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ABSTRACT

Introduction

Globally, it is estimated that over one billion individuals live with hypertension. The
prevalence of resistant hypertension can be as high as 19% among African populations.
Genetic variation in genes that affect the metabolism and transport of antihypertensive drugs
has been reported to influence treatment outcome in patients with hypertension. However,
there is substantial lack of data on which genetic variants are important in influencing how
African patients with hypertension respond to treatment. We hypothesise that genetic variants
previously reported to influence treatment outcome in patients with hypertension, may play a
role in the development of resistant hypertension in Africans, as well as other novel variants.
Therefore, this study set out to investigate the role of genetic variation in nine genes, namely,
ABCBI1, ADBRI, CESI, CYP3A44, CYP345, NEDD4L, NOS3, NR3C2 and SCNNIB, on the
development of resistant hypertension in South African patients. Knowledge of
pharmacogenetic variants that play a role in resistant hypertension may potentially improve

treatment and management of hypertension in our populations.

Materials and Method

This was a retrospective matched case-control study. The study was conducted at the
Hypertension Clinic at Groote Schuur Hospital, Cape Town, South Africa. The study was
approved by the Human Research Ethics Committee (HREC) of the University of Cape Town
(HREC 141/2022) and all patients had consented to be included in pharmacogenetic studies.
Demographic and clinical variables were extracted from the patients’ medical records.
Patients with BP > 140/90 mmHg on 3 or more antihypertensive drugs or BP < 140/90 mmHg
on more than 3 antihypertensive drugs, were classified into the resistant hypertension group
(i.e., the case group). Patients on less than 3 antihypertensive drugs were classified into the
non-resistant hypertension group (i.e., the control group). Twenty variants in the ABCBI,
ADBRI, CESI, CYP3A44, CYP3A5, NEDD4L, NOS3, NR3C2 and SCNNIB genes were
genotyped using either polymerase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) or quantitative PCR and subsequently validated using Sanger sequencing.
Genetic models of inheritance were used to determine associations between genotypes and

resistant hypertension. Multivariable logistic regression was performed to determine the
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association between genotypes and resistant hypertension while adjusting for potential

confounding variables.

Results

A total of 379 participants (29% Black African and 71% Mixed Ancestry) were successfully
recruited and genetically characterised for 19 SNPs and 1 copy number variant (CNV). The
participants comprised 190 cases (resistant to hypertension treatment) and 189 controls (non-
resistant to hypertension treatment). In each group, 54% were female and the median age for
cases and controls was 43.8 (20 — 54.2) and 42.2 (26 — 52.6) years, respectively. Most
genotyping results were consistent with the Hardy-Weinberg equilibrium (P >0.05) except for
ABCBI 152032582 (P = 0.01), CESI copy number (P < 0.01) CYP344 rs2740574 (P = 0.01)
and SCNNIB 15149868979 (P = 0.008) polymorphisms. Homozygosity for CYP3AS5
1s776746C/C (P = 0.02; OR: 0.44; CI: 0.22 - 0.89) and NOS3 rs3918188A/A (P = 0.0003; OR:
0.21; CI: 0.08 — 0.49) was associated with protection against resistant hypertension. On the
other hand, homozygosity for ADRBI rs1801252G/G (P = 0.02; OR: 3.30; CI: 1.17 — 10.03)
and NEDD4L rs4149601A/A (P = 0.001; OR: 3.82; CI: 1.67 — 9.07) was associated with
increased risk of resistant hypertension. Carriers of the ADRB1 rs1801252 — rs1801253G-C
haplotype were more likely to have resistant hypertension (P = 0.04; OR: 2.83; CI: 1.05 -8.20).
Carriers of the NOS3 rs2070744 — rs1798883 — rs3918188G—T—A haplotype appeared to be
protected against resistant hypertension (P = 0.006; OR: 0.47; CI: 0.27 — 0.80). There were no
statistically significant associations with resistant hypertension for selected polymorphisms in

the ABCBI, CESI, CYP3A44, NR3C2 and SCNNIB genes (P > 0.05).

Discussion

The CYP3A5 1s776746C allele is functionally associated with reduced CYP3AS expression.
This may lead to reduced clearance of antihypertensive drugs such as amlodipine, enalapril or
spironolactone, increasing their exposure and efficacy. NOS3 rs3918188A allele may affect
NOS3 gene expression, or its effect may be due to variants in linkage disequilibrium with it,
leading to increased efficacy of antihypertensives drugs such as enalapril. ADRBI rs1801252G
allele or ADRBI rs1801252A>G — rs1801253G>C, G—C haplotype alters ADRBI1 receptor
function, leading to reduced sensitivity to beta-blockers such as atenolol and consequently
reduced efficacy. The NEDD4L rs4149601A allele results in a non-functional NEDD4L,
impacting antihypertensive drugs with renal mechanisms, such as hydrochlorothiazide and

amiloride.
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Conclusion

CYP345 rs776746T>C, NOS3 1s3918188C>A, ADRBI r1s1801252A>G and NEDD4L
1s4149601G>A may be variants of pharmacogenomics importance in Africans with respect to
response to hypertension treatment. They seem to play a role in either predisposition to
resistant hypertension or the pharmacogenomics of antihypertensive drugs. Pre-emptive
screening for these variants may be of potential clinical utility in prescribing antihypertensive
drugs by influencing decisions on suitable drug types or optimal drug doses in patients with

hypertension.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Background
Non-communicable diseases (NCDs) have been on the increase globally, accounting for annual

mortalities of up to 41 million. According to the World Health Organisation (WHO), (2020),
NCDs are classified into four major groups: cardiovascular diseases (CVDs), cancer, chronic
respiratory diseases and diabetes. Out of the four, CVDs are responsible for the majority of
mortality, globally and an annual death toll of 17.9 million was recorded in 2019. CVDs are a
group of disorders that affect the heart and blood vessels. Examples are coronary heart disease
(CHD), rheumatic heart disease (RHD), peripheral arterial disease, aortic disease and stroke.
Ischaemic heart disease (IHD) and stroke have been listed as the top 5 causes of death in Africa
according to the WHO (Table 1.1) and accounted for approximately 2.8 million deaths in 2019
(WHO, 2020). Studies (Olsen et al., 2016; Zhou et al., 2021) have reported that hypertension
is an important risk factor for CVDs and CVD related death. Thus, control of hypertension
may play a significant role in reducing CVDs and CVD related deaths.

Table 1.1: An extract of the top five causes of death in Africa according to latest evidence by the
World Health Organisation (WHO). Ischaemic heart disease and stroke which rank fourth (and are non-
communicable), are potentiated by hypertension.

Cause of Death Communicable/Non- Number of deaths Percentage (%) of total
communicable deaths in 2019

Lower respiratory tract Communicable 774 252 9.9

infections

Diarrhoea Communicable 496 278 6.4

HIV/AIDS Communicable 434 543 5.6

Ischaemic heart disease = Non-communicable 429 179 5.5%**

and stroke

Parasitic diseases Communicable 388 229 5.0

***Hypertension is the leading risk factor for ischaemic heart disease and stroke.

1.2 Epidemiology and Burden of Hypertension
Globally, an estimated 1.13 billion individuals live with hypertension (Figure 1.1). Africa

contributes significantly to this and has an estimated hypertension prevalence > 27% (WHO,
2021; Zhou et al., 2021). Without appropriate intervention strategies it has been reported that
the number of people with hypertension in Africa will grow to up to 216.8 million by 2030



(Adeloye & Basquill, 2014; WHO, 2021). South Africa has the second highest prevalence of
hypertension among African countries (Figure 1.2). Several studies have reported an
estimated prevalence that is above 40% (Davids et al., 2019; Gémez-Olivé et al., 2017; Ibrahim
& Damasceno, 2012; Peer et al., 2013; Peer et al., 2021). It has also been reported that nearly
50% of people with hypertension still struggle to have their blood pressure under control
resulting in many cases of uncontrolled hypertension (Berry et al., 2017). According to several
reports across South Africa, the prevalence of uncontrolled hypertension ranges from 13.5 —
75.5% (Adeniyi et al., 2016; Berry et al., 2017; Masilela et al., 2020) and has recently been
reported to be on the rise in South Africa (Makukule et al., 2023). However, these studies used
different methodologies which may not be comparable in terms of reflecting the true

prevalence.

Similarly, hypertension related morbidity such as IHD, stroke, hypertensive heart disease
(HHD) and chronic kidney disease (CKD) are also on the rise. A recent study has estimated
total healthcare costs associated with hypertension to be ZAR 39.5 billion or US$2.79 billion,
which is representative of 0.76% of South Africa’s gross domestic product (GDP) in 2020
(Bank, 2019; Kohli-Lynch et al., 2022). For a developing country, also burdened by a plethora
of communicable diseases, these are extremely high costs. Thus, concerted efforts are required
to alleviate the economic burden due to hypertension, while also improving the quality of life

in patients with hypertension.

1.3 Resistant Hypertension
Approximately 21% of patients with hypertension globally, have been estimated to progress to

resistant hypertension (Dudenbostel et al., 2016). There is a marked variation in the prevalence
of resistant hypertension by region. Studies from American and European countries have
shown that the prevalence of resistant hypertension ranges between 8.4% and 17.4% among
patients with hypertension (Achelrod et al., 2015; Judd & Calhoun, 2014; Lotufo et al., 2015).
In Africa, there is limited epidemiological data accurately estimating the burden and prevalence
of resistant hypertension for the whole continent (Katsukunya et al., 2023b). It has been
reported that the prevalence of resistant hypertension across Africa ranges from 4-19%. In
South Africa, the prevalence of resistant hypertension has been reported to be 12.6% among
patients attending a tertiary-level Hypertension Clinic in Cape Town, South Africa (Cherif et
al., 2015; Moosa et al., 2016; Salako & Ayodele, 2003; Thinyane et al., 2015; Yaméogo et al.,
2014; Youmbissi et al., 1994).
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Figure 1.1: The global age-standardised prevalence of hypertension in individuals aged between 30-79 years based on population representative
surveys and statistical modelling in 2019. Adapted from WHO, Global Health Observatory (2022) — processed by Our world in Data
(https.//ourworldindata.org/grapher/hypertension-adults-30-79?time=2019, last accessed 14 December 2023).
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Seychelles 44.3%
South Africa 44.1%
Botswana 44.1%
Namibia 43.8%
Libya 42.7%
Eswatini 42.5%
Zimbabwe 42.3%
Guinea 40.9%
Sierra Leone 40.8%
Senegal 40.5%

Figure 1.2: The top 10 African countries with the highest age-standardised prevalence of
hypertension. South Africa has the 2™ highest prevalence of hypertension (44.1%) after Seychelles (44.3%).
Adapted from WHO, Global Health Observatory (2022) — processed by Our world in Data
(https://ourworldindata.org/grapher/hypertension-adults-30-79?time=2019, last accessed 14 December 2023).

1.3.1 Resistant Hypertension: A Historical Perspective and Evolution of the Definition
The challenge of managing high blood pressure has been a clinical concern since the

introduction of hypotensive agents in the 1930s (Figure 1.3). As specific antihypertensive
drugs started to be developed in the 1960s, the term “resistant hypertension” emerged, and
referred to patients with hypertension that was difficult to control despite the use of

antihypertensive drugs.

Over time, various definitions were proposed, in an attempt to classify patients with this
phenotype, with each definition being a significant improvement over the previous one (Gifford
Jr, 1988; Gifford & Tarazi, 1978; Van Dyne, 1960). However, it was only in 2008, when the
definition of resistant hypertension was clearly established. According to the American Heart

Association (AHA), resistant hypertension is,
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“BP that remains elevated (>140/90 mmHg) in a patient on three antihypertensive drugs

in optimal doses and one of which must be a diuretic,”

or alternatively,

“If a patient requires four or more antihypertensive drugs for BP to be controlled (<140/90

mmHg), it is considered controlled resistant hypertension (Calhoun et al., 2008).”
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Figure 1.3: Timeline and evolution of the major classes of antihypertensive drugs between 1930 —
2008 (Opie, 2009). The start of the use of specific drugs began in the 1960s which is when the term resistant
hypertension was coined.

This is the modern day basis of the definition of resistant hypertension and has been refined to
distinguish phenotypes such as (1) controlled resistant hypertension from controlled
hypertension, (2) uncontrolled resistant hypertension from uncontrolled hypertension and (3)

refractory hypertension from uncontrolled resistant hypertension (Figure 1.4).

However, one of the major challenges in this definition is that it does not exclude patients with

pseudo-resistant hypertension or apparent treatment resistant hypertension. Thus, it only



remains true, provided pseudo-resistance is excluded through accurate BP measurements and

confirmation of antihypertensive drug adherence (Judd & Calhoun, 2014).

Controlled
Hypertension 2 Uncontrolled
Hypertension
1
<140/90mm Hg Blood 2140/90mm Hg

Controlled Hypertension Pressurel Uncontrolled Hypertension

Figure 1.4: An algorithm summarising the modern-day criteria of classifying hypertension
including resistant hypertension based on the number of antihypertensive drugs (No. of Meds)
and BP levels. Resistant hypertension is classified as controlled resistant hypertension if it requires more than
four antihypertensive drugs to control BP (<140/90 mmHg), or BP that remains elevated (=140/90 mmHg) in a
patient on three antihypertensive drugs. Refractory hypertension is classified as uncontrolled BP (=140/90
mmHg) despite the use of more than five antihypertensive drugs (Dudenbostel et al., 2016).

1.3.2 Apparent Treatment Resistant Hypertension
Accurately measuring blood pressure and monitoring drug adherence are essential to avoid

misdiagnosing true resistant hypertension as apparent treatment-resistant hypertension.
Accurate and precise diagnosis of resistant hypertension heavily depends on accurate BP
measurements. Therefore, when measuring BP, major hypertension guidelines (Mancia et al.,
2023; Unger et al., 2020; Whelton et al., 2018) recommend that a patient be seated quietly in
an upright position in a temperate environment, having their arm outstretched and supported
(Cheung et al., 2023). During BP measurements, automated sphygmomanometers are used to
measure several BP readings while the patient is sitting in a comfortable position. According
to Seedat et al., (2014), six BP readings are usually taken at two-minute intervals. The initial
BP reading is discarded while the remaining five BP readings are averaged to give the mean
BP readings (Seedat et al., 2014). If white coating is suspected, ambulatory BP monitoring
(ABPM) is recommended. White-coating is defined as BP that is elevated only in a clinical

environment or when a physician is present but becomes normal when outside a clinical



environment (Nuredini et al., 2020). ABPM takes into account BP readings over 24 hours and
assesses day and night-time BP changes. In this case, elevated BP is indicated by mean daytime

and night-time BP > 135/85 and 120/70 mmHg respectively (Kumanan, 2017).

Patient non-adherence has been reported to be very common among patients with hypertension
and there have been reports that have estimated patient non-adherence to range between 7 —
66% (Ceral et al., 2011; Daugherty et al., 2012; Jung et al., 2013; Li et al., 2012; Raebel et al.,
2012; Tomaszewski et al., 2014). Several strategies are used to detect non-adherence to
antihypertensive therapy including direct questioning, pill counts, directly observed dosing and
therapeutic drug monitoring (TDM). However, direct questioning and pill counts have been
shown to provide unreliable estimates of detecting non-adherence and are less commonly used

(James et al., 2017).

Directly observed dosing is the most used, even in resource limited settings. It involves
measuring BP before and after a patient is observed taking the antihypertensive drugs by a
healthcare professional in a clinical setting. In this case, when BP is found to be <140/90
mmHg after directly observed dosing, it is suggestive of non-adherence. However, if BP is
>140/90 mmHg after directly observed dosing, a diagnosis of resistant hypertension may be
likely. It is important to note that the method may only be reliable for antihypertensive drugs
with a rapid onset of action and may have limited utility if drugs with very slow onset of action

are given such as amlodipine or hydrochlorothiazide.

In cases where directly observed dosing may be unreliable, medication possession ratios (MPR)
may be calculated. MPRs refer to the ratio of the total number of days of supply of a medication
to the total number of days in the period of observation (Agh, 2016). For example, the
calculation of MPR may be:

MPR = Days of supply of medication from last refill
Last refill date — first refill date

Ratios suggestive of adherence differ by specific drugs, however, a ratio of 0.80 is

conventionally used to denote adherence (Tang et al., 2017).



Therapeutic drug monitoring (TDM) remains the most preferred method of detecting non-
adherence and has been referred to as the ‘gold standard’ of measure of drug adherence (Figure
1.5) (James et al., 2017; Tomaszewski et al., 2014). It involves measuring drug metabolites in
either urine or serum using high-performance liquid chromatography-mass spectrometry
(HPLC) and has been shown to be effective in detecting non-adherence to specific drug types

(Ceral et al., 2011; Jung et al., 2013).

Patient Patient presents with uncontrolled BP (>140/90mmHg)
Presentation on 3 optimal dose medications (including a diuretic)

__________________________________ J;

Take a controlled clinic blood pressure measurement:

- Use relaxed, temperate setting, with the person quiet
and seated, and their arm outstretched and supported.

1. Check clinic

- If blood pressure high, take a second measurement
blood pressure

- If the latter measurement is substantially different from
the first, take a third measurement.

- Record the lower of the last two measurements as the
clinic blood pressure.

__________________________________ J;

2. Rule out white If BP is uncontrolled, refer for ambulatory blood
coat hypertension pressure monitoring

__________________________________ J;

If BP is uncontrolled (daytime >135/85mmHg; 24-hour
>130/80mmHg) on ambulatory blood pressure

3. Rule out non- monitoring, consider:
adherence to
medication - Directly observed dosing

- Analysis of blood/urine for drug or metabolite

__________________________________ J;

If BP is uncontrolled a formal diagnosis of

Diagnosis resistant hypertension can be made

Figure 1.5: Overview of the stages involved in the diagnosis of resistant hypertension (adapted
from James et al., 2017). The stages of diagnosis upon patient presentation until diagnosis include: (1)
Checking clinic BP, (2) ruling out white-coat hypertension and (3) ruling out non-adherence (James et al., 2017).

This is particularly important for antihypertensive drugs with long half-lives such as
amlodipine (Stangier & Su, 2000). TDM of amlodipine levels has become a routine part of
clinical practise and is being implemented in clinics worldwide, even in South Africa,
especially if non-adherence is suspected which could not be ruled out by other measures (Jones
et al., 2017). In addition to the long half-life of amlodipine, the fact that amlodipine is one of

the first line antihypertensive drugs, make it an attractive candidate for detecting non-adherence



even to other antihypertensives drugs that are prescribed in conjunction with it (Jones et al.,

2017).

1.4 Pathogenesis of Resistant Hypertension
Several factors have been reported to contribute to the development of resistant hypertension

(Sarwar et al., 2013). Broadly, factors that contribute to elevated BP and poor response to
antihypertensive drugs underlie the pathogenesis of resistant hypertension. In both cases, the
pathogenesis is both multifactorial, highly complex and involves the interaction of multiple
organ systems (Oparil et al., 2018). The kidney is usually the contributing and major target
organ for physiological processes contributing to elevated BP (Hall & Hall, 2017). As such,
conditions that impair kidney function, such as chronic kidney disease (CKD) may contribute
to elevated BP and resistant hypertension. In addition, diabetes mellitus (DM) has been
reported to impair kidney function and may also be a secondary cause of resistant hypertension
(Thomas & Rahman, 2021). For example, an increase in insulin levels has been reported to
contribute to BP increase through increased renal sodium absorption. Insulin stimulates
sodium uptake in multiple sections of the kidney nephron which in turn increases vascular

volume and systemic BP (Zhou et al., 2014).

Many other pathways are at play and are interdependent, often intersect with each other and all
work in unison to manage degrees of vasodilation or vasoconstriction within systemic
circulation, facilitate the retention or excretion of sodium and water; and to maintain an
adequate circulating blood volume (Bangash et al., 2020; Gallo et al., 2021; Grossman, 2008;
Opoaril et al., 2003; Sanchez-Lozada et al., 2020; Shariq & McKenzie, 2020; Zhou et al., 2014).
These pathways act on a genetic background and thus, epigenetic and genetic factors have a

major role to play in impairing these processes too (Oparil et al., 2018).

Environmental factors such as stress, physical inactivity, smoking, diet, excess salt intake, air
and noise pollution have been reported to be associated with the development of hypertension
or elevated BP (Brook et al., 2011). A recent cross-sectional study among South Africans by
Masilela et al., (2020) showed that individuals who were physically inactive, consumed excess
alcohol, were smokers and had a high salt intake diet had severely elevated BP (Masilela et al.,
2020). It is also important to note that the interaction of environmental factors and the genome

may lead to epigenetic changes that affect gene expression (Weinhold, 2006). Epigenetics



plays a crucial role in the development of hypertension (Liang et al., 2013; Wise & Charchar,
2016).

In contrast to epigenetic changes, heritable genetic changes do occur in the DNA sequence and
over 60% of all hypertensive cases are reported to be of familial association (Saxena et al.,
2018). Over 150 candidate genes have been reported to contribute to elevated BP and many of
them are critical genes involved in renal sodium handling (Gaddam et al., 2010; Martinez et
al., 2009). In Table 1.2 examples of some of the genes contributing to elevated BP are listed
and these genes are found on almost every chromosome (Butler, 2010). Thus, almost all
chromosomes carry genomic determinants which contribute to elevated BP. According to
Butler, (2010), an individual who develops hypertension usually inherits a set of genes
associated with elevated BP, and this phenotype is usually expressed when one is exposed to

environmental factors that favour raised BP (Butler, 2010).

Table 1.2: Genes contributing to the development of elevated BP

Genes reported to be associated with elevated BP or susceptibility to hypertension

ADDI CLCNKBI GPR83 LUC7L2 PR3
AGT CNNM?2 GRK4 MECOM SH2B3
APOAS CPS1 HFE MOVI0 SLC3948
ATP2B1 CYPI11B2 HSD3BI MTHFR SLC447
B2 CYP411 IGF2BP2 NOS3** STK39
BAG6 EBF1 IGFBP3 NPPA SUBI
CDKALI FGF5 JAGI NEDDA4L** TBX5
CEPS3 GNAS-EDN3 KCNJI PLCEI TH
CHIC2? GNB3 LEP PLEKHA7 WNK1/4

Highlighted in bold are also genes with pharmacogenetic implications.
**QGenes pertinent to this thesis.

Each of these factors contribute to the development of resistant hypertension in a unique way.
However, they almost all exclusively result in all or each of the following: increased salt
reabsorption, impaired renin-angiotensin-aldosterone system (RAAS) or sympathetic nervous

system (SNS) over-activation.

1.4.1 Factors Contributing to Poor Drug Response
In addition to factors contributing to elevated BP, resistant hypertension is also caused by poor

response to antihypertensive drugs and explains why resistant hypertensive patients are on
multiple antihypertensive drugs for BP control (Hameed & Dasgupta, 2019). Numerous

antihypertensive drugs classes are currently available and include calcium channel blockers
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(CCB), angiotensin converting inhibitors (ACEI), angiotensin receptor blockers (ARB),
diuretics, B-blockers and mineralocorticoid receptor antagonists (MRA). Major hypertension
societies (Mancia et al., 2023; Unger et al., 2020; Whelton et al., 2018) have recommended
different approaches to antihypertensive drug treatment for optimal BP control. However, Pan-
African Society of Cardiology (PASCAR) supports the International Society of Hypertension
(ISH) guidelines for the drug treatment of hypertension in Africa (Jones et al., 2020).

Briefly, a combination of an ACEI/ARB with a CCB or a combination of CCBs with thiazide
or thiazide-like diuretics are recommended as first line therapy in African patients. B-blockers
are recommended as second-line therapy and if BP is uncontrolled despite the use of 3 or more
different classes of drug, which is usually the case in resistant hypertension, an MRA is added
(Jones et al., 2020). However, with the multiple drugs available, some individuals still respond
poorly to the antihypertensive drugs currently available (Pender & Omole, 2019). Table 1.3

lists examples of the currently approved antihypertensive drugs in each class.

Table 1.3: FDA approved antihypertensive drugs and common antihypertensive drugs in South
Africa including pharmacokinetic and pharmacodynamic genes associated with the drugs.

Pharmacokinetic or
Pharmacodynamic genes

Class of
antihypertensive drug

Names of drugs in the
respective classes

ABCBI** CACNAIC,
CACNAID, CYP3A4*¥,

Calcium channel
blockers (CCBs)

Amlodipine, nifedipine, nilsodipine, diltiazem,
felodipine, isradipine, nicardipine, verapamil,

nimodipine CYP3A5%* NPPA,
NUMAI, PICALM, POR,
RYR3, TANC2
Angiotensin converting  Captopril, enalapril, lisinopril, perindopril, ACE, BDKRB2, CESI**,
inhibitors (ACEI) quinapril, ramipril, trandolapril, benazepril, PRKCA, VEGFA

fosinopril, moxipril

Angiotensin receptor Eprosartan, candesartan, losartan, valsartan, AGT, AGTRI, CAMKID,

blockers (ARBs) irbesartan, telmisartan, azilsartan, olmesartan CYP2C9, SCNNI1G, GPRS3,
FUT4, Nphsl
Diuretics Hydrochlorothiazide, chorthalidone, ADDI1 ALDH3, WNKI,

chlorothiazide, metolazone, ethacrynic acid,
indapamide, furosemide, bumetanide, torsemide,
amiloride, triamterene

WNK4, NEDD4L **,
CLICS5, CSDM1, CUB,

STK39, TET2, YEATS4

a and B-blockers

Atenolol, bisoprolol, metoprolol, propranolol,
carvedilol, doxazosin, prazosin,
terazosin

ADRBI1** BSTI, CYP2D6,
SLC25431, SLC4A1

Mineralocorticoid Eplerenone, spironolactone, finerenone AGT, CYP4Al1l1, CYPI1B2,
receptor antagonists NR3C2** SCNNIB**
(MRA)

Direct vasodilators Hydralazine, minoxidil NAT?2

Peripherally acting Reserpine VMAT-2

adrenergic antagonists

Highlighted in bold are commonly used antihypertensive drugs in South Africa, ** Genes pertinent to this thesis.
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The reasons for poor response to antihypertensive drugs are numerous and diverse. For
example, response to antihypertensive drugs is dependent on individual patient characteristics
such as diet (Fravel & Ernst, 2021; Huggins et al., 2010), co-morbidities (Grossman &
Grossman, 2017), body mass index (BMI) (Nedogoda et al., 2013), drug-drug interactions
(Fravel & Ernst, 2021), drug-herb interactions (Thomford et al., 2015), age (Benetos et al.,
2019; Freis, 1988; Mangoni & Jackson, 2004) and ancestral background (Franceschini et al.,
2014), each contributing to some extent to response. However, age and ancestry have been
reported to be the top clinical determinants of response to antihypertensive therapy and this has

been validated in large clinical trials (Cooper-DeHoff & Johnson, 2016).

Age influences many physiological functions and induces changes in major organ systems such
as the cardiac, renal and gastrointestinal systems. As such, age has an impact on the
pharmacodynamics and pharmacokinetics of antihypertensive drugs including reduced drug
absorption, reduced first pass metabolism or bioavailability, reduced drug distribution, reduced
protein binding and reduced hepatic or renal clearance (Mangoni & Jackson, 2004). The
influence of age on treatment response is augmented by ancestral background. Different
ancestries also mean that the underlying genetics influencing antihypertensive drug response
in different ancestries/populations are different. This implies that individuals from different
ancestral backgrounds are mostly likely to respond differently to antihypertensives due to their
genetics. For example, based on treatment response, young individuals of European Ancestry
tend to respond better to ACE inhibitors/ARBs while in individuals of African Ancestry who
are older, respond better to CCBs and diuretics (Johnson et al., 2009; Materson et al., 1993;
Schwartz et al., 2013).

Rysz et al., (2020) in their review, highlight that up to 50% of variability in antihypertensive
drug response emanates from genetic factors and from the extensive research that has been
carried out across individuals from different ancestral backgrounds such as European,
American and Asian populations, they show that there are quantifiable differences in
antihypertensive drug response across these populations, with some populations being
burdened with genetic variants associated with poor response more than others.  Similar
observations can also be drawn from earlier reviews by Oliviera-Paula et al., (2019), Johnson
et al., (2019) and Cooper-DeHoff & Johnson, (2016). These findings from studies conducted
in European, American and Asian populations, have shown that genetic polymorphisms in

genes encoding antihypertensive drug metabolising enzymes (DMEs) or targets (Table 1.3),
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hypertension susceptibility genes (Table 1.2) and novel genes or loci have implications on
antihypertensive drug response (Cooper-DeHoff & Johnson, 2016; Johnson et al., 2019;
Oliveira-Paula et al., 2019; Rysz et al., 2020).

Among the genetic variants previously reported, are variants in genes such as the ABCBI,
ADBRI, CES1, CYP344, CYP345, NOS3, NR3C2 and NEDD4L which influence the
pharmacokinetics and pharmacodynamics of some of the commonly prescribed
antihypertensive dugs in South Africa (Table 1.3). Specifically, antihypertensive drugs such
as amlodipine, enalapril, atenolol, hydrochlorothiazide (HCTZ) and spironolactone were found
to be among the most frequently prescribed antihypertensive drugs among patients attending a
tertiary level Hypertension Clinic at Groote Schuur Hospital, South Africa (Figure 1.6).
Therefore, the ABCB1, ADBRI1, CESI, CYP3A44, CYP3A45, NOS3, NR3C2 and NEDD4L genes
may be of pharmacogenomics importance in South African hypertensive patients and in the
following section variation in these genes contributes to either poor or enhanced response to
antihypertensive drugs commonly prescribed in South Africa. A standard literature search
strategy was used to pool studies reporting on ABCBI, ADBRI, CESI, CYP3A44, CYP3A5,
NOS3, NR3C2 or NEDD4L and commonly prescribed antihypertensive drugs in South Africa
from PubMed/Medline and Google Scholar databases.

Minoxidil
Hydralazine
Losartan
Spironolactone
Doxazosin
Furosemide
Atenolol
Hydrochlorothiazide
Enalapril
Amlodipine

(=]

500 1000 1500 2000
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Figure 1.6: Commonly prescribed antihypertensive drugs among patients attending a Tertiary-
level Hypertension Clinic at Groote Schuur Hospital (Soko et al., 2023).

1.5 Genes Involved in the Pharmacokinetics of Amlodipine
In a recently published review by Soko et al., (2023), amlodipine was the top prescribed

antihypertensive drug (Figure 1.6). Amlodipine is a dihydropyridine CCB that lowers BP by
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inhibiting the activity of calcium ion channels. This action stops calcium ion influx into the
vascular smooth muscle cells, which would otherwise cause muscle contraction and
vasoconstriction leading to elevated BP (Ferrari et al., 2019). Amlodipine is taken in orally,
and its pharmacokinetics have been extensively reviewed by Shirley and McCormack, (2015).
Amlodipine undergoes extensive first pass metabolism (Zisaki et al., 2015), is principally
metabolised by CYP3A4, partially by CYP3AS5 enzymes in the liver into its inactive pyridine
derivatives (Figure 1.7) and is cleared by the ATP-binding cassette binding protein 1 (ABCB1)

(Fares et al., 2016)
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Figure 1.7: Role of CYP3A4 and CYP3AS enzymes in the catalytic dehydrogenation of amlodipine
to inactive pyridine derivatives. Amlodipine is predominantly inactivated to the M9 derivative, which is
subsequently converted to M1, M4, M10 and M12 or it is directly converted to M3, M5, M6 and M8 (Zhu et al.,
2014).

CYP3A44 and CYP3A5 genes encoding the CYP3A4 and CYP3AS5 enzymes respectively, share
85% sequence homology and have overlapping substrate specificities (Langman et al., 2016).
CYP3A44 is located on chromosome 7q22.1, is 27 kb long and has 13 exons, while CYP345 is
on chromosome 7q22.1, is ~33 kb long and has 14 exons. Variants in these genes have been
previously shown to influence the pharmacokinetics of amlodipine and BP outcomes. For
example, a single nucleotide polymorphism (SNP) in the CYP344 promoter region, CYP3A44
1s2740574C>T, was found to be associated with BP response to amlodipine in African

American women who had early hypertensive nephrosclerosis but not in African American
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men (Bhatnagar et al., 2010). Carriers of the CYP344 rs2740574T allele had higher chances
of reaching a mean arterial pressure (MAP) target of 107 mmHg compared to the CYP344
1s2740574C allele carriers, indicating that CYP3A44 rs2740574T allele carriers had a good
response profile. Additionally, Bhatnagar et al., (2010), found CYP344 rs2246709T>C to be
associated with BP response to amlodipine in individuals randomised to a MAP of <92 mmHg.
Carriers of the CYP344 1s2246709C allele, both males and females, were more likely to reach
a MAP target of 107 mmHg.

According to Bhatnagar et al., (2010), no association was found between the CYP3A45
1s776746T>C SNP and BP response to amlodipine among African Americans. This was
similar to previous studies done in African and Asian populations (Guo et al., 2015; Masilela
et al., 2022; Zhu et al., 2014). However, other studies have found significant associations of
this SNP and amlodipine pharmacokinetics or efficacy. Kim et al., (2006), identified CYP3A45
1s776746T>C SNP to be associated with plasma amlodipine concentrations in Korean males.
Carriers of the rs776746T/T genotype were associated with higher plasma amlodipine
concentration compared to rs776746C/C genotype carriers, although there was no significant

correlation between the genotypes and BP or pulse rate (Kim et al., 2006).
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Figure 1.8: Structure of the CYP344 and CYP3A5 gene located on chromosome 7¢q22.1. CYP3A4
and CYP3AS genes are 27 and 33 kb long and contain 13 and 14 exons respectively.

Not only is the CYP3A45 rs776746T>C associated with altered pharmacokinetics of amlodipine,
a recent study has also shown that it is associated with antihypertensive treatment switch and
adverse outcomes (Tiirkmen et al., 2023). According to Tiirkmen et al., (2023), rs776746T/T
genotype carriage was associated increased likelihood of switching antihypertensive therapy
and chronic kidney disease (CKD), compared to rs776746C/C genotype carriage in European
patients on amlodipine therapy (Tiirkmen et al., 2023).
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The ABCBI, also critical in the metabolic clearance of amlodipine, is encoded by a the ABCB1
gene located on chromosome 7q21.12. It is ~217 kb long and has 32 exons. Two missense
SNPs, ABCBI 1s1045642C>T and ABCBI rs2032582A>C, have been reported to affect
amlodipine pharmacokinetics. According to Zuo et al., (2014), among the Chinese Han
hypertensive patients, clearance of amlodipine was associated with ABCBI rs1045642C>T
genotypes in a sex-specific manner. Carriers of the ABCBI 1rs1045642C/C or rs1045642C/T
genotype who were males, had a higher amlodipine clearance rate than carriers of the same

genotypes who were females (Zuo et al., 2014).

* | e o s

Promoter 12 3 4 567 2526 27 28 29 30 31 32

+«——217kb —

Figure 1.9: Structure of the ABCB1 gene located on chromosome 7q21.12. 1t is approximately 217
kb long and has 32 exons.

Expression of the ABCBI1, has been previously shown to be affected by sex differences in
several studies as reviewed by Mineiro and colleagues (Mineiro et al., 2023). In another study,
individuals who were carriers of the ABCB1 rs1045642T/T and rs2032582A/A genotypes were
found to have higher clearance of amlodipine compared to carriers of the ABCBI rs1045642C
and rs2032582C alleles (Kim et al., 2007).

1.6 Genes Involved in the Pharmacokinetics of Enalapril
Enalapril is the second most prescribed antihypertensive drug in South Africa (Soko et al.,

2023). Enalapril lowers BP by inhibiting the activity of the angiotensin converting enzyme
(ACE). ACE converts angiotensin I to angiotensin II, whose downstream activity is to
upregulate pathways in the the kidneys, adrenal cortex, brain or arterioles to increase renal
sodium reabsorption, fluid retention and vasoconstriction which would otherwise lead to
elevated BP or hypertension (Davis, 2007). Enalapril is a pro-drug and conversion to
enalaprilat is essential. Enalaprilat is up to 20 times more potent in lowering BP than enalapril
and this conversion is needed for increased efficacy. Crucial for the activation step to occur,

are serine esterases such as carboxylesterase 1 (CES1) (Davis, 2007; Ikonnikova et al., 2022).
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CESI is encoded for by the CES! (also referred to as CESIAI) gene. CESIAI is located on
chromosome 16q12.2 has 14 exons and is ~33 kb long. CESIA41 has a complicated structure
and there are two main structural haplotypes. In one, CESIAI lies tail to tail with a non-
functional pseudogene, also known as CESIPI. CESIAI is subject to segmental duplications
which gives rise to another haplotype consisting of the original gene copy (CESIAI) and
another copy with a pseudogene derived segment, commonly referred to as CESIA2 (Figure
1.10). According to Yoshimura et al., (2008), the haplotype containing CESIA42, is associated
with reduced transcriptional efficiency and this has implications on the pharmacokinetics or

response to drugs metabolised by CES1 such as enalapril (Yoshimura et al., 2008).
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Figure 1.10: The main structural haplotypes of the CES1 gene. Segmental duplications of the CES1A1
(A) results in a haplotype (B) containing a combination of CESI/A1 and CESIA2. CES1A2 is identical to CES1A1
but contains 2.6 kb portion derived from the pseudogene, CES/ P! (Ikonnikova et al., 2022).

A limited number of studies have been reported on the pharmacogenetic implications of CES1
on enalapril and findings have been inconsistent. According to Nelveg-Kristensen et al.,
(2016), CES1A2 did not appear to play a role on the pharmacokinetics of enalapril in European
congestive heart failure (CHF) patients. There was no association either, between the number
of copies of CESIA2 or plasma angiotensin I/angiotensin II ratios (Nelveg-Kristensen et al.,
2016). Moreover Stage et al., (2017) and Wang et al., (2016) also found no association
between the number of CES/ copies and enalapril pharmacokinetics (Stage et al., 2017; Wang
etal., 2016). However, recently, a study by Ikonnikova et al., (2022), identified CES1A42 to be
associated with reduced enalaprilat concentrations in enalapril treated European hypertensive

patients (Ikonnikova et al., 2022).

CES|1 structural variation on enalapril response or outcomes is rarely investigated alone in most
studies. However, most studies have reported on it in conjunction with other SNPs in the gene.

The commonly reported SNPs in association with enalapril are the CESI rs71647871G>A and
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CESI 1s2244613C>A. According to Her and Zhu et al., (2020), CESI rs71647871G>A 1is the
first loss of function variant, located in exon 4 (Figure 1.11), that results in a change from
glycine to glutamic acid in codon 143 (Her & Zhu, 2020). This causes a disruption of the
hydrophobicity needed for the maintenance of the CES1 active site (Arena de Souza et al.,
2015). Thus, Tarkiainen et al., (2015) and Wang et al., (2016) found CES/I rs71647871G>A
to be associated with impaired enalapril activation. Carriers of the rs71647871A/G genotype
had lower enalaprilat concentrations as compared to rs71647871G/G genotype carriers
(Tarkiainen et al., 2015; Wang et al., 2016). Recently, Ikonnikova et al., (2022) found this
variant to have no effect on plasma enalaprilat concentration. However, they found the CESI
1s2244613C>A SNP to be associated with enalapril pharmacokinetics (Ikonnikova et al.,
2022).

According to Ikonnikova and colleagues, carriers of the CESI 1s2244613C/C and
152244613 A/C genotypes were associated with reduced peak and trough concentrations of both
enalapril and enalaprilat compared to rs2244613A/A genotype carriers in European arterial
hypertensive patients. The CESI rs2244613C>A SNP is located in intron 11 (Figure 1.11),
and its effect on the activity of CES1 is unknown. However, it has been hypothesised that the
variant is in linkage disequilibrium with another variant in the CES/ gene which is causal or
may affect post-transcriptional processes introducing a splicing defect, which decrease enzyme
activity (Ikonnikova et al., 2022). The influence of this SNP has also been confirmed for other
drugs metabolised by CES1 such as dabigatran (Ji et al., 2021), capecitabine (Liu et al., 2021)

and clopidogrel (Mirzaev et al., 2019) making it a plausible pharmacogenomic biomarker.

rs71647871 rs2244613
c.428G>A c.1168-33C>A
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Figure 1.11: Structure of the CESI gene located on chromosome 16q12.2. It has 14 exons and is 33
kb long. SNPs rs7164787G>A and rs2244613C>A are located on exon 4 and intron 11 respectively.

1.7 Genes Involved in Response to Hydrochlorothiazide
The frequency of use of hydrochlorothiazide (HCTZ) is high in Aftricans due to its low cost,

safety profile, and has been in use clinically for over 50 years (Figure 1.2) (Nufiez-Acevedo et
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al., 2018). Soko et al., (2023) reports that HCTZ is the third most frequent drug among South
African hypertensive patients. HCTZ is orally administered, has an absolute bioavailability of
60-80% and is absorbed rapidly in the gut. Approximately 40% of HCTZ is distributed bound
to plasma proteins and does not undergo first pass metabolism. Hence it is eliminated
unchanged in urine (Beermann et al., 1976; Johnson et al., 2019; Patel et al., 1984; Zisaki et
al., 2015). HCTZ functions by inhibiting the sodium-chloride co-transporter system in the
distal convoluted tubules of the kidney. This reduces sodium ion influx or retention, resulting
in decreases in the volume of the extracellular space, which in turn leads to a decrease in cardiac

output and BP (Akbari & Khorasani-Zadeh, 2023).

Numerous genetic polymorphisms have been reported in association with HCTZ response or
adverse effects and have been extensively reviewed elsewhere (Johnson et al., 2019). Findings
from these studies have been conflicting. However, the strongest evidence was for the
association of variants in the NEDD4L gene and BP or cardiovascular outcomes on individuals
on HCTZ. The NEDD4L gene, located on chromosome 18q21.31, has 43 exons and is ~364
kb long (Figure 1.12), encodes the neural precursor cell expressed developmentally down-
regulated 4-like (NEDDA4L) E3 ubiquitin ligase which regulates the expression of sodium
transporters in the kidney such as the SCNN1 (or epithelial sodium channel (ENaC)) and the
SLC12A3, which are target sites for HCTZ and amiloride respectively.

< — — —— = ——— = — 3

Promoter 1 2 3 4 5 36 37 38 39 40 41 42 43

+«——364 kb —

Figure 1.12: Structure of the NEDD4L gene located on chromosome 18q21.31. It has 43 exons and is
364 kb long.

For example, to regulate the expression of the ENaC, it has been reported that the intracellular
carboxy terminal portion of the ENaC contains a PY motif which serves as a binding site for
the NEDD4 family of proteins. NEDD4L is composed of a C2-WW(x4)-HECT domain which
facilitates binding to the PY motif of the ENaC leading to channel ubiquitination and
endocytosis. This in turn suppresses ENaC function and thus inhibits epithelial sodium

transport (Rotin & Schild, 2008).
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Polymorphisms such as the NEDD4L rs4149601G>A, have been associated with upregulation
or downregulation of the ENaC. According to Svensson-Féarbom et al., (2011), individuals
who carried the NEDD4L rs4149601G allele (G/G or A/G) derived the greatest benefit from
HCTZ therapy and experienced greater BP reduction or reduced risk of myocardial infarction
(Svensson-Féarbom et al., 2011) as compared to those that were homozygous for the NEDD4L
rs4149601A/A genotype. The G to A change causes alternative splicing and results in non-
functional NEDDA4L that is deficient of a C2 domain while the G allele results in functional
NEDDA4L with an intact C2 domain. As a result, G allele carriers express more of the ENaC
due to a functional NEDDA4L, and thus have more sodium reabsorption and elevated BP which

explains why there were greater BP reductions in G allele carriers.

In another cohort, including individuals of European and African ancestry, McDonough et al.,
(2013), found G allele carriers for the NEDD4L 1rs4149601G>A polymorphism to be associated
with greater BP decreases on HCTZ confirming previous findings by Svensson-Férbom and
colleagues (Svensson-Firbom et al.,, 2011). Furthermore, they observed NEDD4L
1s292449G>C, 1s75982813A>G and rs1008899G>A to be associated with HCTZ response.
Individuals who carried the two copies of the NEDD4L rs4149601 — rs292449G—C haplotype,
had the strongest BP lowering effect of HCTZ. Such associations were observed in European
and not African American participants. However, there is still need to perform more studies in
African populations to pronounce on these effects seeing that genetic variation in NEDD4L

appears to be predictive of HCTZ response.

1.8 Genes Involved in the Pharmacodynamics of Atenolol
Atenolol is a second-generation B-blocker indicated in the treatment of hypertension. Although

current hypertension guidelines (Mancia et al., 2023; Unger et al., 2020; Whelton et al., 2018)
recommend [-blockers as second line therapy, B-blockers such as atenolol are among the
commonly prescribed antihypertensives worldwide due to their cost effectiveness and safety
profile over other B-blockers such as metoprolol. As such, atenolol use ranks fourth in South
Africa (Soko et al., 2023). Atenolol lowers BP by selectively blocking beta-1 adrenergic
receptors (ADRB1) in the vascular smooth muscle and the heart. This action inhibits the
binding of endogenous catecholamines such as norepinephrine and adrenaline, which would
otherwise cause contraction or sympathetic stimulation resulting in increases in heart rate and
BP (Ailani et al., 2021; Helfand et al., 2009). Atenolol is orally administered, and has a
bioavailability of ~50%. It is independent of CYP2D6 metabolism, unlike other -blockers.
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Thus, it does not undergo extensive first pass metabolism (Zisaki et al., 2015). It is eliminated
in its parent form in the kidney via organic cation transporters (Kirch & Gorg, 1982; Ripley &
Saseen, 2014; Yin et al., 2015).

The ADRBI gene is 9.8 kb long, has only one exon and is located on chromosome 10g25.3. It
encodes the ADRB1 which are the primary target for B-blockers including atenolol. Thus,
genetic variation in the ADRBI gene is of critical importance on the pharmacodynamics of
atenolol. To date, the ADRBI gene is among the genes that have been proposed to the Clinical
Pharmacogenetics Implementation Consortium (CPIC) for inclusion in prescription guidelines
for B-blockers mainly due to a wide evidence base that has linked it to -blocker response or

adverse CVD outcomes (Thomas & Johnson, 2020).

Two missense polymorphisms, ADRBI rs1801252A>G and rs1801253C>G are the most
commonly studied. ADRBI rs1801252A>G and rs1801253C>G result in decreased generation
of cAMP by promoting agonist downregulation and decreasing adenylyl cyclase activity
respectively. According to Pacanowski et al., (2008), the SNPs in ADRBI1 are associated with
adverse CVD outcomes (myocardial infarction (MI), stroke) and death in patients with
coronary heart disease (CAD) (Pacanowski et al., 2008). It has been hypothesized that it is the
combined effect of the two SNPs driving the observed associations rather than the individual
SNPs (de Groote et al., 2005; Johnson et al., 2003; Karlsson et al., 2004; Liu et al., 2006;
Thomas & Johnson, 2020; White et al., 2003). In most of these studies, Africans have been
underrepresented. However, recently, Guerra et al., (2022) reported on the ADRBI
rs1801253G>C polymorphism on survival in heart failure patients in a cohort consisting mainly
of individuals of African ancestry. Individuals who carried the ADRBI rs1801253C allele
derived the greatest benefit survival benefit from high B-blocker doses compared to non-

carriers (Guerra et al., 2022).

1.9 Genes Involved in the Pharmacodynamics of Spironolactone
Individuals who have resistant hypertension have been found to have increased levels of

aldosterone (Alvarez-Alvarez et al., 2010; Calhoun & White, 2008; Vaclavik et al., 2014).
Therefore, prescription of spironolactone as a fourth agent, has been proven to be beneficial
for the management of resistant hypertension (Williams et al., 2015). Spironolactone is one of

the commonest MRAs globally and in South Africa, it is relatively common especially among
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patients with resistant hypertension (Jones et al., 2020; Soko et al., 2023). Spironolactone
directly blocks the action of aldosterone on mineralocorticoid receptors (MRs). Aldosterone
is a component of the RAAS and an excess of it causes increased sodium reabsorption, vascular
or cardiac stiffening and remodelling and fibrosis which all contribute to elevated BP.

Spironolactone inhibits these processes and antagonises the downstream effects of aldosterone

(Acelajado et al., 2019; Nishizaka et al., 2003).

The nuclear receptor nuclear receptor subfamily 3 group C member 2 (NR3C2) gene encodes
the mineralocorticoid receptors where aldosterone/spironolactone binds. The NR3C2 gene is
located on chromosome 4q31.23, has 13 exons and is ~38 kb long (Figure 1.13).
Polymorphisms such as the NR3C2 rs5522T>C, rs2070950C>G and rs2070951C>T are
commonly reported to be associated with BP response to spironolactone. According to
Dumeny et al., (2021), Europeans previously diagnosed with heart failure, who were carriers
of the NR3C2 rs5522C allele and had poor diastolic function, appeared to benefit more from
spironolactone therapy compared to carriers of rs5522T/T genotype since they experienced a
greater reduction in BP and had significant improvement in diastolic function (Dumeny et al.,
2021). Furthermore, Cavallari et al., (2010) had previously shown that carriers rs5522C allele
to be associated with potassium level increases in individuals on spironolactone therapy

(Cavallari et al., 2010).
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Figure 1.13: Structure of the NR3C2 gene located on chromosome 4¢31.23. It has 13 exons and is
38 kb long.

In African populations, NR3C2 rs2070950C>G polymorphism, was found to be associated with
spironolactone response in Egyptians with heart failure. In this prospective cohort study,
individuals who were carriers of the NR3C2 rs2070950G/G and rs2070950G/C genotype were
associated with improvements in echocardiographic parameters such as left ventricular end
systolic volume (LVESV) and left ventricular end diastolic volume (LVEDV) but the
genotypes could not explain changes in other outcomes such as diastolic dysfunction grade and

quality of life (Sarhan et al., 2020).
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1.10 Genes Associated with Susceptibility to Resistant Hypertension with
Pharmacogenetic Implications
NOS3 and SCNNIB genes encode enzymes/proteins involved in critical BP regulating

pathways. The NOS3 gene located on chromosome 7q36.1, with 28 exons and is 31 kb long
encodes a 1203 amino acid long nitric oxide synthase (NOS3). NOS3 is responsible for the
production of nitric oxide (NO), a vasodilator, that plays an important role in BP regulation
and the maintenance of vascular tone. Specifically, NO stimulates guanyl cyclase which
converts GTP to cGMP whose downstream effects is to promote vascular smooth muscle
relaxation and vasodilation. On the other hand, the SCNNIB gene on chromosome 16p12.2,
encodes the f-subunit of the epithelial sodium channel (ENaC) which regulates sodium ion and
water reabsorption in the kidney. According to Lifton et al., (2001) the ENaC accounts for 2%
of the total sodium reabsorbed in the kidney and is the principal site where the net balance of
sodium is determined (Lifton et al., 2001). As such, genetic polymorphisms in the NOS3 and
SCNNI1B genes have been reported to confer susceptibility to resistant hypertension (Cruz-
Gonzélez et al., 2009; Jachymova et al, 2001) and to be of pharmacodynamics and

pharmacogenetics importance.

1.10.1 Nitric Oxide Synthase (NOS3) Gene and Therapeutic Drug Response to ACE
inhibitors
A number of SNPs in the NOS3 gene have been reported to affect either NOS3 expression or

activity leading to reduced levels of circulating NO. Among these NOS3 polymorphisms,
1s2070744C>T, rs3918188C>A and rs1799983T>G are examples of SNPs that have been
implicated in both susceptibility and response to ACE inhibitors such as enalapril (Figure 1.14)
(Oliveira-Paula et al., 2017). According to Oliviera-Paula and colleagues, ACE inhibitors also
result in lowering of BP through another mechanism that involves the upregulation of NOS3

activity, stimulating it to produce more NO, a vasodilator (Oliveira-Paula et al., 2016).

NOS3 rs2070744C>T affects gene expression and is associated with increased levels of mRNA
and the translated enzyme. It has been widely reported in pharmacogenetic studies in Brazilian
populations in connection with response to angiotensin receptor blockers (ARBs) (Mason et
al., 2012) and enalapril (Silva et al., 2013b). According to Silva and colleagues, NOS3
1s2070744C/C and rs2070744C/T genotype carriers were frequent in good responders as
compared to poor responders to enalapril. As a result, rs2070744C allele carriers were

associated with favourable responses to enalapril (Silva et al., 2013b). In South African
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participants, Masilela et al., (2021), reports on this SNP to be associated with BP response to
enalapril. However, the influence of this SNP was only significant in the presence of the
VEGFA 1s69994A>T and ABO 1s495828T>G SNPs, suggesting possible gene-gene
interactions (or epistasis), implying that the effect of the NOS3 rs2070744C>T SNP is
dependent on VEGFA rs69994A>T and ABO rs495828T>G SNPs.
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Figure 1.14: Structure and impact of SNPs in NOS3 gene. The gene is located on chromosome 7q36.1,
has 26 exons and is 31 kb long. Polymorphisms in this gene result in either reduced NOS3 expression or activity
which reduces the bioavailability of NO. This results in increased susceptibility to CVDs or response to drugs
acting on the cardiovascular system (Oliviera-Paula et al., 2017).

NOS3 1rs3918188C>A has been reported to be associated with enalapril response in a cohort of
Brazilian participants (Oliveira-Paula et al., 2016). Itis in linkage disequilibrium with tagSNPs
1s3918226C>T and rs743506G>A which have been shown to affect NOS3 promoter activity
(Luizon et al., 2012). According to Oliviera-Paula et al., (2016), carriers of the NOS3
rs3918188A/A genotype, were found to have poor responses to enalapril which were indicated
by lower decreases in BP. It was also shown that carriage of the NOS3 rs3918188C allele was
associated with better responses to enalapril upon haplotype analysis (Oliveira-Paula et al.,

2016).
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A missense SNP, NOS3 rs1799983 (c.894T>G, p.Asp298Glu), has also been shown to affect
the production of endogenous NO (Joshi et al., 2007). Despite evidence of the involvement of
this SNP in susceptibility to hypertension and in modulation of drug response in preeclampsia
patients (Sandrim et al., 2010), a study by Silva et al., (2013), did not find any association of
this polymorphism with enalapril response. There were no significant differences in genotype

and allele frequencies between good responders and poor responders (Silva et al., 2013b).

1.10.2 Sodium Channel Epithelial 1 Subunit Beta (SCNN1B) and Therapeutic Drug
Response to Diuretics
Three missense SNPs in the SCNNIB gene, 1s201279350G>A, rs1799980G>T and

rs149868979G>A have been reported to occur in high frequency among Africans (Jones et.,
2017). Among these SNPs, SCNNIB rs149868979G>A, has been reported to be associated
with overactivity of the ENaC and resistant hypertension in African and Mixed Ancestry
groups of South Africa. It has also been reported to be associated with BP responses to MRAs
such as spironolactone, which are highly efficacious drugs used in the treatment of resistant

hypertension (Seedat et al., 2014).

According to Jones et al., (2011), individuals harbouring the SCNNIB rs149868979A allele
have poor response, needing the alternative use of amiloride as it directly blocks the ENaC.
The study by Jones et al., (2011), among Xhosa and Mixed Ancestry patients who were carriers
of the SCNN1B rs149868979A/G genotype and had a high mean BP of 172/99; administration
of 5-10 mg of amiloride as an add-on drug, led to a mean decrease in BP of 36/17 mmHg (Jones

etal., 2011).

1.11 Key Take-aways and Thesis Focus Area
Resistant hypertension represents a phenotype of hypertension which is both severe and is

difficult to manage with conventional therapy. Its pathogenesis is complex and multifactorial,
with genetic factors contributing up to 50% to its progression, especially in therapeutic drug
responses. Thus, genetic factors governing therapeutic responses to antihypertensive
medications currently in use (Table 1.3) have been the subject matter of a number of
pharmacogenomics studies as evident in reviews by (Johnson et al., 2019; Katsukunya et al.,
2023a; Oliveira-Paula et al., 2019; Rysz et al., 2020) and as reviewed here, with the ultimate
goal of potentially rationalising optimal antihypertensive drug/dose regimens. However,

research on the pharmacogenomics of hypertension currently lags behind, lacks consistent
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findings across populations and hence there is no consensus yet on rational treatment strategies
based on an individual’s genetics as no antihypertensive drugs have been annotated in CPIC or

FDA guidelines.

African populations have not been fully represented in these pharmacogenomics studies as we
have shown here, yet it is among the continents that are heavily burdened with hypertension
including resistant hypertension. Thus, we have recently advocated for the need for more
studies in African populations for the ultimate realisation of a pharmacogenetic based approach
for the treatment of hypertension in Africans (Katsukunya et al., 2023a) as pharmacogenetics
bears great potential in reducing associated treatment costs, reducing drug burden and
improving the quality of life in African patients (Dandara et al., 2019). As a result, this thesis
is a step towards that direction and attempts to investigate whether genomic variation in
ABCBI1, ADBRI, CESI, CYP344, CYP3A45, NR3C2, NEDD4L, NOS3 and SCNN1B contributes

to resistant hypertension among African populations, using South Africa as a proxy population.

1.12 Basic Approaches to Pharmacogenomics Investigations and Thesis Approach
According to Cooper-DeHoff and Johnson, (2016), pharmacogenomic studies may utilise the

non-targeted approach such as genome wide association studies (GWAS), the targeted
approach such as whole exome/genome sequencing or the candidate gene approach (Cooper-
DeHoff & Johnson, 2016). The GWAS approach tests multiple (up to > 10 million) SNPs
across the entire genome with wide coverage and most techniques are CHIP based. The whole
exome/genome approach are sequence-based techniques and test targeted genes. These two
approaches are mostly used for discovery of novel genes or variants. This thesis utilises the
candidate gene approach, which is hypothesis driven and focuses on genes or SNPs selected
on the basis of existing knowledge. The genes were selected based on: (1) their involvement
in the pharmacokinetics (ABCBI, CESI, CYP3A44/5) or pharmacodynamics (ADRBI,
NEDD4L, NR3C2) of commonly used antihypertensive drugs in South Africa and (2)
susceptibility to resistant hypertension (NOS3, SCNNIB). The SNPs were selected based on :
(1) functional effect, (2) minor allele frequency >5% in Africans and (3) annotation in

PharmGKB.

1.13 Thesis Methodological Approach
Lee et al., (2020), have extensively reviewed current technologies for pharmacogenomics. The

most commonly used techniques currently are single nucleotide variant (SNV) panels
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containing pre-selected SNPs (van der Lee et al., 2020). They have been extensively applied
both in research and in clinical practise. However, it has been reported that they are limited in
detecting structural variants such as copy number variants (CNVs) (Ingelman-Sundberg & Sim,
2010). Thus, next generation sequencing (NGS) and long-read sequencing have been reported
to be of importance in pharmacogenomics research as they are able to resolve structural and
rare variants (Levy & Myers, 2016). These techniques are robust for large sample sizes and
can target multiple variants. However, for small scale and inexpensive genotyping procedures,
simple polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP),
real-time quantitative PCR (RT-qPCR) and Sanger sequencing are widely used and were

techniques of choice for this thesis.

1.13.1 Polymerase Chain Reaction Restriction Fragment Length Polymorphism (PCR-
RFLP)
PCR-RFLP is a molecular genotyping technique developed by Botstein et al., (1980).

Polymorphisms including SNPs, often result in the creation or abolishment of restriction
enzyme recognition sites within the DNA sequence and this is the principle of the technique.
PCR-RFLP begins within amplification of a specific fragment of DNA containing the
polymorphism of interest, followed by digestion with specific restriction enzymes. The
presence or absence of restriction enzyme recognition sites results in the formation of DNA or
restriction fragments of different sizes and alleles can be identified upon electrophoretic
resolution of the DNA fragments (Botstein et al., 1980). In addition to the cost effectiveness
of the technique for small scale genotyping procedures, PCR-RFLP does not require specialised
instruments and the set-up of analyses is generally easy. However, it is a relatively time-
consuming technique and there are difficulties in identifying the exact variation in the event

that several SNPs affect the same restriction enzyme recognition site (Henrik Berg, 2012).

1.13.2 Real-time PCR or Quantitative PCR (qPCR)
Quantitative PCR is a PCR based technique that involves amplification of DNA region of

interest coupled to quantification of the DNA species in the reaction (Dymond, 2013).
Quantitative PCR adds to the PCR reaction fluorescent dyes and a fluorometer which allow for
the detection and calculation of the starting DNA template concentration. As the qPCR
progresses, amplification cycles generate PCR products in an exponential manner. However,
PCR product formation enters a linear phase and the amplification efficiency decreases with

more cycles due to the consumption of reactants in the reaction mixture such as dNTPs, primers
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or enzymes. Finally, as the reactants get depleted, the reaction progresses to the plateau phase
(Figure A1, Appendix) where there is little to no formation of PCR product (Dymond, 2013;
Livak & Schmittgen, 2001).

Quantitative PCR is extensively applied in evaluating DNA copy number, viral load
determination, SNP detection and allelic discrimination assays (Kralik & Ricchi, 2017). For
this thesis, qPCR was applied in SNP genotyping and in determining DNA copy number.
Quantitative PCR is a high resolution technique with high sensitivity, specificity and allows
real-time monitoring as the amplification reaction progresses. Unlike, PCR-RFLP, qPCR can
be performed in high throughput formats and has a quicker turnaround time. However, in
addition to careful optimisation that is required for qPCR, sample quality and quantity can
affect the accuracy of qPCR results, especially if there are inhibitors in the sample at a
detectable level, false negative results may be probable (Rodriguez-Lazaro et al., 2013). Thus,
validation of qPCR results may be required.

1.13.3 Sanger Sequencing
Sanger sequencing also referred to as the chain termination technique, is the gold standard for

validating DNA sequences and has a 99.99% base accuracy score (Sanger & Coulson, 1975).
Thus, it is particularly useful for verification of sequencing or genotyping. During Sanger
sequencing, amplified DNA fragments are annealed to oligonucleotide primers followed by
extension by DNA polymerase that incorporates chain-terminating dideoxnucleotide
triphosphates (ddNTPs). Incorporation of the ddNTPs stops the elongation process, which
results in DNA fragments of different lengths which can be distinguishable by electrophoretic
separation to determine the nucleotide sequence (Stranneheim & Lundeberg, 2012) (Figure

A2, Appendix).
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CHAPTER 2: RESEARCH QUESTIONS, HYPOTHESES, AIMS AND

OBJECTIVES

2.1 Research Questions

This study was based on the following primary and secondary research questions:

2.1.1 Primary Research Questions

1.

Are there any significant differences in pharmacogene variant profiles between patients
with resistant hypertension compared to those who present with non-resistant
hypertension among Africans, focussing on 9 priority genes: ABCB1, ADBR1, CES1,
CYP3A44, CYP3A5, NOS3, NR3C2, NEDD4L and SCNNB1I?

Is genetic variation in ABCB1, ADBR1, CES1, CYP3A4, CYP3A5, NOS3, NR3C2,
NEDD4L and SCNNBI associated with resistant hypertension among people with
hypertension?

Is there utility in developing a pharmacogenomic test that includes relevant genetic

variants for use in deciding on hypertension treatment among Africans?

2.1.2 Secondary Research Question(s)

1.

Do frequencies of the pharmacogenes variants compare to other previously studied

world populations?

2.2 Hypotheses

From the above primary and secondary research questions, the following null and alternative

hypotheses were generated:

2.2.1 Null Hypotheses (Ho)

1.

2.

3.

H,: There is no genetic contribution underlying resistance to commonly used
antihypertensive drugs in South Africa among South African patients with
hypertension.

H,: There are no differences in the profiles of variants between individuals who have
resistant hypertension (cases) and those without resistant hypertension (controls).

H,: There is no utility in developing a pharmacogenomic test that includes relevant

genetic variants for use in deciding on hypertension treatment among Africans.
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4. H,: There are no comparable differences in the frequencies of the pharmacogenes

variants to other previously studied world populations.

2.2.2 Alternative Hypotheses (H.)

1. H4 There is a genetic contribution underlying resistance to commonly used
antihypertensive drugs in South Africa among South African patients with
hypertension.

2. Hju: There are differences in the profiles of variants between individuals who have
resistant hypertension (cases) and those without resistant hypertension (controls).

3. Hj4: There is utility in developing a pharmacogenomic test that includes relevant genetic
variants for use in deciding on hypertension treatment among Africans.

4. Hj4: There are comparable differences in the frequencies of the pharmacogenes variants

to other previously studied world populations.

2.3 Aim of Study
The aim of this study was to evaluate the role of genetic variation in selected pharmacogenes
on the way patients with hypertension respond to antihypertensive drugs, comparing the

outcomes between patients with resistant or non-resistant hypertension.

2.4 Objectives of the Study
To be able to test the hypotheses generated from the study research questions and to achieve

the aim, the objectives of the study were:

1. To recruit study participants, obtain blood samples and collect data on demographic
and clinical parameters of the study participants.

2. To classify the study participants into resistant (cases) and non-resistant hypertension
(controls) phenotypes.

3. To extract DNA from blood samples and to genotype variants in the selected genes.

4. To compare the distribution of allelic variants between participants with resistant
hypertension and those without.

5. To determine the baseline frequencies of the pharmacogene variants in the selected

genes.
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CHAPTER 3: MATERIALS AND METHOD

3.1 Reagents and Online Tools

All primers, enzymes, assays, consumables and chemicals of analytical grade used in this study
were obtained from Ingaba Biotechnical Industries (Muckleneuk, Pretoria, South Africa),
Thermofischer Scientific (Waltham, Massachusetts, USA), New England Biolabs (Ipswich,
UK), Perkin Elmer (Midrand, South Africa) and other local suppliers. Primers were designed
using the Integrated DNA Technologies (IDT) PrimerQuest™ (htips://eu.ididna.com/pages)

and Oligo Analyzer™ (htips://eu.idtdna.com/calc/analyzer) online tools followed by

validating the primer sequences using the National Centre for Biotechnology Information

(NCBI) PrimerBlast tool (Attps:/www.ncbi.nlm.nih.gov/tools/primer-blast/y and the
University of California Santa Cruz (UCSO) genome browser

(https://genome.ucsc.edu/index.html). Restriction enzymes/cut sites were selected/mapped out

using NebCutter (https.//nc2.neb.com/NEBcutter2/?noredir) or Restriction Mapper

(https://restrictionmapper.org/)  and  restriction  enzyme  optimum  conditions

(reaction/inactivation temperatures and buffer conditions) were obtained from NebCloner
(https://nebcloner.neb.com/#!/). The Pharmacogenomics and Drug Metabolism Research
Group is funded by (i) the South African Medical Research Council (SAMRC), (ii) the National
Research Foundation (NRF) of South Africa and (iii) the University of Cape Town.

3.2 Ethical Considerations

This study is a sub-study to a larger project titled, “Pharmacogenomics of Cardiovascular
Diseases: Focusing on Dyslipidaemia and Hypertension (PRECODE)”, whose protocol
was approved by the University of Cape Town Human Research Ethics Committee (UCT-
HREC) with ethics clearance, “HREC 694/2020”, and was granted permission to recruit
consenting participants for the study from the Hypertension Clinic, Groote Schuur, Cape Town,
South Africa (33°56"29"S 18°27'46"E). This sub-study also has its own ethical approval which
was granted by the UCT-HREC with ethics clearance, “HREC 141/2022”. The rights to
privacy were respected and all medical information of the participants was kept confidential
during the study. All patient samples were de-identified and labelled with a unique laboratory
generated pharmacogenomics identity (PGX-ID).
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3.3 Study Design

This is a retrospective matched case-control study. Participants were matched according to
age, sex, and ethnicity in a preselected ratio of 1:1 (case : control) at the time of recruitment to
eliminate confounding by these variables. All participants had a confirmed diagnosis of
hypertension and participants with the following inclusion and exclusion criteria were included

and excluded as appropriate.

3.3.1 Inclusion and Exclusion Criteria

The study included participants (i) with a confirmed diagnosis of primary or essential
hypertension (defined as hypertension without any known underlying cause), (ii) of African
ancestry (defined as individuals of Black African or Mixed ancestry descent), (iii) on at least
one antihypertensive drug for at least a year prior, and (iv) >18 years at the time of recruitment.
The study excluded participants (i) with a confirmed diagnosis of secondary hypertension
(defined as hypertension with a known underlying cause), (ii) who were pregnant at the time
of recruitment, (iii) with confirmed white coat hypertension or non-adherence, and (iv) not on

treatment with any antihypertensive drugs.

3.4 Study Sample Size Determination

The sample size was calculated using the following formula,

(Z - a)?P(1 - P)
D2
where NV = sample size, Z-a = 1.96 (95% confidence level), D = 0.05 (absolute precision),

N =

as previously described by Naing and co-workers (Naing et al., 2006). Given that the
prevalence of resistant hypertension in South Africa is 12.6 % (Moosa et al., 2016), P (P =
proportion with treatment resistant hypertension) of 12.6 % was used. So, we substituted P

for 0.126 in the formula. Therefore,

N=163.

According to the calculation, samples will be required in each of the two groups, cases and

controls. However, in order to take into account samples that may fail to work due to poor
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quality DNA or other factors, a total sample size of 400 (200 controls and 200 cases) was used,

enabling the study to remain within the required power of at least 80%.

3.5 Study Participant Recruitment

Participant recruitment for the study was retrospective and included patients attending the
Hypertension Clinic at Groote Schuur Hospital (Cape Town, South Africa) between August
2021 and July 2022. Additional participants were recruited from patients who attended the
Hypertension Clinic and had provided informed consent from January 2006 to December 2016.
Briefly, at recruitment, all patients were assessed by consultants specialising in Nephrology
and Hypertension (B.R and E.J) and underwent a full clinical assessment and the following
laboratory examinations - assessing sodium, potassium, creatinine and eGFR, fasting lipogram,
fasting glucose, uric acid, aldosterone, renin, amlodipine levels and the urine albumin-
creatinine ratio. A trained nurse, measured all anthropometric variables such as height, weight,
body mass index (BMI) and waist circumference. BP was measured using an automated office
BP monitor (AOBP). Where white coating was suspected, 24-hour ambulatory BP monitoring
was done to assess for presence of white coating. Furthermore, DNA samples from whole

blood were collected and stored at -20°C until they were extracted.

3.6 Operational Classification of Participants into Cases and Controls

Cases were defined as: BP >140/90 mmHg on 3 or more antihypertensive drugs including a
diuretic in optimal doses or, BP <140/90 mmHg on 4 or more antihypertensive drugs provided
pseudo-resistance was excluded and adherence to antihypertensive therapy confirmed by
clinician or through TDM of amlodipine levels where possible (i.e., plasma amlodipine levels
>7.0 ng/ul). Controls were defined as: BP <140/90 mmHg or BP >140/90 mmHg on less

than 3 antihypertensive drugs.

Operationally, classification was done following the workflow outlined in Figure 3.1. Briefly,
stage 1 provides a checklist of the steps taken before a formal diagnosis of resistant
hypertension. Stage 2 gives an overview of steps that were taken to classify participants into
cases and controls mainly through counting the number of antihypertensive drugs and noting
BP readings at each visit. Finally, stage 3 was a review and validation of the cases and controls

by a clinician.
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Patient
presentation

Check clinic
blood pressure

Rule out
white-coat
hypertension

Rule out non-
adherence to
medication

Diagnosis

Stage 1

Patient referred to Hypertension Clinic with
uncontrolled BP on 3 or more optimal doses of
antihypertensive medications including a
diuretic.

Stage 2

Access medical records for clinical and
demographic parameters.

v

Controlled clinic BP measurement is taken by
the nurse at first visit in a relaxed, temperate
setting while the patient is seated with their arm
outstretched and supported. An average of six
BP readings is noted as the patient’s clinic BP
as well as the drug(s) and dose information
(Visit 1).

Obtained BP readings at Visit 1 or Visit 2; where
possible used BP readings from Visit 2 and for
cases where white coating was confirmed, 24-hour
ABPM considered.

v

Clinic BP readings reviewed by Clinician.
Clinician confirms 2™ visit (Visit 2).

Match BP readings obta*ned at Visit 1 or Visit 2
with medications the patients are on by checking
dates of each visit and dates by which medications
are prescribed.

3

v
Counted the number of medications patients were
on at either Visit 1 or Visit 2 and checked for
amlodipine levels where possible.
]

v

If BP is uncontrolled, clinician orders 24-hour
ambulatory BP monitoring.

Counted the number of medications patients were
on at either Visit 1 or Visit 2 and checked for
amlodipine levels where possible.

v

If BP remains uncontrolled, (clinic BP >140/90
mmHg or ABPM > 135/85 mmHg), clinician
considers TDM of amlodipine levels.

v
Classified into resistant and non-resistant
phenotypes according to definition (in red) and
Figure 1.

v

If BP remains uncontrolled or requires 4
antihypertensive drugs, formal diagnosis of
resistant hypertension can be made.

l Resistant if:
Patient is on > 3 drugs

Non-resistant if: and BP is uncontrolled
Patient is on 1-3 drugs OR.

and BP is controlled. 4 or more drugs and

BP controlled.

Stage 3

List of Patients classified
into the two phenotypes
is reviewed and validated
by Clinician specialising
in Hypertension and
Nephrology.

Figure 3.1: Operational Classification of Hypertensive Patients into the Resistant Hypertension and Non-resistant Hypertension Phenotypes in this
study. Schema highlights the steps involved during diagnosis of resistant hypertension (Stage 1), steps taken to classify patients into the two phenotypes (Stage 2) and validation
or review by Clinician (Stage 3).
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3.7 Details on Matching of Cases to Controls and Assumptions

Participants classified into cases or controls were matched individually in a 1:1 ratio. A
participant who was a case (classified as having resistant hypertension), was matched to a
control (classified as not having resistant hypertension) of the same sex (male or female), same
ethnicity (Black African or Mixed Ancestry) and same/exact age where possible. In the event
where participants were not of the same/exact age, interval matching of age was used whereby
matching on age was acceptable if it was within 5 years (age + 5 years) between a case and a

control.

3.8 Genomic DNA Isolation

Genomic DNA was extracted from whole blood using the automated nucleic acid extraction
protocol for human blood developed by Chemagen Technologies GMBH/Perkin Elmer
Incorporated (UK) on the Chemagic 360® instrument with integrated Chemagic dispenser.
Briefly, five 24-deep well plates were prepared. To the first 24-deep well plate, a volume of 4
ml of whole blood was added into each well. This was followed by the addition of 15 pl of
protease into each well containing 4 mL of whole blood. To a second 24-deep well plate, a
volume of 400 pL of thoroughly mixed magnetic bead solution was added into each well. The
remaining three 24-deep well plates were left empty for automatic addition of wash buffers 3,
4,5 and 6. Furthermore, a total of 24 13 mL tubes were prepared on a special rack, followed
by the addition of 300 pL of elution buffer 7 to each tube. On another special rack, 24
disposable tips were placed. The prepared plates, 13 mL tubes and disposable tips were then
placed onto respective positions on special adapters in the Chemagic 360® instrument. Using
the extraction protocol for human blood on the instrument software, the samples were mixed
thoroughly, homogenized, and washed in multiple steps to increase the yield and purity of the
DNA. The automatic transfer of magnetic beads between the tubes and racks, allowed for
binding and separation of the DNA from cell debris. In the final step, the DNA was then
released from the magnetic beads using elution buffer 7 from the prepared 13 mL prefilled
tubes. The DNA was collected in these 13 mL tubes and transferred to 2 mL Eppendorf tubes

for quantification and further downstream processing.

3.9 Genomic DNA Quantification and Integrity
The quantity of the extracted genomic DNA was determined using spectrophotometry on a

NanoDrop ¢1000 UV spectrophotometer (Thermofischer Scientific Corporation, Waltham,

35



Massachusetts, USA). Briefly, the instrument was blanked by placing 1.5 pL of elution buffer
7 onto the instrument sample pedestal. This was followed by placing a volume of 1.5 pL of
extracted DNA onto the sample pedestal. The instrument measured the quantity of the DNA
(in ng/uL), absorbance at 230 nm, 260nm and 280 nm, and computed the 230/260 and 260/280

ratios.

This was followed by determination of DNA integrity using agarose gel electrophoresis.
Briefly, a 1% (w/v) agarose gel was prepared by dissolving agarose powder in 1X TBE (1L:
1.08 g Tris-Ultra Pure; 5.5 g Boric Acid; 0.72 g EDTA-Disodium Salt) followed by addition
of 5 uL of SafeView™ Classic (Applied Biological Materials Inc., Richmond, Canada) nucleic
acid stain before casting the gel. The SafeView™ Classic nucleic acid stain intercalates the
DNA molecules and allows for visualization of DNA under ultraviolet (UV) light. The gel was
allowed to set and placed into an electrophoresis tank filled with 1X TBE (1L: 1.08 g Tris-
Ultra Pure; 5.5 g Boric Acid; 0.72 g EDTA-Disodium Salt). DNA samples including a 1 kb
molecular weight marker was loaded onto the wells and this was followed by electrophoresis
at 100V for 1 hour. Visualization was done on a UV transilluminator (UVITEC, Avebury
House, Cambridge, UK) using the Fire Reader software for Windows (D-56-26.MX, France).

3.10 Selection of SNPs for Genotyping

SNPs in the selected genes that have been previously reported to be associated with BP
response to amlodipine, enalapril, hydrochlorothiazide, atenolol, or spironolactone among
hypertensive patients were selected by accessing the Clinical Pharmacogenetics
Implementation Consortium (CPIC) database, Food and Drug Administration (FDA) Table of
Pharmacogenomic Biomarkers in Drug Labelling, Pharmacogenomics Knowledge Base
(PharmGKB) database and surveying available literature. The selected SNPs were at least
annotated in PharmGKB with a level of evidence of at least 3 which implied variant-drug
combinations from multiple studies but with limited evidence of association. Furthermore,
SNPs were selected if they had minor allele frequencies exceeding 0.05 in Africans and this
was done by accessing the Ensembl Release 109 database (Cunningham et al., 2021) and the
Allele Frequency Database (ALFRED) (Osier et al., 2002).
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3.11 Genotyping

SNPs in the selected genes were characterized through polymerase chain reaction restriction
fragment length polymorphism (PCR-RFLP), qPCR either using TaqMan Allelic
Discrimination assays or TagMan copy number variation (CNV) assays and Sanger

sequencing.

3.11.1 Polymerase Chain Reaction (PCR)

All primers used for PCR were either designed or obtained from previous studies (Table 3.1).
Forward and reverse primers, covering the region of interest containing the SNP, were first
optimized using temperature gradient PCR to determine the optimum annealing temperature.
The range of the temperatures used for each individual gradient PCR were chosen depending
on the melting temperatures (Tm, °C) specific to the primers which was determined by the

formula,

Tm =4 °C (number of G/C nucleotides) + 2 °C (number of A/T nucleotides).

Each gradient PCR temperature range was specific to each SNP. However, all the temperature
gradient PCRs were carried out using temperature ranges that were between 50 °C - 70 °C on
a T100™ Thermal Cycler (Bio-Rad Laboratories, Inc., Singapore). Annealing temperatures
which were specific for amplification of the region of interest covering either of the selected
20 SNPs, which gave the optimum yield of PCR product while achieving the good specificity
(Table 3.1), were used for PCR amplification of the region containing the SNP of interest in
all DNA samples.

For each PCR reaction, 2 pL of 50 ng/ul genomic DNA; 5 puL of 5X Green GoTaq Flexi
Reaction Buffer (Promega Corporation, Madison, WI, USA); 1 pL of 10 puM of
deoxynucleotide triphosphates or ANTPs (Promega Corporation, Madison, WI, USA); 1.5 ul
of 25 mM magnesium chloride (Promega Corporation, Madison, WI, USA); 1 puL each of 10
uM forward and reverse primers (Inqaba Biotechnical industries (Pty) Ltd., South Africa) and
0.13 pl of 5 U/uL of GoTaq Flexi DNA Polymerase (Promega Corporation, Madison, WI,
USA) were added to a 0.2 mL PCR reaction tube (NEST Biotechnology, Wuxi, China). A
volume of 13.37 pL of sterile distilled water was added to make a total PCR reaction volume

of 25 uL followed by gentle vortexing on a vortex mixer (Labnet International Inc., Edison,
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New Jersey, USA) and spinning on a microcentrifuge (Whitehead Scientific, (Pty) Ltd., Cape
Town, South Africa). Therefore, fora 25 pL PCR reaction, the final concentrations of genomic
DNA, Green GoTaq Flexi Reaction Buffer, deoxynucleotide triphosphates, magnesium
chloride, each primer and GoTaq Flexi DNA Polymerase were 100 ng/uL, 1X, 0.4 uM, 1.5
mM, 0.4 uM each and 0.03 U/uL respectively.

All the PCRs, amplifying the regions of interest containing the selected SNPs were carried out
using a SimpliAmp™ Thermal Cycler (Applied Biosystems, ThermoFisher Scientific, Life
Technologies, Singapore) in three basic stages namely initial denaturation stage, a cycling stage
which consisted of a further denaturation step, annealing and initial extension steps, and lastly
the final extension stage which was longer in duration. The reaction conditions were initial
denaturation at 94 °C for 3 minutes, followed by 35 cycles of further denaturation at 94 °C for
30 seconds, annealing at temperatures specific for each SNP for 30 seconds (Table 3.1), (iv)
initial extension at 72 °C for 30 seconds, and (v) final extension at 72 °C for 10 minutes. The
PCR products were resolved on a 1.5% (w/v) agarose gel for 1 hour at 120V using a 100 bp

molecular weight marker.

3.11.2 Restriction Fragment Length Polymorphism (RFLP)

The PCR products obtained from amplification of the regions of interest containing the ABCB1
rs1045642C>T, 1s2032582C>A, ADRBI 1s1801252A>G, rs1801253G>C, CESI
1s2244613C>A, CYP345 1s776746T>C, 1s510264272C>T, rs41303343insT, NOS3
rs1799983G>T and SCNNIB rs149868979G>A SNPs were digested using Mbol, BSeYl,
Sau96l, BstNI, AlwNI, Sspl, Ddel, Banl and ScfI restriction enzymes from New England
BioLabs® (Ipswich, UK), which recognized specific cut sites within the DNA sequence which

are shown in Table 3.2.

For each digest reaction, 10 uL of PCR product, 2 pL of 10X CutSmart™ Buffer (New England
BioLabs®, Ipswich, UK), and 0.3 uL of 10 U/uL restriction enzyme specific for each SNP were
added to a 0.2 mL PCR reaction tube (NEST Biotechnology, Wuxi, China). This was followed
by addition of 17.7 pL of sterile distilled water to make up to 30 uL bringing the final
concentration of the CutSmart™ Buffer and restriction enzyme to 0.67X and 3 U/uL
respectively in a 30 puL digest reaction. The reaction mixture was vortexed gently on a vortex
mixer (Labnet International Inc., Edison, New lJersey, USA), spun briefly using a

microcentrifuge (Whitehead Scientific, (Pty) Ltd., Cape Town, South Africa) followed by
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Table 3.1: Polymerase Chain Reaction (PCR) primers, optimum annealing temperatures and expected PCR product sizes for amplification of region
of interest containing selected SNPs for this study

SNP Primer Sequences (5’-3°) Ta PCR* Reference
Forward Primer Reverse Primer O)*
ABCBI 151045642 (c.3435C>T) TGCTGGTCCTGAAGTTGATCTGTGAAC  ACATTAGGCAGTGACTCGATGAAGGCA 60 248 (Turgut et al., 2007)
ABCBI 152032582 (c.2677C>A) ATGGTTGGCAACTAACACTGTTA AGCAGTAGGGAGTAACAAAATAACA 54 206 (Rhodes et al., 2007)

ADRBI 151801252 (c.145A>G) GACCTCCCTCTGCGCACCAC CTGAGGTCCACAGCTCGCAGA 61 508 (Moriyama et al., 2013)
ADRBI 151801253 (c.1165G>C) ACGCTGGGCATCATCATGGGC CTGAGGTCCACAGCTCGCAGA 57 332 (Moriyama et al., 2013)
CES1 152244613 (1168-33C>A) TGTCGTCTGTTCCTCCTAAG GTTGGTTGGTCAGTTTGTTT 58.4 480 designed
CYP3A44 rs2740574 (c.-392C>T) GGACAGCCATAGARACAAGGGCT AGGTTTCCATGGCCAAGTCT 64 334 (Tavira et al., 2013)
CYP345 15776746 (c.219 237A>G) CATCAGTTAGTAGACAGATGA GGTCCAAACAGGGAAGAAATA 51 293 (van Schaik et al., 2002)
CYP345 1510264272 (c.624G>A) TGGAAGATGATTCAGCAGATA GTGGGGTGTTGACAGCTAAAG 58 495 (van Schaik et al., 2002)
CYP345 1rs41303343 (27131 27132insT) CTTCAATAGTACTGCATGGAC CTGTACCACGGCATCATAGCT 53 108 (van Schaik et al., 2002)
NEDDAL 154149601 (c.49-16229G>A) CGACTTCCGCATACTCTTCAG CTGTCACGGTGTTCCTACATT 60 417 designed
NEDDA4L 15292449 (c.-300G>C) CCTCTTGTTCAAACTCCCTAAGA TCTGTCCATCGTGAAGCATAC 60 239 designed
NEDDAL 1575982813 (g.5804376A>G) TTGCTAGAGAAACGGTAGCTG CTGAGCGTTTCTTCCTCC 60 450 designed

NOS3 151799983 (c.894G>T) CATCAGTTAGTAGACAGATGA CTGAGGTCCACAGCTCGCAGA 61.1 561 designed

NOS3 153918188 (c.1753-734C>A) TAGCCAGGAGTGAGGAAAGA AGTCTCGCTGTGTTGTTCAG 60 309 designed
NR3C21s5522 (c.538C>T) TAACGGACTTGAGAGAGGAGAG CCTATGAGCAGCAGAACCAA 60 443 designed
NR3C2 152070950 (c.-2-358C>Q) CTTTGGTCTCCATCGCTAACA CAAGCCACCCACTTCACTAA 60 398 designed
SCNNIB 15149868979 (c.1688G>A) AAGATCCCTAAGACAGTCCCA AGACGCAGGGAGTCATAGT 60 485 designed

*Ta, Annealing temperature of the primer; **PCR product size in base pairs (bp).
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incubation and inactivation on a SimpliAmp™ Thermal Cycler (Applied Biosystems,
ThermoFisher Scientific, Life Technologies, Singapore) at temperatures and periods specific

for each enzyme (Table 3.2).

Table 3.2: Restriction enzymes, cut sites and conditions used for genotyping the selected SNPs.

SNP Restriction Restriction Restriction Enzyme Conditions; Period
Enzyme Enzyfne Cut Incubation Inactivation
Sites
ABCBI Mbol xGATC 37°C;2h 65 °C; 20 min
rs1045642 (c.3435C>T)
ABCBI BSeYI xCCCAGC 37°C; 16 h 80 °C; 30 min
rs2032582 (c.2677C>A)
ADRBI Sau961 GxGNCC 37°C;2h 65 °C; 20 min
rs1801252 (c.145A>G)
ADRBI BstNI CCxGG 60°C;2h No
rs1801253 (c.1165G>C)
CES1 AlwN1 CAGNNNCXTG 37°C;2h 80 °C; 20 min
1$2244613 (1168-33C>A)
CYP3A45 Sspl AATXAAT 37°C;4h 65 °C; 20 min
15776746 (c.219-237A>G)
CYP3A45 Ddel CxTNAG 37°C;2h 65 °C; 20 min
rs10264272 (c.624G>A)
CYP3A45 Ddel CxTNAG 37°C;2h 65 °C; 20 min

rs41303343 (insT)

NOS3 Banl GxGNNCC 37°C; 16 h 65 °C; 20 min
151799983 (c.894T>A)

SCNNI1B Scfl CTNNxAG 37°C;2h 65 °C; 20 min
rs149868979 (c.1688G>A)

X: restriction enzyme cut site; h: hours; min: minutes; N: any random nucleotide; ABCBI: ATP-Binding cassette protein-1;
ADRBI: Beta-1 adrenergic receptor; CESI: Carboxylesterase-1; CYP345: Cytochrome P450 family 3 subfamily A member 5;
NOS3: Nitric oxide synthase 3, SCNNIB: Sodium channel epithelial 1 subunit beta.

The reaction digest products were resolved on a 3% (w/v) agarose gel stained with gel red in
I1X TBE (1L: 1.08 g Tris-Ultra Pure; 5.5 g Boric Acid; 0.72 g EDTA-Disodium Salt) at 120 V
for 20 minutes then at 80 V for 2 hours alongside a DNA molecular weight maker (50 bp, 100
bp or 1 kb). The agarose gels were visualized on a UV transilluminator (UVITEC, Avebury
House, Cambridge, UK) using the Fire Reader software for Windows (D-56-26.MX, France).
The appearance of different sized DNA fragments on the agarose gel corresponded to the

genotype of each sample (Table 3.3).
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Table 3.3: Genotypes corresponding to DNA fragment sizes (in bp). These are obtained for each SNP
after a restriction enzyme digest and visualization on a 3% (w/v) gel red stained agarose gel.

SNP Genotypes according to fragment sizes for:
Wild Type Homozygous Heterozygote
Variant
ABCBI C/C: T/T: C/T:
rs1045642 (c.3435C>T) 60 bp, 172 bp 232 bp 60 bp, 172 bp, 232 bp
ABCBI G/G: C/C: G/C:
1rs2032582 (c.2677C>A) 208 bp 84 bp, 124 bp 84 bp, 124 bp, 208 bp
ADRBI A/A: G/G: A/G:
rs1801252 (c.145A>G) 54 bp, 389 bp 54 bp, 190/199 bp 54 bp, 190/199 bp, 389 bp
ADRBI G/G: C/C: C/G:
rs1801253 (c.1165G>C) 52 bp, 138/142 bp 52 bp, 280 bp 52 bp, 138/142 bp, 280 bp
CESI G/G: T/T: G/T:
1s2244613 (1168-33G>T) 480 bp 92 bp, 388 bp 92 bp, 388 bp, 480 bp
CYP345 T/T: C/C: C/T:
1s776746 (c.219-237T>C) 125 bp, 148 bp 125 bp, 168 bp 125 bp, 148 bp, 168 bp
CYP345 C/C: T/T: C/T:
rs10264272 (c.624C>T) 103 bp, 137 bp,230bp 128 bp, 137 bp,230bp 103 bp, 128 bp, 137 bp, 230 bp
CYP345 A/A: T/T: A/T:
rs41303343 (insT) 22/24 bp, 62 bp 22/24 bp, 41 bp 22/24 bp, 41 bp, 62 bp
NOS3 G/G: T/T: G/T:
1rs1799983 (c.894T>G) 86 bp, 443 bp 529 bp 86 bp, 443 bp, 529 bp
SCNN1B G/G: A/A: A/G:
rs149868979 (c.1688G>A) 485 bp 190 bp, 295 bp 190 bp, 295 bp, 485 bp

ABCBI: ATP-Binding cassette protein-1; ADRBI: Beta-1 adrenergic receptor; CESI: Carboxylesterase 1; CYP3A45:
Cytochrome P450 family 3 subfamily A member 5; NOS3: Nitric oxide synthase 3, SCNNIB: Sodium channel epithelial 1
subunit beta.

3.11.3 TaqMan Allelic Discrimination Assays

Validated TagMan allelic discrimination genotyping assay kits from ThermoFisher Scientific
Corporation (Waltham, Massachusetts, USA) were used for genotyping the CYP344
1s2740574C>T, 1s2246709A>G, NR3C2 1s5522G>A, 1s2070950C>G, NEDD4L
1s4149601G>A, 1s292449G>C, rs75982813A>G and NOS3 rs2070744T>C, rs3918188C>A
SNPs. Each assay contained FAM or VIC fluorescent dye labelled probes which were specific
to either the wild type or variant allele for each SNP (Table 3.4) and sequence specific forward

and reverse primers designed and synthesized by ThermoFisher Scientific Corporation.
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Table 3.4: TagqMan Allelic Discrimination Assays. Each assay has a context sequence where alleles (wild type or variant) at the position of the SNP [highlighted in

bold] targeted by FAM/VIC fluorescent dye labelled probes.

Alleles targeted by fluorescent probe

SNP Assay ID Context Sequence
FAM dye VIC dye
CYP344 Variant: Wild type:
12740574 (c.-392C>T) C__ 1837671 50 CTATTAAATCGCCTCTCTC[C/T]ITGCCCTTGTCTCTATGG T C
CYP344 Variant: Wild type:
12246709 (c.16090A>G) C__ 1845287 10 AATAGGCAAATCCATAGA[A/G]GCAGAAAGTTGATTA G A
NR3C2 Variant: Wild type:
1$5522 (¢.538C>T) C_ 12007869 20 CATGATAGGGCTTTTAACAA[C/TIGGCGCGCATGACGC T C
NR3C2 Variant: Wild type:
12070950 (c.-2-358C>G) C_ 1594391 1_ AGGCAAAAAAAGGTAACTI[C/G]JAGGACTTAGTGAAGTG G C
NEDDA4L Wild type: Variant:
14149601 (c.49-16229G>A) C_ 1424558 10 AACGTCTCGCATTTGAGCA[A/G]GTAACACTCGGTAAG G A
NEDDA4L Wild type: Variant:
15292449 (c.-300G>C) C_ 1132327 10 TGCTTCTGCTCCATTGCTGTT[C/GJAACTTTTTTTTGGT G C
NEDDA4L Variant: Wild type:
1575982813 (g.58043776A>G) C 103971334 10 CTGCTCGTCGGGGCCGCAIA/GJAGAATTTAAAGGGGTC G A
NOS3 Wild type: Variant:
152070744 (c.-51-762T>C) C_ 15903863 10 AAGCTCTTCCCTGGCIC/TIGGCTGACCCTGCCTCAGCCC T C
NOS3 Wild type: Variant:
13918188 (c.1753-734C>A) C_ 29193459 10 CAAGGCACACGTACAAGGGJA/CIGTTTGAGAGAGCACC C A

CYP3A4: Cytochrome P450 family 3 subfamily A member 4, NR3C2: Nuclear receptor subfamily 3 group C member 2, NEDD4L: Neural precursor cell expressed developmentally down-
regulated 4 like;, NOS3: Nitric oxide synthase 3
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The reactions were set up in a total reaction volume of 10 uL in 0.2 mL white qPCR tubes
(Bio-Rad Laboratories, Inc., California, USA). Each 10 pL reaction mixture was made up of
5 uL of 2X TaqPath™ ProAmp™ Master Mix (Taq DNA polymerase, dNTPs, Mg?*, K*, pH
7.85 - 8.15 at 25 °C) from ThermoFisher Scientific Corporation (Waltham, Massachusetts,
USA), 0.5 uL of 20X TagMan® genotyping assay specific for each SNP (Table 3.4) and 4.5
pL of 10 ng/uL of genomic DNA bringing final concentrations of each component in the
reaction mixture to 1X, 1X and 4.5 ng/uL respectively. This was followed by gentle vortexing
on a vortex mixer (Labnet International Inc., Edison, New Jersey, USA) and spinning on a

microcentrifuge (Whitehead Scientific, (Pty) Ltd., Cape Town, South Africa).

All gPCR reactions were carried out on a CFX96 Touch Real Time PCR Thermal Cycler (Bio-
Rad Laboratories, Inc., California, USA) and the reaction conditions were initial denaturation
at 95 °C for 5 minutes followed by 50 cycles of further denaturation and annealing at 95 °C for
15 seconds and 60 °C for 1 minute respectively, then final elongation at 60 °C for 30 seconds.
Genotypes were displayed in the form of clusters of three possible allelic combinations which
were wildtype/wildtype allele, wildtype/variant allele, and variant/variant allele on an allelic

discrimination plot.

3.11.4 TagqMan Copy Number Variation (CNV) Assays

A validated FAM dye labelled TagMan CNV assay (Assay ID: Hs00139541 cn) from
Thermofischer Scientific Corporation (Waltham, Massachusetts, USA) for determination of
structural variation in the carboxylesterase 1 (CES/) gene was used to determine the copy
number of CESIA42 by quantitative real time PCR. The assay targeted intron 11 of the CESI
gene on chromosome 16q12.2 (assay reference genome location: chr.16:55810581 on build
GRCh38). The reference gene was the gene encoding ribonuclease P located on chromosome
14q11.2 and the VIC dye labelled TagMan™ CNV RNase P assay (catalogue number:
4403326) served as the reference assay (assay reference genome location: chr.14:20343370 on

build GRCh38).

Each qPCR reaction was carried out in a total reaction volume of 10 pL containing 1 puL of 5
ng/uL of genomic DNA, 0.5 pL of RNase P assay, 0.5 pL of TagMan CNV assay
(Hs00139541 cn), 5 uL of 2X TaqPath™ ProAmp™ Master Mix and 3 pL of sterile distilled
water in 0.2 mL qPCR tubes. All qPCR reactions were carried out on the QuantStudio™ 7

Flex Real-Time PCR System (Applied Biosystems, Life Technologies, Waltham,
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Massachusetts, USA) and the reaction conditions were initial denaturation at 95 °C for 10
minutes followed by 40 cycles of further denaturation and annealing at 95 °C for 15 seconds

and 60 °C for 1 minute respectively.
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Figure 3.2: CopyCaller analysis workflow. Analysis includes three major stages namely, (1) preprocessing
involving data validation, filtration, exclusion of failed PCR data, outlier detection and removal , (2) sample copy
number assignment based on the presence or absence of a calibrator sample and (3) quality metric assignment
based on Z-scores and confidence scores (adapted from Applied Biosystems by Life Technologies User Guide).

Calculations of gene copy numbers was done using CopyCaller software for Windows (Version
2.0, Applied Biosystems, Life Technologies, Waltham, Massachusetts, USA), according to
Figure 3.2. Briefly, data from qPCR amplification imported onto the software underwent
preprocessing which included data validation, filtration, exclusion of failed PCR data, ACr

calculation and outlier detection and removal. A calibrator sample was absent; thus, the copy
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number was estimated by the CopyCaller software algorithm based on the most frequent copy
number which we assigned as 2. Finally, a quality metric was assigned to the copy numbers
generated for each sample, which incorporated both absolute Z-scores (+1) and confidence

scores (0 — 100%).

3.11.4.1 Main Assumptions in the Calculation of CESI Copy Numbers

CES|I gene deletions have not been reported elsewhere, thus, we assumed the most frequent
copy number to be 2, based on literature for parameter estimation in CopyCaller as there was
no calibrator sample. Additionally, copy number calls with a confidence metric >50% were

accepted with certainty.

3.11.5 Verification and Validation of Genotypes

Sanger sequencing was used as a verification method to confirm genotype calls obtained from
primary genotyping methods - PCR-RFLP and TagMan allelic discrimination assays. All
sequencing reactions were carried out on the SeqStudio® Genetic Analyzer (Applied
Biosystems Corporation, Waltham, Massachusetts, USA). Prior to capillary electrophoresis on
the on the SeqStudio® Genetic Analyzer, post-PCR clean-up, cycle sequencing and post-

sequencing clean up were done.

3.11.5.1 Post-PCR Clean-up

Post-PCR clean-up was employed to purify all PCR products by breaking down unincorporated
PCR primers and nucleotides left over from PCR reactions. This was achieved by using
exonuclease I (Exol) and thermosensitive alkaline phosphatase (FastAP™) enzymes from
ThermoFisher Scientific (Waltham, Massachusetts, USA). Each clean-up reaction was
prepared by adding 1 pL of 1 U of FastAP™ and 0.2 uL of 4 U Exol enzymes in a 0.2 mL PCR
tube (NEST Biotechnology, Wuxi, China). This was followed by adding 3.8 pL of sterile
distilled water to make up to 5 puL of the total reaction volume bringing the final concentration
of FastAP™ and Exol to 0.2 U and 0.16 U respectively. The reaction mixture was vortexed on
a vortex mixer (Labnet International Inc., Edison, New Jersey, USA) and spun in a
microcentrifuge (Whitehead Scientific, (Pty) Ltd., Cape Town, South Africa) for 10 seconds.
The reaction mixture was incubated at 37 °C for 1 hour, followed by enzyme inactivation at 75
°C for 15 minutes in a SimpliAmp™ Thermal Cycler (Applied Biosystems, ThermoFisher

Scientific, Life Technologies, Singapore).
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3.11.5.2 Cycle Sequencing

Cycle sequencing is based on the addition of chain terminating dideoxy-nucleotide phosphates
(ddNTPs) to the growing DNA strand during DNA synthesis. In each cycle of the sequencing
reaction, PCR primers were selected—either forward or reverse—that maintained a minimum
distance of 100 base pairs from the targeted SNP. The sizes of the cleaned-up PCR products
ranged between 100 bp — 500 bp (Table 3.1). Thus, to each cycle sequencing reaction, 5 uLL
of the cleaned-up PCR product were added to 0.2 ml PCR reaction tubes (NEST
Biotechnology, Wuxi, China). This was followed by adding 2 pL of BigDye™ Terminator
v3.1 5X sequencing buffer, 2 uL of BigDye™ Terminator 3.1 Ready Reaction Mix from
ThermoFisher Scientific (Waltham, Massachusetts, USA) and finally 1 pL of sequencing
primer to make a total reaction volume of 10 pL. The reaction mixtures were vortexed on a
vortex mixer (Labnet International Inc., Edison, New Jersey, USA) and spun briefly on a
microcentrifuge (Whitehead Scientific, (Pty) Ltd., Cape Town, South Africa). The sequencing
reaction was carried out on a SimpliAmp™ Thermal Cycler (Applied Biosystems,
ThermoFisher Scientific, Life Technologies, Singapore). The sequencing reaction proceeded
in two stages which were initial denaturation at 96 °C for 1 minute followed by 25 cycles of
further denaturation at 96 °C for 10 seconds, annealing at 50 °C for 5 seconds and elongation

at 60 °C for 4 minutes.

3.11.5.3 Post-Sequencing Clean-up and Capillary Electrophoresis

Sequencing products were cleaned up using the EDTA/ethanol precipitation method to remove
unincorporated dye labelled terminators so as to obtain a consistent signal during capillary
electrophoresis. A volume of 5 pL of 125 mM EDTA was mixed with 20 pL of sequencing
products in a 0.2 mL 96-well plate. This was followed by addition of 60 pL of absolute ethanol
and vortexing for 5 seconds on a vortex mixer (Labnet International Inc., Edison, New Jersey,
USA). The mixture was left on ice in a freezer for 15 minutes, then centrifuged at 1 870 rcf
for 45 minutes. The supernatant was discarded, and the plate was allowed to dry by tapping
on a paper towel and centrifuging at 180 rcf for 1 minute. A volume of 60 uL of 70% ethanol
was added, followed by a further centrifugation step at 1 870 rcf for 15 minutes and thereafter,
the supernatant was discarded while tapping dry on a paper towel and centrifuging at 180 rcf
as before. The plate was then allowed to airdry in the dark for 15 minutes. A volume of 10
pL of HiDi formamide was added followed by a denaturation step at 95 °C for 5 minutes in a

thermal cycler. The plate was allowed to cool for at least 5 minutes before loading on the
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SeqStudio® Genetic Analyzer for capillary electrophoresis. For all samples the Z BigDye™
Terminator v3.1 dye set was selected on the instrument software. Furthermore, depending on
the sizes of amplicons, ShortSeq BDX, MediumSeq BDX and LongSeq BDX modules with
expected read lengths of up to 350 bp, 500 bp and 800 bp respectively were selected depending
on the size of the DNA fragment.

3.12 Statistical Analyses

Before proceeding with any statistical analyses, data quality control was done to ensure that
variables with missing data, obvious errors or outliers are identified and dealt with according
to appropriate statistical approaches. Data quality control also ensured that participants with
the stated inclusion and exclusion criteria are included and excluded as appropriate. All
Statistical analyses were performed using various packages in R statistical software (version

4.2.1, 2022-06-23, Vienna, Austria), while SHEsis online software (https://analysis.bio-x.cn/)

was used to compute genotype and allele frequencies (Shen et al., 2016). For all analyses,
categorical data were presented as N (%) [where N = the number of individuals in that category
and % = the frequency of individuals within that category]. Continuous data were presented
as mean * standard deviation (SD) or median + interquartile range (IQR) [25% — 75! percentile]

depending on the distribution of the data.

The Shapiro-Wilks test or Q-Q plots (Figure A3, Appendix) were used to assess the data for
normality and the Hardy-Weinberg Equilibrium (HWE) was determined for each SNP for
Black African and Mixed Ancestry population groups using the chi-square test with one degree
of freedom. This was followed by comparing the data between cases and controls. Continuous
variables were compared between cases and controls either using the T-test or the Mann-
Whitney U-test (Wilcoxon rank-sum test) for normally and non-normally distributed data
respectively. Categorical variables were compared between cases and controls using Pearson’s
chi-square test or Fisher’s exact test. The main outcome of interest was resistant hypertension.
Therefore, to estimate associations of clinical and genetic variables with resistant hypertension,
odds ratios (ORs) and 95% confidence intervals (CI) were used. @ ORs were calculated

according to the formula:

Odds of exposure in cases (A/B)
Odds of exposure in controls (C/D)
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where, A = exposure in cases, B = non-exposure in case, C = exposure in controls, D =

exposure in controls.

Exposure was defined as exposure to any variable (i.e., genetics) potentially influencing the
outcome of interest (i.e., resistant hypertension). Thus, OR = 1 indicated no association and
that exposure was the same for cases and controls; OR > 1 indicated a positive association and
that exposure was higher in cases than controls and OR <1 indicated a negative association
and that exposure is lower in cases than controls. To obtain these estimates, simple logistic
regression analysis was used to associate study participant characteristics with resistant
hypertension while genetic models of inheritance were used to test for associations between
genotypes and resistant hypertension. Further analyses were streamlined to variants presenting
with significant (P<0.05) or borderline/trending associations with resistant hypertension. Thus,
construction of possible haplotypes for SNPs in genes with significant or borderline
associations with resistant hypertension was done using SHEsis online software

(https://analysis.bio-x.cn/). The frequencies of the resultant haplotypes were also compared

between cases and controls using the Pearson’s chi-square or Fisher’s exact test and

associations estimated using ORs and 95% CI as above.

This was followed by multivariable logistic regression including genetic (genotype and
haplotypes) and non-genetic variables (clinical or demographic) identified to adjust for any
confounding effect. Confounding variables were defined as predictor variables that
significantly contributed to the main outcome of interest — resistant hypertension and have been
previously reported to play as major risk factors for BP increases or antihypertensive drug
response. Table Al (Appendix) highlights all clinical/demographic variables classified as
predictor or outcome variables. No outcome variables were included in the model except the
main outcome of interest - resistant hypertension. For all analyses, P-values less than 0.05 (P

< 0.05) were considered significant.
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CHAPTER 4: RESULTS

4.1 Observations from demographic and clinical characteristics of the study participants

The characteristics of the study participants are presented in Table 4.1. There were no
significant differences in the distribution of age, sex, ethnicity, family history of hypertension,
smoking, or alcohol use between cases or controls (P > 0.05) because of the matched case-
control design. The median age for cases and controls was 43.8 (20 — 54.2) and 42.2 (26 —
52.6) years respectively, while 54% of cases or controls were female. The predominant
ethnicity was Mixed Ancestry making up 69.5% and 72.5% among the cases and controls
respectively. Black African participants comprised 30.5% and 27.5% of the cases and controls
respectively. There were statistically significantly fewer cases (21.6%) with controlled BP
(<140/90 mmHg), versus 64% among controls (P <0.001; OR: 6.47; CI: 4.10 — 10.20). Left
ventricular hypertrophy (LVH) was significantly more common among the cases (resistant
hypertension, 47.4%) compared to 27.5% among the controls (P < 0.001; OR: 2.69; CI: 1.64
—4.41). Comorbidities were more frequent in cases than controls. There were statistically
significant differences between cases and controls for comorbidities such as chronic kidney
disease (CKD) (P < 0.001; OR: 4.22; CI: 2.02 - 8.78), diabetes mellitus (DM) (P = 0.03; OR:
1.88; CI: 0.90 - 3.78) and dyslipidaemia (P = 0.03; OR: 2.19; CI: 1.14 - 4.22). There was no
statistically significant difference for ischemic heart disease (IHD) (P = 0.11; OR: 1.99; CI:
0.86, 4.59) between cases and controls. Furthermore, there was borderline significance
between cases and controls who had experienced previous stroke (P = 0.09; OR: 2.70; CI: 0.94
- 7.74). Similarly, there was a higher frequency of use of concomitant drugs. There was
statistically significant difference between cases and controls on statins or lipid-lowering
therapy (P < 0.0001; OR: 2.45; CI: 1.56 - 3.84). There was borderline significance between
cases and controls on diabetic treatment (P = 0.08; OR: 1.88 CI: 0.93 - 3.78). As expected, use
of a higher number of antihypertensive drugs was observed in cases, and this was significantly

higher than in controls (P < 0.001).

4.2 Genetic characterisation
After successful DNA extraction and quality check on the DNA, genetic characterisation was
done. Figure 4.1 shows the quality of DNA extracted after electrophoresis on a 1% (w/v)

agarose gel.
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Table 4.1: Distribution of demographic and clinical characteristics between cases and controls
and associations with resistant hypertension.

Variable(s) Cases Controls P- OR
(N =190) (N=189) Value [95% CI]
Age, years 43.8(20-54.2) 422 (26-52.6) 0.05 1.01[0.99 — 1.03]
Sex,
Male 87 (45.8%) 87 (46.0%) 1 1.00 [0.67 - 1.50]
Female 103 (54.2%) 102 (54.0%)
Ethnicity,
Black African 58 (30.5%) 52 (27.5%) 0.57 0.86 [0.55 - 1.35]
Mixed Ancestry 132 (69.5%) 137 (72.5%)
Smoking (Active/Past),
Yes 63 (33.2%) 64 (33.9%) 0.99 0.98 [0.65 - 1.52]
No/Unknown 127 (66.8%) 125 (66.1%)
Alcohol (Active/Past),
Yes 45 (23.7%) 47 (24.9%) 0.90 0.9410.59 - 1.52]
No/Unknown 145 (76.3%) 142 (75.1%)
Family History of Hypertension,
Yes 123 (64.7%) 121 (64.0%) 0.91 1.03 [0.68 - 1.57]
No/Unknown 63 (35.3%) 68 (36.0%)
Blood Pressure (mmHg),
Uncontrolled (>140/90) 149 (78.4%) 68 (36.0%) <0.001 6.47 [4.10 - 10.20]
Controlled (<140/90) 41 (21.6%) 121 (64.0%)
Left Ventricular Hypertrophy,*
Yes 90 (47.4%) 52 (27.5%) <0.001 2.69 [1.64 - 4.41]
No/Unknown 100 (52.6%) 189 (72.5%)
Aldosterone, pmol/l 276 (31 - 435) 200 (2.3-313)  0.002 1.001 [1.00 - 1.003]
Comorbidities,
Chronic Kidney Disease (CKD)* 36 (19.1%) 10 (5.3%) <0.001 4.222.02 - 8.78]
Diabetes Mellitus (DM) 33 (17.6%) 18 (9.6%) 0.03 1.88 [0.90 - 3.78]
Dyslipidaemia 30 (15.8%) 15 (7.9%) 0.03 2.19[1.14 - 4.22]
Ischaemic Heart Disease (IHD) 17 (8.9%) 9 (4.8%) 0.11 1.99 [0.86 - 4.59]
Previous Stroke 13 (6.8%) 5 (2.6%) 0.09 2.70 [0.94 - 7.74]
Concomitant Drugs,
Statin or Lipid-lowering Therapy 76 (40.0%) 45 (23.8%) <0.001 2.45[1.56 - 3.84]
Diabetic Treatment™ 23 (12.1%) 15 (7.9%) 0.08 1.88 [0.93 - 3.78]
Analgesics 12 (6.0%) 10 (5.2%) 0.69 1.31[0.55-3.11]
Antihypertensives Drugs,
Amlodipine 172 (90.5%) 116 (61.3%) <0.001 6.01 [3.41 —10.6]
Hydrochlorothiazide 148 (77.9%) 108 (57.1%) <0.001 2.64[1.69 —4.14]
Atenolol 123 (64.7%) 27 (14.2%) <0.001  11.01[6.65-18.24]
Enalapril 150 (78.9%) 88 (46.6%) <0.001 4.30[2.74 - 6.76]
Spironolactone 52 (27.3%) 7 (3.7%) <0.001 9.79 [4.32 - 22.23]
Losartan 39 (20.5%) 14 (7.4%) <0.001 3.23[1.69 - 6.17]

OR: Odds Ratio; CI: Confidence Interval, P-value: Significance Level
*CKD indicated by eGFR MDRD > 60 ml/min; Abnormal LVH: females > 95 g/m?, males > 115 g/m?
*Diabetic treatment included metformin, insulin or gliclazide

4.3 Genotyping
Twenty variants in 9 genes were successfully genotyped using PCR-RFLP, TagMan allelic

discrimination/copy number assays and successfully validated using Sanger sequencing,
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demonstrating the robustness, precision and accuracy of the genotyping methods used in this

study for small scale genotyping.

DNA

3000 bp
2500 bp
1000 bp

500 bp
250 bp

Figure 4.1: Appearance of extracted genomic DNA on 1% (w/v) agarose gel. The DNA appears intact
and is of good integrity.

PCR-RFLP yielded DNA fragments corresponding to the genotype of the sample (Figure 4.2)
while TagMan allelic discrimination assays yielded plots with at least two or three possible
clusters corresponding to the genotype groups of the samples (Figure 4.3). The distributions
of most variants across the study were consistent with the Hardy-Weinberg Equilibrium (HWE)
for both Black African and Mixed Ancestry population groups (P > 0.05). However, the
distributions some variants deviated significantly from the HWE, presenting with P < 0.05 for
either Mixed Ancestry for CYP3A44 rs2740574C>T or both population groups for ABCBI
rs2032582C>A, CESI copy number and SCNNIB rs149868979G>A (Table 4.2).

CC CC CG CG GG CG GG GG CG €CG cCcc cc cG cCcG G GG
S00DP €= et e - - S o e T e e e - -, ———> 280 bp

- - - —— . . e 138/142bp

100bp4_ oo . o TP e e mow .. e _>5pr

M: Molecular weight marker; U: Undigested PCR product; 1-16: Samples

Figure 4.2: An example of PCR-RFLP used to genotype the ADRBI rs1801253G>C SNP. PCR-
RFLP indicates different DNA band sizes corresponding to the G/G (52bp 138/142 bp), G/C (52bp, 138/142 bp,
280 bp) or C/C (52 bp, 280 bp) genotypes for ADRBI rs1801253G>C SNP.
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Figure 4.3: An example of a TagMan allelic discrimination assay used to genotype NR3C2
rs2070950C>G SNP. The assay results in a plot with 3 different clusters corresponding to three possible
genotypes, in this case, G/G (blue), G/C (green) or C/C (orange) for the NR3C2 rs2070950C>G SNP.

4.4 Observations from genotype and allele frequency distributions of the studied
polymorphisms among cases and controls and association with resistant hypertension
The distribution of genotype and allele frequencies among cases or controls are presented in
Tables 4.2, 4.3 and 4.4. CYP3A45 rs776746C allele carriers were statistically significantly more
frequent in controls than cases (C/C: 29% controls vs. 18% cases, P = 0.03 and C allele: 49%
controls vs. 37% cases, P =0.02). CYP3A45 rs776746C allele was significantly associated with
reduced odds of resistant hypertension [C/C: OR: 0.54; CI: 0.31 - 0.97 and C allele: OR: 0.62;
CI: 0.47 - 0.84).

There was borderline significant difference in the distribution of NOS3 rs3918188A/C
genotypes between cases and controls (P = 0.05). NOS3 rs3918188A/C genotype was
borderline associated with significantly reduced odds of resistant hypertension (OR: 0.65; CI:
0.41—-1.03). NOS31s3918188A allele carriers were significantly more frequent in the controls
than cases (A/A: 17% controls vs. 11% cases, P = 0.02, and A allele: 39% controls vs. 29%
cases, P =0.005). NOS3 rs3918188A allele was significantly associated with reduced odds of
resistant hypertension [A/A: OR: 0.47; CI: 0.23 — 0.92 and A allele: OR: 0.65; CI: 0.48 — 0.88]
(Tables 4.3 and 4.4).
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Table 4.2: Genotype (or copy number) frequency distributions, comparisons between cases (resistant hypertension) or controls (no resistant
hypertension) and associations with resistant hypertension for genes involved in the metabolism or pharmacokinetics of antihypertensive drugs

Variant Genotype/ CNV Genotype Frequencies P-Value OR [95% CI] Hardy-Weinberg Equilibrium
Cases (freq) Controls (freq) Black African Mixed Ancestry
ABCBI C/C 99 (0.52) 92 (0.49) 1
151045642 (c.3435C>T) C/T 70 (0.37) 72 (0.38) 0.66 0.90[0.57 - 1.42]
T/T 21(0.11) 25(0.13) 0.51 0.78 [0.39 - 1.57] 0.61 0.19
ABCBI C/C 112 (0.60) 107 (0.58) 1
152032582 (c.2677C>A) A/C 54 (0.29) 55(0.30) 0.82 0.93 [0.58 - 1.52]
A/A 22 (0.11) 24 (0.13) 0.74 0.88 [0.44 - 1.74] 0.01 0.01
CESI T/T 101 (0.53) 111 (0.59) 1
1rs2244613 (1168-33G>T) G/T 74 (0.39) 65 (0.34) 0.33 1.25[0.80 — 1.97]
G/G 15 (0.08) 13 (0.07) 0.68 1.27 [0.53 — 3.04] 0.87 0.69
CESI Copy Number 2 132 (0.69) 129 (0.68) 1
3 48 (0.25) 54 (0.29) 0.56 0.86[0.53 — 1.41]
4 3(0.02) 6(0.03) 0.50 0.48 [0.07 —2.35] <0.01 <0.01
CYP3A44 T/T 59 (0.32) 77 (0.41) 1
152740574 (c.-392C>T) C/T 74 (0.40) 58 (0.31) 0.05 1.30 [0.78 —2.17]
c/C 52 (0.28) 53(0.28) 0.36 0.78 [0.47 — 1.30] 0.15 0.01
CYP344 A/A 75 (0.40) 63 (0.34) 1
152246709 (c.16090A>G) A/G 92 (0.48) 101 (0.54) 0.23 0.77 [0.49 - 1.19]
G/G 23 (0.12) 23 (0.12) 0.61 0.84[0.43 — 1.64] 0.37 0.09
CYP345 T/T 78 (0.41) 66 (0.35) 1
15776746 (c.219-237T>C) C/T 77 (0.41) 69 (0.37) 0.82 0.94 [0.58 — 1.54]
c/C 35(0.18) 54 (0.29) 0.03 0.54 [0.31 - 0.97] 0.13 0.05
CYP345 C/C 141 (0.74) 144 (0.76) 1
1510264272 (¢.624C>T) C/T 45 (0.24) 41 (0.22) 0.71 1.12 [0.67 — 1.87]
T/T 4(0.02) 4(0.02) 0.99 1.02 [0.18 — 5.60] 0.77 0.43
CYP345 A/A 158 (0.83) 164 (0.87) 1
rs41303343 (insT) A/T 30(0.16) 22 (0.12) 0.29 1.41 [0.75 - 2.69]
T/T 1(0.01) 2 (0.01) 0.99 0.51[0.01 —10.08] 0.79 0.44

freq: frequency; OR: Odds ratio; CI: Confidence interval; P-Value: Level of significance
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Table 4.3: Genotype frequency distributions, comparisons between cases (resistant hypertension) or controls (no resistant hypertension) and
associations with resistant hypertension for genes involved in the pharmacodynamics of antihypertensive drugs

Variant Genotype Frequencies P-Value OR [95% CI] Hardy-Weinberg Equilibrium
Cases (freq) Controls (freq) Black African Mixed Ancestry
ADRBI A/A 92 (0.48) 107 (0.57) 1
rs1801252 (c.145A>G) A/G 79 (0.42) 70 (0.37) 0.23 1.31[0.84 - 2.05]
G/G 19 (0.10) 12 (0.06) 0.13 1.83[0.80 - 4.39] 0.81 0.80
ADRBI C/C 100 (0.53) 95 (0.50) 1
rs1801253 (c.1165G>C) C/G 74 (0.39) 79 (0.42) 0.67 0.89[0.57 - 1.39]
G/G 16 (0.08) 15 (0.08) 0.98 1.01 [0.44 — 2.34] 0.50 0.69
NOS3 G/G 135 (0.71) 141 (0.75) 1
rs1799983 (c.894T>G) G/T 46 (0.24) 45 (0.24) 0.81 1.07 [0.65 - 1.76]
T/T 9 (0.05) 3(0.02) 0.14 3.12[0.75 - 18.3] 0.37 0.54
NOS3 T/T 123 (0.65) 122 (0.65) 1
152070744 (c.-51-762C>T) C/T 56 (0.30) 60 (0.32) 0.74 0.92 [0.58 — 1.48]
C/C 10 (0.05) 7(0.03) 0.61 1.42[0.47 —4.53] 0.14 0.84
NOS3 C/C 100 (0.53) 75 (0.40) 1
rs3918188 (c.1753-734C>A) A/C 70 (0.37) 81 (0.43) 0.05 0.65[0.41 — 1.03]
A/A 20 (0.11) 32(0.17) 0.02 0.47 [0.23 - 0.92] 0.11 0.21
NEDDA4L G/G 59(0.31) 75 (0.40) 1
rs4149601 (c.49-16229G>A) A/G 95 (0.50) 84 (0.45) 0.14 1.43 [0.89 —2.31]
A/A 36 (0.19) 28 (0.15) 0.13 1.63 [0.86 —3.11] 0.45 0.55
NEDDA4L G/G 52(0.28) 48 (0.25) 1
15292449 (c.-300G>C) C/G 89 (0.47) 101 (0.53) 0.25 0.73 [0.42 — 1.26]
C/C 48 (0.25) 40 (0.21) 0.77 0.90 [0.49 — 1.67] 0.97 0.90
NEDDA4L A/A 162 (0.85) 164 (0.87) 1
rs75982813 (g.58043776A>G) A/G 25(0.13) 28 (0.15) 0.77 1.13 [0.61 —2.12] 0.18 0.37
NR3C2 T/T 145 (0.76) 141 (0.75) 1
1s5522 (¢.538G>A) C/T 45 (0.24) 45 (0.24) 0.99 0.97 [0.59 - 1.61]
C/C 0 (0) 1(0.01) 0.49 0[0-38.2] 0.35 0.04
NR3C2 G/G 88 (0.47) 83 (0.44) 1
152070950 (c.-2-358C>G) C/G 71 (0.38) 74 (0.39) 0.73 0.91 [0.57 — 1.44] 0.72 0.03
C/C 30 (0.16) 32(0.17) 0.77 0.88 [0.47 — 1.65]
SCNNIB G/G 180 (0.95) 174 (0.92) 1
rs149868979 (c.1688G>A) A/G 8(0.04) 12 (0.06) 0.37 0.64 [0.22 — 1.76]
A/A 2(0.01) 3(0.02) 0.68 0.65 [0.05 —5.70] 0.008 0.01
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Table 4.4: Variant Allele Frequency Distributions, Comparisons between Cases (RHTN) or Controls (No RHTN) and associations with resistant

hypertension
Frequencies

Gene SNP Variant Allele Cases (freq) Controls (freq) P-Value OR [95% CI]
ABCBI 1s1045642 (c.3435C>T) T 112 (0.30) 122 (0.32) 0.40 1.140.83 — 1.55]
152032582 (c.2677C>A) 98 (0.26) 103 (0.28) 0.61 0.92 [0.67 — 1.27]
ADRBI 151801252 (c.145A>G) G 117 (0.31) 99 (0.25) 0.06 1.46 [0.97 - 2.19]
rs1801253 (c.1165G>C) G 106 (0.28) 109 (0.29) 0.77 1.0410.76 — 1.44]
CES1 152244613 (1168-33G>T) G 104 (0.27) 91 (0.24) 0.29 1.18 [0.86 — 1.65]
CYP344 12740574 (.-392C>T) C 178 (0.48) 164 (0.44) 0.21 1.19[0.89 - 1.59]
152246709 (c.16090A>G) G 147 (0.39) 138 (0.36) 0.39 1.14[0.84 -1.52]
CYP345 1776746 (c.219-237T>C) C 142 (0.37) 184 (0.49) 0.02 0.62 [0.47 — 0.84]
1510264272 (c.624C>T) T 48 (0.13) 54 (0.14) 0.50 1.15 [0.76 — 1.75]
1541303343 (insT) T 32 (0.08) 25(0.07) 0.37 0.78 [0.45 — 1.34]
NOS3 151799983 (c.894G>T) T 64 (0.17) 51(0.14) 0.19 0.77[0.52 - 1.15]
152070744 (c.-51-762C>T) T 76 (0.20) 74 (0.20) 0.84 1.03 [0.73 — 1.48]
rs3918188 (c.1753-734C>A) A 110 (0.29) 145 (0.39) 0.005 0.65 [0.48 — 0.88]
NEDD4L 154149601 (c.49-16229G>A) A 167 (0.44) 140 (0.37) 0.07 1.3110.98 - 1.75]
15292449 (c.-300G>C) G 185 (0.48) 181 (0.49) 0.77 0.95[0.72 — 1.28]
1575982813 (2.58043776A>G) G 28 (0.07) 25 (0.06) 0.68 0.89[0.51 —1.56]
NR3C2 rs5522 (¢.538C>T) C 45(0.12) 47(0.13) 0.76 0.93 [0.60 — 1.45]
152070950 (c.-2-358C>G) C 131 (0.35) 138 (0.37) 0.48 0.92[0.68 — 1.24]
SCNNIB 1s149868979 (c.1688G>A) A 18 (0.05) 12 (0.03) 0.25 0.65[0.31 - 1.37]

freq: frequency; OR: Odds ratio; CI: Confidence interval; P-Value: Level of significance



There was a borderline significant difference (P = 0.06) in the distribution of ADRBI
rs1801252G allele carriers between cases (31%) and controls (25%). ADRBI rs1801252G
allele was borderline associated with increased odds of resistant hypertension (OR: 1.46; CI:
0.97 —2.19). Similarly, there was borderline significant difference (P = 0.07) in the distribution
of NEDD4L rs4149601A allele carriers between cases (44%) and controls (37%). NEDD4L
rs4149601A allele was borderline associated with increased odds of resistant hypertension

(OR: 1.31; CI: 0.98 — 1.75) (Table 4.4).

4.5 Observations from CESI Copy Number Variation between cases and controls and
associations with resistant hypertension

Figure 4.4 shows the output from analysis of CESI copy number on CopyCaller software for
representative samples. The number of copies of the CES/ gene ranged from 2 - 4. The
distribution of CES! copy numbers between cases and controls is shown in Figure 4.5. There
were no significant differences in the distributions of each copy number between cases and
controls (P > 0.05). CESI copy numbers were further categorized into copy number neutral
(=2) and copy number gain (>2) as according to Chen et al., (2021) (Figure 4.6). There were
no significant differences in copy number neutral/gain between cases and controls. No
significant associations were observed between copy number gain and resistant hypertension

(OR: 0.83; CI: 0.53 — 1.30) (Table A4; Appendix).

4.6 Assessing contribution of haplotypes constructed from SNPs in ADRBI1, CYP3AS5,
NEDD4L and NOS3 genes on distinguishing cases from controls

The frequency distributions in cases or controls and associations with resistant hypertension of
possible haplotypes constructed from the studied SNPs, namely ADRBI rs1801252—
rs1801253; CYP3AS5 rs776746-1s10264272-1s4130334, NEDD4L 1s4149601-15292449 and
NOS3 151799983-1s2070744-1s3918188 are shown in Table 4.5. CYP3A45 rs776746—
rs10264272-1s4130334C—C—A haplotype carriers were significantly (P = 0.03) more frequent
in controls (46%) than cases (38%) and were significantly associated with reduced odds of
resistant hypertension (OR: 0.73; CI: 0.54 - 0.97). NOS3 rs1799983-1s2070744-1s3918188G—
T-A haplotype carriers were significantly (P = 0.004) more frequent in controls (37%) than
cases (27%) and were significantly associated with reduced odds of resistant hypertension (OR:

0.63; CI: 0.47 - 0.86).
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Figure 4.4: Representative output from CopyCaller software after calculation of copy number calls for each sample according to software algorithm.
Copy number calls for each sample ranges from 2 - 4 with confidence scores >0.50.
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Figure 4.5: The distribution and comparison of CESI copy numbers between cases (resistant
hypertension) and controls (no resistant hypertension). No significant differences were observed (Copy
number 2: P = 0.99, copy number 3: P = 0.56, copy number 4: P = 0.50).
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Figure 4.6: The distribution and comparison of CES! copy number neutral/gains between cases

(resistant hypertension) and controls (no resistant hypertension). No significant differences between
cases and controls or associations with resistant hypertension were observed.

There was borderline significance (P = 0.06) in the distribution of ADRBI rs1801252—
rs1801253G—C haplotype carriers between cases (31%) and controls (25%). ADRBI
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rs1801252-1s1801253G—C haplotype was borderline associated with increased odds of
resistant hypertension (OR: 1.34; CI: 0.98 — 1.85). There was borderline significance (P =
0.07) in the distribution of NEDD4L 1s4149601-1s292449A—C haplotype carriers between
cases (25%) and controls (19%). NEDD4L 1s4149601-1s292449A—C haplotype was
borderline associated with increased odds of resistant hypertension (OR: 1.37; CI: 0.97 — 1.94)
(Table 4.5).

Table 4.5: Haplotype frequencies and associations with resistant hypertension

Variants Haplotype Cases Controls P- OR
Value [95% CI]

ADRBI 151801252 151801253 AC 157 (0.41) 175 (0.46) 0.17 0.82 [0.61 - 1.09]

A-G 106 (0.28) 109 (0.29) 0.77 0.96 [0.69 - 1.31]

G-C 117 (0.31) 94 (0.25) 0.06 1.34[0.98 - 1.85]

CYP3A5 15776746 1510264272 C-C-A 144 (0.38) 172 (0.46) 0.03 0.73 [0.54 - 0.97]

rs41303343 T-C-A 150 (0.40) 130 (0.35) 0.14 1.25[0.93 - 1.68]

T-C-T 30 (0.08) 25 (0.07) 0.43 1.25[0.72~2.16]

T-T-A 50 (0.13) 46 (0.12) 0.65 1.10 [0.72 - 1.70]

NEDDAL 154149601 15292449 AC 93 (0.25) 72 (0.19) 0.07 1.37[0.97 - 1.94]

A-G 73 (0.19) 68 (0.18) 0.70 1.07 [0.75 - 1.55]

G-C 100 (0.26) 123 (0.33) 0.05 0.73 [0.54 - 1.00]

G-G 112 (0.30) 111 (0.30) 0.99 0.99 [0.73 - 1.37]

NOS3 151799983 152070744 G-C-C 46 (0.12) 45 (0.12) 0.970 1.01 [0.65 - 1.57]
153918188

G-T-A 103 (0.27) 140 (0.37) 0.004  0.63[0.47 - 0.86]

G-T-C 159 (0.42) 135 (0.36) 0.060 1.32[0.98 - 1.77]

T-C-C 25 (0.07) 23 (0.06) 0.800 1.08 [0.60 - 1.92]

T-T-C 38 (0.10) 27 (0.07) 0.180 1.42 [0.85 - 2.37]

OR: adjusted odds ratio; CI: confidence interval

4.6 Observations from association of genotypes or haplotypes with resistant hypertension
after adjustment for confounding variables

Aldosterone levels, dyslipidaemia, diabetes mellitus and use of statins or lipid lowering therapy
were identified as predictor variables potentially confounding the main outcome — resistant
hypertension, based on their significant associations with resistant hypertension (P < 0.05) at
univariate analysis (Table 4.1) and prior evidence from literature as major risk factors (Jones

et al., 2020; Seedat et al., 2014). Associations of genotypes or haplotypes in ADRB1, CYP3A35,
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NEDD4L and NOS3 polymorphisms with resistant hypertension after adjusting for

confounding variables are presented in Table 4.6.

It was observed that the ADRBI rs1801252G/G (P = 0.02; OR: 3.30; CI: 1.17 — 10.03) and
NEDDA4L 1s4149601A/A (P = 0.001; OR: 3.82 CI: 1.67 - 9.07) genotypes were significantly
associated with increased odds of resistant hypertension. Furthermore, the ADRB1 rs1801252—
rs1801253G—C haplotype was significantly associated with increased odds of resistant
hypertension (P = 0.04; OR: 2.83; CI: 1.05 — 8.20). NEDD4L rs4149601-1s292449A—C
haplotype was borderline associated with increased odds of resistant hypertension (P = 0.08;

OR: 3.14; CI: 0.88 — 12.9).

Table 4.6: Multivariable logistic regression analysis adjusting for confounding variables

SNP/SNP

Combination Genotype/Haplotype  Coefficient P-Value OR [95% CI)*
ADRBI 151801252 GG 1.19 0.02 3.30 [1.17 — 10.03]"
ADRBI b
151801252 — rs1801253 G-C 1.04 0.04 2.83 [1.05 - 8.20]
CYP3A45 1s776746 cc -0.80 0.02 0.44 [0.22 - 0.89]"
CYP345
18776746 - 1s1026427 - rs41303343 CC-A -0.14 0.59 0.86[0.49 ~1.50]
NEDDA4L 14149601 AA 1.34 0.001 3.82 [1.67 - 9.07]°
NEDDA4L
14149601 — 15292449 A-C 1.14 0.08 3.14[0.88 - 12.9]
NOS3 1s3918188 AA -1.53 0.0003 0.21 [0.08 - 0.49]"
NOS3 G-T-A 0.75 0.006 0.47 [0.27 - 0.80]"

rs1799983 - 152070744 - rs3918188

OR: adjusted odds ratio; CI: confidence interval; P-Value: significance level

20Rs for genotypes and haplotypes were adjusted for aldosterone levels, dyslipidaemia, diabetes mellitus and use of statins or
lipid lowering therapy

b Statistically significant associations with resistant hypertension
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CYP3A45 rs776746C/C genotype was significantly associated with increased odds of resistant
hypertension [P = 0.02; OR: 0.44; CI: 0.22 — 0.89] while no significant association was
observed for the CYP3A45 1rs776746-1s10264272-1s41303343C—C—A haplotype [P = 0.59; OR:
0.86; CI: 0.49 — 1.50]. NOS3 rs3918188A/A genotype (P =0.0003; OR: 0.21; CI: 0.08 - 0.49)
and NOS3 rs1799983-1s2070744-rs3918188G—T-A haplotype (P = 0.006; OR: 0.47 CI: 0.27

- 0.80) were associated with significantly reduced odds of resistant hypertension.

4.7 Variant Allele Frequency Distributions of the Studied Polymorphisms and
Comparisons with other World Populations

The variant allele frequencies obtained for the studied polymorphisms are presented in Table
4.7. Briefly, variant allele frequencies obtained are comparable to other African populations
and there are variable differences when compared to non-African populations. However, for
the CESI r1s2244613C>A, CESI copy number variation, NOS3 rs1799983T>A, NOS3
rs3918188C>A, NOS3 rs2070744C>T, NR3C2 rs5522G>A, rs2070950C>G, and NEDD4L
rs75982813A>G, there are limited studies that have reported on the distribution of the
polymorphisms among Africans in Southern Africa. Most notably, the frequency of CESI
copy number gain (>2), has not been reported before for African populations and exists in
frequencies of up to 17% in Black Africans and 34% among the Mixed Ancestry, respectively,
in this Southern African study cohort. In Europeans and East Asians, studies have reported

frequencies of 19% and 26%, respectively.
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Table 4.7: Variant allele frequency distributions across different population groups

Variant allele Frequencies (freq)

Gene SNP V:ﬁi;:t BlackThls Stu?vyﬁxed (Soutliiﬁtfxfrica) (IIEZ::?:) (E(ig::;:) 1(51;‘:;1532‘)‘ E(;si 1‘;?;‘)“ S"(‘gg 9“;2;)3“
African Ancestry (N=503) (N=198) (N=216) * % .
(N=110) (N=269) ok * *
ABCBI 151045642 T 0.15 0.38 0.122/0.40°" 0.14 0.12 0.52 0.40 0.57
rs2032582 A 0.05 0.36 - 0.24 0.30 0.16 0.60 0.39
ADRBI rs1801252 G 0.33 0.26 - 0.30 0.21 0.13 0.14 0.13
rs1801253 G 0.33 0.27 - 0.31 0.48 0.32 0.21 0.27
CESI 12244613 G 0.20 0.29 - 0.24 0.30 0.16 0.60 0.39
Copy Number >2 0.17 0.34 - - - 0.19f 0.26f -
CYP345 15776746 G 0.19 0.53 0.152/0.58"° 0.12 0.17 0.94 0.71 0.67
1510264272 A 0.18 0.12 0.05%/0.24° 0.24 0.17 0 0 0
rs41303343 T 0.15 0.05 0.142/0.04° 0.12 0.12 0 0 0
NOS3 rs1799983 G 0.06 0.19 - 0.04 0.06 0.34 0.13 0.17
152070744 C 0.12 0.23 0.15¢ 0.14 0.12 0.44 0.12 0.25
rs3918188 A 0.39 0.31 - 0.33 0.39 0.31 0.29 0.32
NR3C2 1s5522 C 0.14 0.11 - 0.10 0.08 0.08 0.15 0.10
152070950 C 0.19 0.43 - 0.10 0.19 0.49 0.76 0.68
NEDDA4L 154149601 A 0.51 0.36 0.52¢ 0.50 0.38 0.35 0.21 0.20
15292449 G 0.52 0.49 0.49 ¢ 0.47 0.45 0.66 0.17 0.59
1s75982813 G 0.11 0.05 - 0.09 0.08 0.05 0 0.03
SCNNIB rs149868979 A 0.04 0.04 0.06 © - - - - -

*Variant allele frequencies obtained from the 1 000 genomes Project Phase 3 (https.//www.ensembl.org/index.html, last accessed 09/09/2023). **Variant allele frequencies from previous published studies: * Black
Africans from South Africa and Zimbabwe (Muyambo et al., 2022), ® Mixed Ancestry from South Africa (Muyambo et al., 2022), “ Black Africans from Zimbabwe (Mbavha et al., 2022), 4Black Africans from South
Africa (Masilela et al., 2020), ¢ Black Africans from South Africa (Jones et al., 2012), "East Asians represented by Chinese Han (Chen et al., 2021) and Europeans by Danish (Nelveg-Kristensen et al., 2016).
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CHAPTER 5: DISCUSSION

5.1 Characteristics of the Study Participants

Demographic variables including age, sex and ethnicity among the participants recruited into
the study were found to be similar in both cases and controls. This is mostly likely as a result
of matching as the study participants were matched according to these characteristics in a ratio
of 1:1. However, overall, most participants in either group, cases or controls were female and
were of Mixed Ancestry. This trend was similar to previous studies done in South Africa that
show that a higher proportion of females are more likely to be recruited compared to males.
Although more females have been shown to present with hypertension in several studies in
some settings (Kohli-Lynch et al., 2022; Peer et al., 2021; Pender & Omole, 2019; Reddy et
al., 2021), it can be argued that it has more to do with the frequency of clinic visits as other
studies have shown that females attend clinic more regularly than males (Abera et al., 2017;
Peer et al., 2021; Sikka et al., 2021). The higher proportion of Mixed Ancestry individuals is
in keeping with Statistics South Africa reports, which show that the ethnic composition of Cape
Town is 42.6% Mixed Ancestry and 38.6% Black African (StatsSA, 2022). The study
participants were sampled at a Tertiary-level Hypertension clinic at Groote Schuur Hospital,
Cape Town, where the surrounding neighboured is densely populated by individuals of Mixed
Ancestry. This could be a possible explanation to this observation. We also speculate that
there could be differences in health seeking behaviours in the two groups. However, there is

no strong evidence supporting this (Christian et al., 2019; Edwards, 2016).

Clinical and biochemical variables for the study participants seemed to vary significantly
between cases and controls (Table 4.1). More cases had elevated BP (>140/90 mmHg). This
implies that a proportion of participants in this study with resistant hypertension had
uncontrolled resistant hypertension that could not be controlled even on multiple BP lowering
drugs (Dudenbostel et al., 2016). On the other hand, a proportion of the controls (36%) had
uncontrolled BP (>140/90 mmHg) and were classified as having simple uncontrolled BP on
less than 3 antihypertensive drugs since they had no other additional indications of resistant

hypertension at the time of recruitment.
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Resistant hypertension has been reported to be a major risk factor for adverse outcomes
including several cardiovascular diseases, stroke, or hypertension mediated organ damage
(Carey et al., 2018) and this underscores the importance of effectively managing BP. In this
study, more cases (those with resistant hypertension) than controls were found to have
developed more hypertension mediated organ damage as evidenced by the presence of chronic
kidney disease (CKD) and left ventricular hypertrophy (LVH). Since patients with secondary
hypertension were excluded at recruitment, it is likely that resistant hypertension caused
hypertension mediated organ damage. CKD develops over time due to consistently high BP -
which is the case in patients with resistant hypertension, particularly uncontrolled resistant

hypertension (Song et al., 2021).

Similarly, when BP is consistently high, the heart consistently works harder to pump blood
against the increased peripheral resistance in the blood vessels resulting in LVH (Delanaye et
al., 2016). LVH is a common occurrence in patients with resistant hypertension and is usually
a marker for the occurrence of other cardiovascular disease (CVD) complications such as
ischaemic heart disease, coronary artery disease, heart failure and in some cases stroke. In line
with previous findings, it was observed that more cases in this study, had been diagnosed with
comorbidities such as ischaemic heart disease, and had previously experienced stroke, although

the association with resistant hypertension was not significant.

On the other hand, other comorbidities including diabetes mellitus (DM) and dyslipidaemia
have been previously shown to be risk factors for resistant hypertension (Romano et al., 2018).
DM and dyslipidaemia were positively associated with resistant hypertension in this study. DM
and dyslipidaemia often co-exist with resistant hypertension. Hypotheses for this include
insulin resistance, which causes increased oxidative stress; impaired lipid metabolism or
endothelial damage (Petrie et al., 2018). The underlying aetiology and physiological link of
these conditions is not enough to account for the associations with resistance to antihypertensive
therapy observed. However, it also includes the use of drugs managing each of these conditions,
which were found to be more frequent in the cases in this instance. For example, statins - for
dyslipidaemia and insulin or metformin — for diabetes. Hypertensive patients on statins or
diabetic treatment, have been shown to require more rigorous treatment with antihypertensive
drugs. It has been reported that in addition to diabetic treatment, a combination of ACEI/ARB
plus CCB plus diuretic is normally required to achieve control (Ansari et al., 2023; Shaikh,
2017).
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Similarly, aldosterone biochemical measurements were higher in cases than controls.
According to Judd et al., (2014), aldosterone excess is a common feature in individuals with
resistant hypertension and has been shown to increase expression of sodium chloride co-
transporters in the kidney (Judd et al., 2014; Kim et al., 1998). Therefore, it may be one of the
reasons why individuals with resistant hypertension are on multiple antihypertensive drugs.
For example, when aldosterone is high, it has been shown that combination of thiazide diuretics
and MRAs offers better prognostic outcomes while alleviating occurrence of adverse effects

such as hypokalaemia (Guyton et al., 1967; Raheja et al., 2012).

The burden of antihypertensive drug use or combinations were found to be higher for cases
than controls. By definition, cases were on multiple drugs or combinations thereof. This is
reflective of the typical management of hypertension according to South African guidelines
(Jones et al., 2020; Seedat et al., 2014). In addition to conventional treatment, spironolactone
is mostly indicated in patients with resistant hypertension (Guerrero-Garcia & Rubio-Guerra,
2018), and has been reported to be one of the most effective additional drugs for treating
resistant hypertension (Acelajado et al., 2019). Hence, more cases in this study were on this

drug than controls.

5.2 Genetic characterisation

Some of the observed deviations from HWE for some of the SNPs could have been due to non-
random sampling as only patients with hypertension were preferentially recruited in the study.
In addition, departure from HWE observed, especially for the Mixed Ancestry population
group for some SNPs may be due to population admixture (Crow, 2017; Deng et al., 2001).
According to Deng et al., (2001), population admixture results in new genetic combinations,
and factors such as migration, selection, and differential mating patterns within the admixed
population can lead to changes in allele frequencies over time. The Mixed Ancestry population
group in this study consists of people resulting from intermarriages between/among African,

European and Asian populations (Daya et al., 2013).

5.3 Associations of Genotypes and Haplotypes with Resistant Hypertension
CYP3A5 1s776746C allele was associated with reduced odds of resistant hypertension and
appears to be protective. According to Lee et al., (2013), CYP3A45 rs776746T>C nucleotide
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change in intron 3 causes a disruption of the translational reading frame and skipping of exon
9 leading to a premature stop codon and production of a non-functional, truncated protein. At
biochemical level, the enzyme produced lacks key functional domains essential for its structure
and catalytic activity (Kuehl et al., 2001). Thus, CYP345 rs776746C/C genotype carriers are
non-expressors while CYP3AS rs776746T/T genotype carriers express higher levels of
CYP3AS (Thervet et al., 2003). CYP3AS partially metabolises and clears mainly calcium
channel blockers such as amlodipine, some ACE inhibitors such as enalapril, some
mineralocorticoid receptor antagonists such as spironolactone and thus, in non-expressors,
exposure to the BP lowering effect of CYP3AS substrate drugs is increased as there is reduced
metabolic clearance. Therefore, it is possible that CYP3A45 rs776746C allele carriers, although
resulting in a non-functional enzyme, may derive the greatest benefit from antihypertensive
drugs which are CYP3AS substrates. Furthermore, carriage of the CYP345 rs776746C allele
has been shown to be associated with a reduced clearance of drugs and increased exposure to
drugs metabolised by CYP3AS5 in several pharmacokinetic studies (Frohlich et al., 2004;
Haufroid et al., 2004; Mouly et al., 2005; Thervet et al., 2003) further supporting the findings
from this study. However, in a study by Kim et al., (2006), they reported an opposite effect.
Clearance of amlodipine among carriers of the CYP345 rs776746C allele was increased among
Korean participants, while clearance was lower in CYP3A45 rs776746T allele carriers (Kim et

al., 2006).

CYP3A4 and CYP3AS5 have broad overlapping substrate specificities and according to Zhu et
al., (2014), CYP3A4 contributes the greatest in the metabolic clearance of amlodipine
compared to CYP3AS5 (Zhu et al., 2014). However, in this study, there were no associations
between the studied CYP344 polymorphisms and resistant hypertension to imply that the
polymorphisms could affect the clearance of amlodipine. This is in contrast to a study by
Bhatnagar reporting that CYP344 1s2740574C>T and rs2246709A>G polymorphisms are
associated with BP response to amlodipine in African Americans (Bhatnagar et al., 2010) and

not CYP3A45 rs776746T>C.

The NOS3 rs3918188A allele was found to be protective and associated with reduced odds of
resistant hypertension in this study. NOS3 plays a role in the production of nitric oxide (NO),
a vasodilator and polymorphisms in NOS3 have been widely reported to influence response
drugs acting on the cardiovascular system such as enalapril (Silva et al., 2013a). While the

impact of NOS3 rs3918188C>A on NOS3 function is unknown, it has been reported to be in
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high linkage disequilibrium (LD) with other tagSNPs, including rs3918226C>T and
rs743506G>A (Oliveira-Paula et al., 2016). Previous studies (Gamil et al., 2017; Oliveira-
Paula et al., 2016) have also reported NOS3 rs3918188C>A to be in high LD with clinically
relevant NOS3 polymorphisms rs2070744C>T and rs1799983G>T, both studied here. The
NOS3 rs1799983G>T-1s2070744C>T-1s3918188C>A,; G-T—A haplotype, formed by these
loci, showed a significant association with reduced odds of resistant hypertension in this study.
Thus, it is possible that the allelic combination at these loci may be driving the observed

association.

In this study, the ADRBI rs1801252G/G genotype and ADRBI rs1801252—-1801253G—-C
haplotype was identified as associated with an increased likelihood of resistant hypertension,
implying that carriers of these variants have poor response to antihypertensive therapy. ADRBI
rs1801252A>G and ADRBI rs1801253G>C polymorphisms have been reported alter G-protein
coupling and adenylyl cyclase activity, thereby influencing response to beta-blockers such as
atenolol, metoprolol or bisoprolol (Sandilands & O'Shaughnessy, 2005). While there have
been inconsistent findings across populations, previous studies indicate that ADRBI
rs1801252A allele carriers respond better to beta-blocker treatment compared to ADRBI
rs1801252G allele carriers, and individuals with the ADRBI rs1801252-1801253G-C
haplotype exhibit a poor response (Johnson et al., 2003; Liu et al., 2006) - consistent with the
outcomes of this study. Therefore, it is likely that associations with resistant hypertension
observed in this study may be due to poor response to beta-blockers. Beta-blockers are
typically prescribed as add-on drugs when other antihypertensive medications like diuretics,
ACE inhibitors (ACElIs), or calcium channel blockers (CCBs) fail to achieve the target blood
pressure (BP < 140/90 mmHg).

The NEDD4L rs4149601A/A genotype carriers were observed to have an increased risk of
resistant hypertension in this study. Normally, functional NEDDA4L serves as a principal
regulator of sodium ion transporters in the kidney, which are targeted by antihypertensive
medications such as hydrochlorothiazide (HCTZ). However, the presence of the NEDD4L
rs4149601A allele causes alternative splicing, resulting in a non-functional NEDD4L
(Svensson-Farbom et al., 2011). NEDD4L rs4149601A allele has been linked to adverse
cardiovascular outcomes due to poor response in patients on HCTZ in several studies. For
example, according to McDonough et al., (2016), carriers of the NEDD4L rs4149601A allele

were found to not respond well to treatment with HCTZ, had less BP reduction and were at
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increased risk of adverse CVD outcomes compared to NEDD4L rs4149601G allele carriers.
Therefore, these prior associations with poor response to HCTZ resulting in adverse outcomes
due to NEDD4L rs4149601G>A, are also consistent with findings from this study, although

this study establishes a link with resistant hypertension.

5.4 Variant Allele Frequencies and Comparisons with World Population

The variant allele frequencies obtained were compared to other world populations especially
for ABCBI, CYP344 and CYP3A5 variants (Dandara et al., 2011; Mbavha et al., 2022;
Muyambo et al., 2022). For variants with few or limited studies in African populations
including variants in CESI, NEDD4L, NOS3 and NR3C?2 genes, this study revealed that variant
allele frequencies are comparable to other African populations. However, there are qualitative
and quantifiable differences in the frequencies of variant alleles when compared to non-African
populations including European and Asian populations. The differences in allele frequencies
across populations, especially those associated with resistant hypertension may imply that the
susceptibility profile to resistant hypertension in different populations differ, and highlights
how some populations may be burdened with resistant hypertension more than others. For the
first time, this study reports on the frequency of the CES/ copy number gain in African
populations which arises from segmental duplications in the CES/ gene resulting in reduced
transcriptional activity. This variant has been reported widely in non-African populations to
influence response to other drugs such as methylphenidate, dabigatran and clopidogrel which
are also widely prescribed in Africans, and considering that this study has reported on CES/
copy number variation in Africans, it may be an important variant to consider in future

pharmacogenetic studies in African populations.

5.5 Conclusion

This study set out to evaluate the role of genetic variation in ABCBI, ADBRI, CESI,
CYP3A44/5, NEDD4L, NOS3, NR3C2 and SCNN1B among South African hypertensive patients,
comparing the outcomes between resistant hypertensive patients (cases) and non-resistant
hypertensive patients (controls). CYP3A45 rs776746 (c.219-237T>C) and NOS3 rs3918188
(c.1753-734C>A) polymorphisms were found to be associated with reduced risk of resistant
hypertension while ADRBI 1s1801252 (c.145A>G) and NEDD4L 154149601 (c.49-
16229G>A) were associated with increased risk of resistant hypertension. Thus, screening for
these variants may help in predicting patients who are likely to have good or poor responses to

antihypertensive drugs in African patients. In addition to aiding in diagnosis, variants may
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potentially aid in the development of safe and efficacious alternative antihypertensive drugs

other than the ones affected by these polymorphisms.

5.6 Limitations and Recommendations

Not all recruited participants of this study had therapeutic drug monitoring (TDM) data for
amlodipine levels. Thus, it is possible that there could have been misclassification bias of
participants into cases or controls as TDM is the gold standard of monitoring adherence.
Additionally, this study only established associations between CYP3A45 rs776746T>C, NOS3
1s3918188C>A, ADRBI rs1801252A>G, NEDD4L rs4149601G>A and resistant hypertension.
However, this may not imply causality. Thus, there is need for future studies to focus on
establishing causality of the reported associations and this may include performing
pharmacokinetic studies or larger prospective cohort studies so that there is an aspect of follow
up over a long period. Furthermore, our study targeted specific variants in genes involved in
the pharmacodynamics and pharmacokinetics of antihypertensive drugs. It is likely that
targeted approaches may fail to detect variants with unknown biological links to hypertension.
Therefore, it is crucial that future studies also utilize other approaches such as the GWAS
approach, or whole exome sequencing for possible discovery of African specific variants

associated with refractory response to antihypertensive therapy.

69



6 REFERENCES

Abera, A., Ncayiyana, J., & Levin, J. (2017). Health-care utilization and associated factors in
Gauteng province, South Africa. Glob Health Action, 10(1), 1305765.
https://doi.org/10.1080/16549716.2017.1305765

Acelajado, M. C., Hughes, Z. H., Oparil, S., & Calhoun, D. A. (2019). Treatment of Resistant
and Refractory Hypertension. Circ Res, 124(7), 1061-1070.
https://doi.org/10.1161/circresaha.118.312156

Achelrod, D., Wenzel, U., & Frey, S. (2015). Systematic review and meta-analysis of the
prevalence of resistant hypertension in treated hypertensive populations. American
Journal of Hypertension, 28(3), 355-361.

Adeloye, D., & Basquill, C. (2014). Estimating the Prevalence and Awareness Rates of
Hypertension in Africa: A Systematic Analysis. PLoS One, 9(8), e104300.
https://doi.org/10.1371/journal.pone.0104300

Adeniyi, O. V., Yogeswaran, P., Longo-Mbenza, B., & Goon, D. T. (2016). Uncontrolled
Hypertension and Its Determinants in Patients with Concomitant Type 2 Diabetes
Mellitus (T2DM) in Rural South Africa. PLoS One, 11(3), e0150033.
https://doi.org/10.1371/journal.pone.0150033

Agh, T. (2016). Comparative Analysis Of Medication Possession Ratio Measures For
Adherence To Single-Medication. Value in Health, 19(7), A481.

Ailani, J., Burch, R. C., & Robbins, M. S. (2021). The American Headache Society Consensus
Statement: Update on integrating new migraine treatments into clinical practice.
Headache, 61(7), 1021-1039. https://doi.org/10.1111/head.14153

Akbari, P., & Khorasani-Zadeh, A. (2023). Thiazide Diuretics. In StatPearls. StatPearls
Publishing

Copyright © 2023, StatPearls Publishing LLC.

Alvarez-Alvarez, B., Abad-Cardiel, M., Fernandez-Cruz, A., & Martell-Claros, N. (2010).
Management of resistant arterial hypertension: role of spironolactone versus double
blockade of the renin—angiotensin—aldosterone system. Journal of hypertension,
28(11),2329-2335.

Ansari, A. I, Rizvi, A. A., Verma, S., Abbas, M., Siddiqi, Z., Mishra, D., Verma, S., Raza, S.
T., & Mahdi, F. (2023). Interactions between diabetic and hypertensive drugs: a
pharmacogenetics approach. Molecular Genetics and Genomics, 298(4), 803-812.
https://doi.org/10.1007/s00438-023-02011-7

Arena de Souza, V., Scott, D. J., Nettleship, J. E., Rahman, N., Charlton, M. H., Walsh, M. A.,
& Owens, R. J. (2015). Comparison of the structure and activity of glycosylated and
aglycosylated human carboxylesterase 1. PLoS One, 10(12), €0143919.

Bangash, A., Wajid, F., Poolacherla, R., Mim, F. K., & Rutkofsky, I. H. (2020). Obstructive
Sleep Apnea and Hypertension: A Review of the Relationship and Pathogenic
Association. Cureus, 12(5), e8241. https://doi.org/10.7759/cureus.8241

Bank, W. (2019). GNI per capita, Atlas method (current US $). Recuperado em 24 de setembro,
2019, de https://data. worldbank. org/indicator/NY. GNP. PCAP. CD.

Beermann, B., Groschinsky-Grind, M., & Rosén, A. (1976). Absorption, metabolism, and
excretion of hydrochlorothiazide. Clin Pharmacol Ther, 19(5 Pt 1), 531-537.
https://doi.org/10.1002/cpt1976195part1531

70


https://doi.org/10.1080/16549716.2017.1305765
https://doi.org/10.1161/circresaha.118.312156
https://doi.org/10.1371/journal.pone.0104300
https://doi.org/10.1371/journal.pone.0150033
https://doi.org/10.1111/head.14153
https://doi.org/10.1007/s00438-023-02011-7
https://doi.org/10.7759/cureus.8241
https://data/
https://doi.org/10.1002/cpt1976195part1531

Benetos, A., Petrovic, M., & Strandberg, T. (2019). Hypertension Management in Older and
Frail Older Patients. Circ Res, 124(7), 1045-1060.
https://doi.org/10.1161/circresaha.118.313236

Berry, K. M., Parker, W. A., McHiza, Z. J., Sewpaul, R., Labadarios, D., Rosen, S., & Stokes,
A. (2017). Quantifying unmet need for hypertension care in South Africa through a care
cascade: evidence from the SANHANES, 2011-2012. BMJ Glob Health, 2(3),
€000348. https://doi.org/10.1136/bmjgh-2017-000348

Bhatnagar, V., Garcia, E. P., O'Connor, D. T., Brophy, V. H., Alcaraz, J., Richard, E., Bakris,
G. L., Middleton, J. P., Norris, K. C., Wright, J., Hiremath, L., Contreras, G., Appel, L.
J., & Lipkowitz, M. S. (2010). CYP3A4 and CYP3AS5 polymorphisms and blood
pressure response to amlodipine among African-American men and women with early
hypertensive renal disease. Am J  Nephrol, 31(2), 95-103.
https://doi.org/10.1159/000258688

Botstein, D., White, R. L., Skolnick, M., & Davis, R. W. (1980). Construction of a genetic
linkage map in man using restriction fragment length polymorphisms. Am J Hum Genet,
32(3), 314-331.

Brook, R. D., Weder, A. B., & Rajagopalan, S. (2011). "Environmental hypertensionology" the
effects of environmental factors on blood pressure in clinical practice and research. J
Clin Hypertens (Greenwich), 13(11), 836-842. https://doi.org/10.1111/j.1751-
7176.2011.00543.x

Butler, M. G. (2010). Genetics of hypertension. Current status. J Med Liban, 58(3), 175-178.

Calhoun, D. A., Jones, D., Textor, S., Goff, D. C., Murphy, T. P., Toto, R. D., White, A.,
Cushman, W. C., White, W, Sica, D., Ferdinand, K., Giles, T. D., Falkner, B., & Carey,
R. M. (2008). Resistant hypertension: diagnosis, evaluation, and treatment: a scientific
statement from the American Heart Association Professional Education Committee of
the Council for High Blood Pressure Research. Circulation, 117(25), €510-526.
https://doi.org/10.1161/circulationaha.108.189141

Calhoun, D. A., & White, W. B. (2008). Effectiveness of the selective aldosterone blocker,
eplerenone, in patients with resistant hypertension. Journal of the American Society of
Hypertension, 2(6), 462-468.

Carey, R. M., Calhoun, D. A., Bakris, G. L., Brook, R. D., Daugherty, S. L., Dennison-
Himmelfarb, C. R., Egan, B. M., Flack, J. M., Gidding, S. S., Judd, E., Lackland, D. T.,
Laffer, C. L., Newton-Cheh, C., Smith, S. M., Taler, S. J., Textor, S. C., Turan, T. N.,
& White, W. B. (2018). Resistant Hypertension: Detection, Evaluation, and
Management: A Scientific Statement From the American Heart Association.
Hypertension, 72(5), €53-e90. https://doi.org/10.1161/hyp.0000000000000084

Cavallari, L. H., Groo, V. L., Viana, M. A., Dai, Y., Patel, S. R., & Stamos, T. D. (2010).
Association of aldosterone concentration and mineralocorticoid receptor genotype with

potassium response to spironolactone in patients with heart failure. Pharmacotherapy,
30(1), 1-9. https://doi.org/10.1592/phco.30.1.1

Ceral, J., Habrdova, V., Vorisek, V., Bima, M., Pelouch, R., & Solar, M. (2011). Difficult-to-
control arterial hypertension or uncooperative patients? The assessment of serum
antihypertensive drug levels to differentiate non-responsiveness from non-adherence to
recommended therapy. Hypertens Res, 34(1), 87-90.
https://doi.org/10.1038/hr.2010.183

Chen, B. B, Yan, J. H., Zheng, J., Peng, H. W., Cai, X. L., Pan, X. T., Li, H. Q., Hong, Q. Z.,
& Peng, X. E. (2021). Copy number variation in the CES1 gene and the risk of non-

71


https://doi.org/10.1161/circresaha.118.313236
https://doi.org/10.1136/bmjgh-2017-000348
https://doi.org/10.1159/000258688
https://doi.org/10.1111/j.1751-7176.2011.00543.x
https://doi.org/10.1111/j.1751-7176.2011.00543.x
https://doi.org/10.1161/circulationaha.108.189141
https://doi.org/10.1161/hyp.0000000000000084
https://doi.org/10.1592/phco.30.1.1
https://doi.org/10.1038/hr.2010.183

alcoholic fatty liver in a Chinese Han population. Sci Rep, 11(1), 13984.
https://doi.org/10.1038/s41598-021-93549-2

Cherif, A. B., Taleb, A., Temmar, M., Debbih, N. D., Chibane, A., & Bouafia, M. (2015). PP.
40.21: prevalence and causes of resistant hypertension in specialized consultation in the
area of blida (Algeria). Journal of hypertension, 33, €498.

Cheung, A. K., Whelton, P. K., Muntner, P., Schutte, A. E., Moran, A. E., Williams, B.,
Sarafidis, P., Chang, T. 1., Daskalopoulou, S. S., Flack, J. M., Jennings, G., Juraschek,
S. P., Kreutz, R., Mancia, G., Nesbitt, S., Ordunez, P., Padwal, R., Persu, A., Rabi, D.,
. .. Mann, J. F. E. (2023). International Consensus on Standardized Clinic Blood
Pressure Measurement - A Call to Action. Am J Med, 136(5), 438-445.e431.
https://doi.org/10.1016/j.amjmed.2022.12.015

Christian, C., Burger, C., Claassens, M., Bond, V., & Burger, R. (2019). Patient predictors of
health-seeking behaviour for persons coughing for more than two weeks in high-burden
tuberculosis communities: the case of the Western Cape, South Africa. BMC Health
Services Research, 19(1), 160. https://doi.org/10.1186/s12913-019-3992-6

Cooper-DeHoff, R. M., & Johnson, J. A. (2016). Hypertension pharmacogenomics: in search
of personalized treatment approaches. Nat Rev Nephrol, 12(2), 110-122.
https://doi.org/10.1038/nrneph.2015.176

Crow, J. F. (2017). An introduction to population genetics theory. Scientific Publishers.

Cunningham, F., Allen, J. E., Allen, J., Alvarez-Jarreta, J., Amode, M R., Armean, Irina M.,
Austine-Orimoloye, O., Azov, Andrey G., Barnes, 1., Bennett, R., Berry, A., Bhai, J.,
Bignell, A., Billis, K., Boddu, S., Brooks, L., Charkhchi, M., Cummins, C.,
Da Rin Fioretto, L., . . . Flicek, P. (2021). Ensembl 2022. Nucleic Acids Research,
50(D1), D988-D995. https://doi.org/10.1093/nar/gkab1049

Dandara, C., Lombard, Z., Du Plooy, I., McLellan, T., Norris, S. A., & Ramsay, M. (2011).
Genetic variants in CYP (-1A2, -2C9, -2C19, -3A4 and -3A5), VKORCI1 and ABCBI
genes in a black South African population: a window into diversity.
Pharmacogenomics, 12(12), 1663-1670. https://doi.org/10.2217/pgs.11.106

Dandara, C., Masimirembwa, C., Haffani, Y. Z., Ogutu, B., Mabuka, J., Aklillu, E., & Bolaji,
0. (2019). African Pharmacogenomics Consortium: Consolidating pharmacogenomics
knowledge, capacity development and translation in Africa: Consolidating
pharmacogenomics knowledge, capacity development and translation in Africa. A4S
Open Res, 2, 19. https://doi.org/10.12688/aasopenres.12965.1

Daugherty, S. L., Powers, J. D., Magid, D. J., Tavel, H. M., Masoudi, F. A., Margolis, K. L.,
O'Connor, P. J., Selby, J. V., & Ho, P. M. (2012). Incidence and prognosis of resistant
hypertension in hypertensive patients. Circulation, 125(13), 1635-1642.

Davids, S., Matsha, T. E., Peer, N., Erasmus, R. T., & Kengne, A. P. (2019). Increase in blood
pressure over a 7-year period in a mixed-ancestry South African population. South
African Medical Journal, 109(7), 503-510.

Davis, S. (2007). Enalapril. In S. J. Enna & D. B. Bylund (Eds.), xPharm: The Comprehensive
Pharmacology Reference (pp- 1-6). Elsevier.
https://doi.org/https://doi.org/10.1016/B978-008055232-3.61678-2

Daya, M., Van Der Merwe, L., Galal, U., Méller, M., Salie, M., Chimusa, E. R., Galanter, J.
M., Van Helden, P. D., Henn, B. M., & Gignoux, C. R. (2013). A panel of ancestry
informative markers for the complex five-way admixed South African coloured
population. PLoS One, 8(12), €82224.

de Groote, P., Helbecque, N., Lamblin, N., Hermant, X., Mc Fadden, E., Foucher-Hossein, C.,
Amouyel, P., Dallongeville, J., & Bauters, C. (2005). Association between beta-1 and

72


https://doi.org/10.1038/s41598-021-93549-2
https://doi.org/10.1016/j.amjmed.2022.12.015
https://doi.org/10.1186/s12913-019-3992-6
https://doi.org/10.1038/nrneph.2015.176
https://doi.org/10.1093/nar/gkab1049
https://doi.org/10.2217/pgs.11.106
https://doi.org/10.12688/aasopenres.12965.1
https://doi.org/https://doi.org/10.1016/B978-008055232-3.61678-2

beta-2 adrenergic receptor gene polymorphisms and the response to beta-blockade in
patients with stable congestive heart failure. Pharmacogenet Genomics, 15(3), 137-
142. https://doi.org/10.1097/01213011-200503000-00001

Delanaye, P., Glassock, R. J., Pottel, H., & Rule, A. D. (2016). An Age-Calibrated Definition
of Chronic Kidney Disease: Rationale and Benefits. Clin Biochem Rev, 37(1), 17-26.

Deng, H.-W., Chen, W.-M., & Recker, R. R. (2001). Population Admixture: Detection by
Hardy-Weinberg Test and Its Quantitative Effects on Linkage-Disequilibrium Methods
for Localizing Genes Underlying Complex Traits. Genetics, 157(2), 885-897.
https://doi.org/10.1093/genetics/157.2.885

Dudenbostel, T., Siddiqui, M., Oparil, S., & Calhoun, D. A. (2016). Refractory Hypertension:
A Novel Phenotype of Antihypertensive Treatment Failure. Hypertension, 67(6), 1085-
1092. https://doi.org/10.1161/hypertensionaha.116.06587

Dumeny, L., Vardeny, O., Edelmann, F., Pieske, B., Duarte, J. D., & Cavallari, L. H. (2021).
NR3C2 genotype is associated with response to spironolactone in diastolic heart failure
patients from the Aldo-DHF trial. Pharmacotherapy, 41(12), 978-987.
https://doi.org/10.1002/phar.2626

Dymond, J. S. (2013). Chapter Twenty Three - Explanatory Chapter: Quantitative PCR. In J.
Lorsch (Ed.), Methods in Enzymology (Vol. 529, pp. 279-289). Academic Press.
https://doi.org/https://doi.org/10.1016/B978-0-12-418687-3.00023-9

Edwards. (2016). Socio-Demographic Determinants of Health-Seeking Behaviour among the
South African Population: An Analysis of NIDS. In UKZN Thesis Repository.

Fares, H., DiNicolantonio, J. J., O'Keefe, J. H., & Lavie, C. J. (2016). Amlodipine in
hypertension: a first-line agent with efficacy for improving blood pressure and patient
outcomes. Open Heart, 3(2), €000473. https://doi.org/10.1136/openhrt-2016-000473

Ferrari, R., Pavasini, R., Camici, P. G., Crea, F., Danchin, N., Pinto, F., Manolis, A., Marzilli,
M., Rosano, G. M. C., Lopez-Sendon, J., & Fox, K. (2019). Anti-anginal drugs-beliefs
and evidence: systematic review covering 50 years of medical treatment. Eur Heart J,
40(2), 190-194. https://doi.org/10.1093/eurheartj/ehy504

Franceschini, N., Chasman, D. 1., Cooper-DeHoff, R. M., & Arnett, D. K. (2014). Genetics,
ancestry, and hypertension: implications for targeted antihypertensive therapies. Curr
Hypertens Rep, 16(8), 461. https://doi.org/10.1007/s11906-014-0461-9

Fravel, M. A., & Ernst, M. (2021). Drug Interactions with Antihypertensives. Curr Hypertens
Rep, 23(3), 14. https://doi.org/10.1007/s11906-021-01131-y

Freis, E. D. (1988). Age and antihypertensive drugs (hydrochlorothiazide,
bendroflumethiazide, nadolol and captopril). Am J Cardiol, 61(1), 117-121.
https://doi.org/10.1016/0002-9149(88)91316-1

Frohlich, M., Hoffmann, M. M., Burhenne, J., Mikus, G., Weiss, J., & Haefeli, W. E. (2004).
Association of the CYP3AS5 A6986G (CYP3A5*3) polymorphism with saquinavir
pharmacokinetics. Br J Clin Pharmacol, 58(4), 443-444,
https://doi.org/10.1111/j.1365-2125.2004.02159.x

Gaddam, K., Corros, C., Pimenta, E., Ahmed, M., Denney, T., Aban, 1., Inusah, S., Gupta, H.,
Lloyd, S. G., Oparil, S., Husain, A., Dell'ltalia, L. J., & Calhoun, D. A. (2010). Rapid
reversal of left ventricular hypertrophy and intracardiac volume overload in patients
with resistant hypertension and hyperaldosteronism: a prospective clinical study.
Hypertension, 55(5), 1137-1142. https://doi.org/10.1161/hypertensionaha.109.141531

Gallo, G., Volpe, M., & Savoia, C. (2021). Endothelial Dysfunction in Hypertension: Current
Concepts and Clinical Implications. Front Med (Lausanne), 8, 798958.
https://doi.org/10.3389/fmed.2021.798958

73


https://doi.org/10.1097/01213011-200503000-00001
https://doi.org/10.1093/genetics/157.2.885
https://doi.org/10.1161/hypertensionaha.116.06587
https://doi.org/10.1002/phar.2626
https://doi.org/https://doi.org/10.1016/B978-0-12-418687-3.00023-9
https://doi.org/10.1136/openhrt-2016-000473
https://doi.org/10.1093/eurheartj/ehy504
https://doi.org/10.1007/s11906-014-0461-9
https://doi.org/10.1007/s11906-021-01131-y
https://doi.org/10.1016/0002-9149(88)91316-1
https://doi.org/10.1111/j.1365-2125.2004.02159.x
https://doi.org/10.1161/hypertensionaha.109.141531
https://doi.org/10.3389/fmed.2021.798958

Gamil, S., Erdmann, J., Abdalrahman, I. B., & Mohamed, A. O. (2017). Association of NOS3
gene polymorphisms with essential hypertension in Sudanese patients: a case control
study. BMC Med Genet, 18(1), 128. https://doi.org/10.1186/s12881-017-0491-7

Gauthier, M. (2007). Simulation of polymer translocation through small channels: A molecular
dynamics study and a new Monte Carlo approach

Gifford Jr, R. (1988). Resistant hypertension. Introduction and definitions. Hypertension,
11(3_pt 2), 1165.

Gifford, R. W., & Tarazi, R. C. (1978). Resistant hypertension: diagnosis and management.
Annals of internal medicine, 88(5), 661-665. https://doi.org/10.7326/0003-4819-88-5-
661

Gomez-Olive, F. X., Ali, S. A., Made, F., Kyobutungi, C., Nonterah, E., Micklesfield, L.,
Alberts, M., Boua, R., Hazelhurst, S., Debpuur, C., Mashinya, F., Dikotope, S., Sorgho,
H., Cook, 1., Muthuri, S., Soo, C., Mukomana, F., Agongo, G., Wandabwa, C., . . .
Ramsay, M. (2017). Regional and Sex Differences in the Prevalence and Awareness of
Hypertension: An H3Africa AWI-Gen Study Across 6 Sites in Sub-Saharan Africa.
Glob Heart, 12(2), 81-90. https://doi.org/10.1016/j.gheart.2017.01.007

Grossman, A., & Grossman, E. (2017). Blood pressure control in type 2 diabetic patients.
Cardiovasc Diabetol, 16(1), 3. https://doi.org/10.1186/s12933-016-0485-3

Grossman, E. (2008). Does increased oxidative stress cause hypertension? Diabetes Care, 31
Suppl 2, S185-189. https://doi.org/10.2337/dc08-s246

Guerra, L. A., Lteif, C., Arwood, M. J., McDonough, C. W., Dumeny, L., Desai, A. A.,
Cavallari, L. H., & Duarte, J. D. (2022). Genetic polymorphisms in ADRB2 and
ADRBI are associated with differential survival in heart failure patients taking p-
blockers. Pharmacogenomics J, 22(1), 62-68. https://doi.org/10.1038/s41397-021-
00257-1

Guerrero-Garcia, C., & Rubio-Guerra, A. F. (2018). Combination therapy in the treatment of
hypertension. Drugs in context, 7.

Guo, C., Pei, Q. I, Tan, H., Huang, Z., Yuan, H., & Yang, G. (2015). Effects of genetic factors
on the pharmacokinetics and pharmacodynamics of amlodipine in primary hypertensive
patients. Biomed Rep, 3(2), 195-200. https://doi.org/10.3892/br.2014.395

Guyton, A. C., Reeve, E. B., & center, U. o. C. M. (1967). Physical Bases of Circulatory
Transport: Regulation and Exchange: the Proceedings of a Conference Sponsored by
the University of Colorado Medical Center. Saunders.

Hall, M. E., & Hall, J. E. (2017). Pathogenesis of hypertension. Hypertension: A Companion
to Braunwald’s Heart Disease E-Book. Philadelphia: Elsevier, 33-51.

Hameed, M. A., & Dasgupta, I. (2019). Medication adherence and treatment-resistant
hypertension: a review. Drugs Context, 8, 212560. https://doi.org/10.7573/dic.212560

Haufroid, V., Mourad, M., Van Kerckhove, V., Wawrzyniak, J., De Meyer, M., Eddour, D. C.,
Malaise, J., Lison, D., Squifflet, J. P., & Wallemacq, P. (2004). The effect of CYP3AS5
and MDR1 (ABCBI1) polymorphisms on cyclosporine and tacrolimus dose
requirements and trough blood levels in stable renal transplant patients.
Pharmacogenetics, 14(3), 147-154. https://doi.org/10.1097/00008571-200403000-
00002

Helfand, M., Peterson, K., Christensen, V., Dana, T., & Thakurta, S. (2009). Drug Class
Reviews. In Drug Class Review: Beta Adrenergic Blockers: Final Report Update 4.
Oregon Health & Science University

Copyright © 2009, Oregon Health & Science University, Portland, Oregon.

74


https://doi.org/10.1186/s12881-017-0491-7
https://doi.org/10.7326/0003-4819-88-5-661
https://doi.org/10.7326/0003-4819-88-5-661
https://doi.org/10.1016/j.gheart.2017.01.007
https://doi.org/10.1186/s12933-016-0485-3
https://doi.org/10.2337/dc08-s246
https://doi.org/10.1038/s41397-021-00257-1
https://doi.org/10.1038/s41397-021-00257-1
https://doi.org/10.3892/br.2014.395
https://doi.org/10.7573/dic.212560
https://doi.org/10.1097/00008571-200403000-00002
https://doi.org/10.1097/00008571-200403000-00002

Henrik Berg, R. (2012). Restriction Fragment Length Polymorphism Analysis of PCR-
Amplified Fragments (PCR-RFLP) and Gel Electrophoresis - Valuable Tool for
Genotyping and Genetic Fingerprinting. In M. Sameh (Ed.), Gel Electrophoresis (pp.
Ch. 18). IntechOpen. https://doi.org/10.5772/37724

Her, L., & Zhu, H.-J. (2020). Carboxylesterase 1 and precision pharmacotherapy:
pharmacogenetics and nongenetic regulators. Drug Metabolism and Disposition, 48(3),
230-244.

Huggins, C. E., Worsley, A., Margerison, C., Jorna, M. K., & Nowson, C. A. (2010). Blood
pressure response to dietary modification is associated with use of anti-hypertensive
therapy. Proceedings of the Nutrition Society, 69(OCEl), E83, Article ES&3.
https://doi.org/10.1017/S0029665109992710

Ibrahim, M. M., & Damasceno, A. (2012). Hypertension in developing countries. Lancet,
380(9841), 611-619. https://doi.org/10.1016/s0140-6736(12)60861-7

Ikonnikova, A., Rodina, T., Dmitriev, A., Melnikov, E., Kazakov, R., & Nasedkina, T. (2022).
The Influence of the CES1 Genotype on the Pharmacokinetics of Enalapril in Patients
with Arterial Hypertension. J Pers Med, 12(4). https://doi.org/10.3390/jpm 12040580

Ingelman-Sundberg, M., & Sim, S. C. (2010). Pharmacogenetic biomarkers as tools for
improved drug therapy; emphasis on the cytochrome P450 system. Biochem Biophys
Res Commun, 396(1), 90-94. https://doi.org/10.1016/.bbrc.2010.02.162

James, P. S., Una, M., & Richard, J. M. (2017). Diagnosis and management of resistant
hypertension. Heart, 103(16), 1295. https://doi.org/10.1136/heartjnl-2015-308297

Ji, Q., Zhang, C., Xu, Q., Wang, Z., Li, X., & Lv, Q. (2021). The impact of ABCBI and CES1
polymorphisms on dabigatran pharmacokinetics and pharmacodynamics in patients
with  atrial fibrillation. Br J Clin  Pharmacol, 87(5), 2247-2255.
https://doi.org/10.1111/bcp.14646

Johnson, J. A., Gong, Y., Bailey, K. R., Cooper-DeHoff, R. M., Chapman, A. B., Turner, S. T.,
Schwartz, G. L., Campbell, K., Schmidt, S., Beitelshees, A. L., Boerwinkle, E., &
Gums, J. G. (2009). Hydrochlorothiazide and atenolol combination antihypertensive
therapy: effects of drug initiation order. Clin Pharmacol Ther, 86(5), 533-539.
https://doi.org/10.1038/clpt.2009.101

Johnson, J. A., Zineh, 1., Puckett, B. J., McGorray, S. P., Yarandi, H. N., & Pauly, D. F. (2003).
Beta 1-adrenergic receptor polymorphisms and antihypertensive response to
metoprolol. Clin Pharmacol Ther, 74(1), 44-52. https://doi.org/10.1016/s0009-
9236(03)00068-7

Johnson, R., Dludla, P., Mabhida, S., Benjeddou, M., Louw, J., & February, F. (2019).
Pharmacogenomics of amlodipine and hydrochlorothiazide therapy and the quest for
improved control of hypertension: a mini review. Heart Fail Rev, 24(3), 343-357.
https://doi.org/10.1007/s10741-018-09765-y

Jones, Lesosky, M., Blockman, M., Castel, S., Decloedt, E. H., Schwager, S. L. U., Sturrock,
E. D., Wiesner, L., & Rayner, B. L. (2017). Therapeutic drug monitoring of amlodipine
and the Z-FHL/HHL ratio: Adherence tools in patients referred for apparent treatment-
resistant hypertension. S Afr Med J, 107(10), 887-891.
https://doi.org/10.7196/SAMJ.2017.v107i10.12268

Jones, E. S., Damasceno, A., Ogola, E. N., Ojji, D. B., Dzudie, A., & Rayner, B. L. (2020).
PASCAR commentary on the International Society of Hypertension global guidelines
2020: relevance to sub-Saharan Africa. Cardiovasc J Afr, 31(6), 325-329.
https://doi.org/10.5830/CVJA-2020-055

75


https://doi.org/10.5772/37724
https://doi.org/10.1017/S0029665109992710
https://doi.org/10.1016/s0140-6736(12)60861-7
https://doi.org/10.3390/jpm12040580
https://doi.org/10.1016/j.bbrc.2010.02.162
https://doi.org/10.1136/heartjnl-2015-308297
https://doi.org/10.1111/bcp.14646
https://doi.org/10.1038/clpt.2009.101
https://doi.org/10.1016/s0009-9236(03)00068-7
https://doi.org/10.1016/s0009-9236(03)00068-7
https://doi.org/10.1007/s10741-018-09765-y
https://doi.org/10.7196/SAMJ.2017.v107i10.12268
https://doi.org/10.5830/CVJA-2020-055

Jones, E. S., Owen, E., Davidson, J., Rayner, B., & Van der Merwe, L. (2011). The R563Q
mutation of the epithelial sodium channel beta-subunit is associated with hypertension:
cardiovascular topics. Cardiovascular journal of Africa, 22(5), 241-244.

Jones, E. S., Owen, E. P., & Rayner, B. L. (2012). The association of the R563Q genotype of
the ENaC with phenotypic variation in Southern Africa. Am J Hypertens, 25(12), 1286-
1291. https://doi.org/10.1038/ajh.2012.125

Joshi, M. S., Mineo, C., Shaul, P. W., & Bauer, J. A. (2007). Biochemical consequences of the
NOS3 Glu298Asp variation in human endothelium: altered caveolar localization and
impaired response to shear. FASEB journal: official publication of the Federation of
American Societies for Experimental Biology, 21(11), 2655.

Judd, E., & Calhoun, D. A. (2014). Apparent and true resistant hypertension: definition,
prevalence  and  outcomes. J  Hum  Hypertens,  28(8), 463-468.
https://doi.org/10.1038/jhh.2013.140

Judd, E. K., Calhoun, D. A., & Warnock, D. G. (2014). Pathophysiology and treatment of
resistant hypertension: the role of aldosterone and amiloride-sensitive sodium channels.
Semin Nephrol, 34(5), 532-539. https://doi.org/10.1016/j.semnephrol.2014.08.007

Jung, O., Gechter, J. L., Wunder, C., Paulke, A., Bartel, C., Geiger, H., & Toennes, S. W.
(2013). Resistant hypertension? Assessment of adherence by toxicological urine
analysis. J Hypertens, 31(4), 766-774.
https://doi.org/10.1097/HJH.0b013e32835¢2286

Karlsson, J., Lind, L., Hallberg, P., Michaélsson, K., Kurland, L., Kahan, T., Malmqvist, K.,
Ohman, K. P., Nystrom, F., & Melhus, H. (2004). Betal-adrenergic receptor gene
polymorphisms and response to betal-adrenergic receptor blockade in patients with
essential hypertension. Clin Cardiol, 27(6), 347-350.
https://doi.org/10.1002/clc.4960270610

Katsukunya, J. N., Soko, N. D., Naidoo, J., Rayner, B., Blom, D., Sinxadi, P., Chimusa, E. R.,
Dandara, M., Dzobo, K., Jones, E., & Dandara, C. (2023a). Pharmacogenomics of
Hypertension in Africa: Paving the Way for a Pharmacogenetic-Based Approach for
the Treatment of Hypertension in Africans. International Journal of Hypertension,
9919677. https://doi.org/10.1155/2023/9919677

Katsukunya, J. N., Soko, N. D., Naidoo, J., Rayner, B., Blom, D., Sinxadi, P., Chimusa, E. R.,
Dandara, M., Dzobo, K., Jones, E., & Dandara, C. (2023b). Pharmacogenomics of
Hypertension in Africa: Paving the Way for a Pharmacogenetic-Based Approach for
the Treatment of Hypertension in Africans. International Journal of Hypertension,
2023,9919677. https://doi.org/10.1155/2023/9919677

Kim, G. H., Masilamani, S., Turner, R., Mitchell, C., Wade, J. B., & Knepper, M. A. (1998).
The thiazide-sensitive Na-Cl cotransporter is an aldosterone-induced protein. Proc Natl
Acad Sci U S A, 95(24), 14552-14557. https://doi.org/10.1073/pnas.95.24.14552

Kim, K. A., Park, P. W., Lee, O. J., Choi, S. H., Min, B. H., Shin, K. H., Chun, B. G., Shin, J.
G., & Park, J. Y. (2006). Effect of CYP3A5*3 genotype on the pharmacokinetics and
pharmacodynamics of amlodipine in healthy Korean subjects. Clin Pharmacol Ther,
80(6), 646-656. https://doi.org/10.1016/].clpt.2006.09.009

Kim, K. A., Park, P. W., & Park, J. Y. (2007). Effect of ABCB1 (MDRI1) haplotypes derived
from G2677T/C3435T on the pharmacokinetics of amlodipine in healthy subjects. Br J
Clin Pharmacol, 63(1), 53-58. https://doi.org/10.1111/].1365-2125.2006.02733.x

Kirch, W., & Gorg, K. G. (1982). Clinical pharmacokinetics of atenolol--a review. Eur J Drug
Metab Pharmacokinet, 7(2), 81-91. https://doi.org/10.1007/bf03188723

76


https://doi.org/10.1038/ajh.2012.125
https://doi.org/10.1038/jhh.2013.140
https://doi.org/10.1016/j.semnephrol.2014.08.007
https://doi.org/10.1097/HJH.0b013e32835e2286
https://doi.org/10.1002/clc.4960270610
https://doi.org/10.1155/2023/9919677
https://doi.org/10.1155/2023/9919677
https://doi.org/10.1073/pnas.95.24.14552
https://doi.org/10.1016/j.clpt.2006.09.009
https://doi.org/10.1111/j.1365-2125.2006.02733.x
https://doi.org/10.1007/bf03188723

Kohli-Lynch, C. N., Erzse, A., Rayner, B., & Hofman, K. J. (2022). Hypertension in the South
African public healthcare system: a cost-of-illness and burden of disease study. BMJ
Open, 12(2), €055621. https://doi.org/10.1136/bmjopen-2021-055621

Kralik, P., & Ricchi, M. (2017). A Basic Guide to Real Time PCR in Microbial Diagnostics:
Definitions,  Parameters, and Everything. Front  Microbiol, 8§, 108.
https://doi.org/10.3389/fmicb.2017.00108

Kuehl, P., Zhang, J., Lin, Y., Lamba, J., Assem, M., Schuetz, J., Watkins, P. B., Daly, A.,
Wrighton, S. A., Hall, S. D., Maurel, P., Relling, M., Brimer, C., Yasuda, K.,
Venkataramanan, R., Strom, S., Thummel, K., Boguski, M. S., & Schuetz, E. (2001).
Sequence diversity in CYP3A promoters and characterization of the genetic basis of
polymorphic CYP3AS expression. Nat Genet, 27(4), 383-391.
https://doi.org/10.1038/86882

Kumanan, T. (2017). Essentials of Ambulatory Blood Pressure Monitoring (ABPM). Jaffna
Medical Journal, 29. https://doi.org/10.4038/imj.v29i1.31

Langman, L., van Gelder, T., & van Schaik, R. H. N. (2016). Chapter 5 - Pharmacogenomics
aspect of immunosuppressant therapy. In M. Oellerich & A. Dasgupta (Eds.),

Personalized Immunosuppression in Transplantation (pp. 109-124). Elsevier.
https://doi.org/https://doi.org/10.1016/B978-0-12-800885-0.00005-9

Levy, S. E., & Myers, R. M. (2016). Advancements in Next-Generation Sequencing. Annu Rev
Genomics Hum Genet, 17, 95-115. https://doi.org/10.1146/annurev-genom-083115-
022413

Li, W. W, Kuo, C. T., Hwang, S. L., & Hsu, H. T. (2012). Factors related to medication non-
adherence for patients with hypertension in Taiwan. J Clin Nurs, 21(13-14), 1816-1824.
https://doi.org/10.1111/].1365-2702.2012.04088.x

Liang, M., Cowley, A. W, Jr., Mattson, D. L., Kotchen, T. A., & Liu, Y. (2013). Epigenomics
of hypertension. Semin Nephrol, 33(4), 392-399.
https://doi.org/10.1016/j.semnephrol.2013.05.011

Lifton, R. P., Gharavi, A. G., & Geller, D. S. (2001). Molecular mechanisms of human
hypertension. Cell, 104(4), 545-556. https://doi.org/10.1016/s0092-8674(01)00241-0

Liu, D, Li, X., Li, X., Wang, H., & Dong, M. (2021). Carboxylesterase 1 polymorphisms are
associated with clinical outcomes in gastroenteric cancer patients treated with
capecitabine. Cancer Chemother Pharmacol, 87(5), 681-687.
https://doi.org/10.1007/s00280-021-04247-9

Liu, J,, Liu, Z. Q., Yu, B. N., Xu, F. H., Mo, W., Zhou, G., Liu, Y. Z., Li, Q., & Zhou, H. H.
(2006). betal-Adrenergic receptor polymorphisms influence the response to metoprolol
monotherapy in patients with essential hypertension. Clin Pharmacol Ther, 80(1), 23-
32. https://doi.org/10.1016/].clpt.2006.03.004

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2—AACT Method. Methods, 25(4), 402-408.
https://doi.org/https://doi.org/10.1006/meth.2001.1262

Lotufo, P. A., Pereira, A. C., Vasconcellos, P. S., Santos, I. S., Mill, J. G., & Bensenor, 1. M.
(2015). Resistant hypertension: risk factors, subclinical atherosclerosis, and
comorbidities among adults-the Brazilian Longitudinal Study of Adult Health (ELSA-
Brasil). J Clin Hypertens (Greenwich), 17(1), 74-80. https://doi.org/10.1111/jch.12433

Luizon, M. R., Metzger, I. F., Lacchini, R., & Tanus-Santos, J. E. (2012). Endothelial nitric
oxide synthase polymorphism rs3918226 associated with hypertension does not affect
plasma nitrite levels in healthy subjects. Hypertension, 59(6), e52-e52.

77


https://doi.org/10.1136/bmjopen-2021-055621
https://doi.org/10.3389/fmicb.2017.00108
https://doi.org/10.1038/86882
https://doi.org/10.4038/jmj.v29i1.31
https://doi.org/https://doi.org/10.1016/B978-0-12-800885-0.00005-9
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1111/j.1365-2702.2012.04088.x
https://doi.org/10.1016/j.semnephrol.2013.05.011
https://doi.org/10.1016/s0092-8674(01)00241-0
https://doi.org/10.1007/s00280-021-04247-9
https://doi.org/10.1016/j.clpt.2006.03.004
https://doi.org/https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/jch.12433

Makukule, A., Modjadji, P., Thovhogi, N., Mokgalaboni, K., & Kengne, A. P. (2023).
Uncontrolled Hypertension, Treatment, and Predictors among Hypertensive Out-

Patients Attending Primary Health Facilities in Johannesburg, South Africa. Healthcare
(Basel), 11(20). https://doi.org/10.3390/healthcare1 1202783

Mancia, G., Kreutz, R., Brunstrom, M., Burnier, M., Grassi, G., Januszewicz, A., Muiesan, M.
L., Tsioufis, K., Agabiti-Rosei, E., Algharably, E. A. E., Azizi, M., Benetos, A., Borghi,
C., Hitij, J. B., Cifkova, R., Coca, A., Cornelissen, V., Cruickshank, J. K., Cunha, P.
G., ... Kjeldsen, S. E. (2023). 2023 ESH Guidelines for the management of arterial
hypertension The Task Force for the management of arterial hypertension of the
European Society of Hypertension: Endorsed by the International Society of
Hypertension (ISH) and the European Renal Association (ERA). J Hypertens, 41(12),
1874-2071. https://doi.org/10.1097/hjh.0000000000003480

Mangoni, A. A., & Jackson, S. H. (2004). Age-related changes in pharmacokinetics and
pharmacodynamics: basic principles and practical applications. Br J Clin Pharmacol,
57(1), 6-14. https://doi.org/10.1046/1.1365-2125.2003.02007.x

Martinez, F., Mansego, M. L., Escudero, J. C., Redon, J., & Chaves, F. J. (2009). Association
of a Mineralocorticoid Receptor Gene Polymorphism With Hypertension in a Spanish
Population.  American ~ Journal  of  Hypertension,  22(6), 649-655.
https://doi.org/10.1038/ajh.2009.39

Masilela, Pearce, B., Ongole, J. J., Adeniyi, O. V., & Benjeddou, M. (2020). Cross-sectional
study of prevalence and determinants of uncontrolled hypertension among South
African adult residents of Mkhondo municipality. BMC Public Health, 20(1).
https://doi.org/10.1186/s12889-020-09174-7

Masilela, C., Adeniyi, O. V., & Benjeddou, M. (2022). Single Nucleotide Polymorphisms in
Amlodipine-Associated Genes and Their Correlation with Blood Pressure Control
among South African Adults with Hypertension. Genes (Basel), 13(8).
https://doi.org/10.3390/genes13081394

Mason, R. P., Jacob, R. F., Kubant, R., Jacoby, A., Louka, F., Corbalan, J. J., & Malinski, T.
(2012). Effects of angiotensin receptor blockers on endothelial nitric oxide release: the
role of eNOS  variants. Br J Clin  Pharmacol, 74(1), 141-146.
https://doi.org/10.1111/5.1365-2125.2012.04189.x

Materson, B. J., Reda, D. J., Cushman, W. C., Massie, B. M., Freis, E. D., Kochar, M. S.,
Hamburger, R. J., Fye, C., Lakshman, R., Gottdiener, J., & et al. (1993). Single-drug
therapy for hypertension in men. A comparison of six antihypertensive agents with
placebo. The Department of Veterans Affairs Cooperative Study Group on
Antihypertensive ~ Agents. N Engl J  Med, 328(13), 914-921.
https://doi.org/10.1056/nejm199304013281303

Mbavha, B. T., Kanji, C. R., Stadler, N., Stingl, J., Stanglmair, A., Scholl, C., Wekwete, W.,
& Masimirembwa, C. (2022). Population genetic polymorphisms of pharmacogenes in
Zimbabwe, a potential guide for the safe and efficacious use of medicines in people of

African ancestry. Pharmacogenet Genomics, 32(5), 173-182.
https://doi.org/10.1097/fpc.0000000000000467

Mineiro, R., Santos, C., Gongalves, 1., Lemos, M., Cavaco, J. E. B., & Quintela, T. (2023).
Regulation of ABC transporters by sex steroids may explain differences in drug
resistance  between  sexes. J  Physiol  Biochem, 79(3), 467-487.
https://doi.org/10.1007/s13105-023-00957-1

Mirzaev, K. B., Osipova, D. V., Kitaeva, E. J., Shprakh, V. V., Abdullaev, S. P., Andreev, D.
A., Mumladze, R. B., & Sychev, D. A. (2019). Effects of the rs2244613 polymorphism

78


https://doi.org/10.3390/healthcare11202783
https://doi.org/10.1097/hjh.0000000000003480
https://doi.org/10.1046/j.1365-2125.2003.02007.x
https://doi.org/10.1038/ajh.2009.39
https://doi.org/10.1186/s12889-020-09174-7
https://doi.org/10.3390/genes13081394
https://doi.org/10.1111/j.1365-2125.2012.04189.x
https://doi.org/10.1056/nejm199304013281303
https://doi.org/10.1097/fpc.0000000000000467
https://doi.org/10.1007/s13105-023-00957-1

of the CES1 gene on the antiplatelet effect of the receptor P2Y 12 blocker clopidogrel.
Drug Metab Pers Ther, 34(3). https://doi.org/10.1515/dmpt-2018-0039

Moosa, M. S., Kuttschreuter, L. S., & Rayner, B. L. (2016). Evaluation and management of
patients referred to a tertiary-level hypertension clinic in Cape Town, South Africa
(Vol. 106) [Hypertension;, Management; Tertiary level; Resistant hypertension].
http://www.samj.org.za/index.php/samyj/article/view/9610

Moriyama, A., Nishizawa, D., Kasai, S., Hasegawa, J., Fukuda, K.-i., Nagashima, M., Katoh,
R., & Ikeda, K. (2013). Association Between Genetic Polymorphisms of the B1-
Adrenergic Receptor and Sensitivity to Pain and Fentanyl in Patients Undergoing
Painful Cosmetic Surgery. Journal of Pharmacological Sciences, 121(1), 48-57.
https://doi.org/10.1254/jphs.12159fp

Mouly, S.J., Matheny, C., Paine, M. F., Smith, G., Lamba, J., Lamba, V., Pusek, S. N., Schuetz,
E. G., Stewart, P. W., & Watkins, P. B. (2005). Variation in oral clearance of saquinavir
is predicted by CYP3A5*1 genotype but not by enterocyte content of cytochrome P450
3AS. Clin Pharmacol Ther, 78(6), 605-618. https://doi.org/10.1016/.clpt.2005.08.014

Muyambo, S., Ndadza, A., Soko, N. D., Kruger, B., Kadzirange, G., Chimusa, E.,
Masimirembwa, C. M., Ntsekhe, M., Nhachi, C. F. B., & Dandara, C. (2022). Warfarin
Pharmacogenomics for Precision Medicine in Real-Life Clinical Practice in Southern
Africa: Harnessing 73 Variants in 29 Pharmacogenes. Omics, 26(1), 35-50.
https://doi.org/10.1089/0mi.2021.0199

Naing, L., Winn, T., & Nordin, R. (2006). Pratical Issues in Calculating the Sample Size for
Prevalence Studies. Archives of Orofacial Sciences, 1, 9-14.

Nedogoda, S. V., Ledyaeva, A. A., Chumachok, E. V., Tsoma, V. V., Mazina, G., Salasyuk,
A.S., & Barykina, I. N. (2013). Randomized trial of perindopril, enalapril, losartan and
telmisartan in overweight or obese patients with hypertension. Clin Drug Investig,
33(8), 553-561. https://doi.org/10.1007/s40261-013-0094-9

Nelveg-Kristensen, K. E., Bie, P., Ferrero, L., Bjerre, D., Bruun, N. E., Egfjord, M.,
Rasmussen, H. B., Hansen, P. R., & Consortium, 1. (2016). Pharmacodynamic impact
of carboxylesterase 1 gene variants in patients with congestive heart failure treated with
angiotensin-converting enzyme inhibitors. PLoS One, 11(9), €0163341.

Nishizaka, M. K., Zaman, M. A., & Calhoun, D. A. (2003). Efficacy of low-dose
spironolactone in subjects with resistant hypertension. Am J Hypertens, 16(11 Pt 1),
925-930. https://doi.org/10.1016/s0895-7061(03)01032-x

Nunez-Acevedo, B., Dominguez-Ortega, J., Rodriguez-Jiménez, B., Kindelan-Recarte, C., &
Pérez-Fernandez, M. A. (2018). [Severe and rare adverse reaction to
hydrochlorothiazide]. Rev Alerg Mex, 65(4), 442-445.
https://doi.org/10.29262/ram.v6514.363  (Reaccion grave e infrecuente con
hidroclorotiazida.)

Nuredini, G., Saunders, A., Rajkumar, C., & Okorie, M. (2020). Current status of white coat
hypertension: where are we? Ther Adv Cardiovasc Dis, 14, 1753944720931637.
https://doi.org/10.1177/1753944720931637

Oliveira-Paula, Gustavo H, Lacchini, R., Luizon, M. R., Fontana, V., Silva, P. S., Biagi, C., &
Tanus-Santos, J. E. (2016). Endothelial nitric oxide synthase tagSNPs influence the
effects of enalapril in essential hypertension. Nitric Oxide, 55, 62-69.

Oliveira-Paula, G. H., Lacchini, R., & Tanus-Santos, J. E. (2017). Clinical and
pharmacogenetic impact of endothelial nitric oxide synthase polymorphisms on

cardiovascular diseases. Nitric Oxide, 63, 39-51.
https://doi.org/https://doi.org/10.1016/1.n10x.2016.08.004

79


https://doi.org/10.1515/dmpt-2018-0039
http://www.samj.org.za/index.php/samj/article/view/9610
https://doi.org/10.1254/jphs.12159fp
https://doi.org/10.1016/j.clpt.2005.08.014
https://doi.org/10.1089/omi.2021.0199
https://doi.org/10.1007/s40261-013-0094-9
https://doi.org/10.1016/s0895-7061(03)01032-x
https://doi.org/10.29262/ram.v65i4.363
https://doi.org/10.1177/1753944720931637
https://doi.org/https://doi.org/10.1016/j.niox.2016.08.004

Oliveira-Paula, G. H., Pereira, S. C., Tanus-Santos, J. E., & Lacchini, R. (2019).
Pharmacogenomics And Hypertension: Current Insights. Pharmgenomics Pers Med,
12, 341-359. https://doi.org/10.2147/pgpm.S230201

Olsen, M. H., Angell, S. Y., Asma, S., Boutouyrie, P., Burger, D., Chirinos, J. A., Damasceno,
A., Delles, C., Gimenez-Roqueplo, A. P., Hering, D., Lopez-Jaramillo, P., Martinez,
F., Perkovic, V., Rietzschel, E. R., Schillaci, G., Schutte, A. E., Scuteri, A., Sharman,
J. E., Wachtell, K., & Wang, J. G. (2016). A call to action and a lifecourse strategy to
address the global burden of raised blood pressure on current and future generations:
the Lancet Commission on hypertension. Lancet, 388(10060), 2665-2712.
https://doi.org/10.1016/s0140-6736(16)31134-5

Oparil, S., Acelajado, M. C., Bakris, G. L., Berlowitz, D. R., Cifkova, R., Dominiczak, A. F.,
Grassi, G., Jordan, J., Poulter, N. R., Rodgers, A., & Whelton, P. K. (2018).
Hypertension. Nat Rev Dis Primers, 4, 18014. https://doi.org/10.1038/nrdp.2018.14

Oparil, S., Zaman, M. A., & Calhoun, D. A. (2003). Pathogenesis of hypertension. Annals of

internal medicine, 139(9), 761-776. https://doi.org/10.7326/0003-4819-139-9-
200311040-00011

Opie, L. (2009). Hypertension, the changing pattern of drug usage. Cardiovascular journal of
Africa, 20, 52-56.

Osier, M. V., Cheung, K. H., Kidd, J. R., Pakstis, A. J., Miller, P. L., & Kidd, K. K. (2002).
ALFRED: An allele frequency database for anthropology. Am J Phys Anthropol,
119(1), 77-83. https://doi.org/10.1002/ajpa.10094

Pacanowski, M. A., Gong, Y., Cooper-Dehoff, R. M., Schork, N. J., Shriver, M. D., Langaee,
T. Y., Pepine, C. J., & Johnson, J. A. (2008). beta-adrenergic receptor gene
polymorphisms and beta-blocker treatment outcomes in hypertension. Clin Pharmacol
Ther, 84(6), 715-721. https://doi.org/10.1038/clpt.2008.139

Patel, R. B., Patel, U. R., Rogge, M. C., Shah, V. P., Prasad, V. K., Selen, A., & Welling, P. G.
(1984). Bioavailability of hydrochlorothiazide from tablets and suspensions. J Pharm
Sci, 73(3), 359-361. https://doi.org/10.1002/jps.2600730317

Peer, N., Steyn, K., Lombard, C., Gwebushe, N., & Levitt, N. (2013). A high burden of
hypertension in the urban black population of Cape Town: The Cardiovascular Risk in
Black South Africans (CRIBSA) Study. PLoS One, 8(11), €78567.

Peer, N., Uthman, O. A., & Kengne, A.-P. (2021). Rising prevalence, and improved but
suboptimal management, of hypertension in South Africa: A comparison of two
national surveys. Global epidemiology, 3, 100063.

Pender, K., & Omole, O. (2019). Blood pressure control and burden of treatment in South
African primary healthcare: A cross-sectional study. Afi J Prim Health Care Fam Med,
11(1). https://doi.org/10.4102/phefm.v11i1.2110

Petrie, J. R., Guzik, T. J., & Touyz, R. M. (2018). Diabetes, Hypertension, and Cardiovascular
Disease: Clinical Insights and Vascular Mechanisms. Can J Cardiol, 34(5), 575-584.
https://doi.org/10.1016/j.cjca.2017.12.005

Raebel, M. A., Ellis, J. L., Carroll, N. M., Bayliss, E. A., McGinnis, B., Schroeder, E. B.,
Shetterly, S., Xu, S., & Steiner, J. F. (2012). Characteristics of patients with primary
non-adherence to medications for hypertension, diabetes, and lipid disorders. J Gen
Intern Med, 27(1), 57-64. https://doi.org/10.1007/s11606-011-1829-z

Raheja, P., Price, A., Wang, Z., Arbique, D., Adams-Huet, B., Auchus, R. J., & Vongpatanasin,
W. (2012). Spironolactone prevents chlorthalidone-induced sympathetic activation and
insulin resistance in hypertensive patients. Hypertension, 60(2), 319-325.
https://doi.org/10.1161/hypertensionaha.112.194787

80


https://doi.org/10.2147/pgpm.S230201
https://doi.org/10.1016/s0140-6736(16)31134-5
https://doi.org/10.1038/nrdp.2018.14
https://doi.org/10.7326/0003-4819-139-9-200311040-00011
https://doi.org/10.7326/0003-4819-139-9-200311040-00011
https://doi.org/10.1002/ajpa.10094
https://doi.org/10.1038/clpt.2008.139
https://doi.org/10.1002/jps.2600730317
https://doi.org/10.4102/phcfm.v11i1.2110
https://doi.org/10.1016/j.cjca.2017.12.005
https://doi.org/10.1007/s11606-011-1829-z
https://doi.org/10.1161/hypertensionaha.112.194787

Reddy, S. P., Mbewu, A. D., Williams, D. R., Harriman, N. W., Sewpaul, R., Morgan, J. W.,
Sifunda, S., Manyaapelo, T., & Mabaso, M. (2021). Race, geographical location and
other risk factors for hypertension: South African National Health and Nutrition
Examination Survey 2011/12. SSM - Population Health, 16, 100986.
https://doi.org/https://doi.org/10.1016/j.ssmph.2021.100986

Rhodes, K. E., Zhang, W., Yang, D., Press, O. A., Gordon, M., Vallbohmer, D., Schultheis, A.
M., Lurje, G., Ladner, R. D., Fazzone, W., Igbal, S., & Lenz, H. J. (2007). ABCBI,
SLCO1B1 and UGT1A1 gene polymorphisms are associated with toxicity in metastatic
colorectal cancer patients treated with first-line irinotecan. Drug Metab Lett, 1(1), 23-
30. https://doi.org/10.2174/187231207779814328

Ripley, T. L., & Saseen, J. J. (2014). B-blockers: a review of their pharmacological and
physiological diversity in hypertension. Ann Pharmacother, 48(6), 723-733.
https://doi.org/10.1177/1060028013519591

Rodriguez-Lazaro, D., Cook, N., & Hernandez, M. (2013). Real-time PCR in Food Science:
PCR Diagnostics. Curr Issues Mol Biol, 15, 39-44.

Romano, S., Idolazzi, C., Fava, C., Fondrieschi, L., Celebrano, M., Delva, P., Branz, L.,
Donato, A., Dalbeni, A., & Minuz, P. (2018). Prevalence and Comorbidities of

Resistant Hypertension: A Collaborative Population-Based Observational Study. High
Blood Press Cardiovasc Prev, 25(3), 295-301. https://doi.org/10.1007/s40292-018-

0268-x
Rotin, D., & Schild, L. (2008). ENaC and its regulatory proteins as drug targets for blood
pressure control. Curr Drug Targets, 9(8), 709-716.

https://doi.org/10.2174/138945008785132367

Rysz, J., Franczyk, B., Rysz-Gorzynska, M., & Gluba-Brzézka, A. (2020). Pharmacogenomics
of  Hypertension  Treatment. Int J Mol  Sci,  2I(13), 4709.
https://doi.org/10.3390/ijms21134709

Salako, B. L., & Ayodele, O. E. (2003). Observed factors responsible for resistant hypertension
in a teaching hospital setting. Af J Med Med Sci, 32(2), 151-154.

Sanchez-Lozada, L. G., Rodriguez-Iturbe, B., Kelley, E. E., Nakagawa, T., Madero, M., Feig,
D. I, Borghi, C., Piani, F., Cara-Fuentes, G., Bjornstad, P., Lanaspa, M. A., & Johnson,
R. J. (2020). Uric Acid and Hypertension: An Update With Recommendations. 4m J
Hypertens, 33(7), 583-594. https://doi.org/10.1093/ajh/hpaa044

Sandilands, A. J., & O'Shaughnessy, K. M. (2005). The functional significance of genetic
variation within the beta-adrenoceptor. Br J Clin Pharmacol, 60(3), 235-243.
https://doi.org/10.1111/].1365-2125.2005.02438.x

Sandrim, V. C., Palei, A., Luizon, M., Izidoro-Toledo, T., Cavalli, R. d. C., & Tanus-Santos,
J. E. (2010). eNOS haplotypes affect the responsiveness to antihypertensive therapy in
preeclampsia but not in gestational hypertension. The pharmacogenomics journal,
10(1), 40-45.

Sanger, F., & Coulson, A. R. (1975). A rapid method for determining sequences in DNA by
primed synthesis with DNA polymerase. J Mol Biol, 94(3), 441-448.
https://doi.org/10.1016/0022-2836(75)90213-2

Sarhan, N. M., Shahin, M. H., El Rouby, N. M., El-Wakeel, L. M., Solayman, M. H., Langaee,
T., Khorshid, H., Schaalan, M. F., Sabri, N. A., & Cavallari, L. H. (2020). Effect of
Genetic and Nongenetic Factors on the Clinical Response to Mineralocorticoid
Receptor Antagonist Therapy in Egyptians with Heart Failure. Clin Trans! Sci, 13(1),
195-203. https://doi.org/10.1111/cts.12702

81


https://doi.org/https://doi.org/10.1016/j.ssmph.2021.100986
https://doi.org/10.2174/187231207779814328
https://doi.org/10.1177/1060028013519591
https://doi.org/10.1007/s40292-018-0268-x
https://doi.org/10.1007/s40292-018-0268-x
https://doi.org/10.2174/138945008785132367
https://doi.org/10.3390/ijms21134709
https://doi.org/10.1093/ajh/hpaa044
https://doi.org/10.1111/j.1365-2125.2005.02438.x
https://doi.org/10.1016/0022-2836(75)90213-2
https://doi.org/10.1111/cts.12702

Sarwar, M. S., Islam, M. S., Al Baker, S. M., & Hasnat, A. (2013). Resistant hypertension:
underlying causes and treatment. Drug Res (Stuttg), 63(5), 217-223.
https://doi.org/10.1055/s-0033-1337930

Saxena, T., Ali, A. O., & Saxena, M. (2018). Pathophysiology of essential hypertension: an
update. Expert Review of Cardiovascular Therapy, 16(12), 879-887.
https://doi.org/10.1080/14779072.2018.1540301

Schwartz, G. L., Bailey, K., Chapman, A. B., Boerwinkle, E., & Turner, S. T. (2013). The role
of plasma renin activity, age, and race in selecting effective initial drug therapy for
hypertension. Am J Hypertens, 26(8), 957-964. https://doi.org/10.1093/ajh/hpt047

Seedat, Y. K., Rayner, B. L., & Veriava, Y. (2014). South African hypertension practice
guideline 2014. Cardiovasc J Afr, 25(6), 288-294. https://doi.org/10.5830/cvija-2014-
062

Shaikh, A. (2017). A Practical Approach to Hypertension Management in Diabetes. Diabetes
Ther, 8(5), 981-989. https://doi.org/10.1007/s13300-017-0310-3

Sharig, O. A., & McKenzie, T. J. (2020). Obesity-related hypertension: a review of
pathophysiology, management, and the role of metabolic surgery. Gland Surg, 9(1), 80-
93. https://doi.org/10.21037/gs.2019.12.03

Shen, J., Li, Z., Chen, J., Song, Z., Zhou, Z., & Shi, Y. (2016). SHEsisPlus, a toolset for genetic
studies on polyploid species. Sci Rep, 6, 24095. https://doi.org/10.1038/srep24095

Sikka, N., DeLong, A., Kamano, J., Kimaiyo, S., Orango, V., Andesia, J., Fuster, V., Hogan,
J., & Vedanthan, R. (2021). Sex differences in health status, healthcare utilization, and

costs among individuals with elevated blood pressure: the LARK study from Western
Kenya. BMC Public Health, 21(1), 948. https://doi.org/10.1186/s12889-021-10995-3

Silva, P. S., Fontana, V., Luizon, M. R., Lacchini, R., Silva, W. A., Biagi, C., & Tanus-Santos,
J. E. (2013a). eNOS and BDKRB2 genotypes affect the antihypertensive responses to
enalapril. European Journal of Clinical Pharmacology, 69(2), 167-177.
https://doi.org/10.1007/s00228-012-1326-2

Silva, P. S., Fontana, V., Luizon, M. R., Lacchini, R., Silva, W. A., Jr., Biagi, C., & Tanus-
Santos, J. E. (2013b). eNOS and BDKRB2 genotypes affect the antihypertensive
responses to enalapril. Eur J Clin  Pharmacol, 69(2), 167-177.
https://doi.org/10.1007/s00228-012-1326-2

Soko, N. D., Muyambo, S., Dandara, M. T. L., Kampira, E., Blom, D., Jones, E. S. W., Rayner,
B., Shamley, D., Sinxadi, P., & Dandara, C. (2023). Towards Evidence-Based
Implementation of Pharmacogenomics in Southern Africa: Comorbidities and
Polypharmacy  Profiles  across  Diseases. J  Pers  Med, 13(8).
https://doi.org/10.3390/jpm13081185

Song, S. H., Kim, Y. J., Choi, H. S., Kim, C. S., Bae, E. H., Ahn, C., Oh, K. H., Park, S. K.,
Lee, K. B., Sung, S., Han, S. H., Ma, S. K., & Kim, S. W. (2021). Persistent Resistant
Hypertension Has Worse Renal Outcomes in Chronic Kidney Disease than that
Resolved in Two Years: Results from the KNOW-CKD Study. J Clin Med, 10(17).
https://doi.org/10.3390/jcm10173998

Stage, Jirgens, G., Guski, L. S., Thomsen, R., Bjerre, D., Ferrero-Miliani, L., Lyauk, Y. K.,
Rasmussen, H. B., & Dalhoff, K. (2017). The impact of CES1 genotypes on the
pharmacokinetics of methylphenidate in healthy Danish subjects. Br J Clin Pharmacol,
83(7), 1506-1514. https://doi.org/10.1111/bcp.13237

Stangier, J., & Su, C. A. P. (2000). Pharmacokinetics of repeated oral doses of amlodipine and

amlodipine plus telmisartan in healthy volunteers. The Journal of Clinical
Pharmacology, 40(12), 1347-1354.

82


https://doi.org/10.1055/s-0033-1337930
https://doi.org/10.1080/14779072.2018.1540301
https://doi.org/10.1093/ajh/hpt047
https://doi.org/10.5830/cvja-2014-062
https://doi.org/10.5830/cvja-2014-062
https://doi.org/10.1007/s13300-017-0310-3
https://doi.org/10.21037/gs.2019.12.03
https://doi.org/10.1038/srep24095
https://doi.org/10.1186/s12889-021-10995-3
https://doi.org/10.1007/s00228-012-1326-2
https://doi.org/10.1007/s00228-012-1326-2
https://doi.org/10.3390/jpm13081185
https://doi.org/10.3390/jcm10173998
https://doi.org/10.1111/bcp.13237

StatsSA. (2022). SECTION 14 MANUAL PROMOTION OF ACCESS TO INFORMATION
chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.statssa.gov.za/wp-
content/uploads/2022/09/Stats-SA-PAIA-manual-2022.pdf

Stranneheim, H., & Lundeberg, J. (2012). Stepping stones in DNA sequencing. Biotechnol J,
7(9), 1063-1073. https://doi.org/10.1002/biot.201200153

Svensson-Farbom, P., Wahlstrand, B., Almgren, P., Dahlberg, J., Fava, C., Kjeldsen, S.,
Hedner, T., & Melander, O. (2011). A functional variant of the NEDD4L gene is
associated with beneficial treatment response with [B-blockers and diuretics in
hypertensive patients. J Hypertens, 29(2), 388-395.
https://doi.org/10.1097/HJH.0b013e3283410390

Tang, K. L., Quan, H., & Rabi, D. M. (2017). Measuring medication adherence in patients with
incident hypertension: a retrospective cohort study. BMC Health Services Research,
17(1), 135. https://doi.org/10.1186/s12913-017-2073-y

Tarkiainen, E. K., Tornio, A., Holmberg, M. T., Launiainen, T., Neuvonen, P. J., Backman, J.
T., & Niemi, M. (2015). Effect of carboxylesterase 1 c. 428G> A single nucleotide

variation on the pharmacokinetics of quinapril and enalapril. British Journal of Clinical
Pharmacology, 80(5), 1131-1138.

Tavira, B., Coto, E., Diaz-Corte, C., Alvarez, V., Lopez-Larrea, C., & Ortega, F. (2013). A
search for new CYP3A4 variants as determinants of tacrolimus dose requirements in
renal-transplanted  patients.  Pharmacogenet = Genomics, 23(8), 445-448.
https://doi.org/10.1097/FPC.0b013e3283636856

Thervet, E., Anglicheau, D., King, B., Schlageter, M. H., Cassinat, B., Beaune, P., Legendre,
C., & Daly, A. K. (2003). Impact of cytochrome p450 3AS5 genetic polymorphism on
tacrolimus doses and concentration-to-dose ratio in renal transplant recipients.
Transplantation, 76(8), 1233-1235.
https://doi.org/10.1097/01.Tp.0000090753.99170.89

Thinyane, K. H., Mothebe, T., Sooro, M., Namole, L. D., & Cooper, V. (2015). An
observational study of hypertension treatment and patient outcomes in a primary care
setting. The Pan African medical journal, 20.

Thomas, C. D., & Johnson, J. A. (2020). Pharmacogenetic factors affecting B-blocker
metabolism and response. Expert Opin Drug Metab Toxicol, 16(10), 953-964.
https://doi.org/10.1080/17425255.2020.1803279

Thomas, G., & Rahman, M. (2021). Resistant Hypertension in CKD. Clin J Am Soc Nephrol,
16(3), 467-469. https://doi.org/10.2215/cin. 14610920

Thomford, N. E., Dzobo, K., Chopera, D., Wonkam, A., Skelton, M., Blackhurst, D., Chirikure,
S., & Dandara, C. (2015). Pharmacogenomics Implications of Using Herbal Medicinal
Plants on African Populations in Health Transition. Pharmaceuticals (Basel), 8(3), 637-
663. https://doi.org/10.3390/ph8030637

Tomaszewski, M., White, C., Patel, P., Masca, N., Damani, R., Hepworth, J., Samani, N. J.,
Gupta, P., Madira, W., & Stanley, A. (2014). High rates of non-adherence to
antihypertensive treatment revealed by high-performance liquid chromatography-
tandem mass spectrometry (HP LC-MS/MS) urine analysis. Heart, 100(11), 855-861.

Turgut, S., Yaren, A., Kursunluoglu, R., & Turgut, G. (2007). MDR1 C3435T polymorphism
in patients with breast cancer. Arch Med Res, 38(5), 539-544.
https://doi.org/10.1016/j.arcmed.2007.02.005

Tiirkmen, D., Masoli, J. A., Delgado, J., Kuo, C. L., Bowden, J., Melzer, D., & Pilling, L. C.
(2023). Calcium-channel blockers: Clinical outcome associations with reported

83


https://www.statssa.gov.za/wp-content/uploads/2022/09/Stats-SA-PAIA-manual-2022.pdf
https://www.statssa.gov.za/wp-content/uploads/2022/09/Stats-SA-PAIA-manual-2022.pdf
https://doi.org/10.1002/biot.201200153
https://doi.org/10.1097/HJH.0b013e3283410390
https://doi.org/10.1186/s12913-017-2073-y
https://doi.org/10.1097/FPC.0b013e3283636856
https://doi.org/10.1097/01.Tp.0000090753.99170.89
https://doi.org/10.1080/17425255.2020.1803279
https://doi.org/10.2215/cjn.14610920
https://doi.org/10.3390/ph8030637
https://doi.org/10.1016/j.arcmed.2007.02.005

pharmacogenetics variants in 32 000 patients. British Journal of Clinical
Pharmacology, 89(2), 853-864. https://doi.org/10.1111/bep.15541

Unger, T., Borghi, C., Charchar, F., Khan, N. A., Poulter, N. R., Prabhakaran, D., Ramirez, A.,
Schlaich, M., Stergiou, G. S., Tomaszewski, M., Wainford, R. D., Williams, B., &
Schutte, A. E. (2020). 2020 International Society of Hypertension Global Hypertension
Practice Guidelines. Hypertension, 75(6), 1334-1357.
https://doi.org/10.1161/hypertensionaha.120.15026

Véclavik, J., Sedlak, R., Jarkovsky, J., Kocianova, E., & Téborsky, M. (2014). Effect of
spironolactone in resistant arterial hypertension: a randomized, double-blind, placebo-
controlled trial (ASPIRANT-EXT). Medicine, 93(27), e162.

van der Lee, M., Kriek, M., Guchelaar, H. J., & Swen, J. J. (2020). Technologies for
Pharmacogenomics: A Review. Genes (Basel), 11(12).
https://doi.org/10.3390/genes11121456

Van Dyne, J. R. (1960). IPRONIAZID IN THE TREATMENT OF RESISTANT
HYPERTENSION: A Preliminary Report on Twenty Intractable Cases. Journal of the
American Geriatrics Society, 8(6), 454-462.

van Schaik, R. H., van der Heiden, 1. P., van den Anker, J. N., & Lindemans, J. (2002).
CYP3AS variant allele frequencies in Dutch Caucasians. Clin Chem, 48(10), 1668-
1671.

Wang, X., Wang, G., Shi, J., Aa, J., Comas, R., Liang, Y., & Zhu, H.-J. (2016). CES1 genetic
variation affects the activation of angiotensin-converting enzyme inhibitors. The
pharmacogenomics journal, 16(3), 220-230.

Weinhold, B. (2006). Epigenetics: the science of change. Environ Health Perspect, 114(3),
A160-167. https://doi.org/10.1289/ehp.114-a160

Whelton, P. K., Carey, R. M., Aronow, W. S., Casey, D. E., Collins, K. J., Dennison
Himmelfarb, C., DePalma, S. M., Gidding, S., Jamerson, K. A., & Jones, D. W. (2018).
2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA
guideline for the prevention, detection, evaluation, and management of high blood
pressure in adults: a report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. Journal of the American
College of Cardiology, 71(19), e127-e248.

White, H. L., de Boer, R. A., Magbool, A., Greenwood, D., van Veldhuisen, D. J., Cuthbert,
R., Ball, S. G., Hall, A. S., & Balmforth, A. J. (2003). An evaluation of the beta-1
adrenergic receptor Arg389Gly polymorphism in individuals with heart failure: a
MERIT-HF sub-study. Eur J Heart Fail, 5(4), 463-468. https://doi.org/10.1016/s1388-
9842(03)00044-8

WHO. (2020). Global Health Estimates 2019: Deaths by Cause, Age, Sex, by Country and by
Region, 2000-2019. World Health Organization. Retrieved 17 July 2022 from
https://www.who.int/docs/default-source/gho-documents/global-health-
estimates/ghe2019_cod whoregion 2000 20195a48bd71-1222-4b00-90e6-
b5078fbfc4db.xlsx?sfvrsn=4aed7378 7

WHO. (2021). https://www.who.int/news-room/fact-sheets/detail/hypertension. World Health
Organisation (WHO). Retrieved 29 March 2024 from

Williams, B., MacDonald, T. M., Morant, S., Webb, D. J., Sever, P., Mclnnes, G., Ford, 1.,
Cruickshank, J. K., Caulfield, M. J., & Salsbury, J. (2015). Spironolactone versus
placebo, bisoprolol, and doxazosin to determine the optimal treatment for drug-resistant
hypertension (PATHWAY-2): a randomised, double-blind, crossover trial. The Lancet,
386(10008), 2059-2068.

84


https://doi.org/10.1111/bcp.15541
https://doi.org/10.1161/hypertensionaha.120.15026
https://doi.org/10.3390/genes11121456
https://doi.org/10.1289/ehp.114-a160
https://doi.org/10.1016/s1388-9842(03)00044-8
https://doi.org/10.1016/s1388-9842(03)00044-8
https://www.who.int/docs/default-source/gho-documents/global-health-estimates/ghe2019_cod_whoregion_2000_20195a48bd71-f222-4b00-90e6-b5078fbfc4db.xlsx?sfvrsn=4aed7378_7
https://www.who.int/docs/default-source/gho-documents/global-health-estimates/ghe2019_cod_whoregion_2000_20195a48bd71-f222-4b00-90e6-b5078fbfc4db.xlsx?sfvrsn=4aed7378_7
https://www.who.int/docs/default-source/gho-documents/global-health-estimates/ghe2019_cod_whoregion_2000_20195a48bd71-f222-4b00-90e6-b5078fbfc4db.xlsx?sfvrsn=4aed7378_7
https://www.who.int/news-room/fact-sheets/detail/hypertension

Wise, I. A., & Charchar, F. J. (2016). Epigenetic Modifications in Essential Hypertension. Int
J Mol Sci, 17(4), 451. https://doi.org/10.3390/ijms 17040451

Yaméogo, N., Samadoulougou, A., Kagambega, L., Millogo, G., Yaméogo, A., Kologo, K.,
Ilboudo, E., Kaboré, E., Mandi, G., & Kombasséré, K. (2014). Epidemiological
characteristics and clinical features of black African subject's resistant hypertension.
Annales de Cardiologie et d'Angeiologie,

Yin, J., Duan, H., Shirasaka, Y., Prasad, B., & Wang, J. (2015). Atenolol Renal Secretion Is
Mediated by Human Organic Cation Transporter 2 and Multidrug and Toxin Extrusion
Proteins. Drug Metab Dispos, 43(12), 1872-1881.
https://doi.org/10.1124/dmd.115.066175

Yoshimura, M., Kimura, T., Ishii, M., Ishii, K., Matsuura, T., Geshi, E., Hosokawa, M., &
Muramatsu, M. (2008). Functional polymorphisms in carboxylesterasel1 A2 (CES1A2)
gene involves specific protein 1 (Spl) binding sites. Biochem Biophys Res Commun,
369(3), 939-942. https://doi.org/10.1016/1.bbrc.2008.02.120

Youmbissi, T. J., Meli, J., Kinkela, M. N., & Ngu, J. L. (1994). Resistant hypertension in
Yaounde. West Afr J Med, 13(3), 175-178.

Zhou, Carrillo-Larco, R. M., Danaei, G., Riley, L. M., Paciorek, C. J., Stevens, G. A., Gregg,
E. W., Bennett, J. E., Solomon, B., Singleton, R. K., Sophiea, M. K., Turilli, M. L. C.,
Lhoste, V. P. F., Cowan, M. J., Savin, S., Woodward, M., Balanova, Y., Cifkova, R.,
Damasceno, A., . . . Ezzati, M. (2021). Worldwide trends in hypertension prevalence
and progress in treatment and control from 1990 to 2019: a pooled analysis of 1201
population-representative studies with 104 million participants. The Lancet,
398(10304), 957-980. https://doi.org/https://doi.org/10.1016/S0140-6736(21)01330-1

Zhou, M. S., Wang, A., & Yu, H. (2014). Link between insulin resistance and hypertension:
What is the evidence from evolutionary biology? Diabetol Metab Syndr, 6(1), 12.
https://doi.org/10.1186/1758-5996-6-12

Zhu, Y., Wang, F., Li, Q., Zhu, M., Du, A., Tang, W., & Chen, W. (2014). Amlodipine
metabolism in human liver microsomes and roles of CYP3A4/5 in the dihydropyridine
dehydrogenation. Drug Metab Dispos, 42(2), 245-249.
https://doi.org/10.1124/dmd.113.055400

Zisaki, A., Miskovic, L., & Hatzimanikatis, V. (2015). Antihypertensive drugs metabolism: an
update to pharmacokinetic profiles and computational approaches. Curr Pharm Des,
21(6), 806-822. https://doi.org/10.2174/1381612820666141024151119

Zuo, X. C., Zhang, W. L., Yuan, H., Barrett, J. S., Hua, Y., Huang, Z. J., Zhou, H. H., Pei, Q.,
Guo, C. X., Wang, J. L., & Yang, G. P. (2014). ABCBI1 polymorphism and gender
affect the pharmacokinetics of amlodipine in Chinese patients with essential

hypertension: a population analysis. Drug Metab Pharmacokinet, 29(4), 305-311.
https://doi.org/10.2133/dmpk.dmpk-13-rg-127

85


https://doi.org/10.3390/ijms17040451
https://doi.org/10.1124/dmd.115.066175
https://doi.org/10.1016/j.bbrc.2008.02.120
https://doi.org/https://doi.org/10.1016/S0140-6736(21)01330-1
https://doi.org/10.1186/1758-5996-6-12
https://doi.org/10.1124/dmd.113.055400
https://doi.org/10.2174/1381612820666141024151119
https://doi.org/10.2133/dmpk.dmpk-13-rg-127

7 APPENDICES
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Figure Al: A sample quantitative PCR plot highlight the linear and plateau phases during amplification. Baseline
(green line): represents the background fluorescence before accumulation of PCR product. Threshold (blue line):
represents the standard deviation of the baseline fluorescence for the first 15 cycles. Cr: represents the
amplification cycle at which the fluorescence exceeds the threshold (Dymond, 2013).
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Figure A1: The basic steps involved in Sanger sequencing. Double-stranded DNA (dsDNA) is denatured followed
by attachment of specific primers. Solutions containing ddNTPs are then added followed by elongation of the
DNA strand until a ddNTP is incorporated. The resultant DNA fragments are denatured followed by
electrophoresis to determine the DNA sequence (Gauthier, 2007).
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Assessment of continuous data for normality for (a) age and aldosterone measurements (b)

using Q-Q plots
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Figure A3: Q-Q plots for age and aldosterone levels indicate that data are not normally distributed
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Figure A4: Representative TagMan Assay Allelic Discrimination Plots. Each plot indicates the clustering of possible genotype combinations, i.e., (a) TT, CT, or CC for
NR3C2 155522, (b) GG, GC and CC for NR3C2 152070950 (c) GG, AG and AA for NEDD4L rs4149601 (d) GG, GC and CC for NEDD4L rs292449 (e) AA and AG for
NEDDA4L 1375982813 (f) CC, CT, TT for NOS3 rs2070744.
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Table Al: Description of variable types and classification into whether they are predictor or outcome variables

Variable Reason for Inclusion as a Study Variable Level of Measurement Independent/Predictor Variable OR Continuous Variable
(Nominal OR Ordinal OR Dependent/Outcome Variable OR Categorical
Ratio) Variable
Systolic and Diastolic BP levels Major Risk factor Interval Outcome Continuous
Gender/Sex Major Risk factor Nominal Predictor Categorical
Age Major Risk factor Interval Predictor Continuous
Ethnicity Major Risk factor Nominal
Height/Weight/BMI Major Risk factor Ratio Predictor Continuous
Waist Circumference Major Risk factor Interval Predictor Continuous
Family History of Hypertension Major Risk factor Nominal Predictor Categorical
Diabetes Mellitus Major Risk factor/Side Effect of Diuretics and Calcium Ordinal Outcome Categorical
Channel Blockers
Dyslipidaemia Major Risk factor Ordinal Predictor Categorical
Smoking/Alcohol Major Risk factor Nominal Predictor Categorical
Coronary Heart Disease Complication Ordinal Outcome Categorical
Heart Failure Complication Ordinal Outcome Categorical
Chronic Kidney Disease Complication Ordinal Outcome Categorical
Stroke Complication Ordinal Outcome Categorical
Left Ventricular Hypertrophy Target Organ Damage (TOD) Nominal Outcome
(LVH) Categorical
Electrolytes Risk factor, Side Effect of Diuretics Interval Outcome Continuous
Creatinine Calculate eGFR, Target Organ Damage (TOD) Interval Outcome Continuous
Cholesterol Major Risk factor Interval Predictor Continuous
Uric Acid Side Effect of Diuretics Nominal Outcome Continuous
Aldosterone/renin ratio Major Risk factor Ratio Predictor Continuous
Type/Dose of Antihypertensive Treatment Ordinal Categorical (Type) and
Drug Outcome Continuous (Dose)
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Table A2: Multivariable logistic regression analysis showing association of genotypes including the clinical

variables adjusted for.

SNP/Variable Genotype/Haplotype  Coefficient P-Value OR [95% CI}J*
ADRBI rs1801252 GG 1.19 0.02 3.30 [1.17 - 10.03]
CYP345 rs776746 CC -0.80 0.02 0.44 [0.22 — 0.89]

NEDDA4L 134149601 AA 1.34 0.001 3.82 [1.67-9.07]
NOS3 1rs3918188 AA -1.53 0.0003 0.21 [0.08 — 0.49]
Aldosterone - 0.001 0.06 1.00 [0.99 —1.02]

Dyslipidaemia - 1.41 0.007 4.10 [1.52 — 12.28]

Diabetes Mellitus - 0.41 0.35 1.51 [0.64 — 3.67]
Statin or Lipid Lowering Therapy - 0.55 0.08 1.75[0.95 - 3.27]

 Adjusted Odds Ratio

Table A3: Multivariable logistic regression analysis showing association of haplotypes including the clinical

variables adjusted for.

Combinafilo\lll:/Variable Genotype/Haplotype Coefficient  P-Value OR [95% CI}*
rSI8012;42D]E€s]1801253 G-C 1.04 0.04 2.83 [1.05 - 8.20]"
FSTI6T46 - 1026477 - rAL303342 c-CA 014 059 086049~ 1.50]
rs4149ngj_);’Sngz449 A-C 1.14 0.08 3.14[0.88 — 12.9]
rs1799983 - rs2](\§70(35;344 - 133918188 G-T-A -0.75 0.006 0.4710.27 - 0.80]°
Aldosterone - 0.001 0.10 1.00[0.99 —1.02]
Dyslipidaemia - 1.04 0.04 2.82 [1.09 - 8.02]

Diabetes Mellitus - 0.24 0.55 1.28 [0.56 — 2.96]

Statin or Lipid Lowering Therapy - 0.60 0.04 1.83 [1.02 - 3.34]

 Adjusted Odds Ratio
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Table A4: Distribution, comparisons between cases and controls and association of CES1 copy numbers with

resistant hypertension.

CES1 Copy Cases Controls P-Value OR [95% CI]
Number
2 132 (69.4%) 129 (68.3%) 1
3 48 (25.2%) 54 (28.6%) 0.56 0.86[0.53 —1.41]
4 3 (1.6%) 6 (3.2%) 0.50 0.48 [0.07 —2.35]
Neutral 132 (73%) 129 (68%) 1
Gain 51 (27%) 60 (32%) 0.43 0.83[0.53 - 1.30]
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