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Abstract

Prevalence of hypertension (HTN) varies substantially across different populations. HTN is not only common –
affecting at least one third of the world’s adult population – but is also the most important driver for cardiovascular
diseases. Yet up to a third of hypertensive patients are resistant to therapy, contributed by secondary hypertension
but more commonly the hitherto inability to precisely predict response to specific antihypertensive agents.
Population and individual genomics information could be useful in guiding the selection and predicting the
response to treatment – an approach known as precision medicine. However this cannot be achieved without the
knowledge of genetic variations that influence blood pressure (BP). A number of evolutionary factors including
population demographics and forces of natural selection may be involved. This article explores some ideas on how
natural selection influences BP regulation in ethnically and geographically diverse populations that could lead to
them being susceptible to HTN. We explore how such evolutionary factors could impact the implementation of
precision medicine in HTN. Finally, in order to ensure the success of precision medicine in HTN, we call for more
initiatives to understand the genetic architecture within and between diverse populations with ancestry from
different parts of the world, and to precisely classify the intermediate phenotypes of HTN.
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Introduction
Hypertension is a quantitative and multi-factorial trait.
Hypertension (HTN) is defined as persistent elevation in
BP greater than 140/90mmHg [1]. It is either primary (es-
sential) or secondary whereby the former is not an out-
come of other disorders such as endocrinopathies (eg:
Conn’s syndrome, Phaeochromocytoma, acromegaly) or
renal pathologies (eg: chronic glomerulonephritis, renal
artery stenosis) where it would be classified as secondary
HTN. Both situations may have substantial interplay be-
tween genetic and environmental factors.

The prevalence of HTN is on a steady rise today; yet up
to a third of hypertensive individuals do not achieve the
target BP despite being on multiple anti-hypertensive
medications [2]. Individuals with BP that is persistently
above goals despite the use of three anti-hypertensives at
optimum doses are categorized as having “drug-resistant
hypertension (DRH)” [3]. Ethnic variations in BPs and
differences in response to anti-hypertensive therapies
though, have been well recognized [4, 5]. Numerous fac-
tors have been invoked to explain DRH: non-compliance
to medications, age, gender, circadian rhythm, individual
lifestyle and physical activity, the inability to prescribe an
appropriate specific anti-hypertensive treatment due to
the inability to predict the efficacy of the drug in a specific
individual [6, 7], genetic background of an individual, and
genetic variability between individuals [3, 8]. New drug
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development may address this issue, but it may not neces-
sarily be individualized. Genetic basis of population and
individual variation that may contribute to DRH could be
the key and which would shape precision medicine and its
future. However this cannot be achieved without knowing
the genetic ‘fingerprints’ that are responsible for the devel-
opment and maintenance of HTN in individuals with var-
ied genetic make-up.
This article reviews the possible primordial cause(s) of

HTN by revisiting the evolutionary process of BP regulation
and the impact of natural selection and local adaptation of
anatomical modern human (AMH) to the variability of BP.
We also explore the possible impact afforded by genetic
variability to precision medicine in HTN.

Molecular and physiological mechanisms of BP
regulation
The mechanism of BP regulation has been well elaborated
[9–12], particularly with respect to the model on renal
mechanisms proposed by Guyton [13]. To summarize, it

is a complex mechanism that involves integration of nu-
merous biological systems in the brain, the kidneys, the
blood vessels and the heart, which include, among others,
the following principal mechanisms: (i) baroreceptor sen-
sitivity on acute changes of BP in vessels; (ii) chemorecep-
tor responses to O2 and CO2 concentrations in the blood;
(iii) natriuretic peptide of the brain and heart in response
to elevated BP; (iv) the adrenergic receptor system and the
sympathetic nervous system, which is responsible for
heart rate and cardiac contraction; (v) Kinin-Kallikrein
system that regulates vascular tone and renal salt homeo-
stasis; (vi) Renin-Angiotensin-Aldosterone System (RAAS)
that controls the vasoconstriction as well as salt homeo-
stasis. Figure 1 illustrates an overall picture of the molecu-
lar and physiological BP regulation. The complex system
of BP regulation involves at least 70 candidate genes; and
many more identified via genome-wide association studies
(GWAS), which impact on BP regulation via numerous
various mechanisms (GWAS Catalogue: https://www.e-
bi.ac.uk/gwas/) (Additional file 1: Table S1) [14–16].

Fig. 1 A simplified diagram of the molecular mechanisms of blood pressure regulation. The regulation of blood pressures involves complex
interplay between (i) Kallikrein-Kinin system; (ii) Renal-Angiotensin-Aldosterone System (RAAS); (iii) natriuretic system; (iv) sympathetic nervous
system; and (v) baroreceptor / chemoreceptor sensory
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Evolution and natural selection of BP in human
survival
Natural selection is the key driving force for all evolu-
tionary and adaptation processes. It is a process to im-
prove the fitness of reproduction against environmental
exposure by preserving the beneficial traits and discard-
ing unfavourable ones. In other words, alleles that
express traits with better adaptation capability will tend
to increase in frequencies over generations and be pre-
served in a population; whilst alleles that express un-
favourable traits decrease in frequencies. Nonetheless
every trait under natural selection often has a trade-off
– a negative trait may be favourable in another circum-
stance. A typical model is exemplified by the HbS muta-
tion which causes sickle cell anaemia on one hand but is
selectively advantageous against severe malaria infection
on the other.
Hypertension is thought to be a ‘by-product’ under the

forces of natural selection and local adaptation [17, 18].
The evolution and natural selection of BP regulation in
AMH is a process that involves continuous interaction
between environmental changes and complex biological
systems: the kidneys that regulate the homeostasis of
sodium and water in the body, the respiratory systems
for oxygen supply, and the cardiovascular system that
ensures adequate circulation of blood and therefore O2

throughout the body to maintain vital functions [10, 11,
19]. It also involves various processes of metabolisms, as
well as the mechanisms of body temperature regulation,
which includes the ability to lose heat [12, 18, 20]. There
are several hypotheses that can contribute to BP variabil-
ity across populations (Fig. 2), which we shall elaborate.
These processes could have occurred since the Pleistocene
period prior to ancestral AMH migration ‘out-of-Africa’,
presumably more than 200 thousand years ago. The an-
cient AMH lived in a savannah condition that was hot
and humid [21]. Salt supply was extremely scarce. Indeed,
the shortage of salt persisted until prior to the nineteenth
century, where it was traded as a nutritional currency in
Africa [22]. The ancestors of AMH were hunter-gatherers,
which necessarily involved vigorous physical activity, yet
they had very low total energy intake relative to their en-
ergy demands due to limited food availability.
(i) Increased systemic BP for a sustained physical

performance:
The hunting-gathering lifestyle of the ancestors of AMH

requires high physical stamina and endurance as they ran
on an average of approximately 35 km in 2–5 h [20].
Essentially, smaller capillary diameters but denser capillar-
ization increases the effectiveness of O2 exchange [19, 23],
thereby increasing sustained aerobic activity which can
maintain high physical performance. As compensation to
the physiological adaptation, systemic BP is elevated to
maintain sufficient blood flow in the circulation that could

withstand the high capillary resistance generated from
smaller capillary diameter. Whilst it has been proven true
in cross-species studies [19], this hypothesis is also sup-
ported by the observation that athletes and physically ac-
tive individuals generally have higher BP than those with
sedentary lifestyles [24].
(ii) Heat adaptation, water and sodium retention:
Tropical climate and hunting-gathering lifestyle require

effective heat dissipation via excessive sweat loss as pro-
posed by previous studies which reported as much as 2 L/
hour of sweat loss under these conditions [25, 26]. The re-
sultant excessive sweat loss leads to unavoidable sodium
loss and therefore disruption of fluid homeostasis that can
affect muscle contraction, nerve impulse, glucose absorp-
tion and several other metabolic functions within the cells,
which if persistent, could result in heart failure [18, 27,
28]. Given the critical importance of salt to human sur-
vival, natural selection could have been driven to prefer
salt-avidity genetic variations, yet able to lose heat effect-
ively [14]. In contrast, decreased blood volume due to
fluid loss could exert increased stress on the cardiovascu-
lar system due to increased cardiac contractility to in-
crease blood flow to the skin as a cooling down
mechanism. Consequently, physical performance declined.
(iii) Energy metabolism and ‘Thrifty Gene’ hypotheses:
Low energy intake of the hunter-gatherers during

Pleistocene period often led to extreme stress of starva-
tion. During periods of prolonged starvation, BP drops
in proportion to the significant reduction in available en-
ergy. In response, arterial tone and force of cardiac con-
traction increased in order to maintain BP and ensure
organ perfusion [18, 26, 29]. Therefore, genetic variation
that enhances arterial and cardiac contractility, as well
as those of energy-preservation advantage, might have
conferred survival advantage in the environmental con-
text of early AMH evolution, which in turn led to in-
creased BP as a counter balance.
In addition, it has been postulated that low energy in-

take and malnutrition in mothers could affect the em-
bryo development and foetus health via altering or
silencing gene expressions related to energy metabolism
pathways in order to cope with famine, e.g. foetal cardiac
gene programme switches the energy metabolism of the
heart from fatty acid oxidation to glycolysis [30]. In
modern lifestyle, the deprived adapted foetus lives in a
nutrient rich environment postnatally, the physiological
changes that were prevalent prenatally are detrimental,
which in part could potentially increase the risk of ele-
vated BP [31].
(iv) The Slavery Hypothesis:
The Slavery Hypothesis is one of the commonly

accepted hypothesis that explains the high incidence of
HTN and cardiovascular diseases (CVD) among the
African Americans [32]. This hypothesis proposes that
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the African Americans possess increased risk of HTN and
CVD as a consequence of strong selection during the
period of ‘Middle Passage’ and enslavement. Historical re-
cords showed that large numbers of captive Africans who
were shipped to the North America via the Atlantic Ocean
died either during the journey, or soon upon arrival, due
to poor living conditions which included dehydration,
malnutrition, infectious diseases. The acute drop in num-
bers of enslaved Africans in North America resulted in a
severe genetic bottleneck. Those that survived however,
are likely to carry the ancestral variants (defined by allele

that was carried by the common ancestor of the taxon,
presumably chimpanzee as the outgroup species closest to
human) with excess frequencies as a result of attempts to
rapidly adapt to the extreme stress of dehydration.
(iv) Chronic infections:
Ancestors of AMH have been exposed to various in-

fections, primarily attributed to their primitive life of
hunting and gathering which exposed them to various
pathogens. Several recent reports have attributed ele-
vated BP to a number of infectious diseases, notably
cytomegalovirus, periodontal bacteria and plasmodium

Fig. 2 Illustration of the hypotheses of evolution and natural selection on the impact of blood pressure variability of the ancestors of anatomical
modern human (AMH). During the Pleistocene Period, the ancient AMH practiced hunting-gathering lifestyle thus required higher physical
stamina and endurance. Consequently an effective system of O2 exchange was evolved in such a way that smaller size of red blood cells,
capillary diameters but denser capillarization to cater increasing sustained aerobic activity. As compensation to the physiological adaptation,
systemic BP is elevated to suffice blood flow in the circulation. The savannah climate was hot and humid resulting in excessive sweat loss thus
unavoidable sodium loss. The scarcity of salt further stringent deficiency. Kidney would then adapt an effective sodium and water retention
which in turn elevated the renin-angiotensin-aldosterone system (RAAS) hence increase in blood pressure. Chronic infections with pathogens,
notably the plasmodium sp. infection promotes disruption of RBC and effects on endothelial cells, subsequently triggered oxidative stress to the
circulation, thus enhancing the renin-angiotensin-aldosterone system (RAAS) which in turn elevated BP. Low energy intake yet high requirement
of physical stamina and endurance of the savannah hunters and gatherers often resulted in starvation. Prolonged starvation led to reduction of
BP thus resulted in increased arterial tone and force of cardiac contraction to maintain BP and ensure organ perfusion. Therefore, genetic
variation that enhances arterial and cardiac contractility, as well as those of energy-preservation preference was of selective advantage. In
addition, foetus in the mother with low energy intake would alter the energy metabolism pathways to cope with famine. Postnatally in a nutrient
rich environment, the altered physiological changes became maladaptive therefore increased risk of elevated BP. Out-of-Africa, natural selection
and genetic drift may have resulted in lower ancestral allele frequencies of genes responsible for salt homeostasis in AMH habitation at higher
latitude. Whilst during ‘middle passage’ and enslavement, a sudden drop of number of enslave caused a severe bottleneck. Those that survived
however, are likely to carry excess frequencies of the ancestral alleles that allowed rapid adaptation to the extreme stress of dehydration. AMH
carrying the ancestral alleles in modern lifestyle with resource enriched environment thus became maladaptive against the snail-speed evolution
therefore increase risk of hypertension
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sp. [33–37]. It was postulated that chronic exposure to
these infections could have either triggered the pro-in-
flammatory cascade, or conferred oxidative stress to
the circulation, thus enhancing the renin-angiotensin-
aldosterone system (RAAS) which in turn elevated
the BP [34].
Collectively, the genomic structure of ancestral AMH

was shaped in a way that the ancestral alleles of the se-
lected genes were better preserved and adapted to a
resource-deficient environment. As the ancestors of AMH
trekked across the savannah and inhabited other parts of
the world, the snail-speed process of evolution could not
cope with the rapidly changing climate and civilization.
The selective advantage traits/variations, which in this
case is elevated BP, has suddenly become a burden to the
new lifestyles of improved hygiene conditions, enriched
and increased food resources and sedentary lifestyle [17].
These hypotheses continued to be debated, with some
claiming supportive evidence while others requiring fur-
ther investigations. Herewith, we summarize several lines
of findings that support these hypotheses.
From the epidemiological perspective, despite well

recorded higher prevalence of HTN and CVD among
the African Americans, numerous studies consistently
noted that African populations (e.g Pygmy Bantu) have
generally higher BP than the non-African populations
[38]. Several other populations of African ancestry,
such as the Haitian Black, the French Caribbean re-
gion of Martinique, French Guyana, and Guadeloupe
[39, 40], or populations of phenotypically similar to
the Africans (or often categorized as Negritos by an-
thropologists) such as the aboriginal populations from
Australia, and indigenous Negrito populations from
Peninsular Malaysia who are known to be hunter-gath-
erers, have been reported to have higher levels of BP than
their counterparts in the non-indigenous population [41,
42]. This though intriguingly not seen among the
hunter-gatherers from Europe [43]. Whilst general
consensus to these observations is that socio-economy,
lifestyles, education and awareness are the major contrib-
uting factors, the plausibility of population demographic
and genetic architecture of these populations to BP eleva-
tion should not be disregarded.
From the population and evolutionary genetics per-

spective, a handful of candidate genes that are respon-
sible in regulating water and salt retention have shown
strong signals of natural selection, in particular between
African ancestry and out-of-Africa populations. Not-
ably, the derived alleles frequencies for variants rs699
of AGT have been repeatedly reported to correlate with
geographical latitude coordinate [25, 44, 45] (Fig. 3);
whilst ACE I/D (rs4343) variant has shown a deep co-
alescence time thus supporting balancing selection [46].
Other candidate genes involved in regulation of sodium

reabsorption namely GNB3 and CYP3A genes also
show a similar trend pattern [25, 47].
HTN has been linked to malarial infection via several

indirect mechanisms including malnutrition of pregnant
mothers and foetus, as well as chronic inflammation.
One significant supporting example is, females in re-
gions with malaria hyper-endemicity are likely to have
acquired immunity to prevent most febrile episodes,
thus suffer impaired uteroplancental blood flow and ma-
ternal anaemia, which leads to foetal growth restriction
subsequently low birth weight [34, 48]. Febrile malaria
episodes that are more likely among women with low
immunity are thought to induce uterine contractions,
which are mediated by elevated levels of tumour necro-
sis factor-α (TNF α) leading to preterm birth [34, 49];
whilst Gallego-Delgado and Rodriquez provided sup-
porting information that angiotensin II (Ang II) may
protect against cerebral malaria, possibly via its effects
on host vascular endothelial cells [50]. A candidate gene
CDH13 that was associated with HTN in a handful of
GWAS [51–54], interestingly noted that it was also
found to be significantly associated with susceptibility to
malarial infection in a meta-GWAS analysis [55, 56].
Recent search revealed CDH13 was one of the most
prominent signals for positive natural selection in the
Negrito populations from Peninsular Malaysia [57, 58].
Malaria threat among the Negritos has long been re-
corded [59, 60]; at the same time, more than half of this
population are hypertensive [41]. Given the phenotypic
observation and the fundamental role of this gene, it is
plausible to postulate CDH13 as a target of natural se-
lection for malaria and HTN. However, we acknowledge
that a direct correlation between malaria infection and
blood pressure alteration is yet to be conclusively estab-
lished, thus providing an insight on the direction of the
selection pressure for this gene. In contrast, infection
with cytomegalovirus enhances renin and Ang II activ-
ities, which in turn triggers RAAS, subsequently elevat-
ing BP [33, 61], may imply the complexity of the biology
of BP regulation and infectious disease.

The implications of evolutionary genetics to
pharmacogenomics and precision medicine in HTN
Precision medicine refers to an approach that custom-
izes healthcare tailored specifically to an individual pa-
tient or a particular group of patients [62]. Whilst
numerous ‘-omics’ technologies such as the proteomics,
metabolomics, lipidomics, metagenomics, epigenomics,
microbiomes and genomics, have been proposed as a
candidate solution for precision medicine, each has its
own limitations. Some require sophisticated laboratory
setup and are labour intensive, while other methods may
not be sustainable or practical across time, or results are
difficult to interpret. Pharmacogenomics is thought to
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be a favourite approach to the implementation of preci-
sion medicine because its findings, if validated, can be
translated conveniently to bedside applications, hence
impacting human health more rapidly than other ‘-omics’
technologies. Using such genetic-guided approach, clini-
cians could presumably be able to predict the response of
a hypertensive patient to a selected medication, thus ap-
propriate type(s) of medication(s) with an optimal dose
could be definitively found for the patients. One such ex-
ample is trastuzumab (Herceptin) treatment for breast
cancer patients with human epidermal growth factor re-
ceptor (HER2, also known as ERRB2) mutations. HER2
amplification is seen in 15–20% of the breast cancer pa-
tients, and is associated with faster growth rate and poorer
diagnosis. [63, 64]. The use of trastuzumab is approved
and recommended by FDA, when the breast cancer pa-
tients either have a HER2 protein overexpression or HER2
gene amplification. Nonetheless the key to the success of
this implementation relies on two major determining
factors:

(i) Identifying and prioritizing HTN associated causal
variants between and within populations:
We acknowledge that the genetic landscape of
HTN is largely influenced by evolutionary forces
such as natural selection and local adaptation.
Ideally, candidate gene variant(s) under selective
pressure are often functionally important to BP
regulation. Surprisingly several variants that were
functionally validated including rs699/rs5051
(AGT gene); rs5443 (GNB3 gene) and rs4293393
(UMOD gene), which were thought to be suitable
candidates, however, yielded contrasting results in
association with BP in different populations [8, 15,
25, 65]. One postulation is that selection process of
these functional variants could have taken place
long time ago, and has reached a fixation stage
across populations [66].
However, a recent search on GWAS catalogue
(https://www.ebi.ac.uk/gwas/) (using keywords
‘blood pressure’ and ‘hypertension’; date 11th
February 2018) revealed as many as 457 GWAS

signals that reached the genome-wide significant
threshold at p < 10− 7, of which 283 were distinct,
corresponding to 245 candidate genes (Additional
file 1: Table S1). Moreover, only 7 candidate genes
with established pathophysiological mechanisms
of HTN were replicated in GWAS (ACE1, ACE2,
ADRB1, ADRB2, MME, CACNA2D2 and UMOD).
These observations imply that (i) the genetic vari-
ants underlying HTN are relatively common (oc-
curring > 1% in a population), have undergone little
or no selection in earlier populations, and mutations
(derived alleles) could have occurred before or
during early AMH migration out-of-Africa; (ii) the
physiology of HTN is probably more complex and
heterogeneous than our current understanding;(iii)
it remains a challenge to identify which genetic
marker (or array of genetic markers) best suits the
pharmacogenomics approach in HTN.
Some encouraging progress has been seen albeit at
a preliminary stage. For instance, a clinical trial was
carried out to predict the investigating the response
of diuretics on HTN patients who carried UMOD
rs13333226-AA genotype [62] found that HTN in-
dividuals with the said genotype had increased
UMOD excretion, thus greater salt sensitivity [67–
69]. According to Dominiczak et al. (2017), a pro-
spective UMOD rs13333226-AA genotype directed
trial of a long-acting loop diuretic, torasemide, in
uncontrolled hypertensive is currently ongoing [62].
Whereas two clinical trials, namely the Nordic Dil-
tiazem (NORDIL) and Pharmacogenomic Evalu-
ation of Antihypertensive Responses (PEAR)
studies, applied the NEDD4L rs4149601 genotype to
predict the response of HTN patients on thiazide
diuretics [70, 71]. The rs4149601 G-variant creates
a cryptic splice site in NEDD4L, which leads to less
ENaC downregulation, thereby increased sodium
retention. The NORDIL study claimed that the
HTN individuals carrying the G allele showed bet-
ter response to the thiazide/β-blocker treatment
compared to those with AA genotype [71]; whereas
in PEAR study, the rs4149601 G allele showed

(See figure on previous page.)
Fig. 3 Correlation between the ancestral allele frequencies and latitude coordinates for the variants (a) rs699 (AGT), (b) rs5443 (GNB3), (c) rs776746
(CYP3A5), (d) rs4343 (ACE) and (e) rs4293393 (UMOD). Variant rs4343 is in strong linkage disequilibrium with the ACE I/D polymorphism. The
ancestral allele A is linked with the insertion polymorphism. Significant correlations between the ancestral variant frequencies and the latitude
coordinates are shown in all variants tested except rs4309 and rs4293393. However, distinct clusters are observed which indicates significant
different ancestral allele frequencies between African, European, East Asian and American populations. ACB, African Carribean; ASW, African in
Southwest US; BEB, Bengali in Bangladesh; CDX, Chinese Dai; CEU, European in Centre Utah; CHB, Han Chinese Beijing; CHS, Southern Han
Chinese; CLM, Colombian; ESN, Esan Nigeria; Fin, Finnish, GBR, British; GIH, Gujurati Indian in Houston; GWD, Gambian; IBS, Iberian Spain; ITU,
Indian Telugu in UK; JPT, Japanese Tokyo; KHV, Kinh Vietnam; LWK, Luhya Kenya; MSL, Mende in Sierra Leone Africa; MXL, Mexican in California;
PEL, Peruvian; PJL, Punjabi Pakistan; PUR; Puerto Rican; STU, Sri Lankan; TSI, Toscani Italy; YRI, Yoruba Nigeria
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better response to hydrochlorothiazide but no dif-
ference by genotype in response to the β-blocker
atenolol [72].
The solution to this challenge however, relies on
understanding the genetic architecture within and
between a wide range of populations with ancestry
from different parts of the world [73, 74]. In other
words, cataloguing genomic variations that cover
diverse populations, especially the indigenous
populations are crucial to ensure the success of
personalized medicine.

(ii) Identifying the intermediate phenotypes of HTN:
The findings from GWAS imply that the
pathophysiology of HTN is heterogeneous, thus in
agreement with the postulations that multiple
causative factors which interplay with different
environment factors could have contributed to the
elevation of BP in different populations. Therefore
characterizing different intermediate phenotypes of
HTN is crucial [7, 75–77]. Korner (2010) defined
two major intermediate phenotypes of HTN –
stress and salt-sensitive HTN and obesity related
HTN, which could be further characterized by
neural and non-neural mechanisms [75]. In
addition, it was recognized earlier that there are
two distinct physiological salt-sensitive HTN
namely, the non-modulating salt-sensitive and the
low renin salt sensitive [6]. Another intermediate
phenotype of HTN has been recognized as the
neurogenic HTN namely the deoxycorticosterone
acetate (DOCA) salt hypertension, which exhibits
salt-dependent of excess mineralocorticoid [12, 78].

Disease heterogeneity is the major source of variability
in response to anti-HTN medication [79]. Precise ‘pheno-
typing’ therefore, is the key to identifying the causative
gene(s) or variant(s) of HTN thus warrant the long-term
success of pharmacogenomics and precision medicine.
Several evolutionary drivers elaborated in this article may
be able to shed lights to attempts of identifying different
intermediate phenotypes for HTN. However, more efforts
are required to comprehensively understand the physi-
ology of HTN to categorize the disease phenotypes.
The concept of precision medicine may seem far-

fetched at present. But looking back when the idea of
going to the moon seemed impossible, man had taken
this figment of imagination and realized it. The develop-
ment of science and technology, particularly in the area
of pharmacogenomics, has pointed us in the right direc-
tion though the journey remains long before we can
even begin to consider personalized medicine. However,
with future research advances, one day, precision medi-
cine will no longer be a notion, but a reality and a way
forward in medicine. But this can only be achieved with

a comprehensive understanding on the complex ‘genoty-
pe-phenotype’ interactions.

Concluding thoughts
Forces of evolution and natural selection could have re-
sulted in variability in BP across global populations with
diverse ancestry, which could have possibly led to differ-
ent pathophysiological mechanisms or intermediate phe-
notypes of HTN. This in part resulted in different
responses towards anti-HTN medications today. Whilst
the Life Sciences community believes that the advance-
ment of the genome sequencing and ‘-omics’ technology
could provide a solution to the precision medicine in
HTN, equally important is the identification of inter-
mediate phenotypes of HTN (and its related biochemical
traits); and the crucial cataloguing of both rare and com-
mon variants of various populations as reference to bet-
ter understand the evolution of common traits like
HTN, and how these variants found in different parts of
the world influence HTN and its response towards
medications.
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Abbreviations
AMH: Anatomical modern human; Ang II: Angiotensin II; BP: Blood pressure;
CVD: Cardiovascular disease; DRH: Drug-resistant hypertension;
GWAS: Genome-wide association study; HTN: Hypertension; RAAS: Renin-
Angiotensin-Aldosterone System

Acknowledgements
B.P.H acknowledges the Chinese Academy of Sciences President’s
International Fellowship Initiatives (2017VBA0008) awarded to him. Y.K. is
supported by the Ministry of Higher Education Malaysia under Long Term
Research Grant Scheme [Grant code: 600-RMI/LRGS 5/3 (2/2011)-2]; B.P.H
thank the Ministry of Higher Education Fundamental Research Grant Scheme
[Grant code: FRGS/1/2015/ST03/UCSI/01/1] for supporting part of the data
analysis in this article.

Funding
Chinese Academy of Sciences President’s International Fellowship Initiatives
(2017VBA0008).
Ministry of Higher Education Malaysia under Long Term Research Grant
Scheme [Grant code: 600-RMI/LRGS 5/3 (2/2011)-2].
Ministry of Higher Education Fundamental Research Grant Scheme [Grant
code: FRGS/1/2015/ST03/UCSI/01/1].

Availability of data and materials
Not applicable

Authors’ contributions
BPH conceptualized the manuscript. YK and TAR provided their input to the
manuscript from clinical perspective. All authors contributed to the writing,
and have read and approved the manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Hoh et al. Hereditas           (2019) 156:1 Page 8 of 10

https://doi.org/10.1186/s41065-019-0080-1


Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Faculty of Medicine and Health Sciences, UCSI University, Cheras, 56000
Kuala Lumpur, Malaysia. 2Chinese Academy of Sciences Key Laboratory of
Computational Biology, Max Planck Independent Research Group on
Population Genomics, CAS-MPG Partner Institute for Computational Biology,
Shanghai Institutes for Biological Sciences, CAS, Shanghai 200031, China.
3Clinical Pathology Diagnostic Centre Research Laboratory, Faculty of
Medicine, Universiti Teknologi MARA, Sungai Buloh Campus, 47000 Sungai
Buloh, Selangor, Malaysia.

Received: 18 August 2018 Accepted: 1 January 2019

References
1. Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, et al.

Heart disease and stroke statistics-2012 update: a report from the American
heart association. Circulation. 2012;125:e2–220.

2. He J, Muntner P, Chen J, Roccella EJ, Streiffer RH, Whelton PK. Factors
associated with hypertension control in the general population of the
United States. Arch InternMed. 2002;162:1051–8.

3. Elias MF, Torres RV. Delayed response to antihypertension medication.
Hypertension. 2017;70:1–3.

4. Kato N. Ethnic differences in genetic predisposition to hypertension.
Hypertens Res. 2012;3544:574–81.

5. Takeuchi F, Yamamoto K, Katsuya T, Sugiyama T, Nabika T, Ohnaka K, et al.
Reevaluation of the association of seven candidate genes with blood
pressure and hypertension: a replication study and meta-analysis with a
larger sample size. Hypertens Res. 2012;35:825–31.

6. Williams GH, Dluhy RG, Lifton RP, Moore TJ, Gleason R, Williams R, et al.
Non-modulation as an intermediate phenotype in essential hypertension.
Hypertension. 1992;20:788–96.

7. Williams GH, Hollenberg NK, Hopkins PM, Jeunemaitre X. The role of
intermediate phenotypes in essential hypertension: non- modulation as a
model. Endocr Res. 1996;22:675–80.

8. Lynch AI, Irvin MR, Davis BR, Ford CE, Eckfeldt JH, Arnett DK. Genetic and
adverse health outcome associations with treatment resistant hypertension
in GenHAT. Int J Hypertens. 2013;2013:578578.

9. Singh M, Singh AK, Pandey P, Chandra S, Singh KA, Gambhir IS. Molecular
genetics of essential hypertension. Clin Exp Hypertens. 2016;38:268–77.

10. Lifton R, Gharavi A, Geller D. Molecular mechanisms of human hypertension.
Cell. 2001;104:545–56.

11. Cowley AW. The genetic dissection of essential hypertension. Nat Rev
Genet. 2006;7:829–40.

12. Coffman TM. Under pressure: the search for the essential mechanisms of
hypertension. Nat Med. 2011;17:1402–9.

13. Guyton A. Blood pressure control--special role of the kidneys and body
fluids. Science. 1991;252:1813–6.

14. Rossier BC, Bochud M, Devuyst O. The hypertension pandemic: an
evolutionary perspective. Physiology. 2017;32:112–25.

15. Sanada H, JE J, PA J. Genetics of salt-sensitive hypertension. Curr Hypertens
Rep. 2011;13:55–66.

16. Mattson DL, Liang M. Hypertension: from GWAS to functional genomics-
based precision medicine. Nat Rev Nephrol. 2017. https://doi.org/10.1038/
nrneph.2017.21.

17. Di Rienzo A, Hudson RR. An evolutionary framework for common diseases:
the ancestral-susceptibility model. Trends Genet. 2005;21:596–601.

18. Weder AB. Evolution and hypertension. Hypertension. 2007;49:260–05.
19. Schulte K, Kunter U, Moeller MJ. The evolution of blood pressure and the

rise of mankind. Nephrol Dial Transplant. 2015;30:713–23.
20. Raven PB, Chapleau MW. Blood pressure regulation XI: overview and future

research directions. Eur J Appl Physiol. 2014;114:579–86.
21. Eaton SB, Konner M. Paleolithic nutrition. A consideration of its nature and

current implications. N Engl J Med. 1985;312:283–9.

22. Denton DA. The hunger for salt : an anthropological, physiological, and
medical analysis. Springer Berlin Heidelberg; 1982.

23. Snyder G, Sheafor B. Red blood Cells : centerpiece in the evolution of the
vertebrate. Amer Zool. 1999;39:189–98.

24. Bruno RM, Cartoni G, Taddei S. Hypertension in special populations: athletes.
Futur Cardiol. 2011;7:571–84.

25. Young JH, Chang YPC, Kim JDO, Chretien JP, Klag MJ, Levine MA, et al.
Differential susceptibility to hypertension is due to selection during the out-
of-Africa expansion. PLoS Genet. 2005;1:0730–8.

26. Young JH. Evolution of blood pressure regulation in humans. Curr
Hypertens Rep. 2007;9:13–8.

27. Blaustein MP, Hamlyn JM. Signaling mechanisms that link salt retention to
hypertension. Biochim Biophys Acta. 2010;1802:1219–29.

28. Yatabe MS, Yatabe J, Yoneda M, Watanabe T, Otsuki M, Felder RA, et al. Salt
sensitivity is associated with insulin resistance, sympathetic overactivity, and
decreased suppression of circulating renin activity in lean patients with
essential hypertension. Am J Clin Nutr. 2010;92:77–82.

29. Banegas JR. Mass starvation in early life and adult hypertension in China. J
Hypertens. 2017;35:29–32.

30. Sack MN, Disch DL, Rockman HA, Kelly DP. A role for Sp and nuclear
receptor transcription factors in a cardiac hypertrophic growth program.
Proc Natl Acad Sci. 1997;94:6438–43.

31. Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD, Hanson MA. Epigenetic
mechanisms and the mismatch concept of the developmental origins of
health and disease. Pediatr Res. 2007;61:31–6.

32. Armelagos GJ. The slavery hypertension hypothesis—natural selection and
scientific investigation: a commentary. Transform Anthropol. 2005;13:119–24.

33. Wall NA, Chue CD, Edwards NC, Pankhurst T, Harper L, Steeds RP, et al.
Cytomegalovirus Seropositivity is associated with increased arterial stiffness
in patients with chronic kidney disease. PLoS One. 2013;8:1–7.

34. Etyang AO, Smeeth L, Cruickshank JK, Scott JAG. The malaria-high blood
pressure hypothesis. Circ Res. 2016;119:36–40.

35. Li C, Samaranayake NR, Ong KL, Wong HK, Cheung BMY. Is human
cytomegalovirus infection associated with hypertension? The United States
national health and nutrition examination survey 1999-2002. PLoS One.
2012;7:1999–2002.

36. Li S, Zhu J, Zhang W, Chen Y, Zhang K, Popescu LM, et al. Signature
microRNA expression profile of essential hypertension and its novel link to
human cytomegalovirus infection. Circulation. 2011;124:175–84.

37. Desvarieux M, Demmer RT, Jocobs DR Jr, Rundek T, Boden-Albala B, Sacco
RL, et al. PERIODONTAL BACTERIA AND HYPERTENSION: the Oral infections
and vascular disease epidemiology study (INVEST). Moïse J Hypertens. 2010;
28:1413–21.

38. Kesteloot H, Ndam N, Sasaki S, Kowo M, Seghers V. A survey of blood
pressure distribution in pygmy and bantu populations in Cameroon.
Hypertension. 1996;27(1):108–13.

39. Inamo J, Daigre JL, Boissin JL, Kangambega P, Larifla L, Chevallier H, et al.
High blood pressure and obesity: disparities among four French overseas
territories. J Hypertens. 2011;29:1494–501.

40. Inamo J, Lang T, Atallah A, Inamo A, Larabi L, Chatellier G, et al. Prevalence
and therapeutic control of hypertension in French Caribbean regions. J
Hypertens. 2005;23:1341–6.

41. Phipps ME, Chan KKL, Naidu R, Mohamad NW, Hoh B-P, Quek K-F, et al.
Cardio-metabolic health risks in indigenous populations of Southeast Asia
and the influence of urbanization. BMC Public Health. 2015;15:47.

42. Wang Z, Knight S, Wilson A, Rowley KG, Best JD, McDermott R, et al. Blood
pressure and hypertension for Australian aboriginal and Torres Strait
islander people. Eur J Cardiovasc Prev Rehabil. 2006;13:438–43.

43. Gurven M, Blackwell AD, Rodriguez DE, Stieglitz J, Kaplan H. Does blood
pressure inevitably rise with age? Longitudinal evidence among forager-
horticulturalists. Hypertension. 2012;60:25–33.

44. Nakajima T, Wooding S, Sakagami T, Emi M, Tokunaga K, Tamiya G, et al.
Natural selection and population history in the human angiotensinogen
gene (AGT): 736 complete AGT sequence in chromosomes from around the
world. Am J Hum Genet. 2004;74:898–916.

45. Watkins WS, Hunt SC, Williams GH, Tolpinrud W, Jeunemaitre X, Lalouel JM,
et al. Genotype-phenotype analysis of angiotensinogen polymorphisms and
essential hypertension: the importance of haplotypes. J Hypertens. 2010;28:
65–75.

46. Cagliani R, Fumagalli M, Riva S, Pozzoli U, Comi GP, Bresolin N, et al. Genetic
variability in the ACE gene region surrounding the Alu I/D polymorphism is

Hoh et al. Hereditas           (2019) 156:1 Page 9 of 10

https://doi.org/10.1038/nrneph.2017.21
https://doi.org/10.1038/nrneph.2017.21


maintained by balancing selection in human populations. Pharmacogenet
Genomics. 2010;20:131–4.

47. Thompson EE, Kuttab-Boulos H, Witonsky D, Yang L, Roe BA, Di Rienzo A.
CYP3A variation and the evolution of salt-sensitivity variants. Am J Hum
Genet. 2004;75:1059–69.

48. Kalilani L, Mofolo I, Chaponda M, Rogerson SJ, Meshnick SR. The effect of
timing and frequency of Plasmodium falciparum infection during
pregnancy on the risk of low birth weight and maternal anemia. Trans R
Soc Trop Med Hyg. 2010;104:416–22.

49. Aidoo M, McElroy PD, Kolczak MS, Terlouw DJ, ter Kuile FO, Nahlen B, et al.
Tumor necrosis factor-α promoter variant 2 (TNF2) is associated with pre-
term delivery, infant mortality, and malaria morbidity in western Kenya:
Asembo bay cohort project IX. Genet Epidemiol. 2001;21:201–11.

50. Gallego-Delgado J, Rodriguez A. Malaria and hypertension. Another co-
evolutionary adaptation? Front Cell Infect Microbiol. 2014;4:1–4.

51. Levy D, Larson MG, Benjamin EJ, Newton-Cheh C, Wang TJ, Hwang SJ, et al.
Framingham heart study 100K project: genome-wide associations for blood
pressure and arterial stiffness. BMC Med Genet. 2007;8:1–11.

52. Kraja AT, Huang P, Tang W, Hunt SC, North KE, Lewis CE, et al. QTLs of
factors of the metabolic syndrome and echocardiographic phenotypes:
the hypertension genetic epidemiology network study. BMC Med
Genet. 2008;9:1–9.

53. Org E, Eyheramendy S, Juhanson P, Gieger C, Lichtner P, Klopp N, et al.
Genome-wide scan identifies CDH13 as a novel susceptibility locus
contributing to blood pressure determination in two European populations.
Hum Mol Genet. 2009;18:2288–96.

54. Warren HR, Evangelou E, Cabrera CP, Gao H, Ren M, Mifsud B, et al.
Genome-wide association analysis identifies novel blood pressure loci and
offers biological insights into cardiovascular risk. Nat Genet. 2017. https://
doi.org/10.1038/ng.3768.

55. Band G, Le QS, Jostins L, Pirinen M, Kivinen K, Jallow M, et al. Imputation-
Based Meta-Analysis of Severe Malaria in Three African Populations. PLoS
Genet. 9(5):e1003509. https://doi.org/10.1371/journal.pgen.1003509.

56. Mangano VD, Modiano D. An evolutionary perspective of how infection
drives human genome diversity: the case of malaria. Curr Opin Immunol.
2014;30:39–47.

57. Liu X, Yunus Y, Lu D, Aghakhanian F, Saw WY, Deng L, et al. Differential
positive selection of malaria resistance genes in three indigenous
populations of peninsular Malaysia. Hum Genet. 2015;134:375–92.

58. Deng L, Hoh BP, Lu D, Fu R, Phipps ME, Li S, et al. The population genomic
landscape of human genetic structure, admixture history and local
adaptation in peninsular Malaysia. Hum Genet. 2014;133:1169–85.

59. Thomas V, Sng KH, Yap PL. Seroepidemiology of malaria in orang Asli
(Aborgines) children in Kelantan. Geneva: Malaysia; 1980. Available from:
http://apps.who.int/iris/handle/10665/65793

60. Baer AS, Concerns C for OA. Health, disease, and survival : a biomedical and
genetic analysis of the orang Asli of Malaysia. 1st ed. Subang Jaya: Center
for Orang Asli Concerns, Subang Jaya, Malaysia; 1999.

61. Cheng J, Ke Q, Jin Z, Wang H, Kocher O, Morgan JP, et al. Cytomegalovirus
infection causes an increase of arterial blood pressure. PLoS Pathog. 2009;5.

62. Dominiczak A, Delles C, Genomics PS. Precision medicine for clinicians and
scientists in hypertension. Hypertension. 2017;69:e10–3.

63. Pratt V, McLeod H, Rubinstein W, Dean L, Kattman B, Malheiro A. Medical
Genetics Summaries. Pratt V, McLeod H, Rubinstein W, Dean L, Kattman B,
Malheiro A, editors. Natl. Cent. Biotechnol. Inf. Bethesda: National Center for
Biotechnology Information (US), Bethesda (MD) All; 2018. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28520346.

64. Gajria D, Chandarlapaty S. HER2-amplified breast cancer: mechanisms of
trastuzumab resistance and novel targeted therapies. Expert Rev Anticancer
Ther. 2011;11:263–75.

65. Furusawa T, Naka I, Yamauchi T, Natsuhara K, Eddie R, Kimura R, et al.
Hypertension-susceptibility gene prevalence in the Pacific Islands and
associations with hypertension in Melanesia. J Hum Genet. 2013;58(3):142-9.

66. Jobling M, Hollox E, Kivisild T, Tyler-Smith C. Human evolutionary genetics.
Garl Sci. 2014.

67. Graham LA, Padmanabhan S, Fraser NJ, Kumar S, Bates JM, Raffi HS, et al.
Validation of uromodulin as a candidate gene for human essential
hypertension. Hypertension. 2014;63:551–8.

68. Padmanabhan S, Graham L, Ferreri NR, Graham D, McBride M, Dominiczak
AF. Uromodulin, an emerging novel pathway for blood pressure regulation
and hypertension. Hypertension. 2014;64:918–23.

69. Trudu M, Janas S, Lanzani C, Debaix H, Schaeffer C, Ikehata M, et al.
Common noncoding UMOD gene variants induce salt-sensitive
hypertension and kidney damage by increasing uromodulin expression. Nat
Med. 2013;19:1655–60.

70. Cooper-DeHoff RM, Johnson JA. Hypertension pharmacogenomics: in
search of personalized treatment approaches. Nat Rev Nephrol. 2015;12:
110–22.

71. Svensson-Färbom P, Wahlstrand B, Almgren P, Dahlberg J, Fava C, Kjeldsen
S, et al. A functional variant of the NEDD4L gene is associated with
beneficial treatment response with β-blockers and diuretics in hypertensive
patients. J Hypertens. 2011;29:388–95.

72. McDonough CW, Burbage SE, Duarte JD, Gong Y, Langaee TY, Turner ST, et
al. Association of variants in NEDD4L with blood pressure response and
adverse cardiovascular outcomes in hypertensive patients treated with
thiazide diuretics. J Hypertens. 2013;31:698–704.

73. Ramos E, Callier S, Rotimi C. Why personalized medicine will fail if we stay
the course. Per Med. 2012;9:839–47.

74. Franceschini N, Chasman DI, Cooper-DeHoff RM, Arnett D. Genetics,
ancestry, and hypertension: implications of targeted antihypertensive
therapies. Curr Hypertens Rep. 2014;16:461–9.

75. Korner PI. The phenotypic patterns of essential hypertension are the key to
identifying “high blood pressure” genes. Physiol Res. 2010;59:841–57.

76. Carey RM. New intermediate phenotype of resistant hypertension.
Hypertension. 2017;69:789–90.

77. Ghazi L, Oparil S, Calhoun DA, Lin CP, Dudenbostel T. Distinctive risk factors
and phenotype of younger patients with resistant hypertension: age is
relevant. Hypertension. 2017;69:827–35.

78. Basting T, Lazartigues E. DOCA-salt hypertension: an update. Curr Hypertens
Rep Current Hypertension Reports. 2017;19:1–8.

79. Peck RW. Precision medicine is not just Genomics: the right dose for every
patient. Annu Rev Pharmacol Toxicol. 2018;58:105–22.

Hoh et al. Hereditas           (2019) 156:1 Page 10 of 10

https://doi.org/10.1038/ng.3768
https://doi.org/10.1038/ng.3768
https://doi.org/10.1371/journal.pgen.1003509
http://apps.who.int/iris/handle/10665/65793
http://www.ncbi.nlm.nih.gov/pubmed/28520346

	Abstract
	Introduction
	Molecular and physiological mechanisms of BP regulation
	Evolution and natural selection of BP in human survival
	The implications of evolutionary genetics to pharmacogenomics and precision medicine in HTN
	Concluding thoughts
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

