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I n t rod u c t ion
Hypertension is a major public health hazard because of its high prevalence and
its high risk of cardiovascular diseases such as myocardial infarction (MI), stroke,
congestive heart failure, end-stage renal disease and peripheral vascular disease.1
According to the World Health Organization (WHO) hypertension is defined as
a systolic blood pressure ≥ 140 mmHg or a diastolic blood pressure ≥ 90 mmHg.2
Although the consequences of uncontrolled hypertension are very well known
and there are numerous antihypertensive drugs available, the vast majority of the
patients with hypertension still have inadequately controlled blood pressure.3‑6 In
order to improve this poor blood pressure control, treatment should be tailored
to the individual patient. However, the full benefit can only be obtained if the
patient is compliant with the prescribed regimen, because non-compliance is an
important cause of the lack of blood pressure control.7 Currently, the selection
of the most appropriate antihypertensive drug treatment is based on a ‘trial and
error’ approach. Antihypertensive drug therapy can be divided into five major
classes: diuretics, beta-blockers, calcium antagonists, angiotensin-converting
enzyme (ACE) inhibitors and angiotensin II type 1 receptor (AT-II) antagonists.
These antihypertensive drugs lower blood pressure by acting on specific targets in
blood pressure regulation. Many factors are known to influence the effects of drug
therapy such as age, the patient’s general health, prognosis, disease severity, quality
of drug prescribing and dispensing, compliance with prescribed pharmacotherapy,
and nature of the disease. There are now several examples of cases in which
interindividual differences in drug response are due to sequence variants in
genes encoding drug-metabolizing enzymes, drug transporters, or drug targets.8,9
Genetic identification of patients that are likely to be non-responders to one of the
antihypertensive drugs will help to target the drug to patients who are likely to
respond. This potentially will lead to a much quicker achievement of blood pressure
control, less unnecessary occurrence of side-effects due to non-effective drugs, and
therefore to health gain for the individual patient, and cost reductions for society as
a whole.
Pharmacogenetics and pharmacogenomics seek to characterize how genetic
differences influence the variability in drug efficacy or side effects often observed
between patients.10 Pharmacogenetic studies were conducted initially to understand
individual differences in drug pharmacokinetics and metabolism, often focused
on single gene polymorphisms, especially in drug metabolism genes.10,11 However,
pharmacodynamics is also getting more interest at this moment. The goal of
hypertension pharmacogenetics is to find genetic determinants of antihypertensive
drug efficacy and toxicity that can be ascertained prior to drug treatment.10 With
|
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regard to the pharmacogenetics of hypertension treatment, most studies focused
on intermediate endpoints and not on long term endpoints, such as MI. Several
studies have evaluated the influence of polymorphisms in ACE, angiotensinogen
(AGT), angiotensin II type 1 receptor (AGT1R) and the alpha-adducin (ADD1)
genes on the response to antihypertensive drugs.12‑15 In most candidate gene
studies, no drug-gene interactions with regard to long term outcomes were found.
However, hypertensive patients with the 460W allele of the ADD1 gene seem to
have a lower risk of MI and stroke when using diuretics compared with other
antihypertensive drugs.16 With regard to blood pressure response, interactions
were found for the endothelial nitric oxide synthase (eNOS) G894T polymorphism
and diuretics,17 the ADD1 G460W polymorphism and diuretics and the ACE I/D
(insertion/deletion) polymorphism and angiotensin II type 1 receptor antagonists.8
An interaction between ACE-inhibitors and the ACE I/D polymorphism, which
resulted in differences in angiotensin receptor mRNA expression, left ventricular
hypertrophy and arterial stiffness, was also found.8 For the ACE I/D polymorphism
also an interaction with calcium antagonists considering arterial stiffness as an
intermediate endpoint was found.8
The most commonly applied approach to identify relevant genes is studying candidate
genes that potentially regulate pharmacokinetics and/or pharmacodynamics of
antihypertensive drugs. Candidate gene studies can both be performed as part of a
clinical trial and in an observational setting. One of the limitations of trials is that
they are time-consuming because of the long follow up time needed. Moreover,
large genetic effects that put a patient at an unacceptable risk of experiencing a
severe adverse drug reaction or giving a patient a placebo would make a clinical
trial unethical. The most important limitation is that clinical trials are very
expensive and that the pharmaceutical industry is probably not willing to support
a pharmacogenetic trial for a medicine that is already on the market. The most
commonly used design for pharmacogenetic studies with discrete outcomes is the
case-control design. The researcher can select the patient group based on disease
status beforehand so relatively few patients have to be genotyped. A case only
design can also be used to investigate drug-gene interactions. However, it does not
give information about the effect of drugs on the outcome and the effect of the
genotype alone. For pharmacogenetic cross sectional studies the interpretation of
causality and the definition of drug exposure can be a problem, especially when the
exposure over a long period is of interest. In prospective cohort studies all patients
within the cohort have to be genotyped. Therefore our starting point was to set up
a large retrospective population based case-control candidate gene study. To set up

| 10

such a study we used a large existing database in which pharmacy and diagnosis
data of many patients were available.
In this thesis we conducted a community pharmacy based case-control study among
antihypertensive drug users in order to investigate the feasibility of setting up a
retrospective pharmacogenetic study and to investigate whether genetic variation
modified the effect of antihypertensive drugs on reducing the risk of MI in daily
practice.

A i m a n d o u t l i n e of t h e t h e si s
The general aim of the studies described in this thesis was to assess the feasibility
of setting up a large retrospective population based pharmacogenetic study that
can be used for determining interactions between antihypertensive drugs and gene
polymorphisms on the long-term cardiovascular outcome MI.
In Chapter 2, methodological issues in pharmacogenetic studies are described. In
Chapter 2.1 the design of the study and the way of recruiting patients by community
pharmacies is presented. Reasons for non-response in a pharmacogenetic study
are presented in Chapter 2.2. Chapter 2.3 deals with determinants of DNA yield
and purity. Chapter 3 contains pharmacogenetic studies on the long term outcome
MI. Chapter 3.1 gives an overview of studies that investigated the ADD1 G460W
polymorphism for association with blood pressure response and the risk of MI in
patients treated with diuretics. Chapter 3.2.1 describes the interaction between the
ADD1 G460W polymorphism and thiazide diuretics on the risk of MI in our casecontrol study. In Chapter 3.2.2 a reply to comments on the ADD1 study is given.
In Chapter 3.3 the influence of the eNOS G894T polymorphism on the response to
calcium antagonists with respect to MI is examined. In Chapter 3.4 the interaction
between different renin-angiotensin system polymorphisms (AGT1R) A166C, AGT
C235T, ACE G4656C and T3982C) and ACE-inhibitors and AT II antagonists is
described. Finally, in Chapter 4 the main findings and possible clinical implications
are discussed and suggestions for further research are made.

11 |
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A B S T R AC T
Obj e c tive
To describe the design, recruitment and baseline characteristics of participants in
a community pharmacy based pharmacogenetic study of antihypertensive drug
treatment.
Me t h o ds
Participants were enrolled from the population-based Pharmaco-Morbidity
Record Linkage System (PHARMO). We designed a nested case-control study in
which we will assess whether specific genetic polymorphisms modify the effect
of antihypertensive drugs on the risk of myocardial infarction. In this study,
cases (myocardial infarction) and controls were recruited through community
pharmacies that participate in PHARMO. The PHARMO database comprises
drug dispensing histories of about 2 000 000 subjects from a representative sample
of Dutch community pharmacies linked to the national registrations of hospital
discharges.
Resu lt s
In total we selected 31 010 patients (2777 cases and 28 233 controls) from the
PHARMO database, of whom 15 973 (1871 cases, 14 102 controls) were approached
through their community pharmacy. Overall response rate was 36.3% (n=5791;
794 cases, 4997 controls), whereas 32.1% (n=5126; 701 cases, 4425 controls) gave
informed consent to genotype their DNA. As expected, several cardiovascular risk
factors such as smoking, body mass index, hypercholesterolemia, and diabetes
mellitus were more common in cases than in controls. Furthermore, cases more
often used beta-blockers and calcium antagonists, whereas controls more often
used thiazide diuretics, angiotensin converting enzyme (ACE)-inhibitors, and
angiotensin-II receptor blockers.
C onclusi on
We have demonstrated that it is feasible to select patients from a coded database for
a pharmacogenetic study and to approach them through community pharmacies,
achieving reasonable response rates and without violating privacy rules.
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High blood pressure is a common and major risk factor for cardiovascular disease,
affecting approximately 25% of the industrialised countries.1 Despite the availability
of a variety of effective antihypertensive drugs, inadequate control of blood pressure
is common in hypertensive patients, and responsible for a large proportion of the
burden of stroke and myocardial infarction (MI) in the population.2,3 Although there
are some weak predictors of response to antihypertensive drugs, individualisation
of treatment is mostly done empirically.4 A better knowledge of the mechanisms
underlying individual variation in the effectiveness of drugs may improve this
situation. Identification of genes which modify the response to antihypertensive
drugs provides the opportunity to optimise safety and effectiveness of the currently
available antihypertensive drugs, and to design new drugs.
Studies of drug-gene interactions may be conducted from a pharmacokinetic
and a pharmacodynamic perspective.5,6 From a pharmacodynamic perspective,
several small studies have evaluated the influence of polymorphisms in reninangiotensin system genes (angiotensin converting enzyme [ACE], angiotensinogen
[AGT], angiotensin II type 1 receptor [AGTR1]), the α-adducin gene, and the βadrenoceptor (βAR)-G protein system genes on the response to antihypertensive
drugs.7‑11 These studies focused on blood pressure, arterial stiffness, or regression
of left ventricular hypertrophy as outcomes. Although some suggested interactions
between certain genetic polymorphisms and antihypertensive therapy, results
were often inconsistent due to small sample sizes, confounding factors, differences
between populations, focus on one single gene and failure to account for genegene interactions.12 These treatment-gene interactions have not been evaluated
extensively in large population-based studies and the effects on clinically important
outcomes such as MI are largely unknown. Some studies in which genetic variation
as determinant of antihypertensive drug response was determined gave inconsistent
results.13‑16 Therefore it is important that large population-based studies are
performed to enable comparing and possibly pooling of results and eventually
finding true drug-gene interactions.
We designed a nested case-control study in which we will assess whether specific
genetic polymorphisms modify the effect of antihypertensive drugs on the risk of
MI. In our study the objective is to assess interactions between antihypertensive
drugs (notably diuretics, ACE-inhibitors, β-blockers and calcium antagonists) and
genetic polymorphisms (e.g. AGT, α-adducin, Gp-β3, ACE, AGTR1, G-α protein,
β‑2 and β‑1 adrenergic receptors, epithelial sodium channel (EnaC), cytochrome
P‑450 enzymes (CYP2D6, CYP2C9, CYP3A4), and P-glycoprotein) with respect to
cardiovascular outcomes. In this study, subjects were recruited through community
17 |
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pharmacies. This paper describes the design and implementation of the study, and
shows the baseline characteristics of subjects who participate in the study.

M E T HOD
D esi g n an d s e tti ng
A nested case-control design was used to assess whether specific genetic
polymorphisms modify the effect of antihypertensive drugs on the risk of MI.
Participants were enrolled from the population-based Pharmaco-Morbidity Record
Linkage System (PHARMO). PHARMO links drug dispensing histories from a
representative sample of Dutch community pharmacies to the national registrations
of hospital discharges (LMR) from 1985 onwards. Currently, the base population
of PHARMO covers about 2 000 000 community-dwelling inhabitants of several
population-defined areas in The Netherlands, a sample comparable to the general
Dutch population.
Approval for this study was obtained from the Medical Ethics Committee of the
University Medical Centre Utrecht, The Netherlands.
C as e an d c ontrol d ef i niti on
In the PHARMO database subjects who used antihypertensive drugs (lowceiling diuretics, β-blockers, ACE-inhibitors, calcium antagonists, angiotensinII type 1 receptor blockers, miscellaneous antihypertensives and combinations
of antihypertensives) were selected. From this cohort, subjects hospitalised for
MI (International Classification of Diseases [ICD]-9 code 410) were included
as cases if they had at least one prescription for antihypertensive drugs in the 3
months prior to their first MI hospitalisation and were registered in PHARMO for
at least 1 year. The index date was defined as the date of admission for the first
myocardial infarction. Patients were excluded if they were < 18 years of age, if
the last prescription was not more than 100 days before index date (90 days plus
10 days to account for irregularity of refills), if they had had a previous MI, or if
the date of birth and sex filled in the questionnaire did not match the data in the
PHARMO database. Initially we randomly selected six control subjects for each
case from the subset of antihypertensive drug users, assuming a 50% response rate.
All non-responders were contacted by telephone. However, because the response
rate was lower than expected and because the effort to include a sufficient number
of controls per case was substantial, the number of controls we selected for each
case was later increased to 12 and non responsive controls were not contacted
| 18
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Pati ent re c r u itm ent
From the PHARMO institute a list with patient identifying numbers which were
linked to patient research numbers was available. Subjects were recruited through
community pharmacies, which participate in PHARMO. From the participating
pharmacy the subjects received a letter in which the purpose of the study was
explained. They were asked to return an informed consent form and a questionnaire
to the PHARMO institute. The informed consent form contains name, birth date
and patient identifying number and is stored separately at the PHARMO institute.
The questionnaire contains the patient research number. After the participant had
consented to participate in the study (s)he was sent a package with three tubes with
the patient research number and three cotton swabs for a buccal swab procedure.
All participants were explicitly asked to consent for the collection, storage and
genotyping of the buccal swab material. All patients were notified that we used
information from general practitioners through anonymous linkage with the
pharmacy data.
As c er t ai nm ent of ex p o su re to anti hy p er tensive d r u gs
Coded pharmacy records were used to ascertain exposure to antihypertensive
drugs. In PHARMO, complete pharmacy records are available as of 1991. Pharmacy
records provide details on day of delivery, daily dose, and durations of therapy. We
distinguished major antihypertensive drug classes such as low-ceiling diuretics,
β-blockers, ACE-inhibitors, calcium antagonists, angiotensin-II type 1 receptor
blockers, miscellaneous antihypertensives and combinations of antihypertensives.
Compliance was judged from the regularity of refills.
Ass essm ent of p otenti a l c onfou n d i ng f a c tors an d ef fe c t mo d i f i ers
In our study we have collected information on smoking, hypertension,
hypercholesterolemia, diabetes mellitus, use of alcohol, diets, history of
cardiovascular diseases, family history of cardiovascular diseases, weight and height
through self-administered questionnaires. For a part of the population information
from automated general practice and laboratory registrations is available. For all
participants, information about risk factors was assessed before the index date.

19 |
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anymore. Controls met the same eligibility criteria as the cases, but did not have an
MI. They were matched to the cases on age (± 1 yr), sex and area of residence and
were assigned the same index date as the case to whom they had been matched.

Bu c c a l c el l c ol l e c ti on an d DNA ex tr a c ti on
Individuals who agreed to participate in the study were asked to supply a sample
of buccal cells, collected by the participants themselves. They received one page of
collection instructions, three cotton swabs, three 15 ml tubes containing 2 ml buffer
(1880 μl STE [100 mM NaCl, 10 mM EDTA, 10 mM Tris], 100 μl 10% Sodium
dodecyl sulphate [SDS] and 20 μl of 10 mg/ml Proteinase K).
G enoty pi ng
Genotypes of the α-adducin, ACE, angiotensinogen, AGTR1, eNOS and Gprotein-β3, polymorphisms were assessed using a multiplex single base extension
(SBE) method. Multiplex SBE was performed using SNaPshotTM as described by
the manufacturer (Applied Biosystems). This method was described earlier but
adapted to this new set of polymorphisms. Laboratory personnel were blinded both
to case-control status and to antihypertensive drug-therapy. Briefly, this assay uses
pooled PCR (polymerase chain reaction) primer pairs to co-amplify 27 targets from
genomic DNA in two reactions. Amplified fragments within each PCR products
pool are then detected colorimetrically with sequence-specific oligonucleotide
probes immobilized in a linear array on nylon membranes.17 Table 1 shows an
overview of the polymorphisms genotyped in the PHARMO-study linked to the
antihypertensive drug class that might be influenced by these polymorphisms. This
selection was made based on literature search and the knowledge of the action
mechanism of the drugs.
Ana lysis
Conditional logistic regression analysis will be used to study the association
between antihypertensive drug use and the incidence of myocardial infarction and
to adjust for potential confounding. All analyses will be stratified by the genetic
polymorphisms to study effect modification. Analyses will also be stratified by
antihypertensive drug class. Stratified analysis will also be used to account for
gene-gene interactions. Interaction terms (drug × genotype) will be included in the
logistic regression model to calculate synergy indices. We will test genotype-effect,
dominant and recessive models, and allele-effect associations.

R E SU LT S
In total 31 010 patients (2777 cases and 28 233 controls) were selected from the
PHARMO-database, of whom 15 973 were approached by their pharmacies. The
| 20
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TABLE 1

Summary of the polymorphisms genotyped in the PHARMO study that
might influence antihypertensive drug therapy by drug class

Drug and Polymorphism
(nucleotide substitution)

Amino Acid substitution

(3-coded; 1-coded)

dbSNP rs
number

ADD1 G460T
AGT C235T
ACE G4656C
ACE T3892C
AGTR1 A1166C
GNB3 C825T
NOS3 G298T

Glycine-Trytophane
Methionine-Threonine
Non-coding
Non-coding
Non-coding
No substitution (Serine-Serine)
Aspartic Acid-Glutamic Acid

(Gly-Trp; G-W)
(Met-Thr; M-T)

(Ser; S)
(Asp-Glu; D-E)

4961
699
4341
1800764
5186
5443
1799983

Beta-blocker
AGT C235T
ACE G4656C
ACE T3892C
AGTR1 A1166C
GNB3 C825T

Methionine-Threonine
Non-coding
Non-coding
Non-coding
No substitution (Serine-Serine)

(Met-Thr; M-T)

Methionine-Threonine
Non-coding
Non-coding
Non-coding

(Met-Thr; M-T)

699
4341
1800764
5186

Methionine-Threonine
Non-coding
Non-coding
Non-coding

(Met-Thr; M-T)

699
4341
1800764
5186

Methionine-Threonine
Non-coding
Non-coding
Non-coding
Aspartic Acid-Glutamic Acid

(Met-Thr; M-T)

699
4341
1800764
5186
1799983

(Ser; S)

699
4341
1800764
5186
5443

ACE-inhibitor
AGT C235T
ACE G4656C
ACE T3892C
AGTR1 A1166C
Angiotensin II receptor blocker
AGT C235T
ACE G4656C
ACE T3892C
AGTR1 A1166C
Calcium antagonist
AGT C235T
ACE G4656C
ACE T3892C
AGTR1 A1166C
NOS3 G298T

(Asp-Glu; D-E)

PHARMO = Pharmaco-Morbidity Record Linkage System; ADD1 = α-adducin; AGT = angiotensinogen; ACE
= angiotensin converting enzyme; AGTR1 = angiotensin II type 1 receptor; GNB3 = G-protein-β3, NOS3 =
endothelial nitric oxide synthase

other 15 037 patients could not be approached for different reasons (for example
they died or moved or for controls the case to whom they were matched did not
21 |
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TABLE 2

Baseline characteristics of the participants
Cases

Controls

n=794 (100%)

n=4997 (100%)

p-value

Age
mean age in years (SD)

64.8 (10.8)

64.5 (10.3)

Gender
male
female

533 (67.1%)
261 (32.9%)

3358 (67.2%)
1639 (32.8%)

701 (88.3%)
93 (11.7%)

4427 (88.6%)
570 (11.4%)

631 (79.5%)
163 (20.5%)

3952 (79.1%)
1045 (20.9%)

131 (16.5%)
362 (45.6%)
173 (21.8%)
232 (29.2%)
66 ( 8.3%)
10 ( 1.3%)
65 ( 8.2%)

1204 (24.1%)
2344 (46.9%)
1539 (30.8%)
1061 (21.2%)
682 (13.6%)
69 ( 1.4%)
627 (12.5%)

Smoking

n=720 (100%)

n=4597 (100%)

never
current
past

226 (31.4%)
154 (21.4%)
340 (47.2%)

1769 (38.5%)
695 (15.1%)
2133 (46.4%)

n=688 (100%)

n=4200 (100%)

164 (23.8%)

849 (20.2%)

n=757 (100%)

n=4810 (100%)

258 (34.1%)
306 (40.4%)
193 (25.5%)

2438 (50.7%)
918 (19.1%)
1454 (30.2%)

n=766 (100%)

n=4845 (100%)

593 (77.4%)
80 (10.4%)
93 (12.1%)

3914 (80.8%)
367 ( 7.6%)
564 (11.6%)

n=776 (100%)

n=4881 (100%)

238 (30.7%)
538 (69.3%)

1303 (26.7%)
3578 (73.3%)

Consent DNA
yes
no
DNA available
yes
no
Antihypertensive drugs
thiazide diuretics
β-blockers
ACE-inhibitors
calcium antagonists
angiotensin II receptor blockers
α-blockers
combination

Body mass index
> 30 kg/m

2

Hypercholesterolemia
no
yes, no drug treatment
yes, drug treatment
Diabetes mellitus
no
yes, no drug treatment
yes, drug treatment
Physical activity
< 4 hours
≥ 4 hours
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<0.0005
0.48
<0.0005
<0.0005
<0.0005
0.78
<0.0005
<0.0005

0.03
<0.0005

0.02

0.02

Recruitment through community pharmacies |

no use
< 1 per day
1-2 per day
>2 per day
yes (unknown quantity%)
Family history myocardial infarction
no
yes < 60 yrs
yes > 60 yrs
Ethnicity
caucasian
other

n=761 (100%)

n=4791 (100%)

173 (22.7%)
291 (38.2%)
176 (23.1%)
108 (14.2%)
13 ( 1.7%)

966 (20.2%)
1822 (38.0%)
1148 (24.0%)
821 (17.1%)
34 ( 0.7%)

n=780 (100%)

n=4903 (100%)

724 (92.8%)
6 (0.8%)
50 (6.4%)

4642 (94.7%)
20 ( 0.4%)
241 ( 4.9%)

n=776 (100%)

n=4868 (100%)

759 (97.8%)
17 ( 2.2%)

4746 (97.5%)
122 ( 2.5%)

0.01

0.08

0.75

SD = standard deviation; ACE = angiotensin converting enzyme

participate). In total 5791 patients responded by filling in the questionnaire, which
gave an overall response rate of 36.3%, and 5126 (31.7%) gave informed consent to
genotype their DNA. Baseline characteristics from the 794 cases and 4997 controls
are shown in Table 2. As expected the determinants smoking, body mass index,
hypercholesterolemia, and diabetes mellitus were different for cases and controls.
Furthermore, beta-blockers and calcium antagonists were used more often by
cases than controls, whereas thiazide diuretics, ACE-inhibitors and angiotensinII blockers were used more often by controls than cases. Ethnicity did not differ
between cases and controls and because of the matching neither did age nor did
gender.

DI S C U S SION
The recently completed sequencing of the human genome has focused attention
on the potential for genetic information to benefit the diagnosis, evaluation and
treatment of common diseases. Pharmacogenetics is a research field that pursues
the identification and characterization of genes that influence individual responses
to drug treatment. The availability of more and more data on the existence of genes
and their variability, will give rise to an increase in pharmacogenetic research.
In the field of hypertension, an important goal is to ascertain which of the genes
influence the effects of antihypertensive drugs on blood pressure, assess the extent
and impact of their polymorphisms and distinguish which pathways are valid
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targets for intervention. Although the public health importance of the results of
pharmacogenetic studies may be considerable, reliable information is still limited
in this area and needs to be assessed.
We have designed a nested case-control study in which we will assess whether
genetic polymorphisms modify the effect of antihypertensive drugs on the risk of
MI. In our study we have access to data on all different antihypertensive drugs and
therefore include different calcium antagonists, ACE-inhibitors, alpha-adrenergic
blockers and diuretics. Furthermore, in our study data is also available on the use
of β-blockers.
A limitation of our study is the use of self-reported data. However, in about 40% of
the PHARMO population, computerized general practice and clinical laboratory
data are available. This will allow us to conduct several sensitivity analyses and
validation studies. Another limitation is the use of computerised pharmacy data.
The pharmacy records measured prescriptions filled rather than drugs taken.
Moreover antihypertensive drug users with fatal MI were not selected for the study
because they were not registered in the PHARMO database.
A number of studies have investigated genetic polymorphisms as determinants of
cardiovascular response to antihypertensive drug therapy. They used different study
designs such as experimental (e.g. randomized clinical trial) and observational (e.g.
cohort and case-control) studies. Data from randomized controlled trials constitute
the highest order of evidence and remain the standard for comparisons between
therapies.18 However, randomized controlled trials may not always be feasible due
to practical, financial or ethical reasons. Many clinical trials that are performed
now are saving blood specimens, but most earlier trials do not have blood samples
available. Observational studies are the main alternatives.19 Moreover observational
studies represent a more accurate accounting of everyday clinical care and
estimates of treatment effects are more generalisable to the general population. In
observational studies factors that determined whether a patient received a specific
drug or not could result in difference between groups in prognostics factors related
to the outcome. Specific patient characteristics, clinical judgment and consideration
of the best option for the patient will influence the decision of the treating physician
to prescribe a specific antihypertensive drug. For instance hypertensive patients
with diabetes mellitus are more likely to receive ACE-inhibitors. However in
observational pharmacogenetic studies drug-gene interactions are probably not
influenced by these problems, as the prescriber is unaware of a patient’s genotype.
Information from both randomized controlled trials and outcomes databases is
necessary to determine appropriate treatment for individual patients.
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C ON C LU SION
This study demonstrates the feasibility of setting up a retrospective study by
collecting information through community pharmacies and patients themselves.
The results of this study will help to assess the clinical relevance of antihypertensive
drug-gene interactions. Understanding the association between antihypertensive
drug-gene interactions and various cardiovascular outcomes may eventually help
physicians and other health professionals to tailor antihypertensive drug therapy to
the individual patient.
Ack now l e d gements - The authors would like to thank the following persons for their
support during the project implementation: Karin J.A. Lievers at the Utrecht University,
Paul Schiffers and Rob. G.J.H. Janssen at the University of Maastricht, Cornelia M. van
Duijn at the Erasmus Medical Centre Rotterdam, Bruce M. Psaty at the University of
Washington and W.M. Monique Verschuren at the National Institute of Public Health and
the Environment Bilthoven.
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The unique and new feature about our study is the enrolment of the subjects. All
subjects were approached through the community pharmacies which participate in
PHARMO. The enforcement of this population based study is therefore relatively
easy and the threshold to participate is kept as low as possible.
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A B S T R AC T
Obj e c tive
In epidemiological studies, non-response may introduce bias and limit
generalisability. In genetic pharmacoepidemiological research, collection of DNA
might be a major reason for non-response. We determined reasons for nonresponse and compared characteristics of non-responders and responders in a
pharmacogenetic case-control study.
Me t h o ds
Myocardial infarction (MI) cases and controls, who were antihypertensive
drug users, were recruited through community pharmacies that participate in
the Pharmaco-Morbidity Record Linkage System (PHARMO). The PHARMO
database comprises drug dispensing histories of about 2 000 000 subjects from a
representative sample of Dutch community pharmacies linked to the national
registry of hospital discharges. Independent samples t-test and ANOVA-statistics
were used to analyse the differences in continuous variables between responders
and non-responders. Chi-square statistics and logistic regression were used to
compare categorical variables.
Resu lt s
We approached 1871 cases and 14 102 controls of whom 794 MI cases (42.4%) and
4997 controls (35.4%) responded. We could not approach 2194 patients of whom
63.1% had died and 31.2% moved to another pharmacy. Main reasons for nonresponse were health problems or hospital stays (16.2%; odds ratio [OR] 1.47; 95%
confidence interval [95%CI] 1.00–2.16). Other reasons were old age or dementia
(16.9%; OR 1.82; 95%CI 1.24–2.65). Only a small percentage (1.1%; OR 1.43;
95%CI 0.41–5.03) mentioned DNA sampling as a reason. About 30% of the nonresponders did not give a reason. Women were statistically significantly (p < 0.0005)
less willing to participate than men (38.8% versus 31.3%), as were older subjects
compared to younger subjects (mean age 66.5 versus 64.6 years) (p < 0.0005).
C onclusi on
In a pharmacogenetic case-control study fear for genetic screening was not a major
reported reason for non-response. Females were less willing to participate than
males.
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Population based epidemiological studies often use postal questionnaires to
collect data from participants. In such studies, it is essential to achieve a high
response rate to limit the effects of potential bias and to ensure that the sample
is representative. Few studies have investigated reasons for non-response in both
postal questionnaires and telephone interviews. The most frequently mentioned
reasons were lack of interest, lack of time, lack of personal benefit, and forgetting to
mail the questionnaire. Furthermore, age, gender, smoking habits, health profile and
socio-economic status have been associated with non-response.1‑9 Epidemiologists
are increasingly trying to supplement interview or electronic record data with
biological material, including DNA. Evidence is increasing that variation in genes
(for example in genes that play a role in encoding enzymes in drug metabolism,
drug transport, or drug targets) can be a predictive factor in response to drugs
(both drug efficacy and adverse drug reactions).10‑12 Adequately powered studies
that examine these variations, and that control for the environmental determinants
of drug response, are therefore needed. Randomized controlled trials may not
always be feasible due to practical, financial, or ethical reasons. Population based
studies with a sufficient number of patients to detect gene-drug interactions are
an important alternative.13,14 Therefore, it is important to know whether patients
are willing to participate in observational pharmacogenetic research and what the
reasons are for not participating. As far as we know, no study has been performed to
determine reasons for non-response in a pharmacogenetic study where participants
were explicitly asked for DNA.
The objective of the current study was to assess reasons for non-response and
to compare characteristics of the non-responders with those of responders in a
pharmacogenetic case-control study.

DE SIG N A N D M E T HOD S
D esi g n an d s e tti ng
We performed a case-control study in the population-based Pharmaco-Morbidity
Record Linkage System (PHARMO) database. Participants were enrolled from this
PHARMO database. In the PHARMO database drug dispensing histories from a
representative sample of Dutch community pharmacies have been linked to the
national registry of hospital discharges (LMR) from 1985 onwards. Up till now,
the base population of PHARMO covers about 2 000 000 community-dwelling
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inhabitants of several population-defined areas in The Netherlands, a sample
comparable to the general Dutch population.
Approval for this study was obtained from the Medical Ethics Committee of the
University Medical Center Utrecht, The Netherlands.
C as e an d c ontrol d ef i niti on
In the PHARMO database, subjects who used antihypertensive drugs (low-ceiling
diuretics, β-blockers, angiotensin converting enzyme (ACE) inhibitors, calcium
antagonists, angiotensin-II type 1 receptor blockers, miscellaneous antihypertensives
and combinations of antihypertensives) were selected. From this cohort, subjects
hospitalized for myocardial infarction (MI) (International Classification of Diseases
[ICD]-9 code 410) were included as cases if they had at least one prescription for
antihypertensive drugs in the 3 months prior to their first MI hospitalization and
were registered in PHARMO for at least 1 year. The index date was defined as the
date of admission for the first MI. Patients were excluded if they were < 18 years
of age, if they were not currently taking at least 1 antihypertensive medication at
the index date (last dispensed prescription less than 100 days before index date; 90
days plus 10 days to account for irregularity of refills) or if they had had a previous
MI. Controls met the same eligibility criteria as the cases, but did not have an MI.
Controls were matched to the cases on age (± 1 year), gender and geographical
location. Controls were assigned the same index date as the case to whom they had
been matched.
Initially we randomly selected six control subjects for each case from the subset
of antihypertensive drug users, assuming a 50% response rate. Furthermore, all
non-responsive cases and controls were contacted by telephone. However, because
the response rate was lower than expected, we decided to increase the number of
controls from six to 12, halfway the inclusion period. From this moment on the
non-responsive controls were no longer contacted by telephone.
Pati ent re c r u itm ent an d bu c c a l c el l c ol l e c ti on
Subjects were recruited through community pharmacies, which participate in
PHARMO. From the participating pharmacy the subjects received a letter in which
the purpose of the study was explained. They were asked to return an informed
consent form and a questionnaire. After the participant had consented to participate
in the study she/he was sent a package with three tubes and three cotton swabs
for a buccal swab procedure. The collection of buccal swabs was performed by the
participants themselves. All participants were explicitly asked to consent for the
collection, storage and genotyping of the buccal swab material.
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Schematic view of included patients
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TABLE 1

Reasons of the participating pharmacies for not sending the questionnaires
Cases

Questionnaires sent from participating pharmacies
yes
no
matched case did not participate
Other reasons for not sending questionnaire a
patient died
patient moved
patient unknown in pharmacy
patient in nursing home

Controls

n=2 393 (100%)

n=17 686 (100%)

1 871 (78.2%)
522 (21.8%)
not applicable

14 102 (79.7%)
1 672 ( 9.5%)
1 912 (10.8%)

n=  522 (100%)

n= 1 672 (100%)

360 (69.0%)
119 (22.8%)
32 ( 6.1%)
11 ( 2.1%)

995 (59.5%)
551 (33.0%)
114 ( 6.8%)
12 ( 0.7%)

a) Calculated as a percentage of the number of patients we intended to send a questionnaire but was not
possible.

As c er t ai nm ent of ex p o su re to anti hy p er tensive d r u gs
Coded pharmacy records were used to ascertain exposure to antihypertensive
drugs. These records provide details on day of delivery, daily dose, and durations of
therapy.
Ass essm ent of p otenti a l c onfou n d i ng f a c tors an d ef fe c t mo di f i ers
In our study information on smoking, hypertension, hypercholesterolemia, diabetes
mellitus, use of alcohol, diets, history of cardiovascular diseases, family history of
cardiovascular diseases, weight and height was collected through self-administered
questionnaires. For all participants, information was assessed about risk factors
preceding the index date.
St atisti c a l an a lysis
Independent samples t-test and ANOVA-statistics were used to analyse the
differences in continuous variables between responders and non-responders. Chisquare statistics were used to compare categorical variables.

R E SU LT S
In total 31 010 patients (2777 cases and 28 233 controls) were selected from the
PHARMO-database, of whom 15 973 (1871 cases and 14 102 controls) were
approached through their pharmacies, and 15 037 could not be approached for
| 34

Reasons for non-response in observational pharmacogenetic research |

Reasons for non-participation

Questionnaires returned
yes
no
Reasons for not returning questionnaire a
patient did not feel like/private reason
patient diseased/in hospital
too old/demented
difficult/not remembering/long time ago
too busy
not useful
DNA
other

Cases

Controls

n=1 871 (100%)

n=14 102 (100%)

794 (42.4%)
1 077 (57.6%)

4 997 (35.4%)
9 105 (64.6%)

n=  405 (100%)

n=   496 (100%)

160 (39.5%)
74 (18.3%)
85 (21.0%)
30 ( 7.4%)
28 ( 6.9%)
6 ( 1.5%)
5 ( 1.2%)
17 ( 4.2%)

229 (46.2%)
72 (14.5%)
67 (13.5%)
60 (12.1%)
34 ( 6.9%)
13 ( 2.6%)
5 ( 1.0%)
16 ( 3.2%)

OR (95%CI)

1.00 (reference)
1.47 (1.00-2.16)
1.82 (1.24–2.65)
0.72 (0.44–1.16)
1.18 (0.69–2.02)
0.66 (0.25–1.78)
1.43 (0.41–5.03)
1.62 (0.79–3.34)

a) Calculated as a percentage of the number of patients reached to ask for the reason of non-participation.

different reasons (Figure 1). Of 127 pharmacies only 22 pharmacies did not want to
participate for practical reasons resulting in a loss of 3909 patients (384 cases and
3525 controls). To assess percentages of reasons for not approaching patients these
3909 patients were excluded. Main reasons that subjects could not be approached
were that they had died, moved to another area, were not registered in the pharmacy,
or were in a nursing home (Table 1). After contacting the non-responding patients
by telephone 20 percent of these contacted patients decided to participate after all.
Renewed contacting of the cases by telephone resulted in a 9.5% higher response.
The questionnaires were filled in by 5791 (36.3% of the 15 973 patients who were
approached through their pharmacies) patients and 5126 (32.1%) gave informed
consent to genotype their DNA.
Most patients who were contacted by telephone because of non-response answered
that they did not feel like participating in the study or did not want to tell for what
reason they did not want to participate (43.2%) (Table 2). Some patients could
not participate because they had health problems or were staying in a hospital or
they were demented, or considered themselves too old. Cases mentioned these
reasons more often. For some patients, the reason for non-participation was that
the questions could not be answered because they could not remember the medical
details from years ago. Another reason for non-participation was being too busy
with other things in life. A few patients did not think the research was very useful.
Only 1.1% of the patients brought up the collection of DNA material as a reason for
non-participation when we contacted them for the first time. A small number of
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TABLE 3

Reasons for not returning swabs
Cases

Controls

Number of subjects returning questionnaire
consenting to use DNA
returned buccal swabs
no consent to use DNA
consent not filled in

n=794 (100%)
701 (88.3%)
634 (90.4%)
57 ( 7.2%)
30 ( 3.8%)

n=4 997 (100%)
4 425 (88.6%)
3 983 (90.0%)
351 ( 7.0%)
179 ( 3.6%)

Reasons for not returning swabs after consent a

n= 40 (100%)

n=  180 (100%)

15 (37.5%)
14 (35.0%)
8 (20.0%)
1 ( 2.5%)
2 ( 5.0%)

80 (44.4%)
58 (32.2%)
4 ( 2.2%)
34 (18.9%)
4 ( 2.2%)

already send/will send
not participating anymore
swabs not received
nursing home
patient died

a) Calculated as a percentage of the number of patients we reached by telephone to ask for the reason of not
returning buccal swabs.

patients had other reasons for not returning the questionnaire such as participating
in another study, not being deemed capable, being illiterate, mentally or cognitively
disabled or their physician told them not to participate. The mean age of patients
who were contacted by telephone differed significantly from patients who could
not be reached by telephone (mean age 66.2 versus 63.4 years) (p < 0.0005). After
giving consent some patients did not send back their swabs. After trying to contact
these patients we determined reasons for not sending back the DNA package. Most
of the patients did not answer the phone or had an unknown telephone number
(56.9%). Of the remaining 43.1% some patients did not receive the package, but
usually they did not want to participate anymore. Most of the patients whom we
contacted had sent the package by mail in the meantime or they intended to send
back the package. A few patients were staying at a nursing home or had died in
the meantime (Table 3). For some patients who did not want to tell the reason for
their non-response and for some patients who did not want to participate anymore
after receiving the package, DNA collection might have been the reason. If we
include those groups of non-responders the number of patients who did not want
to participate because of the DNA collection is 14.1% of all responders and nonresponders.
Responders and non-responders differed in some characteristics. Women were
statistically significantly (p < 0.0005) less willing to participate (38.8% versus
31.3%), just like older persons (mean age 64.6 versus 66.5 years) (p < 0.0005)
(Table 4). Current use of antihypertensive drugs was also associated with a higher
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Characteristics of responders and non-responders

Characteristics

Responders Non-responders

OR (95% CI)

OR a (95%CI)

Cases

13.7%

11.0% b

1.28 (1.16–1.41)

1.33 (1.20–1.47)

Female

32.3%

40.1% b

0.72 (0.67–0.77)

0.71 (0.67–0.76)

Age (in years)

64.6

66.5

angiotensin-II type 1 blocker
thiazide diuretic
β-blocker
calcium antagonist
ACE-inhibitor

11.1%
23.6%
47.6%
23.5%
30.0%

10.7%
24.6%
46.7%
24.1%
29.6%

1.05 (0.94–1.16)
0.95 (0.88–1.02)
1.04 (0.97–1.10)
0.97 (0.90–1.04)
1.02 (0.95–1.10)

1.08 (0.96–1.20)
0.95 (0.88–1.03)
1.05 (0.98–1.13)
0.97 (0.89–1.04)
1.05 (0.97–1.13)

Cardiovascular hospitalization

19.1%

19.4%

0.98 (0.90–1.07)

0.95 (0.87–1.03)

6.1%
57.2%
28.1%
8.6%

7.0%
55.8%
28.2%
8.9%

1.00 (reference)
1.18 (1.03–1.35)
1.15 (1.00–1.33)
1.12 (0.94–1.32)

1.00 (reference)
1.26 (1.10–1.45)
1.24 (1.07–1.43)
1.20 (1.01–1.43)

b

Drug use

No. of antihypertensive drugs
0
1
2
>3

OR = odds ratio; 95%CI = 95% confidence interval; ACE = angiotensin converting enzyme
a) Adjusted for all other characteristics.
b) p < 0.05; responders vs. non-responders.

response rate. No differences were found for antihypertensive drug use and history
of cardiovascular diseases.

DI S C U S SION
The overall response rate in this study was 36.3% (cases 42.4%; controls 35.4%).
Recontacting the cases by telephone resulted in a 9.5% higher response. For
only a small part of the non-responders DNA collection was the reason for not
participating in this study. We expected that patients might hesitate to participate
because of DNA collection. Only a few patients (1.1%) mentioned the DNA
collection as the reason for non-response, and for about 14% of all patients DNA
collection might have been the reason.
The collection of the DNA material was not a problem in our study. The patients
could relatively easy collect the buccal cells at home, because no invasive procedure
was needed and the package with the required material could be sent by regular
mail. In this way, the threshold to participate is kept as low as possible.
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Most patients who were contacted because of their non-response answered that
they did not feel like participating or did not want to tell for what reason they
did not want to participate (43.2%). Some patients were suffering from health
problems or considered themselves as too old. Gender and age were determinants
of response. Furthermore, the response rate among cases and controls was similar.
Main reasons for not being able to approach patients were that they had died or
moved to another pharmacy.
The overall response rate was not very high, but it is not expected that this will
influence the results of a pharmacogenetic study, because the characteristics of
responders and non-responders were much alike. Moreover, it is likely that many
biological effects are not associated with the question whether someone responds.
Consequently, they can be studied unbiased by (non)response. It might be possible
that hypertensive patients are more consciously experiencing their health status.
Therefore they might respond differently compared to healthy persons because
they are more motivated. We do not expect that there are DNA-related factors
among hypertensive patients that might cause a different response rate between
hypertensive and non-hypertensive subjects.
Gender and age were independent determinants of response. Although the response
rate among women was lower, the number of women participating in the study
is still high enough to assess drug-gene interactions in women. In other studies
gender appeared to be a determinant of non-response. In two studies, men were less
likely to participate,1,5 while in another study men were more likely to participate.3
Although a Danish study showed that the prevalence of non-response could only
be described by using combinations of background variables. In the combination
gender and age, men had higher odds for non-response than women among those
16–59 years old and women had higher odds among those 60 years or older.7
Similar to our findings Korkeila et al. found that the probability of not responding
was greater for older age.5 However, other studies showed that younger persons
were typical non-responders.1,2 Boshuizen et al. found that the rate of participation
increased gradually with age until approximately 60 years of age, and decreased
strongly with age thereafter.3 When designing observational pharmacogenetic
studies one must take into account that women and older patients may be less likely
to respond. Current use of antihypertensive drugs influenced the response rate.
Patients who stopped their medication before the index date may be less interested
to participate in a pharmacogenetic study.
For some patients, the reason for non-participation was that the questions could
not be answered because they could not remember the medical details from years
ago. When patients are asked to answer questions about details from years ago one
| 38

must find an optimal balance between how long ago the index date can be and the
number of non-responding patients.
Eighty-three percent of the pharmacists was willing to support our study. All
reasons for non-participating that were mentioned by pharmacists were practical
reasons like lack of time.
A strength of our study is the way of recruiting patients. Recruiting patients
through community pharmacies instead of recruiting them through physicians has
the advantage of being able to recruit patients more efficiently and having complete
pharmacy records available.
The main limitation of our study is that some of the contacted patients did not want
to tell the reason for their non-participation. Furthermore, we only have reasons
for non-response from recontacted patients. The reason for non-response among
patients that could not be reached by telephone might have been that they were
younger and had more outdoor activities in comparison to the recontacted patients.
These patients are most likely workers or are more active persons. Boshuizen et
al. found that people without paid work were less likely to participate than those
with a part-time job, but of those with a job, the participation rate decreased with
the numbers of hours of work.3 Not knowing the reasons for this group of nonresponders could have influenced our results. The percentage of patients in this
younger and more active group where DNA collection was the reason for nonparticipation might differ from the recontacted group.
In a pharmacogenetic study fear for genetic screening does not seem to have a
large impact on the willingness to participate. Therefore, our conclusion is that it is
feasible to select patients from an anonymized database, to approach them through
community pharmacies, and to obtain a reasonable response for a pharmacogenetic
study.
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Obj e c tive
Buccal cells are an important source of DNA in epidemiological studies, but little is
known about factors that influence amount and purity of DNA.
Me t h o ds
We assessed determinants of DNA yield and purity in a pharmacogenetic study.
A self-administered buccal cell collection procedure using three cotton swabs was
used to collect DNA.
Resu lt s
In 2451 patients DNA yield and in 1033 patients DNA purity was assessed. Total
DNA yield ranged from 0.08 to 1078.0 μg (median 54.3 μg; mean 82.2 μg ± SD
92.6). The median UV 260:280 ratio was 1.95. Samples from men yielded statistically
significantly more DNA (median 58.7 μg) than those from women (median
44.2 μg). Diuretic drug users had statistically significantly lower purity (median
1.92) compared to other antihypertensive drug users (1.95). One technician
obtained significantly lower DNA yields. Older age was associated with lower DNA
purity.
C onclusi on
In conclusion, DNA yield from buccal swabs was higher in men and DNA purity
was associated with age and the use of diuretics.
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Epidemiologists are increasingly trying to supplement observational data with
biological material, including DNA. Blood is the specimen of choice for obtaining
genomic DNA for most large scale epidemiological studies.1,2 However, such
studies might need alternative sources when study subjects are reluctant to provide
a blood sample or when only a self-administered collection protocol is logistically
or economically feasible. Buccal cell collection seems to be a good alternative for
invasive blood collection. This buccal cell collection can be performed by a buccal
swab or mouth wash procedure. A few studies compared these methods in terms
of DNA yield. Most of these studies found that mouthwash procedures provide
more yield and higher quality DNA than buccal swab methods.2‑4 Nevertheless,
DNA collection with the use of buccal swabs has many advantages such as light
weight postage and cost effective processing for long-term archiving, it facilitates
the collection from widely dispersed participants, it is comfortable for the patient
and tasteless. Moreover, collecting buccal cells rather than blood may be especially
appropriate in a paediatric setting. Furthermore, buccal swab methods provide
sufficient DNA for polymerase chain reactions in which only nanogram quantities
of DNA are needed.5,6 However, little is known about factors that influence the
amount and purity of DNA, obtained from buccal cell collection protocols.
Knowledge of these factors is of great importance to optimise the yield of this
method. In blood, predictors of variation in DNA yield are age, daily smoking
status, high-density lipoprotein cholesterol, systolic blood pressure, triglycerides,
history of acute myocardial infarction (MI) and possibly diabetes mellitus.7,8
Determinants of DNA yield from whole blood samples may not be the same as for
buccal samples. Results from studies that focused on determinants of DNA yield
in buccal cells are inconsistent and considered only a few factors. Furthermore, no
study has focused on drug use as a determinant of DNA yield and no study has
assessed determinants of DNA purity.1,9,10 Therefore, we conducted a study to assess
which factors determine the amount and purity of DNA in a self-administered,
non-invasive and relatively inexpensive buccal cell collection procedure.

M at e r ia l s a n d m e t hod s
Stu dy d esi g n
We designed a case-control study in which we will assess whether specific
genetic polymorphisms modify the effect of antihypertensive drugs. Within this
large pharmacogenetic study we conducted a cross-sectional study to perform
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determinants of DNA yield and purity.11‑13 Participants were enrolled from the
population-based Pharmaco-Morbidity Record Linkage System (PHARMO).
PHARMO has been linking drug dispensing histories from a representative sample
of Dutch community pharmacies to the national registration of hospital discharges
as from 1985. In the PHARMO database, subjects who use antihypertensive drugs
(Anatomical Therapeutic Chemical [ATC] codes C02A, C02B, C02K, C02CC,
C02CA, C02D, C02N, C03A, C03B, C03EA, C07, C08 and C09) were selected. From
this cohort, subjects hospitalised for MI were included as cases. Controls, without
MI, were matched on age (± 1 year), sex and geographical location. Patients were
excluded if they were < 18 years of age, if they were not currently taking at least one
antihypertensive medication at the date of hospitalisation for the first MI for cases
(last prescription not more than 100 days before index date; 90 days plus 10 days to
account for irregularity of refills) or if their DNA yield was not available.
Pro c e du res
For all patients information about the use of drugs, that induce hyposalivation
as an adverse drug reaction (anticholinergics ATC code: R03BB; antidepressants
ATC code: N06A; anti-inflammatory and antirheumatic products, non-steroid
ATC code: M01A; topical products for joint and muscular pain ATC code: M02A;
benzodiazepine derivatives ATC code: N05BA; antipsychotics ATC code: N05A;
sympathomimetics ATC code: R01BA; muscle relaxants peripherally acting
agents ATC code: M03), on the date of DNA collection was obtained from the
PHARMO database.14,15 Patients were recruited through community pharmacies,
which participate in PHARMO. From these pharmacies the patients received a
letter in which the purpose of the study was explained. They were asked for written
informed consent to participate in this study and to return the informed consent
form and a questionnaire. For all participants explicit informed consent was asked
for collection, storage and genotyping of the buccal swab material. Information on
ethnicity, smoking, hypertension, hypercholesterolemia, diabetes mellitus, use of
alcohol, diets, history of cardiovascular diseases, family history of cardiovascular
diseases, weight and height was collected through self-administered questionnaires
and linked with automated general practice and laboratory registrations. Approval
for this study was obtained from the Medical Ethics Committee of the University
Medical Centre Utrecht, The Netherlands.
DNA c ol l e c ti on an d is ol ati on
Individuals who agreed to participate in the study were asked to supply a sample
of buccal cells. The collection of buccal swabs was performed by the participants
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themselves.14,15 They received one page of collection instructions, three cotton
swabs, and three 15 ml tubes containing 2 ml buffer (1880 μl STE [100 mM NaCl,
10 mM EDTA, 10 mM Tris], 100 μl 10% sodium dodecyl sulphate [SDS] and 20 μl
of 10 mg/ml Proteinase K). All participants were instructed to rinse their mouth
with tap water before collection. Subsequently, they were instructed to rub with
the swab along the inside of the cheek and against their gums for one minute in the
morning, afternoon and evening. After each rub the cotton swab should be placed in
one of the tubes and then sent back, in a prepaid return envelope, to the laboratory.
Upon arrival, the Proteinase K concentration was increased to 0.2 mg/ml and the
sample was lysed by incubation at 65˚C for 2 hours. The cotton swabs were placed
in a syringe cover inside a 50 ml tube and centrifuged at 1000 rpm for 60 seconds.
The remaining buffer from the original 15 ml tube was poured into the 50 ml tube.
DNA was then purified by adding 0.2 volumes of potassium acetate and putting
the sample on ice for 15 minutes. The aqueous phase was extracted with 1 volume
chloroform/isoamyl alcohol (24:1) and mixed for 30 minutes. After 15 minutes
of centrifuging at 3000 rpm the aqueous phase was transferred to a clean 50 ml
tube. DNA was precipitated by adding 2 volumes ethanol absolute and pelleted by
centrifugation (3000 rpm for 10 minutes). After washing with 70% ethanol twice,
the pellet was dried and resuspended in Tris/EDTA (TE) buffer (200 μl). DNA
samples were stored at -30˚C.
The yield and purity of the DNA were determined by spectrophotometry
(nanodrop ND-1000) using the ratio of UV absorbance at 260 nm and 280 nm.
A UV absorbance ratio of 1.8 < R < 2.0 was considered to be good purified DNA.
The UV absorbance ratio measurements were started up later in time. Laboratory
personnel were blinded to patient characteristics.
We did not know at what time the patient was collecting the DNA and whether
the patient returned the swabs immediately after the collection to the laboratory.
Therefore, in order to assess the influence of time from swabbing to extraction
on DNA yield and purity, buccal swab samples from the same person (n=4) were
collected and stored for two weeks, for one week, for one day and for a few hours
in the collection medium (buffer and enzyme) before DNA was isolated. For these
samples we also performed a gel electrophoresis analysis.
St atisti c a l an a lysis
Median regression was used to examine the relationship between median DNA
yield (and DNA purity) and determinants, 95% confidence intervals for regression
coefficients were estimated by inverting a rank test as described by Koenker.16 All
analyses were performed using R 2.8.1 with library ‘quantreg’.
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R e su lt s
In 2451 patients (1684 male and 767 female) DNA yield and in 1033 patients (682
male and 351 female) DNA purity was assessed. The baseline characteristics are
given in Table 1. There were no differences in these characteristics between the
group from which only DNA yield was estimated and the group from which also
DNA purity was estimated. The mean age of the participants was 64.5 years (range

TABLE 1

Baseline characteristics of study population (n=2451)

Characteristic
Age in years; mean (SD)

64.5 (10.3)

Gender; male %

69.0

Yield in μg ; median

54.3

UV 260:280; median

1.95

Transport time in days mean (SD)

12.0 (22.3)

SD = standard deviation

28.5–92.5). Total DNA yield ranged from 0.08 to 1078.0 μg (median 54.3 μg; mean
± SD is 82.2 μg ± 92.6). The median UV 260:280 ratio was 1.95, whereas 59.8% of
the samples had a UV 260:280 ratio between 1.8 and 2.0. No association was found
between DNA yield and DNA purity (data not shown). The mean time between
sending buccal swabs to the patient and returning of the DNA-samples to the
laboratory (= transport time) was 12 days. Samples from men yielded statistically
significantly more DNA (median 58.7 μg) than those from women (median 44.2 μg)
(adjusted median difference 15.3 μg) (Table 2). DNA purity was the same for both
men and women. With increasing age there was a trend for decreasing DNA purity.
Case-control status did not influence the DNA amount and DNA purity (Table 2
and 3). Laboratory technician number four obtained a lower DNA yield than the
other three, which was statistically significant. The number of subjects of nonWhite origin was too few to assess racial differences in DNA yield and DNA purity.
Neither the use of thiazide diuretics compared to the use of other antihypertensive
drugs nor the use of other drugs that may induce hyposalivation influenced DNA
yield. Nevertheless, the use of thiazide diuretics was significantly associated with
decreased DNA purity compared to other antihypertensive drug use (1.92 versus
1.95, respectively; Table 3). However, other drugs, inducing hyposalivation, did not
influence DNA purity. For all analyses adjustment for the other determinants did
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TABLE 2

Median DNA yield (μg) from buccal cell samples

Determinant

Number

Median DNA yield (IQR)

Difference a in median
DNA yield (95%CI) b

2448

54.3 (25.7 – 100.8)

–0.005 (–0.04 to 0.11)

767
1684

44.2 (20.5 – 81.2)
58.7 (29.3 – 110.9)

1.00 (reference)
15.3 ( 11.7 to 21.3)c

2451

54.3 (25.6 – 101.5)

0.4 (-0.04 to 0.36)

2042
409

54.4 (25.9 – 100.8)
53.4 (24.3 – 104.8)

1.00 (reference)
–0.1 ( -5.2 to 6.3)

1360
261
108
712

54.2 (26.5 – 102.4)
57.7 (31.9 – 99.0)
63.5 (35.5 – 100.9)
50.5 (20.2 – 103.6)

1.00 (reference)
5.4 ( -2.0 to 10.9)
10.5 ( -1.9 to 19.1)
–5.3 (-11.4 to –0.50)c

2368
14
23
25

54.0 (25.5 – 101.1)
46.7 (33.7 – 107.4)
63.5 (21.7 – 116.6)
57.9 (41.2 – 101.4)

1.00 (reference)
0.8 (-21.8 to 44.3)
16.7 (-24.7 to 52.3)
1.2 ( -0.9 to 29.9)

2249
178

54.6 (25.0 – 103.6)
52.8 (27.5 – 84.9)

1.00 (reference)
–0.3 ( -8.0 to 6.2)

2093
334

54.3 (25.9 – 102.9)
53.3 (21.8 – 99.0)

1.00 (reference)
0.2 ( -3.5 to 5.9)

days
Gender
female
male
Age
years
Case–control
control
case
Laboratory technician
1
2
3
4
Ethnicity
White
Black
Asian
other
Thiazide diuretic use
no
yes
Hyposalivation inducing drugs
no
yes

IQR = interquartile range; 95%CI = 95% confidence interval
a) Difference in median DNA yield (μg) between compared determinants.
b) Adjusted for all other determinants.
c) p < 0.005.

not substantially influence the median difference.
Storage time from the swabs in the collection medium did not influence DNA yield
and purity (data not shown). Furthermore, no difference in degradation was found
for different storage times. In most samples only DNA with a high molecular weight
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TABLE 3

Median DNA purity from buccal cell samples

Determinant

Number

Median DNA Purity (IQR)

Difference a in median
DNA purity (95%CI)b

1032

1.95 (1.87 – 2.01)

0.00 (–0.002 to 0.0005)

351
682

1.95 (1.87 – 2.01)
1.94 (1.87 – 2.01)

1.00 (reference)
0.00 (–0.02 to 0.013)

1033

1.95 (1.97 – 2.01)

0.002 (0.001 to 0.003)c

942
91

1.94 (1.87 – 2.01)
1.95 (1.85 – 2.01)

1.00 (reference)
–0.005 (–0.039 to 0.030)

961
65
4
2

1.95 (1.87 – 2.01)
1.90 (1.85 – 1.99)
1.97 (1.87 – 1.99)
2.01 (1.98 – 2.05)

1.00 (reference)
–0.03 (–0.068 to 0.012)
NE
NE

999
7
12
10

1.95 (1.87 – 2.01)
1.89 (1.77 – 1.90)
1.97 (1.90 – 2.01)
1.90 (1.86 – 1.95)

1.00 (reference)
–0.034 (–0.175 to –0.010)
0.021 (–0.033 to 0.050)
–0.041 (–0.092 to 0.036)

916
116

1.95 (1.87 – 2.01)
1.92 (1.85 – 2.00)

1.00 (reference)
–0.030 (–0.056 to –0.007)c

877
155

1.94 (1.87 – 2.01)
1.96 (1.86 – 2.01)

1.00 (reference)
0.001 (–0.021 to 0.025)

Transport time
days
Gender
female
male
Age
years
Case–control
control
case
Laboratory technician
1
2
3
4
Ethnicity
White
Black
Asian
other
Thiazide diuretic use
no
yes
Hyposalivation inducing drugs
no
yes

IQR = interquartile range; 95%CI = 95% confidence interval; NE = not estimable
a) Difference in median DNA purity between compared determinants.
b) Adjusted for all other determinants.
c) p < 0.005.

was present and DNA was hardly degraded.
It was possible to assay all DNA samples by a polymerase chain reaction (PCR)
method for genotyping of polymorphisms in the α-adducin, angiotensin-
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converting enzyme, angiotensinogen, angiotensin II type 1 receptor, G-protein β3
and endothelial nitric oxide synthase genes.17

In this study, we found that DNA yield of buccal cell samples was higher in men than
in women. DNA purity was associated with age and the use of thiazide diuretics.
In one study it was found that men from one study group had a higher median
amount of human specific DNA compared to women who participated in another
study group using a mouthwash protocol.9 In another study which also investigated
the feasibility of collecting buccal cells with a mouthwash procedure, mean DNA
yield was also found to be higher in men than in women.1 On the other hand
one study did not find a significantly difference in the average amount of DNA
between men and women.10 The difference in the amount of DNA between men
and women may reflect less vigorous scraping among women. However, in a study
comparing 30 seconds rubbing the cheeks against the teeth versus no rubbing prior
to a cytobrush collection did not find a difference.18
We did not find an association between age and DNA yield. One study found a
positive correlation between age and quantity of DNA in buccal cell samples and
in another study variation by age in buccal cell yield was suggested.9,10 In blood
increasing age led to a significant reduction in DNA yield.8 This decline in DNA
yield may represent the known decline in total leukocyte and lymphocyte count
that occurs between birth and adulthood and is not an explanation for a decrease
in buccal cell DNA yield. Dry mouth as a symptom of getting older is also not a
probable explanation, considering that drugs that induce hyposalivation did not
influence DNA yield.
We could not assess the influence of race on DNA yield due to a small number of
Black and Asian subjects. One other study concluded that mean DNA yield was
lower in Japanese compared with Whites, whereas another study only suggested
variation by ethnicity but could not prove the variation.1,9
One of the laboratory technicians in our study obtained a lower DNA yield. DNA
yield can vary by laboratory personnel for instance depending on the routine of the
laboratory technician. The critical step in the protocol is the separation of the water
phase with DNA from the chloroform/isoamyl alcohol phase. The layer between
the phases may not be touched because that may influence yield and purity. A lower
yield may be associated with a laboratory technician that extracts less water phase
and thereby has smaller risk of touching the in between layer.
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In our study no significant association with transport time was found while in one
study it was stated that holding DNA mouthwash samples at room temperature and
processing them 10 or 30 days after collection yielded statistically significantly less
DNA.9 The main difference between the studies consisted of the storage medium
in which the DNA was transported. In our study participants used cotton swabs
to collect buccal cells and were asked to place them in tubes containing buffer
solution. The composition of the buffer, including proteinase K, was different from
the Scope mouthwash, which was used in the other study. Storage of the swabs in
tubes with buffer and enzyme for two weeks did not influence DNA yield compared
to storage for one week, one day or no storage. The small number of samples (n=4)
used to determine the influence of the storage time is a limitation. On the other
hand the median DNA yield and purity was not influenced by transport time,
which confirmed the findings with the four samples.
Drugs that cause hyposalivation and dry mouth as an adverse drug reaction did
not influence DNA yield or DNA purity. On the other hand lower DNA purity
among diuretic drug users compared to other antihypertensive drug users was
found while diuretic drugs also may induce hyposalivation. It is unclear by which
mechanism diuretic drugs can influence DNA purity. In our study all patients
were taking antihypertensive drugs. DNA yield is probably not influenced by
taking antihypertensive drugs, as the use of diuretic drugs, which are most likely
to influence DNA yield because of their adverse drug reaction, did not modify
DNA yield. For pharmacogenetic studies it is good to know that antihypertensive
drugs and drugs inducing hyposalivation do not influence DNA yield. We used the
PHARMO database to assess antihypertensive drug use. The PHARMO data have
been validated on several occasions with regard to hospital discharge data 19,20 and
drug exposure.21,22
Most studies investigated the DNA purity by gel electrophoresis or PCR analysis.
Only one study estimated the average DNA ratio 260:280 which was significantly
higher in swab samples than in mouthwash samples. However, they did not study
other determinants.2
Two small studies mentioned the possibility of a higher DNA yield when swabbing
multiple times.23,24 In our study the participants were asked to do the collection
procedure three times which resulted in DNA yields high enough for genotyping.
Collecting more than three samples increases the chance of lower response rates
because of unwillingness to swab repeatedly over several time points.
In our study a wide range of DNA yields was found. A possible explanation for
this wide range might be the contamination with bacterial DNA. We could not
differentiate between bacterial and human DNA. However, the isolated DNA was
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PCRable and genotyping of the samples was successful, indicating the total amount
of human DNA is sufficient and also indicating the DNA samples were not too
degraded. The findings of the gel electrophoresis support this non-degradation. In
our study the remaining DNA can be used for more genotyping. However, buccal
cell samples provide substantially smaller quantities of DNA than do whole blood
specimens. The whole-genome amplification might be an attractive solution to this
problem.25,26 The way we have isolated DNA is time-consuming. Therefore DNA
self-collection kits which simplify DNA purification, for example oragene DNA
self collection kits from DNA genotek, which gave high quality DNA, might be
considered as an alternative.27
In conclusion, gender, age, diuretic drug use and laboratory personnel must be
taken into account when collecting buccal cell samples.
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A b s t r ac t
Treatment with a thiazide diuretic is associated with large interindividual differences
in blood pressure reduction. Both environmental and genetic factors might play a
role. Several individual polymorphisms have already been studied for association
with blood pressure response in patients treated with diuretics. Alpha-adducin is
one of the more extensively studied polymorphisms. Unfortunately, conflicting
results have been found in different populations. More research is needed to unravel
possible interactions between diuretics and the alpha-adducin polymorphism.
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Hypertension is a common disorder affecting approximately 20% of the adult
populations of most developed countries.1 It is a major risk factor for cardiovascular,
and cerebrovascular disease.2 The recommended first-line drug treatment for
hypertension is a thiazide diuretic. However, similar to treatment with other blood
pressure lowering drugs, treatment with a thiazide diuretic is associated with large
interindividual differences in blood pressure reduction.3 Interpreting variation
in the outcome of drug therapy should take into account a patient’s general
health, prognosis, disease severity, drug prescribing and dispensing, compliance
with prescribed pharmacotherapy, and metabolic and genetic profiles.4,5 Several
individual polymorphisms have already been studied for association with blood
pressure response in patients treated with diuretics. Alpha-adducin is one of the
more extensively studied polymorphisms. Unfortunately, conflicting results have
been reported in different populations. The question is whether the alpha-adducin
polymorphism can predict if a diuretic is the right choice for an individual patient.

I m pac t of a dd u c i n p olym or p h i sm on h y p e rt e n sion
Adducin is a cytoskeletal protein that is critical for the assembly of the actrinspectrin network and has been implicated in cell signal transduction. The
association between the adducin polymorphism (Gly460Trp) and hypertension has
been found to be positive in many studies, but there are also studies that could
not show this relation. Bianchi et al. reported that these nonreproducible findings
might be attributable to the opposite cardiovascular and renal effects of the adducin
polymorphism according to the angiotensin converting enzyme (ACE) insertion(I)/
deletion(D) polymorphism.6 The incidence of hypertension in the adducin variant
carriers (GlyTrp/TrpTrp) is higher in the ACE DD carriers and lower in the ACE
II carriers.7 Furthermore, within the adducin variant carriers, the ACE DD carriers
had a significantly increased risk of total mortality, cardiovascular mortality and
heart failure compared with II and ID carriers, while this risk was not increased
in subjects without the adducin variant.8 In this same article, Li et al. showed
that membrane-bound ACE activity (in fibroblasts and in transfected human
embryonic kidney cells) is increased in subjects carrying the adducin variant.8 The
adducin variant G460W was also reported to be associated with a higher rate of Na+
transport across the cell membrane in erythrocytes and, by analogy, in the brush
border of the convoluted tubular cells.9
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I n t rod u c t ion

Additive and possibly also epistatic interactions between adducin and ACE are
ignored in most of the case-control and population studies. This might be the reason
why these studies have not found a relationship between the adducin variant and
hypertension.6 Furthermore, it is plausible that other (as yet unknown) epistatic
interactions might play a role.

I n t e r ac t ion b e t w e e n a dd u c i n p olym or p h i sm a n d
di u r e t ic s
In hypertensive subjects ten studies in seven different study populations have been
performed to assess whether there is an interaction between the use of diuretics and
the adducin variant on changes in blood pressure or risk reduction of myocardial
infarction or stroke (see Table 1). Three studies showed that subjects with the Trp
460 variant showed a greater decrease of mean blood pressure compared with
subjects without the Trp allele.10‑12 The adducin variant G460W was not associated
with hypertension in several ethnic groups such as Sardinians but, despite that, it
was associated with the response to thiazides.11 Psaty et al. found in a case-control
study that carriers of the Trp 460 variant were more likely to benefit from therapy
in preventing a first myocardial infarction or stroke.13 By contrast, no difference
in likeliness to benefit from diuretic therapy was found in a large cohort study
(the Rotterdam Study) on preventing a first myocardial infarction or first stroke,14
and this same study found no difference in blood pressure response according to
the alpha-adducin polymorphism.15 In the Genetic Epidemiology of Responses to
Antihypertensives study, the variation in blood pressure response was studied and
no difference was found in likeliness to benefit from diuretic therapy according to
the alpha-polymorphism.16,17 In addition, no difference in blood pressure reduction
according to the alpha-adducin polymorphism was found in the Dutch Doetinchem
cohort study.18 In the large Genetics of Hypertension-Associated Treatment
(GenHAT) trial (n=36 913), no association between the adducin polymorphism and
coronary outcomes was found overall , but female Trp-allele carriers were shown
to have an increased risk of coronary heart disease if treated with chlorthalidon
compared with amlodipine or lisinopril.19 Finally, Gerhard et al. could not show an
association of the alpha-adducin Gly460Trp variant and diuretic use with adverse
cardiovascular outcomes (nonfatal myocardial infarction, nonfatal stroke, or allcause death) in a cohort of 5979 hypertensive coronary artery disease patients from
a large prospective clinical trial.20 Although 11 studies have been performed, it is
still not clear whether there is a true interaction or not.
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In the pharmacogenetics of diuretics as in other pharmacogenetic studies, there
are multiple reasons why different association studies can report different results,
and these reasons may be acting simultaneously when comparing any two studies.
Hirschhorn et al. provided an insightful discussion on possible reasons why genetic
association results may not be replicated by other association studies.21
First, the results of an association study depend on the outcome being analysed, and
different outcomes have been used by different studies (effect on reducing frequency
of clinical events [myocardial infarction, stroke or cardiovascular disease], effect
on blood pressure response and so on). Second, the results may depend on the
population sampled and the study design. Populations differ in allele frequencies at
most genes, and there may be differences in the role of other (not studied) genetic,
environmental and social influences. In addition, pharmacogenetic studies may or
may not include a placebo arm, and the comparison groups are often complex. Third,
the sample sizes of many pharmacogenetic studies may not be sufficiently large in
light of the likely small effects expected of common genetic variation. Although the
role of genetic effects in total may be large, the effects of individual genes and gene
variations are only small to moderate in size. This is especially true for drugs used
in multifactorial diseases such as cardiovascular disease and stroke. Therefore, it
might be necessary to study more single nucleotide polymorphisms (SNPs) within
a gene (probably all SNPs that are identified as tag SNPs in the HapMap project
[www.hapmap.org]) and combinations of genes that play a role in the pathway of
interest. In the case of the alpha-adducin polymorphism, there are already studies
that have shown that there is an interaction between this polymorphism and the
ACE polymorphism for the disease related outcome.6‑8 This suggests that this
combination should be studied in pharmacogenetics, and interactions with other
SNPs should also be considered.
Furthermore, the biological mechanism involved in the interaction should be
considered. In this case, it might be important to know what the patient’s potassium
and calcium status is. If a patient is hypo- or hyperkalemic this might lead to
differences in the interaction between adducin and diuretics. In a study in healthy
male volunteers, Vormfelde et al. demonstrated that carriers of the Trp allele had a
stronger thiazide induced calcium retention.22 Furthermore, there appeared to be
a relation between the potassium excretion induced by hydrochlorothiazide, and
the adducin polymorphism. However, after controlling for the effect of the ACE ID
polymorphism on the potassium excretion, this apparent adducin effect was only
due to the ACE polymorphism.22
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R e a s on s f or i n c on si s t e n c e
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Controlled clinical trial (n=585, African Americans and
non-Hispanic whites), both single SNP and multi-locus
approach

Turner et al. 2003,16 Maitland-van der Zee et al. 2005 17

Controlled clinical trial
(n=87)

Sciarrone et al. 2003 12

Case-control
(MI n=206, stroke n=117, controls n=715)

Psaty et al. 2002 13

Observational study
(958 essential hypertensives, 357 normotensives)

Glorioso et al. 1999 11

Clinical trial
(58 hypertensives)

Cusi et al. 1997 10

Variation in blood
pressure response

Variation in blood
pressure response

First nonfatal MI or
stroke

Mean blood pressure

Mean arterial pressure

Outcome

Carriers of the Trp 460 variant
are more likely to benefit
from therapy.

Conclusion

No significant contribution of Gly460Trp
variant on blood pressure response.

Subject with at least one I alelle (from
ACE ID) and one Trp allele had the largest
blood pressure reduction with treatment.

No difference in likeliness to
benefit from diuretic therapy.

Carriers of the Trp 460 variant
are more likely to benefit
from therapy.

In carriers of the Trp 460 variant allele
Carriers of the Trp 460 variant
who used diuretics, risk of MI or stroke
are more likely to benefit
was lower (OR 0.49 [95%CI 0.32–0.77])
from therapy
compared with non carriers (OR 1.09 [95%
CI 0.78–1.52]). SI 0.45 (95% CI 0.26–0.79).

Average mean blood pressure decreased Carriers of the Trp 460 variant
after diuretic treatment significantly more are more likely to benefit
in hypertensives bearing at least one Trp from therapy.
allele.

21 heterozygous patients (Gly/Trp)
showed a greater decrease (mean 14.7
[SD 2.2] mmHg) in mean arterial pressure
compared with 37 Gly/Gly patients (6.8
[1.4] mmHg); p=0.002.

Results

Summary of studies considering the interaction between alpha adducin and diuretic use

Study and design

TABLE 1

nonfatal MI, nonfatal
stroke or all-cause
death

Variation in blood
pressure response

CHD (CHD death or
nonfatal MI)

first MI or first stroke

Variation in blood
pressure response

No interaction between ADD1 carrier
status and diuretic use (adjusted HR 1.02
(95% CI 0.20-1.70, p=0.93)

No difference in blood pressure response
in starters of diuretic therapy (n=57).

Not associated with the primary outcome
overall.Women: Trp-allele carriers had
greater CHD risk with chlorthalidone
compared with amlodipine or lisinopril
(RR=1.31 [95% CI 1.02–1.68]).

No interaction for either MI (SI 0.99 [95%
CI 0.43–2.27]) or stroke (SI 0.66 [95% CI
0.43–1.27].

No significant contribution of Gly460Trp
variant on blood pressure response.

No difference in likeliness to
benefit from diuretic therapy.

No difference in likeliness to
benefit from diuretic therapy.

Women Trp allele carriers
may have increased CHD risk
if treated with chlorthalidone
compared with amlodipine or
lisinopril.

No difference in likeliness to
benefit from diuretic therapy.

No difference in likeliness to
benefit from diuretic therapy.
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MI = myocardial infarct; 95%CI = 95% confidence interval; SI = synergy index; ACE = angiotensin converting enzyme; ID = insertion/deletion; SNP = single nucleotide
polymorphism; GenHAT = Genetics of Hypertension-Associated Treatment ; CHD = coronary heart disease; RR = relative risk; ADD1 = adducin; HR = hazard ratio.

Clinical trial in hypertensive, CAD patients
(n=5979)

Gerhard et al. 2006 23

Cohort study in hypertensive cohort
(n=3025)

Schelleman et al. 2006 14

GenHAT large clinical trial
(n=36 916)

Davis et al. 2007 19

Cohort study in hypertensive cohort
(n=4097)

Schelleman et al. 2007 15

Observational study
(625 hypertensive subjects)

Schelleman et al. 2006 18
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Finally, the GenHAT study showed a gender difference in the interaction between
the adducin gene and the use of a diuretic.19 Although this was not confirmed in
other studies, the possibility of differences between men and women in the genedrug interactions should be taken into account.

C on c lu sion
It is not clear from the literature whether or not there is a drug-gene interaction
between alpha-adducin and diuretics. We think that there is an influence from
this genotype on the intended effects of the drug. As it might be a small effect and
there are probably many other genetic and environmental factors that influence the
effects of diuretics, whether this relationship will be shown in a particular study
is dependent on many factors. Therefore, it would be useful to conduct a metaanalysis for those studies that can be pooled. This might be difficult because of
the methodological differences. Therefore, new pharmacogenetic studies should
contain a large number of participants, and include more genes, and more SNPs
per gene so multiple interactions can be studied together. Furthermore, it is also
important to consider other potential modifiers of the intended effects of diuretics
(for example gender, potassium status). Finally, most studies considered are in
cohorts of previously treated patients. Even after a wash-out period of several
weeks this might affect results. Therefore, we would recommend using cohorts
with hypertensive patients who have not been treated with antihypertensive drugs
before.

F u t u r e p e r sp e c t i v e
As the possibilities in genetics in the laboratory have evolved rapidly, it is now
feasible to perform large candidate-gene studies or genome-wide scans (with
up to two million SNPs available). Using genome-wide scans will enable us to
consider many genes involved in the efficacy of diuretics, and could possibly lead
to identification of ‘new genes’ that are also involved in the efficacy of diuretics.
The major challenge is how to analyse data from these large datasets (with possibly
millions of variables). Techniques are emerging from the field of computer science
into the field of pharmacogenetics. One or two decades from now, the combination
of results from these techniques, along with data from physiological genomics,
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proteomics and microRNAs, should help us to predict which patients are prone to
have beneficial effects from diuretics according to their genetic profile.
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A b s t r ac t
Obj e c tive
The Gly460Trp variant of the α-adducin gene has been associated with the saltsensitive and diuretic responsive form of hypertension. The aim of the study was to
determine whether the α-adducin 460Trp variant allele modifies the risk-lowering
effect of diuretics on myocardial infarction (MI).
Me t h o ds
In a population-based registry of pharmacy records linked to hospital discharge
records (Pharmaco-Morbidity Record Linkage System [PHARMO]), we used a
nested case-control design. We selected patients hospitalised for MI as cases if they
had at least one prescription for antihypertensive drugs in the 3 months prior to
their first MI and were registered in PHARMO for at least 1 year. Controls that were
matched on age, sex, region and calendar date, met the same eligibility criteria as the
patients, but were not hospitalised for MI. Only current users of antihypertensive
drugs in whom the Gly460Trp polymorphism was genotyped were included for
this study.
Logistic regression analysis was used to calculate odds ratios (OR), synergy indices
(SI), 95% confidence intervals (95%CI) and to adjust for the potential confounding
factors high cholesterol, smoking, body mass index, diabetes, physical activity,
alcohol use, use of loop diuretics, coumarins, antiplatelet drugs, ischemic heart
disease, number of antihypertensive drugs.
Resu lt s
The study included 613 patients and 3627 controls. Compared with users of other
antihypertensives, the risk of MI was significantly lower among users of thiazide
diuretics (OR 0.71; 95%CI 0.55–0.92). Among patients with the adducin variant
the risk of MI was similar among thiazide users compared with users of other
antihypertensives (OR 0.88; 95%CI 0.58–1.33), whereas among wild type carriers
this risk was significantly lower (OR 0.62; 95%CI 0.44–0.87). The interaction
between current use of diuretics and the α-adducin polymorphism was not
statistically significantly increased on the multiplicative scale (SI 1.41; 95%CI 0.91–
2.17). In sensitivity analyses we found a non-significant trend towards a difference
between patients who used potassium sparing diuretics (SI 0.98; 95%CI 0.45–2.12)
and patients who did not use potassium sparing diuretics (SI 1.60; 95%CI 0.98–
2.60) and a statistically significant difference between patients on monotherapy (SI
0.69; 95%CI 0.30–1.59) and those on combination therapy (SI 1.90; 95%CI 1.04–
3.47).
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C on clusi on
This study suggests that the α-adducin gene does not play an important role in
modifying the risk of nonfatal MI associated with the use of thiazide diuretics.
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I N TROD U CT ION
Hypertension is one of the most important risk factors for cardiovascular diseases
in the industrialized world. Despite the availability of a variety of effective
antihypertensive drugs, inadequate control of blood pressure is common in
hypertensive patients, which may be responsible for a large proportion of the burden
of stroke and myocardial infarction (MI) in the population.1,2 In hypertension trials
testing with individual antihypertensive drugs, thiazide diuretics were found to be
most effective in the prevention of cardiovascular outcomes.3,4 Both environmental
and genetic factors modify the response of antihypertensive drugs.5
One of the candidate genes that might influence antihypertensive drug response
is the α-adducin gene. Adducin, a cytoskeletal protein, is a heterodimer or
heterotetramer of α- and β-subunits that is critical for the assembly of the actinspectrin network and has been implicated in cell signal transduction.6 The rs4961
G/T polymorphism of the α-adducin gene encodes for the amino acid substitution
of glycine by tryptophan (Gly460Trp). To be consistent with other literature we
will use the Gly460Trp nomenclature. This Gly460Trp polymorphism has been
associated with renal sodium retention and a salt-sensitive form of hypertension
in some studies.7‑11 However, these findings cannot be confirmed in all populations
studied.10,12‑14
Thiazide diuretics promote renal sodium excretion. This action of diuretics
counteracts the biologic effect of the α-adducin polymorphism. A potential druggene interaction has been evaluated both on variation in blood pressure (BP)
response and on the prevention of MI and stroke. The variation in BP response was
studied in six different study populations. Three studies 8,15,16 showed a greater BP
response to hydrochlorothiazide among carriers of the Trp allele. In three studies,
one performed in non-Hispanic black and non-Hispanic white patients in the
USA, and two in observational cohort studies in The Netherlands among whites,
no relationship between the α-adducin genotypes and BP response to diuretics was
found.17‑19
The variation of response in preventing MI and stroke has been assessed in four
studies until now.19‑22 The results of these studies are inconsistent. In a case-control
study in Seattle, Washington, USA, the Trp allele was associated with a lower risk
of MI in users of diuretics compared with users of other antihypertensive drugs.20
In GenHAT, a genetic study conducted within a randomized clinical trial,22 the
risk for Trp variant allele carriers compared with GlyGly homozygotes was not
different. However, subgroup analysis indicated that women Trp allele carriers
who use diuretics had a greater risk of MI, whereas men did not. Two other studies
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DE SIG N A N D M E T HOD S
D esi g n an d s e tti ng
A nested case-control design was used to assess whether the α-adducin
polymorphism modifies the effect of thiazide diuretics on the risk of MI. Participants
were enrolled from the population-based Pharmaco-Morbidity Record Linkage
System (PHARMO). In the PHARMO database (PHARMO institute, Utrecht, The
Netherlands; www.pharmo.nl) drug dispensing histories from a representative
sample of Dutch community pharmacies have been linked to the national registry
of hospital discharges (LMR) from 1985 to present. Since then, the base population
of PHARMO covers about 2 000 000 community-dwelling inhabitants of several
population-defined areas in The Netherlands, a sample comparable to the general
Dutch population. Approval for this study was obtained from the Medical Ethics
Committee of the University Medical Center Utrecht, The Netherlands.
C as e an d c ontrol d ef i niti on
In the PHARMO database, patients who use antihypertensive drugs (Anatomical
Therapeutic Chemical [ATC] codes C02A, C02B, C02K, C02CC, C02CA, C02D,
C02N, C03A, C03B, C03EA, C07, C08 and C09) were selected. From this cohort,
patients hospitalised for MI were included as cases if they had at least one prescription
for antihypertensive drugs in the 3 months prior to their first MI hospitalisation
and were registered in PHARMO for at least 1 year. The index date was defined
as the date of hospitalisation for the first MI. We used International Classification
of Diseases (ICD)-9 code 410 to define acute MI. These codes have recently been
validated in a cohort of 21 148 patients for whom complete information from the
Cardiology Information System of the University Hospital Maastricht was available.
Using a diagnosis of acute MI confirmed by a cardiologist as the gold standard the
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found no interaction between the α-adducin gene and the use of diuretics on the
prevention of MI or stroke.19,21
In view of these inconsistent results, we conducted a case-control study in
antihypertensive drug users to assess the interaction between diuretic therapy and
the α-adducin polymorphism on the risk of MI and conducted several sensitivity
analyses, among others to try to explain the findings of different studies and to
make the results of our study more comparable with the results of the other studies
on the interaction between diuretic use and the α-adducin gene on the prevention
of MI and stroke.20,22

sensitivity of the hospital discharge data for acute MI was 84.0% and the positive
predictive value was 97.1%.23 Patients were excluded if they were < 18 years of age, if
they were not currently taking at least one antihypertensive medication at the index
date , if they had had a previous MI, if the α-adducin genotype was not available or
if the date of birth and sex filled in the questionnaire did not match the data in the
PHARMO database. Initially we randomly selected six control individuals for each
case from the subset of antihypertensive drug users, assuming a 50% response rate.
Initially we attempted to contact non-responders. However, because the response
rate was lower than expected and because the effort to include a sufficient number
of controls per case was substantial, the number of controls we selected for each case
was later increased to 12, and nonresponsive controls were not contacted anymore.
Controls met the same eligibility criteria as the patients, but had not sustained an
MI. They were matched to the patients on age (± 1 yr), sex and area. They were
assigned the same index date as the patient to whom they had been matched.
Pati ent re c r u itm ent
Patients were recruited through community pharmacies, which participate in
PHARMO. From the participating pharmacy the patients received a letter in which
the purpose of the study was explained. They were asked to return an informed
consent form and a questionnaire. After the participant had consented to participate
in the study he/she was sent a package with three tubes and three cotton swabs for
a buccal swab procedure. All participants were explicitly asked to consent for the
collection, storage and genotyping of the buccal swab material.
As c er t ai nm ent of ex p o su re to anti hy p er tensive d r u gs
Coded pharmacy records were used to ascertain exposure to antihypertensive drugs.
In PHARMO, complete pharmacy records were available as of 1991. Pharmacy
records provided details on day of delivery, daily dose, and durations of therapy. On
the basis of the pharmacy records, participants’ diuretic use was classified as current
or not current at their index dates. For each patient, we calculated the duration
of a prescription based on the quantity dispensed and dosing instructions. For
determining the current use, we searched the pharmacy records for a prescription
preceding the index date. When a patient received enough medication to last
until the index date (duration of medication plus 10%), he/she was counted as a
current user. All patients who did not use diuretics currently were currently taking
one or more other antihypertensive drugs. Past use was defined as not having a
prescription of an antihypertensive drug that lasted until the index date, but having
a prescription before this period.
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Bu c c a l c el l c ol l e c ti on an d DNA ex tr a c ti on
Individuals who agreed to participate in the study were asked to supply a sample
of buccal cells, collected by the participants themselves. They received one page
of collection instructions, three cotton swabs, three 15 ml tubes containing 2 ml
buffer (1880 μl STE (100 mmol/l NaCl, 10 mmol/l EDTA, 10 mmol/l Tris), 100 μl
10% SDS and 20 μl of 10 mg/ml Proteinase K).
G en oty pi ng
Genotypes were assessed using a multiplex Single-Base Extension (SBE) method.
Multiplex SBE was performed using SNaPshot as described by the manufacturer
(Applied Biosystems, Foster City, California, USA). This method was described
earlier but adapted to this new set of polymorphisms. Laboratory personnel were
blinded both to case-control status and to antihypertensive drug-therapy status.24
All participants were classified either as GlyGly carriers of the α-adducin genotype
or as carriers of one or two copies of the α-adducin Trp variant allele.
S ensitiv ity an a lys es for c omp ar is on w it h ot h er stu d i es
To be able to compare our study with the study population used in the Seattle
case-control study 18 we conducted an analysis in patients with a self-reported
diagnosis of hypertension and no history of congestive heart failure. Furthermore
as in the Seattle case-control study, the synergy index (see statistical analyses) was
calculated for different definitions of diuretic use (dosage, duration and number of
antihypertensive drugs), for both genders separately and also for individuals with
and without a history of CVD. Exposure to antihypertensive drugs was also defined
in the same way. All individuals were considered current users of antihypertensive
drugs when their last prescription lasted until the index date, taking a compliance
of 80% into account. Furthermore, current users were also required to be users of
antihypertensive drugs 30 before the index date. This requirement excludes recent
starters of antihypertensive drugs.
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Ass essm ent of p otenti a l c onfou n d i ng f a c tors an d ef fe c t mo d i f i ers
Information on smoking, hypertension, hypercholesterolemia, diabetes mellitus,
use of alcohol, diet, history of cardiovascular diseases (CVDs), family history of
CVDs, weight and height was collected through self-administered questionnaires.
For a part of the population information from automated general practice and
laboratory registrations was available. For all participants, information about risk
factors was assessed before the index date.

TABLE 1

Baseline characteristics by case-control status

Age (yrs, mean)

Cases (n=613)

Controls (n=3627)

64.1

64.3

71.1%
28.9%

68.6%
31.4%

22.5%
16.3%
6.2%
55.5%
32.6%
26.3%
10.8%

29.1% a
22.4% a
6.6%
49.7% a
21.4% a
32.6% a
14.3% a

79.5%

85.0% a

62.2%
32.8%
5.1%

61.7%
34.1%
4.3%

32.4%
20.4%
47.2%

37.5% a
14.1%
48.4%

22.3%

19.8%

32.2%
39.8%
28.0%

51.1% a
18.5%
30.4%

78.7%
9.5%
11.8%

82.0%
7.3%
10.7%

72.0%

74.9%

19.7%
38.6%
25.3%
14.6%
1.8%

19.0%
37.7%
24.6%
18.0%
0.6%

6.9%

5.1%

98.0%

97.9%

Gender
male
female
Antihypertensive drug
thiazide diuretics
thiazide only
thiazide + potassium-sparing
beta-blockers
calcium antagonists
angiotensin-converting enzyme (ACE) inhibitors
angiotensin II-antagonists
High blood pressure
ADD1 Gly460Trp genotype
GlyGly
GlyTrp
TrpTrp
Smoking
never
current
past
Body mass index > 30 kg/m2
High cholesterol
normal
high, no drugs
high, drugs
Diabetes mellitus
no
diet
drugs
Physical activity ≥ 4 hours/week
Use of Alcohol
no use
< 1 unit/day
1-2 units/day
> 2 units/day
yes, unknown quantity
Family history of myocardial infarct
Caucasian
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History of ischemic heart disease

46.0%

25.8% a

History of cardiovascular disease

52.5%

35.1% a

Use of antiplatelet drugs

31.8%

27.6% a

Use of coumarins

3.8%

6.5% a

Use of loop diuretics

5.1%

4.7%

In order to make our results more comparable to the GenHAT study we conducted
an analysis among starters of antihypertensive drugs with a self-reported diagnosis
of hypertension. Patients were considered a starter of an antihypertensive drug if
their first prescription for an antihypertensive drug in the database was preceded by
a 365 day antihypertensive drug-free interval. Patients were analysed according to
the first antihypertensive drug they started with (either thiazide or non-thiazide).
This analysis would resemble the intention-to-treat analysis of the GenHAT trial as
good as possible.
St atisti c a l an a lysis
Logistic regression was used to study the association between diuretic use and the
risk of MI and to adjust for potential confounding. Odds ratios were calculated
separately in the two strata defined by genotype. We used two different indices
to show the interaction between the α-adducin variant and the use of thiazide
diuretics. We calculated the multiplicative synergy index (SI), which is the ratio of
the odds ratio (OR) in those with the variant to the OR in those without the variant.
We also calculated the relative excess risk due to interaction (RERI) according to
Rothman.25 Hardy Weinberg equilibrium was tested using a χ2 goodness-of-fit test.
Analysis was performed using SPSS statistical software (version 12.0.1).
Originally we planned to include 1000 patients and 3000 controls in our study
which would result in 95% power to detect a SI of 0.41 according to Psaty et al.20

R E SU LTS
The analysis included 613 patients and 3627 controls. Baseline characteristics
according to case-control status are presented in Table 1. Several established
cardiovascular risk factors such as smoking, hypercholesterolemia and ischemic
heart disease were significantly more common among patients than among controls.
Furthermore, the use of specific antihypertensive drugs also differed between
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a) p < 0.05; patients vs. controls

patients and controls. The prevalence of the α-adducin variant was high: 37.9% in
patients and 38.4% in controls. Over 20% of the patients used a thiazide diuretic,
individually or in combination with other antihypertensive drugs at the index date
and almost 6% used a thiazide diuretic in combination with a potassium-sparing
drug. Among controls, the α-adducin variant was in Hardy-Weinberg equilibrium.
The use of thiazide diuretics compared with the use of other antihypertensive
drugs, was associated with a lower risk of MI (Table 2). The α-adducin variant was
not associated with case-control status (Table 2).

tabLE 2

Association of diuretic use and α-adducin variant individually with casecontrol status
Cases
(n= 613)

Controls
(n=3627)

OR (95%CI) a

p-value

OR (95%CI) b

p-value

475
138

2572
1055

1.00 (reference)
0.74 (0.60-0.91) 0.004

1.00 (reference)
0.71 (0.55-0.92) 0.009

381
232

2237
1390

1.00 (reference)
1.02 (0.85-1.22) 0.857

1.00 (reference)
1.00 (0.83-1.21) 0.972

Diuretic use
no
yes
Adducin Variant
GG
GT/TT

OR = odds ratio; 95%CI = 95% confidence interval
a) Adjusted for age, sex, region, and calendar year.
b) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, body mass index, diabetes, physical
activity, alcohol use, use of loop diuretics, coumarins, antiplatelet drugs ischemic heart disease, and number
of antihypertensive drugs.

After stratification on α-adducin genotype Trp allele carriers using thiazide diuretics
seemed to have a non-significant lower risk of MI compared with users of other
antihypertensive drugs (OR 0.88; 95% confidence interval [95%CI] 0.58–1.33),
whereas homozygous Gly allele carriers who use diuretics had a significantly lower
risk compared with users of other antihypertensive drugs (OR 0.62; 95%CI 0.44–
0.87). The interaction between current use of diuretics and the α-adducin variant
was not statistically significantly different from 1.00 (SI 1.41; 95%CI 0.91–2.17)
(Table 3). Also, on the additive scale also no statistically significant interaction was
found (RERI 0.26; 95%CI -0.07–0.59).
After changing the inclusion criteria and exposure definitions to resemble the
criteria used by Psaty et al.20 the SI became 1.15 (95%CI 0.67–1.98) (Table 4). The
SI in the analysis which resembled the GenHAT study was 1.72 (95%CI 0.62–4.78).
For diuretic dose and duration of diuretic use the differences between the SIs were
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170
62

975
415

1597
650

p-value

1.00 (reference)
0.95 (0.69-1.31) 0.758

1.00 (reference)
0.63 (0.48-0.83) 0.001

OR (95%CI) a

p-value

1.00 (reference)
0.88 (0.58-1.33) 0.537

1.00 (reference)
0.62 (0.44-0.87) 0.005

OR (95%CI) b

1.42 (0.94-2.16)

1.00 (reference)

SI (95%CI) a

0.097

p-value

1.41 (0.91-2.17)

1.00 (reference)

SI (95%CI) b

0.123

p-value
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OR = odds ratio; CI = confidence interval
a) Adjusted for age, sex, region, and calendar year.
b) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, body mass index, diabetes, physical activity, alcohol use, use of loop diuretics, coumarins, antiplatelet
drugs ischemic heart disease, and number of antihypertensive drugs.

no diuretic use
diuretic use

GlyTrp/TrpTrp

305
76

Cases
Controls
(n=613) (n=3627)

Association between the use of diuretic drugs and the incidence of myocardial infarction stratified by genotype

no diuretic use
diuretic use

GlyGly

TABLE 3
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TABLE 4

Sensitivity analyses of the adjusted case-control SI for the interaction
between the α-adducin variant and diuretic use on the risk of MI

Variable

Number

SI (95% CI) a

p-value

Replication of Psaty study

2834

1.15 (0.67-1.98)

0.615

‘Intention to treat’

1316

1.72 (0.62-4.78)

0.296

700
212

1.49 (0.86-2.57)
1.32 (0.52-3.32)

0.155
0.557

260
609
324
560

1.22 (0.56-2.66)
1.35 (0.72-2.55)
1.39 (0.68-2.81)
0.74 (0.43-1.27)

0.610
0.352
0.366
0.274

153
273

1.56 (0.58-4.22)
1.19 (0.46-3.08)

0.382
0.713

2583
1657

0.69 (0.30-1.59)
1.90 (1.04-3.47)

0.380
0.037

914
279

1.60 (0.98-2.60)
0.98 (0.45-2.12)

0.059
0.953

2645
1595

1.11 (0.62-1.98)
1.90 (0.95-3.79)

0.727
0.070

1316
2924

1.43 (0.66-3.11)
1.58 (0.92-2.71)

0.366
0.100

Diuretic dose
≤ 1 DDD overall
> 1 DDD overall
Duration of diuretic use
current < 1 yr
current 1-4 yr
current ≥ 4 yr
past
Switching
no
yes
No. of antihypertensive drugs
1
>1
Potassium sparing diuretic
no
yes
Cardiovascular disease
no
yes
Gender
female
male

SI = synergy index; MI = myocardial infarction; 95%CI = 95% confidence interval; DDD = defined daily
dose
a) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, BMI, diabetes, physical
activity, alcohol use, use of loop diuretics, coumarins, antiplatelet drugs, ischemic heart disease,
and number of antihypertensive drugs.

within the play of chance. The SIs did not differ between those who started with
a thiazide diuretic and those who started with another antihypertensive drug
and were put on a thiazide diuretic later (switchers). The SIs differed statistically
significantly between those on monotherapy and those on combination therapy
(the ratio of the adjusted SIs was 2.91 (95%CI 1.05–8.06)). Among those on
combination therapy the interaction between the α-adducin variant and the use
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of diuretics was statistically significantly increased. In more extensive analyses no
significantly differences between different antihypertensive drug combinations were
found (data not shown). There seemed to be a trend towards a difference in the SI
between those who used potassium sparing diuretics (SI 0.98; 95%CI 0.45–2.12)
and those who did not use potassium sparing diuretics (SI 1.60; 95%CI 0.98–2.60).
The SIs did not differ significantly between subgroups defined by sex and presence
of CVD (Table 4).

In our study population no statistically significant interaction between the use of
thiazide diuretics and the α-adducin polymorphism was found.
Different results have been reported in literature (for an overview see Table 5).
Two studies 19,21 did not find an interaction, but two studies 20,22 found a significant
interaction. In the Seattle case-control study the use of thiazide diuretics in Trp
allele carriers was associated with a lower risk of MI compared with the use of
other antihypertensive drug therapy.20 GenHAT 22 reported that women Trp allele
carriers using chlortalidone had higher risk of CHD whereas men Trp allele carriers
using chlortalidone had no difference in risk compared with the users of other
antihypertensive drugs. These different findings might be explained by differences
in study designs and populations. Our study is similar in design and data collection
to the Seattle study although our study had more power (85%) to detect the
interaction between a-adducin genotype and thiazide diuretic than in the Seattle
study. The strong point of the GenHAT trial is that treatments were randomized.
However, in our sensitivity analysis of incident (new), users of thiazides Mendelian
randomization might be expected because prescribers are not aware of the genotype
of their patients. The result of this analysis was similar to the main analysis.
Our study population comprised almost (98%) exclusively white patients whereas
the GenHAT study comprised both black and white people. The prevalence of αadducin variants differs among populations, and is much higher in oriental and lower
in black South Africans than in whites.3 Besides, GenHAT included hypertensive
patients who had at least one additional CHD risk factor and we included patients
with and without additional risk factors. To make our study more comparable with
these two studies we performed several sensitivity analyses. To compare our study
with the Seattle case-control study we excluded patients that were not hypertensive
or had a history of congestive heart failure and used the same exposure definition.
This did not change our results. Furthermore we conducted several analyses in
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DI SC U SSION

TABLE 5

Overview of all studies on the interaction between the α-adducin variant
and diuretic use on the risk of myocardial infarction

PO: Number

RRGlyGly (95%CI)

RRGlyTrp/TrpTrp (95%CI)

SI (95%CI)

Case control study:
Psaty et al.20
Nonfatal Myocardial Infarction: 206

1.05 (0.71-1.56)

0.43 (0.25-0.74) 0.47 (0.26-0.86)

Nonfatal Stroke: 117

1.16 (0.70-1.92)

0.61 (0.33-1.16) 0.62 (0.29-1.31)

Controls: 715
female

0.58 (0.20-1.71)

male

0.22 (0.08-0.60)

Cohort study:
Schelleman et al.18,19
Nonfatal+Fatal Myocardial Infarction: 196

0.99 (0.43-2.27)

Nonfatal+Fatal Stroke: 348

0.66 (0.43-1.27)

Cohort: 4 097
Randomized Controlled Trial:
Davis et al.22
CHD: 2 578

0.97 a

1.03 a

1.06 a

Cohort: 36 913
female

1.51 (1.13-2.02)

male

0.85 (0.69-1.06)

Randomized Controlled Trial:
Gerhard et al.21
Nonfatal Stroke / Nonfatal Myocardial
Infarction / Death

1.02 (0.20-1.70)

Cohort: 5 661
Case control study:
Present study
Nonfatal Myocardial Infarction: 613

0.62 (0.44-0.87)

0.88 (0.58-1.33) 1.41 (0.91-2.17)

Controls: 3 627
female

1.43 (0.66-3.11)

male

1.58 (0.92-2.71)

MI = myocardial infarction; PO = primary outcome; RR = relative risk; 95%CI = 95% confidence interval; SI =
synergy index; CHD = fatal/nonfatal coronary heart disease and fatal/nonfatal MI
a) No confidence interval reported.

which we varied dose and duration definitions, but that did not influence results
either. Contrary to what was found in the Seattle case-control study a difference
was seen in the SI when we compared users of only a thiazide diuretic with users
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of a thiazide diuretic in combination with other antihypertensive drugs. Further
analyses could not elucidate that specific combinations were responsible for this
result. Therefore, we do not have an explanation for this finding. In GenHAT the
interaction was found only in women. In our analysis that resembles the intentionto-treat analysis of the GenHAT trial no difference in the SI between men and
women was found. However we have to emphasize that it was not possible to
replicate the GenHAT study with a cohort approach in this case-control study,
and therefore the results of our analysis could still differ from the GenHAT results
because of methodological differences.
Even though it was not statistically significant there was a trend towards a difference
in the SI between patients that did or did not use potassium sparing diuretics.
When potassium sparing diuretics are used this will positively influence the
sodium and potassium homeostasis. Subsequently the salt sensitivity will decrease
as well as the influence of the α-adducin gene. Therefore this might be important
in the interaction between thiazide diuretics and α-adducin. We suggest that the
use of potassium supplements/potassium sparing diuretics should be considered in
future studies. Potassium supplementation might be important in certain groups of
thiazide diuretic users.
Strengths of our study are the availability of complete pharmacy records, which
include dosage data and information about adherence, hospital admission data
and the large sample size. Furthermore our case control population is a good
representation of daily practice.
A limitation of our study is: the study focused on only one single nucleotide
polymorphism. We cannot exclude that genetic polymorphisms in linkage
disequilibrium with the Trp allele of the α-adducin gene contributed to our
findings.
Three studies 26‑28 have shown that there is an interaction between the α-adducin
polymorphism and the angiotensin-converting enzyme (ACE) I/D polymorphism
for the disease-related outcome. In one of these studies,26 a significant interaction
between the α-adducin polymorphism and ACE DD for total and cardiovascular
mortality and for the incidence of cardiovascular events was found. However, they
did not study the influence of antihypertensive drug use. One study determined
the BP response to hydrochlorothiazide according to ACE gene I/D and α-adducin
Gly460Trp polymorphism.15 They found that patients carrying at least one I allele
of ACE and one 460Trp allele of α-adducin had the highest mean BP decrease
with treatment, the effect being additive. It is suggested that hydrochlorothiazide
treatment may activate the renin–angiotensin system (RAS) system much less in
460Trp allele dependent hypertension than in Gly460Gly patients, in which other
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primary pressor mechanisms are at work. On the contrary, ACE II patients may
respond more to hydrochlorothiazide because their homeostatic RAS activation
is less reactive.15 However, there might be a difference in the gene–gene–drug
interaction for BP as outcome and for longterm outcomes like MI. Therefore, it is
important to investigate the interaction between the a-adducin gene and the ACE
gene and the use of thiazide diuretics in the future.
Results of genetic studies may depend on the population sampled and the study
design. Populations differ in allele frequencies at most genes, and there may be
differences in the role of other genetic influences. It might be possible that such a
gene-gene-treatment interaction also modifies the risk of MI. We included fewer
patients than originally planned. Although statistical significance was not achieved,
the power for finding a SI of 1.41 in our study was 85%. Confounding by indication
might have occurred in our study, because physicians were free to choose which
antihypertensive drug was prescribed to which patient. However, the drug-gene
interaction is most likely not influenced by this bias, as the physician is unaware of a
patient’s genotype. It is possible that the drug taken in the period of 3 months prior
to the index date was not the initial drug chosen, but rather represents an alternative
drug, which through a process of trial and error was found the most effective for
BP response, and therefore the users might be selected by the most favourable
genotype. However this is very unlikely because the genotype frequency did not
differ between diuretic drug users and users of other antihypertensive therapies.
Although we had computerized pharmacy records we are not sure that the drugs
were really taken. Because this was a retrospective study we contacted the patients
after they survived their MI. It is possible that the genotype may affect survival
of MI rather than disease incidence. Finally, we used self-reported information on
important confounding factors which might suffer from recall-bias. However, the
clear association between established cardiovascular risk factors and the risk of MI
in our study suggests that these data are valid.
In conclusion, this study suggests that the Gly460Trp α-adducin polymorphism does
not play an important role in the efficacy of thiazide diuretics. Different results have
been reported in literature. There might be an effect from this gene on the efficacy
of thiazide diuretics that can not be shown in all populations. This might be due to
study characteristics or to differences in study populations (epistatic effects from
other genes [for example ACE I/D], or other environmental factors [for example
potassium status]). Future studies in large populations should consider more genes
involved in the beneficial effects of diuretics, or should consider genome wide
scans to be able to account for epistatic effects, but they should also assess known
environmental influences that can influence the beneficial effects of the drug.
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Authors reply to the letter to the editor concerning the manuscript: “Interaction
between the Gly460Trp α-adducin gene variant and diuretics on the risk of myocardial
infarction.”
The letter to the editor from Bianchi et al.1 gives a nice overview of the current state
of evidence for the role of adducin in the pharmacogenetics of diuretic therapy,
and why the authors believe that not finding the interaction between adducin and
hydrochlorothiazide use is due to study design. We would like to clarify some issues
regarding our study.2
Bianchi et al.1 mention that it is of utmost importance to look at starters of diuretic
therapy because otherwise the interaction might be confounded. In our study, we
conducted a sensitivity analysis in which we compared current continuous users of
thiazide diuretics with starters of thiazide diuretics (these starters were not treated
with thiazide diuretics in the year before the first prescription). The synergy indices
(SI) comparing GlyTrp/Trp Trp carriers with GlyGly carriers for the thiazide
starters (SI 1.6; 95% confidence interval [95%CI] 0.6–4.2) and the continuous users
(SI 1.2; 95%CI 0.5–3.1) were not significantly different.
Furthermore, Bianchi et al. assume that a long duration of treatment might be
needed to be able to show the interaction. In our study, the mean duration of use
of current users is 3.1 years and the mean duration of noncurrent users is 1.5 years.
The shortest duration in the current users was 1 day and the longest duration was
almost 18 years. We performed stratified analyses for duration of use and did not
find any differences. However, if the effect would only be visible after a period of 10
years we would have not been able to show this in our dataset. If this is true we do
think that this has also implications for the clinical relevance of the interaction.
Finally, we have now genotyped the angiotensin-converting enzyme (ACE)
G4656C (rs4341) single nucleotide polymorphism (SNP) as a marker for the ACE
I/D (insertion/deletion) polymorphism because these two polymorphisms are
in linkage disequilibrium.3 We have stratified our analyses by this genotype. The
interaction showed a tendency to be stronger in the patients with the II genotype
(SI 2.03; 95%CI 0.79–5.26) compared with patients with the ID/DD genotype (SI
1.29; 95%CI 0.79–2.12), but these SIs were not statistically significant different
from each other. It does not seem reasonable to consider this the reason for not
replicating the results from the study from Psaty et al.4 or from the GenHAT
(Genetics of Hypertension-Associated Treatment) study.5
As we have described before in our review on the interaction of adducin and
thiazide diuretics,6 we do think that there might be an interaction, but that the size
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of the effect is very small. Therefore, it is not found in all populations, for example,
caused by gene-environment or epistatic interactions.
In our Dutch case-control population we have not found any indication that this
interaction has a great impact on the effectiveness of thiazide diuretics in preventing
myocardial infarctions.
Pharmacogenetic studies should investigate more genes, and more SNPs per gene,
so multiple interactions can be studied together. Combinations of effects might be
strong enough to reach clinical importance. Furthermore, it is important to also
consider other potential modifiers of the efficacy of diuretics (e.g. sex, potassium
status).
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A B S T R AC T
Obj e c tive
Release of nitric oxide (NO) might play a role in the beneficial effects of calcium
antagonists on the prevention of myocardial infarction (MI). The G894T variant
of the endothelial NO synthase (eNOS) gene, which is associated with enhanced
degradation of eNOS and decreased NO release might influence the response to
these drugs.
The aim of the study was to determine whether the association between the use
of calcium antagonists and the risk of MI is modified by the T allele of the eNOS
polymorphism.
Me t h o ds
We conducted a case-control study among antihypertensive drug users in The
Netherlands (NL). Replication was tested in a case-control study in Seattle (US).
Cases were hospitalised for non-fatal incident MI. Controls were not hospitalised
for MI. Only current users of antihypertensive drugs in whom the G894T
polymorphism was genotyped were included for this study.
Logistic regression analysis was used to calculate odds ratios (OR), synergy indices
(SI), 95% confidence intervals (95%CI) and to adjust for potential confounding
factors.
Resu lt s
The first study (NL) included 613 cases and 3627 controls, the second study
(US) included 851 cases and 2699 controls. Compared with users of other
antihypertensives, the risk of MI was significantly higher among users of
dihydropyridines in both studies (NL: OR 1.51; 95%CI 1.20–1.91 and US: OR 1.66;
95%CI 1.21–2.27) and among users of diltiazem (NL: OR 1.81; 95%CI 1.23–2.66 and
US: OR 1.86; 95%CI 1.18–2.94). Homozygous T allele carriers using dihyropyridines
had a significantly higher risk of MI than users of other antihypertensives in the
NL study (OR 2.82; 95%CI 1.41–5.66), but not in the US study (OR 1.25; 95%CI
0.31-5.03). Homozygous G allele carriers did not have a significantly increased risk
in the NL study (OR 1.25; 95%CI 0.87–1.82), but did have an increased risk in
the US study (OR 2.22; 95%CI 1.39–3.54). The interaction between current use of
dihydropyridines and the homozygous T allele carriers was statistically significant
on the multiplicative scale in the NL study (SI 2.20; 95%CI 1.05–4.60), but not in
the US study (SI 0.61; 95%CI 0.19–1.91). In both studies no significant interaction
between the eNOS variant and diltiazem or verapamil was found.
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C on clusi on
This study indicates that the use of dihydropyridine calcium antagonists might be
associated with an increased risk of MI among 894T allele carriers in some, but not
all populations.
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I N T ROD U C T ION
Calcium antagonists are frequently used in the treatment of hypertension.
Randomized placebo-controlled trials with calcium antagonists showed reductions
in stroke and major cardiovascular events.1 Compared with low-dose thiazide
therapy, however, calcium antagonists were less effective in the reduction of several
major cardiovascular outcomes.2 Therefore, most guidelines advocate calcium
antagonists as second or third line antihypertensive therapy.3 Moreover, individual
patients may vary in their susceptibility to this increased risk, for instance due to
genetic variation.
Calcium antagonists constitute a class of structurally heterogeneous drugs. They are
classified as dihydropyridines (e.g. amlodipine, felodipine, nifedipine, nicardipine,
nisoldipine, nitrendipine, barnidipine, isradipine, lacidipine and lercanidipine) or
non-dihydropyridines (verapamil and diltiazem). All calcium antagonists lower
arterial pressure by reducing peripheral vascular resistance. They are effective in
reducing both systolic and diastolic blood pressure.4 However, dihydropyridines have
a stronger peripheral vasodilating effect, while non-dihydropyridines reduce heart
rate and myocardial contractility more strongly. Moreover, most dihydropyridines
can also induce the release of nitric oxide (NO) from the vascular endothelium of
various vessels.5 In most,6‑10 but not all,11 animal studies verapamil had no effect on
NO release.6‑10 In one study among rats diltiazem increased NO levels,6,12 whereas
amlodipine reduced NO levels.6 NO is synthesized from the amino acid L-arginine
by endothelial nitric oxide synthase (eNOS). The physiological actions of NO
include regulation of vascular tone and therefore vasodilatation, blood flow and
blood pressure, prevention of platelet aggregation and adhesion and modulation of
vascular smooth muscle proliferation.13‑15 Since, release of NO may play a role in the
beneficial effects of dihydropyridines on the prevention of myocardial infarction
(MI), the eNOS gene is a candidate gene that might influence the response to these
drugs.
Several polymorphisms of the eNOS gene have been described. One of the most
extensively studied mutations is the G to T transversion in exon 7 at position
894 resulting in a change of glutamic acid (Glu) to aspartate (Asp) in codon 298
(Glu298Asp).16 Tesauro et al. showed that eNOS T894 in vitro is subject to selective
proteolytic cleavage in endothelial cells and platelets.17 Another study confirmed this
increased degradation of eNOS in patients harbouring the T894 polymorphism.18
Therefore, enhanced degradation of eNOS leading to decreased NO release could
account for an association between eNOS T894 and cardiovascular disease, which
has been seen in some 19‑27 but not all studies.16,28‑34.
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We hypothesized that subjects who carry the G894T variant of the eNOS gene
might have less benefit from dihydropyridines.
Therefore, the aim of our study was to assess whether the eNOS G894T
polymorphism modifies the association between the use of calcium antagonists
and the risk of MI.

S e tti ng an d d esi g n D utch ( N L ) stu dy
We designed a nested case-control design among patients with treated
hypertension.35,36 Participants were enrolled from the population-based PharmacoMorbidity Record Linkage System (PHARMO). In the PHARMO database
(PHARMO institute, Utrecht, The Netherlands; www.pharmo.nl) drug dispensing
histories from a representative sample of Dutch community pharmacies have
been linked to the national registry of hospital discharges from 1985 onwards.
Cumulatively, the base population of PHARMO covers about 2 000 000 communitydwelling inhabitants of several population-defined areas in The Netherlands, a
sample comparable to the general Dutch population. Approval for this study was
obtained from the Medical Ethics Committee of the University Medical Centre
Utrecht, The Netherlands.
S e tti ng an d d esi g n re pl i c ati on ( U S ) stu dy
The setting for this study was Group Health (GH), a large integrated health care
system in western Washington State. Data were utilised from an ongoing casecontrol study of incident (MI) and stroke cases with a shared common control
group. Methods for the study have been described previously and are briefly
summarised below.37,38
The study was approved by the human subjects committee at GH, and written
informed consent was provided by all study participants.
Popu l ati on N L c as e - c ontrol stu dy
In the PHARMO database, subjects who used antihypertensive drugs were selected.
From this cohort, subjects hospitalised for MI were included as cases if they had
at least one prescription for antihypertensive drugs in the three months prior to
their first hospitalisation for MI and were registered in PHARMO for at least one
year. The index date was defined as the date of hospitalisation for the first MI. We
used International Classification of Diseases (ICD)-9 code 410 to define acute MI.
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Patients were excluded if they were < 18 years of age, if they were not currently
taking at least one antihypertensive medication at the index date, if they had had
a previous MI, if the eNOS genotype was not successfully assessed or if the date of
birth and sex filled in the questionnaire did not match the data in the PHARMO
database. Controls met the same eligibility criteria as the cases, but had not sustained
an MI. They were matched to the cases on age (± 1 year), sex and area. They were
assigned the same index date as the case to whom they had been matched. Subjects
were recruited through community pharmacies, which participate in PHARMO.
All participants were explicitly asked to consent to the collection, storage and
genotyping of the buccal swab material.
Popu l ati on re pl i c ati on U S c as e - c ontrol stu dy
All study participants were GH members and aged 30–79 years. For the purposes
of these analyses, only MI cases and controls who were pharmaceutically treated
for hypertension were included. Case subjects were hospitalised for a non-fatal
incident MI occurring between 1 January 1995 and 31 December 2004, and were
identified from computerised hospital discharge abstracts and billing records.37,38
Controls were a random sample of GH members frequency matched to MI cases
on age, sex, and calendar year of identification.37,38 The index date for controls was a
computer-generated random date within the calendar year for which they had been
selected. For MI cases, the index date was the date of admission for the first acute
MI.
D at a c ol l e c ti on N L stu dy
Coded pharmacy records were used to ascertain exposure to antihypertensive
drugs. In PHARMO, complete pharmacy records were available as of 1991. For
each patient, we calculated the duration of a prescription by dividing the number
of dispensed tablets or capsules by the daily prescribed number. For determining
current use, we searched the pharmacy records for a prescription preceding the
index date. When the index date of a case or control fell within a prescription period
(duration of medication plus 10%), he/she was counted as a current user. Because
the source population consisted of users of antihypertensive drugs, all patients who
were not current users of calcium antagonists were currently using one or more
other antihypertensive drugs. Past use was defined as not having a prescription of
an antihypertensive drug that lasted until the index date, but having a prescription
before this period. Information on smoking, hypertension, hypercholesterolemia,
diabetes mellitus, use of alcohol, diet, history of cardiovascular diseases, family
history of cardiovascular diseases, weight and height was collected through self| 96
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administered questionnaires. All participants were asked to report information
about risk factors as they were prior to the index date.

G en oty pi ng N L stu dy
Genotypes were assessed using a multiplex Single Base Extension (SBE) method.
Multiplex SBE was performed using SNaPshotTM as described by the manufacturer
(Applied Biosystems). This method was described earlier but adapted to this new
set of polymorphisms.39 Laboratory personnel were blinded both to case-control
status and to antihypertensive drug therapy status.
G en oty pi ng U S stu dy
Genotyping of the eNOS variant G894T (rs1799983) was performed by Illumina®
(Illumina Inc, San Diego California) and the Genomics Research laboratory at
Fred Hutchinson Cancer Research Centre with a GoldenGate custom panel using
BeadArray® technology.
St atisti c a l an a lysis
Logistic regression analysis was used to study the association between calcium
antagonist use and the risk of MI and to adjust for potential confounding. Matching
factors were included in all models. Odds ratios (OR) were calculated separately
in the three strata defined by the genotypes, TT , GT, and GG. We calculated the
multiplicative synergy index (SI), which is the ratio of the OR in those with the
variant to the OR in those without the variant. Hardy Weinberg equilibrium was
tested using a χ2 goodness-of-fit test. Analyses were performed using SPSS statistical
software (version 12.0.1).
We tested an additive genetic model since the effect of the G894T variant on
functionality of the eNOS gene has previously been demonstrated to be dependent
on the number of variant alleles. The pressor response to intravenous phenylephrine
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D at a c ol l e c ti on re pl i c ati on U S stu dy
Eligibility and risk factor information were collected by trained medical record
abstractors from a review of the GH medical record using only data available
prior to the index date and through a telephone interview. Medication use was
ascertained using computerised GH pharmacy records. Subjects were considered
current users of antihypertensive drugs if the duration of a prescription lasted at
least until the index date, taking 80% compliance into account. A venous blood
sample was collected from all consenting subjects, and DNA was extracted from
white blood cells using standard procedures.

TABLE 1 Baseline characteristics by case-control status
NL (The Netherlands)
Cases
(n=613)

Controls
(n=3627)

US (United States)
Cases
(n=851)

Controls
(n=2699)

Age
mean age in years

64.1

64.3

65.5

65.2

71.1%
28.9%

68.6%
31.4%

60.5%
39.5%

58.5%
41.5%

22.5%
16.3%
6.2%
55.5%
32.6%
26.3%
10.8%

29.1% a
22.4% a
6.6%
49.7% a
21.4% a
32.6% a
14.3% a

30.0%
20.8%
9.2%
31.6%
25.0%
35.3%
1.9%

36.9%
26.5%
10.4%
33.6%
18.3%
36.7%
2.5%

42.4%
46.0%
11.6%

43.6%
44.7%
11.7%

45.8%
43.4%
10.8%

46.3%
42.9%
10.8%

never
current

32.4%
20.4%

37.5% a
14.1%

35.5%
16.7%

44.6%
9.5%

past

47.2%

48.4%

47.9%

46.0%

79.5%

85.0% a

100%

100%

22.3%

19.8%

48.1%

46.1%

32.2%
39.8%
28.0%

51.1% a
18.5%
30.4%

n/a
n/a
23.6%

n/a
n/a
20.3%

78.7%
9.5%
11.8%

82.0%
7.3%
10.7%

n/a
n/a
27.6%

n/a
n/a
15.3%

72.0%

74.9%

55.7%

62.0%

Gender
male
female
Antihypertensive drug
thiazide diuretics
thiazide only
thiazide + potassium sparing
beta-blockers
calcium antagonists
ACE inhibitors
AT-II-antagonists
eNOS genotype
GG
GT
TT
Smoking

High blood pressure
yes
Body Mass Index
> 30 kg/m2
High cholesterol
normal
high, no drugs
high, drugs
Diabetes mellitus
no
diabetes, diet
diabetes, drugs
Physical activity
yes
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Use of alcohol
no use
< 2 units/day
> 2 units/day
yes, unknown quantity

19.7%
63.9%
14.6%
1.8%

19.0% a
62.3%
18.0%
0.6%

35.5%
46.0%
5.5%
1.5%

25.0%
52.1%
8.3%
1.9%

6.9%

5.1%

45.1%

38.6%

98.0%

97.9%

89.7%

90.2%

46.0%

25.8% a

24.1%

13.3%

52.5%

35.1% a

31.7%

17.5%

31.8%

27.6% a

65.7%

65.9%

3.8%

6.5% a

0.8%

0.1%

5.1%

4.7%

9.4%

6.6%

Family history of myocardial infarction
yes
Caucasian
yes
History of ischemic heart disease
yes
yes
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History of cardiovascular disease
Use of antiplatelet drugs
yes
Use of coumarins
yes
Use of loop diuretics
yes

ACE = angiotensin-converting enzyme; AT-II = angiotensin-II type 1 receptor; n/a = not available
a) p < 0.05, cases vs. controls.

is correlated with the number of T894 alleles.40 We performed a trend test across
SIs.
We also conducted a sensitivity analysis to assess whether different findings between
the two studies might be caused by methodological differences. In this analysis we
excluded subjects from the NL study who did not have a diagnosis of hypertension
or subjects who had a diagnosis of heart failure. Furthermore, we defined exposure
to antihypertensive drugs according to the US study (taking 80% compliance into
account).

R E SU LT S
The Dutch study (NL) included 613 cases and 3627 controls, the replication study
(US) included 851 cases and 2699 controls. Baseline characteristics according to
case-control status are presented in Table 1. Several established cardiovascular risk
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TABLE 2

Association of dihydropyridines, diltiazem, and verapamil use and eNOS
variant individually with case-control status
NL (The Netherlands)
Cases
Controls
(n= 613) (n=3627)

US (United States)

OR (95%CI)

a

Cases
(n=706)

Controls
(n=2192)

OR (95%CI)b

Dihydropyridines
no
yes

413
135

2850
573

1.00 (reference)
1.51 (1.20–1.91)

532
86

1797
176

1.00 (reference)
1.66 (1.21–2.27)

413
48

2850
121

1.00 (reference)
1.81 (1.23–2.66)

532
39

1797
61

1.00 (reference)
1.86 (1.18–2.94)

413
17

2850
83

1.00 (reference)
1.16 (0.65–2.07)

532
49

1797
158

1.00 (reference)
1.11 (0.77–1.60)

260
282
71

1582
1622
423

1.00 (reference)
1.11 (0.91–1.34)
1.15 (0.85–1.55)

328
306
72

1004
953
235

1.00 (reference)
0.95 (0.79–1.15)
0.89 (0.65–1.21)

Diltiazem
no
yes
Verapamil
no
yes
eNOS variant
GG
GT
TT

OR = odds ratio; 95%CI = 95% confidence interval
a) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, body mass index, diabetes, physical
activity, alcohol use, coumarins, antiplatelet drugs, ischemic heart disease, number of antihypertensive drugs
at index.
b) Adjusted for age, sex, race, calendar year, hypertensive status, hyperlipidemia, smoking, body mass index,
diabetes, physical activity, alcohol use, coumarins, antiplatelet drugs, ischemic heart disease, number of
antihypertensive drugs at index.

factors such as smoking, hypercholesterolemia and ischemic heart disease were
significantly more common among cases than among controls in the NL study.
Furthermore, the use of specific antihypertensive drugs also differed between cases
and controls. The prevalence of the eNOS variant was high: 57.6% in cases and
56.4% in controls in the NL study and 54.2% in cases and 53.7% in controls in the
US replication study. Among controls, the eNOS variant was in Hardy-Weinberg
equilibrium. Over 18% of the subjects used a calcium antagonist alone or in
combination with other antihypertensive drugs at the index date.
Compared with users of other antihypertensives, the risk of MI was significantly
higher among users of dihydropyridines in both studies (NL: OR 1.51; 95%
confidence interval [95%CI] 1.20–1.91 and US: OR 1.66; 95%CI 1.21–2.27) and
among users of diltiazem (NL: OR 1.81; 95%CI 1.23–2.66 and US: 1.86; 95%CI
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56
20
8
2

258
68
22
6

251
48
21
9

356
63
15
9

1351
257
51
45

1310
267
60
32

Controls
(n=3627)

1.00 (reference)
2.82 (1.41–5.66)
3.14 (0.95–10.4)
1.21 (0.21–7.00)

1.00 (reference)
1.58 (1.13–2.21)
2.13 (1.19–3.83)
0.99 (0.38–2.56)

1.00 (reference)
1.25 (0.87–1.82)
1.50 (0.82–2.74)
1.36 (0.59–3.16)

OR (95%CI)

2.20 (1.05–4.60)
2.17 (0.66–7.10)
0.91 (0.14–5.85)

1.40 (0.85–2.28)
1.62 (0.73–3.59)
0.78 (0.23–2.66)

1.00 (reference)
1.00 (reference)
1.00 (reference)

SI (95%CI)
a

59
5
1
7

221
37
23
25

252
44
15
17

Cases
(n=706)

202
14
7
12

759
91
26
77

836
71
28
69

Controls
(n=2192)

1.00 (reference)
1.25 (0.31–5.03)
0.51 (0.05–5.66)
1.83 (0.59–5.71)

1.00 (reference)
1.27 (0.78–2.07)
3.02 (1.55–5.86)
1.21 (0.70–2.08)

1.00 (reference)
2.22 (1.39–3.54)
1.63 (0.80–3.31)
0.79 (0.44–1.43)

OR (95% CI)b

US (United States)

0.75 (0.23–2.45)
0.28 (0.03–2.69)
3.03 (0.94–9.77)

0.60 (0.33–1.10)
1.80 (0.72–4.49)
1.37 (0.64–2.93)

1.00 (reference)
1.00 (reference)
1.00 (reference)

SI (95% CI)b
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OR = odds ratio; 95%CI = 95% confidence interval; SI = synergy index
a) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, body mass index, diabetes, physical activity, alcohol use, coumarins, antiplatelet drugs, ischemic heart
disease, number of antihypertensive drugs at index.
b) Adjusted for age, sex, race, calendar year, hypertensive status, hyperlipidemia, smoking, body mass index, diabetes, physical activity, alcohol use, coumarins, antiplatelet
drugs, ischemic heart disease, number of antihypertensive drugs at index.

no use
dihydropyridine
diltiazem
verapamil

TT

no use
dihydropyridine
diltiazem
verapamil

GT

no use
dihydropyridine
diltiazem
verapamil

GG

Cases
(n=613)
a

NL (The Netherlands)

Association between the use of different calcium antagonists and the incidence of myocardial infarction stratified by genotype

Genotype and
Calcium antagonist

TABLE 3
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1.18–2.94) (Table 2). The eNOS polymorphism was not associated with case-control
status (Table 2).
After stratification on eNOS genotype homozygous T allele carriers using
dihydropyridines had a significantly higher risk of MI compared with users of
other antihypertensive drugs in the NL study (OR 2.82; 95%CI 1.41–5.66) but not
in the replication study (OR 1.25; 95%CI 0.31–5.03). The increased risk in the NL
study was lower in subjects with the GT genotype (OR 1.58; 95%CI 1.13–2.21).
Homozygous G allele carriers did not have a significantly increased risk in the NL
study (OR 1.25; 95%CI 0.87–1.82), but did have an increased risk in the replication
study (OR 2.22; 95%CI 1.39–3.54) (Table 3). The interaction between current use of
dihydropyridines and the homozygous T allele carriers was statistically significant
on the multiplicative scale in the NL study (SI 2.20; 95%CI 1.05–4.60), but not in

TABLE 4

Association between the use of different calcium antagonists and the
incidence of myocardial infarction stratified by genotype, non-hypertensives
and patients with heart failure excluded and current use according to the US
study
NL (The Netherlands)

Genotype and
Calcium antagonists

Cases
(n= 368)

Controls
(n=2466)

OR (95%CI) a

SI (95%CI) a

110
35
9
4

836
203
27
13

1.00 (reference)
1.29 (0.82–2.02)
1.64 (0.66–4.08)
1.78 (0.50–6.25)

1.00 (reference)
1.00 (reference)
1.00 (reference)

109
49
6
2

871
196
18
22

1.00 (reference)
1.90 (1.26–2.87)
2.24 (0.80–6.29)
0.49 (0.10–2.46)

1.58 (0.88–2.86)
1.46 (0.39–5.40)
0.37 (0.05–2.73)

29
14
1
0

220
49
18
3

1.00 (reference)
2.40 (1.00–5.75)
0.39 (0.04–4.12)
NE

1.78 (0.74–4.26)
0.46 (0.05–4.67)
NE

GG
no use
dihydropyridine
diltiazem
verapamil
GT
no use
dihydropyridine
diltiazem
verapamil
TT
no use
dihydropyridine
diltiazem
verapamil

OR = odds ratio; SI = synergy index; NE = not estimable
a) Adjusted for age, sex, region, calendar year, high cholesterol, smoking, body mass index, diabetes, physical
activity, alcohol use, coumarins, antiplatelet drugs, ischemic heart disease, number of antihypertensive drugs
at index
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the replication study (SI 0.61; 95%CI 0.19–1.91). For heterozygous T allele carriers
in the NL study the drug-gene interaction was more modest in size and not
statistically significant (SI 1.40; 95%CI 0.85–2.28).
Subjects with the TT genotype who were currently treated with diltiazem had
an increased risk of MI compared with users of other antihypertensive drugs,
although not statistically significant in the NL study (OR 3.14; 95%CI 0.95–10.4)
but a decreased non-statistically significantly risk in the replication study (OR 0.51;
95%CI 0.05–5.66). For subjects with the GT genotype this risk was increased in
both the NL study and the replication study (NL: OR 2.13; 95%CI 1.19–3.83 and
US: OR 3.02; 95%CI 1.55–5.86), while subjects with the GG genotype appeared not
to have an increased risk (NL: OR 1.50; 95%CI 0.82–2.74 and US: OR1.63; 95%CI
0.80–3.31) compared with users of other antihypertensive drugs. However the
interaction between current use of diltiazem and the eNOS polymorphism was not
significant.
The use of verapamil was not associated with the risk of MI, and this risk was not
modified by the eNOS variant.
The findings were similar when the dose and duration of calcium antagonist were
taken into account in stratified analyses in the NL study (data not shown). Exclusion
of subjects from the NL study who did not have a diagnosis of hypertension or
subjects who had a diagnosis of heart failure and defining exposure according to
US study did not change the direction of the estimates (Table 4).

DI S C U S SION
In this case-control study we found a statistically significantly interaction between
the current use of dihydropyridines and the eNOS polymorphism on the risk of
MI in a Dutch study but not in a US replication study. Even though it was not
statistically significant there was a trend towards an interaction between current
use of diltiazem and the eNOS polymorphism in the NL study. No interaction
between the use of verapamil and the eNOS polymorphism was found. The G894T
eNOS variant was not associated with the risk of MI.
The interaction between dihydropyridines and the eNOS polymorphism can be
explained by the pharmacological activity of these drugs. All calcium antagonists
act by blocking calcium channels, each subclass binding at a unique location.
Dihydropyridines have more vasodilator potency 4 compared with verapamil
and can induce the release of NO from the vascular endothelium of various cells.
The fact that no interaction was shown with verapamil can be explained by the
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action mechanism of verapamil. Verapamil has more inotropic, chronotropic and
dromotropic effects than dihyropyridines. In most animal models verapamil has
been shown not to induce the release of NO,6‑10 whereas diltiazem increased NO
levels.6,12
Although we can explain the interaction between dihydropyridines and the eNOS
polymorphism, we were not able to replicate the results of the NL study in the
US study. Non-replication can be the result of differences in study design, e.g.
different study populations, lack of statistical power, population stratification,
different environmental factors within a population and a varying effect of a causal
polymorphism within the candidate gene. Another plausible explanation for nonreplication might be gene-gene (epistatic) interactions. For many drugs not one
gene but many genes contribute to the variation in efficacy. Moreover, the reference
group between studies might be different. Controls in one study might be using
other antihypertensive drugs than controls in another study.
Pahor et al. showed in a meta-analysis of randomized controlled trials that calcium
antagonists were associated with a significantly higher risk of MI compared with
other types of antihypertensive drugs.41 In our observational studies, we confirmed
this finding. Users of dihydropyridines and users of diltiazem had a significantly
increased risk of MI compared with users of other antihypertensive drugs. However,
in ACCOMPLISH, a randomized clinical trial the combination benazeprilamlodipine was superior to the benazepril-hydrochlorothiazide combination in
reducing cardiovascular events.42 In the INVEST study verapamil based strategy
was found to be equivalent to atenolol based strategy for the risks of cardiovascular
events.43
The results of studies in which the association of the G894T polymorphism of the
eNOS gene with MI was assessed are inconsistent.16,19‑34 The positive association
was found in both Caucasian and Asian population, in only male populations and
only young population. In our, mainly Caucasian, study populations of treated
hypertensive patients the eNOS polymorphism did not influence the risk of MI.
As far as we know the interaction between the eNOS polymorphism and calcium
antagonists with MI as outcome has not been studied before. However the
influence of other genetic polymorphisms on calcium antagonists with regard to
cardiovascular outcomes has been examined. A drug-gene interaction with the
A-allele of the A1166C polymorphism of the angiotensin II type 1 receptor gene,
which leads to greater reduction of arterial stiffness, was found.44 No drug-gene
interaction between the M235T allele of the angiotensinogen gene and calcium
antagonists could be demonstrated regarding blood pressure response.45 The

| 104

angiotensin-converting enzyme insertion/deletion polymorphism did not influence
the blood pressure response to calcium antagonists either.46,47
Strengths of our study are the availability of complete pharmacy records, which
include dosage data and information about adherence, hospital admission data
and the large sample sizes. Furthermore our case-control populations are a good
representation of daily practice.
A limitation of our study is that the study focused on only one single nucleotide
polymorphism in the eNOS gene. We cannot exclude that genetic polymorphisms
in linkage disequilibrium with the T allele of the eNOS gene contributed to our
findings.
Results of genetic studies may depend on the population sampled and the study
design. Populations differ in allele frequencies at most genes, and there may be
differences in the role of other genetic influences.
Confounding by indication might have occurred in our study, because physicians
were free to choose which antihypertensive drug was prescribed to which patient.
However, the drug-gene interaction is most likely not influenced by confounding
by indication, since the physician is unaware of a patient’s genotype.
Selection bias by switching between antihypertensives as an explanation for our
findings is very unlikely because the genotype frequency did not differ between
calcium antagonist users and users of other antihypertensive therapies.
Although we had computerised pharmacy records we are not sure that the drugs
were really taken.
Because this was a retrospective study we contacted the cases after they survived
their MI. It is possible that the genotype may affect survival of MI rather than
disease incidence.
Finally, we used self-reported information on important confounding factors
which might suffer from recall-bias in the NL study, and partly in the US study in
which some of the information on confounding factors was collected by telephone
interview. However, the clear association between established cardiovascular risk
factors and the risk of MI in our study suggests that these data are valid.
In conclusion, our results indicate that the use of dihydropyridine calcium
antagonists might be associated with an increased risk of MI among subjects with
the T894 allele of the eNOS gene in some but not all populations.
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A B S T R AC T
Obj e c tive
The renin-angiotensin-system (RAS) has a central role in blood pressure regulation.
Angiotensin-converting enzyme (ACE) inhibitors and angiotensin-II type 1
receptor (AT-II) antagonists have a direct influence on this system. This study
investigated whether variation in the genes encoding for ACE, angiotensinogen
(AGT) and angiotensin II type 1 receptor (AGTR1) modify the risk of myocardial
infarction (MI) related to ACE-inhibitors and AT-II antagonists.
Me t h o ds
We used a nested case-control design. We selected patients hospitalised for MI as
cases if they had at least one prescription for antihypertensive drugs in the three
months prior to their first MI and were registered in Pharmaco-Morbidity Record
Linkage System (PHARMO) for at least one year. Controls that were matched
on age, sex, region and calendar date, met the same eligibility criteria as the
patients, but were not hospitalised for MI. Only current users of antihypertensive
drugs in whom the ACE G4656C, the ACE T3892C, the AGT C235T and the
AGTR1 A1166C polymorphisms were genotyped were included for this study.
Logistic regression analysis was used to calculate odds ratios (ORs), synergy indices
(SIs), 95% confidence intervals (95%CIs) and to adjust for potential confounding
factors.
Resu lt s
The study included 613 cases and 3630 controls. Compared with users of other
antihypertensives, the risk of MI was significantly lower among users of ACEinhibitors (adjusted OR 0.78; 95%CI 0.63–0.97). In the patients treated with ACEinhibitors the largest risk reduction was found in patients carrying the ACE 4656
G-allele (GC and GG) compared to patients with the CC genotype (OR 0.68; 95%CI
0.53–0.86 and OR 1.26; 95%CI 0.78–2.02 respectively). The synergy index for this
interaction was statistically significant (SI 0.58; 95%CI 0.35–0.95). The risk of MI
was significantly reduced in current users of ACE-inhibitors, who used dosages
lower than the equivalent of 1 defined daily dose (DDD), with the AGTR1 1166AC
or AA genotype compared to users of ACE-inhibitors with the AGTR1 1166CC
genotype (SI 3.67; 95%CI 1.18–11.4). The ACE G4656C polymorphism did not
modify the effectiveness of AT-II antagonists on the risk of MI. No significant
drug-gene interaction was found for the AGT C235T polymorphism and the
ACE T3892C polymorphism.
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C on clusi on
This study shows an interaction between the use of ACE-inhibitors and the
ACE G4656C polymorphism, and in low doses also with the AGTR1 A1166C
polymorphism in the prevention of MI. No interaction was found with the
ACE T3892C and the AGT C235T polymorphism
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I N T ROD U C T ION
Hypertension is one of the most important risk factors for cardiovascular diseases
in the industrialised world. Despite the availability of a variety of effective
antihypertensive drugs, inadequate control of blood pressure is common in
hypertensive patients, which may be responsible for a large proportion of the
burden of stroke and myocardial infarction (MI) in the population.1,2
One of the systems contributing to a person’s blood pressure level is the reninangiotensin-system (RAS). In response to lowered blood pressure, angiotensinogen
is cleaved by renin into angiotensin I. Angiotensin I is cleaved by angiotensinconverting enzyme (ACE) to generate the physiologically active enzyme
angiotensin II, which results in vasoconstriction and aldosterone secretion. ACEinhibitors inhibit the conversion of angiotensin I to angiotensin II, resulting in a
reduction of the peripheral vascular resistance and a decreased sodium and water
retention. Angiotensin-II type 1 receptor (AT-II) antagonists block the activation
of angiotensin-II receptors resulting in vasodilatation, reduction of the secretion of
vasopressin and aldosterone.
In trials including hypertensive patients ACE-inhibitors and to a lesser extent ATII antagonists were effective in the prevention of cardiovascular outcomes.3 ACEinhibitors have proven to be effective in a number of secondary-prevention settings,
including coronary disease. However, ACE-inhibitor or AT-II antagonist therapy
is not significantly more effective in primary prevention than low-dose diuretic
therapy.4
The influence of genetic variation on the response to ACE-inhibitors and
AT-II antagonists remains controversial.5,6 The ACE insertion/deletion (I/D)
polymorphism has been studied extensively and multiple studies have shown an
association of the D-allele with higher serum ACE activity in various populations,
whereas the angiotensinogen (AGT) C235T polymorphism and the angiotensin
II type 1 receptor (AGTR1) A1166C did not influence ACE activity.7‑12 However,
individuals with the TT genotype of the AGT gene have higher plasma AGT
levels compared to individuals with the CC genotype.13 The AGTR1 A1166C
polymorphism can possibly lead to RAS activation. When the C allele is
present, AGT1R densities and sensitivity to angiotensin II increases.14,15 Studies
investigating ACE activity after ACE-inhibitor use gave inconsistent results for
the ACE I/D genotype.8,16 Knowledge of pharmacogenetic interactions with ACEinhibitors and AT-II antagonists on clinical events is limited. For example in
several studies interactions with the ACE I/D genotype were found,17,18 but these
were not replicated in other studies, and remarkably not in the large Genetics of
Hypertension-Associated Treatment (GenHAT) trial that consisted of hypertensive
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patients of 55 years and older (n=7528 lisinopril).19 The same holds true for other
polymorphisms that have been studied in the RAS.
The aim of this study was to assess whether the risk reduction of nonfatal MI
associated with the use of ACE-inhibitors or AT-II antagonists was modified by
polymorphisms in genes that play an important role in the RAS (the ACE G4656C
and ACE T3892C polymorphisms, the AGT C235T (which is also referred to as
AGT M235T), and the AGTR1 A1166C polymorphism).

D esi g n an d s e tti ng
We used a nested case-control design to evaluate potential drug-gene interactions
in patients with treated hypertension.20 Participants were enrolled from the
population-based Pharmaco-Morbidity Record Linkage System (PHARMO). They
were recruited through community pharmacies, which participate in PHARMO.
Approval for this study was obtained from the Medical Ethics Committee of the
University Medical Centre Utrecht, The Netherlands.
C as e an d c ontrol d ef i niti on
In the PHARMO database, subjects who used antihypertensive drugs were selected.
From this cohort, subjects hospitalised for MI (International Classification
of Diseases [ICD]-9 code 410) were included as cases if they had at least one
prescription for antihypertensive drugs in the three months prior to their first
MI hospitalisation and were registered in PHARMO for at least one year. The
index date was defined as the date of hospitalisation for the first MI. Patients were
excluded if they were < 18 years of age, if they were not currently taking at least one
antihypertensive medication at the index date , if they had had a previous MI, if
genotypes were not available or if the date of birth and sex filled in the questionnaire
did not match the data in the PHARMO database. Controls met the same eligibility
criteria as the cases, but had not sustained an MI. They were matched to the cases
on age (± 1 year), sex and geographical area. They were assigned the same index
date as the case to whom they had been matched.
As c er t ai nm ent of ex p o su re to anti hy p er tensive d r u gs
Coded pharmacy records were used to ascertain exposure to antihypertensive drugs.
Pharmacy records provided details on day of delivery, daily dose, and duration of
therapy. Based on the pharmacy records, participants’ antihypertensive drug use
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was classified as current or not current at their index dates. For each patient, we
calculated the duration of a prescription based on the quantity dispensed and dosing
instructions. For determining the current use, we searched the pharmacy records
for a prescription preceding the index date. A patient was counted as a current user
when the index date fell within the calculated prescription duration plus 10 percent
(to account for potential carry-over effects). Past use was defined as non-use at the
index date in those who had received a prescription of an antihypertensive drug
in the past. Subjects were further classified in mutually exclusive categories as
current users of AT-II antagonists, ACE-inhibitors, users of a combination of ATII antagonists and ACE-inhibitors, or other antihypertensives (e.g. diuretics, betablockers, calcium antagonists). The use of other antihypertensives was used as the
reference category. Subjects could use combinations of antihypertensive drugs. We
also calculated the dose of current use of AT-II antagonists and ACE-inhibitors
according to the defined daily dose (DDD), which is the average daily dose of a
drug for its main indication in adults, and is recommended by the World Health
Organization for drug utilisation studies (1 DDD corresponds with captopril 50
mg, enalapril 10 mg, lisinopril 10 mg, perindopril 4 mg, ramipril 2.5 mg, quinapril
15 mg, benazepril 7.5 mg, cilazapril 2.5 mg, fosinopril 15 mg, trandolapril 2 mg,
zofenopril 30 mg, losartan 50 mg, eprosartan 0.6 g, valsartan 80 mg, irbesartan 0.15
g, candesartan 8 mg, and telmisartan 40 mg).21
Ass essm ent of p otenti a l c onfou n d i ng f a c tors an d ef fe c t mo di f i ers
Information on smoking, hypertension, hypercholesterolemia, diabetes mellitus, use
of alcohol, diet, history of cardiovascular diseases, family history of cardiovascular
diseases, weight and height was collected through self-administered questionnaires.
In addition, we used pharmacy records to assess whether subjects were
pharmacologically treated for hypercholesterolemia and diabetes mellitus. All
participants were asked to report information about risk factors as they were before
the index date.
Bu c c a l c el l c ol l e c ti on , DNA ex tr a c ti on an d gen oty pi ng
Individuals who agreed to participate in the study were asked to supply a sample
of buccal cells, collected by the participants themselves. The following four
single nucleotide polymorphisms (SNPs) were assessed using a multiplex Single
Base Extension (SBE) method: AGTR1 A1166C (rs5186), AGT C235T (rs699),
ACE G4656C (rs4341), and ACE T3892C (rs1800764).22 We used the ACE G4656C
genotype as a marker for the ACE I/D polymorphism in our study, because these
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TABLE 1

Baseline characteristics of cases (n=613) and controls (n=3630)
Number

Age

Controls

p-value

64.3

64.1

0.671

71.1%
28.9%

68.6%
31.4%

0.210

32.0%
39.0%
29.0%

51.1%
18.5%
30.4%

<0.001

32.4%
20.4%
47.2%

37.5%
14.1%
48.4%

<0.001

78.7%
9.5%
11.8%

82.0%
7.3%
10.6%

0.107

22.3%

19.8%

0.171

19.7%
38.6%
25.3%
14.6%
1.8%

19.0%
37.7%
24.6%
18.0%
0.6%

0.007

28.0%

25.1%

0.123

46.0%

25.8%

<0.00

4.1%

6.5%

0.041

34.3%

27.6%

<0.001

4243

mean age in years
4243

male
female
High Cholesterol

4165

normal
high, diet
high, drugs
Smoking

3979

never
current
past
Diabetes

4200

no diabetes
diabetes, diet
diabetes, drug
Body mass index

3736

> 30 kg/m

2

Alcohol use

4147

no use
< 1 unit/day
1–2 units/day
> 2 units/day
yes, unknown quantity
Sedentary

4215

< 4 hrs/week
Ischemic heart disease

4243

yes
Use of coumarins

4243

yes
Use of antiplatelet drugs

4243
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Gender

yes

Cases

two polymorphisms are in linkage disequilibrium.23 The selection of SNPs was
based on literature search and possible interactions with ACE-inhibitors and
surrogate endpoints.5 All participants were classified either as CC carriers of the
ACE G4656C genotype or as carriers of one or two copies of the G allele and as CC
carriers of the AGTR1 A1166C genotype or as carriers of one or two copies of the A
allele. Genotypes are pooled together according to the direction of the association
of the individual genotype groups.
St atisti c a l an a lysis
Logistic regression analysis was used to study the association between use of
ACE-inhibitors or AT-II antagonists and the risk of MI and to adjust for potential
confounding. Odds ratios (OR) were calculated separately in strata defined by
genotype. We calculated the multiplicative synergy index (SI), which is the ratio of
the OR in those with the variant to the OR in those without the variant to show the
interaction between the genetic variants of interest and the use of ACE-inhibitors
or AT-II antagonists. Hardy Weinberg equilibrium was tested using a χ2 goodnessof-fit test. Analysis was performed using SPSS statistical software (version 15.0.1).

R E SU LT S
In this study 613 cases and 3630 controls were included. When comparing baseline
characteristics cases were more likely to have high cholesterol levels, to be current
smokers, to have a history of ischemic heart disease, and to be users of coumarins
or antiplatelet drugs (Table 1).
Compared to users of other antihypertensive drugs there was no statistically
significant decrease of the risk of MI in the users of AT-II antagonists. Users of
ACE-inhibitors had a statistically significant risk reduction compared to users of
other antihypertensive drugs (adjusted OR 0.78; 95% confidence interval [95%CI]
0.63–0.97) (Table 2). For both drugs the odds ratios were not different for patients
who were treated with dosages less than 1 DDD compared with patients treated
with dosages equivalent to 1 DDD or higher (data not shown).
When the population was stratified for the ACE G4656C polymorphism there was
no difference in effectiveness between the strata for patients treated with AT-II
antagonists (Table 3). In the patients treated with ACE-inhibitors the largest risk
reduction was found in patients carrying the ACE 4656 G-allele (GC and GG)
compared to patients with the CC genotype (OR 0.68; 95%CI 0.53–0.86 and OR
1.26; 95%CI 0.78–2.02 respectively). The SI for this interaction was statistically
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TABLE 2

Association between use of AT-II antagonists, ACE-inhibitors and risk of
myocardial infarction

Type of use

OR a (95%CI)

OR b (95%CI)

1942

1.00 (reference)

1.00 (reference)

65

506

0.82 (0.62-1.10)

0.92 (0.68-1.24)

Current ACE-inhibitor

160

1170

0.72 (0.59-0.88)

0.78 (0.63-0.97)c

ACE-I + AT-II antagonist

   1

   12

0.55 (0.07-4.31)

0.40 (0.05-3.42)

Other antihypertensive drugs
Current AT-II antagonist

Cases

Controls

387

b

significantly different from 1 (SI 0.58; 95%CI 0.35–0.95). Effects were similar in
patients treated with different dosages for AT-II antagonists or ACE-inhibitors
(data not shown).
After stratification for the AGTR1 A1166C polymorphism there were no statistically
significant differences for patients using AT-II antagonists, but the point estimates
showed a trend towards a better effectiveness in patients with the A-allele (AA and
AC) (Table 4). Stratifying for dosages did not influence the point estimates. In the
ACE-inhibitor users the same trend was visible. After stratifying for dosages it
turned out that in subjects using an ACE-inhibitor dosage lower than the equivalent
of 1 DDD this difference was statistically significant. The SI in this stratum was 3.67
(95%CI 1.2–11.4) (Table 4).
After stratification for the AGT C235T polymorphism and the ACE T3892C no
statistically significant differences in the association between AT-II antagonists and
risk of MI, nor in the association between ACE-inhibitors and the risk of MI could
be shown. Stratifying for dosages did not change the estimates (data not shown).

DI S C U S SION
In this study, we found an interaction between the use of ACE-inhibitors and
the ACE G4656C polymorphism and in low doses also with the AGTR1 A1166C
polymorphism in the prevention of MI. No interaction was found with the ACE
T3892C and the AGT C235T polymorphism. There was no interaction between
any of these polymorphisms and the use of AT-II antagonists.
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AT-II = angiotensin-II type 1 receptor; ACE = angiotensin-converting enzyme
a) Adjusted for age, sex, calendar year, region.
b) Additionally adjusted for high cholesterol, obesity, use of alcohol, physical activity, diabetes, ischemic heart
disease, use of coumarins and antiplatelet drugs.
c) p < 0.05.
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Current ACE-I

   1

ACE-I + AT-II antagonist

    8

931

387

1496

    0

239

118

444

Controls

0.71 (0.09-5.75)

0.63 (0.50-0.80)c

0.82 (0.59-1.13)

1.00 (reference)

NE

1.11 (0.73-1.69)

0.86 (0.45-1.68)

1.00 (reference)

OR (95%CI)a

0.48 (0.05-4.46)

0.68 (0.53-0.86)c

0.89 (0.64-1.24)

1.00 (reference)

NE

1.26 (0.78-2.02)

1.01 (0.49-2.09)

1.00 (reference)

OR (95%CI)b

NE

0.60 (0.38-0.97)c

1.11 (0.54-2.27)

SI (95%CI)a

SI (95%CI)b

NE

0.58 (0.35-0.95)c

1.09 (0.52-2.29)

AT-II = angiotensin-II type 1 receptor; ACE = angiotensin-converting enzyme; NE = not estimable
a) Adjusted for age, sex, calendar year, region.
b) Additionally adjusted for high cholesterol, obesity, use of alcohol, physical activity, diabetes, ischemic heart disease, use of coumarins and antiplatelet drugs.
c) p < 0.05.
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53

Current AT-II antagonist

Current ACE-I

310

Other antihypertensiva

ACE4656 GC/GG

   4

12

Current AT-II antagonist

ACE-I + AT-II antagonist

77

Cases

Association between the use of AT-II antagonists, ACE-inhibitors and the incidence of myocardial infarction stratified by the
ACE G4656C genotype

Other antihypertensiva

ACE4656 CC

Type of use

TABLE 3

   1

ACE-I + AT-II antagonist

   7
   4
   3
23
   6
17
   0

Current AT-II antagonist
≤ 1 DDD
> 1 DDD

Current ACE-I
< 1 DDD
≥ 1 DDD

ACE-I + AT-II antagonist

    4

102
   13
   89

   31
   21
   10

199

    8

1062
217
845

473
323
150

1737

Controls

NE

1.20 (0.67-2.15)
2.53 (0.86-7.46)
1.01 (0.53-1.92)

1.68 (0.66-4.24)
1.33 (0.42-4.22)
2.44 (0.62-9.64)

1.00 (reference)

0.77 (0.10-6.30)

0.68 (0.55-0.84)c
0.56 (0.36-0.87)c
0.71 (0.57-0.90)c

0.77 (0.57-1.05)
0.76 (0.53-1.08)
0.81 (0.49-1.33)

1.00 (reference)

OR (95%CI)a

NE

1.45 (0.71-2.96)
2.42 (0.65-8.97)
1.29 (0.60-2.79)

1.34 (0.46-3.95)
1.22 (0.33-4.43)
1.49 (0.28-7.97)

1.00 (reference)

0.50 (0.05-4.56)

0.74 (0.59-0.93)c
0.61 (0.39-0.95)c
0.78 (0.61-0.99)c

0.87 (0.63-1.20)
0.87 (0.60-1.27)
0.87 (0.52-1.46)

1.00 (reference)

OR (95%CI)b

NE

1.68 (0.91-3.10)
3.67 (1.18-11.4)c
1.39 (0.71-2.72)

1.97 (0.77-5.06)
1.67 (0.51-5.46)
2.59 (0.62-10.8)

SI (95%CI)a

NE

1.70 (0.90-2.23)
3.72 (1.14-12.1)c
1.41 (0.70-2.83)

1.54 (0.58-4.12)
1.37 (0.41-4.65)
1.86 (0.41-8.45)

SI (95%CI)b
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a) Adjusted for age, sex, calendar year, region.
b) Additionally adjusted for high cholesterol, obesity, use of alcohol, physical activity, diabetes, ischemic heart disease, use of coumarins and antiplatelet
drugs.
c) p < 0.05.

AT-II = angiotensin-II type 1 receptor; ACE = angiotensin-converting enzyme; AGTR1 = angiotensin-II type 1 receptor; DDD = daily defined dose; NE = not estimable

40

Other antihypertensiva

AGTR1 CC

137
25
112

58
39
19

Current AT-II antagonist
≤ 1 DDD
> 1 DDD

Current ACE-I
< 1 DDD
≥ 1 DDD

346

Other antihypertensiva

Cases

Association between the use of AT-II antagonists, ACE-inhibitors and the incidence of myocardial infarction stratified by the
AGTR1 A1166C genotype

AGTR1 AA/AC

Type of use
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Patients with the ACE 4656CC genotype had less beneficial effects from the use of
ACE-inhibitors than patients with the GC or GG genotypes. The CC genotype is in
linkage disequilibrium with the ACE II genotype. Therefore in our dataset patients
with the DD genotype have the best effect. This is in contrast to the findings in
several previous studies where the more favourable effect was found in patients with
the II genotype 17,18 or where no interaction was shown.19 Patients with the AGTR1
1166CC genotype had less beneficial effects from ACE-inhibitors compared with
patients with the AC or AA genotype. The interaction was no longer statistically
significant if patients were treated with a dose that was more than or equal to
1 DDD. This is in concordance with the study of Schelleman et al. who did find an
interaction with the AGTR1 C573T in their study.24 This SNP is probably in linkage
with the AGTR1 A1166C because the distance between the two SNPs is only 500
bp.
No interaction was found with the AGT C235T polymorphism. This is in contrast to
what was found in the case-control study by Bis et al. who did not find a difference
for MI, but did find a more protective effect of ACE-inhibitors in subjects with
the TT genotype on stroke.25 Furthermore, in another observational study patients
with the CC genotype had a more protective effect on MI, but not on stroke.26
In this study relevant polymorphisms in the RAS system, that were associated with
the effectiveness of ACE-inhibitors or AT-II antagonists before, were studied. We
did find two associations, one that was contrary to previously published findings,
and the other that was in concordance with some of the previously published
findings.
Interestingly we found a dose related effect with the AGTR1 A1166C polymorphism.
Patients that used higher dosages of an ACE-inhibitor did not experience the
interaction anymore. One study found a greater reduction in aldosterone levels in
C allele carriers after a single dose of 25 mg of losartan when compared to carriers
of the AA genotype.12 Probably this will be the same for ACE-inhibitors. When
the dosage of the ACE-inhibitor increases, the inhibition of the conversion of
angiotensin I to angiotensin II may be complete for all genotypes and the difference
for the aldosterone levels between the genotypes may disappear. If this will be
replicated in other studies this information might be useful in deciding the right
dose for the right patient. At this moment it does not have clinical relevance.
Strengths of our study are the availability of complete pharmacy records, which
include dosage data and information about adherence, hospital admission data
and the large sample size. Furthermore our case-control population is a good
representation of daily practice.
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Limitations of our study are firstly that the study focused on only one single
nucleotide polymorphism per gene. We cannot exclude that genetic polymorphisms
in linkage disequilibrium with the variant alleles contributed to our findings.
Results of genetic studies may depend on the population sampled and the study
design. Populations differ in allele frequencies at most genes, and there may be
differences in the role of other genetic influences. Moreover, the reference groups
might be different, e.g. one could use a placebo group or a group with users of one
specific antihypertensive drug or a group with users of different antihypertensive
drugs. Confounding by indication is unlikely because all patients had hypertension.
However, confounding by severity (of hypertension) might have occurred in our
study, because physicians were free to choose which antihypertensive drug was
prescribed to which patient. However, the drug-gene interaction is most likely
not influenced by confounding by indication, since the physician is unaware of
a patient’s genotype. Moreover, confounding would probably have taken away a
genuine risk reduction rather than overestimate it. Although we had computerized
pharmacy records we are not sure that the drugs were really taken. Because this
was a retrospective study we contacted the cases after they survived their MI. It is
possible that the genotype may affect survival of MI rather than disease incidence.
Finally, we used self-reported information on important confounding factors which
might suffer from recall-bias. However, the clear association between established
cardiovascular risk factors and the risk of MI in our study suggests that these data
are valid.
Pharmacogenetics of drugs used in multifactorial disease turns out to be a great
challenge. Different results have been found for all SNPs that were studied in
different populations. Many genes are involved in the efficacy of the drug and
in the development of disease, and even more SNPs per gene might be relevant.
Studying all these SNPs and the epistatic interactions between these SNPs together
with environmental factors will be only possible in large datasets with sophisticated
models. Therefore it is of utmost importance to combine case-control datasets in
(international) collaborations and to work together with computational biologists
or bioinformaticians to make further steps in this field.
In conclusion, our results suggest that polymorphisms in the RAS play a role in the
effectiveness of ACE-inhibitors and AT-II antagonists.
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I n t rod u c t ion
Hypertension is a common disorder associated with increased cardiovascular
morbidity and mortality. Many physiological, biochemical and anatomical
traits contribute to an individual’s blood pressure level, which is homeostatically
maintained through complex interactions of interrelated systems. Different
classes of antihypertensive drugs target different pathophysiological mechanisms
and therefore might provide different antihypertensive effects. However, a large
meta-analysis of randomized trials showed that all the classes of blood pressure
lowering drugs produce similar reductions in blood pressure when taken at
standard dose or at the same multiple of standard dose.1 Blood pressure responses
vary interindividually for each class of antihypertensive drugs.2 In a clinical trial
performed among 1292 men in almost 32% of the patients initial treatment failed.
In 37.8% of the patients even the second administered drug failed (see Figure 1).3

Interindividual variation in response

chapter 4

Figure 1

From: Materson BJ et al. Arch Intern Med 1995;155:1757-62.3

So even though there are effective antihypertensive drugs, it can be difficult to find
the most appropriate pharmacological treatment for an individual patient. With
regard to blood pressure response the current ‘trial and error’ approach may be
defendable; however this approach is clearly not feasible with regard to long-term
clinical outcomes such as myocardial infarction (MI).
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The enormous variation in the individual response to antihypertensive treatment
has led to interest in pharmacogenetics and pharmacogenomics. In 1957, Motulsky
proposed that “inheritance might explain why many individuals differ in drug
efficacy and in experiencing adverse drug reactions”.4 Shortly thereafter, Vogel
mentioned the term “pharmacogenetics” and defined it as “the study of the role
of genetics in drug response”.4 Initially the focus was on genetic polymorphisms
in drug-metabolizing pathways (i.e. pharmacokinetics).5 Polymorphisms in drug
metabolizing enzymes can lead to a variety of outcomes, such as therapeutic failure,
adverse effects, and toxicity in selected sub-populations undergoing treatment. More
recently, studies also focus on the genes that play a role in pharmacodynamics.5
A number of studies have investigated genetic polymorphisms as determinants of
cardiovascular response to antihypertensive drug therapy. Both experimental (e.g.
randomized clinical trial) and observational (e.g. cohort and case-control) study
designs were used.
However, for many polymorphisms studies gave inconsistent results due to small
sample sizes, confounding factors and differences between populations. Moreover,
most studies focused on blood pressure response, arterial stiffness, or regression
of left ventricular hypertrophy as outcome. The effects on clinically important
outcomes such as MI or stroke are largely unknown. Analysis of genetic variation
has the potential to improve our understanding of determinants of antihypertensive
drug response with regard to clinically important outcomes and to individualize
drug choice. Inter-individual differences in drug response could at least partly
be due to genetic variations. For antihypertensive drugs that are commonly used
conducting a clinical trial will lead to practical and perhaps ethical constraints,
therefore it is very important to perform observational pharmacogenetic research.
We aimed to investigate whether it was feasible to select patients from a coded
database for a pharmacogenetic study and to approach them through community
pharmacies, achieving a reasonable response rate without violating privacy rules.
Several studies in this thesis were aimed at gaining more insight into the difficulties
that might occur when designing a large population based pharmacogenetic study.
Reasons for non-response were assessed, characteristics of the non-responders
were compared with those of the responders and factors that influenced DNA
yield and purity were assessed. Other studies in this thesis were aimed at assessing
drug-gene interactions modifying the risk of MI. The six studied candidate gene
polymorphisms were: the α-adducin (ADD1) G460W, the endothelial NO synthase
(eNOS) G894T, the angiotensin-converting enzyme (ACE) G4656C and T3992C,
the angiotensinogen (AGT) C235T and the angiotensin II receptor type 1 (AGTR1)
1166A/C polymorphism. In this chapter the main findings are discussed and put
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into the broader context of potential clinical implications and further research. A
more detailed discussion of the separate studies and their findings and limitations
can be found in the previous chapters.

We showed that setting up a large population based pharmacogenetic case-control
study by recruiting patients through community pharmacies is an easy and feasible
way to get patient specific information. With limited resources we were able
to approach a total of about 16 000 patients and to include a total of about 6000
patients over a period of 2.5 years. Moreover, it is a relatively simple way to build
a large DNA data bank in which it is possible to perform a genome wide scan. Not
all approached patients wanted to participate. Some non-responding patients did
not want to tell the reason for not participating. Other non-responding patients
mentioned health problems as a main reason for not participating. Only a small
part (between 1.1 and 14.1 %) mentioned DNA collection as the reason for not
participating. Men were more willing to participate just like younger patients. Men
had also a higher DNA yield collected with buccal swabs. DNA purity was the same
for men and women. Laboratory personnel, age and the use of diuretic drugs were
determinants of DNA purity.
Within this new build database we performed a first series of pharmacogenetic
studies. A candidate gene approach was used to calculate the modifying effect of
Single Nucleotide Polymorphisms (SNPs) in genes encoding for proteins involved in
physiological systems regulating blood pressure. In these studies we demonstrated
that genetic variability can influence antihypertensive drug response with regard to
the risk of MI. One of the candidate gene polymorphisms that might play a role in
the poor response to antihypertensive drugs is the eNOS G894T polymorphism. In
our study carriers of the 894T allele who used dihydropyridine calcium antagonists
or diltiazem had an increased risk on MI. However the results could not be replicated
in a population based study in the US (United States). Two polymorphisms in the
renin-angiotensin-system (RAS) also showed an interaction with antihypertensive
drugs. Patients with the CC genotype of the ACE G4656C polymorphism appeared
to have less beneficial effects from the use of ACE-inhibitors. For the AGTR1
A1166C polymorphism patients with the CC genotype had an increased risk
when using less than one defined daily dose (DDD) of an ACE-inhibitor. On the
other hand no interaction was found between the AGT C235T polymorphism and
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ACE-inhibitor use. Finally, the α-adducin G460W polymorphism did not seem to
influence the risk of MI associated with the use of thiazide diuretics.

St r e n g t h s a n d l imi tat ion s
To assess drug-gene interactions it is important to perform well designed adequately
powered studies. Most observational studies consisted of relatively small numbers.
Our study population comprised 791 cases and 4997 controls and can therefore be
considered as a large study with sufficient power to detect drug-gene interactions.
However, data from randomized controlled trials constitute the highest order of
evidence and remain the standard for comparison of intended effects between
therapies.6 Nevertheless, randomized controlled trials may not always be feasible
due to practical, financial or ethical reasons. Many clinical trials that are performed
now are saving blood specimens, but most earlier trials do not have blood samples
available. Observational studies are the main alternatives.7
A strength of our study was the easy non-invasive method of DNA collection. The
patients could collect the DNA themselves by using a non-invasive buccal swab
procedure, thereby keeping the threshold to participate as low as possible. Fear
for genetic screening could be a reason for non-response. However, this does not
seem to have a large impact on the willingness of patients to participate. For only a
small part (between 1.1 and 14.1%) of the non-responders DNA-collection was the
reason for not participating in the study.
Another strength of our study design was the availability of complete pharmacy
records, which include dosage data and information about adherence and the
availability of information about risk factors and genotypes. Many studies only
have pharmacy records or genotypes available. Often they don’t have information
about possible risk factors for the disease. In our study we know the self-reported
health status of the patients and environmental risk factors. We asked the patients
to fill in a questionnaire in which we asked for information on cardiovascular risk
factors. This gave us the opportunity to adjust for these potential confounders in
our analysis. Information bias could have influenced our results by recall problems.
The presence of an MI might act as a stimulus that affects the patient’s perception
of the causes and his search for possible exposure to a hypothesised risk factor.8 We
asked for the patient’s health status and behaviour on the index date. Because the
case will often recognise this date as the date of his/her first MI they might be more
able to remember information on risk factors compared to their matched control
for which this date is just an arbitrary date. This is only true for the information
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about possible risk factors from questionnaire data. For the drug exposure and
hospitalisation data we had complete pharmacy and hospital records available in
a database. No information bias is expected for drug exposure and hospitalisation
data because these data are recorded independent of a patient’s health status. Some
patients did not fill in all the questions which resulted in missing data. Missing
data were handled by creating indicator variables for missing values. For some
variables this might have resulted in less than optimal adjustment for confounding.
In observational studies factors that determine whether a patient receives a specific
drug or not could result in differences between groups in prognostic factors related
to the outcome (confounding by indication). However because the prescriber is
unaware of a patient’s genotype the drug-gene interaction is probably not influenced
by this confounding. Furthermore all subjects were users of antihypertensive
drugs and had an indication for treatment which should reduce this form of
confounding.
Although the non-response was higher than expected we showed that there was
not much difference in important characteristics between responders and nonresponders and that selection bias probably was not likely. Therefore, we do not
expect that the high non-response rate will influence the external validity of the
study.
A limitation of our study is that cases represent survivors of an MI. It is possible
that the genotype or a gene-environment interaction may affect survival rather than
disease incidence. If, for example, the joint effects of calcium antagonists and the
eNOS polymorphism were associated with a high case-fatality rate, a case-control
study of non-fatal events might provide a biased estimate of the interaction.
Furthermore, in the Pharmaco-Morbidity Record Linkage System database
patients were selected because they used antihypertensive drugs. However, not
all patients using antihypertensive drugs have a diagnosis of hypertension. Some
antihypertensive drugs are also prescribed for other indications, for example
beta-blockers for migraine headaches. In The Netherlands the first prescription
for an antihypertensive drug is in only 63.0% for hypertension related diagnoses.
This percentages differs across the classes (diuretics: 54.1%, beta-blockers: 59.1%,
calcium antagonists: 60.3%, agents acting on the RAS: 82.8% and miscellaneous
antihypertensives: 64.6%).9 Results have to be interpreted with caution because of
the potential misclassification that may occur. However, excluding patients who
had no self-reported diagnosis of hypertension for the analysis of the interaction
between thiazide diuretics and the adducin polymorphism did not change the
estimates (Chapter 3.2.1). All included patients, both cases and controls, were
antihypertensive drug users. Although this strategy would increase the validity of
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our comparisons between different antihypertensive drugs, we could not compare
users of a specific antihypertensive drug, for example a thiazide diuretic, to nonusers.
One of the limitations of using computerised pharmacy data is the assessment of
adherence. In our study adherence was judged by the regularity of refills. However,
pharmacy data contains recordings of prescriptions filled rather than drugs actually
taken. For all kinds of reasons patients discontinue their therapy, but may restart
after a break. Other patients switch from one therapy to another. Defining exposure
at the index date may therefore lead to misclassification. Performing sensitivity
analyses in the thiazide diuretic interaction study showed that there was no
difference in outcome for switchers and when excluding starters of antihypertensive
drugs (Chapter 3.2.1).
All pharmacogenetic studies in this thesis focused on only one SNP per gene.
Therefore, our results did not rule out involvement of a specific gene but only of
a candidate gene polymorphism. However, SNPs may fail to capture biological
effects of haplotypes. The launching of the international HapMap project in 2002,10
a catalogue of common genetic variants that occur in human beings, makes it
possible not only to analyse one SNP but to analyse haplotypes and tag SNPs. Most
information will be given by studying all variation within a gene; this can be done
by using tag SNPs or by whole genome sequencing.

M e t hod ol o g ic a l i s su e s i n p ha r m ac o g e n e t ic
st u di e s
In pharmacoepidemiological studies based on databases there is often lack of
information on genotype or prognostic factors. Our study design, including the
way of recruiting patients and gaining information, is very unique. Most studies
are either performed in clinical trials or in observational studies where there is
no genetic information and no information on confounding factors available. Not
many specific tissue registries that might be linked to population data are available.11
In particular, the way of recruiting patients through community pharmacies is
very unique. It has the advantage of getting in contact with all patients in a certain
region by a limited number of recruitment points. Because of the coded database,
the researcher had only access to patient numbers, therefore the anonymity/
privacy of the patient is guaranteed. In the future more interactions between
SNPs and antihypertensive drug use will be studied in our case-control dataset.
Furthermore, the dataset can be used for other research questions (for example
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for pharmacogenetic interactions with other drugs that are used in cardiovascular
disease).12,13
The response rate in our study was different for men and women and for different
age groups. In literature both male and female gender has been associated with
a higher response rate.14‑17 This difference in outcome might be explained by
differences in ethnic background and the design of the study (follow-up versus
retrospective and pharmacogenetic versus non-pharmacogenetic). Furthermore,
in all studies, no information was given about the length of the questionnaire.
This could probably influence the response rate. The willingness to participate in
(pharmaco)genetic studies might be different for men and women and for younger
and older patients. Literature about reasons for non-response is unclear due to the
numerous reasons mentioned: gaining no personal benefit from the survey, having
no interest in the topic, lack of confidence, feeling of intrusion of privacy, lack of
time, forgetfulness or present illness. The most important difference between our
study and the few studies that have investigated reasons for non-response in both
postal questionnaires and telephone interviews is that we explicitly asked for DNA.
Fear for genetic screening could be a reason for non-response. However, this does
not seem to have a large impact on the willingness of patients to participate. For
only a small part (between 1.1 and 14.1%) of the non-responders DNA-collection
was the reason for not participating in the study. However, we kept the threshold to
participate as low as possible by using a non-invasive procedure. When designing
observational pharmacogenetic studies one must take into account that gender and
age can influence the response.
Results from studies that focused on determinants of DNA yield in buccal cells
are inconsistent and did not focus on DNA purity. In our study DNA yield from
buccal swabs was higher in men and DNA purity was associated with laboratory
personnel, age and the use of diuretics. Because other studies also found a variation
in DNA yield by gender one must consider if women need to collect extra buccal
swabs. However, even for women the DNA yield collected with three buccal swabs
provide enough DNA to perform a genome wide scan. At this moment many
standard DNA collection kits are available. It is less time consuming and even
more patient-friendly to use a DNA kit in which a patient can spit saliva instead
of rubbing against their cheek three times a day. Also isolation of DNA is less time
consuming using standard kits.
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P ha r m ac o g e n e t ic s of a n t i h y p e rt e n si v e dru g s
One of the few candidate gene polymorphisms that have been studied extensively
for the role on both blood pressure response to thiazide diuretics and the risk
of MI is the α-adducin G460W polymorphism. Studies which investigated this
drug-gene interaction were inconclusive due to conflicting results and sometimes
small sample sizes. In our study population, no statistically significant interaction
between the use of thiazide diuretics and the α-adducin polymorphism was found.
Psaty et al. found in a case-control study that carriers of the W-allele were more
likely to benefit from thiazide diuretic drug therapy in preventing a first MI or
stroke.18 By contrast, no difference in likeliness to benefit from diuretic therapy was
found in a large cohort study (the Rotterdam Study) on preventing a first MI or
first stroke.19 Gerhard et al. could also not show an association of the α-adducin
G460W and diuretic use with adverse cardiovascular outcomes (nonfatal MI,
nonfatal stroke or all cause death) in a trial of hypertensive coronary artery disease
patients.20 In the GenHAT (Genetics of Hypertension-Associated Treatment) trial,
no association between the adducin polymorphism and coronary outcomes was
found overall, but female W-allele carriers were shown to have an increased risk
of coronary heart disease if treated with chlorthalidon compared with amlodipine
or lisinopril.21 These findings might be explained by differences in study designs
and populations. In our study population no difference for starters and continuous
users and no difference for duration of use were found. It is still not clear whether
or not there is a drug-gene interaction between α-adducin and diuretics. The size
of the interaction might be very small and therefore difficult to demonstrate. More
research is needed to conclude if this genotype may have clinical implications. In
new studies more genes and more SNPs per gene should be studied together.
Concerning the influence of the eNOS G894T genotype on effectiveness of calcium
antagonists with regard to the risk of MI no results have been published. In our study
a drug-gene interaction on the risk of MI was found. Users of dihydropyridines
with one or two copies of the T-allele had a higher risk of MI. A not statistically
significant trend towards an interaction between the use of diltiazem and the eNOS
polymorphism was observed. However, in the replication study in a US casecontrol study these findings were not confirmed. No drug-gene interaction was
found between this polymorphism and verapamil. Findings in pharmacogenetic
studies can not always be reproduced and should therefore be carefully interpreted.
Different study designs, lack of statistical power, population stratification, different
environmental factors, the varying effects of several causal polymorphisms within
the candidate gene, gene-gene interactions can result in non-replication. However,
considering the action mechanism of calcium antagonists an interaction between
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these drugs and the eNOS polymorphism seems plausible. If our findings are
confirmed in other studies, this may have important clinical implications for the
choice of calcium antagonist therapy. Two polymorphisms in the RAS also showed
an interaction with antihypertensive drugs. Patients with the CC genotype of the
ACE G4656C polymorphism appeared to have less beneficial effects from the use
of ACE-inhibitors. For the AGTR1 A1166C polymorphism patients with the CC
genotype appeared to have an increased risk when using less than one DDD of
an ACE-inhibitor. On the other hand no interaction was found between the AGT
C235T polymorphism and ACE-inhibitor use. These findings are in concordance
with some other studies but also conflicting with other results.5
The main conclusion of these studies is that predicting effectiveness of
antihypertensive drugs is not a simple matter of determining single polymorphisms
in a limited number of candidate genes. Because drug effects are determined by
the interplay of several gene products that influence the pharmacokinetics and
dynamics, probably more genes are involved. The gene-environment interactions
should also be taken into account. To be able to study all variation in each gene all
tag SNPs within each gene should be genotyped or even more the whole genome
should be sequenced.

I m p l ic at ion s f or p r ac t ic e
Knowledge of genetic variation that influences the response to antihypertensive
medication with regard to the risk of MI has the potential to provide new insights
into molecular mechanisms that influence drug response. In common complex
diseases, like hypertension and MI, a number of genetic variants are expected to
underlie the clinical phenotype. The effects of multiple genetic variants, along
with environmental factors that act together to develop the phenotype, make
it more difficult to identify the actual causative genetic variants. Knowledge of
polymorphisms or genes that influence the response to antihypertensive medication
with regard to the risk of MI has the potential to provide new insights into molecular
mechanisms that influence drug response. Since previous studies and also the
studies described in this thesis gave inconclusive results it is recommendable to
study more genes, more SNPs and gene-gene-environment interactions. Although,
conclusive answers can not be drawn from the available data this does not mean
that pharmacogenetics will never provide the answers to our questions. For genes
involved in drug metabolizing enzymes (e.g. CYP2D6 and CYP2C19) diagnostic
tools have already been developed. Moreover, the Pharmacogenetics Working Group
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of the Royal Dutch Association for the Advancement of Pharmacy has developed
pharmacogenetics-based therapeutic (dose) recommendations for 17 drugs on the
basis of a systematic review of literature.22 By integrating these recommendations
into computerized systems for drug prescription and automated medication
surveillance the drug prescribers as well as the pharmacists can be assisted. When
physicians and pharmacists have sufficient knowledge about new developments
they will be able to contribute to the improvement of pharmacotherapy. At this
moment it is too early to make recommendations for the use of thiazide diuretics,
calcium antagonists, ACE-inhibitors and angiotensin II receptor type 1 blockers on
the basis of genotype.
If in the future significant drug-gene interactions will be found cost-effectiveness
analyses should be performed before recommendations for pharmacogenetic
testing in clinical practice can be made. At this moment adequate cost-effectiveness
evaluations of genetic testing are lacking. It is important to systematically evaluate
the likely costs and benefits before implementation of the tests. Many factors, for
example prevalence of the mutation and the disease, severity and cost of the disease
or outcome, and strength of the association can influence the cost-effectiveness of
genetic testing.23

I m p l ic at ion s f or f u t u r e r e se a rc h
There are a number of questions that are raised with this thesis that need to be
answered. We were able to approach a total of about 16 000 patients over a period
of 2.5 years. The recruitment period might be shortened. It might be possible to
recontact the patients and send the package for DNA collection from the research
centre instead of the community pharmacy. The finding that a non-invasive DNA
collection method is not a major reason for non-response needs to be confirmed.
Moreover to optimise DNA yield and purity from buccal cell collection more studies
which confirms gender, age, laboratory personnel, the use of diuretic drugs and
other possible determinants are needed. The interaction between dihydropyridine
calcium antagonists and the eNOS polymorphism warrants further investigation.
For definitive conclusions well designed large sample sized studies with a
validated way of data collection, including correct information about phenotypes,
confounders and drug exposure are needed. Although our study comprised al these
elements, it still remains difficult to draw definitive conclusions. In addition, which
SNPs in which genes and how many SNPs to genotype is important to consider.
Two main strategies to identify relevant genes that may influence drug response can
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be distinguished. First, the candidate gene approach in which variations in genes
that are thought to play a role in the response to drugs are investigated. The second
approach, the genome wide scan, uses no a priori knowledge about the biology of
variations in genes, but uses many markers spread across the genome. Therefore in
a candidate gene approach the SNPs can be selected by the researcher, in contrast
to a genome wide scan that comes with a fixed, standard array. Furthermore, the
amount of SNPs for a candidate gene approach can range from dozens to thousands
of SNPs, whereas in a genome wide scan between 100 000 to > 1 000 000 SNPs
are genotyped. In this thesis we used the candidate gene approach. This strategy
has the advantage of focusing resources on a manageable number of genes and
polymorphism that are likely to be important.24 In literature several polymorphisms
were suggested that might influence antihypertensive drug response. Because
we were looking at one genetic polymorphism at a time we could not focus on
the complete picture. To solve this complex problem (because so many genes
and environmental factors are involved) we will need to explore other strategies,
such as haplotypes and genome wide scans. However when performing a genome
wide association scan study one should be aware of the computational burden, as
up to more than one million variables are available in the dataset. Furthermore,
these studies need careful quality control. In such large data sets, small systematic
differences can readily produce effects capable of obscuring the true associations.
Moreover, even with many cases and controls, the study power is limited to the
detection of common variants with large effects only. Genome wide associations
studies of blood pressure failed to identify significant results. A large genome wide
association study of blood pressure and hypertension (CHARGE), in which different
cohorts were pooled, underscore the small effect size of individual common allelic
variants and the necessity of very large sample sizes for detection of robust and
significant results.25 Their findings establish the utility of genome wide association
approaches to identify common allelic variants. They suggest that genetic factors
can account for a few percent of the effects.
Therefore, if possible, meta-analyses of existing genome wide scans are needed
according to the recommendations made by the Wellcome Trust Case Control
Consortium.26 Replication studies are important to confirm true associations
and functional studies are still needed to gain more insight into, and mechanistic
understanding of, the underlying biological molecular mechanisms. However, most
of the drug-gene interactions in the literature are not replicated in subsequent,
independent studies (observational studies and trials). There might be some concern
that any findings obtained with the candidate-gene approach are unreliable. In a
meta-analysis of 379 studies addressing 36 genetic associations with diseases or traits
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it was found that association studies of the same disease are often inconsistent in
their findings of association. Moreover, the first study to report an association often
indicates a stronger effect than is seen in subsequent studies.27 Non-replication can
be the result of differences in study design (e.g. different study population, different
phenotype definition), lack of statistical power, population stratification, different
environmental factors within a population and the varying effects of several causal
polymorphisms within the candidate gene.28 Another plausible explanation for
non-replication might be gene-gene (epistatic) interactions. For many drugs not
one gene but many genes contribute to the variation in the efficacy or side effects of
a drug.29 Traditional statistics are not well suited to deal with gene-gene interactions
on a large scale. As the number of SNPs increases, data analysis becomes a challenge
due to multiple testing. Another problem that arise is that small effects could be
missed and the false positive results that could be found. There are different ways
of dealing with this problem (Bonferroni, False Discovery Rate control, multistage
analysis).30
It will be a major challenge in the future to find consensus about how to tackle
problems in data analysis, but even more to detect drug-gene interactions by more
than one study.
Choices made for study design, conduct and data analysis potentially influence the
magnitude and direction of results of genetic association studies. The quality of
reporting these studies needs to be improved. The STrengthening the REporting of
Genetic Association studies (STREGA) Statement proposes a minimum checklist
of items for reporting genetic association studies to maximize transparency, quality
and completeness of reporting of what was done and found in a particular study.31
Developments in the field of whole genome sequencing are going fast.32 The first
full genomes sequenced were J Craig Venter’s and James Watson’s.33,34 Since that
time, many other full genomes have been sequenced.35 At this moment the costs
of whole genome sequencing are relatively high. However in the near future the
ability to conduct large-scale human genome studies will enable researchers to
further elucidate the genetic understanding of drug responses.
Downstream of the genes involved, many proteins and metabolites are also involved
in a specific drug or disease pathway.29 We need to take advantage of the increasing
amount of biological data. Therefore, we must not focus only on genes but also
on products derived from genes. Where pharmacogenomics focuses on genes that
define response to pharmacological treatment, proteomics focuses on individual
protein concentrations and protein expression patterns of a cell or tissue, proteinprotein, protein-DNA, and protein-RNA interactions. Proteomics can help in the
search for the genes that play a role in drug response pathways. Probably genes
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are not the only single factor that contributes in a major way to the variability in
treatment response. The time has come to combine all available data: genomic,
proteomic, physiological, clinical and environmental data.
In conclusion, the results of these thesis show that it is feasible to recruit patients by
community pharmacies for setting up a large population based pharmacogenetic
study. The pharmacogenetic DNA bank that we established offers numerous
possibilities for future pharmacogenetic studies of hypertension and other
cardiovascular risk factors and diseases. Moreover the results of the pharmacogenetic
studies suggest the presence of three drug-gene interactions i.e. the interaction
between the use of calcium antagonists and the eNOS G894T polymorphism in
some populations, the interaction between the use of ACE inhibitors and the ACE
G4656C polymorphism and in low doses with the AGTR1 A1166C polymorphism
on the risk of MI. These findings provide important clues for extensive investigation
of these genes in relation to antihypertensive drug response.
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Summary |

Hypertension is a major public health hazard, because of its high prevalence and
strong positive association with cardiovascular diseases. Despite the availability of
a variety of effective antihypertensive drugs, inadequate control of blood pressure
is common in hypertensive patients, and responsible for a large proportion of the
burden of stroke and myocardial infarction (MI) in the population. The selection
of the most appropriate pharmacological treatment for an individual patient
is a matter of ‘trial and error’. One of the most challenging areas of research in
pharmacoepidemiology is to understand why individuals respond differently to
drug therapy. Pharmacogenetics focuses on the question to what extent variability
in genetic make-up is responsible for these observed differences. The aim of this
thesis was to assess the feasibility of setting up a large retrospective population based
pharmacogenetic study and to gain more insight into effects of the interactions
between antihypertensive drugs and candidate gene polymorphisms on the risk of
MI.
In Chapter 1 the scope and objective of this thesis are described. This
introductory chapter gives an overview of hypertension in general, treatment with
antihypertensive drugs and pharmacogenetics of antihypertensive drug treatment.
In Chapter 2 methodological issues in a pharmacogenetic study are described.
Chapter 2.1 focuses on the design of the study and the baseline characteristics of
the participants. The way of the recruitment of the patients through community
pharmacies is described. It shows that it is feasible to set up a large retrospective
study by collecting information through community pharmacies. Using buccal
swabs is a good way to build a large DNA data bank without needing invasive
procedures.
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In Chapter 2.2 we assessed reasons for non-response in our pharmacogenetic study.
We found that fear for genetic screening does not seem to have a large impact on
the willingness to participate. The main reason mentioned for non participation is
health problems. Females were less willing to participate just like older patients.
In Chapter 2.3 we examined which factors determined the amount and purity of
DNA in a self-administered, non-invasive and relatively inexpensive buccal cell
procedure. Total DNA yield ranged from 0.08 to 1078.0 µg (median 54.3 µg).
Samples from men yielded statistically significantly more DNA (median 58.7 µg)
than those from women (median 44.2 µg) whereas DNA purity was the same for
both men and women. Diuretic drug users had statistically significantly lower purity
(median UV ratio 260:280 1.92) compared to other antihypertensive drug users
(median UV ratio 260:280 1.95). Older age was also associated with lower DNA
purity. DNA yield was not influenced by thiazide diuretic use or drugs inducing
hyposalivation and storage time of the swabs in the collection medium. However,
DNA purity was influenced by thiazide diuretic use but not by other drugs inducing
hyposalivation and storage time of the swabs in the collection medium. Laboratory
personnel also influenced DNA yield. Gender, age, diuretic drug use and laboratory
personnel must be taken into account when collecting buccal cell samples.
In Chapter 3 studies are described in which we examined drug-gene interactions
between six candidate gene polymorphisms and four antihypertensive drug classes
on the risk of MI. Chapter 3.1 gives an overview of studies that reported data on
the α-adducin polymorphism and response to diuretics. In some studies, druggene interactions were found. Unfortunately, conflicting results have been found
in different populations. It is not clear from literature whether or not there is an
influence from this genotype on the intended effects of the drug.
In Chapter 3.2.1 we investigated whether the α-adducin G460W polymorphism
modified the risk of MI in patients treated with a thiazide diuretic compared to
users of other antihypertensive drugs. Among subjects with the adducin variant
the risk of MI was similar among thiazide users compared to users of other
antihypertensives (odds ratio [OR] 0.88; 95% confidence interval [95%CI] 0.58–
1.33), whereas among wild type carriers this risk was significantly lower (OR 0.62;
95%CI 0.44–0.87). However, the interaction between current use of diuretics and
the α-adducin polymorphism was not statistically significantly increased on the
multiplicative scale (synergy index [SI] 1.41; 95%CI 0.91–2.17). Even though it was
not statistically significant there was a trend towards a difference in the SI between
patients that did or did not use potassium sparing diuretics. This study suggests that
the α-adducin gene does not play an important role in modifying the risk of non| 146

fatal MI associated with the use of thiazide diuretics. Chapter 3.2.2 is an authors
reply to the letter to the editor concerning Chapter 3.2.1. The interaction between
current use of diuretics and the α-adducin polymorphism showed a tendency to be
stronger in the patients with the angiotensin-converting enzyme (ACE) insertion
II genotype (SI 2.03; 95%CI 0.79–5.26) compared to patients with the insertion/
deletion ID/DD genotype (SI 1.29; 95%CI 0.79–2.12), but these synergy indices
were not statistically significant different from each other.
Chapter 3.3 presents the data on the risk of MI and the interaction between the
endothelial nitric oxide synthase (eNOS) G894T polymorphism and the use
of calcium antagonists in a Dutch study population and in a US (United States)
replication study population. Homozygous T allele carriers using dihyropyridines
had a significantly higher risk of MI compared to users of other antihypertensives
in the Dutch study population (OR 2.82; 95%CI 1.41–5.66), but not in the US
study population (OR 1.25; 95%CI 0.31–5.03). Homozygous G allele carriers did
not have a significantly increased risk in the Dutch study population (OR 1.25;
95%CI 0.87–1.82), but did have an increased risk in the US study population (OR
2.22; 95%CI 1.39–3.54). We found a statistically significant interaction between the
current use of dihydropyridines and the eNOS polymorphism on the risk of MI in
the Dutch study (SI 2.20; 95%CI 1.05–4.60) but not in the US replication study (SI
0.61; 95%CI 0.19–1.91). In both populations no significant interactions between
the eNOS variant and diltiazem or verapamil was found. Subjects with the T-allele
might have less benefit from dihydropyridine calcium antagonist therapy in some,
but not all populations.
In Chapter 3.4 we examined the effects of renin-angiotensin-system polymorphisms
on the risk of MI among users of renin-angiotensin-system inhibitors. In the
patients treated with ACE-inhibitors the largest risk reduction was found in patients
carrying the ACE 4656 G-allele (GC and GG) compared to patients with the CC
genotype (OR 0.68; 95%CI 0.53–0.86 and OR 1.26; 95%CI 0.78–2.02 respectively).
The SI for this interaction was statistically significant (SI 0.58; 95%CI 0.35–0.95). The
risk of MI was significantly reduced in current users of ACE-inhibitors, who used
dosages lower than the equivalent of one defined daily dose, with the angiotensin
II type 1 receptor (AGTR1) 1166AC or AA genotype compared to users of ACEinhibitors with the AGTR1 1166CC genotype (SI 3.67; 95%CI 1.18–11.4). The ACE
G4656C polymorphism did not modify the effectiveness of angiotensin II type 1
receptor (AT-II) antagonists on the risk of MI. This study shows an interaction
between the use of ACE-inhibitors and the ACE G4656C polymorphism and in
low doses also with the AGTR1 A1166C polymorphism in the prevention of MI.
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No interaction was found with the ACE T3892C and the angiotensinogen (AGT)
C235T polymorphism.
In Chapter 4 we summarized the results of the studies and placed them in a broader
perspective of clinical relevance and future research.
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Verhoogde bloeddruk is een belangrijk probleem voor de volksgezondheid
vanwege het veelvuldig voorkomen en de sterke relatie met het optreden van harten vaatziekten. Hoewel er diverse effectieve bloeddrukverlagende geneesmiddelen
beschikbaar zijn, blijft het desondanks moeilijk bij een groot aantal patiënten
de bloeddruk onder controle te krijgen. Een groot deel van de hersenberoertes
en hartinfarcten wordt hierdoor veroorzaakt. Op dit moment is de keuze voor
de meest geschikte farmacotherapeutische behandeling voor een individuele
patiënt een kwestie van uitproberen. Eén van de meest uitdagende onderdelen
van het onderzoek in de farmaco-epidemiologie is het begrijpen waarom mensen
verschillend reageren op een geneesmiddel. Farmacogenetica heeft als doel meer
inzicht te geven in de bijdrage van erfelijke verschillen (genetische variatie) in de
reactie op geneesmiddelen. Het doel van dit proefschrift was de haalbaarheid te
bepalen van het opzetten van een grote retrospectieve farmacogenetische studie
en om de invloed van zes erfelijke kenmerken (genetische polymorfismen) op het
effect van bloeddrukverlagende geneesmiddelen op het risico van een hartinfarct te
bestuderen.
In Hoofdstuk 1 wordt een overzicht van verhoogde bloeddruk in het algemeen,
de behandeling met bloeddrukverlagende geneesmiddelen en farmacogenetica
van bloeddrukverlagende geneesmiddelen gegeven. Tevens wordt een algemeen
overzicht van het proefschrift gegeven.
Hoofdstuk 2 richt zich op methodologische aspecten van farmacogenetische studies.
In Hoofdstuk 2.1 worden de opzet van de studie en de kenmerken van de deelnemers
beschreven. Tevens wordt de manier waarop de patiënten via de openbare apotheek
zijn benaderd uitvoerig besproken. Het bleek dat het haalbaar was om een grote
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retrospectieve studie op te zetten door patiënten via openbare apotheken te werven
en informatie via deze apotheken te vergaren en deze patiënten zelf DNA-materiaal
te laten verzamelen. Het gebruik van wattenstaafjes voor het verzamelen van DNAmateriaal bleek een goede manier om een grote DNA databank te bouwen zonder
gebruik te hoeven maken van invasieve methodes. Niet alle patiënten die voor het
onderzoek werden benaderd waren daadwerkelijk bereid om mee te werken aan
het onderzoek.
In Hoofdstuk 2.2 hebben we redenen voor deze non-respons bestudeerd. Angst
voor genetische screening bleek geen grote invloed te hebben op de beslissing om
wel of niet deel te nemen aan de studie. De belangrijkste reden die werd genoemd
voor het niet willen participeren was het hebben van gezondheidsproblemen. De
bereidheid om deel te nemen bleek onder vrouwen en oudere patiënten kleiner te
zijn dan onder mannen en jongere patiënten.
In Hoofdstuk 2.3 hebben we onderzocht welke factoren de hoeveelheid en de
zuiverheid van het DNA, verkregen via een door de patiënt zelf uitgevoerde, niet
invasieve en relatief goedkope wangslijmvliesmethode, beïnvloeden. De totale
DNA-opbrengst varieerde van 0,08 tot 1078,0 µg (mediaan 54,3 µg). De DNAmonsters van mannen bevatten statistisch significant meer DNA (mediaan 58,7 µg)
vergeleken met die van vrouwen (mediaan 44,2 µg), terwijl de zuiverheid voor
beide groepen hetzelfde was. Het gebruik van thiazidediuretica leverde een lagere
zuiverheid (mediaan UV ratio 260:280 1,92) op vergeleken met het gebruik van
andere bloeddrukverlagende geneesmiddelen (mediaan UV ratio 260:280 1,95).
Oudere leeftijd bleek ook gerelateerd te zijn met een lagere zuiverheid. DNAopbrengst werd niet beïnvloed door het gebruik van diuretica of geneesmiddelen
die als bijwerking verminderde speekselvorming geven. Echter de zuiverheid van
het verkregen DNA werd wel beïnvloed door diureticagebruik, maar niet door
geneesmiddelen die verminderde speekselvorming als bijwerking geven. De tijd
dat de wattenstaafjes in de buisjes met buffer en enzym zaten beïnvloedde zowel
de DNA-opbrengst als de DNA-zuiverheid niet. Een andere factor die de DNA
opbrengst bleek te beïnvloeden zijn de analisten die de DNA-monsters verwerken.
Bij het verzamelen van wangslijmvliesmonsters dient men rekening te houden
met de invloed van het geslacht, de leeftijd, het gebruik van diuretica en het
laboratoriumpersoneel.
Hoofdstuk 3 bestaat uit een aantal studies waarin wij onderzocht hebben of er
geneesmiddel-gen interacties waren aan te tonen tussen vier verschillende groepen
bloeddrukverlagende geneesmiddelen en zes genetische polymorfismen op het
risico van een hartinfarct. Hoofdstuk 3.1 geeft een overzicht van studies die gegevens
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bevatten over het α-adducin polymorfisme en de respons op thiazidediuretica.
In sommige studies werd een geneesmiddel-gen interactie gevonden. Helaas zijn
tegenstrijdige resultaten gevonden in verschillende populaties. Uit de literatuur
bleek niet eenduidig of er een invloed is van dit polymorfisme op het beoogde effect
van dit geneesmiddel.
In Hoofdstuk 3.2.1 hebben we onderzocht of het α-adducin G460W polymorfisme
het risico op een hartinfarct verandert voor patiënten die een thiazidediureticum
gebruiken in vergelijking met patiënten die andere bloeddrukverlagende
geneesmiddelen gebruiken. Het risico op een hartinfarct was vergelijkbaar voor
patiënten die een thiazidediureticum gebruikten en patiënten die een ander
bloeddrukverlagend geneesmiddel gebruikten (odds ratio [OR] 0,88; 95%
betrouwbaarheidsinterval [95%BI] 0,58–1,33), terwijl het risico in patiënten met
het wild type allel significant lager was (OR 0,62; 95%BI 0,44–0,87). De interactie
tussen het gebruik van diuretica en het α-adducin polymorfisme was niet statistisch
significant verhoogd op een multiplicatieve schaal (synergie index [SI] 1,41;
95%BI 0,91–2,17). Alhoewel het niet statistisch significant bleek te zijn, was er een
trend waar te nemen in het verschil in de SIs van patiënten die wel en die geen
kaliumsparend diureticum gebruikten. Deze studie suggereert dat het α-adducin
gen geen belangrijke rol speelt in het veranderen van het risico op een niet-fataal
hartinfarct geassocieerd met het gebruik van diuretica. In Hoofdstuk 3.2.2 wordt
een reactie gegeven op een brief aan de redacteur betreffende Hoofdstuk 3.2.1.
De interactie tussen diuretica en het α-adducin polymorfisme bleek de neiging te
hebben om sterker te zijn in patiënten met het ‘angiotensin-converting enzyme’
(ACE) insertie II genotype (SI 2,03; 95%BI 0,79-5,26) vergeleken met patiënten
met het insertie/deletie ID/DD genotype (SI 1,29; 95%BI 0,79-2,12). Deze waren
echter niet statistisch significant verschillend van elkaar.
Hoofdstuk 3.3 laat het risico op een hartinfarct en de interactie tussen het
‘endothelial nitric oxide’ synthase (eNOS) G894T polymorfisme en het gebruik
van calciumantagonisten in een Nederlandse studiepopulatie en een Amerikaanse
replicatie studiepopulatie zien. In de Nederlandse populatie hadden homozygote
T-alleldragers die dihydropyridines gebruikten een significant hoger risico
op een hartinfarct vergeleken met homozygote T-alleldragers die andere
bloeddrukverlagende geneesmiddelen gebruikten (OR 2,82; 95%BI 1,41–5,66).
Dit verschil werd in de Amerikaanse populatie niet waargenomen (OR 1,25;
95%BI 0,31–5,03). Homozygote G-alleldragers hadden geen significant verhoogd
risico in de Nederlandse populatie (OR 1,25; 95%BI 0,87–1,82), maar wel in de
Amerikaanse populatie (OR 2,22; 95%BI 1,39-3,54). In de Nederlandse populatie
hebben we een statistisch significante interactie gevonden tussen het gebruik van
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dihydropyridines en het eNOS polymorfisme (SI 2,20; 95%BI 1,05–4,60); in de
Amerikaanse populatie echter niet (SI 0,61; 95%BI 0,19–1,91). In beide populaties
werd geen significante interactie tussen het gebruik van verapamil en diltiazem en
de eNOS variant gevonden. In sommige populaties hebben patiënten met het Tallel mogelijk minder baat bij dihydropyridinetherapie.
In Hoofdstuk 3.4 hebben we de effecten van renine-angiotensine-systeem (RAS)
polymorfismen op het risico van een hartinfarct bestudeerd in gebruikers van
RAS-remmers. Bij patiënten die werden behandeld met ACE-remmers werd de
grootste risicoreductie gevonden bij patiënten met het ACE 4656 G-allel (GC en
CC) vergeleken met het CC-genotype (respectievelijk OR 0,68; 95%BI 0,53–0,86 en
OR 1,26; 95%BI 0,78–2,02 ). De SI voor deze interactie was statistisch significant
(SI 0,58; 95%BI 0,35–0,95). Het risico op een hartinfarct was significant verlaagd
in gebruikers van ACE-remmers, die een dosis gebruikten die lager was dan het
equivalent van één ‘defined daily dose’, en het angiotensine II type 1 receptor
(AGTR1) 1166AC- of 1166AA-genotype hebben vergeleken met gebruikers van
ACE-remmers met het AGTR1 1166CC genotype (SI 3,67; 95%BI 1,18–11,4). Het
ACE G4656C polymorfisme had geen invloed op de effectiviteit van het reduceren
van het risico op een hartinfarct van een angiotensine II type 1 receptor antagonist.
Deze studie laat zien dat er een interactie is tussen het gebruik van ACE-remmers
en het ACE G4656C polymorfisme en in lagere doseringen ook met het AGTR1
A1166C polymorfisme op het voorkomen van een hartinfarct. Er is echter geen
interactie gevonden met het ACE T3892C en het angiotensinogeen C235T
polymorfisme.
In Hoofdstuk 4 worden de resultaten van onze studies samengevat en in een breder
perspectief van klinische relevantie en toekomstig onderzoek geplaatst.
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da n k wo or d

Mijn dank gaat in de eerste plaats uit naar mijn promotor Ton de Boer. Beste Ton,
jij was degene die mij voorstelde een promotieonderzoek te starten, mede om
mezelf als docent aan de Universiteit Utrecht verder te kunnen ontwikkelen. Al
vrij snel kwam een onderwerp voorbij dat mijn interesse had: farmacogenetica van
antihypertensiva. Ondanks je overvolle agenda kon ik altijd even bij je binnenlopen
om raad te vragen. Het voordeel was dat ik altijd eerst even om het hoekje kon
kijken of je deur open stond. Ontzettend bedankt voor de kans die je me hebt
geboden om mijn promotie te starten en te voltooien.
Mijn copromotor Olaf Klungel, beste Olaf, je bood mij de gelegenheid om
samen een grote database op te zetten. Deze database vormde de basis van dit
promotieonderzoek. Bedankt dat je altijd op het juiste moment de juiste sturing
wist te geven. Mijn vragen werden altijd adequaat door je beantwoord. Ik heb
bewondering voor je methodologische kennis.
Anke-Hilse Maitland - van der Zee, mijn andere copromotor, beste Anke-Hilse, je
gaf me al wijze raad tijdens mijn promotieonderzoek, zonder te weten dat je niet
lang daarna deel uit zou gaan maken van mijn promotieteam. Je was de ontbrekende
schakel. Vanaf dat moment volgde een intensieve samenwerking. Bedankt voor je
altijd snelle commentaar op mijn artikelen, je reacties op mijn e-mails en je oprechte
interesse, niet alleen voor het onderzoek maar ook voor persoonlijke zaken. Dank
je voor de gelegenheid die je me hebt geboden om onze samenwerking voort te
zetten binnen het EU-PACT project.
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Hoewel mijn naam als enige op de voorkant van het boekje staat, heb ik het zeker
niet alleen gedaan. Het was een lange maar zeer leerzame weg. Op deze plaats wil
ik een aantal mensen bedanken die allen op hun eigen wijze een bijdrage hebben
geleverd aan de totstandkoming van dit proefschrift.

Tot slot nog mijn promotor Bruno Stricker, beste Bruno, veel contact hebben we
tijdens dit promotietraject niet gehad. Toch wist je altijd op de juiste momenten
een kritische blik te werpen en gerichte reacties te geven op mijn artikelen.
Graag wil ik al mijn begeleiders bedanken voor hun betrokkenheid, de steun en de
inspirerende begeleiding tijdens het onderzoek.
Bij mijn onderzoek heb ik de nodige hulp van anderen gehad, waarvoor mijn
dank.
Patrick Souverein, beste Patrick, wat zou een afdeling zoals FenF zonder een goede
datacoach zijn? Vele malen was je bereid de helpende hand te bieden als ik weer eens
met een verzoek om gegevens kwam of onjuistheden in de dataset had ontdekt.
Svetlana Belitser, beste Svetlana, op het moment dat ik, voor mij, zeer ingewikkelde
analyses uit moest voeren heb jij mij met goed statistisch advies bijgestaan.
Özlem Bozkurt, beste Özlem, wat hebben wij samen gezwoegd om al die
apotheken te bezoeken van waar we de patiënten benaderden en vragenlijsten en
wattenstaafjes voor het verzamelen van DNA-materiaal toestuurden. Ik ben blij
dat je op een gegeven moment de helpende hand kwam bieden. Het was heerlijk
om een lotgenoot te hebben en af en toe even samen te klagen hoe zwaar een
promotietraject kan zijn.
Hedi Schelleman, beste Hedi, je was mijn voorgangster op dit project. In het begin
heb je me wegwijs gemaakt en op het eind ben je bijgesprongen om al het materiaal
dat naar de patiënten verstuurd moest worden op tijd klaar te krijgen.
Bas Peters, beste Bas, ondanks de drukke periode waarin ik verkeerde toen jij je
onderzoek ging opstarten, vond ik het ontzettend leuk om mee te denken hoe het
logistieke deel van het verzamelen van patiëntgegevens verbeterd kon worden,
zodat het jou uiteindelijk minder tijd zou gaan kosten. Met belangstelling volgen
we elkaars vorderingen. Ik geniet van de gesprekken die we voeren omtrent ons
onderzoek, maar waardeer ook je persoonlijke belangstelling.
Karin Lievers, beste Karin, ook jij hebt me in het begin wegwijs gemaakt in de
accesdatabase en meegeholpen om het project op te starten.
Helga Gardarsdottir, beste Helga, bijna tegelijkertijd hebben we de eindsprint ingezet
en we zullen ook bijna tegelijkertijd finishen. We hebben veel lief en leed gedeeld
en konden elkaar steeds een beetje verder op weg helpen in de afrondingsfase van
ons onderzoek.
En dan de dames van het secretariaat, beste Addy, Ineke, Suzanne en later ook
Marije, dankzij jullie is alles goed geregeld op de afdeling. Maar behalve goed
kunnen regelen, bieden jullie ook een luisterend oor en staan jullie iedereen met
raad en daad terzijde op een uiterst vriendelijke manier.
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Hierboven heb ik slechts enkele personen van onze afdeling genoemd. Behalve
op onderzoeksgebied heb ik op onderwijsgebied veel mogen samenwerken met
collegadocenten. Van die kant heb ik ook de nodige interesse en steun voor mijn
onderzoek mogen ontvangen. Alle (oud)collega’s op de 8e wil ik graag bedanken
voor de prettige samenwerking. Verder wil ik graag alle (oud)collega’s van andere
afdelingen bedanken die met regelmaat belangstelling toonden en informeerden
naar de laatste stand van zaken.
Beste Willie, bijna tegelijkertijd begonnen bij de afdeling Biomedische Analyse
en nu bijna tien jaar later geniet ik nog steeds van onze lunchwandelingen. Het
voeren van diepgaande gesprekken, maar ook de nonsensverhalen gaven mij na
zo´n lunch weer even de kracht om door te gaan. Je wist me altijd te motiveren om
door te zetten.
Beste Irma, wat hebben we veel over het doen van onderzoek gesproken, niet eens
zozeer inhoudelijk maar meer over de uitvoering. Maar bovenal praten we vaak over
onze grootste hobby: fotografie. Nadat ik had aangegeven dat ik iets met mensen
op de cover wilde, had jij het fantastische idee om de letters van DNA-nucleotides
door personen te laten vormen. Kijk naar het mooie resultaat. Ik ben blij dat je op
de grote dag mijn fotograaf wil zijn.
Dank aan de medewerkers van het PHARMO-instituut. Ook al was het vaak druk
bij jullie, er was altijd wel een plekje voor mij te vinden. Bedankt voor de fijne
ontvangst.

Graag wil ik iedereen bedanken die het mogelijk maakte dat ik data had om
te analyseren. Allereerst de patiënten en de apothekers die belangeloos hun
medewerking hebben verleend. Verder de medewerkers van het laboratorium van
Maastricht voor het genotyperen van het DNA-materiaal, met name Paul Schiffers.
De moeilijkheid van farmacogenetisch onderzoek zit hem vooral ook in het
repliceren van de resultaten. Bruce Psaty, thank you for giving us the opportunity
to replicate one of our studies in the US.
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Verder wil ik ook alle coauteurs bedanken voor hun opbouwende kritiek op de
artikelen in dit proefschrift.

De leden van de leescommissie prof. dr. A.C.G. Egberts, prof. dr. H.J. Guchelaar,
prof. dr. R.P. Koopmans, prof. dr. Y.T. van der Schouw en prof. dr. C. Wijmenga wil
ik bedanken voor hun bereidheid om mijn proefschrift te beoordelen.
De vormgeving van dit proefschrift was in handen van Francis te Nijenhuis.
Beste Francis, zonder jouw precisie en creatieve inbreng was het nooit zo’n mooi
boekwerk geworden. Je hebt precies het juiste weten te doen met de door mij
aangeleverde foto’s en had feilloos door wat mijn wensen waren. Bedankt, het is
prachtig geworden.
Lieve vrienden, ook zonder jullie support had ik dit onderzoek niet kunnen
voltooien. Want naast de nodige inspanning had ik ook behoefte aan de nodige
ontspanning.
Van de Utrecht-club: lieve Sonja, Audrey, Iris en Veronique, het is altijd weer
reuzegezellig met jullie. Het samen koken, eten, kletsen en de leuke uitjes hebben
voor de nodige ontspanning gezorgd. Of het nu over werk gaat of juist niet, als we
elkaar spreken is het altijd goed. Op jullie kon en kan ik altijd rekenen, ook tijdens
de mindere periodes in de afgelopen jaren. Bedankt voor de gezelligheid, de tips
en discussies, de betrokkenheid en het delen van lief en leed. Natuurlijk wil ik ook
jullie mannen bedanken, die hier ook hun steentje aan hebben bijgedragen.
Lieve VAT-vrienden en vrienden van de Culemborg-club, veel heb ik met
jullie niet gesproken over de inhoud van mijn onderzoek. Niet vanwege jullie
ongeïnteresseerdheid, maar meer omdat ik het er dan juist even niet over wilde
hebben. Bedankt voor al jullie gezelligheid in de vorm van etentjes, feestjes,
weekendjes weg, maar ook zeker voor een goed gesprek en een luisterend oor op
zijn tijd.
Jullie zijn ieder op je eigen manier een rots in de branding voor mij.
De keuze voor mijn paranimfen was snel gemaakt.
Lieve Marianne, je bent mijn meest nauwe collega door de jaren heen. Samen
begonnen bij Biomedische Analyse, beiden een promotietraject aangegaan en
beiden zeer begaan met het onderwijs. Ik kan me geen betere kamergenote wensen.
Graag wil ik je bedanken voor alle gezelligheid, je luisterend oor en het inspringen
als collega op de momenten dat het nodig was. Tevens wil ik je bedanken voor je
bijdrage aan het corrigeren van mijn proefschrift, dat betekent dat je met recht een
paranimf bent: je bent nu in staat me te souffleren.
Lieve Wendy, jaren geleden leerden we elkaar kennen als ‘aanhang van’. Sinds die
tijd hebben we veel meegemaakt en daardoor is er een speciale band tussen ons
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gegroeid. Het is fijn om zo’n lieve, gezellige vriendin te hebben, die altijd voor je
klaar staat en met je lacht en huilt. Thank you for being a friend.
Het was jullie beiden niet teveel gevraagd om samen met Kimmo, Dennis en mij op
een tropische dag in jullie mooiste witte kleren op ons terras te gaan liggen bakken
voor een fotoshoot. Dank jullie allen voor jullie enthousiaste inzet op die leuke
zaterdagmiddag.
Marianne en Wendy, ik ben blij dat jullie beiden achter me staan als paranimf.
Lieve Pierre en Mien, ik wil jullie bedanken voor jullie steun, belangstelling en het
meeleven tijdens de pieken en dalen. Ik ben blij dat ik deel mag zijn van jullie gezin
en laat me het eten bij jullie altijd heerlijk smaken.
Lieve Patricia, lief schoonzusje van me, je denkt altijd eerst aan anderen en dan pas
aan jezelf. De afgelopen jaren heb ik dat meer dan eens mogen bemerken. Ik hoop
dat ik nu eens de tijd krijg om aan jou te denken en weer leuke dingen samen te
gaan doen.
Lieve (schoon)familie, ook jullie hebben mijn promotietraject van dichtbij
meebeleefd, dank voor jullie steun en begrip als ik er weer eens niet bij kon zijn.

En dan prijs ik mij gelukkig met mijn allerliefste lief. Dennis, jouw onvoorwaardelijke
steun, liefde, zorgzaamheid en vertrouwen in de goede afloop was geweldig. Het
postzegels plakken, data invoeren en figuren maken zijn je nooit teveel geweest.
Als ik het even niet zag zitten, wist je me altijd weer op te beuren en te motiveren
om door te gaan. Dank je voor alles wat je voor me hebt gedaan de afgelopen jaren.
Zonder jouw liefde en geduld had ik dit boekje nooit kunnen maken. Ik hou van je
en neem dolgraag de volgende stap in ons leven.
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Lieve papa en mama, jullie hebben me altijd gestimuleerd om ‘door te leren’. Mama,
van jou kreeg ik de interesse voor de genetica mee. Je hebt er altijd vertrouwen in
gehad dat het me allemaal zou lukken. Wat had ik je nu graag trots zien kijken. Papa,
voor jou was naast je werk het gezinsleven het allerbelangrijkste. Je zorgzaamheid
is nu nog steeds terug te vinden in het medeleven dat je altijd toont, maar uit zich
ook in simpele dingen zoals elke dag een telefoontje en het wekelijks koken van een
maaltijd voor ons. Dank je voor alle liefde en vertrouwen die jullie me in het leven
hebben geschonken en voor alle mogelijkheden die jullie me hebben geboden. Het
is goed om te weten dat er zo’n fijne thuisbasis is.
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