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Genetic, demographic and environmental factors all play a role in the frequency of an intricate multifactorial condition known as
hypertension. Approximately 30% and 50% of BP fluctuation are influenced by genetic variability. Many genetic studies have
confirmed the link between genetic variability and susceptibility to essential hypertension; hence, identifying genes associated with
essential hypertension susceptibility will aid in understanding the pathophysiology and their influence on how an individual
responds towards the antihypertensive therapy. There are also controversial results highlighted in some reports. This review
summarises genetic variants of the renin-angiotensin-aldosterone system (RAAS), angiotensinogen (AGT) (M235T), angiotensin
converting enzyme (ACE) (insertion/deletion), angiotensin II type 1 receptor (AT1R) (A1166C) and aldosterone synthase
(C344T) that are known and might contribute towards the pathophysiology of essential hypertension. Furthermore, the review
highlights the response of certain RAAS gene polymorphisms (renin, ACE and ATIR genes) to antihypertensive drugs.
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1. Introduction

With increased cardiovascular mortality and morbidity,
hypertension is a serious concern that has been identified as
the primary cause of death in cardiovascular disease across
the globe [1-3]. It is a chronic, common and age-related
disorder [3-5]. According to some guidelines, hypertension
should be identified when a patient’s systolic blood pressure
(BP) is higher than 140 mm Hg or their diastolic BP (DBP) is
higher than 90mm Hg after routine examination [6].

Disease involving renal and adrenal glands forms the aeti-
ology for the development of secondary hypertension. On
the other hand, most cases of hypertension are idiopathic in
nature and are known as primary or essential
hypertension (EH).

EH reports for around 95% of all cases of hypertension
and arises from the intricate interplay between genetic and
environmental factors. Genetically, EH contributes to ap-
proximately 30% of the variability in BP among individuals
[7-10]. The regulation of BP involves a complex system of
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physiological mechanisms that encompass the balance of
extracellular fluid volume, cardiac contractility and vascular
tone. These processes are orchestrated by renal, neurological
and endocrine systems [10, 11].

EH is influenced by a range of genetic factors, and the
renin-angiotensin—-aldosterone system (RAAS) plays a cru-
cial role in both its development and management
[8, 12, 13]. RAAS is a complex network of hormones that
connect the adrenal, renal and cardiovascular systems,
regulating fluid electrolyte balance and subsequently atrial
BP [14]. Numerous studies have investigated various can-
didate genes within RAAS. Among approximately 150 genes
involved in regulating BP, specific genetic variations within
RAAS components such as renin, angiotensinogen (AGT),
angiotensin converting enzyme (ACE), angiotensin II type 1
receptor (AT1R) and aldosterone synthase have been di-
rectly linked to EH [9, 10, 15, 16].

For instance, renin, released by kidneys, is an essential
component of RAAS, initiating the conversion of AGT to
angiotensin I (AngI) [17]. ACE then converts Ang I into the
active peptide angiotensin II (Ang II), crucial for main-
taining BP and fluid electrolyte balance [15].

The ACE gene exhibits a polymorphism characterised by
an insertion/deletion (I/D) of 287 bp ALUya5 element in the
intron [2, 15, 18]. Similarly, A1166C polymorphism of the
ATIR gene, as well as M235T of the AGT gene and the C344T
variant in the aldosterone synthase gene, has been linked to
EH in various studies, although results have been conflicting
in some cases [15, 16, 19-22].

Furthermore, genetic variations have also been dem-
onstrated to impact how an individual responds to anti-
hypertensive medications [23]. Despite the availability of
several antihypertensive drugs, BP control is only accom-
plished in approximately 50% of treated hypertensive pa-
tients worldwide [24, 25]. Genetic factors contribute to
roughly half of the variability in response to antihypertensive
drugs [5, 26, 27]. BP management strategies thus need to
consider an individual’s specific genetic makeup [28].

Recent research indicates that genetic variability in the
renin gene can influence its activity and production, poten-
tially influencing the response to antihypertensive drugs [17].
ACE inhibitors and AT1R blockers have become increasingly
used over the past 2 decades [29]. ACE inhibitors target a zinc
metalloproteinase that converts Ang I to Ang II, which results
in reducing peripheral vascular resistance, decreased aldo-
sterone secretion and increased natriuresis. They also reduce
the breakdown of bradykinin, a vasodilator [2, 6].

In contrast, AT1R blockers block the action of Ang II at
the Ang I receptor, leading to vasodilation, decreasing al-
dosterone production and ultimately reducing BP [30].
Studies have reported notable genetic variation in response
to ACE inhibitors and ATIR blockers [31]. For example, the
ACE gene polymorphism (I/D) in intron 16 can predict
about half of the variability in individual response towards
ACE inhibitors, though results may vary across different
populations [2, 25, 28, 32]. Similarly, data indicate that
A1166C polymorphism of the ATIR gene may be linked
with a decreased efficacy of ATIR blockers, although the
findings are conflicting among different studies [33-35].
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The main objective of this paper is to provide a com-
prehensive review of association between key genetic vari-
ations in the RAAS, such as AGT (M235T), ACE (I/D),
ATIR (A1166C) and aldosterone synthase (C344T), and
their relationship with EH. Additionally, the paper also
examines how antihypertensive medications target RAAS
response to renin, ACE (I/D) and ATIR (A1166C) gene
polymorphism across various populations.

1.1. RAAS Gene Polymorphism and EH. As potential genes
for EH, RAAS components have been thoroughly in-
vestigated. Some studies have shown a significant link be-
tween gene polymorphisms of AGT (M235T), ACE (I/D),
ATIR (A1166C) and aldosterone synthase (C344T) (Fig-
ure 1) with EH [16, 20-22, 36].

1.1.1. AGT. The enzymatic route of the RAAS uses a par-
ticular precursor called AGT to produce all angiotensin
peptide derivatives [37]. The human AGT gene, which is part
of the serpin gene superfamily and has four introns and five
exons totalling 13 kb, is located at 1q42-43. The renin-AGT
enzymatic process, which is a crucial process in the RAAS for
controlling BP, uses AGT as a substrate [25].

1.1.1.1. M235T Gene Polymorphism and EH. The AGT re-
gion harbours multiple polymorphisms, with particular
attention given to the M235T located in exon 2 [25]. The link
between the M235T AGT TT gene polymorphism and EH
was initially observed in the early 1990s [38]. Since then,
numerous studies worldwide have explored this association.

A large-scale study conducted from 2008 to 2013 in 7697
individuals from Yogyakarta Province, Indonesia, showed
a positive relationship between M235T and EH [39]. An-
other study involving 354 participants from the Electricity
Generating Authority of Thailand found a similar link be-
tween a specific genetic variation (M235T polymorphism)
and an increase in BP. This finding emerged from a cohort
study with a 5-year follow-up with data collected at two time
points—baseline in 2013 and follow-up in 2018. In both of
these studies, individuals carrying the T allele among this
population were at a higher risk of developing hypertension
[40]. Similar were the results in a study conducted among
the Mexican population [41].

While all of these studies involved a considerable sample
size, however, large-scale studies may yield a better un-
derstanding of genetic variation and its impact on EH. A
meta-analysis of larger-scale studies conducted among
populations worldwide also demonstrated that individuals
with the T allele have a higher propensity for EH [42].

While numerous studies across diverse populations have
established a positive association between the M235T
polymorphism and EH, some studies have yielded con-
flicting results, indicating no significant relationship be-
tween the two (Table 1). For instance, a case—control study
involving 406 individuals aged 20-79 years revealed poly-
morphism in both cases and controls, indicating no sig-
nificant association with EH [48]. Some of the older research
conducted before 2015 in some populations of Mongolia,
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FIGURE 1: RAAS gene polymorphisms. Explanation for the figure:
angiotensinogen (AGT) is cleaved by renin to angiotensin I (AngI),
which is further hydrolysed to angiotensin II (Ang II) by angio-
tensin converting enzyme (ACE). Ang II has two types of receptors:
angiotensin II type 1 receptor (ATIR) and angiotensin II type 2
receptor (AT2R). On one hand, Ang II then binds with ATIR,
which directly acts on blood vessels and adrenal glands to increase
blood pressure. During this process, aldosterone synthase helps in
the secretion of aldosterone that facilitates the reabsorption of
sodium and water, thereby increasing BP. On the other hand, AT2R
is responsible for vasodilation. There are many gene poly-
morphisms seen in the RAAS system, such as AGT (M235T), ACE
(insertion/deletion) (I/D), Ang II Type 1 receptor (ATIR)
(A1166C) and aldosterone synthase (C344T).

Calabar, Uyo and Germany also showed negative or no
relationships between polymorphism and EH [22, 39, 49].

1.1.2. ACE. ACE is a crucial enzyme in RAAS; it converts
Ang I to Ang II, which is a potent vasoconstrictor and is
present in blood and many bodily fluids [50, 51]. It is
encoded by the ACE gene, located in chromosome 17
(17q23.3), which spans 21 kb and consists of 25 introns and
26 exons [18, 52]. This gene is one of the most commonly
researched candidate genes in relation to EH resulting from
I/D polymorphism at intron 16 [52].

1.1.2.1. ACE Gene Polymorphism and EH. Several studies
have observed I/D polymorphism in gene coding for ACE
and its impact on susceptibility to EH in certain populations
while not in others. A case—control study conducted among
428 South Indian individuals revealed that the populations
carrying the D allele showed higher susceptibility to EH [53].
Another study conducted among 2040 individuals from
Chinese Han populations suggests a similar relationship
[54]. These findings also align with a meta-analysis of 57
studies, which comprises 32,862 participants of Asian,
Caucasian and mixed descent. The study showcases that the
D-allele of the ACE gene showed higher susceptibility to EH,
while the Asian population among all showed a stronger
association. The study also points out that the association
was more pronounced in males across all populations [55].

Some of the older research done before 2010 also
highlights a negative or no correlation between I/D

polymorphism and EH (Table 2). However, this research,
due to the smaller sample size, limits the generalisability and
statistical power of the findings.

Interestingly, there is an exception for the population of
African descent. Research in these groups has consistently
shown a stronger correlation between polymorphism in
ACE and EH. However, this hypothesis about the direct
influence of genetic variability in the ACE gene on BP levels
is not widely accepted for all populations but among those of
African descent.

This notion is supported by a linkage and association
study carried out on a large population of individuals with
African ancestry that identified two specific SNPs (ACES8
and ACE4) in the ACE gene. These variations were found to
be strongly linked with ACE concentration and had a no-
table impact on BP level [61].

1.1.3. ATIR. Ang II is an important vasoconstrictor, con-
sisting of two subtypes of the receptors (AT1 and AT2) on
the cell surface. ATI is the receptor through which most
actions of Ang II are exerted [19, 62, 63]. The main receptor
for Ang II in humans that mediates both vasoconstrictor
action and growth-promoting effects is ATIR [64]. The ATI1
gene, which codes for ATIR and has a length of 45.123 kb
consisting of five exons and four introns, is found on the
long arm of the chromosome 3 (3q21-q25) [3, 19, 61, 62].
A1166C transversion in the ATIR gene has been the topic of
most research in relation to EH.

1.1.3.1. ATIR Gene Polymorphism and EH. The ATIR gene
exhibits five common polymorphisms (T573C, A1062G,
A1166C, G1517T and A1878G) [65]. Among these, most
studies have focused on A1166C gene polymorphism, which
shows an A-to-C substitution at position 1166 in the AT1R
gene, and these studies have revealed its association with
EH [19].

A case—control study conducted in the Gujarati Indian
population with a sample size of 481 individuals carrying the
C allele in ATIR showed high susceptibility to EH [66].
Another study among the South Indian population, com-
prising 200 cases and 200 controls, showed similar results
[67]. A meta-analysis also indicated an increased possibility
of EH by 1.18-fold and 1.15-fold in patients carrying the C
allele and AC genotype. However, a decreased chance of EH
was seen in patients carrying the A allele and AA genotype.
Subgroup analysis also supported these findings in the Asian
population [68]. Similarly, research conducted in the
Turkish population with a sample size of 250 individuals
carrying the C allele showed a positive relationship with EH
(Figure 2) [19].

In contrast, there are a few studies carried out in diverse
populations that show no association between A1166C gene
polymorphism and EH. A study conducted in the population
of Calabar and Uyo did not find a notable link between the
A1166C gene and EH [69]. Similarly in Jordanian hyper-
tensives, the A1166C polymorphism was not linked to the
early onset of EH, but it did show an association in males
(AC, CC) with strong family histories of EH and those with



International Journal of Hypertension

“Anqiqesterauad aray) Suntwayy snyy) oz1s spdures Io[[ewIS € 9ABY ‘I9AIMOY] ‘SaTpn)s Y], “HY pue wstydiowijod
Jo sdiysuonea1 saneSou pue aanisod y1oq sasedMOYs YITYM ‘GT0Z 210J2q PaIonpuod Apnis o) pJatA sa1pnys asayT, “‘Hy pue wstydiowd[od susd 1,67 Jo S3UIPUY Y2181 9] JO SWIOS SISLIBWIWINS [} YT, 210N

dnoid $71 ;[o1nU0D SoUEds
[27] [onuod oy 03 pareduros sases ur JuaTeaard ssof aq 03 punoy sem adfjouad 1,1, Y7, 0.7 :$9seD) P1 LSETN LOV
dnoid G61 Jonu0D) SUE10SOULT
[o7] ST} ur A jo juowrdoaAsp oY) Ul o[01 Juedyrudls & 9ARY JOU Lew JUeLIEA JSETIN FOT 958D ¥ R4S LSETN LOV
6% {[onuo)
[s¥] uonendod dsouRMIB], UL Y YIIM PXUI] ST JURLIBA [SETIN 20T 15980 osoueMIe], LSETN 1OV
. 11T :S[o1u0D)
[s1] sjuanyed oreway ur Aprenonred ‘LY yimm pajenosse Apueoyruis ST JueLeA JSETIN 11z 59589 UBIpIARI(] LSSTIN 1OV
SLI uo 31979 dynads-1opuad renuajod e Funse88ns ‘syuaryed aarsusjzod4 = STOIUO
(7¥] ¥S1 HA 2 oY1 puas et . ned aar q 007 =S[00 werpuy [ 1oV
o[ewraf ur jus[eadrd 10w dIoM SJUBLIEA [ SETIN oY) JO sa[o[e pue sadfjouad ureyra) 647 =S3se))
(%99'99) dnoid [onuod 0} 12 = s[onuo)
[e7] paredwods (9,°18) syuanyed aarsusyrodAy ur jussaxd Apuanbaig arowr Juerrea 1SN g€ =sase)) erueoy LSETN LOV
dUAIYY sSurpuy urepy az1s s1dureg uonjendod Apmg wstydrowdjog auan

"HA yam uonemosse sj1 pue wsiydiowdjod 1,6¢7IN 2uad 1OV aYT, :T F14V],



International Journal of Hypertension

‘parpnys uonendod atpy

urgym 1epuad auo 1o uonendod swos yim 11 diysuoriefar juedsyrudis e moys jou saop wisrydrowjod /] dual OV a19ym suonendod aSISAIP UT PA3ONPUOD SIAIPNIS JO SSUTPUL Y} SISLIBWNS J[qe) YT, :2JON

USWIOM UT J0U Jng UdwW Ul Jgd ueawr 6S :[onuo)
[09] zooz pue Sgs uedw jo anjea 3saydry oy yIm payur] sem adLjousd (q( YL, ¥F saseD uonendod ysape3ueg an qov
uoneindod qefung ur gg yim payurf jou st wsiydiowdjod q/1 syuanjed uelsned
[6<] 6002 duad qov SAISU]OULIOU pUe JAISU)IAAAY F¢ Jjo uonendod 1qefung an qoV
[8s]  cooz  uonemdod ayy ur HY yim pau jou st wsiydrowdjod q/1 IOV BWWMMH% uonemdod ueqn) an aov
USW UBJRQI], UI JOU pUE USWOM UeIIqL], UT G¢T ;[onuo)
(6] <00z pue S[o[[e ( a3 UeamIaq ulp Jueoyrudis e 3sa33ns sGurpury s Apnjs ayf, 901 :9seD) uonemdod ueioquy, an 1V
[os]  #00T uonemdod By o019 uonendod uearoy] arn 40V
oy} Ur g YIIM UOTJeIDOSSE Jed[d e moys jou saop wsrydrowdjod /1 97F s9seD) Hel
sSurpuy urey azrs spdureg uonjendod Apmg wstydiowd[jog auan

AUAIJIY Jesx

‘HY pue wsiydiowdiod /] sual gDV :g 914V],



Turkish population
(sample size-250)

142 108
(hypertensive patients)
Genotyped

l
[ \

AA genotype AC genotype AA genotype
86.6% 13.4% 96.3% 3.7%

(healthy volunteers)
Genotyped

AC genotype

Figure 2: Illustration of ATIR (A1166C) gene polymorphism
representing a higher prevalence of risk of EH in the patient carrier
of the C genotype.

larger waist circumferences [62]. Similarly, some of the older
research, as summarised in Table 3, highlights both positive
and negative relationships of A1166C polymorphism
and EH.

However, it is crucial to note that the majority of these
studies show a correlation between A1166C gene poly-
morphism and EH, while some do not. Thus, it becomes
important to explore this particular gene polymorphism
with a larger sample size and a diverse population to pre-
cisely understand the relationship between genetic variation
and EH.

1.1.4. Aldosterone Synthase. The RAAS pathway is crucial
for maintaining BP, and aldosterone is one of its main ef-
fectors [72]. In the production of aldosterone, aldosterone
synthase is a crucial enzyme that is encoded by the CYP11B2
gene. It is a member of the cytochrome P450 family of
enzymes, which spans over 7 kb of chromosome 8q24.3, each
containing nine exons. It encodes for cytochrome P450,
which is crucial for aldosterone synthesis, and Ang II, and
potassium regulates its expression [73, 74].

Within CYP11B2, C344T is a common polymorphism
where C-to-T substitution takes place [74]. Various studies
on this polymorphism have demonstrated both positive and
negative relationships with EH.

1.1.4.1. Aldosterone Synthase (CYP11B2) C344T Poly-
morphisms and EH. CYP11B2 (C344T) has been associated
with EH in several studies; a case-control study from
Pakistan involving 400 individuals showed a significant
association [75].

Studies conducted before 2015 in African-Americans,
Latinos, Tibetans and other populations have also revealed
associations with the C344T polymorphism and EH
[20, 21, 76, 77]. The recent studies, however, show a negative
relationship between C344T polymorphism and EH.
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A study conducted involving 1776 participants among
Tibetans (545), Dongxians (530) and Chinese Han (701)
showed both positive and negative relationships. The pos-
itive association was observed in Tibetan women; however,
no links were observed between C344T polymorphism and
EH among the other two populations [21]. A meta-analysis
of research conducted in the Chinese Han population also
shows no association between this polymorphism and EH
[78]. This reveals there is limited recent research supporting
a positive relationship in diverse populations between
C344T gene polymorphism and EH. Thus, a further ex-
ploration with a larger population size conducted in a di-
verse population is needed to clarify the interplay of C344T
gene polymorphism and EH.

1.2. Pharmacogenetics. Pharmacogenetics is the study of
how individual genetics affect drug responses, and this
concept was first discussed 50 years ago. Since decades, drug
development and patient treatment often consider large
patient populations as homogeneous groups rather than
considering the genetic variation among these patients.
According to numerous data points, 30%-60% of the
patients fail the effective treatment of the disease [79] due to
a lack of genetic considerations. This highlights a need for
a more personalised approach to treatment. Pharmacoge-
netics thus promises the potential of personalising drug
therapy, which shall lead to effective drug treatment
depending on each patient’s specific genetic profile and
lower chances of having adverse drug reactions [80].

1.2.1. Variability in Antihypertensive Drug Response. The
significant variability in BP responses to antihypertensive
drugs highlights the challenges in achieving consistent
treatment outcomes in diverse patients. For instance, a study
focused on the treatment of patients with severe EH shows
varied BP responses to antihypertensive drugs. On the one
hand, under placebo treatment, the systolic BP exhibited
a notable increase of 28 mmHg in a few patients to a sub-
stantial decrease of 76 mmHg in others.

On the other hand, patients receiving active treatment
displayed a different range of results, including an increase
in SBP to 12mmHg in some and a remarkable decrease to
76 mmHg in others. However, the results for diastolic
pressure varied, from an increase of 28 mmHg to a decrease
of 44mmHg in placebo treatment and in active treatment,
from an increase of 12mmHg in some to a decrease of
60mmHg in the rest [81]. The study clearly depicts the
significant variability in BP response to both placebo and
active drug treatment among individuals.

Another study carried out among two different racial
groups (black and white) with hypertension also found the
varijability in response when treated with the same drug
(quinapril), but the variability was seen within the racial
groups rather than between the groups [82].

Different observations collectively highlight the need to
move beyond the current ‘trial-and-error’ approach in
selecting pharmacological treatments for hypertension. To
enhance treatment efficacy and precision, it becomes
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imperative to identify patient characteristics that influence
BP response to specific medication classes [83]. This pursuit
aims to tailor hypertension management strategies more
precisely to individual patients’ profiles, ultimately im-
proving clinical outcomes.

1.2.2. Drug Response: Genetic Contributions. The first car-
diovascular medication, in which clinical reactions varied
based on race, was antihypertensive medication. Diuretics
and beta-blockers have different effects on decreasing BP
depending on the ethnic group, as was discovered in the
early 1980s. The outcome of the pharmacological therapy is
frequently uncertain; it might range from having positive
therapeutic effects to having negative therapeutic effects due
to genetic variability.

Ethnic variance in beta-blocker and ACE inhibitor re-
sponses imply that distinct mechanisms contribute to the
development of EH in different ethnic populations. The
Veterans Affairs Cooperative Trial provided the most
compelling evidence of the discrepancy between white and
black patients’ responses to various antihypertensive drugs.
Beta-blockers showed a slightly better antihypertensive ef-
fect on white patients than on black patients, whereas di-
uretics had a marginally better effect on black patients
(Figure 3) [84].

1.2.3. RAAS Gene Polymorphism and Antihypertensive Drug
Response

1.2.3.1. Renin Gene Polymorphism and Antihypertensive
Drug Response. A study involving 461 whites and 297 blacks
investigated the genetic factors influencing baseline plasma
renin activity and found a specific single nucleotide poly-
morphism (rs3784921) in the SNN-TXNDC11 gene region.
The G allele of rs3784921 was linked with higher baseline
plasma renin activity in the whites and a reduced response in
BP to hydrochlorothiazide [17].

Another study explored the response of the drug val-
sartan to RAAS polymorphism. Among five genetic variants
examined, one, REN C-5312T, was associated with different
responses to the drug. Patients carrying the CC genotype
experienced a greater decrease in DBP, while the response
rate to the medication was higher in the CT/TT genotype
[85]. Likewise, another study that investigated the same
genetic variant (REN C-5312T) and its response to valsartan
and telmisartan also found that CT/TT carriers showed
a lesser reduction in DBP as compared to the CC
genotype [86].

These studies highlight the reduced efficacy of antihy-
pertensive drugs to renin gene polymorphism, suggesting
a potential for personalised medication considering the
genetic makeup of an individual. Additionally, there is
a need for more pharmacogenetic studies delving into the
renin gene polymorphism and the drug response.

1.2.3.2. ACE Gene Polymorphism and ACEI Response.
ACE inhibitors function by blocking the conversion of AngI
to Ang II in tissues and blood vessels, resulting in
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vasodilation [32]. The ACE gene consists of 26 exons, located
on chromosome 17’s long arm [18]. Among several poly-
morphisms in the ACE gene, the effects of the ACE I/D
polymorphism on pharmacogenetics have been the subject
of numerous studies [32].

A study was conducted on Malay male individuals (72
healthy individuals and 72 newly diagnosed hypertension
individuals) to assess the response to ACE inhibitors
(enalapril and lisinopril). It was found that patients with the
DD genotype experienced a greater decrease in BP compared
to those with ID and II genotypes, suggesting that the D
allele may be a potential genetic marker for EH in Malay
male subjects [28]. Another study conducted in a Greek
population treated with fosinopril showed a similar re-
sponse, with a significant decrease in BP among patients
carrying the DD genotype compared to those with the ID
and II genotypes [76]. However, a study conducted in the
Japanese population showed a better antihypertensive re-
sponse with imidapril in patients carrying the II genotype
rather than the DD genotype (Figure 4) [87].

The studies above explored the relationship between I/D
genotype and ACEI, in which DD genotype responded better
to ACEI as compared to ID and II genotypes. However,
a study conducted in the Japanese population showed
contrasting results, hinting at a need to explore the genetic
variation in different ethnicities and the drug response.
Additionally, there is a need for larger sample sizes and
greater emphasis on the generalisability of these findings to
diverse populations to enhance the applicability of the
results.

1.2.3.3. ATIR Gene Polymorphism and ATIR Blocker
Response. The human ATIR gene has been found to be
highly polymorphic. Several studies have been conducted to
understand the drug response with respect to A1166C gene
polymorphism. In a retrospective study involving 281 hy-
pertensive patients on valsartan treatment, a higher fre-
quency of the C allele and AC/CC genotypes of the AT1R
A1166C polymorphism was detected in patients with well-
controlled BP compared to those with poorly controlled
BP [33].

In another study involving Caucasians, a single dose of
25mg of losartan was given to 66 voluntary individuals to
determine the drug response to A1166C gene poly-
morphism. As a result, a decrease in the level of aldosterone
was found in patients with the C allele compared to those
with the AA genotype. Additionally, patients with the C
allele showed better potency in lowering their BP than those
with the AA genotype, wherein lowering aldosterone levels
determines lowering BP [31].

Contrary to the above results, few studies have also
highlighted no relationship between A1166C polymorphism
and drug responses. For instance, a study involving 206
Caucasian hypertensive patients found that A1166C gene
polymorphism did not influence the antihypertensive effi-
cacy of telmisartan [34]. The findings emerging from
SILVHIA trials also showed similar results where there was
no significant association between aforementioned poly-
morphism and drug response [35].
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These studies highlight that the A1166C gene poly-
morphism is linked to the increase/decrease in the efficacy of
ATIR blockers, while other studies show no association.
Thus, this poses a need for more population-based research
with an adequate sample size to develop a personalised
approach to optimise treatment.

1.2.3.4. RAAS Gene Polymorphism and Response to Other
Antihypertensive Drugs. Research on genetic determinants
of BP response to antihypertensive treatments has yielded
intriguing insights. A study aimed to explore association
between the RAAS gene polymorphism and their ability to
predict BP-lowering responses to atenolol and irbesartan.
Both treatments showed similar mean BP reductions. The
irbesartan-treated group exhibited a notable effect in in-
dividuals with a specific genotype (ACE gene I allele),

resulting in a significant reduction in DBP compared to
those with the D allele. This genotype-specific response was
not observed in the atenolol group [35].

However, some contradictory results exist, as exempli-
fied by a large population-based cohort study in the
Netherlands. This study investigated the impact of I/D
polymorphism in the ACE gene on BP responses to various
antihypertensive drugs, including diuretics, beta-blockers,
calcium channel blockers, and ACE inhibitors, and found no
significant modification of mean BP differences associated
with this genetic variation [88].

Additionally, research conducted in Chinese patients as
part of a benazepril post-market surveillance trial examined
genetic variations in the AGT, ATIR and AT2R genes. The
study identified associations between the AGT single nu-
cleotide polymorphism rs7079 and AT1R haplotype with BP
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reduction in response to ACE inhibitors [64]. Another study
conducted in the North Indian populace showcased that the
individual with the TT genotype exhibited a high BP low-
ering response to an ACE inhibitor (Enalapril) as compared
to those with the MT and MM genotypes [89].

Some studies have also explored genetic variation with
different populations in BP response to specific antihyper-
tensive medications. A study involving hypertensive African
Americans and non-Hispanic whites showed that the effects
of A1166C polymorphism of the AT1R gene could influence
the BP response to thiazide diuretics [90].

Another study in non-Hispanic men and women with
EH who underwent hydrochlorothiazide monotherapy
revealed distinct impacts of ACE I/D polymorphism in
response to hydrochlorothiazide [91]. A study conducted in
the Chinese Han ethnic population also uncovered a similar
association to hydrochlorothiazide treatment [92]. These
studies thus showcase a complexity of genetic influence on
BP response to antihypertensive drugs.

2. Conclusion

The review highlights the role of genetic polymorphism and
its association with EH in RAAS. The RAAS gene poly-
morphisms in AGT, ACE, ATIR and aldosterone synthase
have shown increased susceptibility to EH. These poly-
morphisms have also influenced the therapeutic impact of
antihypertensive drugs like hydrochlorothiazide, telmi-
sartan, atenolol, etc. The majority of studies presented in this
review highlight a need for research conducted in diverse
populations with a larger sample size to understand the
interplay of genetic variation, EH and antihypertensive
drugs to pave a path for a more personalised approach
towards drug therapy in managing EH.

2.1. Summary and Future Perspective. Genetic poly-
morphisms account for interindividual variability and ab-
normal responses to antihypertensive drugs. The correlation
between genetic changes in the primary RAAS components
and EH has been the subject of numerous investigations.
Therefore, RAAS suppression is the therapeutic strategy for
BP maintenance, although it has been found that due to
genetic variability, not all patients achieve BP management
adequately.

Differences in ethnicities and their response to ACE
inhibitors and ATIR blockers show involvement of several
pathways causing EH in several ethnic groups. Many drugs
have been demonstrated to be effective in treating EH;
however, each patient will respond to these drugs differently.
There are currently no efficient ways to tailor antihyper-
tensive medication. Thus, the identification of causative
genes and genetic variants will greatly benefit understanding
the genotype-phenotype link. This could lead to earlier
intervention and better patient care.

Our exploration to understand association between
RAAS gene polymorphism and EH showcased limited
availability of recent research exploring renin gene poly-
morphism and its impact on EH. This review has also looked

International Journal of Hypertension

at all types of research findings, both positive and no as-
sociation of RAAS polymorphism with EH, where recent
research with a larger sample size showed a higher positive
relationship as compared to others. However, in the case of
aldosterone synthase C344T polymorphism, the majority of
research conducted shows no associations between this
variation and EH.

To reach a more accurate conclusion, more research
concentrating on gene polymorphism and its relationship
with therapeutic effectiveness is needed. However, in this
article, the significance of some important RAAS gene
polymorphisms, their interrelation to EH and their impact
on antihypertensive drug therapies is summarised.

Nomenclature

ACE Angiotensin converting enzyme

AGT  Angiotensinogen
ATIR Angiotensin II type 1 receptor
Ang I Angiotensin I

Ang II Angiotensin II

BP Blood pressure

EH Essential hypertension

I/D Insertion/deletion

RAAS Renin-angiotensin-aldosterone system
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