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Abstract
To identify genes influencing blood pressure response to an angiotensin II receptor blocker, single
nucleotide polymorphisms identified by genome-wide association analysis of the response to
candesartan were validated by opposite direction associations with the response to a thiazide
diuretic, hydrochlorothiazide. 198 White and 193 African Americans with primary hypertension
were sampled from opposite tertiles of the race-sex-specific distributions of age-adjusted diastolic
blood pressure response to candesartan. 285 polymorphisms associated with the response to
candesartan at p<10−4 in Whites. 273 of the 285 polymorphisms, which were available for
analysis in a separate sample of 196 Whites, validated for opposite direction associations with the
response to hydrochlorothiazide (Fisher’s X2 1-sided p=0.02). Among the 273 polymorphisms,
those in the chromosome 11q21 region were the most significantly associated with response to
candesartan in Whites (e.g., rs11020821 near FUT4, p=8.98×10−7), had the strongest opposite
direction associations with response to hydrochlorothiazide (e.g., rs3758785 in GPR83,
p=7.10×10−3), and had same direction associations with response to candesartan in the 193
African Americans (e.g., rs16924603 near FUT4, p=1.52×10−2). Also notable among the 273
polymorphisms was rs11649420 on chromosome 16 in the amiloride-sensitive sodium channel
subunit SCNN1G involved in mediating renal sodium reabsorption and maintaining blood
pressure when the renin-angiotensin system is inhibited by candesartan. These results support the
utility of genomewide association analyses to identify novel genes predictive of opposite direction
associations with blood pressure responses to inhibitors of the renin-angiotensin and renal sodium
transport systems.
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INTRODUCTION
The purpose of this study was to scan the genome for common variants, i.e., single
nucleotide polymorphisms (SNPs), that predict blood pressure (BP) response to an
angiotensin II receptor blocker (ARB) in White and African Americans with primary
hypertension. In previous studies, the only consistently identified predictors of BP responses
to antihypertensive drug treatment have been pretreatment BP level, plasma renin activity,
race, and age, which together explain less than 50% of inter-individual variation in BP
responses.1, 2 While higher pretreatment BP level is nonspecifically associated with greater
BP response to all antihypertensives regardless of pharmacological class, the other
established predictors of BP response are drug-class specific.3 Notably, the associations of
renin, race, and age with BP response to ARBs and other inhibitors of the renin-angiotensin
system (RAS) are directionally opposite to their associations with BP response to thiazide
and other diuretics.1, 2

Our specific objective was to identify single nucleotide polymorphisms (SNPs) that not only
predict BP response to the ARB candesartan but also have directionally opposite
associations with BP response to the thiazide diuretic, hydrochlorothiazide, the most
commonly prescribed antihypertensive.4 We reasoned that such SNPs with directionally
opposite effects on BP responses to drugs from different pharmacological classes would
have greatest utility in individualizing antihypertensive drug therapy based on patients’
genotypes. Moreover, such SNPs could identify novel components of the vasoconstriction
and volume-regulating systems that maintain BP and reciprocally oppose declines in BP
when either system is inhibited by single-drug therapy.5

MATERIALS AND METHODS
Phenotypic data and DNA samples were collected in the Genetic Epidemiology of
Responses to Antihypertensives (GERA) study between 1997 and 2007 (please see http://
hyper.aha.journals.org, Supplementary Methods). Standardized drug-treatment protocols
were conducted in the Centers for Transitional Science Activities (CTSA) at Emory
University and the Mayo Clinic after approval by the respective institutional review
committees and subjects gave informed consent.6, 7 A case-control sampling design was
employed for genome-wide association (GWA) analyses,8 which contrasted good
responders with poor responders sampled from opposite tertiles of the distributions of
diastolic BP response to the ARB, candesartan and the thiazide diuretic,
hydrochlorothiazide. For each protocol, we enrolled 300 Whites (in Rochester MN) and 300
African Americans (in Atlanta GA), who had uncomplicated primary hypertension, stage 1–
2, and who were 30–59.9 years of age. Participants were instructed to discontinue previous
antihypertensive medications for ≥4 weeks. Once stable elevation of the BP was achieved
(diastolic BP ≥90 mmHg), the study drug was administered orally: hydrochlorothiazide 25
mg daily for four weeks or candesartan 16 mg daily for two weeks followed by 32 mg daily
for four additional weeks. At the end of the drug-free and drug-treatment periods, three
readings of BP were made by a trained assistant after the participant had been seated quietly
for at least 5 minutes. The difference between averages of the second and third diastolic BP
readings taken before and at the end of drug treatment was calculated as the primary
measure of BP response.6, 7 A case-control sampling design was employed for genome-wide
association (GWA) analyses, which contrasted good responders with poor responders
sampled from opposite tertiles of the distributions of diastolic BP response to each drug.8

Genotypes from the Affymetrix GeneChip® Human Mapping 6.0 Array Sets were suitable
for statistical analyses in the 198 White and 193 African Americans treated with
candesartan. Genotypes from the Affymetrix GeneChip® Human Mapping 500K Array Sets
were suitable for statistical analyses in 196 White and 194 African Americans treated with
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hydrochlorothiazide (please see http://hyper.aha.journals.org, Supplementary Methods). The
GWA analyses conducted within each race-drug treatment group tested each SNP for
association with the diastolic BP response categories by applying the Cochran-Armitage test
for trend in the proportion of good or poor responders with increase in one of the two alleles
at each locus.9, 10 For the SNPs most significantly associated with BP response to
candesartan (defined by p-values <10−4 in the primary GWA analysis in each race), we
tested for validation of the SNP associations with opposite direction BP response to
hydrochlorothiazide using Fisher’s method of combining the separate 1-sided p-values (for
hydrochlorothiazide) in the same race.11 Because of linkage disequilibrium among the SNPs
(and non-independence of the p-values), we generated the probability distribution of the X2

test statistic empirically by repetitively permuting the BP response categories for the second
drug, recalculating the X2 after each permutation, and thereby generating a distribution of p-
values for the X2 statistic under the null hypothesis (i.e., no SNP associations with BP
response). Departure from the null hypothesis was tested using a 1-sided X2 test statistic in
which 1-sided p-values from the Cochran-Armitage test for an opposite trend in the
proportion of good responders to hydrochlorothiazide with increases in the number of alleles
associated with good response to candesartan. In the validation setting, 1-sided p-values
were used because of the a priori direction for each SNP effect dictated by results of the
primary GWA analysis.

RESULTS
Sample descriptions

By design, the 198 Whites and 193 African Americans treated with candesartan were nearly
equally divided between good and poor responders and, within each response group,
between men and women (Tables 1 and 2). Also consistent with the sampling design, the
good and poor responders differed significantly in mean systolic and mean diastolic BP
responses to candesartan. After race and sex-specific adjustments for age and baseline
diastolic BP, the mean (±standard deviation) diastolic BP response in White good
responders was −21.9±3.9 versus −4.7±5.6 mmHg in poor responders; and in African
American good responders was −16.0±7.1 versus 0.3±4.4 mmHg in poor responders. Mean
plasma renin activity prior to candesartan treatment was significantly greater in the good
than poor responders (p<0.0001).7

The good and poor responders to hydrochlorothiazide were similar in number, gender
distribution, mean age, body mass index, and pretreatment systolic and diastolic BPs to the
candesartan-treated groups8 (shown for comparison in Tables 1 and 2). Mean plasma renin
activity prior to hydrochlorothiazide treatment was lower in the good than poor responders
(p≤0.07).6 In Whites, BP responses were greater to candesartan than to hydrochlorothiazide
(Table 1); and in African Americans, BP responses were greater to hydrochlorothiazide than
to candesartan (Table 2).6, 7

Genome-wide association analyses of BP response to candesartan
We used ≈2.3 million SNPs in Whites and ≈2.1 million SNPs in African Americans for the
primary GWA analyses of categorically defined good versus poor BP response to
candesartan in each race separately (Figure 1). While no SNP achieved the threshold of
p<5×10−8 conventionally used for genome-wide significance,12 the Q-Q plots in both races
indicated that the number of SNP p-values <10−4 deviated above the diagonal, i.e., the
expectation under the null hypothesis (H0) of no relationship between SNPs and BP
response (please see http://hyper.aha.journals.org, Figure S1). The observed number of SNP
p-values <10−4 was 285 in Whites (versus 229 expected under H0) and 272 in African
Americans (versus 214 expected under H0). The SNPs with p-values <10−4, their
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chromosomal locations, and other descriptive information are in Tables S1 and S2 (please
see http://hyper.aha.journals.org).

Two hundred and seventy-three of the 285 SNPs identified in Whites and 264 of the 272
SNPs identified in African Americans were available for validation of opposite-direction
associations with BP response to hydrochlorothiazide. In Whites, the X2 test statistic for
directionally opposite SNP associations with BP response to hydrochlorothiazide had a
nominal 1-sided p-value of 3.36×10−10 and an empirically determined 1-sided p-value of
0.015 (upper 95% confidence limit of 0.038) based on 200 permutations of the
hydrochlorothiazide BP response categories. The X2 test statistic in African Americans had
a nominal 1-sided p-value of 0.81 and an empirically determined 1-sided p-value of 0.69.
Therefore, only the 273 SNPs identified and validated in Whites are considered below.

Regional SNP associations with BP responses to candesartan and hydrochlorothiazide
For the chromosomal regions identified in the primary GWA analyses of BP response to
candesartan in Whites (by SNP p-values <10−4), lead SNPs were selected that had the most
significant opposite direction associations with BP response to hydrochlorothiazide (i.e., 1-
sided p<0.05) (Table 3). Adjustment for plasma renin activity slightly reduced statistical
significance of the SNP associations with BP response to candesartan (Table 3). Two of the
six lead SNPs were on chromosome 11, of which rs3758785 (A→G) in the G protein-
coupled receptor 83 gene (GPR83) on 11q21 had the most significant opposite direction
association with BP response to hydrochlorothiazide (1-sided p=7.10×10−3). For the
rs3758785 GG genotype, the odds of good BP response to candesartan was more than 16-
fold greater than for the AA genotype and the odds of good BP response to
hydrochlorothiazide was almost 8-fold less than for the AA genotype (Figure 2). The mean
adjusted systolic BP/diastolic BP responses to candesartan were 13.7/10.5 mmHg greater for
the GG than for the AA genotype, and the mean systolic BP/diastolic BP responses to
hydrochlorothiazide were 4.7/6.3 mmHg less for the GG than for the AA genotype (Figure
2). While statistical significance of the opposite direction association with BP response to
hydrochlorothiazide was maximal at rs7933335 in GPR83 (1-sided p=3.33×10−3) (please
see http://hyper.aha.journals.org, Figure S2, panel b), statistical significance of the
association With BP response to candesartan was maximal at rs11020821 (p=8.98 ×10−7)
near the fucosyltransferase 4 gene (FUT4) (Figure 3). Adjustment for rs11020821 near
FUT4 markedly reduced statistical significance of the association of rs3758785 in GPR83
with BP response to candesartan (2-sided p=0.02) and its opposite direction association with
BP response to hydrochlorothiazide (1-sided p= 0.05, please see http://
hyper.aha.journals.org, Figure S3).

Additional SNPs in the chromosome 11q21 region identified in Whites also validated for
same direction associations with BP response to candesartan in the African American
sample (1-sided p<0.05). Two of these SNPs were in GPR83 (rs3758786 and rs3758789);
one was near MRE11A (rs12270338); and two near FUT4 (rs16924603 and rs16912567), of
which rs16924603 was most significantly associated (1-sided p=1.52×10−2) (please see
http://hyper.aha.journals.org, Figure 2, panel c). In the previous African American sample of
good and poor BP responders to hydrochlorothiazide,8 the chromosome 11q21 region was
independently identified by a lead SNP rs2851582 in the angiomotin like 1 gene (AMOTL1)
that was primarily associated with BP response to hydrochlorothiazide (2-sided
p=5.37×10−5) and also validated for directionally opposite association with BP response to
candesartan in the present African American sample (1-sided p=3.61×10−3) (please see
http://hyper.aha.journals.org, Figure S2, panel d). In both races, there was linkage
disequilibrium among the SNPs in the GPR83-to-FUT4 region but not with SNPs in
AMOTL1 (please see http://hyper.aha.journals.org, Figure S4).
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Other lead SNPs discovered and validated in Whites included rs11649420 in the gene
encoding the γ-subunit (SCNN1G) of the amiloride-sensitive sodium channel (Table 3). For
the rs11649420 GG genotype, the odds of good BP response to candesartan was three-fold
greater than for the combined AA+AG group and the odds of good BP response to
hydrochlorothiazide was two-fold less than for the combined AA+AG group (please see
http://hyper.aha.journals.org, Figure S5). The mean adjusted systolic BP/diastolic BP
responses to candesartan were 7.0/5.5 mmHg greater for the GG than for the AA+AG group,
and the mean systolic BP/diastolic BP responses to hydrochlorothiazide were 4.5/2.5 mmHg
less for the GG than for the AA genotype.

DISCUSSION
We sought to identify SNPs associated with directionally opposite BP responses to
candesartan and hydrochlorothiazide because of their greater potential utility in
personalizing antihypertensive drug therapy than SNPs that only predict response to a single
drug or the same response to drugs from multiple classes. Pursuit of this objective was also
motivated by the knowledge that established predictors of antihypertensive drug responses
have directionally opposite associations with BP responses to diuretics and inhibitors of the
renin-angiotensin system.10, 11 These inverse relationships reflect the complementary effects
of angiotensin-mediated arterial constriction and intra-arterial volume to maintain BP, which
reciprocally oppose declines in BP when either system is inhibited.5 Accordingly, we
hypothesized that alternative alleles of SNPs associated with BP response to candesartan
may have directionally opposite associations with BP response to hydrochlorothiazide.

Our analytical approach was also guided by the opposite direction associations of known
predictors with BP responses to candesartan and hydrochlorothiazide.6, 7 Since none of the
large number of SNPs tested for associations with BP response to candesartan achieved the
p-value threshold for genome-wide significance,12 we guarded against false positives by
requiring that the SNPs discovered to be most strongly associated with BP response to
candesartan also validated for opposite direction associations with BP response to
hydrochlorothiazide in separate samples of each race. In lieu of replicate same-race, same-
drug-treated samples, this validation approach was employed because of differences
between races in frequencies of the marker SNPs,8 linkage disequilibrium of the markers
with functional variants,13 and differences in variances of the BP responses between
races.6, 7 Within each race, the number of SNPs strongly associated with BP response to
candesartan exceeded what was expected by chance alone, but the identified SNPs differed
between races. Only the SNPs discovered in Whites also validated for opposite direction
associations with BP response to hydrochlorothiazide.

Obvious candidates to influence BP response to a drug are genes that encode components of
the BP-regulating systems targeted by the drug.14 Additional logical candidates are genes
encoding components of the counterregulatory systems opposing the decline in BP
following drug administration. From this perspective, notable among the SNPs discovered
and validated in Whites were SNPs in the gene encoding the the γ-subunit (SCNN1G) of the
amiloride-sensitive sodium channel involved in distal renal tubular sodium reabsorption.
Gain-of-function mutations in SCNN1G cause Liddle’s syndrome, a rare familial form of
low-renin, sodium-volume dependent hypertension that responds to diuretic therapy with
amiloride.15 In contrast, treatment of low-renin, sodium-volume dependent hypertension
with inhibitors of the renin-angiotensin system has been associated with opposite-direction
pressor responses.16 We have previously reported that SCNN1G SNPs (rs5723 and rs5729)
in strong linkage disequilibrium with the lead SNP, rs11649420 (r2=0.87), were associated
with BP response to hydrochlorothiazide.17 Our present findings that SCNN1G SNPs were
among those most strongly associated with BP response to candesartan and had opposite
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direction associations with BP response to hydrochlorothiazide is consistent with the
counterregulatory effect of renal sodium reabsorption to maintain intra-arterial volume and
oppose the decline in BP following inhibition of the renin-angiotensin system with
candesartan.18

Only three previous studies have reported polymorphisms in candidate genes to predict BP
responses to ARBs.19–21 In the Swedish Irbesartan Left Ventricular Hypertrophy
Investigation versus Atenolol (SILVHIA) trial, 49 adults with stage I–II hypertension were
treated with the irbesartan for three months and 74 SNPs were genotyped in 25 genes
encoding regulators of volume, vasoconstriction, and drug metabolism.22 The SNPs found to
be associated with BP response were in the genes encoding aldosterone synthase20, 23

(CYP11B2), angiotensinogen,22 angiotensin converting enzyme,19, 22 endothelin receptor
type B,22 endothelial nitric oxide synthase,22 apolipoprotein(a),22 hepatic lipase C,22 and a
cytochrome P450 enzyme21, 24 (CYP2C9). In the other candidate gene studies of ARB
responses, associations were also reported for the same CYP11B2 polymorphism (−344 C/
T) with BP response to candesartan20 and the same CYP2C9 polymorphism (*1/*2/*3) with
BP response to losartan.21 However, the alleles associated with greater BP lowering
different from those found in the SILVHIA trial. Associations of polymorphisms in several
of the candidate genes in the SILVHIA trial have also been reported with BP response to
diuretic therapy.25–29 However, the alleles associated with greater BP response to diuretic
therapy were not consistent across studies, nor were the alternative alleles consistently
associated with greater BP response to inhibitors of the renin-angiotensin system.30, 31 Thus,
none of the previously reported candidate gene associations with BP responses was
replicated across independent samples. Of the previously investigated candidate genes, in
the present study only SNPs in SCNN1G were strongly associated with BP response to
candesartan and validated for opposite direction associations with BP response to
hydrochlorothiazide.

While GWA analyses provide an unbiased opportunity to discover novel variants not
previously implicated or suspected to influence BP responses, biologic mechanisms that
may account for the other identified SNP associations with BP response to candesartan are
not readily apparent. Variation in three of the five other identified genes has been associated
with hypertension-related phenotypes: rs1371924 in SLC9A9, which encodes a sodium/
hydrogen exchanger,32 was associated with arterial stiffness in the Framingham Heart Study
100K Project;33 rs4149014 in the promoter of SLCO1B1, which encodes an organic anion
transporter implicated in statin-induced myopathy,34 was associated with increased risk for
primary hypertension in Chinese Uyghurs;35 and MYO3B, which encodes a class III
myosin, actin-dependent motor protein expressed in the kidney,36 has been implicated as a
potential candidate for a rare syndrome including renal abnormalities and hypertension.37

The other two identified genes, EHF and GPR83, are 64Mbp apart on chromosome 11 and
have no reported associations with hypertension-related phenotypes. EHF encodes a
transcriptional activator implicated in epithelial cell differentiation and proliferation;38 and
GPR83 encodes an orphan G protein-coupled receptor 83 that may be a neuropeptide Y
receptor. 39 Variations in plasma renin activity did not account for the lead SNPs’
associations with BP response to candesartan. Considerable additional work will be
necessary to replicate the identified novel associations of variation in these genes with
opposite direction BP responses to candesartan and hydrochlorothiazide.

Our approach to validation of SNPs associated with BP response to candesartan by requiring
opposite direction associations with BP response to hydrochlorothiazide has limitations.
Although pretreatment plasma renin activity, race, and age conform to this pattern of inverse
associations, other characteristics, e.g., pretreatment BP level, predict same direction BP
response to all drugs40 or may only predict BP response to a single class of drugs.2 In
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Whites, our analyses may not have identified SNPs with same-direction associations with
BP response to both candesartan and hydrochlorothiazide or SNPs only associated with BP
response to one of the drugs. In African Americans, some of the SNPs that failed to validate
for opposite direction associations with BP response to hydrochlorothiazide may still be true
predictors of BP response to candesartan.

Perspective
Replication across multiple, well-powered, independent samples has become the gold
standard for reliability of genetic associations.41 Because predictors of greater BP response
to candesartan are expected also to be associated with lesser BP response to
hydrochlorothiazide, we validated the SNPs most strongly associated with BP response to
candesartan by testing for opposite direction associations with BP response to
hydrochlorothiazide in another sample from the same race. This approach to validating
reliability of antihypertensive pharmacogenetic associations is not only feasible in lieu of
multiple same-race, same-drug-treated samples but also widely applicable since the majority
of antihypertensive drugs target the renin-angiotensin or renal sodium transport systems.
Moreover, genetic predictors associated with opposite direction BP responses to drugs that
inhibit vasoconstriction and volume-regulating systems maintaining BP hold promise for
individualizing antihypertensive drug therapy and identifying novel targets for
antihypertensive drug therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What is new?

• Genome-wide association analysis of BP to an angiotensin II receptor blocker

• SNPs associated with BP response to candesartan validate for opposite direction
association with BP response to hydrochlorothiazide

What is relevant?

• Such SNPs can identify components of the renin-angiotensin and renal sodium
transport systems that reciprocally oppose BP declines when either system is
inhibited.

• Predictors of directionally opposite BP responses to drugs from different
pharmacological classes have greatest utility in individualizing antihypertensive
drug therapy.

Summary

• SNPs in novel genes predictive of opposite direction associations with BP
responses to the vasoconstriction and volume-retaining systems maintaining BP
may provide new targets for antihypertensive drug therapy.
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Figure 1.
Race-specific Manhattan plots of single nucleotide polymorphism p-values from genome-
wide association of diastolic blood pressure response to candesartan.
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Figure 2.
GPR83 rs3758785 genotype dependence of the odds ratios for good BP response and the
mean systolic and diastolic blood pressure declines in response to each drug.
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Figure 3.
Chromosome 11q21 plot of p values for association of single nucleotide polymorphisms
with blood pressure response to candesartan in White Americans.
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