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Hypertension represents a global public health burden.
In addition to the rarer Mendelian forms of hypertension,
classic genetic studies have documented a significant
heritable component to the most common form, essen-
tial hypertension (EH). Extensive efforts are under way
to elucidate the genetic basis of this disease. Recently,
a new form of Mendelian hypertension has been identi-
fied, pharmacogenetic association studies in hypertensive
patients have identified novel gene-by-drug interactions,
and the first genome-wide association studies of EH have
been published. New findings in consomic and congenic
rat models also offer new clues to the genetic architecture
of this complex phenotype. In this review, the authors
summarize and evaluate the most recent findings related
to hypertension gene identification.

Introduction

Hypertension and its related complications represent and
contribute to the leading cause of morbidity and mortality
in the Western world. Hypertension affects 25% to 30%
of people in the United States and similar numbers exist
for populations around the world [1,2]. Clinically signifi-
cant implications arise, as the presence of hypertension is
a strong predictor and risk factor for stroke, congestive
heart failure, coronary heart disease, peripheral vascu-
lar disease, and end-stage renal disease and death in the
elderly [3,4].

Despite being the focus of intense research efforts, our
understanding of the disease mechanisms, particularly
those related to the most common form of hypertension,
known as essential hypertension (EH), are still limited.
Classic genetic studies have documented a significant
heritable component to EH [5-8]. Consequently, exten-

sive efforts are under way to elucidate the genetic basis
of this disease. The first breakthroughs in the genetics of
EH came through the study of rare, familial monogenic
forms. However, as these forms offered limited insights
into EH, linkage analysis became the primary method
of candidate gene identification. With the availability of
single nucleotide polymorphisms (SNPs) in the late 1990s,
candidate gene association studies became a commonly
used method in the hunt for EH genes. In the past few
years, further advances in microarray technology and sta-
tistical genetics have allowed the association approach to
be extended to the full genome. Genome-wide association
(GWA) studies are now technically and economically fea-
sible, and several groups are applying this approach to the
search for EH genes. In this review, we summarize and
evaluate the most recent findings (published within the
past 3 years) related to hypertension gene identification.

New Findings in Monogenic Hypertension
Rare monogenic disorders that follow a Mendelian mode
of inheritance represent distinct forms of hypertension
particularly amenable to gene identification given current
technologies. Several monogenic forms of familial hyper-
tension have been linked to the genome and their causal
mutations subsequently discovered [9-15].

Most recently, a novel form of Mendelian hyperten-
sion secondary to aldosteronism was found by Geller et
al. [16]. The authors reported a father and two daughters
with severe, early-onset hypertension similar to patients
with glucocorticoid-responsive aldosteronism (GRA);
however, unlike GRA patients, treatment with dexameth-
asone failed to normalize blood pressure levels. Despite
clinical features resembling GR A, subsequent genetic test-
ing of the three family members excluded a mutation at
the aldosterone synthase locus, the genetic defect behind
GRA, and the genetic cause remains unknown. An
analysis of the extended pedigree of this family supports
autosomal dominant transmission. The authors suggested
that identification of the causative genetic defect in this
family will enable new insights into the regulation of
adrenal steroid biosynthesis.

Although it is important to note that Mendelian
disease alleles are extremely rare and only account for
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less than 1% of the cases of hypertension in the gen-
eral population [17], increasing evidence shows that
the genes and variants found through the study of these
monogenic forms may have an effect on common blood
pressure regulation [18]. Using more than 2000 adults
from 520 families characterized for 24-hour ambulatory
blood pressure and various cardiovascular traits, Tobin
et al. [18] genotyped 298 tagging and potentially func-
tional SNPs from 11 genes underlying monogenic forms
of hypertension and hypotension. The authors identified
associations for several blood pressure phenotypes with a
number of SNPs in the KCNJ1 gene, an inwardly-rectify-
ing potassium channel gene mutated in Bartter syndrome,
type 2. In addition, they observed significant associations
between blood pressure and variants in several of the
other Mendelian hypertension and hypotension disease
genes. Although these results await replication in an inde-
pendent population, the authors concluded that common
variants in genes responsible for monogenic forms of both
hypertension and hypotension may affect blood pressure
levels in the general population.

New Findings in Essential Hypertension

EH is the most common form of hypertension, occurring
in 95% of patients diagnosed with hypertension. Although
the study of monogenic forms has yielded some insights
into EH, there are likely to be many more novel genes and
pathways for it yet to be discovered. In contrast to Men-
delian forms, essential hypertension is polygenic in nature
with many genes contributing a small effect to the pheno-
type, which makes it more challenging to identify causal
mutations. In addition to multiple genetic causes, EH is
also known to be an extremely complex phenotype strongly
affected by environmental factors such as age, gender,
smoking status, diet, exercise, body mass index, and stress.
Over the years, a variety of methods have been used in an
attempt to uncover genetic loci influencing this phenotype,
including linkage, candidate gene association, rodent mod-
els, and most recently, genome-wide association (Table 1).
We briefly review the latest findings in these areas.

Linkage

Linkage analysis tests for the joint segregation of genomic
markers and a particular trait of interest within families.
Although it has long-range mapping capability, its statisti-
cal power is limited to detecting genes with larger effect
sizes. Consequently, as the genetic architecture of EH likely
consists of many genes with small-to-moderate effect, this
approach has not led to a convincing identification of a
novel candidate gene for hypertension. Complementary
to linkage analysis, association has shorter range map-
ping abilities, but is more powerful for the identification
of alleles with smaller effect sizes. This approach tests for
differences in allele frequencies between unrelated indi-

viduals with and without a particular trait. With its greater
statistical power for smaller effect sizes, and with recent
advances in high-throughput genotyping and statistical
analysis, the association approach has increased substan-
tially in popularity over the past 5 years. Nevertheless,
numerous populations exist with genome-wide linkage
data, and methods for combining this data with that from
association analysis are being actively pursued. An elegant
example of such an approach is provided by Cheung et al.
[19e], where both linkage and association analysis were
used to map variants impacting human gene expression
phenotypes. The findings from this report, which allow
for a comparison between these two methods of gene iden-
tification in the same dataset, indicate that using the two
approaches together may offer additional information than
using either one alone. By performing both linkage and
association analysis in the same population, and compar-
ing the results, a better idea about the genetic architecture
of a particular phenotype can be obtained. For example, in
genomic regions where a quantitative trait locus (QTL) has
been mapped by linkage analysis but association analysis
fails to find a significant signal, sequencing may be required
to identify the causative variant, as it may be rare. It is well
established that association analysis has little power to
detect rare variants. In a population where only association
is performed, regions of the genome with rare variants con-
tributing to the phenotype would likely be missed. Contrary
to this, performing only linkage analysis may miss those
variants with smaller effect sizes. Currently, genome-wide
association is being planned or is under way in numerous
hypertensive populations with linkage data. The combina-
tion of both genome-wide linkage and association data may
offer novel insights into the genetic architecture of EH.

Candidate Gene Association

Over the past several years, the candidate gene associa-
tion approach has been an immensely popular method for
identifying genes involved in hypertension, although rep-
licable results have been difficult to achieve. These studies
often suffer from limited sample sizes and a low prior
probability of the selected candidate gene(s) being associ-
ated with hypertension. Within the past year, numerous
candidate gene studies have been published for EH, many
examining one or a few genes selected based on their
known function, previous association with hypertension,
or previous association with related phenotypes. One of
the most recent, larger, and more systematic studies was
published by Kohara et al. [20]. Using the Millennium
Genome Project from Japan and combining a two-stage
association design with a novel pathway-oriented selec-
tion of candidate genes, the authors identified significant
signals in five G-protein—related genes, and they demon-
strated interaction between two of them. This approach
is unique in that it took a pathway-oriented selection of
candidate genes and tested for interaction within these
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pathways. It is unlikely that these genes would have been
identified through a traditional candidate gene approach.
Although the P values in this report were not particularly
low, and although the results need further verification,
the authors concluded that they have identified a candi-
date-pathway where multiple genes may be interacting to
predispose to hypertension.

Other recent notable candidate gene studies include
those that assessed response to antihypertensive treatment
in relation to particular SNPs. These pharmacogenetic
studies were aimed at identifying genetic variation that
can ultimately be used to predict drug response and guide
therapeutic management of hypertensive patients. In
perhaps one of the largest studies examining gene vari-
ants and antihypertensive treatment outcomes, Lynch et
al. [21e] used data from more than 38,000 participants
in the Antihypertensive and Lipid-Lowering Treatment
to Prevent Heart Attack Trial (ALLHAT), a randomized
multicenter clinical trial, to determine if two variants
of the atrial natriuretic precursor A (NPPA) gene were
associated with cardiovascular disease (CVD) and blood
pressure lowering among patients randomized to one of
four antihypertensive medications. The authors found
that the T2238C variant of NPPA significantly modified
the effects of antihypertensive medication on CVD and
blood pressure, in that the genotype at this locus affected
the outcome based on class of antihypertensive medica-
tion. Specifically, those carrying the minor C allele of this
variant had more favorable CVD outcomes when random-
ized to a diuretic, and those who were TT homozygotes
experienced more favorable outcomes when receiving a
calcium channel blocker. Consistent with these findings,
the study also demonstrated that 6-month changes in
systolic and diastolic blood pressure were greater in CC
homozygotes when taking a diuretic than when taking a
calcium channel blocker, angiotensin-converting enzyme
(ACE) inhibitor, or a-adrenergic blocker. Some limita-
tions to this study include the facts that the NPPA gene
was not comprehensively surveyed and that replication
is still needed; however, this report provides an excellent
example of the logistical demands of such a study and the
value of such research.

Additional pharmacogenetic association studies have
also been published recently. Two such studies examined
variation in genes within the renin-angiotensin system,
angiotensin I-converting enzyme (ACE) 1 and ACE2
[22,23]. Bhatnagar et al. [22] typed three polymorphisms
in the ACE gene and examined time to response to ACE
inhibitors in 347 African Americans from the African
American Study of Kidney Disease and Hypertension
(AASK) trial. They found those homozygous for the
G12269A SNP or those homozygous for ACE1 haplotypes
responded to ramipril significantly faster than those who
were heterozygotes, as measured by time to reach mean
arterial pressure. Fan et al. [23] performed a similar study
in a Chinese population consisting of 3408 untreated

hypertensives. The report identifies a significant effect of
the ACE2 variant rs2106809 in predicting diastolic blood
pressure response to captopril in women. After a 4-week
treatment period, those with the CC genotype achieved
an adjusted mean diastolic blood pressure reduction 3.3
mm Hg greater than those with the CT and CC genotypes
combined. A third study examined the adducin 2 (ADD2)
gene, a positional candidate gene from the Family Blood
Pressure Program that has been associated with blood
pressure in the rat [24]. Using 1133 hypertensive subjects
from the Genetic Epidemiology Network of Arteriopathy
(GENOA) study, Kardia et al. [24] genotyped 11 SNPs
within the ADD2 gene and found significant associa-
tions with systolic blood pressure for eight SNPs in those
who were never treated. Using cross-validation statistical
methods, they further identified several significant gene-
by-drug interactions. The authors suggested their results
indicate that differences in mean blood pressure levels
depend upon an individual’s genotype and the drug class
administered. For example, individuals in this study with
the AT or TT genotype of rs1541582 had higher mean
systolic blood pressures in the “no treatment,” “diuretic,”
and “diuretic plus others” treatment groups; however,
those with these same genotypes in the “B-blocker” group
had lower systolic blood pressure levels [24]. Although all
three studies have limitations and require replication in
additional populations, they provide preliminary evidence
for the role of pharmacogenetic effects in hypertension
and encourage further research into this area.

Genome-Wide Association

Due to the technologic and analytic advances driven in
large part by the Human Genome and International Hap-
Map Projects, GWA studies incorporating up to millions
of markers and thousands of individuals are now feasible.
The dense typing of both SNPs and copy number vari-
ants (CNVs) throughout the genome, along with careful
consideration of the established linkage disequilibrium
patterns in different populations, should allow for the
enhanced detection of disease genes and alleles contribut-
ing to complex traits, such as EH. Although a Japanese
study successfully identified 19 essential hypertension
loci using almost 19,000 microsatellite markers [25], this
technique is much more widely applied using SNPs due to
their relative ease and affordability of typing.

The first published GWA results for EH come from
the Wellcome Trust Case-Control Consortium (WTCCC)
using the Affymetrix (Santa Clara, CA) 500K chip, in
which 14,000 cases among seven complex diseases, includ-
ing hypertension (about 2000 cases), were compared with
a shared control cohort of about 3000 individuals [26ee].
Although hypertension was the only disease that did not
identify genome-wide statistically significant variants,
taking into account the number of SNPs and correcting
for multiple testing, several genes of interest were identi-
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fied by examining the most significantly associated SNPs
(P < 0.00001). The strongest signal for blood pressure
was found on chromosome 1. Using an expanded set of
controls comprised of the cases from the other six dis-
ease sets, the strongest signal for hypertension was then
detected on the X chromosome. A replication study is cur-
rently under way using Family Blood Pressure Program
individuals. So far, only one of the six most significant P
values has been replicated [27].

Similar results have been found in a study using the
Affymetrix 100K chip to investigate the Framingham
Heart Study families for association with systolic and
diastolic blood pressure [28]. Again, no variant achieved
genome-wide significance and researchers were not able to
strongly replicate any previously identified associations.

Although these are only the first two GWA studies to
be published, the results suggest that further refinement
of the study design may be necessary to identify genes
of interest for hypertension. The power of the WTCCC
study was estimated at only 43% for alleles conferring
a relative risk of 1.3, an effect size not unlikely to be
observed in hypertension [26®¢]. As argued by the authors
of the WTCCC paper, it may be that hypertension has
fewer common alleles of larger effect than the other phe-
notypes in the report, in which case increasing sample
size by combining multiple large-scale studies would help.
Additionally, it may have happened that those suscepti-
bility variants contributing to hypertension may have
been poorly tagged by the set of variants on the 500K
chip [26@¢], a problem that can be remedied by increas-
ing the number of markers assayed, which is now possible
with the availability of denser genotyping chips. It will
be interesting to see the results from GWA studies using
the densest set of variants available, one million SNPs, as
their coverage of the genome is significantly greater than
those chips used in either of the first two GWA studies.
Finally, the WTCCC report also notes that detailed phe-
notyping was not performed on the control cohort, and
because hypertension is one of the most prevalent diseases
examined in their report, there is the possibility of mis-
classification bias impacting the findings for hypertension
[26e¢]. Specifically screening controls to exclude those
with increased blood pressure, as is generally done in stud-
ies of a single disease, alleviates this problem. Although
neither of the first two GWA studies for EH demonstrated
significant genome-wide findings, it appears likely that a
combination of increasing sample size and the number of
markers assayed will improve the chances of future stud-
ies identifying EH-associated alleles.

Rodent Models

The rat is an established rodent model for studying hyper-
tension. Since the early 1960s, researchers have been
selectively breeding rats to generate inbred hypertensive
strains that closely mirror the human phenotype [29,30].

To date, 10 inbred strains of rat exist that display traits
common to human essential hypertension, most of which
are derived from the Wistar strain [31]. In addition to the
several inbred strains, transgenic rats are now common
[32], a basic genetic infrastructure has been developed
[33,34], and a wealth of rat genetic information is available
via the Rat Genome Database (http://www.rgd.mcw.edu/).

Although intercross linkage studies of rats have been
a commonly used method of hypertension gene identifi-
cation in rodents, the relatively recent development of
several consomic and congenic strains of rats has enabled
studies to narrow down large QTL regions and identify
novel genomic regions related to blood pressure regula-
tion. Consomic and congenic rats have been selectively
backcrossed and bred to transfer a single chromosome
(consomic) or a specific region within a chromosome (con-
genic) from one strain onto the background of a second
strain. These strains have already been successfully used
to identify several small regions of the rat genome linked
to hypertension [35-37].

Most recently, a 2007 study by Moreno et al. [37]
found several loci that appear to be protective against the
development of hypertension in Dahl salt-sensitive (SS)
rats. They previously found that substitution of chromo-
some 13 from the normotensive Brown Norway (BN) rat
onto the genomic background of the SS hypertensive rat
protected the new SS-BN' rat from developing hyper-
tension [38]. Through the generation of 23 overlapping
congenic lines that covered chromosome 13, they were able
to refine the possible location of the protective region(s)
to four small areas of the chromosome [37]. The authors
suggest that these regions may interact epistatically and
that no region alone could protect from hypertension [37].
This complex interaction may explain some of the diffi-
culties that have been encountered in identifying essential
hypertension candidate genes.

In addition to in-depth physiologic studies of congenic
and consomic strains, high-throughput expression profil-
ing has also been recently used to identify new candidate
genes from such strains. It is recognized that differential
expression does not necessarily equate with difference in
function, and the candidate genes identified through this
method need further testing to ensure their validity [39].

A 2007 study by Clemitson et al. [40] used congenic
strains to further explore the blood pressure QTL BP1
(Blood Pressure 1) that was initially found through a cross
of the spontaneously hypertensive rat (SHR) and Wistar-
Kyoto rat (WKY). Only one of the congenic strains that
represented a 3-Mb segment of BP1 exhibited a blood pres-
sure difference. Through expression profiling of SHR and
WKY for genes within the new region, one gene, Sponli,
was differentially expressed. This gene may have antiangio-
genic properties and warrants further investigation.

A similar study by Graham et al. [41] used stroke-
prone spontaneously hypertensive rats (SHRsp) and WKY
congenics to examine a salt-sensitive hypertension QTL



Genetic Determinants of Hypertension: An Update

Harrison et al. 493

on rat chromosome 2. One congenic strain showed a sig-
nificantly lower salt-loaded systolic blood pressure when
compared to the parental SHRsp strain, and an expression
profile of whole kidneys showed Edgl and Vcaml to be
differentially expressed. Reverse transcription polymerase
chain reaction confirmed these findings.

Another use of congenic strains and expression profiling
to investigate blood pressure QTLs was performed by Lee
et al. [42]. Segments representing two blood pressure QTLs
on chromosome 5, originally discovered in SS rats, were
introduced from the Lewis rat onto a SS rat background to
make congenic strains with one or both QTLs. Expression
profiling was done using a custom chip that included all
genes from both QTLs, and they found two differentially
expressed genes, Dmrta2 and Nfia. The expression of these
genes changed depending on whether the strain had one
or both Lewis segments, suggesting that some pathways
of interaction exist. They further explained that these two
genes are transcription factors involved in signaling path-
ways that could affect blood pressure. Much more needs
to be done to verify the importance of these genes, but the
initial results are promising.

Conclusions

For more than 15 years, the search for the underlying
genetic etiology of human essential hypertension has pro-
vided a constant challenge. Early successes in identification
of Mendelian forms of hypertension has given us clues to
the basic genes and pathways involved in blood pressure
regulation, but it has been difficult to verify the relative
importance of these genes and mutations in the general pop-
ulation. Although linkage and association techniques are
imperative in identifying candidate genes and susceptibility
alleles, the results have often been inconsistent. However,
this is most likely not due to inherent weaknesses of the
methods used, but rather due to the ways in which they are
applied. To identify the sequence variants underlying EH,
investigators must recognize the need for extremely large
sample sizes, as evidenced by the WTCCC GWA study
using 3000 shared controls [26e¢], while working to refine
the collection and in-depth standardized phenotyping of
hypertensive and normotensive individuals.

The variable nature of blood pressure is well known
and relying on three consecutive measurements to define
hypertension status, although an integral part of a normal
doctor’s visit, is being revealed as less useful for genetic
research. More care must be taken to improve precision
and accuracy in phenotyping procedures, and to develop
standardized conditions to reduce environmental noise,
which is prevalent. Due to white-coat [43] and masked
hypertension [44], techniques such as 24-hour ambula-
tory measurements may be necessary to fully understand
the blood pressure profile of a single individual [45]. In

addition, the examination of a wide variety of hyperten-
sion-related phenotypes, intermediate phenotypes, and
blood pressure stress-response phenotypes will not only
provide a dissected viewpoint of the disease, but will also
increase understanding of the pathways involved in the
phenotype as a whole. Finally, because collaborations and
combining of samples will likely be required to achieve
samples adequately powered to detect EH allelic effects,
the standardization of phenotyping across studies is cru-
cial and will present its own new challenges.

Although GWA studies hold promise in being able to
identify genes and variants that may have been missed in
previous linkage and association studies, this technique
must be combined with suitably large, homogenous, well-
phenotyped populations. With highest throughput SNP
genotyping platforms now commercially available, and
with recent advances in large-scale sequencing [46e¢], it
seems that we may be able to directly interrogate much
of the genome of hypertensive individuals. More GWA
results for hypertension can be expected in the near future,
as many of the established hypertensive populations with
linkage data are now either being genotyped for GWA
analysis or are currently in the analysis stages. Combin-
ing data from these populations offers one approach to
increasing sample size and the likelihood of obtaining
significant results.

Perhaps the most promising aspect of hyperten-
sion research is the ability to combine research to form
a systems biology approach. Physiologic pathways and
candidate genes can be identified by human studies and
then tested in rats. Rats have the advantage of being in
controlled environments with equally controlled genetic
backgrounds. Physiologic testing in rats can lead to a
better understanding of the genetic interactions found
in human populations. Research collaborations can also
work in the opposite fashion, with rat physiologic dis-
coveries leading to further genetic studies in humans. In
addition, the availability of hypertensive populations in
which multiple techniques have been applied, including
linkage, candidate gene association, GWA, and expres-
sion profiling, should allow for an integrated analytical
framework for dissecting the genetics of EH. In summary,
the sequence variants influencing the phenotype of EH
have remained elusive, but with denser mapping tech-
niques, better phenotyping methods, open collaborations,
full utilization of animal models, and a systems biology
approach, we should begin to discover those variants that
can ultimately lead to its enhanced prevention, detection,
and treatment.
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