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General Introduction 1



Drug response is a complex trait that shows significant interpatient variability. It has been 
suggested that response rates to major therapeutic classes of drugs range from 25 to 60 
percent [1]. To a certain extent this variability may be explained by genetic variation. The 
concept of interindividual differences in drug response was proposed as early as 1909 
[2]. However, current clinical practice hardly considers genetic variation a relevant factor 
during the processes of drug prescribing and dispensing. Pharmacogenetics is the study 
of variations in DNA sequence as related to drug response [3]. The ultimate goal of 
pharmacogenetics is to predict and thereby improve drug response in the individual patient. 

After the completion of the Human Genome Project in 2003, genomics has become a 
mainstay of biomedical research and pharmacogenetics has been forecasted to be one of 
the first clinical applications arising from the new knowledge [4]. Indeed, the research 
efforts in the field of pharmacogenetics expressed as the number of publications listed 
on PubMed have steadily increased until leveling out in 2009 at 1100-1200 publication 
per year (Figure 1.1) [5].

By contrast, the clinical use of pharmacogenetic testing did not meet the initial high 
expectations and has lagged considerably behind, despite the significant body of evidence 
supporting its usefulness. As a result of the unmet promises many clinicians have become 
somewhat disillusioned regarding pharmacogenetics in recent years. Indeed, expectations 
of the effect of a single polymorphism on drug response were unrealistically high [6]. Still, 
pharmacogenetics holds the promise of advancing drug therapy. 

The aim of this thesis is to identify the reasons for the slow clinical translation of 
pharmacogenetics and to explore and expand possible solutions to address these obstacles.

8

Figure 1.1 Hits on PubMed using the search string “pharmacogenetics OR pharmacogenomics”.
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Basic principles of pharmacogenetics
A gene is a part of the DNA that codes for a type of protein or for a RNA chain that has a 
specific function in the organism. There are two alleles per autosomal gene (one paternal 
and one maternal) with one allele on each of the two chromosomes of a chromosome 
pair [7]. Together the two alleles form the genotype. Heterozygotes have two different 
alleles, and homozygotes have two of the same alleles. Genetic variation can consist of 
deletions, insertions, inversions, and copy number variation [8]. Most sequence variations 
are single nucleotide polymorphisms (SNPs), a single DNA base pair substitution that 
may result in a different gene product. As a result of this genetic variation many genes 
have multiple variants. The most common allele in a population is referred to as the wild 
type. Some of the variant alleles code for non-functional or decreased functional proteins. 
Allele frequencies can vary greatly in different ethnic populations. Phenotype refers to 
the trait resulting from the protein product encoded by the gene.

Outline of the thesis
This thesis is divided into four parts. The first part aims at identifying obstacles and possible 
solutions for the clinical implementation of pharmacogenetics. In the second part, issues 
related to the quality control of pharmacogenetic testing are discussed. In the third part the 
influence of genetic variation on the response to sulfonylureas (SUs), a class of commonly 
used oral antidiabetic drugs used in the treatment of Type 2 diabetes mellitus (T2DM) 
patients, is used as a case model to investigate the possibilities for pharmacogenetics in 
primary care. The fourth part contains the general discussion and summary. 

In Chapter 2 possible obstacles for the clinical implementation of pharmacogenetics are 
investigated and solutions to overcome these obstacles are identified. In the next chapter 
one of the identified solutions, the development of clinical guidelines to aid the use of 
pharmacogenetic tests, is investigated in detail (Chapter 3). Chapter 4 describes the 
results of a pilot experiment to investigate the technical feasibility of pharmacogenetic 
screening in primary care. In this chapter also the potential impact of the pharmacogenetic 
guidelines described in Chapter 3 is investigated. 

The application of pharmacogenetics in clinical practice may result in the adjustment of 
treatment of individual patients. Therefore, genotyping of patients in a routine clinical 
setting requires robust and reliable genotyping methods and good quality control is of great 
importance. Chapter 5 discusses the use of plasmid-derived samples as quality controls. A 
second issue related to quality control of pharmacogenetic tests is the exclusion of SNPs 
because of poor genotyping. Several studies have reported difficulties in genotyping 
rs757210, a SNP in the gene coding for hepatocyte nuclear factor 1β. Chapter 6 describes 
our experiments to find alternative methods to genotype this SNP. 

1 general introduction



The third part of this thesis is devoted to the investigation of the influence of genetic 
variation on the response to SUs. SUs are part of the mainstay of treatment with oral 
antidiabetic drugs. We selected SU treatment as a case model to investigate the potential 
role of pharmacogenetics in primary care for three reasons. First, most T2DM patients are 
treated in primary care. Secondly, there is significant interpatient variability in response 
to SUs, with approximately 10-20% of the patients experiencing primary failure. Thirdly, 
SUs are metabolized by the polymorphic enzyme CYP2C9. This enzyme also plays an 
important role in the metabolism of many other drugs frequently used in primary care. 
Chapter 7 describes the application of the classic candidate gene approach to investigate 
the effect of SNPs in CYP2C9 on the response to SUs. In Chapter 8 a different approach 
is applied. In 2007, multiple T2DM risk alleles have been identified from genome-wide 
association studies. From the identified T2DM risk alleles a panel of 20 consistently 
replicated SNPs appears of which the majority has been associated with the process 
of insulin release from the pancreatic beta-cells. We hypothesized that this panel of 20 
SNPs not only confers to an increased risk for T2DM but also influences response to SU 
treatment. Finally the results from the presented studies are put into perspective and a 
future outlook is described in Chapter 9.
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ABSTRACT

Pharmacogenomics is one of the first clinical applications of the postgenomic era. It 
promises personalized medicine rather than the established “one size fits all” approach to 
drugs and dosages. The expected reduction in trial and error should ultimately lead to more 
efficient and safer drug therapy. In recent years, commercially available pharmacogenomic 
tests have been approved by the Food and Drug Administration (FDA), but their 
application in patient care remains very limited. More generally, the implementation 
of pharmacogenomics in routine clinical practice presents significant challenges. This 
article presents specific clinical examples of such challenges and discusses how obstacles 
to implementation of pharmacogenomic testing can be addressed.
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INTRODUCTION

In 2003 the International Human Genome Sequencing Consortium declared that 
the Human Genome Project had been completed, raising expectations of clinical 
application in the near future. Pharmacogenomics (PGx) (here used synonymously with 
pharmacogenetics [Box 2.1]), promising the end of “one size fits all” drugs and of trial and 
error in pharmacotherapy, is often predicted to be one of the first such applications [1]. 

The concept of interindividual differences in drug response was proposed as early as 
1909 by Garrod in his book The Inborn Errors of Metabolism [2]. Today, the concept of 
PGx, namely that variation in drug response is related to genetic variation, is widely 
recognized. Two commercially available PGx tests that support the personalization of 
drug treatment have already received FDA approval. The tests detect variations in the 
genes coding for enzymes involved in drug metabolism: cytochrome P450 CYP2C19 and 
CYP2D6 (Roche AmpliChip, http://www.roche.com/), and UDP-glucuronosyltransferase 
(Invader UGT1AI Molecular Assay; Third Wave Technologies, http://www.twt.com/). 
Examples of these and other PGx tests actually being used in patient care are sparse, 
however. Recent surveys in Germany and Australia reported that only a small number of 
laboratories offer PGx testing for clinical use [3,4]. Current and potential future uses of 
PGx tests are summarized in Table 2.1.

This article focuses on challenges in the translation of PGx to clinical practice. Six challenges 
associated with consecutive phases in the translation process are discussed (Figure 2.1). 
Each of the identified challenges is exemplified by situations from clinical practice, and 
possible approaches to overcome them are discussed.

2 challenges for translating pharmacogenetics

BOX 2.1 

A matter of definitions

In many publications the terms pharmacogenetics (PGt) and pharmacogenomics 
(PGx) are used interchangeably while others distinguish between the two concepts 
[54–56]. We prefer to use the single term PGx with the following definition: “the 
individualization of drug therapy through medication selection or dose adjustment 
based upon direct (e.g., genotyping) or indirect (e.g., phenotyping) assessment of 
a person's genetic constitution for drug response.” This definition includes tests 
operating at protein, metabolite, or other biomarker levels whenever these factors 
are affected by genetic variation (i.e., single nucleotide polymorphisms, insertions, 
deletions, microsatellites, variance in copy number, etc). Both germline (i.e., heritable 
mutations) as well as somatic mutations (i.e., nonheritable mutations in, for example, 
tumor specimens) are considered. Therefore, immunohistochemical tests such as that 
for HER2/neu are considered a PGx test in the context of this article.



Players in the field
In the challenges presented in Figure 2.1, several “players” can be identified [5], 
including the biotechnology and analytical industry, the pharmaceutical industry, research 
institutions, funding agencies, regulatory agencies, clinicians, and patients. These players 
each have substantial roles, both individually and in collaboration, in developing and 
implementing clinical applications of PGx.

16

Table 2.1 Use of PGx in clinical practice

Current Future

Primarily diagnostic; retrospective Prevention of toxicity and treatment optimization; prospective

Specific test in individual Population-wide screening 

Focus on adverse drug events Focus on therapy selection 

Figure 2.1 Consecutive phases and associated challenges on the road to clinical implementation 
of pharmacogenomics.

Clinical practice

Clinical research

Basic biomedical research

Proof of principle

Proof of 
cost-effectiveness

Proof of efficacy

Implementation

Providing scientific evidence for 
improvement in patient care by 
PGx testing

Selecting clinically relevant 
PGx tests

Providing data on diagnostic test
criteria of PGx testing 

Providing information on 
cost-effectiveness and 
cost-consequences of PGx testing

Improving acceptance of PGx 
testing

Developing guidelines directing the
clinical use of PGx test results



As an early step in this process, the biotechnology and analytical industry must develop 
fast, reliable, and affordable assays for routine PGx measurement. The reaction of the 
pharmaceutical industry to the concept of PGx has been reserved, possibly because of 
the potential for market segmentation and an end to the era of blockbuster drugs (Box 
2.2) [5]. Nonetheless, a 2001 report stated that by applying genomics technologies, the 
investments to develop a drug could be reduced by as much as $300 million and two 
years [6]. Further, the influence of the pharmaceutical industry on the translation of PGx 
to the clinic, although considerable, should not be overestimated. Manufacturers can be 
expected to pursue development of PGx tests only for new compounds and not for drugs 
already marketed. The latter would most likely be of interest to research institutions, for 
example academic medical centers.

Indeed, most of our PGx knowledge comes from clinical studies initiated by research 
institutions. The importance of adequately designed original studies on associations 
between genetic variation and clinical drug response needs to be recognized by funding 
agencies, including health insurers and governmental agencies [7]. In recent years, many 

172 challenges for translating pharmacogenetics

BOX 2.2 

PGx need not be financially unattractive from a drug manufacturer’s 
point of view

The potentially smaller market for a drug could be compensated by (1) an increased 
rate of adoption of the drug; (2) the identification of patients who otherwise would not 
have been candidates for the drug; (3) increased compliance with improved efficacy; 
and (4) the possibility of premium pricing [57]. This process can be illustrated with 
preliminary calculations of the use of the tumor necrosis factor alpha-blocking drug 
adalimumab used in the treatment of rheumatoid arthritis.

The prevalence of rheumatoid arthritis in adults in The Netherlands is 1%, resulting 
in approximately 160,000 potential users of adalimumab. The estimated cost 
for the treatment of all these patients with adalimumab during one year is about 
€1,900,000,000. To limit the costs, the use of adalimumab has been restricted to 
treatment of patients with moderate to severe rheumatoid arthritis failing to respond 
on disease-modifying antirheumatic drugs or methotrexate. As a result, only 3,440 
patients, or 2.15% of the potential 160,000, used the drug in 2005. When a certain 
PGx test enables predicting the response to adalimumab, there would be no legitimate 
reason to withhold the drug from the predicted responders; and if the prevalence of 
the responsive genotype were to exceed 2.15% in the rheumatoid arthritis patient 
population the revenues of the manufacturer would increase.



projects have been funded, and even prospective studies on dose recommendations are 
now being performed. In addition, these agencies will have to be convinced to reimburse 
routine PGx testing, which will require extensive information on cost-effectiveness and 
cost-consequences of PGx testing.

Regulatory agencies, such as the European Agency for the Evaluation of Medicinal 
Products and the FDA could play a role by recommending or requiring PGx testing 
for certain drugs, which would obviously provide a strong stimulus. In 2004 and 2005 
the FDA approved label changes of 6-mercaptopurine and irinotecan to include PGx 
information; recommendations for other drugs, such as warfarin, may follow [8,9]. In the 
case of irinotecan, however, results not fully supporting the dose adjustment included in 
the label change have been reported [10]. To date, mandatory testing is mentioned only 
in the package insert of trastuzumab [11]. The FDA has issued a guidance for industry 
on the subject of PGx and is encouraging voluntary data submission [12]. More recently 
the FDA and the European Agency for the Evaluation of Medicinal Products have issued 
a joint procedure for the voluntary submission of PGx data [13].

Following the increase of evidence of clinical relevance and number of available tests, 
physicians and clinical pharmacists need to become informed about the usefulness and 
also the limitations of PGx tests in patient care. Patients and patient advocacy groups also 
can have significant influence on PGx implementation.

CHALLENGES FOR IMPLEMENTATION OF PGx

Providing scientific evidence for improvement in patient care by PGx testing
On 16 August 2006, a search we did of the medical literature with the MeSH term 
“pharmacogenetics” on PubMed resulted in 3,347 hits, of which 1,487 —almost 45%—
were review articles. The relative paucity of original research articles is not the only 
problem. Many original articles involve a small, specific study population, administration of 
single doses, use of healthy volunteers instead of patients, or use of a different translation 
from genotype to phenotype. Moreover, most positive association studies lack validation 
of findings in an independent patient population.

A classic application of PGx, often used as an example of its potential clinical consequences, 
involves the variable effect of the antidepressant nortriptyline (NT) due to differences 
in the gene encoding cytochrome P450 family member CYP2D6. The plasma levels of 
NT may vary almost 10-fold depending on the number of functional CYP2D6 alleles. 
However, the scientific literature reveals a lack of solid evidence that, in the case of NT, 
the CYP2D6 polymorphisms actually lead to significant clinical consequences, such as 
increased toxicity or decreased drug efficacy.

18



The Pharmacogenetics Working Party of the Royal Dutch Society for the Advancement of 
Pharmacy is working to implement PGx into their automated medication control database, 
which is to be used in computerized physician and pharmacist order entry systems (http://
farmacogenetica.knmp.nl/). Table 2.2 summarizes their recently conducted systematic 
literature search for evidence to define NT dose recommendations for different CYP2D6 
genotype-predicted phenotypes (search terms available upon request).

Only nine scientific articles concerning the interaction between CYP2D6 and NT, 
encompassing a total study population of 193 participants, could be retrieved. Among 
these participants there were only 15 poor metabolizers and 12 ultrarapid metabolizers 
(UM). Furthermore, the studies frequently were single-dose experiments with healthy 
volunteers or were limited to specific populations, such as Korean inhabitants or geriatric 
patients. Most study end points were pharmacokinetic, confirming that CYP2D6 genotype 
has an impact on NT pharmacokinetics. However, no drug efficacy or toxicity data 
were reported. Therefore, even for what is considered a classic example of PGx, solid 
scientific evidence for clinical relevance is still lacking. In a recent article Kirchheiner et 
al. [14] provide an overview of how better-designed studies are needed for the clinical 
breakthrough of PGx and how this breakthrough could be realized by a more systematic 
inclusion of PGx in drug development.

Selecting clinically relevant PGx tests
Research in the field of PGx should be focused on the development of diagnostic tests for 
clinically important problems. Not every association study leads to a potentially useful PGx 
test, and financial and technical resources may be wasted if the relevance of more readily 
measurable values is not excluded first [15]. For example, the 5-hydroxytryptamine 3 
receptor antagonists used to prevent nausea and vomiting are known to be metabolized by 
CYP2D6. Kim et al. showed genotype-dependent pharmacokinetics in healthy volunteers for 
tropisetron [16], suggesting a hypothesis that cancer patients who are UM are undertreated 
by a standard dose of tropisetron. This hypothesis was studied by Kaiser and colleagues in 
270 cancer patients. Patients with a high number of functional CYP2D6 alleles experienced 
more nausea and episodes of vomiting [17]. A similar result was found in patients receiving 4 
mg of ondansetron to prevent postoperative nausea and vomiting [18]. These findings clearly 
show the influence of UM phenotype on both pharmacokinetics and clinical effectiveness of 
5-hydroxytryptamine 3 receptor antagonists. However, due to the low prevalence of UM 
genotype in people of northern European descent, the “number needed to genotype” (i.e., 
the number of patients needed to genotype in order to prevent one patient from unnecessary 
nausea and vomiting) appeared to be 50. This number is probably too high to implement 
this PGx test into routine clinical practice and, more importantly, easier methods such as 
dose titration or the use of an alternative antiemetic regimen are already available to prevent 
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nausea [19]. PGx studies should be encouraged in fields where the likelihood of a clinically 
relevant effect is high and its potential usefulness is evident in clinical practice (Table 2.3).

Providing data on diagnostic test criteria of PGx testing
To be clinically useful, a PGx test must predict the outcome of drug treatment. Complex 
pathways are involved in the action and metabolism of most drugs, and nongenetic 
influences also contribute to drug response [15]. Therefore, PGx testing for single 
polymorphisms may account for only part of the variability in drug response. The 
diagnostic test criteria sensitivity, specificity, and predictive value are applicable to tests 
for which response is determined as a dichotomous variable. However, drug response 
cannot always be considered an all-or-none phenomenon. In these situations the relative 
contribution of the genotype to the variability in response (the percentage explained 
variance, R2) provides additional information. Diagnostic test criteria of PGx tests are not 
commonly reported, but are important for clinical implementation. Table 2.4 summarizes 
the characteristics of selected PGx tests.

It can be observed that the diagnostic test criteria for PGx tests are comparable to those 
of clinically available non-PGx tests (also shown in Table 2.4). Thus, while some consider 
current PGx tests as having inadequate value for clinical application, tests with comparable 
diagnostic test criteria are currently being used in patient care. The need for well-defined 
PGx test criteria has been previously discussed [20,21]. We maintain that demonstration 
of potential clinical usefulness requires the reporting of diagnostic test criteria in PGx 
association studies.

Providing information on cost-effectiveness and cost-consequences of PGx 
testing
Although funding agencies including health insurers have funded many PGx research 
projects in recent years, their willingness to reimburse routine PGx testing will require 
information on cost-effectiveness and cost-consequences. In 2004, Phillips performed a 
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Table 2.3 High likelihood of clinical relevance of PGx test

Drug characteristics

Narrow therapeutic index (i.e., high chance of toxicity)

Difficulty predicting response or adverse effect

Large interindividual variability in response

Consistent PK-PD relationship

Long-term treatment
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systematic literature review on cost-effectiveness of PGx testing [22]. Only 11 published 
true cost-effectiveness analyses (CEAs) could be retrieved. Seven studies found a PGx-
based strategy to be cost-effective, two showed equivocal results, and two concluded that 
a PGx-based strategy was not cost-effective. Despite the publication of additional CEAs 
of PGx, there is a need for more information [23–26]. The performance of such CEAs 
is problematic for two reasons. First, there are limited data on the rate at which PGx 
testing actually prevents adverse drug reactions. Second, PGx test prices are dropping 
continuously. Even without data from a comprehensive CEA, some simple calculations 
can be made and preliminary conclusions can be drawn on potential cost-effectiveness 
of PGx testing (Box 2.3).

The example in Box 2.3 indicates that screening for dihydropyrimidine dehydrogenase 
(DPD) deficiency in all 5-fluorouracil (5FU)-treated patients is not cost-effective, mainly 
due to the low incidence of DPD deficiency and the high cost of the phenotypic assay. 
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BOX 2.3 

Estimated potential cost-effectiveness of DPD screening

The cytotoxic drug 5FU is widely used, for example in colorectal cancer. Severe 
neutropenia is associated with deficiency of the enzyme DPD, which metabolizes 
5FU [58]. The deficiency of DPD is thought to be caused by germline mutations in 
the gene encoding DPD.

A possible strategy would be to test all 5FU-treated patients, and we estimate the 
cost consequences for the Dutch situation as follows. About 7,000 patients per 
year are treated with 5FU. A phenotypic test measuring DPD activity in peripheral 
mononuclear cells is available, and normal values for enzyme activity in both wild-type 
and heterozygotes are known, but are relatively difficult to distinguish. The incidence 
of DPD deficiency is about 3% and, therefore, 210 patients of the 7,000 5FU-treated 
patients may be detected by this test [59].

In a meta-analysis on 5FU-related toxicity it was reported that the incidence of 5FU-
related death is about 0.5%, and in 50% of the cases toxicity was explained by deficiency 
of the enzyme DPD [60]. The cost of the DPD assay is €850, which would result in 
an estimated cost of nearly €6 million to test all 7,000 patients for DPD status. This 
testing would save 17 patients per year, at a cost of €350,000 per saved life, which 
may be unrealistically high. Moreover, even then, 17 other patients will die from 
5FU-related toxicity anyway, because their toxicity is not related to DPD deficiency. 
Although this example is evaluated in a Dutch setting the data and conclusion can be 
applied to other settings.



It might become cost-effective if the cost of the assay decreases. Circumstances that 
favor the cost-effectiveness of PGx testing include high prevalence of the relevant allelic 
variant in the target population, good correlation between genotype and phenotype, 
satisfactory diagnostic test criteria, phenotype associated with significant morbidity or 
mortality if left untreated, and significant reduction in adverse drug reactions reduction 
by PGx testing [27].

Although the necessity of CEAs for every new clinical technique is debatable, and several 
innovations have found their way to application without proof of their cost-effectiveness 
[28,29], more research on the cost-effectiveness and cost-consequences of PGx testing 
will nonetheless stimulate its further implementation into clinical practice.

Developing guidelines directing the clinical use of PGx test results
PGx studies published to date usually report that carriers of a specified genotype in a 
particular patient population have an increased likelihood of a desired (or undesired) 
outcome of drug treatment. Such studies have not, however, resulted in the distillation 
of practical prescribing recommendations based on genotype. In particular, very little 
data are available on effective and safe dose adjustment for the different metabolizer 
phenotypes, although a 2001 consensus paper on deriving CYP2D6 phenotype-
related dose recommendations for antidepressants from pharmacokinetic study data 
represents an early step [30]. Coumarins used in the treatment and prevention of venous 
and thromboembolic disorders constitute one case in which the application of dose 
recommendations is relatively far advanced. Coumarins (e.g., warfarin, phenprocoumon, 
acenocoumarol) are primarily metabolized by CYP2C9, and treatment outcome is known 
to be associated with CYP2C9 genotype [31–39]. More recently, the gene coding for 
the vitamin K epoxide reductase subunit 1 (VKORC1) was found to contribute to the 
variability in response observed in warfarin users [40].

The effect of CYP2C9 and VKORC1 genotype combined with patient height explained 
up to 55% of variance in warfarin dose [41]. Two prospective (pilot) studies concluded 
that the use of an algorithm including CYP2C9 genotype for warfarin dosing is feasible 
[42,43], and prospective research is ongoing in the UK. Therefore, prospectively validated 
coumarin dosing algorithms that include PGx information might become available in the 
near future. In more recent developments, Wessels et al. have developed a clinical scoring 
system based on seven factors, including four genetic polymorphisms, to predict efficacy 
of methotrexate monotherapy in rheumatoid arthritis patients. They provide a tool that 
translates the outcome of the model into individual treatment recommendations [44]. De 
Leon et al. have published clinical guidelines for using CYP2D6 and CYP2C19 genotypes 
in the prescription of antidepressants or antipsychotics [45]. Further translational research 
aimed specifically at the practical application of PGx in clinical situations is warranted.
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Improving acceptance of PGx testing
A newly introduced drug or technology is normally first applied by a small group of 
clinicians. In time it may become standard treatment incorporated into guidelines and 
consequently into wider clinical use. The time from introduction to acceptance of new 
methods may vary widely, as illustrated by a comparison of the implementation of 
Calvert’s formula with that of HER2/neu testing. Carboplatin is currently dosed using 
the formula of Calvert, published in 1989, for area-under-the-curve targeted dosing [46]. 
Attention was called to Calvert’s formula several times but it was not until 1996 that it 
was reported by the American Hospital Formulary Service, a widely used source of drug 
information [47,48]. Assuming that uptake into guidelines to some extent represents 
clinical acceptance, this time course shows that it took no less than seven years for Calvert’s 
formula to be accepted. This relatively slow acceptance is further exemplified by the limited 
use of the formula in clinical trials with carboplatin during the early 1990s (Figure 2.2).

A contrasting example is the implementation of testing of breast cancers for HER2/neu 
overexpression with immunohistochemistry or fluorescence in situ hybridization to select 

Figure 2.2 The use of the Calvert formula in clinical trials from 1989 to 1998. A PubMed search for 
the dosing of carboplatin in clinical trials was performed for the period 1989–1998. For each year 
the first ten results of PubMed were screened for the use of the Calvert formula. Bars represent the 
percentage of results in which the Calvert formula was used to dose carboplatin (A), the Calvert 
formula was not used (B), or no dosing information could be retrieved electronically (C).
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patients with metastasized breast cancer eligible for treatment with trastuzumab. In the late 
1980s and early 1990s, several studies demonstrated that breast cancers with HER2/neu 
overexpression showed poor prognosis [49–53]. In 1998 trastuzumab, a monoclonal drug 
directed against the HER2 protein, was launched on the US market. One year later, testing 
for HER2/neu overexpression was included in the American Hospital Formulary Service 
trastuzumab monograph. Testing for HER2/neu overexpression has become standard 
practice for guiding drug therapy for metastatic breast cancer. In contrast to the lengthy 
time line for acceptance of Calvert’s formula, the short time line of acceptance of testing 
for HER2/neu overexpression indicates that fast uptake is possible. The two examples 
differ in many respects (e.g., one results in a dose adjustment while the other results in 
the decision whether or not to prescribe the drug). Nonetheless, two differences might 
be observed to present potential opportunities for improved clinical uptake of PGx. First, 
the use of testing for HER2/neu overexpression was required by the regulatory agencies 
upon market introduction of trastuzumab. With regard to PGx testing, this requirement 
suggests that obligatory testing prior to drug prescribing might give a strong stimulus 
to the clinical uptake of PGx. Second, HER2/neu testing was actively advocated by the 
pharmaceutical company manufacturing the drug and by patient advocacy organizations. 
Similarly active support for the use of clinically established PGx tests by pharmaceutical 
companies or patient advocacy organizations might be expected to improve clinical uptake 
of PGx testing.

CONCLUSIONS

Because variation in drug responses is, at least to some extent, related to genetic variation, 
PGx testing has the potential to result in safer and more effective use of drugs by permitting 
individualized therapy. In recent years FDA-approved PGx tests have become available, 
but the use of PGx testing has remained limited, largely by a lack of scientific evidence 
for improved patient care by PGx testing. Providing this scientific evidence presents a 
significant challenge. The development of novel tests should be aimed at solving important 
clinical problems. To demonstrate potential for clinical use, PGx studies should report 
diagnostic test criteria. For PGx tests shown to improve patient care, guidelines directing 
the clinical use of PGx test results should be developed. Information on cost-effectiveness 
and cost-consequences of PGx testing should be provided to facilitate reimbursement 
by insurance companies. Finally, uptake in clinical practice will be given a stimulus if 
regulatory agencies recommend testing prior to prescribing the drug, and if pharmaceutical 
companies or patient groups advocate for use of the test. If the outlined challenges can 
be met, the incorporation of PGx in routine clinical practice may prove an achievable 
goal in the near future.
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Despite initial enthusiasm [1–3], the use of pharmacogenetics has remained limited to 
investigation in only a few clinical fields such as oncology and psychiatry [4–8]. The main 
reason is the paucity of scientific evidence to show that pharmacogenetic testing leads to 
improved clinical outcomes [9,10]. Moreover, for most pharmacogenetic tests (such as tests 
for genetic variants of cytochrome P450 enzymes) a detailed knowledge of pharmacology is 
a prerequisite for application in clinical practice, and both physicians and pharmacists might 
find it difficult to interpret the clinical value of pharmacogenetic test results. Guidelines 
that link the result of a pharmacogenetic test to therapeutic recommendations might help 
to overcome these problems, but such guidelines are only sparsely available. In 2001, an 
early step was taken to develop such guidelines for the therapeutic use of antidepressants, 
and these included CYP2D6-related dose recommendations drawn from pharmacokinetic 
study data [11]. However, the use of such recommendations in routine clinical practice 
remains difficult, because they are currently outside the ambit of the clinical environment 
and are not accessible during the decision-making process by physicians and pharmacists, 
namely the prescription and dispensing of drugs.

It was for these reasons that the Royal Dutch Association for the Advancement of Pharmacy 
established the Pharmacogenetics Working Group (PWG) in 2005. In this 15-member 
multidisciplinary working group, clinical pharmacists, physicians, clinical pharmacologists, 
clinical chemists, epidemiologists, and toxicologists are represented. The objective of the 
PWG is to develop pharmacogenetics-based therapeutic (dose) recommendations on 
the basis of a systematic review of literature, and to assist the drug prescribers as well 
as the pharmacists by integrating the recommendations into computerized systems for 
drug prescription and automated medication surveillance. The recommendations do not 
indicate patients who are eligible for genotyping, but merely aim to optimize drug use 
in the small but ever-increasing group of patients whose genotypes are known.

In the Netherlands, computerized drug prescription and automated medication surveil-
lance are well organized, and the majority of general practitioners as well as nearly all the 
community and hospital pharmacists use such a system [12]. Most of these automated 
medication systems use the G-standard, an extensive electronic drug database [13]. 
The therapeutic (dose) recommendations composed by the PWG are incorporated 
into the G-standard, thereby directly linking the pharmacogenetics-based therapeutic 
(dose) recommendations to the decision-making process. The first recommendations 
were released with the October 2006 edition of the G-standard. To our knowledge, 
the PWG initiative is the first to integrate pharmacogenetic test results and therapeutic 
(dose) recommendations into automated medication surveillance systems to be applied 
nationwide. In this article, we describe the procedures followed by the PWG for structured 
pharmacogenetic data collection, assessment, and subsequent synthesis of therapeutic 
(dose) recommendations. Furthermore, we report the first 26 defined recommendations 
included in the G-standard.
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STRUCTURED ASSESSMENT OF GENE-DRUG INTERACTIONS

Scope
The scope of the PWG comprises the compilation of therapeutic (dose) recommendations 
on the basis of gene–drug interactions. It was decided to commence with the 
polymorphisms that affect pharmacokinetics. A list of polymorphic enzymes involved 
in phases I and II of the metabolic process, including an overview of drug substrates, 
was compiled. The criteria for inclusion were: (i) that the enzyme is known to play an 
important role in the metabolic process in vivo, and (ii) that data relating to the gene–drug 
interaction are available in the published literature. The following sources were used for 
assessing whether these criteria were fulfilled:

•	 PubMed (http://www.ncbi.nlm.nih.gov)

•	 Website (http://medicine.iupui.edu/flockhart/table.htm, http://www.genemedrx.com, 
http://www.druginteractioninfo.org, http://www.themedicalletter.com)

•	 Drug interaction textbook [14]

•	 Pharmacogenetics textbook [15]

Data collection
For each drug, a systematic search of PubMed and Frisbee (a bibliography of Dutch 
medical literature) [16] was carried out. The articles included in the reference lists were 
individually screened for additional material or papers. Wherever information relating 
to gene–drug interaction was present in the European Public Assessment Report, the 
manufacturer was asked to provide further details. Review articles, studies involving non-
human subjects and in vitro experiments were excluded.

Data assessment
For data assessment, a method earlier described was adapted [13]. Two core parameters 
were defined:

•	 Level of evidence of the gene–drug interaction. This indicates the quality of the evidence 
found in literature for the gene–drug interaction, and was scored on a five-point scale 
with a range from 0 (lowest evidence) to 4 (highest evidence) (Table 3.1) [17].

•	 Clinical relevance of the potential adverse drug event, decreased therapeutic response, 
or other clinical effect resulting from the gene–drug interaction.

The clinical relevance was scored on a seven-point scale derived from the National 
Cancer Institute’s Common Toxicity Criteria [18]. A clinical or pharmacokinetic effect 
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that was not statistically significant was classified as AA (lowest impact), whereas death, 
for example, was classified as F (highest impact) (Table 3.2). At every level of this point 
scale, new events are added after assessment by the PWG.

Status report and therapeutic (dose) recommendation 
For each of the assessed gene–drug interactions, a status report was prepared that presented 
an overview of key findings from selected articles from the published literature, along with 
the scores representing level of evidence and clinical relevance. Based on these scores, each 
gene–drug interaction was coded with the highest scored level of evidence and clinical 
relevance. After a final assessment of the information presented in the status report, a 
decision was made whether or not a therapeutic (dose) recommendation was required. 
These recommendations could include (i) a dose adjustment, (ii) advice on therapeutic 
strategy (e.g., the advice for therapeutic drug monitoring or a warning for increased risk 
of adverse drug event or diminished therapeutic efficacy), or (iii) the recommendation 
to select an alternative drug. In order to clarify how the PWG had arrived at the final 
therapeutic (dose) recommendation, a concise rationale was provided.

A specific procedure was followed in the preparation of the status report. After data 
collection, the level of evidence and clinical relevance of each article were independently 
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Table 3.1 Assigned levels of evidence

Criteria for assigning levels of evidence

4 Published controlled studies of good qualitya relating to phenotyped and/or genotyped patients or 
healthy volunteers, and having relevant pharmacokinetic or clinical endpoints

3 Published controlled studies of moderate qualityb relating to phenotyped and/or genotyped patients or 
healthy volunteers, and having relevant pharmacokinetic or clinical endpoints

2 Published case reports, well documented, and having relevant pharmacokinetic or clinical endpoints. 
Well documented case series

1 Published incomplete case reports

Product information

0 Data on file

- No evidence

aThe study is deemed to be of “good quality” if:
(i) the use of concomitant medication with a possible influence on the phenotype is reported in the manuscript.
(ii) other confounders are reported (e.g., smoking status).
(iii) the reported data are based on steady-state kinetics.
(iv) the results are corrected for dose variability.
bWherever one or more of these “good quality” criteria were missing, the quality of the study was considered 
to be “moderate.”



scored by two PWG members. In order to prevent interobserver variation, a seven-
member subgroup of the PWG discussed the scores of each selected paper and composed 
a preliminary status report. This preliminary report was then evaluated by the complete 
PWG during one of its three-monthly meetings, resulting in the final consensus-based 
status report and inclusion into the G-standard.

Calculation of dose adjustments
The calculation of dose adjustments was based on four rules:

•	 Pharmacokinetic data only from papers with a level of evidence of 3 or 4 were used.

•	 Data from selected papers reporting both statistically significant and not statistically 
significant differences were used. Results showing differences that were not statistically 
significant were considered as having been caused by limited sample size per genotype. 
Dose recommendations were calculated only if statistically significant data were 
available, so as to rule out the possibility of making dosage calculations from data 
generated purely by chance.
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Table 3.2 Classification of clinical relevance

Classification of clinical relevance

AA Clinical effect (NS)
Kinetic effect (NS)

A Minor clinical effect (S): QTc prolongation (<450 ms ♀, <470 ms ♂), INR increase <4.5
Kinetic effect (S)

B Clinical effect (S): short-lived discomfort (<48 h) without permanent injury, for example, reduced 
decrease in resting heart rate, reduction in exercise tachycardia, diminished pain relief from oxycodone 
and ADE resulting from increased bioavailability of atomoxetine (decreased appetite, insomnia, 
sleep disturbance, etc.)

C Clinical effect (S): long-standing discomfort (48–168 h) without permanent injury, for example, increase 
risk of failure of therapy with tricyclic antidepressants or atypical antipsychotic drugs: extrapyramidal 
side effects, parkinsonism: ADE resulting from increased bioavailability of tricyclic antidepressants, 
metoprolol, propafenone (central effects, e.g., dizziness).

D Clinical effect (S): long-standing effect (>168 h), permanent symptom or invalidating injury, for 
example, failure of prophylaxis of atrial fibrillation; deep vein thrombosis

E Clinical effect (S): Increased risk of failure of lifesaving therapy; expected bone marrow depression

F Clinical effect (S): death; arrhythmia; unexpected bone marrow depression

ADE, adverse drug event; INR, international normalized ratio; NS, not statistically significant difference; S, 
statistically significant difference.



•	 Dose calculations were based on the sum of parent drug and active metabolites for 
atomoxetine (4-hydroxyatomoxetine), clomipramine (desmethylclomipramine), 
imipramine (desipramine), nortriptyline (10-hydroxynortriptyline), propafenone 
(5-hydroxypropafenone), risperidone (9-hydroxy-risperidone), and venlafaxine 
(O-desmethylvenlafaxine).

•	 For prodrugs, pharmacokinetics of the active metabolite were used (e.g., morphine 
when codeine is used for analgesia).

We assumed that currently used standard doses are representative for extensive 
metabolizers. For calculating dose adjustments for the CYP2D6 PM phenotype (DPM), 
we started by making a dose adjustment calculation from each selected paper from the 
published literature, using the formula below:

DPM (%) = (AUCEM / AUCPM) x 100%

After calculating dose adjustments from the data in each individual paper, a final dose 
recommendation was calculated as the population size-weighted mean of the individual 
dose adjustments:

N = number of subjects with corresponding phenotype in article a, b, c, … x

Dose recommendations of drugs for other genotypes and phenotypes were calculated using 
analogous equations, except in the case of prodrugs (e.g., codeine for analgesia) and drugs 
with metabolites whose contribution to the clinical effect is unknown (e.g., tamoxifen).

Consequences for automated medication systems
On the basis of the information collated in the status report, the PWG classified the 
gene–drug combination according to whether or not there was interaction between 
gene and drug (interaction: yes/no) and whether or not any alerts that were generated 
had to be tagged for action (action: yes/no). Wherever action is required, the alert with 
the therapeutic (dose) recommendation appears on the screen during prescription and 
dispensing (Figure 3.1). Where no action is required, the alert is only logged in the system. 

Alerts will be generated only if a certain gene–drug combination occurs. Therefore, the 
recording of a patient’s genotype in the computerized drug prescription or automated 
medication surveillance system is a prerequisite for the generation of an alert. The 
classifications and their consequences for the computerized drug prescription and 
automated medication surveillance system have been described earlier [13]. Four 
different types of alerts, each with its own text, are provided by the PWG; a prescriber 
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N= number of subjects with corresponding phenotype in article a,b,c,……x 

 

(N(a) x DPM(a)) + (N(b) x DPM(b)) + (N(c) x DPM(c)) + … + (N(x) x DPM(x)) 

N(a) + N(b) + N(c) + ... + N(x) 

DPM (%) = 



text, a pharmacy counter text, a hospital text, and a background text. Each of these is 
specifically designed to meet the requirements of its user. After a prescription has been 
issued by a physician (prescriber text), the prescription is transferred to the pharmacy either 
electronically or physically (by the patient). In the Netherlands, the prescription is then 
processed electronically by a pharmacy assistant (pharmacy counter text in a pharmacy, 
hospital text in a hospital setting), and the prescribed drug is dispensed. Prescriptions 
are checked for medication errors by the pharmacist (background text in community 
pharmacy, hospital text in hospital).

Composed therapeutic (dose) recommendations
To date, we have used this method of assessment for 85 genotype/phenotype–drug 
combinations comprising 26 drugs (Table 3.3, please note that the table in this thesis 
contains the information for 53 drugs from the updated 2011 Cinical Pharmacology & 
Therapeutics paper). The assessed drugs were substrates for CYP2D6 (n = 21), CYP2C19 
(n = 1), CYP2C9 (n = 3), and UGT1A1 (n = 1). After assessment of the literature, 
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Figure 3.1 Typical alert generated by automated medication surveillance after prescription of 
nortriptyline to a patient known to be a poor metabolizer of CYP2D6 (translated from Dutch).
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therapeutic (dose) recommendations were composed for 17 of the 26 drugs. It was decided 
that for four of the drugs (clozapine, duloxetine, flupenthixol, and olanzapine) no gene–
drug interaction was present and therefore no therapeutic (dose) recommendation was 
required. For aripiprazole, tamoxifen, acenocoumarol, phenprocoumon, and voriconazole, 
although a gene–drug interaction was present, no therapeutic (dose) recommendation 
was made.

Overview and caveats
We have developed a method to interpret the results of structured assessment of 
gene–drug interactions, and translate them into therapeutic recommendations. These 
recommendations have been included in the G-standard since October 2006, and are 
applied in clinical practice for patients whose genotype is known. The availability of these 
guidelines as part of most computerized drug prescription and automated medication 
surveillance systems in the Netherlands will facilitate the use of pharmacogenetic 
information in therapeutic decision-making. Recommendations relating to other drugs 
such as sulfonylureas, angiotensin II receptor blockers, and proton pump inhibitors, are 
currently under evaluation and will be released along with future three-monthly updates.

Many of the studies that were assessed did not have pharmacogenetics as their primary 
objective, and this resulted in underpowered studies. Even where pharmacogenetics was 
the primary study objective, the assessed endpoints were mostly pharmacokinetic; also, 
the results related to single-dose experiments in healthy volunteers and was therefore 
not representative of daily clinical practice. A third limitation was the frequent use of 
specific study populations such as Asians, involving the investigation of genotypes which 
occur only rarely in Caucasian populations. In particular, there is a dearth of data relating 
to intermediate and ultrarapid metabolizers. Because we did not allow extrapolation 
of dose recommendations if a phenotype was not present in the studied population, 
only a few dose recommendations could be calculated for ultrarapid and intermediate 
metabolizers. The number of research papers per gene–drug combination retrieved during 
our searches and eligible for assessment was lower than we had expected, varying from 
0 to 21. For nortriptyline, a widely used example for demonstrating the possible impact 
of pharmacogenetics, only 10 original papers were found eligible for assessment. These 
findings demonstrate that there remains a need for more studies to provide data on the 
clinical consequences of pharmacogenetics. These studies should be adequately designed 
with regard to sample size and clinically relevant endpoints [19]. Also, initiatives such as 
the cataloging of pharmacogenetic information, introduced by the Pharmacogenomics 
and Pharmacogenetics Knowledge Base (http://www.pharmgkb.org/), are a valuable 
approach to providing research studies with adequate power to demonstrate the clinical 
relevance of pharmacogenetics.

553 development of pharmacogenetic guidelines



Currently there is only limited evidence to justify prospective pharmacogenetic testing or 
population-wide screening. The justification for such testing and screening will depend 
upon the availability of sufficient data demonstrating that pharmacogenetic testing actually 
improves clinical outcome and is cost-effective [20]. Producing such evidence presents 
a significant challenge. Long-term monitoring of the clinical outcome of the PWG dose 
recommendations might provide such data. However, there are indications that patients 
with non-wild-type genotypes are more often prone to an aberrant drug response. 
Therefore, we chose to formulate therapeutic recommendations for the situation where 
the patient’s genotype is known. Currently, the infrastructure for genotyping is available 
only in a limited number of centers and needs to be expanded or made accessible for 
other centers [4,21].

Obviously, tests for single polymorphisms that affect pharmacokinetics may account 
for only part of the variability in drug response, and the pharmacogenetic tests that 
are currently available cannot replace other methods for dose individualization such as 
therapeutic drug monitoring [22,23]. We have described only genetic polymorphisms 
that affect the pharmacokinetics of a drug. The available literature on polymorphisms that 
affect pharmacodynamics, and the implications of these effects, is limited and sometimes 
contradictory [24,25].

In summary, our initiative to develop pharmacogenetics-based therapeutic (dose) 
recommendations and to make them accessible during electronic drug prescription and 
automated medication surveillance represents an important step forward toward the 
application of pharmacogenetic information in daily patient care.

REFERENCES
1.  Collins FS, McKusick VA. Implications of the 

Human Genome Project for medical science. 
JAMA 2001;285(5):540-544.

2.  Wolf CR, Smith G, Smith RL. Science, 
medicine, and the future: Pharmacogenetics. 
BMJ 2000;320(7240):987-990.

3.  Goldstein DB, Tate SK, Sisodiya SM. 
Pharmacogenetics goes genomic. Nat Rev Genet 
2003;4(12):937-947.

4.  Gardiner SJ, Begg EJ. Pharmacogenetic 
testing for drug metabolizing enzymes: is it 
happening in practice? Pharmacogenet Genomics 
2005;15(5):365-369.

5.  Hopkins MM, Ibarreta D, Gaisser S et al. Putting 
pharmacogenetics into practice. Nat Biotechnol 
2006;24(4):403-410.

6.  Abraham J, Earl HM, Pharoah PD, Caldas 
C. Pharmacogenetics of cancer chemotherapy. 
Biochim Biophys Acta 2006;1766(2):168-183.

7.  de Leon J, Armstrong SC, Cozza KL. Clinical 
guidelines for psychiatrists for the use of 
pharmacogenetic testing for CYP450 2D6 and 
CYP450 2C19. Psychosomatics 2006;47(1):75-
85.

8.  Staddon S, Arranz MJ, Mancama D, Mata I, 
Kerwin RW. Clinical applications of pharmaco-
genetics in psychiatry. Psychopharmacology (Berl) 
2002;162(1):18-23.

9.  Weinshilboum R, Wang L. Pharmacogenomics: 
bench to bedside. Nat Rev Drug Discov 2004; 
3(9):739-748.

10.  Roden DM, Altman RB, Benowitz NL 
et al. Pharmacogenomics: challenges and 
opportunities. Ann Intern Med 2006;145(10): 
749-757.

56



11.  Kirchheiner J, Brosen K, Dahl ML et al. 
CYP2D6 and CYP2C19 genotype-based dose 
recommendations for antidepressants: a first 
step towards subpopulation-specific dosages. 
Acta Psychiatr Scand 2001;104(3):173-192.

12.  Wolters I, van den Hoogen H, de Bakker D. 
Evaluatie invoering elektronisch voorschrijf 
systeem monitoringfase: de situatie in 2001 
(article in dutch). <http://www nivel nl/pdf/
evs2001> Accessed 13 June 2007.

13.  van Roon EN, Flikweert S, le Comte M et al. 
Clinical relevance of drug-drug interactions: 
a structured assessment procedure. Drug Saf 
2005;28(12):1131-1139.

14.  Hansten P, Horn J. The top 100 drug 
interactions.A guide to patient management. 
H&H Publications; St.Louis, MO. 2004.

15.  Cavallari L, Ellingrod V, Kolesar J. Lexi-Comp’s 
Pharmacogenomics Handbook. Lexi Comp, 
Hudson, OH. 2005.

16.  Wensveen B, le Comte M. Orde, orde. Pharm 
Weekbl 2006;137(11):410. (article in Dutch).

17.  Sjöqvist F. Interaktion mellan läkemedel. FASS 
2000. Stockholm: LINFO Drug information 
Ltd; 2000:1481-1486.

18.  National Cancer Institute. Common toxicity 
criteria, v2.0. 2006 < <http://ctep.cancer.gov/
reporting/ctc.html> Accessed 13 June 2006.

19.  Kirchheiner J, Fuhr U, Brockmoller J. Pharma-
cogenetics-based therapeutic recommendations 
- ready for clinical practice? Nat Rev Drug Discov 
2005;4(8):639-647.

20.  Swen JJ, Huizinga TW, Gelderblom H et al. 
Translating pharmacogenomics: challenges on 
the road to the clinic. PLoS Med 2007;4(8):e209.

21.  Kollek R, van Aken J, Feuerstein G, Schmedders 
M. Pharmacogenetics, adverse drug reactions and 
public health. Community Genet 2006;9(1):50-
54.

22.  Sjoqvist F, Eliasson E. The convergence of con-
ventional therapeutic drug monitoring and phar-
macogenetic testing in personalized medicine: 
focus on antidepressants. Clin Pharmacol Ther 
2007;81(6):899-902.

23.  Jaquenoud SE, van der Velden JW, Rentsch 
K, Eap CB, Baumann P. Therapeutic drug 
monitoring and pharmacogenetic tests as tools in 
pharmacovigilance. Drug Saf 2006;29(9):735-
768.

24.  Arranz MJ, Munro J, Birkett J et al. Pharmaco-
genetic prediction of clozapine response. Lancet 
2000;355(9215):1615-1616.

25.  Schumacher J, Schulze TG, Wienker TF, 
Rietschel M, Nothen MM. Pharmacogenetics of 
the clozapine response. Lancet 2000;356(9228): 
506-507.

26.  Koski A, Sistonen J, Ojanpera I, Gergov M, 
Vuori E, Sajantila A. CYP2D6 and CYP2C19 
genotypes and amitriptyline metabolite ratios in 
a series of medicolegal autopsies. Forensic Sci Int 
2006;158(2-3):177-183.

27.  Mellstrom B, Sawe J, Bertilsson L, Sjoqvist 
F. Amitriptyline metabolism: association with 
debrisoquin hydroxylation in nonsmokers. Clin 
Pharmacol Ther 1986;39(4):369-371.

28.  Baumann P, Jonzier-Perey M, Koeb L, Kupfer 
A, Tinguely D, Schopf J. Amitriptyline 
pharmacokinetics and clinical response: 
II. Metabolic polymorphism assessed by 
hydroxylation of debrisoquine and mephenytoin. 
Int Clin Psychopharmacol 1986;1(2):102-112.

29.  Steimer W, Zopf K, von Amelunxen S et al. 
Amitriptyline or not, that is the question: 
pharmacogenetic testing of CYP2D6 and 
CYP2C19 identifies patients with low or high 
risk for side effects in amitriptyline therapy. Clin 
Chem 2005;51(2):376-385.

30.  Steimer W, Zopf K, von Amelunxen S et al. 
Allele-specific change of concentration and 
functional gene dose for the prediction of steady-
state serum concentrations of amitriptyline 
and nortriptyline in CYP2C19 and CYP2D6 
extensive and intermediate metabolizers. Clin 
Chem 2004;50(9):1623-1633.

31.  Shimoda K, Someya T, Yokono A et al. The 
impact of CYP2C19 and CYP2D6 genotypes 
on metabolism of amitriptyline in Japanese 
psychiatric patients. J Clin Psychopharmacol 
2002;22(4):371-378.

32.  Grasmader K, Verwohlt PL, Rietschel M et al. 
Impact of polymorphisms of cytochrome-P450 
isoenzymes 2C9, 2C19 and 2D6 on plasma 
concentrations and clinical effects of 
antidepressants in a naturalistic clinical setting. 
Eur J Clin Pharmacol 2004;60(5):329-336.

33.  Bertilsson L, Aberg-Wistedt A, Gustafsson LL, 
Nordin C. Extremely rapid hydroxylation of 
debrisoquine: a case report with implication 
for treatment with nortriptyline and other 
tricyclic antidepressants. Ther Drug Monit 
1985;7(4):478-480.

573 development of pharmacogenetic guidelines



34.  Bristol-Myers Squibb. USA label information 
Abilify. 2006

35.  Hendset M, Hermann M, Lunde H, Refsum H, 
Molden E. Impact of the CYP2D6 genotype on 
steady-state serum concentrations of aripiprazole 
and dehydroaripiprazole. Eur J Clin Pharmacol 
2007;63(12):1147-1151.

36.  Oosterhuis M, Van De KG, Tenback D. Safety of 
aripiprazole: high serum levels in a CYP2D6 mu-
tated patient. Am J Psychiatry 2007;164(1):175.

37.  Committee for Medicinal Products for Human 
Use. European public assessment report Abilify. 
2005

38.  Kubo M, Koue T, Inaba A et al. Influence of 
itraconazole co-administration and CYP2D6 
genotype on the pharmacokinetics of the 
new antipsychotic aripiprazole. Drug Metab 
Pharmacokinet 2005;20(1):55-64.

39.  Kim E, Yu KS, Cho JY et al. Effects of 
DRD2 and CYP2D6 genotypes on delta EEG 
power response to aripiprazole in healthy 
male volunteers: a preliminary study. Hum 
Psychopharmacol 2006;21(8):519-528.

40.  Kubo M, Koue T, Maune H, Fukuda T, Azuma 
J. Pharmacokinetics of aripiprazole, a new 
antipsychotic, following oral dosing in healthy 
adult Japanese volunteers: influence of CYP2D6 
polymorphism. Drug Metab Pharmacokinet 
2007;22(5):358-366.

41.  College ter Beoordeling van Geneesmiddelen. 
registratiedossier (deel 1B). 2006. (article in 
Dutch).

42.  Ramoz N, Boni C, Downing AM et al. A haplotype 
of the norepinephrine transporter (Net) gene 
Slc6a2 is associated with clinical response to 
atomoxetine in attention-deficit hyperactivity 
disorder (ADHD). Neuropsychopharmacology 
2009;34(9):2135-2142.

43.  Trzepacz PT, Williams DW, Feldman PD, 
Wrishko RE, Witcher JW, Buitelaar JK. CYP2D6 
metabolizer status and atomoxetine dosing in 
children and adolescents with ADHD. Eur 
Neuropsychopharmacol 2008;18(2):79-86.

44.  Michelson D, Read HA, Ruff DD, Witcher J, 
Zhang S, McCracken J. CYP2D6 and clinical 
response to atomoxetine in children and 
adolescents with ADHD. J Am Acad Child 
Adolesc Psychiatry 2007;46(2):242-251.

45.  Lilly Research Laboratories. Atomoxetine - 
comparison of data of extensive metaboliser and 
poor metaboliser patients. Data on file. 2006. 

46.  Sauer JM, Ponsler GD, Mattiuz EL et al. 
Disposition and metabolic fate of atomoxetine 
hydrochloride: the role of CYP2D6 in human 
disposition and metabolism. Drug Metab Dispos 
2003;31(1):98-107.

47.  Cui YM, Teng CH, Pan AX et al. Atomoxetine 
pharmacokinetics in healthy Chinese subjects 
and effect of the CYP2D6*10 allele. Br J Clin 
Pharmacol 2007;64(4):445-449.

48.  Zhou HH, Wood AJ. Stereoselective disposition 
of carvedilol is determined by CYP2D6. Clin 
Pharmacol Ther 1995;57(5):518-524.

49.  Giessmann T, Modess C, Hecker U et al. 
CYP2D6 genotype and induction of intestinal 
drug transporters by rifampin predict presystemic 
clearance of carvedilol in healthy subjects. Clin 
Pharmacol Ther 2004;75(3):213-222.

50.  Honda M, Nozawa T, Igarashi N et al. Effect of 
CYP2D6*10 on the pharmacokinetics of R- and 
S-carvedilol in healthy Japanese volunteers. Biol 
Pharm Bull 2005;28(8):1476-1479.

51.  Takekuma Y, Takenaka T, Kiyokawa M et al. 
Contribution of polymorphisms in UDP-
glucuronosyltransferase and CYP2D6 to the 
individual variation in disposition of carvedilol. 
J Pharm Pharm Sci 2006;9(1):101-112.

52.  Honda M, Ogura Y, Toyoda W et al. Multiple 
regression analysis of pharmacogenetic variability 
of carvedilol disposition in 54 healthy Japanese 
volunteers. Biol Pharm Bull 2006;29(4):772-
778.

53.  Takekuma Y, Takenaka T, Kiyokawa M et al. 
Evaluation of effects of polymorphism for 
metabolic enzymes on pharmacokinetics of 
carvedilol by population pharmacokinetic 
analysis. Biol Pharm Bull 2007;30(3):537-542.

54.  Horiuchi I, Nozawa T, Fujii N et al. Pharmacoki-
netics of R- and S-carvedilol in routinely treated 
Japanese patients with heart failure. Biol Pharm 
Bull 2008;31(5):976-980.

55.  Stephan PL, Jaquenoud SE, Mueller B, Eap CB, 
Baumann P. Adverse drug reactions following 
nonresponse in a depressed patient with 
CYP2D6 deficiency and low CYP 3A4/5 activity. 
Pharmacopsychiatry 2006;39(4):150-152.

56.  Clomipramine dose-effect study in patients 
with depression: clinical end points and 
pharmacokinetics. Danish University 
Antidepressant Group (DUAG). Clin Pharmacol 
Ther 1999;66(2):152-165.

58



57.  Balant-Gorgia AE, Balant LP, Garrone G. 
High blood concentrations of imipramine or 
clomipramine and therapeutic failure: a case 
report study using drug monitoring data. Ther 
Drug Monit 1989;11(4):415-420.

58.  Nielsen KK, Brosen K, Hansen MG, Gram 
LF. Single-dose kinetics of clomipramine: 
relationship to the sparteine and S-mephenytoin 
oxidation polymorphisms. Clin Pharmacol Ther 
1994;55(5):518-527.

59.  Nielsen KK, Brosen K, Gram LF. Steady-
state plasma levels of clomipramine and 
its metabolites: impact of the sparteine/
debrisoquine oxidation polymorphism. Danish 
University Antidepressant Group. Eur J Clin 
Pharmacol 1992;43(4):405-411.

60.  Balant-Gorgia AE, Balant L, Zysset T. High 
plasma concentrations of desmethylclomipramine 
after chronic administration of clomipramine 
to a poor metabolizer. Eur J Clin Pharmacol 
1987;32(1):101-102.

61.  Yokono A, Morita S, Someya T, Hirokane G, 
Okawa M, Shimoda K. The effect of CYP2C19 
and CYP2D6 genotypes on the metabolism of 
clomipramine in Japanese psychiatric patients. 
J Clin Psychopharmacol 2001;21(6):549-555.

62.  Vandel P, Haffen E, Nezelof S, Broly F, Kantelip 
JP, Sechter D. Clomipramine, fluoxetine and 
CYP2D6 metabolic capacity in depressed 
patients. Hum Psychopharmacol 2004;19(5):293-
298.

63.  Baumann P, Broly F, Kosel M, Eap CB. 
Ultrarapid metabolism of clomipramine in a 
therapy-resistant depressive patient, as confirmed 
by CYP2 D6 genotyping. Pharmacopsychiatry 
1998;31(2):72.

64.  Bertilsson L, Dahl ML, Sjoqvist F et al. 
Molecular basis for rational megaprescribing in 
ultrarapid hydroxylators of debrisoquine. Lancet 
1993;341(8836):63.

65.  Arranz MJ, Dawson E, Shaikh S et al. Cyto-
chrome P4502D6 genotype does not determine 
response to clozapine. Br J Clin Pharmacol 
1995;39(4):417-420.

66.  Melkersson KI, Scordo MG, Gunes A, Dahl 
ML. Impact of CYP1A2 and CYP2D6 
polymorphisms on drug metabolism and on 
insulin and lipid elevations and insulin resistance 
in clozapine-treated patients. J Clin Psychiatry 
2007;68(5):697-704.

67.  Dahl ML, Llerena A, Bondesson U, Lindstrom 
L, Bertilsson L. Disposition of clozapine in 
man: lack of association with debrisoquine and 
S-mephenytoin hydroxylation polymorphisms. 
Br J Clin Pharmacol 1994;37(1):71-74.

68.  Dettling M, Sachse C, Muller-Oerlinghausen 
B et al. Clozapine-induced agranulocytosis 
and hereditary polymorphisms of clozapine 
metabolizing enzymes: no association with 
myeloperoxidase and cytochrome P4502D6. 
Pharmacopsychiatry 2000;33(6):218-220.

69.  Dettling M, Sachse C, Brockmoller J et al. 
Long-term therapeutic drug monitoring of 
clozapine and metabolites in psychiatric in- 
and outpatients. Psychopharmacology (Berl) 
2000;152(1):80-86.

70.  Kirchheiner J, Schmidt H, Tzvetkov M et al. 
Pharmacokinetics of codeine and its metabolite 
morphine in ultra-rapid metabolizers due to 
CYP2D6 duplication. Pharmacogenomics J 
2007;7(4):257-265.

71.  Williams DG, Patel A, Howard RF. Pharmaco-
genetics of codeine metabolism in an urban 
population of children and its implications 
for analgesic reliability. Br J Anaesth 2002; 
89(6):839-845.

72.  Desmeules J, Gascon MP, Dayer P, Magistris 
M. Impact of environmental and genetic factors 
on codeine analgesia. Eur J Clin Pharmacol 
1991;41(1):23-26.

73.  Eckhardt K, Li S, Ammon S, Schanzle G, 
Mikus G, Eichelbaum M. Same incidence of 
adverse drug events after codeine administration 
irrespective of the genetically determined 
differences in morphine formation. Pain 
1998;76(1-2):27-33.

74.  Hasselstrom J, Yue QY, Sawe J. The effect of 
codeine on gastrointestinal transit in extensive 
and poor metabolisers of debrisoquine. Eur J 
Clin Pharmacol 1997;53(2):145-148.

75.  Mikus G, Trausch B, Rodewald C et al. Effect of 
codeine on gastrointestinal motility in relation 
to CYP2D6 phenotype. Clin Pharmacol Ther 
1997;61(4):459-466.

76.  Persson K, Sjostrom S, Sigurdardottir I, Molnar 
V, Hammarlund-Udenaes M, Rane A. Patient-
controlled analgesia (PCA) with codeine 
for postoperative pain relief in ten extensive 
metabolisers and one poor metaboliser of 
dextromethorphan. Br J Clin Pharmacol 
1995;39(2):182-186.

593 development of pharmacogenetic guidelines



77.  Poulsen L, Riishede L, Brosen K, Clemensen 
S, Sindrup SH. Codeine in post-operative pain. 
Study of the influence of sparteine phenotype 
and serum concentrations of morphine and 
morphine-6-glucuronide. Eur J Clin Pharmacol 
1998;54(6):451-454.

78.  Poulsen L, Brosen K, Arendt-Nielsen L, Gram 
LF, Elbaek K, Sindrup SH. Codeine and 
morphine in extensive and poor metabolizers of 
sparteine: pharmacokinetics, analgesic effect and 
side effects. Eur J Clin Pharmacol 1996;51(3-
4):289-295.

79.  Sindrup SH, Brosen K, Bjerring P et al. Codeine 
increases pain thresholds to copper vapor laser 
stimuli in extensive but not poor metabolizers of 
sparteine. Clin Pharmacol Ther 1990;48(6):686-
693.

80.  Yue QY, Tomson T, Sawe J. Carbamazepine 
and cigarette smoking induce differentially the 
metabolism of codeine in man. Pharmacogenetics 
1994;4(4):193-198.

81.  Tseng CY, Wang SL, Lai MD, Lai ML, Huang JD. 
Formation of morphine from codeine in Chinese 
subjects of different CYP2D6 genotypes. Clin 
Pharmacol Ther 1996;60(2):177-182.

82.  Dalen P, Frengell C, Dahl ML, Sjoqvist F. Quick 
onset of severe abdominal pain after codeine in 
an ultrarapid metabolizer of debrisoquine. Ther 
Drug Monit 1997;19(5):543-544.

83.  Gasche Y, Daali Y, Fathi M et al. Codeine 
intoxication associated with ultrarapid CYP2D6 
metabolism. N Engl J Med 2004;351(27):2827-
2831.

84.  Koren G, Cairns J, Chitayat D, Gaedigk A, 
Leeder SJ. Pharmacogenetics of morphine 
poisoning in a breastfed neonate of a codeine-
prescribed mother. Lancet 2006;368(9536):704.

85.  Madadi P, Ross CJ, Hayden MR et al. 
Pharmacogenetics of neonatal opioid toxicity 
following maternal use of codeine during 
breastfeeding: a case-control study. Clin 
Pharmacol Ther 2009;85(1):31-35.

86.  Koski A, Ojanpera I, Sistonen J, Vuori E, 
Sajantila A. A fatal doxepin poisoning associated 
with a defective CYP2D6 genotype. Am J 
Forensic Med Pathol 2007;28(3):259-261.

87.  Kirchheiner J, Henckel HB, Franke L et al. 
Impact of the CYP2D6 ultra-rapid metabolizer 
genotype on doxepin pharmacokinetics and 
serotonin in platelets. Pharmacogenet Genomics 
2005;15(8):579-587.

88.  Kirchheiner J, Meineke I, Muller G, Roots I, 
Brockmoller J. Contributions of CYP2D6, 
CYP2C9 and CYP2C19 to the biotransformation 
of E- and Z-doxepin in healthy volunteers. 
Pharmacogenetics 2002;12(7):571-580.

89.  Tacke U, Leinonen E, Lillsunde P et al. 
Debrisoquine hydroxylation phenotypes 
of patients with high versus low to normal 
serum antidepressant concentrations. J Clin 
Psychopharmacol 1992;12(4):262-267.

90.  Committee for Medicinal Products for Human 
Use. Summary of product Characteristics Cym-
balta. 2006.

91.  Funck-Brentano C, Becquemont L, Kroemer 
HK et al. Variable disposition kinetics and 
electrocardiographic effects of flecainide during 
repeated dosing in humans: contribution of 
genetic factors, dose-dependent clearance, and 
interaction with amiodarone. Clin Pharmacol 
Ther 1994;55(3):256-269.

92.  Gross AS, Mikus G, Fischer C, Eichelbaum 
M. Polymorphic flecainide disposition under 
conditions of uncontrolled urine flow and pH. 
Eur J Clin Pharmacol 1991;40(2):155-162.

93.  Gross AS, Mikus G, Fischer C, Hertrampf R, 
Gundert-Remy U, Eichelbaum M. Stereoselective 
disposition of flecainide in relation to the 
sparteine/debrisoquine metaboliser phenotype. 
Br J Clin Pharmacol 1989;28(5):555-566.

94.  Mikus G, Gross AS, Beckmann J, Hertrampf R, 
Gundert-Remy U, Eichelbaum M. The influence 
of the sparteine/debrisoquin phenotype on the 
disposition of flecainide. Clin Pharmacol Ther 
1989;45(5):562-567.

95.  Tenneze L, Tarral E, Ducloux N, Funck-Brentano 
C. Pharmacokinetics and electrocardio graphic ef-
fects of a new controlled-release form of flecainide 
acetate: comparison with the standard form and 
influence of the CYP2D6 polymorphism. Clin 
Pharmacol Ther 2002;72(2):112-122.

96.  Lim KS, Cho JY, Jang IJ et al. Pharmacokinetic 
interaction of flecainide and paroxetine in relation 
to the CYP2D6*10 allele in healthy Korean 
subjects. Br J Clin Pharmacol 2008;66(5):660-
666.

97.  Doki K, Homma M, Kuga K et al. Effect of 
CYP2D6 genotype on flecainide pharmacoki-
netics in Japanese patients with supraventricu-
lar tachyarrhythmia. Eur J Clin Pharmacol 
2006;62(11):919-926.

60



98.  Brockmoller J, Kirchheiner J, Schmider J et 
al. The impact of the CYP2D6 polymorphism 
on haloperidol pharmacokinetics and on 
the outcome of haloperidol treatment. Clin 
Pharmacol Ther 2002;72(4):438-452.

99.  Panagiotidis G, Arthur HW, Lindh JD, Dahl 
ML, Sjoqvist F. Depot haloperidol treatment in 
outpatients with schizophrenia on monotherapy: 
impact of CYP2D6 polymorphism on 
pharmacokinetics and treatment outcome. Ther 
Drug Monit 2007;29(4):417-422.

100.  Yasui-Furukori N, Kondo T, Suzuki A et al. 
Effect of the CYP2D6 genotype on prolactin 
concentration in schizophrenic patients treated 
with haloperidol. Schizophr Res 2001;52(1-
2):139-142.

101.  Desai M, Tanus-Santos JE, Li L et al. Pharma-
cokinetics and QT interval pharmacodynam-
ics of oral haloperidol in poor and extensive 
metabolizers of CYP2D6. Pharmacogenomics J 
2003;3(2):105-113.

102.  Llerena A, de la RA, Berecz R, Dorado P. 
Relationship between haloperidol plasma 
concentration, debrisoquine metabolic ratio, 
CYP2D6 and CYP2C9 genotypes in psychiatric 
patients. Pharmacopsychiatry 2004;37(2):69-73.

103.  Llerena A, Dahl ML, Ekqvist B, Bertilsson L. 
Haloperidol disposition is dependent on the 
debrisoquine hydroxylation phenotype: increased 
plasma levels of the reduced metabolite in poor 
metabolizers. Ther Drug Monit 1992;14(3):261-
264.

104.  Llerena A, Alm C, Dahl ML, Ekqvist B, Bertilsson 
L. Haloperidol disposition is dependent on 
debrisoquine hydroxylation phenotype. Ther 
Drug Monit 1992;14(2):92-97.

105.  Pan L, Vander SR, Rosseel MT, Berlo JA, De 
Schepper N, Belpaire FM. Effects of smoking, 
CYP2D6 genotype, and concomitant drug 
intake on the steady state plasma concentrations 
of haloperidol and reduced haloperidol in 
schizophrenic inpatients. Ther Drug Monit 
1999;21(5):489-497.

106.  Park JY, Shon JH, Kim KA et al. Combined 
effects of itraconazole and CYP2D6*10 genetic 
polymorphism on the pharmacokinetics and 
pharmacodynamics of haloperidol in healthy 
subjects. J Clin Psychopharmacol 2006;26(2):135-
142.

107.  Inada T, Senoo H, Iijima Y, Yamauchi T, Yagi G. 
Cytochrome P450 II D6 gene polymorphisms 
and the neuroleptic-induced extrapyramidal 
symptoms in Japanese schizophrenic patients. 
Psychiatr Genet 2003;13(3):163-168.

108.  Mihara K, Suzuki A, Kondo T et al. Effects 
of the CYP2D6*10 allele on the steady-state 
plasma concentrations of haloperidol and 
reduced haloperidol in Japanese patients with 
schizophrenia. Clin Pharmacol Ther 1999;65(3): 
291-294.

109.  Ohara K, Tanabu S, Yoshida K, Ishibashi K, 
Ikemoto K, Shibuya H. Effects of smoking 
and cytochrome P450 2D6*10 allele on the 
plasma haloperidol concentration/dose ratio. 
Prog Neuropsychopharmacol Biol Psychiatry 
2003;27(6):945-949.

110.  Ohnuma T, Shibata N, Matsubara Y, Arai H. 
Haloperidol plasma concentration in Japanese 
psychiatric subjects with gene duplication of 
CYP2D6. Br J Clin Pharmacol 2003;56(3):315-
320.

111.  Roh HK, Chung JY, Oh DY et al. Plasma 
concentrations of haloperidol are related to 
CYP2D6 genotype at low, but not high doses 
of haloperidol in Korean schizophrenic patients. 
Br J Clin Pharmacol 2001;52(3):265-271.

112.  Shimoda K, Morita S, Yokono A et al. 
CYP2D6*10 alleles are not the determinant of 
the plasma haloperidol concentrations in Asian 
patients. Ther Drug Monit 2000;22(4):392-396.

113.  Someya T, Shimoda K, Suzuki Y et al. Effect 
of CYP2D6 genotypes on the metabolism of 
haloperidol in a Japanese psychiatric population. 
Neuropsychopharmacology 2003;28(8):1501-
1505.

114.  Suzuki A, Otani K, Mihara K et al. Effects of the 
CYP2D6 genotype on the steady-state plasma 
concentrations of haloperidol and reduced 
haloperidol in Japanese schizophrenic patients. 
Pharmacogenetics 1997;7(5):415-418.

115.  Brosen K, Otton SV, Gram LF. Imipramine 
demethylation and hydroxylation: impact of the 
sparteine oxidation phenotype. Clin Pharmacol 
Ther 1986;40(5):543-549.

116.  Brosen K, Klysner R, Gram LF, Otton SV, Bech 
P, Bertilsson L. Steady-state concentrations of 
imipramine and its metabolites in relation to 
the sparteine/debrisoquine polymorphism. Eur 
J Clin Pharmacol 1986;30(6):679-684.

613 development of pharmacogenetic guidelines



117.  Sindrup SH, Brosen K, Gram LF. Nonlinear 
kinetics of imipramine in low and medium plasma 
level ranges. Ther Drug Monit 1990;12(5):445-
449.

118.  Koyama E, Sohn DR, Shin SG et al. Metabolic 
disposition of imipramine in oriental subjects: 
relation to metoprolol alpha-hydroxylation and 
S-mephenytoin 4’-hydroxylation phenotypes. J 
Pharmacol Exp Ther 1994;271(2):860-867.

119.  Schenk PW, van Fessem MA, Verploegh-Van 
Rij S et al. Association of graded allele-specific 
changes in CYP2D6 function with imipramine 
dose requirement in a large group of depressed 
patients. Mol Psychiatry 2008;13(6):597-605.

120.  Clark DW, Morgan AK, Waal-Manning H. 
Adverse effects from metoprolol are not 
generally associated with oxidation status. Br J 
Clin Pharmacol 1984;18(6):965-967.

121.  Rau T, Wuttke H, Michels LM et al. Impact of 
the CYP2D6 genotype on the clinical effects of 
metoprolol: a prospective longitudinal study. 
Clin Pharmacol Ther 2009;85(3):269-272.

122.  Bijl MJ, Visser LE, van Schaik RH et al. Genetic 
variation in the CYP2D6 gene is associated 
with a lower heart rate and blood pressure 
in beta-blocker users. Clin Pharmacol Ther 
2009;85(1):45-50.

123.  Goryachkina K, Burbello A, Boldueva S, Babak 
S, Bergman U, Bertilsson L. CYP2D6 is a 
major determinant of metoprolol disposition 
and effects in hospitalized Russian patients 
treated for acute myocardial infarction. Eur J 
Clin Pharmacol 2008;64(12):1163-1173.

124.  Yuan H, Huang Z, Yang G, Lv H, Sang 
H, Yao Y. Effects of polymorphism of the 
beta(1) adrenoreceptor and CYP2D6 on the 
therapeutic effects of metoprolol. J Int Med Res 
2008;36(6):1354-1362.

125.  Fux R, Morike K, Prohmer AM et al. Impact 
of CYP2D6 genotype on adverse effects during 
treatment with metoprolol: a prospective clinical 
study. Clin Pharmacol Ther 2005;78(4):378-
387.

126.  Seeringer A, Brockmoller J, Bauer S, Kirchheiner 
J. Enantiospecific pharmacokinetics of 
metoprolol in CYP2D6 ultra-rapid metabolizers 
and correlation with exercise-induced heart rate. 
Eur J Clin Pharmacol 2008;64(9):883-888.

127.  Ismail R, Teh LK. The relevance of CYP2D6 
genetic polymorphism on chronic metoprolol 
therapy in cardiovascular patients. J Clin Pharm 
Ther 2006;31(1):99-109.

128.  Kirchheiner J, Heesch C, Bauer S et al. 
Impact of the ultrarapid metabolizer genotype 
of cytochrome P450 2D6 on metoprolol 
pharmacokinetics and pharmacodynamics. Clin 
Pharmacol Ther 2004;76(4):302-312.

129.  Laurent-Kenesi MA, Funck-Brentano C, 
Poirier JM, Decolin D, Jaillon P. Influence of 
CYP2D6-dependent metabolism on the steady-
state pharmacokinetics and pharmacodynamics 
of metoprolol and nicardipine, alone and in 
combination. Br J Clin Pharmacol 1993;36(6): 
531-538.

130.  Lennard MS, Tucker GT, Silas JH, Freestone 
S, Ramsay LE, Woods HF. Differential 
stereoselective metabolism of metoprolol in 
extensive and poor debrisoquin metabolizers. 
Clin Pharmacol Ther 1983;34(6):732-737.

131.  Lewis RV, Ramsay LE, Jackson PR, Yeo 
WW, Lennard MS, Tucker GT. Influence of 
debrisoquine oxidation phenotype on exercise 
tolerance and subjective fatigue after metoprolol 
and atenolol in healthy subjects. Br J Clin 
Pharmacol 1991;31(4):391-398.

132.  Rau T, Heide R, Bergmann K et al. Effect 
of the CYP2D6 genotype on metoprolol 
metabolism persists during long-term treatment. 
Pharmacogenetics 2002;12(6):465-472.

133.  Terra SG, Pauly DF, Lee CR et al. beta-Adrenergic 
receptor polymorphisms and responses during 
titration of metoprolol controlled release/
extended release in heart failure. Clin Pharmacol 
Ther 2005;77(3):127-137.

134.  Wuttke H, Rau T, Heide R et al. Increased 
frequency of cytochrome P450 2D6 poor 
metabolizers among patients with metoprolol-
associated adverse effects. Clin Pharmacol Ther 
2002;72(4):429-437.

135.  Zineh I, Beitelshees AL, Gaedigk A et al. 
Pharmacokinetics and CYP2D6 genotypes 
do not predict metoprolol adverse events or 
efficacy in hypertension. Clin Pharmacol Ther 
2004;76(6):536-544.

136.  Huang J, Chuang SK, Cheng CL, Lai ML. 
Pharmacokinetics of metoprolol enantiomers in 
Chinese subjects of major CYP2D6 genotypes. 
Clin Pharmacol Ther 1999;65(4):402-407.

137.  Koytchev R, Alken RG, Vlahov V et al. 
Influence of the cytochrome P4502D6*4 
allele on the pharmacokinetics of controlled-
release metoprolol. Eur J Clin Pharmacol 
1998;54(6):469-474.

62



138.  Nozawa T, Taguchi M, Tahara K et al. Influence 
of CYP2D6 genotype on metoprolol plasma 
concentration and beta-adrenergic inhibition 
during long-term treatment: a comparison 
with bisoprolol. J Cardiovasc Pharmacol 
2005;46(5):713-720.

139.  Taguchi M, Nozawa T, Kameyama T et al. Effect 
of CYP2D6*10 on pharmacokinetic variability 
of routinely administered metoprolol in middle-
aged and elderly Japanese patients. Eur J Clin 
Pharmacol 2003;59(5-6):385-388.

140.  Jin SK, Chung HJ, Chung MW et al. Influence 
of CYP2D6*10 on the pharmacokinetics of 
metoprolol in healthy Korean volunteers. J Clin 
Pharm Ther 2008;33(5):567-573.

141.  Brockmoller J, Meineke I, Kirchheiner J. Phar-
macokinetics of mirtazapine: enantioselective 
effects of the CYP2D6 ultra rapid metabolizer 
genotype and correlation with adverse effects. 
Clin Pharmacol Ther 2007;81(5): 699-707.

142.  Johnson M, Markham-Abedi C, Susce MT, 
Murray-Carmichael E, McCollum S, de Leon 
J. A poor metabolizer for cytochromes P450 
2D6 and 2C19: a case report on antidepressant 
treatment. CNS Spectr 2006;11(10):757-760.

143.  Kirchheiner J, Henckel HB, Meineke I, Roots 
I, Brockmoller J. Impact of the CYP2D6 
ultrarapid metabolizer genotype on mirtazapine 
pharmacokinetics and adverse events in 
healthy volunteers. J Clin Psychopharmacol 
2004;24(6):647-652.

144.  Murphy GM, Jr., Kremer C, Rodrigues 
HE, Schatzberg AF. Pharmacogenetics of 
antidepressant medication intolerance. Am J 
Psychiatry 2003;160(10):1830-1835.

145.  College ter Beoordeling van Geneesmiddelen. 
Registratiedossier (deel 1B) Remeron. 2006. 
(article in Dutch).

146.  Grasmader K, Verwohlt PL, Kuhn KU et 
al. Population pharmacokinetic analysis of 
mirtazapine. Eur J Clin Pharmacol 2004; 
60(7):473-480.

147.  Dahl ML, Bertilsson L, Nordin C. Steady-
state plasma levels of nortriptyline and its 
10-hydroxy metabolite: relationship to the 
CYP2D6 genotype. Psychopharmacology (Berl) 
1996;123(4):315-319.

148.  Dalen P, Dahl ML, Bernal Ruiz ML, Nordin J, 
Bertilsson L. 10-Hydroxylation of nortriptyline 
in white persons with 0, 1, 2, 3, and 13 functional 
CYP2D6 genes. Clin Pharmacol Ther 1998; 
63(4):444-452.

149.  Kvist EE, Al Shurbaji A, Dahl ML, Nordin C, 
Alvan G, Stahle L. Quantitative pharmacoge-
netics of nortriptyline: a novel approach. Clin 
Pharmacokinet 2001;40(11):869-877.

150.  Roberts RL, Mulder RT, Joyce PR, Luty 
SE, Kennedy MA. No evidence of increased 
adverse drug reactions in cytochrome P450 
CYP2D6 poor metabolizers treated with 
fluoxetine or nortriptyline. Hum Psychopharmacol 
2004;19(1):17-23.

151.  Chen S, Chou WH, Blouin RA et al. The 
cytochrome P450 2D6 (CYP2D6) enzyme 
polymorphism: screening costs and influence on 
clinical outcomes in psychiatry. Clin Pharmacol 
Ther 1996;60(5):522-534.

152.  Bertilsson L, Mellstrom B, Sjokvist F, 
Martenson B, Asberg M. Slow hydroxylation of 
nortriptyline and concomitant poor debrisoquine 
hydroxylation: clinical implications. Lancet 
1981;1(8219):560-561.

153.  Lee SY, Sohn KM, Ryu JY, Yoon YR, Shin JG, 
Kim JW. Sequence-based CYP2D6 genotyping 
in the Korean population. Ther Drug Monit 
2006;28(3):382-387.

154.  Lee SY, Ki CS, Hong KS, Kim JW. A case report 
of a poor metabolizer of CYP2D6 presented with 
unusual responses to nortriptyline medication. J 
Korean Med Sci 2004;19(5):750-752.

155.  Morita S, Shimoda K, Someya T, Yoshimura Y, 
Kamijima K, Kato N. Steady-state plasma levels 
of nortriptyline and its hydroxylated metabolites 
in Japanese patients: impact of CYP2D6 
genotype on the hydroxylation of nortriptyline. 
J Clin Psychopharmacol 2000;20(2):141-149.

156.  Murphy GM, Jr., Pollock BG, Kirshner MA et 
al. CYP2D6 genotyping with oligonucleotide 
microarrays and nortriptyline concentrations in 
geriatric depression. Neuropsychopharmacology 
2001;25(5):737-743.

157.  Yue QY, Zhong ZH, Tybring G et al. 
Pharmacokinetics of nortriptyline and its 
10-hydroxy metabolite in Chinese subjects of 
different CYP2D6 genotypes. Clin Pharmacol 
Ther 1998;64(4):384-390.

158.  Carrillo JA, Herraiz AG, Ramos SI, Gervasini 
G, Vizcaino S, Benitez J. Role of the smok-
ing-induced cytochrome P450 (CYP)1A2 and 
polymorphic CYP2D6 in steady-state concen-
tration of olanzapine. J Clin Psychopharmacol 
2003;23(2):119-127.

633 development of pharmacogenetic guidelines



159.  Thomas P, Srivastava V, Singh A et al. 
Correlates of response to Olanzapine in a North 
Indian Schizophrenia sample. Psychiatry Res 
2008;161(3):275-283.

160.  Hagg S, Spigset O, Lakso HA, Dahlqvist R. 
Olanzapine disposition in humans is unrelated 
to CYP1A2 and CYP2D6 phenotypes. Eur J 
Clin Pharmacol 2001;57(6-7):493-497.

161.  Iwahashi K. Olanzapine metabolism by 
CYP1A2/CYP2D6 and hyperglycaemia. Acta 
Neuropsychiatrica 2004;16(4):229-230.

162.  Nozawa M, Ohnuma T, Matsubara Y et al. The 
relationship between the response of clinical 
symptoms and plasma olanzapine concentration, 
based on pharmacogenetics: Juntendo University 
Schizophrenia Projects (JUSP). Ther Drug Monit 
2008;30(1):35-40.

163.  Maddocks I, Somogyi A, Abbott F, Hayball 
P, Parker D. Attenuation of morphine-induced 
delirium in palliative care by substitution with 
infusion of oxycodone. J Pain Symptom Manage 
1996;12(3):182-189.

164.  Susce MT, Murray-Carmichael E, de Leon 
J. Response to hydrocodone, codeine and 
oxycodone in a CYP2D6 poor metabolizer. 
Prog Neuropsychopharmacol Biol Psychiatry 
2006;30(7):1356-1358.

165.  Jannetto PJ, Bratanow NC. Utilization of 
pharmacogenomics and therapeutic drug 
monitoring for opioid pain management. 
Pharmacogenomics 2009;10(7):1157-1167.

166.  Zwisler ST, Enggaard TP, Noehr-Jensen L et al. 
The hypoalgesic effect of oxycodone in human 
experimental pain models in relation to the 
CYP2D6 oxidation polymorphism. Basic Clin 
Pharmacol Toxicol 2009;104(4):335-344.

167.  Foster A, Mobley E, Wang Z. Complicated 
pain management in a CYP450 2D6 poor 
metabolizer. Pain Pract 2007;7(4):352-356.

168.  de Leon J, Dinsmore L, Wedlund P. Adverse 
drug reactions to oxycodone and hydrocodone 
in CYP2D6 ultrarapid metabolizers. J Clin 
Psychopharmacol 2003;23(4):420-421.

169.  Charlier C, Broly F, Lhermitte M, Pinto E, 
Ansseau M, Plomteux G. Polymorphisms in 
the CYP 2D6 gene: association with plasma 
concentrations of fluoxetine and paroxetine. Ther 
Drug Monit 2003;25(6):738-742.

170.  Sawamura K, Suzuki Y, Someya T. Effects 
of dosage and CYP2D6-mutated allele on 
plasma concentration of paroxetine. Eur J Clin 
Pharmacol 2004;60(8):553-557.

171.  Sindrup SH, Brosen K, Gram LF. Pharma-
cokinetics of the selective serotonin reuptake 
inhibitor paroxetine: nonlinearity and relation 
to the sparteine oxidation polymorphism. Clin 
Pharmacol Ther 1992;51(3):288-295.

172.  Sindrup SH, Brosen K, Gram LF et al. The 
relationship between paroxetine and the sparteine 
oxidation polymorphism. Clin Pharmacol Ther 
1992;51(3):278-287.

173.  Gex-Fabry M, Eap CB, Oneda B et al. CYP2D6 
and ABCB1 genetic variability: influence on 
paroxetine plasma level and therapeutic response. 
Ther Drug Monit 2008;30(4):474-482.

174.  Kuhn UD, Kirsch M, Merkel U et al. Reboxetine 
and cytochrome P450--comparison with 
paroxetine treatment in humans. Int J Clin 
Pharmacol Ther 2007;45(1):36-46.

175.  Findling RL, Nucci G, Piergies AA et al. 
Multiple dose pharmacokinetics of paroxetine in 
children and adolescents with major depressive 
disorder or obsessive-compulsive disorder. 
Neuropsychopharmacology 2006;31(6):1274-1285.

176.  Feng Y, Pollock BG, Ferrell RE, Kimak 
MA, Reynolds CF, III, Bies RR. Paroxetine: 
population pharmacokinetic analysis in late-life 
depression using sparse concentration sampling. 
Br J Clin Pharmacol 2006;61(5):558-569.

177.  Ozdemir V, Tyndale RF, Reed K et al. Paroxetine 
steady-state plasma concentration in relation to 
CYP2D6 genotype in extensive metabolizers. J 
Clin Psychopharmacol 1999;19(5):472-475.

178.  Sugai T, Suzuki Y, Sawamura K, Fukui N, Inoue 
Y, Someya T. The effect of 5-hydroxytryptamine 
3A and 3B receptor genes on nausea induced by 
paroxetine. Pharmacogenomics J 2006;6(5):351-
356.

179.  Ueda M, Hirokane G, Morita S et al. The 
impact of CYP2D6 genotypes on the plasma 
concentration of paroxetine in Japanese 
psychiatric patients. Prog Neuropsychopharmacol 
Biol Psychiatry 2006;30(3):486-491.

180.  Guzey C, Spigset O. Low serum concentrations of 
paroxetine in CYP2D6 ultrarapid metabolizers. 
J Clin Psychopharmacol 2006;26(2):211-212.

181.  Cai WM, Chen B, Cai MH, Chen Y, Zhang YD. 
The influence of CYP2D6 activity on the kinetics 
of propafenone enantiomers in Chinese subjects. 
Br J Clin Pharmacol 1999;47(5):553-556.

64



182.  Chow MS, White CM, Lau CP, Fan C, Tang 
MO. Evaluation of CYP2D6 oxidation of 
dextromethorphan and propafenone in a 
Chinese population with atrial fibrillation. J 
Clin Pharmacol 2001;41(1):92-96.

183.  Dilger K, Greiner B, Fromm MF, Hofmann U, 
Kroemer HK, Eichelbaum M. Consequences of 
rifampicin treatment on propafenone disposition 
in extensive and poor metabolizers of CYP2D6. 
Pharmacogenetics 1999;9(5):551-559.

184.  Jazwinska-Tarnawska E, Orzechowska-Juzwenko 
K, Niewinski P et al. The influence of CYP2D6 
polymorphism on the antiarrhythmic efficacy 
of propafenone in patients with paroxysmal 
atrial fibrillation during 3 months propafenone 
prophylactic treatment. Int J Clin Pharmacol 
Ther 2001;39(7):288-292.

185.  Labbe L, O’Hara G, Lefebvre M et al. Phar-
macokinetic and pharmacodynamic interaction 
between mexiletine and propafenone in human 
beings. Clin Pharmacol Ther 2000; 68(1):44-57.

186.  Lee JT, Kroemer HK, Silberstein DJ et al. The 
role of genetically determined polymorphic drug 
metabolism in the beta-blockade produced by 
propafenone. N Engl J Med 1990;322(25):1764-
1768.

187.  Morike K, Magadum S, Mettang T, Griese EU, 
Machleidt C, Kuhlmann U. Propafenone in a 
usual dose produces severe side-effects: the im-
pact of genetically determined metabolic status 
on drug therapy. J Intern Med 1995;238(5):469-
472.

188.  Morike KE, Roden DM. Quinidine-enhanced be-
ta-blockade during treatment with propafenone 
in extensive metabolizer human subjects. Clin 
Pharmacol Ther 1994;55(1):28-34.

189.  Siddoway LA, Thompson KA, McAllister 
CB et al. Polymorphism of propafenone 
metabolism and disposition in man: clinical 
and pharmacokinetic consequences. Circulation 
1987;75(4):785-791.

190.  Morike K, Kivisto KT, Schaeffeler E et al. 
Propafenone for the prevention of atrial 
tachyarrhythmias after cardiac surgery: a 
randomized, double-blind placebo-controlled 
trial. Clin Pharmacol Ther 2008;84(1):104-110.

191.  Cai WM, Xu J, Chen B, Zhang FM, Huang YZ, 
Zhang YD. Effect of CYP2D6*10 genotype 
on propafenone pharmacodynamics in Chinese 
patients with ventricular arrhythmia. Acta 
Pharmacol Sin 2002;23(11):1040-1044.

192.  Cai WM, Zhang YD, Chen B, Cai MH, 
Luo JP, Ling SS. Simultaneous modeling of 
pharmacokinetics and pharmacodynamics of 
propafenone in healthy subjects. Acta Pharmacol 
Sin 2001;22(10):956-960.

193.  Chen B, Cai WM. Influence of CYP2D6*10B 
genotype on pharmacokinetics of propafenone 
enantiomers in Chinese subjects. Acta Pharmacol 
Sin 2003;24(12):1277-1280.

194.  Bork JA, Rogers T, Wedlund PJ, de Leon J. 
A pilot study on risperidone metabolism: the 
role of cytochromes P450 2D6 and 3A. J Clin 
Psychiatry 1999;60(7):469-476.

195.  de Leon J, Susce MT, Pan RM, Koch WH, 
Wedlund PJ. Polymorphic variations in GSTM1, 
GSTT1, PgP, CYP2D6, CYP3A5, and dopamine 
D2 and D3 receptors and their association with 
tardive dyskinesia in severe mental illness. J Clin 
Psychopharmacol 2005;25(5):448-456.

196.  de Leon J, Susce MT, Pan RM, Fairchild M, 
Koch WH, Wedlund PJ. The CYP2D6 poor 
metabolizer phenotype may be associated 
with risperidone adverse drug reactions and 
discontinuation. J Clin Psychiatry 2005;66(1):15-
27.

197.  Kohnke MD, Griese EU, Stosser D, Gaertner 
I, Barth G. Cytochrome P450 2D6 deficiency 
and its clinical relevance in a patient treated with 
risperidone. Pharmacopsychiatry 2002;35(3): 
116-118.

198.  Llerena A, Berecz R, Dorado P, de la RA. QTc 
interval, CYP2D6 and CYP2C9 genotypes 
and risperidone plasma concentrations. J 
Psychopharmacol 2004;18(2):189-193.

199.  Scordo MG, Spina E, Facciola G, Avenoso 
A, Johansson I, Dahl ML. Cytochrome P450 
2D6 genotype and steady state plasma levels 
of risperidone and 9-hydroxyrisperidone. 
Psychopharmacology (Berl) 1999;147(3):300-
305.

200.  de Leon J, Susce MT, Pan RM, Wedlund 
PJ, Orrego ML, Diaz FJ. A study of genetic 
(CYP2D6 and ABCB1) and environmental 
(drug inhibitors and inducers) variables that 
may influence plasma risperidone levels. 
Pharmacopsychiatry 2007;40(3):93-102.

201.  Kakihara S, Yoshimura R, Shinkai K et al. 
Prediction of response to risperidone treatment 
with respect to plasma concencentrations of 
risperidone, catecholamine metabolites, and 
polymorphism of cytochrome P450 2D6. Int 
Clin Psychopharmacol 2005;20(2):71-78.

653 development of pharmacogenetic guidelines



202.  Kato D, Kawanishi C, Kishida I et al. Delirium 
resolving upon switching from risperidone to 
quetiapine: implication of CYP2D6 genotype. 
Psychosomatics 2005;46(4):374-375.

203.  Roh HK, Kim CE, Chung WG, Park CS, Sven-
sson JO, Bertilsson L. Risperidone metabolism 
in relation to CYP2D6*10 allele in Korean 
schizophrenic patients. Eur J Clin Pharmacol 
2001;57(9):671-675.

204.  Yasui-Furukori N, Mihara K, Takahata T et 
al. Effects of various factors on steady-state 
plasma concentrations of risperidone and 
9-hydroxyrisperidone: lack of impact of MDR-1 
genotypes. Br J Clin Pharmacol 2004;57(5):569-
575.

205.  Wang L, Yu L, Zhang AP et al. Serum prolactin 
levels, plasma risperidone levels, polymorphism 
of cytochrome P450 2D6 and clinical response 
in patients with schizophrenia. J Psychopharmacol 
2007;21(8):837-842.

206.  Leon J, Susce MT, Pan RM, Wedlund PJ, Orrego 
ML, Diaz FJ. A study of genetic (CYP2D6 and 
ABCB1) and environmental (drug inhibitors 
and inducers) variables that may influence 
plasma risperidone levels. Pharmacopsychiatry 
2007;40(3):93-102.

207.  Cho HY, Lee YB. Pharmacokinetics and 
bioequivalence evaluation of risperidone in 
healthy male subjects with different CYP2D6 
genotypes. Arch Pharm Res 2006;29(6):525-533.

208.  Lane HY, Liu YC, Huang CL et al. 
Risperidone-related weight gain: genetic and 
nongenetic predictors. J Clin Psychopharmacol 
2006;26(2):128-134.

209.  Riedel M, Schwarz MJ, Strassnig M et al. 
Risperidone plasma levels, clinical response and 
side-effects. Eur Arch Psychiatry Clin Neurosci 
2005;255(4):261-268.

210.  Guzey C, Aamo T, Spigset O. Risperidone 
metabolism and the impact of being a 
cytochrome P450 2D6 ultrarapid metabolizer. 
J Clin Psychiatry 2000;61(8):600-601.

211.  Bonanni B, Macis D, Maisonneuve P et al. 
Polymorphism in the CYP2D6 tamoxifen-
metabolizing gene influences clinical effect but 
not hot flashes: data from the Italian Tamoxifen 
Trial. J Clin Oncol 2006;24(22):3708-3709.

212.  Borges S, Desta Z, Li L et al. Quantitative 
effect of CYP2D6 genotype and inhibitors 
on tamoxifen metabolism: implication for 
optimization of breast cancer treatment. Clin 
Pharmacol Ther 2006;80(1):61-74.

213.  Goetz MP, Rae JM, Suman VJ et al. Pharmacoge-
netics of tamoxifen biotransformation is associ-
ated with clinical outcomes of efficacy and hot 
flashes. J Clin Oncol 2005;23(36):9312-9318.

214.  Jin Y, Desta Z, Stearns V et al. CYP2D6 
genotype, antidepressant use, and tamoxifen 
metabolism during adjuvant breast cancer 
treatment. J Natl Cancer Inst 2005;97(1):30-39.

215.  Nowell SA, Ahn J, Rae JM et al. Association 
of genetic variation in tamoxifen-metabolizing 
enzymes with overall survival and recurrence of 
disease in breast cancer patients. Breast Cancer 
Res Treat 2005;91(3):249-258.

216.  Wegman P, Vainikka L, Stal O et al. Genotype of 
metabolic enzymes and the benefit of tamoxifen 
in postmenopausal breast cancer patients. Breast 
Cancer Res 2005;7(3):R284-R290.

217.  Gjerde J, Hauglid M, Breilid H et al. Effects of 
CYP2D6 and SULT1A1 genotypes including 
SULT1A1 gene copy number on tamoxifen 
metabolism. Ann Oncol 2008;19(1):56-61.

218.  Schroth W, Antoniadou L, Fritz P et al. Breast 
cancer treatment outcome with adjuvant 
tamoxifen relative to patient CYP2D6 and 
CYP2C19 genotypes. J Clin Oncol 2007;25(33): 
5187-5193.

219.  Gonzalez-Santiago S, Zarate R, Haba-
Rodriguez J et al. CYP2D6*4 polymorphism 
as blood predictive biomarker of breast cancer 
relapse in patients receiving adjuvant tamoxifen. 
J Clin Oncol (Meeting Abstracts) 2007;25(18_
suppl):590.

220.  Wegman P, Elingarami S, Carstensen J, Stal O, 
Nordenskjold B, Wingren S. Genetic variants 
of CYP3A5, CYP2D6, SULT1A1, UGT2B15 
and tamoxifen response in postmenopausal 
patients with breast cancer. Breast Cancer Res 
2007;9(1):R7.

221.  Goetz MP, Knox SK, Suman VJ et al. The impact 
of cytochrome P450 2D6 metabolism in women 
receiving adjuvant tamoxifen. Breast Cancer Res 
Treat 2007;101(1):113-121.

222.  Lim HS, Ju LH, Seok LK, Sook LE, Jang IJ, Ro 
J. Clinical implications of CYP2D6 genotypes 
predictive of tamoxifen pharmacokinetics in 
metastatic breast cancer. J Clin Oncol 2007; 
25(25):3837-3845.

66



223.  Abdel-Rahman SM, Leeder JS, Wilson JT 
et al. Concordance between tramadol and 
dextromethorphan parent/metabolite ratios: 
the influence of CYP2D6 and non-CYP2D6 
pathways on biotransformation. J Clin Pharmacol 
2002;42(1):24-29.

224.  Allegaert K, van Schaik RH, Vermeersch S et al. 
Postmenstrual age and CYP2D6 polymorphisms 
determine tramadol o-demethylation in critically 
ill neonates and infants. Pediatr Res 2008; 
63(6):674-679.

225.  Borlak J, Hermann R, Erb K, Thum T. A rapid 
and simple CYP2D6 genotyping assay--case 
study with the analgetic tramadol. Metabolism 
2003;52(11):1439-1443.

226.  Enggaard TP, Poulsen L, Arendt-Nielsen L, 
Brosen K, Ossig J, Sindrup SH. The analgesic 
effect of tramadol after intravenous injection 
in healthy volunteers in relation to CYP2D6. 
Anesth Analg 2006;102(1):146-150.

227.  Paar WD, Poche S, Gerloff J, Dengler HJ. Poly-
morphic CYP2D6 mediates O-demethylation 
of the opioid analgesic tramadol. Eur J Clin 
Pharmacol 1997;53(3-4):235-239.

228.  Poulsen L, Arendt-Nielsen L, Brosen K, 
Sindrup SH. The hypoalgesic effect of tramadol 
in relation to CYP2D6. Clin Pharmacol Ther 
1996;60(6):636-644.

229.  Stamer UM, Lehnen K, Hothker F et al. Impact 
of CYP2D6 genotype on postoperative tramadol 
analgesia. Pain 2003;105(1-2):231-238.

230.  Halling J, Weihe P, Brosen K. CYP2D6 poly-
morphism in relation to tramadol metabolism: 
a study of faroese patients. Ther Drug Monit 
2008;30(3):271-275.

231.  Kirchheiner J, Keulen JT, Bauer S, Roots 
I, Brockmoller J. Effects of the CYP2D6 
gene duplication on the pharmacokinetics 
and pharmacodynamics of tramadol. J Clin 
Psychopharmacol 2008;28(1):78-83.

232.  Garcia-Quetglas E, Azanza JR, Sadaba B, Munoz 
MJ, Gil I, Campanero MA. Pharmacokinetics of 
tramadol enantiomers and their respective phase 
I metabolites in relation to CYP2D6 phenotype. 
Pharmacol Res 2007;55(2):122-130.

233.  Slanar O, Nobilis M, Kvetina J et al. Miotic 
action of tramadol is determined by CYP2D6 
genotype. Physiol Res 2007;56(1):129-136.

234.  Pedersen RS, Damkier P, Brosen K. Enanti-
oselective pharmacokinetics of tramadol in 
CYP2D6 extensive and poor metabolizers. Eur 
J Clin Pharmacol 2006;62(7):513-521.

235.  Fliegert F, Kurth B, Gohler K. The effects of 
tramadol on static and dynamic pupillometry 
in healthy subjects--the relationship between 
pharmacodynamics, pharmacokinetics and 
CYP2D6 metaboliser status. Eur J Clin 
Pharmacol 2005;61(4):257-266.

236.  Stamer UM, Musshoff F, Kobilay M, Madea B, 
Hoeft A, Stuber F. Concentrations of tramadol 
and O-desmethyltramadol enantiomers in 
different CYP2D6 genotypes. Clin Pharmacol 
Ther 2007;82(1):41-47.

237.  Gan SH, Ismail R, Wan Adnan WA, Wan Z. 
Correlation of tramadol pharmacokinetics and 
CYP2D6*10 genotype in Malaysian subjects. J 
Pharm Biomed Anal 2002;30(2):189-195.

238.  Wang G, Zhang H, He F, Fang X. Effect of 
the CYP2D6*10 C188T polymorphism on 
postoperative tramadol analgesia in a Chinese 
population. Eur J Clin Pharmacol 2006;62(11): 
927-931.

239.  Gleason PP, Frye RF, O’Toole T. Debilitating 
reaction following the initial dose of tramadol. 
Ann Pharmacother 1997;31(10):1150-1152.

240.  Stamer UM, Stuber F, Muders T, Musshoff 
F. Respiratory depression with tramadol in a 
patient with renal impairment and CYP2D6 gene 
duplication. Anesth Analg 2008;107(3):926-
929.

241.  Eap CB, Lessard E, Baumann P et al. Role 
of CYP2D6 in the stereoselective disposition 
of venlafaxine in humans. Pharmacogenetics 
2003;13(1):39-47.

242.  Lessard E, Yessine MA, Hamelin BA, O’Hara 
G, LeBlanc J, Turgeon J. Influence of CYP2D6 
activity on the disposition and cardiovascular 
toxicity of the antidepressant agent venlafaxine in 
humans. Pharmacogenetics 1999;9(4):435-443.

243.  Veefkind AH, Haffmans PM, Hoencamp E. 
Venlafaxine serum levels and CYP2D6 genotype. 
Ther Drug Monit 2000;22(2):202-208.

244.  Hermann M, Hendset M, Fosaas K, Hjerpset M, 
Refsum H. Serum concentrations of venlafaxine 
and its metabolites O-desmethylvenlafaxine and 
N-desmethylvenlafaxine in heterozygous carriers 
of the CYP2D6*3, *4 or *5 allele. Eur J Clin 
Pharmacol 2008;64(5):483-487.

245.  Shams ME, Arneth B, Hiemke C et al. CYP2D6 
polymorphism and clinical effect of the 
antidepressant venlafaxine. J Clin Pharm Ther 
2006;31(5):493-502.

673 development of pharmacogenetic guidelines



246.  Whyte EM, Romkes M, Mulsant BH et 
al. CYP2D6 genotype and venlafaxine-XR 
concentrations in depressed elderly. Int J Geriatr 
Psychiatry 2006;21(6):542-549.

247.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics Elb-
faxin XR. 2007

248.  Fukuda T, Nishida Y, Zhou Q, Yamamoto I, 
Kondo S, Azuma J. The impact of the CYP2D6 
and CYP2C19 genotypes on venlafaxine 
pharmacokinetics in a Japanese population. Eur 
J Clin Pharmacol 2000;56(2):175-180.

249.  Fukuda T, Yamamoto I, Nishida Y et al. Effect 
of the CYP2D6*10 genotype on venlafaxine 
pharmacokinetics in healthy adult volunteers. 
Br J Clin Pharmacol 1999;47(4):450-453.

250.  McAlpine DE, O’Kane DJ, Black JL, Mrazek 
DA. Cytochrome P450 2D6 genotype variation 
and venlafaxine dosage. Mayo Clin Proc 2007; 
82(9):1065-1068.

251.  Dahl ML, Ekqvist B, Widen J, Bertilsson L. 
Disposition of the neuroleptic zuclopenthixol 
cosegregates with the polymorphic hydroxylation 
of debrisoquine in humans. Acta Psychiatr Scand 
1991;84(1):99-102.

252.  Berlo-van de Laar IRF van, Teijeiro R, 
Westerkamp D, Ploeger B. Dosering aanpassen 
aan eliminatiesnelheid. Rol van CYP2D6-
genotype bij onderhoudsbehandeling met 
zuclopentixoldecanoaat. Pharm Weekbl 2004; 
2004(139):740-743. (article in Dutch).

253.  Jaanson P, Marandi T, Kiivet RA et al. Mainte-
nance therapy with zuclopenthixol decanoate: 
associations between plasma concentrations, 
neurological side effects and CYP2D6 genotype. 
Psychopharmacology (Berl) 2002;162(1):67-73.

254.  Jerling M, Dahl ML, Aberg-Wistedt A et al. 
The CYP2D6 genotype predicts the oral 
clearance of the neuroleptic agents perphenazine 
and zuclopenthixol. Clin Pharmacol Ther 
1996;59(4):423-428.

255.  Linnet K, Wiborg O. Influence of Cyp2D6 
genetic polymorphism on ratios of steady-state 
serum concentration to dose of the neuroleptic 
zuclopenthixol. Ther Drug Monit 1996;18(6): 
629-634.

256.  Hermida J, Zarza J, Alberca I et al. Differential 
effects of 2C9*3 and 2C9*2 variants of 
cytochrome P-450 CYP2C9 on sensitivity to 
acenocoumarol. Blood 2002;99(11):4237-4239.

257.  Morin S, Bodin L, Loriot MA et al. Pharmaco-
genetics of acenocoumarol pharmacodynamics. 
Clin Pharmacol Ther 2004; 75(5):403-414.

258.  Schalekamp T, Brasse BP, Roijers JF et al. 
VKORC1 and CYP2C9 genotypes and aceno-
coumarol anticoagulation status: interaction 
between both genotypes affects overanticoagu-
lation. Clin Pharmacol Ther 2006; 80(1):13-22.

259.  Schalekamp T, Geest-Daalderop JH, Vries-
Goldschmeding H, Conemans J, Bernsen MM, 
de Boer A. Acenocoumarol stabilization is 
delayed in CYP2C93 carriers. Clin Pharmacol 
Ther 2004;75(5):394-402.

260.  Tassies D, Freire C, Pijoan J et al. Pharmacogenetics 
of acenocoumarol: cytochrome P450 CYP2C9 
polymorphisms influence dose requirements 
and stability of anticoagulation. Haematologica 
2002;87(11):1185-1191.

261.  Thijssen HH, Ritzen B. Acenocoumarol 
pharmacokinetics in relation to cytochrome 
P450 2C9 genotype. Clin Pharmacol Ther 2003; 
74(1):61-68.

262.  Thijssen HH, Verkooijen IW, Frank HL. The 
possession of the CYP2C9*3 allele is associated 
with low dose requirement of acenocoumarol. 
Pharmacogenetics 2000;10(8):757-760.

263.  Verstuyft C, Robert A, Morin S et al. Genetic 
and environmental risk factors for oral 
anticoagulant overdose. Eur J Clin Pharmacol 
2003;58(11):739-745.

264.  Visser LE, van Schaik RH, van Vliet M et 
al. Allelic variants of cytochrome P450 2C9 
modify the interaction between nonsteroidal 
anti-inflammatory drugs and coumarin 
anticoagulants. Clin Pharmacol Ther 2005;77(6): 
479-485.

265.  Visser LE, van Vliet M, van Schaik RH et al. 
The risk of overanticoagulation in patients with 
cytochrome P450 CYP2C9*2 or CYP2C9*3 
alleles on acenocoumarol or phenprocoumon. 
Pharmacogenetics 2004;14(1):27-33.

266.  Visser LE, van Schaik RH, van Vliet M et al. The 
risk of bleeding complications in patients with 
cytochrome P450 CYP2C9*2 or CYP2C9*3 
alleles on acenocoumarol or phenprocoumon. 
Thromb Haemost 2004;92(1):61-66.

267.  Cadamuro J, Dieplinger B, Felder T et al. 
Genetic determinants of acenocoumarol and 
phenprocoumon maintenance dose requirements. 
Eur J Clin Pharmacol 2010;66(3):253-260.

68



268.  Wijnen PA, Linssen CF, Haenen GR, Bekers O, 
Drent M. Variant VKORC1 and CYP2C9 alleles 
in patients with diffuse alveolar hemorrhage 
caused by oral anticoagulants. Mol Diagn Ther 
2010;14(1):23-30.

269.  Teichert M, van Schaik RH, Hofman A et al. 
Genotypes associated with reduced activity of 
VKORC1 and CYP2C9 and their modification 
of acenocoumarol anticoagulation during the 
initial treatment period. Clin Pharmacol Ther 
2009;85(4):379-386.

270.  Montes R, Nantes O, Alonso A, Zozaya JM, 
Hermida J. The influence of polymorphisms of 
VKORC1 and CYP2C9 on major gastrointestinal 
bleeding risk in anticoagulated patients. Br J 
Haematol 2008;143(5):727-733.

271.  Markatos CN, Grouzi E, Politou M et al. 
VKORC1 and CYP2C9 allelic variants influence 
acenocoumarol dose requirements in Greek 
patients. Pharmacogenomics 2008;9(11):1631-
1638.

272.  Spreafico M, Lodigiani C, van Leeuwen Y et 
al. Effects of CYP2C9 and VKORC1 on INR 
variations and dose requirements during initial 
phase of anticoagulant therapy. Pharmacogenomics 
2008;9(9):1237-1250.

273.  Beinema MJ, de Jong PH, Salden HJ, van 
Wijnen M, van der MJ, Brouwers JR. The 
influence of NSAIDs on coumarin sensitivity 
in patients with CYP2C9 polymorphism after 
total hip replacement surgery. Mol Diagn Ther 
2007;11(2):123-128.

274.  Mark L, Marki-Zay J, Fodor L, Hajdara I, 
Paragh G, Katona A. Cytochrome P450 2C9 
polymorphism and acenocoumarol therapy. 
Kardiol Pol 2006;64(4):397-402.

275.  Gonzalez-Conejero R, Corral J, Roldan V et 
al. The genetic interaction between VKORC1 
c1173t and calumenin a29809g modulates the 
anticoagulant response of acenocoumarol. J 
Thromb Haemost 2007;5(8):1701-1706.

276.  Verstuyft C, Morin S, Robert A et al. Early 
acenocoumarol overanticoagulation among 
cytochrome P450 2C9 poor metabolizers. 
Pharmacogenetics 2001;11(8):735-737.

277.  Becker ML, Visser LE, Trienekens PH, Hofman 
A, van Schaik RH, Stricker BH. Cytochrome 
P450 2C9 *2 and *3 polymorphisms and the 
dose and effect of sulfonylurea in type II diabetes 
mellitus. Clin Pharmacol Ther 2008;83(2):288-
292.

278.  Niemi M, Cascorbi I, Timm R, Kroemer HK, 
Neuvonen PJ, Kivisto KT. Glyburide and 
glimepiride pharmacokinetics in subjects with 
different CYP2C9 genotypes. Clin Pharmacol 
Ther 2002;72(3):326-332.

279.  Kirchheiner J, Brockmoller J, Meineke I et al. 
Impact of CYP2C9 amino acid polymorphisms 
on glyburide kinetics and on the insulin and 
glucose response in healthy volunteers. Clin 
Pharmacol Ther 2002;71(4):286-296.

280.  Yin OQ, Tomlinson B, Chow MS. CYP2C9, 
but not CYP2C19, polymorphisms affect the 
pharmacokinetics and pharmacodynamics of 
glyburide in Chinese subjects. Clin Pharmacol 
Ther 2005;78(4):370-377.

281.  Holstein A, Plaschke A, Ptak M et al. Association 
between CYP2C9 slow metabolizer genotypes 
and severe hypoglycaemia on medication with 
sulphonylurea hypoglycaemic agents. Br J Clin 
Pharmacol 2005;60(1):103-106.

282.  Zhou K, Donnelly L, Burch L et al. Loss-of-
function CYP2C9 variants improve therapeutic 
response to sulfonylureas in type 2 diabetes: 
a Go-DARTS study. Clin Pharmacol Ther 
2010;87(1):52-56.

283.  Ragia G, Petridis I, Tavridou A, Christakidis 
D, Manolopoulos VG. Presence of CYP2C9*3 
allele increases risk for hypoglycemia in Type 
2 diabetic patients treated with sulfonylureas. 
Pharmacogenomics 2009;10(11):1781-1787.

284.  Xu H, Williams KM, Liauw WS, Murray M, Day 
RO, McLachlan AJ. Effects of St John’s wort and 
CYP2C9 genotype on the pharmacokinetics and 
pharmacodynamics of gliclazide. Br J Pharmacol 
2008;153(7):1579-1586.

285.  Zhang Y, Si D, Chen X et al. Influence of 
CYP2C9 and CYP2C19 genetic polymorphisms 
on pharmacokinetics of gliclazide MR in Chinese 
subjects. Br J Clin Pharmacol 2007;64(1):67-74.

286.  Suzuki K, Yanagawa T, Shibasaki T, Kaniwa 
N, Hasegawa R, Tohkin M. Effect of CYP2C9 
genetic polymorphisms on the efficacy and 
pharmacokinetics of glimepiride in subjects 
with type 2 diabetes. Diabetes Res Clin Pract 
2006;72(2):148-154.

287.  Wang R, Chen K, Wen SY, Li J, Wang SQ. 
Pharmacokinetics of glimepiride and cytochrome 
P450 2C9 genetic polymorphisms. Clin 
Pharmacol Ther 2005;78(1):90-92.

693 development of pharmacogenetic guidelines



288.  Hummers-Pradier E, Hess S, Adham IM, Papke 
T, Pieske B, Kochen MM. Determination of 
bleeding risk using genetic markers in patients 
taking phenprocoumon. Eur J Clin Pharmacol 
2003;59(3):213-219.

289.  Kirchheiner J, Ufer M, Walter EC et al. 
Effects of CYP2C9 polymorphisms on the 
pharmacokinetics of R- and S-phenprocoumon 
in healthy volunteers. Pharmacogenetics 2004; 
14(1):19-26.

290.  Schalekamp T, Oosterhof M, van Meegen E et al. 
Effects of cytochrome P450 2C9 polymorphisms 
on phenprocoumon anticoagulation status. Clin 
Pharmacol Ther 2004;76(5):409-417.

291.  Ufer M, Kammerer B, Kahlich R et al. 
Genetic polymorphisms of cytochrome P450 
2C9 causing reduced phenprocoumon (S)-7-
hydroxylation in vitro and in vivo. Xenobiotica 
2004;34(9):847-859.

292.  Werner D, Werner U, Wuerfel A et al. 
Pharmacogenetic characteristics of patients with 
complicated phenprocoumon dosing. Eur J Clin 
Pharmacol 2009;65(8):783-788.

293.  Qazim B, Stollberger C, Krugluger W, 
Dossenbach-Glaninger A, Finsterer J. 
Dependency of phenprocoumon dosage on 
polymorphisms in the VKORC1 and CYP2C9 
genes. J Thromb Thrombolysis 2009;28(2):211-
214.

294.  Schalekamp T, Brasse BP, Roijers JF et al. 
VKORC1 and CYP2C9 genotypes and phen-
procoumon anticoagulation status: interaction 
between both genotypes affects dose requirement. 
Clin Pharmacol Ther 2007;81(2): 185-193.

295.  Bohrer T, Klein HG, Elert O. Left ventricular 
non-compaction associated with a genetic 
variant of the CYP2C9 gene. Heart Lung Circ 
2006;15(4):269-271.

296.  zu Schwabedissen CM, Mevissen V, Schmitz 
F et al. Obesity is associated with a slower 
response to initial phenprocoumon therapy 
whereas CYP2C9 genotypes are not. Eur J Clin 
Pharmacol 2006;62(9):713-720.

297.  Aynacioglu AS, Brockmoller J, Bauer S et 
al. Frequency of cytochrome P450 CYP2C9 
variants in a Turkish population and functional 
relevance for phenytoin. Br J Clin Pharmacol 
1999;48(3):409-415.

298.  Caraco Y, Muszkat M, Wood AJ. Phenytoin 
metabolic ratio: a putative marker of CYP2C9 
activity in vivo. Pharmacogenetics 2001;11(7): 
587-596.

299.  Kerb R, Aynacioglu AS, Brockmoller J et al. 
The predictive value of MDR1, CYP2C9, and 
CYP2C19 polymorphisms for phenytoin plasma 
levels. Pharmacogenomics J 2001;1(3):204-210.

300.  Rosemary J, Surendiran A, Rajan S, Shashindran 
CH, Adithan C. Influence of the CYP2C9 
AND CYP2C19 polymorphisms on phenytoin 
hydroxylation in healthy individuals from south 
India. Indian J Med Res 2006;123(5):665-670.

301.  Tate SK, Depondt C, Sisodiya SM et al. Genetic 
predictors of the maximum doses patients receive 
during clinical use of the anti-epileptic drugs 
carbamazepine and phenytoin. Proc Natl Acad 
Sci U S A 2005;102(15):5507-5512.

302.  van der Weide J, Steijns LS, van Weelden MJ, de 
Haan K. The effect of genetic polymorphism of 
cytochrome P450 CYP2C9 on phenytoin dose 
requirement. Pharmacogenetics 2001;11(4):287-
291.

303.  Hennessy S, Leonard CE, Freeman CP et al. 
CYP2C9, CYP2C19, and ABCB1 genotype and 
hospitalization for phenytoin toxicity. J Clin 
Pharmacol 2009;49(12):1483-1487.

304.  Hashimoto Y, Otsuki Y, Odani A et al. Effect of 
CYP2C polymorphisms on the pharmacokinetics 
of phenytoin in Japanese patients with epilepsy. 
Biol Pharm Bull 1996;19(8):1103-1105.

305.  Hung CC, Lin CJ, Chen CC, Chang CJ, Liou 
HH. Dosage recommendation of phenytoin for 
patients with epilepsy with different CYP2C9/
CYP2C19 polymorphisms. Ther Drug Monit 
2004;26(5):534-540.

306.  Mamiya K, Ieiri I, Shimamoto J et al. The 
effects of genetic polymorphisms of CYP2C9 
and CYP2C19 on phenytoin metabolism in 
Japanese adult patients with epilepsy: studies 
in stereoselective hydroxylation and population 
pharmacokinetics. Epilepsia 1998;39(12):1317-
1323.

307.  Ninomiya H, Mamiya K, Matsuo S, Ieiri I, 
Higuchi S, Tashiro N. Genetic polymorphism 
of the CYP2C subfamily and excessive 
serum phenytoin concentration with central 
nervous system intoxication. Ther Drug Monit 
2000;22(2):230-232.

308.  Odani A, Hashimoto Y, Otsuki Y et al. Genetic 
polymorphism of the CYP2C subfamily and its 
effect on the pharmacokinetics of phenytoin in 
Japanese patients with epilepsy. Clin Pharmacol 
Ther 1997;62(3):287-292.

70



309.  Soga Y, Nishimura F, Ohtsuka Y et al. CYP2C 
polymorphisms, phenytoin metabolism and 
gingival overgrowth in epileptic subjects. Life 
Sci 2004;74(7):827-834.

310.  McCluggage LK, Voils SA, Bullock MR. 
Phenytoin toxicity due to genetic polymorphism. 
Neurocrit Care 2009;10(2):222-224.

311.  Lee SY, Lee ST, Kim JW. Contributions of 
CYP2C9/CYP2C19 genotypes and drug 
interaction to the phenytoin treatment in the 
Korean epileptic patients in the clinical setting. 
J Biochem Mol Biol 2007;40(3):448-452.

312.  Brandolese R, Scordo MG, Spina E, Gusella 
M, Padrini R. Severe phenytoin intoxication 
in a subject homozygous for CYP2C9*3. Clin 
Pharmacol Ther 2001;70(4):391-394.

313.  Kidd RS, Straughn AB, Meyer MC, Blaisdell 
J, Goldstein JA, Dalton JT. Pharmacokinetics 
of chlorpheniramine, phenytoin, glipizide 
and nifedipine in an individual homozygous 
for the CYP2C9*3 allele. Pharmacogenetics 
1999;9(1):71-80.

314.  Jose L, Binila C, Chandy SJ, Mathews JE, 
Mathews KP. Acenocoumarol and phenytoin 
toxicity in the presence of CYP2C9 mutation. J 
Assoc Physicians India 2008;56:250-252.

315.  Ramasamy K, Narayan SK, Chanolean S, 
Chandrasekaran A. Severe phenytoin toxicity 
in a CYP2C9*3*3 homozygous mutant from 
India. Neurol India 2007;55(4):408-409.

316.  Jetter A, Kinzig-Schippers M, Skott A et al. 
Cytochrome P450 2C9 phenotyping using 
low-dose tolbutamide. Eur J Clin Pharmacol 
2004;60(3):165-171.

317.  Lee CR, Pieper JA, Frye RF, Hinderliter 
AL, Blaisdell JA, Goldstein JA. Tolbutamide, 
flurbiprofen, and losartan as probes of 
CYP2C9 activity in humans. J Clin Pharmacol 
2003;43(1):84-91.

318.  Lee CR, Pieper JA, Hinderliter AL, Blaisdell 
JA, Goldstein JA. Evaluation of cytochrome 
P4502C9 metabolic activity with tolbutamide 
in CYP2C91 heterozygotes. Clin Pharmacol Ther 
2002;72(5):562-571.

319.  Kirchheiner J, Bauer S, Meineke I et al. Impact 
of CYP2C9 and CYP2C19 polymorphisms on 
tolbutamide kinetics and the insulin and glucose 
response in healthy volunteers. Pharmacogenetics 
2002;12(2):101-109.

320.  Vormfelde SV, Brockmoller J, Bauer S et al. 
Relative impact of genotype and enzyme 
induction on the metabolic capacity of CYP2C9 
in healthy volunteers. Clin Pharmacol Ther 
2009;86(1):54-61.

321.  Chen K, Wang R, Wen SY, Li J, Wang SQ. 
Relationship of P450 2C9 genetic polymorphisms 
in Chinese and the pharmacokinetics of 
tolbutamide. J Clin Pharm Ther 2005;30(3): 
241-249.

322.  Shon JH, Yoon YR, Kim KA et al. Effects of 
CYP2C19 and CYP2C9 genetic polymorphisms 
on the disposition of and blood glucose 
lowering response to tolbutamide in humans. 
Pharmacogenetics 2002;12(2):111-119.

323.  Peters EJ, Slager SL, Kraft JB et al. Pharma-
cokinetic genes do not influence response or 
tolerance to citalopram in the STAR*D sample. 
PLoS One 2008;3(4):e1872.

324.  Rudberg I, Mohebi B, Hermann M, Refsum 
H, Molden E. Impact of the ultrarapid 
CYP2C19*17 allele on serum concentration 
of escitalopram in psychiatric patients. Clin 
Pharmacol Ther 2008;83(2):322-327.

325.  Yin OQ, Wing YK, Cheung Y et al. Phenotype-
genotype relationship and clinical effects 
of citalopram in Chinese patients. J Clin 
Psychopharmacol 2006;26(4):367-372.

326.  Herrlin K, Yasui-Furukori N, Tybring G, Widen 
J, Gustafsson LL, Bertilsson L. Metabolism of 
citalopram enantiomers in CYP2C19/CYP2D6 
phenotyped panels of healthy Swedes. Br J Clin 
Pharmacol 2003;56(4):415-421.

327.  Yu BN, Chen GL, He N et al. Pharmacokinetics of 
citalopram in relation to genetic polymorphism 
of CYP2C19. Drug Metab Dispos 2003;31(10): 
1255-1259.

328.  Baumann P, Nil R, Souche A et al. A double-
blind, placebo-controlled study of citalopram 
with and without lithium in the treatment of 
therapy-resistant depressive patients: a clinical, 
pharmacokinetic, and pharmacogenetic inves-
tigation. J Clin Psychopharmacol 1996;16(4): 
307-314.

329.  Sindrup SH, Brosen K, Hansen MG, Aaes-
Jorgensen T, Overo KF, Gram LF. Pharmaco-
kinetics of citalopram in relation to the sparteine 
and the mephenytoin oxidation polymorphisms. 
Ther Drug Monit 1993;15(1): 11-17.

330.  Committee for Medicinal Products for Hu-
man Use. Summary of Product Characteristics 
Lexapro. 2006

713 development of pharmacogenetic guidelines



331.  Rudberg I, Hendset M, Uthus LH, Molden E, 
Refsum H. Heterozygous mutation in CYP2C19 
significantly increases the concentration/dose 
ratio of racemic citalopram and escitalopram 
(S-citalopram). Ther Drug Monit 2006;28(1): 
102-105.

332.  Ohlsson Rosenborg S., Mwinyi J, Andersson M 
et al. Kinetics of omeprazole and escitalopram 
in relation to the CYP2C19*17 allele in healthy 
subjects. Eur J Clin Pharmacol 2008;64(12): 
1175-1179.

333.  Shuldiner AR, O’Connell JR, Bliden KP et al. 
Association of cytochrome P450 2C19 genotype 
with the antiplatelet effect and clinical efficacy 
of clopidogrel therapy. JAMA 2009;302(8):849-
857.

334.  Aleil B, Leon C, Cazenave JP, Gachet C. 
CYP2C19*2 polymorphism is not the sole 
determinant of the response to clopidogrel: 
implications for its monitoring. J Thromb 
Haemost 2009;7(10):1747-1749.

335.  Pena A, Collet JP, Hulot JS et al. Can we 
override clopidogrel resistance? Circulation 
2009;119(21):2854-2857.

336.  Sibbing D, Stegherr J, Latz W et al. Cytochrome 
P450 2C19 loss-of-function polymorphism 
and stent thrombosis following percutaneous 
coronary intervention. Eur Heart J 2009;30(8): 
916-922.

337.  Brackbill ML, Kidd RS, Abdoo AD, Warner 
JG, Jr., Harralson AF. Frequency of CYP3A4, 
CYP3A5, CYP2C9, and CYP2C19 variant alleles 
in patients receiving clopidogrel that experience 
repeat acute coronary syndrome. Heart Vessels 
2009;24(2):73-78.

338.  Giusti B, Gori AM, Marcucci R et al. Relation 
of cytochrome P450 2C19 loss-of-function 
polymorphism to occurrence of drug-eluting 
coronary stent thrombosis. Am J Cardiol 
2009;103(6):806-811.

339.  Collet JP, Hulot JS, Pena A et al. Cytochrome P450 
2C19 polymorphism in young patients treated 
with clopidogrel after myocardial infarction: a 
cohort study. Lancet 2009;373(9660):309-317.

340.  Mega JL, Close SL, Wiviott SD et al. Cyto-
chrome p-450 polymorphisms and response to 
clopidogrel. N Engl J Med 2009;360(4):354-
362.

341.  Simon T, Verstuyft C, Mary-Krause M et al. 
Genetic determinants of response to clopidogrel 
and cardiovascular events. N Engl J Med 
2009;360(4):363-375.

342.  Geisler T, Schaeffeler E, Dippon J et al. 
CYP2C19 and nongenetic factors predict poor 
responsiveness to clopidogrel loading dose after 
coronary stent implantation. Pharmacogenomics 
2008;9(9):1251-1259.

343.  Umemura K, Furuta T, Kondo K. The common 
gene variants of CYP2C19 affect pharmacokinet-
ics and pharmacodynamics in an active metabo-
lite of clopidogrel in healthy subjects. J Thromb 
Haemost 2008;6(8):1439-1441.

344.  Chen BL, Zhang W, Li Q et al. Inhibition of 
ADP-induced platelet aggregation by clopidogrel 
is related to CYP2C19 genetic polymorphisms. 
Clin Exp Pharmacol Physiol 2008;35(8):904-908.

345.  Kim KA, Park PW, Hong SJ, Park JY. The effect 
of CYP2C19 polymorphism on the pharmacoki-
netics and pharmacodynamics of clopidogrel: a 
possible mechanism for clopidogrel resistance. 
Clin Pharmacol Ther 2008;84(2):236-242.

346.  Malek LA, Kisiel B, Spiewak M et al. Coexisting 
polymorphisms of P2Y12 and CYP2C19 genes 
as a risk factor for persistent platelet activation 
with clopidogrel. Circ J 2008;72(7):1165-1169.

347.  Trenk D, Hochholzer W, Fromm MF et al. Cy-
tochrome P450 2C19 681G>A polymorphism 
and high on-clopidogrel platelet reactivity as-
sociated with adverse 1-year clinical outcome 
of elective percutaneous coronary intervention 
with drug-eluting or bare-metal stents. J Am Coll 
Cardiol 2008;51(20):1925-1934.

348.  Frere C, Cuisset T, Morange PE et al. Effect of 
cytochrome p450 polymorphisms on platelet 
reactivity after treatment with clopidogrel in 
acute coronary syndrome. Am J Cardiol 2008; 
101(8):1088-1093.

349.  Fontana P, Senouf D, Mach F. Biological effect 
of increased maintenance dose of clopidogrel in 
cardiovascular outpatients and influence of the 
cytochrome P450 2C19*2 allele on clopidogrel 
responsiveness. Thromb Res 2008;121(4):463-
468.

350.  Giusti B, Gori AM, Marcucci R et al. Cytochrome 
P450 2C19 loss-of-function polymorphism, 
but not CYP3A4 IVS10 + 12G/A and P2Y12 
T744C polymorphisms, is associated with 
response variability to dual antiplatelet treatment 
in high-risk vascular patients. Pharmacogenet 
Genomics 2007;17(12):1057-1064.

351.  Brandt JT, Close SL, Iturria SJ et al. Common 
polymorphisms of CYP2C19 and CYP2C9 affect 
the pharmacokinetic and pharmacodynamic 
response to clopidogrel but not prasugrel. J 
Thromb Haemost 2007;5(12):2429-2436.

72



352.  Fontana P, Hulot JS, De Moerloose P, Gaussem 
P. Influence of CYP2C19 and CYP3A4 gene 
polymorphisms on clopidogrel responsiveness 
in healthy subjects. J Thromb Haemost 
2007;5(10):2153-2155.

353.  Hulot JS, Bura A, Villard E et al. Cytochrome 
P450 2C19 loss-of-function polymorphism is a 
major determinant of clopidogrel responsiveness 
in healthy subjects. Blood 2006;108(7):2244-
2247.

354.  Frere C, Cuisset T, Gaborit B, Alessi MC, Hulot 
JS. The CYP2C19*17 allele is associated with 
better platelet response to clopidogrel in patients 
admitted for non-ST acute coronary syndrome. 
J Thromb Haemost 2009;7(8):1409-1411.

355.  Schwab M, Klotz U, Hofmann U et al. 
Esomeprazole-induced healing of gastroesoph-
ageal reflux disease is unrelated to the geno-
type of CYP2C19: evidence from clinical and 
pharmacokinetic data. Clin Pharmacol Ther 
2005;78(6):627-634.

356.  Sheu BS, Kao AW, Cheng HC et al. Esomeprazole 
40 mg twice daily in triple therapy and the 
efficacy of Helicobacter pylori eradication related 
to CYP2C19 metabolism. Aliment Pharmacol 
Ther 2005;21(3):283-288.

357.  Lou HY, Chang CC, Sheu MT, Chen YC, Ho 
HO. Optimal dose regimens of esomeprazole for 
gastric acid suppression with minimal influence 
of the CYP2C19 polymorphism. Eur J Clin 
Pharmacol 2009;65(1):55-64.

358.  Sheu BS, Chang WL, Cheng HC, Kao AW, Lu 
CC. Body mass index can determine the healing 
of reflux esophagitis with Los Angeles Grades 
C and D by esomeprazole. Am J Gastroenterol 
2008;103(9):2209-2214.

359.  Li ZS, Zhan XB, Xu GM, Cheng NN, Liao 
Z. Effect of esomeprazole and rabeprazole on 
intragastric pH in healthy Chinese: an open, 
randomized crossover trial. J Gastroenterol 
Hepatol 2007;22(6):815-820.

360.  Kuo CH, Hu HM, Kuo FC et al. Efficacy 
of levofloxacin-based rescue therapy for 
Helicobacter pylori infection after standard 
triple therapy: a randomized controlled trial. J 
Antimicrob Chemother 2009;63(5):1017-1024.

361.  Kang JM, Kim N, Lee DH et al. Effect of the 
CYP2C19 polymorphism on the eradication rate 
of Helicobacter pylori infection by 7-day triple 
therapy with regular proton pump inhibitor 
dosage. J Gastroenterol Hepatol 2008;23(8 Pt 
1):1287-1291.

362.  Miehlke S, Schneider-Brachert W, Kirsch C et 
al. One-week once-daily triple therapy with 
esomeprazole, moxifloxacin, and rifabutin 
for eradication of persistent Helicobacter 
pylori resistant to both metronidazole and 
clarithromycin. Helicobacter 2008;13(1):69-74.

363.  Miehlke S, Hansky K, Schneider-Brachert W 
et al. Randomized trial of rifabutin-based triple 
therapy and high-dose dual therapy for rescue 
treatment of Helicobacter pylori resistant to 
both metronidazole and clarithromycin. Aliment 
Pharmacol Ther 2006;24(2):395-403.

364.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics Nex-
ium. 2009.

365.  Hunfeld NG, Touw DJ, Mathot RA et al. A 
comparison of the acid-inhibitory effects of 
esomeprazole and pantoprazole in relation to 
pharmacokinetics and CYP2C19 polymorphism. 
Aliment Pharmacol Ther 2010;31(1):150-159.

366.  Morinobu S, Tanaka T, Kawakatsu S et al. Effects 
of genetic defects in the CYP2C19 gene on the 
N-demethylation of imipramine, and clinical 
outcome of imipramine therapy. Psychiatry Clin 
Neurosci 1997;51(4):253-257.

367.  Madsen H, Rasmussen BB, Brosen K. Imipra-
mine demethylation in vivo: impact of CYP1A2, 
CYP2C19, and CYP3A4. Clin Pharmacol Ther 
1997;61(3):319-324.

368.  Koyama E, Tanaka T, Chiba K et al. Steady-
state plasma concentrations of imipramine 
and desipramine in relation to S-mephenytoin 
4’-hydroxylation status in Japanese depressive 
patients. J Clin Psychopharmacol 1996;16(4):286-
293.

369.  Madsen H, Nielsen KK, Brosen K. Imipramine 
metabolism in relation to the sparteine and 
mephenytoin oxidation polymorphisms-
-a population study. Br J Clin Pharmacol 
1995;39(4):433-439.

370.  Skjelbo E, Gram LF, Brosen K. The 
N-demethylation of imipramine correlates 
with the oxidation of S-mephenytoin (S/R-
ratio). A population study. Br J Clin Pharmacol 
1993;35(3):331-334.

371.  Skjelbo E, Brosen K, Hallas J, Gram LF. The 
mephenytoin oxidation polymorphism is 
partially responsible for the N-demethylation 
of imipramine. Clin Pharmacol Ther 
1991;49(1):18-23.

733 development of pharmacogenetic guidelines



372.  Furuta T, Shirai N, Sugimoto M et al. Effect 
of concomitant dosing of famotidine with 
lansoprazole on gastric acid secretion in relation 
to CYP2C19 genotype status. Aliment Pharmacol 
Ther 2005;22(1):67-74.

373.  Kawamura M, Ohara S, Koike T et al. The effects 
of lansoprazole on erosive reflux oesophagitis are 
influenced by CYP2C19 polymorphism. Aliment 
Pharmacol Ther 2003;17(7):965-973.

374.  Furuta T, Shirai N, Watanabe F et al. Effect of 
cytochrome P4502C19 genotypic differences on 
cure rates for gastroesophageal reflux disease by 
lansoprazole. Clin Pharmacol Ther 2002;72(4): 
453-460.

375.  Shirai N, Furuta T, Xiao F et al. Comparison 
of lansoprazole and famotidine for gastric acid 
inhibition during the daytime and night-time in 
different CYP2C19 genotype groups. Aliment 
Pharmacol Ther 2002;16(4):837-846.

376.  Furuta T, Shirai N, Xiao F, Ohashi K, Ishizaki T. 
Effect of high-dose lansoprazole on intragastic 
pH in subjects who are homozygous extensive 
metabolizers of cytochrome P4502C19. Clin 
Pharmacol Ther 2001;70(5):484-492.

377.  Adachi K, Katsube T, Kawamura A et al. 
CYP2C19 genotype status and intragastric pH 
during dosing with lansoprazole or rabeprazole. 
Aliment Pharmacol Ther 2000;14(10):1259-
1266.

378.  Sugimoto M, Furuta T, Shirai N, Ikuma M, 
Hishida A, Ishizaki T. Influences of proinflam-
matory and anti-inflammatory cytokine poly-
morphisms on eradication rates of clarithromy-
cin-sensitive strains of Helicobacter pylori by tri-
ple therapy. Clin Pharmacol Ther 2006;80(1):41-
50.

379.  Furuta T, Sagehashi Y, Shirai N et al. Influence 
of CYP2C19 polymorphism and Helicobacter 
pylori genotype determined from gastric tissue 
samples on response to triple therapy for H 
pylori infection. Clin Gastroenterol Hepatol 2005; 
3(6):564-573.

380.  Furuta T, Shirai N, Xiao F et al. Polymorphism 
of interleukin-1beta affects the eradication rates 
of Helicobacter pylori by triple therapy. Clin 
Gastroenterol Hepatol 2004;2(1):22-30.

381.  Kawabata H, Habu Y, Tomioka H et al. Effect 
of different proton pump inhibitors, differences 
in CYP2C19 genotype and antibiotic resistance 
on the eradication rate of Helicobacter pylori 
infection by a 1-week regimen of proton pump 
inhibitor, amoxicillin and clarithromycin. 
Aliment Pharmacol Ther 2003;17(2):259-264.

382.  Miki I, Aoyama N, Sakai T et al. Impact of 
clarithromycin resistance and CYP2C19 
genetic polymorphism on treatment efficacy of 
Helicobacter pylori infection with lansoprazole- 
or rabeprazole-based triple therapy in Japan. Eur 
J Gastroenterol Hepatol 2003;15(1):27-33.

383.  Furuta T, Shirai N, Takashima M et al. Effect 
of genotypic differences in CYP2C19 on cure 
rates for Helicobacter pylori infection by 
triple therapy with a proton pump inhibitor, 
amoxicillin, and clarithromycin. Clin Pharmacol 
Ther 2001;69(3):158-168.

384.  Inaba T, Mizuno M, Kawai K et al. Randomized 
open trial for comparison of proton pump 
inhibitors in triple therapy for Helicobacter pylori 
infection in relation to CYP2C19 genotype. J 
Gastroenterol Hepatol 2002;17(7):748-753.

385.  Furuta T, Sugimoto M, Kodaira C et al. CYP2C19 
genotype is associated with symptomatic 
recurrence of GERD during maintenance 
therapy with low-dose lansoprazole. Eur J Clin 
Pharmacol 2009;65(7):693-698.

386.  Saitoh T, Otsuka H, Kawasaki T et al. Influences 
of CYP2C19 polymorphism on recurrence of 
reflux esophagitis during proton pump inhibitor 
maintenance therapy. Hepatogastroenterology 
2009;56(91-92):703-706.

387.  Sakurai Y, Hirayama M, Hashimoto M et al. 
Population pharmacokinetics and proton pump 
inhibitory effects of intravenous lansoprazole 
in healthy Japanese males. Biol Pharm Bull 
2007;30(12):2238-2243.

388.  Kawamura M, Ohara S, Koike T et al. 
Cytochrome P450 2C19 polymorphism 
influences the preventive effect of lansoprazole 
on the recurrence of erosive reflux esophagitis. 
J Gastroenterol Hepatol 2007;22(2):222-226.

389.  Zhao F, Wang J, Yang Y et al. Effect of CYP2C19 
genetic polymorphisms on the efficacy of 
proton pump inhibitor-based triple therapy for 
Helicobacter pylori eradication: a meta-analysis. 
Helicobacter 2008;13(6):532-541.

390.  Furuta T, Sugimoto M, Shirai N et al. Effect 
of MDR1 C3435T polymorphism on cure 
rates of Helicobacter pylori infection by 
triple therapy with lansoprazole, amoxicillin 
and clarithromycin in relation to CYP 2C19 
genotypes and 23S rRNA genotypes of H. 
pylori. Aliment Pharmacol Ther 2007;26(5):693-
703.

74



391.  Sugimoto M, Furuta T, Shirai N et al. Evidence 
that the degree and duration of acid suppression 
are related to Helicobacter pylori eradication by 
triple therapy. Helicobacter 2007;12(4):317-323.

392.  Furuta T, Shirai N, Kodaira M et al. Pharmacog-
enomics-based tailored versus standard therapeu-
tic regimen for eradication of H. pylori. Clin 
Pharmacol Ther 2007;81(4):521-528.

393.  Padol S, Yuan Y, Thabane M, Padol IT, Hunt 
RH. The effect of CYP2C19 polymorphisms 
on H. pylori eradication rate in dual and triple 
first-line PPI therapies: a meta-analysis. Am J 
Gastroenterol 2006;101(7):1467-1475.

394.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics Prezal. 
2007.

395.  Howden CW, Metz DC, Hunt B et al. Dose-
response evaluation of the antisecretory effect 
of continuous infusion intravenous lansoprazole 
regimens over 48 h. Aliment Pharmacol Ther 
2006;23(7):975-984.

396.  Hunfeld NG, Mathot RA, Touw DJ et al. 
Effect of CYP2C19*2 and *17 mutations on 
pharmacodynamics and kinetics of proton pump 
inhibitors in Caucasians. Br J Clin Pharmacol 
2008;65(5):752-760.

397.  Yu KS, Yim DS, Cho JY et al. Effect of 
omeprazole on the pharmacokinetics of 
moclobemide according to the genetic 
polymorphism of CYP2C19. Clin Pharmacol 
Ther 2001;69(4):266-273.

398.  Gram LF, Guentert TW, Grange S, Vistisen 
K, Brosen K. Moclobemide, a substrate of 
CYP2C19 and an inhibitor of CYP2C19, 
CYP2D6, and CYP1A2: a panel study. Clin 
Pharmacol Ther 1995;57(6):670-677.

399.  College ter Beoordeling van Geneesmiddelen. 
Registratiedossier (deel 1B) Aurorix. 2001. 
(article in Dutch).

400.  Ohkusa T, Maekawa T, Arakawa T et al. Effect 
of CYP2C19 polymorphism on the safety and 
efficacy of omeprazole in Japanese patients with 
recurrent reflux oesophagitis. Aliment Pharmacol 
Ther 2005;21(11):1331-1339.

401.  Shirai N, Furuta T, Moriyama Y et al. Effects 
of CYP2C19 genotypic differences in the 
metabolism of omeprazole and rabeprazole 
on intragastric pH. Aliment Pharmacol Ther 
2001;15(12):1929-1937.

402.  Sagar M, Tybring G, Dahl ML, Bertilsson L, 
Seensalu R. Effects of omeprazole on intragastric 
pH and plasma gastrin are dependent on the 
CYP2C19 polymorphism. Gastroenterology 
2000;119(3):670-676.

403.  Furuta T, Ohashi K, Kosuge K et al. CYP2C19 
genotype status and effect of omeprazole on 
intragastric pH in humans. Clin Pharmacol Ther 
1999;65(5):552-561.

404.  Shimatani T, Inoue M, Kuroiwa T, Horikawa Y, 
Mieno H, Nakamura M. Effect of omeprazole 
10 mg on intragastric pH in three different 
CYP2C19 genotypes, compared with 
omeprazole 20 mg and lafutidine 20 mg, a new 
H2-receptor antagonist. Aliment Pharmacol Ther 
2003;18(11-12):1149-1157.

405.  Ji S, Kim HS, Kim JW et al. Comparison 
of the efficacy of rabeprazole 10 mg and 
omeprazole 20 mg for the healing rapidity of 
peptic ulcer diseases. J Gastroenterol Hepatol 
2006;21(9):1381-1387.

406.  Ando T, Kato H, Sugimoto N et al. A com-
parative study on endoscopic ulcer healing of 
omeprazole versus rabeprazole with respect to 
CYP2C19 genotypic differences. Dig Dis Sci 
2005;50(9):1625-1631.

407.  Roh HK, Kim PS, Lee DH et al. Omeprazole 
treatment of Korean patients: effects on gastric 
pH and gastrin release in relation to CYP2C19 
geno- and phenotypes. Basic Clin Pharmacol 
Toxicol 2004;95(3):112-119.

408.  Sapone A, Vaira D, Trespidi S et al. The 
clinical role of cytochrome p450 genotypes 
in Helicobacter pylori management. Am J 
Gastroenterol 2003;98(5):1010-1015.

409.  Miwa H, Misawa H, Yamada T, Nagahara A, 
Ohtaka K, Sato N. Clarithromycin resistance, 
but not CYP2C-19 polymorphism, has a major 
impact on treatment success in 7-day treatment 
regimen for cure of H. pylori infection: a 
multiple logistic regression analysis. Dig Dis Sci 
2001;46(11):2445-2450.

410.  Dojo M, Azuma T, Saito T, Ohtani M, Muramatsu 
A, Kuriyama M. Effects of CYP2C19 gene 
polymorphism on cure rates for Helicobacter 
pylori infection by triple therapy with proton 
pump inhibitor (omeprazole or rabeprazole), 
amoxycillin and clarithromycin in Japan. Dig 
Liver Dis 2001;33(8):671-675.

411.  Tanigawara Y, Aoyama N, Kita T et al. CYP2C19 
genotype-related efficacy of omeprazole for the 
treatment of infection caused by Helicobacter 
pylori. Clin Pharmacol Ther 1999;66(5):528-534.

753 development of pharmacogenetic guidelines



412.  Aoyama N, Tanigawara Y, Kita T et al. Sufficient 
effect of 1-week omeprazole and amoxicillin dual 
treatment for Helicobacter pylori eradication in 
cytochrome P450 2C19 poor metabolizers. J 
Gastroenterol 1999;34 Suppl 11:80-83.

413.  Ando T, Ishikawa T, Kokura S, Naito Y, Yoshida 
N, Yoshikawa T. Endoscopic analysis of gastric 
ulcer after one week’s treatment with omeprazole 
and rabeprazole in relation to CYP2C19 
genotype. Dig Dis Sci 2008;53(4):933-937.

414.  Sugimoto M, Furuta T, Shirai N, Ikuma 
M, Hishida A, Ishizaki T. Initial 48-hour 
acid inhibition by intravenous infusion of 
omeprazole, famotidine, or both in relation to 
cytochrome P450 2C19 genotype status. Clin 
Pharmacol Ther 2006;80(5):539-548.

415.  Gawronska-Szklarz B, Wrzesniewska J, 
Starzynska T et al. Effect of CYP2C19 and 
MDR1 polymorphisms on cure rate in patients 
with acid-related disorders with Helicobacter 
pylori infection. Eur J Clin Pharmacol 2005;61(5-
6):375-379.

416.  Rocha A, Coelho EB, Moussa SA, Lanchote VL. 
Investigation of the in vivo activity of CYP3A in 
Brazilian volunteers: comparison of midazolam 
and omeprazole as drug markers. Eur J Clin 
Pharmacol 2008;64(9):901-906.

417.  Baldwin RM, Ohlsson S, Pedersen RS et al. 
Increased omeprazole metabolism in carriers 
of the CYP2C19*17 allele; a pharmacokinetic 
study in healthy volunteers. Br J Clin Pharmacol 
2008;65(5):767-774.

418.  Sim SC, Risinger C, Dahl ML et al. A common 
novel CYP2C19 gene variant causes ultrarapid 
drug metabolism relevant for the drug response 
to proton pump inhibitors and antidepressants. 
Clin Pharmacol Ther 2006;79(1):103-113.

419.  Tseng PH, Lee YC, Chiu HM, Wang HP, Lin 
JT, Wu MS. A comparative study of proton-
pump inhibitor tests for Chinese reflux patients 
in relation to the CYP2C19 genotypes. J Clin 
Gastroenterol 2009;43(10):920-925.

420.  Choi KD, Kim N, Jang IJ et al. Optimal dose 
of intravenous pantoprazole in patients with 
peptic ulcer bleeding requiring endoscopic 
hemostasis in Korea. J Gastroenterol Hepatol 
2009;24(10):1617-1624.

421.  Oh JH, Choi MG, Dong MS et al. Low-dose 
intravenous pantoprazole for optimal inhibition 
of gastric acid in Korean patients. J Gastroenterol 
Hepatol 2007;22(9):1429-1434.

422.  Oh JH, Dong MS, Choi MG et al. Effects 
of CYP2C19 and MDR1 genotype on the 
eradication rate of Helicobacter pylori infection 
by triple therapy with pantoprazole, amoxycillin 
and clarithromycin. J Gastroenterol Hepatol 
2009;24(2):294-298.

423.  Kurzawski M, Gawronska-Szklarz B, 
Wrzesniewska J, Siuda A, Starzynska T, Drozdzik 
M. Effect of CYP2C19*17 gene variant on 
Helicobacter pylori eradication in peptic ulcer 
patients. Eur J Clin Pharmacol 2006;62(10):877-
880.

424.  Hu YM, Mei Q, Xu XH, Hu XP, Hu NZ, Xu 
JM. Pharmacodynamic and kinetic effect of 
rabeprazole on serum gastrin level in relation 
to CYP2C19 polymorphism in Chinese Hans. 
World J Gastroenterol 2006;12(29):4750-4753.

425.  Sugimoto M, Furuta T, Shirai N et al. 
Comparison of an increased dosage regimen 
of rabeprazole versus a concomitant dosage 
regimen of famotidine with rabeprazole for 
nocturnal gastric acid inhibition in relation 
to cytochrome P450 2C19 genotypes. Clin 
Pharmacol Ther 2005;77(4):302-311.

426.  Sugimoto M, Furuta T, Shirai N et al. Different 
dosage regimens of rabeprazole for nocturnal 
gastric acid inhibition in relation to cytochrome 
P450 2C19 genotype status. Clin Pharmacol 
Ther 2004;76(4):290-301.

427.  Shimatani T, Inoue M, Kuroiwa T, Horikawa 
Y. Rabeprazole 10 mg twice daily is superior 
to 20 mg once daily for night-time gastric acid 
suppression. Aliment Pharmacol Ther 2004; 
19(1):113-122.

428.  Horai Y, Kimura M, Furuie H et al. 
Pharmacodynamic effects and kinetic disposition 
of rabeprazole in relation to CYP2C19 genotypes. 
Aliment Pharmacol Ther 2001;15(6):793-803.

429.  Hokari K, Sugiyama T, Kato M et al. 
Efficacy of triple therapy with rabeprazole for 
Helicobacter pylori infection and CYP2C19 
genetic polymorphism. Aliment Pharmacol Ther 
2001;15(9):1479-1484.

430.  Yamano HO, Matsushita HO, Yanagiwara 
S. Plasma concentration of rabeprazole after 
8-week administration in gastroesophageal reflux 
disease patients and intragastric pH elevation. J 
Gastroenterol Hepatol 2008;23(4):534-540.

76



431.  Lee YC, Lin JT, Wang HP, Chiu HM, Wu MS. 
Influence of cytochrome P450 2C19 genetic 
polymorphism and dosage of rabeprazole on 
accuracy of proton-pump inhibitor testing in 
Chinese patients with gastroesophageal reflux 
disease. J Gastroenterol Hepatol 2007;22(8):1286-
1292.

432.  Ariizumi K, Ohara S, Koike T et al. Therapeutic 
effects of 10 mg/day rabeprazole administration 
on reflux esophagitis was not influenced by 
the CYP2C19 polymorphism. J Gastroenterol 
Hepatol 2006;21(9):1428-1434.

433.  Yang JC, Yang YF, Uang YS, Lin CJ, Wang 
TH. Pharmacokinetic- pharmacodynamic 
analysis of the role of CYP2C19 genotypes 
in short-term rabeprazole-based triple therapy 
against Helicobacter pylori. Br J Clin Pharmacol 
2009;67(5):503-510.

434.  Kuwayama H, Asaka M, Sugiyama T et al. 
Rabeprazole-based eradication therapy for 
Helicobacter pylori: a large-scale study in Japan. 
Aliment Pharmacol Ther 2007;25(9):1105-1113.

435.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics Pariet. 
2008.

436.  Wang JH, Liu ZQ, Wang W et al. 
Pharmacokinetics of sertraline in relation to 
genetic polymorphism of CYP2C19. Clin 
Pharmacol Ther 2001;70(1):42-47.

437.  Ikeda Y, Umemura K, Kondo K, Sekiguchi K, 
Miyoshi S, Nakashima M. Pharmacokinetics of 
voriconazole and cytochrome P450 2C19 genetic 
status. Clin Pharmacol Ther 2004;75(6):587-
588.

438.  Committee for Medicinal Products for Human 
Use. European public assessment report Vfend. 
2006.

439.  Mikus G, Schowel V, Drzewinska M et al. 
Potent cytochrome P450 2C19 genotype-
related interaction between voriconazole and 
the cytochrome P450 3A4 inhibitor ritonavir. 
Clin Pharmacol Ther 2006;80(2):126-135.

440.  Rengelshausen J, Banfield M, Riedel KD et 
al. Opposite effects of short-term and long-
term St John’s wort intake on voriconazole 
pharmacokinetics. Clin Pharmacol Ther 2005; 
78(1):25-33.

441.  Matsumoto K, Ikawa K, Abematsu K et al. 
Correlation between voriconazole trough plasma 
concentration and hepatotoxicity in patients with 
different CYP2C19 genotypes. Int J Antimicrob 
Agents 2009;34(1):91-94.

442.  Lei HP, Wang G, Wang LS et al. Lack of effect of 
Ginkgo biloba on voriconazole pharmacokinetics 
in Chinese volunteers identified as CYP2C19 
poor and extensive metabolizers. Ann 
Pharmacother 2009;43(4):726-731.

443.  Wang G, Lei HP, Li Z et al. The CYP2C19 
ultra-rapid metabolizer genotype influences the 
pharmacokinetics of voriconazole in healthy male 
volunteers. Eur J Clin Pharmacol 2009;65(3): 
281-285.

444.  Karlsson MO, Lutsar I, Milligan PA. Population 
pharmacokinetic analysis of voriconazole plasma 
concentration data from pediatric studies. 
Antimicrob Agents Chemother 2009;53(3):935-
944.

445.  Weiss J, Ten Hoevel MM, Burhenne J et al. 
CYP2C19 genotype is a major factor contributing 
to the highly variable pharmacokinetics of 
voriconazole. J Clin Pharmacol 2009;49(2):196-
204.

446.  Levin MD, den Hollander JG, van der HB 
et al. Hepatotoxicity of oral and intravenous 
voriconazole in relation to cytochrome P450 
polymorphisms. J Antimicrob Chemother 2007; 
60(5):1104-1107.

447.  Ando Y, Saka H, Ando M et al. Polymorphisms 
of UDP-glucuronosyltransferase gene and 
irinotecan toxicity: a pharmacogenetic analysis. 
Cancer Res 2000;60(24):6921-6926.

448.  Font A, Sanchez JM, Taron M et al. Weekly 
regimen of irinotecan/docetaxel in previously 
treated non-small cell lung cancer patients 
and correlation with uridine diphosphate 
glucuronosyltransferase 1A1 (UGT1A1) 
polymorphism. Invest New Drugs 2003;21(4): 
435-443.

449.  Han JY, Lim HS, Shin ES et al. Comprehensive 
analysis of UGT1A polymorphisms predictive 
for pharmacokinetics and treatment outcome in 
patients with non-small-cell lung cancer treated 
with irinotecan and cisplatin. J Clin Oncol 
2006;24(15):2237-2244.

450.  Innocenti F, Undevia SD, Iyer L et al. Genetic 
variants in the UDP-glucuronosyltransferase 
1A1 gene predict the risk of severe neutropenia 
of irinotecan. J Clin Oncol 2004;22(8):1382-
1388.

451.  Iyer L, Das S, Janisch L et al. UGT1A1*28 
polymorphism as a determinant of irinotecan 
disposition and toxicity. Pharmacogenomics J 
2002;2(1):43-47.

773 development of pharmacogenetic guidelines



452.  Kweekel DM, Guchelaar HJ, Gelderblom 
AJ, Nortier JWR, Straaten RJHM van der. 
Ondersteuning van de chemotherapiekeuze. 
Farmacogenetica bij het gemetastaseerd 
colorectaal carcinoom. Pharm Weekbl 2005; 
2005(20):685-687.

453.  Marcuello E, Altes A, Menoyo A, Del Rio E, 
Gomez-Pardo M, Baiget M. UGT1A1 gene 
variations and irinotecan treatment in patients 
with metastatic colorectal cancer. Br J Cancer 
2004;91(4):678-682.

454.  Massacesi C, Terrazzino S, Marcucci F et al. 
Uridine diphosphate glucuronosyl transferase 
1A1 promoter polymorphism predicts the risk 
of gastrointestinal toxicity and fatigue induced 
by irinotecan-based chemotherapy. Cancer 
2006;106(5):1007-1016.

455.  Mathijssen RH, Marsh S, Karlsson MO et 
al. Irinotecan pathway genotype analysis to 
predict pharmacokinetics. Clin Cancer Res 
2003;9(9):3246-3253.

456.  McLeod HL. UGT1A1*28, toxicity and out-
come in advanced colorectal cancer: results from 
Trial N9741. J Clin Oncol 2006;24(suppl. abstr. 
3520).

457.  Paoluzzi L, Singh AS, Price DK et al. Influence 
of genetic variants in UGT1A1 and UGT1A9 
on the in vivo glucuronidation of SN-38. J Clin 
Pharmacol 2004;44(8):854-860.

458.  Rouits E, Boisdron-Celle M, Dumont A, Guerin 
O, Morel A, Gamelin E. Relevance of different 
UGT1A1 polymorphisms in irinotecan-induced 
toxicity: a molecular and clinical study of 75 
patients. Clin Cancer Res 2004;10(15):5151-
5159.

459.  Sai K, Saeki M, Saito Y et al. UGT1A1 haplotypes 
associated with reduced glucuronidation 
and increased serum bilirubin in irinotecan-
administered Japanese patients with cancer. Clin 
Pharmacol Ther 2004;75(6):501-515.

460.  Soepenberg O, Dumez H, Verweij J et al. 
Phase I pharmacokinetic, food effect, and 
pharmacogenetic study of oral irinotecan given 
as semisolid matrix capsules in patients with 
solid tumors. Clin Cancer Res 2005;11(4):1504-
1511.

461.  Steiner M, Seule M, Steiner B et al. 5-Fluorouracil/
irinotecan induced lethal toxicity as a result of 
a combined pharmacogenetic syndrome: report 
of a case. J Clin Pathol 2005;58(5):553-555.

462.  Toffoli G, Cecchin E, Corona G et al. The 
role of UGT1A1*28 polymorphism in the 
pharmacodynamics and pharmacokinetics of 
irinotecan in patients with metastatic colorectal 
cancer. J Clin Oncol 2006;24(19):3061-3068.

463.  Wright MA, Morrison G, Lin P et al. A phase 
I pharmacologic and pharmacogenetic trial 
of sequential 24-hour infusion of irinotecan 
followed by leucovorin and a 48-hour infusion of 
fluorouracil in adult patients with solid tumors. 
Clin Cancer Res 2005;11(11):4144-4150.

464.  Zhou Q, Sparreboom A, Tan EH et al. 
Pharmacogenetic profiling across the irinotecan 
pathway in Asian patients with cancer. Br J Clin 
Pharmacol 2005;59(4):415-424.

465.  Kweekel DM, Gelderblom H, Van der 
ST, Antonini NF, Punt CJ, Guchelaar HJ. 
UGT1A1*28 genotype and irinotecan dosage 
in patients with metastatic colorectal cancer: 
a Dutch Colorectal Cancer Group study. Br J 
Cancer 2008;99(2):275-282.

466.  Liu CY, Chen PM, Chiou TJ et al. UGT1A1*28 
polymorphism predicts irinotecan-induced severe 
toxicities without affecting treatment outcome 
and survival in patients with metastatic colorectal 
carcinoma. Cancer 2008;112(9):1932-1940.

467.  Minami H, Sai K, Saeki M et al. Irinotecan 
pharmacokinetics/pharmacodynamics and 
UGT1A genetic polymorphisms in Japanese: 
roles of UGT1A1*6 and *28. Pharmacogenet 
Genomics 2007;17(7):497-504.

468.  Stewart CF, Panetta JC, O’Shaughnessy MA et 
al. UGT1A1 promoter genotype correlates with 
SN-38 pharmacokinetics, but not severe toxicity 
in patients receiving low-dose irinotecan. J Clin 
Oncol 2007;25(18):2594-2600.

469.  Cote JF, Kirzin S, Kramar A et al. UGT1A1 
polymorphism can predict hematologic toxicity 
in patients treated with irinotecan. Clin Cancer 
Res 2007;13(11):3269-3275.

470.  Ramchandani RP, Wang Y, Booth BP et al. 
The role of SN-38 exposure, UGT1A1*28 
polymorphism, and baseline bilirubin level 
in predicting severe irinotecan toxicity. J Clin 
Pharmacol 2007;47(1):78-86.

471.  Romero RZ, Morales R, Garcia F et al. 
Potential application of GSTT1-null genotype 
in predicting toxicity associated to 5-fluouracil 
irinotecan and leucovorin regimen in advanced 
stage colorectal cancer patients. Oncol Rep 
2006;16(3):497-503.

78



472.  de Jong FA, Kehrer DF, Mathijssen RH 
et al. Prophylaxis of irinotecan-induced 
diarrhea with neomycin and potential role for 
UGT1A1*28 genotype screening: a double-
blind, randomized, placebo-controlled study. 
Oncologist 2006;11(8):944-954.

473.  Lankisch TO, Schulz C, Zwingers T et al. 
Gilbert’s Syndrome and irinotecan toxicity: 
combination with UDP-glucuronosyltransferase 
1A7 variants increases risk. Cancer Epidemiol 
Biomarkers Prev 2008;17(3):695-701.

474.  Carlini LE, Meropol NJ, Bever J et al. UGT1A7 
and UGT1A9 polymorphisms predict response 
and toxicity in colorectal cancer patients treated 
with capecitabine/irinotecan. Clin Cancer Res 
2005;11(3):1226-1236.

475.  Kitagawa C, Ando M, Ando Y et al. Genetic 
polymorphism in the phenobarbital-
responsive enhancer module of the UDP-
glucuronosyltransferase 1A1 gene and irinotecan 
toxicity. Pharmacogenet Genomics 2005;15(1):35-
41.

476.  Hoskins JM, Goldberg RM, Qu P, Ibrahim 
JG, McLeod HL. UGT1A1*28 genotype and 
irinotecan-induced neutropenia: dose matters. J 
Natl Cancer Inst 2007;99(17):1290-1295.

477.  Pfizer. Full prescribing information Camptosar. 
2006.

478.  College ter Beoordeling van Geneesmiddelen. 
registratiedossier (deel 1B) Imuran. 2006. 
(article in Dutch).

479.  College ter Beoordeling van Geneesmiddelen. 
registratiedossier (deel 1B) Purinethol. 2006. 
(article in Dutch).

480.  Zelinkova Z, Derijks LJ, Stokkers PC et al. Inosine 
triphosphate pyrophosphatase and thiopurine 
s-methyltransferase genotypes relationship to 
azathioprine-induced myelosuppression. Clin 
Gastroenterol Hepatol 2006;4(1):44-49.

481.  Kurzawski M, Dziewanowski K, Gawronska-
Szklarz B, Domanski L, Drozdzik M. The impact 
of thiopurine s-methyltransferase polymorphism 
on azathioprine-induced myelotoxicity in 
renal transplant recipients. Ther Drug Monit 
2005;27(4):435-441.

482.  Kurzawski M, Dziewanowski K, Ciechanowski 
K, Drozdzik M. Severe azathioprine-induced 
myelotoxicity in a kidney transplant patient 
with thiopurine S-methyltransferase-deficient 
genotype (TPMT*3A/*3C). Transpl Int 
2005;18(5):623-625.

483.  Gearry RB, Barclay ML, Burt MJ et al. Thiopu-
rine S-methyltransferase (TPMT) genotype does 
not predict adverse drug reactions to thiopurine 
drugs in patients with inflammatory bowel dis-
ease. Aliment Pharmacol Ther 2003;18(4):395-
400.

484.  Gilissen LP, Derijks LJ, Bos LP et al. Some 
cases demonstrating the clinical usefulness of 
therapeutic drug monitoring in thiopurine-
treated inflammatory bowel disease patients. 
Eur J Gastroenterol Hepatol 2004;16(7):705-710.

485.  Kaskas BA, Louis E, Hindorf U et al. Safe 
treatment of thiopurine S-methyltransferase 
deficient Crohn’s disease patients with 
azathioprine. Gut 2003;52(1):140-142.

486.  Colombel JF, Ferrari N, Debuysere H et al. 
Genotypic analysis of thiopurine S-methyltrans-
ferase in patients with Crohn’s disease and severe 
myelosuppression during azathioprine therapy. 
Gastroenterology 2000; 118(6):1025-1030.

487.  Stanulla M, Schaeffeler E, Flohr T et al. 
Thiopurine methyltransferase (TPMT) genotype 
and early treatment response to mercaptopurine 
in childhood acute lymphoblastic leukemia. 
JAMA 2005;293(12):1485-1489.

488.  Schaeffeler E, Stanulla M, Greil J et al. A novel 
TPMT missense mutation associated with 
TPMT deficiency in a 5-year-old boy with ALL. 
Leukemia 2003;17(7):1422-1424.

489.  Evans WE, Hon YY, Bomgaars L et al. Pre-
ponderance of thiopurine S-methyltransferase 
deficiency and heterozygosity among patients 
intolerant to mercaptopurine or azathioprine. J 
Clin Oncol 2001;19(8):2293-2301.

490.  Relling MV, Hancock ML, Rivera GK et al. 
Mercaptopurine therapy intolerance and hetero-
zygosity at the thiopurine S-methyltransferase 
gene locus. J Natl Cancer Inst 1999;91(23):2001-
2008.

491.  McLeod HL, Coulthard S, Thomas AE et 
al. Analysis of thiopurine methyltransferase 
variant alleles in childhood acute lymphoblastic 
leukaemia. Br J Haematol 1999;105(3):696-
700.

492.  Andersen JB, Szumlanski C, Weinshilboum 
RM, Schmiegelow K. Pharmacokinetics, 
dose adjustments, and 6-mercaptopurine/
methotrexate drug interactions in two patients 
with thiopurine methyltransferase deficiency. 
Acta Paediatr 1998;87(1):108-111.

793 development of pharmacogenetic guidelines



493.  Moloney FJ, Dicker P, Conlon PJ, Shields 
DC, Murphy GM. The frequency and 
significance of thiopurine S-methyltransferase 
gene polymorphisms in azathioprine-treated 
renal transplant recipients. Br J Dermatol 
2006;154(6):1199-1200.

494.  Jun JB, Cho DY, Kang C, Bae SC. Thiopurine 
S-methyltransferase polymorphisms and the 
relationship between the mutant alleles and the 
adverse effects in systemic lupus erythematosus 
patients taking azathioprine. Clin Exp Rheumatol 
2005;23(6):873-876.

495.  Stocco G, Martelossi S, Barabino A et al. TPMT 
genotype and the use of thiopurines in paediatric 
inflammatory bowel disease. Dig Liver Dis 
2005;37(12):940-945.

496.  Fabre MA, Jones DC, Bunce M et al. The 
impact of thiopurine S-methyltransferase 
polymorphisms on azathioprine dose 1 year after 
renal transplantation. Transpl Int 2004;17(9): 
531-539.

497.  Black AJ, McLeod HL, Capell HA et al. Thio-
purine methyltransferase genotype predicts ther-
apy-limiting severe toxicity from azathioprine. 
Ann Intern Med 1998;129(9):716-718.

498.  Ansari A, Hassan C, Duley J et al. Thiopurine 
methyltransferase activity and the use of 
azathioprine in inflammatory bowel disease. 
Aliment Pharmacol Ther 2002;16(10):1743-
1750.

499.  Langley PG, Underhill J, Tredger JM, Norris 
S, McFarlane IG. Thiopurine methyltransferase 
phenotype and genotype in relation to 
azathioprine therapy in autoimmune hepatitis. 
J Hepatol 2002;37(4):441-447.

500.  Regueiro M, Mardini H. Determination of thio-
purine methyltransferase genotype or phenotype 
optimizes initial dosing of azathioprine for the 
treatment of Crohn’s disease. J Clin Gastroenterol 
2002;35(3):240-244.

501.  Pandya B, Thomson W, Poulton K, Bruce 
I, Payne D, Qasim F. Azathioprine toxicity 
and thiopurine methyltransferase genotype 
in renal transplant patients. Transplant Proc 
2002;34(5):1642-1645.

502.  Campbell S, Kingstone K, Ghosh S. Relevance 
of thiopurine methyltransferase activity in 
inflammatory bowel disease patients maintained 
on low-dose azathioprine. Aliment Pharmacol 
Ther 2002;16(3):389-398.

503.  McBride KL, Gilchrist GS, Smithson WA, 
Weinshilboum RM, Szumlanski CL. Severe 
6-thioguanine-induced marrow aplasia in a child 
with acute lymphoblastic leukemia and inherited 
thiopurine methyltransferase deficiency. J Pediatr 
Hematol Oncol 2000;22(5):441-445.

504.  College ter Beoordeling van Geneesmiddelen. 
Registratiedossier (deel 1B) Lanvis. 2006. 
(article in Dutch).

505.  Lennard L, Richards S, Cartwright CS, Mitchell 
C, Lilleyman JS, Vora A. The thiopurine 
methyltransferase genetic polymorphism is 
associated with thioguanine-related veno-
occlusive disease of the liver in children with 
acute lymphoblastic leukemia. Clin Pharmacol 
Ther 2006;80(4):375-383.

506.  Standen GR, Wood NA. Heterozygosity for 
the thiopurine methyltransferase *3A allele 
in an acute non-lymphoblastic leukaemia 
patient with delayed marrow regeneration 
following H-DAT chemotherapy. Br J Haematol 
2001;112(4):1089.

507.  Teml A, Schwab M, Harrer M et al. A 
prospective, open-label trial of 6-thioguanine in 
patients with ulcerative or indeterminate colitis. 
Scand J Gastroenterol 2005;40(10):1205-1213.

508.  Herrlinger KR, Fellermann K, Fischer C et 
al. Thioguanine-nucleotides do not predict 
efficacy of tioguanine in Crohn’s disease. Aliment 
Pharmacol Ther 2004;19(12):1269-1276.

509.  Romero-Gomez M, Gonzalez-Escribano MF, 
Torres B et al. HLA class I B44 is associated 
with sustained response to interferon + ribavirin 
therapy in patients with chronic hepatitis C. Am 
J Gastroenterol 2003;98(7):1621-1626.

510.  Saag M, Balu R, Phillips E et al. High sensitivity 
of human leukocyte antigen-b*5701 as a marker 
for immunologically confirmed abacavir 
hypersensitivity in white and black patients. 
Clin Infect Dis 2008;46(7):1111-1118.

511.  Mallal S, Phillips E, Carosi G et al. HLA-B*5701 
screening for hypersensitivity to abacavir. N Engl 
J Med 2008;358(6):568-579.

512.  Waters LJ, Mandalia S, Gazzard B, Nelson 
M. Prospective HLA-B*5701 screening 
and abacavir hypersensitivity: a single centre 
experience. AIDS 2007;21(18):2533-2534.

513.  Rodriguez-Novoa S, Garcia-Gasco P, Blanco F 
et al. Value of the HLA-B*5701 allele to predict 
abacavir hypersensitivity in Spaniards. AIDS Res 
Hum Retroviruses 2007;23(11):1374-1376.

80



514.  Zucman D, Truchis P, Majerholc C, Stegman 
S, Caillat-Zucman S. Prospective screening 
for human leukocyte antigen-B*5701 avoids 
abacavir hypersensitivity reaction in the 
ethnically mixed French HIV population. J 
Acquir Immune Defic Syndr 2007;45(1):1-3.

515.  Rauch A, Nolan D, Martin A, McKinnon 
E, Almeida C, Mallal S. Prospective genetic 
screening decreases the incidence of abacavir 
hypersensitivity reactions in the Western 
Australian HIV cohort study. Clin Infect Dis 
2006;43(1):99-102.

516.  Stekler J, Maenza J, Stevens C et al. Abacavir 
hypersensitivity reaction in primary HIV 
infection. AIDS 2006;20(9):1269-1274.

517.  Phillips EJ, Wong GA, Kaul R et al. Clinical 
and immunogenetic correlates of abacavir 
hypersensitivity. AIDS 2005;19(9):979-981.

518.  Hughes DA, Vilar FJ, Ward CC, Alfirevic A, Park 
BK, Pirmohamed M. Cost-effectiveness analysis 
of HLA B*5701 genotyping in preventing 
abacavir hypersensitivity. Pharmacogenetics 
2004;14(6):335-342.

519.  Martin AM, Nolan D, Gaudieri S et al. 
Predisposition to abacavir hypersensitivity 
conferred by HLA-B*5701 and a haplotypic 
Hsp70-Hom variant. Proc Natl Acad Sci U S A 
2004;101(12):4180-4185.

520.  Hughes AR, Mosteller M, Bansal AT et al. 
Association of genetic variations in HLA-B 
region with hypersensitivity to abacavir in 
some, but not all, populations. Pharmacogenomics 
2004;5(2):203-211.

521.  Hetherington S, Hughes AR, Mosteller M et 
al. Genetic variations in HLA-B region and 
hypersensitivity reactions to abacavir. Lancet 
2002;359(9312):1121-1122.

522.  Mallal S, Nolan D, Witt C et al. Association 
between presence of HLA-B*5701, HLA-DR7, 
and HLA-DQ3 and hypersensitivity to HIV-1 
reverse-transcriptase inhibitor abacavir. Lancet 
2002;359(9308):727-732.

523.  Committee for Medicinal Products for Human 
Use. Summary of product Characteristics 
Ziagen. 2008.

524.  Satoh S, Kagaya H, Saito M et al. Lack of 
tacrolimus circadian pharmacokinetics and 
CYP3A5 pharmacogenetics in the early and 
maintenance stages in Japanese renal transplant 
recipients. Br J Clin Pharmacol 2008;66(2):207-
214.

525.  Klauke B, Wirth A, Zittermann A et al. 
No association between single nucleotide 
polymorphisms and the development 
of nephrotoxicity after orthotopic heart 
transplantation. J Heart Lung Transplant 2008; 
27(7):741-745.

526.  Fukudo M, Yano I, Yoshimura A et al. Impact 
of MDR1 and CYP3A5 on the oral clearance 
of tacrolimus and tacrolimus-related renal 
dysfunction in adult living-donor liver transplant 
patients. Pharmacogenet Genomics 2008;18(5): 
413-423.

527.  Hesselink DA, van Schaik RH, van Agteren M 
et al. CYP3A5 genotype is not associated with 
a higher risk of acute rejection in tacrolimus-
treated renal transplant recipients. Pharmacogenet 
Genomics 2008;18(4):339-348.

528.  Renders L, Frisman M, Ufer M et al. CYP3A5 
genotype markedly influences the pharma-
cokinetics of tacrolimus and sirolimus in kid-
ney transplant recipients. Clin Pharmacol Ther 
2007;81(2):228-234.

529.  Mourad M, Wallemacq P, De Meyer M et al. 
The influence of genetic polymorphisms of 
cytochrome P450 3A5 and ABCB1 on starting 
dose- and weight-standardized tacrolimus trough 
concentrations after kidney transplantation in 
relation to renal function. Clin Chem Lab Med 
2006;44(10):1192-1198.

530.  Roy JN, Barama A, Poirier C, Vinet B, Roger 
M. Cyp3A4, Cyp3A5, and MDR-1 genetic 
influences on tacrolimus pharmacokinetics 
in renal transplant recipients. Pharmacogenet 
Genomics 2006;16(9):659-665.

531.  Cheung CY, Op den Buijsch RA, Wong KM et 
al. Influence of different allelic variants of the 
CYP3A and ABCB1 genes on the tacrolimus 
pharmacokinetic profile of Chinese renal 
transplant recipients. Pharmacogenomics 2006; 
7(4):563-574.

532.  Uesugi M, Masuda S, Katsura T, Oike F, Takada 
Y, Inui K. Effect of intestinal CYP3A5 on 
postoperative tacrolimus trough levels in living-
donor liver transplant recipients. Pharmacogenet 
Genomics 2006;16(2):119-127.

533.  Zhang X, Liu ZH, Zheng JM et al. Influence 
of CYP3A5 and MDR1 polymorphisms on 
tacrolimus concentration in the early stage after 
renal transplantation. Clin Transplant 2005; 
19(5):638-643.

813 development of pharmacogenetic guidelines



534.  Tada H, Tsuchiya N, Satoh S et al. Impact of 
CYP3A5 and MDR1(ABCB1) C3435T poly-
morphisms on the pharmacokinetics of tacroli-
mus in renal transplant recipients. Transplant 
Proc 2005;37(4):1730-1732.

535.  Macphee IA, Fredericks S, Mohamed M et al. 
Tacrolimus pharmacogenetics: the CYP3A5*1 
allele predicts low dose-normalized tacrolimus 
blood concentrations in whites and South 
Asians. Transplantation 2005;79(4):499-502.

536.  Hesselink DA, van Schaik RH, van dH, 
I et al. Genetic polymorphisms of the 
CYP3A4, CYP3A5, and MDR-1 genes and 
pharmacokinetics of the calcineurin inhibitors 
cyclosporine and tacrolimus. Clin Pharmacol 
Ther 2003;74(3):245-254.

537.  Kuypers DR, de Jonge H, Naesens M, Lerut 
E, Verbeke K, Vanrenterghem Y. CYP3A5 and 
CYP3A4 but not MDR1 single-nucleotide 
polymorphisms determine long-term tacrolimus 
disposition and drug-related nephrotoxicity in 
renal recipients. Clin Pharmacol Ther 2007; 
82(6):711-725.

538.  Montes R, Ruiz dG, Martinez-Gonzalez MA, 
Alberca I, Hermida J. The c.-1639G > A 
polymorphism of the VKORC1 gene is a major 
determinant of the response to acenocoumarol 
in anticoagulated patients. Br J Haematol 2006; 
133(2):183-187.

539.  Reitsma PH, van der Heijden JF, Groot 
AP, Rosendaal FR, Buller HR. A C1173T 
dimorphism in the VKORC1 gene determines 
coumarin sensitivity and bleeding risk. PLoS Med 
2005;2(10):e312.

540.  Bodin L, Verstuyft C, Tregouet DA et al. 
Cytochrome P450 2C9 (CYP2C9) and vitamin 
K epoxide reductase (VKORC1) genotypes as 
determinants of acenocoumarol sensitivity. Blood 
2005;106(1):135-140.

541.  Dulicek P, Maly J, Pecka M, Beranek M, Cerma-
kova E, Maly R. Venous thromboembolism in 
young female while on oral contraceptives: high 
frequency of inherited thrombophilia and analy-
sis of thrombotic events in 400 czech women. 
Clin Appl Thromb Hemost 2009;15(5):567-573.

542.  Couturaud F, Kearon C, Leroyer C et al. 
Incidence of venous thromboembolism in 
first-degree relatives of patients with venous 
thromboembolism who have factor V Leiden. 
Thromb Haemost 2006;96(6):744-749.

543.  Wu O, Robertson L, Twaddle S et al. Screening for 
thrombophilia in high-risk situations: systematic 
review and cost-effectiveness analysis. The 
Thrombosis: Risk and Economic Assessment 
of Thrombophilia Screening (TREATS) study. 
Health Technol Assess 2006;10(11):1-110.

544.  Slooter AJ, Rosendaal FR, Tanis BC, Kemmeren 
JM, van der GY, Algra A. Prothrombotic 
conditions, oral contraceptives, and the risk 
of ischemic stroke. J Thromb Haemost 2005; 
3(6):1213-1217.

545.  Sidney S, Petitti DB, Soff GA, Cundiff DL, 
Tolan KK, Quesenberry CP, Jr. Venous throm-
boembolic disease in users of low-estrogen com-
bined estrogen-progestin oral contraceptives. 
Contraception 2004;70(1):3-10.

546.  Ehrenforth S, Nemes L, Mannhalter C et 
al. Impact of environmental and hereditary 
risk factors on the clinical manifestation of 
thrombophilia in homozygous carriers of factor 
V:G1691A. J Thromb Haemost 2004;2(3):430-
436.

547.  Emmerich J, Rosendaal FR, Cattaneo M et 
al. Combined effect of factor V Leiden and 
prothrombin 20210A on the risk of venous 
thromboembolism--pooled analysis of 8 case-
control studies including 2310 cases and 3204 
controls. Study Group for Pooled-Analysis in 
Venous Thromboembolism. Thromb Haemost 
2001;86(3):809-816.

548.  Bloemenkamp KW, Rosendaal FR, Helmerhorst 
FM, Buller HR, Vandenbroucke JP. Enhancement 
by factor V Leiden mutation of risk of deep-vein 
thrombosis associated with oral contraceptives 
containing a third-generation progestagen. 
Lancet 1995;346(8990):1593-1596.

549.  Celikel S, Buyukasik Y, Karakaya G, Kalyoncu 
AF. Hereditary angioedema associated with 
heterozygous factor V Leiden mutation in a 
patient with Purpura fulminans. Int Arch Allergy 
Immunol 2007;142(2):175-178.

550.  Martinelli I, Battaglioli T, Burgo I, Di Domenico 
S, Mannucci PM. Oral contraceptive use, 
thrombophilia and their interaction in young 
women with ischemic stroke. Haematologica 
2006;91(6):844-847.

551.  Schreijer AJ, Cannegieter SC, Meijers JC, 
Middeldorp S, Buller HR, Rosendaal FR. 
Activation of coagulation system during air travel: 
a crossover study. Lancet 2006;367(9513):832-
838.

82



552.  Osmanagaoglu MA, Okumus B, Bozkaya H. 
Skin venous thromboembolism by combined 
oral contraceptive in a woman with acquired 
angioedema and Factor V Leiden mutation. 
Contraception 2006;73(3):311-314.

553.  Girolami A, Tormene D, Gavasso S, Bertolo C, 
Girolami B. Long term use of oral contraceptives 
without thrombosis in patients with FV Leiden 
polymorphism: a study of 37 patients (2 
homozygous and 35 heterozygous). J Thromb 
Thrombolysis 2004;17(2):145-149.

554.  Martinelli I, Battaglioli T, Bucciarelli P, 
Passamonti SM, Mannucci PM. Risk factors and 
recurrence rate of primary deep vein thrombosis 
of the upper extremities. Circulation 2004; 
110(5):566-570.

555.  Ament L. Factor V Leiden and contraception. 
J Midwifery Womens Health 2004;49(1):51-52.

556.  Kemmeren JM, Algra A, Meijers JC et al. Effect of 
second- and third-generation oral contraceptives 
on the protein C system in the absence or 
presence of the factor VLeiden mutation: a 
randomized trial. Blood 2004;103(3):927-933.

557.  Kemmeren JM, Algra A, Meijers JC, Bouma 
BN, Grobbee DE. Effect of second- and third-
generation oral contraceptives on fibrinolysis in 
the absence or presence of the factor V Leiden 
mutation. Blood Coagul Fibrinolysis 2002;13(5): 
373-381.

558.  Kemmeren JM, Algra A, Meijers JC, Bouma 
BN, Grobbee DE. Effects of second and 
third generation oral contraceptives and their 
respective progestagens on the coagulation 
system in the absence or presence of the factor V 
Leiden mutation. Thromb Haemost 2002;87(2): 
199-205.

559.  Legnani C, Palareti G, Guazzaloca G et al. Venous 
thromboembolism in young women; role of 
thrombophilic mutations and oral contraceptive 
use. Eur Heart J 2002;23(12):984-990.

560.  Vandenbroucke JP, Koster T, Briet E, Reitsma 
PH, Bertina RM, Rosendaal FR. Increased risk 
of venous thrombosis in oral-contraceptive users 
who are carriers of factor V Leiden mutation. 
Lancet 1994;344(8935):1453-1457.

561.  Gross E, Busse B, Riemenschneider M et al. Strong 
association of a common dihydropyrimidine 
dehydrogenase gene polymorphism with 
fluoropyrimidine-related toxicity in cancer 
patients. PLoS One 2008;3(12):e4003.

562.  Boisdron-Celle M, Remaud G, Traore S et 
al. 5-Fluorouracil-related severe toxicity: 
a comparison of different methods for the 
pretherapeutic detection of dihydropyrimidine 
dehydrogenase deficiency. Cancer Lett 
2007;249(2):271-282.

563.  Cho HJ, Park YS, Kang WK, Kim JW, Lee 
SY. Thymidylate synthase (TYMS) and 
dihydropyrimidine dehydrogenase (DPYD) 
polymorphisms in the Korean population for 
prediction of 5-fluorouracil-associated toxicity. 
Ther Drug Monit 2007;29(2):190-196.

564.  Morel A, Boisdron-Celle M, Fey L et al. Clinical 
relevance of different dihydropyrimidine 
dehydrogenase gene single nucleotide 
polymorphisms on 5-fluorouracil tolerance. Mol 
Cancer Ther 2006;5(11):2895-2904.

565.  Van Kuilenburg AB, Meinsma R, Zoetekouw L, 
Van Gennip AH. High prevalence of the IVS14 
+ 1G>A mutation in the dihydropyrimidine 
dehydrogenase gene of patients with severe 
5-fluorouracil-associated toxicity. Pharmacoge-
netics 2002;12(7):555-558.

566.  Raida M, Schwabe W, Hausler P et al. 
Prevalence of a common point mutation in 
the dihydropyrimidine dehydrogenase (DPD) 
gene within the 5’-splice donor site of intron 14 
in patients with severe 5-fluorouracil (5-FU)- 
related toxicity compared with controls. Clin 
Cancer Res 2001;7(9):2832-2839.

567.  Van Kuilenburg AB, Haasjes J, Richel DJ et 
al. Clinical implications of dihydropyrimidine 
dehydrogenase (DPD) deficiency in patients 
with severe 5-fluorouracil-associated toxicity: 
identification of new mutations in the DPD 
gene. Clin Cancer Res 2000;6(12):4705-4712.

568.  Johnson MR, Hageboutros A, Wang K, High 
L, Smith JB, Diasio RB. Life-threatening 
toxicity in a dihydropyrimidine dehydrogenase-
deficient patient after treatment with topical 
5-fluorouracil. Clin Cancer Res 1999;5(8):2006-
2011.

569.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics 
Xeloda. 2008.

570.  Capitain O, Boisdron-Celle M, Poirier AL, 
Abadie-Lacourtoisie S, Morel A, Gamelin E. The 
influence of fluorouracil outcome parameters 
on tolerance and efficacy in patients with 
advanced colorectal cancer. Pharmacogenomics 
J 2008;8(4):256-267.

833 development of pharmacogenetic guidelines



571.  Sulzyc-Bielicka V, Binczak-Kuleta A, Pioch W 
et al. 5-Fluorouracil toxicity-attributable IVS14 
+ 1G > A mutation of the dihydropyrimidine 
dehydrogenase gene in Polish colorectal cancer 
patients. Pharmacol Rep 2008;60(2):238-242.

572.  Schwab M, Zanger UM, Marx C et al. Role of 
genetic and nongenetic factors for fluorouracil 
treatment-related severe toxicity: a prospective 
clinical trial by the German 5-FU Toxicity Study 
Group. J Clin Oncol 2008;26(13):2131-2138.

573.  Mercier C, Yang C, Rosca C et al. Prospective 
phenotypic screening for DPD deficiency prior 
to 5-FU administration: Decrease in toxicity, 
not in efficacy. J Clin Oncol (Meeting Abstracts) 
2008;26(15_suppl):14556.

574.  Jatoi A, Martenson JA, Foster NR et al. Paclitaxel, 
carboplatin, 5-fluorouracil, and radiation for 
locally advanced esophageal cancer: phase II 
results of preliminary pharmacologic and 
molecular efforts to mitigate toxicity and predict 
outcomes: North Central Cancer Treatment 
Group (N0044). Am J Clin Oncol 2007;30(5): 
507-513.

575.  Magne N, Etienne-Grimaldi MC, Cals L et 
al. Dihydropyrimidine dehydrogenase activity 
and the IVS14+1G>A mutation in patients 
developing 5FU-related toxicity. Br J Clin 
Pharmacol 2007;64(2):237-240.

576.  Saif MW, Syrigos K, Mehra R, Mattison LK, 
Diasio RB. Dihydropyrimidine dehydrogenase 
deficiency (DPD) in GI malignancies: Experience 
of 4-years. Pak J Med Sci Q 2007;23(6):832-839.

577.  Salgado J, Zabalegui N, Gil C, Monreal I, 
Rodriguez J, Garcia-Foncillas J. Polymorphisms 
in the thymidylate synthase and dihydropyri-
midine dehydrogenase genes predict response 
and toxicity to capecitabine-raltitrexed in 
colorectal cancer. Oncol Rep 2007;17(2):325-
328.

578.  Largillier R, Etienne-Grimaldi MC, Formento 
JL et al. Pharmacogenetics of capecitabine in 
advanced breast cancer patients. Clin Cancer Res 
2006;12(18):5496-5502.

579.  Salgueiro N, Veiga I, Fragoso M et al. 
Mutations in exon 14 of dihydropyrimidine 
dehydrogenase and 5-Fluorouracil toxicity in 
Portuguese colorectal cancer patients. Genet Med 
2004;6(2):102-107.

580.  Yamaguchi K, Arai Y, Kanda Y, Akagi K. Germline 
mutation of dihydropyrimidine dehydrogenese 
gene among a Japanese population in relation 
to toxicity to 5-Fluorouracil. Jpn J Cancer Res 
2001;92(3):337-342.

581.  Committee for Medicinal Products for Human 
Use. Summary of Product Characteristics UFT. 
2008.

84



Feasibility of
Pharmacy Initiated

Pharmacogenetic
Screening for CYP2D6

and CYP2C19

4

JJ Swen, T van der Straaten, JAM Wessels,
ML Bouvy, EEW Vlassak, WJJ Assendelft

and H-J Guchelaar

Eur J Clin Pharmacol
in press.



ABSTRACT

Purpose: To investigate the feasibility of pharmacy initiated pharmacogenetic screening in 
primary care with respect to patient willingness to participate, quality of DNA collection 
with saliva kits, genotyping, and dispensing data retrieved from the pharmacy.

Methods: Polypharmacy patients, age > 60 years that used at least 1 drug with ATC code 
N06AA01-N06AX19 (anti-depressants), A02BC01–A02BC05 (proton pump inhibitors), 
N05AA01-N05AH04 (anti-psychotics) or C07AB02 (metoprolol) in the preceding 2 
years were randomly selected. DNA was collected with saliva kits and genotyped for 
CYP2D6 and CYP2C19 with the AmpliChip. Pharmacy dispensing records were retrieved 
and screened for drugs interacting with the patient’s CYP2D6 and CYP2C19 genotype by 
using the evidence-based pharmacogenetic guidelines from the Dutch Pharmacogenetics 
Working Group.

Results: Out of the 93 invited patients, 54 patients (58.1%) provided informed consent. 
9 saliva samples (16.7%) contained too little DNA. Call rates for CYP2D6 and CYP2C19 
were 93.3% and 100% respectively. The frequencies of genotype-predicted-phenotype 
were 2.4%, 38.1%, 54.8%, and 4.8% for CYP2D6 poor-metabolizers (PM), intermediate-
metabolizers (IM), extensive-metabolizers (EM), and ultrarapid-metabolizers respectively. 
For CYP2C19 genotype-predicted-phenotype frequencies were 2.2%, 15.6%, and 82.2% 
for PM, IM, and EM, respectively. 

Conclusions: This study shows that pharmacy initiated pharmacogenetic screening is 
feasible for a primary care setting.
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INTRODUCTION

Pharmacogenetics promises an exciting approach to a more individualized drug therapy 
ultimately leading to a more efficient and safer application of drugs. To date, many efforts 
within the field of pharmacogenetics have been aimed at the improvement of drug therapy 
with “high risk” medications such as within the field of oncology. By contrast, multiple 
pharmacogenetic interventions for drug therapies with less high risk might also prove 
beneficial [1]. Yet the clinical use of genotyping prior to drug prescription and dispensing 
is not widely practiced [2].

Currently, pharmacogenetic information is accumulating rapidly and it was reported 
that based on the available pharmacogenetic information it is possible to generate 
advice for nearly 100 drugs for a patient with a completely sequenced genome [3]. In 
addition, Philips et al. reported that 16 out of 27 (59%) of the drugs most commonly 
associated with adverse drug events (ADEs) were metabolized by a polymorphic gene 
[4]. A subsequent study published by Grice et al. investigated the frequency of use 
of these 16 pharmacogenetic ADE-associated drugs in a primary care setting [5]. It 
was reported that 28.6% of the patients took more than one of the pharmacogenetic 
ADE-associated drugs indicating a high potential for pharmacogenetics to make drug 
therapy safer. A disadvantage of this study was that it did not include drugs for which 
pharmacogenetic testing is recommended to enhance efficacy instead of to avoid ADEs. 
In a study aimed at gaining insight into the feasibility of informing physicians reporting 
ADEs to the Netherlands Pharmacovigilance Centre about possible pharmacogenetic 
involvement and genotyping their patient Van Puijenbroek et al. reported that 39.5% of 
the reporting health care professionals actually initiated genotyping [6]. This illustrates 
that incorporating pharmacogenetic information in drug prescribing could increase 
safety of drug therapy. 

More recently, two large (inter)national initiatives aimed at providing pharmacogenetics 
based guidelines and recommendations concerning drug prescribing have been published 
[7,8]. The Clinical Pharmacogenetics Implementation Consortium (CPIC) recently 
published its first guideline [9] and has the goal to provide peer-reviewed, evidence-based, 
freely accessible guidelines for gene/drug pairs. CPIC published a list of 29 gene/drug pairs 
that were ranked highest in a survey of American Society for Clinical Pharmacology and 
Therapeutics members in 2010 [7]. The Dutch Pharmacogenetics Working group recently 
published updated evidence-based guidelines with pharmacogenetics recommendations 
concerning 53 drugs [8]. From the list of 53 drugs of the Dutch Pharmacogenetics 
Working group, the list of highest-ranked priority gene/drug pairs from CPIC and 
the article by Grice et al., it can be observed that many drugs used in primary care are 
to some extend influenced by pharmacogenetics, again illustrating a potential role for 
pharmacogenetics in primary care.

4 pharmacy initiated pharmacogenetic screening



The aim of the current study is to test the feasibility of pharmacy initiated pharmacogenetic 
screening in primary care with respect to patient willingness to participate, quality of 
DNA collection with saliva kits, genotyping, and quality of dispensing data retrieved 
from the pharmacy records.

METHODS

Study setting
In the Netherlands the vast majority of the population obtains their medication from only 
one community pharmacy, enabling collection of complete medication histories [10]. The 
pharmacy keeps an electronic patient record that covers all dispensing data. Polypharmacy 
patients were recruited from a community pharmacy located in the city of Leiden, the 
Netherlands. Patients were selected from the pharmacy records if they used at least one 
drug that is metabolized by CYP2D6 or CYP2C19 and at least four additional drugs in the 
preceding 2 years. Drugs were selected on their Anatomical Therapeutic Chemical (ATC) 
classification code [http://www.whocc.no/atc_ddd_index/]. To identify eligible ATC codes 
textbooks, an academic website [http://medicine.iupui.edu/flockhart/table.htm] and a review 
article by Kirchheiner et al. were used [11-13]. Codes eligible for inclusion comprised 
N06AA01 - N06AX19 (anti-depressants), A02BC01 – A02BC05 (proton pump inhibitors), 
N05AA01 - N05AH04 (anti-psychotics) and ATC-code C07AB02 (metoprolol). Patients 
had to be 60 year or older at the start of the study. This age was chosen for the practical 
reason that elderly patients are more frequently at home simplifying saliva collection.

Sample collection 
Samples of 2 ml saliva were collected during a 30 min house visit. Samples were collected 
in the Oragene DNA self-Collection kit (DNA Genotek Inc Ottawa, Ontario, Canada). A 
sample of 125 patients was drawn from the selected patients by randomization with the aim 
to invite 100 patients by mail and finally obtain DNA samples from 50 patients. General 
practitioners were informed of our study prior to contacting the patient, and asked to exclude 
patients with terminal disease status. Patients selected for inclusion received a letter from the 
pharmacy explaining the background of the study and the study objectives. Approximately 1-2 
weeks after the letter was sent, patients were contacted by phone by one of the pharmacists 
participating in the study (EV). During this phone call patients were asked if they agreed to 
participate. If patients agreed, a 30 minute house visit was planned to collect informed consent 
and a saliva specimen. If the first attempt to contact a patient by phone was unsuccessful a 
maximum of three consecutive attempts were made. After that the patient was considered 
not willing to participate. The study was approved by the ethics committee of the Leiden 
University Medical Center. Informed consent was obtained from all participants. 
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Genotyping
DNA was extracted from saliva using the Oragene DNA self-Collection kit according 
to the manufacturer’s instruction at the Leiden University Medical Center (Leiden, 
The Netherlands). DNA concentrations were measured with nanodrop (Isogen, 
Maarssen, The Netherlands) and diluted with water to a concentration of 10 ng/μl. 
The DNA was tested for 29 known polymorphisms in the CYP2D6 gene, including 
gene duplication and gene deletion, as well as two major polymorphisms in the 
CYP2C19 gene. Genotyping was performed at the department of clinical chemistry 
of the Erasmus MC (Rotterdam, The Netherlands) by use of the AmpliChip CYP450 
test (Roche Molecular Systems, Alameda, California) according to the manufacturer’s 
instruction. A genotype-predicted-phenotype (phenotype) was assigned to each patient 
[8]. For CYP2D6 intermediate metabolizers (IMs) were defined as patients carrying 
two decreased-activity (*9, *10, *17, *29, *36, *41) alleles or carrying one active (*1, 
*2, *33, *35) and one inactive (*3-*8, *11-*16, *19-*21, *38, *40, *42) allele, or 
carrying one decreased-activity (*9, *10, *17, *29, *36, *41) allele and one inactive 
(*3-*8, *11-*16, *19-*21, *38, *40, *42) allele. Poor metabolizers (PMs) were defined 
as patients carrying two inactive (*3-*8, *11-*16, *19-*21, *38, *40, *42) alleles. 
Ultra rapid metabolizers (UMs) were defined as patients carrying a gene duplication 
in absence of inactive (*3-*8, *11-*16, *19-*21, *38, *40, *42) or decreased-activity 
(*9, *10, *17, *29, *36, *41) alleles. All other patients were considered extensive 
metabolizers (EMs). For CYP2C19 IMs were defined as patients with one active (*1) 
and one inactive (*2, *3) allele. PMs were defined as patients carrying two inactive 
alleles.

Medication analyses
Data were extracted from the pharmacy dispensing records. Drugs for topical application 
were excluded from the analysis. The number of unique prescribed drugs per patient was 
calculated as the number of unique ATC codes prescribed to each patient in the studied 
period of 2 years. For each unique prescribed drug it was checked if a recommendation was 
available in the guidelines of the Dutch Pharmacogenetics Working Group of the Royal 
Dutch Association for the Advancement of Pharmacy [8]. These evidence-based guidelines 
contain a comprehensive evaluation of pharmacogenetic gene-drug interactions involving 
53 drugs and 11 genes. To illustrate the potential impact of pharmacogenetics on primary 
care, the percentage of prescribed drugs with any pharmacogenetic recommendation 
was calculated for each patient and in detail for pharmacogenetic recommendations 
regarding CYP2D6 and CYP2C19. To evaluate if patients with a non-EM CYP2D6 or 
CYP2C19 status had been empirically switched to non CYP2D6 / CYP2C19 substrates, 
the percentage of CYP2D6/CYP2C19 substrates with a pharmacogenetic recommendation 
of the total number of prescribed drugs was compared between EMs and non-EMs.
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Statistical analysis
The Student’s t-test was used to evaluate differences in the percentage of prescribed 
CYP2D6 and CYP2C19 substrates, and the number of drugs with a recommendation 
in the guideline of the Dutch Pharmacogenetics Working Group between EMs and non-
EMs. A p-value < 0.05 was regarded as significant. Statistical analysis was conducted 
with the SPSS statistical package (version 17.0, SPSS, Chicago, IL, USA).

RESULTS

Patient response
Five hundred and seven patients representing approximately 5% of the total registered 
patient population, were prescribed at least one drug from the selected ATC-codes and 
at least four additional drugs (Figure 4.1). Out of these patients a random sample of 125 
patients was selected. Twenty two patients were excluded because they visited a general 
practitioner that did not participate in the study. A further ten patients were excluded 
because of terminal disease status as judged by their general practitioner. Out of the 93 
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Figure 4.1 Study population.

Eligible patients 
n = 507

Included patients
n = 54 (58.1%)

Patients available for analysis
n = 45 (83.3%)

382 patients (75.3%) randomly excluded

32 patients (25.6%) excluded
• 22 visited a non-participating general practitioner
• 8 excluded because of terminal disease status
• 2 already deceased

39 patients (41.9%) did not consent
• 22 unwilling to participate
• 1 deceased
• 6 could not be contacted by telephone
• 10 patients did not participate for other reasons

e.g. vacation, hospitalization etc.

9 saliva samples (16.7%) contained too little DNA 

Selected patients
n = 125 (24.7%)

Invited patients
n = 93 (74.4%)



invited patients, 54 patients (58.1%) provided informed consent. Twenty two patients 
(23.7%) of the 93 invited patients refused to participate, and 17 patients (18.3%) could 
not be included for other reasons (Figure 4.1). The mean age of the included patients 
was 71 years (range 60-91 years). Ethnicity was not routinely recorded but all patients 
were of European ancestry as observed during sample collection (by EV). There were 
more females (61.1%) than males (38.9%) in the cohort. The percentage of invited males 
and females that agreed to participate was 54.1% and 65.6% respectively (p = 0.29).

Genotyping
Nine saliva samples contained too little DNA for genotyping with the AmpliChip (< 50 
ng). The call rate after a single run was 93.3% for CYP2D6 (three no-calls) and 100% for 
CYP2C19. As expected the most frequent alleles were the CYP2D6*1 and CYP2D6*2 with 
a frequency of 0.35 and 0.21 respectively. The other functional allele, CYP2D6*35 was 
found with a prevalence of 0.10. The CYP2D6*4 allele was the most frequent zero activity 
allele followed by the CYP2D6*5 and CYP2D6*3 allele (0.17, 0.02, 0.01 respectively). 
The inactive alleles CYP2D6*41, CYP2D6*9, and CYP2D6*10 had a prevalence of 
0.06, 0.04 and 0.02 respectively. Most of the patients (54.8%) were predicted to have 
the EM phenotype, followed by IM (38.1%), UM (4.8%) and PM (2.4%). Prevalence 
of the CYP2C19*1 and CYP2C19*2 allele was 0.90 and 0.10 respectively. No carriers of 
CYP2C19*3 allele were found. One patient was homozygous for the CYP2C19*2 allele and 
therefore categorized as PM. Seven patients were heterozygous carriers of the CYP2C19*2 
allele and therefore categorized as IM. All other patients were considered EMs.

Medication history
The mean number of unique prescribed drugs per patient was 15.2 (95% CI 13.4-17.1) 
in the studied two year period with an average of 4.6 (95% CI 4.0-5.2) prescriptions per 
unique prescribed drug. The percentage of CYP2D6 substrates with a pharmacogenetic 
recommendation of the total number of prescribed drugs was not different between 
CYP2D6 non-EMs, and patients with a predicted CYP2D6 EM-phenotype with 4.70% 
and 4.86% respectively (p = 0.95). For CYP2C19 similar results were found with 
8.53% and 9.26% of the prescribed drugs having a pharmacogenetic recommendation 
for non-EMs and EMs respectively (p = 0.74). For patients with a predicted CYP2D6 or 
CYP2C19 non-EM phenotype detailed information about prescriptions for drugs for which 
a CYP2D6 or CYP2C19 pharmacogenetic recommendation was available are provided 
in Table 4.1. The CYP2D6 PM did not use any drugs with a CYP2D6 pharmacogenetic 
recommendation. Of the CYP2D6 UMs one patient did not use any of the drugs with a 
CYP2D6 pharmacogenetic recommendation and one patient used codeine 10 mg three 
times daily and paroxetine 20 mg once daily. The codeine was limited to a single prescription 
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only. The latter patient was also predicted to be a CYP2C19 IM and used clopidogrel 75 
mg once daily and omeprazole 40 mg twice daily. The reduced metabolic capacity for 
CYP2C19 and the drug-drug interaction between clopidogrel and omeprazole both lead to 
reduced formation of the active metabolite of clopidogrel and subsequent increased risk for 
therapeutic failure [14,15]. The CYP2D6 IMs were often prescribed tramadol or codeine, 
drugs that both are expected to have a reduced analgesic effect in CYP2D6 IMs. Metoprolol 
was also often prescribed but according to the guidelines of the Dutch Pharmacogenetics 
Working Group only requires a dose adjustment when used for heart failure. The CYP2C19 
IMs and PM were mostly prescribed proton pump inhibitors that do not require a dose 
adjustment since decreased metabolism results in increased therapeutic efficacy. 

Since we were interested in the potential impact of pharmacogenetics on primary care the 
medication history of all patients was further evaluated for drugs metabolized by other 
enzymes than CYP2D6 and CYP2C19. On average patients used 2.3 (15.9%, 95% CI 
1.9-2.7) drugs for which a recommendation of the Dutch Pharmacogenetics Working 
Group was available. The most frequently prescribed drugs with a pharmacogenetic 
recommendation were the proton pump inhibitors followed by phenprocoumon and 
metoprolol (Table 4.2). The number of drugs with a therapeutic recommendation did 
not differ between EMs and non-EMs with 2.2 versus 2.5 drugs for CYP2D6 EMs and 
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Table 4.2 Frequency of patients with a prescription for a drug with a recommendation in the Dutch 
Pharmacogenetics Working Group guidelines [8]

ATC Drug Patients (n)

A02BC01 Omeprazole 37
A02BC02 Pantoprazole 19
B01AA04 Phenprocoumon 14
C07AB02 Metoprolol 12
N02AX02 Tramadol 7
N06AB05 Paroxetine 5
N06AA09 Amitriptyline 5
R05DA04 Codeine 5
B01AC04 Clopidogrel 4
G03CA03 Estrogen 4
B01AA07 Acenocoumarol 2
N06AB06 Sertraline 2
N02AA05 Oxycodone 1
N06AA10 Nortriptyline 1
N06AA02 Imipramine 1
N06AB04 Citalopram 1
A02BC05 Esomeprazole 1
L04AX01 Azathioprine 1



non-EMs respectively (p = 0.48) and 2.5 versus 1.8 drugs for CYP2C19 EMs and non-
EMs respectively (p = 0.24).

DISCUSSION

The available evidence of genetic variants with clinical relevance regarding both efficacy 
and toxicity of drug therapy is accumulating rapidly. Elaborating on this information, 
multiple initiatives to develop clear cut therapeutic guidelines translating available evidence 
to therapeutic recommendations have been initiated [7,8,16]. However, there is little 
information regarding the potential impact of these recommendations in primary care. This 
study indicates that a majority of patients is willing to participate in a pharmacogenetic 
screening study and that pharmacy initiated pharmacogenetic screening is feasible in a 
primary care setting. 

Of the invited patients 58.1% was willing to participate in our study. This is a relatively 
large percentage given the fact that screening was not directly related to a clinical problem. 
For patients presenting with an adverse drug event or lack of therapeutic effect, willingness 
to participate in pharmacogenetic screening may be even higher. Age has also been reported 
to be of influence on the attitude towards pharmacogenetic testing, with younger patients 
being more likely to be optimistic about the usefulness of pharmacogenetic testing [17]. 
Therefore, willingness to participate may be higher in a population younger than 60 
years. On the other hand, we collected DNA samples during a visit at the patients’ home. 
Collection by mail may result in lower response rates.

There were more females than males included in our study although there was no 
statistically significant difference in the willingness to participate between the sexes. Sex 
differences concerning pharmacogenetic testing have been reported, with female patients 
being more likely to have concerns regarding the possible negative consequences of 
pharmacogenetic testing and being less willing to participate than males [17,18]. However, 
the finding that more females were included in this study might simply be explained by 
the fact that from 65 years onward the female to male ratio is starting to increase due to 
higher life expectancy of females.

The reported allele, genotype and phenotype frequencies are comparable to previously 
reported results obtained with the AmpliChip [19] or other methods such as PCR- RFLP 
in comparable populations of mainly white subjects [20,21]. These results indicate that 
no selection bias has occurred and that our patient cohort is representative.

Our study is limited in that we used a dichotomous outcome parameter to categorize 
drugs as either “with” or “without” a pharmacogenetic recommendation in the Dutch 
Pharmacogenetics Working Group guidelines. All drugs for which according to the 
guidelines a gene-drug interaction is present and an action is required were put in 
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a single category. This is an oversimplification because the guidelines provide many 
different types of recommendations, e.g. advice to adjust the dose, be extra alert to 
diminished therapeutic efficacy or increased risk for an ADE. Also, the recommendation 
depends on the metabolism of the drug, e.g. does the drug have active metabolites or 
is it a prodrug? For example, codeine is used for both pain and cough. The analgesic 
effect requires the formation of morphine by CYP2D6. Therefore, CYP2D6 UMs will 
require a dose reduction for an equal pain reduction compared to EMs whereas no dose 
reduction is required for the effect on cough. Dose adjustments were not investigated in 
this feasibility study. In addition, patients that used at least one drug that is metabolized 
by CYP2D6 or CYP2C19 were selected for inclusion. As a result, this study does not 
provide quantitative estimates of the incidence of the use of drugs with a pharmacogenetic 
recommendation for CYP2D6 or CYP2C19 in the Dutch pharmacogenetic guidelines. 
This study was not designed to and therefore does not provide direct evidence that the use 
of pharmacogenetic recommendations results in improved efficacy or decreased toxicity. 
That requires further study.

In our study we identified some potential pitfalls for pharmacogenetic screening in 
primary care as performed in this study. First, for a number of patients the production 
of the required 2 ml saliva was difficult. Since the included patients used at least five 
different medications this might be explained by the use of anticholinergic medication or 
other drugs that cause a dry mouth. Indeed five of the nine patients that failed to provide 
sufficient DNA used this type of medication. 

Secondly, the no-call rate for the AmpliChip was 6.7% for CYP2D6. This is relatively high 
when compared to results reported by other groups. In a study with 158 breast cancer 
patients treated with tamoxifen Borges et al. report a no-call rate of 0.7%. Serrano et al. 
report a no-call rate of 1.6% in a of 182 Italian breast cancer patients treated with tamoxifen. 
Both studies used DNA extracted from whole blood for genotyping. However, in a large 
study of 4,532 psychiatric patients the no-call rate for CYP2D6 with the AmpliChip was 
6.0% after three rounds of testing [22]. In that study it was first attempted to genotype 
patients with DNA extracted from buccal swabs or saliva specimens. When saliva/buccal 
DNA failed to provide a genotype, blood DNA was tested. The no-call rate after primary 
genotyping was as high as 13%. According to the authors, this was mainly the result of 
DNA collection with buccal swabs since this DNA tends to be contaminated by bacterial 
DNA [22]. DNA extracted from saliva has been reported to be of high quality and a suitable 
alternative to blood DNA [23]. In our laboratory we compared genotyping results of an 
additional set of 24 DNA samples for which both blood and saliva were available. The 
no-call rate for saliva was 4% higher compared to the no-call rate for blood samples with 
3/24 and 2/24 for saliva vs. blood respectively. Although these results are inconclusive and 
further investigation is required, the results may indicate that DNA extracted from saliva 
results in slightly less successful genotyping with the AmpliChip.
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According to the guidelines of the Dutch Pharmacogenetics Working Group approximately 
5-10% of the drugs prescribed to patients with aberrant CYP2D6 or CYP2C19 metabolism 
require an action such as a dose adjustment or extra awareness for an ADE [8]. In our study 
there was no difference in the percentage of prescribed CYP2D6 and CYP2C19 substrates 
between EMs and non-EMs of CYP2D6 or CYP2C19. This suggests that physicians have 
not empirically identified patients with aberrant metabolism e.g. by switching patient with 
ADE to medications that were not substrate for CYP2D6 or CYP2C19. From Table 4.1 
it can also be observed that patients with a non-EM phenotype were prescribed regular 
drug dosages. The current data do not allow an in depth analysis of switching behavior 
since this requires a complete medication history, including the first prescription, and not 
just a cross-sectional period of two years. 

Of the total number of prescribed medications 15.9% had a pharmacogenetic therapeutic 
recommendation in the Dutch guidelines. This number is comparable to a previously 
published estimate that 15-20% of prescribed drugs are metabolized by genetically 
polymorphic enzymes [24]. However, our results should be interpreted with extreme 
caution since one of the inclusion criteria was the use of at least one drug metabolized 
by CYP2D6 or CYP2C19. Therefore, the number of drugs with a pharmacogenetic 
recommendation may be overestimated in our data.

In conclusion, this study shows that pharmacy initiated pharmacogenetic screening is 
feasible for a primary care setting.
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ABSTRACT

Objectives: Genetic variation in genes encoding for drug-metabolizing enzymes, drug 
targets and signaling pathways have proven to contribute significantly to differences in 
drug response. Pharmacogenetics is now expanding from clinical pharmacological research 
to its application in clinical practice. Genotyping of patients in a routine clinical setting 
requires robust and reliable genotyping methods. 

Materials & methods: A survey of pharmacogenetic association studies for quality control 
samples published from 2005 to 2007 in the two most prominent pharmacogenetic 
journals, and development of plasmid-derived external controls. 

Results: Surveying journals revealed that only a minority of papers report the use of 
quality controls, and no standard procedures are applied. We established 12 plasmid-
derived external controls and applied these in pharmacogenetic testing. 

Conclusion: There still is a need for quality control materials, especially for application 
in pharmacogenetic testing. We hope that our initiative to create plasmid-derived controls 
will help to facilitate quality in the pharmacogenetic genotyping tests applied in research, 
as well as in routine patient care.
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INTRODUCTION

Pharmacogenetic testing prior to drug treatment is not a routine practice, and is largely 
confined to academic hospitals and specialized laboratories [1]. Several reasons for the 
relatively slow translation of pharmacogenetics to the clinic may be considered [2,3]. 
The most important reason is the lack of scientific evidence of improvement in patient 
care by pharmacogenetic testing. Also, the limited insight into cost consequences and 
cost–effectiveness of a pharmacogenetic strategy presents an obstacle for implementation. 
Other reasons include the limited number of studies reporting diagnostic test criteria 
such as sensitivity, specificity and predictive value of pharmacogenetic tests, the lack of 
guidelines that help clinicians to link the sometimes complex results of a pharmacogenetic 
test to therapeutic recommendations, and finally the limited acceptance of pharmacogenetic 
testing by clinicians. However, three US FDA approved pharmacogenomic tests have 
recently become available (Amplichip®, Roche [Basel, Switzerland] [101], Invader® 
UGT1A1 molecular assay, Third Wave Technologies [WI, USA] [102] and Verigene® 
system, Nanosphere [IL, USA] [103]). Moreover, the FDA has included pharmacogenetic 
test information to the labels of several older and new drugs such as 6-mercaptopurine, 
azathioprine, atomoxetine and irinotecan [4], and recently the first large, randomized, 
double-blind prospective study providing evidence that pharmacogenetics can improve 
patient care has been published [5]. These points illustrate that, though not as fast as 
once anticipated, pharmacogenetics has reached the clinic and implicates that more 
pharmacogenetic tests will be introduced in the near future. Clinical application of 
pharmacogenetics will result in adjustment of treatment for individual patients. For 
example, patients at a high risk for having an undesired drug reaction or therapeutic 
failure owing to polymorphisms in CYP2D6 might receive an adjusted dose or change 
of drug therapy. Therefore, pharmacogenetic tests for clinical use need to be even more 
robust and reliable than testing methods for investigational use. Since 1999, the Center 
for Disease Control and Prevention (CDC) has initiated studies to assess the status of 
quality assurance practices of laboratories performing genetic testing [6]. One of the 
core recommendations from these studies was to improve the availability of quality 
control materials with utmost urgency [6,7]. Several organizations, such as The National 
Academy of Clinical Biochemistry [104] and the FDA [105], provide guidelines or survey 
programs [106] for pharmacogenetic testing. One of the main aims of these organizations 
is to provide quality control material for genetic testing [7]. Indeed, Jarvis et al. inserted 
targeted sequences of the cystic fibrosis gene into a plasmid to use that as quality control 
in clinical molecular testing [8]. They propose to use this approach as quality control for 
genetic testing.

However, despite the existence of commercially available reference material (i.e., from 
Coriell [NJ, USA] [107]; Gentris [NC, USA] [108]; or GeT-RM cell lines collected 
by the CDC [109]) this does not seem to be widely used for pharmacogenetic testing.

5 plasmid-derived quality control samples



In order to evaluate the use of qualified controls for genotyping studies, we surveyed all 
association studies that were published in the two most prominent pharmacogenomics 
journals from 2005 to 2007, to assess how often and which controls are used as quality 
controls. We found that only a minority of studies reported the use of quality controls, and 
overall no standard procedures are used. We established plasmid controls for frequently 
determined alleles: TPMT*2,*3B/C; CYP2D6*3, *4, *6, *9, *41; CYP2C9*2, *3; 
CYP2C19*2, and *3 and argue for the use of plasmids as standard genotyping controls.

METHODS

Literature study 
In March 2008, we manually checked papers that have been published in the journals 
Pharmacogenomics and Pharmacogenetics and Genomics in 2005, 2006 and 2007. The 
materials and methods sections were searched for the use of genotyping quality controls. 
The retrieved papers in which samples were genotyped, were marked as using ‘no controls’, 
‘intern controls’ (own material) or ‘external controls’ (well-characterized material).

Materials 
Plasmid pGEM-Teasy was obtained from Promega (Leiden, the Netherlands). Primers 
and pyrosequence materials were obtained from Isogen (IJsselstein, the Netherlands). 
Sepharosebeads were bought from Amersham (Buckinghamshire, UK), Taqman® kits 
were bought from Applied Biosystems (Nieuwerkerk aan de IJssel, the Netherlands). PCR 
reagents and plasmid isolation kit was obtained from Qiagen (Breda, the Netherlands). 
Materials used to create the plasmid were obtained from previously collected and genotyped 
controls. Informed consent was obtained from all participants.

Generation & genotyping of plasmids 
In order to establish plasmid controls that can be used for several techniques, we choose 
primers approximately 500 nucleotides up and downstream of the SNP. See Table 5.1 for 
sizes of the different amplicons and the position of the SNP herein. All obtained plasmids 
were numbered and sequenced. All plasmids are created by ligation of a specific PCR 
product into pGEM-Teasy and transformation to competent cells. Primers are chosen 
approximately 500 nucleotides up- and down-stream of the specific SNP. Primer sequences 
are listed in Table 5.1. PCR conditions were as follows: activation of polymerase at 95°C 
for 15 min, 35 cycles of 95–55–72°C, each for 1 min, followed by a final extension of 
10 min at 72°C. Each PCR reaction consisted of 5 pmol of each primer, 6 µl hotstart 
mastermix, 10 ng of chromosomal DNA in a total volume of 12 µl. All products were 
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checked by agarose gel electrophoreses. Ligation reaction consisted of 4 µl PCR product, 
0.5 µl pGEM-Teasy, 0.5 µl ligase and 5 µl water. Incubation for at least 1 h at room 
temperature, prior to transformation to DH5α cells and plating at ampicillin, X-gal and 
isopropylthiogalactoside (IPTG) containing Luria Broth (LB) agar plates. After overnight 
incubation at 37°C, white colonies were picked, grown in LB broth and checked for 
insert. Next, plasmids were sequenced using conventional methods and genotype was 
confirmed by pyrosequencing (TPMT and CYP2D6), restriction analysis (CYP2C9) or 
Taqman analysis (CYP2C19) according to manufacturers’ protocol. Of note, heterozygous 
controls were obtained by mixing two plasmid controls.

RESULTS

Literature study 
In volumes 6 (1–8; 2005), volumes 7 (1–6; 2006) and volumes 8 (1–12; 2007) of 
Pharmacogenomics, and in volumes 15 (1–12; 2005), volumes 16 (1–12; 2006) and 
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Table 5.1 Primer names and sequences

Nr Name SNP Sequence 5’-3’ Size Position SNP

0363 TPMT*2 (G>C) forward TTCACTTTAGTACAGTAGCTAC 1150 525

0364 TPMT*2 reverse TCACCATGCTTCAGGAAGC

0365 TPMT*3B (G>A) forward ATTACACACTCGTCTGCACAC 1150 554

0366 TPMT*3B reverse GGTCTCAAACTCCTGGG

0367 TPMT*3C (A>G) forward ACAATTCAGAGTTCAGGAAATT 1150 570

0368 TPMT*3C reverse ATCACCTGAACCTGGGAGGC

0369 CYP2C19*2 (A>G) forward AAAAGCTTTGAAATCCCCAACTA 1090 552

0370 CYP2C19*2 reverse ATTCCTAACCAGCTGTCTCATC

0371 CYP2C19*3 (A>G) forward ACAGAAGTCATTTAACTGCTCTG 1092 558

0372 CYP2C19*3 reverse TTTGCATTTCTCCAATGACTTC

0373 CYP2C9*2 (C>T) forward GCCATCTGAGTGGCAAGTAT 1150 610

0374 CYP2C9*2 reverse AGAAACCCCAGAGAAGTCAG

0375 CYP2C9*3 (A>C) forward TCCATCCAGGTCAGTAACAG 1150 521

0376 CYP2C9*3 reverse AAGTTGACAGATTAACATCATC

0377 CYP2D6 (*6*4*3*9*41) forward CACCTGCACTAGGGAGGT 2330 *6: 519

0378 CYP2D6 reverse CCCTGCCTATACTCTGGAC *4: 658

*3: 1370

*9: 1434

*41: 1809

5 plasmid-derived quality control samples



volumes 17 (1–12; 2007) of Pharmacogenetics and Genomics, a total of 547 papers were 
published and 135 of these involved studies in which samples were genotyped. From 
these, 116 (86%) did not use or mention genotyping quality control, 12 (9%) did use 
quality controls but did not define them, in three studies (2%) a representative sample 
was sequenced as an additional control, and four studies (3%) used a defined control 
which was a previously sequenced sample (n = 2) or a reference panel from The Centre 
d’Etude du Polymorphism Humain (CEPH) (n = 2).

Sequencing plasmids 
The generated plasmids are shown in Table 5.2. The sequences of all plasmids are available 
on request.
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Table 5.2 Plasmids

Gene SNP Synonym rs nr Plasmid nr Genotype

CYP2D6a 1707Tdel *6 rs5030655 40,41,42 1707Tdel

G1846A *4 rs3892097 1 1846A

2549Adel *3 rs4986774 2 2549Adel

2613-2615AGAdel *9 rs5030656 3,4 2613-2615AGAdel

G2988A *41 rs28371725 5 2988A

CYP2C9 C3608T *2 rs1799853 6 3608C

7 3608T

A42614C *3 rs1057910 9,10,11 42614A

12,13 42614C

CYP2C19 G19154A *2 rs4244285 18 19154G

20 19154A

G17948A *3 rs4986893 22,23,24 17948G

25,26,27,28 17948A

TPMT G238C *2 rs1800462 29 238G

30,31,32 238C

TPMT G460A *3B rs1800460 33,34,35,36 460G

43 460A

A719G *3C rs1142345 39 719A

37,38 719G

aAs a reference for CYP2D6 SNPs a plasmid control was used with the wild-type nucleotides at designated 
positions (available on request). 



Genotyping plasmids 
The genotypes of all plasmids are listed in Table 5.2, and the result of a representative 
genotyping assay is shown in Figure 5.1. Results of the genotyping assays for the other 
plasmids are available on request.
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Figure 5.1 Example of validation report of TPMT*2. Plasmids with insert (see sequence) are 
genotyped by pyrosequencing. Heterozygous genotype is the result of mixture of both homozygous 
plasmids 29 and 30. Pyrosequence primer was reverse orientated, therefore derived genotype is 
from complementary strain and should be reversed.

5 plasmid-derived quality control samples

Tekst figuur 1 

Plasmid 29  
Entry: TPMT*2 rs1800462 
Position 1: C/C (passed) 

Plasmid 30  
Entry: TPMT*2 rs1800462 
Position 1: G/G (passed) 

Plasmid 29 + 30 
Entry: TPMT*2 rs1800462 
Position 1: G/C (passed) 

1 TTCACTTTAG TACAGTAGCT ACTAGCCACA TGTGGCTATT TAAATGTAAA 
    51 CTAAATAAAA TGTAAAATTC AGTTCCTCAA TCACGAGGAA CCAATGTGGC 
   101 TAATGCCTAT TTTATTGGAC AGCGACAGAT ATAGACATTT TCATCAATGC 
   151 AGAAAATTTT AATGGGCAGT GCTGATTTAG AGAAATTGAA AAGCATTTCC 
   201 TCTAGTCAAA TCAATTTGTA TTAAATCAGT ATTTTGTTAT ATATCTATAA 
   251 TTACATTCCA ACTGTTTCAT ACATAAAAAA AGATATATAT AATTTTCCAA 
   301 ATTTTTATTG TTTCCTGAAT TCATATAAGT CAGTTTTTCA GAATTTTTAT 
   351 AAGGTTTGAA AATAATATAG ATCTGCTTTC CTGCATGTTC TTTGAAACCC 
   401 TATGAACCTG AATTCATATA AATTCCTCTA AATTAAAGAA AATATATGCT 
   451 TACTCTAATA TAACCCTCTA TTTAGTCATT TGAAAACATA ATTTAAGTGT 
   501 AAATGTATGA TTTTATGCAG GTTTGCAGAC CGGGGACACA GTGTAGTTGG 
   551 TGTGGAAATC AGTGAACTTG GGATACAAGA ATTTTTTACA GAGCAGAATC 
   601 TTTCTTACTC AGAAGAACCA ATCACCGAAA TTCCTGGAAC CAAAGTWTTT 
   651 AAGGTTTGTT TTGATTTGGG TAAATAATTG TATCCATATC CCCACAAAAG 
   701 TTTTTCTCAG CGTGAGTATT ATGAGGATAC CATTCATGTG TCCGATGGTT 
   751 CCTATTTAGC ACGCAGATTC ACTGTAGATA CTATATAGTA TAAGAAGCAA 
   801 GGGCTTAAAA ATATAGGTGA TAGCTACCTA AATAGGTATA GACATATGTA 
   851 TATAAAAGCT GAGGTCAAAG CCTCTCTGTA CTCAAGCTTT TAGGCTTGTT 
   901 TTATTTTTAT TAACACGCAT TTTCTGAGAA CCCATCATGT GCCAGACCCT 
   951 GCCTAAGACA TTGAAGAGAT AAAGATAACA CAGCACACCC CCCTCACTCC 
  1001 CACCCCTAAA GAATCTCTTA GTTTAGGAGA GAAGAGAAAC AGGGACAAAG 
  1051 CTATTTGTAA TGCATGGAGC TAAGTGTAAA GACACAGGGT ATTAAGGGAA 
  1101 GAGATGGGAG TTACCTGCCC AACCTGGCGG TGCTTCCTGA AGCATGGTGA 

A

B



DISCUSSION

This study indicates that the use of external quality standards for genotyping assays is rare 
and not standardized. We found that in 2005, 2006 and 2007, 86% of papers in which 
samples were genotyped, and published in both the surveyed journals, did not use or 
define quality controls. We surveyed 20 other association studies, in randomly selected 
journals such as Rheumatism and Arthritis, Cancer and others, and found that one study 
mentioned the use of controls, but did not define them, and only one study was using 
CEPH DNA as controls [9]. Two studies declared that they sequenced a few samples to 
confirm the genotype. This indicates that the lack of using well-defined quality controls is 
a general observation in pharmacogenetic publications. In general, as a quality assurance, 
most studies duplicate 5–10% of the samples. This may serve as an internal control, 
for instance to exclude sample exchanging, but can not be regarded as an independent 
quality control sample to assure the validity of the pharmacogenetic test. We propose that 
independent external quality control samples are required to be included in (pharmaco)
genetic testing, as was previously suggested by Jarvis et al. [8].

By cloning the SNP of interest in a plasmid we created a set of plasmids that can be used 
for different pharmacogenetic assays. We cloned the most important genotypes, which are 
used for diagnostic testing in a plasmid and sequenced the insert. In addition, we tested 
these plasmids by pyrosequencing and/or Taqman analysis and found 100% concordance. 
However, we are aware that this is only the proof of principle and external validation by 
an independent laboratory is required.

At present we have cloned TPMT*2,*3B/C; CYP2D6*3, *4, *6, *9, *41; CYP2C9*2, 
*3; and CYP2C19*2, *3. In order to guarantee reliable genotyping results, independent 
of the assay or hospital, we argue for the use of these plasmids as external controls for 
genotyping testing. This selection of plasmids covers the most clinically relevant SNPs of 
TPMT, CYP2C9, CYP2C19 and CYP2D6 for pharmacogenetic testing in Caucasians at 
present. One should be aware that the exclusion of a SNP does not automatically identify 
a patient as wild-type for that gene, since not all mutations are covered in the assay.

The work described in this manuscript represents a new application for plasmid-
derived control and expands their use to the field of pharmacogenetics. This should 
enable pharmacogeneticists to use standard genotype controls for diagnostic testing. 
Pharmacogenetic testing for diagnostic reasons demands good-quality controls. In 
the USA, the CDC initiated studies to assess the status of quality assurance practices 
of laboratories performing genetic testing, and to develop recommendations for 
improvement in genetic testing [6,7]. Quality-control materials are essential for validating 
new tests, monitoring test performance and for detecting errors in the testing process; 
therefore, one of the issues with utmost urgency is, as acknowledged by the CDC, to 
improve the availability of quality-control materials. In concordance with laboratories 

108



in the Netherlands, quality control materials in the USA are obtained through a number 
of sources, such as commercially available cell lines or DNA (i.e., CEPH from Coriell 
[107]), previously tested patient materials and inter-laboratory exchanges. However, 
despite the availability of the desired appropriate quality control materials, these 
resources are still not adequate for all genetic testing, especially for pharmacogenetic 
testing. For example in Europe, Eurogentest (Leuven, Belgium) [110] has started its 
activities in 2005 (funded by the European Commission). The aims of Eurogentest are 
to harmonize and improve the overall quality for existing genetic services. The raising 
of Eurogentest was the direct result of the lack of structure and harmonization at the 
European level; diverse quality schemes and lack of reference systems. There are close 
collaborations with a European project to develop reference materials, the Certified 
Reference Materials for Molecular Genetic testing project (CRMGEN [111]). Despite 
the call of CRMGEN for samples with interesting mutations to be banked, their reference 
material database exists of the common disorders like cystic fibrosis, Factor V Leiden, 
Huntington disease and more (a reference material summary sheet can be downloaded 
at their website [111]) but did not yet contain pharmacogenetic-related genes. Thus, 
also in Europe there are initiatives to develop and make available reference materials for 
genetic tests, although they are restricted to disease-related mutations at present, and not 
for use in pharmacogenetic testing. From these initiatives we can conclude that there 
still is a need for quality-control materials, especially for application in pharmacogenetic 
testing. We hope that our initiative to create plasmid-derived controls will help to 
facilitate quality in the pharmacogenetic genotyping tests applied in research, as well 
as in routine patient care.

EXECUTIVE SUMMARY

•	 Pharmacogenetics is now expanding from clinical pharmacological research to its 
application in clinical practice.

•	 Clinical application of pharmacogenetics will result in adjustment of treatment of 
individual patients. Therefore, quality assurance for clinically applied test is even 
more important than for investigational tests. This can be achieved by the use of 
standardized quality controls.

•	 Screening of the materials and methods sections of papers published in 2005–2007 
in Pharmacogenomics or Pharmacogenetics and Genomics revealed that only in a 
minority of papers the genotyping of quality controls is reported, and no standard 
procedures are applied.

•	 We developed plasmid-derived external controls for TPMT*2, *3B/C; CYP2D6*3, *4, 
*6, *9, *41; CYP2C9*2, *3; and CYP2C19*2, *3, and applied these in clinical testing.
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ABSTRACT

Background: Several studies report difficulties in genotyping HNF1β  rs757210 using 
TaqMan probes. This is possibly due to the tri-allelic nature of this SNP. The aim of the 
present research was to develop alternative methods for genotyping rs757210. 

Material & Methods: Pyrosequencing and High Resolution Melting analysis of small 
amplicons (HRM) were developed and tested in panels of type 2 diabetes mellitus 
patients (n = 258) and healthy blood donors (n = 183). Results were confirmed by 
Sanger sequencing.

Results: With pyrosequencing, allele frequencies for the A, G and C allele of 0.42, 0.56, 
0.02, and 0.37, 0.62, 0.01 were established in the panel of type 2 diabetes mellitus 
patients and healthy blood donors, respectively. Similar results were found using the 
more routinely available HRM method. Results for pyrosequencing and HRM were in 
99.6% concordance. 

Conclusion: Pyrosequencing and HRM can be used to genotype the tri-allelic SNP 
rs757210 in the HNF1β gene and have the advantage over the commercially available 
TaqMan analysis that they can determine the rare C-allele variant.
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INTRODUCTION

Rs757210 is located in the gene that codes for hepatocyte nuclear factor 1β (HNF1β). 
HNF1β is a transcription factor and alterations in this gene are associated with congenital 
anomalies of the kidney and urinary tract, as well as an increased risk for developing type 
2 diabetes mellitus (T2DM) [1-12]. Rs757210 is an intronic A/G SNP with a reported 
minor allele frequency of 0.43 (HapMap-CEU, accessed 03-12-2010). Genotyping of 
rs757210 with commercially available TaqMan probes was found problematic in multiple 
studies. Stancakova et al. reported genotyping results of 20 risk alleles for T2DM using 
TaqMan probes in a large cohort of non-diabetic men. HNF1β rs757210 had to be 
excluded from the analyses because of failure to achieve Hardy-Weinberg equilibrium 
(HWE) [13]. In an investigation of the influence of T2DM risk alleles on the risk for 
the development of diabetes after renal transplantation, Ghisdal et al. reported a low call 
rate for rs757210 compared to a call rate of > 99% for the 10 other genotyped SNPs 
[14]. Again, rs757210 was the only SNP that deviated from HWE. Holmkvist et al. 
report that genotyping rs757210 with matrix-assisted laser desorption/ionization-time-
of-flight mass spectroscopy (MALDI-TOF) was successful in subjects from the Malmö 
Preventive Project whereas genotyping rs757210 with a TaqMan assay failed in subjects 
from the Botnia study. These authors noted that the SNP is tri-allelic what is considered 
the reason for problematic genotyping [15]. In our own experience, repeated genotyping 
of rs757210 with a TaqMan assay also failed to meet the pre-defined quality criteria of 
a call rate ≥ 95% in a recent study on the effect of T2DM associated risk alleles on the 
response to sulfonylureas in T2DM patients [16].

The finding that rs757210 is tri-allelic has been reported previously [1,15] but has received 
limited attention in the literature. Furthermore, the NCBI SNP database [http://www.
ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=757210, accessed 27-06-2011] also does 
not mention that rs757210 is tri-allelic. 

The aim of the present research was to develop alternative methods for genotyping 
rs757210. First we developed a pyrosequencing method, and since this methodology 
is not always available, also the feasibility of a high resolution melting method of small 
amplicons (HRM) to genotype rs757210 was investigated.

RESULTS

Pyrosequencing 
Pyrosequencing confirmed rs757210 as being tri-allelic. Using the given nucleotide 
dispensation order we identified the rare variant C allele, with an allele frequency of 0.02 
(95% confidence interval (CI) 0.01-0.03) in a cohort of 258 T2DM patients (Figure 6.1). 
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Allele frequencies for the A and G allele were 0.42 (95% CI 0.37-0.46) and 0.56 (95% 
CI 0.52-0.61), respectively. No homozygous carriers of the allele C were found. Results 
were in Hardy-Weinberg equilibrium (p = 0.30). To ascertain that the pyrosequencing 
results were valid, genotypes of the 8 patients carrying a copy of the variant C-allele and 13 
(5%) other randomly chosen samples were confirmed by conventional Sanger sequencing. 
Results were in 100% concordance (data not shown). Subsequently, genotype frequencies 
of 0.37 (95% CI 0.32-0.42), 0.62 (95% CI 0.56-0.67), and 0.01 (0.002-0.03) for the 
A, G, C allele respectively, were established in a cohort of 183 healthy blood donors. 
No statistically significant differences were observed between the TDM population and 
healthy blood donors for any of the alleles (Table 6.1). 

High Resolution Melting
Figure 6.2 depicts the typical melting curves of the 6 different HNF1β genotypes. Since 
no patient with the CC genotype was included, the CC melting curve was obtained from 
genomic plasmid control. HRM results were obtained for all of the 258 TDM patients. 
Results were in 99.6% concordance with the pyrosequencing results confirming the 
feasibility of this method.
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Figure 6.1 Pyrograms for HNF1β rs757210. Panels depict typical pyrograms obtained for HNF1β 
rs757210 for patients with AA genotype (panel A); AG genotype (panel B); GG genotype (panel C); 
CG genotype (panel D); AC genotype (panel E).



MATERIALS AND METHODS

DNA samples and isolation
A total of 258 DNA samples was obtained from a panel of T2DM patients. Panel 
ascertainment and sample collection have been described in detail previously [17]. Briefly, 
patients that had at least one prescription of the oral antidiabetic drugs tolbutamide, 
glibenclamide, glimepiride or gliclazide between January 1992 and June 2008, were at 
least 18 years of age and without insulin use at the time of first sulfonylurea prescription 
were included. Patients were recruited from four university affiliated primary care centers 
located in the vicinity of Leiden, The Netherlands. Patients received a written invitation 
by mail from their general practitioner. All patients provided informed consent and the 
study was approved by the institutional ethics committee. DNA was extracted from saliva 
specimens using Oragene kits (Westburg, Veenendaal, The Netherlands). To compare 
allele frequencies between T2DM patients and healthy volunteers an additional set of 183 
anonymized DNA samples was obtained from a panel of residual blood samples obtained 
from healthy blood donors (Sanquin, Leiden, The Netherlands). DNA was extracted 
with the Magnapure Compact instrument (Roche, Almere, The Netherlands) according 
to the manufacturers’ protocol. 

Pyrosequencing
First a pyrosequencing method was developed. Oligonucleotides were obtained from 
Eurogentec (Maastricht, The Netherlands). Primer sequences for polymerase chain 
reaction (PCR) and pyrosequence reactions are listed in Table 6.2. HotStar PCR mastermix 
and pyrosequencing reagents were obtained from Qiagen (Hilden, Germany) and PCR 
reactions were performed on the MyCycler (Biorad, Veenendaal, The Netherlands). The 
PCR reactions consisted of 10 ng DNA and 5 pmol of each primer in a total volume of 
12µl. Cycle conditions were, initial enzyme activation for 15 minutes at 95°C, followed by 
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Table 6.1 Allele frequencies of HNF1β rs757210 alleles in 258 type 2 diabetes mellitus patients and 
183 healthy blood donors determined with pyrosequencing

Type 2 diabetes mellitus patients (n = 258) Healthy blood donors (n = 183)

Allele Mean 95% CI Mean 95% CI p-value

A 0.42 0.37-0.46 0.37 0.32-0.42 0.19

G 0.56 0.52-0.61 0.62 0.56-0.67 0.17

C 0.02 0.01-0.03 0.01 0.002-0.03 0.82

95% CI, 95% confidence interval.
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Figure 6.2 Typical melting peaks for the 6 different HNF1β rs757210 genotypes obtained with High 
Resolution Melting of the small amplicons. Lines represent results for AA (•);GG (•);AG (•); CG (•); AC 
(•), genotypes respectively, obtained from type 2 diabetes mellitus patients or plasmid controls, and 
CC (•) genotype obtained from genomic plasmid control.

Panel A Mixture of samples from type 2 diabetes mellitus patients and genomic plasmid controls. 

Panel C Typical melting peaks obtained from genomic plasmid controls. 

Panel B Typical melting peaks obtained from type 2 diabetes mellitus patients. 



35 cycles of 95°C-55°C-72°C each for 30 seconds, and a final extension of 10 minutes at 
72°C. Samples were genotyped on the Pyrosequencer 96 MA (Biotage, Uppsala, Sweden). 
The pyrosequence reactions were performed according to the manufacturers’ protocol. 
Sequence to analyze was C/A/GTGTCCAGGCT and nucleotide dispensation order was 
TCAGCTGTCA. As a quality control 5% of the samples were genotyped in duplicate 
and no inconsistencies were observed. To ascertain that pyrosequencing results were 
valid, genotypes from more than 5% of patients were confirmed with Sanger sequencing, 
including all patients with the rare third allele.

High Resolution Melting of small amplicons
Secondly, the DNA samples from 258 T2DM patients were genotyped based on melting 
plots obtained by HRM of small amplicons. Results were compared to the results of 
pyrosequencing. Oligonucleotides used for small amplicon (+ 40 bp) genotyping were 
chosen adjacent to the SNP. Internal oligonucleotide calibrators were used to improve small 
amplicon genotyping. Oligonucleotide sequences are listed in Table 6.2. Amplification 
was performed in a 10 µl reaction volume in a HRM suitable 96-well plate (Thermofast 
® 96 Skirted, ABgene, Westburg, Leusden, The Netherlands). The reactions included 
HotStar PCR mastermix (Qiagen, Hilden, Germany), 5 pmol primers, 1x LC-Green® 
Plus (Bioke, Leiden, The Netherlands), 0.05 mM internal oligonucleotide Calibrator 
(IDT, Coralville, USA) and 20 ng DNA. Reactions were overlaid with mineral oil 
(Sigma-Aldrich, Zwijndrecht, The Netherlands). PCR conditions was as follows: 15 
minutes at 95°C, followed by 40 cycles of 95°C (10 sec)-55°C (20 sec)-72°C (30 sec) 
and a final extension of 5 minutes at 72°C followed by 1 minute at 95°C. Finally, the 
samples were cooled down to room temperature. High resolution melting was performed 
on the Lightscanner® (HR-96, Idaho Technology, Salt Lake City, USA). Melting was 
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Table 6.2 Primers for PCR and pyrosequencing of HNF1β rs757210

Name Purpose Modification Orientation Sequence 5’-3’

783 PCR forward CAGCTGCGAGAGTGTCTC

784 PCR 5’-Biotine reverse CTCCATGTGAGAAGTATAGC

785 Pyrosequencing forward AGCCTGCAGGCTGGGCTC

804 Plasmid forward TGAACACTGTTCAGCCTGC

805 Plasmid reverse TCTAAATGCAGTTACTTGAGG

806 HRM forward AAGCCTGACAGGCTGGGCTC

807 HRM reverse TTGGGGCAGGAGCCTGGAC



done from 50°C to 98°C with ramp rate of 0.1°C/sec. Melting curves were analyzed with 
Lightscanner® Software using Call-IT 2.0. Again, 5% of the samples were genotyped in 
duplicate and no inconsistencies were observed.

Genotype controls 
HRM requires the use of well characterised controls. Therefore plasmid controls with 
a 639 bp insert of the HNF1β gene, with the three variants of the SNP at position 
240 were created. Preparation has been described in detail previously [18]. In short, 
plasmid controls were made by ligation of HNF1β PCR product into pGEM-T easy 
vector (Promega, Leiden, The Netherlands) and plasmid DNA was isolated by standard 
procedures. Genotypes of the plasmid controls were determined by conventional 
sequencing on the ABI 3130 analyser using BigDye® Terminator v3.1 Cycle Sequencing 
Kit From Applied Biosystems (Applied Biosystem, Nieuwerkerk aan de IJssel, The 
Netherlands). 

Statistical analysis
The data were analyzed using the SPSS statistical package (version 17.0, SPSS, Chicago, 
IL, USA). Possible deviation from Hardy–Weinberg equilibrium was tested by the χ2 test. 
A p-value < 0.05 was considered a deviation. Difference in allele frequencies between 
patients with T2DM and healthy blood donors were tested with an unpaired Student’s 
t-test. A p-value < 0.05 was regarded as statistically significant.

DISCUSSION

In this study, we showed the feasibility and accuracy of pyrosequencing and HRM to 
genotype the tri-allelic rs757210 in the HNF1β gene. With the pyrosequencing method 
the presence of the rare variant C allele was confirmed and the allele frequencies were 
established in T2DM patients and healthy blood donors. To the best of our knowledge, 
this is the first study to report pyrosequencing and HRM as useful alternatives methods 
to TaqMan to genotype rs757210 with the latter method having the disadvantage to fail 
to determine the rare C-allele variant.

The presence of the tri-allelic nature of rs757210 was noted by Winckler et al. recently 
[1]. Holmkvist et al. established genotype frequencies in a Swedish population of 
2293 healthy individuals of whom 132 developed type 2 diabetes [15]. Reported allele 
frequencies were 0.36, 0.61, and 0.03 for the A, G, and C allele respectively. These 
results are comparable to the pyrosequencing results reported in this article. However, 
genotyping by Holmkvist et al. was performed by MALDI-TOF. These techniques are 
not standard for most laboratories. For this reason we extended our investigations to 
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test the feasibility of HRM of small amplicons to detect these variants. HRM of small 
amplicons is an attractive genotyping method because it is fast, relatively cheap (no 
labelled primers are required), no sample processing is required after amplification 
and most new generation real-time machines, present in many laboratories performing 
genotyping studies, are equipped with this possibility making it more accessible for 
other investigators [19,20]. 

The problems of genotyping rs757210 with the commercially available TaqMan assays 
probably originate from the fact that the assay was designed without knowledge of the 
tri-allelic nature of the SNP. Both pyrosequencing and HRM are more flexible concerning 
probe design and therefore better suited to genotype this SNP. 

A possible limitation of our study is that no homozygous carriers of the C allele were 
included. Therefore we were unable to test the suitability of the pyrosequencing and 
HRM method to genotype subjects with this genotype. Based on the frequency of the 
C allele, 0.04% of the population is expected to be homozygous carrier of the C allele 
and as a result very large cohorts are required to include them. Also, both methods were 
perfectly capable of identifying heterozygous carriers.

Carriers of the A allele of rs757210 have an increased risk to develop T2DM (OR 1.12 
p = 5*10-6) [1,13]. Models that use HNF1β genotype and other genetic markers can 
explain approximately 5-10% of T2DM heritability [21]. In our cohort no statistically 
significant difference in allele frequencies was observed between patients with T2DM and 
healthy blood donors. This is most likely due to the limited sample size of our study. Post-
hoc power analysis revealed that the power tot detect a statistically significant difference 
of 0.05 in allele frequency with an α of 0.05, was 48.8%. 

HNF1β is an important gene. Besides its contribution to T2DM risk prediction it 
might also provide opportunities for new therapeutic interventions and management 
i.e. pharmacogenetics. Currently there are insufficient data to support the latter, but the 
knowledge of the pharmacogenetics of oral anti-diabetic drugs has increased significantly in 
recent years [22-24]. Combined with the ever increasing incidence of T2DM worldwide, 
these developments might anticipate a greater clinical role for genotyping HNF1β and 
other genetic variants, and endorse the relevance of easily available genotyping methods 
such as our pyrosequencing or HRM method. 

Conclusion
In conclusion, we have shown that pyrosequencing and HRM can both be successfully 
applied to genotype the tri-allelic SNP rs757210 in the HNF1β gene.
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ABSTRACT

Aims: Sulfonylureas are mainly metabolized by the enzyme CYP2C9. Two allelic variants, 
CYP2C9*2 and CYP2C9*3, result in decreased metabolic capacity and have been 
associated with elevated sulfonylurea serum levels. However, most of the available data 
originates from pharmacokinetic analyses performed in healthy individuals. In this study, 
the effect of CYP2C9*2 and CYP2C9*3 alleles on prescribed dose and time-to-stable 
dose of sulfonylureas was investigated. 

Materials & methods: A group of 207 incident sulfonylurea users treated in four 
university affiliated primary care centers were identified. The effect of the CYP2C9*2 
and CYP2C9*3 alleles on prescribed dose and time-to-stable dose was then assessed. 

Results: No significant effects of the CYP2C9*2 and CYP2C9*3 alleles were found. 
However, a trend towards a lower stable glimepiride dose for carriers of the CYP2C9*3 
allele was observed. 

Conclusion: Genotyping for the CYP2C9*2 and CYP2C9*3 alleles currently appears 
to have no clinical implications for dosing of sulfonylureas in primary care patients with 
type 2 diabetes mellitus.
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INTRODUCTION

Sulfonylureas (SUs) are part of the mainstay of treatment of type 2 diabetes mellitus 
(T2DM) with oral antidiabetic drugs. They act by closing the pancreatic β-cell potassium 
channels, stimulating insulin secretion [1]. SUs are initiated at a low dose and titrated 
up to the optimal dose with intervals of 2–4 weeks until the glycemic target is achieved. 
Undertreatment will increase the risk of long-term microvascular and macrovascular 
complications, whereas overtreatment will lead to hypoglycemia, a well recognized adverse 
event that limits rapid dose escalation and is reported to be fatal in 1.4–10% of cases [2].

The enzyme CYP2C9 plays an important role in the pharmacokinetics of SUs. Two 
allelic variants, CYP2C9*2 and CYP2C9*3, result in decreased metabolic capacity. Both 
alleles are relatively common in Caucasians [101]. Most of the available data regarding 
the effect of CYP2C9 polymorphisms on SU treatment originate from pharmacokinetic 
analyses performed in healthy individuals [3–9]. Only four studies have assessed the 
effect of CYP2C9 polymorphisms in T2DM patients. Presence of the CYP2C9*3 
allele was associated with hypoglycemia [10,11]. Furthermore, the CYP2C9*3 allele is 
associated with the absence of tolbutamide dose escalation and carriers of the CYP2C9*2 
or CYP2C9*3 allele are less likely to fail on SU monotherapy [12,13]. However, none 
of these studies have assessed the effect of the CYP2C9 genotype on the time required 
for SU dose titration. Therefore, the aim of this study was to investigate the effect of 
CYP2C9*2 and CYP2C9*3 alleles on prescribed dose and time-to-stable dose of SUs in 
T2DM patients in a primary care setting.

MATERIALS AND METHODS

Study setting 
In The Netherlands patients are listed with one family physician (FP) who is consulted 
for all healthcare problems and indicates whether referral to secondary care is appropriate. 
The FP keeps an electronic patient record (EPR) that covers all medical information, 
including prescription data concerning the patient. T2DM patients are treated according 
to the T2DM guideline of the Dutch College of General Practitioners [14]. 

Study population
Patients were recruited from four university affiliated primary care centers located in 
the vicinity of Leiden, The Netherlands. Approximately 37,000 patients were enlisted. 
Retrospective clinical and prescription data were retrieved from the EPR. Patients 
were eligible for the study if they had received at least one prescription of tolbutamide, 
glibenclamide, glimepiride or gliclazide after 1992, were at least 18 years of age and 
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were without insulin use at the time of first SU prescription and had at least 270 days 
of follow-up registered in the EPR. To ascertain that a SU prescription was the first, a 
period of at least 6 months without SU prescriptions prior to that prescription recorded 
in the EPR was required.

Sample collection
Eligible patients received a written invitation by mail from their FP. After consent, a 
saliva collection kit (DNA Genotek, ON, Canada) was mailed. The ethics committee 
of the Leiden University Medical Center approved the study and informed consent was 
obtained from all participants. 

Genotyping
Genotyping of CYP2C9*2 (rs1799853) and CYP2C9*3 (rs1057910) was performed by a 
TaqMan® allelic discrimination assay (Applied Biosystems, CA, USA), independently and 
without knowledge of the patient data. Assays were used according to the manufacturer’s 
instructions and performed on 10 ng genomic DNA. Fluorescence detection and genotype 
calling were performed using an ABI Prism® 7750 Sequence Detection System (Applied 
Biosystems).

Definition of effect of CYP2C9*2 and CYP2C9*3 alleles on SU dose and 
time-to-stable dose
The primary end point of our study was the effect of the CYP2C9*2 and CYP2C9*3 
alleles on the stable SU dose. This was defined as the first period of 270 consecutive 
days or more without SU dose adjustment, or initiation or adjustment of therapy with 
another SUs, insulin or metformin. Dose was normalized to allow for the pooling of 
different SUs by dividing the prescribed daily dose with the standard daily dose used by 
the Dutch Healthcare Insurance Board (10 mg glibenclamide; 1000 mg tolbutamide; 
160 mg gliclazide; 2 mg glimepiride) [15]. The period of 270 days or more was chosen 
because prescriptions in The Netherlands are limited to a maximum of 90 days, and 270 
days or more equals three consecutive prescriptions.

The secondary end points of our study were the effect of CYP2C9*2 and CYP2C9*3 alleles 
on the time to the first stable SU dose, and the effect of the CYP2C9*2 and CYP2C9*3 
alleles on the number of dose adjustments during the first year of SU treatment. Finally, 
the effect of the CYP2C9*2 and CYP2C9*3 alleles on the change in fasting glucose levels 
was analyzed in a subset of the cohort with measurements available 90 days before and 
during stable dose.
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Statistical analysis
A difference in stable dose of 0.33 was considered to be clinically relevant. According to 
the T2DM guidelines of the Dutch College of General Practitioners this equals a difference 
in titration time of approximately 4 weeks. In the power analysis, we calculated that 120 
patients were to be included in order to test for statistical difference at a two-sided 5% 
significance level with at least 80% power.

The data were analyzed using the SPSS statistical package (version 16.0, SPSS, IL, USA). 
Possible deviation from Hardy–Weinberg equilibrium was tested by the χ2 test. Differences 
in stable SU dose, number of dose adjustments, and fasting glucose levels were analyzed 
with Kruskal–Wallis nonparametric tests and multivariate linear regression analysis. All 
demographic and clinical variables were tested univariately against stable SU dose. The 
variables with a p-value of less than 0.1 were selected for multivariate analysis. In addition, 
age, gender and genotype were included in the multivariate analysis regardless of their 
univariate p-value.

Associations between the CYP2C9*2 and CYP2C9*3 alleles and time-to-stable dose were 
evaluated using Kaplan–Meier survival analysis techniques.

RESULTS

Figure 7.1 depicts the study population. In total, 207 T2DM patients were available for 
data analysis. Table 7.1 presents the patient characteristics. The mean age at the time of 
first SU prescription was 61.5 years and 52.2% of the study population were men. Mean 
follow-up was 6.0 years, reflecting that most patients (74.4%) were included after 1st 
January 2000. The majority of patients started with tolbutamide (42.5%) or glimepiride 
(39.6%). Patients received an average of 26 SU prescriptions with a median duration 
of 90 days per prescription. In total, 30.4% of the patients used metformin when they 
started SU treatment. The population was in Hardy–Weinberg equilibrium (χ2 = 5.50; 
p = 0.14), indicating a low likelihood of selection bias or errors in genotyping.

Table 7.2 summarizes the effect of the CYP2C9*2 and CYP2C9*3 alleles on the SU dose. 
The mean starting dose was 0.62. As expected, no differences in mean starting dose were 
observed between the genotype groups. Of the 207 T2DM patients, 152 (73.4%) achieved 
stable dose. There were no statistically significant differences in the percentage of patients 
that achieved stable dose between carriers of the CYP2C9*2 (70.7%) and/or CYP2C9*3 
(77.5%) allele compared with homozygous carriers of the CYP2C9*1 (79.4%) allele (p 
= 0.48). For mean stable glimepiride dose, a trend towards a lower dose for carriers of 
a CYP2C9*3 allele in comparison to homozygous carriers of the CYP2C9*1 allele was 
observed (1.01 vs. 0.61; p = 0.07).
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To identify possible associations between demographic and clinical variables and stable 
SU dose, univariate regression analysis was performed. The SU starting dose and the 
use of metformin were associated with the mean stable SU dose (Table 7.3). To adjust 
for the effects of metformin and initial SU dose, a multivariate regression analysis with 
CYP2C9 genotype, age and sex was performed. In summary, the results remained similar 
to the data as presented in Table 7.2.

Since SUs are titrated to the optimal dose, an analysis of the time-to-stable SU dose 
and CYP2C9 genotype was performed. Median time-to-stable dose was 56, 50 and 48 
days for homozygous carriers of the CYP2C9*1 allele, carriers of the CYP2C9*2 allele 
or the CYP2C9*3 allele, respectively. The Kaplan–Meier curves for time-to-stable dose 
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Figure 7.1 Flowchart of the study population. FP, family physician; SU, sulfonylurea.
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demonstrated no significant differences between carriers of the CYP2C9*1, CYP2C9*2 or 
CYP2C9*3 alleles (p = 0.58) (Figure 7.2). For all CYP2C9 genotypes, approximately 35% 
of the patients achieved stability without any dose adjustment from the first prescription. 
The mean number of dose adjustments in the first year of SU therapy was 1.02 (range: 
0–6) for all patients, and did not differ between the genotype groups with 0.95 dose 
adjustments for homozygous carriers of the CYP2C9*1 allele, 1.22 dose adjustments for 
carriers of the CYP2C9*2 allele and 1.06 dose adjustments for carriers of the CYP2C9*3 
allele (p = 0.24).

In addition, differences in fasting glucose levels were assessed for the CYP2C9 genotypes. 
For 75 patients (49.3%), fasting glucose level measurements were available in the period 
90 days prior to the first SU prescription and during stable SU dose. Fasting glucose 
levels decreased with 2.8, 2.6 and 2.4 mmol/l for homozygous carriers of the CYP2C9*1 
allele, carriers of the CYP2C9*2 allele, and carriers of the CYP2C9*3 allele, respectively 
(p = 0.89).

1337 CYP2C9 PolYmorPhisms and sU resPonse

Table 7.3 Analysis of multiple factors relevant for stable sulfonylurea dose in type 2 diabetes 
mellitus patients in primary care

Factor Multivariate Univariate

Difference 
in changea

95% CI p-value Difference 
in change 

95% CI p-value

Constant 0.912 0.307–1.516 0.003

Male vs. female 
gender

-0.190 -0.355– -0.025 0.024 -0.15 -0.32–0.02 0.083

The effect of age 
(per year increase)

-0.005 -0.013–0.004 0.280 -0.005 -0.014–0.003 0.218

Metformin use 
vs. no metformin 
use at stable 
sulfonylurea dose

0.142 -0.038–0.321 0.120 0.177 -0.01–0.361 0.060

Carrier of CYP2C9*2 
allele vs. wild-type

0.001 -0.209–0.211 0.992 0.041 -0.171–0.254 0.701

Carrier of CYP2C9*3 
allele vs. wild-type

-0.088 -0.307–0.130 0.425 -0.129 -0.352–0.094 0.254

First sulfonylurea 
dose

0.583 0.266–0.899 0.000 0.569 0.253–0.885 0.000

aThis considers the change in stable sulfonylurea dose (expressed as the prescribed daily dose divided by 
the standard daily dose used by the Dutch Healthcare Insurance Board).



DISCUSSION

In this retrospective study of 207 primary care patients with T2DM, no statistically 
significant effect of the CYP2C9*2 and CYP2C9*3 alleles on the prescribed stable dose 
or time-to-stable dose of SUs was found. However, a trend towards a lower stable dose 
for carriers of the CYP2C9*3 allele was observed, in the subgroup of patients treated 
with glimepiride. Since no difference in stable dose or time-to-stable dose between 
the different genotypes was observed, we hypothesized that carriers of the CYP2C9*2 
and CYP2C9*3 alleles might have a larger decrease in fasting glucose levels. There was 
however, no significant difference in decrease in fasting glucose levels during stable dose 
between carriers of the CYP2C9*2 or CYP2C9*3 alleles and homozygous carriers of the 
CYP2C9*1 allele in the relatively small subgroup of patients with fasting glucose level 
measurements available.
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Figure 7.2 Kaplan-Meier survival plots of time to the first stable dose of sulfonylurea in type 2 
diabetes mellitus patients in primary care stratified by CYP2C9 genotype.
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Our study has some limitations. In general, observational studies may potentially be 
affected by bias. The FPs were unaware of the genotype, thereby excluding this information 
bias. In our study, no data was available for patients who had switched to another family 
practice or who died in the period after 1992. As a consequence, we cannot completely 
rule out the possibility of selection bias. However, our population was in Hardy–Weinberg 
equilibrium, suggesting that no selection bias on genotype occurred. Moreover, a 
nonresponse analysis on age, gender, type of first prescribed SU, metformin use and FP 
revealed no differences between participants and patients who did not consent to our 
study, indicating that no selection bias on any of these parameters occurred.

The analysis of time-to-stable dose assumes that FPs adhere to the T2DM guideline of 
the Dutch College of General Practitioners. In general, adherence to guidelines by Dutch 
FPs is good [16]. If FPs do not adhere to the guideline, they can initiate treatment with a 
different dose or follow different titration intervals. In both situations this could introduce 
an error to our analyses of time-to-stable dose. However, there is no reason to assume 
that this error is not divided randomly over the different genotype groups. Therefore it 
does not affect the comparison of time-to-stable dose between the genotype groups but 
can only affect the absolute results of the time-to-stable dose analyses.

The CYP2C9 genotype is known to have a significant effect on the pharmacokinetics of 
SUs in healthy volunteers [3–7,9]. Less information is available regarding the effect of the 
CYP2C9 genotype in T2DM patients. Two retrospective studies assessed the effect of the 
CYP2C9*2 and CYP2C9*3 alleles on treatment outcomes with SUs. Becker et al. found 
that carriers of the CYP2C9*3 allele treated with tolbutamide received significantly lower 
doses on the arbitrarily chosen 10th prescription compared with patients with the wild-type 
genotype, No such effect was found for any of the other assessed SUs [12]. In addition, 
Zhou et al. observed a trend towards a 5% dose increase for patients with none or one 
copy versus no dose increase in carriers of two copies of the CYP2C9*2 or CYP2C9*3 
alleles in patients who were mainly treated with gliclazide monotherapy [13]. We report 
similar findings towards a lower stable SU dose for patients with a CYP2C9*3 allele for 
a population of whom approximately 40% of the patients is treated with glimepiride. 
These findings indicate that the CYP2C9*3 allele influences the treatment of T2DM 
patients with SUs. However, although inconclusive, our study suggests that the effect is 
probably small and we therefore feel that there is currently insufficient evidence to support 
the genotyping of CYP2C9 prior to prescribing SUs to an individual.

The pathogenesis of T2DM is not yet fully understood. Current theories include defects 
in insulin-mediated glucose uptake in muscle, dysregulation of the adipocyte as a secretory 
organ, dysfunction of the pancreatic β-cell and impaired insulin action in the liver [17]. 
Several studies including linkage analysis, candidate gene approaches and genome-wide 
association studies have identified 20 common genetic variants associated with T2DM 
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reflecting the disease’s multifaceted genetic background [18]. Probably as a consequence 
of this heterogeneity, interpatient variability of drug response remains largely unexplained. 
It is possible that the multifaceted genetic background of T2DM surpasses the effect 
of the CYP2C9 genotype on SU response. Therefore, there may be subpopulations of 
T2DM patients in which the effect of the CYP2C9*2 and CYP2C9*3 alleles may be of 
clinical relevance. 

Conclusion
In conclusion, no association between the CYP2C9*2 or CYP2C9*3 alleles and time-to-
stable dose was found in T2DM patients in primary care, whereas carriers of a CYP2C9*3 
allele showed a trend towards a lower stable glimepiride dose. However, there are many 
other factors influencing SU treatment outcome. Therefore, the effect of the CYP2C9*2 
and CYP2C9*3 alleles currently has no clinical implications to dosing of SUs in T2DM 
patients.
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ABSTRACT

Objective: After the identification of type 2 diabetes mellitus (T2DM) risk alleles from 
genome-wide association studies, models have been developed to identify subjects at high 
risk to develop T2DM. We hypothesize that a panel of 20 repeatedly associated T2DM 
risk alleles influences response to sulfonylureas (SUs).

Methods: Two hundred and seven incident SU (tolbutamide, glibenclamide, glimepiride, 
gliclazide) users with T2DM were recruited from four primary care centers. A genetic 
risk score per patient was calculated based on the number of risk-alleles. With this score, 
patients were categorized into three predefined genetic risk groups. The effect of the 
genetic risk group on the achievement of stable SU dose, prescribed stable SU dose, and 
time to stable SU dose was analyzed.

Results: Carriers of more than 17 T2DM risk alleles had a 1.7-fold reduced likelihood 
to achieve stable SU dose (p = 0.044). No significant effect of the number of T2DM 
risk alleles on prescribed dose was found. Carriers of more than 17 T2DM risk alleles 
showed a marginally significant increased time to stable dose (hazard ratio: 0.81; 95% 
confidence interval 0.75–1.01, p = 0.058).

Conclusion: T2DM risk alleles are associated with response to SUs in primary care 
T2DM patients. This suggests that individualization of T2DM treatment according to 
genetic profile may be an opportunity to improve clinical outcome.
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INTRODUCTION

The incidence of type 2 diabetes mellitus (T2DM) is increasing at an alarming rate. 
Worldwide, the number of patients is expected to increase from 171 million in 2000 to 
366 million in 2030 [1]. The therapeutic goal of treating T2DM patients is to prevent 
or delay long-term microvascular and macrovascular complications by achieving the best 
possible glycemic control.

Sulfonylureas (SUs) are part of the mainstay of treatment with oral antidiabetic drugs. 
Tolbutamide, glibenclamide (glyburide), gliclazide, and glimepiride are the most 
commonly used representatives of this group. These drugs act by closing the pancreatic 
β-cell potassium channels, stimulating insulin secretion [2]. SUs are initiated at a low 
dose and escalated to the optimal dose with intervals of 2–4 weeks until the glycemic 
target (HbA1c < 7%) is achieved. However, there is significant interpatient variability 
in response to SUs, with approximately 10–20% of the patients experiencing primary 
failure (decrease in fasting glucose level < 1.1 mmol/l) and a similar percentage having 
an above average response (mean reduction HbA1c 1.5–2%) [3–5].

With the completion of multiple genome-wide association studies (GWAS) the knowledge 
of the complex genetic background of T2DM has increased. These studies report 
associations between genetic variants and the risk for the development of T2DM. A panel 
of 20 T2DM associated single nucleotide polymorphisms (SNPs) comprising 19 genes 
out of the GWAS data appears, that has been replicated in several studies [6–17]. These 
SNPs are used in models with the ultimate goal to identify subjects at high risk to develop 
T2DM. Although marginally, the addition of genetic information to clinical T2DM risk 
factors increased the ability to predict future diabetes [18–24].

From the panel of 20 T2DM risk-associated SNPs, the majority is involved in the process 
of insulin release from the pancreatic β-cells (Table 8.1). As SUs act by stimulating insulin 
secretion, response to SU treatment may also be influenced by these genetic variants. 
Indeed, two of the 19 T2DM risk-associated genes, encoding KCNJ11 and TCF7L2, have 
been previously correlated with variation in SU response [4]. Furthermore, in subjects 
analyzed for genetic variation in the genes TCF7L2, PPARG, FTO, KCNJ11, NOTCH2, 
WFS1, CDKAL1, IGF2BP2, SLC30A8, JAZF1, HHEX, it was reported that subjects 
with 12 or more T2DM risk alleles did not increase their insulin secretion to compensate 
for the increased insulin resistance as efficiently as those with 8 or less risk alleles [19]. 
Therefore, patients with a greater number of risk alleles may show less response to SU 
treatment and individualization of T2DM treatment according to genetic profile may be 
an opportunity to improve clinical outcome.

We hypothesize that the genetic variants associated with the development of T2DM are also 
associated with response to SU treatment. Therefore, we investigated the effect of T2DM 
risk alleles on the response to SU treatment in T2DM patients in a primary care setting.

8 genetic risk factors for t2DM anD sU response
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Table 8.1 Selected single nucleotide polymorphisms associated with type 2 diabetes mellitus

Gene rs number Chromosome Risk 
allele

Year Mechanism References

NOTCH2 rs10923931 1 T 2008 Unknown [9,19-24]

THADA rs7578597 2 T 2008 Unknown [9,19-24]

IGF2BP2 rs4402960 3 T 2007 β-cell 
dysfunction

[8,9,11-13,18-24]

PPARG rs1801282 3 C 2000 Insulin 
sensitivity

[8,9,11-13,19-24]

ADAMTS9 rs4607103 3 C 2008 Unknown [9,19-24]

WFS1 rs10010131 4 G 2007 Unknown [9,13,18-20,22,24]

CDKAL1 rs7754840 6 C 2007 β-cell 
dysfunction

[7-9,11-13,18-24]

JAZF1 rs864745 7 A 2008 β-cell 
dysfunction

[9,19-24]

SLC30A8 rs13266634 8 C 2007 β-cell 
dysfunction

[7-9,11-14,18-24]

CDKN2A/CDKN2B rs10811661 9 T 2007 β-cell 
dysfunction

[8,9,11-13,18-24]

rs564398 9 A [8,18,20,24]

TCF7L2 rs7903146 10 T 2006 β-cell 
dysfunction

[7-9,11-14,18-24]

HHEX/IDE rs1111875 10 G 2007 β-cell 
dysfunction

[7-9,11-14,18-24]

CDC123/CAMK1D rs12779790 10 G 2008 Unknown [9,19-24]

KCNJ11 rs5219 11 T 2003 β-cell 
dysfunction

[8,9,11-13,19-24]

KCNQ1 rs2237892 11 C 2008 β-cell 
dysfunction

[10,17,24]

MTNR1B rs10830963 11 G 2009 Disturbance 
of circadian 
rhythm

[6,16,24]

TSPAN8/LGR5 rs7961581 12 C 2008 Unknown [9,19-24]

FTO rs8050136 16 A 2007 Obesity [8,9,11,13,19-22,24]

HNF-1β (TCF2) rs757210 17 A 2007 β-cell 
dysfunction

[15,20,21,24]



MATERIALS AND METHODS

Study setting 
In the Netherlands the general practitioner (GP) plays a central role in the provision of 
health care. Patients are listed with one GP who is consulted for all healthcare problems 
and indicates whether a referral to secondary care is appropriate. Typically, the GP keeps an 
electronic patient record (EPR) that covers all medical information concerning the patient 
including prescription information and reports from laboratories and specialists. GP’s 
have adopted the practice guideline T2DM of the Dutch College of General Practitioners 
[25]. Tailoring the treatment to the individual patient is an important part of the therapy. 

Cohort ascertainment
A total of 207 T2DM patients from four university-affiliated primary care centers (17 
GPs) located in the vicinity of Leiden, the Netherlands were recruited. The ascertainment 
of the cohort has been described in detail previously [26]. In brief, patients that had at 
least one prescription of tolbutamide, glibenclamide, glimepiride, or gliclazide between 
January 1992 and June 2008, were at least 18 years of age and without insulin use at 
the time of first SU prescription, and had at least 270 days of follow-up registered in the 
EPR, were included. Ethnicity was not routinely recorded in the EPR but most patients 
in the Netherlands are from European ancestry. Patients received a written invitation by 
mail from their GP. Of the 472 invited patients, 222 (47%) agreed to participate (see 
Figure 8.1). After consent, a saliva collection kit (DNA Genotek Inc., Ottawa, Ontario, 
Canada) was mailed. The study was approved by the ethics committee of the Leiden 
University Medical Center.

Genotyping
We selected a panel of 20 SNPs in 19 genes that have been associated with the development 
of T2DM in at least three GWAS and were consistently replicated in later studies aimed 
at estimating the predictive value of these SNPs on the development of T2DM [6–24]. 
The selected SNPs are listed in Table 8.1. DNA was isolated from the saliva according 
to the protocol provided by the manufacturer (DNA Genotek Inc.). Taqman genotyping 
assays for 19 SNPs were designed by and obtained from Applied Biosystems (Applied 
Biosystems, Nieuwerkerk aan den IJssel, the Netherlands). SNP rs757210 could not be 
designed as a Taqman genotyping assay and therefore was genotyped by pyrosequencing 
(Isogen Life Science, Maarssen, the Netherlands). Taqman genotyping assays were 
performed on the LightCycler 480 II Real-Time PCR System (Roche Diagnostics, 
Almere, the Netherlands) according to standard procedures. Genotyping was performed 
without knowledge of the clinical data. We obtained an average genotyping success rate 
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of more than 95%. As a quality control 5% of the samples were genotyped in duplicate 
for all assays and no inconsistencies were observed. Five patients were excluded for quality 
reasons (genotype call rate ≥ 80%). All SNPs were in Hardy–Weinberg equilibrium (p 
> 0.05), with the exception of rs2237892 (p = 0.011). This is most probably ascribed 
to the very low minor allele frequency of rs2237892, which was 0.025 in our study and 
comparable with previously reported minor allele frequencies of 0.056–0.075 (http://
www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=2237892) accessed 5 October 
2010. 

Definition of effect
For each patient a cumulative genetic risk score was calculated based on the number of 
present risk alleles. Each person could have 0, 1, or 2 of them for each SNP, resulting in a 
theoretical individual cumulative risk score between 0 and 40. This approach assumes an 
equal and additive effect of each allele on the risk of T2DM. To allow categorization of 
patients, we predefined three genetic risk groups on the basis of the frequency distribution 
of risk alleles. We defined a low genetic risk group and a high genetic risk group as the 
quintiles with the lowest and highest number of T2DM risk alleles, respectively. All other 
patients (three quintiles) were categorized in the intermediate risk group.

144

Figure 8.1 Flowchart of the study population. 



The primary endpoint of our study is the effect of the genetic risk group on achieving 
stable SU dose. Stable SU dose was defined as the first period of more than or equal 
to 270 consecutive days without SU dose adjustment, or initiation or adjustment of 
therapy with other SUs, insulin or metformin. If therapy with insulin was initiated 
patients were censored. The period of more than or equal to 270 days was chosen because 
prescriptions in the Netherlands are limited to a maximum of 90 days and more than or 
equal to 270 days equals three consecutive prescriptions. Stable SU dose was calculated 
as normalized dose by dividing the prescribed daily dose with the standard daily dose 
used by the Pharmaceutical Aid Committee of the Dutch Health Care Insurance Board 
(10 mg glibenclamide; 1,000 mg tolbutamide; 160 mg gliclazide; 2 mg glimepiride). 
Secondary endpoints of our study are the stable SU dose and the time required for dose 
escalation (time to stable SU dose).

Statistical analysis

The data were analyzed using the SPSS statistical package (version 16.0, SPSS, Chicago, 
Illinois, USA). Deviation from Hardy–Weinberg equilibrium was tested by the χ2 test. 
Achievement of stable SU dose was analyzed with the χ2 test and multivariate logistic 
regression analysis. Differences in mean stable SU dose between genetic risk groups 
were analyzed using the Kruskal–Wallis test and multivariate linear regression analysis. 
Associations between the genetic risk groups and time to stable SU dose were evaluated 
using the Cox survival regression analysis. Before multivariate analysis, all demographic 
and clinical variables were tested univariately against the selected outcome. Variables with 
a p-value of 0.1 or less, age, and sex were selected for multivariate analysis. All multivariate 
analyses were corrected for age and sex.

RESULTS

Data from 202 T2DM patients were available. The range of the calculated genetic risk 
score was 10–26. The quintiles with the lowest (≤ 17) and highest (≥ 21) number of 
T2DM risk alleles consisted of 59 patients and 62 patients, respectively (Figure 8.1). Table 
8.2 presents the characteristics of the 202 patients. There were no differences between 
the different genetic risk groups observed in any of the patient characteristics except for 
age. Patients in the high-risk group were younger at the time of first SU prescription 
compared with patients in the low-risk and intermediate-risk group, respectively (p 
= 0.001). Mean follow-up was 5.9 years, reflecting that most patients (75.2%) were 
included after 2000. Our patients received an average of 26 SU prescriptions during 
the follow-up period with a median duration of 90 days per prescription.

The results of achieving stable SU dose and the T2DM genetic risk groups are presented 
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in Figure 8.3. Of the patients, 148 (73.3%) achieved stable SU dose. The percentage 
of patients achieving stable SU dose was lower in the high-risk group compared with 
the intermediate-risk and low-risk groups (61.3 vs. 74.1 vs. 84.7%, respectively, p = 
0.004). In the multivariate logistic regression analysis age at first SU prescription, the 
concomitant use of metformin, and the T2DM genetic risk group were independently 
significantly associated with achieving stable SU dose (Table 8.3). The regression model 
explained 28.7% of the variation in achievement of stable dose. Data show that patients 
with a higher T2DM risk had a 1.7-fold reduced likelihood to achieve stable SU dose 
(p = 0.044).

1478 genetic risk factors for t2DM anD sU response

Figure 8.2 Distribution of type 2 diabetes mellitus risk alleles and subsequent classification in 
risk groups. Patients were categorized in three genetic risk groups. Low-risk group; quintile with 
the lowest (≤ 17) number of type 2 diabetes mellitus risk alleles. High-risk group; quintile with the 
highest (≥ 21) number of type 2 diabetes mellitus risk alleles. Remaining patients were categorized 
in the intermediate-risk group (18-20 type 2 diabetes mellitus risk alleles).



Next, the mean SU starting dose was analyzed. The mean SU starting dose for all patients 
was 0.61 (95% CI 0.58–0.65). As expected, no differences in SU starting dose were 
found between the different genetic risk groups. No differences in mean stable SU dose 
were found between the different T2DM genetic risk groups [low-risk group 0.90, 95% 
CI 0.75–1.05 vs. intermediate-risk group 0.84, 95% CI 0.74–0.94 vs. high-risk group 
0.95, 95% CI 0.72–1.17, p = 0.97]. In multivariate linear regression, only the effect 
of the SU starting dose and sex were independently significant associated with stable 
SU dose, whereas the genetic risk group for T2DM was not associated with stable SU  
dose.

As SUs are escalated to the optimal dose, the effect of the genetic risk group on time to 
stable SU dose was evaluated. Carriers of the high-risk genetic profile (≥ 21 risk alleles) 
had a two-fold and five-fold longer time to stable dose compared with patients with the 
intermediate risk (18–20 risk alleles) and low-risk profile (≤ 17 risk alleles) (median time 
to stable SU dose 160 vs. 59 vs. 31 days, respectively, p = 0.007). In a multivariate Cox 
regression analysis including the factors such as age on first SU prescription, sex, and 
the concomitant use of metformin, patients with a higher number of risk alleles showed 
a marginally significant increased time to stable SU dose (hazard ratio: 0.81; 95% CI 
0.75–1.01, p = 0.058) (Figure 8.4).

148

Figure 8.3 Percentage of type 2 diabetes mellitus patients that reached stable sulfonylurea dose. 
Low-risk group; patients with 17 or less risk alleles. Intermediate-risk group: patients with 18-20 risk 
alleles. High-risk group; patients with at least 21 risk alleles.
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DISCUSSION

To the best of our knowledge, this is the first study exploring the relationship between 
response to treatment with SUs and T2DM risk alleles. In this retrospective cohort study 
of 202 T2DM patients, patients with more than 17 risk alleles have a 1.7-fold reduced 
likelihood to achieve a stable SU dose. These patients also show a marginally significant 
increased time to achieve stable SU dose compared with carriers of less than 17 risk alleles. 
However, the number of T2DM risk alleles does not seem to affect the average stable SU 
dose used. Therefore, our data suggest that patients with a higher number of T2DM risk 
alleles have a decreased and delayed response to SU treatment.

Drug response is determined by both pharmacokinetics and pharmacodynamics of a drug. 
Several groups have investigated genetic variation in genes affecting the pharmacokinetics 
of SU response. Two variants in CYP2C9, CYP2C9*2 and CYP2C9*3, have been 
associated with a decreased SU metabolism in healthy volunteers [27]. Five studies assessed 
the effect of these polymorphisms in T2DM patients. Presence of the CYP2C9*3 allele 
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Figure 8.4 Multivariate Cox regression analysis plots of time to the first stable dose of sulfonylureas 
in type 2 diabetes mellitus patients in primary care. 
Low-risk group (   ); patients with 17 or less risk alleles. Intermediate-risk group (- - - -); patients 
with 18-20 risk alleles. High-risk group (– – –); patients with at least 21 risk alleles.



was associated with an increased risk for hypoglycemia [28,29]. Tolbutamide users with 
a CYP2C9*2 or CYP2C9*3 allele have been shown to have a significantly lower dose 
escalation compared with homozygous carriers of the CYP2C9*1 allele [30]. In a large 
cohort of 1,073 incident SU users with T2DM Zhou et al. [31] found that carriers of the 
CYP2C9*2 or CYP2C9*3 allele were less likely to fail on SU monotherapy. In a recent 
study we found no statistically significant effect of the CYP2C9*2 or CYP2C9*3 allele 
on the prescribed stable dose [26].

Variation in genes associated with the pharmacodynamics of SUs in T2DM patients has 
received considerably less attention. Genetic variants associated with SU response have 
been described for some monogenic forms of diabetes [32–34]. For polygenic T2DM, 
variants in the genes KCNJ11, TCF7L2, ABCC8, IRS1, and NOS1AP have been associated 
with SU response [35–38]. Of these, only the genes KCNJ11 and TCF7L2 were reported 
to contribute to an increased risk for T2DM in published GWAS. KCNJ11 encodes the 
Kir6.2 subunit, one of the two subunits that form the ATP-sensitive potassium channel 
involved in insulin release. Carriership of the E23K variant of the KCNJ11 gene has been 
associated with failure to SU therapy, but there are some conflicting results [39–41]. 
Variants in the TCF7L2 gene have also been associated with SU response. In a study 
with 901 incident SU users, patients with the TT genotype for rs7903146 were 1.73 
times less likely to be treated to lower a target HbA1c of 7% in the first 3–12 months of 
treatment compared with patients with the CC genotype [42]. For a variant in linkage 
with rs7903146 an even larger effect (odds ratio = 1.95) was reported. In this study, none 
of the individual risk alleles were significantly associated with the achievement of stable 
dose (see Table 8.4), risk allele frequency and association with achievement of stable SU 
dose of the individual SNPs). This is most likely due to the limited sample size of our 
study and the probable small effect size of the individual risk alleles.

Our study has some limitations. No data were available for patients that switched to 
another GP or who died after 1992. Therefore, we cannot completely rule out the 
possibility of selection bias, although this is conceptually very unlikely. A nonresponse 
analysis with age, sex, type of first prescribed SU, metformin use, and GP showed no 
differences between participants and patients who did not consent to our study, suggesting 
that no selection bias has occurred on any of these parameters.

We selected stable SU dose as the primary endpoint of our analysis. Ideally macrovascular 
(e.g. diabetes-related death or myocardial infarction) or microvascular events (e.g. 
retinopathy or renal failure) would have been used. Alternatively, biomarkers related to 
these events, such as HbA1c or fasting plasma glucose (FPG) might have been used. 
However, as data concerning these parameters were not routinely recorded in the EPR, 
data were too sparse to be used in our analysis. Therefore, we selected stable SU dose as 
an alternative. Although, no SU pharmacogenetics studies have used stable SU dose as 
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endpoint, this parameter closely reflects actual clinical practice. The time to stable SU dose 
analysis assumes that GPs adhere to the T2DM guideline of the Dutch College of General 
Practitioners and titrate SU dose in response to glucose and HbA1c levels. We have three 
arguments that support our assumption. Firstly, mean FPG was 7.77 mmol/l (95% CI 
7.42–8.12, n = 95) for the subgroup of patients with a FPG measurement available during 
stable SU dose. Secondly, the adherence of GPs to guidelines is reported to be good in 
the Netherlands [43]. Finally, even if GPs do not adhere to the T2DM guideline, and bias 
would be introduced to our analysis, there is no reason to assume that the nonadherence 
of GPs is not divided randomly over the different genetic risk groups. Therefore, possible 
nonadherence does not affect the comparison of the time to stable dose between the different 
genetic risk groups but can only affect the absolute results of this analysis.

There are multiple known factors that predict a good response to SUs including baseline 
HbA1c, recently diagnosed diabetes, mild-to-moderate fasting hyperglycemia (< 
12.2–13.3 mmol/l), good β-cell function (high fasting C-peptide level), no history of 
insulin therapy, and absence of islet cell or glutamic acid decarboxylase antibodies [3]. 
However, for none of these factors sufficient data were available in our retrospective 
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Table 8.4 Risk allele frequency and association with achievement of stable SU dose of the individual 
SNPs

Gene rs number Risk 
allele

Risk allele 
frequency

Association with achievement of 
stable dose (p-value, χ2)

Patients 
(n)

TCF7L2 rs7903146 T 0.359 0.188 199
KCNJ11 rs5219 T 0.418 0.338 202
HHEX/IDE rs1111875 G 0.616 0.506 202
SLC30A8 rs13266634 C 0.730 0.523 201
CDKAL1 rs7754840 C 0.336 0.176 201
CDKN2A/CDKN2B rs10811661

rs564398
T
A

0.827
0.612

0.357
0.261

202
202

IGF2BP2 rs4402960 T 0.306 0.759 197
KCNQ1 rs2237892 C 0.027 0.665 199
PPARG rs1801282 C 0.890 0.567 202
FTO rs8050136 A 0.394 0.554 202
NOTCH2 rs10923931 T 0.108 0.755 202
WFS1 rs10010131 G 0.623 0.742 202
JAZF1 rs864745 A 0.538 0.813 202
THADA rs7578597 T 0.903 0.538 202
CDC123/CAMK1D rs12779790 G 0.185 0.242 195
TSPAN8/LGR5 rs7961581 C 0.279 0.244 202
ADAMTS9 rs4607103 C 0.752 0.319 199
HNF-1β (TCF2) rs757210 A 0.428 0.918 190
MTNR1B rs10830963 G 0.271 0.878 202



cohort study and we were unable to account for their effect. In addition, the available 
data on weight, a factor that is associated with the onset of T2DM, were too sparse to be 
included in the analysis as a covariate. As a consequence we cannot rule out that patients 
with a higher number of risk alleles also have a more severe form of T2DM that might 
confer to an a priori decreased probability to achieve stable SU dose. In our opinion, the 
only way to collect sufficient high quality data that cover all of these parameters would 
be to conduct a prospective observational study. Ideally such a study would include two 
treatment arms with pharmacological different drugs or placebo. Such a design would 
allow differentiating between the effect of T2DM risk alleles on disease progression and 
effect on treatment.

The results of different SUs were pooled in one analysis. Although SUs are generally 
reported to have equipotent glucose lowering effects when administered in maximally 
effective doses [3,5], it would be interesting to investigate if our hypothesis is valid for 
each of the individual SUs. However, due to the sample size of our study such a subgroup 
analysis was not possible.

We achieved a high success rate of genotyping with a call rate of more than 95% for all 
individual SNPs. After exclusion of five patients with a call rate of less than or equal to 
80, 0.9% of the genotype data were missing. Missing genotype data were replaced with 
a risk score of 0. To test the sensitivity of our analysis for this replacement, we reanalyzed 
the data using two alternative approaches. First, as for some SNPs the wild-type allele 
is the risk allele, missing data were replaced with the score of the wild-type allele. As a 
result, two patients were reclassified from the low-risk to the intermediate-risk group, 
and one patient was reclassified from the intermediate-risk group to the high-risk group. 
Secondly, we excluded all patients with any missing data, resulting in the exclusion of an 
additional 31 (15.3%) patients. Similar results on all end points were obtained with all 
approaches, except for the effect of the genetic risk score that lost statistical significance 
in multivariate analysis after exclusion of all patients with missing data. These sensitivity 
analyses indicate that our results are valid.

The analysis of the effect of the genetic risk score on SU response assumes that each 
risk allele has an equal and additive effect, both within and between loci. This is clearly 
a simplification of the mechanism leading to variation of SU response. However, this 
approach is used in all GWAS studies concerning prediction of T2DM. Until it is clear 
what the true effect size of individual risk alleles is, the additive genetic model is probably 
the most appropriate and consistent method to analyze T2DM genetic data.

We chose to compare the quintile with the lowest (≤ 17, n = 59, low-risk group) and 
highest (≥ 21, n = 62, high-risk group) number of T2DM risk alleles, whereas patients 
with 18–20 risk alleles were pooled in one group (n = 81, intermediate-risk group) 
(Figure 8.1). The use of quintiles was based on a study by Lyssenko et al. [19] and allows 
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potentially easy translation to the clinic by clear classification of T2DM patients. The 
cutoffs for the quintiles with the highest and lowest number of T2DM risk alleles fell 
within the group of patients with 21 and 17 risk alleles respectively. We categorized patients 
with 17 risk alleles to the low-risk group and 21 alleles to the high-risk group, resulting 
in a slightly larger number of patients in both categories than anticipated. To ascertain 
that our results are not solely due to study design, we also analyzed the genetic risk score 
as a continuous variable instead of the analysis of risk groups. Next to this genetic risk 
score (range 10–26), sex, age on first SU prescription, and the use of metformin were 
included in the multivariate analysis. Data showed similar results for both the effect size 
and direction for the genetic risk score (odds ratio 0.88, 95% CI 0.76–1.02, p = 0.11). 
This suggests that with increasing number of risk alleles, the chance of achieving stable 
SU dose decreases.

The concept of disease-related genes influencing response to treatment is not new. For 
example, variation in the gene coding for the 5-hydroxytryptamine 2A receptor has 
been associated with variation of clozapine response and increased susceptibility to 
schizophrenia [44,45]. Variation in the gene coding for the β-2-adrenergic receptor has 
been associated with airway responsiveness to β-2-receptor agonists and susceptibility 
to lower airway reactivity in patients with asthma [46,47]. Our results show that 
patients with a higher number of risk alleles were younger at the date of their first SU 
prescription. This may be the result of a more ‘aggressive’ form of T2DM. For many 
complex diseases such as T2DM, there may be multiple genetic backgrounds resulting 
in similar phenotypic disease, each requiring a different drug treatment. Our results 
support this concept, and support the use of disease-related genes in pharmacogenetic 
studies. We should emphasize, however, the fact that we have only begun to unravel the 
genetic determinants of drug response in T2DM and that although many of the genes 
are associated with β-cell function, the exact mechanism behind our finding remains 
unclear. Our results do provide some ‘proof of principle’ that the complex background 
of T2DM may ultimately result in the identification of different genetic subgroups of 
T2DM patients that require different pharmacotherapy. However, replication in an 
independent cohort and further elucidation of the causal mechanisms underlying SU 
response are warranted.

In conclusion, T2DM-associated risk alleles are associated with response to SU treatment 
in primary care T2DM patients. This suggests that individualization of T2DM treatment 
according to genetic profile may be an opportunity to improve clinical outcome.
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from Concept to Clinic

9.1

Adapted from: JJ Swen, JAM Wessels and H-J Guchelaar, 
Geneesmiddelenbulletin 2010;44:97-103.



INTRODUCTION

Pharmacogenetics is the study of variations in DNA sequence as related to drug response 
[1]. The ultimate goal of pharmacogenetics is to predict and thereby improve the drug 
response in the individual patient. After the completion of the Human Genome Project 
pharmacogenetics was often thought to be one of the first clinical applications resulting 
from the new knowledge of the human genome [2]. This chapter will present an overview 
of the developments within the field of pharmacogenetics in recent years, discuss barriers 
for clinical uptake, and finally will provide a future perspective of the implementation of 
pharmacogenetics in clinical practice.

Gene-drug interactions
Gene-drug interactions can be divided into three different types; gene-drug interactions 
affecting the pharmacokinetics of a drug, gene-drug interactions affecting the 
pharmacodynamics of a drug, and idiosyncratic gene-drug interactions. 

Pharmacokinetic gene-drug interactions
Initially the field of pharmacogenetics focused on drug metabolism [3]. Pharmacokinetics 
describes the processes to which a drug is exposed after administration. These processes 
are divided into absorption, distribution, metabolism (phase 1; biotransformation, phase 
2; conjugation), and excretion. Drug plasma concentration is a result of these processes. 
Each of these processes can be affected by genetic variation resulting in a different plasma 
concentration, drug exposure and subsequently possibly a difference in drug response [4]. 

The cytochrome P450 enzyme system is involved in the phase I metabolism of numerous 
drugs [5]. Genetic variation in genes coding for cytochrome P450 enzymes can affect 
the metabolic capacity of these enzymes. In general four different genotype inferred 
phenotypes are distinguished; ultrarapid metabolizers (UMs) with increased metabolic 
capacity, extensive metabolizers (EMs) with a normal metabolic capacity, intermediate 
metabolizers (IMs) with a decreased metabolic capacity, and poor metabolizers (PMs) 
with a strongly decreased metabolic capacity. Within each genotype inferred phenotype 
a significant variation in metabolic capacity remains [6]. UM status results in faster 
and increased formation of drug metabolites. As a result, efficacy can be decreased, or 
increased in the case of prodrugs. IM and PM status can result in adverse drug events 
due to increased plasma concentration or decreased efficacy in the case of prodrugs. The 
platelet aggregation inhibitor clopidogrel presents an example of a prodrug that requires 
metabolic activation. This reaction is catalyzed by the genetically polymorphic enzyme 
cytochrome P-450 CYP2C19. Several pharmacogenetic studies with clinically relevant 
endpoints have been reported (Box 9.1.1).
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During phase II metabolism an endogenous substrate (e.g. glucuronic acid, sulphate or 
glutathione) is incorporated in the drug molecule to facilitate excretion in the urine or 
bile. The N-acetylation of isoniazid by N-acetyltransferase is perhaps the most well-known 
example of genetic variability affecting phase II metabolism [3]. Other examples of genetic 
variation associated with phase II metabolism are thiopurine S-methyltransferase (TPMT), 
and UDP glucuronosyltransferase 1 family, polypeptide A1 (UGT1A1). 

Transporter proteins play an important role in the absorption, distribution, and excretion 
phase of a wide variety of drugs. Drug plasma concentrations are particularly determined by 
drug transporters in the small intestine, liver, and kidney. For example, the P-glycoprotein 
encoded by the ABCB1 gene transports many drugs out of the cell into the urine or bile. 

9.1 discussion on translating pharmacogenetics

BOX 9.1.1 

Clopidogrel

From an analysis of nearly 1,500 patients with acute coronary symptoms who were 
treated with clopidogrel it was concluded that carriers of a reduced function CYP2C19 
allele had an increase of 53% in the composite primary efficacy outcome of the risk of 
death from cardiovascular causes, myocardial infarction, or stroke, as compared with 
noncarriers (hazard ratio 1.53, 95% CI 1.07-2.19) [7]. In a study of 259 patients 
who survived a first myocardial infarction it was reported that the primary composite 
endpoint of death, non-fatal myocardial infarction, or urgent revascularization occurred 
more frequently in carriers of the CYP2C19*2 allele (hazard ratio 5.38, 95% CI 2.32-
12.47) [8]. In a cohort of approximately 2,200 clopidogrel treated patients presenting 
with an acute myocardial infarction it was observed that patients carrying any two 
CYP2C19 loss-of-function alleles (CYP2C19*2, *3, *4, or *5) had a higher occurrence 
of the composite endpoint of death from any cause, nonfatal myocardial infarction, or 
stroke compared to patients with no loss-of-function alleles (hazard ratio 1.98, 95% 
CI 1.10-3.58) [9]. The observed association between reduced function CYP2C19 
alleles and increased likelihood of a cardiovascular event has been confirmed in a 
genomewide association study [10]. By contrast, the CYP2C19*17 allele results in an 
increased metabolic capacity of CYP2C19. In a cohort of 1,524 patients undergoing 
percutaneous coronary intervention after pretreatment with 600 mg clopidogrel it was 
observed that carriers of the CYP2C19*17 allele had an increased risk for bleeding 
(odds ratio 1.80, 95% CI 1.03-3.14) [11]. A limitation of most clopidogrel data is 
that they are obtained from observational studies or subgroup analyses of studies not 
primarily designed to investigate the effect of genetic variation in CYP2C19 rather 
than randomized controlled trials. 



Genetic variation in the ABCB1 gene results in variable expression of P-glycoprotein and 
variation in drug plasma concentrations [4,12]. For many other transporter proteins 
pharmacogenetic effects have been described [13,14].

Pharmacodynamic gene-drug interactions
Pharmacodynamics describes the effects of the drug on the body i.e. its biological effect 
mediated through interaction with a receptor, enzyme or ionchannel. Pharmacodynamic 
gene-drug interactions occur at this level and can influence drug response i.e. by 
genetic variation resulting in increased expression of a receptor. This is exemplified 
by the screening of breast cancers for HER2/neu overexpression to select patients 
eligible for treatment with trastuzumab (although strictly this is not an example of 
pharmacogenetics according to the EMA definition since no variations in DNA sequence 
is involved). Trastuzumab is a monoclonal drug directed against the HER2 protein 
that is expressed on the surface of tumor cells and mediates uncontrolled growth [15]. 
Trastuzumab is approved for the treatment of HER-2-positive breast cancer. A second 
example of a pharmacodynamic gene-drug interaction is the variation in response to the 
treatment with the oral anticoagulant warfarin as a result of genetic variation in the gene 
coding for vitamin K epoxide reductase (VKORC1), a key enzyme in the vitamin K  
cycle [16]. 

Idiosyncratic gene-drug interactions
Finally, there are idiosyncratic adverse drug reactions. Idiosyncrasy is an abnormal 
response that is unpredictable and thought to have an underlying genetic etiology. 
pharmacogenetic research has increasingly focused on these types of adverse drug 
reactions but was hampered by a lack of sufficient numbers of patients with well 
characterized phenotypes [17,18]. A classic example of idiosyncratic gene-drug 
interactions is glucose 6-phosphate dehydrogenase and response to primaquine (Box 
9.1.2). 

The association of HLA-B*5701 genotype with the hypersensitivity reaction to the 
antiretroviral drug abacavir presents a more recent example. For the latter gene-drug 
interaction the first randomized controlled pharmacogenetic trial was performed 
in 2008 [22]. 1,956 human immunodeficiency virus type 1 infected patients were 
randomly assigned to undergo prospective HLA-B*5701 screening, with exclusion of 
HLA-B*5701–positive patients from abacavir treatment (prospective-screening group), 
or to undergo a standard-of-care approach. Both immunologically confirmed (2.7% 
vs. 0%) and clinically diagnosed (7.8% vs. 3.4%) hypersensitivity reactions were more 
frequent in the control group than in the prospective-screening group. In response 
of these results registration authorities have revised the package insert of abacavir to 
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include the advice to screen for HLA-B*5701 prior to treatment initiation and to avoid 
prescription of abacavir to carriers of the HLA-B*5701 polymorphism, unless there is 
no therapeutic alternative.

OBSTACLES FOR THE IMPLEMENTATION OF PHARMACOGENETICS 
IN ROUTINE CLINICAL PRACTICE

Since the completion of the human genome project in 2003, genomics has become a 
mainstay of biomedical research and pharmacogenetics has been predicted to be one of 
the first clinical applications arising from the new knowledge [2,23,24]. Indeed, the 
research efforts in the field of pharmacogenetics expressed as the number of publications 
listed on PubMed have steadily increased during the last decade until leveling out in 
2009 at 1,100-1,200 publication per year (Figure 1.1, Chapter 1) [25]. By contrast, the 
clinical use of pharmacogenetic testing did not meet high expectations and has lagged 
considerably behind (Chapter 2). 

1659.1 discussion on translating pharmacogenetics

BOX 9.1.2 

Historic perspective

The concept of interindividual differences in drug response was proposed as early as 1909 
by Garrod in his book The Inborn Errors of Metabolism [19]. But pharmacogenetics 
did not emerge as a distinct discipline until the late 1950s. For instance, it was then 
observed that a deficiency of glucose 6-phosphate dehydrogenase (G6PD) resulted 
in acute hemolytic crises in approximately 10% of the African-American soldiers but 
only a very small number of Caucasian soldiers who used primaquine as antimalarial 
drug [3]. G6PD deficiency was also suspected to account for favism - hemolysis after 
ingestion of Fava beans. Next, in 1956 Werner Kalow was the first to demonstrate 
interindividual variation in butyrylcholinesterase activity leading to clinical differences 
of patients in response to the muscle relaxant suxamethonium [20]. In 1977, Smith 
and his colleagues studied the antihypertensive effects of debrisoquine. Smith was 
the only among the study subjects to experience a very strong hypotensive reaction, 
and collapsed. When he recovered, he found out that the most important metabolite 
of debrisoquine was not detectable in his urine. In 1977 he published on the poor 
metabolizer and extensive metabolizer phenotypes of debrisoquine [21]. Since then 
many more SNPs in CYP2D6 as well as other cytochrome P-450 polymorphisms 
have been identified.



To better understand the reasons for the limited clinical use of pharmacogenetics one 
should take into account the consecutive phases and associated challenges on the road 
to clinical implementation of pharmacogenetics presented in Figure 2.1. This figure 
represents the parts of the “life cycle” of a pharmacogenetic biomarker. After the proof 
of principle, a pharmacogenetic biomarker is applied in small scale clinical research 
allowing evaluation of efficacy and cost-effectiveness. Following positive results, clinical 
adoption on an increasing scale will initiate. The first, and major, obstacle precluding 
clinical application of pharmacogenetics is the relative lack of scientific evidence that 
pharmacogenetics results in improvement in patient care [26]. Although the number of 
pharmacogenetic publications is large, approximately 45% of these publications consist 
of review articles and only a limited proportion is original research. The relative paucity 
of original research articles is not the only problem. Many original articles involve small, 
specific study populations, administration of single doses, use of healthy volunteers 
instead of patients, use of a different translation from genotype to phenotype, or were 
not designed to investigate pharmacogenetics. Moreover, most positive association 
studies lack validation of findings in an independent patient population. However, in 
recent years the number of well-designed pharmacogenetic studies increased. Many of 
these studies are genome wide association studies (GWAS) designed to investigate the 
association between genetic variability and drug efficacy or adverse drug reactions. GWAS 
have revolutionized genetic research as they allow the discovery of multiple gene variants 
with individually small effects. The underlying rationale for GWAS is the hypothesis that 
common diseases are attributable in part to common genetic variants present in more 
than 1-5% of the population [27]. The advantage of GWAS is that it eliminates the need 
to choose, a priori, candidate genes or variants. GWAS are highly suitable to identify 
genetic variants contributing to complex phenotypes (Figure 9.1.1). At the end of 2010 
1,212 published GWAS were listed at the National Human Genome Research Institute 
GWAS catalog [28]. The GWAS have identified hundreds of genetic variants associated 
with common diseases (type 2 diabetes mellitus (T2DM), inflammatory bowel disease, 
prostate cancer) as well as various individual traits (height, hair color, eye color) providing 
novel insights in the genetic architecture of complex traits in general. However, clinical 
application is limited since most SNPs only explain a small portion of genetic heritability 
[29]. For example despite extensive analyses by consortia that accrued cohorts of over 
20,000 subjects only 5-10% of T2DM heritability can be explained by genetic variants 
[30]. Since 2007 GWAS have increasingly been applied to the field of pharmacogenetics 
(Table 9.1.1). 

Drug response is a complex phenotype involving both known and unknown biological 
pathways. The GWAS approach enables novel and less obvious pharmacogenetic genes 
to be discovered, especially for genetic variation affecting drug pharmacodynamics which 
is more complex and often less well understood than drug pharmacokinetics. The GWAS 
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approach also seems promising in the discovery of genetic variants predicting drug response 
since drug response is generally a complex trait that is influenced by numerous genetic and 
environmental factors. There are some important differences between pharmacogenetic 
GWAS and GWAS for complex diseases (Figure 9.1.1).

First, for a GWAS of complex diseases such as T2DM it is unlikely to detect a common 
allele with a large effect size since such an allele would have been eliminated from the 
population due to natural selection. Yet some of the first pharmacogenetic GWAS 
have reported relatively large effect sizes that involved fewer genes compared to those 
detected in GWAS for complex disease [31]. This could be explained by the fact that 
for drug response no “natural-selection” occurs unless involved genes are also part of 
normal physiological processes. For adverse drug events the process of natural selection 
is embodied by the drug registration authorities that do not approve drugs that cause 
frequent toxicity (as would be the case for common alleles resulting in adverse drug 

1679.1 discussion on translating pharmacogenetics

Figure 9.1.1 Feasibility of genome wide association studies to identify genetic variants by risk allele 
frequency and effect size (odds ratio). Genome wide association studies are especially suited to 
identify common variants of common disease. Figure adapted from [27,29]. Dashed circles indicate 
effect size vs. allele frequency for disease related genome wide association studies, boxes indicate 
pharmacogenetic genome wide association studies. PGt, pharmacogenetics.



events). However observed difference in effect size between GWAS for complex disease 
and pharmacogenetics might be biased by the fact that most pharmacogenetic GWAS 
have been of limited sample size (often < 500) compared to GWAS for complex disease 
(typical sample size 4,000). For drug response similar results have been obtained with 
a recent GWAS investigating glycemic response (HbA1c ≤ 7%) to metformin (n = 
3,920) [32]. A SNP (rs11212617) with an odds ratio of 1.35 for treatment success 
was reported. If more pharmacogenetic studies with larger sample sizes become 
available also more effect sizes similar to those in complex disease GWAS may be  
detected. 

A second difference is related to the definition of the studied phenotype. Because drug 
response is influenced by numerous genetic and environmental factors it often shows a 
continuous phenotypic distribution. It is suggested that selectively genotyping patients at 
the extremes of the response distribution provides nearly equivalent power to complete 
genotyping [33]. Heterogeneity in phenotype can also be introduced because drug 
response can not always be measured in a quantitative way.

A concern for pharmacogenetic GWAS is that currently commercially available 
genotyping arrays do not sufficiently capture the genetic variation that is already known 
to be important to common pharmacokinetic and pharmacodynamic pathways. In a 
recent evaluation of seven commercially available genotyping arrays it was estimated 
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Table 9.1.1 Published and replicated genome-wide association studies of drug response

Drug Outcome Patient population Significant genes Reference

Warfarin Efficacy All with drug VKORC1 CYP4F2 
CYP2C9

[76,77]

Acenocoumarol Efficacy All with drug VKORC1 CYP4F2 
CYP2C9 CYP2C18

[78]

Peginterferon α Efficacy Chronic hepatitis C infection IL28-β [79-81]

Clopidogrel Efficacy Percutaneous coronary intervention CYP2C19 [10]

Methotrexate Efficacy Pediatric patients with acute 
lymphoblastic leukemia

SLCO1B1 [82]

Simvastatin Toxicity Patients with myopathy and drug SLCO1B1 [83]

Flucloxacillin Toxicity Patients with liver injury and drug HLA-B*5701 [43]

Carbamazepine Toxicity Patients with hypersensitivity syndrome 
and drug

HLA-A*3101 [54]

Metformin Efficacy All with drug rs11212617 [32]



that coverage of 83 SNPs associated with 26 important pharmacogenes listed on 
PharmGKB coverage varied from 10-53% [34,35]. However, it is without doubt that 
GWAS offer tremendous possibilities for discovering new insights in the mechanisms 
of drug response. 

A second obstacle for clinical implementation is the lack of information on cost-
effectiveness and cost-consequences of pharmacogenetic testing. Cost-effectiveness has 
only been established for a very limited number of pharmacogenetic tests. The performance 
of cost-effectiveness analyses is problematic for two reasons. First, there are limited data 
on the rate at which pharmacogenetic testing actually prevents adverse drug reactions. 
Second, pharmacogenetic test prices are dropping continuously (Figure 9.1.2) [36]. A 
recent systematic review on cost-effectiveness of 20 pharmacogenetic studies found a lack of 
standardization regarding aspects such as the perspective of the analysis, factors included in 
the sensitivity analysis and the applied discount rates. In particular, an important limitation 
of several studies was related to the failure to provide a sufficient evidence-based rationale 
for an association between genotype and phenotype [37]. 

A third obstacle is that most pharmacogenetic tests (such as tests for genetic variants of 
cytochrome P450 enzymes) a detailed knowledge of pharmacology is a prerequisite for 
application in clinical practice, and both physicians and pharmacists might find it difficult 
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Figure 9.1.2 Cost of sequencing a human-sized genome. Reproduced from: Wetterstrand KA. DNA 
sequencing costs: data from the NHGRI large-scale genome sequencing program: <www.genome.
gov/sequencingcosts>. Accessed 09-06-2011.
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to interpret the clinical value of pharmacogenetic test results. Guidelines that link the result 
of a pharmacogenetic test to therapeutic recommendations might help to overcome these 
problems, but such guidelines are only sparsely available (Chapter 2 and 3).

Other obstacles for clinical application of pharmacogenetics are unclear reimbursement 
status, and a lack of financial stimulus for the pharmaceutical industry to develop 
pharmacogenetic tests for drugs already marketed [26,38,39] (Chapter 2).
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BOX 9.1.3 

High likelihood of clinical relevance of pharmacogenetic testing

Pharmacogenetics can be useful in situations where the predictive ability of currently 
available biomarkers is low and the consequences, positive or negative, of a treatment 
are large. This can be exemplified by genotyping DPYD in patients treated with 
5-fluorouracil or its oral prodrug capecitabine. DPYD codes for the enzyme DPD 
which metabolizes these drugs. Germline polymorphisms in DPYD are associated with 
deficiency of the enzyme DPD which results in severe neutropenia [40].

A second useful application of pharmacogenetics may be in situations where controlling 
or adapting a therapy on the basis of a phenotype is not possible. This is exemplified by 
genotyping CYP3A5 in renal transplant patients prior to treatment with the calcineurin 
inhibitor tacrolimus. To prevent acute rejection, it is important to establish adequate 
tacrolimus plasma concentrations as early as possible. CYP3A5 is polymorphic and 
over ten different alleles have been identified [41]. The CYP3A5*3 allele, results in a 
non-functional CYP3A5 enzyme, and is the allele with highest gene frequency among 
Caucasians. In a randomized open label study with 280 renal transplant recipients 
treated with tacrolimus it was found that a larger proportion of patients receiving the 
genotype adapted dose had values within the targeted C0 at day 3 after treatment 
initiation (43.2% vs. 29.1%) [42].

A third example of a situation where pharmacogenetics can be useful is the lack of 
alternative drug treatments. Testing for HLA-B*5701 in patients infected with HIV 
sensitive to abacavir and a viral load requiring treatment present an example. 

Finally, pharmacogenetics can be useful in the elucidation and possibly prevention of 
idiosyncratic drug reactions such as the development of drug drug-induced liver injury 
due to flucloxacillin. Recently it was reported that approximately 85% of these cases 
can be explained by HLA-B*5701 status [43].



TRANSLATING PHARMACOGENETICS TO PRIMARY CARE

Quality control of pharmacogenetic testing
Pharmacogenetic testing prior to drug treatment is currently not a routine practice, and 
largely confined to academic hospitals and specialized laboratories. Clinical application of 
pharmacogenetics will result in adjustment of treatment of individual patients. Therefore 
quality control for clinically applied pharmacogenetic tests is even more important than 
for investigational pharmacogenetic tests. This can be achieved by the use of standardized 
quality controls. Yet after screening of the materials and methods sections of papers 
published in 2005-2007 in Pharmacogenomics or Pharmacogenetics and Genomics we found 
that only in a minority of papers the genotyping of quality controls is reported, and no 
standard procedures are applied (Chapter 5). Subsequently, we developed plasmid-
derived external controls for TPMT*2, *3B/C; CYP2D6*3, *4, *6, *9, *41; CYP2C9*2, 
*3; CYP2C19*2, *3 to enable the general use of standardized external quality controls 
in pharmacogenetic testing. The availability of good quality control materials is of key 
importance for the clinical implementation of pharmacogenetics. 

A second issue related to quality control is the exclusion of SNPs because of poor 
genotyping. In Chapter 6 we report that the exclusion of rs757210, a SNP in HNF1β,  
because of difficulties in genotyping with TaqMan probes might be related to the tri-
allelic nature of this SNP. Therefore we investigated the suitability of pyrosequencing 
and high-resolution melting as alternatives. These two chapters illustrate that ensuring 
the analytical validity of pharmacogenetic tests is essential. In addition they show that 
design of pharmacogenetic tests and operation of a pharmacogenetic laboratory are an 
evolving specialism in clinical laboratory medicine.

Pharmacogenetic dose recommendations in clinical practice

In 2005 the Royal Dutch Association for the Advancement of Pharmacy established 
the Pharmacogenetics Working Group (PWG) (Chapter 3). In this 15-member mul-
tidisciplinary working group, clinical pharmacists, physicians, clinical pharmacologists, 
clinical chemists, epidemiologists, and toxicologists are represented. The objective of the 
PWG is to develop pharmacogenetics-based therapeutic (dose) recommendations on the 
basis of a systematic review of literature, and to assist the drug prescribers as well as the 
pharmacists by integrating the recommendations into computerized systems for drug 
prescription and automated medication surveillance. The recommendations do not indicate 
patients who are eligible for genotyping, but merely aim to optimize drug use in the small 
but ever-increasing group of patients whose genotypes are known. Initially the project 
focused on genetic variations that affect pharmacokinetics, but this has been expanded 
to include genetic variations that affect pharmacodynamics for example the interaction 

1719.1 discussion on translating pharmacogenetics



between genetic variation in the gene coding for factor V Leiden and estrogen-containing 
oral contraceptives. To date, the PWG has composed pharmacogenetic guidelines for 
53 drugs associated with 11 genes [44]. The guidelines issued since October 2006 
are available through most automated drug prescription, dispensing, and medication 
surveillance systems in The Netherlands making them accessible during the decision-
making process by physicians and pharmacists, namely the prescription and dispensing 
of drugs. A detailed description of the background of the project, methods used for data 
collection, data assessment, and preparation of gene–drug monographs are provided in 
Chapter 3. Recently, another project aimed at the creation of pharmacogenetic dosing 
guidelines was launched: the Clinical Pharmacogenetics Implementation Consortium 
(CPIC) [45]. The consortium was created in 2009 with the aim of facilitating the clinical 
implementation of pharmacogenetic testing by providing guidance to test users and has 
recently published its first guideline [46]. Created guidelines will be publicly available in 
the Pharmacogenomics Knowledge Base [34].

Despite the availability of pharmacogenetic guidelines there is little information 
regarding the potential impact of these guidelines in primary care. To test the feasibility 
of pharmacogenetic screening in primary care we conducted a pilot study among 93 
polypharmacy patients treated in primary care (Chapter 4). This study indicated that 
pharmacogenetic screening is feasible in a primary care setting with regard to patient 
willingness to participate, quality of DNA collection with saliva kits, genotyping, and 
dispensing data retrieved from pharmacy records. On average, included patients used 2.3 
drugs with a recommendation in the PWG guidelines. Moreover, general practitioners had 
not empirically switched PMs to drugs that were not substrate of the aberrant enzyme. 
These findings indicate potential clinical relevance of pharmacogenetic for a primary care 
setting. However, this was only a small pilot study with a highly selected patient population 
of polypharmacy patients aged > 60 not representing the average primary care patient.

FUTURE PERSPECTIVE

Throughout this thesis it is noted that the initial enthusiasm with what pharmacogenetics 
was received, sometimes even described as “hype”, has transformed into doubt and disbelief 
among some health care professionals in more recent years. In my opinion this is mainly 
due to the fact that pharmacogenetics has often been depicted as a “revolution” while in 
fact it is more an evolution, albeit a rapid evolution. Pharmacogenetic research is beginning 
to show consistent, reproducible results for an increasing number of genetic markers for 
drug response. In the upcoming years, we will see some important developments. 

The first development concerns dosing algorithms that include pharmacogenetic as 
well as more traditional clinical variables such as age, renal function and bodyweight. 
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Approximately 10 years ago, the majority of pharmacogenetic research was aimed 
at investigating the effect of a single polymorphism on treatment outcome. Often, 
the investigated polymorphism had been previously associated with an enzyme or 
transporter involved in the metabolic pathway of the drug under investigation. 
Nowadays, pharmacogenetic research has progressed from searching for associations 
between individual polymorphisms and treatment outcome, through combinations of 
multiple polymorphisms affecting pharmacokinetics and pharmacodynamics, to the use 
of pharmacogenetic models including polymorphisms as well as more traditional clinical 
variables for therapy individualization such as age, renal function and bodyweight. The 
inclusion of these traditional clinical variables is essential since drug response is a complex 
trait and individuals belonging to the same “pharmacogenetic class” sometimes still vary 
about 10-fold in metabolic ratio. Therefore pharmacogenetics alone can not explain all 
interindividual differences in drug response. The progress from individual polymorphisms 
to pharmacogenetic models is well exemplified by the coumarin warfarin. This drug is 
metabolized by the polymorphic enzyme CYP2C9. The CYP2C9 genotype by itself 
explained 5–18% of the variation in required warfarin dose [47]. It was already reported 
that genetic variability in VKORC1, a gene coding for vitamine K epoxide reductase, a 
key enzyme in the vitamine K cycle, could explain 15–37% of the variation in required 
warfarin dose [19,48-50]. Recently, dosing algorithms including genetic variants of 
VKORC1, CYP2C9 and clinical factors such as age, sex, height and bodyweight have 
been reported to explain up to 50% of variation in required warfarin dose [51]. Currently, 
such dosing algorithms are under development for acenocoumarol and phenprocoumon, 
the coumarins used in The Netherlands [52].

A second development is the application of pharmacogenetic knowledge to idiosyncratic 
drug reactions [17]. Multiple relatively rare adverse drug events such as flucloxacilline 
induced liver injury [43], Stevens-Johnson syndrome induced by carbamazepine [53,54], 
and the hypersensitivity reaction to abacavir have all been associated with specific HLA-B 
genotypes. For the latter, a prospective study showed that the hypersensitivity reaction 
can be prevented by screening patients prior to treatment with abacavir [22].

A third development is the availability of guidelines that link the result of a pharmacogenetic 
test to specific dose recommendations. No matter what level of evidence is required for 
implementation of pharmacogenetics in clinical practice, it will be essential to develop 
algorithms that aid physicians in their interpretation and use of pharmacogenetic data. 
In 2001, an early step was taken to develop such guidelines for the therapeutic use of 
antidepressants, and these included CYP2D6-related dose recommendations drawn from 
pharmacokinetic study data [55]. In the Netherlands the PWG established in 2005 by 
the Royal Dutch Association for the Advancement of Pharmacy published guidelines 
concerning 53 drugs and 11 genes [44]. In 2009, an international initiative to create 
pharmacogenetic guidelines was launched: the Clinical Pharmacogenetics Implementation 
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Consortium [45]. Recently CPIC published its first guideline that is publicly available 
in the Pharmacogenomics Knowledge Base [34,46]. There is an increasing call for 
new pharmacogenetic guidelines [56]. In addition to guidelines created by these 
consortia regulatory authorities such as the FDA and EMA are increasingly including 
pharmacogenetic information in drug labels. The FDA has a special genomics group that 
created a table of valid genomic biomarkers in the context of approved drug labels [57]. 
The table contains entries for over 20 drugs.

A fourth development is that genetic variation that has previously been associated with 
gene-drug interactions is increasingly being associated with disease and vice versa. This can 
be exemplified by the recently reported association between CYP2C19 poor metabolizer 
status and significantly lower levels of depressive symptoms [58]. A second example is the 
reported association of CYP2D6 ultrarapid metabolism with suicidal behavior [59,60]. 
An example of disease associated alleles with treatment outcome is provided in Chapter 8. 
In this chapter it is found that T2DM patients with a higher number of T2DM associated 
risk alleles also have an increased risk of non-response to treatment with sulfonylureas. 

A fifth development is the integration of gene–drug and drug–drug interactions. To date, 
drug–drug interactions have been considered characteristic only for the drugs involved. 
However, in the light of current knowledge of pharmacogenetics, this might no longer be 
valid. For example, the interaction between a CYP2D6 inhibitor and a CYP2D6 substrate 
requires different management for CYP2D6 IMs than for CYP2D6 PMs. Therefore, the 
combination of gene–drug and drug–drug interactions may have major implications for 
drug prescribing and dispensing. Research in this field is only starting to evolve [61].

A sixth development is the significant technological advancement and associated price 
drops of genotyping cost. Figure 9.1.2 shows the development of the cost of sequencing 
a single genome. The sudden price drop at the beginning of 2008 represents the time 
when the sequencing centers transitioned from Sanger-based to ‘next-generation’ 
DNA sequencing technologies [62]. With a strong market-based competition and new 
approaches under development prices may even drop further to as low as a few hundred 
Euros within the next decade, bringing it close to the price of computed tomography 
and magnetic resonance imaging [63].

As a result of these developments, I foresee that pharmacogenetics will increasingly set 
foot inside routine clinical practice in the next 10 years. Dosing algorithms, including 
pharmacogenetics combined with traditional clinical variables will increasingly be 
developed. At first, most pharmacogenetic test will be applied to specific patient 
populations were stakes are high, such as transplantation patients or cancer patients but 
over time a wider clinical adoption will initiate. Over time, information concerning the 
genetic status of a patient will increasingly be considered a regular clinical parameter 
like renal function and body mass index. The main driver for this development is 
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the plummeting price of genotyping (Figure 9.1.2). The significant price drop will 
probably also limit the issue of cost-effectiveness since test costs are the major part of 
pharmacogenetics costs, and stimulate an increasing number of patients to purchase a 
direct-to-consumer genomewide profiling test. Although currently potential effects of 
this type of genetic testing are unknown [64], as a result clinicians may be increasingly 
confronted with patients with a known genotype. The increasing number of patients with 
a known genotype raises important issues and eliminates others. 

First of all, the increasing preemptive availability of a patient’s genotype will eliminate 
the hurdles associates with test logistics. A major issue that will remain is the 
discussion concerning the required evidence base for initial clinical implementation 
of pharmacogenetics. Some argue that pharmacogenetic interventions should not 
be implemented until they are proven superior over the existing standard of care by 
randomized clinical trials (RCTs) [65]. However, RCTs are very expensive and should 
be reserved for the most important medical interventions e.g. in the case of large public 
health burden. Many useful clinical applications of pharmacogenetics may never justify 
a RCT since the potential benefits of the test are simply too small. For example, the 
5-hydroxytryptamine 3 receptor antagonists used to prevent nausea and vomiting are 
known to be metabolized by CYP2D6. As a result, CYP2D6 UM may be undertreated 
with a standard drug dose. However, the patient’s clinician can easily increase the drug 
dose or switch to a different anti-emetic therapy in response of nausea. In this kind of 
situations, other levels of evidence such as one or two confirmatory studies reproducing 
evidence from the initial exploratory study combined with a strong biological rationale 
for a gene-drug interaction may be sufficient to justify clinical implementation of 
pharmacogenetic testing. A lower level of evidence may also be justified in situations 
where the genotype of a patient is already known. For example, if a patient has been 
previously genotyped and is reported to be a CYP2D6 PM should this patient be treated 
with the standard dose of haloperidol, a CYP2D6 substrate? There are multiple studies 
reporting lower dose requirements for CYP2D6 PMs [66-71]. Yet, no RCT has been 
published. Also there seems to be a different perception of the required evidence for 
clinical implementation of pharmacogenetic information compared to other, nongenetic 
clinically relevant information [56]. For example, the selective estrogen receptor modulator 
tamoxifen used for the treatment of estrogen receptor-positive breast cancer needs to be 
metabolically activated by CYP2D6 to its active component endoxifen that is 100 times 
more potent than the parent compound [72]. Both genetic variation resulting in reduced 
CYP2D6 activity and concomitant drugs that inhibit CYP2D6 activity are expected to 
result in a lower endoxifen concentration and consequent reduction in tamoxifen efficacy. 
Yet, it is generally accepted to avoid the use of strong CYP2D6 inhibitors (e.g. selective 
serotonin inhibitors) in patients treated with tamoxifen whilst there is no such acceptation 
regarding genotyping for CYP2D6.
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A second major issue is to what extent genomic diversity can explain variability in 
drug response. To date, many pharmacogeneticists have focused mainly on single 
polymorphisms ignoring the combined effect of multiple polymorphisms and even 
more importantly the effect of epigenomics on drug response. In the near future whole 
genome sequencing will become increasingly available. Also microRNAs (miRNAs), short 
noncoding RNAs that negatively regulate the expression of target genes, may become 
increasingly important. Differences in miRNA expression could be an important factor 
contributing to variability in drug response and utilizing them opens a new era in the 
field of predicting drug response that that we will begin to explore [73-75]. 

Successfully bridging the gap from research to bedside seems within reach in the field of 
pharmacogenetics. In many cases, the risks associated with pharmacogenetics are limited 
whilst potential benefits are substantial. Challenges remain, but we should expect routine 
pharmacogenetic tests entering the process of drug prescribing and dispensing within 
the next decade.
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The Infl uence of 
Genetic Variation
on the Response 
to Sulfonylureas

9.2



INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a common metabolic disease with an estimated 
prevalence of 171 million in 2000. The incidence of T2DM is increasing at an alarming 
rate and global prevalence estimates are up to 366 million for 2030 [1]. The therapeutic 
treatment of T2DM is aimed at the prevention or delay of long term microvascular and 
macrovascular complications by achieving the best possible glycemic control. For decades, 
sulfonylureas (SUs) have been an important part of treatment with oral antidiabetic drugs. 
Tolbutamide, glibenclamide (glyburide), gliclazide, and glimepiride are the most commonly 
used representatives of this group. These drugs act primarily by promoting pancreatic 
insulin secretion. They close the pancreatic β-cell potassium channels. This causes membrane 
depolarization, which triggers calcium influx and release of intracellular calcium stores, which 
in results in exocytosis of insulin containing vesicles and subsequent insulin release [2]. SUs 
are initiated at a low dose and escalated to the optimal dose with intervals of 2-4 weeks until 
the glycemic target (HbA1c < 7%) is achieved. However, there is significant interpatient 
variability in response to SUs, with approximately 10-20% of the patients experiencing 
primary failure (decrease in fasting glucose level < 1.1 mmol/L) and a similar percentage 
having an above average response (mean reduction HbA1c 1.5-2%) [3-5].

The influence of CYP2C9
Sulfonylureas are extensively metabolized in the liver primarily by CYP2C9 [6]. CYP2C9 
genotype is known to have a significant effect on the pharmacokinetics of SU in healthy 
volunteers [7-12]. In a group of 207 incident sulfonylurea users treated in four university-
affiliated primary care centers we found no statistically significant effect of the CYP2C9*2 
and CYP2C9*3 alleles on the prescribed stable dose or time to stable SU dose (Chapter 
7). However, a trend towards a lower stable dose for carriers of the CYP2C9*3 allele was 
observed in the subgroup of patients treated with glimepiride. There also was no effect 
of the CYP2C9*2 and CYP2C9*3 alleles on decrease in fasting glucose levels for the 
relatively small subgroup of patients with fasting glucose level measurements available. 
Yet most studies on CYP2C9 and SUs in T2DM patients report some significant effect 
(Table 9.2.1). However, in general the reported effect size is small, and due to publication 
bias there might also be more studies with negative results that failed to be published. 
Moreover, results are sometimes not replicated as is exemplified by the two papers of 
Holstein. In their initial 2005 paper [13] they reported a significant overrepresentation 
of carriers of the CYP2C9*3 allele in a sample of 20 T2DM patients submitted to the 
emergency department with a severe hypoglycemia (symptomatic, requiring IV glucose, 
blood glucose measurement < 2.8 mmol/l) but no such finding was found in the 10-year 
follow up study [14]. Genotyping for the CYP2C9*2 and CYP2C9*3 allele currently seems 
to have no clinical implications for dosing of SU in primary care patients with T2DM.
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The influence of genetic risk factors for type 2 diabetes mellitus
Genetic variation in other genes than CYP2C9 might also contribute to interpatient 
variability in SU response. The pathogenesis of T2DM is not yet fully understood. Current 
theories include defects in insulin mediated glucose uptake in muscle, dysregulation of 
the adipocyte as a secretory organ, dysfunction of the pancreatic β-cell, and an impaired 
insulin action in the liver [15]. From 2007 onward an increasing number of genome 
wide association studies reporting associations between genetic variants and the risk for 
the development of T2DM have been published. These studies revealed the complex 
genetic background of T2DM that results in a single phenotypic disease. Probably as 
a consequence of this heterogeneity, interpatient variability of SU response cannot be 
explained by genetic variation in CYP2C9 alone. Compared to pharmacogenetics affecting 
SU pharmacokinetics, variation in genes associated with the pharmacodynamics of SUs 
in T2DM patients has received even less attention. Genetic variants associated with SU 
response have been described for some monogenic forms of diabetes [16-18]. For polygenic 
T2DM, variants in the genes KCNJ11, TCF7L2, ABCC8, IRS1, and NOS1AP have been 
associated with SU response [19-22]. Of these, only the genes KCNJ11 and TCF7L2 
were reported to contribute to an increased risk for T2DM in published GWAS. From 
the genome wide association studies a panel of 20 T2DM associated SNPs comprising 19 
genes appears, that has been replicated in several studies [23-33]. We hypothesized that 
the multiple genetic background of T2DM might influence drug response (Chapter 8). 
Since the majority of the reported T2DM associated SNPs is involved in the process of 
insulin release from the pancreatic β-cells and SUs act by stimulating insulin secretion we 
investigated if response to SU treatment is influenced by the genetic variants. We found 
that patients with more than 17 T2DM risk alleles had a 1.7-fold reduced likelihood to 
achieve stable SU dose. These patients also show a marginally significant increased time 
to achieve stable SU dose compared to carriers of less than 17 risk alleles. However, the 
number of T2DM risk alleles does not seem to affect the prescribed average stable SU 
dose. Therefore, our data suggest that patients with a higher number of T2DM risk alleles 
have a decreased and delayed response to SU treatment.

CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH

Progression in the field of SU pharmacogenetic has been slow but significant. Our finding 
that patients with a higher number of T2DM risk alleles show a different response to SUs 
provides some “proof of principle” that the complex background of T2DM may ultimately 
result in the identification of different genetic subgroups of T2DM patients that require 
different pharmacotherapy. Yet we are only on the beginning of the understanding of 
what genetic variation determines response to SU and numerous challenges for future 
research remain. For example, the significant technological advancement in genotyping 
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and associated price drop has permitted genome wide association studies. Within the field 
of diabetes, the GWAS technique has been mainly used to focus at disease but recently the 
first GWAS for glycemic response to metformin was reported. Since GWAS is hypothesis 
generating and does not rely on prior knowledge about underlying mechanisms these 
studies are bound to unravel new mechanisms in drug action. Indeed, the study reported 
an association between a SNP not previously associated with response to metformin 
[34]. Unfortunately this SNP only explained 2.5% of the variance in metformin response 
limiting its utility for treatment decisions. A comparable low explanatory value was found 
in our risk allele model (4.2%, Chapter 8, Table 8.3). This highlights a major issue 
that can be anticipated in SU pharmacogenetics; effect sizes of individual SNPs will be 
modest to small. In order to identify common SNPs with small to modest effect sizes, 
large cohorts with well characterized patients and outcome measures will be required. 
This presents a significant challenge since to date most SU pharmacogenetic studies have 
been of limited sample size. Once SNPs that predict response have been identified from 
GWAS, underlying pharmacological pathways explaining the observed effects will have 
to be elucidated and treatment algorithms incorporating these SNPs have to be developed 
and validated.
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Introduction
In many patients drugs do not show the expected efficacy, whereas in other patients 
they cause toxic effects, sometimes even at low dose. Response rates to major classes of 
drugs range from 25 to 60 percent. For some patients, the reason for this variability may 
be explained by genetic variation. Pharmacogenetics is the study of variations in DNA 
sequence as related to drug response. The ultimate goal of pharmacogenetics is to predict 
and thereby improve drug response in the individual patient. The concept of interindividual 
differences in drug response was proposed as early as 1909. With the completion of 
the Human Genome Project in 2003 hope was raised that pharmacogenetics could be 
implemented in clinical practice in the near future. However, the expectations of the effect 
of a single nucleotide polymorphism (SNP) on drug response were unrealistically high and 
the clinical use of pharmacogenetic testing remained limited. Yet, the body of evidence 
supporting its usefulness is growing continuously. The research presented in this thesis 
aims to identify the reasons for the slow clinical translation of pharmacogenetics and to 
explore and expand possible solutions to address these obstacles. The thesis is divided 
into four parts. First, obstacles and possible solutions for the clinical implementation of 
pharmacogenetics are identified. In the second part, issues related to the quality control of 
pharmacogenetic testing are discussed. In the third part, the influence of genetic variation 
on the response to sulfonylureas (SUs), a class of commonly used oral antidiabetic drugs, 
is used as a case model to investigate the possibilities for pharmacogenetics in primary 
care. The fourth part contains the general discussion and a future outlook.

Clinical implementation of pharmacogenetics in primary care
In Chapter 2 six challenges associated with the different phases in the translation process of 
the clinical implementation of pharmacogenetics are identified and solutions to overcome 
these obstacles are discussed. It is concluded that the major reason for the limited clinical 
translation of pharmacogenetics is the relative lack of scientific evidence for improved 
patient care by pharmacogenetic testing. Providing this scientific evidence presents a 
significant challenge. Other challenges for the implementation of pharmacogenetic 
testing include the selection of clinically relevant tests, providing data on diagnostic 
test criteria, providing information on cost-effectiveness and cost-consequences, to 
improve the acceptance among clinicians, and to develop guidelines directing the clinical 
interpretation of test results. The latter is essential since for most pharmacogenetic tests a 
detailed knowledge of pharmacology is a prerequisite for application in clinical practice, 
and both physicians and pharmacists might find it difficult to interpret the clinical value 
of pharmacogenetic test results. Chapter 3 describes the initial development of such 
guidelines by the Dutch Pharmacogenetics Working Group. This multidisciplinary 
working group representing clinical pharmacists, physicians, clinical pharmacologists, 
clinical chemists, epidemiologists, and toxicologists was established in 2005 with 
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the objective to develop guidelines with pharmacogenetics-based therapeutic (dose) 
recommendations. After a systematic literature review that included 26 drugs therapeutic 
(dose) recommendations were composed for 17 drugs. The 26 drugs were substrates for 
CYP2D6 (n = 21), CYP2C19 (n = 1), CYP2C9 (n = 3), and UGT1A1 (n = 1). The 
guidelines do not call for prospective pharmacogenetic testing but are aimed at patients 
with a previously determined genotype. To assist drug prescribers and pharmacists the 
recommendations were included in an extensive electronic drug database (used by most 
computerized systems for drug prescription and automated medication surveillance in The 
Netherlands) since October 2006. In 2011 the number of pharmacogenetic guidelines 
is expanded from the initial 26 to 53 drugs and updates of the existing monographs are 
presented (Table 3.3). Assessed drugs were associated with genes coding for CYP2D6 (n 
= 25), CYP2C19 (n = 11), CYP2C9 (n = 7), thiopurine-S-methyltransferase (TPMT) 
(n = 3), dihydropyrimidine dehydrogenase (DPD) (n = 3), vitamin K epoxide reductase 
(VKORC1) (n = 2), uridine diphosphate glucuronosyltransferase-1A1 (UGT1A1), 
HLA-B44, HLA-B*5701, CYP3A5, and factor V Leiden (FVL) (all n = 1). Therapeutic 
(dose) recommendations were formulated for 39 (73.6%) of the drugs. In Chapter 4 the 
results of a pilot experiment to investigate the feasibility of pharmacogenetic screening in 
primary care with respect to patient willingness to participate, quality of DNA collection 
with saliva kits, genotyping, and dispensing data retrieved from the pharmacy are 
described. A sample of polypharmacy patients, age > 60 years that used at least one drug 
metabolized by CYP2D6 or CYP2C19 was randomly selected. DNA was collected with 
saliva kits and genotyped for CYP2D6 and CYP2C19 with the AmpliChip. Out of the 
93 invited patients, 54 patients (58.1%) provided informed consent. Nine saliva samples 
(16.7%) contained too little DNA. Call rates for CYP2D6 and CYP2C19 were 93.3% and 
100% respectively. The frequencies of genotype-predicted-phenotype were 2.4%, 38.1%, 
54.8%, and 4.8% for CYP2D6 poor-metabolizers (PM), intermediate-metabolizers 
(IM), extensive-metabolizers (EM), and ultrarapid-metabolizers (UM) respectively. For 
CYP2C19 genotype-predicted-phenotype frequencies were 2.2%, 15.6%, and 82.2% 
for PM, IM, and EM, respectively. From this study it is concluded that pharmacogenetic 
screening is feasible with regards to practical aspects and has potential clinical relevance 
for a primary care setting. 

Quality control of pharmacogenetic testing 
The application of pharmacogenetics in clinical practice may result in the adjustment of 
treatment of individual patients. Therefore, genotyping of patients in a routine clinical 
setting requires robust and reliable genotyping methods and good quality control is 
of great importance. In Chapter 5 we surveyed the use of quality control samples in 
pharmacogenetic studies published from 2005 to 2007 in the two most prominent 
pharmacogenetic journals. We found that 86% of papers in which samples were genotyped 
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did not use or define quality controls. Most studies duplicated 5–10% of the samples as 
a quality control. This may serve as an internal control, but can not be regarded as an 
independent quality control sample to assure the validity of the pharmacogenetic test. To 
develop standardized quality controls, we cloned TPMT*2,*3B/C; CYP2D6*3, *4, *6, 
*9, *41; CYP2C9*2, *3; and CYP2C19*2, *3 in plasmids. These plasmids can be used 
for different pharmacogenetic assays and enable pharmacogeneticists to use standardized 
genotype controls for diagnostic testing. 

A second quality related issue of importance for pharmacogenetics is the exclusion of 
SNPs because of poor genotyping. During one of our studies we experienced problems 
with genotyping rs757210, a SNP in the gene coding for hepatocyte nuclear factor 1β. 
Genotyping this SNP with a TaqMan assay failed to meet the pre-defined quality criteria of 
a call rate ≥ 95%. A literature search revealed that several studies reported similar problems 
in genotyping rs757210. In Chapter 6, the development of two alternative methods to 
genotype rs757210 is described. First we developed a pyrosequencing method, and since 
this methodology is not always available, also the feasibility of a high resolution melting 
method of small amplicons was investigated. The methods were tested in panels of type 
2 diabetes mellitus patients (n=258) and healthy blood donors (n = 183). Results were 
confirmed by Sanger sequencing. Results for pyrosequencing and high resolution melting 
were in 99.6% concordance. 

The influence of genetic variation on the response to sulfonylureas
The third part of this thesis is dedicated to the investigation of the influence of genetic 
variation on the response to SUs. SUs are part of the mainstay of treatment of type 2 
diabetes mellitus (T2DM) with oral antidiabetic drugs. We selected SU treatment as a 
case model to investigate the potential role of pharmacogenetics because most T2DM 
patients are treated in primary care. Secondly, there is significant interpatient variability 
in response to SUs, with approximately 10–20% of the patients experiencing primary 
failure. Thirdly, SUs are metabolized by the polymorphic enzyme CYP2C9 and this enzyme 
also plays an important role in the metabolism of many other drugs frequently used in 
primary care. Two allelic variants, CYP2C9*2 and CYP2C9*3, have been associated with 
a decreased metabolic capacity and elevated sulfonylurea serum levels in pharmacokinetic 
analyses performed in healthy individuals. In Chapter 7 we investigated the effect of the 
CYP2C9*2 and CYP2C9*3 alleles on prescribed SU dose and time-to-stable SU dose. A 
group of 207 incident sulfonylurea users treated in four university affiliated primary care 
centers was identified. No significant effects of the CYP2C9*2 and CYP2C9*3 alleles 
were found. However, a trend towards a lower stable glimepiride dose for carriers of the 
CYP2C9*3 allele was observed. We concluded that genotyping for the CYP2C9*2 and 
CYP2C9*3 alleles currently appears to have no clinical implications for dosing of SUs 
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in primary care patients with T2DM. In our search for genetic variation that might help 
to explain the interpatient variability in response to SUs we then hypothesized that a 
panel of 20 associated T2DM risk alleles might influence response to SU treatment. The 
rationale for this hypothesis was that the majority of the panel of T2DM risk associated 
SNPs is involved in the process of insulin release from the pancreatic beta-cells. Two SNPs, 
in the genes KCNJ11 and TCF7L2 had previously been correlated with variation in SU 
response. Furthermore, in subjects analyzed for genetic variation in the genes TCF7L2, 
PPARG, FTO, KCNJ11, NOTCH2, WFS1, CDKAL1, IGF2BP2, SLC30A8, JAZF1, and 
HHEX, it was reported that subjects with 12 or more T2DM risk alleles did not increase 
their insulin secretion to compensate for the increased insulin resistance as efficiently as 
those with 8 or less risk alleles. In Chapter 8 we analyzed the effect of the panel of 20 
repeatedly associated T2DM risk alleles on the response to SU treatment in 207 T2DM 
patients of the cohort described in Chapter 7. For each patient a genetic risk score was 
calculated based on the number of risk-alleles. With this score, patients were categorized 
into three predefined genetic risk groups. The effect of the genetic risk group on the 
achievement of stable SU dose, prescribed stable SU dose, and time to stable SU dose was 
analyzed. Patients with more than 17 T2DM risk alleles had a 1.7-fold reduced likelihood 
to achieve stable SU dose (p = 0.044). No significant effect of the number of T2DM 
risk alleles on prescribed dose was found. The patients with more than 17 T2DM risk 
alleles showed a marginally significant increased time to stable dose (hazard ratio: 0.81; 
95% confidence interval, 0.75–1.01, p = 0.058). We concluded that T2DM risk alleles 
are associated with response to SUs in primary care T2DM patients. This suggests that 
individualization of T2DM treatment according to genetic profile may be an opportunity 
to improve clinical outcome.

General discussion
In Chapter 9 the results presented in this thesis are discussed and a future perspective of 
the implementation of pharmacogenetics in clinical practice is outlined. Chapter 9.1 first 
discusses the translation of pharmacogenetics from concept to clinic. In the upcoming 
years, we foresee six important developments. First, dosing algorithms that include 
pharmacogenetic as well as more traditional clinical variables such as age, renal function 
and bodyweight will be developed. Secondly, pharmacogenetics will increasingly be applied 
to prevent idiosyncratic drug reactions such as the hypersensitivity reaction to abacavir. 
Thirdly, we will see a sharp increase in the number of available pharmacogenetic guidelines 
created by groups such as the Dutch Pharmacogenetics Working Group or the USA Clinical 
Pharmacogenetics Implementation Consortium. In addition, regulatory authorities such 
as the EMA and FDA will increasingly include pharmacogenetic information in drug 
labels. Fourthly, genetic variation that has previously been associated with disease will 
increasingly be associated with gene-drug interactions and vice versa. Fifthly, we will 
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see the beginning of the integration of gene–drug and drug–drug interactions. A sixth 
and final development will be the significant technological advancement and associated 
price drops of genotyping cost. As a result of these developments, pharmacogenetics will 
increasingly set foot inside routine clinical practice in the next 10 years. A major issue will 
be the required evidence base for initial clinical implementation of pharmacogenetics e.g. 
is a RCT required for each gene-drug interaction prior to clinical implementation? In some 
situations, other levels of evidence such as one or two confirmatory studies reproducing 
evidence from the initial exploratory study combined with a strong biological rationale 
for a gene-drug interaction may be sufficient to justify initial clinical implementation of 
pharmacogenetic testing. A second major issue is to what extent genomic diversity can 
explain variability in drug response. Pharmacoepigenomics might open a new era in the 
field of predicting drug response. 

In Chapter 9.2 the results from the two SU studies are discussed and a future outlook 
is presented. The finding that patients with a higher number of T2DM risk alleles 
show a different response to SUs provides some “proof of principle” that the complex 
background of T2DM may ultimately result in the identification of different genetic 
subgroups of T2DM patients that require different pharmacotherapy. Yet we are only 
on the beginning of the understanding of what genetic variation determines response 
to SUs and numerous challenges for future research remain. A major issue that can be 
anticipated in SU pharmacogenetics is that effect sizes of individual SNPs will be modest 
to small. In order to identify common SNPs with small to modest effect sizes, large 
cohorts with well characterized patients and outcome measures will be required. This 
presents a significant challenge since to date most SU pharmacogenetic studies have been 
of limited sample size. Once SNPs that predict response have been identified, underlying 
pharmacological pathways explaining the observed effects will have to be elucidated and 
treatment algorithms incorporating these SNPs have to be developed and validated.
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Inleiding
De reactie op een geneesmiddel kan sterk verschillen tussen patiënten. Zo is wel gesuggereerd 
dat het percentage patiënten dat goed reageert op een behandeling met een geneesmiddel 
varieert van 25 tot 60 procent. Farmacogenetica onderzoekt in welke mate verschillen 
in het genetisch profiel van mensen een verklaring vormen voor de interindividuele 
verschillen in effectiviteit en bijwerkingen van geneesmiddelen. Het uiteindelijke doel van 
farmacogenetisch onderzoek is om te komen tot een geneesmiddelentherapie op maat 
voor de individuele patiënt. 

De gedachte dat de verschillen in de reactie op een geneesmiddel tussen mensen erfelijk 
kunnen zijn is voor het eerst beschreven in 1909. In 2003 werd het internationale 
humane genoomproject voltooid, waarbij voor het eerst de sequentie van het DNA 
tot in detail in kaart werd gebracht. Na de voltooiing van het humane genoomproject 
werd farmacogentica door velen gezien als een van de eerste praktische toepassingen die 
uit dit project zou voortvloeien. Deze ontwikkeling is echter veel minder snel gegaan 
dan verwacht. De mate waarin één kleine verandering in het DNA (SNP) in staat was 
om de reactie op een geneesmiddel te verklaren, bleek kleiner dan verwacht. Voor veel 
behandelaren is farmacogenetica (nog) geen routinematig toegepaste methode om 
farmacotherapie te individualiseren. Toch neemt het beschikbare wetenschappelijke 
bewijs voor toepassing van farmacogenetica dagelijks toe. Dit proefschrift, getiteld ‘Het 
toepasbaar maken van farmacogenetica in de eerstelijnsgezondheidszorg’, heeft als doel 
om de oorzaken voor de beperkte toepassing van farmacogenetica in kaart te brengen en 
om mogelijke oplossingen om deze oorzaken weg te nemen te verkennen. Het proefschrift 
bestaat uit vier delen. Het eerste deel bestaat uit een analyse van de mogelijke oorzaken 
voor de beperkte toepassing van farmacogenetica en draagt mogelijke oplossingen 
aan om de toepassing te verbeteren. Het tweede deel beschrijft onderzoek naar de 
kwaliteitsborging van farmacogenetische testen. Het derde deel beschrijft onderzoek 
naar de toepassingsmogelijkheden van farmacogenetica in de eerstelijnsgezondheidszorg, 
waarbij het effect van farmacogenetica op de respons op de behandeling van type 2 
diabetes met sulfonylureumderivaten als een model wordt gebruikt. Het vierde deel 
bevat een discussie van het in dit proefschrift beschreven werk en een beschouwing van 
toekomstige ontwikkelingen.

Farmacogenetica: van concept naar klinische praktijk
In hoofdstuk 2 worden zes barrières en bijbehorende oplossingen voor de klinische 
toepassing van farmacogenetica in kaart gebracht. De belangrijkste barrière is het beperkte 
wetenschappelijke bewijs dat het toepassen van farmacogenetica ook daadwerkelijk leidt 
tot een verbeterde behandeluitkomst voor de patiënt. Andere barrières zijn de selectie 
van klinisch relevante testen, het ontbreken van gegevens over de diagnostische waarde 
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van farmacogenetische testen, het ontbreken van studies naar de kosteneffectiviteit, 
het gebrek aan kennis van en scholing over farmacogenetica onder artsen, apothekers 
en patiënten, en het ontbreken van richtlijnen die helpen bij de interpretatie van een 
farmacogenetische test. Het ontwikkelen van dergelijke richtlijnen is essentieel omdat 
voor die interpretatie vaak gedetailleerde kennis van het werkingsmechanisme van 
geneesmiddelen nodig is. Hoofdstuk 3 beschrijft de ontwikkeling van dergelijke 
richtlijnen door de farmacogeneticawerkgroep. Deze multidisciplinaire werkgroep is in 
2005 opgericht door het geneesmiddelinformatiecentrum van de Koninklijke Nederlandse 
Maatschappij ter bevordering der Pharmacie met als doelstelling om arts en apotheker te 
helpen bij het in de praktijk toepassen van farmacogenetica. Na literatuuronderzoek werden 
in eerste instantie voor 17 van de 26 onderzochte geneesmiddelen adviezen opgesteld. 
De onderzochte geneesmiddelen waren substraat voor de enzymen CYP2D6 (n = 21), 
CYP2C19 (n = 1), CYP2C9 (n = 3), and UGT1A1 (n = 1). Adviezen bestonden uit 
dosisaanpassing, selectie van een alternatief middel, bloedspiegelbepaling, waarschuwing 
voor bijwerking, etc. De adviezen zijn geen oproep om prospectief te genotyperen, 
maar zijn bedoeld om de kennis van farmacogenetica toe te passen bij patiënten van 
wie het genotype om wat voor reden dan ook bekend is. Sinds oktober 2006 worden 
deze adviezen voor apothekers en voorschrijvers als onderdeel van de G-standaard (een 
elektronische bestand met informatie over geneesmiddelen) verspreid, waardoor deze 
elektronisch beschikbaar zijn tijdens het voorschrijven en bij de medicatiebewaking. In 
2011 werd het aantal richtlijnen uitgebreid van 26 naar 53 geneesmiddelen (Tabel 3.3). 
De onderzochte geneesmiddelen waren substraat voor CYP2D6 (n = 25), CYP2C19 (n 
= 11), CYP2C9 (n = 7), thiopurine-S-methyltransferase (n = 3), dihydropyrimidine 
dehydrogenase (n = 3), vitamin K epoxide reductase (n = 2), uridine diphosphate 
glucuronosyltransferase-1A1, HLA-B44, HLA-B*5701, CYP3A5, en factor V Leiden (allen 
n = 1). Voor 39 (73,6%) van de onderzochte geneesmiddelen werden dosisaanpassingen  
geadviseerd. 

Hoofdstuk 4 beschrijft de resultaten van een pilot-onderzoek naar de uitvoerbaarheid 
van een farmacogenetische screening in de eerste lijn. Hierbij is vooral gekeken naar 
praktische aspecten zoals de bereidwilligheid van patiënten om deel te nemen aan het 
onderzoek, de kwaliteit van het met speekselmonsters verzamelde DNA, kwaliteit van 
het genotyperen en de kwaliteit van de bij de apotheek verzamelde voorschrijfgegevens. 
Voor dit onderzoek werden patiënten van ouder dan 60 jaar die meer dan vijf 
geneesmiddelen gebruikten waarvan er minimaal één door het enzym CYP2D6 of het 
enzym CYP2C19 werd afgebroken geselecteerd. DNA werd verzameld met behulp 
van een speekselmonster. Het genotype voor CYP2D6 en CYP2C19 werd bepaald 
met de AmpliChip. In totaal werden 93 patiënten benaderd met de vraag of ze aan het 
onderzoek deel wilden nemen. Hiervan stemden er 54 (58,1%) in met deelname. Negen 
speekselmonsters bevatten te weinig DNA om het genotype vast te kunnen stellen. 
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Voor de resterende monsters slaagde het genotyperen in 93,3% van de monsters voor 
CYP2D6 en 100% van de monsters voor CYP2C19. Van de gegenotypeerde patiënten 
was 2,4% langzame metaboliseerder (PM), 38,1% had een vertraagd metabolisme 
(IM), 54,8% een normaal metabolisme (EM) en 4,8% was een snelle metaboliseerder 
(UM) voor CYP2D6. Voor CYP2C19 was dit 2,2% PM, 15,6% IM en 82,2% EM. 
Op basis van de resultaten in hoofdstuk 6 wordt geconcludeerd dat farmacogenetische 
screening in de eerste lijn uitvoerbaar is in, en mogelijk klinisch relevant is voor, de  
eerste lijn. 

De kwaliteitsborging van farmacogenetische testen 
Omdat de klinische toepassing van farmacogenetica mogelijk leidt tot aanpassingen aan 
de behandeling met geneesmiddelen van patiënten is het van belang om betrouwbare 
methoden te hebben om het genotype vast te stellen. Hiervoor is het van belang om 
goede kwaliteitscontrolemonsters te hebben. Hoofdstuk 5 beschrijft de resultaten 
van een onderzoek naar het gebruik van kwaliteitscontroles in farmacogenetische 
analysemethoden die waren toegepast in de periode 2005-2007 en gepubliceerd in 
twee toonaangevende farmacogenetische tijdschriften. Uit dit onderzoek bleek dat in 
86% van de onderzochte publicaties geen kwaliteitscontroles werden beschreven. De 
meeste onderzoekers voerden bij 5-10% van de monsters een duplobepaling uit als 
kwaliteitscontrole. Dit is op zich een goede interne controle, maar het is geen vervanging 
van een onafhankelijke kwaliteitscontrole om de validiteit van een farmacogenetische 
analysemethode vast te stellen. Door stukjes DNA met daarin de genetische varianten 
van TPMT*2, *3B/C; CYP2D6*3, *4, *6, *9, *41; CYP2C9*2, *3 en CYP2C19*2, *3 
in een plasmide te plakken is het gelukt om voor deze veel bepaalde genetische varianten 
gestandaardiseerde controles te maken. In hoofdstuk 6 wordt een tweede probleem 
met betrekking tot kwaliteitszorg beschreven, namelijk het uitsluiten van SNP’s in 
de analyse vanwege slechte resultaten van het genotyperen. Tijdens één van de in dit 
proefschrift beschreven onderzoeken ontstonden problemen met het genotyperen van 
rs75210, een SNP in het gen dat codeert voor HNF1β. Met de gebruikte TaqMan-
analyse lukte het niet om van meer dan 95% van de monsters het genotype te bepalen. 
Om dit probleem te verhelpen zijn twee alternatieve bepalingsmethoden ontwikkeld. 
Eerst werd een pyrosequencing-methode ontwikkeld en vervolgens een smeltmethode 
(“high resolution melting”) omdat in veel laboratoria de pyrosequencing-techniek 
niet beschikbaar is. Beide methoden werden getest op DNA van een groep van 258 
type 2 diabetes mellitus-patiënten en een groep van 183 gezonde bloeddonoren. De 
resultaten werden bevestigd met een ‘gouden standaard’-methode van genotyperen 
(Sanger sequencing) en waren in 99,6% van de gevallen gelijk tussen de verschillende  
methoden. 
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Het effect van genetische variatie op de respons op behandeling met sul-
fonyureumderivaten
Het derde deel van dit proefschrift beschrijft het onderzoek naar de invloed van 
genetische variatie op de respons op de behandeling met sulfonylureumderivaten. Deze 
geneesmiddelen worden toegepast bij de behandeling van patiënten met diabetes mellitus 
type 2 (T2DM). De dosering van sulfonylureumderivaten wordt per patiënt vastgesteld. 
Dit gebeurt door middel van dosistitratie waarbij iedere 2-4 weken op geleide van effect 
de dosering wordt opgehoogd. Bij circa 10-20% van de patiënten werkt behandeling met 
sulfonylureumderivaten onvoldoende (daling in nuchter bloedglucose < 1,1 mmol/L) 
en een vergelijkbaar percentage reageert beter dan gemiddeld. Deze behandeling is om 
drie redenen als model gekozen om een mogelijke rol van farmacogenetica in de eerste 
lijn te onderzoeken. Ten eerste worden de meeste T2DM-patiënten in de eerste lijn 
behandeld. Ten tweede vertoont circa 10-20% van de patiënten onvoldoende respons op 
de behandeling met sulfonylureumderivaten. Ten derde worden sulfonylureumderivaten 
afgebroken door het enzym CYP2C9, een enzym dat betrokken is bij het metabolisme 
van veel geneesmiddelen die in de eerste lijn worden toegepast. Van het gen dat codeert 
voor CYP2C9 zijn meer dan 25 variantallelen beschreven. Twee van deze varianten, 
CYP2C9*2 en CYP2C9*3, komen frequent voor in de Kaukasische populatie en coderen 
voor verminderd functioneel enzym. In onderzoek met gezonde vrijwilligers die een 
eenmalige dosis van een sulfonylureumderivaat kregen is aangetoond dat dragerschap 
van het CYP2C9*2 of CYP2C9*3 allel resulteert in een verminderde afbraak en dus een 
hogere blootstelling. Hoofdstuk 7 beschrijft een studie naar het effect van CYP2C9*2 en 
CYP2C9*3 op de hoogte van de voorgeschreven dosis waarop T2DM-patiënten stabiel 
werden ingesteld. Daarnaast werd ook gekeken naar het effect op de benodigde titratietijd 
tot het bereiken van deze stabiele dosis. In totaal werd DNA van 207 T2DM-patiënten 
verzameld. Er werd geen statistisch significant effect van het CYP2C9*2 en/of CYP2C9*3 
allel op de ingestelde dosis of de benodigde titratietijd gevonden. In de subgroep van 
glimepiride (één van de sulfonylureumderivaten) gebruikers werd wel een trend naar 
een lagere dosis voor dragers van een CYP2C9*3 allel waargenomen. Op basis van dit 
onderzoek werd geconcludeerd dat genotyperen voor CYP2C9*2 en CYP2C9*3 op dit 
moment geen meerwaarde heeft voor het doseren van sulfonylureumderivaten in de eerste 
lijn. Sinds 2007 is er door middel van genoombrede associatieonderzoeken steeds meer 
bekend geworden over erfelijke risicofactoren voor het ontwikkelen van T2DM. Uit deze 
onderzoeken komt een set van 20 risico-allelen naar voren die consequent geassocieerd 
zijn met een verhoogd risico op T2DM. De meerderheid van de allelen in deze set is 
geassocieerd met genen die een rol spelen bij de insuline-afgifte door de β-cellen in het 
pancreas. De genen KCNJ11 en TCF7L2 waren in eerdere onderzoeken ook geassocieerd 
met variatie in de respons op sulfonylureumderivaten. Ook was al beschreven dat 
individuen met 12 of meer risico-allelen voor de genen TCF7L2, PPARG, FTO, KCNJ11, 

201NederlaNdse sameNvattiNg



NOTCH2, WFS1, CDKAL1, IGF2BP2, SLC30A8, JAZF1 en HHEX minder goed in 
staat waren om hun insuline-afgifte aan te passen aan toenemende insulineresistentie 
in vergelijking met individuen met acht of minder risico-allelen. Deze gegevens leiden 
tot de hypothese dat patiënten met een groter aantal T2DM risico-allelen minder goed 
reageren op de behandeling met een sulfonylureumderivaat. Hoofdstuk 8 beschrijft 
een onderzoek naar het effect van het panel van 20 risico-allelen op de behandeling met 
sulfonylureumderivaten in het cohort van 207 T2DM-patiënten beschreven in hoofdstuk 
7. Per patiënt werd een genetische risicoscore berekend gebaseerd op het aantal T2DM 
risico-allelen. Met deze risicoscore werden patiënten ingedeeld in drie vooraf gedefinieerde 
risicogroepen. Vervolgens werd het effect van de genetische riscogroep op het bereiken 
van een stabiele dosering, de hoogte van de stabiele dosering en de benodigde titratietijd 
onderzocht. Patiënten met meer dan 17 risico-allelen hadden een 1,7 keer kleinere 
kans om stabiel ingesteld te worden op een sulfonylureumderivaat. Ook lijkt voor deze 
patiënten een langere titratietijd nodig, hoewel dit net niet statistisch significant was. 
Het aantal risico-allelen had geen relatie met de hoogte van de stabiele dosis. Op basis 
van deze studie werd geconcludeerd dat allelen die een verhoogd risico op T2DM geven 
ook geassocieerd zijn met de respons op de behandeling met sulfonylureumderivaten. 
Dit suggereert dat in de toekomst mogelijk de behandeling van T2DM kan worden 
verbeterd door rekening te houden met het individuele genetische profiel van de  
patiënt.

Algemene discussie
In hoofdstuk 9 worden de resultaten van het in dit proefschrift beschreven onderzoek 
besproken en wordt een toekomstvisie over de implementatie van farmacogenetica in de 
eerste lijn gepresenteerd. Hoofdstuk 9.1 beschrijft zes belangrijke ontwikkelingen voor 
de implementatie van farmacogenetica in de eerste lijn. De eerste ontwikkeling is dat 
er doseeralgoritmen ontwikkeld gaan worden die naast traditionele klinische variabelen 
zoals leeftijd, nierfunctie en gewicht ook rekening houden met farmacogenetica. De 
tweede ontwikkeling is dat farmacogenetica in toenemende mate zal worden toegepast 
ter verklaring en preventie van geneesmiddelengeïnduceerde bijwerkingen zoals de 
overgevoeligheidsreactie op abacavir. De derde ontwikkeling is een sterke toename van 
het aantal beschikbare richtlijnen voor het interpreteren en toepassen van de resultaten 
van een farmacogenetische test zoals deze ontwikkeld zijn door de Nederlandse 
farmacogeneticawerkgroep en het Amerikaanse Clinical Pharmacogenetics Implementation 
Consortium. Ook zullen registratieautoriteiten zoals de EMA en de FDA in toenemende 
mate informatie over farmacogenetica op laten nemen in de productinformatie van 
geneesmiddelen. Een vierde ontwikkeling is dat genetische variatie die was geassocieerd 
met ziekte zal worden geassocieerd met de respons op geneesmiddeltherapie en vice versa. 
Een vijfde ontwikkeling is het integreren van de kennis van gen–geneesmiddelinteracties 
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met geneesmiddel–geneesmiddelinteracties. Een zesde en laatste ontwikkeling is de 
enorme technologische vooruitgang en de bijbehorende prijsdaling die dit veroorzaakt 
op het gebied van genotyperen.

Het gevolg van deze zes ontwikkelingen is dat farmacogenetische kennis in de komende 10 
jaar steeds vaker klinisch zal worden toegepast. Een van de vraagstukken die beantwoord 
zal moeten worden is welke mate van bewijs nodig is voordat een farmacogenetische test 
klinisch toegepast kan worden. Is bijvoorbeeld altijd een gerandomiseerd dubbelblind 
onderzoek noodzakelijk, of voldoen andere vormen van bewijs? In sommige situaties 
zijn één of twee studies die eerdere resultaten bevestigen in combinatie met een goed 
onderbouwd onderliggend mechanisme voldoende voor klinische implementatie. Een 
tweede belangrijk vraagstuk is in welke mate genetische variatie verschillen in de respons 
op geneesmiddelen kan verklaren. Mogelijk gaat de farmacoepigenetica hier een belangrijke 
rol in spelen.

Hoofdstuk 9.2 bespreekt de resultaten van de twee onderzoeken naar het effect van 
genetische variatie op de respons op een behandeling met sulfonylureumderivaten. De 
bevinding dat patiënten met een groter aantal T2DM risico-allelen een andere respons 
op de behandeling met sulfonylureumderivaten vertonen is een “proof-of-principle” van 
het concept dat de multigenetische oorsprong van T2DM uiteindelijk kan leiden tot het 
identificeren van subgroepen patiënten met T2DM die een andere behandeling nodig 
hebben. Toch staan we nog slechts aan het begin van het ontrafelen van de invloed 
van genetische variatie op de respons op sulfonylureumderivaten. Een belangrijke 
uitdaging is dat de effecten van individuele SNP’s op de variatie in respons waarschijnlijk 
relatief klein zullen zijn. Om zulke effecten te kunnen vinden zijn grote groepen goed 
gedefinieerde patiënten nodig terwijl de meeste studies naar de farmacogenetica van 
sulfonylureumderivaten tot nu toe klein waren. Zodra SNP’s zijn gevonden die respons 
kunnen voorspellen en het onderliggende farmacologische mechanisme is opgehelderd, 
moeten er algoritmes worden ontwikkeld en gevalideerd die deze kennis klinisch toepasbaar 
maken.
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De totstandkoming van dit proefschrift laat zich vergelijken met een klein sneeuwvlokje 
dat in december 2004 op de top van een berg terecht kwam en in de jaren daarna al naar 
beneden rollend steeds in omvang is toegenomen. Op de tocht naar beneden zijn er vele 
splitsingen gepasseerd, waarbij vooraf niet altijd duidelijk was waar we aan de voet van 
de berg uit zouden gaan komen. Onderweg was de helling soms zo vlak, dat er, om te 
blijven rollen, een duwtje nodig was. Graag wil ik iedereen die hier aan heeft bijgedragen 
bedanken. 
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