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Abstract 
The	genetic	architecture	of	blood	pressure	now	comprises	over	30	genes	with	rare	mutations	

resulting	in	inherited	forms	of	hypertension	or	hypotension	and	1477	common	single	

nucleotide	polymorphisms	(SNPs)	associated	with	blood	pressure.	Monogenic	syndromes	

predominantly	involve	the	renin-angiotensin-aldosterone	system,	the	adrenal	glucocorticoid	

pathway	and	a	smaller	fraction	due	to	neuroendocrine	tumours	of	the	sympathetic	and	

parasympathetic	system.	The	discovery	of	somatic	mutations	causing	aldosterone	producing	

adrenal	adenomas	revealed	the	critical	role	of	calcium	signalling	in	adrenal	aldosterone	

synthesis.	The	per-SNP	BP	effect	is	small	for	SNPs	from	genome	wide	association	studies	and	all	

the	BP	GWAS	SNPs	explain	about	27%	of	the	30-50%	estimated	heritability	of	blood	pressure.	

Whilst	there	is	a	paucity	of	GWAS	SNPs	mapped	to	known	monogenic	genes,	a	GWAS	signal	

mapped	to	the	uromodulin	gene	has	been	shown	to	affect	blood	pressure	through	sodium	

homeostasis,	while	another	appears	to	act	through	endothelin.	Majority	of	the	SNPs	show	

pleiotropic	associations	and	unravelling	these	signals	have	the	potential	to	understand	

underpinning	biological	pathways.	In	this	review,	we	look	at	the	current	state	of	blood	pressure	

genomics	and	explore	causal	pathways	from	mendelian	randomisation	studies	and	

opportunities	for	drug	repurposing	and	pharmacogenomics.	
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Introduction 
Blood	pressure	is	the	pressure	exerted	by	blood	on	walls	of	the	arteries	and	is	critical	to	the	

maintenance	of	oxygen	and	nutrient	delivery	and	cardiovascular	homeostasis.1	Physiological	

regulatory	mechanisms	maintain	blood	pressure	within	a	‘normal	range’	with	lower	and	higher	

values	beyond	this	range	resulting	in	deleterious	consequences	–	ischemia,	myocardial	

infarction,	stroke,	kidney	disease.2	Blood	pressure	is	normally	distributed	in	the	general	

population	exhibiting	a	log-linear	incremental	risk	of	cardiovascular	disease	with	every	1	mmHg	

rise	in	blood	pressure.3	The	transition	from	‘normal’	blood	pressure	to	hypertension	is	currently	

based	on	an	absolute	blood	pressure	value	(that	has	progressively	moved	downwards	over	the	

last	50	years2,4)	at	the	upper	end	of	the	distribution	of	BP	“at	which	the	benefits	of	action	(i.e.,	

therapeutic	intervention)	exceed	those	of	inaction”.5	Hypertension	is	recognised	as	the	leading	

modifiable	risk	factor	responsible	for	the	global	burden	of	cardiovascular	disease	and	disability	

with	an	estimated	1.5	billion	people	are	affected,	and	10.7	million	deaths	(33.2%	of	deaths	due	

to	all	risk	factors)	in	2015	directly	attributable	to	a	systolic	BP	>140	mm	Hg.6	

	

Though	blood	pressure	can	be	parsimoniously	defined	as	the	product	of	cardiac	output	and	

peripheral	arterial	resistance,	these	two	parameters	are	in	turn	regulated	by	a	complex	

network	of	renal,	neural,	cardiac,	vascular,	and	endocrine	mechanisms	under	the	influence	of	

genetic	and	environmental	factors	(Figure	1).	Thus,	blood	pressure	is	a	multifactorial	polygenic	

trait	and	by	extension,	hypertension,	which	is	a	dichotomisation	of	the	quantitative	blood	

pressure	trait	is	likewise	a	multifactorial	complex	trait.	This	has	been	aptly	illustrated	in	the	

1960’s	Page	model	of	hypertension	and	updated	in	2014.7,8	Systolic	blood	pressure	shows	a	

linear	age	related	rise	suggesting	that	increasing	blood	pressure	incites	vascular	injury	or	

dysfunction,	which	in	turn	leads	to	a	vicious	cycle	of	accumulating	vascular	injury	and	higher	

blood	pressures.9	The	age-related	rise	in	blood	pressure	is	observed	only	in	industrialised	

societies	and	not	in	non-westernised-tribal	populations	where	routine	dietary	salt	intake	and	

other	environmental	stressors	and	exposures	that	increase	BP	are	absent.10,11	While	there	are	



clear	environmental	and	occupational	factors	in	addition	to	salt	intake	that	influence	risk	of	

hypertension,12	there	is	now	accruing	evidence	for	considerable	genetic	contribution	from	

monogenic	syndromes	of	high	and	low	blood	pressure	and	the	exponential	rate	of	identification	

of	validated	blood	pressure	single	nucleotide	polymorphisms	(SNPs)	from	genome	wide	

association	studies	(GWAS).13-15	The	causal	genetic	mutations	have	been	established	as	

necessary	and	sufficient	to	cause	the	blood	pressure	phenotypes	in	monogenic	syndromes.	In	

contrast,	GWAS	SNPs	may	provide	the	necessary	conditions	but,	by	themselves,	do	not	provide	

sufficient	cause	for	the	manifestation	of	the	blood	pressure	phenotype.	In	this	review,	we	

provide	a	broad	perspective	on	how	genomics	has	transformed	our	understanding	of	blood	

pressure	and	hypertension	and	provide	a	context	for	the	opportunities	and	challenges	for	their	

full	clinical	potential	to	be	realised.	A	detailed	description	of	all	the	genetic	variants	and	

molecular	mechanisms	is	not	provided	as	these	areas	have	been	reviewed	recently.13	

	

Genetic contribution to blood pressure and hypertension 
There	is	now	substantial	support	from	multiple	lines	of	observational	evidence	that	indicate	

genetics	play	a	non-trivial	role	in	the	regulation	of	blood	pressure.	These	are	summarised	

below.		

• Family	and	twin	studies	indicate	a	substantial	heritable	component	for	blood	pressure	

with	heritabilities	ranging	from	15%	to	40%	for	clinic	systolic	blood	pressure(SBP),	and	

15%	to	30%	for	clinic	diastolic	blood	pressure	(DBP),	69%	and	51%	for	ambulatory	SBP	

and	DBP	respectively.16,17	Heritability	is	a	property	of	the	population	studied	and	whilst	

most	of	the	estimates	are	obtained	from	European	populations,	there	is	data	from	

African	ancestry	individuals	showing	similar	levels	of	heritability.18	

• Monozygotic	twins	show	a	greater	correlation	of	blood	pressure	compared	to	dizygotic	

twins.19	Family	studies	have	shown	risk	of	hypertension	in	an	individual	increases	in	the	

presence	of	parental	and	grandparental	history	of	hypertension.20	The	familial	risk	of	

hypertension	is	likely	to	be	due	to	genetic	factors	after	statistical	modelling	showed	that				

hypertension	in	grandchildren	from	grandparents	persisted	after	adjustment	for	secular	



trends,	inter-generational	differences	in	lifestyle	and	behaviour,	physical	activity	and	

dietary	sodium	intake.20	

• The	existence	of	rare	monogenic	forms	of	high	and	low	blood	pressure	with	the	

identification	of	their	underlying	causal	mutations	indicates	the	role	of	specific	genetic	

pathways	primarily	centred	in	the	kidneys	and	adrenal	glands	to	have	a	major	impact	on	

blood	pressure.13		

• The	burst	of	discoveries	in	the	genome	wide	era	has	unequivocally	established	the	

polygenic	component	in	the	genetic	architecture	of	blood	pressure.14	

• Genetically	determined	systolic	blood	pressure	based	on	12	polymorphisms	associated	

with	blood	pressure	from	genome	wide	association	studies	was	shown	to	be	causally	

associated	with	the	age-related	rise	in	systolic	blood	pressure.21	This	supports	the	

hypothesis	that	increased	SBP	(inferred	from	genetic	risk	alleles)	causes	vascular	injury,	

which	in	turn	leads	to	higher	SBP	longitudinally.	

Genetic architecture of hypertension 
The	genetic	architecture	of	a	trait	encompasses	all	genetic	factors	and	their	characteristics	

involved	in	the	expression	of	the	phenotype,	and	is	important	for	screening	for	and	diagnosing	

disease	as	well	as	enhancing	biological	understanding,	drug	development	and	gene	mapping.22	

It	comprises	the	number	of	variants	influencing	a	phenotype,	the	magnitude	of	their	effects	on	

the	phenotype,	the	population	frequency	of	these	variants	and	their	interactions	with	each	

other	and	the	environment.	Figure	2	depicts	the	current	genetic	architecture	of	blood	pressure	

including	31	different	genes	harbouring	rare	causal	variants	for	monogenic	syndromes	of	high	

and	low	blood	pressure	and	over	1477	common	SNPs	associated	with	blood	pressure	traits	

from	GWAS.13-15	The	preponderance	of	common	over	rare	variants	is	a	reflection	of	the	late	

onset	nature	of	hypertension	making	it	less	susceptible	to	purifying	selection.	The	multifactorial	

nature	of	blood	pressure	regulation	was	exemplified	by	the	Page	mosaic	theory	of	

hypertension7	of	1960	which	posited	that	essential	hypertension	(HTN)	is	not	one	disease,	but	

several	different	diseases	with	different	origins	and	development	which	included	interactions	

among	genetics,	environment,	adaptive,	neural,	mechanical,	and	hormonal	perturbations	

(sympathetic	nervous	system,	renin-angiotensin-aldosterone	system).	The	increasing	



availability	of	large	prospective	population-based	cohorts	has	enabled	genetic	association	

studies	to	be	conducted	across	a	wide	range	of	phenotypes-	phenome-wide	association	studies	

(PheWAS)	revealing	pervasive	pleiotropy	of	a	majority	of	the	BP	SNPs.	The	transition	from	the	

original	Page’s	mosaic	model	(a	wireframe	model	depicting	the	multifactorial	nature	of	

hypertension)	through	an	update	in	2014	with	results	from	early	GWAS	studies	to	its	latest	

iteration	in	Figure	2	showcase	the	enormous	progress	that	have	been	made	in	unravelling	the	

genetic	architecture	of	blood	pressure,	the	eclipsing	of	monogenic	traits	by	polygenic	signals	

and	the	scale	of	integrating	evidence	from	pleiotropic	associations	with	other	phenotypes	

including	lifestyle	and	environmental	influences.	

	

Monogenic syndromes 
The	monogenic	blood	pressure	syndromes	all	present	with	the	same	BP	phenotype,	but	are	

essentially	separate	diseases	differentiated	by	additional	clinical	or	laboratory	characteristics	

and	the	causative	genetic	mutation.		Molecular	and	clinical	details	of	monogenic	syndromes	

have	been	reviewed	in	detail	recently	and	we	refer	to	the	reader	to	these	articles.13,23	The	

details	of	pathways	and	genes	involved	in	monogenic	hypertension	are	presented	in	Figure	1	

and	Table	1.The	monogenic	variants	tend	to	have	large	effects	on	blood	pressure,	around	20-50	

mmHg	and	while	not	contributing	significantly	to	the	public	health	burden	of	hypertension,	

their	value	lies	in	helping	understand	the	blood	pressure	regulatory	pathways	that	they	have	

uncovered.	An	interesting	theory	invoking	herterozygote	advantage	to	indicate	a	role	for	rare	

variations	in	hypertension	came	from	a	study	of	pathogenic	alleles	in	SLC12A1,	KCNJ1,	and	

SLC12A3	associated	with	a	reduction	blood	pressure	reduced	risk	of	hypertension	in	the	

Framingham	heart	study,	though	this	is	yet	to	be	validated.24		

	

The	mechanisms	of	salt-sensitive	hypertension	mediated	through	aldosterone	was	elucidated	

through	the	mutations	causing	glucocorticoid-remediable	aldosteronism,	Liddle	syndrome,	

congenital	adrenal	hyperplasia	(deficiencies	of	steroid	11β-hydroxylase	or	17α-hydroxylase)	

and	apparent	mineralocorticoid	excess	which	are	all	characterised	by	low	plasma	renin	activity,	

hypokalaemia,	and	a	degree	of	metabolic	alkalosis.25,26	About	40%	of	patients	with	adrenal	



aldosterone-producing	adenoma	(APA)	have	somatic	gain-of-function	mutations	in	Potassium	

Inwardly	Rectifying	Channel	Subfamily	J	Member	5	(KCNJ5)	gene.23	Around	7%	of	APAs	are	due	

to	somatic	mutations	in	ATPase	Na+/K+	Transporting	Subunit	Alpha	1		(ATP1A1),	ATPase	Plasma	

Membrane	Ca2+	Transporting	3	(ATP2B3),	Calcium	Voltage-Gated	Channel	Subunit	Alpha1	D	

(CACNA1D)	and	Catenin	Beta	1	(CTNNB1).23	Mutations	in	these	genes	are	less	frequent	in	

inherited	cases	of	primary	hyperaldosteronism	and	this	raises	the	possibility	that	HTN	could	be	

due	to	a	multiplicity	of	uncommon	variants.23	The	mutations	in	KCNJ5,	CACNA1D,	ATP1A1	and	

ATP2B3	highlight	the	crucial	role	of	calcium	signalling	in	autonomous	adrenal	aldosterone	

production.27	The	mechanisms	underlying	CTNNB1-mediated	APA	formation	have	not	been	

elucidated	yet.28		

	

Mutations	in	transporters	in	different	segments	of	the	nephron	have	enhanced	our	

understanding	of	sodium	and	electrolyte	regulatory	mechanisms	in	the	kidney	and	their	impact	

on	blood	pressure.	The	role	of	the	distal	convoluted	tubule	(DCT)	in	blood	pressure	regulation	

was	clarified	through	dissection	of	Gordon	Syndrome	(pseudohypoaldosteronism	type	II)	which	

causes	hyperkalaemic	hypertension	with	mild	metabolic	acidosis.	The	major	sodium	transporter	

in	the	DCT	is	Na+/Cl+	ion	cotransporter	(NCC).	Gordon	Syndrome	is	caused	by	mutations	in	two	

serine-threonine	kinase	(With	No	Lysine	Kinase	1	and	4,	WNK1	and	WNK4)	genes,	which	inhibit	

NCC	expression	and	sodium	flux.	Additionally,	mutations	in	Cullin-3	(CUL3)	and		Kelch3	(KLHL3)	

which	are	involved	in	the	ubiquitination	and	degradation	of	WNK	kinases	also	cause	Gordon	

syndrome.	Gitelman	and	Bartter	syndromes	are	forms	of	salt	losing	tubulopathies	characterized	

by	hypokalaemic	alkalosis	with	normal	to	low	blood	pressure	due	to	dysfunctional	

transepithelial	electrolyte	transport	in	the	thick	ascending	limb	of	loop	of	Henle’s	loop	(TAL),	

the	distal	convoluted	tubule	(DCT	disorders),	or	both.29		Classical	Bartter	syndrome	Type	I	and	II	

are	due	to	mutations	in	Solute	Carrier	Family	12	Member	1		(SLC12A1)	and	Potassium	Inwardly	

Rectifying	Channel	Subfamily	J	Member	1	(KCNJ1)	genes	encoding	respectively	the	Na+/K+/2Cl-

cotransporter	2	(NKCC2)	and	the	renal	outer	medullary	potassium	channel	(ROMK)	in	the	TAL,	

while	Bartter	Type	III	and	V	are	DCT	disorders	due	to	mutations	in	the	chloride	channel	ClC-Kb	

(CLCNKB)	and	calcium	sensing	receptor	(CASR)	respectively.	Bartter	syndrome	with	



sensorineural	deafness	is	a	combined	TAL	and	DCT	disorder	due	to	genetic	defects	of	chloride	

channels	ClC-Ka	(CLCNKA)	and	CLCNKB,	and	the	beta-subunit	of	barttin	(BSND).	Antenatal	

Bartter	syndrome	is	a	severe	form	manifesting	in	utero	with	foetal	polyuria	and	hydramnios	

due	to	mutations	in	SLC12A1	and	KCNJ1	genes	(NKCC2	and	ROMK).29	Recently	a	new	form	of	

Bartter	syndrome	(transient	antenatal	Bartter	syndrome)	due	to	mutations	in	the	melanoma-

associated	antigen	D2	(MAGED2)	which		maps	to	the	X	chromosome	has	been	identified	which	

is	a	combined	TAL/DCT	disorder	presenting	with	polyhydramnios	and	salt	wasting.30	Autosomal	

hypertension	with	type	E	brachydactyly	(HTNB)	is	a	monogenic	syndrome	that	causes	

hypertension	through	vascular	mechanisms	involving	phosphodiesterase	3A	leading	to	

increased	neointimal	proliferation	and	remodelling	of	the	arteries	and	neurovascular	

structures.31	Phaeochromocytomas	and	paragangliomas	(PCC/PGLs)	are	rare	neuroendocrine	

tumours	of	the	adrenal	glands	and	the	sympathetic	and	parasympathetic	paraganglia	that	

cause	hypertension	through	catecholamine	hypersecretion.	PCC/PGLs	are	associated	with	12	

genetic	syndromes	classified	into	three	clusters	pseudohypoxic,	Wnt-signaling,	and	kinase-

signaling	clusters.	Each	cluster	has	unique	clinical,	molecular	and	imaging	characteristics	that	

can	be	inform	precision	medicine.32,33	The	pseudohypoxia	group	comprises	of	tricarboxylic	acid	

(TCA)	cycle	and	VHL/EPAS1	-related	subgroups.	The	tricarboxylic	acid	(TCA)	cycle–related	

subgroup	is	due	to	germline	mutations	in	succinate	dehydrogenase	subunits	SDHA,	SDHB,	

SDHC,	SDHD,	SDHAF2	(SDHx)	and	fumarate	hydratase	(FH).	The	VHL/EPAS1-related	subgroup	is	

caused	by	somatic	and	germline	mutations	in	Von	Hippel–Lindau	tumour	suppressor	(VHL)	and	

Endothelial	PAS	domain	protein	1(EPAS1)	genes	resulting	in	multiple	and	recurrent	PGLs.	The	

Wnt	signaling	group	consists	of	somatic	mutations	in	Cold	shock	domain	containing	E1	(CSDE1)	

and	Mastermind	like	transcriptional	coactivator	3	(MAML3).	The	kinase	signalling	group	consists	

of	germline	or	somatic	mutations	in	Ret	proto-oncogene	(RET),	Neurofibromin	1	(NF1),	

Transmembrane	protein	127	(TMEM127),	MYC-associated	factor	X	(MAX),	and	HRas	proto-

oncogene,	GTPase	(HRAS).	Approximately,	60%	of	PCC/PGLs	are	caused	by	known	genetic	

mutations.	About	10%	of	PCCs	and	35–40%	of	PGLs	are	metastatic.		The	predictors	of	

metastatic	disease	include	size	(≥5–6	cm),	extra-adrenal	location	of	the	primary	tumour,		

noradrenergic/dopaminergic	biochemical	phenotype,	mutations	of	the	succinate	



dehydrogenase	A	and	B	(SDHA/B)	genes,	tumour	multiplicity/recurrence,	and	age	at	first	

presentation	(<20	years).34	

Polygenic hypertension 
GWAS	have	transformed	our	understanding	of	complex	traits	but	their	clinical	impact	has	been	

limited.	A	major	limitation	has	been	the	difficulty	in	linking	SNP	to	causal	gene	and	function	

primarily	because	a	most	of	the	GWAS	variants	are	found	in	intergenic	or	intronic	regions	with	

only	~10%	located	in	the	coding	sequence.35,36	The	key	aspects	of	blood	pressure	GWAS	are	

summarised	below.	

(1) All	the	BP	GWAS	SNPs	explain	about	27%	of	the	30-50%	estimated	heritability	of	blood	

pressure	and	explain	about	5.7%	of	the	phenotypic	variance	of	SBP.14		

(2) The	effect	size	of	any	SNP	on	blood	pressure	is	small,	approximately	1	mmHg	for	SBP	

and	0.5	mmHg	for	DBP;		

(3) GWAS	SNPs	are	tag-SNPs,	which	means	they	are	likely	not	causal	SNPs,	but	correlate	

with	the	functional	variant	elsewhere.		

(4) Majority	of	the	BP	loci	are	likely	to	be	in	novel	genes	and	in	blood	pressure	GWAS	with	

a	lower	likelihood	of	identifying	signals	among	known	monogenic	genes.		

(5) Majority	of	the	SNPs	identified	in	GWAS	are	common	with	allele	frequencies	>1%	in	the	

population.		

(6) The	GWAS	signals	are	predominantly	from	studies	of	European	ancestry	subjects	with	

other	ancestries	under-represented	and	limiting	the	generalisability	of	the	findings.		

(7) GWAS		SNP	arrays	do	not	capture	rare	variants	and	structural	variations	in	the	genome.	

Information	is	also	limited	from	regions	of	low	linkage	disequilibrium	in	the	genome.		

(8) The	utility	of	incorporating	all	variants	into	a	genetic	risk	score	(GRS)	for	individual	risk	

prediction	is	still	not	established	and	there	is	a	potential	for	miss-estimation	of	risks	in	

non-European	ancestries.37	A	one-standard	deviation	increase	in	GRS	score	was	

associated	with	a	3.9,	2.4	and	2.6	mmHg	increase	in	SBP	respectively	among	European,	

African	and	South-Asian	descent	individuals	in	the	UK	BioBank;14		

(9) Large	scale	collaborations	using	whole	genome	sequencing	in	multi-ethnic	populations	

such	as	Trans-Omics	for	Precision	Medicine	(https://www.nhlbi.nih.gov/science/trans-



omics-precision-medicine-topmed-program)	are	designed	to	fill	the	gaps	in	knowledge	

base	of	genomic	and	other	omic	markers	of	hypertension	and	cardiovascular	disease	

with	a	view	to	accelerating	precision	medicine.	

	

Novel pathways from GWAS 
A	5’-promoter	SNP,	rs13333226,	near	the	uromodulin	gene	(UMOD)	was	discovered	from	a	

GWAS	of	blood	pressure	extremes.38	This	SNP	affects	urinary	uromodulin	levels	the	product	of	

UMOD	which		exclusively	expressed	in	the	thick	ascending	limb	of	the	loop	of	Henle	(TAL)	in	the	

kidney	where	25%	of	the	filtered	sodium	is	reabsorbed.	Uromodulin	knock-out	mice	have	low	

blood	pressure,	absent	urinary	uromodulin	and	absent	salt-induced	rise	in	BP	(shift	to	the	left	of	

the	pressure-natriuresis	curve).39	This	has	identified	a	novel	pathway	of	blood	pressure	and	

renal	function	regulation	through	possible	interaction	with	the	Na+-K+-2Cl-	cotransporter	

(NKCC2)	in	the	TAL.	NKCC2	is	blocked	by	the	commonly	used	loop-diuretic	furosemide,	which	

was	shown	by	Trudu	et	al40	to	significantly	enhance	natriuresis	and	reduce	BP	levels	both	in	the	

transgenic	mice	and	in	the	hypertensive	individuals	homozygous	for	the	UMOD	increasing	

allele.	This	is	now	the	basis	of	a	clinical	trial	(www.clinicaltrials.gov	NCT03354897)	to	reposition	

a	loop	diuretic	in	the	hypertension	care	pathway.	Three	SNPs	from	BP	GWAS	are	related	to	the	

endothelin	pathway	–	rs9349379	(PHACTR1),	rs1630736	(EDN1),	rs10305838	(EDNRA).	The	

minor	allele	of	the	intronic	SNP,	rs9349379,	in	the	phosphatase	and	actin	regulatory	protein	1	

(PHACTR1)	gene	associated	with	increased	risk	of	coronary	artery	disease	but	decreased	risk	of	

migraine,	cervical	artery	dissection,	fibromuscular	dysplasia,	and	hypertension.	This	SNP	

subsequently	has	been	shown	to	be	a	distal	regulator	of	EDN1	expression.41,42	Endothelin	1	(ET-

1)	is	the	most	abundant	endothelin	isoform	which	acts	in	a	paracrine	manner	on	vascular	

smooth	muscle	cells	(VSMC)	to	produce	its	potent	vasoconstrictor	effect	mediated	via	ET	

subtype	A	(ETA)	and	ET	subtype	B	(ETB)	receptors.
43	Endothelin	receptor	antagonists	have	

demonstrated	a	blood	pressure	lowering	effect	but	did	not	gain	traction	as	an	antihypertensive	

agent	because	of	side-effects	or	failure	to	meet	clinical	trial	primary	end-points.43,44	There	is	

encouraging	data	from	phase	II	study	with	aprocitentan,	a	dual	ETA/ETB	endothelin	receptor	

antagonist,45	and	this	has	now	progressed	to	a	phase	III	trial,	the	PRECISION	study	



(www.clinicaltrials.gov	NCT02603809).	There	is	also	evidence	that	endothelins	play	a	role	in	

non-obstructive	CAD46	and	a	genotype	directed	trial	using	zibotentan	is	currently	underway	

(www.clinicaltrials.gov	NCT04097314).	Other	potential	targets	identified	include	NPR3	

(natriuretic	peptide	receptor	C)	affecting	blood	pressure	through	increased	vascular	smooth	

muscle	cell	proliferation,	angiotensin	II-induced	calcium	flux	and	contraction;47	Two	other	loci	

that	are	of	interest	include	the	Sodium	Bicarbonate	Cotransporter,	Member	7	(	SLC4A7)	and	

Solute	Carrier	Family	39	(Zinc	Transporter),	Member	8	(SLC39A8)	loci.48,49	The	SLC39A8	locus	is	

associated	with	an	Ala391Thr	variation	where	blood	pressure	increasing	Ala391	variant	is	

associated	with	increased	ERK2	phosphorylation,	NFkB	activation,	cadmium	accumulation	and	

reduced	vascular	endothelial	cell	viability.49		

	

Polygenic risk scores 
As	the	genetic	make-up	of	an	individual	is	largely	stable	from	birth,	genetic	information	has	the	

potential	to	act	as	an	early	risk	predictor.	Essential	HTN	is	influenced	by	multiple	genetic	

variants	with	small	individual	effect	sizes,	so	meaningful	risk	prediction	necessitates	examining	

the	aggregated	impact	of	these	multiple	variants	through	calculation	of	a	single	metric	that	

represents	an	individual's	overall	genetic	risk.	Initially	this	was	calculated	as	a	simple	genetic	

risk	score	(GRS)	which	is	a	simple	additive	count	of	the	number	of	risk	alleles	(usually	from	a	

few	SNPs	from	GWAS,	sometimes	weighted	by	effect	sizes)	carried	by	each	individual.50	More	

recently,	with	the	recognition	that	SNPs	that	do	not	meet	highly	stringent	significance	

thresholds	for	genome-wide	association	could	also	be	predictive	of	disease,		a	broader	range	of	

SNPs,	ranging	from	thousands	to	millions	have	been	used	to	generate	an	enhanced	GRS	termed	

polygenic	risk	score	(PRS).51		It	is	important	to	highlight	that	the	risk	information	provided	by	

the	PRS	is	a	probabilistic	range	and	this	is	different	from	the	risk	information	from	genetic	

markers	of	monogenic	disorders,	which	is	dichotomous	(either	high	or	low	probability	of	

disease).	Additionally,	the	rare	variant	genotype	points	to	specific	biological	impact	of	the	

variant	while	the	PRS	is	an	amalgamation	of	numerous	small-effect	variants	across	the	genome	

with	no	specific	pathway	implicated.	A	PRS	constructed	using	all	significant	BP	GWAS	SNPs	

showed	a	significant	association	with	stroke,	coronary	artery	disease,	heart	failure,	and	left	



ventricular	mass	but	not	with	renal	function.21,52		Compared	to	the	bottom	20%	of	the	GRS	

distribution,	the	top	20%	was	associated	with	a	35-40%	increased	risk	of	cardiovascular	disease,	

MI	and	stroke.14	The	estimated	odds	ratio	for	a	5	mmHg	increase	in	SBP	on	the	risk	of	coronary	

artery	disease	is	around	1.30[1.18–1.44]	supporting	the	hypothesis	that	SBP	is	causally	related	

to	coronary	artery	disease	risk.	This	aligns	with	evidence	from	meta-analysis	of	clinical	trials		

which	show	every	10	mm	Hg	reduction	in	systolic	blood	pressure	significantly	reduced	the	risk	

of	major	cardiovascular	disease	events	by	17%-27%.53	Lifelong	genetic	exposure	to	lower	

systolic	blood	pressure	using	blood	pressure	GWAS	SNPs	as	genetic	instruments	showed	

participants	with	SBP	genetic	scores	higher	than	the	median	had	2.9-mm	Hg	lower	SBP	and	an	

OR	of	0.82	for	major	coronary	events	(95%	CI,	0.79-0.85,	P < .001).54	Indeed,	this	mendelian	

randomisation	study	confirms	the	independent	associations	of	LDL-C	and	SBP	in	a	dose-

dependent	log-linear	manner	with	the	risk	of	cardiovascular	disease.54			The	lack	of	association	

between	blood	pressure	PRS	and	renal	function	also	suggests	that	progression	of	renal	damage	

due	to	HTN	may	continue	despite	control	of	HTN.	Whilst	there	is	considerable	interest	in	the	

use	of	PRS	as	a	biomarker	for	early	intervention	or	preventive	strategies,	this	depends	on	its	

ability	to	motivate	healthy	behaviour	changes	for	which	evidence	is	not	consistent.55-57	A	recent	

study	from	the	UK	BioBank	showed	that	adherence	to	a	healthy	lifestyle	(including	healthy	diet,	

limited	alcohol	consumption,	low	urinary	sodium	excretion,	low	body	mass	index,	and	increased	

physical	activity)	was	associated	with	lower	blood	pressure	regardless	of	the	underlying	blood	

pressure	genetic	risk	suggesting	that	genetically	predetermined	rise	in	blood	pressure	and	its	

complications	can	be	offset	at	least	to	some	extent	by	healthy	lifestyle.58	Prospective	

randomized	controlled	trials	are	essential	to	translate	these	findings	into	clinical	practice.	

	

Polygenic	scores	have	mostly	been	developed	in	exclusively	or	majority	European	populations	

and	there	are	concerns	about	the	transferability	of	current	PRS	derived	from	European	ancestry	

populations	to	other	ancestries.	Preliminary	data	indicate	that	PRS	can	still	discriminate	

between	high	and	low	risk	groups	in	other	ethnicities,59	but	they	don't	perform	as	well,	

indicating	clinical	uses	of	PRS	today	would	systematically	afford	greater	improvement	for	

European-descent	populations	and	thus	exacerbate	health	disparities.37	The	strategies	to	



address	inequities	range	from		recalibration	of	scores	or	variant	weightings	for	alternative	

populations	and	establishing	large	GWAS	projects	in	more	diverse	or	non-European	

populations.60,61	Until	these	strategies	yield	ancestry	specific	data,	currently	the	applicability	of	

PRS	will	only	be	possible	in	European	ancestry	populations.	

Pleiotropy and causality 
Phenome-	wide	association	studies	(PheWAS)	are	similar	to	a	genome-wide	association	study	

(GWAS),	but	here	each	genetic	variant	is	analysed	for	association	with	a	multitude	of	

phenotypes.	PheWAS	permit	identification	of	pleiotropic	SNPs	and	overlapping	traits	to	identify	

shared	pathways	that	may	help	prioritise	signals	for	follow-up	studies.	We	performed	a	look-up	

of	all	the	1477	BP	SNPs	in	GWAS	catalogue	and	PhenoScanner	to	identify	all	non-blood	pressure	

traits	significantly	associated	with	these	SNPs	using	a	p-value	threshold	of	5x10-5.62,63	This	figure	

encapsulates	the	breadth	of	multi-trait	associations	of	BP	SNPs	from	clearly	plausible	correlated	

traits	to	unexpected	novel	traits.	Surprisingly,	cardiovascular	complications	of	hypertension	

such	as	coronary	artery	disease,	stroke	and	atrial	fibrillation	show	fewer	pleiotropy	with	BP	

compared	to	adiposity,	anthropometric	and	haematological	traits.	

	

As	genotypes	are	determined	at	conception,	they	are	independent	of	environmental	and	life-

style	factors	and	cannot	be	altered	by	disease.	This	means	genotype	variation	can	be	leveraged	

as	a	natural	experiment	to	establish	causal	relationships	between	risk	factors	and	health	

outcomes.	This	is	the	basis	for	Mendelian	randomisation	studies.64	The	next	few	paragraphs	

look	in	detail	at	the	pleiotropic	traits	through	the	lens	of	published	mendelian	randomisation	

studies	to	determine	if	these	pleiotropic	traits	have	a	causal	role	in	blood	pressure	regulation	

and	hypertension.		

Figure	3	summarises	the	scale	of	pleiotropy	of	all	the	BP	SNPs	from	GWAS	studies.	Only	a	

minority	of	the	over	1400	SNPs	are	non-pleiotropic	and	only	6	SNPs	lie	in	genes	known	to	

harbour	mutations	for	monogenic	blood	pressure	syndromes.	The	highest	number	of	

pleiotropic	signals	are	for	anthropometric	traits	which	includes	height,	BMI,	measures	of	

adiposity	and	visceral	fat.	Next	are	haematological	traits	which	include	RBC,	WBC	and	platelet	



measurements.	Despite	the	high	risk	of	stroke	with	hypertension,	there	are	only	4	BP	SNPs	that	

also	associate	with	stroke.	There	are	79	SNPs	which	also	associate	with	CAD,	and	a	majority	of	

these	overlap	with	lipid	trait	associations.	These	pleiotropic	associations	require	further	

interrogation	to	determine	if	these	indicate	causal	relationships	with	blood	pressure	or	if	these	

associations	reflect	confounding	or	reverse	causation.	In	this	context,	we	now	summarise	

various	mendelian	randomisation	studies	that	have	tried	to	shed	light	on	these	associations.	

Adiposity 

Epidemiological	studies	show	a	correlation	between	BP	and	BMI	with	each	5	kg	weight	

reduction	reducing	SBP	by	4	mmHg.65	In	order	to	establish	a	causal	role	of	BMI	on	blood	

pressure,	one	mendelian	randomisation	analysis	used	two	SNPs	robustly	associated	with	BMI	

(rs9939609	in	the		Alpha-Ketoglutarate	Dependent	Dioxygenase	(FTO)	and	rs17782313	in	the	

Melanocortin	4	Receptor	(MC4R)	genes)	and	showed	a	10%	elevation	in	genotypically	

determined	BMI	was	associated	with	a	3	mm	Hg	increase	in	systolic	BP.66	While	visceral	fat	is	

known	to	be	a	better	marker	of	cardiovascular	risk,	there	is	data	to	show	that	higher	fat	mass	

index	and	BMI	are	similarly	associated	with	higher	blood	pressure	suggesting	that	BMI	may	be	a	

useful	surrogate	for	visceral	fat.67			

Alcohol intake 

Eighteen	BP	SNPs	show	pleiotropic	association	with	alcohol	intake.	Interventional	trials	show	a	

strong	dose-response	between	reduction	in	alcohol	intake	and	BP	reduction.68	A	causal	link	

between	alcohol	intake	and	blood	pressure	level	has	been	explored	using	mendelian	

randomisation	studies	employing	two	indicator	variables	-	rs1229984	mutation	in	alcohol	

dehydrogenase	1	(ADH1)	and	rs1229984)	and	rs671	in	aldehyde	dehydrogenase	2	(ALDH2)	

genes.	The	rs1229984	variant	common	in	Caucasians	heightens	ADH1	activity	leading	to	more	

rapid	oxidation	of	alcohol	to	acetaldehyde,	while	the	rs671	variant	common	in	East	Asian	

populations	inhibits	metabolism	of	acetaldehyde	by	suppressing	ALDH2.	A	large	Mendelian	

randomisation	meta-analysis	of	56	epidemiological	studies	with	261,991	participants	of	

European	descent	using	the	rs1229984	variant	showed	lower	genotype-predicted	alcohol	

intake	was	associated	with	low	SBP.	Similarly	a	study	from	the	China	Kadoorie	Biobank	involving	

161,498	participants	and	using	both	rs1229984	and	rs671	showed	SBP	increased	by	4·8	mmHg	



per	280	g/week	genotype-predicted	alcohol	intake	only	in	males.69,70	The	gender	difference	

may	be	explained	by	male	drinkers	likely	consuming	more	per	drinking	session	than	females.	

While	both	epidemiological	and	mendelian	randomisation	results	show	consistent	results,	a	

caveat	need	to	be	acknowledged	that	ALDH2	genotype	is	independently	associated	with	blood	

pressure	as	well,	independent	of	alcohol	consumption,	which	renders	this	variant	unsuitable	for	

mendelian	randomisation	analysis.			

Birth weight 

There	are	28	BP	SNPs	associated	with	birth	weight	out	of	the	65	SNPs	that	have	been	associated	

with	birth	weight	in	genome-wide	association	studies	(GWAS).	These	results	suggest	that	there	

are	common	biological	pathways	that	affect	infant	survival		and	future	risk	of	cardio-metabolic	

diseases	in	adulthood.71	The	observation	that	higher	blood	pressure	in	later	life	is	associated	

with	low	birth	weight	has	two	possible	explanations	from	a	mendelian	randomisation	analysis.	

It	shows	that	maternal	BP	lowering	alleles	are	associated	with	lower	offspring	birth	weight	

(indirect	maternal	effect),	but	the	same	alleles	inherited	by	the	foetus	result	in	future	higher	

blood	pressure	(direct	foetal	effect).	Birth	weight-lowering	genotypes	in	the	mother	does	not	

associate	with	higher	offspring	BP	implying	that	the	inverse	birth	weight-blood	pressure	

association	is	due	to	genetic	effects	rather	than	intrauterine	effects.72	

Height 

Height	is	a	pleiotropic	association	with	199	BP	SNPs.	Several	epidemiological	studies	have	

reported	inverse	association	between	adult	height	and	blood	pressure	(BP).	One	reason	for	high	

SBP	in	short	individuals	is	presumed	to	be	due	to	early	appearance	of	reflected	waves	during	

systole	which	combines	with	the	forward	wave	leading	to	amplification	of	SBP.73	In	humans,	

taller	height	is	associated	with	reduced	risk	of	hypertension	and	CAD	but	increased	risks	of	

atrial	fibrillation,	venous	thromboembolism,	neoplasms.74	194	BP	SNPs	also	showed	significant	

association	with	height.	Mendelian	randomisation	analyses	showed	a	one-standard	deviation	

higher	genetically	determined	height	(~6.5 cm)	results	in	a	16%	decreased	risk	of	CAD75	and	a	

12%	decreased	risk	of	hypertension.74	Height	and	lung	function	are	closely	correlated	with	a	

large	number	of	shared	genetic	loci	and	lung	function	has	been	shown	to	be	the	mediator	of	

the	effect	of	height	on	CAD	rather	than	blood	pressure.75		



Heart rate 

Sixty-one	BP	SNPs	show	pleiotropic	association	with	heart	rate.	Observational	studies	show	that	

increased	heart	rate	is	a	common	feature	in	hypertensive	patients	and	elevated	heart	rate	is	

associated	with	the	development	of	hypertension.76	Mendelian	randomisation	studies	of	SNPs	

showed	only	a	minor	effect	of	resting	heart	rate	on.77	

Haematological traits 

Blood	cells	are	essential	for	oxygen	transport,	haemostasis,	innate	and	acquired	immune	

responses,	iron	homeostasis,	vascular	and	endothelial	function.	Observational	studies	show	and	

association	of	associations	of	total	white	blood	cell,	granulocyte,	and	neutrophil	counts	and	RBC	

traits	with	CHD	risk.78-84	Mendelian	randomisation	studies	indicate	that	there	is	no	causal	link	

between	red	blood	cell	count,	total	white	blood	cell,	granulocyte,	and	neutrophil	counts	with	

CHD	risk.85	Interestingly,	there	is	evidence	for	a	weak	positive	association	of	CHD	risk	with	

reticulocyte	indices	and	the	weak	inverse	association	of	CHD	risk	with	platelet	volume.85	

Reticulocyte	count	showed	a	weak	direct	association	with	CHD	risk,85	and	a	possible	

explanation	for	this	relate	to	higher	reticulocyte	count	reflecting	increased	haemolysis	with	

consequent	higher	circulating	free	haemoglobin	which	depletes	NO.86	Furthermore,	free	

haemoglobin	in	blood	substitutes	leads	to	reduced	nitrous	oxide,	increased	vasoconstriction,	

and	a	higher	risk	of	acute	myocardial	ischaemia.87	Increasing	platelet	volume	shows	a	weak	

causal	relationship	with	lower	CHD	risk,85	in	contrast	to	systematic	reviews	and	observational	

studies,88	warranting	further	investigation.		

Education and socio-economic status 

Socioeconomic	factors	such	as	education	have	been	associated	with	cardiovascular	disease,	

though	educational	opportunities	are	not	equitably	distributed	in	the	population	and	

interventional	studies	are	difficult.89	A	UK	BioBank	mendelian	randomisation	study	showed	

each	additional	standard	deviation	of	education	(3.6	years)	was	associated	with	a	37%	lower	

risk	of	coronary	heart	disease,	and	21%	of	this	protective	effect	was	mediated	through	systolic	

blood	pressure	with	BMI	and	smoking	mediating	another	21%.90			



Alzheimer’s disease 

Inherited	lifetime	exposure	to	higher	SBP	is	associated	with	lower	AD	risk	(odds	ratio	[OR]	per	

standard	deviation	[15.4	mm	Hg]	of	SBP	[95%	CI]:	0.75	[0.62–0.91];	p	=	3.4	×	10−3)	and	with	a	

higher	probability	of	taking	antihypertensive	medication.	

	

Pharmacogenomics 
The	goal	of	genomics	is	to	enable	precision	medicine	through	a	greater	understanding	of	

molecular	pathways	that	regulate	BP	which	can	inform	new	drug	development,	personalisation	

of	treatment	and	ultimately	leading	to	a	new	taxonomy	of	HTN.91	But	there	are	significant	

challenges	in	realising	this	goal.	Current	treatment	of	HTN	have	not	seen	any	new	drug	approval	

for	over	two	decades.	Tailoring	of	therapy	has	not	progressed	beyond	considering	self-reported	

African	ancestry	and	serum	renin	levels.2,4	The	burgeoning	list	of	genomic	variants	associated	

with	BP	and	HTN	opens	opportunities	for	expanding	our	understanding	of	hypertension,		revise	

and	update	the	molecular	taxonomy	of	HTN	both	of	which	will	feed	into	hypertension	precision	

medicine.	This	statement	is	supported	by	evidence	from	studies	that	showed	a	6%	

improvement	of	efficacy	and	safety	rates	in	drug	validation	efforts.92	We	connected	BP	GWAS	

signals	to	DrugBank93	and	Comparative	Toxicogenomics	Database94	and	extracted	drug-gene	

interaction	data	for	the	plausible	genes	mapped	to	GWAS	SNPs	in	previous	studies.14	Strikingly,	

all	the	major	antihypertensive	drug	classes	are	captured	by	pharmacogenetic	interaction	with	

GWAS	loci.	This	may	reflect	the	fact	that	the	putative	published	genes	associated	with	GWAS	

SNPs	were	selected	for	plausible	BP	effect.	More	interestingly,	gene-drug	interactions	revealed	

a	large	number	of	drugs	that	affect	blood	pressure.	Many	of	these	drugs	are	licensed	for	other	

conditions	and	have	blood	pressure	decrease	or	increase	as	their	known	side-effect	or	adverse	

effect.	These	raise	the	possibility	that	some	of	the	early	wins	from	GWAS	may	be	repurposing	

or	repositioning	opportunities	for	hypertension	management.	

Re-purposing or ‘multi-purposing’ 
Drug	repositioning	or	re-purposing	is	the	process	of	discovering	new	indications	for	existing	

drugs	and	is	becoming	increasingly	relevant	in	the	current	climate	of	decreasing	investments	in	



new	drug	development	and	reduced	rates	of	new	drug	approvals.95	One	approach	that	may	

enhance	the	likelihood	of	success	is	to	reposition	drugs	against	a	target	that	has	a	genetic	basis.		

Indeed,	genetic	studies	have	identified	a	large	number	of	genes	whose	proteins	are	already	

targeted	by	drugs	used	in	clinical	practice	(ESR1	for	tamoxifen,	CYP19A1	for	aromatase	

inhibitors,	HMGCR	for	statins)	and	novel	drug	targets	(PCSK9).96,97		Although	GWAS	SNPs	still	

need	to	be	causally	linked	to	a	target	gene,	there	are	significant	advances	in	functional	genomic	

and	computational	methods	to	accelerate	discovery.	Table	2	summarises	other	drugs	with	

potential	repurposing	potential	for	hypertension	and	their	pleiotropic	associations.	Riociguat,	a	

guanylate	cyclase	(sGC)	stimulator,	is	currently	licensed	for	pulmonary	hypertension	and	it	is	

linked	to	the	BP	GWAS	hit	in	GUCY1A2.	Hypotension	is	a	common	side	effect	reported	with		

with	Riociguat,	raising	the	possibility	of	potential	use	in	blood	pressure	lowering.98	Another	

possibility	is	Nesiritide	is	a	recombinant	B-type	natriuretic	peptide	(interacts	with	NPR3,	a	BP	

GWAS	locus)	which	failed	in	a	clinical	trial	for	acute	decompensated	heart	failure	and	a	high	

incidence	of	hypotension	reported	in	these	patients.99	Finally,	sodium-glucose	cotransporter	2	

(SGLT2)	inhibitors	are	glucose	lowering	agents	that	also	lower	blood	pressure	and	molecular	

docking	studies	show	the	SGLT2	inhibitor	canagliflozin	might	act	as	a	potent	dual	inhibitor	of	

ACHE	(BP	GWAS	locus)		and	SGLT2.100		

	Table	2	shows	a	wide	range	of	drugs	that	are	commonly	used	for	other	indications	raising	

hopes	for	considerably	increasing	the	pool	of	drugs	for	repurposing.	However,	repositioning	

needs	to	be	carefully	performed	to	ensure	that	patients	are	not	exposed	to	off-target	effects	or	

side-effects	from	the	wider	target	range	of	the	drugs.	For	example,	a	number	of	anti-depressant	

and	anti-epileptic	drugs	feature	in	Table	2	and	a	majority	of	them	have	hypotension	as	a	known	

side-effect.	Reviewing	the	pharmacological	targets	of	these	drugs	raises	caution	about	

repositioning	these	drugs	for	hypertension.	For	example,	olanzapine	interacts	with	

antihypertensive	BP	GWAS	loci	(ADRB1,	MTHFR-NPPA,	ADRA1A,	ADRA1B),	in	addition	its	

pharmacological	targets	include	muscarinic	acetylcholine	receptor	(CHRM1-4),	histamine	

receptor	(HRH1),	5-hydroxytryptamine	receptor,	kappa-	and	mu-type	opioid	receptor,	Sodium-

dependent	serotonin	transporter,	HERG	human	cardiac	K+	channel.	Topiramate	is	an	

antiepileptic	which	interacts	with	the	BP	GWAS	loci	that	are	also	linked	to	calcium	channel	



antagonists	(CACNA1C,	CACNA1D,	CACNB2),	but	in	addition	its	pharmacological	targets	include	

gamma-aminobutyric	acid	receptor,	voltage-gated	sodium	channel,	carbonic	anhydrase,	and	

glutamate	receptors.	These	two	examples	highlight	the	potential	risks	of	repurposing	drugs	for	

hypertension,	rather	we	suggest	that	the	opportunities	for	these	drugs	are	in	‘multi-purposing’	

as	the	increasing	prevalence	of	multimorbidity	in	the	population	requires	drugs	that	can	treat	

multiple	conditions.	Thus,	a	hypothetical	scenario	would	be	for	patients	with	epilepsy	and	

hypertension	or	depression	and	hypertension	to	be	considered	for	drugs	that	can	benefit	both.	

Whether	this	strategy	will	improve	adherence	and	improve	outcomes	for	both	conditions	need	

to	be	assessed	through	randomised	controlled	trials.	

Conclusions 
Hypertension	genomics	is	in	midst	of	a	wealth	of	genomic	signals	but	a	poverty	of	actionable	

results.	Follow	up	and	clinical	translation	of	these	genetic	data	now	looks	promising	with	

integration	of	pleiotropic	and	pharmacogenomic	and	functional	studies.	The	low	hanging	fruits,	

uromodulin	and	endothelin	SNPs	that	have	moved	on	to	clinical	trials	are	harbinger	of	

accelerated	advances	directly	from	genetics	to	hypertension	precision	medicine.	Polygenic	risk	

scores	look	attractive,	but	their	clinical	utility	needs	controlled	studies	and	the	potential	ethical	

impacts	on	their	widespread	use	exacerbating	health	disparities	need	further	assessment.37,101	
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Table	1:	Monogenic	syndromes	of	blood	pressure	dysregulation	with	causal	genes,	key	features	and	treatment.	

Syndrome	 Gene	 Treatment	

11β-hydroxylase	deficiency	 CYP11B1	 Glucocorticoid	therapy	

17a-hydroxylase	deficiency	 CYP17A1	 Glucocorticoid	therapy,	Potassium	sparing	diuretics	

21-Hydroxylase	deficiency	 CYP21A2	 Glucocorticoid	therapy	

3β-hydroxysteroid	dehydrogenase	 HSD3B2	 Glucocorticoid	therapy	

Apparent	Mineralocorticoid	Excess	(AME)	 HSD11B2	 Low	sodium	diet	and	spironolactone	

Bartter	syndrome	

CLCNKA	

CLCNKB	

KCNJ1	

MAGED2	

SLC12A1	

Potassium	supplementation	and	use	of	cyclooxygenase	

inhibitors,	angiotensin	converting	enzyme	(ACE)-inhibitors	and	

potassium	sparing	diuretics.	

Familial	Hyperaldosteronism	(FH	I)	
CYP11B1	

CYP11B2	
Dexamethasone	

Familial	Hyperaldosteronism	(FH	II)	
Linkage	to	Chr	7p22,	

KCNJ5	

Adrenalectomy	is	performed	in	case	of	APA,	and	medical	

therapy	with	aldosterone	antagonists	in	case	of	BAH.	

Gitelman	syndrome	
SLC12A3	

CLCNKB	

Oral	potassium	and	magnesium	supplementation	with	adequate	

salt	and	water.	

Hypertension	and	brachydactyly	syndrome	 PDE3A	 Possible	role	for	PDE3	inhibition	

Hypertension	exacerbation	in	pregnancy	 NR3C2	
Spironolactone	contraindicated;	sodium	chloride	treatment.	

Delivery	of	the	foetus	ameliorates	hypertension	

Liddle	Syndrome	
SCNN1B	

SCNN1G	

Low	sodium	diet.		

Amiloride	or	triamteren.	



Multiple	endocrine	neoplasia,	type	IIA	neoplasia,	type	IIA	 RET	 Alpha	adrenergic	blockers	for	pheochromocytoma	

Paragangliomas	(PGL1-5)	

SDHA	

SDHAF2	

SDHB	

SDHC	

SDHD	

Surgery,	adrenergic	blockers	(alpha	blockade	followed	by	beta-

blockade)	

Pseudohypoaldosteronism	(PHA	II-	Gordon	syndrome)	

CUL3	

KLHL3	

NR3C2	

WNK1	

WNK4	

Thiazide	diuretics,	prostaglandin	inhibitors,	alkalising	agents,	and	

potassium-binding	resins.	

Na+	and	K+	restricted	diet	

Sporadic	aldosterone-producing	adenoma	(APA),	or	primary	

aldosteronism	

ATP1A1	

ATP2B3	

CACNA1D	

KCNJ5	

Surgery,	aldosterone	antagonists	

von	Hippel-Lindau	syndrome	 VHL	 	

	

	

	

	

	

	

	



	

Table	2:	Pharmacologically	active	gene	loci	from	genome	wide	association	studies,	their	pleiotropic	associations,	key	drug-gene	interactions	with	

their	indications	and	blood	pressure	effect.	

	

GWAS	

Locus	
Pleiotropic	Associations	

Antihypertensive	

License	

BP	reduction	as	

side	effect	

Effect	on	

BP	
Therapeutic	context/indication	

Angiotensin	

Converting	Enzyme	

Inhibitors	

	 ↓↓↓↓	 Hypertension;	Heart	Failure;	DM	Nephropathy	

ACE	 Non-pleiotropic	

	 Omapatrilat	 ↓↓	
(Hypertension;	Heart	Failure	–	Failed	because	

of	ADR)	

ACVR2A	

Basophils,	Eosinophils,	

Neutrophils,	Renal.Function,	

Urate	

	 Sotatercept	 ↓	 (Pulmonary	Hypertension	–	Phase	II)	

Adenosine	 ↓↓	 Supraventricular	tachycardias	
ADORA1	 Non-pleiotropic	 	

Pentoxifylline	 ↓↓	 Peripheral	vascular	disease	

	 Bethanidine	 ↓↓	 (Sympatholytic)	

Beta	Blockers	 	 ↓↓↓↓	
Hypertension;	Angina;	Arrhythmia;	Heart	

Failure	

Dobutamine	 ↓↓	 Inotropic	support;	cardiac	stress	testing	

ADRB1	 Birth	Weight	

	
Amiodarone	 ↓↓	 Arrhythmia	



AKR1A1	

Basophil,	Granulocytes,	

Height,	Hematocrit,	

Haemoglobin,	Neutrophils,	

Platelet	traits,	RBC	traits,	

Reticulocytes,	WBC	

	 (Diabetes	complications	–	Failed	trials)	

AKR1B10	 Non-pleiotropic	 	

Tolrestat	 ↓	

(Diabetes	complications	–	Failed	trials)	

BCL2	

Adiposity,	BMI,	BMR,	CAD,	

Glycemia,	Hematocrit,	RBC	

traits,	Reticulocytes,	T2DM,	

Visceral	fat,	Weight	

	 Docetaxel	 ↓↓	 Solid	tumours	

	 Cinnarizine	 ↓	 Ménière's	disease	

Spironolactone	 	 ↓↓↓↓	
Hyperaldosteronism;	Oedema;	Heart	Failure;	

Hypertension	

	 Drotaverine	 ↓↓	 Antispasmodic	

	 Topiramate	 ↓	 Epilepsy;	Migraine	

CACNA1C	
Hematocrit,	Hemoglobin,	

RBC	traits	

Calcium	Channel	

Blockers	
	 ↓↓↓↓	 Angina;	Hypertension	

	 Cinnarizine	 ↓	 Ménière's	disease	

Spironolactone	 	 ↓↓↓↓	
Hyperaldosteronism;	Oedema;	Heart	Failure;	

Hypertension	CACNA1D	 Monogenic,	Non-	pleiotropic	

Calcium	Channel	

Blockers	
	 ↓↓↓↓	 Angina;	Hypertension	



Spironolactone	 	 ↓↓↓↓	
Hyperaldosteronism;	Oedema;	Heart	Failure;	

Hypertension	
CACNB2	 Non.Pleiotropic	

Calcium	Channel	

Blockers	
	 ↓↓↓↓	 Angina;	Hypertension	

Pizotifen	 ↓↓	 Migraine	

Disopyramide	 ↓↓	 Arrhythmia	

Cinnarizine	 ↓	 Ménière's	disease	

Acetylcholine	 ↓↓	 	

CHRM2	 Heart	Rate	 	

Amitriptyline	 ↓↓	 Depression;	Neuropathic	pain;	Migraine	

CSK	

Cholesterol,	Granulocytes,	

Hematocrit,	Monocytes,	

Platelet.traits,	RBC.traits,	

Renal.Function	

	 Dasatinib	 ↓↓	 Chronic	myeloid	leukaemia	

CYP11B2	 Height	 Spironolactone	 	 ↓↓↓↓	
Hyperaldosteronism;	Oedema;	Heart	Failure;	

Hypertension	

DBH	 Non.Pleiotropic	 	 Ascorbic	acid	 ↓	 Scurvy	

DDAH1	 Adiposity	 	 Esomeprazole	 ↓	 Peptic	ulcer	disease	

EDNRA	 CAD	 	 Ambrisentan	 ↓↓	 Pulmonary	hypertension	

ESR1	 Adiposity,	Height	 	 Dobutamine	 ↓↓	 Inotropic	support;	cardiac	stress	testing	

FGR	 BMI	 	 Dasatinib	 ↓↓	 Chronic	myeloid	leukaemia	

FRK	
Adiposity,	Cholesterol,	CRP,	

Height,	LDL	
	 Dasatinib	 ↓↓	 Chronic	myeloid	leukaemia	



GUCY1A2	 CAD	 	 Riociguat	 ↓↓	 Pulmonary	hypertension	

HDAC7	
Allergy,	Asthma,	

Platelet.traits,	Reticulocytes	
	

HDAC9	 Adiposity,	CAD,	CVA	 	

Belinostat	 ↓	 (T-cell	lymphoma)	

HDAC9	 Adiposity,	CAD,	CVA	 	 Valproic	acid	 ↓	 Epilepsy;	Bipolar	Disorder;	Migraine	

Mirtazapine	 ↓↓	 Depression	

Pizotifen	 ↓↓	
5-HT,	Muscarinic,	H1,	Alpha	Adrenergic	

Antagonist	

Dimenhydrinate	 ↓	 Vertigo	

Histamine	 ↓↓	 	

Cinnarizine	 ↓	 Ménière's	disease	

HRH1	 Adiposity,	BMD,	Neoplasm	 	

Amitriptyline	 ↓↓	 Depression;	Neuropathic	pain;	Migraine	

INSR	

Adiposity,	HDL,	Height,	

Triglycerides,	Urate,	

Visceral.fat	

	 Insulin	 ↓	 Diabetes	Mellitus	

KCNJ11	
Adiposity,	BMI,	Glycemia,	

Height,	T2DM	
	 Diazoxide	 ↓↓	 Hypoglycemia	

LIMK1	 Lung.function	 	 Dabrafenib	 ↓↓	 Melanoma	

MTHFR-

NPPB	
CAD,	RBC.traits,	Visceral.fat	 Carvedilol	 	 ↓	 Hypertension;	Angina;	Heart	Failure	

NPR3	
Adiposity,	BMR,	Height,	

Lung.function,	Visceral.fat,	
	 Nesiritide	 ↓↓	 (Heart	Failure	–	Failed	clinical	trial)	



Weight	

Dipyridamole	 ↓↓	
Adenosine	deaminase	and	phosphodiesterase	

Inhibitor	PDE10A	 Non.Pleiotropic	 	

Papaverine	 ↓↓	 (Antispasmodic)	

Calcium	Channel	

Blockers	
	 ↓↓↓↓	 Angina;	Hypertension	

PDE1A	 Adiposity,	BMR,	Weight	

	 Bepridil	 ↓↓	 Angina(withdrawn)	

PDE3A	 CAD,	Monogenic	 	 Amrinone	 ↓	 Heart	Failure	

Dipyridamole	 ↓↓	 Antiplatelet	
PDE5A	

Basophil,	CAD,	Granulocytes,	

Platelet.traits,	WBC	
	

Pentoxifylline	 ↓↓	 Peripheral	vascular	disease	

Tetracaine	 ↓	 Local	anaesthetic	

Lidocaine	 ↓↓	 Local	anaesthetic;	Ventricular	arrhythmia	

Valproic	acid	 ↓	 Epilepsy;	Bipolar	Disorder;	Migraine	
SCN10A	 Heart.Rate,	Neoplasm	 	

Brivaracetam	 ↓	 Epilepsy	

Zonisamide	 ↓↓	 Epilepsy	

Tetracaine	 ↓	 Local	anaesthetic	

Valproic	acid	 ↓	 Epilepsy;	Bipolar	Disorder;	Migraine	
SCN2A	 Adiposity	 	

Brivaracetam	 ↓	 Epilepsy	

VEGFA	

Hematocrit,	Hemoglobin,	

RBC.traits,	Renal.Function,	

Urate	

Carvedilol	 	 ↓↓↓↓	 Hypertension;	Angina;	Heart	Failure	

YES1	 Non.Pleiotropic	 	 Dasatinib	 ↓↓	 Chronic	myeloid	leukaemia	



	

	

All	pleiotropic	associations	of	BP	GWAS	SNPs	were	extracted	and	categorised	into	groups		of	correlated	traits.	Some	SNPs	did	not	show	any	non-

BP	associations	and	were	classified	as	non-pleiotropic.		The	genes	linked	to	GWAS	SNPs	were	determined	by	proximity	to	the	SNP	and	

cardiovascular	plausibility.	Only	one	gene	per	loci	was	included.			Drug-gene	interactions	were	obtained	from	Drug	Bank	and	Comparative	

Toxicogenomics	Database	and	drug		indications	were	obtained	from	the		British	National	Formulary	and		FDA	labelled	indications.	

	



	



	

Legends	to	Figures.	

Figure	1:		Blood	pressure	regulation	–	blood	pressure	is	the	product	of	cardiac	output	and	peripheral	

vascular	resistance	and	these	are	regulated	by	a	multitude	of	factors.	This	figure	shows	the	spectrum	of	

rare	genomic	mutations	affecting	blood	pressure	by	perturbing	specific	physiological	systems.	

Additionally,	the	role	of	polygenic	variants	are	complex	and	integral	to	blood	pressure	regulation	

through	pathways	that	are	yet	to	be	characterised.	Blood	pressure	is	a	multifactorial	trait	and	the	circos	

background	plot	represents	both	the	landscape	of	genetic	variants	and	environmental	and	other	factors	

that	have	a	role	in	blood	pressure	regulation.	The	inner	circle,	represents	the	organ	specific	physiological	

pathways	that	affect	blood	pressure.	The	length	of	each	segment	is	a	relative	representation	of	known	

genetic	factors	involved	in	that	pathway.	The	outer	circle	represents	the	polygenic	background	and	

known	environmental	factors	that	influence	multiple		physiological	pathways	leading	to	the	final	blood	

pressure	phenotype.	

	

Figure	2:	Genetic	architecture	of	blood	pressure	and	hypertension.	The	circos102	plot	shows	depicts	the	

monogenic	and	polygenic	genetic	variants	identified	by	linkage,	sequencing	and	genome	wide	

association	studies.	Monogenic	variants	are	large	filled	red	circles	and	they	are	connected	to	their	

Clinical	syndromes.	The	smaller	blue,	green	and	yellow	filled	circles	are	SNPs	identified	from	genome	

wide	association	studies.	The	colour	of	the	SNPs	indicates	whether	the	best	association	of	the	SNP	was	

for	systolic,	diastolic	or	pulse	pressure.	FH	–	Familial	hyperaldosteronism;	AME	–	Apparent	

mineralocorticoid	excess;	PHA	–	Pseudohypoaldosteronim	II;	APA	–	Aldosterone	producing	adenoma;	

CAH	–	Congenital	adrenal	hyperplasia;	HTNBRACH	–	Hypertension	with	brachydactyly;	HSD3B2	-	3β-

hydroxysteroid	dehydrogenase	deficiency;	PGL1-5	–	Paraganglioma;	VHL	–	Von	Hippel	Lindau	Syndrome;	

MEN	–	Multiple	Endocrine	Neoplasia	II.	

The	top	of	the	plot	shows	pleiotropic	signals	from	PheWAS,	which	indicate	lifestyle,	environmental	and	

early	life	influences	on	blood	pressure	linked	to	the	location	of	the	pleiotropic	SNPs.	

The	histogram	on	the	outer	ring	indicates	the	number	of	pleiotropic	associations	SNPs	in	that	locus	

have.	The	taller	the	graph,	the	greater	the	number	of	pleiotropy.	

	

Figure	3:	Pleiotropic	signals	from	phenome	wide	association	studies.	The	Venn	diagrams	show	the	

number	of	blood	pressure	SNPs	that	are	significantly	associated	with	other	traits.	The	top	panel	is	the	

global	pleiotropic	landscape	of	different	phenotypic	groups	with	the	number	of	BP	SNPs	that	overlap	



with	them	shown	within	brackets.	Here	overarching	phenotypic	groups	were	condensed	from	a	range	of	

traits	that	fall	under	this	category.	More	detailed	representation	of	the	constituents	of	the	major	

phenotypic	groups	are	represented	in	the	bottom	panel	showing	the	contribution	of	individual	traits	and	

the	degree	of	pleiotropy	with	blood	pressure	and	the	level	of	overlap	between	them.	
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