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Abstract
Background: Genetic variants causing diseases with hy-
pertension as a secondary feature have previously been
identified. Studies focussing on primary hypertension have
utilised common and latterly rare genetic variants in at-
tempts to elucidate the genetic contribution to the risk of
primary hypertension. Summary: Using genome-wide as-
sociation studies (GWASs), associations of hypertension with
hundreds of common genetic variants have been reported,
implicating thousands of genes. Individual variants have
small effect sizes and cumulatively account for around 6% of
genetic risk. The common variant signal is enriched for
relevant tissues and physiological processes, while some
variants are associated with traits expected to have sec-
ondary impacts on hypertension risk, such as fruit intake,
BMI, or time watching television. Studies using rare variants
obtained from exome sequence data have implicated a
small number of genes for which impaired function has
moderate effects on blood pressure and/or hypertension
risk. Notably, genetic variants which impair elements of
guanylate cyclase activation, stimulated by either natriuretic
hormones or nitric oxide, increase hypertension risk. Con-
versely, variants impairing dopamine beta-hydroxylase or

renin production are associated with lower blood pressure.
Variants for which a definite effect can be designated remain
cumulatively extremely rare and again make only a small
contribution to overall genetic risk. Although these results
are of interest, it is not clear that they provide radical new
insights or identify drug targets which were not previously
known. Nor does it seem that genetic testing could be useful
in terms of quantifying disease risk or guiding treatment.
Key Messages: Research has increased our knowledge
about the relationship between naturally occurring genetic
variation and risk of hypertension. Although some results
serve to confirm our understanding of underlying physiol-
ogy, their value in terms of potentially leading to practical
advances in the management of hypertension appears
questionable. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Human beings are 99.9% genetically identical with
each other, but errors in copying DNA can introduce
variations in genetic sequence which may impact sus-
ceptibility to disease. Variants with zero or minimal
impacts which occurred early in human evolution can,
through a process called genetic drift, grow to become
common so that they may nowadays be observed in a
substantial proportion of people. By contrast, any variant
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which causes severe disruption of a vital physiological
process will tend to be quickly weeded out of the pop-
ulation through the process of natural selection, and
hence, variants with large effects on disease risk are
expected to be very rare. Common variants which have
small effects on risk can be detected through genome-
wide association studies (GWASs), which typically use
the genotypes of around a million common variants
called single nucleotide polymorphisms (SNPs) to test for
association with a disease phenotype in thousands of
cases and controls. However, as the human genome
consists of three thousand million DNA bases, GWASs
are unable to detect the extremely rare variants which
may have large effects on risk in the individuals who carry
them, and these variants can only be detected by tech-
niques which directly interrogate DNA sequence changes
[1]. Methods to localise and identify variants responsible
for severe genetic diseases, often occurring in families,
have been available for several years, but it has only
recently become possible to obtain the full sequence of all
genes. This approach, termed whole exome sequencing if
applied only to the coding regions of genes or whole
genome sequencing if applied to all chromosomal re-
gions, allows the detection of all variations in DNA se-
quence, common or rare, and hence facilitates attempts to
discover the relationship between disruption of func-
tioning of specific genes and effects on disease risk. Large-
scale studies involving whole exome and genome se-
quencing of many thousands of people are now yielding
important new results.

Here, we review the relationship between naturally
occurring genetic variants and risk of hypertension with a
special emphasis on the new insights which have been
derived from the studies of large exome-sequenced
samples. We consider how these findings impact our
understanding of the pathogenesis of hypertension and
what might be relevant clinical implications.

Genetic Associations

Prior to the availability of large-scale studies, targeted
investigations of genetic diseases with hypertension as a
prominent feature led to the identification of rare
variants causing diseases such as congenital adrenal
hyperplasia, familial hyperaldosteronism, and pseudo-
hypoaldosteronism in the genes CYP11B1, CYP11B2,
WNK1, WNK4, KLHL3, CUL3, SCNN1B, SCNN1G,
CYP17A1, HSD11B2, NR3C2, and KCNJ5 [2]. Subse-
quently, variants in CACNA1H, CACNA1D, and CLCN2
were also identified as causes of familial hyper-

aldosteronism, while somatic mutations in ATP1A1 or
ATP2B3 can produce aldosterone-producing adrenal
adenomas with consequent hypertension [3]. Reces-
sively acting variants in GUCY1A1 (previously named
GUCY1A3) can cause moyamoya disease, in which risk
of hypertension is increased, and two unrelated subjects
with moyamoya disease who also had achalasia and
hypertension were reported to have compound het-
erozygote variants in this gene [4, 5]. Polycystic kidney
disease, which may result in hypertension, can be
caused by dominantly acting variants in PKD1, PKD2,
or GANAB or by recessively acting variants in PKHD1,
DZIP1L, or CYS1 [6, 7].

The first study to convincingly demonstrate associa-
tion between genetic variants and blood pressure at the
population level focused on the PPNA-PPNB locus,
comprising the natriuretic peptide precursor A and na-
triuretic peptide precursor B genes which code for atrial
natriuretic peptide (ANP) and beta-type natriuretic
peptide (BNP) [8]. This found alleles of two SNPs, rs5068
and rs198358, which were associated with higher levels of
ANP and BNP and with lower blood pressure levels. A
later study concluded that it was variants affecting ANP
rather than BNP levels which were associated with blood
pressure [9].

The largest GWAS of blood pressure traits to date
involved over one million people and identified 901 as-
sociated genetic loci [10]. Typically, the SNPs implicated
in a GWASmay not be located within genes, and it can be
difficult to characterise their specific effects. However, it is
possible to use statistical techniques to study their dis-
tribution across chromosomes, and the study authors
reported that there was a tendency for these associated
SNPs to be near genes expressed in relevant tissues (blood
vessels, heart, adrenal tissue, and adipose tissue) and/or to
be involved in relevant physiological processes (angio-
tensinogen, calcium channels, progesterone, natriuretic
peptide receptor, angiotensin converting enzyme, an-
giotensin receptors, and endothelin receptors). The au-
thors also noted that some SNPs had been reported to be
associated with traits which might secondarily impact
hypertension risk, such as fruit intake, BMI, or time
watching television. Cumulatively, SNPs at these 901 loci
explained 5.7% of the variance in systolic blood pressure.
Effect sizes of individual SNPs were small, with the mean
absolute value for beta being 0.22 and themaximum value
for beta being 1.1 for rs11191548, meaning that pos-
sessing one variant allele of this SNP is associated with a
1.1 mm Hg increase in systolic blood pressure. When
SNPs from all loci were combined to produce a genetic
risk score (GRS), there was a mean 10.4 mm Hg
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difference in systolic blood pressure between top and
bottom quintiles of GRS and a sex-adjusted odds ratio
(OR) for hypertension of 3.34 between top and bottom
deciles of GRS. Using a variety of functional annotation
and functional enrichment methods, the authors iden-
tified 2,605 genes as being associated with these SNPs,
representing around 10% of all genes. They note that 21 of
these genes overlap with the 145 genes which are cur-
rently target genes for the treatment of blood pressure.

In an attempt to address the issue that GWAS analyses
rely on common variants, most of which are not located
in genes and do not obviously affect gene function, a
study of 327,288 individuals was undertaken using an
alternative genotyping platform called an Exome Chip
[11]. This includes 247,039 variants, of which more than
90% are nonsynonymous or splice-modulating variants
and hence are expected to alter the gene product. Two
nonsynonymous variants with low frequency in genes
NPR1 and SVEP1, rs35479618 and rs111245230, were
associated with systolic blood pressure with moderate
effect sizes (beta = 1.11 and 0.70), while a low-frequency
nonsynonymous variant in PTPMT1, rs11537751, was
associated with hypertension, although the magnitude of
the effect was not stated. Additionally, a rare, non-
synonymous variant in DBH, rs3025380, was associated
with 1.8 mm Hg reduction in mean arterial blood
pressure. Because very rare variants may have little power
to detect association individually, analyses were under-
taken in which all rare, nonsynonymous variants within a
gene were considered jointly, and these analyses impli-
cated PTMT1, NPR1, and DBH.

The ability to carry out exome sequencing in large
samples has nowmade it possible to identify every coding
variant in every gene, rather than only those variants
which were prespecified on the Exome Chip or those in
specific genes sequenced in targeted studies. An early
implementation of this approach was to identify variants
using the first wave of 50,000 exome-sequenced partic-
ipants in the UK Biobank study and then to impute these
variants into the full cohort of 500,000 [12]. These an-
alyses yielded 1,189 associations judged likely to be
causative between rare coding variants and a variety of
different phenotypes, with the following genes having
single variant associations reported for systolic and/or
diastolic blood pressure: GPR137B, CACNA1D, PHC3,
NR3C2, DBH, SLC9A3R2, GATA5, NPR1, PHC3, GEM,
PDE3A, TNS2, TBX5, SLC9A3R2. As exome sequence
data for more UK Biobank participants became available,
subsequent studies made use of directly genotyped var-
iants, rather than those obtained by imputation, to test for
association with a variety of phenotypes, including some

related to blood pressure [13–15]. Although these studies
carried out broadly similar analyses, variations in the
methods used mean that the results obtained differ
somewhat. Additionally, it can be somewhat problematic
to interpret their overall statistical significance because of
the multiple testing issues arising from the analysis of
different but non-independent phenotypes as well as the
use of different analytic methods. It should also be noted
that, because they used multiple phenotypes and did not
focus on hypertension specifically, relevant results are
not reported in the main text but need to be gleaned from
supplementary material. The first of these studies again
identified the rs3025380 variant within DBH as associ-
ated with diastolic blood pressure and rs200383755 in
GATA5 as being associated with self-reported hyper-
tension, while gene-level associations of variant burden
were reported for TTN, COL21A1, ZFAT, SLC9A3R2,
FES, and PKD1 [14]. Another study using thousands of
binary and quantitative phenotypes again implemented
single variant tests as well as gene-based collapsing
analyses [13]. Their supplementary material lists 325
associations of a single variant with systolic or diastolic
blood pressure and 399 with a hypertension phenotype
significant at p < 5 × 10−8. In their gene-based tests,
loss of function (LOF) variants in PKD1 were associated
with hypertension. A third study used a novel non-
synonymous variant effect predictor called PrimateAI-
3D to select variants to be included in gene-based col-
lapsing analyses [15]. The following genes were signifi-
cantly associated with systolic and/or diastolic blood
pressure at p < 10−6: GEM, GUCY1A1, NPR1, REN,
SMAD6, FES, LZTR1, and SVEP1. Variants in REN were
associated with lower blood pressure. Two additional
studies of the same dataset focused exclusively on hy-
pertension as a phenotype and performed gene-based
collapsing analyses with variants being weighted more
highly if they were rarer and/or more likely to damage
gene function [16, 17]. The second of these, utilising data
from 470,000 exome-sequenced UK Biobank partici-
pants, analysed genes achieving suggestive results in the
first, based on 200,000 participants, and after correction
for multiple testing results for the following genes were
declared to be statistically significant: DNMT3A, FES,
NPR1, GUCY1A1, ASXL1, SMAD6, DBH, INPPL1. For
DBH and INPPL1, rare coding variants impairing gene
function were associated with reduced rather than in-
creased risk of hypertension. GUCY1A1 codes for a
subunit of a soluble guanylate cyclase, and it was noted
that GUCY1B1, which codes for a different subunit of the
same enzyme, had an uncorrected p value of <0.0001.
LOF variants in the risk genes exerted moderate effects,
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with ORs ranging from 1.33 for SMAD6 to 1.96 for FES,
and were very rare, with cumulative allele frequency less
than 0.001 for each gene. Nonsynonymous variants
tended to have smaller effects and to be slightly less rare.
LOF variants in DBH had cumulative frequency of 0.002
with OR 0.90 and those in INPPL1 had cumulative
frequency of 0.0004 and OR 0.75.

Functional Mechanisms

Arguably, the results which most readily lend
themselves to biological interpretation are those ob-
tained from gene-based analyses, where there is a
consistent effect from multiple different variants im-
pairing gene function. By contrast, single-variant as-
sociations tend to be associated with small effects on
phenotype, and the mechanism of action may be less
clear. Some implicated genes are known to be involved in
the pathogenesis of diseases which have hypertension as
part of the phenotype, such as congenital adrenal hy-
perplasia or polycystic kidney disease, and we will not
consider these further. Other gene-based results seem to
point very clearly to key elements of blood pressure
control, and in some cases, mirror results obtained from
animal and cellular models. These provide good ex-
amples of the mechanisms whereby genetic variation can
impact disease risk.

As stated above, variants in the PPNA-PPNB locus
are associated with higher levels of the natriuretic
peptides ANP and BNP and variants which increase
ANP levels are associated with lower blood pressure [8,
9]. In mice, reduced expression of the gene coding for
ANP is associated with salt-sensitive hypertension,
while overexpression lowers systolic blood pressure [18,
19]. NPR1 codes for the membrane-bound guanylate
cyclase NPR-A, ANP receptor 1, which in response to
ANP or BNP produces increased levels of cGMP, and
the studies referred to above consistently show that
variants impairing NPR1 function are associated with
increased risk of hypertension. In cell culture experi-
ments, it has been shown that two nonsynonymous
NPR1 variants which were associated with increased
blood pressure caused reduced guanylate cyclase ac-
tivity, while a variant associated with decreased blood
pressure caused enhanced guanylate cyclase activity
[20]. Taken together, these results demonstrate that
genetic variation affecting either levels of ANP itself or
the activity of the guanylate cyclase receptor it acts on
lead to the expected effects, whereby reduced cGMP
production increases hypertension risk.

The results reported for GUCY1A1 and GUCY1B1
imply that genetic variants which lead to impaired
functioning of soluble, rather than membrane-bound,
guanylate cyclase also increase risk of hypertension.
These genes code for subunits of a soluble guanylate
cyclase which responds to nitric oxide (NO) signalling in
order to increase cGMP, leading to vasodilation and other
responses, and the central role of this pathway in the
control of blood pressure is well established from animal
studies, while guanylate cyclase stimulators have been
developed as treatments for pulmonary hypertension
[21]. The mechanisms whereby genetic variants im-
pairing guanylate cyclase activity could lead to hyper-
tension are illustrated in Figure 1.

The observation that variants in the REN gene are
associated with lower blood pressure is unsurprising, given
that this gene codes for renin. One can easily understand
how variants resulting in abnormal forms of the protein
could lead to a weaker hypertensive effect of this hormone.

The finding that impaired functioning of DBH is as-
sociated with reduced hypertension risk is also readily
explained. DBH codes for dopamine beta-hydroxylase,

Fig. 1. Either membrane-bound or soluble guanylate cyclase can
convert GTP to cGMP, producing smooth muscle relaxation
and vasodilation, exerting a hypotensive effect. GUCY1A1 and
GUCY1B1 code for subunits of a soluble guanylate cyclase re-
sponding to NO signalling. NPR1 codes for a membrane-bound
guanylate cyclase responding to ANP, which is coded for
by PPNA. Genetic variants damaging function of GUCY1A1,
GUCY1B1, NPR1, or PPNA are associated with increased risk of
hypertension, presumably through reduced guanylate cyclase
activity.
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which is the enzyme required for the production of
norepinephrine from dopamine, and recessively acting
variants in it have been reported to cause norepinephrine
deficiency syndrome, characterised by orthostatic hy-
potension among other symptoms [22]. This mechanism
is illustrated in Figure 2.

The causal mechanism for the association of impaired
DNMT3A function with hypertension is somewhat less
obvious. The function of DNMT3A is to methylate DNA
in order to reduce the expression of specific genes [23,
24]. In mice, Dnmt3a deficiency results in reduced
methylation of the gene for angiotensin receptor type 1a,
Agtr1a, leading to increased Agtr1a expression along with
salt-induced hypertension [25]. This is illustrated in
Figure 3. It is possible that a similar mechanism could be
active in humans, whereby genetic variants impairing
DNMT3A could result in reduced methylation of genes
such as those coding for angiotensin receptors, resulting
in inappropriately high expression of these genes and an
increased sensitivity to angiotensin. For other implicated
genes, including ASXL1, FES, SMAD6, GEM, LZTR1,
SVEP1, and INPPL1, the mechanisms whereby altered
functioning might affect risk of hypertension are unclear,
and insights must await further experimental work.

Clinical Implications

Broadly speaking, the identification of association
between genetic variants and disease risk might have
clinical implications in one of three ways. Firstly, new
insights into pathogenic mechanisms might be ob-
tained, leading to improved therapeutics. Secondly,
genetic testing might be used to quantify risk of dis-
ease. Thirdly, genetic testing might be useful to guide
treatment.

The results obtained to date seem to illustrate that
genetic variation leading to impairment of natriuretic
peptide or NO signalling with reduced guanylate cyclase
activity increases risk of hypertension, while abnor-
malities in renin or reduced dopamine beta-hydroxylase
activity, with lower synthesis of norepinephrine, are
protective. However, it could be argued that these
findings are unsurprising and do not provide new in-
sights into the physiological control of blood pressure.
Likewise, if the mechanism by which reduced DNMT3A
activity increased hypertension risk is through en-
hancing expression of angiotensin receptors, then again,
this would not really tell us something new about
physiology or suggest novel drug targets. If the mech-
anisms involved in blood pressure regulation had been
unknown prior to this genetic research, then the findings
would have been very impactful. As it is, the findings to
date seem to be more confirmatory than revelatory. It is
not impossible that elucidating the mechanisms un-
derlying the association of other implicated genes could
lead to novel physiological insights. But this is far from
guaranteed.

Another frequently cited potential benefit of genetic
research is that it could assist in quantifying disease
risk. This might range from identifying babies with
Mendelian disease amenable to early treatment, such as
cystic fibrosis, through to using polygenic risk scores to
classify individuals at high or low risk of outcomes such
as cardiovascular disease or breast cancer [26–28]. In
certain clinical situations, there might be indications
for testing for rare coding variants causing the Men-
delian diseases resulting in secondary hypertension
mentioned above, but this does not seem to apply to
primary hypertension since the most impactful variants
are both extremely rare and also still have only mod-
erate effect sizes. Alternatively, it would be possible to
combine information from common variants to pro-
duce a GRS to quantify risk of hypertension. However,
the clinical utility of GRSs in general remains con-
troversial. Arguably, the phenotype for which a GRS
might potentially have most utility is cardiovascular

Fig. 2. Dopamine beta-hydroxylase converts dopamine to
norepinephrine, which has a hypertensive effect. Genetic
variants damaging function of DBH, which codes for dopa-
mine beta-hydroxylase, are associated with reduced risk of
hypertension, presumably through reduced production of
norepinephrine.
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disease, because risk is moderately heritable, because
there is a future outcome which is serious and not
uncommon, and because there are modifiers of risk,
such as statins, which have differential benefits for
patients at high risk [26, 29]. However, even in this
context, there are claims that such risk scores are of
minimal utility, as well as being problematic in other
ways [30–32]. For hypertension, the case for clinical
benefit is much weaker. For one thing, the GRS for
hypertension is a substantially poorer predictor than
that for cardiovascular disease [10]. However, an even
stronger objection is that there does not seem to be
much value in “predicting” hypertension when one can
simply measure it. One would not be assessing risk of a
future outcome but of a current, measurable condition
which itself acts as risk factor for future outcomes. And
one would not be contemplating treating somebody for
hypertension pre-emptively on the basis that they
might be at modestly increased risk of developing it
later. Overall, it is difficult to see how using genetic
information to quantify risk of hypertension could have
clinical utility.

A third possible impact on clinical practice would be
if genetic findings could be used to guide treatment
choices. Genetic variation can have pharmacokinetic
effects, impacting the speed with which drugs are ab-
sorbed or metabolised and hence potentially influencing

levels achieved, efficacy, and risk of adverse effects.
Taking account of such variation has not been proven to
be clinically useful in most situations, and while the
authors of a recent large study claimed such testing
produced benefits, critics claimed that the actual results
demonstrated that the testing was ineffective [33–35].
Alternatively, genetic variants may have disease-specific
or medication-specific effects which can be broadly
grouped as pharmacodynamic. Naively, it might be
thought that patients with a specific genetic variant
underlying their condition might benefit from a treat-
ment targeting the biologic process which is disrupted.
However, evidencing that this is actually the case would
require focussed clinical trials which are rarely, if ever,
carried out in practice. To take a real-world example,
patients with familial hyperlipidaemia, whose disease is
due to specific, identifiable genetic variants, are still
likely to be treated simply with generic lipid-lowering
medications [36]. In the case of hypertension, we see that
only a very small proportion of patients carry an
identifiable variant which might moderately influence
risk, and the vast majority of patients would not have
any specific treatment target. Alternatively, it might be
the case that certain variants had effects on response to
particular medications, but again, variants with large
effect sizes would be expected to be very rare, and it
is difficult or impossible to see how they would be

Fig. 3. In mice, Dnmt3a methylates Agtr1a,
the gene which codes for angiotensin re-
ceptor type 1a (ATR). This methylation
keeps Agtr1a expression under control,
producing normal levels of ATR and a
normal response to angiotensin (AT) with
normal blood pressure. If Dnmt3a function
is reduced then Agtr1a is hypomethylated,
leading to abnormally increased expression
and higher levels of ATR. The subsequent
angiotensin receptor overactivity causes
salt-sensitive hypertension. In humans,
genetic variants damaging function of
DNMT3A are associated with increased risk
of hypertension, perhaps through a similar
mechanism of loss of control of genes
coding for angiotensin receptors.
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identified in practice. Overall, there does not seem to be
any clear role for using rare variants to guide treatment
choices in hypertension.

An alternative approach would be incorporate in-
formation from common variants in order to use a GRS
approach to inform treatment. It is entirely conceivable
that if one were to carry out a careful clinical trial in-
volving thousands of patients then one might identify
common SNPs associated with small effects on response
to treatment, and one would then be able to combine
these to achieve a score with (probably) modest pre-
dictive value. However, if one wished to use genetic
information to guide treatment choice, one would not
want simply to predict who would respond more or less
well to a given intervention, which, in the case of hy-
pertension, one can simply discover by measuring re-
sponse. Rather, one would want to know that a patient
would respond worse to one drug and better to another.
Devising scores which would differentially favour one
treatment rather than another is conceivable but would
require clinical trials which were very large indeed. Once
studies had been carried out in order to generate such
scores, one would then need to carry out further clinical
trials to evidence that incorporating the scores into
practice actually produced better outcomes. Given that,
realistically, any effect sizes are likely to be modest, it
does not seem that such studies would be worth the
resources required to undertake them. We can draw
contrasts between cancer and hypertension with regard
to the potential value of genetic testing to guide treat-
ment choices. For breast cancer, there are particular
genetic subtypes which are not uncommon with inter-
ventions which are effective in one subtype but not
another in terms of impacting risk of future recurrence
[37]. In the case of hypertension, there are no clear
subtypes, and one can instead quite reasonably use a trial
and error approach to assess the tolerability and efficacy
of a treatment on measured blood pressure and modify
prescribing accordingly. One is not concerned with
quantifying the risk of some possible future event but
with the current condition of the patient. In this context,
treatment can be titrated in real time, and neither rare
nor common genetic variants seem likely to be able to
provide information which would yield additional
utility.

To summarise, insofar as hypertension is concerned,
genetic findings nicely confirm some known physiology
but do not seem to have utility as either informing risk
estimates or guiding treatment choices. Genetic research
into hypertension has increased our knowledge of the way

naturally occurring genetic variation can affect risk, but it
seems difficult to claim that it has had, or is likely to have,
a substantial clinical impact.

Conclusion

The risk of developing hypertension ismodified by genetic
variation as well as by environmental factors. Hundreds of
common genetic variants have been identified, each asso-
ciated with a small effect on risk, and between them, they
suggest thousands of genes as potentially having a causal
effect. Cumulatively, these common variants account for
about 6% of the total genetic contribution to risk, and when
they are considered jointly, they can be used to generate a risk
score which is weakly predictive. By contrast, rare variant
studies implicate just a handful of genes, some of which have
clear physiological roles in control of blood pressure. Variants
with an identifiable role remain cumulatively very rare and,
again, would only explain a small fraction of the contribution
to genetic risk. Presumably the residual genetic risk could be
accounted for, at least in part, by large numbers of rare
variants without obviously predictable effects, occurring both
within and outside coding regions.

From the literature to date, it seems difficult to argue that
findings of genetic research are likely to have a major clinical
impact on the management of hypertension. The inter-
pretable genetic results seem to fit in well with known biology
but do not offer radical, novel insights. There seems little
value in predicting the risk of developing hypertension before
it emerges, and genetic testing would anyway have poor
predictive power. Nor is it easy to see how genetic testing
might be used to guide treatment. Hypertension provides an
example of how research can provide increased knowledge
about the relationships between genetic variation and risk of
developing a common, clinically important phenotype.

Conflict of Interest Statement

The author declares no conflict of interest.

Funding Sources

This study was not supported by any sponsor or funder.

Author Contributions

D.C. reviewed the literature and prepared the manuscript.

Genetic Variants and Hypertension Pulse 2024;12:19–26
DOI: 10.1159/000536505

25

D
ow

nloaded from
 http://karger.com

/pls/article-pdf/12/1/19/4172379/000536505.pdf by U
niversity C

ollege London user on 07 M
arch 2024

https://doi.org/10.1159/000536505


References

1 Weiner DJ, Nadig A, Jagadeesh KA, Dey KK,
Neale BM, Robinson EB, et al. Polygenic
architecture of rare coding variation across
394,783 exomes. Nature. 2023;614(7948):
492–9.

2 Ehret GB, Caulfield MJ. Genes for blood
pressure: an opportunity to understand hy-
pertension. Eur Heart J. 2013;34(13):951–61.

3 Scholl UI, Stölting G, Schewe J, Thiel A, Tan
H, Nelson-Williams C, et al. CLCN2 chloride
channel mutations in familial hyper-
aldosteronism type II. Nat Genet. 2018;50(3):
349–54.

4 Wallace S, Guo DC, Regalado E, Mellor-
Crummey L, Bamshad M, Nickerson DA,
et al. Disrupted nitric oxide signaling due to
GUCY1A3 mutations increases risk for
moyamoya disease, achalasia and hyperten-
sion. Clin Genet. 2016;90(4):351–60.

5 Lee J, Kim SK, Kang HG, Ha IS, Wang KC,
Lee JY, et al. High prevalence of systemic
hypertension in pediatric patients with
moyamoya disease years after surgical
treatment. J Neurosurg Pediatr. 2020;25(2):
131–7.

6 Porath B, Gainullin VG, Cornec-Le Gall E,
Dillinger EK, Heyer CM, Hopp K, et al.
Mutations in GANAB, encoding the gluco-
sidase IIα subunit, cause autosomal-
dominant polycystic kidney and liver dis-
ease. Am J HumGenet. 2016;98(6):1193–207.

7 Yang H, Sieben CJ, Schauer RS, Harris PC.
Genetic spectrum of polycystic kidney and
liver diseases and the resulting phenotypes.
Adv Kidney Dis Health. 2023;30(5):397–406.

8 Newton-Cheh C, LarsonMG, Vasan RS, Levy
D, Bloch KD, Surti A, et al. Association of
common variants in NPPA and NPPB with
circulating natriuretic peptides and blood
pressure. Nat Genet. 2009;41(3):348–53.

9 Salo PP, Havulinna AS, Tukiainen T, Raita-
kari O, Lehtimäki T, Kähönen M, et al.
Genome-wide association study implicates
atrial natriuretic peptide rather than B-type
natriuretic peptide in the regulation of blood
pressure in the general population. Circ
Cardiovasc Genet. 2017;10(6):e001713.

10 Evangelou E, Warren HR, Mosen-Ansorena
D, Mifsud B, Pazoki R, Gao H, et al. Genetic
analysis of over 1 million people identifies
535 new loci associated with blood pressure
traits. Nat Genet. 2018;50(10):1412–25.

11 Liu C, Kraja AT, Smith JA, Brody JA,
Franceschini N, Bis JC, et al. Meta-analysis
identifies common and rare variants influ-
encing blood pressure and overlapping with
metabolic trait loci. Nat Genet. 2016;48(10):
1162–70.

12 Barton AR, Sherman MA, Mukamel RE, Loh
PR. Whole-exome imputation within UK
Biobank powers rare coding variant associ-

ation and fine-mapping analyses. Nat Genet.
2021;53(8);1260–9.

13 Wang Q, Dhindsa RS, Carss K, Harper AR,
Nag A, Tachmazidou I, et al. Rare variant
contribution to human disease in 281,104 UK
Biobank exomes. Nature. 2021;597(7877):
527–32.

14 Backman JD, Li AH, Marcketta A, Sun D,
Mbatchou J, Kessler MD, et al. Exome se-
quencing and analysis of 454,787 UK Bio-
bank participants. Nature. 2021;599(7886):
628–34.

15 Fiziev PP, McRae J, Ulirsch JC, Dron JS,
Hamp T, Yang Y, et al. Rare penetrant mu-
tations confer severe risk of common dis-
eases. Science. 2023;380(6648):eabo1131.

16 Curtis D. Analysis of 200,000 exome-
sequenced UK Biobank subjects implicates
genes involved in increased and decreased
risk of hypertension. Pulse. 2021;9(1–2):
17–29.

17 Curtis D. Analysis of rare variants in
470,000 exome-sequenced UK Biobank par-
ticipants implicates novel genes affecting risk
of hypertension. Pulse. 2023;11(1):9–16.

18 Schillinger KJ, Tsai SY, Taffet GE, Reddy AK,
Marian AJ, Entman ML, et al. Regulatable
atrial natriuretic peptide gene therapy for
hypertension. Proc Natl Acad Sci U S A. 2005;
102(39);13789–94.

19 John SWM, Krege JH, Oliver PM, Hagaman
JR, Hodgin JB, Pang SC, et al. Genetic
decreases in atrial natriuretic peptide and
salt-sensitive hypertension. Science. 1995;
267(5198):679–81.

20 Vandenwijngaert S, Ledsky CD, Lahrouchi N,
KhanMAF,Wunderer F, Ames L, et al. Blood
pressure-associated genetic variants in the
natriuretic peptide receptor 1 gene modulate
guanylate cyclase activity. Circ Genom Precis
Med. 2019;12(8):e002472.

21 Buys E, Sips P. New insights into the role of
soluble guanylate cyclase in blood pressure
regulation. Curr Opin Nephrol Hypertens.
2014;23(2):135–42.

22 Kim CH, Zabetian CP, Cubells JF, Cho S,
Biaggioni I, Cohen BM, et al. Mutations in the
dopamine β-hydroxylase gene are associated
with human norepinephrine deficiency. Am
J Med Genet. 2002;108(2):140–7.

23 Shi Y, Lan F, Matson C, Mulligan P,
Whetstine JR, Cole PA, et al. Histone de-
methylation mediated by the nuclear amine
oxidase homolog LSD1. Cell. 2004;119(7):
941–53.

24 Hashimoto H, Vertino PM, Cheng X. Mo-
lecular coupling of DNA methylation and
histone methylation. Epigenomics. 2010;2:
657–69.

25 Kawakami-Mori F, Nishimoto M, Reheman
L, Kawarazaki W, Ayuzawa N, Ueda K, et al.

Aberrant DNA methylation of hypothalamic
angiotensin receptor in prenatal pro-
grammed hypertension. JCI Insight. 2018;
3(21):e95625.

26 Khera AV, Chaffin M, Aragam KG, Haas
ME, Roselli C, Choi SH, et al. Genome-wide
polygenic scores for common diseases
identify individuals with risk equivalent to
monogenic mutations. Nat Genet. 2018;
50(9):1219–24.

27 Huntley C, Torr B, Sud A, Houlston RS,
Hingorani AD, Jones ME, et al. The impact of
risk stratification by polygenic risk and age on
breast cancer screening in women aged 40–49
years: a modelling study. Lancet. 2023;
402(Suppl 1):S54.

28 Shteinberg M, Haq IJ, Polineni D, Davies JC.
Cystic fibrosis. Lancet. 2021;397(10290):
2195–211.

29 Riveros-Mckay F, Weale ME, Moore R, Sel-
zam S, Krapohl E, Sivley RM, et al. Integrated
polygenic tool substantially enhances coro-
nary artery disease prediction. Circ Genom
Precis Med. 2021;14(2):e003304.

30 Curtis D Clinical relevance of genome-wide
polygenic score may be less than claimed.
Ann Hum Genet. 2019;83(4):274–7.

31 Khan SS, Page C, Wojdyla DM, Schwartz YY,
Greenland P, Pencina MJ. Predictive utility of
a validated polygenic risk score for long-term
risk of coronary heart disease in young and
middle-aged adults. Circulation. 2022;146(8):
587–96.

32 Hingorani AD, Gratton J, Finan C, Schmidt
AF, Patel R, Sofat R, et al. Performance of
polygenic risk scores in screening, prediction,
and risk stratification: secondary analysis of
data in the Polygenic Score Catalog.
BMJ Med. 2023;2(1):e000554.

33 Swen JJ, van der Wouden CH, Manson LE,
Abdullah-Koolmees H, Blagec K, Blagus T, et al.
A 12-gene pharmacogenetic panel to prevent
adverse drug reactions: an open-label, multi-
centre, controlled, cluster-randomised crossover
implementation study. Lancet. 2023;401(10374):
347–56.

34 Van der Linden L. The PREPARE study:
benefits of pharmacogenetic testing are un-
clear. Lancet. 2023;401(10391):1851.

35 Curtis D. The PREPARE study: benefits of
pharmacogenetic testing are unclear. Lancet.
2023;401(10391):1850–1851.

36 Suryawanshi YN, Warbhe RA. Familial hy-
percholesterolemia: a literature review of the
pathophysiology and current and novel
treatments. Cureus. 2023;15(11):e49121.

37 Jeibouei S, Akbari ME, Kalbasi A, Aref AR,
Ajoudanian M, Rezvani A, et al. Personalized
medicine in breast cancer: pharmacogenomics
approaches. Pharmgenomics Pers Med. 2019;
12:59–73.

26 Pulse 2024;12:19–26
DOI: 10.1159/000536505

Curtis

D
ow

nloaded from
 http://karger.com

/pls/article-pdf/12/1/19/4172379/000536505.pdf by U
niversity C

ollege London user on 07 M
arch 2024

https://doi.org/10.1038/s41586-022-05684-z
https://doi.org/10.1093/eurheartj/ehs455
https://doi.org/10.1038/s41588-018-0048-5
https://doi.org/10.1111/cge.12739
https://doi.org/10.3171/2019.9.PEDS1986
https://doi.org/10.1016/j.ajhg.2016.05.004
https://doi.org/10.1053/j.akdh.2023.04.004
https://doi.org/10.1038/ng.328
https://doi.org/10.1161/CIRCGENETICS.117.001713
https://doi.org/10.1161/CIRCGENETICS.117.001713
https://doi.org/10.1038/s41588-018-0205-x
https://doi.org/10.1038/ng.3660
https://doi.org/10.1038/s41588-021-00892-1
https://doi.org/10.1038/s41586-021-03855-y
https://doi.org/10.1038/s41586-021-04103-z
https://doi.org/10.1126/science.abo1131
https://doi.org/10.1159/000517419
https://doi.org/10.1159/000535157
https://doi.org/10.1073/pnas.0506807102
https://doi.org/10.1126/science.7839143
https://doi.org/10.1161/CIRCGEN.119.002472
https://doi.org/10.1161/CIRCGEN.119.002472
https://doi.org/10.1097/01.mnh.0000441048.91041.3a
https://doi.org/10.1016/j.cell.2004.12.012
https://doi.org/10.2217/epi.10.44
https://doi.org/10.1172/jci.insight.95625
https://doi.org/10.1038/s41588-018-0183-z
https://doi.org/10.1016/S0140-6736(23)02103-7
https://doi.org/10.1016/S0140-6736(20)32542-3
https://doi.org/10.1161/CIRCGEN.120.003304
https://doi.org/10.1161/CIRCGEN.120.003304
https://doi.org/10.1111/ahg.12302
https://doi.org/10.1161/circulationaha.121.058426
https://doi.org/10.1136/bmjmed-2023-000554
https://doi.org/10.1016/S0140-6736(22)01841-4
https://doi.org/10.1016/S0140-6736(23)00855-3
https://doi.org/10.1016/S0140-6736(23)00854-1
https://doi.org/10.7759/cureus.49121
https://doi.org/10.2147/PGPM.S167886
https://doi.org/10.1159/000536505

	Genetic Variants Associated with Hypertension Risk: Progress and Implications
	Introduction
	Genetic Associations
	Functional Mechanisms
	Clinical Implications
	Conclusion
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


