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Abstract
Hypertension is the most common, chronic disease in the world, and there are many effective
pharmacological agents available for its treatment. Despite the plethora of treatment options, data
across the globe suggest that blood pressure control rates are <50%, a fact likely influenced in part
by the inability to predict the antihypertensive drug likely to be most effective for an individual
patient. Pharmacogenomics in hypertension holds the promise of identifying genetic biomarkers
for antihypertensive drug response, which might be used in the future in treatment selection.
Research in the field is also likely to enhance our understanding of hypertension and the
mechanisms by which the various drugs produce efficacy. There are several examples in the
literature of genes with relatively strong data on associations of genetic polymorphisms with
antihypertensive response; the data on ADRB1, CACNB2, and NEDD4L are detailed as examples.
Substantial additional data in hypertension pharmacogenomics are expected to be forthcoming
from recently completed genome-wide association studies. Increased collaboration among
research groups will help insure successful discoveries from these large-scale studies. The next
decade should clearly define the potential clinical implications of the research in hypertension
pharmacogenomics that is currently in progress.
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Hypertension is the most common chronic disease in the world, estimated to affect 1 billion
individuals worldwide. It the most common cause for prescription of pharmacological
therapy, and in the United States there are numerous antihypertensive drugs with an excess
of 100 million prescriptions annually. There are a number of antihypertensive drug classes
available, and many pharmacological agents available in each drug class, yet response rates
to any given antihypertensive drug are typically in the 50% range (1). Additionally,
numerous lines of evidence suggest that blood pressure (BP) control rates are far from
optimal. Globally, data suggest that rates of BP control are consistently <50%, despite the
majority of patients being treated with drug therapy (2–6). Importantly, there are clear links
between poor BP control and adverse cardiovascular outcomes. Selection of
antihypertensive therapy is largely empirical, and, with the exception of age, race, and
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plasma renin activity (which is rarely measured clinically), there are few reliable predictors
of antihypertensive efficacy (7). The rates of poor BP control among treated patients are
likely a combination of failure initially to select the most appropriate agent for the given
patient, along with a lack of attention by the clinician to insuring BP is controlled and
adjusting therapy when it is not. Collectively, these data suggest the need for additional
methods to predict the most effective antihypertensive agent for an individual patient prior
to initiation of therapy.

Pharmacogenomics, or the genetic/genomic determinants of drug response and adverse
effects, is one tool that might be useful in helping to individualize therapy. Conceptually, the
goal of hypertension pharmacogenomics is to be able to utilize genetic information, along
with other pertinent clinical or demographic data, to select the antihypertensive regimen
likely to provide the greatest efficacy, with the lowest risk for adverse effects.

Most studies in the hypertension pharmacogenomics literature have focused on candidate
genes, with the earliest studies dating to the mid-1990s. Many of the earliest
pharmacogenetics studies focused on single nucleotide polymorphisms (SNPs) within genes
in the reninangiotensin system (RAS), but none of these have been consistently replicated
across studies, as concluded in a recent systematic review (8). Similarly, candidate gene
studies to identify genes that influence the inherited basis for BP and hypertension have
been largely unsuccessful, and it was not until recent, very large genome-wide association
(GWA) studies that well-replicated genetic markers for BP and hypertension have been
identified (9–14). The success with candidate genes has been better for hypertension
pharmacogenomics, a phenomenon that is seen consistently in pharmacogenomics, where
candidate gene approaches have been more successful than they have been in disease
genetics.

Two of the more interesting candidate genes in hypertension pharmacogenomics have also
been documented through GWA studies as blood pressure/hypertension genes. This makes
their data in hypertension pharmacogenomics perhaps that much more interesting. These
genes are ADRB1 and CACNB2 (9,12,14,15).

ADRB1
ADRB1 encodes the β1-adrenergic receptor, the primary protein target of all marketed β-
adrenergic receptor blockers (β-blockers). ADRB1 contains two non-synonymous
polymorphisms, Arg389Gly and Ser49Gly, for which there is substantial evidence for
functional consequences, particularly for Arg389Gly (16). Collectively the data provide
clear evidence that the Arg389 form of the receptor leads to greater coupling to adenylyl
cyclase, and thus greater downstream signaling in response to agonist. The Ser49-Gly
polymorphism is less well studied for functional effects, but data suggest the Ser49 form
exhibits greater resistance to agonist-promoted down-regulation. Based on the functional
data on these SNPs, they have been extensively studied for associations with response to β-
blockers, with the hypotheses that the more sensitive/responsive Ser49 and Arg389 forms
would be the ones associated with the greatest β-blocker efficacy. The literature on this topic
has been recently reviewed (16).

Consistent with the hypotheses, several studies have shown that Arg389Arg patients, or
those with the Ser49Arg389 haplotype, have the greatest BP lowering with β-blockers (17–
19), while other studies have not observed a relationship between ADRB1 genotype and BP
lowering with β-blockers (19–21).

Two studies have also implicated ADRB1 polymorphisms with cardiovascular outcomes in
hypertensive patients treated with β-blockers. A genetic sub-study of the INVEST trial
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found that carriers of the Ser49Arg389 allele were at significantly increased risk for all-
cause mortality, but treatment with atenolol significantly reduced risk of this adverse event,
compared to treatment with verapamil (22). Outcomes did not differ between the β-blocker
and calcium channel blocker (CCB) treatment arms in those who did not carry this
haplotype. A case-control study from a population cohort also suggested that SNPs in
ADRB1 are associated with differential outcomes based on treatment with a β-blocker
versus alternative therapy (23). These pharmacogenetics findings are also consistent with
outcome data with β-blockers in heart failure, where Arg389Arg has been associated with
better outcomes in β-blocker-treated patients (16).

Overall, the well-described functional effects of the ADRB1 polymorphisms, the association
in two studies suggesting ADRB1 is a BP/hypertension gene, and the data on
pharmacogenetics associations with β-blockers in some studies suggest the need for larger
studies and/or meta-analyses to define better the role of these polymorphisms in β-blockers’
BP lowering or reduction in adverse outcomes effects.

CACNB2
The other gene that has been well defined as a BP/hypertension gene, and for which there
are also pharmacogenomics data, is CACNB2. CACNB2 encodes the β2-regulatory subunit
of the L-type calcium channel, which controls the cell surface expression of the α1c subunit
of the L-type calcium channel, the pore-forming subunit to which all marketed CCBs bind.
CACNB2 is the only BP/hypertension gene for which there are two independent
associations, with SNPs in both the 5′ and 3′ regions (9,12). An additional SNP, not studied
in GWA studies, has been reported to be significantly associated with differential outcomes
by treatment strategy. Specifically, for rs2357928, a SNP in an alternative promoter, it was
shown that GG individuals had better outcomes if treated with a β-blocker than a CCB
treatment strategy, while there were no differences in outcomes by treatment in A carriers
(Figure 1) (24). This effect was replicated in Hispanics. Functional studies suggested this
SNP might influence protein expression, as reporter assays revealed differences in luciferase
activities by genotype. The replication of the association across ethnic groups, along with
the reporter assay data, suggests rs2357928 might be a functional SNP. It is in low levels of
linkage disequilibrium with the two SNPs found in the BP GWA studies. The 5′ SNP from
the BP GWA studies was also tested for treatment-related outcomes, and there was a modest
association with this SNP also, though not as striking as with rs2357928. Additional
pharmacogenomics studies are needed, but collectively, the BP GWA studies data, along
with the pharmacogenomics data suggest that CACNB2 is an important gene in regulation of
BP and response to antihypertensive drugs.

NEDD4L
Another potentially compelling pharmacogenomics example lies in NEDD4L, which
encodes a regulatory protein that removes the epithelial sodium channel from the cell
surface. The epithelial sodium channel represents the fine-tuning mechanism for sodium
excretion in the kidney, and there are several lines of evidence for the role of NEDD4L in
hypertension. These include knock-out mouse studies that indicate that mouse analog
NEDD4L knock-outs have higher levels of ENaC expression, salt-sensitive hypertension,
and responsiveness to amiloride, an ENaC-specific diuretic (25). Numerous studies in
humans, including genetic association studies, linkage analyses, and expression studies, also
link NEDD4L, and specifically rs4149601, with hypertension (26–29). This A >G
polymorphism leads to alternative splicing with the G allele, and higher levels of BP, salt
sensitivity, and decreased plasma renin activity (25–29). Based on these data, one would
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hypothesize that G carriers should have greater BP response to thiazide diuretics, if the G
allele contributes to salt-sensitive hypertension.

Data from the NORDIL trial support the potential role of this SNP in response to
antihypertensive drugs. In NORDIL, patients were treated with a combination of thiazide
diuretic and β-blocker, or either drug alone, compared to diltiazem. In this study, they found
that G allele carriers had greater BP lowering than AA genotype patients when treated with
thiazide diuretic/β-blocker, whereas there were no differences in response to diltiazem by
genotype (30). In the PEAR study (31) we were able to test the association independently in
hydrochlorothiazide (HCTZ) and atenolol (β-blocker)-treated patients and found a
significant association in the HCTZ-treated patients, where there was increasing BP
lowering with each G allele, but no association in the atenolol-treated patients (unpublished
data). These data suggest the NORDIL findings were driven by the thiazide diuretic in the
diuretic/β-blocker combination. Luo and colleagues also reported a significant association
with HCTZ response by rs4149601 genotype (27). Their data suggested greater BP lowering
with the A allele, although there are questions about their labeling of the A versus G alleles
(32), so it is unclear if their finding is consistent with the NORDIL and PEAR data, and the
alleles are mislabeled, or their data is opposite. Data from NORDIL further extend the
potential implications for NEDD4L and rs4149601 in hypertension pharmacogenomics.
Specifically, they found that patients treated in the β-blocker/thiazide arm of the trial had
significantly better outcomes (related to myocardial infarction and stroke) if they were G
allele carriers, while there were no differences in outcomes by genotype in diltiazem-treated
patients. Collectively, these data suggest the potential importance of NEDD4L and
specifically rs4149601 in salt-sensitive hypertension, response to thiazide diuretics, and
treatment-related outcomes.

These pharmacogenomics examples with SNPs in ADRB1, CACNB2, and NEDD4L
provide compelling data on the potential insights that might be gained from hypertension
pharmacogenomics research and the potential clinical utility for such data to guide selection
of an antihypertensive treatment regimen in an individual patient. These genes and their
SNPs of focus have in common that they are strong biological candidates for links with the
antihypertensive drug response, being involved directly as the protein target of
antihypertensive drugs, or linked closely to the pharmacological targets. Further, the SNPs
of focus have been well described for their functional effects in the cases of ADRB1 and
NEDD4L, with initial data on the functional basis for CACNB2. These add to a long list of
examples in the pharmacogenomics literature where strong biological candidates based on
the pharmacology (or pharmacokinetics) of the drug have been successful targets of
pharmacogenomics research. These examples in pharmacogenomics are in contrast to the
candidate gene approaches in disease genetics, where successes have been minimal. This is
likely because the pharmacological pathways and the proteins influencing pharmacokinetics
of drugs have been well defined, in contrast to our basic understanding of
pathophysiological processes of disease.

While the above examples represent compelling arguments for the potential for hypertension
pharmacogenomics, more work needs to be done. First is that additional replication of the
findings highlighted above is needed. This is a step that will be necessary to move these data
to the level where they might be defined as clinically actionable. Sample sizes in
hypertension pharmacogenomics studies remain a limitation, although it seems clear that
genetic effect sizes are substantially greater in hypertension pharmacogenomics than they
are for hypertension as a phenotype, or the BP phenotype. The variability in BP makes it a
challenging phenotype for replication, and so high-quality BP data, e.g. from 24-hour
ambulatory BP monitoring and/or numerous home BP measurements, will increase the
likelihood for replication. This is an area where the hypertension pharmacogenomics data
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are likely stronger than the data used in hypertension genomics studies. Specifically,
availability of 24-hour ambulatory or home BP data is much more common in hypertension
pharmacogenomics studies, whereas the population cohorts used for hypertension genomics
studies typically have limited amounts of office BP data, sometimes during treatment with
antihypertensive drugs. The higher-quality BP phenotype data available in hypertension
pharmacogenomics studies will increase the likelihood for replication.

Additional discoveries are also important, and moving forward these are most likely to arise
from GWA studies, though the previous successes with candidate genes in
pharmacogenomics will still give relevance to that approach. While only the GERA study
has published GWA hypertension pharmacogenomics data to date (33), such data will be
emerging soon from PEAR (31), GENRES (34), NORDIL (35), ASCOT (36), and INVEST
(37). These studies, which focus on both the BP response phenotype (GERA, PEAR,
GENRES) and antihypertensive treatment-related outcomes (NORDIL, ASCOT, INVEST),
will allow generation of data for both types of antihypertensive drug response phenotypes.
GenHAT is the genetic sub-study from the ALLHAT trial and, with nearly 40,000 DNA
samples available, represents one of the richest potential resources for hypertension
pharmacogenomics, but GWA studies are apparently not planned on this cohort (38). It
should be available, however, for replication efforts from the above studies. Additionally,
the large genetic sub-study of EUROPA (PER-GENE), a study of patients with stable
coronary artery disease and not hypertension, tested the antihypertensive drug perindopril
(39). As such, it may also provide insights that will be useful in the identification of genetic
markers for inhibitors of the renin-angiotensin system (e.g. ACE inhibitors, angiotensin
receptor blockers), a group of antihypertensive drugs where there has been less success to
date. Successful discoveries in hypertension genomics and elsewhere make clear that the
ultimate successes in hypertension pharmacogenomics will likely lie with increased
collaboration among this global group of investigators (and others that might have similar
data). Efforts are underway to create a hypertension pharmacogenomics consortium to help
create the mechanism for increasing such collaboration.

The key messages from the field are the following: 1) Data from several genes provide
promise for the potential importance of hypertension pharmacogenomics research. 2)
Hypertension pharmacogenomics has the potential to lead to more targeted approaches for
selection of antihypertensive therapy, and the data are also likely to add insight to our
understanding of hypertension and the mechanisms by which antihypertensive drugs are
efficacious. 3) Additional discoveries are needed, and it is expected there will be publication
of substantial amounts of GWA data from the hypertension pharmacogenomics research
community in the near future. Increased collaboration among research groups will help
insure the success of these discoveries. The next decade should clearly define the potential
clinical implications of the research in hypertension pharmacogenomics that is currently in
progress.
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Key messages

• Data from several genes provide promise for the potential importance of
hypertension pharmacogenomics research.

• Hypertension pharmacogenomics has the potential to lead to more targeted
approaches for selection of antihypertensive therapy, and the data are also likely
to add insight to our understanding of hypertension and the mechanisms by
which antihypertensive drugs are efficacious.

• Additional discoveries are needed, and it is expected there will be publication of
substantial amounts of genome-wide association data from the hypertension
pharmacogenomics community in the near future. Increased collaboration
among research groups will help insure the success of these discoveries.
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Figure 1.
Pharmacogenetic association of rs2357928 in CACNB2 with treatment-related outcomes
(all-cause death, non-fatal myocardial infarction, non-fatal stroke) in patients randomized to
β-blocker (BB) versus calcium channel blocker (CCB) treatment strategy. Hazard ratios are
depicted on a log scale. Reprinted with permission from Niu et al. (24).
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