumor characteristics (i.e., number, site, accrual). Several 

genodermatoses such as naevoid basal cell carcinoma syndrome and xeroderma pigmentosum 

are associated with an increased risk of developing (multiple) skin cancers including BCC [5]. In 

addition to genetic disorders, single nucleotide polymorphisms in genes concerning melanocor-

tin, immune response (eg, TNF and IL-10), DNA repair, folate and iron metabolism, gluthathione 

S-transferase family and vitamin D receptor may be related to BCC development [6]. 

The cytochrome P450 enzymes are a family of drug-metabolizing enzymes that catalyze phase 

1 drug metabolism (i.e. oxidation, reduction and hydrolysis). Cytochrome P450 2D6 (CYP2D6) 

is an important member of this family, responsible for the metabolism of approximately 25% 

of all drugs metabolized by CYPs [7]. CYP2D6 is mainly expressed in the liver, but can also be 

found in small amounts in brain, intestine and skin [8-10]. CYP2D6 may cause formation of 

toxic metabolites or reactive oxygen species, which may damage cellular function and may, 

therefore, be carcinogenic [11]. The CYP2D6 gene is highly polymorphic with more than 70 

variant alleles [12]. Several of these variants encode an inactive protein or lead to the absence 

of an enzyme product (e.g. CYP2D6*3, *4, *5, *6). Individuals carrying two of these non-func-

tional alleles lack CYP2D6 enzyme activity and are classifi ed as ‘poor metabolizer’ (PM). This 

PM phenotype occurs in 5-10% of the Caucasian population [13]. Carriers of two functional 

alleles (wild type) are classifi ed as ‘extensive metabolizer’ (EM) and exhibit ‘normal’ CYP2D6 

enzyme activity. Heterozygous carriers can be considered as ‘intermediate metabolizer’ (IM). 

Lear et al. studied the infl uence of glutathione S-transferase and cytochrome P450 polymor-

phisms on tumor numbers and accrual, and found that CYP2D6 extensive metabolizers (EM) 

had signifi cantly increased numbers of BCC and a faster accrual [14]. In the same UK study 

population, an association between CYP2D6 EM genotype and development of multiple BCC 

(MPP or multiple presentation phenotype) has been found [15,16]. The risk of multi cluster 

BCC was signifi cantly increased in individuals carrying the wild type genotype (OR=15.5; CI 

95% 1.34-178.5), but the number of patients in subgroup was small (n=32) and the subgroups 

were not well defi ned and not clinically relevant [16]. Another study did not confi rm the as-

sociation between CYP2D6 polymorphisms and number of BCCs in families with naevoid basal 

cell carcinoma syndrome [17]. Although several papers describe a positive association between 
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the CYP2D6 wildtype genotype and number of BCCs, they are all based on the same study 

population of BCC patients recruited from dermatology outpatient clinics in England [3,14-16]. 

The objective of this study was to investigate the association between the CYP2D6*4 poly-

morphism and BCC susceptibility and multiplicity in a Dutch population-based cohort study. 

Methods

Setting

This study was embedded in the Rotterdam Study, a prospective population-based cohort 

study among inhabitants of Ommoord, a suburb of Rotterdam [18,19]. In 1990, all inhabitants 

aged 55 years or older were invited to participate. Of the 10,275 eligible subjects, 7,983 took 

part in the baseline examination, consisting of an extensive home interview followed by two 

visits to the research center. The Medical Ethics Committee of the Erasmus Medical Center ap-

proved the study, and written informed consent was obtained from all participants. Follow-up 

examinations were conducted in 1993–1996, 1997–1999, and 2002–2004. In addition, the 

total cohort is continuously monitored for major morbidity and mortality (including cancers) 

through linkage with the records of each patient’s general practitioner, discharge letters from 

medical specialists or linkage with regional pathology databases.

Study population and case identifi cation 

The study population consisted of all subjects in the Rotterdam Study for whom a blood sample 

was available and the CYP2D6 genotype could be determined. Patients with a BCC prior to 

their study entry (between 1982 and 1990) were excluded from the analyses. Subjects were 

followed from study entry until diagnosis of basal cell carcinoma, death or the end of the study 

period whichever came fi rst. BCC cases were gathered via general practitioners, hospital data, 

and through linkage with the nationwide network and registry of histo- and cytopathology in 

the Netherlands (PALGA). The fi rst index date was defi ned as the earliest date found in the 

pathology data during the study period between baseline and December 2007.

Reports of BCC within the same location with pathology sample dates or excision dates 

< 6 months apart were considered as being the same BCC. Subsequent lesions at the same 

location with the terms ‘recurrence’ or ‘re-excision’ mentioned in the pathology report were 

considered as recurrent tumors and not subsequent tumors. 

Genotyping

At baseline examination of the Rotterdam Study, blood was taken, from which DNA was iso-

lated. Genotyping for the CYP2D6*4 polymorphism (1846G>A) was performed using Taqman 
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allelic discrimination assays on the ABI Prism 9700 HT Sequence detection system (Applied Bio-

systems, Foster City, USA), as described earlier [20]. Briefl y, 1 ng of genomic DNA was ampli-

fi ed in 40 cycles of denaturation at 92oC for 15 seconds and annealing and extension at 60oC 

for 1 minute. Individuals were classifi ed as poor metabolizer (PM) if they were homozygous 

for the *4 allele. Heterozygous individuals were classifi ed as intermediate metabolizer (IM). All 

individuals without a *4 allele were considered to have the wild-type allele (*1).

Statistical analysis

Genotype frequency was tested for deviations from Hardy–Weinberg equilibrium by using a 

χ2-test. The association between CYP2D6 genotype and fi rst BCC was examined using a Cox 

proportional hazard model that calculated hazard ratios (HR) and 95% confi dence intervals (CI). 

In a subcohort of BCC patients where follow-up started at the fi rst diagnosis of BCC, an Ander-

sen-Gill model was used to analyze the association between the CYP2D6*4 polymorphism and 

multiple BCC. The Andersen-Gill approach models the repeated tumor episodes for each person 

as separate observations in contrast to the standard Cox model, where cases are censored at 

the moment of the study outcome, discarding any information past that point [21,22]. 

The following covariates were tested as potential confounders or effect modifi ers: age, 

gender, skin type, sun exposure, eye colour (brown, intermediate, blue), hair colour (blond, 

brown, red, black), smoking (never, current, past) and alcohol use (gram/day). Skin type was 

determined on the basis of tendency towards sunburn. Sun exposure was based on outdoor 

work or years living in a sunny country. Confounders were defi ned as covariates associated 

with the outcome at a p-value of 0.1 in the univariate analysis and if they changed the point 

estimate by 10% or more in the multivariate model in addition to age and gender. In order 

to study effect modifi cation, an interaction term was included in the analyses and patients 

were stratifi ed according to the effect modifi er if the p-value for the term was signifi cant. 

The analyses presented here were performed with SPSS for Windows, version 15.0 and SAS, 

version 9.13, using the phreg procedure. 

Results

Of the 7,983 participants in the Rotterdam Study, no DNA sample was available for genotyping 

in 1,414 patients, and in 125 patients suboptimal blood samples had led to diffi culties with 

CYP2D6*4 genotyping. Furthermore, 62 patients with a BCC before their study entry were 

excluded. In total, 369 of the remaining 6,382 (incidence 519/100,000 person years) patients 

developed one or more BCC during the study period. Several demographic, phenotypic and 

life-style characteristics of the BCC cases and controls are given in table 1. There were 4,096 

individuals (64.2%) with the CYP2D6 *1/*1 genotype, 1913 individuals (30.0%) were hetero-

zygous, and 373 individuals (5.4%) were homozygous for the *4 allele. The allele frequency 
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of the CYP2D6*4 allele was 20.8%. Genotype frequencies signifi cantly deviated from Hardy-

Weinberg Equilibrium (χ2= 53.1; p< 0.001).

Table 1. Description of study population

Characteristics Entire study population (n=6382) BCC cases 
(n=369)

Gender
 male
 female

2578 (40.4%)
3804 (59.6%)

165 (44.7%)
204 (55.3%)

Age (SD)* 69.5 (9.1) 69.0 (7.8)

CYP2D6 genotype#
 *1/*1 (EM)
 *1/*4 (IM)
 *4/*4 (PM)

4096 (64.2%)
1913 (30.0%)

373 (5.8%)

238 (64.5)
109 (29.5%)

22 (6.0%)

Tumor count (total)
 1
 2
 3
 4
 ≥5

-
241 (65.3%)
71 (19.2%)
21 (5.7%)
14 (3.8%)
22 (6.0%)

Tendency for sunburns*
 low
 high
 missing

3986 (62.5%)
1994 (31.2%)

402 (6.3%)

221 (59.9%)
137 (37.1%)

11 (3.0%)

Hair colour*
 brown/black     
 blond
 red
 missing

4517 (70.8%)
1360 (21.3%)

188 (2.9%)
317 (5.0%)

245 (66.4%)
93 (25.2%)
22 (6.0%)
9 (2.4%)

Eye colour*
 brown
 intermediate
 blue
 missing

1364 (21.4%)
588 (9.2%)

4055 (63.5%)
375 (5.9%)

71 (19.2%)
27 (7.3%)

256 (69.4%)
15 (4.1%)

Smoking*
 never
 past
 current
 missing

2208 (34.6%)
2581 (40.4%)
1414 (22.2%)

179 (2.8%)

121 (32.8%)
175 (47.4%)
68 (18.4%)

5 (1.4%)

Alcohol intake*
 no
 0.01-9.99 g/day
 10.0- 19.99 g/day
 ≥ 20 g/day
 missing

1004 (15.7%)
2200 (34.5%)
751 (11.8%)
957 (15.0%)

1470 (23.0%)

56 (15.2%)
156 (42.3%)
48 (13.0%)
65 (17.6%)
44 (11.9%)

* These covariates were assessed at baseline.
# Hardy Weinberg equilibrium; χ2 = 53.1 (p< 0.001)
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BCC susceptibility 

The association between CYP2D6 genotype and fi rst BCC is shown in table 2. In CYP2D6 *1/*1 

the risk of fi rst BCC was not statistically different from individuals carrying the CYP2D6*4 and 

*4/*4 genotype together (HR=1.01; 95% CI 0.82-1.25; p=0.91). The risk of fi rst BCC in indi-

viduals with CYP2D6 *4/*4 was 1.03 (95% 0.66-1.59; p=0.91) compared to those with the 

Table 2. Association between CYP2D6*4 genotype or other risk factors and fi rst BCC.
BCC cases HR* (95% CI) p-value

Overall
CYP2D6 genotype
 *1/*1 (EM)
 *1/*4 + *4/*4 (IM + PM)

238
131

1.01 (0.82-1.25)
1.00 (ref )

0.905
-

Age < 65 
CYP2D6 genotype
 *1/*1 (EM)
 *1/*4 + *4/*4 (IM + PM)

69
55

0.68 (0.48-0.97)
1.00 (ref )

0.04
-

Age 65-75
CYP2D6 genotype
 *1/*1 (EM)
 *1/*4 + *4/*4 (IM + PM)

111
53

1.19 (0.85-1.65)
1.00 (ref )

0.31
-

Age > 75
CYP2D6 genotype
 *1/*1 (EM)
 *1/*4 + *4/*4 (IM + PM)

58
23

1.42 (0.88-2.31)
1.00 (ref )

0.15
-

Tendency for sunburns
 low
 high

221
137

1.00 (ref )
1.29 (1.04-1.60)

-
0.02

Hair colour
 blond
 red
 brown
 black

93
22

222
23

1.00 (ref )
1.80 (1.13-2.86)
0.81 (0.64-1.03)
0.55 (0.35-0.86)

-
0.01
0.09
0.01

Eye colour
 blue
 intermediate
 brown

256
27
71

1.00 (ref )
0.76 (0.51-1.14)
0.84 (0.65-1.10)

-
0.18
0.20

Smoking
 never
 past
 current

121
175
68

1.00 (ref )
1.17 (0.89-1.52)
0.96 (0.69-1.32)

-
0.26
0.79

Alcohol intake 
 no
 0.01-9.99 g/day
 10.0- 19.99 g/day
 ≥ 20 g/day

56
155
48
65

1.00 (ref )
1.30 (0.95-1.77)
1.19 (0.80-1.77)
1.27 (0.87-1.86)

-
0.10
0.39
0.21

* Hazard ratios (HR) were calculated using cox-propotional hazard models adjusted for age and gender.
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wild type genotype. In individuals heterozygous for the CYP2D6*4 allele, there was also no dif-

ference in risk of BCC in comparison with the wild type (HR=0.98; 95% CI 0.78-1.23; p=0.86). 

Skin type, sun exposure, eye colour, hair colour, smoking and alcohol use did not infl u-

ence the association between CYP2D6 genotype and BCC susceptibility. A high tendency for 

sunburns, blond/red hair colour and male sex were signifi cantly associated with an increased 

risk of fi rst BCC (table 2).

The interaction term between CYP2D6 genotype and age was statistically signifi cant 

(p=0.019). Stratifi ed analyses according to different age groups resulted in a higher hazard 

ratio of the CYP2D6 *1/*1 genotype on fi rst BCC occurrence in the highest age group and a 

lower risk in the youngest age group (table 2). 

Multiple BCC 

In the nested cohort of 369 BCC patients, time from fi rst BCC till subsequent BCCs was 

analyzed. The infl uence of genetic variation in CYP2D6 gene and risk of multiple BCC is given 

in table 3. With an Andersen-Gill model, the adjusted hazard ratio of multiple BCC was 0.78 

in CYP2D6 wild type patients compared CYP2D6*4 carriers (CI 95% 0.58-1.05; p=0.10). The 

interaction term between CYP2D6 genotype and sex was borderline signifi cant (p=0.061). 

Stratifi ed analyses according to sex resulted in a decreased hazard ratio for the CYP2D6 wild 

type genotype on multiple BCC in men (HR= 0.60; 95% CI 0.41-0.90; p=0.013) but not in 

women (HR=1.06; 95% CI 0.68-1.65; p=0.79). 

Discussion

Overall, this study demonstrated that individuals with the CYP2D6 *1/*1 genotype (wild type) 

are not at an increased risk for one or multiple BCC. However, in the youngest age group (<65 

years), the risk of fi rst BCC was signifi cantly lower in *1/*1 patients than in patients carrying a 

CYP2D6*4 allele. No difference in frequencies of CYP2D6 genotypes between BCC cases and 

controls was found in another study [14], but the results were not stratifi ed by age. A possible 

explanation for a lower risk at younger age could be that genes explain a higher proportion 

of the variability in BCC susceptibility at younger age than other risk factors such as skin type 

and UV exposure. In contrast to genetic predisposition that is constant in time, the degree of 

Table 3. Association between CYP2D6*4 genotype and multiple BCC.

BCC cases HR* (95% CI) p-value

CYP2D6 genotype
 *1/*1 (EM)
 *1/*4 + *4/*4 (IM + PM)

74
54

0.78 (0.58-1.05)
1.00 (ref )

0.099
-

* Hazard ratios (HR) were calculated using an Andersen-Gill model adjusted for age and gender. The reference   group 
were IMs and PMs together.
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exposure to exogenous factors cumulates with age and may overrule the genetic predisposi-

tion at a certain point in time. 

In BCC patients with the wild type genotype, the risk of subsequent tumors (multiple BCC) 

is not signifi cantly different from patients carrying one or more CYP2D6*3 and*4 alleles. These 

fi ndings are consistent with Yang et al, who did not fi nd an association between the CYP2D6*4 

genotype and number of BCCs in patients with naevoid basal cell carcinoma [23]. Several other 

studies using the same study population showed that the CYP2D6 wild type genotype is as-

sociated with BCC tumor numbers and development of multiple tumors. The risk of increased 

tumor numbers in CYP2D6 *1/*1 genotype was relatively small (RR=1.27 CI 95% 1.13-1.43) 

[14]. Ramachadran et al. did fi nd a higher relative risk of the multiple cluster multiple pre-

sentation phenotype (MPP), but the number of patients was small [16]. We were unable to 

analyze multiple cluster MPP, since patients in our study were not classifi ed into clusters of 

multiple presentation phenotype at examination. Interestingly, in another study, there was an 

increased frequency of CYP2D6*3 and *4 variant alleles in patients with malignant melanoma 

and red/blond hair [24], suggesting a protective effect of the CYP2D6 wild type genotype in 

these patients instead of an increased risk. However, in men we found a lower risk of multiple 

BCC in CYP2D6 *1/*1 than in *1/*4 and *4/*4 , which is consistent with Ramachandran et 

al, who found that males carrying a CYP2D6*4 allele with skin type 1 developed more BCC 

per year than CYP2D6 wild type [15]. The explanation for this gender difference may be due 

to true pathophysiological differences of CYP2D6 in men and women and/or different gene-

environmental interactions. For example, men in our study were signifi cantly more extensively 

exposed to sunlight, smoking and alcohol than women and the effect of these exposures may 

interact with CYP2D6 status, although interaction terms were not signifi cant in our analyses.

The role of CYP2D6 in basal cell carcinomas remains unclear. CYP2D6 is mainly expressed in 

the liver, but can also be found in small amounts in brain, intestine and skin [8-10]. CYP2D6 

may be involved in the formation of dopamine from tyramine [25]. Earlier, it was suggested 

that CYP2D6 enzyme activity can infl uence melanin synthesis, since melanin is a derivate of 

tyrosine, which level can be affected by CYP2D6. CYP2D6 seems to be involved in the for-

mation of epinephrine and norepinephrine from octapamine and synephrine, which might 

infl uence immune function [16,25]. Besides, CYP2D6 is a xenobiotic-metabolizing enzyme and 

may cause formation of toxic metabolites or reactive oxygen species, which may damage cel-

lular function [11]. Therefore, it might have a role in detoxifi cation of environmental exposure 

to harmful substances and it seems possible that extensive metabolizers would form more of 

such intermediates in the skin than poor metabolizers. This phenomenon would explain the 

difference in the infl uence of CYP2D6 on multiple BCC between women and men in our study, 

since men were more extensively exposed to UV radiation. We admit, however, that such an 

explanation is speculative and requires confi rmation.

The strengths of this cohort study is the large study population with its long follow-up of 

more than 15 years. The Rotterdam Study contains detailed information on patient character-
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istics including hair and eye colour, sun exposure and genetics, and clinical and pathological 

details. Nevertheless, some potential limitations of our cohort study should be considered. 

Only pathology confi rmed cases were included in this study. Lesions not biopsied or removal 

without pathological samples were missed in this study, but occurred sporadically, since pa-

tients frequently underwent surgery at the department of dermatology of a community hospi-

tal, which usually required pathological confi rmation. Nevertheless, the number of BCC tumors 

is likely to be an underestimation. Because there is no reason to assume that this false-negative 

misclassifi cation of BCC would differ between genotypes, this random misclassifi cation would 

tend to underestimate the true hazard ratio rather than produce spurious associations. Second, 

in this study we only determined CYP2D6*4, because this polymorphism is the most common 

variant allele in Caucausians. Determination of CYP2D6*4 in our population should predict > 

75% of PMs [13]. The allele frequency of the CYP2D6*4 allele was in concordance with the 

literature, but signifi cantly deviated from Hardy–Weinberg equilibrium (HWE). The genotyping 

assay was validated by DNA sequencing, but the assay identifi ed individuals heterozygous for 

the gene deletion CYP2D6*5 as homozygous *4: *4/*5 individuals will be identifi ed as *4/*4 

and *1/*5 individuals as *1/*1, leading to an overestimation of the number of *4 homozygous 

individuals in HWE. Information bias is not likely, since data on genotype and BCC cases were 

collected prospectively without prior knowledge of the study hypothesis. We assessed poten-

tial confounding factors such as age, gender, skin type, sun exposure, eye colour, hair colour, 

smoking and alcohol use in the analyses, but no association was found between CYP2D6 and 

these covariates.

The Andersen-Gill analysis models the repeated tumor episodes as separate observations, 

but makes a strong assumption of independence among multiple observations per person over 

time. However, the Andersen-Gill approach has been shown to be a valid method to analyze 

multiple basal cell carcinoma [22]. 

In conclusion, our study showed that individuals with the CYP2D6 *1/*1 genotype (wild 

type) did not have an overall increased risk of BCC. However, in those below 65 years of age, 

the risk of fi rst BCC was lower in *1/*1 patients than in patients carrying a CYP2D6*4 allele. 

In BCC patients having the wild type genotype, the risk of subsequent tumors (multiple BCC) 

was not signifi cantly different from patients carrying the CYP2D6*4 allele. In men, we found a 

lower risk of multiple BCC in CYP2D6 wild type. This suggests that the CYP2D6 genotype may 

interact with certain environmental factors such as UV exposure or cigarette smoking, leading 

to an altered risk of multiple BCC.
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General Disc ussion

Patients differ in their response to drugs. Not all patients will benefi t from a particular drug. 

Some patients will experience adverse drug reactions, while others will not. Although vari-

ability in drug response can be explained by age, gender, renal and liver function, underlying 

diseases or drug interactions, genetic factors also contribute to differences in drug response 

[1]. Infl uence on interindividual variability in drug response is partly exerted by differences in 

drug metabolism caused by genetic polymorphisms or by inhibition or induction of drug me-

tabolism [2]. Several polymorphisms were investigated in genes coding for cytochrome P450, 

a family of drug-metabolizing enzymes that catalyze phase 1 drug metabolism, among which 

CYP2D6 is the most extensively studied representative. CYP2D6 is one of the most important 

enzymes in the metabolism of therapeutic drugs, because it converts 25% of all drugs me-

tabolized by CYPs including antidepressants, β-blockers, antiarrhytmics and antipsychotics. 

Genetic polymorphisms in the CYP2D6 gene have a relatively high impact on the metabolism 

of drugs compared to polymorphisms in other CYP450 enzymes, since many dysfunctional 

and non-functional variant alleles are known and the amount of CYP2D6 enzyme in the liver 

is relatively small (about 2%) compared to the expression of other CYPs. Despite the fact that 

the infl uence of CYP2D6 polymorphisms on plasma concentration of drugs metabolized by 

CYP2D6 is quite clear, the relevance of these polymorphisms on drug effi cacy and toxicity in 

daily practice is still limitedly described. 

This thesis contains several studies examining the infl uence of genetic variation in CYP2D6 

on drug response and disease susceptibility in a daily practice setting. In this section, the main 

fi ndings will be discussed and placed in broader perspective. Furthermore, clinical implementa-

tion of pharmacogenetic tests for CYP2D6 enzyme activity will be discussed. 

Main fi ndings

Antipsychotics and antidepressants (tricyclic antidepressants (TCAs), selective serotonin reup-

take inhibitors (SSRIs)) are widely used in psychiatry. However, pharmacotherapy in depression 

is rather ineffi cient, as approximately 50% of the patients will not respond suffi ciently to fi rst 

treatment [3]. This large interindividual variability in antidepressant response can be partly 

explained by pharmacogenetics. 

In chapter 2.1 we studied the effect of the CYP2D6*4 polymorphism on dose, switching 

and discontinuation of antidepressants. In users of TCAs, the risk of switching to any other 

antidepressant within 45 days was signifi cantly higher in CYP2D6 PMs (*4/*4) than in EMs 

and this possibly refl ects a higher incidence of adverse events in PMs. These fi ndings are in 

accordance with Mulder et al, who also found an increased risk of switching to another drug 

in the same therapeutic class in PMs versus EMs [4]. The increased risk of switching to another 

antidepressant was not seen in SSRI users. The maintenance doses of TCAs as well as SSRIs 
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were signifi cantly lower in PMs, showing that PMs require lower doses of antidepressants to 

achieve the same effectiveness with minimum adverse drug reactions as seen in EMs. 

In chapter 2.2 the association between CYP2D6 genotype and serum sodium concentration 

in antidepressant users was studied. Hyponatremia can be provoked by antidepressant use and 

is thought to occur due to the syndrome of inappropriate secretion of antidiuretic hormone 

(SIADH) [5]. The serum sodium concentration in PMs was lower in users of an antidepressant, 

especially in TCA users and CYP2D6 PMs might be at increased risk of developing symptoms 

of hyponatremia. 

In contrast to TCAs for which a narrow therapeutic range exists, no clear relationship be-

tween clinical effect and plasma concentration was found for SSRIs. ADRs seemed not to be 

associated with high plasma concentrations of SSRIs [6]. Furthermore, our results indicate that 

the contribution of CYP2D6 to the metabolism of TCAs is greater than to the metabolism of 

SSRIs. Most tricyclic antidepressants are (partly) metabolized by CYP2D6, whereas some SSRIs 

are not metabolized by CYP2D6 (e.g. citalopram, escitalopram and sertraline). Kirchheiner et 

al. suggested dose recommendations for antidepressants based on literature. For TCAs dose 

reductions of 50% were recommended for PMs of CYP2D6 and CYP2C19, whereas reductions 

were smaller for the SSRIs [7].

The critical question is whether knowledge of an individual’s CYP2D6 genotype could 

contribute to the optimization of antidepressant therapy. Our data in chapter 2.1 show that 

starting doses of antidepressants prescribed to the elderly general population are carefully low 

and are titrated to the optimum dose. Moreover, antidepressants are not only metabolized 

by CYP2D6, other enzymes are also involved. CYP2C19 plays a role in the demethylation 

of amitriptyline, imipramine, clomipramine, sertraline and citalopram, CYP1A2 and CYP3A4 

contribute to a lesser extent [7, 8]. However, CYP2D6 exerts a stronger infl uence on antide-

pressants metabolism than CYP2C19 [9]. 

Although our studies demonstrated that the CYP2D6*4 polymorphism is likely associated 

with increased antidepressant toxicity, the question remains whether genotyping prior to the 

start of antidepressant therapy will contribute substantially to the optimization of pharmaco-

therapy. Further prospective studies, in which standard pharmacotherapy is compared with 

genotype-based adjusted pharmacotherapy, are required to answer this question. 

Several studies showed an association between the CYP2D6 PM phenotype and an increased 

metoprolol plasma concentration and more intense and sustained receptor blockade, but the 

number of subjects in these studies were small and some results were controversial [10-16]. 

Therefore, we studied in chapter 3 the infl uence of the CYP2D6*4 polymorphism on heart rate 

and blood pressure in patients treated with β-blockers in a population-based cohort. We found 

that β-blocker users homozygous for the CYP2D6*4 allele had a signifi cantly lower heart rate 

and diastolic blood pressure than users with the wild-type genotype. The adjusted heart rate 

in users of metoprolol, the β-blocker most extensively metabolized by CYP2D6 (70-80%), was 

8.5 beats/min lower in PMs than in EMs, leading to an increased risk of bradycardia in PMs. 
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In clinical practice, β-blocker dose is usually titrated on the basis of heart rate and blood pres-

sure. Indeed, in our study we saw that PMs required lower β-blocker doses. We observed that 

titrating was not properly performed in our study, because PMs had a lower heart rate and an 

increased risk of bradycardia after adjusting for β-blocker dose, suggesting that genotyping 

prior to the start of pharmacotherapy might have an additive value above dosing on clinical 

effect. In our study, the risk of bradycardia in metoprolol users was almost four times higher in 

PMs than in EMs. Bradycardia is a known ADR of β-blockers and is dose dependent. Bradycar-

dia can be life threatening and can be avoided in PMs by reducing the dose.

Unfortunately, we were unable to show a difference between CYP2D6 PMs and EMs in 

cardiovascular morbidity (e.g. myocardial infarction, stroke, angina pectoris, heart failure) or 

mortality, but numbers were small. 

Apart from an effect of the CYP2D6 genotype on drug toxicity due to increased plasma con-

centrations, drug effi cacy and effectiveness can be infl uenced by the CYP2D6*4 polymorphism 

in case the therapeutic agent is a pro-drug. In chapter 4 we studied variation in the CYP2D6, 

CYP3A4/3A5 and UGT2B7 gene in relation to co-prescription of other analgesics and switch-

ing to opioids in codeine users. The analgesic effect of codeine is mostly dependent on its 

metabolism to morphine by CYP2D6. Interestingly, a decreased effectiveness of codeine was 

not observed in patients with the CYP2D6*4/*4 genotype, while morphine concentrations are 

expected to be low in these subjects. In patients carrying a CYP3A4*1B allele the risk of switch-

ing to an opioid was increased and CYP3A4*1B carriers required more co-prescription of other 

analgesics after start of codeine use. The fi nding that codeine is less active in patients with 

enhanced CYP3A4 activity is supported by other studies [17,18]. The effect of the CYP3A4*1B 

polymorphism on CYP3A activity is controversial and CYP3A enzyme activity can be infl uenced 

by a large number of inducing and inhibiting factors beside genetic variation. In our study, 

we did not fi nd an association between rs4274916 as a proxy for UGT2B7*2 and codeine ef-

fectiveness. We were not surprised by this fi nding, since UGT2B7*2 does not seem to infl uence 

enzyme activity in vitro, and moreover the clinical relevance is still unclear [19]. Unfortunately, 

we did not have information on plasma concentrations or data from pain models or pain scores 

as outcome. We used switching and co-prescription as a proxy for codeine effectiveness. This 

study did not clarify the impact of CYP2D6 polymorphisms on codeine effectiveness. Further 

studies are needed to elucidate the infl uence of impaired CYP2D6 metabolism and should take 

possible infl uence of CYP3A4 polymorphisms into account.

At present, decreased effi cacy of tamoxifen therapy in breast cancer patients with reduced 

cytochrome P450 2D6 (CYP2D6) activity is a hot topic. CYP2D6 plays an important role in 

the formation of endoxifen, the active metabolite of tamoxifen. Differences exist in today’s 

literature on the effect of the CYP2D6*4 polymorphism on breast cancer survival, with contra-

dictory results. Our population-based study, as presented in chapter 5, showed that tamoxifen 

users with a decreased CYP2D6 enzyme activity have an increased breast cancer mortality 
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despite the small group of PMs (n=4). Intermediate metabolizers tended to have an increased 

risk of breast cancer mortality. These results were consistent with another study in which 

IMs did not have a shorter time to breast cancer recurrence, but tended to have a reduced 

relapse-free survival (p=0.07) [20]. Improved effi cacy of the aromatase inhibitor anastrozole 

compared to tamoxifen in metastatic breast cancer and as adjuvant treatment for breast cancer 

was reported in other studies [21,22]. The difference could be explained by a worse outcome 

in CYP2D6 PMs using tamoxifen. Modelling suggested that breast cancer survival outcomes 

in tamoxifen EMs are indeed similar or even superior to those in users of aromatase inhibitors 

[23]. Genotyping of the CYP2D6 gene before start of endocrine treatment in breast cancer 

could identify PMs who may better respond to aromatase inhibitors than to tamoxifen therapy. 

CYP2D6 EMs could be prescribed tamoxifen, since aromatase inhibitors are more expensive. 

Prospective studies are now ongoing, including one at the Leiden University Medical Center, 

the Netherlands (LUMC), in order to evaluate the benefi t of prospective CYP2D6 genotyping 

in the treatment of breast cancer [24].

From genotype to phenotype 

The CYP2D6 gene is highly polymorphic with more than 70 variant alleles [25], leading to 

a wide range of enzymatic activities, from absent to normal or even increased activity. In 

contrast to some other drug metabolizing enzymes (e.g., CYP3A4), the total expression of 

CYP2D6 is low and not inducible, and therefore genetic variation contributes substantially to 

the interindividual variability in enzyme activity [26]. However, not all interindividual variability 

in drug response is explained by genes. Other factors such as age, gender, environmental fac-

tors, poor compliance, and drug-drug interactions may affect drug response. CYP2D6 enzyme 

activity can be decreased due to co-administration of inhibitors (such as fl uoxetine, paroxetine, 

bupropion, quinidine, sertraline, duloxetine, cimetidine, terbinafi ne, amiodaron). Neither age, 

gender, menstrual cycle phase, nor smoking appear to affect CYP2D6 activity [27,28]. And 

besides genetic variation in drug metabolizing enzymes, there is also genetic variation in drug 

transporters, receptors and other drug targets that can infl uence drug disposition and effi cacy.

The phenotype of a person is a combination of his or her genotype and the infl uence of 

environmental factors. An individual’s CYP2D6 enzyme activity can also be determined by 

phenotyping after administering a single dose of a probe drug such as debrisoquine, sparte-

ine, dextromethorphan, tramadol, metoprolol – which are metabolized by CYP2D6 to a high 

extent. The metabolic ratio of the parent compound over its CYP2D6- mediated metabolite 

can be calculated when concentrations of both substances in body fl uids are known [28, 

29]. Based on the metabolic ratio, four groups of metabolizers, displaying gradually decreas-

ing CYP2D6 activity, can be identifi ed in the population: ultra-rapid (UMs), extensive (EMs), 

intermediate (IMs) and poor metabolizers (PMs). Phenotyping determines an individual’s actual 

enzymatic activity taking renal and liver function, drug-drug interactions (CYP2D6 inhibitors) 

and environmental factors into account. However, phenotyping requires exposure to a probe 
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drug, multiple urine or plasma samples, is time consuming and is not stable throughout a 

person’s life. In addition, in patients lacking the CYP2D6 enzyme (PM), the infl uence of hepatic 

impairment or co-administration of CYP2D6 inhibitors is limited. 

Genotyping CYP2D6*3,*4,*5, and *6 would predict the PM phenotype by about 98% [30], 

but predictions of IMs and UMs are less sensitive. Discussions are ongoing whether classifi ca-

tion into PMs, IMs, EMs and UMs is the most accurate approach. Gaedigk et al. and Steimer 

et al. proposed another classifi cation system on the presumed activity of individual CYP2D6 

alleles [31,32]. In this CYP2D6 activity score system, also known as the semiquantitative gene 

dose classifi cation system, non-functional alleles are assigned an activity score of 0, functional 

alleles are assigned 1, and decreased activity alleles (e.g.*10,*41) are assigned a score be-

tween 0 and 1. This system was shown to be more accurate in prediction of the in vivo activity 

than the traditional phenotype system. However, further research in large groups of patients 

using CYP2D6 probe drugs is needed to validate these scoring systems.

Therapeutic Drug Monitoring 

Why determine a patient’s CYP2D6 genotype with expensive techniques if it is possible to mea-

sure the concentration of a drug in plasma, bridging the genotype-phenotype gap? In clinical 

practice, therapeutic drug monitoring (TDM) is recommended for drugs with a narrow thera-

peutic range, including antiepileptics, tricyclic antidepressants (TCAs), lithium, antipsychotics, 

digoxin, antiretroviral drugs and aminoglycosides. TDM is a tool to optimize pharmacotherapy 

by minimizing the risk of adverse events and enhancing therapeutic response. An advantage of 

TDM is that it takes compliance into account in addition to genetic variation, renal or hepatic 

insuffi ciency, drug-drug interactions and environmental factors. However, also TDM has its 

limitations. First, TDM can only be performed if the patient is exposed to the drug. This may 

be undesirable when the patient is susceptible to toxicity. By genotyping a patient prior to 

exposure to a drug the starting dose can be individualized, potentially avoiding extensive over- 

or underexposure in the initial treatment phase. Measurement of the plasma concentration of 

a drug is a snapshot in time, while a person’s genotype is highly stable throughout a person’s 

life. Furthermore, assessing a person’s genotype when this person is taking multiple drugs is 

less cumbersome than TDM of each of the drugs. It should be mentioned that therapeutic 

drug monitoring is no routine care for the gross of drugs, including drugs studied in this thesis: 

SSRIs, β-blockers, codeine and tamoxifen. Genotyping may provide information in case of 

non-response or toxicity at normal dose level.

As for CYP2D6, several studies showed good agreement between CYP2D6 metabolizer sta-

tus, plasma concentrations of antidepressants and response [9,33,34]. In another study, 13% 

of antidepressant serum levels outside the therapeutic range were concordant with aberrant 

CYP2D6 or CYP2C19 genotypes, but these results were not adjusted for dose [35]. 
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Methodological considerations

Design 

Pharmacoepidemiology may be defi ned as the study of drug use as determinant of the fre-

quency of disease in large numbers of people. In the past, the association between SNPs in 

drug metabolizing enzymes and drug response was mainly described in small patient popula-

tions. The prevalence of genetic variation is usually low and can have a small effect size. Large 

sample sizes are required to support previous fi ndings or generate new hypotheses. All studies 

in this thesis were embedded in the Rotterdam Study, a population-based cohort study among 

7983 inhabitants of Ommoord, a district in Rotterdam, aged 55 years or over.

In general, two study types of pharmacogenetic epidemiology can be distinguished. First, 

candidate gene approach studies, in which the effect of a single gene is studied in relation 

to drug response. Second, genome-wide analysis (GWA) studies are increasingly performed 

to generate new hypotheses and unravel complex diseases. In this thesis, a candidate gene 

approach was followed with the CYP2D6 gene as important determinant of drug response and 

adverse events. 

In a cohort study, preferably ‘time till event’ or ‘survival’ analyses are performed in which cases 

are censored at the occurence of the study outcome. The Cox proportional hazard model 

calculates an accurate estimate of the relative risk with adjustment for relevant confounding 

factors. In chapter 5, we used this model to calculate the breast cancer mortality risk between 

EMs and PMs in tamoxifen users. In the same chapter, we used an extension of the Cox propor-

tional hazard model to analyze repeated tumor episodes as separate observations in the same 

subject (Andersen-Gill analysis) [36]. Cross-sectional analyses were performed when repeated 

measurements were not available (e.g. chapter 2.2 serum sodium concentration), precise event 

dates were lacking (e.g. chapter 2.1 discontinuation date of antidepressants, 2.3 diagnosis of 

depression). Cross-sectional studies lack any information on timing of relationships between 

exposure and outcome. Since genotypes do not change over time and are therefore present 

at birth before fi rst drug use, a cross-sectional design may be used to examine the association 

between CYP2D6 genotype and drug reponse and disease susceptibility.

Misclassifi cation 

A pharmacogenetic test should not only be able to detect a variation in DNA sequence, it 

should also provide a valid predictable result and be reproducible. False positive tests result in 

identifi cation of responders instead of non-responders or those at high risk of developing ad-

verse drug reactions in stead of low-risk. False negatives are the opposite; responders identifi ed 

as non-responders or patients at risk identifi ed as low-risk [37]. The ideal pharmacogenetic test 

has a high sensitivity (the proportion of true positives which are correctly identifi ed as such), 
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high specifi city (the proportion of true negatives which are correctly identifi ed), adds new 

information (post-test probability > pre-test probability) and is non-invasive and inexpensive.

In December 2004, the FDA approved the AmpliChip™ CYP450 Test as the fi rst pharma-

cogenetic test using microarray technology [38]. The genotype results of the AmpliChip™ 

CYP450 Test for the CYP2D6 non-functional alleles (*3,*4,*5,*6) and gene duplication (*xN) 

were verifi ed with existing methods (real time PCR) [39]. In addition, the predicted patient’s 

phenotype was compared with the classical dextromethorphan phenotyping method, a specifi c 

CYP2D6 probe drug. The AmpliChip Test genotyping accuracy was 100% compared to routine 

methods for the fi ve variant alleles analyzed. There was a perfect correlation observed between 

genotype results, phenotype prediction and measured phenotype for CYP2D6 PMs. Among 

114 measured EMs, 108 were correctly predicted (95% sensitivity). The sensitivity of the Am-

pliChip Test was 42% in predicting IMs and only 6% in predicting UMs. The AmpliChip™ 

CYP450 Test appears to be a useful tool to discriminate PMs from EMs and may help clinicians 

to optimize pharmacotherapy by improving drug effi cacy and reducing adverse drug reactions. 

Disadvantage of the AmpliChip Test are the high costs (ca. € 615; proposed CTG rate 2009) 

per patient. Standard pharmacogenetic testing using real time PCR for CYP2D6*3,*4,*5,*6 

and gene duplication cost ca. € 192 (proposed CTG rate 2009) per patient in our laboratory, 

but additional rarer variant alleles are missed in this analysis.

In our studies, we only determined CYP2D6*4, because this polymorphism should predict 

>75% of PMs in a Caucasian population [30] and is the most cost-effective in this large num-

ber of subjects. However, other less frequent variant alleles (*3,*5,*6,*7,*8,*10,*41), were 

not assessed, which led to some misclassifi cation in our reference (EM) group.

Clinical implementation

In the last few years, it became more and more obvious that pharmacogenetic testing can 

improve the clinical outcome of pharmacotherapy. The FDA even recently revised the drug 

labelling of mercaptopurine, azathioprine, irinotecan, warfarin and cetuximab to include 

pharmacogenetic recommendations. Why is genotyping not yet regularly performed in daily 

practice? Several aspects infl uence the clinical implementation of pharmacogenetic testing. 

These aspects are summarized in fi gure 1. 

First of all, the concept that genetic variation leads to an altered drug plasma concentration 

should be clear, as is the case for CYP2D6*4, when the metabolism of the drug is mainly via the 

CYP2D6 pathway. However, for genetic variation in other CYP450 enzymes (e.g., CYP3A4) or 

UGT2B7 this relationship is less clear. The correlation between genotype and phenotype should 

be high. Genotyping CYP2D6*3,*4,*5, and *6 would predict the PM phenotype in Caucasians 

by about 98% [30]. The impact of a genetic polymorphism on drug response should have 

clinical consequences. If genetic variation predicts survival (e.g., cetuximab, tamoxifen) to a 

large extent or prevents serious adverse drug reactions (e.g., TPMT and myelosuppression), 
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acceptance of pharmacogenetic testing is more likely. At present, several barriers to the clinical 

implementation of pharmacogenetics exist. Some of these barriers were already discussed 

above, others will be reviewed below.

Supportive prospective studies

In order to implement pharmacogenetic testing supportive prospective studies should be 

performed. In prospective studies, the added value of pharmacogenetic compared with con-

ventional pharmacotherapy could be determined. For example, in one arm, genotyping is ex-

ecuted before the start of pharmacotherapy and doses of drugs metabolized by CYP2D6 are 

adjusted according to genotype. In the other arm the ‘one dose fi ts all’ approach is followed 

(standard pharmacotherapy). Drug effi cacy and adverse drug reactions are monitored during 

the duration of the trial. Both arms should preferably be blinded to treatment as well as the 

treating physician. 

However, large double-blind clinical trials are expensive and mainly carried out by the phar-

maceutical industry. The pharmaceutical industry is usually not very interested to carry out 

these studies for drugs that already have marketing approval, although there are some excep-

tions e.g., cetuximab and pharmacogenetic testing for KRAS genotype.

Genetic variation in the CYP2D6 
gene leads to an altered drug 
plasma concentration (↑ or ↓)

Retrospective studies:

- high genotype-phenotype correlation

- high impact on clinical response  (improved safety / efficacy)

Supportive prospective studies
(including cost-effectiveness)

Adequate knowledge and understanding of 
pharmacogenetics

Ethical resistance

Clinical implementation of CYP2D6
genotyping

Ideal CYP2D6 pharmacogenetic test

Figure 1. Flow chart of steps which should be undertaken to implement CYP2D6 testing in clinical practice [40-42]
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Costs

Some experts believe that good evidence of comparative effectiveness is lacking for more than 

half of all medical care that is delivered in the United States [43]. For example, physicians’ treat-

ment choice often depends on own experience or judgement instead of evidence. Expensive 

imaging techniques are often requested, even if their benefi ts do not compensate additional 

costs. Although the FDA approved the AmpliChip™ CYP450 Test for pharmacogenetic testing 

of the most important CYP450 enzymes, marketplace adoption is not ensured. Since health 

care costs are rapidly increasing, the relative value of a new health-care technology should be 

determined in relation to additional costs [41]. Cost-effectiveness analysis (CEA) is a form of 

economic analysis that compares a new strategy with current practice. The result is expressed 

as an incremental cost-effectiveness ratio (ICER), e.g., the incremental cost to avoid one serious 

adverse drug reaction, or to achieve one additional therapeutic response for a genetic test [44]. 

If a pharmacogenetic test results in lower costs and greater health benefi ts compared with the 

standard strategy, it is considered ‘cost-effective’. 

There have been only a few pharmacoeconomic analyses for genetic variations performed 

so far, regarding polymorphisms in several cytochrome P450 (CYP) enzyme genes, thiopurine 

S-methyltransferase (TPMT) and angiotensin-converting enzyme (ACE) insertion deletion (ACE 

I/D). Most economic analyses reported that genetic testing was cost effective and often even 

clearly dominated standard strategies [45]. An important limitation of several of these studies 

was that a suffi cient evidence-based rationale for an association between genotype and phe-

notype was lacking. The uncertainty of these pharmacoeconomic studies leads to postpone-

ment of implementation of pharmacogenetic testing in clinical practice.

Insurance companies will only pay for additional costs of pharmacogenetic testing if there is 

a proven benefi t over standard therapies. In the Netherlands, the Dutch Health Insurance Board 

(CVZ) requests a cost-effectiveness analysis from the pharmaceutical industry for inclusion of 

new medicines in the reimbursement system to estimate costs and budget impact. Nowadays, 

pharmacogenetic testing is mainly integrated in the fi eld of oncology, where targeted therapy 

is desirable and expensive. Insurance companies only reimburse the costs of traztuzumab (Her-

ceptin®) in breast cancer patients expressing HER2 (human epidermal growth factor receptor 

2), a member of the epidermal growth factor receptor (EGFR) family of tyrosine kinases and is 

involved in regulation of cell proliferation. Another example is cetuximab (Erbitux®) or pani-

tumumab (Vectibix®), monoclonal antibodies targeting the Epidermal Growth Factor Recep-

tor (EGFR) in colorectal cancer. Recent data demonstrate that patients with KRAS wild-type 

metastatic colorectal cancer have a signifi cantly higher chance to benefi t from treatment with 

cetuximab or panitumumab. The costs are only reimbursed if a patient has the wild-type KRAS 

genotype determined by genetic testing. 
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Education

Understanding the mechanisms of genetic variation and its impact on drug effi cacy and toxicity 

is the key to implement pharmacogenetic testing. Since pharmacogenetics constitutes a rapidly 

evolving research fi eld, problems arise with knowledge. Both pharmacists as well as physicians 

require education at both undergraduate and postgraduate level in order to translate this kind 

of sophisticated information into practical prescribing information [40]. The Erasmus Medical 

University incorporated pharmacogenetic education in the curriculum of medical students. 

Pharmacy students are also trained in this fi eld during their curriculum.

The G-standard of the Royal Dutch Association for the advancement of Pharmacy (KNMP) 

is the Dutch national drug database and contains drug (safety) information for all drugs regis-

tered in the Netherlands. Recently, pharmacogenetic information was added to the G-standard 

and gives recommendations for the extremes of metabolism (PM, UM). All computerized physi-

cian order entry (CPOE) systems are coupled to the G-standard and have integrated computer-

ized clinical decision support. In this way pharmacists and physicians are informed about the 

infl uence of metabolizer status on drug response. However, genotyping is not yet regularly 

performed and education is defi nitely necessary. 

Ethics

Is it ethical to continuously expose individuals to drugs with adverse drug reactions that can be 

potentially avoided, or expose them to drugs that are most likely ineffi cacious in some, while 

we have the knowledge and diagnostic opportunities to improve pharmacotherapy? 

For example, in chapter 5 we found that breast cancer mortality is increased in tamoxifen 

users carrying the CYP2D6*4 variant allele. Should we still prescribe tamoxifen to these pa-

tients? Contradictory results exist in the literature and further prospective studies should be 

performed in order to answer this question properly. 

One of the ethical drawbacks for the introduction of a pharmacogenetic test might occur 

if the test may also predict which diseases we may get. Since cytochrome P450 enzymes 

metabolize not only drugs but also endogenous substances such as hormones, environmental 

chemicals and toxins, one might expect that variability in enzyme activity could result in an 

altered susceptibility to certain diseases. CYP metabolism may cause formation of toxic me-

tabolites or reactive oxygen species, which may damage cellular function [46,47]. 

Therefore, we examined the infl uence of the CYP2D6 genotype on the development of 

(multiple) basal cell carcinoma (chapter 5.2) and susceptibility to depression or anxiety (chapter 

2.3), because these associations were suggested in medical literature. In none of them, we 

found an association between CYP2D6 and disease susceptibility. At this moment, there is 

no drawback on the basis of ethical consideration to implement CYP2D6 genotyping in daily 

practice, since no relevant association between CYP2D6 genotype and disease has been found. 
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Personalized medicine in the future

Many drugs are still prescribed according to the model that ‘one dose fi ts all’, although we 

know that some patients may not benefi t from the drug or experience adverse drug reactions. 

A better understanding of why people do not respond to drug therapy or experience adverse 

drug reactions could improve the safety and effi cacy of pharmacotherapy. In personalized 

medicine, medical care is tailored to an individual’s needs on the basis of patient’s specifi c 

characteristics, such as age, gender, renal and liver function, underlying diseases or drug inter-

actions and genetic information. However, not only patient’s characteristics play a role in opti-

mizing pharmacotherapy, also the precision of a disease diagnosis is important [48]. When the 

diagnosis of an underlying disease is not properly determined, response to treatment is often 

uncertain. For example, the etiology of depression is complex and unclear, while antidepres-

sant pharmacotherapy is rather ineffi cacious: 50% of the patients will not respond adequately 

to fi rst treatment [3]. On the other hand, some diseases, like HER2 positive breast cancer, can 

be precisely diagnosed, which can be targeted with trastuzumab (Herceptin®), a monoclonal 

antibody that binds selectively to the HER2 protein. Diseases in between are defi ned as empiri-

cal medicine, in which patterns of symptoms are recognized and the result of therapy can be 

predicted (e.g. myocardial infarction, stroke). In the ideal situation of ‘personalized medicine’ 

the disease can be diagnosed precisely and drug response can be predicted accurately, leading 

to improved health care [48]. 

Conclusion

Although pharmacogenetic testing can improve the clinical outcomes of pharmacotherapy, it 

is only performed for a very limited number of drugs in clinical practice. In order to implement 

CYP2D6 genotyping in clinical practice some barriers have to be overcome. Further supportive 

prospective studies should be done, in which standard pharmacotherapy is compared with 

genotype-based adjusted pharmacotherapy. In these studies, cost-effectiveness of pharma-

cogenetic testing should be investigated as well. If genetic variation in drug-metabolizing 

enzymes would accurately predict clinical response at low costs, implementation is more likely. 

Both pharmacists and physicians require education at both undergraduate and postgraduate 

level in order to translate genetic information into practical prescribing information. 

This thesis provides more evidence that pharmacogenetic testing could contribute to the 

quality and safety of pharmacotherapy, but we should keep in mind that not all variation in 

drug response is explained by genes.
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Sum mary

Patients differ in their response to drugs. On average only 40% of all patients will benefi t from 

a particular drug. Some patients will experience adverse drug reactions, while others will not. 

Although variability in drug response can be explained by age, gender, renal and liver func-

tion, underlying disease or drug interactions, genetic factors also contribute to differences in 

drug response. CYP2D6 is responsible for the metabolism of approximately 25% of all drugs 

metabolized by the cytochrome P450 system. Approximately 5-10% of the Caucausian popu-

lation completely lacks CYP2D6 enzyme activity, and is therefore at increased risk of suffering 

from adverse drug reactions or ineffectiveness. 

Since cytochrome P450 enzymes metabolize not only drugs but also endogenous substances 

such as hormones, environmental chemicals and toxins, one might expect that variability in 

enzyme activity could result in an altered susceptibility to certain diseases. 

Therefore, the aim of this thesis was to study the infl uence of genetic variation in the 

CYP2D6 gene on drug response and disease susceptibility from an epidemiological perspective. 

The studies described in this thesis are embedded in the Rotterdam Study, a population-based 

cohort study among 7983 inhabitants of Ommoord, a district in Rotterdam, aged 55 years or 

over. 

Chapter 1 provides a general introduction to this thesis. In chapter 2 the infl uence of CYP2D6 

variant alleles on the response to antidepressants is described as well as the association between 

CYP2D6 genotype and risk of depression. In patients with decreased CYP2D6 enzyme activity, 

plasma concentrations of some antidepressants are higher, which could lead to adverse drug 

reactions requiring dose reduction or discontinuation of the drug. In chapter 2.1 the infl uence 

of the CYP2D6*4 polymorphism on dose, switching and discontinuation of antidepressants is 

studied in a cohort of 1198 incident antidepressant users from the Rotterdam Study. In users of 

tricyclic antidepressants (TCAs) the risk of switching to another antidepressant within 45 days 

was signifi cantly higher in poor metabolizers (*4/*4) than in extensive metabolizers (*1/*1). 

A switch within 45 days is assumed to occur due to intolerance of the drug, since the effi cacy 

of an antidepressant can only be assessed after at least 6 weeks of therapy. The increased 

risk of switching to another antidepressant was not seen in SSRI users. After titrating the 

dose of an antidepressant to an optimal level of effectiveness with minimal ADRs, the mean 

antidepressant dose in both TCA and SSRI users was signifi cantly lower in PMs than in EMs. 

No association was found between CYP2D6 genotype and discontinuation of antidepressants. 

Chapter 2.2 focuses on the association between CYP2D6 genotype and serum sodium 

concentration in antidepressant users. Hyponatremia can be caused by antidepressant use and 

is thought to occur due to the syndrome of inappropriate secretion of antidiuretic hormone 

(SIADH). The serum sodium concentration in PMs was signifi cantly lower in users of an anti-

depressant in comparison to CYP2D6 EMs, especially in TCA users. CYP2D6 PMs might be at 

increased risk of developing symptoms of hyponatremia. 
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In chapter 2.3, we studied the association between CYP2D6 genotype and risk of depression 

and anxiety, since it was hypothezised by others that CYP2D6 PMs have a lower baseline 

serotonin concentration in various brain regions, due to impaired metabolism of 5-methoxy-

tryptamine to serotonin, and are therefore more prone to depression or anxiety. The risk of 

major depression in CYP2D6 *4/*4 was not signifi cantly different from extensive metabolizers 

(OR=0.85; 95%CI 0.36-2.00). Neither did we fi nd an association between CYP2D6 genotype 

and minor depression (OR=1.56; 95%CI 0.69-3.52) or anxiety disorders (OR=1.19; 95% CI 

0.68-2.09).

The association between the CYP2D6*4 polymorphism and heart rate and blood pressure in 

β-blocker users is described in chapter 3. CYP2D6*4 genotype in combination with informa-

tion on heart rate and blood pressure was available in 1430 and 1533 subjects on β-blockers 

respectively. The most frequently used β-blockers were atenolol, metoprolol and bisoprolol 

during the total study period. 

In CYP2D6 *4/*4 PMs the adjusted heart rate in users of metoprolol, the β-blocker most ex-

tensively metabolized by CYP2D6 (70-80%), was 8.5 beats/min lower than in *1/*1 extensive 

metabolizers (EMs) (p<0.001), leading to an increased risk of bradycardia in PMs. These effects 

were also observed for β-blockers selectively metabolized by CYP2D6 (metoprolol, carvedilol, 

nebivolol, propranolol and alprenolol).The diastolic blood pressure in PMs was signifi cantly 

lower in users of β-blockers metabolized by CYP2D6. CYP2D6 PMs should be carefully moni-

tored in clinical practice, since they have an increased risk of bradycardia. 

In chapter 4 variation in the CYP2D6, CYP3A4/3A5 and UGT2B7 gene is studied in relation 

to co-prescription of other analgesics and switching to opioids in codeine users. The analgesic 

effect of codeine is mostly dependent on its metabolism to morphine by CYP2D6. Apart from 

CYP2D6, codeine is metabolized by CYP3A4 and UGT2B7. Interestingly, a decreased effective-

ness of codeine was not observed in patients with the CYP2D6*4/*4 genotype, while mor-

phine concentrations are expected to be low in these subjects. Patients carrying a CYP3A4*1B 

allele more often switch to an opioid, and have more co-prescription of other analgesics than 

non-carriers. In this study, we did not fi nd an association between rs4274916 as a proxy for 

UGT2B7*2 and codeine effectiveness. 

In chapter 5 we investigated CYP2D6 genotype in relation to cancer. Chapter 5.1 describes 

the impact of impaired CYP2D6 metabolism on breast cancer survival in tamoxifen users. 

Tamoxifen users with absent CYP2D6 enzyme activity are at increased risk of breast cancer 

mortality (HR=4.1, CI 95% 1.1-15.9, p=0.041) compared to extensive metabolizers. Interme-

diate metabolizers tended to have an increased risk of breast cancer mortality. These results 

strengthen the hypothesis that endoxifen formation is strongly dependent on CYP2D6. In 

chapter 5.2 the infl uence of CYP2D6 genotype on basal cell carcinoma (BCC) susceptibil-

ity and subsequent BCCs was investigated. BCC cases were extracted from the nationwide 
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network and registry of histo- and cytopathology in the Netherlands (PALGA). In total, 369 

(5.8%) out of 6,382 patients developed a BCC and 128 patients multiple BCCs. This study 

demonstrated that CYP2D6 genotype is not associated with fi rst occurrence of BCC (HR=1.01; 

95% CI 0.82-1.25; p=0.91). Possibly, males with the wild type genotype have a reduced risk 

of developing multiple BCC. 

Finally, in chapter 6 we discuss the main fi ndings of this thesis and speculate on the implemen-

tation of pharmacogenetic testing in clinical practice.

Overall, in this thesis we have provided more evidence that pharmacogenetics could contribute 

to the quality and safety of pharmacotherapy. Pharmacogenetic testing should be part of 

overall quality improvement in healthcare for a number of drugs (e.g. tamoxifen). However, we 

should keep in mind that not all variation in drug response is explained by pharmacogenetics. 

Accurate interpretation of data is necessary and pharmacists could play a role in this.
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Samen vatting

Patiënten reageren verschillend op geneesmiddelen. Gemiddeld genomen zal 40% van alle 

patiënten een goede respons op geneesmiddelen hebben. Echter, sommige patiënten zullen 

bijwerkingen ondervinden, terwijl anderen hier geen last van hebben. Variabiliteit in genees-

middelrespons kan onder andere verklaard worden door leeftijd, geslacht, nier- en leverfunc-

tie, onderliggende aandoening(en) en geneesmiddel interacties. Daarnaast kunnen genetische 

factoren ook bijdragen aan de verschillen in geneesmiddel respons. CYP2D6 is verantwoor-

delijk voor het metabolisme van circa 25% van alle geneesmiddelen, die door het CYP450 

systeem gemetaboliseerd worden. Ongeveer 5-10% van de Kaukasische bevolking brengt 

geen CYP2D6 enzym activiteit tot expressie, zogenaamde poor metabolizers (PMs). Deze ver-

minderde enzymactiviteit kan verklaard worden door genetische variatie in CYP2D6. Door 

verandering van 1 basepaar in het DNA coderend voor het CYP2D6 enzym (een zogenaamd 

polymorfi sme), wordt geen of minder eiwit geproduceerd. Het belangrijkste polymorfi sme dat 

het poor metabolizer fenotype veroorzaakt is een mutatie G > A in het CYP2D6 gen, ook wel 

*4 genoemd.

Door de afwezigheid van het CYP2D6 enzym zijn plasmaconcentratie en totale blootstelling 

van geneesmiddelen, die gemetaboliseerd worden door CYP2D6, hoger dan in extensive me-

tabolizers, waardoor PMs een verhoogde kans op bijwerkingen hebben. In geval van prodrugs 

waarbij CYP2D6 betrokken is bij de activatie van het geneesmiddel, hebben CYP2D6 PMs juist 

een lagere concentratie van de actieve metaboliet, wat kan leiden tot verminderde effectiviteit.

Aangezien cytochroom P450 enzymen niet alleen geneesmiddelen metabolizeren, maar 

ook endogene stoffen (hormonen), chemicaliën en toxinen in het milieu omzetten, zou vari-

abiliteit in enzymactiviteit ook kunnen leiden tot een veranderde kans op bepaalde ziekten.

Het doel van dit proefschrift was het bestuderen van de invloed van genetische variatie 

in het CYP2D6 gen op geneesmiddel respons en het ontstaan van ziekten. Alle studies die 

hier worden beschreven zijn uitgevoerd binnen het Rotterdamse ERGO-onderzoek (Erasmus 

Rotterdam Gezondheid en Ouderen), internationaal bekend als ‘the Rotterdam Study’. Dit is 

een prospectief bevolkingsonderzoek naar de frequentie en oorzaken van chronische ziekten 

bij ouderen.

Hoofdstuk 1 geeft een algemene inleiding op dit proefschrift. In hoofdstuk 2 wordt de 

invloed van het CYP2D6 variant genotype op antidepressiva respons beschreven evenals de 

associatie tussen het CYP2D6 genotype en risico op depressie. Plasma concentraties van een 

aantal antidepressiva zijn hoger in patiënten met verminderde CYP2D6 enzym activiteit, wat 

bijwerkingen zou kunnen geven. Dit zou kunnen leiden tot dosisverlaging of staken van het 

antidepressivum. In hoofdstuk 2.1 wordt de invloed van het CYP2D6*4 genotype op do-

sering, switchen en staken van antidepressiva bestudeerd in een cohort van 1198 incidente 

antidepressiva gebruikers in ERGO. In gebruikers van tricyclische antidepressiva (TCA’s) was het 

risico op switchen naar een ander antidepressivum binnen 45 dagen in CYP2D6 ‘poor meta-
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bolizers’ signifi cant verhoogd ten opzichte van patiënten met een normale enzymactiviteit. Er 

wordt verwacht dat een switch binnen 45 dagen optreedt als gevolg van geneesmiddelinto-

lerantie, aangezien de werkzaamheid van een antidepressivum pas na 6 weken kan worden 

beoordeeld. Een verhoogd risico op switchen werd niet gezien voor SSRI gebruikers. 

Nadat de antidepressiva dosering was getitreerd tot een optimale effectiviteit met minimale 

bijwerkingen, was de dosering signifi cant lager in PMs dan in EMs in zowel TCA als SSRI 

gebruikers. Er werd geen associatie gevonden tussen CYP2D6 genotype en het staken van de 

therapie met antidepressiva. 

Hoofdstuk 2.2 focust op de associatie tussen CYP2D6 genotype en plasma natriumspiegel 

in antidepressiva gebruikers. Antidepressiva kunnen hyponatriemie veroorzaken door het op-

treden van het syndroom van inadequate secretie van antidiuretisch hormoon (SIADH). In deze 

studie vonden wij dat de natrium concentratie in PMs signifi cant lager was in vergelijking met 

CYP2D6 EMs in antidepressiva gebruikers, met name in gebruikers van TCA’s. Hierdoor zouden 

CYP2D6 PMs een verhoogd risico op het ontwikkelen van symptomen van hyponatriemie kun-

nen hebben.

In hoofdstuk 2.3 wordt de associatie tussen het CYP2D6 genotype en het risico op de-

pressie en angst bestudeerd. In de literatuur werd gesuggereerd dat CYP2D6 PMs een lagere 

concentratie serotonine hebben in diverse gebieden in de hersenen door verminderd metabo-

lisme van 5-methoxytryptamine in serotonine, waardoor zij vatbaarder voor depressie of angst 

kunnen zijn. Het risico op major depressie in CYP2D6 *4/*4 was niet verschillend van extensive 

metabolizers (OR=0.85; 95%CI 0.36-2.00). We vonden ook geen associatie tussen CYP2D6 

genotype en minor depressie (OR=1.56; 95%CI 0.69-3.52) of angststoornissen (OR=1.19; 

95% CI 0.68-2.09).

De associatie tussen het CYP2D6*4 polymorfi sme en hartslag en bloeddruk in β-blokker ge-

bruikers wordt beschreven in hoofdstuk 3. In totaal hadden wij gegevens over het CYP2D6*4 

genotype in combinatie met informatie over hartslag en bloeddruk in respectievelijk 1430 

en 1533 β-blokker gebruikers. De meest gebruikte β-blokkers in deze studie waren atenolol, 

metoprolol en bisoprolol. 

In CYP2D6 *4/*4 PMs was de gecorrigeerde hartslag in gebruikers van metoprolol, de 

β-blokker die in hoge mate door CYP2D6 wordt gemetaboliseerd (70-80%), 8.5 slag/minuut 

lager dan in *1/*1 extensive metabolizers (EMs) (p<0.001). Hierdoor hebben deze PMs een 

verhoogd risico op bradycardie. Deze effecten werden ook geobserveerd voor β-blokkers, die 

selectief door CYP2D6 werden gemetaboliseerd (metoprolol, carvedilol, nebivolol, propranolol 

and alprenolol). De diastolische bloeddruk was signifi cant lager in CYP2D6 PMs in gebruikers 

van β-blokkers gemetaboliseerd door CYP2D6. CYP2D6 PMs zouden in de dagelijkse praktijk 

intensiever moeten worden gevolgd, aangezien zij een verhoogd risico op bradycardie hebben. 

In hoofdstuk 4 wordt de genetische variatie in het CYP2D6, CYP3A4/3A5 en UGT2B7 gen 

bestudeerd in relatie tot co-prescriptie van andere analgetica en switchen naar opioïden in 
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codeïne gebruikers. Het analgetisch effect van codeïne is voornamelijk afhankelijk van de 

omzetting van codeïne in het actieve morfi ne door CYP2D6. Naast CYP2D6 wordt codeïne ge-

metaboliseerd door CYP3A4 en UGT2B7. Opmerkelijk was dat een verlaagde effectiviteit van 

codeïne niet werd gevonden in patiënten met het CYP2D6*4/*4 genotype, terwijl verwacht 

wordt dat morfi ne concentraties in deze patiënten laag zijn. Dragers van het CYP3A4*1B allel 

switchen vaker naar een ander opioïd en hadden meer co-prescriptie van andere analgetica 

dan niet-dragers. In deze studie werd geen relatie gevonden tussen rs4274916 als een proxy 

voor UGT2B7*2 en codeïne effectiviteit. 

In hoofdstuk 5 werd het CYP2D6 genotype onderzocht in relatie tot kanker. Hoofdstuk 

5.1 beschrijft de impact van verstoorde CYP2D6 metabolisme op borstkanker overleving in 

tamoxifen gebruikers. Tamoxifen gebruikers met een verminderde CYP2D6 enzymactiviteit 

hebben een verhoogd risico op borstkanker mortaliteit (HR=4.1, CI 95% 1.1-15.9, p=0.041) 

vergeleken met extensive metabolizers. Intermediate metabolizers lijken een verhoog risico te 

hebben op borstkanker mortaliteit. Genotyperen voor aanvang van endocriene therapie bij 

borstkanker patiënten zou CYP2D6 PMs kunnen identifi ceren, die waarschijnlijk beter reage-

ren op aromataseremmers dan op therapie met tamoxifen. Prospectieve studies, waaronder 

studies naar de kosteneffectiviteit, zouden moeten worden uitgevoerd om de implementatie 

van CYP2D6 genotyperen in de kliniek te ondersteunen. 

In hoofdstuk 5.2 wordt de invloed van het CYP2D6 genotype op het ontstaan van basaal-

celcarcinomen (BCC) bestudeerd. BCC gevallen werden geëxtraheerd uit het Pathologisch-

Anatomisch Landelijk Geautomatiseerd Archief (PALGA). In totaal ontwikkelden 369 van de 

6382 patiënten (5.8%) een basaalcelcarcinoom, waarvan 128 patiënten meer dan eenmaal. 

Onze studie laat zien dat het CYP2D6 genotype niet geassocieerd is met het ontstaan van 

een BCC (HR=1.01; 95% CI 0.82-1.25; p=0.91). Mannen met het wildtype genotype hebben 

mogelijk een verminderd risico op het ontwikkelen van meerdere basaalcelcarcinomen.

In hoofdstuk 6 worden de belangrijkste onderzoeksresultaten bediscussieerd en wordt er 

gespeculeerd over de implementatie van genotyperen in de kliniek.

Concluderend geeft dit proefschrift meer bewijs dat CYP2D6 genotypering bijdraagt aan de 

kwaliteit en veiligheid van de farmacotherapie. Farmacogenetische testen zouden voor som-

mige geneesmiddelen (bv. tamoxifen) onderdeel moeten uitmaken van de dagelijkse praktijk 

om de gezondheidszorg te verbeteren. Echter, men moet rekening houden met het feit dat niet 

alle variatie in geneesmiddelrespons wordt verklaard door de farmacogenetica. Interpretatie 

van de verkregen data is noodzakelijk, waarbij apothekers een belangrijke rol kunnen spelen.
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