
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Variability in response to antihypertensive drug therapy: From population based
therapy towards individualized treatment

Bikker, P.C.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Bikker, P. C. (2014). Variability in response to antihypertensive drug therapy: From population
based therapy towards individualized treatment. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/variability-in-response-to-antihypertensive-drug-therapy-from-population-based-therapy-towards-individualized-treatment(e4dcc2f3-71d8-43c5-8d23-ca6a37201b49).html


Genetic factors are relevant and independent determinants of 
antihypertensive drug effects in a multiracial population

Chapter 3

Petra C. van Rijn-Bikker 
Gideon Mairuhu 
Gert A. van Montfrans 
Eric J.G. Sijbrands, 
Aeilko H. Zwinderman 
Henk-Jan Guchelaar 
Richard P. Koopmans

American Journal of Hypertension 2009;22(12):1295-1302



Chapter 3

48

ABSTRACT 

Background: The success of antihypertensive drugs may be improved by better prediction of their 

efficacy in individual patients. The objective of our study was to determine whether genetic variation 

predicts the individual systolic blood pressure (SBP) response to antihypertensive drugs and to assess 

to what extent the individual treatment response could be explained by the combined effects of 

known demographic, environmental, and genetic factors.    

Methods: A population-based, crossover, open-label randomized treatment study stratified for 

ethnicity in 102 mildly hypertensive patients aged 35-60 years in an outpatient hypertension clinic 

(the ROTATE study). Patients underwent five successive 6-week treatment episodes of single-drug 

treatment in a randomized order with representatives of the major antihypertensive drug classes. The 

primary outcome measure was the DSBP after 6-week drug therapy.

Results: Participants (n=97) completed 407 treatment episodes. The estimated unpredictable natural 

variation of SBP within individuals was 65% of the total study variance. The primary analysis model 

that considered the effects of environmental, demographic, and genetic factors and their interactions 

to SBP response to antihypertensive drugs, explained 23% of the total variance accounting for 66% of 

the predictable variance. Ethnicity, low sodium intake, and ADD1 614G→T polymorphism were the 

only drug-related predictors.  A number of genetic variants (ADD1 614G→T, ADRB1 145A→G, ADRB2 

79C→G, CYP11B2 -344C→T, and SLC12A3 78G→A) contributed significantly (9%) to the total variance 

of the SBP response. The contribution of each individual single-nucleotide polymorphism (SNP) 

ranged from 1.1 to 2.4%. 

Conclusion: Genetic factors are relevant and independent determinants of antihypertensive drug 

effects in a multiracial population.
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INTRODUCTION 

Hypertension is an important risk factor for cardiovascular, cerebrovascular, and renal disease. Over the 

past years prevalence of hypertension rose to 31.3% and the number of patients with hypertension has 

increased to 65 million in the United States.1 The benefits of reducing blood pressure (BP) on the risks 

of major cardiovascular disease have been well established. Many antihypertensive drugs are available 

but they are effective in only 40-60% of patients.2,3 Successful lowering of BP is difficult to predict in 

individual patients. Moreover, acceptable BP levels according to current guidelines are reached in at 

most one-third of hypertensive patients.4 To find the optimal drug for the individual patient, clinicians 

apply a trial-and-error approach in the absence of compelling indications for a specific drug. 

Choosing the right antihypertensive drug for a patient requires understanding of the components of 

BP variability within and between individuals based on substantial heterogeneity of treatment effects 

in patients receiving antihypertensive drugs.5 BP varies naturally and spontaneously, for instance, 

as a result of time of the day, emotional state, and BP measurement variability. Standardization of 

techniques minimizes this variability but underlying patient characteristics will affect BP, including 

response to antihypertensive drugs. In clinical practice, one needs to consider all the components of 

this BP variability to determine the right drug for the individual patient.

Essential hypertension is a complex quantitative trait that is affected by combinations of genetic and 

environmental factors leading to numerous intermediate phenotypes.6,7,8 Probably the individual 

response to drug treatment is related to the pathophysiologic mechanisms contributing to elevation 

of BP in the individual patient. Abnormalities in these mechanisms such as excessive renal sodium 

retention or raised activity of the sympathetic nervous system may result in elevated BP.  Attempts have 

therefore been made to predict the individual response to therapy, and factors such as initial BP, plasma 

renin activity, salt sensitivity, age, and ethnicity have all been claimed to predict the BP response.9,10,11 

Renin-profiling studies showed that young patients and Caucasians tend to have higher renin levels 

compared to elderly and blacks.12,13,14  Brown et al. showed that high-renin hypertension is best treated 

by inhibitors of the renin-angiotensin system and low-renin hypertension by antihypertensive drugs 

that do not inhibit the renin-angiotensin system (AB/CD rule).2,15  Blacks with hypertension have been 

shown to be more responsive to monotherapy with diuretics and calcium antagonists.16 
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However, efforts to predict BP response to antihypertensive drugs based on the above-mentioned 

factors are inconclusive. Pharmacogenetic studies are of interest to further individualize 

antihypertensive therapy, but to date progress in this field has been limited.17 Several polymorphisms 

in candidate genes of antihypertensive drug therapy have been studied, but these polymorphisms did 

not consistently interact with antihypertensive drugs.18,19,20 The objective of our study was to determine 

whether variants of candidate genes contribute to systolic BP (SBP) response to antihypertensive 

drugs; therefore we studied the interplay of known demographic and environmental factors and 14 

polymorphisms. Second, we estimated the components of BP variability to assess to what extent the 

variation in individual treatment response to the major classes of antihypertensive drugs could be 

explained by the combined effects of all known predictors. 

METHODS

We performed a crossover, open-label, single-drug treatment study in a Dutch multiracial population 

with a representative of diuretics, b-blockers, angiotensin-converting enzyme inhibitors, calcium 

antagonists, and angiotensin receptor blockers (the ROTATE study).

ROTATE population 

Subjects were recruited from the SUNSET (Surinamese in the Netherlands: a study on health and 

ethnicity) study, a population-based cross-sectional study to assess the cardiovascular risk profile 

stratified for three ethnic groups in Southeast Amsterdam in the Netherlands: Creole and Hindustani 

Surinamese and white Dutch people aged 35-60 years. Ethnicity was based on self-reported ethnic origin 

and the ethnic origin of the mother and father. Grandparents’ ancestry was used if this information was 

missing or unclear.21,22 Suriname was a former Dutch colony in South America. During the process of 

de-colonization in 1975, approximately half of the Surinam population migrated to the Netherlands. 

Our study population contains two groups of these first generation immigrants. ‘Creole’ refers to 

people with a mixed African ancestral origin. In Suriname, admixture occurred to a very limited extent 

with Indians and Caucasians.  ‘Hindustani-Surinamese’ refers to people with South Asian ancestral 

origin. This population was and still is a genetic isolate.  In this paper, Creole and Hindustani are named 

as black and South Asian, respectively.  The white Dutch are people with Dutch ancestral origin (Dutch 

Caucasians). Theoretically, the white Dutch and Creoles may share distant ancestors, but based on the 

migration history it is unlikely that relevant population admixture between the three ethnic groups 

occurred. These participants were approached for a medical examination including BP measuring. If 

the screening SBP was ≥ 140 mm Hg or DBP ≥ 90 mm Hg (independent of treatment status), they were 

invited to the outpatient hypertension clinic of the Academic Medical Center (AMC). 
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Design 

In the outpatient clinic, 283 patients were examined (Figure 1). Each patient underwent routine 

laboratory testing, electrocardiography, a chest X-ray to assess the cardiothoracic ratio, and a  

24-hour ambulatory BP measurement (Spacelabs nr 90207; Spacelabs Medical,  Washington, DC), 

after stopping all antihypertensive drugs for at least 3 weeks. Patients with a history of recent stroke, or 

myocardial infarction, or with comorbidity with a life expectancy <2 years, or with >4 antihypertensive 

drugs for BP control, or compelling indication for any of the study medications, hypersensitivity to any 

of the study medications were excluded.  



 

Figure 1 Flowchart ROTATE cohort
A: angiotensin-converting enzyme inhibitor, B: b-blocker, C: calcium antagonist, D: diuretic,  E: angiotensin recep-
tor blocker, W: white, BL: black, SA: South Asian; non-C: noncompliance, SUNSET: Surinamese in the Netherlands: 
Study on health and Ethnicity, ROTATE: crossover, open-label, single-drug treatment study in a Dutch multiracial 
population with representative drugs from 5 drug classes.
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A total of 102 patients with essential hypertension were enrolled in the ROTATE study (definition 

of hypertension BP >135/85 mm Hg and <180/110 mm Hg during daytime, established with 24-hour 

ambulatory BP measuring). Before start of the study, the participants were informed of the influence 

of salt intake, alcohol use, weight reduction, and exercise on BP. The use of salt free diet was self-

reported. Participants went through five 6-week single-drug treatment episodes in a randomized 

order (see below). Efficacy and tolerability was assessed after 3- and 6-week treatment; in-between 

6-week drug episodes a 3-week washout period followed. After finishing the protocol, patients were 

further treated with one of the study drugs. The primary outcome measure was the DSBP after 6-week 

drug therapy. The institutional review board of the Amsterdam Academic Medical Center approved 

the study protocol and all patients gave written informed consent. 

Drugs

Five drugs of the major antihypertensive drug classes were used once daily in the morning in the 

recommended starting dose. In week 3, the dose was increased if BP was not <140/90 mm Hg. The drugs 

were the angiotensin-converting enzyme inhibitor lisinopril (A) dosed 10 or 20 mg/day, the b-blocker 

nebivolol (B) dosed 2.5 or 5 mg/day, the calcium antagonist barnidipine (C) dosed 10 or 20 mg/day, the 

diuretic hydrochlorothiazide (HCT) (D) dosed 12.5 or 25 mg/day and the angiotensin receptor blocker 

eprosartan (E) dosed 600 or 800 mg/day. The randomization scheme was generated by computer in 

the hospital pharmacy, in randomly ordered blocks sized 5 or 10 patients. Noncompliance, defined as 

missing doses >3 times during a 3-week episode, was determined by pill counting.

BP measurements 

Trained observers using standardized methods measured BPs during the study. At every visit, BP 

was measured for 15 min at 2.5-min intervals at rest in the seated position using an automatic device 

(Datascope Accutorr Plus; Datascope Europe, Hoevelaken, the Netherlands). The office BP was 

considered as the average of the measurements obtained in the period 5-15 min separated by 2.5 min 

intervals (measurements of the first 5 min were rejected). Visits were arranged at ~24 h after the last 

dose and after 3-week wash out. The patients were invited for follow-up visits at the same time of the day.

Gene polymorphisms 

In January 2003, we searched the PubMed database of National Council for Biotechnology Information 

with the following search terms: genetic polymorphism, BP, hypertension, antihypertensive agents, 

renin-angiotensin system, adrenergic receptors, catecholamines, G-protein-coupled receptors, and 

sodium channels. A total of five polymorphisms in genes involved in RAS, five polymorphisms in 

genes encoding for the b-receptors, one polymorphism in the gene encoding for G-protein, and three 

polymorphisms in genes involved in sodium handling were selected as variants in candidate genes. 

Details of the polymorphisms can be found in Supplementary Table S1.
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Genomic DNA was extracted from 10-ml whole blood on an Autopure LS apparatus (Gentra Systems, 

Minneapolis, MN) according to a protocol provided by the manufacturer. PCR of the human AT1R gene 

was performed as described by Hilgers et al.23 The angiotensin-converting enzyme gene insertion/

deletion polymorphism was genotyped according to the methods described by Rigat et al.24 For the 

other polymorphisms, the Assay-by-Design service (www.appliedbiosystems.com) was used to set 

up Taqman genotyping assays. Results were analyzed by the ABI Taqman 7900HT using the sequence 

detection system 2.22 software (Applied Biosystems, Foster City, CA).

Statistical analysis

The SPSS statistical software program (version 12.0; SPSS, Chicago, IL) was used for data analysis. 

Baseline characteristics of the three ethnic groups were compared using analysis of variance for 

continuous variables and c2-tests of homogeneity for categorical variables. Hardy-Weinberg 

equilibrium of the polymorphisms was tested if cells had a content >5 using the c2-test.

Estimation of natural variation in BP 

Random BP variability comprises intraindividual variability and random measurement error and 

excluding variability to the difference in efficacy between drugs: in this article, both are taken together 

and defined as natural variation within individuals. This natural variation is by definition not predictable 

by the factors that we consider in this study, because these factors are constant in individuals 

(ethnicity, gender, diet, single-nucleotide polymorphisms (SNPs)). The predictable variability includes 

two components: the drug effects within individuals and the fixed components (such as patient 

characteristics and SNPs), which differ between individuals, but do not change during the study. 

We calculated the natural variation in SBP within individuals as follows. For each subject DSBP 

between each set of two successive washout episodes was calculated. To minimize carry-over drug 

effects, measurements at 3 weeks after stopping the drugs were used. Subsequently, we calculated 

the variance for each subject and geometric mean of these variances for the population. The difference 

between the total variance of the whole data set and the natural variation within individuals is the 

potentially predictable variation in individual treatment response across the population. 

Predictors

Multivariate mixed effects analysis (to account for intraperson correlations among repeated 

measurements) was performed to assess the known factors related to SBP lowering; these included 

ethnicity, low sodium intake, drugs, age, gender, body mass index, baseline SBP, smoking, and the 

above mentioned candidate genes. Homozygote and heterozygote carriers that occur infrequently 

(<10 subjects) in the study population were combined resulting in recessive or dominant models. 

Before the primary analysis the influence of each individual SNP and its two-way interactions were 
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assessed in isolation. We restricted the interactions to those considered to be biologically plausible: 

for RAS and salt gene interactions with ethnicity, drugs, and low sodium intake; for b-receptor gene 

interactions with ethnicity, drugs, and smoking; for the G-protein gene interactions with ethnicity and 

drugs. In the primary analysis, only the significant SNPs were retained. 5,7;18,25    

Model of the primary analysis

Ethnicity, low sodium intake, drugs, age (<50 and ≥ 50 years), body mass index (<30 and ≥ 30 kg/m2), 

gender, diabetes, smoking, baseline daytime SBP (<160 and ≥ 160 mm Hg), and statistically significant 

polymorphisms and interactions as described above were included as independent variables. Two-

way interactions between ethnicity and respectively drugs, low sodium intake; drugs and, respectively, 

low sodium intake, age, smoking; baseline SBP and, respectively, low sodium intake, age, gender were 

also included in the model. To determine the best-fitting model we used the backward elimination 

selection method accepting predictors with P values of <0.10. In order to evaluate the stability of 

this stepwise selection process, we performed a bootstrap validation analysis (n=1,000).26,27 In the 

best-fitting model, the predictive value of the variables was quantified by P values, by the change in 

explained variance inclusive of the related interactions and by the percentage bootstrap samples in 

which the variable was selected. All P values <0.10 in the backward selection process and bootstrap 

frequency >50% were considered significant. To further validate the best-fitting model we assessed the 

correlation between the predicted values of SBP-lowering and the measured SBP-lowering during the 

follow-up using the best performing drug of the 6-week treatment episodes.

RESULTS

In the SUNSET study, 283 participants were screened as possibly hypertensive. Of these, a total of 181 

patients were excluded from this study because hypertension was not confirmed by ambulatory BP 

measuring (38%), loss to follow-up or not giving informed consent (22%), well-treated hypertension 

(15%), organ damage (11%), and miscellaneous (14%). Therefore, the ROTATE cohort consisted of 102 

patients: 33 whites, 48 blacks, and 16 South Asians and 5 patients were of undetermined ethnicity; 

the 5 patients of undetermined ethnicity were excluded from the analysis (Figure 1). Characteristics at 

study enrollment are presented in Table 1. Mean values (or percentages) for age, creatinine, diabetes 

mellitus, low sodium intake at study entry, and current smoking differed significantly between the three 

ethnic groups. These confounders were included in the multivariate analysis except for creatinine. 

Blacks showed significantly higher creatinine levels in comparison to whites, but this is likely due to 

differences in muscle mass and not due to differences in kidney function.28
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Table 1 Baseline characteristics

Characteristics
Whites

(n=33)

Blacks

(n=48)

South Asians

(n=16)

P value

Women, no (%) 9 (27) 26 (54) 7 (44) 0.06

Age (years) 50.5 (7.9) 46.0 (6.6) 45.6 (7.8) 0.02

Body Mass Index (kg/m2) 29.1 (6.4) 30.0 (4.6) 29.0 (3.3) 0.68

24-hour Systolic BP (mm Hg) daytime 153 (11) 156 (15) 153 (9) 0.58

24-hour Diastolic BP (mm Hg) daytime 95 (8) 99 (9) 98 (6) 0.06

24-hour Heart rate (beats/min) daytime 80 (10) 78 (11) 85 (8) 0.10

Creatinine (mmol/L) 75 (14) 84 (20) 75 (16) 0.05

Microalbumin/creatinine ratio ( ratio>3), no (%) 2 (7) 3 (7) 4 (25) 0.06

Hypertension de novo, no (%) 12 (36) 15 (32) 4 (25) 0.73

Diabetes mellitus, no (%) 1 (3) 4 (8) 4 (25) 0.04

Left ventricular hypertrophy#, no (%) 4 (12) 9 (19) 1 (6) 0.42

Low-sodium intake at study entry, no (%) 7 (21) 6 (13) 7 (44) 0.03

Current smoking, no (%) 19 (58) 14 (30) 3 (19) 0.01

Values are expressed as mean (standard deviation) unless otherwise indicated. 
#Sokolov criteria
BP: blood pressure

The ROTATE participants (n=97) started 438 and completed 407 treatment episodes.  Mean number 

of completed treatment episodes did not differ between the three ethnic groups (4.6; 4.1; 3.7 treat-

ment episodes for whites, blacks, and South Asians respectively). A total of 53 treatment episodes 

were excluded from the primary analysis because of noncompliance, including 34 treatment episodes 

of patients who decided to stop drug therapy due to adverse drug effects. Another 8 treatment epi-

sodes were excluded for other reasons such as pregnancy, occurrence of dramatic life-events (Figure 

1). Subjects with missing genotype because of technical reasons, could not enter the primary analysis. 

The range of missing genotypes was 5-8 % for most polymorphisms, but angiotensinogen and angi-

otensin receptor type 1 polymorphisms were not available in 15 and 10%, respectively. The genotype 

frequencies of the 14 candidate polymorphisms are shown in Supplementary Table S1. All groups and 

subgroups were in Hardy-Weinberg equilibrium (c < 3.129, df=1, P >0.08). The primary analysis was 

based on 302 complete treatment episodes.
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Table 2 Drug effects after 6 weeks of treatment; 24 hours after the last drug intake

Drug n Mean ∆SBP (mm Hg) SD Range (mm Hg) Mean dose (mg)

A lisinopril 74 -7.1 10.9 -34 to 15 16

B nebivolol 80 -6.7 10.6 -34 to 22 4

C barnidipine 67 -7.2 12.5 -39 to 24 16

D hydrochlorothiazide 78 -7.1 11.0 -34 to 26 21

E eprosartan 78 -4.3 9.6 -27 to 23 728

SBP: Systolic Blood Pressure; SD: standard deviation 
A: angiotensin-converting enzyme inhibitor,  B: b-blocker, C: calcium antagonist, D: diuretic, 
E: angiotensin receptor blocker

The effects on SBP (377 treatment episodes) of the five antihypertensive drugs after 6 weeks of 

treatment are shown in Table 2. The differences in SBP were not significantly different between the 

five antihypertensive drugs (analysis of variance, P = 0.4). However, large differences were observed 

between individuals for each individual drug ranging from -39 to + 26 mm Hg.

In Table 3, the predictors are shown that significantly associated with SBP response in the primary 

analysis. Because there is some overlap between the different factors, these predictors do not add up 

to the given total. Additional significant factors and interactions of the previous multivariate analyses 

that were subsequently eliminated in the stepwise backward elimination analyses are also noted in  

Table 3. Although the order of the drugs was randomized, we still might have had unbalanced subgroups 

due to the presence of groups with relatively small numbers. Therefore, we additionally incorporated 

the period effect in this analysis and this was not significantly associated with SBP response (P = 0.13). 

Moreover, the treatment assignments between the groups were equally distributed and the effects 

were identical to the analysis without the period effect (data not shown).

The estimated unpredictable natural variation in SBP within individuals in the ROTATE population was 

65% of the total variance (total variance of 377 treatment episodes =120 mm Hg2, geometric mean 

variance = 78 mm Hg2  (corresponds with a standard deviation of 8.8 mm Hg (95% CI: 7.8-10.1 mm Hg)). 

The remaining part of 35% is therefore the potentially predictable variation in individual treatment 

response across the population. The total explained variance of the primary analysis model was 23%. 
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Table 3 Predictors associated with SBP response in the primary analysis

Predictors
P values

(∆SBP)
r2  (%) validation (%)a

Ethnicity 0.06 10.9b 69

Ethnicity x drugs 0.004 97

ADRB2 79C→G x ethnicity 0.001 68

Low sodium intake at study entry 0.50 3.1b 37

Low sodium intake x drugs 0.01 87

Diabetes mellitus 0.02 2.4 66

Age 0.79 1.1b 47

Age x baseline SBP 0.03 59

Baseline SBP 0.002 1.5b 47

Baseline SBP x age 0.03 59

Body mass index 0.05 0.5 60

ADD1 614G→T 0.56 2.4b 35

ADD1 614G→T x drugs 0.09 82

ADRB1 145A→G 0.01 1.7 70

ADRB2 79C→G 0.17 1.9b 37

ADRB2 79C→G x ethnicity 0.001 68

CYP11B2 -344C→T 0.03 1.1 55

SLC12A3 78G→A 0.09 1.1 35

aPercentage of bootstrap samples in which the variable was selected.
b Main and interaction effects (factors do not add up to total).
ADD1=  a-adducin; ADRB1= b-1 adrenoceptor; ADRB2= b-2 adrenoceptor; AGT= angiotensinogen; CYP11B2= 
aldosterone synthase; SLC12A3=thiazide sensitive sodium channel; SBP systolic blood pressure
Eliminated factors: gender, smoking, ethnicity x low sodium intake, age x drugs, baseline SBP x low sodium intake, 
baseline SBP x gender, AGT 4072T→C x low sodium intake,  CYP11B2 -344C→T  x ethnicity, ADRB1 x ethnicity. 
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The environmental, demographic, and genetic factors and their interactions (see Table 3) contributing 

to the prediction of SBP response accounted for 23/35=66 % of the predictable variation. The following 

polymorphic genes: ADD1 614G→T, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 -344C→T, and SLC12A3 

78G→A inclusive their interactions contributed significantly to the prediction of DSBP (9% of the total 

variance).  The contribution of each individual SNP as shown in Table 3 was small (range 1.1-2.4%). The 

estimated contribution of ethnicity and age in this model was half of the total variance by all identified 

predictors (11% vs. 23%).

Table 3 showed also differentiation between predictors related to drugs and not drug-related 

predictors. Ethnicity, low sodium intake, and ADD1 614G→T polymorphism accounted for 14% of drug-

related prediction; the largest part can be attributed to the interaction between ethnicity and drugs 

(Table 4, the other drug-related predictors are available in Supplementary Tables S2 and S3). The three 

ethnic groups differed in their response to the 5 study drugs. Lisinopril, nebivolol, and eprosartan 

showed a larger SBP response in whites and South Asians in comparison to blacks, in whom barnidipine 

and HCT showed better SBP-lowering effect (see Table 4).

The correlation between the predicted values of SBP-lowering using the significant predictors in our 

mixed effect model and the measured SBP-lowering during the follow-up is shown in Figure 2. This was 

a significant correlation with a Pearson’s coefficient of 0.43 (n=51, due to exclusion of patients with no 

therapy, combination therapy, or other agents).

Table 4 SBP response (mm Hg) at the mean value of all other variables in the primary model

Drugs
Whites

 mean (95% CI)

Blacks

 mean (95% CI)

South Asians 

mean (95% CI)

Lisinopril -9.5 (-14.9 to -4.0) -0.9 (-6.6 to 4.8) -14.8 (-22.6 to -7.0)

Nebivolol -7.0 (-12.5 to -1.5) -0.7 (-6.5 to 5.1) -10.2 (-18.3 to -2.1)

Barnidipine -3.4 (-9.3 to 2.6) -5.2 (-11.8 to 1.5) -4.2  (-12.3 to 3.9)

Hydrochlorothiazide -2.7 (-8.1 to 2.8) -4.6 (-10.1 to 1.0) -4.5  (-12.0 to 3.1)

Eprosartan -5.2 (-10.1 to -0.3) 5.6 (0.3 to 10.9) -4.4  (-11.2 to 2.3)

CI confidence interval; SBP systolic blood pressure
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Figure 2 Correlation between the predicted values of DSBP and the measured DSBP during follow-up
SBP: systolic blood pressure

DISCUSSION

In this study, we found that of our selection of 14 genetic polymorphisms with known effects on 

BP regulation, ADD1 614G→T predicted 2.4 % of the drop in SBP in relation to the five different 

antihypertensive drugs that were used. Self-reported ethnicity and sodium intake accounted for a 

further 12% of drug-related prediction. Interestingly, but less relevant as they were not drug related, 

were the contributions of the following significant predictors diabetes, age, baseline SBP, body mass 

index, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 -344C→T and SLC12A3 78G→A.  Taken together, all 

these factors predicted 23% of variation in individual treatment responses across the population. As 

65% of this variation throughout the course of the study occurred by chance, these predictors account 

for the majority (that is: 66%) of the predictable variation.
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Potential predictors of individual antihypertensive drug response have been studied for decades. 

Several measures have been considered to predict antihypertensive drug response: e.g., measures 

of RAS activity, salt sensitivity, insulin resistance, baseline BP, age, gender, and race. Chapman et al.9 

conducted a search for predictors of BP response to a standard dose of HCT in a biracial sample. The 

combined effects of race and gender accounted for 11% of the interindividual variation in SBP response 

and the combined effects of different covariables accounted for 38%. This study was restricted to the 

antihypertensive response to HCT.  Turner et al. were able to explain a considerable part in a similar 

study; the covariates ethnicity, gender, age, and waist-to-hip ratio accounted for 26% of interindividual 

variation in SBP response to HCT.29  Moreover, they studied also genetic variants and found one 

significant SNP that explained 1% of the interindividual variation. We have investigated SBP-lowering of 

five antihypertensive drugs in a mixed effects model. Our findings that environmental, demographic, 

and genetic factors and their interactions account for 23% of the total variance in SBP response are in 

line with these two earlier studies. 

The strength of our study is that we chose a setting very similar to daily clinical practice, and that we 

used a crossover design with five representatives of the major drug classes in a multiracial population. 

In contrast to previous studies, our crossover study design with washout periods made it possible not 

only to assess the predictable variation in individual treatment response across the population but also 

to directly assess the random natural variation within individuals.  We consider this observed natural 

variation to be independent of the drug effects as we used modest dosages during relatively short 

treatment periods and measured BP at the end of substantial washout periods. Our findings were 

in line with an alternative estimate of natural variation based on the residual variance of our mixed 

effects model (data not shown). Moreover, the range of our variance within individuals is consistent 

with published values.30,31,32

Our study differs from previous studies in that our design implies less BP lowering. This is caused by 

starting with low doses of antihypertensive drugs and BP measurements 24h after the last drug intake, 

which is the preferable strategy in patient care (ESH guidelines 2003).33 This causes the intraindividual 

variation in our study to be relatively high compared to the drug effects, which is a potential limitation 

of our study, but it also makes our data better applicable for use in clinical practice. 

In daily practice, we do not have an accurate means of identifying the individuals who respond well 

to a specific antihypertensive drug; practitioners use the simple age by race construct, but there is 

a growing sense of the importance of pharmacogenetics for such prediction. A number of studies 

have investigated genetic polymorphisms as determinants of antihypertensive drug response. Some 

studies of polymorphisms in individual candidate genes indicate that the contribution of genetics 

to the interindividual variation in BP response is 1-4%.29,34 In other studies in which the interactions 

between various SNPs and the use of different antihypertensive drug classes have been investigated 
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within the same design, no gene-effect was found at all.35,36 We found small contributions of 

individual SNPs (range 1.1-2.4%). When these genetic factors are taken together, there could be an 

additive contribution of these genetic factors in predicting SBP-lowering.  Our data showed that 

using environmental, demographic, and genetic factors to predict SBP-lowering was twice as good 

as using age and race alone (11% vs. 23%). The predicted values of our model showed also a significant 

correlation with the SBP response in the follow-up. 

However, we have to be careful in interpreting our data in functional terms. It is possible that the 

measured SNPs serve only as markers and may have no functional effects. Another factor that should 

be considered when interpreting our data is multiple testing and its consequences.

We considered the association of about 20 biographical and clinical patient characteristics with 

treatment efficacy, and this number of covariates produces a multiple testing problem. We did not 

perform multiple testing correction, for instance, by the Bonferroni method, because we aimed 

to maintain sufficient power, but this means that the significant results should be interpreted with 

caution. Instead, we validated findings by a bootstrap procedure and we considered findings relevant 

only if it was significant in at least 50% of the bootstrap samples.27

Maybe issues as mentioned above contribute to the fact that pharmacogenetic studies in hypertensive 

drug treatment have been inconclusive so far. Other factors possibly leading to inconsistent findings 

could be population admixture, differences in phenotype definition, lack of statistical power, unknown 

environmental factors within a population, and variation of the effects of polymorphisms in candidate 

genes due to interactions with such environmental factors. Some of these factors are certainly also 

limitations of our study: the fact that we did not use ambulatory BP measurement at follow-up, the 

lack of ancestry informative markers, and the fact that we studied a relatively small group of subjects 

in a nonblinded design.

In conclusion, this study shows that the predictable variation in antihypertensive drug response can be 

attributed to mainly ethnicity, low sodium intake, and five genetic polymorphisms. We also showed 

that using the ‘age by race construct’ partly predicts effective SBP-lowering, but that adding genetic 

factors improves these predictions significantly. However, the added value of individual SNPs in 

individualizing the best possible antihypertensive treatment is limited. 
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Supplementary Table S1

Gene Polymorphism Ethnicity n Genotype

Angiotensinogen (AGT) 4072T→C TT TC CC

Met235Thr (rs699) White 30 5 13 12 

Black 40 21 18 1 

South Asian 12 3 7 2 

AngiotensinConverting Enzyme  I/D II ID DD

(ACE) (rs4340) White 33 7 19 7 

Black 45 7 21 17 

South Asian 14 4 9 1 

Angiotensin II receptor type 1 (AT1R) 1166A→C AA AC CC

(rs5186) White 31 18 12 1 

Black 42 39 3 0 

South Asian 14 10 3 1 

Aldosteronsynthase (CYP11B2) 2718A→G AA AG GG

Lys173Arg (rs4539)  White 33 11 16 6 

 Black 42 20 17 5 

 South Asian 15 7 6 2 

Aldosteronsynthase (CYP11B2) (-344C→T) CC CT TT

(rs1799998)  White 32 5 17 10 

 Black 42 4 19 19 

 South Asian 15 2 6 7 

Beta-1 adrenoceptor (ADRB1) 145A→G AA AG GG

Ser49Gly (rs1801252) White 32 26 6 0 

Black 43 24 15 4 

South Asian 14 13 0 1 

Beta-1 adrenoceptor (ADRB1) 165 G→C GG GC CC

Gly389Arg (rs1801253)        White 32 3 8 21 

Black 43 8 21 14 

South Asian 14 0 6 8 

Beta-2 adrenoceptor (ADRB2) 46A→G AA AG GG

Arg16Gly (rs1042713) White 33 8 12 13 

Black 44 15 20 9 

South Asian 15 2 10 3 

Beta-2 adrenoceptor (ADRB2) 79C→G CC CG GG

Gln27Glu (rs1042714) White 33 15 10 8 

Black 44 37 5 2 

South Asian 15 13 1 1 
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Beta-3 adrenoceptor (ADRB3) 190T→C TT TC CC

Trp64Arg (rs4994) White 32 30 2 0 

Black 43 35 7 1 

South Asian 14 9 4 1 

G-protein beta3 subunit (GNB3) 825C→T CC CT TT

(rs5443) White 31 17 10 4 

Black 44 7 14 23 

South Asian 15 6 9 0 

Alpha-adducin (ADD1) 614G→T GG GT TT

Gly460Trp (rs4961) White 33 22 10 1 

Black 44 35  9 0 

South Asian 15 7  6 2 

Amiloride-sensitive-epithelial sodium 474T→C  TT TC CC

channel (SCNN1G) White 33        23 10 0

Black 45 37 7 1

South Asian 14 8             4 2

Thiazide-sensitive sodium channel 78G→A  GG  GA AA

(SLC12A3) Arg913Gln (cv9609124) White 31 25              6 0

Black 44 38 6 0

South Asian 14 13 1 0
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Supplementary Table S2 SBP response (mm Hg) at the mean value of all other variables in the primary model 
(interaction drugs x low sodium intake at study entry)

Drugs

Low sodium intake 

at study entry

mean (95% CI)

No low sodium intake 

at study entry

mean (95% CI)

Lisinopril -10.1 (-16.4 to -3.7) -6.7 (-11.3 to -2,1)

Nebivolol -7.0 (-13.3 to -0.6) -5.0 (-9.9 to -0.1)

Barnidipine -2.3 (-9.2 to 4.6) -6.2 (-11.2 to -1.2)

Hydrochlorothiazide -5.1 (-11.0 to 0.9) -2.7 (-7.3 to 1.8)

Eprosartan 3.3  (-1.8 to 8.5) -6.0 (-10.3 to -1.8)

CI confidence interval

Supplementary Table S3 SBP response (mm Hg) at the mean value of all other variables in the primary model 
(interaction drugs x ADD1 614G→T)

Drugs

Trp allele

mean (95% CI)

non-Trp allele 

mean (95% CI)

Lisinopril -6.9 (-12.3 to -1.5) -9.9 (-14.9 to -4.8)

Nebivolol -4.3 (-10.1 to 1.5) -7.6 (-12.5 to -2.7)

Barnidipine -4.4 (-10.9 to 2.2) -4.1 (-9.1 to 0.8)

Hydrochlorothiazide -2.3 (-7.6 to 3.1) -5.5 (-10.3 to -0.8)

Eprosartan -4.1 (-8.7 to 0.6) 1.3 (-3.0 to 5.6)

ADD1=  a-adducin; CI confidence interval; Trp tryptophan


