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Hypertension is a common complex disease which arises as a result of the
interplay between multiple genetic and environmental factors. The deter-
mination of the genetic variants involved in hypertension should provide
new insight into susceptibility to the disease, its progression and severity,
leading to novel pharmaceutical targets, with the ultimate goal of im-
proving prevention, diagnosis and treatment [1, 2]. There is an inverse
relationship between the magnitude of genetic effect and allele frequen-
cy, indicating that few variants of clinical consequence will be common
[3]. Genetic variants with large effect sizes manifest as Mendelian or
single-gene disorders with mutations in at least 10 genes known to cause
hypertension or hypotension, primarily by affecting renal tubular electro-
lyte transport functions [4, 5]. However, these rare alleles account for less
than 1% of human hypertension and have not been associated with
common forms. Evidence from most replicated associations of other
complex diseases indicate that the effect sizes associated with hyperten-
sion will be less than 1.5 for each causative variant. While individually
these effect sizes are minor, the combination of even a few common
polymorphisms imparting small relative risks can have substantial popu-
lation attributable risks (an estimate of the percentage of cases of dis-
ease that would be avoided if the exposure were removed, combining
information about the relative risk and the prevalence of the genetic
variant). Therefore, the downstream functions of such common genetic
variants will become potential targets for lifestyle and pharmacological
interventions.

Gene mapping studies in hypertension
Linkage and candidate gene analysis of hypertension have produced in-
conclusive results so far, but there are valid arguments that favour gene
mapping of hypertension in large populations. These have been borne out
by the recent successes in genome-wide association (GWA) studies of
other complex diseases [6–8]. Linkage mapping is a method of studying
genetic markers of known chromosomal location that are co-inherited
with the disease in a pedigree. It is a powerful tool for finding Mendelian
disease genes, but has produced weak, and inconsistent, signals in com-
plex disease studies. Association mapping, commonly used in candidate
gene studies, is based on linkage disequilibrium (LD). LD is the non-ran-
dom association of alleles at two or more loci on a chromosome and
results in the greater co-occurrence of two genetic markers in a population
than would be expected for independent markers (Figure 1). In practical
terms, LD results in single nucleotide polymorphisms (SNPs) that are in
close proximity and travel together in a block when passed from parent to
child, allowing one SNP in a block to serve as a surrogate for the other
SNPs in the block, thus obviating the need for testing all the SNPs individu-
ally. A new mutation that arises within a block travels along with the
members of the block for hundreds of generations. In short, linkage mea-
sures the co-segregation between a genetic marker and a disease affection
status in a pedigree as a result of meiotic recombination events in the last
two or three generations, while LD measures co-segregation in a popula-
tion (a very large pedigree extending back to the founders), resulting from
much earlier ancestral meiotic recombination events.

Linkage analysis
The genome-wide linkage approach with microsatellites has shown evi-
dence for the existence of several chromosomal regions that are linked to
blood pressure or essential hypertension on almost all chromosomes [9–
12]. Interestingly, some human chromosomes — 1, 2, 3, 17, 18 — con-
tain multiple linkage loci for hypertension, often with overlapping confi-
dence intervals. This suggests that hypertension may be linked to fewer
genomic regions with no single genomic region having a uniformly large
effect on predisposition to hypertension. However, linkage mapping has
been difficult because of the polygenic nature of hypertension, possibly
involving multiple pleiotropic variants of low penetrance, epistasis, the
ethnic diversity of human populations, phenotypic heterogeneity and the
inability to control for environmental factors. In addition, linkage analysis
has poor power for detecting common alleles that have low penetrance.
All these factors hinder the replication of results and decrease the likeli-
hood of success in linkage studies in general. The Medical Research Coun-
cil funded British Genetics of Hypertension (MRC BRIGHT) study [9] at-
tempted to increase detectance (the probability of any particular suscep-
tibility genotype being carried given that the individual has a particular

phenotype) of the disease locus by ascertaining disease severity and
including only non-diabetic, non-obese hypertensives, whose blood pres-
sure was in the top 5% of blood pressure distribution in the UK. Howev-
er, this study was able to identify only a single locus suggestive of linkage
on chromosome 5q [13]. Subsequently we demonstrated a successful
attempt at reducing heterogeneity by using antihypertensive drug re-
sponse to partition different pathways of hypertension [11]. In the BRIGHT
population, hypertensive sib-pairs who were non-responsive to ACE in-
hibitors, ARBs or b-blockers showed significant linkage on chromosome
2p (LOD = 4.84 at 90.68 Kosambi cM) [11]. This susceptibility locus co-
localises to a region found in African-American hypertensives in the Fam-
ily Blood Pressure Program who showed evidence of linkage with hyper-
tension status at 93 cM with a LOD score of 2.84 [14]. Thus the chromo-
somal 2p locus independently identified in different populations may
contain a gene or genes for the salt-sensitive form of hypertension,
which is common among Africans, and the same mechanism may be
operative in a subset of white European hypertensives identified by unre-
sponsiveness to b-blockers and ACE inhibitors.

Candidate gene analysis
SNPs are the most common genetic variant studied in candidate gene
studies. SNPs are DNA sequence variation, occurring when a single nucle-
otide in the sequence is altered. A variation must occur in at least 1% of
the population to be considered an SNP. In the human genome consist-
ing of three billion nucleotide bases SNPs occur at a frequency of 1 in
every 1000 bases. As the coding region comprises only 5% of the ge-
nome, most SNPs will be found in regions that do not affect protein
structure. Coding region SNPs usually tend to be synonymous (coding for
the same protein without any change in amino acid sequence), and thus
most of the common SNPs might not be so informative. Amino acid-
altering non-synonymous coding-region SNPs are rare and harder to find
because of expected selection against them in human evolution.

In the hypertension disease model the candidate genes fall into
five broad categories: the renin-angiotensin-aldosterone system, the adr-
energic system, vascular-related genes, metabolism-related genes and
those with other miscellaneous roles. The selection of candidate genes
has generally been based on a mechanistic understanding of the roles of
the encoded proteins in blood pressure regulation. Novel genetic path-
ways that may determine familial susceptibility to hypertension include
loci that encode growth factors, molecules of oxidative stress and inflam-
matory response [15]. However, this strategy has not been very success-
ful, and the failure of these studies to identify the genetic basis of the
common forms of hypertension suggests that there are several limita-
tions to this approach. First, the choice of candidate genes may be inap-
propriate. Second, the genes in which heritable variations that affect
blood pressure occur might be involved in events that take place either
upstream of the points of action of the selected candidates or in the
downstream signalling events. Finally, candidate gene studies rely on

Figure 1. Flow plan for genome wide association study for hypertension
using linkage disequilibrium and tag SNPs
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prior hypotheses about disease mechanisms, so that discovery of genetic
variants in previously unknown pathways is precluded.

Genome Wide Association Study (Figure 1)
GWA studies are large-scale association mapping using SNPs that make
no assumptions about the genomic location or function of the causal
variant and are a comprehensive approach to testing the hypothesis that
common alleles contribute to heritable phenotype variation [16]. Al-
though it is not yet technically feasible to resequence every base on the
genome or genotype the ~11 million currently known SNPs, the avail-
ability of genome-wide SNP arrays that genotype 100,000 to 1,000,000
SNPs per sample and the availability of LD patterns on a genome-wide
scale make these studies possible. Such studies typically measure sets of
special DNA tag SNPs selected from the catalogue of common human
genetic variations provided by the HapMap project [17], enriched with
non-synonymous SNPs, as well as SNPs in evolutionarily conserved re-
gions of the genome. The recent surge in GWA studies for complex
diseases with replicated results of SNP association shows that complex
diseases are finally yielding their secrets. Most of these studies are case-
control studies, where SNP frequencies are compared between the two
groups, and those that differ significantly are then validated in indepen-
dent samples. Despite these successes, the Wellcome Trust Case Control
Consortium (WTCCC) study showed an absence of any positive signals for
hypertension using 2000 cases and 3000 common population controls
[6]. Nor did the study detect any genes previously implicated by candi-
date gene association studies. Among the reasons for this result are poor
coverage of genes by the Affymetrix chip, inadequate power to detect
genotypic relative risks < 1.3, phenotypic heterogeneity among the cases
and misclassification of unphenotyped controls (see below). It is perti-
nent to point out that the SNP chips capture a substantial proportion of
the known common variations, but not rare variants and non-SNP vari-
ants such as deletions and insertions.

Study Design Issues
To succeed in finding complex disease genes a study must detect a
relatively weak statistical signal, and hence study design flaws can poten-
tially have a dramatic impact on the probability of success [18]. The key
factor which determines the success of a given study design is the allelic
architecture, which refers to the number of distinct alleles that impact
disease susceptibility at a given disease locus, their frequencies and pene-
trances. Penetrance is the likelihood, or probability, that a particular
genotype will be expressed in the phenotype.

Phenotyping of cases and controls
Most of the successful replicated association study results are in diseases
where phenotyping specificity can reduce the source of heterogeneity.
Strict criteria to define a phenotype have to apply; in hypertension this
may involve ambulatory 24-hour blood pressure measurement as op-
posed to office blood pressure readings. Intermediate phenotypes such
as endothelial function and vascular stiffness may help to understand the
physiological link between gene variants and established disease. Of
note, cases and controls should undergo the same phenotyping protocol
to establish both the presence of disease in cases but also the absence of
disease in controls. The value of phenotyping controls is all the more
evident in the case of the negative results from the WTCCC GWA study of
hypertension. The use of common controls in this experiment may have
caused some attrition in power because of misclassification of some of the
controls. It was estimated that a 5% misclassification of controls would
result in a loss of power equivalent to a sample size reduction of 10%.
However, the high prevalence of hypertension might have led to a 30%
and not a 5% misclassification bias [6].

Although there is a general thrust towards case-control GWA stud-
ies, family studies should not be forgotten. These are robust to population
stratification and family information is important to refine the genetic
model and risk estimates, control for the effects of shared environment
and detect heterogeneity, imprinting, and epigenetic phenomena [19].

Sample size and power
At least 6000 cases and 6000 controls are required to have adequate
power to detect causative SNPs with a minor allele frequency (MAF) >
10% and a genotypic relative risk < 1.3. One way of increasing power
would be to select cases and controls from the extreme ends of the
distribution of blood pressure in the population, thus increasing the odds
ratio. Choice of significance threshold is important when simultaneously
considering many SNPs as in GWA studies. Significance thresholds of p <
10–6 have been proposed for GWA to allow for the very small prior
probability that any given locus or region is truly associated with disease.
Replication studies attempted for SNPs reaching a significance level of 5
× 10–7 in the WTCCC study have all been confirmed [6, 18, 20].

Gene environment interactions
There is growing recognition that environmental and behavioural chang-
es, in interaction with a genetic predisposition, have produced most of
the recent increases in chronic diseases including essential hypertension
[21, 22]. However, the most important implication of gene-environment
interactions is that they can suggest approaches for modifying the ef-
fects of deleterious genes by avoiding environmental exposure [22]. De-
spite much information on both genetic and environmental risk factors,
there are relatively few robust, replicated gene-environment interaction
studies [23–25].

The successful detection of gene-gene or gene-environment inter-
actions is dependent on recruiting adequate sample sizes in the prospec-
tive cohort studies. In contrast to case-control studies, which typically
begin when disease cases have occurred, prospective cohort studies avoid
this inherent bias by investigating a representative sample of the popula-
tion before disease onset. In terms of genetic main effects, 5000 incident
cases are needed for a minimum detectable odds ratio (MDOR) of 1.5
with 80% power and MAF = 5%. For genotypic and environmental prev-
alences of 10% and above, 10,000 cases are needed to provide adequate
power for interaction effects with an MDOR greater than 2 [22].

The road ahead
It is now appreciated that all genetic studies must be rigorous about the
standardisation, precision and accuracy of phenotyping, quality control anal-
ysis and interpretation. The challenge is to translate the small effect size into
clinically useful diagnostic or therapeutic tools with an impact on public
health. There is also growing evidence for heritable changes in gene func-
tion without changes in DNA sequence (epigenetics). Future work should
focus on the interplay between epigenetic mechanisms and the environ-
ment in disease causation. Another type of genetic variation overlooked in
all association studies are the structural variations, specifically sub-micro-
scopic rearrangements between 500 bp and 5Mb in size, commonly called
copy number variation (CNV). Identification of these validated gene variants
should help in the understanding of disease biology, but their relevance to
clinical practice and public health will depend on whether they can improve
diagnosis, prevention or treatment strategies. All this will need more effi-
cient epidemiological studies enrolling prospective population cohorts with
informed consent, along with collection and storage of biological samples,
active collaboration between basic scientists and clinicians, development of
novel computational and statistical approaches and the incorporation of
large-scale genomic, proteomic, metabolomic and epigenetic analyses into a
systems biology framework.
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