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STUDY SUMMARY 

Background  

Hypertension (HPT) is a complex, genetic and environmental condition characterised by 

sustained high blood pressure and a late presentation of symptoms. It is the single most 

important modifiable risk factor for cardiovascular diseases (CVDs) and its prevalence and the 

occurrence of related complications continue to rise in Africa, whilst its magnitude,  underlying 

risk factors and mechanisms remain less understood. Epigenetics offers an avenue to 

understand the underlying mechanisms, essential in identifying individuals at increased risk of 

developing HPT, which in turn would facilitate the development of appropriate management 

strategies. Therefore, we aimed to investigate the microRNA (miRNA) profile in individuals 

with HPT using next generation sequencing (NGS) for miRNA sequencing as well as 

quantitative reverse transcription polymerase chain reaction (RT-qPCR). Furthermore, we 

investigated the functional pathways linked to dysregulated miRNAs in HPT. 

Methodology 

Total RNA was extracted from the whole blood of 573 normotensive, 304 screen-detected 

hypertensive and 579 known hypertensive male and female participants. Next generation 

sequencing (NGS) was conducted to screen for differentially expressed miRNAs in a cohort of 

48 age-matched normotensive (n=12), screen-detected hypertensive (n=16) and known 

hypertensive (n=20) females. Findings of the two most differentially expressed miRNAs (miR-

30a-5p and miR-1299) in NGS were validated using RT-qPCR in a cohort combining 48 

participants from the original NGS investigation and an independent sample of 263 male and 

female normotensives, screen-detected hypertensives and known hypertensives. Furthermore, 

in order to identify dysregulated pathways in HPT, Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) analysis was conducted. Using RT-qPCR, the difference in expression of 

five miRNAs (182-5p, 30a-5p, 30e-3p and 1299 as shown by miRNA sequencing) and miR-

126-3p, and their relationship with HPT in 1456 normotensive and hypertensive male and 

female participants was investigated. The utility of novel miRNAs dysregulated during HPT 

in predicting clinical blood pressure (BP) parameters was also investigated in normotensive 

and hypertensive participants.  
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Results 

Amongst the dysregulated miRNAs were miR126-3p, 30a-5p, 182-5p, 1299 and 30e-3p and 

the two novel miRNAs, miR-novel-chr1_36178 and miR-novel-chr15_18383. The 

dysregulation of these miRNAs was associated with various biological pathways including 

platelet activation, calcium signalling and vascular smooth muscle contraction pathways. A 

significantly higher expression of miR-126-3p and miR-182-5p in hypertensives (both screen-

detected and known hypertension) was observed, although the expression of miR-30a-5p, 30e-

3p and 1299 was not significantly different in screen-detected hypertensives (not on therapy) 

when compared to the normotensives. There was a significant association between the 

expression of miR-126-3p, 182-5p and 30a-5p with screen-detected and known hypertension, 

even after adjustment for age, sex, body mass index (BMI), glycated haemoglobin (HbA1c), 

triglycerides (TG) and total cholesterol (TC). MiR-novel-chr1_36178 expression significantly 

differed by sex and only at greater levels of expression was it associated with systolic blood 

pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP). 

Additionally, at higher levels of expression of the novel miRNA, there was an increased 

likelihood of a diagnosis of screen-detected HPT being made.  

Conclusion 

Our findings provide evidence of miRNA dysregulation in HPT in an African population and 

suggest that these dysregulated miRNAs, through their effects on BP regulation pathways, are 

involved in the pathogenesis of HPT. Owing to their differential expression according to HPT 

status and correlation of their expression with clinical BP parameters, these miRNAs may be 

targeted for diagnostic, prognostic and therapeutic purposes in HPT. 
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CHAPTER 1: INTRODUCTION 

Hypertension (HPT) has been well-established as a modifiable risk factor for cardiovascular 

(Fuchs & Whelton, 2020) and renal disease (Ji et al., 2019) and continues to be a leading risk 

factor for the burden of disease (Lim et al., 2012). In 2010, according to the World Health 

Organisation (W.H.O), close to  a third of the world’s adult population (1.38 billion people) was 

reported to be hypertensive (Mills et al., 2016), compared to 594 million people forty years prior. 

The ever increasing global burden of HPT is highlighted by its current contribution to over 10 

million deaths annually (Stanaway et al., 2018). More recently, there appears to be a deviation in 

the HPT picture, as while it has been traditionally a problem for high-income countries (HIC), the 

past few decades have borne witness to a shift in the burden to low-to-medium income countries 

(LMICs), (Zhou et al., 2017).  

The period between 2000 and 2010 has seen the prevalence of HPT decrease by 2.6% in HICs, 

whilst increasing by 7.7% in LMICs (Mills et al., 2016). This is particularly worrying for Africa 

as the growing HPT pandemic, and its related cardiovascular complications, are added burdens on 

healthcare facilities which are already being stretched to their limits by infectious diseases like 

HIV/AIDS, Ebola, tuberculosis, malaria and more recently, the coronavirus disease of 2019 

(COVID-19).  

Whilst early identification, treatment and ultimately blood pressure (BP) control are important in 

avoiding clinically worse outcomes, up to 54% of hypertensive individuals are unaware of their 

condition (Peltzer & Phaswana-Mafuya, 2013; Babiker et al., 2013). As such, HPT usually goes 

uncontrolled for a long time, leading to cardiac and renal disease, end-stage organ damage, stroke 

or death. Multifaceted approaches that facilitate exploration of alternative ways in which the 

incidence of HPT can be detected and monitored, and its progression predicted, are essential as 

they may be useful in the avoidance or reversal of potentially deleterious HPT-related effects, 

without the need for pharmatherapeutic intervention. This is especially relevant as simple solutions 

like lifestyle and behavioural modifications have seen clinically relevant drops in high BP to 

normal levels (Svetkey et al., 2005). 
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The pathogenesis of HPT involves the complex interplay of environmental and genetic factors 

(Biino et al., 2013). Whilst obesity (Leggio et al., 2017), chronic stress (Spruill, 2010), a high-salt 

diet (He et al., 2013) and physical inactivity (Diaz & Shimbo, 2013) play significant roles in HPT, 

the focus on the pathophysiology of HPT has more recently included epigenetics. Mechanisms 

which involve heritable changes in the expression of genes without a change in the underlying 

deoxyribonucleic acid (DNA) sequence are also key role players in the development of HPT. These 

include DNA methylation and histone modifications and their contributions to the development of 

HPT have been well established (Stoll et al., 2018; Gonzalez-Jaramillo et al., 2019). In the past 

decade, microRNAs (miRNAs), which are non-coding, post-transcriptional regulators of gene 

expression, have been subjects of considerable research interest, particularly in disease. Their 

tissue specificity and stability in circulation (Gilad et al., 2008) has enabled them to be studied in 

various pathologies, including HPT. Since miRNA dysregulation has been associated with the 

development of diseases (Li & Kowdley, 2012; Silambarasan et al., 2016; Nemecz et al., 2016), 

they have been targeted as potential diagnostic and prognostic biomarkers of cancer disease (Xu 

et al., 2020) with considerable success (Fesler et al., 2018). 

Various studies have analysed miRNA expression profiles in HPT (Huang et al., 2016; Yildirim 

et al., 2019; Kaneto et al., 2017; Özkan et al., 2019). However,  a majority of the work has been 

done in high income countries, with disparate socio-demographic landscapes to sub-Saharan 

Africa. Worth noting is the crucial involvement of environmental factors in addition to genetic 

elements in the development of HPT (Biino et al., 2013). It is plausible that the expression and 

effects of miRNAs within the same disease state may be different for individuals in different 

geographical locations, owing to the difference in environmental conditions.  

Whilst clear evidence of the importance of miRNAs in disease exists, this avenue of research has 

been largely neglected in sub-Saharan Africa. A Medical Subject Headings (MESH) search on 

PubMed of miRNA-related work done in Africa using the terms “microRNAs” and “Africa” 

returned only 80 publications. The bulk of these publications were on work conducted in North 

Africa (Egypt, Tunisia and Algeria), with a particular focus on cancer, and no publications 

focusing on HPT. The search returned only 13 publications when the criteria was narrowed down 
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to work done in South Africa. This demonstrates a paucity of data on the possible roles played by 

miRNAs in the pathogenesis of HPT in African settings. As such, a study to determine miRNA 

expression profiles in sub-Saharan African individuals is crucially important as it may shed light 

on how these molecules may be linked to the development of HPT and its related complications 

within this specific setting. This is also of particular importance in communities where a high 

prevalence of Type 2 Diabetes Mellitus (T2DM) has been previously reported (Erasmus et al., 

2012), as up to 75% of T2DM patients lose their life as a result of cardiovascular complications 

mostly related to HPT (Campbell et al., 2011).  

The clinical measurement of BP using automated monitors and sphygmomanometers is a non-

invasive and cost-effective technique. However, there is evidence that recommendations for BP 

measurement are rarely followed in clinical practice (Sebo et al., 2014). In addition, there is 

anxiety that comes with being in a clinical setting, which may lead to the “white coat effect” and 

thus inaccurate measurements of BP. As a result, home blood pressure monitoring and self-

reporting of BP has become a favourable alternative. However, there is low adherence to 

established BP measurement guidelines when individuals measure their BP (Wagner et al., 2013). 

In addition, the majority of self BP measurement devices available for purchase have not been 

independently validated for clinical accuracy (Sharman et al., 2020) and as a result, a lot of the BP 

measurements are not a true reflection of the situation. This is particularly important, as small 

inaccuracies in BP measurement may lead to patient misdiagnoses (both false positive and 

negative), inaccurate community HPT prevalence and control figures, of which these are important 

in determining the allocation of resources to stricken communities to curb HPT, as reported by 

Campbell et al., 2020. The aforementioned challenges favour the exploration of miRNAs as 

possible biomarkers for HPT diagnosis. Additionally, once identified, these miRNA biomarkers 

may also become possible targets for the development of therapeutic options.  
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The broad aim of the study was to profile the expression patterns of miRNAs in the whole blood 

of normotensive and hypertensive South African men and women. Various specific objectives 

were set to achieve the study aim and these include: 

• Total RNA extraction from the whole blood of normotensive and hypertensive participants. 

• Screening for differentially expressed miRNAs in hypertensives and normotensives using 

next generation sequencing (NGS) in a cohort of 48 participants. 

• Validating the NGS findings in larger, independent samples of normotensive and 

hypertensive participants using quantitative reverse transcription polymerase chain 

reaction (RT-qPCR). 

• Relating microRNA expression to BP parameters like systolic and diastolic BP. 

• Identifying biological pathways and processes linked to miRNAs that are dysregulated in 

HPT. 

In doing the aforementioned, the study generated data that could potentially shed light on the 

roles played by miRNAs in the pathophysiology of HPT and contribute to the understanding 

of genes and biological pathways which may form a basis for prognostic and early-diagnostic 

strategies. In addition, these investigations could provide insights into prevention, management 

and/or the development of alternative HPT treatment strategies. To our knowledge, no other 

study has investigated and compared miRNA expression profiles in normotensive and 

hypertensive South African individuals and findings from this study aim to fill that knowledge 

gap.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 The heart and blood pressure  

The myocardium of the heart is responsible for pumping blood to all body tissues in order to 

provide cells with oxygen and nutritional requirements whilst collecting waste substances for 

excretion. However, as the heart contracts and relaxes, it exerts a force or pressure on the walls of 

the vessels responsible for blood transportation. The pressure on the arterial walls as the heart 

muscle contracts to force blood out from its chambers into circulation is termed systolic blood 

pressure (SBP) whilst diastolic blood pressure (DBP) refers to the pressure on the arterial walls as 

the heart muscle relaxes and the heart’s chambers fill up with blood for the next SBP-DBP cycle. 

It is essential that these two measures of pressure on the arterial walls are kept below a certain 

threshold if pathologies related to abnormally high BPs are to be avoided. Whilst various bodily 

regulatory systems are in place to maintain the BP within physiologically optimal levels, 

sometimes the BP may rise due to unknown factors and as such, it is essential that individuals are 

aware of their BP status at regular intervals to institute corrective measures in the event of any 

haemodynamic dysregulation. If possible, it is advised that individuals of African descent over the 

age of 18 years be screened annually for HPT as they are considered high risk individuals with 

respect to HPT. However, for low risk patients (normal BP measurement) and in the absence of 

other risk factors, BP measurements can be conducted once in three years (Unger et al., 2020). 

2.2 Blood pressure measurement 

According to the hypertension practice guidelines recently released by the International Society of 

Hypertension (ISH), there are key points to note before and during BP measurement as shown in 

Figure 1 (Unger et al., 2020). Strict adherence to these guidelines is critically important as 

deviations from these guidelines can lead to either overestimation or underestimation of BP 

measurements. Even minute inaccuracies in the BP measurements are accompanied by negative 

downstream effects such as incorrect patient diagnosis and distortions in the population’s 

prevalence and control of HPT (Campbell et al., 2020). 
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It is very important that the prevalence of HPT in a population is accurately measured as this may 

be important in informing budget allocations towards implementation of policies aimed at 

addressing HPT-related concerns in that population. In summary, the ISH guidelines require that 

three BP readings be taken on the upper arm of an individual at rest, with a validated electronic or 

manual device with a cuff of appropriate size at one minute intervals. The average of the last two 

BP readings represents an individual’s BP reading (Unger et al., 2020).  

 
Figure 1. ISH guidelines on the correct procedures for blood pressure measurement  

The image above was used with permission from the publishers, Wolters Kluwer Health, 
Inc. See license details in Appendix C (Unger et al.,  2020) 

Blood pressure measurements are expressed as two numerical figures, with the top and bottom 

figures representing systolic and diastolic measurements respectively. BP readings are expressed 

as millimetres of mercury (mmHg) and normal adults at rest should have a SBP within the 100-

139 mmHg range and a diastolic blood pressure should be within the 60-89 mmHg range. Various 

thresholds denoting normal BP have been set by different bodies within the field of HPT. However, 

these are continuously reviewed and adjusted as new evidence on the beneficial effects of lowering 
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the thresholds for diagnosis and therapeutic interventions becomes available. Whilst the majority 

of HPT bodies define hypertension as measurements of SBP ≥140 mmHg and/or DBP ≥90 mmHg 

(Unger et al., 2020), the American College of Cardiology/American Heart Association deviates 

from the established criteria and defines HPT as SBP ≥130 mmHg and/or DBP ≥80mmHg (Flack 

& Adekola, 2020), to facilitate earlier interventions as well as trying to curb the development of 

complications that may take place before the blood pressure rises above the 140/90 mmHg 

threshold.  

For a diagnosis of HPT to be made, it is advised that SBP and DBP measurements are taken over 

the course of 2-3 visits to the clinical setting, at 1-4 week intervals. If the SBP and DBP 

measurements remain elevated above a set BP threshold, a diagnosis of HPT can be made. A 

diagnosis of HPT can also be made on a single visit, but only when the SBP ≥180 mmHg and DBP 

is ≥110 mmHg (Unger et al., 2020). The most accurate method for diagnosing HPT is ambulatory 

blood pressure measurement (ABPM). This involves 24-hour blood pressure monitoring, with 

readings taken every 15-30 minutes during the day and 15-60 minutes at night. Despite its obvious 

benefits, major drawbacks to this method include the high monetary investment involved in the 

process as well as the lack of BP monitoring devices that have been independently validated for 

clinical accuracy. As such, ABPM is not readily available to physicians and their patients 

(Hinderliter et al., 2018), meaning that office and clinical measurement of BP for diagnosis of 

HPT remains the mostly used technique, despite the concerns raised earlier about non-adherence 

to established procedural guidelines in these settings. 

 2.3 The Silent Killer 

As per the World Health Organisation, HPT is described as the persistent elevation of blood 

pressure in the arteries1. “Silent killer” is a common reference to HPT in literature, owing to the 

lack of symptoms in the developmental stages of the condition. Over 50% of hypertensive 

                                                 

 

1 https://www.who.int/health-topics/hypertension/#tab=tab_1 
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individuals are unaware of their condition until complications related to organ dysfunction or 

damage start to manifest (Babiker et al., 2013). In a study on Tanzanian people living on a fishing 

island, a staggering 73% of participants were unaware of their hypertensive status 

(Muhamedhussein et al., 2016).   

Hypertension is a complex, polygenic, multifactorial disease with both genetic and environmental 

(lifestyle related) factors, and its development is a major risk factor for adverse clinical outcomes. 

The condition exists in two forms, namely primary (essential) and secondary HPT. The former, 

more common in adulthood, describes sustained blood pressure increases above set thresholds 

without a known cause and accounts for 90-95% of HPT cases, whilst the latter, more common in 

younger people, describes forms of HPT with known causes and accounts for 5-10% of 

hypertension cases (Charles et al., 2017). The causes of secondary HPT include chronic kidney 

disease, primary aldosteronism, sleep apnoea, renal artery stenosis and use of some prescription 

medications (Puar et al., 2016). 

Exhibiting high BP for a brief period of time does not come with any symptoms or complications. 

However, prolonged high BP can pose life-threatening consequences and has been implicated as 

a risk factor for serious conditions including stroke, heart failure, vascular disease, chronic kidney 

disease (CKD) and coronary artery disease (CAD) (Babiker et al., 2013). Hypertension is one of 

the most important modifiable risk factors for cardiovascular disease (CVD) and the burden of 

CVDs has been well described (Jones Buie et al., 2016). Currently, CVDs are a leading cause of 

morbidity and mortality in both the developed and even more so the developing parts of the world 

(Fuster et al., 2011). 

2.4 Blood pressure regulation and pathogenesis of hypertension 

A subject of intense study to this day, the pathogenesis of HPT is multifactorial and notoriously 

complex. Various mechanisms have been put forward to explain the development of HPT. BP 

regulation is under the control of various processes in the body and the kidney is a vital role player, 

through its hormone-driven renin-aldosterone-angiotensin system (RAAS).   

The RAAS is one of the many regulatory systems in the body and is comprised of hormones 

essential for regulation of blood pressure and maintenance of body fluid balance, through the 
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combined effects of the adrenal glands and renal, cardiovascular and central nervous systems. The 

RAAS regulates BP by maintaining tight control of the volume of blood. A drop in the BP is 

responded to by juxtaglomerular cell secretion of renin to facilitate the conversion of 

angiotensinogen to angiotensin I (Ang I). The vascular endothelium releases angiotensin 

converting enzyme (ACE) to cleave Ang I into angiotensin II (Ang II), which is responsible for 

the constriction of blood vessels and reabsorption of sodium, leading to resistance to blood flow 

as well as enhanced sodium and fluid retention by the kidneys. Ang II also causes the release of 

aldosterone by the adrenal cortex and vasopressin by the posterior pituitary gland to facilitate fluid 

and sodium retention by the kidneys. The net effect of all this is a BP increase to normal levels as 

determined by the BP regulatory mechanisms (Nemecz et al., 2016). Altered regulation of the 

RAAS as a result of single nucleotide polymorphisms (SNPs) in the genes of angiotensin II type1 

receptor – AGTR1 have been associated with a risk of HPT (Parchwani et al., 2018), although 

these findings continue to be a subject of debate (Mottl et al., 2008; Ji et al., 2017). 

Endothelial cells (ECs) also play a vital role in BP regulation through the action of vasodilatory 

substances like nitric oxide (NO), prostacyclin (PGI2) and the vasoconstrictor, endothelin-1 (ET-

1). Damage to the ECs is characterised by platelet activation, a reduction in vasodilation, pro-

inflammatory and thrombotic phenotypes, producing an environment favouring the release of Ang 

II and ET-1. The release of Ang II leads to the generation of reactive oxygen species (ROS) that 

contribute to oxidative stress in the wall of the vasculature and hampering of NO bioavailability, 

leading to increased peripheral vascular resistance (Savoia et al., 2011). All this culminates in the 

impaired BP regulation and may lead to the development of HPT.  

2.5 Risk factors for hypertension 

Although the aetiology of HPT is unknown in up to 95% of hypertensives, there are various genetic 

and environmental factors associated with the condition. They include age, a family history of the 

condition, obesity, racial background, gender, lack of adequate physical activity, smoking and high 

dietary sodium intake and are known to exacerbate the effects of HPT (Mayosi et al., 2009; Rossier 

et al., 2017), although some studies have reported a lack of association between smoking and HPT 

(Ntuli et al., 2015).  
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As people grow older, their arteries stiffen, particularly the large arteries, culminating in increases 

in the BP due to vascular resistance. According to the South African Demographic and Health 

Survey (SADHS) of 2016, 84% of female participants in the study above the age of 65 years were 

hypertensive in comparison to only 17% in participants aged between 15-24 years (National 

Department of Health (NDoH) et al., 2016). The trend of increased HPT prevalence with advanced 

age has been widely reported (Ntuli et al., 2015). Whilst the development of HPT in the elderly 

population is an inevitable occurrence, there exists an increasing relationship between the SBP and 

DBP with age. The Framingham Heart Study demonstrated a gradual increase in the SBPs of 30-

84 year old participants followed up over the course of three decades. However, the increase in the 

DBP of these individuals ceased after turning 50 years old, followed by a gradual decrease for the 

next three decades of life. The study also showed the positive association between rising blood 

pressure and cardiovascular risk (Pinto, 2007). Another interesting link is that which exists 

between gender and HPT. Under the age of 60 years, the prevalence of HPT is generally higher in 

males than in females, due to various behavioural and biological factors (Everett & Zajacova, 

2015). However, there is a shift in the HPT prevalence trend later in life as women tend to be more 

prone to HPT than men. In a Korean cohort of males and females, the prevalence of HPT was 

higher in males below 60 years. However, for individuals above 60 years of age, HPT was more 

prevalent in females (Choi et al., 2017). As a result of these observations, questions are being 

asked to consider the possibility of gender specific HPT guidelines (Gillis & Sullivan, 2016). 

An essential nutritional requirement of the body, sodium is an important component for the optimal 

functioning of the muscular and nervous systems and plays a key role in the maintenance of fluid 

balance in the body (Ha, 2014). When present in excess in the body, sodium has potentially 

deleterious effects on the cardiovascular system and as such, kidneys excrete the unwanted sodium, 

as excess dietary sodium has been linked to increased arterial BP. The benefits of lowering dietary 

sodium intake on BP have been well demonstrated in the Dietary Approach to Stopping 

Hypertension (DASH)-Sodium trial and other animal and human studies on the effects of high 

sodium intake on BP (Sacks et al., 2001; Ha, 2014).  
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A lack of adequate physical activity, genetic predispositions, psychological stress, indulgence in 

high fat diets and inflammation contribute to a weight gain that may translate to the development 

of obesity (Jiang et al., 2016). Both general and central obesity are risk factors for HPT, although 

on its own, central obesity does not pose as much risk for CVD as it does when accompanied by 

HPT. There are various mechanisms through which central obesity leads to the development of 

HPT and these include promotion of insulin resistance, activation of the RAAS, promoting 

endothelial dysfunction and increased sodium reabsorption (Narkiewicz, 2006).  

Disparities in the prevalence of HPT based on race have been previously described, with high HPT 

prevalence rates reported in African-American populations and individuals of African descent 

(Spence & Rayner, 2018). Whilst the prevalence of HPT continues to grow in sub-Saharan Africa, 

there are many HPT issues that are unique to the region, such as the salt-sensitivity, which is 

common in black Africans (Lindhorst et al., 2007). As a result of this, consumption of salt has a 

comparatively greater effect on the BP of Africans, as more salt is retained after a high sodium 

intake. Furthermore, the high prevalence of HPT amongst African populations has been linked to 

salt and water retention. For example, African hypertensives have been reported to possess the 

Liddle phenotype, a hereditary disorder characterised by overactivity of the renal tubular epithelial 

sodium channel (ENaC) as a result of mutations in the SCNN1B and SCNN1G genes. The 

consequence is the development of HPT due to the retention of sodium and water (Spence & 

Rayner, 2018). 

The aforementioned factors all play significant roles in the development of HPT. The effect of one 

risk factor may vary from population to population or indeed within a population due to the diverse 

nature of human beings. However, for individuals at risk of HPT due to modifiable factors, 

alterations in behaviour may be the difference between BP control or development of HPT and 

susceptibility to worse clinical outcomes of uncontrolled HPT.  

2.6 The global burden of hypertension 

As the trend of epidemiological transition continues to grow in developing countries, healthcare 

systems are faced with a two-pronged challenge from both communicable and non-communicable 

diseases (NCDs). As shown in Figure 2, in 2015, raised blood pressure (SBP ≥ 140mmHg and/or 
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DBP ≥90 mmHg) was most prevalent on the African continent, which is predominantly made up 

of LMICs2, although some regions in Europe and Asia showed a similar trend. Kearney et al., 

2005 estimated that as much as 1.6 billion people would be hypertensive by the year 2025 and the 

current overall global trend in the prevalence of HPT suggests the prediction will not be far off the 

mark in five years’ time. It is quite daunting however, that of the more than 1.3 billion currently 

hypertensive people worldwide, close to 75% of those are in the LMICs. Perhaps unsurprisingly, 

these high HPT prevalence figures in LMICs are also accompanied by a lack of awareness of HPT 

and treatment. Additionally, for those that are on treatment, the degree to which they have control 

on their HPT is also poor (Mills et al., 2016). 

Hypertension is a well-known leading risk factor for CVD and in 2016, over 70% of deaths 

globally were attributed to NCDs, of which close to half of those (18 million) had a CVD link 

(Egan et al., 2019). To this day, HPT and associated CVDs remain a leading cause of death around 

the world, accompanied by substantial financial investments into their treatment and management 

across the globe (Gheorghe et al., 2018).  

                                                 

 

2 https://www.who.int/images/default-
source/maps/global_bloodpressureprevalence_2015_bothsexes.png?sfvrsn=65e7d3d3_0 

 

https://www.who.int/images/default-source/maps/global_bloodpressureprevalence_2015_bothsexes.png?sfvrsn=65e7d3d3_0
https://www.who.int/images/default-source/maps/global_bloodpressureprevalence_2015_bothsexes.png?sfvrsn=65e7d3d3_0
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Figure 2. Global prevalence of raised blood pressure in males and females above the age of 18 as of 2015 

2.6.1 Disease burden in South Africa 

Four years after the 1994 South African democratic national elections, the country released its first 

SADHS. The objective of the report was to  provide up-to-date evidence on various aspects of the 

population’s health and BP was one of the anthropometric indicators assessed in the adult 

population. In the SADHS report, a diagnosis of HPT was made with reference to Hypertension 

Society of Southern Africa’s  guidelines where HPT was defined as a BP reading equal to or above 

160/95 mmHg. When adjusted according to international guidelines for HPT diagnosis, the 

population prevalence of HPT in South Africa as of 1998 was 21% (Steyn et al., 2001). Whilst the 

2003 SADHS reports a drop in the prevalence of HPT, serious problems with BP measurements 

were reported and the drop was described to be more likely a reflection of poor data quality than 

an actual drop. A brainchild of the World Health Organisation, the SAGE longitudinal study, an 

initiative to collect data on global ageing and adults’ health (adults of age 50 years and above) was 

initiated in Mexico, China, India, Russia, Ghana and South Africa. Whilst a high prevalence of 

HPT was recorded in all six countries, the highest prevalence of HPT (78%) was recorded in the 

South African cohort (Lloyd-Sherlock et al., 2014; Peltzer & Phaswana-Mafuya, 2013), a 

worrying indication of the vast numbers of ageing South Africans at CVD risk. Close to two 

decades after the first SADHS, a nationally representative sample of 12132 individuals 

participated in the SADHS of 2016, the latest instalment of attempts by the government to provide 
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updated estimates of basic demographic and health indicators in the country. The document 

reported a HPT prevalence in male and female South Africans above the age of 15 years of 44% 

and 46% respectively; more than double the prevalence figures reported 18 years prior. Whilst 

some men and women were aware of their hypertensive status and on corrective therapy, 

shockingly, at least 80% of them did not have their HPT under control (National Department of 

Health (NDoH) et al., 2016). 

In a study conducted in a highly populated rural area in the Limpopo province of South Africa, the 

prevalence of HPT in the more than 1200 study participants was just over 41% (Ntuli et al., 2015), 

comparatively similar to the SADHS 2016 findings. Whilst there has been an overall decrease in 

BP globally since 1980, that trend has not extended to the African population. The continent has 

instead experienced an increase in the mean SBP of African men and women (Danaei et al., 2011). 

Another study in a South African mixed-ancestry population demonstrated an increase in the mean 

SBP and DBP over a period of seven years, culminating in an increase in the prevalence of HPT 

(Davids et al., 2019). It is evident that the HPT epidemic has been well established on the African 

continent, particularly sub-Saharan Africa and if not properly addressed, its contribution towards 

loss of preventable lives will continue, whilst making a significant dent on the continent’s already 

stretched fiscus through implementation of management and therapeutic strategies for HPT. 

2.7 Epigenetics in hypertension 

Undoubtedly a significant scientific landmark in human genetic studies, amongst other things, the 

Human Genome Project provided a platform on which over three billion nucleotide base pairs 

making up the entire human genome could be fully exploited to understand its contribution towards 

human diseases.  However, the human genome alone was not enough to explain the pathogeneses 

of various diseases afflicting humans. As such, the epigenome, representing changes in the 

phenotype without changes to the underlying DNA sequence,  became a significant field of study 

in human disease as it offered a route to link the genotype to the phenotype (Stoll et al., 2018). 

Various epigenetic mechanisms like DNA methylation, histone modification and non-coding 

RNAs like miRNAs have been implicated in the development of diseases, including HPT and as 

such have been targets for further research (Matsha et al., 2016; Wise & Charchar, 2016; Stoll et 
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al., 2018; Kazmi et al., 2020; Nemecz et al., 2016). Overall, the epigenome, through gene 

expression or repression depending on the DNA methylation patterns or modifications to histone 

proteins, has a significant role to play in the development of disease, including HPT and associated 

CVDs. 

2.7.1 DNA methylation and histone modifications 

In the promoter regions of genes usually lies short sequences of DNA where cytosine and guanine 

nucleotides, separated by a phosphodiester bond, occur more frequently. The locations on DNA in 

which these sequences exist are called ‘CpG’ islands, and it is here where methylation of DNA 

usually happens when DNA methyltransferases transfer a methyl group from S-adenosyl-L-

methionine to the carbon at position 5 of the cytosine ring, forming 5-methyl-cytosine (Stoll et al., 

2018). This results in the suppression of gene expression and silencing of the gene. Methylation 

of genes relevant to the regulation of blood pressure has been associated with HPT. Angiotensin 

converting enzyme 2 promotes vasodilation through degradation of the vasoconstrictor, Ang II, 

thus helping lower the BP. Fan et al., 2017 showed that methylation in the promoter regions of the 

ACE2 gene was associated with an increased risk of essential HPT. In another study, an association 

between DBP and DNA methylation was demonstrated in a cohort of Europeans and Asians, 

although no such association with SBP and HPT was observed (Kazmi et al., 2020). However, 

Rangel and colleagues were able to show the existence of an inverse relationship between SBP 

and DNA methylation in their study (Rangel et al., 2014). SCNN1A is a subunit of the ENaC 

channel responsible for maintaining the BP and extracellular blood volume and when 

hypermethylation occurs at the CpG islands in the promoter regions of the SCNN1A gene, there is 

an increased risk of HPT development (Mao et al., 2016).  

Two copies each of four histone proteins (H2A, H2B, H3 and H4) are wrapped around DNA to 

form the nucleosome, which is the building block for chromatin (Stoll et al., 2018). Depending on 

the nature of histone tail modifications (acetylation, methylation, deamination, phosphorylation) 

and the identity of the histone protein, the way chromatin is folded varies, thus influencing its 

accessibility to regulatory components and ultimately gene expression (Gamen et al., 2016). High 
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acetylation and methylation of histone 3 in the whole blood of Asian participants was associated 

with reduced SBP and DBP (Kresovich et al., 2017).  

2.7.2 MicroRNAs and their biogenesis 

Besides the implication of the previously described DNA methylation and histone modification in 

the development of HPT, another epigenetic factor has been a subject of recent research in disease, 

including HPT. The third class of epigenetic elements in question is miRNAs, which are a group 

of small, endogenous, non-coding ribonucleic acid (RNA) sequences ranging in length from 17 to 

25 nucleotides (Shin & Chu, 2014). They are a vital component of the epigenetic machinery 

responsible for gene expression regulation, thus influencing a vast number of biological systems 

and processes in the body. Their biogenesis takes place in two compartments of a cell, commencing 

in the nucleus and concluding in the cytoplasm. The process begins in the nucleus with the 

transcription of the miRNA gene by RNA-polymerase II, producing a long primary miRNA (pri-

miRNA). A processing complex comprising of an RNA binding protein and RNase III Drosha is 

then bound to the long pri-miRNA. The Drosha enzyme is responsible for the initial stages of 

maturation of the miRNA as it cleaves the pri-miRNA into a hairpin structured precursor miRNA 

(pre-miRNA). Through Exportin 5, the pre-miRNA is transported from the nucleus to the 

cytoplasm of the cell to initiate the miRNA’s final maturation stages. In the cytoplasm, the Dicer 

enzyme recognizes the pre-miRNA via the two nucleotide long overhang on its 3’ terminal and 

cuts off the terminal loop of the pre-miRNA’s hairpin, generating a miRNA duplex in the process. 

Argonaute protein 2 (Ago2) in the cytoplasm accommodates and unwinds the miRNA duplex, 

leading to the degradation of one strand (the passenger strand) whilst the mature strand (guide 

strand) is used to form the miRNA-induced silencing complex (miRISC) important for gene 

expression regulation (Nemecz et al., 2016). 

MiRNAs can be found in animals, plants, and viruses and are expressed in all cell types and 

involved in regulation of gene expression at the post-transcriptional level. This is achieved in either 

of two ways, inhibiting translation of messenger RNA (mRNA) into protein or amplifying the 

destruction of mRNA (Levy et al., 2017). The miRNAs, through complementary base pairing, 

carry out either of the aforementioned processes by binding to the 3’ end of the untranslated (UTR) 



  

 33    

region on target mRNA molecules. Circulating miRNAs play pivotal roles in the regulation of 

wide-ranging biological processes in the body (Felekkis & Papaneophytou, 2020). Whilst they are 

involved in normal cellular physiological processes, they have been implicated in disease and their 

aberrant expression is common in pathological states (Kontaraki et al., 2014; Liu et al., 2018), 

denoting the initial stages or progression of the disease (Cui et al., 2019). Many clinical studies 

have reported specific expression patterns in disease, highlighting their potential for use in disease 

diagnostics and prognostics (Navickas et al., 2016). The choice of sample used for miRNA 

profiling is important as variations in the observed miRNA expression profiles have been reported, 

depending on whether analysis was performed in plasma or serum samples (Mompeón et al., 

2020). The systemic nature of cancer has seen whole blood being favoured for miRNA profiling 

in some studies with some comparable results observed between different sample types (whole 

blood versus serum), although variations in miRNA expression profiles still exist (Pascut et al., 

2019). Nonetheless, whether serum, plasma or whole blood miRNAs are being investigated, the 

importance of miRNAs is clear and the crucial roles they play in disease cannot be discounted and 

makes them interesting targets for research. MiRNAs possess unique properties which allow them 

to: 1) regulate gene expression 2) target multiple genes and control the genome 3) act as tumour 

suppressors in cancers 4) show distinct expression profiles between normal states and disease 

(favouring biomarker profiling and targeting for therapy purposes) (Giza et al., 2014). These 

characteristics are important in deciphering physiological processes under the control of a 

particular miRNA or a group of miRNAs in disease (Chavali et al., 2013). All things considered, 

these molecules present opportunities for further study whose findings have potential of ushering 

in a new dawn in the field of disease diagnostics, therapy and prognostics. 

2.8 Studies involving miRNAs in disease 

The study of miRNAs has been undertaken in various scientific fields since their discovery 27 

years ago (Lee et al., 1993), using various molecular methods like whole miRNA sequencing, 

microarrays and RT-PCRs. Whilst the vast majority of the work conducted on miRNAs thus far 

has been in the field of cancer, they have certainly been an emerging research target in CVDs. 

Over the past 10-15 years, research on miRNAs in various forms of HPT has been undertaken 
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globally, more so in Asia (Li et al., 2011; Kontaraki et al., 2014; Kontaraki et al., 2014; Yang et 

al., 2014; Cengiz, Yavuzer, et al., 2015; Li et al., 2016; Kaneto et al., 2017; Badawy et al., 2018; 

Liu et al., 2018; Li et al., 2020). MiRNA profiling and expression level determination in various 

body fluids and tissue in normal and diseased participants have paved a way for more research to 

be conducted on the pathophysiological role miRNAs play in BP regulation and the prognosis of 

HPT (Zhang et al., 2017). Certain miRNAs have shown consistent expression profiles 

(upregulated or downregulated) in diseased participants compared to healthy controls. As a result, 

such miRNAs have been proposed as having possible roles in the development of disease, with 

functional studies identifying the biological pathways and cellular processes that they interact with 

(Huang et al., 2016). 

2.8.1 MiRNAs in cancer 

The relative stability of miRNAs in various body tissues and their differential expression in normal 

and diseased individuals has facilitated the concept of targeting them as biomarkers of various 

diseases. Using liquid bead arrays and RT-qPCR techniques, Markou and colleagues demonstrated 

the differential expression of eight miRNAs in cancerous and non-cancerous tissue, reporting 

dysregulation of miR-10a and miR-30e-5p for the very first time and showing that expression of 

miR-30e-5p at higher levels was associated with a shorter overall survival (Markou et al., 2013). 

Gastric cancer is one of the leading causes of cancer related deaths worldwide claiming close to 1 

million lives annually around the world. The symptoms present later on when the disease has 

progressed and this partially explains the high mortality rates related to the disease (Shin & Chu, 

2014). Whilst a diagnostic measure like endoscopy exists, its invasive nature makes its use 

undesirable. In addition, endoscopy can only be used to diagnose the cancer once it has presented 

itself (which is usually late on in disease progression). As such, there is need for a non-invasive 

method that is able to detect gastric cancer early on to facilitate a reduction in gastric cancer 

mortality. Using next generation sequencing and various in vivo and in vitro techniques, Han and 

colleagues identified miR-29c as a tumour suppressing miRNA targeting the integrin β1 gene. On 

the basis of these findings, they were able to show that the development of gastric cancer was 

preceded by a loss in the expression of miR-29c, thus identifying it as a possible diagnostic or 
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prognostic biomarker for the carcinoma (Han et al., 2015). One study identified miR-1299 as an 

important role player in suppressing the growth of colon cancer cells via downregulation of the 

signal transducers and activators of transcription (STAT3), an important component in the heart’s 

adaptation to elevated BP (Zouein et al., 2013; Wang et al., 2017). The prognosis of 

gastrointestinal cancer is poor when the Bmi1 protein is highly expressed and miR-30e was 

identified as a potential regulator of Bmi1 expression (Sugihara et al., 2013). With further 

investigations, this finding could present possible miRNA-based theraputic avenues for 

gastrointestinal cancer patients. 

2.8.2 MiRNAs in diabetes mellitus 

MiRNAs have also been extensively investigated in the field of diabetes over the past 5-10 years. 

They play various regulatory roles that are essential for maintaining physiologically viable glucose 

levels. This involves regulation of insulin signalling pathways and the fate of the pancreatic β-cells 

(apoptosis, survival, differentiation) (Feng et al., 2016). The maintenance of a normal mass of 

pancreatic β-cells is essential in the prevention of hyperglycaemia and in part, is achieved by the 

regulatory effects of miR-375 on genes that inhibit the growth of cells in the pancreas (Poy et al., 

2009).  

MiRNAs have also demonstrated stable differential expression in various glucose states, 

suggesting their potential as biomarkers of disease and/or therapeutic targets. Cui et al., 2016 

compared the transcriptome in impaired fasting glucose (IFG) and T2DM and identified a panel 

of miRNAs (miR-192, miR-29a and miR-144) as potential targets for further investigation in 

T2DM and IFG. In a South African mixed-ancestry population where a high prevalence of diabetes 

has been previously described (Erasmus et al., 2012), Matsha and colleagues described the 

differential expression of a panel of miRNAs based on the participants’ glycaemic status, with 

some of the differentially expressed miRNAs being involved in the regulation of genes relevant to 

the production and secretion of insulin, suggesting their possible roles in the development or 

progression of T2DM. A significantly different expression of miR-126-3p was seen between 

prediabetics and screen-detected diabetics (Matsha et al., 2018). Another study reported a 

significantly low expression of miR-126 in the plasma of T2DM and IFG patients in comparison 
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to the normal group and an inverse association between miR-126 expression and T2DM 

development (Zhang et al., 2013). In another study by Yan and colleagues, the plasma expression 

of miR-1249, -320b and -572 suggested their ability to differentiate prediabetics from type 2 

diabetics (Yan et al., 2016). Weale et al, 2020 showed an association between dysglycaemia and 

the expression of miR-30a-5p and miR-182-5p, with the latter potentially predicting prediabetes. 

Put together, all these findings suggest the potential for a vast array of miRNAs to be used as 

biomarkers for identifying individuals at risk of T2DM development. 

2.8.3 MiRNAs in hypertension and cardiovascular diseases 

A key characteristic of miRNAs is their stability for long periods in stored serum or plasma 

samples, hence making them ideal biomarker targets for detection of disease, including screening 

for hypertension in especially resource limited settings (Shin & Chu, 2014). Amongst their diverse 

functional repertories, miRNAs, through the maintenance of vascular integrity, play a crucial role 

in the homeostatic regulation of blood pressure and ultimately HPT and CVDs. Alterations in the 

expression of various miRNAs have been linked to the development of HPT in various ways, 

including their effects on genes relevant to the RAAS and the vascular endothelium (Nemecz et 

al., 2016). 

The importance of the endothelium towards BP regulation has been well described and 

disturbances to the angiogenic process have been linked to the development of HPT (Ferroni et 

al., 2012). They are also essential for maintaining physiologically optimal vascular resistance and 

through the release of vasodilators into the circulation, help reduce resistance in the vasculature. 

High BP exerts changes on the functionality and phenotype of ECs and an association between an 

inappropriately functioning vascular endothelium and HPT has been established. The role of 

miRNAs in the maintenance of EC functionality has also been previously described (Nemecz et 

al., 2016).   

MiR-126 is an endothelial cell miRNA which plays an important role in angiogenesis, wound 

repair and maintenance of vascular integrity. The miRNA regulates the response of ECs to vascular 

endothelial growth factor (VEGF) by direct repression of the negative regulators of VEGF  (Fish 

et al., 2008). VEGF is a signalling protein essential for the promotion of angiogenesis and 



  

 37    

endothelial cell permeability.  Its effects are mediated by receptors, of which VEGFR-2 is its 

primary receptor on endothelial cells. Binding of VEGF to VEGFR-2 initiates the recruitment of 

phosphatidylinositide-3-kinase (PI3) and then phosphorylation of endothelial nitric oxide synthase 

(eNOS), culminating in increased NO production. After diffusion of NO into the vascular smooth 

muscle cells (VSMCs) and activation of the guanylate cyclase within, there is an increase in cyclic 

guanosine monophosphate (cGMP) and eventually vasodilation. Besides EC dilation, activation 

of the VEGF pathway also influences migration and proliferation of ECs (Kružliak et al., 2014). 

Propositions have been made that HPT may develop as a result of inhibiting the VEGF-signalling 

pathway, thereby causing HPT either as a result of decreased NO production or the promotion of 

vasoconstriction through increased production of ET-1, an endogenous vasoconstrictor (Kappers 

et al., 2011). 

Hijmans and colleagues showed significantly reduced expression of miR-126 in the plasma of 

hypertensive participants compared to their normotensive counterparts using RT-qPCR. They 

concluded that the dysregulation of miR-126 was associated with increased vascular risk for HPT 

and the development and progression of CVDs (Hijmans et al., 2018). In a cohort of 60 

normotensive and hypertensive individuals, the expression of miR-126 in peripheral blood 

mononuclear cells (PBMCs) of normotensives was also significantly higher, relative to the 

hypertensives. In addition, miR-126 expression was positively associated with mean pulse 

pressure, a known predictor of target organ damage in HPT (Kontaraki et al., 2014). Interestingly, 

a study in China targeting miR-126 as a potential therapeutic target for essential HPT in 10 

participants showed contrasting results. The expression of miR-126 was significantly higher in 

hypertensive participants when compared to the normotensives (Liu et al., 2018), whilst there was 

no difference in miR-126 expression based on HPT status in another study (Cengiz, Karatas, et 

al., 2015). Endothelial function is also regulated by let-7e and the miRNA’s expression was 

increased in essential HPT (Badawy et al., 2018) and has also been associated with stroke when 

highly expressed in circulation (S. Huang et al., 2016).  

 Li et al., 2011 conducted a study to determine the miRNA expression profile in essential HPT and 

its links to human cytomegalovirus (HCMV) in a Chinese population. This was achieved by 
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performing miRNA expression profiling in plasma samples from hypertensive and normotensive 

participants using microarray technology. The findings were validated by two real-time PCR 

validation assays in two other different cohorts of hypertensive and healthy controls and their 

findings demonstrated differential expression of 27 miRNAs in hypertensive relative to the healthy 

controls.  

An increase in the blood level of soluble ST2 (sST2), a receptor for interleukin-33 (IL-33), has 

been shown to be predictive of increased SBP (Ho et al., 2013) and HPT (Coglianese et al., 2012). 

In 2017, Wu and colleagues showed that single nucleotide polymorphisms in the interleukin 1 

receptor-like (ST2) gene were associated with a risk of HPT, through their control of sST2 

expression (Wu et al., 2017). The expression of miR-202-3p was shown to be induced by Ang II 

and associated with a protective role against essential HPT, through the antagonization of sST2 

induction (Li et al., 2020). 

Yang and colleagues provided a possible mechanism in which another miRNA may be involved 

in the pathogenesis of HPT and as such a possible diagnostic target. In three different male cohorts, 

the plasma expression of miR-505 in hypertensives was significantly higher in comparison to the 

normotensive group using microarray and RT-qPCR assays. Using cell culture, they showed that 

increased expression of miR-505 was associated with altered migration and formation of the 

endothelial cell and tube, respectively, through regulation of Fibroblast Growth Factor 18 (FGF18) 

expression, an angiogenic factor (Yang et al., 2014). 

Based on the prior demonstration of the utility of miR-145, miR-24, miR-181a and miR-4516 in 

renin secretion, contraction of VSMCs, aldosterone synthesis and salt sensitivity and resistance, a 

study was conducted to assess their possible roles in HPT pathogenesis and it was demonstrated 

that downregulation of miR-145 and the upregulation of miR-4516 may be useful in the 

independent prediction of HPT (Özkan et al., 2019). In another study, miR-145 expression was 

significantly lower in hypertensive individuals compared to normotensives and the miRNA’s 

involvement in the maintenance of the VSMC contractile phenotype suggests its differential 

expression has implications on BP and the development of CVD risk (Kontaraki et al., 2014). 

Santovito and colleagues reported increased expression of miR-145-5p in atherosclerotic plaques 
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from hypertensive patients (Santovito et al., 2013) and the miRNA’s influence on the VSMC 

phenotype further highlights its role in BP regulation (Parmacek, 2009; Kontaraki et al., 2014). In 

human kidney cells, Marques and colleagues showed the potential involvement of miR-181a in 

the regulation of the REN gene required for making renin and the elevation in renin mRNA levels 

was attributed to reduced miR-181a expression (Marques et al., 2011). Furthermore, in an animal 

model, a negative correlation between renal miR-181a expression and BP was also reported and 

renin production, due to the effects of the sympathetic nervous system, was influenced by low 

expression of miR-181a, contributing to the development of HPT (Jackson et al., 2013). Two 

studies showed that miR-155-5p failure to regulate a single nucleotide polymorphism linked with 

HPT led to increased type 1 angiotensin II receptor expression and elevated BP (Sethupathy et al., 

2007; Ceolotto et al., 2011). Another miRNA previously associated with HPT is miR-21. Li and 

colleagues reported overexpression of miR-21 in the cardiac mitochondria of spontaneously 

hypertensive rats (SHRs). Furthermore, they also demonstrated increased plasma miR-21 

expression in HPT compared to normotension and a positive correlation between miR-21 

expression and systolic and diastolic BP (Li et al., 2016), with similar findings reported in another 

study (Cengiz, Yavuzer, et al., 2015). Another miRNA of interest is miR-1299 and although it is 

yet to be reported in HPT, it has been implicated in Rheumatic Heart Disease (RHD), a common 

complication of which is pulmonary arterial hypertension (PAH) (Li et al. 2015). The close 

association between autophagy, programmed cell death and CVDs has been established and Su et 

al, 2020 showed that miR-30e-3p is involved in the inhibition of apoptosis and promotion of 

cardiomyocyte autophagy in an ischaemia/hypoxia environment.  

As the understanding of miRNAs continues to grow,  a multitude of studies continue to be 

conducted across the globe to profile and describe the roles played by novel and previously 

described miRNAs, at both molecular and cellular levels in the development and progression of 

HPT and CVDs. The identification of a consistently dysregulated panel of miRNAs in HPT offers 

possible therapeutic avenues. Anti-miRs are synthetic, antisense, oligonucleotide compounds that 

have a fully or partially complementary sequence to target miRNAs and are able to lower 

endogenous miRNA levels. When highly expressed in a disease state or condition, these 
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dysregulated miRNAs can be targeted using anti-miRs that dampen down or reverse their action, 

thus preventing further exacerbation of the disease (Van Rooij et al., 2012). However, because a 

single miRNA controls multiple genes and multiple miRNAs control a single gene, silencing 

miRNAs using anti-miRs may have unintended effects away from the target gene. It is therefore 

important that anti-miRs are used with the outmost care to ensure that only the intended, positive 

effects are realised with their use.  

Findings from miRNA biomarker studies have not always been consistent and some level of 

variation and discordance has been observed (Wronska et al., 2015). This can, in part, be attributed 

to differences in experimental design. The kind of profiling assays used, the number of study 

participants, exclusion and inclusion criteria, the sample type used and participant socio-

demographics might have a role to play in the discrepancies in miRNA expression results observed 

in studies of individuals suffering from the same disease or condition. It is essential that more 

studies on these miRNA expression profiles in HPT are conducted in different socio-economic 

settings with the aim of eventually standardising the profiling assays used, so that a universally 

accepted panel of biomarkers diagnostic of HPT can be identified. 

Overall, it is evident from published literature that epigenetics and indeed miRNAs are major role 

players in various disease processes. As such, a clear understanding of their contributions to the 

development and progression of disease is essential if long lasting measures to curb the burden of 

diseases like HPT and CVDs are to be effectively implemented. Understanding the various 

mechanisms underlying the pathogenesis of HPT may help predict HPT and CVD-related 

complications, providing a window of opportunity for early intervention, saving lives and easing 

the financial strain associated with chronic medical conditions.
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Abstract 

Hypertension is a complex multifactorial condition whose symptoms appear in advanced disease. 

Dysregulation of gene expression regulatory factors like miRNAs has been reported in disease 

development. Identifying biomarkers which could help understand the pathogenesis and prognosis 

of hypertension is essential. The study’s objective was to investigate miRNA expression profiles 

according to participant blood pressure status. Next generation sequencing was used to identify 

differentially expressed miRNAs in the whole blood of 48 body mass index-, smoking- and age-

matched normotensive (n=12), screen-detected hypertensive (n=16) and known hypertensive 

(n=20) female participants. Quantitative reverse transcription polymerase chain reaction was used 

to validate the next generation sequencing findings in a larger, independent sample of 84 men and 

179 women. Using next generation sequencing, 30 dysregulated miRNAs were identified and miR-

1299 and miR-30a-5p were the most significantly differentially expressed. Both miRNAs were 

upregulated in known hypertensives or screen-detected hypertensives compared to the 

normotensives. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis 

indicated possible involvement of platelet activation, calcium signalling and aldosterone synthesis 

pathways. Further validation of miR-1299 and miR-30a-5p using quantitative reverse transcription 

polymerase chain reaction confirmed the sequencing results. These findings demonstrate miRNA 

dysregulation in hypertension and their expression may be related to genes and biological 

pathways essential for blood pressure homeostasis. 
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1. Introduction 

The 8th report released by the Joint National Committee on Prevention, Detection and Evaluation 

of High Blood Pressure describes hypertension (HPT) as the persistent elevation of blood pressure 

(BP) above the 140/90 mmHg threshold (James et al., 2014; Abegaz et al., 2018). Despite efforts 

to understand the pathogenesis of the condition, HPT remains a leading public health concern 

affecting both developed and developing countries ((Wise & Charchar, 2016; Polsinelli et al., 

2017). It has been identified as one of the most important modifiable risk factors for cardiovascular 

disease, renal disease, and stroke, and accounts for over 10 million deaths throughout the world 

annually (Peltzer & Phaswana-Mafuya, 2013; Babiker et al., 2013; Lim et al., 2013). In 90-95% 

of HPT patients, the cause is unknown, and is thus termed primary or essential HPT (Bátkai & 

Thum, 2012; Rossier et al., 2017). However, research has demonstrated the involvement of genetic 

and environmental factors in the development of HPT. The influence of epigenetic factors such as 

deoxyribonucleic (DNA) methylation and histone modification on the pathogenesis of HPT has 

been a subject of intense research, with Mu et al., 2011 showing that the induction of histone 

modulation led to the downstream development of salt-induced HPT. However, there is a paucity 

of research regarding miRNAs (miRNAs) in the context of HPT.  

MiRNAs are a group of small, endogenous, non-coding ribonucleic (RNA) sequences that are 17-

25 base pairs long (Shin & Chu, 2014). These molecules are involved in gene expression regulation 

at the post-transcriptional level. This is achieved by binding to the 3’untranslated region of 

complementary messenger RNA (mRNA) molecules and inhibiting translation into protein or 

inducing mRNA degradation (Levy et al., 2017). MiRNAs are present in almost every cell and 

disturbances in their regulation are usually associated with disease processes, including HPT 

(Chen et al., 2008; Nemecz et al., 2016). Herein, we investigated the miRNA profiles in South 

African individuals with normal BP, as well as those presenting with known or screen-detected 

HPT. 
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2. Materials and methods 

2.1. Ethics statement 

This investigation was based on the Cape Town Vascular and Metabolic Health (VMH) study, 

which was approved by the Research Ethics Committees of the Cape Peninsula University of 

Technology (CPUT) (NHREC: REC - 230 408 – 014) and Stellenbosch University (N14/01/003). 

Ethical approval was also obtained for this cross-sectional sub-study from the CPUT Health and 

Wellness Sciences Research Ethics Committee (CPUT/HW-REC 2019/H7). The study was 

conducted as per the provisions of the Declaration of Helsinki. All procedures were explained to 

the participants in their language of choice. Once the participants fully understood their 

participation, they signed informed consent forms to allow the collection of blood and 

anthropometric data. 

2.2. Study design and procedures 

Data collection and procedures have been described previously (Matsha et al., 2018). Briefly, 

participants underwent anthropometric and BP measurements, as well as oral glucose tolerance 

tests (OGTT). Anthropometric measurements for each participant were taken three times and the 

average reported. BP was measured according to the World Health Organisation (WHO) 

guidelines (Chalmers et al., 1999), using a semi-automatic digital BP monitor (Omron M6 

comfort-preformed cuff BP Monitor, China) on the right arm in a sitting position and at rest for at 

least 10 minutes. Three BP readings were taken at three-minute intervals and the lowest systolic 

BP and corresponding diastolic BP values were used. Participants were grouped into three 

categories based on; the use of anti-hypertensive medication as known HPT, BP measurement of 

140/90 mm Hg or greater as screen-detected HPT and normal BP measurement (less than 140/90 

mm Hg) as normotensive. Body Mass Index (BMI) was calculated as weight per height squared 

(kg/m2), where kg was the participant’s weight in kilograms and m2, the square of their height.  

The following biochemical parameters were analyzed at an ISO 15189 accredited Pathology 

practice (PathCare Reference Laboratory, Cape Town, South Africa): glycated haemoglobin 

(HbA1c) by High Performance Liquid Chromatography (BioRad Variant Turbo, BioRad, 
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Hercules, CA, USA); serum insulin by a paramagnetic particle chemiluminescence assay 

(Beckman DXI, Beckman Coulter, South Africa); serum cotinine by Competitive 

Chemiluminescent Immunoassay (Immulite 2000, Siemens, Munich, Germany); plasma glucose 

by the enzymatic hexokinase method (Beckman AU, Beckman Coulter, Brea, CA, USA); total 

cholesterol (TC); high density lipoprotein cholesterol (HDL-c) by enzymatic immunoinhibition – 

end point (Beckman AU, Beckman Coulter, Brea, CA, USA); triglycerides (TG) by glycerol 

phosphate oxidase-peroxidase, end point (Beckman AU, Beckman Coulter, Brea, CA, USA); low 

density lipoprotein cholesterol (LDL) by enzymatic selective protection – end point (Beckman 

AU, Beckman Coulter, Brea, CA, USA); and ultrasensitive C-reactive protein (CRP) by Latex 

Particle Immunoturbidimetry (Beckman AU, Beckman Coulter, Brea, CA, USA). In addition, 

blood samples were collected in a Tempus RNA tube (ThermoFisher Scientific, Waltham, MA, 

USA) and stored at -80°C for total RNA extraction and analysis.  

2.3. RNA isolation 

Total RNA, including miRNAs, was isolated from whole blood using the MagMax for Stabilized 

Blood RNA isolation kit (ThermoFisher Scientific) according to manufacturer’s instructions. The 

concentration and purity of each RNA extract was determined using a NanoDrop One 

spectrophotometer. Total RNA extracts with 260/280 values between 1.8 and 2.0, and 

concentrations greater than 20ng/µl were used for miRNA sequencing (miRNA-seq) using next 

generation sequencing (NGS) and quantitative reverse transcription PCR (RT-qPCR). 

2.4. MiRNA sequencing  

This was conducted on total RNA samples from 48 female participants representing three different 

HPT statuses. The inclusion of females only in this part of the study was to avoid introducing 

potential sources of variation due to gender effect in an already small cohort. Small RNA library 

construction, deep sequencing, and data processing were performed at Arraystar Inc., Rockville, 

USA as previously described by Matsha et al., 2018. Briefly, the total RNA of each sample was 

used to prepare the miRNA sequencing library as follows:1) 3'-adapter ligation with T4 RNA 

ligase 2 (truncated); 2) 5'-adapter ligation with T4 RNA ligase; 3) complementary DNA (cDNA) 

synthesis with RT primer; 4) PCR amplification; 5) extraction and purification of ~130-150 bp 
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PCR amplified fragments (correspond to ~15-35 nt small RNAs) from the polyacrylamide gel 

electrophoresis gel. The Agilent 2100 Bioanalyzer was used to quantify completed libraries, 

thereafter DNA fragments were denatured with 0.1M sodium hydroxide to generate single-

stranded DNA molecules, then captured on Illumina flow cells, amplified in situ, and finally 

sequenced for 51 cycles on the Illumina HiSeq system according to the manufacturer’s 

instructions. Raw sequences were generated as clean reads from the Illumina HiSeq using real-

time base calling and quality filtering. The clean reads that passed the quality filter were processed 

to remove adaptor sequences as the trimmed reads. The trimmed reads (length ≥ 15 nt) were 

aligned to the human pre-miRNA in miRBase 21 (http://www.mirbase.org/), using NovoAlign 

software. The miRNA expression levels were measured and normalized as transcripts per million 

of total aligned miRNA reads. MiRNAs with fold changes ≥1.3, and p-values ≤ 0.1 were selected 

as the differentially expressed miRNAs. Novel miRNAs were predicted using miRDeep 

(Friedlander et al., 2008). 

2.5. Gene Ontology and Functional Enrichment Analysis 

The Gene Ontology (GO) analysis was performed to describe gene and gene product attributes 

(http://www.geneontology.org). The ontology covers three domains: Biological Process, Cellular 

Component and Molecular Function. Commonly predicted gene targets were subjected to 

functional analysis using Kyoto Encyclopedia of Genes and Genomes (KEGG). A conservative 

Fisher’s exact test and false discovery rate method were used to calculate the targeted pathways. 

2.6. Validation of NGS miRNA expression results 

To confirm the differential expression of miRNAs, the validation of NGS results was performed 

on total RNA from an independent sample of 263 male and female participants randomly selected 

from an existing database and 48 females on which NGS had been conducted. MiRNAs were 

converted to complementary DNA (cDNA) using the TaqMan MicroRNA Reverse Transcription 

Kit according to the manufacturer's protocol (Life Technologies, Carlsbad, CA, USA). The 

miRNA expression levels were assessed using TaqMan miRNA Assay primers on the QuantStudio 

7 Flex real-time PCR instrument (Life Technologies, Carlsbad, CA, USA) analyser. In order to 

determine miRNA expression in each sample and between two groups, the 2-ΔCt and 2−ΔΔCt (Livak 
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& Schmittgen, 2001), respectively were used and normalized using miR-16-5p as the endogenous 

control. The suitability of miR-16-5p as an endogenous control in RT-qPCR was assessed and 

confirmed, as there was minimal variation in its expression in normotensive and hypertensive 

participants. 

2.7. Statistical analysis 

Data were analysed using R statistical software version 3.2.2 (The R Foundation for Statistical 

Computing, Vienna, Austria) and TIBCO Statistica version 13.5.0.17 (TIBCO Software Inc, 

California, USA). The Shapiro-Wilk W test was employed to determine whether the data were 

normally distributed, based on probability thresholds of p>0.1. Continuous variables were 

summarized as mean and standard deviation (SD) when normally distributed, while median, and 

25th and 75th percentiles were used for skewed variables, whilst categorical variables were 

reported as counts and percentages. When comparing groups, for continuous variables, the 

analysis of variance (ANOVA) was used for normally distributed data; Kruskal Wallis-H test 

with Dunn post-hoc test was used for skewed data, whilst the chi-square test was used for 

categorical variables. A p-value <0.05 was used to characterize statistically significant results. 
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3. Results 

3.1. General participant characteristics 

Of the 1988 VMH survey participants, 311 (227, 73.0% female) were selected for inclusion into 

this sub-study. Of these, 48 (all female) took part in the NGS part of the study while an additional 

263 randomly selected male and female participants were included in the RT-qPCR validation 

study. The distribution of the NGS and RT-qPCR participants by BP status is shown in Table 1. 

The 48 women in the NGS sample included 20 with known HPT, 16 with screen-detected HPT 

and 12 normotensives, whilst the validation sample included 106 known hypertensives, 52 screen-

detected hypertensives and 105 normotensives. The expected differences by status for HPT in the 

cardiovascular risk profile were apparent across the two sub-samples (Table 1). 

3.2. NGS miRNA expression profiling 

All 48 samples met the quality control standards. We generated Heat Map and Unsupervised 

Hierarchical Clustering on all miRNAs that were expressed in at least one sample, to produce 

miRNA or condition trees that would allow us to pick out groups of similar miRNAs. The result 

of hierarchical clustering on conditions showed a distinguishable miRNA expression profile 

amongst the groups (Figures 1A-C). For the identification of differentially expressed miRNAs, we 

computed “fold changes” (i.e., the ratio of the group averages) and p-values between each group. 

MiRNAs with fold changes ≥ 1.3 and p-values ≤ 0.1 were selected as the differentially expressed 

miRNAs. Based on pre-specified criteria, we then used volcano plots to visualize the significantly 

differentially expressed miRNAs between the study groups as shown in Figures 2A-C. A total of 

30 significantly differentially expressed mature miRNAs were identified at varying expression 

levels and are summarized in Table 2. Of the thirty differentially expressed miRNAs, two (6.7%) 

were novel, and whilst one of these novel miRNAs was upregulated in known HPT versus 

normotensive, the other was upregulated in known HPT versus screen-detected HPT. Whilst miR-

1299 exhibited the highest fold change of all significantly upregulated miRNAs as seen in screen-

detected HPT versus normotensive (fold change = 3.38, p=0.081), miR-30a-5p upregulation was 

greatest in known HPT versus normotensive (fold change = 2.44, p=0.063) and known HPT versus 

screen detected HPT (fold change = 2.02, p=0.072; Table 2).  



  

 62    

KEGG pathway analysis revealed 84 pathways, five of which are essential for platelet activation, 

calcium signalling, vascular smooth muscle contraction, vasopressin-mediated water reabsorption 

and aldosterone synthesis and secretion. Based on GO analyses, we retrieved the biological 

processes, cellular components and molecular functions of dysregulated miRNAs. In Figure 3, we 

present the top enrichment scores for biological processes of dysregulated miRNAs in 

hypertensive versus normotensive participants. 

3.3. Next generation sequencing results validation 

The RT-qPCR data were normalized using miR-16-5p and the raw Ct values, showing its 

suitability as an endogenous control in our cohort, are shown in Supplementary Figure 1. The two 

miRNAs with the highest fold change between study groups using NGS were selected for 

validation with RT-qPCR, namely miR-30a-5p and miR-1299. The relative expressions (2-ΔCt) of 

each target miRNA in the three participant groups are shown in Figure 4. Both miR-30a-5p and 

miR-1299 were upregulated in known HPT compared to normotensive or screen-detected HPT, 

p≤0.015, whilst miR-30a-5p was also significantly upregulated in screen-detected HPT vs 

normotensive, p=0.023. Using the 2-ΔΔCt formula to compute fold changes between two groups, 

miR-30a-5p expression was 2.58-fold higher in known HPT versus normotensive and 1.69-fold 

higher versus screen-detected HPT. In screen-detected HPT, miR-30a-5p expression was 1.52-fold 

higher when compared to the normotensives. As for miR-1299, there was a 3.93-fold and 2.78-

fold higher expression in known HPT versus normotensives and screen-detected HPT respectively. 

However, there was not a great difference in the expression of miR-1299 between screen-detected 

HPT vs normotensive as shown by the 1.41-fold difference in expression. 
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4. Discussion 

To our knowledge, no study has been conducted on miRNA expression in relation to HPT in 

populations from Africa. Using NGS, we identified 30 (including two novel) mature miRNAs that 

were differentially expressed in 48 South African women with either screen-detected or treated 

HPT. These miRNAs were associated with pathways such as platelet activation, calcium signalling 

and vascular smooth muscle contraction pathways which are particularly important in 

cardiovascular pathogenesis (Gkaliagkousi et al., 2010; Landstrom et al., 2017; Touyz et al., 

2018). Two miRNAs, namely miR-1299 and miR-30a-5p were the most significantly dysregulated 

in hypertensive individuals and this was validated using RT-qPCR in 311 study participants, 

confirming the miRNA sequencing results while yielding new findings. 

Several studies have reported on a number of dysregulated miRNAs in HPT using different tissues, 

but results remain inconsistent (Li et al., 2011; Jairajpuri et al., 2017; Chen et al., 2018b; Özkan 

et al., 2019; Yildirim et al., 2019). A study similar to ours reported 27 dysregulated miRNAs in 

plasma collected from 18 normotensive and hypertensive males and female participants (Li et al., 

2011), although the miRNAs were not similar to ours. A recurring theme within these miRNA 

profiling studies in HPT is the inter-study inconsistency of findings. For example, expression of 

various miRNAs such as miR-21, miR-145-5p, miR-155-5p, miR-181a (Santovito et al., 2013; 

Cengiz M et al., 2015; Sethupathy et al., 2007; Li et al., 2016; Ceolotto et al., 2011; Jackson et 

al., 2013; Marques et al., 2011; Parmacek, 2009; Kontaraki et al., 2014) that had been previously 

associated with BP and HPT were not found in this study. We suspect this may partially be 

attributed to the diverse genetic makeup of Africans and in particular, our study participants whose 

heterogeneous genetic makeup comprises 32-43% Khoisan, 20–36% Bantu-speaking Africans, 

21–28% European and 9–11% Asian ancestry (De Wit et al., 2010). Furthermore, differences in 

the methods used could account for the discordance in inter-study findings as the tissue specific 

nature of some miRNAs has been previously described (Ludwig et al., 2016). In our study, 

discordant results with regards to miR-1299 were evident between NGS and RT-qPCR. Other 

studies have employed the candidate miRNA approach and reported on miRNAs that have not 

necessarily been identified using microarrays or sequencing, highlighting the need for more studies 
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employing the same methodologies and experimental designs and standardised sample preparation 

before these miRNAs can be utilised as new biomarkers.  

In a previous study, miR-30 was down-regulated in the plasma of patients with essential HPT 

(Huang, 2016). In contrast, our findings using both sequencing and RT-qPCR showed an 

upregulation of miR-30a-5p in both screen-detected or known hypertensive (on antihypertensive 

treatment) individuals. This difference in expression may be partially explained by the differences 

in the sample type used for analysis. Whilst our study utilised whole blood (composed of plasma, 

red blood cells, platelets and white blood cells) for total miRNA expression, the other study made 

use of plasma (cell-deficient). Pre-analytical sample manipulation using centrifugation, which is 

required for obtaining plasma from whole blood, affects miRNA expression profiles, as it removes 

from the plasma, cell-specific miRNAs that would otherwise have been detected in whole blood 

(Felekkis & Papaneophytou, 2020). Findings similar to ours were also reported by Huang and 

colleagues, who demonstrated increased plasma expression of miR-30a in essential and white coat 

HPT, relative to normotensive participants (Huang et al., 2016). Overexpression of miR-30a has 

been reported to interfere with the removal of damaged or dead endothelial cells, promoting 

atherosclerosis and predisposing individuals to cardiovascular complications, like heart attacks 

(Zhang et al., 2015). Similarly, other miRNAs in the miR-30 family have been associated with 

cardiovascular diseases and suggestions made that they act as predictors for acute myocardial 

infarction and heart failure (Zhang et al., 2015; Maciejak et al., 2018). For instance, the 

overexpression of miR-30b-5p was shown to have a downregulatory effect on a muscleblind-like 

splicing regulator 1 (MBLN1) transcript in atherosclerosis, possibly playing a role in the regulation 

of vascular smooth muscle cells VSMCs (Woo et al., 2020). Another miRNA with interesting 

results was miR-1299, which was significantly upregulated in screen-detected HPT when 

compared to the normotensive group, fold change = 3.38. This was also confirmed with RT-qPCR, 

which indicated a 1.41-fold increase in expression of the miRNA in screen-detected HPT 

compared to the normotensive group. Although this finding is yet to be reported in HPT by other 

groups, the miRNA has been implicated in Rheumatic Heart Disease (RHD), a common 

complication of which is pulmonary arterial hypertension (PAH) (Li et al. 2015). One study 
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identified miR-1299 as an important role player in suppressing the growth of colon cancer cells 

via downregulation of the signal transducers and activators of transcription (STAT3). STAT3 is 

as an important component in the heart’s adaptation to elevated BP (Zouein et al., 2013; Wang et 

al., 2017). It is possible that elevated expression of miR-1299, as seen in the hypertensive 

participants, may be a contributing factor in protecting against cardiovascular events associated 

with elevated BP levels. 

As seen in KEGG analysis, the significantly differentially expressed miRNAs had possible 

involvement in various pathways relevant to HPT, including vascular smooth muscle contraction, 

vasopressin-mediated water reabsorption, platelet activation, calcium signalling and aldosterone 

synthesis and secretion. Alterations to the vascular smooth muscle cells (VSMCs) phenotype has 

implications in vascular resistance, BP and HPT and Kontaraki and colleagues demonstrated 

differential expression of five miRNAs (miR-1, -21, -133, 143 and -145) previously implicated in 

the alteration of the VSMC phenotype (Kontaraki et al., 2014). Water retention is also essential in 

BP regulation and fluid volume maintenance and various miRNAs have been implicated in these 

processes. Through repression of the methyl CpG binding protein 2 (Mecp2) gene and MeCP2 

protein, miR-132 regulates vasopressin synthesis and as such, fluid retention (Bijkerk et al., 2018), 

whilst miR-32 and -137 regulate water retention by targeting kidney water channels controlled by 

vasopressin (Gomes et al., 2018; Kim et al., 2015). Dysregulations in aldosterone production or 

secretion pathways may be a risk for the development of HPT and aldosterone production is 

reduced due to miR-24 targeting of mRNA from the CYP11B2 gene (Robertson et al, 2013), whilst 

angiotensin II-mediated overexpression of miR-21 leads to increased aldosterone secretion 

(Romero et al., 2008). Dysregulation of calcium signalling leads to altered responses by the 

vasculature, a common characteristic in HPT (Wilson et al., 2019). In a murine model, Wu and 

colleagues demonstrated the regulation of calcium signalling in the kidney by the miR-30 family 

(Wu et al., 2015), whilst another study reported miR-214 as a regulator of the calcium pathways 

through repression of mRNA encoding the sodium-calcium exchanger protein, Ncx1 (Aurora et 

al., 2012). 
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Our study had some limitations. Firstly, we did not investigate the effect of antihypertensive drugs, 

which is likely to have influenced the differential miRNA expression between treated (known 

HPT) and untreated (screen-detected HPT) hypertensive individuals. For instance, in a murine 

model of salt-sensitive HPT, a high salt diet was accompanied by reduced expression of miR-27a, 

miR-29a and miR-133a. However, Nebivolol prevented the high salt-mediated lower expression 

of miR-27a, whilst there was complete and partial reversal of high salt-induced miR-29a decrease 

by Nebivolol and Atenolol respectively. Both medications were able to prevent a decrease in miR-

133a expression (Ye et al., 2013). Second, in our NGS analysis, miRNA expression screening was 

done in only 48 female participants. However, the RT-qPCR validation was performed in a larger 

sample that also included male participants. Lastly, only two of the 30 significantly dysregulated 

miRNAs as shown by NGS were chosen for validation by RT-qPCR. As such, the relationship 

between these 28 miRNAs and HPT in our cohort was not explored. 

In conclusion, our study demonstrated miRNA dysregulation in hypertensive individuals and to 

our knowledge, is the first study to do so in a sub-Saharan African population. Based on our 

findings, we have shown a number of miRNAs, particularly, miR-30a-5p and miR-1299 that could 

be explored further for a potential prognostic role, or as therapeutic targets. 
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10. Figure legends 
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Figure 1. Differential miRNA expression according to HPT status. 

The heatmap shows all differentially expressed miRNAs at adjusted p-value < 0.05. (A) normotensive 

versus known HPT; (B) normotensive versus screen-detected HPT; (C) known HPT versus screen-detected 

HPT. 
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Figure 2. Differentially expressed miRNAs in comparison between blood pressure groups. 

(A) is a comparison between known hypertensives and normotensives. (B) is a comparison between screen-

detected HPT and normotensives. (C) is a comparison between known HPT and screen-detected HPT. 

Significantly different expression of a miRNA was those in which there was a ≥1.3-fold change difference 

in expression between comparison groups and p≤0.1. Red and green dots signify upregulated and 

downregulated miRNAs respectively. No differential expression was signified with a black dot.
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Figure 3. GO analysis - Biological Processes. The bar plots show the top ten enrichment score values of 

the significant enrichment terms. 

X-axis: GOID’s enrichment score value; it equals −log10(p-value); Y-axis: GO category. (A) upregulated 

in known HPT vs. normotensive. (B) downregulated in known HPT vs. normotensive. (C) upregulated in 

screen-detected HPT vs. normotensive. (D) downregulated in screen-detected HPT vs. normotensive. (E) 

upregulated in known HPT vs. screen-detected HPT. (F) downregulated in known HPT vs. screen-detected 

HPT.
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Figure 4. Relative expression of miR-30a-5p and miR-1299. 

(A). miR-30a-5p in normotensive (n=116), screen-detected HPT (n=66) and known HPT (n=124). (B). miR-1299p in normotensive, screen-detected HPT and 

known HPT. Data are represented graphically as the mean ± SD. Not significant (NS) if p>0.05 and significant p-value denoted by an asterisk*.
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Table 1. Characteristics of the participants, based on hypertension status. 
 

Next Generation Sequencing sample Validation sample (RT-qPCR) 

  Normotensive, n=12 Screen-detected HPT, n=16 Known HPT, n=20 p-value Normotensive, n=105 Screen-detected HPT, n=52 Known HPT, n=106 p-value 

Female, n(%) 12 (100%) 16 (100%) 20 (100%) - 57 (54.29) 36 (69.23) 86 (81.13) <0.001 

Male, n(%) - - - - 48 (45.71) 16 (30.77) 20 (18.87) 
 

Age (years) 49.6 ± 9.3 52.8 ± 7.1 56.1 ± 7.7 0.086 40 ± 15.32 51.12 ± 13.43 61.1 ± 10.6 <0.001 

Body mass index (kg/m2) 29.1 ± 8.1 30.6 ± 9.0 32.3 ± 6.4 0.509 25.08 ± 6.45 28.71 ± 7.96 30.85 ± 7.06 <0.001 

Waist circumference (cm) 87.5 ± 16.2 92.0 ± 22.1 97.9 ± 11.4 0.226 81.99 ± 13.71 91.32 ± 16.71 95.86 ± 14.75 <0.001 

Hip circumference (cm) 101.7 ± 17.7 106.1 ± 18.4 108.8 ± 14.2 0.504 97.55 ± 12.69 103.76 ± 15.3 106.05 ± 13.85 <0.001 

Waist to hip Ratio 0.86 ± 0.06 0.86 ± 0.09 0.90 ± 0.06 0.139 0.84 ± 0.07 0.88 ± 0.08 0.90 ± 0.08 <0.001 

Systolic blood pressure (mmHg) 113.4 ± 14.5 147.7 ± 22.2 144.7 ± 27.7 <0.001 118.77 ± 12.95 149.12 ± 19.96 148.50 ± 23.81 <0.001 

Diastolic blood pressure (mmHg) 74.8 ± 11.9 90.6 ± 14.8 89.7 ± 17.7 0.018 74.95 ± 10.47 97.19 ± 12.32 89.11 ± 13.56 <0.001 

Fasting blood glucose (mmol/L) 6.18 ± 3.87 7.50 ± 4.58 8.28 ± 4.27 0.413 4.87 ± 1.43 5.55 ± 2.72 6.70 ± 3.49 <0.001 

2-hour fasting glucose 8.63 ± 4.39 9.84 ± 6.53 12.83 ± 4.54 0.172 5.69 ± 2.8 6.80 ± 4.37 7.74 ± 4.47 0.002 

HbA1c (%) 6.28 ± 1.60 7.10 ± 2.82 7.77 ± 2.67 0.276 5.79 ± 1.14 6.19 ± 1.49 6.70 ± 1.74 <0.001 

Fasting Insulin (mIU/L) 5.88 ± 3.49 7.89 ± 3.89 15.44 ± 8.66 <0.001 6.81 ± 6.65 8.03 ± 6.24 11.14 ± 14.33 0.011 

Diabetes Mellitus, n(%) 5 (41.7) 6 (37.5) 13 (65.0) 0.093 7 (6.7) 7 (13.7) 35 (33.3) <0.001 

Triglycerides-S (mmol/L) * 1.12 (0.86-1.64) 1.26 (1.00-1.50) 1.74 (1.43-3.31) 0.008 1.05 (0.72; 1.42) 1.28 (0.9; 1.67) 1.40 (1.05; 1.83) <0.001 

Total Cholesterol (mmol/L) 5.93 ± 1.14 5.66 ± 1.12 5.93 ± 1.23 0.757 4.75 ± 1.18 5.13 ± 0.97 5.42 ± 1.04 <0.001 

LDL-cholesterol (mmol/L) 3.76 ± 1.09 3.48 ± 0.97 3.96 ± 1.06 0.402 2.86 ± 1.00 3.13 ± 0.96 3.37 ± 0.91 0.001 

HDL-cholesterol (mmol/L) 1.57 ± 0.50 1.48 ± 0.59 1.17 ± 0.21 0.032 1.36 ± 0.41 1.35 ± 0.38 1.37 ± 0.34 0.984 

usCRP (mg/L) 6.32 ± 8.79 9.73 ± 13.20 11.00 ± 6.89 0.44 7.32 ± 13.51 6.24 ± 7.09 7.24 ± 14.03 0.871 

Serum Cotinine (ng/mL) * 10.0 (10.0-22.5) 209.5 (10.0-261.0) 99.4 (10.0-195.5) 0.146 137 (10; 265.5) 10 (10; 287) 10 (10; 135.75) 0.002 

JIS MetS criteria 4 (33.33) 9 (56.25) 18 (90.00) 0.014 22 (21.15) 21 (41.18) 61 (58.65) <0.001 

Values presented as mean±SD unless marked with an asterisk*, in which case the median and (25th-75th percentiles) are reported. The Kruskal-Wallis test and analysis of variance (ANOVA) were 
used to compare the median and mean baseline characteristics respectively across blood pressure groups. SD = standard deviation, usCRP = ultrasensitive CRP, MetS = Metabolic Syndrome 
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Table 2. Dysregulated mature miRNAs in screen-detected & known HPT compared to normotensive participants. A comparison of dysregulated miRNAs 

between screen-detected HPT and known HPT participants is also shown 

Mature miRNA  miRNA accession 
number  

Known HPT 
vs 

Normotensive 
fold change  

p-value 

BH 

Mature 
miRNA  

miRNA 
accession 
number 

Screen-detected 
HPT vs 

Normotensive 
fold change 

p-value 

BH 

Mature miRNA  miRNA accession 
number  

Known HPT vs 
Screen-detected 

HPT 
p-value 

BH 

FDR FDR FDR 

miR-30a-5p MIMAT0000087 2.44 0.063 0.7403 miR-1299 MIMAT0005887 3.38 0.081 0.8106 miR-30a-5p MIMAT0000087 2.02 0.072 0.7031 

miR-504-5p MIMAT0002875 1.67 0.062 0.7403 miR-182-5p MIMAT0000259 2.08 0.022 0.8106 miR-504-5p MIMAT0002875 1.56 0.053 0.7031 

miR-5189-3p MIMAT0027088 1.58 0.004 0.7403 miR-96-5p MIMAT0000095 1.89 0.030 0.8106 miR-novel-chr15_18383 miR-novel-chr15_18383 1.31 0.075 0.7031 

miR-182-5p MIMAT0000259 1.57 0.060 0.7403 miR-183-5p MIMAT0000261 1.84 0.005 0.8106 miR-877-5p MIMAT0004949 0.76 0.017 0.7031 

miR-183-5p MIMAT0000261 1.53 0.056 0.7403 miR-493-5p MIMAT0002813 1.65 0.069 0.8106 miR-106a-5p MIMAT0000103 0.75 0.091 0.7031 

miR-1307-3p MIMAT0005951 1.52 0.017 0.7403 miR-1304-3p MIMAT0022720 1.44 0.085 0.8106 miR-17-5p MIMAT0000070 0.73 0.093 0.7031 

miR-novel-chr1_36178 miR-novel-chr1_36178 1.46 0.034 0.7403 miR-5189-3p MIMAT0027088 1.39 0.059 0.8106 miR-20b-5p MIMAT0001413 0.69 0.060 0.7031 

miR-382-5p MIMAT0000737 1.45 0.051 0.7403 miR-584-5p MIMAT0003249 1.38 0.080 0.8106           

miR-584-5p MIMAT0003249 1.4 0.064 0.7403 miR-27b-3p MIMAT0000419 1.38 0.057 0.8106           

miR-130b-5p MIMAT0004680 1.39 0.066 0.7403 miR-194-5p MIMAT0000460 1.36 0.057 0.8106           

let-7a-5p MIMAT0000062 1.37 0.066 0.7403 miR-15a-5p MIMAT0000068 1.36 0.099 0.8106           

miR-199b-5p MIMAT0000263 1.34 0.098 0.7403 miR-1304-5p MIMAT0005892 1.35 0.004 0.8106           

miR-99b-3p MIMAT0004678 1.31 0.060 0.7403 let-7a-5p MIMAT0000062 1.32 0.076 0.8106           

miR-6511a-3p MIMAT0025479 0.76 0.019 0.7403 miR-15b-3p MIMAT0004586 0.76 0.013 0.8106           

miR-483-3p MIMAT0002173 0.75 0.064 0.7403                     

miR-6777-3p MIMAT0027455 0.69 0.003 0.7403                     

BH FDR, Benjamini-Hochberg False Discovery Rate corrected p-value 
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Abstract 

MicroRNAs are non-coding, post-transcriptional regulators of gene expression and their 

dysregulation has been associated with the development of various diseases. Understanding 

their role in disease development and progression is essential. Prior research focusing on 

microRNAs in disease has provided a basis for understanding disease prognosis and offers 

possible channels for therapeutic interventions. This study aimed to investigate possible 

differences in microRNA expression profiles of participants based on their blood pressure 

status in order to elucidate possible roles played by select microRNAs in hypertension 

development. Using quantitative reverse transcription polymerase chain reaction, we evaluated 

the expression levels of miR-126-3p, 30a-5p, 182-5p, 30e-3p and 1299 in the whole blood of 

1456 participants, normotensive (n=573), screen-detected hypertensive (n=304) and known 

hypertensive (n=579). The expression of miR-126-3p and 182-5p was significantly higher in 

known hypertensives when compared to both screen-detected hypertensives and normotensives 

and also in screen-detected hypertensives vs normotensives. There was also a significant 

association between the expression of miR-126-3p, 182-5p and 30a-5p and known 

hypertension. The study was able to demonstrate the dysregulation of three microRNAs in 

hypertension, whilst further highlighting its association with miR-126, 182-5p and 30a-5p 

expression.  
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1. Introduction 

Hypertension is a complex and multifactorial disease responsible for considerable loss of life 

globally (Bromfield & Muntner, 2013; Mills et al., 2020). It is an important, modifiable risk 

factor for cardiovascular disease (Touyz et al., 2018; Mills et al., 2020), whose prevalence 

varies globally and is on an upward trajectory in sub-Saharan Africa (Campbell et al., 2015; 

Mills et al., 2016). Hypertension prevalence rates in some sub-Saharan African countries 

currently rank among the highest globally, in stark contrast to the picture from a few decades 

ago when the region had the lowest blood pressure levels (Danaei et al., 2011). Inroads into 

understanding the pathophysiology of HPT and advancing treatment options have been made 

over the years. The pathogenesis has been linked to various biological processes, including 

endothelial dysfunction, impaired angiogenesis, dysregulation of the renin-angiotensin-

aldosterone axis and platelet activation (Taddei et al., 2001; Gkaliagkousi et al., 2010; Touyz 

et al., 2018). Sizeable financial investments have been made to study the genetic and 

environmental determinants of hypertension and some of these studies have linked the Liddle 

syndrome. This is a hereditary disorder characterised by overactivity of the renal tubular 

epithelial sodium channel (ENaC) as a result of mutations in the SCNN1B and SCNN1G genes), 

resulting in the development of HPT through sodium retention accompanied by potassium 

excretion, and low plasma renin and aldosterone levels. The syndrome continues to play its 

part towards the high HPT prevalence levels currently observed in sub-Saharan Africa (Spence 

& Rayner, 2018). However, in up to 95% of HPT cases, the aetiology remains unknown and 

primary hypertension continues to be a leading cause of morbidity and premature mortality 

globally (Carretero & Oparil, 2000; He & Macgregor, 2007). Described as a “silent killer”, 

affected individuals may be asymptomatic or symptoms only manifest in the later stages of the 

condition when possible target organ damage has taken place (Moore, 2005).  

Processes involved in blood pressure homeostasis are tightly regulated by various systems in 

the body. Amongst others, cellular processes like differentiation, growth and metabolism, are 

known to be under the control of microRNAs (miRNAs) (Vidigal & Ventura, 2015). These 

miRNAs are 18-25 base pair long, non-coding, post-transcriptional regulators of gene 

expression and their dysregulation has been linked to the development of cancer, essential 

hypertension, viral disease and endothelial dysfunction (Chen et al., 2008; Li & Kowdley, 

2012; Silambarasan et al., 2016; Nemecz et al., 2016). It is plausible that dysregulation of 

miRNAs may lead to disturbances in the body’s blood pressure regulatory mechanisms and 
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play an important role in the development of HPT. Herein, we investigated circulating levels 

of miR-1299, miR-30a-5p, miR-30e-3p, miR-126-3p and miR-182-5p in participants with 

normal blood pressure, as well as screen-detected and known hypertensives on anti-

hypertensive treatment. These miRNAs were chosen as possible targets in our study as next 

generation sequencing data had previously shown their association with diabetes and 

hypertension (Matsha et al., 2018; unpublished data). 

  



 

 

 89 

2. Materials and methods 

2.1. Ethical considerations 

This investigation was based on the ongoing Cape Town Vascular and Metabolic Health 

(VMH) study, which was approved by the Research Ethics Committees of the Cape Peninsula 

University of Technology (CPUT) and Stellenbosch University (respectively, NHREC: REC - 

230 408 – 014 and N14/01/003). Ethical approval was also obtained for this sub-study from 

the CPUT Health and Wellness Sciences Research Ethics Committee (CPUT/HW-REC 

2019/H7). The study was conducted as per the provisions of the Declaration of Helsinki and 

institutional guidelines. All procedures were explained to the participants in their language of 

choice and once participants fully understood their participation, they signed informed consent 

forms to allow the collection of blood and anthropometric data. 

2.2. Study design and procedures 

This cross-sectional study involved male and female participants from the VMH study, an 

extension of the previously described Cape Town Bellville South Study (Matsha et al., 2012). 

Data collection and procedures have been reported previously (Matsha et al., 2018). Briefly, 

each participant underwent anthropometric measurements and these were reported as the 

average of three separate readings. Body Mass Index (BMI) was calculated as weight per height 

squared (kg/m2) where kg is a participant’s weight in kilograms and m2 is the square of their 

height in metres. Blood pressure was measured according to the World Health Organisation 

(WHO) guidelines (Chalmers et al., 1999), using a semi-automatic digital blood pressure 

monitor (Omron M6 comfort-preformed cuff blood pressure monitor, China) on the right arm 

in a sitting position and at rest for at least 10 minutes. Three blood pressure readings were taken 

at three-minute intervals and the lowest systolic blood pressure and corresponding diastolic 

blood pressure values were used. Participants were grouped into three categories based on; the 

use of anti-hypertensive medication as known hypertension, blood pressure measurement of 

140/90 mm Hg as screen-detected hypertension and normal blood pressure measurement as 

normotensive. 

Various biochemical parameters were measured in an ISO 15189 accredited pathology practice 

(PathCare Reference Laboratory, Cape Town, South Africa) using different analytical methods 

as follows: glycated haemoglobin (HbA1c) by High Performance Liquid Chromatography 

(BioRad Variant Turbo, BioRad, Hercules, CA, USA); serum insulin by a paramagnetic 
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particle chemiluminescence assay (Beckman DXI, Beckman Coulter, South Africa); serum 

cotinine by Competitive Chemiluminescent (Immulite 2000, Siemens, Munich, Germany); 

plasma glucose by enzymatic hexokinase method (Beckman AU, Beckman Coulter, Brea, CA, 

USA); total cholesterol (TC); high density lipoprotein cholesterol (HDL-c) by enzymatic 

immunoinhibition – end point (Beckman AU, Beckman Coulter, Brea, CA, USA); triglycerides 

(TG) by glycerol phosphate oxidase-peroxidase, end point (Beckman AU, Beckman Coulter, 

Brea, CA, USA); low density lipoprotein cholesterol (LDL) by enzymatic selective protection 

– end point (Beckman AU, Beckman Coulter, Brea, CA, USA); and ultrasensitive C-reactive 

protein (CRP) by Latex Particle Immunoturbidimetry (Beckman AU, Beckman Coulter, Brea, 

CA, USA). These analyses were conducted at an ISO 15189 accredited pathology practice 

(PathCare Reference Laboratory, Cape Town, South Africa). Blood samples for miRNA 

expression analysis were collected in Tempus Blood RNA tubes (ThermoFisher Scientific, 

Waltham, MA, USA) and stored at -80°C for total RNA extraction and quantitative reverse 

transcription polymerase chain reaction (RT-qPCR) analysis.  

2.3. RNA isolation 

Total RNA, including miRNA, was isolated from 3 mL of whole blood using the MagMax 

Total RNA isolation kit (ThermoFisher Scientific) according to manufacturer’s instructions, 

with the nucleic acid washing and elution steps conducted on the Kingfisher Flex system. The 

concentration and purity of each total RNA extract was determined using a NanoDrop One 

spectrophotometer and total RNA extracts with 260/280 values between 1.8 and 2.0, and 

concentrations greater than 20 ng/µl were used for RT-qPCR.  

2.4. Quantitative reverse transcription PCR 

RT-qPCR was performed to determine the miRNA expression levels. Briefly, using the 

TaqMan Advanced miRNA cDNA synthesis kit (Applied Biosystems, ThermoFisher 

Scientific, Waltham, MA, USA), 2µl of total RNA was converted into cDNA through 

sequential conduction of poly-A tailing, adaptor ligation, reverse transcription and miR-Amp 

steps as per the manufacturer’s recommendation. The miRNA expression levels were then 

determined using TaqMan miRNA Assay primers (ThermoFisher Scientific, Waltham, MA, 

USA) on the QuantStudio 7 Flex real-time PCR instrument (Life Technologies, Carlsbad, CA, 

USA). In order to determine relative miRNA expression in each sample, the 2-ΔCt method was 

used whilst the 2−ΔΔCt method was used to compute fold change differences in miRNA 
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expression between the study groups using miR-16-5p (ThermoFisher Scientific, Waltham, 

MA, USA) as the endogenous control (Livak & Schmittgen, 2001).  

2.5. Statistical Analysis 

Data analysis was performed using Statistical Product and Service Solutions (SPSS) v.26 

software (IBM Corp, USA). Results are reported as count (and percentages), mean (and 

standard deviation) for normally distributed variables or median (25th-75th percentiles) for 

asymmetrically distributed variables. The Kruskal-Wallis test and analysis of variance 

(ANOVA) were used to compare the median and mean baseline characteristics respectively 

across blood pressure groups. Spearman’s partial correlations, adjusted for age, gender and 

BMI, were used to assess the relationship between miRNAs and other cardiovascular risk 

profile variables whilst multivariable logistic regression models were used to assess the 

association of miRNAs with screen-detected hypertension and known hypertension with crude 

and adjusted odds ratio (OR). A p-value less than 0.05 signified statistically significant 

findings. 
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3. Results 

3.1. Participant characteristics 

A total of 1456 participants were included in this study. A summary of the participants 

characteristics is shown in Table 1. There were 386 (67.4%) females and 187 (32.6%) males 

in the normotensive group with an average age of 39.3±13.7 years, 209 (68.8%) females and 

95 (31.2%) males in the screen-detected hypertension group with an average age of 48.9±13.4 

years whilst the known hypertension group comprised of 478 (82.6%) females and 101 (17.4%) 

males whose average age was 58.9±11.0 years. As expected for hypertension, there was a 

significant difference in the average age of participants across the three groups (p<0.001). 

Serum gamma-Glutamyltransferase (Gamma GT-S) levels differed significantly between the 

three groups and the other expected differences (BMI, age, systolic blood pressure, waist 

circumference, HDL-c and LDL cholesterol) by hypertension status in the cardiovascular risk 

profile were apparent between the participant groups as shown in Table 1.  

3.2. Relative miRNA expression 

Normalization of relative miRNA expression was done with reference to the expression of 

miR-16-5p. Overall, the expression of miR-126-3p and 182-5p differed significantly across all 

blood pressure groups.  Figure 1A shows that in participants with known hypertension, the 

relative expression (2-△Ct) of miR-126-3p was significantly higher than that of the 

normotensives and screen-detected hypertensives, (p<0.001). For miR-182-5p, the relative 

expression in known hypertension was significantly higher (4.3604) compared to both 

normotensive (1.7105) and screen detected hypertension (2.3124), both p<0.001 as shown in 

Figure 1B. However, for miR-30a-5p, 1299 and 30e-3p, whilst there were significant 

differences in their relative expression (2-△Ct) in known hypertension (0.0677; 0.0105 and 

0.0141) vs normotensive (0.033; 0.0044 and 0.0059) respectively (all p<0.001), that 

significance was not seen when screen-detected hypertension was compared to the 

normotensives, all p≥0.114 as shown in Figures 2A-C.  

3.3. Fold change computation  

When compared to the normotensives, there was at least a 2.2-fold increase in expression of 

miR-126-3p, 182-5p, 30a-5p, 1299 and 30e-3p in the known hypertension group. MiR-126-3p 

was the most expressed of the five miRNAs, particularly in known hypertension versus 

normotensive (fold change=2.64) and known hypertension versus screen-detected 
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hypertension (fold change=1.99). However, the fold difference in expression of all five 

miRNAs in the screen-detected hypertension participants compared to the normotensives was 

≤1.65-fold, with the lowest fold difference in expression between these two blood pressure 

groups observed for miR-30e-3p, whose expression was 1.17-fold higher in screen-detected 

hypertension compared to the normotensive.  

3.4. MiRNA expression correlation with anthropometric measurements 

There was a significant positive correlation between the expression of the five miRNAs across 

the blood pressure groups (r≥0.71, p<0.001), with the highest correlation coefficient in 

expression seen between miR-126-3p and miR-182-5p (r=0.983, p<0.001) as shown in Table 

2. Detailed correlations between the expression of each miRNA and biochemical parameters 

are shown in Supplementary Tables S1-5. The expression of all miRNAs correlated negatively 

with waist circumference, with the highest correlation coefficients seen in the screen-detected 

hypertension group for both miR-126-3p (r = -0.748, p<0.001) and miR-30e-3p (r = -0.729, 

p<0.001). There was a significant, though weak correlation between the expression of both 

miR-182-5p and miR-30a-5p with systolic blood pressure in the known hypertension group. 

However, there was no significant association between the expression of miR-30e-3p, miR-

126-3p and 1299 with systolic blood pressure regardless of blood pressure status. Whilst there 

was no correlation between the expression of any of the five miRNAs and TC, there was a 

significant positive correlation with HDL-c, with the highest correlation coefficients seen in 

the known hypertension group with respect to miR-182-5p (r=0.629, p=0.001), miR-30a-5p 

(r=0.615, p=0.002), miR-30e-3p (r=0.608, p=0.002) miR-126-3p (r=0.595, p=0.003) and 

finally miR-1299 (r=0.508, p=0.013). Gamma GT-S also showed a significantly positive 

correlation with the expression of all but miR-1299 in the screen-detected hypertension group. 

3.5. Multivariable regression analysis 

The results of multivariable regression analysis are shown in Table 3. With regards to miR-

126-3p, the crude odds (age and gender adjusted only) ratio was 1.16 (95% confidence interval 

(CI): 1.05-1.27, p=0.003) for screen-detected hypertension, whilst for known hypertension, the 

OR was 1.58 (95% CI: 1.46-1.71, p<0.001). For miR-30a-5p, the OR was 1.24 (95% CI: 1.00-

1.55, p=0.053) for screen-detected hypertension whilst for known hypertension, the OR was 

1.63 (95% CI: 1.36-1.95, p<0.001). The crude odds ratio for miR-182-5p was 1.11 (95% CI: 

1.05-1.17, p<0.001) for screen-detected hypertension whilst for known hypertension, the OR 

was 1.24 (95% CI: 1.18-1.30, p<0.001). The associations between the expression of these miR-
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126-3p, 182-5p and 30a-5p and hypertension (both screen-detected and known) remained 

significant even when the model was adjusted for BMI, TC, TG and HbA1c. When further 

adjusted for duration of known hypertension diagnosis, the associations also remained 

significant for these three miRNAs. As for miR-30e-3p, the only significant association was 

with known hypertension which had an OR of 1.71 (95% CI: 1.46-2.01, p<0.001) whilst for 

screen-detected hypertension, the OR was 1.07 (95% CI: 0.91-1.26, p=0.393).  There was no 

significant association between the expression of miR-1299 and screen-detected or known 

hypertension.  
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4. Discussion 

This study demonstrated a significantly higher expression of miR-126-3p and miR-182-5p in 

hypertensives (both screen-detected and known hypertension) when compared to the 

normotensives. However, when the expression levels of miR-30a-5p, 30e-3p and 1299 were 

compared between normotensives and screen-detected hypertension, no significant difference 

was observed. Although multivariable logistic regressions showed no association between 

miR-30e-3p and miR-1299, we observed an association between the expression of miR-126-

3p, 182-5p and 30a-5p with screen-detected and known hypertension, particularly in the latter. 

Even after adjustment of the crude model for age, sex, BMI, HbA1c, TG and TC, the 

associations remained significant.  

Angiogenesis and maintenance of vascular integrity are vital blood pressure regulatory 

processes in which miR-126 has an essential role (Wang et al., 2008). During hypertensive 

states, there is loss of endothelial cell function and blood perfusion to capillaries becomes 

limited, leading to capillary disappearance. This is described as microvascular rarefaction and 

is a distinctive characteristic of hypertension (Humar et al., 2009). Its effects contribute to 

hypertension related complications such as organ damage and stroke. It has been reported that 

miR-126, through the stimulation of proangiogenic activity of vascular endothelial growth 

factor (VEGF) and fibroblast growth factor (FGF), counteracts microvascular rarefaction by 

encouraging the formation of blood vessels. This is achieved through the quelling of Spred-1 

expression, a known inhibitor of angiogenic signalling (Wang et al., 2008). Our study 

demonstrated a higher expression of miR-126-3p in hypertensive participants when compared 

to the normotensives, and this finding has also been reported in another study (Liu et al., 2018). 

It is plausible that the high expression of miR-126 in hypertensives may represent a response 

to lower the blood pressure through promotion of blood vessel formation, whilst repressing the 

effects of anti-angiogenic Spred-1. Whilst our study demonstrated a higher expression of miR-

126-3p in the whole blood of hypertensives compared to the normotensives, another study 

demonstrated lower expression of miR-126 in hypertensives when compared to healthy 

controls, albeit in peripheral blood mononuclear cells (PBMCs) (Kontaraki et al., 2014). There 

was no significant difference in miR-126 expression between hypertensive and normotensive 

participants in the study by Chen and co-workers (Chen et al., 2018). These discrepancies could 

in part be explained by the type of sample used and participants recruitment criteria. It has also 

been demonstrated that anti-hypertensive medications like nebivolol and atenolol affect 
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miRNA expression (Ye et al., 2013). Kontaraki and colleagues excluded anyone on anti-

hypertensive medication from their study, while Chen and colleagues’ hypertensive group 

included any participants who had been on anti-hypertensive therapy for longer than three 

months (Chen et al., 2018). 

The efficacy of miR-182 against glioblastoma multiforme, a therapy-resistant cancer of the 

brain has been previously reported (Kouri et al., 2015). It has been established as an oncogenic 

miRNA and its interactions in several types of cancers have been reviewed (Wei et al., 2015). 

The expression of miR-182-5p was significantly higher in both hypertension groups when 

compared to the normotensives in our study. However, there is a paucity of studies indicating 

a role for miR-182-5p in essential hypertension. Nonetheless, in a study evaluating the miRNA 

expression profiles in the placenta of pregnant participants, the expression of miR-182 was 

found to be elevated in participants with preeclampsia, a mid-term complication of pregnancy 

characterised by proteinuria and hypertension, when compared to normal, pregnant controls 

(Pineles et al., 2007). Hypertension is a known risk factor for coronary artery disease (CAD) 

(Weber et al., 2016) and in participants with unprotected left main CAD, the plasma expression 

of miR-182-5p was significantly higher compared to the non-CAD control group and further 

analyses indicated its high diagnostic power for uncontrolled left main CAD (Zhu et al., 2019). 

Whether miR-182-5p plays a role in haemodynamic regulation or indeed the pathogenesis of 

hypertension remains to be elucidated. 

In our study, the expression of miR-30a-5p was significantly higher in known hypertensives 

compared to normotensives. The upregulation of miR-30a in hypertensive participants 

compared to normal controls was also reported in another study and identified as a possible 

biomarker target for differentiating white coat hypertension from essential hypertension and 

normotensives (Huang et al., 2016). Delta-like ligand 4 (dll4) is mainly expressed in the 

vascular endothelium and exerts its effects through Notch signalling by attachment to its 

receptor Notch1. The ligand is a key inhibitor of angiogenesis and the expression of miR-30a 

works against the expression of dll4 and in doing so, promotes angiogenesis (Jiang et al., 2013). 

The promotion of angiogenesis through the expression of miR-30a-5p can lead to lowering of 

the blood pressure and could have been the case in our cohort of known hypertensives. 

The large number of participants involved in the project provided sufficient power to the study 

as each blood pressure group was adequately represented. Whilst the cross-sectional nature of 

the study precludes inference about causal relationships between miRNA expression and 
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development of hypertension, it provided a basis for setting up longitudinal cohorts in which 

functional studies can be conducted to further clarify the roles that these non-coding RNAs 

play in the pathogenesis of hypertension. 

In conclusion, our study demonstrated the differential expression of miRNAs in the whole 

blood of participants on the basis of their blood pressure status. Furthermore, prior findings on 

miR-126 and the miR-30 family were further validated and their roles in the pathogenesis of 

hypertension warrant further investigation as they could offer potential prognostic and 

therapeutic avenues for cardiovascular diseases.  
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Figure 1. Comparison of the relative expression of miR-126-3p and 182-5p in the three blood pressure groups. 

A. The expression of miR-126-3p was significantly higher in known hypertension when compared to screen-detected hypertension (p<0.001) and the 
normotensives (p<0.001). There was also a significant difference in expression when screen-detected hypertensives were compared to the normotensives 
(p=0.001). B. There was a significantly higher expression of miR-182-5p in known hypertension when compared to screen-detected hypertension (p<0.001) 
and the normotensives (p<0.001). When screen-detected hypertensives were compared to the normotensives, that significant difference in expression remained 
(p=0.002). The relative miRNA expressions were calculated using the 2-ΔCt method and a one-way ANOVA used to compare differences in miRNA expression 
between groups.
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Figure 2. Comparison of the relative expression of miR-30a-5p, miR-1299 and miR-30e-3p. 

A. The expression of the miR-30a-5p was significantly higher in known hypertension compared to screen-detected hypertension (p=0.001) and the 
normotensives (p<0.001). However, there was no significant difference in expression between screen-detected hypertensives and normotensives (p=0.114). B. 
There was a significantly higher expression of miR-1299 in known hypertension when compared to screen-detected hypertension (p=0.002) and the 
normotensives (p<0.001). There was no significant difference in expression when screen-detected hypertensives were compared to the normotensives (p=0.447). 
C. The expression of miR-30e-3p was significantly higher in known hypertension when compared to screen-detected hypertension (p<0.001) and the 
normotensives (p<0.001). There was no significant difference in expression when screen-detected hypertensives were compared to the normotensives (p=0.407). 
The relative miRNA expressions were calculated using the 2-ΔCt method and a one-way ANOVA used to compare differences in miRNA expression between 
groups.
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Table 1. Study participant characteristics based on blood pressure status 

Normotensive 
(n=573) 

mean±SD 

Screen-detected HPT 
(n=304) 

mean±SD 

Known HPT 
(n=579) 

mean±SD 

All 
p-value

Normotensive vs 
Screen-detected HPT 

p-value

Normotensive 
vs Known HPT 

p-value

Screen-detected HPT 
vs Known HPT 

p-value
Gender 

<0.001 0.676 <0.001 <0.001 Female, n(%) 386 (67.4) 209 (68.8) 478 (82.6) 
Male, n(%) 187 (32.6) 95 (31.2) 101 (17.4) 
Age (years) 39.3 ± 13.7 48.9 ± 13.4 58.9 ± 11.0 <0.001 <0.001 <0.001 <0.001 
Body mass index (kg/m2) 25.9 ± 7.0 28.4 ± 8.5 31.4 ± 7.7 0.426 <0.001 <0.001 <0.001 
Waist circumference (cm) 84.5 ± 15.3 91.2 ± 16.3 98.5 ± 16.4 0.684 <0.001 <0.001 <0.001 
Hip circumference (cm) 98.2 ± 15.0 102.1 ± 16.4 108.5 ± 16.2 0.807 <0.001 <0.001 <0.001 
Waist to Hip ratio 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.728 <0.001 <0.001 0.006 
Systolic blood pressure (mmHg) 115.5 ± 12.7 151.7 ± 19.5 148.2 ± 26.4 0.025 <0.001 <0.001 0.041 
Diastolic blood pressure (mmHg) 74.7 ± 9.1 95.8 ± 11.6 90.7 ± 15.4 0.875 <0.001 <0.001 <0.001 
Fasting Blood glucose(mmol/L)* 4.6 (4.3; 5.0) 4.9 (4.6; 5.5) 5.3 (4.9; 6.8) <0.001 <0.001 <0.001 <0.001 
2-hour glucose (mmol/L)* 5.3 (4.3; 6.6) 6.1 (5.0; 7.7) 6.9 (5.5; 8.6) <0.001 <0.001 <0.001 <0.001 
HbA1c (%) 5.7 ± 1.0 5.9 ± 1.3 6.8 ± 1.9 0.032 0.006 <0.001 <0.001 
HbA1c (mmol/mol) 38.6 ± 11.0 40.9 ± 13.8 50.7 ± 21.1 0.032 0.006 <0.001 <0.001 
Fasting Insulin (mIU/L)* 5.6 (3.4; 8.8) 6.1 (3.9; 9.6) 8.0 (5.0; 13.1) <0.001 0.065 <0.001 <0.001 
2-hour Insulin (mIU/L)* 28.8 (15.0; 53.4) 34.7 (19.1; 64.0) 48.7 (26.5; 88.2) <0.001 0.014 <0.001 <0.001 
Triglycerides (mmol/L)* 1.0 (0.7; 1.4) 1.2 (0.9; 1.7) 1.4 (1.0; 1.9) <0.001 <0.001 <0.001 <0.001 
Total Cholesterol (mmol/L) 4.8 ± 1.1 5.2 ± 1.1 5.4 ± 1.2 0.296 <0.001 <0.001 <0.001 
HDL-cholesterol (mmol/L) 1.3 ± 0.4 1.4 ± 0.5 1.3 ± 0.3 <0.001 <0.001 0.359 <0.001 
LDL-cholesterol (mmol/L) 3.0 ± 1.0 3.2 ± 1.0 3.3 ± 1.0 0.230 0.025 <0.001 0.021 
C-Reactive Protein (mg/L)* 2.7 (1.1; 6.9) 3.7 (1.5; 9.3) 5.2 (2.5; 10.1) <0.001 0.012 <0.001 <0.001 
Gamma GT (IU/L)* 25 (18; 39) 30 (21; 50) 32 (22; 53) <0.001 <0.001 <0.001 <0.001 
Serum Creatinine (µmol/L) 59.5 ± 12.0 62.7 ± 28.9 71.8 ± 61.0 0.558 0.021 <0.001 0.014 

Values presented as mean±SD unless marked with an asterisk*, in which case the median and (25th-75th percentiles) are reported. The Kruskal-Wallis test and analysis of 

variance (ANOVA) were used to compare the median and mean baseline characteristics respectively across blood pressure groups. HPT = hypertension, SD = standard deviation. 
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Table 2. Partial correlations between miRNA relative expression and anthropometric and biochemical parameters 

miR-30a-5p 2-ΔCt miR-126-3p 2-ΔCt miR-182-5p 2-ΔCt miR-30e-3p 2-ΔCt miR-1299 2-ΔCt 
r p-value r p-value r p-value r p-value r p-value

miR-30a-5p 2-ΔCt 1.000 0.901 <0.001 0.937 <0.001 0.901 <0.001 0.710 <0.001 
miR-1299 2-ΔCt 0.710 <0.001 0.731 <0.001 0.738 <0.001 0.721 <0.001 1.000 
miR-182-5p 2-ΔCt 0.937 <0.001 0.983 <0.001 1.000 0.968 <0.001 0.738 <0.001 
miR-30e-3p 2-ΔCt 0.901 <0.001 0.973 <0.001 0.968 <0.001 1.000 0.721 <0.001 
miR-126-3p 2-ΔCt 0.901 <0.001 1.000 0.983 <0.001 0.973 <0.001 0.731 <0.001 
Waist circumference (cm) -0.485 0.019 -0.535 0.009 -0.518 0.011 -0.538 0.008 -0.521 0.011 
Hip circumference (cm) -0.154 0.482 -0.053 0.809 -0.100 0.651 -0.084 0.703 0.048 0.828 
Waist to Hip ratio 0.001 0.997 -0.113 0.608 -0.060 0.787 -0.083 0.705 -0.131 0.553 
Systolic blood pressure (mmHg) 0.313 0.146 0.293 0.174 0.304 0.158 0.275 0.204 0.268 0.216 
Diastolic blood pressure (mmHg) 0.224 0.304 0.217 0.319 0.228 0.295 0.202 0.354 0.233 0.284 
Fasting Blood glucose (mmol/L) 0.133 0.546 0.077 0.728 0.109 0.621 0.119 0.590 0.040 0.856 
2-hour glucose (mmol/L) 0.046 0.834 0.019 0.932 0.044 0.841 0.058 0.792 0.102 0.644 
HbA1c (%) -0.201 0.357 -0.170 0.439 -0.190 0.385 -0.153 0.485 -0.130 0.555 
Fasting insulin (mIU/L) 0.272 0.209 0.241 0.267 0.267 0.218 0.250 0.250 0.216 0.322 
2-hour insulin (mIU/L) 0.049 0.826 0.024 0.913 0.051 0.815 0.045 0.838 0.078 0.723 
Triglycerides-S (mmol/L) 0.037 0.868 0.018 0.935 0.008 0.971 -0.024 0.915 -0.079 0.719 
Total cholesterol (mmol/L) 0.108 0.624 0.019 0.930 0.039 0.858 0.015 0.945 0.041 0.854 
HDL-cholesterol (mmol/L) 0.445 0.033 0.401 0.058 0.431 0.040 0.443 0.034 0.421 0.045 
LDL-cholesterol (mmol/L) 0.065 0.769 -0.017 0.939 -0.003 0.991 -0.025 0.908 0.021 0.925 
C-Reactive Protein (mg/L) 0.145 0.509 0.139 0.528 0.144 0.511 0.173 0.429 0.152 0.487 
Gamma GT (IU/L) 0.094 0.669 0.047 0.830 0.078 0.722 0.063 0.775 0.043 0.845 
Serum creatinine (µmol/L) -0.349 0.443 -0.390 0.387 -0.377 0.404 -0.385 0.394 -0.337 0.460 

Age, gender and BMI adjusted Spearman’s partial correlations were used to assess the association between miRNA relative expression and anthropometric and biochemical 

parameters across the three blood pressure groups.
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Table 3. Multivariable regression analysis of miRNAs for the presence of screen-detected and known 
hypertension 

Screen-detected HPT Known HPT 
OR 95% CI p-value OR 95% CI p-value

miR 30a-5p** 
Model 1 1.24 (1.00;1.55) 0.053 1.63 (1.36;1.95) <0.001 
Model 2 1.35 (1.07;1.72) 0.013 1.98 (1.58;2.48) <0.001 
Model 3 1.35 (1.06;1.71) 0.015 1.97 (1.57;2.48) <0.001 
Model 4 1.37 (1.07;1.74) 0.011 1.99 (1.57;2.51) <0.001 
Model 5 1.35 (1.06;1.72) 0.014 1.97 (1.56;2.48) <0.001 
Model 6 - - - 1.81 (1.4;2.34) <0.001 
miR 30e-3p*** 
Model 1 1.07 (0.91;1.26) 0.393 1.58 (1.4;1.78) <0.001 
Model 2 1.14 (0.96;1.36) 0.130 1.71 (1.46;1.99) <0.001 
Model 3 1.15 (0.96;1.37) 0.121 1.71 (1.46;2.01) <0.001 
Model 4 1.16 (0.97;1.39) 0.094 1.74 (1.48;2.05) <0.001 
Model 5 1.17 (0.98;1.39) 0.089 1.74 (1.48;2.05) <0.001 
Model 6 - - - 1.81 (1.42;2.30) <0.001 
miR 126-3p* 
Model 1 1.16 (1.05;1.27) 0.003 1.58 (1.46;1.71) <0.001 
Model 2 1.23 (1.11;1.37) <0.001 1.72 (1.55;1.9) <0.001 
Model 3 1.21 (1.09;1.35) <0.001 1.69 (1.52;1.87) <0.001 
Model 4 1.23 (1.11;1.38) <0.001 1.71 (1.54;1.91) <0.001 
Model 5 1.23 (1.1;1.37) <0.001 1.71 (1.53;1.91) <0.001 
Model 6 - - - 1.93 (1.65;2.26) <0.001 
miR 1299** 
Model 1 1.07 (0.94;1.21) 0.329 1.22 (1.11;1.35) <0.001 
Model 2 1.59 (0.42;5.96) 0.495 1.18 (1.05;1.33) 0.005 
Model 3 1.05 (0.92;1.2) 0.466 1.19 (1.05;1.34) 0.006 
Model 4 1.08 (0.94;1.24) 0.308 1.21 (1.06;1.37) 0.005 
Model 5 1.09 (0.94;1.25) 0.254 1.22 (1.07;1.39) 0.004 
Model 6 - - - 1.23 (1.05;1.44) 0.009 
miR 182-5p* 
Model 1 1.11 (1.05;1.17) <0.001 1.24 (1.18;1.3) <0.001 
Model 2 1.14 (1.07;1.21) <0.001 1.31 (1.24;1.39) <0.001 
Model 3 1.14 (1.07;1.21) <0.001 1.31 (1.23;1.39) <0.001 
Model 4 1.14 (1.08;1.22) <0.001 1.31 (1.23;1.4) <0.001 
Model 5 1.14 (1.07;1.22) <0.001 1.31 (1.23;1.39) <0.001 
Model 6 - - - 1.31 (1.21;1.41) <0.001 

Model 1: Crude; Model 2: included age and sex; Model 3: included age, sex and BMI; Model 4: included age, 

sex, BMI, HbA1c; Model 5: included age, sex, BMI, HbA1c,triglycerides, total cholesterol; Model 6: included 

age, sex, BMI, HbA1c, triglycerides, total cholesterol; duration of disease *calculated for 0.1 unit increase; ** 

calculated for 0.01 unit increase; ***calculated for 0.001 unit increase.



 

 

 107 

 
 

 

 

 

 

 

 

 

 

 

CHAPTER 5: MANUSCRIPT 3 

Manuscript submitted to the Molecular Biology Reports Journal. 

 

 



 

 

 108 

Two novel microRNAs and their association with absolute blood pressure 

parameters in an urban South African community 

 

Running title: Novel microRNAs in hypertension 

 

Don M Matshazi1, Cecil J Weale1, Rajiv T Erasmus2, Andre P Kengne3,4, Saarah FG Davids1, 

Shanel Raghubeer1, Glenda M Davison1, Tandi E Matsha1* 
 

1SAMRC/CPUT/Cardiometabolic Health Research Unit, Department of Biomedical Sciences, 

Faculty of Health and Wellness Science, Cape Peninsula University of Technology, Cape 

Town, South Africa. 2Division of Chemical Pathology, Faculty of Health Sciences, National 

Health Laboratory Service (NHLS) and University of Stellenbosch, Cape Town, South Africa. 

3Non-Communicable Diseases Research Unit, South African Medical Research Council, Cape 

Town, South Africa. 4Department of Medicine, University of Cape Town, Cape Town, South 

Africa 

 

 

 

 

Correspondence should be addressed to: Professor Tandi E. Matsha, Biomedical Sciences, 

Faculty of Health and Wellness Sciences, Cape Peninsula University of Technology, 1 

Symphony Way, PO Box 1906, Bellville 7530, Cape Town, South Africa. Tel: +27 21 959 

6366, Fax: +27 21 959 6760; Email: matshat@cput.ac.za and/or tandimatsha@gmail.com  

 

 

Funding: South African Medical Research Council (MRC-RFA-UFSP-01-2013/VMH Study) 

and South African National Research Foundation (Grant no. 115450)  

Conflict of interest: None 

Word count: 2469 

Number of tables: 5 

 

mailto:matshat@cput.ac.za
mailto:tandimatsha@gmail.com


 

 

 109 

Abstract 

Introduction: MicroRNAs play an important role in gene expression regulation and thus have 

a significant role in disease development and progression. The description of novel microRNAs 

in various populations around the world continues to add to the pool of existing microRNAs 

that can be targeted for diagnostic and therapeutic purposes in disease.  

Objective: This study aimed to describe novel microRNAs in a normotensive and hypertensive 

African population and relate their expression to blood pressure parameters and hypertension 

status.  

Methods: Next-generation sequencing was conducted on blood from 48 normotensive and 

hypertensive participants and findings confirmed by quantitative reverse transcription 

polymerase chain reaction in a cohort of 881 participants. The relationship between the novel 

microRNAs and systolic and diastolic blood pressure as well as mean arterial pressure was also 

investigated in the same cohort. 

Results: Two novel microRNAs (miR-novel-chr1_36178 and miR-novel-chr15_18383) were 

significantly dysregulated by hypertension status. The expression of miR-novel-chr1_36178 

differed according to sex, correlated with mean arterial pressure and systolic and diastolic 

blood pressure at higher levels of expression and was associated with screen-detected 

hypertension. 

Discussion:  

The association of miR-novel-chr1_36178 expression with mean arterial pressure and systolic 

and diastolic blood pressure, as well as its dysregulation according to hypertension status 

suggests its possible utility as a biomarker target for hypertension diagnosis and/or 

therapeutics. Furthermore, its association with screen detected hypertension and dose-response 

relationship with blood pressure suggests the microRNA may be used to identify and monitor 

individuals at risk of hypertension. Further characterisation of the novel miRNA’s interactions 

with various genes and cellular processes are important in understanding its role in the 

development and progression of hypertension. 

 

Keywords: hypertension, novel microRNA, blood pressure, Africa, RT-qPCR  
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1. Introduction 

Ever since the discovery of the first non-coding ribonucleic acid (RNA) close to 30 years ago 

(Lee et al., 1993), more than 2000 mature human microRNAs (miRNAs) have since been 

described (Alles et al., 2019). Using small RNA sequencing techniques, epigenome studies 

continue to describe novel miRNAs in various body tissues and disease conditions (Wake et 

al., 2016; Matsha et al., 2018). These miRNAs are 18-22 base pairs long (Yildirim et al., 2019) 

and are involved in the regulation of gene expression at the post transcription level, either 

through targeted messenger RNA (mRNA) degradation or inhibition of translation (Krol et al., 

2010; Wake et al., 2016). As such, they have a crucial role in maintaining the homeostatic 

balance of the human body’s processes and dysregulations in their expression may be related 

to disease processes (Li & Kowdley, 2012; Shin & Chu, 2014).   

An individual’s phenotype is strongly influenced by the complex interplay between their 

genetic makeup and the environment they inhabit (Baye et al., 2011). Identifying variations in 

the genetic (particularly the epigenome) makeup of different populations may help us 

understand and explain why different populations respond to the same disease and/or 

medications in a different manner. As the impact of miRNAs in the world of science and 

disease continues to grow steadily, their study in various diseases, including hypertension 

(HPT), has gained considerable impetus in high income Asian (Li et al., 2011; Huang et al., 

2016; Liu et al., 2018) and European (Kontaraki et al., 2014) countries with potentially 

interesting therapeutic implications (Baumann & Winkler, 2014). However, there is a paucity 

of studies focusing on miRNAs and HPT in the African population, despite its well-described 

genetic diversity (Campbell & Tishkoff, 2008) and steadily increasing HPT prevalence (Mills 

et al., 2016).  

Herein, we present two previously undescribed miRNAs exhibiting distinct expression patterns 

in a hypertensive African population when compared to normotensives from the same 

community. We further interrogated the relationship between the expression of these novel 

miRNAs and blood pressure parameters (systolic blood pressure (SBP), diastolic blood 

pressure (DBP) and mean arterial pressure (MAP)). Establishment of specific epigenomic 

signatures with clinical parameters of disease may offer alternative diagnostic and prognostic 

avenues, in addition to the potential development of effective, population-targeted therapeutic 

measures, instead of blanket approaches for genetically diverse populations.  
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2. Materials and methods 

2.1 Ethical approval 

Ethical approval for this study was obtained from the CPUT Health and Wellness Sciences 

Research Ethics Committee (CPUT/HW-REC 2019/H7). It is a sub-study of the larger and 

ongoing Cape Town Vascular and Metabolic Health (VMH) study, which was approved by the 

Research Ethics Committees of the Cape Peninsula University of Technology (CPUT) and 

Stellenbosch University (respectively, NHREC: REC - 230 408 – 014 and N14/01/003). The 

study was conducted according to the recommendations and guidelines of the Declaration of 

Helsinki. All procedures were explained to the participants in their language of choice and once 

they fully understood their participation, they signed informed consent forms to allow the 

collection of blood and anthropometric data. 

2.2 Study design and procedures 

This was a cross-sectional study composed of male and female participants from the VMH 

study, an extension of the Cape Town Bellville South study, previously described (Matsha et 

al., 2012). Data collection and procedures have been reported previously (Matsha et al., 2018). 

Briefly, each participant underwent anthropometric measurements and these were reported as 

the average of three separate readings. Body Mass Index (BMI) was calculated as weight per 

height squared (kg/m2) where kg is a participant’s weight in kilograms and m2 is the square of 

their height in metres. Blood pressure (BP) was measured according to the World Health 

Organisation (WHO) guidelines (Chalmers et al., 1999), using a semi-automatic digital BP 

monitor (Omron M6 comfort-preformed cuff blood pressure monitor, China) on the right arm 

in a sitting position and at rest for at least 10 minutes. Three BP readings were taken at three-

minute intervals and the lowest SBP and corresponding DBP values were used. Participants 

were grouped into two categories based on BP measurement of 140/90 mm Hg as screen-

detected HPT and normal BP measurement as normotensive. 

Various biochemical parameters were measured in an ISO 15189 accredited pathology practice 

(PathCare Reference Laboratory, Cape Town, South Africa) using different analytical methods 

as follows: glycated haemoglobin (HbA1c) by High Performance Liquid Chromatography 

(BioRad Variant Turbo, BioRad, Hercules, CA, USA); serum insulin by a paramagnetic 

particle chemiluminescence assay (Beckman DXI, Beckman Coulter, South Africa); serum 

cotinine by Competitive Chemiluminescent (Immulite 2000, Siemens, Munich, Germany); 
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plasma glucose by enzymatic hexokinase method (Beckman AU, Beckman Coulter, Brea, CA, 

USA); total cholesterol (TC); high density lipoprotein cholesterol (HDL-c) by enzymatic 

immunoinhibition – end point (Beckman AU, Beckman Coulter, Brea, CA, USA); triglycerides 

(TG) by glycerol phosphate oxidase-peroxidase, end point (Beckman AU, Beckman Coulter, 

Brea, CA, USA); low density lipoprotein cholesterol (LDL) by enzymatic selective protection 

– end point (Beckman AU, Beckman Coulter, Brea, CA, USA); and ultrasensitive C-reactive 

protein (CRP) by Latex Particle Immunoturbidimetry (Beckman AU, Beckman Coulter, Brea, 

CA, USA). These analyses were conducted at an ISO 15189 accredited pathology practice 

(PathCare Reference Laboratory, Cape Town, South Africa). Blood samples for miRNA 

expression analysis were collected in Tempus Blood RNA tubes (ThermoFisher Scientific, 

Waltham, MA, USA) and stored at -80°C for total RNA extraction and quantitative reverse 

transcription polymerase chain reaction (RT-qPCR) analysis.  

2.3 RNA isolation 

Total RNA, including miRNA, was isolated from 3mL of whole blood using the MagMax Total 

RNA isolation kit (ThermoFisher Scientific) according to manufacturer’s instructions, with the 

nucleic acid washing and elution steps conducted on the Kingfisher Flex system. The 

concentration and purity of each total RNA extract was determined using a NanoDrop One 

spectrophotometer and total RNA extracts with 260/280 values between 1.8 and 2.0, and 

concentrations greater than 20ng/µl were used for RT-qPCR.  

2.4 MicroRNA sequencing using next generation sequencing 

This was conducted on samples from a cohort of 48 age-matched, normotensive, screen-

detected hypertensive and known hypertensive female participants. Small RNA library 

construction, deep sequencing, and data processing were performed at Arraystar Inc., 

Rockville, USA as previously described (Matsha et al., 2018). Briefly, the total RNA of each 

sample was used to prepare the miRNA sequencing library as follows:1) 3'-adapter ligation 

with T4 RNA ligase 2 (truncated); 2) 5'-adapter ligation with T4 RNA ligase; 3) cDNA 

synthesis with RT primer; 4) PCR amplification; 5) extraction and purification of ~130-150 bp 

PCR amplified fragments (correspond to ~15-35 nt small RNAs) from the PAGE gel. 

Completed libraries were quantified using the Agilent 2100 Bioanalyzer, followed by 

denaturation of DNA fragments using 0.1M sodium hydroxide to generate single-stranded 

DNA molecules, which were then captured on Illumina flow cells, amplified in situ, and 

sequenced on the Illumina HiSeq system for 51 cycles according to the manufacturer’s 
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instructions. Raw sequences were generated as clean reads from the Illumina HiSeq using real-

time base calling and quality filtering. Adaptor sequences were removed from clean reads that 

passed the quality filter to produce trimmed reads of length ≥ 15 nucleotides. Using NovoAlign 

software, the trimmed reads were aligned to the human pre-miRNA in miRBase 21. The 

miRNA expression levels were measured and normalized as transcripts per million (TPM) of 

total aligned miRNA reads. MicroRNAs with fold changes ≥1.3, and p-values ≤ 0.1 were 

selected as the differentially expressed miRNAs. Novel miRNAs were predicted using 

miRDeep. 

2.5 Quantitative reverse transcription PCR 

RT-qPCR was performed to determine the novel miRNA expression levels in an independent 

sample of 881 normotensive, screen-detected hypertensive and known hypertensive male and 

female participants, as determined by next generation sequencing. Briefly, using the TaqMan 

Advanced miRNA cDNA synthesis kit (Applied Biosystems, ThermoFisher Scientific, 

Waltham, MA, USA), 2µl of total RNA was converted into cDNA through sequential 

conduction of poly-A tailing, adaptor ligation, reverse transcription and miR-Amp steps as per 

the manufacturer’s recommendation. The miRNA expression levels were then determined 

using TaqMan miRNA Assay primers (Applied Biosystems, ThermoFisher Scientific, 

Waltham, MA, USA) on the QuantStudio 7 Flex real-time PCR instrument (Life Technologies, 

Carlsbad, CA, USA). In order to determine relative miRNA expression in each sample, the 2-

ΔCt method was used whilst the 2−ΔΔCt method was used to compute fold change differences in 

miRNA expression between the study groups using miR-16-5p (ThermoFisher Scientific, 

Waltham, MA, USA) as the endogenous control (Livak & Schmittgen, 2001).  

2.6 Statistical Analysis 

Data analysis was performed using Statistical Product and Service Solutions (SPSS) v.26 

software (IBM Corp, USA). Normally distributed variables are reported as count (and 

percentages), mean (and standard deviation) whilst asymmetrically distributed variables are 

reported as median (25th-75th percentiles). Comparisons of median and mean baseline 

characteristics across BP groups were done using the Kruskal-Wallis test and analysis of 

variance (ANOVA) respectively. Spearman’s correlations, adjusted for age and sex, were used 

to assess the relationship between miRNAs and other cardiovascular risk profile variables 

whilst multivariable logistic regression models were used to assess the association of miRNAs 
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with screen-detected HPT and known HPT with crude and adjusted odds ratio (OR). A p-value 

less than 0.05 signified statistically significant findings.
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3. Results 

3.1 Cohort description 

The study was made up of 598 (67.9%) female and 283 (32.1%) male participants with a mean 

age of 42.6 years. BP parameters (SBP, DBP and MAP) did not show any significant difference 

by sex (p≥0.085). The expression of miR-novel-chr1_36178 significantly differed according 

to sex (p=0.002), with greater expression in males compared to females. Other significant 

variations based on sex are shown in Table 1. Briefly, anthropometric, glycaemic and lipid 

indices were significantly raised in women, p≤0.043 whilst GGT was reduced, p=0.002.   

3.2 Whole genome miRNA sequencing 

Two novel miRNAs (miR-novel-chr15_18383 and miR-novel-chr1_36178) were discovered 

using next generation sequencing techniques and their characteristics are described in Table 2. 

miR-novel-chr15_18383 is transcribed from a gene located on chromosome 15, whilst miR-

novel-chr1_36178 is from a gene located on chromosome 1. Their expression differed 

significantly according to HPT status and whilst the expression of miR-novel-chr1_36178 was 

significantly higher in known hypertensives on therapy compared to the normotensives (fold 

difference = 1.5), the expression of miR-novel-chr15_18383 was significantly higher in known 

hypertensives on therapy compared to screen-detected hypertensives (fold difference = 1.3).  

3.3 Linear correlations 

As shown in Table 3, there was a weak, positive correlation between the expression of miR-

novel-chr15_18383 and miR-novel-chr1_36178 (r=0.48, p<0.001). There was no correlation 

between the expression of miR-novel-chr15_18383 and BP parameters. Interestingly, although 

very weak, there was a positive correlation between miR-novel-chr1_36178 expression and 

both DBP and MAP (r≤0.08, p≤0.024). 

3.4 Linear regression models 

Table 4 shows models used to predict absolute BP values based on the expression levels of the 

two novel miRNAs. For models 1 and 2, the variables were measured at the continuous level. 

MiRNA expression data values were log-transformed before analysis to correct for skewness. 

Whilst expression levels of miR-novel-chr15_18383 could not significantly predict the SBP, 

DBP and MAP as shown in Model 2, there was statistical significance in the expression of 

miR-novel-chr1_36178 and prediction of SBP, DBP and MAP. For every 1-unit increase in the 
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expression of miR-novel-chr1_36178, there is a 0.03 increase in the SBP (p=0.003), a 0,01 

increase in the DBP (p= 0.035) and 0.02 increase in the MAP (p=0.008). 

A dose response assessment was done to determine if the effect of the novel miRNAs on BP 

variables was dependant on the expression levels of the miRNAs. The miRNA expression data 

was divided into five quantiles (Q1-5), with Q1 being used as the reference. Although a 

significant relationship between the expression of miR-novel-chr1_36178 and BP variables 

was shown in Model 1, the significance of that relationship remained only when the miRNA 

was expressed at levels falling in quantile 5 (Q5) (p≤0.004). Findings in Model 4 concurred 

with Model 2 findings, indicating that even when expressed at high levels, miR-novel-

chr15_18383 had no significant relationship with SBP, DBP and MAP. 

3.5 Regression analysis 

Age and sex adjusted odds ratios (OR) were calculated to quantify the strength of the 

relationship between miRNA expression and screen-detected HPT, using the normotensives as 

a reference. As shown in Table 5, the expression of miR-novel-chr1_36178 and miR-novel-

chr15_18383 was significantly associated with screen-detected HPT, OR = 1.36 (95% CI: 1.08-

1.70), p=0.008 and OR = 1.31 (95% CI: 1.05-1.63), p=0.016. As for the dose response analysis, 

a significant association between the expression of miR-novel-chr1_36178 and the presence of 

screen-detected HPT was seen only when the miRNA was expressed at the highest level (Q5), 

OR = 2.13 (95% CI: 1.32-3.45), p=0.002. In contrast, there was no dose dependant association 

between the expression of miR-novel-chr15_18383 and the presence of screen-detected HPT, 

even at Q5 levels.  
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Table 1. Characteristics of participants that took part in the study. 

All Female Male 
p-valuen=881 

mean ± SD 
n=598 

mean ± SD 
n=283 

mean ± SD 
miR-novel-chr1_36178  (2-ΔCt)* 0.659 (0.2471;1.5976) 0.569 (0.2205;1.4008) 0.858 (0.2986;1.9741) 0.002 
miR-novel-chr15_18383  (2-ΔCt)* 0.001 (0.0004;0.0037) 0.001 (0.0004;0.0037) 0.001 (0.0005;0.0038) 0.848 
Age (years) 42.6 ± 14.3 42.9 ± 14.4 42.0 ± 14.2 0.415 
Body mass index 26.8 ± 7.6 28.6 ± 8.0 23.0 ± 5.3 <0.001 
Waist circumference (cm) 86.8 ± 16.0 89.3 ± 16.3 81.5 ± 13.8 <0.001 
Hip circumference (cm) 99.6 ± 15.6 103.3 ± 15.8 91.6 ± 11.6 <0.001 
Waist to Hip ratio* 0.87 (0.82;0.92) 0.86 (0.81;0.92) 0.88 (0.84;0.94) <0.001 
Systolic Blood Pressure (mmHg) 128.1 ± 23.1 127.8 ± 23.2 128.6 ± 22.8 0.663 
Diastolic Blood Pressure  (mmHg) 82.1 ± 14.2 82.6 ± 13.5 80.9 ± 15.3 0.085 
Mean Arterial Pressure 97.4 ± 16.1 97.7 ± 15.7 96.8 ± 17.0 0.422 
Fasting blood glucose (mmol/L)* 4.7 (4.4;5.2) 4.7 (4.5;5.2) 4.7 (4.3;5.2) 0.043 
2-hour glucose (mmol/L)* 5.5 (4.5;6.9) 5.9 (4.9;7.2) 4.7 (3.9;6) <0.001 
HbA1c (%)* 5.6 (5.3;5.9) 5.6 (5.3 5.9) 5.5 (5.3;5.8) 0.046 
HbA1c (mmol/mol)* 37.7 (34.4;41.0) 37.7 (34.4;41.0) 36.6 (34.4;39.9) 0.046 
Fasting insulin (mIU/L)* 5.8 (3.6;9.1) 6.6 (4.2;9.6) 4.3 (2.7;7.3) <0.001 
2-hour insulin (mIU/L)* 30.8 (15.7;56.8) 38.4 (22.0;70.9) 18.4 (8.4;36.0) <0.001 
Triglycerides (mmol/L)* 1.07 (0.78;1.52) 1.05 (0.76;1.48) 1.11 (0.81;1.63) 0.093 
Total cholesterol (mmol/L) 4.97 ± 1.14 5.1 ± 1.15 4.69 ± 1.07 <0.001 
HDL-cholesterol (mmol/L) 1.35 ± 0.41 1.38 ± 0.41 1.29 ± 0.39 0.002 
LDL-cholesterol (mmol/L) 3.0 ± 0.1 3.2 ± 0.1 2.8 ± 0.9 <0.001 
C-Reactive Protein (mg/L)* 3.0 (1.2;7.8) 3.5 (1.4;8.5) 2.3 (1.0;6.0) 0.008 
Gamma GT-S* (IU/L)* 27 (19;42) 26 (18;40) 29 (21;47) 0.002 

Values presented as mean±SD unless marked with an asterisk*, in which case the median and (25th-75th percentiles) are reported. The Kruskal-Wallis test and analysis 
of variance (ANOVA) were used to compare the median and mean baseline characteristics respectively between sex. SD = standard deviation.
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Table 2. Description of significantly differentially expressed novel microRNAs discovered by next 
generation sequencing 

Mature ID 
Pre-miRNA 

accession ID 

Mature seed 

sequence 

Mature 

length 
Mature sequence 

hsa-miR-novel-chr1_36178 MYNO2414 UCCAGC 17 CUCCAGCCUGGGCAACA 

hsa-miR-novel-chr15_18383 MYNO1379 GCUCCC 22 UGCUCCCCCUCCCUUCCUGGGA 

Table 3. Spearman correlations for blood pressure parameters and novel miRNA expression 

miR-novel-chr1_36178  (2-ΔCt) miR-novel-chr15_18383  (2-ΔCt) 
r p-value r p-value

miR-novel-chr1_36178  (2-ΔCt) 1.000 0.477 <0.001 
miR-novel-chr15_18383  (2-ΔCt) 0.477 <0.001 1.000 
Systolic blood pressure (mmHg) 0.064 0.060 0.026 0.453 
Diastolic blood pressure (mmHg) 0.082 0.016 0.048 0.162 
Mean arterial pressure (mmHg) 0.076 0.024 0.045 0.195 

Table 4. Age and sex adjusted linear regression models for determinants of absolute BP levels and Mean 
Arterial Pressure# 

SBP DBP MAP 
B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value

Model 1 
miR-novel-chr1_36178 0.03 (0.01; 0.05) 0.003 0.01 (0; 0.03) 0.035 0.02 (0; 0.03) 0.008 
Model 2 
miR-novel-chr15_18383 0.02 (0; 0.04) 0.123 0.01 (0; 0.02) 0.073 0.01 (0; 0.03) 0.071 

Model 3 
miR-novel-chr1_36178 Q2 1.91 (-2.39; 6.22) 0.382 -0.37 (-3.21; 2.47) 0.800 0.39 (-2.71; 3.5) 0.803 
miR-novel-chr1_36178 Q3 3.09 (-1.2; 7.39) 0.158 0.29 (-2.54; 3.13) 0.839 1.23 (-1.88; 4.33) 0.438 
miR-novel-chr1_36178 Q4 2.24 (-2.08; 6.55) 0.309 0.33 (-2.52; 3.17) 0.821 0.96 (-2.15; 4.08) 0.544 
miR-novel-chr1_36178 Q5 6.99 (2.66; 11.32) 0.002 4.2 (1.35; 7.06) 0.004 5.13 (2.01; 8.26) 0.001 

Model 4 
miR-novel-chr15_18383 Q2 -3.91 (-8.39; 0.56) 0.086 -0.45 (-3.39; 2.49) 0.766 -1.6 (-4.83; 1.62) 0.330 
miR-novel-chr15_18383 Q3 0.97 (-3.53; 5.46) 0.673 0.89 (-2.06; 3.84) 0.554 0.92 (-2.32; 4.16) 0.579 
miR-novel-chr15_18383 Q4 0.15 (-4.32; 4.62) 0.947 1.84 (-1.1; 4.78) 0.219 1.28 (-1.94; 4.5) 0.437 
miR-novel-chr15_18383 Q5 0.94 (-3.54; 5.42) 0.680 1.27 (-1.67; 4.21) 0.397 1.16 (-2.07; 4.39) 0.481 

#Linear regression models showing the relationship between SBP, DBP and MAP. In Model 1 and 2, log-
transformed variables were used to cater for the skewness in miRNA expression data. In Model 3 and 4, the 
dose response for each miRNA was determined by dividing the relative miRNA expression into five quintiles, 
with Quintile 1 (Q1) as the reference.  
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Table 5. Age and sex adjusted odds ratios (with 95% confidence intervals) for determinants of screen-
detected hypertension 

Normotensive vs Screen-detected hypertension 
Odds ratio 95% CI p-value

Model 1 
miR-novel-chr1_36178 1.36 (1.08; 1.70) 0.008 
Model 2 
miR-novel-chr15_18383 1.31 (1.05; 1.63) 0.016 

Model 3 
miR-novel-chr1_36178 Q1 1 
miR-novel-chr1_36178 Q2 1.32 (0.82; 2.14) 0.255 
miR-novel-chr1_36178 Q3 1.52 (0.94; 2.46) 0.086 
miR-novel-chr1_36178 Q4 1.5 (0.93; 2.43) 0.098 
miR-novel-chr1_36178 Q5 2.13 (1.32; 3.45) 0.002 

Model 4 
miR-novel-chr15_18383 Q1 1 
miR-novel-chr15_18383 Q2 1.04 (0.64; 1.70) 0.871 
miR-novel-chr15_18383 Q3 1.38 (0.85; 2.24) 0.188 
miR-novel-chr15_18383 Q4 1.55 (0.96; 2.51) 0.072 
miR-novel-chr15_18383 Q5 1.37 (0.84; 2.22) 0.208 

For Model 1 and 2, log-transformed variables were used to cater for skewed miRNA expression data. 
In Model 3 and 4, the dose response for each of the novel miRNAs was determined by dividing the 
miRNA expression into five quintiles, with Quantile 1 (Q1) as the reference. 
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4. Discussion 

Whole genome sequencing showed the differential expression of two novel microRNAs (miR-

novel-chr1_36178 and miR-novel-chr15_18383) of length 17 and 22 nucleotides respectively, 

in peripheral blood from normotensive and hypertensive individuals. These findings were 

confirmed in a larger, independent sample by RT-qPCR. The expression of miR-novel-

chr15_18383 had no association with sex and did not correlate with any of the three BP 

parameters at lower or higher levels of expression. In contrast, the expression of miR-novel-

chr1_36178 significantly differed according to sex. At lower levels of expression, the miRNA 

had no association with screen-detected HPT or SBP, DBP and MAP. Interestingly, when 

expressed at greater levels, the miRNA was associated with all three BP parameters and the 

odds of screen-detected HPT in the presence of miR-novel-chr1_36178 doubled.  

Whilst the influence  of miRNAs on gene regulation has been previously described (Filipowicz 

et al., 2008; Catalanotto et al., 2016), the effects of the extent to which a miRNA is expressed 

relative to its function remains an understudied aspect. However, Shu and colleagues 

demonstrated the dose-dependent function of a panel of miRNAs (let-7a-7f and the miR-17-92 

cluster) and postulated that target mRNA selection may not only be dependent on sequence 

homology as commonly described, but also on the endogenous expression levels of the 

particular miRNA (Shu et al., 2012). It is plausible that the miR-novel-chr1_36178 described 

in our study, also exhibits this dose-dependent characteristic in BP regulation. 

Whilst the relationship between expression of these two novel miRNAs and BP variables or 

HPT status cannot be directly compared to similar studies (as our findings are novel), 

differential expression of miRNAs in HPT has been previously reported (Kontaraki et al., 

2014; Yildirim et al., 2019) and expression of miRNAs has also been related to BP parameters. 

For instance, one study showed a significant correlation between SBP and the expression of 

miR-21, miR-126 and miR-34a has been reported, whilst miR-146a expression was correlated 

with SBP and DBP (Hijmans et al., 2018). An elevated expression of miR-21 in hypertensives 

compared to normotensives has previously been reported and there was a positive correlation 

between miR-21 expression and clinical and ambulatory SBP (Cengiz et al., 2015), suggestive 

of a potential relationship between the miRNA and the regulation of BP. The maintenance of 

vascular integrity is one of the important processes carried out by endothelial cells (Wang et 

al., 2008) and miR-126, one of the miRNAs showing a differential expression pattern in 

hypertensives and correlated to BP parameters in a study by Hijmans and colleagues, plays an 
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integral role in this. As such, changes in the concentrations of miRNAs in hypertensives may 

represent an increased risk of disease in the vasculature of older people, increasing the 

possibility of a cardiovascular event.  

In conclusion, miR-novel-chr1_36178 showed significant dysregulation in hypertensives and 

its expression at higher levels, was related to SBP, DBP and MAP. As such, it warrants further 

study to understand its dose dependant relationship with BP parameters and the possible role 

it plays in the pathogenesis of HPT.  

Our study had some limitations. As HPT is deemed a “silent killer”, its diagnosis is often made 

when subclinical hypertension-mediated organ damage (HMOD) has taken place (Piskorz, 

2020). It is plausible that HMOD was present in our screen-detected and known hypertensive 

participants and influenced the observed novel miRNA expression profiles. As such, it may be 

argued that the novel miRNA expression profiles may be biomarkers of HMOD and this was 

not further investigated in our study. Another limitation to our study was that the networks and 

pathways targeted by the miRNAs as well as the nature of their interactions are currently not 

well established as these are novel miRNAs. Further studies into this may shed more light on 

how its expression impacts BP regulation. In addition, not much is known about these novel 

miRNAs and as such, findings could not be directly compared to findings from other studies 

at this stage. However, the discovery of these novel miRNAs adds to the pool of miRNAs that 

can be targeted for study in HPT and CVDs.  
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CHAPTER 6: DISCUSSION 

In this section, results reflecting work conducted to achieve the study objectives are discussed. 

This includes novel findings and their possible clinical relevance. In addition, 

recommendations for future projects are made to circumvent limitations cited in this study. 

6.1 Summary of novel findings 

Manuscript 1: 

This was the first study in Africa to conduct whole genome miRNA sequencing in HPT and 

identified a panel of 30 miRNAs that were dysregulated in hypertensives. Whilst some of the 

dysregulated miRNAs in our study had been previously reported in other studies, we reported 

a unique miRNA profile for this population, including the dysregulation of two novel miRNAs. 

The dysregulation of these miRNAs was associated with various biological pathways including 

platelet activation, calcium signalling and vascular smooth muscle contraction pathways. The 

findings from this part of the study informed the choice of miRNAs investigated in a later part 

of the study. 

Manuscript 2: 

Herein, the top five dysregulated miRNAs in whole genome miRNA profiling were chosen and 

investigated in a larger, independent sample using RT-qPCR. The expression of three of these 

miRNAs (miR-182-5p, 30e-3p and 1299) had not been previously investigated in HPT. They 

had however been implicated in various forms of CVDs or conditions characterised by high 

BP, including pre-eclampsia, coronary artery disease, heart failure and rheumatic heart disease. 

The other two miRNAs (miR-126-3p and miR-30a-5p) had been previously investigated in 

HPT, albeit with inconsistent findings. Whilst some studies reported either no difference or 

low expression of miR-126 in hypertensives, our study reported higher expression of miR-126-

3p and miR-30a-5p in hypertensives. In addition, we reported for the first time, miR-182-5p 

dysregulation in HPT. 

Manuscript 3: 

This part of the study investigated the relationship between clinical BP measures and the 

expression of two novel miRNAs from miRNA sequencing that have never been previously 

described in any population. Whilst the findings were not conclusive for one of the miRNAs, 

when highly expressed, the other novel miRNA was associated with SBP and DBP and screen-
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detected HPT. As such, further characterisation of the miRNA in the population and further 

investigation of its specific roles in BP regulation is warranted.  

6.2 Clinical relevance 

6.2.1 MicroRNAs as possible therapeutic targets 

Despite the success of anti-hypertensive medications in symptom management and control, 

resistant forms of HPT which represent, in part, failure of therapeutic interventions, continue 

to persist and pose increased cardiovascular risk, particularly to elderly patients (Calhoun et 

al., 2008). In our study, we reported significant differences in miRNA expression between 

hypertensives on therapy and newly diagnosed hypertensives that were not on therapy and this 

difference in expression could, in part, be attributed to the effect of anti-hypertensive 

medication on miRNA expression. The expression of miR-19, miR-101 and let-7e has been 

associated with a response to the beta-blockers metoprolol and atenolol, suggesting a 

regulatory role for these miRNAs in genes involved in pharmacodynamics (Solayman et al., 

2019). Taking the angiotensin receptor blocker Olmesartan for six months has been shown to 

significantly decrease the expression of both miR-221 and miR-2226 in hypertensives 

(Mandraffino et al., 2017). The evidence suggests a bi-directional relationship, where the 

expression of some miRNAs is influenced by the anti-hypertensive medication in use, whilst 

in other cases, the miRNAs that are expressed have an effect the efficacy of the medication. A 

full appreciation of the influence of antihypertensive medication on miRNA expression and the 

specific functional contributions of various miRNAs at different stages of HPT development 

opens up the possibility of targeting these miRNAs for therapy development and monitoring 

and prognostic purposes in HPT. Given that antihypertensive medication does influence the 

expression of miRNAs, which have gene expression regulatory functions, it is important that 

development of new BP lowering strategies or medications is done with miRNAs as an integral 

component of the process. 

The gene expression regulation capabilities of miRNAs means they have vast control on 

millions of biological processes, including those critical for BP regulation. Our study reported 

dysregulated vascular smooth muscle contraction, vasopressin-mediated water reabsorption, 

platelet activation, calcium signalling and aldosterone synthesis and secretion biological 

pathways. There was evidence of dysregulation of different biological pathways between 

known and newly diagnosed hypertensives in our study and some of these pathways have been 

linked to HPT. Whilst platelet activation and renin secretion pathways were dysregulated in 
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known hypertensives, in screen-detected hypertensives, the dysregulated pathways were those 

involved in vascular smooth muscle contraction and vasopressin-regulated water reabsorption. 

All these pathways are important in maintaining the BP within physiologically accepted limits. 

Studies have shown that miR-132 regulates vasopressin synthesis and thus water retention 

(Bijkerk et al., 2018). The CYP11B2 gene is important in fluid volume regulation as it regulates 

sodium retention and potassium excretion through production of aldosterone synthase 

(Xanthakis & Vasan, 2013). Altered aldosterone production and thus higher susceptibility to 

HPT has been linked to the effects of miR-24 on the CYP11B2 gene products (Robertson et al., 

2013). By inhibiting vascular contraction and enhancing vasodilation, the vascular 

endothelium maintains vascular tone through the production and release of vasoactive elements 

and this is dependent on functional calcium signalling pathways. Dysregulation of calcium 

signalling leads to altered responses by the vasculature, a common characteristic in HPT 

(Wilson et al., 2019). The miR-30 family regulates calcium signalling in the kidney (Wu et al., 

2015), whilst miR-214, through repression of mRNA encoding the sodium-calcium exchanger 

protein, Ncx1 regulates calcium pathways (Aurora et al., 2012). The evidence points towards 

miRNA involvement in various biological processes essential for BP regulation and further 

highlights their role in the pathogenesis of HPT. However, due to the complex nature in which 

miRNAs function, further investigations into the network of miRNA-pathway interactions 

using biological functionality assays need to be conducted if an understanding of how they 

result in disease is to be reached. At that point, they may form a subset of therapeutic targets 

that can manipulated to either reverse or enhance their action, depending on their 

pathophysiological role in disease. 

Expression profiles in disease may show an upregulation or downregulation of the miRNAs in 

question. In situations where increased expression of a particular miRNA favours development 

of a disease, dampening down its expression may be a viable corrective option. This can be 

achieved through delivery of inhibitory oligonucleotides targeting miRNAs in vivo and 

diminishing their function (Krützfeldt et al., 2005; Ma et al., 2010). Where the development 

or progression of disease is due to reduced expression of a particular miRNA, reconstitution of 

the miRNA pool by synthetic miRNA mimics is a possible therapeutic avenue. For example, 

in pulmonary arterial HPT where there is reduced miR-193 expression, using murine models 

of pulmonary HPT, Sharma and colleagues showed that administration of a synthetic miR-193 

mimic to the lungs lowered right ventricular systolic pressure (Sharma et al., 2014). A similar 
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study also reported a significant drop in right ventricular systolic pressure after reconstitution 

of miR-424 and miR-503 in PAH murine models (Kim et al., 2013).  

It is clear that, be it supplementary reconstitution of an under expressed, albeit desirable 

miRNA or the inhibition of an overexpressed, problematic miRNA, these non-coding RNAs 

are an interesting therapeutic target in HPT and related diseases. The use of synthetic 

oligonucleotides targeting or mimicking miRNAs implicated in disease is a promising 

therapeutic approach that warrants further investigation.  

6.2.2 MiRNAs as biomarkers of hypertension and cardiovascular disease 

Given that HPT affects more than 1 billion people (Mills et al., 2016) and annually, accounts 

for over 10 million deaths globally (Stanaway et al., 2018), and that more than 50% of 

hypertensives are unaware of their condition (Babiker et al., 2013; Peltzer & Phaswana-

Mafuya, 2013), it is safe to classify it as a greatly concerning public health problem requiring 

urgent intervention. The intervention strategies may take various forms, including development 

of alternative diagnostic or therapeutic strategies to supplement currently adopted ones. 

Presently, HPT diagnostic recommendations advise that a diagnosis be made after at least two 

separate office/clinical visits unless the BP readings are substantially greater than the 

recommended SBP and DBP limits. However, in some resource limited settings, HPT 

diagnosis after a single clinical visit or without strict adherence to recommendations remains a 

possibility. In addition, whilst ambulatory blood pressure measurement is the preferred method 

for monitoring BP and making a HPT diagnosis, the relatively higher financial need for that 

limits its routine availability. As such, investigations into the development of an alternative or 

supplementary HPT diagnostic procedure is warranted. As a result, microRNAs are now being 

investigated not only as potential biomarkers for HPT diagnosis, but with the added advantage 

of potentially being used for the development of therapy.  

By definition, biomarkers are reproducible and accurately measurable objective indicators of 

the medical state of the patient, as observed from the outside (Strimbu & Tavel, 2010). Some 

miRNAs exhibit different expression patterns in disease when compared to the normal state 

and as such have been candidates for biomarker research. In addition, to their differential 

expression in disease, their stability in circulation due to their resistance to RNase activity, pH 

and temperature fluctuations (Chen et al., 2008; Mitchell et al., 2008) further accentuates their 

appeal as biomarkers of disease. Various studies have reported the potential utility of miRNAs 

as biomarker targets in disease and their clinical relevance has been reported in T2DM (Matsha 
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et al., 2018; Pordzik et al., 2019), prostate cancer (Dybos et al., 2018), large B-cell lymphoma 

(Lawrie et al., 2008), endothelial dysfunction (Nemecz et al., 2016) and other human diseases 

(Li & Kowdley, 2012).  

The significant differences in the level of expression of miR-126-3p, 182-5p, 30a-5p and miR-

1299 in the blood of normotensive and hypertensive individuals in our study makes them 

potential biomarker targets for prognosis or diagnosis of HPT. Additionally, the association of 

BP parameters like SBP and DBP with the expression of miR-novel-chr1_36178 points 

towards its possible utility in prediction and monitoring fluctuations in BP levels. 

Dysregulation of miRNAs investigated in our study has been previously reported in HPT and 

CVDs. For instance, just as reported by Liu and colleagues, our study also demonstrated 

increased miR-126 expression in hypertensives in comparison to the normotensives (Liu et al., 

2018). However, this finding was in contrast to two other studies which either reported no 

difference in miR-126 expression between hypertensives and normotensives (Chen et al., 

2018) or increased miR-126 expression in normotensives relative to hypertensives (Kontaraki 

et al., 2014). In PAH patients, plasma miR-30a-5p expression was higher in comparison to 

normal controls (Tan et al., 2019), whilst Huang and colleagues reported miR-30a 

dysregulation in essential and white coat HPT, echoing our findings in which we also reported 

miR-30a-5p upregulation in hypertensives relative to normotensives (Huang et al., 2016). One 

study reported miR-182-5p as a suitable biomarker for unprotected left main coronary artery 

disease  whilst (Zhu et al., 2019) whilst significantly low plasma miR-182-3p expression was 

reported in pulmonary arterial hypertension patients, compared to healthy controls in another 

study (Sun et al., 2020). Sometimes similar studies do not report the same findings, even in 

reference to the same miRNA within the same disease. However, discordant findings in 

miRNA profiling are not uncommon and intra- and inter-population genetic diversity, 

participant inclusion and exclusion criteria, human sample type used, the miRNA profiling 

methods and the choice of normalizers for the generated qPCR data could explain some of the 

observed discrepancies. Owing to the lack a standardised procedure for conducting miRNA 

profiling, inter-study comparison of findings is very challenging and is an aspect of the field 

that warrants further improvement (Glinge et al., 2017). 

Besides the miRNAs investigated in our study, differential expression of other miRNAs 

relevant to HPT and CVDs has been previously reported and this includes increased expression 

of miR-21 and lower miR-143 and -145 expression in hypertensives (Yildirim et al., 2019; Li 
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et al., 2016; Kontaraki et al., 2014). Just like (Huang et al., 2016), Kontaraki and colleagues 

also reported downregulation of miR-133 in hypertensives compared to the controls (Kontaraki 

et al., 2014). Upregulation of miR-155 in hypertensives and a positive correlation with SBP, 

DBP and other blood pressure measurements has also been reported (Huang et al., 2020). In 

another study, a combination of miR-122-5p, -199a-3p, -208a-3p and -223-3p was reported to 

be of good diagnostic utility for HPT in an Asian population (Zhang et al., 2018).  

Overall, it is encouraging that there seems to be a distinction in miRNA expression patterns in 

diseased individuals, relative to healthy controls. This presents an opportunity to further study 

those miRNAs as they may have key roles in either preserving the healthy state or promoting 

the development of disease. This is particularly important as differential miRNA expression in 

disease and indeed HPT, may be a representation of either of two scenarios: 1) a counteractive 

response to reverse the disease state or progression or 2) a consequence of dysregulation of a 

biological or physiological process linked to the development of disease. It is essential to 

further analyse direction of the relationship between miRNA expression and HPT, so as to 

understand the pathophysiologic role of these non-coding RNAs in HPT and CVDs in general.  

The aforementioned findings from our study are important for several reasons. Firstly, they 

confirmed findings from similar studies, whilst further highlighting miRNA dysregulation in 

HPT. Furthermore, given the paucity in miRNA expression data for hypertensives in Africa, 

the two novel miRNAs identified in this study added to the pool of non-coding RNAs that can 

be targeted for further evaluation in hypertensive African populations. The establishment of a 

panel of miRNAs indicative of the presence of HPT risks or disease may be a valuable addition 

to the diagnostic process. With the conduction of intense, standardised miRNA-based research 

in HPT, it is a distinct possibility that miRNAs may eventually form surrogate endpoints in 

HPT, with important implications for the diagnostic, monitoring and treatment processes. 

6.3 Strengths and limitations 

The miRNAs selected for investigation in this study were based on whole genome miRNA 

profiling findings from participants within the same cohort. Whole genome miRNA profiling 

made use of NGS technology, which is considered a robust screening platform for miRNA 

expression (Tam et al., 2014). Furthermore, the cross-platform validation of whole genome 

miRNA profiling results with RT-qPCR added significant strength to the study. In addition, 

these study investigations were conducted in the largest, well-characterised cohort for miRNA 

investigations in people with HPT to date. A limitation of the study was its cross-sectional 
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nature, which meant that causal inferences could not be made between miRNA expression and 

HPT. Additionally, financial constraints meant that NGS could only be conducted on 48 female 

mixed ancestry individuals. Although the use of admixture populations in genetic studies has 

its advantages, considering the diversity of African populations, future studies including other 

populations from the region are advised. Investigations in this study were conducted on whole 

blood, whilst other studies have made use of serum, plasma and tissue samples, thus 

complicating inter-study comparisons. At present, there is no standardised method for 

conducting these investigations and as such, it is important that dysregulated miRNAs are 

investigated in a smaller cohort, using different tissue types to facilitate standardisation of 

miRNA expression measurement methods. Nonetheless, our findings offered a platform for the 

development of longitudinal studies in which the relationship between expression of certain 

miRNAs and development of HPT and associated complications could be scrutinised further. 

Based on findings from this study, we recommend conducting the following work in future to 

advance the knowledge gained thus far:  

• MicroRNA profiling of participants whose HPT diagnosis has changed (for the better 

or worse) or have had a cardiovascular event (since their miRNA expression was last 

profiled) and comparing with their previous miRNA expression profiles. This would 

enable a longitudinal analysis, potentially shedding light on the causal-effect 

relationship between expression of certain miRNAs and occurrence of HPT or related 

cardiovascular complications. 

• Comparison of miRNA expression profiles in incident hypertensives and known 

hypertensives to assess the effect of different antihypertensive drug class on the 

expression of miRNAs that are important in HPT. 

• Profiling of other significantly dysregulated miRNAs in HPT that were not investigated 

in this study due to financial constraints. 

• The use of alternative sample types like tissue, PBMCs, platelets, plasma or serum to 

conduct miRNA expression profiling. 

• Increasing and strengthening African collaboration efforts on genetic studies to 

mitigate the financial constraints faced by many institutions in the region. 
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Appendix A: Supplementary material for Manuscript 1 

 

 

Supplementary Figure 1. A comparison of the raw Ct values of the RT-qPCR normalizer, miR-16-5p in the three blood pressure groups. 

No significant difference in expression was observed between groups. Known HPT v normotensives, p=0.083; known HPT v screen-detected HPT, p=0.118 
and normotensive v screen-detected HPT, p=0.710. 
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Appendix B: Supplementary material for Manuscript 2 

Supplementary Table S1. Age, gender and BMI adjusted partial correlation coefficients for the association between miR-30a-5p relative expression and 
anthropometric and biochemical parameters according to blood pressure status. 

  All Normotensive Screen-detected HPT Known HPT 
  r p-value r p-value r p-value r p-value 
miR-30a-5p 2-ΔCt 1.000   1.000   1.000   1.000   
miR-1299 2-ΔCt 0.710 <0.001 0.643 0.001 0.734 <0.001 0.774 <0.001 
miR-182-5p 2-ΔCt 0.937 <0.001 0.934 <0.001 0.923 <0.001 0.945 <0.001 
miR-30e-3p 2-ΔCt 0.901 <0.001 0.880 <0.001 0.867 <0.001 0.934 <0.001 
miR-126-3p 2-ΔCt 0.901 <0.001 0.891 <0.001 0.878 <0.001 0.915 <0.001 
Waist circumference(cm) -0.485 0.019 -0.518 0.011 -0.602 0.002 -0.416 0.048 
Hip circumference (cm) -0.154 0.482 -0.048 0.827 -0.278 0.199 -0.022 0.921 
Waist to Hip ratio 0.001 0.997 0.024 0.913 0.127 0.564 -0.063 0.774 
Systolic blood pressure (mmHg) 0.313 0.146 -0.019 0.931 0.376 0.077 0.448 0.032 
Diastolic blood pressure (mmHg) 0.224 0.304 0.051 0.817 0.239 0.272 0.309 0.152 
Fasting Blood glucose (mmol/L) 0.133 0.546 0.253 0.244 0.238 0.275 0.012 0.957 
2-hour glucose (mmol/L) 0.046 0.834 0.202 0.355 0.244 0.262 -0.123 0.576 
HbA1c (%) -0.201 0.357 -0.151 0.492 -0.066 0.763 -0.197 0.368 
Fasting insulin (mIU/L) 0.272 0.209 0.418 0.047 0.185 0.397 0.075 0.734 
2-hour insulin (mIU/L) 0.049 0.826 0.222 0.308 0.001 0.997 -0.053 0.811 
Triglycerides-S (mmol/L) 0.037 0.868 0.079 0.721 0.028 0.900 0.089 0.686 
Total cholesterol (mmol/L) 0.108 0.624 0.140 0.524 0.342 0.110 0.255 0.240 
HDL-cholesterol (mmol/L) 0.445 0.033 0.417 0.048 0.565 0.005 0.615 0.002 
LDL-cholesterol (mmol/L) 0.065 0.769 0.128 0.561 0.284 0.189 0.177 0.419 
C-Reactive Protein (mg/L) 0.145 0.509 0.109 0.619 0.184 0.402 0.255 0.240 
Gamma GT (IU/L) 0.094 0.669 -0.068 0.758 0.471 0.023 0.182 0.407 
S-Creatinine (µmol/L) -0.349 0.443 -0.283 0.539 -0.472 0.285 -0.242 0.601 
Duration of disease (years) - - - - - - 0.358 0.430 
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Supplementary Table S2. Age, gender and BMI adjusted partial correlation coefficients for the association between miR-1299 relative expression and 
anthropometric and biochemical parameters according to blood pressure status. 

  All Normotensive Screen-detected HPT Known HPT 
  r p-value r p-value r p-value r p-value 
miR-30a-5p 2-ΔCt 0.710 <0.001 0.643 0.001 0.734 <0.001 0.774 <0.001 
miR-1299 2-ΔCt 1.000   1.000   1.000   1.000   
miR-182-5p 2-ΔCt 0.738 <0.001 0.708 <0.001 0.692 <0.001 0.795 <0.001 
miR-30e-3p 2-ΔCt 0.721 <0.001 0.678 <0.001 0.690 <0.001 0.796 <0.001 
miR-126-3p 2-ΔCt 0.731 <0.001 0.678 <0.001 0.697 <0.001 0.807 <0.001 
Waist circumference (cm) -0.521 0.011 -0.513 0.012 -0.493 0.017 -0.526 0.010 
Hip circumference (cm) 0.048 0.828 0.213 0.330 -0.015 0.945 0.048 0.828 
Waist to Hip ratio -0.131 0.553 -0.154 0.482 0.073 0.742 -0.222 0.309 
Systolic blood pressure (mmHg) 0.268 0.216 0.014 0.948 0.362 0.089 0.367 0.085 
Diastolic blood pressure (mmHg) 0.233 0.284 0.143 0.516 0.347 0.105 0.259 0.233 
Fasting Blood glucose (mmol/L) 0.040 0.856 0.144 0.512 0.123 0.575 -0.056 0.799 
2-hour glucose (mmol/L) 0.102 0.644 0.207 0.342 0.362 0.090 -0.078 0.724 
HbA1c (%) -0.130 0.555 0.031 0.887 -0.146 0.506 -0.158 0.473 
Fasting insulin (mIU/L) 0.216 0.322 0.367 0.085 0.088 0.689 0.039 0.860 
2-hour insulin (mIU/L) 0.078 0.723 0.215 0.324 0.104 0.637 -0.039 0.860 
Triglycerides-S (mmol/L) -0.079 0.719 -0.047 0.830 -0.116 0.598 0.017 0.937 
Total cholesterol (mmol/L) 0.041 0.854 0.058 0.794 0.250 0.250 0.220 0.313 
HDL-cholesterol (mmol/L) 0.421 0.045 0.502 0.015 0.527 0.010 0.508 0.013 
LDL-cholesterol (mmol/L) 0.021 0.925 0.035 0.874 0.210 0.335 0.188 0.392 
C-Reactive Protein (mg/L) 0.152 0.487 0.165 0.453 0.233 0.284 0.201 0.358 
Gamma GT (IU/L) 0.043 0.845 0.058 0.792 0.299 0.166 0.063 0.776 
S-Creatinine (µmol/L) -0.337 0.460 -0.298 0.517 -0.441 0.322 -0.247 0.593 
Duration of disease (years) - - - - - - 0.202 0.664 
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Supplementary Table S3. Age, gender and BMI adjusted partial correlation coefficients for the association between miR-182-5p relative expression and 
anthropometric and biochemical parameters according to blood pressure status. 

  All Normotensive Screen-detected HPT Known HPT 
  r p-value r p-value r p-value r p-value 
miR-30a-5p 2-ΔCt 0.937 <0.001 0.934 <0.001 0.923 <0.001 0.945 <0.001 
miR-1299 2-ΔCt 0.738 <0.001 0.708 <0.001 0.692 <0.001 0.795 <0.001 
miR-182-5p 2-ΔCt 1.000   1.000   1.000   1.000   
miR-30e-3p 2-ΔCt 0.968 <0.001 0.961 <0.001 0.949 <0.001 0.980 <0.001 
miR-126-3p 2-ΔCt 0.983 <0.001 0.974 <0.001 0.968 <0.001 0.982 <0.001 
Waist circumference(cm) -0.518 0.011 -0.547 0.007 -0.685 <0.001 -0.453 0.030 
Hip circumference (cm) -0.100 0.651 0.051 0.816 -0.218 0.318 0.011 0.959 
Waist to Hip ratio -0.060 0.787 -0.048 0.826 0.036 0.870 -0.133 0.544 
Systolic blood pressure (mmHg) 0.304 0.158 -0.021 0.923 0.327 0.128 0.415 0.049 
Diastolic blood pressure (mmHg) 0.228 0.295 0.095 0.667 0.233 0.285 0.284 0.189 
Fasting Blood glucose (mmol/L) 0.109 0.621 0.191 0.384 0.239 0.273 0.006 0.980 
2-hour glucose (mmol/L) 0.044 0.841 0.184 0.402 0.248 0.253 -0.131 0.550 
HbA1c (%) -0.190 0.385 -0.175 0.426 0.021 0.924 -0.215 0.325 
Fasting insulin (mIU/L) 0.267 0.218 0.422 0.045 0.220 0.314 0.041 0.853 
2-hour insulin (mIU/L) 0.051 0.815 0.230 0.291 0.039 0.860 -0.081 0.714 
Triglycerides-S (mmol/L) 0.008 0.971 0.018 0.935 0.134 0.541 0.013 0.952 
Total cholesterol (mmol/L) 0.039 0.858 0.097 0.661 0.235 0.281 0.220 0.312 
HDL-cholesterol (mmol/L) 0.431 0.040 0.459 0.028 0.486 0.019 0.629 0.001 
LDL-cholesterol (mmol/L) -0.003 0.991 0.077 0.728 0.185 0.398 0.146 0.508 
C-Reactive Protein (mg/L) 0.144 0.511 0.169 0.442 0.154 0.484 0.157 0.474 
Gamma GT (IU/L) 0.078 0.722 -0.052 0.814 0.472 0.023 0.143 0.514 
S-Creatinine (µmol/L) -0.377 0.404 -0.335 0.463 -0.503 0.249 -0.268 0.561 
Duration of disease (years) - - - - - - 0.318 0.487 
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Supplementary Table S4. Age, gender and BMI adjusted partial correlation coefficients for the association between miR-30e-3p relative expression and 
anthropometric and biochemical parameters according to blood pressure status. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  All Normotensive Screen-detected HPT Known HPT 
  r p-value r p-value r p-value r p-value 
miR-30a-5p 2-ΔCt 0.901 <0.001 0.880 <0.001 0.867 <0.001 0.934 <0.001 
miR-1299 2-ΔCt   0.721 <0.001 0.678 <0.001 0.690 <0.001 0.796 <0.001 
miR-182-5p 2-ΔCt 0.968 <0.001 0.961 <0.001 0.949 <0.001 0.980 <0.001 
miR-30e-3p 2-ΔCt   1.000   1.000   1.000   1.000   
miR-126-3p 2-ΔCt    0.973 <0.001 0.970 <0.001 0.958 <0.001 0.981 <0.001 
Waist circumference (cm) -0.538 0.008 -0.534 0.009 -0.729 <0.001 -0.465 0.025 
Hip circumference (cm) -0.084 0.703 0.049 0.826 -0.174 0.426 -0.001 0.996 
Waist to Hip ratio -0.083 0.705 -0.035 0.874 -0.018 0.934 -0.144 0.513 
Systolic blood pressure (mmHg) 0.275 0.204 -0.017 0.940 0.342 0.110 0.408 0.053 
Diastolic blood pressure (mmHg) 0.202 0.354 0.105 0.633 0.260 0.231 0.268 0.216 
Fasting Blood glucose (mmol/L) 0.119 0.590 0.205 0.347 0.257 0.236 0.006 0.978 
2-hour glucose (mmol/L) 0.058 0.792 0.211 0.335 0.263 0.226 -0.124 0.572 
HbA1c (%) -0.153 0.485 -0.110 0.616 0.022 0.919 -0.192 0.379 
Fasting insulin (mIU/L) 0.250 0.250 0.398 0.060 0.182 0.407 0.043 0.844 
2-hour insulin (mIU/L) 0.045 0.838 0.231 0.290 0.012 0.957 -0.080 0.717 
Triglycerides-S (mmol/L) -0.024 0.915 -0.052 0.813 0.099 0.654 0.035 0.875 
Total cholesterol (mmol/L) 0.015 0.945 0.036 0.871 0.165 0.451 0.233 0.284 
HDL-cholesterol (mmol/L) 0.443 0.034 0.483 0.019 0.485 0.019 0.608 0.002 
LDL-cholesterol (mmol/L) -0.025 0.908 0.012 0.958 0.112 0.609 0.165 0.451 
C-Reactive Protein (mg/L) 0.173 0.429 0.248 0.254 0.163 0.458 0.151 0.492 
Gamma GT (IU/L) 0.063 0.775 -0.066 0.763 0.445 0.033 0.136 0.536 
S-Creatinine (µmol/L) -0.385 0.394 -0.329 0.471 -0.539 0.212 -0.277 0.547 
Duration of disease (years) - - - - - - 0.317 0.489 



 

 

 143 

 

Supplementary Table S5. Age, gender and BMI adjusted partial correlation coefficients for the association between miR-126-3p relative expression and 

anthropometric and biochemical parameters according to blood pressure status. 

  All Normotensive Screen-detected HPT Known HPT 
  r p-value r p-value r p-value r p-value 
miR-30a-5p 2-ΔCt 0.901 <0.001 0.891 <0.001 0.878 <0.001 0.915 <0.001 
miR-1299 2-ΔCt 0.731 <0.001 0.678 <0.001 0.697 <0.001 0.807 <0.001 
miR-182-5p 2-ΔCt 0.983 <0.001 0.974 <0.001 0.968 <0.001 0.982 <0.001 
miR-30e-3p 2-ΔCt 0.973 <0.001 0.970 <0.001 0.958 <0.001 0.981 <0.001 
miR-126-3p 2-ΔCt 1.000   1.000   1.000   1.000   
Waist circumference (cm) -0.535 0.009 -0.539 0.008 -0.748 <0.001 -0.456 0.029 
Hip circumference (cm) -0.053 0.809 0.104 0.636 -0.134 0.542 0.041 0.852 
Waist to Hip ratio -0.113 0.608 -0.088 0.689 -0.073 0.741 -0.163 0.456 
Systolic blood pressure (mmHg) 0.293 0.174 -0.038 0.863 0.360 0.092 0.384 0.070 
Diastolic blood pressure (mmHg) 0.217 0.319 0.068 0.759 0.279 0.197 0.256 0.239 
Fasting Blood glucose (mmol/L) 0.077 0.728 0.173 0.430 0.192 0.380 -0.040 0.855 
2-hour glucose (mmol/L) 0.019 0.932 0.177 0.420 0.206 0.346 -0.159 0.468 
HbA1c (%) -0.170 0.439 -0.094 0.670 -0.006 0.977 -0.230 0.292 
Fasting insulin (mIU/L) 0.241 0.267 0.382 0.072 0.204 0.351 0.045 0.837 
2-hour insulin (mIU/L) 0.024 0.913 0.206 0.345 0.013 0.955 -0.082 0.711 
Triglycerides-S (mmol/L) 0.018 0.935 0.017 0.940 0.196 0.371 0.048 0.827 
Total cholesterol (mmol/L) 0.019 0.930 0.048 0.829 0.185 0.398 0.270 0.212 
HDL-cholesterol (mmol/L) 0.401 0.058 0.431 0.040 0.449 0.031 0.595 0.003 
LDL-cholesterol (mmol/L) -0.017 0.939 0.031 0.889 0.137 0.534 0.209 0.339 
C-Reactive Protein (mg/L) 0.139 0.528 0.184 0.401 0.174 0.426 0.122 0.580 
Gamma GT (IU/L) 0.047 0.830 -0.080 0.717 0.440 0.035 0.116 0.598 
S-Creatinine (µmol/L) -0.390 0.387 -0.346 0.447 -0.503 0.250 -0.281 0.542 
Duration of disease (years) - - - - - - 0.254 0.583 
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